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MIMO WLAN SYSTEM 

Related 

A related co-pending U.S. provisional Application entitled "Channel Calibration 

for a Time Division Duplexed Communication System," is included in this disclosure as 

Appendix A. A related co-pending U.S. Provisional Application entitled "Channel 

Estimation and Spatial Processing for TDD MIMO Systems," is included in this 

disclosure as Appendix B. 

I. Field

BACKGROUND 

[1001] The present invention relates generally to data communication, and more 

specifically to a multiple-input multiple-output (MIMO) wireless local area network 

(WLAN) communication system. 

II. Background

[1002] Wireless communication systems are widely deployed to provide various 

types of communication such as voice, packet data, and so on. These systems may be 

multiple-access systems capable of supporting communication with multiple users 

sequentially or simultaneously by sharing the available system resources. Examples of 

multiple-access systems include code division multiple access (CDMA) systems, time 

division multiple access (TDMA) systems, and frequency division multiple access 

(FDMA) systems. 

[1003] Wireless local area networks (WLANs) are also widely deployed to enable 

communication among wireless electronic devices (e.g., computers) via wireless link. 

A WLAN may employ access points (or base stations) that act like hubs and provide 

connectivity for the wireless devices. The access points may also connect (or "bridge") 

the WLAN to wired LAN s, thus allowing the wireless devices access to LAN resources. 

[1004] In a wireless communication system, a radio frequency (RF) modulated 

signal from a transmitter unit may reach a receiver unit via a number of propagation 

paths. The characteristics of the propagation paths typically vary over time due to a 

number of factors, such as fading and multipath. To provide diversity against 

deleterious path effects and improve performance, multiple transmit and receive 
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antennas may be used. If the propagation paths between the transmit and receive 

antennas are linearly independent (i.e., a transmission on one path is not formed as a 

linear combination of the transmissions on the other paths), which is generally true to at 

least an extent, then the likelihood of correctly receiving a data transmission increases 

as the number of antennas increases. Generally, diversity increases and performance 

improves as the number of transmit and receive antennas increases. 

[1005] A multiple-input multiple-output (MIMO) communication system employs 

multiple (NT) transmit antennas and multiple (NR) receive antennas for data 

transmission. A MIMO channel formed by the NT transmit and NR receive antennas 

may be decomposed into Ns independent channels, with N
s 

� min{Nr, N
R

}. Each of 

the Ns independent channels corresponds to a dimension. The MIMO system can 

provide improved performance (e.g., increased transmission capacity and/or greater 

reliability) if the additional dimensionalities created by the multiple transmit and receive 

antennas are utilized. 

[1006] The resources for a given communication system are typically limited by. 

various regulatory constraints and requirements and by other practical considerations. 

However, the system may be required to support a number of terminals, provide various 

services, achieve certain performance goals, and so on. 

[1007] There is, therefore, a need in the art for a MIMO WLAN system capable of 

supporting multiple users and providing high system performance. 

SUMMARY 

[1008] A multiple-access MIMO WLAN system having various capabilities and 

able to achieve high performance is described herein. In an embodiment, the system 

employs MIMO and orthogonal frequency division multiplexing (OFDM) to attain high 

throughput, combat deleterious path effects, and provide other benefits. Each access 

point in the system can support multiple user terminals. The allocation of downlink and 

uplink resources is dependent on the requirements of the user terminals, the channel 

conditions, and other factors. 

[1009] A channel structure is provided herein to support efficient downlink and 

uplink transmissions. The channel structure comprises a number of transport channels 

that may be used for a number of functions, such as signaling of system parameters and 

resource assignments, downlink and uplink data transmissions, random access of the 

system, and so on. Various attributes of these transport channels are configurable, 

which allows the system to easily adapt to changing channel and loading conditions. 
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[1010] Multiple rates and transmission modes are supported by the MIMO WLAN

system to attain high throughput when supported by the channel conditions and the 

capabilities of the user termina1s. The rates are configurable based on estimates of the 

channel conditions and may be independently selected for the downlink and uplink. 

Different transmission modes may also be used, depending on the number of antennas at 

the user terminals and the channel conditions. Each transmission mode is associated 

with different spatial processing at the transmitter and receiver and may be selected for 

use under different operating conditions. The spatial processing facilitates data 

transmission from multiple transmit antennas and/or data reception with multiple 

receive antennas for higher throughput and/or diversity. 

[1011] In an embodiment, the MIMO WLAN system uses a single frequency band 

for both the downlink and uplink, which share the same operating band using time­

division duplexing (TDD). For a TDD system, the downlink and uplink channel 

responses are reciprocal. Calibration techniques are provided herein to determine and 

account for differences in the frequency responses of the transmit/receive chains at the 

access point and user terminals. Techniques are also described herein to simplify the 

spatial processing at the access point and user terminals by taking advantage of the 

reciprocal nature of the downlink and uplink and the calibration. 

[1012] A pilot structure is provided and includes several types of pilot used for 

different functions. For example, beacon pilot may be used for frequency and system 

acquisition, a MIMO pilot may be used for channel estimation, a steered reference may 

be used for improved channel estimation, and a carrier pilot may be used for phase 

tracking. 

[1013] Various control loops are also provided for proper system operation. Rate 

control may be exercised independently on the downlink and uplink. Power control 

may be exercised for certain transmissions (e.g., fixed-rate services). Timing control 

may be used for uplink transmissions to account for different propagation delays of user 

terminals located throughout the system. 

[1014) Random access techniques are also provided to allow user terminals to 

access the system. These techniques support system access by multiple user terminals, 

fast acknowledgment of system access attempts, and quick assignment of 

downlink/uplink resources. 

[1015] The various aspects and embodiments of the invention are described in 

further detail below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[1016] The features, nature, and advantages of the present invention will become 

more apparent from the detailed description set forth below when taken in conjunction 

with the drawings in which like reference characters identify correspondingly 

throughout and wherein: 

[1017] 

[1018] 

system; 

[1019] 

FIG. 1 shows a MIMO WLAN system; 

FIG. 2 illustrates a layer structure that may be used for the MIMO WLAN 

FIGS. 3A, 3B, and 3C illustrate a TDD-TDM frame structure, an FDD-TDM 

frame structure, and an FDD-CDM frame structure, respectively; 

[1020] FIG. 4 illustrates an exemplary transmission on five transport channels 

(BCH, ·FCCH, FCH, RCH, and RACH) based on the TDD-TDM frame structure; 

[1021] FIGS. 5A through 5G illustrate various protocol data unit (PDU) formats for 

the five transport channels; 

[1022] 

[1023] 

FIG. 6 illustrates a structure for an FCH/RCH packet; 

FIG. 7 is a block diagram of an access point and two user terminals in the 

MIMO WLAN system; 

[1024] FIGS. SA, 9A, and lOA are block diagrams of three transmitter units capable 

of performing transmit processing for the diversity, spatial multiplexing, and beam­

steering modes, respectively; 

[1025] FIGS. SB, 9B, and lOB are block diagrams of three TX diversity processors 

capable of performing spatial processing for the diversity, spatial multiplexing, and 

beam-steering modes, respectively, 

[1026] 

[1027] 

[1028] 

FIG. SC is a block diagram of an OFDM modulator; 

FIG. SD illustrates an OFDM symbol; 

FIG. l lA is a bl,ock diagram of a framing unit and a scrambler within a TX 

data processor; 

[1029] FIG. l IB is a block diagram of an encoder and a repeat/puncture unit within 

the TX data processor; 

[1030] FIG. l lC is a block diagram of another TX data processor that may be used 

for the spatial multiplexing mode; 

[1031] 

[1032] 

[1033] 

FIGS. 12A and 12B show a state diagram for operation of a user terminal; 

FIG. 13 illustrates a timeline for the RACH; 

FIGS. 14A and 14B show processes for controlling the rates of downlink and 

uplink transmissions, respectively; 
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FIG. 15 illustrates the operation of a power control loop; and 

FIG. 16 illustrates a process for adjusting the uplink timing of a user 

DETAILED DESCRIPTION 

The word "exemplary" is used herein to mean "serving as an example, 

instance, or illustration." Any embodiment or design described herein as "exemplary" 

is not necessarily to be construed as preferred or advantageous over other embodiments 

or designs. 

I. Overall System

[1037] FIG. 1 shows a MIMO WLAN system 100 that supports a number of users 

and is capable of implementing various aspects and embodiments of the invention. 

MIMO WLAN system 100 includes a number of access points (APs) 110 that support 

communication for a number of user terminals (UTs) 120. For simplicity, only two 

access points 110 are shown in FIG. 1. An access point is generally a fixed station that 

is used for communicating with the user terminals. An access point may also be 

referred to as a base station or some other terminology. 

[1038] User terminals 120 may be dispersed throughout the system. Each user 

terminal may be a fixed or mobile terminal that can communicate with the access point. 

A user terminal may also be referred to as a mobile station, a remote station, an access 

terminal, a user equipment (UE), a wireless device, or some other terminology. Each 

user terminal may communicate with one or possibly multiple access points on the 

downlink and/or uplink at any given moment. The downlink (i.e., forward link) refers 

to transmission from the access point to the user terminal, and the uplink (i.e., reverse 

link) refers to transmission from the user terminal to the access point. 

[1039] In FIG. I, access point 110a communicates with user terminals 120a through 

120f, and access point 110b communicates with user terminals 120f through 120k. 

Depending on the specific design of system 100, an access point may communicate with 

multiple user terminals simultaneously (e.g., via multiple code channels or subbands) or 

sequentially (e.g., via multiple time slots). At any given moment, a user terminal may 

receive downlink transmissions from one or multiple access points. The downlink 

transmission from each access point may include overhead data intended to be received 

by multiple user terminals, user-specific data intended to be received by specific user 
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terminals, other types of data, or any combination thereof. The overhead data may 

include pilot, page and broadcast messages, system parameters, and so on. 

(1040] The MIMO WLAN system is based on a centralized controller network 

architecture. Thus, a system controller 130 couples to access points 110 and may 

further couple to other systems and networks. For example, system controller 130 may 

couple to a packet data network (PDN), a wired local area network (LAN), a wide area 

network (WAN), the Internet, a public switched telephone network (PSTN), a cellular 

communication network, and so on. System controller 130 may be designed to perform 

a number of functions such as (1) coordination and control for the access points coupled 

to it, (2) routing of data among these access points, (3) access and control of 

communication with the user terminals served by these access points, and so on. 

[1041] The MIMO WLAN system may be able to provide high throughput with 

significantly greater coverage capability than conventional WLAN systems. The 

MIMO WLAN system can support synchronous, asynchronous, and isochronous 

data/voice services. The MIMO WLAN system may be designed to provide the 

following features: 

• High service reliability

• Guaranteed quality of service (QoS)

• High instantaneous data rates from 3 Mbps to greater than 300 Mbps

• High spectral efficiency of up to 24 bps/Hz

• Extended coverage range.

[1042] The MIMO WLAN system may. be operated in various frequency bands.

(e.g., the 2.4 GHz and 5.x GHz U-NII bands), subject to the bandwidth and emission 

constraints specific to the selected operating band. The system is designed to support 

both indoor and outdoor deployments, with typical maximum cell size of 1 km or less. 

The system supports fixed terminal applications, although some operating modes also 

support portable and limited mobility operation. 

1. MIMO, MISO, and SIMO

[1043] In a specific embodiment and as described throughout the specification, each 

access point is equipped with four transmit and receive antennas for data transmission 

and reception, where the same four antennas are used to transmit and to receive. The 

system also supports the case where the transmit and receive antennas of the device (e.g. 

access point, user terminal) are not shared, even though this configuration normally 
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provides lower performance than when the antennas are shared. The MIMO WLAN 

system may also be designed such that each access point is equipped with some other 

number of transmit/receive antennas. Each user terminal may be equipped with a single_
transmit/receive antenna or multiple transmit/receive antennas for data transmission and 

reception. The number of antennas employed by each user terminal type may be · 

dependent on various factors such as, for example, the services to be support�d by the 

user terminal (e.g., voice, data, or both), cost considerations, regulatory constraints, 

safety issues, and so on. 

[1044] For a given pairing of multi-antenna access point and multi-antenna user 

terminal, a MIMO channel is formed by the Nr transmit antennas and NR receive 

antennas available for use for data transmission. Different MIMO channels are formed 

between the access point and different multi-antenna user terminals. Each MIMO 

channel may be decomposed into Ns independent channels, with N
5 

�min{Nr,N
8

}. 

Each of the Ns independent channels is also referred to as an eigenmode of the MIMO 

channel. An eigenmode normally refers to a theoretical construct, and Ns independent 

data streams may be sent orthogonaHy on the Ns eigenmodes of the MIMO channel. 

The MIMO channel may also be viewed as including Ns spatial channels that may be 

used for data transmission. Each spatial channel may or may not correspond to an 

eigenmode, depending on whether or not the spatial processing at the transmitter was 

successful in orthogonalizing the data streams. For example, the data streams would be 

transmitted on the spatial channels (and not the eigenmodes) if the transmitter has no 

knowledge or an- imperfect estimate of the MIMO channel. For simplicity, in the 

following description, the term eigenmode is also used to denote the case where an 

attempt is made to orthogonalize the data stream, even though it may not be fully 

successful due to, for example, an imperfect channel estimate. 

[1045] For a given number of (�.g., four) antennas at the access point, the number of 

spatial channels available for each user terminal is dependent on the number of antennas 

employed by that user terminal and the characteristics of the wireless MIMO channel 

that couples the access point antennas and the user terminal antennas. If a user terminal 

is equipped with one antenna, then the four antennas at the access point and the single 

antenna at the user terminal form a multiple-input single-output (MISO) channel for the 

downlink and a single-input multiple-output (SIMO) channel for the uplink. 

[1046] The MIMO WLAN system may be designed to support a number of 

transmission modes. Table I lists the transmission modes supported by an exemplary 

design of the MIMO WLAN system. 
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Table I 

Description 

Data is transmitted from a single antenna but may be received 
by multiple antennas for receive diversity. 

Data is redundantly transmitted from multiple transmit 
antennas and subbands to provide diversity. 

Data is transmitted on a single (best) spatial channel at full 
power using the phase steering information based on the 
principal eigenmode of the MIMO channel. 

Data is transmitted on multiple spatial channels to achieve 
higher spectral efficiency. 

For· simplicity, the term "diversity" refers to transmit diversity in the following 

description, unless noted otherwise. 

[1047] The transmission modes available for use for the downlink and uplink for 

each user terminal are dependent on the number of antennas employed at the user 

terminal. Table 2 lists the transmission modes available for different terminal types for 

the downlink and uplink, assuming multiple (e.g., four) antennas at the access point. 

Table 2 

Downlink Uplink 

Transmission modes Single- Multi- Single- Multi-
antenna user antenna user antenna user antenna user 

terminal terminal terminal terminal 

MISO/SIMO X X X X 

Diversity X X X 

Beam-steering X X X 

Spatial multiplexing X X 

For the downlink, all of the transmission modes except for the spatial multiplexing 

mode may be used for single-antenna user terminals, and all transmission modes may be 

used for multi-antenna user terminals. For the uplink, all transmission modes may be 

used by multi-antenna user terminals, while single-antenna user terminals use the SIMO 

mode to transmit data from the one available antenna. Receive diversity (i.e., receiving 

a data transmission with multiple receive antennas) may be used for the SIMO, 

diversity, and beam-steering modes. 
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[1048] The MIMO WLAN system may also be designed to support various other 

transmission modes, and this is within the scope of the invention. For example, a beam­

forming mode may be used to transmit data on a single eigenmode using both the 

amplitude and phase information for the eigenmode (instead of only the phase 

information, which is all that is used by the beam-steering mode). As another example, 

another spatial multiplexing mode can be defined whereby the transmitter simply 

transmits multiple data streams from multiple transmit antennas (without any spatial 

processing) and the receiver performs the necessary processing to isolate and recover 

the data streams sent from the multiple transmit antennas. As yet another example, yet 

another spatial multiplexing mode can be defined whereby the transmitter performs 

spatial processing to attempt to orthogonalize the multiple data streams sent on the 

multiple transmit antennas (but may not be completely successful because of an 

imperfect channel estimate) and the receiver performs the necessary spatial processing 

to isolate and recover the data streams sent from the multiple transmit antennas. Thus, 

the spatial processing to transmit multiple data streams via multiple spatial channels 

may be performed (1) at both the transmitter and receiver, (2) at only the receiver, or (3) 

at only the transmitter. 

[1049] In general, the access points and user terminals may be designed with any 

number of transmit and receive antennas. For clarity, specific embodiments and designs 

are described below whereby each access point is equipped with four transmit/receive 

antennas, and each user terminal is equipped with four or less transmit/receive antennas. 

2. OFDM

[1050] In an embodiment, the MIMO WLAN system employs OFDM to effectively 

partition the overall system bandwidth into a number of (NF) orthogonal subbands. 

These subbands are also referred to as frequency bins or subchannels. With OFDM, 

each subband is associated with a respective subcarrier upon which data may be 

modulated. For a MIMO system that uti1izes OFDM, each eigenmode of each subband 

may be viewed as an independent transmission channel where the complex gain 

associated »1ith each subband is effectively constant across the subband bandwidth. 

[1051] In an embodiment, the system bandwidth is partitioned into 64 orthogonal 

subbands (i.e., N
F

= 64 ), which are assigned indices of -32 to +31. Of these 64 

subbands, 48 subbands (e.g., with indices of±{ 1, ... , 6, 8, ... , 20, 22, ... , 26}) are used 

for data, 4 subbands (e.g., with indices of ±{7, 21}) are used for pilot and possibly 

signaling, the DC subband (with index of 0) is not used, and the remaining subbands are 
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also not used and serve as guard subbands. This OFDM subband structure is described 

in further detail in a document for IEEE Standard 802.lla and entitled "Part 11: 

Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) 

Specifications: High-speed Physical Layer in the 5 GHz Band," September 1999, which 

is publicly available and incorporated herein by reference. Different numbers of 

subbands and various other OFDM subband structures may also be implemented for the 

MIMO WLAN system, and this is within the scope of the invention. For example, all 

53 subbands with indices from -26 to +26 may be used for data transmission. 

[1052] For OFDM, the data to be transmitted on each subband is first modulated 

(i.e., symbol mapped) using a particular modulation scheme selected for use for that 

subband. Z.eros are provided for the unused subbands. For each symbol period, the 

modulation symbols and zeros for all NF subbands are transformed to the time domain 

using an inverse fast Fourier transform (IFFT) to obtain a transformed symbol that 

comprises NF time-domain samples. The duration of each transformed symbol is 

inversely related to the bandwidth of each subband. In one specific design for the 

MIMO WLAN system, the system bandwidth is 20 MHz, N
F 

= 64 , the bandwidth of 

each subband is 312.5 KHz, and the duration of each transformed symbol is 3.2 µsec. 

[1053] OFDM can provide certain advantages, such as the ability to combat 

frequency selective fading, which is characterized by different channel gains at different 

frequencies of the overall system bandwidth. It is well known that frequency selective 

fading causes inter-symbol interference (ISi), which is a phenomenon whereby each 

symbol in a received signal acts as distortion to subsequent symbols in the received 

signal. The ISi distortion degrades performance by impacting the ability to correctly 

detect the received symbols. Frequency selective fading can be conveniently combated 

with OFDM by repeating a portion of (or appending a cyclic prefix to) each transformed 

symbol to form a corresponding OFDM symbol, which is then transmitted. 

[1054] The length of the cyclic prefix (i.e., the amount to repeat) for each OFDM 

symbol is dependent on the delay spread of the wireless channel. In particular, to 

effectively combat ISi, the cyclic prefix should be longer than the maximum expected 

delay spread for the system. 

[1055] In an embodiment, cyclic prefixes of different lengths may be used for the 

OFDM symbols, depending on the expected delay spread. For the specific MIMO 

WLAN system described above, a cyclic prefix of 400 nsec (8 samples) or 800 nsec (16 

samples) may be selected for use for the OFDM symbols. A '"short" OFDM symbol 

uses the 400 nsec cyclic prefix and has a duration of 3.6 µsec. A "long" OFDM symbol 
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uses the 800 nsec cyclic prefix and has a duration of 4.0 µsec. Short OFDM symbols 

may be used if the maximum expected delay spread is 400 nsec or less, and long OFDM 

symbols may be used if the delay spread is greater than 400 nsec. Different cyclic 

prefixes may be selected for use for different transport channels, and the cyclic prefix 

may also be dynamically selectable, as described below. Higher system throughput may 

be achieved by using the shorter cyclic prefix when possible, since more OFDM 

symbols of shorter duration can be transmitted over a given fixed time interval. 

[1056] The MIMO WLAN system may also be designed to not utilize OFDM, and 

this is within the scope of the invention. 

3. Layer Structure

[1057] FIG. 2 illustrates a layer structure 200 that may be used for the MIMO 

WLAN system. Layer structure 200 includes (1) applications and upper layer protocols 

that approximately correspond to Layer 3 and higher of the ISO/OSI reference model 

(upper layers), (2) protocols and services that correspond to Layer 2 (the link layer), and 

(3) protocols and services that correspond to Layer 1 (the physical layer).

[1058] The upper layers includes various applications and protocols, such as 

signaling services 212, data services 214, voice services 216, circuit data applications, 

and so on. Signaling is typically provided as messages and data is typically provided as 

packets. The services and applications in the upper layers originate and terminate 

messages and packets according to the semantics and timing of the communication 

protocol between the access point and the user terminal. The upper layers utilize the 

services provided by Layer 2. 

[1059] Layer 2 supports the delivery of messages and packets generated by the 

upper layers. In the embodiment shown in FIG. 2, Layer 2 includes a Link Access 

Control (LAC) sublayer 220, and a Medium Access Control (MAC) sublayer 230. The 

LAC sublayer implements a data link protocol that provides for the correct transport and 

delivery of messages generated by the upper layers. The LAC sublayer utilizes the 

services provided by the MAC sublayer and Layer 1. The MAC sublayer is responsible 

for transporting messages and packets using the services provided by Layer 1. The 

MAC sublayer controls the access to Layer 1 resources by the applications and services 

in the upper layers. The MAC sublayer may include a Radio Link Protocol (RLP) 232, 

which is a retransmission mechanism that may be used to provide higher reliability for 

packet data. Layer 2 provides protocol data units (PDUs) to Layer I. 
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[1060] Layer 1 comprises physical layer 240 and supports the transmission and 

reception of radio signals between the access point and user terminal. The physical 

)ayer performs coding, interleaving, modulation, and spatial processing for various 

transport channels used to send messages and packets generated by the upper layers. In 

this embodiment, the physical layer includes a multiplexing sublayer 242 that 

multiplexes processed PDUs for various transport channels into the proper frame 

format. Layer 1 provides data in units of frames. 

[1061] FIG. 2 shows a specific embodiment of a layer structure that may be used for 

the MIMO WLAN system. Various other suitable layer structures may also be designed 

and used for the MIMO WLAN system, and this is within the scope of the invention. 

The functions performed by each layer are described in further detail below where 

appropriate. 

4. Transport Channels

[1062] A number of services and applications may be supported by the MIMO 

WLAN system. Moreover, other data required for proper system operation may need to 

be sent by the access point or exchanged between the access point and user terminals. 

A number of transport channels may be defined for the MIMO WLAN system to carry 

various types of data. Table 3 lists an exemplary set of transport channels and also 

provides a brief description for each transport channel. 

Table 3 

Transport channels Description 

Broadcast channel BCH 
Used by the access point to transmit pilot and system 
parameters to the user terminals. 

Used by the access point to allocate resources on the 

Forward control 
downlink and uplink. The resource allocation may be 

channel 
FCCH performed on a frame-by-frame basis. Also used to 

provide acknowledgment for messages received on the 
RACH. 

Used by the access point to transmit user-specific data 

Forward channel FCH 
to the user terminals. May also be used in a broadcast 
mode to send page and broadcast messages to multiple 
user terminals. 

Random access 
RACH 

Used by the user terminals to gain access to the system 
channel and send short messages to the access point. 

Reverse channel RCH Used by the user terminals to transmit data to the access 
point. May also carry a reference used by the access 
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I point for channel estimation. 

[1063] As shown in Table 3, the downlink transport channels used by the access 

point includes the BCH, FCCH, and FCH. The uplink transport channels used by the 

user terminals include the RACH and RCH. Each of these transport channels is 

described in further detail below. 

(1064] The transport channels listed in Table 3 represent a specific embodiment of a 

channel structure that may be used for the MIMO WLAN system. Fewer, additional, 

and/or different transport channels may also be defined for use for the MIMO WLAN 

system. For example, certain functions may be supported by function-specific transport 

channels (e.g., pilot, paging, power control, and sync channel channels). Thus, other 

channel structure� with different sets of transport channels may be defined and used for 

the MIMO WLAN system, and this is within the scope of the invention. 

S. Frame Structures

[1065] A number of frame structures may be defined for the transport channels. 

The specific frame structure to use for the MIMO WLAN system is dependent on 

various factors such as, for example; (1) whether the same or different !requency bands 

are used for the downlink and uplink and (2) the multiplexing scheme used to multiplex 

the transport channels together. 

[1066] If only one frequency band is available, then the downlink and uplink may 

be transmitted on different phases of a frame using time division duplexing (TDD), as 

described below .. If two frequency bands are available, then the downlink and uplink 

may be transmitted on different frequency bands using frequency division duplexing 

(FDD). 

[1067] For both TDD and FDD, the transport channels may be multiplexed togetl)er 

using time division multiplexing (TDM), code division multiplexing (CDM), and so on. 

For TDM, each transport channel is assigned to a different portion of a frame. For 

CDM, the transport channels are transmitted concurrently but each transport channel is 

channelized by a different channelization code, similar to that performed in a code 

division multiple access (CDMA) system. 

[1068] Table 4 lists the various frame structures that may be used to carry the 

transport channels. Each of these frame structures is described in further detail below. 

For clarity, the frame structures are described for the set of transport channels listed in 

Table 3. 
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Table 4 

Shared frequency band for 
downlink and uplink 

Separate frequency bands for 
downlink and uplink 

Time division TDD-TDM frame structure FDD-TDM frame structure 

Code division TDD-CDM frame structure FDD-CDM frame structure 

[1069] FIG. 3A illustrates an embodiment of a TDD-TDM frame structure 300a 

that may be used if a single frequency band is used for both the downlink and uplink. 

Data transmission occurs in units of TDD frames. Each TDD frame may be defined to 

cover a particular time duration. The frame duration may be selected based on various 

factors such as, for example, (1) the bandwidth of the operating band, (2) the expected 

sizes of the PDUs for the transport channels, and so on. In general, a shorter frame 

duration may provide reduced delays. However, a longer frame duration may be more 

efficient since header and overhead may represent a smaller fraction of the frame. In a 

specific embodiment, each TDD frame has a duration of 2 rnsec. 

[1070] Each TDD frame is partitioned into a downlink phase and an uplink phase. 

The downlink phase is further partitioned into three segments for the three downlink 

transport channels - the BCH, FCCH, and FCH. The uplink phase is further partitioned 

into two segments for the two uplink transport channels - the RCH and RACH. 

[1071] The segment for each transport channel may be defined to have either a fixed 

duration or a variable duration that can change from frame to frame. In an embodiment, 

the BCH segment is defined to have a fixed duration, and the FCCH, FCH, RCH, and 

RACH segments are defined to have variable durations. 

(1072] The segment for each transport channel may be used to carry one or more 

protocol data units (PDUs) for that transport channel. In the specific embodiment 

shown in FIG. 3A, a BCH PDU is transmitted in a first segment 310, an FCCH PDU is 

transmitted in a second segment 320, and one or more FCH PDUs are transmitted in a 

third segment 330 of the downlink phase. On the uplink phase, one or more RCH PD Us 

are transmitted in a fourth segment 340 and one or more RACH PDUs are transmitted in 

a fifth segment 350 of the TDD frame. 

[1073] Frame structure 300a represents a specific arrangement of the vanous 

transport channels within a TDD frame. This arrangement can provide certain benefits 

such as reduced delays for data transmission on the downlink and uplink. The BCH is 

transmitted first in the TDD frame since it carries system parameters that may be used 

for the PD Us of the other transport channels within the same TDD frame. The FCCH is 
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transmitted next since it carries channel assignment information indicative of which 

user terminal(s) are designated to receive downlink data on the FCH and which user 

terminal(s) are designated to transmit uplink data on the RCH within the current TDD 

frame. Other TDD-TDM frame structures may also be defined and used for the MIMO 

WLAN system, and this is within the scope of the invention. 

[1074] FIG. 3B illustrates an embodiment of an FDD-TDM frame structure 300b 

that may be used if the downlink and uplink are transmitted using two separate 

frequency bands. Downlink data is transmitted in a downlink frame 302a, and uplink 

data is transmitted in an uplink frame 302b. Each downlink and uplink frame may be 

defined to cover a particular time duration (e.g., 2 msec). For simplicity, the downlink 

and uplink frames may be defined to have the same duration and may further be defined 

to be aligned at the frame boundaries. However, different frame durations and/or non­

aligned (i.e., offset) frame boundaries may also be used for the downlink and uplink. 

[1075] As shown in FIG. 3B, the downlink frame is partitioned into three segments 

for the three downlink transport channels. The uplink frame is partitioned into two 

segments for the two uplink transport channels. The segment for each transport channel 

may be defined to have a fixed or variable duration, and may be used to carry one or 

more PDUs for that transport channel. 

[1076] In the specific embodiment shown in FIG. 3B, the downlink frame carries a 

BCH PDU, an FCCH PDU, and one or more FCH PDUs in segments 310,320, and 330, 

respectively. The uplink frame carries one or more RCH PDU and one or more RACH 

PDUs in segments 340 and 350, respectively. This specific arrangement may provide 

the benefits described above (e.g., reduced delays for data transmission). Other FDD­

TDM frame structures may also be defined and used for the MIMO WLAN system, and 

this is within the scope of the invention. 

[1077] FIG. 3C illustrates an embodiment of an FDD-CDM frame structure 300c 

that may also be used if the downlink and uplink are transmitted using separate 

frequency bands. Downlink data may be transmitted in a downlink frame 304a, and 

uplink data may be transmitted in an uplink frame 304b. The downlink and uplink 

frames may be defined to have the same duration (e.g., 2 msec) and aligned at the frame 

boundaries. 

(1078] As shown in FIG. 3C, the three downlink transport channels are transmitted 

concurrently in the downlink frame, and the two uplink transport channels are 

transmitted concurrently in the uplink frame. This can be achieved by "channelizing" 

the transport channels for each link with different channelization codes, which may be 
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Walsh codes, orthogonal variable spreading factor (OVSF) codes, quasi-orthogonal 

functions (QOF), and so on. Different amounts of transmit power may also be used for 

different transport channels in each link. 

[1079] Other frame structures may also be defined for the downlink and uplink 

transport channels, and this is within the scope of the invention. Moreover, it is possible 

to use different types of frame structure for the downlink and uplink. For example, a 

TDM-based frame structure may be used for the downlink and a CDM-based frame 

structure may be used for the uplink. 

[1080] In the following description, the MIMO WLAN system is assumed to use 

one frequency band for both downlink and uplink transmissions. For clarity, the TDD­

TDM frame structure shown in FIG. 3A is used for the MIMO WLAN system. For 

clarity, a specific implementation of the TDD-TDM frame structure is described 

throughout the specification. For this implementation, the duration of each TDD frame 

is fixed at 2 msec, and the number of OFDM symbols per TDD frame is a function of 

the length of the cyclic prefix used for the OFDM symbols. The BCH has a fixed 

duration of 80 µsec and uses the 800 nsec cyclic prefix for the OFDM symbols 

transmitted. The remainder of the TDD frame contains 480 OFDM symbols if the 800 

nsec cyclic prefix is used, and 533 OFDM symbols plus 1.2 µsec of excess time if the 

400 nsec cyclic prefix is used. The excess time can be added to the guard interval at the 

end of the RACH segment. Other frame structures and other implementations may also 

be used, and this is within the scope of the invention. 

II. Transport Channels

[1081] The transport channels are used to send various types of data and may be 

categorized into two groups: common transport channels and dedicated transport 

channels. Because the common and dedicated transport channels are used for different 

purposes, different processing may be used for these two groups of transport channels, 

as described in further detail below. 

[1082] Common Transport Channels. The common transport channels include 

the BCH, FCCH, and RACH. These transport channels are used to send data to or 

receive data from multiple user terminals. For improved reliability, the BCH and FCCH· 

are transmitted by the access point using the diversity mode. On the uplink, the RACH 

is transmitted by the user terminals using the beam-steering mode (if supported by the 

user terminal). The BCH is operated at a known fixed rate so that the user terminals can 
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receive and process the BCH without any additional information. The FCCH and 

RACH support multiple rates to allow for greater efficiency. As used herein, each 

"rate" or "rate set" is associated with a particular code rate (or coding scheme) and a 

particular modulation scheme. 

[1083] Dedicated Transport Channels. The dedicated transport channels inc!ude 

the FCH and RCH. These transport channels are normally used to send user-specific 

data to or by specific user terminals. The FCH and RCH may be dynamically allocated 

to the user terminals as necessary and as available. The FCH may also be used in a 

broadcast mode to send overhead, page, and broadcast messages to the user terminals. 

In general, the overhead, page, and broadcast messages are transmitted prior to any 

user-specific data on the FCH. 

[1084] FIG. 4· illustrates an exemplary transmission on the BCH, FCCH, FCH, 

RCH, and RACH based on TDD-TDM frame structure 300a. In this embodiment, one 

BCH PDU 410 and one FCCH PDU 420 are transmitted in BCH segment 310 and 

FCCH segment 320, respectively. FCH segment 330 may be used to send one or more 

FCH PD Us 430, each of which may be intended for a specific user terminal or multiple 

user terminals. Similarly, one or more RCH PDUs 440 may be sent by one or more user 

terminals in RCH segment 340. The start of each FCH/RCH PDU is indicated by an 

FCH/RCH offset from the end of the preceding segment. A number of RACH PDUs 

450 may be sent in RACH segment 350 by a number of user terminals to access the 

system and/or to send short messages, as described_ below. 

[1085] For clarity, the transport channels are described for the specific TDD-TDM 

frame structure shown in FIGS. 3A and 4. 

1. Broadcast Channel (BCH) - Downlink

[1086] The BCH is used by the access point to transmit a beacon pilot, a MIMO

pilot, and system parameters to the user terminals. The beacon pilot is  used by the user 

terminals to acquire system timing and frequency. The MIMO pilot is used by the user 

terminals to estimate the MIMO channel formed by the access point antennas and their 

own antennas. The beacon and MIMO pilots are described in further detail below. The 

system parameters specify various attributes of the downlink and uplink transmissions. 

For example, since the durations of the FCCH, FCH, RACH, and RCH segments are 

variable, the system parameters that specify the length of each of these segments for the 

current TDD frame are sent in the BCH. 
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[1087] FIG. SA illustrates an embodiment of BCH PDU 410. In this embodiment, 

BCH PDU 410 includes a preamble portion 510 and a message portion 516. Preamble 

portion 510 further includes a beacon pilot portion 512 and a MIMO pilot portion 514. 

Portion 512 carries a beacon pilot and has a fixed duration of TcP = 8µsec. Portion 514

carries a MIMO pilot and has a fixed duration of T
MP = 32µsec . Portion 516 carries a 

BCH message and has a fixed duration of T
8M 

= 40µsec. The duration of the BCH 

PDU is fixed at TcP + TMP + T8M = 80µsec .

[1088] A preamble may be used to send one or more types of pilot and/or other 

information. A beacon pilot comprises a defined set of modulation symbols that is 

'transmitted from all transmit antennas. A MIMO pilot comprises a defined set of 

modulation symbols that is transmitted from all transmit antennas with different 

orthogonal codes, which then allows the receivers to recover the pilot transmitted from 

each antenna. Different sets of modulation symbols may be used for the beacon and 

MIMO pilots. The generation of the beacon and MIMO pilots is described in further 

detail below. 

[1089] The BCH message carries system configuration information. Table 5 lists 

the various fields for an exemplary BCH message format. 

Table 5 - BCH Message 

Fields/ Length 
Description 

Parameter Names (bits) 

Frame Counter 4 TDD frame counter 

Net ID 10 Network identifier (ID) 

AP ID 6 Access point ID 

APTxLvl 4 Access point transmit level 

APRx Lvl 3 · Access point receive level

FCCH Length 6 Duration ofFCCH (in units of OFDM symbols) 

FCCH Rate 2 Physical layer rate of FCCH 

FCH Length 9 Duration of FCH (in units of OFDM symbols) 

RCH Length 9 Duration of RCH (in units of OFDM symbols) 

RACH Length 5 Duration of RACH (in units of RACH slots) 

RACH Slot Size 2 
Duration of each RACH slot (in units of OFDM 
symbols) 

RACH Guard Interval 2 Guard interval at the end of RACH 

Cyclic Prefix Duration 1 Cyclic prefix duration 
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Page Bit 1 
"O" = page message sent on FCH 
"I" = no page message sent 

Broadcast Bit 1 
"O'' = broadcast message sent on FCH 
"l" = no broadcast message sent 

RACH "O'' = RACH acknowledgment sent on FCH 
Acknowledgment Bit 

1 "l" = no RACH acknowledgment sent 

CRC 16 CRC value for the BCH message 

Tail Bits 6 Tail bits for convolutional encoder 

Reserved 32 Reserved for future use 

[1090] The Frame Counter value may l,Je used to synchronize various processes at 

the access point and user terminals (e.g., the pilot, scrambling codes, cover code, and so 

on). A frame counter may be implemented with a 4-bit counter that wraps around. This 

counter is incremented at the start of each TDD frame, and the counter value is included 

in the Frame Counter field. The Net ID field indicates the identifier (ID) of the network 

to which the access point belongs. The AP ID field indicates the ID of the access point 

within the network ID. The AP Tx Lvl and AP Rx Lvl fields indicate the maximum 

transmit power level and the desired receive power level at the access point, 

respectively. The desired receive power level may be used by the user terminal to 

determine the initial uplink transmit power. 

[1091] The FCCH Length, FCH Length, and RCH Length fields indicate the lengths 

of the FCCH, FCH, and RCH segments, respectively, for the current TDD frame. The 

lengths of these segments are given in units of OFDM symbols. The OFDM symbol 

duration for the BCH is fixed at 4.0 µsec. The OFDM symbol duration for all other 

transport channels (i.e., the FCCH, FCH, RACH, and RCH) is variable and depe°'ds on 

. the selected cyclic prefix, which is specified by the Cyclic Prefix Duration field. The 

FCCH Rate field indicates the rate used for the FCCH for the current TDD frame. 

[1092] The RACH Length field indicates the length of the RACH segment, which is 

given in units of RACH slots'. The duration of each RACH slot is given by the RACH 

Slot Size field. The RACH Guard Interval field indicates the amount of time between 

. the last RACH slot and the start of the BCH segment for the next TDD frame. These 

various fields for the RACH are described in further detail below. 

[1093] The Page Bit and Broadcast Bit indicate whether or not page messages and 

broadcast messages, respectively, are being sent on the FCH in the current TDD frame. 

These two bits may be set independently for each TDD frame. The RACH 
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Acknowledgment Bit indicates whether or not acknowledgments for PDUs sent on the 

RACH in prior TDD frames are being sent on the FCCH in the current TDD frame. 

[1094] The CRC field includes a CRC value for the entire BCH message. This 

CRC value may be used by the user terminals to determine whether the received BCH 

message is decoded correctly (i.e., good) or in error (i.e., erased). The Tail Bits field 

includes a group of zeros used to reset the convolutional encoder to a known state at the 

end of the BCH message. 

[1095] As shown in Table 5, the BCH message includes a total of 120 bits. These 

120 bits may be transmitted with 10 OFDM symbols using the processing described in 

detail below. 

[1096] Table 5 shows a specific embodiment of the format for the BCH message. 

Other BCH message formats with fewer, additional, and/or different fields may also be 

defined and used, and this is within the scope of the invention. 

2. Forward Control Channel (FCCH) - Downlink

[1097] In an embodiment, the access point is able to allocate resources for the FCH

and RCH on a per frame basis. The FCCH is used by the access point to convey the

resource allocation for the FCH and RCH (i.e., the channel assignments).

[1098] FIG. SB illustrates an embodiment of FCCH PDU 420. In this embodiment,

the FCCH PDU includes only a portion 520 for an FCCH message. The FCCH message

has a variable duration that can change from frame to frame, depending on the amount

of scheduling information being carried on the FCCH for that frame. The FCCH

message duration is in even number of OFDM symbols and given by the FCCH Length

field on the BCH message. The duration of messages sent using the diversity mode

(e.g., BCH and FCCH messages) is given in even number of OFDM symbols because

the diversity mode transmits OFDM symbols in pairs, as described below.

[1099] In an embodiment, the FCCH can be transmitted using four possible rates.

The specific rate used for the FCCH PDU in each TDD frame is indicated by the FCCH

Phy Mode field in the BCH message. Each FCCH rate corresponds to a particular code

rate and a particular modulation scheme and is further associated with a particular

transmission mode, as shown in Table 26.

[1100] An FCCH message may include zero, one, or multiple information elements

(IEs). Each information element may be associated with a specific user terminal and

may be used to provide information indicative of the assignment of FCH/RCH resources
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for th}t user terminal. Table 6 lists the various fields for an exemplary FCCH message 

format. 

Table 6 - FCCH Message 

Fields/ Length 
Description 

Parameter Names (bits) 

N_IE 6 Number of IEs included in the FCCH message 

N_IE information elements, each including: 

IE Type 4 IE type 

MACID 10 ID assigned to the user terminal 

Control Fields 48 or72 Control fields for channel assignment 

Padding Bits Variable Pad bits to achieve even number of OFDM 
symbols in the FCCH message 

CRC 16 CRC value for the FCCH message 

Tail Bits 6 Tail bits for convolutional encoder 

[1101] The N_IE field indicates the number of information elements included in the 

FCCH message sent in· the current TDD frame. For each information element (IE) 

included in the FCCH message, the IE Type field indicates the particular type of this IE. 

A number of IE types are defined for use to allocate resources for different types of 

transmissions, as described below. 

[1102] The MAC ID field identifies the specific user terminal for which the 

information element is intended. Each user terminal registers with the access point at 

the start of a communication session and is assigned a unique MAC ID by the access 

point. This MAC ID is used to identify the user terminal during the session. 

[1103] The Control Fields are used to convey channel assignment information for 

the user terminal and are described in detail below. The Padding Bits field includes a 

sufficient number of padding bits so that the overall length of the FCCH message is an 

even number of OFDM symbols. The FCCH CRC field includes a CRC value that may 

be used by the user terminals to determine whether the received FCCH message is 

decoded correctly or in error. The Tail Bits field includes zeros used to reset the 

convolutional encoder to a known state at the end of the FCCH message. Some of these 

fields are described in further detail below. 

[1104] A number of transmission modes are supported by the MIMO WLAN 

system for the FCH and RCH, as indicated in Table 1. Moreover, a user terminal may 

be active or idle during a connection. Thus, a number of types of IE are defined for use 
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to allocate FCH/RCH resources for different types of transmissions. Table 7 lists an 

exemplary set of IE types. 

Table 7 - FCCH IE Types 

IE Type 
IE Size 

IE Type Description 
(bits) 

0 48 Diversity Mode Diversity mode only 

I 72 Spatial Mode 
Spatial multiplexing mode -
variable rate services 

2 48 Idle Mode Idle state - variable rate services 

3 48 RACH Acknowledgment 
RACH acknowledgment -
diversity mode 

4 Beam Steering Beam steering mode 

5-15 - Reserved Reserved for future use 

[1105] For IE types 0, I and 4, resources are allocated to a specific user terminal for 

both the FCH and RCH (i.e., in channel pairs). For IE type 2, minimal resources are 

allocated to the user terminal on the FCH and RCH to maintain up-to-date estimate of 

the link. An exemplary format for each IE type is described below. In general, the rates 

and durations for the FCH and RCH can be independently assigned to the user 

terminals. 

A. IE Type O, 4 - Diversity/Beam-Steering Mode

[1106] IE type O and 4 are used to allocate FCH/RCH resources for the diversity and 

beam-steering modes, respectively. For fixed low-rate services (e.g., voice), the rate 

remains fixed for the duration of the call. For variable rate services, the rate may be 

selected independently for the FCH and RCH. The FCCH IE indicates the location of 

the FCH and RCH PDUs assigned to the user terminal. Table 8 lists the various fields 

of an exemplary IE Type O and 4 information element. 

Table 8 - FCCH IE Type O and 4 

Fields/ Length 
Description 

Parameter Names (bits) 

IE Type 4 IE type 

MAC ID 10 Temporary ID assigned to the user terminal 

FCH Offset 9 
FCH offset from start of the TDD frame 
(in OFDM symbols) 



020554Pl 

23 

FCH Preamble Type 2 FCH preamble size (in OFDM symbols) 

FCHRate 4 Rate for the FCH 

RCH Offset 9 
RCH offset from start of the TDD frame 
(in OFDM symbols) 

RCH Preamble Type 2 RCH preamble size (in OFDM symbols) 

RCHRate 4 Rate for the RCH 

RCH Timing Adjustment 2 Timing adjustment parameter for RCH 

RCH Power Control 2 Power control bits for RCH 

[1107] The FCH and RCH Offset fields indicate the time offset from the beginning 

of the current '.fDD frame to the start of the FCH and RCH PD Us, respectively, assigned 

by the information element. The FCH and RCH Rate fields indicate the rates for the 

FCH and RCH, respectively. 

[1108] The FCH and RCH Preamble Type fields indicate the size' of the preamble in 

the FCH and RCH PDUs, respectively. Table 9 lists the values for the FCH and RCH 

Preamble Type fields and the associated preamble sizes. 

Table 9 - Preamble Type 

Type Bits Preamble Size 

0 00 0 OFDM symbol 

1 01 1 OFDM symbol 

2 10 4 OFDM symbols 

3 11 8 OFDM symbols 

[1109] The RCH Timing Adjustment field includes two bits used to adjust the 

timing of the uplink transmission from the user terminal identified by the MAC ID field. 

This timing adjustment is used to reduce interference in a TDD-based frame structure 

(such as the one shown in FIG. 3A) where the downlink and uplink transmissions are 

time division duplexed. Table 10 lists the values for the RCH Timing Adjustment field 

and the associated actions. 

Table 10 - RCH Timing Adjustment 

Bits Description 

00 Maintain current timing 

01 Advance uplink transmit timing by 1 sample 
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10 Delay uplink transmit timing by 1 sample 

11 Not used 

[1110] The RCH Power Control field includes two bits used to adjust the transmit 

power of the uplink transmission from the identified user terminal. This power control 

is used to reduce interference on the uplink. Table 11 lists the values for the RCH 

Power Control field and the associated actions. 

Table 11 - RCH Power Control 

Bits Description 

00 Maintain current transmit power 

01 Increase uplink transmit power by o dB, where 

o is a system parameter.

10 Decrease uplink transmit power by o dB, 

where ois a system parameter. 

11 Not used 

(1111] The channel assignment for the identified user terminal may be provided in 

various manners. In an embodiment, the user terminal is assigned FCH/RCH resources 

for only the current TDD frame. In another embodiment, the FCH/RCH resources are 

assigned to the terminal for each TDD frame until canceled. In yet another 

embodiment, the FCH/RCH resources are assigned to the user terminal for every n-th 

TDD frame, which is referred to as "decimated" scheduling of TDD frames. The 

different types of assignment may be indicated by an Assignment Type field in the 

FCCH information element. 

B. IE Type 1 - Spatial Multiplexing Mode

(1112] IE type 1 is used to allocate FCH/RCH resources to user terminals using the 

spatial multiplexing mode. The rate for these user terminals is variable, and may be 

selected independently for the FCH and RCH. Table 12 lists the various fields of an 

exemplary IE type 1 information element. 

Table 12 - FCCH IE Type I 

Fields/ Length 
Description 

Parameter Names (bits) 

IE Type 4 IE type 
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MAC ID 10 Temporary ID assigned to the user terminal 

FCH Offset 9 
FCH offset from end of FCCH 
(in OFDM symbols) 

FCH Preamble Type 2 FCH preamble size (in OFDM symbols) 

FCH Spatial Channel 1 Rate 4 Rate for the FCH for spatial channel 1 

FCH Spatial Channel 2 Rate 4 Rate for the FCH for spatial channel 2 

FCH Spatial Channel 3 Rate 4 Rate for the FCH for spatial channel 3 

FCH Spatial Channel 4 Rate 4 Rate for the FCH for spatial channel 4 

RCH Offset 9 
RCH offset from end of FCH 
(in OFDM symbols) 

RCH Preamble Type 2 RCH preamble size (in OFDM symbols) 

RCH Spatial Channel 1 Rate 4 Rate for the RCH for spatial channel 1 

RCH Spatial Channel 2 Rate 4 Rate for the RCH for spatial channel 2 

RCH Spatial Channel 3 Tate 4 Rate for the RCH for spatial channel 3 

RCH Spatial Channel 4 Rate 4 Rate for the RCH for spatial channel 4 

RCH Timing Adjustment 2 Timing adjustment parameter for RCH 

Reserved 2 Reserved for future use 

[1113] For IE type 1, the rate for each spatial channel may be selected 

independently on the FCH and RCH. The interpretation of the rates for the spatial 

multiplexing mode is general in that it can specify the rate per spatial channel (e.g., for 

up to 4 eigenmodes/antennas for the embodiment shown in Table 12). The rate is given 

per eigenmode if the transmitter performs spatial processing to transmit data on the 

eigenmodes. The rate is given per antenna if the transmitter simply transmits data from 

the transmit antennas and the receiver performs the spatial processing to isolate and 

recover the data. 

[1114] The information element includes the rates for all enabled spatial channels 

and zeros for the ones not enabled. User terminals with less than four transmit antennas 

set the unused FCH/RCH Spatial Channel Rate fields to zero. Since the access point is 

equipped with four transmit/receive antennas, user terminals with more than four 

transmit antennas may use them to transmit up to four independent data streams. 

C. IE Type 2 - Idle Mode

[1115] IE type 2 is used to provide control information for user terminals operating 

in an Idle state (described below). In an embodiment, when a user terminal is in the Idle

state, steering vectors used by the access point and user terminal for spatial processing 
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are continually updated so that data transmission can start quickly if and when resumed. 

Table 13 lists the various fields of an exemplary IE type 2 information element. 

Table 13 - FCCH IE Type 2 

Fields/ Length 
Description 

Parameter Names (bits) 

IE Type 4 IE type 

MACID 10 Temporary ID assigned to the user terminal 

FCH Offset 9 FCH offset from end of FCCH (in OFDM symbols) 

FCH Preamble Type 2 FCH preamble size (in OFDM symbols) 

RCH Offset 9 . RCH offset from end of FCH (in OFDM symbols) 

RCH Preamble Type 2 RCH preamble size (in OFDM symbols) 

Reserved 12 Reserved for future use 

D. IE Type 3 - RACH Acknowledgment

[1116] IE type 3 is used to provide control information for user terminals attempting 

to access the system via the RACH. To gain access to the system or to send a short 

message to the access point, a user terminal may transmit an RACH PDU on the uplink. 

After the user terminal sends the RACH PDU, it monitors the BCH to determine if the 

RACH Acknowledgement Bit is set. This bit is set by the access point if any user 

terminal was successful in accessing the system and an acknowledgment is being sent 

for at least one user terminal on the FCCH. If this bit is set, then the user terminal 

processes the FCCH for acknowledgment sent on the FCCH. IE Type 3 information 

elements are sent if the access point desires to acknowledge that it correctly decoded the 

RACH PDUs from the user terminals without assigning resources. Table 14 lists the 

various fields of an exemplary IE Type 3 information element. 

Table 14 - FCCH IE Type 3 

Fields/ Length 
Description 

Parameter Names (bits) 

IE Type 4 IE type 

MAC ID 10 Temporary ID assigned to user terminal 

Reserved 34 Reserved for future use 
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[1117) A single or multiple types of acknowledgment may be defined and sent on 

the FCCH. For example, a quick acknowledgment and an assignment-based 

acknowledgment may be defined. A quick acknowledgment may be used to simply 

acknowledge that the RACH PDU has been received by the access point but that no 

FCH/RCH resources have been assigned to the user terminal. An assignment-based 

acknowledgment includes assignments for the FCH and/or RCH for the current TDD 

frame. If multiple types of acknowledgment are used, then the specific 

acknowledgment type being sent on the FCCH may be indicated by an ACK Type bit 

(using one of the 34 reserved bits) in the information element. 

3. Random Access Channel (RACH) - Uplink

[1118) The RACH is used by the user terminals to gain access to the system and to

send short messages to the access point. The operation of the RACH is based on a

slotted Aloha random access protocol, which is described below.

[1119) FIG. SC illustrates an embodiment of RACH PDU 450. In this

embodiment, the RACH PDU includes a preamble portion 552 and a message portion

554. Preamble portion 552 may be used to send a steered reference, if the user terminal

is equipped with multiple antennas. The steered reference is a pilot comprised of a 

specified set of modulation symbols that is subjected to spatial processing prior to 

transmission on the uplink. The spatial processing allows the pilot to be transmitted on 

a specific eigenmode of the MIMO channel. The processing for the steered reference is 

described in further detail below. Preamble portion 552 has a fixed duration of at least 

2 OFDM symbols. Message portion 554 carries an RACH message and has a variable 

duration. The duration of the RACH PDU is thus variable. 

[1120) In an embodiment, four different rates are supported for the RACH. The 

specific rate used for each RACH message is indicated by a 2-bit RACH data rate 

indicator (DRI), which is embedded in the preamble portion of the RACH PDU, as 

shown in FIG. SC. In an embodiment, four different message sizes are also supported 

for the RACH. The size of each RACH message is indicated by a Message Duration 

field included in the RACH message. Each RACH rate supports 1, 2, 3 or all 4 message 

sizes. Table 15 lists the four RACH rates, their associated coding and modulation 

parameters, and the message sizes supported by these RACH rates. 

Table 15 
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RACH Rates 
RA CH Message Sizes 

(in bits and OFDM symbols) 

bps/Hz 
Code 

Modulation DRI 96 bits 192 bits 384 bits 768 bits 
Rate 

0.25 0.25 BPSK (1,1) 8 

0.5 0.5 BPSK (1,-1) 4 

1 0.5 QPSK (-1, 1) 2 

2 0.5 16QAM (-1, -1) 1 

--

, - -, 

n/a 

R 
- -

-4

2 

n/a 

n/a 
--

8 

4 

-- ' 

n/a 

n/a 

n/a 

8' 

[1121] The RACH message carries short messages and access requests from the 

user terminal. Table 16 lists the various fields of an exemplary RACH message format 

and the size of each field for each of the four different message sizes. 

Table 16 

Fields/ RA CH Message Sizes 
Description 

Parameter Names 96 bits 192 bits 384 bits 768 bits 

Message Duration 2 2 2 2 Duration of message 

MAC PDUType 4 4 4 4 RACH message type 

MACID 10 10 10 10 MACID , 

Slot ID 6 6 6 6 Tx Slot ID 

Payload 44 140 332 716 Info bits 

CRC 24 24 24 24 
CRC value for the 
RACH message 

Tail Bits 6 6 6 6 Tail bits 

[1122] The Message Duration field indicates the size of the RACH message. The 

MAC PDU Type field indicates the RACH message type. The MAC ID field contains 

the MAC ID that uniquely identifies the user terminal sending the RACH message. 

During initial system access, a unique MAC ID has not been assigned to the user 

terminal. In this case, a registration MAC ID (e.g., a specific value reserved for 

registration purpose) may be included in the MAC ID field. The Slot ID field indicates 

the starting RACH slot on which the RACH PDU was sent (the RACH timing and 

transmission is described below). The Payload field includes the information bits for 

the RACH message. The CRC field contains a CRC value for the RACH message, and 

the Tail Bits field is used to reset the convolutional encoder for the RACH. The 

operation of the RACH in conjunction with the BCH and FCCH for system access is 

described in further detail below. 
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4. Forward Channel (FCH) - Downlink

[1123] The FCH is used by the access point to transmit user-specific data to specific

user terminals and page/broadcast messages to multiple user terminals. The FCH can be

allocated on a per frame basis. A number of FCH PDU types are provided to

accommodate different uses of the FCH. Table 17 lists an exemplary set of FCH PDU

types.

Table 17 - FCH PDU Types 

Code FCHPDUType Description 

0 Message Only FCH broadcast/page service/user message 

1 Message and Preamble FCH user message 

2 Preamble Only FCH Idle state 

[1124] FCH PDU Type O is used to send page/broadcast messages and user 

messages/packets on the FCH and only includes the message/packet. (Data for a 

specific user terminal may be sent as a message or a packet, and these two terms are 

used interchangeably herein.) FCH PDU Type I is used to send user packets and 

includes a preamble. FCH PDU Type 2 includes only the preamble and no 

message/packet, and is associated with Idle state FCH traffic. 

[1125] FIG. SD illustrates an embodiment of an FCH PDU 430a for FCH PDU 

Type 0. In this embodiment, FCH PDU 430a includes only a message portion 534a for 

a page/broadcast message or a user packet. The message/packet can have variable 

length, which is given by th<:; FCH Message Length field in the FCH PDU. The 

message length is given in integer number of PHY frames (described below). The rate 

and transmission mode for the page/broadcast message are specified and described 

below. The rate and transmission mode for the user packet are specified in the 

associated FCCH information element. 

[1126] FIG. SE illustrates an embodiment of an FCH PDU 430b for FCH PDU 

Type I. In this embodiment, FCH PDU 430b includes a preamble portion 532b and a 

message/packet portion 534b. Preamble portion 532b is used to send a MIMO pilot or a 

steered reference and has a variable length, which is given by the FCH Preamble Type 

field in the associated FCCH information element. Portion 534b is used to send an FCH 

packet and also has a variable length (in integer number of PHY frames), which is given 

by the FCH Message Length field in the FCH PDU. The FCH packet is sent using the 

rate and transmission mode specified by the associated FCCH information element. 
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[1127] FIG. SF illustrates an embodiment of an FCH PDU 430c for FCH PDU 

Type 2. In this embodiment, FCH PDU 430c includes only a preamble portion 532c 

and no message portion. The length of the preamble portion is indicated by the FCCH 

IE. J'he FCH PDU Type 2 may be used to allow the user terminal to update its channel 

estimate while in the Idle state. 

[1128] A number of FCH Message types are provided to accommodate different 

uses of the FCH. Table 18 lists an exemplary set of FCH Message types. 

Table 18 - FCH Message Types 

Code FCH Message Type Description 

0 Page Message Page message - diversity mode, rate= 0.25 bps/Hz 

1 Broadcast Message 
Broadcast message - diversity mode, rate = 0.25 
bps/Hz 

2 User Packet 
Dedicated channel operation - user terminal 
specific PDU, rate specified in the FCCH 

3-15 Reserved Reserved for future use 

[1129] A page message may be used to page multiple user terminals and is sent 

using FCH PDU Type 0. If the Page Bit in the BCH message is set, then one or more 

FCH PDUs with page messages (or "Page PDUs") are sent first on the FCH. Multiple 

Page PDUs may be sent in the same frame. Page PDUs are transmitted using the 

diversity mode and the lowest rate of 0.25 bps/Hz to increase the likelihood of correct 

reception by the user terminals. 

[1130] A broadcast message may be used to send information to multiple user 

terminals and is sent using FCH PDU Type 0. If the Broadcast Bit in the BCH message 

is set, then one or more FCH PDUs with broadcast messages (or "Broadcast PDUs") are 

sent on the FCH immediately following any Page PDUs sent on the FCH. The 

Broadcast PDUs are also transmitted using the diversity mode and the lowest rate of 

0.25 bps/Hz to increase the likelihood of correct reception. 

[1131] A user packet may be used to send user-specific data, and may be sent using 

FCH PDU Type 1 or 2. User PDUs of Type 1 and 2 are sent on the FCH following any 

Page and Broadcast PDUs sent on the FCH. Each User PDU may be transmitted using 

the diversity, beam-steering, or spatial multiplexing mode. The FCCH information 

element specifies the rate and transmission mode used for each User PDU sent on the 

FCH. 
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[1132) A message or packet sent on the FCH comprises an integer number of PHY 

frames. In an embodiment, each PHY frame may include a CRC value that permits 

individual PHY frames in an FCH PDU to be checked and retransmitted if necessary. 

For asynchronous services, the RLP may be employed for segmentation, retransmission, 

and reassembly of PHY frames within a given FCH PDU. 

[1133] FIG. 6 illustrates an embodiment of the structure for an FCH packet 534. 

The FCH packet comprises an integer number of PHY frames 610. Each PHY frame 

includes a payload field 622, a CRC field 624, and a tail bit field 626. The first PHY 

frame for the FCH packet further includes a header field 620, which indicates the 

message type and duration. The last PHY frame in the FCH packet further includes a 

pad bit field 628, which contains zero padding bits at the end of the payload in order to 

fill the last PHY frame. In an embodiment, each PHY frame comprises 6 OFDM 

symbols. The number of bits included in each PHY frame is dependent on the rate used 

for that PHY frame. 

[1134) Table 19 lists the various fields for an exemplary FCH PDU format for FCH 

PDU Types O and 1. 

Table 19 - FCH PDU Format 

Fields/ Length 
Description 

t Parameter Names (bits) 

FCH Message Type 4 FCH message type 

FCH Message Length 16 Number of bytes in FCH PDU 

First Payload Variable Payload bits 
PHY frame 

CRC value for the PHY frame 
CRC 16 

(optional) 

Tail Bits 6 Tail bits for convolutional encoder 

Payload Variable Payload bits 
Each 

CRC value for the PHY frame 
Middle CRC 16 
PHY frame 

(optional) 

Tail Bits 6 Tail bits for convolutional encoder 

Payload Variable Payload bits 

Pad bits Variable Pad bits to fill out PHY frame 
Last 
PHY frame CRC 16 

CRC value for the PHY frame 
(optional) 

Tail Bits 6 Tail bits for convolutional encoder 
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The FCH Message Type and FCH Message Length fields are sent in the header of the 

first PHY frame of the FCH PDU. The payload, CRC, and tail bits fields are included 

in each PHY frame. The payload portion of each FCH PDU carries the information bits 

for the page/broadcast message or user-specific packet. Pad bits ar� used to fill the last 

PHY frame of the FCH PDU, if required. 

[1135] A PHY frame may also be defined to comprise some other number of 

OFDM symbols (e.g., two, four, eight, and so on). The PHY frame is defined with even 

number of OFDM symbols because OFDM symbols are transmitted in pairs for the 

diversity mode, which may be used for the FCH and RCH. The PHY frame size may be 

selected based on the expected traffic such that inefficiency is minimized. In particular, 

if the frame size is too large, then inefficiency results from using a large PHY frame to 

send a small amount of data. Alternatively, if the frame size is too small, then the 

overhead represents a larger fraction of the frame. 

5. Reverse Channel (RCH) - Uplink

[1136] The RCH is used by the user terminals to transmit uplink data and pilot to

the access point. The RCH may be allocated on a per TDD frame basis. One or more 

user terminals may be designated to transmit on the RCH in any given TDD frame. A 

number of RCH PDU types are provided to accommodate different operating modes on 

the RCH. Table 20 lists an exemplary set of RCH PDU types. 

Table 20 - RCH PDU Types 

Code RCHPDUType Description 

0 Message Only RCH user message, no preamble 

I Message and Preamble, not Idle RCH user message, with preamble 

2 Message and Preamble, Idle RCH Idle state message with preamble 

[1137] RCH PDU Type O is used to send a message/packet on the RCH and does 

not include a preamble. RCH PDU Type I is used to send a message/packet and 

includes a preamble. RCH PDU Type 2 includes a preamble and a short message, and 

is associated with Idle state RCH traffic. 

[1138] FIG. 5D illustrates an embodiment of an RCH PDU for RCH PDU Type 0. 

In this embodiment, the RCH PDU includes only a message portion 534a for a variable­

length RCH packet, which is given in integer number of PHY frames by the RCH 
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Message Length field in the RCH PDU. The rate and transmission mode for the RCH 

packet are specified in the associated FCCH information element. 

[1139] FIG. SE illustrates an embodiment of an RCH PDU for RCH PDU Type I. 

In this embodiment, the RCH PDU includes a preamble portion 532b and a packet 

portion 534b. Preamble portion 532b is used to send a reference (e.g., a MIMO pilot or 

a steered reference) and has a variable length, which is given by the RCH Preamble 

Type field in the associated FCCH information element. Portion 534b is used to send 

an RCH packet and also has a variable length, which is given by the RCH Message 

Length field in the RCH PDU. The RCH packet is sent using the rate and transmission 

mode specified in the associated FCCH information element. 

[1140] FIG. SG illustrates an embodiment of an RCH PDU 350d for RCH PDU 

Type 2. In this embodiment, the RCH PDU includes a preamble portion 532d and· a 

message portion 536d. Preamble portion 532d is used to send a reference and has a 

length of 1, 4 or 8 OFDM symbols._ Portion 536d is used to send a short RCH message 

and has a fixed length of one OFDM symbol. The short RCH message is sent using a 

specific rate and transmission mode (e.g., rate 1/2 or rate 1/4 and BPSK modulation). 

[1141] A packet sent on the RCH (for PDU Types O and 1) comprises an integer 

number of PHY frames. The structure for an RCH packet (for PDU Types O and 1) is 

shown in FIG. 6, and is the same as for the FCH packet. The RCH packet comprises an 

integer number of PHY frames 610. Each PHY frame includes payload field 622, an 

optional CRC field 624, and tail bit field 626. The first PHY frame in the RCH packet 

further includes header field 620, and the last PHY frame in the packet further includes 

pad bit field 628. 

[1142] Table 21 lists the various fields for an exemplary RCH PDU format for RCH 

PDU Types O and 1. 

Table 21 - RCH PDU Format (PDU Types O and 1) 

Fields/ Length 
Description 

Parameter Names (bits) 

First RCH Message Type 4 RCH message type 
PHY frame 

RCH Message Length 16 Number of bytes in RCH PDU 

FCH Rate Indicator 16 
Indicate maximum rate for each 
eigenmode/ antenna on FCH 

Payload Variable Payload bits 

CRC 16 
CRC value for the PHY frame 
(optional) 
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Tail Bits 6 Tail bits for convolutional encoder 

Payload Variable Payload bits 
Each 

CRC value for the PHY frame 
Middle CRC 16 
PHY frame 

(optional) 

Tail Bits 6 Tail bits for convolutional encoder 

Payload Variable Payload bits 

Pad bits Variable Pad bits to fill out PHY frame 
Last 

PHY frame CRC 16 
CRC value for the PHY frame 
(optional) 

Tail Bits 6 Tail bits for convolutional encoder 

The RCH Message Type, RCH Message Length, and FCH Rate Indicator fields are sent 

in the header of the first PHY frame of the RCH PDU. The FCH Rate Indicator field is 

used to convey FCH rate information (e.g., the maximum rates supported by each of the 

eigenmodes/antennas) to the access point. 

[1143] · Table 22 lists the various fields for an exemplary RCH PDU format for RCH

POU Type 2. 

Table 22 - RCH Message for RCH PDU Type 2 

Fields/ Length 
Description 

Parameter Names (bits) 

FCH Rate Indicator 16 
Indicate maximum rate for each eigenmode/ 
antenna on FCH 

RCHRequest 1 User terminal request to send additional data 

Reserved 1 Reserved for future use 

Tail Bits 6 Tail bits for convolutional encoder 

The RCH Request field is used by the user terminal to request additional capacity on the 

uplink. This short RCH message does not include a CRC and is transmitted in a single 

OFDM symbol. 

6. Dedicated Channel Activity

(1144] Data transmission on the FCH and RCH can occur independently.

Depending on the transmission modes selected for use for the FCH and RCH, one or

multiple spatial channels or one spatial channel (for the beam steering and diversity
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modes) may be active and used for data transmission for each dedicated transport 

channel. Each spatial channel may be associated with a specific rate. 

[1145] When only the FCH or only the RCH has all four rates set to zero, the user 

terminal is idle on that link. The idle terminal still transmits an idle PDU on the RCH. 

When both the FCH and RCH have all four rates set to zero, both the access point and 

user terminal are off and not transmitting. User terminals with less than four transmit 

antennas set the unused rate fields to zero. User terminals with more than four transmit 

antennas use no more than four spatial channels to transmit data. Table 23 shows the 

transmission state and channel activity when the rates on all four spatial channels of 

either the FCH or RC:H (or both) are set to zero. 

Table 23 

FCH Rates RCH Rates Channel Activity 
Transmission 

State 

At least one rate on At least one rate on FCH and RCH are 
FCH-;;0 RCH-::f:-0 active 

At least one rate on FCH active, RCH 
FCH and/or 

All rates on RCH = 0 RCH are 
FCH-;;0 idle transmitting 

All rates on FCH = 0 
At least one rate on FCH idle, RCH 
RCH-::f:-0 active 

All rates on FCH = 0 All rates on RCH = 0 
FCH and RCH are No 
OFF transmissions 

[1146] There may also be a situation where both the RCH and FCH are idle (i.e., not 

transmitting data) but still transmitting preamble. This is referred to as the Idle state. 

The control fields used to support a user terminal in the Idle state are provided in an 

FCCH IE Type 2 information element, which is shown in Table 13. 

7. Alternative Designs

[1147] For clarity, specific PDU types, PDU structures, message formats, and so on,

have been described for an exemplary design. Fewer, additional, and/or different types, 

structures, and formats may also be defined for use, and this is within the scope of the 

invention. 

III. OFDM Subband Structures

[1148] In the above description, the same OFDM subband structure is used for all of 

the transport channels. Improved efficiency may be obtained by using different OFDM 
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subband structures for different transport channels. For example, a 64-subband 

structure may be used for some transport channels, a 256-subband structure may be used 

for some other transport channels, and so on. Moreover, multiple OFDM subband 

structures may be used for the same transport channel. 

(1149] As noted above, for a given system bandwidth W, the duration of an OFDM 

symbol is dependent on the number of total subbands. In particular, if the total number 

of subbands is N, then the duration of each transformed symbol (without a cyclic prefix) 

is N /W µsec (if W is given in MHz). A cyclic prefix is added to each transformed 

symbol to form a corresponding OFDM symbol. The length of the cyclic prefix is 

determined by the expected delay spread of the system. The cyclic prefix represents 

overhead needed for each OFDM symbol to combat a dispersive channel. This 

overhead represents a larger percentage of the OFDM symbol if the symbol is short and 

a smaller percentage if the symbol is long. 

[1150] Since different transport channels may be associated with different types of 

traffic data, a suitable OFDM subband structure may be used for each transport channel 

to match the expected traffic data type. If a large amount of data is expected to be 

transmitted on a given transport channel, then a larger subband structure may be defined 

for use for the transport channel. In this case, the cyclic prefix would represent a 

smaller percentage of the OFDM symbol and greater efficiency may be achieved. 

Conversely, if a small amount of data is expected to be transmitted on a given transport 

channel, than a smaller subband structure may be defined for use for the transport 

channel. In this case, even though the cyclic prefix represents a larger percentage of the 

OFDM symbol, greater efficiency may still be achieved by reducing the amount of 

excess capacity. The OFDM symbol may thus be viewed as a "box car'' used to send 

data, and the proper size "box car" may be selected for each transport channel 

depending on the amount of data expected to be sent. 

[1151] For example, for the embodiment described above, the data on the FCH and 

RCH is sent in PHY frames, each of which comprises 6 OFDM symbols. In this case, 

another OFDM structure may be defined for use for the FCH and RCH. For example, a 

256-subband structure may be defined for the FCH and RCH. A transformed symbol

for the 256-subband structure, would be four times the duration of a transformed symbol 

for the 64-subband structure but would have four times the data-carrying capacity. 

However, only one cyclic prefix is needed for one transformed symbol in the 256-

subband structure, whereas four cyclic prefixes are needed for the equivalent four 
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transformed symbols in the 64-subband structure. Thus, the amount of overhead for 

cyclic prefix may be reduced by 75% by the use of the larger 256-subband structure. 

[1152] This concept may be extended so that different OFDM subband structures 

may be used for the same transport channel. For example, the RCH supports different 

PDU types, each of which may be associated with a certain size. In this case, a larger 

subband structure may be used for a larger-size RCH PDU type, and a smaller subband 

structure may be used for a smaller-size RCH PDU type. 

[1153] Different OFDM subband structures are associated with OFDM symbols of 

different lengths. Thus, if different OFDM subband structures are used for different 

transport channels (and/or for the same transport channel), then the FCH and RCH 

offsets for the FCH and RCH PDUs may need to be specified with finer time resolution 

than an integer number of OFDM symbols. In particular, the time increment for the 

FCH and RCH PDUs may be given in integer number of cyclic prefix durations, instead 

of OFDM symbols. 

IV. Rates and Transmission Modes

[1154] The transport channels described above are used to send various types of 

data for various services and functions. Each transport channel may be designed to 

support one or more rates and one or more transmission modes. 

1. Transmission Modes

[1155] A number of transmission modes are supported for the transport channels.

Each transmission mode is associated with specific spatial processing at the transmitter

and receiver, as described in further detail below. Table 24 lists the transmission

mode(s) supported by each of the transport channels.

Table 24 (this table is confusing ... ) 

Transmission Modes 
Transport 

Tx Beam- Spatial Channels SIMO 
Diversity Steering Multiplexing 

BCH - X -

FCCH - X - -

RACH X - X -

FCH - X X X 

RCH X X X X 
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The beam-steering mode may be viewed as a special case of the spatial multiplexing 

mode whereby only one spatial channel is used for data transmission. 

[1156] The diversity mode may be used for the common transport channels (BCH 

and FCCH) for the downlink from the access point to the user terminals. The diversity 

mode may also be used for the dedicated transport channels (FCH and RCH). The use 

of the diversity mode on the FCH and RCH may be negotiated at call setup. The 

diversity mode transmits data on one "spatial mode" using a pair of antennas for each 

subband. 

[1157] The beam-steering mode may be employed on the RACH by user terminals 

with multiple transmit antennas. A user terminal can estimate the MIMO channel based 

on the MIMO pilot sent on the BCH. This channel estimate may then be used to 

perform beam-steering on the RACH for system accesses. The beam-steering mode 

may also be used for the dedicated transport channels (FCH and RCH). The beam­

steering mode may be able to achieve higher received SNR at the receiver than the 

diversity mode by exploiting the gain of the antenna array at the transmitter. In 

addition, the preamble portion of the PDU may be reduced since the steered reference 

only includes symbols for a single "steered" antenna. The diversity mode may also be 

used for the RACH. 

[1158] The spatial multiplexing mode may be used for the FCH and RCH to achieve 

greater throughput, when supported by the channel conditions. The spatial multiplexing 

mode and beam steering modes are reference driven and require closed-loop control for 

proper operation. As such, a user terminal is allocated resources on both the FCH and 

RCH to support the spatial multiplexing mode. Up to four spatial channels may be 

supported on the FCH and RCH (limited by the number of antennas at the access point). 

2. Coding and Modulation

[1159] A number of different rates are supported for the transport channels. Each

rate is associated with a particular code rate and a particular modulation scheme, which

collectively results in a particular spectral efficiency (or data rate). Table 25 lists the

various rates supported by the system.

Rate 

Word 
Spectral 

Efficiency 

Code 
Rate 

Table 25 

Modulation 
Scheme 

Info bits/ 
OFDM 

Code bits/ 

OFDM 
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0000 

0001 

0010 

0011 

0100 

0101 

0110 

0111 

1000 

1001 

1010 

1011 

1100 

1101 

lllO 

1111 

[1160) 
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(bps/Hz) 

0.0 - off 

0.25 1/4 BPSK 

0.5 1/2 BPSK 

1.0 1/2 QPSK 

1.5 3/4 QPSK 

2.0 1/2 16QAM 

2.5 5/8 16QAM 

3.0 3/4 16QAM 

3.5 7/12 64QAM 

4.0 2/3 64QAM 

4.5 3/4 64QAM 

5.0 5/6 64QAM 

5.5 11/16 256QAM 

6.0 3/4 256QAM 

6.5 13/16 256QAM 

7.0 7/8 256QAM 

symbol 

-

12 

24 

48 

72 

96 

120 

144 

168 

192 

216 

240 

264 

288 

312 

336 

--� , -,. ,, -u,u • •  � "

....., # n�} ,f�.1r \;,-a..�11 n __ il'µ"'"' 

symbol 

-

48 

48 

96 

96 

192 

192 

192 

288 

288 

288 

288 

384 

384 

384 

384 

Each common transport chann_el supports one or more rates and one 

transmission mode ( or possibly more, as may be the case for the RACH). The BCH is 

transmitted at a fixed rate using the diversity mode. The FCCH may be transmitted at 

one of four possible rates, as indicated by the FCCH Phy Mode field in the BCH 

message, using the diversity mode. The RACH may also be transmitted at one of four 

possible rates, as indicated by the RACH DRI embedded in the preamble of the RACH 

PDU. Moreover, each RACH message is one of four possible sizes. Table 26 lists the 

coding, modulation, and transmission parameters and the message sizes supported by 

each common transport channel. 

Table 26 - Parameters for Common Transport Channels 

Transport 
Spectral 

Code Modulation Transmission 
Message Size 

Channel 
Efficiency 

Rate Scheme Mode bits 
OFDM 

(bps/Hz) symbols 

BCH 0.25 1/4 BPSK Diversity 120 10 

FCCH 0.25 1/4 BPSK Diversity variable variable 
" 0.5 1/2 BPSK Diversity variable variable 
" 1.0 1/2 QPSK Diversity variable variable 
" 2.0 1/2 I6QAM Diversity variable variable 

RACH 0.25 1/4 BPSK Beam-Steering 96 8 
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" 0.5 1/2 BPSK Beam-Steering 96,192 4,8 

" 1.0 1/2 QPSK Beam-Steering 
96, 192, 

2,4,8 
384 

" 2.0 1/2 16QAM Beam-Steering 
96, 192, 1, 2, 4, 8 
384,768 

The FCCH message is variable in size and given in even number of OFDM symbols. 

[1161] The FCH and RCH support all of the rates listed in Table 25. Table 27 lists 

the coding, modulation, and transmission parameters and the message sizes supported 

by the FCH and RCH. 

Table 27 - Parameters for FCH and RCH 

Spectral 
Payload Parity · PHY Frame Size

Efficiency 
Code Modulation (bits/ (bits/ 
Rate Scheme PHY PHY code mod OFDM 

(bps/Hz) 
frame) frame) bits symbols symbols 

0.25 A 1/4 BPSK 72 72· 144 288 6 

0.5 1/2 BPSK 144 144 288 288 6 

1.0 1/2 QPSK 288. 288 576 288 6 

1.5 3/4 QPSK 432 144 576 288 6 

2.0 1/2 16QAM 576 576 1152 288 6 

2.5 5/8 16QAM 720 432 1152 288 6 

3.0 3/4 16QAM 864 288 1152 288 6 

3.5, 7/12 64QAM 1008 720 1728 288 6 

4.0 2/3 64QAM 1152 576 1728 288 6 

4.5 3/4 64QAM 1296 432 1728 288 6 

5.0 516 64QAM 1440 288 1728 288 6 

5.5 11/16 256QAM 1584 720 2304 288 6 

6.0 3/4 256QAM 1728 576 2304 288 6 

6.5 13/16 256QAM 1872 432 2304 288 6 

7.0 7/8 256QAM 2016 288 2304 288 6 

Note A: each rate 1/2 code bit is repeated on two subbands to obtain an effective code 

rate of 1/4. The parity bits represent redundancy bits introduced by the coding and used 

for error correction at the receiver. 

[1162] The PHY frame size in Table 27 indicates the number of code bits, 

modulation symbols, and OFDM symbols for each PHY frame. If 48 data subbands are 

used for data transmission, then each OFDM symbol includes 48 modulation symbols. 

For the diversity and beam-steering modes, one symbol stream is transmitted and the 
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PHY frame size corresponds to the single rate employed for this symbol stream. For the 

spatial multiplexing mode, multiple symbol streams may be sent on multiple spatial 

channels, and the overall PHY frame size is determined by the sum of the PHY frame 

sizes for the individual spatial channels. The PHY frame size for each spatial channel is 

determined by the rate employed for that spatial channel. 

[1163] As an example, suppose the MIMO channel is capable of supporting four 

spatial channels operating at spectral efficiencies of 0.5, 1.5, 4.5, and 5.5 bpsiHz. The 

four rates selected for the four spatial channels would then be as shown in Table 28. 

Table 28 - Example Spatial Multiplexing Transmission 

Spatial Spectral 
Payload PHY Frame Size 

Code Modulation (bits/ 
channel Efficiency 

Rate Scheme PHY code mod OFDM 
Index (bps/ Hz) 

frame) bits symbols symbols 

1 0.5 1/2 BPSK 144 288 288 6 

2 1.5 3/4 QPSK 432 576 288 6 

3 4.5 3/4 64QAM 1296 1728 288 6 

4 5.5 11/16 256QAM 1584 2304 288 6 

The overall PHY frame size is then 144 + 432 + 1296 + 1584 = 3456 information bits or 

288 + 576 + 1728 + 2304 = 4896 code bits. Even though each of the four spatial 

channels supports a different number of payload bits, the overaJl PHY frame can be 

transmitted in 6 OFDM symbols (e.g., 24 µsec, assuming 4 µsec/OFDM symbol). 

V. Physical Layer Processing

(1164] FIG. 7 is a block diagram of an embodiment of an access point ll0x and 

two user terminals 120x and 120y within the MIMO WLAN system. 

[1165] On the downlink, at access point 1 lOx, a transmit (TX) data processor 710 

receives traffic data (i.e., information bits) from a data source 708 and signaling and 

other information from a controller 730 and possibly a scheduler 734. These various 

types of data may be sent on different transport channels. TX data processor 710 

"frames" the data (if necessary), scrambles the framed/unframed data, encodes the 

scrambled data, interleaves (i.e., reorders) the coded data, and maps the interleaved data 

into modulation symbols. The scrambling randomizes the data bits. The encoding 

increases the reliability of the data transmission. The interleaving provides time, 

frequency, and/or spatial diversity for the code bits. The scrambling, coding, and 
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modulation may be performed based on control signals provided by controller 730 and 

are described in further detail below. TX data processor 710 provides a stream of 

modulation symbols for each spatial channel used for data transmission. 

[1166] A TX spatial processor 720 receives one or more modulation symbol streams 

from TX data processor 710 and performs spatial processing on the modulation symbols 

to provide four streams of transmit symbols, one stream for each transmit antenna. The 

spatial processing is described in further detail below. 

[1167] Each modulator (MOD) 722 receives and processes a respective transmit 

symbol stream to provide a corresponding stream of OFDM symbols. Each OFDM 

symbol stream is further processed to provide a corresponding downlink modulated 

signal. The four downlink modulated signals from modulator 722a through 722d are 

then transmitted from four antennas 724a through 724d, respectively. 

[1168] At each user terminal 120, one or multiple antennas 752 receive the 

transmitted downlink modulated signals, and each receive antenna provides a received 

signal to a respective demodulator (DEMOD) 754. Each demodulator 754 performs 

processing complementary to that performed at modulator 722 and provides received 

symbols. A receive (RX) spatial processor 760 then performs spatial processing on the 

received symbols from all demodulators 754 to provide recovered symbols, which are 

estimates of the modulation symbols sent by the access point. 

[1169] An RX data processor 770 receives and demultiplexes the recovered symbols 

into their respective transport channels. The recovered symbols for each transport 

channel may be symbol demapped, deinterleaved, decoded, and descrambled to provide 

decoded data for that transport channel. The decoded data for each transport channel 

may include recovered packet data, messages, signaling, and so on, which are provided 

to a data sink 772 for storage and/or a controller 780 for further processing. 

[1170] The processing by access point 110 and terminal 120 for the downlink is 

described in further detail below. The processing for the uplink may be the same or 

different from the processing for the downlink. 

[1171] For the downlink, at each active user terminal 120, RX spatial processor 760 

further estimates the downlink to obtain channel state information (CSI). The CSI may 

include channel response estimates, received SNRs, and so on. RX data processor 770 

may also provide the status of each packet/frame received on the downlink. A 

controller 780 receives the channel state information and the packet/frame status and 

determines the feedback information to be sent back to the access point. The feedback 

information is processed by a TX data processor 790 and a TX spatial processor 792 (if 
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present), conditioned by one or more modulators 754, and transmitted via one or more 

antennas 752 back to the access point. 

[1172] At access point 110, the transmitted uplink signal(s) are received by antennas 

724, demodulated by demodulators 722, and processed by an RX spatial processor 740 

and an RX data processor 742 in a complementary manner to that performed at the user 

terminal. The recovered feedback information is then provided to controller 730 and a 

scheduler 734. 

[1173] Scheduler 734 uses the feedback information to perform a number of 

functions such as (1) selecting a set of user terminals for data transmission on the 

downlink and uplink, (2) selecting the transmission rate(s), and (3) assigning the 

available FCH/RCH resources to the selected terminals. Scheduler 734 and/or 

controJler 730 further uses information (e.g., channel estimates) obtained from the 

uplink transmission for the processing of the downlink transmission, as described in 

further detail below. 

[1174] A number of transmission modes are supported for data transmission on the 

downlink and uplink. The processing for each of these transmission modes is described 

in further detail below. 

1. Diversity Mode - Transmit Processing

[1175] FIG. SA is a block diagram of an embodiment of a transmitter unit 800

capable of performing the transmit processing for the diversity mode. Transmitter unit 

800 may be used for transmitter portion of the access point and the user terminal. 

[1176] Within. a TX data processor 710a, a framing unit 808 frames the data for 

each packet to be transmitted on the FCH or RCH. The framing need not be performed 

for the other tran�port channels. The framing may be performed as illustrated in FIG. 6 

to generate one or more PHY frames for each user packet. A scrambler 810 then 

· scrambles the framed/unframed data for each transport channel to randomize the data.

[1177] An encoder 812 receives and codes the scrambled data in accordance with a

selected coding scheme to provide code bits. A repeat/puncture unit 814 then repeats or

punctures (i.e., deletes) some of the code bits to obtain the desired code rate. In an

embodiment, encoder 812 is a rate 1/2, constraint length 7, binary convolutional

encoder. A code rate of 1/4 may be obtained by_ repeating each code bit once. Code

rates greater than 1/2 may be obtained by deleting some of the code bits from encoder

812. A specific design for framing unit 808, scrambler 810, encoder 812, and

repeat/puncture unit 814 is described below.
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[1178] An interleaver 818 then interleaves (i.e., reorders) the code bits from unit 

814 based on a selected interleaving scheme. In an embodiment, each group of 48 

consecutive code bits to be transmitted on a given spatial channel _is spread over the 48 

data-carrying subbands (or simply, data subbands) to provide frequency diversity. The 

interleaving is described in further detail below. 

[1179] A symbol mapping unit 820 then maps the interleaved data in accordance 

with a particular modulation scheme to provide modulation symbols. As shown in 

Table 26, BPSK, 4 QAM, or 16 QAM may be used for the diversity mode, depending 

on the selected rate. In the diversity mode, the same modulation scheme is used for all 

data sub bands. The symbol mapping may be achieved by (I) grouping sets of one or 

multiple bits to form data symbols (each of which may be a non-binary value) and (2) 

mapping each data symbol to a point in a signal constellation corresponding to the 

selected modulation scheme. Each mapped signal. point is a complex value and 

corresponds to a modulation symbol. Symbol mapping unit 820 provides a stream of 

modulation symbols to a TX diversity processor 720a. 

[1180] In an embodiment, the diversity mode utilizes space-time transmit diversity 

(STTD) for dual transmit diversity on a per subband basis. STTD supports 

simultaneous transmission of independent symbol streams on two transmit antennas 

while maintaining orthogonality at the receiver. 

(1181] The STTD scheme operates as follows. Suppose that two modulation 

symbols, denoted as s
1 

and s
2

, are to be transmitted on a given subband. The 

transmitter generates two vectors, !, = [s
1 

s;f and !2 
= [s

2 
- s;f, where"* "denotes 

the complex conjugate and " r " denotes the transpose. Each vector includes two 

elements that are to be transmitted sequentially in two symbol periods from a respective 

transmit antenna (i.e., vector !
1 

is transmitted from antenna 1 in 2 symbol periods and 

vector !
2 

is transmitted from antenna 2 in the same 2-symbol period). 

[1182] If the receiver is equipped with a single receive antenna, then the received 

signal may be expressed in matrix form as: 

Eq (1) 

where 'i and r
2 

are two symbols received in two consecutive symbol periods at the 

receiver; 
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h, and h?. 
are the path gains from the two transmit antennas to the receive 

antenna for the subband under consideration, where the path gains are 

assumed to be constant over the subband and static over the 2-symbol 

period; and 

n1 and n2 
are the noise associated with the two received symbols 'i and r

2 
, 

respectively. 

The receiver may then derive estimates of the two transmitted symbols, 

s1 and s2 , as follows: 

[1184] 

h,\ -hzr; 
I >i, 1

2 

+ I hz 1
2

�'i +h,r; 

(I h, 1
2 

+ I hz 1
2 )s, + >i,* 11i -hzn; 

1"11
2 +lhzl

2
,. and 

I h. 1
2 

+ I hz 1
2

(I h, 1
2 

+ I hz l
2)s

2 
+ 1z;n, + h,n;

I "11
2 

+ l'ti 1
2

Eq (2) 

Alternatively, the transmitter may generate two vectors, �1 = [s1 s2 ]7 and 

�2 = [-s; s;r, with the elements of these two vectors being transmitted sequentially in 

two symbol periods from two transmit antennas. The received signal may then be 

expressed as: 

The receiver may then derive estimates of the two transmitted symbols as follows: 

(I h, f + I hz 1
2 )s, + >i,* 11i + hzn2 

I h1 1
2 

+ I hz 1
2

, and 

s = -hz'i• + h,\ = (I h, 1
2 

+ I hz l
2)s

2 - hzn1 + h,* n2
2 

I hi 1
2 

+ I hz 1
2 

II� 1
2 

+ I '1i 1
2 

[1185} The above description may be extended for a MIMO-OFDM system with 

two transmit antennas, NR receive antennas, and multiple subbands. Suppose that two 

modulation symbols, denoted as s
1
(k) and s

2
(k), are to be transmitted on a given 

subband. The transmitter generates two vectors, �,(k) = [s
1
(k) s;(k)f and 

�/k)=[s2 (k) -s;(k)f, to be transmitted on antennas i and j, respectively. Each 

vector includes two elements that are to be transmitted sequentially in two symbol 
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periods from a respective transmit antenna on subband k (i.e., vector !:, (k) is 

transmitted on subband k from antenna i in two symbol periods, and vector '?!/k) is 

transmitted on subband k from antenna j in the same 2-symbol period). 

[11861 The vectors of received signals at the receive antennas in the two symbol 

periods may then be expressed as: 

where !1 (k) and !
2
(k) are two vectors of symbols received in two consecutive symbol 

periods at the receiver; 

[1187] 

[1188] 

h,(k) and h/k) are the vectors of path gains from the two transmit antennas i 

and j to the NR receive antennas for subband k, with each vector 

including· of the channel gains from the associated transmit antenna to 

each of the NR receive antennas, where the path gains are assumed to be 

constant over the subband and static over the 2-symbol period; and 

!!1 (k) and !!
2
(k) are noise vectors associated with the two received vectors 

!1(k) and !
2
(k), respectively. 

The receiver may then derive estimates of the two transmitted symbols, 

�H 
H 

� 

h1 (k )!1 (k) + !2 (k )h, (k) 

llh,(k)ll
2 

+llh/k)U2 

Alternatively, the transmitter may generate two vectors, 

!:,(k) = [s
1
(k) s

2 
(k)f and !:

1
(k) = [-s;(k) s; (k)f, with the elements of these two 

vectors being transmitted sequentially in two symbol periods from two transmit 

antennas i andj. The vectors of received signals may then be expressed as: 
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rz(k) =h,(k)s2(k) + h/k)s�(k) + !h(k) 

The receiver may then derive estimates of the two transmitted symbols as follows: 

[1189] 

�H H 
A 

h, (kk1(k) + !:2 (k)hl(k) 

/lh,(k)jl
2 

+llh1(k)i!
2 

The STTD scheme is described in further detail by S.M. Alamouti in a paper 

entitled "A Simple Transmit Diversity Technique for Wireless Communications," IEEE 

Journal on Selected Areas in Communications, Vol. 16, No. 8, October 1998, pgs. 1451-

1458, which is incorporated herein by reference. The STTD scheme is also described in 

U.S. Patent Application Serial No. 09/737 ,602, entitled "Method and System for 

Increased Bandwidth Efficiency_ in Multiple Input - Multiple Output Channels," filed 

January 5, 2001, a�d U.S. Patent Application Serial No. 10/179,439, entitled "Diversity 

Transmission Modes for MIMO OFDM Communication Systems," filed June 24, 2002, 

both of which are assigned to the assignee of the present application and incorporated 

herein by reference. 

[1190] The STTD scheme effectively transmits one modulation symbol per subband 

over two transmit antennas in each symbol period. However, the STTD scheme 

distributes the information in each modulation symbol over two successive OFDM 

symbols. Thus, the symbol recovery at the receiver is performed based on two 

consecutive received OFDM symbols. 

[1191] The STTD scheme utilizes one pair of transmit antennas for each data 

subband. Since the access point in�ludes four transmit antennas, each antenna may be 

selected for use for half of the 48 data subbands. Table 29 lists an exemplary subband­

antenna assignment scheme for the STTD scheme. 

Table 29 

Subband TX Bit Subband TX Bit Subband TX Bit Subband TX Bit 

Indices Ant Index Indices Ant Index Indices Ant Index Indices Ant Index 

- - - . � -13 1,2 26 1 3,4 1 ·l�.� .. 1,2 33
-26 1,2 0 -12 3,4 32 2 1,2 7 16::· 

" 2,4 39 
-25 3,4 6 -11 l,3 38 3 

/ , � -
2,4 13 17· 1,3 45 
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-24"
·,�' 

1,3 12 » 

�i:3'" 2,4 18 

',;-22'.: 1,4 24 5 •• 

.-Hf't 

.-9 

·,-:8/ ,,
., ' 

2,4 

1,4 

2,3 

48 

44 

4 
10 

J 

:'.4 
" 1·� ,� , 

,, 1,3 19 18.' 2,3 5 

5'· 
' '

2,3 25 ·;{j_9," \ 11 1,4
: 6'., 1,4 31 20\· 3,4 17 

,, :·121 1 PO '-7 .··· 2 Pl :�' 3 P2 ,. 21 4 P3 

: -20,,, 2,3 30 
' .:19 1,2 36 

-18 3,4 42 
'-l7 1,3 2 
-16 2,4 8 

,, 

1. 

-6

-:� 

-4 

-3·

-2

, r 

1,2 16 
3,4 22 ,. 

1,3 28 

2,4 34 

1,4 40 

' . ' 

8 
,, 

3,4 37 ··.2i· 1,2 23 

:9 1,2 43 23· 2,4 29 
10 2,4 3 24' 1,3 35 

Ir' 1,3 9 2:S 2,3 41 
·,· 

17 2,3 15 26, 1,4 47 
.. , -15 1,4 14 '-l 2,3 46 13 1,4 21 

·'-14·

[1192] 

2,3 20 
. . 

Q 14 3,4 27 

As shown in Table 29, transmit antennas 1 and 2 are used for subbands with 

indices -26, -19, -13, and so on, transmit antennas 2 and 4 are used for subbands with 

indices -25, -18, -12, and so on, transmit antennas 1 and 3 are used for subbands with 

indices -24, -17, -11, and so on. There are six 'different antenna pairings with four 

transmit antennas. Each of the six antenna pairings is used for 8 data subbands, which 

are spaced out approximately uniformly across the 48 data subbands. The antenna 

pairing to subband assignment is such that different antennas are used for adjacent 

subbands, which may provide greater frequency and spatial diversity. For example, 

antennas 1 and 2 are used for subband -26, and antennas 3 and 4 are used for subband -

25. 

[1193] The antenna-subband assignment m Table 29 is also such that all four 

transmit antennas are used for each code bit for the lowest rate of 1/4, which may 

maximize spatial diversity. For rate 1/4, each code bit is repeated and sent on two 

subbands (which is also referred to as dual subband repeat coding). The two subbands 

used for each code bit are mapped to different antenna pairs so that all four antennas are 

used to transmit that code bit. For example, bit indices ,0 and 1 in Table 29 correspond 

to the same code bit for the diversity mode, where the bit with index O is transmitted 

from antennas 1 and 2 on subband -26 and the bit with index 1 is transmitted from 

antennas 3 and 4 on subband 1. As another example, bit indices 2 and 3 in Table 29 

correspond to the same code bit, where the bit with index 2 is transmitted from antennas 

1 and 3 in subband -17 and the bit with index 3 is transmitted from antennas 2 and 4 in 

subband 10. 

[1194] FIG. 8B is a block diagram of an embodiment of a TX diversity processor 

720a capable of implementing the STID scheme for the diversity mode. 
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[1195] Within TX diversity processor 720a, a demultiplexer 832 receives and 

demultiplexes the stream of modulation symbols s(n) from TX data processor 710a 

into 48 substreams, denoted as s
1 
(n) through s

k 
(n), for the 48 data subbands. Each 

modulation symbol substream includes one modulation symbol for each symbol period, 

which corresponds to a symbol rate of (T
0

FDM)-1, where T
0FDM 

is the duration of one

OFDM symbol. Each modulation symbol substream is provided to a respective TX 

subband diversity processor 840. 

[1196] Within each TX subband diversity processor 840, a demultiplexer 842 

demultiplexes the modulation symbols for the subband into two symbol sequences, with 

each sequence having a symbol rate of (2T
0FDM

r1 . A space-time encoder 850 receives 

the two modulation symbol sequences and, for each 2-symbol period, forms a pair of 

modulation symbols { s
1 

and s
2

}, with one symbol coming from each of the two 

sequences. The pair of modulation symbols { s
1 

an_d s
2

} is then used to form two 

vectors, �1 = [s, s;f and ,!2 = [s
2 

- s;J7 , with each vector spanning a 2-symbol

period. The vector �
1 

is generated by providing the symbol s
1 

first via a switch 856a 

and the symbol s; next, where s; is obtained by taking the conjugate of s
2 

with a unit 

852a and delaying the conjugated symbol s; by one symbol period with a delay unit 

854a. Similarly, the vector �2 is generated by providing the symbol s
2 

first via a 

switch 856b and the symbol - s; next, where - s; is obtained by taking the negative 

conjugate of s
1 

with a unit 852b and delaying the negative conjugated symbol - s; by 

one symbol period with a delay unit 854b. The two vectors �
1 

and �2 
are to be 

transmitted from two antennas assigned to the subband, as indicated in Table 29. Thus, 

space-time encoder 850 provides the first vector �
1 = [s

1 
s;f to a b�ffer/multiplexer 

870 for the first transmit antenna and the second vector ,!2 = [s2 - s;J7 to another 

buffer/multiplexer 870 for the second transmit antenna. The two symbols provided by

space-time encoder 850 for each symbol period are referred to as STTD symbols.

[1197] Buffers/multiplexers 870a through 870d are used to buffer and multiplex the 

STTD symbols from all diversity processors 840. Each buffer/multiplexer 870 receives 

pilot symbols and STTD symbols from the appropriate TX subband diversity processors 

840, as determined by Table 29. For example, buffer/multiplexer 870a receives 

modulation symbols for subbands -26, -24, -22, -19, and" so on (i.e., all subbands 

mapped to antenna 1 ), buffer/multiplexer 870b receives modulation symbols for 
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subbands -26, -23, -20, -19, and so on (i.e.: all subbands mapped to antenna 2), 

buffer/multiplexer 870c receives modulation symbols for subbands -25, -24, -20, -18, 

and so on (i.e., all subbands mapped to antenna 3), and buffer/multiplexer 870d·receives 

modulation symbols for subbands -25, -23, -22, -18, and so on (i.e., all subbands 

mapped to antenna 4). 

(1198] Each buffer/multiplexer 870 then, for each symbol period, multiplexes four 

pilots, 24 SITD symbols, and 36 zeros for the four pilot subbands, 24 data subbands, 

and 36 unused subbands, respectively, to form a sequence of 64 transmit symbols for 

the 64 total subbands. Although there are a total of 48 data subbands, only 24 subbands 

are used for each transmit antenna for the diversity mode, and the effective total number 

of unused subbands for each antenna is thus 36 instead of 12. Each transmit symbol is a 

complex value (which may be zero for an unused subband) that is sent on one subband 

in one symbol period. Each buffer/multiplexer 870 provides a stream of transmit 

symbols x,(n) for one transmit antenna. Each transmit symbol stream comprises 

concatenated sequences of 64 transmit symbols, one sequence for each symbol period. 

Referring back to FIG. 8A, TX diversity processor 720a provides four transmit symbol 

streams, x
1
(n) through x

4
(n), to four OFDM modulators 722a through 722d. 

(1199] FIG. SC is a block diagram of an embodiment of an OFDM modulator 722x, 

which may be used for each of OFDM modulators 722a through 722d in FIG. 8A. 

Within OFDM modulator 722x, an inverse fast Fourier transform (IFFT) unit 852 

receives a stream of transmit symbol, x,(n), and converts each sequence of 64 transmit 

symbols into its time-domain representation (which is referred to as a transformed 

symbol) using a 64-point inverse fast Fourier transform. Each transformed symbol 

comprises 64 time-domain samples corresponding to the 64 total subbands. 

(1200] For each transformed symbol, cyclic prefix generator 854 repeats a portion 

of the transformed symbol to form a corresponding OFDM symbol. As noted above, 

one of two different cyclic prefix lengths may be used. The cyclic prefix for the BCH is 

fixed and is 800 nsec. The cyclic prefix for all other transport channels is selectable 

(either 400 nsec or 800 nsec) and indicated by the Cyclic Prefix Duration field of the 

BCH message. For a system with a bandwidth of 20 MHz, a sample period of 50 nsec, 

and 64 subbands, each transformed symbol has a duration of 3.2 msec (or 64x50 nsec) 

and each OFDM symbol has a duration of either 3.6 msec or 4.0 msec depending on 

whether the 400 nsec or 800 nsec cyclic prefix is used for the OFDM symbol. 
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[1201] FIG. 8D illustrates an OFDM symbol. The OFDM symbol is composed of 

two parts: a cyclic prefix having a duration of 400 or 800 nsec (8 or 16 samples) and a 

transformed symbol with a duration of 3.2 µsec (64 samples). The cyclic prefix is a 

copy of the last 8 or 16 samples (i.e., a cyclic continuation) of the transformed symbol 

and is inserted in front of the transformed symbol. The cyclic prefix ensures that the 

OFDM symbol retains its orthogonal property in the presence of multipath delay spread, 

thereby improving performance against deleterious path effects such as multipath and 

channel dispersion caused by frequency selective fading. 

[1202] Cyclic prefix generator 854 provides a stream of OFDM symbols to a 

transmitter (TMTR) 856. Transmitter 856 converts the OFDM symbol stream into one 

or more analog signals, and further amplifies, filters, and frequency upconverts the 

analog signals to generate a modulated signal suitable for transmission from an 

associated antenna. 

[1203] The baseband waveform for an OFDM symbol may be expressed as: 

Nsr 12 

Xn (t) = 1:Cn (k )'f'n (k, t) ,
k=-N

sr 
12.k,t,0 

where n denotes the symbol period (i.e., the OFDM symbol index); 

k denotes the subband index; 

NsT is the number of pilot and data subbands; 

Eq (3) 

c11 (k) denotes the symbol transmitted on the k-th subband of the n-th symbol 

period; and 

, for nT
s 

� t � (n + l)Ts 

, otherwise 

where T
ep 

is the cyclic prefix duration; 

'F_, is the OFDM symbol duration; and 

!1f is the bandwidth of each subband. 

2. Spatial Multiplexing Mode - Transmit Processing

Eq (4) 

(1204} FIG. 9A is a block diagram of a transmitter unit 900 capable of performing

the transmit processing for the spatial multiplexing mode. Transmitter unit 900 is 

another embodiment of the transmitter portion of the access point and the user terminal. 
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[1205] For the spatial multiplexing mode, again assuming that four transmit 

antennas and four receive antennas are available, data may be transmitted on up to four 

spatial channels. A different rate may be used for each spatial channel depending on its 

transmission capacity. Each rate is associated with a particular code rate and 

modulation scheme, as shown in Table 25. In the fo1lowing description it is assumed 

that NE spatial channels are selected for use for data transmission, where 

NE '5,N
5 

-5,min{Nr,N
R

}. 

[1206] Within a TX data processor 710b, framing unit 808 frames the data for each 

FCH/RCH packet to generate one or more PHY frames for the packet. Each PHY frame 

includes the number of data bits that may be transmitted in all NE spatial channels 

within 6 OFDM symbols. Scrambler 810 scrambles the data for each transport channel. 

(1207] Encoder 812 receives and codes the scrambled data in accordance with a 

selected coding scheme to provide code bits. In an embodiment, a common coding 

scheme is used to code the data for all NE spatial channels, and different code rates for 

different spatial channels are obtained by puncturing the code bits with different 

puncturing patterns. Puncture unit 814 thus punctures the code bits to obtain the desired 

code rate for each spatial channel. The puncturing for the spatial multiplexing mode is 

described in further detail below. 

[1208] A demultiplexer 816 receives and demultiplexes the code bits from puncture 

unit 814 to provide NE code bit streams for the NE spatial channels selected for use. 

Each code bit stream is provided to a respective interleaver 818, which interleaves the 

code bits in the stream across the 48 data subbands. The coding and interleaving for the 

spatial multiplexing mode are described in further detail below. The interleaved data 

from each interleaver 818 is provided to a respective symbol mapping unit 820. 

(1209] In the spatial multiplexing mode, up to four different rates may be used for 

the four spatial channels , depending on the received SNRs achieved for these spatial 

channels . Each rate is associated with a particular modulation scheme, as shown in 

Table 25. Each symbol mapping unit 820 maps the interleaved data in accordance with 

a particular modulation scheme selected. for the associated spatial channel to provide 

modulation symbols. If all four spatial channels are selected for use, then symbol 

mapping units 820a through 820d provide four streams of modulation symbols for the 

four spatial channels to a TX spatial processor 720b. 

[1210] TX spatial processor 720b performs spatial processing for the spatial 

multiplexing mode. For simplicity, the following description assumes that four transmit 

antennas, four receive antennas, and 48 data subbands are used for data transmission. 
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The data subband indices are given by the set K, where K =±{I, ... , 6, 8 ... , 20, 22, ... 26} 

for the OFDM subband structure described above. 

[1211] The model for a MIMO-OFDM system may be expressed as: 

r(k)=H(k)_!(k)+!!(k) , for ke K, Eq (5) 

where r(k) is a "receive" vector with four entries for the symbols received via the four 

receive antennas for the k-th subband (i.e., 

_!(k) is a "transmit" vector with four entries for the symbols transmitted from 

the four transmit antennas for the k-th subband (i.e., 

H(k) is an (N 
R 

xNr ) channel response matrix; and 

!!(k) is a vector of additive white Gaussian noise (A WGN) for the k-th subband. 

The noise vector !!(k) is assumed to have components with zero mean and a covariance 

matrix of :!'.!n = a2!, where ! is the identity matrix and a2 is the noise variance. 

[1212] The channel response matrix H(k) for the k-th subband may be expressed 

as: 

Eq (6) 

where entry hu(k), for ie {l,2,3,4} and je {l,2,3,4}, is the coupling (i.e., complex 

gain) between the i-th transmit antenna and the j-th receive antenna for the k-th 

subband. For simplicity, it is assumed that the channel response matrices H(k), for 

k e K, are known or can be ascertained by both the transmitter and receiver. 

[1213] The channel response matrix H(k) for each subband may be "diagonalized" 

to obtain the Ns eigenmodes for that subband. This can be achieved by performing 

eigenvalue decomposition on the correlation matrix of H(k), which is 

_!!(k) = HH 

(k)H(k), where H
H 

(k) denotes the conjugate transpose of H(k). The 

eigenvalue decomposition of the correlation matrix R(k) may be expressed as: 
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R(k) = V(k)D(k)VH (k) , for k E K, Eq (7) 

where Y.(k) is an (N
T

xN
T
) unitary matrix whose columns are eigenvectors of R(k) 

(i.e. , Y.(k) = [_yi
(k) .Y2

(k) _y3
(k) ,Y4

(k)], where each .Y,(k) is an 

eigenvector for one eigenmode ); and 

�(k) is an (N
T 

x N
r
) diagonal matrix of eigenvalues of R(k).

A unitary matrix is characterized by the property M HM = ! . Eigenvectors .Y, (k), for 

i E {I, 2, 3, 4}, are also referred to as transmit steering vectors for each of the spatial 

channels. 

[1214] The channel response matrix H(k) may also be diagonalized using singular 

value decomposition, which may be expressed as: 

H(k) = !l(k)�(k)VH 
(k) , for k E K, Eq (8) 

where Y.(k) is a matrix whose columris are right eigenvectors of H(k);

�(k) is a diagonal matrix containing singular values of H(k), which are 

positive square roots of the diagonal elements of �(k) , the eigenvalues 

of R(k); and 

!l(k) is a matrix whose columns are left eigenvectors of H(k).

As shown in equations (7) and (8), the columns of the matrix V (k) are eigenvectors of 

R(k) as well as the right eigenvectors of H(k). The columns of the matrix !l(k) are 

eigenvectors of H(k)H
H (k) as well as the left eigenvectors of H(k).

[1215] The diagonal matrix �(k) for each subband contains non-negative real 

values along the diagonal and zeros everywhere else. The eigenvalues of R(k) are 

denoted as {Ai(k), -4i(k), �(k), A
4
(k)} or {A,(k)} for iE{l,2,3,4}. 

[1216] The eigenvalue decomposition may be performed independently for the 

channel response matrix H(k) for each of the 48 data subbands to determine the four 

eigenmodes for that subband (assuming that each matrix H(k) is full rank). The four 

eigenvalues for each diagonal matrix �(k) may be ordered such that 

{Ai(k)�A:?(k)�A:J(k)�A
4
(k)}, where Ai(k) is the largest eigenvalue and A

4
(k) is the 

smallest eigenvalue for the k-th subband. When the eigenvalues for each diagonal 
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matrix �(k) are ordered, the eigenvectors (or columns) of the associated matrix V(k) 

are also ordered correspondingly. 

(1217] A "wideband" eigenmode may be defined as the set of same-order 

eigenmode of all subbands after the ordering (i.e., the· m-th wideband eigenmode 

includes them-th eigenmode of all subbands). Each wideband eigenmode is associated 

with a respective set of eigenvectors for all of the subbands. The "principal" wideband 

eigenmode is the one associated with the largest singular value in each of the matrices 

t(k) after the ordering. 

(1218] A vector �
m may then be formed to include the m-th rank eigenvalue for all 

48 data subbands. This vector �
m may be expressed as: 

�
m =[A.

111
(-26) ... A 111 (-22) ... A

111
(22) ... Am(26)], for m={l,2 ,3,4}. Eq (9)

The vector �1 includes the eigenvalues for the best or principal wideband eigenmode. 

For a MIMO-OFDM system with four transmit antennas and four receive antennas (i.e., 

a 4 x 4 system), there are up four wideband eig�nmodes. 

(1219] If the noise variance a2 at the receiver is constant across the operating band 

and known to the transmitter, then the received SNR for each eigenmode of each 

subband may be determined by dividing its eigenvalue A111
(k) by the noise variance a2

• 

For simplicity, the noise variance can be assumed to be equal to one (i.e., a2 =I). 

(1220] For the spatial multiplexing mode, the total transmit power P,
0101 

available to 

the transmitter may be distributed to the wideband eigenmo?es based on various power 

allocation schemes. In one scheme, the total transmit power P,
0101 

is distributed 

uniformly to all four wideband eigenmodes such that P
111 

= P,
01a

, 14, where P,,, is the 

transmit power allocated to the_ m-th wideband eigenmode. In another scheme, the total

transmit power P,
01a1 

is distributed to the four wideband eigenmodes using a water­

filling procedure. 

[1221] The water-filling procedure distributes power such that the wideband 

eigenmodes with higher power gains receive greater fractions of the total transmit 

power. The amount of transmit power allocated to a given wideband eigenmode is 

determined by its received SNR, which in tum is dependent on the power gains (or 

eigenvalues) for all of the subbands of that wideband eigenmode. The water-filltng 

procedure may allocate zero transmit power to wideband eigenmodes with sufficiently 
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poor received SNRs. The water-filling procedure receives � = {f1i, p
2

, P
3

, p
4
} for the 

four wideband eigenmodes, where P
m 

is a normalization factor for the m-th wideband 

eigenmode and may be expressed as: 

1 /3, = " 
1 

, for m = { 1, 2 , 3, 4} . m L,.Am- (k) 
Eq (10) 

kEK 

The normalization factor P
m 

keeps the transmit power allocated to the m-th wideband 

eigenmode invariant after channel inversion is applied, as described below. As shown 

in equation (10), the normalization factor P
m 

can be derived based on the eigenvalues 

in the vect�r �
m and with the assumption of the noise variance being equal to one (i.e., 

(Y
2 = 1).

(1222] The water-filling procedure then determines the fraction a
m 

of the total 

transmit power to allocate to each wideband eigenmode based on the set ll such that 

spectral efficiency or some other criterion is optimized. The transmit power allocated to 

the m-th wideband eigenmode by the water-filling procedure may be expressed as: 

pm 
= a

mF:otal , for m = {1, 2, 3, 4}. Eq (11) 

The power allocations for the four wideband eigenmodes may be given by 
4 4 

� = { a
i
, a2, a

3
, a

4
} , where La

m 
= I and L Pm 

= P,0,at . The spatial multiplexing 
m=I m=I 

mode may be selected for use if more than one value in set !! is non-zero. 

(1223] The procedure for performing water-filling is known in the art and not 

described herein. One reference that describes water-filling is "Information Theory and 

Reliable Communic�tion," by Robert G. Gallager, John Wiley and Sons, 1968, which is 

incorporated herein by reference. 

(1224] For the spatial multiplexing mode, the rate for each spatial channel or 

wideband eigenmode may be selected based on the received SNR achieved by that 

spatial channel/wideband eigenmode with its allocated transmit power of Pm
. (For 

simplicity, the following description assumes data transmission on the wideband 

eigenmodes.) The received SNR for each wideband eigenmode may be expressed as: 

Ym = 
pm�m , form= {I, 2, 3, 4}. 

Cf 

Eq (12) 
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A table may be formed that includes the rates 'supported by the system and a range of 

SNRs for each rate. The particular rate to use for a given received SNR may then be 

determined by looking up this table. 

[1225] The transmit power P
m 

allocated for each wideband eigenmode may then be 

distributed across the 48 data subbands of that wideband eigenmode such that the 

received SNRs for all subbands are approximately equal. This non-uniform allocation 

of power across the subbands is referred to as channel inversion. The transmit power 

Pm(k) allocated to each subband may be expressed as: 

p (k) = /Jm
P

m for k E K and m = {l, 2 ,  3, 4},
m Am(k) 

, Eq (13) 

where /Jm 
is given in equation (10). 

[1226] As shown in equation (13), the transmit power P
m 

is distributed non-

uniformly across the data subbands based on their channel power gains, which is given 

by the eigenvalues A
m
(k) , for k E K. The power distribution is such that 

approximately equal received SNRs are achieved at the receiver for all data subbands of 

each wideband eigenmode. This channel inversion is performed independently for each 

of the four wideband eigenmodes. The channel inversion per wideband eigenmode is 

described in further detail in U.S. Patent Application Serial No. 10/229,209, entitled 

"Coded MIMO Systems with Selective Channel Inversion Applied Per Eigenmode," 

filed August 27, 2002, assigned to the assignee of the present application and 

incorporated herein by reference. 

[1227] The channel inversion may be performed in various manners. For full 

channel inversion, all data subbands are used for data transmission if a wideband 

eigenmode is selected for use. For selective channel inversion, all or a subset of the 

available data subbands may be selected for use for each wideband eigenmode. The 

selective channel inversion discards poor subbands with received SNR below a 

particular threshold and performs channel inversion on only the selected subbands. 

Selective channel inversion for each wideband eigenmode is also described in the 

aforementioned U.S. Patent Application Serial No. 10/229,209. For simplicity, the 

following description assumes that full channel inversion is performed for each 

wideband eigenmode selected for use. 
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[1228] The gain to use for each subband of each wideband eigenmode may be 

determined based on the transmit power Pm (k) allocated to that subband. The gain 

gm (k) for each data subband may be expressed as:

gm (k)=.JPm (k), for kE Kand m={l,2,3,4}. Eq (14) 

A diagonal gain matrix G(k) may be defined for each subband. This matrix G(k) 

includes the gains for the four eigenmodes of the k-th subband along the diagonal, and 

may be expressed as: G(k) = diag [g, (k), g2 (k), g3(k), g4 (k)]. 

[1229] For the spatial multiplexing mode, the transmit vector �(k) for each data 

subband may be expressed as: 

where 

�(k) = V(k)G(k)�(k) , for k E K, 

�(k)=[si (k) s2 (k) s3(k) s4 (k)f, and 

�(k) = [x1 (k) x2(k) x3 (k) x4(k)f 

Eq (15) 

The vector �(k) includes four modulation symbols to be transmitted on the four 

eigenmodes of the k-th subband, and the vector �(k) includes four transmit symbols to 

be transmitted from the four antennas for the k-th subband. For simplicity, equation 

(15) does not include the correction factors used to account for differences between the

transmit/receive chains at the access point and user terminal, which is described in detail

below.

[1230] FIG. 9B is a block diagram of an embodiment of TX spatial processor 720b 

capable of performing spatial processing for the spatial multiplexing mode. For 

simplicity, the following description assumes that all four wideband eigenmodes are 

selected for use. However, less than four wideband eigenmodes may also be selected 

for use. 

[1231] Within processor 720b, a demultiplexer 932 receives the four modulation 

symbol streams (denoted as s1 (n) through s
4
(n)) to be transmitted on the four 

wideband eigenmodes, demultiplexes each stream into 48 substreams for the 48 data 

subbands, and provides four modulation symbol substreams for each data subband to a 
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respective TX subband spatial processor 940. Each processor 940 performs the 

processing shown in equation (15) for one subband. 

[1232] Within each TX subband spatial processor 940, the four modulation symbol 

substreams (denoted as s
1
(k) through s

4
(k) ) are provided to four multipliers 942a 

through 942d, which also receive the gains g
1
(k), g

2
(k), glk), and g

4
(k) for the four 

eigenmodes of the associated subband. Each gain g
m

(k) may be determined based on 

the transmit power P
m

(k) allocated to that subband/eigenmode, as shown in equation 

(14). Each multiplier 942 scales its modulation symbols with its gain g
m

(k) to provide 

scaled modulation symbols. Multipliers 942a through 942d provide four scaled 

modulation symbol substreams to four beam-formers 950a through 950d, respectively. 

[1233] Each beam-former 950 performs beam-forming to transmit one symbol 

substream on one eigenmode of one subband. Each beam-former 950 receives one 

symbol substream s
m

(k) and one eigenvector Y
m(k) for the associated eigenmode. In 

particular, beam-former 950a receives eigenvector y
i
(k) for the first eigenmode, beam­

former 950b receives eigenvector y
2
(k) for the second eigenmode, and so on. The 

beam-forming is performed using the eigenvector for the associated eigenmode. 

[1234] Within each beam-former 950, the scaled modulation symbols are provided 

to four multipliers 952a through 952d, which also receive four elements, 

v
m

,
1
(k), v

m
_
2
(k), v

m
_
3
(k), and v

m
.4(k) , of eigenvector Y

m
(k) for the associated 

eigenmode. Each multiplier 952 then multiplies the scaled modulation symbols with its 

eigenvector value v
m

,i (k) to provide "beam-formed" symbols. Multipliers 952a 

through 952d provide four beam-formed symbol substreams (which are to be 

transmitted from four antennas) to summers 960a through 960d, respectively. 

[1235] Each summer 960 receives and sums four beam-formed symbols for the four 

eigenmodes for each symbol period to provide a preconditioned symbol for an 

associated transmit antenna. Summers 960a through 960d provide four substreams of 

preconditioned symbols for four transmit antennas to buffers/multiplexers 970a through 

970d, respectively. 

[1236] Each buffer/multiplexer 970 receives· pilot symbols and the preconditioned 

symbols from TX subband spatial processors 940a through 940k for the 48 data 

subbands. Each buffer/multiplexer 970 then, for each symbol period, multiplexes 4 

pilot symbols, 48 preconditioned symbols, and 12 zeros for 4 pilot subbands, 48 data 

subbands, and 12 unused subbands, respectively, to form a sequence of 64 transmit 
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symbols for that symbol period. Each buffer/multiplexer 970 provides a stream of 

transmit symbols x, (n) for one transmit antenna, where the transmit symbol stream 

comprises concatenated sequences of 64 transmit symbols. The transmit symbols can 

be scaled with correction factors to account for differences between the transmit/receive 

chains at the access point and user terminal, as described below. The subsequent 

OFDM modulation for each transmit symbol stream is described above. 

[1237] The processing for the spatial multiplexing mode is described in further 

detail in U.S. Patent Application Serial No. [Attorney Docket No. 020613], entitled 

"Channel Estimation and Spatial Processing for TDD MIMO Systems," filed October 

25, 2002, assigned to ,the assignee of the present application and incorporated herein by 

reference. 

[1238] Parallel symbol streams may also be transmitted from the four transmit 

antennas without spatial processing at the access point using the non-steered MIMO 

transmission mode. For this mode, the channel inversion process and beam-forming by 

beam-former 950 may be omitted. Each modulation symbol stream is further OFDM 

processed and transmitted from a respective transmit antenna. 

[1239] The non-steered MIMO transmission mode may be used for various 

situations such as if the transmitter is unable to perform the spatial processing necessary 

to support beam steering based on eigenmode decomposition. This may be because the 

transmitter has not performed calibration procedures, is unable to generate a sufficiently 

good estimate of the channel, or does not have calibration and eigenmode processing 

capabilities at all. With the non-steered MIMO transmission mode, spatial multiplexing 

is still used to increase the transmission capacity, but the spatial processing to separate 

out the individual symbol streams is performed by the receiver. 

[1240] For the non-steered MIMO transmission mode, the receiver performs the 

spatial processing to recover the transmitted symbol streams. In particular, a user 

terminal may implement a channel correlation matrix inversion (CCMI) technique, a 

minimum mean square error (MMSE) technique, a successive cancellation receiver 

processing technique, or some other receiver spatial processing technique. These 

techniques are described in detail in U.S. Patent Application Serial No. 09/993,087, 

entitled "Multiple-Access Multiple-Input Multiple-Output (MIMO) Communication 

System," filed November 6, 2001, assigned to the assignee of the present application 

and incorporated herein by reference. The MIMO transmission mode may be used for 

both downlink and uplink transmissions. 
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3. Beam-Steering Mode - Transmit Processing

[1241] FIG. lOA is a block diagram of a transmitter unit 1000 capable of

performing the transmit processing for the beam-steering mode. Transmitter unit 1000 

is yet another embodiment of the transmitter portion of the access point and the user 

terminal. 

[1242] Within a TX data processor 710c, framing unit 808 frames the data for each 

FCH/RCH packet to generate one or more PHY frames for the packet. Scrambler 810 

then scrambles the data for each transport channel. Encoder 812 next codes the framed 

data in accordance with a selected coding scheme to provide code bits. Puncture i,nit 

814 then punctures the code bits to obtain the desired code rate for the wideband 

eigenmode used for data transmission. The code bits from puncture unit 818 are 

interleaved across all data subbands. Symbol mapping unit 820 then maps the 

interleaved data in accordance with a selected modulation scheme to provide 

modulation symbols. A TX spatial processor 720c then performs transmit processing 

on the modulation symbols for the beam-steering mode. 

[1243] The beam-steering mode may be used to transmit data on one spatial channel 

or wideband eigenmode - typically the one associated with the largest eigenvalues for 

all of the data subbands. The beam-steering mode may be selected if the transmit power 

allocation to the wideband eigenmodes results in only one entry in the set � being non­

zero. Whereas the spatial multiplexing mode performs beam-forming for each of the 

selected eigenmodes of each subband based on its eigenvector, t�e beam-steering mode 

performs beam-steering based on a "normalized" eigenvector for the principal 

eigenmode of each subband to transmit data on that single eigenmode. 

[1244] The four elements of each eigenvector _y1 (k) , for k E K, for the principal 

eigenmode may have different magnitudes. The four preconditioned symbols obtained 

based on the four elements of eigenvector _y
1 
(k) for each subband may then have 

different magnitudes. Consequently, the four per-antenna transmit vectors, each of 

which includes the preconditioned symbols for all data subbands for a given transmit 

antenna, may have different magnitudes. If the transmit power for each transmit 

antenna is limited (e.g., because of limitations of the power amplifiers), then the beam­

forming technique may not fully use the total power available for each antenna. 

[1245] The beam-steering mode uses only the phase information from eigenvectors 

! 1 (k) , for k E K, for the principal eigenmode and normalizes each eigenvector such
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that all four elements in the eigenvector have equal magnitudes. The normalized 
eigenvector _y(k) for the k-th subband may be expressed as: 

Eq (16) 
where A is a constant (e.g., A= 1 ); and 

0,(k) is the phase for the k-th subband of the i-th transmit antenna, which is 
given as: 

0 (k) = Lv (k) = tan-1(Im{vu(k)}J
' 1·' Re{v1

_,(k)} Eq (17) 

As shown in equation (17), the phase of each element in the vector _y(k) is obtained 
from the corresponding element of eigenvector .!/k) (i.e., 0,(k) is obtained from 

[1246] Channel inversion may also be performed for the beam-steering mode so that 
a common rate can be used for all data subbands. The transmit power Fi (k) allocated 
to each data subband for the beam-steering mode may be expressed as: 

- f.l P. P.(k)=�, for kE K, 
I A,(k) Eq (18) 

where '/J
1 

is a normalization factor that keeps the total transmit power invariant after 
channel inversion is applied; 

Fi is the transmit power allocated to each of the four antennas; and 
� (k) is the power gain of the principal eigenmode for the k-th subband for the 

beam-steering mode. 
The normalization factor 'jj

1 
may be expressed as: 

Eq (19) 
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The transmit power Pi may be given as Pi = P,01a, 
14 (i.e., uniform allocation of the total 

transmit power across the four transmit antennas). The power gain � (k) may be 

expressed as: 

�(k) = 'f
H (k)HH (k)H(k)'f(k) Eq (20) 

[1247] The channel inversion results in power allocation of Pi(k), for k E K, for 

the 48 data subbands. The gain for each data subband may then be given as 

g(k)=�Pi(k) . 

[1248] For the beam-steering mode, the transmit vector !(k) for each subband may 

be expressed as: 

!(k) = y_(k)g(k)s(k) , for k E K. Eq (21) 

Again for simplicity, equation (21) does not include the correction factors used to 

account for differences between the transmit/receive chains at the access point and user 

terminal. 

[1249] As shown in equation (16), the four elements of the normalized steering 

vector y_(k) for each subband have equal magnitude but possibly different phases. The 

beam-steering thus generates one transmit vector !(k) for each subband, with the four 

elements of !(k) having the same magnitude but possibly different phases. 

[1250] FIG. 10B is a block diagram of an embodiment of TX spatial processor 720c 

capable of performing the spatial processing for the beam-steering mode. 

[1251] Within processor 720c, a demultiplexer 1032 receives and demultiplexes the 

modulation symbol stream s(n) into 48 substreams for the 48 data subbands (denoted 

as s(l) through s(k) ). Each symbol substream is provided to a respective TX subband 

beam-steering processor 1040. Each processor 1040 performs the processing shown in 

equation (14) for one subband. 

[1252] Within each TX subband beam-steering processor 1040, the modulation 

symbol substream is provided to a multiplier 1042, which also receives the gain g(k)

for the associated subband. Multiplier 1042 then scales the modulation symbols with 

the gain g(k) to obtain scaled modulation symbols, which are then provided to a beam­

steering unit 1050. 
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[1253] Beam-steering unit 1050 also receives the normalized eigenvector _y(k) for 

the associated subband. Within beam-steering unit 1050, the scaled modulation 

symbols are provided to four multipliers 1052a through 1052d, which also respectively 

receive the four elements, v
1
(k), v

2
(k), v

3
(k), and v

4
(k), of the normalized eigenvector 

_y(k). Each multiplier 1052 multiplies its scaled modulation symbols with its 

normalized eigenvector value �(k) to provide preconditioned symbols. Multipliers 

1052a through 1052d provide four preconditioned symbol substreams to 

buffers/multiplexers 1070a through 1070d, respectively. 

[1254] Each buffer/multiplexer 1070 receives pilot symbols and the preconditioned 

symbols from .TX subband beam-steering processors 1040a through 1040k for the 48 

data subbands, multiplexes the pilot and preconditioned symbols and zeros for each 

symbol period, and provides a stream of transmit symbols x, (n) for one transmit · 

antenna. The subsequent OFDM modulation for each transmit symbol stream is 

described above. 

[1255] The processing for the beam-steering mode is described in further detail in 

U.S. Patent Application Serial No. 10/228,393, entitled "Beam-Steering and Beam­

Forming for Wideband MIMO Systems," filed August 27, 2002, assigned to the 

assignee of the present application and incorporated herein by reference. 

4. Framing for PHY frames

[1256] FIG. llA show_s an embodiment of framing unit 808, which is used to frame

the data for each FCWRCH packet prior to subsequent processing by the TX data 

processor. This framing function may be bypassed for messages sent on the BCH, 

FCCH, and RACH. The framing unit generates an integer number of PHY frames for 

each FCH/RCH packet, where each PHY frame spans 6 OFDM symbols for the 

embodiment described herein. 

[1257] For the diversity and beam-steering modes, only one spatial channel or 

wideband eigenmode is used for data transmission. The rate for this mode is known, 

and the number of information bits that may be sent in the payload of each PHY frame 

may be computed. For the spatial multiplexing mode, multiple spatial channels may be 

used for data transmission. Since the rate of each spatial channel is known, the number 

of information bits that may be sent in the payload of each PHY frame for all spatial 
l 

channels may be computed. 
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[1258] As shown iri FIG. llA, the information bits (denoted as i
1 

i
2 

i
3 

i
4 

••. ) for each 

FCH/RCH packet are provided to a CRC generator 1102 and a multiplexer 1104 within 

framing unit 808. CRC generator 1102 generates a CRC value for the bits in the header 

(if any) and payload fields of each PHY frame and provides CRC bits to multiplexer 

1104. Multiplexer 1104 receives the information bits, CRC bits, header bits, pad bits 

(e.g., zeros), and tail bits (e.g., zeros), and provides these bits in the proper order, as 

shown in FIG. 6, based on a PHY Frame Control signal. The framing function may be 

bypassed by providing the information bits directly through multiplexer 1104. The 

framed or unframed bits (denoted as d
1 
d

2 
d

3 
d

4 
••• ) are provided to scrambler 810. 

5. Scrambling

[1259] · In an embodiment, the data bits for each transport channel are scrambled 

prior to coding. The scrambling randomizes the data so that a long sequence of all ones 

or all zeros is not transmitted. This can reduce the variation in the peak to average 

power of the OFDM waveform. The scrambling may be omitted for one or more 

transport channels and may also be selectively enabled and disabled. 

[1260] FIG. llA also shows an embodiment of scrambler 810. In this embodiment, 

scrambler 810 implements a generator polynomial: 

G(x)=x
7

+x
4

+x . Eq (22) 

Other generator polynomials may also be used, and this is within the scope of the 

invention. 

[1261] As shown in FIG. l lA, scrambler 810 includes seven delay elements 1112a 

through 1112g coupled in series. For each clock cycle, an adder 1114 performs 

· modulo-2 addition of two bits stored in delay elements 1112d and 1112g and provides a

scrambling bit to delay element 1112a.

[1262] The framed/unframed bits ( d
1 

d
2 

d
3 

d
4 

••• ) are provided to an adder 1116,

which also receives scrambling bits from adder 1114. Adder 1116 performs modulo-2

addition of each bit d
n 

with a corresponding scrambling bit to provide a scrambled bit

q11 • 

Scrambler 810 provides a sequence of scrambled bits, which is denoted as

qi q2 q; q4 
... ·

[1263] The initial state of the scrambler (i.e., the content of delay elements 1112a

through 1112g) is set to a 7-bit non-zero number at the start of each TDD frame. The
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three most significant bits (MSBs) (i.e., delay eiement ll 12e through ll 12f) are always 

set to one (' l ') and the four least significant bits (LSBs) are set to the TDD frame 

counter, as indicated in the BCH message. 

6. Encoding/Puncturing

[1264] In an embodiment, a single base code is used to code data prior to

transmission. This base code generates code bits for one code rate. All other code rates 

supported by the system (as listed in Table 25) may be obtained by either repeating or 

puncturing the code bits. 

[1265] FIG. 11B shows an embodiment of encoder 812 that implements the base 

code for the system. In this embodiment, the base code is a rate 1/2, constraint length 7 

( K = 7 ), conv9lutional code with generators of 133 and 171 ( octal). 

[1266] Encoder 812 includes six delay elements 1122a through 1122f coupled in 

series. Four adders 1124a through 1124d are also coupled in series and used to 

implement the first generator (133). Similarly, four adders 1126a through 1126d are 

coupled in series and used to implement the second generator (171). The adders are 

further coupled to the delay elements in a manner to implement the two generators of 

133 and 171, as shown in FIG. 11B. 

[1267] The scrambled bits are provided to the first delay element 1122a and to 

adders 1124a and 1126a. Fo_r each clock cycle, adders 1124a through 1124d perform

modulo-2 addition of the incoming bit and four prior bits stored in delay elements 

1122b, 1122c, l 122e, and 1122f to provide the first code bit for that clock cycle. 

Similarly, adders 1126a through 1126d perform modulo-2 addition of the incoming bit 

and four prior bits stored in delay elements 1122a, 1122b, 1122c, and 1122f to provide 

the second code bit for that clock cycle. The code bits generated by the first generator 

are denoted as a
1 
a

2 
a

3 
a

4 
••• , and the code bits generated by the second generator are 

denoted as b
1 
b

2 
b

3 
b

4 
••• • A multiplexer 1128 then receives and multiplexes the two 

streams of code bits from the two generators into a single stream of code bits, which is 

denoted as a
1 
b

1 
a

2 
b

2 
a

3 
b

3 
a

4 
b

4 
••• • For each scrambled bit q

n 
, two code bits a

n 
and b

n 

are generated, which results in a code rate of 1/2. 

[1268] FIG. 11B also shows an embodiment of repeat/puncture unit 814 that can be 

used to generate other code rates based on the base code rate of 1/2. Within unit 814, 

the rate 1/2 code bits from encoder 8 I 2 are provided to a repeating unit 1132 and a 

puncturing unit 1134. Repeating unit 1132 repeats each rate 1/2 code bit once to obtain 
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an effective code rate of 1/4. Puncturing unit 1134 deletes some of the rate 1/2 code bits 

based on a specific puncturing pattern to provide the desired code rate. 

[1269] Table 30 lists exemplary puncturing patterns that may be used for the various 

code rates supported by the system. Other puncturing patterns may also be used, and 

this is within the scope of the invention. 

Table 30 

Code Rate Puncturing Pattern 

1/2 11 

7/12 11111110111110 

5/8 1110111011 

2/3 1110 

11/16 0111111111110010111001 

3/4 111001 

13/16 11011111111111100000100100 

5/6 1110011001 

7/8 11101010011001 

[1270] To obtain a code rate of k In , puncturing unit 1134 provides n code bits for 

each group of 2k rate 1/2 code bits received from encoder 812. Thus, 2k-n code bits 

are deleted from each group of 2k code bits. The bits to be deleted from each group are 

denoted by zeros in the puncturing pattern. For example, to obtain a code rate of 7/12, 

two bits are deleted from each group of 14 code bits from encoder 812, with the deleted 

bits being the 8
th 

and 14
th 

code bits in the group, as denoted by the puncturing pattern of

"11111110111110". No puncturing is performed if the desired code rate is 1/2. 

[1271] A multiplexer 1136 receives the stream of code bits from repeating unit 1132 

and the stream of code bits from puncturing unit 1134. Multiplexer 1136 then provides 

the code bits from repeating unit 1132 if the desired code rate is 1/4 and the code bits 

from puncturing unit 1134 if the desired code rate is 1/2 or higher. 

[1272] Other codes and puncturing patterns besides those described above may also 

be used, and this is within the scope of the invention. For example, a Turbo code, a 

block code, some other codes, or any combination thereof may be used to code data. 

Also, different coding schemes may be used for different transport channels. For 

example, convolutional coding may be used for the common transport channels, and 

Turbo coding may be used for the dedicated transport channels. 
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7. Interleaving

[1273) In an embodiment, the code bits to be transmitted are interleaved across the

48 data subbands. For the diversity and beam-steering modes, one stream of code bits is 

transmitted and interleaved across all data subbands. For the spatial multiplexing mode, 

up to four streams of code bits may be transmitted on up to four spatial channels. The 

interleaving may be performed separately for 'each spatial channel such that each stream 

of code bits is interleaved across all data subbands of the spatial channel used to 

transmit that stream. Table 29 shows an exemplary code bit-subband assignment that 

may be used for the interleaving for all transmission modes. 

[1274) In one embodiment, the interleaving is performed across all 48 data 

subbands in each interleaving interval. For this embodiment, each group of 48 code bits 

in a stream is spread over the 48 data subbands to provide frequency diversity. The 48 

code bits in each group may be assigned indices of O through 47. Each code bit index is 

associated with a respective subband. All code bits with a particular index are 

transmitted on the associated subband. For example, the first code bit (with index 0) in 

each group is transmitted on subband -26, the second code bit (with index 1) is 

transmitted on subband 1, the third code bit (with index 2) is transmitted on subband 

-17, and so on. This interleaving scheme may be used for the diversity, beam-steering,

and spatial multiplexing modes. An alternative interleaving scheme for the spatial 

multiplexing mode is described below. 

[1275) The interleaving may alternatively or additionally be performed over time. 

For example, after the interleaving across the data subbands, the code bits for each 

subband may further be interleaved (e.g., over one PHY frame or one PDU) to provide 

time diversity. For the spatial multiplexing mode, the interleaving may also be 

performed over multiple spatial channels. 

8. Symbol Mapping

[1276) Table 31 shows the symbol mapping for various modulation schemes

supported by the system. For each modulation scheme (except for BPSK), half of the 

bits are mapped to an inphase (I) component and the other half of the bits are mapped to 

a quadrature (Q) component. 

[1277] In an embodiment, the signal constellation for each supported modulation 

scheme is defined based on Gray mapping. With Gray mapping, neighboring points in 

the signal constellation (in both the I and Q components) differ by only one bit position. 

Gray mapping reduces the number of bit errors for more likely error events, which 
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corresponds to a received symbol being' mapped to a location near the correct location, 

in which case only one code bit would be received in error. 

b 

0 

1 

bo 

0 

1 

bob1 

00 

01 

11 

10 

bob1b2 

000 

001 

011 

010 

110 

111 

101 

100 

[1278] 

BPSK 

I Q 
-1 0 

1 0 

QPSK 

I b1 Q 
-1 0 -1

1 l 1 

16QAM 

I b2b3 Q 
-3 00 -3

-1 01 -1

1 11 1 

3 10 3 

64QAM 

I b3'J4Js Q 
-7 000 -7

-5 001 -5

-3 Oll -3

-1 010 -1

1 110 1 

3 111 3 

5 101 5 

7 100 7 

Table 31 

256QAM 

bob1b2b3 I b,J}sbr/J1 

0000 -15 0000 

0001 -13 0001 

0011 -11 0011 

0010 -9 0010 

0110 -7 OllO 

0111 -5 0111 

0101 -3 0101 

0100 -1 0100 

1100 1 1100 

1101 3 1101 

1111 5 1111 

1110 7 1110 

1010 9 1010 

1011 11 1011 

1001 13 1001 

1000 15 1000 

Normalization Factor Knonn 

Modulation Scheme Value 

BPSK 1.0 

QPSK 11-fi. 

16QAM 11,Jw 

64QAM u./42 

256QAM 11../no 

Q 
-15

-13

-11

-9

-7

-5

-3

-1

1 

� 
5 

7 

9 

11 

13 

15 

The I and Q values for each modulation scheme shown in Table 31 are 

scaled by a nonnalization factor Knonn so that the average power of all signal points in 

the associated signal constellation is equal to unity. The normalization factor for each 

modulation scheme is shown in Table 31. Quantized values for the normalization 
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factors for the supported modulation schemes may also be used. A modulation symbol 

s from a particular signal constellation would then have the following form: 

S = 
(I+ jQ) · Knorm 

where I and Q are the values in Table 31 for the signal constellation. 

[1279] For a given PDU. the modulation may be different across the PDU and may 

be different for multiple spatial channels used for data transmission. For example, for 

the BCH PDU, different modulation schemes may be used for the beacon pilot, the 

MIMO pilot, and the BCH message. 

9. Processing for Spatial Multiplexing Mode

[1280] For the spatial multiplexing mode, a PDU may be transmitted over multiple

spatial channels. Various schemes may be used to process data for transmission over 

multiple spatial channels. Two specific processing schemes for the spatial multiplexing 

mode are described below. 

[1281] In the first processing scheme, coding and puncturing are performed on a per 

spatial channel basis to achieve the desired code rate for each spatial channel. The NE 

spatial channels to use for data transmission are ranked from the highest to lowest 

received SNR. The data for the entire PDU is first coded to obtain a stream of rate 1/2 

code bits. The code bits are then punctured to obtain the desired code rate for each 

spatial channel. 

[1282] The puncturing may be performed in sequential order for the NE spatial 

channels, from the best (i.e., highest SNR) to the worst (i.e., lowest SNR) spatial 

channel. In particular, the puncture unit first performs puncturing for the best spatial 

channel with the highest received SNR. When the correct number of code bits have 

been generated for the best spatial channel, the puncture unit then performs puncturing 

for the second best spatial channel with the next highest received SNR. This process 

continues until the code bits for all NE spatial channels are generated. The order for 

puncturing is from the largest to smallest received SNR, regardless of the specific code 

rate used for each spatial channel. 

[1283] For the example shown m Table 28, the 3456 information bits to be 

transmitted in the overall PHY frame are first coded with the rate 1/2 base code to 

obtain 6912 code bits. The first 3168 code bits are punctured using the puncturing 

pattern for code rate l l/16 to obtain 2304 code bits, which are provided in the PHY 

frame for the first spatial channel. The next 2592 code bits are then punctured using 
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the puncturing pattern for code rate 3/4 to obtain l 728 code bits, which are provided in 

the PHY frame for the second spatial channel. The next 864 code bits are then 

punctured using the puncturing pattern for code rate 3/4 to obtain 576 code bits, which 

are provided in the PHY frame for the third spatial channel. The last 288 code bits for 

the PHY frame are then punctured using the puncturing pattern for code rate 1/2 to 

obtain 288 code bits, which are provided in the PHY frame for the last spatial channel. 

These four individual PHY frames are further processed and transmitted on the four 

spatial channels. The puncturing for the next overall PHY frame is then performed in 

similar manner. The first processing scheme may be implemented by TX data processor 

710b in FIG. 9A. 

[1284] In the second processing scheme, the coding and puncturing are performed 

for pairs of subbands. Moreover, the coding and puncturing are cycled through all 

selected spatial channels for each pair of subbands. 

[1285] FIG. llC is a block diagram that illustrates a TX data processor 710d that 

implements the second processing scheme. Encoder 812 performs rate 1/2 

convolutional encoding of the scra11_1bled bits from scrambler 810. Each spatial channel 

is assigned a particular rate, which is associated with a specific combination of code rate 

and.modulation scheme, as shown in Table 25. Let b
m 

denote the number of code bits 

per modulation symbol for spatial channel m (or equivalently, the number of code bits 

sent,on each data subband of spatial channel m), and r
m 

denote the code rate used for 

eigenmode m. The value for b
m 

is dependent on the constellation size of the 

modulation scheme used for spatial channel m. In particular, b
m 
= 1, 2, 4, 6 and 8 for 

BPSK, QPSK, 16-QAM, 64-QAM and 256-QAM, respectively. 

[1286] Encoder 812 provides a stream of rate 1/2 code bits to demultiplexer 816, 

which demultiplexes the received code bit stream into four substrearns for the four 

spatial channels. The demultiplexing is such that the first 4b
1
7j code bits are sent to 

buffer 813a for spatial channel 1, the next 4b
2
r
2 

code bits are sent to buffer 813b for 

spatial channel 2, and so on. Each buffer 813 receives 4b
m

rm code bits each time 

4 

demultiplexer 816 cycles through all four spatial channels. A total of b
101t1

1 
= L 4b

m
r
m 

m�I 

rate l/2 code bits are provided to the four buffers 813a through 813d for each cycle. 

Demultiplexer 816 thus cycles through all four positions for the four spatial channels for 
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every b
10

"'
1 

code bits, which is the number of code bits that can be sent on a pair of 

subbands using all four spatial channels. 

[1287] Once each buffer 813 has been filled with 4b
m

r
m 

code chips for the 

associated spatial channel, the code bits in the buffer are punctured to obtain the code 

rate for that spatial channel. Since 4b
m

r
m 

rate 1/2 code bits span an integer number of 

puncturing periods for each puncturing pattern, exactly 2b
m 

code bits are provided after 

the puncturing for each spatial channel m. The 2bm code bits for each spatial channel 

are then distributed (interleaved) over the data subbands. 

[1288] In an embodiment, the interleaving is performed for each spatial channel in 

groups of 6 subbands at a time. The code bits after the puncturing for each spatial 

channel may be numbered sequentially as c,, for i = 0, I, 2, .... A counter C
m 

may be 

maintained for each spatial channel to count every group of 6 b
m 

code bits provided by 

the puncturing unit for that spatial channel. For example, for QPSK with b
m 

= 2, the 

counter would be set to C
m 

= 0 for code bits c0 through c11 provided by the puncturing 

unit, C
m
= 1 after code bits c12 through c23, and SO On. The counter value C

m 
for 

spatial channel m may be expressed as: 

Eq (23) 

[1289] To determine the subband to which code bit c, is assigned, the bit index for 

the code bit is first determined as follows: 

bit index= (imod 6) + 6 · c
m 

Eq (24) 

The bit index is then mapped to the corresponding subband using Table 29. 

[1290] For the example above, the first group of 6 code bits c
0 

through c
5 

is 

associated with bit indices O through 5, respectively, the second group of 6 code bits c
6 

through c
11 

is also associated with bit indices O through 5, respectively. Code bits c
0 

and c
6 

would be mapped to subband -26, code bits c
1 

and c
7 

would be mapped to 

subband l ,  and so on , as shown in Table 29. The spatial processing may then 

commence for this first group of 6 subbands. The third group of 6 code bits c
12 

through 

c
17 

(with C
,,, 

= l )  is associated with bit indices 6 through 11, respectively, and the 

fourth group of 6 code bits c
18 

through c
23 

is also associated with bit indices 6 through 
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11, respectively. Code bits c
1
2 and c

18 
would be mapped to subband -25, code bits c

13 

and c
19 

would be mapped to subband 2, and so on. The spatial processing may then 

commence for this next group of 6 subbands. 

[1291] The number 6 in equation (24) comes from the fact that the interleaving is 

performed in groups of six subbands. The (mod 8) operation in equation (23) comes 

from the fact that there are eight interleaving groups for the 48 data subbands. Since 

each cycle of demultiplexer 816 shown in FIG. l lC produces enough code bits to fill 

two subbands for each eigenmode, a total of 24 cycles are needed to provide the 48b
m 

code bits for one OFDM symbol for each spatial channel. 

[1292} The interleaving in groups of 6 subbands at a time can reduce processing 

delays. In particular, the spatial processing can commence once each group of 6 

subbands is available. 

[1293} In alternative embodiments, the interleaving may be performed for each 

spatial channel in groups of N8 subbands at a time, where N8 may be any integer (e.g., 

N8 may be equal to 48 for interleaving over all 48 data subbands). 

VI. Calibration

[1294] For a TDD system, the downlink and uplink share the same frequency band 

in a time division duplexed man,ner. In this case, a high degree of correlation typically 

exists between the downlink and uplink channel responses. This correlation may be 

exploited to simplify the channel estimation and spatial processing. For a TDD system, 

each subband of the wireless link may be assumed to be reciprocal. That is, if H(k) 

represents the channel response matrix from antenna array A to antenna array B for 

subband k, then a reciprocal channel implies that the coupling from array B to array A is 

gi�en by H
T 

(k) . 

[1295] However, the responses (gain and phase) of the transmit and receive chains 

at the access point are typically different from the responses of the transmit and receive 

chains at the user terminal. Calibration may be performed to determine the difference in 

the frequency responses of the transmit/receive chains at the access point and user 

terminal, and to account for the difference. Once the transmit/receive chains have been 

calibrated and accounted for, a measurement for one link (e.g., the downlink) may be 

used to derive steering vectors that can be applied to the other link (e.g., the uplink). 
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[1296] The "effective" downlink and uplink channel responses, H
dn 

( k) and

H
u
/k) , which include the responses of the applicable transmit and receive chains at the

access point and user terminal, may be expressed as:

H
d
n(k) = R

u1
(k)H(k)!./k), for ke K, and Eq (25)

where I
ap 

(k) and Rap (k) are N
ap 

x N
0P 

diagonal matrices with entries for the

complex gains associated with the transmit chain and receive chain,

respectively, for the N
ap 

_antennas at the access point for subband k;

[1297] 

Iu, (k) and R
u
, (k) are N

ut 
xN

ut 
diagonal matrices with entries for the complex

gains associated with the transmit chain and receive chain, respectively,

for the N
m 

antennas at the user terminal for subband k; and

H(k) is an N
w 

xN
0P 

channel response matrix for the downlink.

Combining the two equations in equation set (25), the following relationship

may be obtained:

Eq (26)

[1298] The left-hand side of equation (26) represents the "true" calibrated channel

response on the uplink, and the right-hand side represents the "true" calibrated channel

response on the downlink. The application of the diagonal matrices K.P(k) and

K
u, (k) to the effective downlink and uplink channel responses, respectively, as shown

in equation (26), allows the calibrated channel responses for the downlink and uplink to

be expressed as transposes of each other. The (N
ap 

x N
0P

) diagonal matrix Kap (k) for

the access point is the ratio of the receive chain response Rap (k) to the transmit chain

response L,p(k) (i.e., K.P(k) = �·<:;),where the ratio is taken element-by-element.
-ap 

Similarly, the (N
ut 

xN,u) diagonal matrix K
u1

(k) for the user terminal is the ratio of

the receive chain response R u
, (k) to the transmit chain response Iu, (k).
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[1299] The matrices K ap
(k) and K

ut
(k) include values that can account for 

differences in the transmit/receive chains at the access point and user terminal. This 

would then allow the channel response for one link to be expressed by the channel 

response for the other link, as shown in equation (26). 

[1300] Calibration may be performed to determine the matrices K
ap

(k) and 

K
ut (k). Typically, the true channel response H(k) and the transmit/receive chain 

responses are not known nor can they be exactly or easily ascertained. Instead, the 

effective downlink and uplink channel responses, H
dn 

(k) and H up 
(k), may be 

estimated based on pilots sent on the downlink and uplink, respectively, as described 

below. Estimates of the matrices K
ap 

(k) and K
u1 

(k), which are referred to as 

correction matrices K
ap

(k) and K
ut

(k), may then be derived based on the downlink

and uplink channel response estimates, Hdn(k) and H up
(k), as described below. The 

matrices K
ap

(k) and K
u
Jk) include correction factors that can account for differences

in the transmit/receive chains at the access point and user terminal . 

[1301] The "calibrated" downlink and uplink channel responses observed by the 

user terminal and access point, respectively, may then be expressed as: 

H
cdn 

(k) = H
dn 

(k)K
ap

(k) , for k EK, and Eq (27) 

T where H
cdn 

(k) and H
cup 

(k) are estimates of the "true" calibrated channel response 

expressions in equation (26). Combining the two equations in equation set (27) using 

the expression in equation (26), it can be shown that H
cdn (k) = H�

up 
(k). The accuracy 

of the relationship H
cdn 

(k) = H�
up 

(k) is dependent on the accuracy of the matrices 

K
ap 

(k) and K
u
t (k), which in tum is typically dependent on the quality of the downlink

and uplink channel response estimates, H
dn 

(k) and Hup
(k). 

[1302] The calibration may be performed using various schemes. For clarity, a 

specific calibration scheme is described below. To perform the calibration, the user 

terminal initially acquires the timing and frequency of the access point based on the 

beacon pilot transmitted on the BCH. The user terminal then sends a message on the 
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RACH to initiate a calibration procedur� with the access point. The calibration may be 

performed in paral1el with registration/ authentication. 

[1303] Since the frequency responses of the transmit/receive chains at the access 

point and user terminal are typically flat over most of the band of interest, the 

phase/gain differences of the transmit/receive chains may be characterized with a small 

number of subbands. The calibration may be performed for 4, 8, 16, 48 or some other 

number of subbands, which may be specified in the message sent to initiate the 

calibration. Calibration may also be performed for the pilot subbands. For clarity, the 

following assumes that calibration is performed for all data subbands. 

[1304) For the calibration, the access point allocates to the user terminal a sufficient 

amount of time on the RCH to send an uplink MIMO pilot of sufficient duration plus a 

message. The duration of the uplink MIMO pilot may be dependent on the number of 

subbands over which calibration is performed. For example, 8 OFDM symbols may be 

sufficient if calibration is performed for four subbands, and more (e.g., 20) OFDM 

symbols may be needed for more subbands. 

[1305) The user terminal then transmits a MIMO pilot on the RCH, which is used 

by the access point to derive, an estimate of the effective uplink channel response, 

H
u/k), for each of the data subbands. The uplink channel response estimates are 

quantized (e.g., to 12-bit complex values, with inphase (I) and quadrature (Q) 

components) and sent to the user terminal. 

[1306] The user terminal also derives an estimate of the effective downlink channel 

response, Hdn (k), for each of the data subbands based on the downlink MIMO pilot 

sent on the BCH. Upon obtaining the effective uplink and downlink �hannel response 

estimates, Hup (k) and Hdn (k), for all data subbands, the user terminal determines 

correction factors, K
ap 

(k) and K
ut 

(k), for each of the data subbands, which are to be 

used by the access point and user terminal,  respectively. A correction vector kap (k)

may be defined to include only the diagonal elements of K
ap

(k), and a correction 

vector kut (k) may be defined to include only the diagonal elements of K
ut 

(k).

[1307] The correction factors may be derived in various manners, including by a 

matrix-ratio computation and a minimum mean square error (MMSE) computation. 

Both of these computation methods are described in further detail below. Other 

computation methods may also be used, and this is within the scope of the invention. 
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1. Matrix-Ratio Computation

To determine the correction vectors kap (k) and kui (k) given the effective

downlink and uplink channel response estimates, H
dn 

(k) and Hu/k), an (N ur X N "P)

matrix �(k) is first computed for each data subband , as follows: 

�(k) Eq (28) 

where the ratio is taken element -by-element. Each element of �(k) may thus be 

computed as: 

C (k) = �up ,,
/k)

& • {1 N } d . {1 N }, 10r l = ••• Ut an J = ••• ap , 
l,J 

h (k) onr.J 

Eq (29) 

A A AT 

where h
up

,,
1
(k) and h

ctn
,,/k) are the (i,j)-th ( row, column) element of Hu/k) and 

Hdn (k), respectively, and c,,/k) is the ( i, j)-th element of �(k). 

[1309] The correction vector kap (k) for the access point is then equal to the mean 

of the normalized rows of �(k). Each row of �(k) is first normalized by scaling each 

of the Nap elements in the row with the first element in the row. Thus, if 

�. (k) = [c,,
1 
(k) ... c,,N"P (k)] is the i-th row of �(k), then the normalized row f.,(k) may

be expressed as: 

f_,(k)=[c,.1 (k)/c,, 1 (k) ... C,.1
(k)/c,,1 (k) ... C,,N

0P(k)/c,,1 (k)] Eq (30 )  

The mean of the normalized rows is then the sum of the Nu, normalized rows divided 

by N ur, which may be expressed as: 

A 1 N,., -
�

ap
(k)=-L!_/k) ,forkEK. 

N
lll l=I 

Eq (31) 

Because of the normalization, the first element of kap (k) is unity. 

[1310] The correction vector kui (k) for the user terminal is equal to the mean of the 

inverses of the normalized columns of �(k). The j-th column of �(k) is first 
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normalized by scaling each element in the column with the j-th element of the vector 

!iaP (k) , which is denoted as K
ap

,/k) . Thus, if �/k) = [c
1_/k) ... c

N
_,,/k)t is the j-th 

column of �(k), then the normalized column f/k) may be expressed as: 

f/k) =[c,,/k)/ Kap_
1
(k) ... c,,

1
(k)/ Kap./k) ... CN,,,,/k)/ Kap

_/k)( . Eq (32) 

The mean of the inverses of the normalized columns is then the sum of the inverses of 

the N
11P 

normalized columns divided by N"
P

, which may be expressed as: 

A } Nap } 

�ut (k) =NL_ 
(k) 

, for k E K,
ap J=I �J 

Eq (33) 

where the inversion of the normalized columns, f
1 
(k), is performed element-wise. 

2. MMSE Computation

[1311] For the MMSE computation, the correction factors Ka
p
(k) and K

u1 (k) are

derived from the effective downlink and uplink channel response estimates, H
d
n (k) and 

H
up

(k) , such that the mean square error (MSE) bet�een the calibrated downlink 

channel response and the calibrated uplink channel response is minimized. This 

condition may be expressed as: 

Eq (34) 

Equation (34) is subject to the constraint that the lead element of Kap(k) is set equal to 

unity (i.e., K
ap

.o.o(k) = 1 ). Without this constraint, the trivial solution would be 

obtained with all elements of the matrices K
ap 

(k) and Kut (k) set equal to zero. In 

equation (34), a matrix Y(k) is first obtained as 

Y(k) = (Hd11 (k)K"p(k)f -(Hup
(k)Ku1

(k)). The square of the absolute value is next 

obtained for each of the N
ap 

·N
u
, entries of the matrix Y(k). The mean square error 

(or the square error, since a divide by N"P · N,,
, is omitted) is then equal to the sum of

all N"P · N,,, squared values.
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[1312] The MMSE computation is performed for each designated subband to obtain 

the correction factors K ap(k) and Ku1
(k) for that subband. The MMSE computation 

for one subband is described below. For simplicity, the subband index, k, is omitted in 

the following description. Also for simplicity, the elements of the downlink channel 
A T 

response estimate H ctn are denoted as { a
lJ 
} , the elements of the uplink channel response 

estimate II.up 
are denoted as {b,1} ,  the diagonal elements of the matrix Ka

p 
are denoted 

as { u, } , and the diagonal elements of the matrix Kut are denoted as { v 1}, where 

[1313] The mean square error may be rewritten from equation (34), as follows: 

Nu, Nnp 

MSE= LLla,A-b1Jv1 j
2 Eq (35)

j=I r=l 

again subject to the constraint u
1 
=I. The minimum mean square error may be obtained 

by taking the partial derivatives of equation (35) with respect to u and v and setting the 

partial derivatives to zero. The results of these operations are the following equation 

sets: 

N., 

L(a
lj
u, -bl]v)·a,: =0 , for i={2 ... Nap

L and Eq (36a) 
j=l 

Nap 

L(a
y
u, -b,

1
vi

) ·b,; = 0 , for j = {I ... Nu,}. Eq (36b) 
i=I 

In equation (36a), u
1 
= 1 so there is no partial derivative for this case, and the index i 

runs from 2 through Nap. 

[1314] The set of (N
0P 

+ N"' -1) equations in equation sets (36a) and (36b) may be 

more conveniently expressed in matrix form, as follows: 

Eq (37) 

where 
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� =

0 

0 I;ja3J 0 

1=1 

0 

0 0 

0 

0 

0 
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0 

0 

I:laNa,,l 
J=I 

-a b*Nnp
l Nnp

l 

-a b*
Nnp

NuJ N
ap

Nu, 

U2 

U3 

UN"' and y=
Gi1h:1 v1 
a12h;2 V

z 

a b* 
lNu1 1Nw 

VN
u, 

-b a*
Nap

1 Nap
l 

N
ap 

�]bJ 0 

I=l 

Na, 
0 �]b,l

1=1 

0 

0 

0 

0 

0 

0 
Nap 2 

�]b,N.,I 
1=1 

[1315] The matrix A includes (N
ap 

+ N
ut 

-I) rows, with the first Na
p 

-I. rows 

corresponding to the N
,,P 

-I equations from equation set (36a) and the last Nu
t 

rows 

corresponding to the N
u
t equations from equation set (36b). In particular, the first row 

of the matrix A is generated from equation set (36a) with i = 2, the second row is 

generated with i = 3, and so on. The N
ap 

-th row of the matrix A is generated from 

equation set (36b) with j = 1 , and so on, and the last row is generated with j = N,,t . As

shown above, the entries of the matrix A and the entries of the vector � may be 

AT A 

obtained based on the entries in the matrices H
d
n and Hup. 

[1316] 

as: 

The correction factors are included in the vector y, which may be obtained 

A-I 
y =_ '!:. Eq (38) 
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[1317] The results of the MMSE computation are correction matrices Kap and Kut 

that minimize the mean square error in the calibrated downlink and uplink channel 

responses, as shown in equation (34). Since the matrices Kap and Kut are obtained

based on the downlink and uplink channel response estimates, Hdn and II.up, the quality

of the correction matrices K
ap 

and Kut are thus dependent on the quality of the channel

estimates Hdn and II.up. The MIMO pilot may be averaged at the receiver to obtain

more accurate estimates for Hdn and II.up. 

[1318] The correction matrices, Kap and Kut , obtained based on the MMSE

computation are generally better than the correction matrices obtained based on the 

matrix-ratio computation, especially when some of the channel gains are small and 

measurement noise can greatly degrade the channel gains. 

3. Post Computation

(1319] A pair of correction vectors, kap (k) and kut (k), may be determined for each

of the data subbands. Since adjacent subbands are likely to be correlated, the 

computation may be simplified. For example, the computation may be performed for 

every n-th subband instead of each subband, where n may be determined by the 

expected response of the transmit/receive chains. If the calibration is performed for 

fewer than all of the data and pilot subbands, then the correction factors for the 

"uncalibrated" subbands may be obtained by interpolating the correction factors 

obtained for the "calibrated" subbands. 

(1320] Various other calibration schemes may also be used to derive the correction 

vectors , kap (k) and kur (k) , for the access point and user terminal, respectively.

However, the scheme described above allows "compatible" correction vectors to be 

derived for the access point when the calibration is performed by different user 

terminals. 

[1321] After the derivation, the user terminal sends the correction vectors kap (k)

for all data subbands back to the access point. If the access point has already been 

calibrated (e.g., by other user terminals), then the current correction vectors are updated 

with the newly received correction vectors. Thus, if the access point uses correction 

vectors �apt (k) to transmit the MIMO pilot from which the user terminal determines
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new correction vectors kap
2 

(k), then the updated correction vectors are the product of 

the current and new correction vectors, i.e., kap
3 
(k) = kapi (k) · kapz (k), where the 

multiplication is element-by-element. The updated correction vectors kap
3 
(k) may then 

be used by the access point until they are updated again. 
[1322] The access point and user terminal use their respective correction vectors. 

kap ( k) and k ut 
( k), or the corresponding correction matrices Kap ( k) and K uJ k), for 

k E K , to scale the modulation symbols prior to transmission, as described below. The 
calibrated downlink and uplink channels that the user terminal and access point observe 
are shown in equation (27).

VII. Spatial Processing

[1323] The spatial processing at the access point and user terminal may be 
simplified for a TDD system, after calibration has been performed to account for the 
difference in the transmit/receive chains. As noted above, the calibrated downlink 

channel response is H
oon 

(k) = H
dn 

(k)K
ap

(k). The calibrated uplink channel response 

is H cup 
(k) = H up 

(k)K. ut 
(k)"" (H

dn 
(k)K. ap 

(k)f · 

1. Uplink Spatial Processing

[1324] A singular value decomposition of the calibrated uplink channel response
· matrix, H

cup 
(k) , may be expressed as:

Hcup
(k) = !:!./k)�(k)Y: (k) , fork E K, Eq (39) 

where !!
ap 

(k) is an (N ur x N ui) · unitary matrix of left eigenvectors of Hcup (k);

�(k) is an (N
u
, X N

ap
) diagonal matrix of singular values of Hc

u
p
(k), and 

V
u1

(k) is an (N
ap 

xN"P) unitary matrix of right eigenvectors of Hcup
(k).

[1325] Correspondingly, a singular value decomposition of the calibrated downlink 
channel response matrix, Hc<ln (k), may be expressed as: 

Eq (40) 
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The matrices Y:Jk) and !!:
P
(k) are also matrices of left and right eigenvectors, 

respectively, of H cdn (k). As shown in equations (39) and (40) and based on the above 

description, the matrices of left and right eigenvectors for one link are the complex 

conjugate of the matrices of right and left eigenvectors, respectively, for the other link. 

The matrices Y
u
Jk), v:

t 
(k), v:

t 
(k), and v: (k) are different forms of the matrix 

V
ut

(k),and the matrices U
a
/k), !!:

p
(k), !I:

p
(k),and u;(k) are also different forms 

of the matrix !!
ap

(k). For simplicity, reference to the matrices U,
p
(k) and V

u1
(k) in 

the following description may also refer to their various other forms. The matrices 

!lap 
(k) and V urCk) are used by the access point and user terminal, respectively, for 

spatial processing and are denoted as such by their subscripts. The eigenvectors are also 

often referred to as "steering" vectors. 

[1326] Singular value decomposition is described in further detail by Gilbert Strang 

in a book entitled "Linear Algebra and Its Applications," Second Edition, Academic 

Press, 1980, which is incorporated herein by reference. 

[1327] The user terminal can estimate the calibrated downlink channel response 

based on the MIMO pilot sent by the access point. The user terminal can then perform 

the singular value decomposition of the calibrated downlink channel response estimate 

H
cdn 

(k), for k E K , to obtain the diagonal matrix t(k) and the matrix V :t (k) of left 

eigenvectors of H
cdn

(k). This singular value decomposition may be given as 

A ..... * A AT 

Hcdn (k) = V ur (k)�(k)!I.
p
(k), where the hat ("A") above each matrix indicates that it is 

an estimate of the actual matrix. 

[1328] Similarly, the access point can estimate the calibrated uplink channel 

response based on a MIMO pilot sent by the user terminal. The access point may then 

perform singular value decomposition for the calibrated uplink channel response 

estimate H
cup

(k), for k E K, to obtain the diagonal matrix t(k) and the matrix uap
(k) 

of left eigenvectors of H
cup

(k). This singular value decomposition may be given as 

[1329] An (N w X N
111

) matrix Eur (k) may be defined as: 

Eq (41) 
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While it is active, the user terminal keeps a running estimate of the calibrated downlink 

channel H
cc10 (k) and the matrices V 

ut (k) of left eigenvectors of H
cdn 

(k), which are 

used to update the matrix E
ui 

(k).

[1330] The user terminal uses the matrix E
ut 

(k) for the spatial processing for the 

beam-steering and spatial multiplexing modes. For the spatial multiplexing mode, the 

transmit vector .!(k) for each subband may be expressed as: 

.!(k)=E
u1

(k)�(k) ,for ke K, Eq (42) 

where Eu
Jk) substitutes for V(k) in equation (15) and the signal scaling by G(k) to 

achieve channel inversion is omitted in equation (42) for simplicity. 

[1331] At the access point, the received vector r_(k) for the uplink transmission may 

be expressed as: 

r_(k) = H up 
(k )_!(k) + !!(k) 

= H
u/k}({ ut (k)V' ut(k)�(k) + !!(k) 

== 
Hcup 

(k )\I' ut (k )!i(k) + !!(k) 

A A AH A 

= !lap 
(k )�(k )V ut (k)V ut (k)�(k) + !!(k) 

= !!a/k )t(k )�(k) + !!(k) 

,forkeK. Eq (43) 

Equation (43) uses the following relationships: Hup
(k)Kut (k) = Hc

u
p
(k)"" H

cup
(k) and 

A. A ....... ,.. H 

H
cu/k) = !lap

(k)�(k)V ut (k). As shown in equation (43), at the access point, the 

received uplink transmission is transformed by !!
ap

(k)t(k), which is the matrix u
ap

(k) 

of left eigenvectors of H
cup

(k) scaled by the diagonal matrix t(k) of singular values. 

[1332] The user terminal transmits a steered reference on the uplink using the 

matrix Eur (k). The steered reference is a pilot transmission on one wideband 

eigenmode using either beam-steering or beam-forming, and is described in detail 

below. At the access point, the received uplink steered reference (in the absence of 

noise) is approximately U
a
/k)t(k). The access point can thus obtain an estimate of 

the uplink channel response based on the steered reference sent by the user terminal. 

Various estimation techniques may be used to obtain the channel response estimate. 
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[1333] In one embodiment, to obtain an estimate of U
ap

(k), the received vector 

!:
m

(k) for the steered reference for them-th wideband eigenmode is first multiplied with 

the complex conjugate of a pilot OFDM symbol, p*{k), sent for the steered reference. 

The generation of the steered reference and the pilot OFDM symbol are described in 

detail below. The result is then integrated over multiple received steered reference 

symbols for each eigenmode to obtain an estimate of !!
m 

(k )o-m (k), which is a scaled 

left eigenvector of H
cup

(k) for the m-th eigenmode. Since eigenvectors have unit 

power, the singular values (or o-
m

(k)) in t(k) may be estimated based on the received 

power of the steered reference, which can be measured for each subband of each 

eigenmode. 

[1334] In another embodiment, a minimum mean square error (MMSE) technique is 

used to obtain an estimate of !!
m

(k) based on the received vector !:
m

(k) for the steered 

reference. 

[1335] The steered reference is sent for one wideband eigenmode in any given 

symbol period, and may in turn be used to obtain an estimate of one eigenvector for 

each subband of that wideband eigenmode. Thus, the receiver is able to obtain an 

estimate of one eigenvector in a unitary matrix for any given symbol period. Since 

estimates of multiple eigenvectors for the unitary matrix are obtained over different 

symbol periods, and due to noise and other sources of degradation in the transmission 

path, the estimated eigenvectors for the unitary matrix are not likely be orthogonal. If 

the estimated eigenvectors are thereafter used for spatial processing of data transmission 

on the other link, then any errors in orthogonality in these estimated eigenvectors would 

result in cross-talk among the eigenmodes, which may degrade performance. 

[1336] In an embodiment, the estimated eigenvectors for each unitary matrix are 

forced to be orthogonal to each other. The orthogonalization of the eigenvectors may be 

achieved using the Gram-Schmidt technique, which is described in detail in the 

aforementioned reference from Gilbert Strang, or some other technique. 

[1337] Other techniques to estimate the channel response based on the steered 

reference may also be used, and this is within the scope of the invention. 

[1338] The access point can thus estimate both U
ap

(k) and t(k) based on the 

steered reference sent by the user terminal, without having to perform singular value 

decomposition on H
cup

(k). Since only N
ut 

eigenmodes have any power, the matrix 
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!I.a/k) of left eigenvectors of H
cup

(k) is effectively (N0P 
X N,11), and the matrix t(k) 

may be considered to be (Nu, X Nut) . 

[1339] A normalized matched filter matrix M
ap

(k) for the uplink transmission from 

the user terminal may be expressed as: 

� -I AH 

M.P(k) = � (k)Uap
(k) , for k E K. Eq (44) 

The matched filtering at the access point for the uplink transmission may then be 

expressed as: 

�(k) = Map
(k)r(k) 

A -I AH A A 

= � (k)U.P(k)(U.
p
(k)�(k)�(k) + !!(k)) , fork E K, Eq (45) 

= �(k) + ii(k) 

where �(k) is an estimate of the vector of modulation symbols �(k) transmitted by the 

user terminal for the spatial multiplexing mode. For the beam-steering mode, only one 

row of the matrix M
ap

(k) is used to provide one symbol estimate s(k) for the 

eigenmode used for data transmission. 

2. Downlink Spatial Processing

[1340] For the downlink, the access point uses an (Nap xNap) matrix fa
p
(k) for

spatial processing. This matrix may be expressed as: 

Eq (46) 

The correction matrix K
ap

(k) is derived by the user terminal and sent back to the access 

point during calibration. The matrix U
a
/k) may be obtained based on the steered 

reference sent on the uplink by the user terminal. 

[1341] For the spatial multiplexing mode, the transmit vector !(k) for the downlink 

for each data subband may be expressed as: 

!(k) = fa/k)�(k) , for k E K, Eq (47) 
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where the signal scaling by G(k) to achieve channel inversion is again omitted for 

simplicity. 

[1342] At the user terminal, the received vector r(k) for the downlink transmission 

may be expressed as: 

�(k) =Hct0(k)_!(k)+!!(k) 

= Hd0
(k}Ka/k)l(/k)�(k) + !!(k) 

.., iicdn (k)i(/k)�(k) + !!(k) 

,..,, * " ,,., T ,..,, * 
= V uJk)�(k)U a/k)Ua/k)�(k) + !!(k)) 

= v :t
(k)t(k)�(k) +!!(k) , for kE K. Eq (48) 

As shown in equation (48), at the user terminal, the received downlink transmission is 

transformed by V :t (k )t(k), which is the matrix V ut (k) of left eigenvectors of H
cct

n (k) 

scaled by the diagonal matrix 't_(k) of singular values. 

[1343] A normalized matched filter matrix M
ut (k) for the downlink transmission 

from the access point may be expressed as: 

A-1 AT 

M ut ( k) = � ( k) V uiC k) , for k e K . Eq (49) 

The diagonal matrix t(k) and matrix V ut(k) of left eigenvectors can be derived by the 

user terminal by performing singular value decomposition on the calibrated downlink 

channel response estimate Hcctn (k), as described above. 

[1344] The matched filtering at the user terminal for the downlink transmission may 

then be expressed as: 

�(k) = Mu1 (k)r(k) 
..... -] ,... T ..... * A 

= � (k)V ut(k)(V ut (k)�(k)�(k) + !!(k))' , for k E K. Eq (50) 

= �(k) + !i(k) 
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3. Access Point and User Terminal Spatial Processing

[1345] Because of the reciprocal channel for the TDD system and the calibration,

the spatial processing at both the access point and the user terminal may be simplified. 

Table 32 summarizes the spatial processing at the access point and user terminal for 

data transmission and reception. 

User 
Terminal 

Access 
Point 

[1346] 

Table 32 

Uplink 

Transmit: 

�up 
(k) = Kut (k)V ut (k)�up 

(k) 

Receive: 
A-I � H 

�up 
(k) = � (k )U ap 

(k )rup 
(k)

Downlink 

Receive: 

Transmit: 

Because of the reciprocal channel, V u/k) is both the matrix of right 

eigenvectors of "-
cup

(k) (to transmit) and left eigenvectors of "-
c
ctn(k) (to receive) for 

the user terminal. Similarly, U
ap

(k) is both the matrix of right eigenvectors of "-
cctn

(k) 

(to transmit) and left eigenvectors of "-cup
(k) (to receive) for the access· point. The 

singular value decomposition only needs to be performed by the user terminal for the 

calibrated downlink channel response estimate "-
cdn

(k) to obtain v
u
t(k) and t(k). 

The access point can derive -0-.p(k) and t(k) based on the steered reference sent by the 

user terminal and does not need to perform the singular value decomposition on the 

uplink channel response estimate "-cup
(k). · The access point and user terminal may 

have different versions of the matrix t(k) due to the different means used by the access 

point and user terminal to derive t(k). Moreover, the matrix U
ap

(k) derived by the 

access point based on the steered reference is typically different from the matrix U
ap

(k) 

derived by the user terminal using singular value decomposition. For simplicity, these 

differences are not shown in the above derivation. 

[1347] For the uplink, the transmit vector �(k) for the spatial multiplexing mode 

may be derived by the user terminal as: 
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!(k)=K
u1 (k)V

ut
(k)G(k)�(k) , for kE K, Eq (51) 

where G(k) is a diagonal matrix of gains for the channel inversion described above. 

Equation (51) is similar to equation (15), except that K u,(k)V
u
Jk) is used in place of 

V(k). The elements of K
u1

(k)V
ut

(k) are provided to multipliers 952 within beam­

formers 950 in FIG. 9B. 

[1348] The transmit vector !(k) for the beam-steering mode may be derived by the 

user terminal as: 

!(k) = Ku1
(k)_y

u1
(k)g(k)s(k) , for k E K, Eq (52) 

where j\Jk) is a vector with four elements having equal magnitude but phases 

obtained based on eigenvector .!.
u
,.

1
(k) for the principal eigenmode. The vector f

u
Jk) 

may be derived similar to that shown above in equations (16) and (17). The gain g(k) 

achieves channel inversion and may be derived similar to that shown above in equations 
- H AH A 

(18) through (20), except that Ai(k) = .Yut 
(k)H

cup
(k)H

cup
(k)_y

u1
(k) is used for equation 

(20). The elements of fut (k) are provided to multipliers 1052 within beam-steering 

unit 1050 in FIG. lOB. 

[1349] For the downlink, the transmit vector !(k) for the spatial multiplexing mode 

may be derived by the access point as: 

Eq (53) 

Again, equation (53) is similar to equation (15), except that K
a
/k}l(

P
(k) is used in 

place of V(k). The elements of K
ap

(k}l(
P
(k) may be provided to multipliers 952 

within beam-formers 950 in FIG. 9B. 

[1350] The transmit vector ?!_(k) for the beam-steering mode may be derived by the 

access point as: 

!(k) = K
a
/k)!L

p
(k)g(k)s(k) , for k E K, Eq (54) 
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where !!
ap

(k) is a vector with four elements having equal magnitude but phases 

obtained based on eigenvector !!
ap

,1(k) for the principal eigenmode. The gain g(k)

achieves channel inversion and may be derived in a similar manner to that shown above 
-

H 
Af{ A 

in equations (18) through (20), except that Ai(k) = !!a
/k)H

cd0
(k)Hcdn

(k)!!
a
/k) is used 

for equation (20). The elements of !!
ap

(k) are provided to multipliers 1052 within 

beam-steering unit 1050 in FIG. 10B. 

4. Beam-Steering

[1351] For certain channel conditions, it is better to transmit data on only one

wideband eigenmode - typically the best or principal wideband eigenmode. This may 

be the case if the received signal-to-noise ratios (SNRs) for all other wideband 

eigenmodes are sufficiently poor so that improved performance is achieved by using all 

of the available transmit power on the principal wideband eigenmode. 

[1352] Data transmission on one wideband eigenmode may be achieved using either 

beam-forming or beam-steering. For beam-forming, the modulation symbols are 

spatially processed with the eigenvectors .Y
ut

.1 (k) or !!
ap

.t (k) , for k E K , for the 

principal wideband eigenmode (i.e., the first column of v ut (k) or u
ap

<k) , after the 

ordering). For beam-steering, the modulation symbols are spatially processed with a set 

of "normalized" ( or "saturated") eigenvectors Yut (k) or !!ap (k) , for k E K , for the 

principal wideband eigenmode. For clarity, beam-steering is described below for the 

uplink. 

[1353] For the uplink, the elements of each eigenvector Yui.i (k), for k E K, for the 

principal wideband eigenmode may have different magnitudes. Thus, the 

preconditioned symbols for each subband, which are obtained by multiplying the 

modulation symbol for subband k with the elements of the eigenvector Yu
,.1 (k) for 

subband k, may then have different magnitudes. Consequently, the per-antenna transmit 

vectors, each of which includes the preconditioned symbols for all data subbands for a 

given transmit antenna, may have different magnitudes. If the transmit power for each 

transmit antenna is limited (e.g., because of limitations of power amplifiers), then beam­

forming may not fully use the total power available for each antenna. 

[1354] Beam-steering uses only the phase information from the eigenvectors 

Yu,. 1
(k), for kE K, for the principal wideband eigenmode and normalizes each 
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eigenvector such that all elements in the eigenvector have equal magnitudes. The 

normalized eigenvector L
1 
(k) for the k-th subband may be expressed as: 

- (k)=LA JB,(k) A JB2(k) A JONu, (k) ]T 
.!.ut 

e e ... e ' 

where A is a constant (e.g., A= 1 ); and 

Eq (55) 

0, (k) is the phase for the k-th subband of the i-th transmit antenna, which is 

given as: 

0.(k) = Lv .(k) = tan-1(Im{vut,1,,(k)}
J , u1,1 ., 

Re{ v (k)}ut,1,t 
Eq (56) 

As shown in equation (56), the phase of each element in the vector iut (k) is obtained 

from the corresponding element of the eigenvector iui ., (k) (i.e., 0,(k) is obtained from 

Vut.l,t (k), where iut ,1 (k) 
= [vut ,1,1 (k) Vut,1,2 (k) ... l'ut,1,N., (k)f ). 

S. Uplink Beam-Steering

[1355] The spatial processing by the user terminal for beam-steering on the uplink

may be expressed as: 

Eq (57) 

where s
up 

(k) is the modulation symbol to be transmitted on the k-th subband; and 

.!.
up 

(k) is the transmit vector for the k-th subband for beam-steering. 

As shown in equation (57), the Nut 
elements of the normalized steering vector I

ui 
(k) 

for each subband have equal magnitude but possibly different phases. The beam­

steering thus generates one transmit vector .!.
up 

(k) for each subband, with the Nur 

elements of .!.
up 

(k) having the same magnitude but possibly different phases. 

[1356] The received uplink transmission at the access point for beam-steering may 

be expressed as: 
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Lr(k) = H up (k)iup (k)+!!up (k) ' fm: k EK, 

= H up (k)K ut (k)fu, (k)sup (k) + !!up (k)

= H cup (k)f ut (k )sup (k) + !!up (k) 

Eq (58) 

where !.up 
(k) is the received vector for the uplink for the k-th subband for beam­

steering. 

[1357] A matched filter row vector ma
p (k) for the uplink transmission using beam-

steering may be expressed as: 

Eq (59)

The matched filter vector mar(k) may be obtained as described below. The spatial 

processing ( or matched filtering) at the access point for the received uplink transmission 

with beam-steering may be expressed as: 

su/k) = 1:: (k )map (k )!.up (k) 

= x::(k)(Hcu/k)fut (k))H ilicup(k)fuJk)su/k) + !!up (k)) , for k E K, Eq (60) 

= su/k) + iiu/k) 

where lu/k) = (Hcup(k)i.uJk))H (H cup(k)Yut (k)) (i.e., lu/k) is the inner product of 

map (k) and its conjugate transpose), 

[1358] 

s
0
/k) is an estimate of the modulation symbol sup (k) transmitted by the user 

terminal on the uplink, and 

iiu
p (k) is the post-processed noise. 

6. Downlink Beam-Steering

The spatial processing by the access point for beam-steering on the downlink

may be expressed as: 

Eq (61) 
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where !!ap (k) is the normalized eigenvector for the k-th subband, which is generated 

based on the eigenvector !!:
p
. 1 (k) ,  for the principal wideband eigenmode, as described 

above. 

[1359] A matched filter row vector m ut (k) for the downlink transmission using 

beam-steering may be expressed as: 

Eq (62) 

The spatial processing ( or matched filtering) at the user terminal for the received 

downlink transmission may be expressed as: 

sdn(k) =l;�(k)muJk).i:.dn (k)

= I� (k)(Hcdn (k}!!ap
(k))H (Hcdn (k)!!.ap

(k)su/k) + !!dn (k)), for k E K, Eq (63)

= Sdn (k) + iidn (k) 

m ut (k) and its conjugate transpose).

VIII. Pilot Structure

[1360] A pilot structure is provided for the MIMO WLAN system to allow the 

access points and user terminals to perform timing and frequency acquisition, channel 

estimation, and other functions needed for proper system operation. In an embodiment, 

the pilot structure includes (1) for the downlink - a beacon pilot, a MIMO pilot, a 

steered reference, and a carrier pilot transmitted by the access point, and (2) for the 

uplink - a MIMO pilot, a steered reference, and a carrier pilot transmitted by the user 

terminals. 

[1361] The downlink beacon pilot and MIMO pilot are sent on the BCH (as shown 

in FIG. 5A) in each TDD frame. The beacon pilot may be used by the user terminals for 

timing and frequency acquisition. The MIMO pilot may be used by the user terminals 

to (1) obtain an estimate of the downlink MIMO channel, (2) derive the steering vectors 

for uplink transmission (if the beam-steering or spatial multiplexing mode is supported), 

and (3) derive a matched filter for downlink transmission. The downlink steered 

reference may also be used by a specified user termmal for channel estimation. 
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[1362] An uplink steered reference is transmitted by each active user terminal that 

supports the beam-ste�ring or spatial multiplexing mode and may be used by the access 

point to (1) derive the steering vectors for the downlink transmission and (2) derive a 

matched filter for the uplink transmission. In general, the steered reference is only sent 

for/by user terminals that support the beam-steering and/or spatial multiplexing modes. 

The reference sent works regardless of whether or not it is steered properly (e.g., due to 

a poor channel estimate). That is, the reference becomes orthogonal on a per transmit 

antenna basis since the steering matrix is diagonal. When using the RACH in beam­

steering mode prior to calibration, it may be advantageous to perturb the phases of the 

elements of the steering vector on every RACH attempt (e.g., so that the user terminal is 

not using a bad steering vector for all access attempts). A MIMO pilot may be sent 

for/by user terminals that do not support beam-steering and/or spatial multiplexing 

modes. 

[1363] The access point does not have knowledge of the channel for any user 

terminal until the user terminal communicates directly with the access point. When a 

user terminal desires to transmit data, it first estimates the channel based on the MIMO 

pilot transmitted by the access point. The user terminal then sends steered reference in 

the preamble of the RACH when it attempts to access the system. The access point uses 

the reference on the RACH preamble for signal detection and channel estimation. 

[1364] Once the user terminal has been granted access to the system and assigned 

FCH/RCH resources by the access point, the user terminal sends a reference at the 

beginning of each RCH PDU it transmits .. If the user terminal is using the diversity 

mode, then the reference is sent on the RCH without steering. If the user terminal is 

using the beam-steering or spatial multiplexing mode, then a steered reference is sent on 

the RCH to allow the access point to determine the eigenvector for the principal 

eigenmode (for the beam-steering mode) or the set of four eigenvectors (for the spatial 

multiplexing mode) for each of the 48 data subbands. The steered reference allows the 

access point to improve its estimate of the channel and to track the channel. 

1. Beacon Pilot - Downlink

[1365] The downlink beacon pilot is included in the first portion of the BCH (as

shown in FIG. 5A) and transmitted in each TDD frame. The beacon pilot includes a 

specific OFDM symbol (denoted as "B") that is transmitted from each of the four 

antennas at the access point. The same B OFDM symbol is transmitted twice in the 2-

symbol duration for the beacon pilot. 
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[1366] · In a specific embodiment, the B OFDM symbol includes a set of 12 BPSK 

modulation symbols for 12 specific subbands. This B OFDM symbol may be defined as 

follows: 

B = g · (1 + j) · {0,0,0,0,0,0,0,0,1,0,0,0,-1,0,0,0,1,0,0,0,-1,0,0,0,-l,0,0,0,l,0,0,0, 

0,0,0,0,-l ,0,0,0,-l ,0,0,0, 1,0,0,0, 1,0,0,0, 1,0,0,0, 1,0,0,0,0,0,0,0,}, 

where g is a constant used to scale the pilot modulation symbols. The values within the 

{} bracket are given for subband indices -32 through -1 (first line) and 0 through +3 1 

(second line). Thus, the first row (reading from left to right, starting from the opening 

bracket) indicates that symbol (1 + j) is transmitted in subbands -24, -16, and -4, and 

symbol - (1 + j) is transmitted in subbands -20, -12, and -8. The second row (reading 

from left to right) indicates that symbol - (l + j) is transmitted in subbands 4 and 8, and 

symbol (1 + j) is transmitted in subbands 12, 16, 20, and 24. The B OFDM symbol 

may be viewed as including one pilot symbol for each of the 6 4  subbands, where the 

pilot symbols for some subbands are non-zero complex values and the pilot symbols for 

the remaining subbands are zero values. 

[1367] The B OFDM symbol is specifically designed to facilitate timing and 

frequency acquisition by the user terminals. However, other OFDM symbols may also 

be used for the beacon pilot, and this is within the scope of the invention. 

2. MIMO Pilot - Downlink

[1368] The downlink MIMO pilot is included in the second portion of the BCH (as

shown in FIG. 5A) and also transmitted in each TDD frame. The MIMO pilot includes

a specific OFDM symbol ( denoted as "P") that is transmitted from each of the four

antennas at the access point. The same P OFDM symbol is transmitted eight times in

the 8-symbol duration for the MIMO pilot. However, the eight P OFDM symbols for

each antenna are covered with a different 4 -chip Walsh sequence assigned to that

antenna. The Walsh covering maintains orthogonality between the four transmit

antennas and allows the user terminals to distinguish the individual transmit antennas.

[1369] In a specific embodiment, the P OFDM symbol includes a set of 52 QPSK

modulation symbols for the 4 8  data subbands and 4 pilot subbands. This P OFDM

symbol may be given as follows:

P(real) = R · { 0,0,0,0,0,0,-1,-1,-l ,- l, 1, 1, 1,-1,-1, 1,-1, 1, 1, 1,l ,-l ,-1,1,-1, 1,-1,-1,-1,-l, 1,-1, 

0, l ,-l ,-1,- l ,- l, l ,-1,-1,-1,-l, I, 1, -1,-1, 1,-1,-1, 1, 1,-1, 1, -1, 1,-1, l ,-,0,0,0,0,0 }, 
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P(imag) = g · { 0,0,0,0,0,0,-1, 1, 1, 1,-1,-1, 1,-1, 1, 1, 1,-1, 1,-1,-1,-l,-1,-l,-l, 1, 1,-1, 1, 1,-1, 1, 

0,-1,-1,-1,-1, 1,1,-1,1,-1,-1, 1,-1, 1,-1, 1, 1, 1,-1, 1,1, 1, 1,1, l,-1,-1,0,0,0,0,0}. 

Again, the values within the { } bracket are given for subband indices -32 through -1 (for 

the first line) and O through +31 (for the second line). Thus, the first line for P(real) and 

P(imag) indicates that symbol (-1- j) is transmitted in subband -26, symbol (-1 + j) 

is transmitted in subband -25, and so on. The second line for P(real) and P(imag) 

indicates that symbol (1- j) is transmitted in subband 1, symbol (-1- j) is transmitted 

in subband 2, and so on. The P OFDM symbol may also be viewed as including one 

pilot symbol for each of the 64 subbands, where the pilot symbols for many subbands 

are non-zero complex values and the pilot symbols for the remaining subbands are zero 

values. 

[1370] The P OFDM symbol comprises a unique "word" of 52 QPSK modulation 

symbols that is designed to facilitate channel estimation by the user terminals. This 

·unique word is also selected to minimize the peak-to-average variation in the

transmitted MIMO pilot. This may then reduce the amount of distortion and non­

linearity generated by the receiver circuitry at the user terminals, which can result in

improved accuracy for the channel estimation. However, other OFDM symbols may

also be used for the MIMO pilot, and this is within the scope of the invention.

[1371] In an embodiment, the four antennas at the access point are assigned 4-chip

Walsh sequences of W
1 
= 1111, W

2 
= 1010, W

3 
= 1100 , and W

4 
= 1001 for the MIMO

pilot. For a given Walsh sequence, a value of 'T' indicates that a P OFDM symbol is

transmitted and a value of "O" indicates that a -P OFDM symbol is transmitted (i.e.,

each of the 52 modulation symbols in P is inverted).

[1372] Table 33 lists the OFDM symbols to be transmitted from each of the four

antennas at the access point for the beacon pilot and MIMO pilot. The B and P OFDM

symbols are as described above.

Table 33 - Beacon and MIMO Pilots 

Pilot 
OFDM 

Antenna 1 Antenna 2 Antenna 3 Antenna 4 
symbol 

Beacon l B B B B 

Pilot 2 B B B B 

MIMO 3 +P +P +P +P
Pilot 

4 +P -P +P -P
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5 +P +P -P -P

6 +P -P -P +P

7 +P +P +P +P

8 +P -P +P -P

9 +P +P -P -P

10 +P -P -P +P

[1373) At a user terminal, the MIMO pilot transmitted by the access point may be 

recovered by performing the complementary processing. In particular, to recover the 

pilot sent from access point antenna i and received by user terminal antenna j, the pilot 

received by terminal antenna j is first multiplied with the Walsh sequence assigned to 

access point antenna i. The eight decovered OFDM symbols for all eight symbol 

periods for the MIMO pilot are then accumulated, where the accumulation is performed 

individually for each of the 52 subbands used to carry the MIMO pilot. The results of 

the accumulation is hcctn,.J (k), for k = ± {l, ... , 26}, which is an estimate of the calibrated 

downlink channel response from access point antenna i to user terminal antenna j for the 

52 data and pilot subbands. 

[1374) The same processing may be performed to recover the pilot from each access 

point antenna at each user terminal antenna. The pilot transmitted from· each access 

point antenna may be recovered by decovering with the Walsh sequence assigned to that 

antenna. The pilot processing provides N
ap 

· Nu, values for each of the 52 subbands, 

where N
0P 

denotes the number of antennas at the access point and N
u
t denotes the 

number of antennas at the user terminal. The N
ap • Nu

, values for each subband are the

elements of the calibrated downlink channel response estimate Hcctn (k) for that 

subband. 

[1375] The MIMO pilot may also be transmitted on the uplink by ·the user terminal 

for calibration and in the diversity mode. The same processing described above for the 

user terminal may also be performed by the access point. 

3. Steered Ref ere nee

[1376) A steered reference may be transmitted in the preamble portion of an RACH

POU (as shown in FIG. SC) or an RCH POU (as shown in FIGS. 5E and 5G) by each 

active user terminal. A steered reference may also be transmitted in (he preamble 
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portion of an FCH PDU (as shown in FIGS. 5E and 5F) by the access point to an active 

user terminal. 

A. Steered Reference for Spatial Multiplexing

[1377] The steered reference comprises a specific OFDM symbol (e.g., the same P 

OFDM symbol used for the MIMO pilot) that is transmitted from all of the transmit 

antennas at the user terminal (for the uplink) or the access point (for the downlink). 

However, the P OFDM symbol for each symbol period is spatially processed (i.e., 
beam-formed) with a steering vector for one eigenmode. 

[1378] The first symbol of steered reference transmitted by the user terminal in the 

preamble of the RACH may be expressed as: 

!(k) 
= K 01 (k) · iu1,1 (k) • p(k) , for k EK', Eq (64) 

where !(k) is the transmit vector for the k-th subband; 

K 01 (k) is the correction matrix for the k-th subband for the user terminal;

y
01 •1(k) is the steering vector for the principal eigenmode of the k-th subband;

p(k) is the pilot symbol for the k-th subband; and 

K' = {-32, ..... , 31} is the set of indices for all 64 subbands. 

The vector !(k) includes four transmit symbols for each value of k, which are to be 

transmitted from the four antennas at the user terminal. The steering vector y
01

_1(k) is 

the first column of the matrix V ut (k) of right eigenvectors of the calibrated uplink 

channel response estimate Hcup (k), where V 
ut (k) = [iu1,1 (k) iu1,2(k) Yut_3 (k) Yu,,4 (k)] 

and y
01

_, (k) is the i-th column of V 01 (k). The above assumes that the singular values in 

t(k) and the columns of V 
01 (k) are ordered as described above. 

[1379] The second symbol of steered reference transmitted by the user terminal in 

the preamble of the RACH includes the data rate indicator (DRI) for the RACH PDU. 

The DRI indicates the rate used for the RACH message sent in the RACH PDU. The 

DRI is embedded in the second steered reference symbol by mapping the DRI to a 

specific QPSK symbol s
t1
,i, as shown in Table 15. The sdri symbol is then multiplied 

with the pilot symbol p(k) before performing the spatial processing. The second 

symbol of steered reference for the RACH may be expressed as: 
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... 

!(k)=Ku,(k)·iu1 ,1(k)·sdn ·p(k) , for kE K'. Eq (65) 

As shown in equations (64) and (65), only eigenvector !.ut
.
1(k) for the principal 

eigenmode is used for the steered reference for the RACH. 
[1380] A symbol of steered reference transmitted by the user terminal in the 
preamble of the RCH may be expressed as: 

!m(k) = Ku1
(k) · !.ut_m(k) • p(k) , for k E K', Eq (66) 

where !m(k) is the transmit vector for them-th eigenmode of the k-th subband; and 

!.ui.m(k) is the steering vector for them-th eigenmode of the k-th subband (i.e., 

the m-th column of V 
u
t (k) ). 

[1381] A symbol of steered reference transmitted by the access point in the 
preamble of the FCH may be expressed as: 

Eq (67) 

where !m(k) is the transmit vector for them-th eigenmode of the k-th subband; 

Kap(k) is the correction matrix for the k-th subband for the access point; and 

!!:p.m (k) is the steering vector for the m-th eigenmode of the k-th subband. 

The steering vector !!ap.m(k) is the m-th column of the matrix U
ap

(k) of right 

eigenvectors of the calibrated downlink channel response estimate H
cdn

(k), where 

lJa/k) = l!!ap,l(k) !!ap,2(k) !!ap,3(k) !!ap,4(k)] · 
[1382] . The steered reference may be transmitted in various manners. In one 
embodiment, one or more eigenvectors are used for the steered reference for each TDD 
frame and are dependent on the duration of the steered reference, which is indicated by 
the FCH/RCH Preamble Type fields in the FCCH information element. Table 34 lists 
the eigenrnodes used for the preamble for the FCH and RCH for various preamble sizes, 
for an exemplary design. 

Table 34 

Type Preamble Size Eigenmodes Used 
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0 0 OFDM symbol no preamble 
1 1 OFDM symbol eigenmode m, where m = frame counter mod 4 
2 4 OFDM symbols cycle through all 4 eigenmodes in the preamble 
3 8 OFDM symbols cycle through all 4 eigenmodes twice in the preamble 

[1383] As shown in Table 34, the steered reference is transmitted for all 4 
eigenmodes within a single TDD frame when the preamble size is 4 or 8 OFDM 
symbols. The steered reference transmitted by the user terminal for the n-th OFDM 
symbol in the preamble for the RCH may be expressed as: 

�n
(k) = Kut 

(k)- .!.ut ,nmod4(k). p(k) 'for k E K' and n = {l, ... , L}, Eq (68) 

where Lis the preamble size, i.e., L = 4 for Type 2 and L = 8 for Type 3. 
[1384] Similarly, the steered reference transmitted by the access point for the n-th 
OFDM symbol in the preamble for the FCH may be expressed as: 

�n
(k) = Ka/k) ·!!�.nmo,14 (k)p(k) , for k EK' and n = {l, ... ,L}. Eq (69) 

As shown in equations (68) and (69), the four eigenmodes are cycled through in each 4-
symbol period by the (n mod 4) operation for the steering vector. This scheme may be 
used if the channel changes more rapidly and/or during the early part of a connection 
when a good channel estimate needs to be obtained quickly for proper system operation. 
[1385] In another embodiment, the steered reference is transmitted for one 
wideband _eigenmode for each TDD frame. The steered reference for four eigenmodes 
may be cycled through in four TDD frames. For example, the steering vectors 

.Y
u
t.

1
(k), .!.

ut
,
2
(k), .Y

u
t,

3
(k), and .Y

ut
.4(k) may be used for the first, second, third, and 

fourth TDD frames, respectively, by the user terminal. The particular steering vector to 
use may be specified by the 2 LSBs of the Frame Counter value in the BCH message. 
This scheme allows a shorter preamble portion to be used in the PDU but may require a 
longer time period to obtain a good estimate of the channel. 

B. Steered Reference for Beam-Steering

[1386] For the beam-steering mode, the spatial processing on the transmit side is 
performed using a set of nonnalized eigenvectors for the principal wideband 
eigenmode. The overall transfer function with a normalized eigenvector is different 
from the overall transfer function with an unnormalized eigenvector (i.e., 
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H cup
(k)Yut, 1 (k)*Hcup

(k).!.ut (k)). A steered reference generated using the set of 

normalized eigenvectors for all subbands may then be sent by the transmitter and used 
by the receiver to derive the matched filter vectors for these subbands for the beam­
steering mode. 
[1387] For the uplink, the steered reference for the beam-steering mode may be 
expressed as: 

Eq (70) 

At the access point, the receive uplink steered reference for the beam-steering mode 
may be expressed as: 

[1388] 

!.up.sr(k) =H u/k)�up.sr(k)+!!up
(k) ,for kE K. 

= H up 
(k)Kut (k ).Yut 

(k) p(k) + !! up 
(k)

= H cup 
(k ).Yut 

(k) p(k) + !! up 
(k)

Eq (71) 

To obtain the matched filter row vector m
ap 

(k) for the uplink transmission 

. with beam-steering, the received vector .!.
up

.sr (k) for the steered reference is first 

multiplied with p * (k). The result is then integrated over multiple received steered 

reference symbols to form an estimate of H cup 
(k).Y

ut 
(k). The vector m

ap 
(k) is then the 

conjugate transpose of this estimate. 
[1389] While operating in the beam-steering mode, the user terminal may' transmit 
multiple symbols of steered reference, for example, one or more symbols using the 
normalized eigenvector .Yu

i (k) , one or more symbols using the eigenvector Yut,I (k) for 

the principal eigenmode, and possibly one or more symbols using the eigenvectors for 
the other eigenmodes. The steered reference symbols generated with .Y

u
, (k) may be 

used by the access point to derive the matched filter vector m
a
p (k). The steered 

reference symbols generated with Y u
,.i (k) may be used to obtain .!!.

ap
.l (k), which may 

then be used to derive the normalized eigenvector !!
ap 

(k) used for beam-steering on the 

downlink. The steered reference symbols generated with the eigenvectors Yu
t.

2 (k) 

through Yrn.Ns (k) for the other eigenmodes may be used by the access point to obtain

!!ap.2 (k) through !!ap.Ns (k) and the singular values for these other eigenmodes. This 
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information may then be used by the access point to determine whether to use the 

spatial multiplexing mode or the beam-steering mode for data transmission. 

[1390] For the downlink, the user terminal may derive the matched filter vector 

m
u1 

(k) for the beam-steering mode based on the calibrated downlink channel response

estimate Hcctn (k). In particular, the user terminal has !!ap,I (k) from the singular value 

decomposition of Hcctn (k) and can derive the normalized eigenvector !!ap (k). The user 

terminal can then multiply !!
ap 

(k) with Hcctn (k) to obtain H
cct

n (k )!!
ap 

(k), and may then 

derive m
u1

(k) based on Hcct0 (k)!!
ap

(k). Alternatively, a steered reference may be sent

by the access point using the normalized eigenvector !!
ap 

(k) , and this steered reference 

may be processed by the user terminal in the manner described above to obtain m
u1 

(k).

4. Carrier Pilot - Uplink

[1391] The OFDM subband structure described herein includes four pilot subbands

with indices of -21, -7, 7, and 21. In an embodiment, a carrier pilot is transmitted on the 

four pilot subbands in all OFDM symbols that are not part of a preamble. The carrier 

pilot may be used by the receiver to track phase changes due to drifts in the oscillators 

at both the transmitter and receiver. This ma� provide improved data demodulation 

performance. 

[1392] The carrier pilot comprises four pilot sequences, P,.
1 
(n), P,.

2 
(n) , P,.

3 
(n), and 

P,.
4

(n), which are transmitted on the four pilot subbands. The pilot sequences may be 

defined as: 

Eq (72) 

where 

P,.
1 
(n) = { 1, 1,1, 1,-1,-1,-1, 1,-1,-1,-1,-1, 1, 1,-1, l,-l ,-l,l ,l,-1,l ,l ,-1,1,1,1, 1,1, 1,-1,1, 

I, 1,-l,l ,l,-1,-1,1, 1,1,-1, 1,-1,-1,-1,1,-1, l ,-l,-l,1,-1,-1,1, 1, 1,1,1,-1,-1, 1, 1, 

-1,-1,1,-1, 1,-1, 1, 1,-1,-1,-1, 1,l ,-1,-1,-l ,-l, 1,-1,-1, 1,-1,1, 1,1, 1,-1,l,-l ,l ,-l, 1,

-1,-1,-l ,-l ,-l, 1,-1, 1,1,-1, 1,-1,1, 1, l ,-1,-l ,1,-1,-1,-1,l, 1, l,-l,-1,-1,-1,-l,-l,- l}.

The pilot sequence �
i
(n) may be generated using the data scrambling polynomial, 

G(x) = x
1 + x4 + x, where the initial state is set to all ones and the output bits are 

mapped as follows: 1 ::::::> -1 and O ::::::> 1 . In one embodiment, the four pilot sequences 
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are reset for each transport channel. Thus, on the downlink, the pilot sequences are 

reset for the first OFDM symbol of the BCH message, reset again for the first OFDM 

symbol of the FCCH message, and reset for the first OFDM symbol sent on the FCH. 

In another embodiment, the pilot sequences are reset at the start of each TDD frame and 

repeat as often as needed. For this embodiment, the pilot sequences may be sta11ed 

during the preamble portions of the BCH and FCH. 

[1393] In the diversity mode, the four pilot sequences are mapped to four 

subband/antenna pairing as shown in Table 29. In particular, �
1 
(n) is used for subband 

-21 of antenna 1, �
2
(n) is used for subband -7 of antenna 2, �

3
(n) is used for subband

7 of antenna 3, and �
4

(n) is used for subband 21 of antenna 4. Each pilot sequence is 

then transmitted on the associated subband and antenna. 

(1394] In the spatial multiplexing mode, the four pilot sequences are transmitted on 

the principal eigenmode of their respective subbands. The spatial processing for the 

carrier pilot symbols is similar to that performed for the modulation symbols, as 

described above. In the beam-steering mode, the four pilot sequences are transmitted on 

their respective subbands using beam-steering. The beam-steering for the carrier pilot 

symbols is also similar to that performed for the modulation symbols. 

[1395] A specific pilot structure has been described above for the MIMO WLAN 

system. Other pilot structures may also be used for the system, and this is within the 

scope of the invention. 

IX. System Operation

[1396] FIG. 12A shows a specific embodiment of a state diagram 1200 for the 

operation of a user terminal. This state diagram includes four states - an /nit state 1210, 

a Dormant state 1220, an Access state 1230, and a Connected state 1240. 

(1397] In the /nit state, the user terminal acquires the system frequency and timing 

and obtains system parameters sent on the BCH. In the /nit state, the user terminal may 

perform the following functions: 

• System determination - the user terminal determines which carrier frequency to

acquire the system on.

• Frequency/timing acquisition - the user terminal acquires the beacon pilot and

adjusts its frequency and timing accordingly.
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• Parameter acquisition the user termin�l processes the BCH to obtain the 

system parameters associated with the access point from which the downlink 

signal is received. 

Upon completing the required functions for the Init state, the user terminal transitions to 

the Dormant state. 

[1398] In the Donnant state, the user terminal periodically monitors the BCH for 

updated system parameters, indications of pages and broadcast messages being sent on 

the downlink, and so on. No radio resources are allocated to the user terminal in this 

state. In the Dormant state, the user terminal may perform the following functions: 

• If a registration is warranted, the user terminal enters the Access state with a

registration request.

• If calibration of the transmitter/receiver is warranted, the user terminal enters the

Access state with a calibration request.

• The user terminal monitors the BCH for indication of pages and broadcast

messages sent on the FCH.

• If the user terminal has data to send on the uplink, it enters the Access state with

a resource request.

• The user terminal performs maintenance procedures such as updating the system

parameters and tracking the channel.

• The user terminal may enter a slotted mode of operation for power savings, if

this mode is supported by the user terminal.

If the user terminal desires radio resources from the access point for any task, it 

transitions to the Access state. For example, the user terminal may transition to the 

Access state in response to a page or DST indicator being sent i_n the BCH message, for 

registration or request for calibration, or to request dedicated resources. 

[1399] In the Access state, the user terminal is in the process of accessing the 

system. The user terminal may send short messages and/or requests for FCH/RCH 

resources using the RACH. The operation on the RACH is described in further detail 

below. If the user terminal is released by the access point, then it transitions back to the 

Dormant state. If the user terminal is assigned resources for the downlink and/or 

uplink, then it transitions to the Connected state. 

[1400] In the Connected state, the user terminal is assigned the FCH/RCH 

resources, although not necessarily for every TDD frame. The user terminal may 

actively use the allocated resources or may be idle (while still maintaining the 

connection) in the Connected state. The user terminal remains in the Connected state 
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until it is released by the access point or if it times out after no activity for a particular 

timeout period, in which case it transitions back to the Dormant state. 

(1401] While in the Dormant, Access, or Connected state, the user terminal 

transitions back to the !nit state if it is powered down or if the connection is dropped. 

(1402] 

(1403] 

Each state shown in FIG. 12A may be associated with a number of substates. 

FIG. 12B shows a specific embodiment of a state diagram for Connected 

state 1240. In this embodiment, the Connected state includes three substates - a Setup 

substate 1260, an Open substate 1270, and an Idle substate 1280. The user terminal 

enters the Setup substate upon receiving an assignment on the FCCH. 

(1404] In the Setup substate, the user terminal is in the process of setting up the 

connection and is not yet exchanging data. The connection setup may include channel 

estimation for the access point, rate determination, service negotiation, and so on. Upon 

entering the Setup substate, the user terminal sets a timer for a specified amount of time. 

If the timer expires before the user terminal leaves this substate, then it transitions back 

to the Dormant state. The user terminal transitions to the Open substate upon 

completion of the connection setup. 

[1405] In the Open substate, the user terminal and access point exchange data on the 

downlink and/or uplink. While in the Open substate, the user terminal monitors the 

BCH for system parameters and indication of page/broadcast messages. If a BCH 

message cannot be decoded correctly within a specified number of TDD frames, then 

the user terminal transitions back to the /nit state. 

[1406] The user terminal also monitors the FCCH for channel assignment, rate 

control, RCH timing control, and power control information. The user terminal 

estimates the received SNR using the BCH beacon pilot and the FCH preamble and 

determines the maximum rate that can be sustained reliably on the FCH. 

[1407] The FCH and RCH assignments for the user terminal for each TDD frame 

are given by the information elements in the FCCH PDU transmitted in the current (or 

possibly prior) TDD frame. The user terminal may not be assigned for data 

transmission on the FCH and/or RCH for any given TDD frame. For each TDD frame 

in which the user terminal is not scheduled for data transmission, it does not receive an 

FCH PDU on the downlink and does not transmit on the uplink. 

(1408] For each TDD frame in which the user terminal is scheduled, the data 

transmissions on the downlink and/or uplink are performed using the rate, transmission 

mode, and RCH timing offset (for the uplink) indicated in the FCCH assignments (i.e., 

the FCCH information elements addressed to the user terminal). The user terminal 
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receives, demodulates, and decodes FCH PDUs sent to it. The user terminal also 

transmits RCH PDUs, which include the preamble and FCH data rate indicator. The 

user terminal adjusts the rate used on the RCH according to the rate control information 

contained in the FCCH assignment. If power control is being applied for the uplink 

transmission, then the user terminal adjusts its transmit power based on the power 

control commands included in the FCCH assignment. The data exchange may be 

bursty, in which case the user terminal may enter into the Idle substate whenever no 

data is being exchanged. The user terminal enter the Idle substate when directed by the 

access point. If the access point does not assign the FCH or RCH to the user terminal 

within a specified number of TDD frames, then the user terminal transitions back to the 

Dormant state and retains its1MAC ID. 

[1409] In the Idle substate, both the uplink and downlink are idling. Data is not 

being sent in either direction. However, the links are maintained with the steered 

reference and control messages. In this substate, the access point periodically assigns 

Idle PDUs to the user terminal on the RCH and possibly the FCH (not necessarily 

simultaneously). The user terminal may be able to remain in the Connected state 

indefinitely, provided that the access point periodically assigns Idle PDUs on tl)e FCH 

and RCH to maintain the link. 

[1410] While in the Idle substate, the user terminal monitors the BCH. If a BCH 

message is not decoded correctly within a specified number of TDD frames, then the 

user terminal transitions back to the /nit state. The user terminal also monitors the 

FCCH for channel assignment, rate control, RCH timing control, and power control 

information. The user terminal may also estimate the receive SNR and determine the 

maximum rate supported by the FCH. The user terminal transmits an Idle PDU on the 

RCH, when assigned, and sets the RCH Request bit in the Idle PDU if it has data to 

send. If the access point does not assign an FCH or RCH to the user terminal within a 

specified number of TDD frames, then the user terminal transitions back to the Dormant 

state and retains its MAC ID. 

[1411] A time-out timer may be set to a particular value upon entering any of the 

three substates. This timer would then count down if there is no activity while in the 

substate. While in the Setup, Active, or Idle substate, the terminal would transition back 

to the Dormant state if the time-out timer expires and to the /nit state if the connection 

is dropped. While in the Active or Idle substate, the terminal would also transition back 

to the Dormant state if the connection is released. 
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[1412] FIGS. 12A and 12B show a specific embodiment of a state diagram that may 

be used for the user terminal. Various other state diagrams with fewer, additional, 

and/or different states and substates may also be used for the system, and this is within 

the scope of the invention. 

X. Random Access

[1413] In an embodiment, a random access scheme is employed to allow the user 

terminals to access the MIMO WLAN system. In an embodiment, the random access 

scheme is based on a slotted Aloha scheme whereby a user terminal transmits in a 

randomly selected RACH slot to attempt to gain access to the system. The user terminal 

may send multiple transmissions on the RACH until access is gained or the maximum 

number of access attempts has been reached. Various parameters for each RACH 

transmission may be changed to improve the likelihood of success, as described below. 

[1414] FIG.13 illustrates a timeline for the RACH, which is partitioned into RACH 

slots. The number of RACH slots available for use in each TDD frame and the duration 

of the RACH slot are configurable parameters. A maximum of 32 RACH slots may be 

available for use in each TDD frame. The guard interval between the end of  the last 

RACH slot and the start of the BCH PDU for the next TDD frame is also a configurable 

parameter. These three parameters for the RACH can change from frame to frame and 

are indicated by the RACH Length, RACH Slot Size, and RACH Guard Interval fields 

of the BCH message. 

[1415] When a user terminal desires to access the.system, itfirst processes the BCH 

to obtain pertinent system parameters. The user terminal then sends an RACH PDU on 

the RACH. This RACH PDU includes an RACH message that contains information 

needed by the access point to process the access request from the user terminal. For 

example, the RACH message includes the user terminal's assigned MAC ID that allows 

the access point to identify the user terminal. A regist!ation MAC ID (i.e., a specific 

MAC ID value) may be reserved for unregistered user terminals. In this case, the user 

terminal's long ID may be included in the Payload field of the RACH message along 

with the registration MAC ID. 

[1416] As described above, the RACH PDU may be transmitted at one of four data 

rates, which are listed in Table 15. The selected rate is embedded in the preamble of the 

RACH PDU (as shown in FIG. 5C). The RACH PDU also has a variable length of 1, 2, 

4, or 8 OFDM symbols (as also listed in Table 15), which is indicated in the Message 

Duration field of the RACH message. 
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[1417] To transmit the RACH PDU, the user terminal first determines the number 

of RACH slots that may be used for transmission (i.e., the number of "usable" RACH 

slots). This determination is made based on (1) the number of RACH slots available in 

the current TDD frame, (2) the duration of each RACH slot, (3) the guard interval, and 

(4) the length of the RACH PDU to be transmitted. The RACH PDU cannot extend

beyond the end of the RACH segment of the TDD frame. Thus, if the RACH PDU is 

longer than one RACH slot plus the guard interval, then this PDU may not be 

transmitted in one or more later available RACH slots. The number of RACH slots that 

may be used to transmit the RACH PDU may be fewer than the number of available 

RACH slots, based on the factors enumerated above. The RACH segment includes a 

guard interval, which is provided to prevent the uplink transmission from the user 

terminals from interfering with the next BCH segment, which is a possibility for user 

terminals that do not compensate for their round trip delay. 

[1418] The user terminal then randomly selects one of the usable RACH slots to 

transmit the RACH PDU. The user terminal then transmits the RACH PDU starting in 

the selected RACH slot. If the user terminal knows the round trip delay to the access 

point, then it can account for this delay by adjusting its timing accordingly. 

[1419] When the access point receives a RACH PDU, it checks the received RACH 

message using the CRC included in the message. The access point discards the RACH 

message if the CRC fails. If the CRC passes, the access point sets the RACH 

Acknowledgment bit on the BCH in the subsequent TDD frame and transmits an RACH 

acknowledgement on the FCCH within 2 TDD frames. There may be a delay between 

the setting of the Acknowledgment bit on the BCH and the sending of the 

acknowledgment on the FCCH, which may be used to account for scheduling delay and 

so on. - For example, if the access point receives the message on the RACH, it can set 

the Acknowledgment bit on the BCH and have a delay response on the FCCH. The 

Acknowledgment bit prevents user terminals from retrying and allows unsuccessful user 

terminals to retry quickly, except during busy RACH periods. 

[1420] If the user terminal is performing a registration, then it uses the registration 

MAC ID (e.g., 0x000l ). The access point responds by sending a MAC ID Assignment 

Message on the FCH. All other RACH transmission types include the user terminal's 

MAC ID assigned by the system. The access point explicitly acknowledges all correctly 

received RACH messages by sending acknowledgments on the FCCH using the.MAC 

ID assigned to the user terminal. 
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[1421] After the user terminal sends the RACH PDU, it monitors the BCH and 

FCCH to determine whether or not its RACH PDU has been received and processed by 

the access point. The user terminal monitors the BCH to determine whether or not the 

RACH Acknowledgment Bit in the BCH message is set. If this bit is set, which 

indicates that an acknowledgment for this and/or some other user terminals is being sent 

on the FCCH, then the user terminal further processes the FCCH to obtain IE Type 3 

information elements containing acknowledgements. Otherwise, if the RACH 

Acknowledgment Bit is not set, then the user terminal continues to monitor the BCH or 

resumes its access procedure on the RACH. 

[1422] The FCCH IE Type 3 is used to carry quick acknowledgements for 

successful access attempts. Each acknowledgement information element contains the 

MAC ID associated with the user terminal for which the acknowledgment is sent. A 

quick acknowledgement is used to inform the user terminal that its access request has 

been received but is not associated with an assignment of FCH/RCH resources. 

Conversely, an assignment-based acknowledgement is associated with an FCH/RCH 

assignment. If the user terminal receives a quick acknowledgement on the FCCH, it 

transitions to the Donnant state. If the user terminal receives an assignment-based 

acknowledgement, it obtains scheduling information sent along with the 

acknowledgment and begins using the FCH/RCH as assigned in the current TDD frame. 

[1423] The user terminal resumes the access procedure on the RACH if it does not 

receive an acknowledgement on the FCCH within a specified number of TDD frames 

after transmitting the RACH PDU. In this case, the user terminal can assume that the 

access point did not receive the RACH PDU correctly. A counter is maintained by the 

user terminal to count the number of access attempts. This counter may be initialized to 

zero for the first access attempt and is incremented by one for each subsequent access 

attempt. The user terminal would terminate the access procedure if the counter value 

reaches the maximum number of attempts. 

[1424] For each subsequent access attempt, the user terminal first determines 

various parameters for this access attempt including ( 1) the amount of time to wait 

before transmitting the RACH PDU, (2) the RACH slot to use for the RACH PDU 

transmission, and (3) the rate for the RACH PDU. To determine the amount of time to 

wait, the user termirial first determines the maximum amount of time to wait for the next 

access attempt, which is referred to as the contention window (CW). In an embodiment, 

the contention window (which is given in units of TDD frames) exponentially increases 

for each access attempt (i.e., CW= 2""'ess_,wempr ). The contention window may also be 
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determined based on some other function (e.g., a linear function) of the number of 

access attempts. The amount of time to wait for the next access attempt is then 

randomly selected between zero and CW. The user terminal would wait this amount of 

time before transmitting the RACH PDU for the next access attempt. 

[1425] For the next access attempt, the user terminal reduces the rate for the RACH 

PDU, if the lowest rate was not used for the last access attempt. The initial rate used for 

the first access attempt may be selected based on the received SNR of the pilot sent on 

the BCH. The failure to receive an acknowledgment may be caused by the access 

point's failure to correctly receive the RACH PDU. Thus, the rate for the RACH PDU 

in the next access· attempt is reduced to improve the likelihood of correct reception by 

the access point. 

[1426] After waiting the randomly selected wait time, the user terminal again 

randomly selects an RACH slot for transmission of the RACH PDU. The selection of 

the RACH slot for this access attempt may be performed in similar manner as that 

described above for the first access attempt, except that the RACH parameters (i.e., 

number of RACH slots, slot duration, and guard interval) for the current T DD frame, as 

conveyed in the BCH message, are used along with the current RACH POU length. 

The RACH POU is then transmitted in the randomly selected RACH slot. 

[1427] The access procedure described above continues until either (1) the user 

terminal receives an acknowledgment from the access point or (2) the maximum 

number of permitted access attempts has been reached. For each access attempt, the 

amount of time to wait before transmitting the RACH PDU, the RACH slot to use for 

the RACH PDU transmission, and the rate for the RACH POU may be selected as 

described above. If the acknowledgment is received, then the user terminal operates as 

indicated by the acknowledgment (i.e., it waits in the Donnant state if a quick 

acknowledgment is received or starts using the FCH/RCH if an assignment-based 

acknowledgment is received). If the maximum number of permitted access attempts has 

been reached, then the user terminal transitions back to the /nit state. 

XI. Rate, Power, and Timing Control

[1428] The access point schedules downlink and uplink transmissions on the FCH 

and RCH · and further controls the rates for all active user terminals. Moreover, the 

access point adjusts the transmit power of certain active user tenninals on the uplink. 

Various control loops may be maintained to adjust the rate, transmit power, and timing 

for each active user terminal. 
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1. Fixed and Variable Rate Services

[1429) The access point can support both fixed and variable rate services on the

FCH and RCH. Fixed-rate services may be used for voice, video, and so on. Variable 

rate services may be used for packet data (e.g., Web browsing). 

[1430] For fixed rate services on the FCH/RCH, a fixed rate is used for the entire 

connection. Best effort delivery is used for the FCH and RCH (i.e., no retransmission). 

The access point schedules a constant number of FCH/RCH PDUs per specified time 

interval to satisfy the QoS requirements of the service. Depending on the delay 

requirements, the access point may not need to schedule an FCH/RCH PDU for every 

TDD frame. Power control is exercised on the RCH but not the FCH for fixed rate 

services. 

[1431) For variable rate services on the FCH/RCH, the rate used for the FCH/RCH 

is allowed to change with channel conditions. For some isochronous services (e.g., 

video, audio), the QoS requirements may impose a minimum rate constraint. For these 

services, the scheduler at the access point adjusts the FCH/RCH allocation so that a 

constant rate is provided. For asynchronous data services (e.g., web browsing, file 

transfer, and so on), a best effort delivery is provided with the option of retransmissions. 

For these services, the rate is the maximum that can be reliably sustained by the channel 

condi'tions. The scheduling of the FCH/RCH PD Us for the user terrninals is typically a 

function of their QoS requirements. Whenever there's no data to send on the 

downlink/uplink, an Idle PDU is sent on the FCH/RCH to maintain the link. Closed 

loop power control is not exercised on the FCH or RCH for variable rate services. 

2. Rate Control

[1432] Rate control may be used for variable rate services operating on the FCH and

RCH to adapt the rate of the FCH/RCH to changing channel conditions. The rates to 

use for the FCH and RCH may be independently controlled. Moreover, in the spatial 

multiplexing mode, the rate for each eigenmode of each dedicated transport channel 

may be independently controlled. The rate control is performed by the access point 

based on feedback provided by each active user terminal. The scheduler within the 

access point schedules data transmission and determines rate assignments for the active 

user terminals. 

[1433] The maximum rate that can be supported on either link is a function of (1) 

the channel response matrix for all of the data subbands, (2) the noise level observed by 

the receiver, (3) the quality of the channel estimate, and possibly other factors. For a 
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TDD system, the channel may be considered to be reciprocal for the downlink and 

uplink (after calibration has been performed to account for any differences at the access 

point and user terminal). However, this reciprocal channel does not imply that the noise 

floors are the same at the access point and user terminal. Thus, for a given user 

terminal, the rates on the FCH and RCH may be independently controlled. 

Downlink Rate Control 

[1434] Each active user terminal can estimate the downlink channel based on the 

MIMO pilot transmitted on the BCH in each TDD frame. The access point may also 

transmit a steered reference in an FCH PDU sent to a specific user terminal. Using the 

MIMO pilot on the BCH and/or the steered reference on the FCH, the user terminal can 

estimate the received SNR and determine the maximum rate that can be supported on 

the FCH. If the user terminal is operating in the spatial multiplexing mode, then the 

maximum rate may be determined for each wideband eigenmode. Each user terminal 

can send back to the access point the maximum rate supported by each wideband . 

eigenmode (for the spatial multiplexing mode) or the maximum rate supported by the 

principal wideband eigenmode or spatial mode (for the diversity or beam-stee�ing 

mode) in the FCH Rate Indicator field of the RCH PDU. These rates may be mapped to 

received SNRs, which may then be used to perform the water-filling described above. 

Alternatively, the user terminal may send back sufficient information (e.g., the received 

SNRs) to allow the access point to determine the maximum rate supported by the 

downlink. 

[1435] The determination of whether to use the diversity, beam-steering, or spatial 

multiplexing mode may be made based on the feedback from the user terminal. The 

number of wideband eigenmodes selected for use may increase as isolation between the 

steering vectors improves. 

[1436} FIG. 14A illustrates a process for controlling the rate of a downlink 

transmission for a user terminal. A BCH PDU is transmitted 'in the first segment of 

each TDD frame and includes the beacon and MIMO pilots that can be used by the user 

terminals to estimate and track the channel. A steered reference may also be sent in the 

preamble of an FCH PDU sent to the user terminal. The user terminal estimates the 

channel based on the MIMO and/or steered reference and determines the maximum 

rate(s) that can be supported by the downlink. One rate is provided for each wideband 

eigenmode if the user terminal is operating in the spatial multiplexing mode. The user 
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terminal then sends the rate indicator for the FCH in the FCH Rate Indicator field of the 

RCH PDU it sends to the access point. 

[1437] The scheduler uses the maximum rates that the downlink can support for 

each active user terminal to schedule downlink data transmission in subsequent TDD 

frames. The rates and other channel assignment information for the user terminal are 

reflected in an information element sent on the FCCH. The rate assigned to one user 

terminal can impact the scheduling for other user terminals. The minimum delay 

between the rate determination by the user terminal and its use is approximately a single 

TDD frame. 

[1438] Using the Gramm Schmitt ordered procedure, the access point can accurately 

determine the maximum rates supported on the FCH directly from the RCH preamble. 

This can then greatly simplify rate control. 

Uplink Rate Control 

[1439] Each user terminal transmits a steered reference on the RACH during system 

access and on the RCH upon being assigned FCH/RCH resources. The access point can 

estimate the received SNR for each of the wideband eigenmodes based on the steered 

reference on the RCH and determine the maximum rate supported by each wideband 

eigenmode. Initially, the access point may not have a good estimate of the channel to 

permit reliable operation at or near the maximum rate supported by each wideband 

eigenmode. To improve reliability, the initial rate used on the FCH/RCH may be much 

lower than the maximum supported rate. The access point can integrate the steered 

reference over a number of TDD frames to obtain improved estiipate of the channel. As 

the estimate of the channel improves, the rate may be increased. 

[1440] FIG. 14B illustrates a process for controlling the rate of an uplink 

transmission for a user terminal. When scheduled for uplink transmission, the user 

terminal transmits an RCH POU that includes the reference, which is used by the access 

point to determine the maximum rate on the uplink. The scheduler then uses the 

maximum rates that the uplink can support for each active user terminal to schedule 

uplink data transmission in subsequent TDD frames. The rates and other channel 

assignment information for the user terminal are reflected in an information element 

sent on the FCCH. The minimum delay between the rate determination by the access 

point and its use is approximately a single TDD frame. 
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3. Power Control

[1441] Power control may be used for uplink transmissions on the RCH (instead of

rate control) for fixed-rate services. For fixed-rate services, the rate is negotiated at call

setup and remains fixed for the duration of the connection. Some fixed-rate services

may be associated with limited mobility requirement. In an embodiment, power control

is implemented for the uplink to guard against interference among the user terminals but

is not used for the downlink.

[1442] A power control mechanism is used to control the uplink transmit power of

each active user terminal such that the received SNR at the access point is maintained at

a level that achieves the desired service quality. This level is often referred to as the

target received SNR, the operating point, or the setpoint. For a mobile user terminal,

the propagation loss will likely change as the user terminal moves about. The power

control mechanism tracks changes in the channel so that the received SNR is maintained

near the setpoint.

[1443] The power control mechanism may be implemented with two power control

loops - an inner loop and an outer loop. The inner loop adjusts the transmit power of

the user terminal such that the received SNR at the access point is maintained near the

setpoint. The outer loop adjusts the setpoint to achieve a particular level of

performance, which may be quantified by a particular frame error rate (FER) (e.g., 1 %

FER), packet error rate (PER), block error rate (BLER), message error rate (MER), or

some other measure.

[1444] FIG. 15 illustrates the operation of the inner power control for a user

terminal. After the user terminal is assigned the FCH/RCH, the access point estimates

the received SNR on the RCH and compares it to the setpoint. The initial power to be

used by the user terminal may be determined at call setup and is typically near its

maximum transmit power level. For each frame interval, if the received SNR exceeds

the setpoint by a particular positive margin 8, then the access point can direct the user

terminal to reduce its transmit power by a particular amount (e.g., I dB) in an FCCH

information element sent to this user terminal. Conversely, if the received SNR is lower

than the threshold minus the margin 8, then the access point can direct the user

terminal to increase its transmit power by the particular amount. If the received SNR is

within the acceptable limits of the setpoint, then the access point will not request a

change in transmit power by the user terminal. The uplink transmit power is given as
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the initial transmit power level plus the sum of all power adjustments received from the 

access point. 

[1445] The initial setpoint used at the access point is set to achieve a particular level 

of performance. This setpoint is adjusted by the outer loop based on the FER or PER 

for the RCH. For example, if no frame/packet errors occur over a specified time period, 

then the setpoint may be reduced by a first amount (e.g., 0.1 dB). If the average FER is 

exceeded by the occurrence of one or more frame/packet errors, then the setpoint may 

be increased by a second amount (e.g., 1 dB). The setpoint, hysteresis margin, and 

outer loop operation are specific to the power control design used for the system. 

4. Timing Control

[1446] Timing control may be advantageously used in a TDD-based frame structure

' where the downlink and uplink share the same frequency band in a time division 

duplexed manner. The user terminals may be located throughout in the system and may 

thus be associated with different propagation delays to the access point. In order to 

maximize efficiency on the uplink, the timing of the uplink transmission on the RCH 

and RACH from each user terminal can be adjusted to account for its propagation delay. 

This would then ensure that the uplink transmissions from different user terminals arrive 

within a particular time window at the access point and do not interfere with one 

another on the uplink, or with the downlink transmission. 

[1447] FIG. 16 illustrates a process for adjusting the uplink timing of a user 

·terminal. Initially, the user terminal sends an RACH PDU on the uplink to gain access

to the system. The access point derives an initial estimate of the round trip delay (RTD)

associated with the user terminal. The round trip delay may be estimated based on (1) a

sliding correlator used at the access point to determine the start of transmission, and (2)

the slot ID included in the RACH PDU sent by the user terminal. The access point then

computes an initial timing advance for the user terminal based on the initial RTD

estimate. The initial timing advance is sent to the user terminal prior to its transmission

on the RCH. The initial timing advance may be sent in a message on the FCH, a field

of an FCCH information element, or by some other means.

[1448] The user terminal receives the initial timing advance from the access point

and thereafter uses this timing advance on all subsequent uplink transmissions on both

the RCH and RACH. If the user terminal is assigned FCH/RCH resources, then its'

timing advance can be adjusted by commands sent by the access point in the RCH

Timing Adjustment field of an FCCH information element. The user terminal would
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thereafter adjust its uplink transmissions on the RCH based on the current timing 

advance, which is equal to the initial timing advance plus all timing adjustments sent by 

the access point to the user terminal. 

[1449] Various parts of the MIMO WLAN system and various techniques described 

herein may be implemented by various means. For example, the processing at the 

access point and user terminal may be implemented in hardware, software, or a 

combination thereof. For a hardware implementation, the processing may be 

implemented within one or more application specific integrated circuits (ASICs), digital 

signal processors (DSPs), digital signal processing devices (DSPDs), programmable 

logic devices (PLDs), field programmable gate arrays (FPGAs), processors, controllers, 

micro-controllers, microprocessors, other , electronic units designed to perform the 

functions described herein, or a combination thereof. 

[1450] For a software implementation, the processing may be implemented with 

modules (e.g., procedures, functions, and so on) that perform the functions described 

herein. The software codes may be stored in a memory unit (e.g., memory 732 or 782 

in FIG. 7) and executed by a processor (e.g., controller 730 or 780). The memory unit 

may be implemented within the processor or external to the processor, in which case it 

can be communicatively coupled to the processor via various means as is known in the 

art. 

[1451] Headings are included herein for reference and to aid in locating certain 

sections. These headings are not intended to limit the scope of the concepts described 

therein under, and these concepts may have applicability in other sections throughout 

the entire specification. 

[1452] The previous description of the disclosed embodiments is provided to enable 

any person skilled in the art to make or use the present invention. Various 

modifications to these embodiments will be readily apparent to those skilled in the art, 

and the generic principles defined herein may be applied to other embodiments without 

departing from the spirit or scope of the invention. Thus, the present invention is not 

intended to be limited to the embodiments shown herein but is to be accorded the widest 

scope consistent with the principles and novel features disclosed herein. 
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APPENDIX A 

BACKGROUND 

[1001] The present invention relates generally to data communication, and more 

specifically to techniques to perform channel estimation and spatial processing in time­

division duplexed (TDD) multiple-input multiple-output (MIMO) communication 

systems. 

II. Background

[1002] A MIMO system employs multiple (Nr) transmit antennas and multiple (NR) 

receive antennas for data transmission. A MIMO channel formed by the Nr transmit 

and NR receive antennas may be decomposed into Ns independent channels, with 

N s � min { N r, N R} . Each of the Ns independent channels is also referred to as a spatial

subchannel or an eigenmode of the MIMO channel and corresponds to a dimension. 

The MIMO system can provide improved performance (e.g., increased transmission 

capacity) if the additional dimensionalities created by the multiple transmit and receive 

antennas are utilized. 

[1003] In order to transmit data on one or more of the Ns eigenmodes of the MIMO 

channel, it is necessary to perform spatial processing at the receiver and typically also at 

the transmitter. The data streams transmitted from the Nr transmit antennas interfere 

with each other at the receive antennas. The spatial processing attempts to separate out 

the data streams at the receiver so that they can be individually recovered. 

[1004] To perform spatial processing, an accurate estimate of the channel response 

between the transmitter and receiver is typically required. For a TDD system, the 

downlink (i.e., forward link) and uplink (i.e., reverse link) between an access point and 

a user terminal both share the same frequency band. In this case, the downlink and 

uplink channel responses may be assumed to b� reciprocal of one another, after 

calibration has been performed (as described below) to account for differences in the 

transmit and receive chains at the access point and user terminal. That is, if H 

represents the channel response matrix from antenna array A to antenna array B, then a 
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reciprocal channel implies that the coupling from array B to array A is given by H
T

, 

T 

where M denotes the transpose of M . 

[1005] The channel estimation and spatial processing for a MIMO system typically 

consume a large portion of the system resources. There is therefore a need in the art for 

techniques to efficiently perform channel estimation and spatial processing in a TDD

MIMO system. 

SUMMARY 

[1006] Techniques are provided herein to perform channel estimation and spatial 

processing in an efficient manner in a TDD MIMO system. For the TDD MIMO 

system, the reciprocal channel characteristics can be exploited to simplify the channel 

estimation and spatial processing at both the transmitter and receiver. Initially, an 

access point and a user terminal in the system may perform calibration to determine 

differences in the responses of their transmit and receive chains and to obtain correction 

factors used to account for the differences. Calibration may be performed to ensure that 

the "calibrated" channel, with the correction factors applied, is reciprocal. In this way, a 

more accurate estimate of a second link may be obtained based on an estimate derived 

for a first link. 

[1007] During normal operation, a MIMO pilot is transmitted (e.g., by the access 

point) on the first link (e.g., the downlink) and used to derive an estimate of the channel 

response for the first link. The channel response estimate may then be decomposed 

(e.g., by the user terminal, using singular value decomposition) to obtain a diagonal 

matrix of singular values and a first unitary matrix containing both the left eigenvectors 

of the first link and the right eigenvectors of the second link (e.g., the uplink). The first 

unitary matrix may thus be used to perform spatial processing for data transmission 

received on the first link as well as for data transmission to be sent on the second link. 

[1008] A steered reference may be transmitted on the second link using the 

eigenvectors in the first unitary matrix. This steered reference may then be processed 

(e.g., by the access point) to obtain the diagonal matrix and a second unitary matrix 

containing both the left eigenvectors of the second link and the right eigenvectors of the 

first link. The second unitary matrix may thus be used to perform spatial processing for 

data transmission received on the second link as well as for data transmission to be sent 

on the first link. 
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[1009] Various aspects and embodiments of the invention are described in further 

detail below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[1010] The features, nature, and advantages of the present invention will become 

more apparent from the detailed description set forth below when taken in conjunction 

with the drawings in which like reference characters identify correspondingly 

throughout and wherein: 

[1011] FIG. 1 is a block diagram of an access point and a user terminal in a IDD 

MIMO system; 

[1012] FIG. 2A shows a block diagram of the transmit and receive chains at the 

access point and user terminat 

[1013] FIG. 2B shows application of correction matrices to account for differences 

in the transmit/receive chains at the access point and user terminal; 

[1014] FIG. 3 shows the spatial processing for the downlink and uplink for a spatial 

multiplexing mode; 

[1015] FIG. 4 shows the spatial processing for the downlink and uplink for a beam-

steering mode; and 

[1016] FIG. 5 shows a process for performing channel estimation and spatial 

processing at the access point and user terminal. 

DETAILED DESCRIPTION 

[1017] FIG. 1 is a block diagram of an embodiment of an access point 110 and a 

user terminal 150 in a IDD MIMO system 100. Access point 110 is equipped with N
ap 

transmit/receive antennas for data transmission/reception, and user terminal 150 is 

equipped with N
ut 

transmit/receive antennas. 

[1018] On the downlink, at access point 110, a transmit (TX) data processor 114 

receives traffic data (i.e., information bits) from a data source 112 and signaling and 

other data from a controller 130. TX data processor 114 formats, codes, interleaves, and 

modulates (i.e., symbol maps) the data to provide modulation symbols. A TX spatial 

processor 120 receives the modulation symbols from TX data processor 114 and 

performs spatial processing to provide N
0P 

streams of transmit symbols, one stream for 
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each antenna. TX spatial processor 120 also multiplexes in pilot symbols as appropriate 

(e.g., for calibration and normal operation). 

[1019] Each modulator (MOD) 122 (which includes a transmit chain) receives and 

processes a respective transmit symbol stream to provide a corresponding downlink 

modulated signal. The Nap 
downlink modulated signals from modulators 122a through 

122ap are then transmitted from Na
p 

antennas 124a through 124ap, respectively. 

[1020] At user terminal 150, N
u
, antennas 152a through 152ut receive the 

transmitted downlink modulated signals, and each antenna provides a received signal to 

a respective demodulator (DEMOD) 154. Each demodulator 154 (which includes a 

receive chain) performs processing complementary to that performed at modulator 122 

and provides received symbols. A receive (RX) spatial processor 160 then performs 

spatial processing on the received symbols from all demodulators 154a through 154ut to 

provide recovered symbols, which are estimates of the modulation symbols sent by the 

access point. An RX data processor 170 further processes (e.g., symbol demaps, 

deinterleaves, and decodes) the recovered symbols to provide decoded data. The 

decoded data may include recovered traffic data, signaling, and so on, which may be 

provided to a data sink 172 for storage and/or a controller 180 for further processing. 

[1021] The processing for the uplink may be the same or different from the 

processing·for the downlink. Data and signaling are processed (e.g., coded, interleaved, 

and modulated) by a TX data processor 188 and further spatially processed by a TX 

spatial processor 190, which also multiplexes in pilot symbols as appropriate (e.g., for 

calibration and normal operation). The pilot and transmit symbols from TX spatial 

processor 190 are further processed by modulators 154a through 154ut to generate N
u
, 

uplink modulated signals, which are then transmitted via antennas 152a through 152ut 

to the access point. 

[1022] At access point 110, the uplink modulated signals are received by antennas 

124a through 124ap, demodulated by demodulators 122a through 122ap, and processed 

by an RX spatial processor 140 and an RX data processor 142 in a complementary 

manner to that performed at the user terminal. The decoded data for the uplink may be 

provided to a data sink 144 for storage and/or controller 130 for further processing. 

[1023] Controllers 130 and 180 control the operation of various processing units at 

the access point and user terminal, respectively. Memory units 132 and 182 store data 

and program codes used by controllers 130 and 180, respectively. 
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1. Calibration

[1024] For a TDD system, since the downlink and uplink share the same frequency

band, a high degree of correlation normally exists between the downlink and uplink 

channel responses. Thus, the downlink and uplink channel response matrices may be 

assumed to be reciprocal (i.e., transpose) of each other. However, the responses of the 

transmit/receive chains at the access point are typically not equal to the responses of the 

transmit/receive chains at the user terminal. For improved performance, the differences 

may be determined and accounted for via calibration. 

[1025] FIG. 2A shows a block diagram of the transmit and receive chains at access 

point 110 and user terminal 150. For the downlink, at access point 110, symbols 

(denoted by a "transmit" vector �
c1n

) are processed by a transmit chain 214 and 

transmitted from N
ap 

antennas 124 over the MIMO channel. At user terminal 150, the 

downlink signals are received by N
,,t 

antennas 152 and processed by a receive chain 

254 to provide received symbols (denoted by a "receive" vector !:dn ). For the uplink, at 

user terminal 150, symbols (denoted by a transmit vector �up
) are processed by a 

transmit chain 264 and transmitted from N
,,t 

antennas 152 over the MIMO channel. At 

access point 110, the uplink signals are received by N
ap 

antennas 124 and processed by 

a receive chain 224 to provide received symbols (denoted by a receive vector !:up
). 

[1026] For the downlink, the receive vector !:dn at the user terminal (in the absence 

of noise) may be expressed as: 

where �dn is the transmit vector with N
,,P 

entries for the downlink; 

!:dn is the receive vector with N
,,t 

entries; 

Eq (1) 

Iap 
is an N

ap 
X N"P diagonal matrix with entries for the complex gains associated

with the transmit chain for the N"P antennas at the access point;

Ru1 
is an N

,,t 
X N,,, diagonal matrix with entries for the complex gains associated 

with the receive chain for the Nut antennas at the user terminat and 

H is an Nut x N11

P 
channel response matrix for the downlink. 
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The responses of the transmit/receive chains and the MIMO channel are typically a 

function of frequency. For simplicity, a flat-fading channel (i.e., with a flat frequency 

response) is assumed for the following derivation. 

[1027] For the uplink, the receive vector !:.
up 

at the access point (in the absence of 

noise) may be expressed as: 

Eq (2) 

where Iut is the response for the transmit chain at the user terminal and R ap 
is the 

response for the receive chain at the access point. 

[1028] From equations (1) and (2), the "effective" downlink and uplink channel 

responses, H
dn 

and H up
, which include the responses of the applicable transmit and 

receive chains, may be expressed as: 

and Eq (3)

As shown in equation (3), if the responses of the transmit/receive chains at the access 

point are not equal to the responses of the transmit/receive chains at the user terminal, 

then the effective downlink and uplink channel responses are not reciprocal of one 

another, i.e., Rut HTap 
#= (Rap

HT

iu1 f • 

[1029] Combining the two equations in equation set (3), the following relationship 

may be obtained: 

ff= R-I ff T-I = (R-l ff T-l )7 = T-1 H7 R-l
- -ut-dn-ap -ap-up-ut -Ut-Up-ap 

Rearranging equation (4), the following is obtained:

or 

Eq (4) 

Eq (5) 



,7 

where K
u
t = I�: R ut 

and Kap
= I��Rap

. Because Iut ' R ut ' Iap
, and R ap 

are diagonal 

matrices, K
ap 

and K
ut 

are also diagonal matrices. Equation (5) may also be expressed 

as: 

[1030] 

H K = 
1H K )T

. - up-ut �dn -ap Eq (6) 

The matrices K ap 
and K

u
t may be viewed as including "correction factors" 

that can account for differences in the transmit/receive chains at the access point and 

user terminal. This would then allow the channel response for one link to be expressed 

by the channel response for the other link, as shown in equation (5). 

[1031] Calibration may be performed to determine the matrices K ap 
and K ut. 

Typically, the true channel response H and the transmit/receive chain responses are not 

known nor can they be exactly or easily ascertained. Instead, the effective downlink 

and uplink channel responses, H
dn 

and H
up 

, may be estimated based on MIMO pilots 

sent on the downlink and uplink, respectively. The generation and use of MIMO pilot 

are described in detail in U.S. Patent Application Serial No. [Attorney Docket No.

020554], entitled "MIMO WLAN Sys.tern," filed October 25, 2002, which is assigned to 

the assignee of the present application and incorporated herein by reference. 

[1032] Various schemes may be used to derive estimates of the correction matrices, 

K
ap 

and K
ut, based on the downlink and uplink channel response estimates, 

Hdn and Hup. In one straightforward scheme, an (N
ur 

xN
ap

) matrix !;_ is first 

computed as a ratio of the uplink and downlink channel response estimates, as follows: 

AT 

C=-Up - H ,
-dn 

Eq (7) 

where the ratio is taken element-by-element. 

[1033] A correction vector k
ap 

for the access point, which includes only the N
0P 

diagonal elements of K
ap

, may be defined to be equal to the mean of the normalized 

rows of �. Each row of �, £,, is first normalized by dividing each element of the row 

with the first element of the row. to obtain a corresponding normalized row, f.,. The 
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correction vector kap (k) is then set equal to the mean of the N111 
normalized rows of �

and may be expressed as: 

[1034] 

A 1 N,,, -
tap =-Lf., 

Nut ,=1 

Eq (8) 

A correction vector kui (k) for the user terminal, which includes only the 

N
ut 

diagonal elements of K
ut 

(k), may be defined to be equal to the mean of the

inverses of the normalized columns of �. Each column of �, �1, is first normalized

by scaling each element in the column with the j-th element of the vector kap to obtain a

corresponding normalized column, f
1

• The correction vector kap is then set equal to

the mean of the inverses of the Nap normalized columns of � and may be expressed as: 

A 1 Nap 1 
k --�­
-Ut - N L...-

ap 1=1 �J 

Eq (9) 

The calibration provides the correction vectors kap and kur , or the corresponding

correction matrices K
ap 

and K ut , for the access point and user terminal, respectively. 

[1035] FIG. 2B illustrates the application of the correction matrices to account for 

differences in the transmit/receive chains at the access point and user terminal. On the 

downlink, the transmit vector !
ctn 

is first multiplied with the matrix K
ap 

by a unit 212.

The subsequent processing by transmit chain 214 and receive chain 254 for the 

downlink is the same as shown in FIG. 2A. Similarly, on the uplink, the transmit vector 

!up 
is first multiplied with the matrix K

ut by a unit 262. Again, the subsequent

processing by transmit chain 264 and receive chain 224 for the uplink is the same as 

shown in FIG. 2A. 

[1036] The "calibrated" downlink and uplink channel responses observed by the 

user terminal and access point, respectively, may be expressed as: 

H =H K 
-Cdn -dn-Jp and Eq (10) 
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From equations (6) and (10), it can be seen that Hcctn 
= H�

up
. The accuracy of the 

relationship H
cdn 

= H�
up 

is dependent on the accuracy of the estimates K
ap 

and K
ut

, 

which in tum is dependent on the quality of the downlink and uplink channel response 

estimates, Hdn and Hup . As shown above, once the transmit/receive chains have been 

calibrated, a calibrated channel response estimate obtained for one link (e.g., H
cdn

) may 

be used as an estimate of the calibrated channel response for the other link (e.g., H
cu

p ). 

[1037) The calibration for TDD MIMO systems is described in detail in the 

aforementioned U.S. Patent Application Serial No. [Attorney Docket No. 020554) and 

in U.S. Patent Application Serial No. [Attorney Docket No. 020621), entitled "Channel 

Calibration for a Time Division Duplexed Communication System," both filed on 

October 25, 2002, assigned to the assignee of the present application and incorporated 

herein by reference. 

2. Spatial Processing

[1038) For a MIMO system, data may be transmitted on one or more eigenmodes of

the MIMO channel. A spatial multiplexing mode may be defined to cover data 

transmission on multiple eigenmodes, and a beam-steering mode may be defined to 

cover data transmission on a single eigenmode. Both operating modes require spatial 

processing at the transmitter and receiver. 

[1039] The channel estimation and spatial processing techniques described herein 

may be used for MIMO systems with and without OFDM. OFDM effectively partitions 

the overall system bandwidth into a number of (NF) ?rthogonal subbands, which are also 

referred to as frequency bins or subchannels. With OFDM, each subband is associated 

with a respective subcarrier upon which data may be modulated. For a MIMO system 

that utilizes OFDM (i.e., a MIMO-OFDM system), each eigenmode of each subband 

may be viewed as an independent transmission channel. For clarity, the channel 

estimation and spatial processing techniques are described below for a TDD MIMO­

OFDM system. For this system, each subband of the wireless channel may be assumed 

to be reciprocal. 

[1040] The correlation between the downlink and uplink channel responses may be 

exploited to simplify the channel estimation and spatial processing at the access point 

and user terminal for a TDD system. This simplification is effective after calibration 
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has been performed to account for differences in the transmit/receive chains. The 

calibrated channel responses may be expressed as a function of frequency, as follows: 

Hcdn 
(k) = Hdn (k)Kap 

(k) , for ke K, and Eq (11) 

where K represents a set of all subbands that may be used for data transmission (i.e., the 

"data subbands"). The calibration may be performed such that the matrices Kap 
(k) and 

Kut 
(k) are obtained for each of the data subbands. Alternatively, the calibration may 

be performed for only a subset of all data subbands, in which case the matrices Kap
(k) 

and K
ut 

(k) for the "uncalibrated" subbands may be obtained by interpolating the 

matrices for the "calibrated" sub bands, as described in the aforementioned U.S. Patent 

Application Serial No. [Attorney Docket No. PA020621].

(1041] The channel response matrix H(k) for each subband may be "diagonalized" 

to obtain the Ns eigenmodes for that subband. This may be achieved by performing 

either singular value decomposition on the channel response matrix H(k) or eigenvalue 

decomposition on the correlation matrix of H(k), which is R(k) � HH 

(k)H(k). For 

clarity, singular value decomposition is used for the following description. 

(1042] The singular value decomposition of the calibrated uplink channel response 

matrix, H
cu/k), may be expressed as: 

H
cu/k) = !la/k)�(k)V: (k) , for k E K, Eq (12) 

where !lap 
(k) is an (N

u
, X N

u
,) unitary matrix of left eigenvectors of Hcup (k) ; 

�(k) is an (N
u
, xN

ap
) diagonal matrix of singular values of Hcup(k); and 

Y
u
, (k) is an (N

,,P 
X N

,,P
) unitary matrix of right eigenvectors of H

cup
(k) . 

A unitary matrix is characterized by the property M HM = ! , where ! is the identity 

matrix. 

[1043] Correspondingly, the singular value decomposition of the calibrated 

downlink channel response matrix, H
cdn 

(k), may be expressed as: 
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Eq (13) 

where the matrices v:, (k) and !!:v(k) are unitary matrices of left and right 

eigenvectors, respectively, of Hcdn
(k). As shown in equations (12) and (13) and based 

on the above description, the matrices of left and right eigenvectors for one link are the 

complex conjugate of the matrices of right and left eigenvectors, respectively, for the 

other link. The matrices V
u
Jk), Y:Jk), v:

1
(k), and Y:(k) are different forms of 

the matrix V
u1

(k), and the matrices !!.P(k), !!:
p
(k), !!:/k), and u;(k) are also

different forms of the matrix !!.P(k). For simplicity, reference to the matrices !!.
p
(k)

and V ui (k) in the following description may also refer to their various other forms. The 

matrices !!.P(k) and V ut (k) are used by the access point and user terminal,

respectively, for spatial processing and are denoted as such by their subscripts. The 

eigenvectors are also often referred to as "steering" vectors. 

[1044] Singular value decomposition is described in further detail by Gilbert Strang 

in a book entitled "Linear Algebra and Its Applications," Second Edition, Academic 

Press, 1980, which is incorporated herein by reference. 

[1045] The user terminal can estimate the calibrated downlink channel response 

based on a MIMO pilot sent by the access point. The user terminal may then perform 

singular value decomposition for the calibrated downlink channel response estimate 

Hcdn
(k), for k E K, to obtain the diagonal matrix t(k) and the matrix v:Jk) of left 

eigenvectors of H
cdn 

(k). This singular value decomposition may be given as 
A A *  A ,,., T 

Hcdn (k) = Y
01 

(k )�(k )!!
a
v (k), where the hat ("A") above each matrix indicates that it is 

an estimate of the actual matrix. 

[1046] Similarly, the access point can estimate the calibrated uplink channel 

response based on a MIMO pilot sent by the user terminal. The access point may then 

perform singular value decomposition for the calibrated uplink channel response 

estimate H
cu

/k), for k E K, to obtain the diagonal matrix t(k) and the matrix !
Lp

(k) 

of left eigenvectors of H
cu/k). This singular value decomposition may be given as 
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[1047] However, because of the reciprocal channel and the calibration, the singular 

value decomposition only needs to be performed by either the user terminal or the 

access point. If performed by the user terminal, then the matrix V ut (k) , for k E K , are 

used for spatial processing at the user terminal and the matrix f!.P(k) , for k e K, may

be provided to the access point in either a direct form (i.e., by sending entries of the 

matrices !!.
p
(k) ) or an indirect form (e.g., via a steered reference, as described below). 

(1048] The singular values in each matrix t(k), for k e K, may be ordered such 

that the first column contains the largest singular value, the second column contains the 

next largest singular value, and so on (i.e., a-
1 

� a-
2 

� • •• �a-N, , where a-, is the

eigenvalue in the i-th column of ilk) after the ordering). When the singular values for 

each matrix t(k) are ordered, the eigenvectors (or columns) of the associated unitary 

matrices V ut (k) and !!.p(k) for that subband are also ordered correspondingly. A

"wideband" eigenmode may be defined as the set of same-order eigenmode of all 

subbands after the ordering (i.e., the m-th wideband eigenrnode includes the m-th 

eigenmode of all subbands). Each wideband eigenmode is associated with a respective 

set of eigenvectors for all of the subbands. The principle wideband eigenmode is the 

one associated with the largest singular value in each matrix t(k) after the ordering. 

A. Uplink Spatial Processing

(1049] The spatial processing by the user terminal for an uplink transmission may 

be expressed as: 

Eq (14) 

where �up
(k) is the transmit vector for the uplink for the k-th subband; and 

[1050] 

�
up 

(k) is a "data" vector with up to N s non-zero entries for the modulation 

symbols to be transmitted on the N
s 

eigenmodes of the k-th subband. 

The received uplink,transmission at the access point may be expressed as: 
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!:u/k) =H up
(k)!up

(k)+!!up
(k) 

= H up 
(k)K ut (k)V ut (k)�u/k) + !!up (k)

""ff cup (k)V ut (k)�up 
(k) + !!up 

(k) 

- A - H h 

= !L/k)�(k)V 
ut (k)V ut (k)�up

(k) + !!u/k) 

= !lap 
(k )t(k )�up (k) + !! up 

(k) 

, fork E K. Eq (15)

where !:
u
/k) is the received vector forthe uplink for the k-th subband; and 

!!up 
(k) is additive white Gaussian noise (A WGN) for the k-th subband. 

Equation (15) uses the following relationships: H up
(k)K up

(k) = H cup
(k) = H

cu
r(k) and 

[1051] A weighted matched filter matrix M
ap 

(k) for the up]ink transmission from 

the user terminal may be expressed as: 

Eq (16) 

The spatial processing ( or matched filtering) at the access point for the received uplink 

transmission may be expre�sed as: 

A-] AH 

tr(k) =� (k)U.r(k)!:up
(k) 

-, A -I h H h A 

=� (k)!la/k)(U.r(k)�(k)�up
(k)+!!up

(k)), for kE K, Eq (l7) 

= �up 
(k) + iup (k)

where �
up

(k) is an estimate of the data vector �
u
/k) transmitted by the user terminal on 

the uplink, and !!
u
/k) is the post-processed noise. 

B. Downlink Spatial Processing

[1052] The spatial processing by the access point for a downlink transmission may 

be expressed as: 

Eq (18) 
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- ... �,. -. .,. -.- � '  , ,,. . 
��i --�� lL.U -u:::� , :::? lL.¥ ,�;:;� 

where !dn (k) is the transmit vector and �dn (k) is the data vector for the downlink. 

[1053] The received downlink transmission at the user terminal may be expressed 

as: 

!:dn (k) = H dn (k)�dn (k) + !!ctn (k) 

= H dn (k)K ap 
(k)l(

p 
(k)�dn (k) + !!dn (k) 

""' f.( cdn (k )lJ :
p 
(k )�dn (k) + !!dn (k) 

,.,, •  A AT ,..* 

= V ut (k)�(k)U ap (k)U a
p 
(k)�dn (k) + !!dn (k))

= V :1 (k)t(k)�dn (k) + !!dn (k) , for k E K . Eq (19) 

[1054] A weighted matched filter matrix Mu1 (k) for the downlink transmission 

from the access point may be expressed as: 

A-1 AT 

Mu1 (k)=� (k)Vu1 (k) ,for ke K. Eq (20) 

The spatial processing (or matched filtering) at the user terminal for the received 

downlink transmission may be expressed as: 

A -I AT A *  A 

=� (k)V Ul (k)(V ut (k)�(k)�dn (k)+!!dn (k)), for ke K. Eq(21) 

= �dn ( k) + !!dn ( k) 

[1055) Table I summarizes the spatial processing at the access point and user 

terminal for data transmission and reception. 

Table 1

Uplink Downlink 

User 
Transmit: Receive: 

Terminal !up 
(k) = K ut (k )V ut (k )�up 

(k)
A-1 

�dn (k) = � 
AT 

(k)V u1 (k)rdn (k) 

Access 
Receive: Transmit: 

Point A -I 

�up
(k) = � 

A II A * 

(k )Ua
/k )!:up 

(k) !dn (k) = Kap 
(k )U ap (k )�dn (k) 
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[1056] In the above description and as shown in Table 1, the correction matrices 

K
ap

(k) and K
ut 

(k) are applied on the transmit side at the access point and user 

terminal, respectively. The correction matrices K
ap 

(k) and K
ut 

(k) may also be 

combined with other diagonal matrices (e.g., such as weight matrices W 
d
n (k) and 

W 
u
p (k) used to achieve channel inversion). However, the correction matrices may also 

be applied on the receive side, instead of the transmit side, and this is within the scope 

of the invention. 

[1057) FIG. 3 is a block diagram of the spatial processing for the downlink and 

uplink for the spatial multiplexing mode. 

[1058] For the downlink, within a TX spatial processor 120x at access point l lOx, 

the data vector �
d
n (k) , for k E K , is first multiplied with the matrix i(

P 
(k) by a unit 

310 and then further multiplied with the correction matrix Ka
p(k) by a unit 312 to 

obtain the transmit vector !dn 
(k) . The vector !dn 

(k) , for k E K , is then processed by 

a transmit chain 314 within modulator 122x and transmitted over the MIMO channel to 

user terminal 150x. Unit 310 performs the spatial processing for the downlink data 

transmission. 

[1059] At user terminal 150x, the downlink signals are processed by a receive chain 

354 within demodulator 154x to obtain the receive vector !:
d
n (k), for k E K. Within 

an RX spatial processor 160x, the receive vector !:dn (k), for k E K, is first multiplied 
�T 

with the matrix V uJk) by a unit 356 and further scaled by the inverse diagonal matrix 
� -I 

� (k) by a unit 358 to obtain the vector �dn (k), which is an estimate of the data vector

�dn (k) . Units 356 and 358 perform the spatial processing for the downlink matched 

filtering. 

[1060] For the uplink, within a TX spatial processor 190x at user terminal 150x, the 

data vector �
up 

(k) , for k E K , is first multiplied with the matrix V ut (k) by a unit 360 

and then further multiplied with the correction matrix Kut (k) by a unit 362 to obtain 

the transmit vector !up 
(k). The vector !up 

(k), for k E K , is then processed by a 

transmit chain 364 within modulator 154x and transmitted over the MIMO channel to 
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access point llOx. Unit 360 performs the spatial processing for the uplink data 

transmission. 

[1061] At access point l lOx, the uplink signals are processed by a receive chain 324 

within demodulator 122x to obtain the receive vector !:up (k), for k e K. Within an RX 

spatial processor l 40x, the receive vector !:up (k) , for k e K , is first multiplied with the 

AH A -I 
matrix U

a
/k) by a unit 326 and further scaled by the inverse diagonal matrix � (k)

by a unit 328 to obtain the vector t
v 

(k), which is an estimate of the data vector �up (k) . 

Units 326 and 328 perform the spatial processing for the uplink matched filtering. 

3. Beam-Steering

[1062] For certain channel conditions, it is better to transmit data on only one

wideband eigenmode - typically the best or principal wideband eigenmode. This may

. be the case if the received signal-to-noise ratios (SNRs) for all other wideband

eigenmodes are sufficiently poor so that improved performance is achieved by using all

of the available transmit power on the principal wideband eigenmode.

[1063] Data transmission on one wideband eigenmode may be achieved using either

beam-forming or beam-steering. For beam-forming, the modulation symbols are

spatially processed with the eigenvectors .Yui.i (k) or !!ap.I (k), for k E K , for the

principal wideband eigenmode (i.e., the first column of V ut (k) or U ap (k), after the

ordering). For beam-steering, the modulation symbols are spatially processed with a set

of "normalized" (or "saturated") eigenvectors L
1 
(k) or !!ap (k), for k E K, for the

principal wideband eigenmode._ For clarity, beam-steering is described below for the

uplink. 

[1064] For the uplink, the elements of each eigenvector iui,i (k), for k E K , for the 

principal wideband eigenmode may have different magnitudes. Thus, the 

preconditioned symbols for each subband, which are obtained by multiplying the 

modulation symbol for subband k with the elements of the eigenvector iur.I (k) for

subband k, may then have different magnitudes. Consequently, the per-antenna transmit 

vectors, each of which includes the preconditioned symbols for all data subbands for a 

given transmit antenna, may have different magnitudes. If the transmit power for each 
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transmit antenna is limited (e.g., because of limitations of power amplifiers), then beam­

forming may not fully use the total power available for each antenna. 

[1065] Beam-steering uses only the phase information from the eigenvectors 

i'.ut.I (k), for k E K , for the principal wideband eigenmode and normalizes each

eigenvector such that all elements in the eigenvector have equal magnitudes. The 

normalized eigenvector fu1 
(k) for the k-th subband may be expressed as: 

Eq (22) 

where A is a constant (e.g., A= 1 ); and 

0, (k) is the phase for the k-th subband of the i-th transmit antenna, which is

given as: 

0. -(k) = Lv (k) = tan -1 ( Im { v u1.1., (k) }J 
, ut.l,1 

R { A (k)} e Vut,l,1 

Eq (23) 

As shown in equation (23), the phase of each element in the vector Yui 
(k) is obtained 

from the corresponding element of the eigenvector .Y.ut,I (k) (i.e., 0, (k) is obtained from 

l'ut,1,, (k), where i'.ut,I (k) = [ V ut,1,1 (k) l'ut,1,2 (k) ... i\1 ,l,N., (k )t ).

A. Uplink Beam-Steering

[1066] The spatial processing by the user terminal for beam-steering on the uplink 

may be expressed as: 

Eq (24) 

where sup (k) is the modulation symbol to be transmitted on the k-th subband; and 

Rup 
(k) is the transmit vector for the k-th subband for beam-steering.

As shown in equation (22), the N,,, elements of the normalized steering vector Y
ui 

(k) 

for each subband have equal magnitude but possibly different phases. The beam­

steering thus generates one transmit vector R
up 

(k) for each subband, with the N,,,

elements of R
up 

(k) having the same magnitude but possibly different phases. 
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[1067] The received uplink transmission at the access point for beam-steering may 

be expressed as: 

f.u
p

(k) =Hup
(k)�

up
(k)+!!up

(k) , for kE K,

= H up 
(k )K ut 

(k ).Yut (k )sup 
(k) + !!up 

(k) 

= Hcup 
(k ).Yut (k)sup 

(k) + !!up 
(k)

Eq (25) 

where !:
up 

(k) is the received vector for the uplink for the k-th subband for beam­

steering. 

[1068] A matched filter row vector m
ap 

(k) for the uplink transmission using beam-

steering may be expressed as: 

Eq (26) 

The matched filter vector m
0P

(k) may be obtained as described below. The spatial 

processing (or matched filtering) at the access point for the received uplink transmission 

with beam-steering may be expressed as: 

su/k) = x:: (k )map (k )!:up (k) 

= X::(k)(Hcup
(k).Yut (k))

fl (Hcup
(k)_y0Jk)s0/k) + !!up

(k)) , for k E K, Eq (27) 

= sup
(k) + nup

(k) 

where Xu/k) = (Hcup
(k)_yu

t(k))H (Hcup
(k).Y

u
t(k)) (i.e., x

u
p(k) is the inner product of 

m.P(k) and its conjugate transpose),

[1069] 

s
0P(k) is an estimate of the modulation symbol s0P

(k) transmitted by the user 

terminal on the uplink, and 

n0P 
(k) is the post-processed noise.

B. Downlink Beam-Steering

The spatial processing by the access point for beam-steering on the downlink 

may be expressed as: 

Eq (28) 



19 

where !!
ap 

(k) is the normalized eigenvector for the k-th subband, which is generated 

based on the eigenvector !1_:
P
,1(k), for the principal wideband eigenmode, as described 

above. 

(1070] A matched filter row vector m
u1 (k) for the downlink transmission using 

beam-steering may be expressed as: 

Eq (29) 

The spatial processing (or matched filtering) at the user terminal for the received 

downlink transmission may be expressed as: 

sdn (k) = l;.,'(k)muJk)L" (k)

= l�(k)(Hcdn (k)!!ap(k))H ilicdn (k)!!ap
(k)su/k) + !!dn (k)), for k E K, Eq (30) 

= sdn(k) + iidn(k) 

m
u
/k) and its conjugate transpose). 

[1071] Beam-steering may be viewed as a special case of spatial processing 

whereby only one eigenvector for one eigenmode is used for data transmission and this 

eigenvector is normalized to have equal magnitudes. 

[1072] FIG. 4 is a block diagram of the spatial processing for the downlink and 

uplink for the beam-steering mode. 

[1073] For the downlink, within a TX spatial processor 120y at access point l lOy, 

the modulation symbol sdn (k), for k E K, is first multiplied with the normalized 

eigenvector !!
ap 

( k) by a unit 410 and then further multiplied with the correction matrix 

K.P(k) by a unit 412 to obtain the transmit vector .!_
d0

(k). The vector L
n (k) , for

k EK, is then processed by a transmit chain 414 ·within modulator 122y and

transmitted over the MIMO channel to user terminal 150y. Unit 410 performs spatial

processing for the downlink data transmission for the beam-steering mode.

[1074] At user terminal 150y, the downlink signals are processed by a receive chain 

454 within demodulator 154y to obtain the receive vector L11 (k), for k E K. Within 

an RX spatial processor 160y, a unit 456 performs an inner product of the receive vector 
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L0 
(k), for k E K, with the matched filter vector m u1 

(k). The inner product result is 

then scaled by .:X;�(k) by a unit.458 to obtain the symbol s
d0

(k), which is an estimate 

of the modulation symbol sdn (k). Units 456 and 458 perform spatial processing for the 

downlink matched filtering for the beam-steering mode. 

[1075] For the uplink, within a TX spatial processor 190y at user terminal 150y, the 

modulation symbol s
up 

( k) , for k E K , is first multiplied with the normalized 

eigenvector .!
ui 

(k) by a unit 460 and then further multiplied with the correction matrix 

K ut 
(k) by a unit 462 to obtain the transmit vector .!.u

p 
(k). The vector .!.

up 
(k), for

k E K, is then processed by a transmit chain 464 within modulator 154y and 

transmitted over the MIMO channel to access point llOy. Unit 460 performs spatial 

processing for the uplink data transmission for the beam-steering mode. 

[1076] At access point llOy, the uplink signals are processed by a receive chain 424 

within demodulator 124y to obtain the receive vector !.up (k), for k E K. Within an RX 

spatial processor 140y, a unit 426 performs an inner product of the receive vector 

L
P 

(k), for k E K, with the matched filter vector m ap 
(k). The inner product result is 

then is scaled by ,t;(k) by a unit 428 to obtain the symbol su
p 

(k), which is an estimate 

of the modulation symbol s
u/k). Units 426 and 428 perform spatial processing for the 

uplink matched filtering for the beam-steering mode. 

4. Steered Ref ere nee

[1077] As shown in equation (15), at the access point, the received uplink vector

!:up (k), for k E K , in the absence of noise is equal to the data vector �up (k) 

transformed by U
ap

(k)t(k), which is the matrix U
a
/k) of left eigenvectors of Hcu/k) 

scaled by the diagonal matrix t(k) of singular values. As shown in equations (17) and 

(18), because of the reciprocal channel and the calibration, the matrix u:P(k) and its 

transpose are used for spatial processing of the downlink transmission and spatial 

processing (matched filtering) of the received uplink transmission, respectively. 

[1078) A steered reference may be transmitted by the user terminal and used by the 

access point to obtain estimates of both !lap (k) and t(k) , for k E K , without having to 
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estimate the MIMO channel or perform the singular value decomposition. Similarly, a 

steered reference may be transmitted by the access point and used by the user terminal 

to obtain estimates of both V 
u
t (k) and t(k). 

[1079] A steered reference comprises a specific OFDM symbol (which is referred to 

as a pilot or "P" OFDM symbol) that is transmitted from all of the N
u1 antennas at the 

user terminal (for the uplink) or the Nap antennas at the access point (for the downlink) .. 

The P OFDM symbol is transmitted on only one wideband eigenmode by p�rforming 

spatial processing with the set of eigenvectors for that wideband eigenrnode. 

A. Uplink Steered Reference

[1080] An uplink steered reference transmitted by the user terminal may be 

expressed as: 

!up.m(k) = Kut(k).Yut,m(�)p(k) , for k E K, Eq (31) 

where ! up.m (k) is the transmit vector for the k-th subband of the m-th wideband 

eigenmode; 

.Yui.m(k) is the eigenvector for the k-th subband of the m-th wideband 

eigenmode; and 

p(k) is a pilot modulation symbol to be transmitted on the k-th subband. 

The eigenvector .! ut
,m (k) is the m-th column of the matrix Y.

u1(k), where 

[1081] 

as: 

The received uplink steered reference at the access point may be expressed 

!up,m (k) = H u
p 
(k )! up,m (k) + !!up 

(k) 

= H up (k )Kut (k)!.ut,m (k) p(k) + !!up (k) 

""' Hcup 
(k ).!ut,m (k) p(k) + !!up (k) 

A A AH 

= !J./k)�(k)Y.ut (k)!.ut,m (k)p(k) + !!up (k) 

= !!ap,m (k )am (k) p(k) + !!up (k) 

, for k e K . Eq (32) 
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where !.up,m(k) is the received vector for the uplink steered reference for the k-th 

subband of the m-th wideband eigenmode; and 

[1082] 

am (k) is the singular value for the k-th subband of the m-th wideband 

eigenmode. 

Techniques to estimate the channel response based on the steered reference 
are described in further detail below. 

B. Downlink Steered Reference

(1083] A downlink steered reference transmitted by the access point may be 
expressed as: 

Eq (33) 

where !
dn

,m(k) is the transmit vector for the k-th subband of the m-th wideband 

eigenmode; and 

ft:�.m (k) is the eigenve�tor for the k-th subband of the m-th wideband 

eigenmode. 

The steering vector !!:
p
,m(k) is the m-th column of the matrix i.(

P
(k), where 

[1084] The downlink steered reference may be used by the user terminal for various 
purposes. For example, the downlink steered reference allows the user terminal to 
determine what kind of estimate the access point has for the MIMO channel (since the 
access point has an estimate of an estimate of the channel). The downlink steered 
reference may also be used by the user terminal to estimate the received SNR of 
downlink transmission. 

C. Steered Reference For Beam-Steering

[1085] For the beam-steering mode, the spatial processing on the transmit side is 
performed using a set of normalized eigenvectors for the principal wideband 
eigenmode. The overall transfer function with a normalized eigenvector is different 
from the overall transfer function with an unnormalized eigenvector (i.e., 
H cup (k )iut,J (k) -I= H cup (k )y ut (k) ). A steered reference generated using the set of 



- - --- _,.-, -< ,. ,.,,,._, -�-

� ::g_, 1L.� :ll::�� ·:.:� ),L:� �::::: 

'23

normalized eigenvectors for all subbands may then be sent by the transmitter and used 
by the receiver to derive the matched filter vectors for these subbands for the beam­
steering mode. 
[1086] For the uplink, the steered reference for the beam-steering mode may be 
expressed as: 

iup,sr(k) = Kut (k)'.Yut 
(k)p(k) , fork EK. Eq (34) 

At the access point, the receive uplink steered reference for the beam-steering mode 
may be expressed as: 

[1087] 

£up,sr(k) = Hup
(k)!up,sr(k)+!!up(k) 

= Hup (k)Kut (k ).!u1 (k) p(k) + !!up (k) 

= Hcup (k )fut (k) p(k) + !!up (k) 

,forkeK. Eq (35) 

To obtain the matched filter row vector m
ap

(k) for the uplink transmission 

with beam-steering, the received vector !.up,sr (k) for the steered reference is first 

multiplied with p *(k) . The result is then integrated over multiple received steered 

reference symbols to form an estimate of Hcup 
(k )f u1 (k) . The vector in 

ap (k) is then the 

conjugate transpose of this estimate. 
[1088] While operating in the beam-steering mode, the user terminal may transmit 
multiple symbols of steered reference, for example, one or more symbols using the 
normalized eigenvector f ut (k), one or more symbols using the eigenvector .Y

ut
,I (k) for 

the principal eigenmode, and possibly one or more symbols using the eigenvectors for 
the other eigenmodes. The steered reference symbols generated with f

ut 
(k) may be 

used by the access point to derive the matched filter vector m
a
/k). The steered 

reference symbols generated with .Y
u
i.i (k) may be used to obtain !!ap,J (k), which may 

then be used to derive the normalized eigenvector !!
a
/k) used for beam-steering on the 

downlink. The steered reference symbols generated with the eigenvectors !.
u
t.

2 (k) 

through !.ut,Ns (k) for the other eigenmodes may be used by the access point to obtain 

!1.,p.2 (k) through !!.
ap

.N, (k) and the singular values for these other eigenmodes. This
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information may then be used by the access point to determine whether to use the 

spatial multiplexing mode or the beam-steering mode for data transmission. 

[1089] For the downlink, the user terminal may derive the matched filter vector 

mut (k) for the beam-steering mode based on the calibrated downlink channel response 

estimate H
cdn

(k). In particular, the user terminal has !!
ap

_
1
(k) from the singular value 

decomposition of H
cdn 

(k) and can derive the normalized eigenvector !!
ap 

(k) . The user 

terminal can then multiply !!
ap 

(k) with H
cd

n (k) to obtain H cdn 
(k )!!

ap 
(k), and may then 

derive mu1
(k) based on H cd0

(k)!i
ap

(k) . Alternatively, a steered reference may be sent 

by the access point using the normalized eigenvector !!
ap 

(k), and this steered reference 

may be processed by the user terminal in the manner described above to obtain mu
1 
(k). 

D. Channel Estimation Based on Steered Reference

[1090] As shown in equation (32), at the access point, the received uplink steered 

reference (in the absence of noise) is approximately '!!ap,m (k )<J' m (k) p(k). The access 

point can thus obtain an estimate of the uplink channel response based on the steered 

reference sent by the user terminal. Various estimation techniques may be used to 

obtain the channel response estimate. 

[1091] In one embodiment, to obtain an estimate of '!!ap,m (k), the received vector 

!:up,m (k) for the steered reference for the m-th wideband eigenmode is first multiplied 

with the complex conjugate of the pilot l?lodulation symbol, p * (k), used for the steered 

reference. The result is then integrated over multiple received steered reference 

symbols for each wideband eigenmode to obtain an estimate of '!!ap,m (k)a m (k), which is 

a scaled left eigenvector of Hcup 
(k) for the m-th wideband eigenrnode. Each of the N "P 

entries of !!
ap

,m (k) is obtained based on a corresponding one of the N
ap 

entries for 

!: up
.m(k), where the N

ap 
entries of !:

up
,,,,(k) are the symbols received from the N

ap 

antennas at the access point. Since eigenvectors have unit power, the singular value 

a
m 

(k) may be estimated based on the received power of the steered reference, which 

can be measured for each subband of each wideband eigenmode. 
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[1092] In another embodiment, a minimum mean square error (MMSE) technique is 

used to obtain an estimate of !!ap,m (k) based on the received vector !:up,m (k) for the

steered reference. Since the pilot modulation symbols p(k) are known, the access point 

can derive the estimate of !!ap,m (k) such that the mean square e·rror between the received 

pilot symbols (obtained after performing the matched filtering on the received vector 

!:up,m (k)) and the transmitted pilot symbols is minimized. The use of the MMSE

technique for spatial processing at the receiver is described in detail in U.S. Patent 

Application Serial No. 09/993,087, entitled "Multiple-Access Multiple-Input Multiple­

Output (MIMO) Communication System," filed November 6, 2001, assigned to the 

assignee of the present application and incorporated herein by reference. 

[1093] The steered reference is sent for one wideband eigenmode in any given 

symbol period, and may in tum be used to obtain an estimate of one eigenvector for 

each subband of that wideband eigenmode. Thus, the receiver is able to obtain an 

estimate of one eigenvector in a unitary matrix for any given symbol period. Since 

estimates of multiple eigenvectors for the unitary matrix are obtained over different 

symbol periods, and due to noise and other sources of degradation in the transmission 

path, the estimated eigenvectors for the unitary matrix are not likely be orthogonal. If 

the estimated eigenvectors are thereafter used for spatial processing of data transmission 

on the other link, then any errors in orthogonality in these estimated eigenvectors would 

result in cross-talk among the eigenmodes, which may degrade performance. 

[1094] In an embodiment, the estimated eigenvectors for each unitary matrix are 

forced to be orthogonal to each other. The orthogonalization of the eigenvectors may be 

achieved using the Gram-Schmidt technique, which is described in detail in the 

aforementioned reference from Gilbert Strang, or some other technique. 

[1095] Other techniques to estimate the channel response based on the steered 

reference may also be used, and this is within the scope of the invention. 

[1096] The access point can thus estimate both U ap (k) and t(k) based on - the 

steered reference sent by the user terminal, without having to estimate the uplink 

channel response or perform singular value decomposition on Hcup (k) . Since only N
"' 

wideband eigenmodes have any power, the matrix !!ap (k) of left eigenvectors of 
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Hcup
(k) is effectively (N"P X Nur ), and the matrix L(k) may be considered to be

(N
11r

xN
11J· 

[1097] The processing at the user terminal to estimate the matrices V 
01 

(k) and 

t(k) , for k E K, based on the downlink steered reference may be performed similar to 

that described above for the uplink steered reference. 

5. Channel Estimation and Spatial Processing

[1098] FIG. 5 is a flow diagram of a specific embodiment of a process 500 for

performing channel estimation and spatial processing at the access point and user 

terminal . Process 500 includes two parts - calibration (block 510) and normal operation 

(block 520). 

[1099] Initially, the access point and user terminal perform calibration to determine 

the differences in the responses of their transmit and receive chains and to obtain 

correction matrices K ap 
(k) and KuJk), for k E K (step 512). The calibration only 

needs to be performed once (e.g., at the start of a communication session, or the very 

first time the user terminal is powered up). The correction matrices K ap
(k) and 

K ut (k) are thereafter used by the access point and user terminal, respectively, on the 

transmit side as described above . 

[1100] During normal operation, the access point transmits a MIMO pilot on the 

calibrated downlink channel (step 522). The user terminal receives and processes the 

MIMO pilot, estimates the calibrated downlink channel response based on the received 

MIMO pilot, and maintains an estimate of the calibrated downlink channel response 

(step 524). It can be shown that performance is better (i .e., less degradation) when the 

channel response estimate is accurate. An accurate channel response estimate may be 

obtained by averaging the estimates derived from multiple received MIMO pilot 

transmissions. 

[1101] The user terminal then decomposes the calibrated downlink channel 

response estimate, H cctn (k), for k E K, to obtain the diagonal matrix t(k) and the 

unitary matrix V :1 (k) (step 526). The matrix V :1 (k) contains the left eigenvectors of 

H cdn (k) and V ut (k) contains the right eigenvectors of Hcup (k) . The matrix V ur (k) 
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can thus be used by the user terminal to perform spatial processing for data transmission 
received on the downlink as well as for data transmission to be sent on the uplink. 
(1102) The user terminal then transmits a steered reference on the. uplink to the 

access point using the eigenvectors in the matrix V ut (k). as shown in equation (31) 

(step 530). The access point receives and processes the uplink steered reference to 

obtain the diagonal matrix t(k) and the unitary matrix -0-ap
(k), for k e K (step 532). 

The matrix -0-a/k) contains the left eigenvectors of Hcup (k) and u :P (k) . contains the 

right eigenvectors of He<10 (k). The matrix -0-ap(k) can thus be used by the access point 

to perform spatial processing for data transmission received on the uplink as well as for 
data transmission to be sent on the downlink. 

(1103) The matrix Uap
(k), for k E K, is obtained based on an estimate of the 

uplink steered reference, which in tum is generated with the eigenvector that is obtained 
based on an estimate of the calibrated downlink channel response.· Thus, the matrix 

-0-ap (k) is effectively an estimate of an estimate. The access point may average the 

uplink steered reference transmissions to obtain more accurate estimate of the actual 

matrix uap(k) . 

[1104) Once the user terminal and access point obtain the matrices V ut (k) and 

-0-.P(k), respectively, data transmission can commence on the downlink and/or uplink. 

For downlink data transmission, the access point performs spatial processing on 

symbols with the matrix u:
P
(k) of right eigenvectors of H eda (k) and transmits to the 

user terminal (step 540). The user terminal would then receive and spatially process the 
AT downlink data transmission with the matrix V ur (k), which is the conjugate transpose of 

the matrix V :1 (k) of left eigenvectors of Hcdn (k) (step 542). For uplink data 

transmission, the user terminal performs spatial processing on symbols with the matrix 

Vu, (k) of right eigenvectors of Hcup (k), and transmits to the access point (step 550). 

The access point would then receive and spatially process the uplink data transmission 
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with the matrix !L/k) , which is the conjugate transpose of the matrix !!ap (k) of left 

eigenvectors of Hcup (k) (step 552). 

[1105] The downlink and/or uplink data transmission can continue until terminated 

by either the access point or user terminal. While the user terminal is idle (i.e., with no 

data to transmit or receive), the MIMO pilot and/or steered reference may still be sent to 

allow the access point and user terminal to maintain up-to-date estimates of the 

downlink and uplink channel responses, respectively. This would then allow data 

transmission to commence quickly, if and when resumed. 

[1106] For clarity, the channel estimation and spatial processing techniques have 

been described for a specific embodiment in which the user terminal estimates the 

calibrated downlink channel response based on a downlink MIMO pilot and performs 

the singular value decomposition. The channel estimation and singular value 

decomposition may also be performed by the access point, and this is within the scope 

of the invention. In general, because of the reciprocal channel for a TDD system, the 

channel estimation needs only be performed at one end of the link. 

[1107] The techniques described herein may be used with or without calibration. 

Calibration may be performed to improve the channel estimates, which may then 

improve system performance. 

[1108] The techniques described herein may also be used in conjunction with other 

spatial processing techniques, such as water-filling for transmit power allocation among 

the wideband eigenmodes and channel inversion for transmit power allocation among 

the subbands of each wideband eigenmode. Channel inversion and water-filling are 

described in the aforementioned U.S. Patent Application Serial No. [Attorney Docket

No. 020554].

[1109] The channel estimation and spatial processing techniques described herein 

may be implemented by various means. For example, these techniques may be 

implemented in hardware, software, or a combination thereof. For a hardware 

implementation, the elements used to implement the techniques described herein may be 

implemented within one or more application specific integrated circuits (ASICs), digital 

signal processors (DSPs ), digital signal processing devices (DSPDs ), programmable 

logic devices (PLDs), field p�ograrnmable gate arrays (FPGAs), processors, controllers, 

micro-controllers, microprocessors, other electronic units designed to perform the 

functions described herein, or a combination thereof. 
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[1110] For a software implementation, the channel estimation and spatial processing 

techniques may be implemented with modules (e.g., procedures, functions, and so on) 

that perform the functions described herein. The software codes may be stored in a 

memory unit (e.g., memory units 132 and 182 in FIG. 1) and executed by a processor 

(e.g., controllers 130 and 180). The memory unit may be implemented within the 

processor or external to the processor, in which case it can be communicatively coupled 

to the processor via various means as is known in the art. 

[1111] Headings are included herein for reference and to aid in locating certain 

sections. These headings are not intended to limit the scope of the concepts described 

therein under, and these concepts may have applicability i_n other sections throughout 

the entire specification. 

[1112] The previous description of the disclosed embodiments is provided to enable 

any person skilled in the art to make or use the present invention. Various 

modifications to these embodiments will be readily apparent to those skilled in the art, 

and the generic principles defined herein may be applied to other embodiments without 

departing from the spirit or scope of the invention. Thus, the present invention is not 

intended to be limited to the embodiments shown herein but is to be accorded the widest 

scope consistent with the principles and novel features disclosed herein. 
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APPENDIXB 

BACKGROUND 

[1001] The present invention relates generally to communication, and more 

specifically to techniques for calibrating downlink and uplink channel responses in a 

time division duplexed (TDD) communication system. 

II. Background

[1002] In a wireless communication system, data transmission between an access 

point and a user terminal occurs over a wireless channel. Depending on the system 

design, the same or different frequency bands may be used for the downlink and uplink. 

The downlink (or forward link) refers to transmission from the access point to the user 

terminal, and the uplink (or reverse link) refers to transmission from the user terminal to 

the access point. If two frequency bands are available, then the downlink and uplink 

may be transmitted on separate frequency bands using frequency division duplexing 

(FDD). If only one frequency band is available, then the downlink and uplink may 

share the same frequency band using time division duplexing (TDD). 

[1003] To achieve high performance, it is often necessary to know the frequency 

response of the wireless channel. For example, the response of the downlink channel 

may be needed by the access point to perform spatial processing (described below) for 

downlink data transmission to the user terminal. The downlink channel response may 

be estimated by the user terminal based on a pilot transmitted by the access point. The 

user terminal may then send the channel estimate back to the access point for its use. 

For this channel estimation scheme, a pilot needs to be transmitted on the downlink and 

additional delays and resources are incurred to send the channel estimate back to the 

access point. 

[1004] For a TDD system with a shared frequency band, the downlink and uplink 

channel responses may be assumed to be reciprocal of one another. That is, if H 

represents a channel response matrix from antenna array A to antenna array B, then a 

reciprocal channel implies that the coupling from array B to array A is given by H
T

, 

where M
r 

denotes the transpose of matrix M. Thus, for a TDD system, the channel 

response for one link may be estimated based on a pilot sent on the other link. For 
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example, the uplink channel response may be estimated based on an uplink pilot, and 

the transpose of the uplink channel response estimate may be used as an estimate of the 

downlink channel response. 

[1005] However, the frequency responses of the transmit and receive chains at the 

access point are typically different from the frequency responses of the transmit and 

receive chains at the user terminal. In particular, the frequency responses of the 

transmit/receive chains used for uplink transmission may be different from the 

frequency responses of the transmit/receive chains used for downlink transmission. The 

"effective" downlink channel response (i.e., including the transmit/receive chains) 

would then be different from the reciprocal of the effective uplink channel response due 

to differences in the transmit/receive chains (i.e., the effective channel responses are not 

reciprocal). If the reciprocal of the channel response estimate obtained for one link is 

used for spatial processing on the other link, then any difference in the frequency 

responses of the transmit/receive chains would represent error that, if not determined 

and accounted for, may degrade performance. 

[1006] There is, therefore, a need in the art for techniques to calibrate the downlink 

and uplink channels in a TDD communication system. 

SUMMARY 

[1007] · Techniques are provided herein to calibrate the downlink and uplink 

channels to account for differences in the frequency responses of the transmit and 

receive chains at the access point and user terminal. After calibration, an estimate of the 

channel response obtained for one link may be used as an estimate of the channel 

response for the other link. This can then simplify the channel estimation and spatial 

processing. 

[1Q�8] In a specific embodiment, a method is provided for calibrating the downlink 

and uplink channels in a wireless TDD multiple-input multiple-output (MIMO) 

communication system. In accordance with the method, a pilot is transmitted on the 

uplink channel and used to derive an estimate of the uplink channel response. A pilot is 

also transmitted on the downlink channel and used to derive an estimate of the downlink 

channel response. Two sets of correction factors are then determined based on the 

estimates of the downlink and uplink channel responses. A calibrated downlink channel 

is formed by using a first set of correction factors for the downlink channel, and a 

calibrated uplink channel is formed by using a second set of correction factors for the 



uplink channel. The appropriate correction factors will be used at the respective 

transmitter for the downlink and uplink channels. The responses of the calibrated 

downlink and uplink channels are approximately reciprocal due to the two sets of 

correction factors. The first and second sets of correction factors may be determined 

using a matrix-ratio computation or a minimum mean square error (MMSE) 

computation, as described below. 

[1009] The calibration may be performed in real-time based on over-the-air 

transmission. Each user terminal in the system may derive the second set of correction 

factors for its own use. The first set of correction factors for the access point may be 

derived by multiple user terminals. For an orthogonal frequency division multiplexing 

(OFDM) system, the calibration may be performed for a first set of subbands to obtain 

two sets of correction factors for each subband. Correction factors for other 

"uncalibrated" subbands may be interpolated based on the correction factors obtained 

for the "calibrated" subbands. 

[1010] Various aspects and embodiments of the invention are described in further 

detail below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[1011] The features, nature, and advantages of the present invention will become 

more apparent from the detailed description set forth below when taken in conjunction 

with the drawings in which like reference characters identify correspondingly 

throughout and wherein: 

[1012] FIG. 1 shows the transmit and receive chains at an access point and a user 

terminal in a MIMO system; 

[1013] FIG. 2 illustrates the application of correction factors to account for 

differences in the transmit/receive chains at the access point and user terminal; 

[1014] FIG. 3 shows a process for calibrating the downlink and uplink channel 

responses in a TDD MIMO-OFDM system; 

[1015] FIG. 4 shows a process for deriving estimates of the correction vectors from 

the downlink and uplink channel response estimates; 

[1016] 

[1017] 

FIG. 5 is a block diagram of the access point and user terminal; and 

FIG. 6 is a block diagram of a TX spatial processor. 



DETAILED DESCRIPTION 

[1018] The calibration techniques described herein may be used for various wireless 

communication systems. Moreover, these techniques may be used for single-input 

single-output (SISO) systems, multiple-input single-output (MISO) systems, single­

input multiple-output (SIMO) systems, and multiple-input multiple-output (MIMO) 

systems .. 

[1019] A MIMO system employs multiple (Nr) transmit antennas and multiple (NR) 

receive antennas for data transmission. A MIMO channel formed by the Nr transmit 

and NR receive antennas may be decomposed into Ns independent channels, with 

N
5 

$ min{Nr, N R}. Each of the Ns independent channels is also referred to as a spatial 

subchannel or an eigenmode of the MIMO channel and corresponds to a dimension. 

The MIMO system can provide improved performance (e.g., increased transmission 

capacity) if the additional dimensionalities created by the multiple transmit and receive 

antennas are utilized. This typically requires an accurate estimate of the channel 

response between the transmitter and receiver. 

[1020] FIG. 1 shows a block diagram of the transmit and receive chains at an access 

point 102 and a user terminal 104 in a MIMO system. For this system, the downlink 

and uplink share the same frequency band in a time division duplexed manner. 

[1021] For the downlink, at access point 102, symbols (denoted by a "transmit" 

vector :!dn ) are processed by a transmit chain (TMTR) 114 and transmitted from Nap 

antennas 116 over a wireless channel. At user terminal 104, the downlink signals are 

received by N.,, antennas 152 and processed by a receive chain (RCVR) 154 to provide 

received symbols (denoted by a "receive" vector !:.dn ). The processing by transmit 

chain 114 typically includes d!gital-to-analog conversion, amplification, filtering, 

frequency upconversion, and so on. The processing by receive chain 154 typically 

includes frequency downconversion, amplification, filtering, analog-to-digital 

conversion, and so on. 

[1022] For the uplink, at user terminal 104, symbols (denoted by transmit vector 

:!up
) are processed by a transmit chain 164 and transmitted from N

w 
antennas 152 over 

the wireless channel. At access point 102, the uplink signals are received by N"P

antennas 116 and processed by a receive chain 124 to provide received symbols 

(denoted by receive vector !:up). 
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[1023] For the downlink, the receive vector at the user terminal may be expressed 

as: 

Eq (1) 

where :!
ct

n is the transmit vector with N"
P 

entries for the symbols transmitted from the 

N
0P 

antennas at the access point; 

!:
ct

n is the receive vector with N
u
, entries for the symbols received on the N

u
, 

antennas at the user terminal; 

Iap 
is an N

ap 
X N

ap 
diagonal matrix with entries for the complex gains associated 

with the transmit chain for the N
ap 

antennas at the access point; 

Rut 
is an N

u1 
x N

w 
diagonal matrix with entries for the complex gains associated 

with the receive chain for the N
u
, antennas at the user terminal; and 

H is an N
u
t x N

,,P 
channel response matrix for the downlink. 

The responses of the transmit/receive chains and the wireless channel are typically a 

function of frequency. For simplicity, a flat-fading channel (i.e., with a flat frequency 

response) is assumed. 

[1024] For the uplink, the receive vector at the access point may be expressed as: 

Eq (2) 

where !up is the transmit vector for the symbols transmitted from the N
,,, 

antennas at 

the user terminal; 

[1025] 

!:
up 

is the receive vector for the symbols received on the N
ap 

antennas at the 

access point; 

Iui is an N
ur 

x N
11t 

diagonal matrix with entries for the complex gains associated 

with the transmit chain for the N
111 

antennas at the user terminal; and 

R ap 
is an N

ap xN
ap 

diagonal matrix with entries for the complex gains 

associated with the receive chain for the N
ap antennas at the access point. 

For a TDD system, since the downlink and uplink share'the same frequency 

band, a high degree of correlation normally exists between the downlink and uplink 
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channel responses. Thus, the downlink and uplink channel response matrices may be 

assumed to be reciprocal' (i.e., transposes) of each other and denoted H and HT , 

respectively, as shown in equations (1) and (2). However, the responses of the 

transmit/receive chains at the access point are typically not equal to the responses of the 

transmit/receive chains at the user terminal. The differences then result in the following 

inequality Rap
HT Lt * (Rut

HT
apf.

[1026] From equations (1) and (2), the "effective" downlink and uplink channel 

responses, H
dn 

and H
up

, which include the responses of the applicable transmit and 

receive chains, may be expressed as: 

and Eq (3) 

Combining the two equations in equation set (3), the following relationship may be 

obtained: 

R-1 H T-1 (R-1 H T-1 )T T-1 HT R-1-Ut-dn-ap = -ap-Up-ut = -UI-Up-ap 
. 

Rearranging equation (4), the following is obtained: 

or 

Eq (4) 

Eq (5) 

where K
ut 

= !�!B
ui 

and K ap
= L�R

ap
. Equation (5) may also be expressed as: 

Eq (6) 

[1027] The left-hand side of equation (6) represents the calibrated channel response 

on the uplink, and the right-hand side represents the calibrated channel response on the 

downlink. The application of the diagonal matrices, K
u
t and K

ap
, to the effective 

downlink and uplink channel responses, as shown in equation (6), allows the calibrated 

channel responses for the downlink and uplink to be expressed as transposes of each 

other. The (N"P X N"P) diagonal matrix Kap 
for the access point is the ratio of the .



'7 

T . 
R

ap receive chain response R
ap 

to the transmit chain response _ap 
(1.e., K

ap 
= --), where 

I.p 

the ratio is taken element-by-element. Similarly, the (N
ut 

x N,,J diagonal matrix K
u1 

for the user terminal is the ratio of the receive chain response R
ut 

to the transmit chain 

response Iut . 

[1028] The matrices K
ap 

and K
u
t include values that can account for differences in 

the transmit/receive chains at the access point and user terminal. This would then allow 

the channel response for one link to be expressed by the channel response for the other 

link, as shown in equation (6). 

[1029] Calibration may be performed to determine the matrices K.P and K
ut .

Typically, the true channel response H and the transmit/receive chain responses are not 

known nor can they be exactly or easily ascertained. Instead, the effective downlink 

and uplink channel responses, H
dn 

and H
up 

, may be estimated based on pilots sent on 

the downlink and uplink, respectively, as described below. Estimates of the matrices 

K
ap 

and K
u1 

, which are referred to as correction matrices K
ap 

and K
ut 

, may then be 

derived based on the downlink and uplink channel response estimates, Hdn and Hup, as 

described below. The matrices K
ap 

and K
ut 

include correction factors that can account 

for differences in the transmit/receive chains at the access point and user terminal. 

[1030] FIG. 2 illustrates the application of the correction matrices K
ap 

and K
01 

to 

account for differences in the transmit/receive chains at the access point and user 

terminal. On the downlink, the transmit vector �
ct

n is first multiplied with the matrix 

K.P by a unit 112. The subsequent processing by transmit chain 114 and receive chain

154 for the downlink is the same as shown in FIG. 1. Similarly, on the uplink, the

transmit vector :!
up 

is first multiplied with the matrix K
ut 

by a unit 162. Again, the

subsequent processing by transmit chain 164 and receive chain 124 for the uplink is the

same as shown in FIG. 1.

[1031] The "calibrated" downlink and uplink channel responses observed by the 

user terminal and access point, respectively, may then be expressed as: 

H =H K 
-cdn -dn-ap and Eq (7) 
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T . wh�re !!cdn 
and Hcup are estimates of the "true" calibrated channel response 

expressions in equation (6). Combining the two equations in equation set (7) using the 

expression in equation (6), it can be shown that Hcdn ::::: u:up. The accuracy of the 

relationship H
cdn 

::::: u:up is dependent on the accuracy of 'the matrices Kap and Kut, 

which in tum is typically dependent on the quality of the downlink and uplink channel 

response estimates, H
c1n 

and H
u
p . 

[1032) As shown above, calibration may be performed in a TDD system to 

determine the differences in the responses of the transmit/receive chains at the access 

point and user terminal, and to account for the differences. Once the transmit/receive 

chains have been calibrated, a calibrated channel response estimate obtained for one 

link (e.g., H
cdn

) may be used as an estimate of the calibrated channel response for the 

other link (e.g., H
cu

p ). 

[10331 The calibration techniques described herein may also be used for wireless 

communication systems that employ OFDM. OFDM effectively partitions the overall 

system bandwidth into a number of (NF) orthogonal subbands, which are also referred to 

as frequency bins or subchannels. With OFDM, each subband is associated with a 

respective subcarrier upon which data may be modulated. For a MIMO system that 

utilizes OFDM (i.e., a MIMO-OFDM system), each subband of each eigenmode may be 

viewed as an independent transmission channel. 

(1034) The calibration may be performed in various manners. For clarity, a specific 

calibration scheme is described below for a TDD MIMO-OFDM system. For this 

system, each subband of the wireless link may be assumed to be reciprocal. 

(1035) FIG. 3 is a flow diagram of an embodiment of a process 300 for calibrating 

the downlink and uplink channel responses in the TDD MIMO-OFDM system. 

Initially, the user terminal acquires the timing and frequency of the access point using 

acquisition procedures defined for the system (step 310). The user terminal may then 

send a message to initiate calibration with the access point, or the calibration may be 

initiated by the access point. The calibration may be performed in parallel with 

registration/authentication of the user terminal by the access point (e.g., during call 

setup) and may also be performed whenever warranted. 

(1036) The calibration may be performed for all subbands that may be used for data 

transmission (which are referred to as the "data" subbands). Subbands not used for data 
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transmission (e.g., guard subbands) typically do not need to be calibrated. However, 

since the frequency responses of the transmit/receive chains at the access point and user 

terminal are typically flat over most of the band of interest, and since adjacent subbands 

are likely to be correlated, the calibration may be performed for only a subset of the data 

subbands. If fewer than all data subbands are calibrated, then the subbands to be 

calibrated (which are referred to as the "designated" subbands) may be signaled to the 

access point (e.g., in the message sent to initiate the calibration). 

[1037] For the calibration, the user terminal transmits a MIMO pilot on the 

designated subbands to the access point (step 312). The generation of the MIMO pilot 

is described in detail below. The duration of the uplink MIMO pilot transmission may 

be dependent on the number of designated subbands. For example, 8 OFDM symbols 

may be sufficient if calibration is performed for four subbands, and more (e.g., 20) 

OFDM symbols may be needed for more subbands. 

[1038] The access point receives the uplink MIMO pilot and derives an estimate of 

the uplink channel response, Hup (k), for each of the designated subbands, where k 

represents the subband index. Channel estimation based on the MIMO pilot is 

described below. The uplink channel response estimates are quantized and sent to the 

user terminal (step 314). The entries in each matrix H
u
/k) are complex channel gains 

between the N"' transmit and Nap 
receive antennas for the uplink for the k-th subband. 

The channel gains for all matrices may be scaled by a particular scaling factor, which is 

common across all designated subbands, to obtain the desired dynamic range. For 

example, the channel gains in each matrix Hup (k) may be inversely scaled by the 

largest channel gain for all matrices Hu/k) for the designated subbands. Since the goal 

of the calibration is to normalize the gain/phase diff�rence between the downlink and 

uplink, the absolute channel gains are not important. If 12-bit complex values (i.e., with 

12-bit inphase (I) and 12-bit quadrature (Q) components) are used for the channel gains,

then the downlink channel response estimates may be sent to the user terminal in

3 ·Nu,· Nap
· N,b bytes, where "3" is for the 24 total bits used to represent the I and Q

components and Nsb is the number of designated subbands.

[1039] The user terminal also receives a downlink MIMO pilot transmitted by the 

access point (step 316) and derives an estimate of the downlink channel response, 
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H
dn 

(k), for each of the designated subbands based on the received pilot (step 318). The 

user terminal then determines correction factors, K
ap

(k) and K
ut

(k), for each of the 

designated subbands based on the uplink and downlink channel response estimates, 

H
u
/k) and H

dn
(k) (step 320). 

[1040] For the derivation of the correction factors, the downlink and uplink channel 

responses for each subband are assumed to be reciprocal, with gain/phase corrections to 

account for the differences in the transmit/receive chains at the access point and user 

terminal, as follows: 

Eq (8) 

where K represents a set with al� data subbands. Since only estimates of the effective 

downlink and uplink channel responses are available for the designated subbands during 

calibration, equation (8) may be rewritten as: 

Eq (9) 

where K' represents a set with all designated subbands. A correction vector kut
(k) 

may be defined to include only the N
ur 

diagonal elements of Ku1
(k). Similarly, a 

correction vector ka
/k) may be defined to include only the N

ap 
diagonal elements of 

Ka
/k). 

[1041] The correction factors K.P(k) and K u
Jk) may be derived from the channel 

estimates H
d
n (k) and H

u
/k) in various manners, including by a matrix-ratio 

computation and a minimum mean square error (MMSE) computation. Both of these 

computation methods are described in further detail below. Other computation methods 

may also be used, and this is within the scope of the invention. 

A. Matrix-Ratio Computation

[1042] FIG. 4 is a flow diagram of an embodiment of a process 320a for deriving 

the correction vectors k ut 
(k) and ka

/k) from the downlink and uplink channel 
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response estimates 1(/k) and Hct11(k) using matrix-ratio computation. Process 320a 

may be used for step 320 in FIG. 3. 

[1043] Initially, an (Nw X N
0P ) matrix �(k) is computed for each designated 

subband (step 412), as follows: 

AT 

C(k) = 1:fu/k)
c k K' " , 1or E , -

Hdn(k) 
Eq (10) 

where the ratio is taken element-by-element. Each element of �(k) may thus be 

computed as: 

C (k) =�up,,J(k) c · {l N} d · {} N }, 1or l = ... ut an ] = . . . ap , 
l,J h (k) 

dn,,J 

Eq (11) 

where hup,./k) and hdn ,,
1
(k) are the (i,j).:.th (row, column) element of H:P (k) and 

Hdn (k), respectively, and c,,
1 
(k) is the ( i, j )-th element of �(k) . 

[1044] In an embodiment, the correction vector for the access point, kap (k) , is 

defined to be equal to the mean of the normalized rows of �(k) and is derived by the 

steps in block 420. Each row of �(k) is first normalized by scaling each of the Nap 

elements in the row with the first element in the row (step 422). Thus, if 

�' (k) = [c,.
1 
(k) ... c,.N (k)] is the i-th row of �(k), then the normalized row f_,(k) may 

ap 

be expressed as: 

f_,(k) = [c,.I (k)lcu (k) ... c,.J (k)I c,.l (k) ... c,.Nap (k)I c,.I (k)] Eq (12) 

The mean of the normalized rows is then determined as the sum of the N
111 

normalized 

rows divided by N
111 

(step 424). The correction vector k ap(k) is set equal to this mean 

(step 426), which may be expressed as: 

J 
N., 

ka/k) = -Lf., (k) , for k EK'. N,,, /=I 
Eq (13) 
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Because of the normalization, the first element of kap (k) is unity. 

[1045] In an embodiment, the correction vector for the user terminal, kut (k), is 

defined to be equal to the mean of the inverses of the normalized columns of �(k) and 

is derived by the steps in block 430. The j-th column of �(k) is first normalized by 

scaling each element in the column with the j-th element of the vector kap (k) , which is 

denoted as K
ap

./k) (step 432). Thus, if £/k) = [c
1
_/k) ... c

N
,,,,/k)( is the j-th column 

of �(k), then the normalized column £/k) may be expressed as: 

The mean of the inverses of the normalized columns is then determined as the sum of 

the inverses of the Nap normalized columns divided by Nap (step 434). The correction 

vector kut (k) is set equal to this mean (step 436), which may be expressed as: 

� 1 N"P 1 
�ut (k) = N �-

(k) 
, for k E K, 

ap J-1 f.1 

Eq (15) 

where the inversion of the normalized columns, £
1 
(k), is performed element-wise. 

B. MMSE Computation

[1046] For the MMSE computation, the correction factors K
ap

(k) and Kut (k) are 

, derived from the downlink and uplink channel response estimates H
dn 

(k) and H
u
/k) 

such that the mean square error (MSE) between the calibrated downlink channel 

response and the calibrated uplink channel response is minimized. This condition may 

be expressed as: 

Eq (16) 

Equation (16) is subject to the constraint that the lead element of K
a
/k) is set equal to 

unity (i.e., K
ap

.o.o(k) =I). Without this constraint, the trivial solution would be 

obtained with all elements of the matrices K
ap

(k) and Kut (k) set equal to zero. In 



equation (16), a matrix Y(k) is first obtained as 

Y(k) = (H
dn 

(k)K
ap

(k))7 -(H
up

(k)K
u
Jk)) . The square of the absolute value is next 

obtained for each of the N
ap 

·N
u
, entries of the matrix Y(k). The mean square error 

(or the square error, since a divide by N
a
p • N

u
, is omitted) is then equal to the sum of 

all N
ap 

·N
ut 

squared values. 

[1047] The MMSE computation is performed for each designated subband to obtain 

the correction factors K
ap

(k) and K
u1 

(k) for that subband. The MMSE computation 

for one subband is described below. For simplicity, the subband index, k, is omitted in 

the following description. Also for simplicity, the elements of the downlink channel 
AT 

response estimate H
dn 

are denoted as { a
lJ 
} , the elements of the uplink channel response 

estimate H up 
are denoted as {b,1}, the diagonal elements of the matrix K ap 

are denoted 

as { u, } , and the diagonal elements of the matrix K
u1 

are denoted as { v 
1 
} , where 

i={l ... Nap
} and J={l ... N

u1
}.

[1048] The mean square error may be rewritten from equation (16), as follows: 

Nu., Nar 

MSE = LLI a,
1
u, -b,

1
v

1 
j2 

1=1 1=1 

Eq (17) 

again subject to the constraint u
1 
= 1. The minimum mean square error may be obtained 

by taking the partial derivatives of equation (17) with respect to u and v and setting the 

partial derivatives to zero. The results of these operations are the following equation 

sets: 

N,,, 

L(a,p, -b
u
v) ·a; =0 , for i = {2 ... N

ap
}, and Eq (18a) 

1=1 

Nnp 

L(ai,, -b,
1
v) ·b,: = 0 , for j = {l ... Nu,}. Eq (18b) 

1=1 

In equation (18a), u
1 
= I so there is no partial derivative for this case, and the index i 

runs from 2 through N
0P

. 



(1049] The set of (N
ap

+ N
ut 

-1) equations in equation sets (18a) and (18b) may be 

more conveniently expressed in matrix form, as follows: 

Ay='!,_ 

where 

fla2J 
J=I 

0 

0 
A= 

-a21h;1 

-a b* 
2Nul 2Nu, 

'!,_= 

, 

0 

0 

0 

N., 2 

}Ja3JI 
j=l 

0 

0 

0 

0 

0 

fl
a 

1

2 

Napl 
1=1 

-a b* N
ap

l N
,,,,

I 

-a b* NapNut 1VapNU1 

and y = 

-h21a;1 

-b a* N
np

l Nap
l 

t1b,J 

1=1 

0 

0 

0 

N 

flb,J 0

I=I 
0 

0 

Eq (19) 

-b a* 2N
"" 

2N,,, 

-b a* N
n.p

NuJ NnpN,d 

0 

0 

t1b1NJ 
1=1 

[1050] The matrix A includes (N"P + N
ut 

-1) rows, with the first N
0P -1 rows 

corresponding to the N
ap 

- I equations from equation set ( 18a) and the last N
u
, rows 

corresponding to the N
u
t equations from equation set (18b). In particular, the first row 

of the matrix A is generated from equation set (18a) with i = 2, the second row is 

generated with i = 3, and so on. The N
a
p -th row of the matrix· A is generated from 

equation set (18b) with j = 1 ,  and so on, and the last row is generated with j = N,a. As 
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shown above, the entries of the matrix A and the entries of the vector '!!. may be 

AT A 

obtained based on the entries in the matrices H
dn 

and Hup
. 

[1051} 

as: 

[1052} 

The correction factors are included in the vector y, which may be obtained 

A-1 y=_ ! Eq (20) 

The results of the MMSE computation are correction matrices Kap and Kut 

that minimize the mean square error in the calibrated downlink and uplink channel 

responses, as shown in equation (16). Since the matrices Kap and Kut are obtained

based on the downlink and uplink channel response estimates, H
ct

n and Hup, the quality

of the correction matrices Kap and Ku
1 

are thus dependent on the quality of the channel

estimates Hdn and Hup. The MIMO pilot may be averaged at the receiver to obtain

more accurate estimates for Hdn and Hup . 

[1053] The correction matrices, Kap and Kut, obtained based on the MMSE

computation are generally better than the correction matrices obtained based on the 

matrix-ratio computation, especially when some of the channel gains are small and 

measurement noise can greatly degrade the channel gains. 

C. Post Computation

[1054] Regardless of the particular computation method selected for use, after 

completion of the computation, the user terminal sends to the access point the correction 

vectors, kap (k), for all designated subbands back to the access point. If 12-bit complex

values are used for each correction factor in kap (k), then the correction vectors kap (k)

for all designated subbands may be sent to the access point in 3 · (Nap 
-1) · N

511 
bytes, 

where "3" is for the 12-bit I and Q components and (N"P -1) results from the first

element in each vector kap (k) being equal to unity and thus not needing to be sent back.

If the first element is set to 2 10 
= I 024, then 12 dB of headroom is available (since the 



maximum 12-bit value is 2 1 2 -1 = 4095 ), which would then allow gain mismatch of up 

to 12 dB between the downlink and uplink to be accommodated by 12-bit values. 

[1055] A pair of correction vectors k.
p
(k) and k

u, (k) is obtained for each 

designated subband. If the calibration is performed for fewer than all of the data 

subbands, then the correction factors for the "uncalibrated" subbands may be obtained 

by interpolating the correction factors obtained for the designated subbands. The 

interpolation may be performed by the access point to obtain the correction vectors 

kap 
(k), for k E K. Similarly, the interpolation may be performed by the user terminal 

to obtain the correction vectors k
u
, (k), for k E K . 

[1056] The access point and user terminal thereafter use their respective correction 

vectors k
a
/k) and k

u
,(k), or the corresponding correction matrices K

a
/k) and 

Ku1 
(k), for ke K, to scale modulation symbols prior to transmission over the wireless 

channel, as described below. The effective downlink channel that the user terminal sees 

would then be H
c,10 

(k) = H
dn 

(k)K
ap 

(k). 

[1057] The calibration scheme described above, whereby a vector of correction 

factors is obtained for each of the access point and user terminal, allows "compatible" 

correction vectors to be derived for the access point when the calibration is performed 

by different user terminals. If the access point has already been calibrated (e.g., by one 

or more other user terminals), then the current correction vectors may be updated with 

the newly derived correction vectors. Thus, if the access point uses correction vectors 

kapI 
(k) to transmit the MIMO pilot from which the user terminal determines new 

correction vectors kapz (k), then the updated correction vectors kapJ (k) are the product 

of the current and new correction vectors. The correction vectors kapl (k) and kap
2 
(k)

may be derived by the same or different user terminals. 

[1058] In one embodiment, the updated correction vectors are redefined as 

kap3 (k) =kap1 (k)·kap2(k), where the multiplication is element-by-element. In another 

embodiment, the updated correction vectors may be redefined as 

kapJ 
(k) = k:; 1 

(k) · k:;
2 
(k), where a

1 
and a

2 
are factors used to provide exponential 

averaging and to assign weights to the current and new correction vectors. The updated 
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correction vectors kapJ (k) may then be used by the access point until they are updated 

again. 

[1059] As noted above, the calibration may be performed for fewer than all data 

subbands. For example, the calibration may be performed for every n-th subband, 

where n may be determined by the expected response of the transmit/receive chains 

(e.g., n may be 2, 4, 8, 16, and so on). The calibration may also be performed for non­

uniformly distributed subbands. For example, since there may be more filter roll-off at 

the edges of the passband, which may create more mismatch in the transmit/receive 

chains, more subbands near the band edges may be calibrated. In general, any number 

and any distribution of subbands may be calibrated, and this is within the scope of the 

invention. 

[1060] In the above description, the correction vectors kap ( k) and kut ( k) , for 

k EK', are derived by the user terminal, and the vectors kap (k) are sent back to the 

access point. This scheme advantageously distributes the calibration processing among 

the user terminals for a multiple-access system. However, the correction vectors 

k.p(k) and k
ut 

(k) may also be derived by the access point, which would then send the

vectors kut (k) back to the �ser terminal, and this is within the scope of the invention. 

[1061] The calibration scheme described above allows each user terminal to 

calibrate its transmit/receive chains in real-time via over-the-air transmission. This 

allows user terminals with different frequency responses to achieve high performance 

without the need for tight frequency response specifications or to perform calibration at 

the factory. The access point may be calibrated by multiple user terminals to provide 

improved accuracy. 

D. Gain Considerations

(1062} The calibration may be performed based on "normalized" gains for the 

downlink and uplink channels, which are gains given relative to the noise floor at the 

receiver. The use of the normalized gains allows the characteristics of one link 

(including the channel gains and SNR per eigenmode) to be obtained based on gain 

measurements for the other link, after the downlink and uplink have been calibrated. 

(1063} The access point and user terminal may initially balance their receiver input 

levels such that the noise levels on the receive paths for the access point and user 
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terminal are approximately the same. The downlink and uplink channel responses are 

then measured relative to this noise floor. More specifically, the channel gain for a 

given subband of a given transmit/receive antenna pair may first be obtained, for 

example, as the ratio of the received pilot symbol over the transmitted pilot symbol for 

that subband of that transmit/receive antenna pair. The normalized gain is then the 

measured gain divided by the noise floor. 

[1064] A large difference in the normalized gains for the access point and the 

normalized gains for the user terminal can result in the correction factors for the user 

terminal being greatly different from unity. The correction factors for the access point 

are close to unity because the first element of the matrix Kap is set to 1.

[1065] If the correction factors for the user terminal differ greatly from unity, then 

the user terminal may not be able to apply the computed corree;tion factors. This is 

because the user terminal has a constraint on its maximum transmit power and may not 

be capable of increasing its transmit power for large correc:;tion factors. · Moreover, a 

reduction in transmit power for small correction factors is generally not desirable, since 

this may reduce the achievable data rate. 

[1066] Thus, the user terminal can transmit using a scaled version of the computed 

correction factors. The scaled calibration factors may be obtained by scaling the 

computed correction factors by a particular scaling value, which may be set equal to a 

gain delta between the downlink and uplink channel responses. This gain delta can be 

computed as an average of the differences (or deltas) between the normalized gains for 

the downlink and uplink. The scaling value (or gain delta) used for the correction 

factors for the user terminal can be sent to the access point along with the computed 

correction factors for the access point. 

[1067] With the correction factors and the scaling value or gain delta, the downlink 

channel characteristics may be determined from the measured uplink channel response, 

and vice versa. If the noise floor at either the access point or the user terminal changes, 

then the gain delta can be updated, and the updated gain delta may be sent in a message 

to the other entity. 

[1068] In the above description, the calibration results in two sets (or vectors or 

matrices) of correction factors for each subband, with one set being used by the access 

point for downlink data transmission and the other set being used by the user terminal 

for uplink data transmission. The calibration may also be performed such that two sets 



19 

of correction factors are provided for each subband, with one set being used by the 

access point for uplink data reception and the other set being used by the user terminal 

for downlink data reception. The calibration may also be performed such that one set 

of correction factors is obtained for each subband, and this set may be used at either the 

access point or the user terminal. In general, the calibration is performed such that the 

calibrated downlink and uplink channel responses are reciprocal, regardless of where 

correction factors are applied. 

2. MIMO Pilot

[1069) For the calibration, a MIMO pilot is transmitted on the uplink by the user

terminal to allow the access point to estimate the uplink channel response, and a MIMO 

pilot is transmitted on the downlink by the access point to allow the user terminal to 

estimate the downlink channel response. The same or different MIMO pilots may be 

used for the downlink and uplink, and the MIMO pilots used are known at both the 

access point and user terminal. 

[1070) In an embodiment, the MIMO pilot comprises a specific OFDM symbol 

(denoted as "P") that is transmitted from each of the Nr transmit antennas, where 

NT = Nap 
for the downlink and NT

= Nut for the uplink. For each transmit antenna, the 

same P OFDM symbol is transmitted in each symbol period designated for MIMO pilot 

transmission. However, the P OFDM symbols for each antenna are covered with a 

different N-chip Walsh sequence assigned to that antenna, where N � Nap 
for the 

downlink and N � Nut for the uplink. The Walsh covering maintains orthogonality 

between the NT transmit antennas and allows the receiver to distinguish the individual 

transmit antennas. 

[1071) The P OFDM symbol inc1udes one modulation symbol for each of the N,b 

designated subbands. The P OFDM symbol thus comprises a specific "word" of N,b 

modulation symbols that may be selected to facilitate channel estimation by the 

receiver. This word may also be defined to minimize the peak-to-average variation in 

the transmitted MIMO pilot. This may then reduce the amount of distortion and non­

linearity generated by the transmit/receive chains, which may then result in improved 

accuracy for the channel estimation. 
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[1072] For clarity, a specific MIMO pilot is described below for a specific MIMO-

OFDM system. For this system, the access point and user terminal each has four 

transmit/receive antennas. The system bandwidth is partitioned into 64 orthogonal 

subbands (i.e., N
F

= 64 ), which are assigned indices of +31 to -32. Of these 64 

subbands, 48 subbands (e.g., with indices of±{ 1, ... , 6, 8, ... , 20, 22, ... , 26}) are used 

for data, 4 subbands (e.g., with indices of ±{7, 21}) are used for pilot and possibly 

signaling, the DC subband (with index of 0) is not used, and the remaining subbands are 

also not used and serve as guard subbands. This OFDM subband structure is described 

in further detail in a document for IEEE Standard 802.11 a and entitled "Part 11: 

Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) 

specifications: High-speed Physical Layer in the 5 GHz Band," September 1999, which 

is publicly available and incorporated herein by reference. 

[1073] The P OFDM symbol includes a set of 52 QPSK modulation symbols for the 

48 data subbands and 4 pilot subbands� This P OFDM symbol may be given as follows: 

P(real) = g · { 0,0,0,0,0,0,-1,-1,-l ,-l, 1,1, 1,-1,-1, 1,-1, 1, 1,1,1,-1,-1,1,-1.1,-1,-1,-1,-1, 1,-1, 

0, 1,-1,-1,-1,-1, 1,-1,-1,-1,-1, 1, 1,-1,-1, 1,-1,-1, 1, 1,-1, 1,-1, 1,-1, 1,-,0,0,0,0,0}, 

P(imag) = g · { 0,0,0,0,0,0,-l, l ,l,l,-1,-1,l,-l ,l,l, l ,-l ,l,-1,-1,-1,-1,-1,-l,l,l,-l,l,l,-l,l, 

0,-1,-1,-1,-1,1,l,-l, 1,-1,-1, 1,-1, 1,-1,1, 1,1,-1,1,1, I, l,1,1,-1,-1,0,0,0,0,0}, 

where g is a gain used for the pilot. The values within the { } bracket are given for 

subband indices -32 through -1 (for the first line) and O through +31 (for the second 

line). Thus, the first line for P(real) and P(imag) indicates that symbol (-1- j) is 

transmitted in subband -26, symbol (-1 + j) is transmitted in subband -25, and so on. 

The second line for P(real) and P(imag) indicates that symbol (1- j) is transmitted in 

subband 1, symbol (-1- j) is tran,smitted in subband 2, and so on. Other OFDM 

symbols may also be used for the MIMO pilot. 

[1074] In an embodiment, the four transmit antennas are assigned Walsh sequences 

of W
1 
= 1111, W

2 = 1010 , W
3 

= llOO, and W
4 

= 1001 for the MIMO pilot. For a 

given Walsh sequence, a value of "I" indicates that a P OFDM symbol is transmitted 

and a value of "O" indicates that a -P OFDM symbol is transmitted (i.e., each of the 52 

modulation symbols in P is inverted). 
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[1075] Table 1 lists the OFDM symbols transmitted from each of the four transmit 

antennas for a MIMO pilot transmission that spans four symbol periods. 

Table 1 

OFDM 
Antenna 1 Antenna 2 Antenna 3 Antenna 4 

symbol 

1 +P +P +P +P

2 +P -P +P -P

3 +P +P -P -P

4 +P -P -P +P

For longer MIMO pilot transmission, the Walsh sequence for each transmit antenna is 

simply repeated. For this set of Walsh sequences, the MIMO pilot transmission occurs 

in integer multiples of four symbol periods to ensure orthogonality among the four 

transmit antennas. 

[1076] The receiver may derive an estimate of the channel response based on the 

received MIMO pilot by performing the complementary processing. In particular, to 

recover the pilot sent from transmit antenna i and received by receive antenna}, the pilot 

received by receive antenna j is first multiplied with the Walsh sequence assigned to 

transmit antenna i. The decovered OFDM symbols for all N ps symbol periods for the 

MIMO pilot are then accumulated, where the accumulation is performed individually 

for each of the 52 subbands used to carry the MIMO pilot. The results of the 

accumulation is h,./k), for k = ± {l, ... , 26}, which is an estimate of the effective 

channel response from transmit antenna i to receive antenna j (i.e., including the 

responses for the transmit/receive chains) for the 52 data and pilot subbands. 

[1077] The same processing may be performed to recover the pilot from each 

transmit antenna at each receive antenna. The pHot processing provides N"fl · N
,,r 

values 

that are the elements of the effective channel response estimate, H
up

(k) or H
ctn 

(k), for 

each of the 52 subbands. 

[1078] The channel estimation described above may be performed by both the 

access point and the user terminal during calibration to obtain the effective uplink 

channel response estimate Hu/k) and the effective downlink channel response estimate 



Hdn (k), respectively, which are then used to derive the correction factors as described 

above. 

3. Spatial Processing

[1079] The correlation between the downlink and uplink channel responses may be

exploited to simplify the channel estimation and spatial processing at the access point 

and user terminal for TDD MIMO and MIMO-OFDM systems. This simplification is 

possible after calibration has been performed to account for differences in the 

transmit/receive chains. As noted above, the calibrated channel responses are: 

for the downlink, and Eq (21a) 

Eq (21b) 

The· last equality in equation (16b) comes from using the relationship between the 

effective downlink and uplink channel responses, H
u
r (k) = ( K�! (k)H

ctn 
(k)K

a
r (k)f. 

[1080] The channel response matrix H(k) for each subband may be "diagonalized" 

to obtain the Ns eigenmodes for that subband. This may be achieved by performing 

either singular value decomposition on the channel response matrix H(k) or eigenvalue 

decomposition on the correlation matrix of H(k), which is R(k) = H
H 

(k)H(k).

[1081] The singular valut: decomposition of the calibrated uplink channel response 

matrix, Hcup
(k), may be expressed as: 

Hcu
/k) = U

a
/k)�(k)V: (k) , fork EK, Eq (22) 

where U •P (k) is an (N w x N
,,1

) unitary matrix of left eigenvectors of Hcu
r (k);

�(k) is an (N
w 

x N
,,P

) diagonal matrix of singular values of Hcup 
(k); and 

V ut (k) is an (N"
P 

X N
ap

) unitary matrix of right eigenvectors of Hcu/k). 

[1082] A unitary matrix M is characterized by the property M H M =!,where ! is 

the identity matrix. Correspondingly, the singular value decomposition of the calibrated 

downlink channel response matrix, Hcdn (k), may be expressed as: 
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Eq (23) 

The matrices v:
1 
(k) and !J.:

P
(k) are thus also matrices of left and right eigenvectors, 

respectively, of H
cdn 

(k). 
* T H The matrices V ui (k), V ut (k), V ut (k), and V ut (k) are 

different forms of the matrix V u
1
(k), and the matrices U

a
/k), u:

P
(k), u:

P
(k), and 

u;(k) are also different forms of the matrix U
a
/k). For simplicity, reference to the 

matrices U a
p 
(k) and V ut (k). in the following description may also refer to their various 

other forms. The matrices U
ap

(k) and V
u1

(k) are used by the access point and user 

terminal, respectively, for spatial prncessing and are denoted as such by their subscripts. 

[1083] The singular value decomposition is described in further detail by Gilbert 

Strang entitled "Linear Algebra and Its Applications," Second Edition, Academic Press, 

1980, which is incorporated herein by reference. 

[1084] The user terminal can estimate the calibrated downlink channel response 

based on a MIMO pilot sent by the access point. The user terminal may then perform 

the singular value decomposition of the calibrated downlink channel response estimate 

Hcdn (k), for k E K , to obtain the diagonal matrices t(k) and the matrices V :
1 
(k) of 

left eigenvectors of H
cdn (k). This singular value decomposition may be given as 

A ..... * ..... .,.., T 

H
cdn 

(k) = Y
ui 

(k )�(k) U 
ap 

(k), where the hat (" /\ ") above each matrix indicates that it is 

an estimate of the actual matrix. 

[1085] Similarly, the access point can estimate the calibrated uplink channel 

response based on a MIMO pilot sent by the user terminal. The access point may then 

perlorm the singular value decomposition of the calibrated uplink channel response 

estimate H
cup 

(k), for k E K , to obtain the diagonal matrices t(k) and the matrices 

-O
ap

(k) of left eigenvectors of H
cup

(k), for k E K. This singular value decomposition 

A A A AH 

may be given as H
cup

(k) = U
ap

(k)�(k)V ut (k). 

[1086] Because of the reciprocal channel and the calibration, the singular value 

decomposition only need to be performed by either the user terminal or the access point 

to obtain both matrices V ut (k) and U u
p 

(k) . If performed by the user terminal, then the 



matrices V uiCk) are used for spatial processing at the user terminal and the matrices 

U
ap

(k) may be sent back to the access point. 

[1087] The access point may also be able to obtain the matrices U
a
/k) and t(k) 

based on a steered reference sent by the user terminal. Similarly, the user terminal may 

also be able to obtain the matrices V ut (k) and t(k) based on a steered reference sent 

by the access point. The steered reference is described in detail in U.S. Patent 

Application Serial No. [Attorney Docket No. 020554], entitled "MIMO WLAN 

System," filed October 25, 2002, assigned to the assignee of the present application and 

incorporated herein by reference. 

[1088] The matrices U
a
/k) and t(k) may be used to transmit independent data 

streams on the N
5 

eigenmodes of the MIMO channel, where N
5 

� min{N
ap

'N
u1

}. The 

spatial processing to transmit multiple data streams on the downlink and uplink is 

described below. 

A. Uplink Spatial Processing

[1089] The spatial processing by the user terminal for an uplink transmission may 

be expressed as: 

Eq (24) 

where �up
(k) the transmit vector for the uplink for the k-th subband; and 

[1090] 

�up(k) is a "data" vector with up to N
5 

non-zero entries for the modulation 

symbols to be transmitted on the N
5 

eigenmodes of the k-th subband. 

Additional processing may also be performed on the modulation symbols 

prior to transmission. For example, channel inversion may be applied across the data 

subbands (e.g., for each eigenmode) such that the received SNR is approximately equal 

for all data subbands. The spatial processing may then be expressed as: 

Eq (25) 

where W up (k) is a matrix with weights for the uplink channel inversion.



[1091] The channel inversion may also be performed by assigning transmit power to 

each subband before the modu]ation takes place, in which case the vector �
up

(k) 

includes the channel inversion coefficients and the matrix W 
u
p (k) can be omitted from 

equation (25). In the following description, the use of the matrix W 
up 

(k) in an 

equation indicates that the channel inversion coefficients are not incorporated into the 

vector �
up

(k) . The lack of the matrix W
up

(k) in an equation can indicate either (1)

channel inversion is not performed or (2) channel inversion is performed and 

incorporated into the vector �
up 

(k) . 

[1092] Channel inversion may be performed as described in the aforementioned 

U.S. Patent Application Serial No. [Attorney Docket No. 020554] and in U.S. Patent 

Application Serial No. 10/229,209, entitled "Coded MIMO Systems with Selective 

Channel Inversion Applied Per Eigenmode," filed August 27, 2002, assigned to the. 

assignee of the present application and incorporated herein by reference. 

[1093] The received uplink transmission at the access point may be expressed as: 

!:up
(k) = H

up
(k)�

up
(k) + !!(k) 

= lJ3p
{k)t(k)�

0p
(k) + !!(k) 

, fork EK. Eq (26) 

where !:up
(k) is the received vector for the uplink for the k-th subband; 

(1094] 

!!(k) is additive white Gaussian noise (AWGN) for the k-th subband; and 

�
up

(k) is as shown in equation (24). 

The spatial processing (or match filtering) at the access point for the received 

uplink transmission may be expressed as: 

A -I AH A � 

= � (k)Ua/k)(U.P(k)�(k)�
u/k) + !!(k)) , for k E K, Eq (27)

= �
up

(k) + j(k) 

where t/k) is an estimate of the vector �
0/k) transmitted by the user terminal on the 

uplink, and !i(k) is the post-processed noise. 



B. Downlink Spatial Processing

[1095] The spatial processing by the access point for a downlink transmission may 

be expressed as: 

Eq (28) 

where _!d0 (k) is the transmit vector and §
ct0 (k) is the data vector for the downlin�. 

[1096] Again, additional processing (e.g., channel inversion) may also be performed 

on the modulation symbols prior to transmission. The spatial processing may then be 

expressed as: 

Eq (29) 

where W dn (k) is a matrix with weights for the downlink channel inversion. 

[1097] The received downlink transmission at the user terminal may be expressed 

as: 

, fork EK, Eq (30) 

where .!dn (k) is the transmit vector as shown in equation (28). 

[1098] The spatial processing ( or match filtering) at the user terminal for the 

received downlink transmission may be expressed as: 

,... -1 ,.._ T ...... * ,... 

=� (k)V u1 (k)(V u1 (k)�(k)�c1n (k)+!!(k)) ,for kE K . Eq (31) 

= �dn(k) + n(k) 

[1099] Table 2 summarizes the spatial processing at the access point and user 

terminal for data transmission and reception. Table 2 assumes that the additional 

processing by W(k) is performed at the transmitter. However, if this additional 

processing is not performed, then W(k) can be regarded as the identity matrix. 

Table 2 



User 

Terminal 

Access 

Point 

[1100) 

27 

Uplink Downlink 

Transmit: Receive: 

�up 
(k) = 

Kut (k )V ut (k) W up 
(k )�up (k)

Receive: Transmit: 

In the above description and as shown in Table 2, the correction matrices 

K
ap 

(k) and Kut (k) are used for the transmit spatial processing at the access point and

user terminal, respectively. This can simplify the overall spatial processing since the 

modulation symbols may need to be scaled anyway (e.g., for channel inversion) and the 

correction matrices K
ap

(k) and K
ut

(k) may be combined with the weight matrices

W ctn (k) and W up 
(k) to obtain gain matrices G ctn (k) and G up 

(k), where 

G
d
n(k)=W

dn
(k)K

a
/k) and Gup

(k)=Wup
(k)Kut(k). The processing may also be

performed such that the correction matrices are used for the receive spatial processing 

(instead of the transmit spatial processing). 

4. MIMO-OFDM System

[1101] FIG. 5 is a block diagram of an embodiment of an access point 502 and a

user terminal 504 within a TDD MIMO-OFDM system. For simplicity, the following 

description assumes that the access point and user terminal are each equipped with four 

transmit/receive antennas. 

[1102] On the downlink, at access point 502, a transmit (TX) data processor 510 

receives traffic data (i.e., information bits) from a data source 508 and signaling and 

other information from a controller 530. TX data processor 510 formats, codes, 

interleaves, and modulates (i.e., symbol maps) the data to provide a stream of 

modulation symbols for each eigenmode used for data transmission. A TX spatial 

processor 520 receives the modulation symbol streams from TX data processor 510 and 

performs spatial processing to provide four streams of transmit symbols, one stream for 

each antenna. TX spatial processor 520 also multiplexes in pilot symbols as appropriate 

(e.g., for calibration). 

[1103} Each modulator (MOD) 522 receives and processes a respective transmit 

symbol stream to provide a corresponding stream of OFDM symbols. Each OFDM
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symbol stream is further processed by a transmit chain within modulator 522 to provide 

a corresponding downlink modulated signal. The four downlink modulated signals 

from modulator 522a through 522d are then transmitted from four antennas 524a 

through 524d, respectively. 

[1104] At user terminal 504, antennas 552 receive the transmitted downlink 

modulated signals, and each antenna provides a received signal to a respective 

demodulator (DEMOD) 554. Each demodulator 554 (which includes a receive chain) 

performs processing complementary to that performed at modulator 522 and provides 

received symbols. A receive (RX) spatial processor 560 then performs spatial 

processing on the received symbols from all demodulators 554 to provide recovered 

symbols, which are estimates of the modulation symbols sent by the access point. 

During calibration, RX spatial processor 560 provides a calibrated downlink channel 

estimate, H
cdn 

(k), based on the MIMO pilot transmitted by the access point. 

[1105] An RX data processor 570 processes (e.g., symbol demaps, deinterleaves, 

and decodes) th� recovered symbols to provide decoded data. The decoded data may 

include recovered traffic data, signaling, and so on, which are provided to a data sink 

572 for storage and/qr a controller 580 for further processing. During calibration, RX 

data processor 570 provides the calibrated uplink channel estimate, H
cup 

(k), which is 

derived by the access point and sent on the downlink. 

[1106] Controllers 530 and 580 control the operation of various processing units at 

the access point and user terminal, respectively. During calibration, controller 580 may 

receive the channel response estimates H
cdn 

(k) and H
cu/k), derive the correction 

matrices K
a
/k) and Kut (k), provide the matrices Kut (k) to a TX spatial processor 

592 for uplink transmission, and provide the matrices K
ap

(k) to a TX data processor 

590 for transmission back to the access point. Memory units 532 and 582 store data and 

program codes used by controllers 530 and 580, respectively. 

[1107] The processing for the uplink may be the same or different from the 

processing for the downlink. Data and signaling are processed (e.g., coded, interleaved, 

and modulated) by a TX data processor 590 and further spatially processed by TX 

spatial processor 592, which multiplexes in pilot symbols during calibration. The pilot 

and modulation symbols are further processed by modulators 554 to generate uplink 

modulated signals, which are then transmitted via antennas 552 to the access point. 



[1108] At access point 110, the uplink modulated signals are received by antennas 

524, demodulated by demodulators 522, and processed by an RX spatial processor 540 

and an RX data processor 542 in a complementary to that performed at the user 

terminal. During calibration, RX spatial processor 560 also provides a calibrated uplink 

channel estimate, H
cup 

(k), based on the MIMO pilot transmitted by the user terminal.

The matrices H
c
u
p 

(k) are received by controller 530 and then provided to TX data

processor 510 for transmission back to the user terminal. 

[1109] FIG. 6 is a block diagram of a TX spatial processor 520a, which may be 

used for TX spatial processors 520 and 592 in FIG. 5. For simplicity, the following 

description assumes that all four eigenmodes are selected for use. 

[1110] Within processor 520a, a demultiplexer 632 receives four modulation 

symbol steams (denoted as s
1
(n) through s

4
(n) ) to be transmitted on four eigenmodes, 

demultiplexes each stream into N
O 

substreams for the N
O 

data subbands, and provides 

four modulation symbol substreams for each data subband to a respective TX subband 

spatial processor 640. Each processor 640 performs the processing shown in equation 

(24), (25), (28), or (29) for one subband. 

[1111] Within each TX subband spatial processor 640, the four modulation symbol 

substreams (denoted as s
i
(k) through s

4
(k) ) are provided to four multipliers 642a 

through 642d, which also receive the gains g
1
(k), g

2
(k), g

3
(k), and g

4
(k) for the four 

eigenmodes of the associated subband. For the downlink, the four gains for each data 

subband are the diagonal elements of the corresponding matrix G dn (k) , where 

G
dn

(k) = K
ap

(k) or G
d
n(k) = w

dn
(k)K

a
/k) . For the uplink, the gains are the diagonal

elements of the matrix G 
up(k)' where G

up
(k) = K

u
Jk) or G

u
/k) = W

u
/k)K

ut
(k) .

Each multiplier 642 scales its modulation symbols with its gain g
m

(k) to provide scaled 

modulation symbols. Multipliers 642a through 642d provides four scaled modulation 

symbol substreams to four beam-formers 650a through 650d, respectively. 

[1112] Each beam-former 650 performs beam-forming to transmit one symbol 

substream on one eigenmode of one subband. Each beam-former 650 receives one 

scaled symbol substream s
m

(k) and performs beam-forming using the eigenve9tor 

Y...
m

(k) for the associated eigenmode. Within each beam-former 650, the scaled 

modulation symbols are provided to four multipliers 652a through 652d, which also 
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receive four elements, v
m

,1(k), v
m

.
2
(k), v

m
.
3
(k), and v

m
.4(k) , of the eigenvector .!.

m
(k) 

for the associated eigenmode. The eigenvector !.
m 

(k) is the m-th column of the matrix 

fr:P ( k) for the downlink and is the m-th column of the matrix V ut ( k) for the up link. 

Each multiplier 652 then multiplies the scaled modulation symbols with its eigenvector 

value v m.J (k) to provide "beam-formed" symbols. Multipliers 652a through 652d 

provide four beam-formed symbol substreams (which are to be transmitted from four 

antennas) to summers 660a through 660d, respectively. 

[1113] Each summer 660 receives and sums four beam-formed symbols for the four 

eigenmodes for each symbol period to provide a preconditioned symbol for an 

associated transmit antenna. Summers 660a through 660d provides four substreams of 

preconditioned symbols for four transmit antennas to buffers/multiplexers 670a through 

670d, respectively. 

[1114] Each buffer/multiplexer 670 receives pilot symbols and the preconditioned 

symbols from TX subband spatial processors 640 for the N
D 

data subbands. Each 

buffer/multiplexer 670 then multiplexes pilot symbols, preconditioned symbols, and 

zeros for the pilot subbands, data subbands, and unused subbands, respectively, to form 

a sequence of N
F 

transmit symbols for that symbol period. During calibration, pilot 

symbols are transmitted on the designated subbands. Multipliers 668a through 668d 

cover the pilot symbols for the four antennas with Walsh sequences W
1 

through W
4

, 

respectively, assigned to the four antennas, as described above and shown in Table 1. 

Each buffer/multiplexer 670 provides a stream of transmit symbols x,(n) for one 

transmit antenna, where the transmit symbol stream comprises concatenated sequences 

of N
F 

transmit symbols. 

[1115] The spatial processing and OFDM modulation is described in further detail 

in the aforementioned U.S. Patent Application Serial No. [Attorney Docket No.

020554]. 

[1116] The calibration techniques described herein may be implemented by various 

means. For example, these techniques may be implemented in hardware, software, or a 

combination thereof. For a hardware implementation, the techniques may be 

implemented at the access point and user terminal within one or more application 

specific integrated circuits (ASICs), digital signal processors (DSPs), digital signal 

processing devices (DSPDs), programmable logic devices (PLDs), field programmable 
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gate arrays (FPGAs ), processors, controllers, micro-controllers, microprocessors, other 

electronic units designed to perform the functions described herein, or a combination 

thereof. 

(1117] For a software implementation, the calibration techniques may be 

implemented with modules (e.g., procedures, functions, and so on) that perform the 

functions described herein. The software codes may be stored in a memory unit (e.g., 

memory units 532 and 582 in FIG. 5) and executed by a processor (e.g., controllers 530 

and 580, as appropriate). The memory unit may be implemented within the processor or 

external to the processor, in which case it can be communicatively coupled to the 

processor via various means as is known in the art. 

[1118] Headings are included herein for reference and to aid in locating certain 

sections. These headings are not intended to limit the scope of the concepts described 

therein under, and these concepts may h.ave applicability in other sections throughout 

the entire specification. 

[1119] . The previous description of the disclosed embodiments is provided to enable 

any person skilled in the art to make or use the present invention. Various 

modifications to these embodiments will be readily apparent to those skilled in the art, 

and the generic principles defined herein may be applied to other embodiments without 

departing from the spirit or scope of the invention. Thus, the_ present invention is not

intended to be limited to the'embodiments shown herein but is to be accorded the widest 

scope consistent with the principles and novel features disclosed herein. 
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