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1. Introduction

Broadband access demand is increasing in recent
years with the expansion of internet use. For wireless
access, MMAC HiSWANa [1] using the 5 GHz band
has a standardized maximum transmission rate of 54
Mbit/s, adopting the OFDM (Orthogonal Frequency
Division Multiplexing) method using a 20 MHz
frequency bandwidth. However, next-generation
broadband mobile communication systems require
improvement in frequency usage efficiency to attain a
transmission rate exceeding 100 Mbit/s.

A potential means for improving frequency usage
efficiency is the SDM (Space Division Multiplex)
method [2] which attains MIMO (Multi Input Multi
Output) channels without expanding the frequency
bandwidth. For example, the SDM method places two
antennas each for sending and receiving, attaining
double the transmission rate. When the HiSWANa
subcarrier modulation method and FEC (Forward
Error Correction) coding rate are 64 QAM and a 3/4
coding rate respectively, the maximum transmission
rate is 54 Mbit/s. Therefore, applying the SDM
method to this and multiplexing two channels enables
a maximum transmission speed of 108 Mbit/s.

However, with the SDM method the transmission
quality greatly degrades because of mutual
interference between multiplex channels. And in the
mobile transmission environment, delay-wave-
induced frequency selection phasing can occur in the
wireless communication path, which can also degrade
the transmission quality. One means for reducing
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transmission quality degradation caused by inter-
channel interference is a technology that provides
known training symbols in a transmitted TDMA (Time
Division Multiple Access) burst, and uses received
training symbols to eliminate interference with an
adaptive equalizer [2] [3]. However, such
conventional technologies have a problem in which
the circuit scale increases by applying an adaptive
equalizer with complicated calculation.

This report proposes an SDM-COFDM method to
resolve the problem above, combining the SDM
method and encoded COFDM (Coded OFDM)
methods. This proposed method uses the
transmission coefficient estimation preamble in the
TDMA burst to estimate the transmission coefficient
matrix for each OFDM subcarrier, and by
multiplying its inverse matrix (hereafter transmission
coefficient  inverse  matrix),  simultaneously
compensates for the inter-channel interference and
phasing in the TDMA burst that includes this
preamble. Also, feed-forward makes the circuit
configuration simple. Further, by multiplying the
amplitude weighted coefficient corresponding to the
SNR found from the transmission coefficient inverse
matrix for each subcarrier, this proposed method
obtains a major error correction effect with soft
decision Viterbi decoding. This report reveals that a
transmission rate exceeding 100 Mbps is achieved in
the 20 MHz bandwidth based on a computer
simulation of PER characteristics in this proposed
method during frequency selection phasing.
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2. SDM-COFDM method

2.1 SDM-COFDM method configuration

A configuration diagram of the proposed SDM-
COFDM method is given in Figure 1. In Figure 1,
sending signals for each channel (Ich, 2ch) are
convolutionally coded, a preamble for SDM-COFDM
is added for each burst, and mapping is performed
according to each modulation method. The sending
subcarrier signals (Tx'; (Ich), Tx%; (2ch) are
subcarrier signals, and 0 < j <N, N are the number of
symbols included in each burst), which are the
mapping output, will receive IFFT and subcarrier
modulation, and are sent from each sending antenna.
The receiving side also simultaneously receives
signals for both Ich and 2ch with each receiving
antenna. Inter-channel interference (ICI) and
frequency selection phasing will drastically degrade
the signals for both channels. The received signals for
each channel are subjected to subcarrier demodulation
and FFT processing. For the receiving subcarrier
signals (Rx!i; (1ch), Rxb; (2ch)), which are FFT
output, an interference compensator improves the
degradation caused by inter-channel interference and
phasing. The interference compensator output
subcarrier signal are multiplied by the amplitude
weighted coefficients w';, w', for each subcarrier
channel, and are demapped according to each
modulation method after synchronous detection.
Finally, error correction is performed on the
demodulation output using soft decision Viterbi
decoding.

2.2 Inter-channel interference model

When a 2-channel sending signal, simultaneously
sent and received using a system in Figure 1, is
received via a phasing path, it receives interference
from sending symbols from another channel. The
relationship between the sending subcarrier signal and
the receiving subcarrier signal can be expressed using
an inter-channel interference model that is modeled
after Figure 1. This is given in Figure 2.
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In Figure 2, 8%, S'2, S'2;, and S, are transmission
coefficients determined by the transmission path
between the sending antenna and the receiving antenna.
The subcarrier transmission coefficient matrix Si
having these elements is defined as:

(1)

And n'; and n'; are respectively the component of the
additive white gaussian noise (AWGN) included in
Ich and 2ch relative to the ith subcarrier. Thus the
receiving subcarrier signals Rx';;, Rx'z; (1 <j < N) can
be expressed in the following formula using the
sending subcarrier signals Tx';;, Tx'2; and the
transmission coefficient matrix S*:

()41

Ry Iny ",

2.3 Transmission coefficient matrix estimation
The signal sequence for the ith subcarrier in one
TDMA burst using the proposed method is given in
Figure 3. However, Figure 3 focuses only on the SDM
method and omits the preamble for OFDM symbol
synchronization. The sending preamble signal for
transmission coefficient estimation C' is common to

any TDMA burst when the subcarrier signal is the
same. Also, signal with the sign reversed.

(2)
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In the interference compensator of the proposed
SDM-OFDM system, first the transmission coefficient
estimation preamble is used to find the transmission
coefficient inverse matrix (S')"!, which is the inverse
matrix of the transmission coefficient matrix S’. From
Figure 2 and Formula (1), the relationship between the
sending preamble signals C' and -C' (for 1ch) and C'
and -C' (for 2ch), and their corresponding receiving
preamble signals C';;, C'2, Chas, and C'z; can be
expressed as follows:

e
8
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Con Crp o
However, in Formula C the noise component has
been omitted, to be considered during the estimation
of the amplitude weighted coefficient in Section 2.5.

Following Formula (3), the transmission coefficient
inverse matrix (S%)! can be estimated as follows:
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2.4 Feed forward interference compensation

(3)

Using the transmission coefficient inverse matrix
(S))! found as given above, the sending subcarrier
signals Tx';;, Tx'2; can be found from the receiving
subcarrier signals Rx';;, Rx'z; (1 <j < N) as follows:

T Re )
A |- gy o
Ix; Rx},
Using this prmmple, the channel compensator

compensates for mutual interference and phasing
received from the receiving subcarrier signal, and can

(5
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recreate the original sending subcarrier signal.
2.5 Amplitude weighted coefficient

In the proposed SDM-OFDM method, interference
compensation makes the signal amplitude uniform for
the receiving subcarrier signal, which makes the
likelihood information uniform for the soft decision
Viterbi decoding. Thus the error correction effect of
soft decision Viterbi decoding is not fully utilized.
Therefore, to obtain likelihood information, the
amplitude weighted coefficient is estimated from the
transmission coefficient inverse matrix (S’ based on
the SNR for each channel.

Here, using the model in Figure 3, the receiving
subcarrier signals Rx';;, Rx';; (1 < j < N) can be
expressed using the following formula:

Bxi _g Txf_j . n
Rxj | Iy ) \m

Here, if the outputs for 1ch and 2ch of the jth symbol
of the ith subcarrier for the interference compensator
are, respectively, T'x!1 j and T'x%;, then by multiplying
each term in Formula 6 by the transmission coefficient
inverse matrix (S)"! on the left'

T'x;_j _ 7x,” (S A
T'x,; Fx,J n;

is obtained. The amplitude of T'x';; and T'x; is
uniform (assuming =T), so n’; and n’; become
independent Gauss distributions. Therefore the signal
to noise ratio (SNR) for T'x';j and T'xb; is:

)

(7)
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Note that o?, is a dispersion of #’; and »'> in the
complex Gauss distribution, and s'/;;, s, 521, and

s'',, are respective elements of the transmission



coefficient inverse matrix (S")":
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To weight the signals after interference
compensation in accordance with the amplitude ratio
of the received signal, constants are eliminated from
Formulas (8) and (9) and the square root is found, as
follows:
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In this proposed method, these w'i, w'; are amplitude
weighted coefficients, and are multiplied with the
post-interference-compensation signals T'x';; and
Tlxiz,j.

3. SDM-COFDM method performance evaluation
In this section, the effectiveness of the proposed
SDM-COFDM method is made clear by a computer
simulation of the PER (Packet Error Rate)
characteristic evaluation. The parameters in the
simulation are given in Table 1. The frequency
bandwidth was 20 MHz, and the four modulation
methods were QPSK (coding rate 1/2), 16QAM
(coding rate 9/16), 16QAM (coding rate 1/2), and
64QAM (coding rate 3/4). The transmission rate per 1
channel for the respective modulation methods were
12 Mbit/s for QPSK (coding rate 1/2) (24 Mbit/s using
SDM-COFDM method), 27 Mbit/s for 16QAM
(coding rate 9/16) (54 Mbit/s using SDM-COFDM
method), 36 Mbit/s for 64QAM (coding rate 1/2) (72
Mbit/s using SDM-COFDM method), and 54 Mbit/s
for 64QAM (coding rate 3/4) (108 Mbit/s using SDM-
COFDM method). The transmission FFT sample point
count was 64, the subcarrier count was 48, the
effective symbol length was 3.2 us, and the guard
interval was 800 ns. The transmission path used an 18
wave Rayleigh fading model used in HIPERLAN/2[4]
evaluation, assuming a model with a maximum
Doppler frequency of 50 Hz. The delay spread was 50
ns, 100 nsec, and 150 nsec. The phasing in each
channel was mutually independent. The depth of
interleaving used was 16 bits. The error correction
method used convolution coding with a constraint

-4] -

length of 7 and soft decision Viterbi decoding.

Table 1 Simulation specifications

FET point 64

Number of | 48

sulrearriers /

channel

Frequency band | 20MHz

width

Modulation of | QPSK(R=1/2) 24dMbit/s
sub-carriers. coding ! 16QAM(R=9/16): 54Mbit/s
rate, ant | BAQAMM®R=1/2) 7T2Mbit/s
transmission  rate | B4QAM(R=3/4): 108Mbit/s
(SDM-COFDM

scheme) ]
Demodulation of | Coherent Detection
sub-carriers

OFDM symbol : 3.2us

duration

Guard Interval 800ns

Multipath Fading 18 ray Rayleigh fading

waves (Delay spread =

H0ns, 100ns.  150ms.
Maximum Doppler
Frequency = 50Hz)

Depth of 1 16 nt

Interleaving

Error Correction Convolution coding and

Soft  decision  Viterbi
decading {constraint
iength = 7)

Figure 4 gives the PER characteristics in the
frequency selection phasing transmission path for the
proposed method. For comparison, one channel
transmission is also given. Figure 4 shows that using
the SDM-COFDM method when the delay spread is
50 ns will result in an error floor appearing near PER
=107 for 64QAM (coding rate 3/4). But at least near
PER = 107, compared to 1 channel transmission, it is
clear that the transmission rate can be doubled with
almost no degrading of the transmission quality.
Therefore, a 108 Mbit/s transmission rate was attained
using the 64QAM modulation method (coding rate
3/4). With other subcarrier modulation methods,
compared to 1 channel transmission, there is actually
a maximum of 1 dB improvement in transmission
quality. This is probably because the diversity gain
from space division multiplex transmission exceeded
the residual degradation from inter-channel
interference after interference compensation.

When the delay spread is 100 ns, the PER



characteristic error floor tends to rise compared to 50
ns. But near PER= 107, results show that PER
characteristics have almost no degradation compared
to 1 channel transmission.

4. Summary

The SDM-COFDM method was proposed, which
realizes MIMO channel transmission without
frequency bandwidth expansion with SDM. Its

performance was evaluated using computer simulation.

Using the SDM-CODFM method attained PER
characteristics that were nearly unchanged compared
to 1 channel transmission, or a maximum gain of about
1 dB, while doubling the transmission rate. In
particular, when the modulation method was 64QAM
(coding rate 3/4), a transmission rate of 108 Mbit/s was
attained in the 20 MHz frequency bandwidth.
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