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57 ABSTRACT

A programmable logic device is equipped for low voltage
differential signaling (“LVDS”) by providing an LVDS input
buffer and/or an LVDS output buffer on the device. I/O pins
on the device that are used together in pairs for LVDS can
alternatively be used individually for other types of signal-
ing. The LVDS buffers are constructed to give good perfor-
mance and to meet LVDS specifications despite variations
due to temperature, manufacturing process inconsistency,
and power supply changes.

19 Claims, 9 Drawing Sheets

“®
T
ToLoxc —<}\—1
@ !
e
st

0 R’ ‘_~—&1—m
»mmacl . 3 2 |

s~ _ 80

R
10106 — 22

, PROCRAMMASLE LOGOTRIKE 10~

Silicon Labs v. Cresta Technology
Silabs IPR Exhibt 1031

Cresta Ex 2030-2
Silicon v Cresta
IPR2015-00626



U.S. Patent Jun. 4, 2002 Sheet 1 of 9 US 6,400,598 B1

19 ,
PROGRAMMABLE LOGIC DEVICE '
] 62
E; FROM
>~ LOGIC
60 52
[E l \{50 -
[ 2 I/
72
40
1 .
30 20 ¥ - TO LOGIC
E:I b2
40 ( i f
-/
A
50 - 62
%0 rrom
< LOGIC
e
4
FIG. 1
Silicon Labs v. Cresta Technology 2
Silabs IPR Exhibt 1031 Cresta Ex 2030-3

Silicon v Cresta
IPR2015-00626



U.S. Patent

Vce

Jun. 4, 2002

TO
" LOGIC

o~
™
[el

Sheet 2 of 9

US 6,400,598 B1

%F.Tﬂl E_, 322
320

310

Silicon Labs v. Cresta Technology
Silabs IPR Exhibt 1031

< N
& =L 8 )
\I B Py el o IAI
— S
=l
N
L_ef
S
e
1=
o
2T & & 2
= | '
'_l:_k\g 2 | S
. . L /
®
N
= o~
N~
S
< . _ N
: . O
?_r L
S o
e 1 o
=1 OT o—_-\—[
" = Tl
= .
(=} go———rR_'L———
sy

INA

Cresta Ex 2030-4
Silicon v Cresta
IPR2015-00626



U.S. Patent Jun. 4, 2002 Sheet 3 of 9 US 6,400,598 B1
ELEMENT CONDITION
110 ON
112 PARTIALLY ON
DRAIN OF 110 PULLED LOW
DRAIN OF 112 ALLOWED TO GO HIGH
120 ON
122 PARTIALLY ON
130 ON
132 PARTIALLY ON
140 ON
142 PARTIALLY ON
DRAIN OF 130 HIGH
DRAIN OF 132 LOW
210 ON
212 PARTIALLY ON
DRAIN OF 210 HIGH
DRAIN OF 212 ALLOWED TO GO LOW
220 ON
222 PARTIALLY ON
240 ON
242 PARTIALLY ON
310 PARTIALLY ON
312 ON
DRAIN OF 310 HIGH
DRAIN OF 312 LOW
320 ON
322 ON
FIG. 3

Silicon Labs v. Cresta Technology
Silabs IPR Exhibt 1031

4

Cresta Ex 2030-5
Silicon v Cresta
IPR2015-00626



U.S. Patent

Jun. 4, 2002 Sheet 4 of 9 US 6,400,598 B1
Vce
o 0

Vref

INB
542 530
|
.:I/ |'—*’—+§: :Jl s 932
540
Vv v v v
72 V;s
|~ I
B i
502 504
N v
Vss
Silicon Labs v. Cresta Technology S
Silabs IPR Exhibt 1031 Cresta Ex 2030-6

Silicon v Cresta
IPR2015-00626



U.S. Patent Jun. 4, 2002 Sheet 5 of 9 US 6,400,598 B1

Vce Vce
72 73 954 55&€
d
G—1b—3 3
Vce
(O o) o) o
590

S

572 570 |E
INA —[° {|——

INB
Vref
560
I k
o] e
562
< &
|\ ~ _J
Vss
Silicon Labs v. Cresta Technology 6
Silabs IPR Exhibt 1031 Cresta Ex 2030-7

Silicon v Cresta
IPR2015-00626



[€0T 3qIyxd AdI sqe[lS

A3o[ouyoa ], €SI *A SqBT UOI[IS

Veen Veen "
Voo 2 600 o
FIG. 6 o] \ 6602
632 636 640
§,660b
608 Vss .
AVAN E—j
604
LY :ﬁk )EI /Jtl 20
650 ._41_—]»
Ve Ve : 652b —5
614
20
- ;{_ 630b 1L
606 .
FROM '_\I:—Ll | . Lé; /{lu / /“;
Losic 177 3 [P i, 652a
602 612 3 616 _ R
s 680b
690 -
J—; 660c

Vss

¢ PROGRAMMABLE LOGIC DEVICE
>

€4

Juded *S'N

200¢ ‘p ‘unf

670

6 30 9 194§

Td 86S°00+°9 SN

Cresta Ex 2030-8

Silicon v Cresta
IPR2015-00626



U.S. Patent Jun. 4, 2002 Sheet 7 of 9 US 6,400,598 B1

FIG. 7

20
o)
20
-
10 ~

62
60
601
62
52

50

TO LOGIC
PROGRAMMABLE LOGIC DEVICE

TOLOGIC

2

52 ~
N
®
L~
(R)
600
FROM LOGIC < >
)
4

Silicon Labs v. Cresta Technology 8
Silabs IPR Exhibt 1031 Cresta Ex 2030-9

Silicon v Cresta
IPR2015-00626



U.S. Patent Jun. 4,2002 Sheet 8 of 9 US 6,400,598 B1

62/601
OUTPUT
ENABLE SIGNAL
FROM LOGIC
LOGIC GATE — 7%
60/600
FIG. 8 L~
FIG. 9 601 T T
600 10
FROM
LOGIC

70

TO
LOGIC

20
72 "———‘tl——?
20

TO
LOGIC

FROM
LOGIC

o fo Ne

Silicon Labs v. Cresta Technology 9
Silabs IPR Exhibt 1031 Cresta Ex 2030-10

Silicon v Cresta
IPR2015-00626



U.S. Patent Jun. 4,2002 Sheet 9 of 9 US 6,400,598 B1

S 810
PERIPHERAL
DEVICES

7 808

IO

840

/£
PLD o B30

4
7 80 [ 820
PROCESSOR

S 806
MEMORY

/

802

FIG. 10

Silicon Labs v. Cresta Technology 10

Silabs IPR Exhibt 1031 Cresta Ex 2030-11
Silicon v Cresta
IPR2015-00626



US 6,400,598 Bl

1

PROGRAMMABLE LOGIC INTEGRATED
CIRCUIT DEVICES WITH LOW VOLTAGE
DIFFERENTIAL SIGNALING CAPABILITIES

2

speed of the input buffer even though the circuitry associated
with the other current source or sink is no longer operating
effectively. Hysteresis circuitry may be provided in LVDS
input buffers to help the buffer reject spurious input signal
fluctuations. Pull-up connections may be provided on LVDS

This is a continuation of application Ser. No. 09/340,222, 5 : s

filed Jun. 25, 1999, now U.S. Pat. No. 6,236,231 which input 51.gna1 leads to help protect an LYDS input buffer from
claims the benefit of the following provisional applications: producing erroneous output signals in response o open or

No. 60/091,524, filed Jul. 2, 1998; No. 60/115,213, filed Jan,  Sbori-circuit conditions on those input signal leads.
8, 1999; and No. 60/115,214, filed Jan. 8, 1999, All of these ~ , /A1 LVDS output buffer in accordance with the invention
prior applications are hereby incorporated by reference 10 ]]fvc]ggs trusted 1o help k;ep ll.'xe outpnt voltages_ within the
et . thet enliretes, standard or spec1ﬁcat1op despite variations duc' to
such factors as (1) manufacturing process inconsistencies,
BACKGROUND OF THE INVENTION (2) temperature changes, and (3) power supply voltage
fluctuations. The LVDS output buffer includes differential
A standard that has recently been developed for signaling  output switching circuitry connected in series via resistors
over short distances is known as low voltage differential 1> between power and ground potentials. One of the resistor
signaling (“LVDS”). A description of LVDS can be found, circuits preferably includes a current source which tends to
for example, in “LVDS Owner’s Manual; Design Guide”, increase in resistance as the power supply potential
National Semiconductor, Spring 1997. (The reference men- increases, thereby helping to counteract the effect of increas-
tioned in the preceding sentence is hereby incorporated by ~ ing power supply voltage. The transistors in the differential
reference herein in its entirety.) Although LVDS is limited to 20 output switching circuitry and the resistors in series with that

distances of a few meters, this constraint is not a problem for
use of this type of signaling between devices (e.g., integrated
circuits) on a printed circuit board or in other relatively
compact systems.

Because programmable logic devices (“PLDs”) such as 2

are shown in CLff et al. U.S. Pat. No. 5,689,195 and
Jefferson et al. U.S. Pat. No. 6,215,326 are often desired as
components of systems of the type for which LVDS is
suitable, it would be desirable to provide PLDs with LVDS

circuitry are made so that they all have similar changes in
resistance due to manufacturing process variations and tem-
perature changes. This helps keep the LVDS output voltages
within LVDS specifications despite these types of variations
or changes. Capacitors are also preferably included in the
LVDS output buffer to improve the performance of the
circuitry in relation to switching transients.

Further features of the invention, its nature and various
advantages will be more apparent from the accompanying
drawings and the following detailed description of the

capabilities. (The references mentioned in the preceding o preferred embodiments.
sentence are hereby incorporated by reference herein in their
entireties.) In addition, improvements are constantly being B RIEF DE"SCR?TION OF T“E DRAWINGS
sought for LVDS circuitry generally, in terms, for example, FIG. 1 is a simplified schematic block diagram of a
of more uniform speed performance throughout the permit- , Iepresentative portion of an illustrative embodiment of the
ted operating voltage range, improved rejection of spurious =~ invention. ) o
signals, protection against open or short-circuited inputs, _ FIG. .2 1s a more dCIall?d §chemat1c diagram of an
ete. illustrative embodiment of circuitry that can be used for a
T %i . : —_—— : P : portion of what is shown in FIG. 1 in accordance with the
n view of the foregoing it is an object of this invention Sveniion
= pro vide 1mprmfed c1rcu.1tr‘y o T‘VDS gemf,rally, .. 40 FIG. 3 is a chart showing a representative operating
It is another object of this invention to provide PLDs with condition of the FIG. 2 circuitry.
VIS unpatalities. FIG. 4 is a more detailed schematic diagram of an
SUMMARY OF THE INVENTION illus'trative emquiment of. circuitry .that can be useq for a
portion of what is shown in FIG. 2 in accordance with the
These and other objects of the invention are accomplished 45 invention.

in accordance with the principles of one aspect of the
invention by providing PLDs with input/output (“I/O”) pins
that are connected in parallel to several different kinds of
input and/or output buffers, including LVDS input and/or

FIG. 5 is similar to FIG. 4 for another portion of what is
shown in FIG. 2.

FIG. 6 is a simplified schematic diagram of another
representative portion of an illustrative embodiment of the

output buffers. The PLD is programmable to allow any of the so invention.

input and/or output buffers to which an I/O pin is connected FIG. 7 is a simplified schematic diagram of circuitry of
to be used. This allows the PLD to provide LVDS the type shown in FIG. 6 in conjunction with other circuitry,
capabilities, if that is what is desired, without having to all in accordance with the invention.

dedicate I/0 pins to that particular type of use. Because an FIG. 8 is a simplified schematic block diagram of possible
LVDS connection requires a pair of I/O pins, while many 55 modification of portions of earlier FIGS. in accordance with
other signaling protocols require only one I/O pin per the invention.

connection, the PLD circuitry is programmable to allow I/O FIG. 9 is a simplified schematic diagram showing pos-
pins to be used in pairs for LVDS or individually for other  jple combination of features from earlier FIGS. in accor-
types of signaling. dance with the invention.

To help make the speed of LVDS circuitry more uniform 60 FJG. 10 is a simplified block diagram of an illustrative
across the operating voltage range permitted by the LVDS system employing a programmable logic device including
standard, circuitry is provided for strengthening at least one LVDS capabilities in accordance with the invention.
of complementary current sources or sinks used in LVDS : . - i
input buffers when the operating voltage is such that the DEFA!L\]:J) D_b‘S(;RIPT]ON (‘)li?‘Hb
circuitry associated with the other current source or sink is 65 PREFERRED EMBODIMENTS
no longer able to help the input buffer operate. The thus FIG. 1 shows a small portion of a programmable logic
strengthened current source or sink helps to maintain the device 10 constructed in accordance with this invention to
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3

include certain LVDS capabilities. FIG. 1 shows the cir-
cuitry required to enable device 10 to receive LVDS signals.
Circuitry for enabling device 10 to output LVDS signals will
be shown in later FIGS. and described later in this specifi-
cation.

As shown in FIG. 1, device 10 has I/O pins 20. Although
only two I/O pins 20 are shown in FIG. 1, it will be
understood that these are only representative and that device
10 may have many more such pins. Each of depicted 1/0
pins 20 can be used separately as an input or output pin when
VDS input via the depicted pins is not desired. In that case,
external resistor 30 would not be present. Each pin 20 could
then receive an input signal from the associated external
signal lead 40, and that signal would be applied to the logic
of device 10 via the associated conventional tri-state input
buffer 50. For example, the non-LVDS, single-conductor
signaling being used could be transistor-transistor logic
(“TTL”) signaling, and input buffers 50 would then be TTL
buffers. Any other single-conductor (non-LVDS) signaling

can be used with appropriate input buffers 50. More than one 2

type of input buffer 50 may be connected to each I/O pin 20
so that any of several single-conductor signaling protocols
can be used. Each input buffer 50 is programmably con-
trolled by an associated programmable function control
element (“FCE”) 52 to be either on (i.e., able to drive an
applied signal into the logic of device 10) or tri-stated (i.e.,
off).

Each 170 pin 20 can be alternatively used as an output pin.
In that event the associated tri-state output buffer 60 is
enabled by its associated FCE 62 to apply a signal from the
logic of device 10 to the associated 1/0 pin 20, which applies
that signal to the associated external conductor 40. Again
each output buffer 60 may be, for example, a TTL buffer or
any other type of single-conductor signaling buffer, and
several different types of such buffers may be associated
with each pin 20 so that any of several different output
signaling protocols can be used.

If it is desired to use depicted pins 20 together for input
of LVDS signals, then all of FCEs 52 and 62 are pro-
grammed to disable the associated buffers 50 and 60, and
FCE 72 is programmed to enable LVDS input buffer 70.
Resistor 30 is also included across external leads 40 in
accordance with LVDS standards. LVDS input buffer 70 is
thereby enabled to convert LVDS input signals on leads 40
to single-conductor signals and to apply those signals to the
logic of device 10.

From the foregoing it will be seen that depicted I/O pins
20 can cither be used individually for separate inputs or
outputs (i.e., by using FCEs 52 or 62 to enable input or
output buffers 50 or 60, while using FCE 72 to disable buffer
70), or the depicted pins 20 can be used together as a pair for
LVDS input (i.e., by using FCEs 52 and 62 to disable all of
buffers 50 and 60, while using FCE 72 to enable buffer 70).

Incidentally, it will be recognized that another term fre-
quently used in the art for elements like buffers 50, 60, and
70 (and 600 in later FIGS.) is “drivers”, and the term
“driver” may therefore sometimes be used herein as an
alternative to “buffer.”

An illustrative embodiment of LVDS input buffer 70 is
shown in more detail in FIG. 2. Buffer 70 is turned on by
programing FCE 72 to turn on current sink I1 and current
source 12. When buffer 70 is not to be used, FCE 72 is
programmed to turn off elements I1 and 12, thereby con-
serving power that would otherwise be consumed. Buffer 70
is constructed to be able to detect LVDS signals over the full
range of permissible voltages according to LVDS standards.

10

40

50

4

In particular, the offset voltage (“Voffset”) of the two LVDS
input signals INA and INB in FIG. 2 can be anywhere in the
range from O volts to 2.4 volts when Vee (power or logic 1
potential) for device 10 is 2.5 volts. Voffset is the average of
the voltages of INA and INB. In order to operate satisfac-
torily over such a wide Voffset range, and especially at
Voffset values that can be so close to Vss (ground or logic
0 potential) or Vce, buffer 70 includes both an NMOS
differential stage 100 and a PMOS differential stage 200.
The NMOS differential stage includes NMOS transistors
110 and 112 and operates except when Voffset is close to or
below Vtn for NMOS transistors (i.e., the gate voltage
required to turn on an NMOS transistor). Thus the NMOS
stage stops operating or is partially turned off when Voffset
is very close to ground potential. The PMOS differential
stage includes PMOS transistors 210 and 212 and operates
except when Voffset is above Vee-Vip (ie., the voltage
below which the gate of a PMOS transistor must be in order
for that transistor to turn on). Thus the PMOS stage stops
operating or is partially turned off when Voffset is close to
Vce.

Considering NMOS stage 100 in more detail, one LVDS
input (INA) is applied to the gate of transistor 110, and the
other LVDS input (INB) is applied to the gate of transistor
112. Current sink I1 pulls current from the sources of both
transistors 110 and 112. (Although in the particular circuit
relationship that it has in FIG. 2, element I1 is perhaps most
accurately described as a current sink, the more generic term
for such an element is current source, and that term may
sometimes be used herein as an alternative for current sink.)
PMOS transistor 120 supplies current to the drain of tran-
sistor 110. PMOS transistor 122 supplies current to the drain
of transistor 112. PMOS transistor 130 is a current mirror for
transistor 120. PMOS transistor 132 is a current mirror for
transistor 122. PMOS transistors 140 and 142 are relatively
small transistors that increase the resistance of NMOS stage
100 to erroneous toggling in response to possible noise on
LVDS signals INA and INB. In other words, transistors 140
and 142 help provide hysteresis in the response of NMOS
stage 100 to the LVDS input.

PMOS stage 200 has elements that are functionally analo-
gous to several of those described above for the NMOS
stage. Current source 12 supplies current to the sources of
transistors 210 and 212. INB is applied to the gate of

5 transistor 210 and INA is applied to the gate of transistor

212. NMOS transistor 220 conveys current from the drain of
transistor 210. NMOS transistor 222 conveys current from
the drain of transistor 212. NMOS transistors 240 and 242
provide hysteresis.

The combined differential outputs of NMOS stage 100
and PMOS stage 200 are applied to the gates of NMOS
transistors 310 and 312 in the output stage 300 of buffer 70.
Output stage 300 converts the differential output signals to
a single TTL output signal suitable for application to the
logic of device 10. Output stage PMOS transistor 320
supplies current to the drain of transistor 310. Output stage
PMOS transistor 322 supplies current to the drain of tran-
sistor 312. The TTL output signal of buffer 70 comes from
the drain of transistor 310.

To illustrate the operation of the FIG. 2 circuitry, FIG. 3
shows the condition of various elements in FIG. 2 when
Voffset is in a middle range (i.¢., not as low as Vin or as high
as Vee-Vtp) and when INA is 100 millivolts higher than
INB for LVDS transmission of a signal having a first polarity
or logic value. (When INB is 100 millivolts higher than INA
for LVDS transmission of a signal having a second polarity
or logic value, all of the conditions shown in FIG. 3 are

Silicon Labs v. Cresta Technology 12
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reversed. For example, transistors shown as “partially on” in
FIG. 3 become “on”, and the associated transistors shown as
“on” in FIG. 3 become “partially on”. “On” transistors 320
and 322 in FIG. 3 also become “partially on.”) As is at least

6

The embodiment of current source 12 shown in FIG. 5 is
conceptually similar to what is shown in FIG. 4. The FIG. §
circuit increases current 12 when INA and INB are low
(close to Vin). This enables PMOS stage 200 in FIG. 2 to
operate more strongly when NMOS stage 100 is weak or

implied by the earlier discussion, when Voffset becomes 5 . ;
approximately Vee-Vip or higher, PMOS differential stage ~ Unable to operate. The construction and operation of the
200 ceases to operate, but NMOS stage 100 continues to FIQ. 5 circuit are so similar to the FIG. 4 circuit that it is not
perform well and provides the proper logic output on the ~ elieved necessary to discn(li)c l;IG‘ 5 ;ﬂ full detalll._’Anaéo-
right in FIG. 2. Thus the LVDS input buffer circuitry shown g?&ls ell)emse(r;tsjlvg FIGIS' £l 5;0 a.velfle Geringe nu;l SIS Ial
in FIG. 2 operates well over the entire Voffset required by the 10 er oy 4. L. plernen o B & I8 andlogons: 1o
LVDS standard. element 560 in FIG. 5. Inverter 73 inverts the output signal
. - of FCE 72 for application to the gates of PMOS transistors
G2 a1§o R P t.10nal NMOS fransistors 410 and 412 552 and 554 so that the FIG. 5 current source is turned on
g(r)lrd rf;g_:’ (I:E)wg(;lgug ;O‘%ﬁggsa d;?:bﬁa UPO SE:;E;’; ltt;ads LI: [‘;‘ or off by the same state of FCE 72 that turns the current sink
A 1 1 pre g .
buffer 70 from producing spurious output signals in the 15 95 S10 A S, respecnvely.. ; !
Preferred LVDS output buffer circuitry 600 in accordance
event that leads INA and INB are open or shorted external . . . i FIG. 6. A data sienal
to. device 10. with the Invention is shown in FIG. ..A ata signa .(c.g.,
An all ferred embodi ; kT4 from logic circuitry (not shown, but typically conventional)
especially preferred embodiment of current si n on device 10) is applied to output buffer circuitry 600 via
FI% c12 1S sh(tzwn in FIG. 4i2a'ndFIaG 51211?11a|1;1y Pr?felglrgd 5o inverter 602. An LVDS output buffer enable signal (e.g.,
cmbodiment of current source 12 1n FIG. 215 shown 1 FIG. ™ 7o 4 programmable FCE or from logic circuitry on device
f/' ;she current }?mk ch FIG;b? has ‘hg a\c/ivan\t/agc that as 10) is applied to circuitry 600 via lead 604. If the signal on
9 ;l S CRCARRIN. OB DAY GRSESUS Ve tp, the cur- lead 604 is a buffer-enabling signal (logic 1 in the depicted
rent drawn by the current sm.k increases. T_hls increases the embodiment), NMOS transistor 606 is enabled to pass the
strength of NMOS differential stage 100 in FIG. 2 as the 55 data signal from inverter 602. The signal on lead 604 is
e et oty I by vt 0 ety aior B0 o
7 ; applied to one input terminal of each o gates 630a an
buffer 70 is kept rela'mvely constant even when PMOS stage 630b. Assuming that the signal on lead 604 is logic 1, NOR
200 ceases o contribute. ) ) ) gates 630a and 630b will be enabled by the resulting logic
_ Considering FIG. 4 now in more detail, the current sink .~ 0 inputs to pass (in inverted form) the signals applied to their
cireuitry ?; this FIG. is turned 0“(;’2)’ ngfaofzmmg FCE 72 other input terminals. The output signal of transistor 610 is
to turn off NMOS transistors 502 and 504. Conversely, inverted by two successive inverters 632 and 636 and
programming FCE 72 to turn on transistors 502 and 504 applied to the gate of PMOS transistor 640. (Transistor 634
turns off the deplct'ed current sink by clamping the gates of is connected in level-restoring relationship to inverter 632.)
all of NMOS tranS{s‘tors 530, 532, .54.(_)7. and 542 to ground, .. Again assuming that the signal on lead 604 is logic 1, the
l_hereby lurning off {111 of those transistors. The following resulting logic O signal applied to the gate of transistor 640
further d}scu.ﬁsmn of the FIG. 4 _cu’cuury assumes that the turns on that transistor.
current sink is turned on by turning off transistors 502 and The data signal passed by transistor 606 (assuming that
504. transistor 606 is turned on by the signal on lead 604) is
I1 is the current drawn by element I1 in FIG. 2. Vrefis a ,; inverted by successive inverters 612 and 616 and by NOR
reference potential having a value which is approximately gate 630b. (Transistor 614 is connected in level-restoring
ouc-ha.lf of Vec. Thus PMOS transistors 510 and 512 are on relationship to inverter 612.) The data signal output by
at all times. If INA and INB are higher than ch—th, both inverter 612 is alsq passed by transmission gate 620 (which
Ef 1P};Mfol§11\5[rf)ﬂsﬂsmrs'5t20 515113d0522d 21;320&. Tlilfls(’lll’leau§ :ha[ ha(si adelay zdipéarommalcly e%gz:}l to the delay of inverter 616)
oth o transistors an are off. (Transistors ;5 and inverted by NOR gate a.
530 and .532 a1 connec?ed in a current mirroring ) The output signal of NOR gate 6304 is applied to the gates
conﬁ_guratlon.) Because transistor 530 is off, all current from of NMOS transistors 650a and 652a. The output signal of
transistor 510 must flow through NMOS transistor 540,  NOR gate 630 is applied to the gates of NMOS transistors
E’l?:rcfrlsgoionN f?/[l?sl'lr Zﬂas.:gf 1542 }SlCOUSIZ;:tCS n a CUIl'T ent 650b anc16 gga.lAccordingly, whenﬁth(c;. datz::l sGigI;al apﬁl]ijed to
! Ing conliguration wilh 1ransisior 339. because lran- gq inverter is logic 0, transistors 650a and 652a will be on
sistor 540 is strongly on, transistor 542 will be strongly on  and transistors 6505 and 652b will be off. On the other hand,
and current I1 will be relatively large. . when the data signal applied to inverter 602 is logic 1,
Values of INA and INB below Vce-Vip cause transistors transistors 650a and 652a will be off and transistors 650b
520 and 522 to turn on. This turns on transistors 530 and and 652b will be on. The upper one of I/O pins 20 in FIG.
532. Transistor 530 “stcals” some current from transistor ss5 6 is connected between the source terminal of transistor
540, thereby causing transistor 542 to reduce the amount of 652b and the drain terminal of transistor 652a. The lower
current I1. one of I/0O pins 20 in FIG. 6 is counected.betwee.n the source
From the foregoing it will be seen that when INA and INB terminal of transistor 650a and the drain terminal of tran-
are high enough to reduce or eliminate the contribution of ~ sistor 6500.
PMOS differential stage 200 in FIG. 2, current I1 is 60  From the foregoing it will be seen that a logic 0 data signal
increased to increase the effectiveness of NMOS differential applied to inverter 602 connects lower I/O pin 20 to Vcen via
stage 100. In this way, NMOS stage 100 can compensate for resistor 660a, transistor 640, resistor 660b, and transistor
the loss of the PMOS stage 200 contribution and maintain 650a. (Vcen is a power supply voltage which may be higher
the operating speed of LVDS buffer 70. When INA and INB than Vce. For example, Veen may be 3.3 volts or 2.5 volts
are not so high as to prevent PMOS stage 200 from 65 when Vcc is 1.8 volts.) The same logic 0 data signal
contributing, current I1 does not need to be so large and is connects the upper I/0 pin 20 to Vss via transistor 652a and
accordingly reduced. resistor 660c. Accordingly, a logic O data signal causes
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current to flow from lower 1/0 pin 20 through the external
LVDS circuit (including resistor 670) to upper 1/O pin 20.

A logic 1 data signal applied to inverter 602 connects
upper I/0 pin 20 to Vcen via resistor 660qa, transistor 640,
resistor 660b, and transistor 6526, and connects lower 1/0
pin 20 to Vss via transistor 6506 and resistor 660c.
Accordingly, a logic 1 data signal causes current to flow
from upper I/O pin 20 through the external LVDS circuit
(including resistor 670) to lower 1/O pin 20. The network
including transistors 650 and 652 therefore constitutes dif-
ferential output switching circuitry configured to produce a
pair of LVDS signals at terminals 20 in response to a single
input signal applied to inverter 602.

The circuitry that includes PMOS transistor 680a acts like
a capacitor to help reduce possible voltage excursions of the
node at the lower end of resistor 6605 during transitions in
the data signal applied to inverter 602 when all of transistors
650 and 652 may turn on briefly. The circuitry that includes
PMOS transistor 6805 similarly acts like a capacitor to help

reduce possible voltage excursions of the node at the upper -

end of resistor 660c during transitions in the data signal
applied to inverter 602.

The LVDS output buffer construction shown in FIG. 6 has
several important advantages. In general, a circuit for sup-
plying LVDS current through resistor 670 tends to exhibit
current variations due to changes in (1) Veccn, (2)
temperature, and (3) the process by which device 10 was
manufactured. However, the LVDS specification has rela-
tively narrow ranges for permissible output pin voltage
difference Vod (250 to 450 millivolts) and Voffset (1.125 to
1.375 volts). The circuitry shown in FIG. 6 is able to meet
these output requirements despite variations of the types
mentioned earlier in this paragraph.

The LVDS buffer shown in FIG. 6 is constructed as a
ratioed circuit including (1) NMOS output transistors 650
and 652 which perform the actual switching, (2) PMOS
transistor 640 as a current source, (3) resistors 660a, 6605,
and 660c to adjust the DC voltages at the output, and (4)
capacitors 680a and 680b to aid in AC (alternating current
or transient) performance. Output transistors 650 and 652
are sized so that their on-resistance is small compared to bias
resistors 660b and 660c. Resistor 660a serves to increase the
output resistance of PMOS transistor 640, as well as pro-
viding for local series feedback so that when the power
supply varies, the change in the current is not as great as it
otherwise would be. Resistors 660a, 6605, and 660c are
preferably all N-plus type to track any variations due to
temperature or manufacturing process in NMOS output
transistors 650 and 652. The DC voltages at the output, as
well as the standby current, are adjusted by adjusting the
values of resistors 660b and 660c. The ratio between (1) the
resistors 660a and 6605 above transistors 650 and 652 and
(2) the resistor 660c below those transistors determines the
Voffset range. The total of these resistances (and resistor
670) determines the range of Vod and thus the range of
current through resistor 670 (which gives the differential
signaling). Because the DC voltages and currents are set by
the ratio of the resistors to the transistors, variations in
process, temperature, and power supply voltages are
rejected.

Capacitors 680a and 6805 reduce charge-sharing effects
when the output switches. The capacitors keep the nodes
above and below output switching transistors 650 and 652
from drifting during switching and allow for faster rise and
fall times, as well as overall speed improvement in the
forward delay of the entire output driver.

35
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A disable function is implemented by using NOR gates
630a and 630b. When disabled, all the output transistors are
off, as well as the PMOS current source (i.¢., transistor 640).
The disable control signal 604 can either be set by an FCE
in device 10, or it can be a logic signal routed out to driver
600 so that the user can have the option of enabling it.

An explanation of NMOS transistor 690 is as follows. All
inverters, transistors, and NOR gates in FIG. 6 (except
inverters 602 and 608) preferably use thick oxide. The
reason for this is that these components may see a voltage
level Vcen which is higher than Vcc. As has been
mentioned, Vcen may be 3.3 volts or 2.5 volts when Vec is
1.8 volts. The thick oxide protects the device integrity for
reliability reasons (due to high voltage). A disadvantage of
using thick oxide is that it slightly slows down the speed.
Transistor 690 is added to speed up the logic path using a
“look ahead” technique. When the output of inverter 602
switches from low to high, transistor 690 turns on and pulls
down the input of inverter 616, instead of waiting for the
path that includes elements 606 and 612 to respond. When
the output of inverter 602 switches from high to low, the
“look ahead” does not exist. Transistor 690 simply turns off.
The input of inverter 616 is pulled up only when the signal
propagates via elements 606 and 612. But usually the
low-to-high transition is the worst case (i.e., the speed-
limiting transition), and the “look ahead” feature improves
performance for this case.

FIG. 7 shows circuitry in accordance with the invention
for allowing the two 1/O pins 20 that are used together with
LVDS output buffer 600 to be alternatively used individually
with conventional single-conductor input buffers 50 or con-
ventional single-conductor output buffers 60 (similar to
similarly numbered elements in earlier FIGS.). Buffer 600
has an associated FCE 601 (the output signal of which can
produce the signal on lead 604 in FIG. 6). FCE 601 is
programmable by the user of device 10 to control whether or
not LVDS output buffer 600 is enabled. Each of buffers 50
and 60 similarly has an associated FCE 52 or 62 program-
mable by the user to determine whether or not the associated
buffer is enabled. If buffer 600 is enabled, then the I/O pins
20 shown in FIG. 7 are used as a pair for LVDS, and all of
the other buffers 50 and 60 associated with those pins are
disabled. On the other hand, if buffer 600 is disabled, then
any one of the other buffers 50/60 associated with each of
the I/O pins shown in FIG. 7 can be enabled to allow each
pin to be used individually as either a conventional (single-
conductor) output pin or a conventional (single-conductor)
input pin.

FIG. 8 shows that the signal which selectively enables any
of output buffers 60 or 600 can be a logical combination of
the output signal of an FCE 62 or 601 and an output enable
signal from the logic of device 10. This logical combination
is produced by logic gate 700, which can be chosen to
perform any desired logic function (e.g., a NOR function).

FIG. 9 shows that two 1/O pins 20 can be used for either
LVDS input (employing LVDS input buffer 70), LVDS
output (employing LVDS output buffer 600), or conven-
tional single-conductor input or output (employing buffers
50/60). In cffect, FIG. 9 shows that the circuitry shown in
FIGS. 1 and 7 can be combined in relation to a given pair of
1/0 pins 20.

Restating some of the foregoing in more generic terms, a
programmable logic device 10 in accordance with the inven-
tion includes logic circuitry (“from logic”/“to logic” in
FIGS. 1, 2, and 6-9) and a pair of interface terminals 20 for
use in making connections to circuitry 30/40/670 that is
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external to the programmable logic device. The device
further includes LVDS buffer circuitry 70/600 connected to
both of the interface terminals 20 and configured to
exchange with the interface terminals a pair of signals which
are respectively associated with the pair of interface termi-

10

cations can be made by those skilled in the art without
departing from the scope and spirit of the invention. For
example, the numbers and types of other conventional input
and output buffers 50/60 that can make alternative use of the
/O pins 20 associated with LVDS buffers 70/600 in accor-

nals and which differ from one another in voltage in order to ’ dance with the invention can be varied as desired.
represent information in accordance with an LVDS standard. What is claimed is:
The VDS buffer circuitry may be an input buffer 70 1. A programmable logic device comprising:
configured to receive the pair of signals from interface programmable logic circuitry;
ter[.m,r}al.s 20 and to produce a single output signal (“to 10 first and second interface terminals configured for use in
log%c ).md}catlve of Ehe mformanon. for application to the making connections between the programmable logic
logic circuitry of device 10. Alternatively the LVDS buffer a N SH :
L : : circuitry and circuitry that is external to the program-
circuitry may be an output buffer 600 configured to receive Hle fogie device:
from the logic circuitry (“from logic”) of device 10 a single mabe Jogieicevice,
input signal indicative of the information and to produce the first buffer circuitry connected to the first and second
pair of signals indicative of the information for application 15 interface terminals and configured to selectively
to interface terminals 20. exchange with the first and second interface terminals
Device 10 may also include programmable function con- respective first and second ;igna!s, the relative polarity
trol circuitry 72/601 configured to selectively enable the of which changes over time in order to represent
LVDS buffer circui[ry 70/600. Device 10 may further information in accordance with an LVDS standard; and
include single-conductor signaling buffer circuitry 50/60 20  second buffer circuitry connected to the first interface
connected to one of the interface terminals 20 and config- terminal and configured to selectively exchange with
ured to exchange with the one of the interface terminals a the first interface terminal a third signal indicative of
single signal having voltages which represent data in accor- alternative information that does not depend on signal
dance with a single-conductor signaling standard. Program- conditions at the second interface terminal.
mable function control circuitry 52/62/72/601 may be pro- 35 2. The device defined in claim 1 wherein the first and
Z}f;?.tr§0f705%138tlvflz’h:1':}21111(138(:03;51':;”1 o;hg'gI;):l/ll')S E‘\llgz; second buffers are both of a same type selected from the
ircui / o ingle- c ignaling - :
circuilry‘ 50/.60 while disabling remaining ones of the LVDS gr%‘f&?:j;?;iigf:ﬁg;g }:ii\?ilclzg Zzggll,lgg ;
buffer circuitry 70/600 and the single-conductor signaling bl Towls ciraitiv:
buffer circuitry 50/60. - programmable loglC circuliry; ‘
FIG. 10 illustrates a programmable logic device 10 of this first anfi second mt'erface terminals configured for use n
invention in a data processing system 802. Data processing n}akl{lg egnmecliony betwcqn the programmable logic
system 802 may include one or more of the following circuitry a.nd circuitry that is external to the program-
components: a processor 804; memory 806; 1/O circuitry mable 10g1_c dc.wce;
808; and peripheral devices 810. These components are 55 ﬁrs_t buffer c1rcu1t.ry connected to the first and sef:ond
coupled together by a system bus 820 and are populated on interface terminals and configured to selectively
a circuit board 830 which is contained in an end-user system exchange with the first and second interface terminals
840. respective first and second signals, the relative polarity
: : : ot of which changes over time in order to represent
sufzgz? 8:1)2[:; ;Illl :): rus:::‘z ;l r:;gegfag:?; ofl?:];h(:: :;:ﬁ_lngs : 0 information in accordance with an LVDS standard; and
instrumentation, video processing, digital signal processing, second buffer circuitry connected to the first interface
or any other application where the advantage of using terminal and configured to selectively exchange with
programmable or reprogrammable logic is desirable. Pro- the first interface terminal a third signal indicative of
grammable logic device 10 can be used to perform a variety alternative information that does not depend on signal
of different logic functions. For example, programmable 45 conditions at the second mterfacg terminal, wherein the
logic device 10 can be configured as a processor or control- first and second buffers are of different types selected
ler that works in cooperation with processor 804. Program- from the group consisting of input type and output type.
mable logic device 10 may also be used as an arbiter for 4. A programmable logic device comprising:
arbitrating access to a shared resource in system 802. In yet programmable logic circuitry;
another example, programmable logic device 10 can be s5; first and second interface terminals configured for use in
configured as an interface between processor 804 and one of making connections between the programmable logic
the other components in system 802. It should be noted that circuitry and circuitry that is external to the program-
system 802 is only exemplary, and that the true scope and mable logic device;
spirit of the invention should be indicated by the following first buffer circuitry connected to the first and second
claims. 55 interface terminals and configured to selectively
Various technologies can be used to implement program- exchange with the first and second interface terminals
mable logic devices 10 providing the LVDS capabilities of respective first and second signals, the relative polarity
this invention. For example, function control elements of which changes over time in order to represent
52/62/72/601 and other FCEs can be SRAMs, DRAMs, information in accordance with an LVDS standard;
first-in first-out (“FIFO”) memories, EPROMs, EEPROMS, 0  second buffer circuitry connected to the first interface
function control registers (e.g., as in Wahlstrom U.S. Pat. terminal and configured to selectively exchange with
No. 3,473,160), ferro-electric memories, fuses, antifuses, or the first interface terminal a third signal indicative of
the like. From the various examples mentioned above it will alternative information that does not depend on signal
be seen that this invention is applicable to both one-time- conditions at the second interface terminal; and
only programmable and reprogrammable devices. 65  programmable function control circuitry configured to
It will be understood that the foregoing is only illustrative selectively enable either of the first and second buffer
of the principles of the invention, and that various modifi- circuitries.
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5. A programmable logic device comprising:

programmable logic circuitry;

first and second interface terminals configured for use in
making connections between the programmable logic
circuitry and circuitry that is external to the program-
mable logic device;

first buffer circuitry connected to the first and second
interface terminals and configured to selectively
exchange with the first and second interface terminals
respective first and second signals, the relative polarity
of which changes over time in order to represent
information in accordance with an LVDS standard;

second buffer circuitry connected to the first interface
terminal and configured to selectively exchange with
the first interface terminal a third signal indicative of
alternative information that does not depend on signal
conditions at the second interface terminal; and

third buffer circuitry connected to the second interface
terminal and configured to selectively exchange with
the second interface terminal a fourth signal indicative

of further alternative information that does not depend

on signal conditions at the first interface terminal.

6. A programmable logic device having a pair of pins for
use in making connections to circuitry that is external to the
programmable logic device, the device comprising:

first buffer circuitry that drives a signal between program-

mable logic circuitry and a first pin of the pair, wherein

the first buffer circuitry is connected to the first pin;
second buffer circuitry that drives at least two signals in

accordance with an LVDS standard between the pro-

grammable logic circuitry and both pins of the pair, ~

wherein the second buffer circuitry is connected to the
first pin and a second pin of the pair; and

functional control circuitry connected to the first and

second buffer circuitry being programmable to either
(1) enable the first buffer circuitry without enabling the
second buffer circuitry or (2) enable the second buffer
circuitry without cnabling the first buffer circuitry.

7. The device of claim 6, wherein the second buffer
circuitry drives a programmable logic circuitry signal to the
programmable logic circuitry by receiving said at least two
signals from the first and second pins.

8. The device of claim 6, wherein the second buffer
circuitry drives said at least two signals to the first and
second pins by receiving a programmable logic circuitry
signal from the programmable logic circuitry.

9. The device of claim 6, wherein the first buffer circuitry
drives the signal associated with the first pin independently
of any signal associated with the second pin.

10. The device of claim 6, wherein the first buffer circuitry
drives the signal in a direction selected from the group
consisting of the first pin to the programmable logic circuitry
direction and the programmable logic circuitry to the first

45

12

11. The device of claim 6, further comprising third buffer
circuitry connected to the second pin and configured to drive
another signal between the second pin and the program-
mable logic circuitry, wherein the third buffer circuitry
drives the other signal associated with the second pin
independently of any signals associated with the first pin.

12. The device of claim 11, wherein the third buffer
circuitry drives the other signal in a direction selected from
the group consisting second pin to the programmable logic
circuitry direction and programmable logic circuitry to the
second pin direction.

13. The device of claim 11, wherein the third buffer
circuitry is connected to the functional control circuitry and

- is enabled when the first buffer circuitry is enabled.

14. The device of claim 6, wherein said at least two
signals differ in relative polarities in voltage to comply with
the LVDS standard.

15. A programmable logic device having a pair of pins for
use in making connections to circuitry that is external to the
programmable logic device, the device comprising:

a dual-conductor buffer connected to both pins of the pair
and configured to exchange signals which are respec-
tively associated with that pair and which differ from
one another in voltage in order to represent information
in accordance with an LVDS standard,

a first single-conductor buffer connected to a first pin of
the pair and configured to exchange a signal with the
first pin;

functional control circuitry connected to each of the
buffers and being programmable to either (1) enable the
dual-conductor buffer or (2) enable the first single-
conductor buffer.

16. The device of claim 15, wherein the first single-
conductor buffer exchanges a third signal that is indicative
of alternative information that does not depend on signals
associated with a second pin in the pair.

17. The device of claim 15, wherein the dual-conductor
buffer and the first single-conductor buffer are of a similar
type selected from the group consisting of input type and
output type.

18. The device of claim 15, wherein the dual-conductor
buffer and the first single-conductor buffer are of different
types selected from the group consisting of input type and
output type.

19. The device of claim 15 further comprising a second
single-conductor buffer connected to the second pin and
configured to exchange a fourth signal that is indicative of
alternative information that does not depend on signals
associated with the first pin.

pin direction. ¥ Ok K K %
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