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5902: receiving, by a first plurality of data pins in a first interface of 2 field programmable gate array in the
field programmable gate array system, the first serial data stream

¥

S904: receiving, by a first reference clock pin in the first interface, a first clock signal having a first frequency
and a first phase

¥

S806: transmitting, from the first plurality of data pins in the first interface to a deserializer in the field
programmable gate array, the first serial data stream

¥

5808; transmitting, from the first reference clock pin in the first interface to the deserializer, the first clock
signal

¥

$910: generating, by the deserializer, a first receiver side clock signal having a second frequency and a second
phase, based on the first clock signal

4

$912: converting, by the deserializer, the first serial data stream into a first plurality of parallel data streams

A 4

$914: transmitting, from the deserializer to computational circuitry in the field programmable gate array, the
first receiver side clock signal

¥

Continued with FIG. 9B

FIG. 9A
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Continued From FIG. 8A

¥

5816 transmitting, from the deserializer 1o the computational circuitry, the first plurality of data streams
comprising a first plurality of data items

L4

$918: transmitting, from the deserializer via a first clock cutput pin on a second interface of the field
grogrammable gate array to a phase detector of the field programmable gate array system which is not on the
field programmable gate array, the first receiver side clock signal

A 4

S820: generating, using the field programmable gate array system, a first transmitter side clock signal having a
third frequency and a third phase

4

$822: transmitting, from the serializer to the computational circuitry, the first transmitter side clock signal

4

$924: performing, by the computational dircuitry, a first set of operations on at least a portion of the first
plurality of data items to generate a second plurality of parallel data streams

¥

Continued with FIG. 9C

FIG. 9B
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Continued From FIG. 98

k:

5926: transmitting, from the computational circuitry to the serializer, the second plurality of parallel data
streams

yuaged ‘SN

k

5$928: converting, by the serializer, the second plurality of parallel data streams into the second serial data
stream

0202 ‘1 "das

3

S930: transmitting, from the serializer off the field gate programmable array system via a second plurality of
data pins in the first interface, the second serial data stream
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3920 generating, using the field programmable gate array system, a first transmitter
side clock signal having a third frequency and a third phase, by performing the
following steps until a first output of the phase detector is below a first threshold
level

S$1002: generating, by an adjustable oscillator in the field programmable gate array system,
a second clock signal having a fourth frequency and a fourth phase

k4

51004: generating a first wire rate clock signal having a fifth frequency and a fifth phase
based on the second clock signal

¥

51006: generating, by a serializer in the field programmable gate array, an interim
transmitter side clock signal having a sixth frequency and a sixth phase

¥

S$1008: transmitting, from the serializer via a second clock output pin in the second
interface to the phase detector, the interim transmitter side clock signal

¥

Continued with FIG. 10B

FIG. 10A
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Continued From FIG. 10A

¥
$1010: generating, by the phase detector, the first output based on a comparison of the
first receiver side clock signal and the interim transmitter side clock signal

¥
$1012: transmit, from the phase detector to a phase controller of the field programmable
gate array system, which is placed within the field programmable gate array, the first cutput

y

51014: determining, by the phase controller, interim adjustment information based on the
first output

y
51016: transmitting, from the phase controller to the adjustable oscillator, the interim
adjustment information, wherein the adjustable oscillator adjusts the second clock signal
based on the interim adjustment information and steps $1002 through 51016 are repeated
until the first output of the phase detector is below the first threshold level

(o e e
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rmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

g 51004: generating a first wire rate clock signal having a fifth frequency and a fifth
§ phase based on the second clock signal

$1102: receiving, from the adjustable oscillator at a transceiver phase lock loop via a
second reference clock pin in the first interface, the second clock signal

¥

51104: processing, by the transceiver phase lock loop, the received second clock signal

$1106: providing, by the transceiver phase lock loop, the first wire rate clock signal based
on the processing of the received clock signal

A
S51108: transmitting, by the transceiver phase lock loop, the first wire rate clock signal to
the serializer

i
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51202 receiving, by a first plurality of data pins in a first interface of a field programmable gate array in the
field programmable gate array system, the first serial data stream

¥

S$1204: receiving, by a first reference clock pin in the first interface, a first clock signal having a first frequency
and a first phase

¥

$1206: transmitting, from the first plurality of data pins in the first interface to a deserializer in the field
programmable gate array, the first serial data stream

¥

51208: transmitting, from the first reference clock pin in the first interface to the deserializer, the first clock
signal

¥

$1210: generating, by the deserializer, a first receiver side clock signal having a second frequency and a
second phase, based on the first clock signal

4

$1212: conwerting, by the deserializer, the first serial data stream into a first plurality of parallel data streams

A 4

$1214: transmitting, from the deserializer to computational circuitry in the field programmable gate array, the
first receiver side clock signal

¥

Continued with FIG. 12B

FIG. 12A
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Continued From FIi5. 12A

¥

51216 transmitting, from the deserializer to the computational circuitry, the first plurality of data streams
comprising a first plurality of data items

L4

$1218: transmitting, from the deserializer to a phase detector of the field programmable gate array system
which is on the field programmable gate array, the first receiver side clock signal, or if the phase detector is
not on the field progranynable gate array, transmitting, from the deserializer o the phase detecior via a first
clock output pin on a second interface of the field programmable gate array, the first receiver side clock signal

¥

51220: generating, using the field programmable gate array system, a first transmitter side clock signal having
a third frequency and a third phase

4

$1222: transmitting, from the serializer to the cornputational circuitry, the first transmitter side clock signal

4

$1224: performing, by the computational circuitry, a first set of operations on at least a portion of the first
plurality of data items to generate a second plurality of parallel data streams

¥

Continued with FIG. 12C

FIG. 12B
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Continued From FIG. 12B

k:

S$1226: transmitting, from the computational circuitry to the serializer, the second plurality of parallel data
streams

yuaged ‘SN

k

51228: converting, by the serializer, the second plurality of parallel data streams into the second serial data
stream

0202 ‘1 "das

3

$1230: transmitting, from the serializer off the field gate programmable array system via a second plurality of
data pins in the first interface, the second serial data stream
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31220 generating, using the field programmable gate array system, a first transmitter
side clock signal having a third frequency and a third phase, by performing the
following steps until a first output of the phase detector is below a first threshold
level

51302: generating, by a phase lock loop with phase adjustment in the field programmable
gate array system which is on the field programmable gate array, a second clock signal
having a fourth frequency and a fourth phase

.

51304: generating a first wire rate clock signal having a fifth frequency and a fifth phase
based on the second clock signal

'

S$1306: generating, by a serializer in the field programmable gate array, an interim
transmitter side clock signal having a sixth frequency and a sixth phase

¥
51308: transmitting, from the serializer to the phase detector which is on the field
programmable gate array, the interim transmitter side clock signal, or if the phase detector
is not on the field programmable gate array, transmitting, from the serializer to the phase
detector via a second clock output pin in the second interface, the interim transmitter side
clock

A
Continued with FIG. 138

FIG. 13A
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(o e e

Continued From FIG. 13A

¥

$1310: generating, by the phase detector, the first output based on a comparison of the
first receiver side clock signal and the interim transmitter side clock signal

¥

$1312: transmit, from the phase detector to a phase controller of the field programmable
gate array system, which is placed within the field programmable gate array, the first cutput

¥

51314 determining, by the phase controller, interim adjustment information based on the
first output

¥

$1316: transmitting, from the phase controller to the phase lock loop with phase
adjustment, the interim adjustment information, wherein the phase lock loop with phase
adjustment adjusts the second clock signal based on the interim adjustment information
and steps $1302 through S1316 are repeated until the first output of the phase detector is
below the first threshold level

FIG. 138
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g 51204: generating a first wire rate clock signal having a fifth frequency and a fifth
§ phase based on the second clock signal

$1402: receiving, from the phase lock loop with phase adjustment at a transceiver phase
lock loop via a second reference clock pin in the first interface, the second clock signal

¥

51404: processing, by the transceiver phase lock loop, the received second clock signal

on the processing of the received clock signal

4

S1408: transmitting, by the transceiver phase lock loop, the first wire rate clock signal to
the serializer

i
i
i
i
i
i
i
i
i $1406: providing, by the transceiver phase lock loop, the first wire rate clock signal based
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FIG. 14
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51502 receiving, by a first plurality of data pins in a first interface of a field programmable gate array in the
field programmable gate array system, the first serial data stream

¥

S1504: receiving, by a first reference clock pin in the first interface from a fixed frequency oscillator, a first
clock signal having a first frequency and a first phase

¥

S1506: transmitting, from the first plurality of data pins in the first interface to a deserializer in the field
programmable gate array, the first serial data stream

¥

51508: transmitting, from the first reference clock pin in the first interface to the deserializer, the first clock
signal

¥

S$1510: generating, by the deserializer, a first receiver side clock signal having a second frequency and a
second phase, based on the first clock signal

4

$1512: conwverting, by the deserializer, the first serial data stream into a first plurality of parallel data streams

A 4

$1514: transmitting, from the deserializer to computational circuitry in the field programmable gate array, the
first receiver side clock signal

¥

Continued with FIG. 15B

FIG. 15A
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Continued From Fl3. 15A

¥

51516 transmitting, from the deserializer to the computational circuitry, the first plurality of data streams
comprising a first plurality of data items

L4

$1518: transmitting, from the deserializer to a phase detector of the field programmable gate array system
which is on the field programmable gate array, the first receiver side clock signal, or if the phase detector is
not on the field progranynable gate array, transmitting, from the deserializer o the phase detecior via a first
clock output pin on a second interface of the field programmable gate array, the first receiver side clock signal

¥

$1520: generating, using the field programmable gate array system, a first transmitter side clock signal having
a third freguency and a third phase

4

$1522: transmitting, from the serializer to the cornputational circuitry, the first transmitter side clock signal

4

$1524: performing, by the computational circuitry, a first set of operations on at least a portion of the first
plurality of data items to generate a second plurality of parallel data streams

¥

Continued with FIG. 15C

FIG. 15B
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Continued From FIG. 158

k:

yuaged ‘SN

S1526: transmitting, from the computational circuitry to the serializer, the second plurality of parallel data
streams

X

$1528: converting, by the serializer, the second plurality of parallel data streams into the second serial data
stream

0202 ‘1 "das

¥

51530: transmitting, from the serializer off the field gate programmable array system via a second plurality of
data pins in the first interface, the second serial data stream
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S1520: generating, using the field programmable gate array system, a first transmitter

.

i -
P . ) ) . . ; 4
: side clock signal having a third frequency and a third phase, by performing the , -
; following steps until a first output of the phase detector is below a first threshold =4
level | S
i i =
i 51602: receiving, from the fixed frequency oscillator at an adjustable transceiver phase lock | |
i loop via a second reference clock pin in the first interface, the first clock signal to generate | § w
i a second clock signal having a fourth frequency and a fourth phase g =
i ’ s o
i 51604 generating a first wire rate clock signal having a fifth frequency and a fifth phase g §
i based on the second clock signal and the interim adjustment information from the phase |
i controller :
s Z
l . e . - i 2
) 51606: generating, by a serializer in the field programmable gate array, an interim 3 -
g transmitter side clock signal having a sixth frequency and a sixth phase 5 g
v =
. $1608: transmitting, from the serializer to the phase detector which is on the field E -
| programmable gate array, the interim transmitter side clock signal, or if the phase detector !
i is not on the field programmable gate array, transmitting, from the serializer to the phase i
i detector via a second clock output pin in the second interface, the interim transmitter side | | %
I | clocksignal i =
; : s 3
i Continued with FIG. 16B ; &
i i &
FiG. 16A o
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Continued From FIG. 16A

¥

$1610: generating, by the phase detector, the first output based on a comparison of the
first receiver side clock signal and the interim transmitter side clock signal

%

S$1612: transmit, from the phase detector to a phase controller of the field programmable
gate array system, which is placed within the field programmable gate array, the first output

¥

S1614: determining, by the phase controller, interim adjustment information based on the
first output

k4

$1616: transmitting, from the phase controller to the adjustable transceiver phase lock
loop, the interim adjustment information, wherein the adjustable transceiver phase lock
joop adjusts the second clock signal based on the interim adjustment information and steps
$1602 through 51616 are repeated until the first output of the phase detector is below the
first threshold level

FIG. 16B
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51604: generating a first wire rate clock signal having a fifth frequency and a fifth
phase based on the second clock signal and the interim adjustment information from
the phase controller

51702 generating, by the adjustable transceiver phase lock loop, the second clock signal
hased at least in part on the received first clock signal

Y
$1704: processing, by the adjustable transceiver phase lock loop, the second clock signal
based on the interim adjustment information received from the phase controlier

k.4
§1706: providing, by the adjustable transceiver phase {ock loop, the first wire rate clock
signal based on the processing of the second clock signal

$1708: transmitting, by the adjustable transceiver phase lock loop, the first wire rate clock
signal to the serializer

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmaa
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FIELD PROGRAMMABLE GATE ARRAY
WITH INTERNAL PHASE-LOCKED LOOP

REFERENCE TO RELATED APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 16/670,702, filed on Oct. 31, 2019 and entitled
“FIELD PROGRAMMABLE GATE ARRAY WITH
INTERNAL PHASE-LOCKED LOOP,” which claims the
benefit of and priority to U.S. Provisional Patent Application
No. 62/808,404, filed on Feb. 21, 2019 and entitled FIELD
PROGRAMMABLE GATE ARRAY WITH INTERNAL
PHASE-LOCKED LOOP, the contents of both of which are
incorporated by reference herein in their entirety.

FIELD

The present invention generally relates to a field program-
mable gate array system. In embodiments, the present inven-
tion generally relates to a field programmable gate array and
an external or internal phase controller providing phase
matching between a receiver clock and a transmitter clock
used in the field programmable gate array.

BACKGROUND

Field programmable gate arrays (FPGAs) may be used in
applications that require fast processing since FPGAs allow
for all computations to occur on a single chip that has
massive fine-grained parallelism. For example, FPGAs are
used in the financial industry in high frequency trading
where the rapid processing of the FPGA is desired. One
technological problem with FPGAs is that there is a need to
synchronize receiving side and transmitting side clock sig-
nals within the FPGA.

The prior art sought to address this problem by including
a clock domain crossing circuit in the FPGA. However,
these circuits inherently add a delay to the processing that
takes place in the FPGA, which is not desirable since high
frequency trading may include timestamps that are accurate
to the microsecond such that even small delays may present
a large problem.

Synchronous Ethernet systems were designed with the
similar goal of synchronizing a transmitter to a receiver.
However, since phase alignment in synchronous Ethernet is
not necessary, synchronous Ethernet FPGA systems usually
do not phase-align the receiver and transmitter sides of a
link. The received clock is output from the transceiver to an
external clock generation circuit to be used as its frequency
reference. As a result, there is no measurement of the
internal transmit clock at all by the Ethernet FPGA system.

While a synchronous Ethernet system with an internal
PLL compares the transmit clock to the receive clock, its
phase-frequency detector in the internal PLL is configured to
measure accurately only the frequency but does not have to
measure the phase of the two clocks accurately. In addition,
synchronized protocols of the synchronous Ethernet system
use simpler control loops that do not have to compensate for
a lot of wander or jitter. Accordingly, the phase of the clocks
is not treated as important as frequency by the synchronous
Ethernet FPGA system. Based on these reasons, synchro-
nous Ethernet FPGA systems do not provide a desirable
solution to a technological problem of synchronizing receiv-
ing side and transmitting side clock signals within the
FPGA.

Accordingly, a technical problem is presented in FPGAs
in that phase synchronization between the receiver side
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clock and the transmitter side clock will introduce unwanted
latency that results in delay of processing. Accordingly, it
would be beneficial to provide an FPGA system that avoids
these problems and provides sub-microsecond processing
with throughput of at least 10 Gbps. In embodiments, the
sub-microsecond processing throughput may be: 10-25
Gbps, 22-33 Gbps, 33-45 Gbps, 45-60 Gbps, 60-80 Gbps,
80-120 Gbps, to name a few.

SUMMARY

An object of the present invention is to address techno-
logical challenges that currently exist in phase matching
receiver side and transmitter side clocks of a FPGA without
introducing unnecessary delay in processing.

This and other objects shall be addressed by embodiments
of the present invention as set forth herein.

The present invention generally relates to a field program-
mable gate array system and a method for processing a data
stream using a field programmable gate array system. In
embodiments, the present invention generally relates to a
field programmable gate array and an external or internal
phase controller providing phase matching between a
receiver clock and a transmitter clock used in the field
programmable gate array.

More particularly, the present invention relates to a field
programmable gate array system includes (a) a field pro-
grammable gate array comprising (1) a first interface includ-
ing: (A) a first reference clock pin, wherein said first
reference clock pin is configured to receive a first clock
signal having a first frequency and a first phase; (B) a second
reference clock pin, wherein said second reference clock pin
is configured to receive a second clock signal having a
second frequency and a second phase; (C) a first plurality of
data pins, wherein said first plurality of data pins is config-
ured to receive a first serial data stream; (D) a second
plurality of data pins, wherein said second plurality of data
pins is configured to transmit a second serial data stream; (2)
a deserializer operationally connected to: (x) the first refer-
ence clock pin to receive as a first input the first clock signal
and (y) the first plurality of data pins to receive as a second
input the first serial data stream, and wherein the deserializer
is configured to: (A) convert the first serial data stream into
a first plurality of parallel data streams having a first amount
of data streams, and (B) generate a first receiver side clock
signal based on the first clock signal, wherein the first
receiver side clock signal has a third frequency and a third
phase; and (C) transmit the first plurality of parallel data
streams and the first receiver side clock signal within the
field programmable gate array; (3) computational circuitry
operationally connected to the deserializer to receive the first
plurality of parallel data streams and the first receiver side
clock signal, wherein the computational circuitry is config-
ured to perform a first set of operations on the first plurality
of parallel data streams to generate a second plurality of
parallel processed data streams having a second amount of
data streams; (4) a serializer operationally connected to: (x)
the second reference clock pin to receive as a third input a
first wire rate clock signal based on the second clock signal,
wherein the first wire rate clock signal has a fourth fre-
quency and a fourth phase; (y) the second plurality of data
pins to transmit as a first output the second serial data
stream; (z) the computational circuitry, wherein the serial-
izer receives the second plurality of parallel processed data
streams from the computational circuitry and the serializer
transmits to the computational circuitry a first transmitter
side clock signal including a fifth frequency and a fifth

Optiver Ex1001
Page 49 of 85



US 10,763,865 Bl

3

phase; and wherein the serializer is configured to: (A)
convert the second plurality of parallel processed data
streams into the second serial data stream; (B) generate the
first transmitter side clock signal based on the first wire rate
signal, wherein the first transmitter side clock signal has the
fifth frequency and the fifth phase, wherein the fifth fre-
quency is different than and less than the fourth frequency;
and (C) transmit the second serial data stream to the second
plurality of data pins for transmission off the field program-
mable gate array; (5) a second interface including: (A) a first
clock output pin configured to transmit the first receiver side
clock signal, wherein the first clock output pin is operation-
ally connected to the deserializer; and (B) a second clock
output pin configured to transmit the first transmitter side
clock signal, wherein the second clock output pin is opera-
tionally connected to the serializer; and (b) a phase control
circuit, provided at least partially on the field programmable
gate array, wherein the phase control circuit includes: (1) a
phase detector operationally connected to the first clock
output pin and the second clock output pin of the second
interface of the field programmable gate array, and wherein
the phase detector is configured to compare the third phase
of the first receiver side clock signal to the fifth phase of the
transmitter side clock signal and to generate a phase differ-
ence indicator signal based on a difference between the third
phase of the first receiver side clock signal and the fifth
phase of the transmitter side clock signal; (2) a phase
controller operationally connected to the phase detector and
configured to receive the phase difference indicator signal,
and wherein the phase controller is configured to determine
adjustment information based on the phase difference indi-
cator signal; and (3) an adjustable oscillator operationally
connected to the phase controller and configured to receive
the adjustment information as well as operationally con-
nected to the second reference clock pin of the first interface
of' the field programmable gate array, wherein the adjustable
oscillator is configured to generate the second clock signal
including the second frequency and the second phase based
on the adjustment information and transmit the second clock
signal to the second reference clock pin of the first interface
of the field programmable gate array; wherein the transmit-
ter side clock signal and the first receiver side clock signal
are phase aligned so that there is a fixed phase difference
between the third phase and the fifth phase.

In embodiments, the third frequency corresponds to the
first frequency.

In embodiments, the third phase is not aligned with the
first phase.

In embodiments, the third frequency is different than the
first frequency.

In embodiments, the first set of operations does not
include clock domain crossing operations that delays pro-
cessing of the first set of parallel data streams. In embodi-
ments, the adjustment information is used to do at least one
of the following (i) set a bias to an oscillator; (ii) to set a
divider ratio; and (iii) to set a delay.

In embodiments, the first set of operations includes an
arithmetic operation. In embodiments, the first set of opera-
tions includes a logical operation. In embodiments, the first
set of operations includes a pipeline operation. In embodi-
ments, the first set of operations includes a memory access
operation.

In embodiments, the first amount of data streams is the
same as the second amount of data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to eight (8) data
streams. In embodiments, the first amount of data streams
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and the second amount of data streams are equal to ten (10)
data streams. In embodiments, the first amount of data
streams and the second amount of data streams are equal to
sixteen (16) data streams. In embodiments, the first amount
of data streams and the second amount of data streams are
equal to twenty (20) data streams. In embodiments, the first
amount of data streams and the second amount of data
streams are equal to thirty-two (32) data streams. In embodi-
ments, the first amount of data streams and the second
amount of data streams are equal to forty (40) data streams.
In embodiments, the first amount of data streams and the
second amount of data streams are equal to sixty-four (64)
data streams. In embodiments, the first amount of data
streams and the second amount of data streams are equal to
eighty (80) data streams. In embodiments, the first amount
of data streams and the second amount of data streams are
equal to one hundred twenty-eight (128) data streams. In
embodiments, the first amount of data streams and the
second amount of data streams are equal to one hundred
sixty (160) data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to two (2) to the
power of N, where N is an integer. In embodiments, the first
amount of data streams and the second amount of data
streams are equal to ten (10) times two (2) to the power of
N, where N is an integer. In embodiments the first amount
of data streams and the second amount of data streams are
equal to thirty-three (33) times two (2) to the power of N,
where N is an integer.

In embodiments, the field programmable gate array fur-
ther includes a phase lock loop configured to: receive the
second clock signal, as a fourth input, to generate the first
wire rate clock signal; and (B) transmit the first wire rate
clock signal as the third input, to the serializer.

In embodiments, the fourth frequency is equal to x times
the fifth frequency, where x is the second amount of data
streams.

In embodiments, the fourth frequency is equal to x times
the fifth frequency, where x is half of the second amount of
data streams.

In embodiments, the fourth frequency is a rational mul-
tiple of the second frequency.

In embodiments, the phase difference indicator signal is a
pulse signal.

In embodiments, the adjustment information indicates a
desired phase. In embodiments, the adjustment information
indicates a desired frequency. In embodiments, the adjust-
ment information indicates a change in phase. In embodi-
ments, the adjustment information indicates a change in
frequency. In embodiments, adjustment information com-
prises a voltage. In embodiments, adjustment information
comprises a digital transmission. In embodiments adjust-
ment information further comprises a digital transmission.

In some embodiments, the first serial data stream com-
prises market data, the second serial data stream comprises
order entry data, and the first operation comprises a trading
algorithm.

In embodiments, the trading algorithm includes the steps
of: (a) parsing market data; (b) performing mathematical
operations at a portion of the market data; and (c¢) generating
order packets using at least an output of (b).

In embodiments, the first serial data stream includes
market data and the second serial stream includes trading
data.
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In embodiments, the field programmable gate array
includes a transceiver phase locked loop operatively con-
nected between the to the serializer and the first reference
clock pin.

In embodiments, the transceiver phase locked loop opera-
tively connected between the serializer and the first refer-
ence clock pin includes a second adjustable oscillator to
provide the first wire rate signal.

In embodiments, a second adjustable oscillator is pro-
vided outside of the transceiver phase locked loop and
operatively connected to the serializer.

In embodiments, the second adjustable oscillator is pro-
grammable with a desired delay.

In embodiments, the desired delay is a constant value

In embodiments, the constant value is zero.

In embodiments, the adjustment information is provided
to the second adjustable oscillator to provide the first wire
rate signal.

The present invention also relates to a field programmable
gate array system comprising (a) a field programmable gate
array comprising (1) a first interface comprising (A) a first
reference clock pin, wherein said first reference clock pin is
configured to receive a first clock signal having a first
frequency and a first phase; (B) a second reference clock pin,
wherein said second reference clock pin is configured to
receive a second clock signal having a second frequency and
a second phase; (C) a first plurality of data pins, wherein said
first plurality of data pins is configured to receive a first
serial data stream; (D) a second plurality of data pins,
wherein said second plurality of data pins is configured to
transmit a second serial data stream; (2) a deserializer
operationally connected to (A) the first reference clock pin
to receive as a first input the first clock signal and (B) the
first plurality of data pins to receive as a second input the
first serial data stream, and wherein the deserializer is
configured to (A) convert the first serial data stream into a
first plurality of parallel data streams having a first amount
of data streams, and (B) generate a first receiver side clock
signal based on the first clock signal, wherein the first
receiver side clock signal has a third frequency and a third
phase; and (C) transmit the first plurality of parallel data
streams and the first receiver side clock signal within the
field programmable gate array; (3) computational circuitry
operationally connected to the deserializer to receive the first
plurality of parallel data streams and the first receiver side
clock signal, wherein the computational circuitry is config-
ured to perform a first set of operations on the first plurality
of parallel data streams to generate a second plurality of
parallel processed data streams having a second amount of
data streams; (4) a serializer operationally connected to (A)
a transceiver phase lock loop to receive as a third input a first
wire rate clock signal based on the second clock signal,
wherein the first wire rate clock signal has a fourth fre-
quency and a fourth phase; (B) the second plurality of data
pins to transmit as a first output the second serial data
stream; (C) the computational circuitry, wherein the serial-
izer receives the second plurality of parallel processed data
streams from the computational circuitry and the serializer
transmits to the computational circuitry a first transmitter
side clock signal including a fifth frequency and a fifth
phase; and wherein the serializer is configured to (A)
convert the second plurality of parallel processed data
streams into the second serial data stream; (B) generate the
first transmitter side clock signal based on the first wire rate
signal, wherein the first transmitter side clock signal has the
fifth frequency and the fifth phase, wherein the fifth fre-
quency is different than and less than the fourth frequency;
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and (C) transmit the second serial data stream to the second
plurality of data pins for transmission off the field program-
mable gate array; (5) a second interface comprising (A) a
first clock output pin configured to transmit the first receiver
side clock signal, wherein the first clock output pin is
operationally connected to the deserializer; and (B) a second
clock output pin configured to transmit the first transmitter
side clock signal, wherein the second clock output pin is
operationally connected to the serializer; and (b) a phase
control circuit, provided at least partially on the field pro-
grammable gate array, wherein the phase control circuit
comprises (1) a phase detector operationally connected to
the first clock output pin and the second clock output pin of
the second interface of the field programmable gate array,
and wherein the phase detector is configured to compare the
third phase of the first receiver side clock signal to the fifth
phase of the transmitter side clock signal and to generate a
phase difference indicator signal based on a difference
between the third phase of the first receiver side clock signal
and the fifth phase of the transmitter side clock signal; (2) a
phase controller operationally connected to the phase detec-
tor and configured to receive the phase difference indicator
signal, and wherein the phase controller is configured to
determine adjustment information based on the phase dif-
ference indicator signal; and (3) an adjustable oscillator
operationally connected to the phase controller and config-
ured to receive the adjustment information as well as opera-
tionally connected to the second reference clock pin of the
first interface of the field programmable gate array, wherein
the adjustable oscillator is configured to generate the second
clock signal including the second frequency and the second
phase based on the adjustment information and transmit the
second clock signal to the second reference clock pin of the
first interface of the field programmable gate array, wherein
the transmitter side clock signal and the first receiver side
clock signal are phase aligned so that there is a fixed phase
difference between the third phase and the fifth phase.

In embodiments, the third frequency corresponds to the
first frequency.

In embodiments, the third phase is not aligned with the
first phase.

In embodiments, the third frequency is different than the
first frequency.

In embodiments, the first set of operations does not
include clock domain crossing operations that delays pro-
cessing of the first set of parallel data streams.

In embodiments, the first set of operations includes at
least one of the following: (i) an arithmetic operation; (ii) a
logical operation; (iii) a pipeline operation; and (iv) a
memory access operation.

In embodiments, the first amount of data streams is the
same as the second amount of data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to one of the
following: (i) eight (8) data streams; (ii) ten (10) data
streams; (iii) sixteen (16) data streams; (iv) twenty (20) data
streams; (v) thirty-two (32) data streams; (vi) forty (40) data
streams; (vii) sixty-four (64) data streams; (viii) eighty (80)
data streams; (ix) one hundred twenty-eight (128) data
streams; and (x) one hundred sixty (160) data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to two (2) to the
power of N, where N is an integer.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to ten (10) times
two (2) to the power of N, where N is an integer.
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In embodiments, the first amount of data streams and the
second amount of data streams are equal to thirty-three (33)
times two (2) to the power of N, where N is an integer.

In embodiments, the transceiver phase lock loop is opera-
tionally connected to the second reference clock pin and is
configured to: (A) receive the second clock signal, as a
fourth input, to generate the first wire rate clock signal; and
(B) transmit the first wire rate clock signal as the third input,
to the serializer.

In embodiments, the fourth frequency is equal to x times
the fifth frequency, where x is the second amount of data
streams.

In embodiments, the fourth frequency is equal to x times
the fifth frequency, where x is half of the second amount of
data streams.

In embodiments, the fourth frequency is a rational mul-
tiple of the second frequency.

In embodiments, the phase difference indicator signal is a
pulse signal.

In embodiments, adjustment information indicates at least
one of the following: (A) a desired phase; (B) a desired
frequency; (C) a change in phase; and (D) a change in
frequency.

In embodiments, adjustment information comprises a
voltage.

In embodiments, adjustment information comprise a digi-
tal transmission.

In embodiments, the adjustment information is used to do
at least one of the following: (i) set a bias to an oscillator;
(ii) set a divider ratio; and (iii) set a delay.

In embodiments, the first serial data stream comprises
market data, the second serial data stream comprises order
entry data, and the first operation comprises a trading
algorithm.

In embodiments, the first serial data stream includes
market data and the second serial data stream includes
trading data.

In embodiments, the field programmable gate array sys-
tem further comprises (a) a fourth plurality of data pins of
the first interface, wherein the fourth plurality of data pins is
configured to transmit a fourth serial data stream; (b) a
second deserializer operationally connected to (i) the first
reference clock pin to receive the first clock signal as a third
input to the second deserializer, wherein the second deseri-
alizer is configured to: (A) receive a third serial data stream;
(B) convert the third serial data stream into a third plurality
of parallel data streams having a third amount of data
streams; (C) generate a second receiver side clock signal
based on the first clock signal, wherein the second receiver
side clock signal has a sixth frequency and a sixth phase; and
(D) transmit within the field programmable gate array to the
computational circuitry the third plurality of parallel data
streams and the second receiver side clock signal; (ii) the
computational circuitry further configured to (A) receive the
third plurality of parallel data streams and the second
receiver side clock signal; and (B) generate a fourth plurality
of parallel processed data streams having a fourth amount of
data streams; (c) a second serializer operationally connected
to: (i) the transceiver phase lock loop to receive as a fifth
input the first wire rate clock signal based on the second
clock signal; and (ii) the fourth plurality of data pins to
transmit as a second output the fourth serial data stream,
wherein the second serializer is configured to (A) receive the
fourth plurality of parallel processed data streams from the
computational circuitry; (B) convert the fourth plurality of
parallel processed data streams into the fourth serial data
stream; (C) transmit the fourth serial data stream to the
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fourth plurality of data pins for transmission off the field
programmable gate array; (d) a third clock output pin of the
second interface configured to transmit the second receiver
side clock signal, wherein the third clock output pin is
operationally connected to the second deserializer; and (e) a
second phase control circuit, provided at least partially on
the field programmable gate array, wherein the phase control
circuit comprises: (i) a second phase detector operationally
connected to the first clock output pin and the third clock
output pin of the second interface of the field programmable
gate array, wherein the second phase detector is configured
to (A) compare the third phase of the first receiver side clock
signal to the sixth phase of the second receiver side clock
signal; and (B) generate a second phase difference indicator
signal based on a difference between the third phase of the
first receiver side clock signal and the sixth phase of the
second receiver side clock signal; (ii) a second phase con-
troller operationally connected to the second phase detector
and configured to receive the second phase difference indi-
cator signal, wherein the second phase controller is config-
ured to determine second adjustment information based on
the second phase difference indicator signal; and (iii) a delay
element operationally connected to the second phase con-
troller and to the second deserializer, wherein the second
phase controller sends to the delay element the second
adjustment information, wherein the delay element is con-
figured to (A) delay the third serial data stream based on the
second adjustment information, and (B) transmit the third
serial data stream to the second deserializer, wherein the first
receiver side clock signal and the second receiver side clock
signal are phase aligned so that there is a fixed phase
difference between the third phase and the sixth phase.

In embodiments, the field programmable gate array sys-
tem further comprises a third plurality of data pins of the first
interface, wherein the delay element is placed on the field
programmable gate array and operationally connected to the
third plurality of data pins and wherein the delay element is
further configured to (A) receive the third serial data stream
via the third plurality of data pins, and (B) transmit the third
serial data stream to the second deserializer.

In embodiments, the field programmable gate array sys-
tem further comprises a third plurality of data pins of the first
interface, wherein (A) the delay element is placed outside of
the field programmable gate array, (B) the delay element and
the second deserializer are operationally connected to the
third plurality of data pins, and (C) the third plurality of data
pins is further configured to transmit the third serial data
stream from the delay element to the second deserializer.

The present invention also relates to a method for pro-
cessing a first serial data stream comprising market data,
using a field programmable gate array system, to generate a
second serial data stream comprising order entry data,
wherein the method comprises the steps of (a) receiving, by
a first plurality of data pins of a first interface of a field
programmable gate array in the field programmable gate
array system, the first serial data stream; (b) receiving, by a
first reference clock pin in the first interface, a first clock
signal having a first frequency and a first phase; (¢) trans-
mitting, from the first plurality of data pins of the first
interface to a deserializer in the field programmable gate
array, the first serial data stream; (d) transmitting, from the
first reference clock pin in the first interface to the deseri-
alizer, the first clock signal; (e) generating, by the deserial-
izer, a first receiver side clock signal having a second
frequency and a second phase, based on the first clock
signal; (f) converting, by the deserializer, the first serial data
stream into a first plurality of parallel data streams; (g)
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transmitting, from the deserializer to computational circuitry
in the field programmable gate array, the first receiver side
clock signal; (h) transmitting, from the deserializer to the
computational circuitry, the first plurality of data streams
comprising a first plurality of data items and a first amount
of data streams; (i) transmitting, from the deserializer via a
first clock output pin on a second interface of the field
programmable gate array to a phase detector that is part of
the field programmable gate array system and not part of the
field programmable gate array, the first receiver side clock
signal; (j) generating, using the field programmable gate
array system, a first transmitter side clock signal having a
third frequency and a third phase, by performing the fol-
lowing steps until a first output of the phase detector is
below a first threshold level: (i) generating, by an adjustable
oscillator in the field programmable gate array system, a
second clock signal having a fourth frequency and a fourth
phase; (i1) generating a first wire rate clock signal having a
fifth frequency and a fifth phase based on the second clock
signal; (iii) generating, by a serializer in the field program-
mable gate array, an interim transmitter side clock signal
having a sixth frequency and a sixth phase; (iv) transmitting,
from the serializer via a second clock output pin of the
second interface to the phase detector, the interim transmit-
ter side clock signal; (v) generating, by the phase detector,
the first output based on a comparison of the first receiver
side clock signal and the interim transmitter side clock
signal; (vi) transmitting, from the phase detector to a phase
controller of the field programmable gate array system
which is placed within the field programmable gate array,
the first output; (vii) determining, by the phase controller,
interim adjustment information based on the first output; and
(viii) transmitting, from the phase controller to the adjust-
able oscillator, the interim adjustment information, wherein,
the adjustable oscillator adjusts the second clock signal
based on the interim adjustment information and steps (i)
through (viii) are repeated until the first output of the phase
detector is below the first threshold level; (k) transmitting,
from the serializer to the computational circuitry, first trans-
mitter side clock signal; (1) performing, by the computa-
tional circuitry, a first set of operations on at least a portion
of the first plurality of data items to generate a second
plurality of parallel data streams comprising a second
amount of data streams; (m) transmitting, from the compu-
tational circuitry to the serializer, the second plurality of
parallel data streams; (n) converting, by the serializer, the
second plurality of parallel data streams into the second
serial data stream; and (o) transmitting, from the serializer
off the field gate programmable array system via a second
plurality of data pins of the first interface, the second serial
data stream.

In embodiments, step (a) is performed before step (b).

In embodiments, step (b) is performed before step (a).

In embodiments, step (a) and step (b) are performed
contemporaneously.

In embodiments, step (c) is performed before step (d).

In embodiments, step (d) is performed before step (c).

In embodiments, step (c) and step (d) are performed
contemporaneously.

In embodiments, step (e) is performed before step (f).

In embodiments, step (f) is performed before step (e).

In embodiments, step (e) and step (f) are performed
contemporaneously.

In embodiments, the second frequency corresponds to the
first frequency.

In embodiments, the second phase is not aligned with the
first phase.
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In embodiments, the second frequency is different from
the first frequency.

In embodiments, step (g) is performed before step (h).

In embodiments, step (h) is performed before step (g).

In embodiments, step (g) and step (h) are performed
contemporaneously.

In embodiments, the step (i) comprises transmitting, from
the deserializer to the phase detector, the first receiver side
clock signal via a first zero delay buffer phase lock loop of
the field programmable gate array before transmitting the
first receiver side clock signal via the first clock output pin
of the second interface.

In embodiments, the third frequency corresponds to the
second frequency.

In embodiments, the third phase is aligned with the
second phase.

In embodiments, a difference between the third phase and
the second phase is less than a second threshold level

In embodiments, the sixth frequency corresponds to the
third frequency.

In embodiments, the sixth phase is not aligned with the
third phase prior to the first output of the phase detector
being below the first threshold level.

In embodiments, the step (j)(iv) comprises transmitting,
from the serializer to the phase detector, the interim trans-
mitter side clock signal via a second zero delay buffer phase
lock loop of the field programmable gate array before
transmitting the interim transmitter side clock signal via the
second clock output pin of the second interface.

In embodiments, the first set of operations does not
include clock domain crossing operations that delays pro-
cessing of the first set of parallel data streams.

In embodiments, the first amount of data streams is the
same as the second amount of data streams.

In embodiments, the first amount of data streams and the
second amount of data streams is one of the following: (i)
eight (8) data streams; (ii) ten (10) data streams; (iii) sixteen
(16) data streams; (iv) twenty (20) data streams; (v) thirty-
two (32) data streams; (vi) forty (40) data streams; (Vvii)
sixty-four (64) data streams; and (viii) eighty (80) data
streams; (ix) one hundred twenty-eight (128) data streams;
and (x) one hundred sixty (160) data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to two (2) to the
power of N, where N is an integer.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to ten (10) times
two (2) to the power of N, where N is an integer.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to thirty-three (33)
times two (2) to the power of N, where N is an integer.

In embodiments, at least a portion of the first set of
operations is performed prior to step (k).

In embodiments, at least a portion of the first set of
operations is performed after step (k).

In embodiments, all of the first set of operations is
performed after step (k).

In embodiments, the transmission of the second serial
data stream from the serializer off the field programmable
gate array is transmitted to an input/output module off the
field programmable gate array.

In embodiments, the first serial data stream includes
market data and the second serial data stream includes
trading data.

In embodiments, the step of generating the first wire rate
clock signal further includes: (a) receiving, from the adjust-
able oscillator at a transceiver phase lock loop via a second
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reference clock pin in the first interface, the second clock
signal; (b) processing, by the transceiver phase lock loop,
the received second clock signal; (¢) providing, by the
transceiver phase lock loop, the first wire rate clock signal
based on the processing of the received clock signal; and (d)
transmitting, by the transceiver phase lock loop, the first
wire rate clock signal to the serializer.

In embodiments, a phase lock loop generates the first wire
rate clock signal.

In embodiments, the phase lock loop is on the field
programmable gate array.

In embodiments, the phase lock loop that is part of the
field programmable gate array system and not part of the
field programmable gate array.

In embodiments, the step of generating the first wire rate
clock signal further includes: (a) processing the second
clock signal; (b) providing the first wire rate clock signal
based on the processing of the second clock signal; and (c)
transmitting, to the serializer, the first wire rate clock signal.

In embodiments, the sixth frequency corresponds to the
third frequency.

In embodiments, the sixth phase is not aligned with the
third phase.

The present invention also relates to a field programmable
gate array system comprising: (a) a field programmable gate
array comprising (1) a first interface comprising (A) a first
reference clock pin, wherein said first reference clock pin is
configured to receive a first clock signal having a first
frequency and a first phase; (B) a second reference clock pin,
wherein said second reference clock pin is configured to
receive a second clock signal having a second frequency and
a second phase; (C) a first plurality of data pins, wherein said
first plurality of data pins is configured to receive a first
serial data stream; (D) a second plurality of data pins,
wherein said second plurality of data pins is configured to
transmit a second serial data stream; (2) a deserializer
operationally connected to (A) the first reference clock pin
to receive as a first input the first clock signal and (B) the
first plurality of data pins to receive as a second input the
first serial data stream, and wherein the deserializer is
configured to (A) convert the first serial data stream into a
first plurality of parallel data streams having a first amount
of data streams; (B) generate a first receiver side clock signal
based on the first clock signal, wherein the first receiver side
clock signal has a third frequency and a third phase; and (C)
transmit the first plurality of parallel data streams and the
first receiver side clock signal within the field programmable
gate array; (3) computational circuitry operationally con-
nected to the deserializer to receive the first plurality of
parallel data streams and the first receiver side clock signal,
wherein the computational circuitry is configured to perform
a first set of operations on the first plurality of parallel data
streams to generate a second plurality of parallel processed
data streams having a second amount of data streams; (4) a
serializer operationally connected to (A) a transceiver phase
lock loop to receive as a third input a first wire rate clock
signal based on the second clock signal, wherein the first
wire rate clock signal has a fourth frequency and a fourth
phase; (B) the second plurality of data pins to transmit as a
first output the second serial data stream; (C) the computa-
tional circuitry, wherein the serializer receives the second
plurality of parallel processed data streams from the com-
putational circuitry and the serializer transmits to the com-
putational circuitry a first transmitter side clock signal
including a fifth frequency and a fifth phase; and wherein the
serializer is configured to (A) convert the second plurality of
parallel processed data streams into the second serial data
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stream; (B) generate the first transmitter side clock signal
based on the first wire rate signal, wherein the first trans-
mitter side clock signal has the fifth frequency and the fifth
phase, wherein the fifth frequency is different than and less
than the fourth frequency; and (C) transmit the second serial
data stream to the second plurality of data pins for trans-
mission off the field programmable gate array; and (b) a
phase control circuit, provided at least partially on the field
programmable gate array, wherein the phase control circuit
comprises (1) a phase detector configured to compare the
third phase of the first receiver side clock signal to the fifth
phase of the transmitter side clock signal and to generate a
phase difference indicator signal based on a difference
between the third phase of the first receiver side clock signal
and the fifth phase of the transmitter side clock signal; (2) a
phase controller operationally connected to the phase detec-
tor and configured to receive the phase difference indicator
signal, and wherein the phase controller is configured to
determine adjustment information based on the phase dif-
ference indicator signal; and (3) a phase lock loop with
phase adjustment operationally connected to the phase con-
troller and configured to receive the adjustment information
as well as operationally connected to the second reference
clock pin of the first interface of the field programmable gate
array, wherein the phase lock loop with phase adjustment is
configured to generate the second clock signal including the
second frequency and the second phase based on the adjust-
ment information and transmit the second clock signal to the
second reference clock pin of the first interface of the field
programmable gate array, wherein the transmitter side clock
signal and the first receiver side clock signal are phase
aligned so that there is a fixed phase difference between the
third phase and the fifth phase.

In embodiments, the third frequency corresponds to the
first frequency.

In embodiments, the third phase is not aligned with the
first phase.

In embodiments, the third frequency is different than the
first frequency.

In embodiments, the first set of operations does not
include clock domain crossing operations that delays pro-
cessing of the first set of parallel data streams.

In embodiments, the first set of operations includes at
least one of the following: (i) an arithmetic operation; (ii) a
logical operation; (iii) a pipeline operation; and (iv) a
memory access operation.

In embodiments, the first amount of data streams is the
same as the second amount of data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to one of the
following: (i) eight (8) data streams; (ii) ten (10) data
streams; (iii) sixteen (16) data streams; (iv) twenty (20) data
streams; (v) thirty-two (32) data streams; (vi) forty (40) data
streams; (vii) sixty-four (64) data streams; (viii) eighty (80)
data streams; (ix) one hundred twenty-eight (128) data
streams; and (x) one hundred sixty (160) data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to two (2) to the
power of N, where N is an integer.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to ten (10) times
two (2) to the power of N, where N is an integer.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to thirty-three (33)
times two (2) to the power of N, where N is an integer.

In embodiments, the transceiver phase lock loop is opera-
tionally connected to the second reference clock pin and is
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configured to (A) receive the second clock signal, as a fourth
input, to generate the first wire rate clock signal; and (B)
transmit the first wire rate clock signal as the third input, to
the serializer.

In embodiments, the fourth frequency is equal to x times
the fifth frequency, where x is the second amount of data
streams.

In embodiments, the fourth frequency is equal to x times
the fifth frequency, where x is half of the second amount of
data streams.

In embodiments, the fourth frequency is a rational mul-
tiple of the second frequency.

In embodiments, the phase difference indicator signal is a
pulse signal.

In embodiments, adjustment information indicates at least
one of the following: (A) a desired phase; (B) a desired
frequency; (C) a change in phase; and (D) a change in
frequency.

In embodiments, adjustment information comprises a
voltage.

In embodiments, adjustment information comprise a digi-
tal transmission.

In embodiments, the adjustment information is used to do
at least one of the following: (i) set a bias to an oscillator;
(ii) set a divider ratio; and (iii) set a delay.

In embodiments, the first serial data stream comprises
market data, the second serial data stream comprises order
entry data, and the first operation comprises a trading
algorithm.

In embodiments, the first serial data stream includes
market data and the second serial data stream includes
trading data.

In embodiments, the field programmable gate array sys-
tem further comprises: (5) a second interface comprising (A)
a first clock output pin configured to transmit the first
receiver side clock signal, wherein the first clock output pin
is operationally connected to the deserializer; and (B) a
second clock output pin configured to transmit the first
transmitter side clock signal, wherein the second clock
output pin is operationally connected to the serializer; and
wherein the phase detector is not on the field programmable
gate array and is operationally connected to the first clock
output pin and the second clock output pin of the second
interface of the field programmable gate array.

In embodiments, the field programmable gate array sys-
tem further comprises (a) a fourth plurality of data pins of
the first interface, wherein the fourth plurality of data pins is
configured to transmit a fourth serial data stream; (b) a
second deserializer operationally connected to: (i) the first
reference clock pin to receive the first clock signal as a third
input to the second deserializer, wherein the second deseri-
alizer is configured to (A) receive a third serial data stream;
(B) convert the third serial data stream into a third plurality
of parallel data streams having a third amount of data
streams; (C) generate a second receiver side clock signal
based on the first clock signal, wherein the second receiver
side clock signal has a sixth frequency and a sixth phase; and
(D) transmit within the field programmable gate array to the
computational circuitry the third plurality of parallel data
streams and the second receiver side clock signal; (ii) the
computational circuitry further configured to (A) receive the
third plurality of parallel data streams and the second
receiver side clock signal; and (B) generate a fourth plurality
of parallel processed data streams having a fourth amount of
data streams; (c) a second serializer operationally connected
to: (i) the transceiver phase lock loop to receive as a fifth
input the first wire rate clock signal based on the second
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clock signal; and (ii) the fourth plurality of data pins to
transmit as a second output the fourth serial data stream,
wherein the second serializer is configured to (A) receive the
fourth plurality of parallel processed data streams from the
computational circuitry; (B) convert the fourth plurality of
parallel processed data streams into the fourth serial data
stream; (C) transmit the fourth serial data stream to the
fourth plurality of data pins for transmission off the field
programmable gate array; and (d) a second phase control
circuit, provided at least partially on the field programmable
gate array, wherein the phase control circuit comprises (i) a
second phase detector configured to (A) compare the third
phase of the first receiver side clock signal to the sixth phase
of the second receiver side clock signal; and (B) generate a
second phase difference indicator signal based on a differ-
ence between the third phase of the first receiver side clock
signal and the sixth phase of the second receiver side clock
signal; (ii) a second phase controller operationally connected
to the second phase detector and configured to receive the
second phase difference indicator signal, wherein the second
phase controller is configured to determine second adjust-
ment information based on the second phase difference
indicator signal; and (iii) a delay element operationally
connected to the second phase controller and to the second
deserializer, wherein the second phase controller sends to
the delay element the second adjustment information,
wherein the delay element is configured to (A) delay the
third serial data stream based on the second adjustment
information, and (B) transmit the third serial data stream to
the second deserializer, wherein the first receiver side clock
signal and the second receiver side clock signal are phase
aligned so that there is a fixed phase difference between the
third phase and the sixth phase.

In embodiments, the field programmable gate array sys-
tem further comprises a third plurality of data pins of the first
interface, wherein the delay element is placed on the field
programmable gate array and operationally connected to the
third plurality of data pins and wherein the delay element is
further configured to (A) receive the third serial data stream
via the third plurality of data pins, and (B) transmit the third
serial data stream to the second deserializer.

In embodiments, the field programmable gate array sys-
tem further comprises a third plurality of data pins of the first
interface, wherein (A) the delay element is placed outside of
the field programmable gate array, (B) the delay element and
the second deserializer are operationally connected to the
third plurality of data pins, and (C) the third plurality of data
pins is further configured to transmit the third serial data
stream from the delay element to the second deserializer.

In embodiments, the field programmable gate array sys-
tem further comprises (A) a first clock output pin of a second
interface of the field programmable gate array, the first clock
output pin being configured to transmit the first receiver side
clock signal from the deserializer to the second phase
detector; and (B) a third clock output pin of the second
interface configured to transmit the second receiver side
clock signal from the second deserializer to the second phase
detector, wherein the second phase detector is not placed on
the field programmable gate array and is operationally
connected to the first clock output pin and the third clock
output pin of the second interface of the field programmable
gate array.

The present invention also relates to a method for pro-
cessing a first serial data stream comprising market data,
using a field programmable gate array system, to generate a
second serial data stream comprising order entry data,
wherein the method comprises the steps of: (a) receiving, by
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a first plurality of data pins of a first interface of a field
programmable gate array in the field programmable gate
array system, the first serial data stream; (b) receiving, by a
first reference clock pin in the first interface, a first clock
signal having a first frequency and a first phase; (c¢) trans-
mitting, from the first plurality of data pins of the first
interface to a deserializer in the field programmable gate
array, the first serial data stream; (d) transmitting, from the
first reference clock pin in the first interface to the deseri-
alizer, the first clock signal; (e) generating, by the deserial-
izer, a first receiver side clock signal having a second
frequency and a second phase, based on the first clock
signal; (f) converting, by the deserializer, the first serial data
stream into a first plurality of parallel data streams; (g)
transmitting, from the deserializer to computational circuitry
in the field programmable gate array, the first receiver side
clock signal; (h) transmitting, from the deserializer to the
computational circuitry, the first plurality of data streams
comprising a first plurality of data items and a first amount
of data streams; (i) transmitting, from the deserializer to a
phase detector of the field programmable gate array system,
the first receiver side clock signal; (j) generating, using the
field programmable gate array system, a first transmitter side
clock signal having a third frequency and a third phase, by
performing the following steps until a first output of the
phase detector is below a first threshold level: (i) generating,
by a phase lock loop with phase adjustment in the field
programmable gate array system, a second clock signal
having a fourth frequency and a fourth phase; (ii) generating
a first wire rate clock signal having a fifth frequency and a
fifth phase based on the second clock signal; (iii) generating,
by a serializer in the field programmable gate array, an
interim transmitter side clock signal having a sixth fre-
quency and a sixth phase; (iv) transmitting, from the seri-
alizer to the phase detector, the interim transmitter side clock
signal; (v) generating, by the phase detector, the first output
based on a comparison of the first receiver side clock signal
and the interim transmitter side clock signal; (vi) transmit-
ting, from the phase detector to a phase controller of the field
programmable gate array system which is placed within the
field programmable gate array, the first output; (vii) deter-
mining, by the phase controller, interim adjustment infor-
mation based on the first output; and (viii) transmitting, from
the phase controller to the phase lock loop with phase
adjustment, the interim adjustment information; wherein,
the phase lock loop with phase adjustment adjusts the
second clock signal based on the interim adjustment infor-
mation and steps (i) through (viii) are repeated until the first
output of the phase detector is below the first threshold level;
(k) transmitting, from the serializer to the computational
circuitry, first transmitter side clock signal; (1) performing,
by the computational circuitry, a first set of operations on at
least a portion of the first plurality of data items to generate
a second plurality of parallel data streams comprising a
second amount of data streams; (m) transmitting, from the
computational circuitry to the serializer, the second plurality
of parallel data streams; (n) converting, by the serializer, the
second plurality of parallel data streams into the second
serial data stream; and (o) transmitting, from the serializer
off the field gate programmable array system via a second
plurality of data pins of the first interface, the second serial
data stream.

In embodiments, step (a) is performed before step (b).

In embodiments, step (b) is performed before step (a).

In embodiments, step (a) and step (b) are performed
contemporaneously.

In embodiments, step (c) is performed before step (d).
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In embodiments, step (d) is performed before step (c).

In embodiments, step (¢) and step (d) are performed
contemporaneously.

In embodiments, step (e) is performed before step ().

In embodiments, step (f) is performed before step (e).

In embodiments, step (e) and step (f) are performed
contemporaneously.

In embodiments, the second frequency corresponds to the
first frequency.

In embodiments, the second phase is not aligned with the
first phase.

In embodiments, the second frequency is different from
the first frequency.

In embodiments, step (g) is performed before step (h).

In embodiments, step (h) is performed before step (g).

In embodiments, step (g) and step (h) are performed
contemporaneously.

In embodiments, the phase detector is not placed on the
field programmable gate array and the step (i) comprises
transmitting, from the deserializer to the phase detector via
a first clock output pin on a second interface of the field
programmable gate array, the first receiver side clock signal.

In embodiments, the step (i) further comprises transmit-
ting, from the deserializer to the phase detector, the first
receiver side clock signal via a first zero delay buffer phase
lock loop of the field programmable gate array before
transmitting the first receiver side clock signal via the first
clock output pin of the second interface.

In embodiments, the third frequency corresponds to the
second frequency.

In embodiments, the third phase is aligned with the
second phase.

In embodiments, a difference between the third phase and
the second phase is less than a second threshold level

In embodiments, the sixth frequency corresponds to the
third frequency.

In embodiments, the sixth phase is not aligned with the
third phase prior to the first output of the phase detector
being below the first threshold level.

In embodiments, the phase detector is not placed on the
field programmable gate array and the step (j)(iv) comprises
transmitting, from the serializer to the phase detector via a
second clock output pin of the second interface of the field
programmable gate array, the interim transmitter side clock
signal.

In embodiments, the step (j)(iv) further comprises trans-
mitting, from the serializer to the phase detector, the interim
transmitter side clock signal via a second zero delay buffer
phase lock loop of the field programmable gate array before
transmitting the interim transmitter side clock signal via the
second clock output pin of the second interface.

In embodiments, the first set of operations does not
include clock domain crossing operations that delays pro-
cessing of the first set of parallel data streams.

In embodiments, the first amount of data streams is the
same as the second amount of data streams.

In embodiments, the first amount of data streams and the
second amount of data streams is one of the following: (i)
eight (8) data streams; (ii) ten (10) data streams; (iii) sixteen
(16) data streams; (iv) twenty (20) data streams; (v) thirty-
two (32) data streams; (vi) forty (40) data streams; (Vvii)
sixty-four (64) data streams; (viii) eighty (80) data streams;
(ix) one hundred twenty-eight (128) data streams; and (x)
one hundred sixty (160) data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to two (2) to the
power of N, where N is an integer.
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In embodiments, the first amount of data streams and the
second amount of data streams are equal to ten (10) times
two (2) to the power of N, where N is an integer.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to thirty-three (33)
times two (2) to the power of N, where N is an integer.

In embodiments, at least a portion of the first set of
operations is performed prior to step (k).

In embodiments, at least a portion of the first set of
operations is performed after step (k).

In embodiments, all of the first set of operations is
performed after step (k).

In embodiments, the transmission of the second serial
data stream from the serializer off the field programmable
gate array is transmitted to an input/output module off the
field programmable gate array.

In embodiments, the first serial data stream includes
market data and the second serial data stream includes
trading data.

In embodiments, the step of generating the first wire rate
clock signal further includes: (a) receiving, from the phase
lock loop with phase adjustment at a transceiver phase lock
loop via a second reference clock pin in the first interface,
the second clock signal; (b) processing, by the transceiver
phase lock loop, the received second clock signal; (c)
providing, by the transceiver phase lock loop, the first wire
rate clock signal based on the processing of the received
clock signal; and (d) transmitting, by the transceiver phase
lock loop, the first wire rate clock signal to the serializer.

In embodiments, a phase lock loop generates the first wire
rate clock signal.

In embodiments, the phase lock loop is on the field
programmable gate array.

In embodiments, the phase lock loop that is part of the
field programmable gate array system and not part of the
field programmable gate array.

In embodiments, the step of generating the first wire rate
clock signal further includes: (a) processing the second
clock signal; (b) providing the first wire rate clock signal
based on the processing of the second clock signal; and (c)
transmitting, to the serializer, the first wire rate clock signal.

In embodiments, the sixth frequency corresponds to the
third frequency.

In embodiments, the sixth phase is not aligned with the
third phase.

The present invention also relates to a field programmable
gate array system comprising (a) a field programmable gate
array comprising (1) a first interface comprising (A) a first
reference clock pin, wherein said first reference clock pin is
configured to receive a first clock signal having a first
frequency and a first phase; (B) a second reference clock pin,
wherein said second reference clock pin is configured to
receive the first clock signal; (C) a first plurality of data pins,
wherein said first plurality of data pins is configured to
receive a first serial data stream; (D) a second plurality of
data pins, wherein said second plurality of data pins is
configured to transmit a second serial data stream; (2) a
deserializer operationally connected to (A) the first reference
clock pin to receive as a first input the first clock signal and
(B) the first plurality of data pins to receive as a second input
the first serial data stream, and wherein the deserializer is
configured to (A) convert the first serial data stream into a
first plurality of parallel data streams having a first amount
of data streams; (B) generate a first receiver side clock signal
based on the first clock signal, wherein the first receiver side
clock signal has a third frequency and a third phase; and (C)
transmit the first plurality of parallel data streams and the
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first receiver side clock signal within the field programmable
gate array; (3) computational circuitry operationally con-
nected to the deserializer to receive the first plurality of
parallel data streams and the first receiver side clock signal,
wherein the computational circuitry is configured to perform
a first set of operations on the first plurality of parallel data
streams to generate a second plurality of parallel processed
data streams having a second amount of data streams; (4) a
serializer operationally connected to (A) an adjustable trans-
ceiver phase lock loop to receive as a third input a first wire
rate clock signal, wherein the first wire rate clock signal has
a fourth frequency and a fourth phase; (B) the second
plurality of data pins to transmit as a first output the second
serial data stream; (C) the computational circuitry, wherein
the serializer receives the second plurality of parallel pro-
cessed data streams from the computational circuitry and the
serializer transmits to the computational circuitry a first
transmitter side clock signal including a fifth frequency and
a fifth phase; and wherein the serializer is configured to (A)
convert the second plurality of parallel processed data
streams into the second serial data stream; (B) generate the
first transmitter side clock signal based on the first wire rate
signal, wherein the first transmitter side clock signal has the
fifth frequency and the fifth phase, wherein the fifth fre-
quency is different than and less than the fourth frequency;
and (C) transmit the second serial data stream to the second
plurality of data pins for transmission off the field program-
mable gate array; and (b) a phase control circuit, provided at
least partially on the field programmable gate array, wherein
the phase control circuit comprises (1) a phase detector
configured to compare the third phase of the first receiver
side clock signal to the fifth phase of the transmitter side
clock signal and to generate a phase difference indicator
signal based on a difference between the third phase of the
first receiver side clock signal and the fifth phase of the
transmitter side clock signal; (2) a phase controller opera-
tionally connected to the phase detector and configured to
receive the phase difference indicator signal, and wherein
the phase controller is configured to determine adjustment
information based on the phase difference indicator signal;
and (3) the adjustable transceiver phase lock loop opera-
tionally connected to the phase controller and configured to
receive the adjustment information as well as operationally
connected to the second reference clock pin of the first
interface of the field programmable gate array, wherein the
adjustable transceiver phase lock loop is configured to
generate a second clock signal including the second fre-
quency and the second phase based on the first clock signal
received via the second reference clock pin and process the
second clock signal based on the adjustment information
received from the phase controller to generate the first wire
rate clock signal, wherein the transmitter side clock signal
and the first receiver side clock signal are phase aligned so
that there is a fixed phase difference between the third phase
and the fifth phase.

In embodiments, the third frequency corresponds to the
first frequency.

In embodiments, the third phase is not aligned with the
first phase.

In embodiments, the third frequency is different than the
first frequency.

In embodiments, the first set of operations does not
include clock domain crossing operations that delays pro-
cessing of the first set of parallel data streams.
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In embodiments, the first set of operations includes at
least one of the following: (i) an arithmetic operation; (ii) a
logical operation; (iii) a pipeline operation; and (iv) a
memory access operation.

In embodiments, the first amount of data streams is the
same as the second amount of data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to one of the
following: (i) eight (8) data streams; (ii) ten (10) data
streams; (iii) sixteen (16) data streams; (iv) twenty (20) data
streams; (v) thirty-two (32) data streams; (vi) forty (40) data
streams; (vii) sixty-four (64) data streams; (viii) eighty (80)
data streams; (ix) one hundred twenty-eight (128) data
streams; and (x) one hundred sixty (160) data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to two (2) to the
power of N, where N is an integer.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to ten (10) times
two (2) to the power of N, where N is an integer.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to thirty-three (33)
times two (2) to the power of N, where N is an integer.

In embodiments, the fourth frequency is equal to x times
the fifth frequency, where x is the second amount of data
streams.

In embodiments, the fourth frequency is equal to x times
the fifth frequency, where x is half of the second amount of
data streams.

In embodiments, the fourth frequency is a rational mul-
tiple of the second frequency.

In embodiments, the phase difference indicator signal is a
pulse signal.

In embodiments, adjustment information indicates at least
one of the following: (A) a desired phase; (B) a desired
frequency; (C) a change in phase; and (D) a change in
frequency.

In embodiments, adjustment information comprises a
voltage.

In embodiments, adjustment information comprises a
digital transmission.

In embodiments, the adjustment information is used to do
at least one of the following: (i) set a bias to an oscillator;
(ii) set a divider ratio; and (iii) set a delay.

In embodiments, the first serial data stream comprises
market data, the second serial data stream comprises order
entry data, and the first operation comprises a trading
algorithm.

In embodiments, the first serial data stream includes
market data and the second serial data stream includes
trading data.

In embodiments, the field programmable gate array sys-
tem further comprises (5) a second interface comprising (A)
a first clock output pin configured to transmit the first
receiver side clock signal, wherein the first clock output pin
is operationally connected to the deserializer; and (B) a
second clock output pin configured to transmit the first
transmitter side clock signal, wherein the second clock
output pin is operationally connected to the serializer,
wherein the phase detector is not on the field programmable
gate array and is operationally connected to the first clock
output pin and the second clock output pin of the second
interface of the field programmable gate array.

In embodiments, the field programmable gate array sys-
tem further comprises (a) a fourth plurality of data pins of
the first interface, wherein the fourth plurality of data pins is
configured to transmit a fourth serial data stream; (b) a
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second deserializer operationally connected to: (i) the first
reference clock pin to receive the first clock signal as a third
input to the second deserializer, wherein the second deseri-
alizer is configured to (A) receive a third serial data stream;
(B) convert the third serial data stream into a third plurality
of parallel data streams having a third amount of data
streams; (C) generate a second receiver side clock signal
based on the first clock signal, wherein the second receiver
side clock signal has a sixth frequency and a sixth phase; and
(D) transmit within the field programmable gate array to the
computational circuitry the third plurality of parallel data
streams and the second receiver side clock signal; (ii) the
computational circuitry further configured to (A) receive the
third plurality of parallel data streams and the second
receiver side clock signal; and (B) generate a fourth plurality
of parallel processed data streams having a fourth amount of
data streams; (c) a second serializer operationally connected
to: (i) the adjustable transceiver phase lock loop to receive
as a fifth input the first wire rate clock signal based on the
second clock signal; and (ii) the fourth plurality of data pins
to transmit as a second output the fourth serial data stream,
wherein the second serializer is configured to (A) receive the
fourth plurality of parallel processed data streams from the
computational circuitry; (B) convert the fourth plurality of
parallel processed data streams into the fourth serial data
stream; (C) transmit the fourth serial data stream to the
fourth plurality of data pins for transmission off the field
programmable gate array; and (d) a second phase control
circuit, provided at least partially on the field programmable
gate array, wherein the phase control circuit comprises (i) a
second phase detector configured to (A) compare the third
phase of the first receiver side clock signal to the sixth phase
of the second receiver side clock signal; and (B) generate a
second phase difference indicator signal based on a differ-
ence between the third phase of the first receiver side clock
signal and the sixth phase of the second receiver side clock
signal; (ii) a second phase controller operationally connected
to the second phase detector and configured to receive the
second phase difference indicator signal, wherein the second
phase controller is configured to determine second adjust-
ment information based on the second phase difference
indicator signal; and (iii) a delay element operationally
connected to the second phase controller and to the second
deserializer, wherein the second phase controller sends to
the delay element the second adjustment information,
wherein the delay element is configured to (A) delay the
third serial data stream based on the second adjustment
information, and (B) transmit the third serial data stream to
the second deserializer, wherein the first receiver side clock
signal and the second receiver side clock signal are phase
aligned so that there is a fixed phase difference between the
third phase and the sixth phase.

In embodiments, the field programmable gate array sys-
tem further comprises a third plurality of data pins of the first
interface, wherein the delay element is placed on the field
programmable gate array and operationally connected to the
third plurality of data pins and wherein the delay element is
further configured to (A) receive the third serial data stream
via the third plurality of data pins, and (B) transmit the third
serial data stream to the second deserializer.

In embodiments, the field programmable gate array sys-
tem further comprises a third plurality of data pins of the first
interface, wherein (A) the delay element is placed outside of
the field programmable gate array, (B) the delay element and
the second deserializer are operationally connected to the
third plurality of data pins, and (C) the third plurality of data
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pins is further configured to transmit the third serial data
stream from the delay element to the second deserializer.

In embodiments, the field programmable gate array sys-
tem further comprises (A) a first clock output pin of a second
interface of the field programmable gate array, the first clock
output pin being configured to transmit the first receiver side
clock signal from the deserializer to the second phase
detector; and (B) a third clock output pin of the second
interface configured to transmit the second receiver side
clock signal from the second deserializer to the second phase
detector, wherein the second phase detector is not placed on
the field programmable gate array and is operationally
connected to the first clock output pin and the third clock
output pin of the second interface of the field programmable
gate array.

The present invention also relates to a method for pro-
cessing a first serial data stream comprising market data,
using a field programmable gate array system, to generate a
second serial data stream comprising order entry data,
wherein the method comprises the steps of (a) receiving, by
a first plurality of data pins of a first interface of a field
programmable gate array in the field programmable gate
array system, the first serial data stream; (b) receiving, by a
first reference clock pin in the first interface, a first clock
signal having a first frequency and a first phase; (c¢) trans-
mitting, from the first plurality of data pins of the first
interface to a deserializer in the field programmable gate
array, the first serial data stream; (d) transmitting, from the
first reference clock pin in the first interface to the deseri-
alizer, the first clock signal; (e) generating, by the deserial-
izer, a first receiver side clock signal having a second
frequency and a second phase, based on the first clock
signal; (f) converting, by the deserializer, the first serial data
stream into a first plurality of parallel data streams; (g)
transmitting, from the deserializer to computational circuitry
in the field programmable gate array, the first receiver side
clock signal; (h) transmitting, from the deserializer to the
computational circuitry, the first plurality of data streams
comprising a first plurality of data items and a first amount
of data streams; (i) transmitting, from the deserializer to a
phase detector of the field programmable gate array system,
the first receiver side clock signal; (j) generating, using the
field programmable gate array system, a first transmitter side
clock signal having a third frequency and a third phase, by
performing the following steps until a first output of the
phase detector is below a first threshold level: (i) receiving,
by an adjustable transceiver phase lock loop via a second
reference clock pin in the first interface, the first clock signal
to generate a second clock signal having a fourth frequency
and a fourth phase; (ii) generating a first wire rate clock
signal having a fifth frequency and a fifth phase based on the
second clock signal and interim adjustment information; (iii)
generating, by a serializer in the field programmable gate
array, an interim transmitter side clock signal having a sixth
frequency and a sixth phase; (iv) transmitting, from the
serializer to the phase detector, the interim transmitter side
clock signal; (v) generating, by the phase detector, the first
output based on a comparison of the first receiver side clock
signal and the interim transmitter side clock signal; (vi)
transmitting, from the phase detector to a phase controller of
the field programmable gate array system which is placed
within the field programmable gate array, the first output;
(vii) determining, by the phase controller, the interim adjust-
ment information based on the first output; and (viii) trans-
mitting, from the phase controller to the adjustable trans-
ceiver phase lock loop, the interim adjustment information,
wherein, the adjustable transceiver phase lock loop adjusts
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the second clock signal based on the interim adjustment
information and steps (i) through (viii) are repeated until the
first output of the phase detector is below the first threshold
level; (k) transmitting, from the serializer to the computa-
tional circuitry, first transmitter side clock signal; (1) per-
forming, by the computational circuitry, a first set of opera-
tions on at least a portion of the first plurality of data items
to generate a second plurality of parallel data streams
comprising a second amount of data streams; (m) transmit-
ting, from the computational circuitry to the serializer, the
second plurality of parallel data streams; (n) converting, by
the serializer, the second plurality of parallel data streams
into the second serial data stream; and (o) transmitting, from
the serializer off the field gate programmable array system
via a second plurality of data pins of the first interface, the
second serial data stream.

In embodiments, step (a) is performed before step (b).

In embodiments, step (b) is performed before step (a).

In embodiments, step (a) and step (b) are performed
contemporaneously.

In embodiments, step (c) is performed before step (d).

In embodiments, step (d) is performed before step (c).

In embodiments, step (¢) and step (d) are performed
contemporaneously.

In embodiments, step (e) is performed before step ().

In embodiments, step (f) is performed before step (e).

In embodiments, step (e) and step (f) are performed
contemporaneously.

In embodiments, the second frequency corresponds to the
first frequency.

In embodiments, the second phase is not aligned with the
first phase.

In embodiments, the second frequency is different from
the first frequency.

In embodiments, step (g) is performed before step (h).

In embodiments, step (h) is performed before step (g).

In embodiments, step (g) and step (h) are performed
contemporaneously.

In embodiments, the phase detector is not placed on the
field programmable gate array and the step (i) comprises
transmitting, from the deserializer to the phase detector via
a first clock pin on a second interface of the field program-
mable gate array, the first receiver side clock signal.

In embodiments, the step (i) further comprises transmit-
ting, from the deserializer to the phase detector, the first
receiver side clock signal via a first zero delay buffer phase
lock loop of the field programmable gate array before
transmitting the first receiver side clock signal via the first
clock output pin of the second interface.

In embodiments, the third frequency corresponds to the
second frequency.

In embodiments, the third phase is aligned with the
second phase.

In embodiments, a difference between the third phase and
the second phase is less than a second threshold level

In embodiments, the sixth frequency corresponds to the
third frequency.

In embodiments, the sixth phase is not aligned with the
third phase prior to the first output of the phase detector
being below the first threshold level.

In embodiments, the phase detector is not placed on the
field programmable gate array and the step (j)(iv) comprises
transmitting, from the serializer to the phase detector via a
second clock output pin of the second interface of the field
programmable gate array, the interim transmitter side clock
signal.

Optiver Ex1001
Page 59 of 85



US 10,763,865 Bl

23

In embodiments, the step (j)(iv) further comprises trans-
mitting, from the serializer to the phase detector, the interim
transmitter side clock signal via a second zero delay buffer
phase lock loop of the field programmable gate array before
transmitting the interim transmitter side clock signal via the
second clock output pin of the second interface.

In embodiments, the first set of operations does not
include clock domain crossing operations that delays pro-
cessing of the first set of parallel data streams.

In embodiments, the first amount of data streams is the
same as the second amount of data streams.

In embodiments, the first amount of data streams and the
second amount of data streams is one of the following: (i)
eight (8) data streams; (ii) ten (10) data streams; (iii) sixteen
(16) data streams; (iv) twenty (20) data streams; (v) thirty-
two (32) data streams; (vi) forty (40) data streams; (Vvii)
sixty-four (64) data streams; (viii) eighty (80) data streams;
(ix) one hundred twenty-eight (128) data streams; and (x)
one hundred sixty (160) data streams.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to two (2) to the
power of N, where N is an integer.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to ten (10) times
two (2) to the power of N, where N is an integer.

In embodiments, the first amount of data streams and the
second amount of data streams are equal to thirty-three (33)
times two (2) to the power of N, where N is an integer.

In embodiments, at least a portion of the first set of
operations is performed prior to step (k).

In embodiments, at least a portion of the first set of
operations is performed after step (k).

In embodiments, all of the first set of operations is
performed after step (k).

In embodiments, the transmission of the second serial
data stream from the serializer off the field programmable
gate array is transmitted to an input/output module off the
field programmable gate array.

In embodiments, the first serial data stream includes
market data and the second serial data stream includes
trading data.

In embodiments, the step of generating the first wire rate
clock signal further includes: (a) generating, by the adjust-
able phase lock loop, the second clock signal based on the
received first clock signal; (b) processing, by the adjustable
transceiver phase lock loop, the second clock signal based
on the interim adjustment information received from the
phase controller; (¢) providing, by the adjustable transceiver
phase lock loop, the first wire rate clock signal based on the
processing of the second clock signal; and (d) transmitting,
by the adjustable transceiver phase lock loop, the first wire
rate clock signal to the serializer.

In embodiments, a phase lock loop generates the first wire
rate clock signal.

In embodiments, the phase lock loop is on the field
programmable gate array.

In embodiments, the phase lock loop that is part of the
field programmable gate array system and not part of the
field programmable gate array.

In embodiments, the step of generating the first wire rate
clock signal further includes: (a) processing the second
clock signal; (b) providing the first wire rate clock signal
based on the processing of the second clock signal; and (c)
transmitting, to the serializer, the first wire rate clock signal.

In embodiments, the sixth frequency corresponds to the
third frequency.

10

20

30

35

40

45

55

60

24

In embodiments, the sixth phase is not aligned with the
third phase.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments of the present invention will be
described with reference to the accompanying figures,
wherein:

FIG. 1 is a block diagram of a conventional field pro-
grammable gate array;

FIG. 1A is a block diagram of an exemplary transceiver
suitable for use in the field programmable gate array of FIG.
1

FIG. 1B is an exemplary block diagram of a Clock
Domain Crossing Circuit suitable for use in the field pro-
grammable gate array of FIG. 1;

FIG. 1C illustrates exemplary input output waveforms of
the Clock Domain Crossing Circuit of the field program-
mable gate array of FIG. 1;

FIG. 2A illustrates an example of a phase difference
between the receiver side clock and the transmitter side
clock of an FPGA in accordance with an exemplary embodi-
ment of the present invention;

FIG. 2B illustrates an example of a phase difference
between receiver clock and a transmitter clock of an FPGA
in accordance with an exemplary embodiment of the present
invention;

FIG. 2C illustrates an example of a phase difference
between receiver clock and a transmitter clock of an FPGA
in accordance with an exemplary embodiment of the present
invention;

FIG. 2D illustrates an example of an inverted phase
difference between receiver clock and a transmitter clock of
an FPGA in accordance with an exemplary embodiment of
the present invention;

FIG. 3A is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 3B is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 3C is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 3D is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 3E is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 3F is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 4A is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 4B is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 4C is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 5A is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;
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FIG. 5B is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 5C is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 5D is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 5E is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 5F is a block diagram of a field programmable gate
array system in accordance with an exemplary embodiment
of the present invention;

FIG. 6A is an exemplary block diagram of a deserializer
suitable for use in the field programmable gate array systems
of FIGS. 3A-3F, 4A-4C and 5A-5F in accordance with an
exemplary embodiment of the present invention;

FIG. 6B is an exemplary circuit diagram of a continuous-
time linear equalizer (CTLE) suitable for use in the deseri-
alizer of FIG. 6A in accordance with an exemplary embodi-
ment of the present invention;

FIG. 6C is an exemplary block diagram of a clock and
data recovery (CDR) circuit suitable for use in the deseri-
alizer of FIG. 6A in accordance with an exemplary embodi-
ment of the present invention;

FIG. 6D is an exemplary circuit diagram of a decision
circuit suitable for use in the deserializer of FIG. 6A in
accordance with an embodiment of the present invention;

FIG. 6E is an exemplary block diagram of a deserializer
suitable for use in the field programmable gate array systems
of FIGS. 3A-3F, 4A-4C and 5A-5F in accordance with an
exemplary embodiment of the present invention;

FIG. 7A is an exemplary block diagram of a serializer
suitable for use in the field programmable gate array systems
of FIGS. 3A-3F, 4A-4C and 5A-5F in accordance with an
exemplary embodiment of the present invention;

FIG. 7B is an exemplary block diagram of a serializer
suitable for use in field programmable gate array systems of
FIGS. 3A-3F, 4A-4C and 5A-5F in accordance with an
exemplary embodiment of the present invention;

FIG. 8A is an exemplary block diagram of a phase
detector suitable for use in the field programmable gate array
systems of FIGS. 3A-3F, 4A-4C and 5A-5F in accordance
with an exemplary embodiment of the present invention;

FIG. 8B is another exemplary block diagram of a phase
detector suitable for use in the field programmable gate array
systems of FIGS. 3A-3F, 4A-4C and 5A-5F in accordance
with an exemplary embodiment of the present invention;

FIG. 8C is another exemplary block diagram of a phase
detector suitable for use in the field programmable gate array
systems of FIGS. 3A-3F, 4A-4C and 5A-5F in accordance
with an exemplary embodiment of the present invention;

FIG. 8D is another exemplary block diagram of a phase
detector suitable for use in the field programmable gate array
systems of FIGS. 3A-3F, 4A-4C and 5A-5F in accordance
with an exemplary embodiment of the present invention;

FIGS. 9A-C are flow charts of a process implementing the
field programmable gate array system in accordance with an
exemplary embodiment of the present invention;

FIGS. 10A-10B are flow charts of a process for generating
a transmitter side clock signal in accordance with an exem-
plary embodiment of the present invention;

FIG. 11 is a flow chart of a process for generating a wire
rate clock signal in accordance with an embodiment of the
present invention;
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FIGS. 12A-C are flow charts of a process implementing
the field programmable gate array system in accordance with
an exemplary embodiment of the present invention;

FIGS. 13A-13B are flow charts of a process for generating
a transmitter side clock signal in accordance with an exem-
plary embodiment of the present invention;

FIG. 14 is a flow chart of a process for generating a wire
rate clock signal in accordance with an embodiment of the
present invention;

FIGS. 15A-C are flow charts of a process implementing
the field programmable gate array system in accordance with
an exemplary embodiment of the present invention;

FIGS. 16 A-16B are flow charts of a process for generating
a transmitter side clock signal in accordance with an exem-
plary embodiment of the present invention; and

FIG. 17 is a flow chart of a process for generating a wire
rate clock signal in accordance with an exemplary embodi-
ment of the present invention.

DETAILED DESCRIPTION

The present invention generally relates to a field program-
mable gate array system. In embodiments, the present inven-
tion generally relates to a field programmable gate array and
an external or internal phase controller providing phase
matching between a receiver clock and a transmitter clock
used in the field programmable gate array.

FIG. 1 illustrates an exemplary schematic of a FPGA 100.
Examples of currently available FPGAs include the
XCVU3P-2FFVCI1517E, Intel 1SG280LH3F55E3VG, Xil-
inx XCVU9P-2FLGA2104E the Vitrex® Ultrascale, the
Vitrex® Ultrascale Plus, the Stratix® V, the Stratix® 10,
XILINX XC3042, the Intel ENCE6E22C8LN and the Lat-
tice ICE40LP.387-1-SG32, to name a few.

In embodiments, FPGA 100 may include an FPGA Core
106 and a number of peripheral systems. In embodiments,
the FPGA Core 106 includes 4 main components: logic
elements, digital signal processor blocks (“DSP blocks™),
clock distribution components, and memories, to name a
few, and may generally be referred to as the FPGA core, or
simply logic core, 106. In embodiments, the peripheral
systems may include CPU cores, reconfiguration controllers,
security features, hardened logic functions, FPGA trans-
ceiver banks 102, hardened high-speed interface accelera-
tors (e.g., PCle or 100 GbE controllers, to name a few),
general-purpose 1/O pins, memory interface controllers,
larger memories, analog components (e.g., ADCs or DACs
to name a few), and 3D-stacked memories (e.g., HBM), to
name a few. The FPGA Transceiver banks 102 receive serial
data to be processed from outside the FPGA and then
transmit serial data out of the FBGA after being processed
by internal circuitry of the FPGA 100. Some FPGA’s may
not include FPGA Transceiver banks.

In embodiments, data may be received by a receiver side
of the transceiver banks 102 in the FPGA 100 at rates such
as 10 or 25 Gbps, to name a few. In embodiments, rates may
be between a range of 9-25 Gbps, 10-25 Gbps, 22-33 Gbps,
33-45 Gbps, 45-60 Gbps, 60-80 Gbps, or 80-120 Gbps, to
name a few. An exemplary transceiver (including deserial-
izer 104' and serializer 110") suitable for use in FPGA 100 is
shown in FIG. 1A. In embodiments, the input data may be
received from I/O module 120. The input data may then be
deserialized, using deserializer 104, for example, and par-
allelized into parallel data streams, such as 16-64 bits wide
at Vie™ to Ves™ of the frequency of the incoming data stream,
to name a few. In embodiments, FPGA transceivers may
support parallel streams with widths of, for example, 8 bits,
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10 bits, 16 bits, 20 bits, 32 bits, 40 bits, 64 bits, 80 bits, 128
bits, and 160 bits (with corresponding clock division), to
name a few. In some FPGAs, a physical coding sublayer
(PCS) may be used in the transceiver 102. In some FPGAs,
the PCS of the transceiver 102 may be bypassed and so that
the corresponding PCS functions may be done in the FPGA
core 106. After deserialization, data is available for compu-
tation in the FPGA logic core 106 where computation is
completed. In embodiments, the computation of the data
may be computed by receive-side computation 110a of the
FPGA core 106. Similarly, data may be computed by the
transmit-side computation 1105.

In embodiments, a REFERENCE CLOCK signal is pro-
vided, by Oscillator or Clock Generator 122, to both the
deserializer 104 and the serializer 110. The REFERENCE
CLOCK signal is received by the serializer 110 via the
transceiver PLL. 108 (Phase-Locked Loop). The first
receiver side clock signal RXCLOCK, however, is different
in both frequency and phase from the REFERENCE
CLOCK based on the deserialization process that occurs in
the deserializer 104. Similarly, the transmitter clock signal
TXCLOCK, while based on the REFERNCE CLOCK signal
varies in frequency and phase based on processing that
occurs in the serializer 110. As a result, the RXCLOCK
signal and TXCLOCK signal will be out of phase. A known
solution to this issue is the inclusion of the RX to TX clock
domain crossing circuit 112. An exemplary Clock Domain
Crossing circuit is suitable for use in FPGA 100 is shown as
clock domain crossing circuit 112' in connection with FIG.
1B. As is noted above, the inclusion of the RX to TX clock
domain crossing circuit 112 creates a technical problem,
introducing an inherent delay in the FPGA 100, which is
undesirable. The technical problem of an inherent delay is
illustrated in FIG. 1C. FIG. 1C illustrates an example of a
phase difference between the receiver side clock and the
transmitter side clock of the conventional field program-
mable gate array of FIG. 1.

Thereafter, the data it transmitted out of the FPGA 100.
After all computation (computation by receive-side compu-
tation 110a and/or transmit-side computation 1105) and
clock domain crossing (by RX to TX clock domain crossing
112) is completed, the data goes back to the transmit side of
the FPGA transceiver 102 to be serialized by the serializer
110 out on an output wire. The serializer 110 (e.g., the
transmitter) typically runs off a fast clock generated (e.g., 10
Gbps, 25 Gbps, or a range from 10 Gbps to 25 Gbps, or a
range from 1 Gbps to 100 Gbps, to name a few) by the
transceiver phase-locked loop 108 within the transceiver
bank 102 from a reference clock signal received by oscil-
lator or clock generator 122.

The receiver (deserializer 104) and transmitter (serializer
110) of the transceiver 102 operate on different clocks that
are independently generated within the transceiver 102. The
receiver clock domain is typically generated by a clock and
data recovery (CDR) circuit from the incoming data stream.
The transmitter clock is typically generated by the trans-
ceiver phase-locked loop 108. In conventional FPGAs,
phase matching or synchronizing is provided using the clock
domain crossing circuit 112 that adjusts the phases of the
two clock domains. The clock domain crossing circuit 112
may be an asynchronous FIFO or an asynchronous gearbox,
to name a few. In embodiments, domain crossing circuit 112
may be a mesochronous clock crossing circuit. In embodi-
ments, clock domain crossing circuit 112 may be instanti-
ated within transceiver 102 of FPGA 100, although this
structure has a higher latency cost than implementing it in
logic fabric 106 of FPGA 100. As discussed above, a
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significant drawback of the clock domain crossing circuit
112 is that it adds latency related to the phase difference
between the clocks plus the latency of the synchronizers
used, and does not perform any computation, such that it
slows the effective processing speed of FPGA 100.

FIGS. 2A-2D illustrate example phase differences
between the receiver side clock and the transmitter side
clock. It will be understood that other examples of phase
differences may be present consistent with the teachings of
this disclosure. Generally, when the clocks are aligned, the
minimum and maximum delays may be used to determine
the time available for the computation of data.

FIG. 2A illustrates an example of a phase difference
between the receiver side clock and the transmitter side
clock of an FPGA in accordance with an embodiment. FIG.
2 A depicts a phase difference when the clocks are under 360
degrees apart. This embodiment results in minimum delay
2106A and maximum delay 2108A, for which data may be
computed. The minimum delay 2106A is from the driving
clock edge back to itself, as shown in FIG. 2A.

FIG. 2B illustrates an example of a phase difference
between receiver clock and a transmitter clock of an FPGA
in accordance with an embodiment. The phase difference
depicted in FIG. 2B shows a phase difference with medium
delay 2106B and maximum delay 2108B. The example
shown in FIG. 2B shows a minimum delay 21068 of 0.
However, in practice, while designers may design for the
phase difference in FIG. 2B, the phase difference may end up
more similar to the phase differences of FIG. 2A and/or 2C.

FIG. 2C illustrates an example of a phase difference
between receiver clock and a transmitter clock of an FPGA
in accordance with an embodiment. FIG. 2C depicts a phase
difference with the clocks are over 360 degrees apart. The
time between minimum delay 2106C and maximum delay
2108C may allow for more data computations within the
phase difference.

FIG. 2D illustrates an example of an inverted phase
difference between receiver clock and a transmitter clock of
an FPGA in accordance with an embodiment. This example
of an inverted phase difference between minimum delay
2106D and maximum delay 2108D shows that, even
inverted, the phase difference would work similarly to the
phase detectors of FIGS. 2A-2C.

FIG. 3A illustrates a block diagram of a field program-
mable gate array (FPGA) system in accordance with an
embodiment of the present disclosure that provides phase
control while minimizing latency. In embodiments, the
system generally includes FPGA 3100 which preferably
includes FPGA transceiver banks 3102. In embodiments, the
FPGA transceiver banks 3102 includes deserializer 3104 on
the receiver end of FPGA 3100, transceiver PLL 3108, and
serializer 3110 on the transmitter end of FPGA 3100. Dese-
rializer 3104 may be similar to the deserializer 3104' and
deserializer 3104" discussed below in connection with
FIGS. 6A-6E, the descriptions of which applying herein.
Serializer 3110 may be similar to serializer 3110' and
serializer 3110" discussed below in connection with FIGS.
7A and 7B respectively, the descriptions of which applying
herein. In embodiments, deserializer 3104 receives a serial
data stream from the /O module 3120 and provides dese-
rialized data to the FPGA core 3106. More specifically, the
deserializer 3104 will provide parallel data streams to the
FPGA core 3106 for processing. As illustrated, this parallel
data is provided to the computational logic 3210 where
processing and computation takes place. FIG. 3A illustrates
computational logic 3210 as a single element with a receiver
side and a transmitting side. In embodiments, the computa-
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tional logic 3210 may be implemented as a plurality of logic
elements. In embodiments, when all computation is com-
plete, the resulting data may be provided to serializer 3110
and then transmitted out of FPGA 3100, preferably via I/O
module 3120, for example. In embodiments, the I/O module
may be a direct soldered cable, on-chip optics, or an on-
board optical transceiver, to name a few. Additionally, the
1/0 module may be an SFP, a QSFP, a micro QSFP, or a
QSFP-DD, to name a few.

In embodiments, the serializer 3110 and deserializer 3104
(SERDES) circuit(s) may contain two major sections: (1) an
analog side whose purpose is signal cleaning, and (2) a
digital side which turns the analog signal into bits and
converts between parallel and serial data streams. In
embodiments, the analog side may include a few different
types of amplifiers to provide signal cleaning.

In embodiments, as shown in FIG. 3A, a PLL with phase
adjustment 3300 may be located inside the FPGA 3100
fabric with adjustable feedback dividers, which in turn
adjust the frequency of the PLL. Alternatively, the PLL with
phase adjustment 3300 may comprise a phase adjuster on the
output of the loop, which adjusts the phase of the PLL
directly. In embodiments, the same description may apply to
adjustable transceiver PLLs 3108 and 5108 respectively
shown in FIGS. 3B and 5B, but the differences are the
location of the PLL inside the FPGA (e.g., within the FPGA
core 3106 versus outside the FPGA core and within the
FPGA transceiver banks 3102, 5102) and the operating
frequency.

As illustrated in FIG. 3A, in embodiments, the first
receiver side clock signal RXCLOCK is based on but has a
different frequency and phase than the REFERENCE
CLOCK signal provided by oscillator 3000 based on the
operation of the deserializer 3104, as is discussed above with
respect to the serializer 104. In embodiments, the transmitter
side clock signal TXCLOCK provided from the serializer
3110 may be provided by transceiver phase locked loop
3108, which is provided inside FPGA 3100, and may be
controlled by Phase Lock Loop (PLL) with Phase Adjust-
ment 3300 of the FPGA core 3106. In this manner, the
frequency or phase of the transmitter side clock signal
TXCLOCK may be adjusted.

In embodiments, an internal phase controller 3202 is
connected to the PLL with Phase Adjustment 3300 and
provides control signals to allow for adjustment of the phase
of at least the transmitter side clock signal TXCLOCK. The
phase of the incoming data, in embodiments, may be
adjusted by adjusting the data stream received by 1/O
module 3120. In embodiments, the internal phase controller
3202 provides control signals based on the phase difference
between the receiver clock signal RXCLOCK and the trans-
mitter clock signal TXCLOCK. In embodiments, the phase
difference may be determined using phase detector 3206

Using the configuration of FIG. 3A, the receiver clock
signal RXCLOCK and the transmitter clock signal
TXCLOCK may be sufficiently aligned in phase such that
there is no need for the clock domain crossing circuit
discussed above, eliminating a technical problem. The tech-
nical solution to a technical problem, in embodiments, is
shown in the system of FIG. 3A, which provides a wire or
a logic path via the controller 3202 and PLL with phase
adjustment 3300 to adjust the phase of the transmitter side
clock TXCLOCK to correspond to that of the first receiver
side clock signal RXCLLOCK. Some delays may be intro-
duced in the path including min_delay and max_delay
constraints of the wire and components, however, such
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delays are insignificant compared to the larger delays that
are necessarily present when an asynchronous clock domain
crossing circuit is used.

In embodiments, with a phase difference between about
45° and 360°, the min_delay should be set at 0 and the
max_delay should be set equal to the time between rising
edges on the receive clock signal and transmit clock signal
(as shown in FIGS. 2A and 2B). The difference between 45°
and 360° approximates the minimum amount of time
required to safely capture data. In embodiments, the formula
for the time is as follows:

lm in :lsetup+lwire+l clock—out+Aljitter+lskew

Referencing the above equation, t_,,, is the setup time of
a flip-flop (i.e., a latch) on FPGA 3100. The t,,,,, is the delay
of the, for example, shortest wire (as compared to other
wires on the FPGA) on FPGA 3100. In embodiments, the
shortest wire is the shortest possible wire. In embodiments,
Lroerone 18 the clock-to-output time of a flip-flop on the
FPGA 3100. In embodiments, At,,,, is a safety factor for
jitter on both clocks. litter, for example, is the deviation
from true periodicity of a periodic signal from a reference
clock. In embodiments, t,, is the skew between clock paths
to the two flip-flops on FPGA 3100.

In embodiments where there is a phase difference with the
transmitter clock running less than 45° ahead of the receiver
clock, metastability may occur unless the clocks are treated
as being greater than 360 degrees apart (as seen in FIG. 2C).
In such embodiments, the min and max delay are set with the
min delay greater than the time difference between rising
edges and the max delay less than one full clock cycle plus
the min delay. In embodiments, the transmit clock signal
may also sample on the opposite edge as the receiving clock
signal launch edge, but cases are symmetric. In embodi-
ments, a change from positive to negative edge sampling
adds an approximate 180 degrees offset. In embodiments,
manufacturer analysis tools may add a reasonable jitter
margin to account for times when jitter causes temporary
misalignment.

In embodiments, to avoid instability, the transceiver PLL
3108 preferably runs at the highest bandwidth available
from the PLL on the FPGA, while the overall phase locking
system including the phase detectors 3206, controller 3202
and PLL with Phase Adjustment 3300 run at a low band-
width. In embodiments, the highest bandwidth available
from the PLL on the FPGA may range between 100 kHz and
10 MHz. In such embodiments, the poles in the on-chip
PLLs on the FPGA 3100 are prevented from affecting the
gain or phase margin of the overall control loop which may
be included in the controller 3202. In embodiments, any
loop filter order may be used in the controller 3202 as long
as the bandwidth is low enough to avoid interaction of poles
in the control system. In embodiments, a low bandwidth
may be, for example, 100 Hz-40 kHz, 400 Hz and 4 khz, 4
kHz and 10 kHz, 100 hz to 40 kHz, 0 Hz and 100 Hz, to
name a few. In embodiments, a second-order loop filter may
be used in an effort to improve lock time and phase locking
error. In embodiments a third-order filter may be used if the
second-order filter is stable. In embodiments, a first-order
filter is also an option when the second-order filter has
stability problems. In embodiments, other order filters may
be used, depending on the internal bandwidth of the FPGA
3100.

In embodiments, where the bandwidth of the controller
3202 is too low, the receiving clock and the transmitter clock
may not track each other closely enough to consider them
locked. In embodiment, such tracking issues may be solved
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by adjusting the min and max delay constraints appropri-
ately to provide a cushion for the clocks being away from the
expected phase. In embodiments, a PD (Phase Detector)
control system may be provided after the loop filter to aid in
resolving tracking issues. In embodiments, tracking issues
may be addressed by adding some nonlinearity in the
transfer function of the filter. Other solutions may also be
possible.

In the embodiment of FIG. 3A, the controller 3202
utilizes a phase-locked loop. In embodiments, a derivative
component may be provided in the loop filter to slow down
the control loop when the output value has changed recently
and reduces the chance that the PLLs on the FPGA will lose
lock. In embodiments, the derivative component’s coeffi-
cient will be negative (i.e., the derivative component will act
against the loop filter, however, some references refer to this
as being a positive direction) and less than 1 (so the path
straight from the filter dominates). The loop filter consists of
a standard PLL loop filter with bandwidth between 400 Hz
and 40 kHz of up to 4th order plus a derivative component
that slows down the loop based on recent changes in the
filter value. The bandwidth of the standard PLL loop filter,
in some embodiments, may range between 400 Hz and 4
kHz, 4 kHz and 10 kHz, 100 Hz and 40 kHz, 0 Hz and 100
Hz, to name a few. The extra derivative component helps to
keep the other components in the control system in their
linear operating regions. The loop filter is represented by
DigitalFilter( ) in the pseudocode provided below.

While similar to the embodiment shown in FIG. 3A, in
FIG. 3B, an internal phase controller 3202 is directly con-
nected and provides phase control signals to the adjustable
transceiver PLL 3108, which is located in the FPGA trans-
ceiver banks 3102 and outside the FPGA core 3106. FIG. 3B
illustrates a block diagram of an FPGA system in accordance
with an embodiment of the present invention that provides
phase control while minimizing latency wherein the FPGA
3100 has an acceptable phase-controlled adjustable trans-
ceiver PLL 3108. This embodiment uses the phase-con-
trolled transceiver PLL directly to control the phase of
TXCLOCK. An acceptable phase-control system must have
adjustment gain capable of matching phase transients on the
incoming data stream to within the timing margin (t,,,),
meaning that the following inequality must be able to be
satisfied:

f " (@)L~ LF(@)ld = 1y
0

Where At () is the peak design jitter at that frequency
and LF is the transfer function over frequency of the phase
locking system consisting of the phase detector 3206, con-
troller 3202, and adjustable transceiver PLL 3108. The
transfer function of a phase locked loop relates linearly to
the phase control gain at low frequencies, and is given by:

KapriKppT(w) ] F(w)

) = o K Ko T(@) [ F(@)

where K ,;, is the phase control gain of adjustable PLL
3108, K, is the gain of the phase detector 3206, T(w) is the
transfer function of the PLL controller 3202, and F(w) is the
transfer function of the feedback network.

In embodiments, expected functions for At,, () may be
specified within the protocol specifications for communica-
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tion protocols used. For example, for 10 Gigabit Ethernet,
this is specified in clause 52.8 of the IEEE 802.3 standard.

In embodiments, the system of FIG. 3B generally includes
FPGA 3100 which preferably includes FPGA transceiver
banks 3102. In embodiments, the FPGA transceiver banks
3102 includes deserializer 3104 on the receiver end of
FPGA 3100, adjustable transceiver PLL 3108, and serializer
3110 on the transmitter end of FPGA 3100. Deserializer
3104 may be similar to the deserializer 3104' and deserial-
izer 3104" discussed below in connection with FIGS.
6A-6F, the descriptions of which applying herein. Serializer
3110 may be similar to serializer 3110' and serializer 3110"
discussed below in connection with FIGS. 7A and 7B
respectively, the descriptions of which applying herein. In
embodiments, deserializer 3104 receives a serial data stream
from the I/O module 3120 and provides deserialized data to
the FPGA core 3106. More specifically, the deserializer
3104 will provide parallel data streams to the FPGA core
3106 for processing. As illustrated, this parallel data is
provided to the computational logic 3210 where processing
and computation takes place. FIG. 3B illustrates computa-
tional logic 3210 as a single element with a receiver side and
atransmitting side. In embodiments, the computational logic
3210 may be implemented as a plurality of logic elements.
In embodiments, when all computation is complete, the
resulting data may be provided to serializer 3110 and then
transmitted out of FPGA 3100, preferably via I/O module
3120, for example. In embodiments, the /O module may be
a direct soldered cable, on-chip optics, or an on-board
optical transceiver, to name a few. Additionally, the 1/O
module may be an SFP, a QSFP, a micro QSFP, or a
QSFP-DD, to name a few.

In embodiments, the serializer 3110 and deserializer 3104
(SERDES) circuit(s) may contain two major sections: (1) an
analog side whose purpose is signal cleaning, and (2) a
digital side which turns the analog signal into bits and
converts between parallel and serial data streams. In
embodiments, the analog side may include a few different
types of amplifiers in order to provide signal cleaning.

In embodiments, as shown in FIG. 3B, an adjustable
transceiver PLL 3108 may be located inside the FPGA 3100
fabric with adjustable feedback dividers, which in turn
adjust the frequency of the PLL. Alternatively, the adjustable
transceiver PLL 3108 may comprise a phase adjuster on the
output of the loop, which adjusts the phase of the PLL
directly. Unlike the PLL with phase adjustment 3300 in FIG.
3A, the adjustable transceiver PLL 3108 in FIG. 3B is
located outside the FPGA core 3106 and within the FPGA
transceiver banks 3102. The adjustable transceiver PLL
3108 in FIG. 3B may also differ from the PLL with phase
adjustment 3300 in FIG. 3A in operating frequency.

As illustrated in FIG. 3B, in embodiments, the first
receiver side clock signal RXCLOCK is based on, but has a
different frequency and phase than, the REFERENCE
CLOCK signal provided by oscillator 3000 based on the
operation of the deserializer 3104, as is discussed above with
respect to the serializer 104. In embodiments, the transmitter
side clock signal TXCLOCK provided from the serializer
3110 may be provided by adjustable transceiver phase
locked loop 3108. In this manner, the frequency or phase of
the transmitter side clock signal TXCLOCK may be
adjusted.

In embodiments, an internal phase controller 3202 is
connected to the phase adjustment interface of the phase-
controlled transceiver PLL 3108 and provides control sig-
nals to allow for adjustment of the phase of at least the
transmitter side clock signal TXCLOCK. In embodiments,
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the phase of the incoming data may be adjusted by adjusting
the data stream received by /O module 3120. In embodi-
ments, the internal phase controller 3202 provides control
signals based on the phase difference between the receiver
clock signal RXCLOCK and the transmitter clock signal
TXCLOCK. In embodiments, the phase difference may be
determined using phase detector 3206.

Using the configuration of FIG. 3B, the receiver clock
signal RXCLOCK and the transmitter clock signal
TXCLOCK may be sufficiently aligned in phase such that
there is no need for the clock domain crossing circuit
discussed above, eliminating a technical problem. The tech-
nical solution to a technical problem, in embodiments, is
shown in the system of FIG. 3B, which provides a wire or
a logic path via the controller 3202 and adjustable trans-
ceiver PLL 3108 to adjust the phase of the transmitter side
clock TXCLOCK to correspond to that of the first receiver
side clock signal RXCLLOCK. Some delays may be intro-
duced in the path including min_delay and max_delay
constraints of the wire and components. However, such
delays are insignificant compared to the larger delays that
are necessarily present when an asynchronous clock domain
crossing circuit is used.

In embodiments, with a phase difference between about
45° and 360°, the min_delay should be set at 0 and the
max_delay should be set equal to the time between rising
edges on the receive clock signal and transmit clock signal
(as shown in FIGS. 2A and 2B). The difference between 45°
and 360° approximates the minimum amount of time
required to safely capture data. In embodiments, the formula
for the time is as follows:

[——

setup+lwire+l clock—ourAlj'itter+lskew

Referencing the above equation, t,,,,, is the setup time of
a flip-flop (i.e., a latch) on FPGA 3100. The t, ,,, is the delay
of the, for example, shortest wire (as compared to other
wires on the FPGA) on FPGA 3100. In embodiments, the
shortest wire is the shortest possible wire. In embodiments,
Lrockone 18 the clock-to-output time of a flip-flop on the
FPGA 3100. In embodiments, At is a safety factor for
jitter on both clocks. litter, for example, is the deviation
from true periodicity of a periodic signal from a reference
clock. In embodiments, t,,, is the skew between clock paths
to the two flip-flops on FPGA 3100.

In embodiments where there is a phase difference with the
transmitter clock running less than 45° ahead of the receiver
clock, metastability may occur unless the clocks are treated
as being greater than 360 degrees apart (as seen in FIG. 2C).
In such embodiments, the min and max delay are set with the
min delay greater than the time difference between rising
edges and the max delay less than one full clock cycle plus
the min delay. In embodiments, the transmit clock signal
may also sample on the opposite edge as the receiving clock
signal launch edge, but cases are symmetric. In embodi-
ments, a change from positive to negative edge sampling
adds an approximate 180 degrees offset. In embodiments,
manufacturer analysis tools may add a reasonable jitter
margin to account for times when jitter causes temporary
misalignment.

In the embodiment of FIG. 3B, to avoid instability, the
internal PLL of the adjustable transceiver PLLL 3108 pret-
erably runs at the highest bandwidth available from the PLL
on the FPGA, while the overall phase locking system
including the phase detectors 3206 and controller 3202 runs
at a low bandwidth. In embodiments, the highest bandwidth
available from the PLL on the FPGA may range between
100 kHz and 10 MHz. In such embodiments, the poles in the
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adjustable transceiver PLL 3108 are prevented from affect-
ing the gain or phase margin of the off-chip PLL which may
be included in the controller 3202. In embodiments, any
loop filter order may be used in the controller 3202 as long
as the bandwidth is low enough to avoid interaction of poles
in the control system. In embodiments, a low bandwidth
may be, for example, 100 Hz-40 kHz, 400 Hz and 4 khz, 4
kHz and 10 kHz, 100 hz to 40 kHz, 0 Hz and 100 Hz, to
name a few. In embodiments, a second-order loop filter may
be used in an effort to improve lock time and phase locking
error. In embodiments a third-order filter may be used if the
second-order filter is stable. In embodiments, a first-order
filter is also an option when the second-order filter has
stability problems. In embodiments, other order filters may
be used, depending on the internal bandwidth of the FPGA
3100.

In embodiments, where the bandwidth of the controller
3202 is too low, the receiving clock and the transmitter clock
may not track each other closely enough to consider them
locked. In embodiment, such tracking issues may be solved
by adjusting the min and max delay constraints appropri-
ately to provide a cushion for the clocks being away from the
expected phase. In embodiments, a PD (Phase Detector)
control system may be provided after the loop filter to aid in
resolving tracking issues. In embodiments, tracking issues
may be addressed by adding some nonlinearity in the
transfer function of the filter. Other solutions may also be
possible.

In the embodiment of FIG. 3B, the controller 3202 utilizes
a phase-locked loop. In embodiments, a derivative compo-
nent may be provided in the loop filter to slow down the
control loop when the output value has changed recently and
reduces the chance that the PLLs on the FPGA will lose lock.
In embodiments, the derivative component’s coefficient will
be negative (i.e., the derivative component will act against
the loop filter, however, some references refer to this as
being a positive direction) and less than 1 (so the path
straight from the filter dominates). The loop filter consists of
a standard PLL loop filter with bandwidth between 400 Hz
and 40 kHz of up to 4th order plus a derivative component
that slows down the loop based on recent changes in the
filter value. The bandwidth of the standard PLL loop filter,
in some embodiments, may range between 400 Hz and 4
khz, 4 kHz and 10 kHz, 100 hz to 40 kHz, 0 Hz and 100 Hz,
to name a few. The extra derivative component helps to keep
the other components in the control system in their linear
operating regions. The loop filter is represented by Digi-
talFilter( ) in the pseudocode provided below.

FIG. 3C illustrates a block diagram of another embodi-
ment of an FPGA system in accordance with an exemplary
embodiment of the present invention. Like in the embodi-
ment shown in FIG. 3A, a PLL with phase adjustment 3300«
located within the FPGA core 3106 is used by the FPGA
system in FIG. 3C. Unlike in the embodiment shown in FIG.
3 A, however, an additional control loop, comprising a phase
detector 32065, a controller 32025, and an external delay
element 33005, may be used to allow multiple deserializers
3104a, 31045 and serializers 3110a, 311056 to be aligned.
Multiple deserializers and serializers, as opposed to one of
each, allow FPGA 3100 to receive more input data and more
output data. In such systems, for every additional receiver
that needs to be phase-aligned, an additional control loop is
required.

In embodiments, the additional control loop may use a
similar method to the control loop for phase aligning a
transmitter to the receiver. However, in embodiments, the
control loop may use a delay element 33005 on the received
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data rather than adjusting the frequency or phase of an
oscillator. The control loop may also include a deserializer
31045 in the feedback path instead of a transceiver PLL. In
such embodiments, the required bandwidth may change or
cause different types of nonlinearities. Otherwise, the
method for phase-aligning additional receivers generally
corresponds to the method used to phase align a transmitter
and a receiver, as discussed.

In embodiments, the external delay element 33005 may
have an adjustment range at least as wide as one period of
the parallel RX clock. This can be accomplished by using a
long delay line or a pair of smaller delay lines with a
glitch-free switchover circuit to hide the boundary condi-
tions of the delay lines. In embodiments, the delay element
33005 may be implemented with a digital delay line (e.g.,
the SY89295U from Micrel), or a voltage-controlled delay
element (e.g., the HMC910 from Analog devices).

In embodiments, the additional controller 32025 utilizes a
delay-locked loop. In embodiments, a derivative component
may be provided in the loop filter to slow down the control
loop when the output value has changed recently and
reduces the chance that the PLLs on the FPGA will lose lock.
In embodiments, the derivative component’s coefficient will
be negative, i.e., the derivative component will act against
the loop filter (however, some references refer to this as
being a “positive” direction) and less than 1 so that the path
straight from the filter dominates. The loop filter consists of
a standard PLL loop filter with bandwidth between 400 Hz
and 40 kHz of up to 4th order plus a derivative component
that slows down the loop based on recent changes in the
filter value. In embodiments, the bandwidth of the standard
PLL loop filter may range between 400 Hz and 4 kHz, 4 kHz
and 10 kHz, 100 Hz and 40 kHz, 0 Hz and 100 Hz, to name
a few. The extra derivative component helps to keep the
other components in the control system in their linear
operating regions. The loop filter is represented by Digi-
talFilter( ) in the pseudocode provided below.

In the embodiment of FIG. 3C, there are three clocks
which should be aligned, and the required timing constraints
for passing data from one clock domain to another all follow
the same pattern. In embodiments where there is a phase
difference between any pair of aligned clocks with one clock
running less than 45 degrees ahead of the other clock,
metastability may occur unless the clocks are treated as
being greater than 360 degrees apart (as seen in FIG. 2C). In
such embodiments, the min and max delay are set with the
min delay greater than the time difference between rising
edges and the max delay less than one full clock cycle plus
the min delay. In embodiments, one of the clock signals may
also sample on the opposite edge as the signal launch edge,
but cases are symmetric. In embodiments, a change from
positive to negative edge sampling adds an approximate 180
degrees offset. In embodiments, manufacturer analysis tools
may add a reasonable jitter margin to account for times when
jitter causes temporary misalignment.

FIG. 3D illustrates a block diagram of another embodi-
ment of an FPGA system in accordance with an exemplary
embodiment of the present invention. Like in the embodi-
ment shown in FIG. 3B, an adjustable transceiver PLL 3108
located within the FPGA transceiver banks 3102 is used by
the FPGA system of FIG. 3D. Unlike in the embodiment
shown in FIG. 3B, however, an additional control loop
similar to the additional control loop in FIG. 3C is used to
allow multiple deserializers 3104a, 31045 and serializers
3110a, 31105 to be aligned. In embodiments, the additional
control loop may operate in the manner identical to the
additional control loop described for FIG. 3C.
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FIG. 3E illustrates a block diagram of another embodi-
ment of an FPGA system in accordance with an exemplary
embodiment of the present invention. This embodiment is
similar to the embodiment shown in FIG. 3C in almost all
aspects, except that the delay element 330054 is internal to
the FPGA 3100 in FIG. 3E, unlike the delay element 33005
located outside of the FPGA 3100 in FIG. 3C. In embodi-
ments, the delay element 330056 in FIG. 3E has the same
requirements as the external delay element shown in FIG.
3C.

FIG. 3F illustrates a block diagram of another embodi-
ment of an FPGA system in accordance with an exemplary
embodiment of the present invention. This embodiment is
similar to the embodiment shown in FIG. 3D in almost all
aspects, except that the delay element 330054 is internal to
the FPGA 3100 in FIG. 3F, unlike the delay elements 33005
located outside of the FPGA 3100 in FIG. 3D. The delay
element 33005 has the same requirements as the external
delay element shown in FIG. 3D.

FIG. 4A is a block diagram of another FPGA system in
accordance with an exemplary embodiment of the present
invention. The system of FIG. 4A is similar to that of FIG.
3A or 3B, and common components are referred to using the
same reference numbers (with a differing first digit to
indicate the Figure—e.g., if the first digit of a reference
numeral is ‘“3,” the reference numeral is located on FIG. 3A
or 3B) as in FIGS. 3A and 3B. One difference between the
system of FIG. 4A and the system of FIGS. 3A and 3B is that
the phase detector 4206 is off-chip, i.e., not of the FPGA
4100. Another difference between the system of FIG. 4A and
the system of FIGS. 3A and 3B is that the FPGA 4100
includes zero-delay buffer PLLS 4208a, 42085. Another
difference between the system of FIG. 4A and the system of
FIGS. 3A and 3B is that an internal phase controller 4202 is
operationally connected to frequency or phase adjustable
oscillator 4200, which is outside the FPGA 4100, such that
a phase or frequency control signal may be transmitted from
the internal phase controller 4202 to transceiver PLL 4108
via the frequency or phase-adjustable oscillator 4200.

Referring back to FIG. 4A, in embodiments, the system
generally includes FPGA 4100 which preferably includes
FPGA transceiver banks 4102. In embodiments, the FPGA
transceiver banks 4102 includes deserializer 4104 on the
receiver end of FPGA 4100, transceiver PLL 4108, and
serializer 4110 on the transmitter end of FPGA 4100. Dese-
rializer 4104 may be similar to the deserializer 3014' and
deserializer 3104" discussed below in connection with
FIGS. 6A-6E, the descriptions of which applying herein.
Serializer 4110 may be similar to serializer 3110' and
serializer 3110" discussed below in connection with FIGS.
7A and 7B respectively, the descriptions of which applying
herein. In embodiments, deserializer 4104 receives a serial
data stream via a first plurality of data pins of a first interface
from the I/O module 4120 and provides deserialized data to
the FPGA core 4106. More specifically, the deserializer
4104 will provide parallel data streams to the FPGA core
4106 for processing. As illustrated, this parallel data is
provided to receiver side computational element 4210a
where processing and computation takes place. The result-
ing data may then be provided to transmitting side compu-
tational element 42105 where additional computation and
processing may take place. FIG. 4A illustrates computa-
tional logic 4210 as a single element. In embodiments, the
computational logic 4210 may be implemented as a plurality
of logic elements. In embodiments, computational logic
4210 may also include one or more of the following: RAM
blocks or dedicated hardened accelerators. In embodiments,
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when all computation is complete, the resulting data may be
provided to serializer 4110 and then transmitted out of
FPGA 4100, preferably via I/O module 4120, for example.
In embodiments, the I/O module 4120 may be a direct
soldered cable, on-chip optics, or an on-board optical trans-
ceiver, to name a few. [/O Module 4120, may be, for
example, a Samtec® /O Module Firefly® I/O Module, to
name a few. Additionally, the I/O module may be designed
to meet one or more of the following standards: SFP, a
QSFP, a micro QSFP, or a QSFP-DD, to name a few.

In embodiments, FPGA 4100 may include one or more
interfaces, such as pins. By way of example, a first interface
of'the one or more interfaces, may include a first plurality of
pins of FPGA 4100. The first plurality of pins may be used
to transmit and/or receive data and/or signals. In embodi-
ments, the first plurality of pins may include a first reference
clock pin. The first reference clock pin may be operationally
connected to deserializer 4104. In embodiments, the first
reference clock pin may also be operationally connected to
fixed-frequency oscillator 4000 such that a first clock signal
having a first phase and a first phase may be transmitted
from fixed-frequency oscillator 4000 to deserializer 4104 via
the first reference clock pin. In embodiments, the first clock
signal may have a frequency between 50 and 800 MHZ.

In embodiments, the first plurality of pins may also
include a second reference clock pin. The second reference
clock pin may, in embodiments, be operationally connected
to transceiver PLL 4108. The second reference clock pin, in
embodiments, may be operationally connected to frequency
or phase adjustable oscillator 4200 such that a second clock
signal having a second phase and a second frequency may be
transmitted from the frequency or phase-adjustable oscilla-
tor 4200 to transceiver PLL 4108 via the second reference
clock pin. In embodiments, the second reference clock pin
may be operationally connected to serializer 4110 such that
the second clock signal may be transmitted from the fre-
quency or phase-adjustable oscillator 4200 to serializer 4110
via the second reference clock pin. In embodiments, the
second reference clock pin may also receive a first wire rate
clock signal.

In embodiments, the first plurality of pins may also
include a first plurality of data pins. The first plurality of data
pins may be operationally connected deserializer 4104. In
embodiments, the first plurality of data pins may also be
operationally connected to /0O module 4120 such that a first
serial data stream may be transmitted from external connec-
tion 4122 to deserializer via the I/O module 4120 and the
first plurality of data pins. In embodiments, the first serial
data stream may range between 10 to 25 GBPS.

In embodiments, the first plurality of pins may also
include a second plurality of data pins. The second plurality
of data pins may be operationally connected to serializer
4110. In embodiments, the second plurality of data pins may
also be operationally connected to I/O module 4120 such
that a second serial data stream may be transmitted from
serializer 4110 to the external connection 4122 via the I/O
module 4120 and the second plurality of data pins. In
embodiments, the second serial data stream may range
between 10 to 25 GBPS.

Although reference is made to separate first reference
clock pin, second reference clock pin, first plurality of data
pins and second plurality of data pins, in embodiments, each
pin may be a fixed-function, fixed-location pin, connected
internally through a wire. In embodiments, each pin may be
a multiplexed fixed-function pin, connected internally
through a multiplexer or crossbar. In embodiments, each pin
may be a general purpose /O pin connected through the
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FPGA core 4106. In embodiments, one or more pin may be
fixed function, fixed location pines, while other pins may me
multiplexed fixed function pins and/or a general purpose I/O
pin.

In embodiments, the one or more interfaces may also
include at least a second interface. The second interface of
the one or more interfaces, may include a second plurality of
pins of FPGA 4100. The second plurality of pins may be
used to transmit and/or receive data and/or signals. In
embodiments, the second plurality of pins may include a first
clock output pin. The first clock output pin may be opera-
tionally connected to deserializer 4104. In embodiments, the
first clock output pin may also be operationally connected to
computation logic 4210 such that a first receiver side clock
signal is transmitted from the deserializer 4104 to compu-
tation logic 4210 via the first clock output pin. Additionally,
in some embodiments, the first clock output pin may also be
operationally connected to zero-delay buffer PLL 42084
such that the receiver side clock is transmitted from the
deserializer 4104 to the zero-delay buffer PLL 4208q via the
first clock output pin. In embodiments the first receiver side
clock signal may have a frequency ranging between 100-650
MHZ.

In embodiments, the second plurality of pins may also
include a second clock output pin. The second clock output
pin may be operationally connected to serializer 4110. In
embodiments, the second clock output pin may also be
operationally connected to computation logic 4210 such that
a transmitter side clock signal is transmitted from the
serializer 4110 to computation logic 4210 via the second
clock output pin. Additionally, in some embodiments, the
second clock output pin may also be operationally connected
to zero-delay buffer PL.LL 42085 such that the transmitter side
clock is transmitted from the serializer 4110 to the zero-
delay buffer PLL 42085 via the second clock output pin. In
embodiments the transmitter side clock signal may have a
frequency ranging between 100-650 MHZ.

In embodiments, the serializer 4110 and deserializer 4104
(SERDES) circuit(s) may contain two major sections: (a) an
analog side whose purpose is signal cleaning, and (2) a
digital side which turns the analog signal into bits and
converts between parallel and serial data streams. In
embodiments, the analog side may include a few different
types of amplifiers in order to provide signal cleaning. In
embodiments, the adjustable oscillator 4200 may be imple-
mented in a variety of ways. In embodiments, the adjustable
oscillator 4200 may be implemented as a voltage controlled
oscillator. A voltage controller oscillator may be imple-
mented using a variety of architectures. In embodiments,
other types of oscillators may be used including negative-
resistance oscillators, Clapp oscillators, Colpitts oscillators,
ring oscillators, and varactor-tuned oscillators, to name a
few.

In embodiments, a voltage controller crystal oscillator
may be used as the adjustable oscillator 4200, for example,
the Si550 from Silicon Labs. In embodiments, a numeri-
cally/digitally-controlled oscillator may be used as the
adjustable oscillator 4200, which is a digital version of an
analog VCO, and may use switched circuit elements or a
fixed frequency oscillator and a digital PLL to adjust the
frequency.

In embodiments, the adjustable oscillator 4200 may be
implemented with a digital delay line, e.g., the SY89295U
from Micrel.

In embodiments, the adjustable oscillator 4200 may be
implemented as a voltage-controlled delay element, e.g., the
HMC910 provided by Analog devices.
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As illustrated in FIG. 4A, in embodiments, the first
receiver side clock signal RXCLOCK is based on but has a
different frequency and phase than the REFERENCE
CLOCK signal provided by oscillator 4200 based on the
operation of the deserializer 4104, as is discussed above with
respect to the serializer 4110. In embodiments, the trans-
mitter side clock signal TXCLOCK provided from the
deserializer 4104 may be provided by transceiver phase
locked loop 4108, which is provided inside FPGA 4100, and
may be controlled by frequency or phase adjustable oscil-
lator 4200, external to FPGA 4100. In this manner, the
frequency or phase of the transmitter side clock signal
TXCLOCK may be adjusted.

In embodiments, an internal phase controller 4202 is
connected to the frequency or phase adjustable oscillator
4200 and provides control signals to allow for adjustment of
the phase of at least the transmitter side clock signal
TXCLOCK. The phase of the incoming data, in embodi-
ments, may be adjusted by adjusting the data stream
received by /O module 4120. In embodiments, the internal
phase controller 4202 provides control signals based on the
phase difference between the receiver clock signal
RXCLOCK and the transmitter clock signal TXCLOCK. In
embodiments, the phase difference may be determined using
phase detector 4206 and zero-delay buffers, 4208a, 42085.
In embodiments, the zero-delay buffers 4208a, 42085 may
be incorporated into the FPGA core 4106 of the FPGA 4100.
In embodiments, FPGA core 4106 may not include the
zero-delay buffers 4208a, 420856. In embodiments, zero-
delay buffer 4208¢ may have a reference trace T1 whose
length is matched to a length of wire T3 between the /O pin
of FPGA 4100 and external phase detector 4206. Similarly,
zero delay buffer 42085 may have a reference trace T2
whose length is matched to a second length of wire T4
between the I/O pin of the FPGA 4100 and the external
phase detector 4206. Any length mismatch between refer-
ence traces T1 and wire T3 between the /O pin of the FPGA
4100 and the external phase detector 4206 may introduce a
deterministic phase error proportional to the mismatch of the
length of the wires. Any length mismatch between reference
traces T2 and wire T4 between the I/O pin of the FPGA 4100
and the external phase detector 4206 may introduce a
deterministic phase error proportional to the mismatch of the
length of the wires.

In embodiments, the transceiver PLL 4108 may include a
second adjustable oscillator. In embodiments, the second
adjustable oscillator of the transceiver PLL 4108 may pro-
vide the wire rate signal to the serializer 4110 which may be
used to provide the transmitter clock signal TX CLOCK. In
embodiments, the adjustable oscillator of the transceiver
PLL 4108 may be provided outside of the transceiver PLL
4108 and operatively connected to the serializer 4110. In
embodiments, where a second adjustable oscillator is pro-
vided in the FPGA 4100, the adjustable oscillator 4200 may
not be necessary and the output of the controller 4202 may
be provided to and used by the second adjustable oscillator
to adjust the first wire rate clock signal W.R. CLOCK
provided to the serializer 4110 based on the information
from the controller. In embodiments, where the second
adjustable oscillator is provided on the FPGA 4100 and the
adjustable oscillator 4200 is also provided off the FPGA, the
delay of the second adjustable oscillator may be set to a
constant value and the controller 4202 may provide instruc-
tions to the second adjustable oscillator based on this
constant value. In embodiments, the constant value may be
Zero.
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Using the configuration of FIG. 4A, the receiver clock
signal RXCLOCK and the transmitter clock signal
TXCLOCK are sufficiently aligned in phase such that there
is no need for the clock domain crossing circuit discussed
above, eliminating a technical problem. The technical solu-
tion to a technical problem, in embodiments, is shown in the
system of FIG. 4A, which provides a wire or a logic path via
the controller 4202 and adjustable oscillator 4200 to adjust
the phase of the transmitter side clock TMCLOCK to
correspond to that of the first receiver side clock signal
RXCLOCK. Some delays may be introduced in the path
including min_delay and max_delay constraints of the wire
and components, however, such delays are insignificant
compared to the larger delays that are necessarily present
when an asynchronous clock domain crossing circuit is
used.

In embodiments, zero delay buffers 4208a, 42085 may be
configured to add a phase offset such that the receiver clock
signal RXCLOCK and the transmitter clock signal
TXCLOCK may be provided with any desired fixed phase
offset with respect to each other. In such embodiments, any
phase difference may be used, depending on the length of the
logic path between the clocks and the corresponding delay
constraints. In embodiments, with a phase difference
between about 45° and 360°, the min_delay should be set at
0 and the max_delay should be set equal to the time between
rising edges on the receive clock signal and transmit clock
signal (as shown in FIGS. 2A and 2B). The difference
between 45° and 360° approximates the minimum amount of
time required to safely capture data. In embodiments, the
formula for the time is as follows:

[——

setup+lwire+l clock—ourAljitter+lskew

Referencing the above equation, t,,,, is the setup time of
a flip-flop (i.e., a latch) on FPGA 4100. The t,,,, is the delay
of the, for example, shortest wire (as compared to other
wires on the FPGA) on FPGA 4100. In embodiments, the
shortest wire is the shortest possible wire. In embodiments,
Lroerone 18 the clock-to-output time of a flip-flop on the
FPGA 4100. In embodiments, At is a safety factor for
jitter on both clocks. litter, for example, is the deviation
from true periodicity of a periodic signal from a reference
clock. In embodiments, t,,, is the skew between clock paths
to the two flip-flops on FPGA 4100.

In embodiments where there is a phase difference with the
transmitter clock running less than 45 degrees ahead of the
receiver clock, metastability may occur unless the clocks are
treated as being greater than 360 degrees apart (as seen in
FIG. 2C). In such embodiments, the min and max delay are
set with the min delay greater than the time difference
between rising edges and the max delay less than one full
clock cycle plus the min delay. In embodiments, the transmit
clock signal may also sample on the opposite edge as the
receiving clock signal launch edge, but cases are symmetric.
In embodiments, a change from positive to negative edge
sampling adds an approximate 180 degrees offset. In
embodiments, manufacturer analysis tools may add a rea-
sonable jitter margin to account for times when jitter causes
temporary misalignment.

In embodiments, to avoid instability, both the transceiver
PLL 4108 and the zero-delay buffer PLL 42085 preferably
run at the highest bandwidth available, while the overall
phase locking system including the phase detectors 4206,
controller 4202 and oscillator 4200 runs at a low bandwidth.
In such embodiments, the poles in the on-chip PLLs on the
FPGA 4100 are prevented from affecting the gain or phase
margin of the off-chip PLL which may be included in the
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controller 4202. In embodiments, any loop filter order may
be used in the controller 4202 as long as the bandwidth is
low enough to avoid interaction of poles in the control
system. In embodiments, a low bandwidth may be, for
example, 100 Hz-40 kHz, 400 Hz and 4 khz, 4 kHz and 10
kHz, 100 hz to 40 kHz, 0 Hz and 100 Hz, to name a few. In
embodiments, a second-order loop filter may be used in an
effort to improve lock time and phaselocking error. In
embodiments a third-order filter may be used if the second-
order filter is stable. In embodiments, a first-order filter is
also an option when the second-order filter has stability
problems. In embodiments, other order filters may be used,
depending on the internal bandwidth of the FPGA 4100.

In embodiments, where the bandwidth of the controller
4202 is too low, the receiving clock and the transmitter clock
may not track each other closely enough to consider them
locked. In embodiment, such tracking issues may be solved
by adjusting the min and max delay constraints appropri-
ately to provide a cushion for the clocks being away from the
expected phase. In embodiments, a PD control system may
be provided after the loop filter to aid in resolving tracking
issues. In embodiments, tracking issues may be addressed by
adding some nonlinearity in the transfer function of the filter.
Other solutions may also be possible.

In the embodiment of FIG. 4A, the controller 4202
utilizes a phase-locked loop. In embodiments, a derivative
component may be provided in the loop filter to slow down
the control loop when the output value has changed recently
and reduces the chance that the PLLs on the FPGA will lose
lock. In embodiments, the derivative component’s coeffi-
cient will be negative (i.e., the derivative component will act
against the loop filter, however, some references refer to this
as being a positive direction) and less than 1 (so the path
straight from the filter dominates). The loop filter consists of
a standard PLL loop filter with bandwidth between 400 Hz
and 40 kHz of up to 4th order plus a derivative component
that slows down the loop based on recent changes in the
filter value. The bandwidth of the standard PLL loop filter,
in some embodiments, may range between 400 Hz and 4
khz, 4 kHz and 10 kHz, 100 hz to 40 kHz, 0 Hz and 100 Hz,
to name a few. The extra derivative component helps to keep
the other components in the control system in their linear
operating regions. The loop filter is represented by Digi-
talFilter( ) in the pseudocode provided below.

FIG. 4B illustrates a block diagram of another embodi-
ment of an FPGA system in accordance with an exemplary
embodiment of the present invention. [ike the embodiment
shown in FIG. 4A, the embodiment of FIG. 4B uses a
frequency or phase adjustable oscillator 4200a located out-
side the FPGA 4100. Unlike in the embodiment shown in
FIG. 4A, an additional control loop, comprising a phase
detector 42065, a controller 42025, and an external delay
element 42005, is used in the embodiment of FIG. 4B to
allow multiple deserializers 4104a, 41045 and serializers
4110a, 411056 to be aligned. For every additional receiver
that needs to be phase-aligned, an additional control loop is
required.

In embodiments, the external delay element 42005 may
have an adjustment range at least as wide as one period of
the parallel RX clock. This can be accomplished by using a
long delay line or a pair of smaller delay lines with a
glitch-free switchover circuit to hide the boundary condi-
tions of the delay lines. In embodiments, the delay element
42005 may be implemented with a digital delay line (e.g.,
the SY89295U from Micrel), or a voltage-controlled delay
element (e.g., the HMC910 from Analog devices).
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In embodiments, the additional controller 42025 utilizes a
delay-locked loop. In embodiments, a derivative component
may be provided in the loop filter to slow down the control
loop when the output value has changed recently and
reduces the chance that the PLLs on the FPGA will lose lock.
In embodiments, the derivative component’s coefficient will
be negative, i.e., the derivative component will act against
the loop filter (noting, however, that some references refer to
this as being a “positive” direction) and less than 1 so that
the path straight from the filter dominates. The loop filter
consists of a standard PLL loop filter with bandwidth
between 400 Hz and 40 kHz of up to 4th order plus a
derivative component that slows down the loop based on
recent changes in the filter value. The bandwidth of the
standard PLL loop filter, in some embodiments, may range
between 400 Hz and 4 kHz, 4 kHz and 10 kHz, 100 Hz and
40 kHz, 0 Hz and 100 Hz, to name a few. The extra
derivative component helps to keep the other components in
the control system in their linear operating regions. The loop
filter is represented by DigitalFilter( ) in the pseudocode
provided below.

In the embodiment of FIG. 4B, there may be three clocks
which should be aligned, and the required timing constraints
for passing data from one clock domain to another all follow
the same pattern. In embodiments where there is a phase
difference between any pair of aligned clocks with one clock
running less than 45 degrees ahead of the other clock,
metastability may occur unless the clocks are treated as
being greater than 360 degrees apart (as seen in FIG. 2C). In
such embodiments, the min and max delay are set with the
min delay greater than the time difference between rising
edges and the max delay less than one full clock cycle plus
the min delay. In embodiments, one of the clock signals may
also sample on the opposite edge as the signal launch edge,
but cases are symmetric. In embodiments, a change from
positive to negative edge sampling adds an approximate 180
degrees offset. In embodiments, manufacturer analysis tools
may add a reasonable jitter margin to account for times when
jitter causes temporary misalignment.

Similar to the system described in connection with FIG.
4A, the system of FIG. 4B may or may not include zero
delay buffers 4208a, 42085, and 4208¢. In embodiments,
zero-delay buffer 4208a may have a reference trace T1
whose length is matched to a length of wire T4 between the
1/O pin of FPGA 4100 and external phase detectors 4206a,
42065. Similarly, zero delay buffer 420856 may have a
reference trace T2 whose length is matched to a second
length of wire T5 between the /O pin of the FPGA 4100 and
the external phase detector 4206a. Also, similarly, zero delay
buffer 4208¢ may have a reference trace T3 whose length is
matched to a second length of wire T6 between the 1/O pin
of the FPGA 4100 and the external phase detector 42065.
Any length mismatch between reference traces T1 and wire
T4 between the 1/0 pin of the FPGA 4100 and the external
phase detectors 4206a, 42065 may introduce a deterministic
phase error proportional to the mismatch of the length of the
wires. Any length mismatch between reference traces T2 and
wire T5 between the 1/O pin of the FPGA 4100 and the
external phase detector 42064 may introduce a deterministic
phase error proportional to the mismatch of the length of the
wires. Any length mismatch between reference traces T3 and
wire T6 between the 1/O pin of the FPGA 4100 and the
external phase detector 42065 may introduce a deterministic
phase error proportional to the mismatch of the length of the
wires.

FIG. 4C illustrates a block diagram of another embodi-
ment of an FPGA system in accordance with an exemplary

Optiver Ex1001
Page 69 of 85



US 10,763,865 Bl

43

embodiment of the present invention. This embodiment is
similar to the embodiment shown in FIG. 4B in almost all
aspects, except that the delay element 420056 is internal to
the FPGA 42005, unlike the delay element 42005 located
outside of the FPGA 4100 in FIG. 4B. In embodiments, the
delay element 42005 in FIG. 4C has the same requirements
as the external delay element shown in FIG. 4B.

FIG. 5A is a block diagram of another FPGA system in
accordance with an exemplary embodiment of the present
invention. The system of FIG. 5A is similar to that of FIG.
4A, and common components are referred to using the same
reference numbers (with a differing first digit to indicate the
Figure—e.g., if the first digit of a reference numeral is “4,”
the reference numeral is located on FIG. 4A) as in FIG. 4A.
Like in the system of FIG. 4A, the phase detector 5206 is
off-chip, i.e., not of the FPGA 5100, and the FPGA 5100 also
includes zero-delay buffer PLLS 5208a, 52085. On the other
hand, the system of FIG. 5A is different from the system of
FIG. 4A in that an internal phase controller 5202 is opera-
tionally connected to the PLL with phase adjustment 5300
located within the FPGA core 5106, through which the
internal phase controller provides phase control to the trans-
ceiver PLL 5108.

FIG. 5A illustrates a block diagram of an FPGA system in
accordance with an exemplary embodiment of the present
disclosure that provides phase control while minimizing
latency. In embodiments, the system generally includes
FPGA 5100 which preferably includes FPGA transceiver
banks 5102. In embodiments, the FPGA transceiver banks
5102 includes deserializer 5104 on the receiver end of
FPGA 5100, transceiver PLL 5108, and serializer 5110 on
the transmitter end of FPGA 5100. Deserializer 5104 may be
similar to the deserializer 3104' and deserializer 3104"
discussed below in connection with FIGS. 6A-6E, the
descriptions of which applying herein. Serializer 5110 may
be similar to serializer 3110' and serializer 3110" discussed
below in connection with FIGS. 7A and 7B respectively, the
descriptions of which applying herein. In embodiments,
deserializer 5104 receives a serial data stream from the /O
module 5120 and provides deserialized data to the FPGA
core 5106. More specifically, the deserializer 5104 will
provide parallel data streams to the FPGA core 5106 for
processing. As illustrated, this parallel data is provided to the
computational logic 5210 where processing and computa-
tion takes place. FIG. 5A illustrates computational logic
5210 as a single element with a receiver side and a trans-
mitting side. In embodiments, the computational logic 5210
may be implemented as a plurality of logic elements. In
embodiments, when all computation is complete, the result-
ing data may be provided to serializer 5110 and then
transmitted out of FPGA 5100, preferably via I/O module
5120, for example. In embodiments, the /O module may be
a direct soldered cable, on-chip optics, or an on-board
optical transceiver, to name a few. Additionally, the I/O
module may be an SFP, a QSFP, a micro QSFP, or a
QSFP-DD, to name a few.

In embodiments, the serializer 5110 and deserializer 5104
(SERDES) circuit(s) may contain two major sections: (1) an
analog side whose purpose is signal cleaning, and (2) a
digital side which turns the analog signal into bits and
converts between parallel and serial data streams. In
embodiments, the analog side may include a few different
types of amplifiers in order to provide signal cleaning.

In embodiments, as shown in FIG. 5A, a PLL with phase
adjustment 5300 may be located inside the FPGA 5100
fabric with adjustable feedback dividers, which in turn
adjust the frequency of the PLL. Alternatively, the PLL with
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phase adjustment 5300 may comprise a phase adjuster on the
output of the loop, which adjusts the phase of the PLL
directly. In embodiments, the same description may apply to
adjustable transceiver PLLs 3108 and 5108 respectively
shown in FIGS. 3B and 5B, but the differences are the
location of the PLL inside the FPGA (e.g., within the FPGA
core 5106 versus outside the FPGA core and within the
FPGA transceiver banks 3102, 5102) and the operating
frequency.

As illustrated in FIG. 5A, in embodiments, the first
receiver side clock signal RXCLOCK is based on but has a
different frequency and phase than the REFERENCE
CLOCK signal provided by oscillator 5000 based on the
operation of the deserializer 5104, as is discussed above with
respect to the serializer 104. In embodiments, the transmitter
side clock signal TXCLOCK provided from the serializer
5110 may be provided by transceiver phase locked loop
5108, which is provided inside FPGA 5100, and may be
controlled by PLL with Phase Adjustment 5300 of the FPGA
core 5106. In this manner, the frequency or phase of the
transmitter side clock signal TXCLOCK may be adjusted.

As illustrated in FIG. 5A, in embodiments, the first
receiver side clock signal RXCLOCK is based on but has a
different frequency and phase than the REFERENCE
CLOCK signal provided by oscillator 5000 based on the
operation of the deserializer 5104, as is discussed above with
respect to the serializer 104. In embodiments, the transmitter
side clock signal TXCLOCK provided from the serializer
5110 may be provided by transceiver phase locked loop
5108, which is provided inside FPGA 5100, and may be
controlled by a PLL with Phase Adjustment 5300 of the
FPGA core 5106. In this manner, the frequency or phase of
the transmitter side clock signal TXCLOCK may be
adjusted.

In embodiments, an internal phase controller 5202 is
connected to the PLL with Phase Adjustment 5300 and
provides control signals to allow for adjustment of the phase
of at least the transmitter side clock signal TXCLOCK. In
embodiments, the phase of the incoming data may be
adjusted by adjusting the data stream received by 1/O
module 5120. In embodiments, the phase difference may be
determined using phase detector 5206 which is external to
the FPGA. In embodiments, with a phase difference between
about 45° and 360°, the min_delay should be set at 0 and the
max_delay should be set equal to the time between rising
edges on the receive clock signal and transmit clock signal
(as shown in FIGS. 2A and 2B). The difference between 45°
and 360 approximates the minimum amount of time required
to safely capture data. In embodiments, the formula for the
time is as follows:

lm in :lsetup+lwire+lclock—outAljitter+lskew

Referencing the above equation, t,,,, is the setup time of
a flip-flop (i.e., a latch) on FPGA 3100. The t, ,,, is the delay
of the, for example, shortest wire (as compared to other
wires on the FPGA) on FPGA 3100. In embodiments, the
shortest wire is the shortest possible wire. In embodiments,
Lroerone 18 the clock-to-output time of a flip-flop on the
FPGA 3100. In embodiments, At is a safety factor for
jitter on both clocks. litter, for example, is the deviation
from true periodicity of a periodic signal from a reference
clock. In embodiments, t,,, is the skew between clock paths
to the two flip-flops on FPGA 3100.

In embodiments where there is a phase difference with the
transmitter clock running less than 45 degrees ahead of the
receiver clock, metastability may occur unless the clocks are

treated as being greater than 360 degrees apart (as seen in
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FIG. 2C). In such embodiments, the min and max delay are
set with the min delay greater than the time difference
between rising edges and the max delay less than one full
clock cycle plus the min delay. In embodiments, the transmit
clock signal may also sample on the opposite edge as the
receiving clock signal launch edge, but cases are symmetric.
In embodiments, a change from positive to negative edge
sampling adds an approximate 180 degrees offset. In
embodiments, manufacturer analysis tools may add a rea-
sonable jitter margin to account for times when jitter causes
temporary misalignment.

In the embodiment of FIG. 5A, both the transceiver PLL
5108 and the zero-delay buffer PLL 52085 preferably run at
the highest bandwidth available from the PLL on the FPGA,
while the overall phase locking system including the phase
detectors 5206, controller 5202 and PLL with Phase Adjust-
ment 5300 runs at a low bandwidth. In such embodiments,
the poles in the adjustable transceiver PLL 5108 are pre-
vented from affecting the gain or phase margin of the
off-chip PLL which may be included in the controller 5202.
In embodiments, the highest bandwidth available from the
PLL on the FPGA may range between 100 kHz and 10 MHz.
In embodiments, any loop filter order may be used in the
controller 5202 as long as the bandwidth is low enough to
avoid interaction of poles in the control system. In embodi-
ments, a low bandwidth may be, for example, 100 Hz-40
kHz, 400 Hz and 4 kHz, 4 kHz and 10 kHz, 100 Hz and 40
kHz, 0 Hz and 100 Hz, to name a few. In embodiments, a
second-order loop filter may be used in an effort to improve
lock time and phaselocking error. In embodiments a third-
order filter may be used if the second-order filter is stable.
In embodiments, a first-order filter is also an option when the
second-order filter has stability problems. In embodiments,
other order filters may be used, depending on the internal
bandwidth of the FPGA 5100.

In embodiments, the one or more interfaces may also
include at least a second interface. The second interface of
the one or more interfaces, may include a second plurality of
pins of FPGA 5100. The second plurality of pins may be
used to transmit and/or receive data and/or signals. In
embodiments, the second plurality of pins may include a first
clock output pin. The first clock output pin may be opera-
tionally connected to deserializer 5104. In embodiments, the
first clock output pin may also be operationally connected to
computation logic 5210 such that a first receiver side clock
signal is transmitted from the deserializer 5104 to compu-
tation logic 5210 via the first clock output pin. Additionally,
in some embodiments, the first clock output pin may also be
operationally connected to zero-delay buffer PLL 5208«
such that the receiver side clock is transmitted from the
deserializer 5104 to the zero-delay buffer PLL 52084 via the
first clock output pin. In embodiments the first receiver side
clock signal may have a frequency ranging between 100-650
MHZ.

In embodiments, the second plurality of pins may also
include a second clock output pin. The second clock output
pin may be operationally connected to the serializer 5110. In
embodiments, the second clock output pin may also be
operationally connected to computation logic 5210 such that
a transmitter side clock signal is transmitted from the
serializer 5110 to computation logic 5210 via the second
clock output pin. Additionally, in some embodiments, the
second clock output pin may also be operationally connected
to zero-delay buffer PLL 52085 such that the transmitter side
clock is transmitted from the serializer 5110 to the zero-
delay buffer PLL 52085 via the second clock output pin. In
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embodiments the transmitter side clock signal may have a
frequency ranging between 100-650 MHZ.

The PLL with internal phase adjustment 5300 may be
similar to the PLL 3300 in FIG. 3A. It is a component of the
FPGA core fabric 5106 which generates a clock of adjust-
able phase and frequency.

In embodiments, where the bandwidth of the controller
5202 is too low, the receiving clock and the transmitter clock
may not track each other closely enough to consider them
locked. In embodiment, such tracking issues may be solved
by adjusting the min and max delay constraints appropri-
ately to provide a cushion for the clocks being away from the
expected phase. In embodiments, a PD (Phase Detector)
control system may be provided after the loop filter to aid in
resolving tracking issues. In embodiments, tracking issues
may be addressed by adding some nonlinearity in the
transfer function of the filter. Other solutions may also be
possible.

In the embodiment of FIG. 5A, the controller 5202
utilizes a phase-locked loop. In embodiments, a derivative
component may be provided in the loop filter to slow down
the control loop when the output value has changed recently
and reduces the chance that the PLLs on the FPGA will lose
lock. In embodiments, the derivative component’s coeffi-
cient will be negative (i.e., the derivative component will act
against the loop filter, however, some references refer to this
as being a positive direction) and less than 1 (so the path
straight from the filter dominates). The loop filter consists of
a standard PLL loop filter with bandwidth between 400 Hz
and 40 kHz of up to 4th order plus a derivative component
that slows down the loop based on recent changes in the
filter value. The bandwidth of the standard PLL loop filter,
in some embodiments, may range between 400 Hz and 4
khz, 4 kHz and 10 kHz, 100 hz to 40 kHz, 0 Hz and 100 Hz,
to name a few. The extra derivative component helps to keep
the other components in the control system in their linear
operating regions. The loop filter is represented by Digi-
talFilter( ) in the pseudocode provided below.

FIG. 5B is a block diagram of another FPGA system in
accordance with an exemplary embodiment of the present
invention. Unlike in the embodiment shown in FIG. 5A, an
internal phase controller 5202 in the system of FIG. 5B is
directly connected and provides phase control signals to the
adjustable transceiver PLL 5108, which is located in the
FPGA transceiver banks 5102 and outside the FPGA core
5106.

FIG. 5B illustrates a block diagram of an FPGA system in
accordance with an embodiment of the present disclosure
that provides phase control while minimizing latency
wherein the FPGA has an acceptable phase-controlled trans-
ceiver PLL 5108. This embodiment uses the phase-con-
trolled transceiver PLL directly to control the phase of
TXCLOCK. An acceptable phase-control system must have
adjustment gain capable of matching phase transients on the
incoming data stream to within the timing margin (t,,,,),
satistying the following inequality:

f At (@1 LF (@) < 1
0

Where At,,,(w) is the peak design jitter at that frequency
and LF is the transfer function over frequency of the phase
locking system consisting of the phase detector 5206, con-
troller 5202, and PLL 5108. Expected functions for At k(w)
are specified within the protocol specifications for commu-
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nication protocols used. For 10 Gigabit Ethernet, this is
specified in clause 52.8 of the IEEE 802.3 standard.

In embodiments, the system of FIG. 5B generally includes
FPGA 5100 which preferably includes FPGA transceiver
banks 5102. In embodiments, the FPGA transceiver banks
5102 includes deserializer 5104 on the receiver end of
FPGA 5100, transceiver PLL 5108, and serializer 5110 on
the transmitter end of FPGA 5100. Deserializer 5104 may be
similar to the deserializer 3104' and deserializer 3104"
discussed below in connection with FIGS. 6A-6E, the
descriptions of which applying herein. Serializer 5110 may
be similar to serializer 3110' and serializer 3110" discussed
below in connection with FIGS. 7A and 7B respectively, the
descriptions of which applying herein. In embodiments,
deserializer 5104 receives a serial data stream from the /O
module 5120 and provides deserialized data to the FPGA
core 5106. More specifically, the deserializer 5104 will
provide parallel data streams to the FPGA core 5106 for
processing. As illustrated, this parallel data is provided to the
computational logic 5210 where processing and computa-
tion takes place. FIG. 5B illustrates computational logic
5210 as a single element with a receiver side and a trans-
mitting side. In embodiments, the computational logic 5210
may be implemented as a plurality of logic elements. In
embodiments, when all computation is complete, the result-
ing data may be provided to serializer 5110 and then
transmitted out of FPGA 5100, preferably via I/O module
5120, for example. In embodiments, the /O module may be
a direct soldered cable, on-chip optics, or an on-board
optical transceiver, to name a few. Additionally, the I/O
module may be an SFP, a QSFP, a micro QSFP, or a
QSFP-DD, to name a few.

In embodiments, the serializer 5110 and deserializer 5104
(SERDES) circuit(s) may contain two major sections: (1) an
analog side whose purpose is signal cleaning, and (2) a
digital side which turns the analog signal into bits and
converts between parallel and serial data streams. In
embodiments, the analog side may include a few different
types of amplifiers in order to provide signal cleaning.

In embodiments, as shown in FIG. 5B, an adjustable
transceiver PLL 5108 may be located inside the FPGA 5100
fabric with adjustable feedback dividers, which in turn
adjust the frequency of the PLL. Alternatively, the adjustable
transceiver PLL 5108 may comprise a phase adjuster on the
output of the loop, which adjusts the phase of the PLL
directly. Unlike the PLL with phase adjustment 5300 in FIG.
5A, the adjustable transceiver PLL 5108 in FIG. 5B is
located outside the FPGA core 5106 and within the FPGA
transceiver banks 5102. The adjustable transceiver PLL
5108 in FIG. 5B may also differ from the PLL with phase
adjustment 5300 in FIG. 5A in operating frequency.

As illustrated in FIG. 5B, in embodiments, the first
receiver side clock signal RXCLOCK is based on, but has a
different frequency and phase than, the REFERENCE
CLOCK signal provided by oscillator 5000 based on the
operation of the deserializer 5104, as is discussed above with
respect to the serializer 104. In embodiments, the transmitter
side clock signal TXCLOCK provided from the serializer
5110 may be provided by adjustable transceiver phase
locked loop 5108. In this manner, the frequency or phase of
the transmitter side clock signal TXCLOCK may be
adjusted.

In embodiments, an internal phase controller 5202 is
connected to the phase adjustment interface of the phase-
controlled transceiver PLL 5108 and provides control sig-
nals to allow for adjustment of the phase of at least the
transmitter side clock signal TXCLOCK. The phase of the
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incoming data, in embodiments, may be adjusted by adjust-
ing the data stream received by /O module 5120. In
embodiments, the internal phase controller 5202 provides
control signals based on the phase difference between the
receiver clock signal RXCLLOCK and the transmitter clock
signal TXCLOCK. In embodiments, the phase difference
may be determined using phase detector 5206.

Using the configuration of FIG. 5B, the receiver clock
signal RXCLOCK and the transmitter clock signal
TXCLOCK may be sufficiently aligned in phase such that
there is no need for the clock domain crossing circuit
discussed above, eliminating a technical problem. The tech-
nical solution to a technical problem, in embodiments, is
shown in the system of FIG. 5B, which provides a wire or
a logic path via the controller 5202 and adjustable trans-
ceiver PLL 5108 to adjust the phase of the transmitter side
clock TXCLOCK to correspond to that of the first receiver
side clock signal RXCLLOCK. Some delays may be intro-
duced in the path including min_delay and max_delay
constraints of the wire and components, however, such
delays are insignificant compared to the larger delays that
are necessarily present when an asynchronous clock domain
crossing circuit is used.

In embodiments, with a phase difference between about
45° and 360°, the min_delay should be set at 0 and the
max_delay should be set equal to the time between rising
edges on the receive clock signal and transmit clock signal
(as shown in FIGS. 2A and 2B). The difference between 45°
and 360 approximates the minimum amount of time required
to safely capture data. In embodiments, the formula for the
time is as follows:

[——

setup+lwire+l clock—out+Aljitter+lskew

Referencing the above equation, t,,,,, is the setup time of
a flip-flop (i.e., a latch) on FPGA 5100. The t, ,,, is the delay
of the, for example, shortest wire (as compared to other
wires on the FPGA) on FPGA 5100. In embodiments, the
shortest wire is the shortest possible wire. In embodiments,
Lroerone 18 the clock-to-output time of a flip-flop on the
FPGA 5100. In embodiments, At is a safety factor for
jitter on both clocks. litter, for example, is the deviation
from true periodicity of a periodic signal from a reference
clock. In embodiments, t,,, is the skew between clock paths
to the two flip-flops on FPGA 5100.

In embodiments where there is a phase difference with the
transmitter clock running less than 45° ahead of the receiver
clock, metastability may occur unless the clocks are treated
as being greater than 360 degrees apart (as seen in FIG. 2C).
In such embodiments, the min and max delay are set with the
min delay greater than the time difference between rising
edges and the max delay less than one full clock cycle plus
the min delay. In embodiments, the transmit clock signal
may also sample on the opposite edge as the receiving clock
signal launch edge, but cases are symmetric. In embodi-
ments, a change from positive to negative edge sampling
adds an approximate 180 degrees offset. In embodiments,
manufacturer analysis tools may add a reasonable jitter
margin to account for times when jitter causes temporary
misalignment.

In the embodiment of FIG. 5B, both the transceiver PLL
5108 and the zero-delay buffer PLL 52085 preferably run at
the highest bandwidth available from the PLL on the FPGA,
while the overall phase locking system including the phase
detectors 5206 and controller 5202 runs at a low bandwidth.
In such embodiments, the poles in the adjustable transceiver
PLL 5108 are prevented from affecting the gain or phase
margin of the off-chip PLL which may be included in the
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controller 5202. In embodiments, the highest bandwidth
available from the PLL on the FPGA may range between
100 kHz and 10 MHz. In embodiments, any loop filter order
may be used in the controller 5202 as long as the bandwidth
is low enough to avoid interaction of poles in the control
system. In embodiments, a low bandwidth may be, for
example, 100 Hz-40 kHz, 400 Hz and 4 kHz, 4 kHz and 10
kHz, 100 Hz and 40 kHz, 0 Hz and 100 Hz, to name a few.
In embodiments, a second-order loop filter may be used in
an effort to improve lock time and phaselocking error. In
embodiments a third-order filter may be used if the second-
order filter is stable. In embodiments, a first-order filter is
also an option when the second-order filter has stability
problems. In embodiments, other order filters may be used,
depending on the internal bandwidth of the FPGA 5100.

In embodiments, the one or more interfaces may also
include at least a second interface. The second interface of
the one or more interfaces, may include a second plurality of
pins of FPGA 5100. The second plurality of pins may be
used to transmit and/or receive data and/or signals. In
embodiments, the second plurality of pins may include a first
clock output pin. The first clock output pin may be opera-
tionally connected to deserializer 5104. In embodiments, the
first clock output pin may also be operationally connected to
computation logic 5210 such that a first receiver side clock
signal is transmitted from the deserializer 5104 to compu-
tation logic 5210 via the first clock output pin. Additionally,
in some embodiments, the first clock output pin may also be
operationally connected to zero-delay buffer PLL 5208«
such that the receiver side clock is transmitted from the
deserializer 5104 to the zero-delay buffer PLL 52084 via the
first clock output pin. In embodiments the first receiver side
clock signal may have a frequency ranging between 100-650
MHz.

In embodiments, the second plurality of pins may also
include a second clock output pin. The second clock output
pin may be operationally connected to serializer 5110. In
embodiments, the second clock output pin may also be
operationally connected to computation logic 5210 such that
a transmitter side clock signal is transmitted from the
serializer 5110 to computation logic 5210 via the second
clock output pin. Additionally, in some embodiments, the
second clock output pin may also be operationally connected
to zero-delay buffer PLL 52085 such that the transmitter side
clock is transmitted from the serializer 5110 to the zero-
delay buffer PLL 52085 via the second clock output pin. In
embodiments the transmitter side clock signal may have a
frequency ranging between 100-650 MHz.

In embodiments, where the bandwidth of the controller
5202 is too low, the receiving clock and the transmitter clock
may not track each other closely enough to consider them
locked. In embodiment, such tracking issues may be solved
by adjusting the min and max delay constraints appropri-
ately to provide a cushion for the clocks being away from the
expected phase. In embodiments, a PD (Phase Detector)
control system may be provided after the loop filter to aid in
resolving tracking issues. In embodiments, tracking issues
may be addressed by adding some nonlinearity in the
transfer function of the filter. Other solutions may also be
possible.

In the embodiment of FIG. 5B, the controller 5202 utilizes
a phase-locked loop. In embodiments, a derivative compo-
nent may be provided in the loop filter to slow down the
control loop when the output value has changed recently and
reduces the chance that the PLLs on the FPGA will lose lock.
In embodiments, the derivative component’s coefficient will
be negative (i.e., the derivative component will act against
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the loop filter, however, some references refer to this as
being a positive direction) and less than 1 (so the path
straight from the filter dominates). The loop filter consists of
a standard PLL loop filter with bandwidth between 400 Hz
and 40 kHz of up to 4th order plus a derivative component
that slows down the loop based on recent changes in the
filter value. The bandwidth of the standard PLL loop filter,
in some embodiments, may range between 400 Hz and 4
khz, 4 kHz and 10 kHz, 100 hz to 40 kHz, 0 Hz and 100 Hz,
to name a few. The extra derivative component helps to keep
the other components in the control system in their linear
operating regions. The loop filter is represented by Digi-
talFilter( ) in the pseudocode provided below.

FIG. 5C illustrates a block diagram of another embodi-
ment of an FPGA system in accordance with an exemplary
embodiment of the present invention. Like the embodiment
shown in FIG. 5A, a PLL with phase adjustment 5300a
located within the FPGA core 5106 is used by the FPGA
system in FIG. 5C. Unlike in the embodiment shown in FIG.
5A, an additional control loop, comprising a phase detector
52065, a controller 52025, and an external delay element
53005, is used to allow multiple deserializers 5104a, 51045
and serializers 5110qa, 51105 to be aligned. For every addi-
tional receiver that needs to be phase-aligned, an additional
control loop is required.

In embodiments, the external delay element 53005 may
have an adjustment range at least as wide as one period of
the parallel RX clock. This can be accomplished by using a
long delay line or a pair of smaller delay lines with a
glitch-free switchover circuit to hide the boundary condi-
tions of the delay lines. In embodiments, the delay element
52005 may be implemented with a digital delay line (e.g.,
the SY89295U from Micrel), or a voltage-controlled delay
element (e.g., the HMC910 from Analog devices).

In embodiments, the additional controller 52024 utilizes a
delay-locked loop. In embodiments, a derivative component
may be provided in the loop filter to slow down the control
loop when the output value has changed recently and
reduces the chance that the PLLs on the FPGA will lose lock.
In embodiments, the derivative component’s coefficient will
be negative, i.e., the derivative component will act against
the loop filter (noting, however, that some references refer to
this as being a “positive” direction) and less than 1 so the
path straight from the filter dominates. The loop filter
consists of a standard PLL loop filter with bandwidth
between 400 Hz and 40 kHz of up to 4th order plus a
derivative component that slows down the loop based on
recent changes in the filter value. In embodiments, the
bandwidth of the standard PLL loop filter may range
between 400 Hz and 4 kHz, 4 kHz and 10 kHz, 100 Hz and
40 kHz, 0 Hz and 100 Hz, to name a few. The extra
derivative component helps to keep the other components in
the control system in their linear operating regions. The loop
filter is represented by DigitalFilter( ) in the pseudocode
provided below.

Similar to the system described in connection with FIG.
5A, the system of FIG. 5C may or may not include zero
delay buffers 52084, 52085, and 5208¢. In embodiments,
zero-delay buffer 5208 may have a reference trace T1
whose length is matched to a length of wire T4 between the
1/O pin of FPGA 4100 and external phase detectors 5206a,
52065. Similarly, zero delay buffer 52085 may have a
reference trace T2 whose length is matched to a second
length of wire T5 between the /O pin of the FPGA 5100 and
the external phase detector 5206a. Also, similarly, zero delay
buffer 5208¢ may have a reference trace T3 whose length is
matched to a second length of wire T6 between the 1/O pin
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of the FPGA 5100 and the external phase detector 520654.
Any length mismatch between reference traces T1 and wire
T4 between the 1/O pin of the FPGA 5100 and the external
phase detectors 5206a, 52065 may introduce a deterministic
phase error proportional to the mismatch of the length of the
wires. Any length mismatch between reference traces T2 and
wire T5 between the 1/O pin of the FPGA 5100 and the
external phase detector 52064 may introduce a deterministic
phase error proportional to the mismatch of the length of the
wires. Any length mismatch between reference traces T3 and
wire T6 between the I/O pin of the FPGA 5100 and the
external phase detector 52065 may introduce a deterministic
phase error proportional to the mismatch of the length of the
wires.

In the embodiment of FIG. 5C, there may be three clocks
which should be aligned, and the required timing constraints
for passing data from one clock domain to another all follow
the same pattern. In embodiments where there is a phase
difference between any pair of aligned clocks with one clock
running less than 45 degrees ahead of the other clock,
metastability may occur unless the clocks are treated as
being greater than 360 degrees apart (as seen in FIG. 2C). In
such embodiments, the min and max delay are set with the
min delay greater than the time difference between rising
edges and the max delay less than one full clock cycle plus
the min delay. In embodiments, one of the clock signals may
also sample on the opposite edge as the signal launch edge,
but cases are symmetric. In embodiments, a change from
positive to negative edge sampling adds an approximate 180
degrees offset. In embodiments, manufacturer analysis tools
may add a reasonable jitter margin to account for times when
jitter causes temporary misalignment.

FIG. 5D illustrates a block diagram of another embodi-
ment of an FPGA system in accordance with an exemplary
embodiment of the present invention. Like in the embodi-
ment shown in FIG. 5B, an adjustable transceiver PLL 5108
located within the FPGA transceiver banks 5102 is used by
the FPGA system of FIG. 3D. Unlike in the embodiment
shown in FIG. 5B, an additional control loop similar to the
additional control loop in FIG. 5C is used to allow multiple
deserializers 5104a, 51045 and serializers 5110a, 51105 to
be aligned. In embodiments, the additional control loop in
the embodiment of FIG. 5D operates in the manner identical
to the additional control loop described for FIG. 5C.

FIG. 5E illustrates a block diagram of another embodi-
ment of an FPGA system in accordance with an exemplary
embodiment of the present invention. This embodiment is
similar to the embodiment shown in FIG. 5C in almost all
aspects, except that the delay element 530056 is internal to
the FPGA 5100, unlike the delay element 530056 located
outside of the FPGA 5100 in FIG. 5C. In embodiments, the
delay element 53005 in FIG. SE has the same requirements
as the external delay element 53005 shown in FIG. 5C.

FIG. 5F illustrates a block diagram of another embodi-
ment of an FPGA system in accordance with an exemplary
embodiment of the present invention. This embodiment is
similar to the embodiment shown in FIG. 5D in almost all
aspects, except that the delay element 530056 is internal to
the FPGA 5100, unlike the delay element 530056 located
outside of the FPGA 5100 in FIG. 5D. In embodiments, the
delay element 53005 in FIG. 5F has the same requirements
as the external delay element 53005 shown in FIG. 5D.

FIG. 6A is an exemplary block diagram of a deserializer
suitable for use in the field programmable gate array systems
of FIGS. 3A-3F, 4A-4C and 5A-5F in accordance with an
exemplary embodiment of the present invention. Deserial-
izer 3104', in embodiments, may include an input buffer
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6104, a continuous time linear equalizer (CTLE) 6106, a
variable gain amplifier (VGA) 6108; voltage adder 6110;
decision feedback equalizer (DFE) 6110, clock and data
recovery (CDR) 6116, Serial to parallel box 6118, decision
circuit 6112, and clock divider 6120. In embodiments,
deserializer 3104' may not include one or more of the
following components: CTLE 6106, DFE 6114, and/or VGA
6108, to name a few.

A deserializer circuit accepts a data stream from an input
buffer and converts it into a parallel format at a lower bit
rate. First, data comes into the chip from the input pins 6102
into an input buffer 6104. In embodiments, the input buffer
receives a transmission from an I/O module, such as 1/O
module 4120. A continuous time linear equalizer (CTLE)
6106 may be used after the input buffer 6104 to improve
signal quality by placing a zero near the dominant pole of the
transmission medium to cancel the first pole of the system.
A variable-gain amplifier (VGA) 6108 may then be used to
scale the signal up for further processing. This output is then
turned into a binary 0-1 decision by the decision circuit
6112. In embodiments, the decision circuit 6112 includes
adder 6110. A decision feedback amplifier may be included
to further improve signal integrity by taking the results of the
decision circuit, applying a weighting filter, and adding the
result to the output from the VGA 6108. When the signal is
in the digital domain, a clock and data recovery circuit
(CDR) 6116 recovers the phase of the data and create a
wire-rate clock that is phase-aligned to the received data.
The CDR 6116 may use a reference clock and a priori
knowledge of the nominal frequency of the data stream to set
the frequency of the recovered clock. With a clock aligned
to the data stream, which in some embodiments may be a
high speed data stream (e.g., 10 Gbps, 25 Gbps, a range from
9-25 Gbps, 10-25 Gbps, 22-33 Gbps, 33-45 Gbps, 45-60
Gbps, 60-80 Gbps, 80-120 Gbps, or 1 Gbps-100 Gbps, to
name a few) the receiver can use a clock divider 6120 and
a serial-to-parallel circuit 6118 to convert the serial data
stream into a lower-frequency than the data stream (e.g., 14™
of the data rate of the high speed data stream or Y4s¢™ of the
data rate of the high speed data stream, to name a few)
parallel data stream.

In embodiments, a decision feedback equalizer 6114
(DFE) may be provided. In embodiments, the decision
feedback equalizer may be a filter that subtracts or adds at
least n decided bits to cancel inter-symbol interference on
the wire. In embodiments, a clock and data recovery circuit
may be provided and includes a data phase detector, which
may be any of the circuits discussed above, as well as a
phase-locked loop circuit.

FIG. 6B is an exemplary circuit diagram of a continuous-
time linear equalizer (CTLE) suitable for use in the deseri-
alizer of FIG. 6A in accordance with an exemplary embodi-
ment of the present invention. CTLE 3106", in some
embodiments, places a zero to cancel out the dominant pole
of the trans mission line for an incoming signal. In embodi-
ments, CTLE 3106" is a linear filter applied at a receiver, in
the case of FIG. 6B, input buffer 6104, that attenuates
low-frequency signal components and filters off higher
frequencies. The CTLE 3106" may be adjusted to optimize
the ratio of low frequency attenuation to high frequency
amplification. In embodiments, a variable gain amplifier
may be provided and used to scale the output of the CTLE
to as large of a signal as possible. In embodiments, a
decision circuit may also be provided.

FIG. 6C is an exemplary block diagram of a clock and
data recovery (CDR) circuit suitable for use in the deseri-
alizer of FIG. 6A in accordance with an embodiment of the
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present invention. In embodiments, CDR 6116' circuit
recovers phase information from an incoming data stream.
The data stream, in embodiments, may be received by an
alexander phase detector 6302. The CDR 6116' may also
obtain frequency information from a reference clock, output.
In embodiments, the output may determine whether the
recovered clock have the same phase as the recovered data.

FIG. 6D is an exemplary circuit diagram of a decision
circuit 6112' suitable for use in the deserializer of FIG. 6A
in accordance with an embodiment of the present invention.
FIG. 6D illustrates an exemplary embodiment of such a
decision circuit 6112' utilizing a StrongARM sense ampli-
fier. In embodiments, any comparator circuit may be used as
a decision circuit.

FIG. 6E illustrates an exemplary embodiment of deseri-
alizer 3104". In embodiments, the deserializer 3104" may
include a receiver PMA 6512 and receiver PCS 6508. The
receiver PMA 6512 may include receiver buffer 6504, CDR
6516, and serial to parallel box 6118'. In embodiments, the
receiver buffer 6504 receives serial differential input data
6502. In embodiments, this data is received by an 1/O
module, such as the I/O module 4120 of FIG. 4A. In
embodiments, the data is then received by the CDR 6516
from the receiver buffer 6504. The CDR, in embodiments,
transmits the inputted serial data, a serial clock signal, and
a parallel clock signal to the serial to parallel box 6118'. The
CDR may also transmits the parallel clock data to the
receiver PCS 6508. The serial to parallel box 6118', in
embodiments, then converts the serial data into parallel data,
transmitting the parallel data to the receiver PCS 6508. The
receiver PCS 6508 transmits parallel data to the FPGA Core
4106.

In addition to the components illustrated in FIG. 6E,
deserializer 3104" may also include or be electrically
coupled to a continuous-time linear equalizer (CTLE) (see
FIG. 6B) which is a pure analog circuit that may be used to
correct channel issues. In embodiments, the deserializer
3104" may include a shift register or demultiplexer with a
counter.

FIG. 7A is an exemplary block diagram of a serializer
3110' suitable for use in the field programmable gate array
systems of FIGS. 3A-3F, 4A-4C and 5A-5F in accordance
with an exemplary embodiment of the present invention.
The serializer circuit accepts a clock running at wire rate
4112 (from transceiver PLL 4108) and accepts parallel data
(e.g., TX data 7102) to serialize the data. Data is converted
from a parallel format to a serial data stream in the parallel
to serial box 7104. A feed-forward equalizer (FFE) 7106,
which uses the history of bits serialized on the wire to filter
out inter-symbol interference, may be included to improve
signal integrity. Finally, the serializer outputs the serial data
stream to a transmission medium using an output buffer
7114. The serializer also generates a parallel clock (TX Clk
7110), that operates at a lower speed than the data stream
(e.g., 100-400 MHz, 100-600 MHz, to name a few), for use
by other components using either a simple clock divider
7108 or a more complex clock generation block which can
contain dividers and phase shifting elements for aligning
multiple transmitters.

FIG. 7B illustrates an exemplary embodiment of serializer
3110". As discussed above with respect to FIGS. 4A and 7A,
serializer 3110" receives parallel data streams from the
FPGA core 4106 and serializes them for transmission out of
the FPGA 4100. In embodiments, serializer 3110" may
include transmitter PCS 7206, clock generation block 7210,
and transmitter PMA 7216. In embodiments, transmitter
PMA 7216 may include parallel to serial box 7104' and
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transmitter buffer 7214. The transmitter PCS 7206 may
receive parallel data from FPGA core 4106. In embodi-
ments, the parallel data is then transmitted to the parallel to
serial box 7104'. The clock generation block 7210 may
receive a wire-rate clock signal 7112. The clock generation
block 7210, in embodiments, may split the signal in to a
parallel clock signal and serial clock signal, both the parallel
and serial signals being transmitted to the parallel to serial
box 7104'. The parallel to serial box 7104' may covert the
data from parallel to serial, transmitting the serial differential
output data 7218 to the transmitter buffer 7214. Then, in
embodiments, the transmitter buffer 7214 outputs the serial
differential output data 7218.

In embodiments the serializer 3110" may be a shift
register or a multiplexer with a counter. In embodiments, the
serializer 3110" may include additional components, such as
a feed forward equalizer (FFE) which uses the last n bits to
cancel inter symbol interference on the wire. In embodi-
ments, a buffer amplifier may be included which provides
variable gain to allow adjustable voltage swing on the output
of the transmitter. In embodiments, a clock divider may be
provided. In embodiments, the clock divider may generate a
low-speed clock (e.g., 100-400 MHz, 100-600 MHz, to
name a few) for the serializer and the PMA/PCS. In embodi-
ments, the clock divider is typically provided using a coun-
ter. In embodiments, the clock generation block 7210 might
also include a clock phase adjustment circuit to allow
multiple transmitter lanes to be phase-aligned.

Referring to FIGS. 8A-8D, in embodiments, the phase
detector 4206 may be an analog, single bit phase detector
which may be implemented using a variety of circuit com-
ponents including (1) an XOR gate; (2)S-R flip-flop; 3) D
flip-flop; (4) Edge-triggered JK flip-flop; (5) Gilbert cell
multiplier and/or (6) Diode ring mixer, to name a few. FIG.
8A illustrates an exemplary embodiment of a phase detector
3206' that utilizes D flip-flops. FIG. 8B illustrates another
exemplary embodiment of a phase detector 3206" that
utilizes S-R flip-flops. FIG. 8C is another exemplary block
diagram of a phase detector 3206 suitable for use in the
field programmable gate array system of FIG. 4A in accor-
dance with an embodiment of the present invention. FIG. 8D
is another exemplary block diagram of a phase detector
3206"" suitable for use in the field programmable gate array
system of FIG. 4A in accordance with an embodiment of the
present invention. Other than a basic phase detector, a
time-to-digital converter (TDC) can be used to detect the
phase offset of the clocks. FIG. 8C shows a Vernier TDC and
FIG. 8D shows a parallel delay line TDC as examples. The
Vernier TDC uses a pair of unequal delay lines to delay the
two signals by varying amounts and uses D-type flip-flops to
quantify the phase difference between the two signals at
multiple points along the delay line. The parallel delay line
TDC uses a set of simple phase detectors with the two input
signals delayed by varying amounts to quantify the phase
difference between the two signals. In both cases, a decoding
circuit is used to translate the results of the individual phase
detection elements into a phase offset.

In embodiments, the phase detector 4206 may be a
multi-bit phase detector, sometimes referred to as a time-to
digital converter (TDC). In embodiments, such a phase
detector may be a counter-based TDC that counts up the
time between START and STOP. In embodiments, such a
phase detector may be an interpolator TDC in which time
measurement may be performed by measuring a voltage
difference (e.g., by using a ramp wave and sampling at two
points or by charging a capacitor). In embodiments, a phase
detector may be a Vernier TDC as shown in FIG. 8C.
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In embodiments the phase detector 4206 may be imple-
mented using a tapped delay line TDC. In embodiments, the
phase detector 4206 may be implemented using a metasta-
bility-based phase detector. In embodiments, the metasta-
bility-based phase detector is similar to a D flip-flop phase
detector but includes an averaging filter. In embodiments, a
parallel-delay-line TDC may be used to implement the phase
detector 4206. FIG. 8D illustrates an example of a parallel-
delay-line TDC. In embodiments, the phase detector may be
implemented as a pulse-shrinking TDC. Such a pulse-
shrinking TDC may generate a pulse and then send it
circularly through an engineered delay line to shrink it until
it is gone, count the number of times it goes through the
pulse-shrinking circuit.

In embodiments, the phase detector may be implemented
as a scrambling TDC. Scrambling TDCs may be imple-
mented with added digital noise shaping to suppress errors.
In embodiments, the phase detector 4206 may be imple-
mented as a PLL/DLL-based TDC. In such an embodiment,
the phase detector may lock a digital PLL to the incoming
feedback signal and record the internal control code.

In embodiments, all of the phase detector embodiments
discussed above may be combined with or connected to a
low-pass filter and an analog to digital converter (ADC). In
embodiments, other examples of phase detectors may be
used consistent with the teachings of this disclosure.

The pseudo code shown below implements the control
loop inside the PLL or DLL controller (e.g., 3202 in FIGS.
3A-3B, 4202 in FIG. 4A, or 5202 in FIGS. 5A-5B) and
communicates with the host in accordance with an exem-
plary embodiment of the present invention. In embodiments,
the pseudocode shown below, or a similar pseudocode is run
by the FPGA or a soft processor programmed on the FPGA
and uses an interrupt- or event-based system to run the
control algorithm for either the PLL or DLL paths on the
device. The main control loop is triggered on every sample
of the internal ADC.

Begin:

Set up peripherals

Program initial configuration

Set up for periodic free-running measurement from the
TDC

Wait
On Periodic Interrupt:

Read TDC code into Window][0]

ControlCode=DigitalFilter(Window)

Read MODE pin to Mode

If Mode=PLL_MODE then:

Output ControlCode to PLL frequency adjustment inter-

face

Else:

Output ControlCode to PLL phase adjustment interface

Shift Window array by 1

FIGS. 9A-C, 10A-B and 11 are flow charts of a process
implementing the field programmable gate array system in
accordance with an exemplary embodiment of the present
invention. In embodiments, the process described in the flow
charts of FIGS. 9A-C, 10A-B and 11 may be implemented
by the field programmable gate array system shown in FIG.
4A. The field programmable gate array system, including the
field programmable gate array and the components thereof,
may be similar to the field programmable gate array systems
of FIG. 4A, the descriptions of which applying herein.

The process of FIGS. 9A-9C may begin at step S902.
Referring to FIG. 9A, at step S902, a first serial data stream
is received by a first plurality of data pins of a first interface
of a field programmable gate array in the field program-
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mable gate array system. In embodiments, the first serial
data stream may include market data. In embodiments,
market data may be price and trade-related data for a
financial instrument reported by a trading venue (i.e., a stock
exchange).

At a step S904, a first clock signal having a first frequency
and a first phase is received by a first reference clock in in
the first interface. In embodiments, step S904 may be
performed before step S902. In embodiments step S904 may
be performed contemporaneously with step S902.

The process of FIGS. 9A-9C may continue with a step
S906. At step S906, the first plurality of data pins of the first
interface may transmit the first serial data stream to a
deserializer in the field programmable gate array.

At a step S908, the first reference clock pin in the first
interface may transmit the first clock signal to the deserial-
izer. In embodiments, step S908 may be performed before
step S906. In embodiments step S908 may be performed
contemporaneously with step S906.

At a step S910, a first receiver side clock signal may be
generated by the deserializer. In embodiments, the first
receiver side clock signal may have a second frequency and
a second phase. In embodiments, the second frequency is
different from the first frequency. In embodiments, the
second frequency corresponds to the first frequency. In
embodiments, corresponding may refer to the frequencies
being the same frequency. In embodiments corresponding
may also refer to frequencies being close (e.g., within an
acceptable range in the art) to the same frequencies. In
embodiments, the first phase and the second phase may not
be aligned. In embodiments the first phase and the second
phase are aligned. In embodiments, a difference between the
first phase and the second phase is below a threshold level.
In embodiments, the deserializer generates the first receiver
clock signal based at least in part on the first clock signal.

At a step S912, the first serial data stream received by the
deserializer may be converted, by the deserializer, into a first
plurality of data streams. In embodiments, the first plurality
of data streams may include a first amount of data streams.
In embodiments, the first amount of data streams is equal to
eight (8) data streams. In embodiments, the first amount of
data streams is equal to ten (10) data streams. In embodi-
ments, the first amount of data streams is equal to sixteen
(16) data streams. In embodiments, the first amount of data
streams is equal to twenty (20) data streams. In embodi-
ments, the first amount of data streams is equal to thirty-two
(32) data streams. In embodiments, the first amount of data
streams is equal to forty (40) data streams. In embodiments,
the first amount of data streams is equal to sixty-four (64)
data streams. In embodiments, the first amount of data
streams is equal to eighty (80) data streams. In embodi-
ments, the first amount of data streams is equal to one
hundred twenty-eight (128) data streams. In embodiments,
the first amount of data streams is equal to one hundred sixty
(160) data streams. In embodiments, the first amount of data
streams is equal to two (2) to the power of N, where N is an
integer. In embodiments, the first amount of data streams is
equal to ten (10) times two (2) to the power of N, where N
is an integer. In embodiments the first amount of data
streams is equal to thirty-three (33) times two (2) to the
power of N, where N is an integer.

At a step S914, the first receiver side clock signal is
transmitted from the deserializer to computational circuitry
in the field programmable gate array.

At a step S916, the first plurality of data streams is
transmitted form the deserializer to the computational cir-
cuitry. In embodiments, the first plurality of data streams
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includes a first plurality of data items. In embodiments, step
S916 may be performed before step S914. In embodiments
step S916 may be performed contemporaneously with step
S914.

At a step S918, the first receiver side clock signal is
transmitted from the deserializer via a first clock output pin
on a second interface of the field programmable gate array
to a phase detector of the field programmable gate array
system which is not on the field programmable gate array. In
embodiments, the transmission of the first receiver side
clock signal is also via a first zero delay buffer phase lock
loop of the field programmable gate array before being
transmitted via the first clock output pin of the second
interface.

At a step 5920, a first transmitter side clock signal is
generated by the field programmable gate array system. In
embodiments, the first transmitter side clock signal has a
third frequency and a third phase. In embodiments, the third
frequency corresponds to the second frequency. In embodi-
ments the third phase may be aligned with the second phase.
In embodiments, the third phase and the second phase may
not be aligned. In embodiments, the third phase and the
second phase may have a difference in phases that is less
than a second threshold level. In embodiments, the first
transmitter side clock signal is generated by performing the
following steps until a first output of the phase detector is
below a first threshold.

Referring to FIG. 10A, generating the first transmitter side
clock signal may begin at step S1002. At step S1002, a
second clock signal is generated by an adjustable oscillator
in the field programmable gate array system. In embodi-
ments, the second clock signal may have a fourth frequency
and a fourth phase.

The process of FIGS. 10A-B may continue at a step
S1004. At step S1004, a first wire rate clock signal having
a fifth phase and a fifth frequency is generated. In embodi-
ments, the generation of the first wire rate clock signal may
be based in part on the second clock signal. In embodiments
the fifth frequency is a rational multiple of the fourth
frequency. In embodiments the fifth frequency is equal to x
times the fifth frequency where x is the second amount of
data streams. In embodiments the fifth frequency is equal to
x times the frequency of the of the transmitter side clock
signal where x is half of the second amount of data streams.

In embodiments, the generation of the first wire rate clock
signal may be performed with the following steps. Referring
to FIG. 11, at a step S1102, the second clock signal is
received from the adjustable oscillator at a transceiver phase
lock loop via a second reference clock pin in the first
interface. At a step S1104, the second clock signal is
processed by the transceiver phase lock loop. As a step
S1106, the first wire rate clock signal is provided by the
transceiver phase lock look. The providing of the first wire
rate clock signal, in embodiments, may be based at least in
part on the processing of the received clock signal. Once the
first wire rate clock signal is provided, at a step S1108. the
first wire rate clock signal is transmitted by the transceiver
phase lock loop to a serializer on the field programmable
gate array. In embodiments, the first wire rate clock is
generated by a phase lock loop. In embodiments, the phase
lock loop that generates the first wire rate clock signal is on
field programmable gate array. In embodiments, the phase
lock loop that generates the first wire rate clock signal is part
of the field programmable gate array system and not part of
the field programmable gate array.

In embodiments, the generation of the first wire rate clock
signal may include processing the second clock signal. Once
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the second clock signal is processed, the first wire rate clock
signal may be provided. The providing of the first wire rate
clock signal, in embodiments, is based at least in part on the
processing of the second clock signal. After providing the
first wire rate clock signal, in embodiments, the first wire
rate clock signal may be transmitted to the serializer.

Referring back to FIG. 10A, at a step 1006, an interim
transmitter side clock signal having a sixth frequency and a
sixth phase is generated by the serializer in the field pro-
grammable gate array. In embodiments, the sixth frequency
corresponds to the third frequency. In embodiments the sixth
phase may be aligned with the third phase. In embodiments,
the sixth frequency may correspond to the third frequency
and the sixth phase may not be aligned with the third phase.
In embodiments, the sixth phase and the third phase may not
be aligned. In embodiments, the third phase and the sixth
phase may have a difference in phases that is less than a
second threshold level.

At a step S1008, the interim transmitter side clock signal
is transmitted from the serializer via a second clock output
pin of the second interface to the phase detector. In embodi-
ments, the transmission of the interim transmitter side clock
is also via a second zero delay buffer phase lock loop of the
field programmable gate array before being transmitted via
the second clock output in of the second interface.

The process of FIGS. 10A-10B may continue with at a
step S1010. Referring to FIG. 10B, at a step S1010, a first
output is generated by the phase detector. The first output, in
embodiments, is based at least on a comparison of the first
receiver side clock signal and the interim side clock signal.
The first output, in embodiments, may include information
indicating the phase differences (if there is any) between the
first receiver side clock and the interim side clock signal.
Additionally, in embodiments, the first output may include
information indicating a difference (if there is any) of
frequencies between the first receiver side clock signal and
the interim side clock signal.

At a step S1012, the first output may be transmitted from
the phase detector to a phase controller of the field program-
mable gate array system, which may be placed within the
field programmable gate array.

At a step S1014, interim adjustment information is deter-
mined by the phase controller. In embodiments, the interim
adjustment information may be based at least in part on the
first output. For example, the interim adjustment information
may indicate necessary adjustments to align the phases of
the first receiver side clock signal and the interim side clock
signal. As another example, the interim adjustment infor-
mation may indicate necessary adjustments to align the
frequencies of the first receiver side clock signal and the
interim side clock signal.

At a step S1016, the interim adjustment information is
transmitted from the phase controller to the adjustable
oscillator. In embodiments, once the interim adjustment
information is received, the adjustable oscillator adjusts the
second clock signal based on the interim adjustment infor-
mation. The adjustment of the second clock signal, in
embodiments, may change the phase of the second clock
signal. In embodiments, the interim adjustment information
indicates a desired phase. In embodiments, the interim
adjustment information indicates a desired frequency. In
embodiments, the interim adjustment information indicates
a change in phase. In embodiments, the interim adjustment
information indicates a change in frequency. In embodi-
ments, the adjustment information includes a voltage. In
embodiments, the adjustment information includes a digital
transmission. For example, the adjustment information may
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be a command over a serial bus (e.g., 12C or SPI) that adjusts
a clock divider or phase rotator. As another example, the
adjustment information may trigger a set of parallel digital
wires for “frequency/phase up,” “frequency/phase down,”
and/or “frequency/phase step.” In embodiments, the adjust-
ment of the second clock signal may change the frequency
of the second clock signal.

In embodiments, steps S1002 through steps S1016 are
repeated until the first output of the phase detector is below
the first threshold level. This threshold level may indicate
that the first receiver side clock signal and the interim
transmitter side clock signal have phases that are aligned.
This threshold level may indicate that the first receiver side
clock signal and the interim transmitter side clock signal
have frequencies that correspond to one another.

Referring back to FIG. 9B, once the first output of the
phase detector is below a first threshold level, at a step S922,
the serializer may transmit the first transmitter side clock
signal to the computational circuitry. At a step S924, a first
set of operations performed by the computational circuitry
on at least a portion of the first plurality of data items to
generate a second plurality of data streams. In embodiments,
the first operation includes a trading algorithm. In embodi-
ments the trading algorithm may include the parsing the
market data. Once the market data is parsed, mathematical
operations are performed at a portion of the market data.
After the mathematical operations are performed, order
packets are generated using at least an output of the math-
ematical operations. In embodiments, the first set of opera-
tions includes at least one of the following: (i) an arithmetic
operation; (ii) a logical operation; (iii) a pipeline operation;
and (iv) a memory access operation.

In embodiments, at least a portion of the first set of
operations is performed prior to step S922. In embodiments,
at least a portion of the first set of operations is performed
after step S922. In embodiments all of the first set of
operations is performed after step S922.

In embodiments, the second plurality of data streams may
include a second amount of data streams. In embodiments,
the second amount of data streams may be the same as the
first amount of data streams. In embodiments, the second
amount of data streams is equal to eight (8) data streams. In
embodiments, the second amount of data streams is equal to
ten (10) data streams. In embodiments, the second amount of
data streams is equal to sixteen (16) data streams. In
embodiments, the second amount of data streams is equal to
twenty (20) data streams. In embodiments, the second
amount of data streams is equal to thirty-two (32) data
streams. In embodiments, the second amount of data streams
is equal to forty (40) data streams. In embodiments, the
second amount of data streams is equal to sixty-four (64)
data streams. In embodiments, the second amount of data
streams is equal to eighty (80) data streams. In embodi-
ments, the second amount of data streams is equal to one
hundred twenty-eight (128) data streams. In embodiments,
the second amount of data streams is equal to one hundred
sixty (160) data streams. In embodiments, the second
amount of data streams is equal to two (2) to the power of
N, where N is an integer. In embodiments, the second
amount of data streams is equal to ten (10) times two (2) to
the power of N, where N is an integer. In embodiments the
second amount of data streams is equal to thirty-three (33)
times two (2) to the power of N, where N is an integer.

At a step S926, the second plurality of data streams is
transmitted from the computational circuitry to the serial-
izer. Once received by the serializer, at a step S928, the
serializer converts the second plurality of parallel data
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streams into the second serial data stream. The second serial
data stream, in embodiments, includes trading data. Trading
data, for example, may be any data related to purchasing or
selling of stocks, commodities, goods, and/or services.

At a step S930, the second serial data stream may be
transmitted from the serializer off the field gate program-
mable array system via a second plurality of data pins of the
first interface. In embodiments, the second serial data stream
is transmitted from the serializer on the field programmable
gate array to an input/output module of the field gate array
system but not on the field gate array. The second serial data
stream may then be transmitted from the input/output mod-
ule off the field gate array system.

FIGS. 12A-C, 13A-B and 14 are exemplary flow charts of
a process implementing the field programmable gate array
system in accordance with another exemplary embodiment
of the present invention. In embodiments, the process
described in the flow charts of FIGS. 12A-C, 13A-B and 14
may be implemented by the field programmable gate array
system shown in FIG. 3A or FIG. 5A. The field program-
mable gate array system, including the field programmable
gate array and the components thereof, may be similar to the
field programmable gate array systems of FIGS. 3A and 5A,
the descriptions of which applying herein.

The process of FIGS. 12A-12C may begin at step S1202.
Referring to FIG. 12A, at step S1202, a first serial data
stream is received by a first plurality of data pins of a first
interface of a field programmable gate array in the field
programmable gate array system. In embodiments, the first
serial data stream may include market data. In embodiments,
market data may be price and trade-related data for a
financial instrument reported by a trading venue (i.e., a stock
exchange).

At a step S1204, a first clock signal having a first
frequency and a first phase is received by a first reference
clock in in the first interface. In embodiments, step S1204
may be performed before step S1202. In embodiments, step
S1204 may be performed contemporaneously with step
S1202.

The process of FIGS. 12A-12C may continue with a step
S1206. At step S1206, the first plurality of data pins of the
first interface may transmit the first serial data stream to a
deserializer in the field programmable gate array.

At a step S1208, the first reference clock pin in the first
interface may transmit the first clock signal to the deserial-
izer. In embodiments, step S1208 may be performed before
step S1206. In embodiments step S1208 may be performed
contemporaneously with step S1206.

At a step S1210, a first receiver side clock signal may be
generated by the deserializer. In embodiments, the first
receiver side clock signal may have a second frequency and
a second phase. In embodiments, the second frequency is
different from the first frequency. In embodiments, the
second frequency corresponds to the first frequency. In
embodiments, corresponding may refer to the frequencies
being the same frequency. In embodiments corresponding
may also refer to frequencies being close (e.g., within an
acceptable range in the art) to the same frequencies. In
embodiments, the first phase and the second phase may not
be aligned. In embodiments the first phase and the second
phase are aligned. In embodiments, a difference between the
first phase and the second phase is below a threshold level.
In embodiments, the deserializer generates the first receiver
clock signal based at least in part on the first clock signal.

At a step S1212, the first serial data stream received by the
deserializer may be converted, by the deserializer, into a first
plurality of data streams. In embodiments, the first plurality
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of data streams may include a first amount of data streams.
In embodiments, the first amount of data streams is equal to
eight (8) data streams. In embodiments, the first amount of
data streams is equal to ten (10) data streams. In embodi-
ments, the first amount of data streams is equal to sixteen
(16) data streams. In embodiments, the first amount of data
streams is equal to twenty (20) data streams. In embodi-
ments, the first amount of data streams is equal to thirty-two
(32) data streams. In embodiments, the first amount of data
streams is equal to forty (40) data streams. In embodiments,
the first amount of data streams is equal to sixty-four (64)
data streams. In embodiments, the first amount of data
streams is equal to eighty (80) data streams. In embodi-
ments, the first amount of data streams is equal to one
hundred twenty-eight (128) data streams. In embodiments,
the first amount of data streams is equal to one hundred sixty
(160) data streams. In embodiments, the first amount of data
streams is equal to two (2) to the power of N, where N is an
integer. In embodiments, the first amount of data streams is
equal to ten (10) times two (2) to the power of N, where N
is an integer. In embodiments the first amount of data
streams is equal to thirty-three (33) times two (2) to the
power of N, where N is an integer.

At a step S1214, the first receiver side clock signal is
transmitted from the deserializer to computational circuitry
in the field programmable gate array.

At a step S1216, the first plurality of data streams is
transmitted form the deserializer to the computational cir-
cuitry. In embodiments, the first plurality of data streams
includes a first plurality of data items. In embodiments, step
S1216 may be performed before step S1214. In embodi-
ments step S1216 may be performed contemporaneously
with step S1214.

At a step S1218, the first receiver side clock signal is
transmitted from the deserializer to a phase detector of the
field programmable gate array system. The phase detector
may or may not be placed on the field programmable gate
array. If the phase detector is not on the field programmable
gate array, the first receiver side clock signal is transmitted
from the deserializer to the phase detector via a first clock
output pin on a second interface of the field programmable
gate array. In embodiments, the transmission of the first
receiver side clock signal to the phase detector may also be
via a first zero delay buffer phase lock loop of the field
programmable gate array before being transmitted via the
first clock output pin of the second interface.

At a step S1220, a first transmitter side clock signal is
generated by the field programmable gate array system. In
embodiments, the first transmitter side clock signal has a
third frequency and a third phase. In embodiments, the third
frequency corresponds to the second frequency. In embodi-
ments the third phase may be aligned with the second phase.
In embodiments, the third phase and the second phase may
not be aligned. In embodiments, the third phase and the
second phase may have a difference in phases that is less
than a second threshold level. In embodiments, the first
transmitter side clock signal is generated by performing the
following steps until a first output of the phase detector is
below a first threshold.

Referring to FIG. 13 A, generating the first transmitter side
clock signal may begin at step S1302. At step S1302, a
second clock signal is generated by a phase lock loop with
phase adjustment in the field programmable gate array
system. In embodiments, the phase lock loop with phase
adjustment is on the field programmable gate array. In
embodiments, the phase lock loop with phase adjustment is
located within the core of the field programmable gate array.
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In embodiments, the second clock signal may have a fourth
frequency and a fourth phase.

The process of FIGS. 13A-B may continue at a step
S1304. At step S1304, a first wire rate clock signal having
a fifth phase and a fifth frequency is generated. In embodi-
ments, the generation of the first wire rate clock signal may
be based in part on the second clock signal. In embodiments
the fifth frequency is a rational multiple of the fourth
frequency. In embodiments the fifth frequency is equal to x
times the fifth frequency where x is the second amount of
data streams. In embodiments the fifth frequency is equal to
x times the frequency of the of the transmitter side clock
signal where x may be half of the second amount of data
streams.

In embodiments, the generation of the first wire rate clock
signal may be performed with the following steps. Referring
to FIG. 14, at a step S1402, the second clock signal is
received from the phase lock loop with phase adjustment at
a transceiver phase lock loop via a second reference clock
pin in the first interface. At a step S1404, the second clock
signal is processed by the transceiver phase lock loop. As a
step S1406, the first wire rate clock signal is provided by the
transceiver phase lock loop. The providing of the first wire
rate clock signal, in embodiments, may be based at least in
part on the processing of the received second clock signal.
Once the first wire rate clock signal is provided, at a step
S1408, the first wire rate clock signal is transmitted by the
transceiver phase lock loop to a serializer on the field
programmable gate array. In embodiments, the first wire rate
clock signal is generated by a phase lock loop. In embodi-
ments, the phase lock loop that generates the first wire rate
clock signal is on field programmable gate array. In embodi-
ments, the phase lock loop that generates the first wire rate
clock signal may be part of the field programmable gate
array system and not part of the field programmable gate
array.

In embodiments, the generation of the first wire rate clock
signal may include processing the second clock signal. Once
the second clock signal is processed, the first wire rate clock
signal may be provided. The providing of the first wire rate
clock signal, in embodiments, is based at least in part on the
processing of the second clock signal. After providing the
first wire rate clock signal, in embodiments, the first wire
rate clock signal may be transmitted to the serializer.

Referring back to FIG. 13A, at a step 1306, an interim
transmitter side clock signal having a sixth frequency and a
sixth phase is generated by the serializer in the field pro-
grammable gate array. In embodiments, the sixth frequency
corresponds to the third frequency. In embodiments the sixth
phase may be aligned with the third phase. In embodiments,
the sixth frequency may correspond to the third frequency
and the sixth phase may not be aligned with the third phase.
In embodiments, the sixth phase and the third phase may not
be aligned. In embodiments, the third phase and the sixth
phase may have a difference in phases that is less than a
second threshold level.

At a step S1308, the interim transmitter side clock signal
is transmitted from the serializer to the phase detector, which
may or may not be on the field programmable gate array. If
the phase detector is not on the field programmable gate
array, the interim transmitter side clock signal may be
transmitted from the serializer to the phase detector via a
second clock output pin of the second interface. In embodi-
ments, the interim transmitter side clock signal may also be
transmitted via a second zero delay buffer phase lock loop of
the field programmable gate array before being transmitted
via the second clock output in of the second interface.
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The process of FIGS. 13A-13B may continue with at a
step S1310. Referring to FIG. 13B, at a step S1310, a first
output is generated by the phase detector. The first output, in
embodiments, is based at least on a comparison of the first
receiver side clock signal and the interim side clock signal.
The first output, in embodiments, may include information
indicating the phase differences (if there is any) between the
first receiver side clock and the interim side clock signal.
Additionally, in embodiments, the first output may include
information indicating a difference (if there is any) of
frequencies between the first receiver side clock signal and
the interim side clock signal.

At a step S1312, the first output may be transmitted from
the phase detector to a phase controller of the field program-
mable gate array system, which may be placed within the
field programmable gate array.

At a step S1314, interim adjustment information is deter-
mined by the phase controller. In embodiments, the interim
adjustment information may be based at least in part on the
first output. For example, the interim adjustment information
may indicate necessary adjustments to align the phases of
the first receiver side clock signal and the interim side clock
signal. As another example, the interim adjustment infor-
mation may indicate necessary adjustments to align the
frequencies of the first receiver side clock signal and the
interim side clock signal.

At a step S1316, the interim adjustment information is
transmitted from the phase controller to the phase lock loop
with phase adjustment. In embodiments, once the interim
adjustment information is received, the phase lock loop with
phase adjustment adjusts the second clock signal based on
the interim adjustment information. The adjustment of the
second clock signal, in embodiments, may change the phase
of the second clock signal. In embodiments, the interim
adjustment information indicates a desired phase. In
embodiments, the interim adjustment information indicates
a desired frequency. In embodiments, the interim adjustment
information indicates a change in phase. In embodiments,
the interim adjustment information indicates a change in
frequency. In embodiments, the adjustment information
includes a voltage. In embodiments, the adjustment infor-
mation includes a digital transmission. For example, the
adjustment information may be a command over a serial bus
(e.g., 12C or SPI) that adjusts a clock divider or phase
rotator. As another example, the adjustment information may
trigger a set of parallel digital wires for “frequency/phase
up,” “frequency/phase down,” and/or “frequency/phase
step.” In embodiments, the adjustment of the second clock
signal may change the frequency of the second clock signal.

In embodiments, steps S1302 through steps S1316 are
repeated until the first output of the phase detector is below
the first threshold level. This threshold level may indicate
that the first receiver side clock signal and the interim
transmitter side clock signal have phases that are aligned.
This threshold level may indicate that the first receiver side
clock signal and the interim transmitter side clock signal
have frequencies that correspond to one another.

Referring back to FIG. 12B, once the first output of the
phase detector is below a first threshold level, at a step
S1222, the serializer may transmit the first transmitter side
clock signal to the computational circuitry. At a step S1224,
a first set of operations performed by the computational
circuitry on at least a portion of the first plurality of data
items to generate a second plurality of data streams. In
embodiments, the first operation includes a trading algo-
rithm. In embodiments the trading algorithm may include
the parsing the market data. Once the market data is parsed,
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mathematical operations are performed at a portion of the
market data. After the mathematical operations are per-
formed, order packets are generated using at least an output
of the mathematical operations. In embodiments, the first set
of operations includes at least one of the following: (i) an
arithmetic operation; (ii) a logical operation; (iii) a pipeline
operation; and (iv) a memory access operation.

In embodiments, at least a portion of the first set of
operations is performed prior to step S1222. In embodi-
ments, at least a portion of the first set of operations is
performed after step S922. In embodiments all of the first set
of operations is performed after step S1222.

In embodiments, the second plurality of data streams may
include a second amount of data streams. In embodiments,
the second amount of data streams may be the same as the
first amount of data streams. In embodiments, the second
amount of data streams is equal to eight (8) data streams. In
embodiments, the second amount of data streams is equal to
ten (10) data streams.

In embodiments, the second amount of data streams is
equal to sixteen (16) data streams. In embodiments, the
second amount of data streams is equal to twenty (20) data
streams. In embodiments, the second amount of data streams
is equal to thirty-two (32) data streams. In embodiments, the
second amount of data streams is equal to forty (40) data
streams. In embodiments, the second amount of data streams
is equal to sixty-four (64) data streams. In embodiments, the
second amount of data streams is equal to eighty (80) data
streams. In embodiments, the second amount of data streams
is equal to one hundred twenty-eight (128) data streams. In
embodiments, the second amount of data streams is equal to
one hundred sixty (160) data streams. In embodiments, the
second amount of data streams is equal to two (2) to the
power of N, where N is an integer. In embodiments, the
second amount of data streams is equal to ten (10) times two
(2) to the power of N, where N is an integer. In embodiments
the second amount of data streams is equal to thirty-three
(33) times two (2) to the power of N, where N is an integer.

At a step S1226, the second plurality of data streams is
transmitted from the computational circuitry to the serial-
izer. Once received by the serializer, at a step S1228, the
serializer converts the second plurality of parallel data
streams into the second serial data stream. The second serial
data stream, in embodiments, includes trading data. Trading
data, for example, may be any data related to purchasing or
selling of stocks, commodities, goods, and/or services.

At a step S1230, the second serial data stream may be
transmitted from the serializer off the field gate program-
mable array system via a second plurality of data pins of the
first interface. In embodiments, the second serial data stream
is transmitted from the serializer on the field programmable
gate array to an input/output module of the field gate array
system but not on the field gate array. The second serial data
stream may then be transmitted from the input/output mod-
ule off the field gate array system.

FIGS. 15A-C, 16 A-B and 17 are exemplary flow charts of
a process implementing the field programmable gate array
system in accordance with yet another embodiment of the
present invention. In embodiments, the process described in
the flow charts of FIGS. 15A-C, 16A-B and 17 may be
implemented by the field programmable gate array system
shown in FIG. 3B or FIG. 5B. The field programmable gate
array system, including the field programmable gate array
and the components thereof, may be similar to the field
programmable gate array systems of FIG. 3B and FIG. 5B,
the descriptions of which applying herein.
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The process of FIGS. 15A-15C may begin at step S1502.
Referring to FIG. 15A, at step S1502, a first serial data
stream is received by a first plurality of data pins of a first
interface of a field programmable gate array in the field
programmable gate array system. In embodiments, the first
serial data stream may include market data. In embodiments,
market data may be price and trade-related data for a
financial instrument reported by a trading venue (i.e., a stock
exchange).

At a step S1504, a first clock signal having a first
frequency and a first phase is received by a first reference
clock pin in the first interface from a fixed frequency
oscillator. In embodiments, step S1504 may be performed
before step S1502. In embodiments, step S1504 may be
performed contemporaneously with step S1502.

The process of FIGS. 15A-15C may continue with a step
S1506. At step S1506, the first plurality of data pins of the
first interface may transmit the first serial data stream to a
deserializer in the field programmable gate array.

At a step S1508, the first reference clock pin in the first
interface may transmit the first clock signal to the deserial-
izer. In embodiments, step S1508 may be performed before
step S1506. In embodiments step S1508 may be performed
contemporaneously with step S1506.

At a step S1510, a first receiver side clock signal may be
generated by the deserializer. In embodiments, the first
receiver side clock signal may have a second frequency and
a second phase. In embodiments, the second frequency is
different from the first frequency. In embodiments, the
second frequency corresponds to the first frequency. In
embodiments, corresponding may refer to the frequencies
being the same frequency. In embodiments corresponding
may also refer to frequencies being close (e.g., within an
acceptable range in the art) to the same frequencies. In
embodiments, the first phase and the second phase may not
be aligned. In embodiments the first phase and the second
phase are aligned. In embodiments, a difference between the
first phase and the second phase is below a threshold level.
In embodiments, the deserializer generates the first receiver
clock signal based at least in part on the first clock signal.

At a step S1512, the first serial data stream received by the
deserializer may be converted, by the deserializer, into a first
plurality of data streams. In embodiments, the first plurality
of data streams may include a first amount of data streams.
In embodiments, the first amount of data streams is equal to
eight (8) data streams. In embodiments, the first amount of
data streams is equal to ten (10) data streams. In embodi-
ments, the first amount of data streams is equal to sixteen
(16) data streams. In embodiments, the first amount of data
streams is equal to twenty (20) data streams. In embodi-
ments, the first amount of data streams is equal to thirty-two
(32) data streams. In embodiments, the first amount of data
streams is equal to forty (40) data streams. In embodiments,
the first amount of data streams is equal to sixty-four (64)
data streams. In embodiments, the first amount of data
streams is equal to eighty (80) data streams. In embodi-
ments, the first amount of data streams is equal to one
hundred twenty-eight (128) data streams. In embodiments,
the first amount of data streams is equal to one hundred sixty
(160) data streams. In embodiments, the first amount of data
streams is equal to two (2) to the power of N, where N is an
integer. In embodiments, the first amount of data streams is
equal to ten (10) times two (2) to the power of N, where N
is an integer. In embodiments the first amount of data
streams is equal to thirty-three (33) times two (2) to the
power of N, where N is an integer.
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At a step S1514, the first receiver side clock signal is
transmitted from the deserializer to computational circuitry
in the field programmable gate array.

At a step S1516, the first plurality of data streams is
transmitted form the deserializer to the computational cir-
cuitry. In embodiments, the first plurality of data streams
includes a first plurality of data items. In embodiments, step
S1516 may be performed before step S1514. In embodi-
ments step S1516 may be performed contemporaneously
with step S1514.

At a step S1518, the first receiver side clock signal is
transmitted from the deserializer to a phase detector of the
field programmable gate array system, which may or may
not be one the field programmable gate array. If the phase
detector is not on the field programmable gate array, the first
receiver side clock signal may be transmitted from the
deserializer to the phase detector via a first clock output pin
on a second interface of the field programmable gate array.
In embodiments, the first receiver side clock signal may also
be transmitted via a first zero delay buffer phase lock loop
of the field programmable gate array before being transmit-
ted via the first clock output pin of the second interface.

At a step S1520, a first transmitter side clock signal is
generated by the field programmable gate array system. In
embodiments, the first transmitter side clock signal has a
third frequency and a third phase. In embodiments, the third
frequency corresponds to the second frequency. In embodi-
ments, the third phase may be aligned with the second phase.
In embodiments, the third phase and the second phase may
not be aligned. In embodiments, the third phase and the
second phase may have a difference in phases that is less
than a second threshold level. In embodiments, the first
transmitter side clock signal is generated by performing the
following steps until a first output of the phase detector is
below a first threshold.

Referring to FIG. 16 A, generating the first transmitter side
clock signal may begin at step S1602. At step S1602, an
adjustable transceiver phase lock loop receives the first
clock signal from the fixed frequency oscillator via a second
reference clock pin in the first interface. In embodiments, the
received first clock signal is used by the adjustable trans-
ceiver phase lock loop to generate a second clock signal. In
embodiments, the second clock signal may have a fourth
frequency and a fourth phase.

The process of FIGS. 16A-B may continue at a step
S1604. At step S1604, a first wire rate clock signal having
a fifth phase and a fifth frequency is generated. In embodi-
ments, the generation of the first wire rate clock signal may
be based in part on the second clock signal. In embodiments
the fifth frequency is a rational multiple of the fourth
frequency. In embodiments the fifth frequency is equal to x
times the fifth frequency where x is the second amount of
data streams. In embodiments the fifth frequency is equal to
x times the frequency of the of the transmitter side clock
signal where x may be half of the second amount of data
streams.

In embodiments, the generation of the first wire rate clock
signal may be performed with the following steps. Referring
to FIG. 17, at a step S1702, the second clock signal is
generated by the adjustable transceiver phase lock loop
based at least in part on the received first clock signal. At a
step S1704, the second clock signal is processed by the
adjustable transceiver phase lock loop based on the interim
adjustment information received from the phase controller
(see S1614 and S1616). As a step S1706, the first wire rate
clock signal is provided by the adjustable transceiver phase
lock look. The providing of the first wire rate clock signal,
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in embodiments, may be based at least in part on the
processing of the second clock signal. Once the first wire
rate clock signal is provided, at a step S1708. the first wire
rate clock signal is transmitted by the adjustable transceiver
phase lock loop to a serializer on the field programmable
gate array. In embodiments, the first wire rate clock signal is
generated by a phase lock loop. In embodiments, the phase
lock loop that generates the first wire rate clock signal is on
field programmable gate array. In embodiments, the phase
lock loop that generates the first wire rate clock signal is part
of the field programmable gate array system and not part of
the field programmable gate array.

In embodiments, the generation of the first wire rate clock
signal may include processing the second clock signal. Once
the second clock signal is processed, the first wire rate clock
signal may be provided. The providing of the first wire rate
clock signal, in embodiments, is based at least in part on the
processing of the second clock signal. After providing the
first wire rate clock signal, in embodiments, the first wire
rate clock signal may be transmitted to the serializer.

Referring back to FIG. 16A, at a step 1606, an interim
transmitter side clock signal having a sixth frequency and a
sixth phase is generated by the serializer in the field pro-
grammable gate array. In embodiments, the sixth frequency
corresponds to the third frequency. In embodiments the sixth
phase may be aligned with the third phase. In embodiments,
the sixth frequency may correspond to the third frequency
and the sixth phase may not be aligned with the third phase.
In embodiments, the sixth phase and the third phase may not
be aligned. In embodiments, the third phase and the sixth
phase may have a difference in phases that is less than a
second threshold level.

At a step S1608, the interim transmitter side clock signal
is transmitted from the serializer to the phase detector, which
may or may not be on the field programmable gate array. If
the phase detector is not on the field programmable gate
array, the interim transmitter side clock signal may be
transmitted from the serializer to the phase detector via a
second clock output pin of the second interface. In embodi-
ments, the interim transmitter side clock signal may also be
transmitted a second zero delay buffer phase lock loop of the
field programmable gate array before being transmitted via
the second clock output in of the second interface.

The process of FIGS. 16A-16B may continue with at a
step S1610. Referring to FIG. 16B, at a step S1610, a first
output is generated by the phase detector. The first output, in
embodiments, is based at least on a comparison of the first
receiver side clock signal and the interim side clock signal.
The first output, in embodiments, may include information
indicating the phase differences (if there is any) between the
first receiver side clock and the interim side clock signal.
Additionally, in embodiments, the first output may include
information indicating a difference (if there is any) of
frequencies between the first receiver side clock signal and
the interim side clock signal.

At a step S1612, the first output may be transmitted from
the phase detector to a phase controller of the field program-
mable gate array system, which may be placed within the
field programmable gate array.

At a step S1614, interim adjustment information is deter-
mined by the phase controller. In embodiments, the interim
adjustment information may be based at least in part on the
first output. For example, the interim adjustment information
may indicate necessary adjustments to align the phases of
the first receiver side clock signal and the interim side clock
signal. As another example, the interim adjustment infor-
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mation may indicate necessary adjustments to align the
frequencies of the first receiver side clock signal and the
interim side clock signal.

At a step S1616, the interim adjustment information is
transmitted from the phase controller to the adjustable
transceiver phase lock loop. In embodiments, once the
interim adjustment information is received, the adjustable
transceiver phase lock loop adjusts the second clock signal
based on the interim adjustment information. The adjust-
ment of the second clock signal, in embodiments, may
change the phase of the second clock signal. In embodi-
ments, the interim adjustment information indicates a
desired phase. In embodiments, the interim adjustment
information indicates a desired frequency. In embodiments,
the interim adjustment information indicates a change in
phase. In embodiments, the interim adjustment information
indicates a change in frequency. In embodiments, the adjust-
ment information includes a voltage. In embodiments, the
adjustment information includes a digital transmission. For
example, the adjustment information may be a command
over a serial bus (e.g., I2C or SPI) that adjusts a clock
divider or phase rotator. As another example, the adjustment
information may trigger a set of parallel digital wires for
“frequency/phase up,” “frequency/phase down,” and/or
“frequency/phase step.” In embodiments, the adjustment of
the second clock signal may change the frequency of the
second clock signal.

In embodiments, steps S1602 through steps S1016 are
repeated until the first output of the phase detector is below
the first threshold level. This threshold level may indicate
that the first receiver side clock signal and the interim
transmitter side clock signal have phases that are aligned.
This threshold level may indicate that the first receiver side
clock signal and the interim transmitter side clock signal
have frequencies that correspond to one another.

Referring back to FIG. 15B, once the first output of the
phase detector is below a first threshold level, at a step
S1522, the serializer may transmit the first transmitter side
clock signal to the computational circuitry. At a step S1524,
a first set of operations is performed by the computational
circuitry on at least a portion of the first plurality of data
items to generate a second plurality of data streams. In
embodiments, the first operation includes a trading algo-
rithm. In embodiments the trading algorithm may include
the parsing the market data. Once the market data is parsed,
mathematical operations are performed at a portion of the
market data. After the mathematical operations are per-
formed, order packets are generated using at least an output
of the mathematical operations. In embodiments, the first set
of operations includes at least one of the following: (i) an
arithmetic operation; (ii) a logical operation; (iii) a pipeline
operation; and (iv) a memory access operation.

In embodiments, at least a portion of the first set of
operations is performed prior to step S1522. In embodi-
ments, at least a portion of the first set of operations is
performed after step S1522. In embodiments, all of the first
set of operations is performed after step S1522.

In embodiments, the second plurality of data streams may
include a second amount of data streams. In embodiments,
the second amount of data streams may be the same as the
first amount of data streams. In embodiments, the second
amount of data streams is equal to eight (8) data streams. In
embodiments, the second amount of data streams is equal to
ten (10) data streams. In embodiments, the second amount of
data streams is equal to sixteen (16) data streams. In
embodiments, the second amount of data streams is equal to
twenty (20) data streams. In embodiments, the second
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amount of data streams is equal to thirty-two (32) data
streams. In embodiments, the second amount of data streams
is equal to forty (40) data streams. In embodiments, the
second amount of data streams is equal to sixty-four (64)
data streams. In embodiments, the second amount of data
streams is equal to eighty (80) data streams. In embodi-
ments, the second amount of data streams is equal to one
hundred twenty-eight (128) data streams. In embodiments,
the second amount of data streams is equal to one hundred
sixty (160) data streams. In embodiments, the second
amount of data streams is equal to two (2) to the power of
N, where N is an integer. In embodiments, the second
amount of data streams is equal to ten (10) times two (2) to
the power of N, where N is an integer. In embodiments the
second amount of data streams is equal to thirty-three (33)
times two (2) to the power of N, where N is an integer.

At a step S1526, the second plurality of data streams is
transmitted from the computational circuitry to the serial-
izer. Once received by the serializer, at a step S1528, the
serializer converts the second plurality of parallel data
streams into the second serial data stream. The second serial
data stream, in embodiments, includes trading data. Trading
data, for example, may be any data related to purchasing or
selling of stocks, commodities, goods, and/or services.

At a step S1530, the second serial data stream may be
transmitted from the serializer off the field gate program-
mable array system via a second plurality of data pins of the
first interface. In embodiments, the second serial data stream
is transmitted from the serializer on the field programmable
gate array to an input/output module of the field gate array
system but not on the field gate array. The second serial data
stream may then be transmitted from the input/output mod-
ule off the field gate array system.

EXAMPLES

The following examples may be used to illustrate embodi-
ments of the present invention. They are meant solely for
illustration and not intended to be limiting.

Example 1

In embodiments a trading algorithm may be applied in a
crossing auction on an option exchange. In embodiments, a
third serial data stream including target price information on
a set of options contracts is provided as in input to the
FPGA. In embodiments, the first serial stream includes
market data includes bid, asks, trades and auction notifica-
tions. When an auction is announced, as indicated in the
market data, the FPGA compares the announced auction
price to its target price. In embodiments, the target price is
stored in the FPGA and is provided via the third serial data
stream. In embodiments, the target price may be generated
using a suitable pricing model, e.g., Black Scholes model.
When there is some overlap, the field programmable gate
array generates and sends an order at its target price which
is transmitted out of the FPGA in the second serial data
stream. In embodiments, the target price information on a set
of options contracts is streamed into the field programmable
gate array as a simple set of triggers in the third serial data
stream. The target price information, may include a linear-
ization of the result of the Black Scholes computation or
some other model. The field programmable gate array may
implement Black Scholes, and instead receive market data
on the underlying a et as a secondary data stream.

Example 2

Another example of a trading algorithm is “signal based”.
In embodiments, signals refer to a trigger that is activated

40

45

55

65

70

when certain events happen. In embodiments, a signal may
simply track a sale price which changes every time the
market information indicates a sale has taken place. In
embodiments, a signal may be used as a measure of book
pressure to determine whether prices are likely to rise or fall.
Some signals may be calculated quickly while others are
calculated more slowly because they require more data over
a longer period of time. In embodiments, order information
may be based on a single signal or based on a plurality of
signals. Signals depending on the historical behavior of a
financial instrument are programmed into the field program-
mable gate array. A few simple and well-known examples of
a signal here are moving averages of past prices or book
pressure signals (looking for an imbalance in the order
book). Signal-based trading involves receiving market data
on the financial instrument, constructing the order book for
that instrument, calculating a predicted price based on a
pre-defined collection of signals, and sending an order if the
signals indicate that the signal indicates that it is a favorable
time to trade. A secondary data stream here could be used to
enable or disable signals or to change signal parameter
values. In embodiments, the secondary data stream may be
omitted. An example of a signal-based trading system might
be a system that updates the quotes for a market maker when
a set of signals indicates that a large directional move in the
price of a stock is coming. The parallel processing advantage
shows up here more so than in the first example.

Now that embodiments of the present invention have been
shown and described in detail, various modifications and
improvements thereon can become readily apparent to those
skilled in the art. Accordingly, the exemplary embodiments
of the present invention, as set forth above, are intended to
be illustrative, not limiting. The spirit and scope of the
present invention is to be construed broadly.

What is claimed is:

1. A method for processing a first serial data stream
comprising market data, using a field programmable gate
array system, to generate a second serial data stream com-
prising order entry data, wherein the method comprises the
steps of:

(a) receiving, by a first plurality of data pins of a first
interface of a field programmable gate array in the field
programmable gate array system, the first serial data
stream;

(b) receiving, by a first reference clock pin in the first
interface, a first clock signal having a first frequency
and a first phase;

(c) transmitting, from the first plurality of data pins of the
first interface to a deserializer in the field program-
mable gate array, the first serial data stream;

(d) transmitting, from the first reference clock pin in the
first interface to the deserializer, the first clock signal;

(e) generating, by the deserializer, a first receiver side
clock signal having a second frequency and a second
phase, based on the first clock signal;

() converting, by the deserializer, the first serial data
stream into a first plurality of parallel data streams;

(g) transmitting, from the deserializer to computational
circuitry in the field programmable gate array, the first
receiver side clock signal;

(h) transmitting, from the deserializer to the computa-
tional circuitry, the first plurality of data streams com-
prising a first plurality of data items and a first amount
of data streams;

(1) transmitting, from the deserializer via a first clock
output pin on a second interface of the field program-
mable gate array to a phase detector that is part of the
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field programmable gate array system and not part of

the field programmable gate array, the first receiver side

clock signal;

(j) generating, using the field programmable gate array
system, a first transmitter side clock signal having a
third frequency and a third phase, by performing the
following steps until a first output of the phase detector
is below a first threshold level:

(1) generating, by an adjustable oscillator in the field
programmable gate array system, a second clock
signal having a fourth frequency and a fourth phase;

(i1) generating a first wire rate clock signal having a
fifth frequency and a fifth phase based on the second
clock signal;

(iii) generating, by a serializer in the field program-
mable gate array, an interim transmitter side clock
signal having a sixth frequency and a sixth phase;

(iv) transmitting, from the serializer via a second clock
output pin of the second interface to the phase
detector, the interim transmitter side clock signal;

(v) generating, by the phase detector, the first output
based on a comparison of the first receiver side clock
signal and the interim transmitter side clock signal;

(vi) transmitting, from the phase detector to a phase
controller of the field programmable gate array sys-
tem which is placed within the field programmable
gate array, the first output;

(vil) determining, by the phase controller, interim
adjustment information based on the first output; and

(viii) transmitting, from the phase controller to the
adjustable oscillator, the interim adjustment infor-
mation, wherein, the adjustable oscillator adjusts the
second clock signal based on the interim adjustment
information and steps (i) through (viii) are repeated
until the first output of the phase detector is below
the first threshold level;

(k) transmitting, from the serializer to the computational
circuitry, first transmitter side clock signal;

(1) performing, by the computational circuitry, a first set of
operations on at least a portion of the first plurality of
data items to generate a second plurality of parallel data
streams comprising a second amount of data streams,
wherein the first set of operations does not include
clock domain crossing operations that delays process-
ing of the first set of parallel data streams;

(m) transmitting, from the computational circuitry to the
serializer, the second plurality of parallel data streams;

(n) converting, by the serializer, the second plurality of
parallel data streams into the second serial data stream;
and

(o) transmitting, from the serializer off the field gate
programmable array system via a second plurality of
data pins of the first interface, the second serial data
stream.

2. The method of claim 1, wherein the third frequency

corresponds to the first frequency.

3. The method of claim 2, wherein the third phase is not

aligned with the first phase.

4. The method of claim 1, wherein the third frequency is

different than the first frequency.

5. The method of claim 1, wherein the first set of

operations includes at least one of the following:

(1) an arithmetic operation;

(ii) a logical operation;

(iii) a pipeline operation; and

(iv) a memory access operation.
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6. The method of claim 1, wherein the first amount of data
streams is the same as the second amount of data streams.

7. The method of claim 6, wherein the first amount of data
streams and the second amount of data streams are equal to

5 one of the following:

(1) eight (8) data streams;

(i) ten (10) data streams;

(iii) sixteen (16) data streams;

(iv) twenty (20) data streams;

10 (v) thirty-two (32) data streams;
(vi) forty (40) data streams;
(vii) sixty-four (64) data streams;
(viiil) eighty (80) data streams;
s (ix) one hundred twenty-eight (128) data streams; and

(x) one hundred sixty (160) data streams.

8. The method of claim 6, wherein the first amount of data
streams and the second amount of data streams are equal to
two (2) to the power of N, where N is an integer.

9. The method of claim 6, wherein the first amount of data
streams and the second amount of data streams are equal to
ten (10) times two (2) to the power of N, where N is an
integer.

10. The method of claim 6, wherein the first amount of
data streams and the second amount of data streams are
equal to thirty-three (33) times two (2) to the power of N,
where N is an integer.

11. The method of claim 1, wherein the fourth frequency
is equal to x times the fifth frequency, where x is the second
amount of data streams.

12. The method of claim 1, wherein the fourth frequency
is equal to x times the fifth frequency, where x is half of the
second amount of data streams.

13. The method of claim 1, wherein the fourth frequency
is a rational multiple of the second frequency.

14. The method of claim 1, wherein the phase difference
indicator signal is a pulse signal.

15. The method of claim 1, wherein adjustment informa-
tion indicates at least one of the following:

(A) a desired phase;

(B) a desired frequency;

(C) a change in phase; and

(D) a change in frequency.

16. The method of claim 15, wherein adjustment infor-
mation comprises a voltage.

17. The method of claim 16, wherein adjustment infor-
mation comprises a digital transmission.

18. The method of claim 1, wherein the adjustment
information is used to do at least one of the following:

(1) set a bias to an oscillator;

(ii) set a divider ratio; and

(iii) set a delay.

19. The method of claim 1, wherein the first serial data
stream comprises market data, the second serial data stream
comprises order entry data, and the first operation comprises
a trading algorithm.

20. The method of claim 1, wherein the first serial data
stream includes market data and the second serial data
stream includes trading data.

21. The method of claim 1, wherein the first clock output
pin is operationally connected to the deserializer and the
second clock output pin is operationally connected to the
5 serializer; and

wherein the phase detector is not on the field program-
mable gate array and is operationally connected to the
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first clock output pin and the second clock output pin of
the second interface of the field programmable gate
array.
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