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CLOCKDATA RECOVERY AND 
SYNCHRONIZATION IN INTERCONNECTED 

DEVICES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a Divisional Application of, 
under 35 U.S.C. S 121, and claims priority to, under 35 U.S.C. 
S121, United States Non-Provisional Application No.: 
11/774,977, entitled Clock Recovery and Synchronization in 
Interconnected Devices, by John Yin, filed on Jul. 9, 2007. 

BACKGROUND OF THE INVENTION 

0002 This invention relates to computationally efficient 
clock data recovery and synchronization in Systems with 
interconnected devices having high rates of data transfer 
between devices. 
0003. Several trends in system design are increasing the 
demand for data transfer in interconnected devices. The Vol 
ume of data requiring transfer between digital devices are 
constantly increasing, driving a requirement for higher data 
transfer rates. As an example, more digital signal processing 
applications are being performed by field programmable gate 
arrays (FPGAs) instead of conventional digital signal proces 
sors. System designs require more interconnections between 
FPGA devices and between FPGA devices and other devices. 
In the past, interface architectures among multiple devices 
have typically used parallel connections. The major drawback 
of parallel connections among multiple processing devices is 
a proliferation of input/output (I/O) pins. To avoid this, the 
trend in current designs is to use high speed serial links. 
Currently, device connections within a system are migrating 
from parallel backplanes to serial links. 
0004 Digital devices inherently require a clock for timing 
internal and external operations. For serial links, synchroni 
Zation of the clocks at the transmitting device and the receiv 
ing device is critical for Successful data transfer. A loss of 
synchronization may jeopardize the integrity of the data. The 
clock provides the time base used to control the transfer of 
digital information. Reliable link design for two chips on a 
board include source Synchronous design, where the trans 
mitting device, or source, provides the data and a clock signal. 
The receiving device then synchronizes to the received clock 
signal. For communication between boards, there is a need to 
minimize the number of wires, so a separate clock signal on a 
separate wire is not used. Instead, the transmitting device 
embeds the clock signal in the data. The receiving device 
recovers the clock signal embedded in the received signal. 
0005 Recovering the clock signal is referred to as clock 
data recovery (CDR) or clock recovery. CDR is required for 
two basic purposes: first, to establish a timing signal to 
sample the incoming pulses or signal and second, to transmit 
outgoing pulses or signal at the same rate as that of the 
incoming signal. A CDR module includes a phase lock loop 
(PLL). The PLL locks to the frequency and phase of an input 
signal and generates an output signal that is synchronized to 
the input signal. This output signal can be used as a clock 
signal. For this discussion, "clock” and "clock signal’ both 
refer to a timing signal. Also for this discussion, a 'clock 
Source’ generates a clock signal that is independent of any 
other clock signal in the system. 
0006. A system that includes an analog to digital converter 
(ADC) connected to a digital processor is a preferred imple 
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mentation for many applications. Typically, an ADC is on the 
same board as the digital processor. This is a disadvantage for 
Some applications. For example, in a digital radio system, 
transferring the received analog signal from an antenna or 
analog front end (AFE) to the ADC requires expensive cables 
for radio frequency (RF) signals. Positioning the ADC near 
the AFE improves signal reception and would allow the 
received analog signal to be digitized and transmitted the over 
a lower cost digital link. However, the digital signal process 
ing portion would require a computationally expensive CDR 
module for the digital link. It would be advantageous to avoid 
consuming the resources of the digital signal processing por 
tion of the system with CDR operations. For applications that 
transfer data between a remote ADC and a digital signal 
processing device, efficient clock recovery would conserve 
system resources. 
0007 Clock data recovery is an important component of 
communication systems and data networks. There are two 
major strategies for clock synchronization, one used in tele 
communication systems, described herein as the telecom 
model, and the other used in data networks, described herein 
as the datacom model. Both models include CDR modules for 
synchronization on both sides of the communications link. 
0008. In the telecom model, a typical arrangement for a 
communication system includes a master station and one or 
more slave stations, each station including a transmitter (TX) 
and a receiver (RX). The master station and the slave station 
each include a CDR module for the received signal. The 
master includes a clock source for its TX. The master trans 
mits the clock signal from the clock source in addition to data 
embedded in the transmitted signal. The slave station includes 
a CDR module to synchronize to the received clock signal. 
The output of the CDR module is the recovered RX clock 
signal. The slave station uses the recovered RX clock signal to 
synchronize its TX clock signal. The synchronized TX clock 
signal is used for timing the slave's transmit signal. At this 
point, the slave's RX clock frequency matches the TX clock 
frequency. However, when the master station receives the 
signal transmitted from the slave, the master still has to Syn 
chronize to the phase of the received data, even though the 
clock frequency is matched. The phase offset is due to propa 
gation delay that is a function of connection length and other 
distortions. The telecom model is prevalent the digital tele 
phone network and wide area network (WAN) architectures. 
0009. In the datacom model, such as in Ethernet networks, 
the TX and RX of each station have independent timing 
control. Each station includes a clock source that produces a 
clock signal that is embedded in the transmitted signal. Each 
station also includes a CDR module that locks to the embed 
ded clock signal of the signal received from the other station. 
0010. In current architectures using the telecom model or 
the datacom model, a digital device requires CDR for every 
communication channel with any remote device. Each CDR 
module includes a computationally expensive PLL. For 
example, current commercially available FPGAs include 
various numbers of PLL resources, where low end devices 
having 0 to 2 PLLs and high end devices having 4 to 8 PLLs. 
In addition, not all FPGA PLLs have the same capability. In 
specialized high end FPGAs, some of the PLLs are capable of 
supporting CDR functionality. Other FPGA devices have 
PLLs with lesser functionality that do not support CDR 
operations. For systems with multiple interconnected 
devices, the cost and complexity for communication among 
devices increases for every channel. This produces scalability 
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problems, where the overhead for communication becomes 
prohibitive. The implementation of a PLL on an FPGA is 
physically large on the die. Therefore, the PLL is the most 
expensive resource on the FPGA. There is a need to reduce the 
number of PLLS required for communication in Systems hav 
ing interconnected FPGAs and other devices. Reducing the 
requirements for PLLs conserves the most precious resource 
of the FPGA, thus reducing the cost and complexity of the 
system. Similarly, for device implementations using an appli 
cation specific integrated circuit (ASIC), digital signal pro 
cessor, microcontroller or microprocessor, reducing the num 
ber PLLs conserves resources for other application tasks. The 
present invention addresses this need and others as described 
below. 

SUMMARY OF THE INVENTION 

0011. An object of the present invention is to provide a 
method and an apparatus for synchronizing interconnected 
devices in a system using fewer system resources than com 
ventional systems. For a system having two devices, a master 
device and a slave device, connected by a data transfer inter 
face, or link, the master device includes a phase comparator 
that measures a phase offset in a signal received from the slave 
device with respect to the master's clock signal. The master 
includes a control symbol generator that determines a control 
symbol based on the phase offset. The master includes an 
encoder that encodes the control symbol in a transmit signal 
for the slave. The slave includes a decoder that decodes the 
control symbol from the signal received from the master. The 
slave uses the control symbol to adjust the phase shift of a 
signal to be transmitted to the master device. The phase shift 
is adjusted to compensate for the phase offset that occurs due 
to propagation over the link to the master. When the phase 
compensated signal is received at the master, its phase offset 
is Smaller than the original phase offset. This procedure can 
be performed iteratively until the phase offset is within a 
desired tolerance. 
0012 Another object of the invention is to make systems 
with interconnected devices more scalable by reducing the 
communications overhead. In a system with a master device 
in communication with a plurality of slave devices over a 
plurality of links, the master includes a phase comparator, a 
control symbol generator and an encoder for each slave 
device. The master produces and transmits a corresponding 
control symbol to each slave device. Each slave device 
applies its corresponding control symbol to adjust the phase 
shift of its transmit signal. The transmit signal of each slave is 
phase compensated prior to transmission over the corre 
sponding link to the master. Each resulting received signal at 
the master has a reduced phase offset as described above. 
0013 Another object of the invention is to reduce the 
complexity of the slave device by performing the phase com 
pensation at the master device. The master device includes a 
phase adjuster in addition to the phase comparator. The phase 
adjuster applies a phase shift to a signal received from the 
slave to reduce the phase offset. Alternatively, the phase 
adjuster applies a phase shift to the its transmit signal. The 
slave's PLL locks to the phase shift in the signal received from 
the master. In response to the phase shifted clock signal 
generated by the PLL, the slave produces a phase compen 
sated signal for transmission to the master. When the phase 
compensated signal is received at the master, the resulting 
received signal will have a smaller phase offset than the 
previous received signal. 
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0014) Another object of the invention is to provide effi 
cient implementation for an analog to digital converter 
(ADC) application. The slave device includes an ADC that 
produces digital signal samples from an input analog signal. 
The slave device encodes the signal samples to form a trans 
mit signal for the master. The procedures described above will 
result in a phase compensated signal at the master. 
0015. An advantage of the present invention is the reduced 
complexity in a system of interconnected devices and lower 
communications overhead. Another advantage is that the 
accuracy of the synchronization is not sacrificed in order to 
achieve lower complexity. Another advantage is that the 
lower complexity reduces system cost. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016 FIG. 1 shows an example of an interconnected sys 
tem that includes a master device with serial links and to a 
slave device, in accordance with the prior art. 
0017 FIG. 2 is a block diagram of a matched chip set 
where each chip and provides an interface between the 
respective devices and the respective links, in accordance 
with the prior art. 
0018 FIG. 3 is a block diagram of the telecom model for 
timing control, in accordance with the prior art. 
0019 FIG. 4 is a block diagram of the datacom model for 
timing control, in accordance with the prior art. 
0020 FIG. 5 is a block diagram of the basic structure of a 
PLL, in accordance with the prior art. 
0021 FIG. 6 is a block diagram of a preferred embodiment 
for the telecom model. 

0022 FIG. 7 is a block diagram of an alternative embodi 
ment of the slave device that includes a jitter buffer. 
0023 FIG. 8 is a block diagram for an alternative embodi 
ment for the master that applies data comparisons instead of 
phase comparisons. 
0024 FIG. 9 shows a block diagram for an embodiment 
for the datacom model. 

0025 FIG. 10 illustrates examples of measuring phase 
offset and determining a control symbol, in accordance with 
the embodiments of FIG. 6 and FIG. 9. 

0026 FIG. 11 is a block diagram of an embodiment 
including a master device in communication with multiple 
slave devices. 

0027 FIG. 12 is a block diagram of a preferred embodi 
ment where the master adjusts its received signal to compen 
sate for phase offset. 
0028 FIG. 13 illustrates examples of signals correspond 
ing to operation of the embodiment of FIG. 12. 
0029 FIG. 14 is a block diagram of a master linked with 
multiple slave devices corresponding to the embodiment of 
FIG. 12. 

0030 FIG. 15 is a block diagram of a preferred embodi 
ment where the master adjusts its transmit signal to compen 
sate for phase offset in its received signal. 
0031 FIG. 16 illustrates an example of a signal corre 
sponding to operation of the embodiment of FIG. 15. 
0032 FIG. 17 is a block diagram of a master linked to 
multiple slaves corresponding to the embodiment of FIG. 15. 
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0033 FIG. 18 is a block diagram of an alternative embodi 
ment for the slave device in FIGS. 12 and 15. 

DETAILED DESCRIPTION 

0034. In any interconnected system, data transfer between 
devices requires the receiving device to synchronize to sig 
nals received from the transmitting device. FIG. 1 shows an 
example of an interconnected System that includes a master 
device 104 with serial links 101 and 102 to a slave device 100. 
The master device 104 and the slave device 100 each include 
a CDR module, 108 and 106, respectively, to recover the 
clock from the their respective received signals. As described 
above in the Background section, the PLL required for con 
ventional CDR can consume a prohibitive amount of 
resources. Current solutions for this situation include com 
mercially available matched chip sets. FIG. 2 shows a block 
diagram of a matched chip set where each chip, 206 and 208, 
provides an interface between the respective devices 200 and 
204 and the respective links, 202 and 210. The matched chips 
206 and 208 perform the CDR functions, including the PLL, 
and provide the recovered clocks 212 and 214 and the 
received signals 216 and 218 to their respective devices, thus 
conserving the resources of the devices 200 and 204 them 
selves. 
0035 FIG. 3 is a block diagram of the telecom model for 
timing control. The master device 300 includes a clock source 
302 for generating a clock signal 305 for the TX 3.04. The 
clock signal 305 is embedded in the signal to be transmitted 
along with the TX data 307. The transmit signal is transferred 
over a link 306 to the RX 308 of the slave device 310. The 
CDR module 312 in the slave device 310 applies a PLL to 
lock to the frequency and phase of the received signal 309. 
The CDR module 312 provides a clock signal 314 to the slave 
device's TX 3.16. The clock signal 314 is embedded along 
with data 315 in the signal to be transmitted by the TX 3.16. 
The master's RX 320 receives the slave's transmitted signal 
from link318. At this point, the master's clock source 302and 
the slave's TX clock, and consequently the embedded clock 
signal in the received signal 321, have matched frequencies. 
Ideally, the frequencies are the same. In reality, any frequency 
difference is within an acceptable tolerance. However, the 
phase of the master clock signal 305 is offset with respect to 
the received signal 321 because of propagation effects. The 
master requires a CDR module 322 that includes a PLL to 
lock to the phase of the received signal. 
0036 FIG. 4 is a block diagram of the datacom model for 
timing control. The first device 400 and the second device 410 
communicate via links 406 and 418. Each device 400 and 410 
includes a clock source 402 and 414, respectively, and a CDR 
module, 422 and 412, respectively. Each device 400 and 410 
embeds its clock signal 405 and 415, respectively, in the 
signal to be transmitted. Each CDR module 422 and 412 locks 
to the frequency and phase of its received signal 421 and 409, 
respectively. There are no means for synchronizing the clocks 
of the two devices, so in addition to phase offset, the frequen 
cies of the clocks can be slightly different. Normally the 
accuracy of the clock frequency is specified as part of an 
industry standard for the devices in the network. Typical 
frequency tolerance levels are 50 to 100 ppm. The jitter buff 
ers 430 and 434 store the respective received signals 421 and 
409 and compensate for frequency and phase differences. 
0037. Each device in the systems represented in FIGS. 1 
through 4 requires a CDR module that includes a PLL. The 
structures and techniques for PLLs are well known in the art. 

Apr. 28, 2011 

The basic structure of a PLL is shown in FIG. 5. The phase 
comparator 500 measures the phase offset, or skew, in the 
received signal 502 by comparing it to the phase of a reference 
signal 504 output from a controlled oscillator 512. The con 
trolled oscillator 512 is a voltage controlled oscillator (VCO) 
in an analog PLL or a number controlled oscillator (NCO) in 
a digital PLL. The loop filter 506 Smoothes the phase error 
508 to generate a control signal 510 for the controlled oscil 
lator 512. Based on the control signal 510, the controlled 
oscillator 512 adjusts its oscillations to more closely match 
the frequency and phase of the input signal 502. 
0038 Embodiments of the present invention eliminate the 
need for one PLL in one of the two communicating devices 
shown in FIGS. 1, 3 and 4. In the architecture of FIG. 2, an 
embodiment of the present invention may eliminate the need 
for one of the matched chips or greatly reduce its complexity. 
0039 FIG. 6 is a block diagram of a preferred embodiment 
for the telecom model. The master device 600 includes a 
phase comparator 602 that compares the received signal 604 
to the clock signal 606 to measure a phase offset, or skew. The 
control symbol generator 608 determines a control symbol 
based on the phase offset. Encoder 610 encodes the control 
symbol so that it occupies available control channels of the 
transmit data 625. The functions of encoder 610 can be 
included the encoding operations for control data and payload 
data that normally occur for preparing TX data 625 for trans 
feras a transmit signal. The TX 624 transfers the transmit 
signal with the embedded control symbol via link 612 to the 
slave device 614. The receiver 628 receives the transmit sig 
nal to form the received signal 615. The decoder 630 extracts 
the control symbol from the received signal 615 and inputs it 
to the control module 619. The functions of the decoder 630 
can be included in the decoding operations that normally 
occur for extracting control data and payload data from the 
received signal 615. The CDR module 616 produces an RX 
clock signal 617 as described for the previous example of 
FIG. 3. The control module 619 adjusts the phase of the RX 
clock signal 617 according to the control symbol to form a 
phase compensated TX clock signal 618. Using the phase 
compensated TX clock signal 618, the TX 626 forms a phase 
compensated transmit signal for TX data 632. The phase 
compensation mitigates the phase shifts in the transmit signal 
that occur during propagation over the link 627. As a result of 
the phase compensation by the slave, the master's receiver 
620 produces a received signal 604 that is synchronized in the 
phase and frequency with the master's clock signal 606. The 
phase compensation provides the same degree of accuracy as 
if there were a local CDR module at the master. 
0040. The control symbol represents the phase adjustment 
applied to the slave's transmit clock signal 618. The control 
symbol can represent one or more phase adjustment param 
eters, including a phase correction value, a phase step size 
(granularity), a number of phase steps, a delay interval cor 
responding to the phase correction, a polarity indicator and 
other representations. 
0041. The controller 619 applies the phase adjustment to 
the recovered clock signal 617, output by the CDR module 
616, to produce a phase shifted clock signal, the TX clock 
signal 618, at its output. The RX clock signal 617 results from 
the conventional clock recovery operation of the PLL in the 
CDR module 616. The TX clock signal 618 is a phase shifted 
version of the RX clock signal 617 resulting from the phase 
compensation in accordance with the control symbol. In an 
alternative embodiment for the telecom model, the slave's 
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CDR module 616 produces one clock signal in the slave 
device. Since the slave's CDR module 616 has matched the 
frequency of the master clock source 622, the phase adjust 
ment can be implemented by delaying the slave's transmit 
signal by a time interval that compensates for the phase offset. 
FIG. 7 is a block diagram of an alternative embodiment of the 
slave device 614 that includes a jitter buffer 707. The clock 
signal 777 functions as both the RX clock and the TX clock. 
Upon receiving the decoded control symbol, the controller 
717 produces a time shift control parameter for the jitter 
buffer 707. In this embodiment, the phase adjustment is con 
Verted to a corresponding time shift adjustment to produce the 
time shift control parameter. Alternatively, the corresponding 
time shift adjustment can be calculated by the control symbol 
generator 608 in the master device 600 to produce the control 
symbol for transfer to the slave device 614. 
0042 FIG. 8 is a block diagram for an alternative embodi 
ment for the master 600 that applies data comparisons instead 
of phase comparisons. The master 600 transmits a training 
pattern 717 to the slave 614 during a training period. The slave 
614 receives the transmitted training patternand retransmits it 
to the master 600 in a loopback procedure. Loopback proce 
dures are well known to those of ordinary skill in the art. The 
master's receiver 620 receives the loopback signal. The data 
decoder 727 decodes the pattern from the received loopback 
signal 737. The data comparator 711 determines the shift in 
the received pattern 747 relative to the test pattern 717 using 
methods well known to those skilled in the art. The control 
symbol generator 608 produces a control symbol based on the 
detected shift. The control symbol is then encoded and trans 
mitted to the slave as described previously with respect to 
FIG. 6. 

0043 FIG. 9 shows a block diagram for a preferred 
embodiment for the datacom model. In the conventional data 
com model described above with respect to FIG. 4, the first 
device 400 and the second device 410 include the same ele 
ments. In an embodiment for the present invention, the com 
municating devices in the datacom model have some different 
elements. The communicating devices will now be referred to 
as a master device 800 and a slave device 814. The master 
device 800 includes a phase comparator 802 that determines 
the phase offset, or skew, of the received signal 804 with 
respect to the clock signal 807 using techniques well known 
to those skilled in the art. The control symbol generator 808 
produces a control symbol based on the phase offset. The 
encoder 810 encodes the control symbol for portions of the 
transmit data 825 that are used for control data. The functions 
of encoder 810 can be included in the encoding operations for 
control data and payload data that normally occur for prepar 
ing TX data 825 for transfer. The transmitter 824 transmits the 
TX data 825 with the embedded control symbol via the link 
812 to the receiver 828 of the slave device 814. The slave 
device 814 includes CDR module 822 to recover the RXclock 
signal 824 from the received signal 815. The decoder 830 
decodes the control symbol from the received signal 815 and 
provides it to transmit jitter buffer controller 838. The func 
tions of the decoder 830 can be included in the decoding 
operations that normally occur for extracting control data and 
payload data from the received signal 815. The slave device 
814 also includes a transmitjitter buffer 832 that stores trans 
mit data 817. The transmit jitter buffer controller 838 deter 
mines a shift control parameter based on the decoded control 
symbol. The transmit jitter buffer 832 applies a shift adjust 
ment according to the shift control parameter to produce a 
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phase compensated transmit signal. The transmitter 840 
transmits the phase compensated transmit signal over link 
827 to the receiver 820 of the master 800. The phase shifts due 
to propagation effects are mitigated by the compensating 
phase adjustment provided by the slave 814 prior to transmis 
Sion. Because of the phase compensation, the received signal 
804 is synchronized with the TX clock signal 807. The accu 
racy of the synchronization is Substantially the same as that of 
a local PLL in a CDR module at the master 800. 

0044. The embodiments of the telecom model of FIG. 6 
and the datacom model of FIG.9 each include a phase com 
parator 602 and 802, respectively, and a control symbol gen 
erator 608 and 808, respectively. The phase comparators 602 
and 802 can apply techniques well known in the art for cal 
culating phase offset. FIG. 10 illustrates examples of measur 
ing phase offset and determining a control symbol. In a pre 
ferred embodiment, the phase offset is calculated by 
comparing the 50% rise time of at least one pulse of the TX 
clock signal 606 or 807 to the 50% rise time of a pulse in the 
received signal 604 or 804. A preferred embodiment includes 
a predetermined phase step size that is known at both the 
master and the slave. The control symbol generator produces 
a control symbol that instructs the slave to increment or 
decrement the phase by the phase step size. The phase com 
pensation at the slave produces a positive phase step or a 
negative phase step. Referring to FIG. 10, Example A illus 
trates a received signal pulse 1004 whose 50% rise time is 
delayed compared to the clock pulse 1002 by an amount +d. 
The control symbol generator produces a control symbol 
based on the polarity of the phase offset. In this case, the 
control symbol represents a decrement command. At the 
slave station, the decrement command causes a phase adjust 
ment of (-step). In the telecom model of FIG. 6, the (-step) is 
applied to the PLL in the CDR module 616. In the datacom 
model of FIG. 9, the (-step) is applied by the transmit jitter 
buffer controller 828 to the transmit jitter buffer 832. The 
phase adjusted transmit signal results in a received signal 
1012 that is more phase aligned with the master clock signal 
1010. Example B illustrates a received signal pulse 1008 
whose 50% rise time is ahead of the clock pulse 1006 by an 
amount -e. In this case, the control symbol generator pro 
duces a control symbol for an increment command. At the 
slave station, the increment command causes a phase adjust 
ment of (+step). The phase adjusted transmit signal results in 
a received signal 1016 that is more phase aligned with the 
master clock signal 1014. The phase adjustments can con 
tinue iteratively until phase alignment is achieved within an 
acceptable tolerance. The accuracy of phase alignment will 
be the substantially the same as that of a conventional CDR 
module at the master using the same adjustments by positive 
or negative steps. One of ordinary skill in the art will appre 
ciate that alternative strategies can be applied for phase offset 
measurement and phase adjustment. Alternatives include but 
are not limited to: 

0.045 1) at the master, calculating the average of several 
phase offsets and generating the control symbol based 
on the average phase offset, 

0046 2) using variable step sizes for phase adjustments. 
0047. The master can transmit the control symbol using 
control channels of a transmit signal carrying valid data. 
Alternatively, the master can transmit the control symbol in 
an idle signal. An idle signal is transmitted during an idle state 
or invalid state when payload data are not transmitted. A 
preferred embodiment uses 8 Bf 10 B encoding known to 
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those skilled in the art and described in the book, "Ethernet 
the Definitive Guide” by Charles E. Spurgeon, pages 166-7. 
An 8 Bf 10 B encoderuses 10 bits to encode 8 bit data words. 
This maps 256 data words, corresponding to 8 bits, to 1024 
possible words. Some of the 768 spare words are used for 
control words and others are not used. The encoder 606 for the 
telecom model and the encoder 810 for the datacom model 
can encode the control symbol using one or more of the spare 
words. For embodiments using a training pattern, Such as that 
depicted in FIG. 8, the master can embed the training pattern 
in an idle signal or in a portion of a transmit data frame 
reserved for control data. 
0048 FIG. 11 is a block diagram of an embodiment 
including a master device 1100 in communication with mul 
tiple slave devices 1102i. Each of the slave devices 1102i 
includes a phase compensation block 1106i that uses an i” 
control symbol to apply a phase shift in the transmit data as 
described above with respect to FIGS. 6, 7 and 9. The master 
device 1100 includes a phase control feedback processor 
1104i that measures the phase offset in the i' received signal 
from the i' slave device, as described above with respect to 
FIGS. 6, 8 and 9. The i' phase control feedback processor 
1104i generates an i' control symbol which is encoded for 
transmission to the i' slave device. The phase control feed 
back processor 1104i can replace the PLL that would be 
required for each link in a conventional architecture. 
0049. In the embodiments described thus far, the phase 
feedback control loop passes from the master to the slave and 
the phase compensation is performed at the slave. The phase 
control feedback ultimately results in a phase compensated 
receive signal at the master. These embodiments are advan 
tageous for conserving the resources of the master device. 
Removing the computationally expensive PLL that would 
otherwise be required for each link and replacing it with 
simpler phase comparison frees resources at the master 
device for other operations in the application. 
0050. In the embodiments described in the following with 
respect to FIGS. 12 to 18, the phase feedback control loop 
including phase adjustment is performed at the master. These 
embodiments are preferable when there are resources avail 
able for phase adjustment at the master and it is desirable to 
conserve resources at the slave. These embodiments are more 
efficient than conventional architectures because they do not 
include a PLL at the master. 

0051 FIG. 12 is a block diagram of a preferred embodi 
ment where the master adjusts its received signal to compen 
sate for phase offset. The architecture of the slave 664 is like 
that of the slave 310 in the conventional architecture for the 
telecom model as described with respect to FIG.3. The recov 
ered clock signal 617 is synchronized with the frequency and 
phase of the clock signal 606. At the master 660, the received 
signal 636 and the clock signal 606 are synchronized in fre 
quency, however the phases are different because of propa 
gation delay. The phase comparator 602 measures the phase 
offset, as described previously with respect to FIG. 6. Alter 
natively, a data comparator can be used instead of the phase 
comparator 602, as described previously with respect to FIG. 
8. The phase adjuster 640 adjusts the received signal 636 to 
compensate for the phase offset. The phase compensated RX 
signal 641 is now synchronized in frequency and phase with 
the clock signal 606. 
0052 FIG. 13 illustrates examples of signals correspond 
ing to operation of the embodiment of FIG. 12. The clock 
signals 1002, 1006, 1010 and 1014 correspond to clock signal 
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606. The received signals 1004 and 1008 correspond to 
received signal 636 in FIG. 12. The measured phase offsets of 
+d or -e are compensated by phase adjustment (-step) or 
(+step), respectively. The phase adjuster 640 applies the step 
adjustments to the received signal 636 to form phase com 
pensated RX signal 641, corresponding to signals 1012 and 
1016 in FIG. 13. These examples are similar to those 
described with respect to FIG. 10, except that all the phase 
compensation operations are performed in the master. 
0053 FIG. 14 is a block diagram of a master linked with 
multiple slave devices corresponding to the embodiment of 
FIG. 12. The master 1400 includes a phase compare and 
phase adjust module 1404i for each received signal 1408i 
from each slave 1406i. 

0054 FIG. 15 is a block diagram of a preferred embodi 
ment where the master adjusts its transmit signal to compen 
sate for phase offset in its received signal. The architecture of 
this embodiment is like that described with respect to FIG. 12, 
except for the position of the phase adjuster 650. The phase 
adjuster 650 modifies the clock signal 606 by a phase shift in 
a direction opposite to the phase offset, calculated by the 
phase comparator 602, to produce a phase adjusted clock 
signal 651. In response to the phase adjusted clock signal 651, 
the transmitter 624 produces a transmit signal whose phase is 
opposite to the measured phase offset. Referring to the 
example illustrated in FIG. 16, the phase offset between the 
clock signal 1002 and the received signal 1004 is +d. The 
phase adjustment applies a (-step) change in the phase of the 
clock signal 606 to produce the phase adjusted clock signal 
651. As a result, the transmit signal 1020 has a phase of 
approximately-d. When this transmit signal 1020 is received 
at the slave 664, the CDR module 616 locks to the adjusted 
phase and produces a clock signal 617 with a phase of 
approximately -d. Since the timing of the slave's transmitter 
626 is controlled by the phase adjusted clock signal 617, the 
slave's transmit signal also has a phase of approximately -d. 
This phase is Substantially cancelled by propagation over link 
627. When the slave's transmit signal is received by the mas 
ter 660, the master's received signal 636 is more aligned with 
the clock signal 606, as shown by the signals 1010 and 1012 
in FIG. 16. 

0055 FIG. 17 is a block diagram of a master linked to 
multiple slaves corresponding to the embodiment of FIG. 15. 
The master 1700 includes a phase comparator 1706i for each 
received signal 1704i from each slave device 1406i to mea 
sure a corresponding phase offset. Each phase adjuster 1708i 
adjusts the phase of the clock signal 1710 so that each trans 
mit signal 1702i has a phase that is opposite to the corre 
sponding measured phase offset. 
0056 FIG. 18 is a block diagram of an alternative embodi 
ment for the slave device 664 in FIGS. 12 and 15. The slave 
device 1800 includes a clock source 1802, so it corresponds to 
the datacom model. The CDR 1808 recovers the frequency 
and phase of an embedded clock of the received signal to 
generate a clock signal 1810 that matches the frequency of the 
transmit clock of the master device. The controller 1812 
controls the transmit jitter buffer 1806 to form the transmit 
signal in accordance with the recovered clock signal 1810 
instead of the TX clock signal 1804 output by the clock source 
1802. This allows the slave 1800 to transmit at the frequency 
of the master's clock, instead of its own clock 1804. Since the 
slave's transmit signal is matched infrequency to the master's 
clock, the master can perform the phase measurements and 
adjustments described with respect to FIGS. 12 and 15. 
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0057 Embodiments of the present invention reduce the 
complexity of a master device that is interconnected with one 
or more slave devices by eliminating the PLL in the master 
device that would be required for each connection in conven 
tional architectures. Referring back to FIG. 5 showing a block 
diagram of a PLL, the conventional PLL includes a phase 
comparator 500, a loop filter 506 and a controlled oscillator 
512. Embodiments of the present invention include a phase 
comparator, but do not require the loop filter 506 or the 
controlled oscillator 512 in the master device. The PLL in the 
CDR at the slave device provides that the slave's transmit 
signal is synchronized in frequency with the master's clock 
signal. Simpler phase adjustment operations by the master or 
slave provide the phase compensation in the received signal at 
the master device. Several applications are described in the 
following. 
0058. In an application with an ADC in communication 
with a digital processor, an embodiment of the present inven 
tion implements the operations of the master in the digital 
processor. The ADC converts an input analog signal to a 
digital signal that is transferred to the digital processor. The 
slave's operations can be implemented in a digital portion of 
the ADC device or a digital interface for transferring the 
digital signal from the ADC to the digital processor. 
0059. The applications for ADC can be used in a digital 
radio system. An embodiment of the present invention posi 
tions the ADC near the (AFE) of the receiver of a digital radio 
system. The ADC digitizes the received analog signal and 
transfers it the over a digital link to a digital processor for 
signal processing and demodulation operations. 
0060. In an application where a digital processor is con 
nected with one or more memory devices, an embodiment of 
the present invention implements the operations of the master 
in the digital processor and the operations of the slave in the 
memory device. The embodiments where the master per 
forms the phase adjustment operations, described with 
respect to FIGS. 12 and 15, are preferable because the simpler 
architecture of the slave is preferable for the memory device. 
0061 Specific implementations of the master and slave 
devices depend on the application and the functions of the 
interconnected devices. Implementations of master and slave 
operations can use one or more digital processing technolo 
gies appropriate for the application, including FPGA, com 
plex programmable logic devices (CPLD), ASIC, digital sig 
nal processor (DSP), microcontroller and microprocessor. 
For the embodiments of FIGS. 6, 8 and 9, a phase comparator 
and control symbol encoder can be implemented instead of a 
PLL in the master device. For the embodiments of FIGS. 12 
and 15, a phase comparator and phase adjuster can be imple 
mented instead of a PLL in the master device. For the embodi 
ments of FIGS. 6, 7 and 9, implementation of the slave 
includes operations for control symbol decoding and for 
phase compensation of the transmit signal. For the embodi 
ment of FIG. 18, implementation of the slave includes opera 
tions for phase compensation of the transmit signal. Reducing 
the requirements for PLLs in the master significantly reduces 
the complexity of the communications overhead for the 
device and frees resources for other aspects of the application. 
0062. While the preferred embodiments of the invention 
have been illustrated and described, it will be clear that the 
invention is not limited to these embodiments only. Numer 
ous modifications, changes, variations, Substitutions and 
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equivalents will be apparent to those skilled in the art, without 
departing from the spirit and scope of the invention, as 
described in the claims. 
What is claimed is: 
1. In a system having a master device connected to a plu 

rality of slave devices by a plurality of data transfer links, 
wherein each of a plurality of signals received at the master 
device has a corresponding phase offset, an apparatus for 
reducing each phase offset, comprising: 

at the master device, 
a clock Source that generates a clock signal; 
a plurality of first receivers, each coupled to receive a 

corresponding first received signal from a correspond 
ing data transfer link to a corresponding slave device; 

a plurality of first transmitters, each coupled to the corre 
sponding data transfer link: 

a plurality of phase control modules, each coupled to a 
corresponding first receiver, a corresponding first trans 
mitter and the clock source, wherein each phase control 
module further comprises, 

a phase comparator coupled to receive the clock signal and 
the corresponding first received signal, the phase com 
parator and determining a corresponding first phase off 
set between the corresponding first received signal and 
the clock signal; 

a control symbol generator coupled to the phase compara 
tor and generating a corresponding control symbol 
based on the corresponding first phase offset; 

an encoder coupled to the control symbol generator and 
inserting the corresponding control symbol in a corre 
sponding first transmit signal, wherein the correspond 
ing first transmitter transfers the corresponding first 
transmit signal over the corresponding data transfer link 
to the corresponding slave device; 

at each slave device, 
a second receiver coupled to receive the corresponding first 

transmit signal from the corresponding data transfer link 
to form a corresponding second received signal; 

a phase lock loop coupled to receive the corresponding 
second received signal, the phase lock loop generating a 
recovered clock signal synchronized with the corre 
sponding second received signal; 

a decoder coupled to the second receiver, the decoder 
extracting the corresponding control symbol from the 
corresponding second received signal; 

a phase compensator coupled to the decoder and the phase 
lock loop, the phase compensator responding to the cor 
responding control symbol and the recovered clock sig 
nal to produce a corresponding second transmit signal 
having a corresponding phase shift in accordance with 
the corresponding control symbol; and 

a second transmitter coupled to the phase compensator and 
the corresponding data transfer link, the second trans 
mitter transmitting the corresponding second transmit 
signal over the corresponding data transfer link to the 
master device, wherein at the master device, the corre 
sponding first receiver receives the corresponding sec 
ond transmit signal to form a corresponding compen 
sated received signal having a corresponding second 
phase offset that is Smaller than the corresponding first 
phase offset of the corresponding first received signal. 

2. In a system having a master device connected to a plu 
rality of slave devices by a plurality of data transfer links, 
wherein each of a plurality of signals received at the master 
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device has a corresponding phase offset, an apparatus for 
reducing each phase offset, comprising: 

at the master device, 
a plurality of first receivers each coupled to receive a cor 

responding first received signal from a corresponding 
data transfer link to a corresponding slave device; 

a clock source that generates a clock signal; 
a plurality of phase comparators coupled to the clock 

Source, each phase comparator coupled to a correspond 
ing first receiver and determining a corresponding first 
phase offset between the corresponding first received 
signal and the clock signal; 

a plurality of clock phase adjusters coupled to receive the 
clock signal and the corresponding first phase offset, 
each clock phase adjuster applying a phase shift to the 
clock signal in a direction opposite to the corresponding 
first phase offset to form a corresponding phase shifted 
clock signal; 

a plurality of phase compensators, each coupled to receive 
the corresponding phase shifted clock signal and form 
ing a corresponding first transmit signal in accordance 
with the corresponding phase shifted clock signal; 

a plurality of first transmitters each coupled to a corre 
sponding phase compensator and the corresponding 
data transfer link, wherein each first transmitter transfers 
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the corresponding first transmit signal over the corre 
sponding data transfer link to the corresponding slave 
device; 

at each slave device, 
a second receiver coupled to receive the corresponding first 

transmit signal from the corresponding data transfer link 
to form a corresponding second received signal; 

a phase lock loop coupled to receive the corresponding 
second received signal from the second receiver, the 
phase lock loop generating a recovered clock signal 
synchronized with the corresponding second received 
signal; and 

a second transmitter responding to the recovered clock 
signal to form a corresponding second transmit signal 
synchronized with the recovered clock signal, the sec 
ond transmitter transmitting the corresponding second 
transmit signal over the corresponding data transfer link 
to the master device, wherein at the master device, the 
corresponding first receiver receives the corresponding 
second transmit signal to form a corresponding compen 
sated received signal having a corresponding second 
phase offset that is Smaller than the corresponding first 
phase offset of the corresponding first received signal. 

c c c c c 


