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MULTI-GIGABIT-PER-SEC CLOCK RECOVERY 
APPARATUS AND METHOD FOR OPTICAL 

COMMUNICATIONS 

FIELD OF THE INVENTION 

[0001] The invention relates to clock recovery apparatus 
and methods, and more speci?cally to apparatus and meth 
ods for generating clock signals accurately locked to multi 
gigabits-per-second data signals received over ?ber optic 
channels. 

BACKGROUND OF THE INVENTION 

[0002] Recently, the World has Witnessed a phenomenal 
groWth in the number of Internet users, applications and 
devices and in the amount of data traf?c especially that of 
medium-rich content-all demanding higher speed commu 
nications and connectivity over the Internet. To accommo 
date this demand, the Internet utiliZes ?ber optic channels 
for ultra high speed communications. The optical signals 
sent along the ?ber optic channels are received by receivers 
that include both optical components and electrical compo 
nents. The receivers convert the optical signals to electrical 
signals and send the converted electrical signals to electronic 
computer netWorks operating at loWer speeds for processing 
data. 

[0003] After an optical signal is converted to an electrical 
signal, a receiver recovers a clock signal and data Within a 
clock and data recovery unit. A clock and data recovery unit 
typically includes a phase locked loop such as the phase 
locked loop 10 in FIG. 1. A phase locked loop is essential 
in synchroniZing a clock signal With data received from the 
?ber optic channels. The phase locked loop 10 includes a 
phase detector 11, a charge pump 12, a ?lter 13, and a 
voltage controlled oscillator (VCO) 14. The purpose of a 
phase detector is to compare the phase of data (such as data 
15) With that of a clock signal received from a VCO and 
determine Whether the clock signal is ahead or retarded in 
comparison With the data. The charge pump 12 either 
provides current to the ?lter 13 or sinks current depending 
on the result of the comparison done by the phase detector. 
The ?lter 13 provides a voltage to the VCO 14 to either 
speed up or sloW doWn the clock signal generated by the 
VCO 14. One of the major problems With the traditional 
non-tristate phase locked loops, hoWever, is that When data 
includes a long stream of one’s or Zero’s, the ?lter may 
continue to charge up causing the VCO frequency to drift. 
This could degrade the jitter performance or even result in 
bit errors in reading the data. 

[0004] Accordingly, there is a need for a phase locked loop 
that is capable of maintaining a constant clock frequency 
during periods When the data includes a long stream of one’s 
or Zero’s. The phase locked loop should be simple in its 
implementation to reduce the complexity, poWer consump 
tion, and cost and should provide good jitter performance 
even at multi-gigabits-per-second data rates. 

SUMMARY OF THE INVENTION 

[0005] The present invention provides clock recovery 
methods and apparatus for maintaining a constant clock 
frequency during periods When multi-gigabits-per-second 
data signals received over ?ber optic channels include a long 
stream of one’s or Zero’s. In accordance With one embodi 
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ment, the present invention includes a phase detector for 
receiving and comparing a data signal and a clock signal, a 
one-shot unit for detecting a data transition, an XOR (exclu 
sive OR) gate for generating an appropriate control signal in 
response to the output signals of the phase detector and the 
one-shot unit, a double-ended ?lter, a main differential 
charge pump for producing current, a compensating differ 
ential charge pump for producing additive or canceling 
current either to charge or discharge the ?lter or not to affect 
the ?lter, and a voltage controlled oscillator for generating 
the clock signal in response to the voltage level produced 
across the ?lter. 

[0006] In accordance With one embodiment, the phase 
detector may be implemented With multiple D-?ip ?ops. The 
one-shot unit may include a delay unit and an AND gate. The 
?lter may include a resistor and a capacitor and further 
include a negative resistance ampli?er. The main differential 
charge pump may receive input signals from the phase 
detector and produce double outputs. It may include cross 
quading resistors, differential NPN input transistors, and a 
current source. The compensating differential charge pump 
may have its outputs coupled to the outputs of the main 
differential charge pump and receive input signals from the 
XOR. The compensating differential charge pump may also 
include differential NPN input transistors and a current 
source. 

[0007] In an exemplary operation, When there is a data 
transition and if the clock signal and data signal are out of 
phase synchroniZation, then the compensating differential 
charge pump Will add to or subtract from the ?lter charges 
that are equal in sign and quantity to those produced by the 
main differential charge pump. This is accomplished by 
adding the current produced by the compensating differen 
tial charge pump to the current produced by the main 
differential charge pump. The ?lter is then either charged or 
discharged and in turn the voltage controlled oscillator Will 
speed up or sloW doWn the clock signal it produces depend 
ing on Whether the clock signal is advanced or retarded in 
phase compared to the data signal. 

[0008] In another exemplary operation, When there is no 
data transition, the operation of the compensating differen 
tial charge pump Will in effect cancel the operation of the 
main differential charge pump by producing a current that is 
equal in quantity but opposite in sign to the current produced 
by the main differential charge pump. In this case, the ?lter 
is neither charged nor discharged and in turn the speed of the 
clock signal or its frequency is maintained at the same level 
it Was at the onset of the no data transition period. 

[0009] According to the present invention, a method for 
recovering a clock signal from data may include receiving 
data and producing a clock signal, detecting a transition in 
the data, comparing the phase of the data to the phase of the 
clock signal, producing a charging or discharging current to 
the ?rst end and second end of a ?lter When there is a data 
transition and if the clock signal and the data are out of phase 
synchroniZation, producing no charging or discharging cur 
rent at the ?rst and second ends of a ?lter When there is no 
data transition, speeding up the clock signal When there is a 
transition in the data and if the clock signal is retarded in 
phase compared to the data, sloWing doWn the clock signal 
When there is a transition in the data and if the clock signal 
is advanced in phase compared to the data, and maintaining 
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the speed or frequency of the clock signal at the level it Was 
at the commencement of the no data transition period When 
there is no transition in the data. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 is a block diagram representing a typical 
phase locked loop. 

[0011] FIG. 2 is a block diagram representing an exem 
plary phase locked loop in accordance With one embodiment 
of the present invention. 

[0012] FIG. 3 is an exemplary block diagram of a phase 
detector. 

[0013] FIG. 4 illustrates exemplary Waveforms of signals 
received or produced by the phase detector in FIG. 3. 

[0014] FIG. 5 illustrates another set of exemplary Wave 
forms of signals received or produced by the phase detector 
in FIG. 3. 

[0015] FIG. 6 is an exemplary block diagram of a one 
shot unit and an XOR unit in accordance With the present 
invention. 

[0016] FIG. 7 illustrates exemplary Waveforms of signals 
received or produced by a one-shot unit. 

[0017] FIG. 8 is an exemplary circuit schematic of a main 
charge pump and a compensating charge pump according to 
one embodiment of the present invention. 

[0018] FIG. 9 illustrates exemplary cross-quading of the 
resistors in a main charge pump according to one embodi 
ment of the present invention. 

[0019] FIG. 10 is an exemplary chart illustrating the 
operation of a main charge pump and a compensating charge 
pump according to one embodiment of the present inven 
tion. 

[0020] FIG. 11 illustrates one embodiment of a loop ?lter 
With a negative impedance ampli?er in accordance With the 
present invention. 

[0021] FIG. 12 shoWs one representation of a single 
ended ?lter. 

[0022] FIG. 13 shoWs one representation of a double 
ended ?lter. 

[0023] FIG. 14 shoWs another embodiment of a double 
ended ?lter. 

[0024] FIG. 15 represents one exemplary AC equivalent 
circuit for a double-ended ?lter in conjunction With a 
negative impedance ampli?er in accordance With one 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0025] The present invention provides clock recovery 
methods and apparatus for generating clock signals accu 
rately locked to multi-gigabits-per-second data signals 
received over ?ber optic channels. In the folloWing detailed 
description, numerous speci?c details are set forth to pro 
vide a full understanding of the present invention. It Will be 
obvious, hoWever, to one skilled in the art that the present 
invention may be practiced Without some of these speci?c 
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details. In other instances, Well-known structures and tech 
niques have not been shoWn in detail so as to avoid unnec 
essarily obscuring the present invention. 

[0026] NoW referring to FIG. 2, a block diagram of the 
present invention according to one embodiment is presented. 
One embodiment of the present invention includes a tri-state 
phase locked loop. A phase locked loop 20 in FIG. 2 
includes a phase detector 21, a main charge pump 22, a 
compensating charge pump 23, a loop ?lter 24, an XOR 25, 
a one-shot unit 26, and a VCO 27. While it is not shoWn in 
FIG. 2, an ampli?er (or buffer) can be placed betWeen the 
loop ?lter 24 and the VCO 27. In FIG. 2, differential lines 
are shoWn (e.g., betWeen phase detector 21 and main charge 
pump 22, betWeen phase detector 21 and one-shot unit 26, 
betWeen loop ?lter 24 and VCO, betWeen VCO 27 and phase 
detector 21, etc.). Some or all of these may be single ended 
connections in alternative embodiments. The phase locked 
loop 20 can be used in many telecommunications applica 
tions and in particular in clock data recovery units of 
receivers that receive optical signals from ?ber optic chan 
nels and that meet the optical standards that have emerged. 

[0027] One such standard is the Synchronous Optical 
NetWorks (SONET) Which is a standard formulated by the 
Exchange Carriers Standards Association (ECSA) for the 
American National Standards Institute (ANSI). The SONET 
is used for telecommunications and other industries mainly 
in North America and Japan. Another standard is the Syn 
chronous Digital Hierarchy (SDH) standard Which Was 
published by the International Telecommunication Union 
(ITU) and used in other parts of the World. The phased 
locked loop 20 can be implemented to receive and process 
data operating at rates greater than one gigabit-per-second 
including Without limitation the data rates imposed by the 
OC-192 SONET standard or STM64 SDH Standard (Which 
can be approximately betWeen 9-13 Gbps depending on 
error correction coding) or by the OC-768 SONET standard 
or STM 256 SDH Standard (Which can be approximately 
betWeen 36 to 48 Gbps). In alternative embodiments, a 
phased locked loop may receive and process data operating 
at rates equal to or less than one gigabit-per-second or rates 
greater than the OC-768 or STM 256 rates. 

[0028] Still referring to FIG. 2, in this example, the phase 
detector 21 receives differential data‘28 including data and 
data/ that have been converted from optical signals and 
compares the data against the differential clock signal 
CLK‘29 generated by the VCO 27. The clock signal fre 
quency Will be the same as the data rate (i.e., full rate). For 
example, if the data rate is 13 Gbps, then the clock signal 
frequency Will be 13 GHZ. The operating frequency of the 
other components shoWn in FIG. 2 Will be the same as the 
frequency of the clock signal 29. In alternative embodi 
ments, the clock frequency may or may not be different from 
the data rate, and some or all of the operating frequencies of 
the various components in a phase locked loop may or may 
not be different from the clock frequency. 

[0029] It should be noted that a differential signal includes 
a non-inverted signal and an inverted signal (or a comple 
mentary signal), and the notation “/” is used to indicate a 
complementary signal. For example, data/ is complement of 
data, and thus When data is high (1), data/ is loW Data 
and data/ form a complementary pair signal, data‘, Where the 
symbol “"’ denotes the pair nature of the signal. 
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[0030] One embodiment of the phase detector 21 is pre 
sented in FIG. 3. While the phase detector 21 may employ 
one of many different types of phase detectors, in this 
example, the phase detector 21 uses a bang-bang phase 
detector that includes a ?rst D-?ip ?op 31, a second D-?ip 
?op 32 and a third D-?ip ?op 33. AD-?ip ?op may function 
in the following manner: According to one embodiment, at 
a rising edge of a clock signal CLK‘35, the D-?ip ?op 31 
samples data‘34 and outputs the value of the sampled data as 
a differential signal QA‘. In another embodiment, a ?ip-?op 
may sample a signal at a falling edge of a clock signal or 
sample a signal both at a rising edge and at a falling edge of 
a clock signal. The D-?ip ?op 31 receives the differential 
data‘34 (Which includes data and data/) and a differential 
clock signal CLK‘35 (Which includes CLK and CLK/) and 
outputs a differential signal QA‘ (Which includes QA and 
QA/). The D-?ip ?op 32 receives the differential data‘34 and 
an inverted signal of the differential clock signal CLK‘35 
and outputs a differential signal QB‘ (Which includes QB and 
QB1). The D-?ip ?op 33 receives the differential signal QA‘ 
and the differential signal QB‘ and outputs a differential 
signal QC‘ (Which includes QC and QC/). An alternative 
embodiment of the phase detector can be built Where all 
inputs and outputs are single-ended rather than differential. 

[0031] FIGS. 4 and 5 shoW exemplary Waveforms of the 
output signals QA, QB and QC in accordance With one 
embodiment of the present invention. In this example, each 
D-?ip ?op samples its data at a rising edge of a clock signal. 
In FIG. 4, the data 34 is ahead of the CLK 35, and as a result 
the output signal QC is loW So long as the data 34 is 
ahead of the CLK 35, even by a small amount, the phase 
detector 21’s output Will be loW, indicating that the data‘34 
is ahead of the clock signal 35. In FIG. 5, the data 34 is 
behind the CLK 35, and as a result, the output signal QC is 
high So long as the data 34 is behind the CLK 35, even 
by a small amount, the phase detector 21’s output Will be 
high, indicating that the data‘34 is behind the clock signal 
CLK‘35 in phase. 

[0032] FIG. 6 is an exemplary block diagram of a control 
circuit including the one-shot unit 26 and the XOR unit 25 
in accordance With one embodiment of the present inven 
tion. The one-shot unit 26 includes a delay block 41 and an 
AND gate 42. In this example, the one-shot unit 26 produces 
pulses each having duration approximately equal to one data 
bit (e.g., approximately 80 psec for 12 Gbit/sec data rate) 
triggered by a rising edge of its input signal (O-to-l data 
transition). It should be noted that a one-shot unit may 
produce pulses (l’s or O’s) of different duration and that the 
pulses may be triggered by a falling edge or by both the 
rising edge and falling edge of a signal. In the latter case, 
both data transitions, 0-to-1 and l-to-O, can be used by a 
phase locked loop to adjust the loop ?lter voltage and in turn 
the phase or the frequency of the VCO. In the current 
embodiment, Without the loss of generality, only the O-to-l 
transitions are utiliZed to trigger the one-shot, and in turn to 
adjust the VCO. In another embodiment, the control circuit 
may be included in a phase detector. Yet in another embodi 
ment, signals of the control circuit may be single-ended 
rather than differential. 

[0033] In FIG. 6, the differential signal QA‘ from the 
phase detector 21 is used as an input to the delay block 41 
and the AND gate 42. One implementation of the delay 
block 41 includes multiple differential buffers. The delay 
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block 41 delays the differential signal QA‘ by a predeter 
mined amount that can be adjusted depending on the appli 
cation. The AND gate 42 receives the differential signal QA‘ 
and an inverted signal of the differential signal QD‘ (Which 
includes OD and QD1) from the delay block 41 and pro 
duces a differential signal QF‘ (Which includes QF and QF/). 
The XOR unit 25 receives the differential signals QC‘ and 
QF‘ and generates a differential signal QG‘ (Which includes 
QG and QG‘). 

[0034] FIG. 7 illustrates exemplary Waveforms received 
or generated by a one-shot unit in accordance With one 
embodiment of the present invention. In this example, the 
delay block 41 of FIG. 6 generates the QD signal Which is 
the QA signal delayed by one data bit period (P1). The AND 
gate 42 of FIG. 6 generates the OP signal Which includes l’s 
each having one data bit period Whenever there is a 0-to-1 
data transition in the QA signal. 

[0035] NoW referring to the ?rst four roWs in FIG. 10, it 
illustrates the relationship betWeen the QC, QF and QG 
signals according to one embodiment of the invention. When 
the OP logic signal is 1 indicating that there is a 0-to-1 data 
transition, the QG logic signals are opposite of the QC logic 
signals. When the OP logic signal is 0 indicating that there 
is no data transition, the QG logic signals are the same as the 
QC logic signals. A QC signal is used as an input signal of 
the main charge pump 22 in FIG. 2, and a QG signal is used 
as an input signal of the compensating charge pump 23. 

[0036] FIG. 8 is an exemplary circuit schematic of a main 
charge pump and a compensating charge pump according to 
one embodiment of the present invention. A main charge 
pump includes a current mirror 51 and a main differential 
ampli?er 52. The main differential ampli?er 52 receives 
differential input signals QC and QC/ from the phase detec 
tor 21 in FIG. 2 and includes differential output nodes N2 
and N3 and tWo current paths 54 and 55. The main differ 
ential ampli?er 52 further includes resistors R1 and R2 
connected in series betWeen Vcc and the node N2 and 
resistors R3 and R4 connected in series betWeen Vcc and the 
node N3. The main differential ampli?er 52 further includes 
a ?rst input transistor T1 and a second input transistor T2. In 
this example, T1 and T2 are NPN transistors. As to the 
transistor T1, its collector is connected to the node N2 and 
its base receives the QC/ signal. As to the transistor T2, its 
collector is connected to the node N3 and it base receives the 
QC signal. The emitters of T1 and T2 are coupled to each 
other. The differential ampli?er 52 further includes current 
source transistors and resistors T5, T6, R5 and R6. The 
current source transistors and resistors are connected to the 
emitters of T1 and T2 and the current mirror 51. In this 
example, the transistors T5 and T6 are NPN transistors. 

[0037] Still referring to FIG. 8, a compensating charge 
pump includes a compensating differential ampli?er 53. The 
compensating differential ampli?er 53 receives differential 
input signals QG and QG/ from the XOR 25 in FIG. 2 and 
includes the nodes N2 and N3 and tWo current paths 56 and 
57. The compensating differential ampli?er 53 further com 
prises a third input transistor T3 and a fourth input transistor 
T4. In this example, T3 and T4 are NPN transistors. As to the 
transistor T3, its collector is connected to the node N2 and 
its base receives the QG signal. As to the transistor T4, its 
collector is connected to the node N3 and it base receives the 
QG/ signal. The emitters of T3 and T4 are coupled to each 
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other. The differential ampli?er 53 further includes current 
source transistors and resistors T7, T8, R7 and R8. The 
current source transistors and resistors are connected to the 
emitters of T3 and T4 and the current mirror 51. In this 
example, the transistors T7 and T8 are NPN transistors. In 
another embodiment, the compensating charge pump may 
be included in the main charge pump. 

[0038] To optimiZe performance and eXact compensation, 
the siZes and characteristics of the devices should be made 
the same (e.g., R1-R4 should be the same; T1-T4 should be 
the same; T5-T8 should be the same; and R5-R8 should be 
the same). Furthermore, for integrated circuit implementa 
tion, the placement of the devices should be symmetrical to 
minimiZe thermal gradient and process gradient. For 
eXample, the resistors R1-R4 are placed as shoWn in FIG. 9 
(cross-quading). 

[0039] FIG. 11 illustrates one embodiment of a loop ?lter 
in accordance With the present invention. The loop ?lter 
comprises a negative impedance ampli?er 63 and a RC unit 
64 across the nodes N2 and N3. The charge pumps shoWn in 
FIG. 8 produce charging currents, and the capacitor C1 in 
the loop ?lter in FIG. 11 converts the currents to a voltage. 
The negative impedance ampli?er compensates the leakage 
current of capacitor C1 through resistors R1-R4 and helps to 
maintain the charge in the capacitor C1. In this eXample, the 
RC unit 64 is a double-ended ?lter (see FIG. 13) rather than 
a single-ended ?lter (see FIG. 12). As shoWn in FIG. 12, a 
single-ended ?lter 72 includes a resistor RA and a capacitor 
CA, and one end of the ?lter is connected to the ground. 
Establishing a voltage across the ?lter is relatively simple. A 
current comes into the ?lter 72 and charges the capacitor 
CA, and the voltage is established across the ?lter 72 
betWeen the node 73 and the ground. While a double-ended 
?lter is more preferable over a single-ended ?lter, a single 
ended ?lter may be employed in another embodiment. In an 
alternative embodiment, the negative impedance ampli?er 
may be included in the main charge pump or the compen 
sating charge pump instead of being included in the loop 
?lter. 

[0040] NoW referring to FIG. 13, a double-ended ?lter 82 
includes a resistor RB and a capacitor CB, and neither end 
of the ?lter is connected to the ground. Establishing a 
voltage across the ?lter 82 is not as simple as that of a 
single-ended ?lter because the ?lter 82 is not directly 
connected to a ground or poWer. Acurrent can come into the 
?lter 82 through either end of the ?lter (the node 83 or the 
node 84). FIG. 14 illustrates another embodiment of a 
double-ended ?lter. It should be noted that there are many 
other Ways of implementing a double-ended ?lter and a 
single-ended ?lter. 

[0041] FIG. 15 illustrates the operation of the negative 
impedance ampli?er in conjunction With the RC unit 64. 
FIG. 15 displays the AC equivalent circuit around nodes N2 
and N3. The resistors R1 and R2 in FIG. 8 can be repre 
sented as RIO in FIG. 15. The resistors R3 and R4 in FIG. 
8 can be represented as R11 in FIG. 15. The negative 
impedance ampli?er 63 in FIG. 11 can be represented as 
R12 and R13 in FIG. 15. The negative impedance of R12 
and R13 in effect cancels the positive impedance of R10 and 
R11 as folloWs. Note in FIG. 15 that all resistors are 
connected to signal ground. The negative impedance R12 is 
therefore electrically in parallel With R10 and similarly R11 
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is in parallel With R13. The impedance betWeen N2 and 
ground, 1/(1/R-1/R), is therefore very large. It is as if R12 
had canceled the existence of R10 leaving N2 essentially 
isolated from signal ground. Asimilar analysis applies to N3 
and ground. This alloWs C1 to minimiZe its leakage current 
to signal ground and to hold its charge and the voltage across 
itself When the main charge pump and the compensating 
charge pump cancel each other during a period When there 
is no data transition. When the voltage across C1 is constant, 
the VCO output frequency remains constant as desired. Not 
shoWn in FIG. 15 but still connected to N2 and N3 are the 
collector resistances of T1-T4 in FIG. 8. They are very large 
and therefore omitted Without affecting the functionality of 
the RC ?lter 64. 

[0042] The operation of the charge pumps in FIG. 8 and 
the loop ?lter in FIG. 11 is illustrated beloW according to 
one embodiment of the present invention. When there is a 
data transition, the compensating charge pump Will enhance 
the operation of the main charge pump (e.g., the current 
produced by the compensating charge pump Will add to the 
current produced by the main charge pump). When there is 
a data transition, and the clock signal is ahead or behind the 
data, the net current produced by the main charge pump and 
the compensating charge pump Will not be Zero. The non 
Zero current Will charge or discharge the ?lter unit 64 
causing the voltage across nodes N2 and N3 to change. Such 
change Will then cause the clock signal from the VCO to 
sloW doWn in case it is ahead of the data or speed up in case 
it is behind the data thus accomplishing the phase locking 
function. When there is no data transition, there is no Way to 
compare the phases of the clock signal and the data. In this 
case the compensating charge pump Will produce a current 
that Will in effect compensate (e.g., counterbalance or can 
cel) the current produced by the main charge pump so that 
the ?lter unit 64 is neither charged nor discharged (e.g., the 
voltage across nodes N2 and N3 Will remain the same or 

constant). 
[0043] NoW referring to FIGS. 2, 8, 10 (second and third 
columns) and 11, the operation of the charge pumps and loop 
?lter is described in detail When there is a data transition in 
accordance With one embodiment of the present invention. 
The QF signal from the one-shot unit 26 Will be high (1), and 
the QC and QC/ signals Which are the input signals to the 
main differential ampli?er 52 Will be the opposite of the QG 
and QG/ signals Which are the input signals to the compen 
sating differential ampli?er 53. When QC is high (1) and 
QC/ is loW (0), indicating that the clock signal CLK‘29 is 

ahead of the data‘28, QG is loW (0) and QG/ is high Accordingly, T1 and T3 Will be off, and T2 and T4 Will be 

on. So the current Will ?oW through the current paths 55 and 
57. No current Will ?oW through the current paths 54 and 56. 
Hence, node N2 Will be pulled toWard Vcc (at N1), and the 
voltage at the node N3 Will be pulled toWard ground (at N5) 
due to current paths 55 and 57. The compensating differen 
tial ampli?er 53 enhances the operation of the main differ 
ential ampli?er 52 by shutting off its current path 56 
coupled to the current path 54 of the main differential 
ampli?er 52 (Which is also off) and (ii) adding current 
through its current path 57 coupled to the current path 55 of 
the main differential ampli?er 52. Pulling N2 toWard Vcc (at 
N1) and N3 toWard ground (at N5) serves to discharge C1 
in the ?lter 64. 
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[0044] When QC is loW (0) and QC/ is high (1), indicating 
that the clock signal CLK‘29 is behind the data‘28, QG is 
high (1) and QG/ is loW Accordingly, T1 and T3 Will be 
on, and T2 and T4 Will be off. The current Will ?oW through 
the current paths 54 and 56, and no current Will ?oW through 
the current paths 55 and 57. The voltage at the node N2 Will 
be pulled toWard ground (at N5) due to the current ?oWing 
through the paths 54 and 56, and the voltage at the node N3 
Will be pulled toWard Vcc (at Ni) due to lack of current in 
paths 55 and 57. The compensating differential ampli?er 53 
again enhances the operation of the main differential ampli 
?er 52 by shutting off its current path 57 coupled to the 
current path 55 of the main differential ampli?er 52 (Which 
is also off) and (ii) adding current through its current path 56 
coupled to the current path 54 of the main differential 
ampli?er 52. Pulling N2 toWard ground and N3 toWard Vcc 
serve to charge C1 in Filter 64. 

[0045] Therefore, When there is a data transition, and the 
clock signal is either ahead or behind the data, the compen 
sating differential ampli?er Will enhance the operation of the 
main differential ampli?er. A current Will ?oW into the 
capacitor C1 through N3 or N2 depending on Whether the 
clock signal is ahead or behind. The capacitor C1 in ?lter 
unit 64 Will be either discharged or charged and the voltage 
across the nodes N2 and N3 Will be decreased or increased, 
respectively, as a result. In response to the decrease or 
increase in the voltage across capacitor C1 of the ?lter unit 
64, the VCO 27 in FIG. 2 Will sloW doWn the clock signal 
29 if the clock signal is ahead in phase compared to the data, 
or speed up the clock signal 29 if the clock signal is behind 
in phase compared to the data. 

[0046] NoW referring to FIGS. 2, 8, 10 (fourth and ?fth 
columns) and 11, the operation of the charge pumps and loop 
?lter is described in detail When there is no data transition 
(e.g., data 34 stays at 1’s or 0’s) in accordance With one 
embodiment of the present invention. In this instance, the 
QF signal from the one-shot unit 26 Will be loW (0), and the 
QC and QC/ signals Which are the input signals to the main 
differential ampli?er 52 Will be the same as the QG and QG/ 
signals Which are the input signals to the compensating 
differential ampli?er 53. When QC is high (1) and QC/ is 
loW (0), QG is high (1) and QG/ is loW T2 and T3 Will 
be on, and T1 and T4 Will be off. The current Will ?oW 
through the current paths 55 and 56 and the resistors R1, R2, 
R3 and R4. No current Will ?oW through the current paths 
54 and 57. The currents through path 55, R3, R4 and through 
path 56, R1, R2 are quiescent currents. No net currents Will 
?oW into or out of ?lter 64 connected to node N2 and node 
N3. The capacitor C1 in ?lter 64 is neither being charged nor 
discharged by the currents. Hence, the voltage across nodes 
N2 and N3 Will remain constant and equal to Whatever it Was 
at the beginning of the no data transition period. The 
operation of the compensating differential ampli?er 53 thus 
in effect compensates the operation of the main differential 
ampli?er 52 by shutting off its current path 57 coupled to 
the current path 55 of the main differential ampli?er 52 
(Which is on) and (ii) turning on its current path 56 coupled 
to the current path 54 of the main differential ampli?er 52 
(Which is off). 
[0047] When QC is loW (0) and QC/ is high (1), QG is loW 
(0) and QG/ is high T1 and T4 Will be on, and T2 and 
T3 Will be off. The current Will ?oW through the current 
paths 54 and 57 and the resistors R1, R2, R3 and R4. No 
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current Will ?oW through the current paths 55 and 56. Hence, 
the voltage across the node N2 and node N3 Will remain 
constant and equal to Whatever it Was at the beginning of the 
no data transition period. The compensating differential 
ampli?er 53 thus in effect compensates the operation of the 
main differential ampli?er 52 by shutting off its current 
path 56 coupled to the current path 54 of the main differ 
ential ampli?er 52 (Which is on) and (ii) turning on its 
current path 57 coupled to the current path 55 of the main 
differential ampli?er 52 (Which is off). 

[0048] Therefore, When there is no data transition, the 
compensating differential ampli?er Will in effect compensate 
or cancel the operation of the main differential ampli?er, the 
?lter unit 64 Will not be charged or discharged, and the 
voltages across the nodes N2 and N3 Will remain constant. 
The VCO 27 in FIG. 2 in turn Will not change, and the speed 
or the frequency of the clock signal 29 Will maintain at the 
level it Was prior to entering into the no data transition 
period (or at the onset of the no data transition period 
depending on hoW the no data transition period is de?ned). 

[0049] According to one embodiment, the present inven 
tion is implemented as a monolithic integrated circuit. While 
the invention currently uses the SiGe BiCMOS technology, 
it may be implemented using other technologies such as the 
III-V technologies (e.g., InP, GaAs, InGaAs). In the current 
implementation, bipolar transistors (in particular, NPN tran 
sistors) are preferred over MOSFETs to achieve the high 
clock and data rates. 

[0050] While the present invention has been particularly 
described With reference to the various ?gures and embodi 
ments, it should be understood that these are for illustration 
only and should not be taken as limiting the scope of the 
invention. There may be many other Ways to implement the 
invention. Many changes and modi?cations may be made to 
the invention, by one having ordinary skill in the art, Without 
departing from the spirit and scope of the invention. 

What is claimed is: 
1. A clock recovery apparatus comprising: 

a phase detector for receiving a data signal and a clock 
signal; 

a one-shot coupled to said phase detector; 

an XOR coupled to said phase detector and said one shot 
circuit; 

a ?rst charge pump coupled to said phase detector and 
said XOR; 

a second charge pump coupled to said ?rst charge pump 
and said XOR; 

a ?lter coupled to said ?rst charge pump and said second 
charge pump; and 

a voltage controlled oscillator coupled to said ?lter and 
said phase detector, said voltage controlled oscillator 
for generating said clock signal. 

2. A clock recovery apparatus according to claim 1, 

Wherein said ?rst charge pump includes a ?rst differential 
ampli?er, 
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wherein said ?rst differential ampli?er includes: 

a ?rst output node and a second output node; 

a ?rst resistor coupled to said ?rst output node; 

a ?rst transistor for receiving an input from said phase 
detector, said ?rst transistor coupled to said ?rst 
output node; 

a second resistor coupled to said second output node; 

a second transistor for receiving an input from said 
phase detector, said second transistor coupled to said 
second output node and said ?rst transistor; and 

a ?rst current source coupled to said ?rst and second 

transistors, 
Wherein said second charge pump includes a second 

differential arnpli?er, 

Wherein said second differential arnpli?er includes: 

a third transistor for receiving an input from said XOR, 
said third transistor coupled to said ?rst output node; 

a fourth transistor for receiving an input from said 
XOR, said fourth transistor coupled to said second 
output node and said third transistor; and 

a second current source coupled to said third and fourth 

transistors, 
Wherein said ?lter is coupled betWeen said ?rst output 

node and said second output node. 
3. A clock recovery apparatus according to claim 1, 

Wherein said ?rst charge pump and said second charge pump 
include NPN transistors. 

4. A clock recovery apparatus according to claim 1, 
Wherein said ?rst charge pump includes cross-quading resis 
tors. 

5. A clock recovery apparatus according to claim 1, 
Wherein said ?rst charge pump and said second charge pump 
include Si and Ge. 

6. A clock recovery apparatus according to claim 1, 
Wherein a frequency of said clock signal generated by said 
voltage controlled oscillator is greater than one GHZ. 

7. A clock recovery apparatus according to claim 1, 
Wherein a frequency of said clock signal generated by said 
voltage controlled oscillator is greater than eight GHZ. 

8. A clock recovery apparatus according to claim 1, 

Wherein said ?lter includes negative irnpedance, 

Wherein said ?lter is not directly connected to a ground. 
9. A clock recovery apparatus according to claim 1, 

Wherein said second charge pump produces a current that 
is added to a current produced by said ?rst charge pump 
When there is a transition in said data signal and if said 
data signal and said clock signal are out of phase 
synchroniZation, 

Wherein said second charge pump produces a current that 
in effect counterbalances a current produced by said 
?rst charge pump When there is no transition in said 
data signal. 

10. Adifferential circuit used for recovering a clock signal 
from data comprising: 

a ?rst differential charge pump having ?rst differential 
inputs and ?rst double outputs; 
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a second differential charge pump coupled to said ?rst 
differential charge pump, said second differential 
charge pump having second differential inputs and 
second double outputs; 

said ?rst double outputs having a ?rst node and a second 
node; 

said second double outputs having a third node and a 
fourth node, Wherein said ?rst node is coupled to said 
third node, and said second node is coupled to said 
fourth node; and 

a ?lter coupled betWeen said ?rst node and said second 
node, 

Wherein said ?lter is not directly connected to a ground, 

Wherein When there is no data transition, the voltage 
across said ?rst node and said second node rernains 
substantially unchanged, 

Wherein When there is a data transition and if said clock 
signal and said data are out of phase synchroniZation, 
then the voltage across said ?rst node and said second 
node changes. 

11. A clock recovery apparatus according to claim 10, 

Wherein said ?rst differential charge pump includes: 

a ?rst resistor coupled to said ?rst node; 

a ?rst NPN transistor coupled to said ?rst node; 

a second resistor coupled to said second node; 

a second NPN transistor coupled to said second node 
and said ?rst NPN transistor; and 

a ?rst current source coupled to said ?rst and second 
NPN transistors, 

Wherein said second differential charge pump includes: 

a third NPN transistor coupled to said ?rst node; 

a fourth NPN transistor coupled to said second node 
and said third NPN transistor; and 

a second current source coupled to said third and fourth 
NPN transistors. 

12. A clock recovery apparatus according to claim 10, 
Wherein said ?rst differential charge pump and second 
differential charge pump include Si and Ge. 

13. A clock recovery apparatus according to claim 10, 
Wherein said ?rst differential charge pump and said second 
differential charge pump operate at a frequency greater than 
one GHZ. 

14. A clock recovery apparatus comprising: 

(a) means for comparing a phase of data and a phase of a 
clock signal; 

(b) means for detecting a transition in said data; 

(c) means for producing a current through a ?rst path 
including a ?rst node and a current through a second 
path including a second node; 

(d) means for changing the voltage across said ?rst node 
and said second node When there is a data transition and 
if said clock signal and said data are out of phase 
synchroniZation; 
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(e) means for maintaining a voltage across said ?rst node 
and said second node When there is no data transition; 

(f) means for speeding up said clock signal When there is 
a transition in said data and if said clock signal is 
retarded in phase compared to said data; 

(g) means for sloWing doWn said clock signal When there 
is a transition in said data and if said clock signal is 
advanced in phase compared to said data; and 

(h) means for maintaining a frequency of said clock signal 
When there is no transition in said data. 

15. A clock recovery apparatus according to claim 14, 

Wherein said (c) means includes a main differential charge 
pump and a compensating differential charge pump, 

Wherein said main differential charge pump includes said 
?rst node and said second node as its output nodes, 

Wherein said compensating differential charge pump 
includes said ?rst node and said second node as its 
output nodes. 

16. A clock recovery apparatus according to claim 14, 
Wherein a frequency of said clock signal is greater than tWo 
GHZ. 

17. A clock recovery apparatus comprising: 

(a) means for comparing a phase of data and a phase of a 
clock signal; 

(b) means for detecting a transition in said data; 

(c) means for producing a voltage across a double-ended 
?lter; 

(d) means for providing positive impedance coupled to 
said double-ended ?lter; 

(e) means for providing negative impedance coupled to 
said double-ended ?lter; and 

(f) means for providing said clock signal in response to 
said voltage. 

18. A clock recovery apparatus according to claim 17, 
Wherein a frequency of said clock signal is greater than tWo 
GHZ. 

19. A clock recovery apparatus comprising: 

(a) means for comparing a phase of data and a phase of a 
clock signal; 

(b) means for detecting a transition in said data; 

(c) means for producing a ?rst current; 

(d) means for producing a second current; 

(e) means for adding said second current to said ?rst 
current When there is a transition in said data and if said 
data and said clock signal are out of phase synchroni 
Zation; 

(f) means for counterbalancing said second current With 
said ?rst current When there is no transition in said data; 
and 

(g) means for generating said clock signal in response to 
said ?rst and second currents. 

Jan. 2, 2003 

20. A clock recovery apparatus according to claim 19 
further comprising means for producing a voltage across a 
?lter in response to said ?rst and second currents, 

Wherein said ?lter includes a ?rst end and a second end, 

Wherein When there is no transition in said data, the 
differential voltage level at said ?rst end and said 
second end remains substantially unchanged, 

Wherein When there is a transition in said data and if said 
data and said clock signal are out of phase synchroni 
Zation, the differential voltage level at said ?rst end and 
said second end changes, 

Wherein a frequency of said clock signal is greater than 
one GHZ. 

21. A clock recovery apparatus comprising: 

a phase detector for comparing data and a clock signal; 

a control circuit for detecting a transition in said data, said 
control circuit coupled to said phase detector; 

a ?rst charge pump for producing a ?rst current, said ?rst 
charge pump coupled to said phase detector; and 

a second charge pump for producing a second current, 
said second charge pump coupled to said control circuit 
and said ?rst charge pump, 

Wherein a frequency of said clock signal is increased 
When there is a transition in said data and if said clock 
signal is retarded in phase compared to said data, 

Wherein the frequency of said clock signal is decreased 
When there is a transition in said data and if said clock 
signal is advanced in phase compared to said data, 

Wherein the frequency of said clock signal is substantially 
unchanged When there is no transition in said data. 

22. A clock recovery apparatus according to claim 21, 
Wherein the frequency of said clock signal is greater than 
one GHZ. 

23. A clock recovery apparatus according to claim 21 
further comprising: 

a ?lter coupled to said ?rst charge pump; 

a voltage controlled oscillator for generating said clock 
signal, said voltage controlled oscillator coupled to said 
?lter. 

24. A method for recovering a clock signal, said method 
comprising: 

(a) receiving data and a clock signal; 

(b) detecting a transition in said data; 

(c) comparing a phase of said data and a phase of said 
clock signal; 

(d) producing a ?rst current through a ?rst current path, 

(e) producing a second current through a second current 
path, 

(f) speeding up said clock signal When there is a transition 
in said data and if said clock signal is retarded in phase 
compared to said data; 

(g) sloWing doWn said clock signal When there is a 
transition in said data and if said clock signal is 
advanced in phase compared to said data; and 
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(h) maintaining a frequency of said clock signal When 
there is no transition in said data. 

25. A method according to claim 24, 

Wherein said steps of (d) and (e) further comprising: 

adding said ?rst current to said second current When 
there is a transition in said data and if said clock 
signal and data are out of phase synchronization; 

compensating said ?rst current With said second current 
When there no transition in said data. 

26. A method according to claim 24, 

Wherein said steps of (d) and (e) further comprising: 

producing a charging current to a ?rst node of a ?lter 
connected betWeen said ?rst current path and said 
second current path When there is a data transition 
and if said clock signal is behind in phase compared 
to said data; 
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producing a discharging current to a second node of 
said ?lter When there is a data transition and if said 
clock signal is ahead in phase compared to said data; 

producing a change in the differential voltage across 
said ?lter When there is a data transition and if said 
clock signal and said data are out of phase synchro 
niZation; 

producing no charging or discharging current to said 
?lter When there is no data transition; and 

maintaining the differential voltage across said ?lter 
during a no data transition period. 

27. A method according to claim 24 further comprising: 

producing negative impedance. 
28. Amethod according to claim 24, Wherein a frequency 

of said clock signal is greater than tWo GHZ. 

* * * * * 


