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Summary 
A new adaptive 4-state phase-frequency detector (PFD), which is an 

augmentation of traditional 3-state PFD to enable the function both of 
frequency- and phase-detector even in the presence of missing data transitions, 
for clock and data recovery (CDR) PLL of non return to zero (NRZ) data, is 
presented.  The PLL achieves false-lock free operation with rapid and wide 
frequency- and bit-rate-capture range. 

Applications of the PFD to a fixed bit rate and variable bit rate CDR are 
presented.  
The variable bit rate operation is achieved by adaptive delay control of data 
delay.  Circuitry and overall architecture are described in detail.   

z-Domain analysis for third order loop is also presented as well as its 
effectiveness for evaluation of loop stability and jitter peaking.  
 
Key words: 
Capture Range, CCO, CDR, clock and data recovery, false lock, jitter, NRZ, 
PFD, phase frequency detector, PLL, VCO, z-Domain Analysis. 
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Chapter 1 

Introduction 
One of the main challenges for designing phase-frequency detectors (PFD) or 

phase detector (PD) in clock and data recovery (CDR) systems arises from the 
need to deal with missing data transitions in non return to zero (NRZ) data. 
There are several examples of designs that deal with the issue of missing data 
transitions, but they each suffer some drawbacks.  

A PD proposed by Hogge [1] operates for NRZ data, but can incur large jitter 
due to a ripple on the charge pump output even in the phase-matched state from 
successive charging and discharging cycles.  The "tri-wave" method [2, 3] is an 
improvement over the Hogge PD, but only provides phase locking and still lacks 
frequency detection.  Therefore, a frequency capture aid such as a rotational 
slip detector [6] is required [2]; otherwise, application is restricted to a narrow 
frequency range.  

Another clock recovery system called a “quadricorrelator” is possible [4, 5], 
but frequency capture range is restricted to plus or minus 50% [5, 6].  

In applications with continuous pulses such as frequency synthesizers, a 
3-state PFD [7] is widely used.  However, this PFD cannot be used for coded 
data streams with missing data transitions because it falsely generates error 
pulses.  

This thesis presents a 4-state augmentation of the traditional 3-state PFD to 
enable both frequency and phase lock even in the presence of missing data 
transitions.  The proposed PFD relies on a current-controlled delay line for data 
differentiation [9] in order to detect original clock frequency component and 
data transitions, and operate for coded NRZ data streams.  

For fixed bit rate application, the delay is adapted through negative feedback 
to avoid false-lock conditions that can occur for this PFD [12].   

For variable bit rate application, adaptive data delay is proposed.  Narrow 
and wide variable bit rate applications are also presented. 

The proposed PFD and accompanying PLL design for clock and data recovery 
are described in detail and robust operation is verified through simulation 
results. 
  z-Domain analysis of the third order loop is also presented as an effective tool 
for stability issues. 
  Function and operation of the PFD were verified by simulations and 
fabricated LSI. 
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Chapter 2 

Conventional PD and PFD 

2.1 Summary 
  This chapter presents the overview of the current technologies of PD and PFD 
as well as their features or drawbacks.  PD or PFD are categorized in linear- 
and binary-PD or PFD.  In the former, the out put of the PD or PFD is linear to 
the phase difference of the inputs, and in the latter the output is only polarity of 
the phase error and lacks in the magnitude of the phase difference. 
 In principle, the NRZ data does not have explicit frequency component of 
original clock by which the NRZ data their selves are generated.  Therefore, if 
it is required that a detector should have the function of frequency detector, and 
make frequency capture and lock-in, first of all, the frequency component of 
original clock should be extracted.  For this purpose, the differentiation of NRZ 
data to RZ (Return to Zero) is mandatory.  
  In those pints of view, current PD or PFD will be analyzed next.      

First Hogge PD, second Quadricorrelator, third Rotational Slip Detector, forth 
Bang Bang PD (binary PD), fifth published papers on CDR for NRZ and sixth 
Market available product are described.     

2.2 Hogge PD 
  There is a PD known as Hogge PD, which is directly applicable to NRZ data 
stream with missing transitions [1] as shown in Fig. 2.1.  As seen in Fig. 2.1, 
pulse width of U1 varies with phase difference, whilst D1 is fixed in same width 
of local clock Xck as a reference pulse. Therefore this is a linear PD. Fig. 3.2 
shows the Verilog simulated waveforms of U1 and D1 at phase matched state.  
Fig. 2.2a and 2.2b show the SPICE simulated output waveform of charge pump 
circuit at phase matched state.  This simulation was done so that the charging 
current is intentionally larger than discharging current considering wafer 
fabrication process fluctuations.  As shown in Fig. 2.2a, even at phase matched 
state, during U1 high, the charge pump circuit is charging, and during next D1 
high, discharging successively.  

At missing pulse state, no charging nor discharging occurs.  However, as 
shown in Fig. 2.2a the charge re-distribution occurs between C1 and C2 (Fig. 
3.7) of charge pump circuit.  Therefore, the ripple is very large.   
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Fig. 2.1  Hogge’s PD 
 
 
 

 

 
  

 
 
 
 
 

 
Fig. 2.2a Charge pump output:         Fig. 2.2b Charge pump output: 

Hogge’s PD                          New PFD 
Fxck = 100MHz, C1 = 20pF, C2 = 0.047uF, R1 = 390 ohm, 

          PMOS: W/L = 4u/4u,  NMOS: W/L = 4u/12u, Vdd = 5V 
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Moreover, this ripple has a data pattern dependency.  In practical application 
of this PD, the adjustment for charging and discharging currents is very critical 
because the width of output pulses is very large even at phase locked state.  If 
there is un-match in charging and discharging currents, phase offset occurs even 
at phase locked state.  If the charging current is I +∆I, the pulse width of 
charging T +∆T, discharging current I and discharging pulse width T, at 
frequency and  
phase locked state, electronic charge is equal between charging and discharging 
as shown in (2.1). 
 
         ( )( ) ITTTII =∆+∆+         (2.1) 
Hence, 

     T
II

IT
∆+

∆
−=∆             (2.2) 

 
  In Hogge PD, T is half of local clock period and it is very large.  To maintain 
low offset ∆T, low ∆I is required.  This makes the current adjustment very 
critical.  Therefore, zero-offset compensation is required in real applications.  
  Another drawback of this PD is its weakness or lack in function as a 
frequency detector.  Therefore, at the frequency acquisition stage, another 
frequency capture aid such as rotational slip detector should be required.  
However, it is an advantage of this PD that it is applicable to wide bit clock 
frequency range if it is used with adequate frequency acquisition aid, because 
this PD has no time restricted component such as delay element.  

2.3 Quadricorrelator 
  Bellisio introduced a linear PFD applicable to NRZ data which is called 
Qaudricorrelator [5], which was derived as a digital version PFD from color 
signal demodulator of NTSC color TV system.  In NTSC color TV system, the 
color signals are transmitted as a quadrature modulation on sub-carrier of 
3.58MHz, and its frequency and phase is synchronized by the “Color Burst” 
signal, which is a repetition of “1010” signal, during the retrace interval of 
horizontal scanning.  Therefore it is a kind of NRZ signal.  
 The quadricorrelator is shown in Fig. 2.3. As shown in Fig. 2.3 the 
quadricorrelator consists of three multipliers U, U0 and U1, low pass filters, and 
a differentiator.  RZ data is required as an input data.  Special attention should 
be paid about this point that the extraction of the frequency component of 
original clock should be made first.    
  The differentiated RZ data is fed to two multipliers U and U0.  Other input 
of U0 is fed by VCO signal, and 90 degree ( 2/π ) shifted VCO signal is fed to U. 
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Fig. 2.3  Quadricorrelator,     Two differentiators required 
U, U0, U1: Multiplier- Gilbert Circuit = Exclusive OR 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Fig. 2.4 Characteristics of Qadricorrelator 
J. A. Bellisio  “A phase-Locked Timing Recovery Method for Digital Regenerator”  IEEE Int. Comm. Conf. 
Rec., vol. 1, pp. 10-17 to 10-20, June 1976 
B. Razavi, “A 2.5-Gb/sec 15-mW BiCMOS Clock Recovery Circuit”,  Symposium on VLSI Circ. Dig. Of Tech. 
Papers, pp83-84, 1995 
 
 
 



 6

 
2/π  shifted signal can be easily attained from the center tap of the VCO which 

consists of even stage of delay elements. Gilbert circuit is used for U, U0 and 
U1.  Gilbert circuit functions as a multiplier in small signal, and an Exclusive 
OR circuit in large signal. 
  Fig. 2.4 is the characteristics of the quadricorrelator [5].  As shown in Fig. 
2.4, the frequency capture range of the quadricorrelator is only +/- 50 % of VCO 
frequency.    
 

2.4 Rotational Slip Detector 
Afonso introduced a rotational slip detector [6] as shown in Fig. 2.5.  It is a 

kind of frequency detector, and functions as a frequency capture aid .  
Four DFFs are used in rotational slip detector.  Incoming differentiated RZ 

data is fed to all clock input of DFFs, and local VCO clock Xck is fed to DFF1, 
and output of DFF1 is connected to D input of DFF3.  The differentiation of 
incoming data is required for the function of frequency detector.      

2/π  phased local clock is fed to DFF2, and output of DFF2 is connected to D 
input of DFF4.  All outputs are connected to combinational circuit, and 
frequency up pulse Fup and down pulse Fdown are generated in case of the 
frequency of Xck is different from the frequency of incoming RZ data.  If the 
frequencies are matched, no output is generated on both of Fup and Fdown. 
In other word, the circuit does not have the function of phase detection, and only 
has that of frequency detection.  Therefore the circuit is used for a frequency 
capture aid.      

The characteristics of frequency capture is showm in Fig. 2.6.  As seen in 
Fig. 2.6, the frequency capture range is also +/- 50%. 
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          Fig. 2.5 Rotational Slip Detector 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           Fig. 2.6 Characteristics of Rotational Slip Detector  
 
Rotational Slip Detector 
J. A. Afonso etal, “A Phase-Locked Loop with Digital Frequency Comparator for Timing 
Signal Recovery” National Telecom. Conf. Rec. paper 14.4 1979 
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2.5 Bang-Bang Phase Detector (Binary PD) 
  In high bit rate application such as Giga bps area, it is very hard to realize the 
linear phase detector.  Therefore, binary phase detector so called Bang Bang 
phase detector is used.  The binary phase detector detects the polarity of the 
phase difference only, and neglects the magnitude of phase difference.  
Therefore, nonlinear behaviors are recognized.   
  Fig. 2.7 (a) shows a Bang Bang Phase detector [32].  As seen in Fig. 2.7, 4 
DFFs are used, DFF1 to DFF3.  DFF1, DFF2 and DFF4 are triggered by VCO 
clock Ф, and DFF3 is triggered by inverted Ф.  Data inputs D of DFF1 and 
DFF3 are connected to input NRZ data stream.  Data inputs of DFF2 and DFF4 
are connected to output of DFF1 and DFF3 respectively.  Exclusive OR is 
taken between the outputs of DFF2 and DFF4 as Up pulse output, and that of 
DFF1 and DFF4 as Down pulse.  Recovered data is taken from the output of 
DFF1.   

As seen in Fig. 2.7, DFF1 acts as a data sampler and DFF3 acts as a timing 
sampler.  Since identical samplers are used both of data and timing sampler, 
there is no systematic timing offset.  This is the feature of this PD.  Another 
feature is the amenity for other digital systems because this PD is full digital and 
no analogous component.    

However, the gain curve of this PD is very large, and there is no linear zone as 
shown in Fig. 2.7 (b), and very wide width Up and Down pulses are generated as 
shown in Fig. 2.8.  Therefore, if the charge pump current Icp is selected 
improperly stability issue occurs.  Moreover, if the jitter of the input data itself 
is high, the output jitter is exaggerated to high.  Fig. 2.9 shows an example of 
SPICE simulation.  As seen in Fig. 2.9 (B), even at phased matched state, large 
ripple is generated.  Therefore, the constant of filter in charge pump, small R1 
and large C1, should be required to reduce the jitter, which means inherently 
large time constant and large lock-in time. 

This PD does not have the function of frequency detector.  However, the 
integrator of charge pump filter, series connection of R1 and C1, functions a 
narrow frequency detector as shown in Fig. 2.9 (A).  Capture range of this 
frequency detection is roughly equal to the magnitude of the ripple at phase 
locked state [27].  Therefore, if certain amount of rock-in range is required, 
certain amount of jitter is unavoidable. 
 
 
 
 
 



 9

D Q

CK

D Q

CK

D Q

CK

D Q

CK

Recovered
Data

Up

Down

Recovered
Clock

Serial Data
Stream

Φ

C A

B

DFF1 DFF2

DFF3 DFF4

(a)

(b)

Up

Down

I

-I

Φe

PDout

 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        Fig. 2.7 Bang Bang Phase Detector,  

(a) Circuit diagram, (b) Phase detector gain curve 
 
 
 



 10

Data
Xck

Up
Down

Data
Xck

Up
Down

(A)  Phase Matched

(B)  Xck leads 0.001Tb

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
    Fig. 2.8 Verilog Simulated Waveforms of Bang Bang Phase Detector 
 
 
 
 
 
 
 
 
 
 



 11

Vo

Vc

Data
Xck
C
A

Up_bar

Down

(A) Frequency Capture Stage (B) Frequency and Phase
Matched State

Vc

Vo

B

 
 
 
 
 
 

 
 
 

Fig. 2.9 SPICE simulated waveforms of Bang Bang PD 
            Icp = 50uA, R1 = 1K, C1 = 200pF, C2 = 2pF, 200Mbps 
 
 
 
 
 



 12

Year Author Institution Paper System Data Differentiation Phase Detector Frequency Detector Bit Rate Jitter
1976.09 C. A. Sharpe Bendix EDN Magazine, September 20, 1976 3-State - 3-State 3-State

1979 J. A. Afonso et al Universidae Esatadual National Telecom, Conf. Rec.1979 Slip Detector Yes(RZ) AND,  INV+NAND Rotational
1979.06 J. A. Bellisio Bell Lab. IEEE Int. Comm. Rec. vol. 1, June, 1979 Quadricorrelator Yes Multiplyer Diff. & Quantizer  
1979.12 R. Cordell etal IEEE J of Solid State Cir. Dec. 1979 Quadricorrelator Yes Gilbert(Ternaly) Gilbert 50M
1985.1 I. Shahariary etal Hughes Aircraft IEEE GaAs IC Symp. Dig. Oct. 1985 3-State(4 Latches) - 3-State(4-Latchs) 3-State(4-Latchs)

1985.12 C. R. Hogge Rockwell International IEEE J. Lightwave Tech. Dec. 1985 Hogge's Detector Direct Hogge's Detector -
1991.1 H. Ransjin AT&T Bell Lab IEEE J of Solid State Cir. Oct. 1991 Quadricorrelator Yes Gilbert Gilbert 2.5G 7 deg rms

1992.12 S. K. Enam etal UCLA IEEE J of Solid State Cir. Dec. 1992 Data Multiply X2 No Double Gilbert Quadricorrelator 1.5G 13ps rms
1992.12 A. Pottbacker etal Ruhr-Universitat Bochum IEEE J. of Solid-State Circuit, Dec. 1992 Quadricorrelator No(DualTrig. DFF) Bang-Bang Dual Triggerd DFF 8 Gb/s 1,9ps(rms)
1992.12 T. H. Lee etal Analog Device IEEE J of Solid-State Circ. Dec. 1992 Triwave No Triwave No(Vcxo) 155M 0.93deg.rms
1993.12 M. Soyuer IBM IEEE J of Solid-State Circ. Dec. 1993 Dual Edge Trigg. No Dual Edge Trigg. No(VCO Calibration) 2.3Gb/s Sigma7.7ps
1994.12 A. Pottbacker etal Ruhr-Universitat Bochum IEEE J of Solid-State Cir. Dec. 1994 Quadricorrelator No Bang-Bang Gilbert 8G 1.6ps rms

1995 B. Razavi AT&T Bell Lab Sympo. on VLSI Circ. Dig. 1995 Qadricorrelator Yes Gilbert Gilbert 2.5G
1996 L. Devito Analog Device IEEE Monolithic PLL & Clock Recovery Triwave No Triwave Rotational 155M 3.5deg.rms

2000.6 M. T. Hill et al Curtin U Tech, Australia IEEE Trans. on Circuits and Systems Frequency Steered Yes Hogge's Detector Rotational 155.52M
2000.9 Y. M. Greshishchev Nortel Networks IEEE J of Solid-State Circuit, Sept. 2000 No Hogge's Detector No 10G SiGe
2001.5 J. Savoy, B. Razavi UCLA IEEE J of Solid-State Circuit, May 2001 Half Rate No Dual Hogge No 10G 0.18u CMOS

 

2.6 Published papers on CDR for NRZ 
In the past, many papers on PD, PFD and CDR for NRZ were published as 

tabulated in Table 2.1.  As seen in Table 1, most of the system uses the Hogge 
or Quadricorrelator.  Among those Triwave is a kind of Hogge, and Dual Edge 
Trigger is a kind of Quadricorrelator.  
   
 
 
 
 
 

 
             Table 2.1 Published Papers 
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2.7 Market available CDR for NRZ 
There is a very few market available PFD or CDR applicable to NRZ data.  

As an example, Analog Devices AD807 is shown in Fig. 2.10.  As seen in Fig. 
2.10, the CDR employs phase detector φdet and frequency detector Fdet.  
There is no explicit description on data sheet about φdet and Fdet.  However 
Lee, with Analog Devices, published a paper about “Triwave Method” [3] as 
shown in Fig. 2.11, which is a modification of Hogge PD, and Analog devices 
has a patent of Triwave Method.  Even though the ripple is improved in 
Triwave from Hogge PD, the pulse width is large.  So, the offset occurs.  
To compensate the offset, Zero Compensation circuit is required as seen in Fig. 
2.7.  Therefore the φdet is estimated as Triwave.  Fdet is also estimated to be a 
slip detector.  

Table 2.2 shows the data sheet of the AD807.  As seen in Table 2.2 a large 
value of filtering capacitor 0.1uF is used even though triwave method is applied 
which is intending to decrease the ripple of the out put, resultantly acquisition 
time is very large 4 x 510  bit time, i.e. 2.4 ms in 155Mbps. 

Frequency capture and tracking range is very small, only 1 MHz in 155.52 
Mbps.  This means that the frequency range of VCO should be maintained 
inside of the lock-in rage.  Therefore, Laser trimming of resistor etc. might be 
needed.  

In other point of view, regarding RC series circuit of the charge pump filter, 
voltage drop on R is sometimes described as a phase detector, and integrated 
voltage on C as a frequency detector.  In this sense, there is no specific 
frequency detector, and the frequency capture range is very narrow such as 
1MHz at 155Mbps.  

 
The final target of the research work of the author is intending to exceed these 

specifications. 
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    Fig. 2.10 An example of market available CDR, Analog Devices AD807  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.11  Triwave PD 
 “A 155-MHz Clock Recovery Delay- and Phase-Locked Loop” 
T. H. Lee,  J. F. Bulzacchelli, IEEE J. of Solid-State Circuits, vol. SC-27, pp. 1736-1746, December 1992 
Lee was with Analog Devices, Bulzacchelli is with M.I.T. 
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2.8 Conclusion in Conventional PFD or CDR 
Conventional PFD or CDR is summarized as follows, 
 
1) Hogge PD is able to connect directly to NRZ data, however it does not 

have the function of frequency detector.  Therefore the frequency 
acquisition aid such as slip detector is required.  

 
2) Hogge PD has large ripple in its output.  This has been improved by 

triwave method, however still large value of capacitor is required for the 
low pass filter, and resultantly acquisition time or lock-in time becomes 
very large. 

 
3) Frequency capture range of quadricorrelator or slip detector is +/- 50 % 

of local VCO clock.  Because these circuit uses 2/π shifted signal of 
VCO. 

 
4) Quadricorrelator and slip detector are both required the differentiator to 

convert NRZ data to RZ data.   
 

5) Bang Bang PD, binary PD, is widely used in high Gbps application. 
However it lacks in frequency detection.  To reduce the jitter, large filter 
constants, and inherently large lock-in time is unavoidable.   

 
  Requirements for idealistic PFD are concluded as follows; 
 

 Data differentiation is mandatory for Frequency Detector function 
 

NRZ data does not have explicit clock frequency information which is 
used for generation of NRZ data itself.  To realize the frequency 
detector function, first of all, an extraction of frequency component of 
original clock by differentiation of data is required.  For the 
differentiation, a combination of delay element and exclusive OR is 
effective. 

 
 Linear PD is better than Bang Bang (binary) PD for control-ability 

 
According to the control theory, more precise and predictable control can 
be done in linear PD than binary PD.   
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Chapter 3 

New 4-State PFD 

3.1 Summary 
  To realize a linear PFD having a capability of frequency detector even in NRZ 
data, the analysis about traditional 3-state PFD was made in the point of view, 
why it has been abandoned in NRZ world in spite of such outstanding features in 
continuous pulses.  In application on continuous pulses such as frequency 
synthesizer, usage of 3-state PFD may be more than 95%. 
  The analysis was made comparing with pre- and post-processing to eliminate 
the error pulses which are generated if it is used on NRZ data.  Then it was 
found that the post processing is effective in keeping the function of frequency 
detector. 
  To augment the application from continuous pulse area to NRZ world, a 4th 
state, “Missing Transition State” and its register was introduced.  The facts are 
verified by Verilog simulation and FPGA test. 
 

Next will be explained the behavior of 3-State PFD first, then its new 
augmentation to 4-State PFD and verification on FPGA. 

3.2 Conventional 3-State PFD under NRZ data 
  In continuous pulse area such as a frequency synthesizer, 3-state PFD is 
widely used due to its outstanding features having the function of frequency 
detector and large figure of merit in phase detector, which means that the output 
is linear to the phase difference, and very low at phase locked state and 
resultantly it has low jitter characteristics. 
  However, this PFD cannot be used for coded data streams with missing 
transitions under NRZ data because it falsely generates error pulses. 
  Due to this reason, 3-state PFD has been abandoned long time in NRZ world. 
However, if the countermeasure to coupe with this false pulse generation be 
successful, an idealistic PFD for NRZ would be realized.  
  Author’s research purpose lies in this point. 
 
  Fig. 3.1 shows the 3-State PFD, strictly speaking the circuit in Fig. 3.1 is a 
3-State PFD with data differentiation circuit.   
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The data differentiation circuit is mandatory required to extract original clock 
frequency component from NRZ data.  Fig. 3.2 shows the Verilog simulated 
waveforms.  As seen “3-State D2” in Fig. 3.2, error pulses are generated at 
missing data transition.  Therefore, this PFD can not be used on NRZ data. 
 

3.3 New Augmentation of 3-State PFD to 4-State PFD 
  In order to eliminate the error pulses in 3-State PFD under NRZ data, 
Llewellyn, National Semiconductor, invented a combination of Hogge PD and 
3-State PFD as a pre-processing by Hogge PD in front of 3-State PFD [8].  The 
error pulses are eliminated successfully, however the function of frequency 
detector is lost.   The reason of failure lies in pre-processing. 
 

The newly proposed PFD is a modification of 3-state PFD to eliminate error 
pulses arising from missing data transitions without losing the function of 
frequency detection.  To this end, a post-processing method is applied.  

Results of analysis are summarized as follows. 
 
1) In NRZ data streams, a missing data transition cannot be predicted with a 

single bit time.  It can only be recognized by comparing a pair of symbols, 
current and 1bit previous timing, to detect a transition.  Therefore, a form 
of 1-bit memory such as a delay line memory is required. 

 
2) A NRZ data stream lacks explicit frequency information of the transmitter 

original bit rate clock.  To extract the original clock frequency component 
from the NRZ data, a differentiation is required.  A differentiation by a 
delay element and exclusive-OR is effective for differentiation of the 
incoming signal to determine the presence of a data transition.  

 
3) As a whole, effective use of data delay for both of data differentiation and 

detection of missing transition should be a solution to extract both of bit 
rate frequency and missing data transitions. 

 
  Fig. 3.3 shows the block diagram of new phase frequency detector. 

  In Fig. 3.3, Delay1, Differentiator1 and 3-State PFD consist the traditional 
3-State PFD plus differentiator.  Delay2, Differentiator2, INVA and “Missing 
Transition State” Detector consist the missing transition detector.  When 
missing transitions are detected, 3-State PFD is reset via Post Processing Circuit 
at the timing of next rise up of local clock Xck, and simultaneously the error  
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Fig. 3.5  Simulated waveforms, Xck Phase locked, lead and lag 
 
 
 
 
 

 

 
 
 

Fig. 3.6 Waveforms of PFD, t1 = 0.6Tb, Function of frequency detector,  
(A) Frequency of Xck is twice (2.0X),  (B) a half (0.5X) of data bit rate 

 
 
 



 22

pulses out of the PFD are eliminated by INVB and Swallow-up Circuit since the 
pulses do not correctly capture the phase difference.   
 
The operation of the PFD will be explained using the detailed circuit schematic 
shown in Fig. 3.4 and Verilog simulated waveforms illustrated in Fig. 3.5 for a 
"10101100010" data pattern.  Following explanation will be done at the 
position P2 on switch S. Function of the switch S will be explained later. 

 
As seen in Fig. 3.4, the PFD consists of 3 delayed flip-flops (DFF), DFF1, 

DFF2 and DFF3, and all data inputs are connected to Vdd, corresponding to the 
logical “1" high level.  A differentiated data pulse Data_dif is connected to the  
clock input of DFF1 and the local clock Xck is connected to the clock input of 
DFF2. 

XNOR1 generates rising transitions of delayed pulse by Delay1(t1) after Data 
has changed with respect to the previous data symbol.  The Delay1 is designed 
so that t1 is less than a bit period, i.e. t1 = 0.5~0.6Tb.  Tb is a interval time of 1 
bit of data.  Thus, differentiated pulse Data_dif can be attained by XNOR1.  

Upon arrival of rising edges of Data_dif and Xck, the outputs of DFF1 and 
DFF2 transition high, respectively.  When both outputs have transitioned high, 
a logical AND via AND1 resets the DFFs and they are ready for the next set of 
rising edges.  Thus, DFF1, DFF2, and AND1 function as a traditional 3-State 
PFD. 

As shown in the upper phase-locked waveforms of Fig. 3.5, at point b, 
Data_dif goes high coincident with the leading edge of Xck.  Moreover, the 
PFD produces short up and down pulses to avoid dead band issues [11].  These 
minimum pulse widths are determined by the delay through DFF1, DFF2, 
AND1 and NOR1. When there are missing data transitions, error pulses are 
generated at the output of DFF2 even though the clock and data may be in lock. 

To eliminate these error pulses, an extra register, DFF3, and another 
differentiation circuit of Delay2 and XNOR2, which generate differentiated 
pulse of Vreset.  Delay time of Vreset, t2, is the sum of delay time of Delay1 
and Delay2, i.e. t2 = 0.6~0.7Tb. 

 
DFF3 is introduced which stores information corresponding to the 4th 

"Missing Data Transition State."  DFF3 is triggered at the trailing edge of Xck 
and reset while Vreset is low, identified as t2 in Fig. 3.5. t2 is designed to be 
longer than the delay time t1 of Data_dif.  

Thus, DFF3 takes comparing action after time of t2 + half of period of local 
clock Xck.  The time interval is 0.6 ~0.7Tb + 0.5Tb = 1.1Tb~1.2Tb at 
frequency locked state, which means more than 1 bit delay.  Therefore, DFF3 
can compare the present bit status with previous bit data symbol. 
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In Fig. 3.5, time points labeled from “a” through “g” illustrate the operation of 
the PFD in the absence of a data transition.  DFF3 is reset during “a”-“c” due 
the data transition at “a”, but does not reset again until the next data transition at 
“g”.  Hence, on the falling edge of Xck, the output of DFF3 (E) goes high, 
signifying a missing data transition state.  E is used to swallow the error pulse 
out of DFF2 and prevent it from propagating to the charge pump.  Furthermore, 
the high state of E causes both DFF1 and DFF2 to reset through AND2 on the 
subsequent rising edge of Xck and prepare them for the next set of edges. 

 
In some applications, the delay times of leading and trailing edges of data 

may not be the same due to the characteristics of amplifiers or buffers included 
in the transmitter and receiver of the transceiver system.  Therefore, phase 
detection on both rising and falling data edges can lead to higher jitter, and this 
jitter is data pattern dependent.  So, single edge comparison is sometimes 
preferable.  As a result, in order to make leading edge only comparison, pulses 
corresponding to trailing edge comparison, m1~m3, n1~n3 are also eliminated 
when Data is low.  This function is done by Switch S in Fig. 3.4.  If the 
position of S is P1, m1~m3 and n1~n3 are utilized, then PFD becomes both edge 
comparison.  Likewise, if the switch S is in position P3, PFD becomes trailing 
only comparison.  Fig. 3.2 also shows the both edge comparison and leading 
edge only comparison of the new PFD in relation to the false pulse generation 
on traditional 3-State PFD.  
 

Fig. 3.5 also presents waveforms when Xck leads and lags the data.  The 
waveforms show that the appropriate up and down pulses are generated for the 
charge pump to lock the loop.  The middle waveforms in Fig. 3.5 shows the 
case that Xck leads in phase 0.2Tb from the data.  Down pulses are generated 
on D1.  The lower Wave forms in Fig. 3.5 shows the case that the Xck lags 
0.2Tb from the data.  The up plses are generated on U1. 

Fig. 3.6 (A) presents the case of the frequency of Xck is twice (2.0X) of the 
original clock frequency of incoming data, and Fig. 3.6 (B) presents the case of 
half (0.5X) in frequency.  As seen in Fig. 3.6 (A) down pulses in D are 
generated in higher frequency of Xck, and in Fig. 3.6 (B) up pulses are 
generated on Ubar (low level) in lower frequency of Xck.  Thus, the proposed 
PFD has the function of the frequency detector. 
   

As seen in Fig. 3.5, the output pulses of new PFD are very narrow at 
phase-matched state.  This feature leads to another advantage.  Even if there is 
some difference between charging and discharging currents, output becomes 
very small.  It is because charging and discharging intervals are very small and 
their occurrence is the same time.  Therefore, at phase matched state, very low 
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ripple in output of charge pump (Vout) occurs as shown in Fig. 2.2b.  This 
narrow pulse, which is generated by gate delay plus reset delay of DFF, is 
necessary for avoiding a non-linearity in phase difference output near phase 
matched state [11].  This scheme is very effective to maintain the low jitter.  
Moreover, T in equation (2.2) is very small.  Therefore, the current difference 
between charging and discharging is not sensitive to the phase offset.   
 

Since the data inputs of all of the DFFs are connected to a logical "1", a 
"Hidden 1" DFF [10, 11] can be used which offers advantages of simplicity and 
high speed operation.  Fig. 3.7 shows Hidden 1 DFF.  
 
Thus, clear and very narrow pulses, which are caused by the gate delay and the 
reset delay of DFF, only occur on U3 and D3 simultaneously at phase matched 
state.  This new, effectively 4-state PFD, successfully extends the application 
of a traditional 3-state PFD to NRZ data.  It inherits the desirable features of a 
3-state PFD such as frequency detection and low jitter. 
 

3.4 Verification on FPGA 
  The operation of new PFD was verified using FPGA and market available 
VCO.  Test circuit is shown in Fig. 3.8.  Verilog-verified circuit was written 
into FPGA of Altera EPF10K50VRC240-3, and VCO portion of TI TLC29321 
was used as VCO.  The charge pump circuit was made by discrete bipolar 
transistor, fT=2.4GHz, using a constant current switching as a differential charge 
pump circuit.  It was confirmed that PFD written into FPGA works up to 
40MHz, and VCO works the frequency range of 10 to 35MHz. Delay was taken 
by inverter delay, and delay time was adjusted by the serial resistor between the 
inverters.  The test was made on data pattern of maximum density, a repetition 
of 1010…, and 72 pseudorandom data, strictly speaking 127 −  pseudorandom, 
at a bit clock rate of 20MHz( = 20Mbps). 
 
  Table 3.1 summarizes the frequency acquisition characteristics using the delay 
time as a parameter.  In the table, Tb shows the interval time of one bit, 50ns at 
bit clock fb = 20MHz in this case, and “OK” means that there was no false lock.  
In case of new PFD, false lock was not observed in wide range of 0.4Tb to 
0.7Tb in Delay1 if (Delay1 + Delay2) was maintained at 0.7Tb.  This is very 
useful for practical applications where large margin should be required in 
fluctuation of delay time caused by wafer-fabrication process or operating 
conditions such as temperature or supply voltage.  Without using Delay2 and 
XNOR2, the reset of DFF3 Rbar may be connected to the output of XNOR1[9]. 
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In this case Delay1 should be 0.6Tb.  However, the addition of Delay2 and 
XNOR2 contributes to extend the margin of the delay wider.   
 

Fig. 3.9a to 3.9d show the frequency lock-in curve at Delay1 = 0.5Tb and 
Delay2 = 0.2Tb, low frequency 10MHz (-50%) to target frequency and high 
frequency 34MHz (+70%) to target frequency, under a data pattern of 127 −  
pseudorandom.  
 
  As shown in figures, in case of both edge compare, lock-in time is 100us, and 
in case of leading edge only comparing, the lock in time is 150us in 
pseudorandom data.  The lock-in time can be decreased by decreasing the 
value of C1, C2 and increasing the value of R1.  As shown in Fig. 3.9a to Fig. 
3.9d the capture range on VCO frequency is proved to be –50 to +70% of target 
frequency by FPGA test.  Other SPICE simulation showed that the capture 
range on VCO frequency is 1/10 to 10 times of target frequency, that is, there is 
theoretically no limitation in capture range so long as the logic works on that 
frequency.  This feature is the same as 3-state PFD in continuous pulses. 
  As for capture range on input data bit rate, the new PFD has certain limitation 
due to the delay elements, Delay1 and Delay2.  However, it was proved that the 
variation in input data bit rate of +15% and -20% is allowable at Delay1=0.6Tb, 
Delay2=0.1Tb, and in case of Leading Edge Only Compare.  This means that 
input variation in data bit rate of 16Mbps to 23Mbps is allowable at designated 
bit rate of 20Mbps.  This might be enough for most of the fixed bit rate 
applications.   
 

Jitter characteristics were also measured, and results are tabulated in Table 3.2. 
Fig. 3.10a shows the jitter characteristics of Hogge’s PD.  Due to the lack of 
frequency acquisition this data was taken after manual lock-in.  As assumed, 
the very large jitter of peak to peak 460ps was measured.  Fig. 3.10b shows the 
New PFD both edges comparing on pseudorandom data pattern, and peak to 
peak jitter of 370ps was measured.  Fig. 3.10c shows the jitter of leading edge 
only comparing type, and jitter of 350ps was measured.  In practical 
application leading edge only comparing type is very useful to acquire the low 
jitter characteristics.  The jitter of pattern generator itself was 240ps, and the 
jitter of VCO at DC input without PFD was 320ps.  To decrease the jitter 
smaller, additional measures should be taken so as to decrease the jitter of VCO 
itself.  The new PFD is described here in using conventional 3 DFFs.  
  However, all data input of DFFs are connected to logical “1”.  So simplified, 
hidden “1” DFFs can be applied [10].  This is another advantage of this PFD. 
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Lock-in Direction                      Low(10MHz) up to Target(20MHz)    High(34MHz) down to Target(20MHz)

Data Pattern Delay1   Delay2    Max. Density    27  Pseudorandom    Max. Density    27 Pseudorandom 

New PFD 0.4Tb   0.3Tb OK(6us)     OK(100us)   OK(6us)        OK(150us) 

Both Edge 0.5Tb   0.2Tb OK(6us)     OK(100us)  OK(6us)        OK(150us) 

Compare 0.6Tb   0.1Tb OK(6us)     OK(100us)  OK(6us)        OK(150us) 

  0.7Tb   0.0Tb OK(6us)     OK(150us)  OK(6us)        OK(150us) 

New PFD 0.4Tb   0.3Tb OK(14us)     OK(100us)  OK(14us)        OK(150us) 

 Leading Edge  0.5Tb   0.2Tb OK(14us)     OK(100us)  OK(14us)        OK(150us) 

 Only Compare 0.6Tb   0.1Tb OK(14us)     OK(150us)  OK(14us)        OK(150us) 

  0.7Tb   0.0Tb OK(14us)     OK(150us)  OK(14us)        OK(150us) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.8 Test circuit of PFD using FPGA 

 
Table 3.1 Frequency Acquisition Characteristics 

(Target Frequency = 20MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tb (Interval Time of 1bit) = 50ns, OK: Normal Lock(Lock-in Time) 
          Icharge = 1.5mA, R1 = 470Ω, C1 = 470pF, C2 = 0.047uF 
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Both Edge

                                   Charge/Discharge  Delay1  Delay2  C1(pF)  R1(ohm)  C2(uF)  Peak to Peak 

                                    Current(mA)                                              Jitter(ps)   

 Hogge’s PD                          0.5        ――      ――    470     470   0.1    460 

 New PFD(Both Edge Compare)  1.5  0.5Tb   0.2Tb  470     470   0.047    360 

 New PFD(Leading Edge Only Compare) 1.5  0.5Tb   0.2Tb  470     470   0.047    350 

 Pattern Generator           Pattern Generator itself, Maximum Density Data    240 

 VCO          VCO itself, at 20MHz      320 

 
 
 
 
 

 
Fig. 3.9a              Fig. 3.9b            Fig. 3.9c              Fig. 3.9d  
Downward lock-in   Upward lock-in       Downward lock-in     Upward lock-in 
Both Edge    Both Edge       Leading Edge only     Leading Edge only 
Compare     Compare       Compare             Compare 

 
 
 
 

Table 3.2  Jitter Characteristics(Target Freqency = 20MHz,  
127 −  Pseudorandom Data) 
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Fig. 3.10a  Hogge’s PD Fig. 3.10b  New PFD    Fig. 3.10c  New PFD 
Both Edge Compare    Leading Edge Only Compare 

    Jitter = 460ps PP        Jitter = 370ps PP     Jitter = 350ps PP 
 

127 −  Pseudorandom NRZ Data, 20Mbps 
 
 
 
 
 
 

3.5 Features of New PFD 
 
  The features of new PFD is summarized as follows; 

1) Having function of frequency detector on NRZ data 
2) Wide frequency capture Range 
3) Large figure of merit – low output at phase locked state 
4) Using only 3 DFFs 
5) Hidden “1” DFF can be usable 
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Chapter 4 

Circuit Block and Components 
 
4.1 Summary 
  The delay element takes very important role in data delay and Current 
Controlled Oscillator (CCO).  The linearity of oscillating frequency vs. control 
current or voltage is very important as well as its range of oscillating frequency.  
  To acquire the CCO with wide frequency range and good linearity in control a 
research work was made in analyzing the conventional delay element. 
  A new delay element utilizing relaxation delay scheme has been developed. 
  For wide bit rate application as a Clock and Data Recovery (CDR), charge 
pump control is necessary for stable operation. 
 
  Analysis on conventional delay element, new delay element, dimension 
improved charge pump circuit and charge pump current control are explained 
next.      
 

4.2 Delay Element 

4.2.1 Conventional Delay Element 
  Delay unit takes a very important role in this PLL.  Differential amplifier 
type delay unit as shown in Fig. 4.1 has been widely used due to its robustness 
in common mode noise incurred by power supply line or ground or substrate 
noises, as well as applicability to higher frequency area. 
  As seen in Fig. 4.1, drains of differential pair M1 and M2 are connected to 
load MOS M3 and M4, and sources are commonly connected to current source I, 
and this current source is controlled by outside control voltage or current.  

However, in low supply voltage application under 3.3V, the linearity of 
voltage or current to delay time or oscillation frequency is not so good, because 
the load MOS is saturated in high control current area because of narrow head 
space. 
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                Fig. 4.1 Differential Amplifier Type Delay Element  
 

 
 
           Fig. 4.2   3-Stage Current Controlled Oscillator for 
                    SPICE Simulation 
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    Fig. 4.3a  Vdd = 3.3V, I = 20uA       Fig. 4.3b Vdd = 3.3V, I = 200uA 
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          Fig. 4.4 Oscillation Frequency vs. Controlled Current 
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Another draw back of this circuit is the oscillation waveform is the sine wave. 

Therefore, to take out the digital signal from this delay element, some kind of 
comparator is required.  Amplitude of the sine wave is very small.  Therefore, 
the comparator should be designed carefully not to take noise or jitter coming 
from fluctuations in comparator threshold level.  
  For proposed PFD or CDR, a tapped delay line is required.  Therefore, this 
type of delay element is not convenient.    
    
  SPICE simulation was made in 3-stage Current Controlled Circuit as shown 
in Fig. 4.2.  As seen in Fig. 4.3a and Fig. 4.3b the oscillation waveforms are 
sine wave. 
 
  Fig. 4.4 shows characteristics of the oscillation frequency vs. control current. 
As seen in Fig. 4.4, the linearity is good in case of Vdd is 5V.  However, in case 
of Vdd is 3.3V, the oscillation frequency is saturated in high control current area. 

If the equivalent resistance of load MOS is decreased, the saturation in high 
current area may be improved.  However, the oscillation frequency is saturated 
in low control current area, or oscillation itself is ceased.  

Therefore the development of new type of delay element was required. 
 

4.2.2  New Delay Element 
 
  In order to take more wider oscillation frequency range and more linear 
characteristics in current controlled oscillator, relaxation type delay element was 
developed. 
  Fig. 4.5 shows the new delay element.  In Fig. 4.5, a differential pair MP01 
and MP02 acts as a switch whose source current I1 is supplied by MP03.  
MP03, MP04 and MP06 are current mirrors, and width of the channel of MP04 
is designed as half of MP03.  Therefore current of MP04 I2 is designed a half 
of current of MP03 I1. 
  If the gate of MP01 IN is low level, MP01 conducts, and current I1 is flowing 
into the current mirror MN01 and MN02.  Therefore, the charge stored on the 
gate capacitances of inverter MP05 and MN03 is discharged by the current, 
 

 I1 – I2 = I1/2.                  (4.1) 
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  Next, if the gate of M01 IN is high level, MP01 becomes cutoff, then current 
of MN02 becomes zero.  Therefore, the capacitances of inverter MP05 and 
MN03 are charged up by the current I2, 
 
                    I2    = I1/2.                  (4.2) 
 
  Therefore, capacitances of the gate of inverter MP05 and MN03 are charged 
down and charged up by the same current I1/2 until ground level or Vdd, full 
swing.  The currents I1, I2 and Icont are in relation of, 
 
                   I2 = I1/2 = Icont/2.               (4.3) 
 

Therefore the linearity of the new delay unit is very good. 
 
  SPICE simulation was done as a 4-stage VCO.  Circuit is shown in Fig. 4.6, 
and waveform of each stage is shown in Fig. 4.7, and characteristics as VCO is 
shown in Fig. 4.8. 
  As seen in Fig. 4.7, the waveform of each stage is rectangular, and delayed 
effectively.  The linearity characteristics of frequency vs. control voltage is also 
good as shown in Fig. 4.8.  MP03, MP04 and MP06 are current mirror, and 
width of the channel of MP04 is designed as half of MP03.  Therefore current 
of MP04 I2 is designed a half of current of MP03 I1. 
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Fig. 4.5  New Delay element 
 
 

 
 
             Fig. 4.6 Circuit for Simulation as a 4-Stages VCO 
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               Fig. 4.7 Waveforms of each stage of delay element 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.8 Characteristics of new delay element as VCO 
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           Fig. 4.9 Other characteristics of new delay element as CCO 
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  The pattern layout design as 0.35u CMOS LSI was made as a current 
controlled oscillator using the delay elements, and was fabricated as a LSI. 
  Comparison among SPICE simulation on circuit schematic level, extracted 
net list level of pattern layout and measured result of fabricated LSI as shown in 
Fig, 4.9. 
  As a result, good correlation was acquired between SPICE simulation on 
extracted net list of pattern layout and actual measurement of fabricated LSI. 
It means that if the SPICE simulation is down on extracted net list of pattern 
layout, good estimation can be attained on LSI to be fabricated. 
  In comparison between SPICE simulation on schematic level simulation and 
real LSI, the latter is around 80% in oscillation frequency.  The difference is 
estimated to be the capacitances of the inter-connection.  
 

4.3 Dimension Improved Charge Pump Circuit 
  The width of the out put pulses of new PFD are linear to the phase difference.  
The most effective way to convert the pulse width to the voltage is the charge 
pump which generates constant current pulse whose width is the same as the 
output pulse.   
  However, special precautions should be paid to keep constant current 
characteristics under wide varying output voltage in case of low supply voltage 
such as 3.3 Volts or lower.  This will be explained next. 
 
  The charge pump circuit with current mirrors and differential pairs has been 
widely used.  Due to the limited head space on low supply voltage, the constant 
current region of this type of charge pump is narrow, but has excellent 
characteristics as well as its simplicity.  After repetition of SPICE simulation it 
became clear that a solution is to apply the large size of transistors in current 
mirrors and differential pairs to decrease the turn-on-voltage of transistors. 
  Fig. 4.10 shows the improved charge pump circuit with the description of 
channel width W and length L.  MP1 and MP4 consist the current mirror whose 
W/L is 200um/0.35um for MP1, and 10um/0.35um for MP4.  Therefore, charge 
pump current Icp is intended to be 10 times of setting current Ic.  MP2 and 
MP3 consist the differential pair whose W/L is 50um/0.35um for MP2 and 
10um/0.35um for MP3.  As seen in Fig. 4.10, very large channel width 
transistors are introduced.  N MOS transistors MN1 to MN4 are the same 
configuration.  In common sense, differential pair should be designed in the 
same size of transistors to maintain the voltage at node P1 constant regardless of 
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switching of MP2 and MP3.  This is intending to prevent the charge sharing 
between stray capacitance of node P1 and output filter circuit.  However, this 
can be achieved if the drain voltage of MP3 is maintained at the same voltage 
that of MP2. This scheme may be necessary in the Bang Bang PD, because the 
value of charge pump current which is allowed for Bang Bang Pd is low value of 
10 or 20uA due to its high gain and large width of output pulses.  The new PFD 
allows 400uA to 1000uA due to its small width of pulses at matched state.  
Therefore, the effect of stray capacitance at node P1 is small.   
  The purpose of MP3 is to maintain the voltage at P1 to be less than VDD at 
turn-off state of MP2 to secure complete turn-off and prevent the effect of 
leakage current of MP2.  Therefore the small size of MP3 is enough. 
  Fig. 4.11 shows the constant current characteristics of the circuit shown in Fig. 
4.10.  As seen in Fig. 4.11, the characteristics of constant current is very flat at 
1000uA even though the output voltage Vo changes wide range of 0.5 to 2.8V.  
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          Fig. 4.10 Dimension improved charge pump circuit 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         Fig. 4.11 Characteristics of charge pump circuit of Fig. 4.10 
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4.4 Charge Pump Current Control 
  To achieve wider variable bit rate under fixed filter time constant, a charge 
pump current control is introduced.  To acquire smooth and rapid frequency 
capture in high bit rate range, higher charge pump current required; otherwise, 
CCO frequency is suspended in mid way.  Conversely, if the charge pump 
current is too high in low bit rate range, system becomes unstable due to the 
high open loop gain. 
  Therefore, charge pump current should be controlled so that it should be 
proportional to the output voltage of charge pump.  
  Fig. 4.12 shows the circuit of charge pump current control.  As shown in Fig. 
4.12, MN32, MP32 is a voltage to current converter, and MN33, MN35 consist 
of a current mirror.  MN34, MP33 and MP34 also consist of current mirror. 
  Constant current I0 is connected to diode connected MN33.  By designing 
adequate channel width, it is easy to make the currents; 
 
    Ic2 = Ic3 = a (Ic1 + I0).           (4.4) 
 
  a can be set 1 to 4.  Currents Ic2 and Ic3 are connected to charge pump 
currents of charge-up and discharge-down. 
  In Fig. 4.12, charge pump portion is drawn in simplified circuit.  However, 
in real SPICE simulation, differential charge pump portion was used as shown in 
Fig. 4.10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.12 Charge pump current control 
 



 42

 

Chapter 5 

CDR for Fixed bit Rate  
5.1 Summary 
  Data bit rate is pre-defined at a fixed value in most of the applications.   
In those applications, the most stable delay is that of physical entity such as 
coaxial cable or micro-strip line.  For full integration, semiconductor delay 
element is used.  To acquire more rapid frequency capture and false-lock-free 
operation, an adaptive PFD, utilizing a negative feedback to the data delay as 
well as time slot control, has been developed.  
  This will be discussed Next.       

5.2 Data Delay for Differentiation  
  NRZ data does not have the explicit frequency component of original clock 
which generate NRZ data itself.  To extract the frequency component of 
original clock, a data differentiation is mandatory.  A combination of delay 
element and exclusive OR is effective for differentiation, so called, delay line 
differentiation.  Therefore, the new 4-state PFD uses this scheme by tapped 
delay elements, delay time t1 for Data_dif and t2 for Vreset.  To prevent false 
lock, t1 should be 0.6Tb (Tb is one bit time interval), and t2 should be t1 + 
0.1Tb = 0.7tb.  If t1 is taken less than 0.5Tb, false lock occurs at 2X of local 
clock Xck frequency.  If t1 is set larger than 0.5Tb, false lock can be avoided 
because two leading edge of XCk are deployed during time interval of t1 at 2X 
of local clock frequency, then down pulse is generated on the output of the PFD. 
 
  For stable application for fixed bit rate, the best solution is that these delays 
should be taken by physical entity such as coaxial cable (Coax), twisted pair or 
micro-strip line on PCB, because the characteristics are predictable and it is 
power consumption-less.  For example, Tb at data bit rate of 100Mbps is 10ns. 
In vacuum state, delay time in length of 3m is 10ns.  However, the velocity 
factor of standard 50Ω Coax is 67%.  So, the delay time of 2.01m Coax is 10ns. 
Therefore, t1(0.6Tb = 6ns) can be attained by 1.2m Coax.  For 1Gbps the 
length becomes only 12cm. 

However, the size is very important for most of the applications.  In such a 
case the delay elements are integrated inside of semiconductor, and their delay 
time fluctuation by temperature or supply voltage change becomes the issue.  
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A solution of the issue is negative feedback to data delay.  This will be 
explained next.  

5.3 Negative Feedback to Data Delay 
Fig. 5.1 presents the block diagram of proposed CDR system.  The system 

consists of a current-controlled data delay (CCDD), New 4-State PFD, charge 
pump, Filter, voltage-to-current (V-I) converter-1, current controlled oscillator 
(CCO), and voltage-to-current (V-I) converter-1 with Current Subtraction.   

The voltage out put of Filter Vo is converted to current Ic by V-I converter-1. 
Ic is provided to Current Controlled Oscillator (CCO), and the frequency of the 
CCO is controlled by the Ic.  Other smoothed output of filter, Vc is provided to 
V-I Converter-II with Current Subtraction, then voltage Vc is converted to 
current Id in reverse direction, i.e. if the Vc increases, Id will decrease. The 
delay time of CCDD is controlled by this Id. 

 
Detailed operation of this CDR system is described in two parts using detail 

circuit shown in Fig. 5.2 and Verilog simulated waveforms in Fig. 5.3. 
First, the 4-state PFD that relies on the CCDD for data differentiation is 

described using waveforms under phase-locked and near phase-locked 
conditions illustrated in Fig. 5.3.  Second, negative feedback control of the 
CCDD's delay required to prevent false lock and enable fast frequency capture is 
described.  A time slot control method prevents false locking at 1.5 times the 
bit rate. 
 

In Fig. 5.3, time points labeled from “a” through “g” illustrate the operation of 
the PFD in the absence of a data transition.  DFF3 is reset during “a”-“c” due 
the data transition at “a”, but does not reset again until the next data transition at 
“g”.  Hence, on the falling edge of Xck, the output of DFF3 (E) goes high, 
signifying a missing data transition state.  E is used to swallow the error pulse 
out of DFF2 and prevent it from propagating to the charge pump.  Furthermore, 
the high state of E causes both DFF1 and DFF2 to reset through AND2 on the 
subsequent rising edge of Xck and prepare them for the next set of edges. 

 
In some applications, the delay times of leading and trailing edges of data may 
not be the same due to the characteristics of amplifiers or buffers included in the 
transmitter and receiver of the transceiver system.  Therefore, phase detection 
on both rising and falling data edges can lead to higher jitter, and this jitter is 
data pattern dependent.  So, single edge comparison is sometimes preferable.  
As a result, pulses corresponding to trailing edge comparison, m1~m3, n1~n3 
are also eliminated when F is low. 
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Fig. 5.1  Block Diagram of CDR for Fixed bit Rate with  
Negative Feedback to Data Delay 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.2  Circuit of CDR for Fixed bit Rate with 
             Negative Feedback to Data Delay 
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Fig. 5.3  Verilog Simulated waveforms, Xck Phase locked, lead and lag 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.4  Effect of Negative Feedback to Data Delay 
        (A), (C) with Negative Feedback  (B), (D) Fixed Delay 
        (A), (B) High Frequency in Xck  (C), (D) Low Frequency in Xck 
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Fig. 5.3 also presents waveforms when Xck leads and lags the data.  The 

waveforms show that the appropriate up and down pulses are generated for the 
charge pump to lock the loop.  
 

5.3.1 Rapid Frequency Capture and False Lock 
     Prevention 

5.3.1.1 Negative Feedback Method 
The delay time for data differentiation t1 in Fig. 5.3 plays a very important 

role in the PFD's operation.  If it is set lower than 0.5Tb (Tb = 1bit time 
interval), the CCO frequency may falsely lock to twice the bit rate (2.0X false 
lock). If t1 is set at a fixed value throughout operation, the settable range is very 
narrow --- 0.6 to 0.8Tb.  If the delay time is set by the current flowing through 
a resistor, the range may not be enough for voltage fluctuation of power supply. 
Therefore, it is important to enlarge the settable range of t1.  Even if t1 is set 
smaller than 0.5Tb at the same frequency (1.0X) of bit rate frequency of data in 
CCO, and if some measure is taken so that t1 becomes larger than 0.5Tb at 2.0X 
on CCO frequency, the 2.0X false lock can be avoided, and settable range can 
also be enlarged.  To this end, negative feedback is used in order to adaptively 
control t1 to be larger for higher CCO frequency and vice versa.     

Moreover, rapid frequency capture can be realized by this method, because it 
generates wider error pulses.  A comparison of different t1 delays and CCO 
frequencies (fXck) is presented in Fig. 4: (A) is the case t1 = 0.9Tb and fXck = 
1.5X; (B) t1 = 0.6Tb, fXck = 1.0X, (C) t1 = 0.3Tb, fXck = 0.67X; and (D) t1 = 
0.6Tb, fXck = 0.67Tb.  For higher Xck frequency, comparing (A) and (B) in 
Fig. 3, if t1 is the larger, the larger width of down pulse e-g occurs in D than the 
pulse width i-k.  For lower Xck frequency, comparing (C) and (D), if t1 is the 
smaller, the larger width of up pulse m-r occurs in Ubar than the pulse width t-v. 
Therefore, t1 should be larger for higher fXck, and t1 should be smaller for 
lower fXck. As a result, negative feedback control of CCDD is applied for rapid 
frequency capture and false lock prevention.  This negative feedback scheme is 
realized by a V-I Converter and Current Subtraction circuits shown in Fig. 5.2. 

In Fig. 1, MN6, MP5, MN7 and MN8 comprise the V-I converter where MN6 
is a source follower, MP5 is a resistor equivalent, and MN7 and MN8 implement 
a current mirror.  The gate of MN6 is connected to Vc and sets I1.  MP6 and 
MP8 constitute a current mirror which reflects the current Iset to the current 
flowing through MP6.  MP7 is a PMOS whose source is connected to the 
drains of both MN8 and MP6, so that MP7 acts as a cascode (cascaded-triode) 
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with MN8 and MP6.  Therefore, impedance conversion is done by MP7 from a 
low impedance source input to a high impedance drain output.  The sum of I2 
and I3 equals Iset.  Thus, the current Id should be written as follows. 
 

I2 = aI1            (5.1) 
Iset - aI1 > 0, Id = Iset - aI1 + Ib    (5.2) 
Iset - aI1 <= 0, Id = Ib     (5.3) 

 
When Vc is high, the frequency of CCO is also high, I1 is large, Id becomes 

small, and delay time of CCDD becomes large.  In practical application, the 
maximum delay time of CCDD is set first by Ib at the highest CCO frequency. 
Then Iset should be set so that the delay time of Data_dif becomes 0.6Tb at 
phase locked state.  Ib and Iset can be replaced by resistors.  Thus, a very 
simple and high-speed combination of source follower and cascode functions 
well.  The gate of MN6 may be connected to charge pump output, Vo.  
However, SPICE simulations verified that the connection to the filtered output, 
Vc, makes the CDR more stable. 

5.3.1.2 Time Slot Control Method 
In order to reduce jitter, leading-edge-only comparison of the Data is used, 

which detects only leading edge of input Data.  In this case, mutual input F of 
AND3 and NAND1 as shown in Fig. 5.2 is driven by the input Data.  If the 
delay time t1 is smaller than 0.67Tb, a “1.5X false lock" may occur.  The 1.5X 
false lock here is defined as the lock condition when the CCO frequency is 
around 1.5 times the target data rate.  It is a kind of run-time false lock, which 
occurs when the accumulated pulse width of up pulses becomes equal to the 
accumulated pulse width of down pulses in a plurality of data bits.  Therefore, 
it is important to prevent this run-time false lock.  Fig. 5.5 illustrates the 
phenomena with SPICE simulated waveforms.  This is the case of t1=0.4Tb, 
and data pattern is a repeated "10101100" data pattern.  

The Upper set of waveforms, "Time Slot=Data", are for the leading edge 
comparison case.  The accumulated pulse width of a, b and c is equal to that of 
d, e and f, and false lock occurs.  13 cycles of Xck are deployed in 8 bit time 
intervals of Data, so this is a 1.625 times fXck false lock.  This false lock can 
be avoided if F is driven by OR1 as shown in Fig. 5.2.  The inputs of OR1 are 
connected to Data and tap P1 of the CCDD, therefore a longer interval of the 
high level than Data is supplied to AND3 and NAND1.  As a result, a part of 
the trailing edge comparison outputs g and h are created on D, as shown by the 
lower set of waveforms "Time Slot = F" in Fig. 5.5. 
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Fig. 5.5  1.5X False Lock (upper)              
                       Counter measured (lower) 
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Fig. 5.6 Time Slot Control, Smooth Transition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.7 Detail of lock-in stage, Upward frequency capture 
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Fig. 5.8 More expanded detail of near matching,  

Downward frequency capture 
 
 
 

 
 
 

 

 
 

 
 

Fig. 5.9 More expanded detail of near matching,  
Upward frequency capture 
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Fig. 5.10 Downward frequency capture 
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Fig. 5.11 Upward frequency capture 
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Fig. 5.12 Operable Data bit Rate 
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Fig. 5.13 Scale down of capacity by 1/100 
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With this simple modification, this false lock condition can be avoided.  The 
time slot is designed so that the outputs of the PFD are prohibited only around 
the vicinity of Data_dif's leading edge corresponding to the low level of data.  

This is also clear in Fig. 5.4.  In Fig. 5.4, F is longer than data in b1-c1, 
b2-c2 and b3-c3.  Therefore, pulses w1-x1, w2-x2 and w3-x3 are included as 
down pulses.  This time slot control scheme also enables rapid frequency 
capture, dual edge comparison during frequency capture, and leading-edge-only 
comparison in phase matching stage under smooth transition as shown in Fig. 
5.6 and Fig. 5.7 SPICE simulated waveforms.  

Fig. 5.8 and Fig. 5.9 show more time-expanded detail of near phase match 
and lock-in stage.  As seen in Fig. 5.8 and Fig. 5.9, very smooth and low ripple 
lock-in can be realized.  Fig. 5.10 shows downward frequency capture.  Very 
rapid and false lock free frequency capture and lock-in is verified from 500MHz 
to 200Mhz in CCO frequency.  Fig. 5.11 also shows upward frequency capture 
from 6 MHz to 200MHz.  Fig. 5.12 shows the input bit rate capture range.  As 
seen in Fig. 5.12, 200Mbps +/- 50Mbps is verified. 
  In order to confirm the possibility to integrate the filter capacitor inside of the 
LSI, 1/100 scale down of capacitor was simulated as shown in Fig. 5.13.  As 
seen in Fig. 5.13, good lock-in characteristics were verified under C1 = 0.3PF 
and C2 = 0.1pF.  These values of capacitor may be integrated as LSI.   

As a whole, negative feedback (inverse direction current feedback) CCDD 
control and time slot control are effective in achieving rapid and false-lock free 
frequency capture.  
 

5.3.2 Conclusion of Negative Feedback to Data Delay  
for Fixed bit Rate Application 

A new PFD with negative feedback data delay and timeslot control have been 
presented and the combination of schemes as an adaptive PFD have been 
demonstrated to be effective for achieving rapid and false-lock free frequency 
capture.  Rapid lock-in time has been verified by SPICE simulation, 450ns in 
frequency capture from 500MHz down to 200MHz, and 550ns in frequency 
capture from 6MHz up to 200MHz for a 200Mbps pseudorandom data sequence. 

 Allowable bit rate is also confirmed to be 200Mbps plus minus 50Mbps (+/- 
25%), and it might be sufficient for fixed bit rate application.  

 
The new PFD is an effectively 4-state PFD, therefore it inherits the features of 

3-state PFD such as frequency detection and low jitter characteristics even for 
NRZ data. 
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Chapter 6 

CDR for Variable or Multiple bit Rate 
6.1 Summary 

Under the progress of information technology, paramount requirements are 
arising for the receiver to meet to the variable bit rate or multiple different bit 
rate transmitters in NRZ data.  To meet those requirements, CDRs with the 
wider capture range of input bit rate have been developed using newly 
developed 4-state PFD.  

 
In wide bit rate application, the stability issue became apparent especially in 

low bit rate area at fixed constants of charge pump circuit and succeeding filter. 
Therefore, z-Domain analysis were made, and it became clear that the z-Domain 
analysis was very powerful tool for evaluation of stability. 
 
  As the result of z-Domain analysis, it also became clear that the adaptive 
current control of charge pump was very effective as the countermeasure for this 
stability issue.  
 

In such a wide input bit rate capture range, frequency capture aid is necessary.  
Analog- and digital-frequency capture aids are also presented. 
  Firstly, CDR comparatively narrow variable bit rate of 50Mbps to 200Mbps is 
presented.  Secondly, more wider variable bit rate CDR of 1 decade, 40Mbps to 
400Mbps, is presented. 

6.2 CDR for Narrow Variable bit Rate 
Fig. 6.1.1 presents the block diagram of proposed CDR system.  The system 

consists of a current-controlled data delay (CCDD), New 4-State PFD, Charge 
Pump, V-I Converter with current feedback both to CCDD and current 
controlled oscillator (CCO) and Downward Frequency Capture Aid (DFCA). 

 
Fig. 6.1.2 shows the circuit of the system.  Details of operation of the system 

will be described in two parts.  Firstly, the 4-state PFD that relies on the CCDD 
for data differentiation is described using Verilog simulated waveforms 
illustrated in Fig. 6.1.3.  Secondly, adaptive delay control of the CCDD as well 
as DFCA to enable false lock free downward frequency capture is described.  
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Fig. 6.1.1 Block Diagram of CDR for Narrow Variable bit Rate 
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6.2.1 Adaptive Data Delay and Downward Frequency  
Capture Aid   

The delay time for data differentiation t1 in Fig. 3.5 plays a very important 
role in the PFD's operation.  For fixed bit rate application, t1 should be set 
0.8Tb >= t1 >= 0.5Tb.  Considering the prevention for false lock, most 
optimum point for t1 is 0.6Tb.  In case of variable bit rate application, it is very 
difficult to maintain the condition directly fit to the varying bit rate.  One 
solution is the indirect setting in which the data delay and CCO consist of the 
same delay elements, and the delay time is controlled by the same value of 
current.  Even in this scheme, false lock occurs in downward frequency capture. 
The detail and countermeasure for the false lock will be explained next.   

 
As an example, if the PLL is locked at certain bit rate under data pattern of 

repetition of “10101110010”, then abruptly bit rate is changed to a half of bit 
rate.  

In this condition CCO still maintains the same oscillation frequency, and t1 
becomes smaller than half of new 1 bit interval time.  Therefore PFD 
recognizes that there are other data transition missing, and maintains the lock as 
if the data were to be “1100110011111100001100”.  To prevent this type of 
false lock, downward frequency capture aid is required.  Using Fig. 6.1.2 and 
Fig. 6.1.3, the function of Downward Frequency Capture Aid (DFCA) will be 
explained next. 

 
  In Fig. 6.1.2, CCO and CCDD consist of same delay element, and controlled 
by the same current Ic1=Ic2 from V-I Converter.  CCO consists of 4 stages of 
inverted type delay elements.  At locked state, the delay time of each delay 
element is 0.125Tb, and the delay time of 4 stages is 0.5Tb in total. 
  CCDD consists of 5 stages of delay element in total, and is tapped at 4th stage 
P1 and 5th stage P2.  Therefore, the delay time of P1(t1) and P2(t2) is t1 = 
0.5Tb and t2 = 0.625Tb respectively at locked state. 

In DFCA in Fig. 6.1.2, there is a charge pump circuit, Iramp, MP5, MN7, C3 
and E1.  C3 is charged up during t2 when Data is high and P2 is low by 
NAND2 and INV5, and discharged down during Tb - t2 when Data is high and 
P2 is high by AND4.  Thus, C3 is charged up during interval time of,  
 

t2   = 0.625Tb,  
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Fig. 6.1.3  Waveforms of Downward Frequency Capture Aid (DFCA) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

       Fig. 6.1.4  Gain coefficient Gc  
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and discharged down during that of, 

  
Tb - t2 = 0.375Tb.  
 

Charge and discharge current are set in the same Iramp.  
 

The circuit conducts very similar action to the dual throw A to D converter. 
Therefore, at the end of Data is high, final voltage of C3 over the ground level 
Y1, which is started from E1, is higher than E1 at locked state as shown in f1 
and g1 in Fig. 6.1.3.   

Conversely, if the CCO frequency is higher than locked state, Ic1 and Ic2 are 
high and t2 becomes small.  Therefore the final voltage Y1 becomes smaller 
than E1 as shown a1 and b1 in Fig. 6.1.3.  Level of Y1 is detected by 
comparator comp1.  Thus, the voltage at the end of high level of Data indicates 
the frequency of CCO.   

However, in NRZ data, single 1 bit such as “0100” does not always come.  
So, this state must be watched in certain interval time Tw like a watch dog.  
This function will be explained next.  

 
During Data is low and P2 is high, strobe pulse Strobe is generated by INV6 

and AND5.  If the Y1 is higher than E1, R-S flip-flop (FF) NOR2 and NOR3 is 
set to “1” by the Strobe via AND9.  Then Y1 is reset to E1 by INV5, AND6, 
INV8 and transmission gate MN9, MP6.  If the output of R-S FF, Y3, is set to 
“1”, the output of AND10 is maintained low by INV9.  Contrary, if Y3 is low, 
in another word, Y2 is low, which means CCO frequency is high, the Vo of 
Charge Pump circuit is discharged by MN7, Iwd, and AND10 while enable 
pulse ENB is high, after that, RS-FF is reset by RST.  Thus, a kind of watch 
dog action is done by the DFCA during certain interval time Tw, which is 16 or 
32 bit time.  

In Fig. 6.1.3, a to h are waveform of Strobe.  a, b, d, f and g are 
corresponding to Single “1” bit.  Voltage of Y1, a1, b1 and d1 is lower than E1 
1 volt.  Therefore Y2 and Y3 is low.  When ENB is high during l-m, Out 
becomes high during o-p, the Vo is discharged by MN7 and Iwd. RS-FF is reset 
by RST at q.  Then next cycle Tw of watch dog begins.  As the result of 
discharge, Vo becomes smaller, and t2 becomes larger, then f1, g1 becomes 
higher than E1, then Y3 becomes high at k.  Thus, DFCA functions as a 
downward frequency capture aid. 
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Fig. 6.1.5 z-Domain Analysis, System is stable.  
T = 5ns (200Mbps), d = 1, Icp = 400uA,  
R1 = 1.5K, C1 = 100pF, C2 = 5pF  
(b = 21, τ  = 150ns), K0=150MHz/V 
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Fig. 6.1.6 z-Domain Analysis, System is stable.   
T = 20ns (50Mbps), d = 1, Icp = 400uA,  
R1 = 1.5K, C1 = 100pF, C2 = 5pF  
(b = 21, τ  = 150ns), K0=150MHz/V 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.1.7 z-Domain Analysis, System is unstable.  
T=20ns (50Mbps), d = 1, Icp = 600uA,  
R1 = 1.5K, C1 = 100pF, C2 = 5pF  
(b = 21, τ  = 150ns), K0=150MHz/V 

 
 
 

 

0.1        1         10       100    500 0.1        1        10      100   500

20

0

-20

-40

40

20

0

-20

-40C
lo

se
d 

Lo
op

 G
ai

n 
(d

B
)

O
pe

n 
Lo

op
 G

ai
n 

(d
B

)

Frequency (MHz) Frequency (MHz)

z-Domain z-Domain

s-Domain s-Domain

-2     -1     0     1      2

2

1

0

-1

-2

Numerator

Denominator

z
(A) (B) (C)

 

0.1        1         10       100    500 0.1        1        10      100   500

20

0

-20

-40

40

20

0

-20

-40

Frequency (MHz) Frequency (MHz)

C
lo

se
d 

Lo
op

 G
ai

n 
(d

B
)

O
pe

n 
Lo

op
 G

ai
n 

(d
B

)

z-Domain z-Domain

s-Domains-Domain

-2     -1     0     1      2

2

1

0

-1

-2

Denominator

Numerator

z
(A) (B) (C)

  



 64

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.1.8 bit Rate change from 200Mbps down to 50Mbps   
Icp=400uA, R1=1.5K, C1=100pF, C2=5pF, Iw=300uA       
Iramp=500uA, C3=5pF, E1=1V, Tw=400ns, Tenb=60ns      
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              Fig. 6.1.9 bit Rate change from 50Mbps up to 200Mbps 
                 Icp=400uA, R1=1.5K, C1=100pF, C2=5pF, Iw=300uA 
                 Iramp=500uA, C3=5pF, E1=1V, Tw=400ns, Tenb=60ns 
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6.2.2 Results of SPICE Simulation 
  

SPICE simulation was made on the circuit shown in Fig. 6.1.2 under flat level 
of 550 transistors, 0.35um CMOS and level 3 model.  In repetition of SPICE 
simulation it becomes apparent that, in wide bit rate operation, the charge pump 
constant such as charge current Icp, filter constant R1, C1 and C2 are very 
important for smooth frequency capture and stable operation in locked state. 
Therefore, z-Domain analysis was made.  The detail of z-Domain analysis is 
described in Chapter 7.  

A simulator was also made for (7.8) to (7.11) of Chapter 7 in computing 
complex number.  As a result it becomes apparent that the special attention 
should be paid to the gain coefficient Gc as shown in (7.9) as a part of open loop 
gain (7.8).  Fig. 6.1.4 shows the Gc as a function of τ/T  in parameter b.  b 
and τ  are defined as  
 
                 

2

21

C
CCb +

= ,  

   11CR=τ .                    (6.1) 
 

To prevent overloading of CCO, and to reduce noise and jitter, C2 has a very 
effective filtering action in the charge pump circuit.  However, the total PLL 
system becomes the third order loop by this scheme. 

As seen in Fig. 6.1.4, if C2 is set in large value in order to make large filtering 
effect, b becomes small.  In high bit rate, T is small. Therefore, in small b, if 
the τ/T  is small, Gc becomes very small.  Thus the open loop gain becomes 
very small, and the frequency capture becomes very hard.  Therefore, τ  
should be set small as possible in trade off with jitter or noise.  Conversely, in 
low bit rate area, if τ  is small, stability issue will arise.  This issue will be 
explained next. 

 
Fig. 6.1.5, Fig. 6.1.6 and Fig. 6.1.7 show the result of z-Domain analysis.  

Fig. 6.1.5 (B) shows open loop gain of (7.7) at T = 5ns (200Mbps), d=1, Icp = 
400uA, R1 = 1.5K, C1 = 100pF, C2 = 5pF, CCO gain as VCO Ko = 150MHz/V 
(b = 21, τ  = 150ns), and (E) shows its phase.  Phase less than -180 degree is 
shown by resetting to +180 degree only for display purposes to the graph.  d is 
the transition density, so it is 0.5 because the circuit in Fig. 6.1.2 treats leading 
edge only comparison.  However, the output of charge pump is fed back to data 
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delay, so open loop phase gain becomes double.  Therefore d is set to 1.0 in 
maximum density of data, a repetition of “1010”, for stability criteria.  

Thus, Fig. 6.1.5 (B) and (E) show Bode diagram in comparison with 
s-Domain analysis.  Closed loop gain (10) is shown in Fig. 6.1.5 (A) and (D).  

 
Fig. 6.1.5 (C) shows the zeros and pole(s) of the closed loop gain (7.10) by 

sweeping z in real axis from -2 to 2.  The zero-cross points of numerator of 
(7.10), 2nd order curve in Fig. 6.1.5 (C), show the zeros of closed loop gain.  
The zero-cross point(s) of denominator of (7.10), 3rd order curve in Fig. 6.1.5 
(C), show the pole(s) of closed loop gain.  The system is stable if the pole(s) 
and zeros reside within the unit circle of z plane.  As seen in Fig. 6.1.5 (C), the 
system is stable in T=5ns (200Mbps). 

Fig. 6.1.6 shows the case of T = 20ns (50Mbps), d=1, Icp = 400uA, R1 = 
1.5K, C1 = 100pF, C2 = 5pF, CCO gain as VCO Ko = 150MHz/V (b = 21, τ    
= 150ns).  As seen in Fig. 6.1.6 the system is also stable in T=20ns, 50Mbps. 

However, Fig. 6.1.7 show the case that charge pump current is increased from 
400uA to 600uA comparing with Fig. 6.1.6.  As seen in Fig. 6.1.7 (C), a pole, 
zero-cross point of denominator, is less than -1.  Therefore the system becomes 
unstable.  This may be also clear in Fig. 6.1.7 (B) and (A).  However, no such 
information can be attained from the s-Domain curves of Fig. 6.1.5 to 6.1.7. 
Thus, the z-Domain analysis is very useful for selecting the filter constants and 
charge pump current, and estimation of stability.     
 

Fig. 6.1.8 shows the results of SPICE simulation of bit rate change from 
200Mbps to 50Mbps.  Fig. 6.1.9 shows the bit rate change from 50Mbps to 
200Mbps.  As shown in the figures, false lock free robust operation was 
verified in 4 times wide bit rate change. 

6.2.3 Conclusion of Narrow Variable bit Rate  
A new PFD with adaptive delay time control for data delay and Downward 

Frequency Capture Aid have been presented, and the combination of schemes as 
an adaptive PFD have been demonstrated to be effective for achieving wide and 
false-lock-free frequency capture and phase lock for variable bit rate or multiple 
different bit rate transmitters. 

Wide capture range on incoming data bit rate of 50Mbps to 200Mbps, low to 
high ratio of 4, has been verified by SPICE simulation.  The new PFD is an 
effectively 4-state PFD, therefore it inherits the features of 3-state PFD such as 
frequency detection and low jitter characteristics even for NRZ data. 
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6.3 CDR for Wide Variable bit Rate 
  In wide variable bit rate application, it is very difficult to make a smooth 
frequency capture and stable lock-in under fixed constants of filter and charge 
pump current.  High bit rate side, the loop gain decreases, and low bit rate side, 
stability issue occurs.  To coupe with these issues, special care should be taken 
in selecting filter time constant and charge pump current.  To make more rapid 
and false-lock-free frequency capture, full digital down- and upward frequency 
capture aid, and time slot control are also introduced.   
 

Fig. 6.2.1 presents the block diagram of CDR for Wide Variable bit Rate. 
The system consists of a current-controlled data delay (CCDD), New 4-State 

PFD, Charge Pump, V-I converter1, Current Controlled Oscillator (CCO), V-I 
ConverterI2, Downward Frequency Capture Aid (DFCA) and Upward 
Frequency Capture Aid (UFCA).  

V_I Converter1 converts the output voltage Vo to the current, and this current 
controls the CCO,  V-I Converter2 converts the voltage of smoothed voltage 
Vc to the current, and this current controls the CCDD.  The input of V-I 
Converter2 may be connected to Vo.  The difference will be discussed later.   

In frequency capture stage, DFCA and UFCA provide additional charging 
current to the filter by MPw or MNw.  Fig. 6.2.2 and Fig. 6.2.3 show the circuit 
of DFCA and UFCA. 

 
Fig. 6.2.4 shows the circuit of CDR for Wide Variable bit Rate.  In this case, 

inputs of V-I Converter1 and V-I Converter2 are unified and connected to Vo. 
Detailed operation of this CDR system is described in three parts.  Firstly, 

the 4-state PFD that relies on the CCDD for data differentiation is described 
using Verilog simulated waveforms under phase-locked and near phase-locked 
conditions illustrated in Fig. 6.2.5 and Fig. 6.2.6.  Secondly, adaptive delay 
control of the CCDD as well as DFCA and UFCA as well as time slot control to 
enable false lock free and stable operation is described.  Thirdly, a z-Domain 
analysis is described for stability issue. 

 
Waveforms shown in Fig. 6.2.5 are different in small portion from Fig. 3.5 of 

Chapter 3, i.e. time slot control is added as waveform F.  As seen in Fig. 6.2.5 
there is no difference with Fig. 3.5 in near phase matched or phase matched 
state.  

However, in frequency capture range, larger width down- or up-pulses are 
generated by the time slot control F as shown in Fig. 6.2.6.   
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Fig. 6.2.1 Block Diagram of CDR for Wide Variable bit Rate 
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    Fig. 6.2.2  Downward Frequency Capture Aid 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.2.3  Upward Frequency Capture Aid 
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Fig. 6.2.4 CDR for Wide Variable bit Rate, Circuit Diagram 
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Fig. 6.2.5 Waveforms of PFD, t1 = 0.6Tb,  

Phase locked, Xck leads 0.2Tb and lags 0.2Tb 
 
 
 

 

 
 

Fig. 6.2.6 Function of frequency detector-Effect of Time Slot Control “F”, 
 t1 = 0.6Tb 

              Upper; Frequency of Xck is twice (2.0X),  
Lower; a half (0.5X) of data bit rate 
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Fig. 6.2.7  Waveforms of Downward Frequency Capture Aid 
 
 
 
 
 

 
 
 
 
 

Fig. 6.2.8 Waveforms of Upward Frequency Capture Aid 
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6.3.1 Downward and Upward Frequency Capture Aid 
In Fig. 6.2.4 full digital DFCA and UFCA are introduced.    

In Fig. 6.2.4, CCO and CCDD consist of same delay element, and controlled by 
the same current Ic1=Ic2 from V-I Converter.  CCO consists of 4 stages of 
inverted type delay elements.  At locked state, the delay time of each delay 
element is 0.125Tb, and the delay time of 4 stages is 0.5Tb in total. CCDD 
consists of 10 stages of delay element in total, and is tapped at 2nd stage P0, 4th 
stage P1, 5th stage P2, 6th stage P3 and 10th stage P4.  Therefore, the delay 
time of P0(t0), P1(t1), P2(t2), P3(t3) and P4(t4) is t0 = 0.25Tb, t1 = 0.5Tb, t2 = 
0.625Tb, t3 = 0.75Tb and t4 = 1.25Tb respectively at locked state. 
 
  In order to clarify the DFCA and UFCA in relation to delay time of CCDD, 
Fig. 6.2.2 and Fig. 6.2.3 are extracted from Fig. 6.2.4.  
  In DFCA in Fig. 6.2.2 and Fig. 6.2.4, there are two DFFs, DFF5 and DFF6.  
DFF5 is triggered by P4(WT10) and DFF6 is triggered by inverted P4 by INV6.  
Logical OR is taken by OR2 on the signals of inverted Data by INV5 and output 
of DFF5 itself, and this signal is fed to D input of DFF5.  Thus, if the output of 
DFF5 becomes high once, this state is self stored at next rising edge of Data 
until RST becomes low. 

Conversely, logical OR is taken on Data and output of DFF6, then the signal 
is fed to data input D of DFF6.  Likewise, if the output of DFF6 becomes high 
once, this state is self stored at next falling edge of Data until RST becomes low. 

As seen in lower side of Fig. 6.2.7 (B), if the frequency of CCO is low, the 
delay time of CCDD is large, leading edge b of WT10, which is the waveform of 
P4, comes later than trailing edge a of Data.  Therefore, DFF5 is triggered at b, 
and reads inverted low level of Data, “1” at D input, and output of DFF5 DN1 
becomes high level at c.  DFF6 is triggered at trailing edge of e, and the e 
comes later the leading edge of Data d, so the output of DFF6 DN2 becomes 
high at f.  

Thus, if the frequency of CCO is low, the output of DFF5 or DFF6 becomes 
high, then output of NOR2 is low.  Conversely, if the frequency of CCO is high, 
as seen in Fig. 6.2.7 (A), leading edge of WT10 b or trailing edge of WT10 e 
comes earlier than trailing edge of Data a or leading edge of Data d.  So the 
output of DFF5 or DFF6 remains in low level, then the output of NOR2 is high. 

Thus, this DFCA detects both side of single 1bit of “1” or “0”.  Comparing 
with Fig. 6.1.2, DFCA in Fig. 6.1.2 detects single 1bit of “1” only.  Therefore, 
DFCA in Fig. 6.2.4 takes more efficient function of watch dog.   
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In NRZ data stream, single 1 bit of “1” or “0” such as “001000” or “110111” 
is not always comes.  Therefore, it must be watched in certain period, then 
decision should be made.  This will be explained next. 

In Fig. 6.2.2 and Fig. 6.2.4, enable pulse of watch dog ENB is supplied in 
interval of Tw.  In case of frequency high in CCO, and if the ENB becomes 
high, output of AND4 becomes high, then output of Charge Pump Vo is 
discharged by MNw and Iwd, and frequency of CCO becomes lower.  

Conversely, if the CCO frequency is low, the output of OR2 is low as 
explained, no discharge action is activated.  After enable pulse ENB, the reset 
pulse RST is supplied, and DFF5 and DFF6 are reset.  

     
In moderate capture range of bit rate such as two or four times of bit rate, 

upward frequency capture aid is not necessary for proposed new PFD, because it 
has a function of a frequency detector.  However, in larger capture range under 
fixed time constant of charge pump and filter, upward frequency capture aid is 
necessary.  Next, it will be explained. 

 
In Upward Frequency Capture Aid (UFCA) in Fig. 6.2.3 and Fig. 6.2.4, there 

are two DFFs, DFF7 and DFF8, are used.  DFF7 is triggered by P3 (WT6), and 
DFF8 is triggered by inverted P3 by INV8.  Inverted Data by INV7 is fed to 
input D of DFF7, and Data is fed to input D of DFF8.  

As seen in Fig. 6.2.8 (B), if the frequency of CCO is very low, the delay time 
of CCDD is large, so the leading edge of P3, waveform WT6 b comes after 
trailing edge of Data a.  Hence, output of DFF7 WUP1 becomes high at c, and 
becomes low at f which is corresponding next Data high and leading edge of 
WT6 e.  

Likewise, DFF8 becomes high at trailing edge of WT6 h while Data is high, 
and becomes low at trailing edge of WT6 k while Data is low.  Charge pump 
output Vo is charged-up by NOR3, MPw and Iwu while output of DFF7 or 
DFF8 is high.  Conversely, if the frequency of CCO is low but within 
self-capture range, as seen in Fig. 6.2.8 (A), nothing is occurred.  Thus UFCA 
acts as an effective upward frequency capture aid. 
 
  Thus, DFCA and UFCA act as the frequency capture aid if the frequency of 
CCO exceed plus 25% or minus 25% of target original clock frequency of data. 
  Conversely, If the frequency of CCO is inside of +/- 25% of the target 
frequency, DFCA and UFCA make no action.  Therefore, there is a dead zone 
of +/- 25%.  This leads to free self-lock-in of the PFD, and prevents any 
exaggeration, which may be incurred by the frequency capture aids, in the 
vicinity of lock-in. 
 



 76

 

400Mbps

40Mbps

Vc

Vo

3

2

1

0

C
ha

rg
e 

Pu
m

p 
O

ut
pu

t (
V)

0      1      2      3      4      5      6      7      8
Time (uS)

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

 
 

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 6.2.9 bit Rate change from 400Mbps down to 40Mbps 
               Icp = 600uA, Iwd = 600uA 
     R1 = 1.5K, C1 = 100pF, C2 = 10pF 
               Tw = 400ns, Tenb = 60ns 
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Fig. 6.2.10  bit Rate change from 40Mbps to 400Mbps 
Icp = 600uA, Iwd = 600uA 

         R1 = 1.5K, C1 = 100pF, C2 = 10pF 
                Tw = 400ns, Tenb = 60ns 
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6.3.2 Results of SPICE Simulation 
SPICE simulation was made on the circuit shown in Fig. 6.2.4 under flat level 

of 600 transistors, 0.35um CMOS and level-3 model, and Charge pump Current 
Icp = 600uA, R1 =1.5K, C1 = 100pF and c2 =10pF.  Fig. 6.2.9 shows the bit 
rate change from 400Mbps to 40Mbps.  
Fig. 6.2.10 shows the bit rate change from 40Mbps to 400Mbps.  
  As seen in Fig. 6.2.10, case of upward frequency capture, if the UFCA is not 
applied, system is suspended around 1.3V of charge pump output voltage. 
  This 1.3V is corresponding to the delay time of P1, 4 stages of CCDD, is 
nearly equal to the Tb, interval time of 1 bit of input data.  This means that the 
frequency of CCO is half of target frequency.  In this region, there is a case that 
the differentiated data Data_dif, as shown in Fig. 6.2.4, is not properly generated, 
and this region can not pass through if the charge pump current is low.  
  It is easier to pass through this region, if the input of V-I Converter2 is 
connected to Vo in place of Vc. 

 However, this issue has been overcome by applying UFCA. 
 

As shown in the figures, false lock free robust operation was verified in 1 
decade of bit rate change.  However, the selection of charge pump current and 
filter time constants is very critical in wide bit rate application.  

6.3.3 Charge Pump Current Control  
  In wide bit rate application, If the charge pump and filter constant are 
maintained in fixed value, the characteristics such as jitter may not be sufficient 
enough for the requirements.  To cope with the drawbacks, an adaptive charge 
pump current control was introduced as explained in Chapter 4.4.  
 
  Fig. 6.2.9 and Fig. 6.2.10 were taken on the system as shown in Fig. 6.2.4 in 
fixed charge pump current Icp of 600uA, R1=1.5K, C1=100pF and C2=10pF. 
At 400Mbps, jitter peaking curve is shown in Fig. 6.2.11.  As seen in Fig. 
6.2.11, jitter peaking curve, closed loop gain curve, is the same in s-Domain and 
z-Domain, and it is a peak of 2dB at 400Mbps. 
  Fig. 6.3.12 shows the case of 40Mbps.  As seen in Fig. 6.2.12, s-Domain and 
z-Domain curve are different at 40Mbps.  Jitter peaking of s-Domain is 2dB 
and z-Domain is 5dB. 
  As seen in the figures, jitter-peakings are large.  Therefore, adequate loop 
damping is important.  This will be discussed next. 
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   Fig. 6.2.11  z-Domain and s-Domain curve on fixed charge pump current 
             T = 2.5ns (400Mbps), Icp = 600uA,  

R1 = 1.5K, C1 = 100pF, C2 = 10pF, K0=150MHz/V 
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 Fig. 6.2.12  z-Domain and s-Domain curve on fixed charge pump current 
            T = 25ns (40Mbps), Icp = 600uA,  

R1 = 1.5K, C1 = 100pF, C2 = 10pF, K0=150MHz/V 
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6.3.4 Damping of PLL Loop 
  In 2nd order PLL loop, next equations are widely used [10]. 
In 2nd order loop, in which C2 is zero and b is infinity, the closed loop transfer 
function of charge pump circuit is written as (6.2). 
 

Kvco
C

IcpsKvcoRIcps

KvcoCR
C

Icp

sH

12
1

2

)111(
12)(

2

ππ

π

++

+
=            (6.2) 

 
Natural frequency and damping factor are also derived. 

 

Kvco
C

Icp
n 12π

ω =       (6.3) 

 
 

KvcoIcpCR
π

ξ
2

1
2
1

=      (6.4) 

 
Here, Kvco is defined the gain of VCO as angular frequency, radian/V, and not 
the same as K0 defined in Chapter 7 as Hz/V.  
 
         02 KKvco π=   
 
  In small C2, hence large b area, (6.4) gives the good insight about damping 
factor.  If the charge pump current is fixed value, there are two ways to increase 
damping factorξ , increase of C1 or increase of R1. 
  If C1 is increased in value of 4 times, ξ  becomes 2 times, and time constant 
becomes 4 times, and ripple on charge pump output is decreased.  Conversely, 
if the R1 increased to 2 times, ξ  becomes 2 times, time constant becomes 2 
times, and the ripple is increased. 

Therefore, for application aiming fast lock-in, increase of R1 is effective, and 
for low jitter application, increase of C1 is effective in trade offs with jitter and 
lock-in time.  

Fig. 6.2.13 shows a low damping case in which the charge pump current Icp is 
1.08mA, R1=1K, C1=400pF, and C2=2pF at 400Mbps.  As seen in Fig. 6.2.13, 
the lock-in curve has small hunting, and it does not cease quickly.   

Fig. 6.2.14 shows a case of higher damping by increase of C1 4 times.  
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As seen in Fig. 6.2.14, the damping is in effect even though the lock-in time 
becomes longer.  Fig. 6.2.15 shows the case of increase R1 2 times.  As seen 
in Fig.2.15, damping is in effect in small lock-in time.  However, it is clear in 
comparing Fig. 6.2.14 and 6.2.15 that the ripple becomes larger in case of Fig. 
6.2.15. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 6.2.13  Low Damping 
R1=1K, C1=400pF, C2=2pF, 
I1=200uA, 1:3, Iam=210uA, Iam1=1.08mA, CCDD=Vc 
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Fig. 6.2.14   Damping by increasing C1, 4 times  
                R1=1K, C1=1600pF, C2=4pF,  

I1=200uA, 1:3, Iam=210uA, Iam1=1.08mA, CCDD=Vc 
 
 
 
 
 
 
 

Fig. 6.2.15 
Damping by increasing R1,  
2 times 
R1=2K, C1=400pF, C2=2pF, 
I1=200uA, 1:3, Iam=210uA, 
Iam1=1.08mA, CCDD=Vc 
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6.3.5 Adaptive Charge Pump Control 
  In application of low jitter requirement, charge pump circuit of small R1 and 
large C1 is preferable, because the ripple of charge pump out put is small.  In 
this case, fixed value of charge pump current is usable even in wide variable bit 
rate application, even though the lock-in time is large. 
  If the characteristics of rapid lock-in and moderate jitter are required, filter 
circuit of large R1 and small C1 is mandatory.  However, in such application, 
adaptive charge pump current control as discussed in Chapter 4 can provide 
more adequate damping and smooth lock-in preventing instability in low bit rate 
area.      
   

Fig. 6.2.16 is the circuit of CDR for wide variable bit rate application with 
adaptive charge pump current control.  In this circuit, input of V-I converter for 
CCDD, and Charge Pump Current Control is connected to Vc which is filtered 
and smoothed output of charge pump by R1 and C1.  This makes more stable 
and robust operation comparing with the direct connection to Vo. 

 
Characteristics of V-I converter and CCO are seen in Fig. 4.8.  In Fig. 4.8, 

current of V-I converter at 400MHz is 220uA (= I1), and at 40MHz 6uA.  In 
Fig. 6.2.16, if I0 is set 50uA and coefficient a is set 4, charge pump current Icp 
at 400MHz is 1080uA, and Icp at 40MHz is 224uA.    

 
Fig. 6.2.17 and 6.2.18 show the upward bit rate change and downward bit rate 

change between 40Mbps and 400Mbps, 1 decade.  As seen in the figures, rapid 
and smooth lock-in, adequate damping and small ripple at locked-state were 
verified.  Due to the limitation of computer power, CPU clock of 1.73GHz and 
512MB memory, SPICE simulations of 650 transistors were done in 3 parts in 
upward- or downward bit rate change.  It takes 6 hours total in one way, 
upward bit rate change for example.  

 
Fig. 6.2.19 and 6.2.20 show the z-Domain and s-Domain analysis curve.  As 

seen in Fig. 6.2.20 at 40Mbps, jitter peaking in z-Domain analysis is larger than 
that of s-Domain, however it is small and stable as shown in Fig. 6.2.18.  It 
takes 1 second for the s- and z Domain analysis. 
 
 
 
 



 85

R

D Q

R

D Q

R

D Q

DFF1

DFF2

DFF3

“1”

OR1

XNOR1

XNOR2

INV1

INV2

AND1

AND2

NOR1

NAND1

AND3

INV3

Data_dif

Vreset

E

F

Ubar

D

P0 P1

P2

P3

Data D
L1

D
L2

D
L3 D
L4

D
L5 D

L6

D
L7

Icp

Icp

Vo

Vc

MP2

MN1

R1

C1

C2

MN2

MP4

MN4
MN5

Ic1

Vdd

X
D

1

X
D

2

X
D

3

X
D

4

INV4

MP3

Vdd

R

D Q
DFF4

Vdd

MP1

Vdd

D
L8

D
L9

D
L1

0

R

D Q
DFF6

P4

Iwu

Iwd

R

D Q
DFF5

RST

ENB

R

D Q
DFF8

R

D Q
DFF7

Tw

INV7

INV8

INV5

INV6

NOR3

OR2 OR3

NOR2 AND4

Current Controlled Data Delay (CCDD) Current Controlled Oscillator (CCO)

V-I Converter
Charge
Pump

Phase Frequency Detector (PFD)

Data Recovery

Recovered Data

Recovered Clock

Downward Frequency

Upward Frequency

MN6

MP5

MN7
MN8

Ic2

Vdd

MN32

MN33
MN34

MP32

MP33 MP34

Vdd

Ic31

Io
Ic32
Ic33

Ic32 = Ic33 = a ( Ic31 + Io )

MN35

 Capture Aid (DFCA)

 Capture Aid (UFCA)

Adaptive Charge Pump Current Control (ACPCC)

MPw

MNw

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Fig. 6.2.16  Wide Variable bit Rate CDR with Adaptive- Data Delay and 
             Charge Pump Current Control 
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Fig. 6.2.17  CDR with Adaptive Charge Pump Current Control, High Damping 
R1=2K, C1=400pF, C2=2pF, I1=50uA, 1:4 (Icp=1.08mA at 400Mbps) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.2.18  CDR with Adaptive Charge Pump Current Control, High Damping 
R1=2K, C1=400pF, C2=2pF, I1=50uA, 1:4 (Icp=200uA at 40Mbps) 
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Fig. 6.2.19  CDR with Adaptive Charge Pump Current controlled 

R1=2K, C1=400pF, C2=2pF,  
I1=50uA, 1:4 (Icp=1.08mA at 400Mbps), K0=150MH/V 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.2.20  CDR with Adaptive Charge Pump Current controlled 

R1=2K, C1=400pF, C2=2pF,  
I1=50uA, 1:4 (Icp=200uA at 40Mbps), K0=150MHz/V 
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6.3.6 Conclusion of Wide Variable bit Rate Application 
  For wide variable bit rate application, followings are concluded; 
 

1) The charge pump current Icp and filter constant should be selected; 
 

For low jitter application:  smaller R1 and larger C1, 
                  

  Icp should be small enough to upward 
                   frequency capture, 
                  

  Charge pump current control may not be 
                   necessary in large )( 11CR=τ ,  
 

                   )(
2

21

C
CCb +

=  should be larger than 100. 

 
        For rapid lock-in:  larger R1 and smaller C1, 
 
     Charge pump current control is mandatory, 
 

    Caution to stability in large 
τ
T  area, 

                              ( low bit rate side ) 
 
     b should be larger than 20. 
 

2) z-Domain analysis is very effective for; 
 
     Stability estimation:        low bit rate area, 
 
     Jitter peaking estimation: all area of bit rate. 
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Chapter 7.  

z-Domain Analysis for 3rd Order Loop 

7.1 Summary 
  Usually, behavior of PLL is analyzed by s-Domain.  However, in wide bit 
range application, if the time constant of filter approaches to the bit interval time 
(bit width), the stability issue arises especially in 3rd order loop.  In such a 
circumstance, s-Domain analysis provides no valuable information.  In order to 
make more precise analysis on that occasion, z-Domain analysis was made.         

7.2 Fixed Delay 3 rd Order Loop 
Gardner derived the z-Domain equations for 3rd order loop started from 

difference equation [13], however the final result was only presented.  Hein 
derived the equations for 2nd order loop started from s-Domain filter impedance 
of the charge pump [14].  Followings are derived using the same scheme of 
Hein.  
  s and z are defined as follows.   T  is defined as the 1 bit interval of data bit.  
 
   ωσ js +=       (7.2) 

   
sTez =     (7.3) 

     
 
Kps is defined as the s-Domain PFD-charge pump gain, and Kpz is that of 
z-Domain.  Time averaging method [13,14] is applied, therefore, 
 
 

   
π2
dI

K cp
ps =    (7.4) 

 
   

π2
dTI

K cp
pz = .   (7.5) 
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Here, cpI  is the charge pump current and d is the transition density of data. 
Filter impedance of the charge pump circuit of R1, C1 and C2 can be written as 
s-Domain impedance Z(s), 
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Gain of CCO as VCO is defined as (MHz/V) and not in angular frequency. 

Laplace transformed open-loop-gain G(s) can be written, 
 

  ( )






 +

+






 −

==
1

1122
)(

21

00

b
ss

s
b

b
C

KpsK
sZ

s
KK

sG ps

τ
τππ

                 

 
 

      


















+
−+









−






 −

=

τ

τπ
bsss

b
b

b
bKKR ps

11
1

112 2

2

01                (7.7)       

 
 
(7.7) is transformed to z-transformed-open-loop-gain G(z), and K is defined as 

012 KKRK pzπ= , 
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  As seen in (7.8), open loop gain is proportional to certain coefficient. 
Here, this gain coefficient Gc is defined as follows. 
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Later, this coefficient is analyzed. 
 

From (7.8) the closed loop gain H(z) is written as follows. 
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                                                    (7.10)              
                              
  The numerator of (7.10) denote zeros, and the denominator of (7.10) denote 
pole(s) of H(z). 
 
The denominator A(z) can be written as follows. 
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7.3 Simulator of 3rd Order Loop 
  In order to visualize the equations, a simulator was made to calculate (7.8), 
(7.10) and (7.11) in complex number using Hewlett Packard VEE program so 
that the comparison between s-Domain and z-Domain analysis becomes clear.  
 Fig. 7.1 shows the display of the simulator.  In Fig. 7.1, open loop gain in dB 
is shown in (B) and its phase is shown in (E) corresponding )(zG (7.8). Phase 
beyond -180 degree is shown by resetting to +180 degree for just graph display 
purposes.  Therefore, (B) and (E) show the Bode Diagram. 
 

Closed loop gain in dB is shown in (A) and its phase is shown in (D) 
corresponding )(zH  (7.10).  (C) shows the numerator of closed loop of )(zH  
by sweeping z in real axis, whose crossing points of z axis denote zeros.  (C) 
also shows the denominator of closed loop of )(zH , whose crossing point(s) of 
z axis denote pole(s).  Due to the 3rd order equation, there is(are) one or three 
poles. If zeros and pole(s) reside inside of unit circle of z-plane, the system is 
stable, otherwise unstable.  
These can be displayed on the panel of simulator as shown in Fig. 7.1. 
  
  Gain coefficient Gc is a function of τ/T , and it is shown in Fig. 6.1.4 in 
parameter of b.  As seen in Fig. 6.1.4, if b is small, and if τ/T  is small, the 
gain factor Gc becomes abruptly small.  This means that if C2 is large, and if 
bit rate is high, and if large τ  (=R1C1) is used, open loop gain becomes 
abruptly small.  Therefore, in high bit rate application, smaller τ , i.e. smaller 
C1 should be used.  Conversely, in low bit rate area, if small τ  is used, 
stability issue may arise.  Therefore, selection of these values is very important. 
 
 Other criteria is the jitter characteristics.  Closed loop gain characteristics as 
shown in Fig. 7.1 (A) is called jitter characteristic curve or jitter peaking curve. 
 Fig. 7.2 shows the case of small τ  and small b, τ  = 150ns (C1 = 100pF), b 
=21 (C2 = 5pF), Icp = 400uA, d = 0.5, R1 = 1.5K, T = 5ns(200Mbps), K0 = 
150MHz/V.  As seen in Fig. 7.2, peak of closed loop gain is 1.1dB and 
bandwidth is 6MHz.  
  Therefore, if the transceiver systems are connected in tandem, jitter may be 
enlarged.  If C1 is enlarged to 10 times, hence τ  becomes 10 times, jitter 
peaking characteristics become better as shown in Fig. 7.3.  As seen in Fig. 7.3, 
closed loop gain becomes small, 0.1 dB flat, and band width becomes 2MHz.    
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         Fig. 7.1 z-Domain and s-Domain Simulator 
                Icp = 1200uA, d = 0.5, R1 = 1.5K, T = 5ns (200Mbps)  

τ  = 150ns (C1 = 100pF), b =51 (C2 = 2pF) 
K0 = 150MHz/V 
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Fig. 7.2 z-Domain and s-Domain Simulator 

 
τ  = 150ns (C1 = 100pF), b =21 (C2 = 5pF) 
 
Icp = 400uA, d = 0.5, R1 = 1.5K, T = 5ns(200Mbps)  
K0 = 150MHz/V 
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 For example, in the SONET OC-48, jitter peaking shoude be 0.1 dB and 
cutoff frequency should be 2MHz.  In that sense, Fig. 7.3 meets the 
requirements. 
  However, in SPICE simulation, large τ  requires prohibitively long time for 
computation.  If τ  = 1500ns and making full range of simulation about CCO, 
computation time becomes more than 24 hours even by 1.73GHz CPU clock and 
512MB memory Windows PC.  For SPICE Simulation software, B2 Spice 
AD2000 Version 4 by Beige Bug Software Inc. was used.  In recent version, 
the simulation was crushed more than 3us.  In version 4, the simulation can be 
made until 5us in 2 hours about the system of 650 transistors. 
Therefore, the SPICE simulations presented earlier were done at τ  = 150ns, 
until 3 to 6us. 
 
  As seen in Fig. 7.2 and 7.3, z-Domain curve shows a little bit higher jitter and 
wider band width than s-Domain curve, but not so much difference at these τ  
and b condition.  
 

However, in low bit rate area, i.e. large T area, trace of the curve becomes 
different.  Fig. 7.4 shows the case that T is 20ns (50Mbps), Icp is 1200uA, τ  
is 150ns and b is 21.  As seen in Fig. 7.4, open loop gain in z-Domain analysis 
over the 0dB, and closed loop gain is extraordinarily high.  One pole becomes 
less than -1.  Therefore the system is unstable on this condition.   

However, in open loop gain and phase curve of s-Domain, there is a phase 
margin of 50 degree or so.  Therefore by s-Domain analysis, the system is 
stable.  Fig. 7.5 shows the SPICE simulated waveforms under this condition.  
As seen in Fig. 7.5, it is apparent that the system is unstable. 

 
Fig. 7.6 shows that Icp is decreased to 400uA.  The poles reside inside of +/- 

1. Therefore the system is stable.  Fig. 7.7 shows the SPICE simulated wave 
forms under this condition.  It is apparent that the system is stable. 

 
As a conclusion, it was verified that the z-Domain analysis provides more 

powerful tool for stability criteria than conventionally used s-Domain analysis. 
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Fig. 7.3 z-Domain and s-Domain Simulator 

 
τ  = 1500ns (C1 = 1000pF), b =201 (C2 = 5pF) 

 
 Icp = 400uA, d = 0.5, R1 = 1.5K, T = 5ns(200Mbps)  

K0 = 150MHz/V 
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Fig. 7.4 z-Domain and s-Domain Simulator 

 
Icp = 1200uA, 
 
τ  = 150ns (C1 = 100pF), b =21 (C2 = 5pF) 
T = 20ns(50Mbps), d = 0.5, R1 = 1.5K  
K0 = 150MHz/V 
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Fig. 7.5 SPICE Simulated Waveforms, System is unstable 
 

Icp = 1200uA, 
 
τ  = 150ns (C1 = 100pF), b =21 (C2 = 5pF) 
T = 20ns(50Mbps), d = 0.5, R1 = 1.5K  
K0 = 150MHz/V 
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Fig. 7.6 z-Domain and s-Domain Simulator 

 
Icp = 400uA, 
τ  = 150ns (C1 = 100pF), b =21 (C2 = 5pF) 
T = 20ns(50Mbps), d = 0.5, R1 = 1.5K  
K0 = 150MHz/V 

 
 
 
 



 100

0                                      1                        2                                      3
Time (us)

0

1

2

C
ha

rg
e 

Pu
m

p 
O

ut
 (V

)

Vc

Vo

 
 
 

 
 
 
 
 
 

Fig. 7.7 SPICE Simulated Waveforms, System is stable 
 
Icp = 400uA, 
τ  = 150ns (C1 = 100pF), b =21 (C2 = 5pF) 
T = 20ns(50Mbps), d = 0.5, R1 = 1.5K  
K0 = 150MHz/V 
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Chapter 8.  

Fabrication as LSI  

8.1 LSI Design 
  Pattern layout design of CDR for fixed bit rate application with negative feed 
back to data delay as shown in Fig. 5.2 was made in 0.35um CMOS, and its 
fabrication was ordered to ROHM Corporation via VDEC. 
   
  Fig. 8.1 shows the pattern layout.  Digital PFD portion was written in 
Verilog, and the function was verified by Verilog.  Then logic synthesis was 
made by Synopsis, and the automatic placement and interconnection were  
made by Apollo.  Other blocks such as CCDD, CCO, Charge Pump, V-I 
converter, and Current Subtraction Circuit were written manually.  Special care 
was taken to avoid noise and cross coupling.  Each blocks were shielded or 
guarded by power ring or ground metal.   
 
  Fig. 8.2 shows pad layout and the inter-connection between blocks and pads.  

8.2 Evaluation on Fabricated LSI 
  Evaluation was done in making a set in complete shielding in aluminum small 
box, cupper shielding and cupper ribbon interconnection in minimum inductance 
using UHF transceiver technology and practices. 
  Special care was taken in impedance matching on 50 ohm coaxial cable 
measuring system to eliminate the effect of reflection of pulses.  To this end, 
“Fly-By” method and insertion of 3dB pad was applied as a basics of 
measurement.   “Fly-By” method is described as follows.  50 ohm output of 
pattern generator, Agilent Technology (HP) 81110A, is connected to 50ohm 
coaxial cable 2m in length, and the coaxial cable is connected to 50 ohm input of 
Tektronix TDS3034B.  At mid point of coaxial cable, 1m in length, the input of 
the CDR system is connected which is the high impedance of CMOS input pad 
buffer.  However, there is an input capacitance on pad buffer, reflection of the 
pulse was occurred.  To eliminate, or taking some isolation, this impedance 
miss-match, series resistor of 120ohm was inserted.     
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Current Controlled Data Delay                        PFD       Current Subtraction Charge Pump

CCO                   Pseudo Random Data Generator 2^4 – 1        Data Recovery    V – I Converter

 

 
        Fig. 8.1  LSI Pattern layout of Fixed bit Rate CDR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         Fig. 8.2  Pad layout and interconnection 
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3 dB pad is also inserted on output of CCO.  Out put impedance of pad buffer 
of the LSI was measured around 10 ohms.  Therefore, 3 dB pad on 50 ohm 
system was made by resistor network and inserted. 
 

Fig. 8.3 shows the out put waveform of PFD block of the fabricated LSI. 
In Fig. 8.3, Data and Xck are generated by the pattern generator, and Data_dif 
and Charge Pump Out are the output of the PFD.  Delay of Data_dif was varied 
by the control current Id in Fig. 5.2.  As seen in Fig. 8.3, the PFD is 
functioning as desired.  There is no output at missing transition of data, and the 
charge pump output at phase matched state is very small.  Therefore the PFD 
has large figure of merit even in NRZ data as the same as 3-state PFD in 
continuous pulses. 
  Fig. 8.4 and Fig. 8.5 show the waveforms as a PLL loop under 50Mbps 127 −  
pseudo-random data.   These waveforms were taken as fixed delay current Id 
in Fig. 5.1, because there were many noises on current subtraction circuit as 
shown in Fig. 5.1. 
  As seen in Fig. 8.4, the PLL loop was duly locked at 50Mbps, measured value 
of 49.93MHz.  
  Fig. 8.5 shows the worst case of 127 −  pseudo-random data pattern, 
“0111111110000001”.  On this data, 14 bit time of center portion, the PFD 
generates only one output to the charge pump at first rise up of “1”, and other 13 
bit times CCO oscillates in fly wheeling.  In Fig. 8.5, lowest waveform is the 
original clock of pattern generator as a reference.  Therefore, difference from 
this reference pulse means the jitter.  As seen in Fig. 8.5, difference is very 
small during data is high level, however, the difference increases gradually 
during data is low.  As the result of analysis, it became clear that some noise 
pulse was induced on input of V-I converter at falling edge of data, and not on 
out put of PFD.  The Tektronix does not have the function of statistical 
measurement of jitter, but has the FFT function.  So, the result of FFT is also 
shown in Fig. 8.5.  The skirt of FFT is not narrow, that means the jitter is 
somewhat large. 
 
 
 
 
 
 
 
 
 
 



 104

Data

Data_dif

Xck

Charge Pump
Out

Data

Data_dif

Xck

Charge Pump
Out

Data

Data_dif

Xck

Charge Pump
Out

Xck

Lags

Phase

Match

Xck

Leads

Data

50Mbps

2^7 – 1

Pseudo 

Random

Data_dif

CCO – Locked

fcco = 49.93MHz

T = 20.03ns

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 8.3  Output of Phase Frequency Detector on Fabricated LSI, 50Mbps  
 
 
 

 
 

 
 
 

 
 

 
 
 
 

 
 

 
 
 

Fig. 8.4 Locked waveforms at 50Mbps 
Icp = 500uA, R1 = 330ohm, C1 = 0.01uF, C2 = 470pF 
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 Fig. 8.5 Locked Waveforms, Worst Case of 2^7-1 Pseudo random Data 
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As the conclusion of trial product of the LSI; 

1) The proposed 4-State PFD really works on LSI under NRZ data. 
2) As proposed, the PFD has the function of frequency detector and 

large figure of merit.  
3) In order to make the test of operability of blocks, this time trial design 

of the LSI was divided in each blocks and in- and output of each 
blocks were taken out of the LSI.  This causes the many noise, 
especially loop coupling noise.  Therefore, real integration inside of  
LSI should be done.  Long and thin width inter connection to the 
pads as shown in Fig. 8.2 should be improved to short and thick one 
in future design.  

 
 

9. Conclusion 
A new 4-State PFD, which is an augmentation of traditional 3-State PFD, is 

presented and verified that it has the functions, characteristics and features; 1) 
having function of frequency detector on NRZ data, 2) wide frequency capture 
Range, 3) large figure of merit – low output at phase locked state, 4) using only 
3 DFFs, in which Hidden “1” DFF can be usable.  Therefore it inherits the 
features of 3-state PFD such as frequency detector and low jitter characteristics 
even for NRZ data stream.  These have been verified by Verilog- and SPICE 
simulation, FPGA test and finally on fabricated 0.35um CMOS LSI. 

 
The new PFD employs the data delay for extraction of frequency component 

of original clock and missing transition on NRZ data stream.  By controlling 
the delay time of the data delay adaptively, rapid, false-lock-free and robust 
operation on application of fixed bit rate, variable- or multi-different-bit-rate 
NRZ data of transmitters.  For wide bit rate application, the adaptive control of 
the charge pump current has been also verified that it can provide robust 
operation and rapid lock-in.  Applying those schemes, the operation of 40 to 
400Mbps, 1 decade in bit rate, has been verified by SPICE simulation. 

 
z-Domain analysis has also verified that it provides the powerful tools for 

stability evaluation, lock-in- and jitter-peaking- characteristics through its 
software simulator. 
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  As an application specific conclusion, followings will be wrapped up; 
 

1. 4-State PFD 
Time slot control should be always included. 

 
2. Fixed bit rate Application 
 

 Data delay by physical entity, such as coaxial cable or micro-strip 
line, is the best in the point of view of stability, high speed and 
power consumption-less. 

 If semiconductor delay element is used, a negative feedback to 
data delay by current mode (current subtraction) should be 
implemented due to stability, high speed and false- lock- free 
lock-in. 

 
3.  Variable bit rate - Narrow  
 

 Downward frequency capture aid is mandatory. 
 Upward frequency capture aid may be used. 

 
4. Variable bit rate – Wide 
 

 Downward frequency capture aid is mandatory. 
 Charge pump current control is mandatory. 
 Upward frequency capture aid should be used.  
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