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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.



Chapter 1

| ntroduction

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] isan
improvement over the Hogge PD, but only provides phase locking and still lacks
frequency detection. Therefore, a frequency capture aid such as a rotational
dlip 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
pul ses.

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 origina clock frequency component and
datatransitions, 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 a so presented.

The proposed PFD and accompanying PLL design for clock and data recovery
are described in detall 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 LS.



Chapter 2
Conventional PD and PFD

2.1 Summary

This chapter presents the overview of the current technologies of PD and PFD
aswell astheir 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 islinear 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 datatheir selves are generated. Therefore, if
it isrequired that a detector should have the function of frequency detector, and
make frequency capture and lock-in, first of al, the frequency component of
original clock should be extracted. For this purpose, the differentiation of NRZ
datato 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 isa PD known as Hogge PD, which is directly applicable to NRZ data
stream with missing transitions [1] as shown in Fig. 2.1. Asseenin Fig. 2.1,
pulse width of U1 varies with phase difference, whilst D1 is fixed in same width
of local clock Xck as areference pulse. Therefore thisisalinear PD. Fig. 3.2
shows the Verilog simulated waveforms of U1l 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, therippleisvery large.
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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 | +Al, the pulse width of
charging T +AT, discharging current | and discharging pulse width T, at
frequency and
phase locked state, electronic charge is equal between charging and discharging
asshownin (2.1).

(I + AT +AT)=1T (2.1)
Hence,
N (2.2)
| +Al

In Hogge PD, T is half of local clock period and it isvery large. To maintain
low offset AT, low Al is required. This makes the current adjustment very
critical. Therefore, zero-offset compensation isrequired 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 dlip 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. Thereforeit isakind 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
adifferentiator. RZ dataisrequired asaninput 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 UO. Other input
of UOisfed by VCO signal, and 90 degree (=/2) shifted VCO signal isfed to U.
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n/2 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
Ul. 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. 25. Itisa
kind of frequency detector, and functions as afrequency capture aid .

Four DFFs are used in rotational dip detector. Incoming differentiated RZ
dataisfed to al clock input of DFFs, and local VCO clock Xck isfed to DFF1,
and output of DFF1 is connected to D input of DFF3. The differentiation of
incoming datais required for the function of frequency detector.

n/2 phased local clock isfed 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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2.5 Bang-Bang Phase Detector (Binary PD)

In high bit rate application such as Giga bps areg, 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]. Asseenin Fig. 2.7, 4
DFFs are used, DFF1 to DFF3. DFF1, DFF2 and DFF4 are triggered by VCO
clock @, and DFF3 is triggered by inverted ® . 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 isfull digital and
no anal ogous component.

However, the gain curve of thisPD isvery large, and thereis 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. Asseenin Fig. 2.9 (B), even at phased matched state, large
rippleis 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 equa 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.
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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. Asseen in Table 1, most of the system uses the Hogge
or Quadricorrelator. Among those Triwave is a kind of Hogge, and Dual Edge
Trigger isakind of Quadricorrelator.

Table 2.1 Published Papers
Ve | Author Insitution Peper System  |DataDifferentition|  Phase Detector | Frequency Detector | Bt Rate|  Jiter
197609.C.A. Shape ~ |Benix EDN Magazne, Septenber 2, 1976~ (3 - 3Sde 3Sde
19719 A, Afonsoetal - (Universideg Esetacul - |Netional Telecom, Conf. Rec. 1979 {Sip Detector ~ {Ves[RZ) AND, INVANAND  |Rotationdl
197906() A, Bellsio ~~{Bell Lah. IEEE Int, Comm.Rec. vol. 1, une, 1979 |Quaticomelator  {Yes Multplyer DIiff, & Quantize
197912 Cordell et IEEE Jof Solid Sate Or. Dec. 1979 |Quaticonelator  |Yes Glhet(Temaly) ~ |Glbet S
165,11, haharary el | Hughes Aircraft IEEE GaAs1C ymp.Dig, Oct. 1985 (3-teefdLatches) |- 3SatelbLatchs) |3 Sate(bLatchs)
1%2,CRHogge  |RockwellIntemationl  {IEEE.] Lightwave Tech, Dec. 1965 |Hoggess Detector (Diect Hogoe's Detector |-
196L11H. Rengiin AT&T BellLab IEEE Jof Solid SateCr. Oct, 1991~ (Quaticomeltor  |Yes Glbet Glhet 25 (Tdegrms
10SK Evametd ~ |UCLA IFEE Jo Slid Sater. Dec. 1992 (DetaMultply X2 [No DoubleGlogt ~~ (Quadriconeldor {156~ {{3psms
109.21A. Potthecker etal | Ruhv-Universtat Bochu{1EEE.J. of Solic-Sate Cicuit, Dec. 1992 | Quathicormelator | No(DualTrig, DFF) {Bang-Bang Dud Triggerd DFF (8IS~ {L%ps{ms)
10T H Leeetd  |Andog Dexice IEEE Jof Slic-SateCic.Dec. 19 |Triwawe No Tiiwave No[Veio) M {0%deg ms
1993 120M. Soyuer IBM IEEE.Jof Solic-Sate Circ. Dec. 1998 |Dudl Edlge Trigg. No Dual EdgeTrigg.  No(VCO Calbration) (236bIs - {Simal.Tos
1004 121A. Pottheckeretal | Rubv-Universtat Bochum {IEEE Jof Solic-Sae O Dec. 1994 |Quaticoreltor | No Bang-Bang Glhet 6 [Lpsms
1905(B. Rezavi AT&T BallLab §ympo.on VLS Oirc.Dig, 19% Qeaficoreltor ~ (Yes Glbet Glhet 25
19%|L. Davito Anaog Device IEEE Monoithic PLL & Clock Recovery | Triweve No Tiiwave Rotationa 1M [35degms
Q006M. T.Hlletdl |Curtin U Tech, Australi {IEEE Trens, on Ciruits and ystems  (Frequency Sieeed] Yes Hogge's Detector  (Rotationa 155
20009 Y. M. Greshishches | Nortel Neworks IEEE Jof Solc-Sate Oircut, Sept 2000 No Hogge's Detector ~ {No 06 (S
2015, Savoy, B, Razaui {UCLA IEEE Jof olc-Sate Oicuit, May 200 [Haf Rete No DudHoge ~ [No 06 {028uCMOS
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2. 7Market avallable 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. Asseenin Fig.
2.10, the CDR employs phase detector odet and frequency detector Fdet.
There is no explicit description on data sheet about ¢det 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 widthislarge. So, the offset occurs.

To compensate the offset, Zero Compensation circuit is required as seen in Fig.
2.7. Thereforethe pdet is estimated as Triwave. Fdet isalso estimated to be a
dlip detector.

Table 2.2 shows the data sheet of the AD807. As seen in Table 2.2 alarge
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
timeisvery large4 x 10° bittime, i.e. 2.4 msin 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.

Thefinal target of the research work of the author isintending to exceed these
specifications.

13
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Fig. 211 Triwave PD
“A 155-MHz Clock Recovery Delay- and Phase-Locked Loop”

T.H. Lee, J F Bulzacchdli, IEEE J. of Solid-State Circuits, vol. SC-27, pp. 1736-1746, December 1992
Lee was with Analog Devices, Bulzacchelli iswith M.I.T.
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Table 2.2 Specification of AD807
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Inpu Sernvey, Vs P, Figurg 1, AR =% | = |0 2 my
[np Cvesdrive, Vin Figure 1, BER = € [ = 1) 001 a5 ¥
[rpun: (s Vichage Hl ] uV
Lnpid Ciireest 5  [n] s
[rpus: LS Mg RRE =g 1w 3" Hl T
|J|E|l. |'|:|Jll.-ll.'-|'d:i|ll: ] ot BER =% 1= 10" LE1S uV
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SDMOUT Cupur Logic High Load = +4 mA . ¥
STHOUT Dt Logic Loar [cad = -1.7 mA 0.4 v
PHASE-LOCE R LO0P MOMENAL
CENTER FEEQUENCY 155.53 hiHz
CAFTURE RAMEGE | 55 | Ei5 Nz 4—
TRACKING RANGE 155 155 Mz 4_
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ITTER TIH.ERAMNCE {= |0 Hz 3040 Unii Intervak
{= &t iHe |.E L6 Ll lsservak
= &5 Eix A5 1.0 Linii leaervaks
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Cp =083 puF LT dB
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Ly = 033 yF Yy = 5V, ¥y = (GKID X 10 B Periods 4
MOWER SUTTLY VOLTAGE Wz w0 Vi 1.5 5.5 Velis
POWER SUPTLY CURBENT Vo= 50V, Vaum GHD.Ta=25C | 35 443 35 | mA
PECL OUTMUT VOLTAGE LEVELS
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2.8 Conclusion in Conventional PFD or CDR

Conventiona 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 =/2shifted signal of
VCO.

4) Quadricorrelator and dlip detector are both required the differentiator to
convert NRZ datato RZ data.

5) Bang Bang PD, binary PD, iswidely 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;

® Datadifferentiation 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.

16



Chapter 3
New 4-State PFD

3.1 Summary

Torealize alinear PFD having a capability of frequency detector evenin 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 featuresin
continuous pulses. In application on continuous pulses such as freguency
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 isa
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 datatransition. 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
detectorislost.  The reason of failure liesin 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 apair of symbols,
current and 1bit previous timing, to detect atransition. Therefore, aform
of 1-bit memory such as adelay 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) Asawhole, 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, Delayl, Differentiatorl 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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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 ssmulated 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 Swill be explained | ater.

As seen in Fig. 3.4, the PFD consists of 3 delayed flip-flops (DFF), DFFL1,
DFF2 and DFF3, and all data inputs are connected to VVdd, corresponding to the
logical “1" highlevel. 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(tl) after Data
has changed with respect to the previous data symbol. The Delayl is designed
so that t1 islessthan abit period, i.e. t1 = 0.5~0.6Th. Tbisainterval timeof 1
bit of data. Thus, differentiated pulse Data_dif can be attained by XNORL.

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,
alogical 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, a 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 Delayl
and Delay?, i.e. t2 = 0.6~0.7Th.

DFF3 is introduced which stores information corresponding to the 4th
"Missing Data Transition State." DFF3 istriggered 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 isreset during “a’-“c” due
the data transition at “a&’, but does not reset again until the next data transition at
“g”. Hence, on the faling 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. Asaresult, 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 SisP1, m1~m3 and n1~n3 are utilized, then PFD becomes both edge
comparison. Likewise, if the switch Sisin position P3, PFD becomes trailing
only comparison. Fig. 3.2 aso 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 fromthedata. 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. Thisfeature leads to another advantage. Evenif thereis
some difference between charging and discharging currents, output becomes
very small. It is because charging and discharging intervals are very small and
their occurrence isthe sametime. 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 atraditional 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 Tl 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 2"pseudorandom data, strictly speaking 2’ -1 pseudorandom,
at abit clock rate of 20MHz( = 20Mbps).

Table 3.1 summarizes the frequency acquisition characteristics using the delay
time as a parameter. In the table, Th 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 Delayl if (Delayl + Delay2) was maintained at 0.7Tbh. Thisis 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
XNORZ2, the reset of DFF3 Rbar may be connected to the output of XNOR1[9].

25



In this case Delayl should be 0.6Tbh. 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 Delayl = 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 27 -1
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. Asshown in Fig. 3.9ato 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, thereis
theoretically no limitation in capture range so long as the logic works on that
frequency. Thisfeatureisthe same as 3-state PFD in continuous pulses.

Asfor capture range on input data bit rate, the new PFD has certain limitation
due to the delay elements, Delayl and Delay2. However, it was proved that the
variation in input data bit rate of +15% and -20% is alowable 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. Thenew PFD is described herein using conventional 3 DFFs.

However, al datainput of DFFs are connected to logical “1”. So simplified,
hidden “1” DFFs can be applied [10]. Thisis another advantage of this PFD.
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Table 3.1 Frequency Acquisition Characteristics
(Target Frequency = 20MHZz)

Lock-in Direction Low(10MHz) up to Target(20MHz) High(34MHz) down to Target(20MHz)
Data Pattern Delayl Delay2  Max. Densty 2 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 04Tb  0.3Tb OK(14us) OK(100us) OK (14us) OK(150us)
LeadingEdge 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)

Tb (Interval Time of 1bit) = 50ns, OK: Normal Lock(Lock-in Time)
Icharge = 1.5mA, R1 = 470Q, C1 = 470pF, C2 = 0.047uF
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Compare Compare Compare Compare
Table 3.2 Jitter Characteristics(Target Fregency = 20MHz,
2" -1 Pseudorandom Data)
Charge/Discharge Delayl Delay2 Ci1(pF) R1(ohm) C2(uF) Pesk to Peak
Current(mA) Jitter(ps)
Hogge's PD 05 — — 470 470 0.1 460
New PFD(Both Edge Compare) 15 0.5Tb 0.2Tb 470 470 0.047 360
New PFD(Leading Edge Only Compare) 1.5 05Tb  0.2Tb 470 470 0.047 350
Pattern Generator Pattern Generator itself, Maximum Density Data 240
VCO VCO itself, at 20MHz 320
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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

2" -1 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) Largefigure 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 devel oped.
For wide hit 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 |,
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. 4.3a Vdd=3.3V, | =20uA Fig. 4.3bVdd = 3.3V, | = 200uA
fosc = 333MHz fosc = 809MHz

Control Current vs Oscillating Frequency
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Fig. 4.4 Oscillation Frequency vs. Controlled Current
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Another draw back of thiscircuit is the oscillation waveform is the sine wave.
Therefore, to take out the digital signal from this delay element, some kind of
comparator isrequired. Amplitude of the sine wave isvery 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, atapped 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.
Asseenin Fig. 4.4, the linearity isgood in case of Vddis5V. 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
devel oped.

Fig. 4.5 shows the new delay element. In Fig. 4.5, a differential pair MPO1
and MPO2 acts as a switch whose source current |11 is supplied by MPO3.
MPO3, MP04 and MPO6 are current mirrors, and width of the channel of MP0O4
is designed as half of MPO3. Therefore current of MP0O4 12 is designed a half
of current of MPO3 | 1.

If the gate of MPOL1 IN islow level, MPO1 conducts, and current 11 is flowing
into the current mirror MNO1 and MNO2. Therefore, the charge stored on the
gate capacitances of inverter MP0O5 and MNO3 is discharged by the current,

11-12=11/2. (4.1)
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Next, if the gate of MO1 IN is high level, MPO1 becomes cutoff, then current
of MNO2 becomes zero. Therefore, the capacitances of inverter MP05 and
MNO3 are charged up by the current 12,

2 =112 (4.2)

Therefore, capacitances of the gate of inverter MPO5 and MNO3 are charged
down and charged up by the same current 11/2 until ground level or Vdd, full
swing. Thecurrents|l, 12 and Icont arein relation of,

12 =11/2 = 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
shownin Fig. 4.8.

As seen in Fig. 4.7, the waveform of each stage is rectangular, and delayed
effectively. Thelinearity characteristics of frequency vs. control voltage is aso
good as shown in Fig. 4.8. MP03, MP04 and MPO6 are current mirror, and
width of the channel of MP0O4 is designed as half of MP03. Therefore current
of MPO4 12 isdesigned a half of current of MPO3 | 1.
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The pattern layout design as 0.35u CMOS LSl was made as a current
controlled oscillator using the delay elements, and was fabricated asa L Sl.

Comparison among SPICE simulation on circuit schematic level, extracted
net list level of pattern layout and measured result of fabricated LS| 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 L SI to be fabricated.

In comparison between SPICE simulation on schematic level simulation and
real LS, 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, specia precautions should be paid to keep constant current
characteristics under wide varying output voltage in case of low supply voltage
such as 3.3 Voltsor lower. Thiswill 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 asits 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 lengthL. MP1 and MP4 consist the current mirror whose
WI/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 alowed 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. Asseenin 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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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. Asshownin Fig.
4.12, MN32, MP32 is a voltage to current converter, and MN33, MN35 consist
of acurrent mirror. MN34, MP33 and MP34 aso consist of current mirror.

Constant current 10 is connected to diode connected MN33. By designing
adequate channel width, it is easy to make the currents;

Ic2=1c3=a(lcl+10). (4.4)

acan 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.

MP3 |:—, MN32 MP33 MP34
UPbar ' Vo |'_
} H_| :| |: =y
PFD e T o n
c2 |*’_ Ic2 Ved
DN i MP32 | ¥ Icl Ic3
MN3L [ e v
i —_ — —

_‘
c1 |:H| : |H:|
MN34 4 MN35

MN33

= Ic2=Ic3=a(lcl+lo)

Fig. 4.12 Charge pump current control
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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 devel oped.

Thiswill 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 = 0.7th. If t1 is taken less than 0.5TDb, false lock occurs at 2X of local
clock Xck frequency. If t1is set larger than 0.5Th, 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 100Mbpsis 10ns.
In vacuum state, delay time in length of 3m is 10ns. However, the velocity
factor of standard 50Q2 Coax is67%. 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-l converter-1.
Ic is provided to Current Controlled Oscillator (CCO), and the frequency of the
CCOiscontrolled by thelc. Other smoothed output of filter, Vc is provided to
V-1 Converter-Il 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 ssimulated waveformsin 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'sdelay 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 isreset during “a’-“c” due
the data transition at “a’, but does not reset again until the next data transition at
“g”. Hence, on the faling 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 buffersincluded 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. 5.3 aso 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 (Th = 1bit time
interval), the CCO frequency may falsely lock to twice the bit rate (2.0X false
lock). If t1is set at afixed 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
aresistor, 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 datain
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) isthe case t1 = 0.9Tb and fXck =
1.5X; (B) t1 = 0.6Th, fXck = 1.0X, (C) t1 = 0.3Thb, fXck = 0.67X; and (D) t1 =
0.6Th, fXck = 0.67Th. For higher Xck frequency, comparing (A) and (B) in
Fig. 3, if t1l isthelarger, the larger width of down pulse e-g occursin 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 aresult, negative feedback control of CCDD is applied for rapid
frequency capture and false lock prevention. This negative feedback schemeis
realized by a V-l Converter and Current Subtraction circuits shown in Fig. 5.2.

In Fig. 1, MN6, MP5, MN7 and MN8 comprise the V-l converter where MN6
isasource follower, MP5 is aresistor equivalent, and MN7 and MN8 implement
a current mirror. The gate of MNG6 is connected to Vc and sets11. 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 12
and I3 equalsliset. Thus, the current Id should be written as follows.

12=all (5.1)
lset-al1>0, ld=Iset-all+Ib (5.2
Iset-al1<=0,ld=1Ib (5.3)

When Vc is high, the frequency of CCO is also high, I1 islarge, |d 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. |b 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,
V¢, 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 NANDL1 as shown in Fig. 5.2 is driven by the input Data. If the
delay timetl is smaller than 0.67Th, 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 datarate. It isakind 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 arepeated “10101100" data pattern.

The Upper set of waveforms, "Time Sot=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 thisis a 1.625 times fXck false lock. This false lock can
be avoided if Fisdriven 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. Asaresult, 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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With this simple modification, this false lock condition can be avoided. The
time dlot 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 aso clear in Fig. 5.4. In Fig. 5.4, F is longer than data in bl-cl,
b2-c2 and b3-c3. Therefore, pulses wl-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 |eading-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. Asseenin 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
seenin Fig. 5.12, 200Mbps +/- 50Mbpsiis 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 L SI.

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 200M bps pseudorandom data sequence.

Allowable bit rate is aso confirmed to be 200M bps plus minus 50M bps (+/-
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 awide 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 200Mbpsis
presented. Secondly, more wider variable bit rate CDR of 1 decade, 40Mbpsto
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 intwo parts.  Firstly, the 4-state PFD that relies on the CCDD
for data differentiation is described using Verilog smulated 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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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 t1is0.6Th. In case of variable bit rate application, it isvery
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. Evenin 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 haf 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 is0.125Tb, and the delay time of 4 stagesis 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 tl1 =
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 ishigh by AND4. Thus, C3ischarged up during interval time of,

t2  =0.625Th,
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and discharged down during that of,
Th-12=0.375Th.
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 Datais 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
andglinFig. 6.1.3.

Conversely, if the CCO freguency is higher than locked state, Icl and Ic2 are
high and t2 becomes small. Therefore the final voltage Y1 becomes smaller
than E1 as shown al and bl in Fig. 6.1.3. Level of Y1 is detected by
comparator compl. 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 ANDS. If theY1ishigher than E1, R-Sflip-flop (FF) NOR2 and NOR3 is
set to “1” by the Strobe via AND9. Then Y1 isreset to E1 by INV5, ANDG,
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 islow,
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, al, bl and d1 islower than E1
1 volt. Therefore Y2 and Y3 is low. When ENB is high during I-m, Out
becomes high during o-p, the Vo is discharged by MN7 and Iwd. RS-FF is reset
by RST a 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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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 T/t in parameter b. b
and t aredefined as

_ C,+C,
C,
1=RC,. (6.1)

b

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.

AsseeninFig. 6.1.4, if C2isset inlarge value in order to make large filtering
effect, b becomes small. In high bit rate, T is small. Therefore, in small b, if
the T/t issmall, Gc becomes very small. Thus the open loop gain becomes
very small, and the frequency capture becomes very hard. Therefore,
should be set small as possible in trade off with jitter or noise. Conversdly, in
low bit rate area, if © 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, « =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. dis
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, arepetition 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) isshownin 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. Asseenin Fig. 6.1.5 (C), the
systemis stable in T=5ns (200M bps).

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, =
=150ns). Asseenin Fig. 6.1.6 the system is aso stable in T=20ns, 50M bps.

However, Fig. 6.1.7 show the case that charge pump current is increased from
400uA to 600uA comparing with Fig. 6.1.6. Asseenin Fig. 6.1.7 (C), apole,
zero-cross point of denominator, islessthan -1. Therefore the system becomes
unstable. Thismay 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 ssimulation. 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-1 converterl, Current Controlled Oscillator (CCO), V-I
Converterl2, Downward Frequency Capture Aid (DFCA) and Upward
Frequency Capture Aid (UFCA).

V_| Converterl 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 | ater.

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-1 Converterl and V-1 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 sot control to
enable false lock free and stable operation is described. Thirdly, a z-Domain
analysisis 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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6.3.1 Downward and Upward Frequency Capture Aid

InFig. 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 Icl=Ic2 from V-l Converter. CCO consists of 4 stages of
inverted type delay elements. At locked state, the delay time of each delay
element is 0.125Th, 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 PO, 4th
stage P1, 5th stage P2, 6th stage P3 and 10th stage P4. Therefore, the delay
time of PO(t0), P1(t1), P2(t2), P3(t3) and P4(t4) ist0 = 0.25Tb, t1 = 0.5Tb, t2 =
0.625Th, 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 istriggered by P4(WT10) and DFF6 is triggered by inverted P4 by INV6.
Logical OR istaken by OR2 on the signals of inverted Data by INV5 and output
of DFF5 itself, and this signal isfed 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
isfed 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 islarge, leading edge b of WT10, which is the waveform of
P4, comes later than trailing edge a of Data.  Therefore, DFF5 istriggered 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 islow. 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 Datad. So the
output of DFF5 or DFF6 remainsin 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. Thiswill 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, areused. DFF7 istriggered by P3 (WT6), and
DFF8 is triggered by inverted P3 by INV8. Inverted Data by INV7 is fed to
input D of DFF7, and Dataisfed to input D of DFF8.

Asseenin 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 Dataa. Hence, output of DFF7 WUPL becomes high at ¢, 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.
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Charge Pump Output (V)

Fig. 6.2.9 bit Rate change from 400M bps down to 40Mbps
Icp = 600UA, lwd = 600uA
R1 = 15K, C1 = 100pF, C2 = 10pF
Tw = 400ns, Tenb = 60ns
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Fig. 6.2.10 bit Rate change from 40Mbps to 400M bps
Icp = 600UA, lwd = 600uA
R1 = 1.5K, C1 = 100pF, C2 = 10pF
Tw = 400ns, Tenb = 60ns



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
lcp = 600uA, R1 =1.5K, C1 = 100pF and c2 =10pF. Fig. 6.2.9 shows the bit
rate change from 400M bps to 40M bps.

Fig. 6.2.10 showsthe bit rate change from 40M bps to 400M bps.

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 thisregion, thereisacase 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-1 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 400M bps.

Fig. 6.3.12 shows the case of 40Mbps. Asseenin Fig. 6.2.12, ssDomain and
z-Domain curve are different at 40Mbps. Jitter peaking of ss-Domain is 2dB
and z-Domain is 5dB.

As seen in the figures, jitter-peakings are large. Therefore, adequate loop
damping isimportant. Thiswill be discussed next.
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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 iswritten as (6.2).

1% RIC1+1)Kvco

H(s)=—2nCl (6.2)
, lcp Icp
s +— KvcoRl1s + Kvco
21 2nC1

Natural frequency and damping factor are also derived.
o, =, 1% veo (6.3)
2nC1

_ Rl [lcpCl
2 2n

13 Kvco (6.4)

Here, Kvco is defined the gain of VCO as angular frequency, radian/V, and not
the same as KO defined in Chapter 7 as Hz/V.

Kvco = 2nK,,

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 factorg , increase of C1 or increase of R1.

If Clisincreased in value of 4 times, & 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, & 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 alow damping case in which the charge pump current Icp is
1.08mA, R1=1K, C1=400pF, and C2=2pF at 400Mbps. AsseeninFig. 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.

N
(V)

Charge Pump Out (V)

20

Time (us)

Fig. 6.2.13 Low Damping
R1=1K, C1=400pF, C2=2pF,
[1=200uA, 1:3, lam=210uA, lam1=1.08mA, CCDD=Vc

82



Charge Pump Out (V)

Charge Pump Out (V)

Time (us)

Fig. 6.2.14 Damping by increasing C1, 4 times
R1=1K, C1=1600pF, C2=4pF,
[1=200uA, 1:3, lam=210uA, lam1=1.08mA, CCDD=Vc

1l Fig.6.2.15

| Il Damping by increasing R1,

Kl 2times

R1=2K, C1=400pF, C2=2pF,
[1=200uA, 1.3, lam=210uA,
' lam1=1.08mA, CCDD=Vc

Time (us)
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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 timeislarge.

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-1 converter for
CCDD, and Charge Pump Current Control is connected to V¢ 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-l converter at 400MHz is 220uA (= I11), and at 40MHz 6UA. In
Fig. 6.2.16, if 10 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 ss-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.
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Fig. 6.2.17 CDR with Adaptive Charge Pump Current Control, High Damping

R1=2K, C1=400pF, C2=2pF, 11=50uA, 1:4 (Icp=1.08mA at 400M bps)
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Fig. 6.2.18 CDR with Adaptive Charge Pump Current Control, High Damping
R1=2K, C1=400pF, C2=2pF, 11=50uA, 1:4 (Icp=200uA at 40Mbps)
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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:

For rapid lock-in:

smaller R1 and larger C1,

|cp should be small enough to upward
frequency capture,

Charge pump current control may not be
necessary in large (= RC,),

b(= ﬁ) should be larger than 100.
C

2
larger R1 and smaller C1,
Charge pump current control is mandatory,
Caution to stability in large T area,
T
(low bit rate side)

b should be larger than 20.

2) z-Domain analysisis very effective for,

Stability estimation:

low bit rate area,

Jitter peaking estimation: al area of hit rate.
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Chapter 7.
z-Domain Analysis for 3rd Order Loop

7.1 Summary

Usually, behavior of PLL is analyzed by ssDomain. 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 3rd 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.

sand z aredefined asfollows. T isdefined asthe 1 bit interval of data bit.

S=—o+ o (7.2)
z=¢" (7.3)

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

.d
Ko =2 :
ps 275 (7 4)
Kk _todl (7.5)
e 2n
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Here, 1, is the charge pump current and dis 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(9),

1

(m, L) €, _(b-1) s+l 7.6)
Z(s)_(R1+ j _( j (
C R, + + ! b Sc:l(sg+1j

. C,
Gain of CCO as VCO is defined as (MHz/V) and not in angular frequency.
L aplace transformed open-loop-gain G(s) can be written,

B

G(s) =

21K K, 2(s)= 2nKpsK (b—lj st+1
2

G b S (St—l—lj
b

( : Jl

b-1\’|\b-1)r 1 1

:2nR1KpSK0( . j e (7.7)
S+—

T

(7.7) istransformed to z-transformed-open-loop-gain G(z), and K isdefined as
K =2rRK ,K,,

(bJTZ
b-1)’|{b-1)1 z z
G(z):ZanKpZKO( . J - M —

, . 1+ — e
—K E— 1+L1_e_b; L b—l’C J
- b b—1r @] (7.8)
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Asseenin (7.8), open loop gain is proportional to certain coefficient.
Here, this gain coefficient Ge is defined as follows.

b-1\(. b T o
GCZ(T] [“b—_l?‘e J (7.9)

L ater, this coefficient is analyzed.

From (7.8) the closed loop gain H(z) iswritten as follows.

.
b-1(, b T »f 1_(1_bblTje -
K[_) (1+— ‘jz z- =T

b b-11 1L b T bl
L
(z—l)z[z—e b] K(bglj { bi—lg_e ]z z 1+bb_T_Te n
b-1+
(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.

A<z>:zs_[3_K(bT—lj;_(uK(bT—lﬂ(l_ebij]zz
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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. InFig. 7.1, openloop gainin dB
is shown in (B) and its phase is shown in (E) corresponding G(z) (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 H(z) (7.10). (C) shows the numerator of closed loop of H(2)

by sweeping z in real axis, whose crossing points of z axis denote zeros. (C)
also shows the denominator of closed loop of H(z), whose crossing point(s) of
z axis denote pole(s). Due to the 3rdorder 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 ssimulator as shown in Fig. 7.1.

Gain coefficient Gc is a function of T/1, and it is shown in Fig. 6.1.4 in
parameter of b. Asseenin Fig. 6.1.4, if b issmall, and if 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 © (=R1C1) is used, open loop gain becomes
abruptly small. Therefore, in high bit rate application, smaller T, i.e. smaller
C1 should be used. Conversely, in low bit rate area, if smal <t 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
showninFig. 7.1 (A) iscalled jitter characteristic curve or jitter peaking curve.

Fig. 7.2 shows the case of small T and small b, T = 150ns (C1 = 100pF), b
=21 (C2 = 5pF), Icp = 400uA, d = 0.5, R1 = 1.5K, T = 5ns(200Mbps), KO =
150MHz/V. As seen in Fig. 7.2, peak of closed loop gain is 1.1dB and
bandwidth is 6MHz.

Therefore, if the transcelver systems are connected in tandem, jitter may be
enlarged. If C1 is enlarged to 10 times, hence T becomes 10 times, jitter
peaking characteristics become better as shownin Fig. 7.3. AsseeninFig. 7.3,
closed loop gain becomes small, 0.1 dB flat, and band width becomes 2MHz.

92



: ranp [BHg ] (Fuinde, Sirt, Sl Teludd|  Bemine| B0 [LEC RS C 1 Ll
— . I il il -Dofain Asakeis, Ird Onder

Glomed Leown Gain S|

z-Domain ‘

s-Domain 7

z-Domain TR

s-Domain

(e Laow Pass |Bagrss |

s-Domain s-Domain

|
Unit Circle

z-Plane

(D) (E) F)

Fig. 7.1 z-Domain and s-Domain Simulator
Icp = 1200uA, d = 0.5, R1 = 1.5K, T = 5ns (200M bps)
1 =150ns (C1 = 100pF), b =51 (C2 = 2pF)
KO = 150MHz/V

B

93



rasp(iEz] (Pairts, Start, Stopd  [pluldd [ ity BiE
Faap [0S, 0.7, HOTD 10 )i [ (B3 18]

ez Leow Gain (dE]

| s-Domain | || ||

1| |
i | sl K.l | i1
Aot Sale Frespuicy (0Hz] leg ot Soale| | Froquensy (IHZ) lig

Zera & Pale for Cleaed Loaplz-Dosain wen Loop Plasa (Deres

s-Domain

LR
I -'l"'!
P HH

z-Domain

Fig. 7.2 z-Domain and s-Domain Simulator
1 =150ns (C1 = 100pF), b =21 (C2 = 5pF)

Icp = 400uA, d = 0.5, R1 = 1.5K, T = 5ns(200Mbps)
KO = 150MHz/V

94



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 T requires prohibitively long time for
computation. If T = 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 ssmulation can be
made until 5usin 2 hours about the system of 650 transistors.

Therefore, the SPICE simulations presented earlier were done at T = 150ns,
until 3 to 6us.

Asseenin Fig. 7.2 and 7.3, z-Domain curve shows alittle bit higher jitter and
wider band width than s-Domain curve, but not so much difference at these T
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, T
iIs150nsand bis21. AsseeninFig. 7.4, open loop gain in z-Domain analysis
over the 0dB, and closed loop gain is extraordinarily high. One pole becomes
lessthan-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 anaysis, the system is
stable. Fig. 7.5 shows the SPICE simulated waveforms under this condition.
Asseenin Fig. 7.5, it is apparent that the system is unstable.

Fig. 7.6 shows that Icp is decreased to 400uA. The polesreside inside of +/-
1. Therefore the system is stable. Fig. 7.7 shows the SPICE ssimulated wave
forms under this condition. It isapparent that the system is stable.

As a conclusion, it was verified that the z-Domain analysis provides more
powerful tool for stability criteriathan conventionally used s-Domain analysis.
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Chapter 8.
Fabrication as LS|

8.1 LS| 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 viaVDEC.

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. Specia 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 LS

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.

Specia 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 500hm
coaxial cable 2m in length, and the coaxial cable is connected to 50 ohm input of
Tektronix TDS3034B. At mid point of coaxia 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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3 dB pad is aso inserted on output of CCO. Out put impedance of pad buffer
of the LSl 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. 52. As seen in Fig. 8.3, the PFD is
functioning asdesired. 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 pul ses.

Fig. 8.4 and Fig. 8.5 show the waveforms as a PLL |oop under 50Mbps 2" -1
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
shownin Fig. 5.1.

Asseenin Fig. 8.4, the PLL loop was duly locked at 50Mbps, measured value
of 49.93MHz.

Fig. 85 shows the worst case of 2"-1 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-l converter at faling 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 aso
shown in Fig. 85. The skirt of FFT is not narrow, that means the jitter is
somewhat large.
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Asthe conclusion of trial product of the LSI;

1) The proposed 4-State PFD really works on LS| 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, thistimetrial design
of the LSl was divided in each blocks and in- and output of each
blocks were taken out of the LSlI. This causes the many noise,
especially loop coupling noise. Therefore, real integration inside of
LSl 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.

0. 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 LS.

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 aways included.

2. Fixed bit rate Application

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

® |f 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. Variablebit 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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