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ABSTRACT ber of signal leels is increased because this method can\azhie

. . . . clock recoery by monitoring a single Vel.
This paper introduces a simple and hakveficient clock

recosery method for high speed serial links and compares its per-2. TIMING RECOVERY FROM MULTILEVEL SIGNALS
formance with coventional techniques. Cuentional methods Timing recoery using linear or bang-bang PD is basically

are conceptually compteand dificult to realize since therely accomplished by using data transitions to update the phase of the
on data transitions to reeer the clock by weersampling the  sampling receier clocks. When considering muliie signals,
receved signal. In contrast, thewienethod monitors one or more oy symmetric zero crossings (i.e. transitions to the same magni-
signal levels and aligns the clock sampling phase with the maxi- y,de |wel but opposite polarity) are to be considered, as illus-
mum \ertical data ge opening by using the minimum mean rated in Fig. 1. Corentional methods require on-chip coding to

squared error algorithm. Bes.ides being easily implementable in yuarantee a high enough symmetric zero crossing density for reli-
standard CMOS technologghis nev method requires only baud  apje clock receery [3].

rate sampling and is independent of the data transition density
Behavioral simulations predict superior performance of this
method compared to a ocgmntional bang bang phase detector

15— — — — 1 e

based architecture. N i

1. INTRODUCTION 'g 05~ —|1— — — 7 7 - =

The eplosion in the number of Internet users has led to an - A

enormous amount of data being handled by the Internet backbone. E-0.5" — |~ — 1 -
The resulting demand in netvk data bandwidth has madited (%7 L /
the deelopment of high speed serial links. Applications for serial -1.5 — i - = -
links include transferringaice, data and high resolution graphics ~ Iransitionlqyy, Sym Asym Asym

via coaxial cable, netwk backplanes and optical fibres at data Types

rates from 622 Mb/s to 10Gb/s with a near futurgetof 40Gb/s
[1]. However, finite transmission channel bandwidth, CMOS cir- Fig. 1. Symmetric and asymmetric zero crossingsin a

cuit speed limitations and stringent jitter requirements on the multilevel signal.
clock sources are the main challenges of increasing the data rate.
One solution is to use multilel pulse amplitude modulation Instead of monitoring zero crossings, SSMMSE timingveco

(PAM) signaling which encodes multiple bits per symbol and ery monitors one or more signaléds and adjusts the clock phase
requires less bandwidth than eentional non-return to zero such that the error between the sampkdes of data and the cor-
(NRZ) signaling for the same data rate.wéoger, clock and data  responding signal \&l is minimized.

recovery (CDR) of multileel PAM signals is complicated by the

existence of asymmetric transitions which result in zero crossings2-1 Linear Phase Detector based CDR

that are misplaced from the midpoint betweeon wonsecutie Linear phase detectors produce pulses that are proportional to
symbols. These transitions must be ignored by the phase detectdhe phase error between the transition edge of the transmitted data
(PD) in the CDR. Moreeer, as the number ofvels in the RM and the sampling clock. The width or the amplitude of the PD

signal is increased to \&a bandwidth wer cowventional NRZ pulses arearied linearly in accordance to the phase error

transmission, the CDR circuit increases in comipfeand paver For multilevel FAM timing recovery, extra circuitry is

consumption. required to allev the PD output to be processed only during sym-
This paper describes aved multilevel PAM timing recovery metric zero crossings. This is acked by sampling the data both

technique that neither requires monitoring of the data transitionsat the transition edge and at the center of the detgd3}. The

nor oversampling of the reoetd waveform. It basically uses a  former samples are used to calculate the phase error whereas the
Bang-Bang PD to generate early/late pulses based on minimunfatter samples are digitized and are used to detect symmetric zero
mean squared error (MMSE) criteria [2]. Called Sign-Sign crossings in a transition detect@nce a symmetric zero crossing
MMSE (SSMMSE), this method is simple both conceptually and is detected by the transition detecttite corresponding phase

in terms of hardare implementation. Also, it requires only baud error is utilized to correct the sampling phase. Fig. 2 illustrates
rate sampling of the reasid waveform thus eliminating the need  this PD for a full rate clock.

for quadrature clocks in a half rate system. There is almost no  The adantage of this technique is theMditter of the rece-
penalty in circuit compbdty and paver consumption as the num-  ered clock. Hwever, this method is less rabt since the PD is



basically analog. Also, to reduce the on-chip frequenequire- 2.3 SSMMSE Phase Detector based CDR
ment, it is alvays desirable to rewer a half or laver rate clock. In this method, the follwing two quantities are required:
For oversampling at twice the baud rate using a halfwefaate 1) The slope of the reaeid signal at the sampling instant.

clock, the VCO must be capable of generating precisely matched  2) The error between the sampledue and a particular signal
multiple clock phases. This leads to a complicated VCO structurejgyel.

and higher paer consumption. These tw quantities are used to correct the VCO sampling

S I > i j[———b'[.)ata phase (i. e. rising edge of the full rate clock) such that the mean
4-PAM > &?_?S%e > ADE [ | Transition squared error [2] is minimized. As a result the VCO positions the
signal Detector sampling phase at the maximum date epening. The technique

TCLK is best understood by referring to thye @iagram of Fig. 4.
.| Sample
& Hold
PD
T_ Error_ output
CLK Amplifier

Fig. 2. Multilevel PAM timing r ecovery using linear phase
detector[3] with a full rate clock.

2.2 Bang-Bang Phase Detector based CDR

The bang-bang (or Alander) phase detector generates a
binary output that indicates whether the clock leads or lags the
data. The data is sampled during rising aaltiny edges of the n
full rate clock and the PD generates early/late pulses by compar- 1
ing three consecwie data samples (denoted by ‘a’,'b’,'c’).During . . .
a data transition (i.e. a & ¢ are unequal), if the data samples durF19- 4. E¥e diagram for 4-PAM signal.
ing consecutie rising and dlling edges of the clock e the
same logic leel (i.e. a & b are equal), then the clock is early oth-
erwise the clock is late:

a = b#c - EarlyPulse
azb = c - LatePulse

Let A be the sampled data due to a clock sampling phage of t
The sampling phase being incorrect, the sampled daiatele
from the desired signal\el (which is +0.5 in this case) thus pro-
ducing a finite posiie error Therefore, to decrease the mean

he VCO f hat th -
These early and late pulses can be used ie drichage squared erroithe VCO frequencmust decrease so that the sam

When the | is in lock. alt t | d lat | éaled data point is C instead of A. Point Cfeli§ from point A in
pump. en the Joop Is Inlock, afternate early and ale pulses argams of slope and errdrhus a knwledge of these tavquantities
applied to the chge pump.

. L . . can be utilized to delay the clock sampling phaseaii\gf the
. _F_or multilevel BA_M tlmln_g. recovery, a,b,_c signals only in the sampling phase iszt(i.e. point B) the VCO frequegcmust
vicinity of symmetric transitions are applied to the PD logic to

generate early/late pulses. A possible implementation isrsho increase to adince the clock phase tp The decision to adnce
) r delay th mpling ph n n the signs of the error
Fig. 3 for a full rate clock. This method is more usbthan the or delay the sampling phase can be based on the signs of the erro

. . ) . . . and the slope at the sampling point aswshin Table 1. Here a
linear method since the PD is basically digital.wéeer, this - ; .

. Lo t I denoted by 1 and gat I b
method sukrs from higher jitter in the rewered clock. Also, for positive error/slope is denoted by 1 and gatwe error/slope by

half or laver rate clocks this method requires the VCO to produce :

) TABLE 1. SSMMSE PD Truth Table
multiple clock phases.

Dat Sampling point Error §Iope Sampling
—) .
4PAM —»> PJala (Fig. 4) @) s) Phase
signal | Sample 2 bit Transition -
& Hold Detector A 1 0 Early
ADC B 1 1 Lat
a— 2 ate
[ x
ab.c 0:>D_b’ PD D 0 0 Late
CLK "| generato c—»EI_C’ logic E 0 1 Early
'i X I_.
sample| 7§ Consequentlyearly/late pulses can be generated using XOR/
2 Hold »| 2 bi quentlyearly/late pulses can be generated using
ADC XNOR gates:
Tm EarlyLate Early = eOs
Late = es
Fig. 3. Multilevel PAM timing r ecovery using Alexander The error with respect to a particular signaklecan be gen-
phase detector with a full rate clock. erated by a comparatdk level detector ensures that data samples

only in between referencevies Vies; & V efp are used to gener-



ate the PD logic. The additional haraw required to generate the
slope is minimal since this is usually readilaable elsehere.
For example, an intgrate and dump circuit, which is commonly
used to perform filtering in maurecevers [4] has the follwing
input-output relationship at grinstant T :

kT e t)dt
+1) =
v R I(k—l)T+TU( )

where u and y are the input and output signals respbctihus
the dervative of the output can bejressed as,

V(KT +1)= u(kT +1)-u((k=2)T + 1)

the constant parameter instead of the settling time to realize simi-
lar loop dynamics for the three CDRs.Wer, determination of
the loop bandwidth of nonlinear PD based CDRs is complicated
since the PD ajn is not well defined. Agjn since the loop band-
width and settling time are vaersely related, constant settling
time would imply fixed loop bandwidth for all practical purposes.
Table 2 shas that for the same chugr pump gin, two differ-
ent sampling clock phases are produced for the SSMMSE CDR
when monitoring a maximum/minimumvig (+1.5/-1.5) and a
mid-level (+0.5/-0.5). The diérence can bexplained by refer-
ring to Fig. 6 where the mean squared error is plottathagsam-

The sign of the slope can be obtained by comparing the cur-Pling phase for tw different levels.

rent \alue of the input with a sample of u delayed by one symbol

period, T Fig. 5 shws the complete block diagram of SSMMSE
timing recavery when monitoring +0.5 Vel. When monitoring
more than one ie&l, the PD outputs of the inddual levels must
be combined by an ORate.

4-PAM Data
Signal |Integrate| |samplel [ 5 it Leve
& Dump [
P18 HAdT] ADc Detector Late
[ ClLK
|_{Sample
& Hold s
T +0.5
CLK ) Early

Fig. 5. Multilevel PAM timing recovery using SSMM SE PD
with afull rate clock (+0.5 level isbeing monitored).

As mentioned before, the otherawnethods if implemented
with a half or laver rate clock, wuld require a complicated VCO
that generates perfectly matched multiple clock phases. Bu
SSMMSE is a simpler alternag for high speed serial links since
it always requires half the number of clock phases as that require
by the other tw methods. &r example, to retime the data with a
quarter rate clock, the other dwmethods wuld require eight
clock phases separated in phase &/b#6 the SSMMSE method
requires only four clock phases separated in phase byHe@/-
ever, its jitter performance is inferior to that of linear PD based
CDRs.

3. SSMULATION RESULTS

The behwioral simulation based performance of lindzang-
bang and SSMMSE PD based CDRs in vecimg the clock of a
4Gsymbols/s 4/M signal is presented in this section. The serial

TABLE 2. Comparison of SSMM SE PD based
CDR performance (single level)

Monitored C':hage Settling | Average RMS | Peak g
Level(s) Pump | Time | phase| Jitter | Peak
Gain in lock Jitter
\ HA/rad| psec rad ps ps
+0.50r-0.5 1.6 0.41 1.13 3.2 12.48
+1.5 0rl.5 1.6 0.33 1.35 1.8 7.6

02 04 06 08 10 12 14 16 18
Phase (Rad)

Fig. 6. Mean squared error vs. sampling phase for the
SSMMSE CDR for +1.5& 0.5 levels.

t The minimum mean squared error (MMSE) occurs at 1.1rad

é:md 1.35 rad for +0.5 Vel and +1.5 leel respectiely, as pre-
dicted in the transient simulationgfile 2). Although the mini-
mum error is lager for the +1.5 beel, the jitter is laver. This is
because SSMMSE is not concerned with the magnitude of the
mean squared error: it only uses the MMSE algorithm to detect
whether early/late pulses should be applied to thegehgump.

The width or amplitude of the early/late pulses remain unchanged
irrespectve of the MSE. The dip of the cww in Fig. 6 near the
MMSE indicate the jitterA sharper dip (as obsed for the +1.5
level monitoring) implies less ariation around the sampling
phase corresponding to the MMSE, thus producing less Jitter
acquisition of phase for the taCDRs is shwn in Fig.7.

link was realized by a coaxial cable model that introduced addi-

tive white quussian noise at an SNR of 20dB ara$Wwased on the
transmission line model in [5]. The VCO(KVCO = 0.4 GHz/V),
loop filter (R1=10 I, C1 = 10 pFC2 =1 pF ) and chge pump
models were dered from [6]. All components of the CDRs being
ideal, behwioral simulations predict only pattern dependent jitter
The VCO and loop filter components were identical for all three
CDRs hut the chage pump gin was \aried to ensure approxi-
mately the same settling time (since the Rihgs diferent for

the three CDRs). The loop bandwidth coul#éneen chosen as

§ 14 1.5 level

2 1.0 ]

S 04 0.5 level |

% o2 1
0 01020304 050607 08 09 1.0

Time (micro sec.)

Fig. 7. Phase acquisition for SSMM SE CDR (single level).



When monitoring more than onevéd simultaneouslyseveral
different combinations carxist. Table 3 shas the diferent com-

binations along with simulation resultso €nsure the same set- g
tling time, the chaye pump gin is scaled by N when monitoring (%)
N simultaneous keels. Best performance is obtained when moni- =
toring max. and min. signal Vels simultaneosulyThe perfor- EE.r

mance dgrades as the number of midds in the combination e ——

increases. ) — : 9
TABLE 3. Comparison of SSMM SE PD based CDR 5 B 1
performance (morethan one level) 5

Monitored Chage| Settling|Averagg RMS | Peak 5 g I
Levels Pump| Time | phase| Jitter | tO 2
Gain (in lock) Peak 2 | I I I I 1
Jitter < 0 . |
\Y uA/ psec rad ps ps % 1 1
rad =
Two mid-levels 0.8 0.41 1.13 2.8 | 10.53 % | I I \ ]
Max. & min. levels | 0.8 0.36 1.36 1.2 53 @ 00 50 100 150 200 250 300 350 400 450 500
Max./min level and| 0.8 0.39 1.27 | 1.82 | 7ps Time (ps)
mid level Fig. 9. Eye diagrams for 4-PAM data and corresponding full
Two mid-levels and| 0.53 0.42 1.23 1.9 7.4 rate clocks recovered by Linear, Alexander and
max/min level SSMM SE PD based CDRs.
Max. & min. levels | 0.53 | 0.39 131 | 1.24 5
and one mid-ieel 4. CONCLUSIONS
Four levels 0.4 0.4 1.28 1.5 6 Different CDR techniques for multilel signals were pre-
sented. Simulation results predict that the linear PD based CDR

Table 4 summarizes simulation results for lingkaxander
and SSMMSE PD based CDRs. The linear andkaider PD
based CDRs align the clock rising edge with the mid-point of the
horizontal dataye opening while the SSMMSE PD aligns it with
the maximum ertical data e opening (Fig. 8). Since theseotw
points are not the same in the 4Gsymbol/sA¥4iRlata signal
shawvn in Fig. 9, the SSMMSE clock rising edge is not aligned
with the other tw clock rising edges (Fig. 9). This also accounts
for the diference in gerage phase in lock éble 4).
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