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Abstract—This paper presents an approach to analyzing
and modeling of gated-oscillator (GO) —based CDRs and
predicting their performance aspects such as jitter
tolerance (JTOL) and frequency tolerance (FTOL). It is
shown that high JTOL of this topology in addition to
their acceptable FTOL and flexible topology, have made
them very suitable for short-haul multi-rate
applications.

I. INTRODUCTION

Gated-oscillator (GO) based clock and data recovery
(CDR) circuits have been used widely in burst-mode
applications mainly due to their fast locking time [1]. In
addition to their fast locking time, GO CDRs benefit from a
simple and flexible topology as well as a high jitter
tolerance. These properties have made this topology very
suitable for multi-channel, multi-rate CDRs for short-haul
applications [2], [3].

In this article, after a brief review on GO CDR topology
and its capability in implementing multi-rate data recovery
systems, the main performance aspects of this topology such
as jitter tolerance (JTOL) and frequency tolerance (FTOL)
will be studied.

II. GOCDR

A.  Topology

Figure 1 shows the topology of a GO CDR [1]. In this
topology, by each transition on the received data a retiming
signal (EDET) will be produced which forces the oscillator
to restart its oscillation based on the timing determined by
this signal. Therefore, as predicted in the timing diagram
(Figure 1) synchronization of clock and data will take place
at the first data transition. This topology also shows a
wideband jitter transfer characteristic and any jitter on the
received data will be transferred to the output without
attenuation.

0-7803-9390-2/06/$20.00 ©2006 IEEE

2109

@Ecole Polytechnique Fédérale de Lausanne, EPFL
Microelectronic Systems Laboratory (LSM)

CH-1015 Lausanne, Switzerland
[paul .muller, yusuf.leblebici]e@epfl.ch

Edge Dumimy
Detector - Gates
55 Sampler
-
e T
EDET — . —
P-:DT— Choon
GCCO
Timing O X
EDET \ *n.,/
kN YT /
Mot aligned Ai gned c!ock
clock ard and dota
dota

Figure 1. GO CDR topology and its operation timing diagram

As long as the pulse-width of EDET is wider than 7, /2
(T, is the oscillation period), it can be ensured that this

signal will propagate through the GO and retiming will take
place effectively.

B.  Multi-Rate Data Recovery

The simple and flexible topology of GO CDRs has made
them very suitable for implementing multi-rate data recovery
systems. As predicted in Figure 1, in conventional GO CDRs
the retiming signal is applied to the first delay stage of the
GO in cach data transition. Therefore, the GO with
oscillation period of 7, ~ will be synchronized to a data

stream with time 1nterval Twu=T

osc *

. In this case, any small
difference between GO oscillation frequency ( f =1/7,
and data rate (R =1/7,,, ) results in incorrect sampling and
hence increases the BER (bit error rate).
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Figure 2. (a) Multi-rate GO based clock recovery topology, (b)

R/fo:[,‘ = 1 + 1/3, (C) R/»f‘OSC :1_1/3

Figure 2a shows the modified GO topology in which the
received data could be recovered correctly as while as:

R fose =1%k/n (0

in which » is the number of delay stages in GO (here n =3),
and kis an integer number (0: k<n). In this topology,
EDET signal could be applied to each delay stage in GO.
Therefore, as long as (1) is satisfied, EDET can be applied in
a predefined sequence to delay stages to keep the received
data and clock synchronized. Figures 2b and 2¢ show two
examples in whichgr/f =1+1/3, and R/f =1-1/3,
respectively. In the first example, EDET signal will be
applied to the delay cells by the sequence of Sy, Sc, and Sg,
while for the next one the sequence has been changed to Sa,
Sg, and Sc. By this approach, the time interval for applying
the EDET to the GO could be adjusted by the step of 7, /n.

III.  JITTER TOLERANCE

Jitter tolerance (JTOL) is one of the most important test
parameters for serial link transceivers especially in short-
haul applications. This parameter is a measure of capability
of a CDR in tolerating the input jitter. JTOL is usually tested
by adding a sinusoidal jitter (SJ) at given frequency range to
the data stream, which already includes channel jitter [4].
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Figure 3. Sampling in presence of sinusoidal jitter (SJ) on data

The maximum jitter amplitude, which is a function of
jitter frequency, at which the CDR still operates at a given
BER (usually, BER <107'*), is called jitter tolerance.

Simulation or analysis of JTOL for a non-linear system
like GO CDR is a complicated task. In this section, some
techniques for analysis and modeling this parameter in GO
CDRs will be presented.

A.  Pure Sinusoidal Input Jitter

In presence of input sinusoidal jitter on received data, the
data rate will be changed as:

at) = @, + Aw-cos wt 2)

in which ¢ (r) indicates the instantancous data frequency,
o, is the frequency of sinusoidal jitter, ¢, is the nominal

data frequency (@, = 2z R). and

Ao=7r-Ul,, o, €)
here, ur,, is the peak to peak jitter amplitude [5].
Accordingly, the period of input data will be:

7w = 27t/t) (Figure 3). Therefore, it is possible to

calculate the JTOL based on variations in data period. In
presence of sinusoidal jitter, the period of data will change
as:

T = 27/ (@, + Aw) “

Therefore, to have a correct sampling (ignoring other
types of jitter) the data edge must be within the time interval

of:7,/2<T,., <37T,/2- Hence, concerning )
Aw/®, <minfl/3,1}, or:
Ul,, =a,/(3ma ). ®)

Ignoring the channel jitter, this expression indicates a
very good approximation for JTOL in GO topology.
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Figure 4. Modeled JTOL in presence of DJ and RJ on received data. Here,
RJ=0.015UIrms (normal distribution) and DJ=0.18UIpp (uniform
distribution) [4]

It is also possible to use the jitter transfer (JTRAN)
function of a CDR to calculate approximately the JTOL.
Based on this approach, to avoid incorrect sampling [6],

| @ = 8, 1< 0.51 9, | (©6)

or approximately:
JTOL(s)< 0.5/[1- JTRAN(s)] (N

In a GO CDR, the JTRAN can be approximated by a
delayof 7, /2=7, /2,0t

JTRAN (s) ~ e /2 6]

where T, =27/ w, is the nominal data period. Therefore,
| JTOL(j@,) |=0.5/|1— ¢ " |= 0.125/sin(@,T, /4) )

This expression is acceptable just for small values or
frequencies of jitter where the JTRAN can be approximated

by (8).

The calculated JTOL based on (5) and (9) has been
compared to the JTOL mask in Fig. 4. Due to the high
bandwidth of a GO CDR, this topology shows a very good
JTOL performance beyond the minimum requirements.

B. Including the Channel Jitter

To have a more practical estimation of JTOL, channel
jitter must be included in calculations. Channel jitter
generally includes both random (RJ) and deterministic jitter
(DJ) with Gaussian and uniform distribution, respectively.
In this condition,

Ty/f2 too
BER = max{ de(r) -dr, de(r) -dr}

37,/2

(10)

in which p,()indicates the probability of data transition.

Since analytic evaluation of this expression is difficult,
MATLAB simulations have been performed to evaluate the
BER.

Figure 4 shows the result of MATLAB simulations. As
can be seen, although the JTOL has decreased compared to
(5) or (9), it is still well beyond the standard requirements.

IV. FREQUENCY TOLERANCE

A.  Frequency Tolerance Estimation

Unlike in conventional PLL-based CDRs, a frequency
difference can exist between the GO CDR and the incoming
data strecam. In practical applications, the data rate is
specified within T 100ppm accuracy. The frequency
tolerance (FTOL), defined as the maximum frequency
difference at which the BER remains lower than a specified
value (usually, BER <107'%). Ideally, when there is no jitter
on data or clock, the frequency error must be smaller than

Su=Sol< fof2n (10)

where fi=a/2r is the nominal data frequency, Lo =T,

is oscillator frequency (sampling clock), and » indicates the
number of consecutive identical digits (CID). Using 8B10B
coding: »: 5, and hence based on (10): FTOL~10%.
However, in practice FTOL is less than this value mainly
because of jitter on sampling clock or input data (Figure 5).
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Figure 5. Sampling in presence of jitter on data and clock and also
frequency error (here, n=5)
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Figure 6. FTOL in presence of jitter on clock and data. Here,
RJ=0.015Uly,s and DJ=0.35UI,.
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