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2.5Gb/s 0. 18um CMOS Clock and Data Recovery Circuit
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Abstract: A 2.5Gb/s clock and data recovery (CDR) circuit is designed and realized in TSMC’s standard 0. 18;m
CMOS process. The clock recovery is based on a PLL. For phase noise optimization,a dynamic phase and frequen-
cy detector (PFD) is used in the PLL. The rms jitter of the recovered 2. 5GHz clock is 2. 4ps and the SSB phase
noise is — 111dBc¢/Hz at 10kHz offset. The rms jitter of the recovered 2. 5Gb/s data is 3. 3ps. The power consump-

tion is 120mW.
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1 Introduction

In optic-fiber communication systems, re-
ceived data are retimed by means of a clock and
data recovery (CDR) circuit. Conventionally,
CDR ICs are mostly realized in Si-bipolar technol-
ogy
square (rms) jitter but occupy a large area. Nowa-

. These circuits have a small root mean

days, considerable design efforts have been fo-
cused on low-cost and highly integrated CDR cir-

3~5]

cuits in CMOS technologies ™. Despite the small
area,those CMOS CDR ICs usually have large rms
jitteris"d
Ref.[5],but the preprocessing circuit and the in-
jection-synchronized VCO used in the CDR occu-
pied a larger area.

A 2.5Gb/s CDR IC is designed and realized
in TSMC’s standard 0. 18, m CMOS process. To a-
chieve a better jitter performance with a smaller

. A small rms jitter was achieved in

die size,a dynamic PFD is analyzed and designed.
With this PFD,the CDR IC shows an rms jitter of
only 2. 4ps,and the chip area is only 0. 59mm”®.

2 Circuit techniques

As shown in Fig. 1, the clock recovery (CR)
circuit is based on a phase locked loop (PLL) that
is composed of an I/Q VCO,a PFD, and a loop
filter. It does not need any edge-detection circuit
to pre-process the NRZ data. In the VCO, 0" in-
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phase (I) and 90° quadrature-phase (Q) clocks are
generated. The VCO and the PFD are fully differ-
ential to reduce the effects of common-mode
noise,the magnitude of current spikes injected to
the power supply and substrate,and ultimately the
clock jitter generation. The data recovery circuit
is implemented with a D-flip-flop.
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Fig.1 Block diagram of the CDR
2.1 Dynamic PFD

2.1.1

To provide a signal that represents the phase
error, a phase detector (PD) is needed in the
PLL. A linear phase detector exhibits low jitter
performance in the lock condition, but suffers

Dynamic bang-bang PD

from nonlinearity for non-uniform data patterns
and requires a preprocessor, which occupies a lar-
ger area”’.

A digital bang-bang PD is less sensitive to da-

(©2007 Chinese Institute of Electronics



-

538 B

ta patterns and can be fully integrated in a CMOS
process. The main problem of a bang-bang PD is
the generation of a high ripple over the control
line of the VCO" . It is mainly caused by the
characteristic of the PD,as shown in Fig.2. There
is also a linear region in the bang-bang PD’s char-
acteristic"® , but it is so limited that even in the
locked condition,the phase difference of the VCO
clock and the input data would be too large to be
located in the linear region. If the linear region
could be made larger, the jitter performance
would be improved to a certain extent.

pd

Bang-bang PD

A‘lr PD
/ -— q)c
14 Linear region

Fig. 2 Characteristics of the bang-bang PD and the
linear PD

Based on the above concern,a dynamic PD is
designed for better jitter performance. As shown
in Fig.3 (a),the PD is composed of two latches
and a multiplexer. The operation of the PD is
based on the operation of the two latches so that
the characteristic of a single latch would be ana-
lyzed first.

A latch is composed of a sample unit and a
regeneration unit. The sample unit operates as a
preamplifier,and the regeneration unit has a re-
generation time constant of ., * . As shown in
Fig.3 (a),sl is the sample unit of the left latch,
and rl is the regeneration unit. Both of the units
are composed of a pair of transistors. Traditional-
ly,the latch can be classified as either static or dy-
namic,according to the size ratio of the regenera-
tion unit to the sample unit. Assuming that the
gate widths of the transistors in the sample unit
the W sample
W regeneration s T€SPectively,and assuming that the gate

and regeneration unit are and
length of all the transistors in the latch are the
same,then the size ratio is denoted as W generation/
W ampte - The latch is dynamic when this ratio is less
than 1. The smaller this ratio is,the larger the re-
generation time constant r,., becomes.

The characteristics of the PD, which is com-

posed of a single latch,were analyzed theoretical-
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Fig.3 (a) Circuit diagram of the dynamic PD; (b)

Characteristics of the PD for different regeneration/
sample ratios

ly in Ref. [6]. An equation for calculating the
range of the linear regime in its characteristic was
also given in Ref.[6] as

A7_‘]in = (])

VP/Zkprexp< T >

2Treg

Here ATy, denotes the maximum phase difference
between the VCO clock and the input data. When
the phase difference is less than AT, ,the PD’s
characteristic is linear; V, denotes the saturated
level of the latch’s output. V, = Is Ry. A, de-
notes the gain of the sample unit, which acts as a
preamplifier. The differential input is assumed to
have a slope of 2k at the transition,and the data
rate is denoted as T, .

As implied by Eq. (1) ,the range of the linear
regime is proportional to the regeneration time
constant z,, of the latch"®. Making r., larger
seems to be a good way to widen this linear re-
gime. To make ¢, larger,the size ratio of the re-
generation unit to the sample unit ( Wogeneration/
W ampte ) should be smaller.

The operation of the PD is based on the oper-
ation of the two latches,and thus its characteristic
is similar to that of a single latch. The simulated
W ampte Tatios are shown in Fig.3(b). The simula-

PD’ s characteristics for different
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ted results show that there is also a linear region
in the PD’s characteristic, and the range of the
linear regime is widened as the ratio W generation/
W ample decreases.

However,waveform distortion at the latch’s
output will occur if the ratio W gencration/ Wample 18
too small. Waveform distortion would affect the
lock-in process. Therefore a trade-off exists be-
tween the linear region and the waveform quality.
Simulated in Hspice, the linear regime is quite
limited for a W egeneration/ Wample Tatio of 1. The re-
gime is much wider for ratio of 0. 2, but the output
waveform is severely distorted. In this design, a
ratio of 0. 3 is chosen.

2.1.2 PFD

For a wider acquisition range,a PFD is used.
As shown in Fig. 2, the PFD includes three func-
tion blocks: phase detector (PD), quadrature
phase detector (QFD), and frequency detector
(FD).The QPD’s circuit is the same as the PD.
As shown in Fig.4,the FD is composed of two lat-
ches and a modified multiplexer. The operation
principle of the PFD is similar to the PFD in
Ref.[2]. At every transition of the input data, I
and Q clocks are sampled by the input NRZ data
directly without a preprocessing unit. This opera-
tion generates beat notes with a 50% duty cycle at
the PD/QPD outputs when the VCO frequency
foe and bit-rate frequency f, are different. The
FD receives inputs from PD/QPD and generates a
frequency difference signal. When fo. > f,, Qi
(PD output) leads Qq (QPD output),and the su-
perposition of Qi and Qf is negative. On the other
hand,when f,.<f,,Qi lags behind Qq, and the
superposition of Qi and Qf is positive. The super-
position of the output of PD and FD indicates a
clear dc component driving the loop towards
lock. As an example, the signals of the PFD when
fose=>fy are shown in Fig.5.
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Fig.4 Circuit diagram of the FD

Fig.5 PFD signals for fo.>f,
2.2 Loop filter

As shown in Fig. 6, the PD output (Qpp.
Qpn) and the FD output (Qfp,Qfn) are first add-
ed up and then low-pass filtered. The DC compo-
nent of the output drives the loop towards lock.
The transfer function of the loop filter is domina-
ted by Cy, R,. All the components are fully inte-

grated on the chip.
Vdd
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Fig.6 Circuit diagram of the loop filter

2.3 1/Q VCO

The required 1/Q clocks in the CDR loop can
be generated by various means. They can be ob-
tained by using a single-phase oscillator and a di-
vided-by-two circuit. In that case the VCO must
operate at least at twice the required output fre-
quency. A second possibility is to use a poly-phase
network. In that case the VCO signal should have
low harmonic distortion,and it will inevitably be
attenuated by an RC network. Thus an even-stage
RC oscillator is a more cost-effective implementa-
tion. As shown in Fig.7,the VCO used in this de-
sign consists of four delay stages. The dual-path
technique'™ is used to improve the operation
speed and the jitter performance. The output of
the second stage Cickp, ickn) is the in-phase
clock,and the output of the fourth stage (qckp,
qckn) is the quadrature-phase clock.

2.4 Data recovery circuit

The input data is recovered using the recov-
ered clock. The data recovery circuit is implemen-
ted with a conventional D-flip-flop,which is com-
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Fig.7 Circuit diagram of the VCO

posed of two latches. Figure 8 shows the schematic

of one latch. It is a modified source-coupled FET
logic (SCFL) latch, where the conventional two
source followers are removed to save power.
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Fig.8 Circuit diagram of the latch

3 Measurement results

The chip was fabricated in TSMC 0. 18um
CMOS technology. Figure 9 shows a photograph
of the IC.

Fig.9 Chip photograph of the CDR

The chip was measured on chip. The main
testing instruments included an Advantest D3186
pulse pattern generator,an Agilent 86100A oscil-
loscope;and an E4440A digital spectrum analyzer.

The tested capture range of the CDR IC is
2.3~2.65Gb/s under a 1. 8V power supply. With
a 2.5Gb/s 2°' — 1 pseudorandom bit sequences
(PRBS) input signal, the jitter and the phase noise
curve of the recovered 2. 5GHz clock are shown in
Fig.10.
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Fig.10 Jitter (a),tested phase noise curve of the re-
covered 2.5GHz clock (b),and eye diagram of the re-
covered 2.5Gb/s data (¢)

For comparison, the main performances of
the 2. 5Gb/s CDRs in some previous papers-® ™%
and this design are listed in Table 1. Compared
with the previous designs,a better noise perform-
ance is achieved and the power consumption is
smaller.

Table 1 Comparison of the tested results with two
PLLs in the literatures

Power

Chip area ) RMS jitter .
CDR IC o consumption Phase noise
/mm? /ps
/mW
Ref.[3] 0.5 200 13 —
Ref.[4] 0.94 550 11.72 -106dBc/Hz @100kHz offset
Ref.[5] 1.49 680 2.8 - 110dBc/Hz @100kHz offset
Ref.[8] 4 350 10 —
This design ~ 0.59 120 2.4 - 111dBc/Hz @10kHz offset
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Conclusions
A 2.5Gb/s clock and data recovery (CDR)

IC was designed and fabricated in TSMC’s stand-
ard 0. 18um CMOS process. A dynamic PFD was
designed for better noise performance. The exper-

imental results

indicate that the CDR circuit

achieves lower jitter than the conventional CDR
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