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2. 488 Gbit/s clock and data recovery circuit in 0. 35 pm CMOS
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Abstract: The design of a 2. 488 Gbit/s clock and data recovery (CDR) IC for synchronous digital hierarchy
(SDH) STM-16 receiver is described. Based on the injected phase-locked loop (IPLL) and D-flip flop
architectures, the CDR IC was implemented in a standard 0. 35 um complementary metal-oxide-semiconductor

(CMOS) technology. With 2*' —1 pseudorandom bit sequences (PRBS) input, the sensitivity of data recovery

circuit is less than 20 mV with 10" bit error rate (BER). The recovered clock shows a root mean square (rms)

jitter of 2. 8 ps and a phase noise of —110 dBc/Hz at 100 kHz offset. The capture range of the circuit is larger

than 40 MHz. With a 5 V supply, the circuit consumes 680 mW and the chip area is 1. 49 mm x 1 mm.
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The clock and data recovery (CDR) circuit is one
of the core cells in a receiver. Its main functions are to
extract the clock from the data stream, to reshape and
retime it. As reported, 2. 488 Gbit/s CDR ICs have
been realized in different Si-bipolar processes'' ™, 0. 25
pm CMOS"™ and 0.4 pm CMOS', respectively.
Adopting the Si-bipolar technology, the CDR ICs have
small root mean square (rms) jitters when an external
reference clock is used'"”. Otherwise the rms jitter is
large'>*'. Moreover, the CDR ICs in Si-bipolar have

(34

large die sizes" ™. Despite the small chip areas, the

CDR ICs in CMOS have large rms jitters”” ™. In this
paper, a 2.488 Gbit/s CDR in 0. 35 pum CMOS is pres-
ented. It does not use a reference clock but shows an
rms jitter of only 2. 8 ps and the chip area is only 1. 49

2
mm .

1 Circuit Design

The block diagram of the CDR IC is shown in
Fig. 1. As shown in the dashed regions, it is composed
of a preprocessor, an injected phase-locked loop
(IPLL) and a data decision.
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Fig.1 Block diagram of CDR

The preprocessor includes an input buffer, a de-
lay cell, a multiplicator and a narrow-band filter. The
delay cell constructed with a few of wide-band buffers
can give an approximately 7/2 delay with T represen-
ting the data period. Under optimal conditions, the
multiplicator’s differential outputs have no direct cur-
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rent (DC) point difference. With the variation in the
temperature, the process and the supply voltage, the
delay time will not equal 7/2 absolutely and the DC
point difference may occur. In order to avoid this
problem, the traditional multiplicator with a tank cir-
cuit as load used in the preprocessor is separated into
a multiplicator with resistor load and a narrow-band
filter with block capacitors at input terminals. The
schematics of the filter is shown in Fig. 2. For lack of
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inductor modeling, the active inductor proposed in
Ref. [7] is adopted to construct the LC tank circuit
with acceptable noise contribution.

The dashed regions in Fig. 2 indicate the two
symmetrical active inductors. Utilizing the small signal
model of the metal oxide semiconductor field effect

transistor (MOSFET) shown in Fig. 3(a), the small
signal equivalent circuit of the active inductor can be
drawn as in Fig.3(b).

Ignoring the effect of R, the input impedance of
the circuit in Fig.3(b) can be simplified into a paral-
lel RLC circuit, whose values are calculated as
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Fig.3 MOSFET and active inductor equivalent circuit. (a) Small signal model of a MOSFET; (b) Small signal equiva-

lent circuit of the active inductor

Although a tradeoff has to be made between the
Q factor of the inductor and the bandwidth of the fil-
ter, a properly high Q factor of the active inductor can
be obtained. The narrow-band filter shown in Fig. 2
will have sufficient Q factor on condition that the QO
factor of the varactor is not worse than that of the in-
ductor. The varactor shown in Fig.2 can enhance the
equivalent resistor in parallel, consequently enhancing
the Q factor of the varactor.

The IPLL is composed of a phase detector
(PD), a low-passed filter (LPF) and an injection syn-
chronized voltage-controlled oscillator ( SO ). Al-

though the loop bandwidth of the IPLL should be
smaller than 2 MHz, the injection of the clock from
the preprocessor to the SO can guarantee the loop sta-
bility with no need of an additional loop, such as a
loop including a frequency detector. And this injection
can shorten the capture process of the loop.

Fig. 4 shows the diagram of the PD and the LPF.
The PD consists of a multiplicator, an amplifier and a
2:1 converter.

The amplifier following the multiplicator is
aimed to enhance the gain of the PD and to compen-
sate the gain loss caused by the 2: 1 conversion. The
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Fig.4 Phase detector and low-passed filter

2:1 converter consists of a source follower and a
push-pull output stage. Compared to the traditional
2:1 converter constructed by a differential amplifier
with MOSFET loads, the converter shown in Fig. 4 is
very flexible in adjusting the output operating point
and the linearity of the PD by optimizing the parame-
ters of the MOSFETs. In comparison to the single-end
signal, the gain of the converter is greater than one,
and sufficient gain can be achieved together with the
foregoing amplifier. In addition, the reference port of
the converter is designed as an off-chip terminal so as
to adjust the output operating point of the PD. Conse-
quently, the oscillating frequency of the SO can be
controlled off-chip. Moreover, this reference port pro-
vides an alternative avenue for another loop’s control
in further application.

The SO is of the ring type and consists of an ad-
der, three narrow-band amplifiers as delay stages and
an output buffer. The block diagram is shown in Fig. 5
(a).The SO itself is a loop and the phase of the out-
put signal can be adjusted accommodated to the injec-
ted signal automatically. The ring architecture inclu-
ding an adder is necessary to establish this controllable
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Fig.5 SO circuit. (a) Block diagram of the SO; (b) Adder;

(c¢) Narrow-band amplifier

phase relationship. The adder and the delay stage are
shown in Figs. 5(b) and (c), respectively. In consid-
ering the phase noise, a spiral metal inductor is uti-
lized in the SO and the physical simulation is accom-
plished by the advanced design system ( ADS) mo-
mentum.

The data decision circuit can form the recovered
data through twice alternant sampling by the recovered
clock. The circuit consists of classical D-flip flops
made of master-slave latches. Fig. 6 is the schematic
of one latch. The layout of the latch should be de-
signed carefully to guarantee its symmetry. For the
presence of the static phase error in a phase-locked
loop (PLL), the phase of the recovered clock may va-
ry according to the environment, resulting in a reduc-
tion of the circuit’s operating range. To minimize this
influence, the delay of the clock or the data signal
should be optimized to make the clock sample at the
center of the data initially.

Vaa

m
W
.

W

]
b+
£

b, "
e
Q

!

Fig.6 Latch

2 Measured Results

The CDR IC has been fabricated in a standard
0. 35 pm CMOS technology. Fig. 7 is the chip micro-
photograph and the chip area is 1.49 mm x 1 mm,
consuming 680 mW with a 5 V supply.

Fig.7 Chip microphotograph

Fig. 8 displays the measured oscillation frequen-
cies of the SO as a function of the controlling volt-
age. The tuning range is more than 200 MHz with a
satisfactory linearity.

With a 2.488 Gbit/s 2°' - 1 pseudorandom bit
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sequences ( PRBS) input signal, of which the single-
ended peak to peak value is 20 mV, the chip achieves
a capture range of more than 40 MHz. The spectrum
of the recovered clock is presented in Fig. 9 and the

phase noise is —110 dBc/Hz at 100 kHz offset.
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Fig.8 Measured oscillation frequency vs. control voltage
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Fig.9 Spectrum of the recovered clock
In Fig. 10, the jitter histogram of the clock is
shown, indicating the rms and peak-peak values of
2. 8 ps and 24 ps, respectively. This jitter performance
meets the ITU-T recommendation of 4 ps rms and 40
ps peak-peak.

30 mV/div, 20 ps/div
Fig. 10 Jitter histogram of recovered clock
On-chip measurement results show that the sensi-
tivity is less than 20 mV with 10~"> BER at the bit
rate of 2. 488 Gbit/s. The sensitivity value is the peak
to peak value of single-ended input signals. The input
and output eye diagrams are shown in Fig. 11 together

with the recovered clock.
The detailed performance of the chip is summa-
rized in Tab. 1.
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Fig.11 Input/output eye diagrams and recovered clock

Tab.1 Summarized performance of the CDR

Supply voltage/V 5
Power consumption/mW 680
Sensitivity/mV <20 (BER =10 '?)
BER <10~ "(single V,, =20 mV)

Clock jitter 2.8 ps rms, 24 ps peak-peak
- 110 dBc/Hz@ 100 kHz

Capture range/MHz 40

Phase noise

3 Conclusion

Using a standard 0. 35 um CMOS technology, a
monolithically-integrated CDR IC was fabricated for
applications at 2. 488 Gbit/s. The experimental results
summarized in Tab. 1 indicate that the chip is suitable
for SDH communication standard STM-16.
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