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Abstract: In order to make a 10 Gbit/s 2: 1 half-rate multiplexer
operate without external clocks, a 5 Gbit/s clock recovery
(CR) circuit is needed to extract the desired clock from one
input data. For the CR circuit, a 3-stage ring voltage-controlled
oscillator (VCO) is employed to avoid an unreliable startup of a
2-stage VCO and a low oscillation frequency of a 4-stage VCO.
A phase frequency detector (PFD) is used to expand the pull-in
range to meet the wide tuning range of a VCO required by
process-voltage-temperature ( PVT) variation. SMIC 0. 18-pum
CMOS technology is adopted and the core area is 170 pm x 270
pm. Measurements show that, under a 1. 8 V supply voltage, it
consumes only about 90 mW, and has an input sensitivity of
less than 25 mV, an output single-ended swing of above 300
mV, a phase noise of — 114 dBc/Hz at 1 MHz offset and a
pull-in range of 1 GHz.
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‘x T ith the development demands of high-volume data
transmission, both high-speed long-haul serial opti-
cal communications and short-haul parallel optical intercon-
nections have received more and more attention. In both
kinds of communication systems, the clock recovery ( CR)
is a critical function. Owing to the diversity of application
environments and demands, and the rapid development of
the IC fabrication process, mainly, CMOS, the advance-
ment of design techniques, various kinds of CR have been
emerging. Unlike filter-type CR techniques'’', PLL-based
CR techniques™™ possess many advantages, such as high
integration and perfect clock-data alignment.

In this paper, a 5 Gbit/s monolithic PLL-based CR which
is designed and fabricated in SMIC 0. 18-pum CMOS tech-
nology is described. The 5 Gbit/s CR is used to extract a
clock for a 10 Gbit/s multiplexer. The circuit design details
and the measurement results are given, respectively.

1 Circuit-Level Design

Basically, the core of the CR circuit comprises a phase
detector (PD), a voltage to current conversion ( V/I) cir-
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cuit, a loop filter (LF), and a VCO.

Owing to the unreliable and narrow pull-in range of a
PLL without a frequency detector (FD), shown in Fig. 1, a
frequency and phase detector ( PFD) is employed, which
can avoid some contradictions between loop bandwidth and
pull-in range, and make the loop have a small loop band-
width, a wide pull-in range, and operate without requiring a
local reference clock and off-chip tuning.

In contrast to a CR with a PD, the required clock phase
number is usually doubled for a CR with a PFD; that is,
two differential clock pairs are required. Although 1/Q
clocks (w/2 phase separation) are an optimum choice for
the operation of the PFD, 1/Q clocks usually require a ring
VCO of even-numbered stages. For a 0.18-pm CMOS
process, if a 4-stage ring VCO is used, it is difficult to os-
cillate at a frequency of 5 GHz; if a 2-stage ring VCO is
used, there exists a big risk that the VCO cannot oscillate
because it is not easy to meet the Barkhausen criterion. For-
tunately, the Pottbiacker PFD has a superior performance,
which can tolerate up to a +45° 1/Q phase error'”'; so a 3-
stage ring VCO can be used instead.
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Fig.1 Circuit block diagram of the adopted CR

First, by data sampling clocks, the input data are com-
pared with two differential clocks and two beat notes are
produced. The two beat wotes are processed by the FD to
deliver a frequency error signal. Secondly, by the V/I con-
verter and the LF, the generated frequency error signal,
combined with the phase error output from the PD, drives
the VCO frequency towards the data rate of the input data,
relinquishing the control over the CR loop to the PD when
the frequency error is sufficiently small.

1.1 Phase/frequency detector

In contrast to their linear counterparts, bang-bang PDs
have many advantages, such as inherent sampling phase
alignment, adaptability to multi-phase sampling structures,
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and operating at higher speeds, etc. Thus, a bang-bang PD
is employed. According to the sampling relationship be-
tween clock and data, bang-bang PDs can be classified into
two types: One produces phase error by clock sampling da-
ta, for example, Alexander PD; the other operates by data
sampling clock, for example, the Pottbacker PD. The latter
usually has a simpler architecture, so it is adopted.

The Pottbicker PFD is composed of PD, QPD and FD.
As shown in Fig.2(a), the PD, identical with the QPD, is
a double-edge-triggered flip-flop ( DETFF), which consists
of two CML latches and a selector. The DETFF is chosen

over a conventional single-edge-triggered DFF, because it
can make use of both edges of the input data to offer more
phase error correction information and then improve the per-
formance of the loop. The only difference of the FD from
the PD is the used selector, shown in Fig.2(b), which is a
modified version of the conventional one used in the PD and
can produce a ternary output.

When the frequency acquisition is completed, the FD re-
mains on a third state, that is, both the outputs from it remain
high. By this means, the control of the FD over the loop is
handed over to the PD, and then the track stage starts to work.
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Fig.2 Circuit diagram.

1.2 VCO

As shown in Fig. 3, a three-stage inductorless ring VCO
is employed to generate the desired clocks. Due to the wide
loop bandwidth of the bang-bang CR, the inferior phase
noise performance inherent in the ring VCO can be tolera-
ted. Furthermore, its inherent wide tuning bandwidth is de-
sired by the bang-bang CR ",

The VCO cell can be found in Fig. 3, in which a current-
folding technique is used to alleviate the conflict between
the voltage headroom and the sensitivity of the VCO"".
The frequency of the VCO is tuned by changing the relative

(a) PD; (b) Tri-state selector

strength between the currents flowing through the differenti-
al pair (M, and M,) and the cross-coupled transistor pair
(M, and M,). Two current sources (I, and /,) are added to
prohibit ceasing of the oscillation and improve the linearity
of the VCO characteristics, respectively. Due to the differ-
ential tuning from terminals V_ and V,, the total current
through loads (M, and M;) remains almost constant, and
then the output voltage swing suffers from less variation
across the tuning range, which can improve the phase noise
performance of the VCO.

Compared with the pseudo-differential delay cell, the
delay cell consisting of a true-differential pair and a cross-
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Fig.3 Circuit diagrams of the VCO and its cell



138 Zhang Changchun, Wang Zhigong, Shi Si, Pan Haixian, Guo Yufeng, and Huang Jiwei

coupled pair is easy to oscillate and has a better differential
operation. The differential topology has another advantage
over a single-ended one, that is, a better duty cycle, which
has a critical effect on the performance of the CR.

1.3 V/I converter and loop filter

Fig. 4 shows the circuit schematic of the V/I converter
and the loop filter. Actually, the V/I converter is an adder
with a single-ended high-impedance output, where both
phase error signal and frequency error signal from the PD
and the FD are applied to two input ports, respectively,
and an output signal is generated to tune the VCO by the
loop filter. The V/I converter with the loop filter produces
an ideal integrator to the loop. The integrator with another
integrator from the VCO makes the CR loop become a type
I PLL. The type [I PLL has many advantages over a type
I loop, such as low static phase error between data and
clock. As for the type II CR, the loop filter can be entirely
passive, consisting only of resistors and capacitors.

In order to reduce the channel-length modulation effects
of M, and M,,, the channel lengths and widths of the tran-
sistors are increased.

Due to the low capacitance density(less than 1 fF/pm®)
of the MIM capacitor, NMOS transistors (about 8 fF/ p,mz)
are used as a capacitor, especially for the large capacitor C
(see Fig.4).
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Fig.4 Circuit diagram of V/I converter and loop filter

2 Experimental Results

The chip is designed and fabricated in SMIC 0. 18-pum
CMOS technology. As shown in Fig. 5, the whole IC oc-
cupies an area of 670 pm x 760 pm with a CR core area of
170 pm x270 pm.

Fig.5 Chip photograph of the whole IC

The performance of the CR was evaluated on-wafer by a
Cascade probe station. Mainly, an Advantest D3186 pulse
pattern generator, an Agilent 86100A Infinium DCA wide-

bandwidth oscilloscope, and an E4440a digital spectrum
analyzer were employed.

Fig. 6 depicts the measured VCO tuning characteristic
curve. The VCO achieves a tuning range of above 1 GHz
(>20%).
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Fig. 6 Measured VCO tuning characteristic curve

Fig. 7 shows the measured waveform, phase noise, and
spectrum of the 5-GHz recovered clock with an input of a 5
Gbit/s pseudorandom bit sequence (PRBS) of length 2*' —1
from a 1.8 V supply. From Fig.7, it can be found that the re-
covered clock has a phase noise of —114 dBc/Hz at 1 MHz
offset ( —105 dBc/Hz at 100 kHz offset), an rms jitter of 1.9
ps, and an output single-ended swing of above 300 mV.

The measurement results show that under a 1. 8 V sup-
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ply, the pull-in range of the CR is actually limited by the
available operating range of the VCO, that is, approxi-
mately between 4.5 and 5.5 GHz. In other words, the CR
can work properly with any input data rate between 4. 5 and
5.5 Gbit/s. And, the CR IC consumes about 90 mW with

an input sensitivity of less than 25 mV.

A comparison with the results from previously published
similar studies is listed in Tab. 1. According to Tab. 1, it
can be found that the proposed CR has a better performance.

Tab.1 Performance comparison of previously published full-rate CMOS CRs

Parameter This paper Ref. [4] Ref. [5] Ref. [1] Ref. [6]
Process 0. 18-um CMOS 0. 18-pm CMOS 0. 25-pm CMOS 0. 25-pm CMOS 0. 18-um CMOS
Speed/(Gbit - s~1) 5 2.5 2.5 2.5 2.5
Off-chip capacitor No Yes Yes Yes No
Off-chip tuning No No Yes Yes
Reference clock No No No No No
P i/ mW 90 26.1 550 680 120
Area/ pum? 670 x 760 2 400 x2 400 970 x970 1 490 x 1 000 675 x 875
Pull-in range/MHz 1 000 220 80 40 250

Phase noise

—114 dBc/Hz @1 MHz -100 dBc/Hz @1 MHz

—-106 dBc/Hz @100 kHz —-110 dBc/Hz @100 kHz-111 dBc/Hz @ 10 kHz

3 Conclusion

A 5 Gbit/s monolithic PLL-based bang-bang CR is de-
signed and fabricated in SMIC 0. 18-pum CMOS technology.
The circuit designs are shown in detail, and the measurement
results are given. The CR core has an active area of 170 pm
x270 pm, and consumes about 90 mW under a 1.8 V sup-
ply voltage, with an input sensitivity of less than 25 mV,
and an output single-ended swing of above 300 mV.

The CR works reliably at any input data rate between 4. 5
and 5.5 Gbit/s without any need for reference clock, off-
chip tuning, or external components. It has a phase noise
of —114 dBc/Hz at 1 MHz offset at 5 Gbit/s data input.
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