
842 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 53, NO. 4, APRIL 2006
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Abstract—A 200-Mbps 2-Gbps continuous-rate clock-and-
data-recovery (CDR) circuit using half-rate clocking is pre-
sented. To detect the data with wide-range bit rates, a frequency
tracing circuit (FTC) is used to aid the frequency acquisition. A
wide-range and low gain voltage-controlled oscillator (VCO) is
also presented by using analog and digital controlled mechanisms.
A two-level bang-bang phase detector is utilized to improve the
jitter performance and speed up the locking process. This CDR
circuit has been realized in a 2P4M 0.35- m CMOS process.
The experimental results show that this CDR circuit with the
proposed FTC can receive 2

31
1 pseudorandom bit stream

when the bit rate ranges from 200 Mbps to 2 Gbps without the
harmonic-locking issue. All measured bit error rates are below
10

12. The measured root-mean-square and peak-to-peak jitters
are 5.86 ps and 41.8 ps, respectively, at 2 Gbps.

Index Terms—Clock-and-data-recovery (CDR), continuous rate,
frequency detector, voltage-controlled oscillator (VCO).

I. INTRODUCTION

WITH the aid of wave-length division multiplexing tech-
nique, several optical communication systems, such as

SDH/SONET and 10 GBased Ethernet, allow the information
to be exchanged with different bit rates at the same time in
the optical domain. The retiming circuits have to detect the bit
rate from the incoming data and the harmonic locking must
be prevented. To receive the data with different bit rates over
a wide range without the harmonic-locking issue, two kinds
of clock-and-data-recovery (CDR) circuits existed in literature
[1]–[5]. One is the multirate CDR circuit [1], [2] and the other
is the continuous-rate CDR circuit [3]–[5]. For the multirate
CDR circuits, the frequency detection mechanism for multiple
bit rates is based on either multiple reference clocks [1] or single
reference clock with a programmable divider [2]. Compared
with multirate CDR circuits, the continuous-rate CDR circuits
can detect various bit rates over a wide range. However, a com-
plex frequency detection circuit would be required, such as a
frequency synthesizer [4] or a time-to-digital converter [5].

To realize either continuous-rate CDR circuits or multirate
ones, two important issues must be considered: one is to have
a harmonic-free frequency detector and the other is to have a
wide-range voltage-controlled oscillator (VCO) with a low con-
version gain. A VCO with a high conversion gain will degrade
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Fig. 1. Proposed continuous-rate CDR circuit.

the jitter performance of a CDR circuit. Conventional quadri-
correlator frequency detectors (QFDs) are widely used in CDR
circuits [3]. However, the locking range of a QFD is only 20%
for full-rate systems [6] and 15% for half-rate systems [7]. For
a QFD, the harmonic locking will occur when the frequency
range of a VCO exceeds more than twice bit rate of data. Addi-
tional auxiliary circuit is required to prevent this issue [3].

In this paper, several techniques are used to realize a con-
tinuous-rate CDR circuit. To extend the frequency acquisition
range, a simple and harmonic-free frequency tracing circuit
(FTC) is proposed. Its operating principle and limitation would
be discussed. Another modified FTC is also presented to im-
prove the unexpected false operation phenomenon. Meanwhile,
a VCO with the wide tuning range and low conversion gain
is presented by using analog/digital controlled mechanisms.
A two-level half-rate bang-bang phase detector (BBPD) [8] is
also adopted to improve the jitter performance and speed up the
locking process. Moreover, an accessory digital loop [9], [10]
to select the desired frequency band is implemented outside the
chip.

II. CIRCUIT DESCRIPTION

The block diagram of the proposed half-rate CDR circuit is
shown in Fig. 1. It is composed of the proposed FTC, a wide-
range VCO, a half-rate two-level BBPD, and two charge pump
circuits. To enlarge the frequency range and reduce the con-
version gain, this VCO is divided into three overlapped bands
which are controlled by a three-digit thermometer code. When
the system is turned on, the control voltage is discharged
to ground to let the VCO start from the lowest frequency. The
FTC will distinguish whether the VCO is lower than half of the
bit rate or not. Suppose that it is true and the loop filter will
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Fig. 2. Timing diagrams of (a) f = 1=2 bit rate (b) f < 1=2 bit rate.

Fig. 3. (a) State diagram. (b) Truth table. (c) Implementation for simple FTC.

be charged. Once is larger than the preset reference voltage
V , the off-chip digital controlled circuit will select the

higher frequency band of the VCO and discharge the loop filter
to ground. The process will be repeated until the VCOs fre-
quency is correct. After the frequency acquisition process was
done, the two-level half-rate BBPD will adjust Vc according to
the phase error between the incoming data and the VCO. Finally,
this CDR circuit will lock to generate the retimed data and the
recovered clock. The details would be explained as follows:

A. Frequency Tracing Circuit

Assume that the CDR circuit is locked correctly with the in-
coming data as shown in Fig. 2(a). Both rising and falling edges
of the clock should align with the middles of data, and at least
one rising edge of the clock will appear between two consec-
utive rising edges of data [11]. When the clock is slower than
the half bit rate, the timing relation is shown in Fig. 2(b). Note
that there is no rising edge of the clock between two consecutive
rising edges of data. Based on this principle, a simple FTC can
be realized via the state diagram shown in Fig. 3(a). The truth
table and corresponding implementation for this simple FTC are
shown in Fig. 3(b) and (c), respectively. Assume that the VCO

Fig. 4. Timing diagrams of FTC for (a) proper operation, (b) slightly lag
operation, (c) slightly lead operation, respectively, for the rising edges of the
data-to-clock signals.

start from the lowest frequency. Initially, the FTC stays in State
I. Assume the phase difference between the data and clock is
large enough. When the data rises to high, it will move to State
II. In State II, two possible operations can occur. Once the clock
rises first, the FTC will go back to State I. Once the data rises
first, the FTC will move to State III and outputs a signal “UP”
to speed up the VCO. A typical timing diagram is illustrated
in Fig. 4(a). As long as the control voltage of the VCO is dis-
charged to ground first, the FTC will adjust the VCO from the
slowest frequency to the right one.

Although this simple FTC will stop once the clock is equal
to or higher than half bit rate, some unallowable false opera-
tions still may take place. Assume that the VCO’s frequency
is equal to half the bit rate and their phase difference, , is
small. When a clock rises and the FTC initially stays in State II,
the FTC must move to State I. If the clock rises slightly before
the data, the FTC may go to State III first and then go back to
State I as shown in Fig. 4(b). This false operation for the FTC
will happen when the phase difference is

(1)

where is the required delay time to reset the FSM after
the clock arises and is the required delay time for state
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Fig. 5. (a) State diagram. (b) Truth table. (c) Implementation for a modified
FTC.

transition. Assume that all D-type flip-flops (DFFs) are matched
and all logic delays are the same and the maximum value of
can be expressed as

(2)

where is the delay from the clock to the output of a
DFF and is the required delay for the output of a DFF
to be stabled after the reset signal arises. A similar situation
would happen when the clock rises slightly after the data rises as
shown in Fig. 4(c). This false operation will happen when is
smaller than the required time, , for the logic output ready
for the DFF . The maximum value of can be expressed
as

(3)

where is the setup time of a DFF and is the
delay of an AND gate.

The false operation phenomenon as mentioned above will
make the VCO oscillating faster than half data rate. The loop
parameter should be well designed especially when the loop is
in the under-damping condition. As long as the frequency devi-
ation does not exceed the pull-in range, this frequency error can
be compensated by the phase detector. However, it is better that
the false operations can be eliminated. To eliminate these false
operations caused by finite delays from DFFs and logic circuits,
an extra State IV is added to generate the UP signal instead of
State III. Those unexpected glitches as mentioned before would
not affect the FTC and the combinational logics are also sim-
plified. The modified FTC without false operations is shown in
Fig. 5 and the corresponding charge pump circuit is also illus-
trated in Fig. 6. The maximum operating speed is limited by
finite delays from digital circuits. The minimum charging time,

Fig. 6. Charge-pump circuit for the modified FTC.

, plus the total delay time for normal operation can not
exceed the minimum time between two consecutive rising edges
of data. It can be expressed as

(4)

The maximum allowable bit rate of the FTC can be expressed
as

(5)
Simulation results show that , , , and

are 100, 30, 30, and 30 ps, respectively, in a 0.35- m
2P4M CMOS process. If is 200 ps, the maximum allow-
able bit rate for the modified FTC is around 4.3 Gbps.

B. Wide-Range Voltage-Controlled Oscillator

To achieve a wide-tuning range, ring oscillators using trans-
mission gates have been published [12], [13]. In [12], the wide-
tuning characteristic was achieved by adding transmission gates
among every delay stage. However, adding transmission gates
in the signal path makes the voltage swing of the clock non-
constant over the entire frequency range, especially at high fre-
quency. Also the single-ended structure is sensitive to power
supply noise. Although the differential architecture in [13] could
overcome power supply noise, the waveform may distort signif-
icantly at low frequency.

The proposed delay cell for a 4-stage VCO is shown in Fig. 7.
It can generate clocks with nearly 50% duty cycle and main-
tains a constant swing over a wide frequency range. Two tran-
sistors and ( and ) form the fundamental
inverter as the input devices. Two transistors and
( and ) serve as a resistor which is controlled by the
analog control voltage . Another four nMOS transistors are
connected to VDD to form a fixed path between and .
The cross-coupled pair and speeds up the output tran-
sition. Moreover, the output swing is fixed and almost rail-to-rail
over a wide frequency range. Six additional transistors con-
trolled by a three-digit thermometer code , to divide
the whole frequency range into three bands. In this way, not only
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Fig. 7. Proposed VCO delay cell.

Fig. 8. Die photo.

the tuning range of the VCO could be increased, but also the
conversion gain of a VCO could be reduced.

III. EXPERIMENTAL RESULTS

The proposed CDR circuit has been fabricated in a 0.35- m
2P4M CMOS process. Fig. 8 shows the die photo of the pro-
posed CDR circuit. Its active area is 0.4 mm , not including the
loop filter. Two of three passive components in the loop filter
are integrated in the die, except the largest 2-nF capacitor .
The values of and are 500 and 24 pF, respectively, so
that the phase margin is large enough over the entire frequency
range. The power dissipation is 170 mW when receiving random
data of 2 Gbps. The one third of the power consumption is con-
sumed by the wide range VCO and another one third is con-
sumed by the VCO buffers. Both circuits could be further op-
timized to save more power. Fig. 9(a) shows the measured and
simulated transfer curves of the proposed VCO, which cover
from 100 MHz to 1 GHz with three bands. The measured phase
noise plot at 600 MHz is also shown in Fig. 9(b). From Fig. 9(a),
the measured result is similar to the simulation one at slow-slow

Fig. 9. (a) Measured and simulated VCO transfer curves for different digital
control codes. (b) Measured phase noise at 600 MHz.

case because of the large parasitic effect contributed by the dig-
ital controlled mechanism. The parasitic effect also degrades the
maximum oscillating frequency of VCO; hence, the maximum
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Fig. 10. Frequency acquisition process for different data patterns. A, B, and C
represent the NRZ data with PRBS of 2 �1, 2 �1 and 2 �1, respectively.

Fig. 11. (a) Eye diagram and (b) clock jitter histogram @ 2 � 1 PRBS of 2
Gbps.

bit rate can not achieve the theoretical value of 4.3 Gbps. The
measured tuning range is slightly larger than simulations be-
cause the parasitic effect was over estimated. Fig. 10 shows the
frequency tracing process. The VCO is initialized at 782 MHz
while the incoming data rate is 2 Gbps. The measurement re-
sult shows that the VCO can lock data at the right frequency of
1 GHz without the QFD. The curves A, B, and C represent the
frequency acquisition processes when receiving nonreturn-to-
zero (NRZ) data with pseudorandom bit stream (PRBS) of

, and , respectively.

Fig. 12. Measured eye diagrams for 2 � 1 PRBS of (a) 622.08 Mbps and
(b) 200 Mbps.

TABLE I
PERFORMANCE SUMMARY

The measured eye diagram and the jitter histogram of the re-
timed clock are shown in Fig. 11(a) and (b), respectively, when
input data rate is a PRBS of 2 Gbps. The measured
root-mean-square and peak-to-peak jitters are 5.9 ps and 41.8
ps, respectively. Fig. 12(a) and (b) shows the measured eye di-
agrams for the PRBS of 622.08 and 200 Mbps, respec-
tively. The measured bit error rates from 200 Mbps to 2 Gbps
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are all below . The performance summary of this work is
listed in Table I.

IV. CONCLUSION

The continuous-rate CDR circuit with the proposed FTC is
realized in a 0.35- m 2P4M CMOS process. The proposed FTC
can aid the frequency acquisition for the data over a wide bit-
rate range without harmonic-locking issue as long as the initial
frequency of the clock is lower than half data rate. Accompanied
with the proposed wide-range VCO with reasonable conversion
gain, the CDR circuit can receive NRZ data of PRBS
from 200 Mbps to 2 Gbps.
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