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A 5-Gb/s Half-rate Clock Recovery Circuit
In 0.25-um CMOS Technology

Pyung-Su Han
Dept. of Electrical and Electronic Engineering
Yonsei University
Seoul, Korea
ps@tera.yonsei.ac.kr

Abstract — A half-rate clock recovery circuit for 5-Gb/s
data rate was designed in 0.25-zm CMOS technology.
The bang-bang phase detector was used for high-speed
operation. The simulation results show that the half-rate
clock was successfully extracted from random bit data
sequence up to 6-Gb/s. In initial measurement of the
fabricated chip, 2.5-GHz clock was extracted from 2.5-
Gb/s PRBS 2’-1. Further measurement will be done and
presented.

Keywords: Bang-bang phase detector, BBPD, Half-rate
clock recovery

1 Introduction

BBPD (Bang-Bang Phase Detector) is widely used
for high-speed clock recovery circuits [1]. Because of its
simple structure, it can operate at very high frequencies
and has become an essential building block in a serial link
system where data rate is extremely high. Half-rate
clocking is another popular technique for high-speed data
transmission applications. Using both rising and falling
edges of clock, a circuit can process two bits in one clock
period, doubling the data-rate without increasing the clock
frequency. Adopting two techniques at the same time [2],
very high-speed clock recovery circuits can be designed.

The conventional PLL (phase-locked loop) model
can not be used for BBPLL (Bang-Bang Phase-Locked
Loop) because of BBPLL nonlinearity. Instead, the
BBPLL model proposed in [1] can be used. An example
of BBPLL schematic diagram is shown in Fig. 1. The
voltage drop across the resistor caused by the charge
pump current makes an instantaneous frequency jump in
the output clock. The output clock phase change due to
the frequency jump can be calculated by integrating
frequency jump over time, as expressed in (1). Then this
current is accumulated in the capacitor, and it generates a
voltage slope. This also causes phase change in output
clock. It is expressed in (2). T is the clock period.
According to [1], to achieve stability in a BBPLL, (1)
should be much larger than (2) by a factor of more than
20.
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Figure 1. An example of BBPLL schematic diagram
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2 Building blocks

All building blocks except for charge pumps and
differential-to-single converters are designed with fully
differential circuits for high-speed operation.

2.1 vco

A VCO delay cell and its bias circuit were designed.
They are shown in Fig. 2. Two control voltages are used
for its coarse and fine control, so that a wide oscillation
range can be achieved, while VCO gain is kept low.
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Figure 2. VCO delay cell and bias circuit
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The coarse tuning voltage, Vcntc, is determined by
an external bias current Icntc and it is used for initial
frequency acquisition. After frequency acquisition, it can
be kept fixed. Then Vcnt finely controls output clock
frequency. To achieve a low VCO gain and a larege
tuning range at the same time, M1 is sized much larger
than M2. Vcpt is generated using a copy of VCO cell bias
current so that output swing level is relatively constant
over wide VCO tuning ranges.

22 VCO

A four-stage ring oscillator was designed with the
delay cells and it is shown in Fig. 3. It generates two
clock signals of which phases are separated by 90°. That
is, CIk_I is in-phase clock and Clk_Q is quadrature clock.
Buffers are used to isolate capacitive loads at the delay
cells output from the circuits connected to the VCO.
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Figure 3. 1/Q clock generating VCO

2.3 BBPD

Fig. 4 shows designed half-rate BBPD. Data bits are
sampled using Clk_I and Clk_Q. Sampled data bits, A, B
and C are compared by XOR gates to determine whether
the clock phase is faster or slower than data bits,
generating Up and Dn signals.
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Figure 4. Half-rate bang-bang phase detector using 1/Q
clock
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Fig. 5 shows detailed signal waveforms of half-rate
BBPD in operation. When the loop is locked, rising and
falling edges of Clk_I are at the center of bit intervals and
rising edges of CIk_Q are at bit boundaries. When clock
lags behind data, 75% of Dn signal (A®C) in a clock
period becomes low, because rising edges of Clk_I and

Clk_Q come in the same data bit interval, therefore A and
C have the same logic value. 75% of Up signal (B®C) in
a clock period becomes high if the B and C are different.
If data bits stay unchanged, it becomes low. 25% of Up
and Dn signals can be regarded as random values and in a
long term, and they will eventually cancel out. In case that
clock leads data, it works in the opposite way. As a result,
when data bit switches, the direction of phase error is
observed in Up and Dn signals. The effective gain of the
half-rate BBPD is smaller by a factor of 0.5x0.75 than
original BBPD in BBPLL, assuming that the possibility of
data bit switching is 50%
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Figure 5. Operation of half-rate BBPD

2.4 Charge pump

Fig. 6 shows the designed charge pump. To
minimize the mismatch between Up and Dn currents, a
feedback amplifier is used [3]. It makes the voltages at
output node (Vcnt) and node xx the same, trying to make
both sides of charge pump have the same bias condition.
By doing this, usable range of Vcnt can be extended
dramatically. Cc is added for feedback loop stability.
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Figure 6. Charge pump and bias circuit
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2.5 Clock recovery circuit

Using building blocks described in the previous
sections, a half-rate clock recovery circuit was designed.



Its schematic diagram is shown in Fig. 7. Because the
BBPD shown in Fig. 5 detects phase error based on even
numbered bits, DO, D2, D4, and so on, it utilizes only half
of data transitions. As shown in Fig. 7, another BBPD for
odd numbered bits, D1, D3, D5, and so on, was used.
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Figure 7. Schematic diagram of clock and data recovery
circuit

Loop
filter

R and C values for the loop filter were determined
using (1) and (2) and their values are shown in Table. 1.

Table 1. Loop filter parameters

VCO gain 500MHz/V

Or 0.5%

R for loop filter 500Q

0r/0C More than 100
C for loop filter 120pF

3 Simulation results

The circuit was designed with 0.25-um CMOS
technology. Its operation was verified by SPICE
simuation. Considering parasitic effects, 6-Gb/s random
bit sequence was used for data input, which is 20% faster
than target speed, 5Gb/s. Fig. 8 shows recovered clock
signal overlapped with a input data eye-diagram.
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Figure 8. Recovered clock from 6-Gb/s random bit
sequence and input data eye-diagram

4 Prototype chip

The circuit was fabricated with 0.25-um CMOS
technology. A photograph of the prototype chip is shown
in Fig. 9. The core area occupies an area of 320pum x
130um. The prototype chip was glued on a test circuit
board and their terminals were connected using bonding-
wires by COB (Chip On Board) technique.

Figure 9. Prototype chip photograph
5 Measurement results
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Figure 10. Mesured plot of control voltage to oscillation
frequency transfer of fabricated VCO, depending on its
coarse tuning voltage

The VCO oscillation frequency range of prototype
chip was measured and plotted in Fig. 10. Frequency was
measured using a spectrum analyzer while the coarse and
fine control voltages were being swept. Each curve on Fig.
10 represents a coarse control voltage as shown in the
legend. VCO gains for each curve were also calculated
and plotted in Fig. 11. It ranges from 150MHz/V to
550MHz/V.
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Figure 11. Measured VCO gain curve depending on
coarse tuning voltage
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Figure 12. Recovered clock waveform @ 2.5GHz, from
2.5-Gb/s 2-1 PRBS

In the initial measurement, the clock recovery
operation was verified using half-speed data bit pattern as
input data. 2.5-GHz clock signal was successfully
extracted from 2.5-Gb/s data signal. Every single bit in a
half-speed bit sequence is seen as identical two bits for
the clock recovery circuit. This effectively reduces clock
recovery circuit’s loop gain to half. Fig. 12 shows
recovered clock from 2.5-Gb/s 2’-1 PRBS. Measured
jitter was 10.7ps [rms] and 69ps [p2p]. Table 2
summarizes measurement results. Full-rate clock recovery
measurement using 5-Gb/s bit sequence will be done and
its results will be presented.

Table 2. Performance summary

Technology 0.25-um CMOS

Chip Area Core : 320-um x 130-um
VCO freg. range 1.65-GHz ~ 3.5-GHz
VCO gain 150-MHz/V ~ 550MHz/V

350-MHz/V @ 2.5GHz

Jitter @ 2.5Ghz
with 27-1 PRBS

RMS jitter : 10.7ps
P2P jitter : 69ps

Core : 22.5mW
Input/output buffer : 250mwW

Power
consumption

6 Conclusions

A half-rate clock recovery circuit using a bang-bang
phase detector was designed with 0.25-um CMOS
technology. Its operation was verified by SPICE
simulation. A prototype chip was fabricated. In initial
measurement, a half-speed data pattern was used as input
data and 2.5-GHz clock was sucessfully extracted from
2.5-Gb/s 2'-1 PRBS. Further measurement including
clock recovery from 5-Gb/s bit stream will be done and
the results will be presented.
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