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Abstract—This paper presents a clock and data 
recovery circuit with an adaptive loop bandwidth 
calibration scheme and the idle power saved 
frequency acquisition. The loop bandwidth 
calibration adaptively controls injection currents of 
the main loop with a trimmable bandgap reference 
circuit and trains the VCO to operate in the linear 
frequency control range. For stand-by power 
reduction of the phase detector, a clock gating circuit 
blocks 8-phase clock signals from the VCO and cuts 
off the current paths of current mode D-flip flops and 
latches during the frequency acquisition. 77.96% 
reduction has been accomplished in idle power 
consumption of the phase detector. In the jitter 
experiment, the proposed scheme reduces the jitter 
tolerance variation from 0.45-UI to 0.2-UI at 1-MHz 
as compared with the conventional circuit.    
 
Index Terms—Clock and data recovery, loop 
bandwidth, calibration, bandgap reference   

I. INTRODUCTION 

The data rate of serial interface becomes higher as 
multimedia data of virtual reality and augmented reality 
applications as well as the display resolution increase. 
Since the higher data rate means the smaller timing 
margin for data sampling, a clock and data recovery 

(CDR) circuit is a necessary component for high-speed 
serial interfaces such as SATA, HDMI, and DisplayPort. 
The state-of-the-art HDMI, i.e. HDMI 2.0, uses 6-Gb/s 
data channels; the bit width is just 167 ps. To operate 
with the narrow bit width, the CDR circuit should have 
good jitter characteristics in order to guarantee sampling 
margin. Jitter characteristic is one of the most important 
features of the CDR circuit. Representative jitter 
characteristics of the CDR circuit are jitter tolerance and 
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Fig. 1. (a) Jitter transfer, (b) jitter tolerance graphs of a CDR 
circuit. 



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.17, NO.4, AUGUST, 2017 569 

jitter transfer. As shown in Fig. 1(a), jitter transfer shows 
output jitter (Φout) characteristics when the input data 
jitter (Φin) is applied. For lower input jitter frequencies 
than -3-dB frequency (ω-3dB), the CDR circuit can track 
timing variations of input data. For higher input jitter 
frequencies than ω-3dB, jitter tracking ability of the CDR 
circuit is reduced and input data jitter is filtered out by 
the CDR loop. Jitter tolerance shown in Fig. 1(b) 
represents the maximum magnitude of acceptable input 
jitter which the CDR circuit can track and so does not 
exceed the target bit error rate (BER). A CDR circuit that 
has good jitter tolerance can recover data and clock 
signals with low BER characteristic even if large amount 
of input jitter is applied. In order to design a robust CDR 
circuit, the loop bandwidth of the CDR circuit should be 
carefully designed because the loop bandwidth is related 
to jitter tolerance and jitter transfer [1-4]. However, the 
loop bandwidth of the CDR circuit easily varies due to 
process, voltage, and temperature (PVT) variations. 

The next section introduces the proposed CDR circuit 
and discusses how the loop bandwidth variation affects 
the CDR circuit operations. Section III describes 
schematics and operations of the building blocks. In 
Section IV, the measured results are presented. Finally, 
Section V concludes this paper. 

II. ARCHITECTURE 

Fig. 2 shows a block diagram of the proposed CDR 
circuit with the adaptive loop bandwidth calibration and 
the idle power saved frequency acquisition. The CDR 
circuit consists of two loops which are a frequency 
acquisition loop and a phase tracking loop. Prior to the 
phase tracking operation, the frequency acquisition loop 
operates to lock clock frequency to input data rate using 
a training pattern of input data stream that is the 101010 
toggle pattern. After the frequency acquisition, the phase 
tracking loop controls the trained clock in order to 
synchronize the clock phase with input data transitions 
using a quarter-rate binary phase detector and a V/I 
converter which generate a control signal of the VCO. 
Since the proposed CDR circuit uses the binary phase 
detector, design methods of the CDR loop parameters are 
different as compared with linear CDR circuit design 
which is based on a PLL circuit model [5]. As mentioned 
in Section I, jitter tolerance and jitter transfer function 
are representative jitter characteristics of the CDR circuit 
and the most important features. The -3-dB frequency of 
the jitter transfer (ω-3dB) and corner frequencies of the 
jitter tolerance (ωc1, ωc2) can be defined as below [6] 
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Fig. 2. Block diagram of the proposed CDR circuit. 
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where KVCO is the VCO gain (Hz/volt), Ip is the V/I 
converter current, Rp, Cp are resistance and capacitance 
of the loop filter, and Φm is the maximum phase change 
by a single update of the bang-bang phase detector. From 
(1) ~ (3), it is noticed that the jitter characteristics are 
related to VCO gain, V/I converter current, and filter 
coefficients. However, the VCO gain and V/I converter 
current are sensitive to PVT variations. The variations of 
these parameters change the loop bandwidth of the CDR 
circuit, that is, jitter tracking and filtering abilities are 
changed from designed values, which increases BER of 
the CDR circuit.  

Fig. 3 shows a timing diagram of CDR operations. In 
case of the normal CDR operation, the clock signal 
recovered by the CDR circuit tracks input data jitter (tJIT). 
This jitter tracking operation maintains setup time (tS) 
and hold time (tH) between input data and the recovered 
clock, which reduces BER. However, if KVCO and IP are 

reduced by the PVT variations, ω-3dB and ωc2 become to 
decrease and so the recovered clock is unable to track 
input data jitter, which increases BER. On the contrary, if 
KVCO and IP are increased by PVT variations, the 
increased open-loop gain of the CDR decreases phase 
margin and so the CDR circuit becomes instable [7]. 
Therefore, the VCO gain and V/I converter current 
should be robust to PVT variations in order to maintain 
jitter characteristics and avoid the increase of BER. 

III. CIRCUIT DESCRIPTION 

1. Current Calibration of V/I Converter 
 
Fig. 4 shows a block diagram of the current calibration 

circuit. This circuit consists of a V/I converter, a replica 
resistor multiplied by m, a bandgap reference, and a 
comparator. Initial VBIAS is supplied to the V/I converter 
and output current of the replica V/I converter (Irp) flows 
to the replica resistor (Rrp). The replica V/I converter 
current and the resistor become VCAL and the comparator 
compares the difference between VCAL and the output 
voltage of bandgap reference (VBGR). VBGR is less 
sensitive to PVT variations as compared with VCAL that is 
changed by Irp variation. The comparison result is 
applied to VBIAS value and the negative feedback loop 
controls VBIAS until VCAL is equal to VBGR. If Irp variation 
occurs due to PVT variations, the feedback loop 
minimizes Irp variation by eliminating the error between 
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Fig. 3. (a) Correct operation of a CDR circuit tracking input 
data jitter, (b) setup/hold violation of a CDR circuit due to PVT 
variations. 
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Fig. 4. Block diagram of the current calibration circuit. 
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VCAL and VBGR. Therefore, in steady state, the replica V/I 
converter outputs the variation-compensated current. 

Since Irp should continuously flow to the replica 
resistor in order to maintain VCAL level steadily, the 
replica resistor should be larger than Rp to reduce DC 
power consumption. So, the coefficient of the replica 
resistor (m) can be defined as 
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In this design, VBGR of 600-mV, Ip of 85-μA and R of 

500-Ω are used. According to (4), m becomes 14 so that 
the replica resistor of 7-kΩ has been implemented.  

 
2. Trimmable Bandgap Reference 

  
Since VBGR is used as the reference point in the current 

calibration, the bandgap reference should be robust to 
PVT variations. Fig. 5 shows a schematic of the bandgap 
reference. After the bandgap reference has started up by 
VBGON, the main circuit generates a temperature-stable 
current (Ic) that is composed of VD1/(R1C+R1D) and (VD1-
VD2)/RCAL1 which are complementary to absolute 
temperature (CTAT) current and proportional to absolute 
temperature (PTAT) current, respectively. As the 
bandgap reference combines the CTAT and PTAT 
currents in order to eliminate temperature instability, the 
bandgap reference can generate the output voltage with 
temperature stability which is expressed as  
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where VT is the thermal voltage, VD1 is the diode voltage, 
and N is the area ratio between PNP BJTs. VTlnN is 
equal to VD1-VD2 that is the PTAT component and R1 is 
equal to R1A+R1B and R1C + R1D. The bandgap reference 
has two error sources for the output voltage; 1) 
temperature characteristic mismatch between VD and VT 
and 2) absolute output voltage offset. In this design, 
RCAL1 and RCAL2 are implemented in order to calibrate 
these unexpected offsets. Similar to the conventional 
bandgap references [8, 9], the temperature characteristic 
mismatch between VD and VT can be trimmed using 
RCAL1. In addition, RCAL2 enables to calibrate the absolute 
output voltage offset which causes Ip offset.  

The post-layout simulation results of the proposed 
scheme are shown in Fig. 6. For 5 process corners with 
temperature sweep from 0°C to 100°C, the adaptive 
calibration scheme reduces Ip variation from 94.1-μA to 
6.42-μA which is just 7% of the conventional current 
variation. Fig. 7 shows the post-layout simulation results 
of clock jitter for typical, fast, and slow corner variations. 
The simulation environment includes the data-dependent 
input jitter due to channel loss and the supply noise due 
to a chip power delivery network. The conventional 
circuit has 66-ps jitter variation between fast and slow 
corner processes. In case of the slow corner, since the 
loop bandwidth is reduced due to KVCO and IP reductions, 
the clock phase change updated by the phase detector is 

 

Fig. 5. Schematic of the digitally trimmable bandgap reference. 
 

 

Fig. 6. Simulated V/I converter current with and without the 
calibration scheme. 
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relatively small. In case of the fast corner, the clock 
phase change becomes larger due to the increased loop 
bandwidth. However, in the proposed circuit, since the 
calibration scheme compensates temperature and process 
variations, the proposed circuit shows the maximum 5-ps 
of jitter variation between typical and slow corner 
processes. 

 
3. PVT Tolerant VCO with a Gain Calibration 

 
Fig. 8 shows a schematic of the VCO block. In order 

to minimize the loop bandwidth variation caused by 
VCO gain variation, an exclusive power regulator and a 
VCO gain calibration circuit are implemented for the 
VCO which has PVT tolerant characteristics [10]. The 
regulator isolates the VCO supply voltage from noise 
sources which are generated by the other digital blocks. 
A 1.6-V supply is additionally used to generate the 1.2-V 
regulated supply voltage without a dropout voltage. 
Against temperature and process variations, the VCO 
gain calibration circuit finds proper digital codes for the 
VCO to operate within linear region where VDD/2 is 
applied.  

In the training mode, the received data toggles like a 
2.7-GHz clock signal for 5.4-Gb/s operation. The 
received data and the VCO clock are divided and 
compared by 8-bit counters and a digital comparator. 
Two 8-bit counters count the number of cycles of the 
divided data (CKREF) and the divided VCO clock 
(CKOUT) until one of them overflows. When a faster 
signal between CKREF and CKOUT has finished the 8-bit 
counting, the comparator compares the count numbers to 

calculate clock frequencies of CKREF and CKOUT and 
outputs decision signals, Fast and Slow. The finite-state 
machine uses Fast and Slow signals from the comparator 
to generate digital control bits, VCO_CONT[7:0]. These 
control bits are connected to pull-up arrays of the VCO 
delay cells. The pull-up array of the delay cell consists of 
PMOS transistors in parallel which are controlled by a 
loop filter voltage (Vloop) and VCO_CONT[7:0].  

VCO_CONT[7:0] tunes the VCO coarsely in order to 
minimize the VCO gain variation for all process cases. 

 

Fig. 7. Post-layout simulation results of the recovered clock 
jitter. 
 

 

Fig. 8. Block diagram and schematics of the VCO and its gain 
controller. 

 

 

Fig. 9. Post-layout simulation results of the VCO output 
characteristics. 
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Fig. 9 shows simulation results of the calibrated VCO 
output using proper control codes for process and 
temperature variations. Each line represents the 
calibrated VCO output in different process and 
temperature conditions. In case of fast/fast process corner 
and 100°C condition, the gain calibration circuit 
generates the minimum value of VCO_CONT[7:0]. In 
contrast, in case of slow/slow process corner and -40°C 
condition, VCO_CONT[7:0] has the maximum value to 
increase the VCO gain and the oscillation frequency.  

   
4. Quarter-rate Binary Phase Detector 

 
A schematic of the quarter-rate binary phase detector 

is shown in Fig. 10. The phase detector is composed of 8 
D-flip flops, 8 XOR gates, and 8 latches, which are 
current-mode logics for high-speed operation. 8-phase 
clock signals are connected to D-flip flops for data 
aligning and sampling. As the CDR circuit controls the 
recovered clock phase in the phase tracking mode, 0°-, 
90°-, 180°-, and 270°-clock signals sample the received 
data at the middle and 45°-, 135°-, 225°-, and 315°-clock 
signals are aligned with the edges of the received data in 
order to find data transition points.  

Before the phase tracking mode, in the frequency 

acquisition mode, the CDR circuit operates like a PLL to 
match the clock frequency up with the data rate. In this 
mode, the phase detector does not work, but consumes 
the steady current from VDD to GND since a current 
mode logic always flows the steady current from VDD to 
GND even if the logic is idle. Nevertheless, the phase 
detector has to use current-mode logics inevitably 
because it is hard for CMOS logic circuits to handle the 
high-speed data over giga bit per second. 

In the proposed circuit, to prevent the unnecessary 
power consumption, a clock gating circuit has been 
implemented for the phase detector. The clock gating 
circuit consists of NOR gates, inverters, and tri-state 
inverters. When Lock signal is low, the CDR operation 
mode is frequency acquisition and so the clock gating 
circuit outputs low for both clk and clkb as shown in 
Table 1. Therefore, input NMOS transistors of D-flip 
flops and latches are turned off and the current path 
between VDD and GND is also cut off.  

In the phase tracking mode of the CDR circuit, Lock 
signal becomes high and the clock gating circuit supplies 
8-phase clock signals to D-flip flops and latches in the 
phase detector in order to sample and deserialize the 
received data. As shown in the schematic of the phase 
detector, XOR gates are not clocked logics and so does 
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Fig. 10. Schematic of the quarter-rate binary phase detector with a clock gating circuit for idle power saving. 
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not use any current blocking scheme, which means XOR 
gates always flow the steady current. Naturally, when the 
phase detector idles, it is possible to block the current 
flowing of XOR gates as pulling down the bias voltage to 
the ground level. However, if the steady current of the 
XOR is blocked, the outputs of XOR gates or the inputs 
of latches becomes high. In this case, when the CDR 
loop turns to the phase tracking mode, clock signals start 
to toggle and so the latches sample and propagate the 
high level outputs of XOR gates to 4 V/I converters. 
Since the outputs of latches are used as up and down 
signals of the V/I converters, the propagated high level 
signals generate V/I converter currents, which 
additionally consume the power and unnecessarily pull 
up the loop voltage. Therefore, as unblocking the steady 
currents of XOR gates, the outputs of XOR gates stay 
low and so the unwanted up pulse is not generated when 
clock signals start to toggle. Even though XOR gate 
currents are not blocked, the idle power consumption of 
the phase detector has been reduced from 10.89-mW to 
2.4-mW with 1.2 V supply; 77.96% reduction in idle 
power consumption has been accomplished.  

IV. MEASUREMENT RESULTS 

Fig. 11 shows the recovered data and clock of the 
CDR circuit with the adaptive loop bandwidth calibration. 
From 5.4-Gb/s PRBS-31 data, the CDR circuit recovers 
4-phase 1.35-GHz clocks and 1:4 demuxed 1.35-Gb/s 
data. These data are transferred to a 4:1 mux and 
serialized to 5.4-Gb/s data for BER test. The proposed 
CDR circuit recovers data and clock with peak to peak 
jitter of 31.5 ps and rms jitter of 3.4 ps with the BER of  
< 10-12. In order to verify the adaptive loop calibration 
scheme, jitter tolerances have been measured as the 

Table 1. Power consumption of the quarter-rate binary phase 
detector 

Operation mode : Frequency acquisition 
Data 1010 clock pattern 

Lock signal Low 
Inputs of clock gating circuit CLK, CLKB 

Outputs of clock gating circuit GND, GND 
10.89 mW 

w/o clock gating Power consumption of the quarter-rate 
binary phase detector 

(8 D-FFs. 8 XORs, 8 latches) 2.4 mW 
with clock gating 
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Fig. 11. (a) Measured data, (b) the recovered clock signal of the 
CDR circuit. 

 

0.1

1

10

100

1000

1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

Ji
tt

er
 T

o
le

ra
n

ce
 (

U
Ip

p
)

Jitter Frequency (Hz)

60°C
100°C
24°C
Equipment Limit (MP1800A)

 

(a) 
 

0.1

1

10

100

1000

1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

Ji
tt

er
 T

o
le

ra
n

ce
 (

U
Ip

p
)

Jitter Frequency (Hz)

60°C
100°C
24°C
Equipment Limit (MP1800A)

 

(b) 

Fig. 12. Measured jitter tolerance graph of the CDR circuits 
with (a) the conventional scheme, (b) the proposed scheme. 
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calibration circuit is turned on and off as shown in Fig. 
12. At high temperature of 100°C, the jitter tolerance of 
the conventional scheme is decreased as compared with 
the measured result at 24°C, but the proposed scheme 
shows similar jitter tolerances as compared with the same 
measurement at 24°C. For 1-MHz input jitter, the 
proposed scheme shows the jitter tolerance of 0.45-UI 
which is 0.25-UI larger as compared with the 
conventional scheme. Total 19 samples have been 
measured and shown the same differences between 
calibration-on/off experiment results. Fig. 13 shows a die 
photograph of the proposed CDR circuit. The test chip 
has been fabricated using 0.13-μm CMOS technology 
and the calibration circuit consumes 0.096 mm2. Table 2 
shows the summary and comparisons with the previous 
works. The measured power dissipation is 105-mW 
including output drivers and an embedded 4:1 MUX at 
5.4-Gb/s data rate.  

V. CONCLUSIONS 

This paper introduces a clock and data recovery circuit 
that adaptively calibrates the loop bandwidth and 

minimizes the idle power consumption of the quarter-rate 
phase detector and V/I converters in the frequency 
acquisition mode. Since the loop bandwidth of the CDR 
circuit is proportional to V/I converter current and VCO 
gain, the loop bandwidth calibration consists of the 
adaptive loop current calibration circuit with the 
proposed trimmable bandgap reference circuit and the 
VCO gain controller for the VCO operation in the linear 
control region. The quarter-rate phase detector 
accomplishes high bandwidth and low stand-by current 
consumption using a clock gating circuit which reduces 
77.96% of the idle power consumption by the phase 
detector. In the experiment, the proposed scheme reduces 
the jitter tolerance variation from 0.45-UI to 0.2-UI at 1-
MHz as compared with the conventional circuit. The chip 
has been fabricated in a 0.13-μm CMOS technology. The 
measured power dissipation with 1.2-V supply is 105-
mW including output drivers and an embedded 4:1 MUX 
at 5.4-Gb/s data rate.   
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