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Abstract— A new type of multi-rate clock and data recovery 

(CDR) circuit is realized that can operate at multiple data rates 

of 3.5, 7.0 and 14-Gb/s. A multi-mode rotational binary phase 

detector supports full-rate, half-rate and quarter-rate CDR 

operation with only one voltage-controlled oscillator. A prototype 

CDR circuit implemented in 65nm CMOS technology 

successfully demonstrates the multi-rate operation with energy 

efficiency of 0.64pJ/bit and chip size of 0.017mm2 , both of which 

are much less than those of conventional multi-rate CDR circuits.   

Keywords—Binary phase detector, clock and data recovery 

(CDR), multi-rate operation. 

I.  INTRODUCTION 

The amount of data required for display interface 
applications is rapidly increasing due to continuous demands 
for higher resolutions and frame rates. Fig. 1 shows the 
required video data rates for UHD and FHD resolutions of at 
several different VESA standard frame rates [1]. As can be 
seen in the figure, the data rates of 3.5-, 7.0-, and 14-Gb/s are 
of particular interest for display high-speed serial interface 
applications.  

For these applications, clock and data recovery (CDR) 
circuits that can operate at multiple data rates are of great 
interest.  Fig. 2 shows the structure of conventional multi-rate 
CDR circuit having multiple voltage-controlled oscillators 
(VCOs) [2-4]. With such a structure, it is desired for all the 
VCOs to have the same gain so that stable CDR dynamics can 
be achieved. However, designing VCOs operating at different 
frequencies with the same gain can be very challenging. In 
addition, power consumption and chip area due to multiple 
VCOs can be significant. A CDR circuit with a multi-mode 
phase detector (PD) can solve this problem [5]. However, the 
PD structure used in [5] is very complex resulting in large 
power consumption and chip area. It does not allow the full-
rate operation either.  

We propose a new type of multi-mode PD that is much 
simpler and supports full, half and quarter-rate operations, 
resulting  much reduced power consumption and chip area. We 
demonstrate a multi-rate CDR circuit with this multi-mode PD 
operating at 3.5-, 7.0-, and 14-Gb/s.  

 

 

 

II. CIRCUIT DESIGN 

A. Overrall Architecture 

The structure of our multi-rate CDR is shown in Fig. 3. It 
has newly proposed multi-mode rotational binary phase 
detector (MRBPD), charge pump, 8-phase VCO, frequency 
divider, and controller. An off-chip loop filter is adopted in our 
design. The VCO can be tuned from 1.5 to 4.5 GHz with an 
external coarse tuning voltage. The controller generates 4-bit 
control signals (T0, T1, T2, T3) which set the operating mode 
of MRBPD determined by externally supplied FBD0 and 
FBD1. 
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Fig. 1.  Video data rate of resolution and frame rate. 
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Fig. 2.  Conventional multi-rate CDR circuit. 



B. Multi-mode rotational binary phase detector 

Fig. 4(a) shows the schematic of our MRBPD. It supports 
full-rate, half-rate, and quarter-rate phase detection by rotating 
the 4-bit control signal so that three MUXes (m1, m2, m3) 
within MRBPD realized with transmission gates produce 
different output signals depending on the mode. Fig. 4(b) 
shows timing diagrams for three different data rates. If the data 
rate is 3.5-Gb/s, the MRBPD operates as a full-rate binary PD. 
In this case, the controller operates in State 1 and m1, m2, m3 
produces D0, D1, D2, respectively. These data are used as inputs 
of XOR gates, which generate UP and DN pulses. The charge 
pump uses these pulses to compensate the phase error between 
received data and recovered clock. If the data rate is 7.0-Gb/s, 
the MRBPD operates as a half-rate binary PD. In this case, the 
controller alternates between State 1 and State 3 and m1, m2, 
m3 produces D0, D1, D2 when in State 1 and D4, D5, D6 when in 
State 3. If the data rate is 14.0-Gb/s, the MRBPD operates as a  

quarter-rate binary PD. In this case, the controller rotates 
among State 1, State 2, State 3 and State 4. Then, m1, m2, m3 
outputs are: D0, D1, D2 when in State 1; D2, D3, D4 when in 
State 2; D4, D5, D6 when in State 3; D6, D7, D8 when in State 4.  
Since the control signal changes every 32 clock cycles, the data 
transition detection density of the multi-rate CDR is 1/4 of that 
of the conventional quarter-rate CDR [8]. However, this should 
not have a significant influence on CDR performance because 
rotation of sampling data is much faster than the CDR loop 
bandwidth. With our MRBPD, several D flip-flops, XOR gates, 
and charge pumps can be eliminated compared to conventional 
PD circuits [6-8], resulting in reducing of power consumption 
and chip area.  

III. MEASUREMENT RESULTS 

Fig. 5 shows the die photograph of our CDR realized in 
Samsung 65nm CMOS technology. It occupies 0.017mm
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except for the output buffer.  
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Fig. 4.  (a) Multi-mode rotational binary phase detector  (b) Timing diagram of the full-rate, half-rate and quarter-rate operation.              

8-Phase
VCO

Multi-Mode 
Rotational
Binary PD

Charge
Pump

Controller
Frequency

Divider
(1/32)

Data

FBD0, FBD1

Off-Chip

Coarse Tuning
T0~T3

CK

CK/32

Off-Chip

Loop Filter

8

 
 

Fig. 3.  Proposed multi-rate CDR circuit. 
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Fig. 5. Die photograph. 



The measurement set up for evaluating CDR performance is 
shown in Fig. 6. A pulse pattern generator (PPG) produces 3.5-
/7.0-/14-Gb/s PRBS   2

31
-1 data, and recovered clock and data 

are measured by a digital sampling oscilloscope. The bit error 
rate tester checks if the CDR produces any errors.  

Fig. 7 shows measured eye diagrams for the recovered data 
and clock for full, half, and quarter-rate operations with 3.5-, 
7.0-, and 14-Gb/s input data. Since recovered output data are 
de-multiplexed by the MRBPD, output data shown in Fig. 7 are 
all 3.5-Gb/s regardless of the input data rate. The recovered 
clocks for full/half/quarter-rate operations have peak-to-peak 
jitter of 38.0/36.3/33.0 ps and RMS jitter of 5.4/4.9/4.1 ps, 
respectively. The BER is less than 10

-12
 for all three types of 

operation.  

TableⅠshows performance comparison with a previously 

reported multi-rate CDR and continuous range CDRs. This is 
the first CDR with a PD that can operate at three different data 
rates. Because of this, our CDR is smaller and consumes less 
power.  

TABLE I.  PERFORMANCE COMPARISON 

 This Work 2012 [5] 2009 [6] 2011 [7] 

Data rate [Gb/s] 3.5/7.0/14.0 2.7/5.4 0.65–8.0 0.5–2.5 

Process [nm] 65 130 65 130 

Tbit/Tclock 
Full/Half/ 

Quarter Rate 
Half/Quart

er Rate 
Full Rate Half Rate 

Supply [V] 1.0 1.2 N.A 0.8/1.2 

Power [mW] 
9.0  

@ 14.0 Gb/s 
104.4  

@ 5.4 Gb/s 
88.6  

@ 8.0 Gb/s 
6.1  

@ 2.0Gb/s 

BER < 10 -12 < 10-12 < 10-12 < 10-12 

Recovered 

Clock RMS 
Jitter [ps] 

5.4  

@ 3.5 Gb/s 
4.9  

@ 7.0 Gb/s 

4.1  
@ 14.0 Gb/s 

4.0  
@ 2.7 Gb/s 

3.2  

@ 5.4 Gb/s 

9.7  

@ 8.0 Gb/s 

5.4  

@ 2.0 Gb/s 

Power 

Efficiency 
[pJ/bit] 

0.64 19.30 11.07 3.05 
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Fig. 7.  Measured recovered data and clocks with respect to full-rate, half-

rate and quarter-rate operation. 
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Fig. 6.  Measurement set up.  
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