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Abstract - A DLL-based reference-less CDR for
clock-embedded signaling in 65Snm CMOS is presented. The
proposed receiver operates in mixed mode and the supply
voltage is 1.0 V. To save the channel for forwarded clock and
eliminate the external reference, clock-embedded signaling
scheme is used in this proposal. DLL-based architecture is
adopted to save the power consumption. To accomplish a
10Gb/s data rate, inter-symbol-interference (ISI) jitter
reduction technique is presented. ISI jitter reduction reduces
the bit-error rate (BER) of the receiver by enlarging the
sampling margin. To save the power consumption, new deskew
method which is done by sub-DLL is presented to use D-flip
flops instead of sense-amps. The sub-DLL also gives tolerance
to PVT variations to the receiver. The post-layout simulation
results, which were done with the Samsung 65nm process
model, verify the operation of the proposed schemes.

I. INTRODUCTION

Channel loss in high frequency signals, induced by skin
effect and dielectric loss, is the main bottleneck to increase
data rate in communication systems. To deal with the
channel loss, the importance of clock and data recovery
(CDR) circuits are being stressed. Recently, many
reference-less CDR circuits has been reported to remove the
bulky external reference frequency [1]-[5]. Also due to its
simplicity and flexibility for different applications,
reference-less architecture is quite popular in industry.

In display industry, the state of the art display interfaces
are support 8K (8192x4320) resolution in LCD TV systems.
Moreover the advent of virtual reality (VR) technology
which needs over 4K (4096%2160) resolution displays,
accelerates the high data BW demands in mobile display
area. For instance, the 4K resolution display interface should
support over 10Gb/s as shown in Fig. 1. In intra-panel
interfaces, point-to-point transmission with clock-embedded
signaling (CES) scheme is widely used. Fig. 2 illustrates the
data packet in CES scheme. Clock embedded signaling
eliminates the forwarded clock path by combining data and
reference clock  thus the receiver can operate in
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Fig. 2. Clock embedded signaling.

reference-less mode. DLL-based reference-less CDR circuits
has been used in intra-display interfaces. There are several
benefits from DLL-based architecture; loop stability and low
power. As it has no feedback loop, DLL-based architecture
is free from loop stability issue. And generally, DLL-based
CDRs consume less power than PLL-based ones.

Inter-symbol-interference (ISI) effect is the main concern
in establishing DLL-based systems as the data bandwidth
demand approaches 10Gb/s. As data rate goes high, ISI jitter
effects on clock-embedded signal disturbs DLL-based
system to operate precisely. DLL-based CDRs suffer from
high bit error rate (BER) caused by clock and data jitter
induced by ISI and random noise. Unlike DLL-based CDR,
the loop of PLL-based CDR filters out clock and data jitter.
Therefore, PLL-based CDRs exhibit lower BER
performance than DLL-based CDRs when clock-embedded
signal suffers from ISI effect. Furthermore, embedded-clock
extraction failure, which stops the DLL-based CDR’s
operation, can occur when large ISI jitter exists. At harsh ISI
environments, both DLL and PLL based CDRs need
equalizer to compensate the channel loss which consumes
lots of energy. But at moderate ISI conditions, which
equalizers are not needed, DLL-based CDRs suffer from
high bit error rate (BER) caused by clock and data jitter
induced by ISI and random noise.
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In this work, the design and simulation results of a 10Gb/s
DLL-based CDR with low power clock jitter reduction
technique for CES application implemented in 65nm CMOS
technology. A low overhead decision-feedback equalization
(DFE) technique is utilized only for embedded clocks to
reduce power consumption and enlarge the sampling
margin. A novel deskew concept is presented which enables
the use of conventional D-flop-flops (DFF) instead of
sense-amps (SA). Elimination of SAs leads to less power
consumption. Generally SAs consume more power than
DFFs. This proposal is organized as follows. Section II
reviews the previous DLL-based CDR works and discusses
how ISI degrades the circuit performance. Section III
describes the architecture of proposed DLL-based CDR and
the operation of the circuits and explains the design flow.
Section IV presents the simulation results that verifies the
proposed scheme. Section V concludes this work.

II. ISI EFFECTS ON DLL-BASED CDR

A. Operation of the DLL-based CDR

Fig. 3(a) illustrates the overall block diagram of
DLL-based CDR and Fig. 3(b) shows the clock-embedded
signal which contains both training period and receiving
period. As shown at Fig. 5(a), clock-embedded signal is
composed of N bit data and embedded clock bits. In this
figure, the overhead of embedded clock is 2bit. To increase
the effective data in one packet, smaller embedded clock bit
is preferred. At the beginning of the operation, the receiver
receives training pattern as shown as Fig. 3(b) and that
pattern used for reference of DLL. Sub voltage-controlled
delay line (VCDL) is used for compensate the delay of clock
extraction block. Sub VCDL aligns the reference clock with
CLK<X> which generated by VCDL. Fig. 4 shows the flow
chart, which describes the consecutive operation of the
DLL-based CDR. Fig. 5 explains the clock extraction and
data recovery of DLL-based CDR with assuming the delay
of clock extraction & sub VCDL is zero. At training period,
clock extraction block bypasses the training pattern to lock
the DLL. After the DLL is locked, clock extraction block
use two clocks generated by DLL to make the window
which used for AND operation with embedded clock (Fig.
5(a)). If the clock extraction success, VCDL makes clocks
and the samplers use that clocks for data recovery. Clock
extraction block makes new window and generate reference
clock from the next data packet. If the extraction fails,
VCDL stops making sampling clocks and the whole receiver
stops. So clock extraction, which makes the reference of
DLL, must always success for CDR to keep operating. To
ensure safe embedded clock extraction, the window which
generated by the VCDL clocks must stay in correct position.

B. ISI effects on DLL-based CDR

As mentioned before, small overhead bit is preferred to
increase the data portion of one CES packet. But small
overhead makes the data and embedded clock closer and
causes larger ISI jitter at clock-embedded signal. Moreover,
as the data rate demand goes high, channel loss which
causes ISI also becomes larger due to skin effect. As shown
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as Fig. 6, the symbols which positioned near the embedded
clock cause ISI jitter. Fig. 5(b) illustrates the ISI effects with
2bit overhead. Even if the extraction block succeed to
extract the clock, sampling clocks which generated by
VCDL have same amount of ISI jitter as much as reference
clock has. Moreover, the last clock generated by VCDL has
more jitter than the reference because of the accumulation of
random jitter caused by non-idealities and random noise;
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quantized error, power noise, mismatches, and deskew error.
So when ISI exists, sampling margin reduces. The reduction
of sampling margin degrades the CDR’s BER. So we should
overcome ISI effects to design DLL-based CDR operating at
high data rate. There are many reports about equalizers
which compensate the channel loss to overcome ISI effect
on signal [7], [8]. However equalizers consume power even
more than the DLL-based CDR [2].
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111. PROPOSED WORK

A. Overall architecture of proposed DLL-based CDR

Fig. 7 illustrates the overall block diagram of the
proposed DLL-based CDR. And Fig. 8 shows the timing
diagram of over receiver’s operation. On-chip RC channel is
implemented to simulate the channel loss which gives ISI
effects on CES signal. There are two DLLs, the main DLL is
used for making sampling clocks and the sub-DLL is used
for deskewing the delay made by clock extraction &
equalization path. The 16" clock made by VCDL is aligned
with the next embedded clock by the sub-DLL’s operation
The deskew operation is done during training period. After
the main DLL locked, “DLL_LOCKED” signal changes and
the start logic of sub-DLL stops the counter and the
“t deskew” value is memorized in the counter’s value of
sub-DLL. After training period, ISI calibration block
compensates ISI jitter by aligning the extracted clock. The
aligning is done by changing inverter’s delay through
looking the sampled symbol value. The samplers, recovers
the data, are implemented by DFFs. The proposed deskew
operation enlarges the timing margin for decision feedback
to ISI calibration block more than 4UI. So, we can save
power consumption by using DFFs instead of Sense-Amps.
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Fig. 11. ISI calibration block and the details of variable delay buffers.

B. Deskew operation of sub-DLL

The sub-DLL’s deskew operation is illustrated in Fig. 9
and the block diagram of the DLL is shown in Fig. 7.
Sub-DLL’s deskew operation is done by making the sum of
delays 2UI (t_delay + t deskew = 2UI). At the beginning of
operation, the counter values of two DLLs are initialized to
make the delay of the DLLs minimum. The RDATA<7>,
which is the sampled data by the CLK<7>, is used to the UP
information of the counter. As the counter’s value goes high,
the delay of sub-DLL becomes larger until RDATA<7> is
LOW. When RDATA<7> becomes low, sub-DLL fixes the
counter value. The deskew delay “t deskew”, which is the
tuning range of sub-DLL, is designed to vary from 0.5UI to
2UI at 10Gb/s. Because of this tuning range, sub-DLL can
compensate the variation of extraction block delay
(“t_delay”) caused by PVT variations.

C. Clock extraction

Clock extraction block is implemented as shown as Fig.
10. The DFF is used to make the window for extract the
embedded clock. The 15% and 17" clock are used to make
window. After the window generation, AND gate extracts
the embedded clock position by doing AND CES data with
window. SR-latch makes the final extracted clock. CLK<7>
and CLK<9> are used for reset pulse. In training period,
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CES data is bypassed and the replica path makes the
bypassed clock delay and the extracted clock delay same.
After the main DLL locks, “DLL_LOCKED” signal changes
and the replica path turns off.

D. ISl calibration by variable delay buffers

ISI calibration block uses the recovered data to
compensate the ISI jitter. ISI jitter is deterministic as shown
as Fig. 2. Therefore ISI jitter can be compensated by giving
different delays according to the data pattern. Proposed ISI
calibration method aligns the embedded clock with the “00”
data pattern clock which is the blue one in Fig. 12. The
variable delay buffer, illustrated in Fig. 11, receives the
sampled data and uses that information to change its delays.
For example, if the data pattern is “10” (RDATA<13> =1
and RDATA<14> = 0), the current source of the t 10 buffer
makes the inverter under skewed and the latter variable
delay buffer operates as non-skewed inverter. The delay
variation amount is determined by the amount of current
which controlled by the external gain. The switches and
current sources is implemented by NMOS.

E. Design flow

Our goal is the implementation of a 10Gb/s low power
CDR for CES applications with ISI conditions. We chose the
DLL-based CDR architecture to take the advantage of low
power consumption characteristic of DLL-based CDR. And
we simulated the ISI effects on DLL-based CDR by
introducing on chip RC channel. Proposed ISI calibration
block and deskew block are also verified by simulation. The
whole circuit was post-layout simulated with the process
parameters of the Samsung 65nm CMOS process.

IV. RESULTS AND DISCUSSION

The channel is simulated by RC network. Fig. 13 shows
the RC channel effects and the ISI on CES DATA. The
operation of ISI calibration block was verified by simulation
at 10Gb/s as shown as Fig. 14. The ISI calibration block
reduced 22ps (0.22UI) of ISI jitter in the simulation. The
deskew block operated successfully. The recovered clocks
which are generated by extracted clock show that the
deskew operation was done accurately. Fig. 15, the
post-layout simulation results, verifies the design goal of
proposed circuit, which is to enlarge the sampling margin.

The proposed work is fabricated in Samsung 65nm
CMOS process. Fig. 16 shows the die photo and the active
area is 310 X 210pum?. Table 1 shows the summary of
performance which is the result of the post-layout
simulation.

Bit-error-free operation is not accomplished in 10Gbps
which is the target data rate. We are going to revise the chip
to verify the operation of calibration circuit at 10Gbps.

V. CONCLUSIONS
A 10Gb/s reference-less DLL-based CDR with ISI

calibration technique for CES applications is proposed in
this work. To accomplish low power consumption, sub-DLL
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TABLE L.
Performance summary (*post-layout simulation result).
Technology Samsung 65nm CMOS
Data rate 10Gbps*
Supply Voltage 1oV
ISI calibration 0.41 mW
. DLL 3.73 mW
Power Consumption*
Etc. 3.18 mW
Total 7.32 mW
Area 0.065 I mm?

performs proposed deskew scheme. The timing margin for
decision feedback enlarged by proposed deskew concept,
and the timing margin for decision feedback eliminates the
need of Sense-Amps which consumes power larger than
D-flip flops. The ISI jitter reduction technique was
implemented by the variable delay buffers. The buffer’s
power consumption is much smaller than conventional DFE
schemes. Even if the channel loss is big, this scheme relaxes
the equalizer’s power overhead. Several post-layout
simulations were done to verify the proposed schemes.

ACKNOWLEDGMENT

The chip fabrication was provided by MPW of IDEC.

REFERENCES

[1] Sui Huang, Jun Cao, Green, M.M., "An 8.2
Gb/s-t0-10.3 Gb/s Full-Rate Linear Referenceless CDR
Without Frequency Detector in 0.18 pm CMOS," in
Solid-State Circuits, IEEE Journal of , vol.50, no.9,
pp-2048-2060, Sept. 2015.

[2] Dong Hoon Baek, Byungsub Kim, Hong-June Park,
Jae-Yoon Sim, "2.6 A 5.67mW 9Gb/s DLL-based
reference-less CDR with pattern-dependent

http://www.idec.or.kr

clock-embedded signaling for intra-panel interface," in
Solid-State Circuits Conference Digest of Technical
Papers (ISSCC), 2014 IEEE International , vol., no.,
pp.48-49, 9-13 Feb. 2014.

[3] Junyoung Song, Inhwa Jung, Minyoung Song,
Young-Ho Kwak, Sewook Hwang, Chulwoo Kim, "A
1.62 Gb/s—2.7 Gb/s Referenceless Transceiver for
DisplayPort v1.1a With Weighted Phase and Frequency
Detection," in Circuits and Systems I: Regular Papers,
IEEE Transactions on , vol.60, no.2, pp.268-278, Feb.
2013.

[4] G. Shu, W.-S. Choi, S. Saxena, T.Anand, A. Elshazly,
and P.K.Hanumolu, “A 4-t0-10.5 Gb/s 2.2 mW/Gb/s
continuous-rate digital CDR with automatic frequency
acquisition in 65nm CMOS,” in IEEE ISSCC Dig.
Tech. Papers, Feb. 2014, pp. 150-151.

[5] G. Shu, S. Saxena, W.-S. Choi, M. Talegaonkar, R.
Inti, A. Elshazly, B. Young, and P.K.Hanumolu, “A
reference-less clock and data recovery circuit using
phase-rotating phase-locked loop,” IEEE J. Solid-State
Circuits, vol. 49, no. 4, pp. 1036-1047, Apr. 2014.

[6] Won-Young Lee, Kyu-Dong Hwang, Lee-Sup Kim,
"A 5.4/2.7/1.62-Gb/s Receiver for DisplayPort Version
1.2 With Multi-Rate Operation Scheme," in Circuits
and Systems I: Regular Papers, IEEE Transactions on ,
vol.59, no.12, pp.2858-2866, Dec. 2012.

[7] Ray, S., Hella, M.M., "A 0.622—10Gb/s inductorless
adaptive linear equalizer with spectral tracking for data
rate adaptation in 0.13-um CMOS," in Custom
Integrated Circuits Conference (CICC), 2015 IEEE ,
vol., no., pp.1-4, 28-30 Sept. 2015.

[8] J. Lee, “A 20-Gb/s Adaptive Equalizer in 0.13-um
CMOS Technology,” Solid-State Circuits, IEEE Journal
of, vol. 41, no. 9, pp. 2058-2066, Sept 2006.

Chongsoo Jung received the B.S.
and M.S. degree in -electrical
engineering  from the Korea
Advanced Institute of Science and
Technology  (KAIST), Daejeon,
South Korea in 2015 and 2017,
respectively, and he is currently
working toward the Ph.D. degree in
electronic engineering from KAIST,
Daejeon.

His research interests include mixed-signal IC design for

wireline communications, high speed serial links, and body
channel communication (BCC) transceiver.

Dongil Lee received the B.S.
degree in electronic and computer
engineering from University of
Seoul, Seoul, Korea, in 2012, and the
M.S. degree in electrical engineering
from the Korea Advanced Institute of
Science and Technology, Daejeon,
Korea, in 2014, where he is currently
pursuing the Ph.D. degree in
electrical engineering.



IDEC Journal of Integrated Circuits and Systems, VOL 3, No.4, Oct. 2017

His current research interests include high speed low
power design for wireline communication, especially
source-synchronous injection-locked receiver at
near-threshold supply voltage.

Daewoong Lee received the B.S
and M.S degrees in electrical
engineering  from the Korea
Advanced Institute of Science and
Technology, Daejeon, Republic of
Korea in 2013 and 2015,
respectively, where he is currently
working toward the Ph.D. degree in
electrical engineering. His research
interests include low-power
high-channel-loss compensating equalizer and
time-to-digital converter.

Lee-sup Kim received the B.S.
degree in electronics engineering
from Seoul National University,
Seoul, South Korea, in 1982, and the
M.S. and Ph.D. degrees in electrical
engineering from Stanford
University, Stanford, CA, USA, in
1986 and 1990, respectively. He was
a Postdoctoral Fellow with Toshiba
Corporation, Kawasaki, Japan. Since
March 1993 he has been with the Korea Advanced Institute
of Science and Technology (KAIST), Daejeon, South Korea
where he is a Professor. His research interests include vision
processors, memory controllers, and memory and display
I/O circuits. Prof. Kim was corecipient of the best paper
runner-up award at the 2014 HPCA (IEEE International
Symposium on High Performance Computer Architecture)
and the best paper award at the 2014 ICCD (IEEE
International Conference on Computer Design). He has
served on the technical committee of the ISSCC (IEEE
International Solid-State Circuits Conference) (2004—2009).

http://www.idec.or.kr



