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ABSTRACT 

 

The technology scaling has increased the computational efficiency of on-chip devices while 

approaching almost the transistor transition frequency (fT) on the data rate. However, this 

advantage is now constrained by the transfer medium which consists mostly of traces of 

wires on printed circuit board (PCB) of backplane channel. The high-speed serial links 

consists of transmitter, receiver, Phase Locked Loop (PLL), clock data recovery circuit and 

the channel. The channel or backplane consists of various materials such as line card and 

backplane trace and vias. The bandwidth required to transfer the data at high-speed can be 

intra-chip or inter-chip (high-speed serial link) depending upon the applications, such as 

server access across internet, display devices and gaming consoles, which is limited by 

dielectric loss, skin effect and impedance mismatches. The problems associated with high data 

transfer rate are conventionally addressed by employing parallel channels and logic duplication. 

However, both these options increase the pin count simultaneously increasing the overall 

power consumption which needs to be minimized for efficient data transfer. There is a need 

to transfer data at a very high rate (i.e., > 2GS/s) through single channel meeting constraints 

such as minimum power consumption, reflection loss, channel attenuation in addition to the 

errors induced by clock jitter and skew variations. This makes the design of high-speed serial 

link Input Output (I/O) for backplane channels a challenging field of research. In this thesis 

an attempt is made to develop circuit strategies for clock generation, clock recovery, on-die 

termination and equalization suitable for data-transfer at high speeds across backplane 

channels. 

Equalization and termination matching can be easily achieved in feed forward equalizer with 

current mode logic(CML). However it suffers from poor efficiency, hence an open drain 

CML architecture is chosen with the termination implemented using cross coupled transistors 

minimizing power consumption. The designed on die termination is used to drive  data across 

a 32inch backplane at 10Gb/s with swing of 0.6Vp-p  and efficiency of 0.603pJ/bit and 

generate random jitter of 3.25ps which meets the jitter and swing specifications of 10BaseKR 

standard. This design achieves better performance by striking a tradeoff between power 

consumption of 0.6mW and jitter of 3.25ps on competing with state of art literature. 
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Comparator constitutes an important subsystem of the receiver corresponding to high speed 

serial data link. The receiver driver is primarily affected by the bit error rate and input 

referred noise of the comparator. Noise fed back(kick back noise) associated with 

regenerative comparators demands significant power without which eye opening is 

constrained leading to poor performance against noise. Hence, a gain boosted cascode 

amplifier is added to the cross coupled regenerative pair which further increases the output 

impedance which in turn decreases the input referred noise. This results in reduction of the 

output impedance of the pre-amplifier stage of the designed circuit. The designed gain 

boosted dynamic comparator has resolving capability of 5mV in 0.133ns. The gain boosted 

comparator has kick back noise of 29µ V with input referred noise of 1.75mV. 

 

Serial data link operating at high speed require high frequency clock. The jitter associated 

with clock needs to comply with chosen 10base KR standard. When   phase locked loop is 

employed in clock and data recovery circuitry, the initial phase acquisition loop needs to 

have a minimum phase error which is mainly dependent on minimum phase difference that 

can be detected by the phase detector. When reference less phase locked loop is used, the 

feedback clock transitions are to be in synchronous with data. A modified phase detector is 

presented to reduce the effects of phase error variation of the recovered clock. The modified 

phase detector has a mux which increases the minimum resettable delay in the feedback path. 

The addition of multiplexer increases the minimum width of up and down signals from the 

phase detector. The designed phase locked loop has a phase noise of -114dBc/Hz at an offset 

of 1MHz with power consumption of 6.64mW. It exhibits better FOM of  -192.4   as 

compared to that of counterpart cited in the literature[-185] T.H Lee et .al. 

 

 A clock and data recovery circuit is presented that employs modified dual loop architecture. 

The proposed circuit employs a asynchronous input latch signal in addition to clock which 

aids to latch the input data.  The main advantage of the modified latch is that the regeneration 

phase begins immediately after the sampling phase. The designed clock and data recovery 

circuit has recovered clock jitter of 4.2ps with power consumption of 27mW which is lower 

than the state of art cited in literature. 
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Chapter 1

Introduction 

1.1 Motivation 

The exponential growth of data computation on chip coupled by device scaling has boosted

the performance of  many digital  circuits.  High-speed data  transfer  with power efficiency

forms the focus of many speed communications architectures. The performance of high-speed

serial I/O circuits are measured in terms of bit error rate (BER). The bit error rate is limited

by  the  bandlimited  characteristics  of  the  communication  medium  which  requires

compensation at both receiver and transmitter to improve the signal integrity aspects of the

high-speed I/O design.

The explosive  growth of   many high-speed data  computation  applications  such as  cloud

storage/computation,  sensor networks,  the  required data  rate  computed from ITRS shows

above >70Gb/s in a span of 10 years,  which proportionally keeping lower power bounds has

motivated  the serial-link architects to look for energy-efficient high speed serial link.  

The band-limited nature of the channel causes large inter-symbol interference (ISI) and in-

addition to impedance mismatches causes reflections which degrade the signal reception at

the receiver. To deal with attenuation caused by channel, equalizers are being implemented at

the  transmitter  and  receiver.  At  very  high  data-rates,  the  amount  of  pre-emphasis  and

reflection loss coefficient varies with both frequency and channel length, this motivated the

high –speed serial link architects to model and design energy –efficient circuit topologies. 
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1.2 Backplane channel

The data-rates are previously very less attenuated by optical fiber cables. When being used

for chip –to-chip data transfer it is limited by the performance of integrated photo detectors.

The focus of this  thesis is on copper channels.  The backplane channels are composite of

various materials such as line card trace, backplane trace, package and line card vias, and

backplane connectors. The back-plane channel is shown in Fig.1.1.  

Fig 1.1 Backplane serial link model [33]

The frequency dependent loss varies with channel length and frequency and it is low-pass in

nature. The channel attenuation increases more for   with narrow width pulses when sent

through the channel, which results in a broader pulse at the other end. This effect is called as

ISI and is most important effects which is design bottleneck of high-speed backplane links

1.2.1 Inter-Symbol Interference

Pulse dispersion is one of the major issues associated with ISI. At multi-giga hertz frequency

range, the back-plane characteristics resemble of transmission lines and the skin-effect and

di-electric loss causes frequency dependent losses. At high frequencies, the current flowing

through the conductor flows in outer cross-section of wires, which is limited in area and

cross-section. This effect increases the resistance which in-turn causes losses which are non-

linearly proportional to frequency[33].
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D is wire diameter (Ω/in), Pr is wire resistivity.

The dielectric constant associated with the dielectric material encapsulates transmission line

offers loss called di-electric loss, which varies linearly with frequency. 
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                (1.2)

Where tanδδ  is loss tangent, c and ε rare speed of light and relative permittivity.

1.3 Organization of the work

The thesis the design of high speed serial link for backplane channels. The thesis is divided

into eight chapters. The gist of each chapter is as follows:

Chapter 1 presents the introduction of high speed serial link followed by motivation, problem

statement and contribution to the thesis.

Chapter 2 gives the overview of various circuit  and block topologies of high speed serial

links

Chapter 3 describes the design of on die termination circuitry with equalization functionality

included used in the design of high speed serial links.

Chapter 4 demonstrates the design and results of high speed comparator employed used in

receiver frontend.

Chapter 5 presents the design of clock generation and recovery circuits used in data transfer

across backplane channels.

Chapter 6: Provides the summary of work and future work in design of high speed serial

links.
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Chapter 2

Literature Survey

2.1 Introduction

A high-speed serial link consists of basically three units such as transmitter, channel and the

receiver as shown in Fig2.1.

Fig 2.1 Block Diagram of High speed serial link [6]
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The functions of transmitter and receiver are as follows.

1. To serialize the low frequency digital data into a high frequency streamlined data and send

it across the channel.

2. To recover the clock and data from the random attenuated data.

The  transmitter  sends  the  data  in  different  forms  of  signaling  such  as  Non  Return  to

Zero(NRZ), Pulse Level Modulation-4(PAM4) and duo-binary depending on constraints such

as data-rate and channel-loss. The time difference between each high and low voltages levels

is the bit duration or time. The critical design issue of transmitter lies in serializing random

data in-order to deliver a clear high speed data signal. 

Conventionally channels are realized using co-axial cable, unshielded twisted-pair, Printed

Circuit Board (PCB) traces etc. A Channel that offers minimum data loss is very expensive

and there exists a trade-off between production cost and quality of channel. Hence the cost is

optimized by employing PCB traces along with necessary circuitry to compensate the loss.

The random data are received at  the receiver  unit  are distorted after  passing through the

channel. The receiver needs to amplify the signals of lower voltage levels to enable it for

further data processing and error correction in addition clock recovery from the resolved data

efficiently. 

The (SerDes) (composed of Serializer and De-seralizer) pairs. SerDes architectures opens the

hatchway to immense rise in data-rate,  developing a domain in which SerDes functions  are

expeditiously evolving to meet the demand for denser,  high performance communications.

By compressing  populous inputs into differential pairs,  accelerated  throughput  can also be

universally actualize in a multitude of purposes [1].

The implementation of serial-links  has become a challenging design with power analysis

being performed  on models  before  the  design.  In  this  direction  the  high speed link  was

analyzed by [2] and power hungry DFE was replaced by adaptive CTLE in the receiver with

the CTLE eye opening being monitored and used as objective function in error minimization. 
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Serial I/O architectures with emphasis on signal integrity aspects were explored by [3] for

power efficient circuit methodologies. To counter the power dissipation and to increase the

throughput  of  serial-links,  a  voltage  mode  four-level  pulse-amplitude  modulation  PAM4

serial link transmitter.

 The PAM4 voltage-mode implementation consists of a pull up and down network, instead of

constant  tail  current  source,  thereby having large swing at  the transmitter.  As the output

impedance diverges with the PVT, the driver produces in-accurate output voltage levels. This

topology  employs  calibrating  control  logic  in  order  to  reduce  the  reflection  loss.  The

exponential increase in data-transfer rates across back-plane channels which of  bandlimited

nature necessitates, the designer to look for pre-emphasis/de-emphasis power-effective circuit

implementation topologies keeping the design complexity low. An attempt was made by [4]

to keep the design complexity  low by using cascaded combination  of two voltage mode

drivers. 

Designing an energy-efficient DFE for high-speed I/O is challenging task at high-data rates.

This  problem increases  four-fold  when the  DFE are operated  at  transition  frequency (fT)

limits of process technology. To solve the above problem [5] has proposed to merge  the

summer and latch blocks and further decreasing the settling time of latch. Loop speculative

DFE architectures suffer from speed and voltage headroom issues in sub-micron technologies

when data-rates are very high. To mitigate this issue, the CML mux logic was  replaced by

majority-voting architecture by [7].

As  data-rates  required  by  the  application  are  exponentially  increasing,  the  power

consumption  is  to  be  kept  at  minimum  with  channel  attenuation  becoming  the  design

bottleneck. The serial link architect needs to explore alternative design blocks with no or

marginal change in channel material. To overcome this issue, [8] proposed adaptive DFE at

the receiver. In-addition to cancellation of  the post cursor ISI by taps implemented by the

adaptive IIR filter for keeping the jitter minimum and maximizing receiver eye height. The

optimal design of the adaptive receivers (DFE-IIR) can be used to minimize the reflection

loss coefficient.  The required number of IIR filter  taps is  a non-linear function of power

dissipation and ISI cancellation.

The low-pass nature of channel attenuates fast varying signals which are composed of R and

C circuits, where ‘R’ and ‘C’ are unit resistance and capacitance in the channel such as high

density silicon interconnects where source synchronous I/O systems are being used. To make
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up the channel  losses under limited  power budget,  [9]  has  proposed the use of DFE-IIR

architecture.  The  continuous  time  IIR  filter  is  tuned  by  both  varying  the  resistive  and

capacitive components. This architecture is particularly suitable for channels dominated by R

and C elements, altogether reducing the power consumption by implementing all  post-cursor

ISI  taps  by  continuous  time  IIR  filter  as  it  has  exponentially  decaying  pulse  response

characteristics.

The design of high speed serial link becomes more critical with low power constraints. Such

designs  meeting  the  settling  time  issue  of  full  rate  DFE,  which  is  further  tightened  by

parasitic capacitance at the summation node of DFE has motivated serial link designers to

increase the design space to explore more circuit topologies [10]. To decrease the effect of

parasitic  capacitance,  the  back-gate  (bulk)  was used as  an input  terminal  which  helps  in

systematic isolation between input and feedback paths present in the design of higher speed

summer.

The maximum data-transfer rate across the back-plane is not only limited by channel-loss but

also by the power dissipation for minimizing the effects of pulse-dispersion. To reduce the

loss at high frequencies, a zero is introduced in the adaptive equalizer (AEQ) in the receiver

by [11]. So the AEQ is adapted based on slope minimization between the data transition

edges at input and output of slicer. An attempt was made to make the design independent of

PVT.  To increase the SNR even at high-frequencies, a NC was employed which offers noise

cancellation for a wide range of frequencies with DC gain achieved by the high frequency

[HF] boosting.

The power hungry circuits  in a serial  link are DFE, summer and slicer.  To minimize the

power consumption FFE uses half rate topology at the transmitter along with that a full rate

DFE at the receiver. In this direction  [12]  proposed full-rate DFE architecture, the summer

and  comparator  are  merged  into  flip-flop  meeting  the  settling  time  required  remarkably

increasing  the  operating  speed  of  the  main  critical  loop,  thereby  removing  the  speed

bottleneck in design of high-speed I/O.

The power dissipation to compensate PCI express channel loss needs to be minimum with

minimum hardware overhead. Towards this,  various design methodologies were attempted A

low-voltage  zero  (LVZ)    is  placed  in  equalizer  at  the  receiver  for  high  frequency gain

boosting. A  SB technique was employed[13]  which tunes LVZ by minimizing the power

difference between the high and low frequency components at the input and output of slicer .
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Here an attempt was made to tune LVZ using power detector instead of using inductor for HF

boosting in order to reduce area.

The attenuation provided by FR4 channel depends on the data-rate and channel length. To

meet the ever increasing signal integrity issue as stated above, equalizers are implemented at

both transmitters and receivers which are adapted at the receiver. To minimize the effect of

post cursor ISI and minimize power consumption, an IIR filter was used by [14] in lieu of

post cursor taps The topology is tuned to meet the settling time requirements increasing the

serial-link efficiency.

The back-plane is very complex environment which is composed of various materials with

diverse  frequency  characteristics.  Any  impedance  mismatch  between  the  channel  and

termination circuitry at both transmitter and receiver   causes reflections and are quantified as

reflection loss coefficient. The high frequency signals are attenuated by the channel due to its

band-limiting nature in-turn causing ISI, which varies with frequency, PVT variations. To

compensate the channel loss and retrieve the high-frequency signal from the corrupted signal,

equalization is usually employed in the transceiver. To adapt the receiver equalizer, many

techniques such as SB and EOM are being implemented. The SB technique mentioned above

fails to perform for non-random data pattern in multi-rate applications and EOM burns huge

power dissipation. To deal with above problem an adaptation strategy was proposed [15] in

digital domain to reduce power consumption effectively.

The conventional resistance  based  summers in high-speed serial links are power hungry and

have settling  times constraints,  So they are replaced by   a  resettable  current  integrating

summer reduces the power consumption considerably as the output nodes are pre-charged

during the sampling phase for low frequency data-signals. The integrating summers suffer

from frequency dependency loss of about 3.9dB at higher frequencies, so to mitigate this

issue [16] has proposed to design a transmission-gate based sample and hold topology used.

Signal-to-Noise ratio plays an important role in any serial communication link. Equalizers are

employed to cancel post and pre-cursor ISI. The main problem with the FFE present at the

transmitter is lack of its adaptability and introduction of noise. This  necessitates to keep a

front-end amplifier  circuitry to  improve the signal  swing mostly for multi-level  signaling

schemes. To improve the data-transfer rate, at the receiver  equalizer either  CTLE or DFE

can be adapted, that can reduce  the noise introduced into the circuitry. Towards this end  a
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summer amplifier or integrator and DFE are both combined by [17] that  reduces the noise

generation and power consumption.

The power consumed by the I/O circuits needs to be fraction of data processing units on the

IC. To further reduce the power consumption, different variations of equalizers were modeled

to evaluate the power efficient architectures. In this direction an Infinite Impulse Response-

Decision Feedback Equalizer (IIR-DFE) combination filters were  used for a very power and

area efficient serial  I/O circuitry [18]. The pulse response of an IIR filter  matches to the

exponentially decaying nature of signal when sent across a back-plane channel.  This idea

changed the phase of design from two or more symbol spaced DFE to single tap DFE and an

additional tap comprising of IIR filter which can be tuned by the error function at input of

DFE. This novel architecture has not only reduced the power consumption but also reduced

the overall area drastically.

Data transfer across back-plane or serial links of various flavors is not limited only by the

operating frequency of signal but also by stub-length, receiver eye sensitivity and required

BER vs power consumed trade-off. It was shown that it is highly efficient to send data using

NRZ signaling when BER and power consumption are primarily important, whereas in case

high-rates  are  demanded  by  the  application,  partial-response  signaling  or  duo-binary

signaling is preferred as appropriate choice for both long-distance and medium complexity.

Further PAM4 is preferred when very high data rates and long-channel lengths are needed but

the latter causes increased power consumption caused by the amplifier stages present at the

front-end of comparator [19].

To compensate the channel loss due to traces of FR4, pre-emphasis technique was  employed

at the transmitter  which causes reduction in dynamic range of signal for data-rates above

10Gb/s. To counter this effect and reduce the power consumption, various techniques such as

1)  peaking  by  complex  poles  2)  peaking  by  passive  networks  and  reverse  scaling  were

proposed [20]. The receiver equalizer was tuned by Spectrum Balancing (SB) technique.

The second most  power hungry circuit  in  the receiver  block of serial  link  is  the current

integrating  summer.  To reduce the power consumption  of  the  summer,  a  charge  transfer

mode summer topology was proposed [21]. Two reference voltages namely VCM, VREF are

taken  from a  stable  voltage  reference  generator  such as  band-gap reference  (BGR).  The

summer  acts  as  front  end  to  loop  unrolled  DFE to  generate  the  required  voltages.  The
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capacitor  Cs is charged to effective voltage of Vi-VCM initially  and during the evaluation

phase, the charge across the output is Vi±VREF.  

To adapt a full-rate DFE at high data rates, the power consumed by the summer, comparator

and coefficient adaptation logic are very high. To reduce the power consumption in full-rate

DFE architecture, unrolled DFE, partial -response DFE, or loop speculative technique were

employed.  The  power  is  further  reduced  when  half-rate  or  quarter  rate  loop  unrolling

technique  was  used  for  cancelling  only  first  tap  used  in  DFE.  However  it  increases  the

hardware requirement exponentially, So keeping this constraints as design objective, a time-

interleaved soft decision technique was  proposed by [22]. This technique not only mitigates

the above problems but also increases the evaluation time required as the latch was used in

place of power hungry and high-offset prone edge triggered slicer.

Band-limited  channels  attenuate  fast  varying  signaling,  which  causes  ISI.  To reduce  the

impact of ISI, an adaptive DFE is categorically employed at the receiver, which may run at

full-rate  or  half-rate  depending  up-on  the  power  budget.  The  receiver  DFE  circuitry

composes a summer in feedback-loop to cancel the ISI, without amplifying noise which is

boon  as  Signal  to  Noise  Ratio  (SNR)  is  increased  drastically.  This  causes  the  power

consumption to shoot up in summer and comparator. To minimize the power consumption

[23] proposed pre-charge based summer. The summer not only reduces power consumption

but  also  lowers  settling  time  requirement  as  the  output  nodes  are  pre-charged  before

sampling and decision making phase.

At data-rates above 2Gb/s, the attenuation provided by the channel needs to be compensated.

To   solve this problem [24] proposed a sum-feedback filter[SFF] which  relaxes the timing

requirement compared to FFE at the receiver. To further reduce the channel-loss, a PAM4

signaling was adopted which increases the data-rate 4- fold.

To decrease the power consumption and decrease the circuit design complexity of high speed

serial  link,  continuous Time Linear Equalizer  (CTLE) was adapted by [25]. The adaptive

algorithm  relies  heavily  on  spectrum  balancing  technique  where   balancing  the  power

components of both high and low frequency components of signal is the design objective,

thereby boosting the gain and increasing the data spectrum judiciously.

Half-rate, quarter-rate loop speculative algorithms which are power efficient are used to aid

while designing DFE but suffers from the  drawback of causing additional pattern jitter. This

motivates the designer  to look for architectures[26]  to decrease the DDJ.  In this direction
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LMS algorithm and edge equalization are both combined to create  voltage margin and timing

margin in  DFE circuitry in  the design of serial links.

The bandwidth to send a high-frequency signals over back-plane is primarily is  limited by

channel attenuation which is also called 'channel-loss'. The attenuation measured in decibels

(dB) varies with many factors such as signal bandwidth required, channel-length and type of

materials used during channel design. [27] proposed a  power-efficient design in which  duo-

binary signaling was  preferred signaling method which has the advantages of multi-level

signaling. So more bits are  sent  through the  channel in 1UI and the required bandwidth

decreases to almost two thirds . The design uses an  FIR filter which compensates the phase

and amplitude distortion due varying nature of channel and thus  power efficient realization

of near duo-binary signaling scheme was  made possible.

To increase the operating frequency range, an adaptive FIR equalizer with fractional spaced

structure which has inverter with an active inductor as load element was proposed [28] for

usage in high-speed data communication. A pulse extraction method was used as closed loop

adaptation  technique  to  demonstrate  its  inherent  low-power  and  area  efficient

implementation.

To maximize  the   received  voltage   the  equalizer  employs  several  interpolator  sampling

phases, thereby decreasing the power consumption and design complexity. To further reduce

the  power  consumption,  zero-forcing  and  Sign-Sign  Least  Mean  Square  (SS-LMS)

algorithms  were  modified  to  implement  adaptive  equalization  in  digital  domain  by  [29]

where-in  the  frequency  of  updates  can  be  further  reduced.  The  power  consumption  of

receiver  is  proportional  to  receiver  sensitivity,  which  mainly  is  contributed  by  offset

component of comparator hence the offset of comparator is cancelled, and sampling clocks

utilized by the comparator are de-skewed to take care of static mismatches which resulted in

minor variations in filter coefficients.

Eye opening at the input of the receiver determines the BER of the transceiver. To measure

the eye-opening, eye diagrams are measured on the fly using eye-opening monitors (EOM),

which maps the received signal to high-speed signal. To generate EOM, phase rotators and

digital-to-analog converters (DAC) are used in different sizes of rectangular masks which are

overlapped with the received signal at the receiver. The worst case mismatch is determined

by signal transitions at the middle of eye and thus can be used as error signal to adapt the

receiver  by  means  of  co-efficient  optimization.  This  method  of  BER  detection  using
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EOM[30] is independent of decision at the output of receiver and does not depend on pattern

matching, which in-turn reduces the complexity of the receiver design.

To increase the performance in serial links at higher frequencies, three equalization methods

such as FFE at  transmitter,  discrete equalization and receiver  equalization for high speed

differential serial links was proposed by [31].

The back-plane  environment  is  very complex  since  it  is  composed of  different  materials

which  causes  not  only  reflections  but  also  channel  loss  which  varies  with  stub  length,

frequency and data -rate. The proposed architecture implements both NRZ and PAM4 with

little  change  in  the  selection  hardware  which  achieves  high  throughput  in  terms  of  low

reflection loss and low power overhead over broad range of frequencies [32].

More complex signaling techniques such as PAM4, duo-binary are employed for meeting the

BER specifications. A dual-mode architecture was by [33] proposed for implementing both

the  NRZ  and  PAM4  signaling  with  a  minor  modification  for  implementation.  Loop-

speculative single tap DFE was adopted as receiver equalization. The receiver equalizer is

adapted by popular sign-sign LMS procedure, with maximum voltage swing as main problem

objective with the data based filtering, which in-turn reduces the hardware at the front-end of

the sampler thus reducing the power consumption in the receiver.

To meet the BER specifications in band-limited channels, the effective input referred noise

plays a very important role in the design of high speed serial links [34].

To improve the bandwidth-power trade-offs, duo-binary signaling was implemented for the

required bandwidth for efficient design of adaptive equalization technique [35].

The bandwidth required to implement multi-level signaling is less compared to the full-rate

signaling schemes, as the gain boosting required to counter the channel loss decreases which

makes the architecture power-efficient.

A data-look ahead technique was presented by [36] is used to drive the main tap current

sources when reduced swing is preferred.

A back channel communication path was employed using common mode signaling in order

to adapt FFE by [37] for a self-contoured adaptive differential high-speed transceiver cell. To

minimize  the  hardware  costs,  an  extra  data  update  information  from  receiver  to  the
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transmitter uses a three level return to zero signaling scheme with simultaneous voltage and

timing references.

Duo-binary signaling exploited by [38] to improve sampling rates.  Controlled amount of ISI

was introduced so that it can be removed afterwards at the receiver. The data-rate is not only

limited by the PCB traces and back-plane but also by data computation unit’s on-chip. 

A continuous time filter has advantages of wide tuning range. A tap continuous time filter is

used to implement transmitter Finite Impulse Response (FIR) filter used for implementing

pre-emphasis functionality for data rates above 1Gb/s data transfer rates[39] .   Each tap on

the pre-emphasis filter is implemented by a second order low-pass filter. The major challenge

involved in design of tap filter is that it need to  have constant amplitude and group delay

response across the signal bandwidth.

Spectral efficiency is higher when more than one bit is transmitted per 1UI. In this direction

[40], has attempted the use of PAM4 for data transfer across backplane. In this direction, to

compensate the channel loss and reduce the distortion, the transmit equalizer is continuously

adapted.

To keep up with increased data transfer rate  across the back plane, [41] proposed usage of

multi-level data transmission or usage of DFE. To maintain compatibility the same hardware

can be used to implement both 4PAM and NRZ signaling using loop-speculative DFE at the

receiver.  To  tackle  ISI,  FFE at  the  transmitter  is  tuned  using  back-channel.  Data  based

updates are used to tune back channel and the receiver equalizer is adapted based on error

signal from the summer, thus minimizing  the hardware required at sampler-front end and this

drastically encourages multi-level signaling.

To keep up with the demands of high data rates above 1Gb/s multi-level signaling such as

PAM4 is usually preferred for meeting the trace attenuation or channel-loss which varies with

both frequency and length. To show the effectiveness  of this  technique[42], a low cost BGA

packing  was  employed.  To  counter  the  effects  of  signal  interference   transmitter

equalization  ,cross  talk  cancellation  circuitry   are   used  in  parallel  and current  summing

integrator topologies are employed at the receiver.

Data transmission at high data-rates is limited by transition frequency of technology used and

the channel loss [43].The multi level  signaling is proposed with half ,quarter and octave rates
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for data transfer retrieved by[44] . Power dissipation can be reduced by using clock at lower

operating frequencies.

A  voltage-mode switched-capacitor based circuit as summer circuitry was proposed by [45].

to reduce the power consumption. A  fixed co-efficient Feed Forward Equalizer (FFE)  is

used to cancel pre-cursor ISI.  A timing function is created by using fully adaptive Decision

Feedback Equalizer (DFE) and mixed signal current-summing circuit to cancel post-cursor

and baseline wander.

Next  generation  of  gaming  applications  requires  very  high  speed  data  transfers  between

graphical processing units and gaming consoles. In this direction a high-speed transceiver

was  proposed  by  [46],  wherein  the  multi-level  signaling  (4PAM)  and  pre-shaping  are

employed at transmitter along with adaptive equalization at the receiver.

Techniques for high-speed implementation of nonlinear cancellation were proposed by sanjay

et  al  [47]  .Non  Linear  Cancellation  (NLC)  significantly  limits  ISI  in  long haul  direct-

detection  structures  and thereby doubling the information rate limited by pulse dispersion.

The  ISI  reduced through NLC which  is  carried  out through  subtracting  the  interference

brought  on by previously detected  symbols.  This  subtraction,  on the other  hand requires

previous selections to  be  sent-back to  the  comparator element.  However  delays in  the

feedback back loop can severely  worsen the  required signaling rate of a detector  operating

with NLC. The problem was addressed by modifying the feedback loop with help of analog

signal switching through multiple decision feedbacks each with a unique threshold value. An

associated  look  in  advance  computation  facilitates  the  feedback  loop  to  complete  the

computation within permissible time. 

2.2 On   Die Termination

To reduce the power consumption a voltage mode transmitter is proposed which performs

both equalization and impedance matching to the channel. To further reduce the power, a low

common mode signaling is employed [48] which requires complex finite state machines  for

impedance matching and the amount of required equalization to reduce the channel loss.

Signal  integrity  needs  to  be  explored  for   large  design  space  to   transfer  data  across

backplanes.  Impedance  mismatch  between  driver  termination,  vias  and  stub  impedance

mismatch which results in reflections leading to  closed eye at the receiver front end. The  is
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further  exacerbated  degraded  due  to  high  attenuation  of  traces  and  cross  talk  between

adjacent channels. To improve the BER specifications adaptive equalization is required at

transmitter and/or at the receiver [49]-[58].

Transmit and receive equalizers are employed to compensate the channel loss, which in turn

reduce  ISI  resulting  from band-limited  channels.  To reduce  the  reflection  coefficient,   a

transceiver was proposed [59] that  employs a 4-tap FFE followed  by DAC which is used for

impedance  matching  while   introducing programmability  into the  design.  The calibration

mechanism employed in the architecture is limited by quantization error of the calibration

bits which increases proportionally to data rate for  data transfer applications  across multi

data rates.

Power integrity analysis of serial-link drives the serial-link architect to explore the design

space for possible power saving topologies meeting the required data rate required. In this

direction [60], has modeled the power analysis of high speed serial links by employing SST

drivers  at  transmitter  in  addition  to  enabling  equalization  capability  at  the  transmitter.

However FFE draws more power. The architecture can be made more power efficient by

implementing adaptive CTLE at the receiver.

There are various problems associated with design link such as channel attenuation, reflection

loss. The problem is further aggravated  when multi-rate applications are to be designed in

lower technology nodes with primary emphasis on low-power architectures.  To deal with

signal  and power integrity  issues  in  the context  of  transceiver  termination  in  addition  to

boosting of high frequency signals,  a  combination  of  voltage-mode driver  for  transmitter

termination  and  current  mode  driver  implementing  pre-emphasis  called  hybrid  mode

implementation  was  proposed[61].  The SST has  advantage  of  power savings  of  4X the

current mode while the later offers low complexity and boosting the High Frequency (HF)

signals. To avoid the loading effects, complex segmented drivers in case of voltage-mode

implementation, in addition to provide signal isolation between the serializer block and signal

transistors, a pre-driver circuitry is employed. The termination in transmitter is implemented

by series termination where an impedance control loop which adjusts the output transistors in

the  driver’s  section  to  distribute  the  equivalent  segmented  tap  weights  which  out-grow

geometrically  for  higher  resolutions.  In  the  current-mode  implementation  the  added

advantage is   high-resolution equalization without significant increase in pre-driver design

complexity which is controlled by a current controlled DACs.
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Impedance match for wide range of frequencies and for multi-standards with the lower power

consumption has been a design challenge for transferring data across serial links in particular

at lower technology nodes. To combat these bottle necks at lower voltages, a near ground

termination is implemented in SST design style by using a common gate-amplifier (CGA)  to

match  replica  transconductance  impedance  which  controls   impedance  matching  in  the

presence  of common mode noise. The impedance calibration control logic was presented by

[62]  to   operate  for  multi-standard’s   which  burns  more  power  as  calibrating  effective

transconductance across Process Voltage and Temperature [PVT] slows down the achievable

data transfer rate.

There are two forms of on-die termination (ODT) Viz., current –mode and voltage mode. The

current mode design style  is power inefficient, so voltage mode is usually preferred as it

consumes less than quadrant of power consumed by current mode. To increase the power

efficiency a shunt branch is added in parallel to that of the channel impedance, this form of

termination is called Impedance modulated pre-emphasis voltage-mode transmitter [63]. The

topology achieves equalization at the cost of impedance  mismatch , this  situation further

degrades  for  backplane   channels  as   number  of  discontinuities  are  introduced  due  to

packages  and vias which were introduced for signal coupling across the backplane.  The

whole process introduces impedance mismatch which leads to  high reflection loss coefficient

which  in turn takes away majority benefit  when used for  long haul backplanes. 

The voltage mode ODT suffers from various issues such as degraded HF boosting at very

high data rates coupled with high power dissipation incurred in pre-drivers and its digital

logic control  circuitry.  To improve the performance of serial-link termination  circuitry,  a

common-drain amplifier was proposed to be used [64] in place of resistors which act as load

with  a  pseudo  CML  implementation.  The  above  described  technique  has  no  impedance

control over vast frequency range and multi data standards.

This thesis explores circuit strategies to implement power efficient on die termination with

equalization.

2.3 Dynamic Comparator

To  decrease  the  resolving  time,  a  bandwidth  modulation  technique  is  employed  that

introduces negative feedback which also reduces the reset time of the regenerative stage of
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dynamic  comparator  [65].  The  above  described  bandwidth  modulation  technique  when

applied  to  comparators  used  in   multi  standards   application  like  USB2,USB3 and PCI-

express gen 4 under performs the power bandwidth product criteria as power  quadratically

increases with loop bandwidth. 

Digitization has made signal processing an easy task but converting the analog signal to the

equivalent  digital  code  is  cumbersome  in  power  constrained  architectures.  The  main

component  used  in  Analog  to  Digital  Converter  (ADC)  is  dynamic  comparator  which

employs positive feedback to convert small input differential voltage to full-scale voltages.

The peak-to-peak voltages are coupled back to the input node during regeneration,  which

causes spikes or some-times perturb the common-mode level which is called as kickback

noise (KBN). To minimize KBN, various noise reduction techniques viz 1) Node isolation

and 2) Neutralization techniques are being proposed [66]. 

Comparators act as decision making logic in many circuits, the performance of comparators

are limited primarily by the offset voltage at the input of comparator, whose contribution is

more  in  dynamic  comparator  relative  to  the  static  one  due  various  mismatches  such  as

threshold,  transconductance  and  effective  load  capacitance  at  the  output  node  during

regenerative  phase.  To  reduce  the  effect  of  offset,  while  trading  carefully  with  power

consumption, an offset cancellation (OC) was proposed [67] where the body voltages of the

input transistors are tuned to capture the change in output voltage during regeneration phase.

This scheme essentially requires a single clock phase. The above proposed technique is novel

in nature which assumes the PVT across the design is constant which when inspected from

yield point of view but  the offset cancellation degrades as no on die trimming mechanism is

employed to have threshold control  across process corners.

The  usage  of  high  speed  ADCs  at  the  front  end  of  high  speed  serial  links  is  gaining

momentum in the recent past. To resolve this tangle an attempt was made [68] through a

topology in which dual tail dynamic comparator which has regenerative feedback in both pre-

amplifier and output stage. To minimize KBN low impedance path is created from output of

first stage to both input of output stage and ground. 

This thesis attempts to design circuit strategy for comparators in order to minimize KBN and

input referred  noise suitable for high speed serial links. 
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2.4  Phase Locked Loop

As clock speeds have entered into Giga hertz regime, constraint on clock jitter and duty-cycle

distortion has made specification more stringent.[69]. For  meeting excessive tuning range

specifications in LC-VCO, a multiplier pass loop ring oscillator structure with  saturated gain

approach was  proposed[70]. The attractive aspects of this approach stems from its simplicity.

The  ring  oscillator  can  be  realized with  ease  in  any  Complementary  Metal  Oxide

Semiconductor (CMOS) process node. 

The output voltage of  the ring oscillator is being affected generally by tail current source and

besides  tank loading effects. The effect of  numerous noise sources in the circuit  used were

analyzed by [71] and it is shown  that the cumulative noise added by means of the transistors

in the differential pair can be scaled down at ease by exploiting cyclo-stationary effects of the

sources.

A PLL is used at front-end to preserve synchronization in the serializer/de-serializer pair. The

negative-feedback present in the PLL corrects any difference in time period detected  at the

input of Phase detector (PD). To grasp the SerDes technology, it is essential to have a basic

perception of  how  a  PLL  operates.  The  underlying functionality of  SerDes  PLLs  is  to

synchronize  the  input frequency  (typically  clkin)  and  a  generate core  frequency.  The

designed center frequency is accountable for the serialization timing generated from the PLL.

A phase detector  is used in the  front  of the loop to assign a  small delta  change which is

generally fed  into  a  filter,  whose  output  voltage controls  Voltage  Controlled  Oscillator

(VCO) which in  turn tunes the output frequency. A divide  by means of switch function is

then responsible for the last charge of the ‘clkin’ to the PLL frequency.

The  evaluation  of clock jitter has  advanced as  signaling rates have increased. In  high pace

serial links clock jitter influences the receiver efficiency. The emphasis is now on quantifying

the relativeness of  clock quality to device realization in terms of the BER [72].

A series  of direct  coupled cascaded chain of inverters  is  being proposed as a new delay

generator.  The delays achieved by circuit is proportional to the buffer delay. The advantage

of this  architecture is that the array of inverters have uniform offset in phase in constant

fraction to the buffer delay [73] which varies across PVT and thus has degraded phase noise

performance which is not suitable for designs which require minimum cycle to cycle jitter.
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The timing jitter of entire design is proven to depend on the jitter generated the ring oscillator

and its rate of accumulation is inversely proportional to the bandwidth of the  phase locked

loop (PLL)[74].

Charge pumps are utilized to convert the timed logic  into analog quantities for controlling

the locked oscillators [75]. Practical limits of multi-tone signaling over  very high data-rate

backplane electrical  communication channels are  presented in [76]. Application of discrete

multi-tone  (DMT)  signaling  to  high speed backplane  interconnects  requires  fundamental

adjustments to the standard evaluation strategies utilized in wire line communication systems.

Tight energy budgets in backplane links impose severe constraints on DMT block dimension

and use of channel shortening filter in the system. First order evaluation of a linear oscillatory

systems leads to a noise shaping function and a new definition of quality factor (Q). A linear

mannequin  of CMOS ring oscillator  is used to calculate  its  phase noise along with three

segment  noise viz.  additive noise,  high frequency multiplication noise and low frequency

multiplication noise [5].

There are three most important predicaments that can limit the overall performance of high-

speed links namely clock frequency, channel bandwidth and timing accuracy. It makes use of

the figure of merit of as (FO-4) inverter to measure the overall performance of circuits that

must scale with technology. Since the quandary (in terms of FO4) remains roughly consistent

with scaling, limitations that do not scale with technology  are measured in pico-seconds and

likely establish a closing bound to a serial-link performance [6].

The effect of numerous noise sources in the circuit used are analyzed and it is shown [78] that

the cumulative noise added by means of the transistors in the differential pair can be scaled

down by  exploiting cyclo-stationary effects of the sources.

Initially  state  -equation  methodology  was  adopted  to  analyze  the  large  -signal  lock

acquisition process and small signal linear tracking behavior of a third-order charge-pump

PLL.  To have  intuitiveness of the PLL, noise transfer function is analyzed in Z-domain and

the non-linear state equations are worked out for small perturbations.   Secondly, impulse-

invariant transformation and s-domain methods are compared [79].
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The  spectral  characteristics  of  PLL  were  analyzed  using  stochastic  partial  differential

equations  taking  into  boundary  conditions  caused  by  the  loop  filter,  Phase-Frequency

Detector (PFD) and VCO [80].

Power supply rejection ratio constitutes an important specification of PLL  that  influences

PLL’s jitter characteristic. A CMOS quad transceiver was  proposed by [81], which has dual-

loop PLL. To mitigate the jitter introduced by the supply, the dual-loop PLL was designed to

have two supply regulators, whose band width is adaptive, one with high bandwidth and latter

having low bandwidth for digitally controlled phase interpolator which reduces the power

supply rejection ratio (PSRR). Current starved ring oscillator was  being employed which has

wide tuning range that  can be used for robust integration with various serial-link interfaces.

A discrete-time  open-loop dynamic  model  of  PLL and DLL was  presented  by  [82]  that

exhibits  adaptive  bandwidth optimizes  the performance  over  wide  frequency range over

Process Voltage Temperature (PVT). This was characterized based on  the sampled error

from the response.

As discussed earlier Power supply rejection ratio (PSRR) forms an important specification in

designing analog circuits especially, signal processing circuits with special emphasis on PLL.

Deterministic jitter is caused by random variations in the circuits such as power supply hence

the design of voltage regulator needs a special care in context of PLL. To decrease the jitter

caused by PSRR, another  compensation technique was proposed by [83], which employs

replica based biasing and thus the stability of loop can further be improved. The main draw

back of the proposed PLL with replica based biasing  is that  there is no control mechanism

on effective transconductance of replica pair with process, which further needs  to have a

constant transconductance circuit that  limits the tuning range.

Inverters are generally  used as leaf cell in the design of ring oscillator (RO).  To analyze the

noise component in inverter, a time-domain jitter calculation method was  proposed by [84]

to quantize and simulate white noise and flicker noise component by  VCO modulation.

Tuning range plays a very important role while integrating a PLL across  different process

nodes and serial link standards. A regulated tuned supply is being proposed to improve PSRR

and satisfy the jitter specifications [85].
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The channel attenuation and reflection loss play a pivotal  role in design of a high speed serial

transceivers.  To mitigate the above affects, a 5-tap DFE and 4-tap FFE was  proposed by

[86]   at  the  transmitter  and  receiver  to  reduce  the  BER.  Further  a  low  jitter  PLL was

synthesized using LC VCO in the transceiver which  trades off being with  lower tuning

range, higher power consumption, area and mostly need additional fractional divider circuitry

for multi standard which further reduces the gain of VCO.

To increase the program-ability and to have independent control on the loop bandwidth and

settling  time in PLL, [87] has proposed a dual-loop PLL architecture which replaces  the

resistor in proportional path with a sample-hold circuity which further decreases the noise.

This proposed PLL reduces the thermal noise with increase in shot noise. In addition the

designed circuit needs to have constant impedance control mechanisms within tolerable limits

which further questions the system stability when used for multi standard applications. 

Power optimization without compromising the signal integrity is the main focus of multi-rate

data transfer over back-plane channels.  To meet the power constraints, the design parameters

such supply  voltage  and current  are  scaled  based on  the  required  signaling  rate  whose

optimization  is  characterized  by  nonlinear  cost  function.  To  boost  the  signal  across  the

receiver,  PLL (which functions  as frequency synthesizer) is shared across the transceiver, in

addition to minimizing the offset at front-end of the receiver which now saves large chunk of

power while adopting active inductor approach[88].

The jitter needs to made independent of both input and output clocks. The data dependent

jitter  was proposed to be minimized by[89]. Applying techniques  such as minimizing the

power consumption of VCO and loop filter. Also the loop bandwidth is chosen aptly that

minimizing phase noise contribution of PD, LPF,VCO ad frequency divider. 

Phase noise forms an  important  design  specification  in  the design  of  CDR architectures,

which may  be degraded by limited acquisition range of frequency locked loop FLL, phase

error caused by glitch in control voltages of VCO and high gain or VCO. To counter  this,

[90] a dual-loop CDR architecture was proposed  which smoothly shifts the control from

phase acquisition loop (PAL) to the frequency loop (FL), thereby minimizing  the phase noise

degradation  and  in  addition  maintaining  the  minimum  phase  margin  to  design  a  stable

system. To increase the conversion efficiency of charge-pump (CP) and LF circuitry,  the

width  of  error  signal  from the  PD is  increased  by  modifying  the  half-rate  PD there  by

reducing the phase error between the recovered clock and random data signals. The designed
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PD  increases the width of error , up and down pulses but when the circuit is used for full rate

applications, the  V-I converter which follows the PD may not settle suitably thereby creating

ripples across the control voltage, losing the loop locking mechanism.

To meet the jitter,  power and swing specifications of multi-standard PLL and CDR, [91]

proposed an architecture with the following features such as employing  an equalizer  both at

transmitter and receiver. The swing across the transmit FFE was made programmable while

DFE was made adaptive.

A discrete-time delay cell was  proposed by [92]  to add a zero in the open loop transfer

function of the phase-locked frequency synthesizer which also in-turn reduces the thermal

noise introduced by the resistor in the loop filter. The introduction of zero stabilizes the loop

in-addition to which eases the design cycle aspect pertaining to settling time and magnitude

of spectral components outside the desired band of frequencies which are called as reference

spurs. 

The urge  to decrease the power consumption in frequency synthesis  has  brought the PLL

based clock multiplier and DLL(Delay Locked Loop) as available architectures of which PLL

based topology generates less jitter while  power consumption is more in DLL  based ring

oscillator. The jitter accumulation which determines the jitter tolerance when employed in

CDR is less in VCO of PLL [93].

Power and speed constraints are important bottleneck of serial links.  To obtain a tradeoff, a

chain of interpolating inverters were proposed to be used to generate multi-phase clocks by

[94]. This technique is employed in feedback loops to obtain higher speed of operation and

precise phase spaced clocks which allow the feasibility of higher speed operation in CMOS

based PLL.

Loop bandwidth plays a vital role which determines the settling time of a system.  Adaptive

control of reference clock frequency and frequency divide ratio extends the loop bandwidth

considerably [95].

In this research, an attempt is made to design a PD used in the front end of PLL to improve

the jitter characteristics.
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2.5   Clock and Data Recovery

In order to reduce the systematic phase offset present in PD, a circuit strategy was proposed

by  [96]  that  exhibits  linear  characteristics,  retiming  and  de-multiplexes.   The  proposed

architecture also employs an interpolating VCO phase-locked CDR. A phase interpolator was

introduced which needs to have a overlapping interval across process corners. This feature

when evaluated across PVT limits the control voltage of the PLL which in turn reduces the

tuning range and gain of VCO increasing jitter.

Jitter is defined as random movement of signal depending on the traversing path, generating

source and interference. The data-dependent jitter (DDJ) is a time domain representation of

multiple dispersed bits more than 1UI. The serial-link figure of merit (FOM) in terms of BER

degrades  for  high-date  signals  due to  limited  bandwidth of  the  back-plane.  A method to

quantify DDJ was proposed by [97]  which uses step response of current and preceding bits

as the starting factor, seemingly the computation time grows linearly instead of exponential

nature.

Jitter tolerance is an important specification in the design of CDR.  The binary phase detector

usually degrades the jitter specifications in design of single loop CDR. To balance the effects

of jitter degradation and fast lock acquisition, a dual-loop CDR was proposed by [98]  which

consists  of  both  PFD  and  frequency  detector  (FD).  Thus  it  could  control  jitter  transfer

bandwidth even with usage of binary PD.

To  tackle  the  ever  growing  demand  for  speed-power  tradeoff's  in  high-speed  serial  link

designs, low power-high efficient building blocks such as a programmable SST transmitter

driver,  phase rotator were proposed to be used by [99] in CDR. An  LC-VCO based PLL for

low jitter  amplification and inductor loaded resonant clock distribution was  employed in

clock buffers to increase the gain at higher frequencies.

Power consumption and jitter  amplification form a trade-off in the design of CDR design

blocks used in high-speed data transfers. The error signal required to tune the data retiming

circuitry  and the charge-pump circuitry  have been largely  controlled  by PD whose pulse

width is small when data are transferred at very high rate. So a linear PD which runs at octave

rate was proposed by [100] which enlarges the width of error signal and thus decreases the
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complexity of CP and its controlling circuity in-addition addressing the maximum update rate

bottle-neck on PD design. Another notable feature of this topology was that  the performance

improves with process scaling and increased data –rate but it introduces bimodal jitter which

is  very  difficult  to  track  and  control  when  PD  does  not  have  enough  gain  to  curtail

metastability. 

The recovered clock from the data in CDR circuitry was proposed to be used by [101] to

generate phase error, which is proportional to phase difference between the clock edge and

center of incoming data from DFE. The data transitions were exploited are being used to

acquire frequency lock with no additional reference, However there is necessity to improve

performance by striking balance between phase noise and power consumption. 

In this direction, a dual loop clock and data recovery circuitry with modified  CML D Latch

is  designed  to  improve  FOM that  takes  into  account  both  jitter  performance  and power

dissipation.
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Chapter 3

0.603pJ/bit On Die Termination Using Current
Mode  Logic  in  130nm  CMOS  for  10Gb/s
Backplane Channel

3.1 Introduction 

On die termination plays a pivotal role in reducing the reflection loss across the transceiver

circuitry. Inter symbol interference is caused by the band limiting nature of the channel. A

circuit which reduces the effect of channel loss meeting the power budget specifications is

needed.  The  proposed  circuitry  is  designed  in  current  mode  logic  with  open  drain

configuration. The designed circuitry has power efficiency of 0.603pJ/bit in 130nm CMOS

technology.    

Even though technology scaling has brought much needed advantage for faster computation,

this has been lagging in data transfer within the effective power budget allocated for I/O.

Signal integrity poses a major concern while moving to higher data rate in strict power and

jitter specifications. There has been considerable effort by fine tuning various circuits blocks

in dealing with issues such as inter symbol interference, which  came up during the design of

ODT. In this direction various circuit techniques viz., current mode [49, 101, 102], voltage

mode [44, 103] and hybrid mode [44] has been introduced to deal with the issues. Dynamic

impedance modulation technique which optimally trades signal integrity with power has been

demonstrated  [105].  On chip termination  employing pulse width modulation  method was

attempted [106]. Trans-impedance amplifier  was also used for ODT  at both receiver and

transmitter without paying much attention towards pre emphasis. Attempts to achieve on die

termination  along  with  equalization  in  current  mode were  presented  by  [105],  while  the
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power consumption still remained a design issue. Voltage mode, with N over N or P over N

MOS structures give the advantage of lower power consumption about four folds [107]. The

performance  of  voltage  mode  circuits  are  degraded  when  channel  equalization  is  also

included, so a reconfigurable driver was demonstrated by [46]. In P over N voltage mode

implementation, complex digital encoding circuitry is used for controlling ODT, which adds

the complexity in the implementation of feedforward equalizer.

3.2 Circuit operation

 The proposed circuit is shown in Fig 3.1. The transistors in Fig3.1. M1, M2, M6, and M7

operate in linear region. They are designed keeping the swing consideration as shown below. 

                                          (W/L) 1,2,6,7=4*(I1+I2)/Kn*(Vswing)2                                       (3.1)

Fig.3.1. Proposed on die termination with pre-emphasis filter.

 Let I1, I2 be the main and post cursor currents. Vmax and Vmin be the maximum and minimum

voltages during equalization.

                                                          Vmax=Rterm(I1+I2)                                                         (3.2)
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                       Vmin=Rterm(I1-I2)                                                          (3.3)

                 

Where α the pre-emphasis coefficient and Rterm is the channel terminating resistance. The

transistors M3 and M4 are connected in positive feedback.  The impedance looking from the

drain of M3 and M4 is (~ 2/gm3,4). The output impedance is ~64Ω at 10GHz.The output

impedance is plotted in Fig.3.2.

Fig.3.2   Output impedance of the circuit

  

Fig.3.3 Output swing across the on die termination.

The proposed circuit has output swing of 0.4V as shown in Fig.3.3. The eye diagrams at the

output of the circuit is shown in Fig.3.4. The circuit introduces 3.25ps random jitter. 
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Fig.3.4   Eye diagram at the output of transmitter

Table 3.1 shows the comparison between the various circuits which were designed for on die

termination and equalization.  

Table 3.1: Performance comparison of various Feed forward equalizers
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[49] [46] [44] [108] [109]
This
work

Tech.

(µm)
0.065

0.065
LP

0.090 0.028 0.065 0.13

Supply

(V)
- 1.2 0.8~1.2 1

0.6~0.
8

1.2

Data rate

(Gbps)
5~15 10 2~6 8.5~13 4.8~8 10

TX swing
(Vpp)

0.1 0.25 0.1~0.4 1
0.1~0.

2
0.4

Equalizer -
2 Tap
FIR

2Tap
FIR

4 Tap
analog

None 1Tap FIR

Efficiency
(pJ/bit)

2.8-6.5 ≤1.1 1.26 3.8 0.3 0.61



3.3 Conclusion

Equalization and termination matching can be easily achieved in feed forward equalizer

with current mode logic(CML). However it suffers from poor efficiency, hence an open

drain CML architecture is chosen with the termination implemented using cross coupled

transistors  minimizing power consumption.  The designed on die  termination  is  used to

drive  data across a 32inch backplane at 10Gb/s with swing of 0.6Vp-p   and efficiency of

0.603pJ/bit  and  generate  random  jitter  of  3.25ps  which  meets  the  jitter  and  swing

specifications of 10BaseKR standard. This design achieves better performance by striking a

tradeoff between power consumption of 0.6mW and jitter of  3.25ps on competing with

state of art literature.
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Chapter 4

A Low Input Referred Noise Dynamic Comparator 
for High Speed Applications

4.1 Introduction

Comparators  play  an important  role  in  design  of  analog and mixed signal  circuits.

Comparators that employ regenerative feedback both in input pre-amplifier stage and

output stage are considered. The designed comparator resolves 5mV with resolution of

8 bits and dissipates 11mW of power using 1.2V supply in 130nm CMOS technology

while operating at clock frequency of 1.25 GHz. Comparators are used in the design of

analog to digital  converters resolving the bits based on the required resolution.  The

main  constraints  involved  in  the  design  of  comparator  varies  with  application  and

resolving  time.  Operational  transconductance  amplifiers  work  as  high  speed

comparators in open loop but with reduction of minimum channel length the available

voltage  headroom is  reduced which reduces  both gain  and voltage  swing.  Circuit’s

topology such as cascode when use in output stage in Op-amps reduce the available

swing. Conservation of power has opened the circuit design to look for topology such

as dynamic comparator [107]-[111] relative to its counterpart i.e. static comparator.

4.2 Conventional dynamic comparator [68]

4.2.1. Operation

Dynamic  comparators  are  realized  in  several  ways  [110]-[111].  The  basic  circuit  of

conventional dynamic comparator is shown in Fig.4.1 [68].
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Fig.4.1 Schematic of conventional dynamic comparator

The operation of above circuit is as follows. Initially when clk is low, transistors M1, M8, M9

operate in cutoff region and transistors M7 and M6 are turned on. This phase of operation is

reset phase. Nodes Voutp and Voutn are now pre charged to supply potential. In the next clock

phase i.e. when clk is high transistors M1, M8 and M9 begin to turn on and draw current. The

voltage  stored  across  parasitic  capacitance  present  at  the  output  nodes  begins  to  change

according to the differential input voltage.  After certain amount of time the cross coupled

pair start to operate until one of the transistor turns off and other turns on completely. This is

the regenerative phase. There are certain problems associated with the above circuitry such as

kickback noise and limited gain. The kickback noise is due to low impedance path between

the output nodes and inputs due to parasitic capacitance. 
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4.3 Conventional double tail dynamic comparator [68]

4.3.1 Operation

The circuit of conventional double tail dynamic comparator is shown in Fig.4.2. When clk is

low the transistors M1, M2 M3 and M12 are in cutoff region, transistors M4, M5 are turned

on.  So  there  is  no  power  dissipation.  The  intermediate  nodes  vp1,vn1  (gate  nodes  of

transistors  M6 and M7) pre-charged to supply voltage  which in  turn turns  on transistors

M6,M7 which pulls  the output nodes Voutp and  Voutn low.  This is the reset  phase of

comparator. When clk is high transistors M1, M12 are turned on. The voltage stored across

parasitic  capacitance  present  at  the intermediate  output  nodes vp1,vn1  begins  to  change

according to the differential input voltage. According to difference of voltage across vp1,vn1

nodes transistors M6 and M7 start discharging the Voutp  and Voutn nodes. As clkbar is low,

transistor M12 is turned on. The two cross coupled transistors form a positive feedback loop

and the voltages across nodes start to regenerate according to input voltage difference. The

problem of kickback noise is reduced by adding M6 and M7 transistors. 

Fig.4.2 Schematic of Conventional dual tail dynamic comparator

The  output  of  conventional  dual  tail  dynamic  comparator  is  shown  Fig.4.3.   An  input

differential  voltage  vid 5mV  applied  at  the  input  of  comparator.  When  clk  is  low,  the

comparator is in reset phase, so both outputs are discharged to ground. When clk is high both
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the output nodes start to rise until t0 after which one of output discharges while other charges

to the supply.

Fig.4.3 Output of conventional double tail comparator

 4.4 Double regenerative double tail comparator [68]

4.4.1 Operation

The circuit of double regenerative double tail comparator is shown in Fig.4.4. The operation

is as follows, when clk is low, transistors M16, M3, M4, M1, and M2 are turned off. The

intermediated nodes voutp1, voutn1 are pre charged high to the power supply which turns on the

transistors M10, M11 that pulls the output nodes low. This is the reset phase.  When clk is

high,  transistors  M1,  M3  are  turned  on.  The  voltage  stored  across  parasitic  capacitance

present  at  the  output  nodes  begins  to  change according to  the  differential  input  voltage.

According to  difference  of  voltage  across  Voutp1,  Voutn1 nodes  transistors  M10 and M11

starts discharging the Voutp and Voutn nodes. As clkbar is low, the two cross coupled transistors
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form a positive feedback loop and the voltages across nodes start to regenerate according to

input voltage difference. When nodes voutp1 and voutn1 have discharged sufficiently low,

transistors M14, M15 are turned on. The two transistors M14, M15 form a cross coupled pair.

The potential across output nodes Voutp and Voutn start to increase until the two transistor M12

and M13 turn on. The two inverter pairs formed by transistors M14, M13 and M15, M12

form  a  cross  coupled  pair.  This  is  regenerative  phase.  The  time  required  to  regenerate

decreases as gain increases already in the input preamplifier stage due to the cross coupled

pair formed due to transistors M2, M7 and M8, M3. The gain of this circuit  is increased

compared to circuit shown in Fig 4.2.  The output of double regenerative double comparator

is shown in Fig.4.5.  The input vid of 5mV is applied across gates of transistors M4.M5. The

output nodes Voutp,Voutn  is low when clk is low. When clk is high, the both the outputs start to

increase until the cross coupled pair regenerate after time t0.  .

Fig.4.4 Double regenerative double tail comparator
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Fig.4.5 Output of double regenerative double tail comparator

4.5 Proposed regenerative dynamic comparator

4.5.1 Operation

The circuit of proposed regenerative dynamic comparator is shown in Fig.4.6.  Initially when

clk is low, transistors M1, M2, M3, Mtail, are turned off and transistors M7, M8 are turned on.

The intermediate output nodes voutp1,voutn1 are pre-charged high. The output nodes are pull low

as transistors M11, M12 are turned on.  As clock is high, transistors M1,Mail is turned on.

The transistors M6, M9 begin to turn on as the node voltages begin to drop, which in turn

switches on the cross coupled pair formed by transistors M6,M9.  When the intermediate

node voltages  begins to rise the transistors M2,M3 begin to turn on, the two inverter pair

M6,M2 and M9,M3 form a cross coupled pair further boosting the gain. The gain is boosted

in output stage by gain boosted   cascode   which is configured as class C inverter. The circuit

here employ gain boosting technique which increases the output resistance. The back to back

connected gain boosted cascode stages are in positive feedback loop which further increases

the gain. The output wave forms of proposed regenerative dynamic comparator is shown in

Fig.4.7.  Input differential voltage vid of 5mV is applied to input of comparator. When clk is

low, the intermediate nodes voutp1, voutn1 are pre-charged high, which pulls the output nodes

low. This phase is reset phase of the comparator. When clk is high the tail current sources are

turned on. The gain is increased in the input preamplifier stage, which reduces the kickback

noise. 
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All the above discussed comparators have rail to rail signal excursions at the output nodes.

This causes the kickback noise.  The high speed and power efficient  dynamic comparator

architectures necessitate one to explore techniques to reduce the kickback noise. There are

many circuit topologies present in the literature to minimize the effect of kickback noise. S.

Babayan-Mashhadi et al [97] proposed neutralization technique to reduce kickback noise by

coupling the signal across the drains of signal transistors which change in opposite direction

to input. An attempt was made to reduce KBN by providing a low impedance path from the

output pre-amplifier stage to ground during pre-charge phase. This disables the path between

the regenerative stages and pre-amplifies stage.

The topology presented in this thesis uses class-C inverter stage as output to reduce kickback

noise. As output resistance is increased the kickback noise is attenuated by as factor of gain.

This  reduces  the  kickback noise.  The concept  of  increasing  the  output  resistance  can be

understood from Fig.4.8.

The  transistors  M3,M1   form  cascode  amplifier,  while  transistor  M2  is  used  for  gain

boosting. The currents i1,i2,i3 are the currents flowing through the transistors M1,M2,M3.

As the current ‘i’ is a function of input gate to source voltage and drain to source voltage, the

mathematical analysis is shown by equations.  It can be seen that the output resistance is

boosted by a factor of A2*A3, where A2 and A3 are the self -gains of M2 and M3 transistors.

   1 1* 1*i gm f vgs gds f vds  (4.1)

                                        1 1*0 1* 1i gm gds v  (4.2)

       
1 1* 1
3 3* 2 1 3* 0 1

i v gds
i gm v v gds v v

   

(4.3)

            
 3 3* 2 1* 3 3 3* 0

1 1* 1
i gm v v gm gds gds v
v rds i
   


(4.4)

                                      
2 1* 2* 2v v gm rds  (4.5)

                                       , 1 3as i i (4.6)

             

 0
1* 3 1 1* 2* 3
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      
 



(4.7)
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Fig.4.6 Proposed regenerative dynamic comparator

Fig.4.7 Output of proposed regenerative dynamic comparator
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Fig 4.8 Circuit used calculating output resistance in proposed regenerative dynamic
comparator

4.6 Results and Discussion

The designed comparator exhibits offset voltage of 0.59mV of offset without cancellation.

The output is measured using Monte Carlo sampling method for 200 samples and can be seen

in Fig.4.9. 

The designed circuit shows a kickback noise of 25.6e-6V by following the procedure used in

[89].

The sensitivity of high speed serial link at the receiver is given by eq 4.8. It can be seen the

sensitivity is a linearly dependent on input referred noise,offset and latch resolving capability.

For BER 10-12 SNR0.5 =7, and Vn
rms  =1mv, Vmin+Voffset<2mV,gives the minimum eye opening

of 20mV.

min2PP rms
s n offsetV V SNR V V  

(4.8)

So by reducing the input referred noise and kickback noise, the sensitivity of receiver can be

improved. The input referred noise of circuit is 
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Fig.4.9 Output offset of proposed regenerative dynamic comparator

Where R0   is the output resistance of gain boosted stage. The layout of proposed comparator

is shown in Fig.4.10. It can be observed that increasing gain or output resistance decreases

the  input  referred  noise  of  the  gain  boosted  comparator.  Further  it  can  observed  from

obtained results in TABLE 4.1 that the combined value of offset voltage and input referred

noise is less than 2mV.  A minimum gain of 240 is required to resolve the v id which was

achieved by employing gain boosting in the regenerative comparator stage.
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Fig.4.10 Layout of Proposed dynamic comparator

Table 4.1: Performance comparison of state of art dynamic comparators

Reference [108] [110] [112] [113] This Work
Technology 180nm 65nm 65nm 180nm 130nm

Supply
Voltage

0.8V 1.2V 0.6V 3.3V 1.2V

Clock
Frequency

2.4GHz 500MHz 700MHz 250MHz 1.25GHz

Resolution - - - - 8 bits
Offset

3-sigma
standard
deviation

- 2.075mV - - 1.75mV

Output
referred
voltage

- - 22mV 4mV 183.37µV

Kickback
noise

43mV - - 1mV 29µV

4.7 Conclusion

Having identified  the significance  of comparator  and its  design tradeoffs,  a  gain boosted

comparator is designed that achieves low input referred noise and reduced KBN which makes

it  very much suitable for high speed serial I/O circuit designs. The designed gain boosted

dynamic  comparator  has  resolving  capability  of  5mV  in  0.133ns.  The  gain  boosted

comparator has kick back noise of 29µ V with input referred noise of 1.75mV
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Chapter 5

Clock Generation and Recovery Circuits in 
High Speed Serial Links 

5. Introduction

Interconnects play a vital role in communication between the sub blocks of a design. With the

transistor scaling the processing speed of the individual subunit increased drastically but the

communication between the subunits has not increased at  the same pace.  To mitigate the

above problem, data are transferred through back-plane at high data rates.There are vaious

design issues  impact the efficiency of the high speed data transfer across back-planes. Circuit

stategies  to  improve the performance of  clock generation   and recovery are presented  in

section 5.1 and 5.2 respectively. 

5.1  A  Low  Jitter  Phase  Locked  Loop  for  High  Speed  Serial

Interfaces

This  chapter  presents  a  modified    phase  frequency  detector  which  is  used  for  clock

generation designed in 130nm CMOS process technology. The phase locked loop is designed

to meet the 10BaseKR wire line communication standards. All the circuits are designed in

current mode logic for high speed operation by the virtue of advantages discussed in chapter

2. The designed circuit dissipates 6.6mW. The voltage controlled oscillator has phase noise of

-114dBc/Hz at 1 MHz offset from center frequency. The designed phase locked loop has rms

phase jitter of 44.17fs.  Phase locked loop (PLL) plays an important role in many applications

such  as  clock  generation,  clock  and data  recovery  circuits,  memory  circuits,  high  speed
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digital systems to generate very low jitter for on-chip clocks. Jitter has been an important

design parameters in the design of PLL. Many factors such as loop bandwidth , damping ratio

affect the jitter and stability of the phase locked loop(PLL).Very low bandwidth and  high

damping ratio are frequently used in obtaining low jitter [114]-[117].  This chapter presents

circuit topologies to realize low jitter PLLs for backplane channels.

5.1.1 Phase Locked Loop 

The performance of  high speed  systems  is  limited  severely by  clock skew, clock jitter

and noise generated by various noise  sources in  circuits[119]. The block diagram of PLL is

shown in Fig 5.1.1. There are various blocks in phase locked loop such as phase frequency

detector (PFD), charge pump, loop filter, voltage controlled oscillator (VCO) and frequency

divider.  PFD compares the phase of reference clock and feedback clock. 

Fig 5.1.1 Block diagram of Phase Locked Loop [119]

5.1.2 Modified Phase Frequency Detector

There are two types of PD such as XOR PD and PFD [119]. The XOR PD has good noise

rejection capabilities but locks onto harmonics of the clock thereby generating ripples even

when loop is locked. This modulates the clock frequency which is an unwanted characteristic

of PD. XOR PD has problems locking if the VCO duty cycle dithers around 50%.  The block

diagram of modified PFD is shown in Fig.5.1.2.
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When both reference clock and feedback clock out of phase the up and signals tend to go

high when feedback clock and low when feedback clock lags. When the phase difference

between both the clocks is negligible, the loop ideally needs to be in locked state but drifts

over time. So to counter it, a delay in the form of multiplexer and nand-gate is added to avoid

the dead zone problem. When reference clock, feedback clock are in phase, the output of

nand-gate is low, which sends the output of multiplexer to low, which resets the loop, for the

clock  cycle.  So  finite  phase  error  is  present  in  the  loop  which  prevents  the  dead  zone

problem. It compares the leading   edges of reference and feedback clock from the frequency

divider. The rising edge of reference clock and feedback clock must be present to make a

phase comparison.  PFD does  not  lock onto  harmonics.   The  up signal  is  high when the

feedback clock lags the reference clock and down signal is high when reference clock leads

the reference clock as shown in Fig.5.1.3.

Fig.5.1.2. Block diagram of modified PFD
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Fig 5.1.3 Output of Phase frequency detector

PFD converts the phase information to voltage signals that drives the VCO. This can be done

in two methods as shown in Fig 5.1.4[119].  The main problem is that the output of charge

pump shown in Fig 5.1.4[119] is dependent on supply. This dependency can be reduced by

adding a current source as shown in Fig.5.1.4.b. Let Ipump represent the charge pump current.

If the output of PFD uses the charge pump configuration of Fig5.1.4.b then the output current

is given by   IPDI,   Where ∆Φ represents the phase difference between the reference clock andΦ represents the phase difference between the reference clock and

feedback clock and KPDI   is the gain of PFD.
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Fig 5.1.4 (a) Tri-sate (b) Charge pump outputs 

                                                   IPDI   = (2Ipump / 4π)*∆Φ)*∆Φ represents the phase difference between the reference clock andΦ   =KPDI *∆Φ represents the phase difference between the reference clock andΦ.         (5.1.1)

It is assumed that equal current flows in the pull up and pull down structures. The second

order effects such as channel length   modulation which affects the MOS device to function

as current source can be reduced by increasing the output impedance. The output impedance

can be increased by cascode current mirror topology and by using gain boosting technique.

Alternately current mismatch can be reduced by using reference charge pump method. The

schematic of charge pump is shown in Fig.5.1.5 [119]. 
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Fig.5.1.5 Schematic of charge pump [119]

The error amplifier  compares the voltages at its input and generates an error voltage that

drives transistors MP3, MP4 to minimize the current mismatch. The output of charge pump

drives the LF circuit. The schematic of loop filter   is shown in Fig.5.1.6. For slow variation

in the output of charge pump the loop filter acts as integrator [119].  

Fig 5.1.6 Loop filter
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For  fast  variations  the  LPF acts  as  resistive  divider  which  allows  the  loop to  track  fast

variations. The output of LPF   is shown in Fig.5.1.7. 

Fig.5.1.7 Output of loop filter

VCO can be realized through ring oscillators or LC oscillator.  The output of ring oscillator is

sensitive to supply voltage variations and   noise in the circuit which favors LC oscillator as

its phase noise is less compared to ring oscillator. For oscillations to begin a loop gain of

greater than unity even in the presence of temperature and process variations is required.  The

schematic of LC oscillator is shown in Fig.5.1.8 [119].  The skin effect plays a vital role in

design of the oscillator as the metal loss increases at higher frequency.  Let Rs represent the

series resistance of inductor. Let Rp be parallel equivalent of series resistance of the inductor,

Rp = Q2 Rs. (5.1.2)
Vswing = Ibias* Rtank (5.1.3)

Rtank = 1/gmn,p (5.1.4)
gmn,p  = -2/Rp (5.1.5)
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Fig 5.1.8 LC oscillator

Where Q is the quality factor of the inductor, gmn,p  are the effective transconductance of  N

and P cross coupled  transistors.  The voltage sensitivity curve of VCO is shown in Fig.5.1.9,

which shows VCO has gain of 1020Hz/V.  

The figure of merit (FOM) of LC oscillator is used to compare the performance of VCOs

[126].

                    FOM=10 log (L ( f m ))+10 log(( f m
2

f osc
2 )

PDC
1mW )                                       (5.16)                                                         
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Fig 5.1.9 Tuning range of VCO

Where L(fm)  is the phase noise , fm  is an offset frequency from center frequency fosc  , TR is

the  tuning range  and P is the power dissipation. Table 5.1.1 shows the comparison among

various LC oscillators designed.

TABLE 5.1.1 Performance comparison of LC VCO

Reference Process Freq

(GHz)

Phase Noise (dBc/Hz) Power

(mW)

FOMT

[120] 130nm 40 -110@1MHz 12 -184.9
[121] 130nm 59 -89@1MHz 9.8 -174.5
[123] 250nm 16.98 -108@1MHz 10.5 -184.2
[124] 350nm 9.8 -115@1MHz 11.61 -184
[125] 0.5µm 1.4 -107@1MHz 3 -185

This Work 130nm 10 -114@1MHz 6.64 -192.4

5.1.3 Conclusion 

In this  work an attempt  is  made to  design PLL suitable  for  high speed serial  links  with

reduced phase jitter  of 44.17fs.  This  work explored the possibility  of improving the LC-

oscillator performance towards the better designs of PLL suitable for high speed serial links.

The PLL designed offers a phase jitter of -114dBc/Hz at an offset frequency of 1MHz from

the center frequency. The designed VCO consumes a low power of 4.6mW without buffer.
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5.2 A 10-G bits/s Clock and Data-Recovery Circuit for Backplane

Applications Using Dual Loop Architecture

5.2.1 Introduction 

The increased data rates lead to increased bit error rates. The subunits on a chip communicate

using input output pins. If there are more number of pins then all the parallel bus lines need to

be synchronized along with meeting the design problems of clock skew, bit error rate (BER),

setup time and hold time. The clock frequency is to be reduced in order to meet the timing

specification which in turn lowers the data transfer rate.  So the number of input output pins

of design play an important role in the communication between the subunits.  Reducing the

input output pin count of each subunit necessitates the clock to run faster so that higher data

rate is achieved. The data are to be serialized   before transmission.  Clock is embedded into

the data.  So, at the receiving unit the clock should be extracted from the data and data are to

be sampled at the middle of each sample duration. Salient features of CDR include “clock

retrieval from data with lower BER, lower clock jitter and phase noise. In CDR circuits phase

locked loop is used for generating the clock required for sampling the incoming data. Linear

phase detectors limit the maximum data rate which prompt the usage of half, quarter and

octave phase detectors [127]-[130]. Unless initial frequency of VCO is close near to baud rate

of  incoming  data,  the  bit  error  rate  shoots  to  significantly  larger  value.   Clock and data

recovery are also designed using dual loop architectures [129], [133].  A novel idea for clock

and data recovery circuit and a circuit for delay latch are implemented.
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Fig 5.2.1 Block diagram of Dual Loop Clock and Data Recovery Circuit [84]

5.2.2 Architecture

The block diagram of designed CDR circuit  uses dual loop architecture as shown in Fig.

5.2.1[84]. The lock detector transfers the control to phase tracking loop when frequency of

clock is extracted from the data. The frequency acquisition loop consists of bang–bang phase

detector. The phase detector controls the VCO.  

The  backplane  has  the  characteristics  of  a  low pass  filter.  The  chip  package  limits  the

throughput.  In  dielectric  the  speed  goes  down by  factor  of  √Ɛr where  Ɛr  is  the  relative

permeability of the dielectric.  The channel is modeled by distributed components such as

capacitance,  inductance  and  resistance.  The  characteristic  impedance  is  equal  to  (√L/C),

where L and C denote the parasitic inductance and capacitance. There are various losses in

channel  such as  reflections,  skin  effect  and dielectric  loss.  Reflections  may  arise  due  to

printed  circuit  board  impedance  mismatch,  via  impedance  mismatch  and  connector

impedance  mismatch.  At  high  frequencies  the  current  crowds  along  the  surface  of  the

conductor causing skin effect. Skin depth is inversely proportional to √f. This effect starts

when skin depth is equal to conductor radius. The dielectric loss is often specified in terms of

loss tangent.  Its transfer function is   e-(Gd*Lcon)   where Lcon denotes the length of the conductor
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or channel length and Gd denotes the conductivity of the dielectric [132]. Molex FR4 is used

as backplane here. The frequency response shows a channel of 14.74dB as observed from

Fig.5.2.2.

                                         * * tan * *dG f L C                                                              (5.2.1)

                                            
tan

*

G

w C


 
   
                                                                     (5.2.2)                                           

  Where Gd is the conductance of the dielectric, f is the frequency of the data measured in Hz.

So from the Fig.5.2.2,  it  can be seen the channel  loss is  below 20dB which permits  the

realization of receiver circuit using NRZ signaling.

When  CDR transits  from frequency  acquisition  loop to  phase  tracking  loop,  there  is  no

degradation in the phase margin and loop bandwidth remains constant. The CDR proposed in

[133] changes the loop filter  parameters to avoid   the decrease in the phase margin and

increase in loop bandwidth.  The designed CDR circuit  is solution to the above problems

along with meeting  the backplane  specifications.  When the loop changes  from frequency

acquisition to phase tracking mode, the loop bandwidth and phase margin are degraded which

was compensated by varying the loop filter parameters [133].

Fig 5.2.2 Frequency response characteristics of Molex FR4 21 inches back-plane
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The novelty in designed CDR is the necessity of varying loop parameters is avoided. Since

half rate phase detector is clocked by half the data rate, a voltage controlled oscillator which

generates half the frequency is designed. Towards the end, many half rate phase detectors

were designed [127],[128],[134]  but  the phase detectors have unbalanced  load.  A half rate

phase detector can solve this issue [133]. The schematic of   half rate phase detector is shown

in Fig 5.2.3.

Fig 5.2.3 Schematic of   half rate phase detector [127]

The error1 signal is used for detecting data transition when clock is high and error2 signal is

used for detecting data transition when clock is low. The error signals are 3/2 times of the

reference signal. The reference signal is used for detecting the transitions at both the clock

edges. The output of phase detector is   shown in Fig.5.2.5. Current is   injected using a

voltage to current converter (VIC)[134]. 
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Fig 5.2.4 Output of Phase tracking loop

The signal clk is the output clock from phase tracking loop.  D is the input data to CDR. Vbias

is  output  of  loop  filter.  Ierror1,  Ierror2 and  IREF  are  output  currents  for  error1,  error2  and

REFERNCE voltages from half  rate phase detector.  The output of phase tracking loop is

shown in Fig.5.2.4. 

5.2.3 Frequency Tracking Loop

There are two types of phase detectors namely linear and nonlinear [129]. Bang- bang phase

detector  is  a binary phase detector  [129].   When the phase of incoming data  is  equal  to

feedback clock phase, the up and down signals are high .The flip flops are reset. A modified

D-latch used in the design of modified bang-bang phase detector is shown in Fig.5.2.7. The

circuit uses to two additional transmission gates T1, T2 and two additional transistors MZ1

and MZ2 in addition to conventional CML latch.  When reset is low the transmission gates

T1 and T2 offer low impedance path to inputs D and Dbar while MZ1 and MZ2 are in cutoff

region. When reset goes high T1 and T2 offer high impedance to the differential inputs, MN1

and MP1 are turned on and operated in triode region of operation forcing input  D to low

ensuring output to logic low.
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Fig 5.2.5 Output of half-rate Phase detector

Fig 5.2.6 CML to CMOS converter

The logic levels are converted to CMOS logic levels using CML to CMOS logic converters

shown in Fig.5.2.6. 
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Fig 5.2.7 Modified D-latch 

The true and complement inputs are tied to logic low and high during reset phase. For current

injection a charge pump is designed [136] - [137]. The schematic of charge pump is shown in

Fig.5.2.8. 

Here signals ‘up’ and ‘down’ are used to control the charge pump. When the frequency of the

feedback clock is less relative to the data the signal ‘up’ is high. When the frequency of the

feedback clock is ‘high’ compared to the data, the ‘down’ signal is high. A loop controller is

designed to stabilize the voltages of reference current path, charging and discharging paths. 

 

5.2.4. Voltage Controlled Oscillator

A differential inverter is designed to serve as basic block for differential ring oscillator [136].

The schematic of differential inverter is shown in Fig.5.2.9.  
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Fig 5.2.8 Schematic of charge pump

Fig 5.2.9 Schematic of differential CML Inverter
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A loop controller is designed to bias   the PMOS transistors in triode region which are used as

resistors in differential inverters. The loop controller controls replica biasing circuit which

increases the speed of operation of differential ring oscillator.  The block diagram of the VCO

[136],  [137]  is  shown  in  Fig.  5.2.10.  The  frequency  of  voltage  controlled  oscillator  is

controlled by varying the tail current source. 

Fig 5.2.10 Block diagram of the voltage controlled oscillator

The voltage controlled oscillator has gain of 10GHz/V as shown in Fig. 5.2.11 

Fig 5.2.11 Gain curve of Voltage Controlled Oscillator
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The phase noise of differential PLL is -114dBC/Hz   as shown in Fig.5.2.12.

Fig 5.2.12 Phase noise plot of Phase locked loop

A miller compensated operational transconductance amplifier is employed as loop controller.

CML logic is used for the design of inverter as the swing is less compared to static CMOS

logic which translates to higher speed compared to CMOS logic implementation.  The current

is  steered  in  one  branch  of  the  differential  pair.  The  main  advantage  of  differential

configuration is common mode noise rejection. Replica biasing is used to bias each CML

differential inverter configuration. The loop controller controls the replica circuit which has

the same design parameters as the CML differential inverter. Each CML differential inverter

pair  has  a  gain  of  √2 which  is  required  for  sustained oscillations  [130].  The differential

voltage  swing  should  be  less  than  800mV  as  per  10  BASE  KR channel  specifications.

Voverdrive of signal transistors is equal to Vswing/√(2) which fixes the size of signal transistors

while keeping a cap on power dissipation. As per UMC 0.180nm the delay for single inverter

is 27ps. If differential signaling is used the delay is 54pS. If 8 such stages are cascaded then

the delay is 0.216ns, so the frequency is 4.6 GHz. As the data rate is 10.3Gbps, 8 stage CML
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differential inverters can realize voltage controlled oscillator which serves as clock for half

rate PD. Here the resistances are implemented using PMOS transistors.  The performance

summary and comparisons with the previous works are presented in Table 5.2.1.

The frequency of operation of differential ring oscillator is    given by equation 5.2.3[140].

 
2 21 1

1 2
2

ss g prSS ss

sw in prSW in pr

I R cI I
f N

V c c NNV c c  

                                                     (5.2.3)

The effect of process corners on the gain characteristics of VCO is shown in Fig.5.2.13. The

variation   in the frequency of a VCO is due to variation in process parameters of MOSFET. 

Fig 5.2.13 Effect of process corners on phase noise of Voltage Controlled Oscillator

 In slow PMOS, slow NMOS corner, since the load resistor is implemented by PMOS biased

in  triode  region  of  operation,  the  resistance  of  PMOS  increases,  and  effective

transconductance of MOSFET decreases which in turn leads to reduction of gain needed for

sustaining oscillations.

The frequency of oscillator is influenced by gate resistance as can be seen from equation

5.2.3. It is assumed that no current in drawn by the MOSFET. To overcome the effect of
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short  channel  MOSFETs,  if  the long channel  MOSFETs are used,  the  effect  of  parasitic

capacitance  becomes  the  limiting  factor.  The results  demonstrate  that  the  designed CDR

circuit  exhibits  lower  jitter  of  4.92ps.  However  artifacts  due  to  process  variations  are

insignificant as they are beyond the tuning range. 

TABLE 5.2.1 Performance comparison of Various CDR topologies

[139] [140] [141] [142] [143] [135]
*

This work

Process
0.18µm
CMOS

0.18µm
CMOS

0.13µm
CMOS

65nm
CMOS

65 nm
CMOS

0.13µm
CMOS

0.18um
CMOS

Supply 1.8V 1.8V 1.2V N.A 1.2V 1.2V 1.8V

Data rate 5 Gb/s 5 Gb/s 10 Gb/s
0.65-8
Gb/s

5 Gb/s 5.4 Gb/s 10 Gb/s

Power

consumption

230
mW

144
mW

120 mW 88.6mW
178.4
mW

138 mW 27 mW

Recovered
clock jitter

6.04
ps(rms)

6.8
ps(rms)

2.1
ps(rms)

9.7
ps(rms)

N.A
5.98

ps(rms)
4.92

ps(rms)

* Complete receiver with buffer, equalizer, and tuned LC VCO and mux logic included.

5.2.5 Conclusion 

A 10.3-Gb/s clock and data recovery circuit is designed using dual loop architecture for FR4

backplane applications. Dual loop architecture and bang-bang phase detector are modified to

meet the functionality requirements. The output recovered clock from simulations shows a

total  phase  jitter  of  0.14ps  meeting  the  backplane  specifications  of  0.15UI  between  the

frequencies 5GHz to 5.15GHz.   The results also show a period jitter of 1.52 ps and cycle to

cycle  jitter  of 2.63ps.  This shows from the above results  that  designed CDR circuitry  is

suitable from high speed serial data transfer across backplane channels.
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Chapter 6  

 

Conclusion and Future Scope 

 

High-speed serial links play a vital role in both inter-chip and intra-chip communication. 

Statistical analysis was performed to model the backplane channel.  On-die termination 

besides the pre-emphasis with lower power consumption is designed suitably. The constraints 

of minimum bit error rate and jitter specifications are met with dual loop clock and data 

recovery circuitry. Identifying the fact that comparators play a major role in sensitivity of 

receiver, a low input referred noise dynamic comparator is proposed with lower kick-back 

noise. 

 

6.1 Major Findings 

To address signal integrity design challenges, the first contribution presents a feed-forward 

transmit equalizer that uses current-mode signaling along with a cross coupled technique to 

implement the on-die termination to improve power efficiency. A two-tap circuit is designed 

and simulated which achieves an overall efficiency of 0.603pJ/b working at data-rate of 10Gb/s 

with 300mV differential output signal amplitude.  

An attempt is made to design of low input referred noise dynamic comparator suitable for high-

speed serial I/O. The designed circuit employs gain boosting technique to reduce the kick-back 

noise which in-turn reduces the input referred noise of the comparator. The designed dual-tail 

dynamic comparator has a 61.13𝜇𝑉  as input referred noise and 29𝜇𝑉  as kick back noise with 

an input sensitivity of 5mV. 

Another contribution is design of low phase noise dual-loop clock and data recovery circuit. 

Phase noise forms an important aspect of design of CDR. The phase-frequency detector is 

modified to reduce the dead-zone effect thereby improving the phase-noise. The circuit is 

designed for a data-rate of 10Gb/s in 180nm CMOS technology. It achieves a phase noise of  

-82dBc/Hz at 1MHz offset from center frequency. 
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A phase locked loop is designed to improve jitter performance for a center frequency of 10GHz 

in 180nm CMOS technology. The designed Phase locked loop has a phase noise of  

-114dBC/Hz. 

 

6.2 Future Work 

Some viable options to extend the work include but not limited to: 

1. As data transfer rates across backplanes shall increase exponentially, other multi-level 

signaling schemes can be employed. 

2. As process, voltage and temperature variations affect the analog circuitry compared to 

the digital counter parts, major signal processing circuitry can be pushed to digital 

domain. 

 

 

 

 

 

 

 

 

 

 

 

 



 

64 
 

References 
 

[1] Using Clock Jitter Analysis to Reduce BER in Serial Data Applications, Application 

Note, Key sight Technologies. Accessed on July 17th 2019. 

[2] K. L. J. Wong, H. Hatamkhani, M. Mansuri and C. K. K. Yang, "A 27-mW 3.6-gb/s 

I/O  transceiver," in IEEE Journal of Solid-State Circuits, vol. 39, no. 4, pp. 602-

612, April 2004. 

[3] P. Vijaya Sankara Rao, Debashis Banerjee, Pradip Mandal, Active terminated 

current-mode   pre-emphasis transmitter for PCI Express standard, AEU - 

International Journal of   Electronics and Communications, Volume 65, Issue 7, 

July2011,Pages650-657,ISSN1434-8411, 

http://dx.doi.org/10.1016/j.aeue.2010.09.007. 

[4] Y. H. Song, H. W. Yang, H. Li, P. Y. Chiang and S. Palermo, "An 8–16 Gb/s, 0.65–

1.05 pJ/b,  Voltage-Mode Transmitter With Analog Impedance Modulation 

Equalization and Sub-3 ns  Power-State Transitioning," in IEEE Journal of Solid-

State Circuits, vol. 49, no. 11, pp.  2631-2643, Nov. 2014. 

[5] López-Delgadillo, E., Díaz-Méndez, J.A., García-Andrade, M.A. et al. Circuits Syst 

Signal Process (2014) 33: 3331. https://doi.org/10.1007/s00034-014-9821-6. 

[6] DESIGN OF HIGH-SPEED SERIAL. LINKS IN CMOS. Chih-Kong Ken Yang. 

Technical Report No. CSL-TR- 98-775. December 1998. Accessed on July 17th 

2019. 

[7] S. Babayan-Mashhadi and R. Lotfi, "Analysis and Design of a Low-Voltage Low-

Power  Double-Tail Comparator," in IEEE Transactions on Very Large Scale 

Integration (VLSI)Systems, vol. 22, no. 2, pp. 343-352, Feb. 2014. 

 doi: 10.1109/TVLSI.2013.2241799. 

[8] K. Kaviani et al., "A 0.4-mW/Gb/s Near-Ground Receiver Front-End With Replica 

Transconductance Termination Calibration for a 16-Gb/s Source-Series Terminated  

Transceiver," in IEEE Journal of Solid-State Circuits, vol. 48, no. 3, pp. 636-648, 

March  2013. doi: 10.1109/JSSC.2013.2242714. 

http://dx.doi.org/10.1016/j.aeue.2010.09.007
https://doi.org/10.1007/s00034-014-9821-6


 

65 
 

[9] S. Shahramian, H. Yasotharan and A. C. Carusone, "Decision Feedback Equalizer  

Architectures with Multiple Continuous-Time Infinite Impulse Response Filters," in 

IEEE Transactions on Circuits and Systems II: Express Briefs, vol. 59, no. 6, pp. 

326-330, June 2012. doi: 10.1109/TCSII.2012.2195055. 

[10] H. Wang and J. Lee, "A 21-Gb/s 87-mW Transceiver With FFE/DFE/Analog 

Equalizer in 65- nm CMOS Technology," in IEEE Journal of Solid-State Circuits, 

vol. 45, no. 4, pp. 909-920,  April2010.doi: 10.1109/JSSC.2010.2040117. 

[11] K. Cheng, Y. Tsai, Y. Wu and Y. Lin, "A 5-Gb/s Inductor less CMOS Adaptive 

Equalizer for  PCI Express Generation II Applications," in IEEE Transactions on 

Circuits and Systems II:  Express Briefs, vol. 57, no. 5, pp. 324-328, May 2010. doi: 

10.1109/TCSII.2010.2047311. 

[12] Y. Huang and S. Liu, "A 6Gb/s receiver with 32.7dB adaptive DFE-IIR 

equalization," 2011 IEEE International Solid-State Circuits Conference, San 

Francisco, CA, 2011, pp. 356-358. doi: 10.1109/ISSCC.2011.5746352. 

[13] Y. Ying and S. Liu, "A 20Gb/s digitally adaptive equalizer/DFE with blind 

sampling," 2011  IEEE International Solid-State Circuits Conference, San 

Francisco, CA, 2011, pp. 444-446. doi: 10.1109/ISSCC.2011.5746390. 

[14] K. Jung, Y. Lu and E. Alon, "Power analysis and optimization for high-speed I/O 

transceivers," 2011 IEEE 54th International Midwest Symposium on Circuits and 

Systems (MWSCAS), Seoul, 2011, pp.1-4. doi: 10.1109/MWSCAS.2011.6026623 

[15] T. O. Dickson et al., "An 8x 10-Gb/s Source-Synchronous I/O System Based on 

High-Density  Silicon Carrier Interconnects," in IEEE Journal of Solid-State 

Circuits, vol. 47, no. 4, pp. 884- 896, April2012. doi: 10.1109/JSSC.2012.2185184 

[16] D. Lee, J. Han, G. Han and S. M. Park, "10 Gbit/s 0.0065mm2 6mw analogue 

adaptive Equalizer utilizing negative capacitance," in Electronics Letters, vol. 45, 

no. 17, pp. 863-865, 13Aug.2009. doi: 10.1049/el.2009.1525. 

[17] T. O. Dickson, J. F. Bulzacchelli and D. J. Friedman, "A 12-Gb/s 11-mW Half-Rate 

Sampled  5-Tap Decision Feedback Equalizer With Current-Integrating Summers in 

45-nm SOI CMOS  Technology," in IEEE Journal of Solid-State Circuits, vol. 44, 

no. 4, pp. 1298-1305, April  2009. doi: 10.1109/JSSC.2009.2014733. 

[18] X. Gao, E. A. M. Klumperink, P. F. J. Geraedts and B. Nauta, "Jitter Analysis and a  

Benchmarking Figure-of-Merit for Phase-Locked Loops," in IEEE Transactions on 

Circuits and Systems II: Express Briefs, vol. 56, no. 2, pp. 117-121, Feb. 2009. 



 

66 
 

doi: 10.1109/TCSII.2008.2010189 

[19] Y. Seo, J. Lee, H. Kim, C. Yoo, J. Lee and C. Jeong, "A 5-Gbit/s Clock- and Data-

Recovery  Circuit with 1/8-Rate Linear Phase Detector in 0.18 um CMOS 

Technology," in IEEE  Transactions on Circuits and Systems II: Express Briefs, vol. 

56, no. 1, pp. 6-10, Jan.2009.  doi: 10.1109/TCSII.2008.2008520. 

[20] J. Lee, M. Chen and H. Wang, "Design and Comparison of Three 20-Gb/s Backplane  

Transceivers for Duobinary, PAM4, and NRZ Data," in IEEE Journal of Solid-State 

Circuits,vol. 43, no. 9, pp. 2120-2133,Sept.2008. doi: 10.1109/JSSC.2008.2001934 

[21] M. Park, J. Bulzacchelli, M. Beakes and D. Friedman, "A 7Gb/s 9.3mW 2-Tap 

Current-Integrating DFE Receiver," 2007 IEEE International Solid-State Circuits 

Conference. Digest Of Technical Papers, San Francisco, CA, 2007, pp. 230-599. 

doi: 10.1109/ISSCC.2007.373378. 

[22] S. Gondi and B. Razavi, "Equalization and Clock and Data Recovery Techniques 

for 10-Gb/s  CMOS Serial-Link Receivers," in IEEE Journal of Solid-State Circuits, 

vol. 42, no. 9, pp. 1999-2011, Sept.2007.doi: 10.1109/JSSC.2007.903076 

[23] J. Poulton et al., "A 14-mW 6.25-Gb/s Transceiver in 90-nm CMOS," in IEEE 

Journal of Solid-State Circuits, vol. 42, no. 12, pp. 2745-2757, Dec. 2007.doi: 

10.1109/JSSC.2007.908692. 

[24] A. Emami-Neyestanak, A. Varzaghani, J. F. Bulzacchelli, A. Rylyakov, C. K. Yang 

and D. J. Friedman, "A 6.0-mW 10.0-Gb/s Receiver with Switched-Capacitor 

Summation DFE," in  IEEE Journal of Solid-State Circuits, vol. 42, no. 4, pp. 889-

896, April 2007. doi: 10.1109/JSSC.2007.892156. 

[25] P. M. Figueiredo and J. C. Vital, "Kickback noise reduction techniques for CMOS 

latched   Comparators," in IEEE Transactions on Circuits and Systems II: Express 

Briefs, vol. 53, no.  7, pp. 541-545, July 2006. doi: 10.1109/TCSII.2006.875308. 

[26] E. Alon, J. Kim, S. Pamarti, K. Chang and M. Horowitz, "Replica compensated 

linear   Regulators for supply-regulated phase-locked loops," in IEEE Journal of 

Solid-State Circuits,  vol. 41, no. 2, pp. 413-424, Feb. 2006.  

doi: 10.1109/JSSC.2005.862347. 

[27] J. H. Sinsky, M. Duelk and A. Adamiecki, "High-speed electrical backplane 

transmission using  duo binary signaling," in IEEE Transactions on Microwave 

Theory and Techniques, vol. 53, no.  1, pp. 152-160, Jan. 2005. doi: 

10.1109/TMTT.2004.839326. 



 

67 
 

[28] X. Lin, J. Liu, H. Lee and H. Liu, "A 2.5- to 3.5-Gb/s Adaptive FIR Equalizer With  

Continuous-Time Wide-Bandwidth Delay Line in 0.25U CMOS," in IEEE Journal 

of Solid-State Circuits, vol. 41, no. 8, pp. 1908-1918, Aug.2006.doi: 

10.1109/JSSC.2006.875302 

[29] Lee, Ki-Hyuk and Woo-young Choi. “Adaptation Algorithm of Decision Feedback 

Equalizer   with First Post-Cursor Cancellation for Backplane Serial Links.” (2006 

[30] B. Analui, A. Rylyakov, S. Rylov, M. Meghelli and A. Hajimiri, "A 10-Gb/s two-

dimensional  Eye-opening monitor in 0.13 µm standard CMOS," in IEEE Journal of 

Solid-State  Circuits, vol. 40, no. 12, pp. 2689-2699, Dec.2005.doi: 

10.1109/JSSC.2005.856576. 

[31] D. N. de Araujo, J. Diepenbrock, M. Cases and N. Pham, "Transmitter and channel 

Equalization for high-speed server interconnects," Electrical Performance of 

Electrical Packaging (IEEE Cat. No. 03TH8710), Princeton, NJ, USA, 2003, pp. 

221-224. doi: 10.1109/EPEP.2003.1250036. 

[32] J. L. Zerbe et al., "Equalization and clock recovery for a 2.5-10-Gb/s 2-PAM/4-PAM  

backplane  transceiver cell" in IEEE Journal of Solid-State Circuits, vol. 38, no. 12, 

pp. 2121-2130, Dec. 2003.  doi: 10.1109/JSSC.2003.818572 

[33] V. Stojanovic et al., "Adaptive equalization and data recovery in a dual-mode 

(PAM2/4) serial Link   transceiver," 2004 Symposium on VLSI Circuits. Digest of 

Technical Papers (IEEE Cat. No.04CH37525), Honolulu, HI, USA, 2004, pp. 348-

351. doi: 10.1109/VLSIC.2004.1346611. 

[34] V. Stojanovic and M. Horowitz, "Modeling and analysis of high-speed links," 

Proceedings of  the IEEE Custom Integrated Circuits Conference, 2003., San Jose, 

CA, USA, 2003, pp. 589-594. doi: 10.1109/CICC.2003.1249467. 

[35] L. P. Baskaran, A. Morales and S. Agili, "Transmitter Pre-emphasis and Adaptive 

Receiver  Equalization for Duo binary Signaling in Backplane Channels," 2007 

Digest of Technical  Papers International Conference on Consumer Electronics, Las 

Vegas, NV, 2007, pp. 1-2. doi: 10.1109/ICCE.2007.341401. 

[36] K. Farzan and D. A. Johns, "A CMOS 10-gb/s power-efficient 4-PAM transmitter," 

in IEEE  Journal of Solid-State Circuits, vol.39,no.3,pp.529-532,March2004. doi: 

10.1109/JSSC.2003.822898. 

[37] A. Ho et al., "Common-mode backchannel signaling system for differential high-

speed links," 2004   Symposium on VLSI Circuits. Digest of Technical Papers (IEEE 



 

68 
 

Cat. No.04CH37525), Honolulu, HI, USA, 2004, pp.352-355.doi: 

10.1109/VLSIC.2004.1346612. 

[38] K. Yamaguchi et al., "12Gb/s duo binary signaling with /spl times/2 oversampled 

edge   Equalization, "ISSCC. 2005 IEEE International Digest of Technical Papers. 

Solid-State   Circuits Conference, 2005. San Francisco, CA, 2005, pp.70-585Vol.1.   

doi: 10.1109/ISSCC.2005.1493873. 

[39] Xiaofeng Lin, Sooping Saw and Jin Liu, "A CMOS 0.25m continuous-time FIR 

filter  with 125 ps per tap delay as a fractionally spaced receiver equalizer for 1-gb/s 

data  transmission," in IEEE Journal   of Solid-State Circuits, vol. 40, no. 3, pp. 593-

602, March  2005. doi: 10.1109/JSSC.2005.843623.  

[40] J. T. Stonick, Gu-Yeon Wei, J. L. Sonntag and D. K. Weinlader, "An adaptive PAM-

4 5-Gb/s backplane Transceiver in 0.25-μm CMOS," in IEEE Journal of Solid-State 

Circuits, vol. 38, no. 3, pp. 436-443, March  2003. doi: 10.1109/JSSC.2002.808282 

[41] J. L. Zerbe et al., "A 2 Gb/s/pin 4-PAM parallel bus interface with transmit crosstalk 

Cancellation, equalization, and integrating receivers," 2001 IEEE International 

Solid-State Circuits Conference. Digest of Technical Papers. ISSCC (Cat. 

No.01CH37177), San Francisco, CA, USA, 2001, pp. 66-67. doi: 

10.1109/ISSCC.2001.912549.. 

[42] Lizhong Sun and T. A. Kwasniewski, "A 1.25-GHz 0.35 µm monolithic CMOS PLL  

based on a  multiphase ring oscillator," in IEEE Journal of Solid-State Circuits, vol. 

36, no. 6, pp. 910-916, June 2001.doi: 10.1109/4.924853 

[43] R. Farjad-Rad, C. -. K. Yang, M. A. Horowitz and T. H. Lee, "A 0.4 µm CMOS 10-

Gb/s 4-PAM pre-emphasis serial link transmitter," in IEEE Journal of Solid-State 

Circuits, vol. 34, no. 5, pp. 580- 585, May 1999. doi: 10.1109/4.760366 

[44] N. P. Kelly, D. L. Ray and D. W. Vogel, "A mixed-signal DFE/FFE receiver for 

100Base-TX applications," 2000 IEEE International Solid-State Circuits 

Conference. Digest of Technical Papers (Cat. No.00CH37056), San Francisco, CA, 

USA, 2000, pp. 310-311.doi:10.1109/ISSCC.2000.839794. 

[45] R. Farjad-Rad, C. -. K. Yang and M. A. Horowitz, "A 0.3 µm CMOS 8-Gb/s 4-PAM 

serial link transceiver," in IEEE Journal of Solid-State Circuits, vol. 35, no. 5, pp. 

757-764, May 2000. doi: 10.1109/4.841504. 

[46] J. Savoj and B. Razavi, "A 10 Gb/s CMOS clock and data recovery circuit with 

frequency detection,"2001 IEEE International Solid-State Circuits Conference. 



 

69 
 

Digest of Technical Papers. ISSCC (Cat.No.01CH37177), San Francisco, CA, 

USA, 2001, pp. 78-79. doi: 10.1109/ISSCC.2001.912554. 

[47] S. Kasturia and J. H. Winters, "Techniques for high-speed implementation of 

nonlinear cancellation," in IEEE Journal on Selected Areas in Communications, vol. 

9, no. 5, pp. 711-717, June 1991. doi: 10.1109/49.8764. 

[48] K. -. J. Wong, H. Hatamkhani, M. Mansuri and C. -. K. Yang, "A 27-mW 3.6-gb/s 

I/O  transceiver," in IEEE  Journal of Solid-State Circuits, vol. 39, no. 4, pp. 602-

612, April  2004.doi: 10.1109/JSSC.2004.825259. 

[49] N. Krishnapura, M. Barazande-Pour, Q. Chaudhry, J. Khoury, K. Lakshmikumar 

and A.  Aggarwal, "A 5Gb/s NRZ transceiver with adaptive equalization for 

backplane transmission,” ISSCC. 2005 IEEE International Digest of Technical 

Papers. Solid-State Circuits Conference, 2005. San Francisco, CA, 2005, pp.60-

585Vol.1.  doi: 10.1109/ISSCC.2005.1493868. 

[50] M. Sorna et al., "A 6.4Gb/s CMOS SerDes core with feedforward and decision-

feedback Equalization, "ISSCC. 2005 IEEE International Digest of Technical 

Papers. Solid-State Circuits Conference, 2005. San Francisco, CA, 2005, pp. 62-

585 Vol. 1.  doi: 10.1109/ISSCC.2005.1493869. 

[51] P. Landman et al., "A transmit architecture with 4-tap feedforward equalization for 

6.25/12.5Gb/s serial backplane communications," ISSCC. 2005 IEEE International 

Digest of Technical Papers. Solid- State Circuits Conference, 2005. San Francisco, 

CA, 2005, pp. 66-585,Vol. 1. doi: 10.1109/ISSCC.2005.1493871. 

[52] B. Garlepp et al., "A 1-10 Gbps PAM2, PAM4, PAM2 partial response receiver 

analog front End with dynamic sampler swapping capability for backplane serial 

communications," Digest Of Technical Papers. 2005 Symposium on VLSI Circuits, 

2005. Kyoto, Japan, 2005, pp. 376-379.  doi: 10.1109/VLSIC.2005.1469408.. 

[53] R. Payne et al., "A 6.25Gb/s binary adaptive DFE with first post-cursor tap 

cancellation for serial backplane communications," ISSCC. 2005 IEEE 

International Digest of Technical Papers. Solid-State Circuits Conference, 2005. 

San Francisco, CA, 2005, pp. 68-585Vol.1.  doi: 10.1109/ISSCC.2005.1493872. 

[54] V. Balan et al., "A 4.8-6.4-Gb/s serial link for backplane applications using decision 

feedback  equalization," in IEEE Journal of Solid-State Circuits, vol. 40, no. 9, pp. 

1957-1967, Sept. 2005.  doi: 10.1109/JSSC.2005.848180.  



 

70 
 

[55] T. Beukema et al., "A 6.4-Gb/s CMOS SerDes core with feed-forward and decision-

feedback   equalization," in IEEE Journal of Solid-State Circuits, vol. 40, no. 12, 

pp. 2633-2645, Dec.  2005.  doi: 10.1109/JSSC.2005.856584 

[56] R. Payne et al., "A 6.25-Gb/s binary transceiver in 0.13 µm CMOS for serial data 

Transmission across high loss legacy backplane channels," in IEEE Journal of Solid-

StateCircuits, vol.40, no.12, pp.2646-2657, Dec.2005 

[57] C. Werner et al., "Modeling, simulation, and design of a multi-mode 2-10 Gb/sec 

fully Adaptive serial link system," Proceedings of the IEEE 2005 Custom Integrated 

Circuits Conference, 2005. San Jose, CA, 2005, pp.709-716. doi: 

10.1109/CICC.2005.1568767. 

[58] M. Cases, D. N. de Araujo and E. Matoglu, "Electrical design and specification 

challenges for High speed serial links," 2005 7th Electronic Packaging Technology 

Conference, Singapore, 2005, pp.5pp.-.doi: 10.1109/EPTC.2005.1614362. 

[59] R. Payne et al., "A 6.25-Gb/s binary transceiver in 0.13 µm CMOS for serial data  

Transmission across high loss legacy backplane channels," in IEEE Journal of Solid-

State  Circuits, vol. 40, no. 12, pp. 2646-2657, Dec.2005. doi: 

10.1109/JSSC.2005.856583. 

[60] W. Lee and L. Kim, "A 5.4-Gb/s Clock and Data Recovery Circuit Using Seamless 

Loop Transition Scheme with Minimal Phase Noise Degradation," in IEEE 

Transactions on Circuits And Systems I: Regular Papers, vol. 59, no. 11, pp. 2518-

2528, Nov. 2012.doi: 10.1109/TCSI.2012.2190678. 

[61] J. Lu and J. Holleman, "A Low-Power High-Precision Comparator With Time-

Domain Bulk- Tuned Offset Cancellation," in IEEE Transactions on Circuits and 

Systems I: Regular Papers,vol. 60, no. 5, pp. 1158-1167, May 2013.doi: 

10.1109/TCSI.2013.2239175. 

[62] Y. Lu, K. Jung, Y. Hidaka and E. Alon, "Design and Analysis of Energy-Efficient  

Reconfigurable Pre-Emphasis Voltage-Mode Transmitters," in IEEE Journal of 

Solid-State Circuits, vol. 48, no. 8, pp. 1898-1909, Aug. 2013. doi: 

10.1109/JSSC.2013.2258790.  

[63] H. Liu et al., "A 5-Gb/s Serial-Link Redriver With Adaptive Equalizer and 

Transmitter Swing Enhancement," in IEEE Transactions on Circuits and Systems I: 

Regular Papers, vol. 61, no.  4, pp. 1001-1011, April 2014. doi: 

10.1109/TCSI.2013.2283675.  



 

71 
 

[64] B. Song, K. Kim, J. Lee, J. Chung, Y. Choi and J. Burm, "A 13.5-mW 10-Gb/s 4-

PAM Serial  Link Transmitter in 0.13µm CMOS Technology," in IEEE 

Transactions on Circuits and Systems II: Express Briefs, vol. 61, no. 9, pp. 646-650, 

Sept. 2014.  doi: 10.1109/TCSII.2014.2331101. 

[65] Y. Okaniwa et al., "A 40-Gb/s CMOS clocked comparator with bandwidth 

modulation  technique," in   IEEE Journal of Solid-State Circuits, vol. 40, no. 8, pp. 

1680-1687, Aug. 2005. doi: 10.1109/JSSC.2005.852014. 

[66] M. Brownlee, P. K. Hanumolu, K. Mayaram and U. Moon, "A 0.5-GHz to 2.5-GHz 

PLL With  Fully Differential Supply Regulated Tuning," in IEEE Journal of Solid-

StateCircuits,vol.41,no.12,pp.2720-2728,Dec.2006. 

doi: 10.1109/JSSC.2006.884194.  

[67] Y. Lu and E. Alon, "Design Techniques for a 66 Gb/s 46 mW 3-Tap Decision 

Feedback  Equalizer in 65 nm CMOS," in IEEE Journal of Solid-State Circuits, vol. 

48, no. 12, pp. 3243- 3257, Dec.2013. doi: 10.1109/JSSC.2013.2278804.  

[68] Y. Lu and E. Alon, "Design Techniques for a 66 Gb/s 46 mW 3-Tap Decision 

Feedback  Equalizer in 65 nm CMOS," in IEEE Journal of Solid-State Circuits, vol. 

48, no. 12, pp. 3243- 3257, Dec.2013. doi: 10.1109/JSSC.2013.2278804. 

[69] https://www.michaelclorek.com/s/EE241_Finalreport_Lorek_Siva.pdf, Accessed 

on July 17th 2019. 

[70] Y. A. Eken and J. P. Uyemura, "A 5.9-GHz voltage-controlled ring oscillator in 

0.18-/spl mu/m CMOS," in IEEE Journal of Solid-State Circuits, vol. 39, no. 1, pp. 

230-233, Jan. 2004.  doi: 10.1109/JSSC.2003.820869.  

[71] A. Hajimiri and T. H. Lee, "Design issues in CMOS differential LC oscillators," in 

IEEE Journal of Solid-State Circuits, vol. 34, no. 5, pp. 717-724, May 1999. doi: 

10.1109/4.760384 Edmund H.Suckow,“Basics of High-performance SerDes 

Design: Part I”. 

[72] J. G. Maneatis and M. A. Horowitz, "Precise delay generation using coupled 

oscillators," in IEEE Journal of Solid-State Circuits, vol. 28, no. 12, pp. 1273-1282, 

Dec. 1993. doi: 10.1109/4.262000. 

[73] Chih-Kong Ken Yang and M. A. Horowitz, "A 0.8µm CMOS 2.5 Gb/s oversampling 

receiver and transmitter for serial links," in IEEE Journal of Solid-State Circuits, 

vol. 31, no. 12, pp.    2015-2023, Dec. 1996. doi: 10.1109/4.545825. 

https://www.michaelclorek.com/s/EE241_Finalreport_Lorek_Siva.pdf


 

72 
 

[74] Behzad Razavi, "PLL/DLL System Noise Analysis for Low Jitter Clock Synthesizer 

Design," in Monolithic Phase-Locked Loops and Clock Recovery Circuits: Theory 

and Design, IEEE, 1996, pp. doi: 10.1109/9780470545331.ch12 

[75] F. Gardner, "Charge-Pump Phase-Lock Loops," in IEEE Transactions on 

Communications, vol. 8, no. 11, pp. 1849-1858, November 1980.  doi: 

10.1109/TCOM.1980.1094619.  

[76] Amirkhany, A. Abbasfar, V. Stojanovic and M. A. Horowitz, "Practical Limits of 

Multi-Tone Signaling Over High-Speed Backplane Electrical Links," 2007 IEEE 

International Conference on Communications, Glasgow, 2007, pp. 2693-2698.  

[77] B. Razavi, "A study of phase noise in CMOS oscillators," in IEEE Journal of Solid-

State Circuits, vol. 31, no. 3, pp. 331-343, March 1996. doi: 10.1109/4.494195. 

[78] V. Stojanovic et al., "Adaptive equalization and data recovery in a dual-mode 

(PAM2/4) serial Link   transceiver," 2004 Symposium on VLSI Circuits. Digest of 

Technical Papers (IEEE Cat. No.04CH37525), Honolulu, HI, USA, 2004, pp. 348-

351. doi: 10.1109/VLSIC.2004.1346611. 

[79] P. K. Hanumolu, M. Brownlee, K. Mayaram and Un-Ku Moon, "Analysis of charge-

pump   phase-locked loops," in IEEE Transactions on Circuits and Systems I: 

Regular Papers, vol.   51, no. 9, pp. 1665-1674, Sept.2004. doi: 

10.1109/TCSI.2004.834516.  

[80] A. Mehrotra, "Noise analysis of phase-locked loops," in IEEE Transactions on 

Circuits and Systems I:   Fundamental Theory and Applications, vol. 49, no. 9, pp. 

1309-1316, Sept. 2002. doi: 10.1109/TCSI.2002.802347.  

[81] K. -. K. Chang et al., "A 0.4-4-Gb/s CMOS quad transceiver cell using on-chip 

regulated dual-loop PLLs,"  in IEEE Journal of Solid-State Circuits, vol. 38, no. 5, 

pp. 747-754, May 2003.doi: 10.1109/JSSC.2003.810045.  

[82] Jaeha Kim, M. A. Horowitz and Gu-Yeon Wei, "Design of CMOS adaptive-

bandwidth PLL/DLLs: a  general approach," in IEEE Transactions on Circuits and 

Systems II: Analog and Digital Signal Processing, vol. 50, no. 11, pp. 860-869, Nov. 

2003. doi: 10.1109/TCSII.2003.819120. 

[83] X. Lin, J. Liu, H. Lee and H. Liu, "A 2.5- to 3.5-Gb/s Adaptive FIR Equalizer With  

Continuous-Time Wide-Bandwidth Delay Line in 0.25U CMOS," in IEEE Journal 

of Solid-State Circuits, vol. 41, no. 8, pp. 1908-1918, Aug.2006.doi: 

10.1109/JSSC.2006.875302. 



 

73 
 

[84] J. F. Bulzacchelli et al., "A 10-Gb/s 5-Tap DFE/4-Tap FFE Transceiver in 90-nm 

CMOS Technology," in IEEE Journal of Solid-State Circuits, vol. 41, no. 12, pp. 

2885-2900, Dec.  2006. doi: 10.1109/JSSC.2006.884342.  

[85] J. G. Kenney et al., "A 9.95–11.3-Gb/s XFP Transceiver in 0.13 µm CMOS,"  in 

IEEE Journal of Solid-State Circuits, vol. 41, no. 12, pp. 2901-2910, Dec. 2006. doi: 

10.1109/JSSC.2006.884344.  

[86] Q. Chen, Y. Huang and T. Lee, "A 14-Gb/s 4-PAM Adaptive Analog Equalizer for 

40-inch Backplane Interconnections," 2006 IEEE Asian Solid-State Circuits 

Conference, Hangzhou, 2006, pp.399-402.doi: 10.1109/ASSCC.2006.357935. 

[87] K. J. Wong, A. Rylyakov and C. K. Yang, "A 5-mW 6-Gb/s Quarter-Rate Sampling 

Receiver  with a 2-Tap DFE Using Soft Decisions," in IEEE Journal of Solid-State 

Circuits, vol. 42, no.  4, pp. 881-888, April 2007. doi: 10.1109/JSSC.2007.892189. 

[88] J. Lee and K. Wu, "A 20-Gb/s Full-Rate Linear Clock and Data Recovery Circuit 

With Automatic Frequency Acquisition," in IEEE Journal of Solid-State Circuits, 

vol. 44, no. 12, pp. 3590-3602, Dec.2009. doi: 10.1109/JSSC.2009.2031042. 

[89] Chang-Lin Hsieh and Shen-Iuan Liu, "A 40Gb/s decision feedback equalizer using 

back-gate  Feedback technique," 2009 Symposium on VLSI Circuits, Kyoto, Japan, 

2009, pp. 218-219.  

[90] Y. Song and S. Palermo, "A 6-Gbit/s Hybrid Voltage-Mode Transmitter with 

Current-Mode   Equalization in 90-nm CMOS," in IEEE Transactions on Circuits 

and Systems II: Express Briefs, vol. 59, no. 8, pp. 491-495, Aug. 2012.doi: 

10.1109/TCSII.2012.2204117.  

[91] S. Weng, Y. Zhang, J. F. Buckwalter and C. Cheng, "Energy Efficiency 

Optimization Through Codesign of the Transmitter and Receiver in High-Speed On-

Chip Interconnects," in IEEE  Transactions on Very Large Scale Integration (VLSI) 

Systems, vol. 22, no. 4, pp. 938-942, April,2014.doi: 10.1109/TVLSI.2013.2255070. 

[92] H. Liu et al., "A 5-Gb/s Serial-Link Redriver With Adaptive Equalizer and 

Transmitter Swing Enhancement," in IEEE Transactions on Circuits and Systems I: 

Regular Papers, vol. 61, no.  4, pp. 1001-1011, April 2014. doi: 

10.1109/TCSI.2013.2283675.  

[93] R. C. H. van de Beek, E. A. M. Klumperink, C. S. Vaucher and B. Nauta, "Low-

jitter clock   Multiplication:  a comparison between PLLs and DLLs," in IEEE 



 

74 
 

Transactions on Circuits  and Systems II: Analog and   Digital Signal Processing, 

vol. 49, no. 8, pp. 555-566, Aug. 2002. doi: 10.1109/TCSII.2002.806248 

[94] Yiwu Tang, Yingiie Zhou, S. Bibykl and M. Ismail, "A low-noise fast-settling PLL 

with extended loop bandwidth enhancement by new adaptation technique," 

Proceedings 14th Annual IEEE International ASIC/SOC Conference (IEEE Cat. 

No.01TH8558), Arlington, VA, USA, 2001, pp. 93-97.  doi: 10.1109/ASIC.2001. 

[95] Tai-Cheng Lee and B. Razavi, "A stabilization technique for phase-locked 

frequency  synthesizers," in  IEEE Journal of Solid-State Circuits, vol. 38, no. 6, pp. 

888-894, June 2003. doi: 10.1109/JSSC.2003.811879.  

[96] V. Stojanovic et al., "Adaptive equalization and data recovery in a dual-mode 

(PAM2/4) serial link transceiver," 2004 Symposium on VLSI Circuits. Digest of 

Technical Papers (IEEE Cat. No.04CH37525), Honolulu, HI, USA, 2004, pp. 348-

351. doi: 10.1109/VLSIC.2004.1346611. 

[97] B. Analui, J. F. Buckwalter and A. Hajimiri, "Data-dependent jitter in serial 

communications," In IEEE Transactions on Microwave Theory and Techniques, 

vol. 53, no. 11, pp. 3388-3397,  Nov.2005.doi: 10.1109/TMTT.2005.857118.  

[98] A.L.S. Loke et al., "A Versatile 90-nm CMOS Charge-Pump PLL for SerDes 

Transmitter  Clocking," in IEEE Journal of Solid-State Circuits, vol. 41, no. 8, pp. 

1894-1907,Aug.2006. doi: 10.1109/JSSC.2006.875289.  

[99] Balamurugan, Ganesh et al. “A Scalable 5–15 Gbps, 14–75 mW Low-Power I/O 

Transceiver in 65 nm CMOS.” IEEE Journal of Solid-State Circuits, vol 43 ,(2008): 

1010-1019 

[100] B. Kim, Y. Liu, T. O. Dickson, J. F. Bulzacchelli and D. J. Friedman, "A 10-Gb/s 

Compact  Low-Power Serial I/O with DFE-IIR Equalization in 65-nm CMOS," in 

IEEE Journal of  Solid-State Circuits, vol. 44, no. 12, pp. 3526-3538, Dec. 2009. 

doi: 10.1109/JSSC.2009.2031015.  

[101] S. Bae, H. Chi, Y. Sohn, J. Lee, J. Sim and H. Park, "A 2-Gb/s CMOS Integrating 

Two-Tap  DFE Receiver for Four-Drop Single-Ended Signaling," in IEEE 

Transactions on Circuits and   Systems I: Regular Papers, vol. 56, no. 8, pp. 1645-

1656, Aug. 2009.doi: 10.1109/TCSI.2008.2010099.  

[102] P. Vijaya Sankara Rao, Pradip Mandal, Current-mode full-duplex (CMFD) 

signaling for  High-speed chip-to-chip interconnect, Microelectronics Journal, 



 

75 
 

Volume42,Issue7,July2011,Pages957-965,ISSN0026-2692, 

http://dx.doi.org/10.1016/j.mejo.2011.04.007. 

[103] Rao, Pasupureddi VS, and Pradip Mandal. "Current-mode analogue interface for 

high-speed Low-current differential signaling." International Journal of 

Electronics 97.9 (2010): 1007-1020.  

[104] Bae,W.,and Jeong, D.-K. (2015) A power-efficient 600-mVpp voltage-mode driver 

with Independently matched pull-up and pull-down impedances. Int. J. Circ. 

Theory. Appl., 43: 2057–2071. doi: 10.1002/cta.2050.  

[105] Kocaman, Namik, et al. "A 3.8 mW/Gbps Quad-Channel 8.5–13 Gbps Serial Link 

with a 5 Tap DFE and a 4 Tap Transmit FFE in 28 nm CMOS." IEEE Journal of 

Solid-State Circuits 51.4 (2016): 881-892.  

[106] Song, Young-Hoon, et al. "A 0.47–0.66 pJ/bit, 4.8–8 Gb/s I/O transceiver in 65 nm  

CMOS." IEEE Journal of Solid-State Circuits 48.5 (2013): 1276-1289.  

[107] J. Kim, B. S. Leibowitz, J. Ren and C. J. Madden, "Simulation and Analysis of 

Random  Decision Errors in Clocked Comparators," in IEEE Transactions on 

Circuits and Systems I:  Regular Papers, vol. 56, no. 8, pp. 1844-1857, Aug. 2009. 

doi: 10.1109/TCSI.2009.2028449.  

[108] S. Babayan-Mashhadi and R. Lotfi, “Analysis and Design of a Low-Voltage Low-

Power  Double-Tail Comparator,” in IEEE Transactions on Very Large Scale 

Integration (VLSI) Systems, vol. 22, no. 2, pp. 343-352, Feb. 2014. Doi: 

10.1109/TVLSI.2013.2241799.  

[109] A. Almansouri, A. Alturki, A. Alshehri, T. Al-Attar and H. Fariborzi, "Improved     

StrongARM latch comparator: Design, analysis and performance evaluation," 2017 

13th  Conference on Ph.D. Research in Microelectronics and Electronics (PRIME), 

Giardini  Naxos, 2017, pp. 89- 92. doi: 10.1109/PRIME.2017.7974114.  

[110] Rahmani, S. & Ghaznavi-Ghoushchi, M.B. Analog Integr Circ Sig Process (2017) 

93: 507.https://doi.org/10.1007/s10470-017-1048-6.  

[111] B. S. Leibowitz, J. Kim, J. Ren and C. J. Madden, "Characterization of random 

decision errors  in    clocked comparators," 2008 IEEE Custom Integrated Circuits 

Conference, San Jose, CA,  2008, pp. 691- 694. doi: 10.1109/CICC.2008.4672180. 

[112] B. Goll and H. Zimmermann, "A 65nm CMOS comparator with modified latch to 

achieve 7GHz/1.3mW at 1.2V and 700MHz/47µW at 0.6V," 2009 IEEE 

http://dx.doi.org/10.1016/j.mejo.2011.04.007
http://dx.doi.org/10.1002/cta.2050
https://doi.org/10.1007/s10470-017-1048-6


 

76 
 

International Solid-State Circuits Conference - Digest of Technical Papers, San 

Francisco,CA,2009,pp.328-329,329a.doi: 10.1109/ISSCC.2009.4977441. 

[113] Yu Qi, Guohe Zhang, Zhibiao Shao and Bo Wang, "A Low Kick Back Noise 

Latched Comparator for High Speed Folding and Interpolating ADC," APCCAS 

2008 - 2008 IEEE Asia Pacific Conference on Circuits and Systems, Macao, 2008, 

pp.272-275. doi: 10.1109/APCCAS.2008.4746012. 

[114] McNeill, J.A., "Jitter in ring oscillators," Solid-State Circuits, IEEE Journal of, 

vol.32, no.6, pp.870, 879, Jun 1997.  

[115] Hajimiri, A.; Limotyrakis, S.; Lee, T.H., "Jitter and phase noise in ring oscillators," 

IEEE Journal of Solid-State Circuits, vol.34, no.6, pp.790, 804, Jun 1999. 

[116] Herzel, F.; Razavi, B., "A study of oscillator jitter due to supply and substrate noise," 

IEEE Transactions on Circuits and Systems II: Analog and Digital Signal 

Processing, vol.46, no.1, pp.56,62, Jan 1999.  

[117] Razavi, B., "A study of phase noise in CMOS oscillators,"  IEEE Journal of Solid-

Stage Circuits, vol.31, no.3, pp.331, 343, Mar 1996.  

[118] CMOS Circuit Design, Layout and Sumulations by R.Jacob Baker, Wiley, 2010.  

[119] Design of Analog CMOS Integrated Circuits by Bahzad Razavi, TATA McGraw-

Hill, 2002. 

[120] Qi yang Wu; Quach, T.K.; Mattamana, A.; Elabd, S.; Orlando, P.L.; Dooley, S.R.; 

McCue, J.J.; reech, G.L.; Khalil, W., "Frequency Tuning Range Extension in LC-

VCOs Using  Negative- Capacitance Circuits," IEEE Transactions  On Circuits and 

Sytesms II: Express Briefs , vol.60, no.4, pp.182,186, April 2013.  

[121] Changhua Cao; O, K.K., "Millimeter-wave voltage-controlled oscillators in 0.13-

μm  CMOS technology," IEEE Journal of Solid-State Circuits, vol.41, no.6, 

pp.1297, 1304, June 2006.  

[122] Fong, N.; Jonghae Kim; Plouchart, J.-O.; Zamdmer, N.; Duixian Liu; Wagner, L.; 

Plett,  C.; Tarr, G., "A low-voltage 40-GHz complementary VCO with 15% 

frequency tuning     Range in SOI CMOS technology,"  IEEE Journal of Solid-State 

Circuits , vol.39, no.5,   pp.841, 846, May 2004.  

[123] C. R. C. De Ranter and M. S. J. Steyaert, "A 0.25 /spl mu/m CMOS 17 GHz VCO," 

2001 IEEE International Solid-State Circuits Conference. Digest of Technical 

Papers. ISSCC (Cat. No.01CH37177), San Francisco, CA, USA, 2001, pp. 370-371. 

doi: 10.1109/ISSCC.2001.912678. 



 

77 
 

[124] HongMo Wang, "A 9.8 GHz back-gate tuned VCO in 0.35 /spl mu/m CMOS," 1999 

IEEE International Solid-State Circuits Conference. Digest of Technical Papers. 

ISSCC. First Edition (Cat. No.99CH36278), San Francisco, CA, 1999, pp. 406-407. 

doi: 10.1109/ISSCC.1999.759324. 

[125] T. I. Ahrens and T. H. Lee, "A 1.4-GHz 3-mW CMOS LC low phase noise VCO 

using tapped bond wire inductances," Proceedings. 1998 International Symposium 

on Low Power Electronics and Design (IEEE Cat. No.98TH8379), Monterey, CA, 

USA, 1998,pp.16-19. doi: 10.1145/280756.280761. 

[126] High-Frequency Oscillator Design for Integrated Transceivers by van der Tang, J., 

Kasperkovitz, Dieter, van Roermund, Arthur,Vol 748, Springer US, 2005. 

doi:10.1007/b106010.  

[127] Savoj, J.; Razavi, B., "A 10-Gb/s CMOS clock and data recovery circuit with a half-

rate linear Phase detector," IEEE Journal of, Solid-State Circuits,vol.36, no.5, 

pp.761,768, May 2001.  

[128] Tun-Shih Chen, "A 10 Gb/s CMOS half-rate clock and data recovery circuit with 

direct bang-Bang tuning, “Radio-Frequency Integration Technology: Integrated 

Circuits for Wideband  Communication and Wireless Sensor Networks, 2005. 

Proceedings. 2005 IEEE International Workshop on, vol., no., pp.57, 60, 30 Nov.-2 

Dec. 2005. 

[129] Hanumolu, P.K.; Gu-Yeon Wei; Un-Ku Moon, "A Wide-Tracking Range Clock and 

Data Recovery Circuit," IEEE Journal of Solid-State Circuits, vol.43, no.2, pp.425, 

439, Feb.  2008.  

[130]  Rodoni, L.; Von Buren, G.; Huber, A.; Schmatz, M.; Jackel, H., "A    5.75 to 44 

Gb/s Quarter Rate CDR With Data Rate Selection in 90 nm Bulk CMOS," IEEE 

Journal of  Solid-State Circuits, vol.44, no.7, pp.1927,1941, July 2009. 

[131] Sidiropoulos, S.; Horowitz, M.A., "A semi digital dual delay-locked loop," IEEE 

Journal of Solid-State Circuits, vol.32, no.11, pp.1683, 1692, Nov 1997.  

[132] Vlamidit stajanoic , “Modeling and Analysis of   High-Speed Links” Application 

note, 2003.  

[133] Won-Young Lee; Lee-Sup Kim, "A 5.4-Gb/s Clock and Data Recovery Circuit 

Using  Seamless Loop Transition Scheme With Minimal Phase Noise Degradation," 

IEEE Transactions on Circuits and Systems I: Regular Papers, vol.59, no.11, 

pp.2518, 2528, Nov. 2012.  



 

78 
 

[134] Wang, Huaide; Jri Lee, "A 21-Gb/s 87-mW Transceiver With FFE/DFE/Analog 

Equalizer in 65-nm CMOS Technology," IEEE Journal of, Solid-State Circuits, 

vol.45, no.4, pp.909, 920,   April 2010.  

[135] Filanovsky, I.M.; Baltes, H., "CMOS Schmitt trigger design," IEEE Transactions 

on Fundamental Theory and Applications Circuits and Systems I, vol.41, no.1, 

pp.46, 49, Jan 1994.  

[136] Design of Analog CMOS Integrated Circuits by Behzad Razavi, Tata McGraw Hill, 

2002.  

[137] Phase locked loop Techniques by Floyd M Gardner, Wiley, 2004.  

[138] Phase locked loop Design, Simulation and Applications, McGraw- Hill, 2004.  

[139] D. Rennie and M. Sachdev, “A 5-Gb/s CDR circuit with automatically calibrated 

linear phase detector,” IEEE Trans. Circuits Syst. I: Reg. Papers, vol. 55, no. 3, pp. 

796–803, Apr. 2008.  

[140] Y. Seo, J. W. Lee, H. J. Kim, C. Yoo, J. J. Lee, and C. S. Jeong, “A   5-Gb/s clock-

and data- recovery circuit with 1/8-rate linear phase detector  in 0.18- µm CMOS 

technology,” IEEE  Trans. Circuits Syst. II: Express Briefs, vol. 56, no. 1, pp. 6–10, 

Jan. 2009.  

[141] S. Byun, J. C. Lee, J. H. Shim, K. Kim, and H. K. Yu, “A 10-Gb/s CMOS CDR  

And DEMUX with IC a quarter-rate linear phase detector,” IEEE J. Solid-State 

Circuits, vol.  41, no. 11, pp. 2566–2576, Nov. 2006.  

[142] S. K. Lee, Y. S. Kim, H. Ha, Y. Seo, H. J. Park, and J. Y. Sim, “A 650 Mb/s-to-8 

Gb/s reference less CDR circuit with automatic acquisition of data rate,” in IEEE 

ISSCC Dig. Tech.  Papers, 2009, pp. 184–185.  

[143] O. Tyshchenko, A. Sheikholeslami, H. Tamura, M. Kibune, H.  Yamaguchi, and J. 

Ogawa,  “A 5 Gb/s ADC-based feed-forward CDR in 65 nm CMOS,” IEEE J. Solid-

State Circuits,  vol. 45, no. 6, pp. 1091–1098, Jun. 2010.  

[144] Stephen Docking, A method to Derive a equation for the oscillation frequency of 

Ring oscillator, PhD thesis, University of Waterloo, 2002. 

 

 

 

 

 



 

79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

List of Publications 

 

       International Journals  

 



 

80 
 

1. D Pavan Kumar Sharma, P Sreehari Rao, “0.6pJ/bit ODT using CML in 130nm 

CMOS for 10Gb/s Backplane Channel” Accepted for publication Journal of 

Advanced Research in Dynamical and Control Systems (JARDCS) in Oct 2018.  

(Scopus Indexed).  

2. D Pavan Kumar Sharma, P Sreehari Rao,“A low input referred noise dynamic 

comparator for High speed applications” Accepted for publication Modeling, 

measurement and control A Journal.  (Scopus Indexed). 

3. D Pavan Kumar Sharma, P Sreehari Rao ,“A Low Jitter Phase Locked Loop for 

High speed serial Interfaces” in International Journal of Computer applications, 

2014. 

 

 

         International Conferences  

 

1. D Pavan Kumar Sharma, P Sreehari Rao, “A 10-G bits/s Clock and Data-Recovery 

Circuit for Backplane Applications Using Dual Loop Architecture” in IEEE 

International Conference in VLSI and signal processing (ICVSP) 2014. 

 

2. D Pavan Kumar Sharma, P Sreehari Rao, “A low jitter Phase locked loop for High 

Speed Serial Interfaces” at CCSN organized by International Association of 

Science, Technology and Management, Kolkata, 2014. 

 

3. D Pavan Kumar Sharma, P Sreehari Rao, “Power optimized Phase locked loop” at 

IEEE VDAT, Coimbatore 2014. 

4. 
D Pavan Kumar Sharma, P Sreehari Rao,“A Low Phase Noise 10-G bits/s Clock 

and Data-Recovery Circuit with modified D- Latch for Backplane Applications 

Using Dual Loop Architecture” IEEE International Conference on Advances in 

Electronics, Computers and Communication, 2014. 

 

 


