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Abstract 
 
 
 

Serializer/Deserializers (SerDes) commonly used in telecommunication networks are 

now becoming widespread in computer and embedded systems to meet higher data 

bandwidth demand and support higher peripheral device performance requirements. 

These input/output (IOs) peripherals are design to provide reliable high speed data 

transfer capabilities to computers and embedded devices. This thesis provides a novel 

phase detector design in clock recovery system of a multi-level SerDes component. The 

multi-level phase detector incorporates a high speed array Flash Analog to Digital 

converter (ADC) front-end and an all-digital phase detection block. The all-digital design 

allows for lower power consumption and ease of transfer between technologies. This 

thesis also presents a Built-In-Self-Test (BIST) component that provides an enhancement 

to existing SerDes BIST measurements of duty cycle jitter. The measurement method 

provides better accuracy and is scalable due to its digital implementation. We provide 

histogram analysis for the enhanced BIST measurement for both constant and varying 

test input, repeatability and the effect of histogram bin size. 
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Résumé 
 
 

Le Sérialiseur/Désérialiseur (SerDes) permet d'obtenir la transmission de données à haut 

débit avec une grande efficacité.  Il est communément utilisé dans les réseaux de 

télécommunication et son adoption a récemment progressé en informatique et dans les 

systèmes embarqués afin de fournir une plus grande capacité de transfer.  Ce mémoire de 

Matrise présente une nouvelle architecture de détecteur de phase pour la récupération de 

l'horloge dans un module SerDes.  Le détecteur de phase à multiple niveaux incorpore 

une série de convertisseurs Analogique à Numérique de type Flash (Flash ADC) en 

première ligne ainsi qu'un détecteur de phase entièrement numérique.  Cette architecture 

permet une consommation réduite de puissance ainsi qu'une plus grande facilité de 

transfer vers d'autres technologies.  Ce mémoire présente aussi la composante d'auto-test 

(BIST) permettant de meilleures mesures des performances du SerDes.  La méthode 

présentée offre une meilleure précision ainsi qu'une plus grande flexibilité grâce à son 

architecture entièrement digitale.  Une analyse avec histogramme est présentée afin 

d'améliorer la mesure du BIST pour un test à entrée constante et variable.  La possibilité 

de répéter les tests ainsi que l'effet de la grosseur des entrées dans l'histogramme y est 

aussi étudiée.  
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Chapter 1 

 

 

Introduction 

 

 

1.1  Serializer/Deserializer Design 

 

New information technology and networks, including powerful microprocessors, 

multimedia appliances with enormous bandwidth requirements are pushing the limits of 

system performances and data transfers. Traditional techniques to increase system 

performance of shared multi-drop buses such as increasing frequency, widening bus 

interface, pipelining transactions, splitting transactions, and allowing out of order 

completion, creates several design issues. Switched backplane topologies with boards 

interconnected through central switch fabric that resides on a separate cards has become 

the topology of choice in today’s high speed digital system [1]. Multiple line cards can 

connect to a switched fabric card through point-to-point serial links. Point-to-point links 

utilizes high speed serial Input/Output technology or SerDes (Serializers/Deserializers) 

that allows for lower pin count on ASICs, savings in board real estate through reduction 

in number of PCB traces and optimized signal integrity. 

 

High speed SerDes (Serializers/Deserializers) used commonly in telecommunication and 

storage systems applications (SONET, Ethernet and Fiber Channel) are now also being 

adopted in computer applications. In computer and embedded system, the need for higher 

bus performance is driven by the need for higher raw data bandwidth to support higher 
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peripheral device performance requirements and the need for more system concurrency. 

The overall system bandwidth has also increased because of the increasing use of DMA 

(direct memory access), smart processor-based peripherals, and multiprocessing in 

systems. To meet bandwidth requirements, bus architecture are moving to packet-

switched, point-to-point technology utilizing both mesh and fabric backplane 

architectures, and new emerging protocols such as RapidIO, PCI Express and Serial ATA 

are being developed, Figure 1. In a statistical survey [2], the most common SerDes 

operates at 3.125Gbps and within two years, the next-generation system operation speed 

will triple into the 10Gbps range. Majority of the sources of SerDes comes from off-the-

shelf standard chips, FPGAs and in-house design. Top concerns with using high speed 

interconnect is signal integrity, including crosstalk, electro-magnetic interference (EMI), 

jitter, reflections, package noise, skew and static. 

 
Figure1.1: System Performance vs. Bus Architecture. Higher system performance levels 

require adoption of point-to-point switched interconnects. 

 

As the next generation systems employ 10Gbps backplane signaling, current low cost 

backplane materials and connectors do not provide sufficient bandwidth to support this 

transmission rate. Bandwidth limitation is caused by dielectric loss, skin effect and 
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impedance discontinuities. At above 2 GHz, channels vary significantly depending on 

signaling layer (and thus the thru/stub ratio of via), the trace length (and thus the 

dielectric loss), and dielectric material [3]. The two main categories of approaches to 

increase backplane transmission speed are passive and active techniques. Passive 

solutions incorporate the use of high-quality microwave substrate materials, innovative 

via-hole techniques, and new connector technology [4, 5]. However, the passive approach 

requires costly microwave substrates and special high-bandwidth backplane connectors 

that may still have unacceptable transmission characteristics for long trace lengths.  

 

Active solutions to increase backplane throughput includes adaptive (decision feedback, 

feed forward) equalization [6], pre-emphasis, multilevel signaling, or combination of 

thereof [7, 8]. The active approach works for long trace lengths and is cost effective, 

requiring only line card replacements and not the whole system. Rambus, Accelerant 

Networks and Lucent Technologies are among the commercial companies pursing 

multilevel signaling schemes to increase bandwidth on backplane systems.  

 

Among the multilevel signaling schemes, different receiver architectures using different 

phase detection schemes has been proposed [9],[10]. These receivers require complex 

analog phase detection blocks in their clock recovery architectures. Here, a novel digital 

phase detector was designed for PAM-4 clock recovery [11]. The phase detector design is 

based on the commonly used Alexander phase detector in binary signaling clock recovery 

systems. As such, the benefits inherent to the Alexander phase detector are brought to the 

multilevel signaling domain. The all-digital implementation allows for low voltage 

operation and portability between technologies.  
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1.2  Serializer/Deserializer Testing 

 

As SerDes transceivers are increasingly being used for high speed data communication 

and its data rates continue to climb, many difficulties regarding the accuracy, complexity 

and cost of I/O characterization arise during testing. At multi-Gbps operating speeds, 

signal integrity of the line can be disturbed by probe contacts. The eye diagram captured 

through external probing does not emulate what the actual receiver captures, since 

channel components include PCB traces, vias, packages and pad capacitance. Besides the 

onset of data rates in the multi-Gbps range, next generation computer chipset architecture 

will have devices with multiple port (in the order of 10’s) types utilizing high data 

bandwidth, bringing about major challenges in high volume manufacturing (HVM) test 

environment [12]. Conventional per-pin Bit Error Rate (BER) testing for low cost 

commodity multi-port logic device will result in high Automated Test Equipment (ATE) 

test cost and long test time for BER less than 10-12 requirements.  

 

Bit Error Rate (BER) is the most fundamental figure of merit for communication system 

performance [13]; BER is the ratio of number of bits in error divided by the number of 

bits received. Bit Error Rate Testers (BERTs) plays a significant role in testing systems 

as their measurement results are often used as the standard. A BERT consists of a Pattern 

Generator (PG) and an Error Detector (ED). The BERT Scan technique varies the data 

edge placement with respect to the clock edge to obtain a series of BER to produce a 

bathtub curve plot. The bathtub curve measures the eye opening as a function of BER and 

also allow for random and deterministic jitter separation [13]. The drawback of using 

BERTs for jitter testing is the long test time. For example, a bathtub curve for BER of 10-

12 takes in the order of 2-8 hours to complete. In Figure 2, jitter histogram shows the 

distribution of data transition accumulated in the eye diagram. The jitter probability 

density function (PDF) is the jitter histogram rescaled such that the integral is unity. 

Figure 2 shows the relationship between the eye diagram and the bathtub curve, where it 

can be obtained by the integral of the jitter PDF, also known as the cumulative 

distribution function (CDF). 
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Figure 2: Relationship between Eye Diagram and Bathtub Curve. The Bathtub curve is 

the integral of the jitter PDF. 

 

Digital Automated Test Equipment (ATE) systems are effective for testing high pin 

count, low frequency complex logic due to the availability of several 100Mbps range 

parallel busses and automation infrastructure. However, ATE systems are inadequate 

when data rates goes beyond 1Gbps. High performance and accurate laboratory 

instruments such as BERTs are commonly used to test high speed SerDes. These 

instruments on the other hand lack automation and flexibility to test high pin-count 

complex IC devices. A hybrid test system that combines ATEs and laboratory 

equipments to harness its individual qualities was proposed in [14] to test multi-gigabit 
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rate complex devices. However, as more and more ASICs and FPGAs have multi-SerDes 

ports, the limitation of the hybrid approach becomes apparent. Instrument cost, physical 

size and test time constraints reduce the effectiveness of the hybrid test system for 

complex ASIC devices with multi-port SerDes. 

 

Various existing jitter testing equipment and digital ATEs lack the ability in HVM test 

environment due to reason listed in Table 1. 

 

 Disadvantages 

- Test time of ~8 hours for BER-12 measurement at 2.125 

Gbps BERTs 

- Not flexible for production testing 

- High bandwidth (30-50GHz) but slow acquisition speed 

Oscilloscope - Test time >250 years for BER-12 measurement at 2.125 

Gbps 

- Expensive and bulky 

Laboratory 

Tools 

Time Interval Analyzers 

(TIA) - Not flexible for production testing 

- Slow serial I/Os operating at only 400Mbps-1.6Gbps 

- Lack of differential high speed ports per test head 
Production 

Testers 

Automated Test 

Equipment (ATE) 
- Interconnect signal degradation at high speeds 

Table 1.1: Disadvantages of existing laboratory tools and production testers 

According to the International Technology Roadmap for Semiconductors (ITRS), for the 

near term, ATE manufacturers are required to design multi-port, gigabit data rate 

instruments and integrate them into test systems [15]. For example in [16], an interface 

macro providing up to 16 TX and/or RX channels with capability of transmitting from 

DC to 34.1Gbps (2.13Gbps X 16 Channels) was developed for interconnections in high-

speed memory test systems. Currently, there are interim solutions for differential link 

testing at serial data rate of 4.25Gbps using maximum number of ports of 200. Beyond 

serial data rate of 4.25Gbps, while manufacturable solutions are not known, Design for 

Test (DFT) and Built-In-Self-Test (BIST) are seen as potential solutions. In the long 

term, DFT features needs to extend beyond pattern generation and error detection to 

provide more related parametric coverage [15]. Combining DFT/BIST methodology and 
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external test instrument will minimize test cost, execution time and effectively test high 

speed multi-port devices. 

  

DFT/BISTs test solution provides attractive solution as it takes on some of the areas of 

future concerns for production testing of SerDes [15]. Among them are high speed serial 

port count increase, cost factor, test fixture bandwidth and parametric DFT versus Logic 

DFT. With high port count, the traditional rack-and-stack approach with multiple lab 

instruments becomes impractical. Multi-port ATEs are required to handle the increasing 

number of serial ports on single device. By combining DFT/BIST with external test 

equipments, lower test cost and enhanced functionality can result from it. DFT techniques 

tend to reduce cost and reduce the need for expensive test equipment. As a result, DFT 

techniques can bring about cost-efficient testing of high speed serial I/Os because the 

increasing number of gigabit transceivers are integrated into high-volume, low cost multi-

port devices. With increasing of data rate and port count, high frequency signals to be 

delivered to device suffer significant loss and distortion. For data rates of 10Gbps, the 

fixture bandwidth requirement reaches 20GHz. Integration of the front-end DUT 

interface to the ATE test head will alleviate this problem as socket and wafer probe will 

be bottlenecks of gigahertz testing. 

 

BIST/DFT strategies involving delay lines and vernier oscillators presented in [17] and 

[18] respectively, provide picoseconds resolution jitter measurements. In [19] on-chip eye 

diagram generation and jitter characterization BIST circuitry was integrated into a 

transceiver to perform diagnostics on interconnect and transceiver circuit. The 

diagnostics were performed by capturing periodic waveforms sent across the channel, 

analogous to that of an equivalent-time sampling oscilloscope. Undersampling techniques 

were used in [20, 21] to provide jitter testing for high speed SerDes. In [22], circular 

BIST was used to test digital components of SerDes.  

 

An improvement to the existing BIST was implemented and tested on the Altera Stratix 

FPGA. To allow for better measurement results, numerous PLLs already available in the 

FPGA were utilized. Having additional sampling PLLs, the variance reduces and our 
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measurement results will be closer to the mean. The measurements taken are the duty 

cycle jitter of an alternating data signal or clock signal and display the measured result as 

a histogram. Histograms are commonly used to give a clear view of the distribution of 

measured parameters.  

 

The contribution of the thesis is two-fold. In SerDes component design, an all-digital 

multilevel phase detector for clock data recovery in a multilevel SerDes was designed 

and simulated. An array of high speed 2-bit Flash ADC (Analog to Digital Converter) 

was implemented to sample and convert the multilevel signal. The phase detection 

scheme uses only digital components with multiphases of an oscillator to provide 

early/late information of the incoming signal. In SerDes component testing, a BIST 

component was designed and implemented in FPGA to provide measurements for duty 

cycle jitter. The measurement method provides enhancement over conventional methods 

by utilizing the Law of Large Numbers and undersampling. The improvements in results 

of a multi-PLL sampling and single-PLL sampling of a fix and varying input signal is 

shown. Also shown in the results are the effect of bin sizes on the measurements and the 

shape of histogram. The following section is the thesis outline providing the organization 

of the thesis. 

 

1.3  Thesis Outline 

 

Following the above introduction, Chapter 2 will provide background on SerDes 

components and jitter types. Literature review on different phase detectors used in 

different SerDes architectures, along with various BIST/DFT techniques used in high 

speed SerDes testing will be presented. 

 

In Chapter 3, multilevel signaling and the conditions for its application can be useful are 

presented. A novel all-digital approach to multilevel phase detection is presented along 

with simulations of the phase detector. 
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In Chapter 4, details of how undersampling concept and the law of large numbers can be 

applied to testing are presented. Next, we present duty cycle jitter measurement BIST for 

high speed SerDes implemented on Altera Stratix FPGA. The accuracy and repeatability 

of the using single sampling and multiple sampling are also presented. 

 

Finally, Chapter 5 summarizes the contributions in this thesis. 
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Bac%&ro)nd 

 

 

 

 

Chapter 2 
 

 

Background 
 

,n -.is c.ap-er, 4e pro5ide 6ac%&ro)nd on impor-an- componen-s comprised in a 

8ERDE8, and con-in)e -o presen- p)6lis.ed 4or%s on differen- p.ase de-ec-ors )sed in 

8ERDE8> Bac%&ro)nd on differen- -ypes of @i--er .o4 -.ey affec- -.e performances of 

8ERDE8 are also presen-ed> Ainally, 4e pro5ide a li-era-)re re5ie4 on B,8BCDAB 

-ec.niD)es for -es-in& 8ERDE8 performance>  

 

2.1 Serializer/Deserializer 
 

 
Ai&)re E>FG 8erDes Branscei5er 

 

8erDes s-ands for 8erialiHerCDeserialiHer> B.e 8erialiHer -a%es parallel da-a and serialiHes 

i- in-o serial 6i- s-ream> B.e cloc% is em6edded in -.e da-a s-ream> B.e IJ6i- parallel da-a 

6i-s are encoded in-o a FKJ6i- forma- -.a- is -ransmi--ed o5er a serial o)-p)- lin%> B.e FKJ

 FK



  
Bac%&ro)nd 

6i- forma- is )sed -o ens)re -.a- -.ere are eno)&. -ransi-ions in -.e da-a s-ream -o allo4 

-.e recei5er -o reco5er -.e em6edded cloc% acc)ra-ely> On -.e o-.er end of -.e serial lin%, 

-.e DeserialiHer -a%es -.e serial da-a, reco5ers -.e cloc% from -.e da-a and )ses -.e 

reco5ered cloc% -o decode -.e serial da-a and con5er- i- 6ac% -o parallel da-a as s.o4n in 

Ai&)re F> B.e f)nc-ional 6loc%s of a 8erDes are s.o4n in Ai&)re E> 

 

 
Ai&)re E>EG 8erDes A)nc-ional Dia&ram 

 

On -.e -ransmi- side, -.e 8erDes de5ice .as a parallel di&i-al in-erface, A,AO, IBCFKB 

encoder and serialiHer> B.e -ransmi--er o)-p)- dri5es a differen-ial si&nal in-o a MK! 

-ransmission media> Common o)-p)- dri5ers )sed for 8erDes -ec.nolo&y is Lo4 Pol-a&e 

Differen-ial 8i&nal (LPD8) for speeds )p -o IKKMTH or Emi--er Co)ple Lo&ic (ECL) for 

-ransmission speeds of UGTH> Differen-ial si&nal dri5e .as -.e ad5an-a&e of commonJ

mode noise re@ec-ion since any noise seen 6y 6o-. si&nal cancels o)- 6y -.e differen-ial 

si&nalin&> IBCFKB encodin& is )sed -o DC 6alanced -.e parallel da-a and minimiHe errors> 

IBCFKB encodin& 4ill -r)nca-e an all WHeroX in-o DCJ6alanced FKJ6i- 4ord made of Heros 

and ones, decreasin& -.e amo)n- of da-a dependan- @i--er> 

 

On -.e recei5e side, i- .as a -ransi-ion -rac%in& loop -.a- does -.e da-a and cloc% reco5ery 

alon& 4i-. 6y-e ali&nmen-, IBCFKB decoder, 4ord ali&nmen- A,AO and parallel di&i-al 

in-erface> B.e cloc% da-a reco5ery 6loc% is -.e mos- essen-ial 6loc% in -.e recei5er as i- 

reco5ers -.e cloc% from -.e inp)- serial da-a s-ream> Cloc% si&nal .as -o 6e reco5ered firs- 

6efore acc)ra-e 6y-eC4ord ali&nmen- can occ)r> B.e cloc% da-a reco5ery 6loc% can only 

reco5er -.e cloc% and da-a if -.e inp)- da-a s-ream con-ains adeD)a-e da-a WeyeX 4.ere -.e 

 FF



  
Bac%&ro)nd 

maYim)m da-a s-ream da-a r)n len&-. is no- eYceeded, and -.e a5era&e DC componen- of 

-.e si&nal is Hero> Once cloc% is reco5ered, 6y-e ali&nmen- occ)rs> B.e 6y-e ali&ner loo%s 

for a par-ic)lar ZJ6i- seD)ence, in IBCFKB encoded da-a s-ream, -.a- occ)rs in -.e coma 

c.arac-ers KEI>F, KEI>M and KEI>Z> By-e ali&nmen- occ)rs immedia-ely 4.en ali&nmen- 

seD)ence is de-ec-ed> \ord ali&nmen- occ)rs 4.en specific applica-ion (Ai6reJC.annel or 

]AU,) s-a-e mac.ines ac.ie5ed sync.roniHed s-a-e> \ord ali&nmen- 4ill ca)se -.e o)-p)- 

da-a -o 6e ali&ned s)c. -.a- -.e comma c.arac-er is in -.e mos- si&nifican- 6y-e> 

 

B.ere are some addi-ional common f)nc-ional 6loc%s 4i-.in eac. c.ip> B.ese are -.e 

confi&)ra-ion lo&ic, f)nc-ional -es- lo&ic, and sys-em p.aseJloc%ed loop (PLL)> O-.er 

impor-an- dia&nos-ic fea-)res incl)de B)il-J,nJ8elfJBes- (B,8B) f)nc-ions and aBAG -es- 

in-erface> De5ices can also 6e p)- in-o in-ernal loopJ6ac% mode for sys-em -es-in&, e5en 

4.en -.e lin%s are open or s.or-ed> 

 

2.2 Clock Recovery Architecture 
 

Arom -.e pre5io)s sec-ion, -.e cloc% reco5ery 6loc% plays a cri-ical role in -.e recei5er 

side of -.e 8erDes> B.e cloc% reco5ery 6loc% ens)res -.a- -.e reco5ered cloc% ed&e is 

ali&ned correc-ly a- -.e cen-re of -.e da-a eye or mid4ay poin- 6e-4een -4o closes- da-a 

-ransi-ions> B.e reco5ered cloc% 4ill 6e )sed for 6o-. -.e m)l-ip.ase sampler and -.e 

recei5er fron-Jend 6loc%s in Ai&)re E> B.e cloc% is reco5ered from -.e da-a 6y de-ec-in& 

-.e ed&e -ransi-ions of -.e incomin& da-a )sin& a p.ase de-ec-or and ad@)s-in& -.e cloc% 

p.ase accordin&ly> Dependin& on -.e p.ase de-ec-ion me-.od, -imin& reco5ery 

arc.i-ec-)re can 6e of feedJfor4ardCp.aseJpic%in& arc.i-ec-)re or of feed6ac% loop 

arc.i-ec-)re, as s.o4n in Ai&)re U> B.e difference 6e-4een -.e -4o is -.e -rac%in& ra-e> 

B.e former -rac%s p.ase c.an&es a- -.e ra-e of -.e decision lo&ic> B.e la--er con-ains a 

p.aseJloc%ed loop (PLL) 4i-. a fini-e loop 6and4id-.> ,f -.e -ransmi--er @i--er is lar&er 

-.an -.e recei5er PLL loop 6and4id-., -.en -.e -ransmi--er p.ase noise 4ill appear as 

pea%J-oJpea% -imin& error a- -.e recei5er> 
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Ai&)re E>UG (a) Aeed6ac% Cloc% Da-a Reco5ery Arc.i-ec-)re  

(6) P.aseJpic%in& Cloc% Da-a Reco5ery Arc.i-ec-)re 

 

2.2.1 Phase-picking Architecture 
 

B.e feedJfor4ard or p.aseJpic%in& arc.i-ec-)re is commonly )sed in UARBs> O-.er 

.i&.er 6and4id-. applica-ion of -.is arc.i-ec-)re is s.o4n in [EU, Ec]> ,n &eneral, da-a is 

o5ersampled )sin& a m)l-ip.ase cloc%, and -.e sample -.a- .as -.e 6es- -imin& mar&in is 

pic%ed as -.e correc- da-a 6i- 6y some decision al&ori-.m> B.e -imin& mar&in is lar&es- 

4.en cloc% is sampled a- -.e cen-er of -.e da-a eye> Differen- decision al&ori-.m is )sed 

for differen- applica-ion and 6and4id-.> ,n [EU], -.e correc- sampled da-a 6i- is 

de-ermined 6y )sin& an a5era&e of -.e sampled 5al)es 4i-. 5ario)s 6i- 4indo4 posi-ion> 

B.e al&ori-.m ma%es ne4 decisions on -.e inp)- p.ase e5ery cloc% cycle> ,n [Ec], -.e 

decision of -.e correc- sample is made 6y delayin& -.e samples 6y -.e n)m6er of cloc% 

cycles reD)ired for -.e decision> B.e al&ori-.m de-ec-s -.e da-a -ransi-ion o5er Ec samples 

and )ses -ransi-ion informa-ion -o selec- ei&.- samples as -.e correc-ly sampled da-a 6y-e> 

B.e decision lo&ic ma%es a ne4 decision per 6y-e of -.e da-a> 

 

B.e main ad5an-a&e of -.e feedJfor4ard arc.i-ec-)re is -.a- i- -rac%s -.e p.ase 

mo5emen-s 4i-. respec- -o cloc% 4i-.o)- an in-rinsic 6and4id-. limi-a-ion> B.e 

maYim)m -rac%in& ra-e is limi-ed 6y -.e decision lo&ic and -ransi-ions in da-a> Also, since 
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-.ere is no feed6ac% loop, -.ere are no s-a6ili-y iss)es and .ence no se--lin& or loc%in& 

-ime> A disad5an-a&e is -.a- -.is arc.i-ec-)re 4ill no- 6e a6le -o dis-in&)is. p.ase c.an&es 

&rea-er -.an .alf 6i- -ime from p.ase s.if- in -.e opposi-e direc-ion> ,n addi-ion, p.ase 

D)an-iHa-ion ca)ses an in.eren- s-a-ic p.ase error> B.ere 4ill 6e a -rade off 6e-4een finer 

p.ase D)an-iHa-ion (smaller s-a-ic p.ase error) and desi&n compleYi-y> A more compleY 

desi&n leads -o .i&.er po4er cons)mp-ion> Also, finer p.ase D)an-iHa-ion reD)ires 

increased n)m6er of samplers 4.ic. res)l-s in .i&.er inp)- capaci-ance and lo4er 

6and4id-.> 

 

2.2.2 Feedback Loop Architecture 
 

 
Ai&)re E>cG Di&i-al P.ase De-ec-ors 

 

,n -.e feed6ac% loop arc.i-ec-)re, di&i-al p.ase de-ec-ors s)c. as To&&ees p.ase de-ec-or 

(TPD) and AleYander (APD) or Ban&JBan& p.ase de-ec-or are commonly )sed [Ef]> B.e 

opera-ion of -.e APD and TPD is s.o4n in Ai&)re c> B.ese di&i-al p.ase de-ec-ors )se 

flipJflops and ]ORs -o de-ec- da-a -ransi-ions> A 5arian- of To&&ees p.ase de-ec-or in 

[EZ] 4as )sed for .i&. 6and4id-. cloc% reco5ery in [EI]> A f)lly symme-ric .alfJra-e 

AleYander de-ec-or 4as )sed for 4ide cap-)re ran&e and 4ide inp)- 6i- ra-e cloc% da-a 
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reco5ery [Eg]> 8ince di&i-al p.ase de-ec-ors reD)ires only simple processin& of di&i-al 

5al)es, -.ey can easily &eneraliHe -o m)l-iJp.ase samplin& s-r)c-)res allo4in& -.e cloc% 

reco5ery opera-ion speed -o 6e many  -imes a6o5e -.e maYim)m speed of a flipJflop> 

Ano-.er ad5an-a&e of di&i-al p.ase de-ec-ors is -.a- -.e cloc% reco5ery pa-. are com6ined 

4i-. da-a re-imin& pa-., a5oidin& any in.eren- samplin& offse- from -.e cen-er of -.e da-a 

eye> B.e TPD o)-p)- pro5ides p.ase and ma&ni-)de informa-ion, 4.ere -.e o)-p)- 5aries 

linearly 4i-. ma&ni-)de of p.ase offse-> A disad5an-a&e of -.e TPD is -.a- 4.en -.ere are 

no da-a -ransi-ion, -.e TPD con-in)es -o o)-p)- -.e las- 5alid p.ase error> B.e APD 

.o4e5er is imm)ne -o -.e effec-s of r)n len&-. and da-a -ransi-ion densi-y 6eca)se i- .as a 

W.oldX s-a-e 4.en -.ere are no da-a -ransi-ions> ,n a s)r5ey of cloc% da-a reco5ery (CDR) 

desi&ns presen-ed from FgII -o EKKF a- -.e ,n-erna-ional 8olid 8-a-e Circ)i-s Conference, 

ma@ori-y of -.e desi&ns )-iliHe a com6ina-ion of m)l-ip.ase samplin& s-r)c-)res and 6an&J

6an& PLL as s.o4n in Ai&)re M> ,n addi-ion, all cloc% da-a reco5ery opera-in& a- da-a 

ra-es &rea-er -.an K>c fB are 6an&J6an& desi&ns [UK]> 

 

 Number of Publications  Number of Publications 
Year of 

Publication 
Linear 
CDR 

Bang Bang 
CDR 

 

Tf
DataRate  Linear 

CDR 
Bang Bang 

CDR 

1990-1991 E F 0.01-0.05 c F 
1992-1993 E E 0.5-0.1 F U 
1994-1995 U E 0.1-0.5 c FK 
1996-1997 K M 0.5-1.0 K c 
1998-1999 F U    
2000-2002 F U    

 

Ai&)re E>MG CDR PLL desi&ns o5er -ime> B.e ra-io of lin% speed -o effec-i5e process 

-ransi- freD)ency and -.e year of p)6lica-ion is -a6)la-ed 4i-. -.e n)m6er of p)6lica-ions> 

M)l-iJp.ase Ban&JBan& PLLs predomina-e as da-a ra-e approac.es -.e process -ransi- 

freD)ency fB limi-> [UK] 

 

8ince flipJflops )sed in di&i-al p.ase de-ec-ors .a5e none Hero se-)p -imes, i- can ca)se 

s-a-ic p.ase offse- and red)ce -imin& mar&ins a- .i&. da-a ra-es> Ano-.er disad5an-a&e is 

-.a- -.e d)-y cycle of -.e cloc% .as -o 6e MKh o-.er4ise i- 4ill also res)l- in s-a-ic p.ase 

error> B.ese iss)es can 6e a5oided )sin& samplers in p.ase de-ec-ors as s.o4n in [UF]> 
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M)l-iple c.annel samplers are )sed in [UF] 4.ere samplin& -imes are separa-ed 6y -.e 6i- 

period> Cloc% reco5ery 4as -.en implemen-ed )sin& a decision direc-ed minim)mJ

li%eli.ood al&ori-.m> 

 

2.2.3 Multilevel Clock Recovery Architecture 
 

Cloc% reco5ery arc.i-ec-)res for m)l-ile5el si&nals fo)nd in li-era-)res are of -.e feed6ac% 

arc.i-ec-)re> To4e5er, -.e p.ase de-ec-ion sc.emes )sed are sli&.-ly differen- as 

incomin& da-a si&nals are no lon&er 6inary si&nals> All m)l-ile5el cloc% reco5ery sc.emes 

4ill reD)ire -.e m)l-ile5el si&nals -o 6e con5er-ed in-o 6inary si&nals )sin& .i&. speed 

flas. ADCs>  

 

Vref1

Vref2

Vref3

t1 t2 t3

A
B

C

!"

1

0 0

1

Se<0 Se>0

(a) (b)  
Ai&)re E>fG Differen- M)l-ile5el P.ase De-ec-or 8c.eme> (a) 88MM8E 6ased P.ase 

De-ec-ion (6) Propor-ional P.ase Brac%in& De-ec-ion Me-.od 

 

,n [g], a cloc% reco5ery sc.eme 4as presen-ed )sin& Ban&JBan& p.ase de-ec-or -o 

&enera-e earlyCla-e p)lses 6ased on si&nJsi&n minim)m mean sD)ared error (88MM8E)> 

B.e decision -o ad5ance or delay -.e samplin& p.ase is 6ased on i) -.e error 6e-4een -.e 

sampled 5al)e and -.e reference si&nal 5al)e and ii) -.e slope of -.e recei5ed si&nal a- -.e 

samplin& ins-an-> ,n Ai&)re f(a), 4.en A is sampled a- -F, -.e sampled 5al)e of A is lar&er 

-.an -.a- of -.e desired si&nal a- poin- B, also -.e (ne&a-i5e) slope of -.e sampled si&nal is 

differen- -.an -.a- of poin- C> Usin& -.ese -4o D)an-i-ies, -.e samplin& p.ase a- -F is 
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ded)ced -o 6e early> Aor -.e cloc% p.ase samplin& a- poin- B, -.e sampled si&nal is also 

lar&er -.an -.a- of -.e desired si&nal a- B, .o4e5er, -.e (posi-i5e) slope is opposi-e -o -.a- 

of A, so -.e samplin& cloc% p.ase a- -U is ded)ced -o 6e late> Ad5an-a&e of [g] is -.a- i- 

reD)ires only 6a)d ra-e samplin& of -.e recei5ed 4a5eform -.)s elimina-in& -.e need for 

D)adra-)re cloc%s in a .alf ra-e sys-em> 

 

,n [I], a linear p.ase de-ec-ion sc.eme is )sed for cloc% da-a reco5ery> ,- )-iliHes 6o-. -.e 

-ransi-ion ed&es of -.e da-a and -.e sampled 5al)e a- -.e cen-er of da-a eye> B.e sample 

5al)e 8e s.o4n in -.e Ai&)re f(6) 4ill pro5ide -.e p.ase error informa-ion> As 8e is 

propor-ional -o -.e p.ase error, !", -.e loop con-rol 5ol-a&e &enera-ed 4ill 5ary linearly 

4i-. 8e> \.en -.e cloc% is in loc%, -.e 8e sample is Hero>  

 

B.e m)l-ile5el p.ase de-ec-ion sc.emes a6o5e reD)ire addi-ional analo& componen-s 

6esides -.e .i&. speed Alas. ADC> Analo& componen-s are )s)ally more s)scep-i6le -o 

noise so)rces and process 5aria-ion> Analo& componen-s also -end -o 6e lar&er and .a5e 

.i&.er po4er cons)mp-ion> An allJdi&i-al approac. for m)l-ile5el cloc% reco5ery is 

proposed in C.ap-er U -o a5oid some of -.ese iss)es>  

 

2.3 Jitter Types 

 

ai--er is -.e de5ia-ion of a -imin& e5en- of a si&nal from i-s ideal posi-ion> ai--er effec-s 

6ecome more si&nifican- as da-a ra-es increases 6eca)se da-aCcloc% p)lse 4id-. 6ecomes 

s.or-er> ai--er is )s)ally eYpressed in )ni- in-er5als (U,)> A U, is -.e ideal -ime d)ra-ion of 

a sin&le 6i- or cloc% period s.o4n in Ai&)re Z>  

 FZ



  
Bac%&ro)nd 

Ai&)re E>ZG ai--er and Uni- ,n-er5al 

 

ai--er can 6e decomposed in-o -4o main componen-s, de-erminis-ic @i--er (Da) and random 

@i--er (Ra) [UE]> De-erminis-ic componen- of -.e -o-al @i--er is 6o)nded and -.e random 

componen- of -o-al @i--er is )n6o)nded> B.e )n6o)nded @i--er componen- is D)alified as 

-.e -ailJends of -.e @i--er .is-o&ram as s.o4n in Ai&)re Z> Da can 6e f)r-.er separa-ed in-o 

da-a dependen- @i--er (DDa), periodic @i--er (Pa), and 6o)ndedJ)ncorrela-ed @i--er (BUa) as 

s.o4n in Ai&)re I>  

 

 
Ai&)re E>IG ai--er Decomposi-ion  

 

B.e -o-al @i--er in a sys-em is -.e con5ol)-ion of all independen- @i--er componen-se 

pro6a6ili-y densi-y f)nc-ions (PDAs)>  
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B.e PDA of a Da can .a5e any ar6i-rary s.ape, ma%in& i- s)scep-i6le -o errors 4.en )sin& 

models -o approYima-e> Bo o6-ain -.e PDA of Da, -.e PTJ and PRJ are meas)red firs-, -.en 

de-erminis-ic PDAs can 6e de-ermined -.ro)&. decon5ol)-ion, and all -.e appropria-e 

s-a-is-ical parame-ers (mean, rms, pea%J-oJpea%) can 6e calc)la-ed>  

 

2.4 Random Jitter 

 

Random @i--er is commonly modeled 6y -.e Ga)ssian dis-ri6)-ion f)nc-ionG  

)
)
*

+
,
,
-

.
$

#
E

E

E

E
F)( /

0/

x

RJ exJ  

\.ere aRa(x) deno-es -.e Ra PDA, # is -.e s-andard de5ia-ion of a Ga)ssian dis-ri6)-ion, 

and x is -.e -ime displacemen- rela-i5e -o -.e ideal posi-ion> ,-s c.arac-eris-ics are 

descri6ed 6y -.e mean and rms 5al)e> 

 

2.4.1 Random Jitter Sources 

 

Common so)rces of Ra incl)de s.o- noise, flic%er noise and -.ermal noise [UU, Uc]>  8.o- 

noise is a represen-ed 6y a 6road6and 4.i-e noise and .as a Ga)ssian dis-ri6)-ion> 8.o- 

noise occ)rs 4.en -.ere is a direc- c)rren- flo4 and -.ere m)s- also 6e a po-en-ial 6arrier 

o5er 4.ic. -.e c.ar&e carriers .op> Aor eYample, 6o-. 6ase and collec-or c)rren-s are 

so)rces of s.o- noise in a 6ipolar -ransis-or, DC lea%a&e c)rren- of AEBs also con-ri6)-es 

-o s.o- noise> B.e s.o- noise c)rren- is &i5en 6y  

fqIi DCn &# EE  

\.ere ni  is -.e rms noise c)rren-, q is -.e elec-ronic c.ar&e (a6o)- F>fYFKJFg C), IDC is 

-.e DC c)rren- in amperes, and $f is -.e noise 6and4id-. in .er-H> 
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Alic%er noise .as spec-ral dis-ri6)-ion -.a- is propor-ional -o FCf% 4.ere % is &enerally 

close -o )ni-y> ,n resis-ors, FCf noise is seen 4.en -.ere is a DC c)rren- flo4in& -.ro)&.> 

B.)s, minimiHin& DC 6ias can minimiHe -.is noise -erm> Alic%er noise in resis-ors .as 

6een eYplained 6y some as -.e res)l- of random forma-ion and eY-inc-ion of WmicroJarcsX 

amon& nei&.6orin& &ran)les in car6on composi-ion resis-ors> B.e meanJsD)are noise for 

resis-ors is &i5en 6yG 

fV
A

R
f
Ke s

n &11# EE  

\.ere A is -.e area of resis-or, Rs is -.e s.ee- resis-i-5i-y, P is -.e 5ol-a&e across -.e 

resis-or, and K is a ma-erialJspecific parame-er> 

 

,n MO8AEBs, -.e so)rce of flic%er noise .as s)rface effec- d)e -o fl)c-)a-ions in carrier 

densi-y as elec-rons are randomly cap-)red and emi--ed from oYide in-erface -raps> B.e 

meanJsD)are FCf drain noise c)rren- is &i5en 6yG 

fA
f
Kf

WLC
g

f
Ki T

ox

m
n &1112&11# E

E

E
E 3  

4.ere A is -.e area of -.e &a-e and K is a de5ice specific cons-an-> B.)s, for a fiYed 

-ranscond)c-ance, a lar&er &a-e area and -.inner dielec-ric can red)ce -.is noise -erm> 

 

B.ermal noise, li%e s.o- noise, can 6e represen-ed 6y a 6road6and 4.i-e noise and .as 

fla- spec-ral densi-y> B.ermally a&i-a-ed c.ar&e carriers in a cond)c-or cons-i-)-e a 

randomly 5aryin& c)rren- -.a- &i5e rise -o a random 5ol-a&e> Elec-ron sca--erin& d)e -o 

imperfec-ion of la--ice s-r)c-)re ca)ses Ra> E5en for 5ery lo4 -empera-)re, in-rinsic 

defec-s s)c. as imp)ri-ies, missin& a-oms, or discon-in)i-ies in la--ice s-r)c-)re ca)sed 6y 

an in-erface, ca)ses a localiHed sca--erin& cen-er 4.ic. res)l- in Ra> B.ermal noise po4er 

is propor-ional -o -empera-)re; -.e a5aila6le noise po4er is &i5en 6y  

R
e

fkTP n
NA c

E

#&#  

4.ere k is Bol-Hmannes cons-an- (a6o)- F>UIYFKJEU aCK), T is -.e a6sol)-e -empera-)re in 

Kel5ins, and $f is -.e noise 6and4id-. in .er-H, ne  is -.e rms noise 5ol-a&e &enera-ed 6y 

resis-or R o5er -.e 6and4id-. a- a &i5en -empera-)re> B.e mean sD)are noise 5ol-a&e is 
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fo)nd -o 6e fkTRen &# cE , 4.ere -.e rms noise 5ol-a&e is ac-)ally sD)are roo- of -.e 

6and4id-. and resis-ance> 

 

2.5 Deterministic Jitter 

 

Unli%e random @i--er, de-erminis-ic @i--er is descri6ed 6y a 6o)nded PDA> B.e PDA needs 

-o 6e sampled 6eyond i-s pea% maYim)m -o a5oid Wloss of informa-ionX pro6lem> 8ince 

-.e PDA is 6o)nded, eY-ra samples 4ill no- affec- -.e s.ape of -.e PDA> Ma@or ca)ses of 

Da incl)de elec-roma&ne-ic in-erference, cross-al%, si&nal reflec-ion, dri5er sle4 ra-e, s%in 

effec-s and dielec-ric loss> Da can 6e f)r-.er decomposed in-o periodic @i--er (Pa), d)-y 

cycle dis-or-ion (DCD) and in-ersym6ol in-erference (,8,)> DCD and ,8, are ca-e&oriHed 

as da-a dependen- @i--er (DDa)> 

 

2.5.1 Periodic Jitter 
 

8o)rce of periodic @i--er or sin)soidal @i--er is -.e res)l- of elec-roma&ne-ic in-erference 

(EM,) or po4er s)pply noise> Pa eY.i6i-s a repe-i-i5e na-)re a- a fiYed freD)ency, and can 

6e D)an-ified in -erms of pealJ-oJpea% 5al)e 4i-. a freD)ency and a ma&ni-)de> As s.o4n 

in Ai&)re g, an ideal cloc% si&nal mod)la-ed 6y a sin)soidal noise si&nal 6ecomes a cloc% 

4i-. periodic @i--er> \.en -.e mod)la-in& sin)soidal si&nal is lo4, -.e @i--ered cloc% .as 

smaller period, and -.e @i--er cloc% period is lar&er 4.en -.e sin)soidal si&nal is .i&.> 

 
Ai&)re E>gG Periodic ai--er Effec-s on ,deal Cloc% 
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Pa can 6e modeled as [UM]G  

4
#

%#
N

i
iiiTotal tAtPJ

K
)cos()( 53  

\.ere PaBo-al(t) deno-es -.e -o-al @i--er, N is -.e n)m6er of cosine componen-s, Ai is -.e 

correspondin& ampli-)de, &i is -.e correspondin& an&)lar freD)ency, t is -.e -ime, and 'i 

is -.e correspondin& p.ase> 

 

2.5.2 Data Dependent Jitter 
 

As -.e name s)&&es-s, da-a dependen- @i--er, consis-in& of DCD and ,8,, is a f)nc-ion of 

-.e da-a .is-ory -.a- occ)r 4.en -.e -ransi-ion densi-y c.an&es> B.e -ransmission medi)m 

&enerally .a5e freD)encyJdependen- loss c.arac-eris-ic -.a- can also ca)se DDa>    

 

As -ransmission freD)ency increases a6o5e a cer-ain freD)ency, -.e -ransmission medi)m 

eYperiences s%in effec- loss and dielec-ric loss> As .i&. freD)ency c)rren- flo4 -.ro)&. a 

cond)c-or, ma&ne-ic field 4ill ad@)s- -.e redis-ri6)-ion of c)rren- (d)e -o eddy c)rren-s), 

forcin& i- -o flo4 in -.e cond)c-ion 6and @)s- 6elo4 -.e s)rface of -.e cond)c-or> B.e 

increase in -ransmission mediaes resis-ance and a--en)a-ion of -.e propa&a-in& si&nales 

.i&. freD)ency componen-s is %no4n as s%in effec-> B.is res)l-s in lon&er rise and fall 

-imes> Dielec-ric loss res)l-s from -.e delay of polariHa-ion in dielec-ric ma-erial 4.en i- 

is s)6@ec-ed -o a c.an&in& field> A6o5e a cer-ain freD)ency, dielec-ric loss domina-es s%in 

effec- losses 6eca)se dielec-ric losses are propor-ional -o freD)ency, 4.ile s%in effec- 

losses are propor-ional -o sD)are roo- of freD)ency [Uf]> B.e freD)ency dependency of 

s%in effec- and dielec-ric losses ma%es -.em ca)ses of DDa> 
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2.5.2.1 Duty Cycle Distortion 
 

ai--er res)l-in& from d)-y cycle dis-or-ion can 6e represen-ed 6y -.e s)m of -4o ( 

f)nc-ions [UM]>  

E

)
E

(

E

)
E

( WxWx
J DCD

%
%

$
#
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\.ere aDCD(x) is -.e DCD PDA, \ is -.e pea%J-oJpea% DCD ma&ni-)de, and x is -.e -ime 

displacemen- rela-i5e -o -.e ideal posi-ion> B.e ma&ni-)de of -.e eac. ( f)nc-ion is j 

6eca)se -.e eD)a-ion ass)mes eD)al n)m6ers of risin& and fallin& -ransi-ions in -.e 

-ransmi--ed si&nal>  

 

 
Ai&)re E>FKG D)-y cycle dis-or-ion d)e -o DC offse- 

 

B.e d)-y cycle of an al-erna-in& 6i- seD)ence is &i5en 6y   

hFKK
)(
7

% lowhigh

high

tt
t

 

\.ere -.i&. is d)ra-ion of -.e .i&. p)lse and -lo4 is -.e d)ra-ion p)lse> 

 

A symme-ric da-a or cloc% si&nal 4ill .a5e a MKh d)-y cycle 4.ere -.e -.i&.k-lo4> D)-y 

cycle dis-or-ion is -.e res)l- of any differences in -.e mean -ime alloca-ed for -.e lo&ic 

s-a-es in an al-erna-in& 6i- seD)ence> 8o)rces of DCD incl)de rise and fall -ime 

discrepancies, DC offse- in da-a si&nal and de5ice misma-c. in si&nal pa-.> 
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Elec-roma&ne-ic in-erference from o-.er de5ices or sys-ems can also ind)ce c)rren- on 

si&nal 4ires and po4er rails, and affec- -.e si&nal 5ol-a&e 6iasin& and reference 5ol-a&es> 

,n Ai&)re FK, a symme-ric cloc% si&nal 4i-. MKh d)-y cycle is s.o4n; also s.o4n is -.e 

same cloc% si&nal 4i-. a d)-y cycle of &rea-er -.an MKh as a res)l- of a posi-i5e DC 

offse->  B.e ne4 d)-y cycle 4ill 6e a f)nc-ion of -.e sle4 ra-e of -.e cloc% -ransi-ion 

ed&es>  

 

D)-y cycle dis-or-ion is also %no4n as p)lse 4id-. dis-or-ion> Da-a -ransmi--ed in 

al-erna-in& 6i- seD)ence s.o)ld 6e.a5e li%e an ideal cloc%> To4e5er, p)lse 4id-. of -.e 

da-a may 6e dis-or-ed as men-ion earlier> D)-y cycle or p)lse 4id-. meas)remen-s can 6e 

)sef)l for 8erDes -es-in& and dia&nos-ics in many 4ays> Besides 6ein& a6le -o meas)re 

-.e p)lse 4id-. 4.en al-erna-in& da-a 6i- s-ream is )sed, -.e amo)n- of 5ol-a&e offse- in 

-.e recei5er can also 6e ded)ced> \.en a posi-i5e 5ol-a&e offse- is in@ec-ed, a d)-y cycle 

&rea-er -.an MKh is o6ser5ed, as s.o4n in Ai&)re FK> B.e p.ase delay 6e-4een -4o 

si&nals can also 6e de-ermined 6y ]ORJin& -.e -4o si&nals and meas)rin& -.e d)-y cycle 

of -.e ]OR o)-p)-> B.ese meas)remen-s are performed on incomin& da-a -o a 8erDes> 

B.e d)-y cycle of a recei5eres samplin& cloc% m)s- 6e -es-ed> A samplin& cloc% 4i-. 

5aryin& d)-y cycle 4ill pre5en- -.e cloc% from samplin& -.e da-a a- -.e cen-er of -.e 6i- 

4.ere -.e -imin& mar&in is -.e 6i&&es-> Also, 4.en 6o-. cloc% ed&es are )sed, a MKh d)-y 

cycle is essen-ial -o a5oid any p.ase offse->  

 

Duty Cycle in SerDes 

As da-a ra-e in 8erDes con-in)es -o increase, -.e c.arac-eris-ics of -.e cloc%s opera-in& in 

8erDes 6ecomes e5en more impor-an-> C.arac-eris-ics of cloc% incl)de d)-y cycle, cloc% 

freD)ency and ma-c.in& cloc% p.ases> D)-y cycle is especially impor-an- for 8erDes lo&ic 

-.a- )-iliHes 6o-. risin& and fallin& cloc% ed&es> Also, since 8erDes )-iliHes m)l-iJp.ases 

of a cloc% -o ac.ie5e parallelism for .i&. speed opera-ion, misma-c. in p.ases of -.e 

cloc%s in 6o-. -.e -ransmi--er side and -.e recei5er side 4ill de&rade -.e performance of 

-.e 8erDes> As s)c., -.e cloc%s )-iliHed in 8erDes needs -o 6e eYamined as par- of -.e 

man)fac-)re -es-in& process or dia&nos-ic process d)rin& 8erDes opera-ion fail)re>  
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Ai&)re E>FF (a) Une5en Da-a \id-. O)-p)- from Dis-or-ed Cloc%  

(6) Lo4 Bimin& Mar&in Da-a 8amplin& )sin& Dis-or-ed Cloc% 

 

As s.o4n in Ai&)re FF(a), da-a is 6ein& -ransmi--ed )sin& 6o-. risin& and fallin& cloc% 

ed&es> B.e da-a -ransmi--ed )sin& a cloc% 4i-. )ne5en d)-y cycle res)l-s in )ne5en da-a 

4id-. o)-p)-> B.e )ne5en da-a 4id-. o)-p)- 6ecomes more s)scep-i6le -o 6i- errors for 

lossy -ransmission c.annels or a- .i&. -ransmission freD)encies> A- -.e recei5er end, ideal 

da-a samplin& s.o)ld 6e a- -.e cen-re of -.e da-a 4id-. on 6o-. -.e risin& and fallin& 

cloc% ed&es of -.e cloc%, Ai&)reFF (6)> Aor )ne5en d)-y cycle a- -.e recei5er, ac-)al da-a 

sampled 4ill 6e offJcen-er and res)l- in lo4er -imin& mar&in> \.en m)l-iple cloc% p.ases 

are )sed -o ac.ie5e .i&.er da-a ra-e, -.e )ne5en d)-y cycle on cloc%s 4ill ca)se more 6i- 

errors and de-eriora-e -imin& mar&ins> 
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2.5.2.2 Inter-Symbol Interference 
 

,8, .as -.ree main ca)ses [UM]G 

F) Band4id-. limi-a-ion of -ransmission medi)m can res)l- in effec-s on a sin&le 6i- 

-.a- come from -.e seD)ence of precedin& 6i-s>  

E) lonlinear p.ase response of -.e -ransmission medi)m can ca)se freD)encyJ

dependen- &ro)p delay> B.is nonlinear response ca)ses ed&e s.if-s -.a- depend on 

-.e -ransi-ion densi-y 4i-.in -.e da-a s-ream> 

U) Reflec-ions can arise from imperfec-ion -ransmission line -ermina-ions res)l-in& in 

effec-s on a sin&le 6i- -.a- come from -.e seD)ence of precedin& 6i-s>  

 

8ince &enerally .i&. freD)encies componen-s of -.e -ransmi--ed si&nal are a--en)a-ed 

more -.an i-s lo4 freD)encies co)n-erpar- in -.e -ransmission media, preJemp.asis is )sed 

-o increase -.e 5ol-a&e of -.e firs- da-a 6i- in -.e di&i-al 6i- s-ream 6efore da-a 

-ransmission and deJemp.asis is )sed -o red)ce ampli-)de of lo4er freD)ency 

componen-s 6efore da-a -ransmission -o compensa-e of freD)encyJdependen- -ransmission 

losses> Adap-i5e eD)aliHa-ion -ec.niD)es can also 6e )sed a- -.e recei5er side -o 

compensa-e for c.annel inser-ion loss 6y a--en)a-in& lo4 freD)ency componen-s 4i-. 

respec- -o .i&. freD)ency componen-s of -.e si&nal> 

 

2.6 Built In Self Test (BIST) - Complement for ATE 
 

As men-ioned 6efore in C.ap-er F, neY- &enera-ion A8,Cs 4ill .a5e m)l-iJpor- .i&. speed 

8erDes ,COs -o -a%e ad5an-a&e of -.e de5ice comp)-a-ion speed and m)l-iJf)nc-ionali-y> 

An eYample of s)c. de5ice )nder4ay is 8)n Micro8ys-emes neY- &enera-ion -.ro)&.p)- 

comp)-in& sys-ems [UZ]> B.ese sys-ems )sin& non s-andard comm)nica-ion pro-ocols 4ill 

.a5e 8erDes ,COs in order of FKKes and opera-in& a- m)l-iJG6ps> C)rren- ABEs .ard4are 

and sof-4are 4ill no- 6e a6le -o sol5e -es- and de6)& of -.ese sys-ems [FE, UI]> EYis-in& 

ABEs possess -es- f)nc-ionali-y ca-erin& -o -es- FKes ,CO per c.ip, )sin& s-andard pro-ocol 
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and so)rce sync.rono)s applica-ions> ,n -.is sec-ion, differen- B,8BCDAB -ec.niD)es are 

)sed -o complemen- eYis-in& ABEs and ma%e )p for i-s inadeD)acies are presen-ed> 

 

2.6.1 Loopback Test 
 

Mos- commonly )sed B,8B me-.od for -es-in& of ,CO f)nc-ionali-y 4i-.o)- relyin& on 

eY-ernal -es-er is 6y pro5idin& in-ernal loop6ac% confi&)ra-ions> ,n [Ug], AC ,O loop6ac%, 

a me-.od relyin& on loop 6ac% in -.e ,CO 6)ffer for AC -imin& parame-er -es-in&,  4as 

)sed -o &enera-e an eye dia&ram 6y com6inin& -imin& and 5ol-a&e s-ress 4i-. FKKs 

picoseconds acc)racy> ,n [UZ], -4o -ypes of in-ernal loop6ac%s 4ere )sed i) pad loop6ac% 

pa-. 4.ic. incl)des -.e CML dri5ers and recei5er sense amps and ii) inner loop6ac% pa-. 

4.ic. is f)lly di&i-al and eYcl)des CML dri5er and recei5er sense amps> B.ese loop6ac%s 

4ere )sed for (i) -es-in& -.e cloc% reco5ery 6y in-rod)cin& a pse)doJasync.rono)s 

loop6ac% mode, (ii) -es-in& -.e recei5e eD)aliHer, (iii) BER meas)remen- and (i5) 

mappin& -.e da-a eye> Al-.o)&. loop6ac% B,8B are commonly )sed, -.ere are some 

dra46ac%s -o i-> Amon& -.em, process 5aria-ion and defec- mec.anism affec-in& 6o-. -.e 

-ransmi--er and -.e recei5er 4ill &e- mas%ed, lo4 fa)l- co5era&e and lon& -es- -ime for 

f)nc-ional -es-> Bo-. -ransmi--er and recei5er ,CO in 8erDes macro .as -o 4or% and 6e 

a5aila6le for loop confi&)ra-ion> ,n addi-ion, d)rin& loop6ac% mode, -.e -ransmi--er and 

CDR in recei5er 4or% in sync.rono)s mode in loop6ac% confi&)ra-ion )nli%e inJfield 

async.rono)s applica-ions> Tence, )sin& loop6ac% -es- allo4s for decen- f)nc-ionali-y -es- 

6)- s-ill lac%s co5era&e d)e -o -.ese dra46ac%s> 

 

2.6.2 Circular BIST 
 

Circ)lar B,8B 4as 6riefly men-ioned in [UZ], 6)- presen-ed in more de-ail in [EE]> 

Circ)lar B,8B 4as c.osen o5er o-.er op-ions li%e f)nc-ional B,8B, 8can ABPG and 

8BUMP8 B,8B d)e -o i-s conciseness and simplici-y in implemen-a-ion, .i&. fa)l- 

co5era&e and a- speed -es- capa6ili-y> Circ)lar B,8B is )sed -o -es- di&i-al lo&ic in 8erDes 

macros> AlipJflops are con5er-ed in-o circ)lar B,8B flipJflops as s.o4n in Ai&)re FE> 
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B.ey are -.en connec-ed in a circ)lar pa-. and follo4 a seD)ence of opera-ionG Rese- all 

flipJflops, Ena6le circ)lar B,8B mode, Cloc% for l cycles and Compare 5al)es in s)6se- 

of flipJflops 4i-. eYpec-ed 5al)e>  

cbist_enable

qin from previous 
cbist flop output

din

d q

rst

In normal operation: d <=din
In cbist mode : d <= xor(qin,cbist_en)  

Ai&)re E>FEG Circ)lar B,8B flip flop 

 

B.ere are some disad5an-a&es -o Circ)lar B,8B> B.e fa)l- &rades can 6e lo4 d)e -o limi- 

cyclin&> B.is is 4.ere an inappropria-e s-ar-in& s-a-e for -.e circ)lar B,8B pa-. leads -o 

-.e B,8B pa-. repea-edly cyclin& -.ro)&. a limi-ed n)m6er of s-a-es [cK]> Also, fa)l- 

&rade can 6e lo4 d)e -o re&is-er ad@acency pro6lem> B.is is 4.ere ad@acen- cells in B,8B 

pa-. .a5e -.e proper-y -.a- -.e o)-p)- of -.e firs- cell is in -.e f)nc-ional inp)- cone of -.e 

second> B.e res)l- is -.a- -.e ]OR &a-e of -.e second cell can al4ays o)-p)- Hero and 

.ence 6loc% fa)l- propa&a-ion [cF]> 

 

2.6.3 Vernier Delay Line 
 

Aor onJc.ip @i--er meas)remen-, many differen- -ec.niD)es eYis- [FZJFg, cEJcc]> A 

componen-Jin5arian- 5ernier delay line (PDL) s-r)c-)re 4as )sed for @i--er 

c.arac-eriHa-ion in [FI]> A sin&le s-a-e loop6ac%ed delay elemen-, in oscilla-or li%e 

fas.ion, is )sed -o replace a m)l-iJs-a&e delay elemen- PDL> B.e performance of -.is 

desi&n is no- dependen- on -.e ma-c.in& of delay elemen-s )nli%e con5en-ional PDL, 

-.)s a5oidin& ma-c.in& errors -.a- leads -o differen-ial nonJlineari-y -imin& errors> 

To4e5er, -.e delay elemen-s in -.is PDL is s-ill no- imm)ne -o po4er s)pply s)6s-ra-e 

noise co)pled in from analo& and di&i-al &ro)nd of ad@acen- componen-s> B.e resol)-ion 

is repor-ed -o 6e as lo4 as Fgps>  
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2.6.4 Undersampling BIST 
 

8-r)c-)ral -es-s are -es-s -.a- de-ec- s-r)c-)res -.a- de5ia-e from defec-Jfree re&ion and .as 

narro4er o6@ec-i5e -.an specifica-ionJ6ased -es-> 8can, AC 8can, Lo&ic B,8B, Memory 

B,8B and ,ddD are common eYamples of s-r)c-)ral -es- -.a- pro5ide &ood functional -es- 

co5era&e> To4e5er, in .i&. speed 8erDes ,CO -es-in&, common B,8BCDAB for parametric 

-es- co5era&e (inp)-Co)-p)- @i--er and 5ol-a&e offse-s) are s-ill lac%in& [FM]> ,n [cU], a s)i-e 

of s-r)c-)ral -es-s is )sed -o meas)re parame-ers -.a- affec- @i--er -olerance in m)l-iJG6ps 

recei5ers> B.e -es-s meas)re .i&.JfreD)ency @i--er (RM8 5al)e and .is-o&ram) in -.e 

recei5ed si&nal and in -.e reco5ered cloc%, pl)s -ransi-ionJdensi-y dependen- p.aseJs.if-, 

mean samplin& posi-ion in -.e si&nal eye, samplin& cloc% p.ase error, and pinJ-oJpin 

s%e4, all 4i-. near picosecond resol)-ion> ,-s me-.od does no- reD)ire si&nifican- c.an&es 

or if any c.an&es a- all -o eYis-in& 8erDes macro desi&n> Usin& )ndersamplin&, an 

UnLimi-ed Bime Resol)-ion Analysis (ULBRA) mod)le 4as crea-ed for -es-in& @i--er, 

p.ase delay and p)lse 4id-. on c.ip> Amon& -.em, .i&. freD)ency @i--er of reco5ered 

cloc% 4as meas)red 6y analyHin& -.e )ns-a6le 6i-s rela-i5e -o -.e median ed&e of -.e 

-ransi-ion re&ion, and lo4 freD)ency @i--er 4as meas)red 6y analyHin& 5aria-ion in -ime 

in-er5al 6e-4een median ed&e of eac. -ransi-ion>  

 

,n [cc], )ndersamplin&J6ased meas)remen-s 4ere also )sed for analyHin& random @i--er 

for .i&. speed 8erDes ,COs> Random @i--er 4as meas)red 6y analyHin& )ns-a6le 6i-s )sin& 

-.e mean ed&e of -.e -ransi-ion re&ion> B.is approac. yields differen- res)l-s as i- fil-ers 

o)- 5aria-ion in mean posi-ions of -.e eac. ed&e> ,- also red)ces lo4 freD)ency periodic 

@i--er and da-a dependen- @i--er componen-s in -.e da-a from appearin& in -.e random @i--er 

meas)remen-s> Acc)ra-e random @i--er (Ra) meas)remen- is cr)cial and i-s 5al)e 4ill 6e 

)sed -o de-ermine -.e -o-al @i--er (Ba) of -.e sys-em> B.e Ba in a sys-em opera-in& a- BER 

m FKJFE isG  

)Kfg>Fc( RJDJTJ 7%#  

4.ere Da is -.e de-erminis-ic @i--er 

8ince Ra is m)l-iplied 6y Fc, inacc)ra-e meas)remen-s of Ra can .a5e a lar&e impac- on 

-.e Ba es-ima-e> 
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,n C.ap-er c, a d)-y cycle @i--er meas)remen- B,8B is proposed and implemen-ed in 

APGA> B.e B,8B is )sed -o e5al)a-e -.e d)-y cycle dis-ri6)-ion of a cloc% or da-a 4i-. 

al-erna-in& 6i- seD)ence> U-iliHin& -.e PLLs a5aila6le on APGAs, meas)remen- res)l-s 

4i-. lo4er 5ariance and .i&.er acc)racy can 6e o6-ained> B.e d)-y cycle dis-ri6)-ion of 

-.e si&nal can 6e clearly o6ser5ed from -.e s.ape of .is-o&ram prod)ced>  
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Chapter 3 
 

 

Multilevel Phase Detector 
 

As mentioned in Chapter 1, as transmission data rates increases beyond Nyquist 

frequency of 2GHz, different techniques were used to maintain signal integrity for high 

speed backplane transmission. An active approach is to use multilevel signaling. In this 

chapter we introduce multilevel signaling and how it can improve signal-to-noise ratio in 

high speed serial links. A novel all-digital approach to multilevel phase detection will be 

presented along with simulation of the phase detector. 

 

3.1 Multilevel Signaling 
 

Multilevel Pulse Amplitude Modulation (PAM) signaling is done by having each symbol 

containing k bits of binary information transmitted in a single clock cycle by one of the 2k 

signal levels. Information is then being transmitted at a rate of   

b
PAM T

kR #  bits/sec 

Where Tb is the bit interval. 

 

The new signaling frequency as a result of using multilevel signaling is  

k
ff OLD

NEW #  

Where the fOLD is the old signaling frequency. 
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For a given interval Tb, the bit rate is RPAM = kRB, k times faster than the original 

transmission using binary pulses. For PAM-4 signals, each symbol contains 2 bits of 

binary information. In PAM-4 signaling, the same amount of data can be transmitted 

using half the signaling frequency. These advantages come at the expense of a reduction 

in spacing between signal levels. For PAM-4 signals, the height of the eye diagram is 

reduced by factor of 3, shown in Figure 1; the signal to noise ratio (SNR) loss is thus 

approximately 9.5 dB. 

 
Figure 3.1: PAM-2 and PAM-4 Signaling [45] 

 

An improvement of at least 10dB in transmission loss reduction will warrant the use of 

multilevel signaling. PAM-4 signaling can replace NRZ signaling at above 3 GHz 

transmission, as the difference in transmission loss using 1.5GHz (PAM4) and 3GHz 

(NRZ) on a most common PCB fabrication material FR-4 is at least 10dB, as shown in 

Figure 2. 

 
Figure 3.2: Improved SNR using PAM-4 Signaling [46] 
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3.2 Phase Detector for Multilevel CDR 
 

Phase Detectors are essential as they determined the type of clock recovery architecture 

used. The following Multilevel phase detector presented is a non-linear phase detector 

used in feedback clock recovery architectures. The design is based on the Alexander 

phase detector for binary signaling. 

 

3.2.1 Structure and Operation 
 

Alexander phase detectors [25] are commonly used non-linear phase detectors for 

conventional clock data recovery. The structure and operation of the phase detector is 

shown in Figure 4 in Chapter 1. It uses three consecutive clock edges to sample data and 

compares them at the last clock edge to give the phase error information. Its attractive 

characteristic is that it retimes data during phase error detection and also maintains 

oscillator control voltage when no transition occurs. However, since phase detector 

conveys only phase error direction and not magnitude, the output of the phase detector is 

unstable for incoming data with high jitter components.  

 

 
Figure 3.3: Multilevel PAM-4 Clock Recovery using Multiple Clock Phases. 
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For the multilevel phase detector, we apply a 2X oversampling phase detection scheme as 

in the Alexander phase detector. Figure 3 shows the structure of this all-digital multilevel 

phase detector. High speed flash ADCs are used to covert incoming analog multilevel 

signals to digital data. The digital data is then passed through a transition detection and 

decomposition block to determine transitions occurring in the data. The output will select 

the appropriate early/late signal used for driving the charge pump. Early/Late signals are 

generated based on the types of transition occurring in the data.  

 
Figure 3.4: Operation of Multilevel Phase Detector 

 

The operation of the multilevel phase detector is shown in Figure 4. Three clock phases 

are used to sample the incoming data stream. )3 is delayed by the bit time from )1. )2 is 

clocked exactly in between )1 and )3. Signal sampled on )2 is used to align the clock 

edge at the center of the bit. When signal sampled at )2 is the same as signal sampled at 

)1, clock is early; when signal sampled at )2 is the same as signal sampled at )3, clock 

is late. When the data is locked, the early and late signal generated will toggle, and will 

be averaged out by the charge pump and loop filter. For high data input jitter, the average 

charge pump actually becomes smaller because the data edge distribution is wider, 

making the phase tracking unstable. This is an inherent characteristic of Alexander-based 

phase detectors. In [47], an alternating phase detection scheme is demonstrated to 

overcome this stabilization issue. 
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3.2.2 Transition Detection and Decomposition 

00

01

11

10

Type1 Type2 Type3
 

Figure 3.5: Decomposition of Multilevel PAM-4 Signal for Clock Recovery 

 

Multilevel signal transitions are of three types, as shown in Figure. 5. Type 1 signals have 

transitions between adjacent levels, Type 2 signals have transitions spanning across one 

signal level and Type 3 signals have transitions between the maximum and minimum 

signal levels. In terms of flash ADC output, the type1 transitions will have only a one bit 

output change since it is transitioning between adjacent levels. In type 2 and type3 

transitions, there will be two and three bits change in the thermometer-coded output 

respectively. Making use of this fact, the transition detection and decomposition circuit 

for each type is designed as shown in Figure 6. The signal sampled at )1 is delayed and 

compared to the signal sampled at )3. Digital logic is used to decompose the three 

different types of transition Type1, Type2, Type3 and drives the multiplexer accordingly. 

Low logic depth for early/late decision ensures the timing constraints are met.  

 
Figure 3.6: Digital Transition Detection and Decomposition Circuit 

 35



 
Multilevel Phase Detector 

3.2.3 Early/Late Signal Generation 
 

The Early/Late signals generated follows the same scheme as the Alexander phase 

detector. It consists of XORs comparing the delay )2 sampled value with that of )1 and 

)3 at clock phase )3 as shown in Figure 7. When no transitions occur, the output of other 

Early/Late Signal Generation is low. This enables the phase detector to maintain the 

oscillator voltage control and will not have a minimum transition requirement in the 

incoming data stream. 

 

 
Figure 3.7: Early/Late Signal Generation 

 

Each thermometer-coded output of the flash ADC is compare with its XORed sample 

according to generate an early late signal. EarlyT0 corresponds to the T0 flash ADC 

output having it sample value at )2 to be the different to the sampled value at )1. The 

same goes for EarlyT1 and Early T2 for their respective ADC output. In order to generate 

the Early/Late signal for the respective transition types, the logic used to separate the 

different transition types in the transition decomposition block can be reused. This will 

also allow the Early/Late signal generation timing path to be matched to that of the 

transition detection and decomposition path. 
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3.3 2-Bit Flash ADC 
 

The two bit Flash ADC comprises of two stages, a preamplifier stage and a track-and-

latch stage. The preamplifier provides a small gain to increase resolution of the 

comparator, while the track-and-latch stage further amplifies the preamplifier output 

value to full-swing digital values. 

 

3.3.1 Preamplifier Stage 

 

The preamplifier is basically a switched differential amplifier. When the clock is high, it 

amplifies operates as a differential amplifier and amplifies the input signal. When clock is 

low, the differential amplifier pair is disabled when MP3 transistor pulls up to Vdd. The 

preamplifier has a small gain of 2 is used to prevent excessive capacitive loading thus 

reducing operating bandwidth. Since the preamplifier gain is not huge, the input voltage 

offset becomes significant. The preamplifier offset voltage is caused by mismatches in 

the differential pair. Statistically, the offset can be derived as a function of device 

parameters: 
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Where AVT and A* are process parameters 

Hence, using device lengths, L, larger then minimum and larger gm can reduce 

preamplifier offset. 
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Figure 3.8: Sample-and-Hold Preamplifier 

 

The advantage of using a preamplifier circuit is that it reduces kickback noise. Since the 

inputs are applied directly to the transistor gates, there is little charge transfer to the input 

and reference ladder. Kickback noise occurs when charge transfer either into or out of the 

inputs when the track-and-latch stage transitions from track mode to latch mode. This 

charge transfer is caused by the charge needed to turn on the transistors in the positive 

feedback circuitry and by the charge that must be removed to turn transistors in the 

tracking circuitry off [48]. Without a preamplifier stage, this charge transfer will cause 

large glitches in the inputs especially when the input impedances are mismatch. 

 

3.3.2 Track and Latch Stage 

 

The track and latch stage is a circuit that amplifies the small difference in the 

preamplifier output through a positive feedback, Figure 9. The regenerative circuit is 

based on the latched used in the Strong Arm processors [49]. A reset PMOS MP5 is added 

to circuit to reset the output for reasons mention later. 

 

There is an exponential increase in the latch output as the result of a small difference in 

the input, 

latch

t

oeVV (
$

&#&  
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Where !Vo is the initial difference at the beginning of the latch phase, +latch is the latch 

mode time constant 

 

From a linearized model analysis in [48], the time constant +latch of the is 

effn
latch V

LK
?

(
2

3#  

Where K3 is a proportionality constant between 2 and 4, and Veff = 
)/(

2
LWC

I

oxn

D

?
 

The analysis implies that the +latch will depend primarily on technology and not on the 

design, given a reasonable design that maximizes Veff and minimizes capacitive loading.  

 

 
Figure 3.9: Track and Latch Stage 

 

When the clock is high, a ground path is established (Mn5 is on). For a small difference 

in the input, the cross-couple inverters will regeneratively amplify the output to full 

swing. If I+ is high, then O+ is discharged through Mn3, Mn1 and Mn6, turning Mn4 off 

and Mp4 on. If I- is high, then O- is discharged through Mn4, Mn2 and Mn5, turning 

Mn3 off and Mp3 on. When clock is low, the latch resets and the outputs are high, Figure 

10. Resets are used to eliminate hysteresis. Hysteresis occurs when the output of the 

comparator has a tendency to stay in the same state as previous toggled output. This 

ensures that no memory is transferred from one decision cycle to the next. Having resets 
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also sets the comparator in trip point, which speeds up operation when the comparator 

resolves small input signals. 

 

 
Figure 3.10: Regeneration Circuit Simulation 

 

The 3-bit thermometer coded outputs of the 2-bit flash converter are converted to Gray 

code for further processing. Gray codes will avoid intermediate states during adjacent 

transitions, limiting error to only one bit. High speed flash comparators are susceptible to 

bubbles in the thermometer coded output as a result of comparator voltage offset, misfire 

of comparators and small response time. Bubbles occur when one or more zeros appear 

below a one in the thermometer code. By having AND gates between adjacent outputs of 

the comparator, the output is ensured to have output of ‘1’ when the adjacent comparator 

output above is a ‘1’ [50]. This method does not detect 2nd order bubble that in reality has 

low probability of occurring. 
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3.4 Simulation Results 
 

 
Figure 3.11: Flash ADC Output 

 

A simple linear ramp test was used for checking the flash ADC output in Figure 11. The 

input was range from 1.2V to 1.8V was used with reference set at 1.3V, 1.5V and 1.7V. 

The number of occurrences for each code word is the same. Each multilevel signal 

vertical size is 0.2V, starting from 1.2V to VDD.  
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Figure 3.12: 3-Phase Flash ADC Sampling 

 

In Figure 12, a clock with three phases clka("1), clkb("2) and clkc ("3), was used to 

sample the multilevel signal and convert it to thermometer-coded output. The clock 

phases are delayed by 350ps each. The converted thermometer-coded output is used for 

phase detection. Various multilevel signals are used to give various transition types. The 

thermometer code is added for clarity. When "1 and "2 outputs are the same, the clock is 

early; when "2 and "3 are the same, the clock is late.     
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Figure 3.13: Early/Late Signal Generation and Signal Decomposition Output 

 

Figure 13 shows the output from the digital Early/Late signal generation and the Signal 

decomposition. The analog input multilevel signal is already encoded in thermometer 

codes T0, T1 and T2 by 2-bit flash ADC. Type1, Type2, Type3 and No_transition_select 

select the current early/late transition signal generated to produce phase detector outputs, 

Early_out and Late_out. The first 3 transitions are type1 transitions, the 4th and 5th are 

type3 transitions, the 7th and 8th are type2 transitions, the 6th and final have no transitions, 

where the transitions are shown as  
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To test the performance of the phase detector, clock phase "1 was used to sample at 

different increments from the center of the symbol, as shown in Figure 14. This was done 

from -350ps to +350ps from the symbol center. Clock phase "2 and "3 are respectively 

350ps and 700ps from "1.  

 
Figure 3.14: Sampling of Data Symbol at Different Offset from Symbol Center 

 

It was observed that the performance of the phase detector was limited by the digital 

phase detection used rather than the analog Flash ADC. Although the data symbols were 

correctly sampled by the Flash ADC, the flip-flops and digital logic for phase detection 

were not fast enough when the sampling clock "1 was ±100ps from the symbol center. In 

Figure 15, the Late signal of Type1 transition signal until the clock phase "1 was about 

100ps past the center of the symbol.  
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Figure 3.15: Phase Detection Output Sampled Across the Symbol Period 
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Chapter 4 
 

 

Serializer/Deserializer BIST 
 

D/ty cyc'e symmetry in SerDes is import&nt in 7ot8 t8e clocks oper&tin9 in SerDes &nd 

in data t8&t is 7ein9 tr&nsmitted in &'tern&tin9 7it se;/ence< D/ty cyc'e of &'tern&tin9 d&t& 

si9n&' c&n 7e /sed to me&s/re rise/f&'' time &nd si9n&' &mp'it/de of t8e tr&nsmitted si9n&' 

>?@A<  A d/ty cyc'e Citter me&s/rement ,IS., &pp'yin9 7ot8 t8e t8eory of /nders&mp'in9 

&nd t8e '&E of '&r9e n/m7ers, is presented< As s/c8, 8i98er me&s/rement &cc/r&cy c&n 7e 

&c8ieFed< .8e imp'ement&tion is p/re'y di9it&' &nd &re& efficient< It me&s/res d/ty cyc'e 

of & si9n&' &nd 9ener&tes & 8isto9r&m to proFide & c'e&r FieE of t8e distri7/tion of t8e 

me&s/rements res/'ts<  

 

In t8e fo''oEin9 sections, t8e tEo concepts &nd 8oE it c&n 7e &pp'ied to t8e d/ty cyc'e 

testin9 is presented< NeHt, t8e oFer&'' desi9n, t8e re'&ted components inFo'Fed &nd its 

oper&tion is presented< Fin&''y, t8e res/'ts presented Ei'' s8oE t8e 8isto9r&m of t8e 

me&s/red d/ty cyc'e &nd t8e incre&sed me&s/rement &cc/r&cy of & si9n&' &s & res/'t of 

t8e concepts /sed< 

 

4.1 Sampling Theorem and Aliasing 

 

S&mp'in9 t8eorem E&s introd/ced 7y S8&nnon in JKLK for &pp'ic&tion in comm/nic&tion 

systemsM 8oEeFer, t8e NnoE'ed9e of s&mp'in9 t8eorem c&n 7e tr&ced 7&cN to Ny;/ist in 

 LO
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JK?P &nd ot8er m&t8em&tics 'iter&t/re &s f&r 7&cN &s JKJO< .8e s&mp'in9 t8eorem c&n 7e 

st&ted in tEo sep&r&te 7/t e;/iF&'ent E&ys >OJAQ 

 

J< A contin/o/sRtime si9n&' Eit8 fre;/encies no 8i98er t8&n Fm&H is comp'ete'y 

descri7ed 7y specifyin9 t8e F&'/es of t8e si9n&' &t inst&nts of time sep&r&ted 7y 

J/S?TFm&HU seconds< 

?< A contin/o/sRtime si9n&' Eit8 fre;/encies no 8i98er t8&n Fm&H m&y 7e comp'ete'y 

recoFered from t8e NnoE'ed9e of its s&mp'es t&Nen &t t8e r&te of ?TFm&H per 

second< 

 

.8e s&mp'in9 r&te ?TFm&H is c&''ed t8e Ny;/ist r&te< .8e Ny;/ist r&te is t8e minim/m 

s&mp'in9 r&te &''oE&7'e 7y t8e s&mp'in9 t8eorem< Conf/sin9'y, t8e Ny;/ist fre;/ency 

refers to Fm&H< A'i&sin9 occ/rs E8en inp/t si9n&' Eit8 fre;/ency Fsi9n&' is &7oFe Ny;/ist 

fre;/ency SFsi9n&' W Fm&HU E8en s&mp'in9 &t Ny;/ist r&te< .8is tec8ni;/e of is c&''ed 

/nders&mp'in9< .8e si9n&' 9ener&ted from /nders&mp'in9 is c&''ed &n &'i&s< Fi9/re J 

s8oEs t8e fre;/ency dom&in effects of &'i&s E8en inp/t fre;/ency is S&U Eit8in Ny;/ist 

7&ndEidt8 S7U t8e s&me &s Ny;/ist fre;/ency &nd ScU &7oFe Ny;/ist fre;/ency< 

 LX
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Fsampling

Fsampling

Fsampling

Fmax

Fsampling - Fsignal

Fmax

Fsignal

Fsignal

Fsignal

Falias

Fsignal < Fmax

Fsignal = Fmax

Fsignal > Fmax

Fsampling - Fsignal Fsampling + Fsignal

(a)

(b)

(c)

Nyquist 
Bandwidth

Fi9/re L<JQ Fre;/ency Dom&in effects &'i&sin9< S&U Si9n&' Fre;/ency SFsi9n&'U Y Ny;/ist 

Fre;/ency SFm&HU S7U Fsi9n&' = Fm&H ScU Fsi9n&' W Fm&H 

 

.8e effects of /nders&mp'in9 c&n 7e o7serFed in time dom&in in Fi9/re ?< .8e period 

7etEeen s&mp'in9 points is J/Fs&mp'in9< .8e time dom&in represent&tion of Fi9/re J Eit8 

t8e s&me t8ree different condition of Fsi9n&' in re'&tion to Fm&H is s8oEn in Fi9/re?< Since 

Fm&H = [ Fs&mp'in9, &s Fs&mp'in9 decre&ses, Fm&H decre&ses proportion&''y< In Fi9/re ?S7U 

Fsi9n&' = Fm&H represents &n &m7i9/o/s 'imitin9 condition< If s&mp'in9 points Eere &t t8e 

(ero crossin9 inste&d of t8e pe&Ns of t8e si9n&' E&Fe, t8en &'' inform&tion Eo/'d 7e 'ost< 

In Fi9/re ?ScU, Fsi9n&' W Fm&H represents t8e condition for /nders&mp'in9 &nd &'i&sin9< .8e 

fre;/ency of t8e &'i&s si9n&' f&''s into t8e Ny;/ist 7&ndEidt8 &s & res/'t of 

/nders&mp'in9< As Fs&mp'in9 decre&ses f/rt8er &nd Fsi9n&' &ppro&c8es Fs&mp'in9, t8e &'i&s 

si9n&' &ppro&c8es DC<  

 L\
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(a)

(b)

(c)

1/Fsampling

Alias
 

Fi9/re L<?Q .ime Dom&in Effects of A'i&sin9< S&U Fsi9n&' Y Fm&H S7U Fsi9n&' = Fm&H

ScU Fsi9n&' W Fm&H

 

.8e &'i&s si9n&' from /nders&mp'in9 &n inp/t si9n&' is /sef/' E8en t8e properties of &n 

&'i&s &re /nderstood< .8e fo''oEin9 &'i&sin9 t8eorem Ei'' proFide & 9ener&'i(ed 

7&cN9ro/nd on 8oE it c&n 7e /sed for me&s/rin9 Citter >O?AQ 

J< For &n ide&' repetitiFe timeRdom&in &'i&s, timeRre'&ted fe&t/res on t8e &'i&s Se<9< 

rise timeU is sc&'ed 7y t8e r&tio of t8e repetition fre;/ency of t8e &'i&s to t8e 

ori9in&' repetition fre;/ency of t8e ori9in&' E&Feform< 

?< .8e n/m7er of s&mp'es on e&c8 cyc'e of t8e &'i&s, N is  

JmodO<@O<@

J

))
*

+
,,
-

.
$$

#

SAMPLE

SIGNAL

F
F

N  

For eH&mp'e, for FSI^NA_= J@@`(, FSAab_E=KK`(, t8e &'i&s E&Feform Ei'' 8&Fe    

N=J@@ s&mp'es Sof t8e ori9in&' si9n&'U per &'i&s cyc'e 

c< For & repetitiFe timeRdom&in si9n&', ide&' positiFe /nders&mp'in9 'oses t8e 

repetition fre;/ency inform&tion 7/t does not m&teri&''y c8&n9e t8e s8&pe of t8e 

 LP
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si9n&', proFided t8&t t8ere &re &t 'e&st J@ points on t8e &'i&sed rise time &nd t8e 

E&Feform &rtif&cts &re not sm&''er t8&n J/O t8e rise time< 

 

.8e &'i&s Eit8 & sc&'ed r&tio of t8e ori9in&' E&Feform c&n 7e /sed to me&s/re t8e Citter of 

t8e ori9in&' si9n&' since minute timin9 fe&t/res c&n 7e sc&'ed< Anot8er &dF&nt&9e of /sin9 

t8e &'i&s is t8&t t8e reso'/tion of t8e me&s/rement Ei'' 7e 'imited on'y 7y tEo criteri&Q SJU 

t8e difference 7etEeen t8e s&mp'in9 fre;/ency &nd si9n&' fre;/ency SFs&mp'in9RFsi9n&'U S?U 

t8e met&st&7i'ity of t8e s&mp'in9 f'ipRf'op /sed to s&mp'e t8e inp/t si9n&'< For t8ese 

re&sons, t8e /nders&mp'in9 tec8ni;/e 8&s 7een eHp'oited 7y t8e &n&'o9Rs&mp'in9 

osci''oscopes to &''oE t8em to disp'&y E&Feforms Eit8 9i9&8ert( &nd 9re&ter repetition 

r&tes E8en s&mp'in9 on'y &t J@@d s&mp'es per second<  

 

4.2 Law of Large Numbers 
 

.8e _&E of _&r9e N/m7ers c&n 7e eHp'oited for st&tistic&' estim&tion of t8e d/ty cyc'e 

me&s/rement< .8e _&E of _&r9e N/m7ers E&s first proFed 7y SEiss m&t8em&tici&n 

e&mes ,erno/''i in J\Jc< ,erno/''i’s proof is more comp'eHM 8oEeFer, it c&n 7e 

presented /sin9 C8e7ys8eF’s ine;/&'ity >OcA<  

 

 

Chebyshev’s Inequality Theorem: 

_et g 7e & discrete r&ndom F&ri&7'e Eit8 eHpected F&'/e µ=E(X), &nd 'et , W @ 7e &ny 

positiFe re&' n/m7er< .8en C8e7ys8eF’s Ine;/&'ity st&tes 

A B A B
?C

C? XVXP DE$  

.8e fo''oEin9 Ei'' present _&E of _&r9e N/m7ers &nd 8oE C8e7ys8eF’s Ine;/&'ity c&n 

7e /sef/'< 

 

The Law of Large Numbers: 
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_et gJ, h, gn 7e & se;/ence of independent &nd identic&''y distri7/ted r&ndom F&ri&7'es, 

e&c8 8&Fin9 me&n i &nd st&nd&rd deFi&tion #< .8e s&mp'e me&n YgW Ei'' e;/&' t8e 

pop/'&tion me&n E8en < "@n

F G ??
##%%#
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In &ddition,  
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.8erefore 7y C8e7ys8eF’s ine;/&'ity, for &'' , W@, 

A B A B
?

?

?

F&r
C
/

C
C?

n
XXP #DE$  

 

As , t8en t8e _&E of _&r9e N/m7ers s8oEs t8&t"@n A B @#E$ C?XP < .8is c&n 7e 

&'so 7e st&ted t8e pro7&7i'ity t8&t t8e &Fer&9e 
A B

C? H$
%%

n
XX n<<<J  for , S&n &r7itr&ry 

positiFe ;/&ntityU &ppro&c8es J &s "@n < .8e proposed met8od incre&ses n, 7y 

incre&sin9 t8e n/m7er of s&mp'in9 c'ocNs /sed to &c8ieFe 8i98er me&s/rement &cc/r&cy< 

 

ae&s/rements /sed in preFio/s EorN Eere me&s/red 7y c/m/'&tiFeRed9e &nd indiFid/&' 

processin9 on tr&nsition re9ion Eidt8 >Lc, LLA< .8e c/m/'&tiFeRed9e met8od me&s/res t8e 

8i98 fre;/ency Citter 7y &n&'y(in9 t8e /nst&7'e 7its re'&tiFe to t8e medi&n ed9e of t8e 

tr&nsition re9ion, E8i'e t8e indiFid/&' met8od me&s/res Citter 7y &n&'y(in9 t8e /nst&7'e 

7its /sin9 t8e me&n ed9e of t8e tr&nsition re9ions< ,ot8 me&s/rement met8ods c&n 8&Fe 

improFed me&s/rement &cc/r&cy 7y incre&sin9 t8e n/m7er of s&mp'in9 c'ocNs /sed< In 

t8e proposed met8od, in &ddition to /sin9 & c/m/'&tiFeRed9e met8od to me&s/re d/ty 

cyc'e Citter, t8e n/m7er of s&mp'in9 c'ocNs, n /sed is '&r9er t8&n J< As n incre&ses, t8e 

me&s/rement &cc/r&cy incre&ses &s s8oEn in t8e _&E of _&r9e N/m7ers t8&t pro7&7i'ity 

A B
C? H$

%%
n

XX n<<<J  &ppro&c8es to J &s n incre&ses to infinity< 
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.8e imp'ement&tion for t8e proposed improFed me&s/rements E&s m&de possi7'e Eit8 

t8e n/mero/s b__ &nd n/m7er of c'ocN o/tp/ts per b__ fo/nd in recent Fb^As< .8e 

imp'ement&tion consists of p/re'y di9it&' components< .8is &ppro&c8 is reso/rce efficient 

&nd temper&t/re/process F&ri&tion independent comp&red to t8e miHedRsi9n&' &ppro&c8 

consistin9 of components s/c8 &s oper&tion&' &mp'ifiers, comp&r&tors &nd de'&y 'ines< 

.8e di9it&' &ppro&c8 &'so &''oEs for e&sier inte9r&tion to ot8er systems &nd different 

tec8no'o9ies< 

 

4.3 Duty Cycle Measurement BIST 

 

In V_SI circ/its 'iNe DRAa’s, dyn&mic/pipe'ined circ/its, pipe'ined An&'o9RtoRDi9it&' 

ConFerters SADCU &nd 8i98Rspeed SerDes, t8e oper&tions &re sync8roni(ed 7y 7ot8 

tr&nsitions of t8e c'ocN< For dyn&mic/domino 'o9ic circ/its, one p8&se of t8e c'ocN cyc'e 

prec8&r9es &nd t8e ot8er eF&'/&tes, m&Nin9 d/ty cyc'e of t8e c'ocN cr/ci&' E8en 

oper&tin9 &t 8i98 speeds< For memory systems, one p8&se of t8e c'ocN cyc'e is /sed to 

prec8&r9e t8e 7it 7&r 'ines, &nd t8e ot8er for re&d/Erite oper&tions< In d&t& 

comm/nic&tions, in order to &c8ieFe speeds in t8e ^7ps r&n9e, circ/its emp'oy 

p&r&''e'ism re;/irin9 t8e /se of m/'tip'e c'ocN p8&ses to seri&'i(e d&t& &nd &'so for c'ocN 

recoFery< For di9it&' p8&se detectors in c'ocN recoFery systems, & d/ty cyc'e mism&tc8 

Ei'' c&/se st&tic p8&se error &nd red/ce t8e timin9 m&r9in of t8e system< 

 

 
Fi9/re L<cQ App'ic&tion of D/ty Cyc'e ae&s/rement 
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An &''Rdi9it&' ,IS. E&s imp'emented t8e A_.ERA Str&tiH Fb^A to ens/re t8&t t8e 

recoFered c'ocN m&int&ins & O@l d/ty cyc'e so t8&t t8e c'ocN ed9e o/tp/ttin9 t8e retimed 

d&t& is s&mp'in9 &t t8e center of t8e d&t& 7it for m&Him/m timin9 m&r9in< Fi9/re c s8oEs 

& 9ener&' CDR in & SerDes 'inN, &nd t8e ,IS. receiFes t8e recoFered c'ocN from t8e 

CDR &s inp/t si9n&'< 

 

4.3.1 Structure and Operation 

 

Fi9/re L<LQ Str/ct/re &nd Oper&tion of D/ty Cyc'e ae&s/rement ,IS. 

 

.8e str/ct/re &nd oper&tion of t8e d/ty cyc'e me&s/rement ,IS. is s8oEn in Fi9/re L< 

.8e ,IS. cont&ins m&in'y of b8&seR_ocN _oops Sb__sU, s&mp'in9 F'ipRF'ops SFFU, 

/p/doEn co/nter &rr&ys &nd d/&' port RAa for storin9 res/'ts< A contro''er E&s /sed to 

contro' t8e &7oFe d&t& p&t8 &nd &'so to f&ci'it&te inter&ction Eit8 t8e /ser< For /ser 

interf&ce Eit8 t8e ,IS., & p&r&''e'RtoRseri&' nAR. interf&ce E&s &'so imp'emented in t8e 

Fb^A< .8e me&s/red d&t& is receiFed 7y t8e comp/ter &nd d&t& &n&'ysis on t8e r&E 

me&s/red res/'ts is done /sin9 & bER_ script< .8e bER_ script prod/ces & 8isto9r&m of 

t8e d/ty cyc'e me&s/red, E8ere t8e 8isto9r&m p&r&meters 'iNe me&n, st&nd&rd deFi&tion 

&nd t8e r&n9e of F&'/es c&n 7e determined<  

 

As presented in t8e &'i&sin9 t8eorem, &'i&s from /nders&mp'in9 Ei'' 8&Fe its timin9 

c8&r&cteristics sc&'ed 7y t8e r&tio of t8e repetition fre;/ency of t8e &'i&s to t8e ori9in&' 

repetition fre;/ency of t8e ori9in&' E&Feform< .8is effect &''oEs &n onRc8ip, 8i98er 
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reso'/tion eH&min&tion of t8e c'ocN tr&nsition re9ions, t8/s &''oEin9 me&s/rement of t8e 

c'ocN d/ty cyc'e more &cc/r&te'y< D/rin9 /nders&mp'in9, t8e b__ c'ocN period is s'i98t'y 

'&r9er t8&n t8&t of t8e recoFered c'ocN, &''oEin9 t8e b__ c'ocN ed9e to ostepp &cross t8e 

sp&n of t8e recoFered c'ocN period, &s s8oE in Fi9/re O< E&c8 s&mp'in9 c'ocN ed9e 

ostepsp 7y t8e &mo/nt of t8e &7so'/te difference in t8e tEo c'ocN periods< .8e reso'/tion 

of t8e /nders&mp'in9 met8od depends on t8e sm&''est difference 7etEeen t8e s&mp'in9 

b__ c'ocN period &nd t8e recoFered c'ocN period &''oE&7'e 7efore met&st&7i'ity f&i'/re of 

t8e f'ipRf'ops< 

 

 
Fi9/re L<OQ nnders&mp'in9 EH&mp'e of RecoFered C'ocN Si9n&' 

 

4.3.2 Phase Lock Loops 

 

.8e A'ter& Str&tiH deFice 8&Fe tEo types of b__Q Enc8&nced &nd F&st b__s< En8&nced 

b__s &re fe&t/reRric8 9ener&'Rp/rpose b__s s/pportin9 &dF&nced fe&t/res s/c8 &s 

eHtern&' feed7&cN, c'ocN sEitc8oFer, b__ reconfi9/r&tion, spre&dRspectr/m c'ocNin9, &nd 

pro9r&mm&7'e 7&ndEidt8< F&st b__s &re optimi(ed for 8i98Rspeed differenti&' I/O 

interf&ces &nd c&n 7e /sed for 9ener&'Rp/rpose, b__ c'ocNin9< .8e f&st &nd en8&nced 

b__ fe&t/res &re s8oEn in .&7'e J< 

 

Features Enhanced PLL Fast PLL 

Inp/t Fre;/ency R&n9e c R LX? a`( c@ R XLL<O a`( 

O/tp/t Fre;/ency R&n9e @<X R LX? a`( K R XLL<O a`( 

bro9r&mm&7'e b8&se S8ift JX@ ps JX@ ps 
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bro9r&mm&7'e De'&y S8ift ?O@Rps increments  

C'ocN SEitc8oFer   

b__ Reconfi9/r&tion   

bro9r&mm&7'e ,&ndEidt8   

Spre&dRSpectr/m C'ocNin9   

N/m7er of Dedic&ted EHtern&' Differenti&' 

C'ocN O/tp/ts 

P  

N/m7er of Feed7&cN C'ocN O/tp/ts L  

N/m7er of b__s per DeFice np to L np to P 

.&7'e L<JQ A'ter& Str&tiH b__ Fe&t/res >OLA 

 

nsin9 A'ter& F&st b__s, &s m&ny &s J? b__ SL F&st b__s g c o/tp/tsU o/tp/ts c&n 7e 

inst&nti&ted to perform m/'tiRs&mp'in9 on t8e recoFered c'ocN< aore b__s c&n 7e 

inst&nti&ted< `oEeFer, since CaC A'ter& Str&tiH DSb DeFe'opment b'&tform 8&s on'y & 

sin9'e osci''&tor inp/t on Fb^A, on'y fo/r b__’s Eere /sed< From t8e d&t&s8eet, Ee 

s8o/'d 7e &7'e to /ti'i(e /p to c? b__ o/tp/ts SP F&st b__s Eit8 L b__ c'ocN o/tp/ts 

e&c8U< .8ese b__ o/tp/ts incre&se t8e n/m7er of s&mp'in9 on t8e me&s/red si9n&' to 

proFide & 7etter me&n me&s/rement of t8e d/ty cyc'e, &s t8e F&ri&nce of t8e me&n 

me&s/rement 7ecomes sm&''er E8en n incre&ses S_&E of _&r9e N/m7ersU< Fi9/re X 

s8oEs m/'tip'e c'ocN s&mp'in9 of t8e me&s/red si9n&' &s oppose to t8&t of Fi9/re O< 

 
Fi9/re L<XQ a/'tip'e b__ nnders&mp'in9 

 OL
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4.3.3 FPGA design 

 

 
Fi9/re L<\Q Det&i'ed Fb^A desi9n of ,IS. 

 

Fi9/re \ s8oEs & det&i' s'ice of t8e imp'ement&tion of Fi9/re L< .8e ,IS. desi9n is 

sep&r&ted in tEo c'ocN dom&insQ t8e s&mp'in9 &nd t8e contro''er c'ocN dom&in< .8e inp/t 

c'ocN si9n&' is /nders&mp'ed 7y t8e s&mp'in9 b__s in t8e s&mp'in9 c'ocN dom&in &nd t8e 

si9n&' &t t8e o/tp/t of t8e c&sc&din9 f'ipRf'ops is &n &'i&s of t8e inp/t si9n&'< .8e &'i&s 

si9n&' Ei'' 8&Fe & m/c8 'oEer fre;/ency qFsi9n&' rFs&mp'in9q t8&n t8&t of t8e inp/t &nd 

s&mp'in9 b__< For o/tp/ttin9 t8e me&s/rements res/'ts, t8e d/&'Rport RAa interf&ces 

7etEeen t8e contro''er c'ocN dom&in &nd t8e nAR.< Crossin9s 7etEeen c'ocN dom&ins 

&re c&ref/''y 8&nd'ed 7y eit8er c&sc&din9 s&mp'in9 f'ipsRf'ops on inp/t d&t& si9n&'s or 

/sin9 t8e d/&'Rport RAa< C&sc&din9 f'ipRf'ops ens/res t8&t t8e me&s/rements o7t&ined 

7y t8e ,IS. &re not &ffected 7y met&st&7i'ity f&i'/re< .8is &''oEs t8e s&mp'ed d&t& to 

sett'e to & st&7'e 'o9ic F&'/e 7efore 7ein9 forE&rded to ot8er 'o9ic< .8e desi9n is Fery 

mod/'&r &nd c&n e&si'y 7e eHp&nded to inc'/de m/'tip'e s&mp'in9 b__s< 

.8e imp'ement&tion /ti'i(es &n ed9e detector, on'y one /p/doEn co/nter &nd some 

contro' 'o9ic< .8e d/ty cyc'e of t8e recoFered c'ocN is me&s/red 7y /sin9 t8e /p/doEn 

co/nter to me&s/re t8e 'en9t8 offset of t8e tEo p8&ses of t8e c'ocN cyc'e< E&c8 

me&s/rement res/'t stored in t8e RAa indic&tes 8oE m/c8 t8e 8i98 p/'se of t8e c'ocN 

eHceeds t8e 'oE p/'se of t8e c'ocN< For eH&mp'e, & o@p cyc'e offset Ei'' me&n t8&t & d/ty 

cyc'e of O@l or O@RO@ d/ty cyc'e E&s me&s/red< nsin9 & JXR7it /p/doEn co/nter Ei'' 

&''oE & r&n9e of /p to ?TS?PRJU n/m7er of offsets, diFided 7etEeen positiFe &nd ne9&tiFe 

cyc'e offset< `oEeFer, c&re 8&s to 7e t&Nen so t8&t t8e cyc'e offset to 7e me&s/red does 
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not eHceed t8e &''oE&7'e n/m7er of offsets< W8en t8is 8&ppens t8e positiFe cyc'e offset 

Ei'' 7e indistin9/is8&7'e from t8e ne9&tiFe offset< A simp'e 8&nd c&'c/'&tion 7efore 

imp'ementin9 t8e ,IS. Ei'' &''oE /s to &Foid t8is iss/e< For eH&mp'e, 9iFen t8e NnoEn 

&7so'/te difference 7etEeen t8e b__ s&mp'in9 c'ocN period &nd t8&t of t8e recoFered 

c'ocN, qtb__Rtc'ocNq, t8e &''oE&7'e me&s/red r&n9e of t8e cyc'e offset Sin secondsU is  

UJ?S ? $7$
N

clockPLL tt  

W8ere t8e N is t8e si(e of t8e /p/doEn co/nter /sed in 7its 

For eH&mp'e, if t8e clockPLL tt $ = J@ps, t8en /sin9 & JXR7it /p/doEn co/nter Ei'' 9iFe /s 

t8e cyc'e offset r&n9e of t?<OOns from t8e ide&' O@RO@ d/ty cyc'e< 

 

Since t8e m&Him/m n/m7er of 7its for RS?c? nAR. interf&ce of bC to t8e Fb^A 7o&rd 

is P, it Ei'' t&Ne tEo PR7it nAR. tr&nsmission or JX cyc'es to seri&''y tr&nsfer o/t t8e JXR

7it cyc'e offset F&'/e< .8e tr&nsfer speed of t8e nAR. interf&ce E&s imp'emented &t 

JJO?@@ 7ps< `ence, for ?@,@@@ me&s/rements, it t&Nes on'y &7o/t ?<O seconds to o7t&in 

t8e res/'ts< 

 

.8e ,IS. desi9n is &'' sync8rono/s eHcept for dom&in crossin9 'o9ics< .8ere &re no 

set/p/8o'd time E&rnin9s/Fio'&tions for t8e desi9n< .8e 'o9ic/memory /s&9e is s8oEn 

7e'oE for t8e ,IS. imp'ement&tionQ 

 

Blocks Logic Cells Memory Bits PLLs 

E&c8 s'ice /sin9 Jp''  Xc c?\XP J 

nAR. contro''er OL @ @ 

Overall design (including UART) 1021 393216 12 

.&7'e L<?Q _o9ic &nd aemory ns&9e 

 

.8e m&Him/m oper&tin9 fre;/ency for contro''er c'ocN dom&in in t8e ,IS. 'o9ic is 

JOO<LOa`(< Since t8e &'i&s si9n&' enterin9 contro''er c'ocN dom&in is in t8e co/p'e of 

me9&8ert( r&n9e, t8e m&Him/m oper&tin9 fre;/ency in t8e contro''er c'ocN dom&in is not 

t8e perform&nce 7ott'enecN< A'so, &s t8e me&s/rement reso'/tion incre&ses, t8e &'i&s 
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si9n&' Ei'' 7e c'oser to DC SA'i&s t8eoremU< .8e m&Him/m prop&9&tion p&t8 E&s d/e to 

t8e RAa 7'ocN /sed< A f&ster RAa 7'ocN c&n incre&se t8e oFer&'' oper&tion speed<  

 

.8e eHpected perform&nce 7ott'enecN t8e c&sc&ded s&mp'in9 f'ipRf'ops in t8e s&mp'in9 

c'ocN dom&in< .8e c/rrent Fb^A 8&s m&Him/m oper&tin9 fre;/ency of f'ipRf'ops r&ted &t 

L@@a`(< For SERDES oper&tin9 &t c<J?O^7ps, & c@@a`( m/'tip'eRp8&se c'ocN is /sed 

to &c8ieFe p&r&''e'ism for 8i98 speed oper&tion< .8is c'ocN speed is sti'' Eit8in t8e 

m&Him/m oper&tin9 fre;/ency of t8e s&mp'in9 c'ocN dom&in< Ri9id p'&cement &nd 

ro/tin9 Eit8in &n Fb^A m&y red/ce t8e s'i98t'y t8e oper&tin9 fre;/ency of t8e proposed 

met8od, 8oEeFer t8e imp'ement&tion sti'' fe&si7'e for SerDes oper&tin9 in m/'tiR^7ps 

r&n9e< 

 

4.3.4 Duty Cycle Counter Controller 

 

.8e d/ty cyc'e contro''er is & aoore finite st&te m&c8ine t8&t resets &nd en&7'es t8e 

/p/doEn co/nters d/rin9 me&s/rements< .8e d/ty cyc'e contro''er &'so en&7'es t8e RAa 

to re&d in t8e F&'/e of t8e /p/doEn co/nter &t t8e end of eFery &'i&s c'ocN period< 

Consec/tiFe &'i&s c'ocN periods &re o7t&ined /nti' t8e RAa is f/''< Inst&nti&ted RAa si(e 

in t8is desi9n &''oEs for ?@,@@@ cyc'e offset me&s/rement e&c8 test<  

 

 
Fi9/re L<PQ St&te a&c8ine imp'ement&tion of d/ty cyc'e contro''er 
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.8e st&te m&c8ine of t8e d/ty cyc'e contro''er is s8oEn in Fi9/re L<P< It comes o/t of t8e 

INIT st&te E8en & tr&nsition &nd 8i98 p/'se is detected< .8e UpCount St&te en&7'es t8e 

co/nter to st&rt &nd contin/e co/ntin9 /p< W8en & tr&nsition &nd 'oE p/'se is detected, 

t8e UpCount st&te moFes to DownCount st&te< .8e DownCount st&te en&7'es t8e co/nter 

to co/nt doEn /nti' t8e neHt tr&nsition &nd 8i98 p/'se is detected< .8e Store st&te stops 

t8e co/nter &nd en&7'es t8e RAa to store t8e co/nter F&'/e< If RAa is f/'', t8e neHt st&te 

Ei'' 7e RamRdy E8ere t8e nAR. interf&ce is notified to t8&t RAa is re&dy to 7e re&d 

o/t< If RAa is not f/'', t8e SetCount st&te is t8e neHt st&te< SetCount st&te sets t8e co/nter 

to st&rt co/ntin9 from ? &s one c'ocN cyc'e E&s /sed for storin9 t8e res/'t of t8e preFio/s 

&'i&s in t8e RAa< .8e 'oop contin/es /nti' reset7 si9n&' is set or t8e RAa is f/''< 

 

4.3.4 PERL Processing 

 

br&ctic&' EHtr&ction &nd Reportin9 _&n9/&9e SbER_U is & scriptin9 '&n9/&9e ori9in&''y 

deFe'oped for teHt m&nip/'&tion &nd d&t& red/ctionM noE it is /sed in & r&n9e of 

&pp'ic&tion inc'/din9 system &dministr&tion, Ee7 deFe'opment, netEorN pro9r&mmin9, 

^nI deFe'opment, &nd more< It E&s c8osen for processin9 t8e r&E me&s/rements res/'t 

from t8e Fb^A 7ec&/se it 8&s poEerf/' 7/i'tRs/pport for teHt processin9 &nd &'so & 8/9e 

co''ection of t8irdRp&rty mod/'es<  

Inste&d of Eritin9 & 'en9t8y C pro9r&m for p&rsin9 &nd f/rt8er d&t& &n&'ysis, bER_ c&n 

&c8ieFe t8e s&me 9o&' Eit8 'ess effort< .8e bER_ unpack f/nction is /sed to p&rse t8e 

r&E d&t& F&'/e &nd conFert it to /ser friend'y JXR7it inte9er F&'/e< F/rt8ermore, & cross 

p'&tform bER_ mod/'e SSpre&ds8eetQQWriteEHce'U is /sed to cre&te & 8isto9r&m p'ot of 

t8e r&E d&t& in aSREgCE_ spre&ds8eet< So C/st 7y eHec/tin9 t8e bER_ script on t8e d&t& 

receiFed from t8e Fb^A, Ee c&n see c'e&r'y t8e distri7/tion of t8e d/ty cyc'e of t8e c'ocN 

si9n&'< 

 OP
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4.4 Results 

 

A d/ty cyc'e Citter me&s/rement ,IS. E&s imp'emented on t8e A'ter& Str&tiH Fb^A< A 

bER_ script is eHec/ted to 9ener&te & 8isto9r&m in EgCE_ to present t8e me&s/rements 

from t8e Fb^A< As t8e n/m7er of s&mp'in9 bb_s /sed incre&ses, so does t8e 

me&s/rement &cc/r&cy< .8e 8isto9r&m s8&pe &nd st&tistic&' me&n &nd F&ri&nce s8oE t8e 

improFements oFer /sin9 C/st & sin9'e s&mp'in9 b__< W8i'e t8e s8&pe of 8isto9r&m c&n 

inst&nt'y s8oE t8e distri7/tion of t8e E&Feform p&r&meters, t8e 7in si(e /sed in & 

8isto9r&m c&n &ffect t8e s8&pe of 8isto9r&m< A 7in si(e too '&r9e Ei'' 8&Fe st&tistic&' 

res/'ts deFi&tin9 from &ct/&' F&'/esM on t8e ot8er 8&nd, & 7in si(e too sm&'' Ei'' prod/ce 

8isto9r&ms Eit8 m&ny pe&Ns< A 7rief t8e 8isto9r&m t8eory of oper&tion is presented in 

L<L<J< In L<L<?, t8e fi9/res presented Ei'' demonstr&te 8oE F&ryin9 7in si(e &ffects t8e 

s8&pe of t8e 8isto9r&m< S&me me&s/rements Eere m&de /sin9 t8e Seri&' D&t& An&'y(er to 

prod/ce 8isto9r&ms Eit8 different 7in si(es< 

 

In L<L<c, t8e res/'ts of sin9'e b__ s&mp'in9 Fers/s m/'tip'e b__ s&mp'in9 &re presented 

Eit8 t8e 8isto9r&m &'on9 Eit8 st&tistic&' p&r&meters me&n, st&nd&rd deFi&tion &nd r&n9e< 

.o s8oE t8&t t8e me&s/rements o7t&in &re persistent, me&s/rements of inp/t si9n&' Eit8 

d/ty cyc'e F&ried from LKl to OJl SEit8 @<Jl stepsU Eere t&Nen< .8e me&s/rements 

o7t&ined Eere comp&red to t8e me&s/rements m&de Eit8 t8e Seri&' D&t& An&'y(er in 

L<L<L< Fin&''y, in L<L<O, & c'ocN si9n&' Eit8 r&ndom'y F&ryin9 d/ty cyc'e E&s /sed &s inp/t 

si9n&' for me&s/rements< A9&in, t8e s&me me&s/rements Eere m&de Eit8 t8e Seri&' D&t& 

An&'y(er &nd 7ot8 res/'ts &re presented< 

 

.8e ,IS. imp'ement&tion E&s synt8esi(ed &nd tested in t8e '&7 /sin9 & ?@a`( c'ocN 

9ener&tor to sim/'&te & c'ocN or d&t& Eit8 &'tern&tin9 7it se;/ence< For me&s/rements of & 

si9n&' Eit8 F&ryin9 d/ty cyc'es, since t8e c'ocN 9ener&tor /sed does not &''oE r&ndom'y 

F&ryin9 of t8e 9ener&ted si9n&'’s d/ty cyc'e, &not8er A'ter& Str&tiH Fb^A E&s /sed &s & 

so/rce to sim/'&te & si9n&' Eit8 F&ryin9 d/ty cyc'e< D/ty cyc'e me&s/rements Eere 

comp&red to t8&t of t8e _eCroy Seri&' D&t& An&'y(er SSDAX@@@U<  

 

 OK
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4.4.1. Histogram Theory of Operation 

 

St&tistic&' F&ri&tion in t8e E&Feform p&r&meter me&s/rements c&n 7e eF&'/&ted 7y 

NnoE'ed9e of t8e &Fer&9e, t8e r&n9e &nd t8e st&nd&rd deFi&tion< `oEeFer, &n effectiFe 

too' to s8oE & c'e&r FieE of 8oE p&r&meter’s F&'/es &re distri7/ted oFer m&ny 

me&s/rements is t8e 8isto9r&m< In & 8isto9r&m t8e p&r&meter’s F&'/e &re diFided into s/7R

r&n9e c&''ed 7ins< A co/nt for t8e n/m7er of p&r&meters SeFentsU t8&t f&'' Eit8in e&c8 7in 

is &cc/m/'&ted &nd p'otted to 9iFe & 8isto9r&m >\A<  

 

`&Fin9 NnoEn t8e distri7/tion of t8e p&r&meters from t8e 8isto9r&m, &ddition&' st&tistic&' 

c&'c/'&tion c&n 7e performed to c8&r&cteri(e & 8isto9r&m or differenti&te & 8isto9r&m 

from &not8er< Since s/c8 c&'c/'&tions &ss/me t8&t &'' eFents in & 7in &re represented 7y & 

sin9'e F&'/e, t8e c&'c/'&tion Ei'' 7e &ffected 7y 7in si(e< .8e sm&''er t8e 7in si(e, t8e 'ess 

potenti&' deFi&tion 7etEeen &ct/&' eFent F&'/es &nd t8ose F&'/es &ss/med in 8isto9r&m 

p&r&meter c&'c/'&tions< `oEeFer, sm&''er 7ins si(e res/'t in 8i98er n/m7er of 7ins, 

re;/irin9 & 9re&ter n/m7er of E&Feform p&r&meter me&s/rements in to pop/'&te t8e 7ins 

s/fficient'y for t8e identific&tion of & c8&r&cteristic 8isto9r&m distri7/tion< A'so, for & 

sm&''er 7in si(e, it Ei'' 7e more diffic/'t to determine t8e pe&Ns in t8e 8isto9r&ms< 
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4.4.2 Bin size 
 

.8e d/ty cyc'e offset me&s/rement is c&rried o/t /sin9 clockPLL tt $ =J@ps< .8e 8isto9r&m 

prod/ced c&n 8&Fe different 7in si(es s8oEn in Fi9/re J@, JJ, J?< A'' me&s/rements Eere 

t&Nen /sin9 t8e m&Him/m n/m7er of b__s SL b__s Eit8 tot&' of J? c'ocN o/tsU< .8e 

res/'tin9 me&s/rements Eere &'so t&Nen /sin9 t8e Seri&' D&t& An&'y(er SDAX@@@ Eit8 

F&ryin9 n/m7er of 7ins is s8oEn in Fi9/re Jc, JL, JO< In Fi9/re JO, t8e n/m7er of 7ins 

/sed is ?@@@M t8e 8isto9r&m s8oEn 8&s m&ny pe&Ns &nd c&n 7e diffic/'t to determine t8e 

me&n< As Ee red/ced t8e n/m7er of 7ins, t8e more t8e deFi&tion of t8e &ct/&' res/'t from 

t8e F&'/e represented 7y t8e 7in< .8e 8isto9r&m p'ots in t8e fo''oEin9 sections Ei'' 8&Fe 

7in si(e of J@ps< 
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Fi9/re L<JcQ `isto9r&m of D/ty Cyc'e ae&s/rement from SDAX@@ /sin9 J@@ 7ins 

 
Fi9/re L<JLQ `isto9r&m of D/ty Cyc'e ae&s/rement from SDAX@@ /sin9 ?@@@ 7ins 

 

4.4.3 Single vs Multiple PLL sampling 

 

.8e Fi9/res JX, J\, JP &nd JK s8oE t8e cyc'e offset me&s/rements /sin9 c, X, K &nd J? 

s&mp'in9 c'ocNs respectiFe'y< .8e s8&pe of t8e 8isto9r&m conFer9es to t8e me&n &s 

n/m7er of s&mp'in9 c'ocNs /sed in me&s/rement incre&ses< From t8e _&E of _&r9e 

N/m7ers &s n/m7er of s&mp'in9 c'ocN incre&ses, t8e &Fer&9e of t8e me&s/rements from 

t8e s&mp'in9 c'ocNs Ei'' conFer9e to t8e me&n< .8is 9iFes & 8isto9r&m s8&pe Eit8 sm&''er 

st&nd&rd deFi&tion E8en t8e n/m7er of s&mp'in9 c'ocN incre&ses< .8e st&nd&rd deFi&tion 

&nd r&n9e of t8e 8isto9r&ms in Fi9/res JX, J\, JP &nd JK &re s8oEn in .&7'e c< .8e s&me 

me&s/rements Eere &'so o7t&ined /sin9 t8e _ecroy SDA< .8e st&nd&rd deFi&tion 

7ecomes sm&''er E8en t8e n/m7er of s&mp'in9 c'ocN incre&ses< .8e me&n me&s/rements 

o7t&ined from t8e ,IS. &nd t8e _ecroy is different 7y &7o/t c@ps< Section L<L<L s8oEs 

t8&t t8e me&s/rements &re repe&t&7'e &nd t8e difference is consistent< .o compens&te for 

t8is 'imit&tion, t8e me&s/rements res/'ts Ei'' need to 7e s/7tr&cted 7y t8&t difference< 
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Measurement Method Histogram Mean 

(ps) 

Histogram Standard 

Deviation 

Histogram Range 

(ps) 

nsin9 _eCroy SDAX@@@ J@<@ S= O@<@?lU cOOml JJ?O S= ?<?O lU 

nsin9 J? s&mp'in9 c'ocNRo/ts LJ<K ?<XP JL@@ 

nsin9 K s&mp'in9 c'ocNRo/ts LL<X ?<PK JXK@ 

nsin9 X s&mp'in9 c'ocNRo/ts L\<L c<@L JL\@ 

nsin9 c s&mp'in9 c'ocNRo/ts O?<X c<JK JXO@ 

.&7'e L<cQ `isto9r&m p&r&meters /sin9 different me&s/rement met8ods 

 

Since t8e ,IS. me&s/rements o7t&in &re &ct/&''y cyc'e offset, E8ic8 is t8e difference 

7etEeen t8e 'en9t8s of 8i98 &nd 'oE p/'se, t8e 8isto9r&m me&n for d/ty cyc'e of O@<?l 

me&s/red 7y t8e SDA Sin .&7'e cU is J@ps in terms of cyc'e offset for & si9n&' Eit8 period 

of O@ns< E;/iF&'ent'y, t8e r&n9e is JJ?O ps for & si9n&' Eit8 period of O@ns< 

 

4.4.4 Repeatability 

 

.8e me&n me&s/rements o7t&ined in .&7'e c s8oEs & difference 7etEeen t8e me&n from 

t8e s&mp'in9 b__s &nd t8&t of t8e _ecroy SDA< In t8is section t8e discrep&ncy is s8oEn 

to 7e consistent &nd repe&t&7'e &cross & r&n9e of me&s/rements<  

 

.o s8oE t8e repe&t&7i'ity of t8e me&s/rements, t8e inp/t c'ocN si9n&' is F&ried from d/ty 

cyc'e of LKl to OJl Eit8 @<Jl Sor O@psU offset increments< .8e 8isto9r&m me&n is 

me&s/red from e&c8 d/ty cyc'e increments &nd t8e difference of t8e 8isto9r&m me&n 

from t8&t of t8e _ecroy SDA me&s/rement is p'otted in Fi9/re ?@< Fi9/re ?@ s8oEs t8&t 

t8e me&s/red 8isto9r&m me&n of e&c8 F&ryin9 d/ty cyc'e inp/t si9n&' is different from 

t8e SDA me&s/red F&'/e 7y &n &Fer&9e of c@<L ps<  
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4.4.5 Varying Duty Cycle 

 

.8e preFio/s me&s/rements &'E&ys 8&Fe &n inp/t si9n&' Eit8 & fiHed d/ty cyc'e< In 

Fi9/re JP &nd JK, & test c'ocN si9n&' 9ener&ted from &not8er Fb^A Eit8 d/ty cyc'e 

r&ndom'y sEitc8in9 7etEeen O@l &nd Lcl E&s /sed< W8en d/ty cyc'e is O@l, 7ot8 

p8&se of t8e c'ocN cyc'e is ?PnsM E8en Lcl, t8e 8i98 c'ocN p8&se is ?Lns, &nd t8e 'oE 

c'ocN p8&se is c?ns< nsin9 clockPLL tt $ = J@ps, t8e 8isto9r&m of t8e F&ryin9 d/ty cyc'e 

si9n&' me&s/rement is s8oEn in Fi9/re ?J< Fi9/re ?J c&n 7e comp&red to t8e 8isto9r&m 

from t8e _eCroy SDA in Fi9/re ??< .8e 7in si(e of ?@@@ is /sed in Fi9/re ??<  

 

Since inp/t si9n&' is r&ndom'y sEitc8in9 7etEeen tEo d/ty cyc'es, t8e me&s/red d/ty 

cyc'e r&n9e is eHpected to 7e '&r9er t8&n t8&t of &n inp/t Eit8 sin9'e d/ty cyc'e< nsin9 t8e 

def&/'t n/m7er of 7ins of J@@ Eit8 t8e _eCroy SDA &s s8oEn in Fi9/re ?c Ei'' res/'t in 

'oss of some inform&tion &s e&c8 indiFid/&' d/ty cyc'e 8isto9r&m c&nnot c'e&r'y 

represented< Fi9/re ?? &nd ?J c'e&r'y s8oEs t8e &dF&nt&9e of /sin9 &n incre&se 7in 

n/m7er or sm&''er 7in si(e t&Nin9 me&s/rements Eit8 & Eide r&n9e< 
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Chapter 5 
 

 

Conclusion 
 

To meet increasing bandwidth requirements of new information technology and 

networks, we proposed a novel multi-level phase detector for high speed 

Serializers/Deserializers and designed a Built In Self Test (BIST) component capable of 

improving existing high speed SerDes testing. This thesis hence explored both the design 

aspect and the testing aspect for high speed Serializers/Deserializers (SerDes).  

 

A novel all-digital multi-level phase detector was designed and simulated in 0.35µm. The 

all digital implementation allows for easy portability between different technologies, has 

lower power consumption, and has less vulnerability to temperature and process 

variation. The multi-level phase detector also comprises of high speed Flash ADCs that 

samples and converts the high speed multilevel analog input signals into digital values for 

further processing. Since multi-level signal inputs are used, the transmission frequency is 

half of that of the data rate. Signal-to-noise ratio in high speed serial links benefits from 

multilevel signal transmission as lower transmission frequency circumvents several high 

speed signal integrity issues. 

 

In SerDes component testing, a Built In Self Test (BIST) component was designed and 

implemented in an FPGA to provide measurements for duty cycle jitter. The BIST uses 

multiple phase lock loop (PLL) sampling to provide more accurate measurement results. 

The LeCroy Serial Data Analyzer (SDA6000) was used as a reference for test 

 69



 
Conclusion 

 
measurements. During testing, the results obtained from multiple sampling of input test 

signal shows a smaller standard deviation from the mean and a closer histogram shape to 

the reference than that of the single sampling method. The Law of Large Numbers and 

undersampling technique used also shows repeatability and accuracy for test signal with 

multiple duty cycle variation. The FPGA BIST implementation can also be further 

developed in ASICs to provide higher operation speed. 
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