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SUMMARY 

 

 This thesis presents our work in the design of a Delay-Locked Loop (DLL) for the 

generation of multiple clock phases/delays.  A novel DLL design is proposed with several 

new techniques to help achieve wide lock range, short locking time, and reduced jitter.  

The DLL can be used for a variety of applications which require precise time intervals or 

phase shifts. 
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CHAPTER 1 

INTRODUCTION 

 

 Delay-locked loop (DLL) is a critical circuit component widely used in many 

timing applications.  In this thesis, we present a novel DLL design which can be used for 

a variety of applications.  Specifically, we have built a DLL which is able to generate 

multiple clock phases/delays with low jitter, short locking time, and wide lock range.  To 

achieve this design goal, several techniques and algorithms are used in our design.  In this 

chapter, we will introduce the motivation for our research, formally state the problem we 

are facing, and present the organization of this thesis. 

1.1 Motivation 

 The research presented in this thesis is originally motivated by the need of precise 

delay generation in the testing of digital integrated circuits.  Digital testing often requires 

digital input signals which have a precisely-controlled timing relationship (delay) to a 

reference clock signal [1].  The job of delay generation is usually done by an external 

tester.  Thus, the generation of accurate and stable delays, especially in the testing of 

timing-sensitive specifications, such as the I/O setup and hold time, often demands high 

end test equipment.  In other words, higher frequency signals or more advanced 

techniques must be used by the tester in order to produce the desired delays.  This 

approach inevitably brings up the cost of the test equipment as well as the overall test 

cost.  As a result, some tests, such as the test of setup and hold time, are often conducted 

only on a few selected I/O pins in practice [2].  Naturally, there is a desire to find other 

approaches which are more cost-effective to generate these delays, thus reducing the 

dependence on expensive test equipment. 
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 The International Technology Roadmap for Semiconductors states the future 

directions and challenges of the semiconductor industry.  According to the 2004 update 

of the Roadmap [3], test cost per unit and test equipment capital cost considerations 

continue to dominate manufacturing test methodology decisions.  The cost of high 

performance automatic test equipment (ATE) is continuously rising.  In [3], the following 

ATE cost model is suggested 

                                               ∑ ×+= nxmbCostTester )( ,        (1-1) 

where b  is the base cost of a test system with zero pins, m  is the incremental cost per 

pin, and x  is the number of pins.  Table 1-1 shows some typical values of b , m , and x  

[3]. 

Table 1-1  ATE cost parameters 

Tester Segments b (base cost in K$) M (cost per pin in $) x (pin count) 

ASIC/MPU 250-400 2700-6000 512 

Mixed-signal 250-350 3000-18000 128-192 

DFT Tester 100-350 150-650 512-2500 

Low-end 
Microcontroller 200-350 1200-2500 256-1024 

Commodity Memory 200+ 800-1000 1024 

RF 200+ 50000 32 

 

 As can be seen from Table 1-1, the cost of ATE for ASIC, MPU, or Mixed-signal 

chips is very high.  However, if we are able to conduct the test by using DFT or BIST 

techniques, the required DFT tester is much cheaper.  For example, in a typical memory 

devices with 32 I/O pins, the test cost using a high end tester can be computed according 

to (1-1) as 

                              322700250)( ×+= kTesterEndHighTestofCost ,      (1-2) 

while the test cost using low end DFT tester can be computed as 
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                                 32150100)( ×+= kTesterDFTTestofCost .       (1-3) 

resulting in a 68.85% reduction in the cost of test.  Nevertheless, these testers have low 

precision in timing accuracy, where even high end ATEs have limited timing accuracy 

(resolution).  According to the data in [3], current overall ATE accuracy is around 120ps, 

which is not enough for precise timing control in many applications.  A carefully 

designed BIST circuit is able to achieve at least comparable accuracy, and this accuracy 

will keep improving as the technology scales. 

 BIST is a methodology in which some circuit blocks are built on-chip dedicated 

for the test purpose [4].  BIST involves some on-chip circuitry and sometimes a low-cost 

off-chip tester to provide the necessary source signals.  As the rising cost of test 

equipment has been driving the industry to look for BIST solutions which are less 

expensive, many BIST circuits have been developed to test chip memories or logic cores, 

such as memory BIST (MBIST) and logic BIST (LBIST).  However, in order to fully 

benefit from the use of BIST by moving to low cost testers, a complete BIST solution is 

desired which includes both the BIST for the chip core and the BIST for the chip 

interface, including the test of chip I/O setup time and hold time. 

 Both phase-locked loops (PLLs) and DLLs are extensively used in many timing 

circuits.  When either a DLL or a PLL can be used, a DLL is preferred in many cases 

because of its better stability, less jitter accumulation, and faster locking time compared 

to a PLL.  Therefore, in our research, we have identified that the best circuit to generate 

stable time delays on chip is a DLL.  In other words, a DLL-based BIST circuit can be 

made to serve the purpose of creating the required delays for digital interface testing.  A 

DLL is widely used as a timing circuit in many systems for the purpose of clock 

generation, signal synchronization, and others.  For example, a DLL is able to provide 

multiple clock signals which are separated from each other by a well-controlled phase 

shift (delay).  When appropriate logic, such as edge combining is used, a new clock 

signal which is of a different frequency can be generated by the DLL.  Such an 
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application of a DLL has been reported in [5] for personal communication services 

(PCS).  Another application of a DLL is for the purpose of clock deskewing in 

synchronous data transfer among communication chips.  Reducing clock skew has 

become increasingly important with larger die size and higher clock frequency.  A DLL 

for this application requires fast lock time and excellent phase alignment between the 

reference signal and the corrected output signal.  One example of a DLL serving as a 

clock deskew buffer was reported in [6].  In addition, a DLL can also be used for signal 

synchronization, for example, between a CPU and a co-processor so that they can share 

the same data bus.  This application was reported in [7]. 

 Due to the wide range of applications of DLLs, the motivation of our research has 

evolved to designing a high performance DLL which can be used for a variety of 

applications, including delay generation for testing purposes as well as for other timing 

applications, such as signal synchronization.  Fortunately, many of the above applications 

share similar requirements for the DLL, such as a short locking time, low jitter, and a 

wide locking range.  These common requirements have become our design goals. 

1.2 Problem statement 

 The primary objective of the proposed research is to design a high performance 

DLL that could serve a variety of purposes. 

 In this research, we need to investigate and evaluate various existing DLL design 

techniques.  A DLL typically includes three basic blocks: a phase detector (PD), a charge 

pump (CP), and a voltage-controlled delay line (VCDL).  A simplified DLL block 

diagram is shown in the following figure. 

 
Figure 1-1  Simplified block diagram of a DLL 
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 For a DLL, locking time, lock range and jitter performance are the most important 

metrics.  Locking time refers to the time interval a DLL takes to achieve a stable locking 

state from an initial state.  Generally, locking time is related to the speed of the PD, the 

magnitude of the charging or discharging current in the CP, and the overall delay loop 

bandwidth.  Lock range refers to the maximum and minimum delays of the VCDL, which 

set the range in which the delay of the VCDL can be varied.  A DLL is able to achieve 

lock only in this range.  Lock range directly affects the operating frequency range of a 

DLL.  Phase noise, or time jitter, is the random variations of the period or phase of a 

clock signal [8].  With the constantly rising data rate or clock frequency, the clock period 

becomes increasingly smaller, and so does the tolerance to the amount of time jitter.  

Therefore, a great deal of design effort should be aimed to improve the jitter performance 

of a DLL. 

 In this research, we need to analyze the pros and cons of the previous work, and 

propose new methods and algorithms to improve a DLL�s locking time, locking range, 

and jitter performance.  By adopting these methods, we need to design a new DLL that 

can achieve our design goals.  Since a DLL�s dynamic response is the theoretic basis for 

a DLL�s stability, we also need to study the DLL�s dynamic response in the s-domain. 

1.3 Thesis contributions 

 The major contributions of this thesis include: 

 (1) A new approach which uses a DLL to generate precise time intervals (or phase 

shifts) on chip for applications such as BIST; 

 (2) A novel circuit structure which performs the functionality of both the phase 

detector and charge pump; 

 (3) A novel start-control circuit to avoid locking failure or false locking to 

harmonics; 

 (4) A new algorithm to increase the locking range of a DLL; 
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 (5) A novel test circuit to indicate if a phase locking has been achieved in a DLL. 

 A performance comparison between the proposed DLL and some other recently 

published DLLs is shown in Table 1-2. 

Table 1-2   DLL performance comparisons 

 JSSC99 
[9] 

ISSCC00 
[10] 

ISSCC01 
[11] 

VLSI02 
[12] 

VLSI03 
[13] [14] This 

work 

Process 0.4-um 
CMOS 

0.15-um 
CMOS 

0.17-um 
CMOS 

0.13-um 
CMOS 

0.13-um 
CMOS 

0.18-um 
CMOS 

0.18-um 
CMOS 

Timing 
resolution 40ps 10ps X 14ps X X 80ps 

Max 
operation 
frequency 

667MHz 1GHz 250MHz 500MHz 500MHz 550MHz 700MHz 

Min 
operation 
frequency 

250MHz X 100MHz 66MHz 66MHz 350MHz 160MHz 

Jitter 250ps 128ps/29
ps (quiet) 

640ps/20
0ps 

(quiet) 
X 25ps 

(quiet) 33ps 25ps 

Lock time 2.9us X X >100Cycl
es 

150Cycle
s X 11Cycles 

 
X: not mentioned. 
 

1.4 Thesis organization 

 This thesis is organized into eight chapters.  Chapter 1 introduces the motivation 

of our research, outlines the problems addressed in this thesis, and states the contributions 

we have made.  In Chapter 2, we present the background of this research and review the 

related previous work.  Chapter 3 discusses the general approach of the research.  Chapter 

4 describes the proposed DLL design in detail.  In Chapter 5, the layout of the prototype 

chip is introduced.  Chapter 6 discusses the DLL�s performance evaluation.  In Chapter 7, 

we proposes a BIST circuit to test the DLL.  Finally, a summary is given in Chapter 8. 
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CHAPTER 2 

PREVIOUS WORK 

2.1 DLL overview 

 DLLs are widely employed in microprocessors, memory, and communication ICs 

in order to reduce on chip clock buffering delays and improve I/O timing margins.  They 

can also be used to generate multiple clock signals on chip for applications such as for 

BIST circuits.  The essential function of a DLL is to achieve phase alignment between the 

input clock and the output clock from the final stage of the VCDL.  After the phase 

alignment is achieved, each VCDL delay stage is able to provide a stable clock signal 

which is phase shifted from the input clock.  However, the rising clock speeds and 

integration levels of digital circuits have made the phase alignment task increasingly 

difficult [15].  For example, power supply and substrate noise resulting from the 

switching of digital circuits affects the operation of DLL and leads to output clock jitter.  

Thus, a detailed study of prior work in DLL design and analysis is needed for us to 

achieve the design goals of wide lock range, low jitter, and fast locking. 

2.1.1   DLL operation principle 

 A DLL is essentially a nonlinear negative feedback system.  However, it is a 

common practice to characterize a DLL by linear analysis.  Although linear analysis is 

not able to produce a very accurate result, it can still serve as a reasonable first-order 

approximation and can lead to some useful insights into a DLL�s operation. 

 In a DLL, the input clock signal propagates through the VCDL and develops 

phase shift (or time delay) at every delay stage of the VCDL.  The phase shift of each 

delay stage is controlled by the voltage of a loop filter.  The output is taken from one of 

the delay stages.  The phase of the output signal is compared with the phase of the input 

clock in the PD.  The phase error information generated by the PD (usually in the form of 
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a voltage or a current) is then transferred to the CP.  The CP uses the phase error 

information to adjust the voltage of the loop filter and thus to change the delay of the 

VCDL.  Owing to such a negative feedback mechanism, the phase error is gradually 

reduced until it finally becomes zero.  At that time, the delay of the whole VCDL line 

becomes equal to one clock period, and the voltage of the loop filter is stabilized, which 

indicates that a locked state has been established. 

2.1.2   DLL closed loop dynamics 

 The DLL�s loop dynamics has been extensively studied before [16]-[17].  There 

are two types of DLLs with different architectures.  In the first type, the input reference 

clock refCK  is compared with a delayed version of itself in the PD [17].  This DLL 

structure is often used for frequency synthesis, clock generation, and signal 

synchronization. 

 
Figure 2-1  The first type of DLL 

 

 There is another type of DLL in which the reference signal refCK  is compared 

with a delayed version of another uncorrelated signal srcCK  [17], as shown in Figure 2-2. 

 
Figure 2-2  The second type of DLL 
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This type of DLL requires two input signals ( refCK  and srcCK ) and it is often used in 

some clock recovery circuits. 

 Since it is the first type of DLL that will be used in the proposed BIST circuit, our 

focus will be placed on this type of DLL.  The DLL�s loop dynamics can be analyzed 

with a continuous time (s-domain) approximation where the sampling nature of the PD is 

ignored.  This approximation is valid as long as the DLL�s lower limit of the bandwidth 

is about a decade or more below the operating frequency [16].  Figure 2-3 shows the DLL 

block diagram in terms of the input and output phase [16]. 

 
Figure 2-3  S-domain model in terms of phase 

 

 The parameters in the above figure include the phase detector gain PDK  

(second/rad), the charge pump current CPI  (A), the loop filter transfer function )(sF , and 

the VCDL gain VCDLK  (rad/V) which is proportional to the number of delay cells.  The 

input and output phases are denoted by inφ  and outφ , respectively.  The period of the input 

reference clock is REFT . 

 In most cases, the loop filter consists of only a single capacitor.  Thus, the transfer 

function )(sF  can be written as 

                 
loopsC

sF 1)( = .        (2-1) 

Hence, in the steady locked state, the close-loop behavior of a DLL can be characterized 

by a first-order transfer function 

     
Nin

out

s ωφ
φ

+
=

1
1 .        (2-2) 
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The parameter Nω  represents the close-loop bandwidth (3-dB frequency) 

         REF
loop

CPVCDLPD
N C

IKK ω
π

ω
2

= .        (2-3) 

where REFω  is the frequency of the input reference frequency.  It can be seen from 

Equations (2-2) and (2-3) that a conventional DLL is a single-pole system and therefore 

is unconditionally stable.  Equation (2-3) also shows that the loop bandwidth Nω  can 

track the operation frequency REFω  as long as the term loopCPVCDLPD CIKK  is kept 

constant.  The effect of such tracking is two-folded.  On one hand, the tracking is 

advantageous because as the operation frequency REFω  increases, the loop bandwidth Nω  

also increases which results in a faster acquisition speed.  On the other hand, such 

tracking may not be desirable since a narrower loop bandwidth can help attenuate more 

high-frequency input noise, since the input jitter would be attenuated at 20dB/decade 

outside the loop bandwidth.  In [17], the following design guideline was suggested: 

       
10
1

2
≤=

loop

CPVCDLPD

REF

N

C
IKK

πω
ω         (2-4) 

In some cases, the loop filter contains an extra pole pω  [18], which will make the DLL a 

second-order system. 

 The problem with the above analysis is that this diagram does not take into 

account the fact that the output phase outφ  is one clock period delayed compared to the 

input phase inφ . 

2.1.3   DLL jitter analysis 

 Jitter is one of the most important performance metrics in the DLL design.  Jitter 

refers to the random variations in the period of the output clock signal, and it 

characterizes the uncertainty of the output clock in the time domain.  Assume that nt  is 

the time point when the n th minus-to-plus zero crossing happens.  The n th clock cycle 
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period can then be calculated as nnn ttT −= +1 .  Ideally, the clock signal has a clock period 

of T .  The difference nT∆  between nT  and T  ( TTT nn −=∆ ) is an indicator of jitter [8]. 

 There are three definitions of jitter in literature [8].  The first one, which is called 

absolute jitter or long term jitter, is defined as 

           ∑
=

∆=∆
N

n
nabs TNT

1
)(         (2-5) 

Absolute jitter )(NTabs∆  represents the accumulated jitter in the first N  clock cycles.  

The second definition of jitter, called cycle jitter, is the long term RMS value of nT∆ .  

The definition of cycle jitter is 

         ∑
=∞→

∆=∆
N

n
nNc T

N
T

1

21lim         (2-6) 

Cycle jitter represents the long term average effect of clock cycle fluctuation.  The third 

definition of jitter is called cycle-to-cycle jitter, which is defined as the RMS difference 

between two consecutive clock cycles 

    ∑
=

+∞→
−=∆

N

n
nnNcc TT

N
T

1

2
1 )(1lim        (2-7) 

All of the above three parameters can be used to describe the jitter characteristics.  In 

general, absolute jitter is used to describe a PLL as there is significant jitter accumulation 

in a PLL.  For other timing circuits, including DLLs, the other two parameters are usually 

used [8]. 

 Typically, jitter includes deterministic jitter as well as random jitter [15].  

Deterministic jitter is also referred to as systematic jitter and is generally caused by duty 

cycle distortion and device mismatch.  In contrast, random jitter, which is also known as 

nonsystematic jitter, is mainly due to some random noise sources such as thermal noise, 

substrate noise, and power supply noise. 
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 The primary random noise sources in a DLL consist of the input clock noise and 

the noise originating from the VCDL buffer stages.  The input clock noise is the noise 

associated with the input clock signal, while the VCDL noise refers to the noise 

originating from the MOSFET devices of each buffer stage as well as the substrate and 

power supply noise coupled to the VCDL.  All these noise sources cause jitter in the DLL 

output signal.  The precision and resolution requirements of the BIST application impose 

a strict limit on the allowable jitter in the output signal.  As a result, minimizing random 

noise is one of the major considerations in VCDL design. 

 The noise sources for each MOSFET device include channel thermal noise, 

channel flicker noise, and the noise caused by the gate leakage current [19].  For long-

channel MOSFET devices operating in saturation, the channel thermal noise can be 

represented by a noise current generator connected between the source and the drain with 

a spectral density of [20] 

         mtn gkTi γ42
, = .        (2-8) 

In (2-8), k  is the Boltzmann constant ( 231038.1 −× J/K).  The coefficient mg  is the 

transconductance of the MOSFET and γ  is a device-dependent parameter.  The channel 

flicker noise and the noise caused by the gate leakage current are ignored here to simplify 

the analysis. 

 To help the design process, the noise analysis of the VCDL buffer stage that will 

be used in the proposed DLL is introduced here.  The topology of the VCDL buffer stage 

and its noise sources are shown in Figure 2-4. 
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Figure 2-4  VCDL buffer stage and the noise sources 

 

Each noise current source in Figure 2-4 includes both a thermal noise component and a 

channel flicker noise component.  The noise from the tail current source MN1 is not 

present here since it does not contribute significantly to the overall noise [19].  To 

calculate the total output noise voltage, the two inputs are shorted together and all the 

noise power densities are converted to the output nodes and then summed up, which is 

possible since all the noise sources in the circuit are uncorrelated. 

 The noise current for the two input transistors can be converted to the output 

nodes as 

     )2,1(22
,

2
,, == iriv Linioutn ,        (2-9) 

where Lr  is the PMOS load resistance at one of the output nodes.  Similarly, the noise 

current for each of the PMOS load transistors can be converted to the output nodes as 

          )4,3,2,1()//( 2
2,

2
,

2
,, == jrriv NOLjnjoutn ,     (2-10) 

where 2, NOr  (or 3, NOr ) is the output resistance of transistor MN2 or MN3.  By summing 

up all the noise power spectral density at the output nodes, the total output noise power 

spectral density becomes 

    2
2,1,

2
2,

2
,, )//(168 NOLPmLNmtotaloutn rrgkTrgkTv γγ += .    (2-11) 
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Dividing the total output noise power spectral density by the square of the differential 

gain 2
2,

2
2, )//( NOLNm rrg  gives the total input-referred noise power spectral density 

  2
2,

1,
2

2,2,

2
2

,,

16
)//(

8

Nm

Pm

NOLNm

L
totalinn g

gkT
rrg

rkTv
γγ += .     (2-12) 

Equation (2-12) can be modified by including the channel flicker noise as 
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             (2-13) 

where K  is a process-dependent constant.  From Equations (2-12) and (2-13), it can be 

seen that in order to minimize device noise and flicker noise, the transconductance of the 

NMOS device 2, Nmg  (or 3, Nmg ) must be increased and the transconductance of the 

PMOS device 1,Pmg  (or 2, Pmg ) must be decreased.  In addition, larger device area 

( )LW ×  also helps to minimize flicker noise. 

 Power supply and substrate noise is another noise source of the VCDL, which is 

especially noticeable in the environment of mixed-signal ICs.  The effect of power supply 

noise can be divided into two components: static power supply noise and dynamic power 

supply noise [19].  Static power supply noise describes the variations of the stage delay 

due to changes in the DC values of the power supply voltages, while dynamic power 

supply noise refers to the temporary fluctuations of the stage delay due to transient 

change of the supply voltages [19]. 

 One of the most popular VCDL stage configurations is a source-coupled NMOS 

differential pair plus a NMOS tail current source.  The delay of such a stage is 

proportional to the product of the load resistance and the drain capacitance.  If the load is 

implemented by MOS devices, the resistance of such MOS loads is further dependent 
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upon the tail current.  Therefore, to minimize static power supply noise, the tail current 

source must be made less susceptible to static changes in DC power supply voltage.  

Several techniques have been proposed for this purpose, such as a cascode current source, 

supply filtering, and dynamical biasing [19]. 

 To minimize dynamic power supply noise, the loads must provide a differential-

mode resistance which is independent of the common-mode power supply noise.  A 

linear resistor is the best candidate for this purpose.  However since resistors are 

expensive in CMOS technology, some special configurations of MOS loads are often 

used. 

 Substrate noise represents the substrate voltage variations caused by the coupling 

of switching activities of neighboring digital circuits, since all the NMOS devices share 

the same substrate in an N-well process.  Variations of the substrate voltage affect the 

operation of NMOS transistors through altering the threshold voltage by 

     ( )FSBFthNth VVV φφγ 220, −++= ,     (2-14) 

where γ  is the body effect coefficient and Fφ  is a process-dependent parameter.  PMOS 

devices are located in local cells and thus are less subject to substrate noise.  Therefore, in 

order to minimize the effects of substrate noise, the rule of thumb is that the external 

supplied control voltage of the VCDL buffer stage must be referenced to the positive 

power supply and must be applied only to PMOS devices [16]. 

2.1.4   Different DLL architectures and comparison 

 A conventional DLL is typically composed of three components: a PD, a CP, and 

a VCDL.  Conventional DLLs can be categorized as either analog or digital.  Generally 

speaking, a digital DLL has the advantage of being more robust, enabling better process 

portability, requiring lower supply voltage, and being simpler design.  On the other hand, 
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an analog DLL has the advantages of higher power and substrate noise rejection, smaller 

area and power consumption, and finer phase resolution.  The following sections will 

discuss both digital DLLs and analog DLLs, with the focus on analog DLLs.  After that, 

some other mixed-type DLL architectures will also be introduced. 

2.2 DLL design 

2.2.1   Digital DLLs 

 The following figure shows a block diagram for a common digital DLL [21]. 

 
Figure 2-5  Block diagram of a typical digital DLL 

 

As can be seen from the diagram, digital DLLs are characterized by the use of a digital 

VCDL (using inverters as the delay cells) and a finite state machine (FSM) to select the 

output signal.  Sometimes the PD in a digital DLL is also made from digital elements 

such as logic gates and flip-flops.  Employing more digital parts in the circuit increases 

the first-run success rate and also improves the portability across different processes.  

Moreover, digital DLLs are more adaptable to lower supply voltages than analog DLLs.  

The reason is that for analog DLLs, the voltage headroom problem will occur as supply 

voltage drops, whereas digital DLLs can still function correctly as long as the supply 

voltage is sufficient to maintain proper noise margins.  The third advantage of digital 

DLLs is from the perspective of power consumption.  When the supply voltage drops, the 
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power consumption of digital circuits will decrease proportional to 2V , while the power 

consumption of analog circuits only goes down roughly proportional to V  [22]. 

 In digital DLLs, since the delay of a single delay element determines the phase 

resolution of the DLL, a delay element that can provide minimum delay, such as a basic 

inverter is generally preferred.  Because each inverter introduces a o180  phase shift, the 

delay line is tapped at every other inverter output to provide adjacent phases.  Thus, the 

phase resolution becomes the delay of two basic inverters.  A digital DLL must select an 

output signal whose phase most closely matches the phase of the input signal.  Since the 

desired output is not necessarily from the last tap, a FSM which generates digital control 

bits is usually used for the output selection. 

 Conventional digital DLLs suffer from several drawbacks [22].  Firstly, the phase 

resolution of digital DLLs using basic inverter delay lines is limited to two inverter 

delays, which is not fine enough in many applications.  Secondly, since the desired signal 

is not necessarily from the last tap, the delay line needs to provide a large phase coverage 

which inevitably requires more delay cells.  Thirdly, basic inverters have poor power 

supply rejection ratio (PSRR), which leads to more jitter in the output signal.  Therefore, 

digital DLLs employing basic inverters in the VCDL are not suitable for applications 

with stringent timing requirements. 

 To overcome the limitations of conventional digital DLLs, several techniques 

have been proposed in the literature to improve the DLL�s performance. 

 A portable digital DLL was proposed in [22] for clock alignment in the interface 

cells of a high-speed memory system.  Two complementary delay lines are used in the 

digital DLL to improve the phase resolution by a factor of two.  An end-of-cycle (EOC) 

detector is also employed to facilitate the switching between the operations of the two 
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delay lines.  In addition, phase blenders are used to further increase the phase resolution 

of the DLL. 

 Another improved digital DLL was proposed in [23].  All the components in this 

DLL are built from digital parts.  The DLL uses a 128 tap delay line.  A 128-to-1 selector 

is employed to select the appropriate output signal.  An attractive component of this DLL 

is a digital lead-lag PD which can achieve zero jitter in the locked state. 

2.2.2   Analog DLLs 

 In the literature, most DLLs used in stringent timing applications are of the analog 

type.  For example, analog DLLs are widely used in high speed random access memory 

(RAM). 

 Since analog DLLs� architectures and their components vary significantly from 

one to the other, the following sections will first discuss the implementations of the three 

basic building blocks: the PD, the CP, and the VCDL.  After the discussion of the design 

of the individual components, the overall analog DLL architectures will be introduced. 

2.2.2.1   Phase detector 

 The PD is one of the most critical components within a DLL.  One of the 

structural differences between an analog and a digital DLL is that the inputs to the PD are 

different.  Both an analog DLL�s PD and a digital DLL�s PD take the input reference 

clock as one input.  For the other input to the PD, a digital DLL usually uses the output of 

a digital tap whose phase is the closest to the input reference signal, and this tap is not 

necessarily the last tap of the VCDL.  While for an analog DLL, since the delay of the 

entire VCDL must be one clock cycle in the locked state, the other input to the PD is 

directly taken from the end of the VCDL. 
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 The job of the PD is to detect the phase difference between the output signal from 

the VCDL and the input reference signal, and to pass the phase error information to the 

subsequent circuits.  The basic implementation of the PD is an XOR gate, which is shown 

in Figure 2-6. 

 
Figure 2-6  A PD based on XOR gate 

 

 In an XOR PD, the dc value of the PD output signal is linearly proportional to the 

phase difference of the two input signals.  In addition, the average output signal becomes 

zero when the two inputs are o90  out of phase.  As a result, an XOR PD is often used in 

quadrature locking where the two input signals to the PD are o90  out of phase in the 

locked state.  The simple XOR PD suffers from several drawbacks.  Firstly, there is only 

one output from the XOR PD, which makes it difficult to interface with the subsequent 

CP circuit.  It is worth mentioning that we have proposed a solution to solve this problem.  

The circuit we designed is shown in Figure 2-7. 

 

Figure 2-7  A modified PD that provides two outputs 
 

 Secondly, an XOR gate is essentially a signal level detector, i.e., the output of an 

XOR gate is dependent upon the duty cycle of the two input signals.  Consequently, XOR 
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PD may generate incorrect phase error information unless duty cycle correction circuits 

are used [24]. 

 An improved PD is based on flip-flops.  Since flip-flops offer edge detection, the 

duty cycle dependence problem with the XOR gate PD can be avoided.  Figure 2-8 shows 

a commonly used flip-flop based linear PD, which consists of two flip-flops and one 

NAND gate [25]. 

 

Figure 2-8  A PD based on flip-flops 
 

 The flip-flop based PD is capable of detecting both the phase and the frequency 

difference, which helps to increase the acquisition range and the locking speed.  The 

disadvantage about the flip-flop based PD is that the reset time may limit the speed of the 

PD, which may further limit the operating frequency and the acquisition speed of the 

DLL. 

 A third type of PD, which is widely used recently in high-speed DLL designs, is a 

dynamic PD.  The basic structure of a dynamic PD includes two blocks, which are used 

to generate the UP signal and the DOWN signal, respectively.  The two blocks have 

exactly the same design, except that the two input signals are switched in position.  Each 

block consists of two cascaded stages with a precharge PMOS in each stage.  The 

precharge activity of the second stage is often controlled by the output of the first stage, 

as shown in Figure 2-9 [26].  The dynamic PD eliminates flip-flops and has the 
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advantages of simple structure and a fast transition time.  However, dynamic PD needs to 

be carefully designed in order to minimize the dead zone. 

 

Figure 2-9  A dynamic PD 

2.2.2.2   Charge pump 

 In a DLL, the phase error between the input reference clock and the VCDL output 

clock is sensed by the PD and transferred to the CP in the form of voltage pulses or 

current pulses.  The CP performs the function of adjusting the voltage of the loop filter 

and thereby altering the VCDL delay according to the phase error information from the 

PD.  In principle, the CP simply consists of two controlled switches, one current source, 

and one current sink, as shown in Figure 2-10. 

 
Figure 2-10  A simplified CP diagram 

 

 The two switches are controlled by the UP pulses and the DOWN pulses, 

respectively.  Once the switch is closed, the current source or sink will start adding 

charge onto or removing charge from the loop filter (capacitor).  This charging or 

discharging process will continue until lock is achieved.  In the locked state, the voltage 

(charge) of the loop filter is kept constant.  It is possible that equal charging and 
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discharging will still happen in the locked state.  In fact, it is desired to have such 

activities to minimize jitter [16].  However, the charging and discharging currents must 

be identical as well as very narrow so that the voltage of the loop filter will not be 

disturbed. 

 In the actual implementation, the basic structure in Figure 2-10 contains several 

non-ideal effects that may lead to time jitter [27].  Firstly, the mismatch between the 

charging and discharging currents upI  and downI  contributes to time jitter.  The mismatch 

is especially detrimental when both charging and discharging operations happen in the 

locked state.  The amount of the undesired phase shift caused by CP mismatch can be 

approximated by the following expression [27] 

   
CPREF

on
offset I

i
T

t ∆∆= πφ 2 ,      (2-15) 

where ont∆ , i∆ , and REFT  are the turn-on time (the pulse width of the UP and DOWN 

pulses), the current mismatch, and the period of the input reference clock, respectively.  

To suppress the effect of current mismatch, the turn-on time ont∆  must be minimized.  

The second non-ideal effect of the CP is the timing mismatch caused by the PMOS and 

NMOS switches.  Due to different characteristics of NMOS and PMOS switches, timing 

mismatch may occur during charging and discharging operations.  Similar to the current 

mismatch effect, the pulse width ont∆  must be reduced to suppress timing mismatch. 

 Both a single-ended topology and a differential topology CP exist in practical 

implementations.  A single-ended topology has the advantages of smaller area and less 

power dissipation, but is more vulnerable to supply and substrate noise compared to a 

differential topology.  Nevertheless, a single-ended topology is still popular in CP 
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designs, because a single-ended CP does not need an additional loop filter and its power 

consumption is lower. 

 There are three basic configurations for a single-ended CP: switching in the 

source, switching in the drain, and switching in the gate [27].  These three topologies are 

illustrated in Figure 2-11 [27]. 

 
(a)Switching in drain      (b)Switching in gate      (c)Switching in source 

Figure 2-11  Three single-ended CP configurations 
 

 Among the three configurations, switching in source is preferred due to its 

simpler structure, lower power dissipation and faster switching time [27].  Furthermore, 

studies show that in CMOS circuits, current switching provides a faster switching speed 

than voltage switching, if all the other conditions are the same [28].  In addition, several 

new techniques are proposed to further improve the three basic CP structures.  The 

configuration in Figure 2-11(a) suffers from the charge sharing between the common 

drain of M1 and M2 and the loop filter when the switch is on (closed).  A structure with 

an active unity-gain amplifier was proposed in [7] to solve this problem.  Another 

enhancement to the basic CP is the adding of two additional current steering switches 

[29], which greatly improve the switching speed.  The third proposed technique is to use 

only NMOS switches to avoid the mismatch between NMOS and PMOS [27]. 
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 A high-performance CP that combines several of the above techniques was 

proposed in [27].  In this structure, the mismatch problems are avoided by redesigning the 

NMOS and PMOS switches.  Cascode current mirrors are used at the output to increase 

the output resistance so that the charging or discharging current are not be significantly 

disturbed. 

 
Figure 2-12  A high-performance single-ended CP 

 

 A fully differential CP consists of a set of NMOS switches, a set of PMOS 

switches, two loop filters, and some common-mode feedback circuitry.  Although 

differential CPs are not as widely used as single-ended CPs, they do possess several 

unique advantages [29].  Firstly, the fully differential structure offers better noise 

immunity to common-mode noise sources such as supply and substrate noise.  Secondly, 

mismatch between the PMOS and NMOS switches in single-ended CPs does not exist in 

fully differential CPs.  Lastly, the output voltage range can be doubled if the voltages of 

both loop filters are used.  These advantages are achieved at the expense of double chip 

area and higher power dissipation. 

 Generally, a single-ended CP can be converted to a fully differential CP by adding 

duplicate switches and duplicate loop filters.  For example, a differential version of 

Figure 2-12 is shown in Figure 2-13 [27]. 
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Figure 2-13  A fully differential version of Figure 2-12 

2.2.2.3   Voltage controlled delay line 

 Besides the PD and the CP, the VCDL is also considered to be one of the most 

critical blocks within a DLL because the output signal of the DLL is directly taken from 

the VCDL.  The VCDL�s performance considerably affects the jitter of the output signal 

and the stability of the DLL. 

 A VCDL typically consists of a number of delay stages (cells) which are 

connected in series.  A VCDL is an open loop configuration by itself, so it does not 

oscillate and thereby is different from the voltage-controlled oscillator (VCO) in a PLL. 

 
Figure 2-14  A typical VCDL configuration 

 

 For analog DLLs, the total delay of the VCDL must be equal to one clock period 

REFT  (or a phase shift of o360 ) in the locked state.  Theoretically, all the delay stages in 

the VCDL are identical.  Therefore, each delay stage contributes a time delay of nTREF  

(or a phase shift of no360 ) for an n  stage VCDL.  Using more stages increases the 

phase resolution, but also increases the minimum VCDL delay.  The design parameters of 

individual delay cells include output signal swing and delay range. 
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 As usual, the delay cells in analog DLLs can be divided into single-ended types 

and differential types.  Unlike digital DLLs that typically use basic inverters as the delay 

cells, analog DLLs employ many different configurations for their delay cells.  Typical 

single-ended configurations include a current starved inverter [29] and an RC delay stage 

[30]. 

 
Figure 2-15  Typical VCDL delay stage 

 

 Differential delay cells are more widely used due to their inherent advantages 

such as better immunity to common-mode noise and improved spectral purity.  The most 

popular differential delay stage involves a source-coupled differential pair with two load 

elements and a biasing tail current source.  The load elements are chosen based on design 

considerations, such as control over the cell delay, the output signal swing, and the 

dynamic supply noise rejection.  Also, an ideal tail current source in the differential delay 

stage would be highly immune to static supply noise and introduce little voltage 

headroom. 

 The MOS load elements in a differential pair can be implemented either in a 

diode-connected configuration or in a triode configuration, as shown in Figure 2-16 [19]. 
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(a) Diode loads    (b) Triode loads 

Figure 2-16  Two active loads in VCDL delay cells 
 

For the diode-connected configuration in Figure 2-16(a), the small-signal output 

resistance outr  can be expressed as 

mP
ONOP

mP
out g

rr
g

r 1////1 ≈= ,      (2-16) 

where mPg  is the transconductance of the diode-connected PMOS load, and OPr  and ONr  

are the output resistances for the PMOS transistors and the NMOS transistors, 

respectively.  Since mPg  is related to the tail current source SSI  by 

  ( ) SSPoxpmP ILWCg µ= ,      (2-17) 

the output resistance outr  can be written as 

  ( ) SSPoxp
out ILWC

r
µ

1≈ .      (2-18) 

The delay of each delay stage is proportional to the RC constant at the output node, 

which can be expressed as 

     ( ) out
SSPoxp

outoutd C
ILWC

Crt
µ

22 ≈≈ ,     (2-19) 
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where outC  is the effective output capacitance at each output node.  As can be seen from 

(2-18), the delay dt  can be dynamically controlled by adjusting the value of SSI .  This 

structure is attractive due to its simplicity, but several drawbacks prevent it from being 

attractive.  Firstly, since the diode-connected loads consume voltage headroom, the 

output voltage swing is limited.  Secondly, the output DC voltage is not controlled. 

 The active load elements can also be biased in the triode region by the control 

voltage controlV  as in Figure 2-16(b).  In this case, the output resistance can be written as 

onONonout RrRr ≈= // ,      (2-20) 

where onR  is the equivalent resistance for the active load in triode region.  An 

approximation for onR  is 

( ) )(
1

,PthcontrolDDPoxp
on VVVLWC

R
−−

=
µ

,     (2-21) 

where PthV ,  is the threshold voltage for the PMOS.  Based on (2-19), the delay of each 

stage can be expressed as 

( ) )(
2
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d VVVLWC

Ct
−−

≈
µ

.     (2-22) 

The triode active loads can provide wider output voltage swing than the diode-connected 

active loads, since in Figure 2-16(a) PthDDmaxout VVV ,, −= , whereas in Figure 2-16(b), 

DDmaxout VV =, .  The drawback of this configuration is that it is difficult to maintain the 

active loads in the triode region. 

 An improvement to the above two basic delay stages is to use symmetrical loads 

and a self-biased replica-feedback tail current source bias circuit, as shown in Figure 2-17 

and Figure 2-18 [16]. 
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Figure 2-17  Symmetrical loads in VCDL delay cells 

 

 
Figure 2-18  Bias circuit for the tail current source 

 

 In this structure, each active load consists of a source-coupled PMOS pair.  The 

PMOS pair includes two equal-sized PMOS transistors in shunt, one being diode-

connected and the other one being biased in saturation with bpV .  The voltage bpV  is used 

to adjust the effective resistance of the symmetrical loads and thereby the buffer delay.  It 

has been proved that the symmetrical loads can provide good control over the cell delay 

as well as high dynamic supply noise rejection [16].  Furthermore, the bias voltage bnV  of 

the NMOS tail current source is dynamically adjusted so that the tail current is less 

susceptible to static supply voltage variations [16] 

2.2.3   Other DLL structures 

 Instead of just focusing on redesigning the building blocks of a conventional 

DLL, many novel DLL architectures have also been proposed in the literature.  Many of 
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these DLLs use both analog and digital components to achieve fast speed, low jitter, and 

wide lock range. 

 The first DLL design introduced here is a low jitter DLL proposed in [31].  For a 

conventional DLL, the jitter associated with the input signal can be suppressed by 

decreasing the loop bandwidth.  However, this method can not reduce the jitter 

originating from the VCDL.  To solve this problem, a Butterworth DLL is proposed 

which can reduce the jitter due to both the input noise and the VCDL noise.  The basic 

idea is to divide the VCDL into several shorter and identical segments so that the VCDL 

noise does not propagate through the whole VCDL.  For example, in a second order 

Butterworth DLL, the VCDL is divided into two segments, namely, VCDL1 and VCDL2.  

Theoretical noise analysis shows that the proposed second order and third order DLL can 

reduce the input noise by a factor of 4 2  and 1.5 , respectively.  The proposed DLL can 

also reduce VCDL noise by a factor of 2  and 2, respectively. 

 Next, several dual-loop DLL structures will be introduced which have been 

proven to have a number of advantages over conventional DLLs at the expense of 

additional power and chip area consumption.  The dual-loop DLL in [32] is based on a 

cascade of a core loop and a peripheral loop.  The VCDL in the core loop consists of six 

delay stages and produces six clocks which are evenly spaced by o30 .  The peripheral 

loop includes a phase selection and inversion circuit, a phase interpolator, a PD, and a 

digital FSM.  The six clocks from the core VCDL are selectively interpolated in the 

peripheral loop to generate the desired output clock under the control of a FSM.  This 

dual-loop DLL has unlimited phase shift which is largely due to the effective phase 

capture algorithm implemented by the FSM. 
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 Another dual-loop DLL with multiple VCDLs was proposed to extend the DLL�s 

delay range [33].  The proposed DLL consists of a main loop and a reference loop.  The 

reference loop generates four quadrature clocks, which are delayed by four VCDLs and 

then multiplexed to generate the desired output clock.  This output clock is sent to the 

main loop for phase comparison and the phase error signal is used to adjust the delays of 

the four VCDLs.  This dual-loop structure allows unlimited delay range. 

 Another dual-loop structure has been proposed to increase a DLL�s operating 

frequency range in [34].  The operating frequency range of conventional DLLs can be 

described by the following inequality in terms of the period refT  of the input clock signal 

[34] 

)(max)(min),2(min)(max)
3
2(min),(max VCDLVCDLrefVCDLVCDL DDTDD ×<<× . 

             (2-23) 

To extend the operating range, the dual-loop DLL employs an eight-stage core VCDL 

and a replica delay line.  The replica delay line consists of only one delay cell, a current 

steering PD, and a low pass filter.  In the locked state, the delay of the replica delay cell is 

forced to be one eighth of the reference clock period refT , and the delay of the core 

VCDL line is equal to refT .  Thus, if the replica delay cell can be made to have a wide 

frequency range, the core DLL will have a wide operating frequency range as well.  By 

carefully designing the replica delay cell, the operation range of the core DLL can be 

extended to 

(max))(max)
7
1(min),( VCDLrefVCDLVCDL DTDDMax <<× ,    (2-24) 

which is significantly larger than that of conventional DLLs. 
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 Finally, a fast-locking and low-jitter DLL using a digitally controlled half-replica 

delay line (DHDL) was proposed in [35].  In conventional DLLs, some non-ideal effects 

such as leakage current may disturb the control voltage controlV , which further leads to 

jitter in the VCDL output signal.  To solve this problem, the proposed DLL incorporates 

a DHDL structure to provide a stable bias voltage for the CP so that the control voltage is 

less affected by these non-ideal effects.  As a result, the DLL achieves low jitter 

operation and at the same time maintains the property of bandwidth tracking. 

 In summary, there are many techniques and architectures currently available for 

the design of high-performance DLLs.  These methods have been proven to be effective 

in their respective applications.  After comparison of the pros and cons of the available 

design techniques, a single loop, low-jitter, and wide-lock-range DLL with a newly 

designed PD, CP, and VCDL is proposed for the BIST application. 
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CHAPTER 3 

OVERALL APPROACH 

3.1 DLL for BIST application 

 As discussed in Chapter 1, the test of digital integrated circuits often involves 

expensive test equipment in order to obtain the capability of precise timing control.  To 

avoid the cost of using expensive test equipment, we propose to use a DLL-based BIST 

circuit to generate the necessary delays on chip. 

 For example, in the testing of setup and hold time, a reference clock and a series 

of digital test data are supplied to the chip I/O pins concurrently.  The reference clock 

drives the DLL to generate two new clock signals on chip, which are the delayed versions 

of the reference clock.  With the help of the DLL, the delays are set to be aligned with the 

setup and hold time specifications.  Specifically, the setup time test clock is produced by 

delaying the input clock by the setup time specification.  The hold time test clock is 

generated by delaying the input clock by one clock cycle minus the specified hold time.  

The newly generated clock signals and the input test data become the inputs to the input 

registers.  The outputs of the input registers are read out and compared with the input test 

data.  If the output data matches the input test data, the register is considered to function 

correctly and the chip is considered to pass the setup or hold time test.  Otherwise, the 

chip is considered to fail the setup or hold time test. 



 34

 
Figure 3-1  Proposed test of setup time 

 

 
Figure 3-2  Proposed test of hold time 

 

 In order to design for realistic specifications, we have selected a test application 

for the BIST circuit.  The DUT is a Fairchild 74ALVC162838 Low Voltage 16-Bit 

Selectable Register/Buffer [36].  The ALVC162838 contains sixteen non-inverting 

selectable buffered or registered paths.  The device can be configured to operate in a 

registered mode or a flow-through buffer mode by utilizing the register enable (REGE) 

and Clock (CLK) signals.  The ALVC162838 is suitable for SDRAM DIMM memory 

modules.  A simplified logic diagram of the ALVC162838 is shown in Figure 3-3. 
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Figure 3-3  A simplified diagram of ALVC162838 

 

 At the operating voltage of 1.8V and the operating frequency of 250MHz, the 

ALVC162838 has a minimum setup time of 2.5ns and a minimum hold time of 1.0ns.  

The proposed BIST circuit uses an eight-stage VCDL with each delay stage having a 

delay of 0.5ns (or a phase shift of o45 ).  Therefore, to test the ALVC162838 setup and 

hold time specifications, two new test clocks with the delay of 2.5ns and 3ns need to be 

generated.  During the test process, the DLL delay generator will lock to the 250MHz 

input main clock and produce the desired delay (or the new test clock signals) from the 

fifth and the sixth stage of the VCDL, respectively. 

 The test begins with the assertion of the START signal, which triggers the DLL 

locking process.  After the LOCK INDICATOR signal becomes high (or two times the 

worst case of the simulated locking time), it is believed that the DLL has achieved lock 

and the desired delays have been successfully generated.  Then the test data is supplied. 

In order for the BIST circuit to be able to fit a wide range of digital test needs, the DLL 

must have a wide lock range (or wide operating frequency range).  Furthermore, as time 

jitter significantly affects the quality of the generated time delays, jitter must be 

minimized.  Lastly, as the desired clock signal is taken from some stage of the VCDL, the 

VCDL delay stages must be matched and the delay of each stage must be equalized. 
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3.2 DLL for other clock management applications 

 As was discussed in Chapter 1, DLLs are also widely used in many other timing 

applications.  Different applications often have different focuses in the DLL design.  For 

example, in high speed communication systems or memory applications, jitter is the 

primary concern.  Low power consumption is required for battery-powered mobile 

devices.  Military products need to be able to operate in severe working conditions.  The 

design focus is dependent upon the specific applications. 
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CHAPTER 4 

DESIGN OF THE DLL 

 Wide lock range, low jitter, and fast locking time are the basic design goals of the 

DLL.  Design trade-offs exist among the three requirements and must be properly 

handled so that the best overall performance can be achieved. 

4.1 DLL architecture design 

 The first design decision that must be made is the architecture of the DLL.  As 

discussed before, there are two major options: a single-loop architecture and a dual-loop 

architecture.  Although the dual-loop structures provide some advantages over single-

loop DLLs, they inevitably introduce more power and area consumption.  More 

importantly, dual-loop DLLs bring in more design complexity.  On the other hand, 

single-loop DLLs can still provide acceptable jitter performance, and by redesigning the 

individual components, they can also achieve wide lock range and equal cell delays.  

Based on the above considerations, a single-loop architecture is chosen for the proposed 

DLL. 

4.2 DLL component design 

 Major redesigns have been done to improve the performance of the DLL.  For 

example, the proposed DLL uses a combined PD and CP circuit for increased speed and 

reduced jitter.  The proposed DLL also employs an eight-stage shift averaging VCDL to 

improve the matching between delay stages and thus to equalize the delay of each 

individual stage.  Moreover, a start-control circuit is introduced to alleviate the locking 

failure or false lock to harmonics problems.  With the help of the above techniques, the 

proposed DLL is able to achieve lock as long as the minimum VCDL delay (min)VCDLD  

is less than one reference clock cycle REFT .  This is the largest possible lock range that 

can be realized by the DLL, since it would be impossible for the DLL to achieve lock if 
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(min)VCDLD  were larger than REFT .  In the next section, a detailed discussion of the 

design of the BIST circuit will be presented. 

4.2.1   Circuit description 

 After a study of current available DLL circuit structures, a DLL which includes a 

start-control circuit, a combined PD and CP circuit, a loop filter, and a shift averaging 

VCDL is proposed.  An improved s-domain model which is different from the traditional 

analysis is also proposed to analyze the DLL�s stability.  The following sections will 

discuss the design and the operation of the DLL in detail. 

 
Figure 4-1  The proposed DLL delay generator 

4.2.2   DLL lock range 

 Before the discussion of the details of the DLL delay generator, it is helpful to 

introduce the concept of lock range again.  As discussed before, lock range refers to the 

minimum and maximum delays of the VCDL which enable a DLL to achieve lock.  Since 

the VCDL can only delay the input reference signal by a limited amount and since it 

lacks the frequency tuning capability like that of a voltage controlled oscillator (VCO), it 

is possible for a DLL to run into the problems of failing to lock or locking to harmonic 

frequencies.  Generally, the following two conditions must be satisfied in order to avoid 

locking failure or false lock to harmonics [21] for a conventional DLL 
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REFVCDLREF TDT <<× (min)5.0        (4-1) 

REFVCDLREF TDT ×<< 5.1(max)        (4-2) 

where (min)VCDLD  and (max)VCDLD  are the minimum and the maximum VCDL delays, 

respectively.  The parameter REFT  represents the period of the input reference signal.  The 

lock range of conventional DLLs is limited by conditions (4-1) and (4-2), which may be 

very narrow. 

 In order to extend the lock range, the proposed DLL adopts several new 

techniques.  The DLL employs a start-control circuit to set the voltage of the loop filter to 

its maximum value maxV  at the beginning of the locking process.  As a result, the delay of 

the VCDL will start from its minimum value (min)VCDLD  and then gradually increase 

until it reaches one clock period REFT .  In addition, the combined PD and CP circuit also 

helps to further increase the lock range.  Owing to the above techniques, the lock range of 

the proposed DLL is extended to 

         REFVCDL TD <(min) .        (4-3) 

Equation (4-3) is the largest possible lock range which can be achieved by the DLL, 

since it would not be possible for the DLL to achieve lock if the minimum VCDL delay 

(min)VCDLD  were larger than REFT .  Another advantage of setting the initial delay to a 

minimum is that less jitter will be induced for the VCDL since the delay cell has a faster 

slew rate when the delay is smaller [28]. 

4.2.3   Design of the start-control circuit 

 The operation of the DLL clock generator is started by the assertion of a START 

signal.  Before the DLL begins the locking process, the START signal is low and the 

initial voltage of the loop filter is set to a maximum.  Consequently, the initial VCDL 
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delay is set to a minimum.  After the locking process is started, the delay of the VCDL 

will gradually increase until lock is reached.  As discussed before, setting the VCDL 

delay to a minimum at the beginning helps to avoid false lock to harmonics and to extend 

the lock range.  The other purpose of the start-control circuit is to preprocess the 

waveforms of refCK  and outCK  for the subsequent phase detection operation.  The output 

signals refCKR _  and outCKR _  from the start-control circuit become the inputs to the 

succeeding PD and CP.  The phase difference between refCK  and outCK  is the same as the 

phase difference between refCKR _  and outCKR _ . 

 
Figure 4-2  The start-control circuit 

 

 
Figure 4-3  The waveforms for the start-control circuit 

4.2.4   Design of the combined phase detector and charge pump 

 As discussed in Section 2.2.2.1, a dynamic PD is often preferred in high speed 

designs.  We have designed a dynamic PD as shown in Figure 4-4. 
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Figure 4-4  The proposed dynamic PD circuit 

 

 The behaviour of the proposed PD can be described as follows.  Assume that 

refCKR _  leads outCKR _  in phase.  In the beginning, node N1 is precharged to high and 

node N2 is pulled down to low.  When the rising edge of refCKR _  arrives, transistor T1 

is turned on and an UP pulse is generated accordingly.  At a later time, when the rising 

edge of outCKR _  arrives, node N1 is discharged and the UP signal is deasserted after 

some short delay resett  in the reset path.  During this reset delay, the DOWN signal is also 

asserted.  Hence, in every clock cycle the PD asserts both the UP and DOWN signals, 

and the difference between their pulse widths indicates the phase difference between 

refCKR _  and outCKR _ . 

 
Figure 4-5  The outputs of proposed dynamic PD 

 

 After the two inputs refCKR _  and outCKR _  become equal in phase, i.e., in the 

locked state, the PD asserts both the UP and DOWN signals for an equal and short period 

of time on every cycle, which is illustrated in Figure 4-6.  The identical UP and DOWN 
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pulses will trigger equal charging and discharging currents in the CP, which cancel each 

other and thereby transfer no net charge to the loop filter.  The width of such pulses is 

determined by the delay in the reset path. 

 
Figure 4-6  The simultaneous pulses in the locked state 

 

 The proposed dynamic PD must work together with a separate CP in the DLL 

circuit.  The UP and DOWN outputs of the PD are connected to the charging current 

switch and the discharging current switch in the CP, respectively.  In this manner, the 

phase difference information detected by the PD is transferred to the CP and is used to 

control the delay of the VCDL. 

 In practical designs, it is often desired to integrate the PD and the CP together in 

order to minimize the die area and the power dissipation.  Such an approach was 

previously taken in [37].  However the design in [37] suffers from two drawbacks.  

Firstly, the charging or discharging current varies during the charging or discharging 

process, which may slow down the DLL locking process.  Secondly, the charging and 

discharging currents are not very well matched, which results in higher phase noise and 

larger clock skew. 
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 Based on the above considerations, a combined PD and CP circuit has been 

designed which provides a fast switching speed and good matching between charging and 

discharging currents.  The proposed structure also helps to extend the DLL lock range. 

 
Figure 4-7  The proposed combined PD and CP circuit 

 

 The proposed circuit is composed of three major functional blocks: the phase 

error detection block, which includes transistors MN1 to MN6 and MN15 to MN16; the 

current switching block, which includes transistors MN7 to MN8 and MP1 to MP4; and 

the current mirror block, which includes transistors MN9 to MN14 and MP5 to MP10. 

The phase error detection block (MN1 to MN6 and MN15 to MN16) contains three AND 

gates, as shown in Figure 4-8. 

 
Figure 4-8  Three pseudo AND gates 

 

 Each AND gate is composed of two or three series-connected NMOS transistors.  

During the locking process, one of the AND gates will be turned on corresponding to the 

phase relationship between refCKR _  and outCKR _ .  The corresponding current source, 

MN7 or MN8, will be activated and a fixed current will be produced to charge or 
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discharge the loop capacitor C .  As can be seen from Figure 4-8, the three AND gates 

are controlled by refCKR _ , outCKR _ , their complements, and the control signals MOVE 

and EN.  The signals MOVE and EN are generated by the following circuits. 

 
Figure 4-9  The generation of MOVE and SETTLE signals 

 

 
Figure 4-10  The generation of EN signal 

 

 If the phase difference between refCKR _  and outCKR _  is less than half of the 

clock period, the values for MOVE and SETTLE are LOW and HIGH, respectively. 

 
Figure 4-11  The phase difference is less than half the clock period 
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 In this case, the AND gate controlled by MOVE and outCKR _  will be disabled, 

and the other two AND gates will work together with the current sources MN7 or MN8.  

As can be seen in Figure 4-10, the EN signal is asserted as soon as both refCK  and outCK  

become low and will remain asserted until both of them become high.  In response to the 

asserted EN signal, the phase error detection block will detect the phase difference 

between refCK  and outCK , and turn on the corresponding current source to start the 

charging or discharging process.  Due to the negative feedback mechanism, the phase 

difference will become smaller and smaller, eventually reaching zero. 

 On the other hand, if the phase difference between refCKR _  and outCKR _  is 

greater than half the clock period, the MOVE signal will be asserted and the SETTLE 

signal will become LOW. 

 
Figure 4-12  The phase difference is larger than half the clock period 

 

Because the MOVE signal is HIGH, the AND gate which is controlled by MOVE and 

outCKR _  takes over.  This AND gate together with the current source MN7 will produce a 

discharging current to increase the phase delay of outCKR _ , i.e., to reduce the phase 

difference between refCKR _  and outCKR _  from greater than half the clock period to less 

than half the clock period.  Once the phase difference between refCKR _  and outCKR _  
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becomes less than half the clock period, the MOVE signal will be deasserted and the other 

two AND gates will take over, just like the first case. 

 Owing to the above mechanism, the DLL can achieve lock as long as (min)VCDLD  

is less than one clock period REFT , which is significantly wider than existing designs. 

 After the loop is locked, i.e., in the steady state, the CP will produce simultaneous 

charging and discharging current pulses upI  and downI  of equal duration for every clock 

cycle.  Such concurrent current pulses are desired to reduce the dead-band region of the 

PD and thus to avoid additional input tracking jitter [16].  The simultaneous pulses upI  

and downI  must be identical as well as narrow in order not to disturb the voltage of the 

loop filter in the steady state.  According to [37], the current pulses generated by the 

series transistor structure are significantly narrower than what is possible with a voltage 

signal.  Moreover, the current switching block in the proposed circuit can further narrow 

the current pulses. 

 The second functional block is the current switching block.  In the proposed 

circuit, the charging and discharging currents are provided by two identical current 

sources with the same PMOS loads.  Assuming that transistors MN7 and MN8 both work 

in the saturation region, the charging current and the discharging current can be 

approximated as (with channel-length modulation ignored) 

       2

8
arg )(

2
1

thbiasoxningch VV
L

WcI −





≈ µ        (4-4) 

and 

       2

7
arg )(

2
1

thbiasoxningdisch VV
L

WcI −





≈ µ .       (4-5) 



 47

Since the focus of the BIST application is on accuracy rather than speed, a small charge 

pump current (about 10 µ A) is used which leads to a smaller voltage ripple in the loop 

filter and less jitter in the output signal.  Moreover, a larger pump current may result in a 

large loop gain, which will compromise the stability of the DLL. 

 Two pull-up transistors, MP2 and MP3, are added to further enhance the 

switching speed.  Current switching happens when the charging activity immediately 

follows the discharging activity, or vice versa.  For example, in the case that the 

discharging process happens immediately after the charging process, the current source 

MN7 is turned on to supply the discharging current downI .  At the same time, both MP1 

and MP2 will be turned on since they have the same source-gate voltage.  Transistor MP1 

is used to conduct the discharging current downI  while MP2 is used to charge the gate of 

MP4 so that MP4 can be turned off very quickly.  In this way, the transition time from the 

charging process to the discharging process is reduced.  A similar scenario happens when 

the charging process immediately follows the discharging process. 

 The third functional block is the current mirror block.  In the proposed circuit, 

high-precision current mirrors are used so that the charging current upI  and the 

discharging current downI can be matched very well.  Transistors MN13 and MP9 are used 

to enhance the matching accuracy and to boost the output impedance.  Specifically, the 

introduction of current branch MN13 guarantees that the drain-source voltages of MN9 

and MN10 are exactly the same.  Similarly, the introduction of current branch MP9 

guarantees that the drain-source voltages of MP7 and MP4 are exactly the same.  

Therefore, MN9 and MN10 have the same gate-source voltage as well as the same drain-

source voltage.  Consequently, the currents flowing through MN9 and MN10 are exactly 
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equal to each other.  Similarly, the currents flowing through MP7 and MP4 are also the 

same. 

 High output impedance can reduce the disturbance from the output to the current 

mirror.  Assuming that the voltage gains of MP9 and MN13 are 9PA  and 13NA , 

respectively, that the drain-source resistances of MP7, MP10, MN14, and MN10 are 7Pr , 

10Pr , 14Nr , and 10Nr , respectively, and that the transconductances of MP10 and MN14 are 

10mPg  and 14mNg , respectively, the output resistance can be estimated as 

       97101013101414 // PPPmPNNNmNout ArrgArrgR ≈ .       (4-6) 

4.2.5   Design of the voltage-controlled delay line 

 In order to minimize the sensitivity to supply and substrate noise and to achieve a 

wide tuning range, the delay stage in [16] is used in the proposed DLL.  This delay stage 

is built with a differential topology using symmetrical loads and replica-feedback biasing, 

which has been discussed in detail in Chapter 2.  A direct result of dynamic biasing is that 

the output signal swing becomes from the control voltage bpV  to the top supply DDV .  Due 

to such output swing limitations, the output signal will demonstrate severe distortion 

when bpV  is close to DDV , and therefore will become unusable.  Since the voltage bpV  is 

generated from the CP control voltage controlV , the unusable region of the output signal 

will in turn pose a limit on the useful range of the control voltage controlV , which 

effectively limits the operating frequency range of the VCDL in practice. 

 As mentioned before, the DLL was designed so that as long as the minimum 

VCDL delay (min)VCDLD  is smaller than REFT , the DLL will be able to achieve lock.  

Simulation shows that (min)VCDLD  is around 180ps.  Therefore, the design theory 
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predicts that the DLL will be able to operate as long as the operating frequency is less 

than 700MHz.  However, due to the output signal swing limitation discussed above, the 

actual operating frequency range of the DLL is from 160MHz to 700MHz. 

 
Figure 4-13  Delay stage of VCDL 

 

 
Figure 4-14  Replica-feedback biasing for the VCDL 

 

 In the DLL clock generator, the accuracy of the generated setup clock and hold 

clock signals relies on the matching between the delay stages.  In order to improve the 

matching, a shift-averaging VCDL [38] is used in the design.  The shift-averaging 

technique can equalize the delay of each delay stage as well as improve the duty cycle of 

the generated clock signals [38].  This technique requires the VCDL to have an even 

number of delay stages.  The shift-averaging VCDL is shown in Figure 4-15. 

 A design trade-off exists in the number of delay stage in the VCDL.  More delay 

stages can enhance the phase resolution of the VCDL output signals, but at the same time 

more delay stages will increase the minimum VCDL delay and decrease the high end of 
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the DLL�s operating frequency range.  On the other hand, fewer delay stages may boost 

the high end of the DLL�s operating frequency range.  In the proposed DLL, 8 stages are 

used. 

 
Figure 4-15  Eight-stage shift averaging VCDL 

 

 Since the DLL can only generate clocks from a finite number of delay stages, the 

number of available time delays is limited by the number of delay stages in the VCDL.  

In other words, the target application influences the choice of the number of stages used 

in the VCDL.  For example, if the operating frequency is 250MHz, the delays that can be 

generated are 0.5ns, 1.0ns, 1.5ns, 2.0ns, 2.5ns, 3.0ns, and 3.5ns. 

4.3 S-domain analysis of the DLL 

 An improved DLL block diagram is shown in Figure 4-16.  The introduction of a 

delay block in Figure 4-16 reflects the fact that the PD is comparing the current reference 

clock with the output clock which is derived from the previous reference clock. 

 
Figure 4-16  An improved DLL block diagram 

 

 According to the diagram in Figure 4-16, the DLL transfer function can be 

expressed as  
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Equation (4-7) can be further rewritten as 
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where the parameter G  is equal to π2CPVCDLPD IKK .  The form in Equation (4-8) has a 

constant in the numerator, and an infinite order polynomial in the denominator.  It is clear 

that the transfer function of the DLL has low pass characteristics.  The poles of Equation 

(4-8) are the roots of the equation 

         
C
Gses −=π2 .        (4-9) 

The roots of Equation (4-9) or the poles of Equation (4-8) are located in the left half of the 

complex plane.  Therefore, the DLL is stable. 
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CHAPTER 5 

LAYOUT OF THE DLL 

 The layout of an integrated circuit defines the geometries that appear on the 

masks used in fabrication [39].  Careful layout helps to achieve the design goals.  In this 

section, we will discuss some of the techniques we used in the layout of the prototype 

chip. 

5.1 Improving matching 

 Matching is an extremely important issue for analog integrated circuits to achieve 

the desired performance.  Significant mismatch can be very harmful for some sensitive 

circuit blocks such as differential pairs or current mirrors.  In the proposed DLL, the 

output clocks are directly taken from the delay stages of the VCDL and each delay stage 

is based on a differential pair.  Thus, the matching between the VCDL delay stages and 

the matching of the transistors within each delay stage are crucial for the proper operation 

of the DLL.  In the layout process, all possible precautions have been taken to minimize 

mismatch. 

 Generally, mismatch can be divided into two categories: random mismatch and 

systematic mismatch.  Random mismatch stems from microscopic fluctuations in 

dimensions, doping levels, oxide thicknesses, and other parameters that influence 

component values [39].  Random mismatch can not be completely eliminated as it is 

intrinsic to the fabrication process.  However, its impact on circuit performance can be 

greatly reduced through proper selection of the component values and device dimensions 

[39].  In contrast, systematic mismatch originates from process biases, contact 

resistances, nonuniform current flow, diffusion interactions, mechanical stresses, 
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temperature gradients, and a host of other causes [39].  In the layout of analog circuits, 

maximum design efforts must be made so that critical circuit components are not 

sensitive to systematic mismatch. 

 Typically, transistors of different widths and lengths do not match very well.  

Therefore, a uniform channel length (the minimum channel length) is used for all the 

transistors in the layout.  Moreover, transistors that need be matched in each delay stage 

are divided into multiple fingers with all fingers being of the same width and length.  

Identical finger length and width can reduce systematic mismatch of a specific fabrication 

run.  A transistor with multiple fingers also shows reduced junction area and gate 

resistance [39]. 

 Symmetry is another important factor that affects matching.  In the layout of the 

prototype chip, fully differential signaling is used to reduce the impact of common-mode 

noise and even-order nonlinearity.  The circuit blocks that involve differential signals are 

placed in a symmetrical position to improve matching. 

 It has been shown that when all other matching considerations have been 

addressed, residual random mismatch scales inversely with the square root of device area 

[39].  Therefore, transistors of relatively large active area are used when possible. 

 Transistors that must be matched in each delay stage are placed in parallel to one 

another.  In addition, delay stages are also placed in parallel.  Transistors that do not lie õn 

parallel are vulnerable to stress and tilt induced mobility variations, as many steps in 

lithography and wafer processing behave differently along different axes [39].  The 

layouts for a single delay stage and for an 8-stage VCDL are shown in Figure 5-1 and 5-

2, respectively. 
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 Even in the same die, transistors are vulnerable to gradients in temperature, stress, 

and oxide thickness.  Gradients may lead to significant mismatch.  Therefore, matched 

devices are placed as close as possible [39]. 

 Stress gradients reach the minimum at the center and the maximum in the corners 

of a die.  Therefore, sensitive analog blocks with matched devices are placed in the center 

of the chip to avoid high stress gradients. 

 
Figure 5-1  Layout of a single delay stage. 
Matched transistors are placed in parallel. 

 

 
Figure 5-2  Layout of 8-stage VCDL  Matched stages are in parallel. 
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5.2 Reducing substrate and power noise 

 In the mixed-signal environment, analog circuits are severely affected by the fast 

switching digital signals which are coupled to analog circuits through low-resistive p+ 

substrate.  Therefore, special methods must be used in the layout to minimize the impact 

of substrate noise on analog circuits. 

 The most straightforward way to reduce the effect of the substrate is to separate 

the analog blocks and the digital blocks as much as possible.  In the layout of the 

prototype chip, the core DLL circuit, which is a sensitive analog block, is placed as far 

from the digital output drivers, which are significant sources of substrate noise.  

However, this technique is of limited value in practice as it will inevitably incur long 

interconnect lines, degrading circuit performance. 

 Other techniques used in the layout of the prototype chip include using guard 

rings to isolate the sensitive analog blocks from the substrate noise.  In the prototype 

chip, the sensitive blocks of the DLL are surrounded by guard rings which are continuous 

substrate ties connected to ground.  The substrate ties provide a low impedance path to 

ground so that the noise will be routed to ground [19].  In addition, n-wells are used 

outside the substrate ties to further suppress the substrate noise.  Figure 5-3 shows a 

sensitive circuit block, the combined PD and CP, which is surrounded by substrate ties 

and n-wells. 

 
Figure 5-3  PD and CP enclosed by guard rings 
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 Noise on the VDD line (ripples) and GND (GND bounce) can drastically increase 

clock skew and output jitter [19].  In the layout of the prototype chip, the following 

methods were used to minimize the effect of power supply noise.  Firstly, the VDD line 

and the GND line are run in parallel to each other, so that opposite voltage glitches cancel 

each other.  Secondly, separate power supplies are used for digital blocks and analog 

blocks. 

5.3 Minimizing crosstalk 

 Crosstalk refers to the capacitive and inductive coupling between adjacent signal 

lines [39].  The most effective and most straightforward way to minimize crosstalk is to 

separate signal lines as much as possible.  In particular, critical signal lines, such as 

clocks, must be isolated from other signal lines as well as power lines [39].  Another 

method which was used in the layout of the prototype chip is to run differential signal 

lines in parallel [39].  In addition, careful planning is done in the routing of signal lines.  

For example, adjacent signal lines are routed on different metal layers.  Analog signal 

lines are kept as short as possible and are kept from crossing any digital tracks.  Figure 5-

4 shows the start-control circuit and some other circuits as well as the connections 

between them. 

 
Figure 5-4  Start-control circuit and some other circuits 

 

 Figure 5-5 shows the layout of the core circuit, and Figure 5-6 shows the layout of 

the entire chip. 
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Figure 5-5  Layout of the core circuit 

 

 
Figure 5-6  Layout of the entire chip 
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CHAPTER 6 

PERFORMANCE EVALUATION 

6.1 Performance summary 

 The proposed BIST circuit is fabricated with the TSMC 0.18- µ m one-poly six-

metal CMOS process (CL018).  Extensive simulations have been done to test the 

functionality of the prototype chip using device and process parameters provided by 

TSMC.  The following table summarizes the performance of the prototype chip. 

Table 6-1   DLL Performance summary 

Technology TSMC 0.18um 1P6M CMOS 

Power supply 1.8V 

Active die area 0.06 2mm  
Operating frequency 160MHz � 700MHz 

Charge pump current ≈10uA 

Loop bandwidth ≈  0.07× REFω  

Lock-in Time 11 cycle @ 250MHz 
 

6.2 Process variation 

 In the semiconductor fabrication process, the characteristics of a MOS transistor 

can vary substantially from wafer to wafer and even from location to location on the 

same wafer.  This variation is primarily due to the non-uniformity of the processes such 

as impurity concentration density, oxide thickness, and diffusion depth.  Specifically, the 

following transistor parameters can vary with processes. 

(1) The threshold voltage 0thV  

The threshold voltage of an NMOS transistor is given as 
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Q
V +Φ+Φ= 20 ,      (6-1) 

where MSΦ  is the difference between the work functions of the polysilicon gate and the 

silicon substrate, ( ) ( )isubF nNqkT ln=Φ , depQ  is the charge in the depletion region, and 

oxC  is gate oxide capacitance per unit area.  As can be seen from equation 6-1, the 

threshold voltage 0thV  may vary with the changes in the silicon substrate, polysilicon 

gate, doping concentration, surface charge, or oxide thickness.  Similarly, the threshold 

voltage of PMOS transistor also varies as a function of the above parameters. 

(2) Process transconductance K ′  

Process transconductance K ′  can be expressed as 

oxCK µ=′ ,       (6-2) 

where µ  is the mobility of the carrier.  The main cause for variations in process 

transconductance is the change in oxide thickness oxt . 

(3) Dimensions W and L 

Limited resolution of lithographic processes can cause variations in the dimension of 

transistors (W and L).  As a result, the W/L ratio of transistors may be affected. 

 The circuit is first simulated using the transistor models at corner conditions 

provided by TSMC, namely, TT (typical NMOS, typical PMOS), FF (fast NMOS, fast 

PMOS), SS (slow NMOS, slow PMOS), FS (fast NMOS, slow PMOS), and SF (slow 

NMOS, fast PMOS).  These transistor models represent the different characteristics of the 

transistors at extreme process corners.  The following tables list some of the transistor 

parameters that change at process corners. 
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Table 6-2   NMOS parameters at different process corners 

 0thV  oxt  U0 

TT 0.4452004 4.08e-9 0.04590562 

FF 0.3452004 3.947e-09 0.04780528 

SS 0.5452004 4.213e-09 0.04281001 

FS 0.3452004 4.08e-09 0.04633423 

SF 0.5452004 4.08e-09 0.04463334 

 

Table 6-3   PMOS parameters at different process corners 

 0thV  oxt  U0 

TT -0.4379811 4.08e-9 0.01091231 

FF -0.3709811 3.947e-09 0.01112962 

SS -0.5049811 4.213e-09 0.009606076 

FS -0.5049811 4.08e-09 0.01004072 

SF -0.3709811 4.08e-09 0.01027813 

 

 The proposed circuit functions correctly under TT, FF, SS, FS, SF process 

corners.  Figure 6-1 and 6-2 show the transient response of the DLL. 

 
Figure 6-1  Eight DLL output clocks in a typical process @ 250 MHz 
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Figure 6-2  DLL phase alignment in a typical process @ 250 MHz 

6.3 Temperature variation 

 Many parameters of MOS transistors vary with temperature.  Generally, the 

following parameters are considered to be temperature-dependent: threshold voltage 0thV , 

built-in potential of S/D junctions, carrier concentration of silicon in , and the carrier 

mobility µ  [19].  The DLL was designed to operate in the standard commercial 

temperature range (0 °C to 70 °C).  Simulations have been done at the two temperature 

extremities to check the functionality of the chip in this temperature range.  Figure 6-3 

through Figure 6-6 show the output clock waveforms of the DLL at temperature 

extremities. 

 
Figure 6-3  Eight DLL output clocks in a typical process and 0 °C @ 250 MHz 
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Figure 6-4  DLL phase alignment in a typical process and 0 °C @ 250 MHz 

 

 
Figure 6-5  Eight DLL output signals in a typical process and 70 °c @ 250 MHz 

 

 
Figure 6-6  DLL Phase alignment in a typical process and 70 °c @ 250 MHz 
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6.4 Power grid glitch 

 In reality, power grid is often disturbed by glitches.  We simulated the 

performance of the DLL in case of power supply glitches.  In the simulation, a power grid 

glitch is modeled as a pulse whose magnitude is 15% that of the normal power supply 

voltage and whose length is one clock cycle.  Figure 6-7 and 6-8 demonstrate the output 

clock signals of the DLL under the influence of such power grid glitch in different 

process corners and different temperatures.  From Figure 6-7, it can be seen that such a 

power glitch from 470ns to 474ns leads to some distortion of the output signals but they 

quickly settle down to normal value.  Figure 6-8 shows that the phase alignment of the 

Clock 8 and the input reference clock is also shortly disturbed by the power glitch but 

rapidly recovers after the glitch. 

 
Figure 6-7  Eight DLL output clocks under the influence of power grid glitch @ 250 MHz 

 

 
Figure 6-8  DLL Phase alignment under the influence of power grid glitch @ 250 MHz 
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 Process, temperature, and power glitches all affect the performance of the DLL.  

In the following sections, their influence on jitter, static phase error, lock range, and lock 

time are discussed in detail. 

6.5 Mismatch 

 Mismatch may affect the performance of the DLL.  In the DLL, the transistor 

pairs that need to be critically matched include the transistor pairs in the current mirror of 

the combined PD and CP, as well the transistor pairs in each stage of VCDL.  The critical 

transistor pairs are shown in Figure 6-9 and Figure 6-10. 

 
Figure 6-9  Critically matched transistor pairs in the combined PD and CP 

 

 
Figure 6-10  Critically matched transistor pairs in the VCDL stage 
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 One common mismatch is the variation of the transistor length.  The simulated 

transistor length mismatch effects are shown in Table 6-4 through Table 6-8. 

Table 6-4   Effects of gate length mismatch of transistor pair 1 

 Jitter (ps) Static phase 
error (ps) 

Lock time 
(clock cycle) 

Lock range 
(MHz) 

Matched 25 80 11 160-700 

5% 
Mismatch 25 80 11 160-700 

10% 
Mismatch 25 80 12 160-700 

15% 
Mismatch 25 90 12 160-700 

20% 
Mismatch 25 90 12 160-700 

 

Table 6-5   Effects of gate length mismatch of transistor pair 2 

 Jitter (ps) Static phase 
error (ps) 

Lock time 
(clock cycle) 

Lock range 
(MHz) 

Matched 25 80 11 160-700 

5% 
Mismatch 25 80 11 160-700 

10% 
Mismatch 25 90 11 160-700 

15% 
Mismatch 25 90 11 160-700 

20% 
Mismatch 25 90 11 160-700 

 

Table 6-6   Effects of gate length mismatch of transistor pair 3 

 Jitter (ps) Static phase 
error (ps) 

Lock time 
(clock cycle) 

Lock range 
(MHz) 

Matched 25 80 11 160-700 

5% 
Mismatch 25 80 11 160-700 

10% 
Mismatch 25 80 11 160-700 

15% 
Mismatch 25 80 11 160-700 

20% 
Mismatch 25 80 11 160-700 
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Table 6-7   Effects of gate length mismatch of transistor pair 4 

 Jitter (ps) Static phase 
error (ps) 

Lock time 
(clock cycle) 

Lock range 
(MHz) 

Matched 25 80 11 160-700 

5% 
Mismatch 30 80 11 160-700 

10% 
Mismatch 40 90 11 160-700 

15% 
Mismatch 40 90 11 160-700 

20% 
Mismatch 50 90 11 160-700 

 
Table 6-8   Effects of gate length mismatch of transistor pair 5 

 Jitter (ps) Static phase 
error (ps) 

Lock time 
(clock cycle) 

Lock range 
(MHz) 

Matched 25 80 11 160-700 

5% 
Mismatch 35 80 11 160-700 

10% 
Mismatch 35 90 12 160-700 

15% 
Mismatch 35 90 12 160-700 

20% 
Mismatch 40 90 12 160-700 

6.6 Jitter 

 Jitter of a DLL is an important performance specification.  In a DLL, the output 

signal/signals are directly taken from certain delay stage of the VCDL.  According to 

[40], the jitter of a DLL�s output signal is primarily affected by the jitter of the input 

reference signal and the jitter contributed by the VCDL.  The jitter associated with the 

input reference signal directly propagates through the VCDL and thereby contributes to 

the jitter of the output signal.  Such jitter can be reduced by adjusting the loop bandwidth 

of the DLL.  As the jitter of the input signal is determined by the previous driving circuit 

(usually a high Q crystal oscillator), the focus of our design is to reduce the jitter caused 

by the delay stages of the VCDL [40]. 
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 We have investigated the influence of device noise on the jitter performance of 

the DLL.  As discussed in Chapter 5, for active MOSFET transistors, device noise mainly 

consists of thermal noise and flicker noise.  To simulate device noise, we used the 

method proposed in [41].  Specifically, for each circuit component in the DLL, the effect 

of the device noise source associated with each transistor is replaced by an equivalent 

white noise source and an equivalent flicker noise source at the output nodes.  For 

example, for each delay stage of the VCDL, the output referred noise sources are shown 

in Figure 6-11. 

 
Figure 6-11  Equivalent noise voltages at the output nodes 

 

 Next, the equivalent noise voltages are converted to equivalent noise currents.  

After that, the equivalent noise currents are injected into the signal path and a transient 

analysis is performed with the equivalent noise currents.  However, the simulator we are 

using (Spectre) can not directly calculate the jitter of the output clock signals.  Therefore, 

we used a method proposed in [41].  Specifically, after running the Spectre transient 

analysis, we extract the transient analysis data from the Spectre output file and load it into 

MATLAB.  Then, we identify the zero crossing points using data interpolation in 

MATLAB.  After that, the cycle-to-cycle jitter is calculated as 



 68

          ∑
=

+ −=∆
N

n
nncc TT

N
T

1

2
1 )(1 ,      (6-3) 

where N  is the number of clock cycles ( 100=N  in this case).  Table 6-9 shows the 

calculated cycle-to-cycle jitter of the DLL output signals. 

Table 6-9   Cycle-to-cycle jitter of the DLL output signal @ 250 MHz (in ps) 

Temperature 
& 

Vsupply 

Room 
 

1.8V 

Room 
 

2.07V 

Room 
 

1.53V 

0°C 
 

1.8V 

0°C 
 

2.07V 

0°C 
 

1.53V 

70°C 
 

1.8V 

70°C 
 

2.07V 

70°C 
 

1.53V 
TT 25 27 27 13 14 15 53 53 55 

FF 33 33 34 15 16 16 55 56 57 

SS 38 38 39 16 17 17 56 58 58 

FS 37 38 39 16 16 17 57 57 57 

SF 36 38 39 16 16 17 57 57 58 

 

 For MOS transistor, thermal noise (white noise) can be modeled as a noise current 

source connected between the drain and source terminals, with a spectral density of 

                 mn gkTI γ42 = .         (6-4) 

Similarly, flicker noise (1/f noise) can also be modeled as a noise current source 

connected between the drain and source terminals, with a spectral density of 

             22 1
m

ox
n g

fWLC
KI = .        (6-5) 

The dominant noise source can be determined by comparing (6-4) and (6-5) at the 

frequencies which interest us.  A rough calculation reveals that for transistors from the 

TSMC 0.18 µ m process, thermal noise dominates when the operation frequency is higher 

than about 10MHz.  As can be seen from Table 6-4, temperature has a large effect on the 

simulated jitter performance.  The supply voltage does not play a big role due to the 

dynamic biasing mechanism of the VCDL. 
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6.7 Static phase error 

 Static phase error refers to the phase difference between the output signal of the 

last stage of the VCDL and the input reference signal.  In the ideal case, after a DLL is 

locked, the phases of these two signals should be perfectly matched.  However, due to the 

limited phase resolution of the PD and CP, some static phase error may exist.  Table 6-10 

shows the averaging static phase errors of the DLL. 

Table 6-10   Static phase errors @ 250 MHz (in ps) 

Temperature 
& 

Vsupply 

Room 
& 

1.8V 

0°C 
& 

2.07V 

0°C 
& 

1.53V 

70°C 
& 

2.07V 

70°C 
& 

1.53V 
TT 80 70 80 80 80 

FF 60 60 60 70 70 

SS 110 100 100 110 110 

FS 80 70 80 90 90 

SF 70 70 70 80 90 

6.8 Lock range 

 Lock range refers to the frequency range in which a DLL is able to achieve lock.  

Although it is often desired to have lock range as wide as possible, the lock range of a 

particular DLL is usually designed for a specific application.  The lock range of our 

design is shown in Table 6-11. 

Table 6-11   Lock range (in MHz) 

Temperature 
& 

Vsupply 

Room 
 

1.8V 

Room 
 

2.07V 

Room 
 

1.53V 

0°C 
 

1.8V 

0°C 
 

2.07V 

0°C 
 

1.53V 

70°C 
 

1.8V 

70°C 
 

2.07V 

70°C 
 

1.53V 
TT 160-

700 
170-
750 

150-
640 

160-
700 

170-
750 

150-
640 

160-
700 

170-
750 

150-
630 

FF 170-
740 

180-
760 

160-
650 

170-
740 

180-
760 

160-
650 

170-
740 

180-
760 

160-
650 

SS 150-
670 

160-
730 

150-
620 

160-
670 

170-
730 

150-
620 

160-
670 

170-
720 

140-
620 

FS 160-
690 

170-
720 

150-
640 

160-
700 

170-
720 

150-
640 

160-
700 

170-
720 

150-
640 

SF 170-
720 

170-
730 

150-
640 

160-
720 

180-
730 

150-
640 

160-
730 

170-
730 

150-
630 
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 As can be seen from Table 6-11, the lowest frequency that the DLL can go is 

140MHz and the highest frequency that the DLL can reach is 760MHz.  Fast NMOS and 

fast PMOS transistors provide the highest limit.  This is because they offer the shortest 

delay of the VCDL.  On the other hand, slow NMOS and slow PMOS set the lowest limit 

since slow devices cause the longest delay of the VCDL.  Another factor that 

significantly affects the lock range is the power supply.  It is clear from Table 6-6 that 

higher power supply results in higher operation frequency.  This is because higher power 

supply voltage leads to larger charging/discharging currents of the VCDL and thus makes 

the signal switching faster in the VCDL.  It can also be noted that the lower limit of the 

lock range does not have a strong relationship with the supply voltage and the 

temperature.  This is because that when the operation frequency decreases, the voltage 

swing of the output signal also decreases.  As very small voltage swing significantly 

affects the validity of the output signal, the major limiting factor of the lower frequency 

range is the voltage swing. 

6.9 Lock time 

 Lock time refers to the time interval that a DLL takes to achieve lock.  Table 6-12 

lists the lock times under different temperature, supply and process variations.  The 

longest lock time across all temperatures, supply voltages, and process variations is 13 

clock cycles. 

Table 6-12   Lock time @ lowest operating frequency (in cycles) 

Temperature
& 

Vsupply 

Room 
& 

1.8V 

0°C 
& 

2.07V 

0°C 
& 

1.53V 

70°C 
& 

2.07V 

70°C 
& 

1.53V 
TT 11 12 12 13 12 

FF 12 13 13 12 12 

SS 12 13 13 13 13 

FS 11 12 13 13 12 

SF 12 12 13 13 12 
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CHAPTER 7 

DLL BIST 

 In many applications it is very desirable to be able to test whether a DLL has been 

functioning correctly.  A DLL arrives at a stable or locked state after the phase of the 

output signal outCK  is aligned with the phase of the input signal refCK .  Thus, a fault-free 

DLL would have a zero phase error between refCK  and outCK  in the stable state, and any 

substantial phase error in the stable state would indicate some faults in the DLL. 

 To address this need, a BIST circuit is proposed to test the functionality of a DLL.  

A DLL and the BIST circuit are shown in Figure 7-1. 

 

Figure 7-1  Block diagram of a DLL and the BIST for the DLL 
 

 The most straightforward and reliable way to check whether two signals are in 

phase is to use an XNOR gate that generates an output of logic 1 when both inputs are of 

the same phase, and an output of logic 0 otherwise.  Therefore, the BIST circuit we 

proposed is based on an XNOR gate which accepts both refCK  and outCK  as input 

signals.  The output of the XNOR gate is sampled so that the final output is a pure digital 

value which increases the test reliability.  The XNOR gate does introduce a small loading 

to refCK  and outCK .  However, as can be seen from Figure 2, the loading effect to refCK  

can be safely ignored since refCK  comes from another on-chip circuit with high driving 

capability.  Also, the loading effect to outCK  is not very significant since the input 



 72

capacitance of the XNOR gate can be made very small.  This test method does not 

require any external analog test signals, and it does not alter any internal circuits of the 

DLL.  The detailed structure of the DLL BIST circuit is shown in Figure 7-2. 

 

Figure 7-2  The proposed DLL BIST circuit 
 

 The output of the BIST circuit is enabled after the DLL has achieved lock, which 

is signified by a Start Test signal.  The Start Test signal is set to be twice the maximum 

simulated DLL lock time, or even longer if necessary.  The test output, which is a stable 

digital signal, can be scanned out using an IEEE 1149.1 boundary scan path or any other 

available scan path. 

 We have tested the proposed DLL BIST circuit for the fault-free case as well as 

four possible fault cases: refCK  and outCK  are in phase; refCK  leads outCK  in phase; 

refCK  lags outCK  in phase; outCK is stuck at logic 1; and outCK  is stuck at logic 0.  The 

results for all these cases are shown in the following figures. 

 
Figure 7-3  Test output of logic 1 when CKref and CKout are in phase 
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Figure 7-4  Test output of logic 0 when CKout lags CKref in phase 

 

 
Figure 7-5  Test output of logic 0 when CKout leads CKref in phase 

 

 
Figure 7-6  Test output of logic 0 when CKout is stuck at logic 1 
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Figure 7-7  Test output of logic 0 when CKout is stuck at logic 0 

 We have also tested the BIST circuit under process corners and supply voltage or 

temperature variations.  The results are summarized in the following table. 

Table 7-1  Outputs of the DLL BIST under supply/temperature variations 

Temperature & 
Vsupply 

0°C 
& 

1.8V 

0°C 
& 

2.07V 

0°C 
& 

1.53V 

70°C 
& 

2.07V 

70°C 
& 

1.53V 

CKref & CKout in phase 1 1 1 1 1 

CKref leads CKout 0 0 0 0 0 

CKref lags CKout 0 0 0 0 0 

CKout stuck at 0 0 0 0 0 0 

CKout stuck at 1 0 0 0 0 0 

 

 To evaluate the effectiveness of the proposed BIST circuit, we have built a 

structural fault model of the above DLL which includes a complete set of catastrophic 

(hard) faults.  The structural fault model we use includes short-fault and open-fault in PD, 

CP, loop filter, and VCDL.  Specifically, the short faults include (1) gate-to-source shorts 

(GSS), (2) gate-to-drain shorts (GDS), (3) drain-to-source shorts (DSS), and (4) 

capacitance-shorts (CS).  The open faults include (1) gate-opens (GO), (2) drain-opens 

(DO), and (3) source-opens (SO).  For these faults, we used the most common fault 
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models.  A short fault is modeled by a 1Ω resistance between the shorted terminals.  An 

open fault is modeled as a 10MΩ resistance between the opened terminals. 

 The total number of structural faults in the DLL is 205 which include the faults in 

the PD, CP, loop filter and VCDL (only one stage considered).  To demonstrate the 

effectiveness of the proposed BIST technique, simulations have been conducted to 

evaluate the fault coverage using all 205 faults.  Through simulations, it is confirmed that 

the output signals due to catastrophic faults will be one of the four possible cases, i.e., 

refCK  leads outCK  in phase; refCK  lags outCK  in phase; outCK is stuck at logic 1; and 

outCK  is stuck at logic 0.  For the first two cases, the DLL BIST circuit reports a fault as 

long as the phase difference between refCK  and outCK  is beyond the resolution of the 

BIST circuit.  For the last two cases, the DLL BIST would positively report a fault. 

 The resolution of the DLL BIST circuit (i.e., the minimum phase difference 

between refCK  and outCK  for the DLL BIST to raise a fault signal) is shown in Table 7-2 

across all process corners, temperature, and power supply.  The fault coverage test results 

are shown in Table 7-3 and 7-4. 

Table 7-2  Resolution of the DLL BIST (in ps) 

Temperature 
& 

Vsupply 
0°C & 1.8V 0°C & 2.07V 0°C & 1.53V 70°C & 2.07V 70°C & 1.53V 

TT 40 45 45 45 45 

FF 30 30 30 35 35 

SS 60 60 60 60 60 

SF 60 60 60 60 60 

FS 60 60 60 60 60 
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Table 7-3  Structural fault coverage results 

Fault Type Fault Coverage (%) 

Gate Open 89% 

Source Open 100% 

Drain Open 100% 

Gate-Drain Short 100% 

Gate-Source Short 100% 

Drain-Source Short 97% 

Capacitor Short 100% 

Overall 97% 

 

Table 7-4  Structural fault coverage results sorted by circuit blocks 

Fault Type Fault Coverage (%) 

PD & CP 97% 

Loop Filter 100% 

VCDL 97% 

 

 The undetected gate open faults are in the PD&CP.  They are shown in Figure 7-

8.  The reason for the undetected gate open faults is that the undetected four transistors 

are able to provide the necessary currents even if their gate terminals are set open, 

although at a slower rate.  The undetected drain-source short faults are in the VCDL.  

They are shorts of drain-source nodes in diode connected transistors.  Therefore, they do 

not affect circuit functionality at all. 
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    Figure 7-8  Undetected gate open faults 
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CHAPTER 8 

CONCLUSION 

 This thesis presents our work in the design of a DLL for the generation of 

multiple clock phases/delays.  A novel DLL design is proposed with several new 

techniques to achieve wide lock range, short locking time, and reduced jitter.  The DLL 

can be used for a variety of applications which require precise time intervals or phase 

shifts. 

 The phase detector (PD), charge pump (CP), and voltage-controlled delay line 

(VCDL) are the three most important blocks in a DLL.  The PD serves the purpose of 

detecting the phase difference between the input reference signal and the output signal 

from the last stage of the VCDL.  The phase difference information from the PD is 

provided to the CP so that the corresponding charging or discharging current can be 

activated to control the voltage of the loop filter.  The phase resolution of the PD and the 

switching speed of CP directly affect the performance of the DLL.  In our research, we 

have proposed a novel structure which combines the functionality of both the PD and CP.  

By using this structure, a fast switching speed and good matching between charging and 

discharging currents can be achieved.  Moreover, the combined PD and CP also lead to 

reduced chip area and better jitter performance.  A novel phase detection algorithm is 

developed and implemented in the combined PD and CP structure.  This algorithm also 

involves a start-control circuit to avoid locking failure or false lock to harmonics.  With 

the help of this algorithm, the proposed DLL is able to achieve lock as long as the 

minimum VCDL delay (min)VCDLD  is less than one reference clock cycle REFT , which is 

the largest possible lock range that can be achieved by a DLL.  The VCDL, whose delay 

is controlled by the voltage of the loop filter, uses fully differential signaling to minimize 
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jitter.  The delay stage of the VCDL is built with a differential topology using 

symmetrical loads and replica-feedback biasing, which provides a low sensitivity to 

supply and substrate noise and a wide tuning range.  In addition, a shift-averaging 

technique is used to improve the matching between delay stages and thus to equalize the 

delay of each individual stage. 

 Several techniques are also used in the layout of the prototype chip to improve 

device matching, minimize power and substrate noise, and reduce crosstalk.  Extensive 

simulations have been conducted to evaluate the performance of the DLL under a variety 

of process corners, temperatures, and power supply glitches.  The DLL shows 

satisfactory performance under these conditions. 
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