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Abstract

The delay locked loop (DLL) is widely used in the electronics industry for implementing

clock and data recovery circuits (CDR) in high-speed IOs. DLL contains first-order

closed-loop architecture, aligns the output clock to the reference clock, and reduces

skew between two clocks across variations in process, voltage and temperature (PVT)

by the help of the delay line. This circuit is always stable as it is a single pole system.

DLLs can be broadly classified into two categories: analog DLL and digital DLL. The

analog DLL has an analog controlling input to control the delay offered by the delay

lines to reduce the skew between the input and the output clock of the DLL system.

Digital DLLs on the other hand, have quantized steps for delay change in the delay

line. This delay line is controlled by a digital code obtained from the controller. The

Digital DLLs can easily adopt to technology changes as they do not have strict voltage

headroom requirements like analog DLLs. Also, mostly standard cells are used to design

Digital DLL which makes them portable. These characteristics make Digital DLLs an

attractive choice for implementing clock and data recovery circuits for very advanced

technologies.

Lock time is one of the important parameter while designing DLL. It is decided by

the type of controlling mechanism used in implementing DLL. In order to reduce the

lock time, in this thesis work, the controller is implemented by Successive Approximation

Register which reduces the lock time for proposed DLL by using binary search algorithm.

To track the PVT variations, the SAR used has been modified in such a manner that

it uses binary search algorithm for locking the DLL and then turns into a counter, to

track the PVT variations after locking. This DLL is designed in TSMC16nm FinFET

technology. This technology has its own limitations with respect to the delay offered by

the inverters and the amount of current an inverter can support. In order to mitigate

the current consumption and hence power consumption, a timing controller has been

proposed which helps the delay line achieving a resolution as small as 5ps for a frequency

of 400 MHz whereas the state-of-art study shows that for lower frequencies, a delay res-

olution of at least 10ps has been reported. This circuit has a power consumption of only

240µW across corners whereas the state-of-the work has reported a power consumption

in order of mW. The phase accuracy of the designed Digital DLL is 99.5% across corners

in locked condition.
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Chapter 1

Introduction

Nowadays, the transportation of real-time audios and videos over the internet has led to

an increasing demand for high-speed serial data communication. To support a high band-

width, the transmission medium has now converted from a simple copper wire medium

to optical fiber medium such as Synchronous Optical Network (SONET)/Gigabit Ether-

net network and chip-to-chip interfaces such as PCI-Express (PCIe), Serial ATA (SATA)

etc. This has motivated the demand for low-cost, low-power and high-speed serializer

and de-serializer (SerDes) integrated receiver circuits.

In high-speed serial data transmission systems, the data is often transmitted without

any additional timing reference information. However, the receiver should process the

data synchronously. Therefore, it is a critical task for receivers to extract the timing

information from its incoming serial data stream such that it can sample the data on the

serial lines synchronously. This is known as clock recovery. By modifying the transmitted

data, the clock information recovery from data stream can be expedited. In order to

recover the sampling clock, the receiver uses a reference frequency signal. For generating

the recovered clock, the receiver needs to align the phases of the of the sampling clock

with the transitions (either positive edges or negative edges) of the incoming serial data

stream. The input serial data stream is then sampled with respect to the recovered clock

and a bit stream is generated. This is known as data recovery. Together, this is known

as clock and data recovery (CDR)[6].

Figure 1.1 shows an example of an optical communication system. In an optical commu-

nication system, the parallel incoming electrical data is converted to serial stream of bits

by the help of the serializer. This data then converted into optical data by the help of

laser diode or other medium, which is then transmitted through an optical fiber channel

and received by the optical receiver. A transconductance amplifier at the receiver side

converts this optical stream of bits to electrical stream of bits. This information is then

1



Introduction 2

Figure 1.1: An optical communication system having clock and data recovery circuit

used by the clock extraction circuit to recover the sampling clock. The data decision

making circuit uses this sampling clock and produces retimed data which is sent to de-

serializer and converted to parallel bits. Thus, clock and data recovery circuit as shown

in fig 1.1 is an important part of high-speed serial data communication system.

To perform this process various methods like phase-locked loop(PLL), delay locked loop

(DLL) and oversampling of the data stream etc can be used. Clock data recovery is one of

the key design components of the high-speed integrated circuits [7]. In the recent works,

the CDR circuits are implemented mostly by PLLs, the analog DLLs or a combination

of PLL and analog DLL. In this work, a CDR based on digital DLL has been proposed

in TSMC 16nm FinFET technology. For a receiver circuit, a circuit having very low

power consumption is desirable. The state-of-the art study shows that digital DLLs

implemented in [3], [2], [8], [9] etc. have a power consumption in order of mW, whereas,

the proposed DLL in this thesis work has a power consumption in order of hundreds of

µW. The recovered clock should have a low jitter possible, as any jitter value present

in extracted clock will be passed to retimed data which is obtained by sampling the bit

stream at the positive or the negative edge of sampling clock. Therefore, a DLL should

have small jitter value. The jitter value obtained in this thesis work is comparable to

the jitter values obtained from the state-of-the-work.

1.1 Motivation

The continuous scaling of the Complimentary MOSFET (CMOS) process technologies

has aided to the ability to design highly integrated receiver circuits with low cost and

low power consumption. In order to have a high-level of integration, the jitter obtained

by the power supply variation or noise in power supply should reduce. This makes

PLLs a little less attractive here to be used as clock and data recovery circuits because

PLLs have an inherent disadvantage of jitter accumulation due to the voltage controlled

oscillator (VCO), which keeps on accumulating the jitter in the signal, till it reaches to a

sufficient value, where it could be detect by the phase detectors easily. Here, DLLs have
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an advantage since they have voltage controlled delay line (VCDL) which does not have

any problem of jitter accumulation. DLLs are inherently stable (sine they are first order

systems). So, the advantages of DLLs like stability and no jitter accumulation make

DLLs an attractive choice for clock and data recovery circuits as compared to PLLs.

When we talk about low-power designs, the voltage supply (VDD) reduces. This means

available voltage headroom also decreases, making it difficult for analog and mixed-

mode circuits to operate correctly in all possible situations as the voltage headroom

requirement is different for different processes. However, this could be an advantage for

the digital circuits as they don’t have to take care of sufficient voltage headroom across

devices. If there is sufficient noise margin available, the digital devices are good to go.

Also, with the scaling of CMOS technologies, portable and flexible module and macro

cells have become more attractive. The digital circuits are more portable and flexible

as compared to analog circuits. These above mentioned points favor the development of

digital DLL as compared to analog DLL for lower technology nodes for clock and data

recovery circuits.

1.2 Objectives

The objective of this thesis is to develop a digital delay locked loop for clock and data

recovery applications. The proposed DLL is to be designed in TSMC 16nm FinFET

technology. This DLL should have a lock time less than (< 1us), the output clock duty

cycle should be 50% across corners, a fine delay resolution value (< 10ps) and a low rms

jitter value (< 10ps). The proposed circuit should work on 0.8V supporting all process,

voltage and temperature variations.

1.3 Structure of the Work

This thesis is divided in 5 chapters to reflect the necessary information that lead up to

the complete design of a delay locked loop system.

• Chapter 2: Overview Of DLL

This chapter gives the description about the functioning of generic DLL, types of

DLL, different configurations to realize the DLL and a short comparison between

analog and digital DLL. This chapters explains how digital DLLs are a better

choice than analog DLLs



Introduction 4

• Chapter 3: System Design

This chapter discusses about the proposed delay locked loop design, detailed anal-

ysis of each block that has been used and challenges faced while implementing

them. This section also describes how the proposed timing controller helps in

achieving a small delay resolution value for a frequency input of 400 MHz where in

the state-of-the work, for such a low frequency, a delay resolution of atleast 10ps

has reported.

• Chapter 4: Results

This chapter discusses about the simulated findings of the proposed DLL. The

values for important parameters like lock time, delay resolution, phase noise etc.

are discussed.

• Conclusions

This chapter concludes all the findings and contributions of this work and discusses

about possible future work.



Chapter 2

Overview Of DLL

Phase locked Loops (PLLs) and Delay Locked Loops (DLLs) have been widely used in

on-chip clock timing functions as clock generators and clock de-skew buffers, in DDR-

SDRAM interfaces, high-speed I/O interfaces, clock and data recovery and application-

specific integrated circuits. Both PLLs and DLLs are nonlinear negative feedback sys-

tems, i.e. compare the output phase with the input phase and have similar circuits

except the Voltage Controlled Oscillators (VCOs) used by PLLs are replaced by voltage

Controlled Delay Lines (VCDLs) in DLLs. PLLs are attractive to be used as clock mul-

tipliers as it can support a programmable multiplication rate and hence provide easy

means of frequency multiplication. But under identical noise and circuit conditions,

PLLs have more phase accumulation and hence show a high value of jitter as compared

to a DLL. In a PLL, a step variation in voltage controlled oscillator is integrated over

many cycles, till the loop filter can detect it. This results in a phase error larger than

the original phase error (order of three to four times), whereas in a DLL similar step

variation in delay line creates a constant offset. A detailed analysis on comparison of

jitter behavior of PLL and DLL can be found in these references. Besides no jitter

accumulation, a DLL is mostly a single-pole system (always stable), does not rely on a

high loop bandwidth to correct for jitter and exhibits negligible jitter peaking. Hence, A

DLL based CDR topology is preferable for a high speed synchronous links than a PLL

based CDR topology because of the stability and no jitter accumulation property.

2.1 DLL Operation Principle

DLLs are negative feedback systems which align the output (feedback) clock to the

reference clock. Figure 2.1 shows a generic DLL showing its basic operation principle.

The input reference clock is passed through a delay line controlled by some mechanism

5
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(either analog control voltage or digital controlling bits). The delayed feedback clock is

compared with the reference clock by the help of Phase Detector (PD), which compares

the phases of two signals and generates the UP/DOWN signal based on whether the

reference clock is leading or lagging the feedback clock respectively. These UP/DOWN

signals are used by the controlling mechanism to either increase or decrease the delay

to align the phases.

Figure 2.1: Block diagram of Delay Locked Loop

When DLL is used as de-skew buffers, the skew is removed by providing extra delay to

the reference clock. There are two options for delay addition by DLL, either the delay

added could be just the phase difference between the two clock signals or the delay added

could be a summation of a multiple of clock signal and the phase errors between the two

clock signals.

2.2 Closed Loop Dynamics of DLL

For a generic DLL, the control model looks like:

Figure 2.2: Generic Control Model of DLL

The open loop transfer function can be defined as:

φREF
φFB

, G(s) =
KPD.KLPF .KV CDL

s
(2.1)
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Here, there is no feedback element used for simplicity and hence, φFB is same as φOUT

(not shown in th image above but it will be present at the output node). The closed

loop transfer function can be defined as:

φREF
φFB

, H(s) =
KPD.KLPF .KV CDL

s+KPD.KLPF .KV CDL
(2.2)

It is evident from the eq (2.1) and (2.2) that the DLL is essentially a single pole system.

So, it always stable. The main sources for jitter in delay locked loop are noise sensitivity

of the delay line, noise sensitivity of the clock buffers (if used), device noises (usually

negligible).

A delay line is usually made of delay elements in series which are providing a constant

(or fixed) amount of delay to the input provided. However, by the help of a controlling

mechanism, the delay provided by these elements can be changed. For example, the

delay across a cascade of two inverters can be changed by varying the power supply,

load capacitance, input slew etc. DLLs can be roughly classified into two categories,

namely analog DLL and digital DLL, based on how the delay line is being controlled

by the controlling mechanism. An analog DLL has a continuously variable delay line

which is controlled by an analog controlling input. An example of such a delay line

is Voltage Controlled Delay Line (VCDLs). Whereas, in digital DLL, the delay line is

made up of digital devices which have pre-defined quantized delay steps. This delay line

is controlled by a digital word which directly maps the delay to a certain value. Both

analog and digital DLL have a common element called phase detector (PD) which is

used to find the phase error, as digital block.

2.3 Analog DLL

The main components of the analog DLL are Phase Detectors (PD), Charge Pump (CP),

Loop Filter (LPF) and Voltage Controlled Delay Line (VCDL) as shown in the below

block diagram.



Overview of DLL 8

Figure 2.3: Block diagram of Analog DLL

2.3.1 Phase Detector

A phase detector is a circuit whose average output (Vout) is directly proportional to the

phase error, ∆φ, between the two inputs applied to the phase detector. An XOR gate

is a familiar example of the phase detector, as shown below in the fig. 2.5a.

Figure 2.4: Definition of phase detector

The XOR circuit produces a DC level proportional to the phase error between its two

inputs. As the phase difference between two inputs varies, the width of the output pulse

also varies. Some of the phase detectors respond only to either positive or negative

transitions, but the XOR based PD responds to both rising and falling edges. When

the inputs applied to XOR based PD are 90°out of phase, the average dc value of the

output signal produced by XOR gate is Vdd/2 and the phase error defined by |φ1 − φ2|
-90°turns out to be 0. This is why, this type of PD is normally used for detecting

quadrature locking i.e. when the input and output signals are 90°out of phase in locked

condition. There is only output signal available after comparison which makes this

circuit less attractive for to be used as it becomes difficult to interface it with the charge
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(a) XOR gate

(b) Output waveforms for different input combinations [4]

Figure 2.5: XOR based Phase Detector

pump. Another problem with XOR based PD is that the output is dependent on the

duty cycle of the signals as the XOR gate can only detect levels. So to make sure that

XOR based PD is correctly, we need to provide an extra duty cycle correction circuit.

Another type of phase detector available is flip-flop based phase detector which detects

either the rising or falling edge of the transition of the input signal. In such cases, we

often do not need a duty cycle correction circuit. The simplest among these type of PDs

are a D-flip flop based PD, which has feedback (or output) clock as Data input, reference

clock as the Clock input and produces the difference between two signals as Q output of

the flip flop. If the Q is high, this means that the reference clock is leading the feedback

clock and the system should decrease the delay in order to achieve a lock, Similarly, if

Q is low, the system should increase the delay to match the phases of the input signals.

However, this kind of PD has its own disadvantages. The major shortcoming is based

on setup and hold time requirement of flip flops. If the basic timing requirement for
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a flip flop is not met, it would lead to irregular errors in the output as the decision is

entirely based on the setup and hold requirements.

Figure 2.6: DFF based PD

Figure 2.7 shows a Phase Frequency Detector (PFD) having two D-flip flops and a reset

circuit (NAND gate). This circuit is capable if detecting both frequency locks and phase

locks which makes the locking speed faster and increases the acquisition range for our

circuit. First, the frequency detector will be active and try to bring the output frequency

in acquisition range of input frequency (which is typically in order of loop filter’s cut-off

frequency). After this, the phase detector will generate signals proportional to the phase

difference in order to compensate the phase error and bring the circuit in lock condition.

Figure 2.7: Phase Frequency Detector (PFD)

To overcome the shortcomings offered by flip flops based phase detectors, dynamic PDs

are used. They eliminate the need of flip flops and have simple architecture and fast

transition capability which make them suitable for high-speed DLL designs. Figure

shows such kind of PD. There are two stages with a pre-charge in each stage. The

pre-charge of second stage is controlled by the output of first stage. Extra attention is

required to remove the dead zones and align the phases with precision.
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Figure 2.8: Dynamic PD [1]

2.3.2 Charge Pump

In a DLL, a charge pump is made up of two controlled switched current sources, one

is working as current source and another is working as current sink, responsible for

pumping current into or out of the loop filter based on the logical inputs received from

the PDs. The figure below shows an example of CP driven by a PFD and driving a simple

capacitor based loop filter. The CP receives UP and DOWN signals from PFD, which

controls the the two switches of CP respectively. If the switches are closed, the current

source or sink will add or remove the charge from the capacitor, therefore adjusting the

voltage of the capacitor. This voltage is used as analog controlling signal for controlling

the delay in the Voltage Controlled Delay Line (VCDL). Thus the phase error ∆φ is

mapped to the delay across delay line. This process of charging and discharging the

capacitor continues till the DLL comes into locked condition. After it is locked, a

constant voltage will appear across capacitor controlling the VCDL at a particular delay

value needed to keep the circuit in lock condition.
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Figure 2.9: PFD, Charge Pump and Loop Filter Combination

The transfer function of figure can be easily obtained as

Vout
∆φ

(s) =
Ip

2πCp
.
1

s
(2.3)

It may be noticed that the charging and discharging process across capacitor continues

to happen even if the DLL is in locked condition. This kind of action is desirable in

order to minimize the jitter, however, an extra care is needed to make sure that these

charging or discharging currents have a small value and does not affect the constant

control voltage (Vctrl across the capacitor and disturbs the locking of the DLL.

2.3.3 Loop Filter

It is necessary that the undesirable high-frequency components of the output available

at the output node of the charge pump should be suppressed and only the stable dc

value is passed to the delay line. For this purpose, a loop filter is interposed between

the PFD and CP combination and the VCDL. We generally use a low pass filter, to pass

lower frequencies and suppress high frequencies. The design of DLL should be done in

such a manner that two most important properties of DLL i.e. jitter and locking time

should be as small as possible.

For a generic analog DLL, the control model looks like:
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Figure 2.10: Generic Control Model of DLL

Here, we have ignored the feedback loop delay for simplicity purpose. The relationship

between φref and φout can be deduced from the following equation:

φout = 2πf.(φref − φout).KPD.KLPF .KV CDL (2.4)

So, the transfer function of analog DLL can be written as:

φout
φref

=
1

1 + 1
2πf.KPD.KLPF .KV CDL

(2.5)

Here, we can define the bandwidth of DLL (ωDLL) as:

ωDLL = 2πf.KPD.KLPF .KV CDL (2.6)

The frequency of loop filter (ωloop) is defined as:

ωloop =
2π

∆tV CDL
(2.7)

For a proper operation, it is desirable that the minimum delay and maximum delay

obtained from the delay should be more than half of the clock period and less than the

1.5 times of clock period respectively, i.e.

T

2
≤ ∆tV CDL ≤

3T

2
(2.8)

So, max loop frequency can be:

ωloop =
2π.2

3T
(2.9)

For a proper operation of DLL, it is desirable to keep the bandwidth of DLL one decade

lower than the loop bandwidth. So, we can define a relation between the bandwidth of

DLL and its loop filter as:

ωDLL =
ωloop
10

(2.10)
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This design rule is very important to keep in mind while designing an analog DLL as

the two important parameters jitter and locking time depends on the relation defined

by eq. 3.8. The jitter is directly proportional to the ratio of bandwidth of DLL and its

loop filter i.e. ωDLL
ωloop

and the locking time is inversely proportional to bandwidth of DLL

i.e. ωDLL. Hence, designing a loop filter correctly is of utmost importance. In most of

the designs, a loop filter or a low pass filter is simply a capacitor. The voltage across

capacitor (Vctrl), controls the delay line and helps set the delay across the DLL. The

operation of the delay line is explained next.

2.3.4 Voltage Controlled Delay Line

Voltage Controlled Delay Line is the heart of any DLL. This is the part responsible

for providing delay to the input reference signal and produce an output clock that is

deskewed and in phase with the input signal. The two main inputs of VCDL are (1)

Reference Clock and (2) Control voltage (Vctrl). VCDL comprises of delay elements

cascaded in series providing a delay (or phase shift) to the input signal, keeping the

frequency intact. Designing of VCDL in correct manner is of utmost importance as it

directly provides the output signal of the DLL. The performance of VCDL considerably

affects the jitter performance of the DLL.

As shown in the figure below, VCDL typically consists of delay cells connected in series,

controlled by an analog controlling voltage. Since it is an open loop configuration, so

unlike Voltage Controlled Oscillator (VCO) (used in PLLs), this configuration does not

oscillate and hence less susceptible to noise (and hence advantageous over PLLs). Also,

in VCDLs the change in control voltage is immediately mapped to change in delay value

and hence the transfer function is simply equal to the gain of the VCDL.

Figure 2.11: A simple representation of Differential ended Voltage Controlled Delay
Line

Theoretically, the maximum delay offered by the VCDLs should be equal to one clock

period (say Tref ) i.e. the input signal should undergo a maximum phase shift of 360°.

Also, all the delay elements should be identical in nature and hence the delay offered by

each stage (tdelay) should be (Tref/N) where N is the number of delay elements present in

the delay line. The phase resolution for such a delay line is defined by 360°/N, therefore,
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by increasing N i.e. by the increasing number of stages, the phase resolution can be

improved, but this also increases the delay offered by the delay line. Hence, the phase

resolution is limited by the maximum delay that a delay line can offer to the input signal,

which in turns depends on the frequency of the input signal. So, the design parameter

for a delay line is the delay range.

In analog DLLs, a delay line can be single-ended type or differential-ended type. There

are various possible implementations of a delay cell most common being shunt capacitor

delay stage, variable resistor based delay stage and current starved inverter (CSI) based

delay stage. Figure 2.12 shows a shunt capacitor delay stage. A N-MOSFET M4, with

its drain and source terminal shorted, behaves as a MOS capacitor. The gate voltage

(Vctrl) of transistor M3 controls the charging and discharging current of the capacitor

through the inverter (formed by transistors M1 and M2). Interested readers can refer

to [10] for further details.

Figure 2.12: Shunt Capacitor In-
verter

Figure 2.13: Current Starved In-
verter

Figure 2.13 shows a current starved inverter. In this configuration the charging and

discharging current through the output capacitance of first stage is controlled by the

PMOS (M7) and NMOS (M8) in series with the inverter (formed by the transistor pair

M1 and M2). A transistor in saturation region, behaves as a current source, controlled

by its gate voltage. Here, a current mirror is used for generating the gate voltage for

transistors M7 and M8. In this manner, we can control the delay through both the rising

and falling edges of the output signal. However, if only one edge needs to be controlled,

so only one transistor is enough to source or sink the current. For example, in order to

control only rising edge, M7 transistor will be used. We can see that there is second

stage available at the output of first stage. This stage is basically added to control the

rise and fall times of the output. Many a times, multiple such stages are needed to be

cascaded in order to improve the rise and fall time of the output.
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It can be seen that in both the cases mentioned above, there is an analog controlling

voltage which is controlling the charging and discharging currents through the output

node and hence affecting the delay of the circuit.

Single ended type delay stages have high susceptibility to noise and poor power supply

rejection ratio. Hence, differential ended type delay stages are more preferable as they

have inherent advantage of common-mode rejection ratio and better spectral density.

Figure shows one example of such a differential ended delay stage. The source coupled

differential pair having load elements and tail current source. This type of circuit can

have either diode-connected loads or transistors in linear region (behaving as resistance)

[11]. These loads are selected based on desired delay value, output voltage swing, power

supply rejection value etc. The ideal tail current source provides a constant current to

the circuit and provides stability against supply noise.

(a) Diode Connected Loads (b) Loads in Triode Region

Figure 2.14: Differential Delay Elements

For diode connected loads, rout can be written as:

rout = ronN//ronP //
1

gm
(2.11)

We know that for a differential pair, the relation between the trans-conductance gm and

the tail current ISS is given by:

gm =
√
µCOX(W/L)ISS (2.12)
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The delay of such a cell is given by:

∆τ = rout.Cout (2.13)

where ∆τ is the delay offered by each stage and Cout is the effective output capacitance

offered to the signal.

By putting the value of eq 2.10 in 2.9 and value of 2.9 into 2.11, we can the delay value

as:

∆τ =

√
1

µCOX(W/L)ISS
.Cout (2.14)

Hence, it can be seen that value of delay (∆τ) depends upon the tail current ISS . So,

this current if controlled, can alter the delay value offered by the delay cell. To control

this current value, a biased transistor will be used which has gate voltage as Vctrl. On

the similar lines, a relation between the delay value and the control voltage Vctrl can be

drawn for figure (b) as well. Here, Vctrl is used as bias voltages for the triode loads. The

relation in such a case turns out to be:

∆τ =
Cout√

µCOX(W/L)(VDD − Vctrl − V th)
(2.15)

Figure shows another type of delay element used commonly in delay lines. This circuit

is an improved version of the delay stages mentioned above, as it has symmetrical loads

and self-biased tail current source.

Figure 2.15: Delay cell having symmetrical loads [1]
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Figure 2.16: Self-bias circuit for the tail current source [1]

Thus, an analog DLL is designed. These DLLs has advantage of low jitter value, as an

analog controlling signal is used to continuously vary the delay. However, this kind of

DLL has some disadvantages which will be discussed in next sections.

2.4 Digital DLL

The main components of the digital DLL (DDLL) are the Phase Detectors (PD), Con-

trolling Mechanism and Digitally Controlled Delay Line (DCDL) as shown in the below

block diagram. The digital DLLs are typically made up of simple digital elements, which

helps us to design portable delay locked loop which can be easily migrated to other tech-

nologies. This is the major advantage of the digital DLLs which make them attractive to

use as compared to analog DLLs. Another advantage includes the stability of zero-order

transfer function. However, this is at an extra cost of more layout area, moderate phase

resolution and degraded jitter performance.

Figure 2.17: Digital Delay Locked Loop

2.4.1 Phase Detectors

As described in section 2.3.1, Phase detectors are used to measure the phase error

between its two input signals and produce a corresponding output voltage which is

directly proportional to the phase error ∆φ. In digital DLLs also, phase detectors can



Overview of DLL 19

Figure 2.18: Phase detec-
tor based on flip-flops [2]

Figure 2.19: TSPC DFF [3]

be realized by using using flip flops. Figure 3.4 shows a possible implementation using

flip-flops to detect the phases of the input signals. The dynamic phase detector shown

in figure is also commonly used for digital DLLs. Apart from this, for detecting phase

difference between high frequency inputs, the true-single phase clock type (TSPC) type

DFF is used. The advantage of such a flip-flop is that the dithering phenomenon,

commonly observed in other type of phase detectors, can be suppressed which helps in

jitter reduction [3]. Figure 2.19 shows a possible implementation of TSPC DFF having

an extra reset circuit.The choice of using phase detectors basically depends on the type

of signal and the frequency of the signals used.

2.4.2 Control Mechanism

The characterization parameter for a digital DLL is the controller of digital DLL, that

controls the delay line. Based on how the controller is implemented, the digital DLLs

are roughly divided into four broad categories:

• Register-Controlled Digital DLL (RCDLL): In RCDLL, the control is com-

prised of shift registers, which decides the number of delay elements to be present

between the input and the output clock. The register value is set by the help of the

output of the phase detector, producing digital bits as output which controls the

delay line. The main disadvantage with this kind of digital DLL is that when the

control bits increases, then the time to lock the DLL also increases exponentially

[12],[13]. This is because the number of delay elements will increase in order to

be controlled by the more number of bits. This increases the delay and hence the

locking time of the DLL. Figures 2.20, 2.21 shows an example of register controlled

DLL.
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Figure 2.20: Register Controlled Digital DLL

Figure 2.21: RCDL block diagram [4]

• Counter-Controlled Digital DLL (CCDLL): This is a commonly used archi-

tecture for digital DLL [14], [15]. There are two possible configurations for this

type of DLL. As shown in figure 2.22 [5], the control is just a up/down counter or

a bidirectional shift register, which is triggered on the UP/DOWN signal provided

by the phase detector. The up/down counter decides whether to increase the delay

of the delay line or to decrease it to conquer a lock between the inputs of the phase

detector.

Figure 2.22: Simple counter based DLL [5]

Next, a complex control algorithm can be used for counter-controlled DLL if we put

a FSM between the outputs of the phase detectors and the input of the up/down
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counter. So, now the counter is controlled by the output of phase detector as well

as the output of the FSM which depends upon the internal state of the system.

This configuration helps in achieving lock faster than the configuration shown in

figure 2.22, however, it strongly impacts the DLL performance i.e. the stability,

dynamic range and sensitivity etc [5].

Figure 2.23: Counter Controlled DLL having FSM and Counter as control logic [5]

Although, the hardware required to implement the counter controlled DLL is less

than the hardware requirement of the register controlled DLL, the CCDLL has

same disadvantages as RCDLL. When the control bits, controlling the delay line

increases, the number of delay elements and the locking time of the system increases

exponentially [12], [13]. Also, in a counter-controlled DLL, a digital code may

keep toggling between two values, increasing the output jitter due to dithering

phenomenon [13].

• Successive Approximation Register based Digital DLL (SARDLL): In

the above mentioned DLLs, the locking time required will increase exponentially

as the number of bits increases. A binary search algorithm can be use a remedy to

this. The most common circuit level of implementation of binary search algorithm

can be realized by Successive Approximation Register method. This structure will

be used in this thesis and will be explained in the detail in the next sections.

Figure 2.24: SAR Digital DLL

• Time-to-Digital Converter based Digital DLL (TDCDLL): Last category

is Time-to Digital Converter based DLL. It uses Gray code counter running at a
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very high pace, whose values gets updated at a triggering action [16–20]. To obtain

a sub-nanosecond resolution with high time interval digitization needs the system

to run at very high frequencies. In spite of having simple architecture, the large

chip area, wide frequencies, and large power consumption makes this architecture

less attractive to chosen.

Figure 2.25: TDC based Digital DLL

2.4.3 Digital Controlled Delay Line

In digital controlled delay line, the digital control value is mapped to a particular delay

value. A sample transfer function is shown in figure 2.26. Here, the x-axis shows the

digital value which is is needed to set the desired delay and the y-axis shows the desired

delay value at which delay should set. This transfer can be mathematically expressed

as:

∆τ = Dmin + (N − 1)× dr (2.16)

Figure 2.26: Digital Controlled Delay Line Transfer Function [5]

It is evident from eq 1.14, that the delay line is characterized by three parameters:
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• Minimum Delay (Dmin): It is defined as the minimum delay offered by the

delay line. With a delay line controlled by N programmable bits, this minimum

delay could be at lowest setting value (0) or highest setting value (N-1) depending

on whether the delay line has monotonically increasing relation or monotonically

decreasing relation with respect to the digital setting value. In the figure 2.26, the

delay value defined at the minimum setting value i.e at 0 is the minimum delay

(Dmin).

• Resolution (d2): This is defined as incremental delay per setting value i.e. the

difference between two consecutive delay values at two consecutive setting values.

In order to achieve a good phase resolution, this parameter should be as least as

possible. It affects the DLL’s accuracy.

• Maximum Delay (Dmax): With a delay controlled by N programmable bits,

the delay corresponding to the (N − 1)th setting value or 0th setting value, based

on whether the delay line has monotonically increasing relation or monotonically

decreasing relation with respect to the digital setting value, is defined as the max-

imum delay.

The dynamic range for a DLL is defined as the difference between maximum and min-

imum delays i.e Dmax − Dmin. This parameter defines the capability of the DLL to

track the PVT variations and extension of bits needed for realizing high-frequencies. In

digital DLLs, the delay line is divided into two parts: (1) Coarse delay line (also referred

as Gate delays), and (2) Fine delay line (also referred as sub-gate delays). The various

architecture possible for both the delay lines are described in next subsections.

2.4.3.1 Coarse Delay Line

They are formed by using standard CMOS logic gates. A cascaded chain of standard

CMOS logic gates having intermediate outputs tapped which forms input of the multi-

plexer defines a coarse delay line. A simple structure includes a chain of simple inverters

cascaded to form a delay line and outputs being tapped and selected by the multiplexer.

The delay cells used in coarse delay line can have a moderate minimum delay value

(Dmin) but the delay resolution value (dr) should be coarse enough, such that the maxi-

mum delay (Dmax) should be able to match the input frequency or reference clock signal.

A very straight forward implementation is shown in figure 2.27. Here, an inverter pair

forms a delay element and the outputs are tapped and selected by multiplexer. This

delay line has a resolution as 2Td where Td is average delay of each CMOS inverter.

Thus, the minimum delay value is 2Td + logN×Td.
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Figure 2.27: Inverter based Coarse DCDL [5]

The same implementation can be realized for a differential ended delay line as well as

shown in figure !2.28. Here, two inverters, forming alatch is kept at output node of each

delay cell. This is done in order to remove the skew value (if any) present the output of

the differential ended delay element.

Figure 2.28: Inverter based Differential ended Coarse DCDL [5]

Figure 2.29 shows a very popular coarse delay line [21, 22]. This is NAND based register

controlled delay line. Here, there are four delay stages between the input A and output Y.

The bidirectional register is controlled by one-hot encoded bits (Q[3:0]). The resolution

value and the minimum delay for such a circuit is 2Td where Td is the average delay

value offered by each NAND gate. However, this design presents a substantial amount

of load to the input clock, which makes the need of clock buffering necessary. By putting

buffers at the load of the input clock signal reduces the load capacitance offered to the

input signal but increases the minimum delay offered by the circuit slightly by a value

of 2Td + Tbuf , where Tbuf stands for the delay offered by the buffers.
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Figure 2.29: NAND based Coarse DCDL [5]

To avoid the delays by buffers, a work-around solution is shown in figure 2.30. The ar-

chitecture shown in 2.29 has been redesigned and now, the delay elements are connected

in a telescopic fashion. The controlling signals Q[3:0] can be either one-hot encoded or

thermometerically encoded. The minimum delay value (Dmin) can be easily realize as

2Td. When say the controlling values are Q[3:0] = 0001 then only cell A and cell B will

be active. The input signal is routed through NAND cell A and NAND cell B and a

delayed signal (shifted by two NAND gate delays) is available at output of NAND cell

B. Next when controlling signal value is Q[3:0] = 0010, then the delay values of two

more NAND cells i.e. NAND cell C and NAND cell D are added to the previous delay

value. This way, every time with each bit shift in controlling value, two NAND gate

delays will be added to the input clock signal. Hence, both the minimum value and the

delay resolution i.e. Dmin and dr is 2Td.
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Figure 2.30: NAND based Coarse DCDL connected in telescopic fashion [5]

In this thesis, we are using the coarse DCDL implemented by connecting NAND gates

in telescopic fashion as it does not require extra buffers to be put at the input stage

and also NAND gates offer a coarse enough value for the minimum delay and the delay

resolution.

2.4.3.2 Fine Delay Line

This delay line is responsible for defining the phase lock accuracy of the delay locked

loop. Usually, a subgate delay line is implemented by variable RC circuits. Figure 2.31a

and 2.31b shows two such architecture. The delay in such cases is usually equal to RC

and a variable resistance or a variable capacitance value can alter these delay values.

Figure 2.31a shows an example of variable resistance and figure 2.31b shows an example

of variable capacitance. In both the cases, thermometer encoded bits are used.

Another type of variable RC delay element includes current starved inverter shown in

figure 2.13. However, the disadvantages offered by such a circuit is already discussed in
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(a)
(b)

Figure 2.31: RC based delay elements

section 2.3.4. In this thesis, we have used a slightly modified version of current starved

inverter based scheme. The details of this delay line will be discussed in next section

and can also be found in [23]. Interested readers can find a detailed description about

delay lines in [5].

Thus, a digital delay locked in loop is designed. The next section describes the basic

advantage and source of motivation for using digital delay locked loop in spite of analog

delay loop as the topic of thesis work.

2.5 Comparison between Analog DLL and Digital DLL

In the above sections, we have seen a detailed explanation of analog and digital DLL

designs, various possible architectures, different type of phase detectors, delay line etc.

We have also seen how the basic architecture of analog DLL and digital DLL is different.

In this section, we will compare both the DLLs for all the aspects.

• Digital DLL are more adaptable to power supply changes as compared to analog

DLL. The reason being the voltage headroom requirement becomes more strict in

the analog DLLs when supply voltage decreases. While a digital DLL can work at

a very low value of supply voltage as well as long as the supply voltage is sufficient

to overcome the noise margins of the devices. Hence, working at a very lower

voltage sounds bit tough for analog DLLs.

• Analog DLL involves a complex circuitry which makes it difficult to adapt different

technologies as it requires process-specific implementation. If we try to scale down

the analog DLLs, it directly impacts the effective output resistance offered by the
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circuit and hence affects the delay and intrinsic gain of the circuit. So, reusing

the same design over various technologies seems to be difficult. This decreases the

capability of the device to be portable. Digital DLLs are more portable compared

to analog DLLs.

• Another main advantage is inline with the power consumption. As the supply

voltage is decreases. the switching power or the dynamic power decreases. For a

digital circuit, power calculation is done as:

P = 0.5× α× C × V 2 (2.17)

Hence, power consumption is directly proportional to square of V (voltage supply),

whereas in case of analog circuits, power supply consumption is related to V as:

P = I × V (2.18)

Hence, it has a linear relation with supply voltage. Since digital DLL can support

a lower value of supply voltage, the power consumption also decreases as compared

to the analog DLLs.

• Analog DLLs generally provide a better jitter performance as compared to digital

DLLs as the accuracy is controlled by a analog signal. But this comes at a price

of large chip area, complex circuits and less stable design.

• Digital DLLs are zero-pole systems and hence inherently always stable. It elimi-

nates the need of loop capacitor filter and charge pump, and hence a pole can be

avoided, which make a negative feedback system which is always stable.

Although the Digital DLL has more jitter than Analog DLL, its greater simplicity,

portability, lower power consumption, its ability to operate at lower voltages, smaller

area, more noise immunity, short lock time and synthesizable circuit makes it very

attractive for clock alignment applications. [24–26].



Chapter 3

Design of SAR based all digital

DLL

This chapter covers the block diagram of the designed delay locked loop along with the

detailed description of each module used in the designing. This DLL is designed to have

an accuracy of 0.5% across corners, low jitter value, low phase noise value and reduced

lock time. This DLL supports a wide range operating frequency range (400 MHz- 1.3

GHz).

3.1 System Architecture

The all digital delay locked loop in this work is designed on TSMC 16nm CMOS tech-

nology. The specifications of the design has been shown in the table 3.1.

Table 3.1: Electrical Specification

Technology TSMC 16nm

Supply Voltage 0.8 V

Reference Clock Frequency 400 MHz - 1GHz

Reference Clock rise/fall time 100 ps

Reference Clock Duty Cycle 50 %

Lock Time < 1us

Residual Phase Error < 5 %

R.M.S Jitter < 10 ps

The figure 3.1 shows the system architecture of the proposed all digital delay locked

loop. The SAR based DLL has an advantage of reducing the number of lock cycles as

29
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compared to the conventional counter-based DLL. In this design, the implementation

of delay line i.e the coarse blocks and fine blocks are done in such a manner such that

amount of current required to control the delay provided by the fine delay element can

be reduced and hence the power consumption is reduced. The proposed design has a

delay resolution of 5ps, accuracy of ±0.5% and able to produce an output having 50%

duty cycle across process, voltage and temperature variations.

Figure 3.1: System Architecture of proposed DLL

3.2 Design Flow of the DLL controller

The flow chart 3.2 explains the complete design flow of the delay lock loop implemented

in this work. Initially all blocks are in reset state. All output bits of SAR are initially set

to 0, providing the maximum delay to the reference clock input. When the start signal

is asserted, the conventional SAR block becomes active. Upon detecting the positive

edge of the clock input, the Most Significant Bit (MSB) of SAR i.e. D[9] is set to high.

This information is passed to the coarse delay line, which changes the amount of delay

offered to the reference clock signal. The output clock from the delay line is compared

with the input reference clock through a simple DFF and a COMP signal is generated.

This signal decides whether the bit set by the SAR should be held or reset to zero.

This way the conventional SAR blocks continues to determine the bits D[9:4]. After

deciding the last bit, the SAR asserts a Stop signal, indicating about the completion

of its operation. At this point, the output clock is expected to be coarsely locked

with respect to reference input clock signal. The timing controller adds an additional
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increment of 1 to the bits obtained in order to reduce the delay value by ine unit of

its minimum delay offered. This stop signal of conventional SAR acts a start signal for

the modified SAR. Modified SAR comprises of a binary search SAR logic and a counter

logic. The detailed description about modified SAR will given in subsequent sections.

This SAR first works in binary mode and determines the remaining four bits used by

fine control delay line which brings the coarsely locked signal in phase alignment with

respect to reference signal. The fine delay element is responsible for phase accuracy. The

modified SAR also receives the COMP signal and make a decision for the bits. When

the stop signal of MSAR is asserted high, the system is expected to be in a locked state.

The modified SAR generates a Count signal as output after one clock cycle delay with

respect to Stop signal. This acts as an enable for phase detector. Upon receiving a high

Count signal, the phase detector starts operating and samples the reference and output

clock signal, compares the signals and generate up and down signals. The value of Up

and Down signals is used by the MSAR oeprating in counter mode after the stop signal

goes high. If Up is high and Down is low, the counter is incremented and the delay

between the two signals is reduced. If the Down signal is high and Up signal is low,

the counter value is decremented and the delay is increased. Thus, it works as two way

counter. When both the Up and Down signals are either one or zero, the phase detector

enters into a hold region and the counter stops counting. At this point, the output clock

is expected to be in phase locked with the reference clock cycle and after a small period

of time, this output clock can be tapped out as output clock of delay locked loop.

Figure 3.2: Design Flow of DLL controller

The figure 3.3 explains the timing diagram of the proposed DLL. The operation works

in two modes: binary search mode and sequential search mode. In binary search mode,
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conventional SAR will find the code in 6 clock cycles of CLKSAR4 . This CLKSAR4 i

generated with the help of divide-by-4 counter as shown in the block diagram. After,

conventional SAR completes its operation, the output clock is coarsely locked with the

input clock, the stop signal generated by the conventional SAR becomes the start signal

for the modified SAR and the MSAR starts its operation to determine the remaining bits.

It takes next four clcok cycles of CLKSAR2 to generate the output code value. CLKSAR2

is generated by the help of divide-by-2 frequency divider. When MSAR finishes its

operation, the stop signal of MSAR goes high, indicating the end of the binary search

mode. In the next clock cycle it enables a high Count signal which indicates the start

of the sequential search mode. MSAR is now in counter mode and based on the inputs

from phase detector (U/D) it starts counting and try to reduce the phase error between

the clock signals.

Figure 3.3: Timing Diagram of operation of proposed digital DLL

This is how the SAR based all digital delay locked loop works. The following sections

will describe about each of the blocks used in this design in depth.

3.3 Phase Detector

The need of the phase detectors, different state-of-the-art techniques used and the various

design issues generally encountered to implement phase detectors are discussed in chapter

2. A phase detector can be seen as a black box having two inputs i.e. the reference clock

(CLKREF ) and the output clock (CLKOUT ), generating one or two output signals

(namely, Up and Down signals) depending upon what is inside that block box.
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Figure 3.4: Phase Detector as black box

A conventional digital phase detector can be a simple DFF having the reference clock

as the input signal (D input) and the output clock as the input to clock pin. The phase

difference (∆φ) between the input and the output clocks is captured at the Q pin of the

DFF. An example of such a phase detector is shown in figure 2.6. However, this kind

of phase detector has a major drawback. A conventional DLL adjusts by the help of

the Up and Down signals produced by the phase detector, to either increase or decrease

the delay with respect to the reference signal in order to track the PVT variations and

have a closed loop characteristics. The delay cells controlled by digital bits have a finite

resolution, i.e. the difference between the delay values of two digital code is a finite

number. Due to this, the delay of the DCDL may not be exactly equal to the clock

period. This holds true true even for locked condition. In locked condition as well, there

can be a small phase error existing between the two signals. Due to this, the phase

detector will always generate an error signal and the counter, upon seeing this error

value keeps on increment or decrement the count value. Hence, the digital code keeps

on changing back and forth. This behaviour is shown in figure 3.5.

Figure 3.5: Code keep on changing back and forth due to finite resolution in a con-
ventional counter-controlled DLL [3]

The horizontal delay line is representing the target delay for the circuit which is equal

to one clock period. Since, a finite phase error exists, the counter keeps on changing the

digital code value between two values as shown by the pulse around the target delay line.

This introduces jitter in the system. In worst case, this jitter value can be equal to twice

the minimum resolution of the DCDL. In this case, we have not considered the effect

of input clock jitter. When we consider the input jitter in a normal distribution, (say
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less than the minimum delay resolution of DCDL), then the target delay is not a single

value but becomes a range in which the DLL should lock. However, chances are there

that now the digital code, unlike previous case where it was toggling between two values,

start changing between two or more values. This is known as dithering phenomenon and

shown in figure 3.6. This is responsible for a jitter in the output clock which is equal to

the jitter in input clock plus twice the minimum delay resolution. In cases, where input

jitter is more than 2TD, the code can change between three or more values resulting

more jitter at the output node. Thus, a simple DFF as a phase detector is not a good

idea, as it cant help in suppressing the dither phenomenon.

Figure 3.6: Output clock jitter and Locking process when input clock has a jitter [3]

To suppress the jitter caused by this dither phenomenon, true single phase clock (TSPC)

type DFF are used in phase detectors. TSPC type flip-flops have various advantages

like no clock inversion, low clock load capacitance, high speed and reduced clock skew

problems. Two such flip-flop are arranged in such a manner that the input of first flip-

flop acts as clock for the second flip-flop. Hence, this way we are able to sample the

difference between the two signals with respect to each other. This sampling is modelled

to Up and Down signals respectively. Figure 3.8 shows the phase detector used in this

thesis work. The CLKREF is the reference clock for our system and CLKOUT is the

output of the DCDL. The signal Count acts a reset to the flip-flops. When Count is low,

the signals U and D are reset to zero. The phase detector is in disable state. When the

Count signal is asserted high, the phase detector starts operating. The DFFs sample

the CLKREF and CLKOUT and phase error between them is sent to U and D signals.
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Figure 3.7: True Single Phase Clock type DFF with reset

Figure 3.8: Phase Detector

When the positive edge of CLKREF comes before the positive edge of CLKOUT , the

U signal becomes high. When the positive edge of CLKOUT comes before the positive

edge of CLKREF , the D signal becomes high. These signals are input to the modified

SAR which upon receiving these inputs acts as a binary counter. When these signals are

different, the counter counts up or down. When these signals are same, the counter hold

its value and the system comes in hold state. Based on the values of U and D signals

and state of counter, we can define a truth table as:
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Table 3.2: Truth Table

U D State

0 0 Hold

0 1 Down

1 0 Up

1 1 Hold

The hold region depends on the offset of the DFF. Ideally, the transition point for the

outputs of DFFs i.e. U and D signals should occur at ∆t = 0 , i.e. any change in input

signals should be mapped to output signal immediately, however, in practical implemen-

tation this does not hold true. This transition depends on how fast the intermediate

nodes are changing their values. The driving capabilities of the transistor should be

strong enough to affect the gate voltage of the next stage. This causes a timing offset

during the transition of the intermediate signal. To avoid this offset, one possible solu-

tion could be appropriate aspect ratio of the transistors. But across various process and

temperature variations, the transistors will show different driving capabilities and hence

affect the transfer characteristics. So, the information from phase detector will be used

in such a manner that the counter counts up or down only when up and down signals

are different, otherwise it holds the state and does not change the digital code value.

It was stated earlier that the TSPC type DFF is used to suppress the dither phenomenon.

Refer to figure 3.9 for the explaination. The two gray afreas represent the hold region

for TSPC type flip flop and hence, when due to jitter, the input or output clock enters

into that region, the counter is hold mode and suspends its operation. Thus, as shown

in the figure, the counter changes its values only outside the gray region and hence

chnages its value only between two codes, thus reducing the jitter and hence the dither

phenomenon.

Figure 3.9: Dither Suppression phenomenon in TSPC type DFF [3]
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Figure 3.10 shows the input and output waveforms of the phase detector. When Count

is asserted high, phase detector starts sampling the input and output clocks and produce

U and D signals. When the negative edge of Count is encountered, the phase detector

stops working and the values are reset to zero.

Figure 3.10: Input and Output waveforms of the phase detector

3.4 Controller

As mentioned above, the controller is the heart of a digital DLL. It controls the delay

line and hence the delay offered by sending the control bits information to the DCDL.

In this thesis work, controller comprises of three blocks:

• Conventional Successive Approximation Register

• Modified Successive Approximation Register

• Timing Controller

Each of the above mentioned block are discussed in depth in the below sections.

3.4.1 Conventional Successive Approximation Register

A successive approximation register is presented in [27]. It codes all the possible conver-

sion output for a particular input value, is non-redundant, optimized and simple. The

SAR based on the output of a comparison logic, determines the value of each bit of the

digital output in a sequential manner. The architecture reported in [28] uses different

registers for memory operation and shift operation. While in this thesis work, a non-

redundant SAR is used which uses the same register for both the memory and the shift

operation and limits the maximum number of flip-flops used.
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After receiving a Start signal, the SAR sets MSB high and all other bits as zero. So for

our 6-bit SAR, B[9:4] = 6’b1000000. This information is passed to the coarse delay line

and the delay line sets the delay values as half of the whole delay line. This delayed line

is compared with the input clock and based on the output of DFF, the Comp signal is

set to 1 or 0. If the Comp signal is equal to 1, the MSB will retain its value. If the

Comp signal is equal to 0, the MSB will be reset to 0. So by now, we will be having

value of our MSB bit. In the next cycle, SAR operation repeats its operation with a

known MSB bit and guessed next to MSB bit. This process repeats until all the bits

are known by the help of Comp signal. So, the operation of successive approximation

register can treated as a sequential finite state machine having state diagram as shown

in fig. 3.11.

Figure 3.11: State Diagram of conventional SAR

The basic structure of the 6-bit SAR is a multi input shift register as shown in figure

3.12, where each multi input shift register is realized by a combination of multiplexer,

decoder and a positive-edge triggered DFF. Each state has the possibility of choosing

the data inputs among three possible options:

• memorization - the output of the flip flop itself.

• shift right - the output of the (k + 1)th flip-flop

• data load- the output of the comparator.

Figure 3.12: Six bit conventional SAR circuit
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By the help of the multiplexer and decoder as shown in fig 3.13, each flip flop can

choose one input among the three inputs possible. The following truth table helps to

understand the above mentioned operation well.

Figure 3.13: One bit Shift Register Circuit

Table 3.3: Truth Table of SAR

A B Operation

0 0 shift right

0 1 data load

1 X memorization

Figure 3.14 shows the same 1 bit shift register as shown in fig 3.13 in a different manner.

The multiplexer is implemented by the help of the AOI (and-or-invert) circuit and

decoder part is implemented by the help of NAND gates.

Figure 3.14: One bit conventional SAR circuit
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Generally, the number of bits of the SAR determines the number of clock cycles needed

to lock the circuit. However, for some applications, after receiving the comparison signal

result, the system needs some time to set to the value of SAR. This time involves the

delay through the delay line, phase detectors, buffers (if any) etc. So, to have a faithful

transmission of data, a negative edge triggered divide-by-four counter is required to

generate the clock for conventional SAR, to lower down the frequency of operation. This

do affect the lock time required for a circuit but for applications, where high frequencies

are involved this action is important in order to capture the data faithfully.

3.4.2 Modified Successive Approximation register

The conventional Successive Approximation Register stops working when the binary

search is done and a high stop signal is asserted. In this case, the delay locked loop

reaches an open-loo configuration and cannot trace any process, voltage, load or tem-

perature variations. So, it is need to modify the conventional SAR in such a manner that

even after performing binary operation, it is still able to track any changes and bring

the circuit back to locked state, thus forming a closed loop circuit. For this purpose,

modified SAR is used. It works both as a SAR and a counter depending upon the inputs

U and D from the phase detector. When the signals U and D are low, it works in binary

search mode, perform SAR’s operations, determines the bit D[3:0], helps the circuit to

bring the output clock in fine lock with the input clock, generates a signal to enable

the phase detector after binary search is done. When phase detector is enabled, based

on the values of U and D, the MSAR works as a upward or downward binary counter

(if U!=D). The figure 3.15 shows the one bit MSAR circuit. It shows the additional

circuitry required as compared to 3.14 to implement the counter logic.

Figure 3.15: One bit Modified SAR circuit
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The below state diagram explains the operation of the MSAR. The MSAR works iden-

tically as conventional SAR when Enable is 0. When Enable = 1, it works as a counter

unit and perform the closed-loop operation. Figure 3.17 shows the 4-bit MSAR circuit

used in this thesis work. Here, to map the timing delays of clock propagation through

various blocks of the circuit, a negative edge triggered divide-by-2 counter is used to

lower down the frequency of operation. The bits produced by this circuit is used by fine

delay line to adjust the phase error of the circuit. The Count signal generated by the

circuit helps in accomplishing the closed-loop operation.

Figure 3.16: State Diagram of Modified SAR circuit

Figure 3.17: 4 bit Modified SAR circuit

The following figure shows an example the how the MSAR behaves. First the MSAR

performs the binary search operation. D3 bit is set to 1 and other remaining bits are

0. The comparator compares the input and output clock signal and send a high Comp

signal. Hence, D3 will hold its value of 1. Next, D2 is set high and the same process is

repeated. After four clock cycle (clock cycles = no. of bits of SAR), Stop is asserted.

This stops the binary operation. the final value of code is D[3:0] = 1001. After a clock

cycle, the Conut signal is asserted which enables the phase detector. After comparing
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the phases, we are receiving a high Down signal, hence counter will start counting

downwards. So the code becomes 1000. In the next clock cycle as well, the Down signal

is high. So the code becomes 0111. Hence it is working as a downward counter.

Figure 3.18: Output waveforms of MSAR

3.4.3 Timing Controller

This section discusses about the proposed timing controller. This timing controller

receives the bits from the conventional SAR and produces output bits which becomes

the input of the coarse part of our delay line. The another input to timing controller

is Stop signal coming from the conventional SAR. Timing controller basically contains

a full adder. The inputs to full adder are 1. Latch storing 6 bits information from the

conventional SAR, 2. Stop signal 3. Carry bit is tied to zero. The operation of this

proposed timing controller is explained in flow chart shown in 3.21.

Figure 3.19: Timing Controller

The timing controller checks the value of input signal Stop. If it is zero, that means

SAR is not done with operation yet. So, the bits received from the SAR are passed as

it is from the SAR to the coarse line. When the Stop signal goes high, the output clock

is coarsely locked with the input clock. At this point we add ”1” to the bits received.

By doing so, we shift the output clock leftwards by decreasing the delay, as there is a

monotonically decreasing relation between the delay value and the digital code (will be
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explained in next section). So by shifting one bit towards right side, the delay value is

decreased by one delay unit value.

Figure 3.20: Inside Timing Con-
troller

Figure 3.21: Flow Chart explaining
Timing Controller

When the digital code is already 63 i.e. code is B[9:4] = 6’b111111, then the delay line

is already offering minimum delay to the clock signal. Hence, the delay value cant be

further reduced. To check this condition, an OR gate is added to the circuit, having

one input as Carry out (Cout) and other input as six bits binary value. There will be

only one case, where the value of Cout will be equal to 1, i.e. when the digital code is

6’b111111. In that case, by OR operation we get a 6’b111111 at the output end (in

D[9:4]) otherwise, the output register is loaded with bits O[9:4]. In a normal scenario,

the worst case delay of fine delay element should be equal to minimum delay offered by

coarse delay element, i.e. the 1 LSB delay of coarse delay element. To have a better

delay resolution, the minimum delay offered by fine delay element should be as small as

possible, such that it can lock to the input signal with a phase error as small as possible.

Since, fine delay elements are mostly current controlled inverter. the delay value is

controlled by the current flowing in the circuit. In TSMC16nm, to obtain a very small

very value of delay we need a large amount of current to flow through the circuit. This

increase power dissipation by the circuit. In order to reduce that we have intentionally

removed one delay unit value from the clock signal. By doing so, we are allowing our

fine delay element to have a range of delay value from twice the value of 1 LSB of coarse

delay line to the 1 LSB value. So, if suppose we want our DLL to have a resolution of

5ps, then the minimum delay of fine delay element should be 5ps. But now, instead of

settling our fine block at 5ps for minimum delay,w e are allowing it to have a delay of

say 50ps (1 LSB of coarse) which can be easily achieved by a small value of current.

Hence, the current required in the circuit and the power consumption decreases. Thus,
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with the help of this proposed circuit, the accuracy of the circuit is improved, a small

value of fine resolution is guaranteed and power consumption also reduces.

3.5 Digital Controlled Delay Line

A digitally controlled delay line mainly has two components namely:

• Coarse Delay Line

• Fine Delay Line

Each of them are described in detail in the sections below.

3.5.1 Coarse Delay Line

As explained in section 2.4.3.1, the coarse delay line is formed by cascading standard

CMOS logic gates where intermediate outputs are tapped and routed through high-fan

in multiplexers. Another way of realizing a digitally controlled unit is by using two

different delay times as input to the multiplexer as shown in figure 3.22. By cascading

such units, a large value of delay can be realized and hence the tuning range of the

delay line increases. But this also increase the intrinsic delay i.e. minimum delay of the

circuit which limits the maximum operating frequency for the DCDL. Hence, there is a

trade-off between tuning range and the ability to be used for high-speed applications.

Figure 3.22: Conventional digital delay unit [2]

The coarse delay line should be designed in such a manner that it covers the entire clock

period in best case. So, the maximum delay for the coarse delay line in the best case

is equal to one clock period and this clock period corresponds to minimum operating

frequency or maximum time period of our DLL (in our case 2500ps as 400 MHz). In
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this thesis work, a configuration shown in 2.30 has been used. In this configuration,

the NAND cells are connected in telescopic fashion. We have used a delay line having

64 stages, where each stage has three NAND gates as shown in the box in fig 3.23.

Each stage is controlled by the thermometer bits. A 6 bit binary to 64 bit thermometer

decoder is used to convert the binary bits to thermometer bits to control the delay line.

With the change in one bit of binary input, one delay step will be added to the delay

value. To determine the one delay step, we should understand the following example:

• When D[9:4] = 6’b111111, the 64 bit thermometer code will be 64’b1...1. So, the

input clock (CLKREF ) is routed through NAND1 and NAND5. Hence, the delay

will be equal to delay offered by the two NAND gates i.e. delay of NAND1 +

NAND5. This defines the 1 LSB delay of the coarse delay line.

• When D[9:4] = 6’b111110, the 64 bit thermometer code will be 64’b01...1. So, the

input clock (CLKREF ) is now routed through NAND2, NAND3, NAND6 and

NAND5. Hence, the delay will be equal to delay offered by the two NAND gates

i.e. delay of NAND2 + NAND3 + NAND6 + NAND5.

Figure 3.23: NAND cells connected in telescopic fashion

Hence, for one bit change in binary input the delay of two NAND gates are getting

added. So the delay resolution (dr) or the delay step for coarse delay line is equal to

delay of two NAND gates. The main advantage of this structure is that to support a

lower frequency value, we just need to add more stages in the same fashion. Adding

more stages will not change the minimal or intrinsic delay of the circuit and hence, the

maximum operating frequency will not be affected (unlike the case in which we were
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cascading the delay units serially and limiting the maximum operating frequency by

increasing intrinsic delay). In such a delay line, both the delay resolution and minimal

delay is equal to delay of two NAND gates. The only disadvantage here could be the

area required for 6 bit to 64 bit binary to thermometer decoder. As more stages will

be added, a large number of bits will be required which will increase the area of the

decoder. Fig 3.24 shows the complete circuit used for coarse delay line in this thesis

work.

Figure 3.24: Coarse Delay Line

3.5.2 Fine Delay Line

The design of fine delay line mainly depends on the current-starved inverter technique.

The circuit used for fine delay element in this thesis work is shown in fig 3.25. This

proposed fine delay block is a modified version of circuit mentioned in [23]. This circuit

has a monotonically decreasing delay behavior with respect to the input digital code.

The current is controlled via the bits D[3:0] which fine block receives from the modified

SAR.

The working of this circuit is as follows: When the transistor M2 turns on, the capacitor

present at its output node starts to discharge. The current through this capacitor will

be controlled by transistor M8 and M5 which are acting as a current source. The gate

voltage of M14 will decide the amount of the current passing through M5 and M8. The

same current will be mirrored by the pMOS M6 and the gate voltage of M6 mirrors the
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current in transistor M7. Thus, the current through M7 and M8 controls the discharging

rate of the capacitor present at the output node. The gate voltage of M14 is decided

by the drain current which is controlled by the pMOS transistors M9- M13. The digital

bits D0 to D3 decides whether to switch on or off the devices. The maximum delay will

be decided by transistor M9. It is done by setting the W/L ratio of the pMOS device.

At this point, digital code is 4’b0000. The devices M10-M13 are sized in the manner

described by equation 3.1.
W

L Mi

=
2i−1

2N − 1
.
W

L M9

(3.1)

where i = 1,2,3, ...N and N = 4.

Figure 3.25: Fine Delay Element

The delay profile for the above mentioned fine delay line has been shown in result section.

This fine delay element is responsible for phase accuracy for a delay locked loop and also

defines the delay resolution of the DLL.

3.6 Conclusion

The detailed analysis and design considerations for all the building blocks required for

a successive approximation register based DLL were discussed in this chapter. A novel

timing controller circuit which helps in improving performance by reducing the current

consumption of the circuit has been discussed . This improvement has been achieved

with very less area overhead. By adding an additional circuit, which is a simple 6 bit

full adder and an or gate, we have reduced the dimensions required by the transistors

in the fine delay line by a great extent. This is because, before the full adder circuit,

the current consumption by the circuit reached upto a value 200uA. To support such a

high value of current, lowe-resitive devices were needed. This value had been reduced
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to 40uA by the timing controller block added. Block level and system level simulation

results will be shown in the next chapter.



Chapter 4

Results

The simulation results which defines the proposed delay locked loop will be presented in

the course of this chapter. For a DLL, the lock time, the jitter performance, the power

consumption and the phase error between the input and the output clocks after the

locking is achieved are considered as the main parameter for analyzing the performance

of a digital DLL. The schematics are designed in Cadence Virtuoso and in TSMC 16nm

FinFET technology. The characterization has been done on basis of the variables such

as supply voltage (10%) and temperature variation (-40◦C to 125◦C). Other variations

could be due fabrication process variation such as Vth and Cox variation. The combi-

nation of PMOS and NMOS could be fast fast, fast slow, slow fast and slow slow. All

permutations of these variations are considered for the simulation and these sum upto

9 corners. PSS and Pnoise simulations are performed in order to determine the jitter

performance of the proposed DLL.

4.1 Linearity of Delay Line

In a digital DLL, the delay line offers the quantized delay steps. A DLL is characterized

by the help of the linearity offered by the delay line. Between every two consecutive

codes, there should a finite amount of delay present and this number should be same for

one corner across all the digital codes given as input to the delay line. The behaviour

across corners should be either monotonically decreasing or monotonically increasing for

all the digital bits. In this thesis work, a monotonically decreasing delay value with

respect to increasing digital codes has been implemented, th input code 0 will be having

the maximum delay and the input code 2N − 1 will be having minimum delay.

49
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4.1.1 Coarse Delay Line

The figure 4.1 shows the linearity behaviour for the coarse delay line across the best

(FF-125), typical (TT-27) and the worst (SS-n40) corners. For a 6 bit input, the input

codes will vary from 0 to 63. As explained in previous chapters, a coarse delay line is

designed in such a manner that for the best case i.e. FF-125, the coarse delay line should

be able to cover the entire clock period. The operating frequency for our system is 400

MHz and hence the time period is 2500ps. It can be seen from the figure 4.1 that in

FF125 corner the maximum delay is 2500ps and then linearly decreasing. For FF125, 1

LSB corresponds to 38ps.

Figure 4.1: The delay profile of coarse delay line for proposed DLL across best, typical
and worst corners

4.1.2 Fine Delay Line

The figure 4.2 shows the linearity behaviour for the coarse delay line across the best

(FF-125), typical (TT-27) and the worst (SS-n40) corners. For a 4 bit input, the input

codes will vary from 0 to 15. Conventionally, a fine delay line is designed in such a

manner that the worst case delay for FDl i.e. SSn40 with digital code 0 should be equal

to 1 LSB of coarse delay line in worst case (i.e. SSn40). From figure 4.1, it can be seen

that 1 LSB for SSn40 is 53ps. So, the maximum delay of the fine delay line should be

equal to 53ps

The delay resolution for fine delay line is defined by eq. 4.1

∆τ =
1LSBofcoarsedelayline

2N − 1
(4.1)
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where, N stands for the number of bits controlling the fine delay line.

Figure 4.2: The delay profile of fine delay line for proposed DLL across best, typical
and worst corners

So, the delay resolution for our system should be around 4 ps. But to achieve, such a

low value of delay, a large amount of current is required to control the fine delay line. It

was seen that in TSMC16nm FinFET even with a very large value of current, a delay

value of 4ps could not be achieved. So, a timing controller has been added in order to

aid this problem. By the help of timing controller, the FDL now has a maximum delay

equal to twice the value of 1 LSB of coarse delay line. The minimum delay, however,

should not go below the 1 LSB value. In figure 4.2, it can be seen that for SS-n40, the

worst case or maximum delay is around 106ps, which is twice the value of 1 LSB of

coarse delay line for SS-n40.

4.2 PSS and Pnoise Analysis

PSS and Pnoise analysis are methods to solve large signal steady state time domain

response of a system. For systems having frequency translation effects, these are im-

portant to analyse the phase noise of the system. Periodic Steady-State (PSS) Analysis

evaluates the periodic steady-state behaviour of a circuit for a defined frequency known

as beat frequency. This analysis should be carried first to determine the operating point

of the circuit which will be used by Pnoise analysis as the starting point. A desirable

value of Pnoise for a circuit is < -70dBc/Hz. As shown in figure 4.3, the designed DLL

in this thesis work has a phase noise of < -76.5 dBc/Hz.
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Figure 4.3: Phase Noise of DLL across corners for VCC= 0.8V

4.3 Lock Time

One of the most important aspect of any delay locked loop is the lock time or lock cycles

delay locked loop takes. The table 4.1 shows the lock time (or lock cycles) required by

the delay locked loop across corners.

Table 4.1: Lock Time across corners for VCC=0.8V

Corner Lock time ( in ns) Lock time (in clock cycles)

FF n40 80 32

FF 125 80 32

FS n40 90 36

FS 125 85 34

SF n40 95 38

SF 125 90 36

SS n40 95 40

SS 125 90 36

TT 27 80 32

4.4 Current profile of FDL

The fine delay line controls the delay offered by the help of the current generated in

the circuit. Figure 4.4 shows how by using the proposed timing controller circuit, the

current required by the fine delay line has reduced. The result shown is performed for

VCC = 0.8V, temp = -40 and process corners is slow NMOS and slow PMOS.
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Figure 4.4: Current profile of FDL with and without proposed controller for SS -40

4.5 Transient Response

Figure 4.5 shows the Start signal showing the beginning of operation, input clock, output

clock, binary codes (D[9:0] and B[9:4]), clock output of coarse delay line, Stop signal of

the MSAR block indicating the end of binary search mode, Count signal, indicating the

starting of counting or sequential search mode and 2 bit Up and Down signal as UD.
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Figure 4.5: Transient response of DLL showing locking, locked and sequential search
region

Figure 4.6 shows the delay difference between in the input and output clocks for locked

condition in corner FF 125 at voltage supply of 0.8V

Figure 4.6: Delay difference between input and output clocks for locked condition

4.6 Accuracy of DLL

In DLL, another important parameter is the residual phase error between the input and

the output clocks after the DLL is in locked condition. This phase error in DLL could
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be because of the limited resolution of DLL, the setup and hold times of phase detector,

the setup and hold time of comparator circuit used by the SAR etc. This value should

be as small as possible as this could be a source of jitter in the output clock. Usually,

the DLL is expected to have ±5% accuracy. But in this thesis work, we are able to

achieve an accuracy of ±0.5% across corners. The accuracy results shown in table 4.2

were obtained using transient analysis done for a substantial amount of time after the

DLL has achieved locked by considering variations in process and temperature.

Table 4.2: Residual phase error across corners for VCC=0.8V

Corner Residual phase error ( in ps) Phase error percentage (in %)

FF n40 -0.337 0.0135

FF 125 -0.807 0.0323

FS n40 -10.89 0.4356

FS 125 -2.98 0.1192

SF n40 10.3 0.412

SF 125 4.58 0.1832

SS n40 -1.54 0.0616

SS 125 4.28 0.712

TT 27 3.43 0.1372

4.7 Comparison with State-of-the-Art work

The tables below show the comparison of the performance metrics of the proposed SAR

based digital DLL with the other State-of-the-Art digital DLLs available.

The tables 4.3 below show the comparison of the performance metrics of the proposed

SAR based digital DLL with the other State-of-the-Art analog DLLs available. This ta-

ble concludes the performance comparison between analog DLLs and digital DLLs. The

jitter performance of analog DLLs are better than digital DLLs but the other advan-

tages of digital DLL like flexibility, portability, ease of design, lower power consumption,

ability to operate at lower supply voltage etc makes digital DLL an attractive choice for

advanced technology nodes.
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Table 4.3: Performance Summaries and Comparisons

[14] [29] [30] This work

Category Analog Analog Analog Digital

Technology 0.18µm

CMOS

0.35µm

CMOS

0.18µm

CMOS

TSMC

16nm

Supply Voltage 1.8V 3.3V 1.8V 0.8V

Operating Frequency 2 GHz 1.1 GHz 60-760 MHz 0.4-1.3GHz

R.M.S Jitter 1.6 ps 2ps 5ps 6.094ps

Pk-Pk Jitter 13.1 ps 14.6ps 28ps 20.76ps

Power Consumption 12 mW 42.9mW 63mW 240.64uW

The tables 4.4 below show the comparison of the performance metrics of the proposed

SAR based digital DLL with the other State-of-the-Art digital DLLs available. With a

very low power consumption and reasonable jitter value, a delay resolution of around 5

ps is obtained for a frequency of 400MHz. Usually, for such a low frequency, the delay

resolution comes around 10 ps. The performance has been compared with [2], [8], [31]

[32].

Table 4.4: Performance Summaries and Comparisons

[2] [8] [31] [32] This

work

Category Digital Digital Digital Digital Digital

Technology 0.18µm

CMOS

0.13µm

CMOS

65nm

CMOS

55nm

CMOS

TSMC

16nm

Supply Voltage 1.8V 1.2V 1.1V 1V 0.8V

Operating Frequency 40-550

MHz

1.5-3.3

GHz

400-800

MHz

0.1-

2.5GHz

MHz

400MHz-

1.3 GHz

Delay Resolution 10ps 10ps X 5ps 5ps

Lock Time 14 cycles 38 cycles 38-41 <24 cy-

cles

40 cycles

R.M.S Jitter 3.96ps 1.96ps 4.8ps 0.24ps 3.094ps

Pk-Pk Jitter 12ps 12-.6ps 26.26ps 3ps 14.6ps

Power Consumption 5.4mW 7mW 3.52mW 1.96mW 240.64uW
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Conclusion

The designs and aberrations of the digital delay locked loop were thoroughly analyzed;

different topologies of delay locked loop were studied to obtain a simple and robust

circuit which could accomplish all the proposed specification.

The thesis addresses the design considerations, circuit implementations and the detailed

analysis of the delay locked loop. Firstly, the basic architecture differences of two types

of delay locked loops i.i analog DLL and digital DLL were discussed. A thorough study

of various topologies possible to implement the analog DLLs and digital DLLs were

presented. The various advantages and disadvantages of both types of DLL were high-

lighted.

Secondly, the proposed design, the challenges faced while designing and the techniques

to overcome those challenges were discussed. Each block of the delay locked loop used

in this thesis work was discussed in depth. The concept of dithering phenomenon and

how to solve it by designing TSPC type DFF based phase detector was explained.

The Successive Approximation Register block has been used as controlling mechanism

to reduce the lock time. The digital delay line used has a resolution of around 5ps.

Usually, the DLLs operating for a lower frequency has a higher delay resolution due

to the minimum delay offered by the coarse delay line. Also, to reduce the amount of

current that should be supported the fine delay line to control the delay value has been

reduced by the help of a proposed timing controller. This DLL design works on TSMC

16nm on a voltage supply of 0.8V supporting process and temperature variations. The

lock time supported by system is around 120 ns (40 clock cycles) where as in state of

the art study the counter analog part takes around 5us for the similar frequency. This

work has a power consumption as low as 250uW. The digital blocks designed here are

simple and can be easily ported to other technologies. This work supports an accuracy
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of 95.5 as it has a residual phase error percentage as 0.5% (which comes around 1.5°

phase difference) between the input and output clocks after the system is locked.

5.1 Future Work

In the current work, the output frequency is same as the input reference frequency.

This circuit can be converted to a multiplying digital DLL by adding an extra circuit

which includes multiplexer and a select logic circuit which helps the multiplexer to decide

whether the input should be reference clock edge or output of quasi ring oscillator formed

by the delay elements. This select logic also helps the phase detector to detect the phase

error only between the reference clock edge and the multiplied output from the delay

line. With the help of this, the advantages of PLL i.e. frequency synthesization and

advantages of DLL i.e no jitter accumulation can be clubbed into one circuit.
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