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摘要 
 

 本論文提出一個全數位式延遲鎖定迴路設計。根據二進位搜尋演

算法，縮短鎖定所需要的時間。此外，所提出的漏電流延遲元件可以

容易的產生極大的訊號傳輸延遲時間，在極低頻操作時可以減少在循

環控制延遲元件裡的高速數位計數器之設計困難度。利用循環控制延

遲元件，重複使用延遲單元來增加工作頻率範圍而不是串接大量的延

遲單元。因此可以減少晶片面積。 

 一個 600MHz 到 1.2GHz 全數位延遲鎖定迴路實現在 UMC 65 奈米

互補式金氧半製程技術。其最大消耗的總功率為 2.6 毫瓦當操作在

1.2GHz 時。當工作頻率在 1.2GHz 時，所量測統計的方均根抖動量為

3.38ps，峰值抖動量為 39.29ps。 
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Abstract 
 

 A wide-range all-digital delay-locked loop is proposed in this thesis. 

Based on the binary search scheme, the locking time can be reduced. 

Besides, the proposed leakage delay unit (LDU) can easily generate a 

large delay to reduce the difficulties to build up the high-speed digital 

counter in the cycle-controlled delay unit (CCDU) for a very low 

frequency operation. By using the cycle-controlled delay unit (CCDU), it 

reuses the delay units to enlarge the operating frequency range rather than 

cascading a large amount of delay units. Thus, the chip area can be 

reduced, too. 

 A 600 kHz to 1.3 GHz all-digital delay-locked loop has been 

fabricated in UMC 65nm CMOS technology. The proposed DLL 

consumes a maximum power of 2.6 mW at 1.2 GHz. When the operating 

frequency is 1.2 GHz, the measured rms jitter and peak-to-peak jitter is 

3.38 ps and 39.29 ps, respectively. 
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Chapter 1               

Introduction 

1.1 Background 

 In the current era of technological progress, with the fast evolution of 

the semiconductor manufacturing process entering the VLSI system. As 

the rapid grow up of high-speed circuits, the complexity of the chip and 

the clock frequency increases with time. Therefore, requirements for 

clock signal quality for the on-chip modules becoming more and more 

important now. How to eliminate the clock skew in high-speed, 

high-performance VLSI and System-On-Chip (SoC) becomes a very 

important issue.  

 Most of the sequential systems use the clock signal for entire system 

synchronization. However, many circuits need an external oscillator due 

to design consideration, process factor and other reasons such like chip 

co-works with a synchronized clock. There are many problems in signal 
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transmission from off-chip clock source. The wire-mismatch causes the 

clock rising edge does not transit at the same time in all modules. The 

clock signal arrives to different components at different times is called 

clock skew. This can be caused by many reasons, the reasons listed here. 

 PVT variations 

 different interconnection wire length 

 material imperfections 

 differences input capacitance of the clock inputs of devices 

 With the complexity of VLSI system increases rapidly, the clock skew 

is also a phenomenon in a single chip. In order to distribute the clock for 

large clock loading nets [35], clock tree synthesis is needed. Thus how to 

minimize the clock skew among all modules is very important. Clock 

skew causes setup time and hold time violations, thus it may destroy the 

correctness of latched data.  

 Both Phase-Locked Loops (PLL’s) [1]-[3] and Delay-Locked Loops 

(DLL’s) [5]-[11] can be used to solve the clock skew problems in 

microprocessors and high-speed I/O interfaces. However, PLL 

accumulates phase error or clock jitter, makes jitter performance worse 

than DLL. If the frequency multiplication is not required, the DLLs are 

preferred for its unconditional stability, faster locking time and better 

jitter performance.  
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1.2 Motivation 

 Delay-Locked Loops (DLLs) are widely used in high-speed 

microprocessors and memory interfaces to eliminate the clock skew. To 

meet the specifications in different applications, the DLLs are desired to 

achieve wide frequency range especially in low-power system-on-a-chip 

(SoC) with dynamic voltage and frequency scaling (DVFS) [4]. 

Traditionally, DLLs are often designed with the charge pump-based 

architecture [5],[13]-[15]. However, the charge pump-based DLLs suffer 

from serious leakage current [12] problem in 65nm CMOS process and 

the jitter performance becomes unacceptable. As a result, the low leakage 

CMOS process is often needed when implementing the charge 

pump-based DLLs in 65nm CMOS process. But if the low leakage 

CMOS process is used, the circuit performance will be degraded, too. 

Hence, the all-digital DLLs [6]-[11] which use robust digital control code 

to control the digital controlled delay line (DCDL) can avoid the leakage 

current problem and become more and more popular now. 

 The low supply voltage in 65nm CMOS process also makes it difficult 

to design a wide-range delay line. As a result, the analog DLL [13] uses a 

multi-band voltage controlled delay line (VCDL) to cover the wide-range 

operations. However, in this analog DLL, extra I/O pins are needed to 

specify the desired frequency band and the required ratio of charge-pump 
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current. The two-stage delay line is proposed in mixed-mode DLL [15] to 

achieve the wide-range operation. The coarse-tuning delay stage which 

uses path selector with delay cells can provide a large delay for 

wide-range operations, and the high resolution delay line is achieved by 

adding the voltage-controlled delay line after the coarse-tuning delay 

stage. However, since many delay cells are used in the coarse-tuning 

delay line, the area and power consumption are very large. 

 The cycle-controlled delay line architecture is proposed in the digital 

DLL [11] to save the area cost when designing a wide-range DLL. The 

cycle-controlled delay line uses the ring oscillator architecture to generate 

a large delay. However, since the next stage coarse-tuning delay unit must 

have a delay controllable range larger than the delay step of previous 

cycle-controlled delay line unit, the ring oscillator in the cycle-controlled 

delay line must operate at very high speed. The counter in 

cycle-controlled delay line counts the oscillation times of oscillator’s 

output. As a result, it is very difficult to design the high speed counter in 

the cycle-controlled delay line especially when the number of bits is 

increased in wide-range operation. Thus if ultra-wide operation range is 

required, it is difficult to use the cycle-controlled delay line architecture 

to provide the required delay in low-frequency operation. 
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 In order to overcome these problems in 65nm CMOS process, a novel 

delay cell which used the transistor leakage current to generate an 

extreme large delay is presented. The proposed delay cell can reduce the 

bit number required for cycle-controlled delay line stage and thus makes 

it possible to build a DLL with ultra wide operation ranges from 600 kHz 

to 1.2 GHz with low power consumption and small chip area. As a result, 

the proposed DLL is very suitable for wide-range clock deskew 

applications in SoC era. 

 

1.3 Thesis Overview 

 This thesis is organized as follows. In chapter 2, we describe 

characteristic of the delay-locked loop and survey of recently wide-range 

DLLs and comparisons of these DLLs. In chapter 3, a wide-range 

all-digital DLL is proposed. The detail circuit implementation is also 

discussed in this chapter. Chapter 4 shows the experimental result and the 

performance comparisons. In chapter 5, we make a brief conclusion and 

discuss the future works about how to improve the performance of the 

Delay-Locked Loop. 
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Chapter 2                                

An Overview of Delay-Locked Loop 

2.1 Basic Concepts of Delay-Locked Loop 

 

Fig. 2.1 The general DLL architecture. 

 The general DLL architecture is shown in Fig. 2.1. A DLL consists of 

a phase detector, a variable delay line, and a DLL controller to generate 

the analog or digital control signal for the delay line by PD’s output. It 

selects an optimal delay (Td) to compensate the phase error between 

reference clock and remote clock. After DLL is locked, the remote clock 

is synchronized with reference clock. After that, the clock buffer 
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propagation delay (Tc) can be ignored. The lock condition is the following 

equation: 

       (2.1) 

where K is an positive integer, Tref represents the clock period of the 

reference clock. Td and Tc denote the delay time of delay line and clock 

buffer respectively. When DLL is locked, there is no phase error between 

reference clock and remote clock. 

 

2.2 Classification of Delay-Locked Loop 

 There are several types of DLL: Analog DLL, Digital DLL and 

Mixed-Mode DLL which have been proposed in many years. Analog 

DLLs [16]-[19] generally have better jitter and de-skew performances, 

but they are often process dependent, long locking time, sensitive to PVT 

variations and need a longer design time. Digital DLLs [6],[20]-[21] are 

robust with PVT variations and are fast locked, but the skew error is 

limited and poor jitter performance. Mixed-Mode DLLs [22]-[25] take the 

advantages of analog and digital DLLs, they perform a fast-locking 

operation and have a good jitter performance. However, it is hard to 
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integrate digital and analog blocks simultaneously. And its design 

complexity is also higher than digital DLL. There are several types of 

DLL architectures and each has its own advantages and disadvantages. 

And, we have to consider the trade-off to meet the different specifications. 

In the next section, we will introduce these three types of DLLs: analog 

DLLs, digital DLLs and mixed-mode DLLs. 

 

2.3 Design of Analog Delay-Locked Loop 

 

Fig. 2.2 Block diagram of analog DLL. 

 Fig. 2.2 illustrates the block diagram of analog DLL. It consists of a 

phase detector (PD), a charge pump (CP), a first order loop filter (LF) 

capacitor and a voltage-controlled delay line (VCDL). The reference 

clock signal is propagated through the voltage-controlled delay line which 

consists of cascaded variable delay stages. The output of the VCDL is 
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feedback to the phase detector, then the phase detector compares the 

phase between the reference clock and feedback clock. If the phase error 

is detected, the DLL will adjust the phase by changing the control voltage 

of delay cells. The charge pump integrates the phase detector output 

signal and the loop filter generates a stable control voltage (Vctrl) to adjust 

the delay of delay line. 

 

2.3.1 Phase Detector (PD) 

 The function of phase detector (PD) is to generate an output signal 

proportional to the phase difference between the reference clock and 

feedback clock. Fig. 2.3 shows the three-state phase detector circuit used 

in [26],[27] and Fig. 2.4 shows the waveforms in some conditions. When 

the reference clock leads feedback clock, the PD generates the UP pulse, 

while down signal is still at low. Oppositely, if reference clock lags 

feedback clock, the DOWN pulse is generated. The average value of 

up-down is an indication of phase difference between reference and 

feedback clock. The output of the PD can control the charge pump to 

generate a control voltage for the delay line. 
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Fig. 2.3 Three-state phase detector. 

 

Fig. 2.4 The characteristic of phase detector. 

 

2.3.2 Charge Pump (CP) / Loop Filter (LF) 

 The simple model of charge pump and loop filter is shown in Fig. 2.5. 

It consists of two current sources and two switches. Charge pump is a 

circuit to convert the two digital output signals UP and DOWN from PD 

into charge flows. The quantity of charge flows is proportional to the 

phase error. When the UP signal is high, it turns on the upper switch and 
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charges the output node Vctrl. Oppositely, when DOWN signal is high, the 

DOWN signal turns on the lower switch and discharges the output node 

Vctrl. Finally, if both UP and DOWN signals are low, no change of the 

output node status and the output node Vctrl is in a high-impedance state. 

Loop
Filter

Ip

Ip

Ip

UP

DOWN

Vctrl

Ip

-Ip

UP

DOWN

Ip

Vctrl

 

Fig. 2.5 A simplified diagram of charge pump and loop filter. 

 To design loop filter we will consider the non-ideal effects, such as 

leakage current, the mismatch, charge sharing from current switches, the 

dead zone in the PD and so forth. The loop filter can be either passive or 

active. In general, a passive filter is simple to design and has better noise 

performance. The passive filter may be first-order, second-order, or other 

high order structure. High order filters take advantages of rejecting 

out-band noise. However, low order filters result in more stable 

operations. The choices between high order filters and low order filters 

depend on the applications. 
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2.3.3 Voltage-Controlled Delay Line 

 Delay cells (elements) are widely used in digital system. They are 

essential parts in high speed VLSI application and clock phase 

modulation. There are many ways to implement the delay cell, such as 

RC delay, inverter delay chain, differential type delay chain and current 

starved delay cells. In this section, we will discuss two types of VCDL, 

RC-time-constant controlled delay line [28] and current-starved 

controlled delay line [15],[29]. 

 The RC time constant controlled delay line is shown in Fig. 2.6. The 

delay line is composed of cascading even number of delay elements. The 

control voltage Vctrl controls the charge current. The NMOS transistor 

Mn1 controls the capacitance “seem” by the driving gate. Large value of 

Vctrl will lower the resistance of transistor Mn1, the effective capacitance 

increased and lead to produce a large delay.  
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Vctrl

IN OUT

Mn1

Vctrl

∆C ∆C ∆C

IN OUT

Delay Element

 

Fig. 2.6 RC-time-constant controlled delay line. 

 Fig. 2.7 shows the current-starved controlled delay line. The control 

voltage Vctrl applied to tune the resistance of pull-down transistor M2 and 

the pull-up transistor M1 through a current mirror. These variable 

resistance controls the current to charge or discharge the load capacitance. 

Large value of Vctrl will apply large current to output node, the delay will 

be smaller. 

Vctrl

M1

M2

IN OUT

Vctrl

IN OUT

Delay Element  

Fig. 2.7 Current-Starved controlled delay line. 
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2.4 Design of Wide-Range Digital Delay-Locked Loop 

 DLLs have been used in high-speed microprocessors and memory 

interfaces. The traditional analog DLL generally has good performance in 

jitter and skew, but needs a long locking time and large chip area. 

Moreover, the process-dependent characteristics make them hard to be 

ported to advanced CMOS technology. Conversely, the digital DLL can 

be easily ported to different processes and taking benefits from CMOS 

technologies, digital DLL has a lower supply voltage. The locking time is 

also smaller than analog DLLs. To facilitate the digital DLL for various 

clock generation circuits or phase alignment applications, the DLL are 

desired to achieve a wide operating frequency range for different 

specifications. We roughly divide digital DLLs into four categories 

according its control scheme: register-controlled [30]-[33], 

counter-controlled [34]-[36], successive approximation register-controlled 

[20] and time-to-digital convert (TDC)-based [6][15][37] DLLs. The 

following sections will describe them in detail. 

 



 

 15

2.4.1 Register-controlled DLL 

 Fig. 2.8 shows the architecture of register-controlled DLL [30]-[33]. 

The n-bit shift registers are controlled by the output of phase detector. 

The phase detector detects the relationship between input clock and 

output clock, and generate Left/Right signal for shift register to control 

the delay time. When the output clock leads input clock, the PD sends 

“Left” signal to shift register and the high bits in the shift register will 

shift left to increase the delay time and compensate the phase error. 

Similarly, if PD sends “Right” signal, the high bits in shift register will 

shift right to decrease the delay time. The DLL continuously adjusts the 

shift register until the phase error is eliminated. 

 

Fig. 2.8 The architecture of register-controlled DLL. 
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 Although the control scheme is simple, but when the operation range 

is increased, we will need to add delay cells and bits of the shift register. 

Besides, the control mechanism is one by one, means that the more delay 

stages needs more shift registers to control the delay line. It increases the 

chip area and power consumption and the locking time. Thus, this 

architecture is not suitable for wide-range operation.  

 

2.4.2 Counter-controlled DLL 

 The block diagram of counter-controlled DLL [34]-[36] is shown in 

Fig. 2.9. The phase alignment scheme is similar to register-controlled 

DLL. The only difference is the structure of the delay cell, the rest of the 

circuit blocks are similar to register-controlled DLL. The 

counter-controlled DLL adopts binary-weighted delay line, so the delay 

cells of the delay line have carefully adjusted to maintain a fixed 

binary-weighted linearity. Meanwhile, the linearity of the delay line will 

be the key of the resolution of counter-controlled DLL.  
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Fig. 2.9 The architecture of counter-controlled DLL. 

 The n-bit up/down counter updates its value according to the output of 

phase detector. Phase detector detects lead or lag of the input phase and 

then outputs UP/DOWN signals to control the N-bit up/down counter. 

The counter produces binary-weighted control word and adjusts the delay 

time of delay line until the output clock synchronizes with input clock. 

The counter-controlled DLL replaces the register-controlled one to reduce 

the hardware of the controller. However, the counter-controlled still use 

the linear approach manner to search the desire code, thus the locking 

time is still as long as register-controlled DLL.  
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2.4.3 SAR-controlled DLL 

 The locking time is an important design parameter for Digital DLL. 

Both register-controlled and counter-controlled DLLs use linear approach 

manner to search the optimal control code word, thus the locking time 

will be increased. For example, n-bits counter-based DLL takes 2n clock 

cycles to lock in worst case. In order to improve the locking time, the 

binary search algorithm is used to reduce the locking time. For a n-bit 

SAR-controlled [20] DLL shown in Fig. 2.10, it only needs n clock cycles 

to find the optimal delay of delay line and then the DLL locked.  

 

Fig. 2.10 Successive approximation register (SAR) DLL. 

 Fig. 2.11 shows the 3-bit binary search algorithm. Assume “110” is the 

final control word, and the initial code word sets to “100”. In this 

example, the output clock lags input clock in step 1 and step 2. And the 
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output clock leads input clock in step 3. So that, the control code set to 

correct code word “110” through binary search scheme. 

 

Fig. 2.11 Flowchart of 3-bit binary search algorithm. 

 The successive approximation register DLL changes the control 

mechanism to shorten the locking time. It not only reduces the locking 

time, but also saves the area cost. Hence, it is suitable for wide-range 

application. 

 

2.4.4 TDC-based DLL 

 Fig 2.12 shows the TDC-based DLL. The time-to-digital converter 

(TDC) converts the period information of the input clock signal into 

digital code. The TDC-based DLL [6][15][37] divides the locking scheme 

into two stages, phase compensation and phase tracking. In phase 
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compensation stage, TDC is applied to measure the period of the input 

clock and outputs digital control word immediately. The output control 

code from TDC is sent to controller for roughly jumping to the desired 

code word. After phase compensation stage is finished, it turns into phase 

tracking stage. Phase tracking stage adopts linear search manner for 

fine-tuning the delay of delay line. Only few control bits needed to be 

determined in phase tracking stage.  

 

Fig. 2.12 TDC-based DLL. 

 

2.5 Design of Mixed-Mode Delay-Locked Loop 

 The block diagram of mixed-mode DLL [22]-[25] is shown in Fig. 

2.13. It combines analog DLL and digital DLL, which separates the 
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locking scheme into coarse-tuning stage and fine-tuning stage. 

Coarse-tuning stage is adjusted by digital DLL based on TDC circuit. 

After digital DLL is locked, the analog DLL will perform the fine-tuning 

based on charge pump and loop filter circuit. The combination of 

coarse-tuning stage’s output and fine-tuning stage’s output is the final 

output. Both fast locking and good deskew performance can be achieved 

by mixed-mode DLL. However, the portability of mixed-mode DLL is 

less than digital DLL and needs a long design time due to its higher 

complexity. 

 

Fig. 2.13 Block diagram of Mixed-Mode DLL. 
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Chapter 3                            

Wide-Range All-Digital 

Delay-Locked Loop 

3.1 Introduction 

 There are many implementation methods of DLL discussed in chapter 

2. Each type of DLLs has its advantages and disadvantages. Therefore, 

the selection of the DLL architecture is based on the design specifications. 

A wide-range all-digital DLL with fast locking time, small chip area, 

good jitter performance, and low power consumption facilitates to meet 

more different design specifications. This chapter will introduce a 

all-digital DLL which has wide-range operation, small chip area, low 

power consumption, fast locking time, and acceptable jitter performance. 
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3.2 Design Trade-Off in Different DLL Architectures 

 Analog DLLs usually have good jitter and skew performance. 

However, these analog DLLs suffer from leakage current problem with 

the CMOS technology scaling down. The jitter performance owing to the 

leakage problem becomes unacceptable. Hence, all-digital DLLs use 

robust digital control code can avoid the leakage problem. In 65nm 

CMOS process, because of the low supply voltage makes it difficult to 

design a wide-range DLL. By cascading a large amount of delay cells, we 

may enlarge the propagation delay to achieve low frequency operation, 

but the area cost and power consumption will be increased, too. A cyclic 

control delay line [11] maintains the same timing resolution of 

conventional digital DLL, and extends the operating frequency range. 

However, the inner counter of cycle-controlled delay line must operate at 

a very high speed. If a wider operation frequency range is needed, the 

number of bits of the counter will be increased. It is difficult to design a 

high speed counter especially when the number of bits is increased. As a 

result, we proposed a delay unit which can generate a large delay time, to 

save the bits in the cycle-controlled delay line. The following section will 

discuss rhe proposed design in detail. 
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3.3 The proposed Wide-Range ADDLL Architecture 

 

Fig. 3.1 The block diagram of the proposed DLL. 

 The block diagram of the proposed DLL is shown in Fig. 3.1. The 

DLL consists of three parts namely: phase detector, DLL controller, and 

Digital Controlled Delay Line (DCDL). The digital controlled delay line 

is composed of four delay units: leakage delay unit (LDU), 

cycle-controlled delay unit (CCDU), coarse delay unit (CDU) and fine 

delay unit (FDU). The reference clock (Ref_clk) is passed through the 

delay line and then outputted to the clock buffer. The clock buffer 

propagation delay indicates the delay of external clock tree. The output of 

the clock buffer, Out_clk, is feedback to the DLL. The phase detector 

detects the phase relation between the reference clock and the output 

clock, and then it outputs up and down control signals to the DLL 
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controller. The DLL controller changes the control code of the DCDL 

according to the PD’s output to eliminate the phase error between the 

reference clock and the output clock. And when the phase error between 

the reference clock and the output clock is eliminated, the DLL is locked. 

After DLL is locked, the Out_clk will synchronize with the reference 

clock. In the proposed DLL architecture, the proposed leakage delay unit 

(LDU) is used to provide a large delay in the DCDL, and therefore the 

operating range of the DLL can be extended to a very low frequency. And 

in the conventional shift-register controlled DLL, the sequential search 

are often used to find the proper control code and resulting in a long 

lock-in time. The sequential search scheme is not suitable for wide-range 

DLL, and therefore the binary search scheme is used in the DLL 

controller to shorten the lock-in time of the DLL. 

3.4 Digital Controlled Delay Line 

 There are four cascading delay stage in the digital controlled delay 

line. 

 Leakage Delay Unit (LDU) 

 Cycle-Controlled Delay Unit (CCDU) 

 Coarse Delay Unit (CDU) 

 Fine Delay Unit (FDU) 
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 First of all, the leakage delay unit (LDU) can provide a large delay and 

makes the DLL possible to operate at very low operating frequency. The 

variable delay of cycle-controlled delay unit (CCDU) covers the one step 

delay of LDU. It reuses the delay units to extend the delay range rather 

than cascading a large amount of delay units. Coarse delay unit and fine 

delay unit have smaller delay for keeping finer resolution. These four 

delay units are directly connected in series. It is simple and 

straightforward.  
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3.4.1 Leakage Delay Unit 

 

Fig. 3.2 The proposed Leakage Delay Unit. 

 Leakage delay unit is composed of one multiplexer and 32 cascading 

leakage delay cells as shown in Fig. 3.2. When DLL is in high speed 

operation, the input clock “Ref_clk” is bypassd to the output. Each 

leakage delay cell has a controllable delay. When “FAST[n]” is low, it 

means the n-th leakage delay cell is in slow mode. The n-th leakage delay 

cell will generate a large propagation delay for low frequency operation. 

Oppositely, when “FAST[n]” is high, the n-th leakage delay cell is in fast 

mode. This n-th leakage delay cell will just work like a normal buffer. 

The highest operating frequency is limited by the intrinsic delay of the 

cascading leakage delay path, so there is a bypass path to shorten the 

signal delay.  



 

 28

 

Fig. 3.3 Schematic of the proposed leakage delay cell. 
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Fig. 3.4 The related timing diagram of the proposed leakage delay cell. 

 The proposed leakage delay cell is shown in Fig. 3.3. The proposed 

leakage delay cell uses the leakage current of the transistor in 65nm 
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CMOS technology to generate an extreme large delay. In the schematic 

view of Fig. 3.3, when “reset” is low and “FAST” is high, it means the 

delay cell operates in fast mode. The proposed delay cell will work just 

like two cascading inverter. In the fast mode, the delay of the leakage 

delay cell is very small. Otherwise, when “reset” is low and “FAST” is 

low too, the delay cell will operate in slow mode. As shown in Fig 3.3 in 

the part A of the proposed leakage delay cell, the delay from “IN” rise 

transition to “INV_OUT” fall transition is still small. When “IN” has rise 

transition, the A part works like an inverter. But in the part B of the 

proposed leakage delay cell, the delay from “INV_OUT” fall transition to 

“OUT” rise transition is very large. This is because both pull-up and 

pull-down circuit are switched off. The leakage current of the always-off 

PMOS transistor charges “Y” point. After a long time, the leakage current 

  charges this “Y” point to high.  

 Similarly, while “IN” has fall transition, both charge path and 

discharge path of “X” point are switched off in part A of the proposed 

leakage delay cell. The leakage current takes a very long time to charge 

“X” point to high. Next, the rise transition of “INV_OUT” will quickly 

impact to the part B, the delay from “INV_OUT” rise transition to “OUT” 

fall transition is small. As a result, the delay from “IN” to “OUT” of the 

proposed leakage delay cell is extreme large in slow mode.  
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 The charging speed can be tuned by adjusting the width of the 

always-off PMOS transistor. The charging speed is also influenced by 

process, voltage, and temperature (PVT) variations. In the proposed 

leakage delay unit (LDU), the maximum delay is generated when 

FAST[31:0] is 32’h0 and the minimum delay is generated when 

FAST[31:0] is 32’hFFFF_FFFF. 

 The proposed leakage delay cell can generate two different 

propagation delay time. The delay step of LDU is covered by 

cycle-controlled delay unit (CCDU). The following section will describe 

CCDU in detail. 
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3.4.2 Cycle-Controlled Delay Unit 

 Fig. 3.5 shows the architecture of the proposed cycle-controlled delay 

unit (CCDU). It is composed of two cycle-controlled delay cells (CCDC) , 

one edge combiner and one multiplexer. In order to generate an output 

with 50% duty cycle, a dual structure is introduced. Also, a pair of 

complementary inputs, LDL_OUT+ and LDL_OUT-, with a phase shift 

of 180 degrees is required. The edge combiner could be a SR flip-flop or 

a D-type Flip/Flop with asynchronous set and reset functions. When DLL 

is in high speed operation, the controller will sent zero counter value to 

this CCDU and the “count_is_0” will be pulled high. Consequently, the 

input signal “LDL_OUT+” is bypassed to the output as “CCDL_out”.  

 

Fig. 3.5 The proposed Cycle-controlled Delay Unit (CCDU). 

 Fig. 3.6 shows the block diagram of the cycle-controlled delay cell 

(CCDC) Fig. 3.7 shows the detail circuit of the CCDC and the timing 

diagram is illustrated in Fig. 3.8. LDL_out, generated from the LDU, will 
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trigger the D-type Flip/Flop. The delay cell with an enable signal “trig” in 

ring oscillator is a fast resetting circuit. When “trig” signal is pull-down, 

it is quickly response to the delay cells and resetting the CCDC 

immediately. It is to prevent the additional trigger signal to the 

programmable counter and outputs the wrong initial counter value. Once 

the ring oscillator starts operating, “osc_out” triggers n-bit programmable 

counter to count upward. When the output of the programmable counter is 

equal to that of the “count”, generated from controller, the “match” will 

be pulled high. Pulse generator generates a pulse to the output, and it also 

resets the D-type Flip/Flop and programmable counter. As shown in Fig. 

3.8, the period of the ring oscillator is Td, the delay time between 

“LDL_out” and “pulse” can be digitally adjusted. It allows the input clock 

to circulate in the CCDC according to different input “count”. The delay 

time between “LDL_out” and “pulse” can be expressed as 

   (3.1) 

where c is the times that CCDC is reused. The delay time can be extended 

by reusing the CCDC rather than cascading extra delay units.  
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Fig. 3.6 Block diagram of the cycle-controlled delay cell (CCDC). 
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Fig. 3.7 Schematic of the cycle-controlled delay cell. 
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Fig. 3.8 Timing diagram of the CCDC 

 Fig. 3.9 shows the timing diagram of the proposed cycle-controlled 

delay unit (CCDU). The input signals, “LDL_out+” and “LDL_out-“, 

trigger the cycle-controlled delay units (CCDC) respectively. As the 

trigger signal comes, the inner counter will start counting upward until it 

counts up to the input count value from the DLL controller. While the 

inner counter matches the count value, the signal "S_p" and the signal 

"R_p" are generated by these two edge-triggered cycle-controlled delay 

cells. These two signals with a SR-latch can generate an output clock with 

50% duty cycle as shown in Fig. 3.9. When DLL is in high frequency 

operation, the DLL controller will sent zero counter value to the CCDU, 

and then the signal "count_is_0" is pulled high, thus the input signal 

"LDL_out" is bypassed to the output of the CCDU. In the proposed 

CCDU, the ring oscillator with the digital counter can generate a large 

delay for covering the one delay step of previous leakage delay unit in 

PVT variations. And this CCDU also keeps the resolution at the total 
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variable delay of the coarse delay unit (CDU) for precisely clock 

generation. 

 

 

Fig. 3.9 Timing diagram of the CCDU. 

 For finer resolution of DLL, the coarse and fine tuning are adopted in 

the proposed DLL. Coarse tuning and fine tuning are implemented by 

coarse delay unit (CDU) and fine delay unit (FDU), respectively. The 

following sections will discuss these circuits in detail. 
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3.4.3 Coarse Delay Unit 

 

Fig. 3.10 Schematic of the coarse delay unit (CDU). 

 Fig. 3.10 shows the circuit of the proposed coarse delay unit (CDU). It 

is composed of 31 delay cells, 31 AND logic gates and 32 multiplexers. 

The proposed circuit can generate 32 different delays, and the minimum 

delay is one multiplexer propagation delay. Assume the control code 

“Coarse” is 32’h0000_0003 as shown in Fig. 3.10, the input signal 

propagate through two delay cells, two AND logic gates, and three 

multiplexers. Unused delay cells can be turned off for reducing power 

consumption. One delay step of the CDU is about 130ps at worst case by 

HSPICE simulation. The total variable delay time of this CDU is about 

4.039ns in simulation. The total delay controllable range of the CDU 

should cover the delay step of the previous cycle-controlled delay unit in 

PVT variations. 
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3.4.4 Fine Delay Unit 

 Fig. 3.11 shows the proposed fine delay unit (FDU). It is composed of 

N cascading buffers and (N-1) digital-controlled varactor (DCV) cells [3]. 

The DCV uses the gate capacitance difference of NAND gates under 

different digital control inputs to achieve different delay time. This DVC 

has several advantages such as good performance in terms of fine 

resolution, high portability, short design turn around cycle. For better 

resolution and linearity of the delay line, DCV cells are used in fine 

tuning stage. The total delay controllable range of the FDU should cover 

the delay step of the previous coarse delay unit in PVT variations. 

 

Fig. 3.11 The fine delay unit (FDU). 
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3.5 Control Scheme 

 

Fig. 3.12 The Binary search DLL controller. 

 Fig. 3.12 illustrates the Binary search DLL controller locking process. 

Each of the four delay units start from middle delay control code of 

tunable delay. If one stage can provide “n” different delays, the search 

step is “n/4” in the initial state. When the delay time is smaller than target 

delay, the controller adds current search step to control code, and 

increases the delay time of the delay unit. Oppositely, when output delay 

time is larger than the target, the controller subtracts the control code to 
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reduce the output delay time of delay unit. Whenever the PD’s output 

changes from “up” to “down” or vice versa, the search step is divided by 

2. After the search step reduces to 1, the control code is determined. 

 

 

Fig. 3.13 Timing diagram of the proposed DLL. 

 Fig. 3.13 shows the timing diagram of proposed DLL. The proposed 

DLL takes one clock to initialize the internal circuit. After that, four stage 

binary search scheme is used in the DLL controller to find the proper 

control codes in each of the four delay units of the proposed delay line. 

The phase detector detects lead or lag between the reference clock 

(Ref_clk) and output clock (Out_clk), and then it outputs the up or down 

signals to the DLL controller to update the control code of the delay line. 

After the phase error between the reference clock and output clock is 

cancelled, the DLL is locked.  
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Chapter 4                              

Chip Implementation  

4.1 Design Implementation 
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Fig. 4.1 Chip Floorplan and I/O plan. 
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Table 4.1 I/O PAD description 
 

input bits function 
RESET 1 reset chip 

CLK 1 input clock 
DCO_EN 1 enable internal dco 

DCO_CODE 3 dco frequency select 
select the control code to output 

value code output 
0 LDU 
1 CCDU 
2 CDU 

CODE_SEL 2 

3 FDU 
output bits function 

SYS_LOCK 1 lock status 
PD_LOCK 1 PD’s output signal 

CTRL_CODE 7 digital control code 
OUT_REF 1 output reference clock 
OUT_CLK 1 output clock of DLL 

 

 Fig. 4.1 shows the chip floorplan and I/O plan of the proposed DLL 

and the Pad description is shown in Table 1. The layout view of the 

proposed DLL is shown in Fig. 4.2. The area of the chip with I/O pads is 

670 670 m2. The delay line contains the LDU, CCDU, CDU and FDU. 

A digital control oscillator (DCO) is also designed in the test chip to input 

the high frequency clock to the DLL. 
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Fig. 4.2 The layout view of DLL. 
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4.2 Design Parameters 

 

Fig. 4.3 The delay line of the proposed DLL. 

 Fig. 4.3 shows the delay line of the proposed DLL. Each delay unit 

should have a delay controllable range larger than a delay step of previous 

delay unit. Thus, we assume a delay step of CCDU is Td, which 

represents the inverse of the oscillation frequency of the oscillator in 

CCDU, the total delay controllable range of CDU and FDU should be 

larger than Td. If the total delay controllable range of CDU and FDU is 

increased, the delay step (Td) of CCDU can be also increased and thus the 

counter in the CCDU can be design more easily. However, if we increase 

the delay controllable range of CDU and FDU, the chip area and power 

consumption will also be increased, too. Thus, a small delay variable 

range of CDU and FDU is adopted for finer resolution and lower cost. 

Since the delay step (Td) of CCDU is determined by the next cascading 

delay unit, the parameter of CCDU is the bits of the programmable 

counter. For maximum delay tunable range, the bits of the programmable 

counter are desired as more as possible. The maximum bits of the 

programmable counter are limited by the delay step (TD) of CCDU, high 
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speed counter is hard to be implemented with cell-based design flow. As 

a result, the number of the bits is determined by the critical path delay of 

the counter, while wider bits counter usually have longer data path and 

are more complicated. Fortunately, the proposed leakage delay unit (LDU) 

can generate a large signal delay for saving the bits of the counter in 

CCDU and makes it possible to achieve low frequency operation.  

 The proposed CCDU has 7-bit programmable counter inside, and one 

step of the CCDU, period of the oscillator, is about 3.41ns and the total 

variable delay time is 433.31ns. One step of leakage delay unit (LDU) is 

tuned to approach the total variable delay of next stage CCDU by 

adjusting the width of the always-off PMOS. One step delay time of LDU 

is about 428.5ns.  
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4.3 Simulation Results 

 Fig. 4.4 The proposed leakage delay cell simulation in fast mode. 

shows the simulation of the proposed leakage delay cell in fast mode. The 

simulation condition is in worst-case. The input period is 3800 ns. In fast 

mode, the propagation delay of the leakage delay cell is 162 ps. Fig. 4.5 

shows the simulation of proposed leakage delay cell in slow mode, the 

propagation delay is about 428.5 ns. 

 

Fig. 4.4 The proposed leakage delay cell simulation in fast mode. 
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Fig. 4.5 The proposed leakage delay cell simulation in slow mode. 

 Each leakage delay cell can provides a large delay in slow mode, and 

therefore the number of bits in the digital counter of the cycle-controlled 

delay unit can be reduced. As a result, the operation frequency of the DLL 

can be easily extended to a very low frequency. 
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Fig. 4.6 Simulation of cycle-controlled delay unit (CCDU). 

 Fig. 4.6 shows the simulation of cycle-controlled delay unit. The 

controller sends “reset”, “count” and “count_is_0” signals to CCDU, the 

inner programmable counter, c_count, counts upward until the value 

matches the “count”. When “count” is 127, the propagation delay from 

“LDL_out” to “CCDL_out” is about 433.31 ns in worst condition. One 

step of the CCDU is 3.41 ns in the same simulation condition.  
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Fig. 4.7 The overall DLL simulation. 

 Fig. 4.7 shows the simulation of overall DLL. When “reset” is 

pull-down, the DLL starts phase tracking based on binary search scheme. 

The lock time of whole locking procedure is 57 clock cycles. After phase 

tracking complete, the DLL is locked. 
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4.4 Measurement Results 
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Fig. 4.8 The microphotograph of the DLL. 

 The proposed ultra wide range DLL is fabricated on a standard 

performance (SP) 65nm CMOS technology. Fig. 4.8 shows the 

microphotograph of the DLL, and its core area is 0.01 mm2. 
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 Fig. 4.9 shows the measured output clocks when the proposed DLL is 

locked at 600 kHz. Besides the DLL circuit, the chip also contains a 

digital-controlled oscillator (DCO) to generate the on chip reference clock 

for the DLL. This DCO can generate 280MHz to 1.2GHz clock signal. 

The chip can choose the reference clock source, which from external 

reference clock or from internal DCO. Due to the speed limitation of the 

I/O pads, the output clock frequency must be lowered for testing. When 

internal DCO is chosen as the reference clock, the output of the DLL is 

divided by 4. In Fig. 4.10, signal at Channel 1 is reference clock divided 

by 4 and Channel 2 is the output of DLL divided by 4. 

 

Fig. 4.9 DLL is locked at 600 kHz. 
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Fig. 4.10 DLL is locked at 1.2 GHz. 

 The operation frequency range of the proposed DLL ranges from 600 

kHz to 1.2GHz with a 1.0V supply. The power consumption with 1.0V 

supply voltage is 2.6mW at 1.2 GHz, and is 0.366mW at 600 kHz. Each 

leakage delay cell can provides a large delay in slow mode, and therefore 

the number of bits in the digital counter of the cycle-controlled delay unit 

can be reduced. As a result, the operation frequency of the DLL can be 

easily extended to a very low frequency. Fig. 4.11 shows the measured 

jitter histogram of the output clock at 1.2 GHz. The experimental results 

show that the measured root-mean-square jitter and peak-to-peak jitter is 

3.38 ps and 39.29 ps, respectively, at 1.2 GHz. 
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Fig. 4.11 Measured long-term jitter histogram (at 1.2 GHz). 

 

Table 4.2 Performance summary of the proposed DLL 
 

Process SP 65nm CMOS 
Operation Frequency Range 600 kHz ~ 1.2 GHz 

Supply voltage 1.0v 
Root mean square jitter  3.38 ps  

Peak to peak jitter 39.29 ps 
Chip core area 0.01mm2 

Power consumption 
2.6mW @ 1.2GHz  

0.366mW @ 600kHz 
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Fig. 4.12 Measured figures-of-merit for long-term jitter histogram. 
 

 The figures-of-merit (FOMs) for long-term jitter at different input 

frequency is shown in Fig. 4.12. FOMp-p jitter is defined as 

period(ps)clock Input 

jitter(ps) p-p  Measured
 FOM jitter p-p   

where the period of input clock is represented in picosecond. And the 

FOMr.m.s jitter is defined as 

period(ps)clock Input 

jitter(ps) r.m.s  Measured
 FOM jitter r.m.s 
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Table 4.3 Comparisons of recent wide-range DLLs. 
 

DLL [38] [18] [8] [9] [11] [14] [10] Proposed
Type Digital Analog Digital Digital Digital Analog Digital Digital 

Process 0.18m 0.18m 0.18m 0.18m 0.18m 0.13m 0.13m 65nm 
Supply 1.8V 1.8V 1.8V 1.8V 1.8V 1.2V 1.2V 1.0V 
Min. 
Input 
Period 

1.20ns 0.5ns 0.667ns 0.714ns 1.428ns 0.2ns 1.0ns 0.833ns 

Max. 
Input 
Period 

12.5ns 4.0ns 2.273ns 5.88ns 500.0ns 2.0ns 33.3ns 1666.67ns

r.m.s 
jitter 

1.73ps 2.81ps 0.936ps 2.03ps 2.0ps 1.06ps X 3.38ps 

p-p jitter 12ps 20.4ps 7.0ps 13.8ps 17.6ps 8.0ps 30ps 39.29ps 
Active 
Area 

(mm2) 
0.19 0.046 0.053 0.236 0.88 0.107 0.02 0.01 

Power 
48mW 

800MHz
6.4mW 
2GHz 

43mW 
1.5GHz

27mW 
1GHz 

23mW 
700MHz

36mW 
5GHz 

3.6mW  
1GHz 

2.6mW 
1.2GHz 

FOMRange 411.77 526.80 209.80 151.56 3922.64 46.73 4486.11 166583.7

 

 Table 4-3 shows the performance comparisons with recent wide-range 

DLLs. The figure-of-merit for adjustable range per unit area is defined as  

)(mm Area Active Normalized

(ns) periodinput  Min. -periodinput  Max.
 FOM

2Range   

where the maximum input period and minimum input period are 

represented in nanosecond, and the normalized active area is represented 

in square millimeters. The proposed DLL achieves the largest FOM 

among the DLLs in Table 4-3. The proposed DLL with leakage delay 

cells can generate a large delay time for low frequency operation, and the 
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leakage delay cells occupy a small area and improve the operation range. 

Therefore, it is suitable for wide-range frequency operation.  
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Chapter 5                        

Conclusion and Future Works 

 In this thesis, a novel leakage delay cell implemented with 65nm 

CMOS technology is presented. The proposed leakage delay cell with 

cycle-controlled delay unit can easily achieve ultra wide frequency range 

operation. The frequency operating range of the proposed DLL is from 

600 kHz to 1.2 GHz. It also achieves smaller chip area and lower power 

dissipations than previous wide-range DLLs. As a result, it is very 

suitable for wide-range clock deskew applications in SoC era.  

 Nevertheless, the proposed wide-range DLL takes about 57 clock 

cycles to lock. For some applications, which demand a fast-locking time, 

the proposed DLL may be difficult to meet the requirement. To speed up 

the locking procedure is the first thing to do. 

 The proposed leakage delay cell suffers from PVT variations. The 

jitter performance in low frequency operation is needed to be improved. 

Thus how to solve these problems still needs to be investigated for further 

research. 
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