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ABSTRACT 

 

As semiconductor fabrication technology develops, the demand for higher transmission 

data rates constantly increases; thus there is an urgent need for a power-efficient, robust 

and broad bandwidth chip-to-chip communication method. A lot of work has been done to 

address this issue as researchers strive for more integrated inter-IC communication 

technology with CMOS. A high-speed serial link (HSSL) can help meet this goal. The 

clock and data recovery circuit (CDR) is a critical component of the HSSL.  

CDR is built on the receiver end of the link after proper equalization. Its purpose is to 

extract clock signal which is not transmitted from the driver end and to use the extracted 

clock signal to sample the incoming data stream with optimal timing.  

In this thesis, the working mechanism of the CDR is described. A CDR consists of a phase 

detector, a charge pump, a loop filter and a voltage-controlled oscillator. This thesis 

includes an overview of all the building blocks of a PLL-based CDR, derivation of the 

mathematical formulations of the negative feedback loop, and a report on closed loop 

behavioral modeling of the entire CDR and implemented CDR building blocks at transistor 

level with TSMC 65 nm technology PDK with a 6.4 Gbps data rate. Also, this thesis 

provides a detailed noise analysis of the CDR.  Lastly, some future work and possible 

design improvements are proposed.  
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Motivation 
The development of CMOS technology demands high-speed communication with 

higher bandwidth, less power consumption and more accuracy. In this thesis, chip-

to-chip signaling and the ways that electrical engineering researchers have come up 

with to develop and study it will be mainly discussed. In the 1980s, the speed 

requirement for chip-to-chip signaling was slightly more than 10 Mbs. Therefore, 

lumped elements such as capacitors could be used as a channel. The transceivers 

were inverters on both ends. In the 1990s, the speed requirement increased to more 

than 100 Mbs. That was when using a transmission line became a pervasive method 

of chip-to-chip communication. Ever since 2000, at least 1 Gbs speed has been 

necessary. At this high frequency, the transmission line has become very noisy due 

to several factors of the channel such as attenuation and dispersion. The signaling 

went from parallel, to serial, to point-to-point serial streams with adaptive 

equalization, and the transmission line is equipped with low-power clock and 

alternate channel materials [1]. Figure 1.1 shows the chip-to-chip signal trends. 
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Figure 1.1: Chip-to-chip signal trends 

 

For serial links, there are different types of applications. For example, for a 

processor-to-peripheral application, people normally use PCIe whose speed can be 

2.5, 5 or 8 Gbps. For storage purposes, there is SATA bus which is targeted at a 

speed of 6 Gbps [1]. Here, I will mainly talk about chip-to-chip serial links.  

As mentioned earlier, communication speeds of all types of applications are 

exploding. Figure 1.2 shows growth in average internet connectivity speeds of end 

users in the United States. Figure 1.3 shows the trends in data rate scaling of high-

speed I/O signaling links as predicted by the International Solid State Conference. 

While data rate is booming, the need for clock frequencies in the multi-GHz 

demands the usage of a SerDes circuit in the serial communication. It offers a wide 

range of functionality. A phase-locked-loop (PLL) which is contained in the SerDes 

block can generate high-frequency, low-jitter clocks with minimal timing skew. 

Moreover, PLL can also be used to implement a CDR circuit.  
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Figure 1.2: Growth in average Internet connectivity 

 

 

Figure 1.3: Predicted date rate trend in high-speed I/O 
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1.2 Thesis Outline 
The goal of this thesis is to provide a design of a CDR circuit with 65 nm technology 

aiming at 6.4 Gbps data rate. In addition to that, the thesis can be used as a reference 

manual for the designing process which includes behavioral modeling with 

Verilog-AMS and Cadence Virtuoso. The following chapters are organized as 

follows: 

Chapter 2 provides a high-speed serial link overview with its building blocks and 

the HSSL’s non-idealities. 

Chapter 3 provides a more detailed description of each building block in the CDR 

circuitry and the topologies of each of them. It also gives a mathematical overview 

of the negative feedback loop in the CDR, the CDR loop design procedure and 

noise analysis. 

Chapter 4 describes how to perform behavioral modeling of all the building blocks 

of the CDR with a negative feedback loop. 

Chapter 5 describes the transistor-level implementation of some of the CDR 

building blocks and their results. 

Chapter 6 summarizes the thesis with the work completed and suggests future work 

to improve the design.  
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CHAPTER 2 

HIGH-SPEED SERIAL LINK OVERVIEW 

 

Before serial links were introduced, traditional I/O buses were mostly parallel buses 

such as SATA, PCIe and RDRAM. They all transmit data at their designed data 

rate. These interfaces require one conductor for each bit of the transmitted data 

word. As a result, a bus that only transmits one word would require a lot of wire to 

transmit. It is very space-consuming. As shown in Figure 2.1, there are many IO 

pins for a PCIe bus. 

 

 

Figure 2.1  PICe I/O pins 

 

Another drawback of parallel data transmission is the synchronization of the 

signals. Since we have all the parallel signals coming in at the receiver end, we need 

to sample the data at the same time. However, due to the imperfections in the 

fabrication process and length of transmission, skewing makes the sampling very 

difficult. Another issue with a parallel bus is power consumption. As the scale of 

circuits increases, the power consumed in the transmission is also growing rapidly.  

This is where serial links come in handy. They do not have the disadvantages of 

parallel links. They save area and power across several CMOS process nodes.  As 

Dobkin et al. argue, high-speed serial links (HSSL) are more practical for current 
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applications [2]. They conducted experiments to study in what situation we should 

choose to implement parallel transmission or serial. The results are shown in Figure 

2.2. 

 

Figure 2.2: Comparison of serial and parallel communication 

 

 

Figure 2.3: General model of HSSL 

 

Figure 2.3 shows the general model for a HSSL. Parallel data coming from the chip 

serves as the serializer input, which is converted into serial data in a specific 

outgoing order. The PLL has two inputs, which are the reference clock and the 

feedback clock. The feedback clock can be used as both serializer clock and the 

transmitter clock. With proper termination, the data gets transferred onto the 

channel, which we typically model as a transmission line. The clock signal will not 

be transmitted. Figure 2.4 shows how the clock data is transmitted at the transmitter 

and recovered at the receiver together with the data. 
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Figure 2.4: TX data with TX and RX clock edge 

The channel can be as short as an inch or as long as 20 in. Several phenomena 

happen on the channel during signal transmission such as reflection, attenuation 

and dispersion. These all cause the signal to be very difficult to read and sample at 

the receiver end.  Therefore, equalization is necessary. Typical equalization 

methods such as FIR, DEF and CTLE can be implemented. Figure 2.5 shows the 

SerDes link with equalization. The FIR equalization is on the transmitter side while 

the CTLE and DFE are on the receiver side.  

 

Figure 2.5: SerDes link with equalization 

As mentioned earlier, the required data rate is increasing rapidly. As shown in 

Figure 2.6, channel performance varies with data rate. At higher data rate, the eye 
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opening of the eye diagram is smaller, or the unit eye height has reduced. This 

illustrates why equalization is needed for HSSL. 

 

Figure 2.6: Channel performance at difference data rate 

 

After the channel and receiver, the data goes to the deserializer which converts the 

serial bit stream back to parallel data. The architecture of the deserializer is 

normally reciprocal to the serializer while the serializer uses Mux and the 

deserializer uses DEMUX.  

CDR provides clock signal for both the receiver and the deserializer since the clock 

data was not transmitted together with the bit stream. A CDR schematic is very 

similar to that of  a PLL with some minor modification. Recovering clock signal is 

not the only functionality of a CDR; it can also recover data with a data sampling 

circuit. We want the CDR to sample the data at the optimal position of the eye 

diagram, which adds complexity to the circuit design.  

CDR is the main topic of this thesis. It consists of several building blocks which 

will be discussed in more detail in the following chapters. The CDR in this thesis 

is a PLL based CDR, meaning it has very similar structure as the PLL with a few 

changes in detail and building components. The CDR needs to extract the clock 

signal from the transmitted signal, and the extracted clock signal can be used in the 

receiver and the decision circuit, which samples the incoming data stream. The 

block diagram of a CDR is shown in Figure 2.7. It is made up of a phase detector 

(PD), a charge pump (CP), a low-pass filter (LPF) and a voltage-controlled 

oscillator (VCO). These components have different building topologies and some 

of the architectures will be discussed later in detail with respect to advantages, 

disadvantages and applications.  
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Figure 2.7: Block diagram of CDR 

 

To characterize the circuit, one needs a few figures or measurements. The first and 

the most important is timing jitter, which is the time-domain variation in the clock 

signal. Figure 2.8 shows the definition of jitter in a graph. Jitter in the clock signal 

is often determined by power supply noise or substrate noise. These all come with 

the fabrication process and cannot be changed with the modification of the circuit 

design. Therefore, as data rates increase, the frequency of the bit stream increases 

to giga-bit scale. Jitter can become a deterministic factor in the design process.  

 

Figure 2.8: Definition of Jitter 

Figure 2.9 shows the general categories of timing jitter [1]. 
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Figure 2.9: General categories of timing jitter 
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CHAPTER 3 

CDR BUILDING BLOCKS AND 

ANALYSIS 

 

 

The clock and data recovery (CDR) circuit discussed in this thesis is a phase-locked 

loop (PLL) based circuit. The CDR is on the receiver’s end and its function is to 

extract the clock signal from the incoming bit stream and sample the incoming data 

at a correct time to obtain data recovery. Moreover, the recovered clock is also used 

as clock to the deserializer. Therefore, CDR is very critical to the entire HSSL 

system. Its performance is one of the key factors limiting SerDes links. The CDR 

circuit at the receiver end is very similar to the PLL that is on the transmitter end 

but with some difference. They are both negative feedback loops which keep the 

link in a more stable working state even if there are unpredictable elements that can 

interfere with it. In this chapter, we will take a look at each of the building blocks 

of the CDR circuit and analyze the loop dynamics and noise performance.  

 

3.1 Basic CDR Building Blocks 
The basic building blocks of a CDR are shown in Figure 3.1 with the connections 

between blocks. 

 

Figure 3.1: Building blocks of CDR 
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The CDR consists of a phase detector, a charge pump, a low-pass filter and a 

voltage-controller oscillator. Din represents the incoming bit stream and the output 

of the VCO serves as the other input to the phase detector which forms a negative 

feedback loop. The CDR compares the phase of the data input and the phase of the 

generated clock and adjusts the output frequency accordingly. Unlike a lot of other 

circuitry in which we focus on the voltages and currents of each stage, in the CDR 

we also need to pay attention to the phase performance in order to have functioning 

loop dynamics.  

3.1.1 Phase Detector 

The phase detector is the first component of the CDR. It takes the incoming bit 

stream and generated clock signal from the VCO as inputs and compares the phase 

difference between them. The output of the phase detector serves as the input of the 

second component, which is the charge pump. The phase detector converts the 

incoming phase difference into voltage. When the CDR is locked, the phase 

difference between the reference clock and feedback clock should remain a constant 

value. An ideal linear phase detector produces an output signal whose DC value is 

linearly proportional to the phase difference. There is also another type of phase 

detector called binary PD which produces an error signal whose value depends only 

on the sign of phase error. Figure 3.2 shows the phase transfer functions of linear 

and nonlinear phase detectors.  If we denote the phase error as Δ𝜙 and the gain of 

the phase detector as 𝐾𝑃𝐷, then the input output relationship of a PD is [3]: 

𝑉𝑒 = 𝐾𝑃𝐷 × Δ𝜙 

where 𝐾𝑃𝐷 =
𝑇𝐷

𝜋
, where TD is the transition density. 

In this thesis, we will focus on a linear phase detector, which has wider frequency 

acquisition range and enables loop parameter calculation [4]. One of the structures 

of a linear PD is called the Hogge phase detector, the block diagram of which is 

given in Figure 3.3. It consists of a positive edge triggered D flip-flop, a negative 

edge triggered D flip-flop and two XOR gates. Path UP produces proportional 

pulses in relation to phase difference while path DOWN produces half-clock-

period-wide reference pulses. Under locked condition, UP and DOWN show pulses 

with equal width [4]. 
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Figure 3.2: Linear and nonlinear phase detectors 

 

 

Figure 3.3: Block diagram of a Hogge phase detector 

 

3.1.2 Charge Pump 

 

The charge pump is the second stage of a CDR. Some researchers include the 

charge pump as a part of the phase detector. A charge pump takes the output of the 

phase detector, a voltage signal, and transforms it into a current signal. Since the 

voltage-controlled oscillator needs a stable voltage signal to generate stable 
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frequency signal, a large-valued capacitor is necessary. The general diagram of a 

charge pump is shown in Figure 3.4. 

The output of the charge pump is connected to a large-valued capacitor as 

mentioned before. The upper and lower switches can be turned on and off according 

to the value of the phase detector output. When the UP signal is high, the upper 

switch is closed and the charges will be pumped into the capacitor. When the 

DOWN signal is high, the lower switch will be closed and charges will be drained 

from the capacitor. Also, when UP and DOWN are the same, meaning they are both 

high or low, no charge will be pumped or drained from the capacitor. 

 

Figure 3.4: General diagram of a charge pump 

The transfer function of the phase detector and charge pump together is 

 
𝑃𝐷(𝑠) = 𝐾𝑃𝐷 =

𝑖𝑐𝑝

2𝜋
 

(1) 
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3.1.3 Low-pass Filter 

 

The output of the phase detector typically has a lot of high-frequency noise. 

Therefore, the LPF is to eliminate the high-frequency noise. Moreover, we need a 

charge storage device to maintain a stable input voltage signal to the voltage-

controlled oscillator.  

We will consider a passive loop filter in this case because it offers greater noise and 

power rejection performance and it is simpler to implement. It consists of a resister 

in series with a capacitor and they are in parallel with another capacitor. The loop 

filter diagram is shown in Figure 3.5 

 

Figure 3.5: Schematic of a loop filter 

The transfer function of the loop filter is: 

 

𝐿𝐹(𝑠) =
𝑉𝑐𝑡𝑟𝑙(𝑠)

𝑖𝑐𝑝
=

𝑠 +
1

𝑅𝐶1

𝐶2𝑠(𝑠 +
𝐶1 + 𝐶2

𝑅𝐶1𝐶2
)
 

 

(2) 

 

 

3.1.4 Voltage-Controlled Oscillator 

 

A voltage-controlled oscillator (VCO) is a device that can take in a control voltage 

and generate an output at a specific frequency. The output frequency ideally should 

be proportional to the input control voltage. There are two types of oscillators, ring 
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oscillator and LC-tank oscillator. The ring oscillator is a digital circuit which has 

an odd number of inverters, with the last inverter output connected as the input to 

the first inverter. By utilizing the fact that the delay of each inverter depends on the 

amount of current it can sink in, the frequency of oscillation can be controlled. This 

is the type of VCO that we will mainly discuss in this thesis. The Laplace transform 

function of the VCO is derived as follows: 

 𝜔𝑜𝑢𝑡(𝑡) = 𝐾𝑉𝐶𝑂𝑣𝑐𝑡𝑟𝑙(𝑡) 
 

(3) 

 ℒ[𝜔𝑜𝑢𝑡(𝑡)] = 𝜔𝑜𝑢𝑡(𝑠) = 𝐾𝑉𝐶𝑂𝑣𝑐𝑡𝑟𝑙(𝑠) 
 

(4) 

 
𝜙𝑜𝑢𝑡(𝑡) = ∫ 𝜔𝑜𝑢𝑡(𝑠)

𝑡

0

𝑑𝜏 = ∫ 𝐾𝑉𝐶𝑂

𝑡

0

𝑣𝑐𝑡𝑟𝑙(𝑠) 
(5) 

 
ℒ[𝜙𝑜𝑢𝑡(𝑡)] = 𝜙𝑜𝑢𝑡(𝑠) =

𝜔𝑜𝑢𝑡(𝑠)

𝑠
=

𝐾𝑉𝐶𝑂𝑣𝑐𝑡𝑟𝑙(𝑠)

𝑠
 

(6) 

 
𝐻𝑣𝑐𝑜(𝑠) =

𝜙𝑜𝑢𝑡(𝑠)

𝑣𝑐𝑡𝑟𝑙(𝑠)
=

𝐾𝑉𝐶𝑂

𝑠
 

(7) 

 

where 𝐾𝑉𝐶𝑂 is the gain of VCO. 

Figure 3.6 shows the typical diagram of a ring oscillator.  

 

Figure 3.6: Ring oscillator diagram 
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3.2 CDR Loop Dynamics in Lock State 

3.2.1 CDR Loop Analysis with a Simple LF 

The transient response of phase-locked loops is generally a nonlinear process that 

cannot be mathematically derived easily as it is a negative feedback system [3]. We 

can study the PLL in a locked state to gain some intuition. Our ultimate purpose is 

to find a transfer function of the closed loop with respect with phase, namely 

𝜙𝑜𝑢𝑡(𝑠) 𝜙𝑖𝑛⁄ (𝑠). Assuming the LPF has a transfer function 𝐺𝐿𝑃𝐹(𝑠), the open loop 

transfer function is: 

 
𝐻𝑂(𝑠) = 𝐾𝑃𝐷𝐺𝐿𝑃𝐹

𝐾𝑉𝐶𝑂

𝑠
 

(8) 

 

And from this we know that the closed-loop transfer function is: 

 
𝐻(𝑠) =

𝜙𝑜𝑢𝑡(𝑠)

𝜙𝑖𝑛(𝑠)
 

                                  =
𝐾𝑃𝐷𝐺𝐿𝑃𝐹(𝑠)𝐾𝑉𝐶𝑂

𝑠 + 𝐾𝑃𝐷𝐺𝐿𝑃𝐹(𝑠)𝐾𝑉𝐶𝑂
 

 

 

 

(9) 

If we only consider the simplest form of low-pass filter, then its transfer function 

is: 

 
𝐺𝐿𝑃𝐹(𝑠) =

1

1 +
𝑠

𝜔𝐿𝑃𝐹

 
(10) 

 

where  𝜔𝐿𝑃𝐹 = 1/(𝑅𝐶).  

The simplify the closed-loop function, we will have 

 
𝐻(𝑠) =

𝐾𝑃𝐷𝐾𝑉𝐶𝑂

𝑠2

𝜔𝐿𝑃𝐹
+ 𝑠 + 𝐾𝑃𝐷𝐾𝑉𝐶𝑂

 
(11) 

 

indicating that the system is of second order with one pole contributed by the VCO 

and another by LPF. Here, loop gain in defined as 𝐾 = 𝐾𝑃𝐷𝐾𝑉𝐶𝑂. Figure 3.7 shows 

the closed-loop transfer function in a diagram. 
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Figure 3.7: Loop transfer function 

 

To understand the loop behavior better, we need to convert the transfer function 

into a more generic form as in control theory, 𝑠2 + 2𝜁𝜔𝑛𝑠 + 𝜔𝑛
2, where 𝜁 is the 

damping factor and 𝜔𝑛 is the natural frequency of the system. Then we will have 

 𝐻(𝑠) =
𝜔𝑛

𝑠2 + 2𝜁𝜔𝑛𝑠 + 𝜔𝑛
2
 

(12) 

 

where  

 𝜔𝑛 = √𝜔𝐿𝑃𝐹𝐾 (13) 

 
𝜁 =

1

2
√

𝜔𝐿𝑃𝐹

𝐾
 

(14) 

 

Here, 𝜔𝑛 is the geometric mean of the -3 dB bandwidth of the LPF and the loop 

gain. Also, the damping factor is inversely proportional to the loop gain, an 

important and often undesirable trade-off.  

In a well-designed second-order system, the damping factor is usually greater that 

0.5 and preferably equal to √2/2, so that the frequency response can be flatter. 

Therefore, 𝐾 and 𝜔𝐿𝑃𝐹 cannot be chosen independently. When choosing these 

values, remember that noise suppression issues typically impose an upper bound on 

𝜔𝐿𝑃𝐹 and hence 𝐾. These limitations translate to significant phase error between 

the input and output as well as a narrow capture range.  

Reading from 𝐻(𝑠) shown above, as 𝑠 → 0, 𝐻(𝑠) → 1, meaning that a static phase 

shift at the input is transferred to the output unchanged. This is because for phase 

quantities, the presence of integration in the VCO makes the open-loop gain 
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approach infinity as 𝑠 → 0 [4]. Now we can examine the phase error transfer 

function, defined as 𝐻𝑒(𝑠) = Φ𝑒(𝑠)/Φ𝑖𝑛(𝑠), which is 

  

𝐻𝑒(𝑠) = 1 − 𝐻(𝑠) 

                            =
𝑠2 + 2𝜁𝜔𝑛𝑠

𝑠2 + 2𝜁𝜔𝑛𝑠 + 𝜔𝑛
2
 

 

 

 

(15) 

which drops to zero as 𝑠 → 0. 

 

3.2.2 CDR Loop Analysis with a Second-Order LF 

In section 3.2.1, we analyzed a CDR loop with a simple loop filter. In this section, 

we are going to analyze a loop with a second-order loop filter which is also the type 

of filter that is designed in this thesis. 

The open-loop transfer function is 

 
𝐻𝑂(𝑠) = 𝐾𝑃𝐷𝐺𝐿𝑃𝐹(𝑠)

𝐾𝑉𝐶𝑂

𝑠
 

(16) 

 

With that given, the closed-loop transfer function is 

 
𝐻(𝑠) =

Φ𝑒(𝑠)

Φ𝑖𝑛(𝑠)
=

𝐾𝑃𝐷𝐺𝐿𝑃𝐹(𝑠)𝐾𝑉𝐶𝑂

𝑠 + 𝐾𝑃𝐷𝐺𝐿𝑃𝐹(𝑠)𝐾𝑉𝐶𝑂
 

(17) 

 

The transfer function of the second-order LPF is given by: 

 

𝐺𝐿𝑃𝐹 =
𝑠 +

1
𝑅𝐶1

𝐶2𝑠(𝑠 + 𝜔𝐿𝑃𝐹)
 

 

(18) 

 

where 𝜔𝐿𝑃𝐹 =
1

𝑅𝐶𝑒𝑞
 is the -3 dB bandwidth of the LPF and  𝐶𝑒𝑞 =

𝐶1𝐶2

𝐶1+𝐶2
. 

Therefore, the closed-loop transfer function is: 

 

𝐻(𝑠) =
𝐾(𝑠 +

1
𝑅𝐶1

)

𝐶2𝑠3 + 𝜔𝐿𝑃𝐹𝐶2𝑠2 + 𝐾𝑠 +
𝐾

𝑅𝐶1

 

 

(19) 
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where 𝐾 = 𝐾𝑃𝐷𝐾𝑉𝐶𝑂 is the loop gain. 

Since normally 𝐶2 is in the order of 10E-12, the cubic term of 𝑠 can be neglected. 

Hence, the remaining transfer function is: 

 

𝐻(𝑠) =

𝜔𝑎
2

𝛼 (𝑠 + 𝛼)

𝑠2 + 2𝜁𝜔𝑛𝑠 + 𝜔𝑛
2
 

 

(20) 

 

where 𝜔𝑛 = √
𝐾

𝐶1+𝐶2
 𝛼 =

1

𝑅𝐶1
 and 𝜁 =

1

2

𝜔𝑛

2
. 

To find the phase error transfer function, we define 𝐻3(𝑠) = 1 − 𝐻(𝑠) =
1

1+𝐻𝑂(𝑠)
. 

Applying the final value theorem, the steady state phase error is: 

 

 

 

 

 

 

 

(21) 

This proves that the CDR with a second-order LPF can track step changes in the 

input frequency and establish a relock with zero steady state phase error which is 

not possible with the first order LPF. 

 

3.3 Loop Design Procedure 
To design a CDR that can lock, there are a few steps to follow in order to have the 

desired bandwidth and phase margin [5]. 

1. Choose the designed value of unity gain bandwidth 𝜔𝑢𝑔𝑏 and desired 

phase margin Φ𝑀. 
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2. Calculate the ratio between the two capacitors defined as 𝐾𝑐 =
𝐶1

𝐶2
: 

 𝐾𝑐 = 2(𝑡𝑎𝑛2Φ𝑀 + 𝑡𝑎𝑛Φ𝑀√𝑡𝑎𝑛2Φ𝑀 + 1) (22) 

 

3. Calculate the frequency of the zero 𝜔𝑍: 

 𝜔𝑍 =
𝜔𝑢𝑔𝑏

√
𝐶1

𝐶2
+ 1

 
 

(23) 

 

4. Choose R for low noise and calculate 𝐶1 and 𝐶2 

 
𝐶1 =

1

𝜔2𝑅
 

 

(24) 

 
           𝐶2 =

𝐶1

𝐾𝐶
 

(25) 

 

5. Calculate the third pole with the values from step 4. 

 
𝜔𝑝3 =

1

𝑅
𝐶1𝐶2

𝐶1 + 𝐶2

 
 

(26) 

 

 

6. Calculated the charge pump current: 

 

𝐼𝐶𝑃 =
2𝜋𝐶2

𝐾𝑉𝐶𝑂
⋅ 𝜔𝑢𝑔𝑏

2 ⋅ √
𝜔𝑝3

2 + 𝜔𝑢𝑔𝑏
2

𝜔𝑍
2 + 𝜔𝑢𝑔𝑏

2  

 

(27) 

 

 

 

The values of unity gain bandwidth, phase margin and 𝐾𝑉𝐶𝑂 are determined by the 

limitation of the circuit and design specifications. 

Since the calculation process is a bit tedious, we can implement this function in 

MATLab to automate this process. 
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There are other procedures for the design process as mentioned in other research 

papers. We will continue on with the procedure described above.  

The design procedure of a CDR is illustrated in Figure 3.8.  

 

Figure 3.8: CDR design procedure 

 

3.4 CDR Noise Analysis 
Noise has always been an unavoidable issue in circuit design. It is the same with 

the design of a CDR circuit. Each building block in the CDR will generate noise 

and in order to optimize the circuit to the best performance, we need to study the 

noise characteristics of the CDR circuit. Figure 3.9 shows the noise injection at 

each stage of the circuit. 

 

Figure 3.9: CDR noise injection 
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The output referred noise level and noise transfer function (NTF) can be 

calculated as: 

𝑆Φ𝐼𝑁
: Reference clock noise PSD 

𝑆Φ𝐶𝑃
: PFD/CP noise PSD (CP noise dominates) 

𝑆V𝑅
: Loop filter resistor noise PSD 

𝑆Φ𝑉𝐶𝑂
: VCO phase noise PSD 

 
𝑁𝑇𝐹𝐼𝑁(𝑠) =

Φ𝑂𝑈𝑇(𝑠)

Φ𝐼𝑁(𝑠)
=

𝐿𝐺(𝑠)

1 + 𝐿𝐺(𝑠)
 

(28) 

 
𝑁𝑇𝐹𝐶𝑃(𝑠) =

Φ𝑂𝑈𝑇(𝑠)

Φ𝐶𝑃(𝑠)
=

2𝜋

𝐼𝐶𝑃
⋅ 𝑁𝑇𝐹𝐼𝑁(𝑠) 

(29) 

 

𝑁𝑇𝐹𝑅(𝑠) =
Φ𝑂𝑈𝑇(𝑠)

v𝑅(𝑠)
=

𝐾𝑉𝐶𝑂

𝑠
1 + 𝐿𝐺(𝑠)

 

 

(30) 

 

𝑁𝑇𝐹𝑅(𝑠) =
Φ𝑂𝑈𝑇(𝑠)

v𝑅(𝑠)
=

𝐾𝑉𝐶𝑂

𝑠
1 + 𝐿𝐺(𝑠)

 

 

(31) 

 
𝑁𝑇𝐹𝑉𝐶𝑂(𝑠) =

Φ𝑂𝑈𝑇(𝑠)

Φ𝑉𝐶𝑂(𝑠)
=

1

1 + 𝐿𝐺(𝑠)
 

 

(32) 

 

From here, we can calculate: 

 𝑆Φ𝑂𝑈𝑇

Φ𝐼𝑁 = 𝑆Φ𝐼𝑁
⋅ |𝑁𝑇𝐹𝐼𝑁(𝑠)|2 (33) 

 𝑆Φ𝑂𝑈𝑇

Φ𝐶𝑃 = 𝑆Φ𝐶𝑃
⋅ |𝑁𝑇𝐹𝐶𝑃(𝑠)|2 (34) 

 𝑆Φ𝑂𝑈𝑇

v𝑅 = 𝑆v𝑅
⋅ |𝑁𝑇𝐹𝑅(𝑠)|2 (35) 

 𝑆Φ𝑂𝑈𝑇

Φ𝑉𝐶𝑂 = 𝑆Φ𝑉𝐶𝑂
⋅ |𝑁𝑇𝐹𝑉𝐶𝑂(𝑠)|2 (36) 

Therefore,  

 𝑆Φ𝑂𝑈𝑇

𝑇𝑂𝑇𝐴𝐿 = 𝑆Φ𝑂𝑈𝑇

Φ𝐼𝑁 + 𝑆Φ𝑂𝑈𝑇

Φ𝐶𝑃 + 𝑆Φ𝑂𝑈𝑇

v𝑅 + 𝑆Φ𝑂𝑈𝑇

Φ𝑉𝐶𝑂  (37) 
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CHAPTER 4 

BEHAVIORAL MODELING OF CDR 

 

As mentioned the previous chapter, designing a CDR circuit is quite a complicated 

process. There are a lot of factors that circuit designers need to take into 

consideration. As a result, once the math has been derived for the circuit, that is 

when behavioral modeling starts. In this chapter, behavioral modeling will be 

discussed.  

For mixed signal circuit design such as a CDR, behavioral modeling is normally 

where the circuit designers will start, given the design specifications. It gives a 

better understanding of the design process. For example, if we change a parameter 

in the circuit such as the bandwidth, we can predict how the entire system will react 

with behavioral modeling. Another reason why behavioral modeling is needed is 

that transistor-level simulation takes much more time than behavioral. For the entire 

CDR circuit, it can take up to hours for a transient response. As a comparison, 

behavioral modeling is more efficient as it only takes a couple of minutes. 

Behavioral modeling affects power techniques for system level design and they can 

easily interface with SPICE. We represent each building block in a script, provide 

connections between them as is, and simulate. We utilize Verilog-AMS for this 

purpose, in which AMS stands for analog mixed-signal. Figure 4.1 shows a typical 

digital circuit design flow. 

 

4.1 Introduction to Verilog-AMS 
Verilog-AMS hardware description language (HDL) is used for mixed-signal 

behavioral modeling and it is derived from IEEE Std 1364-2005. According to 

Kundert, Verilog-AMS allows the circuit designer to create and use building 

components which encapsulate high-level behavioral description and structural 

description [6]. There is one script file for each module and in each file, 

input/output ports, signal flow and circuit behavior are described.  
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Figure 4.1: Behavioral modeling procedure 

 

Verilog-AMS HDL extends the features of the digital modeling language to 

provide a single unified language with both analog and digital semantics with 

backward compatibility. Following are some features of Verilog-AMS 

1. It can describe both analog and digital signals in the same module.  

2. Initial, always, and analog procedural blocks can appear in the same 

module. 

3. Both analog and digital signal values can be read from any context in the 

same module. 

4. Digital signal values can be written from any context outside of an analog 

process. 

5. Analog potentials and flows can only receive contributions from inside an 

analog procedural block.  

6. The semantics of the initial and always blocks remain the same as in IEE 

Std 1364-2005 Verilog HDL; the semantics for the analog block are 

described in the designers’ guide [6]. 

7. The discipline declaration is extended to digital signals. 

8. A new construct, connect statement, is added to facilitate auto-insertion of 

user-defined connection models between the analog and digital domains.  
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9. When hierarchical connections are of mixed type, user-defined connection 

modules are automatically inserted to perform signal value conversion. 

 

4.2 PLL Simulation in AMS Using Cadence Virtuoso 
 

4.2.1 Phase Detector 

A Hogge phase detector is implemented with AMS. It consists of two D flip-flops 

with opposite edge trigger and two XOR gates. It is a digital circuit, so it can be 

modelled with traditional Verilog. Figure 4.2 shows the block diagram of the phase 

detector. 

 

Figure 4.2: Phase detector block diagram 

 

The Verilog-AMS code is shown in Figure 4.3.  

The output waveform with two inputs and UP, DN outputs is shown in Figure 4.4. 

The width of the UP pulse reflects the phase relation between data and the clock 

and the DN pulse has a constant width and is used a reference. 



27 

 

 

Figure 4.3: Phase detector Verilog code 

 

 

Figure 4.4: Phase detector output 
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4.2.2 Charge Pump 

The charge pump is a mixed-signal circuit. When the Up signal goes high, the 

charge pump will sink charges into the loop filter, and when DN signal is high, 

charges will be drained from the loop filter so that the voltage that the loop filter 

provides can be constant to an extent.  

The Verilog-AMS script is shown in Figure 4.5 and the output wave form is shown 

in Figure 4.6. The simulation is done together with the phase detector. The test 

bench is shown in Figure 4.7. 

 

Figure 4.5: Charge pump Verilog code 
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Figure 4.6: Charge pump output 

 

 

Figure 4.7: Test bench for phase detector and charge pump 

 

4.2.3 Loop Filter 

The loop filter is entirely analog with a resistor and two capacitors. From the design 

steps described in the previous chapter, we can calculate the resistor and capacitor 

values after a proper bandwidth and phase margin are chosen. In my design, R1 = 

1.276 KΩ, C1 = 155.16 pF and C2 = 12.002 pF. The schematic of the loop filter is 

shown in Figure 4.8. 
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Figure 4.8: Loop filter schematic 

4.2.4 Voltage-Controlled Oscillator 

The code of the VCO is shown in Figure 4.9. The test bench is shown in Figure 10. 

The outcome waveform is shown in Figure 11. Vctrl is set to be 400 mV and the 

KVCO is calculated. The output frequency, shown in Figure 12, is set on 6 GHz.  
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Figure 4.9 VCO Verilog code 
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Figure 4.10: VCO testbench 

 

 

Figure 4.11: VCO output waveform 

 

 

Figure 4.12: VCO output frequency 
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4.2.5 Entire CDR Modeling 

When all the blocks are functioning correctly, it is time to connect all the modules 

together. The top-level simulation in Cadence Virtuoso is shown in Figure 4.13. 

 

Figure 4.13: Top-level CDR simulation 

 

The output signals along with the output frequency calculated from the output are 

shown in Figure 4.14 and Figure 4.15. We can see that the CDR starts to lock at 

about 37.2 𝜇s.  

 

Figure 4.14: CDR output waveform 
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Figure 4.15: Output wave frequency interpolated 
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CHAPTER 5 

CDR IMPLEMENTATION AT 

TRANSISTOR LEVEL 

 

After completing behavioral modeling of the CDR circuit, we can move on to the 

simulation on the transistor level. There is more intricacy and complexity in the 

transistor-level design. We have to take more factors into consideration and there 

are more unpredictable variations.  

In this chapter, we will discuss the transistor-level implementation of the building 

blocks of the CDR and a noise analysis of VCO will be included. The targeted data 

rate is 6.4 Gbps and the implementation is done in TSMC’s 65 nm technology PDK. 

All the circuit designs are done in Cadence Virtuoso Spectre. The block diagram of 

the CDR is shown in Figure 5.1 

 

Figure 5.1: CDR block diagram 

 

5.1 Phase Detector 
The phase detector is the first component of the CDR. It takes incoming bit stream 

and generated clock signal from the VCO as inputs and compares the phase 

difference between them. The phase detector converts the incoming phase 

difference into voltage. When the CDR is locked, the phase difference between the 

reference clock and feedback clock should remain a constant value. 



36 

 

A linear phase detector, Hogge PD, is designed. The block diagram of the Hogge 

PD is shown in Figure 5.2. It has a positive edge triggered D flip-flop, a negative 

edge triggered D filp-flop, and two XOR gates. The flip-flops are in TSPC 

topology. Figure 5.3 and Figure 5.4 show the transistor-level design of the positive 

edge triggered D flip-flop and negative edge triggered D flip-flop. Figure 5.5 shows 

the waveform of the phase detector output.  

 

Figure 5.2: Phase detector block diagram 

 

 

Figure 5.3: Transistor-level design of a positive edge DFF 
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Figure 5.4: Transistor-level design of a negative edge DFF 

 

 

 

Figure 5.5: Phase detector output 

 

There are times when the inputs to the CDR are not rail to rail. The voltage swing 

can be too low to drive a TSPC. This is when a sense amplifier flip-flop (SAFF) 

enters the picture. SAFF is a sense amplifier based flip-flop which can detect 

voltage difference. The implementation of a SAFF is shown in Figure 5.6. The 

transistor-level design of the SA latch is shown in Figure 5.7. 
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Figure 5.6 Transistor-level design of SAFF 
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Figure 5.7: SA latch 

 

5.2 Loop Filter 
The output of the phase detector typically has a lot of high-frequency noise. 

Therefore, the LPF is to eliminate the high-frequency noise. Moreover, we need a 

charge storage device to maintain a stable input voltage signal to the voltage-

controlled oscillator. Figure 5.8 shows the design of the loop filter. 
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Figure 5.8: Loop filter schematic 

 

5.3 Voltage-Controlled Oscillator 
The voltage-controlled oscillator (VCO) is a device that can take in a control 

voltage and generate an output at a specific frequency. The output frequency ideally 

should be proportional to the input control voltage. A ring oscillator is designed for 

this CDR. The ring oscillator is a digital circuit which has an odd number of 

inverters and the last inverter output connected as the input to the first inverter. By 

utilizing the fact that the delay of each inverter depends on the amount of current it 

can sink in, the frequency of oscillation can be controlled. Figure 5.9 shows the 

transistor level VCO design. Figure 5.10 shows the output waveform of the VCO. 

Figure 5.11 shows the output frequency with respect to Vctrl. Figure 5.12 shows the 

phase noise of the VCO. 
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Figure 5.9: Transistor-level VCO design 

 

  

Figure 5.10: VCO output waveform 
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Figure 5.11: Output frequency vs. Vctrl 

 

 

Figure 5.12: Phase noise of VCO 
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CHAPTER 6 

CONCLUSION 

 

In this thesis, the working mechanism of the CDR is described. A CDR consists of 

a phase detector, a charge pump, a loop filter and a voltage-controlled oscillator. 

This thesis provided an overview of all the building blocks of a PLL-based CDR, 

worked out the mathematical formulations of the negative feedback loop, and 

reported on a closed-loop behavioral modeling of the entire CDR and 

implementation of building blocks on the transistor level with TSMC 65 nm 

technology PDK with a 6.4 Gbps data rate. Also, this thesis provides a detailed 

noise analysis of the CDR. 

More work can be done on this single-ended CDR design to gain a locked state at 

the targeted data rate to achieve stability on the transistor level. The designed CDR 

in this thesis is a single-loop PLL-based CDR. However, other topologies of CDR 

can also be implemented to improve the performance and stability. For example, 

there can be a dual-loop CDR with a PLL or DLL and phase interpolators, or a 

phase-rotator PLL [1]. Moreover, the design of each building block can be different 

such that the design of a phase detector can be different from a Hogge linear phase 

detector. Hopefully, there will be an entire link integration after the completion of 

all other HSSL components.  
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