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ABSTRACT 

 

The Phase Locked Loop system has been around since 1932. The versatility of the 

PLL systems and where it can apply makes it very useful. It can be applied to 

automobiles as well as cellular chips. This thesis work presents the design and analysis 

of a Phase Locked Loop in the IC level. The Phase Locked Loop system is designed 

and implemented in a 0.5um CMOS process. All the blocks of the Phase Locked Loop 

were designed independently and then integrated together. The Phase Frequency 

Detector, Charge Pump, Low Pass Filter, VCO, Frequency Divider and Level Shifter 

topologies and circuits are described in detail along with some major design tradeoffs 

and critical issues.  

The uses and implementation of the kinds of frequency divider are demonstrated. 

Their design tradeoffs are utilized to make the design effective and robust.  
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CHAPTER I 

INTRODUCTION  

A Phase Locked Loop is a negative feedback system where an oscillator generated 

signal is phase and frequency locked to a reference signal. A reference signal is 

usually retrieved from a Crystal Oscillator. A Crystal Oscillator reference is kept in 

MHz range and is considered to be the most stable form of oscillator available. High 

Frequency Crystals are really expensive and hence not used in the system to reduce 

overall costs. 

More precisely, a PLL circuit synchronizes an output signal (phase and 

frequency) with respect to a reference’s (phase and frequency). When the PLL gets 

locked (a phenomenon we will discuss in detail later) the phase error between output 

and input signal is zero or should remain at a constant phase error. If the frequency of 

reference and output gets locked but not the phase, then the PLL system disrupts the 

output again and keeps running unless both phase and frequency gets locked. 

Therefore, a control mechanism develops unless the phase is fully locked, and thus the 

name Phase Locked Loop. Basically there are three fundamental blocks in PLL, 

namely: 

1. Phase Detector or Phase Frequency Detector 

2. Loop Filter (low pass) 

3. Voltage Controlled Oscillator (VCO) 

The advanced PLL systems incorporate many other blocks to make it more 

efficient and error free, keeping an almost zero phase error. Charge Pump, Frequency 

Divider/Pre-scalers are usual additional blocks to the advancement of PLL systems. A 

frequency divider can be implemented in several ways, the most common and basic 

form being a digital F-Divider, which consists of a D F/F. The Q bar output of D-F/F 

is tied to the D input; the Q signal is the divide by 2 form of the input Clock signal. 
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The drawback of a D-F/F based frequency divider is it cannot work at a very high 

frequency. To counter this problem, Current Mode Logic (CML) Frequency Dividers 

are used; the CML dividers can operate at a very high frequency. Basically for 

designing a PLL system the reader should focus on: 1) when the PLL attain lock state. 

2)  And what brings PLL to the unlocked state. 

 In the last 10 years cellular technologies have evolved at a rapid speed. The 

number of users has increased exponentially and is expected to grow continuously. 

Cellular phone designs are changing constantly to keep up with growing demand of 

the market. Mobile phone sizes are decreasing and at the same time becoming more 

robust and providing better quality.  Phase Locked Loop (PLL) is playing an important 

role in making these things happen. Phase Locked Loop has been around a long time 

but its contribution in cellular and satellite technologies is becoming more prominent.  

Phase Locked Loop (PLL) maintains the signal quality in a mobile phone to a 

desired level, as we travel and keep doing different things while talking on phone or 

while changing television channels. PLLs continue to work silently in the background. 

Silently, because it keeps the Noise in the system at a distance from our devices, 

fighting with them continuously and making the devices more efficient to use. The 

selection of channel in television systems and in cellular technologies is governed by 

PLL. The more efficient the PLL is, the better the channel selection will be. The 

precise operation and state of the oscillator in RF Transceiver system is decided by 

PLL. PLLs are present in different forms these days. The first PLL IC was a purely 

analog device. These days All Digital PLL (ADPLL), All Analog as well as Mixed-

Signal PLLs are present in the market and is used and applied depending on 

application and other design criteria. PLLs can be implemented using software as well 

and then they are known as SPLLs. A SPLL is usually assisted by microcontrollers 

and Digital Signal Processors. 

 



Fig 1.1 A Simplified Transceiver Front End [1]

Figure 1.1 shows a Simplified Transceiver Front End in a cellular system [1]. The 

Frequency Synthesizer in the diagram is a PLL system, where the channel selection is 

governed by a programmable

ratio in the feedback path cannot be used to implement the above block diagram. The 

Frequency Synthesizer in a way controls other RF Front End performance as well. The 

LNA (Low Noise Amplifier), Band 

performance is in a way controlled by Frequency Synthesizer. The Duplex may be 

implemented in different ways depending on 

the particular system. It may be used as a simple RF s

Time Division Duplexing for Transmitter and Receiver side. When FDD is being 

implemented (Frequency Division Duplexing) a Band Pass Filter may be implemented 

in place of Duplexer to differentiate or filter out the Transmitter and

frequency signals. In this scheme the Transmitter (TX) and the Receiver (RX) side are 

always connected to 

separated.  
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Fig 1.1 A Simplified Transceiver Front End [1] 

Figure 1.1 shows a Simplified Transceiver Front End in a cellular system [1]. The 

Frequency Synthesizer in the diagram is a PLL system, where the channel selection is 

governed by a programmable divider and gain of VCO. Systems having 

ratio in the feedback path cannot be used to implement the above block diagram. The 

Frequency Synthesizer in a way controls other RF Front End performance as well. The 

LNA (Low Noise Amplifier), Band Pass Filter, Power Amplifier and Mixer’s 

performance is in a way controlled by Frequency Synthesizer. The Duplex may be 

implemented in different ways depending on the type of Modulation scheme used for 

the particular system. It may be used as a simple RF switch, implemented as TDD, 

Time Division Duplexing for Transmitter and Receiver side. When FDD is being 

implemented (Frequency Division Duplexing) a Band Pass Filter may be implemented 

in place of Duplexer to differentiate or filter out the Transmitter and Receiver bands of 

frequency signals. In this scheme the Transmitter (TX) and the Receiver (RX) side are 

always connected to the antenna because they operate in different band and are 
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Figure 1.1 shows a Simplified Transceiver Front End in a cellular system [1]. The 

Frequency Synthesizer in the diagram is a PLL system, where the channel selection is 

divider and gain of VCO. Systems having a fixed divide 

ratio in the feedback path cannot be used to implement the above block diagram. The 

Frequency Synthesizer in a way controls other RF Front End performance as well. The 

Pass Filter, Power Amplifier and Mixer’s 

performance is in a way controlled by Frequency Synthesizer. The Duplex may be 

type of Modulation scheme used for 

witch, implemented as TDD, 

Time Division Duplexing for Transmitter and Receiver side. When FDD is being 

implemented (Frequency Division Duplexing) a Band Pass Filter may be implemented 

Receiver bands of 

frequency signals. In this scheme the Transmitter (TX) and the Receiver (RX) side are 

antenna because they operate in different band and are 
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Fig 1.2 Basic Phase Locked Loop (PLL) Block Diagram [2] 

The above figure [2] shows a basic PLL block diagram; The Phase Detector (PD) 

detects reference signal (as input) and VCO output to generate error signal 

proportional to the phase difference between these signals. The Loop filter then 

generates voltage signal proportional to the PD output to drive the VCO. We can see 

here that, the signal changes its state throughout the loop. The Phase Detector senses 

phase and gives output as a voltage signal, the VCO takes voltage as the input and 

gives voltage modulated signal as the output. Low Pass Filter helps the VCO output to 

be in steady state, as it filters out the ripples and provides a steady control voltage to 

the VCO. The PLL typically requires no knowledge of voltages or currents in their 

feedback operation as compared to other feedback system [2]. If the loop gain is large 

enough, the difference between input phase and output phase falls to a small value in 

steady state [2]. This type of PLL block diagram has a lot of disadvantage compared to 

the advanced form. This implementation is nevertheless simpler to implement and 

realize. This type of PLL, typically called as the type I PLL, due to the number of 

poles present in the system. It suffers from limited acquisition range. If the signal falls 

out of this range/bandwidth then loop will not lock. Typically if the difference 

between input and output frequency is more than the acquisition range then the loop 

fails to acquire lock.  

To overcome this problem, the idea is to enhance the Phase Detector (PD) part to 

become Phase Frequency Detector (PFD). In this system, first the system detects 
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frequency difference and tries to bring it to a small value. After it reaches to a 

sufficiently small value the phase detection starts and attains the phase lock. The PFD 

produces a UP and DOWN pulse depending on the positive and negative phase 

difference, and governs or controls the operation of VCO accordingly. It tells the VCO 

to speed up or slow down depending on whether it produces an UP or DOWN pulse. 

The VCO can be replaced with CCO, (Current Controlled Oscillator) but it makes the 

system very complex, and unstable. Generally, Current Controlled Oscillator is not 

used but can be implemented depending on the need and requirements of the design. 

The following figure (fig 1.3) shows a more advanced form of the PLL, having a 

Phase Frequency Detector instead of Phase Detector, a Charge Pump, and a divide by 

N frequency divider. As discussed earlier, the Divide by N frequency divider can be 

made programmable, or the divide ratio can be made to change externally and hence 

control the output frequency depending on that. One obvious question may arise to the 

reader, it is more complex and difficult system to realize but nevertheless is widely 

implemented these days. 

 

Fig 1.3 A General Phase Locked Loop Block Diagram 

The Charge Pump and the Low Pass filter are one of the most important and 

overlooked part of a Phase Locked Loop system. It is the Low Pass Filter and the 

Charge Pump which decides the stability of the negative feedback system. The reader 
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should focus more time on designing these blocks carefully as per requirements than 

one usually does. We will see the effects and tradeoffs of these blocks carefully in the 

later stages of this article.  

The frequency detector in the feedback part can be implemented as the Current Mode 

Logic or Voltage Mode Logic depending on the frequency range of the system and 

design requirements. Typically, for high output frequency in the GHz range a Current 

Mode Logic (CML) frequency divider is used, and for low frequency divider in the 

range of 500 MHz a Voltage Mode or Digital Frequency Divider can be implemented. 

Both of them have their own tradeoffs, typically with Power Consumption and Speed, 

and hence we need to choose them carefully. High Frequency Digital Flip Flop based 

frequency divider has been implemented as well. Basically the idea behind the design 

of high frequency D-F/F based divider is to reduce the gate delays of transistor by 

careful sizing and, also by making a D-F/F having less number of transistors. As the 

total delay of the system reduces the overall operating frequency of the circuit 

increases. Typically, to implement a Frequency Divider in the loop of a Phase Locked 

Loop system, the maximum operating frequency of the Divider should be twice of the 

maximum output frequency of the VCO. It is due to the fact, to counter any design 

tradeoff due to process variation which may change the behavior of the VCO 

considerably. Also, since the feedback loop is important in the loop dynamics, a stable 

frequency divider working at a speed larger than the VCO is desired. Nevertheless, the 

circuit having a close operating frequency of Divider and VCO still functions but can 

fail at some point.  The Implemented Block of Phase Locked Loop (PLL) is different 

than shown above. The following figure shows the implemented PLL Block as my 

thesis. 
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Fig 1.4 Implemented PLL Block Diagram 

 

 

Fig 1.5 Cadence 0.5um CMOS process top level schematic 

The Implemented PLL Block Diagram has two kinds of frequency detectors. It also 

contains one Level Shifter. The Current Mode Logic Divider as well as Digital 

Divider is being used here to facilitate efficient operation at high frequency and noise 

cancellation at low frequency, it will be evident in later part of the article. The use of 

D F/F Based Frequency helps to remove glitches and makes the signal smooth so that 

the PFD gets to compare close to ideal clocks. These statements will be clearer when 
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seen in waveform form, and will be discussed in detail in further chapters. The Level 

Shifter maintains the rail to rail level of signal as expected by PFD block.  

At this point of time, the reader may have enough background to study the PLL 

system little further and can look into each block in more detail. The following 

paragraph gives an outline for the rest of article. 

Design Specification 

 

• VDD =2.5V (as low as possible) – (Works from 2.5 to 5V) 

 

 

• Reference Frequency of 60MHz 

 

 

• Output Frequency of VCO to be 1GHz or more 

 

 

• F-Divider Divide Ratio = 1/16 

 

 

• Lock Time < 10us 
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Thesis Organization 

 

1. The thesis work will be discussed in more detail in the next chapters.  

 

2. Chapter II will comprise of Phase Frequency Detector description and 

circuit diagram along with waveforms. 

 

3. Chapter III will discuss about Charge Pump and Low Pass Filter design 

and waveforms. Design Tradeoffs and few methods to overcome it. 

 

4. Chapter IV will discuss about Voltage Controlled Oscillator design and 

implementation. 

 

5. Chapter V will consist of Frequency Divider along with Level Shifter 

Block which will be introduced in Chapter II. 

 

6. Chapter VI will contain results, conclusion and future work scope related 

to my thesis. 
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CHAPTER II 

PHASE FREQUENCY DETECTOR  

A Phase Frequency Detector (PFD) is typically an error amplifier. It compares the 

phases of the input and output signals and generates a corresponding error pulse. In the 

earlier design of the Phase Detector it can be thought of as an EX-OR gate which 

generates error signal or logic high if both the signals are at different level. This basic 

form of Phase Detector is not capable to detect large frequency differences, hence not 

used. Generally, the error pulse is named as UP and DOWN pulse for the purpose of 

simplicity. If the phase difference between input and output is positive then the PFD 

generates an UP signal. More precisely if the reference signals phase (generally 

positive edge of clock/signal) leads the positive edge of the output signal then the PFD 

generates an error pulse proportional to the time delay between the two positive edges. 

Similarly if the feedback clocks/signal’s positive edge is leading the reference clock’s 

positive edge then the DOWN pulse is generated. The reader may wonder what effect 

has the UP and DOWN pulse on the loop dynamics and operation in general. 

Assuming first for the sake of discussion that the Feedback clock runs at a high 

frequency than the reference, the in order to match the “reference signals” frequency 

the Feedback clock must slow down, or the VCO must slow down. How can we make 

this happen? We will have to generate a driving voltage such that the VCO frequency 

scales down or slows down in order to match the reference. This difference in 

frequency or phase can be detected by only Phase Frequency Detector in the PLL 

system as only this block talks with both the signals. Therefore, this block should 

generate a signal to slow down the VCO frequency. The “DOWN” pulse is nothing 

but this signal which will order the VCO to step down its frequency or in other words 

to slow down. Similarly, an “UP” signal is generated to tell the VCO to catch with the 

reference in case its frequency has slowed down as compared to the reference clock. 

Having said so, we can now take a look at the general block diagram of the Phase 

Frequency Detector (PFD) and then delve further deep to discuss the circuit diagram 

and to know how the previously explained statements are implemented. 
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Fig 2.1 A General PFD Block Diagram 

As seen in Fig 2.1, a Phase Frequency Detector (PFD) consists of two positive edge 

triggered D-F/F, which compares the reference and feedback clock continuously to do 

so. The UP and DOWN signals has been renamed to GO Faster and GO Slower 

respectively for the sake of simplicity and obvious reference to slowing and speeding 

of the VCO. The Not gate and a delay buffer is used to reset the PFD when both the 

pulses go high, a state which we avoid to achieve. Since, when both the signals go 

high we don’t want the PFD to keep working so we add a delay and then reset the D-

F/Fs. To take a further look into what makes this D-F/F achieve its intended operation 

we will take a look at transistor level circuit diagram of the PFD.  
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VDD

A

B

VDD

VDD

RESET

 

Fig 2.2 Transistor Level PFD Circuit Diagram [6] 

The circuit as implemented in the Cadence 0.5um CMOS process is shown below.  



Fig 2.3 Cadence 0.5um CMOS Process PFD Implementation

The circuit has two D

represents one block diagram. Each D

inverter to get the Q positive output. The number of transistors has been reduced in 

this design to further increase the operating frequency of the PFD [3]. The two PMOS 

is connected to the VDD, the clocks and the reset pulse. When the Clock and Reset is 

both low then the PMOS turns “ON” and latches with the VDD and holds its value till 

the positive edge of the clocks. This is the basic idea of this F/F. When the RESET 

turns high the PMOS is switched off and the Node below PMOS is latched to ground 
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Fig 2.3 Cadence 0.5um CMOS Process PFD Implementation

The circuit has two D-F/F as described earlier. Each shaded portion of fig 2.3 

epresents one block diagram. Each D-F/F has 8 transistors and one extra CMOS 

inverter to get the Q positive output. The number of transistors has been reduced in 

this design to further increase the operating frequency of the PFD [3]. The two PMOS 

ted to the VDD, the clocks and the reset pulse. When the Clock and Reset is 

both low then the PMOS turns “ON” and latches with the VDD and holds its value till 

the positive edge of the clocks. This is the basic idea of this F/F. When the RESET 

he PMOS is switched off and the Node below PMOS is latched to ground 
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Fig 2.3 Cadence 0.5um CMOS Process PFD Implementation 

F/F as described earlier. Each shaded portion of fig 2.3 

F/F has 8 transistors and one extra CMOS 

inverter to get the Q positive output. The number of transistors has been reduced in 

this design to further increase the operating frequency of the PFD [3]. The two PMOS 

ted to the VDD, the clocks and the reset pulse. When the Clock and Reset is 

both low then the PMOS turns “ON” and latches with the VDD and holds its value till 

the positive edge of the clocks. This is the basic idea of this F/F. When the RESET 

he PMOS is switched off and the Node below PMOS is latched to ground 



via the 3 NMOS transistors.  The following table and waveform explains the operating 

principle of Phase Frequency Detector.

 

Fig 2.4 Logic States of Phase Frequency Detector

Fig 2.5 PFD Waveforms as simulated in Cadence Schematic

The above logic state and waveforms explains in a way how the PFD works and how 

it should behave. The Last Blue colored waveform is of Charge Pump Output which 
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PFD Waveforms as simulated in Cadence Schematic 

The above logic state and waveforms explains in a way how the PFD works and how 

it should behave. The Last Blue colored waveform is of Charge Pump Output which 
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we will discuss in next chapter in detail. We can notice here that as the Go Fast and 

GO Slow signal becomes prominent for the particular instance, the Charge Pump 

Output Speeds Up or Slows Down in a way increasing or decreasing the VCO control 

voltage or VCO frequency. It can be noticed that the third waveform named as 

“RESET” pulse becomes logic high or is enabled when both the GO Fast and GO 

Slow signal become high at the same time. We will conclude the Chapter II here and 

will continue with the Charge Pump and Low Pass Filter in the next chapter. 
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CHAPTER III 

CHARGE PUMP & LOW PASS FILTER 

The Charge Pump and Low Pass Filter govern the stability and smoothness of the PLL 

system. Generally the design of these block are overlooked but should be given 

considerable amount of time doing so. The Charge Pump (CP) takes the output of the 

PFD’s UP and DOWN pulses as its input. The Charge Pump then produces a single 

output depending on charging and discharging state of the Charge Capacitor (Cp). The 

Low Pass Filter takes the Charge Pump output, it integrates its output and low pass 

filters the ripples to bring it down to close to DC level. The more the ripple on the LPF 

output the more unstable will be the VCO. Therefore, we need to determine optimum 

LPF component parameter to meet both the criteria, i.e. low ripple on the V control 

and also close to DC level to stability purpose. We will discuss the Charge Pump and 

Low Pass Filter now individually and in detail. The following diagram describes the 

basic block diagram of a Charge Pump. 

 

Fig 3.1 Charge Pump Block Diagram [2] 

In the above diagram the output pulses of PFD charges or discharges the Cp capacitor 

via VDD and Ground. When the UP pulse or GO fast pulse is prominent the PMOS 

switch connected with VDD turns on and charges the Cp. The PMOS switch has an 



Texas Tech University, Satyabh Mishra, August 2012 

17 

inverter connected to its input, so that to turn it “ON” when the UP is high, as PMOS 

turns on logic 0. Similarly, the NMOS switch is turned “ON” when DOWN signal or 

GO slow signal is prominent and discharges the Cp capacitor to ground. This process 

has several non-idealities due to mismatch in the two switches and hence the above 

block needs to be modified to minimize charge sharing between the parasitic 

capacitance associated with the two switches [2].  Following figure shows the 

modified form of Charge Pump Circuit. 

 

Fig 3.2 Modified Charge Pump [2] 

 

Using this topology Vx and Vy is tied to Vcontrol after phase comparison. The switch 

S1, S2, and S3, S4 turn on/off alternatively. The Unity gain amplifiers hold nodes X & 

Y at Vcontrol. In the next phase comparison these nodes begin with a value equal to 

Vcontrol, thereby eliminating any charge sharing between Cp and Capacitance at X 

and Y. 



Fig 3.3 Frequency Response of Unity Gain Amplifier

The Unity gain amplifier’s frequency gain is shown in fig 3.3. It shows that in dB 

scale the OPAMP provides a 0dB gain or Unity Gain in normal scale.  The Bandwidth 

of the Operational Amplifier is around 150 MHz, way more than the PLL bandwidth. 

The Phase Margin of the amplifier is around 59 degrees. The following figure shows 

the output of the Charge Pump State.
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Fig 3.3 Frequency Response of Unity Gain Amplifier

Unity gain amplifier’s frequency gain is shown in fig 3.3. It shows that in dB 

scale the OPAMP provides a 0dB gain or Unity Gain in normal scale.  The Bandwidth 

of the Operational Amplifier is around 150 MHz, way more than the PLL bandwidth. 

in of the amplifier is around 59 degrees. The following figure shows 

the output of the Charge Pump State. 

Fig 3.4 Charge Pump Output Waveform 
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Fig 3.3 Frequency Response of Unity Gain Amplifier 

Unity gain amplifier’s frequency gain is shown in fig 3.3. It shows that in dB 

scale the OPAMP provides a 0dB gain or Unity Gain in normal scale.  The Bandwidth 

of the Operational Amplifier is around 150 MHz, way more than the PLL bandwidth. 

in of the amplifier is around 59 degrees. The following figure shows 
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The Low Pass Filter as implemented is shown in the following figure. 

 

  

Fig 3.5 Low Pass Filter 

The value of C2 is 10pF and C1 is 50pF. The Resistance R1 is kept at 8K. 

 

 

 

 

 

 

 

 

 



Texas Tech University, Satyabh Mishra, August 2012 

20 

CHAPTER IV 

VOLTAGE CONTROLLED OSCILLATOR 

A Voltage Controlled Oscillator or VCO is the main block of a Phase Locked Loop 

system. It’s the VCO output which we want to be stable and efficient. All the blocks 

apart from VCO make its frequency and phase stable. More precisely they are 

designed to control the VCO phase and frequency with respect to a reference. The 

maximum operating frequency of the VCO also decides the maximum output 

frequency of the PLL system. A simple oscillator produces a periodic output, usually 

in the form of voltage, without any input. For oscillation to occur “Barkhausen 

Criteria” is necessary but not sufficient. It says that if a negative feedback system has 

gain greater than or equal 1, and has a phase shift of 180 degree or a total phase shift 

of 360 degrees, then it can oscillate. The above statement may not be true always and 

needs careful judgment and consideration. To facilitate process and temperature 

variation, generally the loop gain is kept more than required [2].  A Voltage 

Controlled Oscillator can be designed in various ways, namely “LC Oscillator” and 

“Ring Oscillator” being the famous ones and are widely used. A Ring Oscillator can 

have number of gain stages required for the circuit to maintain oscillation. The 

simplest form of ring oscillators is designed using inverters. Depending on type of 

topology used two stage or three stage delay cell ring oscillators are possible. 

Generally, a three stage delay cell (inverter stages) is used in a negative feedback 

topology to achieve sustained oscillation. Some time the two stage oscillators just 

latches up rather than oscillating. Therefore, a three stage delay cell is preferred. The 

total phase shift of the loop should be 360 degree. 180 degree phase shift at the 

frequency of oscillation and another 180 is achieved due to the negative feedback. The 

total loop gain should be more than 1 and precisely twice or thrice as the requirement 

to cover up the process variations. If the total loop gain becomes less than 1 or the 

desired value then the circuit fails to oscillate. It may happen that over a particular 

bandwidth, the circuit oscillates at particular interval. It means that the circuit fulfills 

the oscillation criteria at those intervals only. Generally speaking, odd number of 
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inverter stages (minimum 3) is needed for the circuit to oscillate. These days LC 

oscillators can be implemented due to the fact that good monolithic inductors are 

present in bipolar and CMOS technologies.  A parallel LC tank resonates at the 

oscillating frequency to sustain oscillation. Generally a Ring Oscillator is preferred 

over the LC oscillator due to huge Inductor and Capacitor size. The LC oscillator has 

an advantage over Ring Oscillator that it has a superior Phase Noise Rejection 

capability. Ring Oscillators suffers from Phase Noise and Random Jitters, while LC 

oscillators are able to reject them. A Large gain of the PLL loop and overall stability 

of the circuit these days facilitate the use of Ring Oscillators. Careful design 

consideration can bring the Phase Noise performance of Ring Oscillator close to LC 

Oscillators. A differential Ring Oscillator stage is preferred over the normal inverters 

as differential configuration helps to reduce the Phase Noise and Jitters. A Cross 

Couple PMOS pair is implemented to get a negative resistance at the frequency of 

oscillation and hence it makes the circuit unstable and sustains oscillation. Most 

application using VCO requires that the oscillator should be tunable [2]. More 

precisely the VCO should be directly proportional to the applied control voltage. 

There can be an offset frequency for the VCO or the frequency where the VCO 

oscillates even if no input voltage is applied. Generally, it is termed as free running 

frequency or frequency intercept. It is analogous to a straight line mathematical 

equation and can be modeled on the same line. 

���� = 	�� + �	
� ∗ �
��  

Here, if we compare the equation with equation of line. We can understand it well. 

The term �� is the free running frequency or the intercept at �
�� = 0. The term 

�	
� is the slope of the VCO frequency response and is also the gain of the VCO 

system. We want the VCO to be as linear as possible, same as a straight line so that 

the output frequency increases or decreases linearly with respect to applied stimuli or 

Vcontrol to be specific. The range of frequency over which the VCO works is called 

as tuning range. Namely, the most important parameters of the VCO are Center 

Frequency, Tuning Range, Tuning Linearity, Output Amplitude, Power Dissipation, 
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Supply and Common Mode Rejection & Output Signal Purity [2]. I will explain in 

short all the important terms. 

Center Frequency: It is the midrange frequency value at the middle of Kvco frequency 

response of a VCO with respect to tuning voltage. Generally, it is kept at a higher 

value than the system requires. 

Tuning Range: Tuning Range is generally specified due to the process and 

temperature variation and the frequency range required for the application.  

Tuning Linearity: The VCO circuit may not behave linearly, The VCO is applied in 

circuits only in their linear range. It affects the settling behavior of the Phase Locked 

Loop [2]. Hence the variation in Kvco over the operating range should be minimized.  

Output Amplitude: Generally it should be as large as possible, thereby reducing noise. 

It should be stable over the tuning range. 

Power Dissipation: Oscillators suffers from trade-offs between speed, power 

dissipation and noise [2]. 

Supply and Common-Mode Rejection: Since oscillator system is quite sensitive to 

noise it is desired to have a better SPRR and CMRR. Therefore it is hardly designed in 

single-ended form, differential form is preferred.  

Output Signal Purity: The VCO’s are affected by Phase Noise and Jitter and hence the 

signal purity is very important term. Due to various design trade-offs, these parameters 

are controlled depending upon the system or application, because it is not possible to 

get all the parameters efficient in a single design.  

The following block/diagram shows the VCO implementation [4] [5]. The oscillator 

implemented is similar to as shown in the fig 4.1 [5]. Two delay cells are used to attain 

180 degree frequency dependent phase shift. More precisely, the phase difference 

between the input of first stage and the output of second stage is 180 degree at the 

frequency of oscillation. The other 180 degree is achieved by cross coupling or 

negative feedback. Apart from the 180 degree phase shift, sufficient gain to maintain 
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oscillation is also necessary. Since, it is a two a stage system, it has less delay and also 

requires less gain to oscillate than the 3-stage or 5-stage delay cells oscillators. Also, it 

should be obvious that it will require less area to fabricate and implement it. The VCO 

covers almost 40% to 50% chip area in a Phase Locked Loop (PLL) system; therefore 

to reduce overall manufacturing cost less number of transistors is desirable. 

Fig 4.1 VCO Delay Cell and Circuit Schematic [5] 

The input signal is differential and is taken in the NMOS pair, Mn1. A cross coupled 

PMOS pair is on top of NMOS differential circuit which generates 

cuit unstable. There are two PMOS loads connected to a PMOS 

control transistor, which is connected to VDD. The two PMOS loads can be tuned 

from 0 to gm value and hence can achieve a linear operating range [5]. The following 

figure is the VCO’s figure as implemented in Cadence Design Suite. 

Texas Tech University, Satyabh Mishra, August 2012 

it is a two a stage system, it has less delay and also 

ells oscillators. Also, it 

should be obvious that it will require less area to fabricate and implement it. The VCO 

covers almost 40% to 50% chip area in a Phase Locked Loop (PLL) system; therefore 

tors is desirable.  

 

 

The input signal is differential and is taken in the NMOS pair, Mn1. A cross coupled 

PMOS pair is on top of NMOS differential circuit which generates -2/gm resistance 

cuit unstable. There are two PMOS loads connected to a PMOS 

control transistor, which is connected to VDD. The two PMOS loads can be tuned 

achieve a linear operating range [5]. The following 
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Fig 4.2 Cadence VCO Top Level Diagram 

It has two delay cells and is connected in a negative feedback configuration. The VDD 

and Vcontrol signal nodes are labeled as shown. A small current source is added for 

theoretical purpose to show that, to initiate the oscillation we need to trigger the 

oscillator system so that later it oscillates without any input frequency. In real circuit, 

system noise or impulse is enough to start oscillation. Here, just to demonstrate that 

the particular circuit is going to oscillate we need to kick start the VCO, so a small 

current is enough. The following figure shows the VCO oscillation at different VDD 

and it shows that, [4] we can add one more control voltage to make it more robust. The 

VCO works from 2V to 5V at an operating frequency from 900MHz to 1.5GHz. The 

oscillation frequency increases as we increase the power supply. 
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Fig 4.3 VCO Output at 3.3V 

The maximum frequency at 3.3V is seen to be 1.2GHz.  

 

Fig 4.4 VCO output at 2.5V 
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At 2.5V the maximum operating frequency is 910MHz. The Phase Locked Loop 

system in this designed is implemented at 2.5V power supply to reduce the power 

dissipation of the whole circuit. In this process generally 3.3 to 5V PLL is normal. As 

the VCO of this circuit works from 2 to 5V, so the whole PLL can be modified little 

bit to work from 2.5V to 5V. 

 

The following figure shows the VCO output at 5V. 

 

Fig 4.5 VCO output at 5V 

The maximum operating frequency at 5V is 1.5GHz.  
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CHAPTER V 

FREQUENCY DIVIDER CHAIN AND LEVEL SHIFTER 

The frequency divider is an important component in the Phase Locked Loop system. 

It’s in the feedback loop and hence it decides the stability also. The VCO output runs 

at a high frequency while the PFD at a low frequency. To facilitate better comparison 

between reference and VCO output, the VCO output is divided first, before it reaches 

the Phase Frequency Detector (PFD). In a way it also saves Phase Frequency 

Detectors extra work in the sense that the PFD has to compare less frequency 

difference as compared to a huge difference, if the Divider is not present in between. 

In this circuit, a Divide by 16 divider chain is implemented. The reference frequency 

of the crystal oscillator is kept at 60MHz hence a divide by 16 divider is implemented 

to get 960MHz at the output. The following figure shows the top level schematic of 

divide by 16 divider chain as implemented in 0.5um Cadence CMOS process.  

Fig 5.1 Divider Chain 

In this design, both Current Mode Logic and Voltage Mode Divider is implemented to 

facilitate high frequency operation as well as to remove glitches and distortions before 

the signal reaches Phase Frequency Detector.  In fig 5.1 the last 3 blocks are Current 

Mode Logic Frequency Dividers, each one dividing the frequency by 2. Hence the 

total division for Current Mode Logic is 8. The Divide by 8 signals is then fed to 
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Level shifter to increase the peak to peak amplitude of signal. If the peak to peak 

signal level is not increased then the Phase Frequency Detector will sense the feedback 

clock as logic high always, which will surely hamper the PLL operating principles. To 

overcome this defect a Level Shifter is implemented which shifts the 2-2.5V signal to 

0 to 2.5V signal so that feedback behaves as an ideal clock. The output of the Level 

Shifter is still divide by 8 and it is fed to a Voltage Mode Frequency Divider which 

removes the glitches and distortion in the output signal of previous stages. The voltage 

mode divider is a divide by 2 circuit, and it is implemented using a simple negative 

feedback D-F/F topology. Therefore, the total frequency division in the feedback loop 

is by 16, 8 from Current Mode Logic and 2 from Voltage Mode. The reader may 

wonder at this point of time that, why i haven’t implemented a divide by 16 divider 

using only Voltage Mode topology. Since a divide by 16 VML circuit will require 4 

stages of D-F/F running from high frequency to low frequency, it will have around 60-

80 transistors, which will surely add a lot of delay in the signal path. The frequency 

which first enters the divider chain is at high frequency and close to GHz range. 

Therefore, the VML logic is difficult to realize at such high frequency. Also, lot of 

divider block is going to create clock synchronization problem, which is again difficult 

to attain at different stages. The Current Mode Logic is very robust at high frequency 

and uses very less number of transistors to realize. The high frequency operation of 

CML has tradeoff with Power Dissipation. To operate in GHz range they require a lot 

of current which consumes a lot of power. Careful design calculations can make the 

circuit work at considerably less amount of current, but still it is high enough. The 

following figure will show the delay cell of a typical Current Mode Logic Frequency 

Divider [6].  
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Fig 5.2 CML Delay Cell [6] 

In this circuit, the two NMOS pairs take the input clock which is to be divided. The 

two NMOS pair switches alternatively thereby guiding the tail current to one branch at 

a time. The cross-coupled pair in the circuit oscillates independently to maintain the 

signal for half the clock rate. In the first half of the clock cycle, the current travels 

through CLK+, NMOS transistor to the output nodes. In the second half of the clock, 

the current passes through CLK- and the other NMOS is switched off. This circuit 

works as a sample and hold circuit. The second half of clock cycle helps to maintain 

the output at the nodes and hence divide the frequency of output signal with respect to 

the input. The second stage output is fed to the first stage differential transistors and 

vice-versa. The sizing of the transistors in this circuit is really important and should be 

done carefully to achieve the result. Generally, as a rule of thumb the gm of the latch 

stage is kept very high to achieve high frequency latching of the signal. The size of 

transistors are increased to increase the gm and hence the operating frequency. The 

size of resistors in the circuit is not that big and is only kept at a value to maintain 
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oscillation. Therefore, for the frequency of operation if the product of gm* R ≥ 1, then 

the size of resistor able to achieve this figure is sufficient. Also to facilitate process 

variation, their product is generally kept at 1.2-1.4.  The following figure shows the 

cadence schematic of a divide by 2 Current Mode Logic Frequency Divider, able to 

operate at 2GHz. The current source shown in the following diagram can be replaced 

by a NMOS transistor biased at a particular voltage to provide same amount of 

current. 

 

Fig 5.3 Cadence Schematic of Divide by 2 CML divider [6] 
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The following waveform shows the frequency division using CML Divider. 

 

Fig 5.4 CML Output Waveform 

 

 

Fig 5.5 Level Shifter Circuit 

The above figure is the circuit schematic of a level shifter circuit implemented to 

amplify the peak to peak out of the CML divider. Fig 5.3 shows us that the output 
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coming out of the CML divider is around 2-2.5 V peak to peak. If this signal is fed to 

the PFD then the transistors will never switch as 2.5V power supply is used for this 

design. Therefore a level shifter is inserted in between. The level shifter can be 

analyzed in two parts. The first part or left hand side of the circuit represents a simple 

common source inverting amplifier; the second stage is CMOS inverter. The CMOS 

inverter is fed, the output of Common Source amplified signal. If we feed a CMOS 

inverter rail to rail signal above and below the VDD then it will give us 0 to VDD as 

the output signal and hence our purpose can be solved. The sizing of resistors and 

transistors is trivial and should be done carefully. The following figure shows the 

output waveform of a level shifter test bench, demonstrating the amplitude change at 

different levels. 

 

 

Fig 5.6 Test Bench - Level Shifter Output 
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Fig 5.7 Actual Level Shifter Stage Waveforms 

 

Fig 5.8 D-F/F F-divider 

The above figure demonstrates the block diagram of a voltage mode frequency 

divider. The purpose of this block will be clearer when we see the waveforms 

associated with the entire system. It can be implemented in several ways. One of the 

ways is shown in the following figure as implemented in Cadence 0.5um CMOS 

process. 



Each block represents a 

Q-bar (QB as shown in the figure)

Fig 5.10
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Fig 5.9 D-F/F based F-divider 

 

Each block represents a NAND gate. This is a typical 8 NAND gate D

(QB as shown in the figure) is feedback to the D-input. 

Fig 5.10 D-F/F Frequency Divider Waveform 

Texas Tech University, Satyabh Mishra, August 2012 

 

This is a typical 8 NAND gate D-Flip Flop. The 

 



The above waveform shows the waveform transition from last

based divider output. The third signal from top represents the level shifted form of 

CML output. The next chapter will conclude this thesis with results and future work.
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Fig 5.11 Waveform from CML to D-F/F 

The above waveform shows the waveform transition from last stage of CML to D

based divider output. The third signal from top represents the level shifted form of 

The next chapter will conclude this thesis with results and future work.

Texas Tech University, Satyabh Mishra, August 2012 
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based divider output. The third signal from top represents the level shifted form of 

The next chapter will conclude this thesis with results and future work. 
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CHAPTER VI 

RESULTS 

The following waveforms represent the output waveform of the Phase Locked Loop 

system as simulated and designed in a cadence 0.5um CMOS process. 

 

Fig 6.1 VCO and Vcontrol – Locked State 

The above waveform shows the constant Vcontrol and constant output frequency as 

expected when the PLL is in locked state. 

 

Fig 6.2 Output waveform from VCO to PFD 
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Fig 6.3 Gradual Lock-in process 

The gradual lock-in process can be seen. The signals lock at 600ns 

 

Fig 6.4 Frequency Locked Reference & Feedback signals 
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Fig 6.5 Phase & Frequency Locked Signals 

The above figure shows that the frequency and phase of reference and feedback got 

locked with each other. There is small and constant phase error, which is evident when 

the above waveform is zoomed. It is nevertheless ignored for the sake of discussion as 

it satisfies the PLL locked state theory. 
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Conclusion 

A 910 MHz Charge Pump Phase Locked Loop (PLL) is realized in Cadence 0.5um 

CMOS process. The lock time of the PLL is less than 1us (600ns) which is better than 

most of the designs achieved previously in this process (simulation results only). 

 

 

Future Work 

 

The operating frequency of the PLL can be increased further. The Lock time can be 

reduced. A programmable frequency divider can be implemented. Voltage regulator 

can be implemented to provide on-chip supply, as supply voltage variation induces 

phase noise in the VCO. 
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