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ABSTRACT 

The increasing demand for local high-frequency operations on microprocessor and 

data-communication chips has led to the need for phase-locked loops to generate on-chip 

high-frequency clocks controlled by a much lower-frequency externally-provided system 

reference clocks. 

A high-frequency integrated CMOS phase-locked loop, which is independent of 

temperature and silicon processing variations, has been designed and tested. The system

level design was based on both frequency linear analysis and transient time-domain 

analysis performed using MTIME simulations. The design in this work integrates a 

phase-frequency detector, a symmetric charge-pump, an external low-pass RC loop filter, 

a digital-load-controlled voltage-controlled oscillator (DLCVCO), a programmable 

feedback-divider, a frequency-range detector (FRD), a circuit which initializes the loop 

filter node to VDD, a digital-load-activation cell, and associated circuitry on a portion 

of one die. The DLCVCO was implemented by a ring of three inverters; frequency was 

controlled by digitally programming the capacitive loads connected to its inner nodes. 

The FRD was designed to sense the temperature and silicon process conditions of the 

PLL system, and control the number of capacitive loads activated to the inner nodes of 

the DLCVCO. A O.8J.'m CMOS process was used to implement this PLL system design. 

Tests demonstrated that this PLL generated frequencies in excess of 200MHZ, locked 

onto a 2MHz reference clock, and achieved a tuning range of 12MHz to 212MHz 

independent of silicon process variations and temperature conditions. 
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DEFINITIONS 

Typical operating conditions 

Worst operating conditions 

Best operating conditions 

Typical case process 

Worst case process 

Best case process 

Occur at power supply voltage of 5 volts and 

temperature of 40°C. 

Occur at power supply voltage of 4.5 volts 

and temperature of 120°C. 

Occur at power supply voltage of 5.5 volts 

and temperature of O°C. 

Occurs when the fabricated device process 

parameters (gate oxide thickness, diffused 

junction depth, gate effective width, 

substrate doping level, electron and hole 

mobilities, ion implantation, die location on 

the wafer, etc.) are nominal and cause 

nominal gate time delay response. 

Occurs when the fabricated device process 

parameters deviate from the nominal ones to 

cause maximum gate time delay response. 

Occurs when the fabricated device process 

parameters deviate from the nominal ones 

to cause minimum gate time delay response. 

PLL Phase-locked loop. 

VCO Voltage-controlled oscillator. 



Fref 

Fose 

DLCVCO 

PFD 

UP, DOWN 

Charge-Pump 

MTIME 

15 

Input reference clock 

Output oscillator clock. 

Digital-load-controlled voltage-controlled 

oscillator. 

Phase-frequency detector. 

Charge-pump up and down control signals. 

Sources and sinks current. It operate in tri-

state condition when it does not source or 

sink any current. 

Is a general purpose circuit simulation 

program used to perform DC, AC, transient 

analysis, developed and supported by 

Motorola Semiconductor Product Sector. 

'Pi Input phase. 

'Pi(t) Input phase as a function of time. 

'Po Output phase. 

'P0(t) Output phase as a function of time. 

'Pc Phase error. 

'Pc(t) Phase error as a function of time 

4?i(S) Laplace transform of input phase. 

4?o(s) Laplace transform of output phase. 

4?c(s) Laplace transform of phase error. 
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c1>i(Z) Z transform of input phase. 

c1>o(s) Z transform of output phase. 

c1>c(s) Z transform of phase error. 

Wi Input angular frequency. 

We veo free running angular frequency. 

r Damping factor. 

H(s) PLL output phase to input phase transfer 

function in s-domain. 

H(z) PLL output phase to input phase transfer 

function in z-domain. 

PW/L 

NW/L 

LOAD(N:O) 

P shows the channel as p-type and W/L 

represents the width-to-Iength ratio of each 

one of the p-channels forming an appropriate 

gate as shown on a given schematic. 

N shows the channel as n-type and W IL 

represents the width-to-Iength ratio of each 

one of the n-channels forming an appropriate 

gate as shown on a given schematic. 

LOAD(O), LOAD(1), 

LOAD(2), ... ,LOAD(N) 
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One of the essential uses of a phase-locked loop (PLL) system is to eliminate the 

skew (in phase and frequency) between the off-chip system clocks and the on-chip 

generated clocks [1], [2]. The early system applications of phase-locked loops was the 

use of phase or frequency feedback in order to control an oscillator [3], [4]. Integrated 

circuit design of PLLs started as early as 1971 [5], [6]. Complementary Metal-Oxide

Semiconductor (CMOS) integrated circuit design of phase-locked loop frequency 

synthesizers have been widely used in data communications, local area networks, data 

storage applications [7]-[11], disc drives [13], and microprocessors [14]-[17]. The 

reason for their popUlarity include the low cost of high production volume of digital 

circuits using CMOS technology, the existence of higher levels of integration [18] 

because many phase-locked loops are part of larger digital and analog systems, and the 

ability of the designers to provide extended tracking ranges. 

Phase-locked loops consist of five essential parts: a phase-frequency detector 

(PFD), a charge-pump, a low-pass loop filter, a voltage-controlled oscillator (YCO), and 

a divide-by-N programmable divider, where N is the ratio of the frequency of the VCO 

on-chip generated clock to the frequency of the PLL off-chip reference clock. An 

example is shown in Fig. 1.1. The phase-frequency detector has two inputs and two 

outputs. The two inputs include the reference input signal (Free) and an oscillator signal 

divided by a selected integer N (Fose/N). The two output signals include an UP and a 

DOWN signals. The timing diagram of the PFD input and output signals is shown in 
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Fig. 1.2. The PFD compares the input reference signal Feer to the veo divided-by-N 

signal Fose/N. When the falling edge of the generated clock signal, Fosc/N, leads the 

falling edge of the reference clock signal, Feer, DOWN is activated to a low level until 

the falling edge of Feer signal arrives. Similarly, the UP signal will be activated to a low 

level when the falling edge of the Feer signal leads the falling edge of the Fosc/N signal. 

UP and DOWN signals will stay high when both Feer and Fosc/N are in perfect lock. UP 

and DOWN signals can be activated to a low level one at a time. These signals are 

mutually exclusive in the sense that they can never be activated to a low level at the same 

time. The charge-pump (which discharges and charges current into the loop fIlter) is used 

to convert the logic binary level states generated from the PFD into analog signals to 

control the yeo. The charge-pump cell is controlled by the PFD output signals UP and 

DOWN. When the UP signal is active low, the charge-pump will charge the loop fIlter 

node. It will discharge it when the DOWN signal is active low. The passive RC fIlter 

is provided externally to the chip so that a large capacitor can be used in order to provide 

stable operation for the high frequency-gain of the yeo. The voltage-controlled 

oscillator consists of a single ring oscillator which is made up of an odd number of delay 

cells (inverters) connected in series, as shown in Fig. 1.3. The delay cells are controlled 

by the amount of current supplied through the current source and the current source is 

also controlled by the voltage across the VeNTRL node as shown in Fig. 1.3. The 

frequency of the output clock can be changed by programming the divide-by-N block. 

Any mismatch which occurs between the Foac/N and the Feer clocks either results in 

speeding up or slowing down the Foac/N generated clock. The PLL training continues 
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until the Fosc/N and the Fref clocks are completely locked (Le. equal in frequency and 

phase). 

There is an increasing demand for local high-frequency operation on 

microprocessor and data-communication chips. The problem of maintaining, internally 

to VLSI chips, very high-frequency clocks controlled by a much slower external system 

reference clock is a subject of great importance. There are generally three main reason 

for controlling high speed on-chip clocks requiring slow speed off-chip clocks. First, the 

cost of a slower frequency crystal is usually less. External crystal oscillators are not 

attractive and rarely used for high frequency operation above 60MHz. They can be 

costly and may not offer reasonable pulse width duty cycle control, temperature and 

power stability, and they can have limited tuning range [19]-[22]. Second, parasitic 

effects, due to chip pads and inexpensive packaging, limits multivibrators from operating 

at high frequency [23]-[25]. A third motivation is the concern for noise 

generation/radiation from extremely fast switching clock voltage edges and high 

frequency pulses [26]. 

A standard requirement for phase-locked loop clock generators is that they exhibit 

minimum acquisition time, good tracking range, minimum noise, minimum jitter, and 

good stability. Tracking range, noise, jitter, and stability are directly affected by the 

frequency-gain of the VCO. The acquisition time is effected by the size of the external 

capacitor and the voltage level initially placed at the node of the loop fllter. 

A good understanding of phase-locked loops with application to CMOS 

technology exists, but not much has been published concerning the temperature and 
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processing sensitivity problems associated with the generation of on-chip high speed 

clocks. Sodini [27] used on-chip bandgap reference BICMOS design techniques in order 

to reduce the supply and temperature sensitivities of the oscillator, but did not reduce the 

sensitivity due to process variations. 

Phase-locked loop designs are very sensitive to temperature and processing 

variations. If, for example, a PLL is required to generate a frequency of 200MHz, then 

the VCO should be designed so that it will be able to generate a 200 MHz clock signal 

under worst case of silicon process and chip operating conditions, where the voltage 

across the loop filter node is close to VDD (VCNTRL= VDD). Under best case of 

silicon process and chip operating conditions, and VCNTRL=VDD, the VCO frequency 

will jump to about 860MHz. The curves shown in Fig. 1.4 represent the veo 

characteristics (Le., the frequency of the VCO generated clock versus the voltage across 

the loop filter node) under three different sets of silicon process and chip operating 

conditions. Characteristic curves A, B, and C, represent the worst, the typical, and the 

best cases of silicon process and chip operating conditions respectively. From the curves 

shown in Fig. 1.4, one can see that the maximum frequency ranges from about 210MHz 

(under worst case of silicon process and chip operating conditions) to 860 MHz (under 

best case of silicon process and chip operating conditions), while the VCO frequency

gain at 200 MHz ranges from 17MHz/V to 360MHz/V, respectively. Variations in 

silicon process and chip operating conditions will vary the amount of current supplied by 

the current source and the time delay between the gates forming the VCO. Consequently, 

the VCO frequency-gain and the frequency generated by the VCO will vary. The 
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variations in frequency and frequency-gain will certainly increase at very high frequency 

operation, and consequently, will cause problems with the overall PLL clock generator 

performance with respect to stability, output jitter, noise and tuning range. 

In this work, we intend to reduce the CMOS high frequency PLL sensitivity to 

temperature, power supply voltage, and process variations by introducing a new PLL 

design approach. Actually, the purpose of this work was to design and implement a PLL 

system in CMOS technology that would be able to generate an on-chip high speed clock 

(in excess of 200 MHz), lock on a slow speed off-chip clock (2MHz), and yet be less 

sensitive to the variations in silicon process and chip operating conditions, thus having 

both high speed and stability. The overall PLL system design was done based on 

simplified linear analysis. The PLL system adopted in this work was designed and 

fabricated using the standard Motorola O.8J.'m CMOS technology. Finally, the fabricated 

system was tested in order to verify the design techniques used in this work. 

The proposed PLL system is shown in Fig. 1.5. It includes a phase-frequency 

detector, a symmetric charge-pump, an external low-pass RC loop filter, a digital-Ioad

controlled voltage-controlled oscillator (DLCVCO), a divide-by-N circuit, a frequency

range detector (FRD), a circuit which initializes the loop fllter node to VDD, a digital

load-activation cell, and a lock-detect circuit. The DLCVCO speed is controlled by 

digitally programming the capacitive loads connected to its inner nodes, the FRD is 

designed to sense the temperature and silicon process conditions of the PLL system, and 

control the number of capacitive loads activated to the inner nodes of the DLCVCO, and 

the lock-detect circuit is used to detect the lock conditions of the PLL system. 



24 

.... Fref' .... UP SYMMetric VCNTRL 
Fosc/N 

PFD Fosc -Ii 
Charge DLCVCO 

FLOAT 
.... 

..-- DOHN PUMP 

n. Fref' .... Initialize 
I- CHIP.....RESET 

To a: I-
0 
...J VDD li-

I Loop 
I- Filter I ./1 
ILl 

Z 9 ...... - -:5=-0 ~ 
0 

CD 0 

0 ~ 
> 

II- t.:) 
...... 

Divide ~ PX 

By PY HCLK_BUFF 
.... .... M 

M 

I N 

" 0 

Frequency 
CD 

;-- 0 
II-

:.:: Range I--I-
...J I- Detector wI :.:: 0 

...J ...J 
ILl wI (1')1 -...J 
0.. a: ILl '1 :.:: :.:: 
:c ILl :c ...J ...J 
a: II- ...... I 

t.:) wI wI 
(I') x I- .... 

~ X )-

Lock Digital 
Detection Load 

Activation LOAD (26: 8) 
Fref' .... .... 

-0 
PLL-LOCK 

Fig. 1.5 Block representation of the new PLL system. 



25 

The MTIME circuit simulator (which is a modified version of SPICE being used 

inside Motorola) was used to calculate the time-domain response of most of the digital 

and analog elements forming the PLL system. The results of PLL linear system analysis 

(jitter transfer function and PLL stability) which has previously been discussed in the 

literature [2] and [28]-[31] is presented in Chapter 2. Also, Chapter 2 includes a detailed 

discussion concerning the design of a new symmetric charge-pump. Chapter 3 includes 

a discussion and analysis of different types of oscillators, and a detailed analysis of the 

voltage-controlled oscillator adopted in this work. The design of the digital load 

activation and the frequency-range detector, which acts as a temperature and process 

sensor, is presented in Chapter 4. Chapter 5 deals with clock synchronization and PLL 

lock detection. In Chapter 6, the overall CMOS design concept of high-frequency PLL 

system with reduced sensitivity to temperature and silicon processing variations is 

presented. Circuit fabrication and experimental results are presented in Chapter 7. 

Chapter 8 includes summary and recommendation for further work. 
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PHASE-LOCKED LOOP LINEAR ANALYSIS 
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In this chap.ter, we desire to derive a closed loop phase transfer function of a PLL 

system and perform a frequency analysis so that we may gain an insight into the design 

of phase-locked loop systems. Also in this chapter, we will discuss the design of a new 

symmetric charge-pump that will help in extending the PLL tuning range and in 

improving its stability. 

2.1. Introduction to PLL Systems 

The functional block diagram of a conventional PLL system is shown in Fig. 2.1. 

It consists of a phase-frequency detector (PFD) accompanied by a charge-pump, a loop 

filter (LF), a voltage-controlled oscillator (yCO), and a divide-by-N counter. The PFD 

generates a signal which is proportional to the phase difference between the reference 

input clock and the divider output clock. This signal is then used by the charge-pump 

to modulate the amount of charges stored in the capacitor of the low-pass fllter. In tum, 

the output voltage of the low-pass fllter controls the YCO generated frequency. 

Consequently, any time-varying signal appearing on this control signal will frequency 

modulate the YCO. In the following sections we will discuss the functional behavior and 

design considerations of each one of the components forming the PLL system, as shown 

in Fig. 2.1, in order to derive its closed loop transfer function. The CMOS circuit 

design of the above PLL components will be discussed in more detail in the next 

chapters. 
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2.2 PLL Components 

2.2.1. Phase Frequency Detector 

The conventional PFD which is presented in [16] and [31], is shown in Fig. 2.2. 

It is called a phase-frequency detector because the average output current generated by 

the charge-pump, which is controlled by the PFD, is proportional to the phase difference 

of two input signals of the same frequency while the d.c. component indicates the sign 

of the frequency difference if the inputs are of different frequencies [27]. From the 

waveforms shown in Fig. 2.3, the PFD can detect both phase and frequency; UP andlor 

DOWN signals will be activated if the veo clock is lagging and lor leading the reference 

clock respectively. In the tri-state condition, neither UP nor DOWN will be activated; 

consequently, the p-channel and n-channel transistors forming the charge-pump will be 

turned off to float the loop filter node and the PLL system will be in the locked 

condition. 

The input phase <Pi(t) is defined such that the input signal is proportional to 

sin(<Pi(t», i.e., the input waveform is a phase modulated sine wave. The output phase, 

<Po(t), is similarly defined. The PFD has a phase characteristic which is periodic in terms 

of phase difference and is shown in Fig. 2.4. This phase characteristic represents the 

PFD average output as a function of the static phase difference. The PFD phase error 

function is defined as 

(2.1) 
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If the frequency of the input signal as Wi radians/second, then the on time of either UP 

or DOWN is defined [29] as 

t = l'Pel 
p • 

CA)i 

(2.2) 

per clock cycle of the input signal (with period equal to 27r/wJ. 

2.2.2. Charge Pump 

The conventional charge-pump, which has been described in [29] and [31], is 

shown in Fig. 2.5. The charge pump will act as a three-position electronic switch which 

is controlled by the three states of the PFD. The charge-pump is used to change the 

VCO control voltage by adding or removing charges stored in the capacitor of the 

passive RC low-pass loop filter which is shown in Fig. 2.6. 

On each cycle of the input clock, the charge-pump shown in Fig. 2.5 will pump 

a current equal to ~sgnr,oe(t) where sgn(x) is defined to be equal to + 1 if x is positive, 

o if x is 0, and -1 if x is negative. From equation (2.2), the average error current (i.e., 

incremental current sourced or sunk) over one cycle will be equal to 

i (t) = tip = Ip cXJ (t). 
c 2'1t 2'1t e (2.3) 

CA)i 
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2.2.3 Low Pass Loop Filter 

The loop fllter used in this work is shown in Fig. 2.6. Its complete frequency 

and stability analysis is covered in [2] and [28]. Its transfer function Kr is given below 

as 

tl s+-

Kf.s) = ~C . 
s 

(2.4) 

Because the veo output phase is an integration of the input frequency, it will introduce 

a pole at the origin. The fllter shown in Fig. 2.6 will add a zero which will compensate 

for the loop pole and, consequently, improve the gain and phase margins in the loop. 

2.2.4 Voltage-controlled Oscillator 

The voltage-controlled oscillator frequency will be controlled by the output 

voltage of the low-pass fllter. The veo used in this work is a current-starved ring 

oscillator [31]. A simple veo schematic is shown in Fig. 2.7. The veo CMOS design 

will be discussed in detail in Chapter 3. The veo open transfer function is shown as 

(2.5) 

where Ka is the veo frequency gain in raidans/second/volt. 
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2.2.5 Divide by N 

The frequency of the VCO generated clock can be changed by programming the 

divide-by-N device. Placing the divide-by-N device in the loop feedback path makes the 

VCO frequency N times the frequency of the reference clock. Changing N can effect 

the phase and the loop margins of the PLL system. The divide-by-N open loop transfer 

function is given as 

1 
KN = -. 

N 

The programmable divide-by-N block will be discussed in detail in Chapter 5. 

2.3 Linear Analysis 

(2.6) 

Gray, Gardner, and Jeong have presented a linear closed loop PLL continuous 

frequency and time-invariant analysis [2], [28]-[31]. Also, Gardner and Hein discussed 

a time and frequency model for discrete PLLs [2], [29], [30]. In this section, the phase 

transfer function will be derived, based on the PLL functional block, as shown in Fig. 

2.8. 

The PLL state changes by a very small amount on each cycle of the input clock. 

Therefore, the loop bandwidth is small compared to the clock frequency and it is 

necessary to examine the PLL average behavior over many cycles. This can be handled 

by deriving the PLL closed-loop transfer function. 

Most of the components forming the PLL system shown in Fig. 2.8 (the charge-

pump, the loop filter, and the yeO) are time-varying networks. Simple transfer 
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functions cannot be applied directly to time-varying networks. Therefore, in order to 

perform a PLL phase Laplace analysis, one must approximate the various PLL 

components with linear, time-invariant models (as shown in the previous section). 

Actually, the following linearizing assumptions must be invoked. 

1. The loop filter is linear and time-invariant. This is usually a good 

assumption. 

2. The veo operates in linear fashion where the voltage-to-frequency 

transfer function has a constant slope equal to Ko. This is a poor 

assumption, because the yeO may not have a constant slope over the 

desired operating range. But, still one can take Ko to be the slope of the 

yeO frequency characteristic at the operating point, and assure loop 

stability by allowing for the expected range of slopes. 

3. The PFn accompanied by the charge-pump has a linear phase 

characteristic with constant slope equal to KD, and the charge-pump is 

symmetric (i.e., it charges and discharges equal amount of charge). This 

is a good assumption as long as the phase difference is restricted to some 

interval and linear in that interval. From Fig. 2.4, the allowed linear 

interval is [-2'11",2'11"]. 

From Fig. 2.8, ~i(S), ~o(s), and ~c(s) represent the input phase, the output phase 

and their phase difference respectively. The voltage at the loop filter node is equal to 

v C<s) = IC<s) • Z(s). (2.7) 
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where Z(s) = (Rz + s~) is the impedance of the RC loop filter. From (2.3) and (2.7), 

Also, the VCO acts as an integrator in the phase domain. Therefore, 

By assuming KD = Ip , and from equations (2.1) through (2.9), 
21t 

clle = __ 1 __ 
and ~ I 1 + !(_K_~....;.o_Z) 

(2.8) 

(2.9) 

(2.10) 

(2.11) 
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The loop gain as defmed in [32], [33], [34] is 

(2.12) 

For now it will be assumed that N = 1. 

At frequencies where I L(s) I > > 1, I H(s) I ::= 1, and <po(s)::= <Pi(S). Therefore, the output 

phase tracks the input phase. 

The fIlter with the transfer function Kt<s) = Z(s), represents a low-pass fIlter 

which attenutates high frequency oscillator voltage control variations so that the output 

phase will track slow variations in the input phase. PLL acquisition performance (which 

is directly related to the size of the capacitor used in the low-pass filter) can be improved 

by increasing the loop fIlter bandwidth. However, the tracking performance with respect 

to thermal noise and phase error jitter is inversely proportional to the loop bandwidth. 

It is possible to have a fIlter that will have two bandwidth modes [35], wide bandwidth 

mode for fast acquisition, and narrow bandwidth mode for stable tracking. 

Another important property of a PLL system is the static phase error [2] which 

arises from the difference between the frequency of the input signal Wi and the veo free 

running frequency We. The Laplace transform of <Pi(t) = Wit, may be written as 

(2.13) 



38 

Taking the limit at s --- 0, and from (2.11), one obtains 

(2.14) 

For Ca)i'¢:Ca)c' the static phase error will be non-zero and dependent on both the PLL 

system parameters and on the input frequency. But, from (2.4), Kt(O)=oo, and 

consequently, equation (2.14) shows that the static phase error will be equal to zero and 

the second-order PLL system with the first order passive fIlter (Fig. 2.6) will be able to 

suppress the static phase error. 

For N=l, and from equations (2.4), (2.10), and (2.12), the closed loop jitter 

domain transfer function is given by 

H(s) = (2.15) 

while the loop gain is given by 

(2.16) 
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The stability of the PLL system modeled in the s-domain has been discussed in detail 

elsewhere [2], [30], and [31]. It is of interest to note that the s-domain model never 

predicts an unstable loop for any combination of the PLL parameters. 

Gardner and Hein [29], [30], have modeled discrete PLL systems in the z-domain 

and derived the z-domain jitter transfer function and loop gain function as 

H(z) = _____ K_'rA_oR,._z_(z_-_"_) ____ _ 

( 

2 (2 - KrJ(oR,.)z 1 ) and 
(1 + KrJ(oRz.) z - 1 + KrJ(oR,. + 1 + KrJ(oR,. 

KrJ(oR,.z(z - a) 
L(z) = 2' 

(z - 1) 
(2.18) 

where 

It is of interest to note that the z-domain model can predict unstable loop performance 

for T > R2C (where the open-loop zero resides on the negative real axis outside the unit 

circle). For T< <R2C, the s-domain and the z-domain jitter transfer functions predict 

similar stable transfer characteristics [30]. 

Phase-lock loop systems can be characterized by order and type. The type 

indicates the number of finite zeros present in the loop gain function. The order 

corresponds to the number of loop gain poles. Equations (2.16) and (2.15) indicate that 
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the system under consideration is a type 1 PLL system and a second order system 

respectively. From equation (2.15), the PLL transfer characteristic equation is 

(2.19) 

The normalized standard form of second order linear system's characteristic equation is 

given by 

(2.20) 

From (2.19) and (2.20) and for N ¢ 0, the Loop bandwidth (wJ, the damping factor 

factor en, and the loop gain (K), are given by 

(2.21) 

, = R, ~ KoK.c 
.. 2 N' 

(2.22) 

and 
N 

(2.23) 

For N=100, I=0.05ma, and Kv=1.257E08 radian/second, for different values 

of C and R2, the corresponding values for the PLL damping factor S, natural frequency 

wo, and the -3db cutoff frequency ([3db) have been calculated as shown in Table 2.1 .. 

From equations (2.21) and (2.22), and from Table 2.1, it may be seen that the PLL 
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bandwidth, damping factor, and consequently the PLL stability are governed by the 

parameters of the loop fIlter, the PFD gain KD, the VCO gain Ko, and the value N of the 

feedback divider. 

Increasing the loop bandwidth will make the PLL system less stable because it 

will respond more quickly to input variations and noise. Also, smaller damping factors 

will cause the loop to both have more overshoot and longer settling times. Conversely, 

a higher damping factor will cause the loop to have less overshoot with a shorter settling 

time. Additional discussion about the effect of the VCO gain (Kv) on the PLL stability 

will be presented in Chapter 6. 

Table 2.1 

The PLL Damping Factor S, Natural Frequency Wn, and -3db Cut-off 
Frequency for Different Values of C and Rz 

Kz C Wn S f.3db 

Kilo Ohms Pico-Farad Radians/sec Hertz 

0.5 1000 100 x 1Q3 0.025 24.74 x 1Q3 

1 1000 100 x 1Q3 0.05 24.77 x 1Q3 

2 1000 100 x 1Q3 0.1 24.9 x 103 

3 1000 100 x 1Q3 0.15 25.1 x 103 

1 2000 70.7 x 1Q3 0.0707 17.55 x 1Q3 

1 3000 57.7 x 1Q3 0.087 14.35 x 1Q3 

2 10000 31.6x1Q3 0.158 7.96 x 1Q3 

2 10000 31.6x1Q3 0.316 8.37 x 1Q3 
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2.4 Symmetric Charge-Pump 

The analysis shown in previous sections, used to derive the PLL phase transfer 

function, was based on the assumption that the charge-pump is providing a linear 

(symmetrical) charging current. Based on that, the PFn gain (KD) was assumed to be 

equal to I127r. However, the charge pump shown in Fig. 2.5 exhibits a serious 

nonlinearity that may disqualify it from serious consideration in the area of high 

frequency PLL application [26], [29]. Any charge-pump nonlinearity will reduce the 

PLL tuning range, and may lead to increased jitter and instability. 

Table 2.2 
Element Values for Circuit Shown in Fig. 2.9 

Resistors Kilo-Ohms Transistors width(micTons) 

length(micTons) 

Rl 50 MP 26 -
8 

R2 1 MN 12 -
8 

The conventional charge-pump connected to the first order low-pass loop filter is 

shown in Fig. 2.9. The sizes of the p-channel and n-channel transistors and the values 

of Rl and R2, are shown in Table 2.2. For C=l000 Pf, an MTIME simulation was 

performed on the circuit shown in Fig. 2.9, so that the behavior of the pump charging 

current during charging and discharging the charges stored in the capacitor of the loop 

fllter could be traced. The plots shown in Fig. 2.10.A and Fig. 2.10.B represent the 

voltage across the loop fllter node (VCNTRL) and the voltage at the output (VCHP) of 

the p-channel and the n-channel transistors which are serially coupled between the power 
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supply (VDD) and ground (VSS), when the charge-pump is charging and discharging the 

loop fllter respectively. In both curves, the charging current I is 

I = VCHP - VCNTRL 

Rl 
(2.24) 

From the curves shown in Fig. 2.1D.A and Fig. 2.10.B and from equation (2.24), it can 

be seen that the charging current I is only symmetrical when the voltage across the loop 

filter node is at the midpoint value (Le., at 2.5 volts) between VOD and VSS. As an 

example, if the charge-pump receives first an UP and then a DOWN control signal (of 

equal pulse width) from the PFD and the VCNTRL voltage (which is driving the VCO) 

is equal to 2.5 volts, then the result of the MTIME simulation for this example will be 

shown as in Fig. 2.11. From the curves shown in Fig. 2.11.A and Fig. 2.11.B, it may 

be seen that the change of the VCHP voltage and the VCNTRL voltage during the UP 

pulse will be equal to the change during the DOWN pulse. Therefore, the pump 

charging and discharging current will be equal. The charge-pump will start to lose its 

linearity when the VCNTRL voltage becomes larger or smaller than 2.5 volts. For 

example, if the charge-pump receives first an UP and then a DOWN control signal and 

the VCNTRL voltage is 4 Volts, then the result of the MTIME simulation for this 

example will be as shown in Fig. 2.12. From the curves shown in Fig. 2.12.A and Fig. 

2.12.B, one can see that the change of the VCHP voltage and the VCNTRL voltage 

during the DOWN pulse will be 3.78 times the change during the UP pulse. Therefore, 

the pump discharging current will be 3.78 times the discharging current. 
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F· 2 10 A VCNTRL & VCHP voltage waveform representations when charging the Ig. . . 
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Fig. 2.1O.B VCNTRL & VCHP voltage waveform representations when discharging 
the fIlter. 
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Fig. 2.11.A The VCHP charge-pump output voltage waveform representation during 
UP and DOWN pulses when the VCNTRL voltage is initially at 2.5V. 
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A similar example is shown in Fig. 2.13 where the charge-pump receives an UP 

and then a DOWN control signal when VCTNRL voltage at 1.2 Volts. From the curves 

shown in Fig. 2.13.A and 2.13.B, it may be seen that the change of the VCHP voltage 

and the VCNTRL voltage during the UP pulse will be 2.6 times the change during the 

DOWN pulse. Therefore, the charge-pump charging current will be 2.6 times the 

discharging current. Actually, the linearity of the charge-pump becomes a very serious 

problem when the operating VCNTRL voltage becomes large enough (or small enough) 

to cause the loop gain (as shown in equation (2.23» about that operating voltage to be 

significantly larger (or smaller) for negative (or positive) phase errors than for positive 

(or negative). 

Ripple (voltage jumps at the loop filter node) is another characteristic problem 

which is related to the charge-pump driving a first order low-pass filter [2]. During the 

PLL training and on every cycle of the PFD or the reference clock, the charge-pump 

charging current I supplied to the filter will cause the VCNTRL voltage to jump by an 

amount equal to IR2• At the end of every charging interval, the current will be switched 

off and a jump in the opposite direction will take place, as in Figures 2.11 to 2.13. For 

each VCNTRL voltage jump, a VCO frequency spike or excursion (of value equal to 

KJRJ will occur. If these jumps are not contained within an allowable VCO tuning 

range, they may become very serious and cause the PLL system to be unstable. Gardner 

[29] proposed an additional filtering by placing an additional capacitor in parallel with 

the low pass RC filter. That would make the PLL system a third order loop which is 

only conditionally stable. This can create a stability problem unless sufficient phase and 
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Fig. 2.13.A The VCHP charge-pump output voltage waveform representation during 
UP and DOWN pulses when the VCNTRL voltage is initially at 1.2V. 
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Fig. 2.13.B The VCNTRL voltage waveform representation during UP and DOWN 
pulses when the VCNTRL voltage is initially at 1.2V. 
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gain margins are provided in the design. Specifications for the phase and the gain 

margins will, in turn, force some limits on the divide-by-N integer, N. The first order 

fIlter (i.e., PLL with second order loop) is unconditionally stable provided that 

T< <R2C [29], [30], which can be easily achieved. But, it has an undesirable voltage 

jump property which may disqualify it from usage if the jump is not kept within an 

allowable VCO tuning range. Hence, a need exists for a charge-pump in a PLL system 

for providing a linear charging current to the loop fIlter independent of the voltage across 

the loop fIlter node. Also, a need exists to control the VCNTRL voltage jumps so that 

they can stay within an allowable VCO tuning range under all conditions. 

A circuit that will help solve the above two problems (charge-pump linearity and 

voltage jumps control) is shown in Fig. 2.14. The sizes of the p-channel and n-channel 

transistors, and the values ofRh Rlh Rl2, R13, R2h R22, R23 , and R24 , are shown in Table 

2.3. The value of C used is 100Opf. This circuit uses the voltage across the loop fIlter 

node to control the charge-pump so that it may be able to source and sink equal amounts 

of current. Also this circuit uses a voltage divider circuit to reduce the VCNTRL voltage 

jumps. 

An MTIME simulation was performed on the circuit shown in Fig. 2.14 to 

simulate the behavior of the charge-pump charging current during charging and 

discharging cycles. The curves shown in Fig. 2.15.A and Fig. 2.15.B represent the 

voltage waveforms resulting from charging and discharging the charge-pump, as 

indicated. The charging current I is the same as in equation (2.24) where R2 will be 
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equal to 

(2.25) 

Table 2.3 
Element Values for the Circuit Shown in Fig. 2.14 

Resistors Kilo-Ohms Transistors width (microns) 
length(microns) 

Rl 12 MPl 44 -
6 

Rll 3.3 MP2 38 -
8 

R12 3.3 MP3 28 -
8 

R13 3.3 MP4 36 -
8 

R21 0.6 MNl 10 -
6 

Rn 0.33 MN2 16 -
8 

R23 0.33 MN3 8 -
8 

R24 0.33 MN4 10 -
8 

MNs 14 -
8 
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when charging the fIlter (modified charge-pump). 
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An analysis, which is similar to the one performed on the charge-pump shown in Fig. 

2.9 will be performed on this new charge-pump. From the curves shown in Fig. 2.15 

and from equation (2.24), it can be seen that the charging current I is symmetrical when 

the voltage across the loop fIlter node is at the center between VDD and VSS. As an 

example, if the charge-pump receives fIrst an UP and then a DOWN control signal and 

the VCNTRL voltage is 2.5V, then the curves shown in Fig. 2.l6.A and Fig. 2.l6.B 

show that the change of VCHP _S voltage and the VCNTRL voltage during the UP pulse 

will be equal to the change during the DOWN pulse. Consequently, the pump charging 

and discharging current will be equal. MTIME simulation shows that the charge-pump 

shown in Fig. 2.14 will not lose its linearity when the VCNTRL voltage is either larger 

or smaller than 2.5 volts. As another example, if the charge-pump receives first an UP 

and then a DOWN control signal and the VCNTRL voltage is equal to 4 Volts, the 

curves shown in Fig. 2.l7.A and Fig. 2.l7.B show that the change of the VCHP_S 

voltage and the VCNTRL voltage during the UP pulse will be equal to the change during 

the DOWN pulse. Therefore, the charge-pump charging and discharging currents will 

be equal. Actually, operating the VCNTRL loop node at a higher potential creates the 

need for stronger charging current and weaker discharging current. When the UP control 

signal is active, the higher potential at node VC2 turns on transistor MN4 harder (i.e., 

the gate to source voltage (VGS) is larger), thereby decreasing the voltage at node VB2 

and increasing the current flow through transistor MP2. Also, when the DOWN signal 

is active, the higher potential at node VC2 turns on transistor MN3 harder, thereby 

decreasing the voltage at node VBl and decreasing the current flow through transistor 
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Fig. 2.16.A The VCHP _S symmetric charge-pump output voltage waveform repre
sentation during UP and DOWN pulses when the VCNTRL voltage is 
initially at 2.5V. 
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Fig. 2.17.A The VCHP _ S symmetric charge-pump output voltage waveform 
representation during UP and DOWN when the VCNTRL voltage is 
initially at 4V. 
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MN2. The curves shown in Fig. 2.15 describe the voltage behavior at nodes VB1 and 

VB2 as a function of the VCNTRL loop voltage. 

A similar example is shown in Fig. 2.18 where the charge-pump receives first an 

UP and then a DOWN control signal when VCNTRL voltage is equal to 1.2 Volts. 

From the curves shown in Fig. 2.18.A and Fig. 2.18.B, it may be observed that the 

change of the VCHP _ S voltage and the VCNTRL voltage during the UP pulse will be 

1.2 times the change during the DOWN pulse. Operating the VCNTRL loop node at a 

lower potential creates the need for stronger discharging current and weaker charging 

current. When the UP control signal is active, the lower potential at node VC2 turns on 

transistor MN4 weaker (VGS is small), thereby increasing the voltage at node VB2 and 

decreasing the current flow through transistor MP2. Also, when the DOWN signal is 

active, the lower potential at node VC2 turns on transistor MN3 weaker, thereby 

increasing the voltage at node VB1 and increasing the current flow through transistor 

MN2. By appropriately sizing the transistors forming the modified charge-pump circuit 

as shown in Table 2.3, the charging current can be made equal to the discharging current 

independent of the steady-state voltage across the loop filter node. 

The ripple effect that exists in the circuit shown in Fig. 2.9 can be solved without 

the need to use a second order low-pass loop filter, as shown in Fig. 1.14. The resistor 

R2 from Fig. 2.9 can be realized by the parallel combination of resistors Rlh R12, R13 , 

R2h R22, R23 , and R24 between nodes VC1 and VCNTRL, as shown in Fig. 2.14. The 

equivalent value for R2 is shown in equation (2.25). Still, the voltage across node VC1 

will jump by an amount equal to IR2• But the voltage across the VCNTRL node (which 
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Fig.2.18.A The VCHP_S symmetric charge-pump output voltage waveform 
representation during UP and DOWN when the VCNTRL voltage is 
initially at 1.2V. 
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Fig. 2.18.B The modified pump VCNTRL voltage waveform representation during 
UP and DOWN when the VCNTRL voltage is initially at 1.2V. 
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controls the VCO frequency) will jump by an amount (a small fraction ofIRJ which will 

be determined by the division between the voltages across nodes VCl and VCNTRL. 

From Fig. 2.14, the amount of voltage division is given by 

~ (~ + Rl'JIIRn 

~ + R13 (~+ RI'JIIRn + R13 

«~ + R13)11(~ + Rl~lIR,.,. 

«~ + R13)//~ + R13"R,.,. + Ru 
= 6.4xIO-2• (2.26) 

From an MTIME simulation the voltage versus time response of VCl and the 

VCNTRL nodes are shown in Fig. 2.19. When the UP and DOWN control signals are 

active, the curve for the VCI voltage shows an UP and a DOWN jump respectively, 

each jump is equal to IR2• For the VCNTRL curve, the voltage jump (during the UP and 

DOWN pulses) almost does not exist because, from equation (2.26), the VCl voltage 

jump has been reduced by about 1,561 times (Le., the VCNTRL voltage jump is 0.064 

percent of the VCl voltage jump). In order to be able to trace the VCNTRL voltage, 

the plots shown in Fig. 2.l9.A are shown again in Fig. 2.l9.B with an expanded scale. 

From Fig. 2.19.B, it may be seen that the VCl and the VCNTRL steady-state voltages 

are equal, and the VCNTRL voltage jump is almost negligible compared to the VCl 

voltage jump. The capacitor will be charged by the same charge-pump charging 

current. Therefore, after the disappearance of the UP and DOWN pulses, one expects 

the voltage across nodes VCHP _S, VC1, VC2, VC3, and VCNTRL to be at the same 

level. 
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Phase-locked loop system performance is measured with respect to stability, 

output jitter, noise bandwidth, oscillator tuning range, tracking time, and acquisition or 

lock-in time [36]. Most of the above PLL behavioral conditions are directly related to 

the properties which determine the performance of the variable oscillator. For example, 

PLL output jitter will result from oscillator noise at frequencies above the loop 

bandwidth. The system lock range cannot exceed the oscillator's tuning range. Also, 

in wideband phase-lock loop systems, long VCO response times, which may cause delay 

in tuning the oscillator, can decrease the relative stability of the system [2], [27]. 

Usually, the area of application is important in deciding about the usefulness of 

a particular oscillator topology. For example, wide tuning range and low jitter oscillators 

are important for clock synthesis and timing recovery in the area of data communication 

and data storage systems, whereas the linearity of the oscillator control voltage is more 

important for FM modulation and demodulation applications [37]-[40], [59]. The most 

desirable oscillator is one that generates the highest possible maximum frequency with 

low jitter and minimal sensitivity to power supply, temperature, and silicon process 

variations. It is the goal of this work to design a high-frequency voltage-controlled 

oscillator that can be implemented in CMOS technology and yet be less sensitive to the 

variations of silicon process and chip operating conditions than are currently available 

VCO designs. 
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3.1 Variable Oscillators Background 

The four major topologies or classes of oscillators are the resonator-tuned, 

multivibrator, ring, and switched-capacitor oscillators. Switched-capacitor oscillators 

have been used [42]-[45], but their performance is suitable for low frequency 

applications. 

High frequency resonator-tuned oscillators, also called harmonic oscillators, have 

been implemented [21], [22], [47]. They are hard to design because they require 

external storage LC tank circuits, an inductor, or quartz crystals to set the required 

oscillation frequency. They also require pumping circuits in order to keep the oscillation 

amplitude stable [46]. External crystal resonator oscillators are not attractive and rarely 

used for high frequency operation (above 60MHz). They can be costly and may not 

offer reasonable pulse width duty cycle control, temperature and power stability, and they 

have limited tuning range, limited to within a few percent of the center frequency. 

Because of this inherently limited range, they require expensive and bulky external 

components [48]. 

Multivibrators, also known as relaxation oscillators, consist of a switching device, 

a storage element (usually a capacitor) and a circuit (a Schmitt trigger in this case) that 

alternately toggles the switch in order to charge and discharge the capacitor between two 

threshold levels [53]. The maximum speed and the linearity of the relaxation oscillators 

are related to the switching speed [37], [52]. Since the capacitor serves as the storage 

element, no external inductors, varactors, or crystals are required. Some multivibrators 

are made of circuits that make use of MOS inverters, or NAND and NOR gates locally 



63 

implemented on the chip along with external capacitors and resistors [23]. An example 

is shown in Fig. 3.1, where two inverters are built internally (on chip) and two resistors 

(Rl and R0 and one capacitor (C) are provided externally. The frequency of the 

oscillator shown in this example is controlled by the values of Rh R2, C, and the total 

time delay of both inverters. Parasitics, due to chip pads and packaging, limited the 

multivibrators from operating at a high frequency. Some designs [24], [51], have 

improved the operation of the multivibrators at higher frequencies by integrating the 

capacitors locally on the chip, thus reducing the effect of parasitic elements. The 

maximum frequency of a multivibrator may also be effected by the choice of the charging 

current, the size of the storage capacitor, and the delay created by the Schmitt trigger 

(which is process, temperature, and supply voltage dependent). 

The ring oscillator, as shown in Fig. 3.2, consists of a loop of an odd number of 

inverters connected in series [14], [17], [54], [55], or a loop of an even number of 

integrators with a signal inversion in the feedback [56], [57]. A ring oscillator circuit 

is much more easily implemented than a crystal resonator or a multivibrator oscillator 

[58], since it can be designed without the need for external parts that are required for 

tuning and controlling the frequency of the later configurations. 

Tuning the oscillator and controlling its frequency can be accomplished by 

controlling the delay of each inverter and the number (odd) of inverters connected in 

series to form the ring [14], [17], [31]. The highest possible oscillation frequency can 

be achieved by incorporating a minimum delay between the oscillator gates and by 

utilizing a minimum number of inverters (Le., three inverters) in the loop [27]. The ring 
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oscillator frequency is determined by the total time delay of the inverters forming the 

loop. An inverter's time delay (td) under worst silicon process and chip operating 

conditions could be three to four times larger than the inverter's time delay under the 

best silicon process and operating conditions. That makes the oscillator operating 

frequency very sensitive to the variations in the silicon process and chip operating 

conditions. 

Various Bipolar, BICMOS, and CMOS voltage and/or current-controlled ring 

oscillators have been proposed. For example, monolithic bipolar PLL integrated circuits 

based on an emitter-coupled multivibrator, a clock recovery PLL using a bipolar VCO, 

and a voltage-controlled-duty-cycle oscillator, have been reported [17], [41], [51], [62]. 

Phase-locked loops and clock recovery circuits using BieMOS Technology have been 

described [13], [15], [27], while differential and current-starved 'VCO circuits using 

CMOS technology have been reported in [12], [14], [16], [31], [37], [63]-[65]. 

There are two popular high-frequency (beyond 100 MHz) oscillators using CMOS 

technology. One uses (in its loop ring) the current-starved delay cells, and the other one 

uses the differential delay cells. In this work, a design that uses the current-starved delay 

cells has been implemented. However, an oscillator with the differential delay cell could 

have been used without violating any of the applied design concepts which will be 

explained in the subsequent sections. 
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3.2 Voltage-controlled Oscillator 

The voltage controlled oscillator shown in Fig. 3.3 is a ring type oscillator. It 

is made of a current-mirror source, a ring of three current-controlled inverters, and an 

external loop filter. The reason for choosing this type of oscillator is basically one's 

ability to alter the frequency by altering the voltage across the loop filter node 

(VCNTRL) which, in tum, controls the amount of current supplied by the current-mirror 

source. 

Generally, in order to design a PLL on-chip clock generator, we need to know 

the frequency of the externally applied reference clock (Frcr) and the VCO frequency 

(F0Ie) needed to be generated on-chip (which is usually N times the reference clock, i.e., 

FOIe = NFrcf, where N is an integer that can be generated by including a programmable 

divider that divides the VCO generated clock frequency by N). The voltage-controlled 

oscillator (as any other circuit) should be designed to be able to operate under worst 

silicon process and chip operating conditions, where the total delay of the ring inverters 

is at its maximum. Also, it should be able to operate under best silicon process and chip 

operating conditions, where the total delay of the ring inverters is at its minimum. 

Designing the VCO under a broad range of operating and processing conditions will 

insure its capability of generating the clock frequency required by the on-chip PLL 

specifications. 

From Fig. 3.3, the oscillator frequency generated by the VCO is determined by 

the sum of the time delays of all three current-controlled inverters forming the ring 

oscillator. However, the time delay (td) of each current-controlled inverter is determined 
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by the amount of current being sourced and sunk by the inverter's p-channel and n

channel transistors, respectively, in combination with the gate capacitive load provided 

by the gates of the p-channel and n-channel transistors it is driving. The gate capacitive 

load of a MOSFET is proportional to the gate size, Le., gate width times length and, if 

the gate length is fixed, then the gate area will be directly related to the width of the 

gate. Therefore, it can be seen that the veo maximum frequency is both limited by the 

technology and by the geometry of the devices forming the ring oscillator. 

From the oscillator description shown above and from the previous discussion, 

it becomes more clear that the major veo design considerations include maximum 

speed, tuning range, duty-cycle, frequency-gain, and noise performance. The ring 

oscillator with three simple inverters, as shown in Fig. 3.4, offers the generation of a 

high speed clock, duty-cycle different than 50 percent, and narrow tuning range (because 

its speed is not variable), while the three current-starved inverter ring oscillator shown 

in Fig. 3.3 offers a slower speed clock but a wider tuning range. Ware and Sodini [27] 

combined the two circuits in a parallel configuration, as shown in Fig. 3.5, in order to 

obtain the best properties of each (Le., higher frequency and wider tuning range). In 

order for the veo to generate on-chip waveforms with 50 percent duty-cycle, it is a 

common practice to divide the veo generated frequency by two [15], [67], requiring the 

fundamental veo frequency to be doubled. In the next two sections, methods that will 

permit the direct generation of a 50 percent duty-cycle clock signals from the YeO, as 

well to increase its capability to generate higher frequency clocks, will be discussed. 
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3.3 A VCO Design Approach to Generate 50 Percent (50%) Duty-Cycle Clocks 

In this section, a VCO design approach [41], [68], [69], and CMOS 

implementation of that approach to gain a 2X frequency advantage (while maintaining 

tight control of duty cycle) over the present state-of-the-art [IS], [17], [27], [67], is 

presented. Current mirror circuitry with the loop ring inverters are modified, sized, and 

placed in a way which will directly yield 50 percent duty cycle clocks without having to 

insert a divide-by-two stage. 

The VCO circuit shown in Fig. 3.6 is used to generate a clock of frequency (pose) 

which is N times the frequency of the reference clock (where N is a desired integer that 

can be generated by a programmable divider placed in the feedback between the VCO 

and the PFD circuits). It comprises a current-mirror source and a ring of three delay 

cells. The current-mirror source circuit includes NMOS transistors MNI-MN4 (wherein 

the gate electrodes of each are connected to the loop filter node (VCNTRL) and the 

source electrodes of each are connected to ground), and PMOS transistors MPI-MP4 

(wherein the gate electrodes of each are connected to the drain of MNI (VBIAS) and the 

source electrodes of each are connected to VDD power supply). Each one of the first 

two delay cells made of MN5 and MP5, and MN6 and MP6, respectively, is a current

controlled inverter. The last delay cell (which is made of NMOS, PMOS, MN7 and 

MP7) consists of inverters connected in parallel (have same input and same output 

nodes). One inverter is of regular configuration (the source of its PMOS is connected 

to VDD and the source of its NMOS is connected to VSS), and the other one which is 

made of transistors MN7 and MP7, is a current controlled inverter. 
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CMOS technology is used to implement this last circuit. Minimum channel 

lengths are drawn at 4p.m prior to mask generation and processing. In the current-mirror 

circuit, the width-to-Iength ratio (W/L) of the P-channel MPl is made 2.5 times the 

width-to-Iength ratio (W/L) of the N-channel MNl. This is to compensate for the ratio 

of electron to hole mobilities and hence to insure the voltage across the bias node 

(VBIAS) changes at the same rate as the voltage across the VCNTRL loop filter node. 

Also the W/L of each of the transistors, MP2-MP4 is made 2.5 times the W/L of each 

of the transistors, MN2-MN4. Further, the W/L of transistor MPI is made four times 

the W/L of each of the transistors, MP2-MP4 and the W/L of transistor MNl is made 

four times the W/L of each of the transistors, MN2-MN4. In operation, a predetermined 

current I flows through transistors MPI and MNl. Since the gate-to-source voltages of 

transistors MPI-MP4 are equal, current I is mirrored from transistor MPl to transistors 

MP2-MP4. Similarly, the gate-to-source voltages of transistors MNI-MN4 are equal and 

current I is mirrored from transistor MNl to transistors MN2-MN4. Further, since the 

W/L ratio of each of the transistors MP2-MP4 is one-fourth the W/L ratio of transistor 

MPl, and the W/L ratio of each of transistors MN2-MN4 is one-fourth the W/L ratio 

of transistor MNl, the current flowing through each one of the transistors MP2-MP4 

and MN2-MP4 is one-fourth of 1(1/4). In other words, the currents sourced and sunk 

from the output of each current-controlled inverter are equal. Thus, the total time delay 

caused by the rising transitions is equal to the total time delay caused by the falling 

transitions of the current-controlled inverters forming the loop ring. Therefore, the clock 

generated by the VCO should have 50 percent duty cycle. It is known that variations, 
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mismatches, and nonlinearities between p-channel transistors MPI-MP4 and n-channel 

transistors MNI-MN4 can cause minor differences in the sink and source current in each 

of the current controlled inverters. Actually, the current mismatch [28] consists of the 

geometrical fractional mismatch (independent of bias) and the threshold voltage (Vt) 

mismatch; these may be minimized by increasing the value of (VgI - Vt) and by placing 

the devices very close to each other on the chip to minimize variations in processing and 

wafer properties. This, of course, would mean that the total time delay caused by the 

falling transitions is slightly different than the one caused by the rising transitions and 

the clock duty cycle would consequentyly be different than 50 percent. However, these 

differences can be compensated by including a parallel inverter to the last current 

controlled inverter stage, as shown in Fig. 3.6, such that the width of the PMOS 

transistor in that inverter can be adjusted relative to the width of the corresponding 

NMOS transistor. This will effectively adjust the total time delay of the rising transitions 

with respect to the falling transitions, thereby adjusting the duty cycle to be equal to 50 

percent. From equation (5) shown in Appendix A, it can be seen that the effect of 

mismatches between transistors MP2-MP4 and MN2-MN4 can be even reduced further 

by increasing both the W/L ratio of transistor MPl with respect to transistors MP2-MP4 

and the W/L ratio of transistor MNI with respect to transistors MN2-MN4. Thus, a 50 

percent duty cycle clock can be generated by the veo without the need to include a 

divide-by-two circuitry, which would reduce the veo operating frequency by a factor 

of two. 
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3.4 A VCO Design Used to Generate High Frequency Clocks 

The source and sink currents are directly related to the W/L ratios of transistors 

MPI-MP4 and MNI-MN4. Also, the time delay of each delay cell shown in Fig. 3.6 

is directly related to the source and sink currents of that cell. Therefore, the VCO 

frequency of the circuit (which is determined by the total time delay of the delay cells) 

shown in Fig. 3.6 can be increased by increasing the width-to-Iength (W/L) ratios of the 

transistors forming the current-controlled inverter delay cells and the current mirror 

source. After performing transient time analysis (by using MTIME simulation) on the 

VCO circuit shown in Fig. 3.6, it was empirically determined that there is an upper limit 

that can be imposed on increasing the gate sizes of transistors MPS-MP7 and MNS-MN7. 

Increasing the gate area also increases the gate capacitance seen as a load by the previous 

inverter which tends to slow the oscillation. In this work, it was determined that the 

VCO highest possible maximum frequency which could be generated was such that the 

maximum possible gate size (W/L ratio) of each one of the inner p-channels (MPS-MP7) 

and the inner n-channels MNS-MN7 was (W/L)p = 180/4 and (W/L)n = 72/4, 

respectively. Beyond that gate area, due to gate capacitance, the VCO frequency did not 

increase by a considerable amount. After performing transient time analysis on the 

circuit shown in Fig. 3.6, it was determined that the VCO may be able to generate 200 

MHz under worst case silicon process and chip operating conditions, if the gate size of 

each one of the outer p-channels MP2-MP4 and the outer n-channels MN2-MN4 is 

(W/L)p = 180/6 and (W/L)n = 72/6, respectively. From the previous analysis of section 

3 of this chapter, the W/L ratio of each one of transistors MPI and MNI (forming the 
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current mirror source) should be maintained close to 4 times the W/L ratio of each of 

the transistors MP2-MP4 and MN2-MN4, respectively. Consequently, the gate size of 

transistor MPI will be (W/L)Pl = 720/6 and the VBIAS node will see a total gate-to-field 

area of 1260x6",m2 = (720x6",m2 + 3x180x6",m2
). The capacitive load that will be 

driven by the VBIAS node is approximately 1.3pf. On the other hand, the VBIAS node 

should respond very quickly to the voltage changes across the loop filter nodes so that 

the PLL system stability will not be effected and the veo output jitter will be 

minimized. Therefore, placing large capacitive loads on the VBIAS node must be 

avoided. 

The veo can generate higher frequencies by increasing the gate sizes of 

transistors MPI-MP4 and MNI-MN4 or by adding parallel inverters to all the current 

controlled inverters forming the veo [27]. Increasing the gate sizes of transistors MPl

MP4 will increase the capacitive load on the VBIAS node wherein the PLL performance 

will be degraded. Also, adding parallel inverters to all current controlled inverters will 

effect the duty cycle of the veo and shorten its tuning range. 

A veo circuit that will generate high frequencies without increasing the 

capacitive load on the VBIAS node and without degrading the PLL system performance 

is shown in Fig. 3.7. Each outer p-channel transistor is broken into three p-channel 

devices, i.e., MP2 is broken in MP21, MP22, and MP23, MP3 into MP31, MP32, and 

MP33, and MP4 into MP41, MP42, and MP43. The W/L ratio of each of the above 

"broken" transistors will be 45/6. For each current controlled inverter, there are three 

outer p-channel devices, each of which is driven by the output of a separate current 
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mirror. From the veo circuit shown in Fig. 3.7, it can be seen that there are three 

symmetric current mirror sources driving the "broken" p-channel transistors. Each 

current mirror has an output node that drives three p-channel transistors of the three 

delay cells forming the yeo. Hence, VBIASl, VBIAS2, and VBIAS3 nodes have equal 

capacitive loads. The W/L ratio of the p-channel transistor of each current mirror is four 

times the W/L ratio of each of the "broken" p-channel transistors. Thus, the W/L of 

each of transistors MPH, MP12, and MP13 is equal to 180/6. The gate-to-field area 

which will be driven by each one of nodes VBIASl, VBIAS2, and VBIAS3 is 3l5x6JLm2 

= (180 x 6JLm2 + 3 x 45 x 4JLm2
), and therefore the capacitive load that will be seen by 

each one of the nodes is close to 0.3pf. Thus, the capacitive load presented on the 

output node of each one of the current mirrors shown in Fig. 3.7 is 4.3 times less than 

the one presented on the current mirror output shown in Fig. 3.6. Actually, the 

summation current from transistors MP2l, MP22, and MP23 into the source of transistor 

MP5 allows inverting transistors MP5 and MN5 to conduct three times the current to 

charge and discharge the capacitance at the gates of transistors MP6 and MN6 without 

increasing the gate sizes of transistors MP2l, MP22, and MP23. Therefore, by breaking 

the outer p-channel transistor (of each one of the delay cells forming the YeO) into three 

or more p-channel transistors and adding an equal number of current mirrors to drive 

them, a higher frequency could be generated without being limited by the technology and 

without degrading the performance of the PLL system. 
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3.5 A 200 MHz CMOS VCO Design 

The circuit shown in Fig. 3.7 has been designed and sized so that a 200 MHz 

signal can be generated using a standard Motorola O.8J.tm CMOS production process. 

Possibilities for a much higher frequency exists as the CMOS technology continues to 

support shorter gate delay. The circuit transient time analysis and design evaluation of 

the VCO shown in Fig. 3.7 were performed and concluded based on MTIME simulation. 

As a result of many MTIME simulation runs, the transistors forming the circuit shown 

in Fig. 3.7, were empirically sized as shown in Table 3.1, and the VCO frequency 

relationship to the voltage at the loop filter node was determined as shown in Fig. 3.8. 

The three curves shown are related to three different cases of silicon processing and chip 

operating conditions. Curve A represents the worst case of silicon process and chip 

operating conditions, curve B represents the typical case of silicon process and chip 

operating conditions, and curve C represents the best case of silicon speed process and 

chip operating conditions. As may be seen, the VCO frequency is very sensitive to 

power supply voltage, temperature, and silicon processing variations. After the veo is 

processed (as a part of the PLL system) on a chip, then the conditions under which the 

veo will actually operate are unpredictable. The operating point could be located 

anywhere in the region between curve A and curve C as shown in Fig. 3.8. The 

operating point is defmed as the operating frequency or the veo frequency (Poec) 

required by the chip set by the voltage across the loop filter node (VCNTRL). As an 

example, if the veo is operating under the conditions presented on curve B, then the 

operating point will be as follows: Fosc=2oo MHz at VCNTRL=1.9V. If the veo 
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Table 3.1 

Element Values for Circuit Shown in Fig. 3.7 

Transistors 
Width (microns) 
length 

~11, ~12, ~P13 
180 -
6 

~1, ~22, ~P23, ~31, 
4S ~32, ~33, ~41, ~42 -

~43 6 

MNll, MN12, MN13 
72 -
6 

MN2, MN3, MN4 
S4 -
6 

MN5,MN6, MN7 
36 -
4 

NMOS 
12 -
6 

P~OS 
21 -
6 

~P5, ~P6, ~P7 
90 -
4 
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conditions of operation are close to typical (T=40°C, VDD=5V) the curves show the 

voltage across the VCNTRL node will be close to the midpoint between VDD and VSS. 

For the worst case of silicon process and chip operating conditions the VCO will 

generate a 200MHz clock at VCNTRL=4.0V, while for best case of silicon process and 

chip operating conditions, the VCO will generate a 200 MHz clock at VCNTRL= 1.5V. 

Also, from the curves shown in Fig. 3.8 it may be seen that the maximum frequency 

ranges from about 210MHz (under worst case of silicon process and operating 

conditions, and VCNTRL=VDD) to 860MHz (under best case of silicon process and 

operating conditions, and VCNTRL=VDD). 

The VCO frequency-gain (KJ plays an important role in determining the overall 

characteristics of the PLL system. It is defined as the amount of change of the VCO 

frequency with respect to the amount of voltage change across the loop fllter node. 

From the curves shown in Fig. 3.8, it can be observed that (at the VCO operating 

frequency of 200MHz) the VCO frequency-gain shown for curve A is about 17MHz per 

Volt <Ko = 17MHz/V) , while for curve C it is about 360MHz per Volt <Ko =360MHz/V). 

The VCO frequency-gain is changing by a factor of 21.5 between the worst case and the 

best case of silicon process and chip operating conditions. Therefore, the VCO 

frequency-gain is very process and temperature dependent. 

Acceptable phase-locked loop performance with respect to stability, output jitter, 

noise bandwidth, tuning range, acquisition, and tracking time requires that one maintain 

stable and low VCO frequency-gain. Consequently, the overall performance of the PLL 

system is unpredictable, may be not stable, and could be degraded for higher frequency 
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operation due to variations in silicon process and chip operating conditions. In the 

following section, a CMOS design of a PLL system that is capable of generating high 

frequencies (in excess of 200MHz) and yet exhibits reduced sensitivity to power supply 

voltages, temperature, and processing variations will be introduced. 

3.6 Digital-Load-Controlled Voltage-Control Oscillator (DLCVCO) 

Previous analysis has demonstrated that the VCO frequency or speed is 

determined by the total time delay of the gates forming the ring oscillator. The 

sensitivity of the gate delays to chip operating conditions and silicon process variations, 

caused the VCO operating frequency and frequency-gain to vary with process and 

temperature. Adjusting the VCO gate time delays by using analog voltage-controlled 

capacitive load lines has been reported [14], [69], [70]. In this section, a VCO design 

will be described, in which the time delays of the gates forming the VCO will be 

adjusted by digitally controlling the capacitive load lines which are connected to the VCO 

inner nodes. In other words, a VCO design approach which generates a high frequency 

(in excess of 200MHz) independent of silicon process variations and chip operating 

conditions will be presented. Solving the VCO frequency and frequency-gain sensitivity 

to processing and temperature variations (Le., generating constant operating frequency 

with a small constant frequency-gain at a constant VCNTRL voltage under all silicon 

process and chip operating conditions) will improve the overall PLL performance with 

respect to noise, jitter, stability, tuning range, tracking, and acquisition time. 

The solution to the problem is to use a voltage-controlled oscillator circuit, such 

as shown in Fig. 3.7, and then modify it to become a digital-load-controlled voltage-
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controlled oscillator (DLCVCO) circuit, as shown in Fig. 3.9. The DLCVCO circuit 

includes 27 digital-controlled-Ioad lines in addition to the current-mirror source and the 

three current-controlled inverter ring oscillator shown in Fig. 3.7. The number of load 

lines are determined by using MTIME simulation to perform a time transient analysis 

over a wide range of silicon process and chip operating conditions, accounting for the 

spread in frequency between the worst and the best cases of silicon process and chip 

operating conditions. The three current-controlled inverter ring oscillator and the 

current-mirror source were designed in the same manner as described in previous 

sections. The programmable capacitive load lines are equally distributed and connected 

to the inner nodes of the three inverter ring oscillator. As shown in Fig. 3.10, the load 

capacitive lines are placed in a block called Load-Block which contains 27 load lines 

connected to the DLCVCO three inner nodes as shown in Fig. 3.9. Each capacitive load 

line consists of a CMOS transmission gate and a capacitive load of about O.lpf; the 

capacitive load is implemented as shown in Fig. 3.11. The capacitive load can be 

provided to the VCO inner node if the transmission gate is turned on. The selective 

activation of the 27 capacitive load lines requires selective activation of 27 control 

signals. As will be discussed in the next chapter, the number of control signals (or load 

lines) that need to be activated is dependent on the operating conditions of the silicon, 

where under worst case silicon process and chip operating conditions, minimal or no 

additional loading is required, and under better cases of silicon process and chip 

operating conditions, additional loading is required in order to reduce the switching speed 

of the DLCVCO by increasing the capacitive load. 
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As shown in Fig. 3.8, the oscillator frequency generated by the VCO ranges from 

about 210MHz (under worst case of silicon process and chip operating conditions and 

VCNTRL=VDD), to about 860MHz (under best case of silicon process and chip 

operating conditions and VCNTRL=VDD). The oscillator is designed and sized to 

generate a 200MHz clock under worst case conditions where the voltage at the loop fllter 

node is equal to VDD. Therefore, setting the voltage across the loop fllter node to VDD 

before starting the true operation of the PLL system is essential. The maximum 

frequency generated, at VCNTRL=VDD, will reflect the silicon process and chip 

operating conditions of operation. The topic of initializing the loop fllter node to VDD 

will be discussed in the next chapter. 

Similar to the discussion of section 3.5, transient time analysis and design 

evaluation of the DLCVCO circuit shown in Fig. 3.9 were performed and concluded 

based on MTIME simulation. Based on MTIME simulation runs, the DLCVCO circuit 

was empirically designed to generate 200MHz under worst case silicon process and chip 

operating conditions, VCNTRL= VDD, and none of the capacitive loads being activated. 

The DLCVCO characteristic curves for all three cases of silicon process and chip 

operating conditions, and no activation of any additional capacitive loads, were plotted 

and showed to be similar to those shown in Fig. 3.8. Again, from the results ofMTIME 

simulation runs performed under best case conditions, and by activating 27 load lines, 

the frequency of the DLCVCO generated clock was reduced from 860MHz to 210MHz. 

Under typical case of silicon process and chip operating conditions and, by activating 15 

load lines, the DLCVCO generated frequency was reduced from 460MHz to 210 MHz. 
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The result of MTIME simulation performed under the above three different cases of 

silicon process and chip operating conditions is shown in Fig. 3.12. Activating load lines 

will increase the total time delay between the inverters making up the ring oscillator, L e. , 

the frequency generated by the VCO will decrease. After activating the appropriate 

number of capacitive load lines, then the initial curves B and C shown in Fig. 3.8 will 

be reduced to the modified curves B_L and C_L, respectively as shown in Fig. 3.12, 

thereby eliminating the VCO sensitivity to the variations of silicon process and chip 

operating conditions, and placing the DLCVO operation point at a point on the curve 

where the DLCVCO frequency-gain is going to be at a minimum. 

In general, there are two types of applications for PLL systems. The first type 

(type 1) is to generate (internally to VLSI chips) a single high-frequency clock which is 

controlled by a much slower externally provided system reference clock. The second 

type (type 2) is for the VCO to have a wide tuning range, Le., to generate and lock-on 

to a wide range of frequencies. In type 1 the VCO maximum operating frequency will 

be specified, while in type 2 the maximum and the minimum PLL lock frequencies will 

be specified, Le., the tuning range will be specified. From Fig. 3.8, it can be seen that 

the lowest VCO frequency that can be generated for curve A is 9MHz at 

VCNTRL=1.0V, for curve B it is 25 MHz at VCNTRL=1.0V, and for curve C it is 

80MHz at VCNTRL=1.0V. Also, the highest VCO frequency that can be generated for 

curve A is 209MHz, for curve B it is 460MHz, and for curve C it is 860MHz. So, from 

MTIME simulation point of view, if one wants to characterize the VCO part shown in 
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Fig. 3.7, it may be noted that the maximum veo frequency that can be generated (under 

worst case conditions) is 200 MHz and the minimum one (under best case speed 

conditions) is 80MHz. Thus, the tuning range for that veo is 80MHz to 200MHz. The 

curves shown in Fig. 3.12 characterize the DLeveo circuit shown in Fig. 3.9. The 

lower frequency generated for curve A is 9MHz at VCNTRL=1.0V, for curve B_L it 

is 8MHz at VCNTRL=l.OV, and for cure C_L it is 15MHz at VCNTRL=l.OV. The 

highest VCO frequency that can be generated for curve A is 209MHz, for curve B_L is 

211MHz, and for curve C L is 21OMHz. To characterize the DLCVCO device shown 

in Fig. 3.9, it may be stated that the maximum VCO frequency that can be generated 

(under all cases of silicon process and chip operating conditions) is 200 MHz and the 

minimum one (considering all cases of silicon process and chip operating conditions) is 

15 MHz. Thus, the tuning range for this VCO is 15 MHz to 200 MHz. Therefore, for 

the DLCVCO circuit shown in Fig. 3.9, whose characteristic curves are shown in Fig. 

3.12, the generated frequency and frequency-gain are insensitive to the variations in 

silicon process and chip operating conditions. At the operating point (F0IC=200MHz, 

VCNTRL= VDD) the frequency-gain is about 17MHz/V independent of temperature and 

processing variations. Therefore, adopting the DLCVCO design (which is insensitive to 

temperature and process variations) will produce a wider tuning range and a lower 

frequency-gain. 
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Generally, the effects of processing variations (which effect gate length, junction 

depth, gate oxide thickness, etc.), temperature changes, and power supply voltage level 

fluctuations are unknown and may vary according to die location on the processed wafer 

[71]. If an on-chip circuit is provided to sense the operating conditions (related to 

process, temperature, and power supply parameters) of a micro-chip using CMOS 

technology, it can both minimize timing problems (delay, setup and hold times) related 

to the I/O critical signals, and aid in either programming the load lines (as explained in 

Chapter 3) or the inverter delays (forming the DLCVCO) needed to adjust the VCO 

speed to the specified frequency operating range. Previous discussions have 

demonstrated that the voltage-controlled oscillator generates a 209MHz and 860MHz 

clock under the worst and the best case of silicon process and chip operating conditions, 

respectively. 

In this chapter the design of a circuit which will initialize the loop fIlter node to 

VDD so that the VCO will be able to generate its maximum frequency will be presented. 

Also, the design of a circuit which will be able to detect the VCO generated frequency 

and determine the number of load lines needed in order to adjust the VCO speed to the 

200MHz range will be discussed. 
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4.1. Circuit Design Used to Initialize the Loop Filter Node to VDD 

MTIME transient analysis under different sets of silicon process and chip 

operating conditions, indicates that the VCO will generate different frequencies, and a 

given signal will have different time delays after passing through an inverter. Actually, 

from the VCO analysis shown in Chapter 3 and from the curves shown in Fig. 3.8, it 

has been shown that under any case of silicon process and chip operating conditions, the 

VCO will generate its maximum frequency only when the voltage across the loop fllter 

node is equal to VDD. Also, from Fig. 3.8, one can see that the VCO frequency spread 

will be maximum at VCNTRL=VDD. This wide frequency spread plays a very 

important role in determining the maximum number of capacitive load lines needed in 

order to realize the DLcveo design and reduce the veo generated frequency to the 

200MHz range. Therefore, in order to implement the digital-load-controlled voltage

controlled oscillator design, initializing the loop fllter node to VDD is necessary and it 

must be achieved during chip-reset [72], before starting the true operation of the PLL 

system. In this section, the design of a circuit which is able to initialize the VCNTRL 

node to VDD and generate a ready signal which (when it is active high, i.e., logical one) 

will signal the digital load circuit to start the actual loading process, is shown. 

Initializing the VCNTRL node to VDD can be realized by using the circuit shown 

in Fig. 4.1. There are three input and two output signals in this circuit. The three 

inputs include the reference clock signal, Fref, HIGH_F (generated from the frequency-
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range detector which will be discussed in the next section), and the CHIP_RESET signal. 

The output signals include the VCNTRL voltage at the loop fllter node and the 

VDD _DET signal that detects the voltage level at the loop fllter node. 

The curves shown in Fig. 4.2 are the result from an MTIME simulation which 

has been performed on the circuit shown in Fig. 4.1 when powering up the chip. They 

represent the general shape of the VDD power supply voltage, PAD_RESET, VCNTRL, 

and CHIP_RESET signals. The PAD_RESET signal is external to the chip and has a 

very slow rise time associated with it. This signal is usually used to indicate when the 

VDD power supply potential has reached the operational level (Le., 5 volts) for the 

integrated circuit micro-chip following system power-up. Internal to the chip, 

PAD_RESET is applied to an input buffer, which is usually a Schmitt trigger inverter, 

in order to generate the CHIP_RESET signal with a short rise and fall time. The p

channel transistor MPl, which is controlled by anding the complement of CHIP_RESET, 

VDD_DET, and the complement of HIGH_F, is used to charge the VCNTRL node to 

the VDD power supply voltage level. From the curves shown in Fig. 4.2, it may be 

seen that the CHIP_RESET signal is switching from a logical one to logical zero when 

the PAD_RESET signal is very close to 4 volts and the VCNTRL is close to 3 volts. 

Hence, the CHIP_RESET signal may switch from high to low before transistor MPl 

charges the VCNTRL loop fllter node to the full VDD level. Therefore, after 

CHIP_RESET signal switches from high to low, other control signals are needed to keep 

the MPl transistor turned on so that it will be able to continue charging the loop filter 

node until it reaches the required VDD level. A circuit that charges the VCNTRL node 
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to VDD, activates a signal which is able to indicate that the VCNTRL node has been 

charged to VDD, is necessary for the operation of the PLL system adopted in this work. 

The circuit shown in Fig. 4.1 accomplishes these objectives. The sizes of the 

devices forming that circuit are also shown where the first letter represents the type of 

transistor and the numerical ratio represents the channel width-to-Iength ratio. This 

circuit is used to charge the VCNTRL node to VDD to activate the VDD _DET ready 

signal to a high-level state in order to indicate that the VCNTRL node has reached to the 

full VDD potential level. When the CmP _RESET signal is active high, it will turn on 

transistors MN4 and MNI4-MNI8, thereby forcing the VDD_DET signal and nodes N2 

to be in the logical low state. Hence, the series connection of the Schmitt trigger and 

inverter 12 will force node N4 to be in a low-level state. The output of the 2-input NOR 

gate (NOR2), which has CHIP_RESET and N4 as its inputs, will be then low, thereby 

turning off the pass transistor MN3 in order to isolate node N2 from nodes Nl and NO 

and, consequently, from the loop filter node VCNTRL while the CHIP_RESET is active 

high. Actually, in addition to resetting nodes N2 and VDD _ DET by switching on n

channel transistors MN4 and MN14 throughMN18 respectively and turning off transistor 

MN3, the logical one of CHIP_RESET signal also resets the divide-by-16 circuit and 

nodes B and D by resetting the NAND 1 and NAND2 gates. 

When the CHIP RESET signal switches from a logical one to a logical zero, the 

output of gate NOR2 becomes a logical one, nodes N2 and N4 are still at logical zero, 

thereby turning on transistor MN3 in order to pass the voltage from node Nl to node N2. 

Also, as shown in Fig. 4.1, transistors MNI and MN2 are connected such that the gate 
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and drain electrodes of each one of them are tied together (i. e., diode-connected 

transistors). Hence, the difference between the VCNTRL voltage and the voltage at node 

N1 is equivalent to two threshold voltage drops across transistors MN1 and MN2. Also, 

the gate of transistor MN7 needs one threshold voltage above ground to be turned on 

while the gate of MN5 needs one threshold above node NS 1 to be turned on. Therefore, 

the sizing of MN7 and MN5 will determine how much voltage is needed at node N2 to 

tum transistor MN5 on. From the transient time analysis resulted from MTIME 

simulation runs, the voltage curves for nodes VCNTRL, NO, N1, N2, N3 and N4 are 

shown in Fig. 4.3. It can be seen that when the VCNTRL voltage reaches the 4 volt 

level, the voltage across node N2 will reach 1.5 volts (due to MN1 and MN2 threshold 

drops). Then transistors MN5 and MN7 will be turned on. Thus, the output node N3 

of the Schmitt trigger inverter, which is made of transistors MP3-MP5 and MN5-MN7, 

will switch from the high-level to the low-level state. Consequently, node N4 (the output 

of inverter 12) will switch from low to high and force the output of NOR2 to become 

low, thereby causing transistor MN3 to be turned off. 

Also, as shown in Fig. 4.1, on every other cycle of the divided-by-16 reference 

clock, the logic state of the VDD _ DET signal will change to be equal to the logic state 

of the voltage at node N4. The frequency of the reference clock is assumed here to be 

2MHz which means that its period is O.5",sec. Thus, the period of the divide-by-16 

reference clock is 8",sec. Therefore, after every 16",sec, the VDD_DET logic state will 

be equal to the N4 logical state. Hence, after the loop fIlter node is being charged to 

4V, the VDD _DET signal will switch from a logical zero to a logical one 16",sec later, 
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thereby indicating that the VCNTRL node is actually charged to VDD level. Hence, 

transistor MPl is sized such that it will be able to charge the VCNTRL node from 4V 

to the full VDD power supply voltage level within a time which is much less than 

16J.'sec. At VCNTRL=VDD, the VCO frequency spread will be maximum and the 

frequency range detector will be able to determine the number of capacitive loads needed 

to be activated to the inner nodes of the DLCVCO, so that a 200MHz clock can be 

generated under the desired silicon process and chip operating conditions. 

In this work, the PLL training process will not be allowed to start until the 

voltage across the loop fIlter node reaches the VDD level, and until the VCO frequency 

slows down to the 200MHz range; a method for doing that will be shown in Chapter 6. 

After charging the loop fIlter node to VDD, and after loading the DLCVCO so that it 

will be able to generate a clock of frequency in the 200MHz range, it is very important 

to keep transistors MPl and MP3 turned off so that the VCNTRL node can only be 

controlled by the charge pump circuit, thereby allowing the PLL training to continue 

without affecting or disturbing the VCNTRL node. Connecting feedback transistor MN8 

between nodes N4 and N2 will keep both nodes at the logical high state and transistor 

MN3 turned off. 

4.2. Frequency-Range Detector (FRD) 

The digital-Ioad-controlled-voltage-controlled oscillator (DLCVCO) as shown in 

Chapter 3 (Fig. 3.8), is designed to generate a 200MHz clock under the worst case of 

silicon process and chip operating conditions. The DLCVCO generated frequency under 

the above conditions will never be less than 200MHz, because the silicon process and 
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chip operating conditions are always better than the ones mentioned above. The number 

of load lines needed to be activated is determined by the difference between the 

frequency of the VCO generated clock and 200MHz. After initializing the VCNTRL 

node to VDD, the VDD_DET signal will be activated to the high level state. Then, on 

the rising edge of the reference clock, the frequency-range detector will detect the 

frequency generated by the DLCVCO and compare it to the 200MHz clock. If the 

DLCVCO frequency is greater than 200MHz, then the FRD will flag that information 

to the digital-load-activation (DLA) cell which in turn will process that information and 

activate a capacitive load line into the DLCVCO cell, thereby slowing down the 

DLCVCO generated clock. The above process is repeated on every cycle of the 

reference clock, until the DLCVCO generates a clock with a frequency close to 200MHz. 

A bit of precaution is in order here. In the ensuing discussion, the DLCVCO generated 

clock is compared not with 200MHz, but rather with 232MHz. This is done because the 

temperature on the chip may increase after the chip reset signal changes to a low logical 

state. At high temperatures, the DLCVCO speed may decrease to the point where it will 

be difficult to generate 200MHz at VCNTRL= VDD. Practically, it is recommended that 

the PLL system be placed in an area where the local temperature is lower than at any 

other place on the chip. 

The FRD circuit is shown in Fig. 4.4. It consists of 29-bit shift register (29-BIT

SHR), a down edge detector (DWN_DET), a slow speed clock buffer (SCLK_BDFF), 

and a high speed clock buffer (HCLK_BUFF). It also has two inputs and two outputs. 

The inputs include the reference clock Fref which is 2MHz and the divided-by-two 
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DLCVCO generated clock which is Foac/2. The outputs include a high frequency flag 

signal (HIGH_FI) which will be high whenever the DLCVCO generated clock is greater 

than or equal to 232MHz, and IDGH_F signal which is equal to the IDGH_FI signal 

after being sampled by Y_CLK rate. The SCLK_BUFF circuit is shown in Fig. 4.5. 

It generates two non-overlapping (opposite phase) slow speed clocks (Y_CLK and 

X_ CLK) of the same frequency as the reference clock. The HCLK _BUFF circuit, as 

shown in Fig. 4.6, generates two non-overlapping Foac/2 clocks (PX and PY). The 

DWN_DET cell creates a DWN_PULSE pulse signal, of width equal to one cycle of the 

Foac/2 clock, on every falling edge of the Y _ CLK clock as shown in Fig. 4.7. The 29-bit 

shift register used in this work is based on serially connecting 29 similar bit cells, as 

shown in Fig. 4.8. The circuit representing one bit of the 29-bit shift register is also 

shown in Fig. 4.8. Each bit cell has two inputs, one is connected to ground and the 

other one is connected to the output of the previous bit cell, and one output connected 

to the input of the next bit cell. The input of the flIst bit cell is connected to VDD and 

it represents the input data that needs to be shifted through the 29 bit cells of the shift 

register. The output of the last bit cell is the IDGH_FI signal as shown in Fig. 4.4. 

The status of the (HIGH_FI) signal determines whether the DLCVCO generated 

frequency is greater than or equal to 232MHz. 

The timing diagram of the FRD is shown in Fig. 4.9. The Fref signal has a 

period of 5OOns. It has a 50 percent duty cycle (Le., the duration of the high-state pulse 

is 250ns). On the falling edge of every cycle of the Y-CLK clock, a logical one DOWN-
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PULSE is generated to reset each bit cell of the 29-bits shift register to a logical zero. 

On the rising edge of X_ CLK and after the DWN_PULSE transitions from a logical one 

to a logical zero, the data presented on the input of the first bit cell is shifted through the 

shift register by the master and slave high speed clocks PX and PY respectively. The 

input of the fIrst bit cell in the shift register is connected to VDD, a logical one. The 

time it takes for the input data to reach the last bit of the shift register is equal to the 

period of the Fcm/2 clock multiplied by 29. For example, if an input logical one is 

shifted completely through the shift register and arrives at the 29th-bit location before the 

falling edge of the X_CLK clock (Le., within 250ns), the period of the high speed Fosc/2 

clock will be less than or equal to 8.62ns (250 + 29). Consequently, as shown in Fig. 

4.9, the IDOH_F1 signal will transition from a logical zero to a logical one indicating 

that the frequency of the high speed Fosc clock is greater than or equal to 232MHz. 

Alternatively, if the period of Foael2 clock is greater than 8.62ns, then the input data will 

not be able to reach the last bit. Thus, as shown in Fig. 4.9, the IDOH_F1 signal will 

stay equal to a logical zero, indicating that the DLCVCO generated frequency is less than 

232MHz. Once the X_CLK switches to a logical zero (Le., when the Y_CLK switches 

to a logical one), the HIOH_F1 signal will remain equal to a logical zero or a logical one 

depending on whether the frequency of the FOIC clock is less or greater than 232MHz 

respectively. Consequently, by sampling the IDOH_ F 1 signal on the rising edge of every 

cycle of the Y_CLK as shown in Fig. 4.4 and Fig. 4.9, the IDOH_F signal will stay at 

a logical zero or at a logical one depending on whether the frequency of the FOIe clock 

is less or greater than 232MHz respectively. 
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Therefore, by comparing the DLCVCO generated frequency to 232MHz, the 

frequency-range detector will indirectly act as a process and temperature sensor. In fact, 

it will compare the actual silicon process and chip operating conditions to the worst case 

silicon process and chip operating conditions. Then it will send an alarm to the digital

load-activation cell in order to digitally modify the DLCVCO inner nodes' capacitive 

load, thereby modifying the speed of the DLCVCO and bringing it closer to the 232MHz 

independent of silicon process and chip operating conditions, as previously discussed. 

4.3. Digital-Load Activation 

The digital-load-activation circuit used to activate the capacitive load lines to the 

DLCVCO cell is shown in Fig. 4.10. It has five input signals and one output bus made 

of 27 signals. The five input signals include Y_CLK and X_CLK (which act as master 

and slave clocks respectively), VDD_DET, HIGH_FI, and VDD. The output bus 

includes the 27 control signals (LOAD(26:0) which activate the 27 capacitive load lines 

of the DLCVCO cell. Actually, the circuit shown in Fig. 4.10 consists of 27 basic 

LOAD_CELL cells connected in series. The circuit of the basic LOAD_CELL is shown 

in Fig. 4.11. Each LOAD_CELL has two n-channel pass transistors MNI and MN2, 

one pull-down n-channel transistor MN3, and one feedback n-channel transistor MN4. 

MNI is controlled by logically anding HIGH_FI, LOAD, and Y_CLK signals while 

MN2 is controlled by the X_CLK clock. MN3 (in every LOAD_CELL) is controlled 

by the complement of the VDD _DET signal. MN4 is controlled by VDD (Le., always 

turned on) and it is used to maintain logical zero and/or one on node Nl of each 

LOAD_CELL. The HIGH_F node of each LOAD_CELL is connected to the HIGH_Fl 
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signal generated from the FRD circuit. The LOAD node of each LOAD_CELL is 

connected to the LOAD signal generated from the previous one except the first 

LOAD_CELL, its LOAD node is connected to VDD_DET. Also, the input of each 

LOAD_CELL is connected to the output of the previous one except the first 

LOAD_CELL, its input is connected to VDD. 

Before the initialization of the VCNTRL node to VDD, the VDD _ DET signal will 

be equal to a logical zero and the RESET signal will be equal to a logical one, thereby 

causing transistor MNl to be turned off and transistor MN3 to be turned on in each 

LOAD_CELL, respectively. Consequently, all the bits forming the digital-load-activation 

circuit will be initialized to a logical zero, i.e., LOAD(26:0) =.Q. Hence, all the 

capacitive load lines connected to the DLCVCO inner nodes will be turned off so that 

the DLCVCO starts up in its fastest operation mode. 

After initializing the loop filter node to VDD, then the VDD_DET signal will 

switch from a logical zero to a logical one and the RESET signal will do the opposite, 

thereby allowing transistor MN3 to be turned off in every LOAD_CELL. Now, if 

HIGH_Fl is high, on the rising edge of Y_CLK clock transistor MNl (in the first 

LOAD_CELL) will be turned on to pass a logical one from the power supply to node 

Nl. Consequently, LOAD (0) will switch from a logical zero to a logical one, thereby 

activating the first capacitive load line in the DLCVCO cell. On the rising edge of the 

X _ CLK clock, transistor MN2 turns on to pass a logical one to the input of the next 

LOAD_CELL. Now, during the next cycle ofX_CLK and Y_CLK clock signals, if the 

frequency-range detector again determines that the output frequency of the DLCVCO is 
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too high, it issues another logical one IDGH_Fl signal. The process explained above 

for the first LOAD_CELL will be repeated for the next one in order to switch LOAD(I) 

from a logical zero to a logical one, thereby activating the second capacitive load line in 

the DLCVCO cell. The above process continues during each cycle of the X_CLK and 

Y_CLK clock signals, enabling the load control signals LOAD(2), LOAD(3), LOAD(4), 

etc., until the DLCVCO generated frequency is less than or equal to 232MHz. The PX 

and PY clock signals extend to the proper period such that the 29-bit shift register does 

not shift logical one input data to its 29th-bit location during the high state of the X _ CLK 

clock signal. The IDGH_Fl signal remains at a logical zero and disables the MNl 

transistor in every LOAD_CELL. Consequently, the load activation process stops and 

the PLL training process starts until the required 200MHz is generated and locked to the 

reference 2MHz clock. 
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CHAPTER 5 

PROGRAMMABLE DIVIDER AND LOCK DETECT CIRCUIT 

In VLSI chip design, data transfers between internal blocks and data passed 

through input-output pins should not occur until the internal chip reset signal becomes 

a valid low. In PLL design, in addition to the above chip reset condition, data transfers 

should not occur until the VCO generated clock is locked onto the supplied reference 

clock [69]. Thus, it is important to have a signal which indicates the VCO lock 

condition before allowing any internal/external data transfers. 

It is common for a PLL system to lose phase lock, should the input signal fade 

or change to a different frequency of operation. The out-of-Iock state can be detected 

with a lock detection circuit so that other system processing activities can be suspended 

until the PLL can re-establish phase lock. One lock detection scheme which monitors 

the PFD UP and DOWN control signals is presented in [73]. If UP and DOWN control 

voltages are not pulsing, then the voltage across the VCNTRL loop fllter node 

substantially remains constant and the PLL system should be in phase lock condition. 

On the other hand, if UP and DOWN signals are steadily generating pulses, charging and 

discharging the VCNTRL node, the loop must be out of phase lock. Actually, during 

normal PLL operation, the VCNTRL node is continuously subject to current leakage 

through the charge-pump circuit, thus requiring occasional UP or DOWN pulses to 

maintain the voltage at the VCNTRL node. Therefore, monitoring the UP and DOWN 

signals has only limited utility and may not be well-suited as a method for ascertaining 

the PLL phase lock conditions. 
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This work will discuss a lock detection scheme which looks at the phase 

difference between the input signal Fref and Fosc/N signal (YeO-generated signal being 

divided by integer N) as applied to the phase detector. The lock detection works by 

creating a time-slot window centered about the transitions of the falling edge of the F,*"N 

clock. The lock condition will not occur when the falling edge of the Frcr clock is 

transitioning outside the time-slot window. When the falling edge of Frcr clock is 

transitioning within the time-slot window for M multiple FOIC/N clock cycles, the lock 

condition will occur and the normal chip operation can start. The next two sections will 

discuss the design of a programmable divider that generates the Fosc/N clock and the 

related time-slot window, and the design of the lock-detect circuit that will generate a 

PLL lock indicator. 

5.1. Programmable Divider 

The programmable divider circuit which is shown in Fig. 5.1 has three inputs and 

four outputs. The three input signals include the two non-overlapping (opposite phase) 

high speed clocks, PX and PY, of frequency equal to half the frequency of the veo FOIC 

generated clock, as well as the program constant integer M (M is represented in a binary 

form i.e., ones and zeros). The four output signals include the Fosc/N clock signal 

(which is N times slower than the veo generated clock), the TIME_SLOT signal, the 

SAMPLE_eLK signal, and the XFER_ eLK signal. Each of the last three signals has 

a frequency equal to the frequency of the Fosc/N clock signal. Also, the programmable 

divider shown in Fig. 5.1 includes a p-channel transistor MP1, n-channel transistors 

MN1-MN15, inverters Il-I20, 2-input nand gates (NAND1 and NAND2), a 6-bit latch 
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(LATCH) circuit, a 6-bit decrement (DECREMENT) circuit, and a 6-bit comparator 

(COMPARE) circuit. The 6-bit LATCH circuit and one of its bit-cells (LATCH_CELL) 

are shown in Fig. S.2.A and Fig. S.2.B, respectively. It has two data inputs INl(S:O) 

and IN2(S:0), three control inputs LD1, LD2, and PASS, and one output OUT(S:O). 

INl(S:O) receives the program integer M and IN2(S:0) receives the output from the 

DECREMENT circuit. The control signals LD 1 and LD2 are controlled by the PX clock 

while the PASS signal is controlled by the PY clock. Hence, the LATCH output (which 

is connected to the inputs of the DECREMENT and the COMPARE circuits) is changing 

its values on the rising edge of the PY clock. The 6-bit DECREMENT circuit and one 

of its bits (DECREMENT_CELL) are shown in Fig. S.3.A and Fig. S.3.B, respectively. 

On every cycle of the PX and PY clocks, it receives the data from the output, OUT(S:O), 

of the LATCH circuit, performs a decrement of one, and sends it to the input, IN2(S:0), 

of the LATCH circuit. The 6-bit COMPARE circuit and one of its bits 

(COMPARE_CELL) are shown in Fig. S.4.A and Fig. S.4.B, respectively. It has two 

inputs and one output. One input receives the data from OUT(S:O) of the LATCH circuit 

and the other input is a constant K, equal to one (K= 1). The output is a FLAG signal 

which generates a high state pulse equal to one period of the PX and PY clocks. 

In this circuit, the DLCVCO generated clock FOIC is divided by two and then 

buffered to generate the two non-overlapping clocks PX and PY. Also, the frequencies 

of the Fref and Fosc clocks are considered to be equal to 2MHz and 200MHz respectively. 

Therefore, the programmable divider is set to divide by an integer equal to SO. 

Accordingly, program integer M is set equal to 49 (one less than SO). In binary 
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representation M="110001" and K="OOOOOl". The process of division starts by using 

the COMPARE circuit to compare the LATCH output to the integer K. If the LATCH 

output data is different from K="oooOOl" (at least one mismatch between the bit-cells 

forming OUT(5:0) and K=OOOOOl), transistor MN1 (in at least one COMPARE_CELL 

with two mismatched inputs) will be turned on to pull down the FLAG node to ground 

and cause a logical zero FLAG signal. If all the LATCH output bits are equal to 000001 

then the MN1 transistor in each bit cell of the COMPARE circuit will be turned off, and 

transistor MP1 will be able to pull up the FLAG node to VDD and cause the FLAG 

signal to switch from a logical zero to a logical one. 

The logical one FLAG passes through transistors MN1 and MN2 and inverters 

I1 and 12. After one period of the PX and PY clocks, it will pass through the two input 

nand gate (NANDI) and inverter 119 to enable the LD1 control signal of the LATCH 

circuit and reload the program integer M =" 110001 ". A comparison of the new LATCH 

value and integer K = "000001" yields a mismatch and the FLAG signal will return to a 

logical zero. The process of decremeting will start and continue until the value in the 

LATCH output has been decremented to K="OOOOOl" at which time the COMPARE 

circuit will produce a logical one FLAG pulse having a pulse width equal to one period 

of the PX and PY clocks. 

The logical one FLAG signal passes through transistors MN1, MN2, and MN11, 

and inverters 11, 12, 13, and III during the following period of the PX and PY clock 

signals. The SAMPLE_CLK signal will switch from a logical zero to a logical one on 

the rising edge of the PX clock signal to tum on transistor MN10 and cause the FOIC/N 
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signal to switch from a logical zero to a logical one. After two cycles of the PX and PY 

clocks, the logical one FLAG signal will pass through transistors MN4-MN8 and 

inverters 13-18 to turn on transistor MN9 and cause the FoecIN signal to switch from a 

logical one to a logical zero. Therefore, the duration of the FOIC/N logical one pulse is 

equal to two periods of the PX and PY clocks or four periods of the FOIC clock. 

Actually, the duration of the logical one state of the Foac/N can be extended by increasing 

the number of pass transistors in the path between inverters 13 and 18. The FOIC/N passes 

through transistors MN12 and MN12 and inverters 112, 113 and 116 to generate the 

TIME-SLOT signal. The TIME-SLOT signal is equal to the complement of FOIC/N. 

Therefore, the TIME-SLOT signal has a logical zero pulse of width equal to four periods 

of the Fose: clock signal. Transistors MN12 and MN12 and inverters Il2, Il3 and Il6 

operate to center the TIME-SLOT about the zero-going transition (falling edge) ofFOIC/N. 

Also, the Foac/N passes through transistors MN12-MN12 and inverters Il2-Il5 to generate 

the XFER _ CLK signal. The XFER _ CLK signal is delayed by two PX and PY clock 

cycles from Foac/N. The TIME-SLOT, SAMPLE_CLK, and XFER_CLK signals will 

be used to control the functionality of the lock detection circuit, as will be discussed in 

the next section. 

5.2. PLL Lock Detection 

The lock detection circuit is shown in Fig. 5.5. It consists of a programmable 

divider (which has been discussed in previous section), a 16-bit shift register, and a 

DETECT circuit. The DETECT circuit is shown in Fig. 5.6.A. It has three inputs and 

one output. The three inputs include the TIME-SLOT, the reference clock Fref, and the 
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Fosc/N clock, and its output is the LOCK-DETECT signal. The 16-bit shift-right register 

is similar to the 29-bit shift register shown in Fig. 4.8. It has one input, three control 

signals, and one output (which is the output of the 16th bit). The three control signals 

include the SAMPLE_CLK signal, the XFER_CLK signal, and the VDD_DET signal. 

The output of the 16th bit is logically anded with the LOCK-DETECT signal to generate 

the PLL-LOCK signal as shown in Fig. 5.5. Before the VCNTRL node is initialized to 

VDD, the VDD_DET signal will reset all 16-bits of the shift register to a logical zero 

and cause the lock detect circuit to generate no lock condition where the PLL-LOCK 

signal will be forced to a logical zero state. After the VCNTRL node is initialized to 

VDD, the PLL training and lock detection process will start. The LOCK-DETECT 

signal which is generated from the DETECT circuit is applied at the input of the 16-bit 

shift register. The SAMPLE _ CLK clock will latch the data in the master section of the 

shift register and the XFER clock will transfer the data to the slave section. The overall 

effect is to shift data between adjacent bit locations. It takes only one logical zero 

LOCK-DETECT signal to drive the PLL-LOCK signal low indicating an out-of-Iock 

condition. The LOCK-DETECT signal must switch to a logical one and stay at that 

logical state for at least sixteen consecutive SAMPLE _ CLK cycles to completely shift the 

logical one to the 16th bit location of the 16-bit shift register and re-establish a true PLL 

lock condition. The shift register can be made wider to increase the number of 

consecutive true LOCK-DETECT signals necessary to issue a true PLL phase lock 

condition. 
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The timing diagram shown in Fig. S.6.B represents the operation of the DETECT 

circuit. The waveform plot illustrates the detection of a phase lock condition and an out

of-phase lock condition. One of the important signals used to generate the LOCK

DETECT signal shown in Fig. S.6.A is the TIME-SLOT signal which is shown to 

operate at the same frequency as the Fosc/N signal. Its low state pulse is centered about 

the transition of the Fosc/N signal. The low state of the TIME_SLOT signal defInes a 

time-slot window having a time-width equal to four periods of the FOIC signal. The Fref, 

Foec/N, and TIME-SLOT waveforms are shown in Fig. S.6.B. Just prior to tl (or the 

falling edge of the TIME-SLOT signal), the Fret and Foec/N are at a logical one generating 

a logical zero at node Nl (the output of the 2-input NAND2 gate) and at node N4 (the 

output of the 3-input NOR3 gate). Also (just before tl), the TIME-SLOT signal is high 

turning on transistor MNI and passing the logical zero at node Nl to node N3. At time 

tl, when the TIME-SLOT signal transitions to a logical zero, MNI will be turned off and 

MN2 will be turned on. Between times tl and t2, Fref and Fosc/N, both transition to a 

logical zero to produce a logical one at node N4. Transistor MN2 will pass the logical 

one at node N4 and node N6 and generate a logical zero at node N7. Just after time tl, 

when the TIME-SLOT signal returns to a logical one, transistor MN2 will be turned off 

and transistors MNI and MN3 will be turned on. Transistor MN3 will pass a logical 

zero at node N7 to node N8 and invert it to generate a logical one at LOCK-DETECT. 

As long as the Fref signal Fosc/N signal transitioning from a logical one to a logical zero 

within the low state pulse or the time-slot window of the TIME-SLOT signal, the LOCK-
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DETECT signal remains at a logical one indicating a phase lock condition for the PLL 

system. 

If one assumes that the Fosc/N clock signal changes frequency after time t3 such 

that the PLL system is no longer in phase lock, just prior to time t4, TIME-SLOT, Fret, 

and Fosc/N are all logical one producing logical zero at nodes Nl, N3 and N4. At time 

t3, when the TIME-SLOT signal transitions to a logical zero, MNI will be turned off and 

MN2 will be turned on. Between times t4 and tS, the Fosc/N signal transitions to a 

logical zero and the Fret remains at a logical one. The logical zero at node N4 will be 

passed to node N6 producing a logical one at node N7. Just after time tS, when the 

TIME-SLOT signal returns to a logical one, transistor MN2 will be turned off and 

transistors MNI and MN3 will be turned on. Transistor MN3 will pass a logical one at 

node N7 and node N8 and invert it to generate a logical zero at the LOCK-DETECT 

node, thereby indicating an out-of-Iock condition. A similar no-lock condition will occur 

if the Fret signal transitions to a logical zero before the falling edge of the TIME-SLOT 

signal. Just prior the falling edge of the TIME-SLOT signal, the NAND2 gate will 

provide a logical one at node Nl, and MNl will pass that logical to node N3. On the 

falling edge of the TIME-SLOT signal, MN2 will be turned on, producing a logical zero 

at node N7. Just after the TIME-SLOT signal returns to a logical one, transistor MN3 

will be turned on to pass a logical one at node N7 to node N8 and invert it to generate 

a logical zero at the LOCK-DETECT node, thereby indicating an out-of-Iock condition. 
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The motivation for the design of a fully integrated on-chip high-frequency CMOS 

phase-locked loop comes from many areas. As the operating frequencies of data 

communication and microprocessor chips continue to increase to 50MHz and higher, it 

becomes necessary to eliminate the delay (skew) between external and internal clocks. 

Clock skew results mainly from differences in propagation delay through clock buffers 

integrated on the chip [16], [26], [31]. Also, from chip to chip, the propagation delay 

varies with loading on the clock driver outputs, process variations, and temperature. 

When dealing with very high frequency clocks (in the range of 200MHz), propagation 

delays in the wires (which distribute clock signals) and clock driver become very large 

so that they may cause the high speed clock to drift by few cycles from the external 

clock. An integrated on-chip PLL system can eliminate this skew. 

Additionally, 50 percent duty cycle clocks are required for many applications. 

A system board clock generator is needed to operate at twice the speed of the required 

operating frequency so that, when it is divided by two, it will generate the 50 percent 

duty cycle clock [15], [17], [27], [67]. This will add complexity to the board and 

package design. An on-chip PLL clock generator can synthesize the internal clock speed 

to be higher than the external one, thereby reducing the package cost, reducing the 

complexity of the board design, and minimizing the RF noise which is usually generated 

from extremely fast switching clock voltage plus edges [16], [26]. 
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However, after completion of silicon processing, a VLSI chip has an inherent 

spread in parameters due to processing variables (gate length, junction depth, gate oxide 

thickness, doping, ion implantation, die location on the wafer, etc.), junction 

temperature, and power supply voltage level which make the response (with respect to 

on-chip time delay and chip interfacing with other chips) of devices and gates difficult 

to predict. The uncertainties in circuit process and operating conditions will impose 

some limitations on the PLL performance with respect to tracking time, tuning range, 

noise, jitter, and stability, which are also affected by the generated VCO frequency and 

frequency-gain. As has been seen in Chapter 3, the VCO frequency and frequency-gain 

are very sensitive to the variations in silicon process and operating conditions. 

This chapter presents the integrated CMOS circuit design of a phase-locked loop 

system, which is represented by all the components discussed in Chapters 2, 3, 4 and 5, 

capable of generating (internally on the VLSI chip) a high-frequency clock (in excess of 

200MHz) synchronized to an externally applied slow speed 2MHz clock, and which is 

independent of variations in silicon process and chip operating conditions. 

6.1. Introduction 

The circuit and block representations of some of the schematics and diagrams 

previously shown and discussed in earlier chapters will be repeated here, in order to 

clarify some points or ideas as needed. 

The general overall PLL system, as discussed in Chapters 1 and 2, is shown in 

Fig. 6.1 (also Fig. 2.1). Its basic operation was presented in Chapters 1 and 2 and it will 

not be repeated here. The characteristic curves of the generated VCO frequency versus 
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the voltage at the loop filter node are shown in Fig. 6.2 (also Fig. 3.8). The previous 

analysis in Chapter 3, demonstrated that the YCO frequency-gain and the YCO generated 

frequency are very sensitive to temperature and processing variations, thereby causing 

degradation in the PLL system performance with respect to stability, noise, output jitter, 

tracking and tuning range. Hence, a need exists for a PLL system that will be able to 

synthesize a given high clock frequency which is independent of silicon process variations 

and chip operating conditions. 

6.2. A PLL Design Approach Independent of Chip Process and Operating Conditions 

This section sets forth the utilization of the components and circuit elements, 

discussed in Chapters 2 through 5 in a way to provide a PLL system which is capable 

of generating high-frequency clocks, independent of silicon process variations and 

operating conditions. The final PLL system, shown in Fig. 6.3, consists of ten essential 

parts: a frequency-phase detector (PFD), a symmetric charge-pump, an external RC 

passive loop filter, a digital-load-controlled voltage-controlled oscillator (DLCYCO), a 

circuit that initializes the loop filter node to VOD, a high-frequency clock buffer, a 

frequency-range detector, a digital-load-activation cell, a programmable divider, and a 

lock detection circuit. 

The PFD circuit, shown in Fig. 6.4, was introduced in Section 2.2.1. Its UP and 

DOWN control signals are similar to the ones shown in Fig. 2.2, except it has an 

additional float signal feature which (when it is active high) will force both the UP and 

DOWN control signals to have logical one states, thereby floating the loop filter node 
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by tri-stating the charge-pump independent of the phase difference between the PFD input 

signals Fosc/N and Fref. Tri-stating the charge-pump is important during the process of 

initializing the VCNTRL loop fllter node to VDD. 

The symmetric charge-pump circuit with the RC loop fllter is shown in Fig. 6.5, 

where its UP and DOWN control signals are generated from the PFD circuit as shown 

in Fig. 6.4. The digital-load-controlled voltage-controlled oscillator circuit is shown in 

Fig. 6.6. Also, the circuit that initializes the loop filter node to VDD, the frequency

range detector, and the digital-load-activation cell are shown in Figs. 6.7, 6.8 and 6.9, 

respectively. The programmable divider and the lock detection circuits are shown in Fig. 

6.10 and Fig. 6.11, respectively. Finally, the high-frequency clock buffers 

(HCLK_BUFF) is shown in Fig. 6.12. It divides the frequency of the DLCVCO 

generated Fosc signal by two, and then buffers it to generate the two high-frequency non

overlapping clock signals PX and PY. In the rest of this section, the operation and the 

training process of the overall PLL system will be described. 

The PLL system, as shown in Fig. 6.3, consists of three inputs and three outputs. 

The three inputs include the CHIP_RESET signal, the external reference Fret clock 

signal, and the external control M register value used to select the programmable dividers 

divisor M. The outputs include the DLCVCO generated FOIC clock signal, the Fosc/N 

signal, and the PLL-LOCK signal. 

The operation of the PLL system starts with generating the VDD _ DET signal 

from the circuit which initializes the loop filter node to VDD, as shown in Fig. 6.7. 

The VDD_DET signal is logically anded with the complement of CHIP_RESET and the 
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complement of HIGH_F to control the gate of the p-channel transistor MPI which, in 

turn, charges the VCNTRL node to the VDD power supply voltage level. Also, from 

the PLL circuit shown in Fig. 6.3, the VDD_DET signal is connected to the digital-load 

activation cell, the lock detection circuit, and it is logically nanded with the complement 

of the HIGH_F signal to drive the FLOAT node of the PFD circuit, as shown in Fig. 

6.4. During chip reset, Le., when the CHIP_RESET signal is active high, transistor 

MPI will be turned on to charge the VCNTRL node to VDD, and the VDD_DET signal 

will be equal to a logical zero, thereby forcing the FLOAT signal to be low. The low 

logic state of the FLOAT signal will force the UP and DOWN control signals to be at 

the high logical state independent of the phase difference between Fose/N and Fref signals. 

Consequently, the charge-pump will be forced to operate in the tri-state mode, thereby 

floating the VCNTRL node. Also, during chip reset, the 16 bits in the 16-bit shift 

register, as shown in Fig. 6.11, will be initialized to a logical zero, thereby forcing the 

PLL-LOCK signal to be in the zero logical state, thus indicating that the PLL system is 

in no-lock condition. Again, during chip reset (Le. when VDD _DET is active low), the 

27 load lines (LOAD(26:0» generated by the digital-load-activation cell (as shown in 

Fig. 6.9), will be pulled down to a logical zero state, thereby preventing the loading of 

any capacitive load line to the DLCVCO cell (as shown in Fig. 6.6), and allowing the 

DLCVCO Fose generated clock to be running at its highest maximum possible frequency. 

When the CHIP_RESET signal switches from a logical one to a logical zero, the 

circuit shown in Fig. 6.7 will continue the initialization process of the VCNTRL node 

to VDD. After the VCNTRL node reaches to the VDD level, and after 32 reference 
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clock cycles, the VDD _DET signal will switch from a logical zero to a logical one state. 

Then, on the rising edge of the reference clock, the frequency-range detector will 

compare the FDIC signal to 232MHz and generate the HIGH_F and the HIGH_Fl signals, 

as shown in Fig. 6.8. If FDIC is greater than 232MHz then the HIGH_F and the 

HIGH_Fl signals will be equal to a logical one. The logical zero state of HIGH_Fl 

signal will force the digital-load-activation cell to activate one capacitive load line into 

the DLCVCO cell in order to decrease the frequency of the FDIC signal. The logical one 

state of the HIGH _ F signal will activate the tri-state of the charge pump circuit and 

prevent it from charging or discharging the VCNTRL node. In another word, the logical 

one state of the HIGH _ F signal will not allow the PLL training to start. 

On the next cycle of the reference clock, the frequency-range detector will 

compare the new FDIC clock to the 232MHz. If the FOIC frequency is still greater than 

232MHz, then the charge-pump circuit will stay in the tri-state mode and the digital-Ioad

activation cell will activate another capacitive load line into the DLCVCO cell, thereby 

further decreasing the Fosc frequency. The above process will be repeated on every cycle 

of the reference clock until the frequency of the DLCVCO FDIC/N generated clock 

frequency becomes less than or equal to 232MHz. Then, the frequency-range detector 

will force the HIGH_F and the HIGH_Fl signals to switch to a logical zero. The logical 

one state of HIGH_Fl signal will force the digital-load-activation circuit to stop 

activating any more capacitive load lines into the inner nodes of the DLCVCO circuit. 

Also, the logical zero state ofHIGH_F signal will allow the charge-pump circuit to start 

operating under normal conditions, where the pump's charging and discharging process 
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will be controlled by the UP and DOWN signals generated from the PFD, as shown in 

Fig. 6.4. 

After initializing the VCNTRL node to VDD and, during the activation process 

of the capacitive load lines, it is necessary to keep the voltage level at VCNTRL node 

to be equal to VDD so that the DLCVCO will be able to generate its maximum 

frequency. This can be achieved by the HIGH_F signal which stays high during the 

capacitive load activation process, thereby activating the FLOAT signal to a logical one 

state in order to prevent the charge-pump from charging or discharging the VCNTRL 

node, and keeping transistor MP1 (shown in Fig. 6.7) turned on in order to compensate 

for the charges which may have been lost due to leakage from the n-channels which are 

connected to the VCNTRL node, as shown in the charge-pump circuit in Fig. 6.5. 

After forcing the DLCVCO to generate a frequency which is less than or equal 

to 232MHz, the actual PLL training process will begin where the PFD will compare the 

falling edges of the Fref and the Fose clocks. The charge-pump will charge or discharge 

the VCNTRL loop fllter node depending on whether the UP signal or the DOWN signal 

is activated to a logical low . Charging or discharging the loop filter node will increase 

or decrease the VCNTRL voltage, respectively. Consequently, the frequency of the 

DLCVCO Fose/N generated clock will increase or decrease respectively. After the 

falling edges of the Fosc/N and the Fref clocks are aligned, 8/-,sec later (a time 

predetermined by the shift register which is used in the lock detection circuit shown in 

Fig. 6.11), the PLL lock detection circuit will allow the PLL-LOCK signal to be 

activated to a logical one state, thereby indicating the existence of the phase-locked loop 
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phase and frequency time lock condition, and subsequently allowing the chip data 

transfers to start. 

6.3. PLL Improvements 

Based on the design procedure shown in Section 6.2, the basic PLL functional 

representation shown in Fig. 6.1 was modified to a new PLL block or functional 

representation as shown in Fig. 6.3. The conventional PLL basic functional blocks such 

as the PFD, the charge-pump, and the DLCVCO, as shown in Fig. 2.2, Fig 2.5 and Fig. 

3.6 respectively have been modified to the PFD, the symmetrical charge-pump, and the 

DLCVCO, as shown in Fig. 6.4, Fig. 6.5 and Fig. 6.6. Also, new functional blocks 

have been added to the conventional PLL system in order to adjust the operating speed 

of the VCO and obtain a predetermined output frequency independent of silicon process 

variations and chip operating conditions. The new functional blocks include the circuit 

that initializes the loop fIlter node to VDD, the frequency-range detector, the digital-Ioad

activation circuit, the programmable divider, and the lock detection circuit, as shown in 

Fig. 6.7, Fig. 6.8, Fig. 6.9, Fig. 6.10, and Fig. 6.11, respectively. Based on the above 

functional modifications and additions, the new PLL system was designed to synthesize 

high speed clocks from external slow speed clocks, independent of the silicon process 

variations and chip operating conditions, with faster acquisition time, reduced VCO 

frequency-gain, less tracking time, wider tuning range, reduced noise sensitivity, less 

output jitter and improved stability. The details of those improvements will be discussed 

in detail in the remainder of this section. 
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6.3.1. PLL Acquisition and Tracking 

Any synchronization system which employs phase-locked loops operates in one 

of two modes of operation; acquisition and tracking [36], [38]. In the acquisition mode, 

the VCO starts up and changes speed until the Fosc/N generated clock locks to the 

external reference signal Fref. In this work, the DLCVCO is designed to generate the 

required 200 MHz Fosc clock such that the voltage across the VCNTRL node is close to 

the power supply voltage VDD. Actually, in conventional PLL design [26] [27], [31], 

in order to generate the required operating Foec: clock, the voltage across the VCNTRL 

node is usually very close to the midrange potential (2.5 volts) between VDD and VSS. 

When the PLL system initiates operation, the voltage across the VCNTRL node could 

start at VSS. In that case, the charge-pump would have to charge the VCNTRL node 

all the way up to the appropriate voltage level (Le., close to 2.5 volts in the case of a 

conventional PLL, and 5 volts in the present PLL design) so that the DLCVCO would 

be able to generate the required Fose clock. Using the charge-pump to charge the loop 

fllter node from VSS to VDD would certainly take relatively longer time than using the 

VDD initialization circuit to place the voltage across the loop fllter node directly to 

VDD, as shown in Fig. 6.7. The VCNTRL node initialization process to VDD should 

significantly reduce the acquisition time. 

In the tracking mode, the PFD attempts to keep the frequency of the VCO 

generated clock locked to the frequency of the reference clock Fref. Tracking mode 

begins when the frequency of Foac/N matches the frequency of the Fref clock. The 

performance measures that characterize this mode are very complicated to account for 
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any PFD nonlinearities and the channel noise sources. The VCO frequency-gain ratio 

is defined as the amount of change of the FOIC with respect to the amount of change of 

the voltage across the VCNTRL node (MHz/Volt). Reducing tracking time can be 

accomplished by reducing the VCO frequency-gain ratio which, in turn, will cause the 

VCNTRL node to respond less quickly to input variations (noise and current leakage) and 

will reduce the cycle slippage. During the tracking mode, the PFD is trying to match 

the falling edges of the Fosc/N and the Fref clock, but if the VCO frequency-gain is very 

high the Fosc/N clock falling edge could be shifted a little further than the Fret falling 

edge. That will cause the VCO training process to be repeated for one more cycle (Le., 

slipped by one cycle). From the plots shown in Fig. 6.2, one can see that the VCO 

frequency-gain ratio is very sensitive to temperature and processing speed variations. At 

the VCO operating frequency of 200MHz, the VCO frequency-gain varies from 

17MHz1V (under worst case of silicon process and chip operating conditions) to 

360MHz/V (under best case of silicon process and chip operating conditions). From the 

plots shown in Fig. 6.13, one can see that the VCO frequency gain is close to 17MHz1V 

independent of silicon process variations and chip operating conditions. Consequently 

the PLL tracking time is small and independent of the silicon process variations and chip 

operating conditions. 
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6.3.2. PLL Tuning Range 

The PLL tuning range is defmed as the difference between the minimum and the 

maximum clock frequencies the oscillator can generate and still maintain a lock onto the 

PLL reference clock frequency. The upper and lower limits of the PLL tuning range is 

directly effected by the linearity of the charge-pump (the charge pump may not produce 

symmetric charges at high and low VCNTRL voltages) and the VCO clock frequency and 

frequency-gain ratio. A symmetric charge pump has been introduced in Chapter 2 (Fig. 

6.5), to provide a linear charging current to the VCNTRL loop fIlter, independent of the 

voltage at the loop fIlter node, and to control the VCNTRL voltage jumps so that the 

system stays within an allowable VCO tuning range under all conditions. 

The VCO characteristic curves shown in Fig. 6.2, and the analysis shown in 

Chapter 3, demonstrated that the tuning range for the PLL system of Fig. 6.1 is from 

80MHz to 200MHz. On the other hand, the DLCVCO characteristic curves shown in 

Fig. 6.13, show that the tuning range for the PLL system of Fig. 6.3 is from 9MHz to 

200MHz. Therefore, the use of the charge-pump design of Fig. 6.5, along with the 

DLCVCO design of Fig. 6.6 will dramatically improve the tuning range of the PLL 

system. 

6.3.3. PLL Noise, Jitter, and Stability 

The loop fIlter is an analog circuit and it is very sensitive to noise. Such noise 

will be coupled to the VCNTRL loop fllter node from the power supply voltages VDD 

and VSS, and from the VCO which will be running at very high speed. Also, the VCO 

frequency and frequency-gain sensitivity with respect to the silicon process variations and 
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chip operating conditions will worsen the PLL performance with respect to noise, jitter 

and stability. 

The PLL closed loop linear time-invariant analysis and the PLL closed loop 

transfer function derivation, characteristic equation, bandwidth, and damping factor are 

summarized in equations (2.15), (2.19), (2.21) and (2.22). From these equations, one 

can see that the PLL bandwidth, damping factor, and consequently the PLL stability, are 

governed by the parameters of the loop ftlter, the PFD gain KD, the VCO gain Ko, and 

the value N of the feedback divider. 

This work has considered the case where the PLL operating frequency is equal 

to 200 MHz, N=100, I=O.05ma, C=200Opf, and R2=IK. C and R2 are connected as 

shown in Fig. 2.14 where, from Chapter 2, R2 is represented by equation (25). At the 

VCO operating frequency of 200MHz (from the VCO plots of Fig. 6.2), the VCO 

frequency-gain varies from 17MHz/V (under worst case silicon process and chip 

operating conditions) to 360MHz/V (under best case silicon process and chip operating 

conditions). For the DLCVCO design and from the plots shown in Fig. 6.13, it can be 

seen that the VCO frequency gain is close to 17MHz/V independent of silicon process 

variations and chip operating conditions. The curves shown in Fig. 6.14 represent the 

amplitude of the PLL phase transfer function as a function of frequency for VCO 

frequency-gain ratios of 17MHz/V and 360MHz/V. The frequency at which the PLL 

phase transfer amplitude falls 3db from its maximum value is defined as the loop 

bandwidth of the PLL. From curves shown in the Fig. 6.14, one can see that the PLL 
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loop bandwidth is 16.165MHz for a veo frequency-gain ratio of 17MHz/volt, and 

78.8MHz for a veo frequency-gain ratio of 360MHz/volt. It may also be noted that the 

damping factor is 0.065 for the veo frequency-gain of 17MHz/volt, and 0.3 for the 

veo frequency-gain of 360MHz/volt. 

From the above analysis, it can be seen that a smaller veo frequency-gain ratio 

will lead to a narrower PLL loop bandwidth; a narrower loop bandwidth will lead to a 

reduced PLL noise sensitivity. Also, a higher veo frequency-gain ratio will result in 

wider loop bandwidth. However, a wider loop bandwidth will make the PLL system less 

stable because it will respond more quickly to input variation and noise. As an example, 

for a veo frequency-gain ratio of 360MHZ/V, a 10 m V variation of the VeNTRL node 

(or on the power supply voltages VDD and VSS) can cause a veo frequency variation 

of 3.6MHz. On the other hand, for a veo frequency-gain ratio of 17MHz/V, one can 

see that a 10 m V variation on the veNTRL node and the power supply voltages can 

cause a veo frequency variation of only 0.17 MHz. Also, from the above analysis, a 

smaller veo frequency-gain ratio will lead to smaller damping factor which in turn will 

cause the loop to have more overshoot, and longer settling time. Also, a higher veo 

frequency-gain will result in higher damping factor that will cause the loop to have less 

overshoot, and shorter settling time. The value of the damping factor can be controlled 

by varying the values of R2• Therefore, the PLL stability and output jitter are directly 

related to the veo frequency-gain, and can be improved by reducing the veo 

frequency-gain. 
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The new PLL system experimental results, and the test methods used to obtain 

them, are presented in this chapter. Details on the circuit layout and fabrication, 

discussion of test techniques and measurements of the various sub-circuits forming the 

overall PLL system will also be presented in this chapter. 

7.1. Circuit Layout and Fabrication 

The PLL system along with its sub-circuits, as shown in Fig. 7.1, was fabricated 

as a test vehicle on the right bottom corner of a data-compression chip designed by the 

Motorola-Codex VLSI Technology Center. The Chip-Graph work station (based on the 

Unix operating system) was used to implement the full custom layout. The circuit design 

and layout were based on the Motorola Unified Process Rules for the 0.8J.C.m HCMOS 

n-well process. The verification of the layout against schematic and layout rules was 

accomplished using Cadence DRC and L VS software respectively. The top structure of 

the layout for the PLL system of Fig. 7.1, is shown in Fig. 7.2. The detailed layout is 

shown in Fig. 7.3. A microphotograph of the fabricated PLL system is presented in Fig. 

7.4. 

Because this circuit was built as a test vehicle on a data-compression chip, the 

opportunity to conncect the external pins for all the nodes or the signals that needed to 

be tested did not exist. Consequently, it was not possible to use a packaged part in order 

to perform all kinds of temperature testing. Instead, small size (20J.C.mx20J.C.m) second 

metal pads for selected nodes were provided. 
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Fig. 7.2 Top layout structure for the new PLL system. 
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Fig. 7.3 Detailed layout for the PLL system. 
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Fig. 7.4 Microphotograph of the PLL system. 
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The only significant pins allowed for this test vehicle were: 

1. Two separate power supply pins (VDD and VSS). 

2. A pin which is connected to the VCNTRL loop fllter node. An external 

RC loop fllter is connected to this node. 

3. A Chip_Reset pin, used to initialize the VDD_DET signal to logic zero. 

4. Six pins used to program the Divide-By-N circuit. 

5. A pin used to supply the 2MHz reference clock. 

From the circuit shown in Fig. 7.1 and from the layout top structure shown in 

Fig. 7.2, the following sub-circuits needed to be tested as processed in silicon: 

1. The ASU_PLL_CLK block includes the PFD, the Charge-Pump, and the 

DLCVCO circuits as shown in Fig. 6.4, Fig. 6.5, and Fig. 6.6, 

respectively. 

2. The ASU_ACTIVE_LOAD block represents the digital-Ioad-ac~vation 

circuit as shown in Fig. 4.10. 

3. The ASU_ VDD_DET block represents the circuit that initializes the loop 

fllter node to VDD as shown in Fig. 4.1. 

4. The ASU_FRECLDET_RAN and the ASU_SHR_29 blocks represents the 

frequency-range detector as shown in Fig. 4.4 . 

. 5. The ASU_LOCK_DET includes the lock-detect and the programmable 

divider circuits as shown in Fig. 6.10 and Fig. 6.11 respectively. 

6. The ASU_CLK_B2A and the ASU_CLK_B2 together represent the 

IDGH_BUFF circuit as shown in Fig. 6.12. 
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This n-well process used two layers of metal, and the minimum drawn channel 

length used was 4JLm. In the charge-pump and the DLCVCO circuits, 6JLm and 8JLm 

channel lengths were utilized in order to minimize the variations of the channel width-to

length ratio. The silicon area consumed to implement this PLL circuit was 63 x 11 

square mils, and the total transistor count was 2840. 

7.2. Experimental Techniques 

An appropriate SOohm epoxy-ring probe card (Karl Suss PSM 6 microprober), 

connected via coax cables to a test lead, has the same number of pins as the designed 

chip, was mounted on a printed-circuit board with a ground plane. Each signal generator 

was connected to the test circuit as shown in Fig. 7.S. The power supplies were 

adequately bypassed by connecting lOJLF electrolytic capacitors in parallel with O.IJLF 

ceramic capacitors for each voltage supply as shown in Fig. 7.5. The capacitors were 

placed very close to each power pin. 

The Trillium MicroMaster VLSI Test System, with jitter specified at less than 20 

picoseconds, supplied the power, the test signals, and the frequency generator. The 

offset voltage of the a.c. input signals was controlled by adjusting the values ofVDD and 

VSS as shown in Fig. 7.5. Internal signals were measured at a number of designated test 

points by mounting the die on the stage of the probe card. The GGB Industries Pico

Probe.Model12C was used to perform testing on appropriate signals with designated test 

pads. The probe model was specified to have a O.IJLF input capacitance, a 1 megohm 

input resistance, a 0.8 nanosecond risetime, and a passband from d.c. to SOOMHz. 
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Oscilloscope measurements were made using the Tektronix DSA 601 digital signal 

analyzer with a l1A72 vertical amplifier (bandwidth of IGHz). Also utilized were the 

Tektronix P6204 scope probes, with a specified 1.7pf input capacitance of input 

resistance of 10 megohom, and a passband of 1 GHz. 

7.3. Sub-circuits Test Results 

Experimental tests were performed on the circuit that initializes the loop filter 

node to VDD, the PFD circuit, the charge-pump, the digital-load-controlled voltage 

controlled oscillator, the frequency-range detector, the digital-load-activation cell, the 

programmable divider, and the PLL lock detector. Before discussing the test results of 

each of the sub-circuits forming the PLL system, a short summary concerning the 

operation of each sub-circuit will be given. 

7.3.1. Initialization of the Loop Filter node to VDD Tests 

The test results of this section covers the information presented in Section 4.1. 

From Fig. 7.1, it was shown that the true operation of the PLL system can start 

only after the VDD _DET signal switches from a logical zero to a logical one state. The 

VDD_DET signal can be generated from the circuit that initializes the loop filter node 

to VDD, as shown in Fig. 4.1, after the VCNTRL loop filter node is charged to VDD 

level. 

. The testing of the circuit shown in Fig. 4.1, started by applying an external 

PAD_RESET signal to the chip-reset pin, and the 2MHz clock to the reference clock pin. 

The duration of the logical high state of the PAD_RESET signal was allowed to be 50 

microseconds (SOl's). During chip reset, i.e., when the CHIP_RESET signal was active 
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high, transistor MPl was turned on to charge the VCNTRL node to VDD, and the 

VDD _DET signal was pulled down to a logical zero, thereby indicating that the 

VCNTRL node has not reached the VDD level yet. When the ClllP_RESET signal 

switched from a logical one to logic zero, the circuit shown in Fig. 4.1 continued the 

initialization process of the VCNTRL node to VDD. After the VCNTRL node reached 

VDD level, and 32 reference clock cycles later, the VDD_DET signal switched from a 

logical zero to logic one state, thereby indicating that the VCNTRL been charged to the 

full VDD level. 

To experimentally study and demonstrate the above performance of this circuit 

(shown in Fig. 4.1), the Tektronix DSA 601 digitizing signal analyzer was used to trace 

the VCNTRL and the VDD _DET signal waveforms. A small size (20JLmx20JLm) second 

metal microprobe pad was placed on the VDD_DET node. The VDD_DET signal was 

traced by microprobing this pad, and the VCNTRL signal was traced by connecting the 

VCNTRL pin directly from the probe station to the signal analyzer. The waveforms of 

both the VCNTRL and the VDD_DET signals are shown in Fig. 7.6. Because the signal 

analyzer was displaying two waveforms with two different scales, the vertical scale 

shown in Fig. 7.6 is not meaningful. The actual scales are IV/division for the VCNTRL 

waveform and 5V/division for the VDD_DET signal . 

. The actual testing began with the rising edge of the ClllP _RESET signal. From 

the VCNTRL and the VDD_DET waveforms shown in Fig. 7.6, it can be seen that the 

VDD_DET signal transitions to a logical zero on the rising edge of the ClllP_RESET 
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signal. The trace of the CHIP_RESET signal is not shown, but the falling edge of the 

VDD _ DET signal is shown to represent the rising edge of the CHIP_RESET signal. 

After 66",s, the VDD_DET signal transitions from a logical zero to a logic one. The 

66",s accounts for the 50",s high level duration of the CHIP_RESEt signal, in addition 

to the 16",s delay which is equivalent to the 32 cycles of the 2MHz reference clock (a 

time determined by the divider used in Fig. 4.1). It is important to notice that the 

VCNTRL node has been initialized to the VDD level before the CHIP_RESET signal 

transitioned from a logical one to a logical zero. Hence, the 16",s initially needed in 

order to delay the transition of the VDD _DET signal from a logical zero to a logical one 

and insure that the VCNTRL node is completely charged to VDD, is unnecessary. In 

this design, the size of the MPI transistor was selected so that it will be able to charge 

the VCNTRL node in less than 13",s. It would be a better idea to select a smaller device 

size for the MPI transistor so that the coupling of noise between the VDD power supply 

voltage and the VCNTRL loop fllter node could be reduced. In that case, it would take 

longer for transistor MPI to charge the VCNTRL to VDD level, consequently, the 16",s 

delay could be made shorter or longer, dependent on the duration of the CHIP_RESET 

signal. 

7.3.2. Frequency-Range-Detector and Digital-Load-Activation Tests 

. The experimental results presented in this section covers the information presented 

in sections 4.2 and 4.3. 

The next step after the initialization of the loop fllter node to VDD, was to use 

the frequency-range detector circuit (of Fig. 4.4) and detect the Foac DLCVCO generated 
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clock. The frequency-range detector generates the HIGH_F and the HIGH_Fl signals. 

If the frequency of the Fose clock is greater than 232MHz, then the HIGH _ F and the 

HIGH_Fl signals will be equal to a logical one. The logical one state of the HIGH_F 

signal will tri-state the charge-pump circuit and prevent it from charging or discharging 

the VCNTRL node, thereby preventing the PLL system from initiating training. Also, 

from the digital-load-activation circuit shown in Fig. 4.10, it can be seen that during the 

high state of CHIP_RESET, the VOD _ DET will be an active low, and each one of the 

27 load lines (LOAD(26:0» will be pulled down to a logical zero state, thereby 

preventing the loading of any capacitive load line to the DLCVCO cell and allowing the 

DLCVCO Fose generated clock to run at its highest possible frequency. The capacitive 

load activation process starts after the VDD_DET signal switches from a logical zero to 

a logical one. 

The above performance of the frequency-range detector and the digital-Ioad

activation circuits was experimentally determined by tracing the waveforms of the 

VOD_DET, the HIGH_F, and the VCNTRL signals. The VOD_DET and the HIGH_F 

signals were traced by microprobing their second metal pads, and the VCNTRL signal 

was traced by connecting the VCNTRL pin directly from the probe station to the signal 

analyzer. The waveforms of the VOD_DET, the HIGH_F and the VCNTRL signals, are 

shown in Fig. 7.7. The actual vertical scales are IV/division for the VCNTRL 

waveform and the 5V/division for the VOD_DET and HIGHY signals. 

The testing of the frequency-range detector and the capacitive load activation 

process began on the rising edge of the reference clock, right after VOD _DET signal 
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transitioned from a logical zero to a logical one. From the waveforms shown in Fig. 

7.7, it can be seen that, after 6.5 p.s delay from the rising edge of the VDD _ DET signal, 

the ffiOH_F switches from a logical one to a logical zero, thereby indicating that the 

frequency of the Foac clock is close to 232MHz. During the 6.5p.s time difference which 

exists between the rising edge of the VDD_DET signal and the falling edge of the 

ffiOH_F signal, it can be seen that the VCNTRL voltage is still equal to VDD, thereby 

indicating the continuation of operating the charge-pump in the tri-state mode. 

Additionally, the waveforms shown in Fig. 7.7 demonstrated that, after the ffiOH_F 

signal transitions from a logical one to a logical zero, the PLL will start its training 

process where the charge-pump will start its normal operation by charging and 

discharging the VCNTRL node. Consequently, the VCNTRL voltage starts to shift away 

from the VDD level, and it will be controlled by the UP and DOWN control signal 

generated from the PFD. 

From the experimental waveforms shown in Fig. 7.7, it is important to note that 

the 6.5p.s separation between the VDD_DET and the ffiOH_F signals represents the 

frequency spread between the DLCVCO generated clock (without capacitive loads) and 

the 232MHz. Consequently, the 6.5p.s delay plays an important role in determining the 

number of capacitive load lines needed in order to reduce the DLCVCO generated 

frequency to the 232MHz range, independent of silicon process and chip operating 

conditions. The 6.5p.s separation between VDD_DET and ffiOH_F accounts for 

activating 13 capacitive load lines into the DLCVCO inner nodes, where the period of 

the reference clock is O.5p.s. The testing of this die was accomplished at T=25°C. For 
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the other· dies on different locations of the processed wafer, the time spread between the 

rising and the falling edges of the VDD _DET and the mGH _ F signals, respectively, 

ranged from 51's to 81's. Consequently, the number of capacitive loads needed to reduce 

the DLCVCO frequency to the 232MHz range, varied from 10 to 16, respectively. 

Therefore, the frequency-range detector acts as a "process sensor," and helps (through 

the digital-load-activation circuit) the DLCVCO to generate a frequency in the range of 

232MHz, independent of silicon process variations and chip operating conditions. 

7.3.3 Phase-Lock System Experimental Results 

In this section, the PFD linearity measurements employing the phase-frequency 

detector accompanied by the charge-pump, the VCO characteristic curves employing the 

digital-load-controlled voltage-controlled oscillator, the DLCVCO generated frequency 

duty cycle, and the PLL lock detection and overall PLL lock performance will be 

presented. 

7.3.3.1 Phase-Frequency Detector and Charge-Pump Tests 

The test results in this section are related to the material presented in Sections 2.4 

and 6.2. 

The performance of the phase-locked loop employing the phase-frequency detector 

accompanied by the charge-pump and connected to the RC loop filter was tested. The 

PFD circuit shown in Fig. 6.4, was introduced in Section 2.2.1 and 6.2. Its output acts 

like a tri-state gate where no charge can be transferred for a zero input phase difference. 

The symmetric charge-pump circuit was presented in Fig. 6.6. 
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From the PLL circuit shown in Fig. 7.1, one can see that, after the IITGH_F 

signal transitions from a logical zero to a logical one, the FLOAT signal transitions from 

a logical zero to a logical one. The logical one state of the FLOAT signal will allow the 

charge-pump circuit to start operating under normal conditions, where it will charge or 

discharge the VCNTRL loop filter node depending on whether either the UP or the 

DOWN signal is activated to a low level, respectively. 

In order to experimentally verify the performance of the PFD accompanied by the 

charge-pump, as shown in Fig. 6.4 and Fig. 6.6, the waveforms of the VCHP _S signal 

(measured at the output of the p-channel and the n-channel transistors driving the loop 

filter node) and the VCNTRL signal at different voltage levels were traced. It is 

important to remember that in Chapter 2, it was assumed that the PFD gain (KD=I12T) 

is constant, so that it was possible to derive the PLL closed loop transfer function. 

In the first pass of silicon for this PLL design, the non-linear charge-pump circuit 

as shown in Fig. 2.9 was utilized. During the PLL training process (where the PFD 

accompanied by the charge-pump was trying to adjust the DLCVCO speed to 200MHz 

in order to lock the Fosc/N clock to the Fref clock), the voltage waveform of the VCHP 

signal was measured at the output of the p-channel and the n-channel transistors which 

are serially coupled between VDD and ground, as shown in Fig. 7.8. At VCNTRL close 

to 4 volts, the VCHP waveform displayed the nonlinearity (asymmetrical charging and 

discharging currents) of the charge-pump. The waveform of the VCHP voltage signal 

shown in Fig. 7.8 shows that the discharging voltage during the DOWN pulse is 3.3 

times the charging voltage during the UP pulse. Consequently, the pump's discharge 
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current will be 3.3 times the charge current. Because of this nonlinearity, this 

PFD/charge-pump circuitry was unable to lock the Foac/N clock to the Fref clock. 

In the present pass of silicon, the symmetric charge-pump circuit as shown in Fig. 

2.14 was used. In this implementation, the value of the integer M of the programmable 

divider was changed so that the DLCVCO was able to generate signals at both 200MHz 

and 12MHz. Also, during the PLL training process, where the PFD charge-pump was 

trying to adjust the DLCVCO speed between an upper frequency of 200MHz and a lower 

frequency of 12MHz so as to lock the Foac/N clock to the Fref clock, the voltage 

waveforms of the VCHP _ S signal and the VCNTRL signal were measured for both the 

200MHz and the 12MHz PLL training; they are shown in Fig. 7.9 and Fig. 7.10 

respectively. For the 200MHz and 12MHz training, the VCNTRL voltage was close to 

4 volts and 1.5 volts respectively, and the VCHP_S waveforms displayed the linearity 

(symmetrical charging and discharging currents) of the charge-pump. The waveforms 

of the VCHP_S signal shown in Fig 7.9 and Fig. 10, show that the discharging voltage 

during the DOWN pulse is equal to the charging voltage during the UP pulse. 

Consequently, the pump's discharging current was equal to the charging current. Due 

to the improved linearity of the charge-pump, the PFD/charge-pump circuit was able to 

lock the Foac/N clock to the Fref clock for wider DLCVCO frequency range than was the 

first pass circuit. 

The falling edges of the Fosc/N and the Fref clocks were traced by microprobing 

their second metal microprobe pads at the input of the PFD circuit. The waveforms of 

the FOIC/N and the Fref clocks, as traced by the signal analyzer, are shown in Fig. 7.11. 
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This measurement was done after the lock condition of the PLL system had occurred. 

The falling edges of the Fosc/N and the Fref clocks seemed to be aligned without any 

skew. Also, a DLCVCO jitter of 2ns seemed to exist in this measurement. When this 

experiment was performed no attention was given to the jitter performance of the PLL 

system since the goal was to prove the workability of the concept of this particular PLL 

design approach as a whole. Actually, the testing environment was considerably noisy, 

and further tests of adjusting the loop fllter elements in order to improve the PLL jitter 

performance were not conducted. 

7.3.3.2 The Digital-Load-Controlled Voltage-Controlled Oscillator Test Results 

The performance of the digital-load controlled voltage-controlled oscillator, which 

was presented in Section 3.6 and shown in Fig. 3.9, was tested by measuring the voltage 

to frequency transfer characteristics and the duty cycle of the generated clocks. 

From the VCO analysis shown in Chapter 3, it has been shown that the solution 

of the problem of the VCO speed (and frequency-gain) sensitivity to silicon process 

variations and chip operating conditions was to use the DLCVCO design approach where 

the speed was digitally adjusted by digitally controlling a number of capacitive load lines 

connected to the VCO inner nodes. The number of load lines were determined by the 

frequency-range-detector circuit as shown in section 7.3.2, and they accounted for the 

speed in frequency between the present state and the worst state of silicon process and 

chip operating conditions. In section 7.3.2, it was seen that up to 13 capacitive load 

lines were activated into the DLCVCO inner nodes in order to adjust its speed to be in 

the 232MHz range. 
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In order to experimentally study the performance of the DLCVCO circuit shown 

in Fig. 3.9, its voltage-to-frequency transfer characteristics were measured for two 

different cases. In the first case, the characteristic curve was measured under normal 

PLL operating conditions where 13 capacitive loads were activated. Here, the 

experimental DLCVCO characteristic curve measurement process was done by externally 

changing the integer value M of the programmable divider and using the signal analyzer 

to read the corresponding value of the VCNTRL voltage at the loop fIlter node. The 

integer value M is used to determine the frequency of the Fosc clock which is generated 

by the DLCVCO circuit. The value of the Fosc frequency is equal to 4(M + 1) MHz, 

because the frequency of the Fosc/N signal is divided-by-2 before it drives the divide-by

M circuit, and the frequency of the reference clock is 2MHz. For example, the 

frequency of the Fosc signal will be equal to 12MHz for M=2. The DLCVCO Fo.c 

frequency versus the VCNTRL voltage measurements are shown in Table 7.1, and the 

DLCVCO characteristic curve (with 13 loads) is shown in Fig. 7.12. For M=1, the 

PLL system did not lock. For M =2, the PLL system started to lock where the 

corresponding voltage across the VCNTRL node was measured to be equal to 1.25V, and 

the Foac to be 12MHz. The PLL system continued to lock all the way through M=52, 

where the VCNTRL voltage was measured to be 4.7V, and the Fosc to be 212MHz. 

In the second case, the characteristic curve was measured such that the capacitive 

loads were not allowed to be activated by forcing the IDGH_F1 in the digital-Ioad

activation circuit (shown in Fig. 4.10) to be equal to a logical zero. Forcing the 

IDGH_F1 signal to a logical zero was done by using the Pico-Probe to inject a low level 



Table 7.1 

The Clock Frequency Versus the VCNTRL Voltage Measurements 
for the DLCVCO with 13 Capacitive Loads 

VCNTRL FOIC 

1.2 53 

1.4 85 

1.6 125 

1.8 175 

2.0 225 

2.2 260 

2.4 288 

2.6 308 

2.8 328 

3.0 342 

3.2 355 

3.4 364 

3.6 371 

3.8 376 

4.0 380 

4.5 392 
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Table 7.2 
The Clock Frequency Versus the VCNTRL Voltage Measurements 

for the DLCVCO with No Capacitive Loads 

VCNTRL Fosc 

1.25 12 

1.52 20 

1.68 36 

1.93 60 

2.14 84 

2.42 116 

2.75 148 

2.97 164 

3.5 184 

4.0 200 

4.7 212 
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Fig. 7.12 The experimental DLCVCO transfer characteristic curves representation. 
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signal to the IDGH_Fl microprobe pad. In this case, the PLL normal training process 

started on the rising edge of the VDD -PET signal without the need to wait for the falling 

edge of the IDGH_F signal. In order to perform the experimental DLCVCO 

characteristic curve measurement, the testing technique described in the previous 

paragraph was followed. This attempt was unsuccessful because the PLL system was not 

able to lock continuously for a wide range of VCNTRL voltages and Foac frequencies. 

For example, the PLL was not able to lock for M values ranging from 1 through 16; it 

locked for M = 17 where the corresponding voltage across the VCNTRL node was 

measured to be lo33V, and the FolC to be equal to 72MHz. It also locked for M=46 

where the corresponding VCNTRL voltage was measured to be lo9V, and the FOIC was 

188MHz. Every time the PLL system lost lock, the frequency of the Foac signal became 

unknown because it lost its integer mUltiplicity with respect to the reference clock. 

Therefore, in order to derive the DLCVCO (with no loads) characteristic curve, an 

alternate measurement method had to be devised. This method required the forcing of 

the IDGH_Fl signal to a logical zero, while injecting different d.c. voltage across the 

VCNTRL node, and measuring the corresponding frequency of the Foac signal. The 

experimental result is shown in Table 7.2, and the resulting DLCVCO (with no loads) 

voltage-to-frequency transfer characteristic curve is shown in Fig. 7.12. Therefore, by 

adopting the DLCVCO design approach shown in section 3.6, the VCO characteristic 

curve will be reduced to the one shown in Fig. 7.12 (with 13 loads) independent of 

variations in silicon process and chip operating conditions. 
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The VCO design approach used to provide the generation of 50 percent duty cycle 

clock signal was presented in section. 3.3. In order to experimentally study the duty 

cycle of the DLCVCO Fosc generated clock, the signal analyzer was used to trace the 

waveform and measure the frequency and the duty cycle for the Fosc signal. The Fosc 

waveform for the first measurement is shown in Fig. 7.13; for M=2, the VCNTRL 

voltage was measured to be 1.25V, the Fosc frequency to be 12MHz, and the duty cycle 

was measured to be 53.98 percent. The Fosc waveform for the second measurement is 

shown in Fig. 7.14; for M=49, the VCNTRL voltage was measured to be 4V, the Fosc 

frequency to be 200MHz, and the duty cycle was measured to be 53.19 percent. Thus, 

in both measurements, the duty cycle was less than 54 percent. That is acceptable from 

a practical view point because the 50 percent duty cycle of any clock will be lost after 

passing through a couple of inverters. 

Finally the test results of the HCLK_BUFF circuit are displayed as shown in Fig. 

6.15. This circuit was used to generate the two non-overlapping (opposite phase) clock 

signals PX and PY. The signal analyzer was used to trace the PX and PY waveforms 

as shown in Fig. 7.15; waveforms were of opposite phase, as expected. 

7.3.3. The PLL Lock-Detection and Overall PLL Lock Performance Tests 

The performance of the lock-detect circuit (shown in Fig. 5.5) and the lock 

conditions of the overall PLL system, is presented in this section. 

The lock-detect circuit was designed such that it will be able to detect the PLL 

lock and no-lock conditions in a time-slot window, where the falling edge of the FOIC/N 

is always transitioning in the center of the low state of that window. The PLL lock or 
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Fig. 7.13 The Foac DLCVCO generated clock representation with 53.98 percent 
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no-lock conditions will occur when the falling edge of the Fref clock is transitioning inside 

or outside the time-slot window, respectively. The programmable divider circuit shown 

in Fig. 5.1, was used to generate the Fose/N clock signal and the related TIME SLOT 

signal. 

The signal analyzer was used to trace the waveforms of the Fose/N and the 

TIME_SLOT signals as shown in Fig. 7.16. It can be seen that the falling edge of the 

Fose/N signal is transitioning in the center of the low state of the TIME_SLOT signal. 

This demonstrates the accuracy of the design for the programmable divider. 

From the DLCVCO voltage-to-frequency transfer characteristic experimental 

measurements that have been performed in the previous section, it has been shown that 

the PLL system adopted in this work actually locks between 12MHz and 200MHz. For 

these measurements, the DSA 601 digital signal analyzer and the Model 12 Pico-Probes 

have again been employed to trace the waveforms of the PLL_LOCK (which indicates 

the PLL lock condition) and the VCNTRL signals. In order to study the PLL lock 

conditions for different values of M (Le., for different frequencies of the Fose generated 

clock), the same experimental method set forth in the previous section was followed, 

where up to 13 capacitive loads were activated into the DLCVCO inner nodes. For 

example, the VCNTRL and the PLL-LOCK waveforms shown in Fig. 7.17 represent the 

case where M=2, the VCNTRL voltage was 1.25V and the Fose was 12MHz. Also, the 

VCNTRL and the PLL-LOCK waveforms shown in Fig. 7.18 represent the case where 

M=49, the VCNTRL voltage was 4V, and the Fose was to 200MHz. The waveforms 

shown in Fig. 7.17 and Fig. 7.18 show both the wide tuning range realized by adopting 
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the PLL system design shown in Fig. 7.1 and the ability of the lock-detect circuit to 

detect the PLL lock conditions. They also show the possibility of generating false locks 

before detecting the fmal PLL lock conditions. This problem can be solved by narrowing 

the width of the low state of the time-slot window or by increasing the number of bits 

in the shift register, in order to allow more time for testing the transitioning of the falling 

edge of Fref clock inside the time-slot window. 
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testing the programmable divider shown in Fig. 5.1. 
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Fig. 7.17 The VCNTRL and PLL-LOCK voltage waveform representations resulted 
from testing the lock detection circuit shown in Fig. 5.5, at a DLCVCO 
Fose frequency of 12MHz. 
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Fig. 7.18 The VCNTRL and PLL-LOCK voltage waveform representations resulted 
from testing the lock detection circuit at a DLCVCO Foac frequency of 
200MHz. 
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CHAPTER 8 

SUMMARY AND RECOMMENDATION FOR FURTHER WORK 

8.1 Summary 

The historical background, silicon process variations and chip operating condition 

problems associated with designing voltage-controlled oscillators used in phase-locked 

loops, and the goals of this design work were introduced in Chapter 1. 

The phase-locked loop frequency domain analysis based on a linearized system 

model (in or near lock) that was introduced and used to derive a closed loop phase 

transfer function which provided useful insight for design, and the design of a symmetric 

charge-pump that was used to provide a linear charging current to the loop filter 

independent of the voltage across the loop filter node, and to reduce the VCNTRL 

voltage jumps by using the voltage divider method, were presented in Chapter 2. The 

symmetric charge-pump design proved that it could help extending the PLL tuning range 

and improving its stability. 

Properties and performance of different classes of oscillators were examined in 

Chapter 3, followed by the detailed design of a high-frequency digital-load-controlled 

voltage-controlled oscillator that can be implemented in CMOS technology, but yet be 

less sensitive to silicon process variations and chip operating conditions. Also in Chapter 

3, the design of a VCO that is capable of directly generating 50 percent duty cycle clock 

waveforms at higher frequencies, without degrading the performance of the PLL system, 

was described. 
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In Chapter 4, the concepts of initializing the loop fllter node to the power supply 

voltage level and of using the frequency-range-detector circuit and the digital-Ioad

activation circuit in order to digitally adjust the frequency of the DLCVCO generated 

clock to be close to 232MHz independent of silicon process variations and chip operating 

conditions, were discussed. 

In VLSI chip designs employing phase-locked loops, the chip testing process and 

the internal/external data transfers are not allowed until the VCO generated clock is 

locked onto the supplied reference clock. Thus, the design of a lock detection circuit 

used to generate a signal which indicates the VCO lock conditions (where the lock 

condition will or will not occur when the falling edge of the Fref clock is transitioning 

inside or outside a time-slot window respectively), and the design of the programmable 

divider that generates the Foac/N clock and the related time-slot window, were presented 

in Chapter 5. 

Chapter 6 presented the design of a PLL system which integrates the phase

frequency deteCtor, the symmetric charge-pump, the digital-load-controlled voltage

controlled oscillator, the circuit that initializes the loop fllter node to VDD, the 

frequency-range-detector, the digital-load-activation circuit, the programmable divider, 

and the lock detection circuit. The basic PLL functional representation, shown in Fig. 

6.1, was modified to that one shown in Fig. 6.3, so that it was able to synthesize high 

speed clock :;ignals from external low speed clock signals independent of the silicon 

processing variations and chip operating conditions. The overall PLL performance 

improvements led to faster acquisition time, reduced VCO frequency-gain, less tracking 
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time, wider tuning range, reduced noise sensitivity, less output jitter, and improved 

stability; the equations derived in the PLL frequency analysis in Chapter 2 were used in 

Chapter 6 to demonstrate some of the PLL improvements with respect to noise and 

stability. 

The details of the overall PLL integrated circuit layout, fabrication, test 

techniques, and measurements of the various sub-circuits forming the overall PLL 

system, were presented in Chapter 7. The use of the VDD initialization circuit to 

initialize the loop filter node to VDD, the use of the frequency-range-detector to sense 

silicon processing and chip operating conditions by detecting the frequency of the Fose 

DLCVCO generated clock and determining the number of capacitive loads needed for 

adjusting the DLCVCO speed, and the digital-load-activation circuit to activate these 

capacitive loads into the inner node of the DLCVCO, as discussed in Sections 7.3.1 and 

7.3.2, were experimentally proven to meet the specified functional performance. 

The performance of the experimental digital load-controlled voltage-controlled 

oscillator was tested by measuring the voltage-to-frequency transfer characteristics and 

the duty cycle of the generated clocks, as shown in section 7.3.3.2. In the frrst case, the 

characteristic curve was measured under normal PLL operating conditions where 13 

capacitive loads were activated; the PLL system showed a lock range from 12MHz to 

212MHz. In the second case, the characteristic curve was measured while the capacitive 

loads were not activated; the PLL was not able to have continuous lock range. Also, in 

section 7.3.3.2, the DLVCO generated clock duty cycle was shown to be less than 54 

percent. 
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The experimental results of testing the programmable divider and the lock 

detection circuits were described in section 7.3.3.3. The correctness of the 

programmable divider was verified by tracing the waveforms of the generated Foac/N 

clock signal and the related TIME_SLOT signal (where the falling edge of the FOIC/N 

occurred in the center of the low state of that window). Also, the design of the lock

detect circuit was experimentally verified by tracing the PLL-LOCK waveforms (Fig. 

7.17 and Fig. 7.18). While these waveforms demonstrated the ability of the lock-detect 

circuit to detect the PLL lock conditions, they also showed the possibility of generating 

false locks before detecting the fmal PLL lock conditions. This problem could be solved 

by narrowing the width of the low state of the time-slot window, and/or by increasing 

the number of bits in the shift register in order to allow more time for testing the 

transitioning of the falling edge of Fref clock inside the time-slot window. Thus, this 

work has demonstrated the implementation of a PLL system which is capable of 

generating high frequencies with the wide tuning range independent of silicon process 

variations and chip operating conditions. 

8.2 Recommendation for Further Work 

In high-frequency PLL system applications, the YCOs used to generate high 

frequencies usually exhibit high frequency-gain ratio. This requires the use of a large 

value capacitor in order to provide the yeo with stable operation over a wide frequency 

range. The difficulty of implementing large capacitors on silicon (excessive area 

requirements) is one of the main reasons for utilizing an external passive RC loop fIlter. 

Such a fIlter also will provide flexibility in choosing the loop filter parameters. 
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Additional measurements will be required to study the effect of changing the values of 

the external loop filter in order to achieve an optimal PLL performance. 

In a PLL design application where only a single operating high frequency clock 

is needed, the VCO will generate its high frequency clock on the upper portion of the 

characteristic curve where the frequency-gain ratio will be minimum (in this design 

example, at an operating frequency of 200MHz, the frequency-gain ratio is 17MHz/V). 

Hence, a smaller capacitor value (which could be implemented on silicon) may be used. 

Therefore, implementation of an on-chip RC filter is a candidate for further study. 

Finally, the time-domain response of a PLL system can be determined with a 

circuit simulator, such as SPICE [74]. Simulating a high frequency PLL system with 

many transistors is time consuming because very small time steps are required to model 

the VCO output. The time scale of interest which is related to the acquisition and the 

lock times could be several orders of magnitude larger than the time step size. 

Therefore, a numerical model which retains the major characteristic of the actual PLL 

circuits, is recommended for further study. 
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APPENDIX A 

From the circuit shown in Fig. A, the current mismatch problem is dominated by 

the geometry fractional mismatch and the threshold voltage (Vt) mismatch among devices 

MP1, MP2, MNl, and MN2 [28]. The Vt mismatch can be greatly reduced by placing 

the devices which operate at the same value of VGS (voltage difference between 

transistor's gate and source) very close to each other while the effect of any mismatch 

may be minimized by increasing the value of (VGS - Vt). In this PLL design, the 

threshold voltage for the fabricated p-channel and n-channel transistors was considered 

to be close to O.9V and IV, respectively, and the PLL operating frequency of 200MHz 

was generated at a VCNTRL voltage (VGS) value of 4V. Therefore, it is a good 

approximation to neglect the effect of Vt mismatch. If the geometry mismatches between 

devices MP1, MP2, MN1, and MN2 are 8pl, 8p2, 8nl, and 8n2 respectively, one may 

write 

1Pl = 1 = K(mn ~ ± 4pl)(VGSl - Vt)2, 

and 1P2 = K(m ~ ± Ap2)(VGSl - Vt)2 . 

From (1) and (2) one may solve for 

---~- --~~--. -----~~ 

(mn W ± ApI) 
1 = 1P2 __ L __ _ 

(m W ± Ap2) 
L 

(1) 

(2) 

(3) 



Similarly, 

(_w ± ~n2) 
IN2 =1_L __ _ 

(n W ± ~nl) 
L 

From (3) and (4) one may solve for 

W pI 
(- ± ~n2 ± ~-) 

IN2 = IP2 L mn , 
(W ± ~ ni ± ~ p2) 

L n m 
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(4) 

(5) 

where the second order terms (dP1)(dn2) and (dP2)(dn1) were neglected. From (5), it 

may be seen that for large W IL, n > 1, and m ~ 2 (to compensate for majority carriers 

mobility differences between n-channel and p-channel transistors), the drain currents are 

equal (lN2 = IP2). Consequently, the duty cycle is close to 50 percent. 
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