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Abstract 

This thesis presents the design, analysis and implementation of monolithic GHz range 

voltage/current controlled ring oscillators and a monolithic phase-locked loop (PU) clock 

generator in submicron CMOS technology. A general ring oscillator topology capable of 

achieving high speed operation, multiphase output and wide tuning range is proposed. The 

topology uses sub-feedback inverters to constnict fast imps enabling a iong chain ring os- 

cillator to achieve increased operating frtquency and higher equivalent quality factor. The 

operating fiequency of the ring oscillator is directly proportional to the transconductance 

(G,) of sub-fdback inverters which can be controiled with an external voltage to 

achieve linear tuning. Detailed implementation of the topology for both single-ended and 

differential circuits is also proposed. Extensive theoretical analysis yielded insight into the 

sub-feedback loop ring oscillators and diowed formulation of design guidelines. Simula- 

tions and measurement results (0.5 pm CMOS process) support the analytical findings. A 

fuily integrated 1.25 GHz 0.35 p CMOS PLL dock generator that included the proposed 

VCO topology and a frequency control and stabilizing bias circuit was designed, imple- 

mented and tested. Measurernent results conibn the suitability of the VCO and the PLL 

for applications such as clock generation/recovery systems, high speed multiphase data 

sampling and rnicroprocessor clock synchronizaaon. 
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Introduction 

1.1 Motivation 

The rapid growth in the use of wireless communication devices and demand for higher 

local area networks (LAhTs) &ta rate provides both opportunities and challenges for VLSI 

and RFIC technology developmcnt. The demanding performances these systems require 

has resulted in tremendous academic and industrial effort to design larger scalc integrated 

circuits (K's) and proposais for new high speed and low power circuit structures in a cost 

effective technology. 

Current IC's for the GHz frequency range arc mostly implemtnted in either a GaAs 

MESFET or Si bipolar process. However, submicron CMOS tcchnology is considercd the 

most attractive technology in the long nin due to the capability CMOS offcrs for large- 

sale  integration and low cost [GrMe95][Abi97. The modern deep submicron CMOS pro- 

cess provides for high fT transistors Pan981, allowing CMOS RF IC's to compte with 

GaAs IC's and Si bipolar IC's in the important low GHz frequency ranges. 



Phase-locked loops (PU) arc widely used in various communications and conml sys- 

tem applications. In mobile cellular systems, for example, P U S  are incorporated into fre- 

quency synthesizers to generate high frequency, tunable camer signds. In data 

communications, PLLs are used in timing rccovery circuits to extract the dock from the 

received signal to restorc the distortcd data and synchronizc the pst-stage digital signal 

processing (DSP). The commercial success of LANs and the demand for higher data rates 

have recentiy uicreased the need for inexpensive high speed P U S .  Other applications of 

PLL include tracking Mter, modulation and demodulation of signals. As systems applica- 

tions approach higher frequency/speed and incorporate higher level integration, PLI, de- 

sign continues to be a challenge. PLL must dcal with requirements such as monolithic 

implementation, low cost, minimal number of extemal components, low power dissipation 

and low phase noise. 

The voltage controlled oscillator (VCO) is an integrai part of phase-Ioçked loops 

(PLL), frequency synthesizers and clock recovery circuits. Most cumnt commercial wire- 

less transceivers utilize extemai varactor-tuned resonators to implement low phase noise 

VCOs in frequency synthesizers, which function as local oscillators. Incorporation of 

these oscillators on chip is an important goal in increasing rectiver integration level and 

thereby reducing power and cost. In high speed data sampiing, clock recovery and syn- 

chronization systems, ring oscillators are particularly attractive for multiphase and quadra- 

ture clock signal generation. They are easy to implement monolithically and take only a 

srnail amount of chip size. Although a fret nuining ring oscillator tends to have poor noise 

performance, the close-in VCO phase noise cm be minimizcd if PLL l w p  bandwidth and 

Ioop order can be kept high. Since the volume of data traftic in LANs is expanding almost 

exponencially from one ycar to the next, high speed operation has becorne a critical re- 

quirement in many modem data communication transceivers, where the maximum VCO 

oscillating frequency oftcn limits the maximum obtainable data rate, especiaiiy when mul- 
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tiphase or quadrature outputs with large a .  Iinear tuning range are requircd. Hcnct, VCO 

structures that cari satisfy these rquirements and work in a GHz range with the CMOS 

process pose an important design challenge. Furthemore, guidelines leading to an opti- 

mum VCO design necd to be developed within the limitaiions of the available technology. 

1.2 Contributions 

The major contributions made in this thesis are the following: 

(1) A generd ring oscillator circuit topology capable of achieving high speed opera- 

tion and multiple phase output is proposai [SKI99]. The topology uses sub-feedback in- 

verters to constnict fast loops enabhg a long chah, multiphase output ring oscillator to 

achieve increased operating frequency and higher equivaient quality factor. It is found that 

for a Iong chah ring oscillator, there exists an optimum feedback index i which results in 

the highest operating frequency. 

The  operating frequency of the sub-feedback loop bascd ring oscillator increases lin- 

earl y wi th the transconductance (G,) of sub-feedback inverters which can be controlled 

with an extemal voltage (or current). The fkquency control can also be understood as 

changing the effective number of delay stages (Na)  within the range of ( i +  i ) and N, 

where i and A! are the feedback index and the stage numbcr of ring, respectively. Thus the 

sub-feedback loop based topology also provides an alternative way to conventional capac- 

i tive or resistive tuning. 

(2) A iinearized mode1 in frequency domain is developed and ltads to the disclosure of 

the relationship between specd (increment/dtcrement) and facdback index i .  This specd- 

feedback index relation is important for optimum spscd improvement and is confirrned by 
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time domain simulations and meamrement rtsuits. Phase noise in the proposeci sub-feed- 

back loop based ring osciliators is analyzed. Noise sources art classificd into three groups 

according to their contribution to the total output phase noise. The anaiysis discloses the 

relationship between time-domain output signal waveform shaping and feedback in&x i . 
It is found haî thc sub-fcedback loop architecture introduces noise filtering (improved ef- 

fective quality factor Q) in the signal path- The analysis is confirmed by the simulations 

and measurernent results. 

(3) Detded implementation of the proposed topology for both single-ended and dif- 

ferential circuits is proposcd and analyzed. The design was implemented and fabricated in 

a 0.5 p CMOS technology. Mcasurement results confirm the topology's suitability for 

applications such as high speed multiphase data sampling, clock gcneration, data recovery 

systems and microprocessor clock synchronization. A GHz range monolithic CMOS PLL 

clock generator unit is designed for &ta communications [SuKw992]. The VCO incorpo- 

rates the proposexi sub-feedback loop based ring oscillator and a frequency control and 

stabilizing bias circuit to achieve not only a large and linear tuning range but also im- 

proved temperature and supply voltage sensitivity. The PLL was fabricated in a 0.35 p 

CMOS process, wupies an active area of 1 mm2, and consumes approxhatcly 100 mW 

when operating at 1.25 GHz from a 3.3 V power supply. 

1.3 Organization of the Thesis 

This thesis is organized in six chapters. Chapter 2 reviews VCO principle, design consid- 

eration and architectures for hi@ frequency and RF fiequency range operation. In ordcr to 

develop a viable design for VCO circuits and explore the capabilities offered by CMOS 

technology, system architecture, such as PLL clock generators, clock rccovery systems 

and frequency synthesizers are aiso dixussed- 
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In Chapter 3, the high-speed capabilities of CMOS M g  oscillator are explored. A gen- 

eral ring osciiiator circuit topology capable of achieving high speed operation, multiple 

phase output and wide tuning range is proposed for both single-ended and differentid cir- 

cuit implementations. Speed improvements are analyzcd in both bquency and time do- 

main. The circuit design, implementaîïon issues and measurement results (0.5 pm CMOS 

process) are aiso presented. 

In Chapter 4, the phase noise in single-ended CMOS ring oscillators and the proposed 

sub-feedback Ioop based CMOS ring oscillators are analyzed in the time domain and frc- 

quency domain. The analysis leads to intuitive guidelines for designing low noise sub- 

feedback loop ring oscillators. The cornparison between theoreticai results derived from 

analytical formulae and experimental results is also prcsented. 

Chapter 5 presents the design and analysis of a GHz range CMOS phase-locked loop 

clock generator for data communications. The building blocks for PLL are explored. The 

VCO includes a core circuit developed in Chapter 3 and a frequency control and stabiliz- 

ing scheme which is proposed to achieve not only large and linear tuning range but also 

improved temperature and supply voltage sensitivity. Loop design and phase noise analy- 

sis is also presented. The measurement results of the monolithic implementation in a 0.35 

pm CMOS process are summarized in Section 5.5. 

In Chapter 6, concluding remarks and recomrnendations for further research in this 

area are presented. 

Although inductor based osciliators are not the focus of this thesis, the design method- 

ology is also explored. The design in a 0.35 pm CMOS process and measurement results 

are presented in Appendix A. 



CHAPTER 2 Monolithic VCOs and 

2.1 Introduction 

The development of a high speed monolithic voltage controlled oscillator is a major part 

of this thesis. Therefore the first and largest section of this chapter deals with oscillator 

design. First in Section 2.2, VCO principles, design considerations and architccnuts for 

the RF frequency range is reviewed. Summaries of current state of the art research iitera- 

ture on the developments of monolithic LC, relaxation and ring oscillators arc presented in 

several tables. In order to develop a viable design of a VCO circuit and explore the capa- 

bilities offered by CMOS technology, system architecture must dso be considered. There- 

fore in Section 2.3 and 2.4. P U  clock rccovery systems, clock generators and frequency 

synthesizers are discussed. - 
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2.2 Monolithic Voltage Controiied Osciüators 

2.2.1 OsciUator Design Princip1es 

Oscillators c o w  in a variety of diffcrent types, but perhaps the two major classifications 

are those that direcly create sinusoida1 outputs as opposai to those with square (or trian- 

gular) wave ou tputs (see Fig .2.1). Sbusoidal-output oscillators employ a positive-fccd- 

back loop consisting of an amplifier and a frcquency-selective resonator, nich as cavily, 

crystal or LC tank The amplitude of the generated sine wave is limite& or set, using a 

nonlinear mechanism, implementcd either with a separate circuit or using the nonlinear- 

ites of the ampWying device itself [Grc72]. Circuits that generate square, triangular, puise 

waveforms are callcd non-sinusoidal output oscillators. They usually requirc only one 

type of energy storage element (e.g., capacitor), and rely on the threshold switching char- 

acteristics of the circuit rather than on a fkequency selective element ta define an oscilla- 

tory w aveform. 

Sinusoidal 

Oscillators 

Cavity 
Dielectric 
YIG Microwave 
Superconductive 
Microstrip 
Cry stal 7 

Relaxation Low frequency 

Ring 
to Microwave 

Fig. 2- 1. Classification of oscillators 
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2.2.1.1 Feedback Prinaple 

EIectronic oscillators are inherentl y noniinear circuits w ith feedback networks. However 

linear analysis techniques are very usehl for analysis and design. They provide accurate 

information for predicting the fkquency of oscillation but have limiteci use for predicting 

the amplitude of osciilation. 

Fig. 2.2. B k k  diagram of a feedback oscillator 

A feedback oscillaior consists of an amplifier and a resonant circuit as shown in 

Fig. 2.2. The elements are designed to fit the foUowing oscillation condition: 

where A(s) and H(s) are the gain and transfer funcuon for the amplifier and rcsonator cir- 

C"U, respectively. Szl, and Szl, arc the fornard transmission S-parameter for the micro- 

wave or RF amplifier and rtsonator circuits, respectively. Both tbe input and output 

irnpedances of the amplifier are assumed to be equal to Zo, and, practically, this is 

achieved by employing bandpass matching networks to operate near the carrier frequen- 



cies [Rob95]. Eq. (2.1) and Eq. (2.2) implics that the product of the two gain magnitudes 

at the oscillation ftequency is ui ty  and the sum of their angles is a multiple of 2%. In other 

words, the gain of the amplifier must bc sufticientiy large to compensate for the loss in the 

resonator and the signal delay round the Imp must be an integral multiple of 360 degrees. 

This is known as the BarWsausen criterion [Stra70]. Note that for the circuit to osciliate at 

one frequency the oscillation criterion should be satisfied at one frequency only (that is, 

a,), otherwise the resulting waveform will not be a single fiequency sinusoid. 

In oscillaiors, the frequency stability and close-tocarrier noise performance are basi- 

cally detennined by the selectivity of the resonator which can be charactcrized by quality 

factor, Q. The quality factor, Q is usually defined as 2n times the ratio of the stored energy 

and the dissipated energy per cycle for resonator based oscillator, 

Q = Z X -  Ene rgy sto red 
Encrgy dissiparcd per cycle 

This definition is not only valid for electronic resonator-based osciilaiors, but is also 

applied to some photonic and mechanical oscillaton. Q can be ditectly related to m u e n -  

cy selectivity as the ratio of the center frequency and the two-sidcd -3dB bandwidth (AU), 

It is noted that the fiequency of oscillation is &tcmiined by the phase characteristics 

of the feedback loop. The loop oscillates at the frequency for wbich the phase is zero. It 

follows that the stability of the oscillating frcquency will be detcnnincd by the manncr in 

which the phase &(a) of the feedback loop varies with frequcncy. A "stc+p" function @(a) 

will result in higher frequency stability. When there is a change in phase A$ due to a vari- 

ation in one of the circuit camponents, If (d+)/(do) is large, the resulthg change in o, 

will be srnail, as illustrateci in Fig. 2.3 [SeSin91]. Thus, Q can be defined as, 
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Fig. 2.3. Dependence of oscillator fquency stability on the slope of the phase response 

The phase noise observeci at the output of oscillator is a function of: (1) sources of 

noise in the circuit (e-g., thermai and flicker noise of transistors), (2) sources of noise ex- 

ternally and (3) how much the feedback system rejects (or amplifies) various noise compo- 

nents. According to Leeson linear noise mode1 &ee66], the oscillator phase noise is 

where SB(a) is the equivaicnt input noise power spectral density. 

The equaiïon illustrates three fundamental rules for low noise oscillator design: (a) use 

high-Q passive resonators; (b) minimue the number of active and lossy passive dcvices in 

the oscillation p h ;  (c) nnaximize the oscillation swing. 

2.2.13 Negative Resistance Principle 

An alternative interpretation of an oscillator circuit is based on the negative resistance con- 

cept. It is the iünction of the amplifier to maintain oscillation by supplying an arnount of 
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energy qua1 to that dissipated. This source of energy can be interprctcd as a negative 

resistor in series with the resonator as shown in Fig. 2.4 [pob95J. If the total resistance is 

positive (Re (Z ,  +ZR) > O ), the oscillations wili die out, while the oscillation amplitude will 

increase if the total rtsistance is negative (Re(ZL + ZR) < O ). TO maintain oscillation the two 

resistors must be of equal magnitude ( Re(ZL + ZR) = O ). The operathg frequcncy is deter- 

in practice, the negative resistance is created by ushg feedback transistor based cir- 

cuits. 

Feedback circuit, + 1 -  Resonator 1 zL ' , 2, 1 Matching circuit, I 
I 

1 1 1 Biasing circuit, 1 

I 
l 

= '  

Fig. 2.4. ~ l o c k  diagram of a negative resistance oscillator 

Transistor, 

2.2.2 VCO Design Considerations 

The specifications for a practical VCO depend on applications. However, the general 

design goals include low voltage operation, low power consumption, monolithic integra- 

tion, large and linear tuning characteristics, low phase noise, good supply and substrate 

noise rejection, good temperature stability and low fabrication wst. 

Phase noise generatcd by the oscillator at the transceiver can significantly a e c t  the 

performance in digital and analog communication systems. In a PLL, VCO phase noise 
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components within the loop bandwidth can be greatly suppresscd by the loop feedback 

characteristics. However, at large offset frequencies which lie outside the loop bandwidth, 

VCO phase noise is not comcted by the hop fetdback characteristics. If integrercd with 

digital circuits, VCOs must be highly immune to supply and subsaate noise, e-g., the fre- 

quency divider can compt the VCO output by injecting noise into the common substrate. 

Such effects becorne more prominent if a PLL shares the same substrate and package with 

a large digital processor. 

The tuning range of a VCO must accommodate application frequency range as weii as 

process, power supply and temperature induced variation. Monotonicity of the frequency 

control characteristic is necessary to achieve loop stabiiity. A linear frequency control 

characteristic is important for PLL FM demodulators. The variation of K,,, (gain fwtor in 

Hz/V) introduces harmonie distortion in the detected signal and must be below 1%. In oth- 

er applications, this nonlinearity degrades the loop stability but it can be as hi@ as severai 

tens of percent, 

2.23 Monolithic LC Oscillators 

Fig. 2.5 shows a general circuit diagram of LC-tuned oscillators. The transconductance 

G, implernents a negative resistance to compensate for the losses in inductor, capacitor 

and loading. According to the Barkhausen criterion, oscillation will occur at the frequency 

at which the magnitude of the loop transfer function drops to one and the phase shift 

becomes cqual to zero. Oscillation frequency can be tuned with an on-chip varactor or 

using c haracteristics inherent in the circuit configuration [NyMe92]. Varactor<ontrolled 

VCOs are attractive since an on-chip junction capacitance with a known temperature 

dependence can be compensated with an on-chip bandgap reference to cancel the tempcr- 

ature dependence of the VCO centre frequency [SoMe89]. 
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Fig. 2.5. General circuit diagram of a LC-tuned oscillator. 

A number of different configurations can be used to realize an LC osciiiator circuit 

such as the Colpitts, Hartley and Clapp Oscillator (which is a variation of Colpitts). The 

Colpitts oscillator uses the capacitively tapped resonator which is compatible with IC im- 

plementation. It has good phase noise performance and is popular in wireless applications. 

In monolithic LC implernentations, both inductors and varactors suffcr from a low Q. 

The Q of inductors is limited by three mechanisms [LoC097] @k972]: metal Iine resis- 

tivity, capacitive coupling to the substrate, and magnetic coupling to the substratc. At high 

frequencies, the conductor resistance increases due to the skin effect. Capacitive and mag- 

netic coupling to the substrate are pronounced in silicon technologies with hcavily-doped 

substrates (low resistance), yielding a saturation of Q. The methods employed to improve 

Q are summarized in Table S. 1. 
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Table 2.1 Q improvernent techniques for monolithic inductors 

Even with high Q inductoa, the realization of a low series resistance, widc range var- 

actor is difficult. In C M O S  technology, grounded and floating varactor diodes exhibit sig- 

nificant resistance arising from the psubstrate and the n-well. 

There is a trade-off between the phase noise and the tuning range for monolithic LC 

VCOs, especially at low supply voltages ma297 11. To lower the relative phase noise at a 

given power dissipation, it is desirable to incnase the value of the inductor (The upper 

bound on the value of L is determineci by its ~lf-resonance fkquency). Considering the 

substantial parasitic capacitance of the inductor and the transistor(s), it is noted that the 

variable component of the LC tank capacitance is quite smail. At low supply voltages and 

with large oscillation voltage swings, this component cannot be varied by more than 

roughly 50%, giving a tuning range of approximately 10%. Table 2.2 sumrnaries some re- 

cent literatures on monolithic US oscillator design and performance. 
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Table 2.2 Summary of reccnt publications on monolithic LC oscillator design 

BiCMOS Single/ w 

Bipolar Difff 

ChïOS Difff 

1 CMOS 1 Difff 

0.6 um 

Bipolar 

15 GHz 1 O.% 

2.7(min.) 2048 - -2SdBm 01CIClkhz 

3 -6 54mWl -92 sWJ% 
2.6(min.) 236 13.5dBm @ 1 MHz 

3 24mW -85 SJBH% 
23(rnin.) 4 9% - OlOOLHz 

3 IOmWI -101 AlTh96 

2.2.4 Relaxation Oscillators 

In contrast to LC oscillators, relaxation oscillators requin only one energy stotage ele- 

ment, and rely on the threshold switching characteristics of the circuit rather than on a fie- 

quency selective element to define an oscillatory waveform. These circuits have becorne 

common because they can be casily implemented monolithically and takc small die size. 
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However, due to thcir broad-band nature, these osciilators ohtn suffer h m  large randorn 

fluctuations in the period of their output waveforms, termed the timing jittcr. 

A common systern topology for a relaxation oscillator is given in Fig. 2.6. The integra- 

tor is usually a capacitor witb a current source. The Schmitt trigger is a regcnerative circuit 

with memory. The sign switch controls whether the capacitor should be charged or dis- 

charge& There is a feedback lmp from the capacitor voltage back to the charging cumnt. 

The osciUator opcratcs by stnsing the capacitor voltage and reversing c m n t  through it 

when this voltage exceeds a predetermined threshold. In principle this is a negative fted- 

back Ioop that tnes to s u p p s  variations of the capacitor voltage. This loap has a pole at 

the origin. It is the hysteresis of the Schmitt trigger that prevents this loop ffom latching at 

a constant capacitor voltage. Relaxation oscillators can k divided into thrre basic classifi- 

cations [Gr&$]: (a) RC relaxation oscillators, (b) constant current charge-discharge oscil- 

Iators and (c) exnitter-coupled multivibrator. Table 3.3 summarïes some recent literatures 

on relaxation oscillator design. 

Fig. 2.6. A common topology for relaxation oscillators 

I sign 
1 

J b 

4 

Integrator 
S witch 

--, 
Schmitt 

Trigger 

1 

w 
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Table 2.3 Summary of recent publications on monolithic relaxation osciliator design 

2.2.4.1 RC Reht ion  and Constant Current Charge-Discharge 
Oscilla tom 

Proœss 

BiCMOS 

2um 

NMOS 

0.5 um 

Silicon 

Bipoiar 

9 GHz 
Silicon 
Bipolar 

3 GHz 
Silicon 

Bipolar 

0.8um 

ados 
1.2 um 

NMOS 

An RC relaxation oscïiiator is composed of timing elements RI, R2, and Ci, a Sc- 

trigger, and a grounding switch. A simplified circuit using a single-comparator Schmitt 

trigger is shown in Fig. 2.7(a) [Gre84]. The output changes state when the input voltage 

reaches a upper switching threshold, and reverts back to the original state when the input 

reaches a Iower switching threshold. The stability of this circuit &pends on the accuracy 

and stability of the thrcshold levels for the Schmitt trigger. The use of a dual-cornparator 

Schmitt trigger results in some improvement in stability and high frequency capability. At 

frequencies above a fcw hundred kilohertz, switching delays in the comparator and f l ip  
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fiop sections will reduce the accuracy and stability of the oscillations, l i m i ~ g  the high 

frequency capability of this circuit. 

The constant current oscillaior is a variation of the RC relaxation oscillator. Current 

sources are used to charge and discharge the timing capacitor. The basic circuit configura- 

tion is shown in Fig. 2.7@). C is ch- by the current source Il until the uppcr thrwhold 

of the Schmitt trigger is reached, at which tirne its output changes state and tums  on cur- 

rent sources 12, discharging C. The operation F a t s  itself, producing a rectangular wave- 

fom at the output This circuit lacks the high frcquency capabiiity of the emitter couplcd 

oscillator due to switching delays associateci with the Schmin trigger circuit. 

Trigger vu 
Fig. 2.7. (a) RC relaxation and (b) constant current charge-discharge osciilators 

2.2.4.2 The Emitter-Coupled Multivibrator 

The rnost popular relaxation oscillator circuits is the emittercoupled multivibrator with a 

floating timing capacitor as show in Fig. 2.8, which uses bipolar transistors as the active 

devices [Gre7 11. It is a completely symmctric circuit which guaranttts a dut. cycle close 

to 50 percent. The timing capacitor (O is alternatively charged and dischargeci by a con- 

stant current, 1. The peak voltage across the timing capacitor alternates between +VBE and 

-VBE as the circuit oscillates ktween taro astable States. The oscillation period is detcr- 
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rnined by the change in potential across the capacitor due to the constant cament and the 

time (tJ required by rcgenerative switching of the circuit, 

If the switching tirne of Q1 and 42 is negligible compared to the charging or discharg- 

ing time of the capacitor then the oscillation fquency is linearly related to the cumnt 1. 

The emitter-couplcd multivibrator exhibits the highest reportcd oscillation frcquency up to 

7.4 GHz in the silicon bipolar process [SoWa92]. This circuit has been modifiai for greatt- 

er stability against temperature drifts [Kat0881 and other types of active devices are use& 

but in essence it is dways equivaient to Fig. 2.8. For example, in mi921 the single float- 

ing capacitor was replaced with two grounded capacitors in CMOS technology to improve 

duty cycle and reproducibility . 

Fig. 2.8. Emittercoupled multivibrator with floating timing capacitor 

2.2.5 Ring Oscillators 

A ring oscillator is realized by placing an odd numbcr of inverting ampli fiers in a loop as 

shown in Fig. 2.9. The simplest type of amplifier that c m  be used is a simple digital 
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inverter. The circuit intrinsic groundcd parasitic capacitors are utilized as the charging and 

discharging capacitors which incrcase the attainable oscillating frequency. A minimum of 

three stages should be us& to e n m e  nliable oscillation. This would m a k  the total phase 

shift around the loop sufficient to allow cornpletc switching in each stage. Each half- 

pend, the signal wiU propagate around the loop with an inversion. When diff&mtial 

inverters are used, the number of stages in the ring need not be odd: an even number of 

inverters can be used and the inversion required around the loop can be achieved by sim- 

ply interchanging the outputs of the last inverter before feeding thcm bîck to the input 

Assuming each inverter has a delay of r d  and that there are N inverters in the bop, wc then 

have oscillation fiequency, 

By making the delay of the inverters voltage or cunent controlled, the ring oscillator's 

frequency c m  be tuned. The ring oscillators have the advantage that they do not requin 

any kind of resonator and have a large tuning range, but their frtquency and phase charac- 

teristics are somewhat poorer than those of high Q rcsonator-bascd approaches due to p r  

frequency selectivity and high number of active devices in the oscillation path. Table 2.4 

gives a swnmary of the research work on monolithic ring osciilators. They arc compared 

in terms of technology, structure and performance. 

Fig. 2.9. Ring oscillaîor with N stage inverters 
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Table 2.4 Surnmary of recent publications on monolithic ring oscillator design 

I I 

CMOS I I 1 
1 .Oum single 320 

A l W  

GaAs W T )  di ff. 6000 

W O S  

1 .Oum diff. 1100 

CMOS 

0 . 8 ~  di ff. 1.220 

BiCMOS lum, 1 
2ûGHz m. 6000 

CMOS 

12m ringie 800 

CMOS 

A number of different configurations can be used as inverter/delay cells in a ring oscil- 

lator. However two group of VCO cells are most commoniy used: the single-ended cur- 

r e n t - s ~ e d  inverter (e.g., Fig. 2.10(a), (b), (c)) and the differentiai-pair inverter (e-g. 

Fig. 2.10(d), (e), (0). 

In Fig. 2.10(a) the two symmetnc current sources are controlled by the biasing voltage 

[JBHK87] [WLS89]. To compensate for the asymmetry due to the difference in the mobil- 

ity of elecuons and holes, a width ratio is maintaineci in d l  the delay cell. In Fig. 2.1 O(b) 

the controlled PMOS current sources are used as loads which are in saturation for the most 

part waz951. The transconductance of the PMOS transistors can be minimized to rcduce 

their contribution to the phase noise. In Fig. 2.10(c) the delay cell combines an inverter in 

paralle1 with a voltage controiied resistor which permits the oscillator to bc tuned over a 

suitable range [KwAb95]. The sizes of transistor M2 and M3 define the minimum and 
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maximum operation frequency, respectively. 

vant +w - 

(dl (el (0 

Fig. 2.10. DeIay celi stmctures with a programmable delay 

A fdly differential inverter witb a programmable delay is shown in Fig. 2.10(6). Both 

the signai patb and the control path are differential to achieve high common-mode rejec- 

tion maz961. h Fig. 2.10(e) the dclay ce11 is based on a PMOS sourcecoupled pair with 

voltage-controlied resistor (VCR) load elements PGW92J. The use of PMOS devices 

makes the signals referenced to Vss, eliminathg frequency shifts due to nodinear drain 

junction capacitance. Tai1 cumnt sources are cascoded for high impedance to VDD. A BJT 

differenual pair used as dclay c d  is shown in Fig. 2.10(f) [BMOK92]. Thc control volt- 

age changes the osciiiating fkequency by varying the load capacitance of reversed biased 

base-emitter junctions. Additionally, the bias c m n t  adjusts the centre frequency to ac- 

count for process and temperature variations. 
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2.3 PLL Based Clock Recovery 

In many systems, data is transmitted or received without any additional timing referme. 

Timing information is derived dirtcdy fiom the rcceived data in order to rtduce hardware 

complexity, transmission bandwidth, and power consumption. For example, an opcicd 

communication receiver consists of an optoelectronic converter (photo-detector), pream- 

plifier and equalizer, clock recovery circuit and data regenerator as iiiustrated in Fig. 2.1 1 

DMOK921 [SuYi90] [SuYi9 11. The preamplifier and equaiizcr compcnsate for distortion 

introduced during transmission, and ampli@ the signal to the level rcquired by the regen- 

erator circuit. ïhe regenerator is triggered by the timing CI-k in order to sample the 

received signal and decide whether a 1 or O pulse was msmitted- The function of the 

dock recovery circuit is to maintain uniform spacing of the regenerated pulses and to 

define the best time to sample the equalized pulse train in terrns of the received signal-to- 

noise ratio. 

Fig. 2.1 1. Simplified block diagram of a fiber-optic digital receiver 

Data ' Regeneraîor 

The spectrum of the transnzitted NRZ signal is a continuous (sinxlx) function with a 

notch at the dock frequency. The conventional approach to this problem is to pass the 

NRZ signai to a NRZ-to-RZ converter to produce a reference signal having a strong com- 

ponent at the clock frequency (a half-bit dclay line and a XOR circuit can be uscd to im- 

plement the NRZ-to-RZ converter [Wo191]). Then the newly generated RZ signal is 

Preamp 
and 

*,~~ull izer:  Clock Optical or * 
fiber Recovery . 

Circuit Clock 
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filtered with a narrow bandwidtb filter such as an open loop filter or closed loop synchro- 

nizer (PLL). SAW filters have b e n  used as high Q open loop filters to extract the dock as 

shown in Fig. 2.12. However, the background white spectrai density in the vicinity of f, 

will also pass through the filter, compting the clock. An open bop fiiter does not itself 

have the ability to adjust to the bit rate deviation from the trammitter port. Furthermore, it 

is difficult to integrate a high Q filter on the silicon substrate monolithically. 

MG? data ;m-to-~ RZ data . High Q . Recovered 
converter filter clock 

fc fc 2fc fc 

Fig. 2.12. Clock recovery using open loop filter rnethod 

Fig. 2.1 3. Phase-locked Imp based dock recovery 

Most clock recovery circuits employ phase locking as show in Fig. 2.13. A phase de- 

tector, loop filter and VCO are connected in a negative feedback configuration. This meth- 

od generates an output frequency depemdent on the DC control voltage at the input to the 

VCO. The control voltage is derived from the error between average input data rate and 

VCO frequency. The correction action of the loop forces the VCO to track the input aver- 

age data rate. The advantage of PLL based dock recovery is that it has the tracking ability 

f 

* LPF + VCO 
e 

9 
-+ NRZ-to-RZ 

converter - PD 
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to adjust the bit rate deviation. Furthemore, it can bc M y  integrami. This is desirable not 

only for the traditional cost and rtliability benefits of monolithic integration, but also be- 

cause of the excessive cost of packaging high fiequency compoaents and the power con- 

sumed by package intercomection in a 50 ohm environment. 

The application of PLLs to dock recovery has some spccial design considerations. 

Hybrid P U ,  using a combination of analog and digital components, can be designed in 

order to improve the performance of a purcly andog or purely digital PLL. To minimize 

the jitter caused by the input noise, the loop bandwidth must be very smaü compared to 

the input frequency. This, in mm, reduces the pull-in range available from the loop. The 

initial VCO center-frequency offset is one of the main contributors to phase error togethtr 

with the dc offsets in the phase detecor and loop amplifier. As a results, it should be rnini- 

mized against temperature and supply variations [SoMe89]. Botb the phase dctector and 

the VCO must be able to work at high f'requency. Because of the random nature of data, 

the choice of phase detectors is restricted: Three state PDs, in particuiar, wiii not work. A 

two-state PD cm help to suppress the random data pattern relateci jitter. A Hogge PD cm 

be used to make it possible to recover clock dirtctly from M U  data as shown in Fig. 2.14 

[Hog85]. With Hogge PD, the data is sampled by the rising clock eâge, and the sampled 

data QI is cornpared with the data by an exclusive OR The result is a signal 'WP" witb 

pulses whose width goes from zero to TB as input phase error goes from -z to n. The 

waveforrn "DN" is needed as a reference to "UP", such that for 0, = 0 ,  V, - v,, always 

has a zero average. Frequency detectors should be inc1ucie-d with PDs to fom PFDs in or- 

der to aid the Ioop lock acquisition. 
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data 1 1 NRZ data 

Fig. 2.14. Hogge detector based PLL dock recovery 

Hogge 
PD 

Different from a conventional PLL which adjusts the phase of the clock to obtain 

phase alignment with the incoming &ta, delay-Iockcd Loops (DU) can be used to shift 

the input data to align with the clock. A system that does not require an extemal fkquency 

reference is the combineci DLUPLL as shown in Fig. 2.15 [LeBu92]. The phase dttector, 

loop filter and VCO form the PLL, while the phase detector, loop filter and voltage con- 

trolled phase shiftcr (VCPS) form the core of the DU- The two loops in the D W L L  act 

in concert to nuil out phase errors as follows: if the dock is behind the data, the phase de- 

tector drives the VCO to a higher frequency and simultaneously increases the delay 

through the VCPS. Both of these actions serve to reduce the initial phase error since the 

faster clock picks up phase, while the delayed data loses phase. The combination of DLL 

and PLL achieve a good jitter filtering without compromising acquisition speed. 

+ 

Data In - 
B VcPS ' 8 

- RetimedData 
LPF Retiming . 

b Module 
~ecoverer ~ l o c k  

VCO 

Fig. 2.15. DLL /PLL clock and data recovery 

LPF b VCO =y 
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2.4 PLL Clock Generators and Frequency Synthesizers 

2.4.1 PLL Clock Generators for Data Communications 

Fig. 2.16 shows the simplified block diagram of a data uansmitter [SuKw99]. It consists 

of Parailel to Series Converter (PISO), clock generator, retime unit and line driver. The 

PISO converts the intemal byte serial Stream to a bit serial Stream. ï h e  clock generator 

provides a clean clock for bot& PISO and retime unit. The data sent to the transmitter front 

end from other building blocks may experience large jitter content due to the noise from 

devices and power supply rails. The transmitter will receive the data Stream and synchro- 

nize it with a clean clock to generate retirned data_ Table 2.5 summaries some recent iiter- 

ature on monolithic CMOS PLL clock generators. 

input ' 
I 

. 
data . I 

I PISO 

fm = Nf, 

Fig. 2.16. Simplified block diagram of a data transmitter 
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Table 2.5 Summary of recent publications on CMOS P U  clock generators 

*SE: single-ended ring osciîlator; Diff: diffeftntial ring oscillator 
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2.4.2 PLL Frequency Synthesizers for Wimless 
Commtuaications 

Frequency synthesizers are widtly used as local oscillators to provide accwately defined 

frequencies and channel selection for wircless transceivers. Some of the design considera- 

tions for fnequency synthesis in wircltss application include: frequency accuracy; phase 

noise; sidebands; switching time and sensitivity to noise [Craw94][Raz972]. 
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Frequency 
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& 

DSP 

Fig. 2.17. A simplifieci block diagram of RF transceiver 

Frequency synthesis techniques can be classfied into two major categories: direct syn- 

thesis and indirect synthesis. Each category can be subdividcd into several differcnt tech- 

niques, as shown in Fig. 2.18. 

Direct r synthesis C 
i - Frequency 

S ynthesis 
L Indirect 

Synthesis i 

Direct anaiog synthesis 

Direct digital synthesis 

Integer-N architecture 

Multiiwp architecture 

Fractional-N architecture 

Fig. 2.18. Frequency synthesis techniques 

Direct frequency synthesizer architectures utilue no feedback to generate the appro- 

priate output fiequencies. In a direct analog synthesiser @AS), fixed precise fkequency 

sources are combincd with frrquency multipliers, mixer, dividers. switchts and filtes to 

generate the necessary output frequencies. The advantage of the direct synthesizcr ap- 

proach is that the fundamental waveform can be generated using a c lan source. such as a 

crystal osciiïator. Thus, the phase noise characteristics of the rcsulting higher fquency  
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noise performance of a DDS is detemiined by the phase noise of the clock as weil as quan- 

tintion noise introduced by the sine look-up table and the DAC. Low close-in phase noise 

can be achieved with a bigh oversampling ratio. However the output spectmm suffers from 

spurious response and harmonic distortion duc to DAC nonlinearites. Specd issues have 

limited the use of DDS in the RF range, especially if power dissipation is cntical. This is 

due to the Nyquist criterion which requirts the c h k  frequency to be at lcast twice the out- 

put frequency. (In order to relax the LPF rejection requirements, the clock frequency is 

typically about three to four times the maximum output frtquency). 

2.4.2.1 Multi-loop and H y  brid Architectures 

A PLL incorporating a programmable integer-N divider in the feedback path can operate 

as a synthesizer. TLie minimum channel span (remlution) is cqual to the rcfercnce fie- 

quency. Low reference frequency results in a narrow loop bandwidth, inadequate phase 

noise suppression and longer settling tirne. 

The relationship between the channel spacing and the reference ftequency of intcger-N 

synthesizers can be altered by employing two (as shown in Fig. 2.20) or more loops. In 

two loop architecture, the loop bandwidth of the first P U  can be kept high due to large 

reference frequency and fixed divider ratio. Thus, the phase noise problem is relieved. The 

second PLL performs the tuning function, but its impact on output phase noise is smaU 

since it operates at a much lower frequency. This ttchnique achieves high resolution whiie 

maintaining a fast switching speed and optimum noise performance. Synthesizers that 

combine the feaîures of various synthesis methods arc called hybrid. Most hybrid stnic- 

tures use a DDS to replace the slower PLL or referencc frequency generator. Howcver, the 

overail complexity and power consumption of the synthesizer inmeases. 
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Fig. 2.20. Duai-loop or hybrid architecture 

2.4.2.2 Fractional-N Architecture 

Fractional-N indirect hquency synthesis based on a PLL (as show in Fig. 2.21) is partic- 

ularly well suited to wircless applications and integratcd circuit implementations. The 

technique aliows very n m w  channcl spacing relative to the output fquency, large loop 

bandwidth in the PLL relative to the channel spacing, and high output frcquency relative 

to the processing technology used in the IC fabrication [Rho83]. To realize fraction-N 

division function, the multi-modulus frequency divider ('MD) cm be controiied by sev- 

eral techniques: pulse swallowing phase interpolation [Has84], Wheatley random jittcring 

meal331 and Delta-Sigma (AI: ) modulation [Jaq90] [Dong921 [RCK93]. The use of AZ 

modulation concepts in modulus controllers results in a beneficial noise shaping of the 

phase noise (jitter) introduced by fractional-N division. Noise in the vicinity of the divided 

carrier frequency is small and noise at the higher offsets cm be suppressed by the lowpass 

filter following the phase/frcquency detector. The technique is capable of achieving low 

phase noise, good spurious frequency suppression while providing fast settbg time, desir- 

able channel resolution and wide tuning bandwidth. 
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Fig. 2.2 1. Fractional-N frequency synthesizer 

@ LPF + 

The choice of appropriate high order AZ structure requires the consideration of many 

factors including noise shaping, spurious content of the output spectmm, output levels, 

loop filter order and circuit complcxity [SuKw991). The output noise spectral density of 

higher order structures monotonically increases at greater rates per unit frequency, result- 

ing in greater SNR or bit resolution per given baseband bandwidth at lower frequencies. 

However, the price to be paid for this is that a higher order of band noise levels requires a 

corresponding higher order of loop fîlter k i n g  implemented in the PLL. Typically, the 

loop filter is set one order higher than the order of the modulator to produce the necessary 

suppression of quantization noise generated by the modulator. Furthemore, the high order 

AX modulators increase the cmplexity of circuits, thus increasing chip size and power 

conswnption. 

The oscillator is one of the most important components in analog RF circuits. Although 

the operation principles of oscillators are basically quite simple and straightforward, there 

are design considerations whcn tight spccifications must be met. Cumnt wïrclcss and data 

VCO - f, 



Chaptcr 2: Monolithic VCOs and Phase-Locked Loops 34 

communication systems ttquife low phase noise, wideband tunable oscillators with suffi- 

cient output power and efficiency. Although the= arc many dinercnt types of active 

devices, resonators and circuit topologies that can be use& the choices are usually lirnited 

by other factors such as size. wst,  operaîing frequency, supply voltage, power consump 

tion and reliability. 

High-frequency and RF/microwave voltagc/current controiled oscillators can be im- 

plemented monolithicaliy with LC oscillators and ring oscillators. Monolithic LC oscilla- 

tor using spiral inductors can achieve low phase noise but have relatively narrow tuning 

range and take a large silicon area Considerable effort has b n  expendcd in develop 

high-Q monolithic inductors. Ring oscillators exhibit relatively large phase noise due to 

poor frequency selectivity and contain many noisy devices in the oscillation path. Howev- 

er, ring oscillators exhibit wide tuning range, high spttd and ease of monolithic integra- 

tion and take a smail chip size. They can provide quadrature or multiple phase output 

signals which are important for PLL based modulation systems, clock recovery and high 

speed sampling systems. The development of technique and design methodology to im- 

prove speed (operation frcquency), phase noise whilc maincaining low power is a major 

challenge for both monolithic CMOS oscillator and PLL design. 



CHAPTER 3 Design and Andysis of GHz 
Monolithic CMOS Ring 

3.1 Introduction 

Ring oscillators are very attractive for multiphase and quadrature clock signai generation 

required for many timing recovery circuits EnAb92][RaSu95], modulators/demodulators 

[Gard85], hïgh-speed sampiîng systerns DG901  and mimprocessor dock synchroniza- 

tion [JBHK871. In the Syrnbolic Processing Using RISC's (SPUR) chip set, for example, a 

four-phase nonoverlapping clock is used for intemal communications [Hi1861 and strin- 

gent phase relations must be maintainai for interchip communication b e ~ t c n  the central 

processing unit (CPU) and processor cache controiler (PCC). in high speed disk drive 

applications, a 16 stage differential ring osciliator operating at 30MHz was used to give an 

effective data sampling rate of 1 GHz (32 x 3OMHz) as shown in Fig. 3.1 (KHG901. if a 

ring oscilIaîor operatcs at 120 MHz, the effective samphg rate would be 4 GHz. 
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1 Paraüel Registers & DSP 1 

Fig. 3.1. Multiphase samphg with ring oscillator W G W ]  

Since the volume of da& rrafnc in LANs are expanding almost exponentially from one 

year to the next, high speed operation bas become a critical requirement in many data 

communication transceivers, whem the VCO oscillating frequency oftcn limits the maxi- 

mum obtainable data rate. The oscillation frequency of conventional ring oscillaior is &- 

termineci by the delay of the inverting stages and the numbcr of gates in the oscillator. In 

order to improve speed, the conventional method is to utiiize unavoidable parasitic capaci- 

tors as reactive elements and rninimize al1 parasitics by using the delay ceil circuits with 

minimum complexity [ThKw95]. Other techniques have been developed to circumvent the 

speed limitation. Oae approach udizcs a four stage ring oscillator where the outputs of the 

circuit are rnixed with each other, and twicc the output frequency results (Fig. 3.2) 

[BuMBl]. An output fkquency of four times the ring is available if the Vml and Voue 

signals are themselvcs multiplieci- Anothcr approach increases the speed by sensing and 

cornbining the transition in a ring oscillator ta achieve a period equal to two inverter de- 

lays (Fig. 3.3) W u 9 4 J .  However, in both circuits, the number of the multiphase high 

speed outputs is Limited. 
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vous 

Fig. 3.2. A four stage ring osciïïator with q u e  output and doubling frequency 

DuMa911 

Fig. 3.3. Sensing and combining the transition in a ring osciliator w u 9 4 1  

To obtain more different phase outputs, more inverter stages arc necdtd at the cost of 

reducing the maximum available operathg fnquency. Although a VCO based on two taps 

delay interpolating was proposed to spced up the circuit as shown in Fig. 3.4 

[EnAb86][EnAb92], the phase relationship ktween inverter stages is not fixed when 

control voltage changes. 
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Fig. 3.4. Two-ring oscilIators employing potentimetric mixing of feedback signal 

[EnAb92] 

In the next section of this chapter. a generai ring osciHator circuit topology capable of 

achieving high speed operation, multiple phase output and a wide tuning range is intro- 

duced. Oscillation fiquency forrnulae are developed based on a limarizcd model. Possi- 

ble improvements in operating frequencics are analyzcd in both the frequency and time 

domains. Detaïled implementations of the topology are also presented. In Section 3.3, the 

topology is extended to differential oscillators. A quadrature output ring osciiiator based 

on three-stage sub-fcedback loops is proposed and andyzed. Both single-cnded and diffa- 

ential ring oscillator circuits are designed and fabricated in a 0.5pm CMOS process. Im- 

plementation issues and masurement rcsults for ring osciHators are presented and 

discussed in Section 3.4. Only key results are prcsented. Detailed measurements and sim- 

ulation results can be found in Appendix B. 
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3.2 High Speed Wide nining Range Multiphase Output 
Ring Osciiiators 

3.2.1 Topology and Analysis 

For a feedback loop with N (odd number) inverter stages cascaded as show in Fig. 2.9, 

the oscillation period of the ring is 2Nr,, where 7, is the delay of each stage. The xninï- 

mum delay of each stage depends on the process parameters and the size of transistors. 

The size of transistors affect the delay through its efftct on driving strength, self-loading 

and loading to the previous stage. The improvement in speed can be obtained by circuit 

optimization. However, the achievable improvement in speed is limiteci, especially for a 

long chah of ring oscillators. To solve the confiict between speed and multiphase output, 

we can split the single feedback loop into N interconnecteci subfttdback loops. Each sub- 

feedback loop contains a minimum number of inverters that c m  keep a circuit reliably 

oscillating (e.g., three stage inverters). The overall oscillation frequency is w ithin the 

range of frequency for a stand-alone three stage ring osciilator and an N stage ring oscilla- 

tor depending on the control voltage. Thus, a large tuning range and high speed operation 

can be achieved. The phase relationship btween inverter stages remaïns unchanged due to 

the symmetrical structure. 

Fig. 3.5 shows the proposed generai topology of a ring oscillator with sub-feedback 

loops. The nodes and their interconnections have been correspondingly labeled. We define 

i as the feedback Vldex. It is an integer ( i < i < N ) representing the nurnbcr of inverter delay 

d o m  the loop from where the fecàback signal is derived, e.g., when i = 2 we have three 

stage inverters in the sub-feedback loops. 



Chaptcr 3: Design and Analysis of GHz Monolithic CMOS Ring Oscillatots 40 

p - - - - - - - - q  

I 2nd stage i 
I I 

Fig. 3.5. General topology of ring oscillator with sub-feedback loops 

Fig. 3.6 shows the block diagram of a five stage ring oscillator with five voltage con- 

trolled sub-fetdback loops as an example of the topology. Each sub-fetdback loop con- 

tains three inverters and is established as a fast loop. The main fetdback loop (five stages) 

is the slow lwp. The oscillation period can be understood as the weighted sum of delay 

through the fast loop and slow loop. By adjusting the delay of added inverter ce11 in fast 

loops, the frequency of oscillation cm be tuned in a range of about 5 3  where we detine 

the range of oscillation as f & f mi, . 

Fig. 3.6. Block diagram of a five stage ring oscillator with sub- fdack  loops 
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To explain the principle behind improvcd operating frequency in more detail, we mod- 

el the signal path in the VCO with a iinearized circuit, assuming its oscillation amplitude 

remains small and the waveform is sinusoidal like. Fig. 3 -7 shows a combined single stage 

diagram and its small signal mode1 for fimt order analysis. R and c represent the equiva- 

lent output resistance and the total parasitic loading capacitance at node &, respcctively. 

The parasitic load capacitance includes the gate-source capacitance of the input transistor 

of the following stage, output capacitance of the local stage, which would normaliy be due 

to junction capacitance. As weli, there is always capacitance from the drain wiring to the 

substrate. 

Fig. 3.7. (a) A combined single stage and (b) its small signal linearized mode1 

For a ring osciilator in stable oscillation mûde, there is a fixeci phase relation benveen 

stages. Assuming ail stages are the sarne, the transfer function H ( j o )  of a single stage can 

be found as 

where g, and G, rrprtsent the transconductance of the inverter in the main loop a d  sub-facdback 

loop, re~ptctively. Angle @ is the phase dinercncc bctween no& (n) and node (n+i). 
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According to the Barkhausen criterion of oscillation, the ring oscillator would osciliate 

if, at a,, the hop has unity voltage gain and phase shift of 2% or a multipk of 2%. Thus by 

solving the following equation, 

we have 

and minimum required dc gain 

where 8 is the phase difference between adjacent n& (e.g., 8 = 4x13 , for N = 3 and 8 = 6 x / 5  , 

for AT = 5 )  and we have 6 = ie. 

It should be noted that because of nonlinearity in the active device. the zero-phase fie- 

quency is not exactly equal to the steady-state frequency of the oscillator. Nevertheless, it 

is a good approximation in the aaalysis of relative frequency improvement. Eq. (3.3) can 

be rewritten as 

tane G,R[sin (iû) + tane cos(i9) ] 
~ = q ) l + A O =  -+ 

RC RC 
= + koG,/C 

where a,,, is the oscillation frcquency of the ring oscillaîor when G, = 0 .  

The ftrst terni of Eq. (3.5) is the opcrating muency of conventional ring oscillator. 

The second terni comsponds to the increment/decrement of the operating hquency. The 

frequency variation coefficient k,, in Eq. (3.5) is an important parameter which relates to 
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the increase or ciairrase of operaihg frwluency compared to the conventional single-loop 

ring topology. k, is defined as 

ko = sin (iû) + tane - cos (iû) 

Foiiowing is the discussion based on Eq. (3.4) and Eq. (3.5): 

3.2.1.1 Incming the Oscihtor Speed 

In order to achieve increased oscillation f~quency (Ao > O), ko should be positive. Since 

0 is fixed for a ring oscillator with a given number of stages, whether oscillation fie- 

quency is increased or decreased depends on the feedback index i which is the number of 

delay stages down the loop fiom where the f d a c k  signal is derived. Table 3.1 lists the 

corresponding value of 4 and the feedback index i for N from 4 to 13. The higbest values 

of k, are highlighted. The sub-fdback loops c m  contain even or odd number of invert- 

ers. Odd number sub-feedback loop increases the operating frequency, while the even 

number sub-feedback loops cause a decrease in operating frequency. For a long chah ring, 

there exists an optimum feedback index i which gives the highest operating frcquency. 

Table 3.1 Correspondhg value of k,, and feedback index i for N = 4 to 13 
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Taking a 7 stage ring oscillator as an example ( 0  = 8n/7 ), we have the w m p o n d i n g  

value of feedback index i and fiequcncy variation coefficient k, as listed in Table 3.1. 

When sub-feedback loops contain thrce (i=2) or five ( i d )  inverters, k,, > O ,  thus, frtquency 

is increased compared to a conventional ring oscillator. A t h  stage sub-feedback loop 

(k2)  has a larger k, value cornparcd to that of a five stage sub-feedback loop ( i d )  which 

means that a higher operation fnquency can be achieved in the i=2 case. However, when 

sub-feedback loops contain four (i=3) or six (i=5) inverters, frtquency is decricased 

(ko < O ) compared to a conventional 7 stage ring oscillator. 

This c m  be easily confirmeci with HSPICE the domain simulation as shown in 

Fig. 3.8. A simple single-ended inverter was used as a delay cell in the simulations. The 

device sizes of inverters in the m j o r  loop are 3 û p d û . 6 p  (WL) and 1 ~ 0 . 6 p  for 

PMOS and NMOS, respectively. The device sizes of inverters in the sub-fedback loop are 

1 5@0.6pm (PMOS), 5p1nl0.6p.m (NMOS), respectively. The simulation was run with 

HP 0 . 5 ~  CMOS process parameters and a power suppiy of 3.3V. It was also observed 

that although the circuit achieve highest speed when i=2, it produces a sinusoidal like 

waveform when i d  (speed is slightly lower than that for i=2). This phenornena will k an- 

alyzed and discussed in Chapter 4. 

Similar obsemtion can be found for a 9 stage ring osciiiator as shown in Fig. 3.9. The 

highest speed is achieved for i=4 due to the largest value of ko (see Table 3.1)- For i=6, the 

waveform is more sinusoidal iïke with a s m d  compromise of speed compared to that for 

i=4. The simulation results of operating frequency versus stage number are summarized in 

Fig. 3.10 for N=5,7,9, 11, 13 with the feedback index i as parameter. 
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Fig. 3.8. T h e  domain waveforms for different values of the feedback index i 

(7 stages ring) 



Chapter 3: Design and Analysis of GHz Monolithic CMOS Ring Oscillators 46 

t ime 

Fig. 3.9. T i e  domain waveforms for different values of the feedback index i 

(9 stages ring) 
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Fig. 3.10. Operating frequency as function of the stage number (N) and the fccdback 

index (i) 

The relative frequency incrcase can be found as, 

where CO, and C, are the operating frequency and parasitic loading capacitance of each 

stage for conventional topology (without sub-feedbrk inverters), respectively. The sub- 

feedback inverters should be introduced without significant incnase of the loading capac- 

itors. W e  have assumed that R remaias the same. Since G, is rclatcd to the unity-gain fie- 

quency (o,) of the CMOS traasistor by G,,, = CO$,, . thus from Eq. (3.5) we have, 

Eq. (3.8) shows that the incrcased oscillation frtqueucy is proportional to the unity- 
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gain kequency of CMOS transistor in the sub-feedback lwps and the ratio of its gate- 

source capacitor to the total node capacitor. When G, = O ,  we have the oscillation fre- 

quency for a conventional ring oscillator as 

tan 0 
O. = a+,, = - 

RC 

and minimum requkd dc gain as 

Since the longer chah of a ring oscillator corresponds to a smaller 8,  thus it requires 

Iower dc gain for loop to maintain osciilating. For a sub-feedback loop based ring oxilla- 

tory the dc gain of the invertcr in the major loop should be kept greater than minimum val- 

ue for oscillation to occur. However, excess large value should be avoided to achieve low 

phase noise. 

3.2.1.2 Frequency W n g  

From Eq. (3 .3 ,  we observe that the oscillation fiequcncy of an N stage ring oscillator with 

a fixed feedback index i can be tuned by varying anyone of rhree parametcrs: loading 

capacitance (C), Ioading resistancc (R) and transconductance (G,). Capacitive tuning has 

the drawback of lowering the maximum speed of operation because the minimum value of 

capacitor stiii loads the circuit. Although resistive tuning can provide a large frequcncy 

variation, it causes voltage swing and voltage gain variation. When transistors opcrating at 

the triode region are used as a loading resistor, their nonlinearity degrades the common 

mode noise rejcction. If polysilicon resistors are used as loading for a conventional single 

Ioop ring osciliatory the tirne constant at the drain of the driving transistor does not dircctly 

depend on the taii current [Fig. 3-38], thus, the tuning range is very smaü. 
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The frequency of the ring oscillator with subfeedback loops is dircctly proportional to 

G ,  with a lincar slope according to Eq. (3.5). When G, is controllcd by an extemal volt- 

age, AU (= ~,,G,/c) is the tuning range. Since G, is a h  a function of transistor sizes, the 

gain (or sensitivity) of the VCO can be adjusted with the choice of appropriate driving 

transistor sizes in the sub-fecdback inverters. Thus the sub-ftedback loops topology pm- 

vides an alternative way for frequency tuning which can also bc understood as changing 

the effective numkr (Ntfl) of delay stages within the range of ( i  + 1 ) and N . 

33.13 Speeà Power Product 

When conventional single-ended inverters are used in Fig. 3.5, there is a time overlap 

when both the NMOS and PMOS transistors are conducting (Ml and M.4 or M2 and M3 

are on at the same time as shown in Fig. 3.11). ne conductance overlap causes incrcascd 

power consurnption. 

I_ - 
Fig. 3.1 1. Coatention between two inverters 

We are more interested in the specd-power product (SP) which is simply the product 

of the oscillation pcriod and total power consumption. The result is a measurcment of 

power efficiency. Table 3.2 lis& the simulated results of the speed power product for i=û, 

1, 2, 4 (7 stage ring) when simple inverters are used as gain stages. The circuit bas the 

highest powcr efficiency for conventional single ring structure (smallcst SP) and is least 
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efficient when i=l. Improved specd cornes at the expense of p a t e r  power consumption 

due to the tiw overlap when both transistors (Ml and or M2 and Mo) are on. In order 

to improve the power efficiency, a constant currcnt source is proposcd to be used in the in- 

verter circuit to avoid excessive power consumption. Dctailed implementation will be dis- 

cussed in the next section. 

Table 3.2 Speed-powa produet for i d .  1.2.4 (7 stages ring oscülaîor) 

The improvement of oscillation frequsncy can also be understood in the tirne domain. 

Fig. 3.12 redraws the signai paths driving node X3 for the five stage ring oscillator previ- 

ously shown in Fig. 3.6. The delay from XS to X3 is a weighted sum of the two path delay. 

Fig. 3.12. The signd paths dnving nodc X3 
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By changing the weighting distribution (a or B,  or both at the samc tune in the form 

of push-pull) with a single-ended or differcntiai control voltage, a continuously variable 

delay is produced. However, it should be noted that when the weighting disaibution is 

controiled with an extemal voltage, the dc gain condition in Eq. (3.4) for inverters in the 

major bop should be maintaincd at grcatcr than the minimum vaiut for stable oscillation. 

3.2.2 Circuits and Simulations 

There are a variety of inverter circuits thaî can be used as delay cells. Conventional single- 

ended inverters have a gate-source voltage proportionai to the power-supply voltage. 

When the amplitude of the- power supply voltage increases, the charging and dîscharging 

currents of the inverters incrcax in proportion to the square of the power-supply voltage 

[JoMa97]. Thus, any noise present on the power-supply voltage wiil cause the oscillator 

output wavefonn to have jitter. This poor power-supply rejection is one of the major 

sources of jitter in integrated oscillators. Further, as analysed in the previous subsection, 

the use of simple inverters for sub-feedback loop based ring oscillators cause increased 

power consumption. 

Fig. 3.13 shows a proposed single-ended implementation example of the topology. In 

each delay stage as show in Fig. 3.14(a), Mg and M4 are drive transistors for the cornmon 

source gain stage. The wide swing cascodiag PMOS cwrent sources Ml, Mt are used as 

shared active load The frequency control mechanism is achieved througb the use of volt- 

agecontrolled resistor (&) conntcted betwccn the source of M4 and ground. M4 and Rv 

together provide a voltagecontroiled transconductance G, to the oscillator. As an altema- 

tive to single-ended voltage control, differential control voltage can be used by placing a 

second voltage controlled resistor (RV2) between the source of M3 and ground as shown in 

Fig. 3.15. However it should be noted that g, in the major loop should be large enough, in 

order to satisS the minimum rcquircù dc gain condition for stable oscillation as shown in 
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Eq. (3.4). 

Fig. 3.13. Roposd implementation of the topology 

Fig. 3.14. (a) Schematic of a single delay ce11 and (b) its alternative 

- - -- -- - 

Another version of Fig. 3.13 with the use of Merential control voltage 
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The use of a cascoâe current source in the load provides high impedance to buffcr the 

output from the power supply VDD. Since the voltage swings in the VCO arc not rail-to- 

rail, the PMOS loads are in saturation for the most part, thereby rcducing the noise injec- 

tion from Vm to the output- The use of a cumnt source in the load also prevents an ex- 

cessive increase of power consumption when the operating fiequency increases. A 

cascode constant current source can be replaced by a conventionai current source as 

shown in Fig. 3.14@) to save a voltage bias, though this is at the cost of finite output im- 

pedance of the load. 

The sizes of transistors M3 and Mq need to be ratiocd to operate properly. When the 

width of M4 increases, its transconductance incfeases resulting in an oscillating frequency 

increase. However there exists a maximum value of G, at which a stable oscillation condi- 

tion (3.4) cm be maintained. The choice of the size of &pends on the current source 

value and size of M3. An improvement in speed c m  be obtained by optimizing device siz- 

es in a circuit simuiator like HSPICE. 

Taking the five stage ring osciliator (Fig. 3.13) as an example, we simulate the circuit 

( i  = 2 )  using 0.35 pm CMOS technology at a temperature of 75 degrees with a powet 

supply VDD of 3.3V. The device sizes of M3 and M4 are 10prn/0.35pm and 5pm/0.35pm, 

respectively. Rvl is realized with a NMOS transistor of site 10Crm/0.35pm. Fig. 3.16 

shows the simulation rcsult of the voltage to fkquency transfer characteristics with power 

supply VDD as parameter. The VCO's sensitivity to power supply variations 

(((A,)/ f)/av,,) is very low (<1%m when the control voltage is around 1.2 V. The volt- 

age control linearity can be improved by the use of linearized mistors. The usage of volt- 

age controlled resistors has the additional advantage that a V-to-1 (voltage to cumnt) 

converter whicti consists of an opamp and cumnt mirrors is not nteded. The c m n t  

source in the loading can be connccted to a temperature compensated biasing circuit to im- 
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prove the tempe- sensitivity. 

Fig. 3.16. Simulation result of the voltage to fquency msfer characteristics with power 

supply VDD as parameter 

3.3 A Quadrature Output Ring Osciiiator Based on 
Three-stage Sub-feedback Loops 

3.3.1 Topology 

The topology in Fig. 3.5 can be extcnded to a differential structure. Fuiiy dinerentiai 

inverters are used to reduce the sensitivity to power supply fluctuation and substratc noise, 

which are two of the major sources of jitter in high frcquency oscillators. Differcntial 

architecture also produces 50% duty cycle waveform which is important in many applica- 
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tions. Since each dinerential delay stage has two outputs, the total number of outputs are 

doubled compared to singled-end circuits. 

Fig. 3.17 shows the block diagram of the four stage ring oscilIator. Compared with 

conventional ring osciiiators, four inverter gates are embcdded to constnict the sub-fed- 

back loops. With ftedback index i=2, the inputs of the feedback circuits are derived €rom 

the (n+2)th output node which has a phase delay of 90 &grecs. Each sub-f-ack loop 

contains three inverters and is establishcd as a fast path. The main feedback loop with four 

stages is the slow path. Fig. 3.18 shows the phase relationship for the four stage ring oscil- 

lator. When rnatched delay stages are used, A and C arc quadrature pairs as are B and D. 

hposing these phase relations to Eq. (3.4) and Eq. (3.5) we have oscillation frcquency, 

and minimum required dc gain, 

Since dc gain is not related to G,, it is much easier to maintain oscillation when G, is 

conaolled with extemal applied voltage. A delay stage of the ICO core circuit is shown in 

Fig. 3.19. The two NMOS source-coupled pairs share the same loads, but have two sepa- 

rated current sources. The balanced dinerential design helps to minimize jitter due to 

power supply and substrate noise coupling. The load mistors are shared by the two pairs 

of differential cirivers. I, ,  and I ~ ,  are used as coarse and fine tuning, respectively. 
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Fig. 3.17. A quadrature output ring osciilator based on th= stage sub-feedback loops 

O deg. 

Fig. 3.18. Phase relationship for circuit in Fig. 3.17 

Fig. 3.19. A differentid delay stage 
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The architecture can also k iaip1emented using a non-inverter stage as shown in 

Fig. 3.20. The phase shift betwccn adjacent stages is 45 degrces as shown in Fig. 3.2 1. 

Fig. 3.20. Differential ring oscillator based on non-inverter stage 

90 deg. 
1 h 

O deg. 

Fig. 3.2 1. Phase relationship for circuit in Fig. 3.20 

By redrawing the circuit in thre dimensions, sub-feedback loops can be more easily 

viewed, as shown in Fig. 3.22 (only the singleend is plotted for simplicity). There are four 

sub-feedback lwps  in the topology (m 1 -rn2-s4; m3-m4s2; m2-1x13-s 1 ; m4-ml -s3). It 

shouid be noted that stages in altitude and latinide are designed not to osciliate in two 

stage ring osciiiator mode to ensure diable  oscillation and rcduction of phase noise. 
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Fig. 3.22. 3-D representation of ring osciiiator from Fig. 3.17 

Fig. 3.23 shows another proposcd dinerential inverter irnplernentation for the 4 stage 

sub-feedback loop-based ring oscillator. The VCO ceU is a dinerential inverter with two 

pairs of source-coupled PMOS inputs ((Ml, Mz) and (M3, M4)) The gates of Ml and M2 

are comected to the output of the previous (n-1) stage (n represents local stage), while the 

gates of Mg and M4 are connected to the output of the (n+2) stage for establishing the sub- 

feedback hop. The n-weU containhg the PMOS transistors is biased at a voltage refer- 

enced to Vss. This eliminates noise coupling from the power supply to the signal nodes. 

The use of PMOS devices rcferences the node signais to Vss, eliminating fkequency shifcs 

due to nonlinear capacitances. Tai1 current sources are cascoded for high impedance to 

VDD. The NMOS transistor pair (M5, M g )  is w d  as the load of the differential inverter. 

The cross coupled structure of M5 and 1Mg increases the gain of the cell. They can be ie- 

placed by diodecomected transistors. However, the circuit has a relatively lower operat- 

ing frequency compared to the counterpart using NMOS as driver transistors as shown in 

Fig. 3.19 due to the lower transconductance of the PMOS driver. 
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Fig. 3.23. Alternative to the proposed differential implementation 

Frequency nuiing can be accomplished ushg single-ended or dinerentiai control volt- 

age. Greaîer control sensitivity is achieved by decreasing the curent in slow loop and in- 

creasing the current in the fast loop at the same time (push-pull). Fig. 3.24 shows the 

proposed control differential voltage to a Merential control cumnt converter for circuits 

in Fig. 3.19 and Fig. 3.23. Control sensitivity can be adjusteci by choosing the appropriate 

transistor size in the current mirrors. 

Fig. 3.24, A differential voltage to differential control currcnt converter 
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33.2 Design and Analysis 

In the single stage circuit (which combines inverters for the major and subfeedback 

loops) as showcd in Fig. 3.25, the sharcd active loads can be replaced with passive loaàs 

and implemented usiog a .  polysilicon layer to d u c e  l/f noise in active loading and 

achieve linear symmemcal function. The gate-drain connecmi MOSFET can also be used 

as a resistive load, as shown in Fig. 3.25, to Save chip size but at the cost of degraded line- 

arity. As the tail current is adjustcd, the impcdance of the load dcvicts and the transcon- 

ductance of the dinercntial pairs varies auiordingly, causing the variation of operation 

frequency. Fquency tuning is achieved cither with Ib2 controîieà with a singie-ended sig- 

nal or both Ibi, IbZ controlled (push-pull) with a dinerential signal as shown in Fig. 3.24. 

Fig. 3.25. A single stage circuit with biasing current 

The initiai value of transistors can be determincd frorn smail-signal 1 i n e a . d  analy- 

sis. We have dc gain, 
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where hl, b2 are tail cumnts. The gain should k larger than as shown in Eq. (3.13) 

for oscillation to occur. The percentage increase of fiequency relative to a single loop 

oscillator is approximated by, 

We have assumexi that a differential pair uses its smdest gate length given by the pro- 

cess technotogy, whercas its gate width is optimized for speed. The width of transistors af- 

fects the loading effect on the previous stage, driving strcngth and phase noise. In Eq. 

(3.12) C is the total capacitance at the output nodt refened to ground. Consider the sche- 

matic of a switching node shown in Fig. 3.26, 

Fig. 3.26. Parasitic capacitance at each output node 

For smdl loading effect it is preferred to use smail size drive uansistors. However, os- 

cillation conditions for the loop gain and speed irnprovement require the opposite. In gen- 

eral, the larger the gate width W (while holding L constant), the lower the Vos (at a given 

bias current}. Furthermore, common mode range (CMR) is increased, noise is lowertd, 

maiching is bettcr, and gain is increased. The main drawbacks are an increased layout area 



Chapter 3: Design and Anaiysis of GHz Monolithic CMOS Ring Oscillators 62 

and parasitic capacitances. With the initial width vaiue, improvement in s p e d  c m  be ob- 

tained by optimizing different &vice widths in a circuit simulator like HSPICE. 

Two paraiiel PMOS transistors as shown in Fig. 3.27 can be used to improve the lin- 

earity and dynamic rapge of the loading resistors to the differential pair 

~ 9 0 ] ~ a n e 9 6 ] .  Fig. 3.27 shows the simulateci 1-V characteristics for three cases: (a) 

I,, - v,, curves for a singie transistor with VGS as parameter, (b) I ,  - v,, curve for a sin- 

gle transistor with gate-drain shortcd; Cc) I d -  VDS curves for ~ W O  parallel PMOS transis- 

tors with VGS as parameter. The sizes of both PMOS transistors for simulation are 3pm/ 

0.6pm. The degree of convexity in (a) and concavity in (b) of the two drain current curves 

can be adjusted until they are the s a m e  by simply using the same shapc factor W/L for 

both transistors. Then, the nonlinearity of individuai transistors wiU be cancelied in certain 

range of VDs as shown in Fig. 3.27(c). hproved linearity can thus be achievcd. 

A ring oscillator structure baving equal voltage amplitudes and slopes at each switch- 

ing node is a solution to the optimization objective for phase noise [Abou961 and balanced 

output. Buffer circuits such as  differential-to-sinde-ended converters c m  bc used in each 

pair of switching nodes to convert the differential output uito a single-ended signal. It con- 

sists of an NMOS differential pair and PMOS load as shown in Fig. 3.28. If we want to o p  

erate the PMOS current mirror at the same effective gate-source voltage (V,*), its chosen 

size should be p,,/v, times wider, since they are connected in seties with NMOS transistor 

and therefore run at the same bias cumnt The size of Ml and M2 transistors are chosen to 

have a small loading effect to the core VCO circuit but large enough to drive the buffer cir- 

cuit. 



Chapter 3: Design aud Analysis of GHz Monolithic CMOS Ring Oscillators 63 

Fig. 3.27. 1-V characteristics for transistor as loading resistor. (a) I,, - v,, curve (Vos as 

parmeter) (b) 1, - Vm cuve  (c) Id - Vm (VGs as parameter) 
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Vout 1 

Fig . 3.28. The differential-to-single-ended converter 

3.4 Implementation issues and Measurement Results 

3.4.1 Testability Consideration 

In order to characterut the performance of the designcd VCO, it is important to be able to 

probe the VCO output at a reasonable power level. A bonding pad can have a capacitana 

of about 0.5 pF; boncihg wire inductance varies in the range of a few n H  depending on the 

bonding diagram and package. Furthemore, the pin capacitance's value can k up to a few 

pF. A typical equivalent circuit is shown in Fig. 3.29. The series inductors are dominant in 

GHz range. Ail these parasitics increase the difnculty in testhg the output signal espe- 

cially at GHz. Although the use of a frequency divider at the VCO output allows the cir- 

cuit to be tested at lower frequency. it adds some extra noise to the output signal. 
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Furthemiore, it shouid be noted that it reduces the measured output phase noise power by 

a factor of 201ogN dB*. 

O OQQO 
From IC 1 L1 

Tcl C2 

Substrate - - 
Fig. 3.29. Equivalent circuit of packaging 

Conventional digital output M e r s  are incapable of driving the signal at high frequen- 

cy. When using a custorn designed multistage single-ended inverter to drive the output pad 

and off-chip circuitry, the numbcr of stages that c m  be used is limiteci. The rcason for this 

is that a single-ended inverter amplifies the common mode (or offset) signal. The signal 

output can die out at either VDD level or ground level when there is an imbalance between 

the NMOS and PMOS driving strength or there is an offset signal at the input. 

A source follower circuit is designed to provide large W n g  current to an off-chip 

load as shown in Fip. 3.30. The transistor M2 between Mi source and ground is used to 

supply bias current and adjust output impedance for matching. Large MOSFETs, r equM 

to drive off-chip loads, are especially susceptible to latch-up because of the large drain de- 

pletion capacitances. The only way to design latch-up fiee output dnvcrs is to use only one 

type of MOSFET, in most cases n-channel. Eliminating the n-weil and the p-channel tran- 

sistor eliminates the possibility of latch-up. The size of the Ml and M2 are optimized to 

provide large enougb driving current and to avoid overloading the pre-driver. 
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Fig. 3.30. VCO and source follower output bder  

3.4.2 Circuit Layout Considerations 

For circuits to operate at fkquencies close to those of their prc-layout simulation rcsults, 

the parasitic capacitance needs to be rninimized. The core VCO layouts were made as 

compact as possible, and d l  interconnections were made using metal layers. Devices with 

large width are divided into a paralle1 connection of MOSFET transistors. The drain and 

source area are shared between adjacent MOSFETs to reduce the depletion capacitances 

and layout size. Due to V e r y  hi&-speed operation, standard output pads for the VCOs cm 

not be used and have to be redesigned. The use of a top metal layer as high frequency out- 

put reduces the effect of parasitic capacitance to the substratc. To compensate for the edge 

effects, dummy elements are added to a cornmon-centroid layout [JoMa97]. The dummy 

element does nothing electricaiiy but is simply used to ensure that the matched transistors 

see the same adjacent structure. 

Every tirne a digital gate or buffer changes state, a charge impulse is injected into the 

power supply and into the surrounding substrate. By having the VCO power supplies sep 

arate, we prevent this noise fiom affecting its circuitry. Separate pins are used for the pos- 

itive power supply and for ground in both the VCO core circuit and buffer circuits which 
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c m  inject very large cunent spikes. 

The VCOs arc separated by guard rings and weUs connectai to the power-supply volt- 

ages. The p+ connections to ground help to keep a low-impedance path between the sub- 

strate and ground and avoid noise from pmpagating through the resistive substrate. The 

use of the n well increases the resistive impedancc between the isolatcd regions due to the 

pn junction depletion region, which also acts as bypass capacitor to help lower the noise 

on VDD [Abou%] [JoMa97]. Fig. 3.3 1 illustrates the layout of a 4 stage sub-fcedback loop 

based differential ring oscillator (VC03). 

Fig. 3.3 1. Layout of VC03 cort circuit 

3.4.3 Experimental Resuits 

Both singleended and differential ring oscillators bascd on the proposed topology were 

designeci and implemented with HP 0.5 pm CMOS technology (HP CMOSISS) in a single 

chip. HP CMOSISS is a triple metal, single poiy CMOS proctss allowing a minimum 

drawn featurc size of 0.6 p. The die photo of the chip is shown in Fig. 3.32. The chip has 
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a size of 2 mm by 1.5 mm, determincd by the minimum bonding pad size and the number 

of pads. It was fabricated through Canadian Microelectronics Corporation (CMC). A 24- 

lead cerarnic flat package (CFP) is chosen for the die bondiag packaging- The 24 leaded 

CFP has a sxnail cavity and is suitable for high-frequency (up to 2 GHz) designs. The chip 

layout, pin and bonding diagram art shown in Appendix B. The chip package (CFP) was 

surface mounttd to a RF PCB test fixture (provided by CMC) as showcd in Fig. 3.33. 

Fig. 3.32. Die pbotograph of VCOs 

The measurement setup used to evaluate the performance of free ninning (or open 

loop) VCOs is shown in Fig. 3.34. The power supply is 3.3V. Decoupling capacitors of 0.1 

pF are connected across the power supply and control voltage package pins to filter the 

power supply high frequency noise. Separate power supply pins for the VCOs allow for 

power dissipation mcasurcment for the VCO core circuitry excluding power dissipated in 

the output Mers. The following measurements werc ptrfomed: (a) spcctrum analyzcr 

power spectral output; (b) osciUoscope traces for the VCO output waveform; (c) voltage to 
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fiequency transfcr charactcnstics; (d) power dissipation as a function of the oscillation fie- 

quency and (e) sensitivity to power supply variation. Several phase noise testing 

techniques are discussed in Appendix E. Detailcd simulation and mcanvcment results can 

be found in Appendur B. The key measurcment results of the three different structures of 

VCOs are presentcd and discussed in the foiiowing subsections. 

Fig. 3.33. DUT on aRF PCB (6 cm x 6 cm) 

Fig. 3.34. VCOs test setup 
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3.43.1 The Five Stage Singie-ended Ring Oscillator Based On Sub- 
feeàback Loops (VCO1) 

VCO 1 is a single-ended five-stage ring oscillator with sub-feedback loops as i l l u s ~ t e d  in 

Fig. 3.35- The voltage controlled resistor was implemented with a single NMOS transistor 

(MS). Ail 6ve stages use the same sue to achieve equated waveform amplitude at each 

output node. A small size pre-buffer is used to reduce its loading effect to the core circuit. 

A A A I Q I - - 

Vcont 

Fig. 3.35. Five stage ring oscillator (VCO1) 

Fig. 3.36 shows measurement results of control voltage to oscillation frequency trans- 

fer characteristics VCOl can operate from 800 MHz to 1.28 GHz corresponding to a con- 

trol voltage €rom O to 3.3 V. The tuning range is about 500 MHz which is also the 

increment of frequency for the proposed topology compared to that for the conventional 5 

stage ring oscillator ( v,,,, = 0 ). The percentage of achieved improvement is 62.5%. The 

power consumption is 6 mW at 1.28 GHz against 5.5 mW at the 800 MHz. The proposed 

circuit is more power efficient since it has lower speed-power product (4.68 pJ against 

6.87 pJ). The reported power consumption includes that of the VCO core and pre-buffer 

amplifier. The sensitivity of oscillation frequency to power supply can be improved with 

the use of the delay ce11 proposed in Fig. 3.14(a) in funire implementation, since the cas- 

coded current source in the load providcs larger impedance to VDD than a single transistor 
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cumnt source does. Fig. 3.37 illustrates the power spectrum from a spectnun analyzer for 

the VCO 1 output at 1.25 GHz The masurcd phase noise is -97.5 dB* at 1 MHz offset 

frequency with power consumption of 6 mW. 

Fig. 3.36. Measured transfer characteristic of VCO 1 
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Fig. 3.37. Mtasured output spectrurn of VCOl at 1.25 GHz 
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3.432 The Conventional Four Stage Ring Osdllritor (VCO2) 

VCO2 is a conventional four-stage M y  dïffettntial ring osciiiator as show in Fig. 3.38. 

It is implemnted for cornparison to VC03. The dinetcntial-to-singk ended converter 

msfers the differential output into a single-endd signal which then drives an output 

Fig. 3.38. Four stage conventional differential ring oscillaior 

The measurement rtsults of control cumnt to oscillation fkequcncy transfer character- 

istics are shown in Fig. 3.39. VC02 operates fiom 670 MHz to 980 MHz corresponding to 

a controiied tail cunent from 100 pA to 400 pA with tuning range of 300 MHz. Fig. 3.40 

shows the spectnim analyztr powcr spectnun for the frce running VC02 output at 937 

MHz. The phase noise is -97.5 dBc/Hz at 1 MHz offset frcquency. Power consumption is 

5 mW at 980 MHz. 
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Fig. 3.39. Measured result of transfer characteristic of VC02 

b 4 44: 19 SEP 21, 1998 
MKR-TRK 937.97 MHz 

-12.10 düm 

PEAK 
LOG 
10 

C 

dB/ 

SPAN 
10.00 MHz 

UA 58 
SC FS 

CORA 

CENTER 938.07 MHz SPAN 18.08 MHz 
RES BW i 0 B  kHz VBW 30 kHz SUP 28 msec 

Fig. 3.40. MeasUrcd output speftrum of VC02 at 937 MHz 
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3.433 The Four Stage h g  Oscillator B a d  On Sab-feedback Loops 
WC031 

VC03 is bascd on the proposeci circuits in Fig. 3.17 and Fig. 3.25. Gate-drain comected 

PMOS transistors are used as a resistive load to the differential delay ceil. The measure- 

ment results of conttrol current to fkequency transfer characteristic are shown in Fig. 3.41. 

The dash curve reprcsents the measurement rcsults when rb2 = O (conventional four stage 

ring). The operating frequency range is from 400 MHz to 620 MHz. The solid cuve com-  

sponds to measurement results with I,, constant b i d  ( I , ,  = ioorr, ) and I,, used as con- 

trolling current. VC03 can operate from 400 MHz to 2 GHz corrcsponding to zb, 

variation from O to 300 pA. The tuning range is over 1 GHz with g d  linearity. The 

measured phase noise at 1.25 GHz is - 103 dBc/Hz at 5 MHz offset frcquency as shown in 

Fig. 3.42. Power consumption is 3 m W  and 5.3 mW at 1.25 GHz and 2 GHz, respectively. 

VC03 can be controlled with a differential signal as presented in Section 3.31. 

Fig. 3.43 illustrates tht masurement results of frequency versus dinerential control cur- 

rent. The total biasing current ( 1 ,  = i,, + I b 2 )  is kept constant at 500 pA. Oscillation frc- 

quency has a negative and positive linear slope against I, ,  and ib2, respectively. We can 

consider I , , / I ,  and &,/b as a weighting factor for slow Imp ($* ) and fast loop (a8 ), re- 

spectively (see Fig. 3.12). Fig. 3.43 &monstrates chat overail oscillation fkequency is pro- 

portional to the weighted sum of the slow lmp oscillating frequency and fast loop 

oscillating fkquency. 
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Fig. 3.4 1. M e d  transfer characteristic of VCO3 

Fig. 3 -42. Measmd output spcctnim of VC03 at 1 -25 GHz 
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Fig. 3.43. Oscillation frcquency versus the dinerential controlled curent 

This chapter places the priority on sped with the CMOS ring oscillator design, especially 

for multiphase output. The phase noise analysis wiil be presented in next chapter. A gen- 

eral oscillator circuit topology capable of achieving high s@ operation and multiple 

phase output has been proposed. The topology used controlled sub-feedback inverters to 

construct fast laop for long chah ring oscillators to achieve highcr speed. The analysis 

based on a linearized mode1 leads to the establishment of a relationship between speed 

increment/decrernent and feedback index i, which is the number of delay stages down the 

loop frorn where the feedback signais are deriveci, e-g., for a 7 and 9 stage sub-feedback 

loop based ring oscillators, the highest speed can k achieved with i=2, and 4, respoctively. 

The frequency of the ring oscillator is directly proportional to the ûaasconductance 

(G,) of sub-feedback inverters with a lin- slopc. G, can be wntroiled with an extemal 

voltage. Thus, the sub-feedback loops based topology aiso provide an alternative way to 
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conventional capacitive and rcsistive tuning, which can be also mderstood as changing the 

effective number (N,) of delay stages within the range of ( i  + 1 ) and N. Both singleend- 

ed and differential inverters stage and conml voltage can bc used for the topology. In or- 

der to improve power efficiency, a constant current source is suggcstcd for use in the 

inverter circuit to avoid excessive power consumption. 

Detailed implementation of the topology for both single-ended and differential circuits 

has been proposed and anaiyzed. For a sub-fecdback loop based ring oscillator, dc gain of 

inverters in the major loop should be kept greater than minimum value for oscillation to 

occur. However, large value should be avoided to achieve low phase noise. The design was 

fabricated in 0.5 pm CMOS technology. VC01 is a single-ended five stage ring oscillator 

with sub-feedback loops. It demonstrates an increase of frequency of 62% with power 

consumption of only 6 mW. The VC03 is a four stage quadrature output ring osciilator 

with three stage sub-feedback loops. Compared with the VC02, which is a conventional 

four stage differential ring oscillator of the same size, doubling of speed has been 

achieved. The linearity of transfer characteristics has also k e n  improved The proposed 

topology and circuits are suitable for applications such as high speed multiphase sam- 

pling, dock generation and data recovery systems. Measurement results arc summarized 

in Table 3.3. 

Table 3.3 Summary of measurement results 

m g  

Phase noise 

Power consumption 

0.8-1.28 GHz 
-97.5 dBJHz @ 1 MHz 

< 1.25 GHz) 
5.5 mW (0.HGHz). 

670-980 MHz 
-97.5 dB* O lMHz 

0.4 -2.1 GHz 
-103 dB& O SM& 

(937 MHz) 

5 mW (980 MHz)  

(1.25 GHz) 

3 m W  (1.25 GHz) 



CHAPTER 4 Andysis of Phase Noise in 

4.1 Introduction 

Phase noise is a major figure of mcrit for oscillators used in communication systems. 

Thus, analysis and prediction of the phase noise is an important issue for osciiiator design. 

There are numerous publications available on this topic [Lees66][AbMc83] [Robi9l] 

WcNe941 mG94]paz961] maLe981 PMR981, and the problem has been approachcd 

in different ways. [Robigl] [Raz9611 use linear time-invariant (LTI) analysis to 

model the oscillator and characterize the phase noise in the frequency domain. [AbMe831 

NcN941 MG941 prcdict the timing jitter of the relaxation and ring oscillator by using 

analytical techniques on a simplifiecl model. (HaLe981 andysed the phase noise with a 

time variant model by decomposing perturbations into two orthogonal components, gener- 

ating purely phase and amplitude denations, nspectively. Howe~er  this orthogonal 

decomposition may not be valid [DMR98]. Instead [DMR98] proposcd a numerical 
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method in the t h e  and f'requency domains for predicting phase noise. However the 

method does not provide an intuitive guidcline for oscillator design. 

The major objective of this chapter is to analyze the phase noise of the ring oscillators 

proposed in the prcvious chapter. First, the fundamental concepts of phase noisc and tim- 

ing jitter, and their impairment in communication systems arc ovewiewed in Section 4.2. 

The noise sources in the CMOS oscillator are also discusd In Section 4.3, phase noise 

in a single-ended ring oscillator is anaiyzcd bascd on the time domain noise modcl. Anal- 

ysis is simplified to make the d t s  easier to interpret- The derived analytical expressions 

provide guidelines and enable decision making at early stages of the design. In Section 

4.4, the Iinearized mode1 of the ring oscillator is utilized to obtain an estimate of noise per- 

formance. The noise sources are classified into thr# groups according ta differcnt mecha- 

nisms to output phase noise. The dependence of phase noise on fctdback index i and the 

consequent Limitations on available phase noise are investigated. The analysis leads to in- 

tuitive guideiines for designing low noise sub-feedback loop ring oscillators. 

4.2 Phase Noise Concept 

The oscillator 's frequency stability is de fincd by its long-term and short-terni stability 

Rut78 ]1)IPS8]. Long-term frequcncy stability refers to slow changes in the average fre- 

quency with time (e.g., due to the temperature variation, aging in the oscilJator compo- 

nents). Usually called a frequency drift, it can be eliminated if the oscillator is locked in a 

PLL configuration with a PLL bandwidth larger than the possible f'requency drift rate. 

Short term stability refers to fiequency variations ovcr short t h e  periods (a few seconds 

or less), which are observed as randorn andlor periodic fluctuations about a mean. 

There are two types of short-tem frcquency variation. The first type is tht determinis- 
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tic (non-random) discretc signal, commonly called spurious. This type of signal is relatcd 

to known phenornena in the signal sources, such as power line frequency, vibration fre- 

quency, or mixing products. The second type is random (continuous) fiequency variation, 

commonly called phase noise. Both non-random (dimete) and randorn signals cause tim- 

ing jitter. 

Phase noise in the oscillator are caused by both intemal and extenial noise sources. 

The intemal noise sources include thermal noise, shot noise and fiicker noise, in passive 

and active components of a frequency source. Supply and substrate noise belong to exter- 

na1 noise. Even though the gain stage is dcsigned as a differcntial circuit, it aonetheless 

suffers fiom some sensitivity to supply and substraîe noise. 

4.2.1 Phase Noise Characterization 

In the tirne domain a sinusoicial signal with fkquency o, can be written as: 

V ( t )  = [A + a(r)] sin[o,r + + ( r )  J (4- 1 ) 

where a ( r )  and @ ( r )  rcprcscnt the "amplitude" and "pphase" noise of the osciiiator. 

Since amplitude noise can be eliminated using a limiter, we will only discuss the phase 

noise here. If + ( r )  is constant, this signal is a pure sine wave and its spectnun is a single 

line as shown in Fig. 4.1 (a). On the other hand, if + ( t )  is a random process, the spectmm 

of V(t) will have some power spread over a narrow bandwidth around the centre fhquency 

fo as shown in Fig. 4.l(b). The phase noise on a signal is usuaUy quantifieci in terms of sin- 

gle-sided spectral noise density (L) in units of decibel carrier per Hertz (dBc/Hz) at a cer- 

tain offset frequency (AU ), 
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wherc P, is the carrier level (dBm), PnOU, is the noise power in a 1Hz bandwidth at offset frcquency 

Am * 

9 Ideal oscillator 
t Practical oscillator 

Fig. 4.1. Osciliator power specmim for (a) ideal sinusoidal oscdlator @) practical 

oscillator 

In data communications, oscillatan for dock generation and claik recovery generate a 

square-wave like waveform. The deviation of the oscillator per id  itself is of more concem 

rather than the power spectruxn distribution. Thus, the concept of ''timing jittei' is used as 

the noise performance mcasure. This can be defined in tcrms of the standard deviation of 

the oscillator period, or called cycle-to-cycle jitter, 

Fig. 4.2 shows the effect of noise in the time domain on the output waveform of a 

square wave oscillator with respect to an ideal osciliator. Timing jitter can be deterrnined 

from phase noise by relating the spectral density of the normalized frequency fluctuations 

to the instantaneous error in the period of oscillation. The following formula can be used 

to transfer phase noise to the timing jitter for white noise sources [WeKi94]weRa98], 
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voltage Ouiput t 

Ideal transition points 

Fig. 4.2. Output waveform of a square wave osciiiator showing the effect of noise 

4.2.2 Phase Noise Impairments in Communication Systems 

In the dock recoveryldata acquisition sy stem, the clock timing jitter added to the exptcted 

data jitter reduces the effective decoding window, which imposes constrains on the maxi- 

mum operating frequency of the system and causes &gradation in the expected bit error 

rate (BER) performance. 

In a wireless communication system, phase noise in the transmitter c m  cause contam- 

ination of adjacent frequency channels as shown in Fig. 4.3 [Craw94]. Due to the very nar- 

row c hannel spacings used in cellular telecommunication networks, extremely low phase 

noise levels are requircd. For the European Global Systern for Mobile communications 

(GSM) system, a single sided spectral noise density of -100 dBc/Hz is specified at 10 lcHz 

offset from the carrier. 
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Fig. 4.3. Effect of phase noise on transmit paths 

In the wireless receiver path, if the local osciilator exhibits nnite phase noise, the pres- 

ence of strong adjacent signals mixing with the local osciiiator phase noise sidebands re- 

sults in a correspondhg reduction in the receiver's sensitivity [Fig. 4.41. 

Interfering 1 Down-converted 
Wan ted 1 si,@ 'jpd 

I 1 

fi fi LO Down-converted 
I desired signal 
I 

Fig. 4.4. Reciprocal mixing due to high phase noise sidebands in a receiver 

4.2.3 Noise Sources in MOSFET Devices 

The dominant noise sources for active MOSFET transistors are fiicker and thennal noise. 

The shot noise is generated by the gate leakage current and is usuaily very small. 
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4.23.1 Thermal Noise 

Thermal noise is due to the random thermal motion of the electrons associatcà with rtsis- 

tors. The thermal noise cuirent in MOSFET transistor is generated by effective channe1 

resistance and by parasitic drain, source, gate and substrate resistances. 

The lMOSFET thermal noise model due to the channel resistance that is used in most 

of the literature and in circuit simulators such as SPICE is 

where k is Boltmian's consrant, T is tcmperanirc in degrees (Kelvin), g, is the aanxonductance at the 

operating point [Tsiv87]. 

This noise model does not accurately predict the thermal noise of MOSFET. One of 

the problems with this mode1 is that it is invalid in the triode region. In analog circuit de- 

sign, MOSFETs are often operating in the triode region. A model that is valid in the triode 

region of operation but not widely used in circuit simulators is [Fox931 

where gd, is the channe1 conductance witb zero drain-to-source voltage, with 2/3 < y < 1 in mode, and 

y = 213 in saturation. 

This model works reasonably weU for long channel devices. However, it is not ade- 

quate for short channel deviccs, especially in saturation. For s hort-channel devices, the 

noise is higher [Abi83]. Hot-electron effccts further raise the value. In fact, y is much 

greater than 2/3 for short-charnel devices operating in saturation. III a submicron process, 

y may be as high as two to thme, dependhg on bias conditions [WHS92]. 
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4.23.2 Flicker Noise 

Flicker noise is caused mauily by traps associated with contamination and crystal imper- 

fections. These traps capture and release carriers in a random fashion and the time con- 

stants associated with the process give nse to a noise signal with energy concentrated at 

low frequencies. Flicker noise in the MOSFET transistor is found experimentaüy to be 

represented by a drain-source current generator [GrMe931 

where h is the drain bias current, KI is a constant for a given device, and a is a constant between O 5  

and 2. 

The flicker noise can alsr, be modeled as a voltage source referred to gate in series with 

the gate of value 

whcn the constant K is dependent on device characteristics and can Vary widely for diamnt devices in 

the same process. 

In most cases, the magnitude of the input-referred fiicker noise component is approxi- 

mately independent of bias current, and voltage and is inversely proportional to the active 

gate a r a  of the transistor. The latter occurs because as the transistor is made larger, a larg- 

er number of surface States are present under the gate, so that an averaging effixt occurs 

that reduces the overail noise. It is also observed bat the input-rcferred flicker noise is an 

inverse fimction of the gate-oxide capacitance per unit area [DaMo74]. In typical submi- 

cron CMOS devices the lif noise corner may be as high as 1MHz. Typically p-channel 

transistors have less noise than their n-channel counterparts since theù majority carriers 

(holes) are lcss likely to be trapped. In order to suppress the flicker noise, PLL bandwidth 
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needs to be chosen wi&r than the corner frequency. 

4.3 Analysis of Phase Noise in Single-Ended Ring 
Oscillators 

Ring oscillators bastd on a simple CMOS inverter (as showed in Fig. 4.5) use fewer noisy 

transistors than any other ring oscillator circuitry and cm achieve large (rail-to-rail) output 

voltage swings whicb are two important factors for low noise design. Furthemore, they 

consume very low power, have a wide tuning range and arc easy to design. Considering 

the circuit's threshold switching characteristic, tirne domain analysis is ustd to charmer- 

ize the phase noise. The tune domain method for a relaxation osciilator [AbMe831 is 

extended to ring osciliator topology for analyshg the timing jitter due to intemal noise 

sources. The dcrived explicit anaiytic expressions provi& a minimum time jitter that cm 

be achieved by a ring osciiiator. Jittcr due to power supply and substrate noise will aiso be 

analyseci. The derived formulae provide a straightforward insight for Iow phase design. 

Fig. 4.5. CMOS d g  oscillator with inverters as &lay ceils 



Chapter 4: AnalyUs of Phase Noise in Ring Oscillators 87 

4.3.1 'Iïming Jitter due to Internd Noise Sources 

The output wavefoxms of a thnc stage CMOS ring oscillaîor arc show in Fig. 4.6. Each 

inverter stage in the ring contributes a t h e  delay to the total p e n d  of oscillation. The 

delays conmbuted by the ith stage z, and t, are measured from the time the output 

begias switching to the tirne it maches the threshold voltage (Vd of the input to the next 

stages, respectively. Hence the period of oscillation To for an N stage ring oscillator is 

given as 

Fig. 4.6. Output waveforms for 3 stage CMOS ring oscillator 

point 

Considering that the oscdation of an inverter ring oscillator relies on threshold switch- 

ing of transistors, a noise mode1 is proposai in Fig. 4.7. Each stage is modeied as a cas- 
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cade of an integrator and Schmitt ûigger. The cquivalcnt noise current produces 

perturbation voltage on the intcgrator, thus aitering the tune taken to mach switching 

thresholds. This timing error passes to other stages in the ring and contributes to the total 

output jitter. As shown in [AbMe831 an rms noise voltage v,(t,) , at the time of thrcshold 

crossing, causes timing jitter which is proportional to the voltage crror divided by the 

slopes ( s i )  of the output wavefom (Fig. 4.6). Thus, we have cycle-tocycle jitter for N 

stage ring oscillator as 

I . C I C . - - - - - - - - - i - i - - - - - - .  

: 2nd stage 1 

I I 
1 I 

uitegrator 
-,+ 

I ~nttgrator Tngger 7 Schmitt 
Trigger 

1 

Fig. 4.7. Noise mode1 of ring osciliator at time domain 

In order to express timing jitter as a function of period (or oscillation frequency) in- 

stead of as a stage number, we need to calculate r,i and z, . It is evident mat the fali time, 

r, , consists of two intervals: (a) the period during which NMOS is in saturation and the 

capacitor voltage, VOUS drops from VDD to (VDD-V,): (b) the period during which 

NMOS is in mode region and the capacitor voltage, Vout, drops from (VDD-V,) to V*. 

Thus we have 
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wficre CL corresponds to the total output capacitance of the ith stage- $, = p,C,,(W/L) and 

with n = V , / V D D .  kl has value betwetn 1 and 2 for VD@ to N and V,45 to IV. We bave 

assurned threshold voltage V,, ( = VDD/2). 

A similar approach can be used to obtain the rise the ,  5 

Thus we have osciilation period 

w h m  we have assumai b, = p,= to achievc an quai dnving strcngth h m  bnh NMOS and 

PMOS transistors. 

Eq. (4.14) discloses that the period of a single-end ring osciilatm is a function of the 

power supply voltage, the capacitance at output node and the ratio of WL. 

In order to obtain the slope value at the switching point, we develop an anaiytic mode1 

that describes the switching characteristics of a CMOS inverter. The equivalent circuits at 

the switching point are shown in Fig. 4.8. m e n  the output is at the failing switching 

point, the PMOS transistor is rnodeled as an open circuit, and the NMOS transistor can be 

modeled as a resistor sincc it is in the triode region. 
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Fig. 4.8. Equivalent circuit for dope vaiue determination at switching point (a) output 

faliing and @) output rising 

dV From Fig. 4.8, we have CL - = -&[(v,, - V,) - Vsp - . Thus. the waveform fd- 

ing dope at the switching point is 

where k2 = 0.375 - O.Sn . 

B P V L  Sunilarly we have the wavefom rising slow at the switching point as sr = k2 - - . 
CL 

The mean square aiemal noise voltage for the im stage output at the switching point is 

w h m  y is tbermal noise parameter as show in Eq. (4.6). 

Substituting Eq. (4.14), Eq. (4.15) and Eq. (4.16) into Eq. (4.10). we have explicit cy- 

cle-to-cycle jitîer duc to themal noise, 
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Using Eq. (4.4) to transfer timing jitter to phase noise dut to t h e d  noise, we have, 

Eq. (4.17) or Eq. (4.1 8) leads to the following conclusions: 

(a) cycle-tocycle jitter is inversely proportional to power supply voltage and power 

consumption (cv2 f ), that is, increasing nrpply voltage reduces jitter; 

(b) Jitter is independent of the number of stages if operation fiequency is the same; 

(c) For a fixed oscillation period, jitter can be reduced by increasing the ratio of W/L. 

This is due to the increased slope at the threshold crossing point. Thus, attempting to re- 

duce the noise lead to penalties in power and size. 

These conclusions are sirnilar to thosc for the conventional differential ring oscillators 

in mG94]. To prove the cffect of selecting the &vice sizes for the ring oscillator phase 

noise, we use the test results of [Abou96]. Two VCOs having exactly the same structure as 

that of Fig. 4.9 were implemented in a 1.2 pm CMOS proccss. The first circuit was imple- 

rnented with the process's smallest NMOS dcvice site, and the other with its Qevice site 

three times as that of the fint VCO. SSB Phase noise measurement results at 689 MHz are 

showed in Fig. 4.10, which demonstrates an irxiprovement of about 3 dB for second cir- 

cuits at differcnt offset fkequencies, except for offset fkequencies in the range of the osciI- 

lator's noise floor. However, it should be noted that the second circuit employed thne 

tirnes the silicon arca and dissipatcd three times the pwer  (6.5 mW and 19 mW, respec- 
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tively) which proves that there is a tradc-off between power consumption and phase noise. 

- - t 

Fig. 4.9. Schematic of the 3 stage CMOS ring oscillator 

Fig. 4.10. Measured SSB phase noise for (a) minimum device sizes (b) three times the 

minimum &vice sizes [Abu963 

The circuit in Fig. 4.9 was optimizcd and implementcd in the Notttl 1.2 p BiCMOS 

process by [Abou96], and in the HP 0.5 and tsmc 0.35 pm CMOS process by the au- 

thor, respectively. Fig. 4.1 1 and Fig. 4.12 show the mcasurcd output spectra Table 4.1 

gives a cornparison of theoretical and measurement rtsults of phase noise in three different 

processes. Taking tbe circuit in the 0 . 5 ~  CMOS process as an example, the measured 
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phase noise at 2.14 GHz is -96.3 dBc/Hz at 1 MHz offset frcqucncy [Fig. 4-11]. nie caicu- 

lated phase noise fiom Eq. (4.18) is -100 dBc/Hz AU thrce cases &monstrate a good level 

of agreement ktween measurrwnt rcsults and developed analyticai fornuila for phase 

noise prediction. 

Fig -4.1 1. Measured output spectrum of the Fig. 4.9 circuit at 2.14 GHz (0.5 pm CMOS) 

PEAK ' 
L06 
lu ' 

dB/ r 

CEN'IER 2.59528 6Hz SPAN lu-@@ LlWt 
ws ew %II k m  vew 39  HL SWP 2a.g I U ~ C  

Fig. 4.12. Measurtd output spectrum of the Fig. 4.9 circuit at 2.5 GHz (0.35 pm CMOS) 
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Table 4.1 Theoretical and measurement rcsults of phase noise 

05  pn CMOS 2 14 GHz -100 dBc/Hz -96.3 d&Rlz 10.9 mW 
(VCOREF) at 1 MHz offset at 1 MHz offsa (3.3V) / 2 5  GHz 1 -99.4dBdHz 1 -96- 8 m W  

at 1 MHzoffset u 1 MHz offset 1 <13W 

43.2 Timing Jitter due to Supply and Substrate Noise 

According to Eq. (4.14) the oscillation pend is depcndcnt on power supply voltage. This 

is due to ordinary CMOS inverters having a charging/discharging curent proportional to 

the power supply voltage. From Eq. (4.14) we have frequency sensitivity to supply voltage 

as 

Assuming there is a s m d  sinusoicial perturbation, AVDD(t) = V , C O S ~ , ~  superimposed 

on the power supply. The deviatioa of the period from the mean is 

The autocorrelation function of Eq. (4.20) with respect to t is 

It can be proved that mean squate cycle-to-cycle jittcr a2 is equal to 

2cn(~) lz = ,, - 2C7-r(qr = ,,IO WeRa981, Thus fiom Eq. (4.2 l), we have 
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Eq. (4.22) indicates that for a fixed oscillation perioà, jitter is proportional to both per- 

turbation amplinide as a fraction of the power supply voltage and perturbation frequency. 

For a 2 GHz osciilator with noise voltage 1% of supply voltage and noise frqucncy of 

lGHz, we obtain a jitter of 1.5 ps from Eq. (4.22), which is larger than the jitter due to the 

intemal noise source (4 ps). Although an on-chip voltage ngulator can be used to d u c e  

low frequency supply noise sensitivity m 8 9 ] ,  hi@ frcquency noise remains a critical 

noise source causing degradation of timing jitter. Furthermorc, it d u c e s  the effective sup- 

ply voltage applied to VCO core circuits, making it undesirable for low-supply applica- 

tions. In most practicai applications, fully differential inverters arc used to obtain lower 

supply and substratc noise sensitivity at the cost of decreased voltage swing, speed, tuning 

range and increased power consumption. 

4.4 Analysis of Phase Noise in 
Based Ring Oscillators 

Sub-feedback Loop 

In this section, phase noise wiil be analysed in the fkequency domain. The first order Linear 

frequency domain noise analysis method m661[Raza96] is extendcd to sub-feedback 

Ioop based ring topology. Compared to timt domain analysis, frequency domain analysis 

provides more insight to both time domain waveform shaping (as we observed in Fig. 3.8 

and Fig. 3.9) and noise filtering intmduceà by the sub-feedback l w p  based architecture. 

Fig. 4.1 3 illustrates a single stage circuit of a differential ring osciilator with feedback 

inverter and noise sources. The noise in each transistor and resistor has been modeltd us- 

ing an equivalent curent noise source. Power supply noise is xnd l ed  as an equivalent 

voltage noise source. The& noise sources can be classificd into three groups according to 
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their different mechanism to the output phase noise: (1) noise from driving transistors and 

loading resistors (Ml, Mt, M3, w, Rd which are comected d i d y  to the signal 

path, (2) tail c u m m  noise which modulates the oscillation frequency and (3) power supply 

and substrate noise which belong to extemal interference signals. The following subsec- 

tion is the analysis of phase noise comsponding to each group of noise soufces. 

r - - - - - - - *  
I 2nd stage 1 

- - - - -  

I 

Fig. 4.13. A single stage circuit including noise sources 

4.4.1 Driving Transistor and Loading Resistor Noise 

In order to analyse the phase noise conuibuted by transistors (Ml, M2, M3, Md) and mis-  

tors (&, Rd which are directly connected to the signai path, we will first mode1 the oscil- 

lator with a Iinear system, assurning that osciilation amplitude is smdl and that gain stages 

operate in its iinear region. The mùting or modulation effects that resuit from the nonline- 
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arity of circuits wiii be considercd later and the formula derived fiom the lincar model will 

be modified A linear oscillator model is shown in Fig. 4.14. The output noise power den- 

sity of the closed-loop systern is 

Fig. 4.14. Linear oscillator model 

w h m  T( j o )  = Tl ( j o )  T2( j0 )  is open loop pansfer function and Y: ~ p r r s c n t s  input noise power. 

For frequencies close to the cher ,  both Il,( j o ) J  and IT( j o ) l  are approximately equd 

to o n e ,  and the open-lmp transfer function cm be approximated as 
dT T ( j o )  = T ( j o , )  + A o  - . Thus, the output noise density is 

Let T ( j o )  = A ( o ) c x p [ j @ ( a ) ] ,  and hena xp(j@) . Since for o - %, 

A = 1 , Eq. (4.24) can be written as [Raz961], 

2 2 1 
Vorr = Vin 

To perfom a fint order analysis of the phase noise of the topology proposcd in Chap- 
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ter 3, we will model the sub-fecdback loop based ring oscillaîor with a linearized circuit as 

s h o w  in Fig. 4.15. The additive noise of each stage, which are connectai k t l y  to the 

signal parh, are modeled as cumat sources In,  injected on to the corresponding node. 

Fig. 4.15. Linearized model of the ring oscillator for additive noise in signal path 

From Eq. (3. l), we have the open bop transfer hinction 

Substituting Eq. (4.27) into Eq. (4.25), we have noise powcr density, 

Considering that vf, = 1iz2=  I IR')/[^ + (une + ko - G , R ) ~ ]  , Eq. (4.28) cui be rewrittcn 
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Now let us consider the noise mixing effec~ The nonlinearity in the circuit due to 

large voltage swing and smtching of the differential pair causes noise to be multiplied by 

the carrier. This mixing efict  fol& ai l  the noise components below o, to the region above 

w, and vice versa, effectivcly doubling the noise power predicted by Eq. (4.29). Thus we 

have output noise due to the driving transistors and loading resistors as 

Taking a 4 stage sub-ftedback loops based differential ring osciliator as example, if 

only thermal noise is considered, we have noise c m n t  1: = 4kT(yg ,  + l / R  + yGm) for a 

single differential delay stage as shown in Fig. 4.13. Then the total output noise power 

density is 

which improves with the increase of G, at the cost of higher power consumption. 

Closed loop noise transfer function given by Eq. (4.28) can bc compared with a closed 

loop transfer function expression of Lceson's mode1 for a LC tank based oscillator (about 

the center frequency o, ), 



We obtain an equivalent open h o p  Q for a ring oscillator, Q, 

where ko = sin$ + tane - cos+ as defined in (3.6). 

Eq. (4.33) can be also obtained by directly applying the expression for Q as introductd 

by IRaz9611, 

For a 4 stage ring osciilator with sub-feedback lwps (i = 2, 0 = 5n/4 ), we have 

which increases linearly with G,R. For 7 stage ring oscillators with sub-fdback loops, 

equivalent Q, as function of G,R are illustrated in Fig. 4.16 for i=2 and 4. 1t is observed 

that the topology based on 5 stage sub-feedback loops (i=4) has a highcr Q, value than that 

based on 3 stage sub-feedback loops (i=2). This stronger frequency selectivity in signal 

path thus produces more sinusoidal lïke tirne domain waveform at the output as illustrated 

in Fig. 4.1 7. Considering the fact that two circuits have close operating frequency, the 

sarne number and magnitude of noise sources, the 5 stage sub-feedback lwp  based circuit 

( i 4 )  is expacted to have better noise performance compared to that of 3 stage sub-feed- 

back loops based circuits (i=2). Similar analysis can be applied to other stage number of 

ring oscillators, e-g., for 9 stage ring oscillators, the equivalent Q, as fiinction of G,R are 

illustrated in Ag. 4.18 for i=2,4 and 6. The circuit bascd on i d  gencratcs more sinusoidal 
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like thne domain wavefonas at the output mg. 3-91 due to the stronger frequcncy selectiv- 

ity in the signai path. 

conv. - 

Fig. 4.16. Equivalent Q, as function of G,R for 7 stage sub-feedback loop based ring 

oscillators (feedback index i=2 and 4, respectively) 

Fig. 4.17. Cornparison of tirne-domain wavefonns for feedback index i=2 and 4 topology 

(7 stages ring) 
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Fig. 4.18. Equivalent Q, as function of G,R for 9 stage sub-feedback lmp based ring 

oscillators (fecdback index i=2,4,6, respectively) 

4.4.2 Tai1 Current Noise 

The cunent controiied oscillator (ICO) or the VCO with voltage to current converter 

embedded for fiequency control unavoidably suffers from the input noise modulation. The 

Iow frequency noise components at the oscillator input modulate the oscillator operating 

frequency, therefore, contributing to the close-in phase noise (Fig. 4.19). The effect is sim- 

ilar to frequency modulation 0 wcN94] m9611. It is also called the vatactor modu- 

lation phase noise for LC oscillator [Rhe95]. 

1 ICONCO 1 

Fig. 4.19. Noise modulation at VCO input 
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For the dinercntial circuit shown in Fig. 4.20, the modulation signal comes from the 

tail current noise. Assuming there is a small sinusoida1 perturbation, U,,(r) = f,coso,r, 

superirnposed on the tail current source, thcn the output signal of the oscillator is 

V(r) = A,ms(too* + - di)  

where KIco = (df)/(dI, ,)  is h p e n c y  to cunent sensitivity. It can be easily obtained with mtasurc- 

ment or simulations. 

Thus, the total output noise power density due to the tail current noise for N stage ring 

oscillator is 

Fig. 4.20. Low frcqutncy modulation due to tail current noise 

For subfeedback loop based ring oscillators (Fig. 4.21), there are two tail current 

sources in each stage. Thus Eq. (4.37) should be modifieci as 
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wherc 1,, md Im2 rrprcxnt the noise cumnt appcar in tbe two iail, rcspectivcly (Fig. 4.21). 

Fig. 4.2 1. Tail cumnt modulation for the sub-fecdback loop based ring osciliator 

Eq. (4.37) illustrates that oscillators that bave a large gain can also be tuned easily by 

noise. Oscillators that resist to be tuned also resist the influence of noise. Increasing the 

osciilator power level does not result in a direct reduction in osciiiator phase noise as it 

does for the dnving transistor and loading resistor noise sources. The modulation effect 

due to tail cumnt noise is sigruficant for sub-feedback loops based osciüators since the to- 

pology increases K,, for high speed and widc tuning range. To lower the phare noise at a 

given power dissipation, it is desirable to reduce the value of frequency sensitivity KI,. 
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4.4.3 Power Supply and Substrate Noise 

The basic reason for prcferring dintrcntial circuits is that they cm be made to rcjcct exter- 

nal interference better. However, even for a dinercntial circuit, rcjection occurs only par- 

tially due to the following mechanism: 

(1) If resistor loads are realized with MOS &vices (Fig. 4.22), they can not maintain 

linearity for a large range of Vm voltage. The resistance is dependent on common-mode 

voltage that cames the supply noise. Nonlinear load resistmce cause common-mude noise 

conversion into differential-mode noise. Even though rcsistors are ma& with poly-silicon, 

the unavoidable mismatching degrades the symmetry of the circuit. 

(2) The drain junction capacitance of each transistor is a function of VDD and Vmb, 

rnodulating the delay of each stage as noise appears in either voltage wtRa981. 

(3 )  Total capacitance at the common source of the differentiai pair and the capacitance 

associated with tail cumnt converts the substrate noise to current, thereby modulating tbe 

delay of the gain stage [Raz961]. 

Nonlinear loading 
and mismatching 

noise 

Fig. 4.22. Phase noise due to supply and substrate noise 
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We can analyze the phase noise due to the power supply or substrate noise using a 

method similar to the tail cumnt noise methoci. W e  define the f'requency sensitivity to s u p  

ply voltage as K, = df / ( d ~ , , )  which can be also obtained with measurement or simula- 

tion. Assuming there is a s& sinusoidal perturbation voltage, AV,,(r) = Vmcosa,,,r is 

superimposed on the power supply. Then the output signal of the osciiiator is 

Thus, the total output noise powcr due to the power supply noise is 

Phase noise due to the supply and substrate noise is significant when osciiiators are in- 

tegrated with digital systems. Wide band noise due to current spikes produced by digital 

circuit may couple into the osci~ator circuit through sharcd power supply and substrate. 

4.4.4 Summary of Phase Noise Analysis and Experimental 
Results 

ï h e  formula to be used for the single sidcd spectral phase noise is 

where v:', is the summation of the noise power conIibuted by ail types of noise sources with the 

assumption that these noise sources arc noncohercnt. A. is canier amplitude (voltage swing). 

Eq. (4.41) exhibits that a large output signal swing is critical for rtducing phase noise. 
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However, voltage swing is ohm limited by the supply voltage, gain cell structure and o p  

erating fiequency. 

Taking the 4 stage ring osciliator VC03 circuit in Chapter 3 as am example, the associ- 

ated parameters used for VC03 phase noise calcdation at 1.25 GHz are listed in Table 

4.2. Only thermal noise is considertd. Using Eq. (4.31), phase noise due to driviag transis- 

tors and loading resistors is found quai  to - 104 dBc/Hz at 5 MHz offset fkequency. W~th 

Eq. (4.38) phase noise due to taii cumnt noise is -1 15.7 (LBJEIz. Obviously, the driving 

îransistor and loading resistor noise is the dominant noise source for this osciiïator. The to- 

tal phase noise due to these two group noise sources is -103.5 dBc/Hz. The measurcd 

phase noise is -103 dBc/Hz at 5 MHz offset fiequency [Fig 3.341. There is an error of only 

0.5 dB between theoretical and experimental results. We have ignorcd the supply and sub- 

strate noise since only the osciiiaîor circuit is operating on the chip. 

Table 4.2 Parameters used for VC03 ( 0 . 5 ~  CMOS) phase noise calculation at 1.25 GHz 

R 

A0 

2036 x ld ohm 

340 mv 
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In this chapter the phase noise in single-ended ring osciiiators and sub-feedback bop 

based differential ring osciiiators has becn analyscd. For singie-ended ~g oscillator, the 

analysis is based on a time domain noise model. The relatioaship betwecn design parame- 

ter and timing jitter is derived for intemal noise sources. The cycle-toqcle jitter was 

shown to be inversely proportionai to supply voltage and power consumption. For a flxed 

operation frequency, jitter is indcpendtnt of stage number and can be rcduced by incrcas- 

ing the ratio of W/L. The anaiysis of timing $ter in a single-cndeâ ring osciiiator &O 

demonstrate its strong sensitivity to extemai interference signais, such as supply and sub- 

strate noise. The basic reason for exploring differential circuit implemcntations is that they 

can be made to reject external interference bcttcr. However, even for a differcntial circuit, 

rejection can only partidy occur due to the nonlinear loading, drain junction capacitor 

and rnismatching of devices. 

Phase noise in sub-feedback loop based ring oscillators bas k e n  analyzed in the fre- 

quency domain. Compared to time domain analysis, frequency domain analysis provides 

insight into the time domain waveform shapts and into the noise filtering introduced by 

the sub-feedback loops based architecture. Noise sources affecting the total output phase 

noise are classified into three groups according to their different mechanisms. The intro- 

duced sub-feedback loop based ring topalogy improves equivalent open loop Q factor and 

noise shaping function for the noise from the driving transistors and loading resistors 

which are connected directly to the signal path. The Q value is a function of gain of the 

feedback inverter and feedback index i. By choosing the optimum feedback index i, phase 

noise performance can be improved for the sub-feedback loop based ring oscillators (e-g., 

for 7 stage ring oscillator with sub-fecdback loops, the circuit bascd on i 4  is expected to 

have better noise performance compahd to the circuit bascd on i=2). 
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Monolithic CMOS Pbase - 

5.1 Introduction 

With the expanding volume of data traffic, demand for a higher LANs data rate keeps 

growing. This chapter presents the design and analysis of a GHz CMOS monolithic phase- 

locked loop clock generator for high s p d  data commUIUcations [SuKw992]. In Section 

5.2, the building blocks for the PLL are explorcd The current contmlled ring oscillator 

developed in Chapter 3 combined with a frtquency control and stabilizing scheme is pro- 

posed to achieve not only a large and linear tuning range but also to reduce temperature 

and supply voltage sensitivity. The achievcd linear frequency transfer characteristic is 

important for maintaining a constant loop gain in the PLL over its lock range. Section 5.3 

presents the 1 w p  stabiiity analysis and acquisition simulation for the 1.25 GHz PU. Since 

one of the most demanding P U  spccifications is phase noise, an analysis of phase noise 

associated with each component is prcsented in Section 5.4. The monolithic implementa- 

tion and measurement resuIts arc surnmarized in Section 5.5. 
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5.2 PLL Building Blocks 

Fig. 5.1 shows the fimctional block diagram of a dock generator for nata communications. 

The PLL includes a phase and frequency dctector (PFD), charge pump, on-chip loop filter 

(LPF), VCO and prescaler/divider- The output clock frequency is 1244.16 MHz 

[ANST][BCR]. The clock is synthesized from a 77.76 MHz or 19.44 MHz reference with 

corresponding divider's division ratios of 16 and 64, respectively. The design considera- 

tions of the PLL block UIcluck low voltage operation (3.3 V for this design), low power 

consumption, monolithic integration, low timing jitter and good supply and substrate 

noise rejection. In the followïng subsections, the design of each building block will be dis- 

cussed with the major focus on VCO design for this monolithic PLL application. 

77.76 MHz 7 1 
PFD Charge 

or 19.44 MHz I 
I - + 2  4 1 

i 1244.16 MHz 

622 MHz 

v 

h o p  

Fig. 5.1. Functional block diagram 

5.2.1 The VCO and its BiasIng Chuitry 

VCO - . Q L I  cd - 

The voltage controllcd osciiiator ('CO) is a critical building block in phase-lockcd loops. 

, I  

The design of a VCO for practical applications netds to accommodate process, supply 

voltage and temperature variations. The iniegrated VCO block diagram is shown in 

P U ~ P  i * 

Fig. 5.2. It consists of four parts: curent controllcd ring oscillator core circuitry; biasing 

Filter 
i 

reference; control voltage to contrd currcnt converter; output buntr circuit. The four stage 
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differential ring oscillator based on 3 stage sub-fetdback loops mg. 3.17 and Fig. 3-25] is 

utilized as the ICO core circuit. It provides a large and lincar tuning range, high-speed 

operation and a pair of quadrature phase output signals. The two separate tail cument 

sources associated with each stage of the ring osciiiator arc connecteci to temperature com- 

pensated biasing and to a V-to-1 converter, respcctively E g .  5-31. Cascock circuits are 

used in tail current sources to achieve high impedance, thus improved static supply noise 

rejection. The biasing reference is used to rcduce the supply and temperame sensitivity of 

the oscillator. The b a e r  circuit coasists of differential to single-end converter and ampli- 

fier. 

I 

ICO 1 
I I 

Fig. 5.2. Integrated VCO block diagram 

5.2.1.1 Temperature Compensated Biasing 

1 4 I Q : , 

' 

ICO core v-<O-1 

A Proportional to Absolute Temperature Bandgap Reference (PTAT) is designed to pro- 

vide biasing current to VCO as shown in Fig. 5.3. The output current from the PTAr cir- 

cuit changes proportionally with the absolute temperanuc. This increased current is used 

to compensate for the transistor mobility degradation at high temperatures. The oscillating 

frequency thus remains constant without contra1 voltage adjustments. 

, , 

From the analysis in Chapter 3, the oscillation frequency of the four stage ring oscilla- 

tor is 

Buffer 
' 1  

, I . converter 
' 1 . 1  

' 
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a, = I /(Re) + G,/C (5- 1) 

For active loading using a diode comecteù transistor (with size Wp), we have load resist- 

ance 

Ibl is the tail c m n t  in the major loop. In Eq. (5.11, R is inversely proportional to the 

square-root of the mobility JL, . As the temperature rises, p,, &crases, thus orillahg fk- 

quency decreases. In order to maintain the oscillation frtquency when temperature 

increases, R should k kept constant. Thus, bi should be increased such that it is inversely 

proportional to mobüity, pp . The left side of Fig. 5.3 shows the biasing circuit which pro- 

vides a biasing current that is inversely proportional to mobility. The circuit can be c a k d  

a PTAT circuit without using bipolar transistor. Since (W/L)M5=(wn)M6 . (W&h7=(W/ 

L)M8, the equaiity resd& in both sides of the circuit having the same cumnt (Il=r2 =O due 

to the cment-mirror pair (M5, M,) and (%, Ma) Now, around the loop consisting of (Ml, 

M3), (M2, w)  and Rb, We have 

V I z ~  = VIs2  + I R b  (5.3) 

and recalling that VeB = Vk, - Vt, we can subtract the tbreshold voltage, V,, from both 

sides, resulting in Vttl, = V, + 12R . Eq. (5.3) can be writtcn as 

Rearranging, we obtain the output cumnt 
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Substituthg Eq. (5.5) into Eq. (5.2), we have 

Thus, the R is determincd by geometrk ratios only, first-order independent of temper- 

ature, process parameters, and power-supply voltage. Post Iayout simulation was per- 

formed using 0.35 p CMOS TSMC model. The resuits are shown in Fig. 5.4 (with 

I , ,  = 180pA and Rb = 290R). The curent control characteristic (f versus bi) has a good 

linearity and indicate a gain of 2.98 GWmA. The temperature sensitivity is only -200 

p p d C .  For cornparison, Fig. 5 J shows the simulation results using a uncompensated bi- 

asing (constant current source) and reveals a sensitivity to temperature of -485 ppd"C. 

l 

Oac delay nage of ICO 

& 

- 
and V-1 - 

- - - - - converfer) 

Bias circuit I 

Fig. 5.3. Biasing scheme for tempeTaturc compensation and frequency control 
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Fig. 5.4. Oscillation frequency as fimction of control cumnt with temperature as 

parameter using temperature compensation biasing circuit (post layout simulation results) 

Fig. 5.5. Oscillation fiequency as function of control cumnt (without temperature 

compensation) 
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5.2.12 Reducing the Sensitivity to Supply Noise 

Nodinear load resistances in differential &lay circuits can convert common-mode noise 

in the power supply into differcntial-mode noise. thus degrading the VCO jittcr perform- 

ance. By connecting a diode-connected PMOS device in shunt with an equai size biascd 

PMOS device, the linearity of loading can be improved -9O][Mane96]. 

The voltage VI from the bias circuit is d to bias triode PMOS devices in order to n- 

duce the effect of the power supply variation (Fig. 5.3). An increase in power supply volt- 

age VDD will cause VI to increase comspondingly (Fig. 5.6). However, the effective 

voltage (V,@) across the triode PMOS loading transistors rernains unchangeci. Thus, the 

loading resistance also remains constant. Fig. 5.7 shows the simulated post layout oscilla- 

tion frrquency as a function of the control cumnt with power supply voltage as parameter- 

The changes on VDD have Linle effect on the oscillation fiequency. The ICO's sensitivity 

to power supply variation ((~f/f)/av,,) is ody 6%N at the center frcquency of 1.25 

GHz. For cornparison, the oscillation fiequency for conventional constant voltage biasing 

is shown in Fig. 5.8, which indicates a sensitivity to the power supply variation of 56%N. 

VDD 

Fig. 5.6. Bias voltage versus supply variation 
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Fig. 5.7. Oscillation frequency as function of control cumnt with power supply voltage as 

parameter (with compensation) 

Fig. 5.8. Oscillation frequency as function of control current with power supply voltage as 

parameter (constant voltage biasing witlout compensation) 
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5.2.1.3 Output B a e r  

The output buffer is shown in Fig. 5.9. It consists of a differential pair preamplifcr and a 

differential to single-ended converter- Two invencr stages consisting of Mi-& are added 

to provide sufncient driving capability. The circuit results in a rail-to-rail voltage swing 

which is expected by the following frequency dividers. 

Fig. 5.9. Output buffer 

5.2.1.4 Voltage to Current Converter 

Voltage to the current converter is used to convert the output voltage on the loop filter into 

a current that is used to tune the ring osciliator (ICO) m92][JoMa97] .  The simplikd 

voltage to current converter is shown in Fig. 5.10. The high gain of the o p m p  guarantees 

that its dinerential input voltage is very small, aad, thenfore, the voltage across the resis- 

tor R is very closely qua i  to Vmn,. Thus, the current through R is I R  = V,,, JR . This cm- 

rent is mirrored by the transistor M2. The dynamic range of output from the charge pump 

and loop filter is h m  0.5 V to 2.7 V. This voltage ne+& to be trmsferred to the ICO input 

control current from O to 250 pA to achieve a large cuning range (800 MHz to 1.6 GHz) 

with a centre frequency at 1.25 GHz. The R value (5 k n )  combined with the ICO gain 
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( KIco in unit of W m A )  resuits in the sensitivity of the VCO (K"=- in units of m. 
If transistors Ml and M2 have different sizes, we bave 

Fig. 5.10. Simplified voltage to current converter 

5.2.2 Phase and Frequency Detectors 

Selection of the type of phaselfrequency detector is an important step in a PLL design. 

PLL frequency synthesizers and clock generators require phase detectors to have wide 

phase detection range, good linearity, low power dissipation and srnall size for intcgration. 

An ideal phase detector produces an output signai, whose dc value is linearly proportional 

to the difference in the phases of two input signais, 

This particular ideal transfer function is diacult to implement in practice, and a vari- 

ety of circuit architectures have becn developcd to approximate it, such as the Gilbert nul- 

tiplier, exclusive OR (XOR) phase detectot, two-state phase detector, three-state phase 

detector, 2-statc phase detector and sample-and-hold phase dctector [Wo191]. 
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The Gilbert multiplier can not be wed as a frtquency dttector since the average output 

is zero for a, # q . As weii, K, is a function of input signal amplitudes, an undesirable at- 

tribute because a PLL employing such a phase cktector exhibits amplitude-dependent stat- 

ic and dynamic behavior. If the input signal amplitudes are large enougb that ai l  three 

differential pairs experience full switching, then thc circuit operates as an exclusive OR 

(XOR) gate. Since the output of the XOR PD is averaged, noise injecteci into the data 

Stream (a false bit) can be rejected. Thus, the XOR PD can be used in the clock recovery 

circuit. The disadvantage of using the XOR PD is that the PW, can lock on harmonies of 

the data (the average of the PD output amplitude for 2 fi and 0.5 fi components is essen- 

tially same). So the VCO opcrating frcquency range should be limitai to muencies 

much less than 2 fi and much greater than 05 fi , where f i  is the nominal dock fkequency 

for proper lock with a XOR PD. Fwthetmore, the average output of the XOR PD depends 

on the duty cycle of the input, 

Two-state PD and three-state PD belong to so-called edge-friggered sequential phase 

detecrors m l 9  11. Since the circuits change state only on one edge of the inputs, their 

characteristics differ fkom those of an XOR; their average output does not depend on the 

input duty cycle, and the outputs remain low when the lmp is locked, eliminating npple 

on the output of the loop filter. However, one disadvantage of two-statc PD and three-state 

PD is that the output high frequency component is at fi rather than at 2 fi for the XOR 

PD. Thus, narrower loop bandwidth is required to suppress the dock frcquency feed 

through and spurious modulation. Another disadvantage is that they are more sensitive to 

noise than the XOR PD. This is because the tlip-flops remember an error due to noise, 

while the XOR is memoryless. A the-state PD can be used ody with stnctly periodic 

signals (e.g., in fiequency synthesizcrs and clock generators). If there are any missing 

pulses, as in clock recovery applications or high-noise applications, then the three-state 

PD will not operate properly. 
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The three-state PD can be uscd as both a phase and frequency dctector (PFD) which 

proves extremely usefd because it significantly inmases the acquisition range, lock spoed 

of PLLs and is froe from false lockïng to the second or third harmonies. The implementa- 

tion of the PFD is shown in Fig. 5.1 1. The circuit consists of two edge-triggered, mettable 

D flipflops (DFF) with their D inputs connected to logica16'1". The rcference signal "Rer 

and local osciliator signal ''Osc" act as dock inputs of DFFa and DFFb, ftspectively. If the 

nsing edge of the "Ref' leads the "Osc" nsing edgc, the VP" output of the PFD has a 

width corresponding to the time difference between two 1eading edges, while the "IN' 

output remains low. This causes the osciiiator frequency to increase, having the effect of 

moving the edges closer together. In lock, both the ''UP'' and 'PN" pulse arc coincident 

and have a designeci minimum width given by the total delay .ough the AND gate and 

the reset path of the DFFs. Fig. 5.12 shows the ideal input-output transfer characteristic of 

the PFD. 

'*'" .p.. Dm. al- " 
Ref. 

Fig. 5.1 1. The three-statc PD used as PFD 
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Fig . 5 -  1 2. PFD transfer characteristic 

The transfer characteristics of a PFD practical implementation c m  potentidy suffer 

from "dead zone". The dead zone is a region where the magnitude of the PFD DC output 

sticks at a fixed value or gain CKd) drops fiom its ngular value. If the input phase ciiffer- 

ence is within the dead zone, the DC output docs not change sufficiently to c o m t  the re- 

sulting error and a peak-to-pcak jitter approximattcly equal to the widtb of the dead zone 

can aise  in the VCO output. The dead zone occurs when Q, and Qb do not have a sufi- 

cient length of time to be simultaneously high (Fig. 5.1 1). In ordcr to eliminate the dead 

zone associated with the three-state PFD, an extra delay cm be inserted in the reset path 

with the use of an inverter chain. This creates minimum width of UP/DN pulses when the 

input signals are in phase. The net charge addcd to the loop filter by the charge pump is 

zero due to the equal width of the pulses. In practical implementation, the pulse width of 

" U P  and 'DN" should be short to minimize the perturbation of the loop filter voltage due 

to mismatch of current magnitude while long enough to elhinate dead-zero. To achieve 

high speed and Iow power consumption DFFs can be implemented using dynamic circuits. 

5.2.3 Charge Pumps 

Charge pumps and loop filters are utilized to conven the timed output logic levels from 

digital style PDs or PFDs into analog quantitics for controlling the VCO [Gard80]. The 

combination of a PFD and a charge pwnp offers two important advantages over the XOW 
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LF appmach: 1) the capture range is only lùnited by the VCO output frcquency range; 2) 

the static phase mor is zero if mismatches and offsets are negiigible. 

The simplified charge pump circuit diagram is shown in Fig. 5.13. The digital signals 

UP, DN and their complernents switch current sources I, and h, ont0 node VC,, thus 

delivering a charge to move Vcont up or dom. Iup and h, need to k equal. The minimum 

charge pump cumnt is iimited by the switching speed requirement When nodes A and B 

are not switched to V,, they arc biased by the unity-gain amplifier [YGW92]. This nip 

presses any charge sharing fkom the parasitic capacitance on A or B that cm cause mis- 

match between the two current sources. Once the loop is locked, the charge pump wiU 

only need to dcliver extrcmely narrow output curent pulsa to correct for voltage drop in 

the loop filter due to leakage. 

The proper design of the charge-pump is a key to obtaining low jitter with an on-chip 

filter. Output glitch energy needs to be minimued. Cumnt sources Iw and h, need to be 

weii matched and controlled over supply, temperature and process variations since they 

determine the loop transfer and noise characteristic. Current sources and switch turn-on 

time mismatch results in residual energy at f,, and hamonics. It a h  generates a static 

phase error. AU the transistors in tiie curent sources arc usually chosen relatively wide for 

better mattching and have long channels ta minimize short cbannel effects and maximizc 

output irnpedance. High output impedance aiiows the transistors in the current mirrors to 

operate as ideal current sources when biased in the sahiration region. 
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Osc 

"1" 

PFD Charge pump _L Loop filter 

Fig. 5.13. Simpiified charge pump circuit c o ~ e f t e d  with PFD and l m p  filtcr 

5.2.4 The Loop Fiiter 

The 1003 filters d i f k  fiom simple drst order passive RC networks to complex high order 

structures. Design consiclerations include close-loop bandwidth, dynamic response, stabil- 

ity, frequency acquisition range and spurious modulation suppression. The existence of 

ripple at the VCO input places limits on the application of the simple first-order filter. A 

higher order loop flter improves for AC filtering, but it inmases the circuit design com- 

plexity and can possibly cause instability of the PLL. A second order charge pump loop 

filter is shown in Fig. 5.13 which is a passive phasc-lead filter driven by a charge pump. 

The resistor, R, has been included to realizc a zero in the low-pas filter's transfer func- 

tion. Capacitor is used to nlur out high frequency spikes from the charge pu-. 

The transfer function of thc loop filter in Fig. 5.13 cm be represented as 
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By increasing the loop bandwidth of the P U ,  the loop will be able to track the refer- 

ence dock faster and correct VCO phase noise more significantly. To increase the band- 

width, mininÿzing C2 is requind Howevcr C2 can not k eliminated wmpletely because 

some of the C2 capacitance is due to parasitic capacitance from me'al wiring and resistor 

5.2.5 Frequency Prescaler/Dinders 

The prescalerkiividers are used to divide the VCO output frcquency by an integer N (16/ 

64) for this clock generator. Dividers are generally designed as digital counters which are 

classified as sequentid circuits. Fig. 5.14 shows the block diagram of a synchronous 

divider (Johnson counter with division ratio 2N) and an asynchnous divider (ripple 

counter with division ratio ZN ). For the asynchronous divider, each DFF of this divider has 

its inverted output conneetcd back to the input, forming a divide-by-2 circuit (Toggle flip 

flop). The non-inverting output is uscd as clock input of the next flipflop. These asynchro- 

nous dividers can reach very high frequencits because only one element, the first flipffop 

in the chah, operates at maximum frequency and no extemal logic circuit is required for 

such a divide by two operation. 
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Fig. S. 14. Circuit diagram of (a) a synchronous divider and (b) an asynchronous divider 

The DFF circuits can be constructcd either with static or dynamic circuits. Static cir- 

cuits are more robust and provide broadband operation but can not operate at a very high 

frequency. In contrast, dynamic circuits can operate at higher spced but work only in a 

Iunited range of frequencies. ~Many types of dynamic flipflops have k e n  proposed 

fYKS871 muSv891 -31 -43 [FoKw95]. The True Single Phase Clock (TSPC) 

DFF was used as the pnscaler for this dock generator application (Fig. 5.15). Since it o p  

erates at high VCO output frequency, its design is quite critical. The transistor sizes have 

been optimited to achieve high speed. Table 5.1 iists the pst-layout simulation results 

with sinusoidal input in a 0.35 pm CMOS technology. The fkquency operaîing range of 

the prescaler is from 400 MHz ta 3 GHz with pwer  consumption of 6.6 mW at maximum 

fiequency. The minimum operating ftequency depends on process leakage specificaîion. 

The divide by 8/32 divider utilizes dynamic flip-flops which are connectd as a ripple 

counter. Since at lower fiequencies the prcchargtd nodes tend to lose their charge due to 

leakage current, a feedback transistor can be used to keep the output nodt high while an- 

other transistor is added to eliminate glitches normally occurring in this circuit (Fig. 5.16) 

m 4 1 -  
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Fig. 5.15. TSPC fiequency prcscaler (divided by 2) 

Table 5.1 Post-layout simulation results of the pnscaier (0.35 p CMOS) 

Input Rmrconaumption 
3 GHz (max) 6.6 m W  

1250 MHz 

400 MHz (min.) 1.86 m W  

Fig. 5.1 6. Dynarnic FlipF1op with improved low fiqucncy khaviour 
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5.3 Analysis of Phase-Locked Loops 

Because of its switching operation, the charge-pump PLL is a discrete-tirne system. Sim- 

ple transfer function andysis is not directly applicable to a nonlincar, time-varying sys- 

tem. However, when loop bandwidth is small compartd to the input frtquency, the state of 

the PLL changes by only a vcry small amount on each cycle of the input frequency. We are 

not concerned about the detailcd behaviour within a single cycle but more interested in 

average behaviour m r  mmy cycles. By applying an average analysis, the the-varying 

operation can be simplified to the-invariant and the powerfid triol of transfer functions 

can be used [Gard79 1. 

5.3.1 PLL Frequency Response 

In order to analyse P U  approxirnately with a linearized time-invariant systcm, the follow- 

ing assumptions are ma&: (a) same average charge flowing into the low-pass filter for 

both linear and non-linear systems; (b) the phase of the input and VCO output frequency 

changes little in any period; (c) lwp  bandwidth is smaller than one tenth of any digital 

activity within the bop. With these assumptions, a linearized continuous-tim, srna-sig- 

na1 model for PLL is given in Fig. 5.17. 

PFD and Charge Pump Loop FiIter VCO 

'-Io---' Frequenc y 
Divider 

Fîg. 5.17. Linearized contuiuous-tirne, small phase error model of PLL 
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Wifh the closed-loop phase transfer function (O,/ûi) reprcsented by H ( s ) ,  we have, 

where G(s)  is the open loop transfer function from the phase &tcctor input to the fie- 

quency divider output, 

K.,, is the VCO sensitivity (or gain) with unit of rad/StC/volt, and N is the divider ratio. 

The cornbined transfcr function (K,) of the PFD and charge pump can be reprcsented as 

where Iavg is the comsponding average error cumnt for input enor phase Ae,, , and Ch is 

the charging/discharging current from the charge pump. Substituting Eq. (5.9) and Eq. 

(5.12) into Eq. (5.10) and Eq. (5.11). respectively, we have the open-loop traosfer func- 

tion, 

and the close-loop transfer function, 

where 

(S. 14) 

Since the close loop transfer function has a &nominatm of the third order and the= 
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are two poles at the origin for the open-loop transfer function. The P U  is usually refemd 

to as a type II third-order systcm [Gard79]. However, since c, C, , the pole op has only 

hi@ frequency effects on the PLL. h w  frequency propcrties should bc cssentidly the 

same as for the second-order loop. The P U  bandwidth (BW) can bt found from IG(s)l = I 

as 

Stabiiity requires that al1 the closed-loop poles be located in the left half of the s plane. 

The easiest way to analyze loop stability is to plot the magnitude and phase of the opcn- 

loop transfer function vcrsus frcquency [SeSm91][Smi86]. The phase margin is 

where oc (=2nK ) is the open-loop crossovcr frcquency at which the open-loop gain is unie. 

The greater the phase matgin, the more stable the system and the more phase lag from 

parasitic effects can be tolerated. Additional phase lag is due to negkctcd parasitic polcs 

or from the tirne delay arising in the phase detmor. 

From Eq. (5.17), we know that a smaller o, makcs the system more stable. However, 

this requires a large capacitance value of C, . A large capacitor vaIue dso takes large chip 

area and longer time to chargddischarge during lock acquisition. If peaking in frequency 

response (overshooting in the tirne domain) is not critical for the application, a good com- 

promise is to make o, = K / 4  (when q < K/4, the P U  is overdamped; when o, > K / 4 ,  

the PLL is underdamped Fo191J). This assures fast acquisition. If peaking is more of 

concern, a smaller O: shoUld be seiected to limit the peaking to somt smali value. 



Chapter 5: Design and Analysis of GHz Monolithic CMOS P U  Clock Genetator 130 

The choice of ap nec& to consider the stability of tbc PLL as weli as high frcquency 

cornponent suppression. The jitter due to high frequency spurious modulation can be re- 

duced by making o>, as smaU as possible. However, the pole at op adds exccss phase lag, 

which reduces the bop phase margin, and possibly causes ringing in the transient re- 

sponse. Thus, for stabïlity remus, a large a>, needs to be chosen. A good compromise is 

to keep op 4K [Gard79]. 

PLI, loop bandwidth influences the stability, pull-in time and the suppression of noise 

from the VCO and high frequency spurious modulation. In order to suppnss the VCO 

noise, the loop was designed to have a large bandwidth (2 MHz). b was chosen to be 

20pA based on practicai considerations of power consumption and spted. The gain of 

VCO is 272 MHz/V. The chosen loop filter parameters an K, of 40 kn, C, of 242 pF. In 

order to have a large op,  C2 is minimized with the use of disiributcd capcitance of the re- 

sistor (R ), parasitic capacitance of metal wiring and gate capacitance. It has a total value 

of 686 fF. The zero and pole frequencies of the loop filter are located at 16.4 kHz and 5.8 

lm, respectively. The simulated respnses of IG(jo)l , IH(jo) l  and argG(jo) are plotted 

in Fig. 5.1 8 and Fig. 5.19 using extracted p s t  layout parameters for N= 16 and 64, respec- 

tively. Table 5.2 summaries the simuIated loop performance. For N=16, the lwp band- 

width is 2037 MHz with transfer function peaking of 0.06 dB. The phase margin (PM) is 

70 degrees indicating good stability condition. It should be noted the nonlinearites and 

parasitic poles (e.g., input capacitance of VCO) would cause some degradation of the 

phase margin. 

Table 5.2 Simulaicd Ioop performance 

Peaking (dB) 
0.06 

PM (deg) 
70.2 

N 
16 

BW (kHz) 
20372 
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5.3.2 Lock Acquisition 

The srnail-signal assumption and linearized system mode1 fail for large phase emn which 

OCCLU during the acquisition of lock. Thus, transistor level time domain anaiysis was per- 

formed for loop capture behaviour analysis. The simulation time steps arc chosen to be 

less than the smallest time constant of the VCO (IO ps). The total length of simulation 

time must be gteater than largest time constant of the low-pas dlter (10 p). The simula- 

tion was run on an ZTLTRAI Spar Sun-station wirb HSPICE for about 3 &YS. Fig. 5.20 

illustrates the simulateci acquisition khaviour of the 1.25 GHz PLL. The upper m e  cor- 

responds to the control voltage of the VCO as a huiction of tirne. The lower curve is the 

voltage on the loop capacitor Ci. Loop locking is achieved if two curves approach to each 

other at a designed static control voltage. 

Fig. 5.20. Simulated P U  acquisition behaviour. 
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For a 3-state PFD PLL, the pull-in time can be found as wo19 11 

wherc a,, is thc initial fhqucncy enor of the VCO. 

For a 450 MHz initial frequency emr, the calculated pull-in t h e  is 23 p which is 

close to the tirne domain simulation results (26 p) for this 1.25 GHz dock generator. 

5.4 Noise in Phase-Locked Loops 

5.4.1 PLI, Phase Noise due to the Additive Noise 

In a practical PLL, all the loop components contribute noise to the output. Digital phase 

detectors that were evaluated in the frequency range of 0.1 to 1.0 MHz exhibit a phase 

noise floor of s,(f) = 10.6 f O3 
/ f [Krou82]. ECL and CMOS logic families were found 

to exhibit better phase noise performance by up to 22 dB in the flicker noise region. In a 

passive loop filter, noise is conuibuted by its components: capacitors and resistors. Since 

depletion and difision type capacitors depend on fluctuation of applied voltage or c m n t  

respectively, the pn junction stmcture should be avoided for low phase noise. Resistors 

produce thermal noise proportionai to their value, 4kTR. (e-g. for R a  kR, we have 

SR( f )= 6.6 - i0-l6 ( v ~ / H z )  at 27OC). Thus large vdue rcsistor should be avoided. 

The phase noise of a monolithic CMOS ring oscillator was discussed in Chapter 4. 

Since VCO requires a buffering circuit to &ive a large load and avoid fiequency puiiing, 

th is  buffer amplifier introduces additional phase noise to the VCO in the PLL. The noise 

performance of a high frtqucncy buffer can bc characterizcd by its Noise Figure (NF). A 

high noise figure in the buEer increasts the noise floor of the VCO in the PU. Phase noise 
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levels at the input to an ideal digital divider of ratio N are reduced by 20 logN at the divid- 

er output. For a large division ratio, the phase noise floor of the 1 s t  divider determina the 

overall divider performance. 

Fig. 5.2 1. A PLL including five additive noise sources 

Fig. 5.2 1 shows a linearized mode1 of a PLL with five additive noise sources. 0, repre- 

sens the noise on the reference signai; 6, is the noise created in the phase detector and 

charge purnp; 0, is the noise due to frequency divider; I$, is the noise fiom lwp  filter, +, 
is the noise from VCO. Since al1 noise sources are non-coherent and random, the total 

noise of the closed-loop system at the VCO output is given by aâding respeztive spectral 

densities, 

wbere G ( s )  is the open Imp gain as dcfined in Eq. (5.1 1). 

From Eq. (5.19), we know that the noise power of all terms is amplified by the factor 

within the loop bandwidth. e-g., comsponding to N=16 and 64. the input rcference's 

phase noise is incrcased by (20 - l o g N )  24 dB and 36 dB, rcspectively. Thus in order to re- 
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duce phase noise, a large division ratio should be avoided. Since noise frorn the PFD, 

charge pump and loop filter is divided by phase dettctor/charge pump gain K,, the output 

phase noise can be reduced by increasing K,, while pmerving the desired hop forward 

gain. 

Eq. (5.19) also indicatcs that the P U  functions as a low-pas tiltcr for phase noise 

arising on the refercnce signal, phase detector, divider and loop filter. In orâer to minimize 

these noises, the loop bandwidth must be as small as possible, although it slows down 

locking, iimits the capture range, and degrades the stability. The PLL functions as a high- 

pass filter for phase noise originating in the VCO. The output signal from the VCO is 

mixed by the phase dctcctor to the baseband whcn the PLL is in-Iock. The phase noise 

components which lie close to the loop center frcquency wül faIl within the lwp filter 

bandwidth and the resulting error signal at the filter output wül act to suppress these noise 

components. Phase noise components in the oscillator output which are at a frequency suf- 

ficiently far away from the.center fiequency will lie outside the loop filter bandwidth. No 

error signal will correct for these fluctuations in fiequency. Thereforc, phase noise in the 

oscillator output which lies outsi& the loop bandwidth is unafiected by the operation of 

the PLL. 

In monolithic CMOS implementations, the phase noise of the VCO is typicdy much 

more significant than thai of other loop component. If only noise from the VCO is consid- 

ered, the output phase noise wiilun the loop bandwidth (f < K )  is 

Substituthg (5.9) into Eq. (5.20), we have 
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The output noise due to the VCO is minimized by having the loop bandwidth as wide 

as possible, a requircment in conflict with the case where the P U  input, phase detector 

and divider create noise. In frequency/clock synthesizer applications whcrc the reference 

is derived from a crystal osciuator, the loop bandwidth can be increased to reduce both the 

VCO phase noise and lock tirne. However, stability considerations fimit the loop band- 

width to approximate f ,,/ 10 [Gard79]. 

The VCO noise transfer function (s&,~) within the loop b d w i d t h  is approximately 

equal to -20 . loglG(s)l dB, shown in Fig. 5.18 and Fig. 5.19 (with the oppsite sign) for 

N= 16 and 64, respectively. If the phase noise of the free ninning oscillator is - 100 dBc/Hz 

at lMHz offset fi-equency, the PLL output phase noise due to VCO is -106 dBc/Hz for 

N=16. 

5.4.2 PLL Jitter due to the Spurious Signal Modulation 

The proper design of the charge-pump is critical to obtaining low jitter with an on-chip 

loop filter. Output glitch fiom the charge-pump and PFD output hi@ frtquency hannonics 

can generate periodic disturbance on the VCO control line. This effect is similar to fre- 

quency modulation as we analysed in Section 4.4.2. The period disturbance at the VCO 

input creates sidebands at an offset equal to if requiring further limitation of the loop 

filter bandwidth so that the magnitude of thcse sidebands is sufficiently smali. 

Assuming this ripple is a small sinusoidd perturbation A v,(t) = v, cos o,t , the fre- 

quency deviation at the VCO output is, 
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The deviation of the period fiom the cenur frequency is 

Af o(r) K V C O V ~ ~ ~ ~ , ~  AT(t) = - = 
fa' fo' 

The timing jitter rms value due to the single frequency 

meRa981 as 

(5.23) 

moduiation can be found 

Assuming that K,,, = 272MHz/V , f, = 125GHz, I, = 77-%MHz, and the m s  jitter 

value a = 9.6ps, h m  Eq. (5.24) the perturbation amplitude (v, ) can be calculated as 200 

mV. 

In order to reduce the timing jiner due to the spurious modulation, the gain (or sensi- 

tivity) of VCO can be purposely made low. However, the nsulting reduction of the lwp 

bandwidth and fkequency control range usually requins additional circuitry for compensa- 

tion (such as, a coarse control of the center frequency). 

5.5 Implementation and Measurement Results 

The PLL clock generator was irnplemented monolithically in a 0.35 p single poly, three 

metal CMOS tcchnology. The layout was divided into four scparated blocks: (1) ICO/ 

prescaler and output interface; (2) PFD and dividcrs; (3) charge pump; (4) loop filter and 

V-to-I converter. The second and third blocks were provided by PMC-Sierra, Inc. The first 

block uses two pairs of supply and ground pins for its digital and analog circuits, rcspec- 

tively. Each of the other t h  blacks uses a pair of supply and ground pins. Separation of 
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each functional block makes it easy to &bug and charactcrize the performance of each 

building block. The design also incorporates a dual bi-directional analog test bus to probe 

critical nodes inside the PLL for testing purposes. Al1 building blocks a n  separated by 

both p+ and n well guarding rings to reduce inter-block intederence. The core ICO Iayout 

was made as compact as possible. Devices with a large width are divided imto the cornec- 

tion of parallel smaller MOSFETs. To compensate for the edge effects, dummy elements 

are added to a common-cencroid layout to ensure that the matched transistors sec the same 

adjacent structures. Substrate contacts arc placcd close to the critical devices in the high 

frequency path. 

Fig. 5.22 shows the die photo of PLL clock generator. By varying the input reference 

frequency, the ICO (in PLL) locking range and transfer characteristic wcre measured 

(Fig. 5.23). The gain of the ICO is exceptionally linear and slightly highcr than predicted. 

The measured output spectm and jitter histogram of PLL at 1 -25 GHz is iiiustrated in 

Fig. 5.24 and Fig. 5.25, respectively. Table 5.3 summarizes the measurement results. 

Table 5.3 Summaq of measured P U  clock generator penormance 

Locking range 880-1648 MHz 

Output jitter 11 ps (m), 80 ps (P-P) 
Operathg voltage 2.96 to 3.63 V 

Power consumption 109 mW 

Chip active arca ImmbyImm 
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Charge 

Divider 

Fig. 5.22. Die photograph of the PLL clock generator 

Loop Filter 

V-1 Converter 

Fig. 5.23. Measured results of the ICO (in PLL) uansfer characteristic 
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tATTEN 18dB CNT -66. 83dBm 

CENTER 1.25100GHz SPAN 50.00MHz 
*RB W 1 Bk Hz UBW 1 Bk Hz SWP 1.3sec 

Fig. 5.24. Measured output spectrum of the PLL at 1.25 GHz 

Fig. 5.25. PLL jitter histogram 
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A 1.25GHz monolithic CMOS PLL clock generator unit was designecl for data communi- 

cations. The monolithic PLL consists of a ring oscillator, divider, phase/frtquency &tee 

tor, charge pump and onchip loop filter. The design accommodates prccess, supply 

voltage and temperature variations. The voltage controiied oaillator incorporates a quad- 

rature output ring structure with sub-feedback loops embcdded to spced up and tune the 

circuit (developed in Chapter 3). The two separated tail current sources associateci witù 

each stage of the ring osciliator are connecteci to tcmperaturc compensated biasing and 

loop filterN-to-1 converter, respcctively. An onchip biasing refercnce circuit was devel- 

oped to reduce the VCO's sensitivity to botb supply and temperature variation without the 

use of a bipoiar transistor as in the conventional design. The VCO is excepttionaiiy lincar 

and has wide tuning range. The achieved highly luiear frcquency transfer characteristics 

are important for maintaining a constant loop gain in the PLL over its lock range and mod- 

ulation applications. Because the applications ushg this PLL require low phase noise. 

Emphasis is aiso p l d  on the analysis of the noise sources and thcir contributions to the 

overall noise performance of the PLL. The rcfercnce feed-through end the output glitch 

from the charge pump can generate periodic disturbance on the VCO control he. This 

effect is similar to high frequency modulation and is the dominant noise source to the out- 

put timing jitter. The fully integrated PLL was fabricated in a 0.35 pm CMOS process, 

occupies an active area of 1 mm2, and consumes about 100 m W  operating from a 3.3V 

supply. A rms timing jitter of 1 1 ps was measured. 



CHAPTER 6 Conddoll~ 

The focus of this thesis was the development of high speed monolithic CMOS ring oscilla- 

tors. A general oscillator circuit topology capable of achieving high speed operation and 

multiple phase output was proposed. The topology used controlied sub-feedback inverters 

to construct fast loops for long chah, multiphase output ring oscillators to achicve higher 

speed. A linearized mode1 was developed and led to the discovery of a relationship 

between speed and fcedback index i. This speeà-fcedback index relation is important for 

fast loop construction and was conkned by t h e  domain HSPEE simuiations. The opcr- 

ating fiequency of the Mig oscillator increases lhcarly with the transconductance (G,) of 

sub-feedback inverters. G, can be controllcd with an extemal voltage. Thus, the sub-feed- 

back loops based topology aiso provides an alternative to conventional capacitive or mis- 

tive tuning, which can be also understood as changing the effective number of delay stages 
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(N, ) withia the range of ( i  + 1 ) and N . Both single-ended and dinerential inverter stages 

and control voltage can be used in the topoIogy. 

Detailed implementation of the proposed topology for both single-endd and differen- 

tial circuits has been proposed and analyzed. For a sub-feedback lwp based ring oscilla- 

tor, the dc gain of inverters in the major loop should ix kept greater than the minixnum 

value for oscillation to occur. However, large values shouid be avoided to achieve low 

phase noise. The design was fabricaimi in 0.5 pm CMOS technology. VCOl is a single- 

ended five stage ring osciüator with sub-feedback loops. It demonstrates a 62% increase in 

frequency with power consumption of only 6 mW. VC03 is a four stage quadrature output 

ring oscillator with three stage sub-fecdback loops. Compared with VCOZ, which is a con- 

ventional four stage differential ring oscillator of the same transistor sizes, doubling of 

speed has been achieved. The linearity of the VCO frequency control transfer characteris- 

tics also improved. 

For communications applications, one of the most critical VCO specification is phase 

noise. In Chapter 4, phase noise in single-ended ring osciilators and sub-feedback loop 

based differential ring oscillators was analyzed. For a singlecnded ring oscillator, the 

analysis is based on a time domain noise model. The relationship bctwecn design parame- 

ters and timing jitter is dcrived for intemal noise sources. The cycle-to-cycle jitter was 

shown to be inversely proportional to supply voltage and power consumption. For a fixed 

operation frequency, jitter is independent of stage numbtr and can be rcduced by increas- 

ing the ratio of W/L. The analysis of timing jitter in a single-ended ring oscillator also 

demonstrates its strong sensitivity to extemal interference signals, such as supply and sub- 

strate noise. On chip regulator can only be used to reduu the low frequency supply noise 

sensitivity at the cost of àecreased effective supply voltage and output swing. The basic 

reason differcntiai circuits werc used is that they provide higher extcmd intcrfcrenct rt- 
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jection. However, the rejection is lixnited due to the nonlinear loading, nonlinear drain 

junction capacitor and mismatch of devices. 

Phase noise in sub-feedback loop based ring oscillators has k e n  analyzed in the fre- 

quency domain. Compared to tirne domain analysis, frequency domain analysis provides 

both an explanation for time domain waveform shaping and more insight into the noise fil- 

tering introduced by the sub-feedback loop architecture. Noise sources arc classifieci into 

three groups according to their contribution to the total output phase noise. The proposed 

sub-feedback lwp based ring topology improves the equivalent Q factw. The noise shap 

ing hnction for the noise fkom the driving transistors and loading rcsistors which are con- 

nected directly to the signai path is also improved. The Q value is a function of gain of the 

sub-feedback inverter and feedback index i. By choosing the optimum feodback index i, 

phase noise performance can be improved for the sub-feedback loop based ring oscillators 

(e-g., for 7 stage ring oscillator with sub-feedback loops, the circuit based on i=4 is expect- 

ed to have better noise performance compared to the circuit based on i=2). 

In addition to considerable effort into the development of high speed ring oscillators, 

an inductor based osciilator was also explored for low noise design [Appencüx A]. The LC 

oscillaîor was fabricated in a 0.35 pm triple-metal, double-poly CMOS pracess, occupies 

an active area of 0.5 mm2, and consumes 20 mW power at 3.3 il The measured phase 

noise performance at 1.8 GHz is -98.3 dBc/Hz at 500 kHz offset frequency. 

A 1 -25 GHz monolithic CMOS PLL clock generator unit was designed for data com- 

munications. The monoiithic PIL consists of a ring osciiiator, divider, phaseMequency 

detector, charge pump and onthip loop filter. The design accommodates process, supply 

voltage aod temperature variations. The voltage controiled oscillator incorporates a 

quadrature output ring structure with sub-feedback loups embedded to speed up and tune 
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the circuit. The two separated tail cumnt sources assariated with each stage of the ring 

oscillator art comected to a temperature compcnsated biasing and b o p  filterN-to-1 con- 

verter, respectively. An on-chip biasing refennce circuit was developed to reduce the 

VCO's sensitivity to both supply and temperattue variation without the use of a bipolar 

transistor as  in the conventional design. The VCO is exceptionally linear and has a wi& 

tuning range. Because the applications using this PLL require low phase noise, emphasis 

is also placed on analysis of the noise sources and their contributions to the overail noise 

performance of the PLL. The PLL was fabricated in a 0.35 p CMOS process, occupies 

an active area of 1 mm2, and consumes approximately 100 m W  operating from a 3.3 V 

supply. A rms timing jitter of 11 ps was measured. The measwement results confirm the 

suitability of the VCO and the PLL for applications such as clock generation/recovery sys- 

tems, high speed muitiphase data sampling and rnicroprocessor clock synchronization. 

6.2 Future Work 

The research work described in this thesis can be pursued M e r  in a number of areas: (1) 

Accurate prediction of phase noise in orillators remains a challenging area The anaiysis 

needs to take into consideration the dynamic and nonlinear nature of the circuits and 

should lead to intuitive guidelines for circuit designers. (2) For an LC oscillator, the char- 

acterization and improvement of quality factors (Q) for both the inductor and varactor in 

the conimercial CMOS process can be further investigatcd. (3) Because of its switching 

operation, the charge-pump PLL can not be analysed as a Iinear systern in certain circum- 

stances. An exact anaiysis taking into account the discrete and nonlinear characteristic of 

the circuits can be explored. (4) Reducing the timing jittcr in monolithic PLLs continues 

to be a challenge for architecture and circuits desigas. Sinœ power supply and substrate 

noise are two of the major noise sources, it is suggcsted that fully ciifkentia1 PLL build- 

ing blocks are developed for future low jittcr applications. (5) In mobile cellular applica- 
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tions, the noise shaping AZ modulus controiler is dso  an arca whose properties merit 

m e r  study. High order architecture with single bit output and good stab'ility can be 

investigated to reduce the complexity of the multi-modulus divider (Mh4D) and phase 

noise of the frequency synthesizer- (6) Monolithic integration of a PLL with a digital 

Delta-Sigma modulator in a decp submicron CMOS process to fonn a complete frac- 

tional-N frequency synthcsizcr would be of commercial interest- (7) The ring oscillators 

and PLL developed in this thesis can be implemented in 0.25 pm or 0.18 pn CMOS proc- 

ess with minor modification to operate at 2.5 GHz for OC-48 SONEX' transceivers. 



Appendix A: 

Design and Implementation of a 1.8 GHz 0.35 pm 
CMOS Monolithic LC Oscillator 

A monolithic CMOS LC tank oscillator was designed and fabricated for digital mobile 

communicatims. The LC VCO circuit schemaîic is shown in Fig. A- 1. NMOS transistors 

Ml and M2 are coupled in positive feedback to provide a ncgative resistance to cancel 

losses in the resonator. M3, M4 provide biasing c m n t .  Buffer circuits are used to drive 

the offchip loads. According to Leeson's noise model, to rninimize the phase noise of an 

oscillator, the oscillator has to use a higb Q LC tank, an active circuit with low noise fac- 

tor, active devices with low flicker noise, and high signal swing at the resonator. 

I I 
buffer , '- , buffer 

= 
tore circuit 

Fig. A- 1. LC oscillator 
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(a) Oscillator Design 

It is desirable to maximize the value of the spiral inductor to inmare voltage swings and 

hence decrease phase noise. However, the maximum value of the inductor i s  detennined 

by a self-resonant frequency and nuiiag range. The chosen spiral inductors have a value of 

6.3 n H  at 2.0 GHz. The total capcitance is 1 pF. Inductors LI, are implementeù by 

metai 3 as s h o w  in Fig. A-2. An appropriate quivalent circuit of a microstrip Line on sil- 

icon process is shown in Fig. A-3, where L is the total inductance of the line and r is the 

series resistance due to conductor losses and dissipation arising from current flowing in 

the silicon substrate. The shunt parasitics resuit fiom a combination of capcitances, due 

to an insulating layer of silicon dioxidc (C,) and the underlying substrate (Cg), and sub- 

strate dissipation (%) mC097]. 

Fig. A-2. Cross-sectional view of the inductor 

I = __L - 
Fig. A-3. Microstrip h e  quivalent circuit 
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For the spirai inductor;additional components are requirtd to rcprescnt mutual mag- 

netic and electric coupling betwecn adjacent lines. 

The substrate and metal properties for the 0.35 pm CMOS fabrication process are iist- 

ed in Table A-1. The designed inductor has a width of 10 p m  and spacing of 2 pm. The in- 

ternal âimension was chosen as 100 pm to minimizes negative mutual coupling on 

opposite sides of the spiral. The turn number is 4.5. The simulations are bascd on ASITIC 

which is a CAD tool for inductor/transformer design and analysis [NiMe98]. 

Table A-1 Substrate and metal parameters of a 0 . 3 5 ~  CMOS process 

P.nm8t.r 1 vuri. 
i 

Silicon resistivity (rho) 1 LSohmnn 

silicoi Giative pcmittivity (eps 1 ) 

Oxide resistivity 

The LC-tank's effective resistance includes the parasitic resistances of the inductor 

11.7 

le10 ohm-cm 
Oxide thickness bclow Metai 3 (M3) 

Oxidc thickncss above Metal 3 (M3) 

M3 thickaess 

and capacitors. Since the value is approximately 30 Q , the rcquired negative conductance 

4.03 pm 

6 ~ u n  
0.92 p 

provided by the transistors mua be R,(UC,)' = 30 - (2n - Z-OGHr - 1 4.7ms. Using a 

safety factor of 2.5, each of the ampl*ing transistors must have a transconductance g, of 

12 ms. Since g, = ~,$ , , (W/L)  v,,- = 2(1dvcfl) , the small value of Vetf comsponds to 

small ID, resulting in lower power consumption. However, the transistor sizc becomes 

large and iü parasitic capafitance increases, causing rcduced tuning range. n ie  Veff and ID 

are chosen to be 0.4 V and 4.4 m A  This yields a width of 150 pm for transistor M 1, M2. 
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The capacitor of the LC-tank is formed by the inductor's parasitic capacitance to the 

substrate, the drain-bulk, gate-drain and gate-source capacitances of the NMOS transis- 

tors, the loading capacitance of the buffers and thc tunable p 4 n  weU junction capacitor 

(varactor). In order to achieve a large tuning range, the 1 s t  contribution must ôe as large as 

possible [CrSt95]~g98][PaAl99]. 

The varactors are implemcntcd by a p+ diffusion in a n-wcll. The reverse pn junction 

capacitance of the varactor is contdcd by an extemal control voltage. The layout of the 

varactor is important to achieve high Q capacitance. A strapping n-wcil structure [Raz9711 

was used to d u c e  the series resistance. 

The fixed part of the varactor capacitance contributes 40% of the totai tank capacitor 

(1 pF). The parasitics of Ml, M2 (150 pml0.35 p) contribute about 45%. The parasitic 

of M5, M6 (50 pd0.35 p) contributes 15%. Since the junction capacitor per unit area 

for the 0.35 CMOS process is C = 886 - o ~ / u m * .  The varactor takes an total effective 

area of 45 1 pn2. 

(b) Implementation and Measmement Results 

The design was implemented in a tsmc 0.35 pm triple-metal, double-poly CMOS process 

and fabncated through CMC. The layout is shown in Fig. A-4. It occupics an active area 

of 0.5 mm2. The differential output signal is available from the bottom bonding pads 

mua, V,,,). Biasing cumnt is applicd on the top bonding pads (Vbias)- Power supply 

and tune voltage are applied on the bottom pads. Appendix C shows the top level layout of 

the die (ICDCULS3) which includes thrce othcr oscillator circuits, dumrny inductors, and 

varactors for calibration purposes. 
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Fig. A-4. Layout of the 1.8 GHz LC oscillator (VC04) 

The circuit was tested on a wafer with multicontact RF probes from Cascade Micro- 

tech. Fig. AS shows the measured resuits of the Q factor from a dummy inductor of the 

same size (in the same chip). The meamment was performed using HP Network Analyz- 

er 8720h and following the standard calibration procedure. The maximum value of Q is 

3.2 around 1.8 GHz. The LC VCO output spectrum is shown in Fig. Ad. The center oper- 

ating frequency is 1.77 GHz, which is slightly lower than simulation. This may be caused 

by the accuracy of available pracess parameters and the inductor model. The measured 

phase noise is -98.3 dBc/Hz at 500 kHz offset frequency with power consumption of 20 

mW. 
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Fig. A-5. Measured Q factor 
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Ag. A-6. LC VCO output specaum 



Appendix B: 

H P  0.5 pm CMOS Ring VCOs Chip (ICCCULSl) 

(a) Pin Diagram 

(In logo ICCCULS 1, CC represents HP OSpm process, CU represents Carleton Univ.) 
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@) Bonding diagram (set 1) with 24 pin Ceramic Flat Package (CFP)* 

* Bonding diagram set2 and set3 are not shown here 

(c) Package and PCB for Testhg (provideci by CMC) 
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(d) Measurement Results (VCO-REF) 
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(e) Post Layout Simulation Results (VCOI) 
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(f) Measurernent Results (VCO 1 ) 
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(g) Post Layout Simulation Results (VC02) 



(h) Measurement Results (VC02) 
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(i) Post Layout Simulation R d t s  (VC03) 
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(k) Measurement Results (VC03) 



Die Photo of a Digital Delta-Sigma Modulator 
for Fractional-N Frequency Synthesis (IBACULS2) 

Die Photo (IBACULS2,2.3 x 2.3 mm2, fabncated with NT 0.8 pm BiCMOS process) 
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Appendix D: 

Layout of TSMC 0.35 pm CMOS LC Oscillators 
(ICDCULS3) 

Top level layout 

1 64 



Phase Noise Measurement Techniques 

The phase noise of osciilators can bt measurtd using the direct spcctrum analyser method, 

the frequency discriminator mcthod and the phase locked loop method 

~ 8 8 ] @ P û 9 ] ~ ] .  The basic measurement setup, the equipment utiiized, and the 

advantages and disadvantages of each will be summarized hem. 

(a) The Direct Spectrum Analyser 

In the direct spectnim analyser method, the VCO output is dirtctly connected to a spec- 

trum analyser tuned to the source frequency. Since it is impractical to makc measurements 

of noise power in a 1 Hz bandwidth, tbis results in measurement of the noise in a wider 

bandwidth which must be corrected to 1Hz by reducing the noise mesurcd by 10 dB for 

every decade by which the filter is wider than 1 Hz. Furthemore, the direct spectrum ana- 

lyser technique will usually require correction factors, since the detector of the analyser is 

ordinanly an envelope rather than a m e  mis detector, the log amplifiers amplify noise 

peaks less, and the bandpass fiJters may be Gaussian or trapezuidal in shape, which 

requires correction to a square bandpass. Hence, using die direct spectnim technique, the 

phase noise L(f) in d B c m  at any offset frequency f, can be caiculated as: 

where Pdf,) is the measured average noise power for a given rrsolution bandwidth in 

dBm at an offset frcquency f,, and P, is the mcaswcd carrier power in dBm. cl is the cor- 

rection factor to calculate the measured noise power of a 1 HZ rectangdar bandwidth [= 
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10 log(1.2 x resolution BW) dB for the HP8591 spectnim analyser -11. c2 is the spec- 

tnun analyser effects correction factor (2.5 dB for an HP859 1 spectnim analyser). 

The direct spectnim measurement technique is the easiest technique for measuring os- 

cuator noise. It provides quick, qualitative analysis of an oscillator and can be utiiized for 

a broadband frequency range. However, it has limited resolution for close-in measure- 

ment. It c m  not be used to measure specaally pure sources, nor cm it measure noisier 

sources that have eithcr high -4-M or drift. The technique is most usehi when it c m  be de- 

tennined that the noise of ttie oscillator king measured is worse than that of the local os- 

cillator of the spectrum analyzer and AM noise is less than phase noise. It is perfect for 

measwing the phase noise on a stable (phase locked) source with relative high noise side- 

bands. In summary, the direct spectrum measurement technique is optimum for measuriag 

a source with relatively high noise and low drift. 

fi) The Frequency Discrimiaator Metbod 

In the frequency discriminator method, the fiequency fluctuations of the source are trans- 

lated to baseband voltage fluctuations by the frequency discrimhator which c m  then be 

measured by a baseband analyser. 

Fig. E- 1. The fkquency discriminator phase noise measurement technique 
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There are various implementations of frcquency discriminator, one of which is the de- 

Iay linelphase detector implementation which is employed in the HP3048A phase noise 

measurement system [)EP89]. In that implementation of frequency discriminators, the sig- 

nal from the tested frequency source is split into two channels, the signal of one path k i n g  

delayed relative to the signal in the other path as shom in Fig. E- 1. This une* delay 

converts the frequency fluctuations of the signal into phase fluctuations. The phase detec- 

tor then converts phase fluctuations to voltage fluctuations, which are read by the spectrum 

analyzer and are related ta the phase noise of the source. Phase noise measurement using 

that method requires a procedure for set up, calibration and data conversion which is auto- 

mated in the HP3048A phase noise measurement system. 

This technique demonstrates better sensitivity than the direct spectnim analyzer tech- 

nique, since the translation to baseband voltage permits the use of spectrurn analyzers with 

a baseband analyzer or fast Fourier transfolm analyzers. In general, the sensitivity of this 

sy stem is limited by the intemal noise of the frequency discriminator. However it is diffi- 

cult to implement due to loss in the delay line which makes it limited in the maximum 

range of offset frequencies. It also has poor close-in sensitivity (sensitivity at small offset 

frequencies). 

(c) The Phase-Lockeà Loop Method 

A typical block diagram is s h o w  in Fig. E-2, where two sources at the same frequency 

and in phase quadrature are input to the double-balanced mixer used as a phase detector, 

the output of the mixer will be the sum and the difference of frequencies. The sum is fil- 

tered by the low-pas filter (LPF) to prevent it from overloading the LNA or the baseband 

analyser. Any phase fluctuation that is not cornmon to both signals will be represented by 

a phase term in the difference frequency signal. The LNA improves the sensitivity and the 

noise figure of the spectrum analyser. Analog spectmm analysers are used for high offset 
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frequency measurcments and digital spectnun analysers arc useful for ciose-in offsets but 

Zimited in the maximum range of offset fiequcncy. Hence, a combination of both is needed 

for a wide offset fiequency range. This phase noise measurement technique is also imple- 

mented in the HP3048A system [HP89]. It is the most sensitive and broadbmd method. 

LPF II 

apccuum * Analyser 
A 

1 

Fig. E-2. Measurement of spectral density of phase fluctuations wirh a phase locked loop 

It is important that the phase detector input sources stay in quadrature (90' phase rela- 

tionship), since it is the condition at which the system is operating near the "zero" crossing 

of the phase detector. The sources are held in a 90' phase relationship by the use of a sec- 

ond order phase locked loop (PLL) in a feedback patti to one of the oscillators, the utiiiza- 

Uon of the PLL to maintain lock at the phase detector for a drifllng fiequency source does 

not contradict the fact that it is an open ioop measurement. Since, however a correction 

factor is needed while measuring phase noise at offset fkquencies less than the PLL band- 

width, care shouid be taken to use a P U  bandwidth less than that of any offset fiequency 

of interest to increase the validity of the measurcd performance. 
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