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An investigation into the feasibility of designing a 

monolithic high frequency voltage controlled oscillator is 

performed. With design constraints of an oscillator Q between 

5 and 10 and minimal chip area, the resonant LC tank and 

negative resistive cross coupled differential amplifier 

circuit is analyzed and design guidelines are developed. 

Analysis of the circuit encompasses both linear and non-linear 

modes of operation of the circuit, predicts the fundamental 

frequency of oscillation, and highlights design limitations 

for the resonant elements in terms of meeting the Q 

specifications at higher frequencies. Experimental results on 

a fixed frequency version of the VCO circuit yielded good 

agreement with theoretical analysis. For the parameters 

tested, the error was on the order of 10% in most cases. 
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CHAPTER I 

INTRODUCTION 

1.1 Objective 

The objective of this investigation is to determine 

the feasibility of designing a low phase noise, 2GHz voltage-

controlled oscillator (VCO) for a bipolar integrated circuit. 

1.2 Design Goals 

The design goals for the VCO are three-fold. 

Firstly, it is the primary objective of this investigation to 

create a monolithic design. All elements should reside on the 

same integrated circuit. Secondly, the design is to be low in 

phase noise, or phase jitter. The Q, or quality factor of the 

oscillator, which is defined as the ratio of energy stored per 

sinusoidal cycle to energy dissipated per sinusiodal cycle, 

has an impact on the amount of phase noise present in the 

oscillator, hence the oscillator should posses a Q factor of 

between 5 and 10. Lastly, the final significant goal of this 

design is to have a precisely defined frequency of 

oscillation. Since there is process variation in integrated 

circuit fabrication it is necessary that the oscillator be 
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1.3 Contribution of Project 

The primary contribution of this investigation is the 

fact that this design will be monolithic. As such, it will 

provide PC board designers and hybrid layout designers maximum 

flexibility when laying out circuits. This is because they 

will not be constrained by the need to exit the chip to make 

connections to the remaining circuitry. 

Perhaps a more significant advantage of the monolithic 

design is that it eliminates the concern about parasitics that 

would be present if connections to external components were 

necessary. At high frequencies, such as 2GHz, these parasitics 

would be manifested in the form of capacitance at the 

substrate edge connector pads and inductance through both the 

edge connectors and the trace that would run between the IC 

and the external circuitry. Although these parasitics could be 

modeled, the accuracy to which they are modeled could be 

somewhat questionable. In addition, exiting the chip leaves 

the circuit vulnerable to noise pickup. 

Another contribution of this effort is in reduced cost. 

The cost contribution is two-fold. First, in terms of monetary 

cost, the completely integrated circuit offers a savings by 

alleviating the need for connectors that would be necessary to 

connect to external circuitry. In addition, reduced part 
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count would translate to reduced cost. A second-order effect 

of reduced part count would be higher density PC board layout, 

which again translates to monetary savings. Second, time is 

saved by avoiding the modeling and testing that is necessary 

to account for the parasitics that result from exiting the 

chip. Perhaps less significant, but a time savings 

nonetheless, is the fact that time would not have to be spent 

laying out the external circuitry on a PC board or hybrid. 

1.4 Motivation 

As suggested in the previous two sections, the primary 

objective of this investigation is to produce a monolithic 

VCO. This desire is motivated by the afore-mentioned 

contributions, but primarily by the desire to minimize phase 

noise in the circuit. It was felt that integrating the circuit 

all on one monolithic substrate would minimize the opportunity 

for noise contamination. Given this desire for minimal phase 

noise the focus of the investigation quickly turned to 

determining the best way to achieve a high Q oscillator on an 

integrated circuit. The question may be asked, why high Q? 

High Q translates to low noise, or more precisely, high noise 

immunity. On the premise that the resonant element defines the 

Q of the oscillator, the task then became one of designing 

suitable integrated inductors and capacitors, and an amplifier 

to drive them. Given that low dissipation capacitors are no 
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problem to design on an IC, the task was minimized to that of 

designing a high Q inductor, and an amplifier. 

The difficulty in achieving a high Q inductor on an IC is 

primarily a function of chip area. As the quantity Q may also 

be defined as the ratio of inductor impedance to inductor 

intrinsic resistance, it becomes obvious that in order to 

maximize Q, it is necessary to minimize the intrinsic 

resistance in the element. In an IC process there are two ways 

to do this. One method is to maximize the width of the 

conductor. The problem with this method is that it consumes a 

great deal of chip area, hence making it undesirable in high 

density designs. The second approach is to mirror the pattern 

of the inductor on a second layer of metal, if it were 

available, and connect the two layers with feedthrough vias . 

The effect of this design is to increase conductor thickness. 

The fallacy in this approach is illuminated in high frequency 

designs where the phenomena known as skin effect becomes a 

factor. Briefly, skin effect is a condition in which the 

current in a conductor flows only on the surface of the 

conductor, rather than through the entire volume of the 

conductor. Hence conductor thickness offers no advantage in 

terms of resistivity. Further discussion of skin effect is 

offered later in this text. 

Given the constraint of minimizing chip area, one can 

quickly appreciate the difficulty of designing high frequency, 
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high Q, integrated circuit inductors, with inductance 

on the order of 1-10 nanohenries. 

1.5 Preliminary Work 

-Before deciding on the circuit that is the focus of this 

paper, namely the parallel resonant LC tank circuit with a 

negative resistance amplifier, much work was done to determine 

the best architecture for the VCO. 

In selecting an oscillator architecture the primary 

concerns were both its phase noise performance, and its 

ability to be implemented on an integrated circuit. In review 

of oscillator architectures, such classics as the Colpitt and 

the Hartley were examined. In addition was a brief look at the 

relaxation oscillator, which was followed by a detailed 

examination of the LC tank resonator. In light of the design 

goals, all but one of the afore-mentioned architectures fell 

short of expectations. The classic circuits did not meet 

expectations as they required multiple capacitors. Capacitors 

on an integrated circuit consume a lot of area, hence multiple 

capacitors are less than ideal. The relaxation oscillator was 

not chosen because of its phase noise performance. These 

oscillators tend to accumulate phase noise, or phase shift 

over time, which is an intolerable characteristic for the 

design. 

Hence the decision to use the tank oscillator was based 
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on the fact that it offered low phase noise accumulation, high 

Q which affords good broad-band noise rejection, and it seemed 

to offer the most promise for eventual monolithic integration. 

Because of some skepticism over the ability to print an 

inductor on an IC in a reasonable amount of area, an effort 

was begun to synthesize an inductor which would consume 

minimal chip area. At the beginning of the investigation it 

was felt that a printed inductor with a reasonably high Q 

could not be designed on an integrated circuit. Hence the 

synthetic inductors shown in Figures 1.1 and 1.2 were 

designed. Figure 1.1 illustrates a valid method to synthesize 

an inductor, but unfortunately it turns out to be a very poor 

one in terms of Q. The result of SPICE simulations for this 

design yielded a Q value of less than one. The second circuit 

suffers from high sensitivity to the IC process variations, 

hence making it an undesirable candidate. 

The next approach was to synthesize the entire network 

with a Sallen and Key active filter circuit as shown in Figure 

1.3 [1]. This circuit contains only resistors, capacitors, and 

an amplifier; hence there is no inductor to worry about. The 

problem with this circuit, in light of our needs, is that the 

Sallen and Key design is based upon having an amplifier with 

relatively infinite bandwidth compared to the resonant 

frequency of the circuit. Unfortunately, the bandwidth 
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Figure l.l Synthesized inductor. 
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Voc 

R 

Figure 1.2 Synthesized inductor with negative 
resistance. 
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Figure 1.3 Sallen and Key bandpass filter. [1] 
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or ft of the bipolar process proposed for this design is less 

than an order of magnitude greater than the desired frequency 

of oscillation (approximately 2GHZ) for the oscillator. 

After a brief literature review it quickly became 

apparent that the spiral inductor, compared to a simple strip 

of line or a loop of wire, offers higher Q and inductance for 

a fixed amount of area [2]. Therefore it was decided that the 

spiral inductor should be used. 

1.6 Theory of Operation 

The reader may recall that a simple, but ideal LC tank 

circuit will oscillate indefinitely once excited by a pulse 

of energy. Unfortunately ideal circuit elements cannot be 

made, hence there are losses to contend with. These losses 

come in the form of resistance which is modeled in series with 

the inductor; there may also be resistance associated with the 

capacitor. In any case, the loss tends to damp the 

oscillations of the simple tank. In order to achieve 

indefinite oscillation, the energy lost in the reactive 

elements must be restored. This is achieved with an amplifier 

and positive feedback. In essence this amplifier acts as 

negative resistance, thereby canceling the effects of the 

intrinsic resistances in the L and C. In the circuit which is 

the focus of this discussion, the amplifier is in the form of 
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a cross-coupled differential amplifier (Figure 1.4). Once 

again, if negative resistance is achieved such that 

oscillations persist, theory predicts that the magnitude of 

these oscillations would grow without bound. In our design the 

amplitude is controlled or clamped by the saturation of the 

transistors in the emitter-coupled pair. 

1.7 Outline of Discussion 

This discussion is broken into three major topics, namely 

analysis, design, and experimentation. For the first two 

topics, the discussion focuses upon three sub-topics, namely 

the resonant LC tank circuit, the negative resistance 

amplifier, and the complete VCO. 

The discussion begins with the analysis of the resonant 

LC tank circuit. In this analysis differential equations are 

derived to describe the current in and voltage across the 

inductor of the tank, in terms of the circuit elements. This 

analysis also introduces the notion of negative resistance, 

and illustrates how such an element acts to maintain 

oscillation in a decaying LCR circuit. 

Following this section is the analysis of the negative 

resistance amplifier. This chapter begins by introducing the 

notion of negative resistance, followed by analysis of the 

linear mode of operation of the amplifier. This latter section 
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4> V, 

Note: Vx = Voltage at that node referenced to ground 

Figure 1.4 VCO circuit with simplified LC tank. 



derives a closed form expression for negative resistance in 

terms of the amplifier parameters. The second part of the 

analysis is concerned with the non-linear or saturated mode of 

operation of the amplifier. This analysis illustrates how the 

amplifier, when in this mode, acts as a voltage clamp for the 

oscillator, and defines an expression to determine the amount 

of time in which the amplifier is saturated. 

Finally the analysis portion of the paper is completed 

with an overall analysis of the VCO. The goal of this chapter 

is to combine the analysis of the LC tank and the negative 

resistance amplifier into one continuous analysis of the VCO. 

A presentation of the phase plane which highlights the limit 

cycle of an oscillator starts the chapter. Following this a 

geometrical model is derived which provides a physical 

illustration of how the current and voltage in and across the 

tank's inductor performs. The model also facilitates the 

derivation of a closed form expression which predicts the 

frequency of oscillation. 

Having completed the analysis portion of the paper, the 

discussion turns to design. The first topic is the resonant LC 

tank. As special care must be taken to build an inductor and 

a variable capacitor on an integrated circuit in a minimal 

amount of area, much discussion is devoted to obtaining this 

objective. In addition to presenting the necessary models and 

design equations to build thin film inductors and variable 
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capacitors, this chapter discusses such intricacies as Q, 

ground plane effects on inductor values, parasitics of the 

resonant elements, and skin effects. 

Lastly, this paper is concluded with a presentation of 

the experimental results that support or verify the ideas and 

conclusions made in the analysis and design portions of the 

text. 

1.8 Overview of Results 

The following is a brief overview of significant 

experimental results and conclusions. Two significant 

inequalities are yielded by the analysis in Chapter Two of the 

tank circuit and shunt negative resistance. The significance 

of these inequalities is that they dictate the amount of 

negative resistance necessary to sustain oscillation in the 

tank for given values of inductance, capacitance, and 

intrinsic inductor resistance. 

Chapter Three generates three closed form expressions 

that characterize the negative resistance amplifier. They are: 

the value of negative resistance, the amount of time in which 

the amplifier is saturated and hence the output voltage 

clamped, and the peak-to-peak voltage swing of the oscillator. 

In each case the theoretical result was within approximately 

ten percent of the experimental measurements. 

Another significant result yielded by this discussion is 
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found in Chapter Four. In this chapter, a method for 

predicting the frequency of oscillation is outlined. 

Experimentation shows that this method of prediction yields 

results within eight percent of measured values. 
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CHAPTER II 

ANALYSIS OF PARALLEL RESONANT LC TANK 

2.1 Introduction 

In this chapter a three part analysis of the parallel 

resonant LC tank circuit is given. Prior to the analysis, 

there is a physical interpretation of how such a circuit 

functions which illustrates the self-resonant nature of 

this circuit. Following this discussion is the 

detailed analysis of the ideal (i.e. no loss elements), 

parallel LC tank circuit. This analysis illustrates 

the self-resonant frequency of the circuit and shows 

that oscillations of this circuit continue indefinitely. The 

second part of the analysis is concerned with the 

introduction of non-ideal reactive components. The 

effect of adding a series resistor to the inductor is 

investigated as the equations for current and voltage 

for this configuration are compared to those of the 

previous analysis. This comparison shows that with loss in the 

circuit that the oscillations of current and voltage no 

longer continue indefinitely, but instead decay 

exponentially. Lastly, the third analysis introduces the 

notion of negative resistance to illustrate how such an 
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element counteracts the resistance or losses in the tank 

circuit to produce oscillations with the desired 

exponential growth. In all three cases the analysis is based 

upon the generation and solution of a set of second order 

differential equations that describe the current in and the 

voltage across the inductor. The constants that arise from 

this solution are determined by applying initial conditions 

to these expressions for current and voltage. These initial 

conditions are in fact characteristics of the entire VCO 

circuit and are highlighted in the discussion of the VCO in 

Chapter 6. To conclude this chapter, section 2.4 summarizes 

the major results and principal conclusions of the 

analysis. This summary yields the justification or 

necessity for the negative-R amplifier and its two modes of 

operation; this will be discussed and analyzed in the 

following chapter. 

2.2 Physical Interpretation of Parallel Resonant LC Tank 

An ideal LC tank circuit is shown in Figure 2.1. The 

word ideal indicates that there are no resistances, or 

losses included in this circuit, such as the intrinsic 

series R found in an inductor due to the wire that make up 

its windings or the sheet resistance of an inductor fabricated 

on integrated circuits. In Figure 2.1(a) switch SI is normally 
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r' i •c n vr 

(a) 

Figure 2.1 Tank circuit models: (a) ideal LC tank circuit, 
(b) LC tank circuit with resistive loss, (c) RLCR 
circuit. 
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open so that no voltage is applied to the LC tank circuit. 

If switch SI were momentarily depressed, allowing current flow 

into the tank circuit, the source current will immediately 

charge capacitor C, but as soon the switch opens again, the 

energy in the electrostatic field of the capacitor is 

dumped back into the circuit and flows through the inductor. 

The current in the inductor forms a magnetic field which 

induces a countercurrent that once again charges the 

capacitor. This exchange of energy takes place back and forth 

between the electric field of the capacitor and the magnetic 

field of the inductor, producing a sinusoidal oscillation at 

the resonant frequency, f0, of the tank, where f0 is given by 

2.3.1 Solution of Current and Voltage in LC Tank 

As stated in the introduction of this chapter the 

following is a three-part analysis of the resonant LC tank 

circuit. The analysis begins with the ideal LC tank. The 

resonant circuit is described by 
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dxl 1 • h + -ij = 0 
dt2 LC L 

(2.3.1) 

Solving this differential equation yields the following 

expressions for iL(C) and vL(t) : 

ir{t) = Acosat + Bsinat (2.3.2) 

and 

vL(t) = L(aBcosat - aAsinat) (2.3.3) 

where 

a=* 1 
LC 

(2.3.4) 

Note that the coefficients A and B are constants, and are 

found by applying the initial conditions to these two 

equations. Inspection of these two equations clearly shows 

that the LC tank circuit oscillates as a pure sinusoid. As 

there is no damping coefficient, the circuit will oscillate 

indefinitely. 
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2.3.2 Solution of Current and Voltage in the LCR Circuit 

Unfortunately there are no ideal elements in circuit 

design. This then leads to the second part of the LC tank 

analysis, namely the introduction of non-ideal resonant 

elements. In particular the inductor is modeled as a series 

combination of inductance and resistance as shown in Figure 

2.1(b). Though the capacitor yields a similar model, it is not 

treated in this analysis for the sake of simplicity. The non-

ideal tank circuit is described by the following equation 

i + = 0 (2.3.5) 
L dt L dt 

Substituting the expression for VL (eqn. 2.3.3) into equation 

(2.3.5) yields the final second order differential equation 

d2iL Rr diL 1 . L - L L + —_iL = 0 (2.3.6) 
dt2 L dt LC 

the solution of which results in the following expressions for 

iL( t) and vL(t) : 

iL(t) = eXt [Acosat + Bsinat] (2.3.7) 

and 
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vL(t) = LeXT[(\A + aB + RLA) cosat + (RLA + A,B - aA)sinat] 

(2.3.8) 

where 

a 1 Rl 
,2 

(2.3.9) 
LC 4 L2 

The biggest difference between these and the equations from 

the ideal analysis is that these equations contain an 

exponential term with a negative argument. The effect of this 

exponential damping term is to cause the oscillations in this 

circuit to decay to zero. As this is an undesirable response 

in an oscillator design, a method must be explored to 

counteract the losses produced by the intrinsic resistances in 

the reactive elements. 

2.3.3 Solution of Current and Voltage in the -RLCR Circuit 

This then leads to the third analysis of the LC tank, in 

which a resistive element is placed in parallel with the tank. 

In fact, making this resistive element negative will act to 

supply or replenish the energy normally lost in this type of 

circuit. Hence, oscillations will be sustained. Mathematically 

this phenomena manifests itself as a positive, rather than a 

negative argument in the exponential damping term of eqns. 

2.3.7 and 2.3.8. To begin the analysis one may refer to the 



31 

circuit of Figure 2.1(c), to which is applied Kirchoff's 

current law, resulting in the following expression, 

+ I + CM = 0 
R dT 

(2.3.10) 

Substituting 

V V L  +  i L R L  V r  

d l L  

dt 
(2.3.11) 

into this expression produces the following characteristic 

differential equation for this circuit 

d2iL 
dt2 

-L + 
RC L 

dlL 
dt LC 

Rl 
RLC 

^ = 0 

(2.3.12) 

Note that Rl represents the intrinsic inductor resistance. 

To solve this differential equation let, 

d2ir , dir L = X2 , = X , iL = 1 
dt2 dt 

with which we now write equation (2.3.12) as 

X2 + 
RC L 

X + 
LC RLC 

= 0 (2.3.13) 



The roots of this equation are given by 
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X = + 2^) +/- \ (— + —) " -(— + —) 
2 \RC L) \\LC RLC) 4 \ RC L ) 

where we let 

(2.3.14) 

and 

= -iU + ̂  
2 \RC 

(2.3.15) 

a = 
LC -M-RLC 

1 
RC 

(2.3.16) 

Thusly, the solution of the second order differential equation 

with complex roots is written as 

iL(t) = AextcosaC + Belt sinat (2.3.17) 

vL(t) = LeAt[(X^ + aB + RLA) cosat + (\B + RLB - aA) sinat] 

(2.3.18) 



Coefficients A and B can be found by solving for iL(t) and 

vL(t) at some initial condition. In so doing we find that, at 

t=0, 

Upon inspection of our differential equation, it becomes 

apparent that two conditions be met in order to sustain 

oscillations. Firstly, the argument of the exponential must be 

positive, in order that the oscillations grow rather than 

decay. Secondly, the solution of the differential equation was 

based on the premise that the roots are imaginary. Hence, to 

satisfy these two conditions, the following two inequalities 

must be maintained: 

A = iL(0) (2.3.19) 

and 

vL(0) - LA(X + RL) (2.3.20) 

(2.3.21) 

and 
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RC LC RLC 
( 2 . 3 . 2 2 )  

which together ensure that oscillation is maintained. 

2.4 Summary 

In summary, as we began with the analysis of the ideal 

resonant tank circuit and progressed to the more realistic LCR 

circuit, the notion of and need for a negative resistance 

element has been clearly illustrated. The analysis clearly 

showed that the negative resistance element acts to counteract 

or replenish the losses in the LCR circuit, in the form of an 

exponential growth coefficient. The other need illuminated by 

this analysis is that for a limiting circuit, which should act 

to clamp or control the magnitude of the voltage and current 

swings. This need leads to the analysis of the negative 

resistance amplifier which provides this function. 
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CHAPTER III 

ANALYSIS OF NEGATIVE RESISTANCE AMPLIFIER 

3.1 Introduction 

The preceding chapter discussed the need for negative 

resistance in LC tank circuits in order to maintain 

oscillations in these circuits. In light of this need, this 

chapter is dedicated to the discussion of negative resistance. 

This discussion begins with a physical interpretation of such 

an element, then proceeds with the analysis of the 

cross-coupled differential amplifier that is used in this 

oscillator design. During this analysis one might note that 

the amplifier acts either as a negative resistance in the 

linear mode or a clamp in the saturated mode, which is needed 

to prevent the oscillations from growing without bound. 

3.2 Physical Interpretation of Negative Resistance 

To understand negative resistance, let us first review 

how a normal resistor works. Referring to Figure 3.1(a), the 

generator develops a voltage V across the positive resistor, 

R. In response to this a current I = V/R flows into the 

resistor, out of the source. The corresponding I-V 

characteristic is plotted in Figure 3.1(b). 



36 

Figure 3.1 Positive resistance: (a) current flow in a 
resistor, (b) I-V characteristic. 
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Counter to this action is the negative resistor shown in 

Figure 3.2(a). In this circuit the generator develops a 

voltage V across the negative resistor, -R. A current I = -V/R 

flows out of the negative resistor, and into the generator. 

The corresponding I/V characteristic is shown in Figure 

3.2(b). 

Hence, from this interpretation of negative resistance it 

may be suggested that the essence of the negative resistance 

element is to source energy, rather than sink it. Therefore in 

relation to the VCO and the LC tank, it becomes evident that 

the negative resistance will act to replenish the energy lost 

in the tank. 

3.3 Analysis of Negative Resistance Amplifier 

The analysis of the negative resistance amplifier is 

broken into two sections, detailing its two modes of 

operation. The first section discusses the linear mode in 

which the amplifier acts as a negative resistor. A first-order 

analysis employing the small signal model of the amplifier is 

used to determine a closed form expression for negative 

resistance. The second section discusses the nonlinear mode in 

which the amplifier is saturated and acts as a voltage clamp. 

In essence, the amplifier exhibits an I-V characteristic 

similar to that illustrated in Figure 3.3. 



(a) 

(b) 

Figure 3.2 Negative resistance: (a) current flow in 
negative resistor, (b) I-V characteristic 
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3.3.1 Linear Mode Analysis 

The negative resistance amplifier is shown in Figure 

3.4(a). The first order analysis begins by deriving an 

expression for the negative resistance. As seen by the LC 

tank, the input nodes of the amplifier are the collectors of 

Q1 and Q2, and the bases of Q3 and Q4. Hence, it is at these 

nodes that differential voltage sources are applied, from 

which the corresponding current is determined. With vid and 

id the resistance of the amplifier is also determined. Its 

value is given by R = vid/iD. The corresponding small signal 

model is shown in Figure 3.4(b). 

The analysis begins by employing Kirchoff's current law 

at the collector of Q2. Here we find that 

id = ib, + (3.3.1) 

this in turn may be written as 

id = _p. + (3.3.2) 

where 



SAT SAT 

Figure 3.3 I-V characteristic of negative resistance 
amplifier. 
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Figure 3.4 Cross-Coupled differential amplifier and 
small signal model: (a) cross-coupled 
differential amplifier, (b) low frequency 
small signal model of cross-coupled differential 
amplifier. 
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. 2 (3.3.3) 
* " re/ + (re/ + R) p 

and 

2 (3.3.4) 
+ (re'z + *)P 

Substituting equations (3.3.3) and (3.3.4) into (3.3.2), we 

obtain 

Vid VidQ 

2 2 i - * * P [re/ + (re/ + J?) (P)] RE'T + (re/ + R) (P) 

(3.3.5) 

Given that 

re[ = re/ , re/ = re/ (3.3.6) 

we can write equation (3.3.5) as 

vldll ~ P2] 
ld ~ 2p[re/ + (re/ + R) (P)] (3.3.7) 
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If we make the following approximation, 

[1 - p2] * -P2 (3.3.8) 

assuming P»1, our expression for equivalent resistance may 

written as 

v-j "20 [r ' + (r i + R) (P) ] 
R = = 1 f2 fl (3.3.9) 
eg ia P2 

or 

eg - 2  

re^ + r j + R (3.3.10) 

Recall that the intrinsic emitter resistance of a bipolar 

transistor is expressed as 

/ Vt  r'e = (3.3.11) 
E  

Upon inspection of the expression for Req it is found that 

this resistance is negative, which is the primary purpose of 

this circuit. Secondly, note that its value is a function of 

the effective emitter-base junction resistance (which is 

dependent upon the quiescent operating point emitter current), 
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and the emitter degeneration resistors. The latter are of 

particular significance in that they afford the opportunity to 

vary the negative R without affecting the dc bias conditions 

of the amplifier. 

3.3.2 Non-Linear Mode Analysis 

From the preceding analysis of the LC(-R) network, it has 

been shown that the magnitude of the oscillation from this 

network grows exponentially without bound. From the study of 

amplifiers it is known that they are capable of operating over 

a finite range of output voltage swings and load currents, 

above which they saturate. It is this characteristic of the 

amplifier that yields the desired voltage clamping for this 

VCO. This section is dedicated to analyzing the response of 

the oscillator in this non-linear mode of operation. In 

detail, analysis is performed to determine the voltage level 

at which the signal clamps, followed by analysis of current 

versus time and voltage versus time. The latter analysis 

highlights those sections of the waveforms that do not display 

sinusoidal properties. This analysis and the differential 

equations derived in section 2.3.3 make it possible to 

predict the frequency of oscillation of the oscillator. 

To begin the analysis one may refer to Figure 1.4. 

Assuming that the collector voltages, Vcl and Vc2, are at OV 
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at t=0. As a result, Vbl and v*2. are at approximately -0.7V 

at t=0 (assuming VBE = 0.7V). As the circuit begins to 

oscillate Vcl will increase in the positive direction while Vc2 

will increase in the negative direction. At the same time the 

cross coupling via £>3 and Q4 causes Vbl to increase in the 

negative direction, while Vbz increases in the positive 

direction. Eventually Vc2 will reach a level such that it is 

one base-collector diode voltage below Vb2 . At this point the 

base-collector diode of Q2 is forward biased and the 

transistor saturates; at the same time Q1 is comfortably in 

the forward active region with Vce = 4V ê. Numerically, this 

occurs when the collector voltages reach the levels of Vcl = 

+0.6V and VC2 = -0.6V, which leaves the base voltages at the 

levels of Vbl = -1.3V, Vb2 - -0.1V, and Vbcl = 0.5V. Due to the 

symmetry of the circuit, when the excursion is in the opposite 

direction the same levels apply but to the opposite 

transistors. Hence, it is found that the peak-to-peak voltage 

swing across the tank is clamped to +/-1.2V. 

To begin the second part of the analysis, which predicts 

the i(t) and v(t) characteristics during this non-linear mode 

of operation, one may refer to Figure 3.5. This figure 

illustrates that during saturation, no longer is the amplifier 
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a negative resistance but is instead a DC voltage source. This 

results in a collector current of ic = 0, since 

i = (3.3.12) 
c. dT 

where 

dV — = 0 (3.3.13) 
dT 

since Vc = Vsat = constant. Hence, during saturation all 

current flows through the inductor. Similarly, given that 

h = jfVLdt (3.3.14) 

where VL = Vsat = constant, it is found that 

3-L = (3.3.15) 

Hence, during saturation, iL is a linear function of time as 

depicted in Figure 3.6. From this analysis it becomes possible 

to predict the amount of time spent in saturation. Referring 

again to Figure 3.6, it is seen that 
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Figure 3.5 VCO model in the saturated mode. 
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SAT 

SAT 

Figure 3.6 Inductor current during the saturated mode. 
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2 i, L 
At = t ,  -  t ,  = ===£- (3.3.16) 

v v sat 

Since the current iL at the beginning of the interval may be 

expressed as 

iT =  VsaC ( 3 . 3 . 1 7 )  
L"e ~R 

A t may be written as 

At = ~i~~j (3.3.18) 
-R 

3.4 Svunmary of Negative Resistance Amplifier Analysis 

In summary, the first part of the analysis yielded a 

closed form expression for -R. From this expression it was 

found that the value for -R is governed by two factors: the dc 

bias current of the circuit and the degeneration resistors 

in the emitter coupled pair. Both of these factors could be 

varied to yield different values of -R. 

The second part of the analysis yielded the amplitude at 

which the oscillations are clamped, the amount of time each 
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peak is clamped, and described the response of both current in 

and voltage across the inductor as a function of time. To 

reiterate, during saturation all current will flow in the 

inductor and will vary as a linear function of time rather 

than as a sinusoid. In addition the voltage across the 

inductor is fixed, and therefore is constant during saturation 

in the ideal case. Graphical illustrations of iL(t) and vL(t) 

are given in Chapter IV. 
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CHAPTER IV 

ANALYSIS OF THE VCO 

4.1 Introduction 

In order to provide a clear understanding of the VCO, the 

effort thus far has been to separate and analyze the two 

functional blocks of the circuit. They are the LC tank and the 

negative resistance amplifier. The analysis illustrated the 

shortcomings of the resonant LC tank oscillator thereby 

justifying the need for the amplifier and the two 

characteristics that it offers. The objective of this chapter 

is to integrate the three modes of the oscillator, namely, 

power up, linear, and the saturated modes, into one continuous 

analysis of the circuit. 

4.2 Limit Cycle 

As oscillator design has been around for a long time, 

there is much literature written on this topic. One aspect of 

oscillator analysis is limit cycle analysis [3]. This 

particular analysis will not be reiterated here. To aid in the 

limit cycle analysis, the phase plot is employed in which the 

derivative of a time dependent quantity is plotted versus the 

quantity itself. Since, in a parallel resonant circuit, the 

capacitor voltage is the derivative of the inductor current, 
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the phase plane is defined as: vc(t) vs. iL(t) (Figure 4.1). 

The phase plane is useful for finding relationships between 

i(t) and v(t) in oscillator circuits. 

4.3 Geometrical Model 

This section derives a geometrical model of the operation 

of this VCO design. From this model the ability to predict the 

frequency of oscillation of the circuit is readily available. 

In addition, this model provides a vivid picture of how the 

currents and voltages in the circuit physically behave. 

To begin the derivation, one might consider the simple LC 

tank circuit. In Chapter II, analysis of this circuit showed 

that the current in the inductor is described as a sinusoid. 

In essence, 

= I^sinwt (4.3.1) 

If we take the derivative of this expression and plot iL(t) 

diAt) 
vs —-7 , we will generate the phase plot. In fact, given 

dt 

diT (t) 
that vL(t) = L—± , it is seen that a plot of iL(t) vs. 

vL(t) is generated. Given that 
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iL(t) = ImstXsinwt, vL(t) = u>-~^coswt 
J-i 

we can write the expression 

iL(t)2 + VL(t)2 = 1 (4.3.2) 

If Imax = 1A, to = lr/s , and L=lh, this describes a circle that 

has been normalized to unity radius, as shown in Figure 4.1. 

If the system were linear this is the sort of phase plot that 

would be generated. However, our system is not linear, hence, 

variations to this plot must be made, as illustrated in Figure 

4.2. In this figure the dashed line represents the linear 

case, while the solid line illustrates the non-linear case. 

From previous analysis and discussion, several characteristics 

are expected in iL(t) and vL(t) . Namely, at some pointvL(t) 

should reach a fixed voltage and stay there for some time (in 

the case of the ideal inductor). This voltage is referred to 

as the saturation voltage across the collectors of the emitter 

coupled pair. Hence, the phase plot properly depicts this 

mode as flat sections or fixed vL(t) at +/~vlS3C that extends 

between +/~ir • In addition these same flat sections 
'-'sac 

illustrate how iL(t) increases or decreases linearly during 



Figure 4.1 Phase plot of an ideal LC tank circuit. 
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•SAT. 

Figure 4.2 Phase plot of inductor current vs. inductor 
voltage. 
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this saturated mode, which is exactly what is expected. From 

this plot or vice versa, the semi-sinusoidal plots of iL(t) 

and vL{t) can be easily generated, and are so illustrated in 

Figures 4.3(a) and 4.3(b) respectively. Of particular interest 

in these plots are the linear or ramp like sections in iL(t) 

(denoted by bold sections) and the clipped peaks in vL ( t )  .  

Again, both of these non-sinusoidal characteristics are a 

result of saturation. 

4.4 Predicted Frequency of Oscillation 

When designing an oscillator, the ability to choose a 

particular frequency is often desired. With the simple LC tank 

the frequency of oscillation is given by f = 27t/v/LC. 

However, because of the two modes of operation exhibited in 

this design, the predicted frequency of oscillation is not so 

readily available. To determine the frequency one may examine 

both Figure 4.3, and eguation (2.3.18). In Figure 4.3 it can 

be seen, as discussed earlier, that there is a sinusoidal 

region and a linear region in these plots. By determining the 

period of each of these regions, it is possible to predict the 

frequency of oscillation. 
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Figure 4.3 Predicted cycle of (a) inductor current 
(b) inductor voltage. 
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To begin, it is seen in the plot of vL(t) that the 

sinusoidal region is bounded by two levels, namely +/-Vsat . 

Employing equation (2.3.18), which describes the performance 

of vL(t) versus time, it is possible to compute the amount 

of time it takes for vL(t) to go from +Vgat. to "Vsac • Let 

this time be denoted as T1. Referring now to the plot of 

iL(t) in Figure 4.3(a), it is seen that the linear region of 

the oscillation is bounded by +/-ir • To determine the 

period of this region we begin with 

= L di 
dt 

(4.4.1) 

which yields the slope as 

(4.4.2) 

and from which one obtains 

(4.4.3) 

Given that 
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d i L  =  2 i L  =  
L -R 

and 

VL ~ ^sa t 

the time spent in one episode of saturation is 

A t  =  —  ( 4 . 4 . 4 )  
-R 

which may be denoted as T2. Referring again to Figure 4.3, it 

becomes quite evident that the frequency of oscillation is 

given by 

f =  (4.4.5) 
2T1 + 2T2 

4.5 Summary of VCO Analysis 

As set forth in the introduction, the primary objective 

of this chapter was to integrate the three modes of operation 

of the VCO. These three modes are again, power-up, linear, and 

saturated. Section 4.2 described the operation of the VCO from 

power-up to the condition of steady state oscillation. This 

section pointed out that steady state oscillation is reached 
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when the maximum drive capability of the circuit has been 

reached. 

The limit cycle analysis is followed by Section 4.3 which 

presented a geometrical model of the oscillator's modes. In 

this model, an I-V plot is generated which gives a clear 

picture of the relationship between the current and voltage in 

and across the inductor during the linear and saturated modes 

of operation. It is in this model that the analysis of the VCO 

is integrated into one continuous discussion. The last section 

of this chapter utilizes the model of Section 4.3 to generate 

a closed form expression to predict the frequency of 

oscillation for this circuit. 
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CHAPTER V 

DESIGN OF RESONANT LC TANK 

5.1 Introduction 

The design of the inductor and capacitor for the resonant 

LC tank circuit is based upon hybrid integrated circuit 

technology. More specifically, the inductor is designed using 

thin film design guidelines, while the variable capacitor is 

achieved with a reversed-biased pn junction of an on-chip 

transistor. This chapter presents the method for designing 

these elements and the corresponding concerns. 

5.2 Spiral Inductor Design 

There are several considerations for designing a spiral 

inductor for utilization on a hybrid integrated circuit. They 

include: design value of inductance, amount of chip area 

available, and Q. Given a particular inductance value, each of 

the following items, namely, the equation for inductance, the 

equation for the inductor resistance, and the number of turns, 

must be manipulated to yield the desired value for L and Q in 

the allotted area. It is found upon inspection of these 

equations that inductance and Q vary proportionally with the 

number of turns, while unfortunately so does the size of the 
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inductor. Hence in designs where real estate is a concern, 

special care must be taken to achieve all design goals in a 

minimal area. 

The design of the spiral inductor is based upon the 

derivation of the general expression for inductance derived by 

Wheeler in 1927 [4]. His derivation yields the following 

expression for the spiral inductor: 

L = 0.03937 — (nH) (5.2.1) 
0  8a + l ie  

where 

a = D0 
+ D, _ Da - D± c = — i (nH) (5.2.2) 

The variables Do and Di represent the outer and inner 

diameters of the spiral, as is illustrated in Figure 5.1(a). 

In this illustration it is seen that the inductance is a 

function of trace width and spacing between turns, as these 

two parameters dictate Do and Di. The number of turns is 

denoted by n. The model for the spiral inductor and its 

corresponding parasitics is shown in Figure 5.1(b). 



6 3  
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Figure 5.1 Spiral inductor: (a) thin film spiral inductor 
(b) spiral inductor model. 
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5.2.1 Q - Quality Factor 

As previously discussed, Q, is often an important design 

element of an inductor. The reason for this, in the scope of 

this paper, is really two-fold. First, and very simply, Q 

dictates the quality of the inductor in terms of its loss 

characteristics. The higher the Q, the lower the loss. Second, 

when designing an oscillator one is often concerned about 

phase noise which arises from both intrinsic noise sources and 

coupled noise sources. The noise performance of this 

oscillator is governed by two entities: the intrinsic noise 

sources of the bipolar amplifier and the Q of the oscillator, 

the latter being determined by the resonant elements of the 

tank circuit. Again, the higher the Q, the better the noise 

rejection, and hence the better the noise performance. 

To understand Q as it relates to the quality of the 

inductor, one might consider the input impedance of a very 

small length of a short-circuited (ZL = 0) transmission line 

expressed as: 

Zi = R + jwL (5.2.3) 

where R is the resistance and L is the inductance of the line 

[2]. From this expression one sees that there are two 

components to a section of transmission line. Namely, in 
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addition to inductance there is resistance, which is 

equivalent to loss. This latter quality is undesirable in a 

resonant LC tank, as evidenced in the analysis of such a 

circuit in Chapter 2. Hence, when designing an inductor for 

such a circuit, one wants to minimize this loss, and hence the 

resistance. Thusly, the expression Q was derived to quantify 

the quality of an inductor, and is expressed as 

Q = — (5.2.4) 
R 

Hence it becomes evident that in order to maximize Q, one must 

minimize R. This is typically done by optimizing the geometry 

of the spiral. In our model for the spiral inductor, the 

resistance is expressed as [2]: 

_ knanR^ 
W 

where Rs is the sheet resistance, n is the number of turns, 

W is the conductor width, and k and a are given by [2], 

k = 1 + 0.333(l + 1,7 (5.2.6) 
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a = D0 * D± 

From these two equations it is readily seen how the 

optimization of device geometry yields desired Q, as R is a 

direct function of the spiral geometry. 

To understand Q as it relates to the noise performance of 

the oscillator, it is best to think of Q as a quantity that 

affords noise immunity. To visualize this, the Q of an 

oscillator may be viewed as the frequency response of a 

bandpass filter, where the higher the Q, the narrower the 

bandwidth, and the steeper the skirts. Hence, it becomes clear 

that a high Q oscillator will tend to filter out all broadband 

noise, leaving only the fundamental frequency and narrow band 

noise at the output. Narrow band noise can be minimized with 

low noise amplifier design, while a high Q oscillator is 

achieved with high Q resonant elements. When designing in thin 

film technology there are several characteristics with which 

to be concerned. They include ground plane effects which lower 

inductance, parasitic capacitances, and skin effects which 

reduce the overall Q of the inductor. 
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5.2.2 Ground Plane Effects 

Ground plane effects become important when the ratio of 

conductor width to the insulating substrate thickness becomes 

greater than 0.05. As the effect of the ground plane is to 

reduce the inductance, a correction factor may be multiplied 

to the free space inductance expression, given in Equation 

(5.2.1), to yield a more accurate value. With this correction 

factor, L can be expressed as 

L = KgLa (5.2.7) 

where Lo is the free space inductance value and Kg is the 

correction factor, which is expressed as 

Ka = 0.57-0.145In-?, -^>0.05 (5.2.8) 
y h h 

Physically speaking, inductance may be defined as 

L = 44 (5.2.9) 
ai 

Where X is defined as the number of flux linkages and (i) is 

defined as unit current. When two conductors are brought in 

near proximity to one another, there is a coupling of the 

magnetic fields between them. In the case of the stripline 

spiral inductor, a magnetic flux is produced when a current 
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flows through the inductor. When a conductor, e.g. a ground 

plane, is brought near the inductor, this flux is linked to 

the ground plane. If the current in the inductor is time-

varying, then from Biot-Savart • s law it is known that the 

magnetic flux is time-varying also. It then follows from 

Faraday's law that this time-varying flux produces a negative 

voltage across the inductor with respect to the ground plane. 

This negative voltage produces a time varying current in the 

opposite direction of that in the inductor, and thusly an 

opposing magnetic flux. The result is that the flux in the 

inductor is reduced, and since inductance is proportional to 

the magnetic flux in equation 5.2.9, the inductance is 

reduced. 

5.2.3 Parasitics 

Also of concern when designing stripline inductors are 

the parasitic capacitances. In light of the oscillator design, 

parasitics pose a problem as they affect the fundamental 

frequency of oscillation. As it is often difficult to quantify 

these parasitic capacitances, the task of designing the 

oscillator to a desired frequency via the equations derived in 

Chapter 2, becomes quite difficult. As is clearly illustrated 

in the model for the spiral inductor, it is found that in 

addition to the previously discussed series resistance, there 

is shunt capacitance. These capacitors are shown in Figure 
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5.1(b), where the following closed form expression is given 

for C3 [2] , 

C3 = 3.5xlCr5D0 +0.06 (pF) (5.2.10) 

Unfortunately there are no closed form expressions for CI and 

C2 as it is very difficult to calculate these shunt 

capacitances for a spiral inductor. However to get some feel 

for their relative magnitude, measured values of these 

parasitic capacitances are given in Table 5.1 for a few 

typical high frequency spiral inductor designs [2]. 

5.2.4 Skin Effects 

The last of these concerns is skin effect. Skin effect 

may best be understood by considering a conductor such as 

microstrip with some current flowing through it. At dc this 

current will travel through the entire volume of the 

conductor. As its frequency increases the depth of penetration 

of this current into the conductor will decrease [5], as 

illustrated in Figure 5.2. Eventually a frequency will be 

reached such that the current will travel only along the 

surface of the conductor. As the depth of penetration 

decreases, the effective resistance of the conductor 

increases. In fact a plot of effective resistance versus 



Table 5.1 Parasitic capacitance for various spiral 
inductor designs. [2] 
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w S n D Lfr* ) C3 C, C2 

(mm) (mm) (mm) (nH) (nH) (PF) (PF) (PF) 

0.10 0.10 1.5 1.30 3.7 4.0 0.13 0.10 0.07 

0.05 0.05 2.5 1.50 14.1 14.3 0.11 0.09 0.05 

0.10 0.10 2.5 1.80 9.2 9.0 0.14 0.18 0.08 

0.10 0.10 3.5 2.00 18.7 19.0 0.15 0.17 0.09 

• Theoretical 

** Measured 
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Figure 5.2 Illustration of skin effect in good 
conductor [6] . 
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frequency is similar to that of a high pass filter, in which 

a dc magnitude is sustained until a break frequency is 

reached, at which point the magnitude increases rapidly. A 

plot of resistance versus frequency is given in Figure 5.3. 

The significance of this phenomenon is that it reduces the Q 

of the inductor. A common term used in reference to this 

phenomenon is skin depth; one skin depth indicates the depth 

of penetration into the conductor at which point the current 

equals a factor of 1/e or 36 percent of its initial value. 

Symbolically, 5 is used to denote one skin depth. 

With this expression, we may now define the notion of 

skin cut-off frequency, at which point the resistance of the 

conductor goes from its dc value, Rdc, to some value that is 

a function of frequency, Rac(f) • Let us express Rdc as, 

Rdc = = -Pi (5.2.11) 
dt- A Wh 

where 

p = resistivity (ohm-meter) 

1 = length (meters), and 

A = cross sectional area (square meters) 

The expression for AC resistance is derived from Wheeler's 

derivation of the surface impedance of a conductor [7], in 

which he describes the real part of the impedance as 
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Figure 5.3 Resistance versus frequency for selected 
thin film thicknesses [5]. 
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R = -J^Y/NIPP (5.2.12) 

where 

p = resistivity (ohm-meter) 

1 = length of conductor (meters) 

W = width of conductor (meters) 

If one lets, 

1  =  r m —  —  =  2 r m a  (5.2.13) 
2 

for a spiral inductor, where 

di = inside diameter 

do = outside diameter 

n = number of turns 

a = average radius 

then equation 5.2.12 becomes 

r =  2 n n a
t / n f \ x p  (5.2.14) 

W 

In the spiral inductor it is found that the magnetic flux 

lines couple between turns, hence as the current tends to flow 

in the path of least magnetic flux, the current will be 

contained in the top and bottom surfaces of the conductor, 
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otherwise referred to as skinning. Since both surfaces conduct 

current, the effective conductor width is twice the physical 

width of the conductor. With this in mind, and employing 

equation 5.2.14, the expression for high frequency resistance 

of a spiral inductor may be written as, 

R a c ( f )  = (5.2.15) 

Recalling that the length of a spiral inductor is given by 

1 = 2 rma 

and that skin depth is given by 

y/rcTjla Tlf\L 
(5.2.16) 

substituting these expressions into that for RAC yields 

R a c ( f )  =  —  
ac 2 Wo 

(5.2.17) 
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Hence, if "skin cut-off frequency" is defined as that point at 

which Rdc equals Rac, then in terms of the conductor 

parameters, this break frequency occurs when 

h = 26 (5.2.18) 

Solving equation 5.2.17 for f at this point yields the "skin 

cut-off frequency" or, 

fs = (5.2.19) 
OTZllh' 

[5] . 

The above analysis is quite significant in light of 

predicting the maximum operating frequency of the VCO, given 

a desired specification of Q. By defining the cutoff frequency 

for the intrinsic resistance in the spiral inductor in terms 

of the integrated circuit's conductor and substrate 

parameters, as well as the spiral geometry, this analysis 

provides the designer with a concise method for determining Q 

versus frequency. It also provides the designer with another 

set of variables that may be optimized to achieve the design 

goals. 
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5.3 Variable Capacitor Design 

A popular method of achieving variable frequency 

oscillation, in a voltage controlled oscillator is to employ 

a variable capacitor in the resonant network. Other approaches 

include variable current sources which modify the bias of the 

amplifier and variable resistors. In this VCO design a 

variable capacitor is employed. As this design is constrained 

to that being suitable for an integrated circuit, the optimum 

element for achieving such capacitance is the depletion region 

of a reversed-biased pn junction of a transistor. This section 

presents the derivation of such capacitance, yielding an 

expression of capacitance versus voltage. As the resonant 

frequency of the oscillator is a direct function of the 

capacitance in the LC tank, it is important to identify all 

sources of capacitance in the circuit. For instance there will 

be parasitic capacitance on the spiral inductor as discussed 

in section 5.2, and there will be parasitic capacitance from 

the negative resistance amplifier; all of which must be 

accounted for in order to get an accurate estimate of the 

resonant frequency of the oscillator. This section will 

investigate each of these sources, and perform the necessary 

analysis to produce a closed form expression, where possible, 

for each of them. 

In summary, this section will include the analysis of the 

base-emitter junction as a variable capacitor, review the 
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parasitic capacitances found in the spiral inductor, and 

present the analysis of the negative resistance amplifier in 

terms of its parasitic capacitance. This will result in an 

expression for total effective capacitance, C, that 

incorporates them all. 

5.3.1 Depletion Capacitance in Bipolar Transistors 

From the study of pn junctions, the following expression 

is known to describe the depletion capacitance of a graded 

junction in response to an applied bias VD [8], 

= Cj0 

4*0 

(5.3.2) 

where i|r0 is the built in potential across the junction, and 

Cj0 is the value of Cj when VD = 0 , and is expressed as [8] 

cjo 
qeNAND 

2 (Na Nd) 
(5.3.3) 

where A = the cross sectional area of the junction, 

e = permittivity of silicon. 

= doping concentration of the p type material. 

= doping concentration of the n type material. 
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Similarly, the following expression is known to describe the 

depletion capacitance of an abrupt junction 

= 

i - - £  
• o 

(5.3.4) 

In either case the base-emitter or the base-collector 

junctions can be used to provide variable capacitance in 

integrated circuit design. In cases where more capacitance is 

needed, these two junctions can be utilized in parallel. 

However, a note of caution is necessary; the base collector 

depletion capacitance is only described by equation (5.3.2) 

for a small range of bias voltages. As the bias voltage 

exceeds approximately +/-1V the capacitance is then 

approximated by equation (5.3.4). 

5.3.2 Parasitic Capacitance in the Spiral Inductor 

As mentioned above there are parasitic capacitances 

associated with the spiral inductor. They have been modeled 

according to Figure 5.1(b). A closed form expression for C3 is 

given in equation 5.2.10, while typical values for CI and C2 

are listed in table 5.1. 
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5.3.3 Parasitic Capacitance in the Negative R Amplifier 

Because of the symmetry in the negative resistance 

amplifier, Figure 5.4, the analysis is made easier by working 

with just one side of the amplifier. To begin the analysis 

which will calculate the total capacitance from the collector 

of Q2 to ground, refer to Figure 5.5. This figure illustrates 

the small signal model of the right half of the amplifier. 

Employing Miller's Theorem to reflect the collector base 

capacitance to both the input and output of each respective 

transistor, we are left with Figure 5.6. Recall that Miller's 

Theorem says that Cob may be reflected from input and output 

to ground by multiplying Cob by the quantity (1-A). Where A is 

the gain across Cob in respective directions. With this 

theorem we can write the following equations 

C0l = C0, 1 / 1 

(5.3.5) 

where 

^ = rbe, + P + (5.3.6) 
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n = r 
°10 O±>10 

S^i, 
• ±>e. 

V ri«io + 

where 

*L10 = ̂  + P* (5.3.8) 

Cib2^q Cib- 1  - \ - g i r ,  
• bei 

v 
rbe2 + P* // 

(5.3.9) 

r* = p ob2gq ^ob: 
• be. 
+ P*; 

(5.3.10) 

where 

Rl2 = ri>e, + P<ri>ei + P-R) (5.3.11) 

We are now able to write the expression for capacitance from 

the collector of Q2 to ground for this model 

C = [ <Ĉ „ * Ĉ „ * C°„» <CW - C<». * C°, (5-3.12) 

Lastly, as seen by the tank circuit, parasitic C from the 

amplifier may be modeled as shown in Figure 5.7. 
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Figure 5.4 Cross-coupled differential amplifier. 
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Figure 5.5 Small signal model of the right half of the 
cross-coupled differential amplifier. 
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Figure 5.6 Simplified version of Figure 5.5. 
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Figure 5.7 Model of total capacitance in parallel with 
tank inductor. 
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CHAPTER VI 

EXPERIMENTAL RESULTS 

6.1 Introduction 

In an effort to verify the theoretical ideas and 

derivations that have been presented thus far, a great deal of 

experimentation has been performed. The concepts presented in 

the analysis and thusly those subjected to experimental 

verification are as follows: 

i) Spiral Inductor design equations 

ii) -R value 

iii) Vsac 

iv) At in saturation 

v) Predicted frequency 

vi) Peak to peak amplitude of iL(t) 

vii) Variable capacitance 

The following text details the measurement techniques and the 

experimental results for each of the items listed above. A 

schematic of the circuit under test is illustrated in Figure 

6.1. For measurement techniques, the reader is referred to 

Appendix A. 
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Figure 6.1 The VCO test circuit. 
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6.2 Spiral inductor 

To begin, theoretical equations were presented in 

Chapter V for designing a spiral inductor employing microstrip 

technology. To verify these equations, a spiral inductor was 

designed on a two-sided copper-clad printed circuit (pc) 

board. The pc board had a substrate thickness of 1.48mm, while 

the inductor had the following dimensions, 

Di = inner diameter = 1mm 

D0 = outer diameter = 9.8mm 

W = conductor width = 0.4mm 

S = spacing between turns = 0.4mm 

n = number of turns = 5 

Employing the equations of section 5.2 

L = 0.03937 — Ka (nH) 
8 a + 11c 9 

where 

- _ Do + Di & — 
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ka = 0.57 - 0.145 ( In ̂  ) 
y h 

if > 0.05 
h 

an inductor value of 78nH is predicted. 

Experimentally, using a Hewlett Packard 8753C Network 

Analyzer and a 55047A S-parameter test set, the measured 

spiral inductor value was 102 nH at 10MHZ. The error between 

these two values is 30.7 percent. 

At first glance this error seems to be unacceptable, 

however, in light of the fact that the predicted value is 

based upon a circular spiral, while the measured inductor is 

a square spiral, and given that squares are approximately 

thirty percent larger than spirals, this error is what one 

might expect. 

6.3 Negative Resistance 

The reader may recall from section 3.3.1 that the amount 

of negative resistance produced by the amplifier can be 

predicted from the expression 

Given the following test conditions 

Iccl = 20.48mA 
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lcc2 10.7ltlA 

Icc3 = 10.7mA 

Pmin = 75 

R = 50 

Q: MMPQ3904 

the predicted negative resistance is 

~RpXed = "105.14 Q 

while the measured value was 

-Rexp = -112 Q 

Therefore the error is 6.5 percent. 

6.4 Saturation Voltage Vsat 

In the analysis of the saturated mode presented in 

section 3.3.2, it was suggested that the voltage waveform 

across the inductor would be clamped to +/- (Vsat/2) due to 

the saturation of the transistors. Experimentally, however, 

it is found that +/- (Vsat/2) is the peak amplitude of 

oscillation , but in fact the signal does not clamp here. 

Instead there is a dv/dt during saturation, as shown in 

Figure 6.2. This discrepancy arises from the fact that the 

analysis in section 3.3.2 assumed an ideal model of the LC 

tank circuit, i.e. no intrinsic loss. A more realistic model 
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instead of lOmv/div. 

Figure 6.2 Inductor voltage - measured. 
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would include series resistance with the inductors, and hence 

loss. Analyzing the more realistic model it becomes clear that 

the slope seen in vL(t) during saturation is due to current 

flow through the intrinsic resistances of the inductors, which 

causes the voltage across the tank to change during this 

interval. This slope is expected to be linear, and its value 

can be found by employing the expression for At (eqn. 3.3.18) 

found in section 3.3.2 and by deriving an expression for dv. 

The geometrical model in section 4.3 showed that iL(t) varies 

between +/-iL during saturation. Hence dv can be written as 

2ir l T 
dv = — = SAT (6.4.1) 

2 Rl Rl 

where again RL is the intrinsic inductor resistance. Given 

that 

i = (6.4.2) 
L'" -R 

and the following measured values, 

V, = 2 . 8V ^SAT 

-Rl = 112Q 

RL = 1.4Q 
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dv is expected to be 17.9mv. From Figure 6.2, which is a plot 

of vL(t) , the measured value was found to be 

^^measuied ~ 20i7)Vr 

which yields an error of 10.7 percent. Because of the close 

correlation between the experimental and theoretical results 

good support is given to the explanation for the slopes on 

vL(t) during saturation. 

6.5 Delta Time in Saturation 

Analysis of the saturated mode in section 3.3.2 suggest 

that the amount of time that the oscillator spends in each 

episode of saturation is defined by 

. 2L 
SAT -R 

From the circuit under test, the values of L and -R were 

measured to be: 

L = 954nH 

-R = -112 CJ 

Hence the theoretical prediction is 

Theoretical: tSAT = 17ns 
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Referring to Figure 6.2 which is a plot of vL(t) it was found 

that the experimental value for tSAT was approximately: 

Experimental: tSAT = 20ns. 

From these two values, an error of 17.6 percent was 

calculated. 

In examining the plot of vL(t) , it can be seen that the 

saturated mode isn't as clearly defined as one would like; 

hence when measuring the period of this mode with markers on 

the oscilloscope some error may exist. Thus a fair amount of 

the 17.6 percent error may be attributed to measurement error. 

Further support of this notion is the fact that the expression 

for tSAT is used to predict the frequency of oscillation; 

where the error between predicted and measured frequency 

values is only 7.8 percent. This suggests that the expression 

for tSAT is fairly accurate. 

6.6 Predicted Frequency 

In section 4.4 analysis is presented in which an 

expression is derived that predicts the frequency of 

oscillation of the VCO, given the values of -R,L,C and VSAT. 

Appendix B offers the Pascal program that is used for this 

purpose. Substituting values from the test circuit, namely: 

-R = -112 Q 
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L = 954nH 

C = 328pF 

VSAT = 2.8V 

the predicted frequency is computed to be f= 7.69MHz. From 

the experimentation we find the measured frequency to be 

f= 7.09MHZ, thus yielding an error of 7.8 percent. 

Again, there exists excellent agreement between predicted and 

measured results, which provides good support for the 

theoretical analysis. 

6.7 Peak-to-Peak Amplitude of Inductor Current 

Section 2.3 presented a closed form expression that 

described current flow through the inductor. In an effort to 

verify the validity of this expression, experimentation was 

performed to compare the predicted and measured peak 

amplitudes of this current. Utilizing the Pascal program found 

in Appendix B, the peak amplitude was computed to be 3 6mA as 

shown in Table B.l. The table begins at t=0, for which iL(0) 

corresponds to point C in Figure 4.4(a). 

Experimentally, iL(t) was measured with a Tektronix AM503 

current probe. The plot of this measurement is given in Figure 

6.3, from which it may be seen that the measured peak 

amplitude of iL(t) is iL = 40mA, with an error of 11.1 
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percent. From this small amount of error, one may conclude 

that the expression for iL(t) presented in the theoretical 

analysis is quite valid. 

One matter of concern revealed in the plot of iL(t) is 

the distortion on the waveform. There appears to be a high 

frequency component on the waveform that tends to distort it. 

As the distortion is periodic, it is proposed that this 

distortion is the product of parasitic oscillation. 
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Figure 6.3 Inductor current - measured. 
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CHAPTER VII 

SUMMARY AND CONCLUSION 

To summarize, the introduction of this thesis expressed 

two design goals to be examined by this research. They were 

monolithic design and low phase noise. 

In terms of creating a monolithic design there were two 

major constraints to consider: how to design resonant elements 

on an IC with limited chip area, and how to achieve a Q for 

these elements of between 5 and 10. In working through these 

constraints it became obvious that, in order to meet the 

goals, it would be necessary to make compromises in both 

areas; therefore they were addressed simultaneously. Because 

of the space constraint, the resonant LC tank circuit was 

chosen as the resonant element, thereby limiting the number of 

inductors and capacitors to one each. The second constraint, 

namely achieving a Q of between 5 and 10, was not viewed as a 

problem in terms of the capacitor. However, in terms of the 

required 1 to 10 nanohenries of inductance, this was viewed as 

more of a challenge. By limiting the amount of chip area, the 

amount of metal that can be used for the inductor is also 

limited. The net result is an increase in the intrinsic 

resistance in the element and hence reduced Q. However, in 

working through the design equations, it was determined that 
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a spiral inductor could provide the necessary inductance and 

Q, while minimizing chip area. The printed spiral was chosen 

over straight sections of transmission line, and looped bond 

wire. Transmission lines are too long, and hence consume too 

much area. The looped bond wire had potential; however, since 

repeatability and reliability are of the up most importance, 

this design was marginal. Repeatability would be a challenge 

as it would be very difficult to control the spacing between 

turns. As the total inductance is a function of spacing 

between turns, this process would not lend itself to 

repeatable inductance values. In addition the reliability 

would not be as good as the printed inductor, because the 

fragile bond wires are easily broken, or shaken loose from the 

substrate. 

Though the research yielded a fair amount of confidence 

in designing a spiral inductor on an integrated circuit, it 

also yielded a concern. This concern is the phenomenon known 

as skin effect. In the analysis of skin effect, a closed form 

expression (eqn. 5.2.19) was generated that described a cut

off frequency above which the intrinsic resistance of the 

inductor begins to increase, thereby reducing the Q of the 

oscillator. Hence, in order to meet Q specifications, the 

maximum frequency of operation for the VCO could be limited by 

the choices of conductor and dielectric material of the IC. 
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Other significant findings from the investigation of the 

spiral inductor include parasitic capacitance that could be a 

significant percentage of the resonator capacitance, and hence 

necessary to include in the design. In addition, it was found 

experimentally that the square spiral tends to yield 3 0% more 

inductance than that predicted by the design equation (5.2.1). 

It was concluded that this discrepancy was in order based on 

the relative size differences between squares and spirals. 

Lastly, experimental results clearly verified the need to be 

concerned with ground plane effects when designing the 

inductor. Discussion of the ground plane effect suggested that 

having a ground plane beneath the spiral would lower the 

inductance. This was found to be true in experimental 

circuits. 

In addition to addressing the design goals of this 

investigation, this thesis has presented detailed analysis of, 

and design methods for, the VCO. First order analysis of the 

LC tank yielded equation (2.3.8) which illustrates the 

nonregenerative or decaying nature of lossy LC tank circuits. 

The significance of this analysis is that it illuminates the 

need for a regenerative element that will aid in sustaining 

oscillation in the LC tank. Further analysis included such a 

regenerative element, namely negative resistance. From this 

analysis two inequalities, equations (2.3.21) and (2.3.22), 

were derived; that must be satisfied in order to sustain 
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oscillation. These expressions are a function of L, C, and 

the -R that is produced by the amplifier. Analysis of the 

amplifier produced a closed-form expression for negative 

resistance in terms of amplifier bias conditions and 

transistor parameters (eqn. 3.3.10). Further analysis of the 

amplifier illustrated two modes of operation for the 

amplifier: the linear mode, in which the amp performs as a 

negative resistance, and the non-linear mode, in which the amp 

performs as a voltage clamp for oscillator output. 

Chapter IV provided analysis of the VCO that tied the two 

discrete elements of the circuit, namely, the amplifier and 

the tank, together into one continuous analysis. 

Characterizing the current in the inductor as a function of 

time during each of two modes of operation of the amplifier 

yielded a method and a closed form expression (eqn. 4.4.5) 

that allows one to predict the frequency of oscillation of the 

VCO. This equation produced frequency predictions that were 

within eight percent of experimental measurements. Following 

this analysis, design equations and methodology were presented 

to aid in the design of a high frequency VCO on an integrated 

circuit. 

Lastly, and most importantly, experimental results were 

presented from experimentation performed on a 7MHZ oscillator. 

In most cases of experimental verification, it was found that 

close correlation, on the order of ten percent, was achieved 
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between predicted and experimental results. Such correlation 

offers excellent support for the validity of the analysis. 
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A.1 Measurement of Negative Resistance 

The Hewlett-Packard 8753C Network Analyzer and 85047A 

S-Parameter test set were used to measure the negative 

resistance of the cross-coupled differential amplifier. As 

illustrated in Figure A.l, the test set was used to measure 

the effective resistance at the collectors of Qx and Q2. The 

223uH inductors were used to provide a DC current path to 

ground for the bias current sources. Batteries were used to 

power the circuit under test so as to isolate the circuit or 

alleviate any ground loops that would exist by using power 

supplies. These ground loops would tend to distort the 

measurement as current ejected from the network analyzer into 

the circuit under test could flow through the ground of the 

power supplies and back to the network analyzer, rather than 

through the entire circuit. Though unnecessary for this 

measurement, the fixed resistor that is in parallel with the 

amplifier insures that the measured resistance is positive. 

This is true as long as the fixed parallel resistor value is 

less than the negative resistance. 
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A.2 Measurement of Inductor Current 

To measure the current in the spiral inductors of the 

oscillator, a Tektronix AM503 current probing system was 

employed as illustrated in Figure A.2. 



HP8753C 
Network Analyzer 

and 
85047A Test Set 

Coax 

Figure A.1 Method for measuring negative resistance. 
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Figure A.2 Method for measuring inductor current. 



APPENDIX B - LISTING OF COMPUTER PROGRAM 
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Program V_induct(input,output); 

CONST Vsat =1.4; (* This is actually the peak *) 

(* value, or Vsat/2 *) 

length = 40; 

TYPE Table = array[1..length] of real; 

VAR value: Table; 

f,delta_t,t,L,C,R,A,B, X,Y,lambda,alpha,vL, 

tstep:real; 

^•k'k'k'kie'k'kieicie'kie'k'k'k'kic'k'k'k'k'kic'k'kieie'kic'k'k'kifk'k'k'k'k'kieifkie'kie'k'kieicicie'kicieicie'k'k'k'k^ 

Procedure init(L,C,R,tsteprreal); 

(* initializes variables *) 

begin 
L: = 0; 
C:= 0: 
R: = 0; 
tstep:= 0; 

end ; 

(************************************************************) 

Procedure rd_var(var L,C,R,tstep:real); 

(* reads in the element values of the circuit *) 

begin 
writeln; 
writeln; 
writeln(1 Please enter value of inductance... '); 
readln(L); 
writeln('Please enter value of capacitance... '); 
readln(C); 
writeln('Please enter value of negative 

negative resistance... '); 
readln(R); 
writeln(1 Please enter value of tstep... '); 
readln(tstep); 
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writeln; 
end ? 

(**********************************************************) 

function iL_sat(Vsat,R:real):real; 

(* calculates the saturation current *) 

begin 
iL_sat:= Vsat/R; 

end; 

function calc_B(Vsat,A,L,R,C:real):real; 

(* calculation of the B coefficient *) 

var Num, Den:real; 

begin 
Num:= -Vsat + L*(A/(2.0*R*C)); 
Den:= L*(sqrt(abs(1.0/(4.0*sqr(R)*sqr(C)) 

-1.0/(L*C)))); 

(* compute absolute value above since function *) 
(* would be negative, which we can't take the *) 
(* square root of *) 

calc_B:= Num/Den; 
end; 

(**********************************************************) 

function calc_lambda(R,C:real):real; 

begin 
calc_lambda:= -(1.0/(2.0*R*C)); 

end ; 

(***********************************************************) 

function calc_alpha(L,R,C:real):real; 

var tempi, temp2:real; 
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begin 
tempi:= 1.0/(4.0*sqr(R)*sqr(C)); 
temp2:= 1.0/(L*C); 
calc_alpha:= sqrt(abs(templ-temp2)); 

(* compute absolute value because function *) 
(* is negative, hence couldn't take square *) 
(* root. *) 

end; 

(************************************************************) 

function calc_x(lambda,alpha,A,B:real):real; 

begin 
calc_x:= lambda*A + alpha*B; 

end; 

(************************************************************) 

function calc_Y(lambda,alpha,A,B:real):real; 

begin 
calc_Y:=lambda*B - alpha*A; 

end; 

(************************************************************) 

function calc_vL(lambda,alpha,L,X,Y,t:real):real; 

var tempi, temp2, temp3:real; 

begin 
tempi:= exp(lambda*t); 
temp2:= cos(alpha*t); 
temp3:= sin(alpha*t); 
calc_vL:= L*templ*(X*temp2 + Y*temp3); 

end; 

(************************************************************) 

function calc_iL(lambda,alpha,A,B,t:real):real; 

var tempi, temp2, temp3:real; 
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mag_A:real; (* want to use the magnitude of A *) 

begin 
tempi:= exp(lambda*t); 
temp2:= cos(alpha*t); 
temp3:= sin(alpha*t); 
calc_iL:= tempi*(A*temp2 + B*temp3); 

end; 

(************************************************************) 

Procedure val_init(var value:Table); 

(* initializes the array *) 

var i: integer; 

begin 
i: = 0; 
repeat 

i:= i + 1; 
value[i]:= 0; 

until i = length; 
end; 

(************************************************************) 

Procedure Data(var value: Table; 
lambda,alpha,L,C,R,X,Y,A,B,tstep:real); 

(* produces a list of vL vs. t *) 

var t: real; 
j: integer; 
v,i: real; 

begin 
t := 0; 
j : = 0 ; 
val_init(value); 
writeln; 
write('L = ',L); 
write(• C = ',C); 
writeln(' -R = ',R); 
writeln; 
repeat 

j : = j + 1; 
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value[j]:= calc_vL(lambda,alpha,L,X,Y,t); 
v:= value[j]; 
i:= calc_iL(lambda,alpha,A,B,t) ; 
write(*t = ',t); 
write(' vL (t) = ' ,i); 
writeln(• iL(t) = 1 ,i); 
t:= t + tstep; 

until j = length; 
end ; 

(************************************************************) 

function calc_f(delta_t,L,R: real):real; 

begin 
calc_f:=1/(4*delta_t + 2*(2*L)/abs(R)); 

end; 

(*************************) 

(* MAIN PROGRAM *) 

begin 
init(L,C,R,tstep); 
rd_var(L,C,R,tstep); 
A:= iL_sat(Vsat,R); 
B:= calc_B(Vsat,A,L,R,C); 
lambda:= calc_lambda(R,C); 
alpha:= calc_alpha(L,R,C); 
X:= calc_X(lambda,alpha,A,B); 
Y:= calc_Y(lambda,alpha,A,B); 
Data(value,lambda,alpha,L,C,R,X,Y,A,B,tstep); 
writeln; 
writeln; 
writeln; 
writeln('Enter value for delta t... '); 
readln(delta_t); 
f:= calc_f(delta_t,L,R); 
writeln; 
writeln(•f = ',f); 
writeln; 

end. 
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6 .00000E -09 vL< t - -1 .31572E+00 il< t) - -2 . 1 1 3 0  I E  -02 
8 .00000E -09 vL( t •= -1 •24849E+00 iL( t) - -2 3821SE -02 
1 00000E -08 vL( t - -I . 16112E+00 iL( t) = -2 •63508E -02 
1 .20000E -08 vL< t •= -1 .05362E+00 iL( t) = -2 86758E -02 

1 .40000E -08 vL< t » -9 .26277E-01 iL( t ) B -3 .07546E -02 
1 .E0000E--08 vL< t •= -7 •79654E-01 iL( t J IS -3 .25461E -02 

1 80000E--08 vL( t - -6 .I4596E-01 i  L (t ) at -3.40I07E -02 

2.00000E -08 vL< t - -4 .32237E-01 iL< t) » -3 .51109E -02 

2 .20000E--08 vL(t - -2 .34002E-0I iL( t ) -3 .581I9E--02 
2 40000E--08 vL< t - -2 .I6040E-02 iL< t ) » -3 .6082IE -02 

2 60000E--08 vL< t 
= 

2 .02961E-01 i  L < t  ) - -3 .58940E--02 

2 80000E--08 vL( t - 4 .37428E-0I iL( t ) •= -3 52242E--02 

3.00000E--08 vL( t - 6 •79272E-01 l  L < t) = 
-3 40547E--02 

3 20000E--08 vL( t •= 9 .25734E-01 iL< t ) -3 23729E--02 

3 40000E--08 vL( t - 1 17384E+00 iU< t > = 
-3 01721E--02 

3 50000E--08 vL( t •= 1 42042E+00 iL< t ) -2 74522E--02 
3 80000E--08 vL( t 1 .66215E+00 iL( t) - -2 42I99E--02 
4 00000E-•08 vL( t = 

1 .89560E+00 iL( t) = -2 04B88E--02 

4 20000E--08 vL< t = 
2 1I723E+00 iL< t ) -1 62801E--02 

4 40000E--08 v L ( t  = 
2 32348E+00 iL< J -1 16223E--02 

4 60000E--08 vL( t 
= 

2 .51078E+00 iL( t > = 
-6 55I30E--03 

4 80000E--08 vL< t » 2 67560E+00 iL( t ) 
= 

-1 1I0S2E--03 

5 00000E--08 vL( t 2 .  81453E+00 iL( t ) = 
4 64905E--03 

5. 20000E--08 vL( t •= 2 92430E+00 iL( t) «• 1. 06700E--02 

5 40000E--08 vL( t 
= 

3 .00184E+00 iL( t > 1.68878E--02 

5. 60000E--08 vL( t « 3 04432E+00 iL( t) = 
2. 32318E--02 

5. 80000E- 08 vL( t - 3 04922E+00 iL< t) 
= 

2 962S9E--02 

5. 00000E- 08 vL< t •= 3 01438E+00 iL( i > = 
3. 59890E--02 

6. 20000E- 08 vL( t - 2 93803E+00 iL( t ) = 
4. 22358E- 02 

E. 40000E- 08 vL< t = 
2 8I886E+00 i  L < t  ) = 4. 82779E--02 

S.60000E- 08 vL( t = 
2 6S602E+00 iL( t ) = 

S. 40244E- 02 
G. 80000E- 08 vL< t 

= 
2 44921E+00 iL( i  ) = 

5. 93835E- 02 
7. 00000E- 08 vL( t = 

2 1 9869E+00 iL< t) = 
6. 42631E- 02 

7. 20000E- 08 vL( t = 
1 90530E+00 i  L < t ) = 

6. 85723E- 02 
7. 40000E-08 vL< t - 1 57049E+00 iL( t ) 7. 22228E- 02 
7. B0000E-08 vL( t = 

1 19634E+00 i  L < t  ) 7. 51297E- 02 
7. 80000E-08 vL( t = 

7. 85549E-01 iL( t ) = 
7. 72I33E-02 

f -  7.68808E+06 
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