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ABSTRACT

In this report, the monolithic 560B PLL has been simulated and simplified; the

simulation times are excessive compared to those of a known PLL macromodel intro

duced by D. O. Pederson and K. Mayaram. Even faster PLL macromodel performance is

possible by chosing faster PLL macromodel components. Thus, alternative phase com

parators (PCs) and voltage-controlled oscillators (VCOs) are examined. Of the

configurations proposed, the simulation times of the simple voltage-controlled voltage

source (VCVS) PC is the fastest; the Integrating Sine VCO, which modifies the argument

of the sine function, has the fastest simulation times of the examined VCOs. From these

results, two PLL macromodels have been developed which provide properPLL operation

at significant simulation-time reductions compared to actual PLLs. The first PLL pro

posed, PLL(l), has a voltage-controlled voltage source (VCVS) implementing a

sinusoidal phase-comparator (PC) characteristic. The secondPLL proposed, PLL(2), has

a VCVS with an amplified/limited output, providing a triangular phase-comparator

characteristic. Both proposed PLLs use anIntegrating Sine VCO.
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CHAPTER 1: INTRODUCTION

Monolithic phase-locked loops (PLLs) are commonplace in today's circuit applica

tions because of their versatility, low cost, and high performance capabilities (a sum

mary of the basic operation of a PLL is included in Appendix A for reference). Due to

the complexity of even the most basic PLL designs, however, simulating an actual PLL

alone or in a system is too costly in terms of both real time and CPU time. The need

arises for simple PLL macromodels that provide fast yet accurate simulation of the PLL.

Each subciicuit function of the phase-locked loop is replaced by the simplest possible

circuit simulator elements that accurately perform the correct function. In mis report,

PLL macromodels are investigated using SPICE3 as the circuit simulator, these macro-

models are then viable SPICE3 simulation substitutes (subcircuits) for actual phase-

lockedloops,with applications in stand-alone or systemsimulation.

In Chapter 2, the 560B Monolithic PLLcircuit is simulated to show theoperation of

an actual PLL. The 560B circuit is then simplified to show that comparable operation is

obtained by using simulation elements in place of transistor circuits. The simulation

timesof thesePLLs are noted for future comparison.

In Chapter 3, a PLL macromodel introduced by Pederson and Mayaram, PLL(O) 2,

is examined. The PLL(0) macromodel has a voltage-controlled voltage source (VCVS)

analog multiplier for the phase comparator (PC), a simple RCfilter, and aWien voltage-

controlled oscillator (VCO) macromodel. Limitations of the PLL(0) macromodel are

noted (r0 effects are derived in Appendix B), improvements made, and the resulting

PLL(0) macromodel is simulated. The performance of the PLL(0) macromodel and its

simulation times are noted.
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In Chapter 4, alternative PCs are investigated for use in a raster PLL macromodel.

Qose attention is paid to the PC characteristic, as that significantly affects the lock and

capture ranges of the PLL. The PLL(0) macromodel has a VCVS analog multiplier PC

with a sinusoidal PC characteristic; alternative PCs that have triangular PC characteris

tics are introduced and simulated (Appendix E examines the triangular PC characteris

tic). Sawtooth PC characteristics are mentioned, but implementation in a macromodel is

difficult A problem of DC offsets in the input is presented, but the input to the PLL is

assumed to be AC-coupled. The double-balanced analogmultiplier (the PC of the 560B)

is then examined and simulated, and a future possible PC macromodel is introduced

Simulation times of all presented PCs are compared; the VCVS analog multiplier PC of

the PLL(0) macromodel (sinusoidal PC characteristic) is the fastest, while the fastest PC

with a triangularPC characteristic is the VCVS analog multiplier with an amplified and

limited output

In Chapter 5, alternativeVCOs are investigated for use in a faster PLL macromodel.

The PLL(0) macromodel has a Wien VCO macromodel; however, that configuration has

limitations as brought out in Chapter 3. Modifying the argument of a sine function is

investigated; Appendix C illustrates the incorrect and correct way to generate such a

VCO. An Integrating Sine VCO is presented as a result of modifying the argument of a

sine function, and the configuration is simulated. Multivibrator circuits are also

presented and simulated; the two-inverter multivibrator has inferior performance com

pared to the Wien VCO macromodel, and the emitter-coupled pair (ECP) multivibrator

takes much longer to simulate. Simulation times of all presented VCOs are compared;

the Integrating Sine VCO is superior.

In Chapter 6, two proposed PLL macromodels are introduced based on the results of
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Chapters 4 and 5. These macromodels are simulated, and their performance noted. An

asymmetric capturerange is the result of the particular control-voltage scheme, explained

in Appendix D. Overall, the behavior is much as expected. #

In Chapter 7, the viable PLL macromodels are summarized. Two PLL macromo

dels arerecommended for use based on performanceand simulation time.
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CHAFIER 2: SIMULATION OF A MONOUTfflC PLL

2.1 Circuit Simulation of the 560B PLL

The 560B PLL, whose schematic-circuit diagram is shown in Figure 2.1, is anearly

monolithic PLL representing the second generation of PLL design. It consists of a

double-balanced analog multiplier, an ECP multivibrator VCO, external capacitors for

filtering and setting die free-running frequency of the VCO, biasing/level-shifting circui

try, and an output buffer. The 560B's operation has been described and analyzed by

several sources.lA A SPICE3 file for the 560B is shown in Figure 2.2. All simulation

runs in this reportare perfonned using SPICE3. The nee-running firequency is chosen to

be 1MHz, and a low-pass filter of 20kHz is placed at the differential output of the PC.

Figures 2.3 and 2.4 show the output and phaserelationships of the 560B PLL for various

input frequencies. The capture range is approximately±0.2MHz,as shown in the cases of

/k=0.81MHz, 0.82MHz, and 1.21MHz. For the 560B, the control voltage is limited to

between +14.58V/+9.75V by the output stage; this limits both die capture the lock ranges

to be approximately ±0.2MHz. Note that the output voltage has a DC onset of 12.1V.

This is the control voltage for the VCO to operate at its free-running frequency. For an

input frequency of 1MHz, the PLL output settles to an approximate DC value of 12.1V,

as expected. For input frequencies of/tos=0.6MHz and 1.4MHz, the PLL cannot capture

the signal, andthe VCO oscillates nearits free-running firequency of 1MHz.

Forthis report, the concernis with the PLL operation andits simulation time. Table

2.1 shows the average simulation times of the 560B compared to the Simplified 560B

PLL and the PLL(0) macromodel, introduced in Section 2.2 andChapter 3, respectively.

The simulations were performed on four different machines: the VAX 8650, SUN 4/370,
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DEC 3100, and IBM RS6000. The 560B PLL takes a tremendous amount of CPU time

in simulation in all cases, which is the basis of the need for a PLL macromodel as

described in Chapter 1. These simulation results show that there are tremendous CPU-

time savings if a PLL macromodel is used in place of an actual PLL.

2.2 Simulation of the Simplified 560B PLL

For simulation purposes, the 560B PLL can be simplified to reduce the simulation

time. Such a simplified 560B PLL is shown in Figure 2.5 and is called the Simplified

560B. The principle PLL sub-functions [PC, filter, VCO] are retained as is, while the

remainder of the circuitry (bias, level shifting, buffering, etc.) is replaced by ideal voltage

sources, current sources, and dependent-sources. The required voltage and current levels

in the Simplified PLL are taken from the DC operating point of the 560B, given in Figure

2.6. The PLL output is now taken differentially from the filtered PC output (does not

have a DC bias), is not limited in any way (does not restrict the capture and lock ranges),

and controls the VCO through a voltage-dependentcurrent source.

The SPICE3 input file for the Simplified 560B PLL is shown in Figure 2.7; the

corresponding output graphs are shown in Figures 2.8 and 2.9. Though the voltage

waveforms of the 560B and the Simplified 560Bcannot be directly compared due to out

put voltage limiting and offset of the 560B, the Simplified 560B operates much as

expected for a PLL of its type. A larger capture range (approximately ±0.4MHz) is

shown for the Simplified 560B, which is correct because the output voltage is not limited.

The loop gain constant KL is approximately 2 times the free-running frequency of the

PLL1, and the calculated capture and lock ranges are ±0.25MHz and ±3.14MHz, respec

tively. The simulated capture range is about 1.6 times larger than the calculatedcapture
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range, which is expected (see Appendix A), and the simulated lock range (shown in Fig

ures 2.10 and 2.11), is very close to the calculated one if the lower lock limit is ignored

(lower lock range predictions are too small). Also, the Simplified 560B has smaller

fluctuations around the DC control voltage than the actual 560B; this results because the

560B amplifies the PC output through a differential pair while the Simplified 560B takes

the PC output directly (this effect is best illustrated in the cases where the input fre

quency is not captured). Figure 2.12 demonstratesthe captureand lock phenomena more

vividly. The Simplified 560B captures the input signal with frequency 1.2MHz. Lock

occurs when the input frequency linearly changes from 1.2MHz to 2.5MHz. However,

when the input frequency linearly changes from 2.5MHz to 3.5MHz, the Simplified 560B

loses lock. The simulation time of the Simplified 560B compares favorably to the 560B

(about 2.4 times faster, on average). However, the PLL(0) macromodel introduced in

Chapter 3 is over an order of magnitude faster than either.
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CHAPTER 3: A PHASE-LOCKED LOOP MACROMODEL

The PLL simplification can be taken a step further by simplifying the main PLL

sub-functions: the result is a PLL macromodel Using a PLL macromodel is in contrast

to another popular method of reducing simulation time: namely, behavioral modeling of

aPLL5. With aPLL macromodel, the modeled circuit isevaluated inreal-time, requires

no special computer coding or delay-time equations, and is not dependent on special

computer subroutinesand/or compilers (needed to link the behavioralmodel to the rest of

the circuit simulation). As such, a PLL macromodel is easier to incorporate into the

mainstream ofanalog design simulation.

3.1 Configuration of the PLL(0) Macromodel

An early PLL macromodel, PLL(0), has been introduced by Pederson and

Mayaram.2 Its circuit schematic is shown in Figure 3.1. In this macromodel, each of the

necessary functions of a PLL is replaced by a very simple SPICE2 circuit or element that

realizes the desired function. The PC is a VCVS analog multiplier, the filter is a simple

one-pole RC filer, and the VCO is aWien VCO macromodel2. The operation of each of

these PLL functions has been examined in detail2. There are, however, a few bother

some problems concerning the Wien VCO macromodel. One problem is created by the

output resistance associated with the amplifier. This output resistance causes the VCO

frequency to varynonlinearly (see Appendix B). The VCO frequency with r0 effects is:

**-" / \ tjfe+fo [31]
\l+r.<Tj-+We)

where k is a chosen constant
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Table 3.1 shows the degradation in VCO frequency for a few given control vol

tages. Thus, for the PLL(0) macromodel without modification, control voltages larger

than those normally expected result due to the r0 effects. Forexample, forZ^. = \MHz,

the expectation is Vc=0V. However, because of the r0 effects, a non-zeroVe is needed.

For a VCO frequency of 1MHz, a control voltage that produces a frequency f^^ such

that fosac^-^rrlMHz =lM5MHz is needed. That is a Vc«50mV instead of OV to

achieve a VCO frequency of 1MHz. Since the maximum limit on possible control vol

tage values is what limits the capture range, the capture range will be smaller than

expected. To overcomethis r0 frequency deviation, avery smallr0 canbe usedwith the

amplifier. As analternative, anadditional VCVS can be usedto bufferthe effects of ra.

Another problem with the VCO macromodel is found in the VCO output amplitude.

One purposeof the limiting diodes andvoltage sources is to limit the VCO output to a set

value, 10V in this case. This is very hard to control, however, since the voltage drop

across the diode depends nonlinearly on the current through it, and the current is con

stantly changing. Any change in r0 also changes the value of the constant voltage

sources needed to generate a fixed limit on the VCO output voltage. In the PLL(0)

macromodel with r0 =0.0010, the needed voltage sourceis 8.8825V. This value is for a

diode with 7,=lxlO~16A.

Fixing the output amplitude of the VCO is troublesome because the limiting process

tends to createa distorted sinusoid(squashed tips), which alters the frequency of the out

put a little. This distortion is actually necessary for the proper operation of the Wien

oscillator2. Because of this, however, the Wien VCO does not provide a good, fixed-

amplitude, reliable frequency sinusoidas desired for a PLL macromodel. To compensate

for the altered VCO output frequency, the VCO frequency-setting capacitor can be
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adjusted to C=150.1pF (value found by trial and error). :

Yet another problem is a simulation problem: the Wien VCO macromodel must be

shock excited to start its oscillation. A zero-valuedvoltage source with a voltage spike at

time=Os, V/rjg, is provided for this purpose. However, the value of the initial voltage

spike affects the capture of the input For a given transient print size and V^ step, the

voltage spike must be adjusted so that the initial VCO output has already reached a 10V

oscillation frequency but isn't delayed at the 10V limit Hgure 3.2 illustrates the former

case (capture is not achieved at first due to a smallVCO voltage) where the print size and

VmMx step of the .tran statement should be larger. Figure 3.3 illustrates the latter case

(capture should not have been achieved, but was achieveddue to the VCO staying at the

maximumvalue for a long period of time) where the print size andV^ stepof the .tran

statement should be smaller. Care must be taken when running simulations to ensure that

a proper initial VCO characteristic is achieved for more accurate capture ranges. This

involves adjusting the Vmg voltage spike and the print size & V^ steps of the .tran

statement

To compensate for the problems encountered with the VCO macromodel, PLL(0) is

adjusted so r0 =0.001Q, the limiting voltage supplies are 8.882SV, C=150.1pF, and a

proper Vtrig/.tran statementis used for the transient analysis.

3.2 Simulation of the PLL(0) Macromodel

The PLL(0) macromodel of Figure 3.1 has been tested for various sinusoidal input

frequencies (constant & changing) and under various different PLL parameter value

changes ( KL> filter bandwidth, a>0). The PLL parameters are chosen to be as follows:

Kp=5—r. Ka =.1cd0 —; , filter bandwidth=20KHz, the VCO output is sinusoidal
p rod volts-sec r
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with a 10V amplitude, and the input is sinusoidal with a IV amplitude.

The SPICE3 input file for the PLL(0) macromodel is shown in Hgure 3.4 and is

used to generate Figures 3.5 though 3.7. Hgure 3.5 shows capture for an input that is at a

higher (1.147MHz) and lower (0.842MHz) frequency from the free-running frequency

(1MHz). Note the high-frequency ripples, which are enlarged for their respective cases.

Figure 3.5 also shows the steady-state phase differences for the two cases. The unsuc

cessful capture of an input frequency both higher (1.148MHz) and lower (0.841MHz)

than the VCO free-running frequency is shown in Hgure 3.6. This illustrates the capture

range of the PLL(O) macromodel. An attenuated difference-frequency is apparent, and

there is no steady-state phase difference between the input and the VCO signals for the

uncaptured cases. For these cases, the VCO shouldoscillate at its free-running frequency

of 1MHz since it cannot capture the input signal. However, due to the difference-

frequency and sum-frequency ripples, the VCO oscillates at a lower frequency. Figure

3.7 shows the demodulated output of the PLL(0) macromodel for a frequency-modulated

input The carrier frequency is 1MHz, the signal frequency is at lOKHz, and the modula

tion index is 10.

Figures 3.8,3.9 and 3.10 show the captures ranges for various simulated center fre

quencies, filter bandwidths, andKL, As the center frequency increases, the general trend

is that the capture range decreases. This is due to the filter attenuations being more pro

nounced for higher frequencies. As the filter bandwidth increases, the capture range also

increases (shown in Figure 3.9) since the attenuation factor is less. As the loop gaincon

stant KL increases, the maximum magnitude of the control voltage increases, thus the

capture range also increases. Hgure 3.10 shows this general trend. Hgure 3.10 also

shows a comparison of the capture ranges for various KL for both simulated and calcu-
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lated (see Appendix A, Equation [A10]) cases. The actual capture range is larger than

the calculated capture range, which is expected (see Appendix A, paragraph following

Equation [A.10]). The simulated capture range is consistently around 1.5 times larger

than calculated.

The SPIGB3 input file for the PLL(0) is alsoused in conjunction with a variable fre

quencyinput signal (commented out in Hgure 3.4) to show the lock process andrange of

the PLL(0) macromodel. The graphs generated from this input file are shown in Hgure

3.11. Both a multi-step, linearly increasing (lMHz-»1.2MHz-»1.4MHz->1.55MHz) and

decreasing (lMHz->0.8MHz-»0.6MHz->0.45MHz) input frequency is illustrated. The

behavior of the PLL(0) macromodel shows an effective lock range of ±0.55MHz. The

value is very close to the theoretical predictionof±0.5MHz.

Figure 3.12 shows the simulated and calculated lock ranges for various KL. The

simulated lock range is always slightly larger than calculated. As a pointof comparison,

both the capture range andlock range are plotted together forvarious KL in Hgure 3.13;

asmentioned in Appendix A, thelockrange is usually larger than thecapture range.

Typical simulation times for the PLL(O) macromodel are shown in Table 2.1, in

comparison to the560B and Simplified 560B PLLs. Using a PLLmacromodel is clearly

much faster than using the 560B or Simplified 560B PLL in simulation. PLL(O) shows a

simulation time improvement (on average) of approximately 13.5 to 1 compared to the

Simplified 560B simulation time and 32to 1compared to the 560B simulation time.
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CHAPTER 4: BETTER/FASTER PHASE COMPARATORS

4.1 PCs with Different PC Characteristics

For the VCVS PC of the PLL(0) macromodel, the PC output is dependent upon the

amplitude and shape of the inputs. If a plot of PC output voltage vs phase difference is

made (general PC characteristics3 are shown in Hgure 4.1), the PC transfer function

shows a sinusoidal characteristic; thus, Kp, the slope of the transfer function at a given

operatingpoint, is not constantover the variousphasedifferences. As a consequence, the

loop gain changes for different phase differences, and the capture and lock ranges are

smaller than for a PLL with a constant Kp. Better phase comparators and phase com

paratorcharacteristicscan be achieved to obtain better PLL performance.

A desirable PC characteristic is the triangular one (Curve 2 of Figure 4.1), which

has a constant Kp (slope) for every 180*. This triangular PC characteristic can be

achieved in general if the PC output is a rectangular wave of a fixed amplitude indepen

dent of the input (see Appendix E). One way to accomplish this is to amplify the inputs

of the PC, and then to limit them to a desired value to achieve a specific product Alter

natively, instead of modifying the input, the output of the PC can be amplified and lim

ited to a fixed value. Either way, the sign of the product of the input and the VCO is the

desired information while the PC output amplitude is predetermined and fixed. This

amplification and limiting can be achieved by using a VCVS amplifier and two limiting

diodes & constant voltage sources, c.f. the Wien VCO macromodel. The

amplifyingAimiting circuit is shown in Figure 4.2. Limiting the inputs to the PC would

involve two amplifyingAimiting circuits (a total of four diodes); a better approach is to

amplify and limit the output of the multiplier, which uses only one amplifying/limiting
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circuit (two diodes) and conserves simulation time. Also, the amplifymg/limiting circuit

is not an extremely accurate voltage limiter, c.f. Section 3.1. In fact, the SPICE runs

using amplified/limited input signals (see Figures 4.5 and 4.6) show the product of the

input signals as a pseudo-square wave (a square wave with somewhat rounded tops

instead of flat tops); the flaws of the amplifymg/limiting circuit are apparent Hgure 4.3

is the SPICE3 input file for a PLL macromodel with amplified/limited inputs to the

VCVS PC . Its circuit schematic is shown in Figure 4.4, and its output runs (showing

capture and no-capture) are presented in Figures 45 and 4.6. Hgure 4.7 is a SPICE3

input file of a PLL with an amplifier/limiter after the analog multiplication. Hgure 4.8

shows a circuit schematic of this PLL, and its corresponding output runs showing capture

and no-capture are in Figures 4.9 and 4.10.

The Kp forthese PCs (see AppendixE) is:

p % n rod

It
The lock andcapture ranges are — times the normal expression (see Appendix E):

vc=jKpAK0 IF(/a>/-0>o)l =2iwl0*IF0,G>r<D<,)l

=2toc141.4x103— [4.2]
sec

0), a%K,AK0 =2roc 106— [4.3]2"P< sec

Great care must beused when establishing the twolimiting voltages, as thecapture

and lock ranges are very sensitive to the amplitude of the PCoutput This translates to a
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very carefulchoiceof the values for the diodesandlimitingvoltagesources.

The simulation times (on the VAX 8650) of the two amplified/limited PLL macro-

model cases are compared to the PLL(0) macromodel, and the results are shown in Table

4.1. Amplifying/limiting die PC inputs is about 2.25 times slower in simulation time

than with no amplifying and limiting; amplifymg/limiting the PC output is about 2.1

times slowerin simulation time than withoutthe amplifying andlimiting.

The gains of having a triangular PC characteristic are having a constant Kp and

larger lock and capture ranges (— times the lock and capture ranges of a sinusoidal PC

as explained in Appendix E). The immediate cost to the PLL macromodel, however, is

the added simulation time to evaluate the diodes in the limiting scheme. Also, there are

additional harmonics and high-frequency signals (square wave) that need to be filtered

out; thus, for the same performance, a better filter is needed. But PLL operation still

suffers from higher-order frequencycomponents.

To obtain a sawtooth type of PC characteristic, the PC must distinguish between

each individual sign of the input and VCO, not just the sign of their product This is

done in actual digital PLLs via rising and falling edge-triggered flip-flops; however, it is

not easily achieved for macromodel purposes.

4.2 DC-Offset Canceling PCs

One of the drawbacks of the VCVS multiplier is its inability to handle a DC offset

at the input If there is an unwanted DCbias at theinput, anextra termis produced at the

outputof the multiplier. The term is a bias-dependent version of the VCO signal; thus, a

noise source at the VCO frequency is added to the system, though filtering may reduce
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the noise. The problem exists only if an intentional low-frequency component (Le., for

amplitude modulation) is not purposely introduced; for unwanted DC components in the

input (offsets), the undesired VCO frequency feed-through is the problem. The methods

of canceling a DC offset include using a differential PC or AC-coupling the input signal

to the PC. For the purposes of this report, the input is assumed to be AC-coupled

already.

4.3 Double-Balanced Analog Multiplier as a PC

The double-balanced analog multiplier, shown in Figure 4.11 is often used as a PC

(as in the 560B). The double-balanced PC operates under the premise that the double-

balanced analog multiplier is highly overdriven; as such, it is not a linear multiplication,

but more of a switching between two predetermined values inherent to the PC. This is

comparable to the amplified/limited PCs of Section 4.1. When the analog multiplier is

overdriven, the PC output is independentof input shapeor amplitude, and the PC charac

teristic is triangular with a fixed Kp. The double-balanced PC is analyzed by P. Gray and

R. Meyer1; the value ofKp is

*,=|-/£E*c [4.4]
Jt

If the input issmall, the double-balanced analog multiplier is not overdriven and Kp

isnot constant This case isalso addressed byGray and Meyer1; the PC output becomes

Vpc=-lgmRcVinCosb , -*• [4.5]
it

However, in this report, the input is assumed to be large enough to overdrive the double-

balancedanalogmultiplier.



-16-

The differential nature of the analog multiplier serves to cancel out unwanted DC

offsets in the input In addition, some noise and harmonic-distortion cancellations are

achieved due tothe cross-coupled nature of the upper differential pairs. All these proper

ties (especially the triangular PC characteristic) make the double-balanced analog multi

pliera popular circuit for a phase comparator. However, this PC has six transistors, too

many to warrant using in a PLLmacromodel unless the benefit is great The same gen

eral effect (minus the noise and harmonic distortion cancellation) is achievable with an

AC-coupled VCVS PC with an amplified/limited output (which onlyhas twodiodes).

In Hgure 4.12, a SPICE3 file for aPLL macromodel with adouble-balanced analog

multiplier PC is given. This PLL macromodel (schematic shown in Hgure 4.13) includes

a capacitor across the differential output of the PC for the low-pass filtering and a VCO

that depends onadifferential control voltage. Other possible configurations for the filter

ingare shown in Hgure 4.14: two capacitors, oraseparate, unilateral filter.

The simulated results for the PLL configuration with adouble-balanced analog mul

tiplier PC are shown in Figures 4.15 through 4.18. The corresponding capture and lock

ranges are veryclose to those of a PLL with an amplffied/limited VCVS PC. All output

plots have a high-frequency ripple (shown in Hgure 4.16), but the ripple is triangular

instead of sinusoidal (as for the PLL(O) macromodel). Due to the feed-through of the

square wave's additional high-frequency harmonics, there is more ripple in the control

voltage to me VCO man for a sinusoidal PC characteristic.

The corresponding simulation times (on the VAX 8650) of PLL macromodels with

the double-balanced analog multiplier PC and the AC-coupled VCVS PC with an

amplified/limited output are shown in Table 4.2. The cost in simulation time for the

double-balanced analog multiplier is about double that of the AC-coupled VCVS PC
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with output amplified.

4.4 A Future Possible PC Macromodel

It is desired to have a fixed amplitude rectangular wave at the output of the PC.

One method is to use an amplified VCVS output with limiting diodes, but that does not

produce accurate amplitudes. Another method is to use an overdriven, double-balanced

multiplier for the PC; however, that configuration uses six transistors and adds to the

simulation time. A simple method of achieving a rectangular-wave PC output would be

possible if the sgn(x) function were available on SPICE3 (currently not available). A

rectangular PC output would be a simple V=A sgn{Vin*Vvco}, where A is the desired

amplitude of the rectangular wave, and the sgn(x) function provides the sign of the pro

duct The amplitude would be constant, the PC characteristic would be triangular, Kp

would be constant, and the evaluation would take minimal transient analysis time.

4.5 Phase Comparator Sumrnary

A final comparison of the PCs considered in this chapter is shown in Table 4.3

(simulations done on the VAX 8650). Of all the possible PCs presented, the VCVS ana

log multiplier from the PLL(0) macromodel is the fastest in simulation time. To achieve

a triangular PC characteristic, the amplified and limited PC output configuration is the

best, a little over 2 times slower in simulation than the original VCVS multiplier.

Clearly, the double-balanced analog multiplier PC is the most costly of all the PCs, at

almost4 times slowerthan the original VCVS PC.
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CHAPTER 5: BETTER/FASTER VOLTAGE-CONTROLLED OSCILLATORS

5.1 Limitations of the Wien VCO Macromodel

The Wien VCO macromodel in the PLL(0) macromodel has several limitations, as

presented in Chapter 3. In particular, the twomosttroublesome problems with dieWen

VCO are that the VCO output does not have a well-controlled amplitude and the VCO

output is a distorted sinusoid. These two problems cannot be fixed if diodes are used to

limit theVCO output Implementing amore complex configuration to produce the limit

ing would probably not be worth the increased simulation time. With this in mind, alter

nativeVCOs arenow explored.

5.2 Sinusoid with aVoltage-Controlled Argument

The simplest VCO possible is a sinusoid or a square pulse whose phase function

changes linearly with a control voltage. In SPICE, the pulse function must have a fixed

period, so it cannot be used as a VCO. However, the argument of a sine wave can be

modified to produce aVCO function in SPICE3 and PSPICE, though notis SPICE2. The

correct method for modifying the sine argument is to integrate the control voltage (see

Appendix C for an explanation). Such an Integrating Sine VCO is shown in Hgure 5.1,

and can be implemented in SPICE3 as follows:

BVCOl 7 0 V=10*sin(2*pi*le+6*V(9))

Ccap 9 0 lpF

Bcdp 0 9/ =le-12*(l+0.1V(3)) [5.1]

whereV(3) is the controlvoltage.
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Figure 5.2 is a SPICE3 input file for this Integrating Sine VCO. Hgure 5.3 is the

output waveform for this VCO using a changing input (also shown in the same figure).

The desired VCO output for a changing control voltage is seen for the integrating case.

For comparison, the schematic for the Wien VCO macromodel is shown in Hgure 5.4,

and its corresponding SPICE3 input file is listed in Figure 5.5. The outputs of the

Integrating Sine VCO and the Wien VCO macromodel are shown together in Figure 5.6;

the output waveforms are very similar. The simulation times (on the VAX 8650) of these

two VCOs are shown in Table 5.1; the Integrating Sine VCO is about 2 times faster in

simulation time than the Wien VCO macromodel for the same input and analysis situa

tions.

5.3 Multivibrators as VCOs

5.3.1 Two-Inverter Multivibrators

A two-inverter multivibrator circuit is shown in Hgure 5.7. This system of two

inverters has two possible stable states. The charging/discharging action of the capacitor

between the two inverters causes the inverters to switch between their known, quasi-

stable states. This switching action is what constitutes a multivibrator. The oscillating

output is a rectangular waveform or a triangular waveform, depending on where the out

put is taken. This oscillator configuration is presented in detail by Pederson and

Mayaram2. Alternatively, aring oscillator (n inverters connected inaring) can be made

into a VCO as in Hgure 5.8 for n=2; however, multiple resistors and capacitors are

needed, which would increase the simulation time with no gain over the two-inverter

multivibratorconfiguration. Thus, ring oscillators arenot considered.
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Many potential -VCOs for the PLL macromodel can be derived from the

configuration of Figure 5.7, depending on the implementation of the inverters. The three

most common inverters are the resistive-load inverter, the depletion-load inverter, and

the CMOS inverter. For simulation purposes, MOS transistors are usedinstead ofbipolar

transistors because bipolar transistors have a base current that detracts from the ideal

behaviorof the oscillator. Hgures 5.9 through 5.11 show the MOS circuit schematics of

the Resistive-Load, Depletion-Load, and CMOS 2-Inverter VCOs, respectively. Their

corresponding SPICE3 input files and output waveforms are shown in Hgures 5.12

through 5.14, respectively. Values of R and C are picked to producea free-running fre

quency of 1MHz. As in the Wien VCO macromodel, a voltage-controlled linearconduc

tance is used to produce a variable oscillator frequency. The output waveforms are all

produced by using a 0V control signal.

The output waveforms for the Resistive-Load, Depletion-Load, and CMOS 2-

Inverter VCOs are very similar. The top waveform showsthe inverter input switching at

the MOS threshold levels; the middle waveform showsthe charging/discharging voltage

across the capacitor, and die bottom waveform is the square wave from an inverter out

put All three output waveforms oscillate at the correct frequency and are possible oscil

lator outputs.

There are many disadvantages, however, that would result from using these VCOs

in a PLL macromodel. One disadvantage is thatthe oscillating signals have a DC value;

thus, the VCO signal needs to be AC-coupledor level-shifted prior to the PC. Another

problem is that of an asymmetric duty cycle. The charging anddischarging times of the

capacitor are not equal, leading to a duty cycle that is not 50%. This introduces an

unwanted average value or DC offset at the output of the PC. By meticulously picking
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component values and sizing transistors, however, a duty cycle of 50% can be achieved.

Problems that are not solvable include the non-constant square-wave output amplitude

and the very noticeable exponential curvatures of the ,,triangularM waveform. In addition,

the transistors have inherent conductances across their terminals and various junction and

bulk capacitances that cannot be eliminated for simulation purposes. These additional

components affect the VCO frequency in an undesired manner. A final disadvantage is

that the simulation times of the two-inverter multivibrators also compare unfavorably to

the Wien VCO macromodel. Hie simulation times (on the VAX 8650) are shown in

Table 5.2; the Resistive-Load, Depletion-Load, and CMOS 2-Inverter VCOs are 2.3,3.2,

and 3.3 times slower than the Wien VCO macromodel, respectively.

5.3.2 Emitter-Coupled Pair Multivibrator

One popular VCO in actual PLLs like the 560B is the emitter-coupled pair (ECP)

multivibrator, shown in Hgure 5.15 (a bipolar case is used to be consistent with the

560B). The same principles apply as in the 2-inverter multivibrator case; however, the

frequency is dictated by controlling the current that charges/discharges the state-

switching capacitor. A SPICE3 input file for the ECP multivibrator of Hgure 5.15 is

shown in Hgure 5.16. The corresponding output signals (both square wave and triangu-

lar wave) are plotted in Hgure 5.17. The output signal is differential and does not have

DC-bias problems. The duty cycle of the output is well-controlled at 50% since the

charging/discharging current is controlled; also, the amplitude is set by two limiting

current cases (either all the current or a preset bleed current goes through the output

transistor), so the amplitude is well maintained. The ECP multivibrator is examined by P.

Gray and R. Meyer1; the free-running frequency ofthe VCO is:

f _ 1 _ ^*<»fo~T-4CVBE(on) [«I
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If the current is linearly changed by a conttol voltage /=/fcfay(l+*Vc) where k is a

chosen constant, the value ofK0 is

K0=ka>0 [5.3]

where 0)o is the free-running frequency in . For PLL macromodel purposes,
sec

however, the ECP multivibrator appears to have too many transistors for fast simulation.

Table 5.3 shows the simulation times (on the VAX 8650) between the ECP multivibrator

and the Wien VCO macromodel and verifies the drastic speed disadvantage (over 8 times

slower in CPU time) of the ECP VCO.

5.4 Voltage-Controlled Oscillator Summary

When the simulation times (on VAX 8650) of all investigated VCOs are compared

(see Table 5.4), the Integrating Sine VCO is superior, close to two times faster than the

next fastest VCO (the Wien VCO macromodel). The Wien VCO is a larger circuit with

more circuit equations (16) than the Integrating Sine VCO (9 circuit equations). This

translates to a larger matrix to invert and solve, and thus slows down the overall Wien

VCO simulation time compared to the Integrating Sine VCO (which has a simpler

integrating-with-a-capacitor circuit). The remaining VCOs are much slower; clearly, the

ECP multivibrator VCO is the most CPU-time cosdy, at over an order of magnitude

slowerin simulation time than the Integrating Sine VCO.
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CHAPTER 6: TWO PROPOSED PLL MACROMODELS

6.1 Two Proposed Configurations

From the information on PLL components presented in Chapters 4 and 5, two

configurations for PLL macromodels are proposed. The first proposed PLL macromodel,

shown in Figure 6.1, uses a simple VCVS analog multiplier, a simple RC filter, and an

Integrating Sine VCO. This macromodel is labeled PLL(l) and is a combination of the

fastest (CPU time) elements for each PLL component This PLL, however, has a PC

with a sinusoidal characteristic; the effective Kp factor, and therefore KL, depend on the

amplitudes of the PC inputs.

The second PLL macromodel, PLL(2), is shown in Figure 6.2. It is the same as

PLL(l), but has an additional amplifymg/limiting function at the PC output and a

separate, unilateral RC filter. This extra amplifying/limiting function causes the PC out

put to be independent of the input amplitudes; thus, the PC has a triangular characteristic,

and Kp is independent of the PC input amplitudes. The PC output, however, is not a con

stant amplitude square wave as desired, but only a near-constant amplitude due to the

voltage drop changes across the limiting diodes. To best approximate the desired square

wave (10V zero-to-peak in this example), the maximum amplitude of the PC output is

allowed to be slighdy above 10V so that the area of the pseudo-square wave can be made

approximately equal to that of a true square-wave.

6.2 Simulating the Two Proposed PLL Macromodels

The SPICE3 input files for PLL(l) and PLL(2) are listed in Figures 6.3 and 6.4,

respectively. The two PLL macromodels are designed to have a PC output voltage with a
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maximum zero-to-peak value of 10V, a low-pass filter bandwidth of 20kHz, a K0 of

r/iA

0.1 —, aVCO center frequency of 1MHz, a sinusoidal input amplitude of IV, and a
sec^v

VCO output amplitude of 10V. With these values, Kp and KL for the two proposed PLL

macromodels are:

Macromodel

PLUD

PLL(2)

rod

6.37
rod

Kl

0.5MHz [6.1]

0.637MHz [62]

Hgures 6.5 through 6.8 show output plots for PLL(l). The capture range is

+0.13MHz/-0.14MHz, as shown in Hgures 6.5 and 6.6. This capture range is larger than

the theoretical prediction (approximately 1.35 times larger) but is expected. The lock

range is 10.5MHz, as shown in Figures 6.7 and 6.8, and is precisely what theoretical

results predict

Figures 6.10 through 6.13 show the output plots for PLL(2). As mentioned above

and shown in Hgure 6.9, the outputsof the FLL(2) PC are allowed be a litde above the

maximum 10V so the areas of the pseudo-square wave are approximately that of a true

square-wave. The capture range is +0.165MHz/-0.175MHz and is shown in Figures 6.10

and 6.11. The simulated capture range is approximately 1.5 times larger than theoretical

predictions. The lock range, shown in Figures 6.12 and 6.13, is +0.97MHz/-0.85MHz.

The lower lockrange is smaller, most probably being affected by being tooclose to DC.

The lock range is very close to the theoretical prediction, which predicts a lock range

equal to — times the loop gain at DC for a triangular PC characteristic, i.e..



/. =2-0.637MHZ =1MHz.
Jl 2
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The capture ranges of both PLL cases slightly favor frequencies less than the

VCO's center frequency. This is most probably due to initial conditions, which are very

important to capture. The initial conditions for all cases are the same: both inputs to the

PC start off positive, and the PLLs are non-inverting control voltage configurations (see

Appendix D).

The average simulation times for PLL(l) and PLL(2) are presented in Table 6.1.

Simulations were conducted on the VAX 8650, SUN 4/370, DEC 3100, and IBM

RS6000. PLL(l) is the fastest in CPU time, which is expected. PLL(2) is the approxi

mately 4 times slower in simulation time.
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CHAPTER 7: CONCLUSIONS

7.1 Operating Characteristic

The simulated lock and capture ranges for various PLL macromodels are shown in

Table 7.1 along with theoretical values calculated from the appropriate equations. The

560B and Simplified 560B are listed for completeness. The PLL macromodels all

behave very much as predicted. All the simulated capture ranges are slightly larger (1.2

to 1.6 times) thanthe theoretical ranges, whichis expected (see Appendix A). PLL(1) is

most like the sinusoidal PLLs described in books, and it conforms well to the theoretical

ranges derived for such a system. The PLL(0) macromodel has a VCO output that is a

distorted sinusoid with an average half-cycle value somewhat larger than that of PLL(1).

This results in a larger actual KL and larger lock & capture ranges for PLL(O). PLL(2)

has a much larger lock and capture ranges due to a triangular PC characteristic. For the

same PC output amplitude, the effective Kp ofatriangular PC characteristic isalso larger

10 V 10 V
than that ofa sinusoidal PC characteristic ( 7 instead of — 7).

jt_ rod 2 rad
2

12 Simulation Time

The relative simulation times for various PLL macromodels are shown in Table 7.2.

The 560B andSimplified 560B simulation times are listedto showthe CPU-time savings

when using a PLL macromodel. Relative simulation times are obtained percomputer by

normalizing the fastest time and lowest iteration count on that machine to one, while

scaling every other PLL configuration's simulation times and iteration counts accord

ingly (the normalization factors are given at the bottom of the table). The simulations
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were performed on four machines: the VAX 8650, SUN 4/370, DEC 3100, and IBM

RS6000. Though the number of iterations for each circuit is nearly equal for all comput

ers tested, the actual simulation times for each machine are very different, depending on

the speed of the respective machine.

From the data in Table 7.2, the slowest macromodel is over an order of magnitude

faster in simulation time than the 560B; the fastest macromodel is over 55 times faster

(on average) in simulation time. Clearly, the fastest PLL macromodel is PLL(l), approx

imately 1.8 times faster (on average) than PLL(O); both PLL(l) and PLL(0) are PLLs

with a sinusoidal PC characteristic. The fastest PLL macromodel with a triangular PC

characteristic is PLL(2), which is approximately 4 times slower than PLL(l).

7.3 Overall Proposed PLL Macromodels

The fastest, most accurate PLL macromodel investigated is PLL(l). Its operation is

based on replacing the PC and VCO functions in a PLL with simple circuit equations that

are quickly evaluated by the simulator. It has, however, a sinusoidal PC: the PLL's lock

and capture ranges are affected by the input amplitude. If this is not acceptable, an alter

native PLL macromodel, PLL(2), is recommended. PLL(2) modifies PLL(l) to be

independent of input amplitude and shape. PLL(2) is less than 4 times slower than

PLL(l), but it is still much faster than the 560B PLL.
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PLL VAX 8650 SUN 4/370 DEC 3100 IBM RS6000

Config. Tine(sec) : # Iter. Time(sec) : # Iter. Time(sec) : * Iter. Time(sec) : # Iter.

560B 4949.7 : 138187

# msec/iter. 35.82

Sim. 560B 2111.7 : 145099

# msec/iter. 14.55

PLL(O) 136.8 : 33349
# msec/iter. 4.10

2554.4 : 138476

18.45

1531.7 : 144766

10.58

114.5 : 33349

3.43

2662.7 : 137755

19.33

952.0 : 143238

6.65

70.4 : 33349

2.11

1687.9 : 138009

12.23

662.8 : 142319

4.66

55.3 : 33349

1.66

TABLS 2.1: AVERAGE SIMULATION TIMES OF THE 560B, SIMPLIFIED 560B, AND PLL(O)

Ro Vc—5V Vc—2.5V Vc-OV VC-2.5V Vc-5V

10 0.9975093 0.9962710 0.9950372 0.9938080 0.9925833
1 0.9997501 0.9996252 0.9995004 0.9993756 0.9992508

0.1 0.9999750 0.9999625 0.9999500 0.9999375 0.9999250
0.01 0.9999975 0.9999963 0.9999950 0.9999938 0.9999925
0.001 0.9999997 0.9999996 0.9999995 0.9999993 0.9999992

Table 3.1: FREQUENCY REDUCTION FACTORS FOR R-lKohm AND VARIOUS Ro 6 Vcontrol



Via Freq. No Amp/Lim
Time(sec) : 4 Iter.

Amp/Lim ft PC Input
Time (sec) : # Iter.

Amp/Lim ft PC Output
Tim* (sec) : # Iter.

0.808meg 85.01 : 23037 178.05 : 31196 162.63 : 33069
0.809meg 79.69 : 22961 169.15 : 29470 164.38 : 33459
l.OOOmeg 84.00 : 23157 199.64 : 35600 198.57 : 38671
1.189meg 63.53 : 23136 190.21 : 33284 171.31 : 34960
1.190meg 80.73 : 23114 188.37 : 32648 163.36 : 34225
——— —••__««._••.. —————— ——••—-——

Average: 82.59 : 23081 185.08 : 32440 172.05 : 34877
# msec/iter.: 3.58 5.71 4.93

Table 4.1: SIMULATION TIMES OF NO AMPLIFYING/LIMITING OF THE PC AND
AMPLIFYING/LIMITING AT THE PC INPUT AND OUTPUT (on VAX 8650)

Vin Freq. Double-Balanced PC
Time(sec) : # iter

1.2meg
l.lmeg
l.Omeg
0.9meg
O.Smeg

Average:
# msec/iter.:

345.75 : 31915
334.27 : 30905
318.17 : 29567

288.24 : 28101

311.70 : 29745

319.63 : 30047
10.64

PC Implementation in PLL

VCVS Analog Multiplier PC:

VCVS w/ Amplified/Limited Output:

AC-Coupled, Amp/Lim PC
Time (see) : # Iter.

176.42

178.63

180.78

162.57

166.00

36092

34209

38204

31892

33155

172.88 : 34710

4.96

Table 4.2: SIMULATION TIMES (VAX 8650) FOR PLL MACROMODELS WITH A DOUBLE-BALANCED PC
AND WITH AN AC-COUPLED, VCVS MULTIPLIER WITH AMPLIFIED/LIMITED PC OUTPUT

Avgf sec : # Iter. Avg# msec/# Iter.

84.27 : 23077.2

172.05 : 34876.8

VCVS w/ Amplified/Limited Inputs: 185.08 : 32439.6

Double-Balanced PC: 319.63 : 30046.6

3.65

4.93

5.71

10.64

Table 4.3: SUMMARY OF SIMULATION TIMES FOR PLL MACROMODELS WITB VARIOUS PCs
(VAX 8650)



VCO Freq. Integrating Sine VCO Wien VCO

Time (sec) : # Iter. Time(sec) * * Iter.

0.5MHz 18.37 : 12016 30.07 . 9074
0.6MHz 19.53 12016 31.52 : 9761
0.7MHz 18.03 12017 33.75 ! 10091

0.8MHz 18.63 12017 31.65 : 10439

0.9MHz 17.43 12017 36.35 :, 11012

1.0MHz 19.30 12017 34.72 ! 11558

1.1MHz 18.75 12017 35.87 . 12161
1.2MHz 18.27 j 12017 37.58 : 12519

1.3MHz 17.27 12017 38.53 : 12933

1.4MHz 16.93 s 12018 40.59 : 13841

1.5MHz 16.65 12018 45.06 , 14708

Average: 18.11 . 12017 35.97 : 11645

# msec/iter.: 1. 51 3. 09

Table 5.1: SIMULATION TIMES (VAX 8650) FOR THE INTEGRATING SINE VCO AND THE WIEN VCO

VCO Resistive Load CMOS Inverters

Freq. Time(sec):Iter. Time(sec):Iter.
Depletion Loa
Time (sec):Iter.

Wien Macromodel

Time (sec):Iter.

0.5MHz 57.10 i 17392 76.81 : 17510 74.62 : 17058 30.07 l 9074
0.6MHz 60.47 : 18791 87.08 : 19896 83.82 t 19007 31.52 ! 9761
0.7MHz 63.83 : 20549 97.30 : 21873 88.56 : 20882 33.75 : 10091
0.8MHz 71.17 - 22328 99.83 : 23711 93.29 : 22448 31.65 : 10439
0.9MHz 79.19 24162 109.56 : 25564 107.39 i 24587 36.35 : 11012
1.0MHz 81.23 ' 25677 112.41 : 27067 111.51 : 26906 34.72 .: 11558
1.1MHz 84.29 . 27217 123.70 : 29264 123.60 .: 28652 35.87 : 12161
1.2MHz 87.24 : 28582 135.93 .: 31133 131.30 j. 30368 37.58 : 12519
1.3MHz 96.78 : 30311 143.83 , 33036 142.84 :. 32506 38.53 : 12933
1.4MHz 106.20 : 31876 154.19 ' 34916 147.30 !. 34196 40.59 . 13841
1.5MHz 110.33 : 33574 154.22 : 36658 163.55 : 35975 45.06 : 14708

Average: 81.62 : 25496 117.71 : 27330 115.25 ; 26599 35.97 : 11645
# msec/iter: 3. 20 4. 31 4. 33 3. 09

Table 5.2: SIMULATION TIMES (VAX 8650) OF THE 2-INVERTER MULTIVIBRATORS AND THE
WIEN MACROMODEL



VCO ECP Multivibr. DE ECP Multivibr. 8E Wien Macromodel
Freq. Time(sec) : * Iter. Time (sec) : « Iter. Time (sec) : * Iter.
»•»»»• ^»„tm— >-—

0.5MHz 177.89 : 23083 170.76 : 23081 30.07 : 9074
0.6MHz 193.56 : 25692 198.40 : 25885 31.52 I 9761
0.7MHz 231.66 : 29242 220.08 : 29299 33.75 :: 10091
0.8MHz 250.54 ,: 32333 246.39 : 32258 31.65 .: 10439
0.9MHz 267.19 «: 35384 276.76 I 35245 36.35 :: 11012
1.0MHz 313.56 . 38398 309.98 ,: 38375 34.72 : 11558
1.1MHz 334.31 : 41411 322.56 ,i 41248 35.87 : 12161
1.2MHz 341.76 : 44284 346.62 .: 44469 37.58 ! 12519
1.3MHz 381.98 : 47505 367.88 i 47499 38.53 : 12933
1.4MHz 397.77 : 51295 402.99 ! 51280 40.59 : 13841
1.5MHz 417.83 : 54458 401.17 : 54329 45.06 : 14708

——————— •••.....»—_—_- __—MWMMM

Average: 300.73 : 38463 296.69 : 38452 35.97 : 11645
# msec/Itex .. /. 82 7. 71 3. 09

Table 5.3: SIMULATION TIMES (VAX 8650) FOR ICP MULTIVIBRATOR AND WIEN MACROMODEL
(Differential and Single-Ended Control Voltage for ECP)

VCO MODEL Avg# sec : # Iter. Avg* asec/f Iter,

Integrating Sine VCO:

Wien VCO Macromodel:

Resistive-Load 2-Inv. Multivibrator:

CMOS 2-Inv. Multivibrator:

18.11

35.97

81.62

117.71

Depletion-Load 2-Inv. Multivibrator: 115.25

ECP Multivibrator Single-Ended Vin: 296.69

ECP Multivibrator Differential Vin: 300.73

12017

27330

26599

38452

38463

1.51

4.31

4.33

7.72

7.82

Table 5.4: SUMMARY OF SIMULATION TIMES FOR VARIOUS VCOs (VAX 8650)



PLL VAX 8650 SUN 4/370 DEC 3100 IBM RS6000
Config. Time (sec) : ♦ Iter. Time (sec) : # Iter. Time (sec) : # Iter. Time(sec) : # Iter.

PLL(l) 73.743 : 29997
# msec/iter. 2.46

79.936 : 29997

2.66

PLL(2) 311.645 : 85300 404.552 : 85197
# msec/iter. 3.65 4.75

34.055 : 29997

1.14

147.837 : 84995

1.74

30.901 : 29997

1.03

121.792 : 85023

1.43

TABLE 6.1: AVERAGE SIMULATION TIMES OF THE PLL(1) AND PLL(2) MACROMODELS

PLL Macromodel Type KL (MHz) Capture Range (MHz) Lode Range (MHz)
Theor. Theor. Simul. Theor. Simul.

560B PLL: -2

Simplified 560B PLL: -2

volt. lim.

-+/-.25 +.21/-.19

-+/-.2S +.4/-.37

volt. lim.

-+/-3.14 unavail.

-+/-3.14 +3.2/-.8

Pederson/Mayaram PLL(0): .5 +/-.1 +.15/-.16 +/-.5 +.55/-.55

Proposed PLL(l): .5 +/-.1 +.13/-.14 +/-.5 +.5/-.5

Proposed PLL(2): .64 +/-.14 +.17/-.18 +/-1.0 +.97/-.85

Table 7.1: SUMMARY OF PLL OPERATION FOR VARIOUS PLL CONFIGURATIONS

PLL Macromodel Type
VAX 8650

Relative # sec : # Iterations

SUN 4/370 DEC 3100 IBM RS6000

560B PLL: 67.12 : 4.61 31.96 : 4.62 66.44 : 4.59 54.62 : 4.60

Simplified 560B PLL: 28.64 : 4.84 19.16 : 4.83 27.95 ! 4.77 21.45 . 4.74

Pederson/Mayaram PLL(0): 1.85 : 1.11 1.43 : 1.11 2.07 : 1.11 1.79 i 1.11

Proposed PLL(l): 1 : 1 1 : 1 1 : 1 1 : 1

Proposed PLL(2): 4.23

73.74

: 2.84

: 29997

5.06 : 2.84 4.34 : 2.83 3.94 : 2.83

PLL(l) avg. actual data: 79.94 : 29997 34.06 : 29997 30.90 : 29997

Table 7.2: SUMMARY OF RELATIVE SIMULATION TIMES FOR VARIOUS PLL CONFIGURATIONS
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FIGURE CAPTIONS

Figure 2.1: The 560B Monolithic PLL Circuit

Figure 2.2: A SPICE3 Input File for the 560B PLL

Hgure 2.3:560B Capture Behavior (0.6MHz,0.81MHz,0.82MHz)

Figure 2.4:560B Capture Behavior (lMHz,1.21MHz,1.4MHz)

Hgure 2.5: The Simplified 560B PLL Circuit

Hgure 2.6: The DC OperatingPoint of the 560B PLL

Hgure 2.7: A SPICE3Input File for the SimplifiedS60B PLL

Figure2.8: Simplified 560B Capture Behavior (0.6MHz,0.63MHz,1.0MHz)

Figure2.9: Simplified 560B CaptureBehavior (1.2MHz,1.4MHz,1.6MHz)

Figure 2.10: Simplified 560B Lock Behavior (3.0MHz,3.2MHz)

Figure2.11: Simplified 560B Lock Behavior (0.3MHz,0.2MHz,0.175MHz)

Figure 2.12: Simplified 560B Capture and Lock Behavior (1.2MHz,2.5MHz,4.5MHz)

Figure 3.1: The PLL(O) Macromodel

Figure 3.2:Capture RangeAffected by VCO Amplitude (.tran/Vtrig settings)

Figure 3.3: Capture Range Affected by VCO Glitch(.tran/Vtrig settings)

Figure 3.4:The SPICE3 Input File for the PLL(O) Macromodel

Figure 3.5: PLL(0) Macromodel Capture Behavior(1.147MHz& 0.£42MHz)

Figure 3.6: PLL(0) Macromodel No-Capture Behavior(1.148MHz & 0.841MHz)

Figure 3.7: PLL(0) Macromodel Behavior for a Modulated Input (1MHz Carrier, lOKHz
Signal)

Figure 3.8:PLL(0) Macromodel, CenterFrequency vs Capture Range

Hgure 3.9: PLL(0)Macromodel, Filter Bandwidth (BW) vs Capture Range

Hgure 3.10: PLL(0) Macromodel, LoopGain Constant {KL) vs Capture Range

Hgure 3.11: PLL(0) Macromodel Lock Behavior (±0.55MHz Lock Range)
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Figure 3.12: PLL(0) Macromodel, Loop Gain Constant (KL) vs Lock Range

Figure 3.13: PLL(0) Macromodel, Simulated Lock and Capture Ranges forVarious KL

Figure 4.1: PC Output Voltage vs Phase Difference (PC Characteristic)

Figure 4.2: Circuit to ProduceAmplifying and Limiting

Figure 4.3: SPICE3 Input File for a PLL Macromodel with Amplified/Limited Inputs

Figure 4.4: Schematic of a PLL Macromodel having a VCVS PC with Amplified/Limited
Inputs

Figure 4.5:UpperCapture Range(1.189MHz,1.190MHz) for a PLL Macromodel having
a VCVS PC with Amplified/Limited Inputs

Figure 4.6: Lower Capture Range (0.808MHz,0.809MHz) for a PLL Macromodel having
a VCVS PC with Amplified/Limited Inputs

Figure 4.7: SPICE3 Input File for a PLL Macromodel having a VCVS PC with an
Amplified/Limited PC Output

Figure 4.8: Schematic of a PLL Macromodel having a VCVS PC with an
Amplified/Limited PC Output

Figure 4.9: Upper Capture Range (1.189MHz,1.190MHz) for a PLL Macromodel having
aVCVS PC with an Amplffied/Limited PCOutput

Figure 4.10: Lower Capture Range (0.808MHz,0.809MHz) for a PLL Macromodel hav
ing aVCVS PCwith an Amplified/LimitedPCOutput

Figure 4.11: Double-Balanced Analog Multiplier

Figure 4.12: SPIOE3 Input File for a PLLMacromodel with a Double-Balanced Analog
Multiplier as the PC

Figure 4.13: Schematic for a PLL Macromodel with a Double-Balanced Analog Multi
plier as the PC

Figure 4.14: Alternative Filtering Schemes for a Double-Balanced Analog Multiplier
Differential Output

Figure 4.15: Upper Capture Range (1.189MHz,1.190MHz) for a PLL Macromodel with a
Double-BalancedAnalog Multiplier PC

Figure 4.16: High Frequency Ripple of a PLL Macromodel with a Double-Balanced Ana
log Multiplier PC

Figure 4.17: Lower Capture Range (0.807MHz,0.808MHz) for a PLL Macromodel with
a Double-BalancedAnalog Multiplier PC
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Hgure 4.18: Lock Behavior for a PLL Macromodel with a Double-Balanced Analog
Multiplier as the PC

Hgure 5.1: Schematic for the Integrating SineVCO

Hgure 5.2: SPICE3 InputFile for the Integrating SineVCO

Hgure 5.3: Integrating Sine VCO Output Waveform

Hgure 5.4: Schematic for the Wien VCO Macromodel

Figure 5.5: SPICE3 Input File for the Wien VCO Macromodel

Hgure 5.6: Integrating Sine VCO andWien VCO OutputWaveforms

Hgure 5.7: The Two-Inverter Multivibrator

Figure 5.8: A Ring OscillatorVCO

Hgure 5.9: Schematic for the Resistive-Load Two-Inverter VCO

Hgure 5.10: Schematic for the Depletion-Load Two-InverterVCO

Figure 5.11: Schematic for the CMOS Two-Inverter VCO

Hgure 5.12: SPICE3 Input File & Output Waveforms for the Resistive-Load Two-
Inverter VCO

Figure 5.13: SPICE3 Input File & Output Waveforms for the Depletion-Load Two-
Inverter VCO

Figure 5.14: SPICE3 InputHie & OutputWaveforms for the CMOS Two-InverterVCO

Figure 5.15: An Emitter-Coupled Pair Multivibrator asa VCO

Figure5.16: SPICE3 Input File for the ECP Multivibrator VCO

Figure 5.17: Emitter-Coupled Pair Multivibrator VCOOutput Waveforms (Square &Tri
angular)

Figure 6.1: Proposed PLL Macromodel(l)

Figure6.2: Proposed PLL Macromodel(2)

Hgure6.3: SPICE3 InputHie forthe Proposed PLL Macromodel(l)

Figure 6.4: SPICE3 InputFile forthe Proposed PLL Macromodel(2)

Figure6.5: Upper Capture Range (1.125MHz,1.13MHz) for PLL(1)
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Figure 6.6: Lower Capture Range (0.86MHz,0.865MHz) for PLL(l)

Figure 6.7: Upper Lock Range (1.49MHz,1.5MHz) for PLL(1)

Figure 6.8: Lower Lock Range (0.51MHz,0.5MHz) for PLL(1)

Figure 6.9: Rounded PC Outputhas'Same AreaasDesired Square Wave

Figure 6.10: Upper Capture Range (1.16MHz,1.165MHz) for PLL(2)

Figure 6.11: Lower Capture Range (0.825MHz,0.83MHz) for PLL(2)

Figure 6.12: Upper Lock Range (1.96MHz, 1.97MHz) for PLL(2)

Figure 6.13: Lower Lock Range (0.15MHz,0.16MHz) for PLL(2)

Figure A.1: The Basic PLL Configuration

FigureA.2: A Block Diagram of a PLL

Figure A.3: A PLLwith LoopOpen; Input Frequency Different from VCO Free-Running
Frequency

Figure A.4: The Non-Linear Behaviorof the Capture Process

Figure CI: SPICE3 Input File for the Equation VCO

Figure C.2: Equation VCO Output Waveform for aChanging Control Voltage

Figure C.3: Equation VCO Output Waveform for Delayed Versions of Changing Control
Voltage

Figure D.l: SPICE3 Input File for the Simplified 560B PLL with both Inverting and
Non-Inverting ControlVoltage Connections

Figure D.2: Output Waveforms for Non-Inverting and Inverting Control Voltages (Input
0.8MHz)

Figure D.3: OutputWaveforms for Non-Inverting and Inverting Control Voltages (Input
1.2MHz)

Figure D.4: OutputWaveforms for Non-Inverting and Inverting Control Voltages (Input
1MHz)

Figure D.5: Output Waveforms for Non-Inverting and Inverting Control Voltages (Input
1MHz with 180 Degrees Phase Shift)

Figure E.1: Square Wave Inputs and Outputs of a Non-Inverting and Inverting Analog
Multiplier PC
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Hgure E.2a: Average PCOutput vs Phase Difference for Non-Inverting Multiplier

HgureE.2b: AveragePCOutputvs Phase Difference forInverting Multiplier
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Figure 2.1: The 560B Monolithic PLLCircuit



* 5608 Nooollthle PLL

• INPOTt V(100)-V(101)» VCOt V(300)-V(301)J OUTPUTt V(500)

• MODELS
*

.MODEL EBNER D IS-l.OB-14 BV-6.2V

.MODEL NPN NPN IS-1B-16 BF-200

.MODEL DIODB D IS-10E-15

VCC 1 0 16V

•

• BIAS CIRCUITRY

•

R18 1 305 5.3R

D3 3 305 8ENBR

D4 3 I DIODB

D5 5 4 ZENER

D6 5 0 DIODE

02 1 305 6 NPN

R16 6 7 3.2K

D7 8 7 EBNER

D8 8 0 DIODB

R15 7 9 3.3K

R14 9 10 4.6R

010 10 10 11 NPN
♦Oil 200 10 12 NPN

Oil 200 10 212 NPN

V212 212 12 OV

R13 11 0 243

RS 12 0 243

Q12 1 9 201 NPN
R12 201 0 «.6K

R17 7 304 11IC

013 304 304 16 NPN

014 16 16 0 NPN
*

•VCO

• EC MULTIVIBRATOR

Q» 1 305 30 NPN

D29 31 30 EBNER

025 31 31 32 NPN

Q26 31 31 33 NPN

R22 31 32 2R

R21 31 33 2K

023 32 300 36 NPN

Cflx3 300 0 lOf

024 33 301 37 NPN
Cflx4 301 0 lOf

027 1 32 301 NPN
020 1 33 300 NPN
030 301 304 110 NPN

V30 110 38 0

031 36 304 111 NPN

V31 111 39 0

032 37 304 112 NPN

V32 112 40 0

Q33 300 304 113 NPN

V33 113 41 0

VTRIG 36 36A PULSE (10 0 Ins Ins Ins InS Is)
CEXT 36A 37 3.08E-10 IC-1.6V

R26 38 0 1.2K

R25 39 0 1.2K

R20 40 0 1.2K

R19 41 0 1.2R

R23 42 0 1.2R

034 43 304 114 NPN

V34 114 42 0

035 46 303 44 NPN

036 46 303 44 NPN

Q37 36 302 245 NPN

038 37 302 145 NPN
V245 245 45 0

VI45 145 45 0 '
RIO 44 43 325

R24 45 43 325

Rll 1 46 OR

039 1 46 500 NPN
RLOAD 500 0 1R
•

• PC

•

01 1 305 21 NPN
Rl 21 22 6R

R2 21 23 6K

015 22 300 26 NPN

016 23 301 26 NPN

017 22 301 27 NPN

Q18 23 300 27 NPN
019 26 100 200 NPN

020 27 101 200 NPN

R3 100 201 2R

R4 101 201 2R
*

021 1 22 20L NPN
022 1 23 21L NPN
D40 22L 20L EBNER

D41 23L 21L EBNER

R6 22L 302 1.25R

R7 23L 303 1.25R

R8 302 0 8.2R

R9 303 0 8.2R
•

•INPUT

VI2 101 100 0 8IN (0 IV l.OOMBO)
*

•riLTER
•

•RF1-RF2-6R, Internal
CP 22 23 661.685pP
•CP1 22 0 1.326291nT

•CP2 23 0 1.326291nF
•

•ANALY8I8

•

.OP

.TRAN .070 1000 OU 0.01U

.OPTION ACCT

.OPTIONS NOPAGE ITL5-0 LIMPTS-1000000

.OPTIONS VNTOL-O.OOl ABSTOL-1.OE-6 celtol-lE-6 METHOD-GEAR

.WIDTH OUT - 80

.END

Figure 2.2:A SPICE3 InputFile for the 560B PLL
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• SIMPLIFIED S60B PLL

• INPUT: V(100)-V(101); VCO: V(300)-w(301); Vcontrol: V(22)-v(23)

• IMPOT •

* Variable Frequency Input For LOCK

'• Input *
•VIN 99 0 PWL 0 3 30u 3 60u 32 200u 32
•.lc v(99)-0
•Xlnput 99 101 100 VarFreqln

•.eubckt VarFreqln 3 84 85

••Creates an Input with a variable frequency, depending on the VIN
••control voltage; the VCO with VIN aa the control voltage
•

•• Ko-.laeg
•rb 4 10 IK

•*gvar2 4 10 poly(2) 4 10 30 0000 le-4
*bvar2 4 10 l-le-4 • v(3) • (v(4)-v(10))
•vtrlg 10 0 pulse(0 .5 0 0 0 lps la)
•c2 4 0 159.15pF
•ra 4 6 IK

••gvarl 4 6 poly(2)
•bvarl 4 6 l-le-4 •

•cl 6 7 159.1SpF
•••gain 5 0 4 0 3.05
•bgain 5 0 v-3.0S*v(4)
•ro 5 7 10
•dl 7 8 nd

•vl 0 0 0.191V
•d2 0 9 ad

•v2 9 7 0.191v

•bvcol 84 0 v-0.5*v(7)
•rvcol 84 0 Ik

•bvco2 85 0 v—0.5«v(7)
•rvco2 85 0 Ik

•.aodel nd d is-le-16

*.enda VarFreqln

4630 0000 le-4

w(3) • (v(4)-v(6))

• Fixed Input Frequency FOR CAPTURE

VIN 101 100 0 SIN (0 IV 1.000MEG)

• MODELS •

.MODEL ZENER D IS-1.0E-14 BV-6.2V

.MODEL NPN NPN IS-1E-16 BF-200

.MODEL DIODE D IS-10E-15
VCC 1 0 16V
•

•VCO EC MULTIVIBRATOR

*Ko la .93 the center freq. like in the G4M book
•The center freq. is 1MHz

V31 31 0 6.625781V
025 31 31 32 NPN

026 31 31 33 NPN

R22 31 32 2K

R21 31 33 2K

023 32 300 36 NPN

CflJtS 300 0 lOf

Q24 33 301 37 NPN
Cfi«4 301 0 lOf

027 1 32 301 NPN

1301 301 0 622.5914UA
Q28 1 33 300 NPN

1300 300 0 622.5914uA

• Control Voltage Dictating VCO Frequency

•BI36 36 0 1-776.23925e-6*(l«0.93*v(73))
•BI37 37 0 1-776.2392Se-6*(1+0.93*v(73))
BI36 36 0 I-778.2392Se-6Ml«0.93Mv(22)-v(23M)
BI37 37 0 X-778.23925e-6Ml+0.93*(v(22)-v(23)))

••136 36 0 622.5914uA
••137 37 0 622.5914uA
VTRIG 36 36A PULSE (10 0 Ins ln« lna InS la)
CEXT 36A 37 3.12E-10 IC-1.6V

PC

»Kc la around 2.55V/rad (aaybe a little larger)

V21 21 0 12.05633
Rl 21 22 6K

R2 21 23 6K

015 22 300 26 NPN
016 23 301 26 NPN

017 22 301 27 NPN
016 23 300 27 NPN
019 26 100 200 NPN

020 27 101 200 NPN

1200 200 0 740.2906UA
R3 100 201 2K

R4 101 201 2K

V201 201 0 3.610507V
•

•FILTER •

•RF1-RF2-6R, internal
CF 22 23 663.146pF
•CF1 22 0 1.326291nF

•CF2 23 0 1.326291nF
•Bfllt 72 0 v-v(22)-v(23)
•Rfilt 72 73 IK

•Cfllt 73 0 7.95775n

•ANALYSIS
•

.TRAN .070 100U OU 0.01U

.OPTION ACCT

.OPTIONS NOPAGE ITL5-0 LIMPTS-1000000

.OPTIONS VNTOL-0.001 ABSTOL-1.0E-6 reltol-lE-6 METHOD-GEAR
•WIDTH OUT - 80

.END

Figure 2.7: A SPICEInputFile for the Simplified 560B PLL
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Upper Lock Limit (3.0MHz), Simplified 560B PLL
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Figure 2.10: Simplified 560B Lock Behavior (3.0MHz,3.2MHz)
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Figure 2.11: Simplified 560B LockBehavior (0.3MHz,0.2MHz,0.175MHz)



SIMPLIFIED 560B: CAPTURE & LOCK BEHAVIOR
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Figure 2.12: Simplified 560B Capture and Lock Behavior (1.2MHz,2.5MHz,4.5MHz)
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PLL(O) (Pederson/Hayarain] Macronodel

• Vin: VJllJ VCO: V<7)j Vcontrol: V<3)

* Input: Fixed Input Frequency *
•vin 1 0 affa(0 1 laeg 10 10k)
vin 1 0 aln(0 1 0.841aeg)
•vin 1 0 sinfO 1 0.842aeg)
•vin 1 0 fllnfO 1 1.148*eg)
•vin 1 0 sln(0 1 1.147neg)
rln 1 0 Ik

** Input: Variable Input Frequency *
*.ic v(99)-0
•Xlnput 99 1 VarFreqln

•• Input

•VIN 99 0 PKL 0 0 70u 0 80u -2 130u -2 140u -4 190u -4 230u -5.3 2S0u -5.3 290u -5.4 315
u -5.4 385u -S.S 450U-5.5

••VIN 99 0 PHL 0 0 70u 0 80u 42 130u 42 140u 44 i90u +4 230u 45.3 2S0u 45.3 290u 4 S.4 3
15u 45.4 385u 4S.S 450u -45.5

•.subckt VarFreqln 3 7
••Create* an Input with a variable frequency, depending on the VIN
••control voltage; the VCO with VIN oa the control voltage
• *

•rb 4 10 IK

•*gvar2 4 10 poly(2> 4 10 30 0000 le-4
•bvar2 4 10 l-le-4 • v(3) • (v(4)-v<10))
•vtrlg 10 0 pulsefO 5.3 0 0 0 Ins)
*c2 4 0 159.lpF
**c2 4 0 159.1SpF
*ra 4 6 IK

••gvarl 4 6 poly(2) 4 6 3
•bvarl 4 6 l-le-4 * v(3)
*cl 6 7 159.lpF
••cl 6 7 159.1SpF
••egaln 5 0 4 0 3.05
•bgaln 5 0 v-3.05*v(4)
••ro 5 7 .001

•ro 5 7 10

•dl 7 8 ad

*vl 8 0 0.191V

••vl 8 0 lv

•d2 0 9 ad

•v2 9 7 0.191v

•*v2 9 7 lv

•.nodel nd d ls-le-16

•.ends VarFreqln

> 0 0 0 0 le-4

(v(4)-v<6))

• Phase comparator multiplier •
• Kc - Kb Vl Voac / 2 - 5 V/rad
• eault 2 0 poly(2) 1070 00001
bmult 2 0 v-1.00*v(l)*v(7)

• Low-pass Filter *
• BH-20kHz

rf 2 3 Ik

c(3 0 7.958nF

* Wien feedback circuit *
• Ko-.larag
rb 4 10 IK

*gvar2 4 10 poly(2) 4 10
bvar2 4 10 l-le-4 • v(3)
vtrlg 10 0 pulse(0 S.S 0
•c2 4 0 159.1549pF
c2 4 0 159.lpF
ra 4 6 IK

•gvarl 4 6 poly(2) 4 6 3
bvarl 4 6 l-le-4 • v(3) •
•cl 6 7 159.1549pF
cl 6 7 159.lpF

0 0 0 0 0

(v(4)-v(10))

0 Ins)

le-4

> 0 0 0

(v(4)-v(6))
0 le-4

• positive-gain block
•egaln 5 0 4 0 3.05
bgaln 5 0 v-3.05*v(4)
•ro 5 7 10

ro 5 7 .001

dl 7 8 ad

•vl 8 0 lOv

•vl 8 0 9.125v

vl 8 0 8.8825v

d2 0 9 ad

•v2 9 7 lOv

*v2 9 7 9.125v

v2 9 7 8.8825v

.model ad d ia-le-16

• control cards •

*.tran 0.07u 300u 0 O.Olu

.tran 0.07u lOOu 0 O.Olu

.option acct

.options nopage It15-0 llnpts-1000000

.options vntol-0.001 abstol-l.OB-6 reltol-lB-6 aethod-GBAR

.width out-80

.end

Figure 3.4: The SPICE3 Input File for the PLL(O) Macromodel
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PLL(O) Macronodel with PC Inputs amplified t United

• Vin: V(l); VCO: V{7); Vcontrol: V(3)
• Vin Amplified/Limited: V(31); VCO AnplIfled/Limited: V(27)
• PC Output: V(2)

• Input *
•vin 1 0 sln(0 1 1.190meg)
•vin 1 0 sln(0 1 1.189meg)
•vin 1 0 sln(0 1 0.809meg)
vin 1 0 8ln(0 1 0.808meg)
rln 1 0 Ik

• Phase comparator multiplier — PC Input limiting •
• Kc - Km VI Vosc / 2 - 5 V/rad
•

• amplifying/limiting VCO
bpdl 23 0 v-1000«v(7)
ropdl 23 27 0.001
dlpdl 27 28 md2
vlpdl 28 0 8.6325V
d2pdl 0 29 rad2
v2pdl 29 27 8.6325V
.model md2 d ls-le-16

• amplifying/limiting Vin
bpd2 33 0 v-1000*v(l)
ropd2 33 31 10
dlpd2 31 38 mdl
vlpd2 38 0 .171v

d2pd2 0 39 mdl

v2pd2 39 31 .171v
.model mdl d ls-le-12
•

• PC output
bpdout 2 0 v-v(27)*v(31)

* Low-pass Filter •
• BW-20kHz

rf 2 3 Ik

cf 3 0 7.958nF

* Mien feedback circuit 'i

* Ko-.lmeg
rb 4 10 IK

•gvar2 4 10 poly(2) 4 10 3 0 0 0 0 0

bvar2 4 10 l-le-4 • v(3) • (v(4)-i'(10))
vtrlg 10 0 pulse<0 5.3 0 0 0 Ins)
c2 4 0 159.lpF
ra 4 6 IK

•gvarl 4 6 poly(2) 4 6 3 0 0 0 0 0

bvarl 4 6 l-le-4 * v(3) 'I (v(4)-v (6))
cl 6 7 159.lpF

* positlve-gaIn block
•egaln 5 0 4 0 3.05
bgaln 5 0 v-3.0S*v(4)
ro 5 7 .001

dl 7 8 md

Vl 8 0 8.882SV

d2 0 9 md

v2 9 7 8.8825V

.model md d ls-le-16

* control cards •

.tran 0.07u 70u 0 O.Olu

.options acct

.options nopage ltl5-0 llmpts-2000

.options reltol-le-4

.width out-80

.end

Figure 4.3: SPICE3 Input File for a PLL Macromodel with Amplified/Limited Inputs
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Figure 4.6: Lower Capture Range (0.808MHz,0.809MHz) for a PLL Macromodel having
a VCVS PC with Amplified/Limited Inputs



* PLL(O) Macromodel with PC output amplified & limited
* Vin: V(l); VCO: V(7); Vcontrol: V(3); PC Amplified/Limited Output: V(27)

* Input *
*vin 1 0 sin(0 1 1.190meg)
*vin 1 0 sin(0 1 1.189meg)
*vin 1 0 sin(0 1 0.809meg)
vin 1 0 sin(0 1 0.808meg)
rin 1 0 Ik

* Phase comparator multiplier *
* Kc - Km Vi Vosc / 2 - 5 V/rad
*

* amplifying/limiting PC Output
bpd 23 0 v-1000*v(l)*v(7)
ropd 23 27 0.001
dlpd 27 28 md2
vlpd 28 0 8.6325v
d2pd 0 29 md2
v2pd 29 27 8.6325v
.model md2 d is-le-16
*

* PC Output
* emult 2 0 poly(2) 1070 00001
bpdout 2 0 v-v(27)

* Low-pass Filter *
* BW-20kHz

rf 2 3 Ik
cf 3 0 7.958nF

* Wien feedback circuit *

* Ko-.lmeg

le-4*gvar2 4 10 poly(2) 4 10 3 0 0 0 0 0

bvar2 <I 10 i-le-4 * v(3) * <v(4M/(10))
vtrig 10 0 pulse(0 5.3 0 0 0 Ins)
c2 4 0 159.lpF
ra 4 6 IK

*gvarl 4 6 poly(2) 4 6 3 0 0 0 0 0

bvarl 4 6 i-le-4 * v(3) * (v(4)-v(6))
cl 6 7 159.lpF

* positive-gain block
*egain 5 0 4 0 3.05
bgain 5 0 v-3.05*v(4)
ro 5 7 .001
dl 7 8 md

vl 8 0 8.8825v

d2 0 9 md

v2 9 7 8.8825v

.model md d 18-16-16

le-4

* control cards *

.tran 0.07u 70u 0 O.Olu

.option acct

.options nopage itl5-0 limpts-2000 reltol-le-4

.width out-80

.end

Hgure 4.7: SPICE3 Input Hie for a PLL Macromodel with an Amplified/Limited PC
Output
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Figure 4.8: Schematic of a PLL Macromodel with an Amplified / Limited PC Output
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Hgure 4.11: Double-Balanced Analog Multiplier



PLL{0) Macronodel with Double-Balanced Analog Multiplier as PC
• Vin: V(8)-V(9); VCO: V(l)-V(2); Vcontrol: V(7)-V(6)
• PC Output: V<7)-V(6)

•DOUBLE-BALANCED ANALOG MULTIPLIER

•Vin 8,9 VCO 1,2 Vout 7,6
Vol 21 0 15V

Rbl

Vb2

1 21 Ik

22 0 15V

Rb2 2 22 Ik

•vin 8 9 sln(0 1 1.,190meg)

•vin 8 9 sln(0 1 1.,189meg)

•vin 8 9 flln(0 1 0.,809meg)

•vin 8 9 sln(0 1 0.,808meg)

vin B 9 sin(0 1 1D.807neg)

Vb3 29 0 OV

Rb3 9 29 Ik

Vb4 28 0 OV

Rb4 8 28 Ik

RC1 S 6 10.201006K

•RC1 5 6 10K

RC2 5 7 10.201006K

•RC2 S 7 10K

01 6 1 3 MODI

02 7 2 3 MODI

Q3 6 2 4 MODI

Q4 7 1 4 MODI

Q5 3 8 12 MODI

06 4 9 12 MODI

IEE1 12 14 lm

VCC 5 0 30

VEE 14 0 -30

.MODEL MODI NPN IS--1E-16 BF-100

• Low-pass Filter •
• BW-20kHz

cfllter 6 7 390.047pF
•bfllter 92 0 v-v(7)-v(6)
•rfl 92 94 Ik

•cfl 94 0 7.958nF

•bvlnl 92 0 v-v(6)

•rfl 92 94 Ik

•cfl 94 0 7.958nF

•bvln2 93 0 v-v(7)

•rf2 93 95 Ik

•cf2 95 0 7.958nF

••r£ 2 3 Ik

••cf 3 0 7.958nF

* Mien feedback circuit *

* Ko-.lmeg
•Xvco 94 0 1 2 VCO

Xvco 7 6 12 VCO

.subckt VCO 3 2 84 85

rb 4 10 IK

*gvar2 4 10 poly(2) 4 10 3 0 0
bvar2 4 10 l-le-4 • (v(3)-v(2)) •
vtrlg 10 0 pulse(0 5.3 0 0 0 Ins)
c2 4 0 159.lpF
ra 4 6 IK

•gvarl 4 6 poly(2) 4 6 3 0 0
bvarl 4 6 l-le-4 • (v(3)-v(2)) •

cl 6 7 159.lpF

• positive-gain block
•egaln 5 0 4 0 3.05
bgaln 5 0 v-3.0S*v(4)
ro S 7 .001

dl 7 8 nd

vl 6 0 8.8825V

d2 0 9 rod

v2 9 7 8.8825V

.model nd d ls-le-16
• Differential VCO Output

bvcol 84 0 v-0.5*v(7)

rvcol 84 0 Ik

bvco2 85 0 v—0.5*v|7)

rvco2 85 0 Ik

.ends VCO

0 0 0 le-4

(v(4)-v(10))

0 0 0 le-4

(v(4)-v(6))

* control cards *

.tran 0.07u 70u 0 O.Olu

.options nopage 1U5-0 llmpts-1000000

.width out - 80

.end

Figure 4.12: SPICE3 Input File for a PLL Macromodel with a Double-Balanced Analog
Multiplier as the PC
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Figure 4.13: Schematic for a PLL Macromodel with a Double-Balanced Analog
Multiplier as the PC
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Figure 4.14: Alternative Filtering Schemes for a Double-Balanced Analog Multiplier
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Figure 4.15: Upper Capture Range (1.189MHz,1.190MHz) for a PLL Macromodel with a
Double-Balanced Analog Multiplier PC
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Figure 4.17: Lower Capture Range (0.807MHzt0.808MHz) for a PLL Macromodel with
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VCO: Sine of Integrated Vcontrol

0.00 5.00 10.00 15.00

Figure 5.3: Integrating Sine VCO Output Waveform

]Integr. VCO
Vcontrol*

•'seconds x 10""
20.00



Vtrig

IgvaM =(1 /(10xR1)) x V(3) [V(4) - V(6)]

Igvar2 . (1 / (10xR2)) x V(3) [V(4) - V(10) ]

V(7) o VCO output

V(3)« Control Voltage

Figure 5.4: Schematic for the WienVCO Macromodel

* Wien VCO Macromodel *

* Vcontrol: V<3); VCO: V(7)

*wco is Vcontrol

*wco 3 0 0 pwl 0 0 25u 0 30u 5 35u 0 40u 0
rin 3 0 Ik

* Wien-type voltage controlled oscillator *
* Ro-lOOKHz/volt fo-lMHz *
*

* input circuit *
r2 4 10 Ik

*gvar2 4 10 poly(2) 4 10 30 0000 le-4
BVAR2 4 10 I- 1E-4*V(3)*(V(4)-V(10))
vtrig 10 0 0 pulse(0 10 0 0 0 Ins)
c2 4 0 159.lpF

♦positive feed back *
rl 4 6 Ik

*gvarl 4 6 poly(2) 4630 0000 le-4
BVAR1 4 6 1- lE-4*v<3)*(v(4)-v(6))
cl 6 7 159.lpF

* positive-gain block *
*egain 5 0 4 0 3.05
BGAIN 5 0 V-3.05*V(4)

ro 5 7 0.001

dl 7 8 nd

vl 8 0 8.8825v

d2 0 9 md

v2 9 7 8.8825v

.model md d is-le-16

* control cards *

.tran O.Olu 40u 20u O.Olu

.option acct

.options nopage it15-0 liiupts-20000

.options reltol-le-6

.width out-80

.end

Figure 5.5: SPICE3 Input File for theWien VCX) Macromodel
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Figure 5.6: Integrating Sine VCO andWien VCO Output Waveforms



Figure 5.7: The Two-Inverter Multivibrator

f r
^7 ^

Figure 5.8: A Ring-Oscillator VCO



Lock Behavior, Double-Balanced PC:, Losing Lock @ /in=0.15MHz
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f '

V(9)

-- C A/] VVCO

V(3)« Control Voltage

V(7) = VCO output

I- (1/C)(1 +0.1 xV(3))

Vvco « 10 x sin ( 2 x pi x 1E6 x V(9)

Figure 5.1: Schematic for the Integrating Sine VCO

V(7)

Rvco

* Integrating Sine VCO *

* Sine of integrated Vcontrol
*

* Vcontrol: V(l); VCO: V(2)

* wco is Vcontrol

wco 10 0 pwl 0 0 2u 0 4u 4 7u 4 9u 0 llu 0 13u -4 16u -4 18u 0 20u 0
*wco 10 0 pwl 0 0 25u 0 30u 5 35u 0 40u 0
rl 1 0 Ik

* Integration of Vcontrol
Bl 0 9 i - le-12*( 0.1*v(l) + 1)

CI 9 0 lp
.ic v(9)=0

* VCO function

B2 2 0 v «= 10 * sin(2e+6 * pi * (v(9)))
R2 2 0 Ik

.tran .01u 40u 20u O.Olu

.options reltol=le-6

.options nopage itl5=0 limpts=20000

.end

Figure 5.2: SPICE3 Input File for the Integrating Sine VCO
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Figure 5.9: Schematic for the Resistive-Load Two-Inverter VCO
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Figure 5.10: Schematic for the Depletion-Load Two-Inverter VCO
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Figure 5.11: Schematic for the CMOS Two-Inverter VCO



Resistive-Load Inverter, 2-Inverter Multivibrator VCO

RD1 4 2 10K

RD2 4 3 10K

Ml 2 1 0 5 MOD2 W-80u L-8u

M2 3 2 0 5 HOD2 H-80u L-8u

Vss 5 0 Ov

II 0 1 PULSE lOuOOOOls

CI 1 0 If

C2 2 0 If

Rl 2 1 100K
*gvarl 2 1 poly(2) 2 1 10 0 OOOO lo-6
BVARl 2 1 I- lE-6»v(10)*(v(2)-v(l))

Cc 3 1 6.00Sp

*Cc 3 1 (p
Vcc 4 0 5V

.MODEL MODI PMOS vto—0.5 KP-lOu

.MODEL MOD2 NMOS vto-0.5 KP-30u

Vcontrol 10 0 OV

Rcontrol 10 0 lHeg

*.op
* control cards *

.tran 0.005u 20u Ou 0.005u

.options nopage it 15-0 linpto-20000

.options reltol-le-6

.width out-80

.end

volts

4.00

2.00

0.00

volts

2.00

1.00

volts

Resistive-Load (MOS) 2-Inverter Multivibrator, 1MHz

K K j N N :
V(l)

\ \ \ \ N
/ / / / /

i

/ V V / V
seconds x 10-6

15.00 16.00 17.00 18.00 19.00 20.00

seconds x 10"°
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400
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15.00 16.00 17.00 18.00 19.00 20.00

Figure 5.12: SPICE3 Input File &Output Waveforms for the Resistive-Load Two-Inverter VCO



Depletion-Load Inverter, 2-Inverter Multivibrator VCO

Ml 2 1 0 5 M0D2 W-80U L-8u

M2 3 2 0 5 M0D2 W-80u L-8u

Mil 4 2 2 S MODd H-800u L-8u
Ml2 4 3 3 5 MODd H-800u L-8u
Vas 5 0 Ov

II 0 1 PULSE lOu 0 0 0 0 la
CI 1 0 If

C2 2 0 If

Rl 2 1 100K

•gvarl 2 1 poly(2) 2110 0 0000 O.Se-S
BVARl 2 11- 0.1E-5*v(10)*(v<2)-v(l))
Vcontrol 10 0 OV

Rcontrol 10 0 lMeg
Cc 3 1 4.32p
Vcc 4 0 5V
•

• Modela

.MODEL MODI PMOS vto—0.5 KP-lOu cbd-0 cba-0 cj-0 cjsw-0 cgso-0 cgdo-0 cgbo-0

.MODEL MOD2 IQ40S vto-O.S KP-30u cbd-0 cba-0 cj-0 cjsw-0 cgao-0 cgdo-0 cgbo-0

.MODEL MODd NMOS vto—0.5 KP-30u cbd-0 cba-0 cj-0 cjsw-0 cgao-0 cgdo-0 cgbo-0
* control cards *

•tran O.OOSu 20u Ou 0.005u

.options nopage It15-0 llnpta-20000

.option acct

.options reltol-le-6

.width out-80

.end

volts
Depletion-Load (MOS) 2-Inverter Multivibrator, 1MHz

W)
k I k k •

\ \ i \ V \ i

\ V \. i \ \
/ / / / /
/ / / /
f " 1 \ \

to 1

6.00

4.00

2.00

0.00

•2.00

15.00 16.00 17.00 18.00 19.00 20.00

volts

seconds* 10**
15.00 16.00 17.00 18.00 19.00 20.00

volts

1
i nn

Stxxm

15.00 16.00 17.00 18.00 19.00 20.00

V(3)

Figure 5.13: SPICE3 Input File & Output Waveforms for the Depletion-Load Two- Inverter VCO



CMOS Inverter, 2-Inverter Multivibrator VCO

Ml 2 1 0 5 M0D2 M-80u L-8u

M2 3 2 0 5 M0D2 N-80u L-8u

Mil 2 1 4 4 MODI H-80U L-8u

Ml2 3 2 4 4 MODI M-80u L-Bu

Vsa 5 0 Ov

II 0 1 PULSE 10U 0 0 0 0 la

CI 1 0 If

C2 2 0 If

Rl 2 1 100K

•gvarl 2 1 poly(2) 2110 0 0000 le-6
BVARl 2 11- lE-6»v(10)*(v(2)-v(l)|

Cc 3 1 4.495171p
Vcc 4 0 5V

• Models

.MODEL MODI PMOS vto—0.5 KP-lOu cbd-0 cba-0 cj-0 cjsw-0 cgao-0 cgdo-0 cgbo-0

.MODEL M0D2 HMOS vto-0.5 KP-30U cbd-0 cba-0 cj-0 cjaw-0 cgao-0 cgdo-0 cgbo-0
Vcontrol 10 0 OV

Rcontrol 10 0 lMeg
* control cards *

.tran 0.005u 20u Ou O.OOSu

.options nopage itlS-0 llnpta-20000

.options reltol-le-6

.width out-80

.end

CMOS 2-Inverter Multivibrator, 1MHz

volts

15.00

600 K K k I > k V(l)

4.00 — \ i \ 1 V \ \ I
200 — \ V. \ V \l
000 •— / / / / / i

-2.00 — / / / / / i
' r y

seeon Is x 10"°
16.00 17.00

volts

5.00

4.00

3.00

2.00

1.00

0.00

15.00

15.00

16.00 17.00

16.00 17.00

njuo 19.00

18.00 19.00

18.00 19.00

20.00

7""l^c«p

secondsx 10*6
20.00

W

-seconds x 10"°^
20.00

Figure 5.14: SPICE3 Input File & Output Waveforms for the CMOS Two-Inverter VCO
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Figure 5.15: An Emitter-Coupled Pair Multivibrator as a VCO

Emitter-Coupled Pair Multivibrator (taken froa Simplified 560B)

VCC 1 0 16V

Differential Control Voltage

Vinp 22 0 0
Vinn 23 0 0
*

•VCO EC MULTIVIBRATOR

*Ko la .93 the center freq.
•The center freq. la 1MHz

V31 31 0 6.625781V

025 31 31 32 NPN

026 31 31 33 NPN

R22 31 32 2K

R21 31 33 2K

023 32 300 36 NPN

Cflx3 300 0 lOf

024 33 301 37 NPN

Cfix4 301 0 lOf

027 1 32 301 NPN

1301 301 0 622.5914uA

028 1 33 300 NPN

1300 300 0 622.5914uA

like in the GSM book

BI36 36 0 I-77e.23925e-6*(lt0.1*(v(22)-v(23)))
BI37 37 0 Ir778.23925e-6*(l»0.1»(v(22|-v{23)))

VTRIG 36 36A PULSE (10 0 lna lna lna InS la)

CEXT 36A 37 3.12E-10 IC-1.6V

• model

.MODEL NPN NPN IS-1E-16 BF-200

•control carda

.options method-gear

.tran O.OOSu 20u Ou 0.005u

.options nopage it15-0 llmpta-20000

.options reltol-le-6

.width out - 80

.end

Figure 5.16: SPICE3 Input File for the ECP Multivibrator VCO



ECP Multivibrator VCO, Square Wave Output 0.5MHz
vohsxlO'3

ECP Multivibrator VCO, Triangular Wave Output 0.5MHz
volts

300.00

0.00

.300.00

.ecpVco 1.00

0.50

0.00
1

•

eeondsxlO*0

-0.50

i
,

•1.00

5.00 6.00

ECP Multivibrator VCO, Square Wave Output 1MHz
voltsx 10*^

7.00 8.00 9.00 10.00

ECP VCO

volts

1.00

0.30

0.00

-0.50

•1.00

ECP VCO

seconds* 10

3.00 6.00 7.00 8.00 9.00 10.00

ECP Multivibrator VCO, Triangular Wave Output 1MHz

ECPVCO

r6

1 .

500.00

j
J

0.00
I

1
i

!

i

•500.00
,

5.00 6.00 7.00 8.00 9.00 10.00

ECP Multivibrator VCO, Square Wave Output 1.5MHz
voltsxlO"3

ECPVCO

volts

5.00 6.00 7.00 8.00 9.00 10.00

ECP Multivibrator VCO, Triangular Wave Output 1.5MHz

ECPVCO

500.00

0.00

•500.00

secondsx 10-6

500 6.00 7.00 8.00 9.00 10.00
secondsx10-6

5.00 6.00 7.00 8.00 9.00 10.00

Figure 5.17: Emitter-Coupled Pair Multivibrator VCO Output Waveforms (Square & Triangular)



Vin

I

V(1)

Rin

(1/C)(1 +0.1xV(3))

©

PC

©*V(1)xV(7)

FILTER

AA^—

VCO

V(3)

-J- Cf

V(9) Vvco.10xsin(2xpix1E6xV(9)) V(7)

-1- C © Vvco Rvco

Figure 6.1: Proposed PLL Macromodel (1)



Vin

V(1)

Rin

I ^

(1/C)(1 +0.1 xV(3))

©

©

FILTER

PC

T0 2 V(27)

AAA

5 1

1000xV(1)xV(7)

T 5s

VCO

V(9) Vvco.10xsin(2xpix1E6xV(9)) V(7)

->- C © Vvco Rvco

Figure 6.2: Proposed PLL Macromodel (2)



* Proposed PLL Macromodel(1)
* VCVS PC, slnple RC filter. Integrating Sine VCO
*

* Vln: V(l); VCO: V(7) Vcontrol: V(3)
* Vln Variable Freq. Control: V(63)

* Fixed Input Frequency

•win 1 0 sinf0 1 1.125meg)
•vln 1 0 ainfO 1 l.lSmeg)
•vln 1 0 sin(0 1 0.860meg)
•vln 1 0 sin(0 1 0.865meg)
vln 1 0 slnfO 1 l.OOOmeg)
rin 1 0 Ik

* Variable Input Frequency

•vln 63 0 pwl 0 1 40u

•vln 63 0 pwl 0 1 40u

•vin 63 0 pwl 0 1 40u

•vln 63 0 pwl 0 1 40u

•rin 63 0 Ik

1 240u 4.75 400u 4.75

1 240u -4.75 400u -4.75

1 300u -5 400u -5

1 37Ou 5.0 400u 5.0

• Integration of Vcontrol
•Blin 0 69 1 - le-12*< 0.1*v(63) *

•Clin 69 0 lp
*.ic v(69)-0

1)

• VCO function

•82in 1 0 v - 1 * *ln(2e+6 • pi • (v(69)))
•R21n 1 0 Ik

* Phase comparator multiplier •
*_______———-

* Kc - Km VI Vosc / 2 - 5 V/rad

* emuIt 2 0 poly(2) 1070 0000
bmult 2 0 v-v(l)*v(7)

• Low-pass Filter •

• BM-20kHz

rf 2 3 Ik

cf 3 0 7.958nF

• Integrating Sine VCO

• Integration of Vcontrol
SI 0 79 1 - le-12*( 0.1*v<3) ♦ 1)

CI 79 0 lp
*.ic v(79)-0

* VCO function

B2 7 0 v - 10 '

R2 7 0 Ik

.lc v(79)-0

aln(2e+6 • pi • (v(79)))

•ANALYSIS
•

.TRAN .070 1000 0U 0.010

.OPTION ACCT

.OPTIONS NOPAGE ITLS-0 LIMPTS-1000000

.OPTIONS VNTOL-O.OOl ABSTOL-l.OB-6 reltol-lE-6 METHOD-GEAR

•.OPTIONS reltol-lE-6 METHOD-GEAR

•.OPTIONS reltol-lB-6

.WIDTH OUT - 80

.END

Figure 6.3: SPICE3 Input File for the Proposed PLL Macromodel(l)



•Proposed PLL Macromodel(2)

PC output is amplified ( limited, separate RC filter.
Integrating Sine VCO

Vln: V(l); VCO: V(7) Vcontrol: V|3)

PC Output: V(27)
Vin Variable Freq. Control: V(63)

Variable Input Frequency

War 63 0 1 pwl 0 -1 40u -1 280u -8.25 300u -8.25
War 63 0 1 pwl 0 1 40u 1 280u 9.5 300u 9.5
Rvar 63 0 IK

Integration of Vcontrol
Bvarl 0 69 1 - le-12*( 0.1«v(63) ♦ 1)

Cvarl 69 0 lp
.ic v(691-0

Vin function

Bvar2 1 0 v - 1 • sin(2e+6 * pi • <v<69)))
Rvar2 1 0 Ik

Fixed Input Frequency

vin 1 0 sin(0 1 1.16meg)
vin 1 0 sin(0 1 1.165meg)
vin 1 0 sin(0 1 0.825meg)
In 1 0 sin(0 1 l.OOOmeg)
in 1 0 Ik

Phase comparator multiplier •

Kc - Km VI Vosc / 2 - 5 V/rad
emuIt 2 0 poly(2) 1070 00001

bpd 23 0 v-1000*v(l)«v(7>
ropd 23 27 0.001
dlpd 27 28 md2
vlpd 28 0 8.66v

d2pd 0 29 md2
v2pd 29 27 8.66v
.model md2 d is-le-16

bpdout 2 0 v-v(27)

* Low-pass Filter *
*_ _ __—____—

• Btf-20kHz

rf 2 3 Ik

cf 3 0 7.958nF

* Integrating Sine VCO

* Integration of Vcontrol
Bl 0 79 i - le-12*< 0.1*v(3) + 1)

CI 79 0 lp
*.lc v(79)-0

* VCO function

B2 7 0 v - 10 • sin(2e+6 • pi • (v(79)))
R2 7 0 Ik

.ic v(79)-0

•ANALYSIS
*

.TRAN .070 100U 0U 0.01U

•.TRAN .010 700 0U 0.010

.OPTION ACCT

.OPTIONS NOPAGE ITL5-0 LIMPTS-1000000

.OPTIONS VNTOL-O.OOl ABSTOL-l.OE-6 reltol-lB-6 METKOO-GEAR

•.OPTIONS reltol-lE-6 METHOD-GEAR

•.OPTIONS reltol-lE-6

.WIDTH OUT - 80

.END

Figure 6.4: SPICE3 Input File for the Proposed PLL Macromodel(2)



Capture (/^ -1.125MHz).PLUD

Capture: Sttiic Phase Difference PLL(l),/M-U25MHz

<uo ti« mo «n uo nn

adult4
ooo looo yam mjm . <ojop s&oo «ouoo ioxo

NoCapture (/„,-!. 13MHz), PLU1)

NoCapture: NoStatic Phase Difference PLLd),/^ «1.13MHz

o» to.00 »»__ xun «m» so.oo «o.oo moo

Figure 6.5: Upper Capture Range (1.125MHz,1.13MHz) for PLL(1)



NoCapture (f^ -0.86MHz), PLL(1)

NoCapture: NoStatic Phase Difference PLL(1), /fc ^).86MHz

obi Iff*
(too noo

SOdO 60.00 10.00

Capture (f^-0.865MHz), PLL(l)

Capture: StaticPhase Difference PLLO),/*, •0.865MHz

amir6
cojoo tuoo tun um «.oo tom

aoo looo moo jo.00 40.00 90.00 «o;sp_ w.00

Figure 6.6: Lower CaptureRange (0.86MHz,0.865MHz) for PLL(l)



100

4J0

440

SJO

JjOO

ISO

100

l-»

1.00

OM

aoo

Lock{fin-1.49MHz). PLL(1)

NoLock {f^ -1JMHz). PLL(1)

i iff*

SjOO — •

4 JO — •

400 — -

1

i 1
! !

: i

ISO

too —•

ISO — •

too —

IJ0 —

• j

\\
OJO —

aoo —

IIUV

V;
!

aoo saoo toaoo uaoo aoaoo jjaoo 300.00

IO00

100

too

•SUB

•taoo

Lock: Static Phase Difference PLL(1),/to -1.49MHz

VBET"

•son It i iff*

NoLock: No Sutic Phase Difference PLL(1) ./^-1.5MHz

90400 30L00 31000 HMO 31*00

!q*Via

VCO-

Figure 6.7:Upper Lock Range (1.49MHz,1.5MHz) for PLL(1)



Lock^ -0.51MHz). PLL(1)

*"l 1
tuMUul

',
.

k
1 f\ j

i
\ i

! 1

i !

! :

! !
V i

\ ' '
X 1

X
1^.

1 b*Jff*

NoLock^ -0.5Hz).PLU1)

•IjOO

-1J0

•ISO

-4.00

<S0

•S.00

Veensol
!

1 ; '
1 \t ! 1

DIU' i

11V A_ '
1 ^ i

\ J
f

^k I
1

;

!

1

i 1
; i

i n&atff*
OJOO SOOO IOOjOO 1SO00 30O00 230.00 300.00

Lock: Static Phase Difference PLL(1),/^ -031MHz

Otiillff*
moo 39100 mm moo 3«joo jooao

NoLock: No Static Phase Difference PLL(1),/*, ^).5MHz

yjQQQ 309jOO 306.00 301.00 31O00

Figure 6.8: LowerLock Range (0.51MHz,0.5MHz) for PLL(1)



PC Output: Suppose to be a Square Wave w/Fixed Amplitude

PD Output

VOltS

10.00

5.00

0.00

-5.00

-10.00

•

:

1
i
i

|
i
i

i '-seconds x 10*"
0.00 0.50 1.00 1.50 2.00 2.50 3.00

Rounded PC Output -Same Area as Desired Square Output(8.66V)
volts

seconds x10"

Rounded PC Output -Same Area as Desired Square Output(8.66V)
volts

-9.80

-9.90

•10.00

40.10

40.20

1
i M

J i

i 1
i !

- • .

PD Output

seconds x 10"
1.80 2.00 2.20 2.40 2.60 2.80 3.00

Figure 6.9: Rounded PC Output has "Same Area as Desired Square Wave



Capture ^ -1.16MHz).PLL(2)

HO —

1 i I
Uoral

ZJ i • 1

Zl 1 i
1 '

Zf i 1

zt ! 1

Zt H t ;

It l\\ 1 i 1 •

ZL (ii A : !

1 M A * '. 1 '

1 I1 1 1 ' f
/ 1 |; / 1 / •fit "l

/ 1 11 •• w
i a \f ' ! 1

! 1
i 1

f
i'

1 1 .

01» 1000 20J90 SOjOS 40. 00 JO.00 •A03 n 00

NoCapture (/"^-1.165MHz). PLL(2)

aoo laoo aoo sojoo «uo saoo tarn to.oo

Capture: Static Phase Difference PLL(2). f^ -1.16MHz

#aoo tioo urn tuo ttoo iaoo

No Capture: No Sutic Phase DifferencePLL(2),/fa -1.165MHz

<O00 4100

Figure 6.10: Upper Capture Range (1.16MHz,1.165MHz) for PLL(2)



No Capture (/",„ «0.825MHz). PLL<2)

oco 10.00 20.00 woo 40.00 30.00 iooo moo

apture (f^ -0.83MHz). PLL(2)

\ l
Vconool

\ i i

: i i

i

r i

\ i fl lib

ill jk 1 '

\ lfl/ i/vv1w
\ V | i

! i

\ |
1

1
1 i

0.00 10.00 20X0 50 00 40.00 JO CO 60.00 7000

NoCapture: No Static Phase Difference PLL(2). f^ -0.825MHz

ICCVl-

VC6

KUjIO-*
60.00 62.00 64.00 6640 61.00 7000

Capture: Static Phase Difference PLL(2)./^ =0.83MHz

•ioool

60 00 62.00 64 00 66 00 61.00 70 00

Figure 6.11: Lower Capture Range (0.825MHz,0.83MHz) for PLL(2)



Lock {f^ -1.96MHz).PLL(2)

NoLock{f^ -1.97MHz). PLL<2)

•jo*"" 1 Vcocco)

: 1

'

J» !
4

4 :

^F
:

1 .
1 J^ \ I

1 •
P> v
1 1

1
BdtilO4

Lock: Static Phase Difference PLL(2) ,/te -1.96MHz

NoLock: NoSutic Phase Difference PLL(2) ,/fa -1.97MHz

wconBitlO**

Figure 6.12: Upper Lock Range (1.96MHz, 1.97MHz) for PLL(2)



No Lock (f^ -0.15Hz).PLL(2)

IJO —

u»—

OJO —

•OJO—J
•l»—j
•IJO —

•2.00 —

•uo —

•3i»—

•3 JO —

1

l—.

j r
! i

^
•4S0 —

•3.00 —

•3JO —

•400 —

•MO —

•1XB —

•IJO —

•WO —

•IJO —

•MO —
!

^^

t—^

i

i

Qtr> jQiD [00.09 15040 200.00 lyff) WOflO WOflfl

Lock{f^ -0.16MHz).PLL(2)

-acbndi a 10**

NoLock: No Sutic Phase Difference PLLtf) ./^-0.15MHz

Lock: Sutic Phase Difference PLL(2) ,/j,-0.16MHz

d»*i<r*

Figure 6.13: Lower Lock Range (0.15MHz,0.16MHz) for PLL(2)



Voltage or Current
Controlled Oscillator

Figure A.1: The Basle PLL Configuration

)
Vout



•d-ffj-e^)
COjj CO

OJC

«,±*W iv OUTPUT

Vin(t)
PHASE

COMPARATOR

LOW-PASS

RLTER

F(s)

«/ \ Vo(t)
INPUT Kc V>c(0 V/CO X

" 7

wi
i i

e,

VOLTAGE-

CONTROLLED

OSCILLATOR

r control

Ko,<0„

Figure A.2: A Block Diagram offa PLL



INPUT

CO,*©,

t>
Vo

/

co0 • free-running frequency

Figure A.3: A PLL with Loop Open; Input Frequency Different from
VCO Free-Running Frequency

v.

FfM-
running

dc output

de output
inloekrt
condition

Loop
dead

Figure A.4: The Non-Linear Behavior of the Capture Process

•^t

OUTPUT



* Equation VCO
* multiplying freq. z time in sins argument
•

* Vcontrol: V(l); VCO: V(2)

•vl is psuedo-time
vl 1 0 0 pwl 0 0 lOOu lOOu
rl 1 0 Ik

•wee is Vcontrol

•vco 3 0 0 pwl 0 0 2u 0 4u 4 7u 4 9u 0 llu 0 13u -4 16u -4 18u 0 20u 0
•wco 3 0 0 pwl 0 0 25u 0 30u 5 3Su 0 40u 0
•wco 3 0 0 pwl 0 0 15u 0 20u 5 25u 0 30u 0
••vco 3 0 0 pwl 0 0 5u 0 lOu 5 15u 0 20u 0
rvco 3 0 Ik

* VCO equation
bl 2 0 v-10«sin<pi*2E6*v(l)Ml+.l«v(3)))
r2 2 0 Ik

*.tran .Olu 40u 20u O.OOSu

*.tran .Olu 30u lOu 0.005u

.tran .005u 20u Ou O.OOSu

.options reltol-le-6

.options nopage it15-0 iimpts-20000

.end

Figure C.1: SPICE3 Input File for the Equation VCO



volts

10.00

9.00

8.00

7.00

6.00

5.00

4.00

3.00

2.00

1.00

0.00

-1.00

-2.00

•3.00

-4.00

-5.00

-6.00

-7.00

•8.00

-9.00

-10.00

VCO: Sine of Vcontrol-Dependent Freq, x Time

i
Eqn.VCO

Vcontrol

•-El" :::~ qui1 1 1 IfHi
J. ! EC. • i ffltj

• •
IJJJJ

ii. . — i -m m

..I... ...-. . Hit
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1 \ is
• \ iilip
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"1 1
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i
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0.00 5.00 10.00 15.00 20.00

Figure C.2: Equation VCO Output Waveform for a Changing Control Voltage



volts

volts

10.00

volts

VCO: Sine ofVcontrol-Dependent Freq. x Time

0.00 5.00 10.00

10.00 15.00 20.00

20.00 25.00 30.00

15.00

25.00

35.00

seconds x 10*^
20.00

Eqn.Vd6
Vcontrol""

seconds x 10"*
30.00

Eqn.VCO

VcbnSoF*

seconds x 10"
40.00

Figure C.3: Equation VCO Output Wavefonn for Delayed Versions of Changing Control
Voltage



• SIMPLIFIED 560B PLL

• Testing for Inverting and Non-Inverting Control Voltage Effects

• Vln: V(100),V(101); Vcontrol: V(23),V(?7); VCO: V(300) ,V(30I)

• INPUT •

• fixed Input Frequency FOR CAPTURE

• Inverted

VIN 101 100 0 SIN (0 IV 1.7MF.G)

• Non-Inverted

•VIN 100 101 0 SIN (0 IV i.?Mro

•

• HOOF.LS •

.MODEL ZENER D IS-1.0E-M BV-6.2V

.MODEL NPN NPN IS-1E-16 BF-200

.MODEL DIODE D IS-10E-15

VCC 1 0 16V
•

•VCO EC MULTIVIBRATOR

•Ko Is .93 the center freq. like In the CtM book
•The center freq. la 1MH*

V31 31 0 6.62S781V

025 31 31 32 NPN

026 31 31 33 NPN

R22 31 32 2K

R21 31 33 2K

023 32 300 36 NPN

Cflx3 300 0 lOf

024 33 301 37 NPN

Cfl»4 301 0 lOf

027 1 32 301 NPN

1301 301 0 622.S914UA

028 1 33 300 NPN

1300 300 0 622.5914uA
•

• Control Voltage Dictating VCO Frequency

•BI36 36 0 1-778.23925e-6*(1*0.93*V(73)|
•BI37 37 0 1-778.23925e-6*(1*0.93*v(73|)
• Inverted

B136 36 0 I-778.23925e-6*(l*0.93*(v(22)-v(23)>)
BI37 37 0 1-778.23925e-6*(1*0.93*(v(22)-v(23)))
• Non-Inverted

•BI36 36 0 1-778.23925e-6*(1*0.93*(v(23|-v(22)))
•BI37 37 0 1-778.23925e-6*(1*0.93*(v(23)-v(22)))

•136 36 0 776.2392SuA

•137 37 0 778.23925uA

••136 36 0 622.59l4uA
••137 37 0 622.5914uA

VTRIG 36 36A PULSE (10 0 Ins Ins Ins InS Is)
CEXT 36A 37 3.12E-10 IC-1.6V
•

• PC •

•Kc Is around 2.SSV/rad (maybe a little larger)

V71 21 0 12.85633

Rl 21 22 6R

R2 21 23 6K

015 22 300 26 NPN

016 23 301 26 NPN

017 22 301 27 NPN

018 23 300 27 NPN

019 26 100 200 NPN

020 27 101 200 NPN

1200 200 0 740.2906uA

R3 100 201 2K

R4 101 201 2K

V201 201 0 3.610S87V

•FILTER *

•RF1-RF2-6K, Internal
CF 22 23 663.146pF
•CF1 22 0 1.326291nF

•CF2 23 0 1.326291nF

•Brilt 72 0 V-v(22)-v(23)
•Rfllt 72 73 1R
•CCUt 73 0 7.95775n

•ANALYSIS
•

••OP

.TRAN .50 SOU OU 0.5U

.OPTION ACCT

.OPTIONS NOPAGE ITL5-0 LIMPTS-1000000

•.OPTIONS VNTOL-O.OOl ABSTOL-l.OE-6 reltol-lE-6 METHOD-GEAR
.OPTIONS reltol-le-6 METHOD-GEAR

.WIDTH OUT - 80

.END

Figure D.l: SPICE3 Input File for the Simplified 560B PLL with both Inverting and
Non-Inverting Control Voltage Connections



40.00

Non-Inverting Control,/,,, =0.8Mllr Inverting Control, /,v,e0.8Mlla

•40 10.09

Noo-Inverting Controlv/in>=«JMHx •averting Control,/« s6i8MHt

4200 4400

Figure D.2: Output Waveforms for Non-Inverting and Inverting Control Voltages (Input
0.8MHz)
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4000

Non-Inverting Control,/*, d.OMIIi Inverting Control, /^al.OMIIz

too

Non-Inverting Control,/^sl.OMHz Inverting Control,/^ bIJMHz

420) 440) 4*00 MOO 3000 40.09 4209 44.00 440)

Figure D.4: Output Waveforms for Non-Inverting and Inverting Control Voltages (Input
1MHz)
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Non-Inverting Control, /ln=lMIIz with 180 Degrees PhaseShift
vottt

1.00

0J0

aoo

-ojo

1.00 •ccbadlBlCr*
000 2.00 4.00 6.00 1.00 10.00

Inverting Control, /w=lMHz with 180 Degrees Phase Shift

-0.50

AOO 2.00 4.00 6.00
wands >10**

•.00 10.00

Figure D.5: Output Waveforms for Non-Inverting and Inverting Control Voltages (Input
1MHz with 180 Degrees PhaseShift)
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APPENDIX A

THE BASICS OF PHASE-LOCKED LOOPS

The phase-locked loop (PLL) is a negative feedback system that contains three

basic components as shown in Figure A.1: a phase comparator [PC], a loop filter [F(s)J,

and a voltage-controlled or current-controlled oscillator [VCO/CCO]. The phase com

parator (also called phase detector [PD]) is typically an analog multiplier or a digital

edge-detection circuit; the loop filter is a low-pass filter, usually of first or second order,

and the controlled oscillator is commonly a voltage-controlled multivibrator circuit The

voltage-controlled oscillator is used much more than the current-controlled oscillator in

textbooks andin practice; as such, theVCO is used exclusively for the controlled oscilla

tor function in this report In addition to these three components, there is often an

amplifier following the filter to boost the loop gain of the feedback loop, asshown in Fig

ure A.2. The importance of a large loop gain becomes apparent during the presentation

of thePLLcapture and lock processes. These PLL components work together in the feed

back loop to enable theVCO to match and track the frequency of the input signal. The

steady-state phase relationship between the input and the VCO makes the

phase functions *ofthe VCO and input match; thus the name 'phase-locked loop'.

Phase Junction [8(f)], not frequency, is the proper term to use. If 6(f) = g>x f, the sig

nal has a constant frequency. If the signal is not a constant frequency source, 0(f) is an

arbitrary continuous function of time. For this latter case, no 'frequency* can be associ

ated with the signal; only a phase function properly describes the signal. However,

because 'frequency' is a much more familiar term than 'phase function', both are used in

this report.
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Before any analysis of the PLL can be done, some general PLL parameters, illus

trated in Figure A.2, must be introduced. The VCO has a free-running (or center) fre

quency cd0, which is the frequency of VCO operation with a zero (or quiescent) control

ling input voltage, co^ is the instantaneous frequency of the VCO, which depends on

the value of the VCO control voltage. The VCO also has a parameter K0:

Q&osc rod
KQ =——-—— andis the VCO transfer constant The phase comparator has a param-

V0 V ~'5gC

Vpc V

pass filter function, and A is an added amplifier for the feedback loop. Another useful

parameter is the loop gain of the feedback loop, KL, which is simply the product of Kp,

K0,Atand\F(j<o)\.

For an overall understanding of how the PLL works, a qualitative analysis may be

useful. When operating in the proper frequency range, the PLL uses the current phase

function difference betweenthe incoming signal and the VCO outputsignal to generate a

phase difference that, in turn, generates a corrective control voltage. The corrective con

trol voltage modifies the VCO frequency to follow the incoming input frequency, pro

vided that the input frequency is within the 'capture range' set by the PLL parameters.

The capture range is described in detail later. When the phase function difference is

driven to a constant value, the input and VCO have the same phase functions: they have

the same frequency or go through the same frequency changes. The PLL has then

reached steady state or equilibrium. The steady-state phase difference between the two

signals may or may not be zero, however, the steady-state phase difference insures that

the proper control voltage is provided to the VCO to make the phase functions match.

This process of theinitially uncorrelated VCO frequency matching the input frequency is

eter Kp: Kp = — and is the phase-comparator transfer constant F(s) is the low-
r Ww TOOL
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called the 'capture process'; the frequency range within which capture can occur is the

previously alluded to 'capture range'.

Once the input frequency is 'captured' by the PLL, any slight change in the input

frequency appears as a change in phase function between the input signal and the VCO

output This phase change triggers the negative feedback loop to once again cause the

VCO frequency to match the input frequency. In this way, the PLL trackschanges in the

input frequency by adjusting the VCO frequency accordingly. This tracking of the input

frequency once the input signal has been 'captured' is referred to as the 'lock process';

the corresponding frequency range within which lock canoccuris called the 'lock range'.

It is shown laterthat the lock range is usuallylarger thanthe capture range.

The abovedescription introduces the two most important processes of the PLL: cap

tureand lock. For a look closerat the capture and lock processes, andat theircorrespond

ing ranges, the operation of the PLL is followed in more detail, mathematically. The

capture processis first examined and the capture range is derived. As the capture process

is a basic nonlinear process, the following linear analysis is a crude approximation to the

actual process; however, the analysis provides insight into the operation of the PLL and

the importance of the parameters of the PLL components.

Assume the feedback loop of a PLL is open at the input to the VCO as shown in

Figure A.3. With a zero (or quiescent) control voltage, the VCO is operating at the

VCO's free-running frequency, oo0. Let the input signal be of a fixed frequency, co,-, dif

ferent than the VCO's free-running frequency. Let the PC of the PLL be anideal analog

multiplierwith multiplication constant Km. Assume the inputs to the PC are sinusoidal:

Viity^ViSin^t)
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Any initial phases are conveniently neglected because the starting time reference can be

changed to an instant of time where there are no phases associated with the signals. Since

g>;-A00 and the PLL has not yet captured the input frequency, any initial phase difference

is only an initial condition. Though initial phase differences gready affect the time to

capture, it is not important to the analysis of the capture range.

The output of the PC is of the form:

VPC(f)=A:mVI.Voscsin(Q)|.f)sin(a)<,f) [A.1]

With the trigonometric identities,

cos(a+b)=cosa cosb-sina sinb

cos(a-b)=cosa cosb+sina sinb

Equation [A.1] can be rewritten as:

KmViVoscVpc(f)= 2 [c^(©/-0)o)f-cos(CDl+a)<,)f] [A.2]

When passed through an appropriate low-pass filter, the sum-frequency is attenuated,

leaving principally the difference frequency portion of the signal. Again, since a con

stant frequency is a special instance of a phase function, the frequencies can be rewritten

as 0,- (f)=CO/ f and 0^ (f)=0)o f. The difference frequency component canthen be rewrit

ten ascos((Oi-<a0)t =cos(6,(f )-Qosc(t))=cos(9rf(f)), i.e., the control signal is a function

of the phase difference between the input signal and theVCO signal.

As is the case of Figure A.2, there is an amplifier following the filter to boost the
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correcting control signal. For the assumed linear case, the control voltage of the VCO is:

Vo(0= m ' ^ A\F\j(a>i-m0)]\cosm-(i>0)t-^] [A3]

where $ is the phase of F [j (CD; -0)o)], and the sum-frequency term is assumed to be com

pletely filtered out

This is the input to the VCO when the loop is closed (see Figure A. 41) and is the

voltage that modifies the frequency of the VCO. With the negative feedback loop closed,

the VCO's frequency deviates by ±Aco from the VCO's free-running frequency, (0o, due

to the control signal from the filter/amplifier. The frequency deviation is proportional to

tn i osc
the correcting control signal, 1F[/(g>,--0t>o)]I, which passes through the

low-pass filter. That control signal is a changing signal, since the frequency of the VCO

changes from (0o; therefore, in the transient case, the generated VCO frequency is also a

changing signal. Sometimes, depending on the specific instantaneous phase difference,

the VCO frequency moves away from the input frequency, and other times, the VCO fre

quency moves closer to the input frequency. If the oscillator frequency moves closer to

the input frequency, the frequency difference (phase function difference) decreases, and

the PC output becomes a slowly-varying function of time. If the oscillator frequency

moves away from the input frequency, the frequency difference increases, and the PC

output becomes a rapidly-varying function of time. This nonlinear process is illustrated

in Figure A.41. Due to this phenomena, the output ( control signal ) waveform is an

asymmetric waveform that contains a DC value. The DC value, which is always passed

by the low-pass filter, pulls the average VCO frequency towards the input frequency. If

the magnitude of the input V; is large enough, and if signal saturation does not occur,

eventually the VCO's frequency equals the input frequency, i.e., ®0sc=Gii> which is
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(Do±A00.

The frequency of the VCO is described by

<*osc=®o+KoVo [A.4]

where K0 is the VCO transfer factor, the conversion constant relating the VCO's output

frequency to the applied input voltage.

In order for captureto occur, the magnitudeof the voltage applied to the VCO input

must be

(G)£-C0o)
Va\= '„ [A.5]

where Equation [A.4] is solved for V0, and co^c is replaced with co,-, the desired end

result

The capturerangecan be estimated by settingEquation [A.5] as the upper bound for

the capture range, i.e., coc =co,-co0 is the upper bound of the capture range. Equating

[A.3] and [A.5] gives a good estimate of the capture range:

03CS ml2 °SCA \FU((0i-0io)]\Ko [A.6]

A subde point to notice is the use of Km instead of the familiar Kp of Figure A.2

and various texts on PLLs. Kp is acontrived constant to make the PLL fit the mold of a

K VV
conventional feedback loop configuration. Ifthe definition Kp = m l osc is made, the

equations describing the capture process match the derivations in many of the books on

PLLs. However, Kp is not necessarily a constant. Recall Equation [A.2], the output of



A7

the PC. Even ignoring the sum-frequency term, there is not a simple transfer function

relationship between Vpc(t) and Qd(t). If cos(9d) is rewritten as sin(9rf-H|>), and the con

stant phase $ is ignored, sin(9d)=9d for small 9rf; only then is

VPC v K^iV^
Kp =s — = . For some PCs, no approximation is needed for the correct

r fy rod 2

definition of Kp; it depends on the type and characteristic of PC used. But for con

sistency and simplicity, the Kp substitution is made. Then, the capture range is:

d)e^KpA\FU(Gii^o)VK0

£ KL (loop gain) evaluated at the difference frequency [A.1]

For a simple passive, one-pole RC filter,

4
\F(j«»i-a>0))\ =— 1 [A.8]

<*rc2

1
where cor/. = is the bandwidth of the RC filter.

7/c/

In order for capture,

4
K0K0A

G)c =Cty - C0o <>— p [A.9]
(fi>i-(0o)2

®rc2

With the substitutions W=(©,—C0o)2 and Kt =KpKQA (DC loop gain for apassive filter),

the capture range can be solved more easily:

w(1 +-^T)W^/2
<»rc
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(a>rc2+W)W ZKfan2

W2+<orc2W -Kt2<orc2£0

The roots of the quadratic equation are

<»re2±Va)re4+4Ji:<2cDre2

®rc ©re / *Klre ±-z-\li+—V
©re2•4

<B 2 / 4^_(.1±^1+^.)-1±\

Recalling that W=(col- -a>„)2 and solving for (a>; -m0) yields:

v-^_1+^1+^Q)C^(D|.-CD<>=-^ ^y-i-r- ^i-i- -

]fKt»Qrcy

rodo^V^co^ ^K KoA(0rc — [A.10]

This result is only an approximation for the capture range because the difference

frequency between the input and VCO is constandy changing; thus, the filter function

magnitude (Equation [A.8]) is constandy changing also, whereas this analysis assumed

that the difference frequency stayed at the initial difference frequency for theentire time.

As such, thecapture range is larger than that calculated; as the difference frequency com

ponent gets smaller (begins to capture), the filter magnitude (Equation [A.8]) gets larger,
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and thus the capture potential gets stronger.

Since Kp = , the capture range is controlled by various constants of the

PLL (Km, K0, A), by the input andVCO amplitudes, and by the filter's cutoff frequency.

The input signal cannot be captured if the input amplitude is too small to drive the VCO,

or if the input frequency is beyond the dynamic range of the PLL, in which case the filter

attenuates the control signal to a negligible level.

The same type of analysis can be performed to examine the lock process and to

obtain the lock range. For the lock process, however, there is the additional condition

that coOJC =co,, i.e., the initial condition is one of a captured input signal. With this obser

vation, a slightly modified set of equations is obtained:

Vl(f)=Vl5m(coif)

^o.«:(0=V,O5C«/i(a)|.f+9d)

The output of the PC then becomes:

VPC(t)= w ' "* [cos(9rf)-cos(2co<^<<)f3 [A.11]

With the high-frequency portion assumed to be successfully filtered out of the con

trol signal, what remains is a DC quantity that is the control signal needed to make the

VCO frequency match the input frequency. The control signal is:

K V>VV0(t)= ml2 ^ A\F[j(0)]\cos(Qd) [AM]

If theinput frequency nowchanges to CD;', thedesired change in frequency is co^ =co,-'.
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<*W =®o+KoVo =©/' [A.13]

In order for lock to occur,

V,l—*=-*- [A.14]

The lock range can then be estimated by setting Equation [A.14] as the upper bound for

the lock range, i.e., ©/=©/»-co,, is the upper bound of the lock range. If Equations

[A.12] and [A.14] are now solved simultaneously, a goodestimateof the lock rangeis:

CO/ S Ŵ A\F[j(0)]\Ko [A.15]

K VV
With the substitution Kp- , a lock range similar to the capture range is

obtained:

^^KpA\F[j(0)]\Ko

£KL (loop gain) evaluated at DC [A.16]

Both the capture range and the lock range are controlled by the loop gain of the

PLL; for a larger range of PLL operation, a larger loop gain is desired (hence the need for

a gain blockA to boost the loop gain). The lockrange, however, depends on the magni

tude of the loop gain evaluated at DC, not at the ©/-©„ difference frequency as in the

capture range. Thus the lock range is more readily controlled, as the value of IF[/(0)] I

is well known. However, the the value of the initial frequency difference which governs

the value of IF[/(co/-co0)]l is not known. Since the only difference between the lock

and capture ranges is the magnitude of the filter function, the lock range is generally
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larger than the capture range for an ordinary low-pass filter, since the magnitude of the

filter function at DC is usually the largest

From the above observations, the capture process and capture range are not very

well predicted. Furthermore, the capture process is very non-linear in nature. The lock

range, however, is more predictable, and the initial state of the loop is well known. For

the lock process tobesuccessful, the input frequency isonly allowed tochange within a

certain range of the VCO's captured frequency. With these restricted frequency changes,

and a large Ko, the assumption is that there are small phase differences. Upon examina

tion, the correction control signal at the output of the PCis of the form:

V0(t)=K sinusoid[Qd(t)]=KQd(t) forsmall Qd(t) [A.17]

where K is the product of known quantities. Here, the system is indeed anear-linear one

for small phase differences, in which case, linear analysis techniques are valid.

For a near-linear system as in the lock process, the feedback configuration of the

PLL lends itself to well-known feedback analysis techniques. These techniques are only

valid for the PLLoperating asa linear system, sothe analysis is notvalid for the capture

process. With this in mind, the conventional feedback loop equations that describe the

PLL of Figure A.2 can be written:

VpcW^K^shQ^s)] [A.18]

V0(s)=AF(s)Vpc(s) [A.19]

0osc(s)~Vo(s) [A.20]
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By re-arranging Equations [A.18]-[A.20], the familiar transfer functions of the loop

can be derived:

9wc(j) K0KpAF(s) KL
9/(5) s+K0KpAF(s) s+KL

9/(5) 9/(5) s+K0KpAF(s) s+KL

V0(s) = 5^i4F(5) SKQ
9/(5) 5+AT„ApAF(5) 5+ATL

andthe definition KL =toop gain =KpKQAF(s) is made.

[A.21]

[A.22]

[A.23]

From Equation [A.21], only when a DC signal (s=0) is passedby the filter does the

phase function of the input and the VCO match. Similarly, from Equation [A.22], the

phase difference 9^(0)=0 . When a low-frequency signal is passed by the filter, these

linear equations can be used to help evaluate andunderstand the lock processbetter.

The linear feedback transfer functions can also be used to analyze the steady-state

of the lock process. If the final value theorem is used along withEquation [A.22],

529/(5)
hm9,(f)=lim [A.24]
/-*» s-*0S+KpAKoF(S)

86
If from lock, there is a step change in input phase, 9/(s)=—:

5

Hm9d(f)=0 [A.25]

In this case, regardless of F(s), the constant phase difference is 0.
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5co
If from lock, thereis a stepchange in input frequency, 9/(s)=—r-:

5Z

lim9w(f)=lim — - — at DC [A.261,-+» dK } s^os+KpAK0F(s) KL L J

With Qd limited to ±rc, and in most cases, limited to ±-— or ±--, there is a maximum 6co
2 4

for the PLL to stay in lock. The particular limit on 5oo depends on the limitations of the

PC. For this case, the value of IF(0)1 direcdy affects the maximum 5co allowable. An

active filter (a filter composed of active elements like transistors, thus capable of gain)

with IF (0) I=A is much preferable to a passive filter (a filter composed of only passive

elements, not capable of gain) with IF (0) I=1.

If from lock, there is an input frequency that linearly changes with time, i.e.,

e,(,)=4:
5J

lim9A (t) = lim ——'• [A.27],-*» dy } s^os(s+KpAK0F(s)) L J

In this case, if F(0) is finite, then there is no steady-state 9d, as 9^ approaches infinity;

obviously, lock is lost If an active filter (with the characteristic F(s)=—) is used, how-
5

$00
ever, Qd approaches in the steady-state, which is finite. Again, this places a

KpAK0

limit on the maximum value of 5co while still maintaininglock.
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APPENDIX B

EFFECTS OF Ro ON THE WIEN VCO FREQUENCY

The characteristic equation of the Wien VCO macromodel (see Figure 5.4) is:

2 R1C1+(R2+r0)C2+RlC2-ARlC2 1 A _ „
5Z+ 5+ = 0 [B.l]

Ri(R2+r0)CiC2 Ri(R2^ro)CiC2

where/?!=/? 111 V(r6)"V<(4),/?2=/?2 11 rV(4) .andA=3.05.
Igvarl Igvarl

On the surface, this slight change appears to translate to an/?i^-Ri+r0. How

ever, the output resistance corrupts the VCO output because r0 is fixed while R2 is vari

able.

1 /?With Cx=C2=C and /?! =R2=Req =——=-—, (k isachosen constant),

©wc = , [B.2]
V/c^C[/c^+rJC

Substituting in the actualexpression for and factoring yields:
/c^C

1
GW = —'OSC I R ( R .

V 1+JbVJTl+ifcVJ? r°}

~l R &+r0)+WcRr0
V 1+*VJ? 1+kVs.R

/?c c
(-^7 +4-Vc)

V/?+r„
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*TSc+iyJ • '- [B-3]
Vi+^(~ +WC)

In Equation [B.3], the original variable frequency is factored out, showing an extra fre

quency reduction factor of:

1 = [B.4]
Vl+'*<ii+^(t-+*vc)

This frequency reduction makes the VCO frequency depend on r0 and vary nonlinearly

for different Vc and R values.
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APPENDIX C

GENERATING A SINUSOID WITH A VOLTAGE-CONTROLLED ARGUMENT

An apparent sinusoidal equation VCO can be implemented in SPICE as:

BVCO 7 0 V=A * sin(C0o(l+*oVc)f) [C.1]

BVCO indicates a controlled source; A is the fixed amplitude of the oscillator, <a0 is the

free-running frequency of oscillation; k0 is the scaledVCO gain factor, Vc is the control

voltage; and t is time.

Unfortunately, this type of controlled source does not exist in SPICE2; it does exist

in PSPICE as well as SPICE3. In PSPICE, time is a usable variable; however, in

SPICE3, it is not Thus, a dummy variable of constant slope must be used as a pseudo-

time source in place of the real time. An Equation VCO comparable to the Wien VCO

macromodel for SPICE3 simulation is:

BVCO 7 0 V=10*sin(2*pi*le+6*(l+0.1*v(3))*v(l))

VI 1 0 PWL 00 100m 100k [C.2]

wherev(l) is the pseudo-time function, andv(3) is the controlvoltage.

Such an Equation VCO appears to be a very simple and viable substitute for the

Wien VCO macromodel. However, there is a subde problem with the way this VCO is

defined, namely that it works with frequency and not with a phase function. What is

really desired is not frequency changing linearly with a control voltage, but the phase

function changing linearly with a control voltage. By definition,
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**p-m [c.3]

The term 'frequency' is the special case of a constant ©(f):

and

<*9(f)

dt
= ®fixed

ty)=JG>fixed<lt=(»fixedt [C4]

For a PLL, however, this special case does not apply. Consequendy, the VCO macromo

del must work with phase functions if it is to behave as desired. In Equation [C.1], the

phase function is strictly a multiplication of time and a frequency function, namely,

9(f)=©(f )f. In order for Equation [C.3] to hold,

<*9(f)=d[©(f)f] = ©(f)df [C.5]

which is only true if ©(f) is independent of t

Figure C.1 shows the SPICE3 input file for this EquationVCO that multiplies a fre

quency term and time. Figure C.2 is the corresponding output for a changing control vol

tage, which is the equivalent of a PLL input changing frequency. For a constant control

signal (constant frequency), the output is correct. However, once the control voltage

changes, ©(f) is not constant and an undesiredchange in phase function relating to initial

conditions and slope occurs. Because the phase function must be continuous, the VCO

works to achieve this continuity under the forced constraint of the 'frequency* and time

product Figure C.3 shows that for the s.ame input, but time delayed, the output frequency

is different The system is thus time-variant. In addition, static phase jumps arise to keep
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the continuity, as also illustrated in Figure C.3.

Instead of multiplying a control voltage with time, integrating the voltage'over time

produces the correct linear phase function. This can be achieved in SPICE by forcing a

voltage-controlledcurrent source though a capacitor (see Figure 5.1):

ayI=K(l+k0Vc); C^j-=I (K isa chosen constant) [C.6]
at

dV

dt
C^r=K(l+kaVc)

V=£rj(l+k0Vc)dt [C.1]

If K=C, the voltage V satisfies Equation [C.3] and can be usedas the desired phase func

tion

9(f)=V=J©(f)df [C.8]

where ©(f) = 1+k0Vc for the VCO macromodel.

The Integrating Sine VCO can be implemented in SPICE3 as follows:

BVCOl 7 0 V=10*sin(2*pi*le+6*V(9))

Ccap 9 0 lpF

Bcap 0 9/ = le-12 * (1+0.1 V(3)) [C.9]

whereV(3) is the controlvoltage.
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APPENDIX D

INVERTING AND NON-INVERTING CONTROL VOLTAGES

The control voltage to the VCO is generated by the average value of the PC output.

In the case of the 560B circuits, the control voltage depends on the negative average pro-

duct of the PC inputs, while in all the other macromodels, the control voltage depends on

the positive average product of the PC inputs. Both cases are valid. The inverting

control-voltage case simply centers around the input phase leading the VCO phase by

90°, while the non-inverting control-voltage case centers around the input phase lagging

the VCO phaseby 90°. In other words, the inverting control-voltage configuration has a

PC characteristic centered around 490° while the non-inverting control-voltage

configuration has a PC characteristic centered around -90° (see Figures E.2a and E.2b).

This phase relationship is shown in Figures D.2 through D.5, which are the outputs for

the Simplified 560B Macromodel with both inverting and non-inverting connections.

The SPICE3 input file for the Simplified 560B macromodel is shown in Figure D.l.

Figures D.2 though D.4 show the output waveforms for the two configurations men

tioned above. The initial phase conditions of all the simulations have the input phase

lagging the VCO phase. Though the control voltage finally setdes to approximately the

same value for both configurations, the inverting case shows much more fluctuation ini

tially. Figure D.5 shows a case where the initial phase condition has the input phase

leading the VCO phase; the non-inverting case now shows more fluctuation. A non-

inverting configuration will have large fluctuations for all input frequencies if the initial

phase condition has the input phase leading the VCO phase, and vice versa. This is

shown in Figures D.2 though D.4 for the inverting case. If a non-inverting configuration
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has an initial condition with the input phase lagging the VCO phase, the control voltage

will very quickly reach the steady-state voltage for input frequencies higher than the

VCO free-running frequency (Figure D.3), but will fluctuate with greater amplitude for

input frequencies lower than the VCO free-running frequency (Figure D.2). This fluctua

tion for input frequencies lower than the VCO free-running frequency can help capture

input signals at the low input-frequency end, causing an uneven capturerange.

For the PLL macromodels that are simulated in this report, the inverting control-

voltage PLLs are given initial conditions in which the input phase leads the VCO phase,

and vice-versa.
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APPENDIX E

THE TRIANGULAR PHASE-COMPARATOR CHARACTERISTIC

Figure E.1 shows the inputs and outputs of an analog multiplier PC with

Vpc =vini*vin2 and Vpc = -V«i*J»2« The PC inputs are two fixed-amplitude rec

tangular waves of the same frequency (for simplicity) but of differing phase. The PC

outputs are rectangular waves with an amplitude of A*B. The average value of the PC

output is the DC term passed by the loop filter of the PLL, which is the control signal to

the VCO. This DC component of the waveform for the non-inverting PC

(V>c-Vfcl*Vfa2)»:

Vcontrol =̂ J VpC(t)d(G>0t) [E.1]

= -(Ax-A j) [E.2]
71

where A xand A2are the areas indicated in FigureE.1. Thus,

Vc„uro, =lA*B&^-A*B±] [E.3]
ft ft

2A*B,. w.

^«Kf> [E.4]
ft 2

The triangular PC characteristic is plotted in Figure E.2a. Kpi the positive slope, is

2(A*B) . . • ..„ r k
and operates around a phase difference of-—.

ft 2
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If the analog multiplier PC is inverting, i.e., VPC =-Vinl*Vin2, the control voltage

is inverted. The same calculation for control voltage produces:

24*2?,. ft. ro„
Vcontrol =——(♦ - T^ IP^l

ft L

2A*B , . , ft
and operating around —

ft 2
with ATp being —-— and operating around — as plotted in Figure E.2b. For the pur

poses of this report, Kp refers to the magnitude of the slope, and the corresponding

operating point is denoted by specifying the PC as producing a non-inverting or inverting

control voltage.

From Equations [E.4] and [E.5], a triangular PC characteristic depends on the PC

output being rectangular (for the simple amplitude*phase area) and on the value of the

PC rectangular output amplitude. If the inputs to the PC are amplified and limited to pro

duce fixed amplitude rectangular waves, the situation is the one illustrated above, which

has a triangular PC characteristic. Alternatively, if the PC output is amplified and lim

ited, the PC output is also rectangular with a fixed amplitude, and a triangular PC charac

teristic also results. Both these methods are viable ways of achieving a triangular PC

characteristic.

With arectangular PC waveform, the maximum Vcontrol possible is ^-Kp =A*B.

Substituting this new maximumcontrol voltage intothe lock and capture range equations

of Appendix A yields:

<»c<:£KpA\F[j((»i-(»0)]\Kc

ft
£ —KL (loopgain ^evaluated at the difference frequency [E.6]
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and

(O{^KpA\FU(0)]\K0

£ —KL (loop gain) evaluated at DC [E.7]

For a simple one-pole RC filter with bandwidth <oRC and —KpK0A » ©rc, the approxi-

mate capture range is:

^Vfw^^c=yi-zK.K0A &rc [E.8]
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