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Phase locked loops (PLL) and associated phase locking theory are important and
useful techniques that can be used in a variety of electronic communications, control
and instrumentation applications. The techniques are widely used in larger systems
that require precise timing or control reference signals that are directly synchronised
to a system output. Typical applications include motor speed control1,2 and RF (radio
frequency) carrier generation3. Various types of phase locked architectures exist,
encompassing fully analogue, semi-digital, and fully digital types2 of PLL, respec-
tively. It must be noted that although the term digital is used, the transient response
of the PLL control parameters during acquisition is essentially an analogue phe-
nomenon. In terms of popularity the semi-digital type of PLL or charge-pump phase-
locked loop (CP-PLL) seems to be the architecture of choice for the majority of
current hardware based phase locking applications. This type of PLL is readily and
cheaply available as a stand-alone building block, and can be configured to have
similar transient response to other types of PLL.

The PLL is essentially a closed loop feedback control system and can, depending
on the implementation, be compared and contrasted with classic feedback control
systems, such as proportional plus integral (PI) feedback loops. Many key PLL
references rely heavily on classic control system theory and they often provide
mechanical analogies to help explain PLL operation. All common control system
design techniques – for instance, bode plots, step response plots, nyquist plots, and
s-domain mapping4 – can be used to aid the engineer in realising a correct PLL
system implementation. However, a PLL system differs in one significant aspect,
which is that the inputs and outputs of the system are usually considered to be con-
tinuous periodic signals as opposed to a constant parameter. The PLL system essen-
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tially measures the phase difference (and sometimes frequency difference) between
the two continuous signals and activates the feedback mechanism accordingly until
the respective signals are phase aligned. This change from operating on an ideally
constant parameter in the steady state (voltage, force, displacement, current, etc) to
that of a constant parameter relating two continuously time varying signals (i.e.
phase) can lead to confusion when attempting to explain phase locking theory and
applications. In consequence, it can deter students from fully appreciating the
processes involved.

Despite their widespread use in industrial applications, PLL system techniques
seem to be only superficially covered in many general undergraduate electronic/
mechatronic courses. Structured practical examples and experimentation can be used
to enhance theoretical understanding of this useful technique and also provide a good
reinforcement of essential elements of classic control theory. Furthermore, linking
of basic theory to experiments can provide potential practising engineers with a
sound working knowledge of the system.

With the previous points in mind an attempt was made to see if any available
material applicable to teaching applications was freely and cheaply available.
Various simulation/modelling packages are available on the market and some of
these include PLL models. However, it was a major objective of the envisaged course
to include a significant proportion of practical experiments and measurements on
physical hardware. Many of the available simulation models are generic in nature
and are not wholly applicable to the specific task. Another problem was that of select-
ing a suitable hardware demonstrator. Many PLL manufacturers supply demonstra-
tion boards for their PLLs and also have excellent accompanying design tools.5,6

Unfortunately, due to many reasons, such as expense and complexity, many of the
boards were unsuitable for general teaching applications.

The decision was made to develop a complete set of course notes, simulation
models and hardware to allow students to carry out a set of measurements and
experiments relating to PLL measurement and design. In the initial stages of course
development a set of primary requirements and student objectives was decided upon.
These are highlighted below.

• The course must be self-contained and include sufficient theoretical material to
provide an initial working knowledge of phase locking theory.

• The course must provide the student with a practical working knowledge of PLL
systems.

• The course must ease the student’s assimilation of further advanced feedback
system theory.

• The course must reinforce current control system knowledge through example
and experimentation.

• Material must contain a significant hardware element, thus allowing students to
carry out real measurements and experiments on electronic systems that are
applicable to real-world applications.

• Material must contain a complementary set of simulation models that relate to
the physical hardware system.
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• The course must emphasise that simulations are not reality, and thus encourage
the student to investigate the differences between the two domains.

• Material should identify basic functional hardware system checks that should
always be carried out during system debugging.

• The course must provide an indication of behavioural modelling and simulation
techniques related to phase locking and control systems.

• The course must provide students with examples of oscilloscope measurement
techniques and oscilloscope to personal computer data connectivity options.

From the above requirements the material was split into two distinctive parts, 
consisting of a set of simulation models and background theory and a hardware 
evaluation platform, respectively. The developed hardware includes a set of 
accompanying notes that explains equipment set-up, and measurement procedures.
In addition, technicians’ notes and required components for each experiment are
documented. Also, an appendix section is included that contains further set-up details
and a cross-referenced schematic of the hardware demonstrator.

The resulting developed course material is designed to be used in the following
manner. Initially, the student is expected to carry out the simulation aspect of the
course remotely, prior to attending the lab-based sessions. The simulation part of the
course is designed to be used in a web/Internet-based teaching environment. During
this phase the student is encouraged to modify various aspects of the simulation
models and observe the results. Also, the student is expected to become familiar with
the lab notes and appendices. Both the simulation and lab-based exercises allow the
student to carry out general system-level characterisation experiments such as 
transient-step response monitoring and closed-loop transfer function monitoring.
These types of experiments are also representative of those that would be used for
design and evaluation of generic control systems. In addition, PLL specific tests are
carried out, such as VCO (voltage controlled oscillator) gain and linearity, and open-
loop VCO noise-related measurements.

All of the above measurements can be carried out in both the simulated and real
environment. However, results may differ slightly between the domains due to
natural component deviations. The students are encouraged to investigate the per-
ceived differences between measured and simulated results. Further measurements
essential to hardware evaluation concentrate on typical system-level tests. These
include power supply/component supply, voltage measurements, and basic signal
frequency and voltage measurements. These aspects are not included in the simula-
tion environment. A recommendation for ordering of the course material is given
and is outlined as follows:

1 Simulation exercises and familiarisation with lab notes;
2 Basic hardware testing;
3 VCO gain testing;
4 Transfer function monitoring;
5 Step response monitoring.

A strict requirement of the ordering is that the basic hardware testing (item 2) must
be carried out before other hardware characterisation.
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Response monitoring and measurement is carried out via use of an Agilent
54622D7 oscilloscope connected to a personal computer. Signal generation is carried
out using an Agilent 33120A8 arbitrary waveform generator. Specific spreadsheets
with incorporated equations have been developed to allow automatic plotting of the
PLLs transfer function and VCO gain. Assessment is primarily carried out via com-
parison of the student’s results for particular experiments against pre-calculated
results. In addition, suitable questions are included to assess the students’ under-
standing of key concepts.

Subsequent sections of this paper are used to provide more detailed examples of
the course material.

The second section is used to introduce the PLL simulation models. This section
also provides an overview of basic PLL theory required for the course. In addition,
analytical and simulation plots relating to PLL operation are shown.

The third section provides an outline of the hardware board and describes the
associated functionality. This is followed by a summary of typical background the-
oretical material that is included in the lab session. A schematic representation of a
typical test set-up is then shown. The section also outlines the test procedure and
lab documentation for a transfer function test. Typical ExcelTM results and example
questions are also documented.

The final section is used to summarise the paper.

Simulation models and PLL descriptions and example output response

The primary purpose of the simulation-based parts of the course is to provide the
student with behavioural and analytical models that correspond to material included
in the practical sessions. Phase locked loop simulation models are investigated with
reference to the practical course material. This is done so that the student can gain
some familiarity with the test methods prior to attending the practical sessions. The
material in this module is also used to summarise the key equations relating to the
course.

An overview of the contents of the simulation-based module is provided as
follows:

1 Spice PLL model, operational explanation and general equations;
2 Standard analytical models for frequency step response and transfer function

response;
3 Simulations of various PLL blocks, including (a) Phase detector and loop filter;

(b) VCO (Voltage controlled oscillator);
4 Spice simulation for step response;
5 Spice simulation for phase transfer response.

Mixed mode (SPICE and XSPICE) models for the PLL models used in the course
were developed within the B2SPICE9 simulation package. Further models were
developed for use in the SMASH10 EESOF11 and SPECTRE12 simulation environ-
ments. It is intended that the additional models are used in a more advanced course
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related to RF modelling and design. The analytical models were developed for use
in MATLAB13 and OCTAVE14.

Simulation model explanation and key equations
The circuitry depicted in Fig. 1 represents a mixed-signal model of the 74HCT404615

charge-pump phase-locked loop that is used for the practical exercises. The key ele-
ments of the simulation model are explained below along with their respective para-
meters. The information in this section is only intended to provide a brief overview
of the key PLL sub-sections. Further, more detailed information on PLL operation
is provided in Refs [2] and [3].

Phase detector and charge pump (PD+CP)
This part of the circuit models the phase detector and charge-pump respectively.

Phase detector. The purpose of the phase detector is to produce correction signals
at its outputs (see M2 and M1) that are proportional to the difference at its inputs
(see A1 clk and A2 clk). Note that the phase detector in this circuit only operates on
rising edges of the input signals. Also this type of phase detector has a detection
range of ±2p (360°). This statement can be proved by experimentation with the pro-
vided simulation models.

Charge pump. The charge pump circuit converts the outputs from the phase detec-
tor into voltage signals that are directly proportional to the phase difference on the
PLL inputs.

The voltage source V2 is used to generate the phase locked loop reference signal
(REF). The associated gain of the phase detector and charge pump together is usually
expressed as Kd where:

Fig. 1 Illustration of the PLL simulation model.
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(1)

and where Vcpmax is the maximum voltage the charge pump output transistors can rise
to before saturation and Vcpmin is the minimum voltage the charge pump output tran-
sistors can fall to before they switch off.

For the particular circuit we are interested in, the output of the phase detector is
approximated as 0.4 V/r (volts per radian).

This value is taken from the data sheet for the 74HCT4046AN PLL.14 The student
is recommended to refer to this data sheet.

Loop filter (LF)
The basic function of the loop filter is to provide a filtering action on the PLL input
signal and other higher frequency terms in the signal that are produced due to the
phase detector action. Generally in the steady (or locked) state the loop filter output
should be a stable voltage that is suitable for the control of the VCO.

With reference to the simulation model, the transfer function of the loop filter for
this particular PLL is provided below.

(2)

Where:

(3)

And

(4)

Note that a small deglitching capacitor Cg is included in the loop filter network. For
the purpose of analysis and analytical models used in later sections its action upon
coarse overall PLL response can be omitted.

Voltage-controlled oscillator (VCO)
The purpose of the voltage-controlled oscillator is to produce a periodic output signal
whose frequency is proportional to its input voltage.

The gain of the VCO is a measure of how much the output frequency of the VCO
changes with respect to a change in input voltage, i.e.

(5)

Note that Kvco is often given in units of r/s/V, however in certain circumstances it is
better to give the value in terms of Hz/V. Equation (5) can be converted to Hz/V by
dividing by 2p.

Loop divider
This is not shown in the simulation model, however most practical CP-PLL syn-
thesisers include some form of feedback divider network. The feedback network
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usually changes the VCO frequency to a lower frequency before it is fed back to
phase detector input. Assuming that all the other parameters are set up correctly,
inclusion of a feedback divider allows the PLL to generate and output a signal that
is an integer multiple of the reference signal supplied to the PLL, i.e.

(6)

Where Fout is the frequency of the PLL output signal, Fin is the frequency of the PLL
input signal or reference signal, and N is the value of the divider.

Equation 6 represents the key basic equation for the CP-PLL when it has reached
steady state operation. Ideally when the PLL is operating correctly and when it has
reached its steady state operation the output frequency will be N (N π 0) times the
reference frequency.

The actual PLL circuit used in the practical sessions contains a feedback divider
constructed from a digital counter. This element is highlighted in the hardware
description section below. In the simulation model the division ratio is incorporated
directly into the VCO description via use of a specific equation. This method pro-
duces realistic simulation results and also drastically reduces simulation times.

For transient response and transfer function calculations, the PLL system is often
expressed in the Laplace domain in terms of natural frequency (wn) and damping
(z), where wn and z are derived from the particular system parameters. For com-
pleteness the normalised Laplace equations for a high gain second order PLL circuit
is provided in eqn (7).

Using feedback theory it can be shown that the closed loop transfer function for
the PLL used in the exercises can be expressed as follows.

(7)

Where qi is the phase of the input signal, qo is the phase of the output signal, wn is
the natural frequency of the system in radians per second and z is the damping factor
of the system.

Equation (7) can be compared to equations found in classic control theory texts.1,4

However, when carrying out any analysis it must be remembered that the inputs and
outputs of the system are now in terms of phase.

For the circuit in question wn and z can be defined as follows:

(8)

(estimation of natural frequency from circuit parameters) and

(9)

(estimation of damping factor from circuit parameters).
MATLAB files are included as part of the course material that allow calculation

of eqns (8) and (9) directly from the loop filter component values. The natural 
frequency and damping of the loop will control the transient response of the loop
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(including settling time and overshoot) and will also have direct control over the
loop bandwidth. More information about the natural frequency and damping is pro-
vided in the hardware-based course modules.

The key equations required to carry out the course material adequately are eqns
(3), (4), (5), (6), (8), and (9). Other equations are included for completeness and to
provide more advanced students with an initial point of reference for Laplace-based
representations of control systems. The main reason for this approach is that the
material should be applicable to a wide range of students and prior knowledge of
Laplace domain calculations could not be guaranteed. An important focus of the
course is to show a qualitative relationship between component values, natural fre-
quency and damping and to allow the student to observe corresponding output
response changes.

Examples of analytical response curves
In many situations the initial part of the design phase starts with a specification for
desired final system performance. With a PLL, typical design issues centre on band-
width, and transient response of the final system when it is subjected to certain
inputs. Commonly used inputs that can allow frequency and transient response to
be calculated are sinusoidal frequency modulation and frequency steps, respectively.
It is common to find normalised frequency response plots and transient response
plots of systems reproduced in PLL and control system texts.

A normalised transfer function plot included in the course material is shown in
Fig. 2. The plot of Fig. 2 shows the magnitude and phase response of the output

Fig. 2 Normalised PLL transfer function plot.
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signal of a second-order PLL when it is subjected to an increasing input modula-
tion frequency. That is, the continuous periodic input signal is phase- or frequency-
modulated at increasing modulation frequencies. Plots are created in MATLAB
using eqn (7). A copy of the code listing that will generate the normalised transfer
function plots is included as part of the course material.

Note that the transfer function can also be plotted manually by making the 
substitution

(10)

into eqn (7).
Figure 3 shows normalised PLL step response plots when the PLL is subjected to

an input frequency step. Plots are derived from eqn (7).
Both of the plots shown in Figs 2 and 3 may be used to aid estimation of com-

ponent values. For instance, a final system may be specified to have the following
characteristics:

Settling time: <= 1ms to 5% of the steady state value;
Overshoot: <30% over the steady state value.

If we initially choose the plot for z = 0.707 from Fig. 3 the overshoot is approxi-
mately 20% (from the graph). This will give a suitable safety margin.

Inspection of the graph then shows that the selected curve has settled to within
5% for wnt = 8. Therefore the required value for wn is

(11)w n t ms kr s= = =8 8 1 8

s j= w

Fig. 3 Normalised PLL step response plots for input frequency step.



Phase locked system design and measurement 367

International Journal of Electrical Engineering Education 41/4

Estimated values for the natural frequency and damping can be used in conjunction
with eqns (8) and (9) to aid selection of system component values.

Simulation response example for transfer function monitoring
The simulation model in Fig. 4 is used to emulate the circuit set-up outlined in the
transfer function measurement practical module. The course notes recommend that
the students have a copy of the respective lab notes for reference purposes.

The simulation model is initially set up to have a division ratio of 40 and a nominal
reference frequency of 50kHz that is sinusoidally modulated at 580Hz. The modu-
lation frequency is altered by double-clicking on the voltage source on the left-hand
side of the circuit and changing the frequency parameter. These settings can be veri-
fied by inspection of the simulation model. The voltage source and U2 on the far
left of the schematic emulates the signal generation circuitry used in the associated
lab session. The modulation frequency is chosen to match the natural frequency esti-
mated from the component values. The output of the PLL should have its greatest
magnitude response at this frequency. The course material contains the full simula-
tion model shown in Fig. 4 and instructions are provided to carry out the simulation
with the parameters mentioned. After the simulation is complete the response plot
illustrated in Fig. 5 is displayed.

In Fig. 5 the lower trace shows a scaled version of the FM (Frequency Modu-
lated) control input to the PLL, the uppermost trace containing transient spikes is
the loop filter control voltage, and the smooth uppermost trace is the voltage on the
main loop filter capacitor.

The cursor functions available within the simulation environment can be used to
estimate the peak-to-peak output of the loop filter capacitor voltage and the time dif-
ference between the peak of the input signal and the peak of the loop filter response.
The measured values can then be used to ascertain the peaking and phase delay of
the output signal for the particular modulation frequency. The appropriate equations
and methods are included in the associated lab session notes. A summary of the tech-
nique is also given in the section below on experimental hardware.

To provide a suitable transient response settling time the measurements should be
taken after the PLL has settled, i.e. after about 3.5ms in the plot. Using the simula-

Fig. 4 PLL phase transfer function simulation model.
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tion model it is possible to alter the input modulation frequency and make further
measurements to produce plots of the phase transfer function similar to the ones
illustrated in Fig. 2.

Material relating to other measurements follows the same general format as that
shown. Further supplementary information relating to the measurements is provided
in the course lab notes.

Experimental hardware details and examples

The central part of the course material is the hardware demonstrator board. This
board is based on a 74HCT704614 phase locked loop integrated circuit. This circuit
element comprises the core of the demonstrator board and the internal operation is
the same as that explained in the last section. An illustration of the demonstrator
board outlining key components is provided in Fig. 6.

It can be seen from Fig. 6 that the physical PLL hardware board contains addi-
tional system elements to that shown in Fig. 1.

The key differences in the real circuitry are as follows:

1 Addition of power supply regulation circuitry;
2 Addition of an on board reference signal generator circuit. This circuit is analo-

gous to the voltage source (V2) shown in Fig. 1;
3 Addition of toggle signal generator circuitry. This is used to generate appropri-

ate step signals for the step response measurements.

Various switches and test points are also included on the circuit board. Dual Inline
Package (DIP) switches are used to change the reference frequency, feedback

Fig. 5 Experimental simulation-based PLL phase transfer plots.
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division ratio, and the frequency step application frequency. In addition various
single switches are used to facillitate connection of external test signals to the board.
Test points are included to allow full monitoring of critical PLL signals, such as,
reference, feedback, loop filter, and phase detector signals.

The hardware board can be reconfigured in a variety of ways to allow experi-
mentation with various characterisation scenarios. Typical tests include step re-
sponse, and transfer function response measurements. However, prior to carrying
out these experimental measurements a complete lab session is devoted to basic
functional checking of the hardware. In this stage components such as the main
power supply, toggle circuitry, PLL circuitry, and reference circuitry are verified. 
A strong emphasis is placed upon the importance of this process as it ensures that
each student has a correct starting point prior to carrying out more involved experi-
ments. The session also assists as a refresher in oscilloscope-based measurement 
techniques.

After the initial verification process has been carried out, all of the more advanced
lab sessions follow a common format consisting of the following information:

1 General explanation of the specific measurement and the associated theory;
2 Initial board and measurement equipment set-up detailing instrument settings

and switch settings;
3 An initial example of the measurement procedure.

Following execution and evaluation of the initial measurement example the students
are asked to carry out various experiments that require modification of various
system parameters. Analysis of these experiments is used in the final assessment.
An example of a particular lab session relating to PLL transfer function measure-
ment is now provided.

Fig. 6 Circuit layout for hardware demonstrator board.
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Example of PLL transfer function measurement: motivations and 
theoretical background
In this lab session the transfer function of a PLL system is measured. The results of
the measurements are used to extract phase and magnitude response plots for the
PLL. The transfer function of a PLL (or any real system) is important because it
defines uniquely the operation of the system.

Initially the lab session notes provide an overview of transfer function measure-
ment techniques relating to commonly encountered electrical or mechanical systems,
such as RLC networks, mass spring damper systems, OP-amp filters etc. The course
material provides detailed graphical and verbal examples explaining experimental
transfer function measurement of a system with a voltage input and a voltage output.
For this type of circuit the magnitude information in dB at a particular frequency is
generally found by:

(12)

The phase information can be found experimentally by comparing the relative time
difference between the zero crossings of the input and output waveform. Further
details of this process are documented in the full course text.

For a PLL system it must be remembered that the input and output parameters are
in terms of time varying phase and not time varying voltages, currents etc. So to
carry out a transfer function measurement of a PLL a sinusoidally varying phase (or
phase modulation) has to be applied as the input parameter, and the output response
will be a sinusoidally varying phase. To simplify the generation of a real input signal
it can be shown that for PLL systems a phase-modulated signal is equivalent to a
controlled frequency modulated signal.2

The result from eqn (12) evaluated at different input frequencies can be used to
construct a transfer function plot similar to that shown in Fig. 2.

Example of PLL transfer function measurement: lab set up and response plotting
In the initial stages of the measurement procedure, hardware switch settings rele-
vant to the particular experiment are provided. The switch settings are fully docu-
mented in a tabular form and cross-referenced to a scaled block diagram of the
hardware board layout. Following this the connection details for the measurement
instruments are provided. Figure 7 shows an illustration used to aid explanation of
the measurement set-up.

Viewed from left to right, Fig. 7 shows the signal generator, hardware board, 
and oscilloscope connections. Principle connection details are also documented in
Table 1. In Table 1 the block number indicates block references used in the scaled
block diagram mentioned previously.

After the appropriate connections have been made and checked, the student is led
through an initial set-up procedure. This stage is included to ensure that the students
all have a working evaluation system prior to performing further experiments. Exam-
ples of typical measurement instructions are provided below.

Magnitude H j
Vout

Vin
= ( ) = Ê

Ë
ˆ
¯ ( )w 20 10log dB
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Throughout the exercises the measured results are imported into an ExcelTM

spreadsheet. The Excel spreadsheet includes equations to produce automatically the
transfer function response plot. The import procedure is carried out using Agilent
Intuilink 54600 ExcelTM toolbar.

Measurement control details
The following instrument settings are used to make the phase transfer measurement.

1 Adjustment of modulation frequency. The modulation can be adjusted by using
the following signal generator buttons. Shift => Freq => adjust the control dial
until the required modulation frequency is set. Note that the <> arrow keys can
be used to alter the control dial resolution.

2 Note that for higher modulation frequencies the trigger level control of the oscil-
loscope may have to be adjusted until the correct response is achieved.

Response analyses capture
By changing the modulation frequency (see above) the PLL transfer function is mea-
sured in the following manner.

Fig. 7 Test hardware physical set-up.

TABLE 1 Test pin function table

Block number # Test function Schematic designator

1 Allows an external reference signal from the signal TP2 (see Fig. 7)
generator to be applied to the PLL

2 DEMOD output of PLL. Allows monitoring of the PLL TP7 (see Fig. 7)
loop filter node, without unduly loading the node
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1 Set modulation frequency 100Hz * # and use the cursors to measure the fol-
lowing parameters.
a. Peak-to-Peak output voltage of the loop filter output.
b. Time difference between the null of the loop filter output and the signal gen-

erator’s synchronisation pulse.
2 Record the values from 1 in the appropriate locations in the ExcelTM spreadsheet.
3 Increment # and carry out measurements until it is difficult to monitor the loop

filter output signal.

In the above process the first measurement is taken as a datum measurement. Jus-
tification of this statement is provided in the full course notes. Using this feature
allows magnitude measurements to be made with respect to an initial measurement.
So eqn (12) can be modified as follows:

(13)

Where Vm100Hz is the peak-to-peak voltage measured at an input modulation fre-
quency of 100Hz and VmN is the Nth peak-to-peak voltage output for a corre-
sponding input modulation frequency.

Response plotting and example assessment questions

After carrying out the exercise a magnitude response plot similar to the one shown
in Fig. 8 should be produced. After plotting the phase and magnitude graphs the
student is asked to print them out with indications of where the appropriate PLL
parameters can be determined. The graphs should be handed in as part of the assess-
ment procedure. The student is also asked to compare the hardware results with sim-

H j
Vin

Vm
Hz

N

w( ) = ( )20 10
100log dB

Fig. 8 Example response plot for the PLL transfer function measurement.
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ulated results. In addition to plotting of the response curves, various questions relat-
ing to the transfer function response and measurement procedure are asked. Initial
questions relate to the estimation of the natural frequency, damping factor and 3dB
bandwidth of the loop directly from the response plots. In all of the lab sessions the
student is encouraged to carry out further investigation into the system operation.
For the transfer function measurement the student is asked to change the system
design parameters, produce a new transfer function plot, and comment on the change
in system behaviour.

Conclusions and further work

This paper has outlined a set of practical and theoretical course materials related to
the measurement and design of phase locked loop (PLL) systems. The primary focus
of the material is towards characterisation, measurement and design of a real demon-
strator circuit. However, a significant theoretical and simulation-based aspect of the
course is included. Simulation models are mapped to the physical hardware system
and allow the student to experiment with various measurement scenarios prior to
attendance of the lab sessions. Throughout the material, emphasis is placed on
observing differences between real and simulated measurements. Although material
is related specifically to phase locked loop systems, the techniques used and infor-
mation given are also of benefit in reinforcing general control and feedback theory.
The general teaching approach of coupling specific simulation models with hard-
ware demonstration boards has received promising student feedback.

Samples of the material associated with this paper and related topics can be found
by following links at http://www.sli-institute.ac.uk. After accessing this website
follow the ‘distance learning’ link in the left-hand frame and select ‘sample courses’.
This will take you to the ‘blackboard’ site http://blackboard.sli-institute.ac.uk/
index.html. Click ‘login’, then click the ‘preview’ button and select ‘semiconductor
Design for Testability (Sample Course)’.
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