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ABSTRACT
This project aims at designing a circuit that can generate a clock locked to 50Hz mains
using the technique of a phase-locked-loop multiplier.

Prior to design, a revision of Phase Locked Loop (PLL) theory was performed to give the
author a firm starting point of how a PLL works, the available types and their availability
in the market.

The PLL is a closed loop frequency system that locks the phase of an output signal to an
input reference signal. It operates by trying to lock to the phase of an accurate input
signal through the use of its negative feedback path.

The design flow process included design and simulation of the system. The application
chosen in designing the PLL was frequency multiplication and this was carried out using
a modulo-n counter locked to the feedback path thus generating a multiple of the input
reference frequency.
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CHAPTER ONE: INTRODUCTION
1.1

Background

The Phase-Locked-Loop (PLL) is highly desirable in almost every communication
system. It is a very useful and versatile building block for many subsystems used in the
implementation of modern communication systems. It works as an electronic feedback
system; this way a small disturbance in the system manipulates the feedback input to the
system to minimize this error. As it name suggests, the phase locked loop operates by
trying to lock to the phase of a very accurate input signal through the use of its negative
feedback path. It is suitable for a wide variety of applications such as: tone decoding, AM
radio receivers, frequency demodulators, frequency multipliers, frequency dividers,
carrier and symbol synchronizer and as frequency synthesizers.

There has traditionally been some reluctance to use PLLs, partly because of the
complexity of discrete PLL circuits and partly because of a feeling that they could not be
counted on to work reliably. The phase locked loop was first described in early 1930s,
where its application was in the synchronization of the horizontal and vertical scans of
television. Later on with the development of integrated circuits, the first barrier to their
acceptance vanished and it found uses in many other applications. The first PLL ICs
came in existence around 1965, and were built using purely analog devices. Recent
advances in integrated circuit design techniques have led to an increased use of the PLL
as it has become more economical and reliable. Now a whole PLL circuit can be
integrated as a part of a larger circuit on a single chip.

1.2

Problem Statement

PLL has a wide range of applications. Most of the frequency multiplication applications
employ a phase locked loop circuit as this technique offers many advantages such as
minimum complex architecture, low power consumption and a maximum use of Large
Scale Integration technology. The problem thus posed is to implement a system to be
used to generate a clock locked to mains using the PLL multiplier technique.
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1.3

Main Objectives

The main objective of this project is to design a system using a PLL multiplier that will
generate a clock locked to mains. This system will thus output a frequency that is a
multiple of the input frequency, which in our case is the 50Hz mains.

1.4

Project Scope

The project entails designing a circuit using the PLL technique that can generate an
output clock that is a multiple of 50Hz mains input and have this output synchronize with
the 50Hz input so as to reach a lock state.
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CHAPTER TWO: LITERATURE REVIEW
2.1 Introduction
The phase locked loop is a very useful and versatile building block in the frequency
domain. It is a type of an electronic closed loop feedback system which is used to
synchronize the output signal of an oscillator with a reference signal in both frequency
and phase. While synchronized in frequency, the phase difference between the output
signal and input signal is zero, or very small. It works in much the same way as a general
feedback loop which acts in most control systems, e.g. electronic, mechanical as shown
in figure 2.1. If the output is different from the desired value; the mixer produces an error
signal which is then amplified and corrects the output.

Figure: 2.1. A general feedback loop

A basic PLL consists of three fundamental blocks including;


A phase detector/ phase comparator



A low-pass filter



A voltage controlled oscillator; in an arrangement shown below.

Figure: 2.2. Components of phase-locked loops
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The phase detector compares the phase of the output signal, fvco to the phase of the
reference signal, fin. If there is a phase difference between the two signals, it generates an
output voltage which is proportional to the phase error of the two signals. This output
voltage passes through the loop filter and then as an input to the voltage controlled
oscillator (VCO) controls the output frequency, fout. Due to this self correcting technique
the output signal will be in phase with the reference signal. When both signals are
synchronized the PLL is said to be in lock condition. The phase error between the two
signals is zero or almost zero at this point.

As long as the initial difference between the input signal and the VCO is not too big the
PLL eventually locks onto the input signal. This period of frequency acquisition is
referred to as pull-in time this can be very long or very short depending on the
bandwidth of the PLL. The bandwidth of a PLL depends on the characteristics of the
phase detector. PD, voltage controlled oscillator and on the low pass filter.

2.2 Types of Phase-Locked Loops
Generally speaking, the monolithic PLLs can be classified into two groups:

Analog or Linear PLL (APLL)



Digital PLL (DPLL)

While both perform as PLLs, the digital circuits are more suitable for synchronization of
digital signals, clock recovery from encoded digital data streams, and other digital
applications. Analog monolithic PLLs are used quite extensively in communication
systems since they maintain linear relationships between input and output quantities.

2.2.1 Analog or Linear PLL (APLL)
Analog PLLs utilize a phase comparator which functions as a four-quadrant analog
multiplier to mix the input and VCO signals.
Since this mixing is true analog multiplication, the phase comparator’s output is a
function of input and VCO signal amplitudes, frequencies, phase relationships, and duty
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cycles. The inherent linearity afforded by this analog multiplication makes the
monolithic analog PLL well suited for many general purpose and communication system
applications. The loop filter may be passive or active and results in the loop being either
first-order or second-order.

2.2.2 Digital PLL (DPLL)
The Digital PLL is like the analog PLL but with a digital phase detector (such as XOR,
edge-trigger JK, phase frequency detector). It may have a digital divider in the loop. For
the digital PLLs that employ a two-input Exclusive-OR gate as the phase detector, when
the digital loop is locked to fout, there is an inherent phase error of 90 that is represented
by asymmetry in the output waveform. Also, the phase detector’s output has a frequency
component of twice the reference frequency. Because of the large logic voltage swings in
digital systems, extensive filtering must be performed to remove the harmonic
frequencies. For this reason, other types of digital phase detectors achieve locking by
synchronizing the “edges” of the input and VCO frequency wave shapes. The phase
detector produces an error voltage that is proportional to the time difference between the
edges; i.e., the phase error. This edge-triggering technique for the phase comparator
produces lower output noise than with the XOR approach. However, time line, on the
input and VCO frequencies is translated into phase error line that may require additional
filtering within the loop.

Triggering on the edges of digital signals means that only frequency (or period) is
important and not duty cycle; This is a key consideration in PLL applications utilizing
counters where wave shapes usually aren’t symmetrical; i.e., 50% duty cycle. For the
TTL family, it is easier to provide the edge matching function on the falling edges (“l” to
“O”) transition of the waveform. CMOS, 12L, and ECL are better suited for leading edge
triggering (“O” to “1”).
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2.2.3 All Digital PLL (ADPLL)
In all digital PLL, all the components and signals are digital. The VCO is replaced by a
digitally controlled oscillator (DCO) which is also called a numerically controlled
oscillator (NCO).

2.2.4 Software PLL (SPLL)
The software PLL is implemented by a hardware platform such as a microcontroller or a
digital signal processor (DSP). The phase locked loop is realized by software. This
allows for flexibility because a large number of different algorithms can be developed.
The analysis of the loop filter is done using the z-transform.

2.3 Components of Phase-Locked loop
2.3.1 Phase Detector / Phase Comparator
A phase detector or phase comparator is a frequency mixer, analog multiplier or logic
circuit that generates a voltage signal which represents the difference in phase between
two signal inputs. Phase detectors for PLL circuits may be classified in two types.
1) A Type I detector designed to be driven by analog signals or square-wave digital
signals and produces an output pulse at the difference frequency. The Type I
detector always produces an output waveform, which must be filtered to control
the PLL VCO.
2) A type II detector is sensitive only to the relative timing of the edges of the input
and reference pulses, and produces a constant output proportional to phase
difference when both signals are at the same frequency. This output will tend not
to produce ripple in the control voltage of the VCO.

2.3.1.1 XOR Gate Phase Detector
This is the most basic type of phase detector. It produces error pulses on both falling and
rising edges. Figures 2.3 (a)-(d) give a detailed analysis of the XOR PD when the
reference (Φref) and feedback signals (Φvco) are out of phase by zero, Π/2, and Π
respectively.
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Figure 2.3 (a) XOR phase Detector

Table 1: XOR GATE TRUTH TABLE
XOR Gate states
Øref
Øvco
Vavg
0
0
0
0
1
1
1
0
1
1
1
0
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Figure 2.3 (b) Phase Difference= zero

In Figure 2.3 (b) above, the phase difference between the two signals is zero also referred
to as a locked phase. The average output, Vavg, from the XOR gate is zero for this case.
The XOR input/output characteristic graph is a plot of Vavg versus the phase difference.

19

Figure 2.3 (c) Phase Difference = Π/2

In Figure 2.3 (c) above, the phase difference between the two signals is Π/2.The average
output, Vavg, from the XOR gate is VDD / 2 for this case.
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Figure 2.3 (d) Phase Difference = Π

In Figure 2.3(d) above, the phase difference between the two signals is Π. The average
output, Vavg, from the XOR gate is VDD for this case.
From figures 2.3(c) and (d), the accumulation of points from the phase differences zero,
Π/2, and Π are plotted. The final graph is shown in figure 2.3(e). This is the XOR PD
characteristic plot. This plot enables us to observe the PD output for a range of phase
differences.
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Figure 2.3 (e) PD Characteristic graph of phase differences ranging from 0 to 2Π

The major disadvantage of XOR PD is that it can lock onto harmonics of the reference
signal and most importantly it cannot detect a difference in frequency.

2.3.1.2 Phase Frequency Detector
These circuits have the advantage that while the phase difference is between -180 degrees
to + 180 degrees, a voltage proportional to the phase difference is given. Beyond this the
circuit limits at one of the extremes. In this way no AC component is produced when the
loop is out of lock and the output from the PD can pass through the filter to bring the PLL
into lock. Another advantage is that it can detect a difference in phase and frequency
between the reference and feedback signals. Unlike the XOR gate PD, it responds to only
rising edges of the two inputs and it is free from false locking harmonics.
The block diagram of a PFD is shown below:
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fref

UP

PFD
ffb

DN

Figure 2.4 Phase Frequency Detector block diagram

The Phase Frequency Detectors are of two types:

 Edge triggered JK flip flop phase frequency detector: This form of phase comparator
is used in some designs.

Figure 2.5(a) JK Flip Flop
The idea behind the JK flip flop based comparator is that it is a sequentially based circuit
and this can be used to provide two signals: one to charge, and one to discharge a
capacitor.

Often when using this form of phase detector, an active charge pump is recommended.
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Table 2: JK Flip Flop States table

input1
0
0
1
1

JK Flip Flop States
input2
Qn+1
0
Qn
1
0
0
1
1
Qn bar

Figure 2.5(b) JK Flip Flop phase detector waveforms

These waveforms can be interpreted and it is found that the overall response appears as
below.

Figure 2.5(c) JK flip flop phase detector response

24

 Dual D type phase comparator: This type of phase frequency detector uses two D
type flip flops and an NAND gate, although there are a number of slightly different
variants. This type of phase comparator is possibly the most widely used form of detector
because of its performance and ease of design and use.

The circuit for the dual D-type comparator uses the two D-type flip flops with the
reference and VCO signals being compared entering the clock inputs, one on each Dtype. The D inputs are connected to VDD- always remaining high. The outputs are either
‘UP’ or ‘DN’ pulses. The NAND gate output is fed to the reset, R, inputs of both Dtypes. The inputs to the NAND gate are taken from the Q outputs and the output to the
loop filter being taken from one of the Q outputs.

Figure 2.6 (a) Dual D-Type phase detector circuit

The PFD circuit above in Figure 2.6(a) can be analyzed in two different ways—one way
in which f1, the reference frequency, leads f2, the feedback frequency and the other in
which f2 leads f1. The term “lead” in this case means that the signal is faster or in the lead
of the other.

The first scenario is as shown in Figure 2.6(b)
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Figure 2.6 (b) fref leads ffb
When fref leads ffb, an UP pulse is generated. The UP pulse is the difference between the
phases of the two clock signals. This UP pulse indicates to the rest of the circuit that the
feedback signal needs to speed up or “catch up” with the reference signal. Ideally, the
two signals should be at the same speed or phase.
The other scenario is when feedback signals leads the reference signal as shown in Figure
2.6(c).
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Figure 2.6 (c) fref lags ffb
The feedback signal leads the reference signal, which generates a DN signal. This DN
signal indicates to the rest of the circuit that the feedback signal is faster than the
reference signal and needs to slow down.

2.3.2 Low Pass loop Filter
The function of the loop filter is to take the digital up and down error pulses from the
phase detector and convert them into an analog control voltage to be fed into the VCO.
The output of the PD consists of a DC component superimposed with an AC component.
The AC part is undesired as an input to the VCO; hence a low pass filter is used to
remove high frequency AC component and noise from the output of the phase detector.
The loop filter affects the dynamic characteristics of the PLL including bandwidth,
capture and lock ranges and transient response.
If the filter has a very low cut-off frequency, then the changes in tune voltage will only
take place slowly, and the VCO will not be able to change its frequency as fast because a
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filter with a low cut-off frequency will only let low frequencies through and these
correspond to slow changes in voltage level.
On the other hand, a filter with a higher cut-off frequency will enable the changes to
happen faster. However when using filters with high cut-off frequencies, care must be
taken to ensure that unwanted frequencies are not passed along the tune line with the
result that a spurious signal is generated.
The loop filter also governs the stability of the loop. If the filter is not designed correctly
then oscillations can build up around the loop, and large signals will appear on the tune
line. This will result in the VCO being forced to sweep over wide bands of frequencies.
The proper design of the filter will ensure that this cannot happen under any
circumstances. A simple LP is as shown in the figure below.

Figure 2.7 Low pass loop filter

2.3.3 Voltage Controlled Oscillator (VCO)
The voltage-controlled oscillator varies the output frequency proportional to input voltage
from the loop filter. The DC level output of a low-pass filter is applied as control signal
to the voltage-controlled oscillator (VCO). The output frequency of the VCO is directly
proportional to the input DC level. The VCO frequency is adjusted till it becomes equal
to the frequency of the reference input signal. During this adjustment, PLL goes through
three stages-free running, capture lock and phase lock. Best operation is obtained if the
centre frequency of the VCO is set with the DC bias voltage midway in its linear
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operating range. The amplifier allows this adjustment in DC voltage from that obtained as
output of the filter circuit. When the loop is in lock, the two signals to the PD are of the
same frequency although not necessarily in phase. A fixed phase difference between the
two signals to the comparator results in a fixed DC voltage to the VCO. Variation in the
input signal frequency then causes variation in the DC voltage to the VCO. Within a
capture-and-lock frequency range, the DC voltage will drive the VCO frequency to match
that of the input.
While the loop is trying to achieve lock, the output of the PD contains frequency
components at the sum and difference of the signals compared. A low-pass filter passes
only the lower-frequency component of the signal so that the loop can obtain lock
between input and VCO signals.
Owing to the limited operating range of the VCO and the feedback connection of the PLL
circuit, there are two important frequency bands specified for a PLL. The capture range
of a PLL is the range of frequencies centered about the VCO free-running frequency fr,
over which the output signal frequency of the VCO can acquire lock with the input signal
frequency. Once the PLL has achieved capture, it can maintain lock with the input signal
over a somewhat wider frequency range called the lock range.

Figure 2.8 VCO characteristics
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Where

2.4 Terminologies associated with phase locked loop
2.4.1 Locked state
This is a condition in which the frequency and phase of the generated signal is equal to
the frequency and phase of the reference signal.

2.4.2 Free running frequency
This is the free oscillating frequency of the VCO when it is in an unlocked state.

2.4.3 Lock range (Hold-in range)
When the PLL is in the phase-locked state, the frequency range in which the frequency of
the input reference signal, can slowly be pulled away from the free running frequency of
the VCO but still maintain the phase-locked condition is called the hold-in range or lock
range. The lock range is much larger than the capture range.

2.4.4 Capture range(Lock-in range)
When the PLL is not in the phase-locked state, if the frequency of the input signal, slowly
approaches the free running frequency of the VCO, the frequency range in which the
input signal becomes phase-locked is called the lock-in range or capture range.

2.4.5 Acquisition time (Lock-up time )
The amount of time required for the loop to phase lock is called lock-up time or
acquisition time.

2.5 Some Phase Locked Loop Applications
2.5.1 DC Motor speed control
Many electro-mechanical systems, such as magnetic tape drives, require precise speed
control, particularly during start and stop operations. This can be achieved by
incorporation the motor within a phase-locked loop. When the motor rotates, the
tachogenerator produces an AC signal whose frequency is proportional to the speed of
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the motor. The signal is then fed to the phase detector together with the control signal.
The phase-locked loop detects any difference between the two phases and drives the
motor so that there is a cycle-for-cycle correlation between the control frequency and
speed of the motor.

2.5.2 Clock recovery
Some data streams, especially high-speed serial data streams (such as the raw stream of
data from the magnetic head of a disk drive), are sent without an accompanying clock.
The receiver generates a clock from an approximate frequency reference, and then phasealigns to the transitions in the data stream with a PLL. This process is referred to as clock
recovery. In order for this scheme to work, the data stream must have a transition
frequently enough to correct any drift in the PLL's oscillator. Typically, some sort of
redundant encoding is used, such as 8b/10b encoding.

2.6 Frequency Multiplication
One of the most common uses of a PLL is in frequency multiplication. A frequency
multiplier generates an output frequency that is a multiple of a stable reference frequency.
Frequency multiplication is commonly done in RF/Microwave equipment to generate
high stability, low noise signals.

Figure 2.9 Block diagram of a frequency multiplier

In the above block diagram, a frequency divider is inserted between the output of the
VCO and the phase detector so that the loop signal to the PD is at frequency: fOUT while
the output of the VCO is N fOUT. This output is a multiple of the input frequency as long
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as the loop is in lock. The desired amount of multiplication can be obtained by selecting a
proper divide-by N network where N is an integer.
The relationships are thus expressed as below:

N f IN = N fOUT
N fIN / N = N fOUT / N
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CHAPTER THREE: DESIGN AND IMPLEMENTATION OF THE PHASE
LOCKED LOOP MULTIPLIER CIRCUIT

3.1 Introduction
This chapter seeks to explain in depth the process used in the implementation and
operation of the PLL multiplier. The design entailed the following:
i.

Software simulation

ii.

Hardware implementation

iii.

Printed Circuit Board

The project design can be summarized in form of a block diagram as shown in fig 3.1
below:

FOUT = N FIN

FIN

Fmain

Input frequency
signal tapped
from mains.
3-ф, 240V,
50Hz

Step-Down
Transformer
240V/ 12V

Phase
Comparator

FOUT /N= FIN

Divide by N
counter

Figure 3.1 Block diagram of the overview of project design
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Loop Filter
and VCO

The flow chart shown in fig 3.2 depicts the sequence of events used in the
implementation of the project.
START

PROJECT SPECIFICATION
LITERATURE REVIEW
DESIGN

HARDWARE

SOFTWARE IMPLEMENTATION

NO
Working?

YES

Running?

YES
NO

PCB LAYOUT
DESIGN

TROUBLESHOOT

Testing

END

Figure 3.2 Project implementation flow chart
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3.2 PLL Design Calculations
The frequency chosen to be generated was 200,000Hz. A standard PLL scheme was
chosen with a divide by n counter added between the VCO and the phase detector.
Minimum frequency= 20Kilohertz
The VCO was varied using resistors R1, R2 and C1. These values were chosen using the
design graph on the 4046 datasheet.
The recommended range of R3 and R4 is 10kilo ohm to 1 mega ohm. For C1 it is 50
picofarad to any practical value. Using the graph below we thus determined R3 and R4 as
200 K and 10 K respectively.

The loop filter values were calculated as:

where R = 4.3 Mega ohms and
C= 1 microfarad
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Figure 3.3 Implemented circuit on Proteus
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Figure 3.4 and 3.5 Circuit on vero board

3.3 Printed Circuit Board (PCB)
The PCB was used to mechanically support and electrically connect electronic
components using conductive tracks, pathways or signal traces etched from copper sheets
laminated onto a non-conductive substrate in a process known as fabrication.
i.

Fig. 3.6 shows the PCB circuit that was used in the fabrication process.
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Figure 3.6 : PCB Design
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CHAPTER FOUR: RESULTS AND ANALYSIS
4.1 Introduction
This chapter seeks to display the results obtained from the design implementation. The
results are divided into two including:



Simulation results



Practical results

4.1.1 Software simulation results
The figures 4.1 (a) to 4.1 (e) show the results obtained from simulation using Proteus 8
professional.

Figure 4.1 (a) The reference input to the phase detector
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Figure 4.1 (b) The feedback input into the phase detector
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Figure 4.1 (c) Output of the phase detector type II
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Figure 4.1 (d) Output from the VCO
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Figure 4.1 (e) A diagram of the inputs into the phase detector and the overall output wave
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4.1.2 Practical results
The figures 4.2 (a) and 4.2 (b) show the results obtained from the practical
implementation of the designed circuit. The waves show the variation in output frequency
when different frequencies are fed back into the phase detector. This shows that the VCO
can lock different frequencies provided the frequencies are within its lock range. Beyond
this range then the PLL cannot lock.

Figure 4.2 (a) Output waveform of VCO of input 50Hz, resistance 253.6 ohms
Time/division 0.5 us/division
Volts/division 2Volts/division
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Figure 4.2 (b) Output waveform of VCO of input 50Hz, resistance 253.6 ohms
Time/division 0.2 us/division
Volts/division 2Volts/division

Figure 4.2 (c) Output waveform of VCO of input 50Hz, resistance 4.52 kilohms
Time/division 0.2 us/division
Volts/division 2Volts/division
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Figure 4.2 (d) Output waveform of VCO of input 50Hz, resistance 4.52 kilohms
Time/division 0.5 us/division
Volts/division 2Volts/division
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS
5.1 Discussion
A number of challenges were faced during the implementation of this project. These
challenges include:



Difficult to get the initial desired IC to implement the circuit thus resulting to
alternative components in order to make the project a success.

5.2 Conclusion
Phase locked loop remains an interesting topic for the research, as it covers many
discipline of electrical engineering such as Communication Theory, Control
Theory, Signal Analysis, Design with transistors and op amps, Digital circuit design
and non- linear analysis.
The objective of this project was reached as it was possible to design a circuit that can
generate a multiple of the input signal exploiting the phase locked loop techniques

5.2 Recommendations
The subject of phase locked loop is wide and diverse. There are many other aspects that
can be combined in the design to achieve better performance and more powerful systems.
For example incorporating a system that can multiply the input frequency with different
multiples without having to adjust the calculations.
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APPENDIX A: HEF4046B PLL DATASHEET
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APPENDIX B: HD74LS90 DECADE COUNTER DATA SHEET
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APPENDIX C: COST ANALYSIS
COMPONENT
HE4046B
HD74LS90
VERO BOARD
CAPACITORS
RESISTORS
TOTAL

COST (KSh)
100
140
30
40
30
340
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