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CARRIER ACQUISITION ANDCARRIER ACQUISITION ANDCARRIER ACQUISITION ANDCARRIER ACQUISITION AND
THE PLLTHE PLLTHE PLLTHE PLL

ACHIEVEMENTS:  introduction to a method of carrier acquisition using the phase
locked loop (PLL)

PREREQUISITES:  familiarity with the generation and demodulation of DSBSC -
completion of the experiments entitled DSBSC generation and
Product demodulation - synchronous & asynchronous (both in
Volume A1)

ADVANCED MODULES:  100 kHz CHANNEL FILTERS

EXTRA MODULES:  a third MULTIPLIER module would be an advantage

PREPARATIONPREPARATIONPREPARATIONPREPARATION

carrier acquisition methodscarrier acquisition methodscarrier acquisition methodscarrier acquisition methods
As you will know there is often a need, at the receiver, to have a copy of the carrier
which was used at the transmitter.  See, for example, the experiment entitled
Product demodulation -synchronous & asynchronous in Volume A1.

This need is often satisfied, in a laboratory situation, by using a stolen carrier.  This
is easily done with TIMS.  But in commercial practice, where the receiver is remote
from the transmitter, this local carrier must be derived from the received signal itself.

The use of a stolen carrier in the TIMS environment is justified by the fact that it
enables the investigator (you) to concentrate on the main aim of the experiment, and
not be side-tracked by complications which might be introduced by the carrier
acquisition scheme.

bandpass filterbandpass filterbandpass filterbandpass filter

There have been many schemes proposed for the purpose of deriving carrier
information from the received signal.  Many of these depend for their operation on
the existence of a component, however small, at carrier frequency, in the transmitted
signal itself.  This is often called a ‘pilot carrier’.  Commercial practice was to set the
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pilot carrier at a level of about 20 dB below the major sidebands 1.  Modern practice
is to omit pilot carriers completely.

A signal with pilot carrier is illustrated in Figure 1.  It is a DSBSC, derived from a
single tone, with a small amount of carrier added.  See Tutorial Question Q2.

time 

Figure 1:  DSB with small carrier leak
To extract a term at carrier frequency from this signal one could use a narrowband
bandpass filter.  Unfortunately this scheme, as simple as it appears to be, has its
problems.  For example, in practice the frequency stability of the transmitted carrier
may be such that the receiver filter would need either to track it, or be wide enough
to encompass it under all conditions.  In this latter case the filter may allow some
sidebands to pass as well, thus impairing the purity of the recovered carrier.  So
generally something more sophisticated is required.

the phase locked loop (PLL).the phase locked loop (PLL).the phase locked loop (PLL).the phase locked loop (PLL).

The PLL configuration includes a non-linear feedback loop.  See Figure 2.  To
analyse its performance to any degree of accuracy is a non-trivial exercise.  To
illustrate it in simplified block diagram form is a simple matter.

VCO 

in 
out 

control voltage 

Figure 2:  the basic PLL

To describe its behaviour in elementary terms is also a simple matter.

If there is a component at the desired frequency at the input, it will appear at the
output in filtered and amplitude stabilised form.  In addition, if the frequency of the
input changes, the PLL output is capable of following it.

The PLL behaves like a narowband tracking filter.

                                                          
1  typically defined relative to the transmitter peak envelope power (PEP).
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Of course, there are conditions upon this happening.

The principle of operation is simple - or so it would appear.

Consider the arrangement of Figure 2 in open loop form.  That is, the connection
between the filter output and VCO control voltage input is broken.

Suppose there is an unmodulated carrier at the input.

The arrangement is reminiscent of a product demodulator.  If the VCO was tuned
precisely to the frequency of the incoming carrier, ω0 say,  then the output would be
a DC voltage, of magnitude depending on the phase difference between itself and the
incoming carrier.

For two angles within the 3600 range the output would be precisely zero volts DC.

Now suppose the VCO started to drift slowly off in frequency.  Depending upon
which way it drifted, the output voltage would be a slowly varying AC, which if slow
enough looks like a varying amplitude DC.  The sign of this DC voltage would
depend upon the direction of drift.

Suppose now that the loop of Figure 2 is closed.  If the sign of the slowly varying
DC voltage, now a VCO control voltage, is so arranged that it is in the direction to
urge the VCO back to the incoming carrier frequency ω0, then the VCO would be
encouraged to ‘lock on’ to the incoming carrier.  The carrier has been ‘acquired’.

Notice that, at lock, the phase difference between
the VCO and the incoming carrier will be 900.

Matters become a little more complicated if the incoming signal is now modulated.
Suppose it was an AM signal.  There is always a carrier, and the sidebands are
always symmetrically displaced about it.  Qualitatively you may tend to agree that, if
the sidebands were not too large, the PLL would still lock on to the carrier, which is
the largest component present;  and so it does.

Being a non-linear arrangement, as analysis will show, it is not so much the largest
component present as the central component to which the PLL will lock.  In fact, the
amplitude of the central component need not be large (under some conditions it can
even be zero !  Non-linearities will generate energy at the carrier frequency).

Rather than attempt to justify this statement analytically (it is a non-trivial exercise)
you will make a model of the PLL, and demonstrate that it is able to derive a carrier
from a DSB signal which contains a pilot carrier.

squaringsquaringsquaringsquaring

What happens if the received signal has no pilot carrier ?

This is the general case in modern practice.  The solution is to subject the signal to a
non-linear operation.  This will generate new spectral components.  A popular non-
linear characteristic is that of squaring.

Such a signal processing block is illustrated in block diagram form in Figure 3
below:
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divide 
by 

two 

in out 

Figure 3:  the squaring circuit

The divide-by-two block is shown with an analog input.  An analog output is
implied.  Internally the circuitry may be digital.

This arrangement will generate a component at carrier frequency from a true DSBSC
signal.

It is easy to show, in a simple case, that this is so.  For example.

DSBSC  =  a(t).cosωt ........  1

DSBSC squared = a2(t) [½ + ½ cos(2ω)t ........  2

= ½.a2(t) + ½.a2(t).cos2ωt ........  3

= low frequency term + DSB at 2ω ........  4

Here a(t) is the message.  After squaring it must have a DC term, together with some
other low frequency terms.

Since there is a large DC term in a2(t), then there must be
a large term at 2ω in the product  a2(t).cos2ωt.

A bandpass filter will extract this.  It may be amplitude limited (to stabilise the
amplitude) and then halved in frequency.  This may be sufficient processing for some
applications.

The purpose of the BPF is to separate the terms in a2(t) from those around the
frequency of 2ω.  For the case where these are widely separated then an RC highpass
filter would probably be adequate.  It is assumed that the original DSBSC is
reasonably free of noise and interference.

However, if improved properties are required (see Tutorial Question Q7.), a phase
locked loop (PLL) may replace the bandpass filter 2.

squarer plus PLLsquarer plus PLLsquarer plus PLLsquarer plus PLL

For the case where a component at carrier frequency is definitely not present, and the
advantages of a dynamic tracking bandpass filter are desired, then the squarer plus
PLL is recommended.  This is illustrated in Figure 4 below.

                                                          
2  or at least ease the requirements of this BPF
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squarer divide 
by 

two 
PLL 

Figure 4:  squarer-plus-PLL
The squaring arrangement ensures that a component at the desired (carrier)
frequency will be present at the input to the PLL.  The PLL operates at 2ω.

So the combination of a squarer and PLL, together with a third multiplier in a
product demodulator arrangement, constitutes a popular, basic synchronous receiver.

An alternative arrangement of three multipliers and associated operational blocks
constitutes the Costas loop.

the Costas loopthe Costas loopthe Costas loopthe Costas loop

A Costas loop is another well known arrangement which is capable of extracting a
carrier from a received signal.

This arrangement is examined in the experiment entitled The Costas loop (this
Volume).
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EXPERIMENTEXPERIMENTEXPERIMENTEXPERIMENT
During this experiment you will consider in turn:

1. a bandpass filter (BPF)
2. the PLL
3. the squarer
4. the squarer plus PLL
5. as time permits, a complete synchronous receiver

the pilot carrier and BPFthe pilot carrier and BPFthe pilot carrier and BPFthe pilot carrier and BPF
When a small but constant amplitude component at carrier frequency (a pilot carrier)
accompanies the transmitted signal it can be extracted with a bandpass filter.  This
technique is reasonably self evident and will not be examined.  See Tutorial Question
Q1.

the PLLthe PLLthe PLLthe PLL
You will now model the PLL of Figure 2, and use a DSB plus small carrier
(Figure 1) as its input.  The arrangement is shown modelled in Figure 5.

IN 

Figure 5:  a model of the PLL of Figure 2

T1  patch up the model of Figure 5 above.  The VCO is in ‘VCO mode’ (check SW2
on the circuit board).  The input signal, a DSB based on a 100 kHz
carrier (locked to the TIMS 100 kHz MASTER), is available at
TRUNKS  (or you could model it yourself).  Initially set the GAIN of the
VCO fully anti-clockwise.

T2  tune the VCO close to 100 kHz.  Observe the 100 kHz signal from MASTER
SIGNALS on CH1-A, and the VCO output on CH2-A.  Synchronize the
oscilloscope to CH1-A.  The VCO signal will not be stationary on the
screen.
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T3  slowly advance the GAIN of the VCO until lock is indicated by the VCO signal
(CH2-A) becoming stationary on the screen.  If this is not achieved
then reduce the GAIN to near-zero (advanced say 5% to 10% of full
travel) and tune the VCO closer to 100 kHz, while watching the
oscilloscope.  Then slowly increase the GAIN again until lock is
achieved.

T4  while watching the phase between the two 100 kHz signals, tune the VCO
from outside lock on the low frequency side, to outside lock on the
high frequency side.  Whilst in lock, note (and record) the phase
between the two signals as the VCO is tuned through the lock
condition.  Theory suggests (?) they should be 900 apart in the centre
of the in-lock tuning range.  See Tutorial Question Q5.

the squaring multiplierthe squaring multiplierthe squaring multiplierthe squaring multiplier
Even without spectrum analysis facilities it is possible to give a convincing
demonstration of the truth of eqn.(4) above, which revealed the generation of a DSB
with carrier (at 2ω) from a DSB without carrier (at ω).

This is achieved by modelling the arrangement of Figure 3, as illustrated in Figure 6.

#1 : a 50 kHz sinusoid 
#2 : a DSBSC 

INPUTS from TRUNKS: 

CH1-A 

ext trig 

Figure 6:  squaring.  The model of Figure 3 without divide-by-2

First check the operation of squaring on a sinusoidal input.

T5  patch up the model of Figure 6.  Select the input #1 from TRUNKS  (Check the
waveform, and measure its frequency, to confirm it is the 50 kHz
signal).

T6  select CHANNEL #1 on the 100 kHz CHANNEL FILTERS module.  This is a
straight through connection.  Toggle to select DC.

T7  examine the output of the 100 kHz CHANNEL FILTERS module on CH1-A.
Observe and record the waveform, and the envelope shape. This is  the
output from the MULTIPLIER as a squarer.  Confirm the presence of
a DC component.  note:  the MULTIPLIER is switched to ‘AC’.  This
means any DC at either input will be blocked, but not any DC at the
output.
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T8  switch the 100 kHz CHANNEL FILTERS module to its CHANNEL #3.  This is a
100 kHz bandpass filter (BPF).

T9  observe the change of waveform from the 100 kHz CHANNEL FILTERS
module.  Confirm it is twice the frequency of the first input, and is
sinusoidal.

Now replace the sinusoidal input with a DSBSC based on a 50 kHz carrier.

T10  change the input from the nominal 50 kHz sinusoid to the 50 kHz DSBSC.
Confirm, at least from all appearances, and expectations, that this is
the DSBSC based on a 50 kHz carrier.

T11  select the straight through connection, CHANNEL #1, on the 100 kHz
CHANNEL FILTERS module.  Toggle to pass DC.  Observe the output.
Since there is no filtering this is the square of a DSBSC.  You may not
have anticipated what it would look like, but at least confirm that
there is a significant DC component present.  It is this component
which will produce the desired double frequency carrier term - refer
eqns.(3).

T12  whilst still observing the 100 kHz CHANNEL FILTERS output, select
CHANNEL #3 - the bandpass filter.  Confirm that the signal does indeed
now look like a DSB plus carrier, as per eqn.(4).  It must be in the
vicinity of 100 kHz, since it passed through the bandpass filter.  See
Tutorial Question Q6.

You have now confirmed that the squaring circuit has produced a significant
component at twice the frequency of the suppressed carrier of a DSBSC signal.

A narrowband BPF filter could extract this from the other spectral components.

TIMS does not have a 100 kHz narrowband bandpass filter.

But a PLL can do the job.  A PLL behaves like a bandpass filter, although it is built
around a lowpass filter - the lowpass filter in the feedback loop.  See Tutorial
Question Q4.

the PLL + squarerthe PLL + squarerthe PLL + squarerthe PLL + squarer
You will now combine squarer (modelled in Figure 6) and the PLL (modelled in
Figure 5), using the output of the squarer as the input to the PLL.

The input to the squarer will be the DSBSC based on a 50 kHz carrier.

The full model is shown in Figure 7.
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to  divide 
by two 

SQUARING  PLL 

DSBSC in 
(50 kHz carrier) 

100 kHz  

Figure 7.  model of the squarer plus PLL

The divide-by-two would add nothing to the demonstration, so it has been omitted.

T13  combine the models of Figures 5 and 6.  Use as input to the squaring circuit
the nominal 50 kHz DSBSC.

T14  go through the procedure to lock the PLL to the 100 kHz output from the
squarer.  Describe the setting up, and locking procedure, in your
notes.

T15  refer to Tutorial Question Q8.

So far you have locked the PLL to a signal of constant amplitude.  But in practice it
would be required to lock on to a modulated signal whose message was varying.

What would happen, for a speech message, during significant pauses ?

If you have a third MULTIPLIER module you can examine your carrier acquisition
circuit - squarer plus PLL - as the source of local carrier for a product demodulator,
and receiving such a signal.

The product demodulator was examined in the experiment entitled Product
demodulation - synchronous and asynchronous in Volume A1.

A DSBSC, based on a 50 kHz carrier, and with a speech message, will be available
at TRUNKS during the latter part of the experiment.

For further details see your Laboratory Manager.
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TUTORIAL QUESTIONSTUTORIAL QUESTIONSTUTORIAL QUESTIONSTUTORIAL QUESTIONS
Q1  suppose a signal has a pilot carrier.  This can be used to produce a local

carrier by bandpass filtering, or with a PLL.  Compare the two
methods.

Q2  draw an approximate amplitude spectrum of the signal of Figure 1, knowing
that it is a DSBSC plus small carrier term, and explain how this was
done.  How would you then define the level of the pilot carrier ?

Q3  compare the advantages of a bandpass filter based on a lowpass filter - the
PLL - with a ‘conventional’ bandpass filter.

Q4  explain how you are able to confirm that the VCO of a PLL has locked on to
the input signal, whose exact carrier frequency is unknown, when the
signal is:

a) an unmodulated carrier
b) an envelope modulated signal

Q5  in Task T4 the two signals may not have been close to 900 apart at the centre
of lock.  How could this be, when theory suggests otherwise - or does
it ?

Q6  from the observed DSB plus carrier from the 100 kHz CHANNEL FILTERS
module of Task T12, and knowing the model configuration, draw an
amplitude/frequency spectrum of this signal.  Confirm, by
trigonometrical analysis, the relative amplitudes of the spectral
components.

Q7  name some of the improved features of the squarer-plus-PLL compared with
the squarer alone.

Q8  there are many parameters associated with a phase locked loop which are of
interest, and their measurement could form the basis of another
experiment (or an extension of this one).  Two properties of interest
are CAPTURE RANGE and LOCK RANGE.  You should find out about
these.  Of what importance was the setting of the VCO GAIN
(sensitivity) control, and of the VCO frequency control ?
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