Phase-Locked Loops

INTRODUCTION ~\

The phase-locked loop (PLL) 18 an important building block of linear
systems. Electronic phase-locked loop (PLL) came into vogue in the
1930s when 1t was used for radar synchronisation and communication
applhcations. The high cost of realizing PLL in discrete form limited its
use earlier, Now with the advanced IC technology, PLLs are available
as inexpensive monolithic ICs. This technique for electronic frequency
control 18 used today in satellite communication systems, air borne
navigational systems, FM communication systems, computers ete. The
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BASIC PRINCIPLES

The basic block schematic of the PLL is shown in Fig. 9.1. This feedback
system consists of:

1. Phase detector/comparator
2. A low pass filter

3. An error amplifier
4. A Voltage Controlled Oscillator (VCO)

The VCO is a free running multivibrator and eperates at a set
frequency [, called free running frequency. This frequency is deter-
mined by an external timing capacitor and an external resistor. It can
also be shifted to either side by applying a dc control voltage v, to an
appropriate terminal of the IC. The frequency deviation is directly
proportional to the dc control voltage and hence it is called a "Voltage
Controlled Oscillator” or, in short, VCO.

If an input signal v, of frequency f, is applied to the PLL, the phase
detector compares the phase and frequency of the incoming signal to
that of the output v, of the VCO. If the two signals differ in frequency
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and/or phase, an error voltage v, is generated, The phase detector is
basically a multiplier and produces the sum (f, + ) and difference
(f; = f,) components at its output. The high frequency component
(f + fo) 1s removed by the low pass filter and the difference frequency
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component is amplified and then applied as control voltage v, to VCO.
The signal v, shifts the VCO frequency in a direction to reduce the
trequency difference between f; and /. Once this action starts, we say
that the signal is in the capture range. The VCO continues to change
frequency till its output frequency 15 exactly the same as the input
signal frequency. The circuit is then said to be locked. Once locked
the output frequency f, of VCO is identical to f, except for a finite
phase difference ¢. This phase difference ¢ generates a corrective

control voltage v, to shift the VCO frequency from f, to f, and thereby
maintain the lock. Once locked, PLL tracks the frequency changes of
the input signal, Thus, a PLL goes through three stages (i) free running,
(1) capture and (1i1) locked or tracking,




Figure 9.2 shows the capture transient. As capture starts, a small
sine wave appears. This is due to the difference frequency between the
VCO and the input signal. The dc component of the beat drives the
VCO towards the lock. Each successive cycle causes the VCO frequency
to move closer to the input signal frequency. The difference in frequency
becomes smaller and a large dc component is passed by the filter,
shifting the VCO frequency further. The process continues until the
VCO locks on to the signal and the difference frequency is dc.

The low pass filter controls the capture range. If VCO frequency is
far away, the beat frequency will be too high to pass through the filter
and the PLL will not respond. We say that the signal is out of the
capture band. However, once locked, the filter no longer restricts the
PLL. The VCO can track the signal well beyond the capture band. Thus
tracking range 1s always larger than the capture range,
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Fig. 9.2 The capture transient
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Lock-in Range: Once the PLL is locked, it can track frequency
changes in the incoming signals. The range of frequencies over which

the PLL can maintain lock with the incoming signal is called the lock
in range or tracking range. The lock range is usually expressed as ¢
percentage of f, the VCO frequency.

Capture Range; ' The range of frequencies over which the PLL can
acquire lock with an input signal 1s called the capture range. This

parameter is also expressed as percentage of f.
Pull-in time: The total time taken by the PLL to estabhsh lock 1s

called pull-in time. This depends on the initial phase and frequency
difference between the two signals as well as on the overall loop gain
and loop filter characteristics.
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PHASE DETECTOR/COMPARATOR

\ J

The phase detection 1s the most important part of the PLL system.
There are two tvoes of phase detectors used, analog and digital.

Analog Phase Detector

The principle of analog phase detection using switch type phase
detector 18 shown in Fig. 9.3(a). An electronic switch S 1s opened and
closed by signal coming from VCO (normally a square wave) as shown
in Fig. 9.3(b). The input signal is, therefore, chopped at a repetition
rate determined by VCO frequency. Figure 9.3(c) shows the input signal
v, assumed to be in phase (¢ = 0°) with VCO output v,. Since the
switch S 1s closed only when VCO output is positive, the output
waveform v, will be half sinusoids (shown hatched). Similarly, the
output waveform for ¢ = 90° and ¢ = 180° 1s shown in Fig. 9.3(d, e).
This type of phase detector 1s called a half wave detector, since the
phase information for only one-half of the input waveform 1s detected
and averaged. The output of the phase comparator when filtered

throngh a low pess filter gives an error signal which is the average
valiie of the outmit waveform shown by dotted line 1in Fie O e d &)
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Fig. 9.3 Phase detector for PLL (&) Basic scheme (b) VCO output waveform.
Input and output waveform (hatched); of phase detector for
(€) ¢ = 0 (d) ¢ = 90° (e) ¢ = 180°

It may be seen that the error voltage is zero when the phase shift
between the twe inputs is 90°. So, for perfect lock, the VCO output
should be 90° out of phase with respect to the input signal.




A phase comparator is basically a multiplier which multiplies the
input signal (v, = V, sin 2x f,t) by the VCO signal (v, = V, sin (2r [t
+ ¢). Thus the phase comparator output is,

v, = KV,V, sin (2rn f.t) sin (2r f1 + ¢) (9.1)

where K is the phase comparator gain (or attenuation constant) and
¢ is the phase shift between the input signal and the VCO output.
Equation (9.1) can be simplified as,

KVI A

0, [cos(2nfs - 2rfit - §) - cos(2nfit + 2nfit + 9)] (9.2)

when at lock, tlh.lt is, fy = [,

Then v, = Hg‘ [Eﬂl{' 0) ~ cos(2r X 2/f +¢)]
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This shows that the phase comparator output contains a double
frequency term and a dc term (KV, V,/2) cos ¢ which varies as a function
of phase ¢, that is, cos ¢ between the two signals. The double frequency
term 18 eliminated by the low pass filter and the dc signal 1s applied
to the modulating input terminal of a VCO. It can be seen that in the
p-erfect locked state (f, = f,), the phase shift should be 90° (cos 90° =
0), in urdertngnt:arnarrnrngnnl that is, u,-ﬂ

" There are two problems associated with the switch type phase
detector:

1. The output voltage v, is proportional to the input signal amplitude
V.. This is undesirable since it makes phase detector gain and
the loop gain dependent on the input signal amphtude.

2. The output is proportional to cos ¢ and not proportional to ¢
making it non-linear.

Both these problems can be eliminated by limiting the amplitude
of the input signal, that is, converting the input to a constant amplitude
square wave. A circuit which performs phase comparison with square
wave input is shown in Fig. 9.4(a).
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Fig. 9.4 (2) Phase detector for IC PLL
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Fig. 9.4 (b) Timing diagram of input and output waveforms for balanced
modulator circuit of Fig. 9.4 (a)
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: ‘This is a balanced modulator used
as full-wave mltchmg phase datacbur Here tha mput signal is applied

-------- to the differential pair ©,0,.

Transistors Q,—@, and QE—QE are two

sets of SPDT switches activated by the VCO output. The input signal

v, and the VCO output v, are assumed to be high enough to switch

the transistors in Fig. 9.4 (a) fully on or off. In Fig. 9.4(b) when v, and

u, both are high during the time 0 to (n-9), transistors €, and @, are

driven on and current I flows through @, and @,. This gives an
output voltage

Ve = — IE ‘RL (944)

Next for the period (n -8) for n, when v, is high and v, is low,
transistors @, and @, are driven on resulting in an output voltage

Ug = IERL (9-5)
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In this way, the dutput voltage Waveform v, in Fig. 9.4(b) is obtained.
The average value of the phase detector output v, can be calculated

(Vgy = %[(mAﬂ*r(-m A)]
= = [IpRi0+ (- IeRy) X (x - 0)]
TS

= 419;1 [q—-g-] [Since Iy = 21

= K9 - n/2) (9.6)
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DC component of phase detector output

Fig. 9.4 (c) Output dc voltage versus input phase difference of balanced
modulator full wave switching phase detector
where K, 1s the phase angle-to-voltage transfer coefficient or, the
conversion ratio of the phase detector. Thig linear relationship between
v, and ¢ is depicted in Fig. 9.4 (c).
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Digital Phase Detector
7\

Figure 9.5(a) shows the digital type XOR (Exclusive-OR) phase
detector. It uses CMOS type 4070 Quad 2-input XOR gate. The output
of the XOR gate is high when only one of the inputs signals [, or f,
i high. This type of detector is used when both the input signals are
square waves. The input and output waveforms for f, = f, are shown
in Fig. 9.5(b). In this figure, f; is leading f, by ¢ degrees. The variation
of de output voltage with phase difference § 1s shown in Fig. 9.5(c). It
can be seen that the maximum dc output voltage occurs when the
phase difference is n because the output of the gate remains high
throughout. The slope of the curve gives the conversion ratio k&, of the
phase detector. So, the conversion ration K, for a supply voltage

V. = 6V is,

= 2 = 1.59 Virad 9.7
T
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Another type of digital phase detector is an edge-triggered phase
detector as shown in Fig. 9.6(a). The circuit is an R-S flip-flop made
by NOR gates, such as CD 4001. This circuit is useful when £, (incoming
signal) and f, (VCO output) are both pulse waveforms with duty cycle
less than 50 percent. The output of the R-S flip-flop changes its state
on the leading edge of f, and f, as shown in Fig. 9.6(b). The variation
of dc output voltage vs phase difference between [, and f, is shown in
Fig. 9.6(c). This type of detector has better capture tracking and locking
. characteristics as the dc output voltage is linear upto 360° compared

to 180° in the case of Exclusive-OR detector,
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AM Phase Multiplior
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Fig. 9.14 PLL used as AM demodulator

The output of VCO which has the same frequency as the carrier, but
unmodulated is fed to the multiplier. Since VCO output is always 90°
out of phase with the incoming AM signal under the locked condition,
the AM input signal is also shifted in phase by 90° before being fed
to the multiplier, This makes both the signals applied to the multiplier
in same phase. The output of the multiplier contains both the sum
and the difference signals, the demodulated output is obtained after
filtering high frequency components by the LPF. Since the PLL
responds only to the carrier frequencies which are very close to the
VCO output, a PLL AM detector exhibits a high degree of selectivity
and noise immunity which is not possible with conventional peak
deiecior type AM modulators.




FM Demodulation

If PLL 18 locked to a FM signal, the VCO tracks the instantaneous
frequency of the input signal. The filtered error voltage which controls
the VCO and maintains lock with the input signal is the demodulated
FM output. The VCO transfer characteristics determine the linearity
of the demodulated output. Since, VCO used in IC PLL is highly
linear, it is possible to realize highly linear FM demodulators.
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Frequency Shift Keying (FSK) Demodulator
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Fig. 9.15 FSK demodulator
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In digital data communication and computer peripheral, binary data

18 transmitted by means of a carrier frequency which is shifted between
two preset frequencies. This type of data transmission is called
frequency shift keying (FSK) techmque. The binary data can be
retrieved using a FSK demodulator at the receiving end. The 565 PLL
18 very useful as a FSK demodulator. Figure 9.15 shows FSK
demodulator using PLL for tele-typewriter signals of 1070 Hz and
1270 Hz. As the signal appears at the input, the loop locks to the
input frequency and tracks it between the two frequencies with a
corresponding dc shift at the output. A three stage filter removes the
carrier component and the output signal 15 made logic compatible by
a voltage comparator.
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