555 TIMER

X8 INTRODUCTION |

The 555 timer is a highly stable device for generating accurate time delay or oscillation. Signetics
Corporation first introduced this device as the SE555/NE555 and it is available in two package
styles, 8-pin circular style, TO-99 can or 8-pin mini DIP or as 14-pin DIP. The 556 timer contains
two 555 timers and is a 14-pin DIP. There is also
available counter timer such as Exar's XR-2240 which _/
contains a 555 timer plus a programmable binary v
counter in a single 16-pin package. A single 555 timer Ground [1] 18] Yes
can provide time delay ranging from microseconds to
hours whereas counter timer can have a maximum  Trigger [2] 7] Discharge
timing range of days. 555
The 555 timer can be used with supply voltage in
the range of + 5V to + 18V and can drive load upto Output 3 6] Threshold
200 mA. It is compatible with both TTL and CMOS
logic circuits. Because of the wide range of supply  Reset [4] 5| Control
voltage, the 555 timer is versatile and easy to use in voltage
various applications. Various applications include
oscillator, pulse generator, ramp and square wave 8-pin package
generator, mono-shot multivibrator, burglar alarm,
traffic light control and voltage monitor etc.

Fig. 9.1 Pin diagram

[¥Y DESCRIPTION OF FUNCTIONAL DIAGRAM |

Figure 9.1 gives the pin diagram and Fig. 9.2 gives the functional diagram for 555 IC timer.
Referring to Fig. 9.2, three 5 kS internal resistors act as voltage divider, providing bias voltage
of (2/3) Vi to the upper comparator (UC) and (2/3) Vi to the lower comparator (LC), where
Vi is the supply voltage. Since these two voltages fix the necessary comparator threshold
voltage, they also aid in determining the timing interval. It is possible to vary time electronically
too, by applying a modulation voltage to the control voltage input terminal
(pin 5). In applications, where no such modulation is intended, it is recommended by
manufacturers that a capacitor (0.01 uF) be connected between control voltage terminal (pin
5) and ground to by-pass noise or ripple from the supply.
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Fig. 9.2 Functional diagram of 555 timer

In the standby (stable) state, the output @ of the control flip-flop (FF) is HIGH. This makes
the output LOW because of power amplifier which is basically an inverter. A negative going
trigger pulse is applied to pin 2 and should have its dc level greater than the threshold level
of the lower comparator (i.e. Vc/3). At the negative going edge of the trigger, as the trigger
passes through (V¢/3), the output of the lower comparator goes HIGH and sets the FF
@=1, 6 =0). During the positive excursion, when the threshold voltage at pin 6 passes through
(2/3) Vic, the output of the upper comparator goes HIGH and resets the FF (@ =0, @ = 1).

The reset input (pin 4) provides a mechanism to reset the FF in a manner which overrides
the effect of any instruction coming to FF from lower comparator. This overriding reset is
effective when the reset input is less than about 0.4 V. When this reset is not used, it is
returned to Vge. The transistor @, serves as a buffer to isolate the reset input from the FF
and transistor @,. The transistor @, is driven by an internal reference voltage V. obtained

from supply voltage Vic.
¥l monosTABLE OPERATION 1

Figure 9.3 shows a 555 timer connected for monostable operation and its functional diagram
is shown in Fig. 9.4. In the standby state, FF holds transistor @, on, thus clamping the
éxternal timing capacitor C to ground. The output remains at ground potential, i.e. LOW. As
the trigger passes through V/3, the FF is set, i.e. @ = 0. This makes the transistor @, off
and the shdrt circuit across the timing capacitor C is released. As @ is LOW, output goes
HIGH (= Vo). The timing cycle now begins. Since C is unclamped, voltage across it rises
®XPonentially through R towards V. with a time constant RC as in Fig. 9.5 (b). After
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Linear Integrated Circuits

a time period T (calculated later), the capacitor voltage
is just greater than (2/3) V¢ and the upper comparator
resets the FF, that is, R = 1, S = 0 (assuming very
small trigger pulse width). This makes 6 =1,
transistor @, goes on (i.e. saturates), thereby
discharging the capacitor C rapidly to ground potential.
The output returns to the standby state or ground
potential as shown in Fig. 9.5 (c).

The voltage across the capacitor as in Fig. 9.5 (b) is
given by

Ve = Ve (1 - e/RC) 9.1
At t =T, U = (2/3) VCC
Therefore, %Vcc = Voo (1 — e TRCy
or, T = RCIn (1/3)
or, T = 1.1 RC (seconds)
+\/CC
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Fig. 9.3 Monostable multivibrator
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It is evident from Eq. (9.2) tha? the timing interval is independent of the supply voltage.

[t may also bg noted that once triggered, the output remains in the HIGH state until time

T elapses. which depends only upon R and C. Any additional trigger pulse coming during this
ume will not change the output state. However, if a negative going reset pulse as in Fig. 9.5(d)

= applied to the reset terminal (pin-4) during the timing cycle, transistor @, goes off, @,
pecomes on and the external timing capacitor C is immediately discharged. The output now

t «ll be as in Fig. 9.5 (e). It may be seen that the output of @, is connected directly to the
- nput of @, so as to turn on @, immediately and thereby avoid the propagation delay through
E the FF. Now, even if the reset is released, the output will still remain LOW until
?
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Fig. 9.5 Timing pulses

4 negative going trigger pulse is again
#pplied at pin 2. Figure 9.6 shows a graph 10
o the vanous combinations of R and C
Bokasary 1o produce a given time delay.
_ Sometimes the monostable circuit of
2. 9.3 mistnggers on positive pulse edges,
~en with the control pin by pass capacitor.
To Prevent thiz, a modified circuit as shown
5?"2- 9.7 15 used. Here the resistor and
L wetor combination of 10 k€ and 0.001
Uur::; the input formﬁ a differentiator,
'"-s'ﬁrf ;i:d p}mmw: gomg edge of 11z 0.001 | | 1 ,

. Csoct: 1) becomen forward biased, " ims 10ms 100ms 1s _ 10s 100s

thepahy 10 _
___."',b3 hmiting the amplitude of the '
PRive spike 16 07 V. Time delay T —»

T=1.1[RC]

Fig. 9.6 Graph of RC combinations for different time delays
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_[ o
Waveform at pin 2
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Fig. 9.7 Modified monostable circuit

Example 9.1

In the monostable multivibrator of Fig. 9.3, R = 100 kQ and the time delay T = 100 mS.
Calculate the value of C. Verify the value of C obtained from the graphs of Fig. 9.6.
Solution

From Eq. (9.2), we get
C=T1.1R=100x 10%1.1 x 100 x 10> = 0.9 pF

From the graph of Fig. 9.6, the value of C is found to be 0.9 pF also.

9.3.1 Applicationsin Monostable Mode

Missing Pulse Detector

Missing pulse detector circuit using 555 timer is shown in Fig. 9.8. Whenever, input trigger
is low, the emitter diode of the transistor @ is forward biased. The capacitor C gets clamped
to few tenths of a volt (~ 0.7 V). The output of the timer goes HIGH. The circuit is designed
<o that the time period of the monostable circuit is slightly greater (1/3 longer) than that of
the triggering pulses. So long the trigger pulse tram .keeps~ cozpjng at pin 2 the output
remains HIGH. However, if a pulse misses, the trigger input is high and transistor @ is cut

+Ve
T S Missing pulse
T_—“— Trigger input J
B8 |4 T [ —
; o 0 1 2 3 4
Troger o f \
— Q | 55 T O TS TPl -
it ] 6 5 0 : "1
¥ | = 001pF -
p— C 2 1 ! V‘. 1
1 | = _.‘_J__’ \
¥ T 0

Fig 9.2 A mesng puise detector monostable Greuit Fig. 9.9 Output of missing pulse detector
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off. The 555 timer enters into norn?al state of monostable operation. The output goes LOW after
ame T of the mono-shot. Thus this type of circuit can be used to detect missing heartbeat. It
can also be used for speed control and measurement. If input trigger pulses are generated from

a rotating wheel, the circuit tells when the wheel speed drops below a predetermined value.

Linear Ramp Generator

Linear ramp can be generated by the circuit shown in Fig. 9.10. The resistor R of the monostable
arcuit is replaced by a constant current source. The capacitor is charged linearly by the
constant current source formed by the transistor @;. The capacitor voltage v, can be written as

14
v, = E{Ldt (9.3)

«here i is the current supplied by the constant current source. Further, the KVL equation can

be written as

i Vee =V,

R1 N R2 cc ~YBE — (B +1)IgRg =BIgRg = IcRg =iRg 9.4)
where Iy, I are the base current and collector current respectively, B is the current amplification
factor in CE-mode and is very high. Therefore,

e R, Voc — Ve (By + Ry) 9.5)
R (R, + R,) )
Now putting the value of the current i in Eq.
9.3, we get o Vee
v, = Rl VCC - VBE (Rl + R2) xt (9.6) 4
C Rx(R; + Ry) Trigger
)

Attime ¢ = T, the capacitor voltage v, becomes
(23) Voo Then we get

: 555
"2"VCC = Rl VCC - VBE (Rl +R2) xT (9'7) Output 3
3 Rg (R, +R,)C o—
which gives the time period of the linear ramp
generator as
= (2/8) Voo By (Fy + K )¢ (9.8) Fig. 9.10 Linear ramp generator

R Vee - Ve (R + Ry)

u The capacitor discharges as soon as its voltage reaches (2/3) Ve which is the threshold of the
;per‘mmpammr in the monostable circuit functional diagram. The capacitor voltage remains
10 till another trigger is applied. The various waveforms are shown in Fig. 9.11.

The Practical values can be noted as

Chapter 9
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R, = 47 kQ; R, = 100 kQ; Ry = 2.7 kQ; C = 0.1 pF.
Vee = 5V (any value between 5 to 18 V can be chosen)

Trigger al 4

pin-2

v
5 Ve

Capacitor
voltage 4

at pin-
2

T Vee

—T —>

6

—t

Fig. 9.11 Linear ramp generator output

Frequency Divider

A continuously triggered monostable circuit when triggered by a square wave generator can be
used as a frequency divider, if the timing interval is adjusted to be longer than the period of
the triggering square wave input signal. The monostable multivibrator will be triggered by the
first negative going edge of the square wave input but the output will remain HIGH (because
of greater timing interval) for next negative going edge of the input square wave as shown in
Fig. 9.12. The mono-shot will however be triggered on the third negative going input, depending
on the choice of the time delay. In this way, the output can be made integral fractions of the

frequency of the input triggering square wave.

Input trigger
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Output triggers
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"

Output triggers
again

Vel
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Fig. 9.12 Frequency divider circuit
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putse Width Modulation

The circunt 15 ghownn Fig. 9.13. This is basically a monostable multivibrator with a modulating
',.ful «ignal applied at pin-5. By the application of continuous trigger at pin-2, a series of output
;’[:l,.v& are obtained. the duration of which depends on the modulating input at pin-5. The
:&,du]anng signal applied at pin-5 gets superimposed upon the already existing voltage (2/3) V¢
5 the inverting input terminal of UC. This in turn changes the threshold level of UC and the
~tput pulse width modulation takes place. The modulating signal and the output waveform are
.nown 1n Fig. 9.14. It may be noted from the output waveform that the pulse duration, that
.+ the duty cycle only vanes, keeping the frequency same as that of the continuous input pulse

train trigger.
j’vff.
a8 | R,
| Modulating input
| i
Discharge
Tnggrr_ > | 5 7 g ] o
| J -
| | g
‘ | 6 ATﬁhreshold a
l ‘ 555 E
; Modulaling @)
: input
! 5t—o0 Output
Osgnnt
o3
o~
S ’l_q
Fig. 9.13 Pulse width modulator Fig. 9.14 Pulse width modulator waveforms
(X3 ASTABLE OPERATION |

The device 18 connected for astable operation as shown in Fig. 9.15. For better understanding,
the mmplete diagram of astable multivibrator with detailed internal diagram of 555 is shown
n Fig 9.16. Comparing with monostable operation, the timing resistor is now split into two
=sons Ky and Ry, Pin 7 of discharging transistor @, is connected to the junction of R, and
By When the power supply Vi is connected, the external timing capacitor C charges towards
V.o with a time constant (R, + RypC. During this time, output (pin 3) is high (equals V)
@ Reset R =0, Set S = | and this combination makes 6 = 0 which has unclamped the timing
Gpacitor

When the capacitor voltage equals (to be precise is just greater than), (2/3) V- the upper
“mparator triggers the control flip-flop so that 6 = 1. This, in turn, makes transistor @, on
nd capacitor € sparis diechnrging towards ground through Ry, and transistor @, with a time
“mstant it (neglecting the forward resistance of €,). Current also flows into transistor @,

rough R,. Resistors R, and R must be large enough to limit this current and prevent

Amage to the dischurge transistor @,. The minimum value of R, is approximately equal to
/0.2 where 0.2 A is the maximum current through the on transistor @,.
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Fig. 9.16 Functional diagram of astable multivibrator using 555 timer

During the discharge of the timing capacitor C, as it reaches (to be precise, is just less than)
V.43, the Jower comparator is triggered and at this stage S =1, R =0, which turns @ =0.
Now @ = 0 unclamps the external timing capacitor C. The capacitor C is thus periodically
charged and discharged between (2/3) V¢ and (1/3) Vi respectively. Figure 9.17 shows the
timing sequence and capacitor voltage wave form. The length of time that the output remains
HIGH is the time for the capacitor to charge from (1/3) Vi to (2/3) V. It may be calculated

as follows:



— |
| Capacitor
| \ voltage

Fig. 9.17 Timing sequence of astable multivibrator

The capacitor voltage for a low pass RC circuit subjected to a step input of V¢ volts is given

4]

ve = Vee (1 -89
The time ¢, taken by the circuit to charge from 0 to (2/3) Vi s,

(2/3) Vee = Vg (1-e ™7F¢) (9.9)

Chapter 9

or tl = 1¢09 RC
and the time ¢, to charge from 0 to (1/3) V¢ is,

(U3) Ve = Voo (1 -e2'5%) (9.10)

or. t, = 0.405 RC |
So the time to charge from (1/3) V¢ to (2/3) Ve 1s ‘
|

bign = b1 — L2 |
tyicu = 1.09 RC - 0.405 RC = 0.69 RC
S, for the given circuit,
tuigy = 0.69 (R5 + Rp)C
The output is low while the capacitor discharges from (2/3) Ve to (1/3) Ve and the voltage
“a0%3 the capacitor is given by
(113) Vo = @3)Vee e/
Wing we get 4 = 0.69 RC
S, for the given circuit, ¢y = 0.69 RgC

Notice that both R, and Ry are in the charge path, but only Ry is in the discharge path.
erefore, tota] time,

9.11)

S
(9.12)

T = o + tLow
T =069 (R, + 2Rp) C

op,

1 1.45
_1_ _ 9.13
/= T=®a+2Rs)C S



Figure 9.18 shows a graph of
the various combinations of Ry +
2Rp) and C necessary to produce
a given stable output frequency.
The duty cycle D of a circuit is
defined as the ratio of ON time to
the total time period 7 = (ton +
torp)- In this circuit, when the

transistor @, is on, the output

goes low. Hence, 0.001 1 ) ' !
1 10 100 1k 10k 100k
—— Astable

frequency in Hz

1MQ 0.1 MQ \ 10k 1kQ

o
—_—

0.01

Capacitance in uyF —»

f
D% = LOW » 199
T

Fig. 9.18 Frequency dependence of Ry, R, and C

Ry 100 (9.14)

" R, +2Ry

With the circuit configuration of Fig. 9.15 it is not possible to have a duty cycle more than
50% since tyigy = 0.69 (R4 + Rp) C will always be greater than ¢ oy = 0.69 Ry C. In order
to obtain a symmetrical square wave i.e. D = 50%, the resistance R, must be reduced to zero.
However, now pin 7 is connected directly to V¢ and extra current will flow through @, when
1t is on. This may damage @, and hence the timer.

An alternative circuit which will allow duty cycle to be set at practically any level is shown
in Fig. 9.19. During the charging portion of the cycle, diode D, is forward biased effectively short
circuiting Ry so that

tHIGH =0.69 RAC

However, during the discharging portion of the cycle, transistor @, becomes ON, thereby
grounding pin 7 and hence the diode D, is reverse
biased.

0 *Vee
So LLO\V =0.69 ‘RB C (915) |
T= t’HIGH + tLOW = 0.69 (RA + RB) C (916) é [1009.
R, l
_ 145 | 4
Y T AT 01 Pty st |
A B Lp7 3
ool Discharge ——00 t
u
and duty cycle D = Ry | a
R, + Ry el 555
Resistors R, and Ry could be made variable to D, "I ! &l Threshold
allow adjustment of frequency and pulse width. 5] Trigger
However, a series resistor of atleast 100 Q (fixed)
should be added to each R, and Ry. This will —c
limit peak current to the discharge transistor @, ] ;
when the variable resistors are at minimum GND Contro
value. And, if R, is made equal to Ry, then 50% 1 l 5
duty cycle is achieved. L 0.01 F

Symmetrical square wave generator by
adding a clocked JK flip-flop to the output of Fig. 9.19 Adjustable duty cycle rectangular
the nonsymmetrical square wave generator is wave generator
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<hown in Fig. 9.20. The clocked flip-flop ? +Vee
acts as binary divider to the timer
output. The output frequency in this case % R, 8 3
«ill be one half that of the timer. The 3 J
advantage of this circuit is of having o o
_ . - utput

output of 50% duty cycle without any Re 3 YK Q—O P
restriction on the choice of R, and Rp. 5 555

5 K
Example 9.2 iy
Refer Fig. 9.15. For R, = 6.8 kQ), Ry = 3.3 [« Tl 0.01 uF
kQ and C = 0.1 pF, calculate (a) tyigy | a4
) tow (c) free running frequency 4 a
(@) duty cycle, D. Fig. 9.20 Symmetrical waveform generator

Solution
(a) By Eq. (9.11)
tuigy = 0.69 (6.8 kQ + 3.3 kQ) (0.1 pF) = 0.7 ms
(b) By Eq. (9.12)
tow = 0.69 (3.3 kQ) (0.1 pF) = 0.23 ms

© f= 145 =1.07 kHz
[(6.8kQ) +(2)(3.3kQ)](0.1uF)

d p=ltww___ Rs
T RA + ZRB

= 3.3kQ - 0.25 or, 25%
6.8KkQ + 2(3.3kQ)

94.1 Applicationsin Astable Mode

FSK Generator

In digital data communication, binary code is transmitted by shifting a carrier frequency
:’:g“'ffén two preset frequencies. This type of transmission is called frequency shift keying
"SK) technique. A 555 timer in astable mode can be used to generate FSK signal. The
“reuit is ag shown in Fig. 9.21. The standard digital data input frequency is 150 Hz. When
""Put is HIGH, transistor @ is off and 555 timer works in the normal astable mode of
oPeration. The frequency of the output waveform given by Eq. (9.1) can be rewritten as

f, =146 9.18)
(RA ¥ 2RB)C

to lll;ii tele-typewriter using a modulator-demodulator (MODEM), a frequency between 1070 Hz
/0 Hz is used as one of the standard FSK signals. The components R, and Ry and the

PAnacit
"Pacitor C can be selected so that f, is 1070 Hz.

Chapter 9
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T

Input digital R
data at 150 Hz 7
%j Re 3——o
¢ Re 47 kQ) 555 1070-1270 Hz
50 kQ
6
2

= 0.01 pF
Fig. 9.21 FSK generator

When the input is LOW. @ goes on and connects the resistance R, across R,. The output
frequency is now given by

145
(Ry || Re) + 2Ry

9.19
The resistance R can be adjusted to get an output frequency 1270 Hz.
Pulse-Position Modulator

Modulating
signal

Output o—{ 3

—O
1 signal

Output Bl 2

Fig. 9.22 Pulse position modulator Fig. 9.23 Pulse position modulator output

.
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re 9.23 shows the output waveform generated for triangle wave modulation
: noted from the output waveform that the fre
e

Julation. The typical practical component va]
mo ‘

R\ =39 kQ. RB =3 kn; C= 0.01 IJF

1.‘:‘. =5V (any value between 5 V to 18 V may be chosen)

signal. It may
quency is varying leading to pulse position
ues may be noted as

Figu

[ SCHMITT TRIGGER I

The use of 555 timer as a Schmitt TV“
Trigger is shown in Fig. 9.24. Here the

«wo nternal comparators are tied together é
and externally biased at Vee/2
:hrough R, and R,. Since the upper 6
xmparator will trip at (2/3) V¢ and lower v,

ﬁ;m]p:narator at (1/3) Vi, the bias provided °Co IinI 1 vec'2 558
bv R, and R, is centered within these two

thresholds. R, 5
Thus. a sine wave of sufficient %ggm —10-01 uF

R,
100 kQ 8 2

3 —— Output

—

-lll} L
Chapter 9

amplitude (> Vio/6 = 2/8 Vo — Vie/2) to
zxceed the reference levels causes the ¥
mternal flip-flop to alternately set and
reset. providing a square wave output
as thown n Fig. 9.25.

s LA
vccfa—__\jL‘j\_j_- ___J\_jL‘

Vi

Fig. 9.24 Timer in Schmitt Trigger Operation

0

Fig. 9.25 Input output waveforms of Schmitt Trigger

% be noted that unlike conventional multivibrator, no frequency division is taking place
f“4uency of square wave remains the same as that of input signal.
SUMMARY
L5510

b Timer can produce very accurate and stable time delays. from microseconds to
ourg,

3
= Timer i available in two packages, circular can and DIP. ‘ . ‘
' '[lEt‘an be used with supply voltage varying from 5 to 18 V and thus is compatible with
1 TL and CMOS circuits. _ .
* . !Mer can be uged in monostable or astable mode of operation. Its various applications
"clude waveform generator, missing pulse detector, frequency divider, pulse width
ulator, burglar alarm, FSK generator, ramp generator, pulse position modulator etc.
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REVIEW QUESTIONS

9.1. Draw and explain the functional diagram of a 555 Timer.
9.2. Explain the function of reset.

9.3. What are the modes of operation of a timer?
9.4. Derive the expression of time delay of a monostable multivibrator.

9.5. Discuss some applications of timer in monostable mode.
9.6. Define duty cycle D.

9.7. Give methods for obtaining symmetrical square wave.

9.8. Discuss the operation of a FSK generator using 555 timer.

9.9. How is an astable multivibrator connected into a pulse position modulator?
9.10. Draw the circuit of a Schmitt trigger using 555 timer and explain its operation.

PROBLEMS

9.1. Design a monostable multivibrator using 555 timer to produce a pulse width of 100 mg.
Verify the values of R and C obtained from the graph of Fig. 9.6.

9.2. The monostable multivibrator of Fig. 9.3 is used as a divide-by-3 network. The frequency
of the input trigger is 15 kHz. If the value of C = 0.01 pF, calculate, the value of
resistance R.

9.3. In the astable multivibrator of Fig. 9.15, Ry = 2.2 kQ, Ry = 6.8 kQ and C = .01 uF.
Calculate (1) tgigy (1) tLow, (ili) free running frequency, and (iv) duty cycle D.

9.4. Design a square waveform generator of frequency 100 Hz and duty cycle of 75%.

9.5. Design a symmetrical square waveform generator of 10 kHz.

EXPERIMENT | |
To construct and observe the waveforms of a 1 kHz square waveform generator using 555 timer

for duty cycle, (a) D = 0.25; (b) D = 0.50.
Design Aspects:

(a) Unsymmetrical square waveform generator
f=1kHz and D = 0.25

. _ 1.45
In Fig. 9.15, f ——(RA T2R.C
__ Ry
and b= RA +2RB
Select C=0.1pF

Solving for R, and Rp, we get
R, =36 kQ; Ry = 5.5 kQ
(b) Symmetrical square waveform generator
f=1kHz and D = 0.50
In the circuit of Fig. 9.19



(= 145
T (Ry+ReC

Rg
and D=
Ry+Rs

Select C=0.1pF

Use a diode 0A79

Solve for R, and Rp. We get.
R, = Ry = 7.25 KQ

PROCEDURE

1. Connect the circuit of
Observe and sketch the capacitor vol
Measure the frequency and duty cyc

3. Next make the circuit of Fig. 9.19
part (b).
4. Repeat step 2.

W

Fig. 9.15 using component ¥

alues as

tage waveform

le of the output waveform.
t values as 0

using componen

(pin-6) and output wave

obtained in design part (a)-
form (pin-3)-

btained from design

Chapter 9



PHASE-LOCKED LOOPS

m INTRODUCTION : ' : ‘ ]

The phase-locked loop (PLL) is an important building block of linear systems. Electronic phase-
locked loop (PLL) came into vogue in the 1930s when it was used for radar synchronisation and
communication applications. 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 is used today in satellite communication systems,
air borne navigational systems, FM communication systems, computers etc. The basic principle

of PLL, different ICs and important applications are discussed.

FTE] BASIC PRINCIPLES . et il

The basic block schematic of the PLL is shown in Fig. 10.1. 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 operates at a set frequency f, called free
running frequency. This frequency is determined 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 20
appropriate terminal of the IC. The frequency deviation is directly proportional to the de 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 and/or phase, an error voltage v, is gener;ted. The phase detector
is basically a multiplier and produces the sum (f, + £,) and deifference (f. — f,) components atits
01‘1tput. The high frequency component (f, + f,) is 0removed by the lsow (;)ass filter and the
difference &equency component is amplified and then applied as control voltage v, t VCO. The
signal v, shifts the VCO frequency in a direction to reduce the frequency difference between /s
and fo- Once this action starts, we say that the signal is in the capture range. The V
continues to change frequency till its output frequency is exactly the same as the input signd

- ‘._4
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Vs Phase Ve Low-pass
O—=—> detector > ﬁlterp
Input s
A

ﬂ

f, v,
VCo

Vo

Fig. 10.1 Block schematic of the PLL

frequency. The circuit is then said to be locked. Once locked, the output frequency £, 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, (ii) capture and (iii) locked or tracking.

Figure 10.2 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 de. ‘

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 is always larger than
the capture range.

Some of the important definitions in relation to PLL are:

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 ~0
lock with the incoming signal is
called the lock-in range or tracking
range. The lock range is usually
tXpressed as a percentage of f,, the
VCO frequency.

Capture Range: The range of .
frequencies over which the PLL can InpUtfin fanga
acquire lock wi i i i . o
102 e e
Parameter is also expressed as percentage of f,.

Pull.in time: The total time taken by the PLL to establish lock is called pull-in time. This

®pends on the initial phase and frequency difference between the two signals as well as on the
Overall Joop gain and loop filter characteristics.

Unlocked

Locked

—_—— e — o —

Capture transient

Low-pass filter output
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[TE)PHASE DETECTOR/COMPARATOR .~ . 1
The phase detection is the most important part of the PLL system. There are two types of pBais;e
detectors used, analog and digital.

10.3.1 Analog Phase Detector

The principle of analog phase detection using switch type phase detector is shown in Fig. 10.3(a),
An electronic switch S is opened and closed by signal coming from VCO (normally a square wave)
as shown in Fig. 10.3 (b). The input signal is, therefore, chopped at a repetition rate determined
by VCO frequency. Figure 10.3 (c) shows the input signal v, assumed to be in phase (¢ = 0°) with

Electronic switch

v,, Input S v
= NP ﬂ/c ° Output

signal
TVO

(Drive from VCO)
(a)

Vo[ Ve
VCO output
| I I I I I
wu e
I — I K
0=0° %I I% Error voltage
| | positive
< I | NI \/
@ I I I |
& . I | <°>| | I
2 v | I | | | I
a V; L { /\ : : /\
$=00° IW /A| L Y/ /) ' Buorveiage
| I
\/ | | | \
e
(d) ' I
v v : : | | | |
| | | |
| | |
= %———L%———L%——— Error voltage
@) '_\ negative
e

Fig. 10.3 Phase detector for PLL (a) Basic scheme (b) VCO output waveform. Input and output
waveform (hatched) of phase detector for (c) ¢ = 0 (d) ¢ = 90° (e) ¢ = 180°
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V(O output Up. Since thg switch S is closed only when VCO output is positive, the output
waveform v, will be h?lf sinusoids (shown hatched). Similarly, the output waveform for ¢ = 90°
and 0= 180° is shown in Fig. 10.3 (d, e). This type of phase detector is called a half wave detector,
since the phase information for only one-half of the mput waveform is detected and averaged. The
output of the phase comparator when filtered through a low pass filter gives an error signal
which is the average value of the output waveform shown by dotted line in Fig. 10.3 (c, d, e).
I It may be seen that the error voltage is zero when the phase shift between the two inputs
~ 1590°. So, for perfect lock, the VCO output should be 90° out of phase with respect to the input
': signal.

| Analysis

- Aphase comparator 1s basically a multiplier which multiplies the input signal (vg =V, sin 21

£.1) by the VCO signal (v, = V, sin 2r £, ¢ + ¢)). Thus the phase comparator output is,

v, = KV(V, sin 2nft) sin @nft + ¢) (10.1)

where K is the phase comparator gain (or attenuation constant) and ¢ is the phase shift between
the input signal and the VCO output. Equation 10.1 can be simplified as,

Uy = K‘;SV° [cos(2nft — 2nft — ¢) — cos(2mfs +27fit + 0)] (10.2)
when at lock, that is, f, = £,
Then v, = g [cos(~0) - cos(2m x 2fit + )] (10.3)

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 is eliminated by the low pass filter and the dc signal is
applied to the modulating input terminal of a VCO. It can be seen that in the perfect locked
Htate (f, = f,), the phase shift should be 90° (cos 90° = 0), in order to get zero error signal, that
B, v, = ().

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

I 'Ithe 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
amplitude.

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

i Both th?se problems can be eliminated by limiting the amplitude of the input signal, that
ogn‘:Oanémng‘the Input to a constant amplitude square wave. A circuit which performs phase
Parison with square wave input is shown in Fig. 10.4 (a). This is a balanced modulator used

:;g‘ ”‘;’ ave switching phase detector. Here the input signal is applied to the differential pair

oty Thistors Qy-Q, and Qs-Qg are two sets of SPDT switches activated by the VCO

e tra' = Inpat Sl_g“al v, and the VCO output v, are assumed to be high enough to switch

Uringftlﬁlstgrs n Fig. 10.4 (a) fglly on or off. In Fig. 10.4 (b) when v, and v, both are high

Q oy e time 0 to (n—¢), transistors @, and @, are driven on and current I; flows through
Qs This gives an output voltage

Ve = gy (109

ﬁrj::tof:rrils] t};eriqd (n —6) for n, when v, is high and v, is low, transistors @, and Q, are

ng in an output voltage

- v, = Jehy (10.5)
Vay, the output voltage waveform v, in Fig. 10.4 (b) 1s obtained.
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The average value of the phase detector output v, can be calculated as,

(Ve)ay = %[(area Ay +(area A))

e
SEEY Ré v

b———o0 & V° _o_-—
T TR
VCO
Output L
Y
! ’ o
o

Fig. 10.4 (a) Phase detector for IC PLL

»lofe

+
U
V,T 1 || = 2r | 3n | 4n | 5n
) :| l | | I
[ ] I | | I
T
+1 i un i as R
0 | : | L } > ot
Vo 1 Iz |j2n]|l3r ||41r |
- 1 | |
I R R
| 1 | | !
| al Lo

]

ol

]
v

ot

Fig. 10.4 (b) Timing diagram of input and output waveforms for balanced modulator circuit of Fig. 104 (2)
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Ay,
Tl IeR ) x(x- )] = 1y (2 )

/

IR, ¢ \
Qi R
4=~ et | : =1

= lﬂ 2} [S]DCP IF, = Zlq]
= K0 - w2) W)

V. s
R [T ———
o \\

Phase difference [
4R |-~ -

OC component of phase detector output

Fig. 10.4 (c) Output dc voltage versus input phase difference of balanced modulator
full wave switching phase detector

shere B, s the phase angle-to-voltage transfer coefficient or. the

conversion ratio of the
phase detector This hinear relationship between v,

and ¢ 1s depicted in Fig. 10.4 (c).
‘331 Digital Phase Detector

e 105 0a) shows the digital type NOR (Exclusive-OR) phase detector. It uses CMOS type
70 Quad Zanput XOR gate. The output of the XOR gate s high when only one of
7 s mgnals [ oor £ s high. This type of detector 15 used when both the input signals are

e waves The mput and output waveforms for f, = [, are shown in Fig. 10.5 (b). In this
g are o legd

fing £ by ¢ degrees. The vanation of de output voltage with phase difference
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Fi9. 10.5 (a) Exclusive-OR phase detector, (b) Input and output waveforms
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¢ is shown in Fig. 10.5 (c). It can be seen  dc output 4
that the maximum dc output voltage  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 ratio K, for a
supply voltage Vo =5V is,

5 Phase difference ¢
K,=2=159Virad  (10.7) (c) between f, and f,
T

Fig. 10.5 (c) DC output voltage versus phase

Another type of digital phase detector difference ¢ curve

1s an edge-triggered phase detector as

shown in Fig. 10.6 (a). The circuit is an

R-S flip-flop made by NOR gates, such as CD 4001. This circuit is useful when f, (incoming

signal) and f, (VCO output) are both pulse waveforms with duty cycle less than 50 per cent.

The output of the R-S flip-flop changes its state on the leading edge of f, and £, as shown in Fig.

10.6 (b). The variation of dc output voltage vs phase difference between f; and f, is shown in

Fig. 10.6 (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.
Digital phase detector is also available in independent monolithic IC form. A typical example

is MC4344/4044. This IC gives input/output transfer characteristics which is linear upto 47

radians or 720°.

L

| |
I
I
f II
|
I
I

Output

|
I
I
|
I
I

— e ] S —

+—

0 n 2n
(b)

— Slope=conversion gain K,

1 1 =¢

0 T 2n 3n 4n
Phase difference between f, and f,

()

Fig. 10.6 (a) Edge-triggered phase detector using CD4001, Quad 2-input NOR gate, (b) Input and
output waveforms, (c) dc output voltage vs phase difference ¢
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m VOLTAGE CONTROLLED OSCILLATOR (vCo) s I

A common type of VCO available in IC form is Signetics NE/SE566. The pin conﬁguratiofl Qnd
basic block diagram of 566 VCO are shown in Fig. 10.7 (a, b). Referring to Fig. 10.7 (b), a timing
capacitor Cr 1s linearly charged or discharged by a constant current source/sink. The amgunt
of current can be controlled by changing the voltage v, applied at the modulating input (pin 5)
or by changing the timing resistor Ry external to IC chip. The voltage at pin 6 is held at the
same voltage as pin 5. Thus, if the modulating voltage at pin 5 is increased, the voltage at pin
6 also increases, resulting in less voltage across Ry and thereby decreasing the charging

current.
T +Vee
; L
6 l_, Constant
current
source/
Ground [ | 8 ]*Vee 56— sinkr &
Modulating : : 4 /\/\
NCE NE/SE 566 z| C; Input, A Buffer Sphm|tt
VCO ; trigger
Sq. wave R 5 : A ~ l |
output E T l > +Az b. -.% J U L
Tnangular Modulation  Cy
wave L] 5] Input —]: R, R, Inverter
output J_ NN AAM—
(a) :

(b)

Fig. 10.7 Voltage controlled oscillator (a) Pin configuration, (b) Block diagram

Asmaﬂ capacitor of .001 uF should be connected between pin 5 and 6 to eliminate possible
osaillations. A VCO ig commonly used in converting low frequency signals such as EEG s, EKG
Into an aydio frequency range. These audio signals can be transmitted over telephone lines or

? Wo way radio communication systems for diagnostic purposes or can be recorded on a
m .
agnetic tape for further reference.

The voltage acrogs the capacitor Cy is applied to the inverting input terminal of Schmitt

Hngger A; via buffer amplifier A,. The output voltage swing of the Schmitt trigger is designed
-~ Yceand 0.5 Vie. If R, = R, in the positive feedback loop, the voltage at the non-inverting
Caput.termmal of A, swings from 0.5 Ve t0 0.25 Ve, In Fig. 10.7 (¢), when the voltage on the
\.‘p‘;C‘{‘OT Crexceeds 0.5 Vi during charging, the output of the Schmitt trigger goes LOW (0.5
gée(s .HI € capacitor now discharges and when it is at 0.25 Vee, thg output of Schmigt trigger
for G (Veo). Since the source and sink currents are equal, capacitor charges and chscharges
ﬂ\’ail:biame amount of time. This gives a triangular voltage wavefqrn_n across Cr whwh 18 also
€ at pin 4, The square wave output of the Schmitt trigger is inverted* by inverter A,
els Available at pin 3. The inverter A, is basically a current amplifier used to drive the load.
Output Waveforms are shown in Fig. 10.7 (c).
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The output frequency of the VCO can be calculated as follows:

0.5Vee e
Output T T
at pin 4 % R,
0.25V¢,

Ve § Ry 6 8 AR
Schmitt ¢
trigger 001|uF
output I Modulating o} 5 566

0.5V input, v, n

3—o

Vee § R | 1
Output
at pin 3 J_ c
inverted T T
by A, 0.5Vec

i}

(c) (d)
Fig. 10.7 () Output waveform, (d) Typical connection diagram

The total voltage on the capacitor changes from 0.25 V¢ to 0.5 Ve Thus Av = 0.25 V.
The capacitor chargers with a constant current source.

Av i
&) _ = —
At Cp
025Vee _ i
or At Cr
0.25 Vo oC
or, At = ——Lﬁl (108)
The time period T of the triangular waveform = 2At¢. The frequency of oscillator f, 1s,
11 _ i
°T T 2At 05V Cqp
But, ;= Yec Ve (10.9)
Ry
where, v, is the voltage at pin 5. Therefore,
f = 20 -t) (10.10)
CrRyVie

The output frequency of the VCO can be changed either by (i) Ry, (ii) Cy or (iii) the voltage
v, at the modulating input terminal pin 5. The voltage v, can be varied by connecting a Ry
circuit as shown in Fig. 10.7 (d). The components Ry and Cy are first selected so that VCO
output frequency lies in the centre of the operating frequency range. Now the modulating input
voltage is usually varied from 0.75 Vi to Vi which can produce a frequency variation of about
10 to 1. With no modulating input signal, if the voltage at pin 5 is biased” at
(7/8) Ve, Eq. (10.10) gives the VCO output frequency as,

t The expression of f, depends upon the initial choice of the voltage v.. If the value of v, is taken as 0.85 Vo

then f, comes out to be 0.3/R;Cy.

.
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W -(T/8Ve) 1 025
Cr Ry Ve 4Ry Cy Ry C;

Voltage to Frequency Conversion Factor

fo

(10.11)

A parameter of importance for VCO is voltage to frequency conversion factor K, and is defined
28

Af;

Av,

Kv:

Here Au, is the modulation voltage required to produce the frequency shift Af, for a VCO. If
we assume that the original frequency is fo and the new frequency is f1» then

2Vee —v, +Av,) AV -
AfO:fl_fO: cc vc)_ ( cc Uc) _ 2Av

C

CT RTVCC CTRTVCC - CTRTVCC -
Ap = Afy, CoRyVee
or, Ue = 9 (10.13)
Putting the value of CpRy from Eq. (10.11)
Av, = Af, Veol8f, (10.14)
A, _8f,
or, = — =
. Av, Ve (10.15)
Example 10.1

In aVCO, if input signal frequency fs = 20 kHz, free running, frequency fo =21 kHz/V, voltage
;0 f;equency conversion factor Ky is 4 kHz/V, find the change in the dc control voltage V, during

So{ution

The voltage to frequency conversion factor

Af.
K,= =
AV,
S A,
r AVC = 10
F X
Tequency shift Af,= 21 kHz - 20 kHz
=1 kHz
Th@PEfore AV = 1x10° Vv
4x10°
=0.25 V.
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mmw PASS FILTER |

The filter used in a PLL may be either passive type as shown in Fig. 10.8 (a, b) or active type
as in Fig. 10.8 (c).

R R
O—V\NW—I’_O O VWA 0
Input from c Output to R, Output to
phase amplifier Input amplifier
detector —lr
C
o —0 O=—= T —0

(a) (b)

Input from

phase \
detector = Output to
f/ 0" vco

)

Fig. 10.8 (a) Low pass filter, (b) Passive filter, (c) Active filter

The low pass filter not only removes the high frequency components and noise, but also
controls the dynamic characteristics of the PLL. These characteristics include capture and lock
range, band-width and transient response. If filter band-width is reduced, the response time
increases. However, reducing the band-width of the filter also reduces the capture range of the
PLL. The filter serves one more important purpose. The charge on the filter capacitor gives a
short time ‘memory’ to the PLL. Thus, even if the signal becomes less than the noise for a few
cycles, the dc voltage on the capacitor continues to shift the frequency of the VCO till it picks
up signal again. This produces a high noise immunity and locking stability.

Example 10.2

The free running frequency of a PLL is 300 kHz and the bandwidth of the low pass filter 1s
10 kHz Will the PLL acquire lock for an input signal of 320 kHz. Also what happens if the
cut-off frequency of the LPF is 25 kHz.

Solution
The phase detector outputs will be
f. + [, = 320 kHz + 300 kHz

=620 kHz
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fo — f, = 320 kHz — 300 kHz
= 20 kHz
If the bandwidth of the LPF is 10 kHz, then PLL will not lock. However, for 25 kHz
B“ PLL wiﬂ IOCk.

and

m»qonoumxc PHASE-LOCKED LOOP ' ]

All the different building blocks of PLL are available as independent IC packages and can be
externally interconnected to make a PLL. However, a number of manufacturers have introduced
monolithic PLLs too. Some of the important monolithic PLLs are SE/NE560 series introduced
by Signetics and LM560 series by National Semiconductor. The SE/NE 560, 561, 562, 564, 565
a;ld 567 mainly differ in operating frequency range, power supply requirement, frequency and
bandwidth adjustment ranges. Since 565 is the most commonly used PLL, we will discuss some
of the important features of this IC chip.

ICPLL565
565 is available as a 14-pin DIP package
and as 10-pin metal can package. The Ve 72 NG
pin configuration and the block diagram
are shown in Fig. 10.9 (a, b). The output input [ 2] [13]nC
frequency of the VCO (both inputs 2, 3 Input [3] fizING
gounded) as given by Eq. (10.11) can be
rewritten as. VCO output NE/SE565 [11]NC
Phase comparator
(=026 ) (10.16) VCO input [5] 10] +v,,
R’lor Reference E @ External capacitor
vhere Ry and Cr are the external output for VCO
Mhatpr and capacitor connected to pin 8 Demodulated E 8] E)):t\e/rg(a)l resistor
ind Pin 9. A value between 2 kQ and adlplt
0k is recommended for Ry. The VCO Fig. 10.9 (a) Pin diagram

;:& running frequency is adjusted with

Tﬂ?d Cr to be at the centre of the input frequency range. It may be seen that phase locked
P 15 1nternally broken between the VCO output and the phase comparator input. A short

Qm_m between pins 4 and 5 connects the VCO output to the phase comparator so as to compare

o vith Input signal /.. A capacitor C is connected between pin 7 and pin 10 (supply terminal)

make 3 Jow pass filter with the internal resistance of 3.6 k.

Chapter 10



Linear Integrated Circuits

A+Vec
10 1e
2 3.6 kQ 7 Demodulated
Input . > output
S »| Phase o Amplifier 6 P
input o p| detector » Reference

Phase output
comparator 50 l

VCO input
0—-
4 3
VCO output vCO
8 9 1
| /M
R; C, =
Vec 0 V¢
Fig. 10.9 (b) NE/SES65 PLL block diagram
Phase vCco 4
comparator eferencecontrol7 Timing Tm|ng & Ve 10 VvCO
vCO '"PUt output voltage? resistor ?capamtor ? output N

16kS Qs

Ra
4.8k
e O——
Qi
R
200

"VCC

Fig. 10.10 Circuit diagram of LM565 PLL
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In Fig. 10.10. a complete diagram of LM565 (National Semiconductor) IC PLL is presented.

The analog phase detector is comprised of the Q—@: @;-Q, and Q5—Qs differential amplifier

pairs with @j; together with R, (200 Q) serving as a current sink bias source. Resistors R, and

\ R, (each 7.2 kQ) serve as the load for the phase detector. The output voltage of the phase

detector is limited by the diode-connected transistors @, and Q, to a maximum of +0.7 V which

| minimizes the effect of high amplitude nojse pulses and other transient effect on the operation
of the PLL. This makes the conversion ratio of the phase detector of 565 PLL as,

K, = 0.7-(-0.7) _1l4
s T

A balanced output is taken from the phase detector and supplied to the @0—Q, differential
pair which is biased by the @9 current sink. Q10-Qy; serves as the amplifier stage (which is
designed for a gain of 1.4) after phase detector, A single ended output is taken from this stage
across the resistors R,, (3.6 kQ). Resistor R, also serves ag part of the LPF when an external
capacitor between pin 7 and ground of is connected.

The VCO consists of a voltage controlled current source (@, through Q,,). Equal charging
and discharging currents are supplied to external capacitor Cy connected at pin 9. Resistor R;
15 connected between pin 8 and positive supply +V;c. The Schmitt trigger (@, through Q@50 with
the differential amplifier output circuit (/35 and @34 is part of VCO. This controls the turn-
on and turn-off of @y3 and @, for the switching action of the current source for the charging
and discharging cycles. Transistor Q14 Qopr @39, Q35 are used as diodes to obtain the desired
level shift.

The important electrical parameters of 565 PLL are:

(10.17)

Operating frequency range : 0.001 Hz to 500 kHz S
Operating voltage range © 6Vitox12V o
Input level 10 mV rms min. to 3V pp max r
Input impedance : 10 kQ typical g
Output sink current ;1 mA typical o
Drift in VCO centre frequency : 300 ppm/°C. (parts per million

with temperature per degree centigrade)
Drift in VCO centre frequency : 1.5 per cent/V max

with supply voltage
Trangle wavye amplitude © 2.4V, at 6 V supply voltage
Square wave amplitude : 5.4V, at 6V supply voltage
Bandwidth adjustment range i <=1 to +60%

Derivation of Lock-in Range

If¢ radians is the phase difference between the signal and the VCO voltage, then the output
voltage of the analog phase detector is given by,

Ve = Ky — n/2) (10.18)

Where K, is the phase angle-to-voltage transfer coefficient of the phase detector. The control
voltage to VCQ jg,

ve = AK,(0 - 7/2) (10.19)

Where 4 ig the voltage gain of the amplifier. This v shifts VCO frequency from its free running
*quency £, to a frequency f given by,
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-

f=f,+ Ku, —
where K, is the voltage to frequency transfer coefficient of the VCO. When PLL is locked-in to
signal frequency f, then we have

f=fi=fo+ K, o2y
since, v, = (f, - YK, = AK, (6 — 12) (10.22)
Thus, 0 =12+ (f, - fIKKA (10.23)

The maximum output voltage magnitude available from the phase detector occurs for ¢ = r and
0 radian (see in Fig. 10.4 (¢) and vgpay = £ K, ©/2 from Eq. 10.6. The corresponding value of
the maximum control voltage available to drive the VCO will be,

Uemax) = £ (M/2) KA (10.24)
The maximum VCO frequency swing that can be obtained is given by,
(f - fo)max = Kv vc(max) = Kqu)A (15/2) (1025)

Therefore, the maximum range of signal frequencies over which the PLL can remain locked will

be.-

fo=fox = fmax = fo £ KK, (WDA = f, £ Afy, (10.26)
where 2 A f;, will be the lock-in frequency range and is given by,
lock-in range = 2Af, = K, K AT (10.27)
or, Af, ==K, K,A (n/2) (10.28)

The lock-in range is symmetrically located with respect to VCO free running frequency f,.
For IC PLL 565,

K, = §Vé (from Eq. 10.15)

where V=4Vec— (Ve
Again, , =% (from Eq. 10.17)
T
and A=14
Hence the lock-in range from Eq. 10.28 becomes,
Afy, = +78 fJV (10.29)

Derivation of Capture Range

Initially, when PLL is not locked to the signal, the frequency of the VCO will be free running
frequency f,. The phase angle difference between the signal and the VCO output voltage will be,

0 = (0t +8) - (@t +6,) = (w0, — W)t + AB (10.30)
thus the phase angle difference does not remain constant but will change with time at 2 rate
given by

do _
— = 0, 10.31)
dt e (
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The phase d'uu:cmr’ output voltage will therefore not have a dc component but will produce
an ac voltage with a triangular waveform of peak amplitude K,(m2) and a fundamental frequency

) = A
. Th{;‘)]()w pfmm filter (LPF) is a simple RC network having transfer function
= 1
1+ i(fIf)
where f; = 1/2 ® RC is the 3-dB point of LPF, In the slope portion of LPF where (fIf,)* >>1,
then

(10.32)

Ty ~ LU -
J/' (10.33)

The fundamental frequency term supplied to the LPF by the phase detector will be the
difference frequency Af = f, - f,. 1f A [ > 3f,, the LPF transfer function will be approximately,

TAf) = [/M = [, - f,) (10.34)
The voltage v, o drive the VCO is,
v, =u, X T(f) x A (10.35)
or. Vetmuog = Veman X TU) X A
= =K, (V2)A (f,/Af). (from Eq. (10.24)) (10.36)
Then the corresponding value of the maximum VCO frequency shift is,
=L Dmux = Ky Vemax) = £ KK, (W2)A (f)/5f) (10.37)

For the acquisition of signal frequency, we should put f = f, 80 that the maximum signal
frequency range that can be acquired by PLL is,

o= [Dmax = K K,y (W2)A (f)/0f) (10.38)
Now A/c = (/u - /U)mnx
M (8/.)* = K, K, (W2)Af| (from Eq. (10.38))
since, 8y, = +K, K, (12)A
we ge, f) = +f &, (10.39)

”
Therefore, the total eapture range Is,

20/, = 2\/f, Afi, (10.40)

th.‘l‘f.’ the lock-in ronge = 2 A/L = Kv KO A . In case of IC PLL 6565, R = 3.6 kQ, so the capture
Tinge ju

1
e B [ (10.41)
2n(3.6x10°)C

Wh't:ro Cinin farads. i '
The capture range is symmetrically located with respect to VCO free running frequency

a8 i shown in Fig. 10.11. The PLL cannot acquire a signal outside the capture range, but
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Linear Integrated Circuits

once captured, it will hold on till the signal frequency goes beyond the lock-in range. In order
to increase the ability of lock-in range, large capture range is required. However, a large capture
range will make the PLL more susceptible to noise and undesirable signal. Hence a suitable
compromise is often reached between these two opposing requirements of the

(VCO control voltage) (/2)KA
TVC Slope = 1/K

f~Af, f,-Af,

|
|
f f +Af. f,rAf

2Af =capture
range
le—————2Af =Lock-in range-—o}

Fig. 10.11 PLL lock-in range and capture range

— %

~(U2)KA

capture range. Many a times the LPF band-width is first set for a large value for initial
acquisition of signal, then once the signal is captured, the band-width of LPF is reduced
substantially. This will minimize the interference of undesirable signals and noise.

Example 10.3

The free running frequency of a 565 PLL 1s 100 kHz, the filter capacitar is 2uF and supply
voltage is + 6V. Compute the lock-in-range, capture range frequency and the value of external

components Ry & Cr.

Solution

Given f, = 100 kHz, C = 2uF and Vg =+ 6V.
We know that the lock-in range is given by

Af,= % 7"8/; [from Eq. (10.29)]
- 7.8f,
Vee = (=Vee)
7.84100 '
= t— =4
6-(-6)V 65 kHz
Thus lock-in range = £+ 65 kHz
The capture range, 2Af¢ is given by
2AfC = i\/ AfL [fl'Olll Eq. (1041)]
21(x 3.6 x10%)C

i
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putting the values and solving, we get
2Afc = 2.397 kHz
Further, the free running frequency, f, is

Example 10.4

Compute the free running frequency fo» lock-in range and capture range of PLL 565. Assume
Ry =20 KQ, C; = 0.01 pF, C = 1 uF and supply voltage is + V.

025
' f= 7 c, [from Eq. (10.16)]
Assuming Rr = 10KQ, we obtain
‘ Cr = 250 pF.

! Solution
Given Rp = 10 KQ, Cy = 0.01 uF and C = 1uF
The free running frequency of VCO is

| _ 025 _ 0.25
° RiCr  10x10°x0.01x10°
= 2.5 kHz
The lock in range is given by
7.8f 7.8x25x103
Af; = £ ) e il -
L Vv 5 -
[
=1.62 kHz 3
The capture range is given by %
& o
2Afc = L
21 x (3.6 x10°)C

1

2%1.62 x10°
27 x(3.6x10%) x1x10°®

= 378 Hz

Z)he output from a PLL system can be obtained either as the voltage signal v(t) corresponding

by © error voltage in the feedback loop, or as a frequency signal at VCO output terminal. The
Be output is uged in frequency discriminator application whereas the frequency output is
In ,Signal conditioning, frequency synthesis or clock recovery applications.

‘\oh‘:nmder Fhe case of voltage output. When PLL is locked to. an in_put frgquency, the error

Sign %e Uc(l)_ 1s proporttonal to (f, — f)). If the input frequency is varied as in the case of FM

e al, v will algo vary in order to maintain the lock. Thus the voltage output serves as a

Aency discriminator which converts the input frequency changes to voltage changes.

Gl sl B N B —;&k_..;j
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In the case of frequency output, if the input signal is comprised of many frequency component
corrupted with noise and other disturbances, the PLL can be made to lock, selectively on one
particular frequency component at the input. The output of VCO would then regenerate that
particular frequency (because of LPF which gives output for beat frequency) and attenuate
heavily other frequencies. VCO output thus can be used for regenerating or reconditioning 5
desired frequency signal (which is weak and buried in noise) out of many undesirable frequency
signals.

Some of the typical applications of PLL are discussed now.

10.7.1 Frequency Multiplication/Division

Figure 10.12 gives the block diagram of a frequency multiplier using PLL. A divide by N
network is inserted between the VCO output and the phase comparator input. In the locked
state. the VCO output frequency f, is given by,

fs N (10.42)

The multiplication factor can be
obtained by selecting a proper scaling e !
; N ; Input ! I
factor N of the cognt_,er ‘ put | coPha\set LPF o Ampitior .I
Frequency multiplication can also  f; ! mparater !
be obtained by using PLL in its T D | :
harmonic locking mode. If the input /N ! !
signal is rich uiJn harmonics ﬁ.g. Net+vf:0rk r f, : veo E
square wave, pulse train etc., then (Freq. divider) . :

|

|

VCO can be directly locked to the

n-th harmonic of the input signal Output - PLL
. : [
without connecting any frequency f,= Nf
divider in between. However, as the Fig. 10.12 Frequency multiplier using IC PLL
<y p 9

amplitude of the higher order
harmonics becomes less, effective locking may not take place for high values of n. Typically n
15 kept less than 10.

The circuit of Fig. 10.12 can also be used for frequency division. Since the VCO output (2
square wave) is rich in harmonics, it is possible to lock the m-th harmonic of the VCO output
with the input signal f,. The output £, of VCO is now given by

/0 - L_ . (10_»13)
m

10.7.2 Frequency Translation

A schematic for shifting the frequency of an oscillator by a small factor is shown in Fig. 10.13.
It can be seen that a mixer (or multiplier) and a low pass filter are connected externally ¥ the
PLL. The signal f, which has to be shifted and the output frequency f, of the VCO are ﬂpphed
as inputs to the mixer. The output of the mixer contains the sum and difference of s 804 I
However, the output of LPF contains only the difference signal (f, — £.). The translation of offset
frequency f,(/, <</,) 18 applied to the phase comparator. Wher;) PLL is in locked staté,

/;) = fn = /I
or fo — /s + /‘l (10.44)
Thus, it is possible to shift the incoming frequency fs by fi.




i ;
L e L. |
Multiplier ase ‘ | ifier —
fy i |
! TOﬁsetfreq. f, [
[} t
| f, ;
ﬁ[L . vCOo ;
I )
Output :. _____________________ :’
fo=f5+f1 PLE -------------
Fig. 10.13 PLL used as a frequency translator
10.7.3 AM Detection
A PLL may be .used bo Phase Multiplier “
demodulate AM signals as  ,__ shift > (phase LPF I
shown in Fig. 10.14. The PLL AM 90° detector) | Demodulated
is locked to the carrier input 3 output
frequency of the incoming veo
AM signal. The output of »  PLL
VCO which has the same output
frequency as the carrier, but i
unmodulated is fed to the Fig. 10.14 PLL used as AM demodulator
multiplier. Since VCO output
18 always 90° out of phase with the incoming AM signal under the locked condition. the AM
nput signal is also shifted in phase by 90° before being fed to the multiplier. This makes both

the signalg 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
freguency 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 noige immunity which is not possible with conventional peak detector type AM modulators.

10.7.4 M Demodulation

h,' PLL ig locked to a FM signal, the VCO tracks the instantaneous frequency of the input

“8nal. The filtered error voltage which controls the VCO and maintains lock with the input

i8 the demodulated FM output. The VCO transfer characteristics determine the lineanty

Fthe demodulateq output. Since, VCO used in IC PLL is highly linear, it is possible to realize
i8hly linear F\ demodulators.

1075 Frequency shift Keying (FSK) Demodulator

In digita) data communication and computer peripheral, binary data is transmitted by means
be 9 Carrier frequency which is shifted between two preset frequencies. This type of data
WMsmission jg called frequency shift keying (FSK) technique. The binary data can be retrieved

Chapter 10
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at 150 Hz

4 30 kQ

3
o 1
6ao 600 Q ‘ 0.05 uF
li— Comparator
+ =

= = (L_S V

Fig. 10.15 FSK demodulator

using a FSK demodulator at the receiving end. The 565 PLL is very useful as a FSK demodulator.
Figure 10.15 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 is made logic compatible by a voltage comparator.

SUMMARY

1.

o

N

=1

10.1.
10.2.
10.3.

A phase locked loop consists of a phase detector, low pass filter, amplifier and a VCO in
feedback loop.

The important characteristics of a PLL are: lock-in range, capture range and pull-in-time.
The lock-in range is usually greater than the capture range. The capture range depends
upon the LPF characteristics.

The phase detectors are of two types: analog and digital. The phase detector 1s basically
a multiplier.

The frequency of VCO can be set by an external capacitor and resistor. The ou'cp"Jt
frequency f, of VCO is compared with the incoming signal f,. When f, = f,, the PLL 1s
said to be locked.

The low pass filter may be passive or active type. The LPF controls the capture range
and lock range of PLL,

. Signetics SE/NE 560 series — 560, 561, 562, 564, 565 and 567 are monolithic PLLs. Al

the blocks of a PLL are also available as independent ICs and can be interconnected 0

make a PLL.
tor, FSK

The PLLs are used as frequency multiplier, divider, AM and FM demodula
demodulator etc.

REVIEW QUESTIONS
List the basic building blocks of a PLL.

Define capture range, lock-in range and pull-in-time.
Which is greater ‘Capture range’ or ‘Lock-in range’?
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10.1. What is the major difference between digital and analog PLLs?
10.5. Give the block diagram of IC 566 VCO and explain its operation.
10.6. What is the range of modulating input voltage applied to a VCQ?
10.7. Last the applications of PLL.

10.8. Draw the circuit of a PLL AM detector and explain its operation.

PROBLEMS

10.1. In the VCO of Fig. 10.7 calculate the change in output frequency if the supply voltage is
varied between 9 V and 11 V. Assume V, =12V, Ry = 6.8 kQ, Cy=75pF, R, =15 kQ and
R, = 100 kQ.

10.2. Determine the dc control voltage v, at lock if signal frequency f, = 10 kHz, VCO free
running frequency is 10.66 kHz and the voltage to frequency transfer coefficient of VCO
1= 6600 Hz/V.

103. If f, = 100 kHz. the voltage to frequency transfer coefficient of VCO, K, =2 MHz/V, f,
the VCO frequency is 5 MHz and N = 100 in the frequency multiplier of Fig. 10.12, what
15 the dc control voltage at lock?

10.4. Calculate output frequency f,, lock range A f;, and capture range A f. of a 565 PLL if Ry
=10 kQ, C; = 0.01 pF and C = 10 pF.

1.5, Repeat Problem 10.4 for C; = 470 pF.

EXPERIMENT

@) To study the operation of NE 565 PLL.
®) To use NE 565 as a multiplier.

PROCEDURE

1. Make connections of the PLL as shown in Fig. E. 10.1 (a).
2. Measure the free running frequency of VCO at pin 4, with the input signal in Set equal

to zero. Compare it with the calculated value = 0.25/R1Cy.
3. Now apply the input signal of 1 V,p square wave at a 1 kHz to pin 2. Connect one channel

of the scope to pin 2 and display this signal on the scope.
?+6 \
L Ry lec

68kQ T uF

C

I 10 8 0.01 uF
2 7 o Demodulated output

Chapter 10

ﬂj Ve 6 ——o Reference output

| 3 : :J——o VCO output (f,)
1

0.001 uFT_I_
6V

Fig. E. 10.1 (a) NE565 PLL connection diagram
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8.
9.

10.
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. Gradually increase the input frequency till the PLL is locked to the input frequency. Thig

frequency f; gives the lower end of the capture range. Go on increasing the input frequency,
till PLL tracks the input signal, say, to a frequency f,. This frequency f, gives the upper
end of the lock range. If input frequency is increased further, the loop will get unlocked.

Now gradually decrease the input frequency till the PLL is again locked. This is the
frequency f;, the upper end of the capture range. Keep on decreasing the input frequency
until the loop is unlocked. This frequency f, gives the lower end of the lock range.

The lock-in range Af;, = (f, — f,). Compare. it with the calculated value of %ﬁ . Also the

capture range is Af, = (f; — f;)- Compare it with the calculated value of capture range.

A= £ AL :
¢ 71 (2n)(3.6)10°)xC

To use PLL as a multiplier, make connections as shown in Fig. E. 10.1 (b). The circuit
uses a 4-bit binary counter 7490 used as a divide-by-5 circuit.

T+6V

R, 20k | ¢
y T 10 uF
2ka 0.?0111F :
o
VCO output
O
i
1 7490 (+5) 9
01 pF 23 8 710
LI TTT

n|||

Fig. E. 10.1 (b) NE 565 as a frequency multiplier

Set the input signal at 1 V., square wave at 500 Hz.

Vary the VCO frequency by adjusting the 20 kQ potentiometer till the PLL is locked-
Measure the output frequency. It should be 5 times the input frequency.

Repeat steps 8, 9 for input frequency of 1 kHz and 1.5 kHz.
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