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Appendix A

PHASE LOCKED LOOP DATA

HEF4046B
Mst

=
L=

“The HEF4D4G8 is a phase-] * Ttugn contrelled oscillaior
{VCO) and two differen | ' . 0 \ plifier and & common
comparatds input. ATV I d s ar supgly voliage regulation if necessary.
For functional description, - ; N

SIGNy —
Eﬂlﬂpt“
7
: R3
N !
| PCPoUT
L. \veopur| e alveoy LOW-PASS
S 1 FILTER
C1 a6 T €2
Veg

HRINEIANA.
QRN TN

H GBP : 16-lead DIL; plastic (SOT-38
HEFADMEBD: 16-lead DIL: ceramic (SOT-74),

HEFADAGRT: 16-lead fla1 pack: plastic [S0-16; SOT-1094].

flill

FAMILY DATA: see Family Specifications

Igp LIMITS category M51: see further on in this data.

= Products approved to CECC 90 104.035. 1 (ﬂﬂ(&bﬂr 1860 279
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PINNING

PCP 1. Phase comparator pulse output

oatr E 2. Phase comparator 1 output

3. Comparator input y

PEIIGUT E 4_ vcu wt -'

Inhibit input

comPyy [3 ]
VEOour [4 ] -
wiE] [EF b=
cia 6] N i ;:::m
cig[7]
‘"’ssE

HEF4045F

put for regulated supply.

Fig. 2 Pinning diagrz

FUNCTIONAL DESCRIFTIO
VOO part
The VCO requires one extel
Resistor R1 and capacitor C1 difern
VCO to have a frequency o if re
design of low-pass filters; it permits
not to load the low-pass filter, a so
I this pin (SFqT) d
this pin should be lef;
tor input {pin 3) or ¥
and the source followe

rmal resistors (R1 or R1 and R2).

& VCO. Resistor R2 enables the

ipedance of the VCO simplifies the

gice of resistor/capacitor ranges, In order

CO input voltage is provided at pin 10
d from-this pin to Vg, if unused,

er be ¢ ed directly to the compara-

FERCUEIICY CHVIERT S L plnE}mahlns'll‘uVCﬂ

{ -by pawer consumption.

Phase comparators mﬂ

The phase-comparator input (pin 14) can be direct-coupled, pmﬂu the signal swing is between
the standard HE4000B fll'W'f input Ingh: iwlls. TI'II :.‘r | must be capacitively coupled to the self-
biasing amplifigr at t i fwings. Phas 1 an EXCLUSIVE-OR
network. THisig : % to obtain the
maximum ‘ to % Vpp when

there is no si 'wmu:thﬂmﬂlnmmwmmmﬂmvmmti:mpplhdhﬂ.rm
lowe-pass filter umrn‘tnthlnu:pmnlelmmmnrlmuhu:mwv 1o oscillate

at ey (). The freq 1 : fr ange of

: I T s i dut o . ge (2 1)
is digfin f ' inf Wi Aop t wag initially
in ltql:. € capture range is mlllr ar mml ':n ock range.

With phase comparator 1, the range of frequencies over which the PLL can acquire lock (capture
rangz) depends on the low-pass filter characteristics and this range can be made as large &s the lock
range. Phase comparator 1 enables the PLL system to remain in lock in spite of high amounts of noise
in the input signal. A typical behaviour of this type of phase comparator is that it may lock onto input

e |




HEF4046B
MSI

frequencies that are close to harmonics of the VCOD centre frequency. Another typical behaviour is,
that the phase angle between the signal and comparator input varies between 02 and 1809 and is 90°
at the centre frequency. Figure 3 shows the typical phase-to-output response characteristic.

A ‘

o ——

Voo
]

172 '\I'nn ----

Ouo

Figure 4 shows the typical w.
of f.

SIGN

comp N
VCOquT

Fig. 4 Typical waveforms fa J s-locked loop emplo 7_}-‘ in locked condition
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FUNCTIONAL DESCRIPTION {continued)

Phase comparator 2 is an edge-controlled digital memory network. it consists of four flip-flops, control

gating and a 3-state output circuit comprising p a -type drivers having a common output node, When

the p-type or n-type drivers are ON, they pui ot up to Vp or down 1o Vgg respectively. This
! dges of the signals gt SIGNy and COMP .

frequency, the p-type output driver
s are OFF (3-state) the remainder

iar input frequency, the n-type

d p-type drivers are OFF the re-

If the :ugml input frequency is hi
is maintained ON most of the Time,
af the time. |f the signal inpuisines
output driver is maintained ON

4 mairder of the time. |1 th are equal, but the signal
input lags the comparator ingy tained ON for a time corre-
sponding to the phase d put in phase, the p-type
output driver is maintained O Hurtnn Subsequently, the
voltage at the capacitor o ; s 56 O arator is adjusted until the
signal and comparator Mputs e equsl in f 3 thiz stable point, both p and
n-type drivers remain OF F gl 1l T mes an open circuit and keeps
the voltage at the capaciigh of s fi \ \ \

Moreover, the signal at the pl Jerator pulse o ; AIGH level which can be
used for indicating a locked e difference exists be-
tween the signal and co Murmr* the power dissi-
pation due to the low-pass fily i i mparmlluudhumhurm
p and n-type output driviers e | me wsignal inpu i. It should be noted that the
PLL lock range for this O i dre range, independent of the
low-pass filter. With no signal pr adjusted to its lowest frequency
for phase comparator 2. Figure' sh PLL employing this type of phase
comparator in locked condition.

-

SIGIHIN

COMP

ory ) [
ﬂwﬂiﬂﬁm i s

awff'a\‘mm um'm% Ay

PCPouT

TR

Fig. 5 Typical waveforms-for phase-locked loop employing phase comparator 2 in locked condition.
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. Phase-locked loop HEF4046B

Figure B shows the state diagram for phase comparator 2. Each circle represents a state of the compar-
ator. The number at the top, inside each circle, represents the state of the comparator, while the logic
state of the signal and comparater inputs are represented by a ‘0" for a logic LOW or a 1" for a logie
HIGH, nndthayﬂﬂ'nwnin the left and nylt bottor ufnu:h circle,

The transitions from ong 'to another result rgmefh chinge al the signal input (5) or the
__ comparator input (C). A pwtlwguin] 1 | 1 > sition are shown by an arrow pointing
up or down respectively, \ ”I)V

The state diagram assumes that only'or | s al input or comparator input
occurs at any instant. States 3, 5, 8 3anily] T the output when the p-type
driver is ON, while states 2, 4, . Ler ¢ ghe cofdition A'the n-type driver is ON. States
I&deﬂmlh! C l oL i o an nFFnE“;i&bﬂ‘hp
and ntype drivers are OFF, “fustput is HIGH. The gandition at output PCPoUT for

all other states is LOW. // | " | )

p-type driver ON

A mwmn's
A 11878 Y

Shﬂmhmnumnthuimﬂumm.

C §: 1100 transition at the comparator input.

Fig. 6 State diagram for comparator 2.

I
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D.C. CHARACTERISTICS

Vgg =0V
T, [Lm)
Voo o5 +85 _
v max. Typ.  Max.
Supply current 52 - = pA
[note 1) ! - - :::
Quiescent device = 150  pA
current (note 2} - m :i

Notes

1. Pin 15 open; pin 5 at V'
2. Pin 15 open; pin 5 at

A.C. CHARACTERISTICS

Vgg =0 V; Tamb = 25 °F

Ll
Je B

Phase comparators
Operating supply
voltage

Input resistance |
at SIGN

A.C. coupled input "
sensitivity |

D.C. coupled input

Y RTAN

Input current
SIGN |

at SIGN |y +

10
15

-y

sansitiv ) § a
SIGN [ % l a ﬂ
L I 1 R/l
15

\'.‘

5
10
15

0l 1A

+hN

=l

45

17
30
70
a
18

teurrent pin 14 not included.

<<

= <

33333558

self-bias
perating point

peak-to-peak values;
A1 =10 kfl; R2 = oo;

C1 = 100 pF; independent

of the lock range

NINEINT

full temperature range

R Y

J

|

SIGN)N at Vop

SIGN |y at Vg

I

-5
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A.C. CHARACTERISTICS Vgg = 0V; Tamp = 25 ©C; € = 50 pF; input transition times < 20 ns

Voo
v

symbol | min.  typ. max,

=}
)

vco

Operating supply
voltage

Power dissipation

Maximum operating
frequency

Temperature/

frequency
stability

Linearity

Duty factor at

VCOouTt

Input resistance at
VCOy

Source follower

Offset voltage
VCOpy minus
SFouT

15
Zaner diode
D vl b
Notes 'l

Linearity ﬂu

s fixed oscillator only
phase-locked loop operation

ﬁ‘-“"‘ =10 kfl; R2= =

4

1. Over the recommended component range,

ok 3
-
. ¥

fg =10 kHz; R1= 1 M52
R2 = = VCO|Ny at % Vpp:
¢ also Figs 10and 11

COyy 2t Vpp:

50 pF

o frequency offset

=0);

see also note 1

frequency offset
nin- = 01:

poe also note 1

> 10kt | see Fig. 13
R1>400 kil | and Figs 14
R1=1M2 J15and 16

wCO |y ot % Vpp

T

'J =50 k2;
VCOpy 2t ¥% Vpp

[l
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DESIGN INFORMATION

characteristic using phase comparator 2

Mo signal on SIGN |y VCO in PLL system adjusts '
to min, frequency (fminl
always 02 in lock

|positive-gaing edges)

Phase angle between
SIGN |y and COMP |y

Locks on harmonics of
centre frequency

Signal input noise

rejection N low

Lock frequency ignal on which the loop will
range (2 1) fi = full VCO frequency

Capture frequency | on which the loop will

range (2 fg)

Centre frequency (1) l e gl o ‘ \‘ VCOgy at BWVpp
VCO component selection : ' ‘
Recommended range for R1 R2: 16 ] ; 50 pF to any practical value.

1. VCO without frequency offser (R2=
2. Given g use f, with Fig, rereming -H 1 an
b. Given fmgy: calé ' ' sedfine R1 and C1.

2. VCO with frequenty r . ]

2. Given fo and Ty :/
mine R2 and C1;

BT i, with Fig. 8 to deter-

1Iw“mfmi'l'l!l!l.- 2 . use —— with Fig. 9 to ¢ I‘ ine the ratio RZ/R1 1o
frmin fmin fo—fL f

obtain A1. & =

SR InEiNe -
MR TUAMINYAE

|
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Phase-locked loop HEF4046B
MSi1
ras
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il
e -
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Fig. 7 Typical centre frequency as a function of capecitor C1; Tamy = 25 OC; VCO)py at % Vpp:
INH at Vgg: R2 = s,
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o
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Fig. 8 Typical frequency offset as a function of capacitor C1; Tamp = 25 9C; VCOypy 2t Vgs:
INH at Vgg: A1 = .
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Appendix B

PHASE LOCKED LOOP THEORY (5)

Phase Locked Loops

INTRODUCTION to the frequency of the incoming-signal (FA

Phase Locked Loop (PLLs) are & new class output! an =quare wave asmllnlgu:
of monolithic circuits developed by Signe-  OUtPYl Bif rifigdock, is equal to

fics, but they ase based on frequency feed- inced ‘ ” l C em!{:l pu:'.pm
back iechnology which dates back 40 years, > \“\& pravide a linear

1 character-
A phase locked loop is basically an elec -
tronic servo loop consisting ol a pha
detector, & low pass filter and & vollage
controlied oscillator. s controlled os
tor phase makes il capable of locking o
synchronizing with an incoming sig
the phase changes, indicating the im:nmi
Irequency is changing , the phase del
outpul voltage increases or decreases jus
enough to keep the oscillator requency
same as the incoming frequency, pre
ing the Iocked condition. Thus, the a¥erag:
voltage applied 1o the conlrolled oscillalg
is a function of the frequency of Br. ‘
incoming signal. In fact, the low passTilier &5 | detecipr ang a

b=w:=l

He SGiN condgi = PLL asthose
furs : ier of

elud-

plifier
wvoltage is the demodulated oulput when th 5 3 ralure phise d@iecior or
incoming signal is frequency modulal ! mplitede at the
tproviced the controlled oscillator has linear gve a mipimal value,

woltage-to-irequency transler characleris- ‘ i pr, ing & load
ficl, The synchronous receplion of radio % , Gives an output
signals using PLL techniques was de- is present. The
scribed (Fefl. 11in the early thirties. You may nter frequency
have heard of the “homodyne” receiver.

The first widespread use of the phd
however, was in TV receivers to 5y 1‘;’
the horizontal and vertical sweep o5t
1o the transmilled sync pulses. Y.

narrowband phase locked receivers fiave
proved 1o be ol considerable benefit in
wracking weak satellite signals becaus#l

. J causgl ol its
similarity 1o (he 565 and because §f lends
itsell well 10 use in, and in conjunclion with,
nha:ed I-u::kad}u ifhas beenincluded in

to actually study the various application
circuits provided, These circuils have been
drawn from many sources—iexibooks,
users, Signetics’ applications engineers and
the 1870 Signetics—EDN Phase Locked
Loop contes), Every eflon has been made (o
provide wsable, workd@ble circulls which
may be copied direclly or used as jumping-
off points lor olher imaginative apphca-
tions.

The seclion on imerdacing will aid the user
in driving diflerent lorms of logic from PLL
outputs and the section on expanding loop
capabilities will show how 1o achieve
improved perlormance in cerain dilficull
applications.

PHASED LOCKED LOOP
TERMINOLOGY

The following s a briel glossary of terms
encouniered in PLL Inerature.

Caplure Rangse {2Zwc)}—Although the loop
will remain in lock throughout its lock
range, it may not be able o acquire lock at
thetracking range extremes. The range over
which the loop can acquire lock is 1ermed
caplure range, The caplure range 15 Some-
times called the Lock-in Range.iThe latier
relers 10 how close a signal mus! be 10 the
cenler frequency belore acguisition can
occur. It is thus one-hall the caplure range
ol we.)

Curranl Controlied Oscillator {CCOJ}—An
oscillator similar 10 a8 VCO in which the

thear Superior nodse immung requency is delermined by an apphed
such @5 ihese were imple l\f Lierdiibs current.
in discrele component 1ol S .

considerabie cumnlemir an atlur 1hﬂ
advent of iransistors. This complemy made

PLL techmgues impr Lor u
i ﬁ'ﬁ aq ﬂ
Tne development Bl ele, le-gh
phase locked has changed this
situalion considerably. Now, a single pachk-
aged device with a lew external components
wall plier the vser all the benehils of phase
locked loop operation, including independ-
ent center lrequency and bandwidth adjusi-
ment, high noise immunity, high selectivity,
high lrequency operation and center fre-
quency luning by means ol a single exlernal
component

Signelics makes three basic classes of
single-chip PLL cucuns: the general pur-
pose PLL. the PLL with an added multiplier
and the PLL tone decoder.

The 560N, 562N and 565 are general
purpose phase iocked loops containing an
pscillalpr, phase detector and amplifier,
Wnen locked to an incoming signal, they
provide wo outputs: & vollage proportional

bie quantuy [+1] dﬂa-liad specifi-
lians rmallcm |l:ll'

} edd &
are likely 1o be |.rr| amiliar willi the 1erminol-

ogy and operaling characierisiics of phase
locked loops, a glossary of lerms and 2
general explanation of PLL principles are
included here with a detailed discussion of
thie action ol the individual loop elements,

A Dﬂﬂil

The radeol! and setup seclion will assist the
reader in someé of 1he consideralidng
involved in selecting and applying the loop
products 1o meel sysiem requirements. A
brig! summary of measurement lechnigues
has been piesenied 10 ad the wser in
achieving his perlormance goals

Detailed descriplions haveé been provided
for each of the loop products. The user can
supplemenl the suvggesied connechion
diagrams with his own schemes.

Perhaps the bes! way lo become familiar
with the many uses of phase locked loops 15

Damping Faclor ({}J—The standard gamp-

ing_constant of a second order feedback

sy . Inthe case of the PLL. N refers 1o the

i@ Ihe loop 1o respond guickly 1o an

i frequency slep withoul cacessive
ers

Free-Aunning  Frequency  [fo.uwal—AlSD
called the Cenler Frequency, this is the
frequency al which the loop VCO operales
when not locked to an inpul signal. The
same symbols lgwe) used for the free-
running lréequency are commonly used for
the gencral oscillator Irequency. It s usually
clear which is meant from the conlext

Lock Range [2wi)—The range ol mnpul
freguencies over which the loop will remanmn
in lock. Il is also called the Tracking Range
or Hold-In Range. IThe latter relers 10 how
far the loop requency can be deviated lrom
the center Irequency and is one-hall the
lock range of wi.l

Loop Gam (Ky)=The product of the oc
gains of all the loop elemenis, in unils ol
{seci-1
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Phase Locked Loops
USER'S OUICK-LOOK GUIDE TO SIGNETICS PLLs
ouUTPUT FREQUEMNCY
MAXIMLIM SWING CENTER DRIFT WITH TYPICAL | BUPPLY
UPPER LOCK 25% FREQUENCY SUPPLY AM SUPPLY |VWOLTAGE
|FREQUENCY| RANGE FM DEVIATION STABILITY VOLTAGE INPUT CQUTPUT |CURRENT | RANGE

{MHz) (*hla) |DISTORTION | [voils p-p) {ppm/~C) ("ivoll) |RESISTANCE [AVAILABLE| (mA) {vaits)
MESED 30 40% A% 1 *600 3 2K No ] +16 1o +26
MNESE 30 A% 3% 1 2600 A an Yes 10 +16 10 +26
HESEZ a0 A0% 5% 1 500 ] 2K No 12 416 10 30
NESE4 50 0% 5% a A3 aK Ne 30 4.5 10 +12
HESE5 5 120% % 1 A6 5K Ho 8 * Slox12
SESES 5 120% . 08 5K No 8 * 5o +12
MNESET 5 14% 5% T 2087 Yes® T + 4510 +0
SESET 5 14% 5%" . 20K Yos* 6 + 4.5 1o =+0
NESSE 5 2% 7 +10 1o 428
SES56 5 e T +10 1o +26

Tha 567 AM and FM outpuis ane sviilable, 50
* Inpul bissed injernally
. mm-mmmummﬂw i

Loop Noise Bandwidth (BL}—A loop prog
erty related 1o damping and natural
quency which describes the effective@nd-
width of the received signal. Noise a
signal companenis outside this band
greatly attenuated.

Low Pass Filter {LPF}—A low pass filter ig
the loop which permits only dc and lo
frequency vollages to travel around the
loop. I cantrols the caplure range and the
noise and gut-band signal rejection charac-
teristics,

Natural Frequency {un)—The cha
trequency of the loop, determined g
matically by the final pole positiof
complex plane. May be determined
mentally as the modulation Ireg
which an underdamped loop gQives

maximum output and a1 which phn gfror
swing is the greatest.

Phase Deteclor Gain Fi
conversion factor between
tor output voltage and the Bha E
between input and VCO sig in valls/ra-
dian. At low input signal ampliludes, the

= )

produces |n BfrOr 1tage which is depend-
ent upon their relalive phase difference.
This error corrects the VCO frequency
during tracking. Also called Phase Compar-
ator. A Multipher or Mixer is often used as a
phase deleclor.

Quadrature Phase Detector (QPD)—A
phase getector operated in quadrature (90°
out of phasetwith the loop phase detector. it
is used primarily for AM demodulation and
lock detection

B10

OF PHASE LOCKED LOOP

1. BT e
FILTER —  OUTFUT
LT} ML

Voltage Controlled Oscillator Wmﬁm
oscillator whose l'reuuencr is determined
by an applied contf@ldoilage.

e A 1

The pha ed loop is a leedback system
compri ol a phase col lor, a8 low

b

path, The block diagram of a basic PLL
system is shown in Figure 9-1. Detailed
analysis of the PLL as a leedback contral
system has been discussed in the lileralure
(Rel. 2). Perhaps the single most important
point to realize when designing with the PLL
is that it is a feedback system and, hence, is
charactenzed mathematically by the same
eguations that apply 1o other, morg conven-
tional leedback systems. The parameters in
the equations are somewhal diflerent,

sinotics

however, since the feedback error signal in
the phase locked system is a phase rather
than a current or voltage signal, as is usually
the case in conventional leedback systems.

cop Operation

slem is quite cumbersome and will nol be
rupellad here. However, from a qualitative
view, the basic principle of PLL

n can be brelly explained as

th no signal input applied 1o the

error vollage Vg is equal 10 2ero.

T operaies al a set frequency wo.
which is known as the Iree-running freguen-
cy. Il an oulput signal is applied lo the
system. the phase comparalor compares
the phase and the frequency of the input
with the VCO frequency and generales an
error voltage Vit that is related to the phase
and the frequency difference between the
Iwo signals. This error voltage is then
fihered, amplified and applied tothe control
terminal of the YCO. In this manner, the
contral vollage Vail) forces the VCO fre-

? rigorous mathematical analysis of the
¥
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Phase Locked Loops

be transmitted through the low pass filter to
the YCO. This s essentially a posilive
feedback mechanism which causes the
VCO to snap into lock with the inpul signal,
With this mechanism in mind, the term
“caplure range” can again be defined as the
frequency range centered aboul the VOO
initial free-running frequency over which
the loop can acquire lock with the input
range is 8 measure of
ignal must be in
COD to acguire
assume any
depends

the low

quency to vary in a direction thal reduces
the frequency difference between g and the
input sighal. If the input frequency e IS
sulficiently close 10 we, the feedback nalure
of the PLL causes the VCO 1o synchronize
or lock with the incoming signal. Once in
lock, the WCO Irequency is identical to the
input signal except for a- finite phase
difference. This net phase difference 8g is
necessary to generale the correclive ernror
voltage Vg to shift the VOO frequency from
its free-running value to the input signal
frequencyw and, thus, keep the PLL in lock.
This self-correcting ability of the system
also allows the PLL 1o track the frequency
changes of the input signal onceitis focked
The range ol frequencies over which the
PLL ean maintain lock with an input sig t
defined as the “lock range” of the :ysllm‘
The band of frequencies over which the
can acquire lock with an incoming signal 15
known as the “capiure range” of the sys
and iz never greater than the “lock

Another means of describing the operatig
of the PLL is to observe that the p
comparator is in actuality a multipler €
that mixes the input signal with the VCJ
signal. This mix produces the sum

diflerence frequencies w * wo shown in & dc :::
Figure 8-1. When the loop is in lock, thg b s filer,
VCO duplicates the input frequency 5o 1 b e ¢ dimit the range
the difference frequency component lej = - ; g gengrated and

wel I8 zero; hence, the output of the phase
comparator contains a dc component. The
low pass filter removes the sum frequency 5
component lay = -volhdnpassnslhndc 7
component which is then amplified

back 1o the VGO, Notice that whe
is in lock, the difference frequency
nent is always dc, 50 the lock A
independen! of the band edge of th
pass lilier

Lock and Capture

Consider now the case whe 2
yel in lock. The phase ¢
mixes the inpul and VGO 5 s l

sum and difterence frequ
Now, however, the dillerenc

pguency devia-
Fange is essentially
tlected by the

B §iva 4

ﬂ' af tha caplure mechanism may be g as
foliows: Since lrequency is the time deriv-

nuvu u1 phase, the iréigdency and the phase

ponents
componant

filter ul.ﬂmﬂ to the VCO control terminal.
The VOO frequency will be modulated by
the beat note. When this happens, Aw itsell
will become & function of time. It during this
modulation process, the VCO frequency
moves closer 1o wili.e,, decreasing Awl, then
dép/d; decreases and the outpul of the
phase comparator becomes a slowly vary-
ing function of time. Similarly, if the VCO is
modulated away from o, d8/dy increases
and the error vollage becomes a rapidly
varying funclion of time. Under this condi-
tion the beat note wavelorm no longer looks
sinusoidal; it looks like a series of aperiod-
ic cusps, depicled schemalically in Figure
B-2a. Because of its asymmelry, the beat
note waveform contains a finile do compo-
nent that pushes the average value of the
VGO toward wi. thus Increasing Aw. In this
manner, the beal note frequency rapidly
decreases toward zero, the VOO frequency
drifis toward wi 8nd the lock is established.
When the system is in lock, Aw is equal to
zeroand only a steady-state dc error vollage
remains.

Figure 9-2b displays an oscillogram of the
lopp error voliage Vg in an actual PLL
system during the caplure process. Nole
that as lock is approached, Aw is reduced,
the low pass filter attenuation becomes less
and the amplitude of the beat note in-
Creases.

The total time taken by the PLL 1o establish
lock is called the pull-in time. Pull-in time
depends on the initial Irequency and phase
differences between the two signals as well
as on the overall lopp gain and the low pass
filter bandwidth. Uinder cerlain conditions,
the pull-in time may be shorter than the
period of the beat note and the loop can lock
without an oscillatory error transient.

A specilic case to illustrate this is shown in
Figure 8-3. The 565 PLL is shown acquiring
lock within the first cycle of the input signal.

._ he PLL was able 10 capture in this shorl
i s me because it was operaled as a first order
Ino low pass filler! and the input lone-

hq.rrst tmuan:r was within its lock and

e T O ﬁma&ammma |

between the input signal and VCO signals

Il the feedback loop of the PLL was opened,
say between the low pass filler and the VCO
control input, then for a given condition of
wo and as the phase comparalor output
would be a sinusoidal beal note at a lixed
frequency dw Il o 800 we were suthciently
close in {requency, this beal nole would
appear at the filter outpul with negligible
attenuation. Now suppose that the leedback
loop is closed by connecling the low pass

the loop and the VOO remains at its initial
free-running frequency. As the inpul lre-
guency approaches that of VCO, the
frequency of the dillerence component
decreases and approaches the band edge of
the low pass filter Now some of the
difference component 5 passed. which
tends 1o drive the VOO 1owards the irequen-
cy of the iput signal, This, in lurn,
decreases the frequency of the diflerence
component and allows more information 1o

sifnotics

In the operation of the loop, the loop pass

‘filter serves a dual function: First, by

attenuating the high frequency error com-
ponents at the output of the phase compara-
tor, it enhances the inleference-rejeclion
characteristics: second, it provides a shorn-
term memory lor the PLL and ensures 8
rapvd recapture of the signal il the system is
thrown out of lock due 1o a noise transient.
The low pass filer bandwidth has the
following ellects on system perlormance:

811
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ASYNCHRONOUS ERROR BEAT
FREQUENCY DURING
THE CAPTURE PROCESS
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Figure 5-4

8. The capture process bacomes slower,
and the pull-in time increases.

b. The capture range decreases.

¢. Interference-rajection properiies of the
PLL improve since the error vollage
caused by an interlering fraquency is
attenuated further by the low pass filler.

d. The transient responce of the loop (the
response of the PLL to sudden changes
of the input frequancy within the capture
rangel becomes undamped.

The last eflect also produces a practical
limitation on the low pass loop filer
bandwidth and roli-off characteristics from
a stability standpoinl. These points will be
explained further in the following analysis,

Linear Analysls for Lock
Condltion—Frequency Tracking
When the PLL is in lock, the non-linear
caplure transients are no longer present
Therefore, under lock condition, the PLL
can often be approximated as a linear
conirol system [see Figure 9-4) and can be
analyzed using Laplace transiorm lech-
niques. In this case, it is convenient to use
the net phase error in the loop i6s - o) as the
system variable. Each of the gain terms
associated with the blocks can be defined as
follows:

Kg = conversion gain of phase detector

voll/rad)

Fisi = transter characienstc of low pass

filer

A = gmplifier voltage gain

Ké = VOO conversion gain irad/secivolll
Maote that, since the VCO converig a voliage
to & frequency Bnd since phase is the
integral of frequency, the VCO lunctions as
an integrator in the feedback loop.

The open loop transter lunclion for the PLL
can be writlen as
(Equation 8-2)

KF s}

wnnur Ky is the total loop gain, e, Ky =

oifig¥. Using the linear leedback analysis

. ihe closed loop transfer charac-
I:ﬂl'l- be related to the Jpen luop

{Equation i-31

Tisi
14 Tis

Hisl =

and the rools of the characieristic system
polynomial can be readily determined by
root locus lechniques.

From these equations, it is apparant that the

transient performance and frequency re-

Bi2

sifnotics
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sponse of the loop is heavily dependent

upon the choice of filter and its correspond-

ing transfer characteristic, Fis,

The simplest case is that ol the firsi order

loop where Fisl = 1 (no filter). The closed

Ipop transfer function then becomes
{Equation 8-4]

Ky
s+ Ky

This transfer function gives the root locus as
a function of the total loop gain Ky and the
correspanding frequency response shown
in Figure 9-5a. The open loop pole at the

Tial=

origin is due 1o the inlegrating action of the

VICO. Note thaet the frequency respons
actually the amplitude of the differeqcs
frequency component versus modulaling
frequency when the PLL is used to tra:
frequency modutated input signal “Sfnce
there is no low pass filter in this case, s
frequency components are also pre:
the phase detector outpul and must bg
filtered outside of the loop if the diff ;
frequency component [demodulated BRI is
to be measured.
With the addition of & single pole low ¢
filter Fis) of the form

{Equation 9

1

Fisi =
1+ rns

where r1=R1C, the PLL becomes a second
order system with the root locus shown in
Figure §-5b. Here, we again have an open
loop pole at the origin becau *‘
integrating action of the VCO ang.
open loop pole at a position V
where r is the lime constant of thedo
filter.

One can make the lollowing obs
from the root locuscharacteristics of Figu;.e

nﬂdﬂuhﬂpmmma\ndmum

the damping IS ré-

As in any practical leedback system, excess
shifts or non-dominani poles associated
with the blocks within the PLL can cause the
root loci 1o bend toward the right hall plane
as shown by the dashed line in Figure 9-5b.
This is likely to happen it either the loop gain
of the Gilter lime constant is 100 large and
may cause the lpop to break into sustained
pscillalions.

¢

LR (3 84

ROOT LOCUS AND FREQUENCY
RESPONSE PLOTS
OF FIRST AND SECOND ORDER LOOPS

‘vm'nm N9
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The stability problem can be eliminated by
using a lag-lead type ol filter, as indicated in
Figure 8-5¢. This type of filler has a transter
function
iEguation 8-6)
14 28

T#irm+ r2ls

Figi =

where r2 = R2C and ry = R1C. By the proper
choice of RZ, this typa of tilter conlines the

sifnoetics

root locus to the lefl hall plane and ensures
stability, The lag-lead filler gives a frequen-
cy response dependenl on the damping,
which can now be controlled by the proper
adjustment ol ry and r2. In practice, this lype
of filter is important because il allows the
loop 1o be wsed wilh a response belween
that of the {irst and second order loops and
it provides an additional control over the
loop Iransient response. |1 R2 =0, the loop

B13
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behaves as a second erder loop and if A2 =
= fhe loap behaves as a first order loop due
1o @ pale-zero cancellation. Note, however,
that as first order operation is approached,
the noise bandwidth increases and interfer-
ence rejeclion decreases since the high
{requency errof components in the loop are
now attenuated to a lesser degree.

In terms of the basic gain expressionsin the
system, the lock range of the PLL o can be
shown 10 be numerically equal to the dc
loop gain

([Equation 9-71
2ay = dnly = 2Ky
Since the caplure range we denoles a tran-
sien) condition, itis not as readily derived 8
the lock range. However, an approximale
expression for the caplure range ca
written as
(Equaltion 9-8]
Zug= Awle = 2Ky * F luc
where Fljue) is the low pass filter ampiitude
response al = al. Note that at all times 1§
capture rangeis smaller than the lock rg
i the simpie lag filter of Figure 8-5b ig0sed
the capture range equation can be appro
imated as

Ry e
hzn?

Thus, the capture range increased as the
low pass filter time constant is decreased,
whereas the lock range is unaffecied by the
filter and is determined solely by-ihe log
pain. o
Figure 9-6 shows the typical freqie
voltage transler characterisitcs o ;
The input is assumed 1o be a sine Wave
whose Ireguency is swepl slowly a
broad frequency range. The vertical scale is
the corresponding loop error voﬂt&gn #n
Figure 8-Ba, the input Ir is 1L [
gradually increased. T :
ml.‘mdmlha:mllunl :
Quency wy, comesponding 1 almrudgn
ol the caplure range. Then, the leop sud-
CAUSES A Nega-

through zero as w = we. The loop tracks the
input until the input frequency reaches wy,
corresponding lo the upper edge of the lock
range. The PLL then loses lock and the
error voltage drops to zerd. If the inpul
frequency is swepl slowly back now, the
cycle repeats itself, bul it is inverted, as
shown in Figure 9-6b. The loop recaplures
the signal 3l w3 and tracks il down 10 we. The
total capture and lock ranges of the sysiem
arg:
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i@arity of the
Ersl charac-

ined solely by
. Therefore, in
ICO is required

B

Voltage Cuﬁtmllad Oscillat

few gnnaral cmmmtﬁnbﬂul
order. ‘-

is the demodulated output during FM de-
modulation, It Is important that the VCO
voltage-to-frequency characteristic be line-

ar 5o that the cutpul is not distorted. Over .

the lingar range of the VCO, the conversion
gain is given by Kg lin radian/sec/voltl

{Equation 3-11)

sinotics

Wm‘ﬁ:ﬂng stage lormed by Q3 - 06 is
n and off by the YCO square

Since the output voltage is the VOO voltage.
we can get the loop outpul voltage as

(Equation 8-12)
A

Ke

The gain Ky can be found from the data
sheet by taking the change in VCO control
vollage for a given percentage frequency
deviation and multiplying by the center
frequency. When the VCO voltage is
changed, the frequency change is virtually
instantaneous.

AVg =

Phase Detector

All Signetics phase locked loops use the
same form ol phase detector—often called
the doubly-balanced multiplier or mixer.
Such a circuit is shown in Figure 8-T.

The input stage formed by transistors 01

and 02 may be viewed as a dillerential

amplifier which has a collector resistance

Rz and whose difterential gain at balance is

the ratio of Re 10 the emitter resistance re of
1 and Q2.

iEquation 9-131

.. Ric

- —_— o [ =
I 3 0.0131,

wave. Since the collector current swing of
02 is the negative of the collector current
swing of 01, the swilching action has the
effect of multiplying the ditferential stage
output first by +1 and then by =1. That is,
when the base of 04 is posilive, Rez receves
11 and when the base of 06 is positive, Rc2
receives 12 = |1, Since we have called this a
multipher, let us perlorm the multiplication
1o gain further insight into the action of the
phase detector.
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Suppose we have an Input signal which
consists of two added componenis: 8 com-
ponent atfrequency i which is close to the
free-running frequency and 8 component at
frequency us which may be at any frequen-
cy. The input signal is

{Equation 8-141

Vit V= Vain Lt + 8+ Vesin wal + Bl

whare & and f are the phase in relation to
the WCO signal. The unity square wave
developed in the multiplier by the VCO
signal ks

{Equation 9-15)

sin 20 + Thuot |

widn + 11

whers wg is the VOO frequency. Mulliplying
the two terms, using the appropriate te
nomelnc relationship and inserling the dit-
ferential stage gain Ag, we get

[Equation 8-16]
Vg=
o
28
i b m[ﬁn-f'llugla-ui
= 2n + 1
n=0
‘ =
W,
- X mf{!n+11.ﬂ+ul+l,
Gn+ 11
=0
-
¥ Ll m{ﬂn+1:--u=u.|=l.1
20 + 11
n=0 &

Assuming the Vi is zero, tem)
close 10 we, the first term
frequency diflerence fr
nent. This is the beat frequ

that feeds around the loop anef causes lock

up by modulating the VCO. AS axg is driven .
closer 10 o, : )
becomes lower I nf t
wp = s B0 loCk { i1
then becomes
(Equation 9-171
A4V, T

=

which is the usual phase deteclor formula
showing the dc component ol the phase
detector during lock. This component must
equal the vollage necessary to keep the
VCO al ug. it is possible for we 10 eQual e

]

INTEGRATED PHASE DETECTOR

€ phase

ion 9-18)

T
B

creases as higher and higher odd
ics are used to achieve lock.

raril hnm also that | iﬂ detector duﬁ
o nl a

input ampii uda decrease mu:t b-:mm
panlud by

phln chnngn ma the loop

Going fo the second term, we nole that
during lock the lowest possible frequency is
wo +en ™ 2an. ASum frequency component is
always preseni al the phase detecior oulput.
This component is usually greatly attenuat-
ed by the low pass filler capacilor connect-
ed to the phase detector outpul. However,
when rapid tracking is required (as with
high-speed FM detection or FSK-frequency
shift keyingl, the requirement lor a relatively
high frequency cutoll in the low pass lilter

SifnOtics

may leave this component unattenuated 1o
the extent that it interferes with detection, At
the very least, additional filtering may be
required to remove this component. Com-
ponents caused by n# 0 in the second term
are both attenuated and ol much higher
frequency. so they may be neglected.

Suppose thal we have other frequencies
represented by Vi presenl. What is their
ellect for Vi = 07

The third term shows that Vi introduces
another difierence frequency component,
Obviously, if we is close 10 ax, it can imerfere
with the locking process since it may form a
beat frequency of the same magnitude as
the desired locking beal frequency. Sup-
pose lock has been achigved, however, so
thal wo = wi. In order for lock to be main-
tained, the average phase detecior oulput
must be constant, Il wo = wa is relatively low
in frequency, the phase & must change 10
mpensaie for this beat frequency. Broad-
speaking, any signal in additon to the
ignal 1o which the loop is locked causes a
pha:c variation, Usually this is negligible
is often far removed from w,. How-
en stated that the phase & can
tween 0 and 180%. Suppose the
has been reached and Vi ap-
pears. Since it canno! be compensated lor,
it will drive the loop out of lock. This ex-
plains why extraneous signals can resull in
& decrease in the lock range. I Vi is as-
sumed (o be an Instanianeous NoIse CoOmpo-
nent, the same efiect occurs. When the full
swing of the loop is being wlilized, noise will
decreass the lock or tracking range. We can
reduce this eflect by decreasing the culall
frequency of the low pass liller so that the we
= wi is atteniuated to @ grealer extent, which
illustrates that noise immunily and out-
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proves the cenler frequency stability ol the
loop with temperature varialions. Fortu-
nately, the capture range and loop damping
are related to the square root of this internal
resistor value, so variations in its absolute
value have little effect on loop performance.
The nominal value of the imernal resistor lor
each loop is given in the circuit diagrams of
the detailed circuit descriptions in this
chaplur Tha kel talerame on these

band frequency rejection is improved lal the
expense. ol caplure range SiNCE wo - ui I8
likewise attenuated) when the low pass lilter
capacitor is large.

The third term can have a dc component
when wy is an odd harmonic of the locked
frequency 5o that [2n + 1} lag - wil is zero and
f makes ils appearance. This will have an
eflect on & which will change the 8, versus
frequency . This is most noticeable when
the waveform of the incoming signal is, lor
example, B square wave, The B term will
combing with the & term sothat the phase is
a linear function of input frequency. Other
waveiorms will give ditferent phase versus
frequency funclions. When the input ampli-
fude V| is large and the loop gain is large, &
phase will be close to 80° throughout the
range of VCO swing. $o this effect is ol
unnoticed,

The fourth term is of litlle consegug
except that il e approaches zero, the'phase
detector culput will have & component
the locked frequency e at the outp or
example, a dc ofiset at the input difiefential
stage will appear as a square wave of lund
mental e 81 the phase detector output. §
is usually small and well attenuated by the
jow pass filter. Since many oul-band signal

signal

or Noise COMPONENTS May be present, mapg pulput.
Vi terms may be combining to influence ited signal
locking and phase during lock. Fortunately, f the VCO

inster char-

we need only worry about those close to the
jocked fraquency.

The quadrature phase detector action is
exactly the same excepl thal its ol p
proporiional 1o the sine of the pha
When the phase & is 80°, the qug
phase detector output is then at T 0
mum, which explains why it makes a useful 5,
lock or amplitude detector. The oulpdl of :
the quadrature phase detector is given b!' BROADCAST FM DETECTION

(Equation 8-* pﬂ-lem the PLL can b@used as a complete IF

iﬁq\ﬁ ﬂ pyl o
2L Y
where V, is the l:{mslam .

signal and 6, = 90° inmost c4§8s 50 that sine
8 =1 and

- SRR UN

This is the demofulation principle of the
aulodyne receiver and the basis for the 567

band FM signals with greater linearity than
can be oblained by other means. For fre-
guencies within the range of the VCO, the
PLL functions as a sell contained receiver
since it combines the functions of frequen-
cy selectivily and demodulation. One in-
creasingly popular use of the PLL is in
scanning-receivers where a number of
broadcast channels may be sequentially
monitored by simply varying the VGO free-
running frequency.

FM TELEMETRY

This application involves demodulation of a
frequency modulated subcarrier of the main
channel. A popular example here is the use
of the PLL 10 recover the SCA Islorecast
music) signal from the combined signal of
many commercial FM broadcast stations.
The SCA signal is a 67kHz frequency modu-
Iated subcarrier which puts it above the
frequency spectrum of the normal stereo or
monaural FM program material. By con-
necting the circuit of Figure 8-8 to a point
betwesn the FM discriminator and the de-
emphasis filler of a commercial band thomel
FM receiver and tuning the receiver 1o &
station which broadcasts an SCA signal,
one can obtain hours of commercial free
background music,

FREQUENCY SHIFT KEYING (FSK)

This refers to what is essenfially dighal
frequency modulation. FSK is a means for
transmitting digital information by a carrier
which is shifted between two discrete fre-
guencies. In this case, the two discrele
frequencies correspond 10 a digial "1" and
a digital “0,” respectively. When the PLL is
locked to & FSK signal, the demodulated
outputl lerror vollage! shifts between two
discrete voliage levels, corresponding to
the demodulated binary outputl. FSK tech-
nigues are often wsed in  modems
odulator-demodulators), intended for
ansmitting data over telephona lines.

- B
-

tone decoder operation

e

FUNCTIONAL APPLICATIONS ] =
Low Pass Filter <H [

The simpiest type of low pass filler for the

second order loop is & single pole RC type ¥
shown in Figure 3-5b_ In all Signetics’ loops,
the resistor is internal and the capacitor is
exiernal. The inside resistor greatly im-

Figure 9-8

816 Sifnotics



Appendix C

ACTIVE RESONANT BANDPASS FILTERS (6)

The idealized bandpass filter has a constant response for

fo1 < f & foh ‘and Zzero gain olte

3
%

Butterworth sections ,;,;_:;:‘ -1 ﬁn this filter response.

A very simple approximaton & na and” characteristic is obtained

this range. An infinite number of

using a single LC resgi hndpnas filter has a

response which peaksg® el Eepfer frequency, f, and drops off with

frequency on both si of o @- *\‘\ \\- totype for a resonant
filter is the second Faechio 0se 'nsf‘er function we now
P A\

derive. If we assure prpvides a gain Ag = Vo/Vj

b

which is positive and g 2t for Bquencies, we find

A (jw) =

V, Vo RA, seess el
T ﬁg;ﬁw (wl - 1/wC)

The centesd or resor Lk /2T is defined as

Lr

Tl

that frequency at mich the inductance reson .“’I.- with the capacitance;

in other mrﬂ,ﬂﬁﬁqﬂuﬂw %"wzrp]ﬂq?ncaa are equ.a]. (in

AiaInEi N IngNay

It is convenient to define the quality factor Q of this circuit

n = MDL = 1 = 1 L orooooaots}
R @WoCR R T

Substituting Eq. 3 in Eq. 1, we obtain the magnitude and phase

by

of the transfer function.



jnv{jnﬂ! = An e sl
1+ 02w )2 ]
[ *(g-%)
0 = -arctan ﬂ(m _(_.J_n_) csssssns(5)
W w :

1. Active RC Bandpass Filter

o
nd-order bandpass filter is

The general fo: or o
obtained if we let s = ‘ '.-é;'ir
Av(s} 3 ‘_“_ (RELJADE iliii-'(ﬁ]

&+ s(R/L) + 1/LC

Substituti

A, (s) PRRRER i § |

The transfer ed from the RLC circuit can

b 2
be implemented with the ' Roic ircult of Fioume T, shich

uses two capacitoss, sis e @GP AMP, but no inductors.

i inite, we can derive

If we assume that, "Bh

that
Vo(s) “". __Qg/RyC. v v ens ()
AU LA

ere %WW@*%T]?E’UNWTJWJ']@EI

Equating the corresponding coefficients in the three transfer

functions of Eqs. 6, 7, and 8 yields.



I C1 § Ry
R T~ <
ﬂl‘
| |
2 =
+ 2 + I +
- Vg 2 Ry
| Vo
Figure 1 : An Active filter without an inductance.
H*Ic"l = ---olo-l{21}
R CD -n----¢-{22}
€1 + 07
R'H}E‘]Ez -u-a-n-a(:})
Any real pdsi ', R3, Cq, and Cz which

satisfy Eqs. 10 to &2 design of the active

bandpass filter. Since wé-have on ree equations for the five
T

parameters, two of chosen arbitrarily.

AULINENINYINg
ARIAATAUUNING 1A Y



Appendix D

CONTROLLED-SDURCE CIRCUITS (7)

A noninverting voltage-controlled voltage source (VCVS)

implemented with an operational amplifier is illustrated in figure 1.

The input impedance is very 3¢ ens to hundreds of thousands of

megohms, dapending upon_the type ‘@ ional amplifier, and the

10. The voltage t b

han 14\ for K between 1 and

n ( ) p oio--t---{1}
Figure 1 Nn r s ‘;‘ plifier VCVS

quﬂﬁwﬂ%‘wmﬁsm
’QW‘TMH?&J UR1AINYIQY

1gura 2 shows the controlled-source connection for a circuit
which may be used to realize voltage transfer functions with a single
pair of complex conjugate s-plane poles with zeros restricted to the
origin or infinity. The Yi are restricted to be single elements, R's
and C's. These five elements may be chosen so as to realize low-pass,

high-pass, and bandpass network functions. Realizations are possible
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i

with K 03 but since this operational amplifier circuit always has K

greater than +1, these will not be discussed. The voltage transfer

function is

Eg (g) = KY1Yy
Eq Ys(Yq + Yo + Y3 + Yg) + YulYq + Yo(1 = K) + Y3]
."Il'l.'E}]
1. Low Pass -
A VCVS cirewstsfor a semetwork function is shown in
figure 12. The voltagg
_ED.{H] [t ‘ = AL
Eq g2 4L 4 #.41 Ry e \‘“\: R2C2]1 + 1/RqR2CqCp
% Ur : \ -.-.‘--..(4}
The network parametersfag
% "'.‘.l'l‘.(s]
Wo
|i|l|lili(6}

UL

T

Figura 2

VCV5 configuration for a second-degree voltage transfer function
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1LY
R1q Rg
O AR A A K —0+
+ Eo
Eq Cop - -

----- ti-l(?}
¢ = II""II'(H}
T = ii-ititit(g}
Controlled-sougte eaSier to tune than other circuit

realizations. In fact, 3 F_ chjusted over wide ranges without

interaction of the ers. W5 isituned by adjusting Rq

-

N
T-' ected. Capacitance C4q

and Cp can be adj : ed in the same way for t" same result. o€ is

trimmed by ﬂnﬁﬁ f?j wﬁﬁﬁﬂﬂ ﬂTﬂTBtmrk parameters

to element vdllue changes are

PRI TRUTMIAYIAY

and Rp by equal f _,_:IL

q

SKHU = 4----&11(11}

ol

5H1 = 1 1 1-11111-(12)
Z LwgR1Cq

Sy = 1 _ 1 ) % F=8Y = s PGEY
Z ol tighz | Co

ol

SC? = 1 ks 1 ( 1 + 1 ------s-(‘la}
2 wgply Rq Rz

of

5[:2 = 1 1 = K -4#5-111{15}

7 ol ozl
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SK = il K Ilii-i-‘(16}
oL oR2Cy

Design Procedure
Given t Hg,ot,wgy = 2Tr,
Choose : L4 = C2 = C, a convenient value

Calculate : K

Hz = ol

] A )
2WoCwml

R1

envensss(18)

If Hy is léfgesdf eaker 'than 10, here will be large
spreads in eleme
design procedure is & Vi the Sengitivities of circuit

parameters.

Capacitors are offer & amponents which have the largest

temperature coeffi

overall & sensit dudl

:_5 K such that the
tha capacitors drift

aams ‘
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Appendix E

CIRCUIT DIAGRAM OF POWER SUPPLY AND TTL INTERFACE

o DATA INPUT (D7)

oTTL O/P

Ol interface
iF

Figure 2 : Circuit diagram of power supply
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