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The RCA COS/MOS Phase-Locked-Loop
A Versatile Building Block for Micro-Power

Digital and Analog Applications

INTRODUCTION
Phase-locked-loops  (PLL's), especially in - monofithic
form, are finding significantly incremsed usage in signal-
plu:mn‘ and digital qrmml Fll drmodnlllkm FSK

tone  d g g plication.
sgnal d clock s and f
synthesis are some of the many applications of 3 PLL. The
PLL dexcribed in thiv Note is the COS/MOS CIDMO040A,
which consumes only 600 microwsits of power at 10 kHz, 2
reduction in power comsumption of 160 times when
compared to the 100 milliwatts required by similar mono-
lithic bipolar PLL's. This power reduction has particular
significance for portable battery-operated equipment. This
Note discusses the basic fundamentals of phase-locked-loops.
and presents a detailed technical description of the COS/
MOS PLL as weil as some of i1s applications.

REVIEW OF PLL FUNDAMENTALS

The basic phase-locked-loop system is shown in Fig. 1. it
consists of three parts: phase comparator, low-pass filter, and
voltagecontrolled cscillator (VO all are connecred 10
form a closed-loop lrequency-feedback system

With no signal input applied 10 the PLL system, the error
woltage at the output of the phase comparator is rero, The
vollage, Vd(1), from the low-pass filter b also rero, which
causes the VOO 1o operate at a set frequency, fo, called the
center frequency, When an input signal is applied to the PLL,
the phase comparator compares the phase and frequency of
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Fig 2- COS/MOS PLL block dispram.

Phase Comparstorn
Most PLL systems utilize a balanced mixer composed of
well lled analog amy for the phasecomparator
section. Analog amplifiers with well.controlled gatn chatac-
teristics cannot easily be realized using COS/MOS tech
nology. Mence, the COS/MOS design shown i Fig. 1
ploys digital-type phase comparators. Both phase com:

the signal input with the YCO frequency and e an
ermor voltage proportional 1o the phase md frequency

Fig 1 Block disgram of PLL.

difference of the input signal and the VCO., The error
voliage. Ve(1). is filtered and applied o the control input of
the VCO. Vdl1) varies in a direction that reduces the
frequency difference between the VOO and signalanput
frequency. When the input frequency is sullicieatly close 1o
the VCO frequency, the closed-loop nature of the PLL forces
the VCO 1o lock in frequency with the signal input; ie.,
when the PLL is in lock, the YOO frequency is identical to
the signal input except for a finite phase difference. The
range of frequencies over which the PLL can maintain this
locked condition i defined as the lock range of the sysiem.
The lock range i always larger than the band of frequencies
over which the PLL can acquire a locked condition with the
signal input. This latter band of frequencies is defined as the
capture tange of the PLL system

TECHNICAL DESCRIPTION OF COS/MOS PLL
Fig 2 shows a block diagram of the COS/MOS
CD4d6A, which has been implemented on a single
ﬂnnnlllal: integrated circuit. The PLL structure conusts of »

o linear, voltage fled oscillator (VCO), and
twar difl phase ¥ having » signal-
input amplifier and 2 P input. A §.2volt
zener is p d for supply il . The VCO

can be connected either directly or through frequency

parstors are driven by a put gmplifier figs

tion composed of a bias stage and four inverting-amplifier
stages. The phase-comparator ugnal input {terminal 14) can
be directcoupled provided the wugnal swing s within
COS/MOS logic levels [logic 0< 30% (VDDVSS), logic
1> 70% (VDDVSS)] For smaller input signal swings,
the signal muxt be capacitively coupled o the sell biasing
amplifier at the signal input 1o wsure an over-dnven digital

signal into the phase comparators.
Phase I it an I OR network. it
Ul il Iy to an dri balanced mixer. To

mmlmu the I«k range, the signal and comparator input fre-
quencies must have 50-percent duty cycle. With no signal
of noie on the signal input, this phase P has

DLMODULATOR  “X Ty v gy
@ ]

One characteristic of this type of phase comparstor i
that it may lock onto imput frequencies that are close 1o
harmonics of the VOO center-frequency. A second charac-
teristic |3 that the phase angle between the signal and the
comparator input varies between 09 and 1809, and is 909 a1
the center frequency Fig. 4 shows the typical, triangular,

phase-to-output, resp of phase
I Tyvk-l mlnrmn for a COS/MOS phn Ioclm&lwp
1 in locked of f i
mm in F||. 5.
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Fig. 5- Typical waveforms for COS/MOS phase
locked loop employing phasecormparatar |
in locked condition of f,

Ph 11 is an edge d digital memory
network. It conssts of four Mip-flop stages, control gating,
and a three-state output circuit comprising p and n drivers
having & common outpul node a3 shown in Fig, 3. When the
p-MOS or n-MOS drivers gre ON, they pull the output up o
Vpp or down 10 Vgg, respectively. This type of phase
comparator acts only on the positive edges of the wgnal:
and comparatorinput signals, The duty cycles of the signal
and comparator mpuls are nol important unce positive
wansitions control the PLL system utilizing this type of
comparator. IF the sygnal-input (requency is higher than the
comparatormput (nqn:m.—y the p-MOS output driver |
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Fig 3~ Schematic of COS/MOS PLL phasecomparator
section.

an average output voltage equal 10 VDDJ2. The low-pass

dividers to the comparator input of the phase comyp

mwmmhwwmemm
because of the radical confj changes from app

to application and because some of the components are
non-integrable. The CDAM6A b5 supplied in a I6dead,
dualin-line, ceramic package (CD4046AD), a 16-lead. dual-
in-line, plastic package ( CD4D46AE), or a 16Jead Mat-pack
{CDAD46AK). It i also svailsble in chip form (CDAO46AH),
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filter to the output of phase-companator | supplies
the averaged voltage to the VOO input, and causes the VCO
o vscillate a1 the center frequency (f;). With phase-com-
parator I, the range of frequencies over lﬂn:a the PLL can
Bequire lock (capture range) is dependent on the low-pass-filter
characteristics, snd can be made s lurge a3 the lock range.
Phase-comparator L enables a PLL system to remain in lock in
spite of high amuunts of noise in the input signal,

1T the signaliinpus Trequency 1
lower than the comparstormpui (requency. the n-MO
output driver it maintained ON coatinuomly. If the signal
and comparatordnput frequencies are the same. bui the
signal input lags the comparator input in phase, the nMOS
output driver is 4 ON for s time sponding to the
phase difference. Il the signal- and comparator-input fir
quencies are the same, but the signal input leads the com
parator mput in phase, the p-MOS output driver is muntaine:
ON for time coresponding to the phase difference. Sub
sequently, the capacitor voltage of the low-pags filter con
nected to this type of phase comparator is adjusted until the
signal and comparator input are equal in both phase and fre
quency. At this stable operating point, boih p- and n-MO!
outpul drivers remain OFF, and thus the phase-comparatn
output becomes an open cireull and holds the voltage on (s
capaciior of the low-pass filter constant. Moreover . the sign
at the “phase pulse:™ output isat 2 high level, 2nd can be use:
for indicating 4 locked condition, Thus, for phase comparat:
11, no phase difference exists between signal and comparat.
input over the full VOO frequency range, Mareover, the pow
disipation due to the lowpass fTiter is reduced when 11
type of phase comparator is used becsuse boih the p- und
MOS outpur drivers are OFF for most of the signalinpu

cycle. It should be poted that the PLL lock range for the

type of phate comparator ls equal to the caplure range

independent of the low-pass fMiter, With no signal present s

the signal input, the YCO iy adjunted 1o its lowest frequency

Tor phasecomparator 11 Fig. & shows typleal waveforms (o

1 COS/MOS PLL employing phasecomparator 1 in 2 lovkes

condition,
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Fullowing the example given for section 1, the comparator
proceeds from state 2 o states 6 and B and then back 1o |.
The output of phase.comparator 1l for section Il corres
ponds io the n-device being on for 3 lime corresponding to the
phase difference between the signal and comparater inputs,
The stale disgram of phasecomy 11 completely

ibes all modes of operation of the comparator fod any

input condition in a phase-locked-loop.

Voltage-Controlled Oscillator
8 shows the schematic diagram of the voliage-

'] il (VCO). To assure low system-power
It b desicable that the Jow-pass filter consume

W8 T ITERM 1 ol
0w PASE FILTE i3
wrryr - - o
PrASE T TR ] q o
MOTL DASMED LINE 1% AN OFEN - CIMCUT COMDITION Y, —
Fig.6 — Typrcal wavelorms for mmwmm Fi
emplaying phase-comparator ! in locked
Fig. 7 shows the state diagram for phasecomp 1
each circle a state of the The number

at the top wmyide each circle represents the state of the
companatar, while the logic state of the signal and
comparator inputs, tepresented by 2 0 or a |, are given by
the lefl and right numbers, respectively, ai the bottam of
cach circle. The transitions from one state to another resull
from either a logic change on the suignal input (1} or the
comparator input (C). A posiuve transiion and a negative
fransition are shown by an amrow pointing up o down,
yespectively. The state disgram sssumes that only one
transition on either the signal input or the comparator input
occurs 81 any instant. States 3. 5, 9, and 11 represemt the
condition at the output of phasecomparator Il when the
pMOS driver is ON, while states 2, 4, 10, and 12 determine
the condition when the n-MOS driver is ON. States 1, 6, 7,
and 8 represent the condition when the output of phase.
comparator 1 is in its high impedance state, Le.. both p- and
n-devices are OFF, and the phase-pubses output (terminal 1)
is high. The condition at the phase-pulses output for all other
states i3 low,

As an example of how one may use the state disgram
shown In Fig. 7. ider the of phase
It ih the locked condition shown in Fig. 6. The waveforms
shown in Fig. & are broken up into three sections section |
corresponds to the condition in which the signal input leads
the comparator input in phase, while section |l corresponds
1o 4 finite phase difference, Section 11l depicts the condition
when the comparator input leads the signal input in phase.
These thiee sections all comrespoand 1o a locked condition for
the COS/MOS PLL. i.e., both signal- and comparator-input
signals are of the same Trequency but differ slightly in phase.
Assume that both the signal inputs begin in the 0 state, and
that phase-comparstor 11 i initially in its high-impedance
output condition (state 1), as shown in Figs. 7 and 6,
respectively. The signal 'mlmt makes 2 posifive transition
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Fig 7= State disgram of phass-comparator I/,

fiest. which brings phase-comparator Il to state 3. State 3

ds to the condition of the in which the
sgial input 15 & 1. the comparator mput s a 0, and the
output p-device is ON. The comparatar input goes high nexi,
while the signal inpul is high. thus bringing the comparaior
to state 6, a high-imped outpul cond The signal
mpul goes 10 zero next, while the comparator input is high,
which corresponds to state 7. The comparator input goes low
sext, bringing phase-comparstor 1 back to wste |, As shown
for section |, the p-device stays on for 2 time ing 1o

litle power. For example, in an RC filter, this tequirement
dictates that a high-value R and 3 Jow-value € be utilized.
The VOO input must pot, however, load down or modify the
characteristics of the low-pass filter. Since the VOO design
shown utilizes an 0-MOS input configuration having prac-
tically infinite input resistance, a great degree of freedom is
allowed in of the low-pass liler P

The VCO circuit shown in Fig. § operates as follows
when the inhibit mpur i Jow, P3 s emed full ON,
effectively connecting the sources of Py and P23 10 Vpp: and
pates | oand 2 are permutted to function as NOR-gme
Mip-Nlops. N1 together with externalesiston BRI liem 3
source-follower configuration. As long as the resistance of R1
is at least an order of magnitude greater than ON rewstance
of Ny {greater than 10 kilohms), the current through R n
linearly dependent on the YOO input voliage. This current
Mows through Py. which. together with P20 fonns o
current-murror network.  Exiernal resssior B2 adds on
additional constant current through P1. this current uffsets
the VOO operating frequency fie VOO input signals of 0
volts. In the cumrent-mirror network, the curtent of PI s
effectively equal 1o the current tough P1 independent ut
the drain voltage an P2 (This condition s true provided P2 s
maintained in saturation: in the cireuit shown, P2 i saturated
under all possible operatng vondinons and modes). The
set/reser Mlip-Nop composed of gates | and 2 mans ON either
P4 and N3, or PS and N2 One side of the extemal capaciioe
Cl1 . therefore. held a1 ground. winde the oilier ude n
charged by the constant current supplicd by P2 As soun a3
C1 charges to the poimt at which the tansfer point of
invertess | or S is reached. the Mlipop changes state. The

charged side of the capacitor i now pulled ro ground. The
uther side of the capacitor goes negative, and discharges
rapidly through the drain diode’ of the OFF n-device.
Subsequently, u new hali-cycle starts. Since invertess | and §
have the same iransier points, the VOO has o 50-percent
duty-cycle. bnverters | thiough 4 and 5 through ¥ sive
several puiposes: (1) they shape the slow-input vaimp from
capacitor C1 1o a fast waveform at the Mip-flop input stage.
(2} they maimtain low power dissipation through the we of

the phase difference between the signal input and the
comparator input, Starting In state | at the beginning of
wetion 11, the comparator inputl goes high first, while the
apul mput is low, bringing the comparator 1o state 2.

bigh-impedance devices ai | snd 5 (sb
wave-forma), and { 3) they provide (ou inverter delays before
removal of the set/reset Nip-Nop triggering pulse 10 assure

Proper ogging action.
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In oeder not b losd the Tow-pasy Nilier, 3 waree-follower
oupui of the VOO mpui voltage i provided (demodulated
output) I this outpur & used, o load resistor (Rs) of 10
kilohms or mote should be connected from this terminal 1o
ground. 11 unused, this terminal should be left open. A logic
0 on the whibit mput enables the YOO and the souice
follower, wihile 3 logic | iums off both 10 minimize stand:by
PUWEE COnmIp N

Performance Summary of COS/MOS PLL

The moaxmmim ratings Tor the CD4046A COSMOS PLL,
gy well a3 iis general uperatmg-perfomance characiestics

vgthned i Table | The VOO and comparator
s are shown i Tables 11 amd 1, respecuvely
sumimarizes wme uselul formulas as 2 guide for
approximating the values of external components for the
CD4046A in 2 phase-locked-loop system. When using Table 1V,
one should keep in mind that frequency values are
kiloheits, revstance values are in kilolims, and capacitance
values are in microfarads. The selected external components
must be within the following ranges

10K SRy, Ry, Ry< | Mi2
€2 100 pFar Vpp > S V
Cy280pFatVpp = 10V

in sdditlon 10 the given design information, refer to Fig. 9
for Ry, Ry, amd C) component selections. The use of Table IV
in designing 3 COS/MOS PLL syster for some familiar apphi-
ons is discussed below
APPLICATIONS OF THE COS/MOS PLL

The COS/MOS phase-locked-loop 15 a versatile building
Block suitable for 4 wide variety of applications, such as FM
denmndulatons, frequency  symihiesizess.  split-phase  data
synchronization and decoding, and phase-locked-oop lisck
detechion,
FM Demadulation

When a phase-locked-loop s locked on an FM signal, the
voltage-contiolled oscillator (VCO) tracks the imtantaneous
frequency of that signal. The VOO inpat voltuge. which is ihe
fillered ertor voltage from the phase detector, comesponds 1o
the demodulated outpul. Fig. 11 shows the connections for
the COS/MOS CD4046A PLL as an FM demodulator. For
this example. an FM signal consisting of » 10-kilobertz camer
frequency was modulated by a 400-Hz sudio signal The total
FM wignal anghitade s S00 nillivolts, therelore the signal
st be ac coupled 1o the signal nput (lermina  14).

Table |~ Maximum ratings and genersl operating character
it

MAXIMUM RATINGS, Alisoliste Maxsri: Valies

Storage 1 e atuse Fangs
Opperatorg Tempmratuce Fangs

B Cwmois0 ¢
Cerames Pachage Types sS'Cwidy *C
Piavire Pack age Ty pes
DC Supidy Valtage Fangs

A0°C 1o 185 *c

VYng Vgl 05V w1y v
Devie Diviipmtian (Per Pay | 00 "
Al gty

Veg=VisVpy
Arooamerended

DC Sapgry Valiage (Vee Vg Sy v
e ]
gt Vit g Sy Vi ' Vs

General Chatacteritics [Typocal Values at Voo - Vgg
=10 Vand T, - 25°)

Owuln-\_q Buistiy Wortage IVpp = Ve B 1Y

Ol g Ssgma'y sty

bty =0 tge MWAN Vo - BV 0w
WGy = 00001 .7

P fg* WA W e e 0D e
bt = 1 Mk

6156
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Table 11— VCO electrical characteristics

VCO Charactertics (Typical Values at Vo - Vgs
=10 Vand Ty 25 C)

M simum Frogusncy 1.2 MHz
Termgerature Statsiiny 800 pam/°C
SVi25V L

Loty Wery o
Center Freguency Prog ammmetie wit
Hywnd Cy
Fioguency Range Prom smmutile with
Ay Fly and C,

Input Aesastance 10"y
Dutput Vattage mv,
Dty Cycle S0
Flas & Fail Times 50 m
Chatimat Ciarvant Capatiliry
17 D 8 v =85V -18mA
2.0 mA

0V Sk @ Vg 05V
Dol atent Gt
Cihsmi Vil age

Yycom  YOEMOD gu! ¥ A 1BV

Table i1l — C
Comparator Characteritca | Typecal Values at Voo - Vis
=10V and Ty = 25°C)

Sl Tegaan
gt impeelanis 400 Kil
Input Sematimty
5 coupied 400 mv

‘ W o€ 3 iVny - Ve
|1 2 romivgn - veo

e imupbed
Comissrator nnt Leesis e §1 07 € 30% (Vg0 - Vgg!
172 10% tVgg - Vgg!

Oyt Crorrenr Capatuiaty

Comparator | lwrm. 2) and Comearstor 11 (ierm, 131
T Onw @ Ve 35V ~18 mA

U SeRBV, 05V 2.6 mA

Comuaarator 1} Phae Putsen ieomr 1)

~0.5 mA
1.4 mA

1 DB vy 98V
0" S vy 05V

Phase-comparator 1 ts used (or this application because a PLL
system with & cemier frequency equal 1o the FM carmer
frequency s necded. Phoe comparator | lends inselfl 1o this
application sl becsuse of s high  signalinput-noise-
rejection characienstics.

The formulas shown in Table 1V for phase-comparator |
with Ry = eaare used i the following considerations. The
center frequency of the VOO is designed 1o be equal to the
carrier frequency. 10 kHz. The value of capacitor C . 500 pF,
wa found by assuming an Ry = 100 K12 for a supply voltage
Vpp = 5 volis,

These values d

d the center freg
fo= 10kHz

The PLL was set for a capture-range of
lctx?L—\Jn%FwAkllr

10 allow for the deviation of the carner frequency due 1o the
audio signal. The ts shown in Fig. 10 for the
low-pass filter (R3= 100k{2.C2=0.1 uF) determine the
sbove capture frequency.

The total current drain at & supply voltage of 3 volts for
this FM -k dul ppli 132 mi forad
dB 5/N-ratio on the signal input, and 90 microamperes for a
10dB S/N ratio, The power consumption decreases because
the signal-input amplifier goes into saturation at higher input
levels.
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Fig. 10— FM demodulator.

Fig: 11 shows the perf of the FM/demodul
circuit of Fig. 10 #t a 4 dB S/N-ratio. The demodulated
output is taken off the VCO-input source follower using a
resistor Rs (Ry= 100 k1) The demodulation gain for this
circuit is 250 mV/kHz.

00 Wy MIDID
| TRANSMITTED

1w [ =1 % \._:/—-?.ﬁ Bewg0u ATE0
& I

Fig. 11— Voltage waveforms of FM demodulator.

rrequency Synthesizer
The PLL mlm can fun;laon as a (requency-selective
g 2 freg divider into the
Icrdblci loop between the VCO oulpul and |he comparator

Phase-comparator I ix used for this application because it
will not lock on harmonics of the signal-mput n:lcunc:
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o the clock input of FFI which divides the VOO
I'vequmcy by IIIB. During the ON intervals, the PLL fracks
the d signal (B), during the OFF inervals the

frequency (phasscomparator | does lock on h
Since the duty cycle of the output of the Divide-by-N
frequency divider s not 50 percent, phase-comparator [l
lends itself directly to this application.

Using the formulas for phase-comparator 1l shown in
Table 1V, the VOO is set up 1o cover a range of 0 1o 1.1 MHz
The low-pass filter for this application is a iwo-pole, lag-lead
filter which enables faster locking for step changes in

PLL remembers the last frequency present and still provides
a clock output. The VCO output is inveried and fed into the
clock input of FF2 whose data input is the inverted oulput
of FF1. FF2 provides the necessary phase shift in signal (C')
to obtain signal (D), the recovered clock signal from the
split-phase data transmission. The output of FF3, (E), is the
recovered binary information from the phase information

frequency. Fig. 13 shows the during

between output (requencies of 3 and 903 k}iz The l'llun
shows that the transient going towards 3 kHz on the VCO
control voltage is damped, while the ient 1o 903
kHz is underdamped. This condition could be improved by
changing the value of R3 in the low-pass filter by means of
adjustment af the switch-position hundreds in the Divide-
by-N counter,

P | ';.‘
= [T}
10— - —— rour
s~ T
W=
Fig, 13— F yesy

Sptit-Phase Data Synchronization and Decoding

Fig.14 shows another spplication of COS/MOS PLL,
split-phase  data h and decoding. A split-
phase dats signal conmsis of a series of binary digiis that
occut at a periodic tale, a3 shown in waveform A in Fig. 14,
The weight of each bit, D or 1, is random, but the duration of
each bil. and therefore the periodic bit-rate, is essentially
constant. To detect and process the wcoming signal, it is
¥ 1o have a clock that is synchronous with the

input, Fig. 12 shows a COS/MOS | |

with & p divider g of l.Ilree dnﬂdn N,
the frr.qnmcy-d:wi&: modulus, can vlry from 3 10 999 in
sieps of 1. When the PLL system is in lock. the signal and
comparator inputs are a1 the sme frequency and

f=NXIkH:
Therefore, the frequency range of this synthesizer is 3 1o 999
kHz in 1-kHz which Is prog le by the

switch position of the Divide-by-N counter.

Lom by s e

data-bit rate. This clock signal must be derived from the
incoming data signal. Phase-lock techniques can be utilized 10
recover the clock and the data Timing information is
contained in the data transitions, which can be positive o
negative in direction, but both polarities have the same
meamng for uming recovery. The phase of the sgnal
determines the hinary bit weight. A binary 0 or | is a positive
or negative transition, respectively, dunng a bit interval in
split-phase dara signals,

Fig. 14— Split-phase data synchroniration and decoding

As shown in Fig. 14, the split-phase data-input (A) i first
differentiated to mark the b of the data
The differentiated signal, (B), which is twice the bit rate, is
gated into the COS/MOS PLL. Phase-comparator 1 in the
PLL is used because of its insensitivity ta duty cycle on both
the signal and comparator inputs. The VOO output i fed

d in the split-phase data. Initial synchronization of
this PLL system is accomplished by a string of altemating 0's
and 1's that precede the data transmission.

Phase-Locked-Loop Lock Detsction

In some applications that utilize a PLL, it is sometimes
necessary 1o have an output indication of when the PLL is in
Jock. One of the simplest forms of lock-condition Indicator 1
a binary signal. For example, a | or a O output from s
In-cldeu:uuu circuit would mrrelpnnd 1w a locked or
. This signal could, in tum,
activate circuitry ulill:m‘l Loclwd PLL signal. This detection
could also be used in frequency-shift-keyed (FSK) data
transmissions in which digital information is transmitied by
switching the inpul frequency between either of two discrete
inpul frequencies, one corresponding 1o a digital | snd the
other to a digital 0.

Fig. 15 shows a lock-detection scheme for the COS/MOS
PLL. The signal input is switched between two discrete
frequencies of 20 kHz and 10 kHz, The PLL system uses

Fig. 15— Lock-derection circuit

phase-comparator 1 the YCO bandwidth is set up for an
lmin of 9.5 kHz and an fpygy of 10.5 kHz. Therefore. the
PLL locks and unlocks on the 10kHz and 20-kHz mignals,
respectively. When the PLL is in lock, the output of
phase-.comparator | is low except for some wry short pulses
that result from the inh phase difl be n the
signal and comparator inputs;, the phase-pulses output
(termimal 1) is high except for some very small pulses
resulting from the same phase difference. This low condition
of phase comp 1 i d d by the lock-detecti
circuit shown in Fig. 15, Fig. 16 shows the performance of
this cireuit when the input signal is switched between 20 and
10 kHz. It can be seen that after about five input cycles the
lock detection signal goes high.
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Fig. 16— Lock cireut




