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GlossaQ· of Terms

Input CNR referred to PLL noise bandwidth, En
Entire base band threshold CN R

Channel threshold CNR in FDM

Distortion coefficient

Deviation percentage error

Peak signal frequency deviation (hertz)

VCO frequency deviation (radians per second) about

quiescent center frequency

Peak signal frequency deviation (radians)

Noise angle

Mean-square signa! frequency deviation (radians per

second):'

Maximum sweep frequency (radians per second squared i

Speetral dens ity level (watts per hertz)

Modulation density in terms of phase modulation (radians

squared per hertz)

Limiter-discriminator sensitivity (also K, )

Normalized phase margin
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Glossary of Terms

J1 veo sensitivity (radians per volt-secend (also KJ)

J1S Microsecond

ç Damping factor (also z)

p Carrier-to-noise ratio (CN R)

(1 Root-meart-square (rrns) rnodulation index; also standard

deviation

T Delay (seconds)

<t> Phase angle, frequency domain

rIJ Phase angle, time domain (radians)

rlJb Excess phase shift per base bandwidth (radians)

<Pd Distornon generator in terms of phase modulation (radians)

<P. Loop phase error (radians)

<P.. Modulation-induced phase error component (radians)

<P.n Noise-induced phase error component (radians)

riJ i Input signal phase rnodulation (radiansl

<Pi. Received signaI phase rnodulation (radians)

rlJnp Equivalent peak phase error. noise component (radians)

rIJ, veo phase modulation (radians ï

<P'd Loop response distortion component in terms of phase

modulation (radians)

Ijl Phase angle (radians)

W Radian frequency (radians per second)

w. Bottom frequency of speech spectrum model or of FDM

baseband (radians per second)

W b Top baseband frequency of transmission (radians per

second)

Wc Signal center frequency (radians per second)

WCH Channel center frequency (radians per second I

ui, IF center frequency (FMFB) (radians per second)

W j Input signal center frequency (radians per secondl

W n Loop natura! frequency (radians per second I

ui, veo center frequency (radians per second i

WT Test-tone frequency (radians per second J

a. b Loop zero constarus

b' Ratio of predetection semibandwidth to base bandwidth

dB Decibels

2



er

nsec

r

rad

rms

sec

@

A

AFC

AGC

AM

B

Bp

Bo
BER

BIF

BINR

Bn

BR

BWR

CNR

(CNR)"",

(CNR"",hH

Equivalent noise input generator that accounts for voltage

controlled oscillator internaI noise

Demodulated signalor loop output signal (volts)

Frequency (hertz)

Base-bandwidth or top baseband transmission frequency

(hertz)

ImpuJse response of closed loop

1mpulse response of IF filter

Equivalent baseband inpulse response of interrial IF filter

Kilohertz (kilocycles per second)

Millihenry

Peak modulation index (also ~WpJWb)

Noise

Nanosecond

Radius of gyrarion

Radian

Root-rnean-square

Second

Convolution

Signal amplitude or constant carrier amplitude (volts I

Automatic frequency control

Automatic gain control

Amplitude modulation

Channel noise bandwidth in frequency-division multiplex

(hertz); 3150, a bandwidth-related parameter in ERPLD

Predetection bandwidth (hertz)

. Carson's rule bandwidth (hertz)

Bit error rare

IF filter 3-dB bandwidth (hertz)

Baseband intrinsic noisc: ratio

Equivalent noise bandwidth (hertz)

Bit rate

Base-bandwidth to channel-bandwidth ratio

Carrier-to-noise ratio (p)

Input CNR referred to twice base bandwidth (2fb)

Threshold CNR referred ta twice base bandwidth (2fb)



Glossary of Terms

D De viation index

DC Direct current

D.
DPSK

EiTf
ERPLD

;:;~)
FDM

FM

FMFB

FMFB

ERPLD

FMFB-

FMFB

FMFB-PLL

FSK

GHz

G(s)

H 2(s )

Ho(s)

H( jw)

H(s)

H\(s)

HLl (s)

Hb1(S)

.Hz
IF

K

1\o
1\I

rms frequency deviation (hertz)

Differentially coherent phase-shift keying

Energy rat io

Extended-range phase-Iocked demodulator

FrequePfv moduJation feedback factor
:F~~efnc~-division multiplex

Frequency modulation

FM feedback loop

Compound-loop FMFB demodulator, ERPLD as internal

demodulator

Compound-loop FMFB demodulator, FMFB as interrial

demodulator

Compound-loop FMFB demodulator. phase-Iocked loop as

internal demodulator

Frequency shift keying

Gigahertz (gigacycles per second)

Open-loop transfer function

Transfer function of loop baseband filter =F(s)
Transfer function of interrial demodulator

Closed-Ioop response

C1osed-Ioop transfer function

Transfer function of IF filter (FM FB)
Lowpass equivalent of H l ts I

Baseband equivalent of HI (s )

hertz (cycles per second)

Interrnediate frequency

Loop gain constant (product of phase detector sensiti viry,

amplifier gain. and voltage-controlled oscillator sensitivuy

in the phase-Iocked loop :

Closed-Ioop gain in FMFB

Phase- locked loop phase detector sensitiviry (volts per
radiant : also LD sensitivi ty in FMFB

Ampli fier gain (PLL and FM FB I

YCO sensitivity (radians per volt-second) (PLL and FM FB,



L

LD

LU

~1Hz

!Jfl Jwl l

i .\-fpljw) j

MLR

MTBF

N

N(t)

NCR

NIF

Npo

NPR

NT
PCM

P
p.
P,

Pn

PLD

PLL

PM

rf

IRUw) !

RLC

SNR

SNRTT

Sp

Spo
S(w)

ThI

TI

e V

veo
vexo
VSWR

W(j)

Gl ossary of Terrns

\1ultiplex noise loading ratio

Limiter-discriminator

Loss-of-loek irnpulses

Megahertz (megacycles per second)

Magnitude of predetection filter response (PLL)

Magnitude of predetection filter response (F~1FB)

Maximum likelihood receiver

Mean time between failure

Spike rate, cycle skipping rate

Addi ::ve noise

Noise-to-carrier ratio

Noise improvement factor •

Output noise power from postdetection filter following the

PLL (watts)

Noise power ratio

Average number of encirclements per bit

Pulse code modulation
Noise penalty factor

Probability of error

Signal power

Noise power

Phase-locked demodulator

Phase-Iocked loop

Phase rnodulation

Radio frequency

Magnitude of postdetection filter response

Resistance-inductance-capacitance (network)

Signal-to-noise ratio

Test-tone signal-to-noise ratio

Speech power

Postdetection filter output signal power (watts)

Power speetral density of transmitted baseband (watts per

hertz)

Threshold irnpulses
Test-tone

Voltage

Vo!tage-controlled oscillator

Vo!tage-controlled crystal oscillator

Voltage standing wave ratio

Power spectra! density function

Approximately equal
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Introduction to Phase-Locked loODS
ij •

The Phase-Locked Loop or ~ is a negative-feedback circuit in ....hich

the controlled variab1e is the phase of a carrier. A bloek diagram

of the basic PLL is shown in Fig. 1. It consists clf a Phase-Detector,

a Lowpass Filter/Amplifier, and a Controlled Oscillator. The input te

the PLL is a carrier fed to one of the two inputs of the Phase Detec-

tor whi1e the output is taken either from the outiput; of the Controlled

Oscillator or from its input, depending upon application. In the usual

operation of the PLL, the frequency of the ControllE!d Oscillator is

identica1 to that of the input carrier (on a éycle te cycle count basis)

and the phases are near1y the same.

If the frequency of the input carrier differs f :rom the free-run-

ning frequency of the Controlled Oscillator then a ccmtrol signa1 de-

velops in the loop which force~ the two frequencies te be the same.

This control signal is generated in the Phase Detector and is amp1i-

fied by the Lowpass Filter/Amplifier before being applied te the

Controlled Oscillator. In other words, if the free-running frequencies

differ, then in the locked loop it is ref1ected as a phase difference.

Typically, the gain of the loop is made high so that t:his phase dif-

ference is small.

There are two basic areas of application for the PLL: Synchro-

nization and FM detection. In synchronization applicat~ions, a replica of

the desired input carrier is obtained from the output ()f the Controlled

Oscillator; in FM detection app1ications the output is the control signa1

fed to the Controlled Oscillator. :In both of these apF,lication areas the

PLL often outperforms other available techniques. One of the ear1iest

widespread use of the PLL was as a synchronizer in tele'l1ision receivers.

In a more sophisticated operation as a synchronizer, th~! PLL generates

-1-



an almost unlimited number of ultra-stable frequencies in very fine steps,

using only a single crystal oscillator as a referenee. This is known as

FreO',Jency Synthesis • On the other hand, as an FM detect.or,' the PLL can

reduce the noise threshold effect -- something that is not possible with

conventional discriminaters • In these applications the PLL was used be

fore the advent of integrated circuits. With the appearance of the

single chip PLL (except for the cemponents of the Lowpass Filter), it

became advantageous te use the PLL in a myriad óf other applications

because of its lew cost and size.

A basic design parameter of the lóop 1s 1ts band\ndth. The PLL

des1gned for synchron1zation app11cat1ons 1s typ1call,.· of very narrow

bandwidth so that 1t locks only to a particular f r equency at the input

and ignores all other carriers, including sidebands. On the other hand,

s PLL designed for FM detection must at least be wide enough to follow

the frequency deviations of the desired carrier. Rowever, for all PLL

designs there is an optimum bandwidth. It cannot he tc)O narrow

for it will not follow the frequency variations ot tbe desired carrier.

Then, it should not be wider than necessary because a w~.der band-

vidth means that more noise and interferenceappearing at the input ,,~ll

affect the operatlon of the loop and lts output.

The dynamf.ca and the bandwidth of the PLL are a funetion of the

open loop gain and the frequency response of the Lowpass Filter. Most

ly, the PLL response 1s designed to be of second order (two poles in

its complex frequency response), but first and third order loops are

a1so nsed in special applications. The order of the loop is determined

by the Lowpass Filter but the open loop gain also ent.ers wen the band

width and damping are considered. 'While the PLL 1s a nonlinear device

due to the presenee of a phase detector, most ealculations are made

using a Linear Equivalent Hodel.

To understand the linear model, we flrst introduce the exac t model I1
~



ShOWD 1n Fig. 2. The input to the model, +1(t), 1s the phase of the de

s1red carrier appear1ng at the input to the Ptt. n1E~ loop responds

with 'r(t), the phase of the Controlled Osc11lator. The Phase Detector
.

output 1s generally a nonlinear funct10n of the .pha se error , (t).
e

'1(t) - 'r(t). This is why tbe Phase Detector is represented by a

suhtractor and a nonlinear block \t r]. Ignoring the 1101se net) fOT

the present, we proceed to the Lowpass Filter/Amplifie~ which is rep-.
resented by itself since the input/output quant1t1es a.re voltage

ana10gs of phase. The Controlled Oscillator 1s modeled as an inte~rator

because 1ts output1s phase while 1ts ~put 1s proportional to frequency

deviation. It can be shown [Ref.l] that tbe bandpass l~1se present at

the input to the PLL cao be represented by a lowpass n()1se net) 1ntro

duced as indicated. !he noise net) is the lowpass equtva1ent of the

bandpass noise, appropriately sca.Led , In particu1ar, 1.f the bandpass

noise is of bandw1dth B and power density n, then net) is lowpass with

bandwidth B/2 and power density 2n/A2 , where A is the a:mp1itude of the

desired carrier at the circuit point were n is measured.
Kl is the sensitivity of the phase detector at the operating point.

The basic noulinearity of the PLL 1s in the Phase l)etector. Typical

Phase Detector characteristics are shown in Fig. 3. No" suppose the

phase error ~e(t) 1s small; then over that smal1 region of operation

80y of the Phase Detector characterist1cs cao be considered 1inear.

!bis is what leadsto the 1inE;ar .equivalent mode.L shown in Fig. 4. Ob

serve that the noulinear1ty,I J bas been rep1aced by the constant ~.

U:;ing the linear model, we can apply all the techniques of 11near analysis

to the PLL -- certainly not a minor consideration. It tnrrns out that in many

design cases alinear analysis will suff1.ce to provide pecfcrmance and op-

i:imization guidelines. There are, however, a class of pr'ob.Lems where non-

:l.inear analysis must be made and pbase-plane or Fokker-Plélllck techIû.ques

(Ref. 1) are then resorted to.

The typical Lowpass Filter for the popular second-order PLL is the
4



lead-lag nerwork shown in Fig. 5, whI1e the first-order loop bas no

filter at all. The design parameters for the second-order loop are

'the overall loop gain and the pole and zero of the lowpass flIter.

The flrst-order loop bas only the galn as a design parameter; there

fore, lt does not provlde sufflclent flexlbility. Hlgher-order loops

improve performance only in very limlted appllcal:10ns (e.g. frequency

ramp tracking) and tend to be unstable; hence , they are shunned.

There are also second-order loops wlth fllters bB.ving zeros in the
.

rlght-balf of the complex frequency plane that pr'ovlde improved per-

formance ln some appllcations(~ef.2·Càr8~Using l1near analysls we ,may

obtain the closed-loop transfer functlon H(s) and nolse bandwldth Bn •

These are 1Isted 10 Table I and apply to both outputs of the PLL.

I t bas been assumed so f ar tha t the PLL is a1w8Ys in synchronlsm, 1. e , ,

the input carrier and the Control1ed Oscillator axe of identical fre-
I

quency but posslbly of different phase , There are no knovn useful

applications of the PLL were synchronism is not l~equired. However ,

as the car'rLer is applled to the PLL ,synchronism may only have to be

achieved (acquisition prob1ems). Furthermore, once acquired, synchron

ism may be lost lf the input carrIer frequency varles unduly <holding

problems). Calculations for acquisition and holdi~ must be made on

the nonliriear model of the PLL. The following definitions are of

interest in reference to synchronism:

Hold-in Range: Conslder a PLL synchronized ~th W • w • where w
- 1 ro 1

is the input frequency and Wro is the free-running frequency of.the

Controlled Oscillator. Now slow1y vary w
i

and wr lJi11 follow, but on1y up to

a limit. The hold-in range is defined as the vaLue of IWi - W I forre

which w
r

just fails to follow w
i

' resulting in a Loss of synchronizatlon.

The hold-in range cao be calculated for any P]~ by finding the

maximum control we have available for the Contro1lt~d Oscillator. It

i

-4- çi' j



is the product of the maximum DC output from the Phase Detector multl

pl1ed by the gain of the Lowpass F11ter/Ampllf1er and the sensltivity

. of the Controlled Oscillator. There is usually na problem in obtaln

log a sufficient hold-in range in a second-order PLL. Hovever. we

of ten do have·problems in obtaining sufficient lock-in and pull-in

ranges. These are defined next ,

Loek-in Range: Consider the case where thf; Ptl. is not locked when the
-c-o..~j(

input ls applied. The loek-in is the maximum frequency difference
t\

IWi - Wrol for whieh the loop will loek without slipping cyeles; only

a phase transient will appear. Approximately, the loek-in range

equals the frequency at which the open-loop response has unity gaine

Pull-in Ranse: This f sthe maximum initia! freque:ncy difference IWi - wr o I
for which the loop will eventual1y lock. Same approximate formulas for

the pull-in range are given in the ref ere:nces. Rowever, one cannot

utilize the full theoretica! pull-in range Sinel! it is affected by

noise and DC offsets, and the time it takes to l~ in is ofte:n too

long. A number of schemes have been developed t.o extend the pUll-in

range and decrease the pull-in time. (See. for E~ple. Ref. 3).

The examples which fcillov highlight same advantages in the use of

the PLL. The list of actual applications of the PLL in eurrent elee-

tronics equipme:nt is indeed exte:nsive.

Exam~le: FM Detector (Ref.2 , eh. 6)

Consider the detection of aD FM carrier modtuated by voice

(300-3300 Hz> with a peak frequency deviation of 10KHz• Opt1.m.iz1ng the

second-order PLL for a minimum phase error due te. both signa! and noise,

one obtains the following parameters: K (open-loop gain) - 6.6 x loS

rad1ans/sec., b (poleof Lowpass Filter) • 1.9 .kiloradians/sec., and

a (zero of lowpass filter) - 35.4 kiloradians/sec.
I'-{
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F1gure 6 shows a plot of output s1gnal-to-no1se ratio versus input

aarrier-to-noise ratio (experimentally measured) 'with the predetection filter

having a Carson's rule bandwidth (a widely-accepted I'ule). The improved

performance of the PLL over the conventional limiter-discriminator in

the region of low received carrier power is readlly apparent. One

should note, however, that even 1f the improved performance is not of

interest one would frequently prefer the PLL over the discriminator

for reasons of economy aod size. The PLL in addition to acting as an

amplitude-insensitive d1scriminator, mayalso perform (to a degree)

' s imul t aneousl y as an IF filter.

JK/dm



EY.a~ple: Frequency Synthesizer (Ref. ~)

A simple frequency synthes18 PLL ls shown in Flg. 7. In addition to

the conyentional components of Fig. I, there i8 • Programmabie Frequency

Dlvider betveen the Con~rolled Oscillator and the Phase Detector. The

input reference frequency f r ef is usua1ly derlved from II crystal oscil

lator and is very stable. Wlth the PLL in synchronlsm, folN - fref and,

therefore, the output frequency f o • Nfref. Since N ls programmabie, the

output frequency can be varfed in step. of fref. Furthe~rmore, lt has the

same fractiona! stabllity .s fref. Frequency synthesize:rs are ncw used

extenslvely for tuning receivers aod transmltters as veIl as test generators.

Related loops: There are a host of loops related to the PLL such as Costas,

Early-late Gate, etc., and a variety of multiple loops. Also, the PLL can

be implemented using equivalent digital operations.

References

For a thorougb treatment of tbe PLL in FM d e t ec t Lcn as vell as the use

of mu1tlp1e loops the reader is referred te reference 2. Reference 4 1s the
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related loops the reader is referred to refe~ence 6.
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NOW THAT WE HAVE AN EQUIVALENT LINEAR MODEL, WE CAN APPLY ALL THE
THEORY OF LINEAR SYSTEMS.
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PLL TRANSFER FUNCTIONS

e e

LOOP ORDER = NUMBER OF POLES IN G(S)

G(S) = OPEN LOOP RESPONSE

II(S) = CLOSED LOOP RESPONSE

K = K1K2K3
r. (I Q ~~ ,I .,
w~ '. I i (.IN '....<, \.J'/ ....,.....r- .,.J : ...." •• .L.... " t;'

LOOP FILTER OPEN~LOOP RESP. CLOSED LOOP RESP. LOOP NOISE
ORDER H2(S) G(S) II(S) BANDWIDTH

Bil 11

" (I J " ••L\,'1" \. .

1 I 1 I ....IS- " i ' " 1 I K

S _S_ + 1 I 4
, K

IJ :' I ( () , . ,
I ( " \ . ' " . , "•..J _

\

; I' ,:';,Si'} ' s i K (: +1) : ( : +1 ) I Kb(K~ +a)

2 I a
"::S-+-1-- I S (~+1) I ~ + ( 1+1 )S +11 4a(Kb + b)

I b b Kb ka a

TABLE 1
4:
J
0/
)1
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STEP RESPONSE

The ~e for a step in frequency at the input, is (by lino analys is)

Kb
[ 1 + t- e-at - %e- ia t ]

a
1. Transient component much larger than steady-state, by factor b.

2. There are 2'parts to transient:

one rises radidly with

- a(r = Kb

The other droops slowly with
~ 1
c'd =a
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...
~en = phase error due to noise

(increases with Bn)

Jfes =phase error due to signal
(decreases with Bn)

Illustration of phase error vs. PLL bandwidth
(Parameter: modulation)

In a certain class of design problems the PLL bandwidth is
optimized for a minimum total phase error. given the signal
deviation and interference.



PROBLEMS FOR LINEAR ANALYSIS

A PLL has the following parameters:

Kl =250 mVjrad K3 = 10,000 RPS/V

The phase detector is a multiplier.
s

1000 + 1
H2 (s) = s + 1

100
The free-running veo output is 4cos (lOGt + 45*)

1. The input to the PLL is 2sin (l06 t + 103t).

Find (a) Output 1, (b) Output 2, and (c) phase error.
All at steady state.

2. Repeat problem 1 with a PLL input of

2sin(l06t + 30* + 0.5sinlOOOt)

3. The input to the PLL is 2sinl06t plus noise of power spectral

density 10-6 W/Hz which is flat over the band of interest.

Find the mean-square value of the phase jitter of the veo

output due to this noise.



SOLUTIor~s TO PROSLn1S FOR LINEAR AriALYSIS

a = lOOD, b = 100

vn = V I~b = 1000 = a A response plot for thi s case i s on p,

Prob1er:1 1

(a) Out put 1 = ~ w = lol. = 0.1 volts
K3 -104

(c) Ph ase error = 0.1 = 0.1 radians = 5.7°
4 x 0.25

P ro~1el ~ 2

(b) The modul at ion is at 1000RPS and the peak phase deviation is 0.5 rad.

The response curve for -.!:!...- =1 (our case) shows an output phase 3dB higher
wn

t han the input phase and a phase shift of _45°.

Otherwi se the out put should follow the input.

Result :

Ou t; ut 2 = 4 cos [ l 06t + 30° + 0.5~ sin (lOODt - 45°)J



SOLUTIONS (lin. anal. -- cont'd)

(a) Output 1 is the input to the V C O.

1 ~ = 10-4 (0.5) v-Z- 103 cos (1000t-45 0 )

K3 dt

(c) ~e (t ) = ~i (t) - pr (t)

= 0.5 sin 1000t - 0.5 v-Z- sin (lOODt _ 45°)

3. Input to equiv, model:

PSD of noise =~ = 2 x 106 = 0.5 X IQ-6 ~~/H2
A2 4

Bn (see Tabl e) = Kb (Kb + a)
a

4a (Kb + b )
a

In our case Kb = a2 and K »1
0°0 Bn;;2- H~ = 500. Hé-

a '2.

Result:

ji2 = 0.5 X 10-6 X 500 = 0_25 X 10-3 rad2



NONLINEAR ANALYSIS



e e

A cos [w it+epi(t~ ' + N(t)

~ e e

~
\ .~

2
Ä

aCt) PHASE bet)
LOOP FILTER ,

INPUT -- DETECTOR
& AMPLIFIER

e (t) .
-

] + Tl (t) .
GAIN Ja K

2

....
sin [ep.Ct) -<P (t)

OUTP'
a r

,[tAl It + CP, Ct) ] f(t)

VOLTAGE
CONTROLLED
OSCILLATOR -
K RADlANS

3 VOLTS - SEC

Basic Phase-Loek Loop in Synchronized Mode



INHERENT NONLINEARITY:

phase detector

a) NONLINEAR

b) MULTIVALUED

c) + SLOPE

NONLINEARITY OF OTHER BLOCKS CAN BE REMOVED VIA
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FIGURE 3 Phase-detector charecterist ics

(a)Sinusoidal (b)Triangular (c)Sawtooth
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METHOOS FOR NONlINEAR ANAlYSIS:

1. PHASE PlANE TRAJECTORIES

2. FOKKER-PLANCK TECHNIQUES
(Random Walk)

3. CYClE SLIPPING RATE

4. APPROXIMATIONS

5. ESTIMATED NONlINEAR PERFORMANCE FRO~1 LINEAR ANAlYSIS
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PHASE PLANE METHOD:

PLOT OF Je vs ~e

NOW ASSUME SINUSOIDAL PHASE DET. CHARACTERISTIC

FIRST-ORDER LOOP:

..
.+•

(2n + 1)",

PHASE PLANE TRAJECTORY NEED: ~ W., K
1

NOTE: PATH OF TRANSIENT

~e (00)

STABLE AND UNSTABLE POINTS

WILL IT LOCK?
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ONLY TRAJECTORIES
PASSING 'fHROUGH SLOT
WILL REACH A STABLE
LOCK·IN POINT

CYCLE·SKIPPING
TRAJECTORIES
TENDING DOWN·
WARD TO OSCrt.·
LA TION REGION

CYCLE·SKIPPING
TRAJEeTORIES
TENDING UPWARD
TO OSelLLA TION
REGION

1To
ç6e

-1f

-1/~\
tPe -

s in \K)

•
rl>e

!

LoeK·IN POINT

secONtJ-ORDER f'L.L:

~ +cPe l~ +~ cos </Je J t ,(,- \< sc:~ ~e :: h .öW L
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" ----------...
'. " TIME

\ '
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---, UNDERDAMPED

..
PHASE
LoeK
REGION

_----4a+ol.-_..~--- ....
CYClf SKIPPING FREQUENCY

REGION LOCI(
REGION

( b)

Phase detector outputs in nonsynch ronous mode . (a) Fitst-order PLL outside
pull- in range , ~w. ' Ä · l.I. (b) ~ond.ordc:r type-t.... o PLL during 1'1111 0

," .



rOKKER-PLANCK:

EXACT ANALYSIS FOR VARIANCE OF PHASE ERROR,

LOSS OF LOCK RATE, WITH AWGN (ADDITIVE WHITE GAUSSIAN NOISE)

EXISTS FOR

FIRST ORDER PLL

NO FREQUENCY OFFSET

NO MODULATION

(USING FOKKER-PLANCK TECHNIQUES)

1.4 r----r---+----+----+-,~--i---

16 ~---r---...----"""----:----"'-----'

12 r----t---+---+---I--f----i-----..
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c'lCLE. SLIP?INGS".

BRI EF LOSS OF SYNCHRONISM

WHEN PHASE ERROR CAUSES PHASE DETECTOR OUTPUT TO GO OVER THE PE.;""K

REGENERATIVE ACTION BRINGS WO P TO NEXT STABLE OPERATING POINT

PRASE DETECTOR CHARACT. (1!ult1p11er type)

OUTPUT

pha~e

e. l r OY

The following are equivalent:

CYCLE SKIPPED OR SLIPPED

PRASE STEP OF 21fADDED TO VCO OUTPUT

SPIKE OF AREA 11ï APPEARS AT INPUT TO VCO

We eall these Loss of Loek Impulses or LLI

1
LLl-

I



Consider, in general, a sinewave carrier plus noise:

Noise causes cycle slippings in carrier when resultant encircles
the origin.

FiN . Iet the carrier be unmodulated and be convidered the reference
in phase . The pha sor add ition of carrier and noise produces a resultant having
a time-varving amplitude RU) and angle nnU). per Eq. (3·5). It is assurned
that the limiter rernoves cornpletely the AM from Rul : therefore. only the
angle (jn(t) and ih time derivative (inU) a re of interest. lt is observed from
Fig. 3-3a that the angle O"U) is given by

Á
I

I

(al

-., -



0.2

~t)

~(t)

~r---:tI~--...,..rr.--I._"(a)

3 dl

7 dl

10 dl

0.2 0.4 0.6 0.8 1.0

NORMALIZEO FREQUENCY

(c)

Thrcshold effects. (a I Phasc steps. (b) l'oi..;,: spikes , te) Detected nOlSC voltage
spectra. (The rrns voltage of the noise in a small band of IJ Hz IS (B, B.)' 2 times the value
given by thc curve: from Stumper!'.")
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We calI these Threshold 1mpulses or Th1.

By the mechanism of cycle slippings, the PLL does not transfer all

of the Th1 (that appear at its input) to its outputs.

The sharper phase steps don't make it.

The smaller the PLL bandwidth, the fewer Th! are transferred to

t~ output.

This is desirable. -

However, if there ~s a frequency deviation on the desired carrier

then a smaller bandwidth will cause a larger phase error and thereby

a larger rate of LL1.

There is an optimum bandwidth of the PLL which minimizes the sum of

LL1 and ThI, which we call the spike (or cycle slipping) rate N.

This is usually a desired design goal for a high noise environment.

)
, . I

ILLUSTRATION : ~ W.
1

;s a parameter



THE SPIKE RATE IS TYPICALLY OF FORM

-0...1
N=cwe n

c and 0 are constants

~ = input carrier to noise ratio referred

to the PLL no;se bandwidth

For Example,

for a first-order PLL without deJ;at;on

K -2 Gf
N~ ne

. !
. , , ::t~~·""



NONLINEAR PERFOR}~~CE FROM LINEAR ~~ALYS1S:

Minimizing phase error in linear model also minimizes the phase error

and LL1 + Th1 in actual nonlinear PLL.

In some cases there is a known relation between nonlinear and

linear performance.



PROBLEMS (Nonlinear Analysis)

1. Draw a phase plane trajeetory for a first-order PLL under the

following conditions:

A~_ 10,000 RPS K=20,OOO RPS

A multiplier is used as a phase detector

2. The carrier to noise ratio (CNR) at the inpwt to a first-order

PLL with the noise measured in the PLL bandwidth, is 10dB.

Suppose now the CNR has increased by 3dB. How much has the

cycle slipping rate decreased?

(Assume signal is unmodulated)

3. What is the mean square value of the phase error

in the linear model when the actual noise (due to the nonlinearity

of the sinusoidal phase detector) is ldB higher?



.'

1.

SOLUTIONS (NONLINEAR ANALYSIS)

Phase plane trajeetory

(2n + 1)"

2.
K

N =TI1

-2 J..
e

-24 -20
e = e

K -~
N - TI e2 -

= 2 x 10-9

3. See Curve: ~ Z 0.25 rad
2

A
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DEFINITION: HIR

HOLD-IN RANGE 1ALSO KNOWN AS "LoeK RANGE"):

CONSIDER A PLL SYNCHRONIZED WITH w. =w
1 ra'

WHERE wra = FREE-RUNNING VCO FREQUENCY AND w; IS THE INPUT FREQUE NC Y.

NOW SLOWLY VARY w. AND w WILL FOLLOW.
1 r

lt.
HIR = I w. - w I FOR WHICH w JUST FAILS TO FOLLOW W., RESULTING

1 ra r 1

IN LOSS OF SYNCHR.

HIR = (MAX ~ DET. OUTPUT) (K2 K3)

FOR A MULTIPLIER-TYPE ~ DET., HIR = K

WHERE K = OPEN LOOP De GAIN; FOR ALL ORDERS OF THE PLL.

EXAMPLE:

veo SENS. = 100 MH~V, ~ DET SENS = 0.1 V/RAD

BASEBAND GAIN = 78. (MULTIPLIER AS ~ DET)

THEN HIR = 780.MH~

. USING A LEAD-LAG NETWORK THERE IS USUALLY NO PROBLEM IN GETTI NG A

LARGE ENOUGH HIR.

-



~

OPE:,-LOOP RESPü::S[

I
I
I
I

_______ J

I
I

1 ~.ec 'b

.12 d:i3/0éta.ve

-6 ~/Oct.av.

/,
w (~ Beale)

OF

'u'E1è.~M'JJAa lv N

K ary\J. WM

This figure illustrates that in a second-order loop, Hold-in ran~e

and bandwidth can be independently specified.

This is not so in a first-order loop.



eventually locks into synchronism.

DEFINITIONS

PULL-IN RANGE (PIR): Max. initial IWi - w~1 for which loop
ro

(also known as capture range)

LoeK-IN RANGE (LIR): Max. initial [wi - Wyol for which loop

locks into synch. without losing or adding a cycle.

HIR:> PIR » LIR

~IRST-ORDER LOOP

LIR = PIR =HIR =K
1

LOeK-IN TIME CONSTANT ~ K

Jj. w. (rtR .
(] IV Kl , " .' C' IN5.5. )!Ie '" )

~.,;'
~

\
dW,I)

~ )
/



SECOND-ORDER LOOP

Kb
LIR =O-dB FREQ. of OPEN LOOP = a

K
PIR ~ 2 [ (Kb) (1 + 2a )]t RPS

RPS

"
Aw. 2

PULL-IN TIME = T a ( ')P 1'1 Kb sec

s .s . 0e ~

EXAMPLE

A w.,
K RAD

K= 6.6 x 105 RPS, a = 35.4 KRPS,

b = 1880 RPS, AND LET ~ wi = 100 KRPS~-----------

THEN LIR = 35,400 RPS (LIR = a in this design) i ::

6

'.-·,·C-I r',_ - ~. -. i

PIR :; 226 KRPS, Tp ~ 0.23 msec

s.s. 0e ~ 0.15 RAD =8.7 0

A
s.s. = steady-state

<



1~ t hc pic t ur e be1 0~:

Th ~ first- order l oop does not have s u f f i ci e ~ t ca in t e ruIl

in s pite of the De in the ou t pu t .

The sècond-order loop responds to a very smal1 i mbalance i n the

phase-detector output, building up the De in the capa citor (i~ t e 2rat i 2n).

( Cl I

" --- ... _----
TIME

•
"liAS[

lOC"
ItGIO'"

• .!. .l.-----•
cvcu SI('''''NG fUQUfNCY

lEGIO'" lOCI(
'fGION

( b )
, ..........ron<1Us rnc"Ck lal h"l.ord.·, PlL (\ut~IJ~Pha~ delcctcw outpuu In nons ..,".

• I.' , I I fbl ~dt-f 1)1"C....·(\ PLl dUflnl: rull-,npull-'n rln~. ~C&I. ft "



WHAT CAN GO WRONG?

1. IfHANG Upll. IF A wi = 0 BUT ORIGINAL 0e IS 1800
,

IT MAY TAKE A LONG TIME TO GET THE PLL INTO SYNCHRONISM.

REASON? THERE IS NO' 0 DET OUTPUT!

2. EXTRA NEOUS PHASE SHIFTS CAN CAUSE PUS H-OUTS OR EVEN

FALSE LOC KS.

3. NOISE

4. DC OFFSETS

"Pul l e i n" is aeeomplished by small De voltages produeed during eaeh
eycle of phase detector output (in the closed loop) while attempting
synchronization. These beeome extremely small and unreliable
(beeause of extraneous DC offsets) far away from the loek-in range.



CONSIDER THE CASE WHERE THE ~ DET IS NOT OF THE MULTIPLIER TYPE.

RECALL THAT THE ~ DET SLOPE (=SENSITIVITY) ENTERS AS A GAI N FACTOR

IN THE LOOP, AND THEREFORE ALSO IN THE LOOP BANDWIDTH. WE NORMALLY

OPERATE WITH SMALL 0e .

THEREFORE, THE SLOPE AT 0e ~ ODETERMINES THE LOOP BANDWIDTH.

KEEPING THIS SLOPE CONSTANT, THE MAX. OUTPUT OF THE 0 DET DEPENDS

ON THE SHAPE OF THE CHARACTERISTIC.

ASSUME A SLOPE OF 1 AT 0e ~ O.

FOR A MULTIPLIER-TYPE 0 DET, THE MAXOUTP UT = 1.
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THE HOlD-IN, loeK-IN, AND PUll-IN RANGES ARE ESSENTIAllY

INeREASED PROPORTIONATELY TO THE MAX 0 DET OUTPUT.
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AUXILIARY SWEEP

1. MOST POPULAR ACQUISITION AID

2. QUAOR: 0 DET. IS USUALLY ON THE SAME CHIP

dw
3. SWEEP RATE TI <W~ = Kb, THEORETICAL IN SECOND-ORDER LOOP.

TO INCLUDE ALL POSSIBLE INITIAL CONDITIONS, LIMIT IS

dw -c 21 wn2
dt

4. IN THE PRESENCE OF NOISE, USE

dw <::: (1-~G12 ) ~
dt Co

WHERE C; = CNR IN LOOP BANDWIDTH.

THIS HAS EXPERIME NTALLY GIVEN A 90%PROBABILITY OF ACQUISITION

5. NEEDS G> 6dB



EXAMPLE

VCO SENSITIVITY = 2 TT x 25,000 RPS/V

5K = 6.6 x 10 RPS,

LET G = 9dB and

b = 1880 RPS

~ w. = + 5 x 105 RPS,

THEN ~~ < (1- ft) 6.6 x ~05 x 1880 = 4 x 108 RPS/SEC

LET US SWEEP OVER TWICE THE UNCERTAINTY

P - P VOLT. SWING = 2TT x 25,000 = 12,8 VOLTS

4 x 108

MAX. VOLT. SLOPE = 2TT x 25,000 = 2.5 x 103 VOLT/SEC

REPETITION RATE OF SWEEP < 100Hz



WHAT IF THE SWEEP IS LEFT ON AFTER LOeK?

,
I l--~-

.! G. T V

/V
~

;'./ IVVE - N'- 1+ KH".(s)
~

l.l.. ~ ~

Kiss I CS

'3

5 N ... 2 . S' X (0 S~UhR.E" WA'JË -~•

+ S.2~{o \/
G.(; '/../0 5 --

K

THIS RESULTS IN A SQ. WAVE FM

OF FREQ. DEV. + 3.8 x 10-3 x 25,000 = + 95 H- - z

AT THE RATE OF /"oJ 100H.z

CO~PARE THIS AGAINST FREQ. DEV. DUE TO SIGNAL AND THE SIGNAL

FREQ. BAND Ta SEE IF IT CAN BE LEFT O~ WITHOUT DISTU~BING

THE OûTPUT.



Sweeo I~Jlementation
!

(Second-order PLL)

Slewir\~

Current

\Jeo

A fixed current injected into the integrator of a 2nd-order PLL causes

a voltage ramp to appear at the integrator output.

Ramp causes the veo to sweep, thereby searching for signal.

I "
1-'



SIMPL\ F'E1) SWEé l' c\RCU rr ~

l.OOP FIl.'ER IS fART OF LOW- FRéQ. osc .•
WH etJ \..00 P L.OC.KS t-Je,G-. Ç€e!>~Ac.\:,
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Discriminator-Aided Freouency Acauisition

If input SNR is large enough to permit use of a frequency discriminator,

then frequeney aequisition ean be performed by the diseri~inator.

Prior to loeK, phase loop is inoperative an~ discriminator forms

conventional AFC loop.

When frequency error is redueed within loek-in range, the phase loop

takes over and goes into phase loek; the frequency can either be disabled

er can be permitted to furnish the leep damping.

Very fast frequency acquisitien is possible.

CNRIN DIS CRI MIN ATn RBA NDWI DTH,., [I S T

BE GREATER THAN lODR (TO RE

PLL

Loop
F'dte.r

l.._ '\

FlL

Fre~uency

Di.f l' er12.nee.

Det~c.:t.o r

ABOVE THRESHOLDL
LI MI TED BY DIS CR. CENT ERF REQ. STA BIL I TY
WHICH MAY BE liREATER THA~ PU. PIR.
Referenee: O. Richman, uCeler-Carrier Reference Phase Synchronization

Accuracy in NTSC Celor Televisien", Proc.IRE, 42, pp. 106-133, Jan. 1954



CAL\BRf\TED 1)\SCR.
LOc~,-, -.:..i e, l .

~

SWJTCHES

,J

HOLO

•
~AL.16R .

, Atv'PL."
o PE'RAT€

Aeference: J. Harp. " Have .Phas e- Lock Accuracy and Top Loek-Up Time. Too:'
Microwaves • December, 1972, J'l). 48-53. ~'I
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Seauentia1 Phase Detectors

Operate on transition edges of rectangular wavefonms (or pulses).

Contain memory of past sequences.

Can be constructed from "digital ll IC's.

Outputs are rect~ngular, two-level waveforms.

But useful output is OC average of output pulses: an analog quantity.

A PLL with a sequential PO is an analog loop, even though the

PO circuit may be constructed with digital components.

Flio-Flop Phase Detectors

The simplest sequential PO is an RS Flip Flop.

Si. 9ndl
.... S Q
-~

veo -..... R Q
#'

Typical operation:

Q is set true by negative edges of signal.

Q is reset by negative edges of VCO.

Widely used in laboratory phase meters.
2 ' i



De Output of FF PD

Average DC output of Q terminal is linear functien ef phase difference

~ between signal and veo.

-n-

Phase detector has sawteeth characteristic repeating every 360°.

Linear over full 360°. (Cempare to sinusoidal PD.)

Nonnal tracking would be in center of linear region at~= 180°.



r
I

M()c: ~fied Fr PD

Prob1em: If any signal transitions are missing, veo resets RS FF,

which then remains reset, indicating 1800 phase error from normal.

Loop tries to compensate apparent error by slewîng away from correct

tracking phase towards an extreme.

Conclusion: RS FF is suitable only if all transitions are certain to exist.

Modification: Let veo tooale FF rather than reset it.

Tracking operation is identical to RS FF.

loss of signal causes FF to toggïe on each veo transition, givinç

50% duty cycle on Q (equivalent to zero-error analog output).

Re ferences:

C.J. Byrne, "Properties and Design of the Phase-Controlled Oscillator

with a Sawtooth Comparator", BSTJ, .1l., pp. 559-602, March 1962.

A.J. Goldstein, "Analysis of the Phase-Controlled Loop with a

Sawtooth Comparator", BSTJ,.1l., pp. 603-633, March 1962. '

'; r



Seauential PO Response to Noise

Additive noise causes excess transitiens on signal input.

Sequential PO respends te first "signal" transitien fellewing a

VCO transitien, irrespective ef whether transition is real signal er

caused by noise.

No;se crossings will bias the OC output of the sequential PO, as

well as cause jitter,because the PO ignores the true signal crossing if

a noise crossing occurs first.

Consequences: A sequential PO breaks up when subjected to significant noise;

its threshold is much higher than that of a multiplier PO. A sequential PO

is usable only if signal exceeds noise by a substantial margin.

Noise intolerance is inherent to all sequential POlS and not just FF's.



Dn2se-Frec uency (r-F ; Dc:r:c: r;

A po pu1ar seq uentia1 PO availab1e as an inex~ensive integrared circuit.

Cons is:s of 4 ;nterccnnecred flip flo~s.

u

r:;--t-__---- D

. y-----1
.( Vè D)

Re r erence : Phase-Locked LOOD Data Boo k, 2nd ed., ~~otorola, Inc.; Aucus t 1973.

J. F. Obe:-st, "Ge:1eralized Phase Caü:parators for I:::prove: Phase-Locked
Acc:;uisitian," IEEE Trans., Cam. Tech., Dec. 19ï1, PP. 11~2- 1 1:'8.

~. A. Rich, "Desiping Phase-locked Oscillators for Synchronization,"
I~~E Trans., Co==ünications, July 19ï4, pp. 89 0-896.



Features 07 ~-F De te cto r

1. Active . ....,..,.,0
1S +':'v U dou ble t ha: of c :n e r : -: I ::

1 ..J ..J. I .: ,... ~ ,:: .... "" " 0 ""... ; I . ... .... , \.j., _ I

entire active range.

2.. Output charact er i s t i c is aperiodic, in d i s t i nct i on te a ll c: -:: "

PO's discussed. Ir PLL is unlocke ~, t he 0-F det ect or pro v i ~2s a

steady Low condition on U or 0, as appropriate, to incicate d ~ re:ti cn

of frequency error. This slews VCO towards correc t f re cuency Tor l oek.

Action is raster, more powerful and more rel iable than pull- i n.

Phase-rrequency det ect or provides ai ded rre quency acquisitio; at

no extra cast..

3. Both outputs quiescent at 9 = O. Smal l 8 causes shert pul ses at U ai D.

Much easier to filter than 50% duty-cycle pujses of FF or Exclusive-OR

phase detectors. (Less trouble with ripple .)

4. Severely disrupted by missing transitions. Has sa~ nO lse into lerance

as all sequential PD's.

5. PULL- I N RAN GE = HOLD- IN RMiG E = ZIT K.

6. PULL-I N TIME, Tp,

Tp ~ tl r1 [ 1
~ e (0 )

A w- K sgn Oe ( 0)
]-

WH ERE s gn = "THE SIGN OF". PULL-E'i IS RAPID



G:e ra :i on of p-F De:ec:or

D e v i ce ha s t wo DL'tD U: te rr i n a l s , U a n d D. Lew ( p:.;ll ed - do·...'n ) cc r c i t to n

is ac: i ve; H; ch is i nactive. Eo: h U and 0 ear. ~e r. i gn s i ~ J jta ne : J s l y, bJt

no; l a ...' .

Lo ~ U in dica tes positive Q berween Rand V.

Low D in dieat~s negativE 9 between Rand V.

Duty eyele. dUor dO' of low condition ind ieates magn itude of G.

Us ef ul out put (De analog average) is dU - dO'

I
I

-~7'l

11 .'

"



D0 UBLE- L00 P PLL

I T IS PO~ S I BLET 0 HAVE A WI DER Lnop

DURING PULL-IN AND THEN NARROW THE

L0 0 PAF TER LOC K- I N.

THE OUTPUT OF THE QUADRATURE DET.

(WHICH INDICATES LOCK) CAN BE USED

AST HES WIT CHI NG S I GNAL.

WE CAN SWITCH EITHER THE GAIN nR

AN ELEMENT OF THE LOOP FILTER.



C.\o{AlJG-tNG- PLt. ~ANt>~I1:>T~:

wlt)ER bUR,\t·JG- Ac~\..\tstTlOtJ

r
•

IFET bia circuiu nat Ihooml

r.

r Modifyiq ~iJter parameters to Aid a.c:qWai
ticm. Ia (.) tbc 'iJter<:orDel' 'req\JCDCY ia IUJbcr 'or larF
input ch&np. Ia (b) &he budwidlh ia twitehcd by aJI e1ceruJ
IlpV.
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DETEC.TOR.

1(<.1 -looI 1-
2 • •

[1 + coc2 Ilol, - <.ol.)t)

QuadriCCC'l"dalOr (frequency-diff~ deteetor).

Of'i2AilO~~

FORf'.\ eeAT FR '~u.~tJ c'1

'eETECT C.OHERENTL'f



?rcble;,:

~~ order-2 t:ye-l PLL has a closed-loop response given by

s + 1
1000

H(s)·----------~-

5 2 s1'0& + 1000 or 1

The open-loop response has one of its poles at 10 RPS,

Find: Ca) Hold-in range, (b) Pull-in range, (c) Pull-in time

for a frequency offset of 10,000 RPS, (d) max. slope permitted

for s~eep in search and loek configuration, and (e) PLL elosed-loop

noise bandwidth.
The phase detector is a multiplier.

An~wers: 105 RPS, 14,000 RPS, 0.1 sec, 106 RPS/sec, 500Hz..

1 ')-1



SOLUTION (ACQUISITION)

FROM GIVEN H(s) AND THE TASLE IN LINEAR ANALYSIS:
Kb

a = 1000 RPS, Kb = 106, Sn = Kb (-a + a)
4a ( Kb + b) Hz

a

b = 10 RPS (Given); THEREFORE, K = 105 RPS.

(a) HIR = K = 105 RPS

= 0.1 SEC.

5
(b) PIR = 2 [106(1 + 26~o ))t

(c) P1T~ 10
3(04)2

(06)2

- 14,000 RPS
,..."

(d) w~ = Kb = 106 RPS/SEC

106(103 + 103)(e) Sn = - = 500 Hz
4 x 103 (103 + 10)



DISTORTION &\~ NOrSE CALCULATIONS

Jacob Klapper



WE SHALL CONSIDER:

(1) LINEAR DISTORTION AND

(2) NONLINEAR DISTORTION

LINEAR DISTORTION ~ DISTORTION OF OUTPUT WAVESHAPE CAUSED BY

LINEAR TIME-INVARIANT COMPONENTS THAT CHANGE AMPLITUDE AND

PHASE RELATIONSHIPS AT THE DIFFERENT FREQUENCIES AT WHICH THE

WAVE HAS ENERGY.

EXAMPLE: SQUARE WAVE FED INTO INTEGRATOR BECOMES A

TRlANGULAR WAVE AT lTS OUTPUT.
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c..HooSe: ONe PAR.AM6Te~ WITt-t

•

,
i

I .

s O~l\ce-S:

(I) <P D'ET. (MU \-Tt PL. ,YP€ )

(2.) 'Ic.o NONL.\WEAlt'1'i

(~) e~$€BA~~ "M~'-. O\Je:~Lop\!)



e e e e e

DI S 1__9-=: IJ_Qr~ (t'~ 0 tJ L' t~ e Ar... )

F 0 R s.,1,.\L L V/\ L UE S oF 0 ISl'O R TI o N

I. V/RITE NüNLlNEAR CHARACTERISTICS

IN TERMS OF TRUNCATED POWER SERIES .

.
2. REPLACE NONLINEAR ELEMENT BY L1NEAR

ELErJIENT PLUS DISTüRTlüN GENERATOR.

3. USE L1NEAR ANAL YSIS TO QBTAIN

Ar"lour~T OF DISTORTION.

,------1
"1(1) I Q I ~IN[A' I I ,,')(1)

_---1........._. ~ . .... ELEMENT . ..

I 0 I
1 I

~_._Ivd~ -.1

j
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g(",)'" 0

0
" 0lv~ 02v + •....
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o
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0; 2~
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01

(c)
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EXAMPLE: PHASE DE1ECrOR OrSTOR110N

SIN <Pe Ctl =<PeCtl _ <pe
3
tt:l +

3!
•••

cP. (t)
I

·1
FILTER- AMPLIFIER

- ~ (t)
e

t) · </.Ird( t)

JJ-/ s
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EXAMPLE: TWO-TONE TEST OF VOICE CHANNEL, SECOND-ORDER PLL.

')
c"J :- 2. n~ 10K Y'S,

1
AN~ W ::2Trx~x'O ~"ç

2.

)

AT'

1- - - -- - -- - -._ . _ -- - -- . . - .



·
F~EGUëNC'l€) OUTc;rl)E: OF ~-KH~ VO'C.ë
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1
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TO LOWER DISTORTION

1. USE TRIANGULAR OR OTHER LINEAR ~ DET.

(APPLICABLE ONLY FOR HIGH CNR)

2. USE ERPLD

3. VCO: USE PUSH-PULL TECHNIQUES, MULTVIBRATOR TYPE

4. AS CARRIER AMPLITUDE RISES ABOVE THRESHOLD AND DISTORTIüN

BECOMES DOMINATING, LET INCREASING AMPLITUDE INCREASE LOOP K.

5. CHOOSE APPROPRIATELY OUTPUT OF LOOP. DISTORTION REDUCED BY

LOOP GAIN IF OUTPUT IS TAKEN AT OUTPUT OF DISTORTING ELEMENT.
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veo NOISE DUE Ta NOISY LOOP ELEMENTS:

AS FOR DISTORTION, REPLAeE NOISY ELEMENT SY NOISELESS ELEMENT

PLUS AN EQUIVALENT NOISE GENERATOR AT veo OR LOOP INPUT.

EQUIVALENT NOISE GEN. IS OSTAINED SY MEASURING veo NOISE IN

OPEN LOOP.

AT LOOP INPUT

~i (t ) = ~is -(t) + ~n{t)

WHERE

~;s (t) = MODULATION DUE Ta SIGNAL

~n (t) = MODUL. DUE Ta veo PHASE NOISE.



EXAMPLE

SUPPOSE MEASUREMENTS SHOW EQurv. NOrSE GEN. AT veo rNPUT TO HAVE

A POWER SPEeTRAL DENSrTY En (f)

En (f) = ~

( 2!- )2 + 1w,
THEN THE EQUrV. PHASE NOrSE GEN. AT THE PLL INPUT HAS THE PSD

, K3= veo SENS.

THE PHASE ERROR DUE TO THrs NorSE IS

2
~en (t) =

co

JWn(f) 11 - H (jw) 12 df

o
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Open- loop excess phase shift or delay are due to:

Physical electrical length of signal path

Stray high-frequency poles

Finite response time of elements

We can model it as pure delay, based on the phase shift in the

crit ical region, i. e., whereIG(jw~~ 1 .

Ga(s) = open-loop response including delay = G(s)e-sT

T = delay due to excess phase s hift

Delay increases noise bandwidth of closed loop.

We can minimize B by moving zero a.
n

Graph below illustrates increase in mi nimum B caused by excess
n

phase shift and the ratio of the new value of a to the optimum

value of a for a loop without excess phase shift.

For example, for an excess phase shift of 20*, the noise bandwidth

is doubled and tbe optimum zero frequency is 8% lower.

·0
cft

- - e î 1.

JO
i
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I e
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Minimum relative no ise bandwidth of secend-order lype-l"' (\ I'LL. I.C_.

B.(~)IB.(O) . as a functlon of delay phasc riJ = Tw•.



PROBLD1 (Distortion)

Consider a VCO with a nonlinearity dominated by the square-la~

term. Find the equivalent distortion generator if the

control voltage is 2sinlOOOt and the second harmonie distortion

component is 40àB belo~ the desired fundamental.

a



SOLUTION (DISTORTION)

~ w(t) = a, v (t) + a2 [v (t) J2

• a2 = iä2
• •

' e

ACTUAL VCO

. ;



FREQUENCY SYNTHESIS

1



FREQUENCY SYNTHESIZER:

A VERY STABLE SOURCE WHOSE FREQ UE NCY CAN BE CHANGED INC REME NTAL LY.

EARLY VERSlONS USED SWITCHING FROM XTAL TO XTAL.

MODERN VERSION USES A SINGLE XTAL OSC AN DA PLL.

EXAMPLE:

HP3325A SYNTHESIZES ;-~to 21 MHz with lIDIGIT RESOL UTION.

REFERENCES:

1. W. EGAN, FREQ. SYNTHESIS BY PHASE LOCK, 1981.

2. V. MANASSE~TSCH, FREQ. SY NTHESIZE RS, 2nd. ED., 1980.

3. D. DANIELSON AND S. FROSETH, HA SYNTHESIZED SO URCE WITH

FUNCTION GENERATOR CAPABILITIES ", HP Journal Jan. 1979, pp. 18-26.

4. MOTOROLA LITERATURE

. I ' .
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Partial Performance Speciflcarion for the First Local Oscillator of
Model DCR -30 Computer-Controlled Receiver, Manufactured by GI Electronic
Systems Dit'ision·· -

Frequen cy range:
Frequency incrernen ts :
Nonharrn onically related

spurious outputs :

Phase no ise :
Switching time:

92.67 to 122.17 MHz
. 100 Hz

(a ) Sp urious outputs fall ing in
the passband of the fron t end
or first IF freque nc ies, - 110 dB

(b) Elsewhere, - 80 dB
See Fig. 7·19

5 msec
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TYPE OF SYNTHESIZERS:

1. ALL DIGITAL

2. DIRECT

3. INDIRECT (PHASE-LOCKED)

OF THESE, THE INDIRECT IS THE LEAST EXPENSIVE BUT REQUIRES THE

GREATEST SOPHISTICATION IN DESIGN BECAUSE OF CO NFLICTI NG RE

QUIREMENTS ON THE PARAMETERS.

FOR EXAMPLE:

LOWER SPURIA REQUIRE SMALLER PLL BANDWIDTH, BUT THIS MAY

DECREASE UNDULY SPEED OF RESPONSE.

THIS IS ONLY ONE OF A NUMBER OF SUCH CONFLICTING REQUIREMENTS.

INDIRECT TYPES:

. ANALOG

. g N

DUAL-MODULUS

FRACTIONAL N

; : / . - .



De DIIital (Look·U~TabIe) Syatbeslzer

4'

"'re ClocIt

, .
s

'.. ;-

'.

\,' 't
"

"\ \

. /

FIpre 2.1 Buic diaçam of • digitaI synthesizer.

Same signals from the digitaI synthesizer.

OPERATION :

1. WAVEFORM SYNTHESIZED PIECE BY PIECE.

2. A NUMBER, A)r, IS SHIFTED INTO ACCUMULATOR AT ClOCK FREQUENCY.

ACCUMULATOR OUTPUT IS AS SHOWN.

FOR A HIGHER FSYN, USE lARGER A e.
"\

CAPACITGl OF ACCUMULATOR CORRESPONDS TO ONE COMPLETE CYClE.

WHEN ACCUMULATOR REACHES CAPACITY, IT RESETS.

3. MEMORY CHANGES J5 TO cos.e' (v i a tab1e 100k-up) .

1/5



PROPERTIES OF ALL-DIGITAL:

1. FAST RESPONSE (+)

2. FINE RESOLUTION (+)

3. UPPER FREQ. LIMITED BY CURRENT MEMORIES (_)

4. BEST REPORTED SPURIOUS SUPPRESSION: SO-SOdB (_)
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EXAMPLE USES 28.MHz LINE

PROPERTIES :

1. FAST RESPONSE 2. FINE RESOLUTION 3. LOW SPURIA 4. COSTLY &BULKY
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1= s'f ~ i~
r>: r-t Ii\ I

Re +.e'en. ce ~ f P h aseL-! F (SI .f-- I VC O

J
"

Frea ue n c y --i ..,. p 1 \ De r. } L-J L..J I
( f re t l t_. ( '-/

' I- ----I r-ïI I Progra rr:ma b !e i .1 D~ i~e r I~CJ

= Nf~E.f

8UT

l 5

, .
, -_..~-_._------

- --.- - . -'-- - e-• . . 0 .· . • 0., . __ 0 • • • • . _ ._•.~ .. •__ • ~ .__• _.. •

! !



·.' , . -'~

. • ,.. '" _ -~c , -" ..; :, . " ' _" ', _--_... ' ' ~.
~ . .. __ " _. ..- .... ~ , • 1-"

" :~~

WE CAlJ HA\JE Pi ~lG-H - FRE~ \A EN<:''1

I
e °f~ f~EF

'~

PRo ~~CALAR 1\-1'011) ReT1\l N
-
~
~

A"l~ 'T\-le: PLL BANl)\N \1)TH B'I \Ase OF

D\.\Al- MO~UL~S '~

- FREaUENCY SYNTHESIS BY TWO
MODULUS PRESCAL ING I

Refe'enee
F'eQu eney

(f refl

N'. N e P"A

t oo v INCL\,\'.)ES:

2 :'v1 odulus
Prescaie,
P , P .. 1

Programmabie
Counters

+A

, I

P,ogrammable
Counte,.
~ N

,,

TWo - M01)1.A '-1.\$ PRE~CALPt{{ (~I~IJ)! B't POl? ?;.\.)

r R0 <r~ PrM M f' ?> LE'" C 0 \A f\J"'iE" R. i. N
i. A

(PROOF \S IW MC.\lO\'2.)



iI -

I
FoRo NTOll\'-1\ lA~G-E OF VA l.\.\es 'IN SE~\.lfNe5:

. ..

A. ~E~ue~ce 7-A F~ol-\ o TO p-\
•

&. :t NC.R.f,~'~,. Na~ 1

Ct. SE<.yU~Nce i- A F-'OM o T1) p- ,

e fTC ..

•

.' .,.-~ " . ~ . ..,... ,. .... '-- " -. " -----



AS WE INCREMENT "A", WE CHANGE FSYNTH BY FREF. HOWEVER,

PROGRAMMABLE COUNTERS HAVE INPUT FREQ = fS~n

NOTE:

NUMBER IN N COUNTER MUST BE GREATER OR EQUAL TO NUMBER

IN "A" COUNTER. OTHERWISE ERRORS WILL OCCUR.

Ntetal(MIN) > (P-1)P.; Ntetal (MAX) = Nmax P + AMAX

EXAMPLE:

fsynth = 90 MHz te 110 MHz in 100KHz steps use P=lO

SOLUTION :
\ .
1 --;

fref = 100 KHZ, A = • 0 te 9, N = t 10 te 110

lowest fsyn for N = 90 and A = 0

highest fsyn for N: 110 and A = 0

Fer N~ 90, A = 1, we have (901) fref = 90.' MHZ

NOTE: N::> A; (P-1) P = 90;
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MOTonOLA SEMICONDUCTOR GROUP
MOS INTEGRATED CIRCUITS DIVISION

LOGIC AND SPECIAL FUNCTIONS

MOTOROlA CMOS lSI
FREQUENCY SYNTHESIZER

FAMILY

FREQUENCY SYNTHESIZER FAMILY
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MOTOROLA' SEMICONDUCTOR GROUP
MOS INTEGRATED CIRCUITS DIVISION

LOGIC AND SPECIAL FUNCTIONS

e e e e ./ ;</:_.:.,.':.';.;Jf ~ :,J;'
' . . ,~ ,~ .: ' , f' tI ' ,..'.,'~ :4 . ~ . J'••; . : ,. ' . \:.
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.....

PHASE LOCKED LOOP FREQUENCY SYNTHESIZERS

SCHEDULED

PRODUCT INTRODUCTION
DATE

• MC145144: 4-BIT DATA BUSPROGRAMMABLE, SINGLE
MODULUS FOR TV TUNING (2nd SOURCE
MATSUSHITA MN6044) MAR '80

• MC145145: 4-BIT DATA BUS PROGRAMMABLE, SINGLE
.MODULUS MAR '80

• MC145146: 4-BIT DATA BUS PROGRAMMABLE, DUAL
MODULUS MAR '80

• MC145151: PARALLEL PROGRAMMABLE,
SINGLE MODULUS MAR '80

• MC145152: PARALLEL PROGRAMMABLE,
DUAL MODULUS MAR '80

• MC145155: SEAIAL PROGRAMMABLE,
SINGLE MODULUS aCT '79

• MC145156: SERlAL PROGRAMMABlE,
DUAL MODULUS , a CT '79

... . ' -oQoo,,,"." ·-:"'· '~ ,"t· fl .' ~
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2-Blt Shift
Register

14·Bit .. N Counter

14-Bit Shift Register

MC145155
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MC145155 SINGLE MODULUS PRESCALE
SERlAL PROGRAMMING

• 18 PIN PACI<AGE

• 25 MHz TYPICAl INPUT FREQUENCY

• IMPROVED 3 STATE PHASE DETECTOR

• TWO PHASE DETECTOR OUTPUT METHOOS

• PROGRAMMABlE 14·81T + N COUNTER

• 8 ROM PROGRAMMED REFERENCE DIVIDER VAlUES

• ON CHIP OSCillATOR (EXTERNAl XTAl)

• IDEAL FOR MICROPROCESSOR CONTROL .
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SERlAL INPUT PLL FREQUENCY SYNTHESIZER

MC145156

(LOW-POWER COMPLEMENTARY MOS)

RAD

OSCin

OSCout
REFout
Test

SW2

SWl
Enable

Data

Clock

P SUFFIX
PLASTIC PACKAGE

CASE 738-<l2

•~z: , ,... ~,l

~I - -.• .. 1\)'. i II • --- ,)' ..- ~(:... '"
i " i •
L •

L SUFFIX
CERAMIC PACKAGE

CASE 729-01

CMOS LSI

SERlAL INPUT PLL
FREQUENCY SYNTHESIZER

PIN ASSIGNMENT

RA 1 1

RA2 2
f/lV 3
,pR 4

VDD

PDout

VSS
Mod Control

LD

fin

The MC145156 is one of a family of LSI PLL frequency synthesizer
parts from Motorota CMOS. The family includes devices having seriel.
parallel and 4-bit data bus programmabie inputs. Optieris include single
or dual-modulus capabihtv, transrnit/receive ortsets. choice of phase
detector types and choice of reference divider integer values.

The MC14515ê is programmed by a clocked. sertal input, 19-bit data
stream. The device features con sist of a reference oscillator, selectable
reference divider, digital-phase detector, 10-bit programmabie divide
by-N counter, 7-bit Erogrammable ... A counter and the necessary shift

-register anc latch circUitry tor accepunç the serial input data. When
combined with a loop filter and VCO, the MC145156 can provide all the
remaining tunctions tor a PLL frequency synthesizer operating up to the
device's frequency limit. For higher VCO frequency operatien. a down
mixer or a dual modulus prescaier can be used between the VCO and
MC145156. ..

• General Purpose Applicauons -
CATV TV Tuning
AM / FM Radios Scannmg Receivers
Two-Way Radios Amateur Radio

• Low Power Drain

• 3.0 to 9.0 Vdc Supply Range_

• >3:> MHz Typical Input Capability @ 5 Vdc

• 8 User Selectable Reference Divider Values - 8, 64, 128, 256,
640, lCXXl, 1024, 2048

• On- or Ott-Chip Reference Oscillator Operation with Buffered Output

• Lock Detect Signal

• Two Open-Drain Switch Outputs

~. Dual Modulus!.§.e!,-ial-f..l:QQramming

• ... N Range ë 3 to 1023 )

• "Linearized" 0lgl1a1 'fJnase Detector Enhances Transfer Function
Unearity

• Two Error Signal Opnons 
Single Ended (Three-Statel
Double Ended

•-I 19osc.,

OSCout
18

REFout

Modulus 8
Control

\
fin

VDDI) Enab 13

• Oa 12

i
i
I

CIOCk 11I

J Clt.lOTORO(.AINC. lMO

.-.J.oVDD

.....zoVSS
~Test

LD

6
PDout

,pV

,pR

_-C==~~SW2
SWl

11
059809 , ~

, "'::D



o taçes e ereneed te Vs c:)

Rating SymboI Vllue Unit
OC Supply Voltage VOD -0.5 te +10 Vdc
Input Voltage . All Inputs Vin - 0.5 te VOD + 0.5 Vdc
OC Current Drain Per Pin I 10 mA

OC Current Drain VOD or VSS Pins I ~ mA
Operat ing Temoerature Range TA -40 to +85 °C
Storage Temperature Range Tstg - 60 to + 150 °C

MAXIMUM RATINGS (V I R f

ELECTRICAL CHARACTERISTICS

Chanleteristic SymboI VOD
TLow 2S°C THioh Unita

Min Max Min Typ Max Min Max

Power Supply Voltage Range VOO - 3 9 3 - 9 3 9 vee

Output Voltage oLevet
3 - 0.05 - 0 0.05 - 0.05

Vin" VOO or 0
VOL 5 0.05 - 0 0.05 - 0.05

9 - 0.05 - 0 0.05 - 0.05
Vdc

3 2.95 - 2.95 3 - 2.95 -
Vin" Oor VOO 1 Level VOH 5 4.95 - 4.95 5 - 4.95 -

9 8.95 - 8.95 9 - 8.95 -
Input Voltage oLevet

vo .. 2.5 or 0.5
VIL

3 - 0.9 - 1.35 0.9 - 0.9
Vo .. 4.5 or 0.5 5 - 1.5 - 2.75 1.5 - 1.5
Vo .. 8.5 or 1.5 9 - 2.7 - 4.05 2.7 - 2.7 Vdc

Vo .. 0.5 or 2.5 1 Levet 3 2.10 - 2.10 1.65 - 2.10 . -
vo ,. 0.5 or 4.5 VIH 5 3.5 - 3.5 2.75 - 3.5 -
Vo ,. 15 or 8.5 9 6.3 - 6.3 4.95 - 6.3 -

Reverse Breakdown Voltage SW 1. SW2 VBOSO 3·9 15 - 15 24 - 15 - V

Output Current Source
VOH .. 2.7

'OH
3 -0.44 - -0.35 -0.66 - - 0.22 -

VOH ,. 4.6 5 -0.64 - - 0.51 -0.88 - -0.36 -
VOH .. 8.5 9 - 1.3 - -1 .0 -1 .3 - - 0.7 - mAdc

VOL" 0.3 Sink 3 0.44 - 0.35 0.66 - 0.22 -
VOL" 0.4 lOL 5 0.64 - 0.51 0.88 - 0.36 -
VOL" 0.5 9 1.3 - 1.0 1.3 - 0.7 -

Output Current Modulus Contro l Source
VOH '" 2.7 3 0.15 - 0.25 0.5 - 0.08 -
VOH .. 4.6 'OH 5 0.45 - 0.75 1.5 - 0.23 - mAdc
VOH = 8.5 9 0.75 - 125 2.5 - 0.38 -

Output Current SW1. SW2. Modulus Contro l
VOL" 0.3 Sink 3 0.48 - 0.8 1.6 - 0.24 -
VOL" 0.4/' 'OL 5 0.90 - 1.5 3 - 0.45 - mA
VOL" 0.5 9 2.10 - 3.5 7 - 1.05 -

Input Current Other Inputs 9 - ±0.3 - :t O.OCXXll ±0.1 - ± 1.0
Enable in, 9 - -60 - -25 -50 - -35

fin. OSCin 9 - ±15 - ±5 ±10 - ±8 J'Ädc

fin. OSCin IIH
9 - ± 15 - ±5 ± 10 - ±8

Other Inputs 9 - ±0.3 - ± O.OCXXll ±0.1 - ± 1.0

Input Capacrtance Cin 3-9 - 10 - 6 10 - 10 pF

Output Capacnenee Cn"f 3-9 - 10 - 6 10 - 10 pF
3 - 800 - 200 800 - 1600

Quiescent Current 10 0 5 - 1200 - 3CXl 1200 - 2400 J'Ädc
9 - 1600 - 400 1600 - 3200

3-State Leakage Current POout IL 9 - ±0.1 - ± O.(XX)1 ±0.1 - ±3.0 ~Adc

.,

.' "v
. )'

NOTE: TIOW .. - 4Q°C
Thigh .. 8S°C

Thls device eontains circunrv to proteet the inputs against damege due ie high statie voltages or electric fields; however. it is advised that normal
orecauticns ba taken to avoid application of any voltage higher than maximum rated vol tages te trus high impedanee circuu . For proper operation it

IS reeommended that Vin and Vout ba constrained to the range VSS S (Vin er Vou t) S VOO,

Unused inputs must alwavs be tied to en appropriate logie voltage level (e.g. , euher VSS or VOOL
--...)., .

'------® MOTOROLA Semiconductor Prodf:Jcts /nc.
ft
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FIGUAE 8 - AVIONICS NAV AND COM SYNTHESIZER
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DUAL MODULUS PRESCAUNG

The teehnique of dual modulus prescaling is weil esUlb-
lished as a method of achiaving high performance fr8Quency
synthesizer opera tion at high trequencies. BesicaUy. the ap
proach aJlows relatively low-fr8Quency programmabie
counters te be used as high-frequency programmable
counters with speed capability of S8Y8fal hundred MHz. This
is possitle without the sacriflce in s-r.::em resolution and per
t~ TNt would otherwise result if • fllC8d (single
moduluS) divider was used tor the presca)er.

In du8t modulus prescaling. the I~ speed counters
must ba uniQutlty coofigured. Special controI Ioçic is
r.ecessary to select !he divideV81ue P or P+ 1in !he presesIer
tor the required amount of time (SM modulus control defini
tlon!. The MC146156 COOUlins this feature and can be used
wim a variety of dual modul~ prescalets te allow speed.
complexity and eest te be tailored te me syst8m re
QUirements. Presca1ef1 having p. P+ 1 divide vaJu. in the
range of • 31 • 4 te .'281. 129 çan be controlled by me
MC145156. -

S8"to'8f'8l dual modulus preses!,. approaches suitab~ for
use with the MC146156 are given in Figure 7. The ap
proaches range trom !he low eest • 15/. le. MC3393P
deviC9 capable of~ speeds in exeess of 100 MHz to the
MC12lXX) sOOes ha\ling capabilities ~,,"ding te graatar than
500 MHL Synthesizers featuMng me MC146156 and duat
modulus prescaling are shown in Figures a and 9 fot two
typicaI !pplications.

DeSIGN GUIDf:UNES APPtJCABLE
Ta ntE MCl451S6

TheS\~ ·to t.81 divide vakJe INtotal1 wil be dictatad by
me awiicatiotl . i.e.

!reguency into the pre.scalet P A
Ntotll • frequency into the phase aelaetor • Ne +

N is tl'1e number programmed into the • N counter; A is
{he number Pf09rammed into me • A counter. P and P + 1
are me two 591ectable diVlde raties available in the two
mod\llul orescalers. To htw a range ot Ntotat values in se
CI'J8OC8. the .. A COUtlter is programmed from zero through

_ _.1' - 1 tew a particular value N in the dMde N countllr. N is
• then incremented to N ... 1 and me ..A Ls seqU8nCIId trom

__ . ~m~-1again.

ThW8 are minimlJm and maximum values that c.n be
achievoo tew ~~~These va/ua are a function of P and the
s·-'!t of the • N and • A counters. The constraint N > A
atways !pPlJes. If Ämax • P - 1 then Nmtn > P - 1. Then
NtotaJ-min • IP-ll P+A or IP-11 P since A is tree ta
ElS3UITI8 m. va/ue ot zero.

Ntotal- max • Nmax e P ~ Amax

Tc maximlle systam freqoJeney capabilitv. the dual modulus
p~ler'soutput must go trom low to high aftar aaen group
ot P ew P + 1 input c /c l•. The presca* should divldlt by P
when its modulus cont.-ollin. IS h'9h and !:)v P + 1 when itS
modulus CJntrol is lew.

For memaximum trequancy into the prescaler (FvcomaxI.
the vaJue used tor P must b! large enoogh such that:

A. Fvco max divided bv P may not exceed the freQuency ;,
capabilitv of Pin 10 of the MC145156.

B. The period of Fvco.divided by P, must be greater than
the sum of the times:
a. P~ation dellV through ttle dual modulus

prescaler.
b. Prescalet setup or release time relative te its

modulus controI signaI.
e. Propagation time trom ~n tg the modulus control

outPut tot me Me146156.

A sometimes useful simplifICation in the MC146156 pro
gramming code can be Jchieved by choosing the values tor
P of 8. le. 32. 64 or 128. Fot these cases. the desired vaJue
for Ntotal w iJl result when Ntotal in binary is used as the pro
gram code to the • N and • A counters treated in me
tallowing manner:

A. Asaume the • A counter contains "b" bits where 2b
.. P.

B. Always program all higher order - A counter bits
abow "b" te zero.

C. Assume me • N counter and the • A counter (with all
the higher order bits abo"e "b" ignoredl combined in
to a single binary counter of 10+ b bits in length. The
MSB of this "hypothetical" counter is to eertespend
te tha M5B of • N and me LSB is te eertespend to
the LSB of • A. The system divide '.'alue. Ntotal. IïCW

results whan the va/ua of Ntotal in binal)' is used to
program the "New" 10+ b bit counter.

RGUAE 7 - HIGH FAEOUENCY OUAl PAOOULUS
Pf'ESCAL!RS FORusa WrTli THE MC1"61M

MC12lXS ·5/·8 ..a MHz
MC12011 ·8/·9 500 MH!
MC12013 .10/-n 500 MHz
°MC3393 .15/.18 lAO MHz

.~ intrOductiort in 1980

MOdulus
Control

~e-.~
o.w:.

a
MC12Q11 MC12Q13A. MC1ZOOJ

MC10131 ·2:,. ·21 ·rl/·33 • ':":u • 41

MC10138 ·50/ ...51 ·00/ ...81 .100/.101

...40/·41 ·641 ·66
MC10178 or or ·00/ ·81

.PI:;I·81 • 1:9 / · ~ 29

..
NOT~ ; MC12<Xl9. MC12011 and MC12Q13 a~ PIn ~Ui7

"'---------@ M-T'OROl-A Semlconducto~Product.'nc.
Q

E
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DELAY LIMITATIONS OF DUAL-MOD SYNTH:

PERIOD OF FVCO/P MUST BE GREATER THAN THE SUM OF Th~

A.

I

I . B.:e
I C.

PROPAGATION DELAY THROUGH DUAL-MOD PRESCALiR.

PRESCAUlR SETUP OR RELEASE TIME RELATIVE TO lTS MODULUS CONTROL SIb.

P~PAGATION TIME FROM F[W (DUAL-MOD PRESCAL~ OUTPUT) TO THE

MODULUS CONTROL OUTPUT OF THE SYNTHESIZER.

I

1
I

~J
IflIt
j
I
t

I

A AND BARE OBTAINED FROM DUAL-MOD PRESCAL~ SPECS, WHILE C IS

PROPERTY OF SYNTHESIZER.



PROBLEM (SYNTHESIZER):

DESIGN A FREQ. SYNTHESIZER

fsyn =18. MHz to 180. MHZ

in 50 KHz STEPS

USE A DUAL-MODULUS CHIP.



SOLUTION :

USE MC 145156 SYNTH

USE MC 12013 g10 / g 11 PRESCALAR

•

HIGHEST NP + A = 180 =3600.05

18
LOWEST NP + A = .05 = 360

)0

USE 1MHZ XTAL, R = i20

LET N = 36 te 360

A = 0 te 9

P = 10/11



-------------
.J.N
l

PROBLEMS WITH It SYNTHESIS:

fsynth = Nfref

fref = AF (Freq. i ncrements) .

~
small Ä f results in small PLL B'ÎPWIDTH.

MULTIPLE LOOPS ARE COSTLY AND HAVE MORE SPURIA.

USE FRACTIONAL N SYNTHESIS:

LET N HAVE DECIMAL FRACTIONAL DIGITS

e.g. N = A.abc

fsynth = A.abc~fref

Ä f = .OOCfref

EXAMPLE: LET N = 450.123, fref = 1KHZ.

THEN A f = 103x .003 = 3HZ-
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FRACTIONAl-N SYNTHESIS:

INClUDES COMPONENTS OF DIVIDE-BY-N SYNTHESIS.

OUTPUT FREQ. =N.F X fref

HP's N IS BETWEEN 300 AND 600 AND fref = 100 KHZ

F IS ANY INTEGER 12 DIGITS lONG.

THE FRACTIONAl PART F IS ENTERED INTO F REGISTER IN BCD FORM AND

STORED THERE. ONCE DURING EACH CYClE OF THE 100KHZ REF, THE

CONTENTS OF F REGISTER ARE ADDED TO CONTENTS OF PHASE ACCUMULATOR.

WHENEVER THIS ADDITION CAUSES ADDER TO OVERFLOW, ONE CYClE OF

THE VCO OUTPUT IS DELETED FROM COUNT-BY-N INPUT.



e,
EXAMPLE

SUPPOSE WE WANT FREQ. N.1 X 100KHZ.

ENTER 0.1 IN F REGISTER.

0.1 IS ADDED TO ACCUMULATOR EVERY REFERENCE CYCLE.

ADDER OVERFLOWS EVERY 10 REF CYCLES.

VCO HAS ION + 1 REF CYCLES i> N.1
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COUNTER - ACTION: USE API.
API ANTICIPATES THIS SPURIOUS PHASE FROM THE SETTINGS OF THE

F REGISTER AND COMPENSATES FOR IT.

IT MAKES THE INTEGRATOR START FROM A LOWER LEVEL SO THAT lTS

OUTPUT WILL NOT BE EFFECTED BY THIS EXTRA PHASE.

HOWEVER SIDEBAND SUPPRESSION IS LIMITED.

CURRENTLY'" 50-60 dBC. (dBC = dB with respect to carr t er)

I -
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e Hio-i-Hz reierence pu i~e rurns 11 of:' Thus. the level of
t ne mtecraror output alter th e ramp up IS proportional
10 tne phase difierence between \ 'CO:\ and the 100·
kHz reference. This leve ) is ret amed bv the sample
and-ho ld circuit anà passed to the \ 'CO . Following
rrie samnimg. the bias srg na] 'urm. on 'he bias currerit
\\ hlen ramps the i rnecra lor down to the starring level.

\\ nen th e destree output frequency is not an inte
~rél l multiple of the reference frequency. the veol:"!
puis« catris a fracnonal part of a cycle with respect to
" ,I"' ;!"~ ;: ; P :lC f' each urne it or curs Thus. unt il a pulse
.. t: :t- : : l ·r. occu rs t ne or.as - CPH-::IO T pulse becornes
v. c e: an c t n e mrecrs ror ra rn;» up further dur inp

•
acn sucr.eeding reierenee cycle Jt JS tnerefore neces
arv to ramp down further each time so the integrator

ramp up will always end at the same level.

The necessarvcnanue in rarnr-rir .wn current is C0 1,

trolled bv the .-\PI swuches wn.ch are In turn control
le d bv the phase accumulat or .-\1 tne end of eac:.
reference c\'cle . the nurnber storeo in tne accumu J~to:

corres pon ds Io.lhe_Jhlieren_c..l'.J...!:u.J hase b~T\\:een_t.hL__
\'COS pulse and the rei.~rel1ç,e._~~ch9L!he top fJ\f'
deCimaJ dl'llts Of ïh~s number con trols.one of th'e hn'
:\ P l bias S\\:ltche~ an-(Tt~;~s~;th~ ~\\~i1.çh (Q[ ~ ,Qer JO d
irlverseh· _.PJ..Qpo~Jonal to.-0e numericaJ \'a ll,!f.~ trie

([18It . The bias current IS thus adiusted accord mg to
the phase difterenre

Si nee the n umne: ; ~ trie phase ac.C~~ U.3 10T l . 

trols t he phase of Ihe \ 'CO throuch thf aruor. a i :,>
:\Pl currents. the \'CO ph ase can be chang ec arbnrar
ily b~' changrng this number . Herree. bv addinc an
incremenl to the F register for one reference cycle and
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AS NVARlESt SO DOES THE LOOP GAIN K.
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SOME REAL WORLD PROBLEMS:

NOISE FROM REFERENCE SOURCE

• NOISE FROM VCO

• NOISE FROM AMPLIFIER

• SPURIA FROM PHASE DET.

· EXTRA DELAYS AND PHASE SHIFTS

• NONLIN. VCO CHARACTERISTIC

, ,- .
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PROBLEM (Synthesizer):

Design a frequency synthesizer covering the range of 10.89 to

12.5 MHz in 0.5 KHz steps. Programming is by a microprocessor.

In particular, do the following:

1. Choose an appropriate synthesizer chip.

2. Is a dual-modulus prescalar desirabIe? If 80, which c~ips?

P • ?

3.Do you meet the conditions of N>A, A(P?

4. What is the range of N in your design?
total

5. Do you meet the delay requirement for the dual-modulus mode?

6. Choose the frequency of the reference oscillator and the~ R
•

7. What are the values of Kl' K3?

8. What would you ch~ose K2 as?

9. What~ did you choose? (range)

10. What is wn' Wx (OdB crossover frequency), a, b?

11. Design the loop filter

12. How much time does it take for a change of one increment

for the freauency to be at 90% of increment?

13. What is your Hold-in Range?

14. What is your loek-in range?

15. Are aequisition aids needed? If yes, design one ,

16. What is the highest spurious level at the output of the

phase detector? The Input to the VeO? The output of the veo?

17. What 1s the power consumption of the synthesizer?



FM DETECTION

Reference: J. Klapper and J. Frankle
PHASE-LOCKED AND FREQUENCY-FEEDBACK SYSTEMS
Chapter 6, Academie Press. 1972.

Dr. Jacob Klapper
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FOR a« K COX. IN PRACTICE)
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PROCEDURE

STEP': MINtr"llZE 6 17 FOR FIXED Kb

(MINItvIIZES <Pc.; (-t) WITH <Pe~ ("t)::::. CONSTANT)

GIVES

8 - Wn
17 - 2 AND

•• HCS)OPT =--~----_

GIVES SHAPE OF RESPONSE

STEP 2: MINIMIZE epe2 ('t)

Tb

WHERE ':J = JW4 W~.(f)df
o \fJ~

SPEeTRAL DENSITY OF <p i. (t)

WE NOW KNOW LJ" J a .....!.J_ V....:....._K_b.......;..... ....... _



STEP 3

CHOOSE b-« LOWEST BASEBAND FREQ ENCY

II 11
AND CONSISTENT WITH HOLD-IN

:. K ALSO SPECIFIED

Î

OPEN LOOP RESPONSE

OPTIMIZATION STEPS

--.

SrEP3



soa CHANNEL FDM IFM

PEAK Ta RMS ra dB

BA5EBAND sa KHZ - 2.54 MHZ (FLAT)

RMS FREQ. DEVIATION 7. r MHZ

GIVEN :

W<p'. ::. I'S1) OF BAS~eAN!) =. 'Y\-.

:. Wp~. = :~

EXArviPLE

•
• •

.,



THEt~

a= 43 X 106 RAD/SEC

b = 376 X 103 RAD/SEC (2.. ti' ')" 0 k Y~J

K = 4.9 X IC 9 SEC-
J

(CNR1F)TH = a.a es (srl KL.APP'Efl..t.F/?"'N~'-E.î

Ic



- e e e e

INPUT

A SIN [Wo t +9i n (t)]

.IPIIASE DETECTORt.8:l1 P
A SIN [ain-eoJ• ~I LOOP FILTER

k>UTPUT

VCO

•

COS [Wo t +8R(t)]
PlIASE

MODULATOR
k

a :: 8 + ke.sR 0

-

COS [Wot + 90(t)]

Pi Cltlro ]. The EIlPI.O IIn I rHI phaae Fecdh<1lck



e ,··\ .....-n . '1'. • a -a
_ - • ..,. 1.. ..1.1.,... , I .... nl. ..... " .... F~r-.'1h_~~.,

T/CO

e l'" .. ...

INPUT

Co

1-

A SIN(Wot+9i n
)

·'PlfASE DETEOTOR' • ~I

COS (Wot t 9R)

LOOP FILTER

veo

OlJ'l'PUT

'"\)1

FIGURE 2. PLL WITH THE AUGEMENTED LOOP FILTER
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GJHN
dB

-6 èB/Octave

I
I
I

---------
I
I

1 rad/sec

dB/Octave

-6 dB/Octave

w (Log Scale)

(a)

GAIN
.dB

..
W (Log Scale

dB/Octave

/ -6 dB/Octave

1 rad/sec

I
I
I

- - - - - - - +- -}-ol------------

I I

(b)

Typical Open-loop Amplitude Response (asymptotic).
(a) Conventional second-order, (b) ERPLD

t,I
I
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r!CJur. I.

~::. \+Ä\.A'X. LOOP G-AIN

Typical Closed-loop Mag~itude Response
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ASSUME

PREDETECTION FilTER SHARP

I
' -

SANDWIDTH PER CARSON'S RUlE

RULE OF THUMB

ADVANT AGE EXISTS IF
srF < 5.8
yl/4

-

USE lOOP FilTER OF FORM

52 S+.- +1
f3 7'•

TO GET 13. r. b , K USE COMPUTER PROGRAMS (INClU[

·,ee

I ~

FEED IN AS FOlLOWS

SEE AfPEN ~\X A

OMEGA

OMEGB

DELSQ

NU = 0.25

SP /



e
EXAMPLE

GIVEN

THEN

- e

600 CHANNEL FOM/FM

BASEBAND : 60 KHZ - 2.54 MHZ

AMS FAEQ. DEVIATION: 7.1 MHZ

PEAK TO AMS = la dB

IF BANDWIDTH = 50 MHZ

IJ = 2.83 X 10. 5
(RAD/SEC)2

r = 6.75 X la 7 RAD/SEC

b = 6.38 X 106 RAD/SEC

K = 4.75 X 108 SEC-I

(CNR'F)TH:::: IdB

e e

!
(COMPARE AGAINST 3.3 dB OF EARLIEA DESIGN)



'..A'w

DETECTION OF TONE MODULATION

~e is also sinusoidal.

LOSS OF LoeK oeCURS PRlMARILY AT PEAK OF PHASE ERROR.

~ wp = PEAK FREQ. DEVIATION: w
t
= FREQ. OF TONE.

WE TREAT ~esl as a "b ias". Noise peaks exeeed ing r -I ~ I
peak es peak

will eause loss of loek.

WHEN EXCEEDED WITH PROBABILITY 0.0015 THEN WE HAVE IITHRESHOLD11
•

~e
~

o
').

I.
/

,~_._--------- - - -- ._.- - .
f.- ._.. . -



AS BEFORE, a = ~ AND

b = LOWEST BASEBAND FREQ. (OR TO SATISFY HIR AND P IR

NOTE: ~e DUE TO OFFSETS ARE ALSO TREATED AS A "BIAS",
TTREDUClNG FROM THE AVAlLABLE ~ RAD lANS.

EXAMPLE:

BASEBAND = 300 - 4,000Hz, VOICE

PEAK SIGNAL DEVIATION = 10KHz

HOWEVER, DESIGN PLL AS IF IT WERE TO DETECT A lKHz TEST TONE.

SOLUTION

Bn =17.7 KHz a = 2Bn =35,400 RPS

= 6.6 x 105

b = 1880 RPS (LOWEST BASEBAND FREQ.)

4Bn2
K= b



ERPLD FOR TONE DETECTION

CON5IDER TONE CAN BE ANYWHERE OVER 5PECIFIED BA5EBAND.

~es 'peak occurs at wn

I TT Af
~es peak = 2" Bil (J + i1~ )

' and

RAD. FOR PLL

~es Ipeak =
1 TI Af 1
R 2" sn (l + 4 '),2) RAD. FOR ERPLD

WHERE R = 1 + GAlN AROUND DIFFERENTIATOR LOOP

HOWEVER R CAN lNCREA5E B •
n

~e FOR

TONE MODUL
,..

...---. ........---..... .......... ......... - - ' .... .- -------

->

I

lil,' ";L OJ

f J ! -' r-c..!

I

I l r - 5.0

I I I; i
~ 0.5 ,"' 7 ; Lg • 4 5

r ! r i I

: I rI

. ! I

I T I I



ANALYTICAL OPTIMIZATION FOR LEAST NOISE FINDS

TYPICALLY R == 2.

EXAMPLE:

SEE BRUNO, MOSER, AND KLAPPER, "IMPROVED FM DETECnON USING

AN EXTENDED RANGE PHASE LOCK DETECTOR 11, 1978 NAT. TELECOMM. CONF."
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Fiqure 14. PLL Output, f m-10KHZ, ~f-75KRz
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Frequency CRz}

Pi'qure 15. PLL Output Spectrum
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Figure 16. ERPLD Output.,
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Af-75KHz

Fiqure 17. ERPLD Output Spectrum
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WHAT CAN GO WRONG?

PHASE SHIFTS AROUND LOOP DUE TO EXTRANEOUS POLES AND TRANSPORT DELAY

(INCREASE Sn)

INSUFFICIENT POST-PLL FILTERING (REDUCES SNR)

DISTORTION (REDUCES SNR)

VCO WITH LARGE FREQ. UNCERTAINTY OR NOISY

(LARGE 00 INCREASES THRESHOLD, REDUCES GAIN, AND INCREASES DISTORTION)

PHASE DETECTOR SATURATES

PHASE DETECTOR OTHER THAN MULTIPLIER TYPE



EFFECT OF LIMITER

LIMITER INCREASES THRESHOLD f"J 1 dB.

AMPLITUDE VARIATIONS (OF INPUT) EFFECT ~ DET. SENSITIVITY

AND (THEREBY) K.

AGC IS PREFERRED WHERE THRESHOLD IS CRITICAL.

~ DET. SATURATING FROM INPUT SIGNAL IS EQUIVALENT Ta LIMITER.



l..
!

e i PROBLty.s: ~~ Detection

I .~esign a PlL for minimum threshold for an FM si~nal havinb a nois~-like
baseband of power spectral density sho~T.:

,
10

IKH~

Give the following

LOOP FILTER IS LEAD-LAG NETWORK

•

1. The shape of the desirabIe asymptotic open loop response.

2. The values for all corner frequencies.

3. The sensitiv1ties of the blocks in the loop

4. The closed-loop natural frequency .

The closed-loop damping factor

JL. Repeat for a test tt)ne. as follows:

, Baseband 300-4000 Hze,
Test tone frequency 1 KHz•f

ALoOp
- -1
~k

Answers: Bn-U •4 KHz. K-275.000 b-ISS0 a-22.S00
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APPE"'-J t),x A

Ihe opti:ization program utilizes an algorit~ based upon the

Powell Search Technique in conjugate directions. The algorithm is set

up to aearch in four variable directionsj one for each of the design

parameters S. "f. IC and b , !he main opt1I:lization program is used in

conjunction with a subprogram for the partic~r modulation case heing

considered. !he subprogram is basically an expression fer (C~F)TH

in terms ef the closed-form solution described elsewhere. It should

he noted that the subprogram is wr1tten to include all three-possible

cases of the c1osed-form solution.

In order to run the program. 1t is firs~ necessary to enter tbe

system parameters. As an example in the FDM-FM case. statements are

included to fix tbe predetection bandwidtb B (BP). the upper and lower
p

basehand frequencies wa (OMEGA) and '\ (OMEG3). the mea.n-square fre-

quency deviation (AJ.JJ ) 2 (DELSQ) and the mean-square phase error at
rms

threshold v (NU). In addition to these parameters 1t is necessary to

incl.ude a.n initia! set of parameters for 6 (BE'IA). T (GA.'1MA). IC and

b (B). !his initia! "first guess" at the parameters provides a start-

ing point from which the search procedure begins. As with most opti-

mization algorithms it may he necessary to take more than one initia!

starting point before the optimum can be determined. This requirement

comes about because the search may enter a forbidden region (suc:h as

negative parameters) or may reach a 10cal mintmum and t ermina te; whereas

another minimum corresponding to a better design may exist.

') 1
_ I
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CO:I,?UT:: ?: P ;::C:;~;.:' .1 1 L! S::D TO H~? Lr:·: ~ ·n PC"':ë~L IS
;',:.·1I·~ ,jJ ;"; ;j F; ËL,:;."i E. D SU:' i" ~< lJ::;~ :;.S

Basic Ootimization Procr~~

, PROGRAM POW~LL

2 C THIS ALGORITHM USES THE PO~ELL SEARCH TECH;UQUE IN CO:iJUGAïE DIRECTIe
3 DIHENSION X(50,4),ESV(4,4),Y(50),B(S),XO(4),X1(4),XC(4),DL(4).0( 4
4 DIMENSION X3(4)
5 READ 5,N,~AX,C,SïEP,TCLX,~~

6 5 FO~~AT (2I3,ZF5,l,2F7,4)
7 READ 10, (X(l,J),J a l,N)
8 10 FORMAT (Fl0~1)

9 00 11 IK=l,N
10 DO 11 JKsl,N
11 11 ESV(JK,IK)=O.O
12 00 15 IK-l,N
13 15 ESV(IK,IK)-l.O
14 1-'
15 20 DELn~=O.O

16 MTESi-O
17 Ja1
18 00 22 IK=l,N
19 Z2 X3(IK)aX(l,IK)
20 Y{I)-Fli(X3)
21 B(J)-Y(I)
22 eJi-B{J)
Z3 25 00 30 JK=l,N
24 30 XO(JK}-X(I,JK}
25 C TriE U:mESTRICTED SEARCH BEGHlS.
26 C IN TP.E RARE CASE wHERE ~AO SUCeESSIVE FUNer ARE EXACTLY EQUAL
27 C SEARCH IS STOPPED ~iD TP~ PROGRA}1 TE~~INAïEO.

28 KR-1
29 35 DO 100 K=l, ~,~x
30 40 S-Z.0**{K-1)*STEP
31 CO 50 IK=l,N
32 50 XO(IK)cXO(IK)+S*ESV{IK,J)
33 YT=FIT(XO}
34 IF{C*Yi-C*BJï) 60,350,100
35 60 IF{K-l' 70,90,70
36 70 IF(~q·l) 73.73,'10
37 73 CO aD IK=1,N
38 Xl(IK)=XO{IK) .
39 BOXO(IK)=XO(IK)-(S+{{2.0**{K-2»*STEP»*ESV(IK,J)
40 GO TO 110

?

I



(1 90 CO c c T~=, "
~2 cc: .,... ..'" -.. \

-'- x1( I ~~) =X0( IK)
~3 SiE?c-SiEP
4~ ~1=M+l
45 lCO e'- 'fT..,1,)1:

46 GO Ta 340
47 110 R=3.0*((2.0**(K-2»*ABS(STEP»
48 ~:~~l. 0-4.7 5wALCGIO (FLN/R)
49 00 120' 11(311. N
so OL1IK1.O.61S*(Xl~IK1-XO(IKll51 XO IK~=Xl~IK)-OL IK)
52 120 Xl IK =XI IK-0.618*DL{IK)

- 53 \'l=FIT~XO)
54 V=FIT Xl)
55 DO 180 KN:~~l ,r~~
56 DO 130 IK=l ,N
57 130 OL~IK)=0.61S*DL(IK)
58 IF A8S(~-V)-0.Ol*TCLX) 185.135.135
59 135 IF{CvW-C*V) 160,350,140,
60 140 DO 150 IK=l.N
61 XC(IK)cXIPK~
62 XI(IK)·XO IK
63 150 XO(IK)=XC(IK)-OL{IK),
64 v=w
65 W=FIT(XO)
65 GO Ta 180
67 160 DO 170 IK=1,N
68 XC(IK)=XOPK)
69 XO~IK).XL IK~
70 170 Xl IK)=XC(IK +OL(IK)
71 \ol-V
72 V-FIT(Xl)
73 180 COUTI1\'UE
74 185 J=J+l
75 C.Q 1sa IK-1,N
76 190 XO(IK)=0.5*(XO(IK)+Xl(IK»
nc THE FCLLO'.~ING SïATEMEHTS Ta 280 DETERM !HE NE!~ s~~c:; OIRECi
78 B(J)=Flï(XO}
79 SJT3I6(J)

80 OELT=ABS(B(J)-B(J-l»
81 IF(DELiM-DELT) 200,210,210
02 200 CELT!~=DELT
83 MAX=J-l
84 210 KR-l
85 IF(J-N) 35,35.220
86 220 AH?U·O.OOOOO1
87 00 230 IK-l ,N
sa U(IK)=XO(IK)-X(I,IK)
89 AHPU=A:1PU+U (! K) **2
90 230 Xl(IK)~2.0·XO(IK}-X(I.IK)

?-I
.J '
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~.
~.

i
i O' Cv 232 IK=1,:,.. I
~ C? Z32 U(IK) =U(I}: )/ sQP.T(;":1P U)• 93 YT&FIT( Xl )

~ IF(C·YT-cwS(1» 290,290,2~n
95 240 A·(B(1)-2.0*a(~+1)+YT)·(a(1)-B(~+')-DELTI1)**2
96 BTaO.5*DELTI1*(B(1)-YT)**2
97 ·IF(C·A-C*BT) 290,290,250
98 250 IF(HTEST-1) 260,20,20
99 260 maN-'
100 IF(PAX-Nl) 265,265,275
lOl 265 00 270 JK-NAX,Nl
102 CO 270 IK-',N

• 103 270 ESV(IK,JK)-ESV(IK,JK+l)
104 275 DO 230 IK-l,N

'.

105 280 ESV(IK,N)aU(IK)
105 OEL1'M=O.O
107 J=N
108 tfTEST-l
109 GO TO 35
110 . 290 00 300 IKal,N
111 IF(ABS(XO(IK)-X(I,IK»-TOLX) 300,310,310
112 300 CO~TINUE

113 GO TC 330
114 310 1-I+1
115 DO 320 IKa1,N

e 116 320 X( I ,IK)aXO( IK)
117 IF(I-40) 20,20,500
118 330 YO?T-FIT(XO)
119 PRINT 331
120 331 FOR}~T ('OTHlS IS THE VALUE OF YO?T')
121 PRINT 332,YCPT
122 332 FORftAT (F22.6)
123 PRINT 333
124 333 FOPJ·lAT ('OTHE$E AAE THE VALUES OF X(1).X(2)')
125 P~INT 334,(XO(IK),IK-l,N)
126 334 FOR:-1AT (2FZ2.6)
127 SOO PiuriT 335

• 123 335 FOR!"AT ca OiliESE ARE TH:: BASE PO! NiS I )

129 PRINT 336,((X{IJ,IK),IK-l,N) ,IK=l,!)
t 130 336 FOR..'-tAT (2F22.6)I

131 PRINT 337
132 337 FO~·~T ('OïHESE ARE inE FUNCTlm: VALUES AT THE a;SE POINTS')
133 PRUIT 33ê,(Y(IK),IK=1,I)
134 338 FOR;·te.T (F22.e)
135 IF(I-40) 400,400,390
136 390 PRINT 395
137 "9: FORt·'.AT ('OTHE SOLUTION DID NOT CD:NERGE')... oJ

138 &0 TO 400

ft
139 3':0 PRINT 345
140 345 FORt/tAT ('OTHERE IS NO HAX,rnN ')
141 GO TO 400
142 350 PRINT 360

. 143 360 FOR:1AT ('on'IO FUNCTION VALUES ARE EQUAL')
144 400 COHTINUE 3'L145 STOP

I·
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1
2
3
4
5
6
7
8
9

e 10
11
12
13
14
15
16
17
18
19
20
21
22
Z3
24
25
26
27
23
29
30
31
32
33
34
35 50
36
37 75
38
39 60
40 80

4'42
43
44
45 .
45
47

Ft.:;:CTI C~~ FIT( X3 )
Dn~ENSI O~~ X3 (4)
REAl K,PAGNT, If~TVl,r\U
Ca:'~?LEX G,J,CPLXl ,CPLX2,CPLX3 ,CPLX4,CPLX5,CPLX5,C?LX7 ,C?LXS
C~~?LEX C?LX9,C?LX10,C?LX11,C?LX12

SBETA=X3 (1 )
SGAPJ-1A=X3 (2)
Sa·X3 (3)
S:<=X3(4)
BETAcSEEiA*1.OE15
GA."':{A.=SG":J~"'A ..t. OE7
B=SS*l.OES
K=SK'" .OE9
EPPR~~3. 142E8
8pzS.OE7
NU=O.25
c;·~EGA·3. 770E5
C~EGO=1.596E7

OELSQa1.990E15

APRIM=1.0/(K*3)**2
BPRIP.=1.01 K**2
X:~E'AA=1•Ol (=ETA'**2)
XNEHS=1•Ol (GAr/.i·~"'*2) -2. Ol SETA
XN8~Ca(1.0/(K*B)zl.0/SEiA)r'*2
XNr~O-(1.O/K+l.0/~~~~)'*'*2-2.0'*(1.0/(K'*S)+1.0/BETA)
XNE'rI1=XNEHOI (2,.O'*X:~8{C)
XNEWt-1-XNEWl *'72
Xj{E'•.m=1•Ol X:lEHC
IF(X~E'ra~.GT .XN8-m.AilO.XNE'HO.GT .0.0) GO TO lSO
XN2W2·(-1.0)'*SQRï(1.0/X~EWC-(XN8{O/(2.O*XK8~C»*'*2)
GaOtPLX (XNE'.41 , XNEI~2)
IF(XN~;~.GE.O.O)GO TO 75
X~\E1'!3=ATAN (X1:EW2/XNE!~1 )
WRITE(5,50)
FORr..;T(l H • l3HCASE 1 REGIOii)
GO TO BO
Xr~rn3.ATA::(XNr";2/XjiM )+3.1415927
k'RIT::(6,eO)
FORHAï{l H • 13HCASE 2 REGION)
v ..'~ ~~ =X"::O' '''/2 01\1\t./.~ 1'(_ "'... •

ïHETAaX:~E'A4+3. 1415927
~~GNT·SQRT(SQ~T(1.0/XNEWC»
XliE'ri5= ~.~;GNT'*COS (ïHETA)
X~:EW6·~.AGNi*S I N(THETA)
J~CHPU (XN8~5 J XXE~ló)
C?LX1-1.o-X~lE;·:S'*G- (1. o-XN2rJD'*G)'" (X::EWA/X:\2..;C)
CPLX2-J.'*(COilJG(G }-G)



•

t
;,

!
~ CrLX3=CPLX1/C?LX2

e ~g C?LX4= (J-6??2,;'V2. 0)/ (JTê?PP.:~/2. 0) .
50 C?LXS-CLCG(CPLX~)

51 C?LX:=CPLX3'C?LX5
52 X:~~7=RS;L(C?LXó )

, 53 X:~8 1SaXr,E1,,';"'* (BP?R~/2. 0)+ XilEW7
r 54 X !;::~!9=1. 0/ (2 .0*3 .1415927*X:::::!C)

t 55 IN1VL·XHEHS"XH8~9
1 5ó C?LX7- « O~'!E:GB-J)/ (OMEGS+J) )'*( (OMEGA+J)/ (OMEGA-J»

57 C?LX8=CLCG(C?LX7)
53 C?LX9= (EPRI M-A?Rn~*G)/ (Jtr( CmiJG( G)-G»
59 C?LX10-=C?Lxa"CPLX9

e 60 XNEW1O=RS;L(CPLX10)
61 XNEWll-=DELSQ/ (or·~EGa-r;1EGA)
62 Xr~E\~12=X~:EWl l/XNEHC
63 PHISQ&X:~E1,.Jl O·X:{2.n2
64 GO TO 50
65 150 CONTIr,U::
66 WRlTE(6,1S0)
67 160 FOi\HAT(lH • 13HCASE 3 REGION)
68 YNEWl cSQRT (XN8.n~-XNEWN)

69 RSl·X~:EWl +Yrlr.n
70 RS2=x : :::~n - Y~:E~n

; 71 R1:1lSQr(T(RSi)
~ 72 R2-S0RT(RS2)

• 73 Yr~::Y!2=~1.0/Rl )'*ATAN(3.141S927'*SP/Rl ~
74 YHEW3= 1.O/R2 )*ATA.ll (3 .1415927'*~? /R2,

t 75 YNEW4=p. O-X:\~H!3*RSl )/ (RS2-RSl )
~ 76 YliEWS- 1.0-XN8·JE'*?S2)/(RS1-RS2)

77 SUBT1I1:YN8~4*YNE}12+YNEW5*YNEJ..13
78 YNEWs-(l.0-XNEHD*RS1 )/(RS2-RS1)
79 YNOO· (1. 0-X~:2.4D*RS2)/(RSl-RS2)
sa SUBT2-Y !'E\~5*Y~842+YNE'.l71:YNEH3

! 81 S!..iSn=Xl~E~:A1:3 .1415927*ê?
a2 SUBT~~SUST1- (XN::HA/X~~E HC )*SUST2+SUST3

t

f
83 VITVL-SUST4/ (2.0*3 .1415927"XN2.~C)

84 Y~~EW3·AT;.. ~~ (C~·:EWRl ),

• 85 YNE~!9=ATA;'{ (C:1ESA/R2 )
eó YN8.nO~AT~i(O! '!EGB/Rl) .

I

I 87 YNZW11=ATAN (a;'iEGB/RZ)

I es YNr..J12=Y :\r.~11- Y;{S·J9
89 YNr;J13:1lYl~n!E-YN8-:1 0

~ so YNElJl4- (6PR !H-A?R!~·1:iRS2 )/RZ
91 YNEH15= (ê?RH~-A?RI~~*RSl )/Rl
92 suaT5=YNEl~1 ~*Y i'IE\.J12TY ;iEH15*YNë:~~13

; 93 YNE'r!15= 1.0/ (X~EHC'"(I\Sl-RS2 ) )

t 94 YN2~17:D::LSQ/ (O:~EG!3-Ci·iE(i;")

I 95 Y:~E~n S:IlY?~E;.Jl ó'':'Y!~8i17

• 96 PHISQa::Yi~EH1a·SUBT5
97 90 O~RTHII: I:lTVL/ (BP* U:U-PHI SQ) )
98 ~\'RITE (5, 100)CNRTH.BEiA,(iA:"J'1f. .s, K
99 100 FO~".AT(1 P5El6.6)
100 FITaCNRTH
101 RETURN ,4,n? n'"

"""



DIGITAL FM DETECTIDN
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CHARACTERISTICS OF PLL AS DIGITAL FM DETECTOR:

1. PLL CAN ACT AS PREDETECTION FILTER + LIMITER +

DISCRIMINATOR + AFC .

2. INTEGRATED CIRCUIT IMPLEMENTATION.

3. EASILY SWITCHED FROM ONE BIT RATE TO ANOTHER.

4. EASILY SWITCHED FROM ANALOG TO DIGITAL RECEPTION.

5. ERROR RATES ABOUT THE SAME AS FOR PRED. FILTER +

L-D + AFC.



, e
AlM OF DESIGN:

MINIMUM PEAK PHASE ERROR FOR MINIMUM ERROR RATE.

CONSIDER IF LPF WERE INTEGRATOR.

WHAT WOULD PHASE ERROR BE? (SPIKES)

HOW ABOUT FOR A FIRST-ORDER LOOP? (DETECTED OUTPUT)

THIS LEADS TO HIGHLY-DAMPED LOOP, AS OPTIMUM. (LEAST

PEAK IN PHASE ERROR) - - - SEE NEXT SHEET.

DATA NEEDED: BIT RATE = R, LONGEST STRING OF IDENTICAL

BITS (NRZ) = N, MAX. CENTER FREQ. UNCERTAINTY =
~ F, TIME TO ACQUIRE STEADY-STATE =Tss, AND IN

ADDITION ACCEPTABLE HOLD-IN RANGE, PULL-IN RANGE,

AND PULL-IN TIME.
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R: ~Z K~ls) N= 64 ) 1)= 0.7 (on)
OFFSET -= 100 Kt\~ .

SOLUTtON:

I. w')(= 2.1T~:2ïfx'?>2.,OOO= 'l.x,l RpS .

2. T\~e: SPAN FOR G'T ~'T5 IS

~ _ ,~ -'3 _
L N - = 2.~,o sec

~t ,000 •

LET us P'ER~\T Al)RoOP OF 11~ ove«

TH e: b 4- - ~ \T SEGl""€NC.e-) THEN

r-\
L 'l =0.0\

N
.'. 'l = S Rt's .

I e
'3.THE TIME CONSTANT TO REACt-t,.

~Te'Ab'f - ~TA,e = Q. ::=. O. '2, sec.
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?roble= on Bina:-'\" r:: Detec tion

Design a Ptt for Binary FM Detectio~, as follows:

R-4.8 KB/sec • Max . number of consecutive identical bLts -32
2~f

Droop-]:, Deviation index- ~ c4

Find wX ' K, a, b, R2. R3 • C

\\ .
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NOISE/SPURIOUS/STABILITY CONSIDERATIONS

Amold Newton

F



2nd ORDER PLL-A SYNOPSIS

1< I je. 3
1<0 = .:::-1/)

L------i+M

k (~ ..~
I

-I,
!

- ---

I .... ' I

'~ , T '---l- L+-H---+--+--+-r-- _--t 'i I ,
- ~ I -~+- -f- t 7-t---:'-+--
~ J r "7 '1 - --1-- - -'"--~~ -t -~ I .- -- - lI~,t'~--l---+

11



THE PREFILTER SERVES TO SUPPRESS SPURIOUS MODULATION BY THE

HARMONICS OF THE REFERENCE FREQUENCY F lTS TRANSFERr.
RESPONSE F1(s) IS CHARACTERIZED BY A BANDWIDTH BAND

A GROUP DELAY ~F' GENERALLY, THE FOLLOWING CONDITION

IS SATISFIED:

/" 1 t I

I I
~. .~ .

CONSEQUENTLY, WITHIN THE PLL CLOSED LOOP BANDWIDTH A DELAY

IS EXPERIENCED:

--



SECOND ORDER PLL SUSCEPTIBILITY TO RANDOM NOrSE AND SPURrous COMPONENTS

Ref. 4
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COMMON PHASE DET. TYPES

1. PHASE/FREQUENCY DETECTOR

2. SWITCHING PHASE DETECTOR

3. ANAlOG MULTIPLIER

4. SAMPLE AND HOlD

REF. 5,6
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• THE PHASE FREQUENCY DETECTOR OWES lTS POPULARITY TO lTS RELIABLE
ACQUISITION PROPERTIES. SPURIOUS ENERGY IS DISTRIBUTED OVER A WIDE
SPECTRUM, PRECLUDING THE USE OF SIMPLE TRAPS AND REQUIRING EFFI
CIENT FILTERS. PHASE JITTER CAN LIMIT lTS USE IN HIGH PERFORMANCE
PHASE LOCK SOURCES AND FREQUENCY SYNTHESIZERS.

• THE SWITCHING PHASE DETECTOR PROVIDES A LOW DC OFFSET BUT
GENERATES ~GH LEVELS OF SPURIOUS. IT IS SUITABLE FOR LOW
FREQUENCY NARROW BANDWIDTH APPLICATIONS.

• THE ANALOG MULTIPLIER OR EQUIVALENTLY THE BALANCED MIXER
GENERATES A SPURIOUS AT rwICE THE REFERENCE FREQUENCY AND LENDS
lTSELF TO THE USE OF A TRAP. THEREFORE, IT OFFERS LOW
SPURIOUS WIDE BANDWIDTH CAPABILITIES. HOWEVER, IT OFTEN RE
QUIRES ACQUISITION AID WITH ADDED COMPLEXITY.

• THE SAMPLE AND HOLD POTENTIALLY OFFERS LOWEST LEVELS OF
SPURIOUS. ALTHOUGH THE INHERENT DELAY IS ~R, THE NET DELAY
CAN BE LOW BECAUSE OF MODEST PREFILTER REQUIREMENTS.
ACQUISITION AIDS ARE REQUIRED.



BALANCED-MIXER AS PHASE DETECTOR
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..il.
~ ...t1J\~E DETECTORS

High-Fig ure-Of-Merit
f?t~ASE DLITECwRS

RPO SERIES
FEATURES
Broadband, 1-100 MHz
HIgh Output, 1000mV
High Figure-of-Merit, M, 143 typical
High lsolation, typically greater than SOd8
Lo~ OC Ofbet. 0.2 mV typicat
MIniature. 0.128 in. CU., 0.4 in x 0.8 PC area,

0.4 in . high
Hl9h Rellabillty, 100% tested
low Cost, $15 .95 (5-24)

OlMENSIONS ANO CONNECnONS

CESCRIPTION - These ne.. tllgn efficiency pnase
detector, aller stat~l-tne-an oerformance wnlle still
eccncrmcanv pnced. Tne,e are tne only units In tne wOrlel
otfenng a f1gure-ol-ment greater tnan 12S-at only $15.95.

The f1gure-ol-ment M or efficiency ol a pnase detector can be
del,ned as trte rano ol maximum OC outPUI voltage (In mV)
dlv.ded bv Ine RF po~r (In dBml Themaxlmum OCoulPut ol
tne RPO-I IS 1000 mV ...,!rl -7 dBm apphed to th. LO and RF
pons. Thus. lts Iigure-ol.merll M IS 1~. wnlcn represents a
h.gnly e'''clent pna,e detector. For com~nson . aSlanelara

_pnase eerectcr oHers 350 mIJ OC autout wlln ttl. ume LO ana
RF .nputs ter a hgure-ol.m.nl M ot SQ.

Only 040 Incnes hlgtl. m. low prolile RPO senes ól phase
detectors covers a very br~d IreQuency range Irom 1 10 100

- MAt. EXhib itlng "a tlat lreQuency response. these units are
oeSlgnecl tO operate wltn a 50 onm ImPedance at the L & R
pons. and 500 onms at me I pon. OutPut., 1000 mV (typ) anel
lsalallon .s greater man 50 dB (tYPI .

Packageo wlth," an RFI snlelded meta' e"closur. and
hermetlC3l1y sealed neaeler . tnMe high performance units
have thetr 8 plns 10C31ed on a 0.2 InCtl gnd.

l·lIgh rehabll,ty IS a cnaraereosnc ot TheRPO senes. Each unit
carnes a one-year guaranlee by M,"I~JrC:UllS.

50 mW
40 mA

-5S·C to ""OOOC
(10 sec.) ~2600 C

MODEL RPD--1- ----ar-

APPLICATIONS
Cl Radar
., eCM Systems
c: Test instruments
• Pnase-iock loops

RPO-1 SPECIFICATIONS

ABSOLUTE MAXIMUM RATINGS
• Input POllt:er:
E> Pul;. IF Input Current:
~ Ol?~n:tinÇ1 and Slonlge Temp.:
• Pin Temperalur.:

FI:EQUEIICl RAl'GE:
land 11 potU 1·100 WMz
OUlPut lI01tS De-sa Witz

SCAlE F~TOR I 8 m~/De~~
tMPEDANCE

l ~nd R oorts 50 ollrns
I oort 500 ollms

l ~nd R SIGNAL LEVEl.S ...7 dBm

ISOLATION. L·R ~ dB mln

MAXIMUM OC OUTPUT. mV 1000 mV typ
750 mV mln

OC OUTPUT POLAAIf1
(L ~nd R In ·cl'la~1 Ne~anye

oe OUTPUT OFFSET VOLTAGE - -ll1Tmv typ
1 mV mal

FIGURE.QF ·MERIT M 143 Tytllcal

COST
$15.95(5·24)

Lm _III"Z
., DU' 'u, 1

1·100 MHz

FREQUENCT

t ---l
3 5 7
o • •
• 0 •

4 6 8

DeL
_. . --

-- -

~ODEl

PHASE OmCnON MAl OUTPUT 'IS FREQ.
1 I , I , I t I I

I
~

I I I l IL.• • ·7cllm-- I 1 T I

I I I I I I I I I
j I i I I I J I 1

I I I 1 I I I i I j

80nOM VIEW

' A I B 1 C I O , E I F
, .-. . :;01 ! lJO ' J~S I ':~ !j l ) 7~1 .soo
.... II ~ ~ ,;J JI ,1 ie 11 g.J 10.1

·JG~~··~J ['
r· ·, )/' Z

PIN LAYOUT
r "'0011110. I ·1

LO •
., 1
Ir 3.. I
ClOU"'" 2.~.6 .7 !
CH' Crou"d 2

"OH: ~"fS 1 '''0 • MUST I(
tONNltTEO TO'4T"1I

>•:. 1000

= 100Ö
:- iOO
~ &00a.
~ 200co

.1 1 2 5 10 21) sa 100

Fr_lflCJ. liKt

WEIGHT- 5.2 grams

Q Mini-Circuits
.18 ounces

2625 E. 14111 SLo Btooilyft. N' 11235 (212l76~OO Dom. Telu12~ Int1. TfltI6201~

...;%. J/

". 0 ' _ . • . _. ... .,. -'. ', - ... -......- .~ . . "-: '



DC GAIN CONSIDERATIONS

VCO ')--0

OPEN-LOOP FREQUENCY OFFSET DUE TO PHASE DETECTOR DC OFFSET VDC

-L\ W

~o--------

-- -Wo

SATURATION WILL PRODUCE HANGUPS WHEN DC OFFSET VDC IN
COMBINATION WITH DC GAIN K2 WILL CAUSE THE VCO TO BE
DRIVEN BEYOND lTS TUNING CAPABlLlTY.



PROBLEM

1. TYPICAL FOR A VCXO ARE THE FOLLOWING PARAMETERS; LINEAR
FREQUENCY DEVIATION OF ! 0.1% FOR A CONTROL VOLTAGE OF
~ Sv AND A LIMITING FREQUENCY DEVIATION OF ~ 0.4%.
FOR AN OFFSET VDC OF ~ 2mV DETERMINE MAXIMUM K2.

SOLUTION :

Aw~ (2".)( -3 /::.3 -3, - 1- A"'/o ~-=c1X/o-4G.)/? - -.J -~D

~e;::
-1

~ X /o

---K7. ~W ""4.'"4 K3
-3.:::::- 1-Xl o

;::jo'M~~ "-Jo - - 4x/o-7w.

.,,':-
-, -.



A COMPOUND PHASE DETECTOR FOR REDUCED SPURIOUS SUSCEPTABILITY

~'t)~
~~

/}1..
"'-'

e
S{~~~I

~

ÇDuJ~1f' ?ol,l.1ev
VCJJ

8--L
~f/;+ Sfl; 1- 0 I

0

~
- ---

F:: 1:> I

FRO~1: THE EQUIVALENCE OF INTEGRAL PLUS PROPORTIONAL



1

SUSCEPTABILITY TO FUNDAMENTAL

c,

.
I/K..I

--

,•
I

REJECTION OF FUNDAMENTAL:

R ='f0 log :~ + 20 log K, - 20 log M



PROBLEM

2. IN THE COMPOUND PHASE DETECTOR, GIVEN T, AND T,. IN THE
INITIAL ACTIVE FILTER ASSOCIATED WITH Kd1

R2(a) DETERMINE THE GAIN FACTOR Rï

(b) ASSUME THAT fn IS 1/30 of THE REFERENCE FREQUENCY fr,

Kl =0.1 V/RAD and M= 10. DETERMINE REJECTION OF

THE FR COMPONENT.

SOLUTION

(a) when fb >

Kd1
T2 = Kd2

R2
11 Ri"

R2 Kd1 T2
Rl = Kd2 Tl

(b) R = 40 log 30 + 20 log 0.1 - 20 log 10

R = 59 - 20 - 20 = 19dB
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OUT OF BAND SPURIOUS SUSCEPTABILITY

IN ABSENCE OF PREFILTER

)

OUT-OF-BAND

R ==
f~

--

A F(t') =- 2 r w__ M ~o· tb)
~\

A~ (i) := JL1 F(t) 4t



THE PREFILTER

~~Vco

GENERAL CONDITIONS

B - NOMINAL BANDWIDTH OF PREFILTER

fn «B «Fr

IN-BAND THE FILTER APPEARS AS A DELAY ELEMENT, PRODUCING
EXCESS PHASE SHIFT AT BASEBAND;
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PREFILTER DELAY PERFORMANCE

Required fundamental rejection-40dB number of poles-3
FILTER TYPE IN-BAND DELAY PULSE ATT.
. . BANDWIDTH DELAY, Tf PEAK Tp/Tf AT 1 RAD ... ...

PHASE ERROR

SYNCHRONOUS-RC 0.11 2.15 ---- 35 dB

BUTTERWORTH 0.2 1.43 1.4 30

0.1 dB
CHEBYSHEV 0.25 1.4 1.7 28

0.5 dB .

CHEBYSHEV 0.29 1.4 1.7 27

6dB
GAUSSIAN 0.17 1.59 --- 31

12 dB
GAUSSIAN 0.17 1.72 --- 31

BESSEL 0.15 1. 75 --- 32.

NOTES : 1. Bandwidth normalized to reference freq. Fr
2. Delay normalized to ref. period . ~r

3. When phase error i n ~/F detector is below one RAD, the pulse
amplitude attenuation increases at the rate of 20 log -j-

e
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PREFILTER DELAY PERFORMANCE

Required fundamental rejection-40dB number of pol es- €

FILTER TYPE IN-BAND DELAY PULSE ATT.
BANDWIDTH DELAY, Tf PEAK Tp/Tf AT 1 RAD ... ~

PHASE ERROR

SYNCHRONOUS '. .
0.18 1.93 --- 30

RC

BUTIERWORTH 0.45 1.. 37 1.7 23

0.1 dB 0.59 1.35 2.8 21
CHEBYSHEV

0.5 dB . 0.63 1.27 3.2 20
CHEBYSHEV

6dB 0.42 1.45 1.6 23.5
GAUSSIAN

12 dB 0.31 1.43 1.1 26
GAUSSIAN

BESSEL 0.27 1.58 --- 27.
"

_.

NOTES: 1. Bandwidth normalized to reference freq. Fr
2. Delay normalized to ref. period -fr
3. When phase error in ~/F detector is below one RAD, the pulse

amplitude attenuation increases at the rate of 20 log~
e
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PREFILTER DELAY PERFORMANCE
Required fundamental rejection-60dB number of poles-6

FILTER TYPE IN-BAND DELAY PULSE AD.
Bp.-NDWIDTH DELAY, Tf PEAK Tp/Tf AT 1 RAD.

PHASE ERROR

SYNCHRONOUS '; .
RC 0.11 3.15 ---- 35 dB

BUTTERWGRTH 0.3 1.98 1.7 27

0.1 dB 0.42 1. 91 2.8 23.5
CHEBYSHEV

0.5 dB . 0.48 , 1. 75 3.2 22
CHEBYSHEV

6dB 0.29 1.57 1.6 27
GAUSSIAN

12 dB . 0.22 1.57 1.1 29
GAUSSIAN

BESSEL 0.18 2.36 --- 31.
l-"

NOTES: 1. Bandwidth normalized to reference freq. Fr
2. Delay normalized to ref. period.-tr

3. When phase error in ~/F detector is below one RAD, the pulse
amplitude attenuation increases at the rate of 20 log -j-

e



CONCLUSIONS

WHEN THE FUNDAMENTAL REJECTION IS PREDETERMINED, DELAY IS
LEAST WHEN:

1. Typically a multipole filter is better (6-poles is
better than 3-poles)

2. A selective filter is preferred (Chebyshev is efficient,
RC and Bessel filters are inefficient).

3. In using selective filters, the delay peak must
be considered in any particular design.

4. The gaussian filter appears a good compromise choice.
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LOOP DELAY, lTS SOURCES AND EFFECTS

SOURCES OF DELAY

• Propagation through divider chains

• Phase detector sampling process

• Group delay in filters

• Spurious poles

NET DELAY T =Tr + Td + Tf + Ts

lRREDUCIABLE DELAY IS Tr

T ::> Tr

EFFECT ON OPEN LOOP RESPONSE:

E- sT• F (s)



SIMPLE CORRECTION

Objective: Retain closed loop response associated with 0.707
damping factor. Approximating

2nd order loop is transformed into

3rd order loop:

H(s) =

To retain

K(S+S2)

f = 0.707

(a) fn must be reduced

(b) ~ 0 must be increased

Example: wn~ =0.15

fn is reduced by a factor of 0.87

~ is increased by 1.01

Ref. 8

-- - - -- - --- - - - - - - - -



PROBLEM

LET EXCESS PHASE AT wn BE LIMITED TO LESS THAN 0.2 RADS.

ASSUME THAT SPURIOUS DELAY T = 1.5 Tr, such that
the net delay T. =Tr + T = 2.5 Tr , what is maximum fn?

SOLUTION :

fn =
0.2

2TT.x 2.5Tr
= 0.0127 Fr
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OPERATIONAL AMPLIFIER NOISE SUSCEPTIBILITY

CONTRIBUTION TO VCO NOISE

In-band: ( ~ )2 vna2
1

I .- - ,

Out-of-band:
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FREQUENCY AND PHASE NOrSE POWER SPECTRA
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THE DIVIDER THAT WORKS AT HIGHEST FREQ. HAS HIGHEST NOISE

~ (7)
dB
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CRYSTAL OSCILLATOR REFERENCE
Ref. noise is ultimate limit.
Add 40dB to get with respect to lGHz.
HP now has better reference.
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PROBLEM:

The following characteristics are typical for phase loek components:

ECL DIVIDER:

TIL DIVIDER:

- 155 dBC/Hz

- 170 dBC/Hz

Phase/Frequency DETECTOR: - 130 to -146 dBC/Hz

Assume -130 dBC/Hz

10 MHz CRYSTAL REFERENCE: - 155 dBC/Hz and a corner
frequency of 500 Hz

The VCO operates at 1GHz and its spectral characteristics are
as follows:

OFFSET FROM CARRIER

100 Hz ----
300 Hz ----
1 KHz ------
3 KHz ------

10 KHz ------

GIVEN A DIVISION OF + 100

dBC/Hz
-46
-60
-80

-90

-100



DETERMINE

a - Optimum fn
b - Net Spectral Noise Density
c - Sketch Resultant Spectral Noise Density
d - Estimate Net Integrated Phase J i ttar in degrees

SOLUTION

The circuit noise is dominated by the phase I frequency
detector contribution which translates to -90 dBC/Hz at lGHz.

a. From the intersectien in the graph, the optimum
fn is approximately 3KHz.

b. The net spectral density rises te -87dBC/Hz

d. On the basis of -87dBC/Hz and a 3KHz bandwidth.
The variance is: 2 X 10-8. 7 X 3000 RAD2 = 1.2 X 10-5RA02

• 0

The net phase),tCer B =3.5 m Rd =0.2
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