B onebrake

: Pﬁcf‘RAM N‘OTES

PHASE t OCKED LOOPS

Dr. Jacob Klapper




PHASE~EOCKED LOOPS

.Dr. -Jacob-Klapper
Department of ;Electrical Engineering
New Jexrsey Institute of quhnolggy

'C:)Copyrighc_lgsl by Jacob Klapper

i




Contents

Primary References

Glossary of Terms
Introduction

Linear PLL Operation
Nonlinear PLL Operation
Acquisition

Distortion, Delay, and Noise
Frequency Synthesizers
Analog FM Detection

Binary FM Detection



Primary References For This Course

1. J. Klapper and J. T. Frankle, Phase-Locked and
Freguency-Feedback Systems: Principles and Technigues,
Academic Press, 1972. ‘

2. W. F. Egen, Freguency Synthesis by Phase Lock,
J. Wiley and Sons, 1S8I.




Ay
Icn
6.6,

Af,
Aw

Aw
(AW,m,)*
(Aw)my,

Nem

Glossary of Terms

Input CNR referred to PLL noise bandwidth. 3,

Entire baseband threshold CNR

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 signal frequency deviation (radians per
second)?

Maximum sweep frequency (radsans per second squared
Spectral density level (watts per hertz) )
Modulation density in terms of phase modulation (radians
squared per hertz) :

Limiter-discriminator sensitivity (also X,)

Normalized phase margin
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Glossary of Terms

VCO sensitivity (radians per volt-second (also K;)
Microsecond

Damping factor (also z)

Carrier-to-noise ratio (CNR)

Root-mean-square (rms) modulation index: also standard
deviation

Delay (seconds)

Phase angle, frequency domain

Phase angle. time domain (radians)

Excess phase shift per base bandwidth (radians)

Distortion generator in terms of phase modulation (radians)
Loop phase error (radians)

Modulation-induced phase error component (radsans)
Noise-induced phase error component (radsans)

Input signal phase modulation (radians)

Received signal phase modulation (radians)

Equivalent peak phase error. noise component (radians)
VCO phase modulation (radians)

Loop response distortion component in terms of phase
modutation (radians)

Phase angle (radians)

Radian frequency (radians per second)

Bottom frequency of speech spectrum model or of FDM
baseband (radians per second)

Top baseband frequency of transmission (radians per
second)

Signal center frequency (radians per second)

Channel center frequency (radians per second)

IF center frequency (FMFB) (radians per second)

Input signal center frequency (radians per second)

Loop natural frequency (radians per second)

VCO center frequency (radians per second)

Test-tone frequency (radians per second)

Loop zero constants

Ratio of predetection semibandwidth to base bandwidth

Decibels




Gloveary of Terms

Equivalent noise input generator that accounts for voltage-
controlled oscillator internal noise

Demodulated signal or loop output signal (volts)
Frequency (hertz)

Base-bandwidth or top baseband transmission frequency
(hertz)

Impulse response of closed loop

Impulse response of 1F filter

Equivalent baseband inpulse response of internal 1F flter
Kilohertz (kilocvcles per second) -
Millihenn

Peak modulation index (also Aw,/w,)

Noise

Nanosecond

Radius of gyration

Radian

Root-mean-square

Second

Convolution

Signal amplhitude or constant carrier amplitude (volts)
Automatjc frequency control

Automatic gain contro)

Amplitude modutation

Channel noise bandwidth in frequency-division multiplex
(hertz); also, a bandwidih-related parameter in ERPLD
Predetection bandwidth (hertz)

" Carson's rule bandwidth (hertz)

Bit error rate

IF filter 3-dB bandwidth (hertz)

Baseband intrinsic noise 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 (2f,)
Threshold CNR referred to twice base bandwidth (2/,)
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DC

D,
DPSK
En
ERPLD

FDM

FM

. FMFB
FMEFB-

ERPLD
FMFB-

FMFB

FMFB-PLL

FSK
GH:z
G(s)
H,(5)
. Hp(s)
H(jw)
H(s)
H(s)
Hy(s)
Hy,(s)
Hz
IF

K

Glossary of Terms

Deviation index

Direct current

rms frequency deviation (hertz)
Differentially coherent phase-shift keying

Energy ratio
Extended-range phase-locked demodulator

=F Frequencv modulation feedback factor
() = W nl

.Frcd‘ll‘c{n y-division multiplex

Frequency moduiation -

FM feedback loop

Compound-loop FMFB demodulator, ERPLD as internal

demodulator
Compound-loop FMFB demodulator, FMFB as internal

demodutator

Compound-loop FMFB demodulator. phase-locked loop as
internal demodulator

Frequency shift keying

Gigahertz (gigacycles per second)

Open-toop transfer function

Transfer function of loop baseband filter = F(S)
Transfer function of internal demodulator

Closed-loop response

Closed-loop transfer function

Transfer function of IF filter (FM FB)

Lowpass equivalent of H,is)

Baseband equivalent of H,(s)

hertz (cycles per second)

(ntermediate frequency

Loop gain constant (product of phase detector sensitivity.
amplifier gain. and voltage-controlled oscillator sensitivity
In the phase-locked loop)

Closed-loop gain in FMFB

Phase-locked loop phase detector sensitivity (volts per
radian): also LD sensitivity 1n FMFB

Amplifier gain (PLL and FMFB)

VCO sensitivity (radians per voit-second) (PLL and FMFB)
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LD

LLI
MHz

I Mjw);
VM)
MLR
MTBF
N

N(t)
NCR
NIF

PLD
PLL
PM

rf

{ R(jw))
RLC
SNR
SNRr
S

SW
S(w)

p

Tht

Glossary of Terms

Multiplex noise loading ratio
Limicer-discriminator

Loss-of-tock impulses

Megahertz (megacycles per second)

Magnitude of predetection filter response (PLL)
Magnitude of predetection filter response (FMFB)
Maximum likelihood receiver

Mean time between failure

Spike rate, cycle skipping rate

Addi:-ve noise

Noise-to-carmer ratio

Noise improvement factor

Output noise power from postdetection filter follo‘wing 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-locked loop

Phase modulation

Radio frequency

Magnitude of postdetection fiiter response
Resistance-inductance-capacitance {network)
Signal-to-noise ratio

Test-tone signal-to-notse ratio

Speech power

Postdetection filter output signal power (watts)
Power spectral density of transmitted baseband (watts per
herz)

Threshold impulses

Test-lone

Voltage

vCO Voltage-controlled oscillator
VCXO Voltage-controlled crystat oscillator
VSWR Voltage standing wave ratio

W Power spectral density function

= Approximatciy equal
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Introduction to Phase~Locked Loovs

The Phase~Locked Loop or PLL is a negative-feedback circuit in which

A}

the controlled variable is the phase of a carrier. A block diagram

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

a lowpasgs Filter/Amplifier, and a Contxolled Oscillator. The input to

the PLL is a carrier fed to one of the two inputs of the Phase Detec-
tor while the output is taken either from the output of the Controlled
Oscillator or from its input, depending upon aéplication. In the usual
operation of the PLL, the frequency of the Controlled Oscillator is
identical to that of the input carrier (on a cycle to cycle count basis)

and the phases are nearly the same.

If the frequency of the input carrier differs from the free~run-
ning frequency of the Controlled Oscillator then a control signal de=-
velops in the loop which forces the two frequencies to be the same.
This control signal is generated in the Phase Detector and is ampli-
fied by the Lowpass Fillter/Amplifier before being applied to the
Controlled Oscillator. In other words, if the free-running frequencies
differ, then in the locked loop it is reflected as a phase difference.
Typically, the gain of the loop is made high so that this phase dif-

ference is small.

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

nization and FM detection. In synchronization applications, a replica of

the desired input carrier is obtained from the output of the Controlled
Oscillator; in FM detection applications the output is the control signal
fed to the Controlled Oscillator. 1In both of these application areas the
PLL often cutperforms other available techniques. One of the earliest
widespread use of the PLL was as a synchronizer in television receivers.

In a more sophisticated operation as a synchronizer, the PLL generates
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an almost unlimited number of ultra-stable frequencies in very fine steps,
using only a single crystal oscillator as a reference. This is known as

Frequency Synthesis. On the other hand, as an FM detector,~ the PLL can

reduce the noise threshold effect ~-- something that is not possible with
conventional discriminators. 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 components of the Lowpass Filter), it
became advantageocus to use the PLL in a myriad &f other applications

because of its low cost and size.

A bdasic design parameter of the léop 4s its bandwidth. The PLL
designed for synchronization applications is typically of very narrow
bandwidth so that 1t locks only to a particular frequency at the input
and ignores all other carriers, including sidebands. On the other hand,
a PLL designed for FM detection must at least be wide enough to follow
the frequency deviations of the desired carrier. However, for all PLL

designs there is arn optimm bandwidth. It cannot be too narrow

for 1t will not follow the frequency variations ot the desired carrier.

Then, it should not be wider than necessary because a wider band-
width means that more noise and interference appearing at the input will

affect the operation of the loop and its output.

The dvnamics and the bandwidth of the PLL are a function of the

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

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

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

alsc nsed in special applications. The order of the loop 1is determined

by the Lowpass Filter but the open loop gain also enters when the band-

width and damping are considered. While the PLL is a nonlinear device

due to the presence of a phase detector, most calculations are made

using a Linear Equivalent Model.

To understand the linear model, we first introduce the exact model

P,



shown 1in Fig. 2. The input to the model, ¢,(t), 1s the phase of the de-

sired carrier appearing at the input to the PLL. The loop responds

with ¢:(t), the phase of the Controlled Oscillator. The Phage Detector

output is generally a nonlinear function of tﬁeAphase error ¢e(t)-

¢4(t) = ¢.(t). This is why the Phase Detector 1is represented by a
aubtractor and a nonlinear blockAQ,f J. 1lgnoring the noise n(t) for

the present, we proceed to the Lowpass Filter/Amplifier which is rep-

resented by itself since the finput/output quantities are voltage R
analogs of phase, The Controlled Oscillator is modeled as an integrator

because its output is phase while 1its input is proportional to frequency

deviation. It can be shown [Ref.l] that the bandpass noise present at

the input to the PLL can be represented by a lowpass noise n(t) intro-

duced as indicated. The noise n(t) is the lowpass equivalent of the

bandpass noise, apéropriately scaled, In particular, if the bandpass |
noise is of bandwidth B and power density n, them n(t) is lowpass with i
bandwidth B/2 and power density 2“/A2, where A is the amplitude of the I

desired carrier at the circuit point where n is measured.
Ky 1s the sensitivity of the phase detector at the operating point.

The basic nonlinearity of the PLL is in the Phase Detector. Typical
Phase Detector characteristics are shown in Fig. 3. Now suppose.:he
phase error ¢.(t) is small; them over that small regionm of operation
any of the Phase Detector characteristics can be considered lirnear.

This is what leads to the linear .equivalent model shown in Fig. 4., Ob-

gserve that the nonlinearityx[ ] bas been replaced by the constant K.

Using the linear model, we can apply all the techniques of linear analysis |
to the PLL ~~ certainly not a minor comsideration. It turns out that in many
design caseg a linear analysis will suffice to provide performance and op-~
¢imization guidelines. There are, however, a class of problems where non-
iinear analysis must be made and phase-plane or Fokker-Plamck techniques

(Ref. 1) are then resorted to.
I
The typical Lowpass Filter for the popular second-order PLL is_fffw,_____d__—_ﬂ——



lead-lag network shown in Fig. 5, while the first-order loop has 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 filter.
The first-order loop has only the gain as a design parameter; there-
fore, it does not provide sufficient flexibility, Higher-order loops
improve performance only in very limited applications (e.g. frequency
ramp tracking) and tend to be unstable; hence, they are shunned.
There are alsé second-order loops with filters having zeros in the
_ right-half of the complex frequerncy plane that provide improved per:
formance in some applications(Ref.2:Ch,8)Using linear analysis we may
obtain the closed-loop transfer fumection H(s) and noise bandwidth B,.-

These are listed in Table I and apply to both ocutputs of the PLL,

It has been assumed so far that the PLL is always in synchronism, i.e.,
the input carrier and the Controlled Oscillator are of identical fre~

quenc§ but possibly of different phase. There are no known useful

applications of the PLL where synchronism is mot required. However,

as the carrier is applied to the PLL,synchronism may only have to be

achieved (acquisition problems). Furthermore, once acquired, synchron-

ism way be lost if the input carrier frequency varies unduly (hblding

problems). Calculations for acgquisition and holdinp must be made on

the nonlihear model of the PLL., The following definitjons are of

interest in reference to synchroniam:

Hold-ip Rapge: Consider a PLL synchronized with Wy =W s where wy

is the input frequency and ., is the free-running frequency of_the
Controlled Oscillator. Now slowly vary wy and W, will follow, but only up to
2 limit, The hold-in range 1s defined as the value of Iwi - u.\ml for
whick w_ = Just fails to follow w,, resulting in a loss of synchronization.

The hold-in range can be calculated for any PLL by finding the

maximm control we have avallable for the Controlled Oscillator. It

—4= | ¢

b —




is the product of the maximum DC output from the Phase Detector multi-

plied by the gain of the Lowpass Filter/Amplifier and the sensitivity

-of the Controlled Oscillator, There is usually no problem in obtain-

ing & sufficient hold-in range in a second-order PLL, BEowever, we
often do have problems in obtaining sufficient lock-in and pull-in
ranges. These are defined next.

Lock-in Range: Consider the case where the PLL is not locked when the

yamag
input is applied. The 1ock—inAis the maximum frequency difference

,mi - wr°| for which the loop will lock without slipping cycles; only
a phase transient will appear. Approximately, the lock-in range

equals the frequency at which the open-loop respomse has unity gain.

Pull-in Range: This isthe maximm initial frequency difference ’wi - wrol

for which the loop will eventually lock, Some approximate formulas for

the pull-in range are given in the references. However, one cannot

utilize the full theoretical pull-in range since it is affected by
noigse and DC offsets, and the time it takes to pull in is oftem too
long. A mumber of schemes have been developed to extend the pull-in
range and decrease the pull-in time. (See, for example, Ref. 3).

The examples which fdallow highlight some advantages in the use of
the PLL. The ligt of actual applications of the PLL in current elec~

tronics equipment is indeed extensive.

Example: FM Detector (Ref.2 , Ch, 6)

Consider the detection of an FM carrier modulated by voice
(300-3300 Bz) with a peak frequency deviation of 10KH,. Optimizing the
second=-order PLL for a minimm phase error due to both signal and noise,
one obtains the following parameters: K (open-loop gain) = 6.6 x 10°

radians/sec., b (pole of Lowpass Filter) = 1.9 kiloradians/sec., and

a (zero of lowpass filter) = 35.4 kiloradians/sec;

2




Figure 6 shows a plot of output signal-to-noise ratio versus input
aarrier-to-noise ratio (experimentally measured) 'with the predetection filter
baving a Carson's rule bandwidth (a widely-accepted rule). The improved
performance of the PLL over the conventional limiter—discriminator in
the region of low received carrier power is readily apparemnt. One
should note, however, that even if the improved performance is not of
interest one would frequently prefer the PLL over the discriminator
for reasons of economy and size. The PLL in addition to acting as an
amplitude~insensitive discriminator, may also perform (to a degree)

simultaneously as an IF filter.

JK/dm




Evanple: Frequency Synthesizer (Ref. 4)

A simple frequency synthesis PLL g shown in Fig. 7. Im addition to
the conventional components of Fig, 1, there is a Progranmable Frequency
Divider between the Controlled Oscillator and the Phase Detector. The
input reference frequency £ .eof 16 usually derived from a crystal oscil-
lator and is very stabie. With the PLL in synchronism, £, /N = f .¢ and,
therefore, the output frequency fo = Nf . of. Since K is programmable, the
output frequency can be varied in steps of fo.¢. Furthermore, it has the

same fractional stab{lity as f,.¢. PFrequency synthesizers are now used

&xtensively for tuning receilvers and transmitters as well as test generators.

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

Early-late Gate, et¢c., and a variety of multiple loops. Also, the PLL can ’

be implemented using equivalent digital operations.

References
For a thorough treatment of the PLL in FM detection as well as the use

of mulriple loops the reader is referred to reference 2, Reference 4 is the

equivalent for frequency synthesis. For nonlinear analyses the reader is

referred to reference 1 (classical topics) and reference 5 (most general).
Reference 3 1s a second edition of a popular gemeral text (very lucid) and
reference 7 is helpful in lipear analysis. For a discussion of

related loops the reader is referred to reference 6.

1. A.J. Viterbi, Principles of Coherent Communication,

McGraw-Hill Book Co., 1966.
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FIGURE 3 Phase-detector characteristics.
(a)Sinusoidal (b)Triangular(c)Sawtooth.
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LOOP ORDER = NUMBER OF POLES IN G(S)

G(S) = OPEN LOOP RESPONSE

H(S) = CLOSED LOOP RESPONSE

K= KK.,K

1723
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NOW THAT WE HAVE AN EQUIVALENT LINEAR
THEORY OF LINEAR SYSTEMS.
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PLL TRANSFER FUNCTIONS

LOOP ORDER = NUMBER OF POLES IN G(S)

G(S) = OPEN LOOP RESPONSE

H(S) = CLOSED LOOP RESPONSE

K- = K1K2K3 L.n » K:n;w\ D/ asnm 5 '/-{-; _L\ Q’

LOOP FILTER OPEN-LOOP RESP. CLOSED LOOP RESP. LOOP NOISE
ORDER Hy(S) G(S) H(S) BANDWIDTH
Bn (H5)
Ny t\n{x
/oy
1 1 K 1 K
> =+ 4
: , K
I/g "‘k ~ 1€ ? Ny .-ll’
\
S iy (3 +1) (5 +1) Kb (KD + a)
S +1 K a a a
2 a
541 S (5 +1) S24 (1,105 41| g4a(KD 4 b)
b b Kb k a a

TABLE 1
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GRAPHICAL DETERMINATION OF K AND W,
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STEP RESPONSE

The de for a step in frequency at the input, is (by lin. analysis)
ROYLARSPENCNS &8
a
1. Transient component much larger than steady-state, by factor b.
2. There are 2 parts to transient:

one rises radidly with
~ a

The other droops slowly with
1
(s =3




AE

L oo PG SLOWLY
TOWARD (Po.

r

TRANSIENTS IN de FOR HIGHLY-DAMPED
SECOND-ORDER LOOP AND FREQUENCY STEP
INPUT.

IF FREQUENCY IS NOT BIANY THEN
¢e (%) = o
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phase error due to noise
(increases with 8n)

phase error due to signal
(decreases with Bn)

I1lustration 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:
Ky = 250 mV/rad Ky = 4 K3 = 10,000 RPS/V

The phase detector is a multiplier,

S
o toos- T !

H 5) = S
2 100~ + 1

The free-running VCO output is 4cos (106t + 45%)

1. The input to the PLL is 2sin (106t + 103 ).

Find (a) Output 1, (b) Output 2, and (c) phase error,
A1l at steady state.
2. Repeat problem 1 with a PLL input of
25in(10%¢ + 30% + 0.5sin1000t)

3. The input to the PLL is 25in106t plus noise of power spectral
density 107° W/Hz which is flat over the band of interest.
Find the mean-square value of the phase jitter of the VCO

output due to this noise.




SOLUTIONS TC PROBSLLCMS FOR LINEAR ANALYSIS

CLNIRAL
K=k1KpK3=(0.25) (4) (10,000) = 10%

a = 1000, b = 100

wn =V Kb = 1000 = a A response plot for this case is on p.
Problem 1
(a) Qutput 1 = & w =_1__O.3_ = 0.1 volts
K3 104
(c) Phase error = 0.1 = q,} radians = 5.7°
§x 0.25

3 o
(b) Gutput 2 = dcgs (1068 * 10T+ 5.7%)

Problen 2

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

The response curve for _w =1 (our case) shows an output phase 3dB higher

vin
than the input phase and a phase shift of -45°.
Otherwise the output should follow the input.
Result:

Qut:

-

ct 2 = 4 ¢cos £ 106t + 30° + 0.5 V42 sin (1000t - 450)]



SOLUTIONS (1in. anal. -- cont'd)

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

1 _ddr = 1074 (0.5) v 2 103 cos (1000t-45°)
K3 dt

(c) fe (t) = §i () - pr ()
= 0.5 sin 1000t - 0.5 V' 2 sin (1000t - 45°)

3. Input to equiv. mocel:

PSD of noise = 24 = 2 x 106 = 0.5 X 10-6 W/Ha
A2 4

Bn (see Table) = Kb (Kb 4 a)
a

4a (X0 +p)
a

In our case kb = a2 and K >>1 o%Bn/ﬂ;aa. Hy = 500. 11y
a

Result:
72 = 0.5 X 10-6 X 500 = 0,25 X 10-3 rad?



NONLINEAR ANALYSIS




A cos [w n +q§i(tﬂ' + N(t)

aft) o| PHASE
1NPUT DETECTOR

% sin [w ‘t + ¢r(f.) ] )

LOOP FILTER -
b(t) | aameurier <O
= K ) '
T sin [¢i(’) _4;'(,) ] + Nng) | GAIN 5 OQuTP
VOLTAGE
CONTROLLED
OSCILLATOR |
K RADIANS
3 VOLTS = SEC

Jrr

Basic Phase-Lock Loop in Synchronized Mode



INHERENT NONLINEARITY:
phase detector

a) NONLINEAR
b) MULTIVALUED

¢) T sLope

NONLINEARITY OF OTHER BLOCKS CAN BE REMOVED VIA




output

A
/R

|
c.
(=

VAN
g

1 L~
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{c)

FIGURE 3 Phase-detector charecteristics

(a)Sinusoidal (b)Triangular (c)Sawtooth




METHODS FOR NONLINEAR ANALYSIS:

PHASE PLANE TRAJECTORIES

FOKKER-PLANCK TECHNIQUES
(Random Walk)

CYCLE SLIPPING RATE

APPROXIMATIONS

ESTIMATED NONLINEAR PERFORMANCE FROM LINEAR ANALYSIS



PHASE PLANE METHOD:
PLOT OF ’e vs §,
NOW ASSUME SINUSOIDAL PHASE DET. CHARACTERISTIC

FIRST-ORDER LOOP:

. ;e (t) = -Ksinfe (t) +Aw1.

Ay =y - X
( Wi T W wfree—runmng vco)

t mﬁlﬂ;\ > ’o
PS PHASE PLANE TRAJECTORY NEED: Aw.,
NOTE: PATH OF TRANSIENT
g, (°9)

e
STABLE AND UNSTABLE POINTS

WILL IT LOCK?

Al
e,




O SECOND —ORDER PLL
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LOCK-IN POINT =
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O
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CYCLE-SKIPPING
TRAJECTORIES
TENDING DOWN-.
WARD TO OSCH.-
LATION REGION

CYCLE-SKIPPING

- TRAJECTORIES

TENDING UPWARD
TO OSCILLATION
REGION

v ONLY TRAJECTORIES
Z PASSING THROUGH SLOT

WILL REACH A STABLE

LOCK-IN POINT



WHAT DOTES PHASE PLANE TELL]

A GINEN TNITIAL CONDITIONS AND aw;

WILL LOOP ACHIBVE SYNCHQRONISM
B. Houw LONG WILL 1T TAKE To SYNCHRON|RED

C. HOW MANY cyeLEBs UWiLlL BE SKIPPED
QEFORE swucaaomsm

\’ : A L
ot (Mk'@)uv s

D. WHAT 1S THE PHASE ERROR
AT SYNCHRONISM |

TIME

\\ ,
ean \._
Iyt UNDERDAMPED

W\/\ /\M
g e
\
\
\

PHASE DETECTOR
OUTPUT VOLTAGE

CYCLE SK&PPING FREOUENCY PHASE
REGION LOCK LOCK

REGION REGION
{b)
Phase detector outpuls in nansynchronous mode. (a) First-order PLL outskke
pull-in range. Aw,’A - 1.1.(b) Second-ordes type-iwo PLL durmg pull-in,




I'OKKER-PLANCK:

EXACT ANALYSIS FOR VARIANCE OF PHASE ERROR,
LOSS OF LOCK RATE, WITH AWGN (ADDITIVE WHITE GAUSSIAN NOISE)

KN IO AT RT 7 (P Ml A mBAPPEL o) G bz . 4 4

-

B R

g AW v AL

L
’
e e = v i o =+

EXISTS FOR

FIRST ORDER PLL

NO FREQUENCY OFFSET

NO MODULATION

(USING FOKKER-PLANCK TECHNIQUES)
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CYCLE SLULIPPINGS

BRIEF LOSS OF SYNCHRONISM
WHEN PHASE ERROR CAUSES PHASE DETECTOR OUTPUT TO GO OVER THE PEAK

REGENERATIVE ACTION BRINGS LOOP TO NEXT STABLE OPERATING POINT

PHASE DETECTCR CHARACT. (3ultiplier twvpe)

OuTAUT
8
+ $ f +——t +— +—i >
0 A ” 2w
oha se

The following are equivalent:

CYCLE SKIPPED OR SLIPPED

PRASE STEP OF 2T ADDED TO VCO OUTPUT
SPIKE OF AREA,QTTAPPEARS AT INPUT TO VCO

We call these Loss of Lock Impulses or LLI




Consider, in general, a sinewave carrier plus noise:

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

. First. let the carrier be unmodulated and be considered the reference
in phase. The phaser addition of carner and noise produces a resultant having
a tume-varyving amplitude R(1) and angle 0, (). per Eq. (3-5). It is assumed
that the imiter removes completelv the AM from R(!): thereforg, only the
angle 0,(1) and 1ty time derivative (,(1) are of interest. 1t is observed from
Fig 3-a that the angle 0,(f) is given by

y xn

ou)y=tan™ ' ———
1) [A = xt1})

(¢:i(1) = 0]

Y(ty)

v

\ Cadrrnier A x{1y)

(a)

s\
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4n 4

r3.d

alt) 4

340

748
(¢)

NORMALIZED OUTPUT
VOLTAGE DENSITY

1048

0 0.2 0.4 0.6 0.8 1.0
NORMALIZED FRREQUENCY
Theeshaold effects. (2) Phase steps. (b) None spikes. (c) Detected noise voltage

spectra. {The rons voltage of (he norse in a smal) band of 8 Hz s (8, 8,)" ? tinws the value
given by the curve: from Stumpers.*)



We call these Threshold Impulses or ThI.

By the mechanism of cyecle slippings, the PLL does not transfer all
of the ThI (that appear at its input) to its cutputs.

The sharper phase steps don't make it.

The smaller the PLL bandwidth, the fewer Thl are transferred to

the output.

This 1is desirable.. -

However, 1if there is a frequency deviation on the desired carrier
then a smaller bandwidth will cause a larger phase error and thereby

a larger rate of LLI.

There is an optimum bandwidth of the PLL which minimizes the sum of
LLI and ThI, which we call the spike (or ecycle slipping) rate N.

This 1s usually a desired design goal for a high noise environment.

AN
N —

~
g

TILLUSTRATION: A W, is a parameter

NN\

RN




THE SPIKE RATE IS TYPICALLY OF FORM

—_——

¢ and D are constants

d = input carrier to nojse ratio referred

to the PLL noise bandwidth

For Example,
for a first-order PLL without deyiation

N % e 2




NONLINEAR PERFORMANCE FROM LINEAR ANALYSIS:

Minimizing phase error in linear model also minimizes the phase error
and LLI + ThI in actual nonlinear PLL.
In some cases there is a2 known relation between nonlinear and

linear performance.

RN

N




PROBLEMS (Nonlinear Analysis)

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

following conditions:

4.« 10,000 RPS K=20,000 RPS

A multiplier 1s used as a phase detector

2. The carrier to noise ratio (CNR) at the input 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 deereased?

(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 1dB higher?
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SOLUTIONS (NONLINEAR ANALYSIS)

1.
/(z«- e t\/(zm Dy (b"lm;\ -,
Phase plane trajectory
K g2 Kot

2 N1 =TI , N2 = T1

N> 24 =20 -9

—N‘— = = e =2 x 10

1

3. See Curve: ? Agn. 2025 rad2

A

(¢




ACOUISITION
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OEFINITION:  HIR

HOLD-IN RANGE {ALSO KNOWN AS “LOCK RANGE") :
CONSIDER A PLL SYNCHRONIZED WITH We =W

ro’

WHERE Weg = FREE-RUNNING VCO FREQUENCY AND W, IS THE INPUT FREQUENCY.
NOW SLOWLY VARY W AND W WILL FOLLOW.

HIR = | Wi W | FOR WKICH W, JUST FAILS TO FOLLOW W RESULTING
IN LOSS OF SYNCHR.
HIR = (MAX P DET. QUTPUT) (K2 K3)

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

WHERE K = OPEN LOOP DC GAIN; FOR ALL QRDERS OF THE PLL.

EXAWPLE:

VCO SENS. = 100 MHg/V, @ DET SENS = 0.1 V/RAD

BASEBAND GAIN = 78. (MULTIPLIER AS @ DET)

THEN HIR = 780.MHg

- USING A LEAD-LAG NETWORK THERE IS USUALLY NO PROBLEM IN GETTING A
LARGE ENOUGH HIR.




= el 1

OPIXN-LOOP RESPQISE

GAIN
48

Dice K -6 ¢8/0zteve

2leg K>

G RAPHICAL NETERMINATWON

This figure illustrates that in a second-order loop, Hold-in range

and bandwidth can be independently specified.

This is not so in a first-order loop.

N T R A A A N A LR B Ay s




DEFINITIONS

PULL-IN RANGE (PIR): Max. initial Iwi - wﬁﬂl for which loop

eventually locks into synchronism. i

(also known as capture range)

LOCK-IN RANGE (LIR): Max. initial [wi - wy

locks into synch. without losing or adding a cycle.

0| for which loop

HIR > PIR > LIR

FIRST-ORDER LOQP

LIR = PIR = HIR =
LOCK-IN TIME CONSTANT A%

s.s. 9, ;,’ z 1 /MQ?W é{;g




SECOND-ORDER LOOP

LIR = 0-dB FREQ. of OPEN LOOP = ~a

Kb

PIR o, 2[ (kb)) (1+2a) 1% Res

PULL-IN TIME = T/ .

A W,
1
s.s. B, ;j ¢
EXAMPLE
_ 5 _
K=6.6 x 107 RPS, a =

b

THEN LIR = 35,400 RPS

——

PIR 4 226 KRPS,

s.s. @, N~ 0.15RAD =

e ~

A
S.s. = steady-state

RPS
K
Ay,
a { w1)2 sec
Kb
RAD
35.4 KRPS,

(LIR = a in this design)

Tp ::; 0.23 msec

8.7°

-

1880 RPS, AND LET & W, = 100 K




In the picture below:

The first-order looé does not have sufficient gain to rull in
in spite of the DC in the output.

The second-order loop responds to a very small imbalance in the

phase-detector output, building up the DC 1in the capacitor (intezration

PHASE DETECTO®
OurPUt VOLIAGE

u U = UNDERDAMPED

| ! -
T CYQLE SKIPPING FREQUENCY  PHASE
REGAON LocK Lo
RECION 2 GION

(b)
Prase detector outpuls @ nomsynchronous mnde (a) Frr-nrder PLL eutside
pullain range, dw,’A: L1 (b) Sccond-vder type-two PLL during puli-n

)

YN




WHAT CAN GO WRONG?

1. "“HANG UP". 1IF ya\ Wi = 0 BUT ORIGINAL Qe IS 180°,
IT MAY TAKE A LONG TIME TO GET THE PLL INTO SYNCHRONISM.
REASON? THERE IS NO @ DET OUTPUT!

2. EXTRANEQOUS PHASE SHIFTS CAN CAUSE PUSH-OUTS OR EVEN
FALSE LOCKS.

3. NOISE

4, DC OFFSETS

"Pull-in" is accomplished by small DC voltages produced during each
cycle of phase detector output (in the closed lToop) while attempting
synchronization. These become extremely small and unreliable
(because of extraneous DC offsets) far away from the lock-in range.




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

RECALL THAT THE @ DET SLOPE (=SENSITIVITY) ENTERS AS A GAIN FACTOR
IN THE LOOP, AND THEREFORE ALSO IN THE LOOP BANDWIDTH. WE NORMALLY
OPERATE WITH SMALL ﬂe.

THEREFORE, THE SLOPE AT Oe‘:f O DETERMINES THE LOOP BANDWIDTH.
KEEPING THIS SLOPE CONSTANT, THE MAX. OUTPUT OF THE @ DET DEPENDS
ON THE SHAPE OF THE CHARACTERISTIC.

ASSUME A SLOPE OF 1 AT 8o ~e.

FOR A MULTIPLIER-TYPE @ DET, THE MAX GQUTPUT = L.




FOorlL A TRIARGULM CbDET CHAR
THE MAX OUTPUTY = ETZ

oUTPUT

N4
RV

}953

THLS (j)b;: IS OBTAINED USING A
MULTIPLIER BUT SQUARE WAVES INSTEAD
OF SINE WAVES As CARRIERS.

FOR A SANTOOTH D DET CHARACTERISTIC
WITH MONOTONIC RANGE T NTT , THE

MAX OuUuTPUT s NT .
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THE HOLD-IN, LOCK-IN, AND PULL-IN RANGES ARE ESSENTIALLY
INCREASED PROPORTIONATELY TO THE MAX @ DET OUTPUT.



REFERENCES

1. KLAPPER & FRANKLE

2. F. GARDNER, “RAPID SYNCHRONIZATION",
MICROWAVE SYSTEMS NEWS, FEB/MARCH 1976, pp. 57-64.

3. J. OBERST, "GENERALIZED PHASE COMPARATORS FOR IMPROVED
PHASE-LOCKED LOOP ACQUISITION", IEEE TRANS. ON COM. TECH.,
DEC, 1971, pp. 1142-1148.




B. ACQUISITION AIDS
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AUXILIARY SWEEP

1. MOST POPULAR ACQUISITION AID

2. QUADR: @ DET. IS USUALLY ON THE SAME CHIP

dw
3. SWEEP RATE dt ‘f wﬁ = Kb, THEORETICAL IN SECOND-ORDER LOOP.

TO INCLUDE ALL PQSSIBLE INITIAL CONDITIONS, LIMIT IS
dw 1 2
T < 7 v

4. IN THE PRESENCE OF NOISE, USE

1
¥ o<cad) 8

WHERE G = CNR IN LOOP BANDWIDTH,
THIS HAS EXPERIMENTALLY GIVEN A 90% PROBABILITY OF ACQUISITION

5. NEEDS G D 6dB




EXAMPLE

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

K = 6.6 x 10°RPS, b = 1880 RPS

LET 6 =9d8and Aw = + 5x 10°RPS

THEN oL L) 6.6 x_10° x 1830

dt Vg 2

. 8
T = 4 x 107 RPS/SEC

LET US SWEEP OVER TWICE THE UNCERTAINTY

6
2 x 10
P - P VOLT. SWING = 2TT x 25,000 = 12,8 VOLTS

8
4 x 10 3
MAX. VOLT. SLOPE = 2TT x 25,000 = 2.5 x 10 VOLT/SEC

REPETITION RATE OF SWEEP < IOOHZ




WHAT IF THE SWEEP IS LUFT ON AFTER LOCK?

T6.14 VYV AUz TRIANG, WANE

A\ - AN )
|+ : |+ 5 K /s
S S
3
s AN/ T 2.5xI0 SQUARE WANE -3

—
O

K 6.6 x |0°

THIS RESULTS IN A SQ. WAVE FM

3

OF FREQ. DEV. + 3.8 x 10~ x 25,000 = + 95 H2

AT THE RATE O ~~ IOOHZ-
COMPARE THIS AGAINST FREQ. DEV. DUE TO SIGNAL AND THE SIGNAL

FREQ. BAND TO SEE IF IT CAN BE LEFT ON WITHOUT CISTURBING

THE CJTPUT.




Sweep Imolementation

{Second-order PLL)

Slewtri'j
Current

POET, —
™N
R Ve

Ramp

VCO

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 VCO to sweep, thereby searching for signal.

.




SIMPLIFIEY) SWEEP CIRCULIT &

LOOP FILTER IS PART OF LOW- FREQ. 0SC..

WHEN LOOP LOCKS' NeG.FEEbBACK
" AROUND LOOP EXTINGUISHES THE OSC..

LOck INDICATOR:

(npust
signal [Cugn | 1 ’ Loop
PO flter

[ &

)
Quad | &% 4. [[Smoothing Lock
PD fier indwation

QUAD. PHASE DET. IS USUALLY ON SAME cH\P,

1~
PN




o -

Signal

Discriminator-Aided Frequency Acauisition

If input SNR 1s large enough to permit use of a frequency discriminator,
then frequency acquisition can be performed by the discriminator.

Prior to lock, phase loop is'inoperative and discriminator forms
conventional AFC loop.

When frequency error is reduced within lock-in range, the phase loop
takes over and goes into pﬁase lock; the frequency can either be disabled
or can be permitted to furnish the loop damping.

Very fast freguency acquisition is possible.

CNR IN DISCRIMINATOR BANDWIDTH MUST

BE GREATER THAN 10DR (TO BE
PLL
\ﬁﬁDET' - Y
Y}o Loop
\:::;f\ Futer
Y FLL i
Frequency-
> Difference
Detector

ABOVE THRESHOLD).
LIMITED BRY DISCR, CENTER FREO, STABRILITY
WHICH MAY BE GPREATER THAN PL PIR,

Reference: D. Richman, “Color-Carrier Reference Phase Synchronization

Accuracy in NTSC Color Television", Proc. IRE, 42, pp. 106-133, Jan. 1954




CAUBRA‘ 2 DIsCR LZ,S—.S DRIVE TO
> LOCV\ >
YE T SWITCHES
>, > ¢DET — > FILTEK
¥ 1 o
Y ‘_"‘\L"
AR
A
Nl
OPERATE
asg\_er_b\scj(
CALBR.
Rgf.FREQ.
\/
HOLD
cALIBR.
AMPL.
OPERATE

Reference: J. Barp, " Have Phase-Lock Accuracy and Top Lock-Up Time, Too)

Microwaves, December, 1972,

pp. 4B-33,
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Reference
penal

The balueced discrimunaior

AeTs RS FRE Q. DET. WHEN 0OuUT 0oF LI

AND THEN AS PHAsSE DETECTOR




Seauential Phase Detectors

Operate on transition edges of rectangular waveforms (or pulses).
Contain memory of past sequences.
Can be constructed from "digital” IC's.

Cutputs are rectangular, two-level waveforms.

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

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

PD circuit may be constructed with digital components.

"Flip-Flop Phase Detectors

The simplest sequential PD is an RS Flip Flop.

Skgr\a, s Q —VQ

vCO

T

>, R

Typical ope}ation:
Q is set true by negative edges of signal.

Q is reset by negative edges of VCO.

Widely used in laboratory phase meters.

AN




DC Output of FF PO

Average DC output of Q terminal is linear function of phase difference

Sée between signal and VCO.

Ava (Vq)

-ar 0 aqr

l
|

- J %
- .

Phase detector has sawtooth characteristic repeating every 3500.

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

Normal tracking would be in center of linear region at?e= 180°.




Mocified FF PD

Problem: If any signal transitions are missing, VCO resets RS FF,
which then remains reset, indicating 180° phase error from normal.
Loop tries to compensate apparent error by slewing away from correct

tracking phase towards an extreme.

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

Modification: Let VYCO toanle FF rather than reset it.

Tracking operation is identical to RS FF.

Loss of signal causes FF to tocgie on each VCO transition, giving

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

References:

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

with a Sawtooth Comparator", BSTJ, 41, pp. 559-602, March 1962.
A.J. Goldstein, "Analysis of the Phase-Controlled Loop with a

Sawtooth Comparator", BSTJ, 41, pp. 603-633, March 1962.
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Sequential PD Response to Noise

Additive noise causes excess transitions on signal input.

Sequential PD responds to first "signal” transition following a
VCO transition, irrespective of wnether transition is real signal or

caused by noise.

Noise crossings will bias the DC output of the sequential PD, as
well as cause jitter,because the PD ignores the true signal crossing if

a noise crossing occurs first.
Consequences: A sequential PD breaks up when subjected to significant noise;
its threshold is much higher than that of a multiplier PD. A sequential PO

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

Noise intolerance is inherent to all sequential PD's and nat just FF's.




Pnase-Frecuency (P-F) Ootecic-

A popular seguential PD available as an inexpensive intecrated circuit.

Consists of & interconnected flip flops.
o
- éﬁ§C§TTa+

D —
=
=1L

- v -V
— (veo)

s

.

ReTerence: Pnase-lockeZ Looo Data Book, 2nd ec., Motorole, Inmc.; August 1973

J. F. Oberst, '"Generalized Phase Cocparators for Izproves Phase-Locked
Acguisition,' IEEE Trans., Com. Tech., Dec. 1871, PP. 1142-1148.
"Designing Phase-locked Oscillaters for Synchronizat 1on.'

M. A, Rich,
pp., 890868,

IZZZ Trans., Co—unications, July 1974,
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Featuras of r-r Dztector

T
(W)
(¥}
y—
)
(17
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1
@]
o
3

1. Active pnase rangz is 13660: doudle that o7 ciner
entire active rance.

2. Output characteristic is aperiodic, in disiincsjon toc 2all ci-z-
PD's discussed. 17 PLL is unlocked, tne 2-F cstector provicss &
steady Low condition on U or D, as é&ppropriate, to inciczte Zirecticn

of frequency error. This slews VCO towards correct freguency ter lock.

Action s faster, more powerful and more relizble than pull-in.

Phase~frequency detector provides aided frequency acguisitior at

no extra Cost.

3. Both outputs quiescent at 8 = 0. Small 8 causes shcrt pulsas at U or D.
Much easier to filter than 50% duty-cycie puises of FF or Exclusive-0OR
phase detectors. (Less trouble with ripple.)

4. Severely disrupted by missing transitions. Hzas same noise intolerance

as all sequential PD's.

5. PULL-IN RANGE = HOLD-IN RANGE = 27T X.

6. PULL-IN TIME, Tp,
p. (0)
Tplf:', %1. a[1-=S - ]
Aw-K sgn Qe (0)

WHERE s gn = "THE SIGN OF". PULL-IN IS RAPID



~
]
~

ceraztion of p-F Deterctor

Jzvice hes two outou:r terminels, U and D. Low (pulled-down) conlition
1¢ ective; Hioh s inactive. Efoth U and D can fe Hicn simulitanezusiy, bat
noT Low. -

Low U indicates positive 8 between R anad V.

Low D indicates necative 8 between R and V.

Duty cycle, dU or dD, of low condition indicates magnitude o7 6.

Useful output (DC analog average) is dU -d

y
dL}

Vs
|
|
|

: dy f
| |
!
- |
l 1
| do=dy |
| /|
| |
-2m ‘
/ .

77 .




DOUBLE-LOOP PLL

IT IS POSSIBLE T0 HAVE A WIDER L0QP

DURING PULL-IN AND THEN NARROW THE

LOOP AFTER LOCK-IN,

THE O0UTPUT OF THE QUADRATURE DET,
(WHICH INDICATES LOCK ) CAN BE USED

AS THE SWITCHING SIGNAL.

WE CAN SWITCH EITHER THE GAIN O0OR
AN ELEMENT OF THE LOOP FILTER .

O
AN




CHANGING PLL SANDWIDTY

" WIDER DURING ACQUISITION

r-k?

L
!

:T‘t (FET bims circuts not ghown)
AN J_

Modidying loop-filter parameters 10 aid acquisi-
tion In (a) the {ilter~corner frequency is higher for larger
imput changes. In (3) the bandwidth 1 swiiched by an externa)

) agnab

T NCREASED NOISE BARDWIDTH MAY
BPE A PROBLEM.



QUADRICORRELATOR

QUASI~ COHERENT FREQ. DIFFERENCE

DETECTOR .

on (w, = Wyt
F_*®~* LPF /~ ‘A (0, = w,) cos {0, = wyht
]

%{u, -w,) -

(1+c082(w, = @)

LPF

oot (w) — w )t

Quadricorrelator (frequency-difference detector).

OPERLATION?

FORM BEAT FREQUENCY
DIFFERENTIATE (DISCRIMINATOR ACTION)

DETECT COHERENTLY

.‘/,)“



Treblen

An order-2 tvpe-1 PLL has a closed-loop response given by

The open-loop responge has ome of its poles at 10 RPS,
Find: (a) Hold-in range, (b) Pull-in range, (¢) Pull-in time
for a frequency offset of 10,000 RPS, (d) max. slope permitted

for sweep in search and lock configuration, and (e) PLL closed-loop

noise bandwidth.
The phase detector is a multiplier.

Answers: 10° RPS, 14,000 RPS, 0.1 sec, 10® RPS/sec, 500Hz.

o

e




SOLUTION (ACQUISITION)

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

6 Kb (Eg + a)
a = 1000 RPS, Kb = 10°, Bn = Kg
4a ( — + b)

a

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

(a) HIR = K = 10° RPS
6 10° |4
(b) PIR =2 [10%(1 + 50)1* ~ 14,000 RPS
3,82
(c) prre -0 (éoz) = 0.1 SEC.
(107)

(d) wl = Kb = 10% RPS/SEC

108103 + 10%)
4 x 10° (10°

= 500 Hz
+ 10)

Hz




DISTORTION AND NOISE CALCULATIONS

Jacob Klapper

~

4~



WE SHALL CONSIDER: S0,
(1) LINEAR DISTORTION AND
(2) NONLINEAR DISTORTION

LINEAR DISTORTION 4 DISTORTION OF QUTPUT WAVESHAPE CAUSED 8Y
LINEAR TIME-INVARIANT COMPONENTS THAT CHANGE AMPLITUDE AND
PHASE RELATIONSHIPS AT THE DIFFERENT FREQUENCIES AT WHICH TRE
WAVE HAS ENERGY.

EXAMPLE: SQUARE WAVE FED INTO INTEGRATOR BECOMES A
TRIANGULAR WAVE AT ITS OUTPUT.




[ N e LG L ]

e

PLL FREQ, RESPONSE CAN CRUSE

LINEAR DISTORTION,

ANTIDOTE: USE EQUALIZTER Q.(S)

TanPuT ' -l ouTPuT
>—| PLL ﬁ-\E@QRL}—'—?-

I AR A

“ )= Hs) s ,.i_\
w‘h
R, L
I
T C
—|
| DESIGN EQUATIONS:
91{_

o\

AR ANl Lt KT bt 3 S e nTe PP T L, T

e s e e A e




@ EX/niriel FoR TWE (OO CHinmEL

FODM [FM DESIGN DISCUSSED EARLIER |

A
Qm- Y %10 RS

O
z R=430m, L:lO/AH ,C:_S"q_rF
NoTte: THERE IS NO UNIQUE SET
O of R L ,andC,

C.HOOSE ONE PARAMETER W |TH
CONVENIENT VALUE AND THEN

CALCULATE THE OTHER TWo.

O
NONLINEAR DiISTORTION
SOURCES:!
(1) <D DET. (MurTiPL, TYPE )
¢ (2) VCO NONLINEARITY

(3) BASERAND AMPL, ONERLOAD




b

v, ()

DISTOZTION  (nonuinean)

FOR SHMALL VALUES OF DICTORTION

1. WRITE NONLINEAR CHARACTERISTICS

IN TERMS OF TRUNCATED POWER SERIES.

2. REPLACE NONLINEAR ELEMENT BY LINEAR

ELEMENT PLUS DISTORTION GENERATOR.

3. USE LINEAR ANALYSIS TO OBTAIN

ANMOUNT OF DISTORTION,

v (1) v, (1)
- () 2 149—__ ELEMENT
]
\

?
glv) oo o'v* 02v L

]
LINEAF |
i
l
|

(a) val=

ey



EXAMPLE : PHASE DETECTOR DISTORTION

Ort)
3!

) Oty T (s) 3
S Gy = - — :—(;—[((—H(s))qff. ]

SIN @, (t) = () —

—-——
)

$,0)

FILTER
@ (t) et AMPLIFIRR

BRI AL

YN O R S0

é 0 +@ 40

A




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

3

“¢os(u '&4—83)

: W AW,
CD.(": ‘:i—‘ CO0§ LI L T ——" (0SS \
lt b) ' N rA
) 2
® 3
LET W = AT x 10 Res AND ) =2TxFx0 geg
-
| HEN
qb ({)—_.\_ W, al, C«OS(w‘f )+w add,
® 'd W * td
ORTAMED
Ausme— APPRIXIMATION
I I—\'\(s)\ ~
O

V- AND T ARE THE ANGLES OF

|- HGY AT W,

AND «)z

) RESPECTIVELY

/s




SEPARATING 10T TNASRMODULA IS M (Tm)

®
AWD HERMomie (W) TNPES  And Exciudiug
FREQUENCIES OQTSH)E OF 4-KHay vorce
BAND, WwE EeT

o

S\ _ suf
‘D H (Awl)z "014-



{00

20




® ExameLe - V(O DistorTion

Aw(t)= DEVIATION AWAY FROM CenTER
FREQ].

® ¥ €)= INPUT CcoNnTROL VOLTAGE
3
ARlt)= o, ¢ (B rafrin]’ + a (V]

TYPICALLY  SQUARE —LAW DOMINATES

o UNLESS PuSH ~PuLL ARRANGEMENTS ARE
MADE .
- THEN (£) = G i\i‘[t)]z
4 Q,
@

CONSIDER FDM OF (‘mo-s:bn) PoWeER
spEcTRAL DEnsi™y W(f) | Thew

o M= ()2 fugu (s 4 v 1)

/o
Ll




o, (1)

FILTER

AMPLIFIER

ACTUAL VCO

<+
LINEAR | o - le—




, >
-f2 _41C f1 t
TW{U)
In, -
. .
-{2 R -{] t ‘fz v
W(f-0) CRCSS
SELF PRODUCT PROC.| SELF PRCDUCT
v 4 v
n, ’ .
N .
1 r
-fz-f 0 f=f ‘2-5 v
Ad
24 X0
' >
'U:"fx) ¢ -f1 f
A0,
o
>

I~ -




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 DISTORTION

BECOMES DOMINATING, LET INCREASING AMPLITUDE INCREASE LOOP K.

5. CHOOSE APPROPRIATELY OUTPUT OF LOOP. DISTORTION REDUCED BY
LOOP GAIN IF QUTPUT IS TAKEN AT OUTPUT OF DISTORTING ELEMENT,



THis SCHEME LOUWERS DISTORTION

DUE To NEO

o. (1) . FILTER ’o(');%'rm
— 5 —
” AMPLIFIER
- A
F = T T RCTUaLvco __:
I
|
[| LINEAR ¥
( : | vCO < * I
' [ A+ f
cpf(ﬂ +o () | : l——'dm |
ll e e e -
| e
| AUXILIARY |
L4 LINEAR [———>
L PERM_ meey




VCO NOISE ODUE TO NOISY LOOP ELEMENTS:

AS FOR DISTORTION, REPLACE NOISY ELEMENT BY NOISELESS ELEMENT
PLUS AN EQUIVALENT NOISE GENERATOR AT VCO OR LOOP INPUT.

EQUIVALENT NOISE GEN. IS OBTAINED BY MEASURING VCO NOISE IN
OPEN LOOP.

AT LOOP INPUT

6. (1) = B, (1) + 9, ()

S

WHERE

Qﬁs (t) = MODULATION DUE TO SIGNAL

@ (t) = MODUL. DUE TO VCO PHASE NOISE.

n



EXAMPLE

SUPPOSE MEASUREMENTS SHOW EQUIV. NOISE GEN. AT VCO INPUT TO HAVE

A POWER SPECTRAL DENSITY En (f)

En (F) =

. + 1

(%‘)

THEN THE EQUIV. PHASE NOISE GEN. AT THE PLL INPUT HAS THE PSD

2
K
W (f) = s 4 , Ky= VCO SENS.
i (%bﬁ + 1]

THE PHASE ERROR DUE TO THIS NOISE IS



® FOR SECOND - ORDER LOOFP (f:f-

C)bz(ﬂ :K:n” ) d(d)
a2
B RGN

ConsiDER LOGP FoR REFERENCE

EXTRACTION (Naaeon Bm&\ )THW

O
‘\)M L=< 00&_
A Ko
z .
(4) = — i
em 4 W,
® |

Rererence - Kuapper A FRANKLE, CH.G .




ZNCESS DELAY

Upen-loop excess phase shift or delav are due to:

Phvsical electrical length of signal path

Stray high-frequency poles

Finite recponse time of elements
We can model it as pure delay, based on the phase shift in the
critical region, i. e., where‘G(jwﬁ; 1. -
G,(s) = open-loop response including delay = G(s)e~ST
T = delay due to excess phase shift
Delay increases noise bandwilidth of closed loop.
We can minimize Bn by moving zero a.
Graph below illustrates increase in minimum Bn caused bv excess
phase shift and the ratio of the new value of a to the optimum
vaiﬁe of a for a loop without excess phase shifrc.
For example, for an excess phase shift of 20*, the noise bandwidth
is doubled and the optimum zero frequency is 8% lower.

u\ ,T ' i / —~70d
o~ | | / st

AN il
E U0 USE MG-T A kS N
—_f - — -— |e G2
\ /—— (311
: \J__ — iy

RELAVIVE NOISE BANDWIITH

B — [
. [N
| - —_— —_—
! [
L —_— —_— ?
‘ I | N, LsE LeT av >%
B /| - 'T——‘n
1 ! , 1
Ol | [ i : oy

0 10 2t ) »w
CELAY PHASE N DEGOECS

Minimum relative noise bandwidth of second-order 1ype-two PLL. ...
B,($)/B,10), as 2 funcuon of delay phase & = 7w,




PROBLEM (Distortion)

Consider a VCO with a nonlinearity dominated by the square-law
term. Find the equivalent distortion generator if the

control voltage is 2s5inl000t and the second harmonic distortion

-

component is 40d4B below the desired fundamental.

It -




SOLUTION (DISTORTION)

Aw(t) = a, v (t) +ay [v (1) 12

a
KO ()12

a,[2 sin 1000t1% = 4 a251n2 1000t

= -2a2C052000t + 2a2

2a a -
2 1072 S, == = 10?
2a1 a

2c 1yl

v -2 2 -
d(t) = 10 - [2SIN100Ot] = 4 x 107 “SIN“100t

ACTUAL VCO




FREQUENCY SYNTHESIS

s \
|



FREQUENCY SYNTHESTZER:

A VERY STABLE SOURCE WHOSE FREQUENCY CAN BE CHANGED INCREMENTALLY.
EARLY VERSIONS USED SWITCHING FROM XTAL TO XTAL.

MODERN VERSION USES A SINGLE XTAL OSC AND A PLL.

EXAMPLE :
HP3325A SYNTHESIZES }PHzto 21 MHz with 11 DIGIT RESOLUTION.

REFERENCES:
1. W. EGAN, FREQ. SYNTHESIS B8Y PHASE LOCK, 1981.

2. V. MANASSEWITSCH, FREQ. SYNTHESIZERS, 2nd. ED., 1980.

3. D. DANIELSON AND S. FROSETH, "A SYNTHESIZED SQURCE WITH
FUNCTION GENERATOR CAPABILITIES', HP Journal Jan. 1979, pp. 18-26.
4. MOTOROLA LITERATURE




PARAMETERS OF INTEREST:

RANGE OF OUTPUT FREYUENCLIES

RESOLUTION

SPEED OF RESPONSE TO An \NSTRUCTION

PHASE NWSe AROUT THE CARRIER

PURITY OF 0UTPUT (SPURIOUS)

ExrmeLe OF SeeCs:

Panial Performance Specification lor the First Local Oscillator of
Model DCR-30 Computer-Controlled Receiver, Manufactured by Gl Electronic
Systems Division™ "

Frequency range: 92.67 10 122.17 MHz

Frequency increments: 100 Hz

Nonharmonically related (a) Spunous outputs falling in
spurious oultpuis: the passband of the front end

or first IF frequencies, — 110 dB
{b) Elsewhere, —80 dB
Phase noise: See Fig. 7-19
Swilching ume: 5 msec

(OB M/ Landdwaoih}

119
20 b
£30

ale seh bisad phese Gane g sepial rana

G

HIVER 5 < 10) 2 5 13t 2 5 0%
Otteer *t m gignyi f s

bicure =-24 £'haw noise fequirement for the Tirst locad osciltutor of model DCR-30B com-
puter-cumitolled revviver, manulactured by Gl Electroaic Systems Divisioa.

117
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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 CONFLICTING RE-
QUIREMENTS ON THE PARAMETERS.
FOR EXAMPLE:
LOWER SPURTA 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
z N
DUAL-MODULUS
FRACTIONAL N




DEPRD 1ps VA R0 L

[ e

The Digital (Look-Up-Table) Synthesizer

A0 Address |~ memory Low
—  Accumolstor == D-A “Dass
# cos 8 fitter
' Fova
# Accumulate & ghift
out
Clock
Figure 2.1 Basic diagram of a digite] synthesizer.
D-A
output
Acoumulstor
output, A

Some signals from the digital synthesizer.

OPERATION:

1. WAVEFORM SYNTHESIZED PIECE BY PIECE.

2. A NUMBER, A2, IS SHIFTED INTO ACCUMULATOR AT CLOCK FREQUENCY.
ACCUMULATOR OUTPUT IS AS SHOWN.
FOR A HIGHER FSYN, USE LARGER & 0.
CAPACITél OF ACCUMULATOR CORRESPONDS TO ONE COMPLETE CYCLE.
WHEN ACCUMULATOR REACHES CAPACITY, IT RESETS.

3. MEMORY CHANGES & TO C0S .8 (via table look-up).

18




PROPERTIES OF ALL-DIGITAL:

1. FAST RESPONSE (+)
2. FINE RESOLUTION (+)
3. UPPER FREQ. LIMITED BY CURRENT MEMORIES (-)

4. BEST REPORTED SPURIOUS SUPPRESSION: 50-60dB (-)
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DIRECY SYNTHESIS

3. 31 3.1 LY 3. 2

Mixer
h edohal MH
IMH (DIMAr | L B M N k) Mg cro OB MU IOV R M L(uﬁ b M e
) 4 Y/ RN
[ ] — --
Line (27 3 a) MMz (27 + b) MH2 {27 ¢ () MNr 127 4 gl MHU
no
o 27 MMz
28
gm 7 S J
2
2 - ] ‘t
30 /.
3 pa
T ~x)
? 32
s 3]
6
) 34 ly Jrdiba)
25 Mg
3 36 I"‘
LAY
9

Switeh Seab b Swiu

Siraphificd Jdirect-synthess coneept

EXAMPLE USES  28.MHz LINE
PROPERTIES:
1. FAST RESPONSE 2. FINE RESOLUTION 3. LOW SPURIA 4. COSTLY & BULKY
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TNDIRLCT (PLd) SYrdBSIZUR  TH €

337 45 vwr

- - R Orent T840 M ' Minaw ’ I&-ﬂo—mu ' 307 45 MMy
N e f— tite .-._' vCO —

T Mtz
12 y
_—J——.

I TMrz I ‘
Prase ' Low—0am |

et OBNG—-Olrel ————
arTecTIV ] h(~ k
+

—

Analog phase-locied }oop synthesizer, paraliel inpectoa: an exampile.

R AngeE:
200 MMy —=309,94 MYy
100 FREQUENCIES a4 nECIMAL VNGITS
}

OPERATIONG
EACH MIYER REMOVES A DI\&\T
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Dighta) phase-tocked loop syntbesis basic coafiguranos-

-

"
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f
Digital pliase-locked loop synmesis. main pease-iocked loof.

ADDITIONAL FLE X IBILITY VIR FIXED DIVIDER N,

AND THE MIXER,
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IF NCO FREQ. IS T00 HIEW For PROGRAMMARLE

m\m;az) USE FIXED DIVINER FIRST,

— FREQUENCY SYNTHESIS BY PRESCALING l
1

’oul = NP trgs

3
Refecence /—\ / ]
Frecuency = Prase :iJ—I—-‘UCO l-—* '
Oet.
(trg)

Programmanie 1 f
Divioer | >p
N |

_

PropLEM . A-?: P ‘Q&eF - S

ALTERNATE POSSIBILITY .
LivnTd = N'ggeg

—_— \

Re‘erence — cp Phase £ s vCo i ,
o = !
Frequency ! / Dert I

el N

'___
E [ Programmanie Ze
el

HeRE A%=-&,ee Rutr PLL BANDWIDTH

—

S Reduced BY FACTOR *)

<~ —— -

| —

L. | Dl




WE CAN HAVE A HIFH - FREQUENCY

PRESCALAR AND ReTAIN of:= {eer
AND THE PLL BANDWIDTH BY USE OF

DUAL— MOBULUS DIVIDERS .

- FREQUENCY SYNTHESIS BY TWO
MODULUS PRESCALING

L]
faur = Nt et

Reference Ph
Freauency ase F(9) vco

“N‘) Dat.

2 Modulus
Prescaler
PP+t

Programmabie Programmable
Counters . Counters
+N TA

NN ePea

LOOP INCLUDES:®

P ROGRAMMABLE COUNTER '/.N

. A

LRY

TWO-ModuLus PRESCALAR (bwpe 8Y Por P41)

EQUATION FOR DESIEN:

-(:SYNTH :&N? ‘\'A.& {KEF

(?ROOF 'S IN MC\ZO\Z) \\o«')? i m{_ ,JBACM;

P T s 1

S i WENY N

anwe Az

I 4} a5 O L2 2o - AT 1 Crd it a3 MEIRIA S i e




- For A rAnGe OF NyotaL VALUES 1N SEQueEncs:
® . '
A. SEQUENCE A From O To P-\
B. T NCREMENT N By i
.. SEQUENCE = A FRomM o To P-I
® | ETC..
Ie P= 2k (K: IN'TEG-E&\; THEN
PROGRAMMING. CAN USUALLY RE DONE
® JIA BINARY <QODE  FoR THE Nygy,
e.x
A W i
{{\’“ f\/ .

- % ,b *WJ ,/!}‘)Q
o Al
. N

1




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

PROGRAMMABLE COUNTERS HAVE INPUT FREQ = f—sapm

NOTE:
NUMBER IN N COUNTER MUST BE GREATER OR EQUAL TO NUMBER
IN "A" COUNTER. OTHERWISE ERRORS WILL OCCUR.
Ntotal(MIN) > (P-1)P.; Ntotal (MAX) = Nmax P + AMAX

EXAMPLE:

fsynth = 90 MHz to 110 MHz in 100KRz steps use P=10

SOLUTION:

\

1 “
fref = 100 KHZ, A =& 0 to 9, N =4 10 to 110
Towest fsyn for N =90 and A =0

highest fsyn for N =110 and A = 0

For N = 90, A = 1, we have (901) fref = 90.9 MHZ

NOTE: N >A; (P-1) P = 90;
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MOTOROLA SEMICONDUCTOR GROUP
MOS INTEGRATED CIRCUITS DIVISION
LOGIC AND SPECIAL FUNCTIONS
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FREQUENCY SYNTHESIZER FAMILY

-
N

MOTOROLA CMOS LSI
FREQUENCY SYNTHESIZER
FAMILY
PARALLEL SERIAL 4-BIT DATA BUS
PROGRAMMING PROGRAMMING PROGRAMMING
SINGLE DUAL SINGLE DUAL SINGLE DUAL
MODULUS MODULUS MODULUS | | MODULUS mg?‘:’s‘;‘ﬁ MODULUS
MC145156 MC145146
MC145151 MC145152 MC145155 e 1do1ae
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MOTOROLA SEMICONDUCTOR GROUP

MOS INTEGRATED CIRCUITS DIVISION
LOGIC AND SPECIAL FUNCTIONS

PHASE LOCKED LOOP FREQUENCY SYNTHESIZERS

PRODUCT

e MC145144:

. MC145145:
* MC145146:
e MC145151:
¢ MC145152:
e MC145155:

s MC145156:

4-BIT DATA BUS PROGRAMMABLE, SINGLE
MODULUS FOR TV TUNING (2nd SOURCE
MATSUSHITA MNG6044) '

4-BIT DATA BUS PROGRAMMABLE, SINGLE

.MODULUS

4-BIT DATA BUS PROGRAMMABLE, DUAL
MODULUS

PARALLEL PROGRAMMABLE,
SINGLE MODULUS

PARALLEL PROGRAMMABLE,
DUAL MODULUS

SERIAL PROGRAMMABLE,
SINGLE MODULUS

SERIAL PROGRAMMABLE,
DUAL MODULUS

SCHEDULED

INTRODUCTION

DATE

MAR '80

MAR '80

MAR '80

MAR 80

MAR ’80

OCT'79

OCT '79
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MC145155
E%gg Tﬂ 12 x 8 ROM Reference Decoder
0SCouro!— EXEEEEEREER’
OSan-’—I—:K— +2 — +2 12-Bit + R Counter
REF guy0!8—e}— \J;';"L'

9

flino————

rea iR

14-Bit + N Counter

B

JL‘HT&T!%T??tT

Lock 8

Detect oLD

Phase 8

Detector [—o0PDgut
A

gt [t
B | —3oev

VDDJ\N\o—l
IEn'akab12

1Al

Latch

REEEEEEEEEENEN!

45w2
13
_I.a(ch oSWH

)

Datao-

\ 4

14-Bit Shift Register

.

»-

|—)-

Clocko'®

2-8it Shifn
Register




MC145155 SINGLE MODULUS PRESCALE
SERIAL PROGRAMMING

¢ 18 PIN PACKAGE

® 25 MHz TYPICAL INPUT FREQUENCY

e IMPROVED 3 STATE PHASE DETECTOR

® TWO PHASE DETECTOR OUTPUT METHODS

® PROGRAMMABLE 14-mT +N COUNTER

e 8 ROM PROGRAMMED REFERENCE DIVIDER VALUES
® ON CHIP OSCILLATOR (EXTERNAL XTAL)

e IDEAL FOR MICROPROCESSOR CONTROL -

. ' Y.

e ai ot - il e PR ORI Sl bl bR ek R NN U CHIPUSER PP ST SRV SNIGENE L e »,:-) Adiiea e ;ti'..
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MC145156

SERIAL INPUT PLL FREQUENCY SYNTHESIZER

The MC145156 is one of a family of LS| PLL frequency synthesizer
pans from Motorcla CMOS. The family includes devices having serial,
parallel and 4-bit data bus programmable \nputs. Options include single-
or duat-modulus capabihty, transmit/receive offsets, choice of phase
detector types and choice of referance divider integer values

The MC145156 is programmed by a clocked, serial input, 19-bit data
stream. The dewvice features consist of a reference oscillator, selectable-
reference divider, digital-phase detector, 10-bit programmable divide-

by-N counter, 7-brt programmable + A counter and the necéssary shift
“Tegister and 1alch circudry 1or accepung the serial input data. When
combined with a loap filter ang VCO, the MC 145156 can provide alk the
remaining functions for a PLL frequency synthesizer oparating up to the
device’s frequency limit For higher VCO frequency operation, a down
mixer or a dual modulus prescaler can be used between the VCO and
MC145156. b
® General Purpose Apphcatons —
CATV TV Tuning
AM/FM RAadios  Scanning Receivers
Two-Way Radios Amateur Radio
® Low Power Drain
® 3.0 t0 9.0 Vde Supply Range .
® > 30 MRz Typical Input Capability @ 5 Vde

® 8 User Selectable Reference Divider Values — 8, 64, 128, 256,

CMOS LSI

(LOW-POWER COMPLEMENTARY MOS)

SERIAL INPUT PLL
FREQUENCY SYNTHESIZER

L SUFFIX

CASE 723-0%

CERAMIC PACKAGE

PIN ASSIGNMENT

P SUFFIX
PLASTIC PACKAGE
CASE 7812

A
640, 1000, 1024, 2048 PRT=" 20F5RA0
® On- or Off-Chip Reference Oscillator Operation with Buffered Output RA2cT 2 18 F>05Cn
@ Lock Detect Signal dyco3 18 0SCqyt
® Two Open-Drain Switch Outputs dp— 4 17 Eo REF oyt
= e Dual Modulusﬁer_ualicogramming vVppe3 s 16 [ Test
® -N Range = 3101023 ° PDoutEy 6 15D SW2
® “Linearized” Digital Pnase Detector Enhances Transfer Function Vssc7 4 5WY
Linearity Mod ControlC— 8 13 > Enable
® Two Error Signat Options — LocS9 12/ Data
Single Ended (Three-State) fin10 11 = Clock
Double Ended
"“‘§°VDD
%ﬁ%o—ﬂ % 12 x 8 ROM Ref Decod ‘_7'°VSS
X aecoqsr
Y SRR R TR RERE! «eres
Oscnntr@_\ +~2 [ 12-Bit - R Counter DLeotg’z(:t 2510
1
[T o S— L)
17 Q Controt f Phase
REFout r Logic R Detector [—=0PDgyy
Modulus 8 4 tv
Contral
Y y y
1',,&2[_—«&]— , DPhase —3o¢v
i 7-Bit ~ A Counter 10-Bit +~ N Counter m%ctor 1; ¢R
YooAmn I EEEREN) IEEEEEEREE RN o SW2
Enablec- - Laich Latch F—»{ tatch }—oswWi
Detso2 At Shi ~ it Shift Regi oh
7-Bit Shift Regssier 10-Bit Shift Register ’_" Reg:s‘er
Clocko!) !
© MOTOROLA INC.. 1980 DS9809

7
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MAXIMUM RATINGS (Voltages Relerenced to Vag)

Reating Symbol Value Unit
DC Supply Voltage Voo -0510 +10 Vdc
input Voltage, All Inputs Vin -051tw Vpp +0.5 | Vvde
OC Current Deasn Pet Pin | 10 mA
DOC Curtent Drain Vo of Vgg Pins I 0 mA
Operaung Temparature Range Ta -40 10 +85 °C
Storage Temperature Range Tstg -85 10 + 150 °C
ELECTRICAL CHARACTERISTICS
: vmbol TLow 5°C THigh ;
Chanacterisdc S Voo Min Max Min Typ Max Min Max Unr‘u
Power Sugply Voltage Range Voo - 3 9 3 - 9 3 9 Vac
3 - 0.05 - 0 0.05 - 0.05
OutfmtVoltage OLevel VoL 5 0.05 _ P 005 _ 0.05
Vin = Vop o 0 9 - | oos| - 0 005 | ~ |005| .
c
3 2,98 - 295 3 - 2,95 -
Vin = 0orVpp 1 tevel VOH 5 4.98 - 4.95 5 - 495 -
) 8.95 - 8.95 9 - 8.95 -
Input Voltage 0 Levet
Vo = 250r 05 Vv 3 - 0.9 - 1.35 0.9 - 0.9
Vo = 450105 i 5 - 15 - 2.75 15 - 1.5
Vo=850rt$§ 9 - 2.7 - 405 2.7 ~ 27 Vde
Vo= 050125 1Level 3 2.10 - 2.10 1.6 - 210 | -
Vo = 050r45 Vin 5 35 - 35 2.7% - a5 -
Vo = 150r85 9 83 - 6.3 495 - 6.3 -
Aeverse Breakdown Volage SW1, SW2  [Vapso| 39 15 - 15 24 - 15 - v
Qutput Current Source
VoH = 2.7 ' 3 -0.44 - -0.35 | -0.68 - -022 | -
VOH = 4.6 OH s | —oed| - | -ost | -088 - | -0 -
VOH = 8.8 9 | -13 - | -10 | -123 ~ | 07| - |mAde
VoL =03 Sink 3 0.4 - 0.35 0.668 - 0.2 -
VoL = 0.4 oL 5 0.64 - 0.51 0.88 - 0.38 -
VoL = 05 9 1.3 - 1.0 13 - 0.7 -
Qutput Current  Modulus Contcol Source
VOH = 2.2 3 0.15 - 0.25 0.5 - .08 -
VoH = 4.8 10H 5 0.48 - 0.7% 1.8 - 023 - mAde
VoH = 8.5 9 0.75 - 1.25 25 - 0.38 -
Qutput Current  SW1, SW2, Modulus Control
VoL = 0.3 Sink 3 0.48 - 08 1.6 - 0.24 -
VoL = 0.4° loL 5 090 - 1.5 3 - 0.45 - mA
VoL = 05 9 2.10 - 35 ? - 1.05 -~
Input Currant Other (nputs 9 - +03 - £0.00001| £0.% - +10
Enable TR 9 - -80 - -2% -50 - -35
fin. OSCin 9 - +15 - +5 =+ 10 - +8 | pAde
fin, OSCin i 9 - 15 - 5 10 - t8
Other Inputs I 9 - +03| - 2000001 200 | - |10
Input Capacitance Cn 39 -~ 10 - 6 10 - 10 pF
Output Capacitance Couy | 39 - 10 - 6 10 - 10 pF
3 - 800 ~ 200 | 800 - 1600
Quiescent Current Do 5 - 1200 - 300 1200 - 2400 | pAdc
3 - 1600 - 400 1600 - 3200
3 Siate teakage Current PDout L 9 - +0.1 - $0.0001 | +£0.1 - 3.0 | gAdc

NOTE: Tiow = - 40°C
Thigh = 85°C

Tius device contains circuitry (o protect the inputs against damage due 10 high static vohages or electric helds; however, it is advised (hat narmat
precautions be taken to avoid application of any voltage higher than maximum rated voltages to this high impedance circwl. For proper operation it

1s recommended that Vi and Vg be consirained to the range V§§ < (Vin or Vout) < VDD
Unused inputs must always be tied to an appropnate logiC voltage level (a.g., erther Vg3 or VpD!.

@ MOTOROLA Semiconductor Products Inc.
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FIGURE 8 — AVIONICS NAV AND COM SYNTHESIZER

32 Mz
NAV = 01
4 D |_‘1 COM =10 — » VCO Rengs
= Lock Detect Signal

ZEET‘ e e NAV  97.300-107 250 MH?
— paieg p— COM-T 118 000-135 975 My 1y
- - - COM-R 139 400-157 375 MHy

19 18 2 1 20

0SCi, OSCoul RA2 RAA; RAp LD SW1 SW2
5 6 ——'vv\r—1 I—-—
Voo PDout| =—
[_77 Vss MC14 oAl —AAA \
p— C1491% 3 » vCO
- 17
—REF ot dv /
Clock Data Enabte lin Mod Conteol
! A 12 A 13 10 8
T L
Y =
R/T — MPU/Microcomputnr o
Yy v !
MC1013) MC12013 «
Oual F/f N - 10/ « 11 Pigscaler
Channel lo
Selecnon Display e T —

~ 40/ « 41 Dual Modulus Prescalel

NOTES-
V) tor NAV FR =50 kHz, + f1 = 64 usauy 10 7 MH7 lowside injection, Nygea1= 1946 2145
tor COM T Fg = 25 kM7, « 1= 128 usmg 21 4 MH7 heghaide injection, Nygyal - 4720 DA
tor COM R =25 kH7, » R — 178 asing 23 4 MH/ Isghside injechon, Nyg al — 5576 6771,
2Y A = 32/ » A3 dual modutus appraacty s provided Dy substituting an MCI12010 (- 87 - N acthe MCI20M3 Tha dewvices are o cquivatent
3) A 6 4 MH; 0solld1or aryssal ¢ian Ips used by sedes g+ A= 128 (code 0101 (or NAV aad < I8 206 Leode OV D (o COM
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DUAL MODULUS PRESCALING

The technique of dusi moduius prascaling is well gstab-
tished as a method ot achigving high performance frequancy
synthesizer operation at high frequencies. Basically, the ap-
proach alows relatively (ow-fraquency programmable
countaris to be used as high-frequency programmable
counters with spesd capability of several hundred MHz. This
19 possitie without the sacrifica in sy<tam resolution and per-
formance that would otherwise result if a fixed (single
modukig) divider was used for the prescaler.

In dusl moduius prescaling, the lower spssd counters
must be uniguely configurad. Specal contral fogic ©
necessary to ssiect the divide vaiue P or P + 1 in the prascaler
for the required amount of time (388 Mmodulus control defini-
tdon}. The MC146158 contains this feature and can be used
with a vanety of dual moduius prescalers to allow speed,
complexity and cost t© be talored to tha systam re-
Quirements. Prascalers having P, P+ 1 divide values in the
rangs of <3/ =4 to +~ 128/~ 123 can be controlied by the
MC148158.

Seversi dual modulug prescalsr spproaches suitable for
use with the MC145158 ars given in Figure 7. The ap-
proachea rangs from *he law cost « 15/« 18, MC333P
devica capabie of gystam speecs in excess of 100 MKz to the
MC12000 sorias having capabilities yxtanding to greatar than
S0 MHz. Synthesizars featuring the MC148158 and dual
modukus prascaling are shawn in FRgurss 8 and § for two
typical applications.

DESIGN GUIDELINES APPLUCABLE
TO THE MC145156

The system ‘torat divide vatue (N¢oral) Wil be diciatad by
© the applicaton. i.a.

frequency into the prescaler
Niow = frequency into the phase getactor
N is the number programmed into the =N counter; A is
the number programmaed into the « A counter. P and P + |
are the two 33lectable divide ratics available in tha two
modulus grescalers. To have 8 range of Nygeat vaiues in se-
quence, the + A countar is programmed from zero through
_.P=1 tor a partculsr value N in the divide N countsr. N is
than incamentsd t0 N+ 1 and the + A is saquenced from
zorg through P - 1 again.
These are minmmum and maximum values that can be

a NP+ A

| “achieved for Nyorai. These values are a function of P and the

39 of the <N and « A counters. The canstresint N > A
always appies. (f Amgy = P—1 then Nywn > P =1, Then
Niotal=min = (P=1 P+ A or (P~1) P since A is free 0
assyma the value of zero.

Ntoal~max ® Nmax ® P + Amax

To maximize system fraquency capshbilty, the dual moduius
prescalar's output must go from low 10 high after esch group
of P or P+ 1 ingut c/cies. The prascater should divide by P
when 1ts modulug contol ling 18 high and Dy P+ | when i1
modutus contral is low,

: @ M TOROLA Semiconductor Products Inc.

For the maximum frequency into the prescater (F,«pn Max},
the value used for P must ba large enough such that:

A. Fyco max divided by P may not exceed the frequency
capabiity of Pin 10 of the MC145158.

8. The penod of F g divided by P, must be greatar than
the sum of the timsas:

a. Propagation delay through the dual moduius
prascaler,

b. Prascaler sstup O reiesse Ume relative 0 it
modulus controt signal,

c. Propeagation time from fjq t0 the modulus contral
output for the MC145158.

A somatimes usatul simplification in the MC146158 pro-
gramming code can be achieved by choasing the velues for
P ot 8, 18, 32, 84 or 128, For these cases, the desired value
for Neotal wil result when Negteal in binary is used as the pro-
grarmm code to the <N and < A counters treated in the
following manner:

A. Assume the = A countsr contsins “b" bits where 20

~ P

8. Always program all higher order - A counter bits
above “b” to zero.

C. Assume the + N counter and tha « A countar (with all
the higher order bita above “'b” ignorad) combined in-
t0 & single binary counter of 10+ b bits in length. The
MSB of this “'hypothatical’’ counter is to correspond
to the MS8 of =N and the LS8 is to correspond to
the LSB of « A, The syatem divide valua, Nygra|, new
resuits when the value of Nygea( in binary is used to
program the “New’’ 10+ b Bit counter.

RAGURE 7 — HIGH FREQUENCY DUAL MODULUS
PRESCALERS FOR USE WITH THE MC146158

MC12008 ~8/«-6 440 MMz
MC1201 ~8/+9 500 MH>y
MCI213 | <10/ =1+ | SOD MMz
‘ML) - 15/ <18 140 MH2

*Proposed introducton in 1380

By using two devices several dusl modulus vsiues are achievadie:

Moauius
Conwol
34
¢ QOevics A <% Device 8 [—
Device
Oevics ]

A MC12000  MCI12011  MCI12013
MG1013Y «22: -2 <X -3 -0/ -4
MC10t38 - 50/ -5} «80/ «~81 | - 100/ =101

-4/ «4) -84/ 6D
MC10178 or of - 80/ - 81
-8/ =91 | =178/

NOTE MC12009, MCI2011 and MC12013 are pn equrvaent

£
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DELAY LIMITATIONS OF DUAL-MOD SYNTH:

PERIOD OF FVCO/P MUST BE GREATER THAN THE SUM OF The

>

PROPAGATION DELAY THROUGH DUAL-MOD PRESCALER.

B. PRESCALER SETUP OR RELEASE TIME RELATIVE TO ITS MODULUS CONTROL Slu.

(g
.

Hﬂ?PAGATION TIME FROM FEE}(DUAL-MOD PRESCALMR OUTPUT) TO THE
MODULUS CONTROL OUTPUT OF THE SYNTHESIZER.

A AND B ARE OBTAINED FROM DUAL-MOD PRESCALER 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 810 /& 11 PRESCALAR

HIGHEST NP + A = —l-%g- = 3600

18

LOWEST NP + A = .05 = 360

>
USE 1MHZ XTAL, R = §20

LET N = 36 to 360
A=0t%t9
P =10/11



AN
PROBLEMS WITH M SYNTHESIS:

fsynth = Nfref

fref = AF (Freq. increments).

N
small A f results in small PLL BﬁPNIDTH.
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.abcyfref

At

.00Cfref

EXAMPLE: LET N = 450.123, fref = 1KHZ.
THEN A f = 10°x .003 = 3HZ
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FRACTICONAL-N SYNTHESIS:

INCLUDES COMPONENTS OF DIVIDE-BY-N SYNTHESIS.
QUTPUT 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 OURING 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 QUTPUT IS DELETED FROM COUNT-BY-N INPUT.



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 10N + 1 REF CYCLES =>N.1



CEWNALOG PHASE INTERPOLATORZ (APT)

v . RFTER SAmermt
IVCO'N -
“6 - > . . tNmaFRT\T& v S
e _i_‘_"- Sampie-sno-Hoid Level
YNy TO ::'—"_: Inug"am' % R O\ ﬁ—\-\T B HCK
-~ o —lll / Samore-ana-rHoid Siona!
< Ny A v N To A REFERENCE
—_ = — > 2 O O——
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AP? 2
Currert

/
/
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2 & 8 2.~
-

=
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Detecror Current . -
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—- —_

WHEN THE DESIRED QuTPUT s NOT AN INTEGRAL
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ET PULSE RBSCOMES W IDER
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€ REF CyCtle,
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TH{s RESULTS IN WNDESIRABLE MODULATION

® SIDE RS,
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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 ITS
OUTPUT WILL NOT BE EFFECTED BY THIS EXTRA PHASE.

HOWEVER SIDEBAND SUPPRESSION IS LIMITED.

CURRENTLY ~ 50-60 dBC. (dBC = dB with respect to carrier)
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.1()0-1\Hz reierence puise turne 1t off Thus. the level of
tneintegrator output afterthe rampup s proport:onal
1o tne phase difierence between VCO N and the 100-
KHz reference. This level is retained by the sample-
and-nold circuit and passed to the \'CO. Following
the samphng. the bias signal turns on the bias current
whicarampstheintegrator down tothe starting level.
\Wnen the desired output frequency is not an inte-
cral multipie of the reference frequency. the VCOIN
Dulse ¢a:ns a iractional part of a cvcle with respect to
e rerzrence each 11me 1 occure Thus. until a pulse
LEILCN GCCurs Ihe Dhasc cerecior pulse becomes
wice: and tne 1megrator ramn: up further during
Qacn succeeding reference cvcle Itistherefore neces-
arvto ramp down further each timne so the integrator
ramp up will alwavs end at the same level.

The necessarv'¢hange in rame-8o\wn CUrrentis cot-
trolled bv the APJ switches wrnicn are 1n turn control-
led by the phase accumulaior At tne end of eac:.
rejerence cvcle. t'ne rumber storec In tne accumu}am'

— TN A A S AL “ gt L N At

VCO \ puice and the reference. j_a_ch of t ) of the he top five e

decimal digits of | th:s numbergomrok one of the hve
APl bias switches. and turns on the switch for a perioc

inverselv proportional to the numenca} value of tne_
———— T T e— e

digit. The bias current 1s thus adjusted according to
the phase difierence

Since the numbe: ;3 the phase acCumuL.ator ¢
trols 1he phase of the \'CO through tne actior. o3 &
APt currents. the VCO phase can be changea arpitrar-
ilv bv changing this number. Hence. by adcing an
increment to the F register for one reference cyvcie and

.l 100-uM2
i Reterence
! \VCO'N
v v
r — —
T Sampiesng-Hold Level
‘ '7":_ inmegrato! ’
_— - - ' Snmplo-ma Hold Signs!

v h 1
. —_— \J--h—r—: N
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L
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Contrai Pon
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c lo] APl 2
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PRASE LOCKED LOOP  LOW PALy FILTER DESIGN l
[
5. . —0 Vo 3 e o
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C /XohvCO
<N = NCR) .
- <NR2C .
£ 2
Assuming gamn A ¢ vely a'ge ther
o o BICS -
§ o
R1CS
1
i
NOTE Somenhmes R s spiitinto two $6118S resistors each R1 -2 A capacitor C¢ s trer piated Hom the m.dooini 10 §roLnE °2 futirer titer @y ard )
@R Tne value for Cc snould be such that the corner irequency C! this network does not signihicantly affect wn 1
3
DEFINITIONS. N = Total Oividion Rat:g in teedback loop ,3.
Ky = Vpp 4r for POgut §
Ke = Vpp/2rx tor oy and eR 1
KVCO - 2'.\1\/99 \
. avvco :
for a typical design wy @ (22/10) f, (a1 phase detectot (nput) ’
f =1 §
2
R7OTOROLA Semiconductor Products Inc. " {
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2.

((‘ %C/} '\:\, v ) ?.: \ \»f\kfi )
A T x
5 W R RouGH
}\s ‘Q Tu NI NG
¢ FILTER BRE7Y
. STop H, () —l— > VCO —o—
DET M friF ;
~y
s
//
<+ N <

NOTE:

NEW IN THIS DIAGRAM:

DC FOR ROUGR TUNING OF VvCO.

AS N VARIES, SO DOES THE LOOP GAIN K.
THIS VARIES W ETC.

SHARP LOWPASS FILTER OR TRAP TQ REJECT FREF AND/OR ITS HARMONICS.



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




PROBLEM (Synthesizer):

Design a frequency syntheslzer covering the range of 10.89 to

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

In particul&r. do the following:

1. Choose an appropriate syntheaizer chip.

2. Is a dual-modulus prescalar desirable? If so, which chips?
P =2 -

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

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 K;, K3?
8. What would you choose K, as?

9. What? did you choose? (range)

10. What 48 wg, vy (0dB crossover frequency), a, b?

11. Design the loop filter

12. How much time does it take for a change of one increment
for the freauvency to be at 90 of increment?

13, What is your Hold-in Range?

14. What is your lock-in range?

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

16. What 1s the highest spurious level at the output of the

phase detector? The input to the VCO? The output of the VCO?

17. What is the power consumption of the synthesizer?




fM DETECTION

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

Dr. Jacob Klapper
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L
PLL BchK DIRGCRAM INCLUDING 1re00P FEILTER

e

| R] ]

| O—AN\AN— |

| R :

2 H.(S

: ¢

INPUT | |

PHASE | | PHASE DETECTOR LOOP l
fop, T SERSITIVITY = FILTER iﬁ;—gg_"? OUTPUT
. K, VOLTS/RAD S/o+ 1 | ANMPLIFIZR —~——

1 1) |H S)=

$ () | 1,0 [Hyt9= 225 K, |

| ‘ l

! VOLTAGE :

RETURN P (t) .
PHASE MODULATION — CONTROLLED '
i OSCILLATOR [* ;
K
u e |




iy

LOW -Tmr=SHOLD D=z&iCGH

. | ‘ CONDITIONS : WIDE PREDETECTION FILTER
NOISE-LIKE SIGNAL ( FDM, VOICE, ETC.

NOISE AND SIGNAL STATIST. INDEPENDENT

02 () = §5 () + 02 (t) = 0.25 AT THRESHOLD
TO BE OBTAINED AT LOWEST CNR INPUT
O USE 2% ORDER LoOP.
S
3 t1 | !
H(S) = 5 = CLOSEN —~LoOpP RESpPOWNSE
S<,, ¢t 1 '
Kb-r( K+§‘)S+1 '
® WE HAVE &,5,K FOR OPTIMIZATION
FOR a<< K (OK. IN PRACTICE)

WE HAVE ONLY &, bK FOR OPTIMIZATION

| /
z, ' ~
- - . ~ e e . - . .

’Qf"-'—ﬁ—f—%_‘ - e




PROCEDURE

STEP 1 : MINIMIZE B, FOR FIXED Kb

MINIMIZES 0,2 (©) WITH §,2 (t)= CONSTANT)

=7 =)= ViR

| —(j’— + 1
H(S) = n
OPT (S )2+ S N 1
Wb VA

GIVES SHAPE OF RESPONSE

STEP 2 : MINIMIZE 2 k)

d 524 = 2= 2 ¢ 2
d_u‘,,q’c () =0 GIVES ¢, () = — ¢
R Vo oo fb 4
a= W,=(20y)'" WHERE y = fu Wg fraf
-
()" °
amd Bz (T &

Wp () = POWER SPECTRAL DENSITY OF 9, (1)

‘-

WE NOW KNOW W, , &8, VKb




STEP 3 :

CHOOSE bO< LOWEST BASEBAND FREQUENCY

t »
AND CONSISTENT WITH 'HOLD-IN RANGI

»« K ALSO SPECIFIED

OPEN LOOP RESPONSE
OPTIMIZATION STEPS




EXAMPLE

GIVEN :

600 CHANNEL FDM/FM
BASEBAND 60 KHZ - 2.54 MHZ (FLAT)
RMS FREQ. DEVIATION 7,1 MHZ

PEAK TO RMS 10 &B -

For THIS CASE !

= PSD OF BASEBAND = T\

3

3364,

o 2
By A»\M__: (AL"RNS\)‘
0

Ly zbal(an,,) = 6Tk
@




THEN

3= 43 %X 10° RAD/SEC

b= 376 X 10° RAD/SEC (2T =60kHz )

Kk = 4.9 X 1c8 sec™

(CNR ”__)TH = 3.3dB (SE’E KLAPPER & Frz&mﬁuéj



ag=n A SIN[83,-6,]

f\P“ASE DETECTOR » LOOP FILTER

INPUT UTPUT
A SIN [uot+0y, (t)] 3

vCoO

cos [w £+0 (t)]
" "R PIIASE
MODULATOR

k

cos [wot+eo(t)]

= e
GR 90+kﬂ

Maura 3., The ERPI.D nuslng vhase feedback




7/

INPUT

" Neavaes caw A ke |-'.un(.u.|l'..- axlan sven Fa.—».‘\\.—\r—-‘

‘r/c0

A SIN(w,t+8

in)

—*|PIIASE DBTEOTOR““‘“‘l“‘*>'

LOOP FILTER

ouTruT

COS (ut +8p)

VCO

FIGURE 2.  PLL WITH THE AUGEMENTED LOOP FILTER
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GRIN
dB

GAIN
.GB

-6 EéB/Octave

=12 dB/Octave

-6 dB/Octave

v

" o
1 rad/sec \\\\\\\\\\_w (Log Scale)
/

(a)

-6 dB/Octave

rd

~l12 @B/Octave

P

l rad/sec w (Log Scale

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




[]
10 tga |o%
|®1n

fm]l = PLL

4.

RAGNITUDE [N J3

rigqure €. Typical Closed-lcop Magnitude Respconee

10

T

®» (rad/sec)

R=|+AUX. LOOP GAIN

Typical Closed-loop Macgnitude Resoonse

1S




C=SIGN INCLUDING PREDETECTION FILTER

ASSUME

PREDETECTION FILTER SHARP

BANDWIDTH PER CARSON’S RULE : B, .= 2(Af+4,

RULE OF THUMB

Bie
ADVANTAGE EXISTS IF —L < 54
Y/

USE LOOP FILTER OF FORM
2
= +-—7S—, + 1
Hos) = B 5
- 5 + 1

2

70 GETB. 7,56, K USE COMPUTER PROGRAMS (INGCLUC

FEED IN AS FOLLOWS : OMEGA

SEE APPENDIX A : OMEGB
DELSQ
NU = 0.25

BP /




EXAMPLE

GIVEN :
600 CHANNEL FDM/FM
BASEBAND : 60 KHZ—~ 2.54 MHZ
RMS FREQ. DEVIATION : 7.1 MHZ
PEAK TO RMS = |0 dB
IF BANDWIDTH = 50 MHZ

THEN

™
I

283 x 10'°  (RAD/SEC)®

7 = 6756 x 1067 RADJSEC
b = 638 x 108 RAD/SEC
K = 4.75 X 108 sec—!

(CNR'F)TH ~ laB

(COMPARE AGAINST 3.3 dB OF EARLIER DESIGN)
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_OMP:
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DETECTION OF TOME MODULATION

P
LOSS QF LOCK OCCURS PRIMARILY AT PEAK OF PKASE ERROR.

o is also sinusoidal.

A Wy My
g ~
es peak Xb
A wp = PEAK FREQ. DEVIATION: W= FREQ. OF TONE.
WE TREAT Qes as a "bias". Noise peaks exceeding ZE -10 g
peak 3 peak
will cause loss of lock.
WHEN EXCEEDED WITH PROBABILITY 0.0015 THEN WE HAVE "THRESHOLD".
cmzj
. 'D( 1540 _ 0O e %&—t
g;e:tftka\a‘ -
¢ Qb
Iy - —
B T a0, ] | KA
— - = ——
P L= whe~t BM- =
) 3
M /0y W),

C.oa
/‘J’QMA\DLd.‘tL\ )M %(r:To? };‘QSQATQmi ve g

= LOO? MOCSQ




AS BEFORE, a = V Kb AND
b = LOWEST BASEBAND FREQ. (OR TO SATISFY HIR AND P IR

NOTE: Qe DUE TO OFFSETS ARE ALSO TREATED AS A "BIAS",
1T

REDUCING FROM THE AVAILABLE = RADIANS

EXAMPLE :

BASEBAND = 300 - 4,000Hz, VOICE

PEAK SIGNAL DEVIATION = 10KHz

HOWEVER, DESIGN PLL AS IF IT WERE TO DETECT A 1KHz TEST TONE.

SOLUTION
B, = 17.7 Kiz a = 28 = 35,400 RPS
b = 1880 RPS (LOWEST BASEBAND FREQ.)

48n?

= 6.6 x 10°

b




1 wgemn ogtime W

N g

ERPLD FOR TONE DETECTION

CONSIDER TONE CAN BE ANYWHERE OVER SPECIFIED BASEBAND.

L
Oin(t) =5 sinw, t
ges peak occurs at W
T f
9 —

"and

’ .1 T af
es | peak R "2 Bn

(1+

YN
es |peak =~ 7 TBn (1 +-}“Ez.) RAD. FOR PLL

RAD. FOR ERPLD

WHERE R =1 + GAIN AROUND OIFFERENTIATOR LOOP

HOWEVER R CAN INCREASE Bn‘

o1 I!r'l*;f-‘i‘v\; Co e

i Lol L I AR N ) L

P FOR > wi¥®TT 177 TN | -
TONE MODUL AN NV VIEECANY {
s i l //4,/’1 ‘\\ \\ i
0 =
04 :

I ! . [ ‘Q§x .
211/ - 1! lr-snli ]
o l RR [ v T

ql oa qs Ggos 7. Lo B FE




ANALYTICAL OPTIMIZATION FOR LEAST NQISE FINDS

—

Ropt. =7 (1+ 2w )+ 5 [ (1+75%)%-

TYPICALLY R == 2.
EXAMPLE :

SEE BRUNO, MOSER, AND KLAPPER, "IMPROVED FM DETECTION USING
AN EXTENDED RANGE PHASE LOCK DETECTOR", 1978 NAT. TELECOMM. CONF.-



£,=10KHz, Af=75KHz

PLL Output,

14

Iy

igure

F

1«

(*avya/«

».j
’
.

SO0K

Pih o
o g oy

DA

: 14,

pPOT) epn3yyrduy

Frequency (Hz)

Pigure 15, PLL Output Spectrum
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Figure 1l6. ERPLD Qutput, £, =10KHz, Af=75KHz

(*A¥a/dp0T) epnyyidury

Frequency (Hz)

Figure 17. ERPLD Output Spectrum
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WHAT CAN GO WRONG?

PHASE SHIFTS AROUND LOOP DUE TO EXTRANEOUS POLES AND TRANSPORT DELAY
(INCREASE Bn)

INSUFFICIENT POST-PLL FILTERING (REDUCES SNR)
DISTORTION (REDUCES SNR)

VCO WITH LARGE FREQ. UNCERTAINTY OR NOISY
(LARGE @, INCREASES THRESHOLD, REDUCES GAIN, AND INCREASES DISTORTION)

PHASE DETECTOR SATURATES

PHASE DETECTOR OTHER THAN MULTIPLIER TYPE




EFFECT OF LIMITER

LIMITER INCREASES THRESHOLD ~ 1 dB.

AMPLITUDE VARIATIONS (OF INPUT) EFFECT @ OET. SENSITIVITY
AND (THEREBY) K.
AGC IS PREFERRED WHERE THRESHOLD IS CRITICAL.

@ DET. SATURATING FROM INPUT SIGNAL IS EQUIVALENT TO LIMITER.




e WO TR YW’ TR v

PN

—— U /v\vpv.‘ ;e

PROBLEMS: FM Detection

.Design a PLL for minimum threshold for an FM signal having a noise-like

baseband of power spectral density showr:

c LOOP FILTER IS LEAD-LAG NETWORK
ot |

(KHz FKHa

Give the following

1. The shape of the desirable asymptotic open loop response.
2. The values for all cormer frequencies.

3. The sensitivities of the blocks in the loop

4, The closed-loop natural frequency.
The closed-loop damping factor

Ansvers: a=64 KRPS, b=6.3 KRPS, f =10 Kilz, x-e.sxxos.j =0.5

. Repeat for a test tone, as follows:

Baseband 300-4000 Hz

Test tone frequency 1 KHz

¢§ubp

—-l

o

Answers: Bn-11.4 KHz, K=275,000 b=1880 8=22,800




SoluTions (FM DETECT(oN )

ProgLemI-
Gz W
<
1 & \
= 0.5 wa,\:o\ ,(7: Q,TI")UO3 RPS
az=? K =3
'
a =z (204) LN\ 3
P \1 }(271} ‘-\% ‘F‘C_
i 16
_—ExQO x (O x(O = 2 x (0
( 16\'14 4
a:- (40xio = 2.5%x0° RPS = W,

al . (i..leOq)l 5

K = - - lo

j" lo3x?-Tf ﬁ

Ki = o-

27
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PROQ LEM I -

b= LowesT Brsepand FRER, = 1950, ReS

as W (as GEFORE )

(0TT AW, Uy 0T(1) 2T <16 ]2
8'“-[ h\ {@ L" ] /7‘000.. L2KH,

“xloax‘-i

Exs

PR s c
3

K= 48w | -————4—“(“'2) 1°  _ 2¢1xr0 RPS
o 1880 e —

—
a= LJ,h.‘.‘ ‘) ](3- = 1};_(37‘{103’(‘330 — 22)‘100

-



APPENDIX A

COMPUTER DESIGN PROCEIDURE INCLYDINS PREDETICTION FILTZR

—_

The optimization program utilizes anm algorithm based upon the
Powell Search Technique in conjugate directions. The algorithm is set
up to search in four variable directions; one for each of the design
parameters 8, Y, K and b. The main optimization program is used in
conjunction with a subprogram for the particular medulation case being
considered, The subprogram is basically an expression for (CNRIF)TB
in termg of the closed-form solution described elsewhere., It should
be noted that the subprogram is written to imclude all three possible

cases of the closed-form solution.

In order to run the program, 1t is first necessary to enter the
system parameters. AS an example in the FDM~FM case, statements are
included to fix the predetection bandwidth Bp (BP), the upper and lower
basepand frequencies wa (OMEGA) arpd mb (OMEGB), the mean-square fre-
quency deviation Cﬁnrms)z (PELSQ) and the mean—-square phase error at
threshold v (NU). In addition to these parameters it is necessary to
include an initial set of parameters for § (BETA), y (GAMMA), x and
b (B). This initial "first guess" at the paramerers provides a start-
ing point from which the search proéedure beging, As with most opti-
nization algorithms it may be necessary to take more thaﬁ one initial
starting point before the optimum can be determined. This requirement
comes about because the search may enter a forbidden region (such as
negative parameters) or may reach a local minimm and terminate,whereas

another minimm corresponding to a better design may exist.

o
—_



CO/PUTZR BAC222M USED TO LIPLENINT PCUILL'S
TiTEU) AL RELATED SUSPRUGRARS

Basic Optimization Proaram

] PROGRAM PONELL

2 C THIS ALGORITHM USES THE POMELL SEARCH TECHWIQUE IN CONJUGATE DIRECTIC
3 DIMENSION X(50,4),ESV(4,4),Y{(50),8(5),X0{4),X1(4),XC(4),0L(3),0(¢
4 DIMENSION X3(4) ‘

5 READ 5,N,)MAX,C,STEP,TCLX,FLN

6 5 FORMAT (213,2F5,1,2F7,4)

7 READ 10, (X(1,d),d = 1,N)

8 10 FORMAT (F10.1)

9 00 11 IK=1,N
10 £O 11 JK=1,K
N 31 ESV(IK,IX)=0.0
12 DO 15 iK=,N
13 15 ESV(IK,IK)=1.0
14 I=]

15 20 DELTM=0.0

16 MTEST=0

17 Ja

18 5O 22 IK=1,N
19 22 X3(IK)=X(1,IK)
20 vgz)-rxr(xz)
21 B{J)=Y(I)

22 £J7=8(J)

23 25 00 30 JK=1,N

24 30 X0(9K)-X(I,JX)

25 C THE UXRESTRICTED SEARCH BEGIMNS.

26 C IN THE RARE CASE WHERE TWO SUCCESSIVE FUNCT ARE EXACTLY EQUAL
Z7 C SEARCH IS STOPPZD AND THE PROGRAM TERMINATLD.

23 KR=)

25 35 DO 100 K=1,KMAX

30 40 S=2.0**(K-1)*STEP

31 £0 50 IX=1,N

32 50 XO(IK)=XO(IK)+S¥ESV(IK,J)
33 YT=FIT(X0)

34 IF(C*YT-C*BJT) €0,350,100

35 60 IF(x-1) 70,50,70
36 70 IF{X®=1) 7: 73 N0
37 73 CO 80 IK=1,N

38 X](IK)=X0(IK)
39 8OXO(IK)=XG(IK)-{S+((2. 0‘*(K-2))*STEP))*ESV(IK J)
40 G0 TO 110



T O

0O W

1C0

110

120

130
135
140

150

160

170

180

185
190

200
210
220

230

GO TO 340
R=3.0*((2.0%*(X-2))*ABS(STEP))
NJ=1,0-4.75%ALC310(FLK/R)
D0 120 IX=1,M
oL rx)-o.szs*(xlglx)-xO(xx))
X0 ng-x1gxx)-oL IX)
X1(IK)=X1(IK-0.618*DL(IK)
MaFIT(X0
Y=FIT(X1 .
00 180 K=l
00 130 IK=1,N
DL§IK)-O.618*DL(IK)
IF(ABS(W-V)-0.01*TOLX) 185,135,135
IF(C*W-C*V) 160,350,140
DO 150 IK=1,N
XC(IX)=X1{IK
X1(IK)=X0 xxs
60§IK)=XC(IK -DL{IK)"
WaFIT(X0)
GO TO 180
D0 170 IK=1,N
XC{IK)=X0(IK)
XO(1K)=xL ng
X1{IK)=XC{1K)+AL(IK)
Way
V=FIT(X1)
CONTINUE

=o+1

00 160 IK=1,N
X0(1K)=0,5%(X0(IX)+X1(IK))
FCLLCWING STATEMENTS TO 280 DETERM THE NEW SEARCH DIRECT
8(J)=FIT(X0)

BJT=8(J) ,
DELT=ABS{B(J)-8(J-1))
IF(0ZLTM-DELT) 200,210,210
DELTM=DELT

MAX=J~1

KR=)

IF(J=N) 35,35,220

AzPU=0. 00030

BO 230 IK=1,X
U(IK)=X0(IK)-X(T,IX)
RAPU=AMPU+U( IK)"Z

X1 (1K)=2.0*X0(IK)-X(I,IXK)
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108
108

127
128

131
132
133
134
135
136
137
138
139
140
141
142

© 143

144
145

232
240
250
260
268
270

275
280

- 290

300
310
320
330
331
332
333
334
335
336
337
338

390
363
30
345
350

360
400

0O 232 Ix=1,M

B(IK)=U(1))/SGRT (AMPY)
YT=FIT(X))
IF(C*YT-C=£(1)) 290,250,240
An(B(1)-2.0%2(4+1)+YT)=(E(1)=B(k+1 )=DELTA)**2
BT=0.5*CELTM* (B B(1)=YT)*=2

IF(C*A-C*2T) 250,290,250

IF (HTEST-] ) 260, 20,20
Ni=N-1

1F(MAX=N1) 265,265,275
G0 270 Jx=MAX,N}

CO 270 IK=1,N
ESV(IK,JK)=ESV (1K, JK+1)
DO 239 IK=1,N
ESV(IK,M)=U(IK)
DELTM=0.0

d=N

MTEST=1

G0 TO 35

DO 300 IK=1,N
I?(ABS(XO(IK)-X(I IX))-TOLX) 300,310,310
COV‘INJE

€0 TO 330

[a]+]

DO 320 IK=1,N

X{1,IK)=x0(IK)

1F{1-40) 20,20,500

YOPT=FIT(X0)

PRINT 331

FORMAT (°'OTHIS IS THE VALUE OF YOPT')

PRINT 332,YCPT

FORMAT (FZZ.S)

PRINT 233

FORMAT (‘OTHESZ ARE THE VALUES OF X{1)},X(2)')
SRINT 324, (X0(IK),IK=1,N)

FORMAT (2F22.6)

PRINT 335

FORMAT ('OTHESE ARE THE BASE POINTS')
PRINT 236, ({X{1J,IK),IK=1,N),IK=1,I)

FORMAT (7F22 6)

PRINT 337

FORMAT ('OTHESE ARE THE FUNCTION VALUES AT THE BASE POINTS')

PRINT 335, (Y(IK),I1K=1,I)
FORMAT (F22.€)
IF(1-40) 400,400,390
PRINT 385
AT (*OTHE SOLUTION DID NOT CORVERGE')
CO TO 400
PRINT 345
FORMAT ('OTHERE IS NO MAX,MIN')
GO T0 400
PRINT 360
FORMAT ('OTHO FUNCTION VALUES ARE EQUAL')
CONTINUE
STOP

(G4
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WO N & L P —

75

€0
&80

FUNCTICH FIT(X3)
DIMENSION X3(4)
REAL K,MAGNT, THTVL AU

CCHPLEX G.J.CPLXI.CPLXZ,CPLX3,CPLX4,CPLXS,CPLXS,CPLX7,C?LX£'

CGPLEX CPLXS,CPLX10,CPLX1,CPLXT2
SBETA=X3§1§
SGAMAA=X3{2
<8=¥3(3)
SK=x3(4)
BETA=S2ETA*1.0E15
CAMMA=SGAIVA®T ,0E7
B=SE*1.0E5
KaSK*1,0EQ
BPPRM=3_142E8
£P=5.0E7
Ku=0.25
GEGA=3.T70E5
OMEGB=1.596E7
DELSQ=1.990E15
APRIM=1.0/ (K*3)**2
BPRIM=1.0/K**2
XHEWA=1.0/ (EETA**2)
XNEWS=1.0/ (CAMHA¥*2)~2.0/SETA
XNENC=(1.0/{K*8)=1,0/2ETA)=*2
ANEWD= (1.0/4+1.0/GAAA)*=2-2,07(1.0/ (X*3)+1.0/EETA)
XNEW1=XNEWD/ (2,07 XNEWC)
XNEWMa XNEW 1 %22
NEWN=1, 0/ XHEWC
TF (XNEW. GT . XHEMN. ARD. XHEWD.6T.0.0) GO TO 150
XNEW2= (~1.0)*SQRT (1 .0/ XNEWC= ( XNEWD/ (2. G¥XNIWC) )**2)
G=CHPLX ( XNEW1 , XNEW2)
TF(XNSD.GE.0.0)C0 TO 75
XN EWISAT AN XUEW2/XHEW )
WRITE(6,50)
FORAAT(1H , T3HCASE 1 REGION)
o TO &0
XNEW3=ATAN(XNEW2/XHEW] )+3.1415927
WRITZ(6,60) |
FORMAT(TH , 13HCASE 2 REGION)
XNEW&=XNEWR /2.0
THETA=XiS44+3, 1415927
NAGNTtSQRT(SQRTéT.O/XNEHC))
XNEWS=MAGNT*COS(THETA)
XNEWE=MAGNT*STR(THETA)
JaCHPLX ( XAEWS , XNEWS)
CPLUTAT. O~X}ENB*G (1. 0= XNEWD*G )= ( XNEWA/ XNEHC )
CPLX22J¥ (CCHIG(G)=G)

2




. T T cowrr €67

s e Srewe

it =

65 150
67 160

CPLX2=CPLXY /CPLX2
CoLX4=(J~EPFRY/2.0)/ (J+EPPRA/2.0).
CPLY5-CLOR(CFLYS

CPLXE=CPLX3ZCPLYS
XNEWT=REAL(CPLXS)

NEIS=XHELA* (BPPRM/2.0)+XEWT
XtE1921.0/(2.0%¥3.1415527 X E.1C)
INTVL=XNEYS=XREWS

CPLX7={ (OMEGB-J)/ (OMEGB+J) ) *( (OMEGA+J)/ (OMEGA-J))

CPLX8=CLCS(CPLXT)

CPLXS9= (EPRIM-APRINYG)/ (J*(CONJG(G)-G))
CPLX10=CPLXA*CPLXS
XNEW10=REAL(CPLXIO)

XNEW11=DELSQ/ (OMECB-CIEGA)
XNEWY2=XHTWT 1/ XNEWC
PHISQ=XHEWIO*XNEW12

G0 TO SO

CONTINLE

WRITE(6,160)

FORMAT(1H , 13HCASE 3 REGION)
YNEW1=SQRT { XNEWM=XNEWN )
RSI=XNEWI+YNEWT

RS2=X:ZH1-YHEUT

R}=SSRT(RST)

R2=SQAT(RS2)
YREw2=§1.0/RI)*ATAH(3.1415927*39/R1
YREW3=(1.0/R2 ) *ATAN(3.1415927*22/R2
YNEN4=§1.0-XHEMS*RS])/(Rsz-RS1)
YNEWS={1.0-XNDB*PS2)/ (RS1-RS2)
SUBT1=YHEWATYNEW2+YNEWS*YNEL3
YNEWE={1.0-XNZWD*RST )/ (RS2-RS1)
YNEW7=(1.0-XNEWD*RS2 )/ (RS1-RS2)
SUBT2=YNZWS*YNCW2+YNEWT *YNEY3
SUSTI=XNEUA*3 . 1415927+%8P
SUBT4=SUST 1~ (UNZHA/ XNEYC )*SUST2+SUST3
INTVL=SUBT4/(2.073.1415527 *XNEWC)
YHEWR=ATAN(CMERA/R])
YHEHG=ATAN(CHERY/R2)
YNEW10=ATAN{0EG3/R]) -

YHEWT 1=ATAN(CHEGB/R2 )

YNEW12sYREWY 1=YNEUS
YREW13=YREWE-YNEW]O

YNEW14= (BPRIM-APRIM2RS2)/R2
YHEW15= (EPRIM-APRIM*RS] }/R}]
SUBTS=YNEW14*YHEW12+Y N1 S*YNEWT3
YNEWY16%Y. 0/ (SNEUC*(RS1-RS2))
YNEN17=DELSQ/ (CHECD-CHESA
YREWISaYNEW =YEM17
PHISQ=YNELI3*SURTS

CNRTR=1NTVL/ (BP*(}U-PHISQ))
WRITE(6,100)CRRTH,BETA,GAM4A,B, XK
FORMAT{1PSE16.6)

FIT=CHRTH

RETURN

£an

4



DIGITAL FM DETECTION



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 TRHE SAME AS FOR PRED. FILTER +
L-D + AFC.



AIM OF DESIGN:
MINIMUM PEAK PHASE ERROR FOR MINIMUM E£RROR RATE.

CONSIDER IF LPF WERE INTEGRATOR.

WHAT WOULD PHASE ERROR BE? (SPIKES)

HOW ABOUT FOR A FIRST-ORDER LOOP? (DETECTED QUTPUT)
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 =
A F, TIME TO ACQUIRE STEADY-STATE = Tss, AND IN

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

AND PULL-IN TIME.




LO’ GAIN IN dB

HIGHLY-DAMPED SECOND ~-ORDER LOOP . w g B

IT ACTS LIKE A FIRST-ORDER LOOP
FOR THE DIGITAL BASERAND BUT LIKE
] A SECOND QRDER LOOP FOR QOFFSETS,
PULL- AND HOLD-IN RANGES.

1225/0CT. MSEL- -
Q.= 21T R RPS | WHICH-
x ( EVER
oR [ g
I = 2.2A0 wes JLazeR

X
[ exPER. RESULT )

\ LOG W

Opezn-Loop Response



Ive C‘be For A STEP 1IN FREQUERNCY

AT THE InPuT, IS (B*{ LIN, Aﬂhwsm)"

ﬁblf ~‘“°‘[l+°“ éQt a "%tﬁ
T KLk =% © ]

l. TRAN SIENT COMPONENT M™MUCH

LARGER THARN STEADY - STATE, 8Y

FACTOR =
T

2. THeee ARE 2 PARTS TO TRANSIENT !
INE RISES RAPIHLY WITH
T, —
K4
THE OTHER DROOPS SLOWLY WITH

o \
(4=




et v me———— WIQ-‘W ]

L peospme s LOWLY
TOUARY ‘7t‘o.

TrRANSENTS IN Q) FOR HiGHLY-

DAMPED SECOND-ORDER LOOP
AND FREQUEMCY STEP INPUT.

IF FRE® 15 NOT BINARY THEN

b (N =




LIsuAL REQUIREMENTS :
. R\SE TIE SHOULD BE MucH LESs

THAN A BIT LENGTH | (.0,

Qa \
—_— Ll —
K 4 R -

2. DRooP Time CONSTANT sHOuLD
BE VERY LARGE COMPARED To THE
LENGTH OF N I1DENTICAL RITS,

|
]

DRoo® ADDS To THE. PEAK <;_f>e_

(. L. \ N
| —_— D> —
a o> 2




|
F
e 3. DROOP Time CONSTART StauLd

e e et e _”,,h.__.,...._«__.(..‘ —_— .,-,._-_.,..‘b..

PERMIT STEADY - STHTE DUE To CENTER
FREQUENCY OFFSETS TO RE ACHIEVED
WITHIN SPECS. TNPICALLY TT SHOULD
BE SMALLER THAN TIAE CONSTANT

OF DC BLOCK IN POST-DETECTION
CI\RCUIT,

4. FoR SMALL STEADY~ STATE PHASE

ERRog, WE NEED

°)
Ar 4{_\

a.

5. DURING SIGNAL 'DQOPOuTS) LOOP

1S "CORSTING W ITH TIME CONSTANT
\

Sammten °

b..

<




® EXAMPLE

Rz 32 Kb|s N=6%4  D=07(pm)
OFFSET £ |IOOKH 2

O
SOLUTION -

l. wx = 2T R= 2W x 32‘000:.-. 2xto$- Res

e ad

2. TIME SPAN FOR 64 1TSS 1S

R
N ‘-;;,_500 = 2«xlo SEc,

LET usS PERMIT A DROOP OF W,, OVER

THE G4 -8T éequence) THEN
»

~

LNCLA= 9.0\ .. Q=5 Rfs |

3. Thue TIME CONSTANT TO REACH

®  readyy-STATE = -}i- = 02 sec.




4.
® ror Ch To BE NERY smMALL, LET

o _25 . A=0.2 RPS,
As
s
¢ 5, K:a X = 25%x2x00 = 5%'06

' awy 2'171:(0:
G. qs-‘-—"‘"— 6-_—_0[2§Ym‘_7z
° K S0

@
We CAN NOW ALSO CALCULATE

HIR, PIR, PIT .

e Co\\s‘)sa IMPLEMENTATION SHOWN

AL 2
'—\c, ;32 az __L_ /()__ cI o

k)
-C
® et Czi10 Fd, Tnen R,z200K

z.)‘.. R'&-:{;-_c = SMeS R3: 4% Meg




Proble= on Binarv FM Detectcion

Design a PLL for Binary M Detection, as follows:

R=4 .8 KB/pec , Max. number of consecutive identical bits =32

20¢
Droop=7% , Deviation index= 7{_‘
Find L K, a, b, Ry, R3. C ..

Answers: vx-ZIIx21x103, K=4x106, a=10, b=0.3 .

W

—




SC’LV.TION TS

7 2

LCBLEM Gii BawaeNy FM O DETECTICN

L\{ = 2R = q)éOO. Ha

2.2 A0 = 2.2 %27 x9600. = 132 700 RPS =L,

~ _ 31
(yS—— = 0,0067 nec,
4)800

FoR A DROOP OF 7°/;.) ¢, Q= 007

.01
a=2%2 .0 wres

i O 0067 —_—

For sMAu_cpo , LET A =073

THEN K:a“”‘ - 19x1%32700 4.4 x(0° RS
A 0.3 -
-6 R I - [00.K
Let Cz 10 R4 rwen Ky %ac ™ T T —
Ry +Ry= ~m = — 330K
2 3 — = 6 " |
A C 0.3 x10 |
. R = 230K




NOISE/SPURIOUS/STABILITY CONSIDERATIONS

Arnoid Newton




k,(%d

2nd ORDER PLL-A SYNOPSIS

e, ©
M|

. 7;[:) Toobh Cows‘;'o.h-s
| " T - . = -
: R, = K C__
1 _ c
K (E“%SND Zes o
3 ' Jed
: . I.&_j I< = K‘K3_ _E,g
o Leop FlTer
R. ©
| I’T r~ I
.' SC_)_—(
@ { ! AN
A ’ FOs) = < o
. | F(s)
S—=>o0 :5—‘,5:—5 <
Y t‘: =
S 2 B




THE PREFILTER SERVES TO SUPPRESS SPURIOUS MCOULATION BY THE
HARMONICS OF THE REFERENCE FREQUENCY Fr. ITS TRANSFER
RESPONSE Fl(s) [S CHARACTERIZED BY A BANDWIDTH B AND

A GROUP DELAY 1:#. GENERALLY, THE FOLLOWING CONDITION

IS SATISFIED:

Fp << B <3:Fr

2 v
: . /‘)'

' ]y
- '," -I" e

CONSEQUENTLY, WITHIN THE PLL CLOSED LOOP BANDWIDTH A DELAY
IS EXPERIENCED:

Fils) = £-s




SECOND ORDER PLL SUSCEPTIBILITY TO RANDOM NOISE AND SPURICUS 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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e THE PHASE FREQUENCY DETECTOR OWES ITS POPULARITY TO ITS RELIABLE
ACQUISITION PROPERTIES. SPURIQUS ENERGY IS DISTRIBUTED OVER A WIDE
SPECTRUM, PRECLUDING THE USE OF SIMPLE TRAPS AND REQUIRING EFFI-
CIENT FILTERS. PHASE JITTER CAN LIMIT ITS USE IN HIGH PERFORMANCE
PHASE LOCKX SOURCES AND FREQUENCY SYNTHESIZERS.

o THE SWITCRING PHASE DETECTOR PROVIDES A LOW DC OFFSET 8UT
GENERATES WIGH LEVELS OF SPURIOUS. IT IS SUITABLE FOR LOW-
FREQUENCY NARROW BANDWIDTH APPLICATIONS.

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

e THE SAMPLE AND HOLD PQTENTIALLY OFFERS LOWEST LEVELS OF
SPURIOUS. ALTHOUGH THE INHERENT DELAY IS %B, THE NET DELAY
CAN BE LOW BECAUSE OF MODEST PREFILTER REQUIREMENTS.
ACQUISITION AIDS ARE REQUIRED.




BALANCED-MIXER AS PHASE DETECTOR
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WIINISCIRCUTT D ) - Caor FHASE DETECTORS

High-Figure-Of-Merit

PHASE DEYECTORS

RPD SERIES
™~
X ™
X
T
| RODEL | FREQUENCY | 2(0hms) |  COST
| ReD-1 | 1-100MHr | 50 | $15.95(5-24)

DESCRIPTION ~— These new hign efficiency phase
aelectors offtes state—gl-the-art pertormance white stilt
economically priced. Thase are tha only units In [na worla
oftenng a igure-ol-ment greater (nan 125—at oniy $15.85.

The figure—of-ment M or alficiency of a pnase detector can be
defined a3 the ratio of maximum OC output voltage (1n mVY)
amnges by tha AF power (1n 0Bm). The maximum OC output of
the RPO-) 11 1000 mV with =7 dBm applied to the LO and RF
pons. Thus. (s ligure-of-mernt M 18 143 whICR represents a
mgnily ethcient phase detactor. For comparisen, a stanadarg

_phase detector otters 350 mv DC output with the same LO and

RF «nputs for a ligure~of-ment M ot 50.

Only 0 40 \ncnes hign. the low prolile RPD senes of phasa
osteciors covers a very broad frequency range from 1 o 100

" MHL. Extibiling a flat frequency responsa, these un:is ase

casigred to operate with a 50 ohm impedance at the L &4 R
ports. ang 500 onms at me [ port. Output 18 1000 mV (typ) and
1s0(ation 18 greater than 50 @B (typ).

Pacxagea within 3n RF} smielded metal enclosure and
hermetically sealec heacer. these hign pertormance units
have their 8 pins located on a 0.2 neh gnd.

High religbility 1s a charactenstic of the RPD senes. Each unit
carnes a one-year quaraniee dy Mini-Circuits.

DIMENSIONS AND CONNECTIONS

TOP vigtw
( Y (erter o over gan 2
KCL 81us Dasd pin |

— ¢~ 3

T 32 5 7))
L . ° - z —
f @ o o o
_L 2 4 6 8 / |
soromview L. 030D e X, g
on 0.2 Cna
‘A 85 Cu 6, £
INTTON 000 39%, 847 3741 200
SIS ST s 9 10T PIN LAYOUT
sdodal Mo, -1

1

Case Crauag 2
2 NOTL: Ptwi 3 3mD ¢ WUST O

COMMECTED TOGLTHLA

WEIGKT. 5.2 grams .18 ocunces

FEATURES

Broagband, 1-100 MH2

High Ouiput, 1000mV

Hlah Figure-Of-Merit, M, 143 typical

High isolation, typically greater than 50d8

Low DC Otiset, 0.2 mV typical

Msiniature, 0.128 in. cu.. 0.4 1n x 0.8 PC area,
0.4 in. high

Kigh Rellability, 100% tested

Low Cost, $15.95 (5-24)

APPLICATIONS

e Radar

e ECM Systems

¢ Test instruments
e Phase-lock loops

ABSOLUTE MAXIMUM RATINGS
® |Inpui Power:

€ Pezk IF inpul Current

© Qperatine and Storage Temp.:
® Pin Temperature:

50 mw
40 mA
-58°C t0 »100°C
(10 sec.) <280°C

RPD-1 SPECIFICATIONS

| FREQUEXCY RANGE:
L and R ports 1-100 WKz
Outpyt ports DC-50 KHz
SCALE FACTOR | 8 mv/Oegree
IMPEDANCE
{ and R ports S0 onems
| oont 500 onms
L ana R SIGNAL LEVELS -7 d8m
ISOLATION. L-R &0 dB min
MAXIMUM DC QUTPUT. mV 1000 mV typ
750 mV min
DC OUTPUT POLARITY
{L and R in-pnase) Neaanve
DC OUTPUT OFFSET VOLTAGE == | T0ZmViyp
1 mV max
FIGURE-OF -MERIT. M [ 143 Typeas
MODEL RPD~-t+
PHASE DETECTION MAX OUTPUT vs FREQ.
. 1 L JT1
« ——— L0 = ~708m [—
:n 1000 T T
2 T T T T T
- Vo - 1] L
3 ‘w n
s [ IR 1 \
=R S I S D R 1
1 12 $102 3100
Frequency. NN

o Wini-Ciroui :
. vilni=Clrcuits 2625 £ 1410 SL. Brockiyn, NY 11238 (212) 763200 Dom. Telex 125460  int, Tetes 620156

)
-y

)



DC GAIN CONSIDERATIONS

(3

DC Gam /<z

g,
=

OPEN-LQOP FREQUENCY OFFSET DUE TO PHASE DETECTOR DC OFFSET VOC

AUQ: Kz\és VDQ

e K 3\/Dc.

— —— s . <=

SATURATION WILL PRODUCE HANGUPS WHEN DC OFFSET vDC IN

COMBINATION WITH DC GAIN K2 WILL CAUSE THE VCO TO BE

DRIVEN BEYOND ITS TUNING CAPABILITY.



PROBLEM

1. TYPICAL FOR A VCXO ARE THE FOLLOWING PARAMETERS; LINEAR
FREQUENCY DEVIATION OF + 0.1% FOR A CONTROL VOLTAGE OF
+ 5v AND A LIMITING FREQUENCY DEVIATION OF + 0.4%.

FOR AN OFFSET VDC OF + 2mV DETERMINE MAXIMUM Kz.

SOLUTION:

e rm o -3
;él-‘““‘ZE = 71—,*//0

Loy

-3
%e-’-’ X X /o
TN = £l max \/ Kg Fx10" >
> Max “o be o T 4x/077 = /c



A COMPOUND PHASE DETECTOR FOR REDUCED SPURIQUS SUSCEPTABILITY

€=

rel

VCo

+
l

FROM: THE EQUIVALENCE OF INTEGRAL PLUS PROPORTICNAL

]

D—*
/J_ |




SUSCEPTABILITY TO FUNDAMENTAL

>

c

| |
+ \/%\ ( RJ* \/COj >

,]\ ‘/ 2 sé Sim Wt

REJECTION OF FUNDAMENTAL:

R =40 log =T + 20 log K, - 20 Tog M




PROBLEM

2. IN THE COMPOUND PHASE DETECTOR, GIVEN T, AND T, IN THE
INITIAL ACTIVE FILTER ASSOCIATED WITH Ky,
Ry
(a) DETERMINE THE GAIN FACTOR =
1

(b) ASSUME THAT fn IS 1/30 of THE REFERENCE FREQUENCY fr,
K1 = (0.1 V/RAD and M = 10. DETERMINE REJECTION OF

THE FR COMPONENT.

SOLUTION

~
—

2 _ d 2
° Ry X2 Ty
(b) R = 40 log 30 + 20 log 0.1 - 20 log 10
R =59 -20 - 20 = 1948
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QUT OF BAND SPURIQUS SUSCEPTABILITY

IN ABSENCE OF PREFILTER

OUT-0F -BAND

O\
A== 2]~
£ Ly K\K;

VCo
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THE PREFILTER

E(iw)
Te ——{ [

S
+ > N ——A—

Js 4

GENERAL CONDITIONS

B - NOMINAL BANOWIDTH OF PREFILTER

fn K<B << F

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

Ae = W T,

VCO —
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PREFILTER DELAY PERFORMANCE

Required fundamental rejection-40d8

number of poles-3

FILTER TYPE IN-BAND DELAY PULSE ATT,
. BANDWIDTH DELAY, T¢ | PEAK Tp/Tf |,r i pap.
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
6d8
GAUSSTAN 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

1

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 N

1
e




PREFILTER DELAY PERFORMANCE
Required fundamental rejection-40d8 number of poles-¢
FILTER TYPE IN-BAND | DELAY PULSE ATT.
BANDWIDTH DELAY, T PEAK TR/Tf |pr 1 rap.
PHASE ERROR
SYNCHRONOUS 0.18 1.93 L 30
RC
BUTTERWORTH 0.45 1,37 1.7 23
0.1 dB 0.59 1.35 2.8 21
CHEBYSHEY ‘
0.5 dB. 0.63 1.27 3.2 20
CHEBYSHEY
6d8 ‘ 0.42 1.45 1.6 23.5
GAUSSIAN
12 d8 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 —é;

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

e



PREFILTER DELAY PERFORMANCE

Required fundamental rejection-60dB

number of poles-b

FILTER TYPE IN-BAND I DELAY PULSE ATT.
BANDWIDTH DELAY, T PEAK Tp/Tf |a1 1 RAD.
PHASE ERROR
SYNCHRONOUS
RC 0.11 3.15 ———— 35 dB
BUTTERWORTH 0.3 1.98 1.7 27
0.1 dB8 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
NOTES: 1. Bandwidth normalized to reference freq. Fr

2. Delay normalized to ref. period_—%-?

3. When phase error in @/F detector is below one RAD, the pulse

amplitude attenuation increases at the rate of 20 log —é-

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 qaussian filter appears a good compromise choice.




. "' P PRPOr WeRN.

LOOP DELAY, ITS SOURCES AND EFFECTS

SOURCES OF DELAY

e Propagation through divider chains
e Phase detector sampling process

® Group delay in filters

e Spurious poles

NET DELAY T =Tr 4+ Td + Tf + Ts
IRREDUCIABLE DELAY IS Tr

T>Tr

EFFECT ON OPEN LOOP RESPONSE:




IR o e PRI EN R T

SIMPLE CORRECTION

Objective: Retain closed locop response associated with 0.707

damping factor. Approximating

-sT 1
P

£
1+ sT

2nd order loop is transformed into

3rd order loop:

K(s+sz)
H(s) =
Ts3 + 52 + Ks + K52
To retain = 0,707

(a) fn must be reduced

(b) ;:° must be increased
Example: wn7'= 0.15

fn is reduced by a factor of 0.87

f: is increased by 1.01

Ref. 8

e T -

e e

.5;5.‘7.-3



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 = 0.0127 F_
2TT x 2.5T,
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OPERATIONAL AMPLIFIER NOISE SUSCEPTIBILITY

CONTRIBUTION TO VCO NOISE

In-band: ('% )2 V na2
1

(MK 2 vRal

1

Out-of-band:

2
Wy
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THE DIVIDER THAT WORKS AT HIGHEST FREQ. HAS RIGHEST NOISE

180

30k SPECIFICATION
TYPICAL
14¢
1304
6C o
170 T
- % . a——
10 100 1K (6K
f
"Z

STATE-OF-THE-ART in 10MHz

CRYSTAL OSCILLATOR REFERENCE
Ref. noise is ultimate 1imit.
Add 40d8 to get with respect to 1GKz.
HP now has better reference.
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PROBLEM:

The following characteristics are typical for phase Tock components:

ECL DIVIDER: 155 dBC/Hz

TTL DIVIDER:

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 dBC/Hz
100 Hz -46

300 Hz -60

1 KHz / - 80

3 KHz =30
10 KHz -100

GIVEN A DIVISION OF + 100




DETERMINE

a - Optimum fn

b - Net Spectral Noise Density

c - Sketch Resultant Spectral Noise Density

d - Estimate Net Integrated Phase Jj tter in degrees

SOLUTION

The circuit noise is dominated by the phase / frequency
detector contribution which translates to -90 dBC/Hz at 1GHz.

a. From the intersection in the graph, the optimum
fn is approximately 3KKz.

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

d. On the basis of -87dBC/Hz and a 3KHz bandwidth.
= 1.2 X 10°°RAD

-8.7 2 2

The variance is: 2 X 10 X 3000 RAD
The net phasejirter B=3.5mRd = 0.2
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