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ABSTRACT

A'non-uniform sampling digital' phase-locked ioop _ is pro-
poéed with a séquentfal loop:fifief, in which two additional
phase comparators are added‘conjdintly‘with an estim;tiop-
:decision circuit _cqntrolling“ the two distinct modes ' :
ACQUISITION and TRA;KING , iﬁ‘whiéh"the ioop is to oper-
ate.These additioné!.provide more freedom to deal with the”
coﬁﬁl&cting requireménés of minimum acquisition time _and‘
maximum noise rejection in'thé presence 6: absence of fre--

quency drift.

Using the state trahsition model of the modified DPLL,
the éteaﬁy-state phase error variance and the mean §cgﬁisi-
tion t tme have,Eeen evaluated. ' The compar}siénﬁbe;ween'the
theoretical analysis and the experiments has pfoven. to be
very satisfactory. .Substantial reduction of the acqguisition
time; without severely degrading the noise reduction perfor-
mance has been achieved. The improved ability of this modi-

fied loop to track frequency drift was also demonstrated.

-

A digital loop ''quasi-bandwidth''- measure was used in
the evaluation of the loop performance, thus allowing for a
comparisomr with other digital loops and to a limited extend

with a first order analog  loop. ' The usual difference in

-
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performance favoring - the &palog loop tor high‘ signal-to-
noise ratio is shown to be substanfiaily reduced and can be
lovered by an appropriate choice of parameters. vMore—.
ove;,ﬁhe hardware needed for the implementation is showﬁ to

be very simple.
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\B | Chapter 1
R INTRODUCTION

1.1, STATE OF THE ART . - ‘ o

Phase-locked loop® play an important role in transmission

systems, more particklarly for the recovery: of the carrier
phase and symbol timing in synchronous detection, ig‘order
to teduce the probability of error.of _the réceived s§mbolé
to a minimum. With the development of '‘'Large Scale Integra-
tion'' in digital communication systems and sdbsystems, the
trend is to use digital phase-locked loops because of the

decreased size and cost as well as increased reliability,

inherent insensitivity to environmental changes (mainly

temperature) and long time averaging or filtering .capabili-
ties. The digital phase-locked loop is defined as having at

least the two fellowing properties’:

M . : L
(1) The output phase is generated in discrete increments,

not as a continuous function.

(2) The phase error is generated as a digital number, not as

a multilevel voltage nor a continuously varying voltage.

Some of the probléms:associated with analog'PLL's,' name-

ly, voltage controlléd oscillator non-linearities, limited

i ad
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capabilities for long time averaging of the loop filter,

5ensitivit§ to dc drifts, and the need for initial calibra~

- tiod andzperioaical adjustments .are :al;eviated By a digital.

version of the PLL (DPLL). .

A -

-

A recent survey of DBLL's [1] has demonstrated that even

with a rathéﬁslarge variety 'of implementations available,

the performance can stil)l be improved upon. With DPLL sys-
tems,the designer 1is usally £faceéd with several different
requirements such as minimum phase error variance, small ac-
.\ " . s

quisition time and maximum locking-range and he must also

produce an -inexpensive, . flexible and reliable- design. In\
_ . s .

order to keep thén-ppﬁﬁ‘hardware realization simple, the

lead/lag DPLL is usually used since it does not required any
analog ~to-digital“conversion. Instead, .a hard-limiter det-

ermines the sign of the sampled input‘signal' indicating

whether it is leading or lagging the loop reference clock.

Some solutions to these basic but yét conflicting re-

guirements are repqrted'by Yamamoto and Mori [2] and Andrea
and Russo'[B]‘in the form - of a binary quantized all digital
phase-lockéd-loop with a variable_reset random-walk filter
and with a Costas loop configuration fespective;y. Recent-
ly, Heiman and Bar-Ness [4] have demonstrated~in ;heir stﬁdy
of the achievable improvements of the tracking and acquisi-

tion mode of analog PLL's, 'that by adding another phase

detector, the system can be provided with enough additional

'

W
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freedom to be able to better deal with these confllctlng re-

-qulrements and yield smaller errors"

1.2 PROBLEM-STATEMENT

J . s - \ ek ‘ 3
The purpose of this work is to improve the.tracking and ac-

ouisitioh behavior of the _solutions [2] and 3] while

| T

avoiding any significant increase of ghe hardware complexi-

, ry. It is more specifically based on the Costas like DPLL

described by Andrea and Russo (3] complementea by the addi-
tion of a.th{rd phase comparator and a random-walk filter
[5], in order to obtain a statistical estimate offthe:'rela-
tive amplitude of the phase error (which is uqkaown if. a
single sampie per cycle of tae_ input signai is taken).
These additioos will allow the modified DPLL (3PDPLL) to de-
cide whether it is either 1in acquisition or trabking mode
resulting in large or small phase steps, respeotirely, in
the process of phase correctzon, since fast acquisition 1s
achieved w1th large phase step corrections and small steady-

state.phase error with small ‘ones. - >

rn;_

-

*""1.2.1 Outline of the thesis

Chapter. 11 : The four basic components of a DPLL are de-
scribed. The phase locklng operation of the
lead/lag DPLL is analysed and examples of si-
mulations in the presence of noise presented

so as to illustrate the effect of the step
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size .on.both the acquisition . time and the

‘steady-state bhase error.

‘Chapter III : The block diagram of the proposed DPLL is pre- -

sented and its operation described. The graph-
icai analysis. carried out gives ph&éical in-
. sight into the acquisition and tracking
‘behavior in ;hefabsgnce of noise. The acqui-
sition time reduétion is derived -fop the
noisefree case . Computer_simulation plots aré
shown which . verify t?e qﬁfectivenéss of the
_proposed system changes °in the.preéence of

_ noise.-
Chapter IV : Folloqing the description of the input signal,
the 3PDPLL is m?deled using the Markov chain
_.approach since the numbér of poséible' phase
error .conditions and their respective transi-

tion probabilities are defined. The mathemati-

cal model so derived follows [2] and. [5] and’

the random-walk technique of [5],[6] and [7]
is applied to evaluate the RMS phasg error and
the mean acquisitibn Eime . All the calcula-
tion steps'érg presented along with a nﬁmeri-
cal example; .
Chapter V : A series of plots of numerical results is dep-
. icted to show- the effect of the vaéiation of

some of the 3PDPLL parameters.These results
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. cgn'tﬁeﬁ be_bétter compa;ed' by hsin§ ‘a Loob{
_'}pérformance criterion’’ definéd~ in téfms_of
‘the RMS phase‘ef;of and the acquisifién fimé'
(vhich is closely related to the bandwidth of
~ the l;op) for a given-siénal-ﬁo;nbise ra-
‘tio.While providing a é@mmon basis for coﬁpér—
ison " of differenF éigital I}oops, it  also
serves, to a limited éxtend, for the comparj-

o son with first order linear loops. ‘
Chgpter VI : An experimental system based on a SDK 85 mi-
croprocessor and a hardware realization of the
3PDPLL are.upresgnted along with the obtained
experimental¢ résults. The behavior of the
3PDPLL under frequency deviation in the pres-
ence of noise 1s tested expefimentallé and by
computer simulation. - Potential appliéations

are ‘discussed.
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Chapter II

DESCR&PTION AND OPERATION OF THE DIGITAL PHASE- T
) LOCRED LOOP - :

2.1  INTRODUCTION
The' four essential elements of a ﬁbLL are the digital clock,

the sampler, the quantizer and the digital loop filter. Fol- -

'_lowigg the presentation of the basic block diagram of the.

DPLL, each sépérate element is defined and the phase locking

- loop operation of the digital loop presented. The lead/lag

DPLL -[1] with a structure that . leads itself well to simple
hardware implementation 1is described. It will serve as a
building block for the proposed modified DPLL . f—?inally,
computer simulations of the lead/lag DPLL with a ;bquential

filter in the absence or presence of noise are carried out.
d :

2.2 DESCRIPTION OF THE DPLL COMPONENTS

A DPLL contaiﬁs four basic compdnents (Fig. 1) :
1. Digitai clock
2. Sampler
3. Quantizer

4. Digital loo§ filter



' error.

, signal |
- Input signal - . Digital
==  Sampler —s— Quantizer l-e—! ' 1o0p
' filtex
| -
- S ' Digital | o
- Qutput-sigral . - clock . Correction signal

) Fiéure 1: Basic digital phase~locked loop

2.2.1 - Digital clock

The digital clock of the loop takes over ‘the function of the
voltage controlled osc¢illator (VCO) of an analog phase-
locked loop.it is altime reference that is controiied by an
external digital signal so as to decrease the phase differ-
ence between the input signal:and the digital clock. Usual-
ly, in the absence of an input signal or in the case of éig—
nals buried in high.level noise, the digital clock, runs at
a preset freguency {(usually the most probable inpﬁt gignal
frequency). It‘generatés a t;ain of éulses that indicates

the sampling times of the input signal.

For' first oraef'systgms, the correctiors result in a
' phése-step of the clock and for second order systems, the
corrections result in either a phase-step or a freguency-

&

P



8
step or both. The digital}clock étability ié defined by the

' desired short and long term stability of the system under

LY

consideration and also by the chiracteristics of the 'input

signal.

©2.2.2 Sampler and gquantizer (digital pﬁase detector)
fTbe input signal is s;;pled in synchronism w}th the cloéip
signal. Since the input signal; is analog, a conversion ''a-
“nélog to‘digiﬁal" is requi;eg'ét this stage Of-the loop. In
a_hardware dééign, a so called ''sample and ﬁold".sgheme.is
used suﬁh that 6ﬁce the sample'is_takén; it is held in ap
analog_ﬁemo;y unfil the next samplé arrives. In the mean
;img, that analog value is- converﬁed‘by the éﬁantizer_(A/D
;oﬁﬁéffer) into a digitﬁl number'~ representing a-measure of
the phase difference between the inpué and output signals. of
the loop. The combined sampler and guantiier compéﬁents of a
digital PLL are the equivalent ‘of the phase detec%or.of an

) analog PLL.

2.2.3 Lead/ﬁag_sampling phase- detector

The lead/lag sampling phase detector (LL-PD) is a one bit
sampler—-quantizer. Fréquéntly encountefed in practice for
its simple hérdware implementation (in the form of a thres- -
hold detégfor) , it will be used in the desigﬁ of the 3PDPLL
' S0 as to simplify:thé practical realization and to minimizg

cost. ! : ' .

e
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The LL-PD is characterized by an output iﬁdicating wheth-

ér the digital local reference (digital clock) leads or lags

" the input signal (Fig. 2). Because of the rough guantiza-

,tioh, a segquential filter is frequently uséd to smooth-the

‘gprrection controlling the ‘local reference.

. : Local reference

Lead b
Input signal. Binary )
Phase La
Detectorl___;____§

=

Input-

signal

Local

reference

Lead

[

Lag

Figure 2: Lead/Lag Sampiing'phaée detector

n
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2.2.4 Digital loop filter

The purpose of the digitai loop filter (low-pass filter) 1is

to generate a control signal for the digital clock s as to

maximize the probability of proper adjustement of the digi-

tal‘clgck phase in controlling the rate and amplitude of the
phase corrections. This.is ﬁarticularly important when the
signal is embéd@ed in noise. It thus provides a lim{ted ﬁe-
mory of the'phése detector outputs;  hence phaéé adjustements

of the digital clock become dependent on an input sequence

‘rather than a single phase detector output.The acquisition

time and tracking performances in. the presence or the ab- -

sence of noise are very dependent upon the filter character-

istics. )

-

2.3 PHASE LOCK LOOP OPERATION OF THE LEAD/LAG DPLL

This operation is illustrated in Fig. -3 Consider the input

signal as a sinuscidal carrier wave form of constant ampli-

tude and without noise. We assume that one sample is taken

for every cycle and that we wish to synchronize'our digital

clock on a positive'gofng zero-crossing of the input signal.
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I t sighal
VA a(1) a2 »
a(0)
- a(3
a(4)
T"(i) T'(2) ' r'<3)' B MO T A )

=5 SRR AR N S RN

. ) % ) . .
Figure 3: Phase lock loop operation of the LL-DPLL °

-

When it'is known whether the digital clock phase leads or
légs, it is corrected by , respectiﬁely, a negative or a po?
sitive phase step. .During the correction process, the sam-
pling instant is moved qloSer to the positive . going zefo-
crossing. Thus,'after a few corrections, the.digital gigsk
phase will oscillate around the zero-crossing. The amplitude
of that oscillation is diréctly dependent upon the minimum

phase step. ASsuming that 2m phase corrections are needed to

cover a whole cycle (27}, than :
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T'(j+1)= T - iT/Zm) sgn a{i¥= T '( 1 - (1/2m) sgn a(i)) (1)

“For the example of Fig. 3 :

a(0) >.

0 Ty =T(21-1/2m )

a(l) > o T‘(Zl.;-T (1-1/2m )

L a2 >0 T3 =T (1-1/2m)
" a >0 TV(4) =T (1-1/2m")
“a(4) < 0. T'(53 =T (1 + 1/2m )
0 =T (1 - 1/25 )

a(5)

-V

T'(6) |

2.4 SEQUENTIAL FILTER

In [11, Lindsey§ana Chie define this tfpe of filter in that

' '"The name sequéntial filter implies that the 6ﬁtput is not
a lineaf quEFiqn ‘gé a fixeq number of inputs since it oﬁ—
' serves the inputs for'a variable duration of time and gives
., an output when a'éertain confidence limi; on the inéut is.

established (similar to the seguential threshold test in es-

timation theory.) "'.

2.4.1 The random-walk filter

As.an important part of the proposed DPLL, a class of se=
guential filter, -the '‘Random-Walk Filter'' is used. It is
made up of a bi-directional counter of length 2N+1. In
Fig. 4; the cbntentubf the counter is increased or de-
creased Ey one for the. sigral ét ‘a’' 6r at 'b' respectively

‘(the lead/lag outputs of the binafy-phase detector). When it
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réaches 0 or 2ﬁ a; output Retard or Advance is produced and
o theréounter is-reset to N. S¢ at least N inputs are néeaed
to produce one output and many more if the propabilities of
occurances of the inputs age neérly egqual. Since a larger’'N
will result iﬁ a longer deiay before any output is produced,
the random-walk filter behaves like a non-&inear lowpass
filter (whose bandwidth decreases as N increases and véries
with thé signal-to- noise ratio at its input). The probabil—
ity relations between input and output of the random-walﬁ-

filter and the avarage time before termination are analysed

as the classical ruin problem [S].

- Advance
. £
2N
-— ot 1D 2N+l stages
: [reset to
b . Bi-directional
- down
) Counter
ot . '
Retar&
L]

Figure 4: Random-walk filter
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, 2.5 THE LEAD/ LAG DPLL WITH RANDOM-WALK FILTER

—_— In Fig. 5, the block diagram of the lead/lag DPLL with ran-

dom-walk filter (LRDPLL) is presented.The phase corrections

are ,in practher;\QEfformed by adding or deleting cycles to

~~

a stable reference signal . Its frequency is 2m times larger

than the frequency of the input signal in order to-digitally

generate the 2m’° phase steps desired to quantize a period T

in 2m phase states.

1 . Binary | Lead Sequential
nput signal .
Phase La ‘ loop
) ) Detector _g_— filter
S [
* Retard Advance
\ 1
Output signal 2m Lo Adi or Sfti:eialé
— : ~ delete - ed
. one cvele | freq. osc.

Figure 5: Block diagram of the LRDPLL
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2.5.1 Computer simulation of the LRDPLL
" Two different cases of simulation of the phaée step response
-are considered : | |
(1) simulation in thelabsence of noise
(2) Simulation in'the ﬁfesencé of noise i
for a narrowband Gaussian noise process!
Samples of results are presentéd in Fig. 6 and Fig. 7 re-
spectively. These samples of simulations very well iTrus-
trate that.the transient time (;cquisition time) decreases

and the variance of the steady state phase error increases

when the phase step size increases.

-

. The increasing of the phase -step size corresponds to a
widening of the loop bandwidfh,,hence'the DPLL time response
-
is reduced but more noise is allowed in the system thus de-

‘grading the tracking performance.



n/2
: phase step size &

. : phase step size 34

0.1 rad) )

. _ OAON ANAAAAAAAA S
10

AVAVAVARRC R

Figure 6: Phase step response of the LRDPLL in the absence
‘ of noise

Phase error,

n/2
/ case (a) : phase step size &
case (b) : phase step size 34
‘ ) .
- (@) (& = 0.1 rad)
=5 af
.0
100

\ >
: \\\_/Figure 7: Phase step response of the LRDPLL in the presence
of noise

e



Chapter III
MODIFIED LEAD/LAG DPLL

3.1  INTRODUCTION | . ‘

When a single sample per cycle of the input signal is taken
~ with a lead/lag phase detector, the sign of the phase error
(difference .between the input signal phase and the‘digital
clock phase ) is’'the only information obtained (the input

signal leading or lagging the local reference).

By taking three samples per cycle of the phase error,
some information can be gained pertaining te the relative
phase error amplitude. This allows to define fwo loop oper-
ating modes 'Acquisition' and ‘'Tracking' 'resulting in a

.large or small correction phase step respectively.

In the absence of hoiée, while maintaining the steady
state RMS phase error to its level when only ;smallvbbasg
steps are used, the modification proves to approximatél%'r?f
duce the acquisition time by a factor équal to tﬁe Eatio of

the two phase steps.

In the presence of noise, the computer simulations car-
ried out demonstrate that some reduction of the mean acqui-

sition time can be achieved without significantly increasing
<

_17_
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"the 3PDPLL is lost is presented in chapter V..

: SR ‘- ' ) : 18

the steady state RMS phase error . The, minimum. signal-to-

noise ratio below which, in practice,” the effectiveness of

3.2 PROPOSED DIGITAL PHASE-LOCKED LOOP

The proposed DPLL is shown in Fig. 8 . The input x(t) is
defined as : .

¥ x(t)=s(t)+n(t) . (2)
where s(t) ' is a sinusoid of known frequency f, (period T)
and n{t) is ‘a band limited Gaussian noise. Sets of three
samples aré taken at every.'kth (integer) cycle of the signal

s(t).

*

The DPLL itself can be described as a FErst-Ordeq Transi-
tion Sampling DPLL &sing é Random-Walk-Filter with the addi-
tion of an estimation?decision circuit controlling the state
in which tHe loop is to work. We define two possible médes

as follows:

(1) Acquisition, using the larger step corrections
(wider loop bandwidth}
(2) Tracking , using the smaller step corrections

(narrower loop bandwith)

The information at point D (Fig. 8), the difference of
the signed values of the shifted input signal x(t), incre-
ments or decrements a counter. Its output (E) is used when
the random-walk filter gives a command of advance of retard

as a criterion for the size of the correction,
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——— c— [ — e ——— ——— N ——— —

b
z
+
L nd
e

-
et
s 88 s

DIGITAL CLOCK

number of phase states per cycle
size of the unit phase steps
integer number of unit phase steps (define the
distance between the three samples)

ratio between the large (na ) and the small (a2 )
corrections (integer number)
random-walk filter length

output phase
phase of s(t)

phase error ( & (t)=-&.(t) )

Figure 8: Block diagram of the 3PDPLL

} Phase Detector l : Rand°m'§§lk'Filter !_ Advance
‘ - i
|k !
_ lInput signal ol i IN+1 stages - z:se: |
o s(t)+n(t) A A Bi-directional |g g
! Sampler Sga. [ Counter —
| oy - K
! L Y i y
[ [-j - { ,Retar
e T -
| P Pttt il
| —— [.A #= Sampler - =e=— Sgn. —l | Adder | reset L
S i
| Decision
I l Hemory - LB Block
= : i
- T Sampler , [T™7 Sgn. - o L
l : i I TAdvance or Retard
r——-— —_— _—_———— = — = — + Small or Large Correction .
| ! |
Qutput signal Stable
- ! Divider - Digital Phase L Fixed
' | 5 (t),r] #im Shifter 2t |.preq. Osc.
l
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3.3  GRAPHICAL ANALYSIS
From Fig. 9 , we'obsgrve that there are 6nly six possible
" * outcomes for fA',B‘ é'j "and three corresponding outcomes
for D (—‘2,_0,+'2)' as listed in table 1.The plot of D versus

the phase error is presented in Fig. 10 -

If tﬁe PLL is assumed to track the positive going zero-
crossing‘qf.x(t), then we can define the two possﬁble modes
as a function of the average value of D *(?epresenked by E)
at the time.of a correction, whiéh can be tranélate%[into an
appropriate choice of correction step size (i.e. loop gain)

as follows :

Modeé Average ‘Correctien © Corresponding
Value of D . . size Phase-Brror &
Acguisition =2, 0 . n I/m | 5A$I¢Isn
Tracking +2 Con/m [¢l< {a
where n (an integer} -1s the ratio of the two correction

sizes and must satisfy the  inequality n<2¢ in order to

~avoid the danger of an excessively high phase error.

In other words, whenever the phase error falls within

+{A, the loop will be in the tracking mode. Conversely, if

the absolute value of the phase error is larger than {4 ,.

the loop will be in acquisit%gn mode. This is illustrated

in Fig. 11 .
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c --cr\‘ - s
X B :"
A
/ \ [

-\ B TcTals

@ ’ N ¢3) (3)

Ta : Sample time of A, the corresponding angle is ¥ )
: Sample time of B, the corresponding angle is ¥'=¥+{-A
Tc : Sample time of C, the corresponding angle is g'z=vy.-¢ A
: Time between 2 samples in a same set, the
‘corresponding angle is {A

Tg = TLA/2T

figure'S: Example og three different cases of samples
. [A‘,B',C' - s

TABLE 1
Values of D in function of the samples [A'B'C']
v © . oa ~"

1y | @ | 3 | @ | | (e

3 +1 +1 +1 -1 -1 -1
B' -1 +1 +1 1 +1 -1 -1
(o +1 To+] -1 -1 -1 +1
. D -2 0 +2 +2 0 -2

A' = Sgn A, B' = Sgn B, ¢'= Sgn C, D = B'-C'
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- . ' D = B'-C'
-Acquisition Trackh.n'g S rAcquisition
o
a
2 In this example:
£=2
~ m-g
1 1 1 .l I ] ] 1 { Ll !
=94 } 0 A 22 38 g S
(-1 ‘ - - I =y
— el —— - - — ——— — ——-——:2--.__— —

Figure 10: Plot .of D versus phase error (noise free case)

Correction Size - & b
{(absolute i value)
Acquisition Tracking Acquisition
) 1520
I P
132 1 1o this example:
4 o L.= 2
- 24 . o =4
t- & ~ 7 :
t 1 1 3 y . 3 | I . )| i ' { 1 .
0 & 2A 35-4A

Figure 11: Plot of the correctionusige versus phase error

(noise free case)

-

-

?, phase



In practlce (with nozse or frequency drlft). the average
value of the s;gnal at D will fall wzth;n the range =2 to +2
and, a threshold {Th) whose value is larger than zero is
chosen (1n the decision block) in order to translate the in-
formatxon from. the two’ additienal samglers into the most

likely.mode in yhich the_loop;is‘to vork. - It is worth not-

ing that the signal at E (contiolling the correction step

-y

size) 1s ‘a’measure of the correlatzon between the samples ﬁ

and C . It changes when the absolute value of the phase er-
ror gets larger than LA and the power of s(t) 15 large. com-‘
pared to the noise" varaance {high SNR). However, this
change becomes less ano less noticeable as the SNR gets
smaller and smaller. The. minimum SNRr‘belon which the effec-.

tiveness of the 3PDPLL .s ,in practice,=_lost is presented

- in «chapter V. B S - .

N
In Fig. -12, the synchronization process is depicted for
an initial phase error of approximately ﬂ72 - As shown, once
the acquisition is completed the- correction size is reduced
S

’ { . - . ’ . .
and the tra?kzng takes over. The maximum phase ‘error. is -

i
\

egnal to A (Y

. S Y  ———— ———— — ——— T — —

- : . . ‘ R
P

"* From Fig. 18 and 19, Th must be Targer than zero in order -

that when the samples_A,B and C (of a same set) have the

same signs (+++ or -4—)f the 3PD';LI_. ‘woul& be in 'acqnisition
- mode. On the other'hané, Th nust be smaller or equal to N.;

so that when the absolute value of the phase error ngsmaller.

-

than {A , the 3PDPLL would be in tracking mode. |
g - ’ , ) : .
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I __;‘“ . ]
Phase error (SI%) Lo ‘ . . . -
S 4 I L ‘ At small correction
Initial 2| . LT _
phase error ' i I R nA: large correction
{ = "N.KI (r-zn‘/wo)
l_ I_ . . In this exémple:‘n-B‘
- . » nAI —— ‘E - 3

- ‘0 I % ﬁ t
- ; . ] _' — l _ —_
. |
Ay I —— e e
! * .
- * -—"r' ’
. T _Acquisicion . Tracking

F{gure 12: 'Exam§le of Acquisition and Tracking (noise free
. case ' |
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3.4 FREQUENCY LOCKING-RANGE AND ACQUISITION TIME

The fréquéhcy lécking—rahge of the 3PDPLL is given by :

fh°= = £, _2mNk" (3)
'--T ( i _ n/kN ) 2mNk-n
2m ‘
fio= 1 = fb _2mNk (4)2‘
T (1 + n/kN ) 2mNk-+n
' 2m
‘ 2n ‘ r
B =f - £ = 2mNf k
© ho lo 4m2N2k “n
(5)
1° ,
B = £
© ° m N k -

where n/kN is the number of unit phase -step correction per

cycle, f is the free-running frequency of the DPLL, fho and
o ' :

lo .
and B, the overall range.

The ‘mean number of sets of Samples,-Snlbefore‘completion

of the acquision fpull-in ). can be - approximated by the

number .of sets of samples to.cover 77/2 radians .

f are respectively,the high and low limits of ' the range
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(6)

provided 8{<m and n < m/4

The mfan acquisition time Tm is defined by :

T, = kK T Sy

From the equag}on.]S) and (7}, the
locking-range and the'acqufsit}on-
ted"thﬁ-n , and the phase error
solely depends upon the smallest

'Tracking' phaée. These results

chapter V and VI.

(7)

improvement factor on the
time is Gi;ectély ;‘rela—
is  kept the same since‘it
pha-se step A duming  the

will be demonstrated 1in
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3.5 SIMULATION OF THE 3PDPLL IN THE PRESENCE OF NOISE

In order to estimate the effectiveness of the modified loop

in the presence of narrowband Gaussian noise, numerous com=-.

puter simulations of the transient and steady state respons-

es of both the 3PDPLL and the LRDPLL were carried out. In
Fig. 13 and Fig. 14, typical transient responsg behavior is
illustrated (with an initial phase error of 7 /2) for a sig-

nal-to-noise ratio of 5 dB. The first figure-presenﬁs one

~run for the LRDPLL and the 3PDPLL where the second figure

presents a superposition of runs (€). for the same SNR but

using different noise sequences.

The two cases of the figures 13 to 16 have the fellowing

parameters :

K}

1]
]

{(a) LRDPLL : N.= 5, m 32

’\32'-, n=4, Th=23, L=2

6, m

« (b) 3PDPLL : N

Another series ofr runs was conducted with no  initial’

,phaée error, to compare the performance in the steady state
condition (tracking?. Results are presented in Fig. 15 and

Fig. 16

These figures confirm that a reduction of the mean acqui-
sition time for very little increase of the RMS phase error

can also be achieved in the presence of noise.

-
-
P

~



Phase error -
case (a) : LRDPLL
n/2 case (b) :.3PDPLL
SNR = 5 dB
i (A = 1/32 rad)
0 - p— A i A b L ' il \l_!-—l_A‘l'
Figufg 13: 'Example'of“Ebdui§ition‘(one run)
Phase errar \

/2

'_ cases {a) : LRDPLL
cases (b) : 3PDPLL, n=é4

SNR = 5 dB
(& = N432 rad)

Figure 14:

ALV
\ A AR
NN
0 ~ LV 8 V. -
i X AR S
' 10 50 100

Example of acquisition (6 superposed runs)

28
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Phase  error _ ‘
case (a) : LRDPLL

. o T, N pmmee——
20 —— 0 — 100

(& = 1i/32 rad)
Phase error

case (b) : 3PDPLL, n=4
' N i Y L LT ' 1 I A i A 'l A Y e w—

20 = /- 100

Figure iS: Example of tracking-(one run}

phase error

i .

L © cases (a) : LRDPLL
/ \ AV AN/ i ALY

Y I WY A Y AT i i i LT 1 2 n i1 n 1 LA e/ L S )
—_——t Y Ay ri I Ty
\pbfselfrror SNR = 5 dB (4 = 71/32 rad)

B cases (b) : 3 PDPiL, n=4
— ‘/ / FAY \ 3\
— ' r ‘n 3 3 1 1 1_\‘ i L 1 ’f \L\{ \‘ 3

Figure 16: Example of tracking (6 superposed runs)



Chapter v
THEORETICAL ANALYSIS OF THE 3PDPLL

4.1 INTRODUCTION

In order to numerically compute the RMS phase efror and the
mean acqﬁisition time needed to choose the parameters of the
3PDPLL, the system has to be appropriately modéied so as to
render the numerical computation feasible.- Because. of the
finitg number of phase error conditions (2m); a general

state transition model made up of m stages {(using the symme-

'trylof the system) and a state transition model applicable’

to all the stages are used. .

4.2 CHARACTERI ZATION OF THE INPUT SIGNAL

The signal and the noise term of equation (2) can be written

as :
. s(t) = A sin(W,t+6;(£))  (8)
n(t) = ng(t) sinW t + nc(t) coswgt (9)

The noise n(t) represents a narrowband Gaussian noise pro-

cess of . zero mean and of variance

( €f= ng(t) = ni(t) ).nc(t) and n_(t) are Gaussian, indepen-

dent and have identical power spectral density. If a rec-

_30_
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tangular shaped noise bandpass spectrum of bandwidth B, is
assumed, the spectra ofins(t) and n, (t) are rectangular low-
pass functions of bandwidth g’/2. From (8) and (9), the
signal to noise ratio at the input of the DPLL is:
\.__.-— ' . 2 - 2
SNR = A" /2¢, . (10)
The autocorrelation of both ng(t) and q:tti thus can be
"written as @

(1) = ¢ sin(TBTI/MET  (11)

-

R, (T) = R
ns nc

‘ h
The sets of samples [A B C] are taken every k cycle of
s(t) where k is chosen as the smallest positive integer for

which Rﬂs(kT) approaches zero. This optimizes the overall

loop performances (ie. (5) and (7)) and insures non-correla-

tion between the cutcomes of the sets.

The time T, between the samples "[A B C] of a given set
represented by a pHase shift {-A must be small énough so
that both ng(t)  and n.{t) will approximately be constant

during 2 Tg (i.e. R < (Ts) =R

n ns(o)). The above assump-

tions can be stated as follows :

ng (t,) == ng (£, +T, ) = n (t, -T,) (12a)

ng (t, +3KT) 2= ng (£, +FkT+Ty ) 22 ng(, +FKT-Tg ) (12b)
and ‘ '

ns(t}) # n (t +JkT) {(no correlation) (13}

(similar equations can be defined for n (t))

where j is an integer not equal to zero
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These hypothéSes- are necessary to simplify the computa-

tion -of the probabilitiéé'of the outcomes of A',B',C' enter-

~

ing. into the calculation of the RMS phase error and the mean

acquisition time.

4.3 3PDPLL MODELING

Due to the digital nature of the correction phase steps,
there is a2 finite number of phase error conditions defined
as the total number of unit phise step reguired to cover a
complete cycle of the input signal. Therefore , there are
ém possible ‘phase error conditions since phase errors dif-

fering by multiples of 2T are-indiétinguishable. Following

[5], let the state of tﬁe closed-loop system be defined by

the phase error théé exists between the DPLL and the input
signal and let these states (called stages) be indexed by 1i.
Then the 3PDPLL can be modeled by the general state transi-
tion diagram depicted in Fig. 17 Only half of the 2m stages

are considered due to the symmetry of the model.

The transitions between stages will either be to the
nearest stage or to a farest one if the 3PDPLL is in 'Acqui-
sition' or 'Tracking' mode respectively (as estimated by the

decision block). b

4
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The model of the séages, as shown in Fig. ‘18, represent
the state transition 'diagram of the cpmbined random-walk
filter (A'),adder (ﬁ'-C‘) " and "Idecision. V'bloci

(E 2 Threshold).The propagation within a given stage i oc-

curs according to theiprobabiiities of the. six outcomes of -

A',B',C" for the qorresbondiné phase error. The termiaatién
{transition to ?nothef stage) happens‘when eithéf}:héﬁhd;i_
zontal nodes '-N! or '+N' (0 and 2N. of the random-walk £i1-
ter) .are reached. The threshold (deciéion block) defines
whether a small or a lérée phase step correction is to bé
taken. In order to limié the vertical dimension of the state
transition model of one stage, the adder is assumed to have_

its upper and lower limits to +N and -N respectively.

One of the simplest possible case of model of the state
transition of one stage of the 3PDLL is presented in Fig. 19

( N=2 , Th=1l ).
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from (i+1),.(i-l) stages .35 ;
, . i
e

U, W u_, )

7 ‘ th
to "(1-1) P o (3H)
stage stage
Th.2- = :
Th 1- | j

V. Threshold .
Th 0- — o N .
Th-1-
 Th-2-
?

U_*_n(i) . L U;n(l)
to(i-1) th ‘ I X /Input ‘ to (_1-!-:1):
stage’ ' . . from (i+n), (i-n) stages . stage

Note: o—e is eciixivalent to :‘_—_—.:- N
: : - th . ’
’ i stage
Input
P—+(¥) ‘ P——+() U, @ Uy (1) )
\ . it e
P+++0P) o N CH) i U__ (&)
. . «— I
P+ (1) . ~ * L
¥ = A-.(i-lIZ) ] nput,,
- Possible transition for one R 'Siinplified Representation of the ith
non-boundary -node ) estage and its corresponding termimation
- ' ® ~ probabilities AR :
F ‘ . '.. -
Eig. 18+ State transition model of one stage : 8 .

[
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Uyp (D _to (i+1) " stage -
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to (i-1) “stage
— . Th1
LARCO I - U__ (1)
—— O
._qyth . T
T to (1—1)t stage . _ > - to (i+n)th stage .
' ' " Input N

from (i+m) and 1i-n) stages

th
stage
P (¥) = R p._-'(q*') = W e
Pora (8) = S P ($) =v
Pip- (%) =T Py-.(§) =T L

Figure 19: Example of the state transition model of one
stage (N=2, Th=1)
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4.4 CALCULATION OF THE RMS PHASE ERROR .

Following the proceﬁure of Cessna and Levy [5], the calcula-

tion of the RMS phase er:pr { °Rﬁs) is performed as follows -

1 - Obtain the probabilitieé of the.six possiblé‘outcomes of
[a',B',C'] for all the diffprgﬂt output phase errors. ‘

2 - With l,; obtair® the 4'términa£ion probabilities for each
‘stagé using=the_m$del ?f'fig. 18 . |

3 - Compute all fhe'stagél selection brob;bilities using.the
general model éf Fig. 17 | . '

4 -‘Compute:the average_time speét in each Btage; . W

5 - Using 3 and 4, compute the absolute state probabilities

of each stage and finally the RMS phase error.

4.4.1  Probabilities of the six outcomes of A',B',C'"
. s - .

-

. " . . ' s -‘
From the equations (11) to (13), it appears that for each

set of samples, ‘A,B and C are st;tistically‘ngendent and ..

the joint probabilities of occurrences of AJ,B'and C' , that

are needed to compute the RMS phase error and the mean ac-

guisition time, can be obtained for all poséible phagé er-

rors by uéing the probability'density_function . for a posi—

tive zero-grossing of a sine wave plus Gaussian noise px(é)

in function of the phase-error-@ [8].
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This probabilit§3density_function can”SE'xritten as :

s . L-s/N . (sm)cosD o "
B ()=(1/2N) e /}[I1+ IIIJTS/NI qo’; O e O ( 28/N cos®)] (14)

LN

wvhere 0{(x) is the prokability infégral‘défined by =
: ‘ ' Y _.‘2'2 ‘
A = /e f 5% (155

v
and S/N = A72 f;f

As illustrated by the cases of Fig.20, the six probabili-

ties are obtairned as follows :

A <

Case (a) .

. o  e-ta
P+++(‘P)_= P(C'=+1,A"=+1,B"=+1) =/px(u)dc (16)
: ' S : @+Le AT
(probability that a positive transition- occured in the in-
terval PL¥Y . ' _ - ;
. A . .
Case (b)
) . - .- w
‘PH{_(‘P) = P(C'=-1,A"=+1,B'=+1) =/ p{a)de; (17)

- o=L-a

(probability that a positive transition occured in the in-

terval ¥'-¥)
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Case (¢)
o ‘ ' P+LA o
B0 = Pc'=1,ate-1,50=40) = [ B (a)aal (18)
Lt : Y :
Y
, . .
(probability that a positive transition occured in  the

terval \¥-¥) -

in-

By analogy : ' - - -

-

B_(f) = P(C'=-1,A"="1,B'=-1) = P (¥+T7) . (19)
. +++

B_(%) = P(C'=+1,A'=-1,B"=-1) = B (¥ +TT) (20)

B, (D) = P(C'=+1,a"=+1,8'=-1) = P_({ +T7) (21)

with ¢ =4 (i-1/2)

.The solutions of the equations (16) to (21) can be carried”

out numerically. The integration of (15) is obtained from a

very. accurate polynomial*(within 1077) as follows :

= 11 -, x>0
4 -x2/2
._-ﬂ-,(x)=jz(x) dx = z(x) = (1/J21T) e
) - _ -0 rx <0
C0 = z(x) T (((( 1.330274 T - 1.821256 ) T (22)

+ 1.781478 ) T - .03565638 ) T + .3193815 )

where T = 1/(1 + .2316413 |x| )

* From the Gram-Charlier expansiOn, the derivation can be
found in '’'An Introduction to Statistical Communication

Theory'' by John B. Thomas, Wiley 1969.
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" The probability density function p;(é) is then éQalpated for
a series of &'s egt.iaily‘spaced between -T to +T1 in order. -

to apply Simpson rule to performe the numerical -integration :

of the probabilities of the six outcomes of A'B'C'.
, N

4.4.2 Termlnatxon Probab:lltzes (Flg. 18)

A -threshold (Th) ‘must be first chosen so as . to determine

" whether a small-or a large phase correction is to be taken.

The optimum position of this tﬁreéholﬁ ié'foun&‘not' to be

critical if set within th? bounds used in - the.'next chapter

to suit a large variety of signa;-to—nbise ratio. - For the. .

proper operation of.the DPLL in the two modes, we can deduce

(using Fig.18) that fhe valﬁe of Th must be‘lérgeflthah-zero,.

for high SNR'and smaller tHEn N-1 for low.SNR. -; Due to the
complexity of the model,the termlnatlon probabzlltzes g, (i),

u (1) ' (i) and U (1), are numerrcally obtalned by settzng
the 1nput with probabzllty 1l (every other nodes being set to
zero),- starting ‘the gropagatlpn’qnd 1ett1ng it con;1nue un-

til the model is practically cleared. The oﬁtpups accumulat-

ed at the four exits points will approximate the termination

probabilities. The dimensions ‘'of this stage are paraﬁeters

that can be chosen . within the 11m1ts 1mposed by hardware

-

con51derat10ns so as to obtain the de51red performance.

e ol
7
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4.4.3 State Selection Probabilities (Fig. 17)

The probabilities of stage selection L{i) given that a stage

transition is occurring ;;fe given.in terms of the termina-

"t_ion prob-abilities by o

L) = g LU R L) (@)

fGglig) LU ) g ) L)

Since only half of the 2m ﬁossibl‘é phase-error values are to

be considered due to the symmetry ahd-\ﬁ:aken‘ into account

.the rg\flecti.ons at the two ends of the mod'¢1~','£he .s‘ubscript-

- . {
ad 1's are defined as follows :

v
-

i-1 if i-1

4%

i o= . (28a)

i 2o o ~ (24b)
-n |
n-4i+1l if i-n<£ 1

R B L2 if i+1 g m

i =4 | ‘ (24c)
' - m if i+1> m '
. i+n if i+tn 4 m

i,.=1. e (244d)

2m+1-(i+n) if i+n > m

=
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. The nontrivial solutions to (23) subject to (24) must

also satisfy the constraint :

m
> L(i) =1 - (25)
i=].' ’ -

Because of its properties, a numerical solution for the
state eguations can be found by first assigning an equal
state probability of 1/m to all the L(i)'s and by applying

the_Gausg—Seidel iteration method {10].

The absolute state probalities P(i) can be Trelated to

these state selection probalities L(i) through the expected

state duration time T(i). The equations describing these ex--

pected time are well known [9]' and can be readily applied

since our model of the stages is equivalent to a random-walk

-filter as far as T(i) is-concerned. Termination will occur

at one of the four exit points on the average in a time giv-

en by :

T(i) = N for Ua(il.= ﬁb(i) = 0.5

"

or (26)

_ N | 2N
T(i) = ; - : : : N
U, (2)-Up (1) (U (1) -0 (1)) [1+(U, (1) /U (1)) ]

for U_(i) # U (i) ; with U (i) =g (i) + g (i)

U (i) = Uy(i) + U i) and U, (i) + U (i) = 1



44
Then, P(i) 1is the ratio of the time spent in state i to

.that spent in all states :

P(i) = AT (37) -
2 LT
j=1
v

Finally, the RMS phase: error is obtained as :

m — 1 ,
opus =| T (7 i/m? B(i) (28) &
i=1

4.5  TRANSIENT RESPONSE

The mean acguisition time T, is defined as the average

" time taken by the binary digital loop to reach the minimum

possible value of phase error assuming ‘equally likely
probabilities of initi#l phase errors. T, (i) is defined ag
the mean number of set of samples taken by the binarg loop
to reach the minimum possible value of phase error with the
initial phase errof‘(i) givén. It is shown [5] that Tp(i)‘is.
given in terms of the state transition prébabilitieé and
state duration times by the following différeqce equation :

T (i) = T(i) + U (i) D (i ) + U (i) T (i)
0 ‘ +1 0 -1 +n 0 -n

=

(29)

-

+ U (i) To(i,) + U (i) T
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The subscripted i's are defined in equation‘:(24) with the

exception of'i_n (24c) that.is réplaced by :

i-n  for i-n;i .
i = 30 E
-1  for i-n«(1

Finally, the mean acquisition time T, is obtained as :
an . ‘ ’
T = (kT/m) 3. T, (i) (31}
) i=1 .
A numerical solution to (29) subject to {24) and (30) can. -7
be found by aésigning an initial-value to the To(i)'s as
shown in (32) followed by applying the Gauss-Seidel
iteration method [10Y. ' -
To(l) =0, T (2) = T(2)
initial _ ‘ .
(32)
TO (i) = To (i-1) + T(i)/n , 2 <1 < m¥l

initial initial

4.6 EXAMPLE OF NUMERICAL COMPUTATION

A complete example of a numerical computation 1is carried opt

for both the 3PDPLL and the LRDPLL for a SNR of 5dB. All the

numerical results of the . intermediate steps introduced in

the previous sections are successively preseng;dwin the form

of tables and plots.
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The plot of the correction size versus phase error shows

the effect of the noisq' wvhen comparéd against a noiseless

case. For a slight increase (6%) of the RMS phase error,
the 3PDPLL mean acquisition‘time'ig reduced by a factor 2

over the LRDPLL's. This is confirmed by the plot of both the

absolute state probabilities P(i) and the acquisition time

Tofi) in function of the phase error.

The wvalues of; the parameters. of the example presented are:

m = 32 { =5 Th = 1 N = 2
'n = 3 (3PDPLL) n = 1 (LRDPLL) :
. SNR = 5 4B

L

L
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-n/6 0

Al

© Figure 21: P.d.f. of a positive zero crossing .

TABLE 2

-

. Probabilities of the six outcomes of A'E'C’

Poed "Pogt] Pags] Py Pa| P__} 1
0.353] 0.4081) 0.140}| 0.000¢ 0.000¢+.0.097 1
0.168| 0.446 ] 0.3551 0.0012 | 0.000 | 0.030 4
0.056} 0.2891 0.643 ] 0.001 § 0.000} 0.010 7
0.617} 0,120} 0.857{0.001} 0.001] 0.005] 10

_-0.005] 0.038{ 0.951{0.003}f 0.0012 | 0.0031{ 13
0.002| 0.011] 0.975{ 0.008-] 0.002 | 0.002¢{ 16
0.001]| 0.004) 0.964 1 0.025| 0.004 | 0.0031% 1S
0.001y 0.002} 0.900] 0.083] 0.011 | 0.004¢ 22
0.000] 0,001 0.728 | 0.225| 0.038] 0.008] 25
0.000] 0.001 | 0.450} 0.408 ] 0.120} 0,021 28
0.000| 0.0001 0.158 | 0.446 )] 0.289} 0.0661{ 31




TABLE 3 .

| Termination‘probébilities, G(i) and T(i)

\ u ] g oo @m]e ] i

] 0.576§ 0.021 | 0.3%2| 0.010]| 21.062} 3.96 o1
0.803].0.075} 0.119) 0.002| 1.154| 3.30 3
0.765( 0.208 | 0.026} 0.001 | 1.418| 2.64 5
0.574| 0.4211°0.005| 0.000} 1.842 2,29 7
- 0.350] 0.649)| 0.00141 0.000 ) 2.298| 2.13 9
0.179] 0.8201 0.000} 0.000| 2.640| 2.06 11
0.084| 0.516| 0.000) 0.000] 2.832| 2.04 | 13
0.038| 0.962} 0.000} 0.000] 2.924| 2.03 15
. 0.018) 0.882| 0.000f 0.000f 2.964 | 2.02 17
0.009] 0.9801 0.000) 0.000 ) 2.980| 2.03 1S
‘. .} 0.085770.9944 0.000} 0.000) 2.988| 2.05 21
, ‘ 0.003| 0.9961{.0.000} 0.000) 2.992| 2.09 23
- : 0.002| 0.995] 0.000} 0.002] 2.994 ¢} 2.19 25
' 0.001} 0.986}| 0.000| 0.012) 2.996] -2.43 27
~0.000| 0.942{ 0.000}| 0.058} 3.000] 2.93 29
0.000} 0.765| 0.000| 0.235| 3,000} 3.70 31

where G(i) = U_/(i)+ U _(i)+n [U. (i)+ U, (i)] is:

the average number of unit phase step correction



Figure 22: Termination probabilities in function of the
phase error )

SNR > 30 dB
—o— SNR = 5 dB

.| fa¥ : \
) i \\
3 *
- !
! L (L1 {1 | 1 R S
29 -25 -21 -17 -13 -9 -5 =11 5

' _Figure  23: Correction size in function of the phase error

9 13 17 21 25 29 |1
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- * TABEE & | ‘
Selection probabilities L(i) and absolute probabilities P(i) ]
S =1,+1|=-2.+2| -3,+3| -4,+¢|.-5,+5
L(i)- 3PDPLL| 0.281] 0.157| 0.050| 0.010 0.002
L(i) LRDPLL| 0.315] 0.142( 0.038| 0.005] 0.000 }~ ,
} P(i) 3pPDPLL| 0.294) 0.154{ 0.044 P 0.007§ 0.001 .
P(i) LRDPLL|'0.3081 0.151} 0.036] 0.004] 0.001 } -
RMS phase error :
. e E . . )
) . Ppyg = 6.71 LROPLL . .
= -
(1) 0 -
) : } '
o 1? ST 4 ————— 3PDPLL
T - - -° LRDPLL
! :
y .24 : i ‘ .
R sw- s5a. -7
I t .
FoT o ¥ .
] [ I I -
. ) 1 : I ! .
: | =37 1 : T
i 1l ! ! ‘ _
. ' .\ i ] I [ LT
1 I -+ i L] . - . )
1 1- 1 | I} . .
[? o ! f t : :t -
r '.I' ‘T 1 1 H I L
-3 =2 -1 1 2 3 i- /
- -~ | h ) /'/ '
Figure 24: . Absolute probabilities in function of the phase
. error .. . . -
‘E . —
- ; L
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S TABLE 5 .°

Number of set of samples in function of:thé initial phase
L - error S ' .

i - | 2| s} '8|11]1s|17|20]23]26]29 32
To(i) 3PpPLL | S5{12[ 16|18 20|22 2¢{ 26 [ 29{ 32| 37
To(i) LROPLL | 616 23|29 35|41 27| 53|60 63]36

-~

V3
]

21.9 kT 3PDPLL

° Mean-acquisition time

LRDPLL'

n
s

[

.- .

L B
.“".

]
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.
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5.0 B SNR = 5 4B - ‘ Co ]
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To(i)
T
]
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.Figure 25: Number of set of samples in function of the
' ’ phase error - .
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Chapter V

" U NUMERICAL RESULTS

L

‘5.1. INTRODUCTION

. Since no closed-form solution can be_fdudé for either the
RMS phase error or the mean acquisition time,- the various’
.. patameters. of .the 3PDPLL are individually tested in order to

"evaluate their respective effects upon the loop perférmance.f’

A series of plots relating the RMS phase error and,the

‘mean acgpisition ;#ime to the siénal-tp-ﬁoise ratio a?rthe
input of the loop (10) are. presented. ' The effects of the
.gg;;aféons of the ratio 'n' of the step sizes (Fig. 26-and
Fig. 2?),_ thé random-walk filte}_Alength N (Fig. 28 and -

Fig. 29), the values af £he threshold 'Th' (Fig. 30 and Fig.
él) and the distance '}’ between the three saﬁpies fFig. 32
aﬁd.Fig. 33) are shown consecutively .In order to easily
picture the differerces between these resﬁlts, a new digital

loop ''Performance Criterion'' measure is introduced.
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>

. the four serzes of tests carried out¢~'

5 2 RESULTS ) L "

Table 6 g1ves the values of the parameters ‘of the 3PDPLL for

b ]

" From Fig. 26 adB‘Fig; 27 (teet 1),;in cases a andﬂb.the

RM§ phase‘e}rer.is approximately the-'same fof:a SNR of -5dB

'_ and up; but the correspondlng acquisition times are de-

: creased by about 20 to 30% for the 3PDPLL Cases” c and d

[

prov1de up to 603 1mprovement in acqur51t10n fime over the

1 range of SNR's above +5dB for . nearly equally good noise re-

jectlon performances. The same observations can be made from
the three other sets of tests where similar improvements are

.also echieved. . Moreover, for SNR'S above 10 @B, reductions

_of the acgu151tlon tlme by factors 2. to 3 can easily be ac-

hieved for egqual RMS phase error.

By varylng the. adjustable parameters, the user is provid-

ed w1th ‘means of adapting the performance to some desired

.

‘values (whether locally or over a wide range). -

ey "



L s ot rie et

54

TABLE 6 .

Values of -the ‘parameters of the four tests

Test 4 n|{ N| Thl DPLL.
1 af /|- 51 / LRDPLL Fig.26
1 b| 2| 2] 6] 2 and
1 cf| 2| 3].6} 2 3PDPLL Fig.27

-1 afl 2] 4] e} 2 .
2 al /| /] 5} /| vLroPLL
2 bl 2] %] 6t 1 Fig.28
2 c 2 3 5 1 3PDPLL and
2 al 2] 3] 4] 1 Fig.29
2 ‘el 271'3| 3] 1
3" al /1 /] 31 7/ LRDPLL
3 bl 3} 3{ & 1 Fig.30
3 ¢} 3.3 4 2 3PDPLL and
3 al) 3} 3{ 4| 3 Fig.31
3 e} 3]1.31 & 4 :
¢ al /| /) 2t / LRDPLL
4 bl s 3| 3} 1 Fig.32
4 ¢| 4] 3] 3} 1]} 3epPLL and
4 da| 3| 3] 3| 1 - _ Fig.33
4 e 21 3 3 1 ™.




e ——— ) [ T —

35

20

doMs (degrees)

-10

3

-5 0 . +5 _ +10 +15

SNR (dB)

Variable parameter : n

Figure 26: Loop RMS phase error versus SNR
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. 5.3 . PERFORMANCE COHPARISON

In order.to help the designer in his choice of DPLL systems,__

[
'mean1ngful cr;terxa need to 'be used to make comparlsons

among the digital 1oops end also compare‘ with an - analogJ
loop. ‘One criterion has already been proposed by Cessna and
Levy {5) and will be presented here as well as in a modified
form.This criterion relates the RMS phase error. to the sig-
nal ‘to-noise ratio in a given loop with noxse bandwldth B .

For an analog PLL, linear ana1y51s [11] ylelds :

| Soms = '(rad) oo . (33)
where
§5 : is the signal power
2 . ) .
N, = ¢/B * is the one-sided noise power spectral (34)
n ‘o .
-density at the inplit of the PLL

B :

is the loop noise bandwidth

The'DPLL'being inherently non-linear, ~ its iéop bandwidth B'
is a function of the SNR and éhus cagdot easily be defined
from the loop parameters; The.:'Quasi-bandwidth'; measure

mentioned in [5] is based on the fact that B’ can be approx-

_1mated by the inverse of the mean time for the loop to trav-

erse-a reference angular phase step displacement " of i /4.

That is :

~ .
B! = 1/kT T, (m/8) ° 7 . - (35)

"/
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. Q(A/ZG’) is deﬁaned

64
‘The RMS phase error for the analog PLL and the 3PDPLL and

P

LRDPLL 15 compared aga;nst sxgnal to-no1se ratiq in the loop

bandw1dth B, or B' in Fig. 34 (for test 1).

-

As expected, for B, / N, ;B' ratios higher thanHZOdB the
BPDPLL outperforms the non-modified DPLL thus allowzng more’

nols at its input for the same RMS phase error.

=Y -

_ . . . P

From (10),(33) -(35), a "Performance crlterlon" measure’

o - 3 ] _f?t "-
Q(A/2-G;,) = Qm (A/2€73 j-Tm(A/ZE;’) / kT . (38)

The best performance 1s obtained for the smallest Q value
for a glven SNR, " when the deszgner tries to mlnlqlze both

the RMS phase error.and the mean acqu1s1tzon time. Using

. the numerical resulta_of the four tests of the prev1ous sec~

-tion, the performance ‘criterion for the LRDPLL and .;33““‘

- ~3PDPLL are compared with that of . che'linear analog model -

". against signal-~to-noise ratio in Fig.35

o

It is significant to note that for low signal-to-noise

ratio (leés than'-SdB) all the curves have. roughly the same

slope no matter what ‘the values of the 3PDPLL<?Erameters

,-;are. For hlgher 51gnal—to noise ratio, the 3PDPLL. outper-

L

forms thé LRDPLL -and substantlally reduces the dlfference in

" performance favorlng the analog loop. : : *

‘
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. An_ absolute comparzson between the dxgxtal 1oops and the:

11near analog 1oop can onigﬁgemoade roughly because of the‘

1ack of d1rect correspondence between the respective {9op ‘

bandwzdths B' (as defined by equation (35)) and B - L‘“‘“f;'
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Chapter VI
EXPERIMENTAL RESULTS J

6.1  INTRODUCTION - | T

" Because of its - high flexibility, aﬁ experimental , system

based on the SDK 85 microprocessor was chosen to conduct the

experiments needed to measure the RMS phase error with vari-

- ous-noise conditions and with input signal freguency devia- -

"tion.. The experimental results are shown to match. the numer-

ical results closely.

The pictures of the input signal, the output phase error
waveform and probability density function are presented .

Finally, a practical hardware realization is suggested and

-sofffer typical applications are discussed.-

v

6.2 DESCRIPTION OF THE EXPERIMENTAL SYSTEM

-

The block diagram of the experimental system is . shown in
Fig. 36 T?e stable fixed_oscill%?or, tﬁé 3PDPLL logic (U/D
counter, -comparator, digital phase shifter) and the phase
comparator functions are all generated by the software cont-
rolling the SDK 85, For inétancé,-the timer gives the sam-
pling commands of the inpuf signal and its control register
defines the timing of the three samples .It is internal{g

controlled and acts as a digital phase shifter.
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6.3 RESULTS ' ' .

The RMS:. phase errors of test 1 of section 5.2 have been ob-
tained éxperimentally and are shown in fig. 37. The corres-
pdn@ing_overali 1ockin§;range B,, the mean acquisition'ﬁime

T, and the RMS phase error égﬂsin'the. noise free condition

(k=1) are presented in ﬁable‘7 . .
TABLE 7 -
SN
~ N \'\.‘.- LY
. ‘ Bo T @Rgs
a 0.00625 £, 80 T\| 3.25
b 0.010¢ £, 48 T | 3.25
c 0.0156 £, 32 T |* 3.25
a | 0.0208 £, 24T | .3.25

"

" The results confirm the choice of the simplifying hypofhesis
and approximations ((12),(13) and f(22))7_fof'ghe-numericaif
analysis. - A picﬁure of the input signal‘waveform'(SNR = 0
dB)‘is shown in Fig. 38.In Fig. 39, the output of the phase .
detector (phase error) is p;ésented for an SNR of 0 dB while

the probability density function of the phase error in the -

e

absence and in the presence of noise are shown in Fig. 40
- ) - ’ -

The Small and the- large phase step correction .as well as
the .variable time between phase. éorregtions (due to the se-
quential filter) are sﬁown'in_ Fig. 39 The discreetness of
the distribution of the phase error is alsé'qlear from the
two picturés of Fig. 40 The aistgnce between thexconseéﬁtive

peaks is equal to the unit phase step.
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Figure 38+ Input signal waveform (SNR = 0 4B}

b

 SNR = 0 dB

Test 14, n=4
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Phase error probability_density in the absence of noise
. \ /‘

SNR = 0 dB

Test 14, n=4

Phase error probability density in the presence of noise

Figure 40: 3PDPLL phase error density function
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6.4 EXPERIMENTS IN THE PRESENCE OF PREQUENCY DEVIATION

-The previous ]sections have dealt with cases not involving

frequency- deviation (Af/f, =0) but this one presents experi-

. mental and computer simulation results obtained with fre-
' quency deviation introduced, aséuming a constant SNR of 10

-dB. The results are shown in Fiq. 41 ThE ability of the

3PDPLL to track frequency-deviation is a consequence of the
widening of the locking-range as ppinteé out in chapter-III

equation (5).

. ) . " ‘ . ‘ )/

In Fig. 42, the phase detector output is presented and

the presence of frequency deviation is demonstrated by'the.

slope of the wdveform. This is shown,  in the picture of
Fig. 43, by the continuity of the shépe of the phase error

probability density function.

-3
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e

Phase error output waveform in the absence of noise

-
- &
-85 2 2 107
. £,
SNR = 0 dB

Test 14

Phase error output waveform in the presence of noise

Figure 42:- Phase error output waveform 1n the presence of
frequency devzatlon :
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.6.5 - HARDWARE REALIZATION - .

'A,hardware reallzatxon of the BPDPLL 1s shown 1n Flg. 44 It

,1s worth not:ng that the "Phase detector" (Flg. 8) can be

practlcally realized wlth a 51ngle hard—llmlter by~sequen- h

'_tialiy clocking the -two rever51b1e counters representing

\

both the random-walk filter and the adder.,. The large and

small phase step corrections. are derlved froh a digital
phase shifter in the digital clock circuit which realizes“
the phase shifts by addzng or deletlng cycles to'a szgnal -of.

Erequency ‘2m timeés the 1nput s1gnh1 frequency This. 1s how'

]

the unit phase step 4 = Jf/m is obtalned.
S

ThlS high clock frequency 1s a definite 11m1tat10n to the

-

hlghest input szgnal frequency. In thelr survey of digital

‘phase-locked;ioops,' LGdsey and Ch1e [l] have demonstrated
that with typicali(off the ;heli) .state of the art loglc
components, -one can build a digital 'controlled oscillator

(phase shifter) that operates from'a:350 MHz internal cldock

(stablef_fixed frequency oscillator). " Hence, for a

5.6 degreeé‘(m=32) quantization error, one can work with a
max imum input-sicnal frequency of 5.47 MHz. ‘Since all :the

other components'needed for the 3PDPLL work well beyond

10 MHz, the critical component that'limits; the high-speed.

application of the -DPLL's is clearly the digital controlled
oscillator. Note that a microprocessor based design yields a

lower speed yet (8 MHz clock, 1-2 ps]inétruttion).

Ceadala

LN

e
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Fig. 44 - Hardware realization of the 3 PDPLL
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6.6 ' APPLICATION '

" The digital phase-locked loop fiﬁds' its applications in the

detecéion of phase, freguency and amplitude modulation, car-
rier phase and bit 'timing recovery to mention only a few"
possibilities, . One of particular interest is the bit and

frame synchronization in burst type transmission frequently

- encountered in.fntegrated,digital subscriber terminals han-

aling both digitized. voice and’ data in the same way
[12].Because of the relative short du:é;ion of the message,
a fas£ acquigztion 6f the bit and frame timing is required
while maintaiﬁing_ some good” noise‘rejec;ion' performance.
This is a t;bical example where the .3PDPLL {(or an extenéﬁd
version) would outperform the frequently used 1éad/lag DPLL
sinée the signal-to-noig% ratio is well abové 0 @B. This al-

s

lows for a valuable mean. acquisit?gg_;&me reduction while
keeping the output RMS phase error at a low level,

-

5



Chapter VII
CONCLUSION

~

The non-uniform sampling DPLL with'sequential loop filter

in which the correction sizes are- controlled by thg

accumulated phase differences of two additional phase
combarators 'has been analysed. The numerical and

experimental results have confirmed the expected .reduction

"of the acquisition time 'wiéh the accompanying small

dégraﬁation of the noise rejection .  Furthermore, the
hardware needed to implement the 3PDPLL has been shown to be

very simple.

Two ‘;oop Performance Criteria’' were succesfully used to
compare DPLL's and illustrate the advantages ané limitations
of the; 3PDPLL. JSpé;ifically the imprévemeﬁt ‘of the
performaﬁce'which approach;s that of an anaiog PLL for high

signal-to-noise ratio.

Moreoyef, the ﬁmprobe@_ability of Tfhe.BPDPLL to track
frequency drift has. beeﬁ demonstrated . and represents an
advantage 1in a system where an ﬁnexpected frequency
deviation; even of short duration Qould throw a non-modified
loop out of lock ‘thus leading to a temporary 1loss of

information.

- 81 - .-
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:Thésé promising results 1eav§ the door open for further
inyéstigation. ‘Applications in carrier phaéé and 5it timing
recovery are to be investigated as these will benefit ﬁ:oﬁ

the improved performance parameters.
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Appendix A

COMPUTER SIMULATION PROGRAM OF THE LRDPLL AND
THE 3PDPLL IN THE PRESENCE OF NOISE

KK KKK 3K K 30K KK R KKK 0K KKK KR K 0K 0K OK KKK KKK HOK KKK
XKXXKX  SIMULATION OF THE LROPLL AND THE 3FOFLL  X¥OKXXX
XKKAKXK ’ IN THE PRESENCE OF NOISE KKK KKK
3K 3 KKK KK K K K KK K KKK K 3K 3 2K 2K K 5K 3K 3K K KK 5K K 80K K 3K K 3K K K K 0K 3K 3K KK KK KKK KK

THIS FROGRAM PLOTS THE BEHAVIOR UOF THE LRDFLLs AND
FHE 3FDFPLL LN THE PRESENCE OR ABSENCE OF NARROW- |
BANL GAUSSIAN NOISE FROCESS FUR FLIXETTINFUT  FHASE
INFUT PHASE STEF, INPUT FHASE RAMF AND CUMFUIE 1HE
KMS FHASE ERROR FOR UP TO 999 INFUT DATA. :

I _ NG

AMy AX ! VERTIUAL SCALES (20%'» 80% ON THE S0QALL)
XL T INPUT PHASE ¢ X(1)=0 ) .
YC1) T INLTLAL UUTFUY PHASE A
I8 T FOR PLOTTING (1=VERY SLUWr2=5HARF ANGLE
S3=NORMAL » 4=FAST)
D 3 INPUY PHASE STEF BETWEEN 2 GUNSELUILVE INFUT UALA
NN ! NUMBER UF COUNSECUTIVE INPUTfPHASE STEPS
NN=1 PHASE STEF .
NN=100-1000 FREUUENLCY uuurnrrou e,
K : SMALL FHASE STEP SIZE (IN RAL.)
C : LARGE FHASE STEP SIZE (IN Rall.)
(L/B MUST BE AN INTEGER)
NW { RANDIOM-WALK FILTER HALF LENGTH
(THE TOTAL LENGIH LS 2XNW+1) - ,
LE ; DISTANCE BEIJWEEN TWO CONSECUIIVE SAMFLES
OF A SAME SET L
TH : THRESHOLL (Qrls2... INTEGER)
K ! NUMBER UF DATA FUOR THE PLOT (MAX: 100)
KT : TUTAL NUMBER OF LATA USED FOR THE ESILMAYLUN
UF I'HE RMS FHASE ERROK (MAX: 99Y)
S/N(DB) i SIGNAL FOWER TU NOISE FUWER RATLIU IN OB .
L I ANY PUSITIVE INTEGER <qssn TO GENERAIE KANLUM NULSE
KFX I NUMBER UF ENFERVALS IN'X AXIS
KEY :

NUMBER OF INTERVALS IN Y AXIS W

L]

.-86_
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(R

3500

CL 50

- XX=XXHRANCLPMI=0.5 !
CYY=YYHRANCL s M) =05, :

CONNC3)=NNCE ) +NX .

87

XAXKX

DIMENSION X(999)rY(999) s IX(250)»IY(250) » IXX(250)
DIMENSION XE(999)rNN(3)

NN(1)=0 ' : oo

NN(2)=0 , : ‘
NN(3)=0 7 -
TYFEXy AM AX  Y(1) LS’

ACCEFTXyAM?AXPY (1) r13

IYEEXs DL NN B L NW O NE TH K KT

ACCEF Xy [iaNs BrCyNWs BEsCONsKsKY 77

NM=0 T '

- XE(1)=0 :
XCLy=n = X .

TYPEXy© S/N (DE) II !
JACCERPTXySN»IT - '

TYPEXy» ‘KFXsKFPYyI0CO2 SUMr13 1+PR1NF:~.1+Yv3:2+Xr4 S+AXLSyD: tXLI‘

ACLEFTX» KFXsKPY s LD

CIF CIDLEQ.S) GUTO 600

L=0

M=0 _

DO 50 I=1,1i

RX=RAN(LyM) "

CUNTINUE ‘
0 1

'e buhrtw)*(lo XK C oabe))

oo 10 I= lyhl

" Xx=0 : . - i

YY=0
ngy 70 J=1s12

LONT ENUE o
ZECSINCXCED =Y (L) )= CXXRSLNCY (L)) =YYRCOSCY (1)) /A)

- NX=1

IF (Z.LE.O+) NX=—] -

CNNCZISNNC2IHNXT

ZE(SINCXC(I) =Y (L) ~DED—(XXXSINCY (D) +HRE) - YY*LUb(Y(l)+Ut))/ﬂJ
NX=1 . .o«
EF CZJLlE.O. ) NX=—1 '
NN(1)=NN(L)+NX : '

. 2= (bIN(X(l)—Y(l)+Ut)—(XX*blN(Y(l)#Ut)-YY*LUb(Y(I) U&)J/ﬂ)
NX=1

IF (Z.LE.Q.) NX=~1

IF (NNC2).BE.NW) 6070 111 -
1F (NNC2)JLE.-NW) GO TO'111 .



O LR LE |

112

10

120

400

600

XXY=0.0
GO TL 112
XXX=R - - .

*IF CONNC3)I=NNC1)) LT CON> XXX=U

XXY=1.0

IF (NNC2)JLT.0) XXY==-1.0

‘NN(L)=Q ' N

NN(2)=0 - :

NN(3)=0 : ’

IF (N-1.LT.I) D=0

XCI+1)=XCL)+1

YOL+1)=SY CLYEXXYRXXX ,
XECLHFLI=XECI) +CXCI) =Y (I+1) IR CXCI)=YCI+1))
CONY INUE )

"TYPEXy ‘RMS PHASE ERRUKR ='rC(SGRT(XE(RI)/NTJB*&/.ZVb)

LF (IU.ER.Q) GOTO 500

IF (lU.NE.1) GUITY 400
FYFEL1202 (XL L1=1920Q)
FYFEL1209 (YC(L) pL=1920)
TYPEL209 (Y(Y) s [=21740)
TYFEL120s (Y(L )y I=41560)
TYPEL202(Y(I)» £=61980)

FURMAT (20C1XsFS5.2))

GOTO S00

DO S5 1=1sK
IXCII=CCUX (L) =AMI X3002 7/ (AX—AM ) ) X204+2000
IYCIY=CCCY (D) ~AMIX300) / (AX=AM) ) X20+2000
LXXCII=CC(E=1)%100) /K)X100
CUN T LNUE

CALL DRAWCIS» IXXsLIYPK)

IF (I0LEQR.2) GUIY 500

CALL DRAW(LISs LXXe IX2K)

IF (I0.EQ.3) GO T8 500

II=( (=300%AM) / (AX~AM) I XP0+2000
CALL AXIS(OsKEXy999920s11)
CALL AXIS(1sKFYr99997050)

GO TO 500

STOF

END
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Appendix B

. NUMERICAL COMPUTATION OF THE RMS PHASE ERROR AND
THE MEAN ACQUISITION TIME OF THE LRDPLL AND THE
3PDPLL

»

LY

A0 KKK KR KKK K KKK KKK K R KOK 3 KOK KKK RO KR OR KKK KRR KKK -
AKKKKEK  NUMERICAL LUMPUTATLIUN UF  THE RMS FHASE  XXXXxX
XREXXkX  ERROR ANL THE MEAN ACLQUISITIUN TIME OF  XKEEXXX
KKKKKX THE LRIOFLL AND THE JFUFLL XRXKXK
20 CKK 0K KK K KKK KK 208 KK KK KKK 0K KKK 2K 808K K 0K0K K K K 30K 30K K0k K

4

L RKKKARRKKKK
X THIS PROGRAM COMPUTES THE RMS PHASE ERROR X
X ANU THE MEAN ACQUISITION 1IME FOLLUWING X
X ‘THE STEF-BY-STEF DESCRIFIION UF CHAFTER 4 X
AR AOR KX KKK
SUCL)  PRUBABILIIY UF A PUSIVIVE GOING ZERU, LhUbble

UCCURKRING BEIWEEN
(I=1)%X180/32~90/32 AND (1~ 1)X180/3. >+90/5’—’\

- . : UEGREES N
S PECI) vt = X(1 1)
PLCL) y——+> = X(2r1)
PACL) pbmmi = X3 L)
F< (I)r++-2r= X(4yl) -
PQ(I)7+++Q\5/X(571) "
PL(L)ge==> = X(&y1)
. 1=1-352
U<+l (L) = X(Z91D)
U<+Nr (L) = X(851)
U3y (L) = X(9yI)
Us=Ns(L)> = X(10rL)
rer) = X(11r1) .
LeL) = X{12y L)
FCL) = X{13+1)
racry = X(14r1)

-...89_
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GO GH

. 100

-DIMENSIUN Y(531)91Y(1)9)rIX(1°?)rSU(53)rX(r4r$JJ

UIMENSION YY(64)9Z(19521)92Z(19521)

TYPEXs." * - ' SR
TYPEX»s“S/N (DB) ?°. o o .
TYPEXs‘ * , ;

ACCEPTXrSN._Z_ . e et

. COMPUTATION OF EQUATION (14) UITH THE ﬁP#ROXIHﬁTIUN

OF EQUATION (22) .

UU=3.1415926
*UU/64.

SN= (10, XX (.1%XSN>)

D0 1. I=1,331 '

- RR=SART (2. XSNIXCUS(A)
T=1./¢1, +0 . 2318641YXARS(RR))
TARETR ({1 .330274X1 -1, BJl'bé)*T+1 7814/8)*!—.5565668)*!+0 31Y3815)

AR=AQXEXF ( ~RRXRR/2. ) /SR I (UUX2

IF (RR.BE.0.) ‘AQ=1.-AQ

AP=ARXEXP ( SNXCUS (A) KCUSCA) )XSUR 1 (4 XUUXSN) XEUS (A)+1.
YCI)=(APXEXP (=SN) )/ (2,%XUY) - .

A=AFUL/ 320,

CONT INUE

PLOT UF THE FROBARLEITY DENSI1Y uF R FOSITIVE

ZERU CRUOSSING

TYPEXs®

L3

TYPEX» ‘CENTER=‘»Y (&)’ SCALE (O0IND FLOTs9PPYINEW S/N)’

TYPEXy “AXIS (0OIND AXIS)”
ACCEPTX»SCeJX

IF (SC.EQ,0.) GO TO 3

IF (SC.EQ.999.) GO TD 2
00 4 I=1,129
IXCI)=77%(1-1)

CONTINUE )

00 5 I=66y129
IYCE)=CY((I- 64)*5+1)/bL)*9999
1Y(130-I)=LYCL)

CONT LNUE .
IY(65)=(Y (L) /SLIXYYYY

CALL DRAW(3yIXsIYr129)

IF (JX.EQ.0) GO TO 2

CALL AXIS(0s12y98561:050)

CALL AXIS(151059999,492850)

GO To 2 '
NUMERICAL INIthATION USING SIﬁSUN $ RULE
K=1 -

N0 &6 I=19325210

SUCK)I=4. X(YCL+1)+Y (I3 RY (CI+S)+Y(I+7)+Y (E49))
SUCKI=SUCKI T2 X (Y CIH+23+YCI+4)+Y (I+6)+Y(I1+8))
SUCK)I=(SUKI+Y(I)+Y(I+202)XUU/ /960,

IF (SUCK)JLE.0.0) BYUN=0.0
K=K+1 (I

CONT INUE )

FORMAT (17(1XsFS5.3))

SM=0.

0O 7 I=2,32

SM=SM+SU(I) :
CONTINUE : »
sn:csn+<su<1>+suc33>>/2.£*2.

.....
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nopool

TYPEX> ¢ ' A

.TYPExsﬁNUHBER 'OF UNIT STEPS BETWEEN THE SAMPLES <1,z,4.\¢1=.163'
TYPEX, ONE UNLT PHASE STEP CORRESFUND ‘[0 180/32 DEGREES’

TYPE®y‘ * .

AccspTx.In P

THIS PART UF 1HE PRDGRAH COMPUTES THE PROBARILITIES OF
OCCURENCE OF .THE & QUTCOMES (+++ ++- +—— —i¢ ——+ -—)
FOR THE 32 PObeBLE PHASE tRRURS

IF_(ID.EG.O) G0 O 8

0o 11 J=1,32

X(1sJ)=0.0 -

X(25J)=0.0

X(3¢J2=0.0

X(4rJ)=0.0 o : ] .
N0 12 K=1r-ID . ' .
Jd=J-K+1 .

JK=J+K

KK=J=-K+33°

CRJ=J+K=-32

IF (JJ.LE.O) JU=sdJ+2

IF (JKWGT.33) - JK=66=JK

IF (KK.GT.33) KK=66-KK

IF (KJ,LE.O0) KJ==KJ+2

XL X=Xy JXHSUCIDD

X(2sJ)=X(2yJ)+SUCIK)

X(3rJ)=X(3s J)+SU(KRK)

X(4rJ)=X(4r )+SURD)

CONTINUE ' '

CONTINUE

60 TO 13

g ¢ I=1,4

D0 10 J=1y32 : S _

X(I+J)=0.0 . . ' X »
CONTINUE

- CONTINUE

't

SUC1)=8uU(1)/2. . ..
"SU(33I=8U(33r/2,

D0 14 J=132

X(Syd)==X(1lrJ)=X(4sJ)

L0 15 K=1sJ
X(S5rJ)=X(SyJ)+SUCK) -

CONTINUE .

1o 16 K=1y33-J
X(59J)=X(S5rJ)+SUK)

CONTINUE .

XCoyJ)zm==X(1sd)=X(2yJ)~ X(ZyJ) ~X (49> X(q;J)+l o -
IF  (X(6rJ) «BT41.0) X{6sJ)=1.000 :
IF (X(6rd) . LT+0.0) X(6rJ)=0.0

CONTINUE

TYPEXy* . .

TYPEXy “X(131) eoves X(69I)y I=1s4y79104..31"
TYFPEXs © * . : .

g 17 J=1v6

[YPE 100!(X(J91)r£ 123343

CONFINUE

TYPEXy® ¢ ‘
IYREXy”’N (RANDOM-WALK FILTER)s TH (THRESHULUryLE. Orlsildes)”
TYFEXy * LITE (MAXIMUM NUMBER OF ITERATIUN)C
ACCEFIXyNWsK Ty LLTE
AlLL=99.999
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0

DOOO

18

(SR
h W

25
24

-

.

LUHPUTnTIUN OF THE AVERAGE TIME SPENT IN EACH blﬂbt

' UU 18 K= 1;39 .

Up= X(lrh)+¥(4vk)+X(b’h)

‘UD=1,0-UF .
X(11»K)=NW/ (UP- UD) (2.*NN)/((UP UD)*(l +(UP/UD)**(NU)JJ

CUNTINUE.

IYPEXy‘ ~

TYPEX» " T(I)y I=1,32°
TYPEXs“ -

TYPE 102y (X(11sK)sK=1r14)
I'YPE 10-:(X(11vh)vh 17!3‘)
TYPEXy " ¢

COMFUTATION OF THE TERMINATION PROBABILITIES
FOR THE 32 PUOSSIBLE FHASE ERROR

KC=2%kNW+3
KL=KC+2 -

K=1 - °°

ITE=0

00 1Y K=1,32

DO 20 I=1,19

DO 21 J=1,21 .
Z¢IrJ)=0.0
ZZ(1rd)=0.0 . :
CONT INUE
CONTINUE -

'JZL(&E+1)/2:(KC+1)/2)=100.00
X{7+K)=0,0 °

X{(8sK)=0.0
X(9sK)=0.0
X(10+K)=0.0
T=0.0

PO 23 =2y (KL=1)

Bg 23 J=2s(KC-1)

ZZCI s )=Z( By d- 1)*X(érh)+£(lrJ+1)*X(byh)+l(I 1yd- 1)*X(5rh)
221+ 1) =Z2( Ly I H+LCI~ 1:J+1)*X(41h)+£(1+1yJ+1)*X(l:h)+£ll+lrd 1)XX LK)

CUNTINUE
CONTINUE

DO 24 I=2y (RL=-1) o

O 25 J=2s(KC-1) :
Z(I,)=ZZ(L»d) .
CONT INUE

CONTINUE

Do 27 Ii=1l,KC
Z(3»I)=Z(3rL0+Z(20 1)
Z(251)=0.0

Z(KL=291)=Z(KL-2»1)+HZ(KL-151I}

Z(KL-151)=0.0

CONTINUE

DO 28 I=1,y(KL+1)/2-KT
XCZsRKI)=X(7yK)+Z(I22)
X(9sKI)=X(2sKI+Z(I,KC-1)
Z(I»2)=0.

Z{IsKL~1)=0,

CONTINUE

ng 29 Im(hL+1)/3—h1+1th
X(BrRKI=X(BsKIFZL(Lr2)
X(10yK)=X(10sKI+Z(TsRE-1)



29
102

777
32

© 800

44

o

“IY(g)=8 . =

L.

Z(Iy2¥=0.0 . S N

L ZLIyKC=113=0.0

CONT INUE ' o -

93
Tiﬂ(?rﬂ)+X(8vN)+X(?7K)+X(10rﬂ) .

ITE=ITE+1l ~ . ‘ .
IF (K.GE.2) GO TD 32 , A

FORMAT (17(1XsF6.2))
IF (ITE.GE,.2) GO YO 32

CTYPEXy CUSHL> USH u<=1 L US=N LVE

TYPEXy® *

FORMAT <1x,4<6x,r6.2>,axvls,ax.13> R .

IF (ITE.GE.IITE) GO TQ 800 | ' .
IF (T.LE.ALI) GO TCU 30 ' : .
X(7sK)=X(7sK)X100.0/T o
X(8yK)=X(8sKIKL00.,0/T

“X(PrKI=X(PrKIX100.0/T

X(10»K)=X(10sK)%100.0/T

TYFE 777;X(7rh)rX(Srh):X(?rh)pX(lO;h)yITtrh

ITE=0

CONTINUE

COMFUTATION OF THE. FROBALITY OF STATE SELECYLIUN GIVEN THAY
A STATE TRAMSITION IS OCCURING £ L(I) 1
TYPEX,» "’ 7

TYPEX» SMALL PHASE STEF (1,2y4y8 FOR M= 2016780427
TYPEXy“K : RATIO LARGE/SMALL PHASE STEF SIZE (IN1thR)’
TYPEXy’

ACCEFTXyKSMsKLA

AMX=0.0

KSS=KSM K

IF (KSM.GE.4) KSS=KSM/2 54

COR=1.0 )

00 41 K=1:64

Y(K)=0.0

CONTINUE -

00 4% K=KSSy64rKSM

Y(K)=(100.0XKSM)/64.0Q

CONT ENUE

KLA=KLAXKSHM -

ITE=0 o

010. 43 K=KSSy&4sKSM

1Y(1)=K-KSH

IY(2)=K-KL&

LY (3)=R+KSM

1Y (4)=K+KLA

1Y(S)=9

IY(&)=10

IY(7)=7

LIS

Do 44 i=1-4 .

IF (IY(I).LE.Q) IY(I) IY(I)+64

IF (IYCL).G61.64) IY(I)==64+LY (1)
IYCL+8Y=IY (1>

EF CIYCI48).61.382) LY(1+8)=65-1Y(L1+8)
CUNFINUE

IF C(LY(1).67.32) LY(5)=7

IF (IY(2).6T.32) LY(6)=8

IF (IY(3).61.32) LY(7)=?

IF (IY(4).6T.32) IY(8BIZ10

YY(K)= Y(IY(l))*X(IY(b)rlY(?))+Y(lY())}*X(lY(é)rlYtlo))

t

YY(R)= Y(lY(é))*X(lY(?)rIY(ll))+Y(IY(4)J*X(1Y(B)rlY(l’))+TY(h)

1
.
e i e e e e kst ok ot i



v - T,

43

93

CGGOGY

60

71

YY(K)SYY(K)XCOR/100.0
CONTINUE '

‘DD=0.0 .

SM=0.0
DO 55 K= hbb!64vhbﬂ
DP=CYY(RKY=Y(K))X¥(2.0)+DD .

YIR)=YY(K)

SM=Y (K)+SM
CONTINUE
CUR=100.0/9M
ITE=ITE+2

©IF (ITEJ.GE.200) GO TO 522

IF (DR.GT.AMX) GO TO 446
DO 52 I=1.32

X(12,1)=0.0 -

CONTINUE

DO 50 I=1,32

X(12y1)=YCI)

CONTINUE

D0 St I=1,32

X {12y I)=X(12

CONT LNUE
IYFEXy :
IYPEXy ‘L2I)  L1=1932°

TYPEXy®

FYPE 102y (X(125J)rJ=1r16)
TYPE 102y (X125 02 5 J=17,32)
TYPEXs “NEBR OF L[TERATION=‘»Ll1E

ASM=0,0 - °

DY 53 K=1r32 -

ASM=X (11 yK)IKX(125K) +ASH
CONTINUE |

AMB=0.0

o0 54 K=1y32

X(IZsK)=X(11rR)IXX(12,K)/ASH

P LYY (65=1)

- AMA=AMARFCC(R~0,5)%180.0/32.0) %% (2

XC13yK)I=100,0%X(13yK)
CONTINUE

aMR=SART (AMR)

TYPEX,” “

IYPEXy “F(I) » I=1+32"
IYPEXy” .
TYFE 102y (X(13sJ)rJd=1r1%)
VYPE 102, (X(13r D) »d=1/232)
o 929 K=1»32
X{7+sK)=X(Z2+K)/100.0
X(BrHI=X(8»K)/100.0

X I=X(PrKI/100.0
X(10»K) X(lOrh)/lOO 0
CONTINUE

NUMERICAL COMFUTATIUN OF THE TImE BEFURE ACUULSITION
(IE. BEFORE REACHING THE MINIMUM ERROR FOR THE F1RST
USING THE XXGAUSS SEIDEL XX METHUU

X(145,2)=X(11+2)
D0 &0 K=2r31

CONTINUE : i
X(14,1)=0.0" !
ITE=0
no=0.0

v0)IRX(137K)

CX(l4y(K+1))= (X(14!h)+X(11r(h+1)))/hbﬁ

94

N l-)



AL ot SO oS 1e |

&7
&8
70
65

&6
69

61

200.

205
206

201

. SM=0.0

95.

DO &1 K=2y32
IY(1)=K-KSHM

AN (I =RSRLA L

IY (3)=K+KSM
IY(4)=K+KLA
YY(K)=0,0
IF ¢IY(L).LE.1) GO TU &6
IF (Iy(2y.LE.1) BO TU &0
IF (LY(3).6T.32) IY(3)=65~ IY(J)

CIE (IY(4).GT.32) IY(A)=45-1IY(4)

IF (IY(3).EQ.K) GU TO-&7

IF (IY(4).EQ.K) GU TO &8 ° -

YY(RI=XCL1IpRIEX (7P RIRX (14 IV (LI HX(BsRIXX (245 LY (DD D0
YY(K)= YY(h)*X(?rh)XX(14rIY(3))+X(10rh)*X(14le(4))

GO TO &9

IF (IY(3).EQ.1Y(4)) GO TO /0O . :

YY(K)= X(llrh)+X(7rh)*X(l4rIY(1))+X(8yh)*X(14rlY(’))
YY(h)"(YY(h)+X(107h)*X(1471Y(4)))/(1 0= X(?rh)),

GO .TO 69

IF (IY(3)LEQ.IY(AY) GO TO 70

YY (KD X(11:h)+X(7rh)*X(14:IY(1))+X(8rh)*X(14le(°))
YY(K)= (YY(h)+X(9rh)*X€14rIY(3)))/(1 0=X(10sK))

GO TO &9

YY(K)= (X(11;&)+X(7rh)*X(14rIY(1))+X(Brh)*X(l4le(’)))
YY(R)=YY(K)/(1.0~ X(?yh) ~X(10sK)) -

GO T0O 69

YY(RY=X(7yKIXX(145 LY (1))

YY(K)= YY(RJ+X(11yh)+X(9rh)*X(14le(3))+X(10rh)*X(14rlY(4))
DE=D0+ (100, 0K (X (14K}~ YY(h))/YY(h))**(‘)
X(14,K)=YY(K)

-SM=SM+X(14sK)

IY(K+32)=YY(K) .
CONTINUE

ITE=ITE+I

IF (ITE.GT.200) GO TO 206
FURMAT(17(1Xs14))

SIF (DUL.GBT.AMX) GO TO 71

TYPEX, <
TYPEXy 2 10CL)  I=1,32°

CTYPEX,” *

TYPE 200y (LIY(K+32)yK=2y16)
TYFE 200y (LY(RK+32)sK=17532) -

TYFEXy* ~ , ,
FYPEXy - MEAN NUMBER OF SETS OF SAMPLES =7 ,SM/32
TYPEXs ‘RMS FHASE ERRUOR (DEGREES) =7 y AML
TYPEXs’

TYPEXy NEW SMALL AND LARGE STEP 7 (YE$=1)~

ACCEP I Xy NEE .

DO 501 K=1,32 : c e
X(7rK)=X(7rKIXLO0.0 . —~
X(ByK)I=X(8sKIXL00.0 g
X(PrK)=X(9yK)IX100,0

X¢10yK)=X(105K)I%X100,0

CONTINUE '

IF (NEE.ER.1) GO TO 500

STOF -

END





