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Pre face

This thes i~; 1~ the result of an ir.ves ti , :tt~ on of aun d-

rature clock modulat ion (~ C~i) Ver su s  t m ary and quadrature

phase s h i f t  keying (BPSK and ~~1~~~K )  In the  presence of Inter—

symbol In t e r fe rence  ( I s i) .  QC~ is a m o d i f i c a t i o n  of normal

BPSK In wh ich  the a l te rna te  data b it s  are t r a n s m i t t e d  on an

orthogonal ca r r ier .  QCM , when compared to ~‘i’~ K , was found

to improve the da ta per formance  of a c om mu n i c a t i o n  sy st e m

which is l im i t e d  by in t er symhol  i n t e r fer e n c c .  ~CM , wh en

compared to Q1’S K , was found to be s 1 1 1-h t ly in f e r i or I n Ca t.~ ~

performance.  The ca r r ier  tracking characteristics 01’ QCM

and BPSK we r•~ also i r.ves t i~~a t~~d in the presence of I~~I , and

QCIVI was found to have the .~ame car r i e r  t rack  ~~~ cha rac ter -

istics as PF~~~. In a d dit i o n , the en ergy pena l ty  for  track-

ing a QPSK signal versus a binary modulated signal was ob-

tained under no idi c o n d i tio n s .  Th i s  pena l ty , tc~’ether wi th

the almost  equal d a ta  pe r fo rm ance  ot’ ~Ct~ and ~FSK , su~’ge s t

that QCM could poss ib ly  he used as a b a c k — u p  sys tern to ~FSL
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A bstract

Quadrature Clock ~1odu1ation (QCI~i)  is a b inary phase

sh i f t key ing (BPSK) techn ique in wh ich alternate bits are

transmitted orthogonall y. Compared to normal LFSK modula-

tion, QC~ improves the performance of a communication sys-

tem w h i c h  is l i m i t e d  by intersymbol interference (IsI).

Compared to quadrature phase shift keying (QFSK) for the

same information rat.t’s , QCt’ is sli~ htly inferior in data

detection performance. The averagt carrier t r ack ing  cap-

ability of a ~C~i sch~~a- it; equal to that of PFSK for the

samo closec-loop bandwidth and time bandw id th  product (BT)

of the channel f~Iter at a snecified signal energy to noise

r a t i o  (Eb/No).

The data detection performance for QCII , I~}’SK, and QPSK

is analyzed by comparin ’ the one-shot probability of error

cond itioned on a phase error as a f un c t i on  of Eb,”No and BT

for a specifieci channel filter. Carrier traci~iug perform-

ance for QC~t and PFSK is analyzed 1’:, obtaining an average

phase error vaniitrtce for the linear model c~
’ a Costas loop.

In computing both the probability of errcr and phase error

variance , the intersymbol interference is modeled from a

truncated data sequence . In add i t ion , the bit energy pen-

altv for tracking. a QISK signal versus a ~FSK or QCM si~~al

wi th no IS~ is exa’:ined.

QC~t1 o~’f~ rs am. advantage in data detection performance

over BPSK for low L’ nroduc t.s, an d an apparent advantage

over’ QFSK in better carrier tracking in the presence of a

viii
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If not compensated with an increase in transmitter power ,

the resulting performance of the system will suffer. Sec-.

ond , reinforcement or cancellation of the desired decision

variable from the other data pulses occurs on a random basis.

The net result of this random process is reduced system per-

formance .

Various me thods have been employed in an attempt to re-

duce the effect of intersymbol interference. Linear equal-

izers can reduce intersyinbol interference ; however , soire

additional noise is introduced that reduces the total ef-

fective signal-to-noise ratio of the channel below that of

an ideally wide channel (Ref 1). Nonlinear decision feed-

back equalizers introduce less noise ; however , they only

consider past data bits. Other technique s , such as partial

response and coding schemes , have also been used to reduce

the effects of 131.

Another metho d, quadrature clock modulation (QCM), in

which the alternate data bits of a binary phase shift keyed

(BPSK) system are transmitted orthogonally, has been sug-

gested as a means to reduce the effects of 151 (Ref 2).

A comparison of QCM to BPSK has been made (Ref 3 ) .
11

However , because of the increasing emphasis on multiphase

systems ar1d s ince QCM requires the additional complexity of

a quadrature channel , QCM should be compared to quadrature

phase shift keying (QPSK ) ( R ef  4 t 3 3 3) .

Background

The Defense Communication Agency ( D C A ) ,  the directorate

2
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de tect ion and c a r r i e r  t r ack ing  components  for  the three mod-

ulat ion scheme r are di scussed,  Second , the va r ious  Vie W-

points of a n aly z ing  in ter -symbo l  in t e r t ’erenco are examined .

Third , the scope and l i m i t a t i o ns  of the prob l em r e so l u t i o n

are sta ted .

System D e s c r i p t i o n ;  The signal sets for the three mod-

ulat ion scheme s are shown in Firure 1. The signal set  for

QPSK can he thou~ ht  of as two independent  b ina ry  channel ; : .

For t h i s  reason , L~PSK has hal f the data or symbol b a n d w i d t h

of BPSK for the sa~o information rate .

Quadrature clock modu la t ion  is a binary modula ted  trans-

mission scheme in whi ch  the a l ternate  data symbols  are tran s-

mi t ted  on an o rt h o ~ onai sirnal . Thus , .IC~ ha s the sa me ~ia t.a

bandwidth as BPSi~ for th e  same i n fo rma t ion  rats . in th is

thesis , a BT of 2a for QPSK corresponds to a lIT o C a for

BPSK and QCM at the same info rma t ion  rates and usin~ the

same channel filters .

A modulat ion scheme for  QC~1 is shown in Figure ~~~ . The

logical data sequence , the I sir :nal , is transmit-ted alter’-

nately on the s ine  or cosine channel.  For th is  thesi s , the

sine channel corresponds to the odd data pulses  and the  co-

sine channel cori ’osponds to the even data pu l ses .  :‘ecaues

the data is t r a nsm i t ted  or’tho~’ona l ly ,  the e f fe c t s  of i n t e r -

symbol in te r fe rence  are reduced,  In par t icular , the ad-

jacent in te r ferenc e  of  the previous  and past data pulse::

are t r ansmi t t ed  on an or thog ona l  c a r r ier  and are n o t  ap-

parent to the data de tector  if p er f e c t  phase coherence can

- --_-‘__~~~, ; . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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be ma in t a ined.  Even if p e r f e c t  phase coheren ce  canno t he

mainta ined , the effects of 131 can still be ’ si gn i f i c a n t l y

reduced for phase errors of less than ~/ L~ radians.

The data detector  for these m o d u l a t i o n  sc~i~ mes is shown

in Figure ~~~ . For BPSK and ~~~ the o u t p u t  of the VCO is the

re ference signal . In the case of QC~~, the re ference  signal

is shi f ted  by ~/2 radians wi th  every da tum pulse .  This

c locking  of the re fe rence  s ignal  causes the data to always

appear on the cosine leg of the Costas loop.

S ince ~PSK arid ~ CM arc b ina ry  rn odula~~ed , the ca:’r ior  can

be tracked as shown in F igu r e  i .  For Q}’S K , however , with

its quadrature m o d u l a t i o n  set , a r efe r ’ence signal external

from the data de t ec to r  mu st  be pr ovide’J to “osolve’ th:  trod-

ulation ambigui t ies  and r ecove r  the car rio:’ . A Cost as  loop

that tracks a q u ai r atu r e  signal (N ~4 Coot as  loop)  is sho,vz ;

in Figure L~•

Inter symbol Tnte: ’ fer enct ’ . The e f fe c t s  of inter symbol

in te r fe rence  on data p er f o r~ anco and c a r r i e r  t r a c c in g  is the

main sub jec t  of this thesis. The problem of sy st e m  evalua-

tion is how to calculate  the ~rohah i 1 i t y  of error  or carr ier ’

t racking parame ters so as to include  the e f f e c t s  of  inter-

synhol i n t e r f e r e n c e .

For the data det e c t i o n  pr oh~ t m , the major  e f f o r t s  hav e

been in two areas . F i rst ,  var ious  authors  have a t t em p t e d

to f ind dens i ty  func t ions  or bounds on the p r o bab i l i t y  of

error which include the e f f e c ts  of in t e r ’synhol  i n ter f er en c e

(Ref’ s 6,7 ,R , ‘) , lO )  . Four ty:ec s of ~‘ounds h a ve  b een  suggested

7
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(Ref 9). The wors t case boun d assume s tha t  all in terferers

add in phase; therefore , this boun d is too pessimistic to

represent a data detector. The second is the Chernoff boun d

(Refs 7,f). These bounds are difficul t to obtain when the

number of signalling phases is greater than four. Also , the

Chernoff bounds tend to be a fairly loose approximation and

become more inaccurate as the numb?r of poles in the filter

increases ( R e f  ~;51). Another method is by a pair of con-

verging bounds where a lower and art upPer bound are foun d

in terms of marginal distributions (Ret’ o). These paired

bounds are d i f f i c u l t  to obtain as the number of signalling

phases increases. Also , they do not model or represent the

errors due to crosstalk between the in-phase and quadra tu re

channels that appear in QPSK. The four th  typ e of bound as-

sume s that intersymbol in te r fe rence  car. be treated as add i-

tive Gaussian noise w i t h  the same power. However, work by

Shimbo , Fang, and Celebi ler  discoun t th is last me thod.  Den-

si ty functions , approximating intersymbol interference, have

also been generated (Ref  10) .  The dens i ty  fun c t ion  me thod

appears to have mer i t;  however , based on observat ions of

d i f f e ren t  pulse responses , th i s  author  ques t ions  the par’-

ticular series representat ion of the inter-symbol intert’er-

ence. It would appear that the c o e f f i c ients in the series

would have to be matched to the spec i f i c  f i l t e r  being mode led .

The second approach that  has been suggested is to nume r~-

ically calculate a f i n i t e  number of in ter ference  terms ~Ref

ii). The major limitin g factor in this method is the number
1

10
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0 f compu tat Inc :‘o as o t’ xponen t I a L i v  as the  love  1 of  mod-

ulation sI.- -rt a~ s iner ‘ase. The I in to c a l c u l a t i o n  m e t h o d  ‘,s

a lso an a pp  so x an, I on to an e x a c t sol ut  ion wh I ch c en a I as

an m t  m i  to ~~ mt ’e r ’  of  c: ’mu . i” o:’ ~I’fl\ and ~i ~~~~ t h e  ce :rd ~r i —

aton al poss lb  I it i’s are w i t h  in reason , aad 1’ m l  to ealL ’ u —

lat ion w i l l  be used t’er t.h is t he:: is . A! so , this metho d  o t ’

n u m e ri c a l  s i mu l a t i o n  ~endu  I t s ol  t’ to e n s  liv ev:i~ ,ia to an c x —

pro us ion t’o r t h e  pha r :  e e r ’ror var I ,mc e o I’ the ‘,- 
~~ or’ ~~~~~~

carrier’ t :‘, c k r-. - - 1 oo p 1 r, t h e  pro: ’ :a’ e o :‘ t o  r’sy :n b~ 1 a ci’ —

ter’ t’t~Ce

W 1 th th ‘n s me t hod i t is no c on: a ~‘v t o do to :nn a’ how nra : v

hits 0 f a t runc  a t o  ~i ue~ n r c  no e to in c l u de  . 3 on es has foun d

e x c e p t  for  :::‘ra i i  P ~ r i ’odnn c  t s , sa t is t’ao o !‘\ ‘ so’.: a~ s ca a be

obtained w I h t-~ - ‘ ti~1 ‘ i ’  O~’ t i n t o  ‘ I I’’ t ‘‘ ‘‘ ‘o ‘‘- ‘‘~oc t ‘‘ n ’” - :

( R e f  111 1 . a ‘~ . th I t h o u  is  , t h- ’ ~Ia t a n t ream w 11 be t r ain —

ca ted so as to Inc I udo in t ’r’svrnho 1 inter fo so n’s tha t ar’ e w th —

in a spec i t’ ~ed po~~c S tht ’o she!  d :‘e 1 a o to t h e  ma ~iot’ datum

pulse

Prohl  ~- n ~n f o l  t : t i o ’ n .  -:‘h e :~:t jo: ’ o b j e . ’ t i v e o  th , t  t. w i l l  be

resolved by t h is the :;  is are  I 3 ompa: ’c bi~~~. to ~~~ t ’e t’

va ri ous ~T pt’o~nuo t .s and  r ’, ,d— t o — n o  i s -  r a t i o s .  ~. ‘ ‘I

pare ~FSK to ~3~: for’ the sam~’ : ri f o r - n a  t en ~‘:l to: :  , t’ it ~ r’

bandw Id t h u  and train :: a i t .  to r p ow t ’ n’s . ( ~ ~ b ta in cx p oun ; ions

for phase ~‘ rset ’ v - e r ’  i ntnc e ot’ a car’s i-n track I ~~~~ I oop t’o r

~PSK and ~~~ in  t h e  pro sen&’e o t’ 131 . Compar e t he eut ’r’ : v

requl semen t e  for the cat’s icr tn ’aok i n : ’ o :‘ ~~~ ,tnd ~~~~
‘ ve r s u s

QFSK .
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Fundamental. A u~’:-’tions

Assumpt ions  must  he made to narrow the problem to one

which can he easi ly solved. Tho se assumpt ions  -lobal to

the entire system are riven here ; assumptions needed to de-

velop a specific equation or concept of the mathematical

models will be stated as required in Chapter II.

Because data performance and carrier  t racking are in-

terrelated , an exact solution would require a simultaneous

nonlinear ar’.alysis of the problem. However , for practicn~i

applications , the carrier tracking performance  can be sop-

arated from the data detection problem. The basic assump-

tion to this approach is that the carrier tracking device

is initially in lock , at some of f s e t  phase error , and re-

ma ins constan t over the range of specified signal-to-noise

ratios . Another  way of s ta t ing  this is that  the car -r i --i’

trackini- device continues to track for a few d3 of signal

to noise degredation beyond which  the data de tec tor  f a i l s .

The data detector of Figure 3 is assumed linear so su-

perposition is valid and a baseband model can be analyzed.

The phase errors are assumed to be small so the carrier

trackinr loop can be replaced by a linear model as shown in

Figure 5. Also , exact timing information is assumed for

proper operation of the intogra~~- and dumt ’ circuits and for

the n/2 phase shift of the VCO output for QC~ detection .

The noise process added to the signals prior to detec-

tion is a zero-mean , stationary, Gaussian random process

with a two-sided power spectral. density cf No/2 (watts/Hz).

12
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The final assumptions concern the data . Each bit  of

continuous data is assumed to be statistically independent

and ident ica l ly  d i s t r i bu t ed .  The one-shot p robab i l i ty  ci’

error is computed assuming ar-i uncoded data stream for both

the BPSK and ~~~ cases. For QPSK , a Gray code is assumed

so as to compare a ~PSK b i t  p robab i l i ty  of error to the

other cases. Also , any phase ambiguities in phase tracking

are assumed to be resolved by differential encodIng of the

data .

Research :.:~ ~h,or ~

F i rs t ,  all of the necessary mathematical models will be

developed to answer 4’~he major  ob jec t ives  of th is  thesis.

These models wi l l  then be programmed for numerical analysis.

Case .results for data detec tion performances will be ob-

tained for QCM versus ~FSK for BT products of 0.5, 1.0, and

1.5 and with f ixed  phase errors of 00 , 100 and 20° . ~CM

and QPSK will be compared at the same information rate , fil-

ter bandwidth and transmitter power for BT pairs of ( 0 .5 ,

1 .0) ,  (0 .75 , 1.5), and ( 1.0 , 2 . 0 ) .  The carrier tracking

phase error variance for  BPSK and QC~I will be given for BT

products of 0 .5 ,  1.0 , 1.5~ and inft - ’i ty . Final ly,  the car-

rier tracking penalty for  a ~PSK system under no ISI con-

dition s will be investigated.
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In th in ’ ch.i z ’ t o t ’  t h- :‘~ s e.’ n a  ed 1 ‘or ‘ ‘al ,:a t ~ a:’ t a- ro t ’ —

formance of ‘Pi:h-. , , :‘_ n ,d , ‘Jh I:: - t v ’  io;a-d . F it’s t , a use—

o ~f Ic Cheb’,-uhev t ’ l i t er ’  is  des~ r’ j b- ~r hi w ii 1 be ~~:t ’~i i t ’  he

anal ye is e t’ a 1 1 t h t ’~ t’ S I :‘ri:i 1 1 1 n:~ sob: :‘ . ~ow- vet ’ • the sot’ —

formance eqaa t i erie for’ Pi~SK , ~IC~- , and _
~i 3h ~t’r I ye  d in  the

presence of 131 c o n t a i n  a ~‘- -ner’ :tI fi I t ot ’  ton ’ : ”.. ‘h ’  nba : ’

error’ v ,u’iano fo r ’  t a o ~ - Ce:’ t as lee:- Is dot’ ivod Is t ’  -

presence  c t ’ 13 1 fo r  ho t h P i 3~ a nd .~3h . I n: 1 ly , t ho en- - s. :.

penal ty for ca : ’t ’i e t ’  t r a ck  in:  ot ’ a ~F3i-~ s’. s t :’: ve r ’s :s P13k

or ~Ch In : o b t a in e d .

Ch ehv ::h- ’ v -‘ - ‘
~~~~ 

- S

The e f f e c t s  o f  i n t ~ - r:; , :nhe i .  i n t o r t ’e:’osoo a:’ -

izod , in s ir  t. , by the pulse :‘e::r’oSsCs p t c: t he  osanne I

f i l  ters . ~be use e t’ mime r cal a n n iv e  I:; d Ic  ~ a t e n :  a aec i s  j o t :

for the m o de l  o t’ the :~.Ii t o : ’ . :-c~ ha :: s t ’o t -osed  a :a:c t en :  th ,n t

ut i l i ’oeu  enr t ’ t’:ice , e : r s t . ~~c icavo f :l te s : :  t-L~~t h av e  a

s imi l a r  to a f i v e  — nc le br t te :‘we s t h 1 1 to S. howe ye:’ , the I a—

pulse so : :ponse e t’ be  ::e t’ ii ter’s wan: no a’.’ ,t I 1 able for ~eo in

this  thea i s .  I t  ha:: Is en shown t.h~~t , in eener:l1 ,

bol in t o  r for  ace inc :‘eauon: w I th an Inc so ~ise in the r:unrbe :’ o

poles ton c t ‘~ Cho ~~\ \ u ~ ‘ i t ’  ~ t ’  1 + ( 1~

With the hiloscri -,v of obtainins a c lose  r rnee r  houn d by  i n —

creasin:t the ~~l:’n: by one , Nielsen chose a s I X — P O l O  CheI’v—

shev filter to mode 1 tb- - n’hanne 1 :‘ 1 1 to:’.

In order  to correlate the  :‘~a’’sI te of a is the:: In: with

15
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those of N ie l sen , the f i l t e r  response that he chose wil l

also be used here . The transfer function of the six-pole ,

0.1 dB Che by sh ev f i l t e r  is

GbO
H(s) = (1)

+ b5s5 + b1l~s~ + b3s3 + b2s2 + bis + bO

where G is the gain and

bO 0.20713 b3 2.77Q0b

bi = 0.90176 bt~ 2.965?5

b2 2.0L4.7~~ h5 1.71217

and the f requenc y is in radian/second (Ref 12z290 , Table A.

2).

The pulse response of the filter is obtained h:i u sir ic

two computer programs. Factors of the denomina tor poly-

nomial are obtained from FOLY (a local polynomial evaluation

routine). These factors are then used to evaluate the step-

response H(s)/s with PARTL . I’ARTL is a local Heavys~ de par’-

tial fraction e xpans ion and time response program . 30 th of

these programs are b r i e f l y  d i scussed  in Appendix A .  The

step-response of the filter with uni ty gain is

r( t) = 1.0

+ 0.9~211 exp(-0.31334t) sir.(O.773’,39t + i i 6 . i 6~ ° )

+ 0.~~ 237 exp (-0.11~l’69t) ein(1..0565t 
— 19.727°)

+ 2.)20c0 exp(-0.42806t) sin (0.2~ 3lOt + 229.3L-l~1°) (~ )

The pulse response is obtained from p(t) A(r(t) --

I :

16

S . -  - -  -, S.---’ -
-- 

5-- -~~~~ 5- -— —5-- --- 5-



- --- 5-—-- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

~~ where A is the normalized voltage magnitude of the response

and T is the pulse time duration; A will be varied to ob-

tain appropriate signal to noise ratios for the plots.

Equation 2 is modified to obtain a step-response in

terms of BT products . Applying the f requency  scaling factor
• I Iin the form t = BT2irt , where t is the new time variable ,

yields an expression ir~ terms of BT products . The ~T prod-

uct is defined to be one when the One -sided bandwidth is

one Hz and the pulse duration is one second .

The pulse-responses for three BT products for this fil-

ter are shown in Figure 6. This figure illustrates the in-

creased distortion or spread ing caused with lower PT pro-

ducts . Also apparent is the delay that  mus t be applied to

the integrate and dump circuits to maximize their outputs .

This time or group delay can be obtained in a number cf wa:~’s.

Jones evaluated the derivative of the phase function of the

filter (Ref 11~ 126 , Eq 14~1). However , Hansell suggests the

S use of a f in i te  d i f fe rence  method whenever a baseb~ r:¼l no b- i

is employed (~ ef 13). 30th methods are suboptimum in ob-

taining the minimum error of probability because th ey  fail

to consider the nonlinear  phase terms .

Nielsen integrated numer ica l ly  w i t h  a constan t one .~cc-

ond interval in increas ing increments  along the pulse re-

sponse unti l  a t ime delay was found that  y ie lded  a maximum

output. However, the time delays that  Nie l sen  obta ined  for

his filter are suspect by obsorv~ tion of his Figure ~ (Ref

3:20). It is surmised that  Nielsen had an error in his
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program wh ich  resul ted in a narrow window of in t eg ra t ion

time rather than the one second interval . This is because

his delay times correspond to the peak of the pulse-response

By duplicating the me thod that N i e l se n  used , corrected

values of time delays for this filter were obtained. The

results are shown in Table I.

Table I

Filter Delay

PT 1, sec

Nielsens Corrected

2.0 * 0.38
1.5 0 .65  0. 52
1.0 1.0 0.7& ’
0.75 *
0.5 2.0 i.60

*Not computed (From Ref 3s19) 
— 

-

BPSK

The probability of error equation for hP~K with no in-

tersymbol in terference is f i r s t  developed.  Al though  t h is

resul t is well known , the develot rn ent  s~.’i ’ve s as a blueprint

S f or BPSK , QC~1 and QP SK in the pr esence of int orsy mb ol i n t er ’-

fere nce.

Transmitted BPSK signals may be represented as

z ( t )  \IT z m.(t- IT) cos(’,)t + R ( t ) )  ( 3)

I
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where m~ (t) is a T-second rectangular pulse of unit ampli-

tude with sign ~ 1 dependirn’- on the 1th data value , and e(-t )

is a random process representing phase instabilities. For

this th” s, T will always he one second. The received sig-

nal is y(t) x(t) + n(t), where n(t) is zero-mean , white-

Gaussian noise wi th power spectral density No/2 (watt/Hz)

(Ref 4: Chapters 5, 6 ) or (Ref 15: Chapters 1,4).

The baseband produc t of y(t) and the cosine reference

signal r(t) after lowpass filtering is

y’(t) = ‘if Z m(t-it) cos~ (t) + n1
(t) (4)

i

where ~~( t )  is the phase error between the incoming phase

G ( t )  and the estimate of ~(t) made by the VCO .

The ~th data signal o u t  of the integrate and dump ( / ~ )

circuit is d 1 ~~ 
(~~)dt , where I is the 1 th data time IT + 1’

to iT + T + T seconds . For this thesis , the data will be

obtained in the 0 th data interval . Assumin g that  the 0 th

data bit m 0 = 1, and that ~~( t )  is constan t over the inte gra-

tion interval , the output from the I/D circuit is d0 =

r~/~ cos~ + N , where N i,s a Gaussian random variable with

zero mean and variance N0T/2.

The probability of a decisicn error, based on the hy-

pothesis that the 0th data bit is one and the phase is

constant, is P(error~m0 i .e) r(T~~
’ cos~ + N < 0). But

this is just the ~tail” of the Gaussian densi ty of the ran -

dom variable N integrated from negat ive  i n f in i t y  to -T~~ cos~

In terms of an er ror fun ct ion compl ement

20
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P(error~ rn0 i ,~~) 
! erfc(\~~~~ cos~~ (5)

The total probability of error conditioned on the pha se

error is then

P (error ~~~) ‘~~
- erfc(\[~~ cos~~) (6)

for equal a priori probabi l i t ies .

BPS K wi th I nt e r s y t~hol Tnt ’f-.’rerce

In the p r e v i o us  secti on , the conditional probabilit y

of error equat ion  was developed for  BPSK where the trans-

mission f i l t e r  was assume d wi de re la t ive to the da ta  band-

width . This  assumpt ion  is no longer valid as PT products

become sr ialler .  The 1th modulation pulse term , m •~~t-iT),

is distorted and spread in time as it passc- s through the

f i l te r .

The input  to the data detector  w i t h  m in t e r fer i n g  pulses

is

y ’( t )  ~JI’ Z p ( t — m T ) co s(~~t + e ( t ) )  + n ( t )  ( 7 )
m

where p ( t )  is the puls~ -res~ onse of the filter convolved

with the 0 th data pulse. This expression shows the addi-

tive nature of the in tersymbol  in te r ference  relative to the

desired data epoch (m 0).

With the sign of p(t) held positive , corre spon d in g to

a one be ing sent , the noiseless out put of the I/D circuit is

S V~T cosi~[ f ~p(t)~ dt + ~ J’ p(t-mT)dtl (~~
) I.

I m l
m.~ O
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where the last  term represents  an i n f i n i t e  summation of the

in ter ferers  seen in the desired data epoch , and I is the 0th

interval from ~ to ¶ + T.

For compu ta t i ona l  purpos~:s , a t runca t ion  of th~ rn in-

te r fer ing  data pulses is necessary.  The number  of f u t u re

pulses (or bits ) are determined by the group delay of the

filter for a desired BT product. Past bits are contiguously

includ ed for th e wor st PT case unt i l  a pow er thre sho l d ~-cl a-

tive to the desir—~d data pulse is reached (20 sP ~~wn).

Table II shows the past and future hits considered in the

numerical computations for BPSK and ~~~~ The num ber of b i ts

for the QPS K case is discussed in that  s ec t i on .

Table II

Number of Pit s ( K 3 )

BT Past P i t s  (R I’ ) Future bi ts  ( i~~ )

0.5 7 2
0.75 7 2
1.0 -8 1
1.5  8 1

}~B = K P +KF

The probability of error for PPSK conditioned on a

phase error and a truncated data se~-iuence is

P(e~~~,cIata ) = 

KB 

cosc~C~ I p ( t ) I u i t +

z ,f1 p(t-mT)dt)) (9)
Jo

I
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whe re the truncate d sur~mation inclu des only those RB in-

terfering bits from Table Il.

With the weak assumption that inte:syrn~c1 in ter fe rence

and phase error are indepen dent , the probab ility of error

conditione d on th e phase error is approximate d as

KB1 2
P(eI~~) = — ~ P(eI’~ ,data .) (10)

2~~~i 1

where the conditioned error equation is sunvned and averaged

over all possible bi t  combinations for a data stream of

length KB + 1.

~~~ with Inter’symbol Intert’c’rence

The receive d si~ma1 for QC~1 is an a l terna t ing ~iuadra-

ture signal that is binary modulated. The -~C~i signal is

best represented as a PPSK signal in which th e carrier is

shifted by ~r/2 radians every datum pulse .

The input  to the data de tec tor  is

y ’( t )  = ~P[ E p ( t -m T ) cos(~j t + o(t)) +
m

even

z p(t-mT) sin (~~t + e(t))j 
~~n(t) (~,i)

odd

where p ( t )  is the pulse response r e su l t ing  from the convo-

lution of the desired dat um pulse m ( t )  with the impulse —

response of the transmission f i l t e r  as in the previous sec-

tion . The receiver of Figure 3, page 8 , has a clocked

2 3
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re ference signal so as to always output the data on the co-

sine leg of the Costas ] .oop; exac t  timin g for the clock is

assumed.

Again , w i th  the sign of p ( t )  held p o s i t i v e  correspond-

ing to a one being sent , the noiseless  output  of the I/D

circuit is

S = ~/T’T[cos~~(j1 Ip (t)Idt + ~ f1p(t-mT)dt) +

even
m~~0

sin~ ( E f  p ( t — m T ) d t Y i  ( 12 )

odd

This equat ion , when compared to ~q ~~~~, shows the reduction

of the odd interferers relative to th ’ u~ s h-ed datur-. epo~h.

This resul t , when comp ared w i t h  ~q I ‘~ in ~ iels.-n ‘s thesi

d i f f e r s  in the a d d i t i o n  of the sine tern . This term was

included because i t  represents  the demodula t ion  d i s t o r t i o n

caused by the s ine channel when per~’ect  co~”erent  d e tec t i o n

cannot be ma in ta ined .  As the carr ier  t r a c kin g  phase error

increases to ~~ radians , the QC~ signal from the I/I) cir-

cuit  degenerates to that  of the 1~FSK case . The one-shot

probabil i ty of error for  QCM c o n d i t i I l 1~ d on a pt~r t i c u l a r

phase error and data sequence is

P ( e I~~, data ) ~ erfc [~~~~~~C c o s - ~ (J~1 J~ ’ ( t ) t  dt ~ ~ J1
1
p (t-mT ’

~dt)+

even

sin~(~ f1 p(t—mT)dt))1 (13)

odd

24 
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~~}‘SK w~ th ~nt~’ svn~o l i. ’t. r P ’ s~~~~~ S ~~~~~~~~

As shown in F sure  I , , ~1~~h C~ L U t t ~ renr esen ted

two I nde pe ude u h i ~~ r v ~
‘ ha nr i e  1 . The pro ta ~ i i i  t v ~

c o r r e c t-  ~!e~’ is i on is 1’ e (I— I’ e I —I e~~ ~ ‘~~, ~~ne :e  e

and e are the independent cC: m e  and  I tie o hantu’ e r

and wht ’ re t h~’ nha so e rro is the s.t:no fo r  t’o t h ~
‘ hanne 1 :: 0

4. ~ ~~
— 

~~~‘ . In Wi’ i t in.~-. thi s e x p r es si on , i t  is assumed ~ha

the deI~’ is i on v .t  : a~’ I t ’:’o :~i the I no or ocs I ~e I ‘
.~ c so:: I t s

( d~ or d , as.’ te p -nd ~-n t . ~h is  is  veJ id inse ~:e no

var  M N 1 .vid N , as.’ uneerre ~a ted ~.t:~ss _ t u  a: t e ’ :  V . . :  I —

abi 0: .; h o n e . ’ , t h ey  are :t l.so I i p e n d ~~n

The I gna 1 i n p u t  t o t he da ta do tee or is

y ‘ ( t )  = 
~~
‘ , t.— :~ i’ “ ~‘os + ~~ t -

~

Z p~. ( t.-nI’~ ~~(~~t ~ -s n t  t i:

W I th the  I sn of  the ~ 
th co:: m e  d:t um ~‘ ii s~’ hs 1 d pos i —

t Ivt’ , the o u t  ~‘s t t’ror~ t h ~’ cos I ne 1 ~ c

d \ f  f~p~
( t-m: ’~ dt +

m � ~

+ N 1 ( 1’~

where t h e  t’ ir s t te rm is the no iso h’ si ~n.t I : ‘o~’~ t ~ ‘ ‘

cosIne 1 i~ e I r eu  i t  . A l  to m a  tel \ , wit h the isn of h’ th

sine d~ t.un~ t’ulsy hold ros I t.I~ o , - S + N ,, and N and N ,S I

are’ Indt’pt’rtden t ~‘JI : :i i a n  :iL~ I S O  t~’ 5~ 5 w i t h  e s o — ~~ ’an . t t t ~ 
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variance N0T/2 .

W r i t i n g  the m o d u l a t i o n  set for the two independent

channels a~ i
~~= ~ 1 and m5= ~ 1, where the subscripts c and

s refe r to the cosine or sine  channel , th~ p robabi l i t y  of

an error for  the cosine channel is F ( e ~ I~~
) P ( m ~ = + 1) .

P ( e l m c +j ,~~, da ta ) + r ( m ~= _ 1 ) P ( e j m
~

= _ 1 ,~~, d a t a ).  Wi th

and m3 both being iden t i ca l ly  d i s t rib u t e d , the one-shot

p robab i l i t y  of an error is

P(e~ j~~ , data ) ~ erfo[~~~ Cccs~-(f1 ftc(t*I
t + Z J’ p

~~
(t_m? )dt)+

n’f 0

sin~~(Z p ( t - m T ) d tf l l  ( 16)
m I S  -

Averaging over all possible values of a truncated data se-

quence for both channel s ,

1 2~~+1
P(e0(~~) = 

~~p+1•
Z P (e0(~~

,
~~~

ta
~
) (17)

which , by symme try , is also the pro bab i l i ty  of error for

the sine channel.  t:sing the equation for a correct dcci-

sion , the pro bab i l i ty  of a to tal symbol error ~‘or QFSK con-

ditioned on the phase error is P(~~~~) = 2P(ecl~~
)_P2(e cj~~

).

In order to make a fair comparison between ~FSK and

QCM , the symbol error for -~FSK must ~-omehow to related to

the symbol error for ~CI-I . If the QFSK symbols are encoded

with a Gray code , then the b it error çro bab ili ty for ~FSK is

P(e b~~ ) P(eI~~)~
’lo~2N ( 18)

I
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where N is n u m b er  of ’ S FSK syrih o is ( t’o’:r and the syrib ) I e rror

is sina i ~ ~~ t’ ~ I ~ :‘ ) • 3 m o o  the S\-riho~ error for ~~~

also  the 1 it error , a or:non ~eno:n I ::a t or no~ ox S t s  t o ’ S  I

comparison o t he two sys t ons

In order to iinm .’ r i c a  l i v  co n ru  to ~q I” in a ‘a on:iI-

amoun t of  t ins , the  nunl ’ t’ r of trunca  t ed  ~‘ it s  coiis  i LIS SO Ii in

a channel mu s t  ~~ r educed  f r o m  those in the b j r -iarv c:l~:os

The numl’e r o :‘ C Ot iS  1 ~~~~~~ in ‘_‘ab-le II we re do t orn  i nod

from the wors t ~‘:~so tna  t. en ( . - ‘ . . I n sp e c t  .on 0

the i ’u l s c— r e s n o n s t ’ :‘or the  w o r s t  case for ~F5\ I’ - -  

.

shows tha t in to: ’ f e rt ’rs w i t h  in ~ LI i~ can a iw a \ s  i’O inc  luLh - .i

for th is  t’ 11 to r when one fu t ur e  1’ 1 t and t h r ee  past- bi ts are

cons idered.

~PSE C a r r i - ’r I:’ -~~’k ~~ ‘: f s r n  ~n c ’

For a reco i v ed  ~ FSR i~-~~a1. p lu s  no IS t  as gi v e n  in o~~u a—

t lon  1, the inrut- s to the nulti~~l jet’ prior to t h e  loo-o  fil--

ter in Fi g. ~ are

A ( t )  cos’~’ + ri
1

(t ~ (cosine los

A ( t )  smn~ + n~~( t ~ (sine log~ (1°~

where n1 
( t~ and r.. ( t) are :ere—mean inLio’senLl ont ~auss ian

noise processes  w i t h  var  i:r:ot’ Nol ’ . And :\ ~, t~ 
-

the sum o t’ a l l  n to r fe r in~ . z ’u 1 sos Li da ta s (‘05 ni the do —

sired in tegrat  ion  time, :‘ nd is ~
-Ls m o d  to pass th r o u~-h t h e

lowpass Ni less in t h e  loop with no diste: ’t. ion . .‘he tw o - -

sided bandw I t h o f the low ~‘.:ss t’ ii t e  ‘~~ Is assu:’ie d to I’c

one Hz so as to c o:’re Spot ’: Li to tao banLm I LI h o t’ a m a t e  ho Li

I.
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f ii tet’ fe:’ one secon d  aa t a m ’ :  1 sos

i~he ou t  mu t fr om the mu it I a I I or .i an Ile c~ to the loop

f i l te r  is

e ( t )  = 
A ’(t~ •~~~~~~~~~ + A (t ) cos~~( t ~~n~~( t )  +

A (t’~ sin ~~( t ~~n 1
( t ~ + n 1

( t 1 n~~( t )

whore ~ 
( t~ ana  n ( t. ’ an d n~ ( t are U100 po ndt ’r t 0 i’ s a ‘h e s.

The las  h :-ee ‘:‘‘l:: r ’  :‘r- .’ son t ~he total of :‘oc I ~e ::o I s o

signal  n ‘ 1. t ‘~ wh I cl’ s -cr-s is e ~‘ ada  it iv.’ ~anss  Ia:’: no iso a:’

in t er syn t ’o  I in  t c : - f e  :-onc e san Lie -~ t o  t ho ‘
~ eon w i t  h an a’:: t O —

c o r rel a ti on  of ~~ o f  i: :~~
‘“~

‘ :-q S. ~

= (2 1~

For phase er r o rs  th at ass s ma l l  (.. ~~C
0 ’  , sin..’~ of the sio:’:a~

_

term Is well aam:’ox I m a t e d  ~‘v _
~~~~

- , and t h e  C os ta~ leo:’ can he

reprcn.-’ritea so a m ess s\ L~’: . :~~~~ ’ ’ : O~\ .’: ‘~n :~ ‘: :ui’t ’ ~~ paso I ~~~.

Inherent in wri I:: , t h e  ~ t t c c  h o  no i s o  torn at the in’:’ut of

the C ost a s  l ee r  are ‘:;‘ t - i~’ns con e .  rn i:u - t h e  n o i se  and

phase e sro :‘ ar oc  0 0 0 0 5  • . OflO Sal • t h e  nO 150 pi’oc L’S s ii ‘

is a funo t:on e t’ ~‘.e ahas-’ error ~~
‘ t. ‘

~ 
; h o wev o  : , WI tI: ~ t

assumed to he s l o w ly  var\- is, I ft t ime (i.e . con s tan t  O\ or

several ~1s ta it ’: to 5\a Is ‘~ , ~ ~ t 
‘
~ and ~ ( t ) can  b~’ she~ ;i t, he

e f fe c t  i v e l v  I n d o p e n d ~~n t  o t’ each  etho:’ (n 0f 14: -~ ~-‘l ) and tilo 1’

I c ~ I Eq ~~~— i: . -r~ ~ all  ~~~ t:-a’ 0 1 ’ 0 I t t ’S t - I v s  50155  fl ‘ ~. t

to be sumor itrnose - ! haek t h:’o’~n- I’. the ama l i t’ I o:’ w I th an :t p r ro —

priate ~—a i n  at .  the innut . of the’ l O O p .

28



Now A 2 ( t )  r e pr e s on t s  the time avers-is. - ot ’ th. error

signal over the coherence tine of the  loom fil to:’. i~e r the

s i m u l a ti on o f the  loon :‘il tc:’ in t h i s  t h e s i s , t h~ ce h s~~eneo

time of the icon fil to:’ was chosen to he to:. oscu’nds his

corresmonds to U5~~fl:~ ten data rul sos  to c o n tr i b u te  to the

error signal that drlv ’-’S the V O C .

The var iance  of th e  phase-error due to tho intersv:-iL’ol

$ interfe so see and add I t lye  ~auss I an noise and con d it i :IL’ d

on a part  icu a:’ -ia :a s ~ :uo::ce is arr:’~’x ins tt- ly

2 21’:-S ‘(C~
~ ~ ,data = —

~~~~~~~~~~~~
-—-—- (2)

( A )

where is th- ’ ic:’ ~d l e e m  sar L:. ~1ath an d th e  a owo r  srost ’: ’:l

derm si t ’,’ of tho :-oisc :‘~ is assumed CL~55 t55 t  c’- e r  :~ ¼

s 25 1 — 2 5-~ . a is as.’ amos that tI-.e sic sod loon bar-d.c id ft

is much na:’:’e .ver f t u ’. the hand litnited noise aroce soes

n 1(t )  and ru, ( t ’ .

C o m p u ta t i e n  o f  .\ t~~~~. ?h o t i m e  avera se  of t he isru t

signal to the loop f i l t e r  is

-
~ 

. 
~~ -~A ’ ( t )  -
~~~

- [J’ E p’(t—mT)dt ~
‘ L ~ ~

~L O  ‘tm m n
0 r n t n

where the received sie~ al nower P i s assum ed c o n s t a n t  over

the coherence tir-i e of the loop.

From thi s  e~iuat ior , it can he seen that the not effect

of ISI ts to reduce the a v e~’a:’o s~’ i - ’. na~ tuat is :ts:’l ted

to the VCO and to oause a random variat. ion of t he  0: rOl ’

29 
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signal .

Computation of Sn~~( O ) .  App lying the Fourier transform

to Eq 21, the approximate power spectral density of the ef—

fective noise seen by the loop is

s~~(o ) = 
~~~ 

R~~( O )  + (NO)2 
(24 )

where RA ( O )  is the total average power or the expression for

A 2(t) that was developed in the preceding section.

The phase error variance conditioned on a particular

data sequence and due to ISI and additive Gaussian noise

is rewritten as

2 
— [( NO )2 1~~~~ O 1G~~,data ~L P1 2 PI—~

where I [J~TL~ p2 ( t_ m T ) d t  + r TL~ Zp ( t -m T ) p (t - nT ) d tj  ( 2 5)0 m 0 m nm~n

Averaging this conditional variance over all of the possible

comb inations of data pulses in the coherence time of the

loop ,

1 
2cT~./Ts1

= 
~ ~~~,data 1 

(26)

where [TL/TS] is the greatest inte ger value of the effec-

tive number of symbols used by the loop in making a phase

estimate . For no ISI, I is j ust  one and Eq 25 reduces to

Eq 8.3.13 as given in S t i f f ler  (Ref 114:247).
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~~~ Carrier 9h’ac~ in ,-- P er f or ma ne e

For a rece ived  ~~~ signal plus noise as given in E qua—

tion 11 , the inputs  to the multipli er prior to the loop

f i l t e r  of Figure 3 are

Ae(t) cos~~(t) + A o ( t )  sin~~( t )  + n 1( t )  ( c o s i n e  l eg)

A e ( t )  sin ~~( t )  + A o ( t )  cos~ (-t ) + n 2 ( t )  ( s ine  leg)  ( 2 7 )

where A o ( t )  and A e ( t )  are the ~um m a t i o r i s  01’ the odd and

even i n te r f e r i ng  pu l se s .  The output from the multiplie r

applied -to the loop f i l t e r  is

c(t) (Ao 2(tj~~ Ae 2(t)) sin2~ (t) + ( A e ( t )  sin~~( t )  +
2

A o ( t )  cos~’ ( t ) ) n 1( t )  + (i~o ( t )  s ixs~ ( t )  +

A e ( t )  cos~~( t ) ) n . , ( t )  + n ( t ) n . - . ( t )  (2~~)1

where ~ ( t and n 1 ( t )  and n.., ( t )  are independent as be 1’ore .

Also , Ao(t) and At’( t) art’ assurne d to he independent s ince

they are fo rmed f ro m  a ser i e s  of independent  data pu lses .

The last three to rrns r ep re sen t  the to tal no iso signal n ’ ( t)
which c o ns i st s  ot ’ a d d i tiv e  Gaussian no i so  and in ter s~~~noi

Interference and has an a u to co r re l a tio n  of

R~ (T)[R
AO

(T) + RA (T)
~ 

+ R~~ (T) (2Q)

The autocorrelations ot  A o ( t )  and A e ( t )  are e a s i l y  ob-

tained from the autoco:’rc lation of A (t) for th .’ i~3i~ ess ’

The square ot ’ A ( t )  is w r i t t e n  as the sum of the- odd and

- -
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even terms square d , e . g .  A 2 ( t ) Ae 2( t )  + Ao 2(t) +

2A o ( t ) A e ( t ) .  Therefore , the time average of the input

2 . .signal to the ioop filter , Ao ( t )  + Ae~- ( t ) ,  is j u s t  A ’ ( t )

f rom the BFSK case minus  all of th -~ terms of odd t imes

even products in the secon d inte gral of E q 2 1. L ikewise ,

the total average power [RA0(0) + RA0(O)1 is~~o
2(t ) + A~~~t).

Trackin g Penal ty for ~PSK ver sus RP~K/QCM with no 1ST

Although an expression was not ob ta ined  for  the pha-a:

error variance of an t-~’ = 4 Costas loon , the energy  pem~l ty

for t rack ing  a quadra ture  versus  a b ina ry  phase s h i f t  s i g-

nal wi th  no ISI can be used as a design cons idera t ion . The

mot ivat ion for developing this  expression is as follows i

Since the error performance for  QCM is very close to tha t

of QPSK for  the same data ra tL s and t r a nsr ’ dt t -or power , per-

haps QCr4 could be used -to an advanta ge wher e  phase sta~~il-

ities are a problem.  The bandwidth of a QCM ca r r i e r  track-

ing loop can be increased so as to ob ta in  a f a s t e r  response

time to these phase change s than can be obta ined  from QFSK

for a given t r a n s m i t t e r  power.  A l t e rna t e ly  s tated , when

the maximum phase error and re sponse time of a system ~s

specified , what  is the increase in i~h~- ’N o t ha t  mu~~t he ap-

plied to a QPSK system so i t  has the san-s t r a&cin~: charac-

teristics as a QC~1 system?

Equatinr  the expressions for  phase error  variance for

BPSK (also QCr~1) and QPSK under no 1ST yields

TSBL[ 1/ (Z_ a)  + 1/ 2 ( Z — a ) 2 1  T~~ t~ L [1/~~ 
+ Q/~ Z2 +

6/z 3 4 3/2 z~ 1 (30)
I
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1

where Z is the h i t  signa l -t ’re ’rgy - to- r,o is  - ratio for ~~~~

and T ‘
~ 

are the symbol i n ter v a l s  , and i T and ‘
~ 
are tb-

bandwidths  of t b ’  e~~o:;e~d l O O P S  (Per 1~~i ~~ ~.3 . 1 ~) .  For a

fa i r  compar ison o t’ the t~ o svs  t ems the in  : ert~a en :u~
are the same (T ’ s P 2 ) ,  and the responses ot ’ th e  t r a sh -

ing loops are the same ( B ’ L
F ix ing  the r igh t hand s ide of E q 30 at  some signal-

ene rgy ,  t o — n o  i s - ’  r a t i o  :~ and then mak i n . - t b-  - buns - c i ’

var iable  — a - K producer a juudr-u t~ L’ e 1u a t i ~u : H X .

-
~ 1

A(Zo) X - X - 0 (3 1)

where A (~ o) is tno r igh t hand side of Lq 30 in brackets

evaluated a t 20 . Pecause the energy  si seaLs cannot so

negative and the d i scs m i n u s .  t i s alwa~~s sre a to s than  ~e so

the signal—ener~-y-- to-noise ratio of the ~~~ case is

i + ~i -‘ 2A ( :J~ Y
X = 2AIZo)

for the same phase e r ro r  var  lance , response to phase ins t a —

hilitles , and information rate as the QPSK ease.

I 

_ _ _  _ _ _



r~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

III .  Numer ica l  R e su l t s

In Chapter  II , equat ions  are given for the condi t ional

probabil i t ies  of error for I~FSK , ~~~~ ar.d QPS i’~ in the pres-

ence of in tersymbol  in te r ference .  Also given are the aver-

age phase error variances for BPSK and QCM , and the energy

penalty for tracking a quadrature versus a binary modulated

signal . In this  chapter , numerical results from these equa-

tions are obtained in order to compare QCM , PSK , and ~rSK

systems . First, the philosophy for including only those Lii-

terfering pulses within a certain power threshold is d isc us-

sed , and a comparison w i t h  Jones ’s results is shown . The

condit ional error p robab i l i t i e s  are then compared for i~F~I” ,

QCM and QP SK . Following that , the phase error variances

for BPSK and QC~ are examined .  F ina l ly  the energy p ena l ty

for tracking a QPSK si~nai versus a ~~~ or ~3FSK si~-r ,ai is

presented. The overall conclusion is that QCM performs

better  than BPSK and is only s l ight ly in fe r io r  in data de-

tection perfo rmance to QP SK.

Truncation of Data Sequence

A major problem in th is  thes i s  was how many i n ter f e rin ~-

pulses should he included to ob ta in  s u f f i c i e n t l y  accurate

numer ica l  resu l ts . Jones has s ta ted that , except  for  low

BT produc ts , s a t i s f a c t o r y  resul ts  can he cbta ined in eval-

uating error p r o b a b il i t i es  by con s i der in g onl y the most ad-

jacent interferer from the past data h i t  ( R e f  1 1s 12 a) .  ~ ow-

ever , he did not state at what 13T product this assumption

34 
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become s inva l id .  The number  of pas t bi ts  (N P )  used for  the

binary modu la t i on  schemes for th is  thesis  was chosen to be

KP = 9 - KF , where  the fu tu re  b i ts  (KF ) are d e t e r m i n e d  f:o~

the group delay in Table I , Chapter  I I .  W i t h  this  a lgor ith ;~i ,

the power levels of all pulses outside of the truncated data

seque nce art’ a t least  20 dB below the power of the current

da tum pulse for a ~T of 0.5 ( the wors t case of 1sI) . W h i l e

this results  in in c l ud in g  ten - i s  below the 23 dP th resho ld

fo r higher ~~ produc ts , t he i r  inc lus ion  should only serve

to increase the accuracy  of those r e su l tr~.

The powe r threshold of 20 dL~ was v e r i f ie d  b y compar ing

the condi t ional  p rob ab i l i t y  of error for  BFSK for two ad-

jacent in ter f e ring  pulses and for  the nine interfering ;sulrcs

from Table I I .  These r esu l t s  are shown in T ab l e  111 fo r  a

bi t  signal- energy - to-noise  r a t io  of 10 dP. This comparison

shows the necess i ty  for including more than two ad jasent

bits as the 13T product approaches 0.5 to obtain more than

one significant figure of accuracy. The -20  dli power thre~-

hold is assumed to be adequate with the f o l l o w i n g  reasonir~ :z

The two ad jacen t  b i t s  for  a PT 1 .(~ corres~iond to ir.clud i n - -:

all pulses w i t h i n  a power threshold of only ~~~~ dP. Ir.-

creasing the number  of b it s  to n in e  for  a PT 1.0 resu~ ts

in consider ing all  pul ses  w i t h i n  a threshold of —~42 t I P ;

however , this  only change r the four th  s ign i~’icant d i g i t  in

the p r o b a b i l i t y  of error  results. Thus , i powe r thre shol d

of —20 dB for the w o r s t  case (P T 0. ‘~) \VuS arbiti’zu”~l\-

chosen to l ie be twcen thea ”  va lues  and is expe c t e l  to
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Table III

BFSK C o n d i t io n u l  F r oh a h i l i t v  ot’ Error

( Phase E rr or = 00 )

P ( e l~~)
Two Adjacent  Nine

Pulses Fulses
BT KP = K F = 1  i-~F + K F - Q  :~:l~’

0.5 i . 6730 ( _ 3 )  2 . 3 c ’ 0 1 ( — ~~) 2

1.0 5.11 5 5 ( - 5)  ~ .i13~~( - 5 )  8

1.5  2.185l~(_5) 2.1Q43(-5) 8

Note i The nesa t ~ve int e ser  is  pu r sn~-h e s e r
follow ine , o. ch en~ r’~ r~nres-~n he ~-ew~’r oten by w h i c h  t2io en t r y  should  he :~i l i e d .

produce probability of error results that  are accurate in

the third s i gn i f i c a n t  d i g i t .  S imilar reasoning was used

in the QPSK ca se ;  however , the th resho ld  was a r b i t r ar i l y

es tablished at -30 dP.

The BPSK case for no phase error is compared to Jones ’~ ;

Fig.  6. This  compar i son  is shown in Table IV as an inert-are

in the signal energy ( 6Eh )  from the ideal c isc  of no 151

(B T = c-re ) required to ma in ta in  a h it  p robab i l i t y  of er ror  of

io-6 w ith p e r f ec t  coherent  de tec t ion  assumed.  I t  should he

noted that  Jones d e f i n e s  h i s  flT on the b a s i s  of a two— s ~- ied

bandwidth ; thert-fore , his PT of 2.0 c~ !’responds to a 1~T of

1.0 as used in t h i s  t he s i s .  T h i s  c o m p a r i s o n  was imp or tan t

36

_ _ _  - . - _ _

~

:riTTTiJ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~



_______________
for three reasons. F i r st ,  the co rr e lat i on  of the two method s

served to v e r i f y  that  the programs in t h i s  thes i s  were oper-

a t ing correctl y .  Second , the iu ~’reas i n - - d i f i r  nence  he tween

the two methods as the PT is dec r ear ed  ~er I f e d ~ ones ‘5 con -

clusion tha t more than one ad j acen t  h i t  is r eq u i r ed  for  low

BT products .  F ina l l y ,  for  PT levels of 1.0 or less , more

than one ad jacen t  h i t  should be included to obtain su f f i -

ciently accurate resul ts .

Table IV

Signal Ener gy Required to ~1aintain

P ( e I ~~) 10~~ fo r  PPSK in Presence

of IS I (Phase Error -
~

BT ôEb

Jones ’s Thesis
Me thod Me thod

( dB )  (dB)

0.5 5. 1~~

1.0 1.1* 1.3

1.5 1.0 * 0.9

*Intc t.po 1att ~~ values fe-n a rL x— i~elefilter ( R e t  1l~~12e 1”ig. e)

Condi t iona l  Fr ebab i l i t  v o t’ Error

The conditional error probabilitie s of PFSK , ~~~ and

QPSK averaged over the truncated data t r e a m  and cend  i t  j~~~t’d

on phase errors  of 00 , 10 0 , and 20 0 
~~~

. cet ~ipared .  Tht ~~t

_  
I
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condit ional  p robab i l i t ie s  are also examined relative to the

ideal signal case (no intersymbol  in te r ference  and pe r f e c t

coherent  d e t e c t i o n) .

BFSK versus ~~~~ In F inures  7, 8, and 9 the cond i t ional

error probabilities of the BPSK and QCM signals with phase

errors of 0°, 10~ , and 200 are shown . These probability of

error plots show the improvement over normal BPSK by using

QCM. The degrading effects of an increasing phase error are

apparent when these figures are compared to each other.

Tables V , VI , and VII com pare BFSK and ~~~ f o r  selected

signal-energy-to-noise ratios. The tables show that al-

though QCr.~ has a lower pro bab i l i ty  of error than BPSK , it

is more sensi t ive  to a change in thase error  than 3i~~N .

Nielsen compared these two modula t ion  t e c h n i ques w i t h

an improvement f a c to r  de f i n e d  as the E b/N o ( d B )  a ~~~ sig-

nal requir es to obtain an error p r ob ah i l i-~y of iO-5 minus

the Eb/No (dB) a BPSK signal needs to produce the same prob-

ab i l i ty  of error (Ref  3 *2 9 ,  Tabi ’ VI). He found an extrern --

ly high improvement fac tor  ( greater than 2~ dP )  w i t h  a PT

of 0.5 .  This author feels these are a result  of the in-

correct group delay and tno miss ing term in Nielsen ’s Eq 1~- .

For this thesis , an improvent-n t  fac tor , ~~~~, is d e f i ned

as the difference in Eb/No (dB) for two signalling scheme s

in order to produce the same specified probability of error.

A power penalty is defined as the addi t ional  power ( d P )  be-

yond the ideal case (~~T ~
) requi red  to ma in ta in  the ss~ e

spec i f i ed  p r o b a b i l i t y  of error. In Table V II I , th is im-
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Table V

Condit ional  P r o b a b i l i t y  of Error

For a PT of 0 .5

Eb/N o Phase Error , P ( ek )

dB degrees PFS K QCM

0 0 O . 1 3 ” ~o io 0.11400 0. 13 1-a
0 20 0.1514 o. i44o

6 0 O.23i~°(— l~ 0.11$~ (-1)
6 10 o.2~ o E ( — 1 )  c~.1~ 2~~( — 1~6 20 0.296 E~(- l ) ~ . 1-~3--~( - 1)

10 0 0.20 ’ C ( — 2 ~ 2 .~~~C ” ( — ~~”
10 10 0.2 3 16( - -~) C . 2 ” 2 C ( -~~)
10 20 0 . 3 2 10 ( - 2)  c~~~~~~ (— ~~)

12.5 0 0 . 1 2 8 1 ( — 3 )  u . 1 i~~~ (— ~~)
12.5 10 0 . 1 5 3 2 ( — 3 )  2 . . -~~~ ( _ s ~
12.5 20 0 .2 5 85( -3)  ~~~~~~~~~

Note s The renative inte s-en in ectrenthesis fellow—
ing each ent ry  in the table  i-e r rcsent s  the r o v e r
of t en by w h i c h  the e n t r y  shouL~ he m u i t I ~c l i e d .

I

Li2

~T - ii~~~~ ~~~~~~~~~~~~~
-
~

-
-

-
- -- 

I
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Table VI

Conditional Probabili ty of Error

For a BT of 1.0

Eb/N o Phase Error P (e I~~ )

dB de grees BPSK QCM

0 0 0.1008 0.9960(-1)
0 10 0.1042 0.1030
0 20 0.114 9 0.1139

6 0 0 .5935(-2)  o .5 1- 19 ( --2)
6 10 0 . 6 5 8 5 ( — 2)  0 . 5 7 5 1 ( — 2 )
6 20 0.8906(-2) 0.80144(-2)

10 0 O .5i i8( -4 )  0 .24 56( -4 )
10 10 o.6 41 8(— 4 ) 0 . 3 2 8 0 ( _ L 4 )
10 20 0 . 1238(-3) o .74 73(-4 )

12.5  0 0.157 1(-6) 0 .2 566( -7)
12.5 10 0 . 2 3 0 6 ( — 6 )  0 . 4 4 2 6 (— 7 )
12.5 20 0.6994(-6) 0.2038(-6)

1

I

Li~3 

~~~ -~~~~~
- I~j-~~~~~T~~~~I~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~_ _ _ _



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-r

Table VII

Condit ional  P robab i l i t y  of Error

For a BT of 1.5

Eb/N o Phase Er ror  P ( e ( ~~)

dB degr ees BPS K QCM

0 0 O . 92 ’j 9 ( - 1)  0.~~ie~~( - i )
0 10 0. 9 57 4(—1 )  o . ’~ o : ( — i )
0 20 0.1062 0.1056

6 0 0 .4320 0.38 )0(-2)
6 10 o. 4 3 4 o (— 2 )  0. L~~Q 7 ( — ~~)
6 20 0 . 6 7 3 1 ( — 2 )  o .ô i c -~~( — 2 )

10 0 0.219 1* (~~4) o .1 .~~9o ( - - ’~)
10 10 0 .2 8 3 0 ( - ’ ; )  o . i y ~~0 ( - - 4 )
10 20 O . 5 9 1 4 ( — 4 )  0 . /~~l 02 (_ L !  )

12.5 0 0.3091(-7) 0.~~2$4(-$)
12 .5  10 0 . 4 7 9 1 ( — Y )  0 . 1 ’ 4 1 4 - O ( — ’)

20 0 . 1 6 9 0 (— c ’ ) 0 . c ’ 8 0 3 ( — 7 )

I !

_ _  
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Table V I I I

~~ Condi t iona l  Per formance

For P ( e I ’~ ) of  10~~

i~T Fhctse ~ rr or  h -~~o , , ~~ Fe w er  pena ’  I y

degr ees  1’c X  ~CI1 QC1’1 , dP

0 0 • 5t~ o. 0 . 0 0 • 0
10 Q .S0 0 .0  0.0

- oo 20 10.10 10.10 0.0 0.0

1o. t~o i o . i o  0 .  ~I i, c ~0 10.~~0 ~~~~~ 0 .~~J 1. 5 20 10. 90 i o .y o  0 . 2 0
H

1~ .0 0 10.~~0 0.10
1.0 10 1o. °~ i o .~-~o e. ~y
1.0 ;‘o 11.  ~~ i i  .co o.
0 .5  0 14. ~0 11 .i ’l ~~~~~~ 2 . 07
0. 10 1~4- . 11. 00 ~~ . 4 ( ~ .~ .10
0. 5 20 14 . I . ~~~~,

‘ 1 . •

Li -

I

L Its

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



provt-im ’rtt t ’ct s t o t - , ~ , shown rot’ an e rro r  p r o P t t i 1 I v  ~ r

10 ; al so shown is the  p ower  et~a ‘L v  o t ~~ ~~ i i ~r the Id ~-a 1

cast ’ . This  c oi~p a r I so t i  t r a  t S S tint I. ~~ has I i t. t 1 s Va I

over o s-ma ~ ~i ::i. r~~— :~ ~‘ ~~~~~~ o 1’ 1 . 0 or lar , - e s-, ~i r ~d c

j .y sh ows the v~- r - ’ 1 ~a’e ~ t ’ ~c:~ t o war d s  ~1’3K as the  tTh :t s~

error  %n e r e a s e S  tow :trds  ~‘ 14 t - : td  i~uis

UP SK ve r sw~ ~~ . 1 n P1 - n t - es 10 , 11 , I ~
‘ the’ ~or i d i  t-~ oria1

prohab i i  I t. s e t sv 0’~ er r or  i o r  ~~ w i t h  ~~~~~ er r or s  o

00
. 1 00 , and ~ C ° are ~t i o wn .  ~he P 2 produ c  I s  :‘or t a’ ~ I

p lo ts  a r ’  ch osen  t o  co r ros~’o:n1 to t h ”  s-ant ’ in  ~‘or,~ t t on s ..

for  the ~~~ p l o t s  . Tables  TX and X comp:tre ~i’c~I\ : tsd ~~~~~~ l i t

e r ror  probab I ~ i t  i t -s for se I es I -‘ t -~:t I — en- - r~ y — to — so I so a—

t los for t lie QC~. -~~1 2~ P1’ ~‘a i L ’. - or 0. ‘ , 1.0 and 1 .0, 1’ .0.

compa r i : :ons -  o t’ ~ 1~~K and  C~C~ 1 i l l  - i s  t m  t e  I h al nos I. ~-~~ial per—

tot ’mane e t i n t  I. e in  h ’  o b t a Int ’ 11 t t on QC~ i’e 1 :t t- \ e t o  L~l : .;l-

I n F i~-:ut- t I ~ the c o n d i t i o n a l P1 ~ - err o r  p’.’ t ’ c t P I  I it - i - s

p l o t t e d  t o t -  ~~~ d l - _,:\ i - i ntl. p.t I t-s or  (o  . -
, ~ . o)  , (0.7’ , ‘t

and ( i  . 0 .‘ . o)  wi !i o e m ’ i- n t  do tee t- lost t t ~ i- ’d . ‘ t’h s t

shows t~ ha t , a I th otigh ~}‘:~K is- h~ I. t -t ’ r , ~~ ~1 tmtv ~‘e t\ s-rn w I t.h

a bout  the s-~um’ prohab  ii I t y  o t’ error w i t h  a 1 1 ’  o t’ 0. -

Tahi t ’  X l  ~- I v e s -  ~. i t - ’  n t ~~~e : ieu t .  t ’:tc I - o r t~ ’r ~~~~ v er s u s  ~~~~

for  St ’ I I’S t e d  h i  t, p roh : t l ’  l i l t - i s  o I’ tt ’: ’o ’’ and i P1’ pa i ~~
- o

0. ‘,~ ‘ ,; 1 . . Ut ’ me , ~CM has- at most an ~~ ‘No pt -na l~ ‘- -  0 t’ ~~ . .‘ -

at  a P it  pt’ohab I ~ I ty o t’ t ’St ’O! ’  o t ’ 0 ~, wh en  compare~i ~o

Q F S K .

The ’ a 1 r.~os I equa l t t ’ r t’orman¼ ’’ Pt ’ t w e e n  ~~~~~~~~ and ~~~~~ ~
- . 5

tha t ~C~: ect * l d be used t o  an ad~ - a t i  t a~~e o v e r  ~h 1 t  w~1s r ’  o a r -

46
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Table IX

Conditional Probability of Error

For a QCM/QPSK PT of 0.5/1.0

Eb/N o Phase Error P (eI~~ )

dB degrees QPSK QCM

0 0 0 . 9 5 7 1 (— 1)  0. 1280
0 10 0.9878(-1) 0.1319
0 20 0.1083 0.1440

6 0 0 .59 18(-2)  o .i 1 8 i( -i )
6 10 o . 6 5 6 3 ( — 2 )  C . 13 2 6 ( — 1)
6 20 o .8866(-2) 0.1834(- 1)

10 0 0 .5 118(— 4 )  0 . 1907( --3)
10 10 o.64i8(-4) o . 2 70 0 ( -3)
10 20 0.1237(—3) o.663L1.(_3)

12.5 0 0.1571(—6) 0.1156(-5)
12.5 10 o.23o5(-6) 0.2457(—5)
12.5 20 0. 6993(-6) 0 . 1379(-4)
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Table X

Conditional Probability of Error

For a QCM/QPSK BT of 1.0/2.0

Eb/N o Phase Error P(e~~~)

dB degrees QPSK QCM

0 0 0 .84S6( - i)  0 .9960 (- 1)
0 10 0. 8789(-1) 0.1030
o ‘o 0. 97 3 1(—1 ) 0.1139

6 0 0.363 1( — 2 )  o .f 11~~( -2 )
6 10 0. t 1-09 ’3(_2) o . 5 7 5 1 ( — 2 )
6 20 0 . 57 87 (—2 )  o.d0 144 ( -2 )

10 0 0. 12 8 3 ( — 4 )
10 10 O .1687 (— 4- ) 0 .323 0(-14 )
10 20 0 . 3 73 2(— 4) 0 . 7 4 7 3 (— 4 )

12. 5 0 0 . 1 o 6 5 ( - 7)  I 0 . 2 5 6 6 ( — 7)
12.5 10 0 .1709 (— 7)  I 0 .4~4 .26 (— ? )
12. 5 20 o .6711(—7 )j  o .2o38 (~ 6)

I
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Table XI

Condi t ional  F i t Error Ferformanc” For

QCM/QFS K wi th a BT of 0.75/ 1 . ’

(Phase Error = 00 )

~ , dB Power Penalty

j QPSK QCM QPSK , th~

0 . i ( - i)  4.~~ 4 . 77  -0.16 0. c7~
o . 1 ( — 2 )  7 . .~.’.) 7 .7’~ — 0.2c ’
0 . i ( — 3) Q . 5  0 . l~ ~~~~~ 0. ’
0. 1( -5) ~i .  ~ 11.4 ~ - 0 .~~e

_L  
-

*Ide.1l ut  ~ t~~i l s ~~v o~ ~o fc ’~ -~~~~~ w i - o t —
tamed I rorn L Ln t.s-e y and S lmon ( R e f  1~ -~ L~~, TaL ’ l~’
5-3 ).

I
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rier tracking inst ab i l i t i es-  are a problem.  As an example ,

in a low signal~~to-noise  envi ronment  where t r an s rece ive r

ins tab i l i t i es, Dooplor phase sh i f t s , and random variations-

in the modu la t i n s-  signal cause inherent d i f f i c u l ti e s  in

tracking the carrier  of a quadrature modulated signal , the

carrier of a binary modulated signal can still be t racked.

This will be discussed further when the Eb/No penalty for

trackini’ a QPSK signal versus a QOM signal is examined.

Phase Frror \‘a rianc~

The average phase error variance is obtained by a flu-

merical evaluation of Eq 24 for BPSK and QC~ in the presence

of 151. The phase error variance is plotted as a func t ion

of the signal—energy -to-noise rat io  and f i l t er  P T r re d uc t~

times a closed-loop bandwidth in Figures 1L 1 and 15. Those

plots also show the phase error variance for  no IsI (~r =

For data rates corresponding to ~T products of 1.0 or higher ,

the phase error variance is approximately the same a~ t hat

for no ISI. For a PT of 0.5 with signal—energy-to-noise

ratios of 6 dE~ or more , the phase error variance is in-

creased by at most 0.18 Rad/1{z over the ideal case of no

ISI. The 6 dB si~~al to noise ratio was arbitrarily ch osen

to correspond to a probability of error of 0.05 for PPSK

operating with a phase error of 20°. This is expected to

be the worst data performance that could be tolerated with

direct data detection (no encoding).

a

51j.
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QFSK Tracking i e~- a l t ~’

The bit signal energy  pena lty  for  t r a cking  a quadrature

modulated signal ve rsus a b inary signal with no I~ I an d th e

same phase error variance and loop response is illustra t~ d

in Figure 16. The energy penalty is defined as the addi-

tional bi t  s ignal -energy—to-noise  ratio E b/N o in dB that a

QPSK system woul d require as a function of the BPSK Eb/N o .

While th is  ener~-v penal ty  was obtained under no ISI condi-

tions , it is assumed that i t  can be used as a rough approxi-

mation for the t rackin g penal ty QFSK woul d suff er over ~~~
under 131 condi t ions .

In order to best  understand the importance of this energy

penalty con sider the fcllew~ n g z  In the des ign of any car-

rier t r ack ing  loon , the closed-loop bandw id th  is made as

narrow as poss ib le  so as to m in i m i z e  the e f f e c t s  of -the

noise process on the phase error , hut  still wide enough so

the loop will respond to the various phase instabilities

(Ref 15t133-1-14’~. In this design process , it is tacitly as-

sumed tha t the carrier tracking port ion of the receiver has

a su f f i c i en t  f ront-end signal- to-noise  ratio to maintain the

loop in a locked condition. For a decreased input signal to

noise ratio , the closed-loop bandwidth can he decreased , ~ut

only at the expense of reducing the  response -~f the f i l t e r

to the phase var iat ion~’. In general , linear loop analysis

predicts that th is  trade-off between the no~~s-e and phase

processes b-’con~’s more critical as the number of signalling

phases increase (~ — f 14~~~ 7). In some si t u a t i o ns , a low 
a .

received signal- to-noise ratio (SNR ) combincd w i t h  excess ive
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random phase p rocess-es  w i l l  prevent  proper  loop t r a c k i ng .

: These random phase proce ss-es- at-e the trans-receiv~-r  i n s t a b i l —

it ics , Doppler  phase s hi f t s , and v a r ia t i o n s-  in the phase

modulation (Ref 15~ Eq 4—s ) .

When improper ioop tracking occurs for QPSK , an al tern-

at ive s igna l l ing  me thod such as- I3PSK can somet imes still be

tracked. As shown in F igure  16 , a PF~K signal with an

of ‘ .0 d}$ corresponds- to a ~rS S ~~~a ”L with an i ’h / ’NO of

dB for the s-am~ i n fo rma  t i o r i  ra te  and loop track irt~ ch.trac—

ten s tic s . suppose , for  example , a QFSK sy s tem  was - pl :~~~ ed

by phase i nst ab i l i ti e s  such that it fell out of lock wi th

an Eb/No of 7. 3 dP. A binary modulated sy st em  could  h-~
switched in at this- point and s-till continue to op c r at .~ Un—

til nearly 5.0 dfl be fore it also fell out of lock. ~h i s

procedure , i . e .  s wit c h i ng  in PPSK as a back-up to ~FSK , has

been proposed for D S C S - II I .  N a t u r a l l y ,  because of the lowe r

Eb/No , the p r o b a b i l i t y  of erro r w i l l  increase .

Because QCM has a superior performance  to ~FSK and ~-e-

cause QCM is also a b i n a r y  modu la t ed  signal i t  should be

considered as an alternative bock—up signall in scheme for

QPSK. Clear ly ,  only a s-i igh t imnrovemen t. could be ~a m e d

by using QCM versus I~P~3K as a back—up sch eme wh er e  I~T px-od—

ucts of 1.0 or h igh e r  are us-ed. Howeve r , for data r a t e s

correspond ing to a BT 0 .5  up t~ a 2 . 7  dB g:iin in data

performance could be real ized cv .’r the BPSE system. Ob-

viously,  no st rong  con clus  ion s- can ~e mad e concern ing  ~~~

as a hack—up system for QFS;<. unt il the tracking penalty for
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a QPSK system is obta ined in the presence of ISI.
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IV. Conclus ions  and Recommendations

Conclusions

QCM gives better performance than RISK when used ~n a

communicat ion  system l imite d ‘by intersymbol in te r fe rence .

For data rates corresponding to BT products of 1.0 or more ,

the actual gain over BPSK is negligible . However , for an

increased data rate correspondinr to a ~T of 0 .5 ,  an im-

provement of 2 .69  dB is obta ined for an error p r o ba b il I ty

of 10~~ . Thus , a change from t~PSK to QCM could allow one

to maintain the same p robabi l i t y  of error at almost double

the data rate.

QCM was found to be i n fer io r  to QFSI( when compared or.

the basis of equal b i t  in format ion  ra tes .  However , the dif-

ference between QCM and QPSK is small. For example , ~~~

suffered at most a 0.8 dB penalty when compared to QPSK for

a BT pair of o.~ /i.o and an error probability of 1 0 - i. And

for a BT pair of 0.75/1.5 the performance of ~CM was almo st

equal to that  of QPSK. This almost equal performance sug-

gests that QC~i , and not BP SK, should he consi dered as an

alternate signalling scheme i f  phase t racking canno t be

ma intained for QFSK .

QCM introduces no prob lems In the carrier  t r ack ing

capabili ty of a Costas ioop, and , in fac t , the average phase

error variance of a Costas loop was- found to he essen t i ally

equal for ~PSK and QC~1 for  the PT products considered in

this thesis. For data rates correspo nding to ~T products
I
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of 1.0 or more , the phase er ror  variance is close to the

ideal wideban d case (BT — 

~
), For a ET of 0.’~, the phase

error variance is- increas cci from the ideal case by a t  most

0.18 rad/H z for received s ign a l -en er gy - t o-n o i s e  r a t i o s  of

6 dB or more.

Recommendat ions-

Other aspects of QCM versus- l~F~K and QF~K should  be ~n-

vestigated. A compar ison of QFSK , ~~~~ ar.d ~C?~ shoul i

be made assuming that the t imin g infor~iat ion i-~ in error.

This timing error could possiDly he modeled as a random

variation applied to the group delay , i.

Another area of i n v e s t i g a t i o n  is a compar i son  of the

three modulat ion scheme s wi th  an add itional method of  re-

duc ing in ter ~~i~hol i n t e r f e r e n c e .  As an example , d oes- the

application of equ i l i za t ion  to the three s ign a l l ing  schemes-

cause any reversal of the hierarchy of performance tha t  was

obtained in th is  thesis?

A third area of consi deration is a comparison of the

phase t r ack ing  charac ter i s t ics  of QC~ ver s~is -.~PSK in the

presence of intersymbol  in ter fe rence .  Al though  t h i s-  thc -ds

has shown the Eb/N o penal ty t hat  a four th  order loop s u f fer s

over the binary modulated case under no I~~I ,  i t  is not  known

if the e f f ec t s  of ISI would change these results.

0
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Ap pendix A

Computer Pro~ rams

Early in the development of the equations in Chapter II,

many common terms were found to exist from one equation to

another. For this reason , the major program tasks were

wri t ten  as modules that coul d be u t i l ized by d iff erent  driv-

er programs . Al l  programming was w r i t t e n  in Fortran IV for

use on the CDC-6~ 00 computer  system at the Air  Forc e Ins ti-

tute of Technolo gy , Wri ght-Patterson Air Force Dase , Ohio.

The following descriptions of the modules or subroutines to-

ge ther with the l i s t ings in Tables X II , XIII, and XIV are

provided should anyone wi sh  to use these programs for  f u t u r e

work .

Subroutine PULSE

Subroutine PULSE computes the pulse-respor.se of an 1th

datum signal . Ten data intervals of the pulse response are

store d , at 0.02 second intervals, in the array F~ The sub-

routine is used by calling it with an intege r valu e ( N )

which corresponds to the desired datum signal plus on e.

Function SR computes the st~ p-r esponse of the Cheb ys-hev

fil ter in subrout ine PT’LSE. The furictiort is used by pas-

sing it a real argument which s p e c i f i es  the t ime for the

quantized step-respor .se to he computed ( the time va lues  in

P range from 0 . 0  to 1 0. 0  seconds in 0 . 0 2  second ir.tcr~ais ’.

The step-respons e is no rmal ized in ter ms of ST products a~-

6~
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discusse d in Chapter II.

Subroutine E.~AV~

This subrout ine  numerical ly  integrates any po in t  values

that are in array PR and stores the result in the two-

dimensional array FM . DCAVG is used by f i rs t  declaring

lower and upper l imi ts  for the inte gration (SOT and TOP) .

These values are passed to DCAV I via common block FOUR .

The two cal l ing arguments  for DCAVG (i,J) establish the

storage location for the value of the integral in PM .

Function FIT.  FIT is a polynomin ial  in terpolat ion rou-

tine used in DCAVG whenever a numerical value is required

by DCADRE that  lies be tween the quant ized  data va lues .  Th i s

funct ion uses INTERP , an Ai tkert ’ s Kth Degree Pol ynomial  In-

terpolation rout ine  in the CDC~~66OO user l ibrary . The de-

gree of the pol ynomial used for this thesis  was three . This

choice was a rb i t rar i ly  made based on the overall smoothness

of the pulse-response in Figure 6.

Function PCAPRE. SCADRE performs the actual integrat ion

in subroutine DCAVG . It  is an adaptive Romh erg  oxtrapola-

tion rout ine  of the Internat ional  M athema t i ca l  and Stat is t i -

cal Library.

Subroutine T~F

ThIE subroutine comput es all of the comb inatorial possi-

bi lities of a b inary  b i t  st r in - --~. It  is used by f i r s t  com-

puting the number of possib ili t ie s (KN T ~
- 2**~~) where ?-~ is

the numbe r of hits . The subroutine is cal led  w i t h  M and an

66
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inte ger from 1 to KNT in st ep s of one . Therefore , th is

subroutine ~S called KN T t imes .  The comb inator ia l  possi-

b ilit ies  are computed as binary add i t i ons  of the previous

b it pattern plus one . The output is stored in both IZERO

(corresponding to logical value s of ‘1’ or ‘o’) and I~ IT

(correspondin g to signal values of ‘1’ or ‘-1’).

Additional Fro~ rans-

The analyt ical  exp r ess ion for the s ter -r~ sronse , as

discussed in C hapte r I I ,  was obtained by a numerical analy-

sis through the use of FOLY and FARTL . These are local Air

Force Institute of Technology user programs .

The plots were obtained by using local utility plottin g

routines on a CALC 0~.T plotter.

The error function comp lement  was obtained from .~~F.

This is a McLaurin series- or continued fraction expansion

routine from the CDC -6600 users library .

Program Notation

The following is a list of the major program variables

and arrays an d th e ir usage :

BT = bandwidth time product

‘~dPI two times Fl

= array holdins the co ef f i c i en ts of the Cheby s hev

filter

x( 5o2 ) 
= arrays for the plot s

Y ( 502 )

PR ( 500) = input array for  DCAVG (conta ins  port ions of the

pulse-response or products  of pulse-responses

67
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as r equ i r ed) ;  essential ly a scratch pad array

P(500) = output array for PULSE (contains pulse-response)

PM(1O ,1O)= output array for DCAVG (contains integral values)

IBIT(N) = bit patterns

TOP = upper limit of the integral in DCAV G

BOT = lower l imit of the integral in DCAVG

PKE = phase error in radians

TAU = delay time s

Sample Pro~-ra,~~ -~PSK P r o b a b i l i t y  of Error

The pro gram in Table XIII computes the probability ci’

error for QPSK from Equation 17 in Chapter II. This program

was used to obtain the plots in Fi gures 10 , 1 ,  and 12 in

Chapter III. The program is very straightforward. After

Initialization , the outermost loop (DO LO O P 1) provi des

probability of error curves for the three ST products. First ,

all of the sine and cosine interfe rence terms , as well  as

the 0th datum pulse , are computed and stored in the two -

dimensional array FM. Then nested DO LOOPs (L~5 arid 25) are

used to compute all of the comb inatorial possibilities .Zor

50 si~~ ai-energy—to--noise ratio po in t s ; the r e su l t ing,  prob-

abi l i ty  of error values for these points are stored in ar-

rayY .

Sample Program, SPSK Phase Error Var iance

The program in Table XIV computes the phase error for

BPSK from Equation 26 in Chap ter II. This program was used

to obta in Fi gure 1k in Chapter III. First , all of the

68
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integral values from the I term of Equation 25 are computed

and stored in the two-dirnirsional array F~ ; note that the

order of integration and summat ion  has been reversed for

ease in computation . The logic after statement number £4.0

is used to compute the phase error variance for QCM if a

flag (I QCM~O) is declared. The average value of I and i2

is then obtained for all possibilities within the coherence

time of the loop (for this thesis equivalent to ten daini

pulses~~, and the average phase error variance is computed

for 500 signal -energy-to-noise ratio points .

I
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(20. cont.)
carrier tracking capability of a QCM scheme is equal -to that of
BPSK for the same closed-loop bandwidth and time bandwidth prod-
uct (BT) of the channel filter at a specified si~~ai energy to
noise ratio (Eb/No).

The data detection performance for QCM S BPSK , and QPSK is
analyzed by comparing the one-shot probability of error con-
ditioned on a phase error as a function of Eb/No and ET for
a specified channel filter. Carrier tracking performance for —

QCM and BPSK is analyzed by obtaining an average phase error
var iance for the linear model of a Costas loop . In computing
both the probability of error and phase error variance , the
intersymbol interference is modeled from a truncated data se-
quence . In addition , the bit energy penalty for tracking a
QPSK signal versus a BPSK or QCM signal with no 151 is examined.
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