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i detection. R L,

(2) Non Gauss:.an statistice of the decision variable..

. T '__', ’ . .'. . 11°.

A =‘:w‘((n+1)'r") - ‘!’(n']!)"ii‘2«N('n’l‘,'(n+l)T) ~ (1.6b)..
where ‘Il(nT) and ‘!((n+l)T) 'are the "phaee'. angles of the

’

filtered s.'Lgnal at t-nT and t=(n+l)T respectively. Also, in

Eqn. (l.6b), N denotes the number of encirclements of n(t)

TS

and is referred to as the number of Cllcks generated in the

-

interval (nT,(n+1)T)>_. _The coun,ter~clockw:|.se encd.rclements

result ‘in positive  elicks whereas glockwise encj,rclement's

/ o

result in negative clicks.A ' oy

)

We can outline the following 1mportant pomts that .

need’ to. be considereﬂ in evalua:ting the performance of LD

AU |
P ‘ ] PO L]

.

A . ‘ . -
i ! F)

‘(1):“ Intersymbol Interference caused by the receiver front—

s '
..

_end filter. .

’

[ O

sy

(3)" G\eneration of clicks during the, process of
T differentiation and integration'; ' R
It is to .be noted that the po:.nte (1). and (2) ‘are common to

all thrée. detection techniques being considered. . '.

‘ » .
a e . Vv - . . ~ e
— ; . .

B .

-

A

1.3, 2 Differenti\Lly Coherent (pe) Detection L

1

is eimilar to/ the differential detection technique used for

/

the detection of PSK signaJ,e [18] and ie ehown in Fig (1. 4)

The phase angle of the filtered eignal Y(t) /is comEuted at

the end pf every eymbol interval from inphase and quadrature

' -

o

//

B . l}ifferenti\illy coherent detectlon of CPFSK eu.gnals i

t
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samﬂ!es after demodulatlon, using two noncoherent carriers in

- .
v .

quadrature.

.

phase dlfference by ellminatlng the unknown phase angle
The succe351ve phase angle dlfferences ‘are then decoded
- one, of'the values 1n the set {+ v;-téﬁ,‘;si ﬁ(M l)q}‘

» . - . . -

- “
[+ 23

‘as

deeide the transmltted symbols."‘ N ’

1
b - [y v

‘h“-“l S Thereforé the ihput tO'the phase detector for any

symbol an' b rltten as, - . :"" {:.‘

- . . . . ) A .
- . ” . - | . . .) . .
. v v, v [ ". ,." LY [

"Ry = wun+1)¢')~ - -Y(nT) .

Lot
e . . ) - . s .
P . . . ., “i-. [N
.- ot L Ve s , R CON
0 IR , . . . L . e . . s
e I
Tada ..

1. 3. 3 " coherent. Detection'- Differentiai Becoding

X D—DDS Detectlon ,"; o x, --‘

- . . o~
L1 i

3,_§ Coherent detectlon -»differehtlal decod;ng of CPFSK

_signals rs similar to the-differential decodlng of cpherent

- PSK signals [18] and is shown in Fig (l 5) The . phase angle

. . .
‘. ,

of the recered s;gnal 1& cbmputed at the end of every symbol

. TN .

.. interval from the inphaﬁe and quadrature phase samples after

i u T L. s - . t - [

~ o,

using two coherent carrlers in

R
-t
- \-q

'quadrature,..whlch are '1n 'exact phase

~ ~
. T e

received signal._ Then the phaee angle ¢(nT) is estimated

- - -

from the obaerﬁed phase angle w(nT) and declared as one of

,lu_lu}m,,

‘2 4
2, &

3, - e e

n 3q

the values in the sét Sl.=5{tﬁ..fﬁi—.

pdd and one of the Naluee in the set S

it i \,A e

} fqQr n eVen.

iy = {0,

The phase difference ¢((n+1)T) 5 ¢lnT)

re e e Ty
LI

is then decoded to Yield the . data symbol a .

-\‘\ .

leferentlal detection'is employed to obtain the-

reference w1th the'
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‘. orthogonal FSK s:.gnalling yJ.eLds ‘better i

c5f coherent PSK s:.gnall,:.ng.

*

performarrce of\t;.hese detection techm.ques are almost

fowever,

.

3dB

M—ary

jsignalllng ‘for, M>2 [19] but-gﬁfﬁgggga” FSK occuples a WLder

. ~SPeCt’CUIﬂ compared to PSK signa:Ls.

In 1972, deBuda El2] has

\ .shown that cohe;ent.deteotion of blnary CPFSK w1th modulatlon

3

_ ‘,:’J.ndex 'f

__‘ hlnary' 'PSK (cpsKy-

T av

‘

J.nterval ylelds the same error performance as_ in coher:ent

N

to make de,cls.lons.

. 3 symbols

Detectlon (MLSD) of CPFSK signals Yields better performance

than coherent PSK s:.gnall:l.ng [24 28 34],‘ but reallzatlon of

‘thla recelver is. ra,the.r comp]jx. ; -'. ) T , :

. . - . ey
.t - . [ RN -
B ", ~

3 " .o N . Among currently known. symbql by eymbol detection

fbr CPFSK

‘the llmit.er discrn.minai.:or

detector is considered'~ae af-conventlonal meﬁhod. .fihe

" . s N ~ ! v N . . S

> performance of limiter discrlmn.nator detectlon ,.of narerband

e . e
+ . .

e 'techniques slgnels,

CPFSK signals :[n wideband Addit:.ve Wh;Lte Gaussian Noise
l' . .
(AWGN) channe]1 has reCeivede ‘conslderable attentibn e

M ’

e : [a 11 17 22526, 32-35 38-41] salz [32] has ranalyzed thé °
(. :, . T N - . "- “ ‘ Al v - .
. T..‘ P SR e -:“: SN - . iy % N VT , . i % ~

s:.gnallln Wx.th"th.ls d:\.scovery, (':PFSK
Lk I. :.. ) signalling,&ithr quurlationinciex :i has gained oonsj:derable l:-
’ «:;' attentloh [1 13 \16 20, 21 37] _ . A' .‘: '
'itzlj»i'ni'; ':':1: Memory 1n§oeed ppon the CPFSK slgnals bx contlnuous ?
o ‘-‘ . phase tranSJ_‘tlons has enabIed the ﬁevel;p;en; of. ee;;uence'.
"' ' detect:.on techm.ques E15 24 18 34] whg.ch uee a sequenoe of-

Max:Lmum L:.kelihood Sequence N

-,

-

- .
M.
(S

f,'. 1.e.r MSK s:.gnalllng. us:.ng a two-—blt observat:.on\ \ -

»
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. Salz’ [32] is no longer considered to be valld. vTjhung [40

L have been suggested by Ekanayake [13] DC detectioﬁ has been e

N , - [ s . . :
- ) 1 o . . - ' - ) =
: - ) B ' _'.1,9" .
vt o
" ’ : : I
A . B , .
erformance of the limiter' dieeriminator detection teshnique_ e
- . 9 s o
‘ot t’he detec%ioh of CPFSK slgnals with medulatlon 1ndex %4- .

‘v - -

oVer bandlim;.ted channels. H:Ls analysls has been carried out

omltting the ;f’fect of clicke. ) However. .late'e on, Pawula“ ’ -0

[25] bas p01nted out that ‘the .. eﬁfect of clicka cahnot be e
e

‘negletz:ed even at h:Lgh SNR and hence the above resulte',of

.
LSRR - PRI - S JC

s

has analyzed thJ.s detection techm.que for t‘ne detection of

e
<

-
“a 2

narrowband, b:mary CPFSK signals for arb1tr¢ry~ va.lue : of
o ! L. b
modulation--index.. ‘I’he method used by 'I‘jh\mg J.nvolves F"’hrier L
. - i ‘° A
eerles expaneione of "!Long 'bit p tern_a, numerical' oo
' . : ‘o ,-,\ on ‘ ..

ging.-’ This method has . Ll »

v

3

T T : N

i
=

4.

3

c.onvolutlons and multipattern eve
oo : .

been smplified to some yscartier [9], censidering

LIS

-~ ”

& _

oniy adjacent symbol ;Lnte' ferencee.,., A new approach to thlS

w7

‘o cae

problem has been suggested by Pawnla [25],. also co‘nsuiering

~|~<

adjacent syinbol interferen‘ces.y 'I‘he adva. tage of". Pawula '8

. e n\.—s-wr .
' \.' '

method J.s that lt doeé’ not require »Fourler series expansions

- w L
e
- . P

of long bit patterns or numerical convolutions. B LRI N
i ! " A Yot

Recently, two symbol by aymbol detect:.on methods

" .
P

ﬁ!r‘-thev detection of M-ary CPFSK signals 'with modu-lation T

1ndex %‘n,l namely, D:.ffev:entially cOherent (DC) detection and T

Coherent De‘t'ection-Differential Decoding (CD-DD) detection, . "','f .

B S

‘ﬁrst i!ntroduced by‘Anderson;et.‘ al.’ [2] for t‘ne de-tection of T

..........
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5 avallablllty

\

o

,émodulatipn 1ndex5

ks poxnted ‘out wby Ekanayake-

ubiharY'CPFSKlsignaIs;‘ Simon et. al. [38] have compareq the

oo

performance of LD*detectLon wlth that of DC detectmon of

narrowband¢ blﬂary CPFSK srgnals for arbitrary value ‘of

Thelr results indlcate that LD detectlon

‘yields smaller. ef%on}propablllties than -DC’ detectlon-except
for the;ﬁbdulationuindex' However, 1t—has been

h = 0.5.7

[147. %hat in order to achleve
optimum performance u91ng DC. desﬂktlon far arbltrary value of:

h.rits*delay t1me has to be ad]usted accordlngly.. ,‘, -Jh

Ces

we .

consxder_

the

- }9 _th:Ls

1 H

the91s

'v'.

"

perfOrmance‘

evaluatxon of LD detection, DC detection and CD-DD detect;on

‘-
[}

e LA

’
Ry

'

. h '.‘ -

‘o

of M—ary CPFSK 51gnals.‘

In our analy51s we generallze the

.

'than PSK 31gnals..{

.y

method developed by Pawula [25] for the binary CPFSK,,tQ f .

ey

1nclude the- M-ary CPFSK 51gnals.

X .
. R .
~ Ve S 4 - . '
. - . : - . A PR . PR
. . ' [P s . . . w o

<§cope of the The51s -éf,T'i,e-"'ZS f»'

1.5
! N
As mentloned 1n the prev1ous section, CPFSK slgnals‘

‘with modulatlon index haVe better bandw1dth efficxency

However, the_gzlllzatlon of CPFSK aé a

bandwidth. 51gna111ng technlque depends‘

fflcaent

of easily reallzable .

Therefore,

relatlve performance among Various detectlon schemes in order

-

to seleet a- suitable detectioh scheme for a giVJg sxtuatlon.

In thia thes;a ‘we, address thla problem and do«a comparative

Mo, e o - P

. “v“ yli ‘. M .
B AT, o [ * T . . e
e . .. ) - RN

‘oh" the ?

- . v o -’

detectlon technlques.’”

<, -

it is of signiflcant 1mportance to determlne the.i‘”

14
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1

performance .evaluat:l.on of‘ LD detection, DC detect:Lon and

[ " - - %

CD-DD detection under various signal 1mpa1rment conditiqns. '
- Lo : N

The or:ganization of the remainder of the - thes:.s isf"a’s'.“\'

follbws..:.;',-_ el P T

-‘, ' 3

oy N

L3 i

carrJ.ed out for a w:.deband channel under' adeal conditions.

LA

<.

o ] modutlation i dex of CPFSK signals—:rs assumed to be

The modulation index of the M-—ary CPE‘SK s:.gnals is assumed to
. “c . 5 . .. d = T l‘\ o

be ; Secondiy,“ we extend,the analysis ‘to.a include the

\ s 4 t

effect of eymbol t\.ming )Krrors on the performance of the e

/ .

' three detection schemes. v F.inally" the effectiveness of the

CODS.‘LGEI‘EG. . ‘.: ' /, ;.‘ B B e ';,‘ . _'l: ,",: . -. X ‘-"."7“:‘
i N A., . -‘.=" e s :N‘, @ i

It 1s also important‘

. 4 ¢

performance of the three detection schemes when bandlimiting

'- .4, e

effect of th,e« channel taken.‘ .to

|
'

Therefore, in; Chapte' 33 we_analyze the performance s’f ‘the -
. . ' _i ﬁ
three detect'{ion methods in a bandlimited channel. Again, the

L
' E o .5'

1
M-o It- iB

oo

,:alsc assumed tha.t the bandlimz.ting effect causes. on~1y

'adjacent intersymbol L,interference which Can be considered as

+

We shall develop an

analy cal tec"hnique to take into account the effect of

adJacent intersymbol int'é‘rference. "

H

. “. ) X
a. generalizat:.on of the recent results of- -Pawu’la [25{], which

to determine the ,relat:L!Ve'

'oconsideration . |

,' . N In (;'hapter 2, the perfqrmance comparison is first :

ac

L

w
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L . - " . ) M . ! - . .- .- :-
) i v . .,"l 'In Chapter 4., the 'performance eGaiQation ofl LD : .
e detectxon of M—ary CPFSK signals for arbitrary value 6f A
. Lt modulatlpn 1ndex is consldered. The optlmum value of the .
. . be
.. Y . N
PRI moBulatlon 1ndex Whlch yields mlnlmum error prQhablllty of LD/ . iy
‘.-" v"‘,- : ‘- "" : ¢ ’*" @ (] " . J’ ’ . %’ a
L o deteetlon for 'the detectlon Oof, - M-ary " CPFSK srgnals in ) Lo
- R o _ - i
,'tprﬁ";‘;;.. w1deband‘ and. bandllmlted channels,, is determlned. It is it
17;”,»~‘}f: L shown-that,.bg iqcreasing h above %' the performancé oﬁ{LD ]
N S - AT N T -
i ‘ detectioh 'can be considerably improved specLalLy ‘fpr L
Ty - e multilevel\CPFSK schémes.. In Chapter 4, We also analyge the AR |
7' T performance of variable delay ol defectlon which uti&lzes a Y R
Gt f‘,, o v R
P ,.delay time\ dependent,.on the modulation lqdem>¥,for thg' EUE A
B v S Fod
?‘%;4 T detectdon of binary CPFSK signals with arbltrary midulatlon N
. i . Ak B K,‘.“ . N . o . ‘. i 0
) ﬁ v ;n‘,;;index, in bandllmLted channels. y_".'ja ‘_ B 2 AR S
e NI o f"}ﬁ : In order to verlfy the analytical results obtalned I
;:u'j e ) . ' - N 1 o 1 _:. , \ N :. . .
. R .',:1n Chapters 3 and 4,:a dlglt&l computer slmulatlon of the ag‘
r - -.‘. .o ’. . S X l . . 1~
i T systems performed.?- The simulatlon ftechnlque dhd the ' f

<resu1ts are present d - 1n Chapter 5..




8_‘ ; - effectiveness of baseband pulse
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CHAPTER 2 ) _ . .

1 PERFORMANCE ANALYSIS OF CPFSK SIGNALS IN WIDEEAND CHANNELS

[ 4 ‘

‘., 2.1 Introduction

, In thfs"chapter~weecompare the performance of the

.. CD-DD detection, ,DC détection and. LD detection of CPFSK

. signals forlthe‘moiulation index 1/M. The channel 18 assumed ¢ - -
":.‘to\be 'wid'ebanq.\g ‘It is also. assumed that the front—end IF C

A . L

~recievers does not ‘cause 31gnal

. ¢ - P .- s . L n

" filter of the ,thpee
N ' N L

i distortion. ‘In'ihehpvesent analysis."the sole purpose of IF '
. ', . \ N ' N . L N ,‘l s . L.
filtering is to reject the out of band.noise.

*
P - -

assuming the

Flrst, the ana1y81s is done.
availability of perfect symbol synchrbnization informatlon at

‘ ' . 1

‘the receivers.i Secondly. the analys;s is extended to include

- ’ v 1 . +

the effect of symbol synchronizatlon errovs. Finally, the“‘ o

shaping in rqducing the

effect of symbol timlnq errors\is analyzed. The, numerxcal

A : .
resglts° for 'the error probablllty of the three

5 h ‘ - s
N ,detectlon schemes are computed for each of the above three . Lo %
. . LA : i

'cases for"M = 2 4 and 8 A ,

. R , . :

. . . - NS . c. . . \ . !
S .‘ ? . \ \ o o . f e . ‘ . ‘ ..‘ i
S22 Mathematical Model et ‘l C, ) } ST

’ o NEEECRE VL ., PN . st o E
- :f challing Eqn. (l 20),"a CPFSK. signaI witg . A
\ ! \ ' v '

modnlation indem»h,.during the nth_ symbol interval can be '

symbol

"1 - PN . , oo,
. oo Ve . ' - 4 )
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“written as, ‘ ' -
R 2EB i wanh t :
x(t) =/T cos-(wct + = [ p(t-nT)dt + X )i o
‘ ] nT ' . _
: ~ . - . ‘\- é
- . . nT ¢ t < (n+1)T L(2.1a) [
. — =.T. cos ('wct + ¢(‘t))- 5 - (2.1R): I
whervre Ea is the signai enexgy,” a, is the symbol transmitted . !
tand p(t) is the baseband pu‘lse-ﬁhich is n'oh-zerb only in the- :
lint"arval b< £t <T. The phase angle x given as,. ' ' ;
! o . (‘n",l) ‘ . . N .l ‘
: X ==h a P .
p, ) : k=0 : k .Y - -, LI }
results from the phase contlnuity requlrement and’ is constant ; L
during the nth symbol 1nterval. ’
' A ) N oo ! -
S ‘ For a rectangulat\ baseband pulse of the form,
e A PERE R .
oo p(t) = ¢ Lo (232) RN
. ? ' — . . . . - ’ 1y . i
v . | 0 ' .elsewﬁe're,‘ . ; ) _‘ |
¢(t) reduces to, ., ° LN L el . 5
> N .t - | = S | o .- : P
_-¢(‘t) = xn - nn‘anh f'ol'c h = i (2.3? 3 B
The - réceived si:gnal . in the.presence ‘, of adt'iiti‘ve Gaussian”
noise can Bé'expreésed as, c ’ : -’ S
. . ? 2,E : . . A , ,}‘
o . r(t) = 'I‘ cos (w t + ¢(t))+ n (t) cos (m t + ¢(t)) ) ,‘
_ A - n (t) sin (ut + Mt)) SN
‘ = R(t) " cos ot £+ ¢(t) - n(t)) ~ . (2.4a) -
[y ’\ Y “;i : ' ‘ :\I, !
o 3 - ' )
Sl i - ’
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- veoof ’ Aﬂ 3 : -7
1n\the set S1 = {2 ﬁ - ﬁT ,.f:“n
. one of the values n ihe‘Set"Sé = {Q.

for n-even;: Slmilarly ¢ (n+1)T) 1s decodedgfrom T((n+1)T). ot

\r2 ‘ ."

- CY

Then the phase ,dlffe ence~ ¢((n+1)T) ¢(nT) s; deeoded

‘e
r, .

) to obtain thq data symbol a ;. . lﬂ

T

according to the Eqn. (1.

\

) S The aymbol a is ,e‘ected correctly not only when

.

both the estlmatee ¢(nT) and ¢((n+1)T) are correct but also

v , ot e -

~ when both,are 1n error by the same amQunt.-,w.‘“_ "f ?'«t oo
. ,'. . ‘ s __-'-/t o Y~ Lo ‘:'
e, The symbol error,probablllty, P of this receiver ﬁ

£(M+1) _I for n odd and ’

’ -
'
-
.- I
L3
.
\
’
' -
vVow ot
. ~
Ew
a
AL
-~ *
.
Pl
d,
e
s
’ .
! V.
\
- .. -y
a i

- ‘ . ~ “ + "
- ‘ ’ 25
- ) 'v N
. . [l i .
T = R(t) cos {uw t + ¥(t)) . __~42.4D) :
where nc(t) and ns(t) are the inphase and quadrature
componente'of narroﬁband Gadséian‘noise. : - , .
, ' Ih‘(2,4a), n(t) = tan™! ] is the- phase
Fl > -’
noise component and R(t). is the.enveldpe of the, signal which . i Coa
. . i
. ie.nbt'releyant'to the three detec;ion’methodslxeg*x o .
. . o ) . . l’ 1] ) s : A ) + k t:
¢ . )y .‘.. . . - ~ . . N . " . N R ':" - v -.‘_\
2.3 " Performance in Absence offTiming Errors. . =~ . . = ST .
2.3.1 CD-DD Detection® - T A AT :
_In th1s detectlon scheme ¢(nT) is, decoded from the SR
observed phase angle T(hT) and. declared as one of the values !

: ie evaluated 1n terms bf the error’ probabllitles of M-ary NI R
T )
T . - , s . . . ! " R
" R _ ‘ ‘ N ’ o A ' ‘ J ‘n n b . . . "' ,
» . o ’ . B R PR
» " t t i N i 4“.; B . " . ' . ,
' . - . , . ’ - ’
" o ‘ [ v — ’ . w ! . . \ T , !
v - ¢ <o v . RS .
. - ) . REEERY ' ‘. - - ! A E A !
' LY N ' . - . 1 N \ B . .
. " " A v " " o T v LN DI o ’ s " ".
. ! ! . JRE. LI i I'\ " \ » "_ “
e . ' ' - ¢ ~ ! : - ’ s N ¢ i -
K ' ° * . R » ' ‘_ :_ , . '. . ~ . L‘
e : ; = e ——— 2 e ! St .
. N N D L SN , . N < : E :

. s . g “ L O e . . .
~ LA -~ . o . . - ' ’ - . ..
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':phase angle Fz(n) [26] glven in.Appendix A as,

- . ]
- , " . B <
. ' r 26 Y

Cohe'rent PSK (CPSK) receiver.,[18] as, ' o
s - - - .E » -TE - -E - < 1‘-
- P = 1 {pxC M‘_< n(.nT) < ) Prl- 4 < n(l(n+1‘)*r—)\t M]_
. (M-1) '
s # .z Pri(2k-1) 3 < n(nT) < (2k+l) %1

»
-

k=1 e . %

" : "..' p:[('Zk-,*l)'ﬁ' < n((n+])T) < (2k+1) %’I 11

N - ; '— ) ) .2 (M-l) 2 .
o mr e i ey - p p R
< S K = _ k—l‘ - .
'; Sl e é"p'-‘(M') - at] high'SNR (2.5)

'
- - N 4

\. ’ .l ‘ 4

where Py (M) is the symbgl error probabll:.ty in M-ary CPSK and

'.P (M) 1s the probablllty -of maklng an incorrect decision 1n

+ $

‘M-;ary CPSK. such that the decoded’ phase 1s in error by a value
. 2k=%” '

Tln the‘set {+ —"q‘ua_“'l‘ooo '.1‘}-

. n Both P (M) and P (M) in Eqn. (2.5) can be readi\ly

' calculated in terms af the cumulative P- d f. of. the absolute

Ee(M) =1 - .,Pr [-; ﬁ* m <-‘M-] W

. | ’ S
‘ e e R (B o F (.
L A C A -
S = 2~, F, (9 . "
cand p (M) =~Pr[(2k-1) -‘1 <' n< ('2k_+1) x ]
y ((2k+1) 1‘) - F, ((2k 1) —) 'y
i ". J. k = ‘1' 2, s ‘(M-l) - .
1 " .'..
\ L ;
L \ . 5 D

g A o s oy

B e
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[1.- cos (§) cos t1- - .

" - ’ ‘ |
¥ Z 4 - ’ _ ;
- ‘ -~ ; '
. '
) 27
where ) ! . L
< T : . T
o . z=Ial g 2
Fo(n) = = Sqn( 1) f - @~P 81n 0 sec e ae
c2 2n . 0 ~
E;' . \ ‘ \ i .
p = —-3.:is the signal to noise ratio. . 5
' o . \ !
. - %n . g
. . ] , :., I “,
s - N . \ I}
2.3.2 DC Detectidm = ' g :
4 <. In thig':. ‘detection scheme, the - phase difference, " ;\/‘//
v((n+l)T) - ¥(nT). is decoded as one df the values in the set ///// ‘
N vy /1% . ’ : . 2T . ‘_ T ) R 7 ‘
{5 « ¢ %:Ex‘, oo £ (M-1) §] ‘and then the symbol an/ifs/ "
» . Loy ‘ - . . ~ * N 1
decoded from this phase difference according to thg/rflation " !
B L <;/ : . ;
(1.5)' . N ‘\,‘.' . . ,. . . - . - 4 §
‘The 7§rinbol error, p:ébabil_ﬁity "of this detection o
$cheme is exé}'é‘tly identical to theé error probability of L
& . I," ‘ ‘ . - ) ‘ '.’ : :
Differential’ .PSK (DPSK). detection, [261], which can be - ‘-
expressed as, ... . : - !
. | B (M)l _1)Ee | _¥(nT}] L] ;
< . Ppp(M)sl-Prl(a -1)g< {¥((n+1)T) w(nT)}lan (a +1) 7] .
P - v ' -~ . o RN ’ . ' I
. ATl = : . L . . . K R
T, ~ , «='L=pPr.[- ﬁE < n((n+l)T) - n’(ni‘)}ﬁ] ; ’ ; ’
. . PN . - i . . ~ N _v}‘
e S T ‘ ’ ‘ _’E L ‘s ' Tl %\\'\
| sin (%) .2 _"°plizeos () cos &l o a
Lo s = et L : dt v

. Al - L .
H ! . . . . (2-7&) )
! . ‘ . [
+ . A}
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r |
wy .
! ] ' .
~ B ~ )
. - - . ‘
[ - N
.
’ \ R
o ~ : .
\ .
i e K e ' [
.
.-'-.5%-'«;«— oy Z I3
e e w ) o g 2=
. . Ty b i 4 -
' . . .
. . . ' -



'
(-] - -
. . .
¢t \
i ’
- . . . .
N
. ' - [ -
N
‘e . ~
.o -
'
] . . Nt ' '
-
'
- 0 -
. N 28
[N
'
' “a . N
'
. -

D

~

P .d. £. .of the phase dlfference, F (a) as,

© R (M)

DP

‘Fi(a)

_Sgn(a)

2%

o

0

.'i‘,_-:l'al“_’

’

‘2
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_(M). can also be calculated uslng the
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and o= n((n}l)T) - n(nT)'mod 2u,

,the phase difference, Ab = ¢((n+1)T)
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Recalllng Eqns. (1. 6a),

c

otaTy

(2.4a)

and

1 + cos a doa‘e a&“

I3
\

-

"(5;41:)..'

._ =.:1 - PrL- -3:<':a-' <-.;;§1. - : : : )
. ';\5"-1(-‘3? -'.Fl‘(_'ﬁ)l , '. ;
o R

i§.thefﬁci;c_componeﬂt'qf-'

'l;he.. .

4 -

dec151on variable of the ‘LD d;téctlon can, be- written a57 .
(n+1)T ) " _ Y e
AD = - [. w(t) d& ., o T
- ) . nT ‘o ' - -
! T = ¢((n+1)-r) - ¢(nT) + n((n+l)’1‘) - n(nT) + énN .
‘L ‘ ‘“a .. ‘ ) . . “ ) ‘
L=k e+ 2w . T (2.8) "
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where o = n((n+1)T) "M mod 2w and N denotes ‘the numbef LT
of cLlcks in the 1n£i;rval nT to (n+1)T. Str:.ctly, the number
of- Cllcks N .‘LS compc)sed of a posxtwe ClleS componemﬁ N
and a negatlve Clle‘s component, N_, {30] as, . ' . ) K ) , .
v A ol
'-How‘e‘ver"'it'-has"- been.p‘oirited out in -lEBO] that 6nly neg‘atiire E .

.. cllbks aré 31gn1f1cant :Eor pGS.‘Ltive symbols, i.e. N_

.wh_en an: is jpo_s_:;t'_ive,‘

>>N

“and v;éer—:versa. It is well known that

. - ~ .
-, . . » ‘

~.[30] N ~is""e ‘156j.esdr'| 'rén‘dbrn_'varia‘.bl-e-wit_h mean N, so that,
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1 N PR Vo ‘.ehN | , ) o )
' ‘ Pr(N-n) Y " . (2.9a) .
-4 - : . N H
: S . P
! and L : ~ ' b
- . e - {
$ -t oo S )T . N
. (- R I ER T L A TR BT (2.9D) .
; oo ST henT ) .
- :'Ifhe modulo” 2n representation of «.is valid at high ’
: . SNR.' The slicing‘ ].e'v'e]'.s ,of' the recéiver are 0, '+ %’-‘- . * ;——1‘ ' ,
. B 2o e (M‘-ﬁ)n _'._ "P;n error occurs when a + 27N exceeds. in' q
{ - . t "_ . é
',.. magnltude the dlstance from the transmitted level to the :
J "
nearest dec:.s:.on threshold by ﬁ . The ‘two outs:.de levels
; .- +(M-l) can onl.y pe’ in error 'In ohe dlrection each. The error . ‘
K - ) .rate calculatlons in th:l.s case is gsomewhat similar to that in R
- . Pu,lse Amplltude Modulated (PAH) .systems. Making use_ ‘of the
I T,
‘ 'symmet:;y ! of the signal - get, and, considering' the positive _
. 'éfjt\bols,;. the probability ‘of . error A can be: levaiua{ted by -
. __— b . - - X _ . ; .
! ) - ) ’ LT P ’ : A ;_1 -
—_ ‘:’"’"“” ‘—‘T— ' I ] - _ . .
' ! . ¥ : Y ' ) ’ '
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. f evaluating the conditional error '.probaﬁi‘lity as, . ' '
N ; - - ) ‘ T . o . 1! N
] E o v ¢ -}—Pr[(an_l)ﬁ qu’_la; (_ai'l+l-),ﬁ].'. _'?n#(Mjl)-- '
,5" - Pe,, LDJ| .- = . .
-k (i ' ; . .
’ 1- Pr[(M—-z)— < mi < w]. a; = (M-1) ‘
R \ -Pr[ LA PE(N‘=0~'| ¥ioai(mel)
. N M ~ - "M ; . u'an, L4 P « B . . R
- . ) 1-pel= f < ¢ < n) Pr.r‘EN-eO.Ja‘),' a=(M-i),
. ' N ) - X - .‘ - 1 n . - _' i ,
-and then averaging over a_ one obtains, . N ! :
. < o toen s L. T .
id . . .
’ 2 Z ‘ ' X T o .
P =1 - = {PICN"Ol ) Pr(- 2 <g< 2} .
e,LD . =M la |#‘(M l) 'n . i .M_ M o ‘
?. - 2 ¢ . ‘ . H e ‘“ Y .
, L. = P act) S ,. - =
; 2 pr(n Olan=(M--.1;)‘)' PE(= g ¢ @< %) )
. oot (2.10).- "
The pr’obabilities Pr:(«lf'lr ‘<"“a'- < 1‘-) and' Pr(- i‘ <"o:\ < ,1:) cdn beé - . '
': ~ . ‘u‘ N 3 -
readily evaluated usinpg the cumulatlve p. d £. F (a) 59, . ' .
-> - ﬂ -11 _ ’ - . - e r
Pr( RN M ) =1 - 2 F1(~» M) (2.11a_). o
] and . ‘ ' . Lo :
: , ‘ Pr(-‘% ¢a¢n)=1aF (=) (2:11b)
- Pr(N=0]a ) is the probability of getting Zero clicks in'the :
: n i .. . ~ ;
S ¥ interval nT t.o- (nfl);’[‘,' when. a, is’ transmitted. Tt follows
o > ] ’ . . . ! i ' » ~ ’ . ¢ - .r
! ’ ; ( - L 4 i
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. 7 from Eqns. (2.9a) and’-(2.9b), that. ¥ .
- % - . ) o . ‘ .
. \:‘ ,-‘] . _- . . \
{ ) pr(N=0]_.) <& C
- SoyTYla : . - .
i B . n_ . . L -
;!-" ' * ‘ "'_.' "u\- \ ,
3 =1-N for'p 3>'1 :
EE “and’ . , \ )
. . N - X ' 3 HiEN i /~‘ . .- .
oL « CoaTe = T ' '
. = e’
| . . ‘N [a |_2-ﬁ— - . . (2 12) | .
D N . ¥ ‘ = ' ’ ‘s -
! ,cOmbim.ng Eqns.- (2 10). (2 lla), -(2 llb) and (2 12) thef-er—x:ok
4 ~ N \ ' .
‘ prot_)ab_llx_tq\of the LD detectlon can be ertten aa, , T
;. “g ) >t ° e 2 -t . an. ‘_p M * . ..“ . - p\
L My'=2 /L, (L = ge P = 2F (=)
, b + - . .
J ‘ S e LD TRt R e L _ :
. ! et ’ o ’ ." ' ' . ! -t '-
b S BPORNE | o B AT PR N :
. . +'M'(l- 2 © )(l;FI\( ‘M))' . 5
) ) ) CL2(M=1) oo A Pr4a. 1)), C
i ] = M FI-( M) + ? e‘ I:(1:+3.~ . ..*(Ml) ) ; " i
/’ R i R . s .
- 4 . = 2(M=-1) P (- o _]_._ e p , .p'>> 1 , i
\ M 1'" M T3 2> :
‘\: : : X ‘ .
. ’ : - ' . (2 13)
Combining Eqns. (2. 7b) and (2-.13), thé error probabilit:.es of .
. w o LD detection and DC detection can be related as,
! ’ , S (M" -p . : - :
s X — 3 Dp (=] , .. T
[ Pe".LD(M) = Ppp (M) —w Tt g P 1 ‘ ;
- - . . : L ’ ’ i . -
V- . . ) ' ; C(2.24) -
- - \J\ i,
~ -It is of intereat to note that for "the binary CPFSK . ]
v} v . i : “i
: (i.e.’ MSK),, e, LD(2) = P (2) = i e p _ Thus, LD dateation BE
. A ' s L . ) . . ‘
. . i ) ! 5
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£ . .‘ . 3 and DC detection yJ.eld the -same error performance at hJ.gh
5 - " ) : SNRa For M>2, ~one can observe from Egn. (2.14) that LD
P S detection yields slightly better ,performance than the DC

detection, but the'gdiffe_r'ence is rather insignificant to be
. of practical importance. i ‘ o
“ v . - . f . L
crbor - D
L 2.4 Effect of symbol Timing Ex or
' ‘ ) In this sectlon we cons:.der the effect of syn?ool

timing errors on

detection methods.

the error rate performance of the three

In all three cases it is assumed that ‘the

. 2'4.1

. »
: -
K i . - .

S o timing error >0 and 11-. can be shown' that the. results are:
doo " . valid for 7<0." B
l CD=DD Detection )

. ' Referring to. Fig.

(2.1) and with the aid of

' Eqns.. (2.4a) ‘and (2.4b), the phase angle at t =n? + < is
PR \ ob_taineé as, ' ‘ . .
‘ ¥(nT+s) = ¢(nT) + ¥ 8 * n(nT+r) " (2-15a)
e o )
, and the phase angle at t=(n+1)'r + ¢ is obtained as, o
o . . %((n+1)T+x). e_‘Q((.m-l.')T) + ﬁ a4y +. "I(('n*'l')'il"F'c)l
, e (2.15b)

of :am__1 '

Since’ ¢ {nT) is independent of a_

~

and ¢( (n+1)T) 13 1ndependent

the expression (2.5), with the following defin:.t:.ons
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for P (M)

and P (M). 'c_ar.l be used for éomputing the error -

“

\ probah111t1e5° ° ) .
Ly E,, o . Ea 4
< P (M) =1 - 2 M{zz.ﬁm{\ g+ (20-1)p < Z ]
. g - e ".t __ - M i=1 *.V : M n : 1 B M
> ‘1‘: " 'S ."} - - - .
& » N Y L. . ’ - . . .
’, . M/2 > :7“ o S ¢ .
- S ~1§1 IRy (= ,--"(21-1)f!)-a Fy(3 - (2i-1)8)7 L
. N ) . ) R LA o
, ) - i , . . ) l
, E (27164)
R o S pM/2 T
“ 3 ' YRy (M,'r) % E [Pr[(zk-rl) L— < n+(2i-F)p < (2k+1)5]
t' ‘s ' 1_1 . . . ] -
“ .E -'f A° LI . - / T e .. .
.' i ! ‘:_\_1 . 4 ".. L 4_ v R '1.- N . ." s - P . . -'" i
i R +-.Pr[l(2k-—l)ﬁ <:m - (28=1)p\¢ (2k+13g1} "
;‘ A . N
: ; ) =35 _}:1 [LF ((2k+1)-—— (21 1)81) , '
‘e ,-‘ 1 . .‘_ ! _E’_ " : ’
- T -' & ' , ) Fz ( (2k 1 )M (2}“1) ?)'] K
Ld i . . T ’
N ,. . . . .
., \( * [E2~((2~k"_'1)ﬁ + (21-1) B)
o . ' K . -
- ' - Fz((Zk—l) + (21-1)5)]}
' - ) Lk =1, 2 ‘..‘:. (M-l) -
Y | IR *(2.16Db)
i."' wl;x;i:'eip = ﬁ'_l‘- 3 a o i.s deflned‘ in (2 4a) - 'The cu‘mulat»ive:'
- < p d. f F (a) ia giverL “in Appendix A.- At high SNR, ov can -
,'. B use the approximatlom for the error probabllity, )
: ! , g ) ﬁ /:Q: '.’- 2PQ(M' 't) o X L s S - ! . .
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N 2.4.2 Dc' D.et'eotionf" et R N
L o R . .. ’. Y ot ] o _— S o o "
. L In. preaence of‘ a symbol timing error’ T the pﬁaser.'_,,,'-/ )
' ) o S,
L detector J.nput can be written as [c.f. Eqns. (1.7), (2.15a),
. (2.’15]))]' ‘l*.. . ~, * . ‘. ‘ ‘ . .. ‘~.,‘
R S :
N .o P I : S 'm. S RV U
B T A <an+ O
e : ""where a = n((n+1)T+-c) n(nT+1:) Making use of the symmetry ‘
[t . "’... T of the s:.gnal set and considering onl‘y the positive symbols,
RN -
_ -;*'; ~tf\e q‘}ror probability can be evaluated straightforwardly by vt
i L e .._'evaluatihg the conditional error probability as, R ‘
L f"j. :"‘tn = 1e Pr[-~—‘< m iy (a. ,"-'-a"-)~‘<’"—’5_ .
Lo -.__a,‘;".,agm R Mo T ML "tl e ML
- /' i 'and tﬁen averagingxover a~ ‘nd an+]‘_' one obtains. o -
) \— /’ | . , ‘ (M—l) ’i ' . ‘ . W [d R 1: i -
/ o gi (M-i) br[— M < @k 2ip < ﬁ
b ;‘-iz i"o ‘%m W .
P ot - P | ‘N;‘; ,,1 Y .
S 2ip)-F; G - 2i9)] &
LI . - MR
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;- i\ o 2\,2}.3: ‘LD Detection , ) ' oo .
. B { ) . \:. = - . ' ‘
k g T The decisi'o v\ariable for the nth symbol in
. f , presence of a symbol timing errér can be written [c.f. Egns. ’
] . (2. 8), 42.15a), (z.lsg)las,, .
3 . . . ;. - - o »;.___‘ v
. . Y : Lomac ‘ T -
3 L A =+ B (A -a)+a+21tN '
B N S . M i n+l
v\“. * . ".'l L P - '~ . S . .
w0 L m‘ ¢ S(2,19) -
. e .. wh-e‘re N is the average number of clicks in the interval nT+t -
. ‘.. N .
P to (n+1)T+1:. ' As the two 1ntervals [nT+-r,(n+1)T] and [(n+1)T,a
. g R (n+1)'1‘ * 1;] 11e in. two- different signalling int-ervals, the"
“‘..-.; cllclgs in these two intervals have .- to be evaluated -
.'g.‘_' ' . - . )
T - -separately. When‘ ar '-and a '+1 are of the same sign, the ..
‘e .‘: . B . ! \\_ .
. clicks in the\wo intervals are .in the same dlrectz.on whereas .
: RV when a. and an+1- are of opposite signs, the clicks are in the
opﬁos*ite "dire'c‘tion. 3 k-AssumJ.ng =5>0 and -considering only. .
positive a, because of the symmetry of the signal set, the
) probability of making an error condit:.oned on a and a i+l can- ¢
L . . WL, T :W . R ) . ) ,
| ‘be,written as,” ' : - ‘ 31'. < cr o e
!‘ . ‘er, ) - - . . . . —~ |
! [ At I -
N ; ' -Pr[(a: -l)—<A<(a +1)":|Br(N -Nz-o)
.. . : ' y S .1»:‘. a #(M—l) ‘
" . (e|1, 0_‘: s a .
._,, h “\ - Lot ) ‘ Y . -
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: : s SR T R L2 e '
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3 ' v . : ' .. ’ Co {
5 RN 1-Prl{a_~k)g <A<(z +1)EIPr(N,=Ny) . Lo
& , - . : . , v . ’ }
£ o . v L. - al#(M=1) L -
) » ° ’ - . n- A * i \
3 . P , . CL =G - ' N N ' . !
) (el.."'a-‘_n'.aml(o) W - ‘o I o - . 5
/ s - * ' . . —
l . . ‘. : ! : ~ - <. f‘
: B SR v l1-eel (B ~liZ<A¢e]Pr (N —Nz)+Pr'(N >N.) |, R ;
H A" v " . N - ) ‘ N . ‘ . . - ) '.§.
! \ v . 'I ‘ ‘ "‘ ' . . ! =~(M;l) J .. : ] 3
5 i : . .- R SRR WAL P i
. “[. ) . o :. -, " R T P “ " : (2-29?)- R :' .}.'
. ?!he avera‘ge=number of clicks ;- in the'interwval (nT+z) to SR
K B . [ . ) .. i N " .
S D ‘ »n+],)'r is given by,, Lo R S LA
; . . . .. + ) ’ . . “ - ) . n " - .
» -I' X '.. ‘_p . ;' K s N L * NPT A
. . L e e ' T TR - i L
S I r N P SRR |
4 RERE - e : .. M "' . - - e oo ! - te g .
. .'and the average number of .clicks ﬁzlln the interval (n+l1)T {;‘Q A
g T . - . ’ s < * . . . IR . -~ h N «
A - I (n+1)T+<:715 given by, ' N RN
v ! i . Lo . .
, = T S R S S A B
~'_‘ ‘_ e. }. N e T ee '\ . - .’ i . . ’-I R
f . : y N"z ' .ZM\' l T |’ n+1 l - \ - “o- - Ve =t (2,."2l:b) v e R B N
f— ¢ . . RN ':\ . - o, —_— . _,‘ A Y
also; ‘ N R R ‘.
N ' . “ i n a L * . ‘. ' ’ . . !:‘ ‘_' ,,‘ . LN RN
¥, o, . - S i B N t
' ' v "\t ' y = (N #N5) - -(;. ) y (2.3 *) ‘ BN
b V! . - Pr(N,=N,=0) = e, € (=1 =" (N,#N,) , 2,224 bow
X B o SoMTT2 S e 12 i e g -
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. o e e SN mEpR I
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¢ I T A T T
» T e T w T R (WM () z R |
. - bow : .~ Pr(N, > N1)= = L R T k i A
v ‘. . R - N o ’ \ 1 g (N . ] e
: Lot k=0 k=K T LT T S
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!- As before using the. symmetry of the signal set, one  could ;
’ ~simplify the- expressions, (2.20a) and (2.20b) to yield, -
= : . . o : :
b M_ - . P
$ . 2 (2 1) M [ aie,p | p} . . Vo,
: Py =1-%% © I {1 (a1a)e
f . e| T M2 i=1 j=1 2M. 2MT. ) i o N :
“" ‘ - : " : T T . g
L [px( ¥ < at MT (a ai)_ < M)]
E ‘ - K * , ““ Lo ‘;
s - - ¢ - LS PR H i
b ' ‘ M ) .- . . . R T
i A SPIR 2, oooe t{M=1) % -p \ P
i . . R P B .. (las|-(M-1))e P} . :
. . - vt M2 =1 . 2HM ZM?‘ ] J
|.§ . . . ) iI .
Ao, (Mz1)) < m)] L SR
- ] * - - : . . . .' i j-‘ .
v 1 4 v »
’ * - e [ . . . i,.-
. . , . SRR ,
. ". ) . ° \ ) \n -
,.; . 3 .- ’ - ) -a p , toes _ . F
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' N M - A
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. g . ' ) o “ s |:"1 F];( M MT(aj ai))-"'Fl(M 'M—T‘(ai_ ai))] ,
-.' s ‘ . \ ” ~:, ' . M:'\ A . ‘ .’
i ’ . 2 ' (M—l) p .
..o =55 ¢ {1 - ([a | (M—l))e } . <.
n‘ ‘E P . v , j .. M2 j=l + ZM 2M'I‘ j . g
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1 Y ‘ 4 ) - . B X - 13 -"
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S I R S - (2 33) .
) ) . X - 4 . o K
- ‘; : T The Cumulative ped. fa 5 (a) :Ls given in Appendix‘ A.' As v
. \ ' befor‘te_ Pel _could- be approximated at high SNR as, : ',. ree oL ’
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S 2 5 Effect of Pulse Shaping ‘on. Symbol Timing Error -' " L ‘, . i
, : NI
' ) Y In- order to reduce the effect _of- symbol timlng - 1
"i-:‘. .err‘o}.é, it 1s desirable to have .smooth-phase trans:.tions at .
| the .sy;nbol trans:.t10n —lnstants. _ In recent litera’ture‘ [4J ' Y
'the symbol pulse shaplng 'u—sing' a ra:.sed coéine pulse has been . Co
analyzed‘in the . context of spectral shaping._’_ These pulse , : 3
‘.shapin-g ”funqt,tons' elso cause‘ phaee trel‘lre to ,..h-ave | elnoeth .
. i_'-phaser trans:.tions ‘reducing phase .va‘riatxons near eymbol O
D transitlon instants." A raised-;:osine pnlse suitable for qu;
pur;_ag'se ‘is, e .- S . T ‘,.,‘ - ‘. S
. ' . T , © e coL - . i
B 2 o (2'._251,.’.': ,
h o ‘. . O._ e "-ele'ewhere': l . - ‘ .' ' \
The phase ‘variation corresponding to ,thle pulse is obtained o y
from Eqns; (2}.1a) and‘ (2. ].b) a;, ",‘ . .' EAR . v | "
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"and -the correspondlng phase trellls is “showh in Fig. f(2'._2),- 1.
: v ot : : SRS
for blnary CPFSK su_mals. . ST - ‘
L . \ . ' P S0 ' . A
; . o, “The- effect of tlmmg error on the performance of .
P : 'CPFSK when thls pulse 1s used for- symbol weightlng can be e f
; ) . . N
. ? , . analyzed as, 1n thé case of rectangular pulse welght:mg i . -4 .
’ f ! sectlon 2 4., The " following. modif:.cations. for Eqnse (2 LSa), N )
g (2. 15b), ,.12 2'la) and (2 2lb) are necessary for tha.s caae- SR S SR
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. we note that when rco, the pulse shaping hds. no effect’ Ol the G
~ 4 ~ N . . IS ] 4
& »error rate per,formance of the th‘ree detection methods. ‘
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2.6 Numevrical Results and Discuesion

. PO
NV S Se———— SR

The- error probabilities of CD—DD detection, DC

detection and LD detection are computed in absence of timing

errors usxng the expressions devrived

in asection 2.3- and

S i er o - w————

plotted in Fig. (2.3) for M = 2, 4 & 8. We obserYELthat'LD

‘ . detection results marginally\ beétter performance than Dé
¥ detection when M>4, For the ‘binary‘ case, i.e. ~M=2{ rDC

. detection and LD detection yield the- same performance. This

s is -in agreeiment with the previously published results for - the’

»

- o narrvowband case [38]. On the other‘hand, CD-DD 5cheme is

A about 1dB better for M—2 and about 2dB better fo:\Meégand.B,

‘. o

than LD and DC detections.
T o performance in LD detection in‘comparison‘to DC detection is
. due to the: fact that the outeide:. twd levels i(M-l\are

detected .with smaller

error prohability _Ih LD detection

because these levels arve affected by noise in one direction

- . only. Even though the ¢licks cause performance degtadation,

'their effect is balanced by the small error probabilities of

f the outaide two, levels. The DC detection yields equal error

. . ~

'probability for all the - symbols.. ' The ‘extra’ reliability of

the out51de two symboLs +(M=-1) aids LD detection to yield

h{ ' better performance than bC detection deepite the presence of
o,

,

the clicka.'

1
'

The errorvr probabilities for, the three detection

’

N4

techniques in preaence of a symbol timing error are shown in
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. Figs. '(2.4’) - '.(2.,6'-) . It can .be seen bhat the performa_fxce of

¢

LD 'and DC. receivers degrades rapidly ' as the timing error

inc¢reases. - This "is becdnse of the ‘piece-wise. 'continucus

nature of the phase trellis. . .The CD-DD detection does not

_suffer as much " as - the .other t}dd ‘detection ‘techniques by’

gymbol timing .errars. Further, there  exist .upper: limits

for the symbol timing ezjrdrh_'rf‘pr‘ the three- det ction

. téchniques . above which .the detectors’ become useless. . N_dtihg-

3

* that- thé maximum allowable error in the-decision variable is

- . -

--’E' -
.M,

" obtaired from Eqns.- (2.153)," (2.15b), .(2.17) and" (2.19) -as, -

.. ~ . .

.

T _ T(j:?i—y_ for LD detection and DC detection .

Tmax T L

-f'or'_ all three detection.schemes, these.upper ‘limits: can”be -
' “ .. LN . 1 f oo ' LT

' B
[

18

o e s et a0 s e 2
.

T 200 e Ml

~

; coL .': Lo TMTT].T f_of CD-DD ti;e_te?tidé . - ) -
. We may -qonélu@lé _'th‘e.refc_:i]':'e;' ‘t}ie;th CD—DD Aeté.c'i_:ion is: iéss . ) i
‘sen.s'i‘_tive and ’\mor:e‘ .t'o'lérabie_’ tlp_lsyml')o,l tlmlng _:e'rfor;s-'thgn LD ’
1 " detectior and Dc”ggiecﬁion.:;.’ i T . p ,
-, . o L _—_— . . -
: . CAs iﬁdi:cated‘ ':l.,'n-'t.het\ .previcus set:ti"g)ns /- .the: i % C
! . 'smoo'izlx:é'ﬁi'hi'; of. 't’.he‘."p};a‘ste 'tl.:'g:lii"s’ at the symbol® .g'rarilsji;ion %L '
: :I'.ri's'tf'-,\ni:s.ll-jrecl_{x?:‘e's Fh;é ':sens;.téiy,iigy"aﬁsl .a.t“ the ..s(an_\{.-.i_:_irpg :it‘ i
— 'lmp_r.:pv'e".sl the i:oi_ei'hr;ée. to. t’h;,_. %:_iit}ing; e'r':'r;:i'rh'. in "ail" ﬁhéeﬁ 7
de;‘éctiop: éee:hhf[que's._‘ In pax;tjiéula.:j,.th“e'_. f;erform;n‘;:ei of* ;:hé o ]
Llé d‘e"ié'éi;t‘ion-zgr{d“;ug-‘d.e,t.ecltai‘éri.' dégrade"yl_ésé..'r‘:apial& by t‘il'l'l.{né : ]
'e;;pfs,';ubpef l}ﬁitgﬁSﬁ:thqviimipé‘;rrdr-Qiﬁh pulse. shaping -
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follow from Egns. (2.26a) and (2.26b) and satisfy, : Lo N

)
2n 1max)

T. .
+?1—t91n( T 3 ) . . _

for LD detection and DC detection

. . 21 < : .
" and T = + sin ('—TTEZ(') .

" ot pt e we ittt b An o A b oo
L3

Yl

P
.

for CD-DD detection.
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. e 8 ' .
pulse shaping "function we have used in

obtaining the numerical results has been suggested in the

context of spectral shaping. (227) thatgi

- > yi’

We‘observe from Fig.
I’ ek
" these pulse shapes whrch improve spectral roll—off [4], also

reduce the sensitxvity to timxng ~errors 1n all three, . ]

receivers. . - s S v

y T . AU . .
* . ’ et e ‘ ®
R -« . . '!- . . . .
2:7 Conc¢lusions ° * . T : ‘ : . S N
N . N . . . - .
.,‘ . '— . .I n..

“

»

tﬂis*'chaptef; we " have .compared the

.
- t “

Hifferentially coherent detection technique and the coherent_

K

—1vdifferential decodimg technique w1th the
conVentional limiter-diecriminator detection technique for_ R o{fﬁ

s’
ta™

-ary CPFSK w1th madulation index %

timind'errors has also been analyzaq

The effect of symbolli

From the numerical

it has been concluded tﬁat differentially coherent
L IR T ‘.:‘ Py

detection“dn‘f limiter-discriminator‘ detection yield

approximately the samé performance. Alsb these two detection

: techniques exhibit high sensitivity to symbol timing errors.- B S
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’ ' - It haa ‘been: shown that sjmboiipulse shapd.'ng can . ‘be empiﬁed : "

a - ' gor reducing the sensitivity to. timing errors.y 'l‘his i‘s'an” '

: ‘ added advant.age of symbol pulse s'ﬁaping wh:l.ch has been L /
T prev:.ously auggested for apectral shaping of CPFSK aignalss 5 ‘ f
N The}_ COherent Detection R »Differential Decoding technique has ' Co.
- .ﬁ\ i':;' - shownu }39 yielxdb bette "performance' than the other two l
1 ‘ de ection 'methods. Howe\ler this improvement 15 geined ‘at the ' - ‘:
l oo \ o '.e;':pe_nee _'.o‘f'. es_’t,a.bili_shing coherent carrier at the rece:lver. RV i
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PERFORMANCE ANALYSIS OF CPFSK SIGNALS IN BANDLIMITED CHANNELS

+ ' ) . : .

i LT B, N A et 2t oot <5 s et o 6ot

oo 3.1 Introduction -

- ' In this ‘chapter, we compare the performance of

+

CD-DD ,detectio_n; DC detection and LD detection - when

B L I o

‘bandlimiting effect of the channel is. taken 4into

PPN

" consideration. The modulation j.ndex of.. CPFSK slgnals is

C assumed to be%‘i— . The Intérsymbol Interference' (Isf) caused
. by the front-end IF filter in all three detection. sc'hemes has-

N been analyzed. _ The methodology we shall develop in this

: S chapter Whlc'h takes into account the effect of ISI, ‘can be "
E . considered aa a generalization of the recent‘ “results on
- \ 'binary CPFSK [25] ' | | : . | . .
R . - T We first conaider the\s:.gnal diatortion caused by.. S

e IF filtering in detaJ.l a this is common to all three
N /

detectJ.'onv schemes. Secondly, we develop a methodology to
- hz,fnd-le IsI. . ThJ.s techm.que is then employed to analyze the 4

S perlf'prmance' of - the three detection schemes. . Flnally,

'~ .. numerical results for .thé symbol 'error probabilities. are

. - presented for ' a. G.ags,sian' filter and a - second order . .

-. . . _Buttérworth filter.

“'_ : L ‘ N .

{’73 2 IF Filtering

S : In this section, ‘we consider the effect of - the R

kY

F c L S P ' ’ L .t
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receiver front-end IF filter on CPFSK signals. .IF filtering

changes the phese variation of the received signal and also

spreads the eignal .corresponding to & particular .aymbol’

interval over the-otner symbol;intervals eaueing Inte}symbol
Interference (ISI). |

- We recall-fron section 2.2-that the received signal
in the presence of edditive white "noise" can be represented

as, . ’ ) v

r(t) =ngé cos.(w t + o(t)) + n(t). : . (3.1)‘

R ) v

-

Assuming the IF filter to have a frequency responee

symmetrlc about 1ts center frequency wc. which 1mp11es that’

,its 1mpulse response is of ‘the - form n' (t) = 2h(t) cos w t,

R

"

the flltered signal can be expressed as,

(t) - r(t) * H (t)

=’+;_ ‘ §°g (mqe f,e}t))—+ no(t)

Sontinh At M\ i e s L.

AL SR TN S P S

) ('3.25‘
Aeﬁhefe ) ',f , _ _ |
ore) = tant MR MY NS e
ate) = [(n(e) * sin o(e))? + (n(e) * cos g(en)?PH/2
| CE f ;% R - XS
n(t) * sinlp(t) = [h(s) sin ¢(t--r) ax 7 (3.5a)
"n(e) * gos a(t) = [ h(‘t) cos . ¢(+.-c) as . (3.5D)
Fmde T 5 L . me ) 3 .« — . )
—_— ¢ ¢ '). ‘.‘
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n (t) is the filtered noise component and h(£) is the impulse
response of the low pass equivalent of the IF\hﬁilter.

Expreseing.no(t) in terms of .its inpn?se and quadrature
* v . ’

components nc(t) and ns(t), one can cbtain,

733 4
ro(t) = —52 a(t) coa;mct + 8(t)) + n_(t) coslut + 6(t))

- n_(t) sin(u t + 8(t))
= R(t) cos (u t + o(t) + n(t))
-~ =_R(t) cos (ugt + ¥(t))’ ’ ¥ _ (3.6)

e ». N ) ) . . | . .
Where .? ) . ' . & , . . ! T \
. ’ - ¢ - I

:‘ns(t)t ;li”\

T R e, N ER )
Vo I ~«¢E§é,a<t> tagle)

“is the noise component of the filtered phase angle and R(t)

. is the envelope of the filtered aignal which is not relevant

to the three detection methoda under consideration.

The time dependent SNR at the output of the filter

. . T et
can be written as, . . C
. -E a (t) B ) .o \\~.‘ B R
o ple) = B
_""‘*-'..» ¢ ' E{no (t)} . ’ '_ .
T TR
| S g a%(e) o A3.sa)
i T f |H(f)| 24 - uc' o
) R L E—,a (t) N oo (3.8b)
n': o ‘ o - : : PR
. ‘ & ’ :—H ~ pa—
A ‘

-

o

I 8 et st 7 gt b s K C e R A e
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where _
E' E_ .
= — (3,8c)
0 0 2 :
‘ T [ |BH(E)|®af

. N
H(f) is the Fourier Transform of h(t) and 59 is the two sided

power spectral .density of n(t).

The filtered signal given by Eqn. (3.6) is common

to all three detection schemes since IF filtering is done in

all of them. Fig. (3.1) shows the phase.'vai'iation of the

. filtered 31gnal for a selected tﬂnsmitted sequence. The

4

time shifty 5',. between “the . filtered phase e(t) ahd the

transgu.tted phase ¢(t) is- generally nen, zero, specifically if’

e

-

the filter has- non zero phaeesreeponee. » In deriving the *

/

error probability expressions in the following sections,.we_
/

~assume that the filter phase responge J.s zZero so that §'=0.

r

L

The‘se expressions can ‘however be 'easily modified to

accommoqlate real filters by simply shifting the filtered

-

“phase. response by a time period of &'+ o e

. , mTherphase_ varietion el(t) and' t SNR p(t) I'gi\}en by

Y - -

ths? (3.3). and (3.8a),. during any particular symbol ‘interval

. S .
.- are dependent on the neighbouring symbols. " In all three

-—~detection schemes -the decision on :the symbol’a is baeed on

'4.

- the phase angles e(nT) and e((n+l)'1') taken at times inatants=

. t=nT and t= (n+1)'1‘ reepectively. Since these phaee anglee a.re.‘«

e dependent orr the valuee of the neig'hbouring eymbols, the -IsI

4
.
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effect has to be taken into ‘acco'unt in evaluating the

performance of the detection schemes. The performance

evaluation in the presence of ISI can be carried out by,
first evaluating the performance conditioned on ISI #nd then

averaging over all pos‘si“ble ISI combinations.

However, as

we shall show ,in the next section, the number of symbol
patterns that need ‘to be considered can be reduced
significantly. ’ .o

3.3: IS1I Consgjderation

*

In this section,

the ' effect ‘of 1SI assuming that only the adjacent symbols

/

'cauee ISI. . Although the method is strictly an ensemble

\

averaging procees, lt requires a much less number of symbol”

patterne to account . for all poss:.ble 'ISI combinations. In‘

ref. [253'

CPFSK signals -using two basic bit patte‘rns,

+all ones and

alternating. ones.

satisfactorily extended to analyze the effect of ISI “in

multilevel CPFSk by eimply increasing the- number of symbolv

. - . v
\ . '

patterne that need to be considered. - .

.'In addition to the adjacent ISI assumption, which

'implies the duration of the interference caueed by any eymbol

does not exceed a symbol duration 'I' it is reasonable to make

+

—rw l

- a etronger aeeumption that the interference during the firet

o . [ .
. R . . . . T N N
[ L= . . A P oo
P . .
BN s . - . - '
. ’ . ‘ .
: o ‘e .

:this technique hae been diecuseed for the binary-:

We shall observe that this method can be

we develop a technique to anali}ze o

v

sr o nn s e ®
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]

half of a symbol interval is 'only. due to the previous symbol
'and'that during the seoond half is only -due to the following
symbol (see f‘ig.‘(3 2)) Ther.efore any symbol interval T ¢an
be treated as being interfered by. two independent
interferences each having a duration %-‘- . We refer to this
half interval interference caused by a single symbol as
single symbol interference. In order for this assumption to
be valid,‘\e time—bandw1dth product (BT) has to be
suffic:.ently large- it shall .be verified -that when the time-

bandw1dth product (BT ) is approximately greater than 1. o,

the ESI decays rapidly and does nat 1ast more than half a .

symbol duration. This restriction on BT value does not limit

the applicability of our analysis, because the receivers tend.‘

¢

Ato yield poor performance when BT becomes small. Figs. (3 3), '

~to (3.5) show the variation of e(t) and a(t) for ‘a Gaussian
filter_‘which. are. oomputed using a few selected gymbol
patterns. - These vari’ations have been considered. for 'the

v

‘u'r'orst combinations which result in maxim‘um‘-'interference.

Moreover, the . ISI is stronger for large values of h due to -

the increased rate of phase change. . '!I‘hese variations'

- 1llustrate the validity of the assumption for the selected

»

cases. Therefore it follows that for - all cases we consider

in our analysis, the single symbol interference assumption is

v .

reasonably valid. .

: L By considering the symbol interval in two parts,

-
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the adjacent ISI caused am any given symbol can be analyzed ° .
using only M single symbol ‘interfevences. Thexeforey due to L\ i
the ‘sg_mde(tpy of  the signal set, considering o positive . i
E s'y‘mbols as detec‘ted' symbols, the entire s~adjacent ISI t
: - W ? . - '3
§ - ' M2 o
t . combinat ions can be analyzed .using- 3 s ifigl-e symbol " . = - ’ .
f interferences. ? . ) . ‘ S
i - - i i ] e, :
! . N ; - . : o
i . ) _ M . />o . . \) . . ‘ « i?. .
‘ 3.4 Evaluation of Slngle Sﬁbol Interferencé . . J
i “The lnterférenc‘:e caused by symbol a 3y o0 symbol an e 3
I - A o - .« - - N , - o ;
5 can -be determlned by conslderlng an a'rbittary symbol MR
. we LR
sequence . However, one can. judlcmusly select a suitable g
- e . PR
‘ S
I symbol pattern WhICh w.1ll considerably 31mpllfy the analysis b
o ly
[25]. : For thJ.s . purpose, : we select a 'ce,petitive symbol 5
sequence wh ch results en ‘even® symmetric, per:.odic vari.‘ation _ ! N
: 10 for ¢(t) w1th a per:.od of 4T as shown J.n FJ.g. ?3 6) The VAR
symbol pattetp which yields the above vat‘iatlon of ¢(t) 1s 1
' S =T . . e - . . . ' 0-‘ L
; ) ‘.'. er TAL =a,i';" n+l' - n+l' ,-an,v"a]_1 een) . “He" note that/ thls o
: T is the symbol patter'n wh:.ch has ‘l;he mln‘fl'num periodL thus ;
A B . - T
b . reducmg ..t.he m.imber fof ‘Fourier series coe\ft‘;cuents requrred
s . in calculatlons. ' The resulting o(t) due* to[ the selected R e R
. v g ' .. : . R ‘ -."": E '. L
P sequence over a’ full period 0<t<4T J.s, B '-‘\.‘ . S A
o . A . R . ' L ‘.-:.. ' ! i ..: ' u~;. A
N -"‘ .. t_ i - .‘.;‘,. I }“ '/ K (A . . . eag . .. . '“, ", . v :“‘4 ‘ .. . FAUEE _“:"
J e e ‘,(.- ’E‘an R R A Y Tl e et e , TS DS
O S g _M’i‘—» L O‘t «T R ST R Rt

¢(4T - t) , ‘Hz?l“;t"‘&_:;'i" B A . T
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RO s T T ~.'a:_ rsince sin ¢(t) and cos ¢(t) are both periodic with s
S ”'-,. t e :"' - "' h ~1 ,,
PR T period 4T, they ‘can be expresaed in. Fourier serieelrxpansions )
N C . N ' .. R N '. c . ‘Ao' "-.A : N)IV. : * -7 ¢ A . '- ~.\ A ‘
e e e gine #(t) = 5=+ I A coa (2npf t) ‘ (3.10a).
e e N . AR p . - .
) S . S P=l . . Yoo ]
\ ;f Co . e ﬁx._.'- © ' N ) 4 , ' : ' ) -. v o8 . ' , 5
. AN andf]o‘;;y R s -.,5.: S - .
. . -; R lt l’. ' .1(. ‘,.\.'f v..pv'-" ‘A 5‘ . . Bd N‘.:- ,\ - : s . . ‘ ' ’ ) h‘ ) .
- "ﬂa'_,;y'f'*," cos ¢(t) = — + T - B COs(Zﬁpf~t) Cot (3.10b) Ce ;
~ e Yoo N 3 2 p 0 “ Ca et N
. AT . ‘ P=1 ' . C
- Lo e T 1 Oy . =z ; . |
Ny LT where fO = Z— o The number of coefficients N' hee to be5. g
‘}E 'c;iV ie'~?‘ eufficiently la;ge to obtainu the filtered phase and SNR *

SN . .
: \& ) '.-'.' accurately._ The Fourier: Coefficients Ap -and Bp B are: given "

\\;;V . in Appendix B. e h o ' :". '. . y

°

Ueing the Fourier expansione (3. 10a) and (3 10b),;', E vu

3

8(t) and a(t) can be expressed at; : O );/;ﬁ.

-~

. i. ...._ -Ae.,.{' o i . ' 1 P(t ' N ' o ’ ": - ;
oo S ) (t) = tan —1—%- o o {3.11)
: o — ~. Bn3npy .Q t ;: e : ' S

) . : ' - ._‘ _ ,‘ » © . B .
. - .} - ’g'. ' - . . 2 L (. . N
. S agen (t)m m(t)) £ LN g

-where = - . o T ;

P RN YRR T S
P(t) = 52 + ¢ A |H(pfy)| cos (2npf,t. + H{pf.)) : e
. p=1 P . . . o .

2
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T -a(t) =7 * .Eltp._lﬂ(pfo)‘l eos (2mpfyt +' H(pfo))' LT
oY Ty P . o : : - b J o
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’_— Noting thit in the above I,eelected basic pattern the

: interference caueed by ‘the symbo; -a ;lon the symbol a is:_'
totaliy present during Epe interval 3 <t <T, the Eqne.‘ -
" (3.11) and (3 127 provide the phase ., variation and"SNR

’ . corresponding to that particular single symbol interference.i‘
l.
: We next define for eonveniencer_ o ; 5 '_k
' ) \ .-pa' né :;E = 6& oy - ¢3.14)
n-l-l ) n+1 ' . .

. , Which is: the error in the phaee angle at . t=(n+f§T due to the,'
interference caused by a n+l on ah N ;, ' ' '
and{ Pa a . A P (T) L ‘\.—.'m%s) ’

. . Fa_ja_ .- a2 . LM !
. A n’ n+l n+{”x/ﬁ § . -
. & which is the SNR at t=(n+l)T. - Lo e b
A By interchanging a, and Al in the above selected‘
g f basic pattern, it can Jbe obeerved that, ‘-A "
s e " Pa e o B
R ntl’"n, | "n'"n+l T - Wit LN - .
o end “ ‘
T = pa T T (3.16b)
. " - n+1‘a } a "n+1 B oy s v ,

in‘.;

) For any given.aymbol ani all eingie;eymboi}

interferenceel?are _pbtained by. considering eii poesinle;.
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combinations of (én', a

-~

)

1}

. <))
[+)}

n+1)-' 'Although M such combinations

T exisi:,‘ a’ rédu‘ctionﬁ a factor of two is possible for M>2,
’ due to. the following reasons.

‘ . - a _(1) The interference caused. byaal_w1 -a, on a, is
present 1n all basic patterns in’ t.he interval 0<t<§ -

&

L ) .. (2) "he interference caused by a =a_ on a_ can

+1 -n . n ) 3
. be evaluated [25] as, R | | | : o

| /;:' S ey = ¢(t) e C3aata) o

@ Y . .
| A e
. '.‘ dnd - p(t) = _N__ : NZMT i . . |
: 0 v 2 ‘ ‘ e -1
’ I NP T~;£|H(f)| A -

AR , X s =5 lH('zTT-)I o .- . . (3.17}\)) " >

1 -

during .the interval -i,- <t < 'I'; for an+1 =a.,

T Hence for any given symbol an all single'synnbol"
S ; intgfferencea are obtained ueing (M-z) basic ,patterns.
¥ R e s . .

Howev'er, for the binary case (i.e. M=2) a aingle basic C0
. A R
Coe . pattern of alterna‘l:ing ones [25] has to be considered. ! ) " 1

o . ‘ Becauee of the symmetry of the signal set, we heed

1 4

to consider only” one half of the symbol set for an,' which

023 . . . reaults in a- tetal number of ba.sic patterns, - ) .
- ' O * “ . ‘ ’ ' '

LI . Lo o . oS T

" " ‘% (M-2), O M,z' " - ) “ ~' . . N "" i ) {.
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It 'ie of interest to . note that although a total

actually required to nalyze all of them. R I

X ¢ 1 |

A. L J " ' 5 h : ‘ .. " ' ' .ﬁ

3 5 Perfomance Evalu tion o o M
! T . : i

- In this eection we consider the performance P

1

'evaluetion of the - detection echemee. The detection of thet. ¢

symbol ai with' a" and a't as adjacent eymbole isg’ coneidered.ae -
h ehownﬁg (3 7) The obeerved phaee anglee and SNR values
- for thie pattern of (... ays. i' f—~ ‘.K),\et time ‘inetante | |
*  t = aT and'tn,. (n+\1)\'1‘ can bé expressed in terms of single - ' \
. ty P . S . . .

O | eymbol.interﬁe'rencee'ae) [c.£. Eqns. (3.6), (3.14)7 (3.15) e .\

'9“;(3.1ea) and (3.16b)] ¢y @7 T, e
L (T =) ¥, . o+ nam) o (%19a) o _fl

. : a,,a
"'T«' vi' 1 . T y’;~ R ' . X oL ’
and - SR ae O

. - : ,t - - * N ""‘\"l . . ‘

!((n#l)T) = ¢((n+1)T) - 3; ;t +. n((n+1)T)

Ll T e = ey o T (3.208) o

S 'p((m-r)-r) - ‘
L el ‘ a-‘i' Be e ‘

- 4
. L . . A‘ \‘1

. ‘

4 o .' U

g detection of ‘the eymbol ai ie firet evaluated by conditioning

. .
' ¢ " - e v ]
o t N v .' K . * -
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fh R L., 2 N . . . .
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'I"he eymbol error probebility aeeociated ’with the




. . M -
- + ‘
. ’ 4 » f = . . L "
- » i - . . . TS
e LT > ey O N
p- < - 7 o ~ L .
- ; . . . * : . . . ., - t‘ -
N - - N - ¥ - - v - w
e > - . . N . - g
- - - - e . — "qf - . . [ - - -
" - ' i+ ’ . . ., N -
. . . L . .
v T om e - - . = - - =
- ] -
B ) K
:
¢
,
- .{ ..

" .
PR ° - et
ot . Y
- .
2
v . -
W
. . - N
A v

] ) . . . .
v ’ X v al'al oo o
HE “cp = |8 B T
i v - 2it%% o o
! ! - T . e : : = :
. N R , o :
' R R . o . . p(nT) = p :
v , T SR L
: ’ ' . - . S -
E et a ~ C el = o -
] .0 . . S - ~ ..a .
-0 . 1 . . . T ) '
T —l — »t -
B R nT ' . (n¥1/2)T - .o ()T S -
‘.rFig 3:7 Effect of Intersymbol Interference. 'at Sampling Instants -~ * =~ S ‘
) ’ A L . ,\v. u' ) a
: s - - : - . R : : o
, S ‘. A N - ‘
. o N : 3 . o . .
N Loe T . N . ‘ e . .
Te. - ' ,‘ - - : _ ’ . S : e ‘M;.yn*:_.,_,’:;*_ﬁlm.‘iﬁ.m,,,.
. ' . o . » 7 L ‘ ‘ ‘ ! ,



-

' on Ist due to adjaqent sy!(bols a and ay

-
e
-

2

69

- Phe unconditienal

error probability is then evaluated by averaging over all

‘possible ISI combinationa.

symbol set is considered for a

:

i due to the symmetry

3 5 l CD—DD Detection

( . .a.’-,ai,t a't . .) being conaidered can %e wx:itten as. :

<P,e|a~,ai,a
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Recaliing aeotion 2. 3 1 Lthe error - probability '.
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' Each of the . above probabilities cahn. be numerically evaluated

" as shown in Appendix C.,

all poasible combinations of

:& 5. 2 DC Detection

/

w

. .pattern (... x'ai"a ...) being considered, can be written RS P
ae, [c.f. Eqns. (3. 19’a) and. (3. 19b)] ' o .
Ch s e - vomy : ‘ .
. k -'F."»e..((n'*:l.)'l‘) = 9(n’I') + n((n+1)T) ,.n(nT)-'.' 2
‘ ’ ., Y 4 - o , N L ‘( .
o o o((nkl)T) < ¢(n'r) - (p , + p ) +d e

. 2 N& unconditional ‘error probability is
' 1 . . ‘\
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at‘ high SNR"
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'I‘he phase ‘detector input for, . the general eymbol S,

f.l ;at high SNR
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(3 21)
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(3.22).
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where

'n(in+1)’1‘)

a=

The symbol error probablllty is found by first evaluating.the °

n(nT) mod 2.

.' condit.tonal error probabllity,
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4“

e

‘I‘he probabi&lityiof making an ertor on the symbol

7

K o e u uai A
LT "‘? - Pe al.ai,atfl-gr[- M (M‘_'—_—)l ,ai,a < ﬁ ]
) = +1-pPr[- F’:— <. -4(‘paj;";£+" a'ai'a\t) + ‘a‘f‘ﬁ ']'
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S .,"‘2-"M/2 MM -
] 3 "Pe;'l? F.izl 151 tflpr'[-i <-(ﬁai"'ax‘+ﬁ 1%t s —]
.7 o | (3:24)
?ech Qf‘thengove'probabllitieshcah be numericilly evaluated
. .ae:sheWn:ih Aépéndi§ Cs ‘ |
B _ 3 5 3 LDltection ‘ * . ‘ I . h
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. P 'I'he decieion variable of the LD detector for t‘ne
T eymbol pattern (1{2:’352~ ‘eﬁr;..) 1e7~ o
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Recalllng that Pr(N=0) =1
(n+1)T '
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_the symbol a, at hégh SNR is,
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where ) n . .
1-Pr[- 5 < =(B +8 )+a< ] a, #(M-1)
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8(<) in Egn.’ (3 26c) is the first derivat;ve of o(t) w1th
-, . :
respeck to t, which can be obtained from Eqn. (3 11) as,. ) I

0. (t) =

C gy XKW S T
= e (3.27a)
St (p(e) 2(a(e))Z |
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The average error probability which is composed of

two components P cont and Pcllcka can be written as, f ‘
‘ i ) p . ‘ :
. Pe = Pcont.»- pclicks . '.p'?W ! (d.28a)
where L - .
IR . Py |
Pcont. _\F{Pcont.' : } - I
B i i a 'a. 'a ' . .
TR A e 4 oo .
. - . <£;;%
Moy T
o 9 2 M M .
=l-={/z-t 1 Pr[- E <=(g, 'a + pa a )+a<—] ‘
‘L oMY i=l 1=1 e=1 - . 2 1% N
. :M:‘ M ﬂ ' o : o o 'T » ~
+ % % Pr[~o < =(B _ TV Jta<nl} )
- gmltel LI (M 1),a&. (M-1),a, "% T
I ( .y (3.28b) " -
. . M/2‘_\ M M \I‘f {' ai.f,al(t). e
= T r .r ) 0 (1)« .
Pclicks M 4=1gm1 =l T L, ageay - . '
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Each of the probabilities in Pco £ 'is evaluated as’ shown inﬂrf‘
Appendix C. ,~‘% T T
.- B Vo S 7\;
It is important to. note that the performance

evaluation of the éD-DD detection and DC detection does not ‘ -

depend on the sinqle aymbol interferenca aSBumption and is{

based onry on Ehe adjacent ISI assumption. The assumption on
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4single symbol interference*is required only to evaluate

B clicks

.QEthe entire symbol interval.. S o l .%" .
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“;3 6 Numerical Results and Diacuseion

Numericel results are pro@ided for the following

L ol \ s, L

: ﬁWéffllters::. '»th e '. . .:u.;.‘ o ﬁ
)y Gauesian"filter} L e
H(f) = e -nf" /2B o
{ N “‘ ' ‘ )
= (2) ‘second-order Butterworth filter, s
H(E) = = 2 o o :

~ . -

1 +.(1-+ j lawg-)2
.

' H(f) is the transfer function of the low-pass equivalent of

the IF filter. . The validity of the aesumption ‘on’ s;.ngle

“ ',

-0

Gauesian filter., Similarly. it can bé shoWn that it is valid

J E

for a- Butterworth filter with the only differ?nce from the

and the received phase variations. This time shi#t is caused

by the non-zero %pase Egsponae of the Butterworth filter.
' The performance of the three detection schemes/hae
| oL

M ae

' deacribed in section 3 5. The performance”degradation with

been numerically evaluated for Mez 4 and 8 cases for h

of LD detection which makes use of phase and SNR oven,

o symbol interfeqpnce hae been illustrated in eection 3 3 for a

toe

re:pect to wideband case is calculated at a symbol error rate

6f 1073

Gaussian filter being.the time ehift & between the’ filtered j

and thesecreeult “are plotted il -riga..(s.a)'ana*t'
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“and E is the bit energy. “We recall

and Eb/N \(alues for the three cases.

;'a selected set of BT
) N .

(3 9) against the . time;e

5.
ﬁ { - e

'fﬂters.. Figs'. (3 10) :‘ (3 1,2) - show thel symboL error

- ’\
L \ i e

probability variations w:.th E /N for the marrowband case

. \ ‘\

':,.wideband case1results for  a’

s ke,

selected set of. BT values.*‘"g It can be observed tha_

detection and DC ‘detection yielci'

performance whereas}*CD DD

-,,valmost -t‘he same error

= T"\' ‘ “:\1,'

psrformance of a{l three dei;ecti This ’observation

was made also when lt ’e channel -_:is w;.deband in the previous

Ko -

It can be observed that the effect o

K]

f ISI becomes

., St

chapter ’

1 . _..

JL
,_) - ..w ~ LAY

_;V

fall 1n an incorrect region since the reg:.ons ar[,.

'p u

a emilll phase error due to ISI causes the signai p01nts to
¥ - . \::,

amal l‘er ;Aand- A

yae,Lds the ‘best-f

the signal point < are closely located, when M J.s large. ;.' R

T +

3 R - g il
',"- . A, compa.rison of the zca ses M—2 4 \and 8 can be
carried out by comparing bJ.t error probabilities (P BTb

e

'\(‘.4

the symbol and bit parameters [18, pp.

R
I

P aﬂp-L(logznl

.-. \x-
‘.

b Values at a bit‘ error probability of

“es. . e’ 2
R i L .
' N _'Ts = Tb(,logz'._Bi) ;‘ | s ) :;
R TSP Gt R e
Table (3 l) provides t‘he. correspondinq Eb/N (dB) values for .

k' ' ;
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‘m‘-‘..;B(M l),-(M -1 ¢ |
‘-maxlmum allowable error in»the decision variable due to ISI"-"'

3157‘ s ,epetitive +(M-1)

=5 ST f

~l03_, obtained from Figs. (3\}0) to (3. 12) "

e These observations Lndicate that.rthe use of 'the

binary system aiways leads to better performance than higher

PR S ¥

[y

.1order systems.
It can be further derived that IsI, places 1ower

>

o N . =
T 11m1ts on BT for M>2, below which the deteotion schemes

@ : W)
timlng error discussed in. the prev1ous chapter)
- PO ‘_" o

’detection and Dc detection,

‘For LD

T has to satisfy the lnequality,

. ‘become useless (This is.similar to the limit on the symbol ‘_.

Ca v

RN Py r' h ko‘,

. . e R .

L L.}s T c1early this "is satisfied for M—2, but it places;
S &

1ower limits on BT for M>2.

tabulatednin Table (3 2)..,It!1s 1mportant to note that these”;

T

: " ‘
are approx mate‘ values etermined us1ng the sequence of

: “.::jﬂ

(M-l)¢.—(M*1).:+ (M-l)

N"'

--).

dlfference' ' o'o..:g, + (.M"l)‘); l_ql “' + _(M"'l)' . + (M,l) »

+ (M—l) -f

.
' W

+ (M-l)

(M-l),

detei}ion scheme, BT has to satisfy, B(M 1) 3-and 1t
- 2

—(M 1)
places a; lower li_ t on BT for M>2.

detection and DC 'detection.‘ this lower limlt has

and this follows from the fact that the‘ ’

Simllarly.for the CD-DD.

beeni,'

These llmits for M—4 and 8 are |

g \ -
’,instead of the one which gives the maximum error in the phase e

=D,

As in ths case of LD»J{
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0 R R .
llmltB are ’tabulated in 'I'able (3 3) for M—4 and B cases. " i
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e o f Since' the assumption Qn the '.singie symbol SRR

A iinterfe.r 'r{oe is required only for th)e‘ calocall\ation of . P 1lcks - .I

Bﬂ"detection, \the performance evaluatien—gf the CD-DD . I':;

: detection ia valid for much 1ower valuea of BT. which aatisfy o ;_ . '

' L only the adjac:ent TSI, require;nent. b--‘ L ol . :717 :""ﬁ:‘

; '. o : ) ‘ R Since th: Butte'r;worth filter has nonlinear:. phase ' . ,

response,. it ia ‘important to note that the time shift between

| the filtered phase B(t) and the re‘ceived phase ¢(t) ‘has tq be ," -

’ cqneidered in 'the calculations.- 'I‘hie ahift Variea slig_,htlf. q N
‘ -, ‘ flrom patt% ,to pai'.tern, but it is reasonable‘to conaider' ,'the »

‘ F shift corresponding to the worst combination of repetitiVe :
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SRR In this chapter we have compared the performance of
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¥ Tt the three detection schemes o*zer a bandlimited channel for ol
- o .;fi__h';-—'-‘ %. " The- effect Uf intersymbol interference caused by' f.,"
[ L T adjacént symbcls has been considered A method for analyz‘.tng SR
ISi which 1nvolves multipattern averaging using a- few number R
L '. of b&sic symbol patterns has been presented. Numerical :
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“ A reeults obtained w:.th Gaussian’and second order Butterworth ;
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’ filters indicate that the CD-pD scheme has bbetter ,performance . !f
G e ' o ¥
b o and higher tolerance etO ISI than the LD detection and DC s
L ., -' A hl ; 1.
: - detection schemes whereas t}ve latter two have : almcst ¢ e
X . - K’ 2! o . ./ . -‘;‘n . B
l‘- - N identical performance and sensitivities tc ISI-.': FinalIy, J.t _
o o : }. .‘-;has een shown that the nISI, influence becomes stronger as M o
B I N ’é_.ncreases, which makes the performance of the bi~na,ry CPESK .




e
Eb/No valges a

ta E‘it Error probability of 10~ 5
r Selectéd BTb va‘lues T

« v .
! Y ' . M bt
i PR R P
e . L . s
! o ot 4 ‘
e . B . § .
R U
PO [ ) } ‘
M .
' 4 . =)
. N ! t
k
. IR
'
90 .
e e . L e '
3 ) i
. ” d
! < ' . 1 Y ‘
o, ' |
- P, . -
’ M L « 7 ' 4
.. . .
. .
- -
. g .
. :
) Y R
- . é
B ) . 5
';' a8

[ .
i ' " Y ‘ .
. . " 5 .
. . 3 / ,
A s
R o .
N AT
e P ® oo
i PR R
. s
e

AT
-




"i','binary CPFSK with arb:.t)rary value cf'

‘-.beet value for

".;:‘error probability under bandlimited conditions..:.
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CHAPTER 4 _ S ‘
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LD DETECTION AND DC DETECTION OF CPFSK SIGNALS

-, 'Ll'j' R -WITH ARBITRARY MODULATION INDEX

3 \Introduction ) L e

. e
'\

\x'arbitrary vaiue of the modulation indT\_and Dc d\tection of:’

‘

In the DC

. ot
detection case, the objet:tive is to evaluate the perférmance "

-

of the DC detector which efnploys a delay 1ine whoee value is ’

: dependent on the. modhlation .1ndex of the» binary CPFSK

AB before, the bandlimiting effect of the IF filter

N

o

e

.._-. D

. is taken into account. .

et

EETI

R

o

PN
[ -

L

.

Ve

[ I"(«: R

'4{2j"9p

. .4.'2-.}1;'

4

General

“
1
o

v

Cme

I n Chapte rs

.y .. ‘
O" 'L' a

N
,‘ .

L
H L)

LR

timum Modulation Index Eyaluation for LD Detéction -
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-' '-analyeie to CPFSK eignals withl modulation index -

2 and 3 rwe haVe rettricted our
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’ In this chapter, we consider two special cases,

'namely Limiter Discriminator detection of M-ary CPFSK with = )

the. modulation index.:..',.' .,
_"In the LD detect:.on caee, the objective is to determine the_~:t. i

the modulation index which yields mim.mum‘»-
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value of modulation index, LD’ detfection can be- used for any
. \ . -~ - .

%

—

value of modu‘lation index. In' thii section, v;é\gzo\ns_id'e'r the

performanc;),of LD detection for h » 1 . in order ‘to determine
-the values of h which yield minim error pr_o_babilitie's.
Similar studies have been performe&previously on binary'

chsx signals [25,40,41] for bandlimited channels.. In this

chapter we carry out a detailed evaluation of optimum ‘h'

values for binary, quaternary and octonary CPFSK signals for

\ PR .'
both wideband and bandlimited channels. L, A

o,

>‘ ‘0

derived J.n section 2 3 3 are’ employ 4 after su1t_ab1e

modifications to accommodate any value of h. Secondly; “we

. consider the analysis for ‘a bandlimited chﬁmnel.' In this 5.:'_

L]

case, t‘he expressions which have been derived in sectidn

N

3 5 3. are used with suitable modifications. Finally,..
numerical res-ults are presented for both Wideband and

' bandlimited channels. Co Numerical r»results forA -bandlimited

c‘hannels have been computed assuming a Gaussian filter and a

f
second prder Butterworth filter as’ IF filters. ™ ~"?- :

\ .
’ . L
~ PN - (

t.'"‘ First, we consider the analysis for a. wideband‘

"‘channel". _: The err%r probability expressitns which have been:-

N ' - ‘,‘. In Chapter 3,,- : h.e,. sampling' instants for the

- l }
Butterworth filter have been . obtained by considering the .
LT A
L worst case symbol pattern. ' In this section, we shall verify
? DR the sampiing instants which are determined using the. worst' e
) ‘4‘;; 'v;: o case symbol pattern are good approximations to the sampling
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1nstants when the symbol patterns are different ‘from the

worst case pattetn. 0

-

6 ,

- o

4 2 2 Wideband Channei

r

The errot probabil:l.ty of the LD detection for an

Lt
arbitrary value of .the modulat_:.orr index h, is obta:.ned by

¢ " ’ i ' .
modlfying Eqn. (2 13) as,. = .. ., A \};

t
-

\.‘

3 e cont. rcln.cks;

o

~- 2u-l)
P -“_—H—_ F.l(—:“h.).

S Policks = 4 S S Lo (a0

‘ \n“'\. R S - S ' ' ;~:
‘and : R L L ’
. -" ’ -

%_Ial ‘ 2

. .Fli!'a) = - Sagnle)” (40 p . sin & ag .(4.23)

with increasing ‘he Th:.s implies that there exists an optimum

/ given value of Pr P

2% 0 -1 + cos d cos B

- \

. cont‘ decreases while Pclicks increases

i

-~ .

s

opt., must saiisfy, -‘ R .

'(4 2c). we: obs.erve that h

P (M) = —m—l—l F, (- nh) #MeP, | ps1 (aa1) )

":"f.-.:;," | . - P . ‘.". p . ) . '_‘, ) . ) .. -(4.'23.)

"'I't; féillbws froni Eqns. (4 2a), (4. ~2b) and-:"(4~ 2c) that for a

‘value of h “for which the average error probability is’ a

\.'minimum (see Fig. (4 1 \ Frpm Eqns. (4 2a), (4.2b)‘and’
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; We again observe that there?exists ‘an’ 0ptimum h whigh yieldSn J C ..h;f
( ¢ ‘ m:Lni,mhm error probability for a given SNR (E /N ) and BT aa E o
; ;" in the case!of a w;.de‘band channel (see fFig.- (4 2)). In this : i ¢
5 ,J‘J,!case the variation of Pclic;s gith h 1s no - longer\linear.x As - ii;nf
’ ' .A*.W before, hopt has‘ to eatisfy Eqn (4 3a) but a srmplification %
. et ,s:unilar to that of Eqn.. (4 3b) is not poasible. R ‘°Aa in :""-’; ;
o <.&J?:H wideb;nd channels,jthe h p': Yalues in; bandlimited channels i gf :;?nh
' . ‘ are obtained numerically bj plotting‘P B gainst h.\ The £ ..,‘;" ;r )
;,; ?‘fli . required P values are- calculated as.de;cribed in section - :gj lﬁ
| (;V “' f ‘. 3:5.3 w1th the above modiricatione.aﬁff“I}inﬂ“yhnr ':ﬁ: %jtgf It
. . PR R . L IR
SN 4 2 4. N&?ﬂerical Resulta and Conclusions . R h -
s ‘ As 1n Chapters 2 and 3, :‘numerical reaults have been_'.'"'" | f .‘ :
; . obtained for the caees M = 2,4" and 8. Fig. (4 3) shows P ! !
” vs. h \;ariatiope for a wideband channel for selected SNR’-‘:\ " ;
i : (E /N ) values.:_ 'fhese SNR v‘alues are selected so that the'. 2o
;l;;Flt o ;- corresponding grrox probabilities lie‘in the range of 10 5 - S
qu:~ E: ‘this range ‘is widely used in practice;< Flgs.-(4 4). and_zzﬂgjﬁ*a_*‘i—hifrf___
: ]? ' ‘ show these variations for the bandlimited case . using a. )
: ‘ Gaussian and a second order Butterworth filter,l for selected ' ‘
| BT and SN?! valuea. a 'I‘heA 'error. probability variations- for; g ;;-'

»

*

variations with the correaponding variatione for h' = — in

e Chapter 3 (see Figs. (3 9) (3 11)), it can be clearly seen,
E N . e ‘ . B . . \
BT 3 3
[ i '
' l . ) \ . o . . )
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selected cases are compared with those of the- wideband case .

and ‘are’ ehown in Figs. (4 6)‘ (4 8) N COmparing tpeee‘
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‘- .'" ] that 'theh performance of LD detectJ.on can . be iniproVed 31 )
s:.gn:.f:.cantly’ by.. 1ncreas:.ng h above l%d and also thlB- - ;
1mprovement becomes more SLgnlflcant for hlgher values of M. o %
: . . 1
.I-fowever, it 'i’s to be noted ‘that any “'increas'e-olf h' results in- . ! §
f “"\ ’ ’a w:.der spectrum (see Flg’. ('1'6')5 Th'us one. has. to“ . é ‘
) v | 71@ compromise between the performance (or s:.gnal power) and the %
i T R bandwidth when select:l.ng a suitable value fo'r h J.n using LD lv—:::._—; ;
J E Q‘ Ll _ detection.' ' : ‘ g ‘ ", é
L’ - In. | Chapter ,‘3,7 lg samp,ling instantsrI for .the "
, L :“’:_‘ | Buttemdrth -filter were~ fo\nd approx:.amatevly usihg the ‘worst ‘ ‘ ki
. colml.:olnat‘lon of ~re§et1t:.ve - +(M-l) s.ymbols.‘ _“.‘”_'-‘l‘he_'ioverall : ' » ,
' d ""j;! opt;unum sampl:.ng lns'tants dJ.ffer sllghtly f}:oln these and have ‘\ r
4 u'., ! R . I
. f to be; eval,uated numer;.cally. Flg.v (4 9) shows the error vy
'.ii . probab:.l:l.t’y Vaﬁatlons w:.th ‘D 1for two SNR values‘ when BT-‘S 0 e I
T . o . g,
” L ";‘,i:‘ and..h=0.62,- where D :|.s the rat‘io‘of the sh:.ft between the ’
i ,‘ ; } ~ sampllng lnstants and‘ the symbol changes of {;he transmitted '4; t '
'i ,' s:.gnal (see Fig. (3 41)) t‘o the syntbol ,1nterval-"i.e.-:b = ,f,'. ‘ i
g% ‘ - We recall, ~the, rain.e of D determlneau using the _worst © .‘

. ‘ '* N combinatlon is C.)E 6988 for the .a'b'oVe case. It :i.s obserVed / i,
L f'*f_} . from ‘the numerlca]: “res'ult‘s,'.that thea evaluation of sampling” ’: _‘ K
{" o instants using .the worst combination is ‘a reason‘ahle..""‘ o
L. g s N fa, " “ ) v ’ o
i ; D -‘ ) approximat,idm to _the- ‘_:":sampling in.stants ,o,f all othgr \ ;;
i combinations.”';'.. . { ‘ 'M : B T ‘,, . é_‘.« '..; W - )
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"4.3 Performance Analysis of Variable
Delay Differential Detection

1

[ ‘ . = “.\
4.3.1 General .

In Chapters 2 and 3, we have considered the DC

M
The DC detection scheme considered so far has utilized a one

“detéction of M-ary CPFSK signals with modulation i‘ndex,l .

v

~i dlfference. -In'ref:fEl4],,

CPFSK,

B for h—O Sland for - ot er values of h>0 5

£ k]

the delay needs to

<

“x optlmum performance. mhe des1red delay 1nterVallcan be shown

A Y. be t = 14 : where T is the.bit duration._ We

Zh.

variable delay differential detectiou. , R ;fy'

1 N -

[38], the performance of the one-bit delay

~ L T

N \ In ref.

differential detector has been evaluated for “the- detectlon,pf
r » t a |

binary' CPFSK Bignala w1th modulation index h>0 5.

|;'
b results indicate ~that. one-bit delay dlfferentlal. detection

f

In the following aubsections,
X y -

h'.variable delay differential detection with thptxof LDﬂﬂn»f

l“ detection and one-bit delay differential detection* in

baqdlimited channels. The methodology we:.employ‘_in out

symbol'inthrval-delayiin‘ordef to derive the re4u17éd phase
it has been shown that for blnary‘ o
one-bit delay differentlal detection 1s optimum only

be adjusted depending on the value of h ln order to obtain‘:

refer to the

dlfferential detection whlch employs the\above delay as. the

These'

yields poorer:performance than LD detection except for "h=0. 5.i

we compare the performance of'

Ny
PRt

FPRRE N

. %

i -
, . : -
e e e e e KAt o
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: zis shown’ in Fi

‘ Fig.’(4 ld) for. binary, CPFSK signals.-,hﬁ"n'Y,’ :;'1?
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analysis is based on the results obtained by Pawula [25].

4.3.2 Variable Delay Differential Detection

Recalling from section 1. 3, a binary CPFSK signal

with modulation index h can be represented as,

T

n

. ’ ’2Eb h : ' * ‘.7 " R
x(t) = —5 - co8 (m t +. ¢(t)) o o (4.9)" o ‘
',__w:here ¢(t‘) =;h f d(r) d-c in which @(t) 1s the baseband\
e '-w ‘ K ‘
_binary data waveform., Eb and T denote the signal energy and
'bit duration respectively. ) 557 "} o -

K vx"

The phase dlfference A¢ that results from sampling

:

x(t) at two instants Ain- tlme w1th1n a given bit 1nterva1, say

in‘the nth bity interyal, can be expre\ssed;, a_s, ¥ .o - N
\ N R ,. ) . “ahh T ""‘:'-r: S L. ’ (‘>’ . o
N 6 = elt+r) - olt) =—3 -:;“; Lo ?‘(4310l

-

"ObserVing that sin A¢ is the decision variable, 1n ref. fl4]

At has heen shown that the desired delay 'c which yields

P AN P

optimum«peﬁformance is o= 1—-'? The variable delay\

2h/~ i ’_,:'

f’differential