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"ABSTRACT

Bandwidt}i-Eﬂ'u.:ient Constant-Envelope Differential PSK Signalsq“

. 4
. \ .
\ .
/\ .
v

Slimane Ben Slimane

A differential phase shift keying (DPSK) modulation/demodulation scheme

with compact bandwidth, constant envelope, simple and fast demodulation Is
§

Introduced. These propertles make the proposed DPSK modulation/demodulation
scheme attractlve In Tlme Divislon Multlple Access (TDMA) applications using

nonlinear ampllﬁéatlon.

The power spectral deqslty functlon of these signals Is derlve‘d. Illustratlive

results Indicates that while malintalning the envelope constant these signals have

compact spectra with fast side-lobe roll-off.

. : ¥ o , oo
The error probabllity performiance of DPSK signals In an addlitlve white

4

Gausslan nolse"(AWGN) environment s derlved. The effects of the low-pass fllter
on the recelver perforinance when the phase nolse Is non-addlitlve and non-

Gausslan are studled using a numerlcal technique.

\ -
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. .Modulatloh Is one of the most Important operatlons t;o't.raﬁsml,t Informatlion
over a communication channél. Its primary objectl'ves are to use 'the bandwldth
and slgnal-to—noléq ratlo, as- efliclent as_possible 'winle malntalning a gpod=
transmisslon quallty for a glven amouns of Information. Pursulng these oi)Jec-
tives, many diglital modulation tec;hnlques have been'p'roposed. The neeci for

power and band‘\vldth eMeclent modulation schemes has ied to the extensive use of

phase-shift keylhg (PSK) In digital transmission syéterns and particularly for:

non-linear channels. B

: ¢

To maximize the 'power efliclency of _a";f,ransmlt,ter, 1ts high power ainpllﬂer

(HPA) 1s desired to operate In a non-linear or even saturamo,n mode. Fer multl-

.

carrler transmitters, non-linear power ampliflers can not be used because of-the '

Hmitatlon due to the Intermodulation distortion. In TDMA (Time Dlvision Multl-

pie Access) systems, slnce the tfa_nsmltter contains only one modulated carrler, Its
poweI ampilﬁer can operate at sat,urat.lon without any intermodulation product.
i—Ioweyer, the non-llnear characteristics, namely AM/AM and AM/PM conver-
slons, can cause spect;"um’épreadlng and distortlon due to cross-talk If the Input
slgnal to the power ampllﬁer'contalns a certaln amplltﬁde (envelope) fluctuatlon.
Spectrum spreading lmplle‘é a regrowth. of spectr'al slde-lobes prevlously filtered

[11]. The extra but unnecessary spectral regrowth Increases the amount of

Interference Into ad}acent. channels and, hence, increases the channel spacings or

r

reduces the number of allocated channels In a glven frequency band. Signal dis-

@ ‘
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tortloq Introduces a degradaﬁlon In the system'performance. One solution to over-

o
come this problem is to use constant-envelope modulation schemes with high

bandwlidth efliclency and a good detectlon performance.

Coherent demodulatlon technlques provlde a good detectlon performance at

th‘e expens‘e of carrler reéovery comple;(lby and long acquisition time. In TDMA

applications, short acquilsition Is desired to reduce the TDMA btfrst, breample and

5 hence to increase the TDMA efliclency. This makes differential demoduiation
teéhnlques more attractive. ]jlﬁererftlal demodulatlon schemes are also more o

robust than the coherent ‘ones In the presence of Doppler and fast muitipath fad-

. Ing effects such as In a moblle communication environment [11].

In thils thesls, a bandwidth-eflficlent” constant-envelope Dlfferentlal Phaséa
Shift Keying (DPSK) modulation/demodulation technlque is introduced and stu- -
-t dled. This modulation/demodulation scheme provides a constant-envelope modu-

la}ed slgnal which can be used with saturated power amplifiers for high spectral
efliclency. The differentlal demodulation structure is used with a narrow low-pass
- filter to Improve the detectlon performance. Although the étudy presented in thls

thesls Is concentrated on the blnary DPSK, its results can be applied to multl-

level DPSK.

1.1 Thesis outline

After this Introductory Ghapter, the proposed bandwldth-efficlent constant-
. -envelope DPSK modulation/demodulation described In Chapter 2. At first, the
needs of constant-envelope modulated signals ar/d rapid demodulation techniques

* In TDMA appllcations are révlewed. The conventlonal DPSK
Ve

3

" modulatlon/demeodulatlon scheme Is then discussed. Thé Chapter ends with the
: B e N J

r
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‘concepts of the Intrpduced bandwldth-efliclent,, constant-envelope DPSK

modulation/demodulation schemes. ¥

" In Chapter Three, the spebtral properties of bandwidth-efficlent constant-
envelope differentlal PSK signals are investigated. The power spectral density

3

(PSD) functlon of these slgnals are presented and discussed.

. s ,

The performance of bandwldth-eflicient constant-envelope differential PSK Is
studled ln\Chapter Four. The probabllity denslity function (pdf) of the non-
Gausslan phase between the two sucbesslve,recélved vectors, and the average pro-

bability of bit ergor are derived. A numerlical method to compute this pdf Is

-

. Introduced.

v

\

Chapter Flve contalns concluslons and suggestions for further studies.

-

A

¢

1.3 Research contributions . ‘ T

- ’

The maJjor contributions of this rese'arch Include the analytical studies of the

spectral propertlés_and performance of a proposed bandwldth-efliclent constant-

L4

envelope DPSK modulation/demodulation scheme which can be appllied t6 non-

lingar TDMA communlcation systems. Some speclfic contributions are summar-

-~

ized below.

* Introduction of Nyquist pulse shapes to Improve the bandwidth emciency of
t .

differential PSK signals whlle the envelope 1s kept constant.

* Analytical derlvations of power spectral denslty functlons and performance

of differentlal PSK signals In an AWG/‘N envfronment.

v

*  Analysls of the eflect of the low-pass filter 'on the performance glven that

[%
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~ _ CHAPTER TWO

BANDWIDTH-EFFICIENT CONSTANT-ENVELOPE DPSK
MODULATION/DEMODULATION TECHNIQUES

-

Ve

|

The primary obJectlve of bandwldth-efficlent modulation methods Is to max-
Imize the bandwidth efliclency, deflned as the ratlo of data rate to channel

bandwidth (measured in bits/s/Hz). In allnear channel, this can be accomplished

by filtering. In nonlinear channels, some modulation schemes as Offset quadrature >

™

phase shift keylng (OQPSK) and mlnlmum shift keylng (MSK) can be used-to

reduce the out-of-band spectral components after filtering.

2.1 The needs of Bandwidth-Efficient Constant-Envelope DPSK \‘
Schemes ¢ ‘

v
v

~ Transmission of constant envelope signal can reduce distortions mcroduced

by'nonllnear channels, and therefore simplify the deslgn of ‘certaln ‘elemeglts as

-,

the high power amplifter (HPA). - B

.

The TDMA transmission technlque. has been introduced to achleve higher
e'fﬂclency‘and flexibllity In satelllte communication systéms. A s&stem model for a
conventtlonal satellite circult s shown in Filgure 2.1. The simplified model of a

satellite link consists of a transmitting earth statlon, a satelllte transponder, and

- a recelving earth statlon. At the transmltting earth station the transmit band

pass filter Is used to band-limit the spectrum. The high power amplifier (HPA),

operatéd near s_aturatlo}l, creates both AM/AM and AM/PM converslon of the

modulated carrler. The satelllte Input and output multlr:)lex filters are used to
) [

-
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band-limilt the slgnal and thereby reduce the spectral spreading caused by the
TWT. At the recelving earth station, the recelve filter Is-used to band-limit the

- thermal nolse and reduce the adjacent channel interference.

A TDMA scheme requlres some form of frame structure and a global timing

mechanism to achleve non-overlapplng transmission, bgcause In TDMA each outs-

tation Is. s_chedu]ea by the central statlon to transmit RF burst 1n short non-

overlapping Intervals. Each burst generally consists of two parts: the principle

_p'art contalning the carrler and bit timlng recovery (CBR) sequence, and the
\ -

unique word (UW) to allow the recelver’ acquisltlon, the message part to carry

- traﬁlc data. A t¥plcal TDMA frame organlzation Is shown In Fligure 2.2.
. 2

The frame emclency of a TDMA system can be defined as the ratfo of the

‘ {
number of symbols avallable for carrying traflic to the total number of symbols

/

avallable in the TDMA frame

\ T N

TDMA efliclency = tmf.f!c. bzts. o
transmission bits

To Increase the TDMA efliclency, the preample should be kept as short as possl-
- ble, requiring recelvers to have fast acquisition. Since TDMA transmitter has only

one single carrler, its power amplifier can operate In saturation to maximilze Its

power efficlency. To avold the spectral regrowth the modulated slgnals should

have a constant envelope [11-12].
-

In differentlal phase shift keying (DPSK), there 1s no peed to acquire the

synchronous carrler at the recelver, This has several eflects when DPSK is used in
satellite communlcation systems. The omlissilon of the carrler recovery clrcultry

-

on the satelllte means a saving In hardware complexity, reduces risk of fallure




CBR : Carrler and clock recovery

-

UW"  : Unique word L /

DATA : Communication channel.

'
!

kY
*»

CBR | uw | .DATA

Preample Informatlon

— - — .____‘” —— o e

" Flgure 2.2 - An example of TDMA Fra.fne

/




and reduces the /duration of the preample part, l.e. Increases the TDMA :

#/

/
emcl?éy. ‘ ,

/ , . .
2.;/Conventioqal Differential Phase Shift Keying

/

/ ‘Dlﬁerentlal phasen shift keylng 1s the non—cohere}it verslon\pr_ the PSK slg-

*

nals. In this technlque, 1t Is assumed that there 1s enough stabllity In the oscialla-
t,ors’ and the medium so that there will be negllglb[e abrupt change In phase refer- -

ence-from one Informatlon pulse to the next.

Information bits are differentially encoded In terms-of the phase change
between successive pulses. For example, a 0° phase shift from the previous pulse

could designate Mark, and 18Q° phase shift could designate a Space.

-

Block diagrams of a conventlonal DPSK modulator and demodulator are
shown 1n Flgure 2.3a and 2.3b, respectively. The differentlal encoding operation
perfc;rmed by the modulator is explalned In Figure 2.4. The encoding process
st,ar:ts with an arbltr‘;gy first blt, and there after the enéoded bit stream dj Is

generated. by

-

dy = by @d_, = dp_1by Dy, . (2.1)

. . T~
The differential sequence { d; } Is converted Into the sequence { a, }. The out-

put of the low-pass fliter In Flgure 2.3a can be wrltten as

2

m(ty=. E)}o a, I}J-(t - ;sz ), (2.2) *

fn =—00

passed through the balanced—r‘nodulator‘ glves the DPSK transmiltted signal z(¢)

-~



h}
= & "
w -
- » : {d)} 01
B Logic* -2 2d, -1
' ¥ circur , ' i » » LPF
‘l .
- K .
X (2)
/ . - -

K T' Threshold
Deteéctar

t

i



2 I
7

. Ty
. ‘
| -
i |
] ] o -
1 N -
& . L e -
- 1 - .
)
- . ! -
™ i '
4 e — i
! -
o P [
1
N i
o ' H o
| 1
]
o < 1 L3
u —
1 T
- t | o
[ I
N ==~ i B —
o ¢ 1 o
| |
_ »
- //\‘ “ - ,
- 1= -~
- /wA " [ .
~ | F— ="
o ) = .
- +
R I '
- ! 1 o
t 1 _
/A) - 1
I
1 1
- o - o = 'y - .
. 4
. . \
. -
j
i -
- 4
N -~
4
v {
i
.

Figure 2.4 - Differentlal encoding




L, 2(t) = Am (t)eos 2nf, £) L @3

» —

In this equatlon m (¢) Is the modulating slgnal and cos(2mf , t) Is¥a carrler signal.
\’ -

4

The linear structure of the conventional DPSK slgnals simplifies the analysls
of spectral properties and response behavlor tqQ llnear systems. As can'be seen, the
power spectral de'nslty of z(t) Is slmply determined by the Fourler transform of

the function m (¢ ).

Z(f)=4 [M(f Sf)AMY + fc)] (2.4)

i

The spape of the power spectral denslty of the l.)PSK‘ signals depends on the
shape of the pulse hp (¢ ). Thus, the spectral properties can be Improved by using

bandwidth-efliclent pulse shape Ay (t).

L]

Analyzing eqtiatlon (2:3), the functl;)n z(t) appear to be_an amplitude-
'médulated wave with envelope m (¢ ) and carrler signal cos(2nf, t). The shape of
the envelope m(t) of the modulated cérrler depends on the shape of the bulser
hr(t). To Improve the spectral propertles of z(t), the pulse shape Ay (t) should
be bandlimlted. Unfortunately, this lntfoduces _more envelope fluctuation wh.lch

implles high spectral regrowth after a non-linear amplifier.

It Is now obvlous that the modem of Figure 2.3 I1s llmited, there Is no way to

improve the bandwldth of the transmltted slgnal without an envelope distortlon

%

since the transmitted slgnal has a constant envelope only when the wave shape
.,,.ﬂ’"

hr (t)1s a rectangular pulse of duration T} .

. ‘
At Yhe recelver, the decoding process can be accomplished without a coherently

recovered carrler, because the digital Information had been differentially encoded
¢
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in the carrler phase at the transmitter. The output of the predetection band-pass
I N .

filter Is assumed to be the transmjtted signai z (t) plus additlve noise

-

. () =Am(t)cos(2nf  t) + n(t) ! (2.5)
. et e

. ) . . . \\\ )
. The recelve detector measures the phase difference between two successtve signal-
ing intervals. e
f‘ ,;i»/f .
s e

[ \

r(t) = Acos(2nf ,t + ¢,)+ n'l(t)‘ | . N (2.8)

D

- , 5

r}z(t) = Avos (2nf ;t + ¢) + nyft) (2.7)

\

/

Since the nolse signal n (t) can be represegted in the form \

n('tj)'-—‘= n,(t)cos 2nf t + @) + ny(t)sin (2nf .t + ¢) - (28

°

the phase between r,(¢) and r5(¢) may be expressed as

hid -
»

li

n T n,,
Ad = ¢, — ¢, + tan™? 21 ] ~ tan~} [——-‘3—-—
¢ b2~ 1 A+ ngy A +n,,

-

(2.9)

Py

If two successlve transmitted bits are the same, an error Is committed when the

i

differential ‘phase due to nolse
.n . n,

Ady = tan™ [—-——f—l——l - tan™ ——-—“—’——-—]

' ‘PN ' A+ n,y

LI .

exceeds- 90 . It can be shown [27) thaﬁ an exact expression for the probability of
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bit error 1n this case Is

P, = .;_e No , (2:10)

‘We notice here that the analysls for the probabllity of error Is done only at the

Pl *

outpdt of the phase comparaior. A perfect channel and an approprrate transmly

) ﬁulse sha;ze p(l) were assumed to obtaln z.ero Intersymbol lnterfefencé at thé
phas.e comparator output. IILl a more general model, low-pass fiiter Is Included to
1imlt the n'olse effects. This low-pass fllter.1s required to determlne the right filter.
In the following, we Introduce a Iﬁodem for bandwldth-efllcient constant-envelope
PSK slgnals. In thls modem not only the envelope 1s kept constant but the

A 1

spectral propertles of the DPSK slgnals aré also Improved w)tl) respect to the

conventlonal ones by band-llmited phase pulse shapes. Low-pass filter at the

recelver to keep zero Intesymbol Interference afid to Improve the perrormance are

also lnvestigated.

2.3 Bandwidth-Efficient Constant-Envelope Differential PSK

) : -
Flgure ?.5 sho‘ws the block dlagram of a generalized M-ary DPSK

mociulat;or/dembdulator (modem). The concept was introduced In [2] to generate ‘

a bandwldt;h—emclent constant envelope, multi-level DPSK slgnals Only blnary

DPSK Is consldered In this thesls.

»~

. As shown in Figure 2.8, the blnary data sequence { a, }, wherea, = =+ 11s
converted Into a phase difference sequence and passed through a.ﬁ‘lter to form

phase difference signal A¢(¢). The phase ¢(¢) Is formed as
S !

[} . -

\

W

*
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) : B(t)=Ad(t)+ ot - Ty) (2.11)

and c~an be represented as
" o
- n' +w '
B)=— % pt-nTy,g)  _ - (212
n =-00 ) b
8y = (.0lpyps Gpy Gpyy ~ 7 )

where T s the bit time Interval corre(spondl_ng‘to t‘he ‘lnput, sequence { a, } that
has been converted to the NRZ sequence { % 1 ). “The function p (t-nT, , 8, ) 1
- a pulse of duration T, whose peak amplitude and shape depend on the wave
shape hr(t) and may depend on the valué of the seqfxence a, . -‘

. o -
p(t -nTy ,8,)= Y aihe(t -(n -9)T}), 0t -nTy <Ty (2.13)

{ =-00
. t

¢ . , - ’\.‘
The phase ¢(t) modulates a~carrler and produces the phase shift-keyed

(PSK) signal glven by
. .

s
. 2(!)=ch(21r/“ + ¥(t) - (2"14)
. e .

where A Is the constant amplitude and ’fc s the carrler frequency

’l
The amplitude of the DPSK transmitted signal z(¢) !s always constant. Using
this property, we can choose the pulse shape h, (t) to'improve the bandwidtht

efMclency of the DPSK slgnal.

‘The power spectral density In thls case Is not easlly round‘. because thls
angle modulation Is a noniinear process and the spectrum components of the

modulated waveform are d‘lr(:gtly related to the message spectrum. The system

H
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complexlty 1s compensated for by lmproved bandwldth-e_zmclency and élgnal—tp—

[

nolse ratlo at the recelver output without having to Rmr'ease the transmitted

power. ‘ L .

.
. .
) “

Y The average power In the DPSK modulated slgnal Is easlly computed from

e.quatl%n (2.14). Multiplylng (2.14) by ts complex conjugate and taking the time-

averageAylel'ds y .

T, ' N
1

1 ' i
P, = — f z(t)|%dt = — fA'*’dt - ,
a Tb o . ' I . ‘Tb o .
whlich glves

»

° ' °
<

Thus, the power contalned In the output of the DPSK modulator Is Independent

of the message slgnal. . .

« i

*The output of the predetection bsﬁd—pass filter 15 éssumed to be the modu-

lated carrler z (¢ ) plus additive wl;li;e nolse BN

e(t) = z(t)+ n(t) = Ae Gt +e) 4 54 (2.16)

)

the slgnal e (¢) and the ope-bit delayed verston of itself e({ — T;) are passed
through a phase comparator to. reproduce the Informatlon In form of phase
difference. The output of the phase comp;arator s passed through a low-pas; filter
and then compared with zero, a decislon ls‘ made 1n favc;r of one or ze}o depend-
Ing whetﬁer the low pass filter outpuhs + or -, respectlvely. The DBSK demodu-

lator wlil be described In more detalls in Chapter 3 with .an analysis fc;r the

" o

o

18

P, =A? (3.15) .

S
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3 ‘. 19
wooe probabllity of error. ’ 3 : . )
n;ﬂ o B - ‘“ * 1 ‘ 5 -
. ' ‘ . "‘ s, A . o » ] .
o In' the absence of nolse, the transfer function of the system reduces to ’
“ oo | o F()=Hp([)Hp(f)=H([) | - (2a7)
' where the transmit and recelve filters are equally spliy for a maximum signal-to-
[ . - . » ..
" nolse ratio, l.e. . T ‘ O
- ’ o .- . ] . - \',‘ ) e g , ‘ 7 x N @ :
A . Hp(f)=Hp([)=VH(])- .
2 - . ’ ) * . /1 * ’ ]
- T and Its ln{bulse response s glven by - Co - -
. SR Coe i "
u ~ " . M - - ¥ - . - . . a.'
- L. t. 5 - : N C .
T L% h(t)=hy(t) * hp(t). » (2.18)
- l » ‘\‘ ’ ' 1' )
o . .2‘ - v

-

The deslgn of a binary data transmisslon system conslsts of specifylng the

pule shapes hy () and Az (t) to minimize the combined effects of Intersymbol
% = . -

Interference (IéI) and nolse.In _ordef to achleve a minimum p}obablllty of error for - a3

. glven data rate and power lgvels In the System. : S

- [}
- A

ki

. The Intersymbol lnterfcrcnce can be eliminated by proper: chojcé of the

¥ equivalent pulse shape’h (t). For a zero IS], h (¢ ) should satisfy -
P B 4 . , ¢
- /}‘. _ '{1 forn =0 . ' _
(nTy) =g forn #0 . (2_’19) ‘
l ' »
, , ’ . ; ,
and * < N . [

o L ‘ . :
Yy +—71fb—-)=7',, r<>§_,lll,<_——’-:~ . (2:20)
k =-00 \ - ' .

\ -

Y

. . , 0 - 5
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~ wheré H(f )1s the Fourler transform of h (¢ ).

The conditlon given In equatlon (2.20) 1s called the foqulst (pulse shaping) cri-
’

terion. A'computer-gener\ated eye dlagram [281 for the ralsed cosine pulse with a

foll-oﬁ‘ factor of o = 0.3 lé shown in Flgure 2.7.

5

' The transmitted pulse shape hp () consldered In this thesls Is the impulse

response of the square root of the ralsed cbslne filter VR(f , a). '
- hr(t) =r(t &) S ()
ad (- Y- @ .
- 1 L
\/ Tb, ) . e Iftl S(l_a)!o
VR @) = { Tyeos| 21| - (e 9] 0-a)f o< | ] | Skl
, 0
0, . ' " elsewhere
(2.22)
where . . ' o ) | _ oo N
o= - (2.23)
2Tb - ' ~ . —. . . ‘

.Takling the Fourler Inverse transform of éq_uat,lon (3.21) (Appendix A), wp' get

«
\ , ) . N N
) — sin (7(1 - a)z).
.’L‘?l" Tb A K
, 7
e . ; ’
o o [cos[(l-i—'a)m‘) +4aﬂf8in[‘f1-a)7f-"3)~]- L (2.29)
ﬁ,/Tb[l-(‘lax)Q) . . ‘ S
where o )
a o .
i
.

/’

¢

e
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T =2fyt © (2.25)
/‘ [ ¢

Plots of \/m and r(t , a) for thr‘ee values of the parameter ¢ are |
shown In Flgure 2.8, 1t can bé& seen that for c‘z = 0, \/—R—(_f—-.—cﬁ repres;ents the
ldeal Nyquilst filter. Slnce m Is band-limlited, Its Inverse transform
r (¢ , @) Is time-unlimited. In order to cbmpune the po;ver spectral density (PSD),
t,h’e pulse r (¢,a) should be truncated In the tlme domain, which (éan be done by -

Y

multiplylng the wave shape h; (t) given by equation (2.15) by a,rect,ahgular pulse

of duratlon KT}, where K Is an an Integer from 0 to +00.

- In the next Chanter, the power spectral density of DPSK slgnals will be

de.r{ved and the effect of truncated r (¢ , ) on the spectral properties will be

examined.
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Figure 2.7

A computer-generated eye dlagram for the ralsed coslne pulse

)

With a roll-off factor of a = .3

s
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CHAPTER THREE L

SPECTRAL PROPERTIES OF BANDWIDTH-EFFICIENT
' " CONSTANT ENVELOPE DPSK SIGNALS

,/
T %
A ’
) 3.1 Power Spectral Density Function of the DPSK Signal o
v I
— - The DPSK slgnal Is glven by the complex representation as: >
Z(t)=s(t)el @t (3.1)
where -
‘ s(t) = AeiHt) | R ¢ X)
which 1s called the co;nplc:c envelope of z(t ).
It is well khown that [19] -
Z(J)=S(-/1.) - (3.3)

.

where Z (f ) and S(/ ) are the power spectral densltles oflz(i) and s (% ) respec-

tlvely. .

The above relatlon Indlcates that 1t Is sufficlent to derlve S(f )since Z( f )

1s just a translation In the frequency domaln of S (f )

Subdividing the time axis into an Infinite nimber of bit interval_

'[(n -1)T, , nT, ] where n Is an Integer from ~oco to 400, the complex envelgpe
-~

-~

™

-
ooy

o Tan ik
A

R e
R
-~

LE, ';
o,
T
N
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can be rewrltten as

s(t)-—-A E b(t ~ nT, .4,,) (3.4)

fi ==-00

N \ . , : .
where Ab(t - nT, , g,) s the porg}on of 5(t) defined In the n'* time Interval
[(n-l):r,,' , nT, ]
. ) .

From the expression of ¢(t) given by equation (3.1)

b(t, —nT,, , G )--exp{]—- 3 a _,hT[t —(n —t)T,,) : (3.5)

-

for 0< t - nT, S‘Tb

"The prbcess s(t) 1s cyclostationary, l.e. § (t') Is periodic In time domaln with

period T, . The autocorreiation function of 5(t) Is also periodic with the same

a

) period Ty,le. . ) ‘ ’
‘ ]
? ) ) y o . ' ' |
. R (== f\R,(tJrr,t)dt ’ O (3.8)
o T, < ) . ‘
where - l
R,(t +7t)=E [s(t + r)s-’ (t)] (3.7)

7
‘Substituting the expression of s (¢) glven by -equation (3.4) Into the above equa- -

tlon, R, (7) can be rewrltten as -

A2 +00 400 . _T. 2 5
R, (1) = 2 b f b(t +7-nT, ,8,)0°(t -kTy ,g)dt . (3.8)

4 =—cok =-00 o,

. L . N
{i . . s . . s .



let, ‘ — : £
. — ,

N\ C z=t-kTy, , i=n-k . (3.9)
After chaﬁglng the varlables, equation (3.9) becomes

. A2 o 4o Q-k)T, . ’ ) .
R, (1) = T D I f b(z +7—-1Ty , 8,0 (z , g )dz (3.10)

Ty 4 =-00k =-00 kT,

\
e

Since the symbols are statlonary, the palr of vectors (g, ;s , & ) can be replaced

A ]

by the palr of vectors (g; , &)

Equation (3.10) becomes

(1-k)T,
A2 +oo +00 N : _
R, (1) = T DD f bz W 7-14T, , g;)b"(z , gp)dz (3.11)
b § =-0ok ==—00 kT,

“ Equation (3.11) Indlcates that the summatlon over k of tlie segmented Integrals Is

. a single integral over all possible values of the varlable £ from — 0o to 4+ 0o. The

autocorrelation functlon can be réwrltten as

' -+00
2 4o

R, (7) = :}- > f b(t + 71Ty , g;)b" (¢, ao)dt (3.12)

b =00 “oo

é
]

The power spectral density (PSD) functlon S(f ) 1s¥glven by the Fourler

transform of the autocorrelation function.R, (7). -

A e

L A
a0

R
']
]
]
/

s,
—\

1 4
©
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IS ! /'
+00
s= [ R@eiwtir -
\ )
\ ‘ |
2 oo 400 | 0o ‘
"4_" )P f f b(t +7-4iTy ,g)b"(t,ag)e™7*/ "did 7(3.13)
T, i=-00 —00 -0 o ‘ . -

~

Interchanging the order of the Fourler transform and the statlstlcal average, thls

becomes
’ \
2 400 ' Gt She l
S(f)= -j;:— Y E f Le-iemft f b('r,_gi)c"’j”f Tdth * (¢,00)dt eI NT
6 l-——OO L ‘ -00 —~00 , )
2 400 - oo Foo ' :
. - = ’%" S E f b(t.g;)e"'””dt. f b*(t.ao)e Pt dt ¢~ 2r [T
b f =-00 L -00 . _oo - .
| (3.1%)
A

o~

Lét'B( [ +g;) defined as the the Fourlér‘transt\rm of the run“ctlon b(t ,g)

The function S(f ) becomes

, B : /
' +00 !
su)--q-,— > B(f ,g)B"(/ a0 * T -
/\‘)\lb f =-00 , - /
- S~ - . s ll
- /
+00 . . .
—A S s G
_ T, § =-00 . /
where ' .
./) : =< /\,.
- \ S :(J)=B( .g)B*'( . o) (3.16)
Equation (3.16) can also be written as [2] ‘ ' B

s

— . ‘ _ ' . r ]




3 g +00. +00 . . . \
s:n= [ [ T awr @ g o datas
* . “00 oo '
- - ’
=00 -+00 M . ‘
= f . f Ry (¢t Y I2xl (E =" )iqy! (3.17)
J J ‘
where -4
Rb,i(t b ) =b (t ’ .Q:g')b * (t' ’ ,Qo) ._ . (3:18)

&

which 1s the autocorrelation function of b(t ,g)

'f‘ ' : _ '.
From equatlon (3.5) we notice that the duration of b(t , ;) 1s T} ,'vie can ﬁ
- ‘ write (3.17) . L )
! ' ' . T,
T , Sy i(f )= f f Ry (¢, t*')c‘j”f“ -t )dtdt! (3.19)
S . o . o' -

To compute the power spectral density S}( [ ), we need only the terms with non-

negative Indlices because, from equation (3:16) and the statlonarity of symbols

$4(/)=B( 4)B°( .20 =BU  4B'(/ &)

1

= (BU .a)B*(/ 90) = (BU .a)B'(f] 1 90)

-

Sb‘,i(j ) ' (3.20)

I

\
and C .

S0/ )=1BU .e® . (3.21)

¢



which shows that the power spectral density. S(f ) Is a continuous ahd real func-

:

tion 6f frequency.

o s’([)=sb,o(f)+2§°Re [s,,,,-(/ )e‘f”’-f”"*] ) (3.22)

=1 1

2

. Equation (3.22) presenté the power spectral density of the DPSK signal for ah
Infinite wave shape. In order to compute S (f ). the shaping function ‘has to be

truncated speclally when numerlcal computations are requlred.'

3.2 Shaping Function having Finite Time Duration

!
If the duration of the wave shape Is KT, where K 1s a posltive Integer, then
for |i | > K the set of symbols a; and a, becomes Indépendent. The function

S, ;(/ ) glven by equation (3.16) can be written as
. - . . e

'Y . e

Sp.i(f)=B( 4)B°(f . 80)

Since the symbols are statldnary. the vector g; can be replaced by the vector gq

to glve "

P2

S(/)=BU 2a(BT d9)

b

lb(/ 2| for ik X2

:The total ‘power kienslty function becomes - ‘ " o

6\ . ' Y e - 29

~ B )BT 7 a9) for [i| 2K - (329),

NG
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. ' ‘ TA‘z K" - - ¢
. S("”'""TT ) (s,,,(f)—smf))c’”f'“
- . ==K +1 )
N + st (/) Z‘ C_Jzﬁm . (8.28) -
~ f=-00
' . A
Note that I I e
. ' ‘ : 7 ' . ) . B }
v ' 4 , . ' .
ZO-J\O e"{i’ﬂ’ftT; — T 2 6(f _ ) '(3.26)
2 ¢ V'=-00? b §f =—00 b -

which ls:the sum of discrete spectral llnes.

po ]

The power spectrdl density S(f ). has a contlnuous part S;(f ) and a

dlscrete part S;(f ), Le. ' .
SUI=8U)+ %ty 82

"

‘The continuous part Sq'( [ ¥1s glven'by”

~

. : : ‘ ’
s)=4 "% (Sb,u)-smf)) L L
z Rt '
o T i . '\ " - .
‘,,.=%{Sb,q('f),‘:sb,1((f)} R N
AQK 3 « ps | -joxfiT, /
ERe[(Sb,;{f.)~Sb,;(([ )) e '] (3.28)

l'—'l

And the discrete part S; (f ) Is glven by

' .
L - « ' . .
|'n ‘ A P i \\
.
. . , -\
* ‘ " . -
.
.
.

. . hd M



:‘ " ‘A 2 ' I +w '- n' N ' 0'
Saf)= 17| Sx(/}.B 8] *1'7:—] :
¢ x ' ) * \ : b ‘ ]‘=-u)‘ b ' L p‘
= [£ 2 %o ;Sb K(“L)‘S - -3—] . (3:20)
\ Tb f =-00 ! Tb R Tb <L e .

%!

4

The wave shape hp(t)-Is symmetric, hence Sy 'K(—]-f;—) =0 and S;(f ) =0, le.
o . ’ 5

ey

S(f ‘) Is continuous In the frequency domaln (see equation (3.22)).

4

-
4

3.2.1 Shaping Function of Duration T}

<

<
’

When the bdurat}o,n of the wave shape 1s T}, no oveflap exists ‘between

pulses. All the'symbols are lndepehdent. Using equation (3.5), we get

“ iTahslt) ‘
b(t.a;)=¢ 2 , o<t <T,. : (3.30)
And )
Sy ol/ )= |B(f.8p)]? . ~ (3:31)

LI

-3

Uslng the dutocorrélation functlon, Sy o becomes . -

¢

T‘ T‘ ’ ‘ ’ A -~

A\ , : .
Sp ol [N = f f Ry ot ot Ye i/ (=t )gpgy . (3.32)
. / 0 0 ‘ ) -

]v’ r o ’ i
,But'Rb olt + & )is defined as : . | ’. . . {_/.

ik



- Comblining equations (3.32) and (3.33), we get

Rglt 1) =50 . g (@, 6o)

9

. = cos %(Izr(t)—h;(t' )

<

—

s

So.'.o<f)-=f fcos[lz’-(hrgt)—hrct'~))]e*f"f<'-*'>dtdt3

T, o . - ‘
= I f cos (-2-hT(t))e" 2x]t 4t I
0 \

T‘ o . . - 2
+ I f sin(—z-hT(t))c“”"f‘dt ]
A ‘

-~

.
o

\

S0 )= BT ael? '

- ﬂﬁ E
= ~h =jexft 4
): I J; 003(2 r(t))e d

>Hence, the tot;al power denslity functi& wlll be given by

T )

‘ o _— A2 f y ﬂ‘_ —J'a?ﬂ'ft-
SU)= = | [ sin Qe

MY

. 32

- (3 33)

(3.34)

(3.35)

(3.38)
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Using the same procedure, the power density functlon IS given by

NS
a" 0. N : 1
- ' i

S() = —‘}5{%&0—&.&/ ) |

\ . . »
2 . ’ .

+ 2-%Re [(s,, A1)~ 5 1) e7i*! T‘] ‘ an)
where - _ d )
Soolf )= 12012+ 124012+ | 2012+ [ 240)]° sss) &
S,,,,,(Q= 1212+ 2023 e
Siall )= 12,(/)1 A " (340)
With ' '
Zy(f )= F|cos (-ghro(t))cos'({-hr;(t))} : | - (3.41)
Zo(f )= F [c0s (Zhpo(t)sin (Thy(t) T (342)
Z4(f )= F|sin (-}hTo(t ))cos (%_hﬂ(t)) ; (3.43).
Z(f)=F sin'(%hTo(t ))sin (%hr_,-l(t ))]. ] I (3.44)
and - o - o .

S T t + TyY2 ~
T hro(t)—-hr(t)nl =) {445)
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‘ -T,/2
: hrl(t)——h}’(t)nl b/ ] (3.48)

.\~'

3.2.3 Shaping Function of Duration KT, re
- . .

The wave shape hy(t) I1s split Into K pulses of duration T each. These

pulses are glven by o

v

{ t + KT, :
chp(t)=hp(t + 1T, )H[———-——L] , 1 =0,1,...K -1 (8.47)
From equation (3.5), the functlon b (¢ , g)ls
t a,)—exp[J— 2 ;g b (2)
N i 0
K- < . .‘ -
= [ exp [ I8 by (t)] , (3.48)
n =0 2 R o

‘ [
The statistical average of b (¢ -, g;) s glven by

mb(t)‘-— HE{exp[J—a, . t.)]} | . ,

n =0

N - A

. 1’1 cos [ Z by (8 )l - o (3.49)
- 2
n =0 ' .
let {eflne e, ‘ h T
- - : ' T .
myg ','(t) = COS[EhT,-(t)l ‘ (3.50)
The autocorrelatlon function of b (¢,g;) Is glven by o _

L3
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‘, Rb,,'(t , ¢! )_—_ELb(t ,_q;)b'(t* ,Qo)] - ;

K 1K -1

=E H HCXD{] (a {-n th(t)—an-lth(t' )&] (3 51)

) - Ln =0l =0
\
Based on the independence of some symbols on each other, the autocorrelation .

~

hY

functlon can be written In the equivalent form [19)]
. N I3

i1 i Zahn ()il jEau(hn(t) - hra-gt’ DK-1 ja, hn(t’)

Ryi(t,t')=E|le * IIe ® Te®
o k= k=i ' , k=i
B K = r D
= TImp s (O)TT P p-i(t o 87 JTImy 4 (2") (3.52)
© k=0 k=i k=1 ;

1w N . N .

where m, ; (¢)1s as defined In equation (3.50) and

¢ ()= cos[-%(hﬂ(t)— hoj(t! ,))) - (3.53)

- T; T] i ( "
Si(f) = f f Ry (0t e Yy (3.54) -
. 0 0 ‘

-

The ‘power denslty functlon can be easlly found using equation (3.28)
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e

2 ’ Tty
SU) =4 {si) -8k «
[ "\/
y : , /
2 -1 N L
+ 2'%?‘*’ [,2(36,.-0 )= Sy .k (J Ne 7 T} - (3.55)
. 1=1 - .

s
v

3.3 Numerical\results _ :

In ‘t,hls chapter we presented all the derlvatlo;ls for the pQwer spectral den-
sity of constant envelope PSK signals. W{th some modlifications, this method can
be applled In the case of M-ary bPSK signal, e.g. Instead of T we will have
T, = kT,, and Instead ;>f M =2 we will have M = 2*. The shape of the
power spectral density may look llke the shape of t:he spectra for the the binary

case with a narrower bandwldth.

\ The power spectral denslty shown Iln-the next figures are ;alcu]ate;i wlith
numerical Integration using discrete Fourler transform (DFT). Flguies 3.4 to 3’.?
show the power spectral density for the square root of the ralsed cosine pulse of
duration Ty, 2T}, 3T}, 4T, and 57, respectively. It Is obvious that‘ the {5 T,
pulse Is much better than the T, and 2T, pulses for all values of a. The ma{n
lobe 1s almost the same but the slde lobes become lower as the number ?i’ T,

lncreases.

izl
4

It 1s also noted from Flgure 3.9 that the powei' spectrum s approximatly the
same for pulses of duration 4T and 5.T,, , the wave shape of duratlon 5T; can
.7 , [y
represent the case when the wave shape Is time-unlimited (K — + o00), l.e the

power spectral density oiyae DPSK signal.

Figure 3.10 lllustrates a comparison i)etween DPSK, Offset QPSK and MSK

‘f 5



L T L ."s'o'

R ‘ ' R )
| slgnals. AlthoUgh Offset QPSK and MSK belong t.o quadrature modulation fam- -
lly, the binary DPSK offer almost the maln-lobe and ‘a lower hlgh—ordex: slde—lobes
than these slgnals. These results give a promissing future for hlgh—level DPSK sig-

nals.
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. \ . CHAPTER FOUR ‘

o ?

- -

]

PERFORMANCE OF CONSTANT ENVELOPE DPSK SIGNALS

v

In the DPSK demodulatlon.scheme, the phase reference ror.demodulatloﬁ 1s

derlved from the phase of the carrler of the preceding slgnallng‘lnterval,‘arid the
. .
recelver decodes the digital Information based on the phase difference.

o

The nolse performance of the DPSK might appear to be Inferlor compared to

coherent PS{( because the phase reférence Is gontaminated by nolse In the DPSK -

scheme. In.the followlng we will derlve an expression for the probability of error

’

for the DPSK scheme and dlscuss the eQ:ect of some element§ on the performance

of the system.

(4

Consider the 'system shown In Flgure 4.1. The output of the predetection

band pass filter Is assumed to be the modulated carrler .z (¢ ) plus additive nolse

I

%
e(t)=z(t)+n(t)=Ae Tt T 4L gy 0 (1)

- where A 1s the amplitude per channel, f, Is the carrler frequency and ¢(¢) Is

L3

deflned by equation (2.12).

For the transmission baqdv@ldth smaller than the carrler frequency, f,, the

nolse'n () can represented as

n(t)= [n () + jn, ()] 7P @)
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where n, (t), n, (t) are additive whfte nolse wit® power spectral density N o/2.

[-]
For a wide bandwldth, the 6utput of the predetection band-pass fllter can be
wrltten as '
»
~ e(t) = Ae IOt A KO [nc(t) + jn,(t)]e""f=‘ C (4.3)

where : ) ;

n? = n? = i\;—‘i e
Equatlon (4.3)gan be written ’ —
e(t)= [Aef?“) + n, (t) + Jn, (t)]ej”f‘t ‘ (4.5)
Without loi"s of generallty, we conslder the complex envelope of e () . _
p(t) = [Acos o)+ n (¢ )] + 3 [Asin o(t) + n, (t)]'.' ’
=0 (t) + 70, (t) | . | (4.0)

pe(t), p, (L) are Gausslan random processes with mean Acos ¢(t) and Asin ¢(t)

respectively, and varlance N,/2.

At the sampling points, kT, the sampled values of the angle ¢(¢) Is

@#(kTy ) = +m or O with probablllty of 1/2. Therefore

Acos p(kTy) = +A with probablllty of 1/2
Asin $(kT, ) = O
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The phase comparator provides the arngle between two successlve vectors p(kTy )

and p([k - 1]T, ), L.e. T .
Ay Zarg{o(kTy) . o (I6-11T,) | ' L@
where ‘ ,
/ - -
PET) = [£A +n T3] +n, 6T (4.8)
and

) p([k_ —I_J.Tb )= [:i:A + nc.([k - 1]T, ]] + Jn, ([k —1\]%\ (4.9)

-

Without nolse components n, ()t) and n,(t), A¢, takes the value of 0 If p(ka )
and p ([k ~1]T; ) have the same values or 7 if p(kT} ) and p((k - 1]T, ) have

" the different values, l.e.

0O ‘p(ka)-P“k—l]Tb)—_-:Ai‘

Ay = ) (4.10)
™ P(ka ).p[[k - I]Tb ] = -A2

Note that A¢; = O when the transmitted bit by =1 and A¢; = 7 when the

transmitted hit b, = -1.

In t,h; presence of nolse components n, (¢) and n, (¢ ), the decislon boundary

"Is /2. The declslon rule will be

L4 .= S (4.11)‘

)

a
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In both cases, It can be seen that an error 1s made If and only If thbn‘bsolute

value of A¢; Is greater than 7/2, independent of the values of the notse-free vec-

“tors p(kT, ) and p ((k - 11T, ). Therefore, In computing the probabllity of error

we can consider the simplified case In which the transmitter sends the same

waveform, l.e. the recelved complex envelope 1s .
p1) = [A + ()] + dnt) -

= A + n(t)e &), ' ) { (4.12)

i-

where - - .

n(t) = v/n2(t) + (1)

) and

na(t))

0(t) = tan“[ m—TH

r

A phase dlagram for the vector p(¢) Is shown In Flg. 4.2. Declslon reglons are not
preassigned reglons ln the observatlon space , where each region Is assoclated

with a particular message polnt as in coherent detectlon. Instead, the declsion s

" based on the phase difference between successlvely recelved signals.

°

Two successlvely recelved complex envelopes have the form
pi(t) = [A + ncl(t)] + gn, (2) : C (@13)

and : . ) . "
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?

pz(t') = [A + ncz(t)] + Jn,o(t) - (4.14)

Let the angle ¢, denotes the phase perturbatlon produced by the nolse vector
n.,(t) ¥ Jn,,(t). The angle ¢, denotes the phase perturbatlon produced by the
nolse vector n, ,(t) + jn,,(t). The two angles\qSl and ¢, are shown In Fig. 4.2.

Based on the declslon rule glven by equation (4.11), an egroneous déclslon will be

made if and only If

"

T .
¢y - &, l>—2-— (4.15)
. ) ‘ \ . {,
Toyuse thls criterla, It 1s necessary to find the probabllity denslty function of the

2

™ . -
¢ random variable A¢. Since ¢1mand~_¢2 are 1.I.d random_varlables, the probabllity

3

density function of A¢ 1s related to the probability denslty function of 4, by the

.relation- -~
! {

i +7 :
FadO = 166+ 01 (0100 o)

I
4 -
.
N ' »

4.5 The Probability Density Function of The Angle &, = *

- We have
¢ = tan"l -—-r-lf.i—é.j (4 ]:7)
! : 1= ~ .
A +nc 1 - A
Its charactertstic function Is s
< : - 1. o0 4RO et --hl,—(z"’ +y% . '
2 Py (W) = € Aty g Mo dzdy . (4.18)
s q,x ﬂ'No
o Tw : ~
%‘"’ I3
e : ]
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Lt AR

-
N
(=]
»
€.
¥,

let R
T =rcosf-A
»
and .
‘= rsin R .
y = | . \
~ . . A
.Changing the ‘variables in equation (4.18) glves
o ;+00 +7r‘ r'.' : I e
®p (W) = f f T ¢ I9exp'|-=—( (rcos 0 - A *+r2sin%0 ) {drd 0
= ‘ 0 - 7rJVO NO .
(4.19)
: / R
Rearranging terms, we get \ : - .t
-~

+x ~+00 . . '
@ — f jul f ! =2 (¢ - 0)* + A%ln%) |drd 0
o, (W) ) e . nNoexp N, [(r Acos 8) -fA sin ) ‘rd'

L

. | . \ - (4.20)

"But, we know by deflnition that

!
. I | . : «
@y (w) = f ¢IUf o (Bdo S * (4.21)

~-T

Compar'ng the two equations (4.26) and (4.21), the probabllity density function

N .\ ) 3
of the random angle &, appear to be o '

-
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" 400 : )
/8,0 = f —j%-exp[ N —((r - Acos 0)2 + A "’sln"’ﬂ] ' ,{4.22)
. 0 0 , ! .
Let
* ) \\ ’
T = I_—_{j‘ﬂﬂ _ ' ’ . | (4.23)
> and .

—

W
7——_—

Equation (4.32) becomes
. ) . . —-{(—isjn% +oo ‘ i
- [ o(8) = /N e ' ° f [ z/N o+ Acos ¢] e?'ds . (4.24)
. 0 i vosd '
0 (9 * ) . N B .
We note that
+00 . A% e e . 2
| ’[ ze ' dx = %e' No : : . (4.25)" -
—‘—-'——-'COS¢ * ‘
and ) . b
o e oo T s
) ’[ ety = -‘/?—- [1 + er f ( ?V cos?ﬁ)} P (4.26)
~——tc0SP LA ‘ \
K AN

i

3 ) . B
: '
- L4
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where

z

“erf (z)=—\?—; f e tdr - o
o )

. * R 4

e
~

Hencé, the probabllity density function of t,hé phase of ‘the recelved complex

envelope DPSK f 4,‘(¢)',bec.omes ) )

2
1 "N A - _A sin%

. 1 N N, A- '
[ o (8)= Py e + __2\/;?7\’_;008(156. | {1 +erf ( \/_N;co:sqﬁ)} ) (4.27) |

1Y
t

e << 4m

2

The functlon f 4 (¢) Is plotted In Flgure 4.3 for varlous values of the.slgnal-to-

A2 . )
nolse ratio —a—,

' o ' - o ‘ ‘ i‘
Glven the expression of f q,l(qb), the Integral given by equatlion (4.16) can not- J

be dome without using numerlcal Integration. Figure 4.4 1]lustrates the’proba'bn_-

2 <
Ity denslty functlon [ 54(¢) for different values of slgnal-to-nolse ratlo %—— L
. ' 0

.

-

.Anot}ier method which theoritically will lead to the same result and avold,

n’umerlcal.lntegratlons can be used [22].
N\

Conslder the ‘vécto&?rfesentanon given In Figure 4..2. where Py Pg Bre two '
successlvely}rec,elved complex envelopes. ) . . v
Gl;'en that"the compl;ex envelope p, was sent, p, 1s in error If and only.If It lles
outstde the correct reglon. Since the 'messzige s!grial is supposec_l to be constant, an

" errorls cauéed only by the nolse vector n,. From Flgure 4.2, we deduce that an

°
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}

... . error will occur jif and only If the nolse vector 7, exceeds the vector v.
. s \/I’ . .
. \
' * Foo Co
‘{ - Pr(error /¢, , V) = f J oz )dz ' (4:29)
. v , .
. £
T T From Flgure 4.2, we have
Acos ¢, = vcos Y ' i : ‘ (4.30)
- and N | e
. 4 . \ N }
i ¥ cos¢ . .
- v =A——0r ' : (4.31)
: . : _ cosp
. # - B . ’ . =
Equatlion (4:29) becomes - ‘
o ; ~ +00 )
' P, (error [, , ) = f S p(%)dz ‘ (4.32)
) - , : 4081 . - -
) cosy \
4.3 The probability density functioh of T
o &
We have - ‘ ’
*
- — 2 2 ‘ ' ’ -
: ‘ N = Ne's + Nya . ’ . (4.33)
& ' )
where n,, and n,, are additive white nolse vyfth power spectral denstty N,/2.
» ' - :
The Jolnt probabllity density tunction 1s given by .
. . . I a2 2‘ '
h;",x,’ "' . 'fngg, n,g(z 'y) = 1 c_(z + y )/NO ,/ (4034)

. 4 N,




and

'let. '

Ny = 1,00502 ‘
and )

My = 1;sinf, - ] *
We note that | .

dn, ana‘.; = fl2“1 12d 8y

-

’ fncz "az(nc 2' n3 2’ = ﬂﬂ/ flz. 62(772; 0-2)

Using equatlons (4.34) and (4.37), we have

1
/) --N—o'ﬂz
14
AR

f N2, 09(;72» ?2) =

i

¥

@
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’

(4.39)

Integrating over all possible values of 02, we get the marginal denslity function of,

[y .

2
ni
. 2172 ——-—No
p——t .—_.e
Iafm)=Fe

/

Combining equa’tlon (4.32) and equatlon, (4.40) gives

-



- +m _1;-2- ~
L2 TN, . .
Pr (error /¢, , ¥) = , —N—G dn,
) cosgy ©VO L
cosy .
o 4
o
- A; cos’$, ‘ .
= ¢ Nocos'y ©(4.41)

From figure (4.2), we notice that

P =180 - ¢, - 0, < . ’ ) (4.42) -

+
.

The conditlonal probabllity of error deflned In equation (4.30) becomes -

_A? cos®p,
Pr (error /¢, 0,) = ¢ No costhy + é1) (4.43)

. . L)
To And the probabllity of error given the angle ¢1, we have to average over all

possible values of the angle §, for which an error Is made, l.e.

+7  A? cos?¢,

Pr (error /¢,) = f g Nocos(lat i a,(02)d 8, A (4.44)

"

i

From Figure 4.2, we notice that 1t 1s possible to make an error If and only If the

angle 6, Is 1n the Interval [-7/2 - ¢, , T/2 ~ ¢,]. Equation (4.44) becomes

x/2-$, A cos’dy

Pr(error [¢,) = g Nocostdi+6) S o05)d 8, .
~%/2-$;
) 4wz AR cos’d, : . oot
g = e Nocos® f (6)d0 ] (4.45)

-x/2 !

. :



+00 n n
8) = f 2 ¢ Nog
fa=) Z5=e Tdn,
- L ,
oo

0, \s uniformly dlstrlb\ft"e\i over that Interval [~ , 4.

Comblining equations (4.45) and (4.48) glves

2
B L
Pr (error [¢)) = —e ° €
27T -’ﬂ'/z i
let
T2
/2 -—:,—cos%lt,an"’z
y = e ° dx
-x/2
and
'

,z.=tan (z)

dz = (1 + tan’z)dz = (1 + 22 )dz

Y

Changing these varlables In equation (4.48), we get

—ﬁz’cos%l
Yy = f '—'1——"'8 No d.'z

let us define b as .

»

2
—A-—-cos?daltan?ﬂ

63

(4.468)

(4;47)

(4.48)

(4.49)

(4.50) -

(4.51)
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bty o A

RSy
A CA M

2

A
N, cos?d,

equation (4.51) becomes

Substracting y!

y-y"

Hence .

from y, we obtaln the slmple Integral

+00"

/.

00

-

1+ 22

_.1___

_bzd +f

whichls a llnear dlﬂerentlal equatlon

We have

~

cA

dy
dz

-y +\/1r/.'z: =0

64

(4.52)

(4.54)

(4.55)

(4.58)

(4.57)
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- 2 - B M
- where z = %0052¢1. Using the Laplace transform, we get e
0 .
§Y.(s)-y(0) - Y(s) + ——= =0 B - (4.58
(£)-9©@ - Y () + —= o (4.58)
, § ~1)Y(s)+ ——=—m =0 - : ' 4.50
. (6 -DY () + = , 4 )

-

‘ _ Solving for Y (s), we obtaln

J— T _R ™ . -
Y(s)'—‘s—l Vs (5 - 1) -

&

(4.80) -

Taking the Laplace Inverse of equatlon (4.80), we get [3]

¥
v

y(z)=me* Twe‘er[ (Vz.)
' t

\ = me® [1 - cfrf (\/97)] ‘ | ' - (4‘.81)

\ ) +
But, z = b and glven by equation (4.52), equation (4.81) becomes

A% o
. ==t COS ¢1' .
g} \ y = me No {1 —erf (-—4—-cos¢l)] (4.62)
A . . N, : _ : '

>

Combining equatlons (4.47) and (4_.6’ the conditional probability of error will be

.

"\ glven by the expression
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- 2
ro P 1/¢ y e ' -
5 ‘ : . error == ———g
, : r (erro ¢,) Py _
1 . A v K ' ' |
¢ == =11 - — - 4.63
> [ erf (N0 cos¢,)] | (4 )’

N

Averaging over all posslbleyalues of the .the angle ¢,, the probability of blt error

for the DPSK slgnal will be glven by

+x | ¥

P, = f P, (error /¢1).’ ¢,(¢1)d ¢, ) e

- - —

. 2 2
15 A * ~4r-sin,
° cosp, e % dg,

. =_2- + \/16TN ~[x

0

. +r - A2 o . o
A [ cosgy e M erf ALcosp)ds (1.64)
. —— cosp, e 5, erf“(——cos .
laﬂNo —X ! ) No ) 1 ' 1 4
, The two Integrals 1n equatlon (4.84) are perlodlc functlions of ¢, with perlod

2m. They are symmetric and alternate each half perlod; that Is, their functlonal

dependence on ¢, satisfles the condltion
.

ST +7m)=-[(4) for all ¢,

“ The average value of any such functlon over one pgrlod Is zero. Hence

+r -%?'Sin%l i . .
cosg, e °° d¢, =0 (4.65)

-
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S " +x 2 . . .
. —e—3iN ¢ © .
f cosgy e M0 erf (—a—cosg)d g, = 0 (4.06)

2 ' - -x VNO

Uslng thls fact, the average probability of bit error for the DPSK slgnal reduces

. to the well known expresslon

P, = —¢ " ' L . (4.87)

The probabllity of error P, s presented In Figure 4.8 as a function of sfgnal-to—

r

nolse Tatlo. The 1iext step 15 to Investigate the effect of the low-pass filter on the

performance of the system.

o

L)

4.7 Effect of the LPF on the Performance of the' System

“

AY(t)——  hp(t) F—w6(t) -

’

-

Figure 4.7 - Low pass fliter & .

The output gr a linear system Is given by the convolutibn of the lnp‘ut\slgnal

"with the Impulse response of the system.
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o(t) = Ad(t) * by (¢)

— +o0 .
\= f Ad(t —nhp(T)dT (4.88)
P where * denotes tz%ie convolutlon, A¢ 15 a contlnuous random phase and hgp (t) 1s

the Impulse response of the low-pass fllter glven by

h,(t)=F\‘“{\/}_i?(_{_,_a—):} . |  (4.09)

v

)

‘ Our concern in this sectlon Is to charactérize the ra{ndom process 6utput of
the low-pass:ﬁlter whe“n the Input 1s a random process. It Is well known that,
when the Input 1s a Gausslan process the output Is also a Gédsslari process. <
ever for a non-Gausslan Input, ‘the cha;racterlstlcs of the ,outp'ﬁrb‘m{m:l:::
easlly determlned. . - -

Glven. the au_tocorrelation functlion ofl the Input process ;amnd the impulse
response of the system, the autpcorrelatlorf funptlon of t;h’e output process ¢an be
. easily found. However, In order to find the prdbablllby of error, 1t 1s requlred-to
) obtaln' the‘probal‘alllt;r denslty function of the output process. The f)robablllty

denslity function Is not, In general, determined by the autocorrelation function or

the mean of the output.

The folléwlng presents a methqd [21,23] to approximate t,h‘e probablllt,yﬂden-
sity funztion of the output fllter based pn.numerlcal c:alculat'lons.
" Caonslder the output process #(¢) gl‘ven l,)y the equation (4.68), sinee 4(¢ ) Is a con-
tinuous rgndom phase, it can be written in the form ' -

1 ) X
) N




— & . +00' . '
Coa)= fads(t—r)hR(r)dr

. +00 '
A lim AT YY) A¢(t - nAT)hg (n A7)

AT=0 0

Writing the characteristic function of (¢ ); we get s

. . . ' . )
C'\ o) = E (e

| +oo
jwar 3 AHt —nanhg(nan |
Eje

" -0

?

[ 4
L)

h

(4.70) .

+

70

(4.71)

4

_ .The random process Ad(t - n A7), Ad(t — k AT) With n #k are assumed to be

statistically independent [25]. The characterlstlc functlon In-equation (4.71)

' becomes the.product of an infinite number of Independent characteristic func-

tlons.

: +00 . : .
Sw)= JI E [e JwArA(t )-nAf)hR(n A'r)]

n =-00

But, we know that

»

plosveast-nambom | _ g (wazhy (nian)

L4

~

Combining the two equatlons, we get

3 i

‘. +00 .
. Pew) = TI ®ae (wathp (n Ar))

4

°

(4.'72)

(4.73)

(4.74)

LS
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-

where @ ,4(w) Is the characteristic function of the Input random process. For a
given A7 and hp (¢), $,p(w) can be evaluated. The calculatlon of the characterls-

tle' functlon $g(w) Is therefore. possible.

*

The prababllity density functlon’ of the output process 1s then,

+00 . v

f) = — f —Jde .
J o(0) ar J_ Po(w)e w ;
o™
) +00 .
1 +00 . ) juwl -
= I ®ae(wArhp (nan) e ¥dw (4.75)
0 & - ‘

Since, the Input process Is defined In the Interval [« , 7, 1t Is quite loglc that the
| output process will be also defined In the same Interval modulo 2.

We have

AD =, - &, , (4.76)

~— /
4

where @,, &, are L.1Ld random varlables with probéblllty density function glven

)

a

by equation (4.24) L \
. AQ A? 2
e —Z—35in% .
1 N A s N A
[ 0y= ——e "° + —=——=cosfe "° |14 erf( cosf)
! 2r 4mN ' VN, ‘

-

(4:77)

L)

Since f 4,(0) s an even and perlodic function of 4, its characterlstic functlon

® pp(w) 1s a real and discrete functlon of w. . o ( ' .
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. 1 )
‘ L : .
. Py w) =" f T 3, (0)e7“%d S .

. . , ‘ n—1)x ’ .t
+00 . . T
. =5 ]  5,(0)e14%d 0 , (4.78)
) T M=-00 ~(N+1)F , A )

- - [

Q)
v . 2 \
Changing § by 6 +.n 7 and uslng the perlodicity of f ‘,,l(o)i we get

-

3

L _%,(w)‘ . eﬂw” f ! s0)cos (we)da (a.79)

n—-—db
H t
: B - i
Note that -, ' f ’
* * a e ‘, < ' A
Al \ .
N . N * . ‘

I .
gooe J 2f.m T E 5(0.) -n ) _ - ' (4.80)

<, 4 ’ N ~ '-.
' J}"' - L4 - ‘(‘ ‘1’ ' ‘ ‘
W -\ and If we deflne ¢, as . sy .

, ‘ # ’
} . . d ‘ . ' . J N l ) - . ¥
. (" K - M W ' ‘ ' 4 N s .
- P [ o,(@)cos (n6)d g o ] < (4.81)
> 3 .. N _T . v . ' . .
. lq?d;l‘(W) becomes
Lo ¢‘ S to0 -’ ’ o . .
o B W) = Y, cnaiS’(w -n) . ) ’ (4.82)
) - ) v n‘=‘-w i L4 . 4 “ . .t

,
. .
o e
' k . P . '

> . Slnce AP = ®,— &,, the characterlstlc functlon of A% can be written as

T e




‘1’A5:>(w) = Q«p{z(w)

+00
= ¥ ¢, *§w-n)

=00

and the expression of f ,4(f) becomes
4 - N

5 1 +c0
. ael) = = t2% ca2cos (n 6)

n==1

At high sig}zal—to-noise ratio o \
L4 .
N, ] A2 S
for |[———— | << 1 ( e.g. 10logo(—==) > 5dB )
‘1A +n, n.2
* . s -
Moy Mgy .
s = tan™? |- X — in rad
¢’ [ A+ LT A
¢ t = 1,2 s ‘
¥

(4.83)

(4.54)

(4.85)

4

. ¢; can be treated as a(f/ausslan varlable with zero mean and varlance N o/ 2A 2,

+  "So'that 1ts probabllity density function can be wrltten as

]

v g A?
- A -z TO
v . , : I) = [
| - [o@)= 5
‘ ’ ’
[ 4 .

“Since ¢, ¢, are 1.1.d random varlables, the characteristic functlon of ¥ is given

3

by

N
. . .

.
' N -
.« -
e
v

*

®ae(w) = Elei“#-99) — g(ei“%) E(e74%) /

J

"~ (4.88)




. So that the varlance of the output process becomes" ..

74
= &y (W)Pg," W) ) (4:87)
But &4 (w) Is glven by ©
* \
2
By (w) = ¢ Nu/44 (4.88)
l .
so that ®, 4(w) becomes ' : . :
¢
- 2
®pa(w) = g ~No/24 (4.89)

-

Hence, A® Is a Gausslan process with zero mean and varlance N,/AZ,

The';\oﬁtput of the detectlon fllter, §(¢), Is also a Gausslan process with varl-

i

ance

. N =00
\‘ dg” = ;—2— f | Hp (f ) | 2df | (4.90)
. But Hp (f ) 1s given by ‘
Hy(f)= VR(f ,a) (4.01) .
¥ ‘ . .
- Hence | . ' I..\
/ ) N b |
© 400 . “+00 .
f [H(f)[%d] = f R(/ oydf =1

' +

7



' ' 2 N ) (4 ;;2)
- 0'6 = see— .
Based on the declision rule given by equation (4.11), the probablillty of bit ‘error at
the output of the low pass filter will be given by
/ ’ . i 2 2
P, =1- 1,_. e” ’1,209 dz
. - Ue 27r _1-/2 . 2
- . . . . - . L . [}
[ |
+ n : ( ‘o
' =1-er / s . (4.93
Repacing og by Its value, we get | - . .
. , ) X
’ P, =1-erf l ) ' (4.04)
. ‘ | N
with B, = A%, P,, becomes v ', ‘
\ D
P, =cerfc [ (4.95)

A

L4 ~

P,, is shown In the next figure. We notlce that the ®probabllity of ‘error s

. lmproved by the low-pass filfer.

“an
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CHAPTER FIVE

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

5.1 Conclusions

a

A | bandwldth-efficlent . constant-envelope differentlal PSK
modulation/demodulation schemes for TDMA applicatlons was presented and

studled. Both si)ect,ral propertles and performmance were analyzed.

Since phase modulation !s a nonlinear process, the spectrum of the base-
band slgnal can not be used directly to predict that of the modulated slgnal.

Rather the spectrum of the modulated signal was analyzed using the autocorrela-

)

tlon techniques. It has been shown that the ba'ndw!dth can be Improved with nar-
row shaping low-pass filter. In fact, b:yvarylng the roll-off factor o of the Nyqulst
fllter, the spectrum maln-lobe remained almost -the same but very low side-lobes

were obtalned.

\ '. ) , ¢
The spectrum was computed using truncated shaping functions ( of duration

KT, ). It has been shown that for K = 5, the power spectral density was good
. )
enough to represent the case of the shaping low-pass fliter having the lmpulse

-

response Wlth, Infinlte time duratlon. The DPSK slgnal was compared to, Offset

QPSK and MSK slgnalst Although Offset QPSK and MSIK belong to quadrature

»*

modulation family, the binary differential PSK offers almost the main-lobe and a

lower high-order slde-lobes than these signals which glves a promlssing future for
\ .

high-level DPSK $lgnals.

/ - >

-
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The bit error performance|of bandwidth efficlent DPSK In llnear channels
was studled. After the llnear phase comparator, it was shown that the prob‘ablllty

n

i
of error Is given by the well known expression —;-e No At P, < 107*, the power

requlrement; of DPSK 1Is approﬁ(lmatly 1 dB more than coherent PSK. Effects of
the lc;w pass filter at the recelflve end was dlscﬁssed. The probabllity density func-
tlon was computed, 1t has beén shown that the performance at thg output of the
low-pass fllter Is lndependem{ of the roll-off factor a and Is comparable to the

coherent PSK.

5.2 Suggestions for Furthey Research -

"

,

The study of the the Introduced blnary DPSK modulation/demodulation
scheme can be extended to the M-ary DPSK cases. Some suggestions for further
research are. ‘

N s

x. M-ary Qz'ﬁ'erential PSK: Only binary DPSK was consldered throughout our

studies. With M-arj DPSK, we can Improve the bandwidth efficlency. These
. LY

signafs’ can offer a good trade-off between power and bandwlidth. We belleve

that the study of multi-level DPSK mo@ulatlon/d\emodulatlon and ‘speclally

DQPSK will be desirable for TDMA applications.

-y ¥

*x  Implementation of M-ary Differential PSK using Digital Signal Processors:
Digltal spectral analysls has been glven a tremendous boost by the Introduc-
tlon of the‘fast, Fourler transform (FFT). These computationally emclént
algorithms have galned wldespread use In many dlverse sclentlﬁc'dlsclpllnes,
making possible accuracles and resolutions that could not even be contem-

plated before with an analog approach. Many-state-of-the-art dlgltal 'slgnal'

»

[



&7

DPSK with sufficiently high speed to permit real time processing for low-

[N

0 . 4

prdcessors (DSP) are now avallable and can be used to lmplemeht M-ary

capaclty modems as moblle communications or VSAT (Very small Aperture
Terminal) applications. DSP based Implementation of modems ls attractive n~y
because adaptlive a&orl-thms and flexible bit rate or modem confligurations

’

ca‘xi be reallzed. .

———
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‘ . APPENDIX A
2 o .
' . | |
FOURIER INVERSE OF THE SQUARE ROOT OT NYQUIST PULSE

‘We have

( T‘ .. . : -
: v : o 05\/|5€1+a)fo > .
VR @) = { yTrcos| 2E=(11 | =t -a)f o] -0/ oS |7 |20+ )4
( ) ) ° . - elsewhere ‘
0 . 0.

(A1)

- Slnce VR (f ,) Is an even functlon, Its Inverse Fourler transform Is a real func-

* n
tion of time ¢ and glven by : - |
C 400 - ‘ ,
r(t ,a)=2 f VR ([, a)cos(2nft)df (A.2)
0
Replacing VR (f , @) by Its expresslon, we get _ N
v, ' (l-a)fo
‘Rt , a) = 2T, cos (2nft)df
, 0
i (1+a)f o .
. e - ! . .
DIt + 24/ T f cos[ T (f ~(1-0a)fg)|cos(2nft)df
I (1=a)f o af Y .
- : | o . : a8 7




Changing f by (f = f,) glves

L Tb .
r(t,a)= —;—t-sln[27rf ot (1 - @)

. P | |
+ 2T} -‘ cos[-r-—--(f —a[o)]cos(ént(lv + [ohdf - (AA)

Solving the integral and letting z = 2 / 0t we-get

2\/—_ Is, sin (1r(1 - a)a:) + il o\/ﬁ- cos (m(1 + a)z)
7(1 - (daz )?)

,r(t‘ y @) =

i
¢

“82af Ty o

_ sin (7(1 - @)z ) AR o (A5)
7r(1'-(4ax)2) '

and rearranging terms

sin &r(l - a)x] B
Ty

r(t ,a)=

= da [cos((l + oz)mi] + 4zsin((1 - a)nz) ] / '

ﬂ\/ﬁ(l—(tlax)?] . ' ‘ ' /

A.8)" '

s
~
e
\' ] N
T
- ol



' APPENDIX B

VERIFICATION OF EQUATION (4.74)
“IN THE CASE OF GAUSSIAN INPUT

s |
’ ' ¢
/l I
~ , L\/ '
z(¢) —— h(t) -
3
) ) Figure B.1- Linear system. e
, P .
r ;. The output process y(t) Is related to the Input slignal by - A |
v 3 ' . l o
/ ' i - ) ' . ‘ v 4
. ,_( +00 - ¥ \ - ’
: _ ‘ g
/ y(t)= f z(t - nh(rdr ' (B.1) -
. . ' . N -00 . . t N ,
g L : : .
where x(t) Is a zero-mean. Gausslan process with power spectrum”
) v l ‘ ",' (U (9 - ot ‘ L
. . A NO ) | .
‘ ' S (f ) = -—2—- ' —OO</f, <0 (B.2) ‘-f';ﬂ'gv!" _
“ \ , B ‘ , - . ) , . » @‘ , 3 F.(:‘,’
" The characterlstic ftnction of the outputi process y(t) carl be written as
-~ I,
- - * The dimension of N ‘are Watts per cycle per second, or joules ‘We shall always deﬁne -
o the power spectra on a bllateral frequency basls, —00 < / <oo
, A ' .
. . ! ) ° o ) «
AP T oo L.




L%

»

' T + < ce T
- . éy'(w)é\lio <I>X(w_A1"h(n A‘r)] .
N, ’ : f =200 .

.

+00
PyW) = JT e
4 n:_w.‘
RN ,

8

The summation In e%
) . 1

+00 A
: z) hz(nAr)(AT)2=
Yl——OO -

\

A}

Q?(\” \Now’/q

Comblnlng equation (B.3) and (B 4), d>y(w) beebmes

f - . T

AN . - — N
. T —_— L _—

— "

0 )\\ '« =~
But, the characteristic functlo )
- I ]
N

n=-00

&

-+oo +60

X h(n Aa)h (1 AB)S(n Aa -t Af)AaAf

-Ajﬂ'( wATh(n AT))?

n ——0071 ==-00

t

== exp [——I-V—ow )‘_‘, h'*’(n AT)(AT)"‘}
{- 4

f ==-00

Y

.

4 Taking the lmit when Aa — O and Qﬂ — 0, we get

\

\

~

o %

3 h(nAa)h (n ARAXAS

&

. : ’ !
n’of a zero-mean Gausslan process Is glven by [23]

!

~

tlon (B.5) can be written in the equivalent form [25],

(B.3)

(B'._!;)

(B-G)
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S : +00 +00 y L T
+00 , - . - ] .
lm ¥ h¥n an(an?= f f h(a)h (B)6(a-B)d ad B .
AT =0y — -0 , =k R . . ' T
\ .\\ ) . -+ 00 . . d ’ ‘ %
~e - . ./ 2 , ) 7
~ i ="- 1. h¥a)d ' (B.7).
. J '
. \ A
Using the well-known Parseval equation from t,l'le‘Fourler theorx, N -
\ ) h 00 b +00 . o . .
- f h¥o)d o = |H(f)|%df . . (B8 -
v ) Voo e -
where H(f) 1s the tffe mer?ler transform of h(a). Equation (4.84) 1s nothlng else \ -

than the bandwidth B, of the system, hence the characteristic function @y (w)

becorhes the result that we all know o

t . ! - /
. DNop 2 L ,
dyw)=¢e¢ * - . (B.9)
\\\ A [+

—

Hence the output process Is also additlve with power spectral denslty N oByw /2.
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P6WER SPECTRAL DENSITY COMPUTATION

]

-~

The PSD to compute Is given by the expresslon .

, .
-
. 3 [ ' P

~

SU) =% (So/ )-S5 .x(/))

A
- D -
= 2Re El (S5 )=8 x(f)) e-m!:r.}

fa
el

{1 =1

. . N ‘
where KT, 1Is the d)tiratwn of the shaplng functlon and the function S; ;(f ) Is
. o '
glven by . ) ‘

-

S ()= 255 Z,(f )Zz'n"—;‘(f‘) :

n=1

?

Z; (f )1s the Fourler transform of the function z;(t), #(t) follows the form

2,(t) == cos (;-g—ho(t))cos (%hl(t ) - cos (%hK(t ).
2a(t) = cos (Thot)eos (S-hy(t)) + -+ sin <1;-h,<\<t )

4

25 (£) = cos (Tho(t)ein (Thy(t)) -+ sin(Thy (t)
2 - ~
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Vie=0
Spac
DEG
_curwv
LINE
. INFU
INFU
P1M
DIM
DIM
DIM
DIM
DIM
DIM
DIM
FOR

Te=2

Fe=1
Fp=90

M=)
J=0
V=1
Bi=1

2,x(t) == sin (—;r-ho(t ))sin (-;’-h,(z)) e sin(-’zr—h,{(t))
- ' . [
with i
_ K . Ty
hi(8) = b (¢ ~ (- 0)Ty) 0= |t]=—~

Fower Spectral Density Fumction
Wave shape of duration STb

-~

e=—-, 7

e: !
TYFE 1} o (

T "WHAT IS THE DURATION .OF THE WAVE SHAFE" ,Sd

T "WHAT IS THE VALUE D” ACCURACY N",N .

W1 (600) JW2(L600) ,WI(600) ;W4 (600) ;WS (600) .

1

£y

. ' - - : .
T I LI E RS SIS ST R T E YT R TN SRR RO SRR AN 4

*****************;*******************************

\

.

-~ 4

22(600) , Z3(600) .74 (L00) ,25(600) | ZE(LOG) 27460
2B (6D0) yZF{600) ;Z10(600) 4211 (600) ,Z12(600)
Z1Z(600) ,Z214(600),,Z15(600) ,Z16(600) ,Z17 (LO0D)
218(600) ,Z19(600) ,Z20(600) ,Z221 (600) ,Z22(600)
223(600),224(600),225(600),226(600),227(600)
228(600) 129 (L0O0) {Z3T0(600) 231 (600) ,ZI2 (600)
Punct (150) ,Xe(150) , Tm1(&00) \F1(600) ,F2(600)
R=0 TO 1 STEF .S

O/N .

/30 : :

BO=1 -

BS=1
" §7=1
FOR
S1=1
F1=1

~R+4%R/PI .
F==-2.9 TO 2,5+Ts/4 STEF Ts
~ (A*R*F) ~D ‘ ' ' —
BO*k* (1-R)

A=)

\ *

Y
7



-~

_IF K<=.5+Ts/8 THEN v L

+

IF ABS(S1)<S.E~10 THEN S1=0 v LT /
IF K=0 THEN o - f
S5=1-R+4%R/F1 . . ,
ELSE § S I : ' .
IF R=0 THEN - g g )
SS=SIN(180#%) / (FI#*kK) - :
ELSE : ) . L
IF S1=0 THEN - AR
S5=R#*COS (45% (1~1/R) ) ~2¥R*SIN(45% (1~1/R) ) /F1
ELSE
SS-(SIN(VI)/h+4*R*(CDS(IBU*k*(1+R))+4*R*k*SIN(k1))/Sl)/PI
END 'IF _
" END IF .
END IF .
S5=85/67 A
IF ABS (L) *Sd1/2 THEN S5=0
IF ARS(SSY<S5.E-10 THEN §5=0
SS=lp#55 . o -
FRINT S5,k % T
IF K<=—1.5+Ts/8 THEN.\B ) .
J=d+1 : L - , .
Wi(J) =85 : . - -
Tmi (J) =p+2
ELSE .
IF K<=-.5+Ts/8 THEN
W2(1)=W1(J)
V=U+1
W2 (V) =35 .
ELSE ~

»

= W3 (1) =W2 ()
Bl=Ri+1 . ‘
W3 (B1 y=S5 ; ’ ¥
ELSE v : T,
IF K<=1.5+Ts/8 THEN .

W4 (1) =W3(E1) . . . ]
BO=BO+1 T : J
WA (BD) =85 oo :

ELSE ‘ '

WS (1) =W4 (BO) -
BS=BS5+1 ) : _ )
WS (BS) =85 ( , , : N -
END IF ) ' . '
END IF . ' ) ) . , ‘ :
END IF . .
END IF “ .

NEXT k -

¢ **************************************************************

! LA T T T LT TR T TE TR RE TS PSD Cmoputatl on ************************

1 % K I X% X ¥ KK * 9N **************************************************

FOR I=1"TO J~-1




“~

Z24 (1) =SIN(WL (1)) *COS(W2(I))*SIN(WI (1)) %S5

| . ) ’ .
{ ‘ ' ), <t . . /
[ 4

. - ! ( / "
! ‘. ' 5 - ‘ . "
ZE(IYECDS(WI(I))*CDS(N2(P))*CDS(NZ(I))*CDS(W4(I))*SIN(%5?IY$
I =COSAWL(I))*#COS(W2(I))*COS(WI(I)) *SINIWACI) ) *#COS (WS (1))
ZA(I)=COS (W1 (I))*COS(W2(I1))*COS(WI(1))%STN (W4 (I))#SINIWS(1))
ZS(I)=COS (W1 (1)) *COS(WA(I) ) *SIN(WI(I))*COS (W4 (1)) *COF(WS(I))
Zb(I)—CDS(Wl(I))*CDS(NZ(I))*SI&(WT(I))*CDS(W4(I))*SI (WS (1))
Z7(I)—CDS(W1(I))*CDS(N7(I))*SIN(NE(I))*SIN(W4(I))*C SWS(I))
Z8(I1)=COS (W1 (I)»*COS(W2(I))*SIN(WI(I))*SIN(WA (1)) *SINWS(I))
Z9(I)=CDS(N1(I))*SIN(NE(I))*CDS(WE(I))*CDS€W4(I))*GOS(N5(I))
Z10¢(T)=CHES (W1 (1)) *SIN(W2 (1)) *COS (W3 (1)) *COS(WA (1) IASINIWS (1))
Z11(I)=COS (W1 (1)) #SIN(W2(I))*#COS (W3 (1)) #SINW4(I) ) *COS(WS(I))
212(1)=C08(N1(I))*SIN(WE(I))*COB(NE(I))*SIN(N4(I))*SIN(N5(I{)
Z1Z(H)=COS (WL (1)) #SINW2(I) ) *SIN(WI (1)) *COS(W4 (I} ) *CAS(WS(I))

,214(IL=CDS(N1(I))*SIN(NZ(I))*SIN(NE(I))*CDS(W4( ) ) #SIN(WS (1))

ZIS(I)=CDS(N1(I))*SIN(NQ(I))*SIN(N3(I))*SIN(W4Y )) *COS (WS (1))
ZIL(I)—CGS(WI(I))*SIN(W”(I))*SIN(W”(I))*dIN(W4 D)) *SIN(WS (1))
Z17 (1) =SINWL (1)) *COS (W2 (1)) *COS (W3 (1)) *C0S (WA/(1) ) #COS (WS (1))
Z1B8(IY=SIN(WL1 (I))*COS(W2(I1))*COS(WZ (1)) *COS(W (&))*SIN(WJ(I))

Z1Q(D)=SINWL (1)) *COS (W2 (1)) *COS(WI (1)) *SIN( Q(f))*CDS(NS(I))

Z20(1)=SIN(WL (1)) *COS (W2 (TI) ) *#COS (W3 (1)) *¥SIN (WA (I) ) *SIN(WS (I))
Z21 (1) =SIN(WL (1)) *COS (W2 (1)) %¥SIN(WZ (1)) *COSAWA (1)) %#COS (WS (1))
222 (1)=SIN(WI (I))Y*COS (W2 (1)) *BIN(WI (1)) *COF (WA (1)) *SIN(WS(I))
DI(I)=SIN(WL(I))*COS (W2 (1) ) #SIN(WI (1)) *SIN (WA (1)) *¥COS (WS (I))
NAWA (1)) *SIN(WS (1))
Z25CI) =SINCWL (1)) #*SIN (W2 (1)) *COS (W3 (1)) *C0S (W4 (1)) #COS (WS (1))
226 (D) =SIN(WL (1)) *SIN(W2(I))*COS(WZ (1)) *COS(WA(I) ) *SIN(WS(I))
Z27 (1) =SIN(WL (1)) *SIN (W2 (1)) *#COS (W (1)) #SIN (WA (1)) *CAS(WS (1))
228 (1) =8IN(WL (I)) *SIN (W2 (1) ) *COS(WI(I) )/%SIN(WA(I))*SIN(WS(I))
Z29(1)=SIN(WL (I) )Y *SIN(W2(I)I*SIN(WI (1) *COS (WA (1)) *COS (WS (1))
ZTOCI)=SIN(WL (1)) #SIN(W2(I) I *SINCWI (1Y) *COS(WACI) ) *SIN(WS (1))

ZZI(D =SIN (WL (I) ) #SIN(W2(I) ) #STN(WI(T) ) #SIN (W4 (1)) *COS (WS (1))

ZI2(T)I=SINMWI (D) ) *SIN(W2A—A(I) I *SIN(WZ (1) I *SIN(WA (D) ) *GIN(WS(I)) -

MNEXT I .
FOR X=0 TO & STEF Fs

X1=T60%X
Rel2=0
Im2=0.

ReZ=0
Im3Z=0
Red4=0
Im4=0
ReS=0
ImS=0
Re&=0.
I'mb=0
Re7=0
Im7=0 .
Re8=0 _—
Im8=0
Re9=0
Im?=0
RelO=0




ANIm12=0

ImiO=0
Rel1=0
Imlii=0
RelZ=0

Rel3=0 . -
Iml3=0
Rel14=0
Iml4=0 ~
RelS=
ImiS=0Q
Reléb=0
Imié=0
Rel7=0
Imi7=0
Rel18=0
Im18=¢C
Relos=
Imi@=0
Roo0=0
Into=0
Rel'i=0
Imli=0
RaZ0==0
Iml2=0G .
Rell=
Lplld
Reld=0
Im24=0
Rel&z=0
Iml5=0
Re2b=0
Imlé6=CQ
Rel7=0
Im27=0
Rel8=0
Im28=0
Rel9=0
Im29=0

Rel

Im>2=

FOR b=+ TO J-1
T 2248 100

IF 220h) L0
If 23(r\fw'
Ir 224
TEO7A0E ) 2

~

rd
N
.
.
s .
- ,
-
. §
v - R -
. -
v
» §~
¢
—
4
.
. -
-Y
. .
. .
- .
.
¢ P o
.
- ) )
.
.
)

\ B
:
.

Rel=Rel+Ts»Z2 (K) *COS (X1%Tmi (K))

Im2=Im2-Ts+ Z2(F)D) *SIN(X1%Tml (k))
Reli=Rel+TsxZI (k) *COS (X1*Tml (K))
Im-mImw—TSxZ-(})*SIN(XI*Tmlf}))
Red= Red+Ts#24 (k) *COS (X1#Tml (1))




yIF 2420
TF 2SS4 .70
TF ZI5(F) 0
IF Z&(hD) <0
IF 26 ) ™0
IF Z7() .0
RE 27 LG
IF Z8(k) 0
IF 28¢() .- 0
IF, 29U -..0
[EL 2960 -0
1+ 2104 ) L0
I 210¢)  ©

JAF Z11(ky 0
IF Z11 ) O
1IF Z12( O
IF Z12¢ 3y O
1Ir 21T 0.0
IF Z1T0E) -0
IF Z14/4H) - ©
IF 214y o
IF 7215y @
IF 215 0
IF Zlath ). O
IF 216y ©
IF 217y O
rzZ17a 5y .o
IF Z1g(ky O
IF Z218¢ ) 0
TF 219y .0
L 21724y 0
IF 220y O
IF Z20d ) . o
1P Z21dy 0
IF Z21¢H) 0
IF Z22d0 ) .0
TF 22207 ™0
TF 22T ) .0
fre 72Ty L0
IF Z24« )y 0O
IF 224 )y 'O
1F Z25¢h )y O
IF Z25(t) -0
IF 2264 "0
1IF 7264 ) 30
IF 227 (k)0
IF 2274 .0
Ik 72200 0
IF 228y~ 0
WO 0
IF 229Ky O

THEN

ImA=1ImaA—Ts*Z4 {}F ) *SIN(X1%¥Tml (F )

THEN Ref=ReS5+Ts*ZIS (1 ) $COS(X1%Tml (1))

THENM

ImS=ImS~Ts*#Z5 (1) *SIN(X1*Tm1l (+'))

THEN Reb=Reb+Te*Z& (1 )+COS(X1%Tml (+))

THEN

Imb=Imb—Ta*Zé& (F) #SIN(X1*Tml (1))

THEN Re7=Re7+Ts%Z7 (1 )*COS(X1#Tm1 (1))

THEN

Im7=Im7-Te4Z7 (1) «SIMN{X1%¥Tm1 (}))

THEN ReB=ReB+Ts%Z8 (} ) *COS (X1%Tmi (1)) '

THEN

ImB=ImB-Ts¥

BW@ IXSIN(X1*#Tm1 (}))

THEN Re9=Re9+Ts*ZG (k) *GES (X1%Tml (1))

THEHM
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN

THEN

THEM

THEN

THIZN
THEMN

THEN

THEN
THCN
THEM
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THIZN

RelO=RelO+To*xZ10 (L
ImiO=Imi0O-TsxZ10
Rell=Rel1+Tec*211 (}
Imil=Imli-TsxZ11(F
Rell=Rell+Te+Z12 (L
ImL2=Imi2-Ta%Z 12 (1
Rell=Rel T4 Ts*Z217
ImiZ=In1Z-Te*xZ172(
Reld4=Relqd+Ts%xZ14}
Imi4=Im14-Ts*Z14 (}
Rel19=Rel5+Tex2 15 (!
Im1S=Im1S-TexZ15 (1
Felé=Relé&tTax?16
Imlé=Imlé&—TaxZ146
Rel7=ﬂe17+T3{217U
Iml7=Tmi7- TeorZl17|
RelB=RelB+T-2210 (1
ImiB=ImlB-Te*Z18 (}
RelQ=Rel%+Tax? 12(.
Im1O=Im19-Tsx719{}
RelO=Rel0+Ta¥ 220 (|
Im20=1m20-Ts*Z20 (+
Rell=Relli+ToaZ21 (L
ImZ1=Tm21-1s%Z221 (t
RelT=ReZ2¥Ts2 222 ()
IMm2D=1ImD2-Tsx222 ().
Rel2T=RellT+TaexZ27(}
ImIT=Im27 -Te¥Z2ZT (W
Feld-Rel4+TexZZ24 (b
Im24=Im24-TsxZ24 (1
RelZO=Rel5+TexZ7 205 (.
Im2S=Im2S-Ts®Z225 (}.
Relé=Rele+TasxZ 26 (F,
Im2b6=Imlé&-TesxZ26 (K
Rel7=Rel7+Ts+Z27 (F

Im@=Im?-Ts*Z9 (} ) *SIN(X1#Tml (t))

Y 2COS (X1>Tmi' ()
Y XSIN(XL*Tml (t
Y *COS (X1 %*Tmi (
) #SIN(X1*Tml (¢
) #COS (X1 Tl (
YREINIXL»Tml (}
) #COS (X1%Tmt (t
YRSIN(XL#*Tml (1
) 2COS (X1*Tml (}
Y XSIN(XL*Tml (
Y ACOS (X1 xTml

),
)
)i
%
))
)
)
))
)
)
))

YREITN(X1*Tml ()

Y > C0OS (X1*Tmt (4
) ~SIN(X1%Tml (¢t
) RCOS (X1 xTml (t
YXSIN (X1 =Tl !
Y *COS(X1aTmi (4
Y RSIN(XL1%Tml (¢
)%¥COS (X1 *Tmi (}
YNSIN(X1*Tmi (t
Y xCOS (X1 Tmi (}

1)
)
2
]
2
1)
2
D)
B

)ASINIXL®Tm] (b))

) xCOS(X1%Tmi (¢
YXSINC(XL=»TmI (}
YREOS (X1 *Tml (4
YHSIN(X1+Tmt (t
YHCOS(X1*Tml (F

PERSINIX1%TmI (}
Yy

Y¥EDS (X1 Tml (H
)XSINCX1%*Tml
YERCOS (X1xTml (}
YASINCX1I*Tml (}
YRCOS (X3 *Tmi ()

3
1)
P
)
)
b

<))
)
)
N

) ¥SIN(X1%Tml (k1))

YRCDS (X1%Tml (}

)

Im27=Im27~Ts*Z27 (L) *SIN(X1*Tm1 (b))
Rel28=RelB+Ts¥Z28 (E)%COS (X1%*Tml (1))

Im28~Im28-Te*x228 (K) #*SIN(X1%*Tmi (F))

Rel?=Rel29+Tgx229 (F) xCOS(X1%Tmi (1))
ImlQ=Im29-Ts¥Z29 (L) *SIN(X1*Tml (k1))

03
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’ . - ‘\‘
]f STy L0 THEN Re?DzﬁejoiTs*ZZD(L)*CUéle*Tml(L)) . ’
M 270000 -0 THEN Im30=ImZO~Ts%ZZO&F)*SIN(XI*Tml(k)) ‘

IF Z31 () ~O THEN ReE31=ReT1+Te*Z71 (b)) *COS(X1%Tm1l (1))
IF 7Z71¢H) ¢ THEN ImTi=ImZ1-1s»731 () aSIN(X1%Tml (1)),

1IF Z7243< O THEN ReT2=ReZI+ToxZT0(B)ACOS(X1*Tml (k) — - ;
IF ZZI2()° O THEN ImI2=Im32-Ts¥ZI2(H) *SIN(X1*Tm1(h))

NE XT t . ‘ -

Ri=ReD2 2+Im2 D+ReT D+ImT D+Red D+Imd D+ReS Z+ImS O

Ro=Reé T+rimé O+Re? D+lm7 THRESSEHIME CHRe? 2+Im? D .o

RZ=Rel( Z2+Imid 2+4Rell 241mil 2+hell 24 Imil T+Re 1T
WRA=Im1Z 2+Re1d 2+Imld 2+Reld 2+Im1S 2+Rels 2+Imls’

REG=Rel7 2+Iml7 24Relf D+ImlB JFRel® Z241Im19 THReD0

Ré=Im23 Z4+Rell I4+Imill 2+R922‘2¥1m22 JHRelT C+ImllT

R7=Re24 2+ Im24 Z+RelD D+Ial% TA4+FReléd T41imlé Z+Rel7

RB=1mZ7 I+Rel8 2+ImI28 24+Rel2? T+ImDF 2+ReTd 2+Im7o0

fRebO=Re 1" 2+Im71 T+ReT.o 241m 2 T+RI+RIFRT+HR4+RO+HREHR7+RE

Rbll-~Rel#Rke T+ In2*Inmt+Re T ReS+ImTr ImS+Red*¥Re74 ImdxIm7 )

Rb 1 2=ReS*Re?+InS* Im9+Res  Rel i+ InbsImll+Re7»ReliT+In7-Imi ™

Rb1Z=ReB*RelS+Im3* ImiS+Re+1Re 1l 7+Im?+ [m17+Rel 0*Ral1?

RL14- ITmi0o*ImiG+RelisMeli+Imi 12 Inmli+Rel 2»Rel20+Imil4Imy =

Eh19=RE1 xRS Iml 2 ImTO+ReD7+Rel4+Im14» Im227+Re 154RalY

Frobl=Neloxfhall+ImléxIm i +Rb114+NRL12+Rb1 2+Rb14+Rb1S

It R ImD-Rels TmT+Re%2 [mi-Relr ImS+Re7«Imd-Red>xIm7

IT1 e el RetInTtRel i Inét~Reb*TanlldRel T+ Im7-Re7+<Imi

IbiZ=RubeIm9~ﬁeUtIm]SFRF17»Tm9"R99+1m17+Re19KIm10 .. oL e

Ib14= Ro1OATmi@rRe21~ It i-Rol1x 12l RelT*Imi2-Rel O 1ml2

IbiAd-Re?OeIiml kel S=InlS+ReD7+ Imld4—-Relds ImZ7+Rel9#4#ImlS .

lab i -Rel1Sr In2%+ReT i~ 1mlib6-Ret&»Tm71+1bi1+Ibi2+IE1T+Ib1 4 -

KDl =Re24ReS+Im2% ImSXRe TaRef4 In7 ImP+Red#Re i+ Im4<Inl T

RE22=Re SRe 1 7+ImS*Imli7+Res~Rell+ 1lmb&* 1nlitRe? ¥Reld

RublR=im7+Iml2S+Ne2¥Rel?4 In3r ImI9+RbI21+RB2T

IL21=ReSy Inl -Rels ImS+Fef« Inl-Relx Im@+Rel 2¥ Im4—-Fed»Imi T

I=bR=No1 7% ImS-ReS  Iml 7+Re 12 Tmb--Reb* Inl 1 +RelS* Im7

Tebl=RE20x1n7-Re7» Im254 Re29+ Im8-ReB*1m29+4 Ih1

R5b3=RED*R99+Im2frm¢+Re3*Rel7+Im?*Im17+He4*Rnf?4im4*1m25

JebTrRe9+Inl~RelXImP+Rel 74 Im2~ReT<1mi7+tRel52Imd- Red»Iml5

Rsb4~Rel*Rel17+Im2%Iml17

Isbd=Rel7*Iml-hel+xIml7 . :

Y5 l=RshO+2% (Reb1%C0S (X 1) +1ablaSIN(YX 1) +Rab2xCOS(T* K1) )

VaDroxk ( Ish2%STHID¥ X1 Y +RsWA+COS (24X 1Y +Iab 3TN (T%X1) )

Yalw (Reba*C05(42X1) +IshbAASIN(42X1) )4 Ysl+YsD

IF Y= THEN Y=Y '

IF Y2 O THEN Y=-¥/¥2

IF Y =10 (=73 THEN Y=10 (=-7) ' . ¢ - -

M=+ 1

Furct (M) =LGT (Y3

IF R=0 THEN . .

FO(My=Funct (FD ‘ Co- ‘ .

CLSC s, . : ‘

IF F=.5 THEW ‘

F1oh=Funct (P

u

P33ty tarxtatd
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'S

i

- (U ‘

ELSE o . oL , L

F2 (M) =Funct (M) o . _ '//

END' IF . ’ S o
END IF ' . /. )
Ys (M) =X :

FRINT Xs (M) ,Funct (M) ,¥,R

NEXT X
NEXT R : )
! ﬂ#######%##ﬂ###ﬂﬂ######ﬂﬂ####ﬁ######### HH
! . Grephie of FED
! ﬁ#ﬁﬁ##ﬁﬂ#######ﬂ%###ﬂ##############ﬂ#########
IF Vsi-' (0 THEN Rep : /
CBINIT - N !
GRARHICS OM LI Y "

IF:Di="F" THEN

/
INFUT “INFUT (98 FOR SCREEN) , (FF FOR PLOTTER) "\,D$ -
FLOTTER 1S 705, "HFGL"

ELSE . o
FLOTTER 1S %, " INTERNAL"
END IF .
VIEWFORT 25,110,)5,85 _
WIMDDW 0,7,0,6& . . -
RNLE wdee L 0010, 10,7 | v
WD G, 1, 7,4, 10, 10,0 Ve
CLLTE OFF T : (
CSTZE 2.5 . o : ‘

LORG &

MOVE Z.35,6.8" -

LABLI. "Fowor Spectral Density -(dh)"
LDIF =90 .
MOVE "~ . 4,7 S

LAREL "p=fTH"

MOVE ~.8,3 \ ;
LABEL "Fig. T.11 - Shaping function of duration STb"
MOVE —1.2,7 ’ - : '
LABEL "Sqrt raized ¢ o LAe pulse"

LORG € J
FOR T=C TO 7 B Lt
MOVE 1,401 , :
LABEL \USING "#,h" {109 (I=7) '

HEXT X

LORE & -

TR I=0 TD & , .

CMOVE =17

LABEL USING "#,k";46-1
NEXT Y S
i ! ’ B .

CCLIF O

CSIZE 2.3
FOR R=0'TO 1 STEF .5

" LF R=0 THEN

95



LTNE TYFE 1
Space=Space+.>
MOVE 6. 6-Space, .6,
LABEL BARlpha=";R

. MOVE &\5-Space,l
DRAW &4.5~Space,1.2’
"MOVE 7,6 ’ ‘
FOR I=={ TO M o
DRAW 7+F0 () ,6=X5 (1)
NEXT I ’
FENUF

JELSE
IF R=.5 THEN

. Space=Spacet.’
MOVE &.6-Space,.é&
LAREL ""Alpha=":R
LINE TYFE ¢ .
MOVE &.5-Space,l

© _DRAW 6.5-Space,1.25

MOVE 7,6
FOR 1=1 TU M

DRAW 7+ (1) 6% (1)

MNEXT I ’
FEMNUF ’

ELSE
Space=E8pared.’
LINE TYFE 1.

MOVE &.6-Epace,.é
LABEL "Alpha- ":F:
LINE TYFE 8 .
MOVE &4.5-Space,2
PRAW &, 5-Space, 1.0
MOVE 7,64 '
FOR T=1,T0 M

DRAW 74F2(1) ,&-Xo (1)
NEXT 17 i '
FENUF

EWND IF

ENWD 1F @
BEED

Vie=Vr+1 .
NEXT R. <o
GOTO New_cuive
CTOF

ETb

" 96
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T 1 ' ) ‘
. . » . [ 97
.:lz)BENDD('D ‘.
o
: A " BER COMPUTATION
v’\ - v -
\
- . s v ‘ Vi !
The program to compute. the' probablity of error at the recelver Is given
" below ’
/
' . BREF CompUtation ) . -
' - ‘. befare and after the LFF- .7
! *%**#%*r**%*ﬁ&K***t***#**ﬁ**********+%¥*X*%!k¥*ﬁk. )
V=0 . " " o } .
DEG ) .
Salohas ! ik 3 ' .
INFUY "WHAT 16 THE LING TYPE".L o Co \
LIND TYME L ' -

INFUT “WHAT & THE VUALUE OF ACCURACY NY LN

TNPUT YWHAT 1S THE ‘'WALUE OF ALFHFi“ R, = .

Te=180/N . . s = . v
Wimas =2 e ‘ L Co N f
DIM Fg (2000 . ¥ (“nnu) HE (2000 [ Fy (2000) ,FyO (2000)

DIM Fol (2000), QQ(:UUU) ghlg(”uun),P)fhuun),F1(”OQu)

'DIM,Pﬂ(ﬁuUU)ﬁFyZ(EDDD),Fy4(2000),P T100) , Xel (100) ,
DIM Fy1 {(2000) Fv2(2000) ,F2(2000) ,FI(2000)

Ts:-z.ﬁ~ﬂ . . ~ ‘

Tai=l1 ‘ , ‘ .

Ti2=Tel i A . .

E=~—1 ; .
FOR F1=0 T .T12 STEF Tal \\ .
E=E+1 . ST ‘ ’
HE(Es= 5/T90 .

FRINT E.Ht(E) . .
fExT v . oo .

Z1=e-1 :
"FOR Dh=0 TO 10 STER Tsi N
Srir=10 (Dh, 1) . ) :
FR]NT St i < . )
M=m1 8 e _ e .
FOR I=-10 TO N-% ‘ e - .
'%**ﬁ¥%**%***#**#****%**********X*%*%*%***%
! Eéput function: erf )
'¥***iﬁ****7*x*****ﬁ*'*******%**#***%*****#
Fct~1 . , 3
; - . i LI

-



»a‘ o
X5=COS (1#Te)
Xn %l"h\Snr)*X ‘
Er{=2%Xn/S0R(F1) 1 :
FOR S=1 TO 150 . B .
Fct=Fct28 - ’ .
CAR-Fot% (2%5+1) : - ' -
WO=Dw (~1) SXXn" (2%5+1) / (CLO*SOR(FTY) ‘
IF ABS (Wi 1 ,E~-T00 THEN Srt . . .
Erf=Er f +W S ' , ¢ :
NCXT € : .
t .
TR XA R R R ERER TR FFIFEFREAE FRFEEIRAREA RS ERAA XN RN XN
' p/d.{ of. the phase at the 1nput of the filter.
'R+ F¥ P HAPREF S N '-)t*-h***-k *%****-&--ﬂ***-‘( -M*—x**-x*-x**ya* .
M-:M+ 1
. stM)*EYF%rSnr)*(i+SDR(Snr¥PI)*Xﬁ*EkFiSnr*XS YA (1+ErF) )/ (2#F D)
FRINT FedMy , : .
NEAT T . -
‘ '#ﬂaﬁnn##ﬂn#h##ﬂ##ﬂ#ﬁﬂ##ﬂﬂﬁﬂ##ﬂ#ﬁﬂ##%##u#ﬁ#ﬁ##uﬂ###
- ! Calculetien of the caracteristic fun.tion. ’
DHH A O SR AN IHEE R B S R R
FODF t 0= TO E ‘ . ] \
ARS (Mt 020y ~1.E-15 THLU G 7 - . -
- LPOR U= TON L '
MU R DT .
Do {y = ' ‘ .
FUOR b=0 TOM ’ : ’
Dc(U)*Uc(U1+f=(l)%COr(k Nll ¥ X1 To )*Pl/
NEXT
Oc (U) =0 (L) D
. FRINT Oc (U) b2
' NEXT U ) - » ,
IF b2=0 THEN . . .
FOR I=0O TO N-1i ' ‘ - ' T
Fhie(I) =0 (1) : : ' -
NEXT 1
CLEF ) . .
4 FOR I=C TO h-1 S
' Fhio (1) =Ph1g(1)#0c (T}, . . '
NEXT T . - :
ENDOIF - '
- ]
MY 2
'333$$3$$$I%IIIfffiiiiIiitiiIIfI%@If\
! Calculation cof tho p.d.f.
'III’IiJTsiiifitii&f:ff%ffitffri*ifr
Ar 2=0 ;
Fﬁn 10 TD N-1 . : -
F,(I:—..ﬂ‘hue(U\/FI .
FOR J=1 TO N-1 . .
. ry<1ww§;<r>+Phiqab>*ca:<g*rar§'/F1

y

<

¢ .
N ’ -

I



NLXT J

A (1) 4*IIN . . .
CIF Xe'(1) =D THEN Ar2=Ar2+Fy (1) $FI/N -
PHINT,Fy(I),Xs(L);ﬁrQ ) '
NEXT.T L. .
Z1=21+1 = . I T

Fel(Z1) =2%Ar2 - B : b e
 XeI(Z1)=Db ‘ - :
'****-‘--X-k**-kwi**—**%-}&*r%%*******%**%********%*&

IF Db=0 THEN . ‘r '

FOR T=0, TU N1 ’ + -

[y Ty =y (1) T ‘ -
NEXT 1 S, : ' . .
FOR I=0 TO N-1 T ~ .
FPo{ly=Fhamt]) . ' : : ~
NIZXT T ' ’
FLOF N )
17 Dh=04T€1 T - .
FOR I=0 70 HN-1 ' '
Fy (T =Fy (1) . .
NEYT L. .

1 .

[ T=00 TR N-1 .
FIC1r =Fhae(T) o
l‘ltq T I ’ N ’

\ .

ELGE

TF Dbsed T« 1 THN .

FORC T=Co TQ B-17 . - T e

Fy2 (I =v (1) . ,

NEXT T )

roR Iso TO O N-1 - St e
”(I)ltn;uI' v : 4 .

NEXT 1 < ' .

EL & ' vt N , .

FOR I=0 TN pN- v . ‘

FvI(I)=Fv(1) ‘ . . E

WEXT &

FNR I=0 TO N-1,

FRCIy=Fhie(I} .- .

CNEXT 1 .

CEND IF S o
ENMD 1F ' N : ’
END IT v ‘ , .

NEXT Db .o - o T '

FOR I=0 10 21 - Ry , . .
FRINT Fel(1) o~ LI )
MEXT 1. ‘ ‘ L
'#########H#h#######ﬁ################ ####ﬂ#####'
! Flet of the caracteristic functlon.
'#########ﬂ#ﬁ######ﬂﬂﬂ#####ﬂ####ﬂ#%ﬂ#####ﬁ##%###
INFUT "FDF (D) ,Characteristic funct(c)",Hj¥

I His="D" THEN Fd4 _

» T
.

”

N -

v



"
vy

T

PR

_ -7 S
GINIT

INFUT “WPITE (8 FOR SCRECN) , (F FOR PLO%TER )" LF

IF D¥="F" THEN ' .

FLOTTER™TS 705, "HFGL "

ELSE '
TFPLOTTER IS 3, " INTERNAL"

END IF

GRAFHICS ON S
CVIEWPORT 15,120,15,90 .

FRAMC ’

WINDOW ©,480,0,2 -
CAXES 5,.0,0,0,10,5,3
"CLIF OFF .

GIZE T .

LORG & .

FOR I=0 TO 40 STEF 5 . ‘

MOVE 1,-.08 ’ .

LABEL 1

NITXT, I : \

LORG~E—™- -

FOR I=.%°TC .5 STEF .5
¢ MOVE - 0005, 0

LABEL 1 ,

NEYT 1 . e -

MOVE 2%,~.7 ;

~

©

-

LAREL "Chuarscteristic Funttion of the RV affer thé Filter"

CLIF ON :
CSIZL .3 )
 PENUIF nTe
CFOR Db=0, TD 10 STEF Tsl
IF D=1 THEN .
MOVE Z2.5.1.7

© . LABEL “SMR=Y;Dhb“dR®

.

MOVE 20,1.7
DRAW Z4,1.7

FENUFP

FLOT O,F0(0)

FOF T=0 TO M1
DRAW I ,F0(T)

NEXT T \ o
FERMUE

ELSE )

IF Db=04+T=1 THEN
Space=Space¥.1
MOVE 39.%5,1.7-Space
LABEL "SNR=";Db;"dB"' .
LINE TYFE 5 . .
MOVE $0,1.7-8Space ©~ , -
DRAW 34,1.7-Space

PENUF -
FLOT 0,F1 () ‘

i

)

»

LN

100 .
s
I
I
I
N

¢

.
PRES.



. 5
n » ’
FOR I=0 TO N-1 | ﬂ . »
DRAW I,F1(I) ’ X
NEAT 7T . ’
FENLF
ELSE : ?
IF Db=t04 2% Tsl THEWM
SpacekSpace+.4d : d

LINE TYFE 1

MOVE 72.5,1.7-5pace - i
LABLL. "SNR=";Db; "dE" ' voos
LINE TYFE & R '
MOVE. 70, 1. 7—Space |

{DRAW TA4,1.7-Space , —
FENUF y .

FLOT O F2(0)

FOR I=0 TO N-1

DRAW T ,F2(T)

NEXT 1T

PELILE )

ELSE - O
Spacr=Space. ! .

"LLINE TYFE 1 -

MOVE 79.5.1.7-8pace - -
LABEL. "§NRe=":Dbs"dBY '
LINE TYFF 7 .

MOV T -..
~ROVE O, 1.7--8Bpace

»

DR, 24,117~ Sphace o )
FEMUF ‘ :

FLOT ©,FT(0)

FOR I=C TO N-1
DRA T ,F2(1)
NE¥T I |
FENUF . -
END IF . g :

END §F‘ . A\ -
END TF ‘ g o -
NEXT I'h . ’ ’
FENUF .

.

PIITT IR T SR S S ST IS I SF PRSI SRR R FFETERS
! plot of thc power density function
EECEF ST LA SXPRLTST LIRSS EALESILESSTALGL S
Space=0 ’
GINTT >
INFUT "S FOR SCREEN,F FOR PLOTTER".L%
CIF L#=4PU- THEN
SFLOTTER 1S 70%,"HFGL"

EL'SE .
. FLOTTER 1€ T, "INTERNAL"

END II _ o

SRACHICS Or . o
. >~



- 102 .

VIEWFORT (10,120,10,9C
FRAME \\ ‘ .
WINDOW O, 4)¢,5 © C .
AXES .1,.1,0,0,10,10,7 : / ) '
AXES .1,.1,4,5,10,10,7
C IF OFF -
1ZE 2.3 .
‘LDRG 6 ‘ . -
FOR I=0 TO 4 ¥ e, C
MOVE 1,-.01. '
LAREL 4 3= 1 - , — . .
NEXT I
LORG €
FOR TI=0 TO 5
MOVE ~.05,1 .
LAREL I ‘ . .
NEXT I - : .
MOVE 2.8,-. y
° LABEL "p.d. f ¢f the RV after the filter"”
FOR Db=0 TO 10 STEF Tsl . ‘
IF Db=0 THEN \\ - .
LINF TYFE 1 ‘_ :
‘MOVE T.98,4.5 -
\ LAEEL "SN[="3;Dhs"dR"
MOVE Z.98,4.4
LABEL "Alpha=!;R - ,
MOVIED Z.1,4.5 ‘
DRAW Z.4,4.5 ' o (
PENUF , : PR
FLOT O,Fv0(0) . B . :
FOR 1=0-TO N-1 :
DRAW Xz (I) ,FvOiI) . S

NEXT 1 ' : : )
FEMUF Y A . ‘ ] ‘\ff
ELSE T . Los
IF Db=0+Ts1 THEN . , .
Space= 8pac9+.u o
LINE TYFE 1 - A : L
S MOVE. Z.98,4.5-Space .
LABEL "ﬂmnf" Db "dR" ) .
y MOVE 3.98,4.4~Spacc :
LAEEL. "Alpha=":F t
FENUF ~ : .-
LINE TYFE § . ' ‘
MOVE Z.1,4.5-Space ‘ .
DRAW =.4,4.5-5pace . , ‘ - .
FENUP , \ : ‘
FLOT ©,Fy140) ! c ’ "
FOR I=0 TD N-1 NS C R
DRAW Xs(I},Fy1(D) ‘ C <o ,
NEXT I ] S T,

-y




PENLF :
ELSE N ~
IF Db=0+2%Ts1 THEMN -
Space=Space+. ' .
LINE TYFE 1 -
MOVE 7.95,4.5-Space
LABEL "“SNR=":Dbj "dRE"
MOVE Z.98,4.4-Space
LNABEL "Alpha=";R
FENUF ¢
LINE TYFE &
MOVE Z.1,4.5-Space
DRAW Z.4,4.5-8pace
FENUT ,

FLOT O,Fy2(0)
" FOR 1=0 TO N-1

DRAW Xs (1) ,Fy2 (L)
MEXT I

Fi- NLI™ ' . -
ELGE )
Spaze=Space+. 3

LINE TYFE 1
HMAVE 7,95, 4. 5-Space
LABEL "SNI=":Dbs"dR".
MOVE 7.98,4.4 -Spacn:
LABEL "Alpha=";R
" FENUR

LINE TVFE 7 .
MOVE Z.1,4.0-8pace \ i

DRGW ~.4,1.5-Cpace ’ ' .
_FENUR

FLOT €,FyZ(0) .

FOR I=0 7O N-1 . .
DRAW Xs(I) ,Fy>(I)

NEXT 1 ’ )
FENUF .

END TF . o _
EMD TF

END IF

NEXT Db s

form: !
. Space=s0

GINIT i . . )
INFUT " (& FOR SCREEN), (F FOR FLOTTER)",D#
IF DF="F" THEN

FLOTTER 1S 705, "HFGL" .
ELSE

FLOTTER IS Z,"INTERNAL"
END IF

GRAFHICS ON

VIERMORT 15,120,10,%90




i
}

- ?
i
WINDOW O 9,010
FRAME
CLIF OFF
Dy=. 1 .
LORG 8
FOR Decade=0C TO 9
FOR| Onit=1 TO 1+8% (Decade’?)
Y=D cade+lGT(Un1t)
MOVE Y, 10
DRAW Y,9.9
IF Y= DFcadp‘THEN DRAW Y¥,e.8
NEXT Unit
NEXT Decade
LDIR -9 @
FOR Y=C TO 8 STEF Dy*l“
LLORG &

i)

. CSIZE &

MOVE Y,10.1
LABEL USING “#,bmgvion
CSIZE =

LORG 1

MOVE Y+.1,10.30Q

LABEL USING "#,b";Y-9
NEXT ¢

LORG. 8 . i
CSIZE =

MOVE 9,9.9

LABEL 1

LORG &

FOR I=0 TO 1n

MOVE ©,1

DRwa.l,I

MOVE —.1,1 -
LABEL-I+10 ’

NEXT I :

MOVE -.5,5

LABEL "Signal teo Foise ratio (dB)”

LDIR ©

MOVE 4.5,11.0

LABEL "Frobability of error”
FENUF

MOVE 9,10

FOR I=0 TO 10 STEF .1

DRAW LGT (. S*EXF (~10" (I/IH)))+9 10-1
FRINT LGT(. S*EXF(—lu'(I/ln)))

NEXT I

MOVE 9+LGT (FeX(()) ,10-Xel (O)
FOR 1=0 TO 71

DRAW 9+LGT(FeZ(I)), 1”~Xeh(l)
NEXT 1 \
FENUF

STOF .

END .

I




