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ABSTRACT
..
. ‘The advantages of discrete circuit.reaiization lead 4

"one to investigate the Possible implementation of the
“fifferential Phase-Shift Keying (D.P.S.K.) detector digitally.
This is accomplished by sampling the incoming R.F. signal
at the cutput of the bandpass filter“directly with the ¥

decision‘précess taking place right after the sampling

point. The majority of the circuit can then be constructed

digitally. The effects of timing errors at the sampling

instants are evél%?ted as well the Bit Error Rate (B.E.R.) 7}
= :

N , . , . .
versus . B:Lo, in the case where white Gaussian noise is added

/

to the sighal.\ The performance cf the circuit for different

' sampling rates has been evaluated including alsc cases where

more than one sample is taken bPer symbol period T.
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1. INTRODUCTION

Tl BIGITAL-PHASE MODUﬁATION SYSTEMS K -

The need of‘effiqient utilizationvof vetious'media for
transmission of.digital data has stinuleted'tne investigation of
advanced coding and MOduletion techniques. \\ -

:One of these mooulation tecnniques, digital phase modu-
1ation, which is referred to as Phase—Shift-Koying‘(P.S.K.), has _
?oéen successfully emhﬂoyed to transmit digital‘data'oﬁer high
frequency channels (in the GHz range)} where fadlng and multlpath
phenomena are encountered In~P S.K. systems dlgltal 1nformat10n
is conveyed in the form of phase dlfferencevsucce551ve radlé fre-
'quency pulses. In the kase of two phase P.S:k. System, one phase
of the carrier frequency‘&s used to represent one binary state, =and
another phase ‘usually 180°%C apart 15 used for the second state
Flgure 1.1 |

[

The two phases are generally detected by multlplylng the

received 51gnal with a reference 51gnal which is of the same frequency

as the 1nc0m1ng carrier and of known phase with respect. to it. Thls'

type of detection is referred to as Coherent.-Detection {1},'{2}, £3},

{4}. The binary decision is based on the algebraic sign of the detec: -

tor output. A simplified block diagram of coherent detection of

P.5.K. signal is shown in Figure 2.

“ta
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1.2 . DIFFERENTIAL PHASE-SHIFT KEYING (D.P.S.K.) SYSTEMS

Because of the difficulties of establishing  and maintaining the.
abaolute phase reference at.the receiver, it is common practice to encode
the 1§ormat10n in terms of phase changes and to detect the, sngnal by com-
paring phases of adjacent symbols. This is called differential phase-sh1ft
keying (D.P.S.K.) which is also known under the name << KINEPLEX> >

«

‘ ;ﬁincbrporated by Collins Radio Co. [17, [2], [3], [4].

In thie’;technithu‘e, information is en.codjed‘not by absolute identification
of ;ay, 0° phase with Mark and 180° with space, but rather by diffei'entially
encoding the infermations in terms of the phase change between successive
pulsee'. For example, no phase shift from the previous pulse could designate
Mark (+) and 1800 phase shift could designate a space (-}. The generation of
D.P.fS,IK. signal is shown in Figure 1.3.

The bmary encoded message is represented by the sequence a_, a
differentially encoded sequence b is generated from it. Note that the sequence
b requires one more digit than the sequence a . The ﬁrst digit is arbitrary,
and we have assumed it to % a 1. Succeeding d;gits in bn are determined on the

basis of.the rule

= . . '.’5.""-'4»-:‘; . » 1.
b *n ® bn-l (1.1)

where @ is the modulo-2  (operator)
A method of generating the bit stream bn from the bit stream a
is shown in Figure":1.4. . The logic circuit has two inputs: the bit stream a
. ' }.‘

and the bit stream bn delayed by the time T allbcated to a single bit, that

is, b ;. The logieal operation is shown in the table,
N ! Ty

- .!;‘:‘:1:1 e
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. .
an bn-l bn “
0 0 0
1 1 0
1 0 1
0 1 1
_Befpre the appearance of the signal which has been encoded into o

the bit stream a,, the voltage on the wire carrying this bit stream will
be held constant at some fixed voltage level corresponding either to the
binary digit 1 or 0. The arbitrary selection.of a 1 as the first bit in

) bn is simply equivalent to the assumption that this fixed voltage level
correspcﬁds to the bit 1, "
Coi‘responding to the bit gtream bn, a waveform U(t) is generated where
say, U(t) = +V for bn =1and Uft) = -V for bn =0,
This waveform is applied as 2 modulating signal to a balanced
modlllatof to which is'applied, as well, a carrier A cos Z-rr,fct'. The

modulator output is the D, P.S.K. signal given by:

Ut)e=2V - A-cos2ngft » (1.2)
n - n c ‘

1.3 . . D.P.S.K. DETECTION

A method of recovering the message bit a from the D.P.S5.K,
signal is shown in Figure 1.5, The two inputs to the mixer are the

vs:-aveforms
Ut) = Vn A cos anct

and ~ : (1.3).
U{-T) = V . A cos 2nf {t-T) ' :
n-1 c

- The mixer output is then given by

Ut) - U({t-T) = V.-V . a%. [ cos 2mft - cos znf&‘(:'r)] » (1.4)

n-1
4
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Integrating the product/for t=o to t=T, and sampling the result at

instant T we obtain: : ‘ .

/' .
n-1 .Aant . (1.5)

represents precisely theoriginal message bit Q7 as is

S(t) = Vv

The product \J’n . Vn;_

shown in Figur.e,-'l"."s.s is method of detection is known as correlation

detection {1}...17}.

COMPARISON OF D.P.S.K. WITH OTHER

1.4 DIGITAL MODULATION SYSTEMS

The choice of a modulation method may be based on the relative
noise immunity, immunity to channel impairments (such as delay and
amplitude distortion, nonlinearifies , I{Pase jitter, and frequency offset),
or simplicity of instrumentation and compatibility with other equipment,
Clearly it would not be realistic to compare modulation systems under all

the circumstances cited above . [5]

T i maeme

However, fundamental comparisons based on certain idealiza.,tions
can be made, For insta.nce,- a convenient absolute standard for compatring
different modulation methods is obtained through the concept of required
signal energy per bit per second in the presencé of a given noise s;laectra.l -
density. ’

A figure of merit for comparing modulation methods based on this

concept leads to the emphasis on the minimization of the total transmitted

energy required for a given amount of data, which is of particular importance .

" for application in satellite communication systems. [7]

From Shannon's formulation of channel capacity we have that DA
S,
C = Blog, (1 + ——) i (1.6)
2 N B - :
o
where C = Channel capacity in bits /sec.~ :

=
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" B = Channel bandwidth '

- N0 = Noise power per cycle of bandwidth
Si = Signal power.
ot
N . From eq. 1.6 we have
) s
e + .
C : . e
‘ gl - - ey
B -~10g2 (1 + '_S'L_NOC B ) (1.7)
or
: C C
& B = log, (1 + 8 7) (1.8)
where ‘ Si Ve '
B B =-’.N G , . _:"(1.9)

(o]

The pa'rameter B provides a usefu] criterion for comparing the
efficiency of digital modulation system; it can be interpreted as the minimum
input signal power required per bit of information per second in the presence

of a given um.form gausian noise-power spectral density of N watts /cycle for

a given errox rate. o
d

Equation (1.8) can be written in the form .

;s B _C/B 1 R
Bt = (2 B 5y ¢ ‘ . {1.10)
B . .
where Y= — c channel bandwidth/bit/sec.

From Eq. (1.10) it follows that the lower bound on B can be obtained

by letting y— =, which corresponds to systems of unlimited bandwidth. Thus,

limB8 = log_2 = 0.693 ' (1.11) -

Y

The parameter g can be written in the form

S S
- s B S
B = _.J(;.:. = N;a . —C—= (ﬁ)i . Y (1.12)
. o] o ' '




1t follows that for any given digital system, B may be computed
from the minimum iﬁput signal to neise ratio required for a given error
rate, and the ratio qf bandwidth to information rate. Comparison of binary
systems on B factor basis is shown in Fiﬁare 1.6 {7}.

Finally, some of the characteristics to be considered in choosiﬁg
a‘déta transmission system are given relative weﬁghing in Figure 1.7 {6}.
Here, in all columns except the second and third3 the sfstems are given num-
bers indicating the order of preference under each characterist{c. The same
number giveﬁsto more than one system indicates either that the systems are
equal or that there is insufficifnt basis for choice,

In the chapters to follow a coverage of those topiés in the theory
of D.P.S.K. system and the proposed digital implementation of the D.P.S.K.

demolulator are presented. Our specific chapter-by-chapter goals\are as

follows:

Chapter Two. Power spectrum

Despite the factJ;hat the D.P.S.K. ggstem is referred to as digital
phase modulation system the circuit implementation, requires anélog components,
in this chapter we introduce the idea of the.digital imblementation of the

D.P.S5.K. demodulator by sampling the RF signal at the output of the B.P.F.

,Chapter Three. Digital detector

Despite the fact that the D.P.S.K, system is referred to as ‘digital
phase medulation system, th; detection process is not digital. In this chapter
we introduce the proposed idea of the digital implementation of the D.P.S.X.
demodulator by'sampling the R.F. signal at the output of the B.P.F.

Chapter Four. Circuit performance

In this chapter the concept of digital implementation of the D.P.S.K.
demodulator is analysed by examining in. some depth, the bit error rate for two

different "sampling rates. . .
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Chapter Five. Experimental results

In this chapter experimental results are presented which are bit

error rates for the digital D.P.S5.K. circuit at various signal rates and

s

noise levels.

I

s

R am R
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FSK noncoherent. (From Hancock Proc. Natl. Electron. Conf.)»

FI1G. 1.6

COMPARATIVE_ ANALYSIS OF MODULATION SYSTEMS {5}

of
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2. POWER SPECTRA OF DIGITAL
PHASE-MODULATED SIGNAL

2.1 POWER SPECTRALDENSITY FUNCTION

The di;ect way of defining the power spectrum of the
signal, -is to find the Fourier transform of the gignél on a finite
time interval T. The magnitude square of this Fourier transform
is then divided by T hnd averaged over all possible values of
the signal. The power spectrum is finally obtained by taking the
limit of this average. {8}. That is, given a signal U(t), the power

spectrum by the direct methed is given by:

”

G(f) = lim 711,— <|V(£,T)|2>

T—lm

where
V(E,T) = F [U®)]

the Fourier transform of the signal in the interval T and

<|Vv (I,T)]2>
is the expectation taken over all possible values of the signal in
the interval T.
’ A second method of éélculating the power spectrum of a
digital phase modulated signal can be obtained from the Fouriér
transform of the signal autocorrelation function. There is a very
simple relationship between the double Fourier transform of the
autocorrelation funciton of a given signal and the energy or power

spectra density functions as a function of frequency. {9} {14}. That

is for a given signal U(t) we have:

(2.

oot

. e 4
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G(f) = lim %L : . 2.2)

T—bm ¢ )

——y
where = .
1

= — T

W(f) Zn (£,1) ) AN

and r(f,f) is the double Fourier transform of the autocorrelation function

U(t) given by:

+antow .

t
- e 11 "272

5

dtl dt?_ (2,3)

3
We are interested in the effects of the pulse shape and of the

brobability distribution of th'c;‘modulating signal on the power spectrum,

of the P.S.K. signal is calculated following

‘the method given by B. GLANCE {B}.

2.2 REPRESENTATION QF B-S K. SIGNAL .
. , B S ed k
- 1

A P.S.K. signal generated by modulating the carrier with a binary

rectangular waveform, of period T, can be represented by:

+ A sin wet .. for b(t)= -1
U(t) = Acos (wt + bE)F) = (2.4)
‘ B - Asinwt for b(t)= -1

=

where b(t) is the rectangular waveform, which takes tHe value +1 or -1 within

. . ) -
the time slot T,

From equation (2.4) we can see that the representation of P.S. K,
signals needs to be extend;d to Include the shape of the modulating signal and
the appearance of the random variable b(t) within the argument complicates o
the analysis of such a signal. Therefore, we must medify (2.4) in sﬁch a

way that only the pulse shape functionlappears within the argument and the

random variable outside of it. }

1
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Vor -general’ bipolai‘ waveform modulating the _cari-ier, the ’

P.5.K. signal becomes:
< ) h‘ ‘N

Uit) =A i ru)[msmt+g&)—] (2.5)

(2.6)

~and a; - is a Tandom variable which takes the values +1, -1, with

proba%ties P, 4 respectively and §(t) is a window function given by: -
1, 0<t<T
6(t) = ‘
0, |t]>T o

and where gr(t) is a function describing the shape of the ngoduiating waveform

within the time slot T and for each Ievel r of the bipolar signal

Therefore a general expression of the P.S. K. signal is given by:

=] 2 . n
Uw = A ;{:_m £y oy L8 kT cos[at + gr(t) 77 2.7)

r

where r=1 {level 1) rep&-esents the positive part of the bipolar modulatlng

- waveform and T = 2 (level 2) the negative part,

Equation 2.7 is shown in
Fig. 2.1. ” .

.

CALCULATION OF THE POWER SﬁECTRUM

» /"From equations (2,1), (2.2), (2.3) and (2.5) we have

o3 T M an d T 0 w0 D

dt
r=1

.

(2.8)

2
A NT W, +w)t + g. (t)—
5 zljo Fr(t) K [ Tat

7
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"Fig. 2.1.
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The first integral of equation (2.8) represents positive frequencies

o 4
and the second one negative frequencies. Therefore we can write

C e
V({,NT) = V{f, NT) + V(f,NT) - | ' (2.9)
Ca )
where ,
’ T A 2 NT + - t
SV N =S 5 [ e il o + g 03], {2.10)
" + r=1"0
and 5
Vs, NT) = 2 s T Ly eI L w1t g 03], 2.11)
- e
. Sukstituting Eq. (2.6) in (2.10), we ha:»'re for the positive frequencies
bl a2 T 4 [ -wk e +xT) +g )7 ]
Vi ,NT) = A ¢ % e J dat
+ % =0 r=1 k,r 0
or N-1
- 2 - k
V(f,NT) = A 2 L a, Hlog-) KT e
+ k=g r=l ' T .
where
F)=2]"e SANCR ORI -MOL Y (2.12)
| T +' 2 Vg
| From Eq. (2.9) and (2.12) we have findlly that
| ) .
‘ N-1 n . _ ik }
1 VENT) = A 5 5§ o _[ed FT0 D g o) 4 o3 XT @) gy
k,r r o+ T -
| k=0 r=1 w
Substituting Eq, -(2. 13} into (2.1) we have after some calculations
that the power jpectrum relative to the positive frequencies is given by [8]:
s, e ) _
A 2
G(t,) = T{r’ilprlFr“+)’ =1 ‘_‘3 P_ F (f)] ]+
. = e IS
. 2
’ A tw 2 m :
p +-TE[EPF(f)] (- f + =) (2.14)

T m=o r=1

Where-rPr are the probability distributions of the levels r.
» . ’

(2.13)
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The first term of Eq. 2.14 gives the continuous power spectrum

and the second term the discrete lines, These lines occur at the fréquen-

" cies
o= 8 4T, m.-= 0,1, +2..,
‘if_ |r§1 P F_ (f+)|2:;! 0 for f=f + 2
'oth erwise we have only one line at the carrier frequency that is { = fc'

-~

Therefore, to calculate the power spectrum we must have the

Fourier transform of the argument of cos [mct + gr(t) -g'], and the probability

Qistribution of the positive and negative pulses, that is P, » p and P2 = q

EXAMPLE T
I Consider rectangular pulse of duration 7 < T
a )
glt) .
-mn - T ------- »
r ]
O 12 Te2 T t
2 : Z
T-1
0 » 0<t< —3
i = To1 I:z
In this case: gr(t) = gr - <t < >
’ 0 * T+J <t<T
r 2

From Eq. (2.12) we have

o

L g

-~



a
T-T1 T+
1 2 flw -w)t 1 2 flw -w)t + g
F {f) == e ¢ . dt + = e c — °r dt
r 2 j(l) 2 fT;: .

which gives a result:

1 ‘ jg . . wT [ .f-u-)z— w
F_(£) = -Z_J."J[(l-e Ty2j [smT]e 2 -2je sin —5—

Substituting I?‘r (f4) in Eq. (2,14) we get:

: I
sin (wc-m) Z J

T 2 2 '
Gity) = {607 [ —1] [1-(p,-P,)"] +
o)y
] e [ sin(w -w)—z" 2 E (w -w) TZ-T - cos (W -w) T;T
"1, (© -w) L I"-27 ( 2 T.7
2 ©em®) T3
2 sm(;a -w)% > 2 m
+ (=) I-_{;TJ [1-(131- ) ]-G(fc-f-}-?)}
2

Where Pl . P2 are the proba:bilities of occur c_e/of I1's and 0's.

From Eq. (2.15) we will consider the following cadses:

1: Plzpz :%

case A T1=T { :

. 2:

P, 4P,
and 1
1: P1=P2 :-2-

case B 1 £ T { .

2: P 4P

1 2

For P1 = P2 =-;- from Eq. (2.15) we have
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T sin ("’c‘"“’)'zrll 2 :
Giy) = = [ ———=] ' (2.16)
4 o _m);r_ :
c 2

That is we have only a continuous spectrum which decreases as

_%_ as f+ o, Figure (2.2)

f

h

If Pl # PZ from Eg. (2.15) we have

T
T sin {w -w) > 5 ) 2
Gliy) = 3 [ = T ]2[1 - (P;-P,) 7+ (BITPZ)— 6 (£-£f.) (2.17)

(0 -©) 5~

That is a continuous spectrum and a single line at the carrier frequency.
1 .
The power spectra decreases as T2 2s f—o, Figure 2.3

Case B 74T, (r=kT) k <1

For Pl = PZ’ from Eq. (2.15) we have
. T ‘

2 sin (wc-w) 2 .2

[ +

G(fy) = -
(wc-w) 7

w3

+ @
L1

m=® .

L/

In this case we have a continuous spectra and discrete lines at

m
=] — s
f fc + T Figure (2.4)

[ ain mﬁ ok sin mnk_]z

m
o — & (fc-f+ T ) {2.18)

<

If Pl # l'-;z we have from Eq. (2.15)

. sin (w (...))E ’
T 2 - 2 .2 5
Gy = T {x [ : 71 [1-®-P,) ] +
(w ~w) —
c 2
1 2z 2 2 ‘ )
tyla- ) =x7 @ -] +
1 2 sin tmk 2 2 _ 2
f L, T [1-®-7)] o (2.19)
m#0 .

s b
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\
Fig. 2.2, Power spectrum of a P,S.K. signal. bor =T and
= = !
Pl P2 ‘
hY
o .
¢ f
C ¢

Fig. 2.3. Power spectrum of a P.S.K. signal For .t~T and
Plrépz
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Fig. 2.4. Power spectrum of a P.S.K. signal for 74T and

_ 1
Py =Py= 2

VAl |

“Fth % wh o Wh

Fig. 2.5. Power spectrum of a P.S.K. signal for t=T and
P, £ P, -
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[

In this case we also have a continuous speétra and &'lis crete lines
at f = fc + -I',?— with reduced amplitude Figure (2.5).

Example II

A trapezoidal pulse

at) 1
T=1- S

From Eq. (2,12) we have

i nm T-5
F_(fy) = %{j‘s ef[(“’c'“’)tizsjt at + eif_z_j' AT
r ‘o 0
12 2T (e -w) o Tt
+ e—"2 S f e LOTHFES - dt
T-S

and Eq. (2.14) gives T

z {w -w) 2
) »
G(f+)=%(f) P E e T : .
[(w -)2 7 (D
3 4
1, w2 .52 *+o cos” (Z”m%) m
= (=) (=) s (f - £+
M=o .
T2 '3 \p Sz nm.2 c T
[rm2)%- (5)%F

A

That is we have a continuous and discrete spectra. In this case

the power spectrum decreases as f% as f —»w TFigure 2.6,

. S o

T,
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Fig. 2.6. Power spectrum of a P.S.K. signal modulated by a trapezoidal
pulse

13
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2.4 POWER SPECTRUM OF D.P.S5.K. MODULATED BY
: PSEUDO-RANDOM BINARY SEQUENCES (P,R.B.S.)
1

Since pseudo-random sequences are periodic functions of time they
have line spectra which may‘be obtained by a straightforward Fourier series
analysis, that is the direct way of defining the ppwer spectrum. However,

as the P.R.B.5, become very long the analysis becomes impractical, [10]

Therefor e the power spectrum will be determined from the auto-" .
correlation function by application of the Wiener-Khintchine relations which
states that the power spectrumh G(w) and autocorrelation function R(t) of a

periodic signal constitute a Fourier transform pair:

4o .
Gw) = [ R e Jot

- qat
and : / (2.20)
R(t) = —— = G(w) e aw
(t) = o e G(®) e w ,

The autocorrelation function of P.R.B,S. is given by the set of

correlation values of the sequence with' all the cyclic permutations of itself.{10}

Number of agreements - Number of disagreements
Number of agreements + Number of disagreements

R (2.21)

-~

Since a P.R.B.S. s a maximum length sequence, the autocorrelation

“function is a two level autocorrelation function given by:

1 -

t . P
—r"l ;1 for -r <t<4r

“oy =

—_ elsewhere

Where T is the digit period and P is the number of digits within one period

T - pt of the P.R.B.S. The two level autocorrelation function is shown in

Figure 2.7,
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Fig. 2.7.

v

pt

Autocorrelation functions of a P.R.B.S.
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To derive Power Spectrum {10} consider a D,P.S.K. signal with phase

change of 180° as ‘ .
u{t) = mf(t) * A cos wet (2.23)

where m(t) is a P.R.B.S. with period pt, and A cos w.t the carrier.,: -

The po“jer spectrum of u(t) will be:

Vif) = % M(wc-w) + % M (wc + w) (2.24)

where M(w) is the spectrum of the modulating P.R.B.S., that is

M (B L. "m -
M(f) = -z (- /e (2.25)
BT Zew PT
where pr -
+ -. t -
M) = [ 2 R@)e T at (2.26) |
o] T ’ :
- i
is the Fourier transform of one periodof the autocorrelation function. From \
Eq. (2.26)and (2.20) we have that, since R(t) is an even function f
=5 oz
M (f) = I R(t) cos wt dt = 2 J' 2 R(t) cos wt or
. o -Pr 0
2
T
i /?v[ (f)=2{J'+T a- tptl) cos wt dt + I % (-l) cos wt dt or
o 0 PT T P _
. N T
M (f)=2 {J'+Tcos wt dt - P—i‘jﬂ' t cos wt 4t - -l-fpz—cos wt dt} or
o 0 Pr Yo P ¢
’ )
+1 . 2or 1 . PT '
= —_ - : 2.2
M0 =2 (2 Bz s G s e T (2.2
from (2.27) and (2.26) *ﬂ.ve‘.rhave~
in sin —E
sin =
1 2
M) = [R5 2% - - T oe(-22), (2.28)
P WT | P wT =~ PT ]
=z Py

B I T MU b T LI
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Equation {2.28) for w=0 gives the d.c. value:’

..PLZ'T:._.]; = _.J;_. (2.29)
P P p? #
From Eq. (2.29) and (2.28) we have '
paid
sin /4 to
_ ptl 2 6 (f o - 1 .
M(f) = 2 [ ar JmE-m (f PT)+;2—6(f) : (2.30)
2 m# 0
and from (2.30) and (2. 24) the power spectral density functlon is:
wT
sin —
_ _]._p+1 2 2 +o 5 (] m 1
Vi) = 3 2 [ or ] t L, S -~ T}+;2— S(E-£) +
2 m=f,
w
i g m 1
+—-%—r + T B+ ftT) 4 5 (E4 L) (2.31)
wT ms-o c T B c

2 rn#fc

where fc is the carrier frequency.,
From equation (2.31) we have that the poﬁer spectrum in the ' B i
case of P.R.B.S., is a line spectrum with frequencies ;t multiples éf‘ '
the fundamental frequencyp§ of the P.R.B.S., where m = + 1, £ 2,.. There
is an envelope of the spectrum which is determined by the digit period T
of the modulating signal, i.e. the P.R.B.S, 'Thefefore, the zero points
of the envelope are at frequenc1es given by ZIK s, K=1, 2..: Consequenfly,
the bandwidth required to transmit a D.P.S.K. signal is independent of the
length p of the P.R.B.S., is detemmined solely by the digit period T, that
is how often the modulating signal switches between the two levels. Since
the binary waveform has a constant amplitude, the‘power is also constant
with a scale factor inversely proportional to the period p, therefore
increasing p‘the power is reduced and fhe lines become more dense. The
power spectrum of D.F.5.K. signal modulated by a D.P.S.K. signal modulatei\
by a.P.R.B.S. is shown in Fig. (2.8), a, b, c, d for different values of p \\\\\
and T. y : ~




- 29 -

S31q 3=d pottad piom pue ‘zhy (0z/[=: porzod 3731p yaTa
'S78°¥'d ® 4q pajernpou Teudrs ‘y°S°4'q ® .30 unijoads e

3 2yx 00Z-}

"Bz 81y

4

2U% 0024

Bl é I

N;..v_.oom\ﬁ. =1
L=1-2=d

3 S'gyd e .

%

aY

L




» 30 -

s11q §1 polxad piom pue ‘Qpz/I=1 poriad I1T3Ip YIwM
‘g g u'd ' £q ﬁmmwﬂﬂvoe.Hm:wmmmnuuva.Q ® jo uniidads tomod °qg gz "3Td

Uy 002+% 2 Zuy 002-}

ottt —

3
.

I I

—————y
B
—r——eurny
r——
e
PRI
e
—————
—npnins——
————————
D ———————
——teipdnie
B
———
——— ey
. —rr———
——————
it s —————
m———— LT
s n—— rwraamt ]
L ———— e —————
AAL

r
. N_LV*AUHVN\\ﬁ“uP ~~ . .
Gi=1—-2=d
U
. . s'gdd
ﬁ.\
.
B B N i .
4 . ) ///

(

et e o s 14




-31-

s11q £ potiad pios pue ‘zHy 001/1-1 porzed ITBIp YT
"g*g'd"d B %m. paljelnpou Hmcwﬂm N°§°d'd ' JO Eﬂhuum&m JI3aM0d "08°¢C .Mﬂm

o ZWH 00 1+ %

| __E_.:_ ______:ﬂ_:j___ .re T _::__:__:_:;__:_

\\\
ZYy ooﬁ\wp | i
muﬁA%wna .

K
- s84d4d |




s11q §T potrxad piom pue ‘zHYy 00[/1=1 poltad 3TETp yITM
'$'d"¥'d B 4q paieinpouw [euUdTS “N'S°'d'q B JO wniidads Iamod

o 00 Lt %~ 00}

-32-

"
5

ZU¥ oov\ﬁ

1l
(=

A SI=1—R

Sayd

‘pgrz 314

-

[




3. DIGITAL DETECTOR

3,1 DIGITAL IMPLEMENTATION OF THE D,P.S.K.
' DEMODULATOR

\
The D.P,S.K. demedulator, Fig. 1.5, is gencrall& realized
with analog circuit components, and only in the last stage of the
decision process sampling is used.

The advantages of discrete circuit realization lead us to in-
vestigatc the possible implementation of the D.P.S.K. demodulator
digitaliy. One approach is to sample the R.F. signal at the output
of the baﬁdpass filtcrjdirectly, which allows for the decision pro-
cess to take Placc right after the sampling peint, Figure 3.1. The
remaining part of the circuit can then be constructed 'digitally, by
means of logic gates and delay flip-flops. For the digital imple-
mentation of the D.P.S.K. demodulator we will consider two different
sampling periods. First by samplipg once within one bit duration,

secondly sampling every cycle within' a bit duration,

3.2 ONE SAMPLE PER MESSAGE PERIOD

The digital implcmentation of D.P.S.K, demodulator with

one sample within one bit period is represented by the circuit of

_Figure 3.1.

The D.P.S.K. signal at the output of the B.P.F. has the

form v |

u(t) - * A cos anct - n(t) ‘ (.1
where n(t) is bandlimited Gaussian noise, and A, fC are the‘amplitud

and the frequency of the carrier.

'

54
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At the output of the B.,P.F. the R.F. signal is sampléd

every T seconds, where T = N , cycles within one bit period. Since

f .
c

we are detecting the polarity and not the actual voltage, of the
carrier, the sampling operatiqn can be accomplished by the use of
a D type flip-flop. At the positive going edge of the clock pulse,
when the clock pulse exceeds the threshgld valug, the sampling
instant, the flip—flop is friggered and redefves the input signal.
If the input signal is greater than the thrflhold levél, required

to recognize a positivé pulse, it is seen by the flip-flop as

a '1', otherwise it is a '0'.
To reduce the threshold level, whichlin the 74H74 series
flip-flop is = 1.5 volts, whereas the required threshold should be
at the zero line, we add just before the flip-flop a véltage com-
parator with one input connected to the ground, as shown in Figure 3.1.
The utilization of the comparator removes the thresﬁoid ambiquities
since if the input to the comparator is greatér than 0 volts the<;;?
output is 3 volts, which is greater than the required 2 volts inlf
input of the flip-flop to ensure e, Similarly if the input to
the comparator is less or equal to 0 volts the output is 0 volt w ich
is less tﬁan the 0.8 volts, maximum, required by the flip-flop to
ensure '0'. The characteristic of the comparator is shown in

Figure (3.2). The voltage comparator has no cffect in the performunce

of the D.P.S.X. demodulator {15}.
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h(x)=15(1+sgnx)

Fig. 3.2. Transfer functions of the voltage comparator

The output of the sémple flip-flop is the differentially en-
coded data.-
To compare each data bit with the previous one, as required
for the differential decoder. we connect the output from the sample
flip-flop which delays the differentially encoded data sequence bv T
i ‘ seconds, where T is the period of message bit,
The output of the delay flip-flop, thé delaved éequence, is

compared with the undelayed sequence by the use of an EX-OR gate.

nern e e

Finally, the output of the EX-OR gate is the required message sequence.

s

The overall operation of the demodulator is shown in Figure 3.3.

3.3 SYNCHRONIZATION REQUIREMENT FOR THE
D.P.S.K. DEMODULATOR (Sampling once per symbol bit)

¢ ) If, within one bit period there are N cycles of the carrier, the
sampling point can be chosen at any of the 2N peaks regardless of the
cycle, since wd hav% differentially encoded signal where there is no phase

knowledge requirement, .

o~

o B R R
-
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DP.SK /\ /\/\ AN
/\\/\\/\/ VARAVE \/\]

CLOCK: T_ﬂ | H{\ H H—

OUTPUT.

SAMPLE J (

DELAY: T 4|

EX-OR OQUTPUT |
DATA .

%
Fig. 3.3. Operation of the digital demodulator, with one sample per

message bit

I PSRRI
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Therefore, we can skip carrier cycles within one bit, by delaying
the clock pulse, and sample at the center of the symbol where the phase-

M g = : ad ] k]
. change transition time, t&s eliminated,

From the 74 series, T.T.L. data sheet we have that the input

setup time is equal 15 n.s. [16). Setup time is the interval immediately
_proceeding the positive going edge of the clock pulse, during which inter-
val the data to be recognizec;'must be maintained at the input to ensure
its recognition, Therefore to sample the carrier at the peaks, we must
arrange the clock so the peak value appears at the input of the flip-flop
at least 15 ns before the positive going edge of the clock pulse.

Given .that‘the carrier period is 1y sec., the clock edge must

occur 265 ns after the zéro crossing of the cycle. Figure 3.4

Fig. 3.4. Synchronyzation requirements

Hold time, which is the interval immediately following the positive
edge of the clock pulse, during which interval the data to be recognized must

be maintained at the input to ensure its continued recognition, for the 74H74

series is zero.

To accomplish the above clocking requirements the measurements
wer e taken using as aclock a pulse generator which has variable delay operation,

and was triggered by the P.R.B.S. generator clock output,
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3.4 SAMPLING N TIMES PER MESSAGE PERIQD 'k\

-

The digital implementation of the D.P.S.X. demodulator

with N samples within one bit period, where N is the number of
carrier-cycles within.this period, is accomplished by the circuit
shown in Figure 3.5, The received signal plus Gaussian noise
after filtering through the voltage'comparator is entered to a
serial to parallel shift register which is triggered by a clock

with period tC é'?l—, where fc is the carrier frequency. In

]

every shift of the shift-register the data in each storage cell
is transferred to the input of the Majority logic gate. When
all these inputs belong to the same message bit, the majority

gate is enabled by the use of a D type flip-flop which has clock

period equal to the bit period T = ?E—.
c

The output of the enable flip-flop will be the differential

encoded messa e, and is-'1', if N+ 1 out of N samples are '1t,
Y 3 P

otherwise '0'. The encoded message bit is delayed by another D flip-
flop (delayer) and is compared with the undelayed sequence by the
EX-OR gate as previously described. The above 6peration is shown
in Figure 3.6,

Synchronization requirements are the same as in the pre-
vious case, with the addition of a second clock with period
.= ?l— = %-. Given the numbef of cycles within one bit period,
i.e. tz

» the second clock T can easily be obtained by dividing by

N the carrier.

[
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sk DA A NN DA N
e V\/WVVMVVV

B N N Y R N O IO

11,

shift-R __ﬂ ﬂ H U H [ H

majority logic
out pout
_—

9

5
m
-
1

enable FF output

Delay T

EX-OR output

Fig. 3.6. O0Overall operation of the digital demodulator with three

samples per message bit
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4. CIRCUIT PERFORMANCE

4:1 PROBABILITY QF ERROR

The final criterion of performance of a digital com- -
munication system is the probability of error in the received
message. Errors are'determined by a comparison of the transmitted

S and received message. In this chapter we‘coﬁ;ider the quality of
performince of ‘the digital demodulator when while Gaussian noise
is added to the signal.

A simplified diagram of the demodulator is shown in

Figure (4.1).

.
sample. :
*-___n B . \ J"-
decision :
delay
T,
Fig 4.1, )

Simplified diagram of the digital demodulator

The received signal and noise at the input of the demo-
. dulator, after filtefing, is sampled to recover the differentially
Ak - . ‘ .
encoded binary symbols transmitted.

The differential decoding process consists of a delay

flip-flop and an EX-OR gate.
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An error in the output of the EX-OR gate, is a result of an error |

made by the decision circuit, due to the Gaitssiah Noise. An error in the

decision circuit results in a_pair of errors in/the output of the EX-OR gate,

sinct the receiver obtains the reference from the preceeding bit.  The

double error rate perforjﬁance of the EX-OR gate requires a complete analysis
- . o -

of the probability of error in thenoutput, given '-the probability of an error

in the input.

«

4.2 PRUBABILITY OF ERROR OF THE DIFFERENTIAL DECODER

The logic operation of the gate is given by the equation:

b, = a & a

Fig. 4.2. EX-OR GATE

i i i-1
INPUT OUTPUT |-
b
-8 %1 3
-
I 1; .1

0 0 0

0 1 1

1 0 1

From Eq. (4.1) we have that:

~

(4.1)



)

/

Prob [bi = wrong |

But

Fr [ai = correct |

n

+ Prob [qi = errof | - Prob'[ai_l = correct ]

Proh f_o.i‘
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[Pr(1,1) + Pr(0,0)]

Er [Etl’i.i-l = correct | = [Pr(l,l). + Pr (0,0)]

Pr[,_'ai = error] = [P'r {1,0) + Pr(O,l)] ‘

o

Pr[ai_1= error, ] = [Pr(l1,0) + Pr(0,1)]

where
Pr(1,1) = Probability
Fr(0,0) = Probability

‘Pr(1,0) = Probability

=3

P «
_Pr(0,1) = Probability

From Eq. (4.3) and (4.4) we have

Prob [bi = wrong |

P [bi = wrong | =

But Wa! know that
Pr(l,1)
Pr(0,0)
Pr(1,0)
Pr (0,1)

where
Pr (1) A
Pr (0)

][>

4

'1' is recovered and
'0! is recovered and
'0' is recovered and

'1' is recovered and

correct ] - Prob'[u.'i'-;‘1 = erro:;'] +

'1' was transmitted

'0'" was transmitted

'1' was transmitted -

'0' was transmitted.

(4.3)

(4.4)

[Pr(1,1) + Pr(0,0)] - [Pr(1,0) + Pr(o,1)] +

[Pr(1,0) + Pr(0,1)] -+ [Pr(1,1) + Pr(0,0)] or

2 [Pr(1,1) + P\&(o,m] - [Pr(1,0) + Fr(0,1)] (4.5)

= Pril)
= Pr(0)
= Pr (1)
= Pr (0)

Pr (1}1)
Pr (0]0)
Pr(0]1)

- Pr(1]0)

P1 ;- probability that 1 is transmitted

PO’

probability that 0 is transmitted
. -

(4.6)
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Pr(1[0)4 Pe, » Probability we receive 1 given that 0 was 4.7)
transmitted, or the probability of error,
‘ when 0 is transmitted, at the decision cix- -
N ‘ ¢ cuit due to Gaussian noise.

Pr(0[1)4 Pe; , probability we receive 0 given that 1 was
transmitted, or the probability of error,
when 1 is transmitted, at the decision
circuit due to Gaussian noise.

From Eq. (4.7)

Pr(l]1) = 1- Pe; and Pr(0]0) = 1- Pe, (4.8)

s ‘.\jﬁ S
From Eq. (4.8), (4.7), (4.6) and (4.5) we have:

Pr[bi = WIo I

= 2[P (1 —‘Pel) + Pg (1l - Pey)]- [pl Pe, + Py 1‘360] 4.9)

»

0 = P*}pECISION, Eq. (4.9) becomes

and for Pel = P

) ~
Pr [bi =wrong ] = 2 PeDEC. 1 - PeDEC.) or
Pepx_ or* ? Peprcison ! - Pepecison (4.10)
Liquation 4,10 is shown in Figure 4.3, where PeEX-OR and PeDEC rare
plotted versus % From Figure 4.3 we can see the 2 dB degradation

because of the use of differential detection.

4,3 PRCBABILI OF ERROR AT THE
° J
A) Sampling once per muassage bit

The R.F. Signal, after bandpass filtering, will be sampled once per

3

The decision putput .,depends on what part of the cycle is sampled. If

bit period.

Gaussian noise is added, the received signal, within one bit peried, is given by

;o
—~

et 8 £ a1 L%, 5 FRBToTN i et R L LI
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uft) = + A cos anct + nft} - (4.11)

-

and at the sampling instant

ults) = + Acos2mi_(t + at) + n(t_+at) (4.12)
where

A = carrier amplitude

Ic = carrier frequency and fc T=N '

ts = sampling time, equal to T

At = timing error due to imperfect clocking.

Expanding (4.12)

u(ts) = + Acos 2 nfc At + n(ts + At) (4.13)

-~

and if we call

4
21-rfc,:\t ¢ and ts + A‘t\_ t, Eq. {4.13) becomes

u(ts) = + Acos ¢ + nft) . ‘ 4.14)

Fr&m Eq. .(4. 14), the probab#w.ty of error at the declismn output, Pe‘DEC‘
is given by 3, : b
. T o

PeDEC = Pr[n>¥1 cos:p]Acqs cp<0] * Br (A cos ‘P‘<0) +
4.15)

-

"+ Er [n<\-\-A cos ¢ |A cos9>0] + Pr(A cos ¢>0)
Since the threshold level is at zero, for Gaussian noise:

Pr{n>A cos ) = Pr(n<-A cos y)

and

Pr{Acosg >0) = Pr(Acosg < 0) =

N

therefore (4.15) becomes:

PeDEC = Pr (n>. A cos o) (4.16)

el

vl
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. . . . 2
For Gaussian noise, with zero mesn and varianceg~ we have that:
ol
2

X
Prn>A cos @) = J‘m e” 252 dx
Acosg Zng-
xZ
Acos - '
=1 j' ® L e 202 dx
0 2 1o
Substitute =y we get
240 o Acosgp 5
1 -
Pr(n >A cos o) ='E-—1-_f020 e 7 dy
‘ Yy
Acosg
=..1.[1__.§._j' 2 g .-Y dy]
2 TV
1
=E[1-erf( )cosrp)] or

Q

1 AZ -
PGDIC =—2'[e rfc{ 3 5 * cos qa)] - N 4.17)
g }

a

Al c C
but 5 =N ¢ where N is the carrier to noise ratio, and Eq. (4,17)
2 g ) . .

becomes
P lrerrc(fE )] 4,18)
epic ~2L® T N o8 ¢® : (4.18)

Substituting Eq. (4.18) in (4.10) we have that, the probability

of error of the demodulator, for one sample per bit duration is given by: E

Pe:erfc(‘/'%' cos @) -[1-%erfc(’%'coscp)] (4.19)
E

To find P, with respect of I\TB where
0
Eg = Energy per bit
N,

o = Noise density (Noise power per umnit cycle)

It

11
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we have that:

A2
" .2 T _sw ¢ ,
N, N =~ R N
BW
c. x» I
- N BW N, (4.20)
where
R is the bit rate and
BW is the noise bandwidth.,
From Eq. (4.20) and {4. 19) we have:
Pe = [erfe ( [me « —2 . cosg)] - [1-2erfc( |2 B cosg] (4.21)
e BW No 2 BW No .

: \ The average probability of error for all possible values of phase-
error ¢, is given by

P'ec'w = j‘q’ Pe ¢ p (p) do _ (4.22)
where p {¢) is the p.d.f. of the phase-error due to imperfect synchronization.’

- ' Assuming uniform distribution for p {p) that is:

S = I
ply) = >’ for -~a <p<+ a an@u =5

Eq. (4,22) was evaluated by nuﬁericd integration using Simpson's

Rule (see Appendix I).

The required bandwidtl for 2-9 D.P.S.K, system is known to be

equal 1.2 times the data rate R.

Because of the band limited noise, it is given by EZS:I s {27]tbat the

sample values of the noise at the sampling instant in adjacent tinSe slots, in




i
|
|

- noise bandwidth the 3- dB bagdwidth of a four pole Butterworth bandpass filter,
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D.P.S5.K. system, are statistically independent random variables only if -

the noise bandwidth is greater 1.4 times the bit rate R,

J. Jones [28] indicates thit to avoid excessive degradation with
symmetrical bandwidth limiting, the Ininimum bandwidth should be no smaller

than twice the bit rate R.
Ay

Also, A.J. Viterbi [34], in his analysis for frequency acguisition and
gsynchronization system for D.P.S. K. detection in additive noise, assumes
that the bandpass filter bandwidth, at the receiver, is made equal six times

the data rate R.

Therefore Eq. (4.22) is evaluated for five different noise bandwidths,
By = 1.2R, 1.8R, 2R, 3R, 5R.E The results are shown in Fig, (4.4)a, b, ¢,
d, e (solid lines) where Pg = (_N_B__) is plotted for each noise bandwidth BN.
. o

The experimental results, dotted lines, were measured assuming

This assumption introduces Mystematic errors in the experimental results |
due to the deviation of the . filter response from the flat response required /

within the 3-dB bandwidth.

The frequency response of the four pole Butterworth B.P, filter, -
for the five different 3- dB bandwidths is shown in Fig. {4¢.5) a, b, ¢, d, e.

o

: In Fig, {4.6) a,b, the proiaability of error for the five noise band-
widths, is shown,

*
In.Fig. (4.7), the effect of timing error A¢ in the system performance

is shown.

From Fig. (4.7) we have that to suffer no more than 1-dB loss in

performance, as compared to ideal synchronization, i.e. Ap='0, requires
! ‘
A < 360
1
At = 10% of T
c

that is the sampling accuracy should be wit\h)in 10% of the carrier period.
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4.4 . SAMPLING MORE THAN ONCE
PER SYMBOL PERIOD

For sampling more than once per message bit, a simplified

diagram of the demodulator is shown in Figure 4.8.

/

fmmmmm e mmmmmmmmme et

v Jp———Jsample | —major,
D.P.SK

T SR

1
1
1
[}
r
El
1
1
t
]
]
1
b
]
'
]
]
[

decision |delay

Fig. 4.8, Digital demodulator for N samples per message bit

‘ 2
Assuming zero mean Gaussian noise with variance oy and N

samples spaced equally throughout the total message bit period T, where

N=T. fC, i.e. the sampling interval of tg = % , where fC is the carrier

frequency.

We consider two cases: A./Correlated noise samples and B.
Independent noise samples.

¥

4.5 ] A, Correlated Noisé Samples

If the noise samples are correlated then the probab’ilitybof error

at the output of the majority logic gate Fig. 4.8 is given by:

Pr(error) = Pr (N samples in error) +

DATA
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+ Pr (N-1 samples in error, 1 sample correct} +

+ Pr (N-2 samples in error, 2 samples correct) +

N+1 . N-1 s
> ) samples in error, —— samples correct).

+ Pr (

Where

Pr (N=i samples in error, i samples correct) is given by:

f”....f -p(yl,'yz,

and

, YN) dyl, dyz dyN

p(yl, Yoreeers yN) is the joint probability density function of N
noise samples given by [307: ‘
N N
exp [-—[—,1 oo (Al vy
2 A n=1 m=1 nm ‘n°'m

N/z | 1/2
Al

P(Ylv Y2r~---:YN)= (Zﬂ)

where I/\]nm is the cofactor of the element Anm in the determinant

l/\| of the covariance matrix of the noise:

11 12 1N
7\21 ?«22 ..... AZN
A = ] emmmmmcamcccc e mnm_- \
MMz ot M
| ' _
in which matrix
A = E ) = 2
nm (ynyrri = N ?am

where Pom is the normalized autocorrelgtion function of the noise

samples given by




Rmﬁi \
P =t = 2 4.24) -
nm < g .
N

for band limited guas‘sian noise Eq. {(4.24) becomes

B__t
sinm N 8

L . .
p(kts, = cos 2rr£c tg 7By te (4.25)

where BN is the noise bandwidth,

Instead of evaluating the probability of error from Eq. (4.23),
which for N=5 requires the solutim’:l of 16 ix?tegrals each with 5 variables,
we will investigate whether, sampliﬁg more than once within one message
bit, improves the demodulation process or not, i.e. whether it reduces’

the probability of error given that the noise samples are‘c\brrelate'd.

For the assumed zero mean Gaussian noise the variance of the

2
sample mean g, is given by [ 33 J:

M

& Ni1

z N -
cx(M)—N +

. ,
£ (1-=) Ri(kt) (4.26)
k=1 N 8

zle

To see the effect of the correlation between noise samples,
suppose that the samples are so highly correlated that approximately

p (k ts) 1
in this case Eq, (4.27) becomes

2 2

g (M) ~ g

That is, when the samples are highly correlated, 'the variance
of the sample mean is approximately equal to the variance of samples.

Therefore, a single sample provides just as much information as any

other number of samples.




However, with p (k ts) <1 fork=1, 2, ..
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., N-1 we do improve

the demodulation process by sampling more than once per symbol

period. Since for p (ktg) <1 Eq. (4.28) results

2 2
g (M) <g

To show the improvement in the cdse where p(k t)) <1l we

N

consider the following example.

Example

Given carrier frequency fc = 1 MHz and data rate R = 200 k.bits/sec.

If we sample every ts = Tp,s, i.e, 5 samples per symbol bit period.

Detection improvement with respect of noise bandwidth _NB is shown

in Table (4.1). > T—
: v ,
B "0—24—‘)' Improvement
N
oN
1.2 R 0.707 1.5 dB
1.8 R 0.567 2.4 dB
2 R 0.45 3.3 dB
3 R 0.31 4,9 dB

During the measurements we set the noise bandwidth to the
3-dB bandwidth of a four-pole Butterworth filter.
experimental results from the calculated ones is due to the deviation

of the ideal rectangular filter with bandwidth B

N

pass filter utilized in the laboratory.

4.6

Uncorrelated noise samples

In the case where the N= B

N

Fig.
Fig.
Fig.
Fig.

The deviation of the

(4¢.9)a
(4.9) b
(4.9) ¢
4.9)4d

from the four pole band-

* T noise samples are uncorrelated,

i.e. p(k ts) = 0, for Gaussian noise this implies N independent samples,

e
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The err;or, probability, at the output of the majority logic gate,
¢
is then given by thie probability that more than half the samples are
. $ i )

in error., From the binomial distributifn this is, given by:

- -
' : B_T-1
| | 2 i . .k B T-1
= 2 - . -l_.__
- ‘mars Fo (1= Peppe) - Pepp) —7 K
K=20 J
) K
- where Bn T = 0dd and Péf)EC is the probability of error of one sample

at the decision circuit Fig. (4.8) and is given by Eq. {4.22).

"=
‘e

Substituting Eq. {4.28) in (4.10) we have

s Pr (bi = error) =, 2 Pe

\ MAT (1 - Pe )

MAJ

Equation (4.29) for N = 5 and BN = 5R was evaluated by numerical

integration using Simpson's rule (Appendix II).

f

The result of integrationEand' the experimental ones, ‘are shown

-~

in Fig. (4.10) where Pe = f (N—B) is plotted. . .
(]

From Fig; {4.10) we can see the improvement of about 5dB by
sampling every cycle instead of once, per fmessage ?period,/given +

that the noise samples are uncorrelated,

.Tﬁe!eff,ect{?f}_timing error was also calculated by numerical

integration using Eq. (4.29), (4.28), (4.22) the results are shown in

Fig_.,'(.‘}. 11). Ffom Fig. (4.11) we have that to suffer no more thanl dB

i

. loss in performance as compared to ideal synchronization case i.e.

A= 0, requires _

b L 45° i//ok : : e

. ~ . "
At = 1295 % ﬁf%\ >
¢ ' - »
that is the. sampling accuracy should be within12.5% of the carrier

-

5 frequ\ency.',‘ @ ; ‘ » ' .

& - ' . i s

« A%

e g+ e —————— o I

(4.29)



Y

- 73 -

!

s

R
L
o /

| T

le

|5 samp

/

“ E'/ N,

‘18
dulated B.E.R. for two different number

14 16

12

10

o0

-
Measured and cal

.1;/

2
Fig. 4.10.

of samples uncorrelated noise samp

1<‘ ‘ | h

it LRI LT

~.




- 74 -

BW=5R
LN
/

1T SNUES

f

ALy

CALCULATED

Calculated B.E.R. for different vglues of timing error

4011,

Fig.




L TR T s T g

: -75-

Therefore, in the case where we sample every cyclé instead

of once within a message bit period, the performance is less sensitive

to timing error. However, this maxdein of 2,5% in synchronization
requirements is compensated from the freedom we have, in the case
of sampling once per message bit period where we can sicip up to N-1 -
cycles at the beginning of sampling process, whereas in the case of

sampling every cycle this freedom is reduced. For example with 5

cycles within one message bit period sampling only once we can skip

up to four cycles without any loss, whereas sampling every cycle we can

skip no more than 2 cycles. -
\ y

4.7 . CONCLUSION

The required Energy per bit per noise density to obtain probability

of error 10"4 is shown in Table (4.2), assuming perfect synchroniza‘.tion.

e h Nefeie e s

~ Table 4,2 1 Sample 5 Samples
Bandwidth | Ideal [|Calculated| Measured| Calculated Measured ;
i : | ‘
=
NB ;1013_‘for dB -fzr dB -fzr dB fc;r dB fc;r
' ’ 10 10 10 10
1.2 R “9.8 | 10.7 - 9.4
1.8R - 11.3 11.3 - 9.8
2 R o i 11,8 12.4 - 11.3
3 R 13,8 |- 15 - 12.2
5 R | 15.8 17 10.4 | 12.5

The impi'ovement by sampling every cycle, instead of once per

message bit, is shown in Table (4.3).

1
e

i
|
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From table 4?2 we have,. that \fcr Bandwidth 1.2 times the data

rate, i.e,

D.P.5.K. detector, there is no big d1fference between analog and
digital realization of the D, P.S, K. demodulator [15]

- 76 -

Table 4,3

closeto 1 xR wh1ch is ut:.hzed in the analysis of the ideal

every cycle,

For 1 sample per message period [37]the calculated

degradation is 0.5 dB and the measured 1,4 dB.

u

hY
kY

NB ICa.lculated Measured
1.2 R 1.5 (1.3)
1.8 R 2.4 1.5
2 R 3.3 1.1
3 R 4,9 - . 2.8
5 R ‘4.5

\ M —

.

when we sample

“an
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5, EXPERIMENTAL RESULTS

5.1 LABORATORY SIMULATION

)

The digital demodulator described in Chapter 3 has been

o
tested experimentally as shown in Fig. 5.1.

ok

The transmitter consists of the Pscudo-Random Binary

Sequences (P.R.B.S.) generator, gencrating 22,- 1 bits per word

period with n = lq; The clgik period is controlled by an ex-
ternal clock of period T. The divide by N circuit is used to
establish the required relation T = N/fC between symbel period

‘and carrier, as shown in Fig. 5.2. The binary signal is differen-
tially enccded as shown in Fig. 5.2. The T.T.L. output of th;
encoder is translated to * .69 volts, as required to drive the
mixer, by means of the level shifter shown in Fig. 5.2. The
differentially encoded data, after low-pass filtering}\is used
to modulate the phase of the carrier by'the dual balance mixer

to produce the D.P.S.K. signal, . . }

Assuming Gaussian noise as the only disturbance intro-

duced by the changgiﬁ”he simulate the channel by the cifcuit shown in
: " Fig. 5.3. A wide band operaticnal amplifier adds the D.P.S.K.

: output of the balanced mixer with white Gaussian noise. To in-
crease the voltagg range of the noise generator (max. 1 volt) a
second amplifier is used. before theﬁ?dditiqn process. The noise

3
voltage level is controlled by the voltage level switch on the

neise generator. -

For ‘the receiver two circuits have been implemented, one

for sahpling once per symbol pericd Fig. 5.4 and the second circuit

for sampling every cycle, in this case 5 samples per symbol period,

“ -

Fig. 5.5.

.4.{:.&»_,;,,.’_' -



P

2

.- 78 -

To shift the threshold level of the flip-flop Fig. 5.4, or of the
shift register Fig. 5.5 the signal ;emfter band pass filtering is entered
into a voltagf: comparator where a potentiometer setting establishes
Ithe desired zero level. The voltage comparator is also actmg ag a

driver for the T.T.L. input.

In the case of 1 sample the output of the flip-flop is differentially

decc:j(ed by the circuit of F1g 5.4, consists of a D type flip-flop and

of ar EX-OR gate.

In the case of 5 samples Per symbol period, at-each clo ckmg the
shift reg1ster output is transferred to the majority logic ga.te and is
1gnored (enable flip-flop low} until all five inputs of the majority gate

contain data from the same symbol (enable flip- flop high).

The clock reqlxir ements for the flip-flop and the shift register,
have been obtained from two different pulse generators, externally
driggered from the carrier generatomand P.R. B S. generator. The
delay sw:tches of the pulse generator, are used to establish perfect

synchronization, i.e. q,sampl ing at the peaks of the sine wave,

- ~

The recovered signal is compared to the transmitted one by the

error detector.

5,27 . MEASUREMENTS ) *

o

The measurer;'xents pProcedure is as follows. With the band pa‘?{ss
fﬂter at the desired bandwidth, the peak value of the carrier at the
ouptut of the band pass filter is measured, without noise present,
the noise voltage is -80 dB down,

- L w .

i Addmg noise through the operatmna.l amphf:er we obtam the readmgs

..

from the error detector W1thout any dwconnechon to prevent.any

impedance distortion, th}carner level is reducad by 130 dBm and the

7

i

(S
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noise voltage measured at the output of the band pass filfer; by
a true R.M.S. meter. Increasing the noise voltage and following
the above procedure we obtain the expcrim::zzl rejults shown in
Table 5.1. |

The c/N ratlo has been transformed to E /N by multi-

plying the carrier R.M.S. voltage volum& by the square root of

the ratio of the filter bandwidth and data rate and divide the

' square of the product by'the square of the noise R.M.S. voltage,

according to the relation

E__ BN .. C
N R N ot ,
o H
A ey 2 ’
E _ (—_ '_—')
~ = 72 R
o 2
G
/S ) v
L ] P

where f‘fs the carrier peak'vé%i;ge value and ~ the noise R,M.5,
' ® : -

"

voltage,.
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. MEASUREMENTS  TABLE . 51 T
1 Sample per Message Period T .
A Peak Signal Noise - Pe Comments
. Volts | Apuc KBW/ N
RS R RMS .
1.9 1.47 417 4 107° Carrier 1 MHZ
-4
/ 454 1.7 10 Data 200 KHZ
\ -y
\}.,, e } -u8l 3.2 10
M .506 7.3 107" -
: \1 BN . . -3 1 \l".
- W 534 | 1.1 10 BW, _ .
o . ' -3 fo = 1.2
. .557 .21 w0,
.593 3.6 10°°
-3 - ’
BuL - 6.8 lo B.P,F.20.888 - 1.12¢MHZ |-

| Eg | l\/ .788 C2.7 1070 : N
o .86 | 5.8 1072 o , \

- .02 {1 107*| . - :
: -5 . vy §
3 2- : 1,897 hBu 3.8 10 Carrier 1 MHZ | - :
. . . ' _|+ . - \
N , . ] o.s27 1.4 10 Data 200 K ,:,?
L .547 24 107" ‘
.594 (7.2 10'“v .? :
-3 ’ ;
.634 ‘\2‘.2 110 . Bw/R = 1.8 o
o . (674 3 107 ) a
- » LT ' a Co =3
- .728 5.8 10° ,
° . : - ‘ .
S : .796 1.2 107% | B.P.F=.82-1.18 MHZ .
L | ' .950 3.6 107° | - e _
- 1 _ . | i
E . ir073 6.8 1075 o »
‘ © 2 3202 1wt ' .
, . ‘\ . _ EETE S N .
. Co - ;
' N - ‘ -
. : \ > L - . ah .
’ —— ,X/—L { . P A ,
' ) "

T
x
2
—
A

a
.
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A peak Signal Nolse
Volts | Apys [BH/p|  eys Pe Comments
2.2 ° 2.19 .517 3.8 10°5 |
542 9.3 107 | carrier 1 MHZ
.563 1.4 107™% | pata 200 KHZ
579 2.8 107"
.601 w107 | BW/ = 2
(623 7.8 107"
642 8.5 10° | BiP.F.=20.8-1.2 MHZ
.663 1.5 21073
) .679 1.8° 107
.698 - 2.6 107°
.726 8.1 2073
. 748 4.9 107 | -
| .75 7.8 '107°
.902 2.3 1072
2.8 3.42 .563 5 1075 [carrter 1 MHZ
_ v 606 | 1.5 107% | pata 200 KHZ
N ‘3.5"10:: L
. .689 8 107% |BW/, =3
.738 15 1078 |y
.801 4,1 107 | B,P.F.= 0.7 -1.3 MHZ
.851 s.9 1073
906 || 1.3 1072 -
‘ 945 W 1.8 1072
,991 2.5 w02} Y
1.159 5.3 1072
1.352 S~ 1, {fgl
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A peak

Signal Noise '
. Pe - Commehtav///
. Volts Ay M Neyie |
2.5 3.95 .528 1fu, 10°° | carrier 1 MHZ
2| .sse 1.1 10| pata 200 MHZ
.590 1.3 107"
. .623 5.1 107" BH}R = 5
678 1 1073
741 3.5 1073 ’/ﬁj
7eu 5.3 107 [ B.P.F = 0.5-1.5 Mz
.853 1.1 1072 .
904 1.4 2072
.957 3.5 1072
; 1,018 gﬂ///i;“z
1.102 s 1072
1.164 6.1 1072
1.208 7.7 (EE:;\
1,322 9.9 1072
1,349 1.1 107t

e T BT
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per Message period T

5 Samples
A Peak Signai' Noise Pe | - ! i
Volts ‘ ARHS BH/R nRHS Comments
1.9 1.47 461 2.9 10| carpier 1 MHZ
.510 1 107*] ‘ pata 200 KHZ
.535 1.7 207" '
574 3.8 107"
.605 5.6 107" B
643 1 1073 IR LZ
.688 1.8 20| B.P.F=.88-1.120 Mz
: .720 2.6 1070
.820 6.4 2070 _
.13 1.1° 1072
. 1.041 2.4 1072
1.115 3.4 1072
1,192 4.8 1072
1.229 5.5 1072
1.381 1 107t N
2.1 1.99 .519 1.7 10°° | carrier 1 Mz ?
' 566 6.1 10 | pata 200 KHZ
.610 1.4 107
.660 3.8 107" 7 @
_ .708 7.6 107" [ B, . 1.4
@.795 2 1073 R
.928 6.3 1073 { p.p.F =382-1,18 MHZ
1.078 1.6 1072 '
.236 3.2 102
1.345 5.1 10“2_
: 1.421 6.6 102
1,532 1 1071




ey
- By -
A peak Signal Noisge N
. Pe Comments
volts | A j;;;; N e )
2.35 2.3y .587 3.4 17| carrier 1wz
624 7.9 10| pata 200 KHZ
.672 2.2 107"
713 4,1 107 Bijg = 5
u .752 7.2 100"
.830 2 107°| Bp.F=.8-1.2 Miz
.821 5.2 1073 .
: 1.0 7.2 1073 |
1079 1.1 1072 ’
’ 1194 2.0 1072
1.375 4.1 1072
1.443 .5.3 1072
2.5 3.18 677 - 1 107 | cattier 1 Mz
) . 746 4.2 30" | ‘Data 200 KHZ
| 82 1e w07
' | e 3.7, 107 | Busg = 3
946 g 107"
1,082 2.6 1073
: 1,224 7.1 1073 B.P.F=.7-1.3 MHZ
\ﬁbqu//’i.asu 1.5 1072 B
7l 1.583 3.2 1072
" ’f.‘dh 1.632 3.8 16£g
- 1.95 1 1077t ' i
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A peak Signal Noise |
. Comments -
Volts | Ay [BW/p | Mpys Pe
2.8 1oH2 .895 2.3 10°° | carrier 1 MHZ
_ ~—\ ' .48 8.6 107°"| pata . 200 KHZ
o 1.005 1.9 107" :
‘ 1,072 w4 107" BH/p = S
1.166 11 107 )
. 1.211 17 1072 B.P.F.= 0.5-1.5 HHZ
1.398 6.3 107°
1.514 ° 1.1 e~ :
1,75 2.5 1072 -
1.8 . | 3.2 1072
‘?
l«
@ 4
) o)
y .
')

P B e e (Tt
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‘iAPPENDIX I, 94 =
PRUBABIL!‘Y OF ERROR OF THE DIGITAL DE"ODULATQR

NG  TIMING g;non , ' i : '
NUNEER OF SAMPLES Nst._ N33, N=S§

-FOR BW/R= 142+ 1By 2¢ 3, 5

NOOANANONO

REAL %4 GANA‘16)-PI(!6).08(16).92(lG)oPPSK(lG)oDPSK(lﬁ)oPSK(lﬁl
DO 20 JU=1416

OE(I¥ey-1
GAMA(J)=104%*({DB(J))*041) S .
DPSK{J)I=0+S*(EXP(=GAMALJ) )) '
PSK(J)=0.5%(ERFC(SAGRT{GAMACJ))})
20 Pl(J)-O-S*ERFC(SORT((GANA(J))IBH/R))
0O 20 N=145,2
's NIZ(I(N=1)/2)+1
: WRITE(6+22)N
22  FORMAT("® 1-.1ox.-Nz'.xa.llzsx.'oa-.1ox.-GAnA'.1ox.'91-.tax.'pav.
cxax.-ppsx-.xrx.-opsx'.llx.'psx*./)
B0 £0 J=1.1€ ,
\ P2(J)=0
DO 40 K1=1,N1
K=K 1=1
NK=1
. - IF(K.GT.0) NK= coua(n.x)
40 PE(J)—PZ(J)+NK*((I-FI(J))**K)*((PI(J)I**(N-K!),
FPSK(U)=23P2(J )% (1-P2(J))
. WRITE(G+70)(DB(J)sGAMACII sP1(J)+P2(J)}+PPSK(J), DPSK(J).PSK(J))
70 FOF"AT(‘SX.FS.?O7!.F5.2'5(SXQ510.3”
50 CCNT INUE
ag CONTINUE -
END ' .
FUNCTION CCME(N+K)
N1=1 g
¢ Ki1=1 . . ‘ '
ANK1=1 ‘ ’ ‘
DO 10 I=1,N '
10 NI=N1#®}
0O 2S5 I=1.K
¢ 25 Kl=Kl*] : - "
‘\&/’ N4=N~K
- 00 27 I=1.N&
i 27 NK1=NK1#%] '

J . COMB=N1/(K1%¥NK1) _ “
RETURN &
END : | '
r - ‘l
-
i
UNIVERSITY OF OTTAWA END 40B 77 16.10 HRS 18 JUL 76 : A
UNIVERSITY OF CTTAWA - END JOB 77 16.10 HRS 14 JUL 76

UNIVERSITY OF OTTAWA END 0B 77 16410 HRS ‘IQ JUL 76°
' B

R
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nonOcanBOOOADN

100

20

252

e2

a9

70
50
30
™ 201

10
25

27

"
N~

"APPENDIX n[ g5. T
PRCBABILITY CF ERROR OF THE DIGITAL DENODULATOR
WITH TINING ERROR
TIMING ERROR 1S  FROM B#(-3.14) TO BA(3.18) .
NUNBER OF SAMPLES N=1, N=3, N=S
FCR EW/RT 1e2s 18y 2¢ 3+ §

/

*,

8’

REAL*®4 GAMA(16),P1{16)+:DB(18),P2(16)«PPSK(16) +DPSK(16) +PSK(16)

REAL®4 2(181).,D2(181) _

B8=1.0 ’ ) . . K
D0 201 K7=14+%0 N '
DIST=8%3.141592 TN

DISTDG=B8#9C.0 - T

00 20 J=1.16 _ - .. .
DB(J)=J=1 '
GAMA(J)=10+%%((DB{J))*0.1)
DPSK(J)=0 +5* (EXP(~GAMA(.J)))
PSK{J)=0.5%(ERFCUSQRT(GANACJ)))) ~ '
00 100 I11=1,181

X1=11

 X=B* (- 3.:41592*(91.0—x1))/180.0
DZ(ll)mO.St(ERFC((SQRT((GAMA(JD)IBU/R))*COS(X)i)IDlST
CALL QSF(DIST/180.0,0Z42Z+181) ,

P1(JI=Z(181) n s v

DO 30 N=1e%+2 ’

NI=((N-1)/2)+1

WRITE(6+252)DISTDG -

FOFMAT(‘!"zox.'DISTR!BUTIDN Lxusz- -—'.Fa.a.///)
SRITE(6+22)N

FORMAT(/-IOX-'N"ol2-I//51"DB'-lOX.‘GANA'olOXs'Pl'-IZX-'FE'

c13x.-ppsn-.11x.-opsx-.1:x.-psx'./)
00 S5C J=1,16

P2€J)=0

Jpo 40 K1=1.N1

P2(J)‘P2(J)+NK*((l-Pl(J)lt#K)*((Pl(J))**(N‘K))
PPS F=29P2( J)*( 1-P2(J})

WRIT q?O)(DB(J) GAMA(J).PI(J)-PZ(J)-PPSK(J).DPSK(J)-PSK(J)I

FQRHAT(5XoF5o2o7XoF5c2.5(5X1El°o3,’
CCNTINUE

CCNTINUE

8=8-0h02

END

FUNCTION CGHE(N-K) . :
N1l=1 " -

K1=1 ’ )

NK1=1 ‘

DO 10 I=1eN

" N1=N1#]

D0 25 1=1.K
KI=K1%1

Na=N=K

0O 27. I=1eN4
NKI=NK1#1
CCNE=N1/ {K1%NK1)
RE TURN

END

D
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XX SAVED 14.05/ 76. dss/*‘%as
fﬁﬁ\\} )PRS PEILIP /.

\\ . ~96 - | ‘ R o

. APPENDIX Il -

APL PROGRAM FOR GRAPHIC PLOTTER ,

a

)LOAD PRILIP

VY PRILIP
(11 s16+0, 0pm+'SIGNAL'
[2] NOS+n,opm+'norss'
[2.5] PEX+[0,0p [« 'EXPERINENTAL PROB. 0G ERROR -
£3] RATIO+(SIG!SIG)+NOSKNOS
(4] DB+10x108RATIO
[5) PE«,5x%-RATIO
£6] trATIO!
(7] RATGO
(8] 'RATYO IN DB! _ y
(91 pB :
(10} 'PROBABILITY 0OF ERROR®
N [11] PE ,
C11.1] 'EXPERIMENTAL PROB. OF ERROR® , -
(12.2]) PEY -
[11.31] 'EXPERIMENTAL: \
- [11.4] DB DPLT (10ePEX)
(11.5) 'CALCULATED® .
[12] DB DPLT (10ePE) - Ve
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