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ABSTRACT

The effect of time delay difference ocurring between the rece:ved
radio signals on the performance of second—-order space diversity
combining systems (SOSDCS) using guadrature amplitude modulation (OAM)
schemes 1s studied. Radio frequency (RF), i1ntermediate frequency (IF)

and baseband (BE) combining are considered.

Models +to represent the combining systems affected by the
aforementioned phenomenon are developed and analyzed to determine the
impairment mechanism and the effect of corrective devices that can be

incorporated 1n the system.

Computer <=simulation of the above models was employed to determine
the performance of 64 and 256 0AM SOSDCS, with or without corrective

operations 1ncorporated.

It has beern found that when no corrective devices are i1ncorporated
in the system, small values of time delay difference between the RF
received signals render inoperable RF and IF 64 and 2256 0AM S50SDCS.,
while the degradation produced when combining 1s made at baseband, 1s

significantly lower.

A similar performance as 1n BB combining can be achieved i1n RF and

IF combirning by employing high precision phase compensation.
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INTRODUCTION

The number of bits per Hert: that a microwave radio system 1s able
to transmit has become & topic of considerable i1nterest i1n recent
vyears. In order to increase the number of bits that can be assigred
to one symbol., multilevel modulation schemes such as quadrature phase
shift leving (OFSH)., 8 phase shift teying (8FSH) and lé-ary gquadrature

amplitude modulation (16 0AM), have been developed [1-41].

Today higher-level modulation schemes, such as -2 and 64 0AM, are

already i1n use and 256 0AM 15 under development [S-107.

Radio systems using this Find of modulation are guite semsitive to
manufacturing i1mperfections and channel perturbations fi11—-1223.
Therefore, any countermeasure that can be i1mplemented to improve the

system performance 1s highly desirable.

Diversity combiming 1= & techmqgue that has been used to
significantly aimprove the performance and availability of microwave
radioc systems. Concepts and principles of diversity combiming
techniques., mainly applied to analog systems, have been i1nvestigated
since 1950 [17,141. It 15 well brnown that 1n second-order diversity
combiring =systems (S0DCS)., a carrier-to-noise ratio (C/M) up to = dE

higher than in uncombined systems can be theoretically obtained [123.



When diversity combining techniques are applied to digital systems,
problems related to time variable delay difference between the RF
received signals, caused by various fading phenomena, can become

extremely important when high-level QAM modulation schemes are

employed [12].

In this thesis, the degradation effect of a time delay difference
between the RF received signals is studied for RF, IF and BB QAM
SOSDCS. The performance improvement caused by using phase difference
compensation in RF and IF combining systems is also studied. Two
phase compensation methods to improve IF combining system performance

are presented and demonstrated to be theoretically equivalent.

Space diversity combining was selected for this study given that it
has been found to provide better performance than frequency diversity
when higher RF frequency systems are considered [16]. RF and IF space
diversity switching are not recommendable for digital radio systems
because of the excessive number of interruptions that would be produced
during switching, which in turn may be caused by fading. Space diversity
switching can be made at baseband but this is not an economical solution

since two complete receiver-demodulators are required [16].

Although our study 1is restricted to second-order diversity
combining systems and specific results are presented only for those

systems using 64 and 256 QAM modulation; concepts are applicable to



n-arder diversity combining and M-ary OAM modulation schemes in

genersl.

1.1 THESIS OUTLINE

The general principle of diversity combining and equations to
coempute error probability of i1deal &4 and 256 OAM second-order space

diversity combining systems (S50SDCS). are presented in Chapter II.

In Chapter 1Il a theoretical analysis of performance degradation
caused by & time delay difference ocurring between the RF received
signals in RF, IF amnd BB 0OAM GS0SDES 1s presented followed by the
determination., by means of computer simulation, of this performance
degradation 1in 64 and 2536 0AM  S508DCS. Ferformance improvement
achieved by means of phase compensation 15 also studied i1n Chapter

III.
In Chapter IV the computer programs employed to simulate 90 Mb/s -
4 GHz - 64 and 256 DAM SOSDCS, under different conditions of time

delay impairment. with or without the effect of corrective measures,

are described.

Chapter ¥ contaims recommended further research.

Chapter VI contains conclusions.



CHAPTER II

IDEAL COMBINING OF 64 AND 256 QaAM

SECOND-ORDER SPACE DIVERSITY SIGNALS
2.1 GENERAL PRINCIPLE OF SOSDCS

The advantage of combining two noisy signals, with the same desired
information content, but arriving at the receive end of a radio system
through two different path which are separated in space is well known
and lies in the fact that the noise signal affecting the information
signal can normally be considered as uncorrelated; therefore, the
combiner adds the information signals coherently (on a voltage basis),
the noise signals incoherently (on a power basis) and an equivalent
carrier-to-noise (C/N) improvement as high as 3 dB can be

theoretically obtained [12,13].

2.2 EQUATIONS TO COMPUTE BIT ERROR PROBABILITY Pb(e)

IN RECTANGULAR 64 and 256 QAM SOSDCS

The theoretical Pb(e) performance of 64 and 256 QAM systems using
rectangular signals sets can be derived following the standard procedure
employed for M-ary QAM systems in general (17,18,19,20,21]. The corres-

ponding equations are found to be:



For 64 QAM systems:

P (e) = (7/24) erfc \/(1/7)(Eb/NO) (2.1)

For 256 QAM systems:

Pb(e) = (]5/64) erfc \/(4/85)(Eb/No) (2.2)

Where P, (e) is bit error probability, erfc(x) is the complementary

b
error function, Eb is the average signal energy per bit and NO is AWGN

power density at the receiver filter input.

To appreciate the improvement effect that can be provided by a
second-order diversity combiner, let us consider the model illustrated

in figure 2.1, in which, under ideal conditions, we will assume that:
sl(t) = sz(t) = s(t) : Information signal

nl(t), n2(t) : Gaussian, uncorrelated and

equal-power noise signals



The combined information signal sc(t) is given by:

s (t) =

. s (E) + s,(8) = 2 s(&) (2.3)

2

The total noise nc(t) can be expressed:

nc(t) = nl(t) + n.(t) (2.4)

5

To determine the error probability, let us note that nc(t) is

also gaussian [22]. Then:

o = 0] + 05 = 20° (2.5)
Where:
Oi = G; = o? Average power in nl(t) or n2(t)
and:
cé = Average power in n_(t)



Received signal 1
(main)

sl(t) + nl(t)

O

o

Y

Combiner

Combined signal

sz(t) + nz(t)

Received signal 2
(diversity)

Fig. 2.1

= O

_Sc(t) + nc(t) =

sl(t) + sz(t) + nl(t) + n2(t

Second order combiner model



From equations 2.3 and 2.5 . the combined svystem cam be
interpreted., in relation to the urcombined system, as having a
half distance between levels, say 2A intead of A. and double

noise power 202 1n the decision ainstant. The probability Ip that
the no:se signal exceeds 1n magnitude one half the distarnce

between levels 15 therefore:

Op = erfc (2A/7 /202 ) = erfc (A/o ) (2.6)

Using p in the derivation of F'b (e) Ffor b4 and 256
DAM, the following eguations Ffor the combined systems are found:

&4 0AM

d { = -~ (D)7

F (&) (7/78)erfe %h/ ) (Ep /N ) (2.7)
256 DAM

' = 5 85) ¢

Py (&) (15/64) erfc \ﬁa/ 5) (Ep /N) (2.8)

By comparing these equations with those obtained for the uncom-

birmed systems, an equivalent Eb /No improvement of 7 dB 1s noted

31

s expected.

Pb(e) as a function of Eb/NO for 64 and 256 0AM uncombined and
combilned systems are plotted 1n figure 2.2. where the 7 dBE
equivalent improvement 1n E /NO can be ver:ified. (The corresponding

b

curves Ffor 4 0AM anmd 16 0AM are also shown 1n figure 2.27.
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1o

Pb(e) can be expressed in terms of carrier-to-noise ratio

in a given noise bandwidth (C/N)bw, employing the conversion formula

[23]:

(C/N)y = (Ep/NQ) /(£ /BW) (2.9)

Where fb is the bit rate and BW is the bandwidth in which noise is

measured .



EHAETER 111
RF., IF and BB COMEINING OF TWO RELATIVELY

TIME DELAYED 0AM DIVERSITY RECEIVED SIGNALS

Time variable propagation delay differerices between the two RF
received rays can occur 1n practical second-order space diversity
combining systems (S0SDCSY [24,25,261 and considerably degrade their
performance even 1n the abcense of multipath fading., unless some
correction operation. such as dynamic phase compensation, 1s i1ncluded
i the system [24&1].

Feher and Chan [273 have shown that a small amount of time delay
difference between the two i1nputs of & four—phase coherent phase shift
leying (PS5t) combinmning system. causes considerable degradation. More
sensitive systems, lite those using 64 or 256 0AM, degrade even more
under the same environmental conditions.

In this Chapter., we investigate the mechamism of degradation in RF,
IF and BR 64 and 756 0AM S05DCS when a time delay difference occurs
betweern the two FF received signals. A computer simulation—aided

theoretical approcach will be followed.

~.1 THEORETICAL ANALYSIS OF RF, IF AND EB DAM S0OSDCS
WITH A TIME DELAY DIFFERENCE BETWEEN THE RF

FRECEIVED SIGNALS

The main &and diversity rays 1n a S0O8SDCS are 1i1llustrated in

11
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figure T.1. pAbsolute time delays present 1rn  those channels at a
particul ar instant are designated by Tm and Td . respectivel y
Tm and -td are, in general, time wvariable because of daily
angle—of-arrival variations [26] and various fading phernomera L[153].

In +figure

. the way 1n which time delays Tm and Td atfect
main and diversity signals 1s 1llustrated by means of the phase
transfer function associated with each channel. To analyze only
the effect of time delay difference betweern the RF received signals,
the magnitude of the transfer function i1m both channels 1s assumed
to be equal to unity.

Equal time delays 1n the received signals do not cause any degra-—
dation 1n the combining system performance., hence only the time delay
difference 11 = 4T Tn will be considered 1n ow analysis. In this way,.
instead of the phase transfer function ¢m(f) =- an and ¢d(f) == 14 f 4

—

~
Ul R

1llustrated i1 firgure . affecting the main and diversity channels.
respectively, we will consider the difference phase transfer function
¢ () = —1f, also 1llustrated i1in figuwe .2, affecting only the diver-—

sity channel.

In figures .2, T.4 and T.5, RF, IF and BB S0S5DCS models for this
study are 1llustrated. It 15 supposed that the transmitting and
receiving filters are square root of raised cosine. with and without
n/siny equalization. respectively, chosen to assure
inter—-symbol-—1nterference (ISI) free transmssion and optimal F(e)
performance. t.e.: to constitute anm optimal Nygquist channel when time

delay difference between the RF received signals 1s not present in the
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)
Main ray (Eime detey m ‘ﬁ
a

}1 Diversity ray (time delay t,)

- !
Transmitter Receiver
site site
Fig. 3.1 Main and diversity rays in second-order diversity

combining systems (space diversity is illustrated)

$
(1) ~_
(2) ~ N\
SRR
\ ' RN
\ \ TN RF
(3) B RN band
: i S - £
RN - (3)
(13 0y (f) = - nyf L .
(2) o (£) = -1 £ \
(3) o(f) = - «f T S
(1= T4 T Tm) r\\\\ )

Fig. 3.2 Absolute phase transfer functions ¢d(f) and ¢m(f),

in the diversity and main channels respectively, and relative
phase tranfer function ¢ (f) = v4q(f) - ¢ (f), of diversity channel

with respect to the main channel.



QAM_RF main
Signal
iy R 14
RF Combiner > Demod.
ool 1T >
QAM RF diversity
signal
Fig. 3.3 Basic scheme of RF QAM SOSDCS
QAM RF main
signal
o > D/C >
‘ I
IF Combiner > Demod. ©
Q
o—>— T > D/C >-
QAM RF diversity
signal '
Fig. 3.4 Basic scheme of IF QAM SOSDCS
QAM RF main
signal .
°- > Demod. -
” —_— 1
' BB
Combiner
o0
- T > Demod. - Q

QAM RF diversity
signal

Fig.3.5 Basic scheme of BB QAM SOSDCS
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svetem. Details about this filtering strategy can be found 1n

reference [237].

In our RF and IF SOSDCS models. 1n which demodulation i1s made after
combination, demodulation carriers recovered from one of the combining
signals 1s supposed. For BE S0SDCS., where combination i1s made after
demodul ation, 1t 18 assumed that demodulation carriers recovered from
the corresponding signal are used 1n each of the combiming channels.

It 158 convement toc analyze systems of figures 2.2, 2.4 and I.5.

through their equivalent baseband models. To this purpose the comples

envelope concept [22,20] 15 used.

The csame transfer Ffunction HCl (£), qgiven by equation 2.1, was

(2]

found for beocth RF and IF S08DCS i1llustrated i1in figures 3 and .4,

L

to represent their eqguivalent baseband models between the transmit-

ting filter output and the receiving filter i1nput.

1o+ gdnEE T pusoy = 2 (BW/D)

Hoy ¢F) =§

el sewhere (Z. 1)

N

Where BW 15 the RF channel bandwidth.

Forr BE S0SDCS modeled 1n figure Z.35 the corresponding baseband

model transfer function ch(f) 158
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—32n £
e J s —(BW/2) £ § £ (EW/D)

HC2(-F) =<

O H el sewhere (J.2)

In the following we analyze the performance of RF, IF and BER
S0SDCS. For RF and IF combining & common analysis can be made because

of their common equivalent baseband model.

Z.1.1 RF and IF SQSDCS

The demodulated compley baseband signal, before reqgeneration, for

the two =systems under consideration can be written as:

(t)+ ( = . (E)+3qg, (£)JIxh (L)% (t) kh_ (&) (2.3
1g ©) 19 4 t) [1l(t) 19 ] hT‘t) hC1\ ) hR
Where 1o(t) and —qo(t) are demodulated signals from 1n—phase and

guadrature channels, 1i(t) and —qi(t) areyM —-level NRZ data signals at

the system i1nputs, h (t) ard hR(t) are transmitting and receiving

T

filter i1npulse responses, rbft) 1s given in the frequency domain by
equation .1 and "X%" 1ndicates convolution operation between two

functions.

Given the optimum—Nyguist—-channel characteristic of the

convolution hT(t)*hR(t) = h,(t), equation 7.2 can be written:

N

Y (t) = s
1O(t)kgqo t E1(t)+;q(t)3*hc1(t) (Z.4)



Where:

1{(t) = 1i(t)*h t) (5.9)

N(

gt

qi(t)*hN(t) (3.8)

are signals with the same or proportional values as 1i(t) and qi (),

respectively, at the sampling i1nstants.

Finallvy, from the convolution operation i1ndicated in eqgquation T.4,

it can be obtained that:

1O(t) = [i1()1 + [CDS‘%'fl(t—T) + sinw 1 qQlt-1)] (Z.7)
c
qo(t) = [qg{t)] + [coswCT gf{t—-t) - SlanT 1(t—-1)1 (5.8)

In equationse 7.7 and 2.8 the first term 1n the braclets can be
interpreted as baseband signals from one of the combining chamnels and
the other term 1n the braclets as baseband signal from the other

combining channel.

At regeneration, si1gnals 1o (t) and Q0 (t) are sampled and

regenerated.

When no time delay difference eixilsts between the two RF received

signals (1=0). there i1s no difference between the two contributing



terms i1n equations J.7 and 2.8, hence:

15082 = a1 () RPRD)
qo(t) = 2qg(t) (2. 10)
And. therefore:
1O(tk) = :1i(tk) (Z.11)
qO(H() = Zqi(tk) (5.1
Where tk (b=1,2.3,c.... ) are samplaing i1nstants.
As expected for this condition (1t =0), an eqguivalent T dBRE

improvement i1n C/N 15 obtained with respect to the uncombined channel,
1f uncorrelated equal -power AWGN noise signals are assumed at the

combiner i1nputs.

When T#0, the si1gnal from the diveresity chamnel, 1n both., 1 (t) and
o]
q o(t). 1s affected with respect to the one from the main channel 1n

the following way:

1) An atternuation cosuw,t1s introduced mal 1ng the system
performance to depend on the RF carrier frequency w .

and the time delay 7t.

18
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™

A time delay T 15 1ntroduced.

2} An 1nterference of the type ltnown as "guadrature distortion”

[30] 15 1ntroduced.

In conclusion., when a time delay differernce occurs betweern the RF
received signals i1n RF or IF 0AM S0OS5DCS, the same performance

degradation 15 1ntroduced and 1t depends. 1n general, on:

1) The amount of time delay difference 1

Ay

2) The RF band-center—{freguency {c

Z) The filter roll-off factor a

4) The system bit rate {b

Given this multiple dependernce a further general theoretical study
of performance 1s rather complicated. Instead, a computer simulation

study 1€ made 1n section Z.2.

Z.1.2 BR S0SDCS

To determine the demodulated complen baseband signal before

regeneration. gquation Z.3 can be applied 1f (t) 15 substi-

hcy

tuted by |1C2 (t) which 1= given., in the Afrequency domain, by



eocuation Z.2.

Fellowing & similar procedure &s 1n section T.2.0. 1t can
be found that:
10(t) = 1(t) + 1(t-1) (3.13)
qO(t) = g(t) + gq(t-1) (Z.14)

in section S.1.1.

Bl
n

With 1O(t). q O(t). 1(t) and qft) defined

It can be noted that performance dependence on RF carrier
fc as well as the guadrature 1nterferernce, which were present in
RF and IF combiming. have been eliminated i1n this case and

the only remaining degradimng factor 1s the time delay v between

the two baseband combining signals.

In section .2 we estend this study of BE SOSDCS perfor-
mance degradation, by means Of computer simulation. For the pre-
sent., we can expect that disappearence of the fast periodical
changing terms cos wCT and sin w T 1in  equations 5.17 and .14

causes a sigrnificantly better performance 1n BE S0SDCS when com-
pared to RF and IF SOSDES without correction. This 1s 1ndeed due
to +the corrective effect of using demodulation carriers recovered
from the respective received signals 1n each combining channel.

which 15 valid 1n this case.
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COMFUTER SIMULATION STUDY OF Fb(e) FERFORMANCE
IN RF, IF AND BE o4 AND 1546 OAM S50SDCS WITH A
TIME DELAY DIFFERENCE t© BETWEEN THE TWO RF

RECEIVED SIGNALS

This study will be made employving the programs listed inm appendis A

and described i1n Chapter IV.

The simulatieon 1s based on the compler BE eqguivalent models
presented 1n section T.1. It 1s made Ffor systems with an RF
band—-cernter—frequency fc = 4 GHz &and bit rate ¥b= Q0 Mb/s. These
values are representative of practical systems. Results can be used

for other wvalues of 4Cand f. by means of normalization.

b

Z.2.1 Computer simulation results for RF and IF S0SDCS

In figurez Z.6 and T.7. Pb {e) as a function of Eb/NO and C/N
1in the double =si1ded Nyguist bandwidth [Z1], are presented for
64 and 256 OAM svstems respectively. Values of 1 close to zero
were considered and 1t was found that for such small values of
T there 18 not sigmficant performance variation when different
values of o are considered.

To euplain this result, let us consider eqguations 2.7 and
Z.8, wvalues of 1 relatively small when compared to the system

symbol duwration TS. can be neglected 1n terms 1(t- ) and g(t-1)

because they cause little change 1n 1 (%) and qg(t). Then. egqua-—
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tions 3.7 and T.8, for such small values of 1, can be wraitten:
1O(t) = 1(t) + cos wch(t) t sS1NW.T q(t) T 1)
qo(t) = gty + cos W, T git) - sinw.T 1 () T.16)
And this corresponds to the sUppression of the effect
of other svmbols on the detection of = particul ar One.
To 1llustrate this 1n more detail, in figures .8 and T.9
we present the eye diagrams corresponding to 1T = O ns and 1 =

0. 0075 n=s, respectively, for the simulated &4 O0AM S0OSDCS  with
a= 1.0, In figures .10 and Z.11, eye diagrams corresponding
to the same values of T but using o = 0, are shown. For both

values of o, the effect of T 18 to compress the eye diagram

rt

(effect cf factor cos wCT in equations T.7 and 3.8) and produce
gight possible values (same values 1ndependently of o ) 1nstead
of one at any sampling 1nstant (effect of the quadratuwe dis-—-
tortion 1i1nterference). But no appreciable 151 has been 1ntro-

duced arnd the system performance 1s practically i1ndependent of o .

To containue with our study, we can infer from figuwes .6 and
.7, that very small values of 1 cause a complete degradation in
the system. Hevertheless, the appearence of periodic terms
cos wcT and sin W, T in  equations .7 and T.8 suggests the possiba-
lity of some tind of periodicity respect to t im  the system
performance. In effect, 1f values of 1 such that wo T = F2n (=0,

- are considered. equations T.6 and S.7 reduce to:

f dem g & = & 5
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io(t) = i(t) + i(t-T) (3.17)

q,(t) = q(t) + g(t-1) (3.18)

Where we can appreciate that only the delay effect of = on
i(t) and g(t) remains and affects the otherwise perfect periodicity
in performance. This expectation was confirmed by our computer
simulation when a relatively large range of values of T was considered.

A complete degradation was observed except for values of T very close

to k/fc (k=0,1,2,...), for which the system performance is gradually
impaired with respect to the one observed close to T = O ns. Typical
Pb(e) = f(Eb/No) curves for this case are illustrated in figures 3.12

and 3.13 for o = 0.4 and T close to 10 ns.

In figures 3.14 and 3.15. we present the eye diagrams corresponding
to T = 10.0050 ns for the 64 QAM system with a = 1.0 and 0.0
respectively. In both diagrams the appearence of ISI, in addition

to the quadrature interference effect, can be noted.
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Besides, Comparison of these di

0
i)
=
m
3
tn

reveal s that little

system performance dependence on o] cCan be expected.

In figures 7T.16 and T.17 equivalent Eb /NO or C/N degradation

curves, at Fb(e) = 10 « with respect to the 1deal case of com—
bimimg with =t = 0O, are 1llustrated for the simulated RF and IF
ol and 255 0AM S0OSDCS respectivelvy. A value of o = 0.4 was con-

sidered 1n both cases. These curves are presented as & function of
the band-center—frequency phase difference (fCT - expressed 1in
degree. where k 1s the integer number of carrier cycles in T.

To 1llustrate how to use curves of figures 2Z.16 and .17, let

us find the degradation caused by 1 = 6.0025 ne 1n our 464 and
256 OAM SOSDCS with o = 0.4, at Pb(e) = 10_6 . Im T = 6.00253 ns
the entire rumber of periods 1/~FC = 1/4GHz = O.25 ns, 1€ L = 24
and (fcr -ty = 0.01 cycle = 3.6 degree. Using the curves of
figures Z.16 arnd S.17. for + = 24 and (%CT—l) = .6 degree, 1t 1s

fourd thet the eqguivalent C/N degradation 11n the system perfor-

mance 13 1.7 dB for 64 0AM S0OSDCS and & dB for 236 0AM S0O5DCS.

Curves of figures Z.16 and 2.17 reveal that RF and IF 64 and

256 OAM S05DCS are very sensitive to time delay difference
between the RF received signals. Values of T as small as

.—6
0D.00775 ne cause equivalent C/N  degradation. at Fb (e) = 10 -,

in the order of 7 dB and 11.5 dB 1n &4 and 256 0AM  S0SDCS., res-—
pectively 1f systems with tfo = 4 GHz and ¢« = 0.4 are considered.

Values of 1 1n the order of S ns can be eupected 1n some

practical cases [24,25,271, which 1implies +that, unless some hkind
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o = 0.4 and fb = 90 Mb/s.
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of correction 15 made, none of these systems canm be used in

those cases.

Although similar curves evwist 1n the environs of any T = l/fc

4=0,1,2,...). those shown 1n figures .16 and T.17 are enough

to 1llustrate the basac trends of the system behavior at

-6
Pb(e) = 10 « which are:

1) Substantial degradation eitists for all values of 1 encept

those close to l/fc (=0.1,2..:0.

2) For relatively small values of 1 (with respect to the
symbol duration TS). the system performance., around

T = L/fc. 1s approdimately the same.

) For relatively large values of 1 (with respect to the
symbol duration TS). the system performance. around

T = I/-FC.l 15 1ncreasingly worse.

-2 Computer simulation results for baseband combining

In Ffigures .18 and Z.19, Fp (el as a function of Eb/No and
C/H 1 the double sided MNyguist bandwidth, are 1llustrated for
the simulated &4 and 256 0AM S0SDCS with o = 0.4 and different

values of T.
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In figure .20, equivalent Eb /No or C/N degradation curves
at Fb(e) = 10-6 are presented.
In figures .21 and T.22 we 1liustrate the eve diagrams

corresponding to T

10 ns, for the 64 0AM simulated system
with a = 1.0 and 0.0 respectively. The ISI nature of the i1mpair-
ment can be noted i1n both of these diagrams and a comparison of
them permits to conclude that lattle dependence

on a can be expected in the system performance.

Im all the Ffigures of this section we 1ndicate, 1n addition
to 1 . the corresponding value of (T /TS Y1007, in order to male
them useful to analyze systems with different b1t rates. In
thiz way., 1t 1s easy to +ind, from curves i1n figure D020, that

1¥., for example, eypected values of T 1n the system are i1 the

40

order of 9 ns., 1t 1s possible to use 64 0AM BR SOSDES with {b

as large as 176G Mb/s. without any Lind of correction
included, 1t an equivalent C/N degradation in the order
of 0.5 diB at Pb (=) = 10_6 1s tolerable. The corresponding
maximum value of fy for 256 O0AM EE 545DCS 1s 150 Mb/s.

.7 RF AND IF COMBINING SYSTEM FERFORMANCE IMFROVEMENT

BY MEANS OF FPHASE COMFENSATION

The degradation caused by a time varying delay difference between

the received radio sigrnals 1n RF, IF and ER S0SDCS, can be totally
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canceled by employing adaptive time delay limes (ATDL). An ATDL
continually compensates for the time delay difference between the
recelved signals but 1t 1s very difficult to design [273].

On the other hand . 1t was observed in section T.1.2 that by
employing coherent demodulation 1n each of the combirming channels,
which can be made for BE but not for RF and IF combining systems., an
important performance improvement can be obtained.

Employment of coherent demodulation 1in each of the combining
channels 1mplies & phase difference 27 {CT between the demodul a-—
tion carriers of freguency 4C « in second order combining svystems
wlth delay difference T between the combining channels.

It 1s obvious that for RF &and IF combiming systems., where
demodulation 15 made after combining the received signals, 1t 1s
impossible to tale advantage of i1ndividual coherent demodulation.
Nevertheless, for the tvpe of demodulation employed. the effect of a
phase shift i1n the democdulation carrier i1s i1dentical to the effect of
introducing & compensating constant phase shift across the signal
bandwith L[Z03.

The same bernefit obtained by using coherent demodul ation

in each channel of a BbB 50SDCS can then be achieved i1n RF and IF

SOSDCS by 1i1ntroducing a compensating constant phase shift o0 £

C

&acCross the bandwidth of one of the combining si1gnals.

In our computer progrem, phase compensation was simulated by means
of the appropriate subroutine. as explained i1n Chapter IV. Results
for the simulated RF and IF SO0S5DCS with phase compensation were

etactly the same as previously found for BE SOSDCS.
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The fact that analog phase shifters are not infimitely precise or
that discrete phase shifters provide discrete phase compensation, 15

studied 1n Appendix B where we determine the corresponding system

performance degradation.

In Appendix C an alternative way of obtaining phase compensation
for IF combining systems 15 analyzed and found to provide the same

system performance as the method presented in this section.
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COMFUTER SIMULATION

Computer simulation 15 a powerful alternative to thecretical
analvsis when, as 1n ouwr case, 1t becomes extremely complicated.
Therefore, computer simulation programs has been developed for this
thesis., to be able to entend our theoretical discussion of Chapter
ITI.

Im general ow programs are based on those given 1n the Digital
Commurnication Group (DCB) Report # 112 [Z21. Basic modifications
similar to those made i1n reference [21], to adapt the programs for the
study of 64 OAM system performance. were made to design the basic

program for the study of 2856 DAM system performance.
4.1 SIMULATION MODEL

Dur computer simulation model for OAM SOS5DCS 15 based on  the
equivalent baseband concept and 1s 1llustrated 1n Fi1g. 4.1. To
zs1mul ate both of the combining signals, a non—-return—-to-zero {(NRZ)
data signal was created using a pseudo-random generated sequence of
length 2. This date was then converted 1into the complex baseband
format with the i1n—-phase component corresponding to the real part of
the comple.: data and the guadrature component corresponding to the
imaginary part.

The tranmsmit and receive firlters are modelled 1m the eguivalent

low-pass complex format. They are phase-equalized root of raised
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n

ine filters., with and without i/sinmy amplitude equaliration and

roll-off factor a.

The filtering process 1s effected by using fast Fourier transform

(FFT) techniques. The complei baseband data 1s transformed i1nto the
frequency domain where 1t 1s multiplied by the comple: low—pass
transfer function of the filter under consideration and then

transformed back to the time domain.

A time delay difference between the RF received signals and wide-

48

band phase correction are simulated, in the frequency domain,
by introducing the appropriate phase variation in one
of the comoining signals, irn  accordance with models developed in
Chapter I1I1I. FPerfect or i1mperfect phase correction can be selected by

setting the parameter BETA to =zero or the desired value of phase
error.

In the case of BR S0SDCS the time delay difference between the HEEBE
received signals can be simulated also by rotating one of the data
zigrals by the corresponding number of sample intervals.

Operztion of the combiner 15 simulated by adding 1nformation
zi1grnals 1n & voltage basis and noise signals 1n a power basis.

In the receiver, the detector 1s represented by a sampler and
threcshold detector. The sampler 18 simulated by & syrnchronization
subroutine which samples the data 1n points as close as possible to
mai1mum eye opening.

Finally the program calculates the bit error probability ﬁ) (e)

for different values of Eb /NO « assuming the noise present at

the decision point 1s & Gaussian signal. The method of calcu-



lating Pb(e) as a function of Eb /No 1s explained 1n section 4.2.
Adequate subroutines to plot Pb (e) versus Eb /NO performance

curves and eye patterns are also 1ncluded in the program.

4.2 FROBARILITY OF ERROR CALCULATION

In the «calculation of probability of error performance of digital
systems. one essential feature 1s the inclusion of the combined effect
of i1nter—-symbol—-interference (I51) and rnolse. ISI tends to be data
dependent, for this rtreason and 1n a strict sense, the data sequernce
used i1n the simulation must contain all possible data tramsition and
the number of transitions must be balanced so that &ll data
tramnsitions are given equal weight 1 the determination of F(e)
pertormance [211].

On  the other hand. & large number of samples per symbol must be
used 1n high-level 0AM systems to assure adequate precision in the
selection of the sampling i1nstants &t detect:ion.

Necessity of a large data sequence and number of samples per
symbol, plus the fact that as the total number of samples handled by
the program 1= 1ncreased 1ts operability 15 reduced, made us to
1initially test the programs with different values of sequence length
and number of samples per symbol. 1n order to determine practical
values to be used i1m our simulation.

Feasonable results and operability were found uwsing a sequen-—

11
ce length of 2 and 64 samples per symbol, 1.e., handling a total
rumber of 2 samples per signal 1n the programs.

Once the set of points corresponding to the sampling instants has
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been selected by the syhchronication subroutine, the detector
separates the complev received data 1nto 1ts two comporment parts
\in—phase and quadrature) and calculates, for each symbol., the
probability that the corresponding space diagram point 1s out of the
correct decision region for a specified value of Gaussian noise power

at the decision point.

Once the svymbol error probability Ffor the selected range of

nolse power 15 obtained for each symbel., the detection sub-
routine reduces them to bit error probability, considering & Gray
code scheme and computes the average value oaver the entire

symbol sequence. relating them to the corresponding Ep /Ng value
in an 1deal uncombined system.

Specifically., for a given value of Gaussian noise power N, the
average bit ervror probabilaty Pb(e) for the M-ary 0AM system (M = 64

or 256 1n our case)., 1S given by:

n
(1/n 1092 JMoD E Pi (e) (4.1)
i=1

Where nm 1s the total nrnumber of symbols i1ncluding both., i1n-phase

T

(e)

i

and quadrature comporents and F; (e) 1s the error probability of
th th

the 12 symbol . I+ the 1 transmitted symbol 1s an end point

{(those 1n-phase or quadrature symbols for which the transmitted

value was & positive or negative entreme), F. (e) 1s given by:

i S

F. (e) = (1/D) erfcl(5; - TH1; >/ 2N 1 (4.7
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And. 1f not an end point. by:

(1/2) er‘fc[(gi

(1/,2) -

erfcl (THZ,
1

th

Where §i 1s the magnitude of the 2

the complementary error function a

TH1i 1s the magnitude of

1th

the 1 ower t

to the transmitted symbol, TH

upper threshold level corresponding

symbol and N 1s nol1se power

- THL; )/ Y& ]

S; )/ JonN o] (4.7)
symbol sample ., erfc () 1s
s in equations 2.1 and 2.2
hreshold level corresponding
2. 15 the magnitude of the
to the 1th transmitted
at the decision point.
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CHAFTER V

RECOMMENDED FURTHER RESEARCH

Our study was restricted to systems 1n which only time delay
difference between the RF received signals occurs. In practical
svstems, amplitude variation can affect the combining signals malking

necessary the usage of amplatude gain control (AGC) devices.

A logical second step 1n this research 1s to study the effect of
amplitude variation of the combiming signals when AGC circurts are

emploved 1n the system.

A possible further step 1s the consideration of combiming signals
affected by multipath fading and/or interference i1n addition to time

delay difference and/or amplitude variation.

The programs used to simulate basic 64 and 256 0AM systems are
estensions of those developed 1n reference [221 for 1l ower level
systeme. Froblems observed i1n these programs. specifically the very
long computing time caused by the synchronization subroutine and
inoperability resulting when the total number of samples handled by
the programs 1s increased., male desirable to investigate and design

particular programs for high-level systems.
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CHAFTER VI

CONCLUSION

RF and IF second-order space diversity combining systems (S0S5DCS)
with high—-order O0AM modulation schemes are very sensitive to time
delay difference between the RF received signals. A few nanosecons of
time delay difference render i1noperable these systems.

Corresponding BE S0SDCS are much less sensitive to time delay
difference but twice as many demodulators and combiners are required

in comparison with RF and IF SOSDES.

High precision phase compensation for the band-center—frequency
phase difference, across the signal bandwidth, males RF and IF
combining systems +to exhibit the same Pb (e) performance s BB
combining systems. i1ndependently of the carrier frequency employed.
The maximum permisible bit rate i1n the system 1s a function of the

time delay difference and the required bit error probabilaty.

High precision phase shifters required to perform the phase
correction operation and the fact that phase correction 1n RF
combirning systems must be done for all the frequency components in the
RF sigrnal bandwidth while 1n IF combining systems RF single freguency
phase correction can be i1mplemented, male IF combining systems more

attractive when practical realization 1s considered.
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Ferformance and sensitivity curves determined 1n

Appendix R, respectively, facilitate the design

Chapter

I1I

and

of second—-order

combining systems with ©4 and 256 0AM modulation schemes.

time delay difference 1 statistically | nown.

when

the
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AFFENDIX A

FROGRAMS TO SIMULATE RF, IF AND BR &4 AND 256 0AM SOSDCS

In this Appendix we present listing of the computer programs which
were used to evaluate the performance of RF. IF and BE 64 and 2156 DAM
S0SDCS. The subroutines which are essentially common to the programs

are listed only 1n the +virst program.



c““'.‘.‘..lti"..'t“'.“.‘ltt‘.“l‘l"#-t..'l‘."..".“.l‘l

c PA0OGRAN TG SIMULATE THE P(E) PERFORMANCE CF 64 QAM
¢ SECONU~IRCtR DIVERSITY COMBINING SYSTEMS
c c= = XF CANRKIER “REQUENCY
c T? = TIME DELAY 3IETWEEN RF RECEIVILD SICHALS
¢ BETA = PHASE ERKROR IN PHASE COURRECTION
Aa = ZQUIVALENT ATTENUATION OF THE COMBINED SIGNAL
g THA = THRESAROLL ADJUSTMENT FARAMETER

“‘“OO‘U.‘.““I..l‘.t'l“““..".“.‘C..l“l‘l“‘t‘#l..‘.‘

COMMON /NUMBYY/ LECIM,LSANMPL

CIMmQON /NUNMB2/ BAUDZALPHA,FB W

COMA( N /NUMB3/ NSYMB Z NSNRJNERFOK

COMMON /NUNB4/ F

COMmDL /NUMBSY/ B

CaOMPLI X SATAlL(13

ClI~PLEX DaTAa3 (13
C &
AY

Py

-—cm b m
W0 O -4
e >
-7 NN

. )
<~ -
N A
nToMmn
B0 2l IR |

»r o)X

ODIMINSION XARR

[VITTIaLl2E PROGKAN,

(e X e X2l

3ZTA=D
NERROR
LSAMPL
LOIw=1l
34Ud =1
ALPHA=L
F3lax 7.5
NSY¥B=23548
NSNR=3F

NRUNS=S

wrip il He
[Way
-~
~n

e o 0wl

>

*3,90)
Ol )Is(FER)

DM
bl TR T VI ]
£ A~~~ &

'
O

v

IMULATION QOF 64=QAM COMIINING'/)
LSAMPL yLLOIM,BAUDy2LPHA
11 A
A

WTNe Nie 4= VO

MPLES PEK SY~BOL=.OI“!,SX"LDIM:-.'I7,/
TE=' 4F 742 ,/5%X 3 ALPRA= Y F7,2,7)

fm

TND OF INITIALIZATION.

STARIT OF CCHMPUTATIONS.,

0O0Nno0Oo0

Cale RCIOSTX(TTTX)
CALL RCOSRKRX(TFFX)
Call HhGG{(TFRXyFNOTSE)

CTHANNEL 1

e NaNe!

i
ﬂ\ﬁ%ﬁ
CO» prs
D rr
L= rr
» m
4 ~mTm
-2 =Q
t—e
S =&
® NG Ma
- J«TO
- e - P
mmoO O
20> > >

anp o=t P
> pw
a4

179

[}
-
m

(9]
(o]
fos
w
>»
A
T
"

1,NkUNS

-
»

FrEelHPer =P £
m
r
N

o000 o

"\
U.
» -
-
>
»T
4

-

21

V-lao”

e O N £
<€ -

AP anNMZ -
ANV TNARS OO 2 -

VE LR

>Prr=-l1lrUunaurQ

-
v

MmMOMO

L K

OO0 HMAA»r<A<N0JI (9]
[a 2R

HTHOTO P ~=C
Srolf ivaesaDi=n
M- O~ e200~X
m~Mem MeamilgOs - I

O D ed P> OO A=
P~ ONR

Qe
PRPr0O0POLOS N

3

rr

rr

N T~ N~
. e pPe
A ) -
—e MNe M
ey D 4



57

¢
g 473 THE Twl LCATA SIGNALS
DI 431 I=14.LLIM
491 DaTa3(I)=(LATAS{TI)}+DATA2(I))/2,000000
g Call ATA(UATA3 AL}
c SZCIONING {THE COM3INECL CRANNEL)
c
CALL FILTENRIDATA3,TFRX)
CALL SYNCHKC({DATA3,PNOISE yNT o NC ¢MI I, P,y Tt a)
C CALL fYEQI(CATAZ)
CALL BRECCUiATA3,PAIISE MI G MQ NI JNQEINDPFIFR THA)
c
c CALL THE LkACINS ~OUTINE
c
DC 157 I=1,NSNF
XARRAY (T)zERNGLL)
457 YARRAY(I)=FeX{I}
SALL Uraw(XARRAY yYAKRAY KM NRUNS]
158 CONTINUE
STOP
)
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C""Ouuooo;.o...‘a.-m;ot;ttt.tottoottto-tooc'ott‘o-vttttoooo
c RAISED COSINE FILTe=R wITh ARBITRARY ALPHA
C® 0t 0ttt 00 080088 CT R IC0 I INETIROIBELISETLIELARLEL vE i s oenEssnn
SUBROUTINE NCOSKXI(TF2)
CaMPLEX TF2(131v72)
COMMON /ANURMBLYZ LOIN,LSAMPL
CIMMON /7ANuUNMB2/ BAUD,ALPHA ,FBw
SBANOA=3AUC®FLLCATILSAMPL)
NO=LODIM/2
NO1=NO*L

IF {ALFHALEQLs0e3) ALPHA=ZQ0.,0001
FN=LDIm®s (FBw/SBANDW)
Flsl1l,~ALPrA)SFN
F2=(1.4aLPHr)BFN

IFNZIFIX{FN)
IF1=TIFIXK{FY)+1
IFRzTIFIX(Fc)+]

A4PLITUDE CHARACTERISTIC

o000

u

O o | =~ W

/{2.*FLIATLIFN))
Xl1eCTyU,o0)
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SMPLX( r

SCRTISs5%(21.0=-51In

- >

TII)/FLO
Al) ) 0 C

-»

13 CINTINUE

NO2=NOI+2

DI 53 I=402,L01IW

TF2II)=CONJGITF2(LOIMe2=1)))

5 CONTINUEZ

RZITURN

END
CHEE 8388882034800 30808 060 B eRtersdsPbetts s tttdesnessskvissen
C THE FOLLOWCING SUBROUTINE PERFORMS THFE FILTERING
c PRDCESS ON ThHE DATA SEQUENCE.,
COHET S AU E SIS0 0GP ORSERI NS LSS ESISREESI IAN It sttsrBsRNFERRES
c

SUBIDUTINE FILTERIDATA,TF)
COM2LEX DATA{13107 2).?F(131072)-
IOTHENSION TwK{l8)
COMMON /nNJNMBLl/ LDIMyLSAVMPL
CALL FEFT2CICATA,17,1Iv¥wK)
DO 1 lei,LDIM

1 DATALTI)=CONJGIDATALII*TFII})
CALL FFT2CIDATA,17,1IK)
D) 2 1=1lyLDIm

2 DATA(I)I=CUNJGIDATA(IIV/FLOAT(LDIM)
RETURN
END



C 2 e n gttt s n 8o 80 ¢tV SIRRCERBRRRAER ST RIS EED AR EBKROREDS
c THIS SU3RGLTINE COMPUTSES THE EFFECTIVE NCISE {(PNOISEN
C AT THE OJUTPUT G THE RECEIVE FILTER
c".“.“.00)‘.‘.0‘..‘.““""."“‘#t‘U‘.“‘Ol‘...l‘ttl
c
SUBROUTINE HHGG(TF,PNOISE)
CUMOLFX TFI131072)
COMMON /NUMBL/ LDIM,LSAMPL
COMMON /NUNB2/783AUD . ALPHA,FBW
SUMz=0,0
SHANDw=B8BAUD®LSAMPL
DO 1L L=1,LLIM
AH=(CABSITFI(L)))ee2
I SUM=ZSUM*tRhH
PNOISE=SUM®SBANDW/FLOATI(LDIM) /72,
4RITE (5,2) PNOISE
2 FORMAT (53X, "PNOISE=*,FT7,.3,7)

RETURN
END
c
c
CPE 88 008300003003 00¢0 2000 0t NP YIREIERUBIRILIELEIBLRERINISORRETERERISETN
c 8IT ENERRGY COMPUTATION

C S5 6069 20800 38 4+30000v ¢t 8¢t PERERNSLE NPEIUTSIIELIvRORBOLIBaEns S
SUBROUTINE ENERGY(DATA,EB)
COM2PLEX DATALL)

«eATTS=Co.

COMMON /NUMPBLY LOIM,LSAMPL

COMMON /NUMA2/ BAUD,ALPHA,FBW

DI 1 I=1,L01M

CATT Sz wATTS+{(CABSI(OATA(T))) *n2,)
1 CINTINUE

dATTS=aTTS/{FLOAT(LODIM))

EISAATTS/(6.88A0LD)

RETURN

END
CE88 05 4CE3 6040220389058 0ERREER SIS UIITURICIIBIRDIEVSETLIREIIRIGS
c THIS SU3ROUTINE GENERATE A BASEBAND 64-QAM SIGNAL

C R 3848658520 C¢R A4 TCPSPREINVERDRSOCIECHSRLRSIEGSDISIISOIESISINDS
c
SUBROUTINE LOE4{ICATANI,NQ)
CIMPLEX DATA(1}
CIMENSION NIl(2C
CIWMON /hMUMKBL/ L
0aTa IT1,IT2,IT7T3
DATA kkEG.NODT F

48 ) gNQLI2C48) g X (38),nY(38),NI(1),NQILTI]}
DIMGLSAMPL
s IT4/72,13,C,07
/711, 3/
NO=4REG
NVM=N0-2
=NO+3
N2z=N0+2
N3I=ND+3
N4&=NOC+4

ANMX=2#sND
NMXL=NMX=]1
ND2=IFIXIFLOAT{IND)Z22,)
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NY (N1)=NY(ITL1)
NY(N2)=NY(IT2)
ISUIT3,5T.C) NYIN3)I=SNYLITA)
IF{ITA4GTeC) AYINL)ISNY(ITS)
D3 37 I.=14NM
NX(V1=I1)=NX{NO=TI1)
NY(N1=I1)=NY(NO=TI1)
37 CONTINUE
AL IENDIINLISNX{NZ)ENXIN3) *NX (N&)
NYL1)=NY (NTI)SNTYIN2Z)BAY (N3)ONY (N&)
NI1(x)=nNXx(1)
NALUK)I=NY (1)
36 CINTIANUZ

NTL(NMx)==1
NIL{NMX)==1

c

¢ GINIRATZI THE b4 QAM DATA

c
K1=1
K2=3
K3z=5

M1z288 {MCOTYP-1)

v2=vQDYYP=-1

M3z=)

IF(MODYYPLEQ.3) wv3=1

D0 100 I2=1,NMX

3.6TANMX} K3=1

GTeNMNMX) K2=1
ENTI(r1)OMI+NTLI(K2)ENMZ2ENTLI(KI) M3
SNILIRL1)OMISNQUQLIIKZ2Z)*N2H4NQIIK3)eMm3

LIAD INTO SAMPLE ARRAY, LSAMPI SAMPLFS Ptk SYMBOL

OoONno

Ji={I2~-1)¢LSAVPL+1
J2=I2% L SAMPL
00 191 JU=J1,J42
JATA(J)I=CMPLX(FLOATINI(I2)),FLOATINI(IZ) )
101 CONTINUE
Kl=xX1+1
K2=K2+1
3= 3+
103 CONTINUE
RETJIRNM
END '
Cc
C“"."“..“l"‘..“tl.“.#“.t".‘ﬁ.““‘#.‘t.*‘!.‘t.J.#....‘
c THE FOLLOwING SUBROUTINE SYNCHRONIZES THE FRECEIVED DATA.
CeE2 S 3388068 S 6388282583508 88860F R8RSR RESRBREESBENITEESLBIBRFESES
o}
SJBROUTINE SYNCROIDATASPNOISE NI NQyUIZyPLJEBy,THA)
INTEGER Q7FLAG
COMPLE X DATA{1l),AMP
DIMENSION NIG1)gNQL
COMMQON /NUNMBL/LL IV,
OMMON /NUMB2/ BAUD
OMMON /nwUNMNI3/ NSYH
NZRROR=0 .,

LPHA,FBw

1)

LSAMPL .
A .
sNSNR4NERROR

c
c SYNTHRONIZE ThE RECEIVED DATA
c
411 NOLD=0O
NOF=20
K=1
300 CONTINUE
NEd=0
DI 200 Jz22 yNSYMB
Ji=xK+(J=1)sLSAMPL
IF(JLeGTLDIMP) Ul=Jil=LDIM
AXBARTZREALIDATA(JL))
AYSIAR=AIMAGIDATALJIL))
SSSAXBARSNILJI)
IF (5SS ¢GTae Oe) NEC=NEWE1
SS=AYBARENQ({J)
IF 1S5 4GV, 0,) NEWSNEW+1
220 CONTINUE

60



o000

o000

389

260

2490

230

IF(NJLY.,
NOLOD=NE
NJIF=K
<=xKe¢+1}
LFU=2#pr3

Gr eNEw) GO TO 399
ymn

SHIFT ko

2
A
» N

e v
-
-
>

[ o8
~ Huo

- 2 -
C
M7

A
(VR o]
N
W N
) -

TP e~
T P e U

v
QU Brs Mo o
w

» DU MNULOUT
H

F IR TRV e A B TR

LS o

-
H=FOWwDeZr»Prn2Z2ez

L ZLOopurmidg OO0
-t

OUT 2O~ Ne
cCNCc-

aNT
DATA
CINTI

z
]
»>
T
hy

JPTIMIZZ Tre 34*PLING

+ 1.

D O Dbl

-~ 2
CmU= 00
0 » s
> Ty v -

2~

~

ow

L]

s

W

e o ot
Fe o e o= 2

UM Loy Z ~4—
® » O “AX N e~
W eyt <

W n

K=14AMNSYME

ThHaT AO SAMPLED SYMKROL
AL SANMPL ¢+J
LoIm»M) GC TC 2

[ ¢

Celvil L ATA RIGHRT ULNTTIL

LTeLFULUGAND R LE LT IM)

INSTANT

ALL Sy™Mas(@L S

GO T3 300

IS IN EFRRCFR

ARE LINEEL UF

L]
ZAL(DATA(IJLYY)
I aG(DFYT ALJT)

LICATA{J1+1))
VAo (DATALJIL®]

» M
- >

V/
) )

L e

V72,

HPPLHCC<OIMT e VTN <M T L
N X ML ULALUHM P00

- D@~ D

+LDIM) GO TO
Eal {LATALLOIVW
IAG({DATA(LLCI

FEAL LD AT

Paxy] (1
+AJIMAG(DATA

» »
- X
3w
-+

/2 e
21

o e o T T

PrHXem Ui p rLPILamHNOUS 4L =0l
e T HOPPINWE 4G P UP OO -
p -
7
-
-

PPEHN BN XD D= TN XMV ¢« CrpiMpp i

TON UPPPBNONHe

&P DIl =D Q

sECe 7.0

IF 5
PXoGE e THRZI

30 .
{
Le o THRI I

NUlRh)P)eAYIAR
ve) INDEXG=1

-~ P »
IXT X s
QLY O
WO <

~
n

r
COH U B> P

740)

.
PYoGE LTt r2 *PYLJLE.TF¢12)) JINDEXQ=2

o w L. B oo

LZ e THRIC)

« 2P ETOaprLoOB N
THCH PPV - T
oY -

-

L]

J

[
) L ey e € -y

cozZwv

"nTMe~NTeTmM

_~—2 T -
et Bt

fad
-~
i h
m
~
-+

Y


http://IFdNDfAl.Ea.il

(e XeNe]

c

65

70

N
U~

a o
~ o

b3

39

261

262

263

COMPUTEL THE PROBABRILITY OF FKkROR FO? THIS SYMBCOL AT EB/NO=18DB°

Di1=a8s5(AMPX=-THR]1T)
ARG=ZD1/(SIGHMA®SQORT(2e))
CHECK IF ARG IS LARGE INWHICH CASE PE IS INSIGNIFICANT
IF (ARG,GT ,32,) ARG=12.,
FIz=Z1 ¢ ENFCLARG) /2.

IF (IT7FLAG LEQe 1) GO TO 6%
D2=ARS{(THR2]I=AMPX)
ARG=ZD2/1SIGFACSQRTI(2,.))

IF (ARG.GT 4124} ARG=12.
£Iz=21 ¢ EFFClLARG) /2,
D1zaBS{AMPY=THR1Q)

A G=DIL/(SIOMAGSQRT (2,1}

IF {ARG.GT 12, ARG=12,
EQ=EQ ¢ ERFCI(ARG)/Z2,

[F (QTFLAG LEQe 1) GO TO T7T¢C
D2=ABS ([ THR2Q=AMPY)
ARGZD2/(S1IGMASSQRT L2 .1

IF (ARG,GT.124.) ARG=12,
E3=2FfQ ¢ ERFClLARKG)Z 2,
CONTINUE

IF(EQ]l1.LE.EI} GO TO 75
EQI=EI

MI=J

dRITEL(S,67)1v]
FARMAT(LCX ,'mMIz? T14,7)
CINTINULE

IF (EOCU.LELEQ) GO TO 8¢
£J3=Eq

myzJ '
«RNTE(S5,68]1M2
FORMAT (10X ,'"™M0=! ,T4&,/)

CONTINUVE

MOFFz=IAa4S(wm]emg)

«RITEL1S,63)MOFF

FIRMAT (10X ,12,/7)

IF(NMOFFeNELO) sRITE(S5,90) MOFF
FIRYAT (99X, 'SAMFLING PUINTS FOR 1 ChaNMNEL CIFFER ay!?,
=T24' SIXTCENTHS OF THE SYMBOL INTERVAL', /)
PUZTLOAT(MI)

¢eRITE(S,2631PM )

FIRYAT(1uUXx,'Pr=! ,FT.23,7)

PFZFLOAT(NCF)

eRITE(S,202)PF

FIRMAT(1LCX 4 'PF="' ,FT.2,/)

PLEFLOAMT (LSAVMPL)

«RITE(9,263)PL

FORMAT (1LJX 4*PL=",F743,7)

OFF=(FLOATI(MI) ¢ FLOAT(NOF))I/FLOATI(LSAMPL)
vRITE (5,64 )0FF

FORMAT (LCX 4,F7.3,/7)

¢QITE(S,9%) OFF .
FORMAT($X, *RECLIVED DATA IS DLLAYED BY *,F7.,2y"' SYMBOLS'y /)
METURN i .
£ ND !

CC‘.“.‘..".‘........O."".....Q.‘l...“".‘.‘0‘.......’....“.

c

THE FOLLOING SURROUTINE DECOLES THE RECEIVED DATA

Cosesesssosesn 450 00000000068 00800¢0DR0CPIPVRLIBISIIIENRIOGSOININBSAOSOEPSIOIERIITPRTLETES

SJBROUTINE DECU (DATAPNOISE ¢yMI g QNI NQ,EBNOyPE,FB,yTha)
CIMPLE>» DsTA(1)

CIMENSION EENGUY ) PE(I Y sNI(S)yNQ(]))
COIMVMON /ANUMHLYZ LOIM,LSAMPL

COmwmQON /NUNKB2/ BAUD,ALPHA,FBo

CIMMOUN /NUVMBI/ NSYME NSNRGNERFOR

“ERQIORE)

D) 1 I=1,~nsAR

PElId=C,2

CHECR AND COUNT ERPAROKS IN THE SAMPLING INSTANTS,
PT ZONMEFEUTATYTION

DO 2 Kz=1,NSYMB

Jlz(h=1 )L SamPlLen]

J2= (K= ) oL SAMPL ¢My
AXYAR={<LAL(DATA(JL) I 4REALIDATA{JL+LI NI/ 2
AYBARE (AIVMAGIUATA(J2))¢AINMAGIDATA(JZtI)D) )Y 2,

62
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1¢

11

14

[

INDEeXI=2

OVI=FLUAT(NT (n) ]} 63
THRL Tz (Ov1I=140)2({THA)

THI2I = (DVIetL ) ® (THA)

IF(IVIaZICaTe) GG TO 3

LFLOVIscw.=T,0) GO YO &

TFLlARAAR CF o ThRr2T) e CRJIAXPARLLE.THRITII)Y INDEXTI=]
53 10 s

IF LA "AQ,LETHh1I1l) INDEXI=1

G) 1vn ¢

I (AL PARGSFLSTHRII) INCEXI=2

CSONT INvUL

INOt X2z

OVQ=FLLATINMQIX))

TRRLO=SIDVI=1,L)¢ ({THA)

THR2U= (OVCe_o0)® (THA)

JFAOVC 42 3e743) GO TO 6

TFILIVUYUe-Qe=TeC¢) GO TO 7

IFllaYypsarReut ¢ THRK2IV,CR.(AYFAK,LEWTHA1IOLY) INOEXQO=1

ﬂ
(]
CC? Orprm0 ¢ ¢ e~ NN

51

IF(aYrAI Lt sTHn10) INOEXQ=1 ~

3) 12

1FlAaTAaleul «THI2Q) INDEXO=.

ZIANTINUS

TFUITANDEXT aEQ,1) ¢ ORMUIINDPEXQ4EC a1l ) WEXRGOGRZNEWRORS L

CIMP JTE T~f PNCEARILITY CLF ERQCWK FOw THIS SYVMBCL

v) 9 ME1aNSAw

PEIL=C4)

Fel2=vaeld

PZQ1I=J49

P2Q2=o.49
VARTARNZPNOISF OF s (1C,80{=0,12FLOAT (%)}
SISVASSQW!I {VAaR]IANY)
[FDVIEZve=7e,) GO TO 1C
OlzAX3dAl=T+rw~]il

D1=4vS5(1D011)
AGz0VY/(SIGMARSQRT (2,.))
IFIlAaIG.GT4s12.0) ARG=12.0
PTL=FRFCUIEmGI/240
IF(3VIeZiel4u) Gu TC 11
JILI=THR2I~AaX3 Ak

D2=a8S¢(011)
AwOzD2/7(CTIOVMASSCRTLZ2,1))

IS (ARG ,6T,1zsC) ARGT1Z,08
PZI2=CWFC(A=G)/2.C
IF(ODIT . LEevev) PFI2=1,=PEL1Z
PZII=(PELLI¢FiT12)/7 3.2

IF(IVL eETa=Ts01 5L To 12
DIzayYla3=TrwlN

JL=ABS(DI)
ANGTI1I/Z(STIOMAesUnrnT{240))
IS(APG.G‘oiEoUl ARG=12.0
PEIL=FEFCIARGY/Zal

[F DLl avsealfi}l FPIG121,0=-PEQ]
LF{3VCZeZJdeTec) GO TC 13
VII=THR2Q=AYAHAR

N?2?=0RS (D11
AR3=D2/7(310FASLCST I24))
[F(A?G.‘ST.I(.O) AHG=1?.O
@I ZERFCLANGI /26
TFEDT 1 ,LF eCev) PEGQW2=T140=PFQ2
pIRElRrt A1ekFrQR) /3.0

IF (2 T .LTeleb=1%) PEIZIAQ
[P C LT alet =35) PECSVULL

P oMl skl (ML PL T ARG 200
CUNT It UL
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PELIV=PE(IV/FLUOATINSYME)
14 THNO{IN=FLOATLI)
wAITE(5,15)
15 TuRuaT (5x, e /N0y LCRy"PROKF, OF ERWNORY,7/)
eRITEZ(S5,16)3(2bB0D(Y) 4PE(T) yI=14MNSNRY
b FBQ%AT(1X,F:.l.13X.513.5)
«RITZ(541?2INLKRIOK
L7 FUORMAT (/353X 'QKRCKkS=Y,15,7)
RITIRN
IND
c
CP P64 86864003 0538000300088 ¢80 do 020080808 ves sttt tanstittsestssnd snvesnsn
Cc THE FOLLOWING SUBRIOUTINE INTFCDUCES A TINME DELAY
o DTFFFIeNCo TD Rr TwEEN THEZ TelU RF RECEIVED SIGNALS

Colw B X8 s aB0 8000 002U OCEd PRREEFRINY I PLOUNYE OO NR OGNBOLULIEEENENRES

SJUBROUTINz TRELITDWCFyTF3)
CSAAMON /Zwurn)l/ LIT 4,0 cAamPL
SUMMON /wuMB2/ o aud, ALPHA,FI3W
COMPLER TF3(133072)
SIANDeZFLOATLSANMPL)Y®PAVUD
5LP=-213‘301“1552‘TC
NIL=LDIM/ZZ

DC 1 =1 4,801
PHIL=(SCLPIE(ICF)I+(LFLOAT(I=11*S3AND4Y /(FLCATILOIMI+1,.,CY )
TF3IIT)I=CrvPLX(COSIPHIL) ,SINIPHIL))
1 ZSIOINTINUZ
D3 2 I=ND2,LOIN .
PAI2={SLP) S {(CF)=({FLOATILLIM=I+2)*S3aNl w)/{FLOAT(LDIV)+2eC)})
TF3(IN=C~PLXICUSH{PHIZ2),,SINIPRIZ))
2 IZAINTINUVUE
NITUPN
END
C
Ce98 20858500 o0 usdlsbisdrtavaOeRt Tt es s dsRaRvddnsdssssndoosssx
c THZ FOLLOeINSG SUAFRIUTINE CCMPEANSATES THE FHASE
C DIFFERENCE BcocTeEEN THE COMPINING SIAOGNALS, IN &
c valLJszs ZaUAL TO THE BAND-CENTER=FREQUENCY PHASE
(of JIFFERENCEy, ACKRDUSS THE SIGANAL RANDWITH, !
CRFE e a88 836606808 IBELRLERLUDIASLEDELL EEEB LTS ERILEREDLEDSERBLEIENEREODR
C
SJUBIDUTINE PHCOULTC ,CF4TF4)
C440r / NUMBL1/ LDIM,LSAMPL
SOMMON /NUMBZY/ A lDgALPHAJFES
CIMMON [Hubod3/ BETA
COMPLEX TF&(,.3:072)
SIANDe=FLUOAT(LSANMPL)*BAUD
SLP=2.1L¢3,141592+7D
PHAIL=(.,033,141562%BETA)/3CG0,C “
511:((SLP)‘|CF))—FH11
WJi=sLnDIvy2 '
NO2=N01+¢1
£J L I=1,nC1
TFGlI)=CYPLA(CLUS{FPAL), SINIPRIN]
L CIUNTINUE
DI 2 I=NQ2,4LDIm
TFalT)=CrPLX(CUSIPHI)ySINIFrI))
2 CIONMT INUE
ARTTURN
END



Cc
C® 0t 0000000 0t 00 seettssessnsosntntencsiencsenesensssessssessene
¢ TAIS SUBRUUTINE DRAWS PROBABILITY OF ERRCK CURVES FOR

c PILE) AS LOWw AS J.0E=10 AND A EB/NO RATIO AS HIGH AS 36 DB,
C¥ 60 0000000003080 008303 200 00C000C¢IPITIERENET Ersnessiaonsnvssonoss

SUBROUTINE ORAW(XARRAY,YARFAY ,JCURV,JLAST)
ODIMINSION XARKAYI[1),YARRAY (1) ,X(20),Y120)
CONMON /NUMB2/ BAUDZALPHA,FBY

COMMON /NUMB3/ NSYMB,NSNR,NERROR

COMMON /NUMBA&A/ FER

COMMON /NUNBES/ BETA

MINSNR
DO 1 K=1 ,NSNR
IF{YARKAY{K)sLE.1e0E=210) GOTO 23
GOTO 3

3 NMzKe}
GATO 4

1 CONTINUE

4 CIAINTINUVE

1¢

-2 O

GO TO 2
ESTAGLISH TrHE SURFACE AREA,
CalL PLOTS(304,0927-5)
ESTABLISH THE ORIGIN,
CALL PLOT(2,949240,5-3)

ODRAJd ThHE LOGARITHMIC Y=AXIS,

000 000 DOO -

CALL LGAXS(UeQy,UeCy2CHPROBABILITY OF CPROF,,20,425.,5,
’9-)0'1006’10'0"

ORAw THE LINEAR X=aAXIS,

o000

CALL AXIS(0.0,0.C,11HEB/NO IN CBy=-11, ,
’1600,0.3.3-0.2.6'

«ITE THE TITLE OF THE GRAPH.

o000

24 40 ,40049,16H64 CAM COMBINING,y0,0,16)
3-0.0.26.15H10=‘(0.00]25)N+,0.0,15'
99949028, PERyvVe
10me{

CALL SyMBUL
CALL SY<BOL
CALL NUMBE
CALL SYMBO
CALL SYMBHO
Call ANUMBE
CALL SY™MpO

]
L 0.,0,101
L .
o d
8
LALL Sy~BOL
4
o)
[]
{
€

Oe
Qe e O¢ ©

¢ NNe N
>
-
°
> X
- >»O

wCooreOww oo

1 w w ¢ 9 o o o
nNoeeoNoh
O De & ~

s
’
8
’
’
8

’ CALL NUMBE
c PLOT TPrE I
J=1,1

Ce NNe Ne v g
Do NOoONY
COwe o D YW
L R W e W RV BV

Fwe e e WwWws,e
e s w e owe

(o]
o
(C]

)
EOFRFCISQGRTI(1C.0 (1eXx(J))} /2.5

P o oom om o m om
-y N
nnomm
CHOMNOA.

Nll.*.10|1'2|JCUPV'1’

LOCNMPNPEPCL
‘o O

]
fire « « ¢« NC

DO < % » < x
I8
2r e

PLJIT Th: ODATA I~ LOG~LINEAF MODE.

000

LL LOGLINI(XAKKAY gYARPAY My1,2,JCURV,y1)
(JCUFV.EQeJLAST) CALL PLOTI(04040,.2,499)
TURN
D



C....0..0‘.0.0-“‘.‘0‘...0‘0...0-0.000..-.0...‘t.‘.lt‘t.."0..
C THIS SUSROUTYINE DWAWS THE EYE ODIAGRAM FOR 4
c SYM3OL JUKATION.
CO0 8 00000060000 0066888808008 0080880080 0880080682808 0808 2000008000000
SJBRIVUTLINE EYEQLOATA)
DIMENSION DATAZ2(64) y0ATAD(G64)
COMPLEX DATAL133072)
CIMMON /ANUMBL/Z LDIMLSAMPL
COMMON /NUMB2/ BAUD, ALPHA,FBY
COMMON /NUMBI/ NSYMB NSNR,NERWKOR
COMMON /NUMBA/Z PER
c ESTABLISH THE SURFACE AREA,
Call PLOTS(3%5.0427.9)
c ESTABLISH THE ORIGIN,
CALL PLOUT(3,0,13,9,~3)
c eRITE THE TITLE OF THE GRAPH,
CALL SYMBOL(4.C533,0,Ce49,17H6
CalLt SywsoL 912.590.28,15¢

om
o0
-
Z o
L ]
- >
orx
® e
Lo N o3
- o
RNe

1
¢

SeyCe0,10)
6

e »

* Me N AN ©

CONrre M
Ow ¢ ==«

o Lo Wwe
tl4nP00O00C®O

HCe Mo ® e ¢ s w

4QAM
TOo= (I
F\.O.o
He (0.
LPHAE
PHA,C
Fz4GH

Ne e Ne O
¢ MO~
O ~e 7

>

7)

(o]
(o]
A
»
a
-
T
m
>
e e
NODOHKke
-

JJIJILeLSANPL

DATA2(JJI+11=20.0

DATA2(JJI*2)=1,0

DATA3(JUJ4+1)1=0,0

DATAIIJUJ+2)1351,.0
c ¥2INSYNB /Y

M3=286§

M4zM3=255

VE5zu3+2356

D0 &4 KK=M4 M5

DO 2 T=s1,J4J

Ilz(KK=1)s3leLSAMPL*I]

DATAZ2 (1) zREAL(CATALII))

2 DATAIMII=FLOATI(]1)
CaLL LINE(CATA3I,DATAZJJ,1,0,0)
4 CONTINUSZ

CALL PLIT(0404CGa0,999)

RETURN

END
c
C..‘..."..Q‘..‘l.'..‘......-"'.".".".“.0“1...0..‘.‘.
C THIS SUBROUTINE SHFIFTS THE DATA SAMPLES 'IT* PCSITIONS,
C.QCQ"I“‘..'O.Q.C.....‘.t"‘.l..l‘.‘l..‘.‘l'.““....0.0.

S5JU8ROUTINE TIME(DATALIT)

COMSMON /NUMALlY/ LDIM,LSAMPL

COMPLEX DATA(131072),DAT(32)

00 10 1=1,1T7

)DATle=DAfA(I|
L16°CoT INVLE
JL1=ITe2
DY 20 JzJdiyLOIMm
DATA(J=1T)zDATAL(J])
20 CINTINUL -
KLsLDImM-IT
€3 30 K=31,1IT7
F2sKlen
DATA(X2)1=DATALIK])
30 CUNT INUEL
RETJUIN
CND
c
CP e 00 ¢80 80 e 080 0809000080000 0 8080Vl drrertranistentsrotinsissecse
c THIS FOUTINE ATTENUATE THE DATA BY AA

COOO.‘0I‘OO..0.0QQ.OOQ'O‘.O‘.“...O.“QOOOO.‘.I.O.'..“-‘C...‘.“.Q
SJAROUTINCG ATA(DAT A AR
COMMON /NUMRLY/ LCIV LSAwWPL
COMILEX DATA(131072)
DJ 10 Izl,LVImM

10 OATA({TI)}-DATALI)®AA

RCTURN
ND
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c PROGRANM TO SIMULATE THE P(E) PERFORMANCE OF 256 Q&M

c SECCND=OXDEw DIVERSITY COMBINING SYSTEMS

¢ CF JF CARKIzR FREQUENCY

c TD TIME DELAY BETWEEN RF RECCIVED SICGNALS

c 8T P~NASE ERKR3K IN PHASF CORRECTION

c EGUIVALENT ATTENUATION OF THE COMBINED SIGNAL

C THNESHOLLE ADJUSTMENT PARKAMETER

C“.“l.‘tll‘t."‘.#"0"“."0“."-"iO-.'vt.l‘tlt““‘t‘.t‘
COMMON /NUMARL/ LDIMGLSAMPL
COMMOn /NUME2/ BAUD,ALPHA,FHW
COMMON /NUMRB3/ NSYMB,NSARGMERPROR
COMMON /INUMS4G/ PER
CION /NUMBS/
CIOMPLEXN DATAL{
CIMPLIX DCATA3(
DIMENSION NI(2
JDIMENSION XARR

72),TFPX1131072)

EE
131
131 2),DArTAGII31CT2)
Cae
AY{

W - 00

Pe o~
- N
- o~
PN~
e MM
DL 1D
o0 x
- N>
T - -
™0 »
-~
-
W (y -
o (s
- -
~ o

)
J
Q
’

INITIALIZE PROGRAM,

OO0

BETA=0 .22
NERROF =9
LSAMMPL=g4
LDIVM=131072
8AaJD=11,25
ALPRA=( &
Flw=R,628
NSY4B3=20438
N3SNR=3¢b
NIUNS=

O
"

« Ot D410 0 DN

bel1C0,0223,0))
3.0))1*PEFR

-
©

SIMULATIDON OF 25€=-GaANM COMBIRNING'/)
LSAMPL 4JLDIM,BAUD,ALPHA

SAMFLES PER SYMPOLE=',I14,/5X,y'LCIM=?,1I7,/

FATES ' JF242,/5X3ALPHAS' F7.2,/)

e 4L ==l &
NP PMeo=O

'1

r
L A=~ D OO
W e e

U MNMe 12 o= 7D
ROV AN

™

€~ OF INITTIALIZATION,

START (F CCWMPUTATIONS.,

O0O000O

CALL RCOSTx(TFTx)
CALL RCOSKA{TFRX)
ZALL HHGGUITFRX,PNCISE)

E=ZPNCISE*0U.5
(5,156) PNCGISE
T(10X,'"PNOLISE NOw =',FT43,/1}

OO0
O
XI
»
7
Z
m
r
a

DI 158 KM=]1,NRUMNS

CHANNEL 2

o000 O

0N 21

[ o
- r
- O
L]
K3

Al1ll)

» O
J»
P

»

24

[
.

<
-
-,
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o000

400 THe Tel LDATA SIGNALS
491 JATAI(TI ) =(C eT32(I)eDaTA2(TN )V /2e003030
g CALL BATA{JATA3,AA)
g 0=ZCl21InNnS (COMBINED CHANNFEL)
CALL FILTEW(DVYATAR,TFRX)
CALL SY\CGL(JATA:.PP\CI<E.N1,NC,NI,P).E-s.TI-A)
c CALL EYZatCATA3)
Cabll VECO(CATA3,PNOTSE ¢yMI oy ¥2yNT NI ZIBNL,FLIEB,THA)
C
Cc CallL TrE LRACGINC FOUTINE
c
00 157 I=1,NSNR
AARRAY (I )=£8N0(1)
157 vaRkRay ([)1=FEI(Y)
CALL DhaalxawRAY yYARFAY KM GNRUNS)
1586 CONTINUZ
STOP
r ND
C
CEs S 3CIRITERNBTXLIENT RSO B LI 4608V PN ErIBLEEREIDOELIDOID S PARIBABYDIIASN
(o8 T~I& SUZKOUTINE G: NEFRAT:E A BASEBAND 25%6-=0pfm SIGNAL
CH429 8 ¢¢ s vpeosn LA IR AV A I JE BN BN R W IV W IR SN 3 BN AV IR N BRI RN NN R WY BN I AN RPN AN YRR BRI B 3 IR B P N AN W
c
SJURSDJUTINE LUO2Z6(CATAGZNIGZNQ)
COIM2LEXx DaTAL(L)
DIM=oNSION ANT1({2¢48) ¢yMGL(20C48) ¢gNXU133) 4 NY{2E)JANT (1) 400 (1)
COUMMON /NuwBl/7 LDIM,LSAMPL
DATA TT1,17T24I75,IT44/72411,40,0/
SAaTa vMRz20/r7131L/
C
NO=MREG
NM=NyO -]
“l=v0+2
N2 SN+ 2
N3I=NCe2
N4=NOe4
C
NAXz=2® e O
NMXL SNMX =)
“I2=IF 1 {FLGAT(ND) /72,)
C
[ INITIALLIZ: THE SHIFT RECISTER
C
D3 34 I=1,nC
T (Tl L TanNG2) nxtT)=1
I (Tea3EavL2) AX(I)==1]
NY{l)z=NvX(1)
34 CONTINVE
c
Cc PN SEQUZNCE GENE~XATION
o
ﬁK(N3)-l
NY{N3)=1
NK(N4)=1
NY (NG =L
oJ 36 Ks L aNMX,
VX {w1l)=sNx (IT1)
NX(deh=nNnXxtITR)
IF(IT3,5T.0C) ANXIN3)I=NX(TITI)
LF (T T4 elT ot} NX{NG)=NX{ITA4)
NY({NL)=NY(ITT)
NYIN2)ENYLTITR)
IF(IT3.0T40) NYUIN3)I=NYLITS3)Y
[FUITC ST, 0) NYINADI=NY{IT4)
D2 37 1131 4N M
vX(NW1=11)=nX{(NDO=TI1)}
NY{NL=LILI=ANY ({NC=-T1)

37 ZTONTINU:
NEK{LISAXINLIYENX{INZIeNX(NI)OoNXTNG)
NY{1V=n? (NIDYSAYIN2)YENY (N3} PNY (NG
vI1(K)=nx (1)

Nt <Ny (2)

36 CunTIAnU:
NI1TiNMNVMX) ==
dilltimvx)==1
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GCINTWRaT: TrHE 256 uaM CATA

K1=1

2=3

< 4z=H

K4=?

MYz

M2 -

viz=2

~4=1

O 1757 I2=14NMX

T {4, 0CT ANMX) KRa=1
IC{<3.GTtutrX) r3I=1
112, 0T N*X) KZ=1

ST UT21V= 012 (K112 p1eNTI(K2)eM2+4MN11{X3)2~3+RT1(Ka)eMau
vl 2

2) 2N 1K) e 1 enNCItRkZ)OM2HPDI(KI) =3+ RC1(RG) Ve

LIAN INTO SAMPLE ARRAY, LSAWPL SAMPLES FrR SYMECL

JLI=(12=1)*sLSAMPL +1
J2=T2*LSAVEL

DY 131 ug=ul,42
CAaTA(J}=Cxri XU FLOATINI(TI2))yFLOCATINI(IZY)))
CIOANTINUZ

Ki=<1+1

K222+

X3=<3+;

L3 IR 21
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AFFEND1X R

FERFORMANCE DEGRADATION CAUSED
BY IMFERFECT FHASE CORRECTION IN 0QAM

RF AND IF S50SDCS

In this &appendiy we analyze the system performance degradation
caused 1n &4 and 2546 (0AM S0OS8SDCS by compensating the band-center-—
frequency phase difference between the RF or IF combining signals
not estactly by :“{CT but (27 fcr - B ). where B 18 a relatively
simall phase error due to 1mprecisions i1n analog phase shifters or
inherent to the nature of discrete phase shifters.

Fhase compensation with phase error B makes the complen enve-

lope corresponding to equation T.1 to change to:

r -j(27 £r +8)

1 + e —(BW/Z) £ £ £ (BW/D)

Hoptf) =<

O : elsewhere (B.1)

Therefore,. 1o(t) and qo(t) reduce to:

1 _(t) = 1(t) + cos8 1{t-1) + sinB gl(t-1) (R. 2

qo(t) g(t) + cosB glt-1) - s1nf 1(t-1) {B.3)



1.8., a B-dependent effect, of the same tvpe observed when no
phase compensation 1s used, appears (compare equations E.2 and
B.O with eqguations .7 and .8, respectively). i1t can be noted

in equations B.2 and E.I that degradation esxists even 1§ 1t = 0
and that increasing deqgradation must be enpected 1+ larger
values of 1t or 8 are considered.

Inclussion of & phase error B8 1n phase compensation devices
was considered 1n our computer program, as 1t 1s explained 1in

Chapter IV Simulation was made for different wvalues of [ and

B for &4 and 256 0AM RF  amd IF  S0OSDCS with {c = 4 GHz, fb = Q0
Mb/s and o = 0, 4.

In figures R.1 amnd R.Z, eguivalent Eb /NO or C/N degradation
curves &t Pb (e) = 1C76 are presented for those svstems. As
e.pected, 1ncreasing degredation with respect to perfect phase

compensetion 1s observed when larger values of B are considered.
These results, in cormjunction with the reguired performance

im a practical system and the statistical }nowledge oftr . can be

used to speEcafv  the phase shifter needed in the system.

let wus suppose, for esample, that the required performance 1n
the system &llows equivalent C/N  degradation caused by 1 at
Pb (e} = 1Cr6 . Yo be greater than 0.5 dB only during 0.01% of

time. The value of 1 that 1s eiceeded only during this percent-
age of time 15 needed and 1t can be determined from 1ts statis-

tics. Let wus assume that 1n our particular cas this value

m

15 7 ns. In figures EB.l1 and B.Z 1t can be appreciated that RF or
IF S50SDCS with phese compensati:on can be used for both, systems

using 64 or 256 0DAM. The phase aimprecision that can be allowed
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Fig.

B.1 Equivalent degradation of Eb/N0 or C/N for RF and IF 64 QAM -

SOSDCS with imperfect phase compensation
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! Equivalent Eb/N0 or C/N
degradation (dB)

4 B (°) ®
. C) 0.0
20 _ 0) 0.5
) ©) 1.0
i @ 1.5
] ® 2.0 @
i ® 2.5
15 _ [©) 3.0
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0.0 5.6 11.2 16.8 (T/TS)100% (256 QAM-90 Mb

Fig. B.2 Equivalent degradation of.Eb/NO or C/N for RF anf IF 256 QAM
SOSDCS with imperfect phase compensation
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1s. &t most., B = 2.0 degree 1f the modulation scheme 1s 64 0OAM
and 8 = 0.5 degree 1f 256 0AM 18 used.
The i1ndependence of {c evhibited by eguations B.2 and HB.2Z, and

representation of 1 as a percentage of TS (the system symbol dur-—-

ation), enable our results of Ffigures E.1 and B.T to be used for

&4 and 25& 0AM RF and IF S0OSDCS 1n general.
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AFFENDIX C

FERFORMANCE EQUIVALENCE EBETWEEN 1F WIDERAND FHASE
SHIFTERS AND RF SINGLE FREOUENCY FHASE SHIFTERS

IN COFHASING IF COMEBINING SIGNALS

When combining of signals 1s made at RF, 1t 15 necessary to employ
an RF wideband adaptive phase shifter (WAFS), as 1llustrated im figure
C.1. to properly shit+t the frequency components 1n the RF signal and
obtain the performance i1mprovement indicated in Chapter III. In 1IF
combiming. the adeguate phase shift across the signal bandwidth canm be
obtained =&slso by using an IF WAFS, as 1llustrated i1n figure C.2., but
1in this case the fact that when a signal 1s shifted 1n the freqguency
domain, by the action of a sinusoidal tone. 1ts phase characteristic
15 affected 1n accordance with the tone phase [201, suggests the
possibility of 1mplementing IF combiming systems 1n which a wideband
adaptive phase compersation 15 obtained by properly shifting the
relative phase of the sinusoidal down—converter (D/C) teones employed
in the system, &s 11lustated 1 figure C.7, where a single frequency
adaptive phase shifter (SFAFS) 13 used i1nstead of a WAFS.

Me..t we demonstrate the performance equivalence between the schemes
with SFAFS presented in figure C.2 and the one with WAFS 1llustrated
in figure C.Z. Although our discussion concerns to systems employing
CaM, demonstration 1s made 1n a general way and therefore 1t 1s valid

for combiming systems using any Find of modulation.
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Fig. C.3 IF

Combiner with SFAPS

76



77

DEMONSTRATION

Systems 1n figures C.2> and €.2 will have the same performance.,

1
1f the received signals at points {b) and (b ) are respectively

the same 1n both cases.

et ws call () the band-limited RF receilved si1gnals at

point (a) 1n both cases. In the svystem with WAPS, the signal

vl(t) at poimt b)) 15 then:

£y = [u(t _ § .
yl(t L:.{t) cos (wc (%F)tj X hl(t) % hz(L) (C. 1)

In the system with SPFAFS. the signal y_(t) at point (b) 1s:
4

yz(t) = uft) cos [(wc —(&F)t - ¢ 1} % hl(t) (C. 2

In equations C.1 and C.2, wc and wIF are the RF and IF angular
frequencies respectively, hl (t) 15 the i1mpulse response of an IF
filter, hz(t) 15 the 1mpulse response of an 1deal WAFS device
{(for &a certain phaze adjustment value¢ )., and "%" 1ndicates convo-

lution operation between two functions.

Equation C.1 camn be interpreted in the freguency domain as:

Y1(¥)

i

(172 CX(f) & L[8(F=n) + s (f+a) 1) Hl(F) Hz(f)

It

(172) LX_(f+p) + X_{f=0)

+ X+(F+A) + X+(+—A)J Hl(f) Hz(f) (C. =2



Where X (+), H1(¥) and H.(f) are the Fourier transform of the res-—

2
pective functions, 6(f) 1s the Dirac function, A = fc - +IF ard:
X+(+) = X{f) u(f) (C.4)
X (£) = X{f) u(—-f) (C.3)

Where u(f) 1s the unit-step function.

The objective of the IF bandpass filter H (f) 18 to remove the

1
higher order components of the spectrum. Therefore, Y1(4) can be
written as:
Y, (Ff) = (1/2) [X (£—=4a) + X (F+p)]1 H_ () (C.&)
1 - + 2
H2(+) carn be e:xpressed as:
Hy (F) = ed® uep) + &30 w6 (C.7)
Hence., we can write C.6 as:
Yl(f) = (1/2) [X (f-2) €3%+ X+(f+A) el®] (C.8)

fArid this means that, as expected., a constant phase shift (o )
across the IF bandwidth has been 1ntroduced.

Hote that when ¢ = 0, egquation C.8 reduces to:
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Y, (£) = (172) IXx (f-a) A X+\f+A)J (C.?)

Which 1= the corresponding IF signal, at point (b), 1mn & system

without phase compensation.

On the other hand. 1n the frequency domain, eguation C.2

corresponds to:

Y, (82

(1/72) CX(f) % Co(f—p) 3% &+ s(f+a) eJ¢3)Hj}f)

[\~

(1/2) [X_(f+8) ed® + x (=) &9¢
+ X _(f+n) eI+ X (f-a) &30 1 H (f) (C.10)
+ + 1

Considering now that the IF bandpass +filter Hl(f) removes the

higher order components of the spectrum, we have:

Yo (F) = (1/2) [X_(f-a) e3¢+ x_ £+ edo 1 (C.11)

And, again. this means that a constant phase shift (y) &across the IF

bandwidth has been i1ntroduced.

Equations C.8 and C.11 are aidentical and this i1mplies that the

received signal at point (B) 1s the same 1n both systems.



'
That the received signal at point (b ) 1n both systems 1s the

same, for the same RF main received signal, can be noted by simple

inspection of figures C.Z and C.Z2.

Hence., IF diversitv combiming systems using WAFS and those with
SFAFS, have the same performance. The less difficult to design should

be prefered 1n practice.
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