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A

Performance of M-ary QAM In a Llne-or-Sight"
s . Multipath Fading Channel

v 'Gla Minh Lieu

~

M-ary quadrature amplitude modulation (M-ary QAM) Is a modulation tech-
nique sultable to high capaclty microwave transmission. systems for Its bandwidth

efliclency. However, high level QAM Is sensitive to Jmu‘nlp‘ath [adlng (MPF).
»

-
>

This ihesls ;;resents a method to evaluate the probabllity of symbol error for
M-ary QAM under different fading condltions in digital microwave transmission
systems. -The calculatlon Is based on a ;‘ecent postulated probabliity density
runcrglon to characterize different fading conditions. The filter partitlon 1n M-ary

QAM 1s assumed to satisfy the optlmum, Intersymbol Interference (ISI) free

Nyquist. criteria. . : ’ i -

\ Illustratlve results for 16, 64 and 256-QAM are also presented.

R
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CHAPTER 1

- v > \

X . "\ _
.INTRODUCTION \\

\ ~ "ﬂ

1.1 Multipath Fading

‘Since the early 1070 's, microwave radlo.has become an Important medium
for dlzlta] communicstions. This tendency has been stlmulated by the rapid
development of digital technology. Microwave radlo can provide the rellabllity
and avallablllty as other major communication ‘systems, namely opt.lcal fiber a.ndt
satellite systems. In addition, the malor advantage of digital radlo over optical
‘fiber Is 1ts lower lnst;llatlon cost. Its primary advantage over satelllte transmis-
sion iIs Its smaller propagation delay [1]. However, microwave radio propagates In
2 natural medlum In which anomalous propagation.sometimes exist. This csan

cause a very severe degradatlon In radlo system perrorfnance. Thls phenomenon .

has been referred to as multipath fading (MPF) (2,3]. :

The propagation mechanlsm that causes MPF In llne-of-sight (LOS)

-

transmission Is shown in figure 1.1. ' "

Refracting layer
—_—>, Refracted

/ ~ Ray
\ ——
\ e
;l'rans. \ /R’ \ ‘ Receiv.

ef lected
\ / Ray

’_ % . L%

\V4
Figure 1.1 MPF phenomenon.

.
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MPF Is the destructive summation of multiple-electro-magnetic waves, with
different wavelengths and phase angles, reaching to the recelving antenna via .

different paths. These Interfering \y,a;ves are the result of refraction and reflection

—

due to both atmospheric and terraln conditions. .

Réfraction occurs In the atmosphere and Is particularly obvious during a hot,
calm and hum!id summer night. Under these conditions, normal atmospheric tur-
bulerice 138 minimal thus allowing t.ropbspherlc stratification with molsture distyl-
bution to occur, therefore, causing different refractive gradlents in the atmo-

sphere. Hence, a multiplicity of signal pgths with different relative amplitudes

and delay exist.

The reflected.waves are caused by large surfaces : such as ground, bodles of
water. and the atmosphere. Other causes of MPF are due to meteorological
phenomenon such as : ratn, snow, fog, change of fons In the atmosphere and other

factors. ‘Hence, MPF 1s a function of péth length, frequency, climate and terrain.

[ ]

-

The severity of fading Is depended on the relatlve amplitude ‘or the reflected’
ray to that of the direct ray. There are two maln fading conditions, deep radlng.:
and signal peaking. Deep fading occurs when the primary and secondary ray are
equal 1n amplitude but opposite In phase thus resu)tlng ln. i deep signal rull. On
the other hand, when the primary ind,secondary ray are equal In phase and

amplitude, signal ptaking occurs. Between these two extreme cases\. other fading

conditions exist. The various fading phenomenon are lllustrated in hgure 1.2,



& —

v

Deep
Fading

Extremely Medium
Severe Severe
Fading Fading

Figure 1.2 Vectors dlagt"amifor various MPF eflect.
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/When fading Is caused by raln or snow, the attenuation shpws no partlcular

preference for any glven frequenc¢y. This 1s known as frequency flat fadlng. Hq\ir-_

N

ever, the fade may be much higher at sdme frequencles and change mo're or less

In a random fashion along the frequency axls. This phenomenon Is known as .

frequency-selective fading. An example of the effect of rreque;lcy-selectlve radlgg
L . . o

is shown in Filgure 1.3.
N \

e 0

T

Ié—-———Transmission—%‘]
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' Wide Band




) 4
Babler [4] has shown that as the transmisslon bandwldth Increases, the dis-
tortlon Is more severe ( see also figure 1.3 ). For narrow band trgnsmission, the

channel frequency response appears to be flat at fa af:d [ o However, for the

wide band transmisslon, channel response suffers selective fading at [ ; and f 4.

4

In an MPF channel, when the amplitude of the direct signal is stronger than

that of the reflected slgnal, the amplitude and phase delay change 1n agreement,

o

This conditlon 1s referred to as minimum phase, and 1s shown In figure 1.4a. On

A

the other hand, when the reflected component is stronger than that of the direct .

/

. signal, the phase delay varles opposite to the amplitude response. This case Is"

.
known as the non minimum phase, and 1s shown In figure 1.4 b (3}

«

Amp 1 {tude . ) ‘
Amp 1 {tude

Phase Phase

() . (b)

wlll be Investigated In detall.




1.2 Scope of The Thesis.
.

The maln objective of the thesls is to st,udy the performance of M-ary QAM -

systems ln 8 Hne—of-slght MPF channel. The main contributions or the theéﬁ are :

'

. /
- % A genera] analysls for M-ary QAM 1n an MPF channel.

el

v

. * The derlvatlon of an expliclt method to calculate the,,,pérfbrmance of M-
ary QAM dnder varlous fading phenomenon based on a recent postulated proba-

bllity Elenslty l’unct,loxi (PDF) representing MPF.
\
Chapter I provides an Introductory overview of the subject.

Chapter II Is dlvided Into four sectlons, starting with the characteristization

of MPF. Secondly, different MPF m'sgels are Investigated. in ‘the third sectlon,
varlous countermeasuring technlqﬁe§ are*hlscussed. The chapter then ends with a.

review of previous Investigations of M-ary QAM In a fading channel by dlfre'rjer'xt,

researchers.

-Chapter III investigates the performance of M-ary QAM In an AWGN and
MPF channel. Iq' ‘the analyslS. the fllter partitions are assumed to satisfy the

optimum:ISI free Nthlst Crlterla.

i

Chapter IV reviews of 'a recent postulated probabliity density function [5,6)
used to analyze the MPF phenomenon The expllclt expresslons for the symbo)/

error rate of M-ary QAM under different fading condltlons are then derlved.

-

Chapter V contalins the final concluslon, and suggestions for rurther research.

s
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. ., _ CHAPTERI

MPF CHARACTERIZATION, MODELIN
" COUNTERMEASURING

P ~
N .
) < . ' s . N,

LY

+ 2.1 Cha;acterization . : o ) Lo
B N . . f : .

' A . . y

I NS, 3
Iu uns secuon, Some or the. statlstlcal characterlst,lcs of .the channel wm be

brleﬁy lnvest.fgated The sectlon st,arts with an estimation or the fading actlvlt,y.

‘ Next a dlscusslon of the MPF eﬂ‘ect, on the ampllnude and phase Is presemed.

Finally, the Sectlon ends wlth a quantitative treatment, of the channel coherence
bandwidth and coherence time. o

)

2.1.1 F{adin'g Occurrence Estimaﬁon

-« &

For very short paths, multipath fading seldom occurs. Ruthroff [7] defines a

short path d, In which no deep fading (more than -3 dB) occurs. However, for

. longer paths, deep fading has a domldgnt effect on the system response. Hence,

.'an Important parameter Is the duration of the fading activity, and is given as

Ta = GCd‘ f 3 i , (2.1)

_'~ , .‘ \ L. T
where f : frequency in GHz ™. v

d, : path length in miles -

¢ : terraln factor

v
324



The terrain factof is defined as [8) . , ' - -

, ' : ) 1 for average terrain - 3
~ o o e =14 for over waler and gulf " coast (2.2)

~

' B 0.25 for mountain and dry climate ...

) K Based on ﬁexp‘erlmen\ts, Rummler [9] estimated £ to be 0.073. However, based |

" on the saime: experiment condltions, Greensteln and Czekaj [10] estimated £ to be

-

8 . ‘ : S - N\
0.11. . . " ' . g
.. . ’

~

Amplitude Distributich+~
(2) Relative Delay of The Reflections C '
L ) e

/ o ~

Ruthroff [7] defined the maximum ‘dela.y‘lietween\the direct ray and the

{ —

1

- reflected ray as fol\lows

: i
~ tl‘ ' - Al
. “ 3
. ’ o e _3'7[112_ B : (;23)
. : ‘ m “l20 ’ . : '
where 7,, 1s given In nanoseconds and d, 1s the path length In miles.
[ . ‘ ’ R \1
. < : \
_ ~For a short path, the maxlmum delay is estimated as
4 \ .
. R 3 . )
T, == | = ¢ (2.4
", -
- \
Y . .

LA .S
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- However, several researchers {11,12] prefer to use the averyge delay estima~  °

tion, which is

\\

< > 026[ d )3 - . (2.5) |
T ——3 . omaann ’ ¢ »
ay 20 ° .

o’ . " AN & R \

e T

(15) Phase, Distribution f o(0)

Usuaslly, an uniform distrijution Is assunted for the phase of the éomponent,s
- . , A 2

of a multipath signal, that1s 12] , = o ~ N

.

.. . fe(o)_—_-.zl;r._ . 0< <2t _ (2.8)

» ~

A A

. Wowever, for a three-path model (see sectlon 2.2), the phase distributlon is

b

different, namely (18] ., .
5 o -
, — |6} <z - '
' / ol0) = ’ . (27)
' ‘ L -7-!-_<__ |6 < / ‘
er 2 s ’

!

(c) Amplitude Distribution

There are four probabllity density functions associated with the amplltjde of

the,comblneg recelved mﬁltlpath signal : the Rayleigh,. Rice, Lognormal and Nak-
B A %

[} | 4

agam] distributlons. ' _ . ,
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A

/

4.,\'
¢ ~
-

. The Rayleigh distribution Is_glven by g

r2

. r" \
, r)y=|-—/|epf-— r >0
Ir(r) [k’], [_21:9 =

T

The Rice dlstrgbutlon\}s glven by

4

-

—— ) ,t,’) ‘I
Jr(r)= [(/ng']exp[‘ Yy

;
S
'!J v

where [ () Is the zeroth-order modified Bessel

f
-

. The Lognormal-dlstrlbutl_on is glven by

o 1 [un(r)—w,)*] . S
. r)= Lmne—— 53 ¢ f>0 10
LR P L v z (310) o
The Nakagam! distribution-s glven by -
A ¥
1 e n
oo b m - : L, ‘
. : .2 m (2m -1) [ mr ] 1
r — -—— — — >— > .
Tr(r) [P][n]’\r, }exp o m25 r2o (2.11)
.
. . " . ' E ’.2 )2 '
where I'(m ) 1s the Gamma function, 2 = E[r?,’and m = _(__[__]_
. : ' L Var [r?]
“y A Y
- ‘; '
- w

” -
~(r2+k2)
: - Ib[kl;r?

W~

T >0

f\i’nctlog of the first kind,

bt
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“ y , [
This general distribution reduces to varlous other known distribution for l

specific values of the parameter m ( eg., for the Rayleigh_distribution for

m=1)
. . \
Lgter £ ed . v
- " In a beyond-the-horizon transmission, the recelved signal approximately fol-
i 8T * .

4

lows a Raylelgh-"distribution. While in a line- of-sight transmlSsloﬂ. 1t approxl-
ﬁapely follows a Rice distribution. The Lognormal and Nakagaml distributions
are c'onslqlered to give the best fit.over longer dlst;mces (I;e.. distance greater than
seve’ral‘llundred miles). In addition, Aulln [14] has found that the Nakagaml ‘dis-

tributlon glves the best n\ of the data at the expense of mathematical complex-

L3
I

ity. ' -

~

.

2.1.3 Channel Coherence Bandwidf,h '

]

[y

The range over which there Is a significgpt correlation between two Tre-

quency components Is called the coherence bandwldthl of the chfmnel.'lr the”

bandwidth of the transmitted signal I1s much less than the coherence bandwldth |

of the channel, then the channel appears to be frequency non-selective. !

- —

1

Suppose that a narrow pulse Is transmitted at times ‘A and ¢ + 7.The auto-

correlation function ¢, (7), of the channel Is

x
Y sm=LtEpemce 4  (212)
v .

~

where h(t)1s the channel Impulsé response and the asterisk denotes the complex

conjuéate.
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. A 11
. _ .

’

&, (7) can also represent the average output power of,the channel as a func-
tlon of 7. Henoe, ¢, (7) 18 called " delay power speétrum * of the channel. This

function 1s shown In figure 2.1 (a). The non Zzero value range s called the mul-

e i

tipath spread of the channel and Is denoted by 7, .

. J

A .

An analogous characterization can also be done in the frequency domaln

¢.(A[ ). The transform relationshlp 1s

. ‘ ‘
- Al

400 |

\/, \ ¢ (Af)= f%(f)c"'”“ dr (2.13)

W

AS a result of Fourler transform between ¢, (A f ) and ¢, (7), the relation to

the power spectrum can be expressed as

(Aff‘)ci;l-a— _ . ] (2.14).

- Where (Af ), denotes the coherence bandw'mth and 1s shown In figure 2.1 b.

— —

When (A f ), !s smaller than the bandwidth of the transmitted signal, the

radlo system Is frequency selective.

, o
When (Af ). 1s large than the bandwidth of the transmitted signal, the sys-
" tem 1 frequency non-selective. _ N :
S N '
) -
. N

Fp
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- ¢cm o *

<——— ‘l./——-)é——,"r_-—-.-—-) : : (A.n, . ai ’

~ : (b)

. Figure 2.1 Channel coherelice bandwidth.
(a) Delay power spectrum.

(b) Frequency correlation functlon

2.1.4 Channel Coherence Time

[ ) . . . “

'

In digital transmisston, 2™ waveforms are used to encode m bits. If the fad-
ing dlétoytlén remalns constant durlng the transmission of ope waveform ( l.e.,
duripg a symbol lnter‘val) then the channel 1s a " slowly fidlng channel ". Other-

wise ”t Is a fast fading channel. *
v

*

. (At)1s defined as a funétion to separate two sinusolds In time. ¢, (At) 18

equlvaient to the correlatlon of a p&re.freqﬁency tone with itself transmitted At
AY . .

seconds later. The Fourler transform of this runctloﬁ 1s S, (/)

]

+00

S.([)= f¢c (At)exp(—jzn} Af' 1d(At). E (2.15) -



Doppler Spread of the channel and Is denoted by B,.

N N Y « \ Cy
‘ . T 13

where [ = -;-cosﬂ. v 1s the relatlve velocity between the transmitted and

. reflected rays, and -\ Is the waveleng:\h' of the transml‘t.ted wave.

TN,

)

The rapge of values over which S, (f ) s essential non-zero Is called the -

©

, " . v
“ “

Its recli)x;ocal Is an approxlmate measure of the coherence time of the chan-

‘ 1

nel

» .

- , . 1 ’ .
. . = e— - 2.1

TN
P -

K8

where (At )e ldendtes the coherence time and s glven by the width of ¢, (At), as .

’ -

-shown in figure 2.2, T
8 4 g | L
- oy .
¢
¥
%
Y
(a) (b)
v , . :
Flgure 2.2 : Channel Coherence time
P (a) Spaid—tlme correlation function
(b) Doppler power spectrum p
y ' .

5y

-
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Ir (At). 1s large (relative to the duration of one Information symbol), the

channel Is a slow fading.channel. N

- -~

’

If (At), Is relatlvely, small and thus B, relatlvely large, the channel 1s a fast
fading channel.
2.2 Modeling -

&
.

A MPF podél transfer ruﬂctlon. H (jw), prox‘ndes a mathematlcal fit of the
propagation response over a finite bandwldth."'i"he functlon H (jw ) contalns a set
of .adjustable ﬂttl{m parameters to approximate the dispersive channel l;esponsé
and predicts the fading slgnal axﬁplltude. l

: .

In the followlng sectlon, transfer functions of fo{lr n;odels will be ana_lyzéc}.
The m‘odels are as follows : two-path model, three—path‘m'odel, stmplified fhree—

-~

path model; and the polynomlal model. ~ ~

g.z.iTwo Path Model

“
I

The twa-path model describes.the multipath propagation In terms of a prl--

mary ray and a dominant Interfering ray. It 1s assumed that all the reflected rays
are combined'ynto one reflected ray, and that the recelved signal IS formed by the

. direct ray plus one reflected ray. ..

a ’

e
F-3
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The time domaln of the two-path model 1s given by [10]

1)

(1) = 8 (t)+ B (t-1)

(2.17)

The channel transfer function of this model Is given by

hY

H (jw) = 1 + fexp(~jwr)

.(2.18) '

where 815 the relative amplitude and 7 Is the relative delay between the reﬂeéted

and the maln rays.

[

2

The resultah.t diagram is shown In figure 2.3

T
d(1+Ed—)

¢ : propagation speed -

Figure 2.3 Vector diagram of a two-path model

In the two-path model, the direct ray Is normalized to unity axpplltude and

zero phase, and the reflected ray has an amplitude S and relative phase inzle

*

% -

]

The a\mplm'xde‘or ‘the combined signal Is given by

]
L]

L = (1+ £ + 2Bcoswr)'/?

6 = wr. Both 8 and 7 are statistically Independent random variables.

15 -

\
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e The bhnse of the combined é)znal Is glven by

’
. .
) 10
> ' .
N . ‘ - -
+ - .
o -

o

DN ~ -

: SR mwr ©.\ T .
- B b1 tan,‘l [ ) ! .
s ’ ¢ 1 + Beoswr | . (@30
. . _ )

@

. The power transfer function of the channel Is ‘zlvén by N
:,.\ - . S . . - A . “
|H(w)|2=1+ F + 2fcoswr Lo (2.21)
3 ‘ . S ’
The envelop delay isIn turn given by  ~  °
o ' ' 0y ] ‘ .
T(w)= % = BB + zcosw) - (2.22)"~ |
S0 dwe 1 4 B2 + 28coswr )
r . . - : .. P - "': ‘
w ) ° ‘ ' .
The deepest fading occurs at \ o _
. \ ’ )
- w,,r=21r[n--1-] - . (2.2::3) '
) . . 2 . A , ;
~N ‘ w . & ‘ -

The tWopath model Is mathematically simple, yet It is able to feaiure the

effect of frequency selective rad‘lnz, as shown in the typlcal amplitude }esponse

Y v

. - .
plotl ln ﬂgure 204- ' - b v
R , ) . R
» [
i :
. v !
- . ’
. .~ e
’ » -
v,
i
- s
~ - e
* o
- . R . R N
3 ' ~
\;«.t
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rrequency
Figure 2.4 Typical amplitude response of a twopéth model.

4

\ s .

., The two-path model has been most often used to analyze the eflect of MPF."

This Is due to 1ts simplicity and because frequency selective fading 1s usually the

domInant cause of system outage for high capaclty radlo systems. However, some

-

accuracy Is obvlously sacrificed by adopting this model._
A [l

/
4

-

2.2.2 General Three-Path-Model

S

1

For analysls purposes, the MPF channel has been modeled by the two-path

criterla. Howéver, some Investigators [4,0] have malntained that the two-path

model Is pot sufficlent. The time domaln representation of the three-path model

is

2

r(t)= é(t )+ Bt —my+ ?28 (t - r,) (2.24)



-

3

The channel transfer function for a three-path u%rodel Is given by

o -

}

a’ '

H(jw) =14 Biexp(-jur) + fpexp(-jwry) -~ (2:28)

where 1 Is the normalized ampntude of the direct ray and §, and B, represent the
normallzed ampmudes of two teflected rays. VVlt,h respect; to the dlrect ray, the

second and ‘third rays are delayed by 7. and T respecu\rely. where 79>7;. The

»

ve_ctor representat,lon of this model Is shown lnt, figure 2.5;
» ‘ a

« o] : -

However, thls model 1s seld'om used due to 1ts mathematlcal' ‘éomplexl‘t.'y.

Most 1nvest.lzat.ors prefer to use elnher the two-path model or the.simplified

: three—path model as descrlbed ln the next sectlon.

- .d  kar Q.

«

bl

Figure 2.5 Vector dlagram of a three-path model

s

2.2.3 Sin‘ipliﬁed T}iree-Patil Model -'

N

N

The simplified three-path model was Introduced and developed by Rummler

[0]. With this model, all propagation responses'bver the bandwidth of interest are

représented by a sultable cholce of 1ts adJustablé parameters [17]. .

18 .

*

[}

3

-y
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., The transfer function of a simplified three-path model Is given by

)
-

H(jw)=a[1-Be - ° . (2.26)

v

" where the positlve real parameters a and 8 con&rol the scale and shape of the -
fade respectively, w, Is the notch frequency, aqdér Is the relatlve delay of the
c‘hannel. In practlce, the absolute value of 7 1s chosen to be slx times the measure-

ment bandwidth or 6.3 ns.

~

The relative amplitude 8 ranges from zero to one (0< B<1). The feépopse ls‘ .
minlmum phase when lhe sign of the delay ls) positive, and 1t Is non minlmum
phase when the sign of the delay Is negative. The non-minimum phase state 1s
al,so obtalned when the relatlve-amplitude of the delayed ray Is greater than

unity (8>1,r>0).

-

< 3
_ The simplified three-path n}é‘del 1s an useful tool for understanding the char-
acterization of llﬁe—of-slght microwave radlo channels. It dlso provides a good fit
4 to almost all measured responses of a narrow band radlo channel [8]. -
Ve - . .
The amplitude of the combined signal Is given by
A t . !

L = a1 + % — 2fcos(w —wy)r]'/? . (2.27)

. The phase of the combined slgnal Is given by ]

. ‘ ? . «

N *&- |
; ¢ = tan™! __M_) (2.28)
1 - Beoswr
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Thg power transfer function of the channel 1s given by

J 5

| H(w)|? = a?1 + B% + 2Bcos((w - wy)7)) (2.29)

-,

f‘ -

While the envelope delayﬁls given by

A XY N

d¢ _ _ Bleos((w - ugn)B)

T (w) = — 2.30)
)‘ dw 1+ A% -"28cos((w - Wp)T) (2:30)
N, . .
2.2.4 Polynomial Model -

——t—,

In a narrow band transmisslon system, it Is generally not possible to dlstin-
-gulsh the time delays In the MPF channel. The alternative Is then to fit the
measured frequency transfer function Into a polynomlal serles with the

coefficlents that closely approximates the MPF channel response.

The polypomlal representation used for MPF Is (17] ¢
¢ . LY

4 n==1

o N
¢ HUW =40+ T U + BGw)" (2.31)

<
&

. . The A, and B, coefliclents vary with the effect of MPF upon the digltal
P, . .

* radlo system.

In the first order complex polynomlal model, the minimum pha'se condition
corresponds to A,/A,>0, and the non-minimum phiase - corresponds to

A, /A g <0.
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3y
The polynomial model may lead to simple methods for analyzing signal pro-
.cessing (note that ( f w)" corresponds to the n-th derlvative) and suggests the

form of an adaptive equallzer response.

—

—
/'/

—

Other Investigators have alsc; suggested a dm‘grent polynomial modeling

[18,10], based on the attenuation response A (f ) of the MPF channel as

- A(f )= )5 a; f' - (2.32)

{ =0

where coefficlents a; 's have been obtained by using least sduare fitting. For most

A3

fading periods, polynomlals of order m=2 are used. The second order polynomilal
Is able to provide accuracy, famlllarity, and simplicity. In addition, the Impact of

channel defects, amplitude, slope and parébollc distortlon on equipment perfor-

N

mance Is easlly-measured and quantified using the second order polynomlal {17].

For extremely severe fadlng events, the most sultable polynomlal order Is
M =4, \

A

To determine whether the MPF channel encounters minlmum or non-

minimum phase fading, both amplitude and phase responses at a particular given

Y, B
N - A

time must be examlned. ' ,

1

.'L\

Y
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«

2.2.5 Selection ériteria- ‘

N

In the above analysls, the most cbnirixbglly used MPF models havé béen

rl

presented. It has been shown that MPF models éan,be classified as a-powei' serles

model (polynomlal) or a path delay model (two-path, three-path, and simplified

three-path).

v

! s,
- i )

In wide-band transmisslon, frequency-selectlve- fading 1s .a serious problem.

Under thils condm‘on, it m:iy be more desirable to use a power serles rep‘resenta‘g

tlon to approximate the frequency response of the channel.

~

In narrow-band tfrahsmlss'lon, path-delay models are generally chosen. This Is

P

because they are more directly associated an tie physical channel and are more

convenlent for statistlcal modellng of the parqmeters. .

J
¢

t ’

In practice, path-delay models are preferred, since the dqeminant effects are
due to two or:hree_ paths only (that ls: the direct ray plus one er two reflections).
Of the pz;th delay model, the two-path model. has become the most popular
model for lnvestlgating the effect of MPF, where only marglna! accuracy 1s
sacrlﬁced.’

Y

2.3 Countermeasuring

'
5

To achleve hlgﬁ capacities in a microwave radlo system, & high level modula-
tlon scheme mus; be used. In chapter III, one such modulation scheme QAM wlill
be Introduced. It will be'shown that MPF causes ISI and crosstalk which degrade

the system perform#nce. Currently, there are three major methods to maintaln

I3
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rellable transmission in an MPF envlrom?ent. They are diversity, equalization,
/ .- N *

a

and forward error ¢ontrol coding (FEC). These MPF countermeasuring technlques

will be discussed In the followlng sectlons.

r——r,

~ 2.3.1 Diversity " o

;

» Diversity 1s used to lmprove the performance of a line-of-sight microwave

’ . y
radlo. In diversity, redundant communlcation channels are used so that,when one
of the channels encounters fading, transmission 18 stlll possible over the remalning

channels. Two popular diversity techniques are space dlversity and frequency

dl#rslty.

%

Space dlversity is lmpléxx;ented by using vertically spaced antennas at the
recelver. It has been observed that with sufficlent spacing between antennas, the - -
* fading éflect of the recelved signal at one antenna tends to be independent of the -
other antenna. Space diversity can be\re’alléed by different technlques such as

comblning and switching. .

L

A

Frgquency diversity Is lmplgmented by settlng aslde one or,mqre}ack up
channels with different c;xrrlers and switching one of them Into service when fad-
Ing causes an‘ outage In the wBrklng.ch;hnel. Unllke space divers!ty. rrequencir
“dlversity utllizes the switching technlque only. The d'et,all of switching and com-

bining diversity wlll be discussed in the following sections.

A



(a) Switching Diversity .

34

5

\

This diversity approach‘ Involves swltchlnz' frbm ‘one channel to another to

obtaln the strongest output at each Instant. '

In switching diversity, the channel, with the gtrongest signal output, Is

selected durlng MPF. This process wlll generally reduce t.he fade depth t.he.t.

4 \

would be observed with elther signals alone. The general block dlazram of swltch—

ing diversity 1s shown In figure 2.6.

. Main
Input

.
N f"“ﬁ"‘i' Performance J ' Output '

Monitor . A B

. / . ! N
Dlver:ityér ' .

Input

) P ?
Figure 2.6 Block dlagram of syitching diversity,

- ‘ .
o The performance monltor compares the maln and the diversity signals and
through the switch, it provides the output with the best signal.

\ vy f‘
. , . \ i

However, this approach requires automatlc delay alignment to correct the'\

dlﬂerent'delajﬂntrdducéd by multipath,_
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2.3.2 Combining Diversity hal o

>
»”

v

p—

The zen~eral block dlagram of a combiner Is shown in Figure 2.7. The bgslé

operation princlple 1s that the recelved signals from the maln and diversity

antenna are adaptively phase ad) us};ed and then combined.

Matn
S 2 Input ‘ N ’ .
-
Phase . Output
Comparator = Combiner pb—m—>»
Diversity : > Phase
Input ) Shifter “

N
Flgure 2.7 Block diagram of combing diversity.

There are two types of combining techniques and the detalls of each tech-

nique will be presented In-the following.

N 3

7 The first approach Is the max!imum power combiner. It vectorally ‘adds the
.output from the maln and diversity antennas to glve the maximum power output
_ signal. This Is done by shifting. the maln signal to be In phase with the diversity

signal prior to combining the two signals [3].

)

The secpnd approach 1s the minimum-distortion combiner. It functions simi-

larly to the maxl‘m‘um-power unit but lncorporates a different control.appro’a?h

for the f)hase shifter. When the signals of both antennas encounter multipath dis-,

w

o
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dlstomon. the phase of the maln signal 1s rotated, to force the vector sum of the

two signals to produce a flat output spectrum (3].

" 2.3.2 Frequency Domain Equalizer

The basic ldea of a rrequency-doxhaln eqﬁallzé; Is to equalize the dlét.ortlon
1n overall channel ippllpude response. No types of frequency domaln equallzers,

a slope equalizer and a notch equalizer, will be discussed In the following.

(a) slopg Equalizer

A zeperal block dlagram of a slope ﬂequauzer 1s shown in figure 2.8

%
Contro! @
. Unit A
1.7
Nar rowband
Filter
» e
*
. ‘ . } Output .
nput J| -Slope ) ' -
) > Equalizer —>

. Figure 2.8 Block. dlagram of a slope equalizer.

The control unit detects the narrow band spectrum levels of the transmitted
signal at three frequency f _;,f o and f ., and the slope equalizer provides the :

[N

approximate correctlon.

a N
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: ~ In the frequency domain, MPF often Introduces slope asymmetries In the
y M « v
radio channel response (Figure 2.0 a). : _
' 7 ' N ’ § -
8 : .
' . H(qB) R(dB) ' R(dB)- .
4 A a p N
\ ~ N \ .
) . \ | \ c
7 - N
v . i ]
_ (a) . : (B o (c)
\'~,-' ) l nl
Flgure 2.9 Spectrum correction with a slope equallizer
\ .The function of the slope equalizer 1s to provide an amplitude tilt correction
- (Figure 2.9 b) which restorts equallty to the spectral density (Figure 2.9 ¢). In
additlon, a slope equallizer is ‘able to compensate for a rrequeng:y-selectlve fade
) *" where the amplitude attenuatlon. lles outside the passband. Usually, a slope
P equallzer Is des‘lgne(/l with a flat group delay characteristic.
(b) Notch Equalizer ) .

The mnction of the notch equalizer Is to approximate the Inverse a{’nplltu‘de

and frequeney delay characteristics of the channel. A general block digram of a

”

|
notch equalizer is shown In Flgure 2.10.

4 - ' \ . - -

Y
b
°

we
'
'
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Resonator >
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Q
a Dip freq. Dispsrsion
Detector Dgtactor
+- - -
. d . Control
Circyit -

Figure 2.10 A notch equallzer.

-“ . &
- A notch ~equallzer uses a varlable resonator whose frequency response can be

atnusted to correct the amplitude dlsperslon cgsed by MPF. The resonance fre- .
quency f, and selectivity 1/Q or the resonator are controlled so as to 1‘aake the
overall amplitude response flat by detectlng the narrow spectrum levels of
transmitted signal at three rreQuenéies\EO/]./Flgure 2.11 illustrates the fade notch

AN

P

and the equallzer response.

(a) 1 (b) | (c)' .

&

Figure 2.11 Spectrum correctlon with a notch equallzer.

Y



2.3.3 Linear Transversal Equalizer o ‘ .

-

=
~ ¢

\

-

%

The general block dl'agram of a linear equallzer 1s.shown. in Figure 2.12.

Unequalized ) . .

SN ey B T T o

" Equalized .
Output
>

’ %
Figure 2.12 Linear trapsversal equallzer

'
. L

3

The abllity of a linear e&uallzer to control 'ISI Is determined by the number
! N .
of delay-line taps and the position of the reference tap at which the symbol 1s
. ; ' -
located. In practice, only a finite number,of taps (usually 5 or 7) is required to

compensate the effect of MPF. The center tap Is usually chosen to be a reference

tap so as to glve equal eﬂe‘ctlveness agalnst distortion from both minimum and
non-minimum phase fading.

The algoritim to adjust the tap gain Is based on the zero-forcing (ZF) or
minimum mean square error (MMSQ) principle. These two technlques lead to

rather simple implementatlon, as required by high rate transmisslon. However,

. when the chanhel suﬂérs severe radlng distortion, the equalizer compensation can

- " ‘
only be achleved by Increasing the number of taps. In additlon, to ensure the
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DY ! . ) . - . . .
convergence of the control algorithm, 8 non zero signal energy Is required over

\ . H
the entire transmit band. This is obtalned only If a signal scrambler !s used [22].

(a) Zéro Forcing (ZF) Technique
;

The general output of the transversal equalizer is:

S(k)= S ar(k - i) - (2.33)
£ =0

o

where m s thg number of the equalizer coe{ﬂclents.

. | /

" “ - - \
In an ZF equalizer, thé coefliclents a; are chosen-to force the samples of the .
. *

L]
.

combined channel and the-equallzer Impulse 'response to zero at all but one of the - ’

NT Instants. The effect of an ZF ehuallzer 1s shown in Figure 2.13 [23]: P
“However, the tap convergence of the ZF equalizer Is not guarantee,d If the
. transmltted data are severely distorted. In addition, ZF equalizer ignores the

effect of additlve nolse and Interference due to the symbols outside the equallzet_'.



Equalized Pulse

—>

* Received Pulse T
» N F
o “ Eqyalizer

A

- - (a) Block dlagram of an ZF equalizer
\ . .J

"

a1

(c) Equalized pulse

“ Figure 2.13 The effect of an three tap ZF equalizer

8
-
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(b) Minimum Meéan Square Error (MMSE)

A

- .
The tap galn coefliclents of a MMSE equalizer are choseh to minimize the

mga‘p. square error at the equallzer output, which is defined as the sum of ISI plus

*»

the additive nolse power at the output of, the equallzer.

* -

The‘ ad)Justment of the tap gains Is Involved during each symbo} Interval. It .

2

1s 1n a directlon opposite to an estimate of the gradlent of the mean square error

with respect to that of the tap galn [21]. Therefore, the set of equalizer

coefliclents will be, closer to the optlmum set corresponding to MMSE. As men-

tloned earlier, the output response of a transversal equalizer is

' s(k)=§.a~,-r(lc-i) (2.34)

¥ =0 . °

A

It d(k) is the deslred response, and e(k) is the error between the output and

" the desired responses, the expectatlon of | e(k)|?1s glvén by .. -

vV

{=0

o m ’ 2
E[Ic(k)|2]=E[Ea,,r(lc—i)—d[k -—‘(1:-)) } (2.35)

A X

To obtaln the minlmum varlation of the mean square error against the tap

welghts, the following condition must be obtalned, namely

-

v

OE(| e (k)

2 .
3a; I ) =0 . for all a; - ’ (2.36.)

kN
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This resuits In a set of 2(m+1) llnear equations. The solution of t.ha;e’ equa-
tions gives the least mean square result {24]. Furthermore, since the mean square

error Is 8 quadratic functl;)n of the tap galns, convergence Is always guaranteed
. [] ~

independent of the _nolse or the interference.

1
L]

2.3.4 Decision Feedback Equalizer

S~

geclslon feedback (DF) equallzer 1s a nonlinear equalizer. It uses a decislon ‘
feedback to cancel the interference from symbols which have been detected. The
DF equalizer is particularly useful for channels with severe amplitude distortion.

The general block diagram of DF equalizer Is shown 1n figure 2.14.

-

Unequalized \

Input }

o Equalized
. Output
> 1 >

/ . Figure 2.14 Adaptive decislon feedback equalizer.

The equalizer cont:alns two sections, a feedforward section and feedbackward
section. The equalizer output Is the sum of the outputs of the feedforward and
" feedbackward sections of the equalizer. The forward and backward coefliclents

may be adjusted simultaneously to minimize the mean sqQuare error.
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The feedforward sectlon Is 1dentical to the llnear transversal equalizer.

N

-

The feedbackward p%,reeds back the output equallzed signal via a second | '
transversal filter. The basic 1dea Is that lr the value of the symbols already detect
are known ( past declslons are assumed to be correct), then the ISI contributed
by these symbols can be canceled exactly. This I1s done by subtracting the past
symbol values with approxlmate welght{ng from the equalizer output. The
coefliclents afe adjusted according to

Ty

Ci(k +1)=C;(k)-ve, d; _; i = Luwym (2.37)

where d; 1s the k™ symbol decislon, C;(k)1s the i** feedback coefficlent at time

L4

k and, there are m coeflficlents at all.

2.3.56 Forward Error Cofrection (FEC) Coding

!

FEC coding Is an efficlent technique to correct severe dlstortlons due to

MPF. A general block dlagram of a modulator/demodulat.or (modem) lncludlng

,' .

the FEC scheme 1s shown 1n Figure 2.15. .

e~
. - 1o
Input FEC ) FEC utput
—— EEEm——— Mod P—— ————> Demod | e
Encoder : N ; scoder
S

Figure 2.15 Block diagram of a modem with FEC.

“
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’

The principle of FEC codln_g Is to provide redundant Information In the/

transmission system. -Hence, it allows for a better dete nd correction of

errors at the expense of transmission handwidth. For hlgh‘ spectral efliclency

requirements long and high rate codes can be. used at the expense of decodlng

\
complexity. As a result, FEC coding has not been widély used to correct the MPF

eflect.

{

2.3.6 Summary of Various Countermeasuring Techniques

.

So far, the countermeasuring techniques most commonly used to compensate .

the fading distortion have been presented. It has l;éen shown that these tech-
nltes can be classified as diversity, equalizatlon and FEC. These MPF correc-
tloh technlques usually operate at baseband or Intermedlate frequency, because

they are relatlvely easy to Incorporate Into the exlisting equipment.

Space diversity Is the most commonlfr used countermeasuring technique.
DeSlpte Its simplicity, space dlversity cannot adequately correct the In band
dispersion caused by MPF, since the Interfering rays cannot always be cancelled
out [20]. Therefore, the improvement factor Is relatively small and Inadequate. In
practice, space dlversity Is u.sually used In conjunction with some rérm of equall-
zat)onz . b

Frequenf:y diversity requires additlonal recelvers and correspond;ng)

transmitters at the appropriate alternatlve frequencles. Hence, It reduces the

number of actlve channels that can be accommodated In a glven frequency.

The slope and notch equalizers are reallzed In the frequency domaln. These

two equallzers are generally consldered to be simple, low cost countermeasuring

A
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. t . 3
technlques. However, thelr performance under field trial expériments are not very

. 4
I
.

Impressive [21].

Zero forcing, minilmum mean square, and declslon feedback equalizers are

realtzed in the tlme domaln.

~

.

- The ZF equalizer 1s widely wused In microwave applicatlons. This 138 due to
the slmpllcity of Its lmplementatlon\ where its tap gain updatlné clrcultry can be

Implemented with logic gates.

The welghts of MMSE equallizer converge more rapidly and mlnlmlies both
ISI and additive nolse at the equalizer output. Although, the perrorm'q.nce of
MMSE equalizer Is superior to the ZF equallzer, It 1s not used very often In prac-

tice due to the complexity of Its controljalgorithm.

The DF equallzer Is a non llnear equalizer. Depending on the number ¢f past
symbols, a flexlble cholce of feedback coefliclents can elimlnate the ISI. However,

‘the DF equallzer requires a high carrler to nolse ratlo to avold Incorrect declsion

t

which wlll perturb the weight convergence. In addition, during the transition
between minimum and non minimum phase fadilng, the equalizer must calculate a

¥
new set of welght values. This Introduces a severe step discontinuity in a long

delayl multipath.
) A

~ )
\

.
]

» The performance of each type of equalizer 1s Influenced by the channel
charactel:lstlcs, as well as the actual number of coefliclents and the position of the

reference or maln tap of the equallzer.

o

e
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| :
It 1s concluded that each countermeasuring technlque has its advantages and

'dlsadvant.ages. The designer will have to choose a particular or a combination of

.

the MPF countermesasuring techniques to achleve the transmisslon objectives.

2.4 A Survey of Previous Works on MPF

There exists an abundance of literature whlch discusses the performance or N
M-ary QAM in a MPF envlron;nent The data published In these works, be lt :
from mathematical analysls or from experlments, were evaluated 1n a protected
system. That Is to say, countermeasuring techniques were used In the analysis of
the system performance. ,Unlylke the other works, the results obtalned in this
thesis 1s for an unprotected system. In addition, since llttle work ﬁas been done_

: ln-the system per:formance analysis of an unprotected system, the results of this
"work "may be used as a rfzrerence when comparing perrormancé improvement
using countermeasuring techniques. In the fo}low\ng section, different performance
evaluation methods which are readlly applied to M-ary QAM wlll be discussed.

P : ‘ ‘

Hummels and Ratcliffe [25] developed a procedure to evaluate the error pro-
baplllty for an O-QPSK system operating Iin a MPF environment. In this work, fa
mat.ch‘e‘g filter 1s assumed to be used. The recelved signal components contaln a
direct signal, a reflected slgnal dn’awAWQ'N. fepresented by thelr equlvalent com-
plex envelope. The numerical evaluation of the probabllity of symbol error Is
facllitated by using Fourler serles representa:lons for both the signal-pulse func-
tlon and the radlng process. For l;oth serl'es, thg expresslons are tmncate& to the
range [-N, 1] where Nis a posltive Integer. The error probablllty I1s then glven by
the expression P {r >0 whene r contalns the deslred signal, nolse. ISI due to the

filtering process and MPF. Both ISI and Doppler eflects are taken Into account.
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The procedure can be adopted for warlous digital modulation schemes. The“perr\\

: a
- formance of M-ary QAM systems. can be evaluated by multiplying the results by
the corresponding probabllitles represgntlng the M-levels, However, the computa-
tion Is complicated. In adciltl‘on. Raylelgh fading was assumed. This assumptlon 1s

acceptable for moblle communicatlon systems In the urban area. For microwave

radio; systems operating In the line-of-sight transmission. This assumptiop is not

N AW

always true.

Miisteln et al [26] presented an alternative method to calculate the. perfor-
mance of 16-QAM over a ' frequency selectlve Riclan fading channel. In this
aixalysls, the demodplawr was assumed to have perfect carrier and symbol syn-

chronization, which has been made 1In practlce. The model used 1s the so-called

wide sense stayionary uncoirrected scattering model (WSSUS) which has the fol-
o ) . RS
lowing representation

&

+c0

« z(t)= Re [d(t)+gflf(¢,'r)d(t—'r)dr] (2.38)

4

where d(t,7) I1s the lowpass equlvalent Input signal, \b (t :1') IS a zero-mean com-
plex Gaussian process and ¢ Is a nonnegative real constant. In the demodulator,
the recelved signal contalns ‘tile desired slgnal, AWGN, and crosstalk from adla-
cent channels. According to the analysls, the 16-QAM contalns a large alphabet
size and hence makes the computation of the average probabllity of erro'r very
' tlme consuming. Hence, ingtead of computing the average probability of error, a
"worst-case” probability of error for a given point In the signal constallation

" would be found. This provides more pessimlistic results than the real sltua&lon. In

addition, this analysis does not provide a simple closed form solution. \
. . ~

-~
‘e
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In the last Mo decades, different methods to evaluate the probabllity of
error for different digital modulation schemes in an MPF channel have been pro-
posed. Most of these performance evaluations applled to the no}m coherent FSK
and DPSK [27,28]. In general, different approaches have been used for edch |
modulaflon‘ technique, and depending on the complexity of dete\ct!on, different
assumptions have been madé. A performance evaluation n#ethod based on these
criteria seems_to concentrate on a particular MPF chapneli. It falls to provide a
general Insight of the problem. Furthermore, for Mfry QAI(‘(I, only a very limited
amount of literature has referred to the system performance ‘l‘wlthout MPF correc-

tlon technlques.

-~

-
»

In thls thesls, a',‘method to caiculate the brobablllty of symbo! error for M-

\

ary QAM has been proposed and will be presented. In this approach, the two-

.path model has been used to study the effect of MPF. It Is assumed that all

reflected rdys are comblned Into one reflected ray, and that the recelved ray 1s
formed by the dlrectt ray plus one reflected ray. By ax;plylng the two-path model
to describe the fadlng sltuatlon, only marginal accuracy has been sacrificed. In
additlon, the fliter partitlon In the M-ary QAM system ls) assumed to satisfy t}he
optimum ISI free Nyqulst criterla which Is an acceptable assumption in digital

radlo design.

The average error probabllity Is calculated as

R

+00 ‘ .

)
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where

i ' d ? )

P{ error /a:} Is the error proba‘blllt.y of a modulation technlque under an

AWGN environment, and.a given conditionof z.

[y

J x (z) 1s the probablility density function of z which represents MPF.

The PDF [x(z) has been recently postulated by Brana and Le-Ngoc {5,6]." ‘ W
The condition of MPF changes with relative\ amplityde and phase of the -
reflection with respect to the direct signal. These two effects are Integrated Into

_ 8 single’ parameter A represelit, d_lﬁerent, fading coliditions. L '

.

~

Evaluation of equation (2.39) can lead to a simple closed form solution. This

method 1s flexible and general, since the same treatment can be applled to

v different kinds of digital modulation techniques. h

-
»



CHAPTER Il

PERFORMANCE OF M-ARY QAM SYSTEMS IN AN MPF CHANNEL
PART I: GENERAL ANALYSIS

B =4

J

3.1 Performance Analysis of M-ary QAM in an AWGN Channel

A general communication system model Is used to study the performance of
M-ary QAM (Figure 3.1). In this model, the transmisslon system 1s assumed to be

N

distorted only by the additive white Gausslan nolse (AWGN)..

.

\ t
n(t)
s(t) - r(t)
—> Demod >
Flg'ure 3.1 Block diagram for an AWGN communication system.
hy
3.11 M-ary QAM Modulator , -,

v o
- 4

A block dlagram for an M-ary QAM modulati;r Is shown lanlguré 3.2. The
Input to the M—a‘r;' QAM modulator Is & bit stream d; at. x:aye J4. This bit
stream Is fed to a serial-to-parallel converter to produce two parallel binary -
streams, In-phase t}nd quadrature phise. at rate f, /2- For each binary stream; an
n-blt digital to analog (D/A) converter converts an gi-blt sequence, into an VM -
level pulse amplitude modulation signal ( VM -ary PAM ) s (t) or qit) . The |
transmission ra't,e of the VM -ary PAM signal 1s « = J4/2n. The In-phase and

quadrature VM -ary PAM signals, s (¢) and ¢ (¢) are then filgergq by two ident!-



_and gp(t)ls the Impulse response of the lowpass filter.

f f. . N
s z ) ‘ sinu,t
' R \ . , . /‘/
s :l DA q(t) | . LPF Qe . N
X
Convertor| - .
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cal lowpass filters to shape the transmitted spectrum. The flitered signals, I(2)

and @ () can be represented as

% i

I(t)=d $e; g7 (i -4T,) L (s1)
' ' .
A ) . -, ( '
) p Q(t)=d Ybgr (¢t -4T,) - -+ - (3.2)
', .
o 1 on " S
where T, = T = -7— Is the symbol Interval.
s b '

a; b;'e { £1,£3,....,&t(VM -1) } are the amplitudes with equal probabllity 7}\7

4
“pn f(t) LPF It \fx\
Convertor QT(t) o

Convertor ’ Oveil1ater Shifter Comb ner |

8, () N

Flgure 3.% M-ary QAM modulator. . v

}

sP ‘ . Local" 80" Phase . \"T)(t) E
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\ . v
The filtered outputs I(t) and @ () are multiplied by cosw, t and slnu;, t

respectively, and t‘heﬁ summed together to produce the M-ary QAM slgnal.'

i s(t)= I(t)cosw,t +'<Q(t nw.t ¢ ' (3.3) .

where w, 13 the carrler.frequency.

3.1.2 M-ary QAM Demodulator

¢ B
1 ™

\ fI.‘ﬁe recelved signal to the M-ary QAM demodulator Is

i - L
\

s ?
k]

RO rt)=s(t)+n(t) (3.4)

L 4

. Where &(t)1s glvemin eqnatloxi‘(s.s), n(t) is the AWGN' and 1s represented ss.

a

4

n(i)= ny(t)eosw, t + ng (¢ )sinw, ¢ ;.
. * ' Y
where n;(¢), and ng (¢) are the In-phase and quadrature Gausslan nolse with the

spectral density of N,/2 , .

‘ ' A
The block dlagram of an M-ary QAM demodulator is shown In Figure 3.3.

A

-, . . »

) Al
- “ . H L3 8 -
B . . . , .
. . .
b A N
.

(3.5)
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ALV LPF | Iy
A g.(t) Supled W
=T,
cosw,t

% J _Recovery

AD ________>
Convertar

hY

sinugt
rev LPF < 3 AD
/\\)fj 9, (¢) .| Swpied vt /| Convertor
-7
N =T, -
£ .
. . Figure 3.3 M-ary QAM demodulator.

-
.
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A coherent demodulator structure Is assumed. The recovery clrcult produqes"

cosw, ¢ and slnw, t. The recelved signal r(t) s multiplled by cosw, ¢t and

sinw, ¢, and then flltered by two identical lowpass filters respectively. From’ equa-~

tions (3.1) to (3.5), the resulting signals are 1 (t) and ¢ (t).

r

i)y =TI" () +n' [(t)

/

¢t)=@Q' (t)+n' o(t)

‘Where

q

I (t) = [d6; 9g (t 5T, )] *gp (¢)

= 42“:’ p(t-T,)

. Q' (t) = [d33b; 9r (¢~iT, )l *ggp (t)

~ T

= dyb;p (t=iT,

y

(3.0)

(3.7)

R
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p(t)=gr*gp(t) |
. . _ y

np! () = ny *gp(t)

ng’ (t) = ng tgp(t)

i € vr g
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(3.10)

(3.11)

(3.12)

4 .
¢(t) and ¢ (¢) are sampled at time ¢ =+T, and then quantized by the A /D

converters to reproduce the estimated value of {a, }, and {b; }. -

3.1.3 Filter Partition Y S

d

For zero ISI at the sampling Instant ¢ = ¢T,, the Impulse response p(t)

must satlsfy the following condltion [27].

¥
!

. 1 if 1+ =0
"(iTa)={o it i 540
'\‘.
\

where 1 ls\'ﬁn Integer.

4]

“

-

¢

Then the resulting M -ary QAM signal s(¢) can be represented In a constel-

latlon dlagram as shown In Flgure 3.4 where M equals 186.

~ =

a3

{fe .
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con . i -
[ ] L 2 L ] L)
D) L . b
. . qQ
.
- ™~ o, ' i
w £ Figure 3.4 Constellatlon dlagram of 16-QAM.
The condition for the optimum transmission Is
| Grlw)| = | Gg(w)| = VR (w,0) " (3.14)
\ ¢ 4 E '

where Gy (w) and Gp (w) are frequency domaln representation.of gr(t) and

gr (t) respectively, and are both assumed to have llnear phase.

.

- E Y

R (w,a) 1s the raised cosine fliter, Its- frequency domaln characteristic 1s

glven by
\ .. , N ‘< LIV
T, : rogwsp-(1-a) .
R(w,e)={ p T, ‘ x - (3.18)
‘ = - s (p - X (1 - @) <t <—Be(l + @&
2{1 sln[za[w 7 ]]} 571 - ISw ST +a)

where o 1s the roll-off factor. \

o
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The time domaln representation of the raised cosine fllter is
( sinnt /T, cosart/T,
r(t,a) = L. — (3.18) -~

nt/T, 1—4a®/T,}?

*
bt

Some of the ralsed cosine characteristics and thelr impulse responses are

shown in Flgure 3.5.:

(a) Time Response

»
4’
0 .
~

. R(w) A
Ts { ’
G- BOD 4

1.0

2.8

8.6+

8.4

-
-
8.2

\‘ ' : s.0

. : s FUR 21

\ ' T, 3T, T,
\ . ) (b) Frequency Response

. ‘ \

h - 'Fliure 3.5 Ralsed-cosine pulse shaping.
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3.1.4 Performance Analysis

In an AWGN and ISI rreen transmission with Nyqulét filter partition, the
sampled signal components ¢ (kT, ) and ¢ (¢T,) are represented by the signal con-
stellation diagram as shown in Figure 3.3. The M-ary QAM lsl formed by two
Independent \/.T/I_ -PAM components on two orthogonal 'axes. The probability of

symbol errof of M-ary QAM can be derlved from that of VM -PAM [15]. .

~

The averaged power of each VM -ary PAM componenf Is \

__ 400 |
P all fR d h ' (3.17
aw = '2—”57" (w)dw o (3.17)
-w -
" 3
Since

+60 \ 4

f | Gr(we) | 2dw = va(w.a)dw = 27 < (3.18)
r g J

-

The average power becomes

Py = (3.19)

;~3| 24
)

which 1s Independent of the roll-off parameter a.

Vs
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‘There are VM equally likely amplitude values placed at the levels

+ e

L

‘ . - 2 Vi /2 v d? ‘ |
0‘2_71&7 El [d (25 -1))? 300D . (3.20)

where VM s an even Integer.

P “u
The average power of each VM -ary PAM component Is
N * ) T
d®* M -1 ‘
P, = — N o 1 K 3.21
av T‘ 3 . ( ) .
. &y r: -
The transmitted power of M-ary QAM signal Is g .
: . T BN )
2d% M-1 " T -
Pp =2P, = o —80 3.22
T av .'_T"_ 3 ‘ ( )
_ N ) ‘
The symbol energy of M-ary QAM s i '
E,=P;T, = 2d (M1 : (3.23)

For én AWGN channel, the sampled nolse value n;’' (¢T,) or ng’ (iT,) 1s

also a Gausslan random variable with variance

*

. . N2 "N, R
“ ' o} = E—LR(W)dw == (3.24)
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For an VM -PAM signal, there are VM signal po\nté $ two outer polints O

and (VM -1), and 1,....,(VM -2) inner polnts. The outer polnts can only be In

error 1n one direction, while the Inner polnts can be In error in two directlons.

The slgnal polnts representation 1s shown in Figure 3.6.

+d | -d +d | -d +d -d . +d | -d
> > D
1 i -3 { : 1
| 1] 1 1 L}
LY 2, Q; AF-2 | BvF-1

L3

Figure 3.8 Signal polnts of VM -ary PAM.

pdlnt, is glven by

™

I

Pp{c /o) =

-+

d .
It

32

202 dz

For 1=1,;2,.,..,(VM -2) the probabllity of correct detectlon of each signal

(3.25)

It can be put Into a more convenlent form-by letting y = -5;- Doling this,
. . o

and utlffzlng the symmetry property @f Gaulslan function, equation (3.25)

becomes

2

PR{C/ai}=‘5;

-

—

d
2%}

ov2
f e 'dy
)

KN

o

N

Therefore, the probabllft.y error for each signal polnt 13

g
vz

: I;«ﬂ\{crror /a; }=1- 72;- f e?'dy
°

A}

(3.26)
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d

w .
=11 % f‘é"'dy . @
v | E | :

m-
=_—72-f e ?'dy
L .
oz

= erfc[w.d;'# ‘ B | (3.27)

-

A

For s+ =0, (VM -1), these two outer signal polnts can only be in #ror 1n one

. . : »
direction each, and according to equation (3.27), hence, the probabllity of error Is
kY \
P;{crror /“N-J = Pg {error [a,} = Lerse { d } (3.28)
' S 2 a:/.2 ,
The probabllity of error averaged over all transmitted signals Is then .
- Ppar = ( -2) erfc[ ] o . .
el i r 7 A |
; 0 . ' »
N 7/ .- N Y \ s
= |1-— ] cr/c[ d ] o, (3.20)
:/.M 072 -

»

The probabllity of symbol error of M-a_ry QAM signal Is given by [15])

A

7
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\A=2}:m_};3g | - | | .
=21~ 77 ) (5] - ["7=] orfe* [7] | o
~2fi-rere| %) - (830)

Replacing d = /3E, /2(M-1) and 0> = N 0/2‘|xit,o equation (3.30), the pro-
babljity of symbol error for M-ary QAM In an AWGN channel with Nyquist filter

" paytitioning is <

%2[1'7%7]"/9[\/2(1\;—1)%] | @an

3.2 Pérform&nce analysis of M-ary QAM in an MPF channel

To study the performance of M-ary QAM In an MPF channel, a two—path

radlng model slmulator Is used (Figure 3.7).

n(t)
|

s(t ) N ‘ rt) -
—(—)—-—> Mod - ‘————)@ >(X) Demod ——-—> ~

- AN

Figure 3.7 Block dlagram of an. MPF channel.



53

,
The recelved signal In a two-path MPF channel model Is
N ; -
. \\
| . | | ‘
L \\* | rpr(t) =8(t) + Ps(t ~7) + n'(t)) : (3.32)
i . - ! -

. . where n(t) Is the AWGN represented by equation (3.5).
| ' ' ' :

|

i \

ecomes -

hY

~  raypr (¢ )}-- [I(t)+ BI(t-r)cosw, T~- ﬁQ (.t —r)sl;iwc T +/ 1 (t)] cosw, t

+[Q(t) + BQ (t—T)COSU)é‘T + bQ (t -T)sInw, 7 + ng (t) slm;;,, t  (3.33)
, \ . // ] i .
. ‘ ) /

~

After demodulation, low-pass filtering and scaling, the In-phase and quadra-

ture baseband components become
M hY

)

—

iwpr () = I (t) + B I(t—7) cosw, 7- B Q (t=7) slnw, 7] #gp (1) + ny! (£)  (3.34) °
. . 3 ~

‘. ) r
and

\

*

: q’Mpp‘(t )=[Q(t)+ B Q(t-7) cosw. 7~ f I(t?—-r) sxﬁwc 71%gR (t) + ng' (t) (3.35)

where . .

. ng' (t)=ns(t) * gp(t) | (3.36)

ng' (=) xgp) . @
. | , . 3
\ - ’ . |
eﬁ'
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. For 7<<7, where T, 1s tlie symbol ﬁxterval, -
| i(t-n=i(t) )
g(t-1)= q(¢)
. 4
Therefore equations (3.34) and (3.35) become )
W(t) = I(t) + BI(t)cosw, 7 - BQ (¢ slnw, T " (8.38)
and . . [
’ ) : \
g(t)= Q(t)+ FQ(t)osw, 7+ BQ(tlnw, 7 . (3.39)
Equatlons (3.38) and (3.39) can be written as
R ) =T ()1 + A7)+ my’ ()  (340).
.and
_ ampr(¢) = Q' (1)1 + Agl+ hg' (t) T (3ay)
“f‘wheré
\
. A =X;\/1+¥}=X,B ’ ‘ (3.42) &

s
4

Ag'=Xo1+¥§ =XqBg (‘%21\

X ;1 = Beos|w, T +. tan""(\ll I )l (3.44)
' XQ = fcos|w, T + .tan“(\llq ) \. (3.45)
= 2 () S |
() = Fs @40)
I () L (3.47 |
Wq(t) Q' t) . - (")
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. « - N - » ‘ .
It 1s noted that I’ (t) and @' (t) are the nolse free In-phase and quadrature

baseband componenis‘in the. non-MPF case as defined by equatlons (3.8) and

(3.9).

The signals $ypp (t) and gppp(t) are sampled "at every ¢7, for detectlon.
The sampled nolse components n;’ (t), nQ' kt) are Gﬁusslanhrandom varlables
with varlance of N o/2 as glven by equation ( 3.24). The samﬁled noise-free com-
ponent, I' (¢T,) or Q' (1T, ), has one of. vM posslble values\aq%deﬁned by

equatlons (3.8) and (3.9). Therefore /1 + v/ (:T, ) and \/1 -{-/‘If’f:f[‘,) In equss

tlons (3.45) and (3.48) respctively, are Independent discrete random variables.

!

®with identlicdl probabllity

P[B] e { P; = P[B;], ali possible i } (3.48)

¥
X, and XQ are Independent and identlcal rarrdom varlables with probabllilty

density functlon f y(z) representing MPF Tading. - 7 -

. -~ »
t 1 4
N N b

Statistical characterlstics. of random varlables ©f B and x will be discussed

in sections 4.1 and 4.2.

3

In general, the probabllity of symbol error of M-ary QAM In: an MPF chan-
] i . fr] . -
nel can be computed from that of the VM -ary PAM as discussed In section

3.1.4.

-
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Pympr =1-Q0-P g mpr ) S

= 2P yir MPF (3.50)

where .Pm"blpp 1s the probability of symbol error of VM -PAM in an MPF

channel, and Is derived as follows.

¢

Conslder the sampled value of §ypr (iT, ) of equation (3.40), 1t 1s

-

~

Cinpr (T, ) = [1+ ALY GT,) + ' (T,) (3.51)

As mentloned earller, I’ (sT,) has the same value as a;, where g, Is the
transmitted symbol. The nolse-free component of sypr (17,)1s (1 + A;)a; for a

given value of A 1 8s shown In Flgure 3.8.

L}

~

‘ dil+4;)  d(l-ap)
N
P
! L1 .
I, T “T1 — -
LT ) L ' % a(1+4y) LIV LIV

~ Flgure 3.8 Signal diagram of VM PAM inan MPF channel.

iling
w .

" For § = 1,2,.....,(VM -2), the conditional probabllit} of the correct detec-»

tlon Is

1]

“ .

" Ple/e; A = Pld+a)Sm’ (T,)S+d (1-4))



-d(14+4y) :
- z '
= L de
< +d(1-44) mNg
N A
=1--;—[crfc[ (.rh 1)]

)

Fori =0, (VM -1)

L

Plc/aob] = Ploo<n’ (iT,)<d(1-A/)]

=1-erfc

Q [ d(l—-A,) ]

l dt1+A,) }

"Plc /o g b1 P [Hoo>ny (iT,)>-d (144 7))

-

=1-cerfc

d(1+4y)

Vo

The conditional probabllity of symbol error glven a; 1s

<

P [error [a;] = P[crror/a, A,} = Y P (B, ]fP[crror /a, A,]f (z )dz

\

= i

P(I—A[)

+00 *

1 Y

-—[P(l—A,) + PQ1 + ar)

P_(1+AI)

. .Q_\/ bt
.
B . -

&

=1,. 0(\/-_ —2)

(“’ '

N
a

4

(3.52)

L

(3.53)

(3.54)

[N

(3:55)
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where _ ‘ )
R 4
¢ i _‘l_w
. P@-4ap) = EP[B,.]ferjc[ - ')]fx(z)dz ' :(3.50)
. .
Pa+an=RPIB ]ferfc[ u ’)'/X( )dz (3.67)

Since A; having values symmetric abéfit zero

" P(-A))=P@+a;) 3 (3.58)

o i
3

o
- ’

Thérefore, the probabllity of symbol error of VM -ary PAM signal in an
MPF channel is “

P

&2 AN i \

. vM -1 ‘ )
P nr mpr = S} Pla;)P[error /a;]

t =0

e

[1--—- ] P (144 ) ‘ . (3.59)

’

- and the probability of symbol errors of M-ary QAM In an MPF channel 18

]

Py mpr = 2[1-7}A7]P(1+A'1) . | (3.’00) ‘
with | h, : , 7 o
| / +00
(1+A[) . :
P(144;)= S)P|B; [x(z)dz . (8.61)
(1+,) ‘%‘[]fcr]c[ ,/N‘lx -

* i
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+00
[ o

P(l-i—A,)-— EP[B ]ferfc[(1+B z)

all ¢

} Ix()dz(3.62) »

v

Hence‘. the final expression for the probabllity of symbol error 1s

\N‘ N
+00 v

‘ 1, 3 E, .
Py mpr =2[1—W]3[]P[B]ferjc [(1+B z) YV N ]fx(z)dz

»

+00
. {
\ = 2[1—-7}7] a%_‘}'P (B; ]fcrfc [(1+B z)\/'_y;-] [ x(z)dz (3.83)
where - )
N %
’ ' . — 3 s
) ' - ' . \/’I 2(M"'1) No
-
‘:
¥ )
\ -
¢ ) LA



CHAPTER IV

4

PERFORMANCE OF M-ARY QAM SYSTEMS IN AN MPF CHANNEL

t

PART II : EXPLICIT EXPRESSIONS

4.1 Statistical Characteristics of B; N

In an M-ary QAM system, the amplitude {q; }, and {b; } are 1dentically dis-

-+ tributed random varlables which have the following values and probabilities.
‘l

16-QAM , | .
{(GT,)=+1, +3 each with prob -;- ‘
! 1 ¢
qT,)=+1,+3 each with prob — R N

64-QAM | y

t(1T,)=4+1,4+£38,+5,+7 each with prob %-

Aq (T,)=+1,+3,+£5,+7 each with prob %

L

¢ 256-QAM

t(T,)=+1,+3,+5,+7,+£9,+11,+13,+ 15 each wlm.prob Tla-

g(iT,)=+1,4+3,+5 7, % 0, £ 11, + 13, + 15 each with prob —1%

S

The values of B; and the corresponding probabilitles P {B;} for. 16, 64 and
—
256-QAM are glven In Tables I, I and III. In the above amplitude values of

{a; } and {b; } 's, d Is normalized io unity without loss of physical Insight.

v T N
INETA,



Table 4.1

Prohgbility B, of 16-QAM

Table 4.3
Probability B; of 266-QAM

—

61

B | P{&) B

B, | P{B)
3| 1/4
1 1/2

1/3 1/4

Table 4.2

Probability B of 84-QAM

B, | P{B:)
7| 1/18

3| 1/16
7/3 | 1/18
5/3 | 1/16
7/6 | 1/16
1| 1/4
8/7 | 1/18
/5 | 1/18
3/7 | 1/18
1/3 | 1/18
. 15 | 1710
1/7 | 1/16

P{B:}

1/16 | 1/64 16/13 | 1/64
1/13 | 1/64 13/11 | 1/04
1/11 | 1/e4 1 e | 1/04
170 | 164 | 5/7 1/04
17 | /64 Tlas/ | 1704
1/8 | /32 7/5 | 1/64
3/13 | 1/04 "1 a0 | 1704
1/3 | 3/e4 Sl w17 | 1704
5/3 | 1/64 | 53 | 1/82
8/7 | 1/04 o/5 | 1/64
s/11 | 1/84 | 137 | 1764
7/15 | 1/64 18/7 '1/04
7/13 | 1/04 1/5 | 1/64
5/9 | 1/64 2/3 1/64
°/5 | 1/32 | 2378 | 1704
7/11 | 1/64 | a | /04
0/13 | 1/04 11/8 | 1/04
5/7 | 1/ 13/5 | 1/04
11/15 | 1/64 8| 1/32
/0 | vs2 | ] 7] 1/e4
om | es | o | 1/04
11/13 | 1/04 | 1| 1/64
13/15 | 1764 | jls 1/04
11 1/8 15 | 1/64
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4.2 Statistical Characteristics of z

hY

Equations (3.44) can be written as

z = feos|w, r+tang (V)] ' (4.1)

The effect of MPF Is determined by the parameters § and r »Both S and 7
are assumed to be random varlables. To study the effect of MPF, It Is essentlal
. N N
to find the statlstical property of rv z.

—

4.2.1 Probability Density Function of The Cosine Function

N

1]

Let us defilne an rv z as

z = cos{w, 7 + tan”}(¥)] = cosf , (4.2)

+ where 4 )s an rv, w, and tan™!(¥) are constants. The rv § represents the random *

phase of the coslne function.

The PDF of 2z 1s determlned by the transformation metﬁod as glven by
Papoulls {30].

- Jet) g h ‘
s O =STrenT = Aoy o) Izl 68

for any equation‘z = f ‘ o .

* ";Z-‘:’
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LY

where 0, , n. = 1,2,....,n are the real roots of the equation z = f (¢) and /' (9)

s the derlvation of f (6).

In each Interval of 2, 3>/ e(f, ) has two terms. 1t 0 1s uniform on an Inter-
J .

val of 2w, then the two solutions for z are Inslde the applicable Interval. The
function [ g(d, ) 1s equal to 1/27 for each of these solutlons and vanished outside
the interval. Adding these two terms and substituting Into equation (4.3), the

solution of [ (z) becomes

1

e =T

4.4.2 Probability Density Function of 5

[12].

1-¢X

] §B) =

e 1

li
This expression Is intultively attractive and!’

prererrdble to-vary )\ so that different fading conk_iltlons can be modeled. In prder

easy to analyze. However, it Is

to do so, the following convention 1s suggested.

If the sign of X\ Is negatlve, fading conditions are more severe; If positive,
fading condltions are less severe, | L.

K
€ -
.

L Y

exp(-\(1 - B))] 0<p<i . (45) .
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The parameter ) In equation (4.5), therefore, experiences a sign reversal. The

sultable density function for §1s then :

*

S =m0 - e

This valldity .of this. PDF to characterize different fading conditions 1s now

investigated.
~—
(a) At Positivée Extreme Value X\ — +00
1 = - (47
m S A8) = &) o an

In practice, tPls means that there 1s no réflection and thus no MPK
d A »

. -
N

. b .

(b) At Negative Extreme Value A — -o0

T fgp=d-8 (8

In bractlce,}thls means that the reflection is always as large as the direct sig- .
. —
nal. It is the worst MPF condition. o , R
foo . -



. (¢) At Middle Value A =0

Im{ g8 =1  0<p<1 (49)

4 [
)

The relatlve amplitude of the reﬂecplon can assume any value with equal

Jprobablility.
A

et

It 1s concluded that expression f #(B) In (4.8) represents a family of PDF s

- which covers all the range of MPF condltlons.

4.2.3 Probability Density Function of z

It has been shown that feasible solutions are obtalnable for the PDF of B
and the coslne runct,lon, respectlvely. Tt Is essentlal now to find the PDF or T
* which comblnes the effect, of A -and the coslne function. Agaln S and T are

assumed to be statlstﬂcally Independent. Hence, for a uniform 4, it can be shown

-

that the PDF of = is given by [30]

.fxga:)=—11Ff ""”’ 4 f7==’”‘j’l (4.10)

y Tz

where y is a dummy variable.
Ve ) - ¢

But the PDF of f Is deflned In the 0<S<1 Interval only. Hence equation
~ ’ R .

(4.10) becomes ®

L]

(-'



where
K(X)=_%ex and -0 <A< o0
cx_ . — —

A few Important observations are listed In the following :

)

: . . N _ L
(1) when A— 400 , then § = 0 with probabllity equal one. There Is no reflection.

(2) when A— —oo, then § = 1 with probabllity equal one. The PDF becomes

1

fx($)=71—_—;;' |z | <1 (4.12)

5

=

(3) when A= 0, the PDF becomes -

fx() ='%[zn A+vV1-z2-In|z|] (4.13)
(4) For other values of X\, the PDF function remsins symmetric at z =0 and fol-
L) . .

lows approximately an expgngntlally form. T 3

'4

Equation (4.13) at the mlddle valie A\ = 0 1s shown in Figure 4.1. It has
approxu‘ﬂate ‘an expogentlal form, and it may be relatively well approxln;ated by

« & llnear function.




N * -
\ £y (x)
. !
* h Exact Solutfon
\ Linear prroximatfcn
. \ -
J \
\
/ | .1 -
. , X
- $ -t $ } { i —+ >
-l-a _-8 _os --4 --2 z 02 t-4 .s .B IOB
‘ . Figure 4.1 The PDF of z at A\ = 0
*
N
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4.2.4 Direct Postulation of The Probability Function ofz
B . ’ toe -

+ As the fading éondmox}s, represented by X; change, the integration in (4.6)
needs to be re-evaluated. Furthermore, for certaln values of X, the exact solutions

do not exist. Therefore, the analysls of system performance would be very .com-

plicated, Inconvenlent and Impractical.

- %
-

@

To avold the above mention dlfficultles, Brana & Le-Ngoc [5,8] have postu-

lated a compatible form for the PDF Instead of finding the exact solution. They

analyzed the performance behavior of equation (4.6) at certaln specific values,

.and then po#tulated a dlrect‘compatlble solution which has approximately the

same behavior as the exaét solutlon.

According to the analysls In section 4.2.3, the PDF [ y(z) must satlsfy the

-following requ,}rements. w

%

(1) The PDF of z will be symmetrical about z == 0 and follow approx!-

mately an exponentlal form. . ‘ .

(2) The probabllity density of £ = -1 and z = 1 should be zero. This pro-

perty can be deduced from tﬁe property of the cosine function. The density

-

Increases when It approaches these values, -but 1t never. actually reaches the

values. % °

\

(3) From the probability theory, the PDF must satisfy ~ : '

- X 1 .
e Y '

fx(z)>0 A<z <1~ ' (4.14)

2
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+1 /

A

e 11

Based on the abovg assumptions, these properties cannot, be satlsﬁed by a

v

. purely exponentlal functlon The best approxlmatlon is using a functlon with an

. extre

L

exponentlal part plus a negatlve cqnstant part. Therefore, the postulated solution

L , »
18 T . s
' \e? o X
Ix(z)= — exp(-\ |z |) - ‘ (4.18).
x(®) 2(e* =\ -1) = 2(e* =\ -1)
. e \ hd N
where 1< z <1 and - -00 < A\ <+00

Such a solution follows approxlmately the behavlor of equation (4.11)., It~

h

reduces mathematlcal complexity but keeps the flexibllity to model different fad-

\

lnz coﬁpdltlons by simply varylx_xg the parameter \. °

1
P ¢
-

- y LD
«.+ For a finlte negatlve )\ equatlon (J 15) 1s éxponentlal 'and decreases rather E

Ly

slowly t;owards the extreme val‘bes' (r =1and z = -—1) For a finlte positive A,

The behavlbr of equa.tldn (4.16) will now be lnvestlgat.ed In detall for
the three specific values of )\ - ,0_0 ,» + 00, andoO.

. .
o ’ ﬁ' -
' » ™ ~

(a) Positive extreme A\ — +oo
' v

PR o im [y (@) =8z) " C (4am)
A—00 . . .

, ffx(z )z =1 , © (4.15)
R § ' .

the’ -mﬁtjon ls also exponentlal but decreasesa rather rapldly towards the
mes.
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]

"~

'z = 0 and vanlshes elsewhere. It means thét, no MPF exists.

o

. \
4 .
This result 1s consistent with the
behavior observed by applylng the method of the transformation of rv in section
' ' ¥

’ !

» Y

-

4.3 Expressions for Probability of éymbol Error

)
1

In this éectloh, the probablllt;r of symboal erroi: for M-ary QAM signals are
developed, based oﬁ the statlistical model rgrmulated In sections 4.1 and 4.2.

. Their performance under various fading c‘oddltlons are evaluated
i '

and lllustrated.

‘ /

)
)
s, .

(b) Negative extreme A — —o0 '
ny‘ ‘ ~ ) S &
- ) 9 l
L lm fe(X)= = \ (4.18)
‘ " A=e00 T 2" .
- Falllng conditlons glven by this case are quite severe and wlll drast.lcs;lly
degrade the performance of the transmission system. . )
( b4
(c) Middle value A = 0 oo
Im=1i-|z| -1<z<1 ' ' (4.10)
/ { X—-‘O .
b . LA .
J The PDF“reduces to a linear functlon.
( 4.2.1.

4

A

St
pe? e

@
T 70
Hence, when A\ —+ 400 (the best channel:‘condltlbns) the pf&ira.blllt,y Is 1 at

L7 S



4.3.1 Integral Equation . v

[4

71

The final expression for the probabllity of symbol error, equation (3.84), Is

repeated here for convenlence.

+00

where f y(z)1s the PDF of z , and |z | €1 from equatlon (4.18).

‘;

Hence, the average probabllity of symbol error can be expressed as

|

Py mpr = 2[1-—— >
[ l

—2[1--—- P (BT,
alll

+1,

T, = [erse [(1+B,-g)ﬁ] /% (2 )da

-1

and
P w ' ) )
cerfélr) = -8 o
erfc(z)—-\%;fc dt %
: -
=1-ef(z) - ¥ .,

=1+ erf (—:r;), Co

1

Puurr = 2[1-—\/%4_-)“%10[3 ]fcrfc[(1+B W x(z)dz  (4.20)

ZP[B ]fcrfc[(1+B :z:)\/:'y,_]jx(z) dz

" (421)

(4.22)
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.

1
At the Interval -1 < z < -k the argument of the error complementary
i :

\ functlon-becomes -negative. In order to compute T; and the probabllity of symbol

error, equatlon (4.22) has to dlvide Into two parts : the first part deals with the

negatlve argument, and tfi)e second part with t,hq‘ positive argument.

As a result, equation (4.22) can be expressed as

1

+1 Bl .

ffx(w)dz + fcrf{ ~(1+B; 2 W } x (2)dz

) +1 ’ !
- fcrf {1+B;2)/7, M x(2)dz
. 1 Lr
B, ' A | )
v -

=1+ fcrf {—(1+B,-:c)ﬁ }fx({'z:)dx o "

N ot

+1
~ fcr’f {(1#3,-;)\/71:}/,_((‘;)@ - | (4.24) . ,
R T |
) ..7 ; ' | . N \

4.3.2 Probability of Symbol Error at A = oo |

-

From equation (4.18), \t,he PDF f X(:c) it megative values A approachlnz ; —%
-00 equals 1/2 . Substituting this value Into e W then becomes
L
',.,‘4——// ] '
o
\ | S d



o c— J

. 1
' +1

o c—

To evafuate equation (4.25), the following equation Is used {81). _

ferf {z}dz = a:cr’f {z}+ -‘}-—;e"

Equation (4.26) can be expressed as

\ ¢
.
A

pg
f 1 1 2 oL,
erf {ax}dz = = |zerf {z} '+ e~
" J {or} " {z} T -
Exp}'esslon I, of ‘equation (4.25) Is «
. ']
i
. . . 1 . . '
U b [ et vire
.71 ‘ L.
f ) B
: : {
Q 5,“ . ¢
Let y =-(1+B;z) dy <= -B;dz
S :‘.. ‘( s
3 "":f :‘ ’ -
PR

T, = |1+ f—;-crf {(1+B;z‘)\/:y:'}¢;: - f %cff {Q+B;z)\/7, }dz
-1 ’

(73

(4.26)

(4.27)



by
1
At T = =t =0
A B; y —
‘ Tz = -1 ¥y \— -?,' -1
After the substytution, I, becomes
;' =
0
I‘=—§— f crf {y\/’y‘ }dy

'(B)

.

By applylng equatlon (4.27), I, becomes

1

N\

. . 0
1 1 _y32 .
I, = ————— yerf {y + —t y
Y 2B/, [ ) Vr B

T—

\‘l . : .
Expression I, of equation (4.25) Is

+1
12‘-—"—2?' erf {(1+ B;iz)y/7, }dy
3 |
{ ' Let 'y =14B; z '@y = B; dz
- o At z. =1 y = B;+1
"-J - 1 -
T e e =0
i Bi - y
t L
-

74

(4.29)

(B B!". [] '
erf{(B 1)ﬁ,‘} 2Bf_[ e"( "'7] (4.30)

(4.31)



After substitution, expression I, becomes o

B, +1

s ¥ je:‘;z'g‘ ) erf {y v/ }dy (4.32)

\
By applylng equation (4.27) again, I, can be written as

,] (B+17,

0

-1 Ay
I, 23;\/:75_ [ycrj {y}+ \/_c

(B +1)

=

erf {(B; +1)ﬁ} 25, \/'1_- [ —c’w'“’c"‘] (4.33)

[ 3

Substituting equations (4.30) and (4.33) Into (4.25), T; becomes

- ‘
T"=" 1+II+IQ]

. . oy :
- (B
D ers {(B 1>\/7,' }- crf {(B; +1)y/7, }}

- . . ‘\
[c_(B'-[)zq, _ C_(B'+l)2',. ] (4.34j

.%-w’

R
2B,-v’7,1|’

9

From equation (4.21), the probabllity of symbol error Is

Py rr = 2[1-7}7] EP[B][17+ (B o oon
_ + 2[1—7-]2P[B ]zB \/_..[ B2, c;(B"f‘)’”’ ] " (4.35)




f

4.3.3 Probability of Symbol Errorat A =0

/

From equation (4.19), the PDF [y (z) at the middie value \ == 0 equals

1~ | z | . Therefore, equation (4.22) becomes

L ' ]
+1

T = |1+ f erf {~(+B;z )/, Y- | = |)dx—f erf {1+B;2 WA, Ya- | 3 | )dz
~1 1 L

4 '
L

o

(4.36)

It
—
(v
4+

’:"1
+
o

4 ~

%, To evaluate (4.38), the followlng equation Is used [31] .

3

-

f:cerj {az }dz ‘=“_z21"£ {ez } - :‘-];?crf {a:r} + ;%;c"“‘g"r (4.37)

Expression I, of (4.36) is

-

1

"B
1= [ erf CasBaR Yom 12 i

-1

A3

1 . ' 1

"B, v

= ferf {-(1+B,~z)\/;:}dz +, f zerf {;(1+B;z)\/;: }dz (4.38)
. Y :

-1

I
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i . Let: y=-(+B;z) ‘dy = Bids

o .
After substituting and rearranging I,, the following expression is obtalned .

0 .
(B;-1 ' J
I, = !Icrf {y \/T}dy =g 2) fcrf {y V", }dy (4.39)
i B-1 _ ,

BQ

Applylng‘equatlon (4.37) to the first term of (4.39) and equation (4.27) to the

A\

second term, /, becomes

-
- .

N 0
; T, = -El-—[-—crf {y\/q,}——erf {y'y,}+ "7"”} ‘
. ’1‘ T (Bl ’:'l)
&‘.!1 | ' B""l 0 "‘
A . Sy )+ e (4.40)
B; / e Y, T (B, <1V,
/ ' E;pgndlng equation (4.40), tl;e final expression of I 118 ‘ -
(’»9
»
(B;-1)* (Bi-1) (5,1,
1, "—'-—;—'— erf {(B -1)\/'7} + 43' » erf {(Bi-1)0V7, } - ——'-\/-‘——w"_w o
{ A
B -1)° B;-1 - :
( ) erf {(B;-1\/7,} + B( \/_)” e 1 < ] (4.41)
)




-

24 -

\ )

Expression I, 3 of equation (4.36) 1s

. +1 ' \,\) \ .
I,= fcrf {(1+B z)\/'f}(l-lz | Ydz
"BT 4 ) T
s
+1 0

= —f cr;f {(1+B,-§)\/f}dx - 'f::cr’f {(lll-B,-z)\/:yT}dz

——

—

/' + fzerf {(1+B,-a:)\/:/:}dx
. A . :

~

Let y =1+B;z |

. B‘

dy = B, dz L

F -
Substituting the abové values to (4.42), I, becomes

B, +1

I, =—-—-ferf {y V7, }dy +—ferf {y\/i'}dv —-—-fer! {vs/fv._}dv :

' B,+1

' —F}-fyerf {vs/w_.}dy + =3
t o

fvcrf {yﬁ}dy -

B, +1

P

(4.43)

Poaadps et

PA%L L



79

Applying equation (4.27) to the first three terms of equation (4.43), and

equation (4.37) to the last two terms, expression I, becomes

oy

L]
® .

(B, +1)/7-

12=_B\/_ [yerf {y}+7=c ] ., U L

¢

1 31."
- [ B v - et V) + e |

1 . 1 _,2 Vi
*W[”"’ {“"“7;”}0

gt | B ’
*Tz[ e (470} = Jomer] V) + e }
1 .1 | BT ‘
S d ARt VAR

Expanding equatlon (4.44), the final expresslon of I, becomes

(B

B + —————¢ ~(B, +1)*y, 1
crf {(B; +1)/7, } \/T_ \ +——B'_ =

I,=-

erf {\/'Z} * 5 crf {\/?,;'} — ="

1 1 1 , '
+ —erf { N} + =t + ——— .
B;® ¢ B,-Q\/;y, T B2\ /A, 7 . )

“

B;+1? L
( +1 ) Cf'f {(B +1)E}___crf {(B +1)ﬁ’-} + (Bl +1) ,c_,(B..*_l)R,,. |

2B 4B;%, 2B%\/7, T

- -—--erf V7 } + +- crj {\/:1;‘}+ e



]

-

_ (Bi+D) | |
erf {(B; +1)\/‘~1. e B ;e
B;? B; '1,
1 — 1 — x
+ ——r + ———— 4 4,45

Subsug‘titlng‘bequatlons (4.41) and (4.45) Into equation (4.38), T; becomes

= [1+n+1)
. ol /

=1+ Kgetf {7, } + Krerf {(Bi +1\/%, } + Ky erf {(Bi-D}/7, )

£

+ K exp(=7, )~ K, exp(-(B; +1);7c ) + Ky exp(—(B; +1)270 ) (4.46)

From equation (4.21), th{ probabllity of symbol error 1s

—

Py mpr =2[1‘T EP[B][I + Kyerf {\/7,} + Kjerf {(B; +1)ﬁ}]

all §

+2l1‘_ ]EP[B] 1+K,M+Kxekp(-%)] \‘

-2[1* ]EP (B;] KL exp(—(B +1)*7,) - Kpexp(<(B; +1)"7.)] L (447)
alk §
. where “
Ky 1
1 1 B.2
Ky = — + —= iVhT
B9 7 4N ~
2 . » K (Bu' 'H)
s - L
K, (i -1) 1 231'2\/'7
2B;* 4B;%,
(B;-1)

]
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4.3.4 Probability of Symbol Error for General Value of )\

\
i N

» Section 4.3.2 and 4.3.3 deal with speclal cases of PDF, the probabllity sym- .

bol error of both cases are evaluated at the specific values of \. In this sectlon, a
general expression of probabllity of symbol error will be evaluated. In this case, A
is a varlable representing different fading condltions.
Substituting equation (4.16) Into equation (4.22), T; hecomes
L}
R 1 -
BI ° 1
T = |1+ f {-(14+B; ¢ )7, YK 1exp(=) | 2 | }-K )dz - f erf {(1+B;z)\/3, K exp(-) | 2 | }-K ,)dz
-] - R .
. -3 .
’ P : * ’ .
= [1 + 71,4 I,] : . (4.48)
To evaluate equation {4.48), the followlng equation is used [31] °
f:ﬁ' . ~ “

v s
62

fc“ erf {bz }dz =\% e erf {bz} - emerf{bx —-;—b} - (4.49)

' ) ' . "

Expresslon I, of equation (4.48) Is

. e

3
"

i ., .
o \
1 .

B N o ‘
~ i

B,
I, =‘f erf {-(l+B,-z)\/'_y,_}(Kl§'X|X| - K,)dz R
-l '_ :

A\




.

A
“v

1 o -1
' B .. :
. (4.50)

B,
f Ky zerf H1+5, 23/} - f Kyerf {-0+5; =W }dar

LIS §
.. : ) )
Let y =-(1+B;z). , dy = B;z , ;
- ' - . L
At |z =-1. y = B;-1 o
- 1, 1‘
T == e - 0 <
B, \ y ) .
Substituting the above values to equation (4.50),\ I, becomes
\ ’ ‘% a

) xo [1] x .
T f 3" , K =
hi=-ge "o P ar AN + gL [ af wyida sy
B . Baa o \ ‘B . -
Applylng equatlon (4.49) to the first term .of equation (4.51%,-and (4.

the second term. /, becomes

<4
Y A )\’ 0
) K, B (_ A
I,=~—e¢ ™' B er —ePrer - ;
vy T f{v‘\/'r.} f{y 7 .23‘\/,7.} .
\“' A M Iz ('J . 1\
_ LS I rf {y} + ==’ T & (4.52)
ye : . . A
' B, v/ Va |a & : (.
o K - N
' «w

%B)to '

.

G B F, Be T4+

.:,
I



[\‘.«
\4

RN,
- ]
] -

A

r

- ~
+ -
- e .
. N “
¢

A ~ \
.~ . :

Expanding ahd re-arr'angln\gﬂ.w). I, becomes

% - ot
- - » 19
.
...
. 'S

¢ IR 1
.

. K, ]
= ‘”' erf {(B; —1)\/37 ¥

e
'I

3

:e

Kaerﬂw —1)\/77_.' .

° ’
- , \ . . .
X [ (B ‘)a"o] . _ Dl
. B V7 ) ? '
Expresslon I, of eqilatlon'(4.48) Is ;s P v
) * “+1 ! v . * a
Ie-*f"/ {1+B;z )T Y K el * | LK, )dx .
1 ‘

A ° mﬁﬁ’ N .\’
\.-\\ - - . \\\ -~ .
~ .
N o <
+ K}J erf {(1+B;z) 4/, }dz #
N D . .
~ -.-El- N ) - ‘,’/J -
N . N

- - 1' » ) , .
z-—_—-'-—- y=0 J
B .-
o .
- :
7y e )

9
.
’.
A
'
A~
-

u
.
.
o
-
.
.
»,
SO -,
DTN
»
a [N

LUV



- . . 1

Substltutlnz the above values lnto (4.54), I 2 becomw

- u | SN ”.,
L "X'l ) )\ . E.+1o .
I =—%'3-c ,B'fcrf {yﬁ}c?ydy--ﬁ:&-e fcrjy{y\/f}e
- X )
B L
B, +1 o E

Y ¢ ' v e .
+‘-§-_3fcrf {y v/, }dy Lo & .
Y o ) .

U .
- — . . i N ,
N .
' - . o .
. . » . e . . ) -

\‘

Applylng equathn (4.49) to the AArst” and and second term “of (4.55), a,'na

(4.26) to the thlrd term, equatlon (4 54) then becomes

"’ ) - . ‘.i l\ . . ) ° -
k. A 2, . - e
1 - B, B. 4B.'1
= —— ¢ erj y3/1 ~e ¢ crf{y\/'y -
\ { o} s 2Bﬁ
. J N ,,m."" '\ N
= -5 . x X’ S

LB | B crf{y\/’f}

v : *
Kg o - 0 | 2 (B, Hh -
+ = .yeff {vg + —=e 5 S —
B; /s Vr £ Jo o )
. :
’ - - . - ' " . ) A
Expandiag and re-arranging (4.58), I, becoines .- -
S . i ’ /. ' ; ’ . ) ~
’ ’ - ) . - ) Y \ x - ,“7

a4 W

I il § fr—— . Ys " - v
. ‘.2»= S \"‘f{w 2h: A , ol * V% ¢
. " - S i Lo < , . h '
r I e Ty
2 1 N * ’
. 'I( ‘ )“l " . 3 K
- e e { } ¥ —e-*erf @ +1>\/%}
] )\ : 233.276 ‘
“~ “i - w ) 1 ' - . ~ ' °
‘ a‘ o ‘N . -

" R
.’? crf{!/ Tt }




Ay
L4
‘e
.
* t
- ]
/
‘
\
\
*
[y
]
A v !
v .
. ”
B
T
‘
. o
1
®
'_a
-
*
-
P -
|
‘H‘ .
' »

r

a
¢
]
.
-8
e
t
-
:
-~
L]
.
-

~ ‘_-;1 +'KN erf {(B,-—1)ﬁ} + Koerf {(B;"l,)\/:;a_} -

4 ’ '*‘Bj- _ 1. . .
. ' " /,7. . . . x A . . .~
. L4 M hd " N ‘ M '

Ty

g ' LI y + ‘..
K, —i 2B; - B %1
4 e 1B erf | —— ( )

ST voul "B

AN

. T .o \
? 5 -
. K 2 At . - . ' Lo X b . - S
[ (B, Z1 L . .(4.87)
B‘ A / L ) . ' A .. 5 .
' ) . I f] . ” - "“.G‘

. ™ : * i AN &

I;;:[1+I,+I,_], " o )

.
A '
-~ . . 0 v

-
) ",
Y] . '
- Y .

’ »
v IS

.‘\

—ﬁ-‘-crf {\/'r_,'} +Kp (Crf {Kq}+ er]. {KR}) B

H .
. o * ‘ \

A K (o] (Kpdeerf ) |

. ’
- - "

Koerf {(B; +1)\/'—7._} L

{3

K’ 0 . ’ P ' '
(c—(.Bu“'l)a.- - c"(('Bl-l?"’lJ + t - ' (4058)

'“‘ L4 -
+ . 4 ¢
‘ -
s NG . .
N , .\ t .
e s ‘ o :
\\q ‘, M
. -
. O, .
. - . B ~ © -~
. , - . - "
‘i Al A
. . Wb \
L .t
. .
. [ \-,\ -
f

w1+ =21. I N
~Le B s

»

PR
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Y

.

-~ L. " . . . . N ) 80
v Vo .

From equation (4.21), ‘the probabliity of symbol error Is o ' c

- * A

. . .
-~ . f

{ ’ A

Puurr =217 | SPIB) [1 +!<~?9 (Bi-0Ve} + Ko erf (B, }]

£ (]

_z[ _‘71\7 EP[B] [—-J:r/ (V) + Kp [crf {Kq}+¢ff {KR})}

. 4
‘:{ . . . .‘
-+ 2[1‘7—] EP [B\) Ks (erS {Kr} -erf {Ky}) ] . (459) 2
where . ‘ . AN
‘ - \* ' ¥ N “
’ . B AN
. K¢ B C s By BTGB
- ; == v 1 Ts * o
Kp ( N KS 5 — - ¢ .
A A . b
" 328, , %t 3 s
Ky, = . . Kp == . . U )
¢ RVie N “ Vs e
(Bi-1)y, + —%—- o (Bt +'-—37 v
K 2 i K — 2 ' ~
R= Ay =

LS

" 4.4 Illustrative Results for 16, 64 and 256-QAM - -—

g

The expresslon zlven In sectlons 4 3.2, 4.3.3 and 4.3.4 can be Juused to derlve‘
the probablllty of ;ymbol error for any M-ary QAM schemi by slmp;y cha.nglng P :'
.t.l.xe’ value of M ln equaplon (4.21). For 1llust,ratlve, purposes, @hre‘el widely used
mbdula_tlon schérﬁes 16, 64 and 256-QAM were consldered In this sectwn The

'perrormance curves for these modulat.lon schemes’ under various mumpath radlngv

condmons are shown In Flgures 4. 2. 4.3 and 4.4. - L
< @.‘ ,
! » Je
. . 1 -
. ’ -
- *. \ s % b ] .
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N,

.+, not .provlde a better performancg. In practice, thils corresponds tb the sltuation’ . .

o when the dlrécp and the reflected syays are almost. equal in amplitude but opposlte
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i phése, thus cancellng "each other ‘at the recelver to produce. a déep “fade '

*’ phenomenon In most of the time. ~ -~ . - - o : L

. '
+ R . m————
- . r . “ "

I . . . o . ‘
- } B . R . 1

o] e . 4 .. :

. At The Middle Value A =0 -

’ ~ h v 7L -. -‘ “ I. . ', ,’ : ‘ ~ - ’~‘-\ ""- ‘ ¢ ‘_ b . " ! "‘ _:v‘~,'v N
‘ Thé performaneé lmﬁrdver’nent,s of 18, 64, 256«QAM schemes are not’ very - ' .

Al
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T-he values of A equal 10; 50 and 100 were chosen to be the general values to -

«

reprgsent the different rad)ng condmons It should be mgntlpned that In a

.mlcrowave .digital system, a prpbabll!ty of ss’/rhbol error of- 10~ 1s a tolerable

* ‘and 4.3, lt,. 1s apphrent bhat wlph')\mlo the sysném performance Is very pbor and
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\ CHAPTER \'

. CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

: \ I )
5.1 Conclusions A . : R
\ . ) (l ’ . ’ »
\ . . |

« The performance g;en M-ary QAM signal.in a line-of-sight MPF channel

has been Introduced apd Investigated.

~

v -

» ‘ L] P
o

To lnvest.lgate the MPF phenomenon, several well estabhshed models were '

used to represent the radlng efflect. Each model has certain specific reatures that -

characterlze -the effects of MPF. Of the four Investigated models. it was’ shown

that the two‘-peth and the slmpllﬁed three-path models are the most popular

ones. These two models provide mathematlcal simpllicity at the expense of margl-

nal accuracy. o ‘ . ) ‘
LI o . L - ‘ @

1
’- v ** _

- The twe-path-model and a recent postulated PDF were uSed to evaluate the

)

' { - s,
probablllty of symbol efror for M-ary QAM. It was shown that this PDF model

can Dbe ubsed to analyze many different radfng ‘situations. This Is done‘slmply by

" changing the value of the parameter ). The fading conditions under Investigatlon

N

-

can range from no MPF to the worst MPF 'condition. :

,

The probablllty of symbol error of" I'B 64 and 258-QAM were evaluated ror

. norm'al and dlfferent fading conditions sas lllustratlve examples. It was shown that

A

modulatlon level lncrea.ses. the waveform distortion become more\ severe, and

henoe .phe performance Is heavlly,degljaded.

o, | 1
O o R

s T

»

v

\

[ 4

o MPF has’a significant Impact on the performance of M-ary‘é\y sysgms. As the "y ,



:.“‘av"

o

N 5.2 Suggestions For Further Research

a

The hgﬂects'of MPF cannot be overcome by slmjﬂy Increasing tpe-tramlm!s-

LY

slon power. Therefore, countermeasuring techniques silc'ﬁ as diversity, equallza-

- .
tion and FEC are needed In order to achieve the performance objectives.

v
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v

Mt.hbugh the ﬁerformance of M-ary QAM In bfh 'MPE channel was ext;en-

slvely studled there are cert,alnly some other lnt.erestlng a,spects whlch can be

N k .
further Investigated. The roilowlng toplcs are suggest,ed as an ext,enslon of the

~work presqme,d here. L

B >f ]

) R . -
S

01 Relatlonshxp between A and physlcal phenomenon’ ) B

.
"
.
¢ R -
"
a 3
LT -

In the mathematlcal analysls, )\ Is a parameter that represents tﬂe degree of
Q s,
"MPF. The severity of (adl‘ng phenomenon can be varled by char;glng the value of

»
«
- ~ PR— i Fl

. Therefore, 1 Is Interesting to re}aﬁﬂ‘he parameter X to the actual physical:fad-
< ‘ . ot
ing phenomenon. S

~ »

. [ ] * !
2. Effects of MPF On Carrier And Symbol Timing Recovery System

H

In a coherent communication system, carrler recovery and timing recovery

.

processes are required in the recelver, No matter how effective a dlglttal recelver

—_ ——

in perrormlng these tasks under normal propagation conditions, In an MPF chan-
nel, t.hese recovery processes are dlstorted As a result, this can conslderably
degrade ‘the 'perrormance of the t,ransmlsslon system. Hence, the analysls of the

effect of carrierand timing recover'y in an MPF channel 1s useful.
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8. Countermeasuring Techniques And Performage . . - .
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' , Varlous, countermeasuring techniques to combat the effect of MPF have been
; reviewed. Singe M—drf QAM has become a popular modulation schexﬁe due to Its :
bandwidth efficlency, It ls'_\;serul to study the performance of t’hese techniques:
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