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(Error Petformance of 16 QAM Signal with Optimum Threshold
Detection and SC Diversity Techniques in Rician Fading Channel)
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Abstract

We have proposed the optimum threshold detection(OTD) technique of 16 QAM signal in the
Rician fading channel and analyzed its error performance with and without the selective combining
(SC) diversity technique. And we compared the error performance of OTD with that of conventional
threshold detection(CTD).

Having the SC diveresity reception, optimum threshold detection(OTD) technique proposed in this
paper provides the performance improvement of 1.8~3.2[dB] in CNR for fading depth K values
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ranging from 5 to 30 over CTD when the error rate is 107°,

From the result of numerical analysis, we know that the proposed OTD technique is superior to

CTD technique in the Rician fading channel and adoption of the SC diversity technique with the

proposed OTD can be considered as a good countermeasure for the Rician fading,

I. INTRODUCTION

Recently, there is a great demand for mobile
services and personal communication services, To
keep up with the demand, the development and
standardization in these services are progressed in
several countries [1], [2].

There are two interim approaches toward the ul-
timate goal, the personal communication services;
the cordless systems and the cellular systems.
They both have an option for the personal commu-
nication services in a limited manner and they are
expected to merge together to form the personal
communication services [3].

In the personal communication systems which
require a high channel capacity and limited band-
width usage, a multi-level modulation method is
desirable. The 16 QAM is a very attractive multi-
level modulation technique in terms of the power
and frequency efficiency [4]. However, 16 QAM
has a poor error rate performance in a fading cha-
nnel due to its inherent nature of having different
levels for different symbols, therefore TCM and
equalization techniques are proposed as the per-
formance improvement [4], [5].

Conventionally, the threshold levels for detec-
ting the QAM symbols are equi-distance regard-
less of the magnitude of the QAM signal. How-
ever, the degree of fading is proportional to the
ratio of the direct-to-diffuse signal power. Thus,
the threshold levels for detecting the QAM sym-
bols must be adjusted accordingly. In this paper,
4

we analyze the performance of the optimum
threshold detection(OTD) of 16 QAM signal in the
Rician fading channel with and without selective
combining (SC) diversity technique.

The rest of the paper is organized as follows, In
Chapter I, the analysis model including channel
is described. In Chapter I, the performance of
CTD and OTD of 16 QAM signal without diversity
is evaluated. Chapter IV deals with the perform-
ance improvement made with the SC diversity te-
chnique. Finally, Chapter V concludes that the 16
QAM with OTD and SC diversity technique is a
good multi-level MODEM technique for the micro-

cellular systems,

II. ANALYSIS MODEL

Fig. 1 illustrates the schematic diagram of the
analysis model. Passing through the Rician fading
channel, the modulated 16 QAM signal is corrup-
ted by multipath fading resultant from receiving
of a direct component and random diffuse compo-
nents,

This fading imposes random amplitude and pha-
se onto the modulated 16 QAM signal. Besides fa-

ding, the transmitted signals are also corrupted by

16 QAN %" s |_|16qam
MOD. Channel Diversity DEMOD.

AWGN

(Fig. 1] Analysis model
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additive white Gaussian noise(AWGN). The recei-
ved signals disturbed by Rician fading and AWGN
in each diversity branch are selected and combi-
ned by diversity circuit. Diversity reception is us-
ually regarded as a means of combating fading in
radio transmissions, In SC diversity which is the
simplest method of space diversity, for instance,
several antennas are used, separated in space to
process the various received signals and the one of
the M receivers having the highest signal to noise
ratio{SNR) is connected to the demodulator, The
basic idea behind the concept is that the received
signals on different antennas are statistically inde-
pendent and therefore there is a good chance that
they will not all fade at the same time. While
other methods of achieving diversity are known
(6], here we shall deal only with SC diversity.

The output signal from the SC diversity process
is delivered to the 16 QAM demodulator. In the 16
QAM demodulator, we adopted adaptive threshold
detection which is controlled by the direct-to-dif-
fuse signal ratio.

The modulated 16 QAM signal can be expressed
as [7]

siwpan(t) = ai(t) cosw, ¢ + b;(¢) sinw, ¢ (1)

where w, is the angular carrier frequency, a, and b,
are the ith in-phase (1) and quadrature (Q) com-
ponents of the modulated 16 QAM signal taking
on values of +d/2, +34/2. The {a} and the {»} are
statistically independent and equally likely to have
any of their four values.

Fig. 2 illustrates a 16 QAM constellation where
each dot represents the position of the phasor
relative to the intersection of axes marked I (for

in-phase) and Q (for quadrature). In Fig. 2, the
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(Fig. 2] 16 QAM constellation

arrows from dots represent the error directions of
the phasors. It also shows that the minimum dis-
tance between two signal points is d. In the analy-
sis model shown in Fig, 1, the Rician fading chan-
nel is modeled as the multipath fading of a micro-
celluar channel. In a microcelluar system such as
the personal communication network (PCN), the
desired signal transmitted to a mobile or portable
receiver will often travel over a line of sight or di-
rect path [8], [9]. Consequently, the received sig-
nal will consist of a direct component as well as
diffuse (scattered) component and its envelope
will be characterized by a Rician probability den-
sity function(pdf). It is assumed that the fading
varies very slowly compared to the signaling rate
so that the received signal envelope is constant
during one signal interval of duration T's and there
is no path loss between transmitter and receiver.

The received signal power can be expressed as

Pry = Pripws + de[us:

= APy + Pijuse, 0< 41 (2)
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Deriving from Eq (2), 4 is \K:_If_l‘where Kis

a direct component to diffuse component ratio

(Puia / Pupue). The received 16 QAM signal is div-

ided into I and Q components which are statisti-
cally independent. The I component is Gaussian
distributed and its mean is equal to / component
of a direct signal envelope. Fig, 3 illustrates the
pdf’s of the I components of the received 16 QAM
signal corrupted by the Rician fading. Notice that
Fig. 3 only shows the pdf’s for the dots in the first
quadrant of Fig. 2,

When the 7 components of the transmitted 16
QAM signal are 4/2 and 34/2, the pdfs of I
components of the received 16 QAM signal
corrupted by the Rician fading are described as

. oy
plx) = — exp{~T} (3a)

(x — 434y
1 J;J—}(w

Pz(x):m exp{— 5

where o} and o} are the variances of signal points.

Since each signal of 16 QAM is transmitted in
same fading channel, direct component to diffuse
component ratio (K) is constant, the variance o3 is
9 times larger than of since the variances are pro-
portional to signal powers,

The narrowband Gaussian noise n(¢) which is
randomly added regardless of the transmitted sig-

nal can be expressed as [10]

n(t) = n, cosw, t — n, sinw, ¢ (4)

where #. and », are I and @ components of »(t).
Since #. and #, are all Gaussian distributed with

zero means, their pdf’s are

puln) = eXp{ —2—752-} (5a)

Vo &
} (5b)

where 6% is the variance of ().

]
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(Fig- 3] The pdf's of the I components of the
received 16 QAM signal

[I. PERFORMANCE ANALYSIS WITHOUT DIVERSITY

1. Conventional Threshold Detection(CTD)

I component of the received 16 QAM signal cor-
rupted by the Rician fading is Gaussian distribu-
ted as well as the I component of noise. Thus,
p(z) = p(x +n.), the pdf of the sum of them must
be a Gaussian distribution[11]. When the I com-
ponents of the transmitted signals are 4 /2 and
34 /2, the pdf’s are given as follows;

1

SN
(z -—Az-‘j-)2
"D { B 2(a% + 62) } (6a)
po(2) =—L—2'—
V2r (B+ ¢3)
(z A3d)2
_ 2
’m{‘aﬁ%>} (6b)
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When the I component of the transmitted 16
QAM signal is 4 /2 and the conventional threshold
levels(CTL) for detecting the 16 QAM signal are
0 and 4, the erroneous detection is made when the
I component of the received 16 QAM signal
exceeds 0 in the left direction or 4 in the right di-
rection. In the case of the I component value of
34 /2, the error occurs only if the I component of
the received signal crosses the boundary d in the
left direction,

The error probabilities of three cases mentioned

above are defined as Pis, Pics, and Prc, respect-

vely,
Pics= ‘[0_30151(2) dz

1

=3 erfc[ YW ] (7a)
Pijdxpz
_1 1
_7erfc[\/ . 3
4y AKFD)
-GV D) (7b)
Piec = I: ]51(2) dz
'——%erfc[\/ 1 3
2+
4y H{K+1)
”—%' \/ﬁ)] (7¢)

where 7y is the ratio of the average signal power

received to the noise power.

Letting Pycs, Pocs, and Py be the error probahi-

lities of the Q components for the 16 QAM signal
for the first quadrant in Fig. 2, their error proba-

bilities are equal to Py, Pis, and Py, respecivey,

Note that the 7 and Q components are statistically

independent each other.

A=l gt

A cholw A el 71 & =43 16 QAM A% 2] 2 &E£4]
Thus, the total error performance of the 16

QAM signal points labelled S, S;, S; and S, in Fig,

2 is given below;

P1=P,51+P52+P53+PS4

= 4( Py + Pies + Pl('(‘) (8)

where Ps, Ps;, Ps; and P, are the error proba-
bilities of 16 QAM signal points of S, S., S; and S,
respectively,

The average error performance with CTD in Ri-

cian fading environment is given below;

4P
PEC_'—I'GI_—'PIC4+PILB+PICC 9

2. Optimum Threshold Detection(OTD)

We suggest that optimum threshold level(OTL)
for the Rician fading channel is determined to be

the point where p;(z) = p.(z) on the I axis as

VK + VK +1n3
Vi+K

Zopt ='% d [ ] (10)

Therefore, OTL are o and z, on the I axis. As
mentioned previously, there are three cases when
false detection of the 16 QAM signal is made if
the I component of the transmitted 16 QAM signal
is 4 /2 (2 cases) and 34 /2 (1 case).

The error probabilities for the three cases are
termed Pis, Puos, and Py, respectively and they

are specified in the following equations.

Py = j.o_wpl(z) dz
1

K
7 ety sy !

Py = rj: p2(z) dz

(11a)
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4y 4(K+1
G VS -B)] (11b)
Pm(—j:fl(z) dz
=%erfc[\/ 1 g
+
4y A(KF1)
(B~4 251 (11c)
where BZ%[ \/I?\/: +]1<{+ In3 ]

Approaching similarly for the case of CTD, it is
fairly easy to show that the average error performance of

16 QAM signal with OTD in the Ridan fading environ-
ment beoomes

Pro = Pios + Prop + Pror (12)

Figs. 4 and 5 illustrate the error performance of
the 16 QAM signal in the Rician fading channel
when CTD and OTD are selectively used in the de-
modulator. As shown in the figures when CNR =
30[dB] the error rate with CTD is 2 X 107! for K
=5and 6.5 X 107° for K = 30. The error perform-
ance with OTD is 107" for K=5and 1 X 107 for ¥
=30. Thus, the performance with OTD is rela-
tively better than that of CTD. However, to vi-
sualize the 16 QAM in a commercial system, a
further improvement in its performance is necess-

ary due to its inherently large error rate.
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(Fig. 4] The error performance of 16 QAM signal with CTD in the Rician fading channel.
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Probability of Error, Pg
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(Fig. 6] The error performance of 16 QAM signal with CTD in the Rician fading channel when SC diversity is adopted
9
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Probability of Error, Pg

CNRI[dB]

(Fig. 7] The error performance of 16 QAM signal with OTD in the Rician fading channel when SC diversity is adopted

IV. IMPROVEMENT OF ERROR PERFORMANCE
BY DIVERSITY

The envelope of the received signal, , corrup-
ted by the Rician fading is Rician distributed as

follows:

_7, _ﬁ+A2RS Y,ARO
p(r,-)—aexp{ . }10( 2213)

where I,( ) is the modified Bessel function of the
first kind of order zero, (AR,)?/2 is the power of
the direct component, and ¥, is the power of the

diffuse component.
By a simple change of variables in the pdf in the
Eq. (13), we obtain the pdf of the instantaneous

. . . Fo
signal to noise ratio, y.(= ZT)’ in the form

10

plo) =i exn { ~fir - )

KZ
° 10 (2 Azr 7;‘) (14)
AR . .
where K= L and T is the average signal

0

. . ., K
received to noise ratio( = 2_N)‘

Assuming that the received 16 QAM signal corrupted
by the Ridan fading in each diversity tranch are
uncorrelated, we derived the pdf of the instantaneous
output signal to noise ratio, pu(y,), at the M-lranch SC
diversity reception drauit based on the procedure given
in the reference[12]

pulr) =M [1-Q(VER, )%
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where Q(a, b) exp{ —K—L} Ifax)d

The symbol error performance of 16 QAM signal
with CTD and OTD is given in the Egs, (16a) and
(16b) respectively, They are obtained by inte-
grating P.(y,), the error rate of CTD in AWGN and P,
(1), the error rate of OTD in AWGN over the density
function of y, gven in Eq (15);

Pr s = [ Pe(y) puly) dys, (162)
where P(y, =% erfc I:\/T]
Pey-sc = I: Po(’}’s) PM(’Y;) d?s (16b)

where Po(7, =%{ erfc I:\/V»:I

vVi+K
0]}

The numerical evaluation of the Eqs. (16a) and

3
+ erfc [ 1 (4

3vVK + VK + In3
V1+K

1
+ erfc |: 1 (

(16b) is plotted in Figs. 6 and 7, respectively. The
figures show that the error rate performance of
the 16 QAM signal is well improved when the SC
diversity is adopted. In fig. 6, when the error rate
is 10° and K =5, CNR is about 24.6[dB]. When K
=30, CNR is about 18.0[dB]. In fig. 7, when error
rate is 107 and K=5, CNR is about 22.8{dB].
When K = 30, CNR is about 15.2[dB]. Therefore,

A oAl e 7IWE £33 16 QAM A5 2§54

when the SC diversity is adopted, we observed
that OTD outperforms CTD by about 1.8~3.2[dB]
when the error rate is 107 with K = 5~30.

V. CONCLUSIONS

We derived the optimum threshold level (OTL)
for detecting 16 QAM signal, obtaining a better
performance in the Rician fading channel than the
conventional threshold detection(CTD). We de-
rived the pdf of the instantaneous signal to noise
ratio when the SC diversity is adopted. Observing
the pdf’s mentioned, we stated that adoption of
the SC diversity brings a dramatic improvement
of the error performance, Having the SC
diveresity reception, optimum threshold detec-
tion(OTD) technique proposed in this paper
provides the performance improvement of 1.8~3.
2[dB] in CNR for K values ranging from 5 to 30

over CTD when the error rate is 107°,
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