10 JOURNAL OF ELECTRICAL ENGINEERING AND INFORMATION SCIENCE, VOL. 1, No. 1, 1983.

Performance Improvement of 16 QAM Signal
in PCN Channel

Eon Gon Kim, Chang Heon Oh, and Sung Joon Cho

Abstract

In this paper, we have analyzed the error performance of the optimum threshold detection (OTD) of 16 QAM signal in the
Rician fading channel with and without the maximal ratio combining (MRC) diversity technique in the presence of cochannel
Rayleigh interference. And also the error performance of OTD is compared to that of conventional threshold detection (CTD)
in the Rician fading channel in the presence of cochannel Rayleigh interference.

With the result of analysis, it is found that thére exists a synergistic effect due to both MRC diversity and optimum threshold
detection in the Rician fading channel in the presence of cochannel Rayleigh interference.

I. Introduction

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

In the personal communication systems which require a
high channel capacity and limited bandwidth usage,
frequency reuse is essential in increasing spectrum efficiency
and a multi-level modulation method is desirable. The
presence of cochannel interference because of frequency
reuse is seen to be a major problem in personal
communication systems. There is a assumption that an
undesired signal from a distant cochannel cell may well be
modeled by Rayleigh statistics but Rician fading may be a
good model for the desired signal since a line-of-sight path
may exist within a microcell [3]. The key point in microcell
interference modeling is that the desired and undesired
signals should have different statistical characteristics. One
such interference model is introduced in Ref. [4] The
desired signal is assumed to have Rician statistics implying
that a dominant muitipath exists in within-cell transmission.
The interference signals from cochannel cells are assumed to
be subject to Rayleigh fading because of the absence of a
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line-of-sight propagation [4].

In terms of the power and frequency efficiency, 16 QAM
is a very attractive multi-level modulation technique {5].

However, 16 QAM has a poor error performance in a
fading channel due to its inherent nature of having different
levels for different symbols. Therefore, to improve the error
performance, adaptive threshold detection technique which is
controlled by the ratio of the direct-to-diffuse received signal
power is proposed in the Rician fading channel [6].

This paper is devoted to the theoretical performance
analysis of the optimum threshold detection (OTD) of 16
QAM signal in the Rician fading channel with and without
maximal ratio combining (MRC) diversity technique in the
presence of cochannel Rayleigh interference.

. Amalysis Model

Fig. 1 illustrates the schematic diagram of the analysis
model. Passing through the Rician fading channel, the desired
18 QAM signal is corrupted by multipath fading resultant
from receiving of a direct component and random diffuse
component.

This fading imposes random amplitude and phase onto the
modulated 16 QAM signal. Besides, the transmitted signals
are also corrupted by additive white Gaussian noise
(AWGN) and interference signal from cochannel cell which
is subjected to Rayleigh fading. The received signals in each
diversity branch are weighted proportionately to their carrier
to noise power ratios and summed by MRC diversity circuit.

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

AWGN
Desirod _ | 16QAM | | Ricieniedng)| g X MRC | [16QAM | Rocoivod
eswec
Informesion Mod. Chennol Divorsiy ™ Demod. inlormation
4]

Undosirod ___| 18QAM | [Royhigh teding
informzSon Mod. Chennal

Fig. 1. Analysis model.
The modulated 16 QAM signal can be expressed as [73
sgeu D =a;(H cos wt+b(t) sinw.t 0

where o, is the angular carrier frequency, a(» and »5(5 are
the ith in-phase () and quadrature (@) components of the
modulated 16 QAM signal.
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Fig. 2. 16 QAM constellation.

Fig. 2 illustrates a 16 QAM constellation where each dot
represents the position of the phasor relative to the
intersection of axes marked 7 (for in-phase) and @ (for
quadrature). In Fig. 2, the arrows from dots represent the
error directions of the phasors. It also shows that the
minimum distance between two signal point is <. In the
analysis model shown in Fig. 1, 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 Ts and there is no pass loss between
transmitter and receiver. The received signal power can be
expressed as

Prx = Piieer T Paifiuse

= AZPTX + Pdl]fusc’ 05A2<1' (2)

Deriving from Eq (2), A is\ K/K+1 where K is a direct
component to diffuse component ratio ( P/ Puse)- ThE
received 16 QAM signal is divided into 7 and @ components
which are statistically independent. The / component is
Gaussian distributed and its mean is the 7 component of a
direct signal envelope. Fig. 3 illustrates the pdf's of the 7
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 d/2 and 3d/2, the pdf’s of I components of the received
16 QAM signal corrupted by the Rician fading are described as

d 2
(x—A5)
nixn= \ 2»1"?-_? exp [_T;—Z_J’ (32)
T 0
3\’
(x—A%)
D:(.\')=\,)—_lﬁ—_; exp[*——”—_’gz—“}, (3b)

where 7 and +3 are the variances of signal points.

Notice that the variance 53 is 9 times larger than o since
the variances are proportional to signal powers.

And interference signal from a distant cochannel cell can
be expressed as

I = Icos(w t+¢)
= Jcos ¢ cos w t—1Isin ¢ sinw ¢
=J.cos w t—Isinwt )]

where ¢ is the phase of K#, /. and I, are J and @
component of I(#).
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Fig. 3. The pdf’s of the 7 components of the received
16 QAM signal.

Since 7 is Rayleigh distributed, and ¢ is uniform distributed,
1. and I, are all Gaussian distributed with zero means and
their pdf’s are [8]
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1 A
ML) = e xp[ - mz], (Sa)
_ 1 L* 4
w1 = \ 27 o { 2067 ]’ (5b)

where 5% is the variance of 4.

And 7 and Q components of the narrowband Gaussian
noise n($ which. is randomly added regardless of the
transmitted signal are Gaussian distributed with zero means,
and the variance of them are o 2.

. Performance Amalysis Without
Diversity"

1. Conventional Threshold Detection (CTD)

I component of the received 16 QAM signal corrupted by
the Rician fading is'Gaussian distributed as well as the 7
component of interference signal and noise. Thus,
p(2) = p(x+1 +n,), the pdf of the sum of them must be a
Gaussian distribution [8]. When the s components of the
transmitted signals are 4/2 and 34/2, the pdf’s are given as
follows;

1
pi(z) = = o~ = ent
! V2x(Cay+ o7+ 0,7) -'\D( ot art on

1 (z— —49—[1)

\2:(ax+ ait 0, ”['m_)] - (6b)

/"_’( 5) =

The error probabilities of three cases mentioned above are
defined as P, P4 and P, respectively,

- K- 7.7
Pov = [on@ de=getel | s i3y asy )
(7a)
o 1 XK+,
Po = [ @ de = gede U 5oyt s 777
3 K
'(g\TH‘l)] ’ (7b)
o g
Py = p(2y dz _ 1 HE+D >, vy
w = L =zede L SEID 427 09y, 5
L, A
a-4y 2550 (7e)

where y, and », is the ratio of the average signal power
received to the interference and noise power, respectively.

Letting Pgcy. Pocp, and P#‘be the error probabilities of
the @ components for the 16 QAM signal for the first
quadran'tA in Fig. 2, their ‘errcr probabilities are equal to
Pica. Picw, and Py, tespectively. Note that the 7 and ¢
components are statistically independent each other.

Thus, the total error performance of the 16 QAM signal
points labelled s,, s,, S; and S, in Fig. 2-is given below;

P, = Py + Py + Py + Py
= 4(Prea + Pics+ Pied) —(Pica + Pics + Picd)’ ®

where Py Po Py, and Pg are the error probabilities of 16
QAM signal points of s, ., S; and s,, respectively.
The average error performance with CTD in Rician fading
environment is given below;

4P, N
Pge = ‘IE_I = Pry + P+ Picc —%(PICA + Prs + Preo)s

®)

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 [ axis as

= 340 AE+ VK £ In3
Sd[ v1+ K I 10

Zopt

Therefore, OTL are 0 and ¢, on the I axis. As mentioned

previously, there are three cases when false detection of the
16 QAM signal is made if the 7 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
Py, Py, and Py, respectively and they are specified in the
following equations. -

K-y, 7y

t

S(0+R)y 42y D+7r, v,

Py = Jf{\_m(z) dz =%edC[ \ 1, (lla)

ARK+D -y, vy
S(K+D(r 427y D49y .0 vy

Pun = ~r_;llig(-Z) dz = %erfc[ v

3 R
. (5\ m—B)] s (]Ulb)
\ : E+D -7, 7
Pun = [ ma) de = e | BTy 225 3 7977

B-H 1 - (11¢)
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Fig. 4. The error performance of 16 QAM signal in the
Rician fading channel(CIR=20 dB).
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where

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 Rician fading environment becomes

Pgo = Py + Py + Pioce (12)
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Fig. 5. The error performance of 16 QAM signal in the
Rician fading channel(CIR=30 dB).
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Fig. 6 The error performance of 16 QAM signal in the
Rician fading channel(CIR=40 dB).

Figs. 4, 5 and 6 illustrate the error performance of the 16
QAM signal in the Rician fading channel in the presence of
cochannel Rayleigh intérference when CTD and OTD are
selectively used in the demodulator. As shown in the
figures, in the lower CIR region. (<20 dB) the effect

of CIR values on the error performance is greater than that
of K values which is represented as fading depth but if CIR
values are more than about 30 dB, the effect of CIR values
on the error performance is actually neglected and the effect
of K values is dominant on the error performance. In the fig.
5 when CIR=30 dB and CNR=30 dB the error rate with CTD
is 9x10° for k=10 and 7x10° for k=30. The error
performance with OTD is 2.6 x 10~ for k=10 and 3.1x 10™
for K=30. Thus, the performance with OTD is relatively
better than that of CTD. However, to visualize the 16 QAM
in a commercial system, a further improvement in its
performance is necessary due to its inherent large error rate.

V. Improvement Of Error Performance
By Diversity

The envelope of the received signal, », corrupted by
the Rician fading is Rician distributed as follows ;

; ,IL’+A'3 th - AR,
o= gt exp =gy Ll 13)

where 7,( ) 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 signal to interference

¥

plus noise ratio, ,( = m), in the form

pr)=—E eXD[—E%V,-*K}L;Q\%y,) (14)

where & = A° R/2¢, and I is the average signal received
R/’
oo+
Assuming that the received 16 QAM signal corrupted by
the Rician fading in each diversity branch are uncorrelated,
we derived the pdf of the output instantaneous signal to
interference plus noise ratio, p,(y.), at the M-branch MRC

to interference plus noise ratio ( =

diversity reception circuit which is derived in Appendix,
based on the procedure given in the reference{9].

M—1 -1

pury =R (1K) (MR R0
-I}u—J(Z\,—-@—%) . (15)

The symbol error performance of 16 QAM signal with
CTD and OTD is given in the Eqs. (16a) and (16b)
respectively.

Prc-yre = fow Pr) pakv) dry (16a)
where P.(r,) = %erfc[ \/ ;05]
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Pro-src = mePo( rd) b7 dre (16b)

where

pars 4 o (e £ T8

1(3y Kty K+ind ER
vete [ HAEEHE ) 5 ] )

In eq. (16b), P,(7r ) is the error performance of OTD in
AWGN and Rayleigh interference. In this case, p(2) and
m(2) are as follows.

_ 1 (z - 4 (17a)
T B W Tl I
3d
(z = 5°)
b el 20
p(2) = NECTITE expl o7t oD (17h)

Using eq. (17a) and eq. (17b), P.(r) is derived as the
procedure of section III.2.
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Fig. 7 The error performance of 16 QAM signal in the
Rician fading channel when MRC diversity is
adopted(CIR=20 dB).

The numerical evaluation of the Egs. (16a) and (16b) are
plotted in Figs. 7, 8, and 9 varying CIR values from 20 dB
to 40 dB by step of 10 dB. The figures show that the error
performance of the 16 QAM signal is well improved when
the MRC diversity is adopted. And the performance of OTD
is relatively better than that of CTD. As shown in fig. 7
(CIR=20 dB), we observed that OTD outperforms CTD by
about 5.4~6.8 dB when the error rate is 10° with K
varying from 30 to 10. Therefore, in the lower CIR
region(CIR <20 dB), as the facing is more serious, the OTD
provides the more improvemen: of performance in CNR over
CTD in order to achive good error performance for data

communications. In Fig. 8 and 9, when the error rate is 107°
and K=10, in the case of CTD, CNR is about 21.7 dB (for
CIR=30 dB) and 21.3 dB(for CIR=40 dB). In the case of
OTD, CNR=18.3 dB (for CIR=30 dB) and 18.1dB (for
CIR=40 dB) When the error rate is 10° and K=30, in the
case of CTD, CNR is about 20 dB(for CIR=30 dB) and 19.8
dB(for CIR=40 dB). In the case of OTD, CNR=16.2 dB (for
CIR=30 dB) and 16.1 dB (for CIR=40 dB) Therefore, if CIR
values are more than 30 dB, we can neglect the effect of
CIR values on the error performance and the OTD provides
the performance improvement of about 3.2~3.8 dB in CNR
over CTD without regard to K when error rate is 107°.
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Fig. 8. The error performance of 16 QAM signal in the
Rician fading channel when MRC diversity is
adopted (CIR=30 dB).
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Fig. 9. The error performance of 16 QAM signal in the
Rician fading channel when MRC diversity is
adopted (CIR=40 dB).
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V. Conclusions

With the result of analysis, we know that there exist a
synergistic effect due to MRC diversity and optimum
threshold detection in the Rician/Rayleigh fading channel.
Having the MRC diversity reception, in the lower CIR region
(CIR<20 dB), as the fading is more serious, the OTD
provides the more improvement of performance in CNR over
CTD in order to achive good error performance for data
communications. But if CIR values are more than about
30dB, the OTD provides the performance improvement of
about 3.2 ~3.8dB in CNR over CTD without regard to fading
depth.

Appendix

M-branches Maximal Ratio Combiner results in an
instantaneous outpxit signal to interference plus noise ratio
which is the sum of the instantaneous signal to interference
plus noise ratio’s on the individual branches,

(A.1)

7=

The characteristic function of the instantaneous signal to
interference plus noise ratio, 7 ;, is defined by

gl ="emGur ) = |_expGur )7 )d7

o . (K / KK+
=j; exp(ur ) K;—l exp(—K— z (r+l) )1(.(2\/ ! (1“ 1) )d7
(A.2)
Using the formula[10],

- _L el v

fo xlexp(—ux")dx= ik ”F(p)

The characteristic function, g(w), becomes

___ K41 _ K+K
(0= g {=jur e"p( K+ K+1—qu) (A3)

Therefore, characteristic function of the sum of received
signal to interference plus noise ratio is

M
g(u)=iI:Ilgf(u)
KTl M (K2 + KM
(T 1sur) exp( KM+ K+1—ju1") (a4

The p.d.f. of instantaneous output signal to interference
plus noise ratio is obtained as

pu 7 9=F g(w)]
= —2-1; f:g( wexp{—jur )du

VOL. 1, No. 1, 1996. s
=—1‘(—+1)Mex —
2x T p(—KL)
° M ,
. f_w( K+1F_ju1~ ) exD<~ju75+_]({§lL_1fll¢MF)du
(A.5)

fr_t:cl exp[-;(p+%)}dp s 0

The p.df. of instantaneous output signal to interference
plus noise ratio is derived as

M=l M-1

'IA11~1(2\T(1—_+—_F@:). (15)
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