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ABSTRACT

in an environment of cochannel QAM interference and impulsive noise. A general equation of error probability for L.-

We have studied and discussed the error rate performance of Quadrature Amplitude Modulation(QAM)

level QAM signal has been derived and the error rate of the 16-QAM signal, as an example, has been calculated as

functions of carrier-to-noise power ratio (CNR), carrier-to-interferer power ratio (CIR), impulsive index, and the

phase difference between signal and interferer.

1. Introduction

The increasing demands of data transmission
through bandlimited satellite, terrestrial radic and
telephony channels require highly efficient modula -
tion techniques in terms of bandwidth, The M-ary
Phase Shift Keying (PSK) which requires less
bandwidth than FM or binary PSK (BPSK), Quad-
rature Amplitude Modulation (QAM), and Frequency
Shift Keying (FSK) techniques are presently the

woen ex GRIATTE KBRS T E
Dept. of Communication Engineering, Hankuk Aviation Col-
lege, Kyungki-Do, 122 Korea
o CESR L 82- 21 (£ 1982.11.10)

most widely used digital transmission methods.

Recently the man-made and natural electromag-
netic interference, as well as cochannel and adja-
cent channel interference, cause a serious problem
on the overcrowded communication channels in the
radio frequency bands. And impulsive noise, which
is generated by many electromechanical devices and
the ignition spak of automobile, etc., has becomes
a serious degradation factor to the receiving sys-
tem in urban environments, ¥’

The upper bound of error probability for the 16
-QAM signals with cochannel interference hadbeen
presented, mUp to the present, there are few pa-
pers which deal with details of performance of QA
M systems in an impulsive noise environment,

In this paper, we investigate and discuss the er-
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ror rate performance of [.-level QAM system
in an environment of cochannel (JAM interference
and impulsive noise, And using the derived general
equation of error rate we evaluate and discuss the
error performance of 16-QAM system in terms of
carrier-to-noise power ratio (CNR), carrier-to-

interferer power ratio (CIR), impulsive index, and

the phase difference between signal and interferer,

2 . Description of signal interferer, and im-

pulsive noise

1. QAM signal
A 2/, bit QAM signal received during the Mth
interval with signaling interval 7T and carrier fre-
quency f. can be represented as (3)
s(1)=A,co8 wel+ Bysinwet MTS s M+DT
(1)
where A, By€{+d +3d -+ {2/~ 1d}

Ay, By s the amplitudes of the signal along
each axis of the coordinates to be
statistically independent

2d; the distance between two adjacent
signal points
{. . number of levels of QAM signal.
2. Interferer
The most important sources of interference are
cochannel interference and adjacent channal inter-
ference. " “But now in this paper, especially co-
channel interference by the other QAM signal, whi-
ch is generated by the reuse of existing band in
use, is considered. The cochannel QAM interferer
i (1) can be written as similar form of eq. (1)
13 (t)= (; cos ((uc t+ W)+ Desin(wet+¥) (2)
where C;, D €{*+d, +3d,+ QL-1)d}
2d . the distance between two adjacent in-
terferering signal points
¥ ; phase slip between signal and inter-
ferer,
3. Impulsive Noise
In digital transmission systems, there is impul-
sive noise in addition to Gaussian noise. (enerally
impulsive noise may be generated by two sources,
one being man-made radio noise such as ignition
spark of automobile, another being natural impul-
sive random noise such as cosmic noise.
In this paper, as an analytical model of impulsi-

ve noise, we introduce the Middleton’s cannonical
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statistical physical models of electro-magnetic in-
terference, !

Middleton classified impulsive noise into  three

tvpes as follow @

1) Class A i It has narrower bandwidth in com-
parison with that of the receiving
system,

(narrow band vis-a-vis the recei-
ver)

2) Class B i It has wider bandwidth in compari-
son with that of the receiving sys-
tem,

{broad band vis-a-vis the receiver)

3) Class € i Class A+Class B

In this paper, we consider only the type of Cla-

ss A as an impulsive noise model.

The impulsive noise in time domain can be rep-

resented by

(8= Veos {wet+ &) (3)

where N and &, which are independent random va-
riables, are the envelope and the phase., Here the ini-
tial phase & is assumed to be uniformly distributed
in the interval (0, 2x ).

The probability density function (p.d.f.) of the

instantaneous envelope of n,(#) is given by Middle-

6,

ton " 'as
- b
p.d f.(N)= EW ; 5]7-' el awar (4)
L4 .0
where

Wi=02+Q,.) : total impulsive noise power (Ga-
ussian noise power component
{o}) plus non-Gaussian noise
power component (Q,,))

A ¢ impulsive index, which is the product of re-
ceived average numbers per unit second and
burst’s emission duration

N ¢ instantaneous noise envelope

1" (=02/Q,,) : the ratio of Gaussian noise po-

wer component (¢2)to non-Gaus-
sian noise power component((),,)

of the impulsive noise

3. Error rate performance of I.-level QAM

system

We show the phasor diagram of the received si-
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Fig. 1 The phasor diagram for the received signal point (A,

B,)corrupted by the interferer point (C,,D,) andthe

impulsive noise,

gnal interfered by cochannel interferer and impul-
sive noise for a signal peint (A,, /3,)with its  non
error region inm Fig. 1. S,, and Z,, are the distan-
ces from orign to the signal point (A4, 13, ), and
composite signal’s tip{x,, y,) respectively. [,, is
the distance from the signal point (\,, /3,) to the
interferer point (C,, 1),). N and £ are the instan-
taneous envelope and the phase of the noise. ¥is
the phase difference between signal’s and inter-
ferer’s axes. Also some signal points in the above
part of the right half plane is shown for a con-
venience.

1f the composite received signal is represented
by z(t), then

z2(t)= (A+ C/+ Ncos £) cos wt

+ (B4 Dy— N'sin £) sin we ¢
=X, COS wcl-+ yySin wel (5)
where, C/=C,cos U+ Dysin ¥
Di=Dicos ¥—Cy;sin ¥
X:, Y« 5 the composite received signal com-
ponents.

Therefore, received L.-level QAM signal is con-
sidered as the sum of independently modulated si-
ne and cosine carriers. For the case of a modu-
lated cosine carrier, the non error region consists

of rectangular area (2dX2d) with each signal po-

int at its center except the each outside signal po-
int. Accordingly an error occurs under the follo-
wing conditions when equal thresholds are assumed:
if A+ @2L—-1)dand |2/ |>d
if A,=(2L—1)d and Z, <—d, and (6)
A=—@2L—-1)d and Z,>d
where, Z,=ux,— A,

=(C/+ Ncos ¢
Zy =Y~ By
= Dy— Nsin €.

From the symmetrical distribusion of random va-
riables, we have that
Prob.w (% >dlA;)=Prob.w (£, <—dlA)
= Prob.v (Z,>d). (7)
Therefore, the probability of error for the cosine
carrier is given by averaging eq.(7) over A, con-
sidering eq.{6).

i—1
2 )

Pf‘:cos\r =“‘Té—l"“pl‘0b 14 ('Zl |>d (8)

Similarly, we can show that the error probability
for the modulated sine carrier is
21.—1
2L
Then, the error probability I’FK for the L-level Q
AM system is the average of the error probability

PEsnir= Prob.» ( A | > d). (9)

for the modulated sine and cosine carriers.

The error probability I’} is therefore

. 1 . 1 .
l)l","=‘2“p}“cos.v+'_2“ Plan s
21.— .
*T [Prob o (| Z 1> d)
+Prob.v (| Z,1>d)). (10
Since sine and cosine channels are statistically in-
dependent, eq.(10) is simplified as ™
PEy =2 (Probe (121> 0)) .
And eq.(ll) can be rewritten using Z, = C;+ Ncos¢.
. 21.—1¢1 .
PE = o7, [?Prob. ¥ {(Ncosé>d—C/)

-5 Prob.s (Neose<—d—Ci) | 12

Averaging eq.(12) with £ and introducing eq.(4) to
integrate over the error region, we get
l—11e*a A

21, 7 WSS

([ B
a-~ U/

PEy=
d- (‘ a

2 e dN]( 3
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The integration in eq.{l3) can be carried out by us-
ing(A.1). And rearranging the result by[(A.Z2), we
obtain

2i—-1 1e*

D

2. ® W

Vo1
2 T o

I o

J’Jﬂ

L B
A Wo (d—C)e ey T
L B
— Wo? (d+ i) e a0 |
e T

+*‘2——\/__1—_[€‘ch{ SWel (d—
‘/VU;z 2‘/‘/012

) } —erfc {

o (@ |0

When we define the carrier-to-noise power ratio
(CNR) as a=d*/2W,
power ratio (CIR) as 7"2 A2/ CE oor
adopting (A.3) and [A. 4]
2/—le’a

and carrier-to-interferer
B/ DE, and

(14 becomes

PE=i—= 2 =T [ {1~f7’"ﬂ2757
+ (2k—1)* sin <'F+tan"%:~i") }
-exp<~ 2k—1)*
.sin(llf—}-tan“g—}%}-ll—) }2 )
- 1+vy V@i-DT k-1

.sin<W+tan"§f€:11 > } exp( "’a—z

AT V@D T @R D
-sin<l,ll‘—Han’1 ;2:} > ” j] 19

Although I’E is the function of the first order
of d, no meaning can be found in the variation of
d since, at constant o, the increase of d causes
the increase of W to be a fixed value, Therefore,
we can normalized the error rate by ¢ Thus,

. 21.—1 eﬂ‘ = AJ ﬁ,ul I3k
S T e R L

— 1+ X) e‘oi.'(”"”' }
where,
X=vy V2i—1D)'+ 21"
- sin < U+tan? gi:l) 16)

2k—1"/
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4. Numerical calculation

Using the derived general equation of symbol er-
ror rate of [.-level QAM signal, we have calcula-
ted the svmbol error rate for'16-QAM signal (/.=
2). The signal diagram of 16-QAM signal is sho-
wn in Fig. 2.

We have evaluated the symbol error performance
of 16-(QAM svstem with the variation of impulsi-
ve index (\1), the ratio of (aussian noise compo-
nent to non-(raussian noise power component of
the impulsive noise (/"), carrier-to-noise power
ratio({CNR),

IR) and the phase difference between signal and

carrier-to-interferer power ratio (C
interferer (¥). The numerical results are shown in

g, 3~ Fig. 6.
5. Discussions and conclusions

Fig. 3 shows that in case of A=1and ["=10
the error rate performance approachs to the Ga-
ussian case. The reason is that the error may be
occurs by mainly Gaussian noise as the impulsive
index .1 becomes unity and [ increases. And we
can find that the error of 16-QAM is notably de-
pendent on CNR when CIR is above 20 dB.

As shown in Fig. 4, for a fixed value of A(=
0. 1), the larger I (=Gaussine noise power/ [m-

pulsive noise power), the more errors occur in 16

o 0¢» O ®

EGH

cosine
ax1s

Fig. 2 The signal diagram of 16-QAM (L=2).
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Fig. 3 Symbol error rate of QAM signal interfered by
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Fig. 4 Symbol error rate of QAM signal interfered by
impulsive noise and one interferer (with respect
to the change of I'),
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Fig. 5 Symbol error rate of QAM signal interfered by
impulsive noise and one interferer (with respect
to the change of 1),
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Fig. & Symbol error rate normalized by the worst
case (¥=45"),

-QAM system when the total noise power is con-
strained.

In Fig. 5, we can find that the error rate per-
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formances are nearly unrelated to A for a fixed ence environment,” vol.9 of EMC Encyclopedia. German
" . -town, Maryland: Don White Consultants, 1977,
value of |7, ) - . N
. i3 A Javed and R. P.7Tetarenko, "Error probability upper
From above results we can say that the error bound for coherently detected QASK signals with co-
rate performance of 16-QAM system is weakly channel interference, ™ KKK Trans. on Commu., vol. CO
dependent on 4 but sensitive to the variation of M=-27, no. 12, Bee. 1974,
“ S0 Che, “Intersyvstem radic interference between ana-

I". Because the error rate performances become
log frequency

worse for larger 1", the QAM system may have

dulation system, ”
Fong. . OSAKA Univ,
V. K. Prabhu,
Bell System Technical Journal,

i 1. Middleton,

effected more from Gaussian noise as in AM  in 1981

Japan,

spite of its inherent digital modulation character- 155
1stics,

Fig. 6 shows the dependence of the symbol error

ynetic interference, " TEEF Trans.

EAC- 19,

rates, which is normalized by the worst case (¥= . o
no. 3, pp. 106-127,

vol.,

45°, 135°), on the phase difference. As shown in
this figure, we know that the error rate perfor-
mance of 16-QAM system is greatly influenced by
the phase difference between signal and interferer
in a cochannel interference environment. Therefore,
we can considerthat the QAM performance can be imp
roved when the phase difference becomes (" or 1807
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