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The Error Rate Performance of Digital Radio
Signals in Diversity Reception
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ABSTRACT The error rate equations of digital radio signals(CPSK, DPSK. FSK, MSK) tvansmitted through the
Nakagami's m-distribution fading channel have been derived both for nondiversity reception and for diversity reception
cases In the environmment of Gaussian nowse. Using the denved equation, error rate performance has been evaluated
and represented in figures as a function of carrier to noise rato, fading figuere, and the power correlation coefficient
between two diversity branches, By comparing the diversity reception case with nondiversity reception case, we could

measure the amount of error rate performance improvement of digital radio signals i fading environment.
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1. Introduction

When a steady state single frequency radic
signal is transmitted over a long path, the
envelope of the received signal is observed to
fluctuate continuously in time, This phenom
enon is known as fading and its existence
constitutes one of the fatal conditions in radio
system design®.

It is known from experimental observations
that the fading in radio channels which are
sufficiently separated in space, frequency and
time, is more or less statistically uncorrelated.
This fact is utilized in diversity reception
techniques which are extensively used on
fading circuits. The objective of these diversity
techniques is to make use of several received
signal which constitute closely similar copies
of some desired signal, in order to realize rather
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higher input signal level more economically
than by increasing transmitter power®. Up to
now, almost all analyses related to system
performance of digital radio signals in fading
has assumed the Rayleigh distribution™
However, practical radio channel is being set
up on the wvarious modes of propagation. So
the fading model may be much deeper or
shallower than Rayleigh fading. In literature
? the analysis of digital radio signal in Nak-
agami's m- distribution fading channel i1s done
in the case of CPSK signal,

In this paper, the error rate equation of
digital radio signals transmitted through the
Nakagami's m-distribution fading channel has
been derived both for nondiversity reception
and for diversity reception cases as an exten-
gion of ref. (9) and derived a concise formular
for various digital signals, The digital radio
signals considered in this paper are Coherent
FPnase Shift Keying(CPSK), Differential Phase
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Shift Keying(DPSK), Frequency Shift Keying
(FSK) and Minimum Shift Keying(MSK)
signals, Using the derived equation, the error
rate performance has been evaluated and
represented in figures as a function of carrier
-to-noise ratio, fading figure and the power
correlation coefficient between two diversity
branches to measure the amount of error rate
performance improvement of digital radio sig

nals by diversity reception.

II. Error Rate Performance in Gaussian
Noise

Analysis model 15 shown in Fig.1. The radio
signal is subjected to m distribution fading and

Gaussian noise,

OUTPUT
RECEIVER|———»

m—distribution
FADING

GAUSSIAN NOISE

Fig 1. Analysis model,

The error rate performance of digital radio
signals in Gaussian noise channel is already
analyzed by many authors and 1s given n eq
(1 )(10) an

Pee= aerfc(8./pg ) (1)

where, pg(=S?/ 26s%) : carrier-to noise ratio
(CNR),

S : signal amplitude,

ag® » Gaussian noise power,

Here, a and B are the coefficients of error rate
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equation of N-ary CPSK, N ary DPSK, FSK
and MSK signals as given In table 1.

Table 1. Coefficients a and /i of the error rate equation

of digital radio signals,

Digital signals a ' Jil Remarks
N ary CPSK o 1 N ':m(”/N’ N :the numbcr
Bmzn\' CPSK 7 Vl / 27 I of array
Noary DPSK 1 |
Rinary I)PgKWW ”lr, 2

ISK 172

MSK e l_’ 7

. Error Rate Performance in Fading
Environments

In this section, we derive the error rate
equations of digital radio signals(CPSK, DPSK,
[FSK, MSK) transmitted through the Nakag

ami's m distribution fading channel.

1. m-distribution Fading

There are two general classes of fading : fast
fading and slow fading. The former 1s mainly
caused by multipath transmission and the
resultant amplitude vanations are well described
by a Rayleigh distribution. The latter results
from the meteorological and climatological
changes, and its fluctuations follow a log-
normal distribution. These modes of fading
are usually complicated by the simultaneous
occurrence : that 1s, fast fading superimposed
on the slow fading. Therefore the practical
faded envelope has more diverse distribution'

In this paper, the m-distribution 1s used as
4 general model of the faded envelope. It was
formulated by Nakagami in his study of
experimental data and its applicability to both
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ionospheric and tropospheric modes of propa-
gation 1s well confirmed by some observations.
The probability density function(p.d.f.) of

{12)

faded envelope R, p(R) is givenas

PIR) =" g exp (—

where, m ; fading figure(m=1/2),
\Q ; average envelope of faded signal.
Fig 2. shows the m-distribution pd.f, for
some values of m. m=1 /2 and m=1 represent
the one-sided Gaussian and Rayleigh p.d.f.
respectively. The envelope fluctuation of faded
signal becomes smaller as m becomes larger.
And m—oce corresponds to nonfading.

6.8

5.8

P(R)

4.4

Fig 2. m-distnbution(0=1),

2. Average Error Rate
In Gaussian noise and m-distribution fading

environments, the error rate equation becomes'
1X13%14)

Per :ETPEG -p(R) dR (3)

Using eq.(1) and eq.(2), eq.(3) becomes

_ @ .___R_,_ 2rnm R2m1
PEF“‘ (IS ”erfC(ﬁ /2 oe )_—F(m_—_) am
: ~m R (4)
exp( Q )dR

Equation (4) has been solved as eq.(5) by
using formula (A.1)~(A.3) in appendix.

= af1—28v/Fo Lm+1/2)
Pee= afl 2/3/".m ML
T ey mie g (1 m1 /2082
m B 241 y LIS >

B0 (5)

IV. Error Rate Performance in Diversity
Reception

The signal performance that is degraded
by severe fading can be improved by increa-
sing transmitted power, antenna size and
height, etc., but these solutions are costly and
sometimes impractical. Diversity reception
techniques have been adopted as an excellent
means of combating with fading. The impor-
tant aspect of diversity reception is its ability
to reduce the fraction of the time in which
the signal drops down to unstable levels®.

In this paper, three types of predetection
diversity techniques are considered, that is,
Selection Combining(SC), Equal Gain Comb-
ining (EGC) and Maximal Ratio Combining
(MRC). For the practical reasons, only two
branches diversity is treated.

1. The Joint Distribution of Two Diversity Inputs

Let the envelope of signals in the two div-
ersity branches be R,(t) and R,(t), individually
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engaged in the m-distribution p.d.f. in (2).
Then the joint pd.f. of them is given in ref.
(12) as

[

omk R, R, (6
1]+ iy | SR R (6)

(REHRE
Q (1-k»Q

where, k* : power correlation coefficient between
R, (t), R.(t),

2__ Q(Rf)_n)(RzZ_Q)\ e < o2
ki= RO REar n=k?<1,

lul - | modified Bessel function of the first
kind of order u.

2. The p.d.f. of Combined Envelope

A primary step to solve the problem of
diversity reception is a dervation of the p.d.f.
of the combined envelope. In the following
Ri(t) denotes the equivalent combined signal.

1) Selection Combining(SC)
The p.df. of Rs(t)=max|R,(t), R(t)] is
represented in ref.(9) as

ps(R) = § {7 Cy Wem M(R2m20W,, 1—k*)
dx dy (7)

L 2m2m—1) o
where, LS=A—(%~—L vl gin®m tx,

v1—Kk*

Ws= (14y*—2ky cosx)

2) Equal Gain Combining(EGC)
The p.df. of Re(t)={R,(t)+R,(t)]/./2
Is given In ref.(9)as
pe(R)=§ . Ce We™ M(R.2m 20Wg, /| —k* )
492

dx dy (8)
DO
where, (JFZJZE; 1) (1—y?)m ' ginom 2y
W Y lil

= (1 vk cosx

3) Maximal Ratio Combining(MRC)
The p.d.f. of RM(t):xw"'Rf’(th:}i}(t') 15
given 1n ref (9)as
pmlR) = §§7 Co Wy™ M(R2m20W . 1—K )
dx dy (M

I ;2
Where' (:M (Dj»ﬁ:l,, ) )
v T (IT\ )

. k™
(1—k cosx)

sinmtox,

\A/ M=

3. Average Error Rate
In diversity reception, the average error rate
can be obtained by ref. (15) as

‘Peedo=§, Pg- p(R) dR

=~ 1,00 Wima(R2m 200W,,/ -k )
e (10)

where, p;(R) : the p.d.f. of combined envelope,

P(R)= (. § ¢, Wm M(R2m.20W,
J1—k?) dx dy,

f

: Selection Combining : eq. (7)

i

S
E : Equal Gain Combining ; eq. (8)
M

1
1

Solving the above quation,

: Maximal Ratio Combining : eq. (9).

Il

<PF_F>[): a;; F,(érl‘ffl/,i) 1 ]2m

Vi T(2m+1) e m (B
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D (11)
(1__k2)m

where, D= S(IJ S( C; dx dy
2'mNm+1/2)

= Ammrn n =3
r'2m—+1/2) '(m+1) ° B
1 ,n =M,

V. Discussion and Conclusion

Based on the results in section 1[I, [l and
IV, the error rate performance has been eva
luated and then presented in Fig.3 through
Fig. 11 as a function of carrier to-noise ratio
(CNR), fading figure(m), and the .power
correlation coefficient between two branches
(k?%).

Fig.3 presents the error rate performance
of digital radio signals(CPSK, DPSK, FSK,
MSK) in Gaussian noise only. From this figure
we can confirm the better error performance
is obtained in the order of MSK, FSK, 4CPSK,
4DPSK. Fig.4 shows the error rate performance
of digital signals in nonfading(noise only) and
Rayleigh fading environments, which indicates
the degree of performance deterioration by
Rayleigh fading. For example, at Pg=10",
MSK signal is degraded about 25[dB] by
Rayleigh fading. Fig.5 represents the effect
of fading on digital radio signals according to
the fading depth, At this figure, m=1 is the
case of Rayleigh fading(deep fading) and the
degree of fading becomes shallower as m
becomes larger, The performance of radio
signal is found to be more deteriorated in deep
fading. Fig.6-Fig.9 shows the diversity recep
tion improvement in each digital radio signal

with the variation of CNR, m,and combining
method. Diversity improvement means the
reduction of the average CNR in diversity
reception compared with the average CNR in
nondiversity reception under the assumption
of the same system performance. For example,
when m=2, faded PSK signal is improved
about 10[dB] for fixed error rate Pg=10"° by
adopting MRC. In mobile environments the
space diversity 1s adopted when the correlation
coefficient 1s greater than (7. So we assumne
the correlation coefficient to be (.7 in Fig6

Fig.9, The effect of diversity combining

methods on MSK signal according to the

correlation coefficient is represented in Fig.l

0. From this figure it 1s verified that in each

combining method, the smaller 1s the correlation

coefficient between two branches, the better
error rate performance 1s obtained. And among
the combining methods MRC gives the best
improvement, The degree of performance
improvement with the branch number(M) is
shown in Fig.11. M=1 corresponds to nond:
versity case and M=234 means the case of
reception diversity branch 1s 2,34 respectively.

The error rate performance becomes more

improved as M becomes larger, For example,

at CNR=25[dB] in 4CPSK, 4 branches rece-

ption case is improved by 6Xx10* than 2

branch case in terms of error rate,

From these we conclude that :

(1) Generally the order of better error rate
performance is MSK, FSK, 4CPSK, and
4DPSK.

(2) Digital radio signals are degraded by fading
and the degree of deterioration is more
serious in deep fading than shallow fading
environments,

(3) The error rate performance of digital radio
signals degraded by fading can be highly
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compensated by diversity reception. That
is. the use of diversity permits reliable
reception at lower transmitter powers than
would be required if diversity was not
used.

(4) In each combining method, the smaller
i1s the correlation coefficient between two
branches, the better error rate performance
can be obtained 1n diversity reception,

(5) Among the combining methods, Maximal
Ratio Combining method gives the best
improvement.

(6) The better error rate performance can be
obtained as the diversity branches increase.
But the best value of M taking into
account the system complexity and the
amount of Improvement is 2 or 3.

These results will be used to estimate the
system performance and to design the digital
radio communication system opearting n fading
channel,
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APPENDIX(FORMULAS)
(A1) erfe(x)=1-19x :)\-F Ful/2:3/2:
o)

(A2) Fik+1:3/2: —x)=exp(—x")

(1 2=k "3 /2 0%

glp)={ eP f(t) dt

f()y=t""' JFalay.-am @ be-by 1 At)

() =1"1) p' m.Falar—-am, 17 bbby
Ao
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