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Level crossing rate of SC receiver output signal
In the presence of Gamma shadowing and K-l
or Rician multipath fading

Dragana S. Krsti¢, Suad Suljovi¢, Mihajlo C. Stefanovi¢, Muneer Masadeh Bani Yassein, Danijela
Aleksi¢

Abstract—In this paper, the wireless communication system with
dual SC receiver operating over shadowed multipath fading channel
is considered. The multipath fading is k-p or Rician. The received
signal experiences the short term fading which is resulting in SC
receiver envelope variation and Gamma long term fading resulting in
SC receiver envelope power variation. The closed form expressions
for joint probability density functions of SC receiver output signal
envelope and their first derivative of SC receiver output signal
envelope are calculated for both, k-pu and Rician fading. These
expressions are used for evaluation of average level crossing rate of
SC receiver output signal envelopes. The numerical expressions are
plotted to show the effect of Rician fading severity parameter and
Gamma shadowing severity parameter on the average level crossing
rate of SC receiver output signal envelope.

Keywords—Gamma shadowing, k- fading, level crossing rate
(LCR), Rician fading, SC receiver, wireless communication systems.

I. INTRODUCTION

HE short term fading and long term fading degrade

average level crossing rate (LCR) and average fade
duration of wireless communication system [1]. The received
signal of wireless communication system is subjected to
multipath fading and shadowing. The short term fading causes
signal envelope variation. In shadowed multipath fading
environment, received signal envelope has small scale fading
distribution and received signal envelope power is long scale
fading distributed. There are more distributions which can be
used to described signal envelope variation and signal
envelope power variation. The most frequent statistical models
that can be used to describe small scale signal envelope
variation are: Rayleigh, Rician, Nakagami-m, Weibull and o-L
distributions. The long scale signal envelope variation can be
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described by using Gamma and log-normal distributions [2].

Rayleigh and Nakagami-m distributions can be used to
describe small scale signal envelope variation in linear, non
line-of-sight multipath fading environment. In line-of-sight
multipath fading environments, small scale signal envelope
variation can be described by using Rician distribution. Rician
distribution has Rician factor. Rician factor is defined as a
ratio of dominant component power and scattering component
power. Putting Rician factor to be zero, Rician distribution
reduces to Rayleigh distribution.

The a-p distribution is general distribution. Rayleigh,
Nakagami-m and Weibull distributions can be derived from a-
 distribution. The Weibull distribution can be obtained from
a-p distribution by setting p=1; and by setting 0=2, o-[
distribution reduces to Nakagami-m distribution. The a-p
distribution reduces to Rayleigh distribution by setting a=2
and p=1 [3].

The k-p distribution is also general distribution. Rayleigh,
Nakagami-m and Rican distribution can be derived from k-u
distribution. By setting k=0, the k-u distribution reduces to
Nakagami-m distribution and for p=1, Rician distribution can
be derived from k-p distribution. By setting k=0 and p=1 the
k-p distribution becomes Rayleigh distribution [4].

There are combining techniques used to combat the
influence of short term fading effects and long term fading
effects on level crossing rate and average fade duration of
wireless communication systems. The most frequently used
combining techniques are maximal ratio combining (MRC)
[5], [6], equal gain combining (EGC), [1], and selection
combining (SC) [7], [8]. MRC combining enables the best
performance and the SC combining provides the least
implementation complexity. The SC combiner output signal is
equal to the maximum of input signals.

The second order performance measures of wireless
communication system are average level crossing rate of
output signal envelope and average fade duration of wireless
system. The average level crossing rate is defined as average
value of the first derivative of the output signal envelope [2].
The average fade duration is defined as the ratio of outage
probability and average level crossing rate.
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There are more papers in open technical literature
considering second order statistics of wireless communication
systems operating over composite shadowed multipath fading
environment. The multipath fading has different distributions
(Rayleigh [9], Rician [10]-[12], Weibull [7], Nakagami-m) [8],
[13], a-p [14], k-p [15]-[18], or a-k-p [19], [20]) and
shadowing is described by log-normal [10] or Gamma
distribution [11], [12].

The second order statistic analysis of selection macro-
diversity combining over Gama shadowed Rayleigh fading
environments is given in [9] and the second order statistics of
the signal in Ricean-lognormal fading channel with selection
combining in [10].

In paper [11], the average level crossing rate and average
fade duration of wireless communication system operating
over composite Gamma shadowed Rician multipath fading
channel are evaluated.

Infinite-series expressions for the second-order statistical
measures of a macro-diversity structure operating over the
Gamma shadowed Ricean fading channels are provided in
[12]. MRC combining at each base station (micro-diversity),
and selection combining (SC), based on output signal power
values, between base stations (macro-diversity) are considered.

Average LCR and AFD for SC diversity over correlated
Weibull fading channels are investigated in [7]. The two
formulae for the average LCR and AFD at the output of dual-
branch selection diversity receivers are performed and some
earlier published results given in a more general and
compared.

Some expressions for average LCR and AFD for dual-
branch maximum ratio combining (MRC) and selection
combining (SC) schemes which exist in the correlated fading
channels, are derived in [8]. It is supposed that channel model
of the diversity branches is correlated small scale with
Nakagami-m statistics. The numerical results point out that the
average LCR and AFD of MRC and SC schemes are
significantly affected by the correlation between each branch
when they are performing in the correlated environments.

The paper [13] studies wireless communication system with
micro- and macrodiversity reception in gamma shadowed
Nakagami-m fading channels. N-branch maximal ratio
combining (MRC) is implemented at the micro level (single
base station) and selection combining (SC) with two base
stations (dual diversity) is implemented at the macro level. The
expression for the moments is analytically derived. This
performance is very useful since it can be used to directly
obtain important system performance measures, such as the
average signal value and amount of fading (AoF).

The performance of selected diversity techniques over a-p
fading channels are analized in [14]. In this paper,
approximate closed-form expressions for the bit error rate
(BER) of M-ary quadrature amplitude modulation (MQAM)
and M-ary phase shift keying (MPSK) are derived considering
independent and identically distributed (i.i.d) o-p fading
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channels with a maximal ratio combining (MRC) receiver.
Moreover, other closed-form expressions are obtained for the
symbol error rate (SER) of both MQAM and MPSK under the
same channel conditions considering dual branch selection
combining (SC) receiver. The derived expressions can reduce
to study the BER performance over other fading channels such
as; Rayleigh, Weibull, and Nakagami-m, as special cases.

Selection combining (SC) based on signal-to-interference
ratio (SIR) over K-[L fading channels is
performed in [15]. Probability density function (PDF) and
cumulative distribution function (CDF) of the received SIR are
determined. Based on the results obtained for PDF and CDF,
infinite-series expressions are derived for the output level
crossing rate (LCR) and average fade duration (AFD).

The wireless communication system with dual branch
selection combining (SC) diversity receiver operating over k-p
multipath fading environment is considered in [16]. The closed
form expressions for average level crossing rate of SC receiver
output signal envelope and average fade duration of proposed
system are evaluated. Numerical results are presented
graphically to show the influence of Rican factor k and fading
severity p on average level crossing rate and average fade
duration.

Level crossing rate of MRC receiver over k-u multipath
fading environment is considered in [17]. In [18], the average
level crossing rate of ratio of product of two random variables
and random variable is considered. This scenario presents an
interference limited k-yu multipath fading line-of-sight
environment. The ratio of product of two k-p random variables
and k-p random variable represent signal-to-interference
envelope ratio.

The wireless communication system operating over
interference limited, o-k-p multipath fading channel is
considered in [19], [20]. The closed form expressions for
cumulative distribution function and LCR of the ratio of two k-
p random variables and the ratio of the two a-k-p random
variables are calculated. They are used then for evaluation the
LCR of wireless communication system with L-branches, SIR
based SC receiver operating over. a-k-p multipath fading
environment in the presence of co-channel interference
affected to a-k-p multipath fading.

In our work, the wireless communication system with SC
receiver operating over composite shadowed multipath fading
environment is analyzed. The received signal is subjected
simultaneously to Rician multipath fading and Gamma
shadowing.

The short term fading causes signal envelope variation and
long term fading causes signal envelope power variation. The
closed form expression for joint probability density function of
SC receiver output signal envelope and the first derivative of
SC receiver output signal envelope is calculated. This
expression is used for calculation of average level crossing
rate of SC receiver output signal envelope. It can be used for
evaluation of the average fade duration of wireless
communication system with SC receiver operating over
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composite Gamma shadowed Rician multipath fading channel.

To the best authors’ knowledge the average level crossing
rate of wireless system with SC receiver operating over
composite Gamma shadowed Rician multipath fading channels
is not reported in open technical literature. The obtained result
can be used in performance analysis and designing of wireless
communication system with SC receiver in the presence of
Gamma large scale fading and Rician small scale fading.

I1l. LEVEL CROSSING RATE OF RICIAN RANDOM VARIABLE

WITH GAMMA DISTRIBUTED POWER

Squared Rician random variable can be written as sum of
two independent Gaussian random variables [21]:

2 2 2
X" =X +Xz, 1)
where X; and x, are independent Gaussian random variables
with the same variances 2. The first derivative of x is:
o1 . !
x:;(x1x1+x2x2). (2)

The first derivative of Gaussian random variable is Gaussian
random variable. Thus, X, and X, are also Gaussian random

variables. The linear transformation of Gaussian random
variable is Gaussian random variable. Therefore, x follow
conditional Gaussian distribution. The average value of xis:

:% (x1§l + x2§2):0

X (3)
since %, =%, =0.

The variance of the first derivative of Rician random
variable with Gamma distributed power is:

2 L (2 2 2 2
Ox =—5 (Xl Oy +X20%, ) (4)
X
where
fo=0')-<3= 20°n% 2 =Qn? 2. (5)

After substituting (5) in (4), the expression for variance of x
becomes:

, Qrf?
Ox =T 3
X

(xf+x22):§27r2fr§ (6)

The joint probability density function of Rician random
variable with Gamma distributed power and the first derivative
of Rician random variable with Gamma distributed power is:
pX(X/X)px(X)

Py (XX) = (7)
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where p,(x) is Rician probability density function:

ol

where ly(z) is the modified Bessel function of the first kind
with order zero. A Rician fading channel is described by two
parameters, k and Q. kis the ratio between the power in the
direct path and the power in the other, scattered, paths. Q is
the total power from both paths (Q = v* + ¢°), and acts as a
scaling factor to the distribution. Therefore, Rician factor k
increases as dominant component power increases or
scattering components power decreases.

After substituting (8) in (7), the expression for the joint
probability density function becomes:

(8)

.2
X (k+1)x2

N1 a0z 2(k+1) o (k+1k )

pXX(XX)_@GX-h i C IO[Z i
x (D) i

_ 1 207 2(k+1) - Z(k(kﬂ)j 2

©)

The average level crossing rate is calculated as average
value of the first derivative of Rician random variable with
Gamma distributed power:

Ny = [ %Py (00)ax
0
1 md.. 7% 2(k +1) ,(k+é)x2 0 (k(k 1)). 2 oi _
_\/Zax--([ X Xe g e ; +
C(k1)x* o o
— e 2 T S ) <)

Vor

ek
(10)

By averaging conditional average level crossing rate,
average level crossing rate becomes:

0

Ny IdQNx/Q pQ( )

o

=f 2r 1 Z (k+1)) —x2'.
,3 i=0
(k+1)x*> @
o B

'J.dQ Qe12g
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1 k+l i1
=f,v2 — kk+1)) —
e e &
6_ 2
(ﬂ(k+l)x2) ‘ K—l/{2 (k+ﬂl)x J (11)
Here, Q > 0, and ¢, B > 0. I'(c) is thegamma

function evaluated at c.
The cumulative distribution function of Rician random

variable is:
-|0(2 k+1kt]:
Q

jpx
i k(k+1)) Q7't?3 =

=2(k+1)JX'dtte (ksth?
ekQ 0 i=0

(k+l)t2
Idt k+1) te ©

k+1)t2

(k+1)t?
J.dtt2|+1 o _

k+1 2
Q

k+1X2J
Q

- 2(k+1)i(k(k +1))

(k(k+1) Q7 ;Q'ﬂy/(
7(i,

IV. U NITS LEVEL CROSSING RATE OF SC RECEIVER OUTPUT
SIGNAL IN THE PRESENCE OF GAMMA SHADOWING AND RICIAN
MULTIPATH FADING

The wireless communication system with dual SC receivers
operating over composite Gamma shadowed Rician multipath
fading channel is considered. Signal envelopes at inputs of SC
receiver are denoted with x; and x,, and signal envelope at the
output of SC receiver is denoted with x.

The joint probability density function of SC receiver output
signal x and its first derivative is:

k1S (k(k +12))
k Z (i!)z

€ oo

(12)

Py (XX) = Py, (XX)FXZ (X)+ Px,x, (X)'()Fx1 (X) =

= 2,5, (XX)Fy (%) (13)
where p, . (xx)is given with (9) and F,(x) is given with (12).
After substituting, p,(xx) becomes:

)~(2

. 1 202 2k +1)
., =2 e b3 .
pXX(XX) 27 oy o)

(k1)x* o

a Z[ k+1j Ol

ISSN: 1998-4480 22

Volume 9, 2015

(14)

.L:li(k(k L)) [il, k;zl Zj

& o

The random variable Q follows Gamma distribution. The
joint probability density function of SC output random
variable and the first derivative of SC receiver output random
variable can be calculated by averaging (15):

P (xX) = [dQp, (Q)p, (xX/ Q) (15)
0

where p,, (xx/Q) is given with (14).

Average level crossing rate is:
o0
0

2(k k+ 1)x o o
e Q

dX X pyg(XX)

P Ql/Z.
m

T2
zlﬁ

. (ke+k 1), i (k('(<i .+) 21))‘1 7[i1,

i,=0

where
. k+1 , h
7['1YTXZJ = F(Il)__—

k+1 »

X e_zX (18)

and

1Fl[il +1,1,%x2j = (19)

i,=0

After substituting, the expression for level crossing rate
becomes:

a2z 2( k+1 -
T Xz

w (k+1)x® 1 o

Z k+1 )

J.dQQC_“/Z'e Q B
=0

X
i=0

f\/_ﬂ'2k+l 5 K -Xzi,wM.
r(c)s° .Zo: Z .
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! (k +1)rx% i i+,

i +1 = (i,

2
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'IdQ Q1 2, e_ Q B
0

S="
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(epk+1f 22 2.
(20)

V. LEVEL CROSSING RATE OF SC RECEIVER OUTPUT SIGNAL
IN THE PRESENCE OF GAMMA SHADOWING AND K-p MULTIPATH
FADING

The selection receiver with two inputs operating over
independent identically distributed k-p short term fading and
Gamma long term fading is studied in this section. The signal
envelopes at the input of SC receiver are denoted with x; and
X2, and the output signal with x.

The joint probability density function of SC receiver output
signal x and its first derivative is given by (13):

Pxx (XX) =2 Px,x, (XX)FXZ (X)

The joint probability density function of k-pu random
variable and its first time derivative is:

u+l
o 2uk+1)2 e
pxlxl(xxl)=%-x{e o Lx2.

kTek”Q 2

I P (CE SR T e
UV e T Jaep,

where k and p are fading parameters, Q is average power and

(21)

s (22)

" plk+1)
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Gamma long term fading causes signal envelope power
variation giving Q to be random variable with:

1

o)
Q% ’  0>0.

(23)

1
deFrmmc

The conditional average level crossing rate of SC receiver
output signal envelope is

Ny = I dX X P (XX) :_[ dxx 2 Py, (X)‘()Fx2 (X):
0 0

=2F, (x)j dXX p,, (xx)=2F, (x)N, (x)
0
(24)

Average level crossing rate of k-p random variable is:

N X Idxl X Py, (Xl Xl):
0

u+l

2ulk +1) 2 k)
:M—)ﬂﬂ.xlﬂe Q .Xl2 .

k 2 ekQ 2
(k +1)k B

- 2 X, |-
;zl[ :u Q 1 /_27[

The cumulative distribution function of k-p random
variable is:

(25)

F,(x)- [dtp,()-

u-1
— i;=0

k 2 e*“Q

_ 2u(k ) Zw: (ﬂ

=D 1
iIT

Q (i, +¢)

#(k‘*'l)tz

Jdt et e <
0

L*l 2ip+u-1
~2u(k+1) 2 i k +1)k -
= =\ a i 1T(i, +c)

k 2 e 7

() onite] o

plk +1)

After substituting (26) and (25) in (24), the expression for
conditional average level crossing rate becomes:
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xIQ = 4 u+ll2
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- +
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N
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k y—le 2ku Q;H—l/ 2

m
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+
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7#(k+1)xz
e @

X2i2 +2pu-1

The average level crossing rate of SC receiver output

signal envelope is finally:

T Ny/o pQ )=
0

2 k1Y A,
- k,u—le2k,u
> 2i+pu-1 1
: k+ 1k -
2 i+ 2K) i, 1T (i, +c)

| (u(k1+ 1)jw i, Jlr p (sl +1)x2 )"
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i(;(,u(k +1)X2)11 :

o\t u +1)J1
‘ o 1K ip+p— l o+ X2i2+2ﬂ*1.#.
i; (,U\/(—T)Z |2|r +¢) I(c)s

0

-IdQ Q—,u—l/Z—il—,u/2+1/2+il+,u—i1—,u—j1—iz—,u/2+l/2+c—1 .

0

2ukst) 1
e o A
2ﬂ3/2(k+1y1+1/27zfm
= ky—leZI(;z
X 2iy+ -1 1
: K+ 1)K -
ZO S i1 T(i, +c)

R R | "
‘(—w +1>] o)
-i?—JL—T@&+ﬂﬁV

= (i, + u+1)j,

> /( j ip+u-1 2i,+24-1 1 )
,ZZ:;, (ﬂ K+l )Z ||F(| +¢) X I'(c)s°

12-i, 1 2-i; 1241/ 4+c/ 2

2l + 1) )

2
5 u(k +1)x

—2p—i—ip—jy+1/2+c ﬂ

K (28)

Rican distribution can be obtained from k-p distribution by
setting parameter p to be equal to one since k-p distribution is
general distribution. Because of that, it is possible to obtain the
formula (20) after putting u=1 in (28).

VI. NUMERICAL RESULTS

In next two figures, the level crossing rate of SC receiver
output signal envelope is presented for different values of Rice
factor k, Gamma distribution parameters ¢ and B (b in the
figures) and signal envelope.

In Fig. 1, the level crossing rate of SC receiver output signal
envelope versus input signal envelope is presented for
different values of Rice factor k, and Gamma distribution
parameters ¢ and b.

The level crossing rate has lower values for lower values of
parameter b. Also, the LCR has smaller values for smaller
values of parameter ¢ and higher values of signal envelope.

The system performance is better for smaller values of the
average level crossing rate.
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Fig. 2. The level crossing rate of SC receiver output signal versus
parameter ¢

The level crossing rate of SC receiver output signal versus
Gamma distribution parameter c¢ is shown in Fig. 2. The
parameters of curves are Rice factor k, Gamma distribution
parameters b, and signal envelope.

From this figure one can see the influence of distribution’s
parameters on the LCR of SC receiver output signal and
choose the most appropriate values for designing of wireless
systems.

It is visible that the LCR is lesser for smaller values of
parameter ¢ for some selected values of the parameters k and
b.

VII.

In this paper, the wireless communication system with dual
SC receiver operating over shadowed multipath fading channel
is considered. The received signal is subjected simultaneously
to Gamma long term fading and k- p or Rician short term
fading. The short term fading causes signal envelope variation
and Gamma long term fading causes signal envelope power
variation.

CONCLUSION
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SC receiver is used to reduce short term fading effects and
long term fading effects resulting in system performance
improvement. The second order statistics of proposed systems
are analyzed. The joint probability density function of SC
receiver output signal envelopes and their first derivatives of
SC receiver output signal envelopes are calculated. The closed
form expressions for average level crossing rate of SC receiver
output signal envelopes are calculated by using these results.
The level crossing rate is calculated as average value of the
first derivative of SC receiver output signal envelope.

The k-p and Rician distributions are general distributions.
By setting p=1, Rician distribution can be derived from k-p
distribution. Because of that, in derived formula for average
LCR of wireless communication system with SC receiver
operating in the presence of composite Gamma shadowed k- p
multipath fading, p=1 can be put and formula for average LCR
of wireless communication system with SC receiver operating
in the presence of composite Gamma shadowed Rician fading
will be written.

After, by setting Rician factor to be zero, in obtained
expression for average LCR, the expression for average LCR
of wireless communication system with SC receiver operating
over composite Gamma shadowed Rayleigh multipath fading
environment can be derived.

The numerical results are presented graphically to show the
influence of Rician factor and Gamma shadowing severity
parameter on average LCR of wireless communication system.
The system performance is better for lower values of average
level crossing rate. The level crossing rate increases as Gamma
shadowing severity parameter decreases.
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