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Abstract—The second order statistics, such as average level
crossing rate (LCR) and average fade duration (AFD), for dual
branch SSC/SC combiner output signals in the presence of
Rician fading, are determined in this paper by using earlier
obtained closed-form expressions for probability density
functions (PDFs) of derivatives at two time instants. The
results are graphically presented in some figures versus some
parameters values. The analysis of the parameters influence
and different types of combiners is given.
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. INTRODUCTION

The fading is one of the most important causes of system
performance degradation in wireless communication
systems. The communication systems are subjected to fading
which is caused by multipath propagation due to reflection,
refraction and scattering by buildings, trees and other large
structures. After that received signal represents a sum of
many signals that arrive via different propagation paths.

Some statistical models are used in the literature to
describe the fading envelope of the received signal. These
distributions are: Rayleigh, Rician, Nakagami, Weibull,
Hoyt, and others. They are used to characterize the envelope
of faded signals over small geographical area, or short term
fading. The log-normal and gamma distribution are used for
describing long term fading, when much wider geographical
area is involved.

The performance analysis of complex SSC/MRC
combiner in Rice fading channel is given in [1]. This paper
presents an extended analysis of the second order statistics,
such as average level crossing rate (LCR) and average fade
duration (AFD), for dual branch SSC/SC combiner output
signals in the presence of Rician fading, based on closed-
form expressions for probability density functions (PDFs) of
derivatives at two time instants obtained in [2].

Ricean fading is a stochastic model for radio propagation
irregularity caused by partial cancellation of a radio signal,
i.e., the signal arrives at the receiver by several different
paths and at least one of them is lengthened or shorted [3].
Rician fading occurs when one of the paths, typically a line
of sight signal, is much stronger than the others. In Rician
fading, the amplitude gain is characterized by a Rician
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distribution [4], [5]. Rayleigh fading is the specialized model
for stochastic fading when there is no line of sight signal, and
it is considered as a special case of the more generalized
concept of Rician fading. In Rayleigh fading, the amplitude
is described by a Rayleigh distribution.

There are several ways to reduce fading influence on
system performances without increasing the signal power
and channel bandwidth. The diversity reception techniques
are used extensively in fading radio channels to reduce the
fading influence on system performances [5]. Various
diversity combining techniques are used.

Selection combining (SC), where the strongest signal is
selected between the N received signals [6]. When the N
signals are independent and Rayleigh distributed, the
expected diversity gain has been shown to be inversely
proportional to the number of antennas [7, 8].

Switched combining: In the case of dual branch SSC, the
first branch stay selected as long as its current value of
signal-to-noise ratio (SNR) is greater than predetermined
switching threshold, even if the SNR value in the second
branch maybe is largerer at that time [3]. The receiver
switches to another signal when the currently selected signal
drops below a predefined threshold [9]. This is a less
efficient technique than selection combining.

The consideration of SSC systems in the literature has
been restricted to low-complexity mobile units where the
number of diversity antennas is typically limited to two.
Performance analysis of SSC diversity receiver over
correlated Ricean fading channels in the presence of co-
channel interference is carried out in [10].

Equal-gain combining (EGC): All the received signals
are summed coherently [11].

Maximal-ratio combining (MRC) is often used in large
phased-array systems. The received signals are weighted
with respect to their SNR and then summed [12]. This is the
best and most complicated combining scheme.

In this paper, the probability density functions (PDFs) of
derivatives at two time instants for dual branch Switch and
Stay (SSC) combiner output signals in the presence of
Rician fading in closed-form expressions are presented and
used for calculating the second order statistics of SSC/SC
combiner. The results are shown in some graphs versus
different parameters values. An analysis of the results is
provided also. To the best author knowledge the
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performance of SSC/SC combiner is not reported in open
technical literature by other authors.

The remainder of the document is organized as follows:
in Section Il related works are mentioned; Section Il
introduces the model of the SSC combiner; the probability
density functions of derivatives are presented and
graphically shown in Section IV. In Section V, the model of
complex SSC/SC combiner is given and statistics for this
combiner is calculated. In the last section, some conclusions
are presented.

1. RELATED WORKS

The probability density functions (PDFs) of derivatives
for Switch and Stay Combiner (SSC) output signals at two
time instants in the presence of Rician fading are determined
in [2]. Now, in this paper, the second-order characteristics
will be determined using these PDFs.

The probability density functions and joint probability
density functions for SSC combiner output signals at two
time instants in the presence of different fading distributions
are determined by these authors. Then, they are used for
calculating first order system performances, such as the bit
error rate and the outage probability, for complex systems
sampling at two time instants. Performance analysis of
SSC/SC combiner in the presence of Rayleigh fading is
given in [13]. The outage probability analysis of the SSC/SC
combiner at two time instants in the presence of lognormal
fading is done in [14]. The PDF of the combiner output
signal is derived. Then, the outage probability is numerically
calculated using this PDF. The results are shown graphically
in order to compare performances of the SSC/SC combiner
with regard to classical SSC and SC combiners sampling at
one time instant.

This work is motivated by the desire to obtain better
system performance, in the presence of Rician fading, with
complex combiner consisting of two cheaper and simpler
diversity systems (SSC and SC) against MRC diversity
combining scheme witch is much more expensive.

Il.  SYSTEM MODEL OF SSC COMBINER

The SSC combiner with two branches at two time
instants is discussed in this section. The model is shown in
Fig. 1.

The input signals, at the first time moment, are r; and ry;
and they are r;; and ry, at the second time instant. The

derivatives are I}, and I, at the first time instant and I,
and T, at the second one.

I1.I2
11512

SSC .,
1l 1.0
21,22

Figure 1. Model of the SSC combiner with two inputs at two time instants
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The signals at the output are ry and r,. The derivatives of
the SSC combiner output signals are F; and', .

The indices for input signals and their derivatives are as
follows: the first index represents the branch ordinal number
and the other one signs the time instant observed. The
indices for the output signal correspond to the time instants
observed.

The probability that combiner examines first the signal
from the first branch is P, and P, for the second one. The
values of P; and P, for SSC combiner are obtained in [3].

The four different cases are discussed here, according to
the working algorithm of SSC combiner:

1) n<ry, <

In this case all signals are less then threshold ry, i.e.:
r11<ry, rp<rr, ra<ry, and rp<rr. Let combiner considers

first the signal ry;. Because ri;<ry, then f; =T, and because
of rp<ry, then I, =1, . The probability of this event is Py. If
combiner examines first the signal rp, then ry<rr, I, =1,
as ry<ry, I, =T,,. The probability of this event is P,.

2) >, <ty

In this case first of the signals is greater than the
threshold ry, but the other is less. The possible combinations
related to the probability of the first examination of first or
second input are:

- M2ry, Fp<ry, 1<y, fl = rll I;2 = I;22 P1

- Ma<ry, M2y Fp<ry, rpp<r, h="rf, =0, P

- 121y, Fe<Iy, F1p<IT, h="ry =M, P,

- M <rr, ru2rp, Fp<ry, Fp<ft, n=r, L=r, P,

3) Nn<ry, r>ry

In this case first of the signals is less then threshold ry,
but the other is bigger. The possible combinations for this
case tied with probabilities of order of inputs' consideration
are:

- T <rr, ra<ry, Ip2rr, fl = r21 rz = rzz Py

- T <rr, I <tr, Fp<It, 2277, fl = r21 fz = flz Py

- I <It, ra<ry, Fyp2r, rl = fll rz = rlz P,

- M <It, ra<tr, F<It, 2277, rl = rll fz = fzz P,

4) r=>rr, H2re

In the last case all signals are greater then threshold ry,
i.e. ryu>rr, rp>r >, and rp>rr. Now, the possible
combinations of probabilities of inputs’ examinations are:

- > ry, P2, h=h, FL=0, P

- M=y, F<Iy, (277 h=hy L=F, P
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- M1 <ry, I 2r, F2r, r=r, r,=r,
- Ma<r, rp2rn, Fp<ir, <t fl = I‘Zl |‘2 = rlz
- 1217, o220y, r=r, r,=r,
- 1121y, Mp<It, I'p2rT, f'l = er f‘z = rlZ
- <y, My 2rr, Fp2r, n=r, L=0,
= Mo <Ir, r12rr, F<rt, 20T, nh=r, rL=r,

AVA

PROBABILITY DENSITY FUNCTIONS OF DERIVATIVES

L
+ P].J-drll pr11r21r22r'21r22(r11’ .0, fz) +
0

[ [
P2 + Rl.[ drllj.drzz pﬁ1r22r21r1zfz1r'1z (rll’ PPTLIRAPY |;1’ r2) +
0 0

+ P2 pr21r22r21|‘22 (rl’ r2' rl' rz) +

.
+P, I dl’22 Pr. i, (I’22, Ny b, fz) +
0

I
+ PZ J.drzlp’u"uﬁz"u"lz (r21‘ N6, rl' r2) +
0

The joint probability density functions of signal

derivatives are:

r<ry, R<ry

rr rr
p"1"2"1"z (r;l' rz’ I;l’ r2) = F}.IdrzlljlerZ pr11r22r21r12r21r12 (r11’ r22’ I’].’ r21 rll rz) +
0 0

r

i3
+ P2 J.erlJ‘ drlZ pr21r12r11r22r11r22 (r21’ rlZ’ rl’ rZ 1 rl! r2)
o 0
r2rr NR<rr

s
prlrzn’lr’2 (rln f, r11 rz) = Pljdrlz pﬁzﬁﬂ'zz"n"zz (r12, 0, f'l, I"z) +

0

" .
+ RL.[ drll...drzz prllrzz"uﬁzrnﬁz (rll’ r22’ rl’ rZ’ I;l’ rz) +
0 0
5
+ PZJ-dI'ZZ przzr21rlzr'21r'12 (r22’ UIIrnT r2) +

0

s T

+ PZJ.erlJ.drlz p"21r12"11rzz"11fzz (r21’ UPIRIL I;1’ r2)
0 0
r<rr, r2zry

g
p"1"2"1"2 (rl‘ r2‘ r.-l’ r2) = PJ.J’drll pr“rurzzn‘“r22 (rlla rly rzy r]_, rz) +

0

[ [
+ Plj drllj.erZ Pr ooty oo (N D 1, 6 B, 1) +
0 0
5
+ szdrzlpruruﬁz"uﬁz (r21’ UTLPY r.1’ r2) +

0

i L
+ PZJ.erlJ.drlz prurlzrurzzr'ufzz (r21’ Pane I;17 rZ)
0 0

ri2r, h2ry

prlrzl‘lr'2 (G, r2l r.‘11 rZ) = Plp'hﬁfnﬁz (r]_v rza fl, rz) +

e
+ P].J. drlZ prlzrnrzzrnf22 (r12' 00, fz) +
0

4)

[ [
+ PZJ.erlJ' drlz p"21r12"11rzz"11fzz (r21’ UPIRT I;1’ rZ)
0 0

For the case that signal and its derivative are not
correlated, after integrating of the whole range of signal
values and some mathematical manipulations, the joint PDF

(1) of derivative can be expressed as:
63 £3
Pr, (1) = B[ [d,p o (60 1) +
0 0
+ Pz Jdrz1jdr12 prurnf“r'QQ (r21, PR ';11 rz) +
0 0
+ P1.[ dr12J. dr1 prlzrnr'ur'zz (r12v e I‘l, I;2) + PzJ.drzzj.dG przzrur'ur'lz (rzzr f, fiv ';z) +
0 r 0 [
+ F’l_[drll'[dr2 Pr sty (s T Frs ) + PZ'[dru.[dr2 Py i, (s T Frs F) +
0 [ 0 [
) o L
+ Pl.[ drlJ‘ drz prnrlzrurlz (r;l’ rz’ rzl’ rz) + P2 J‘ drlJ- er pr21r22F21|‘22 (rl’ rZ’ r.‘11 r2)
®)
The signal derivatives PDFs can be found from joint PDF
based on:
pr‘l(rl) = J. pr‘lr‘z(rla r;z)drz Q)
prz (rz) = J. pr'lr2 (r17 I;2)(:“;1 ™
@) By replacing (5) in (6) and (7), it is obtained:
prl (rl) = Pl pru('z) + P2 pr“(rl) +
+ (PZFr21(rT) - PlFru(rT))pr“ (rl) +
+(PlFru(rT)_ PZFr21(rT ))pru(';l) (8)
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p, () =PRF. (r)F, ()P, (&) +PF, (5)F, (F)p, (i) +
+PB,(r,) P, () + BB, (1) p, (1) +

+RF, ()L-F, (5)p,, () + PF, (m)L-F,_(r))p,, (1) +
+ Plcl(rT) prlz (rz) + P2C2(rT) przz(rz) (9)

where F_(r,) are signals’ CDFs and F,(r)=F (r)
while B;(rr) and Ci(ry) are obtained based on [(1), 15]

N
e 1
k,,ﬁﬁ LM (k1 0k + 1 (k1 )

- :L—ipl A k+|2+I3.
r Hu o j{zafﬂ
20" (1-pi)

2
r
J1-y K+ +L,+1, —"—
l: 7[ 1713 2O'i2(1—pi2)j:|

2

Ci(r)= (1_Pi2>9_$ :

-;{k +1,+1,+1
(10)

. ié‘k . 1 .
et LI K+ K+, Pk + 1, )

ol 1_pi Ai K+l +l3 |
P Hu P Izafﬂ
r2
Al=-p k4L +L,+L,—T— ||
{ { 20'i2(1—,0i2)J:|
r2
dl-p k4L +1+, —5T—
[ [ 2ai2(1—pi2)ﬂ

y(.) is incomplete gamma function and &, is Neumman
factor defined with

11

1, k=0
& =
2, k>0
The probability density functions of signal derivatives in

the presence of Rician fading at the combiner input has
normal distribution with zero mean value [16, 17]:
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2

fij

Py () =——— 200 —eo<hj<o (12)

\/ O'
where i=1,2; j=1,2 and 6’ =20"n"
fm is maximal Doppler frequency.

f? is the variance and

Probability density function of signal derivatives I, and
f, at the SSC combiner output at two time moments in the
presence of Rician fading is obtained when (12) putting in
previously obtained general expressions for PDFs of signal
derivatives and replacing of CDF with [18]:

Frl(ri,j):l_Ql(A/ai'ri,j/ai) ;20 (13)

where Q(.) is Marcum Q-function of first order.
obtained as:

It is

pq(n)

A n A r 1 ‘%.212

{"{1“9{@'azﬂ‘a{l“?{q’qmme -

— ﬁ ri _ _ & ri ; 722_222
J{P{l Ql(ol’olﬂ P{l Ql(az’azﬂj\/ﬂdze

b, (1) = P{l Q{Aﬁgﬂ{l Q(:ZLH e

AT AL
b e B | U P

1, [

+ PlBl(rT)ﬁe 20 + Psz(rT)ﬁ(;M12 +
2 1

A oA n) 1w
+p{1 Q{Gl,qﬂo{%,%j e

A (AR L
+P|:1 Ql(o'z,o'zﬂQl(o'l,o_ldele T

B’

1 1
#RCU() e ARG () e ¢
1 2

(15)

The curves for probability density functions of signal
derivatives at the SSC combiner output at two time instants,
versus signal derivatives r, are presented in Fig. 2 for
different values of parameter &, .
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Figure 2. The probability density functions of derivatives at the SSC
combiner output at two time instants with parameter o'-i =05;1;15;2

The parameters of PDFs curves are different values of
parameter &, (0.5; 1; 1.5; 2). The case of channels with
identical distribution is observed.

V. SYSTEM MODEL AND STATISTICS OF SSC/SC
COMBINER

The model of the SSC/SC combiner with two inputs at
two time instants, considering in this paper, is shown in Fig.
3. The SSC combiner input signals, ry; and ry at first time
instant, and ry; and r, at the second time instant, are overall
system inputs. The output signals from SSC part of combiner
are r; and r, and they are inputs for second part of combiner.
The overall output signal from complex system is r.

The joint probability density functions at the SSC
combiner outputs at two time instants in Rician fading
channels for four different cases are:

M <rr, I<rt
Py, (.1,) = RD,(r)Dy(r,) + P,D,(r)D,(r,)  (16)
r12r, <ry

r22+A2Z
? o2 [T
pr1r2 (rlrrz): Plizze ? |{2A;2JD1(I.1)+ PlDz(rl)D1(r2)+

0, 0,

2
o

7r22+A12
+P2r7229 207 IO(I’ZAJDZ(G)"‘Ple(rl)Dz(rz) (17)

Oy

r.0p I

1.0 " r r
12 SSC ! s¢C >
I71.00 Iy !
)12 L)

Figure 3. Model of the SSC/SC combiner with two inputs at two time
instants

ri<ry, rp>re
Prr, (1) = Pl(l_Ql(A/O-U I /0'1))'

n2+r,%+2A,% (1-p)

b led
024(1_,02)
igl[ prlrz JI[ AZI?I. J|£ AZrZ J+
= o w-p)) o'W p) ) o (L p)
+RD,(R)Dy(r,) +

*+ Pz(l_Q1(A/621rtlo_2))'

_nPen’+2A° (1-p)

nh 20,2 (1-p?)

o' (1-p?

Z'( P, ],[ Ar, M Ar, j+
T o' 1-pM ) (W p)) o L+ p)

+P,0, (1) D, (1) (18)

e

ri=>ry, N2rr
_nPen’+2A (1-p)
Wy o 20l00)

o, (1-p%)

~Zw:8-|-( JLAP }[ An }[ Ar, J+
=o' t-p)) o W p) ) o W+ p)

+ Pl(l_Ql(A/Jl'r[ /Gl))'

prlr2 (rl' r‘2) = Pl

n2+r,%+2A,2 (1-p)
I.T. - 200 2
12 20,"(1-p%)

o, - p?)
igl( prlrz JI( AZI?L JI[ AZrZ J+
= e w-p)) o' W p) ) o (L p)

rzz-v-Az2
L a0 ([T
+P17228 ’ Io( ZAZZJDl(rl)-FPlDZ(r;L)Dl(rZ)"_

0, 0,

n2+r,%+2A,% (1-p)
rr. - 21,2
Pz 412 ze 20,"(1-p%)
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b e 20 0"
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r22+A1Z
r, .2 r
+P,—%4e ™ IO(?]DZ(5)+P2D1(r1)DZ(rZ) (19)
1

where:

A2

o’ (1+p) |

Di(r) = iei

o 1 pk+2|l

' k,lsz:'ij I1”2”3!(k + |1)!(k + Iz)!(k + Is)! (20'i2(l—,1)2))2k+|1+|2+2I3 '

I'2

_A2k+2|2+2|3 (1_p)2k+2I2+2l3 22ty 207° (1-p%)

2

VT) (20)

-y K+ +1+1,
y( C T a0 )

For dual SC receiver with correlated diversity branches
the joint PDF p . (r, f)is given by [19, eq. (8.42)]

Py (r,1) = P, ()] by, (1,5, + P, (D] by, (1, r)dr, (1)
0 0

For SSC/SC combiner, the joint PDF p_ (r,r) is
obtained for different values of r:

r<rr (ri<rr, rp<try)

P (r,1) = P, (1) By, (1,5, + p (D] by, (1, r)dr, (22)
0 0
r2rr (r>rr, 1<Iy)

P (1 F) = p, (F) j Py, (,5)E, + P, (F) j Py, (6, 1)dr, (23)

rr

r2rr (r<ry, r>ry)

p2(1,1) = B, ()] Py, (1), + ., (F) j Py, (5, 1)dr, (24)

T

r2rr (2, 12rr)

P, (1,1) = P, (D] Py (1), + P, (1) [, (1), (25)

[ rr

r2rr (r2rr, <, [<Iry, 217 11277, 1>77)

P (1) = p, (r, 1)+ p,°(r,¥)+ p, (r,r)  (26)

Using (14) and (15) for PDFs of derivatives, and (16) —
(19) for PDFs of signals and putting them into (22) — (25),

the joint PDF p, (r, ) is obtained as:

For r<ry:
~ I,lz ~ I,12
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1 1

The average LCR at envelope level, r, is defined as the
rate at which a fading signal envelope crosses level r in a
positive or negative going direction. Denoting the signal
envelope and its time derivative by r and I, respectively, the
average LCR is given by [16],[17]
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N,(r) = [, (r.F)a (29)

The average fade duration is defined as the average time
that the fading envelope remains below the specified signal
level, after crossing the level in a downward direction and is
given by [20]

T.(r) = F”\lt((rr)) (30)

where P,y(r) is outage probability at the output of SSC/SC
combiner. It can be obtained by using (16) - (19) similarly
like for obtaining LCR:

r<ry
Pu(r) = [ [PD,(1)D,(r,) + R,D; (1) D, (r,)drdr,  (31)
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(32)

The level crossing rate (LRC) and average fade duration
(AFD) curves for complex SSC/SC combiner at two time
instants in the presence of Rician fading, depending on
different values of the signal and derivative distributions’
parameters, are shown in Figs. 4to 7.

Figure 4. Level crossing rate N(r) of SSC/SC combiner, at two time
instants, versus signal amplitude for r;=1, ¢ =0.5; 1; 2; 4, A =0.5 and
6=0.2
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Figure 5. Awverage fade duration T(r) of SSC/SC combiner, at two time
instants, versus signal amplitude r, for r;=1, ¢ =0.1; 0.2; 0.5; 1, A=0.5 and
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Figure 6. Level crossing rate N(r) of SSC/SC combiner, at two time
instants, versus signal amplitude r, for r=1, ¢ =2, A =0.5 and
5=0.1;0.2;05;1

Figure 7. Average fade duration T(r) of SSC/SC combiner, at two time
instants, versus signal amplitude r, for r;=1, ¢ =2, A=0.5 and
5=0.1;0.2;05;1
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Observing the first order system characteristics of
SSC/SC combiner at two time instants presented in Fig. 2.
[13, 14], it is obvious that the benefit of using complex
SSC/SC combiner exists and it increases with decreasing of
correlation between input signals.

Because of that, the expressions for second order system
performance are derived in this paper and the influence of
system parameters at second order system characteristics is
shown in all these figures. These results are useful for
designing and analyzing of wireless communication systems.

The level crossing rate of SSC/SC combiner at two time
instants versus signal amplitude, N(r), for r,=1, A =0.5 and
=0 and different values of o is presented in Fig. 4. It is
visible from this figure that system performances are better
for bigger values of parameter o, because the system
performances are better for lower values of average level
crossing rate.

The level crossing rate of SSC/SC combiner at two time
instants N(r), for r=1, o =2, A =0.5 and different values of &
is plotted in Fig. 6. One can see from this figure that system
performances are better for lower values of parameter 5 .

The curves for average fade duration of SSC/SC
combiner at two time instants, T(r), are drawn in Figs. 5 and
7. The parameters’ values are =1, A =0.5 and =0.2 in Fig.
5. Variable is parameter o. It is evident that performances are
better for greater values of parameter o (lower values for
AFD). The parameters’ values are r;=1, 0=2, A=0.5 in Fig. 7,
with changeable 5. One can conclude that results are more
favorable for greater values of parameter s .

From all this figures it can be noticed that values of the
LCR and AFD are growing, have discontinuity in the value
of the threshold, where there is a drop in the values, and then
are continuing to grow. In the case of LCR, the increasing of
the value is evident till it reaches a maximum and then
begins to fall. The system performance are better for lower
values of average level crossing rate. For smaller LCR (i.e.,
the shallower fades), correspondingly AFD is larger. AFD
increases with the value of the signal amplitude in whole
range, but the curves also have drops at the threshold values.

VI. CONCLUSION

In this paper, the expressions for probability density
functions (PDFs) of the time derivatives at two time instants
for output signals from dual branch SSC combiner in the
presence of Rician fading are given. The second order
characteristics; the average level crossing rate and the
average fade duration for complex combiner who makes the
decision based on sampling at two time instants, are
calculated by using derived closed-form expressions for the
case of SSC/SC combiner. To point out the improvement of
using complex SSC/SC combiner compared to classical SSC
and SC combiners at one time instant, some graphs are
presented earlier for several fading distributions.

Here, the second order system performances are
calculated and presented graphically. These results are
valuable in analyzing and projecting of wireless
communication systems in the presence of Rician fading.
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