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Abstract—The complex Switch and Stay Combining/Maximal
Ratio Combining (SSC/MRC) combiner is considered irthis

paper. The system output signal at two time instast is

observed in the presence of Nakagamm fading at the input.

Both of combiners, SSC and MRC, are with two brancks. The
probability density function (PDF) at the output of the complex

combiner is obtained and the bit error rate (BER) br the case
of binary phase swift keying (BPSK) modulation is dtermined.

The obtained results are shown graphically. It wapointed out

the improvement of using complex SSC/MRC combiner
relative to classical MRC and SSC combiners at onéme

instant.
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l. INTRODUCTION

The fading, the occurrence of variation of instaetaus
value of the received signal envelope, is one ef ¥bry
important factors of signal quality derogation dtet
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Rician distributions [2], [3]. Although the Nakagamodel
fits experimental data around the mean or medialuds not
fit very well in the tails of the distribution. Fahis reason,
some researchers question the use of the Nakagachlm
[4]; however, there is continued interest in madglla
variety of propagation channels with the Nakagami
distribution [2], [3]. Moreover, in [9] Braun anddbsch give
a detailed derivation of the Nakagami distributeord show
that it is quite appropriate to model multipathifedin the
mobile radio channel.

There are several ways to reduce the impact ofifadn
system performances. The goal is to achieve ththowt
increasing the signal power and channel capacitye T
diversity reception techniques are used extensivefading
radio channels to reduce the effects of fading ystesn
performances [6], [10], and [11], including bothxefd
terminals and mobile communication systems.

In order to gain significantly from the use of disigy,
there must be a sufficient degree of statisticdependence
in the fading of the received signal in each of diersity
branches. The assumption of statistical indeperalenc

reception. Many urban and vehicular communicationhetween the diversity channels is valid only if ythare
systems are subjected to fading caused by multipatéufficiently separated [2]. In mobile radio systetims signals

propagation due to reflection, refraction and scityy by
buildings and other large structures [1]. The nesisignal
is, thus, a sum of different signals that arriva different
propagation paths.

Several statistical models have been used in tifratire
to describe the fading envelope of the receivedadif®]-[8].

at the mobile station become decorrelated as thenaa
separation (or frequency separation) increaseg)givse to
diversity. If the antennas are crowded then sucterdity
conditions may be violated [8]. In space diversi§gtems an
antenna separation of 30 to 50 wavelengths is dllpic
required to obtain correlation coefficients stgichetween

The Rayleigh and Rician distributions are used tozero and one-third, in which case, for a two-channe
characterize the envelope of faded signals overllsmamaximal-ratio system in a Rayleigh-fading enviromtehe

geographical areas or sort term fades, while thentormal
distribution is used when much wider geographicehs are
involved. A more versatile statistical model, hoeevis

effect of correlation may be ignored [10].
However, there are other cases of practical intevhsre
the assumption of statistical independence is alid WVhen

Nakagamir-distribution [7], which can model a variety of the Nakagami channel is studied, the analysis isllys
fading environments including those modelled by theimited to the dual-branch diversity system [12]lokg time

Rayleigh and one-sided Gaussian distributions. Aigolog-
normal and Rician distributions may be
approximated by the Nakagami distribution in soraeges
of mean signal values [2]. The fit between Nakagamm
Rician distributions may not be very good when shgnal-
noise ratio (SNR) is large, but is very accurateldav SNR
values. Furthermore, the Nakagami distribution isrem
flexible and more accurately fit experimental dittiamany

ago Al-Hussani and Al-Bassion studied the effect of

closely correlation on the performance of a dual-branch imalx

ratio combiner for the correlated Nakagami-fadimgrmel.
They found that for the Nakagami-fading environmantl
for a worst case fading condition and identicalnalgo-
noise ratio (SNR) in each of the two branches,
performance difference between a single channettantivo
channels system increases from 3 to 24 dB as thelaiion

the

physical propagation channels then the log-normad a coefficient decreases from unity to zero.
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Il.  RELATED WORK IRy I

In diversity systems multiple copies of the sangnal —P —— r
are sending. They are combined in different waysrder to SSC MRC |—p
obtain as larger as possible signal to noise ratiere are 212 I
some kinds of diversity combining schemes. —> >

Maximal-Ratio Combining (MRC) is the optimal
combining scheme [13]. In this combiner signalsnfrall Figure 1. Complex dual SSC/MRC combiner.
inputs are summed. Because MRC requires cognitidheo
channel fading parameters, it is the most com@itand We consider the SSC/MRC combiner with two branches
expensive combining model [14], [15]. at two time instants. The signals at the inputsS&C

Equal Gain Combining (EGC) is next and then Sedecti combiner are; andry; at first ime moment and they arg

Combining (SC) and Switch and Stay Combining (SSC)andry, at the second time moment. The output signals at
with lower performances. These combining models ar&SC part are; andr,. The indexes for the input signals are:
simpler and cheaper and they are very often imphedein  first index is the number of the branch and theeotigns

practice whereas SC and SSC combining models do nétme instant observed. For the output signals, itiaex

require signal cophasing and fading envelope etialua represents the time instant observed. After deténgithe
[16]. output signals at SSC combingrandr,, they become the

SSC is simplification of the system complexity, lith inputs at MRC combiner and the overall output digga

losing in quality. In this model, the receiver stfe an The joint probability density function of correldte

antenna until its value drops below predetermiteeshold.  signalsr, andr, at the output of SSC combiner at two ti

me

Then, the receiver switches to other antenna amairs for  inputs with Nakagamin distribution and for the same

the next time slot, no matter the channel qualitytrmt  parameters, is obtained in [19].

antenna is above or below the threshold. In trexditre, For I, <Ip,r, <f; itis:
mainly dual SSC schemes have been analyzed [8]], [1
By the authors' knowledge in the new open liteggtur 1 (r.,r,) =
12\711 72

except from papers published by this group of asthibere

are no papers that treat these problems by samiplitige = 2, 2ml+2k A, m;+k _Q”‘ll'_z 5 m ,

two time instants. We derived the expression fer jthint Z (ﬁj [ J o V(Ql(l_p)rr M+ k)

probability density function of the SSC combinertpu k=0

signal in the presence of different fading disttits o2k K myrk Mot

(Nakagami, log-normal, Hoyt) in two time instant®]-[21]. o 2An)™ ( M J e Qz(l‘P)},( i 2 my + k) +

Based on these joint PDFs we made the performanceo kT (m, Q; ( p)

analysis of SSC/SC combiner at two time instantghia

presence of Rayleigh and log-normal fading in [42R]. 2Arp )2 2L 5 K ”‘2+'< -

The bit error rates for SSC/MRC combiner at twoetim +P2|§O KT (m,) (1 P ( )

instants in the presence of log-normal, Rayleigt Byt B

fading we determined in [24]-[26], respectively. = 2r )2na+2k N
In this paper the probability density function ahe bit Z e [1J

error rate of the SSC/MRC combiner output signathia k=0 p

presence of Nakagami-fading, with sampling signals at 1)

two time instants for one time slot, will be obssmty The > )

system is more complex then classical MRC and ssc Forfizf,h <f:

systems at one time instant, but with better peréomces.

mzrz
2(-0),,

M 2 .
‘00" ™Y

my+k "1'1
ml 211(1 P) ml 2
— 7( r",m +Kk)
[QJ a,a-)" "

2
That means that bit error rate can be increasedrandmit ) zmzmzrzszl —%
power can be reduced comparing to classical systems P, (1, 1,) = lez—e )
This paper is organized as follows: Il Section give 2 F(mz)

related works; Il Section describes the compleC88RC ) ,

system model and the process of obtaining the pibitya = 2r, At (m ™ ot m
density functions and the bit error rate of the B&RC kZ_(; klr ﬁ a) °© 7(91(1_p)rT m +k) +
combiner output signal at two time instants. SedidVv R

presents numerical results obtained for performance o2k 1 Ko amak __mrf

introduced in previous section. Finally, the maasults of . p Z 2rp)"™ (LJ [ﬂ] e Ul M 2m .
the paper are presented in V Section as conclusions ko Krm) (1-p) 0 o(1-p)

mpr”

k my+k _
£ J[Qﬁj eQZ('p)y( My 2, my + k) +
2

.  ComPLEX SSC/MRCCOMBINER MODEL o 2(r1)2m2+2k—1(

The model of the SSC/MRC combiner with two inputs = kr(m,)
considering in this paper is shown in Fig. 1.

1-p Q,(L-p)
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g M’ © 2m; + 2k-1 k mok e
+P 2mlml|’2 ™ e & . 22 ) ( 1% ] [mLJ e Ql(l—ﬁ)}/( m rTZ’n1+k)+
™r(my) = krm) \1-p) (& Q,(1-p)
+ mpry’ m, my+1
2 2P p V(™ 0,0 m 2 R (L2 m). 4nrz) [QJ .
=) t!F(mz) o)) °© ( p)y(Qz(l—p)rT M) "R e r(my)1- p)p(™9/2( Q2
2 mzfr12+r2’
0 o 2(r2)2m2+2k4 p k My m, +k ,Q:‘(zf_p) m, ) ) a ZmZ\/;rlrz . Qz(l_pz) N
RE i) (o) ley) T e ™ {0 p) f°
__my? k myik Mz
o 2(r )2ml+2k -1 o k my my+k aulp) my ) © 2( )Zml+2k 1( p J (mlJ s m )
- , k i _ 1 , K) -
Eo krm) (1-p) (@ ¢ }/(Ql(l—P)rT M+l lkZ:0 Krm) \1-p) (@ © 7(91(1—p)rT m+l
&) 2
3 2(f1)2mz+2k1(0]k[mzjwk 0,07) k
Forr <Ip,I,>r;: Z wrm) 1-5) la,) ¢ 1o ( p)fT /My +K) +
my+1 r12-¢-r22
P (1) = Ry (i my)- IS 1 L m |W[Z'W%J X
Q r(m,)1-p)p™ 22 Q, Q,(1-p)
m,+1 m, (rl +r3 22
Arr,)™ (mzj . (Zn%/;rr J 2 1_p))+ . ommr,2nt e,%'
r(m)a-p)p™?"* 2 Q,(1-p) > Q,"T(m,)
ok __mrf 2my +2k-1 K m, +k myr2
2 )2m+ 2k 1( » Jk(mlJml k X my ) ) = 2(r, ) o ) (m o) m, )
_rF 1 1 , . e 1(1-p) , K
" lkzo ki) \1-p) () © ™Y § 1-5)la) ¢ 7(91(1—p)rT m k)
+ mzrlz my+1
22 P o (P i, M o oM 2 4™ {ﬂ] ‘
& wrm) (1-p) a,)  ° 7 laapT P70, " i o)™
+1 W2 rf
P (—r )- Hryrp)™ m ™ . A, | Zulen ‘nler( =5 .
2705 M ()i p)p™ D72 1 ul-p)
Q m PP 1
2
my(n?r2) 2r, 2 2L k my+k Mol
2 _ = P . Q,(1-p) m 2' K) -
~Im 1{2125232} o) ’ 2kzo kT(m,) (1—p) (QzJ © 7(92(1—P)rT M +H
2 o 2my+2k-1 k my+k i’
o oy, )2+ 2k-1 k my+k m?f 2(ry) [ P J (ﬂ] e Ql(l—p)y m i
+P2k207( i)!r(mz) (ﬁj [%J e %0 P)y(gz(Tz_ p)TT21m2+k)' go Wr(m) \1-p) (o (Ql(l—p) 77, my +K)
4)
2, oy P2 k mprk M’ S
e — Wr ( P J (ﬂJ e Qul-p)y M 2, my +K) wherem andQ; are parameters of Nakagamidistribution,
o KI(m) \1-p) (2 Y- p) p is correlation coefficient and, is the threshold of the
(3)  decision for SSC combiner.
S S Total conditional signal value at the MRC combiner
Forr 21l 21 output, for equally transmitted symbols bfbranch MRC
m m o1 receiver, is given by
D (1) = B A0 [mlj : ]
ne\l1sf2) = M1 (m-1)/2
r(m 1- p)p™ "2 Q, r=> )
I’nl!I’IZJrI'ZZ} 2m2 mzirz2 =
A (Zml\/;rlrzje 0 (1-p) +P2mz e % . For coherent binary signals the conditional BER
©,1-p) 0, T(m) R.(gl{n }) s given by 13}
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R 1) = Qly2ar) ©
where Q is the one-dimensional Gaussian Q-fungtipn
Q(x) = \/;7 O]e"z’zdt )
T %
Gaussian Q-function is defined as [27]
QM) = —”/fex < jdqf ®
2sin” ¢

If alternative representation of Gaussian-Q fumnctis
used, the conditional BER can be expressed as

R)(%{n }lL:l) = i”J‘eX[{— sin ] 711.”6[ ]Ii[( Slin ¢]
©)

The unconditional BER can be obtained by averatiieg
multichannel conditional BER over the joint PDF thie
signals at the input of MRC combiner

I:)b(rl —1)1_[ prlrz |rL 1'

©

R©=(]]

1 )drdr,...drg

(10)
Substituting (9) in (10)P,(€) is obtained as

re=[[-[2]

i

L

JF . )drdr, ...dr,
5 sin ¢j ¢pr1r2 rL(l 2, )
L

(11)

For dual branch MRC combind®y(€) is

R@=[f-]

/2

s

sin ¢

jdqﬁ [ (ry, 1. )drdr,...dr,

] (12)

Substituting (1-4) in (12)P,(e) of SSC/MRC combiner
can be obtained as:

R(e) = 1 r].Tj.zdrldrzd¢[

OOO

grl grz 1
- nr, (I, 15) +
S|n2¢j[ sin2¢Jp (1)

2t
sin® ¢

ar,
sin® ¢

100&77/2
+= ] jdrldrquﬁ[—
ﬂrl 00

Jpzﬁfz (r1’ rz) +
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1|'!307r/2 r gr
2 3
+;C-)|.r:|. 6[drldr dq{ pwe ¢j(— sin2¢jp me, (M, 1,) +
17 or, ar
= dr,dr,d 22 p* (r,r
+7rJ‘J5|. ¢[ sin? ¢J( sin2¢jp (T2

(13)

IV. NUMERICAL RESULTS

The bit error rate curves, for different types ofnmbiners
and correlation parameters, are presented in Bigd23. It is
assumed that both inputs have the same channehets.
riis the optimal threshold for the SSC decision [8]:

I(m+1/ 2)( gj”z

T

The BER family curves for one channel receiver, for
MRC combiner at one time instant and for SSC/MRC
combiner at two time instants for uncorrelated casd also
for very strong correlation, are shown in Fig. 2rsus
different distribution parameter.

(14)

\¢ one channel
N\ MRC
A SSCMRC uncorrslated
SSCMRC strong coorrelation

0.12

Pe) S~ =

]
05 1 15 2 25 3 35 4 45 5
m

Figure 2. Bit error rate for different types of combiners ses
parametem, for 2=0.5

One can see from this figure that SSC/MRC combiner
has significant better performances for uncorrdlatase
then MRC combiner at one time instant. [por1 the BER
of SSC/MRC combiner follows the results for MRC
combiner.

It is obvious that using of complex SSC/MRC combine
results in better performance of the system bectus8ER
for uncorrelated SSC/MRC combiner decrease for tabou
50% regarding MRC combiner.
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Pe) 05

complex SSC/MRC combiner is presented in Fig. 3e Th

oz

0.02-

Figure 3. Bit error rate for SSC/MRC combiner versus parammat
for 9=0.5, for different values op

The influence of correlation to the outage prohgbif

(5]
(6]
(7]

(8]

9]
[10]
[11]

[12]

[13]

[14]

benefits of using this type of combiner increasegh w [15]

decreasing of correlation between input signals. dfjpparent

that there is no economic justification for the o§eomplex
SSC/MRC combiner in the case of strong correlation$l6l
between input signals.

probability density function of complex dual SSC/MR

V. CONCLUSIONS

The SSC and MRC are simple and frequently used
techniques for signal combining in diversity sysserfihe

combiner output signal, at two time instants, ieedeined in
this paper. The bit error probability is expresbaded on it.

The system performances deciding by two samples ¢

be determine by the joint probability density fuantof the
SSC combiner output signal at two time instants @unting
them as inputs of MRC combiner. The obtained resaiée

shown graphically. The performance
SSC/MRC combiner at two time instants, comparingh wi

classical SSC and MRC combiners, is described.
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