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Abstract: The results of spectral efficiencies for optimuntera [8]. Numerous researchers have worked on the stfdy
adaptation with constant transmit power (ORA) andnclel channel capacity over different fading channels.digeuss
inversion with fixed rate (CIFR) schemes over undete® here some representative examples. Specifically[4]3

diversity branch with Selection Combining (SC) avaléaso far in . . ;
literature are not applicable for Nakagami-0.5 ifigdthannels. This discuss the channel capacity over correlated Nakaga

paper derived closed-form expressions for the speeefficiency of M (m21& m<1) fading channels unde®RA and CIFR
dual-branch SC over uncorrelated Nakagami-0.5 fadimgnnels. schemes with different diversity combining techmguln
This spectral efficiency is evaluated under ORA @R schemes. [7], the channel capacity over uncorrelated Nakagam

Since, the spectral efficiency expression under Ofbheme (m=1) fading channels with MRC and without diversity
contains an infinite series, hence bounds on thersmresulting

from truncating the infinite series have been dativThe Under different adaptive transmissions schemes was
corresponding expressions for Nakagami-0.5 fading ealled analyzed. Expressions for the capacity over untzige
expressions under worst fading condition with sevéading. Rayleigh fading channels with MRC and SC undeedifit
ri”f&"'y: num?riclal ;fgs.ults are pr?tsentﬁq'hwwcmh? comparled adaptive transmission schemes were obtained inAB8.
o the spectral efficiency results which have BVious : .
publishedpfor ORA and CI)Il:R schemes. It has been g;dehat b);/ analytical performz.;mce study of th.e channel capgimt
employing SC, spectral efficiency improves under ORA{ does correlated generalized Qamma fading channels wil-d
not improve under CIFR. branch SC under the different power and rate atapta
schemes was introduced in [9]. The channel capadfity
Keywords: Dual-branch, Channel inversion with fixed rate,Nakagamim (m=1) fading channel without diversity was
Nakagami-0.5, Optimum rate adaptation with constaansmit derived in [10] for different adaptive transmissichemes.
power, Selection combining, Spectral efficiency. In [11], channel capacity of dual-branch SC and MRC
1. Introduction systems over correlated Hoyt fading channels using
different adaptive transmission schemes was predeifh
[12], expression for the ergodic capacity of MRCeov
arbitrarily correlated Rician fading channels wasivkd. In
[13], an expression for lower and upper bounds he t
channel capacity expression for uncorrelated Ric@ad

Wireless communication services, such as wirelessopal
area networks, satellite-terrestrial services, kg mobile
communication services, wireless local-area netwsjoakd
internet access have been growing at a rapid pacecent

years. These services require high data rate. Tdnasnel . : )
capacity is of fundamental importance in the design Hoyt fading channels with MRC using ORA scheme were

wireless communication systems as it determines tfgt@ined. The analytical study of the capacity unde
maximum achievable data rate of the system. Sirieegs K~ #fading and Weibull fading channels with OPRA,
mobile channels are subjected to fading, whichaldgg the ORA, CIFR and TIFR adaptation transmission schemes
data rate performance. The channel capacity innéadiusing different diversity systems was presentefllifj. In
environment can be improved by employing diversityl5], an analytical performance study of the channe
combining and / or adaptive transmission schemgf$[1  capacity for uncorrelated Nakagami-0.5 with duadrtwh
Diversity combining is known to be a powerful tetfue MRC using OPRA and TIFR was obtained. In [16], the
that can be used to combat fading in wireless reobithannel capacity over correlated Nakagami-0.5 fadin
environment. Maximal ratio combining, equal gairchannels unde®PRA and TIFR schemes with MRC was
combining and SC are most prevalent diversity cogbi discussed. An analytical performance study of thanoel
techniques [3]-[4]. capacity for uncorrelated Nakagami-0.5 fading cledsin
Adaptive transmission is another effective scheha& tan \jth dual-branch SC under OPRA, and TIFR was

be used to overcome fading. Adaptive transmisseopires introduced in [17]. The Nakagami-0.5 model has been
accurate channel estimation at the receiver aneliable widely used in general to study wireless mobile
feedback path between the estimator and the trétesif6].  communication system performance. Results obtafoed
There are four adaptation transmission schemes SEChNakagami-O.S will have great practical usefulnéssy will
ORA, CIFR, optimum power and rate adaptation (OPRAje of theoretical interest as a worst fading caikés paper
and truncated channel inversion with fixed Ratd=R)I [6]- fills this gap by presenting an analytical perfonoa study
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of the channel capacity of dual-branch SC over uetated

schemes
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In this paper, SC has been considered which isodrtbe
least complex diversity combining techniques [18].
The remainder of this paper is organized as folloims

Section 2, the channel model is defined. In Se@iospectral

where erfc(.) is called complementary error function. So
that

efficiency of no diversity and dual-branch SC overl—erfC[Wlﬂ}erf[ ﬂ]
Nakagami-0.5 fading channels are derived for ORAl an 4 4

CIFR schemes. In Section 4, several numerical tesrke
presented and analyzed, whereas in Section 5, wdingl
remarks are given.

2. Channd Modd

We assume slowly-varying Nakagami-flat fading channel.
The probability distribution function (pdf) of irsttaneous
received SNRy) of this fading channel is gamma distribute

Hence, the pdf of dual-branch SC under worst cdse o
fading using above mathematical transformationiasngin

[17]
2_exp[—0{)y]erf ’O{)y, y=0
myy y 4

py(¥) = (4)

- Spectral Efficiency

In this section, we present closed-form expressfonshe
spectral efficiency of uncorrelated Nakagami-0.%lirfg

given by [7]
m-1 m
4 (QJ ex;{ﬂ] , y=z0&m=05 1) channels with dual-branch SC and no diversity ui@RA,
rm\y y and CIFR schemes. It is assumed that, for the above
where m is the Nakagami fading parameter, which measure@onsidered adaptation scheme, there exist perfetnel
the amount of fadingy is the average received SNR, andestimation and an error-free delayless feedbadk sailar

I(.) is the gamma function. For different valuesrof this to the assumption made in [8].

expression simplifies to several important disttidos 3.1 ORA

describing fading models. Liken=05corresponds to the The average channel capacity of fading channel with
highest amount of fadingm=1 corresponds to Rayleigh received SNR distributionp,(y) under ORA scheme
distribution,m= 1 corresponds to Rician distribution, and 3% Copa [bit/sec]) is defined in [6] as

m - o, the distribution converges to a nonfading AWGN

Py (y) =

from [19]. Corn = B[log, (1+ d 5
In case of no diversity the pdf under worst casdading ORA £ 92+ Mpy (Ndy ®)
using (1) is where B [Hz] is the channel bandwidth.
ex - 05y In fact, (5) represents the capacity of the fadihannel
v without transmitter feedback (i.e., with the chanfae
(V)= —F—==—=, r=20 (2)

2y y level known at the receiver only).

Assuming independent branch signals and equal geera 3.1.1 Spectral efficiency in case of no diversity
received SNR, the pdf of the received SNR at thpuwiwf Substituting (2) into (5), the average channel cipa
dual-branch SC under Nakagami-fading channels is given becomes

by [19]-[20] is ox r{ - O.Sy]
_ 2ym_1[me ( my] 2my Cona =B[lo 7
= = exp| ——Z ||1-Qn| 0..[ ==L ||, y=0 ORA g21+y) —=dy
Py (V) rm |7 p 7 Qm 7 Y i \/TVV
3) - 05y
where y is the average received SNRy(m=05) is the 14438 % ex 7
fading parameter, an® () is the Marcung-function, CORA = o= J|09(1+V) dy
) m ’ 2]7y 0 \/J_/

which can be represented, when is not an integer, as

given in [19] The integral can be solved using partial integratie follows

my = —
F(m,_] judv yllf"lm(uv) ;I/ITOUV J.vdu
’Zmy y 0 0
4 (m) Let u=log(+y)
where T[.,]is the complementary incomplete gamma dy
thendu =

function. 1+y
As we consider worst case of fading, then by [21]
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—O.5y] o _\n
ex;{ _ &)
- NORA=1837BY — 2 __x
Now, let dvz—ydy nZ:%)n!(Zn+1)(2;7)n+1
y ; ©)
After performing integral using [21], we obtain Ilog(1+ Py exp[— O.SyJ dy
— 05 0
=2 f /4 . . - .

V=yernyer 7 The integral can be solved using partial integratie follows

Evaluating the above integral by using partial gn&ion and Iudv: lim (uv)— Iimo(uv)— Jvdu
Y- V-

after some mathematical transformation using [2P}[we o 0
obtain Let u=log@+y)
3.1, - [ 1 dy
—-oF z(ll,—,Z,—_J+Vﬂxerfl[—_] then du = ——
14438 2 2y 2

CorA = 5 B Vo 1y

-ye+ Vlog(%J Now let dv = exr{—o'—:r)yj y"dy

4

where ,F,(.,.;.,.;) is the generalized hypergeometricAfter performing integral using [21], we obtain
function anderfi(.) is the imaginary error function. V= _exr{_ﬂJzn: n! )KLk
Using that result, we obtain average channel capper unit 4 k=0(n_k)!

Evaluating integral by using partial integral andme

bandwidth i.e. SORA [bit/sec/Hz] said to be spectral ) _ _ _
B mathematical transformation using [21]-[22], weabt

efficiency as 7
" c g 2]
—2F o LL;=.2— |+ymx = 1837 10
Coma _ 1443 2( 2 j ToRa = 1837 2, @n+3) (10)
TORA =—5 =7 L B (6) n=02z=0
erf i[—_]—ye+ Vlog(%j The computation of the spectral efficiency accogdio (10)
\/Z requires the computation of an infinite series. e€fficiently

. ) . compute the series, we truncate the series, andemire
where eis the Euler-Mascheroni constant having the valugounds for the spectral efficiency.

approximately equal to 0.577215665 given in [19]. The spectral efficiency in (10) can be written
asora =/lora, N TTora.E »  Where  7joga niS  the

expression in (10) with the infinite series trumchtat the
N th term as

3.1.2 Spectral efficiency in case of dual-branch SC

Substituting (4) into (5), the average channel capaof
dual-branch SC over uncorrelated Nakagami-0.5 tadin

channels is z
oL
/IORA, N = 1837)" > LY 2

o0
2 05y 05y
C =B|logy 1+)). |— ex;{— ~ jerf =~ |dy
ORA !) 25 Ny y \ v n=0 z=0 (en+D

@) and 770ra g is the truncation error resulting from truncating
As we know that error function can be representeffih] as  the infinite series in (10) ai = N .
—)n Z20+1 The lower bound forjora is derived as

_ 2 o
ef(2) —ﬁém (8) Tora Z/lora, N +/10RA, E-low

Substituting (8) in (7),Cora  after some mathematical Where/Jora, E-low: Which is the lower bound ofora, £

The lower bound for the spectral efficiency cardeeved by

transformation
! ° N using the relationship between the area of the gudf the
_ -1 expression of the spectral efficiency as discug&3i
=183mB ) —M
corA an ni(2n+1) (2p)"H g As we know that area of pgf, (i9 equal to unity.
7 05 2
jlog(1+ " exp{—Ty}dy P= j p, (N dy=1 (11)
0 0

Using that result we obtain spectral efficiency . i.eSubstituting (4) into (11), we get

Cora it/sec/Hz] as <
B | ] P=.[ —? ex __0._5y erf —O?V dy=1
N7vy y y
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After integrating and using manipulation we get

(-1"
Z o(@2n+ 1)
_ -9"
Z 5(2n+1) 24
And let
APy =2 D" 113
N7 77 2N +)

Then
PN = PN_1 +APN_1

Similarly, from (10) let

N-1n €1° exp(osj[
y

7IORAN-1= 1837)_ "
n=02z=0

()] exp(OVSJ N

z
_ 05) (.05
BoRAN-1= 185 zz=o[_?j r[ z,—}./j (15)

gt

] monotonically increases with

2n+1)

And

Dividing (15) by (13), yields

= 1443e X[{ 05]
y

Arora,N-1

05

AnoraN-1 Z_.] (16)
%

AP

2

z=0

Observing tha{
N-1
increasingN , i.e

Afora, N-1
APy -1

Anora,i S
AR

fori=N

AnoRra, N-1

APN-1

Anora N—l(

1_
o Pv)

ISR

i=N

ZAHORA,i >
i=N

17)
Hence, the spectral efficiency in (10) can be lobveunded
TorA, E-low DY Using (16) and (17) as

zZ
05 05 05
TorA > 1TORA, N + 14439)(!{ ] [T] (- Z,T]
y Zzz;', y y

4 "
Vs =O(2n+1)

i3

The upper bound fongra is derived as

(18)

Tora <!Tora, N */1ORA, E-up
where/Jora, e-up » Which is the upper bound gfoga £
The expression in (9) can be written as
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1837 i 1
2y A (2n+])

/TORAE = —=

L vy

I log@+y) exp{—ﬂ} [
1% nl

0

4

1
2n+1’
2n+1<1
2n+3

Leta, =

a

Then *1 =
a'l’l

i.e. a, monotonically decreases with increase of,

therefore,/jora g Can be upper bounded as

7 . 1837
ORA.E = y@eN+3)
(_ O.San
flog(1+y)e><l{ OSy] Z —ydy
% 4 n
n=N+1
) . 1837
ORAE = 27N +3)
n n
05 05
T 05\ < (_Vy] o [_Vyj (20)
jlog(l+y)ex;{—7] z n _Z nl d
0 n=0 n=0

After evaluating the integral (20) and some matherah
manipulations using [20]-[21], we obtain the upgerund

oRrA, E-up TOT, 7oRaA, E @S
o.sex;{éj El[éj -
1837 y) \y

S e 2]

n=0z=0

Therefore, the spectral efficiency in (10) can beper
bounded as
1837
X
2N +3

TORA =71ORA, N T/TORA,E </JORA, N *

0.5ex;{éj El[éj -
y y
S (2 ed 21+
n=02z=0 y 4
where E;(.) is the exponential integral of first order.

Hence, the spectral efficiency is bounded using &1l (22)
as

(22)
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Tora,N

2N+3 ( ]z {O.SJ ( o.sJ
exg— |l —z,—
14 14

>ora >

e =)
n( J (%J -2
23]

(23)
32 CIFR
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And
ex{—o.sy]

. % i

| [ N A———

yl_r:noo ﬁ 0,asy>0

Hence

Wy, 1 |- 2n01_20_°0j
iyy—w[( 5 0-3-20-)
pr(y)dy:

0

Putting this value of integral in (24), we get

CciFr = Bloga () =0 (26)

The average channel capacity of fading channel witBo, the spectral efficiency with no diversity untekkagami-
received SNR distributionp,(y) under CIFR scheme 0.5 fading channel is zero.

(Ccier [bit/sec]) is defined in [6] as

Ccirr = Blogy| 1+ y20 (24)

1

2 py(y)Jd
—==|dy

&

Channel inversion with fixed rate is the least ctawmp
technique to implement, assuming good channel astsrare
available at the transmitter and receiver

3.21  Spectral Efficiency in case of no Diversity
The pdf for Nakagami-0.5 fading channel is giveliZpas

o225
_\ Y )

p,(y) = —, y=0
4 J2ryy
Hence,
) ex{-qwj 1
L S A 2L (25)
y N2y v

Integrating (25) over an interval as shown below

o0 ex;{_ O_5yj
—yxld

e S "

0 0

y

Evaluating integral by some manipulation using [2dg

obtain
[o0]
2ex;{ - (i5y ]
_\r )

v

00

jpy(y)dy: 1_ 2| 951 |-
y 2ny y y

0

0

As we know that
erf(0)=0,erf ()=

3.2.2 Spectral Efficiency in case of dual-branch SC

The pdf of dual-branch SC over uncorrelated Nakagah
fading channel is given in (4) is

FNESE

Hence

()

Integrating the (27) over an interval as shown Wwelo

R S e

After evaluating the integral using [21]-[22], wbtain

y=0 (27)

[ P N o
LI S e )
o 7V n=077(2y) n!(2n+1)L vV o
As we know that

r(n0)=r(n)

And

lim r(n,x)=0

X - 00

20 i WD _rmy=es

o VY LT(2y)n!(2n+1)

Putting this value of integral in (24), we get

CciFr = Bloga () =0 (28)

4. Numerical Resultsand Analysis

In this section, various performance evaluatiomltsgor the
spectral efficiency have been obtained using deahth SC
and no diversity under worst fading condition. Téessults
also focus on spectral efficiency comparisons betwthe
different adaptive transmission schemes.

In Fig. 1, the spectral efficiency under ORA scheise
plotted as a function of the average received SNR p
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branchy . As expected, by increasing and/or employing
diversity, spectral efficiency improves.

3.5

—4— Dual - branch SC ‘ ‘
—H— No diversity

Spectral Efficiency [ bit/ sec / Hz ]

Average Received SNR [ dB ] per Branch

Figure 1. Spectral Efficiency for a worst case of fading
versus average received SHRnder ORA.

It is seen in Table. 1 that as the truncation etrounds
becomes tighter as the truncation let|, increases It
means that as the truncation level increases tfieratice
between upper and lower bounds for each averagivest
SNR per branch decreases and hence calculated spectr
efficiency becomes more appropriate. That's whyittfiaite
series in /joga has been truncated at the™l%erm to

calculate the spectral efficiency for the Fig. 1.

4
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and / or y increases, spectral efficiency improves. It isyver

interesting to observe that the spectral efficiemathout
diversity for y<-75dB remains same as we move from

worst fading condition to Rayleigh. Similarly, ddadanch
SC for y<-2.5 dB, gives almost identical performance even

we move from worst fading condition to Rayleigh.
Fig. 3 states that spectral efficiency versus ayerzceived
SNR per branch over Nakagami-0.5 fading channel

remains zero as we go from no diversity to duahbnaSC
under CIFR scheme.

S S S -
- —

1
’ —*— No diversity or Dual - branch SC under CIFR ‘

L

0.9

0.8

0.7

0.6

0.5

0.4

0.3

Spectral Efficiency [ bit/ sec / Hz ]

0.2

0.1

mmmmm

Average Received SNR [ dB ] per Branch

Figure 3. Spectral Efficiency for a worst-case of
fading versus average received SNR

Table 1. Comparison ofiora N TIORA, E-up ,and

Dual - branch SC form = 1 ‘ Nora, E-low at two different values ol for worst
35/ Noduersityform =1 A — case of fading.
—<%—Dual-branchSCform=0.5
< —H=— Nodiversityform=0.5 ‘ N=5
T T T
2
5 y10B] | noran | 7ora.E-up IORA, E-low
>
§ -10 0.143708 0.061883 0.0581541295
2
1]
T -5 0.411463 0.120879 0.1153123659
3
) 0 0.977032 0.196274 0.1896116138
5 1.89534 0.27954 0.2723395591
10 3.10794 0.36565 0.3582797952
Average Received SNR [ dB ] per Branch
N =15
Figure 2. Spectral Efficiency versus average received
SNRY under ORA
In Fig. 2, the spe_ctral efficiency under ORA scheige Vv [dB] NorRAN NORA, E-up NoRrA, E-low
plotted as a function of the average received SNR p
branchy . For comparison, the spectral efficiency of | 1o 0.164232 0.041359 0.04064235544
uncorrelated Rayleigh fading channels with duakbhaSC
and without diversity, which was obtained in [8,.E44)] -5 | 0463140| 0.069202 |  0.06833679633
and [8, Eq. (34)] respectively, is also presente#ig. 2. As 0 1.07295 0.10041 0.09942977640
expected, as the channel fading conditions improvesm
5 2.04205 0.13283 0.13180969046
10 3.30793 0.16564 0.1646231410%6
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2.5 4

= Dual - branch SC for m = 1 —— Dual - branch SC under OPRA
—#— No diversity for m = 0.5, 1 or Dual - branch SC for m = 0.5

—%— No diversity under OPRA
—+— Dual - branch SC under ORA
—*— No diversity under ORA ‘
—<— Dual - branch SC under TIFR [ —
—H— No diversity under TIFR

35

w

N
o

T

\
T
-

Spectral Efficiency [bit/sec/Hz]
Spectral Efficiency [bit/sec/Hz]
b
l

Average Received SNR [ dB ] per Branch Average Received SNR [ dB ] per Branch

Figure5. Spectral Efficiency versus average received
Figure 4. Spectral Efficiency versus average received SNRYy under different adaptive transmission schemes.
SNRYy under CIFR.

In Fig. 4, the spectral efficiency under CIFR ist#d as a
function of the average received SNR per brgnctFor In this paper, closed-form expressions for the ®pkc
comparison, the spectral efficiency of uncorrela®yleigh efficiency of dual-branch SC and no diversity un@#RA

fading channels with dual-branch SC, which wasiobthin and CIFR schemes have been obtained and anallzest
[8, Eq. (52)], is also presented in Fig. 4. It Isserved that, bounds have been derived for truncated infinitéeseunder

as the channel fading conditions improve, ire,and / ory ~ ORA. Numerical results illustrate that the bounds be used
effectively to determine the number of terms needed
However, employing a dual-branch SC system imprdkes achieve dgsirable level of _accura_c;_/. Results hae_enb
channel capacity as we go from worst case of fadintaotted, which show that by increasirjgand/or employing
conditions to Rayleigh fading conditions. diversity, spectral efficiency improves under ORkasme. It

In Fig. 5, the spectral efficiency of uncorrelatddkagami- is also observed that the spectral efficiency ur@#iR is
0.5 fading channels with and without diversity ietfed as a zero under worst case of fading even when a dwaddbr SC
function of j, considering ORA, OPRA, and TIFR is utilized. It is important to note that the spatefficiency
adaptation schemes with the aid of (6), (23), Ed, (27)], using _ORA_scheme remains aImosF same even v_vheng_fadi
[17, Eq. (35)], [15, Eq. (8)], and [15, Eq. (22)]shows that, conditions improve from Nakagami-0.5 to Raylel.ghhe.l
the spectral efficiency with no diversity under ORgheme Under dual-branch SC fop<-2.5d8 or under no diversity
improves over TIFR fory 25dB . It is also observed that the for y<-7.5dB. This paper finally concludes that under
spectral efficiency with dual-branch SC under ORAesne Worst case of fading TIFR scheme is a better chiaicéow
improves over TIFR foly 20d8 and OPRA scheme provides@verage received SNR and ORA scheme is for highagee
better efficiency under worst case of fading. It dso 'eceived SNR even employing diversity. Thereforeisit
interesting to observe that fop <- 75d8 ORA scheme with '€commended that under worst fading condition, ORA

: D . scheme is not always a better choice over TIFR.
dual-branch SC gives inferior performance with ez$pto ! Way ! v
TIFR scheme without diversity.

5. Conclusions

increases, spectral efficiency with no diversitgnaéns zero.
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