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Abstract: - The worst case fading scenario can be represented by Nakagami-0.5 distribution, which is a special
case of Nakagami-m fading distribution. Under Nakagami-0.5 fading distribution closed-form expressions
have been derived for the average channel capacity using uncorrelated dual-branch maximal ratio combining
(MRC). This channel capacity is evaluated under Optimum Power with Rate Adaptation (OPRA) and
Truncated Channel Inversion with Fixed Rate transmission (TIFR) schemes. And Numerical results of the
average channel capacity under OPRA and TIFR have been presented and compared. It has been observed that
OPRA provides higher capacity than TIFR under worst case of fading.
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1 Introduction

The channel capacity implies the maximum
achievable data rate of a system. Channel capacity is
becoming increasingly a primary concern in the
design of wireless mobile communication systems
as the demand for wireless mobile communication
services is growing rapidly [1]. The wireless mobile
channels are subjected to fading, which is
undesirable. The Channel capacity in fading
environment can be improved by employing
diversity combining and / or Adaptive transmission
schemes [1-2]. Adaptive transmission requires
accurate channel estimates at the receiver and a
reliable feedback path between the receiver and the
transmitter [1-2]. This helps in improving channel
capacity. The capacities of flat fading channel have
already been derived for four different adaptive
transmission schemes such as OPRA, Optimum
Rate Adaptation with constant transmit power
(ORA), Channel Inversion with Fixed Rate
transmission (CIFR) and TIFR [3]. In case of ORA
scheme, the transmitter adapts only the data rate in
accordance with channel fading conditions while the
transmitted power remains constant [3].In case of
OPRA scheme, transmitter can redlize optimal
capacity by transmitting appropriate power and data
rate in accordance with the channel variations [3]. In
CIFR scheme, transmitter adapts its power to
maintain constant signal to noise ratio (SNR) at the
receiver by inverting the channel gain, which makes
the channel to appear as a time invariant additive
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white Gaussian noise (AWGN) channd [3]. Channel
inversion with fixed rate suffers a large capacity
penalty relative to the other techniques, since alarge
amount of power is required to compensate for the
deep channel fades. A better approach is to use a
modified inversion policy that inverts the channel
fading only above a cut off fading level, which is
called TIFR scheme [3].

Many research publications discuss the average
channel capacity over Nakagami- m (for m>1) fading
channels under different adaptive transmission
scheme and MRC [4-7]. In [1], average channel
capacity of dual-branch MRC over correlated
Nakagami-0.5 fading channels using ORA and
CIFR is presented. However, anaytical study of the
dual-branch uncorrelated Nakagami-0.5 fading
channels capacity under OPRA, and TIFR
adaptation schemes has not been previoudy
considered so far. This paper fills this gap by
presenting an analytical performance study of the
channel capacity of dual-branch MRC over
uncorrelated Nakagami-0.5 fading channels using
OPRA, and TIFR schemes.

In this paper, we consider dua-branch MRC, which
offers the highest improvement in SNR at the output
of the combiner [8].

The remainder of this paper is organized as follows:
In Section 2, the channel model is defined. In
Section 3, average channel capacity of dual-branch
MRC over uncorrelated Nakagami-0.5 fading
channels are derived for OPRA and TIFR schemes.
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In Section 4, several numerica results are presented
and analyzed, whereas in Section 5, concluding
remarks are given.

2 Channel Model

We assume slowly-varying flat fading channels. Let
us consider a L-branch MRC receiver operating
over uncorrelated Nakagami-m fading channels.
Thus the instantaneous received SNR(y) at the
combiner output is Nakagami-m distributed
according to the pdf (p, (»)) given by [4] as

yLm—l(mijeXp[_my
rm{ Y

Where m the fadi ng | parameter, which measures the
amount of fading, yis the average received SNR

which is assumed to be equal for each independent
branch, L is the number of diversity branches, and
r() is the gamma function. For different values
of m, this expression simplifies to severa important
digributions describing fading models. Like
m= 0.5 corresponds to the highest amount of fading,
m=1 corresponds to Rayleigh distribution, m>1
corresponds to Rician distribution, and asm— « , the
digtribution converges to a nonfading AWGN [9].
Considering no diversity (eL=1 the pdf under
worst case of fading (i.e.m=0.5) using (1) is

p[_ 0.57/]
exp ——
7
Py () =——=, 2
4 N2y y
Considering dual-branch MRC (i.e L=2) the pdf
under worst case of fading using (1) is

P ()= exp[ 057j

3 Average Channel Capacity

In this section, we present closed-form expressions
for the average channel capacity of uncorrelated
Nakagami-0.5 fading channels with dual-branch
MRC and no diversity under OPRA, and TIFR
schemes. It is assumed that, for the above
considered adaptation schemes, there exist perfect
channel estimation and an error-free delayless
feedback path, similar to the assumption made in

[6].

31 OPRA
The average channel capacity of fading channel with
received SNR distribution p, () under OPRA

Py (7) = j y>20&m>=05 (1)

720

3
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scheme ( Copgra [bit/sec]) is defined in [3-4] as

Copra = Bflogz( pr(y)dy 4)
70

Where B [HZz] is the channel bandwidth and ygis

the optimum cut off SNR level below which data

transmission is suspended. This optimum cut off

must satisfy the equation given by [3-4] as

j[i—iJ b, () dy
s\

To achieve the capacity (4), the channel fade level
must be tracked at both the recelver and transmitter,
and the transmitter has to adapt its power and rate
accordingly, alocating high power levels and rate
for good channel conditions (y large), and lower
power levels and rates for unfavorable channel
conditions (y small).

Wheny <y, no data is transmitted, the optimal
scheme suffers a probability of outage P, ,equal to

the probability of no transmission, given by [3-4] is

©®)

70 0

Pout = [ P, () &7 =1 [ p, () dr (6)
0 Yo

3.1.1 No Diversity

Substituting (2) in (5), the cut off SNR level yq
must satisfy

e

J‘[i_l]—7 dy =1
Yo 7

%0

2ryy
Evaluating the above integral and after some
mathematical transformation using [10], we obtai n

(] et )

Where erfc(.) IS the complementary error functl on.
The numerical value of 4, which satisfies (7) can
be calculated using MATLAB, result shows that
yoincreases as 7 increases and o aways lies in
theinterval [0, 1]. The value of cut off SNR y, that
satisfy (7) for each 7 is used for finding average
channel capacity per unit bandwidth.

Substituting (2) into (4), the average channel

capacity becomes
05y j
dy

© exp(
271'77

Copra = leogz[yoJ

(7)
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-0.5y
144387 [y EXp( 7 j
Copra = 124 log[—j—dy
2y yj; 70 N

The above integral can be solved using partial
integration as follows

o0 0

Iudv: uv|70 - Ivdu

70 70

Let u= Iog(LJ

70
then du= dr
V4
exp[ 0. 57]
Ve

then v= 27y erf{/osy}
V4

After evaluating the above integral by using partial
integration and some mathematical transformation
using [10-11], we obtain

erf 0.5 Iog[ j

V7 ) "\

gL 25(05051515 057}
4 4 70

Where ,F5(.,.;...;.) isthe generalized hypergeometric

function and erf () isthe error function.
Using that result we obtain average channel capacity

per unit bandwidthi.e. CO#:RA[bit/sec/Hz] as

o0
i
COTRA =1.443 70 70
- \/Ey_ 2F2[0.5,o.5;1.5,1.5;_—fj
44 27/ 70

Substituting (2) in (6) for probability of outage, then

05
o VrrY

After evaluating the above integra by using
mathematical transformation using [10], we obtain

Pout =erf [‘}OS%J 9

3.1.2 Dual-Branch MRC
Substituting (3) in (5) for optimal cut off SNR

then

0

Copra = 1.443B

(8)
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0 exp(_()?}/]
I(L_EJ 7 ) g
o v 2y
70
Evaluating the above integra using some

mathematical transformation by [10], we obtain

od 0] e[’
y ) Y J_4

70 2y

The numerical value of 5o, which satisfies (10) can
be calculated usng MATLAB, result shows that
yolncreases as y increases and yo aways lies in
theinterval [0, 1]. The value of cut off SNR 5, that
satisfies (10) for each 7 is used for finding average
channel capacity per unit bandwidth.
Substituting (3) in (4), the average channel capacity
of dual-branch MRC under Nakagami-0.5 fading
channel is

1 exp(

2y

Y

[ Iog[iJexr{— ﬂj dy
70 Y
70
The above integral can be solved using partia
i ntegrati on asfollows

judv uv| jvdu

70 Yo

Let u—Iog[LJ
70

then du _d
e

(10)

o5de7

CoPra = BI |092[ ]
7 70 V4

Now let dv= exp[ Osyjdy
Ve

v=-2y exp[ 05}’}
4

Evaluating integral by wusing above partia
integration and some mathematical transformation
using [10], we obtain

Copra = 14438E1[0570j
¥

Where E;(.) isthe exponential integral of first order.
Using that result we obtain average channel capacity

per unit bandwidthi.e. CO%[bit/sec/Hz] as

CoPRA _ 1 a3 El(%j,
B 7

Substituting (3) in (6) for probability of outage, then

y=20

720 (11)
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After evaluating the above integra by using
mathematical transformation using [10], we obtain

0.5
Pout =1- exp[— %} (12)

3.2 TIFR
The average channel capacity of fading channel with
recéved SNR distribution p,(y) under TIFR

scheme ( Crypgr [bit/sec]) is defined in [3-4] as

1

Crirr = Blogyp| 1+ s y=20 (13)

0

70

(1_ POUt) ’

Where 5, isafixed cut off level above which TIFR
inverts the channel fading and P, isthe probability

of outage, equal to the probability of no
transmission, given by [3-4] as

70 o
Pout = Pl < 701 = | P, (N dy=1- [, (1) (14)

0 70

The cut off level y, can be selected to achieve a

specified probability of outage or, alternatively, to
maximize (14).

3.2.1 No Diversity
The pdf of no diversity under Nakagami-0.5 fading
channdl isgivenin (2) as

exp[ 05}/]
_\7r J

Py ()= 20
: N 27yy
Hence,
) ex‘{_o-'sq
2aY% = 7_/ xl, y=0 (15)
e 2myy v

Integrating the (15) over an interval as shown below

-0.5y
7 1

2zy r

%, (7) ‘”exp(
J'pyyﬂf d7:j

70 70

E-ISSN: 2224-2864

165

Mohammad Irfanul Hasan, Sanjay Kumar

Evaluating integral by some mathematical
transformation using [10], we obtain
20, Zexp(_o4syj
J'p77 S @af[(o.&_syj_ 7
W 7 217 ¥ ¥ 3
70
-0.5y
% 2eXp[_J
Ipy(y)dy: L | jim _\/Eerf /0.:5;/ ~ y
¥ 21y |yl 7 ¥ Jr
70
2 05 ZeXp(_o;syJ
—lim | - [Lef /'_7]— r
770 \/7 [ 4 \/;

After evaluating the limit we obtain the above

A

Now, we evaluate the probability of outage using (2)

integral as

-0. 570]

Py (7)
S

(16)

in(14) as

. ex;{_o_'syj
7 g,

Pout =1~ _[

. N2y

ooexp[ osyj

1-Pout = _[

% Vemyy
Evaluating integral by some
transformation using [10], we obtain

/0.5
1-Pyyt = erfc[ #}
7

Putting the value of (16) and (17) in (13), we get

mathematica

(17)

742770

et o) e
A%

Using that result we obtain average channel capacity

CTIFR=1443B log| 1+

Volume 13, 2014



WSEAS TRANSACTIONS on COMMUNICATIONS

per unit bandwidthi.e. % [bit/sec/Hz] as

v27 70

2] ool 20|

(18)

CT'%:LMs log| 1+

o

x erfc ﬂ
V 70

3.2.2 Dual-Branch MRC
The pdf of dual-branch MRC under uncorrelated
Nakagami-0.5 fading channelsis given in (3) as

1 05
py(7)——exp[ /J r20

Hence
py—(”zi_exp[ﬁjxl, /20 (19)
4 2y 7 4

Integrating the (19) over an interval as shown below

p(y) 0.5 1
I y Izy [ %Jx;dy

70
Evaluating the above integral using mathematical
transformation by [10], we obtain

P 0570))"
J‘ y dy = 1 [Ei(— _J/OD
Y 2y 7z
70 70
Where exponential integral E;(.) is defined by [10]
as

E1(X) = forx>0

—Ei ()
After evaluating the limit using [7], we obtain the

above integral as

A2

S % (20

70
Now we evaluate the outage probability using (3) in
(14) as

Pout =1- I—eXp[
70

o0
0.5 0.5
1-Poyt = jTexp[— T}/J dy
V4

v
70

05 jdy

X
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After integrating we get
05
1-PFoyt = exp[— %}

Putting the value of (20) and (21) in (13), we get

(21)

0579 J

Cripr =1.443Blog 1+ [27 Jexp[— :

E 0-5_70
7z
Using that result we obtain average channel capacity

per unit bandwidth i.e. %[bit/sec/Hz] as

CLBFR _1.443109| 1+ —2

(22)

4 Numerical Resultsand Analysis

In this section, various performance evaluation
results for the average channel capacity per unit
bandwidth obtained using dual-branch MRC as well
as without diversity operating over uncorrelated
Nakagami-0.5 fading channels has been presented
and analyzed. These results also compare the
different adaptive transmission schemes under
Nakagami-0.5 fading channel condition.

In Fig.1, the average channel capacity per unit
bandwidth under OPRA scheme is plotted as a
function of the average received SNR per branchy .
As expected, by increasing 7 and/or employing
diversity, average channel capacity per unit
bandwidth improves.

In Fig.2, the probability of outage under OPRA
scheme is plotted as a function of the average
received SNR per branchy. As expected, by
increasing 7 and/or employing diversity, probability
of outage improves.

In Fig.3, the average channel capacity per unit
bandwidth under TIFR scheme is plotted as a
function of average received SNR per branchy . As
expected, by increasing yand/or employing
diversity, average channel capacity per unit
bandwidth improves.

In Fig.4, the probability of outage under TIFR
scheme is plotted as a function of the average
received SNR per branchy. As expected, by
increasing 7 and/or employing diversity, probability
of outage improves.
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In Fig.5, the average channel capacity per unit
bandwidth of no diversity under TIFR scheme is
plotted as a function of the cut off SNR y,for

several values of the average received SNR per
branchy . As expected by increasingy, average
channel capacity per unit bandwidth improves.

In Fig.6, the average channel capacity per unit
bandwidth of dual-branch MRC under TIFR scheme
is plotted as a function of the cut off SNR y,for

several values of the average received SNR per
branchy. As expected, by increasing 7 and/or
employing diversity, average channel capacity per
unit bandwidth improves.

In Fig.7, the average channel capacity per unit
bandwidth of uncorrelated Nakagami-0.5 fading
channels with and without diversity is plotted as a
function of 7 ,considering OPRA, and TIFR
adaptation schemes with the aid of (8),(11),(18),and
(22). It shows that, for Nakagami-0.5 fading channel
condition OPRA achieves the highest capacity,
whereas TIFR achieves the lowest capacity. As
expected by increasing y the channel capacity
difference between OPRA and TIFR adaptation
scheme increases more significantly in dual-branch
MRC since probability of outage improves. It can
a so be observed that the channel capacity difference
between OPRA and TIFR adaptation scheme for no
diversity become amost negligible for smaller
values of the average received SNR i.e.7 =-10dB,

compared with the dual-branch MRC.

In Fig.8, it is depicted that for the Nakagami-0.5
fading conditions, OPRA achieves improved
probability of outage compared to TIFR. It can aso
be observed that the outage probability of TIFR for
dua-branch MRC become amost identica to the
outage probability of OPRA with no diversity for
smaler values of the average received SNR i.e.
y <-1dB.
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Fig.1. Average channel capacity per unit bandwidth
for a Nakagami-0.5 fading versus average received

SNR.
10°
) —4 "
. R

10

[| —&— Without D iversity Under OPRA
| —&— Dual-Branch MRC Under OPRA

Probability of Outage

10°
-10 5 0 5 10

Average received SNR per Branch [ dB]

Fig.2. Outage probability for a Nakagami-0.5 fading
versus average received SNR.
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Fig.3. Average channel capacity per unit bandwidth Fig.5. Average channel capacity per unit bandwidth
for a Nakagami-0.5 fading versus average received under the TIFR scheme versus the cut off SNR for
SNR. several values of average received SNR with no
Diversity.
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under the TIFR scheme versus the cut off SNR for
several values of average received SNR with dual-
branch MRC.
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Fig.8. Outage probability for a Nakagami-0.5 fading
versus average received SNR under different
adaptation scheme.

5 Conclusion

In this paper, we analyze the average channel
capacity of dual-branch MRC and no diversity over
slowly varying uncorrelated Nakagami-0.5 fading
channelsfor OPRA and TIFR schemes. Closed-form
expressions for the average channe capacity of
dual-branch MRC and no diversity for OPRA and
TIFR schemes have been obtained. Numerically
evaluated results have been plotted and compared. It
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has been found that by increasing 7 and/or
employing diversity, average channel capacity
improves for both the case OPRA and TIFR. But the
amount of improvement is larger in case of OPRA.
Outage probability of dua-branch MRC using TIFR
is higher compared to Outage probability of dual-
branch MRC using OPRA. It has been observed that
with increase of 7 the outage probability of TIFR
scheme using dua-branch MRC gives inferior
performance over the outage probability of OPRA
scheme using no diversity but amost identical for
smaller value of 7.
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