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Abstract

Amplify-and-forward channels in cooperative networks provide a promising improvement in the network
coverage and system throughput. Under line-of-sight (LOS) propagation conditions in such cooperative
networks, the overall fading channel can be modeled by a double Rice process. In this article, we have stud-
ied the statistical properties of the capacity of double Rice fading channels. We have derived the analytical
expressions for the probability density function (PDF), cumulative distribution function (CDF), level-
crossing rate (LCR), and average duration of fades (ADF) of the channel capacity. The obtained results are
studied for different values of the amplitudes of the LOS components in the two links of double Rice fading
channels. It has been observed that the statistics of the capacity of double Rice fading channels are quite dif-
ferent from those of double Rayleigh and classical Rice fading channels. Moreover, the presence of an LOS
component in any of the two links increases the mean channel capacity and the LCR of the channel capacity.
The validity of the theoretical results is confirmed by simulations. The results presented in this article can be
very useful for communication system designers to optimize the performance of cooperative networks in
wireless communication systems.
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1. Introduction

Increased network coverage, improved link quality, and
provision of new applications with increased mobility
support are the basic demands imposed on future wireless
communication systems. One promising solution to fullfil
these requirements is the use of cooperative diversity
techniques [1-3]. Single-antenna mobile stations in co-
operative networks assist each other to relay the trans-
mitted signal from the source mobile station (SMS) to
the destination mobile station (DMS). The cooperation of
single-antenna mobile stations in such networks to share
their antennas for transmission of the signal makes it
possible to form the so-called virtual multiple-input mul-
tiple-output (MIMO) system [4], thus, achieving the di-
versity gain. Moreover, such cooperation between mo-
bile stations results in increased network coverage with
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enhanced mobility support.

For the development and analysis of wireless commu-
nication systems that exploit cooperative diversity, a
solid knowledge of the multipath fading channel charac-
teristics is required. Recent studies illustrate that mo-
bile-to-mobile (M2M) fading channels associated with
relay-based cooperative networks under non-line-of-sight
(NLOS) propagation conditions in different propagation
scenarios can be modeled either as a double Rayleigh
process [5-8] or an NLOS second-order scattering
(NLSS) process [9]. On the other hand, different scenar-
ios under LOS propagation conditions lead to modeling
the overall M2M fading channel either by a double Rice
process [10], a single-LOS double-scattering (SLDS)
process [11], a single-LOS second-order scattering
(SLSS) process [9], or a multiple-LOS second-order
scattering (MLSS) process [12,13]. These studies pro-
vide results for the statistical characterization of M2M
fading channels in cooperative networks under different
propagation conditions. The impact of double Rayleigh
fading on the performance of a communication system is
investigated in [14]. Even with all this research going on,
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the important question regarding the maximum possible
information transfer rate in such fading channels is still
unanswered. Thus, the purpose of this paper is to fill in
this gap in information regarding the capacity of am-
plify-and -forward channels in cooperative networks.

Studies pertaining to the analysis of the outage capac-
ity of double Rayleigh channels can be found in [15,16].
However, to the best of the authors’ knowledge, the sta-
tistical properties of the capacity of double Rice channels
have never been investigated. The analysis of the statis-
tical properties of the channel capacity can be very help-
ful to study the dynamic behavior of the channel capacity.
Here, the statistical properties of interest include the PDF,
CDF, LCR, and ADF of the channel capacity. The PDF
and CDF of the channel capacity provide the information
regarding mean value and variance of the channel capac-
ity. The LCR and ADF of the channel capacity, on the
other hand, give a deep insight into the temporal varia-
tions of the channel capacity [17]. The LCR of the chan-
nel capacity is a measure of the rate at which the channel
capacity crosses a certain threshold level from up to
down or vice versa. However, the ADF of the channel
capacity is defined as the average duration of time over
which the channel capacity is below a certain threshold
level [18,19].

In this paper, we have investigated the statistical prop-
erties of the capacity of amplify-and-forward channels in
cooperative networks. The transmitted signal from the
SMS is received at the DMS via a mobile relay (MR).
The MR amplifies the received signal and forwards it to
the DMS. We have assumed that there is no direct trans-
mission link between the SMS and the DMS. Moreover,
it is also assumed that the LOS components exist in both
of the transmission links, i.e., the SMS-MR and MR-
DMS links. Hence, the overall fading channel is modeled
by a double Rice process [10]. We have derived exact
analytical expressions for the PDF, CDF, LCR, and ADF
of the channel capacity of double Rice channels. The
results are studied for different values of the amplitudes
of the LOS components in the two transmission links of
double Rice channels. It has been observed that the sta-
tistics of the capacity of double Rice channels are quite
different from those of double Rayleigh and classical
Rice/Rayleigh channels. Specifically, for medium and
high signal levels, the presence of LOS components in
the two cascaded transmission links increases the mean
channel capacity and the LCR of the channel capacity.
However, it results in a decrease in the ADF of the
channel capacity.

The rest of the paper is organized as follows. In Sec-
tion 2, we describe briefly the double Rice channel
model and some of its statistical properties. The statisti-
cal properties of the capacity of double Rice channels are
studied in Section 3. Section 4 presents the statistical
properties of the capacity of double Rayleigh channels.
Numerical results are discussed in Section 5. Finally, the
concluding remarks are given in Section 6.

Copyright © 2009 SciRes.

2. The Double Rice Channel Model

In cooperative networks employing amplify-and-forward
relay, the channel between the SMS and the DMS via a
MR can be represented as a concatenation of the SMS-
MR and MR-DMS channels [8,10]. Figure 1 depicts an
example of the transmission link from the SMS to the
DMS via the MR in such amplify-and-forward relay-
based networks. For the case when an LOS component is
present in both of the transmission links, i.e., the SMS-
MR link and the MR-DMS link, the overall fading chan-
nel can be modeled as a product of two non-zero- mean
complex Gaussian processes given by [10].

() = AMR/ULZ)(t)/US)(t) 0y
where A, is a real positive constant representing the
relay gain and ) (t)= 4" ()+m” (1) (i=1,2) mod-
els the fading in the ith link. Here, 4" (f) denotes the
scattered component and m”(¢) is the LOS component.

The scattered component '’ (f) can be modeled in the
complex baseband as a complex Gaussian process with

Z€ero mean and variance 20'1.2 , ie.,

HO) =@+ jus’(6)  where, p"(t) and (1)
are the underlying zero-mean real-valued Gaussian
processes. The LOS component m”(¢) having ampli-
tude p, , Doppler frequency f, , and phase 6, i can

QR fpit+Opi)
. Let f

Psms

be expressed as m"(¢)=p,e
So» and f, s TEPrEsent the respective Doppler fre-

quencies of the SMS, MR, and DMS, then it can be eas-
ily observed from Figure 1 that f, =/, +f, ~and

Psms PMR

f,, = fo, + 1, - The envelope of the process y(¢) in

PMR

(1) results in a double Rice process given by [10]
B =| 20 |=] Aty O, ()|
= AMR 51 () 652 ()

where &, (¢) (i =1,2) represents the classical Rice process.

@

SMS-MR link

Source mobile
station
(SMS)

/lp“)(t) -

MR-DMS link

1,2

Mobile relay
(MR)

Destination mobile
station
(DMS)

Figure 1. The propagation scenario describing double Rice
fading channels.
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The PDF of double Rice processes Z() is given by [10]

GP+pi VY +pim
J._e 20'l 20'§AR
01 o-MR P4

IO(Zp;jlo(prRde’ 2>0
Yo, O-MR

where /,(-) is the modified Bessel function of the first
kind of order zero [20], oy = (Ayr0,) s and pyp = Ay 05 -

p=(2)=
3)

Pora(2,2) = ipﬁ (\/;’Lj
o 4z

In order to derive the expressions for the statistical
properties of the capacity of double Rice channels, we

need the PDF p_,(z) of the squared process ZX(1)
as well as the joint PDF Do (z,2) of Z’(¢) and its
time derivative Z°(¢)'. The joint Po:2(2,2) can be
found using the joint PDF P.:(2,2) [10] and by using

the concept of transformation of random variables [21]
as

Z/}’2+P12 y2+p|%4R T VPR €050y T 2(Fy
_ 1 | e e M [o | S )
2 4 =
\/27[2(47[616MR) 0 \/ﬂly +p,z e S
Vziy P cos0 | ) )
_( ,),73 : ﬁ(yi)2ﬁ yj ZK(\/ZYﬁlﬂz)
xe 1 e MUV 2paten: d6,d0,dy, z>0,/%|<wn
where 3. Statistical Properties of the Capacity of
By =2(70,) (S, + fro,) 5) Double Rice Channels
B, = 2(770'MR) (fmax2 +fa max3 6) The instantaneous capacity C(¢) of double Rice channels
and can be expressed using a similar formula found in [22] as
27p, f, v* sin@, +27p,, f, zsin b _
K(z,9,0,6,) = —" — " ) =1og,(1+ 7, [E0f )

Vﬂ12y4 +ﬂ222

Here .f;'naxl > .f;'naxz > and fmax
Doppler frequencies of the SMS, MR and DMS, respec-
tively. The expression for the PDF p_,(z) can be ob-

(M

denote the maximum

tained by integrating the joint PDF p_, ,(z,z) over z.

Alternatively, in our case the PDF p_,(z) can also be

found from the PDF p-(z) in (3) using the concept of
transformation of random variables [21] as

1
P (2)=—=p.(Nz)
g 2z
/} +p }ZJ’/’%\/IR
Lot o tim ®
120-1\2/1R I.)-y

I, &’? | 222 gy, z>0.
Yo, O MR

In the next section, we will derive the statistical prop-
erties of the capacity of double Rice channels using the
results found in this section.

'Throughout this paper, we will represent the time derivative of a proc-
ess by an overdot.

Copyright © 2009 SciRes.

= log,( 1+7,2°(¢)) (bits/s/ Hz) )
where y, denotes the average received signal-to-noise
ratio (SNR) at the DMS. Equation (9) can be considered
as a mapping of a random process Z(¢) to another ran-
dom process C(¢) . Hence, the expressions for the statis-
tical properties of the channel capacity C(z) can be
derived by using the results for the statistical properties
of the process E(f) obtained in the previous section.

The PDF p.(r) of the channel capacity C(¢f) can be

found using (8), (9), and by applying the concept of

transformation of random variables as

2" In(2 2" ~1
pc(r)= ( )P:z
Vs = Vs
_2"—]/}/5)*2+p12 7y2+p§/1R
_ 2r 11;(22) le 2(712 e 20']%/[]{
27361 Omr 0V 10)
I, V2" =1p, I, YPur dy, r>0.
2
70, O-MR
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The CDF F_(r) of the channel capacity C(¢#) can
now be obtained by solving the integral given by

F.(r)= Ipc (z)dz. (11)

By substituting (10) in (11) and doing some mathe-
matical manipulations, the CDF of the channel capacity
can be expressed as follows

¥ +pl%/IR

0

2
20,
MR

MR 0
2" -1
]O ypzMR Ql &9 dya }’20
OMr O Y\V,0,

2

2? ln(Z)J [22—1 ZZZ'ln(2)J
Porr|
S == 7, 7

F.(r)=1-

(12)

ch(Zaz')_(

z 2,2
2 —1/75_\/ +p

1/2

(221n(2))2(22—1)’ 5, 29

ET AL.

where Q, () 1is the generalized Marcum Q-function
[20]. The LCR N (r) of the channel capacity C(¢) is
defined as [19]

Ne(r)= TZ'pCC- (r,2)dz, r=0 13)

where p.(z,z) represents the joint PDF of C(¢) and its
time derivative C(t). The joint PDF p .(z,z) can be
obtained from the joint PDF p_, ,(z,z) by applying

again the concept of transformation of random variables as

e e
(4r)’2ny ool o\/ﬂ1y4+ £(2-1/7,) ;

(yz' 1n(2)2z)2(2z 71)_1
o,

2\}ysﬂ1y4 +/32(2Z -1

z

-1
,0,0,,6.
rg 1 2} 1

2 1n(2)2° (22 —1)71/2 [ 5
K
)

2,2 .

YTHPMR YPMR C0502 A\ 2271/;/3)22101 cosBl
2 2 < 2

20MR MR J'e o

N

-

2 z
2K ( (2 71/73)’%61’92}

e do, do,dy

(14)

for z>0, | z'| <o, where K (-,-,-,-) is defined in (7). After substituting (14) in (13) and carrying out some algebraic cal-

culations, we obtain

\/Zr_

_ 1) 2o
N(r)= e Mj B+ /fz(mj

x]i 1+\/§ e%Kz[M.yﬂl,ezj K{ Ey

s

y2 +ﬂ[%/[R

2
20
xe MR

e’% Z(M’yﬂlﬂz]dad@dﬁ r=0

where ®(-) denotes the error function [20]. Finally,
from (15) and (12), the ADF 7.(r) of the channel ca-
pacity C(t) can be obtained using [19]

T.(r)= ]CC—((:)) (16)

The results found in this section will be used in the

Copyright © 2009 SciRes.

2" —1/7Sy2 +p{

2 YPMR CDSBZ A 2y71/;/gy2p| cos
B S E—
o
MR 0

-7

K( 2 ly,e,ej
Vs
o, HzJ 1+®

1 \/5

15)

following section to derive the statistical properties of
the capacity of double Rayleigh channels.

4. Statistical Properties of the Capacity of
Double Rayleigh Channels

The double Rayleigh channel follows as a special case of
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the double Rice channel when p, -0 (i =1,2). Hence,

by letting p, >0 (i=1,2) in (10), (12), and (15), the
PDF, CDF, and LCR of the channel capacity of double
Rayleigh channel can be expressed as

2

21 Y
2"InR) F1 202,72 202
pe(r) p__,o_ﬁj‘ e e 27MR dy,r=0
! 27;‘710-1\412 P4
17)
_ .vzz 2" 1
1 7 202, 202,42
Fe(r)] g0 =1 Iye MR o 29070 > ()
MR 0
(18)
and
V2" -1
Ne(r)|, 50 = /—
p O-] O-MR
2l »?
2" -1 o2, 2 202
J/z%[ ; je e M dy, r>0
YV
19)

respectively. The ADF of the channel capacity C(¢) of dou-
ble Rayleigh channel can be found using (16), (18), and (19).

5. Statistical Properties of the Capacity of
Rayleigh and Rice Channels

In this section, we will present the PDF, CDF, and LCR
of the capacity of Rayleigh and Rice channels. We will
study these results along with the statistical properties of
the capacity of double Rice channels in the next section
for comparison purposes. The PDF p.(r) of the ca-

pacity C(¢) of Rice channels can be found using the
PDF P () of the squared Rice process &°(¢) and by

employing the expression presented in (9) corresponding
to Rice processes &(f) as

2"In(2 2" -1
pe(r)= _()pfz[ ]
}/S ° ys

4

O-O }/s

2" l+yxp2
_2h@) adn [(
0
2740'0

r 2
2—1/)} r>0  (20)
where p represent the amplitude of the LOS com-

denotes the variance of the underlying
substituting  (20) in

2
ponent and o,

Gaussian  processes. By

F.(r)= j(:pc (x)dx , the CDF F.(r) of the capacity of

C(t) ofRice channels can be written as

FC(}’)=1—Q1[5, 20_27_/1 ], rz0 @1
0 0/s
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By solving N(,(r):.[:pcc(r,z')dz', the LCR N (r)

of the capacity of C(¢) of Rice channels can be repre-
sented by

r 72’"—1+yxp2
—(2 _})ﬂe @i g

(27-1)

]VC(F)= 647/ /p2
0/s

r=>0

where S under isotropic scattering conditiongzzi:
given by B=2(r f,,.0,) . Here, P (2,2) represents
the joint PDF of the capacity C(¢) and its time deriva-
tive C(t) and f,. denotes the maximum Doppler

frequency.
The results for the PDF, CDF, and LCR of the capac-
ity C(¢#) of Rayleigh channels can be obtained from

(20)—(22), respectively, by letting p — 0 as follows:

2"

@) [2,560

Pe(r)] 0 = Dot hrza (23)
520
_[ 2"
2
Fe()|,0 =1-¢ "7 r20 24)
2" -1
2" -1 7{ Uz}
Nc(”)|pao =L2 Me s ,r20. (25)

27y,

The expressions (23)—(25) have already been pre-
sented in [23, Equations (23-25)]. However, we have
presented these equations here for the sake of complete-
ness.

6. Numerical Results

This section aims at the validation and analysis of the
analytical results presented in the previous section, using
simulations. We have also included the results for double
Rayleigh, classical Rayleigh [19], and classical Rice
channels in our study for comparison purposes. For the
case of classical Rice channels, we denote the amplitude
of the LOS component as o . The Rice processes

ul (@)= @) +m” (1) (i=12) were simulated us-

ing the sum-of-sinusoids model [24]. The model pa-
rameters were computed using the generalized method of
exact Doppler spread (GMEDS) [25]. The number of

sinusoids (Nl([) and N 5[)) for the resulting determinis-
tic processes ”(t) and z"(f) in GMEDS; were
chosen to be N =N’ =20 for i=

The maximum Doppler frequencies f,,, ~and f.

1,2, respectively.

were taken to be 91 and 125 Hz, respectively. We have
assumed that the Doppler frequency f Posrs equals 0.

Unless stated otherwise, the values of the Doppler fre-
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quencies f o and f oos VT set to be equal to

fmax2 and J(max3 >
20 dB. The parameters A,

chosen to be unity. Finally, using (2) and (9) the simulation
results for the statistical properties of the channel capacity
were found.

The PDF p-(z) of double Rice processes Z(f) are
shown in Figure 2 for different values of the amplitudes of
the LOS components p; (i =1,2). In Figure 2, the PDF
of the double Rayleigh process is also shown, which
represents a special case of the double Rice process when
p=p,=0.1It is observed that the presence of the LOS

respectively. The SNR ., was set to

and o, (i=12) were

components has a dominant effect on the mean value and
spread of the PDF of double Rice processes. It can also be
seen that the PDF of double Rice processes is identical for
the cases p,=0; p,=2 and p,=2; p, =0.

Figures 3 and 4 present the PDF and CDF of the ca-
pacity of double Rice channels, respectively. It is ob-
served that the amplitude of the LOS component has a
significant influence on the PDF and CDF of the channel
capacity. Specifically, the presence of an LOS compo-
nent in one or both of the links (i.e., the SMS-MR and
MR-DMS links) increases the mean channel capacity.
Hence, double Rayleigh channels have a lower mean
channel capacity compared to double Rice channels, (e.g.,
when p, = p, =2). It is also observed that the capacity

of classical Rice channels has a lower mean value com-
pared to that of double Rice channels. These facts are
specifically studied in Figure 5, where the mean channel
capacity of classical Rice as well as double Rice chan-
nels is studied for different values of the amplitudes of
the LOS component. Figure 6 shows the influence of the
amplitude of LOS component on the variance of the
classical Rice and double Rice channels. It is observed
that increasing the value of o decreases the spread of

the channel capacity for medium and large values of p,
say p=>1. Moreover, the variance of the capacity of

double Rice channels is much higher as compared to that
of classical Rice channels.

A X Theory
A o p=p2=0 (Double Rayleigh) - Simulation
[
0.4 (I
|
[
To 3J 1 P 2; p: 0
2 0 \ = 2;py =
g ‘ § P17 P2 (m :0:/)2:2)
3 | /‘“\
2 02 /
‘/ pr=p2=2
0.14
e ..
/ \~‘->
S N e e,
0 o oes. oo
0 5 10 15 20

Figure 2. The PDF p=(z) of double Rice processes Z(?).
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The LCR and ADF of the channel capacity of double
Rice channels are presented in Figures 7 and 8, respec-
tively. It is evident from Figure 7 that the maximum
value of the LCR of the channel capacity increases with
an increase in the value of the amplitude of the LOS
component p, (i=1,2). It is also observed that the

LCR of the capacity of classical Rice channels is much
lower compared to that of double Rice channels. The
converse statements with respect to the LCR of the chan-
nel capacity are true for the ADF, as can be seen in Figure 8.

0.4 . i i
pP= 2 . —Theory
0.35 (Classical Rl(.(‘)\/\ . Simulation
p=1 !
0.3- (Chssu al Rice)

025" Cllssl(llRwl(lh\\ pL=py=2 |
. p1=p2=0 //

L (Double Rayleigh)

pr=0p2=1_

PDF, p¢ (1)

[p1=05p=1
pr=pz=1

Level, r (bits/sec/Hz)

Figure 3. The PDF p. (r) of the capacity of double Rice
channels.

. p=2
Theory (Class1cal Rice)
- Simulation| ;=

0.8~ Classncal Rice) \<f

0.6 p1=p2=0
(Double Rayleigh)

p1=0;p2=1

CDF, Fc (r)

0.4~

0.2

o 2 4 6 8 10 12 14 16
Level, r (bits/sec/Hz)

Figure 4. The CDF Fc (r) of the capacity of double Rice
channels.

1"

-=-Classical Rice channels
= 10.5[ | » Double Rice channels (p; = po = p) e

10 a

/

75 L

Mean capacity, E{C(t)} (bits/sec/Hz)
©
\ \\ I

5% 05 1 15 2

Amplitude of the LOS, p

Figure 5. The mean capacity E{C(t)} of classical Rice and
double Rice channels.
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— n o-Classical Rice channels

i -+Double Rice channels (p; = p2 = p)

I

£ 5 S

= S

sl .

D \\

il 1

-

e
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s

> o J
0 0.5 1 15 2
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Figure 6. The variance Var{C(t)} of the capacity of classical
Rice and double Rice channels.

250 T T T : -
= p2= 0 (Double Rayleigh) —Theory
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200~ . \ i fﬁ\ ]
0 =2 Z I
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0 p=1 pr=pa=1
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=)
o
A >
x\\,\,\5\
L
I o
2 o
[T

50-

///:; o \ s A\ \\ 1\

ot ,’,‘,.'« '(‘Classi(:a‘l Raylci‘gh) \ :\‘
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Figure 7. The LCR N¢ (r) of the capacity of double Rice

channels.

—Theory p=2
10" (Classical Ilhce)
P =
(Classical Rice) J
(e
(Classica. Rayleigh)\/

5 p1=p2=0
(Double Rayleigh)

p1=0;p2=1
p1=05p2 =1

10

ADF, T (1) (s)

10°

R 4 6 8 10 12 14 16
Level, r (bits/sec/Hz)

Figure 8. The ADF T (r) of the capacity of double Rice

channels.

Figures 9 and 10 illustrate the effect of the Doppler
frequency on the LCR and ADF of the channel
capacity. From Figures 9 and 10, it can clearly be seen
that the LCR and ADF are strongly dependent on the
Doppler frequencies of the MR and the DMS. It is ob-
served that increasing the Doppler frequencies f ok

and f Dot

results in a significant increase in the LCR. However,
the ADF decreases by increasing the Doppler frequen-
cies of the MR and the DMS.

from 0 to fmaxz and f max , » TEspectively,

Copyright © 2009 SciRes.

250 T
Theory

T T T

[P oee— 7 f. = f___\ Tt

=2 =2 Jomn = Jmazy
Sooars = Fmaazs ° Simulation

200 ‘ y >(\\
, S \

150~

100

LCR, N¢ (r) (s7h)

50"

8 10
Level, r (bits/sec/Hz)

Figure 9. The LCR N (#) of the capacity of double Rice

channels.

—Theory pr=p2=2 j

4 || ° Simulation . /
10+ ( Torrn :fmw) s

Joons = fmazs/\ i

()

Jorin = Joons =0

Level, r (bits/sec/Hz)

Figure 10. The ACF T¢ (r) of the capacity of double Rice
channels.

7. Conclusions

In this paper, we have studied the statistical properties of
the channel capacity of the double Rice channels. We
have derived analytical expressions for the PDF, CDF,
LCR, and ADF of the channel capacity. The findings of
this paper give a deep insight into the influence of the
LOS components, corresponding to the two links of am-
plify-and-forward channels, on the statistical properties
of the channel capacity. It has been observed that for
medium and high signal levels, the presence of the LOS
components in one or both of the links of the double Rice
channel model increases the mean channel capacity and
the LCR of the channel capacity. However, it decreases
the ADF of the channel capacity. Moreover, the Doppler
frequencies of the MR and the DMS have a significant
impact on the LCR and ADF of the channel capacity. The
validity of all the presented analytical results is confirmed
by simulations, whereby a very good fitting between the
analytical and simulation results is found.
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