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Abstract: In this paper, we evaluate the ergodic capacityyaiza
of an integrated satellite-terrestrial cooperatis@mmunication
system under independent and non-identical shaddigdn and
Nakagamim fading channels. Multiple cooperative relay nodes
assumed between satellite and the destination radelify-and-
forward (AF) cooperative protocol is used at eagbd relay node
for signal amplification. While for signals comhigi at the
destination node, the maximum ratio combining (MR&hhique
is exploited. An analytical approach is derived éealuate the
performance of the system in terms of ergodic capad/e derive
the approximate closed-form expression for calaujathe ergodic
capacity of the proposed system. It is shown that derived
analytical expression is very tight and applicatdethe general
operating conditions with the help of satellite mhel data available
from the literature. The analytical results are paned with Monte
Carlo simulations, and they seem to agree well.Heuarit is shown
that as the number of cooperative relay nodes leetsatellite and
mobile users are increasing, the capacity of thetesy is
decreasing. This is due to the fact are equal ressuhave to be
allocated for relay communication.

Keywords:
Amplify-and-forward, Joint probability density fumen, Ergodic
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1. Introduction

Broadband satellite networks have gained much poibyl
as the demand for high data rates multimedia sesvis
increasing day by day. Communication through allgate
play a vital role in a global
communication network because they can unicastioast
IP based services to remote areas [1].

For a reliable satellite communication, there igals a line-
of-sight (LOS) link between satellite and the rete
terminal. While taking the case of mobile termiitak very
difficult to maintain a LOS communication with siite due
to shadowing and blockages occurring as a deep ftade
long duration. To take over this situation, a coapiee
relaying is used in integrated satellite-terrebtigstems, as
it would extend the satellite coverage, and offeesvices

resources and utilizes the same frequency specsuralated
with MSS system [2]. Thus, an integrated system $ngle
system that exercises both the terrestrial trarsars
through fixed relay node and traditional satellibek to
provide services to a mobile user. By using botklk& and
terrestrial components with proper network planpitige
service provider can utilize the assign frequen@nd
extensively and efficiently and can be able tornifiside and
outside coverage to the mobile users. Since S-mnded
for satellite broadcasting services, which is cldse a
frequency band used in 3G, the same antennas diabe
station can be used in this system. As a consequéhe
integrated satellite-terrestrial system is a cdfgtetive model
because the terrestrial component of the system bean
integrated into an already existing infrastructure.2003,
federal communications commission (FCC) allowed MSS
provider to modify their license to incorporate i#lacy
terrestrial component (ATC) services [3]. Theseeays are

Integrated satellite-terrestrial cooperative systemknown as MSS-ATC in USA and Canada while MSS-CGC

(MSS- Complementary Ground Component) in Europe.
These systems are put into operation by uding 3 GHz
frequency range.

The information at the relay node can be procdkgrusing
amplify-and-forward or decode-and-forward protocols
According to [4], AF is more appropriate to adoptause of

its simplicity and the processing burden of AF pout is

wireless broadbandess the DF. Cooperative relaying networks areulisefthe

satellite-terrestrial networks as it can extend Hagellite
coverage [5]. Hence, diversity gain can be achighedugh
multiple signal paths [6]. Integrated networks @aila Next
generation network (NGN) by seamlessly interwrokamy
cooperative combining the most powerful aspect lué t
satellite and terrestrial system, according toAheays Best
Connected (ABC) model [7].

Integrated satellite-terrestrial system are disedsm [8]-
[12]. In [8], transmitting diversity and coding gaiare
achieved with the use of multiple terrestrial retayminals

inside covered areas as well as supports low cest uWith encoding capability. The satellite based mebllv

terminals with satellite transmission and
capabilities. The integrated communication systemainly
composed of a space satellite and many local teaksell
sites on the ground. In this integrated systemh Isatellite
and terrestrial terminals communicate with the rieosiation
by exploiting the same mobile satellite servicesSJ
frequency band. ITU define an integrated satetbteestrial
system, a system in which the fixed terrestrialenegl used
with MSS and operates as a part of MSS. In thisgirated
system, the terrestrial node is controlled by tlelite

receptiofystem concept is explained in [9] where a hand hedbile

terminal received broadcast signal from satellitel dixed
terrestrial relay terminals. At present, a satelinsed digital
multimedia broadcasting (S-DMB) to hand held mobile
station has been successfully deployed in Koreautiir a
geostationary (GEO) satellite [10]. Two very famous
companies in USA namely, XM-Radio and Sirius are
operating their services using various terrestregeaters
within urban areas [13]- [14]. Therefore, the caapiee
transmits diversity in an integrated satellite-¢strial system
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with multiple fixed (infrastructure) relay [8] — 2], provides
significant advantages in

terms of SER and outag
probability performance over the direct communimati
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This study investigates the ergodic capacity amalpé a
multiple relay integrated satellite-terrestrial pecative Rl
system over independent and non-identical fadin ’

distribution paths betweefi—» D, S - R; andR; —» D. In
[12], we have discussed the outage probability &R
performances of the proposed integrated satedlitestrial
system with detail mathematical closed form derbre.
While in this paper, we have further extended awvipus
work to the capacity analysis of the proposed it
satellite-terrestrial system under shadowed Riciamd

Nakagamim fading channels. To the best of our knowledge

the ergodic capacity analysis of a multiple relategrated
satellite-terrestrial cooperative system over shadbRician

and Nakagamin fading distributions is not investigated yet.

Hence, we derived an approximate closed-form espego
evaluate the performance in terms of ergodic céypasing
practical satellite channel data for various fadiegditions.
We also verify the theoretical results we have \astiwith
the Monte Carlo simulations.

The remaining part of this paper is organized dsv@. In
section 2, we explain the system model and fadiogleh
The approximate closed-form expression of ergodjgacity
of the proposed system is derived in Section 3 evtiile

ergodic capacity performance using LMSC parameters

discussed in Section 4. Finally, the concluding agks are
given in Section 5.

Mathematical Notations and Functions:
X — Y describes the link between nodeandY, while

&[] denotes the expectatiol, (-), 1F; (), T(), Yay: Vxy »

function of the second kind, the hypergeometriccfiom,
gamma function, instantaneous SNR of tke- Y link,
average SNR of theX - Ylink, and
hypergeometric function, respectively.

2. System Modél

2.1 Network Model
An integrated satellite-terrestrial cooperative tegs is

shown in Fig. 1, where a sourc§) (is represented by a

satellite communicates with a stationary destimatiode D)
with the helpN cooperative fixed terrestrial relay nodé&s)(

i =1,..,N. In the first phase of cooperative communicationy relay nodes.

the Gauss
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-
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Figure 1. An integrated satellite-terrestrial cooperative
system

the broadcasted information. While in the secondsphof
communication, each relay node amplifies the rekiv
signal and sends the scaled version to destinataie. The
destination node combines the all received signsisig
MRC combining technique and produce one betteritgyual
signal. This technique of broadcasting informatifsam
different locations makes communication possiblenein
bad channel conditions. The whole communication is
completed in two orthogonal phases/channels andethe
orthogonal channel can be allocated to the relalesasing
Time Division Multiple Access (TDMA) of Frequency
Division Multiple Access (FDMA). It is assumed thedch
node is equipped with single antenna, and the kigna
broadcasted by the source and relay nodes arecperfe
synchronized at the destination node.

2.2 Fading Model

Independent and non-identical fading links are imesl
between source, relay and destination nodes. Tadosted
Rician distribution is assumed betwe®r> D, andS - R;,
which is a more accurate distribution for analyzitige
performance of land mobile satellite communicatioMSC)
systems [15]. The fading coefficient f8r— D andR; nodes
are represented &g, andhy, respectively as shown in Fig.
1. The channel coefficient betweeR; — D follows the
Nakagamim distribution because there are multiple paths
due to small buildings, trees and other objects fauting
coefficient is denoted b, ;. In MRC combining technique,
the multiple faded copies of the signal are reatiff®m
These individual received signals are

the source node broadcast information signal angl thveighted and summed according their individual aligo-
destination node as well dscooperative relay nodes receivenoise ratio (SNR). The instantaneous SNR of thebioau

signal at the output of MRC at the destination node be
written as:
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N Moreover, a simple upper bound for the ergodic cipa
YMmrc = Vsa + Z Yri (1) derived from Jensen's inequality in [18] is given a

i=1
1
where y,; = |hsy|?E;/N, is the instantaneous SNR of the Cmre < N + 1log (1 + ElYmre]) (6)
S - D andy,,is the instantaneous SNR between the source _ _ o
andith relay, and between thith relay and destination. For It is noted thatog(x) is a concave function. It is important to

the tractable analytical evaluation,, can be determined by find out the erg_od|c capacity of the multiple rgla;egrated
. ! satellite-terrestrial cooperative system. In thamtext, the
its upper bound as

exact expression for the ergodic capacity can beuleded
by the Gaussian approximation under independentnand
= YoriVria (2) identical shadowed Rician and Nakagami fading chtmnn
Vsrit Vria For this approximation, only the capacity first memh
(mean) and second moment are required. Thus thesdhgt

Where y,,, = |hsri|2]55/1\/0 is the instantaneous SNR ofthe second-order approximation 6y, can be obtained by
using the Taylor expansion &t(1 + y,,) with the mean of

Ve Elr,] @s givenin [17]

YTi

S - R;channel  whiley, 4 = |hrid|2Eri/N0 is  the
instantaneous SNR &; - D channel. While&Zg andE,, are

the transmit power of ths§ and theR; node. The received Cymre = N;-kll()gz e [In(1 + ElymrcD)

noise at theth relay and at the destination node is modeled , ,

as additive white Gaussian (AWGN) noise with vaciah,. _ (E[VMRC] — (ElymrcD )] )
The probability density function (PDF) of the instaneous 2(1 + [ymrc))?

SNR per symbol of - D andS — R; links is given by [15]
Now we derive the closed-form expression of comthiR®F

1 2bymy \™ —y of two independent and non-identical channels give(B)
[Yey () = T <2b Q) p (Zb - > and (4). The combined PDF of the relaying p&h- R; —»
0¥xy \2DoMMo + 0¥xy D), .., can be expressed as [12]
x |F, (mo, 1%) 3) l
oy hotto 1 2beme \™ 1 [ m
Here,Q is the average power of the LOS componghy, is fr @) 2bo¥sr, (Zbomo + Q) r'(m) ()7Tid>
the average power of the multipath component. Whilgis 1 m 21
allowed to vary over the wider range of, > 0. We can [— (Zbo)@r + yr‘d>}’] Z;
model different types of LOS conditions for thedamobile ' ' x=0
[(my + x) Q

X
satellite channels, i.e. very small valuesmgf correspond to ( )
the urban areas, while the value ob <my, < o is T'(me)T' (1 + x) \2bo¥sr,(2bgmg + Q)
associated with suburban and rural areas with garti

obstruction of the LOS. Moreover, by substituting = 0, miEL 1 7 my
above PDF minimizes to the Rayleigh PDF and while X Z ( )zym+x __Tnd
puttingm, = 1, it results in a Rice PDF. =0 y \J 2bymYsr,
The PDF of the instantaneous SNR per symbol betwleen —
R; —» D is distributed according to the Nakagami- X K(m-y) <2V /m) (8)
distribution which covers a broad variety of fadswenarios c
for the different values ojltha-fading parameter [16], The average SNR betweei— R; is represented by, =
fo ) =L<_m> ¥ Texp (_ _m y) (4) E¢/N, while y, 4 = E, /N, is the average SNR between
it T T \7ra i R; - D.

The first moment (mean) and the second momempt o&aind
where m is the traditional Nakagami multipath fadingy, can be determined as

parameter which ranges fram0.5 to . b
vl = f Vay fray @) ¥y 9
0
3. Ergodic Capacity Analysis o
e el = [ ¥ hyWidrsy (10)
The ergodic capacity is defined as the expectéabvaf the 0

instantaneous maximum mutual information betweea th )
source and the destination. Thus, the ergodic dgpata 1hus, the mean and second momenygfcan be obtained
multiple relay integrated satellite-terrestrial pecative by substituting (3) in (9) and (10) and using tmegral
system operating ovelN relay nodes over orthogonal [19,eq.(3.351.3)] -

channels can be written as [17] 1 ( 2bymy )m" Z 1 T(my+k)

Elvsal = 57— — 0
1 s 2b 2bymgy + Q K'T(m)r(1 +k
Cymre = log, e. E[In(1 + yupe)] (5) 0¥sa 0o k=0 (mo)I'( )

N+d x (*)k (e + 1)1 (o )_(M) (11)

2bo¥sa(2bomo+Q) 2bo¥Vsa
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samples are complex Gaussian variables with zeanraad
1 2bym, \™ 21 T(mg + k) varianceN,, while the three channel variables, the shadowed
2b075d< ) KTmT (1 + 1) Rician hgy, hg, and Nakagamlhrid are md_ependently

k=0 generated. The analytical results are obtained fitbim
Q k 1 —(k+3) . . . R K

(—) (k +2)! ( ) (12)  closed-form expression of ergodic capacity give(7jnusing
2bg¥sq(2bomo+Q) "\2b¥sa i

Mathematica program. The performance curves arteplo
using the ergodic capacity versus the average SNi&Reo
transmitted signal. Th&k; —» D link experience Rayleigh
fading atm = 1. The practical values of land mobile satellite

gy, =
[¥sal 2bgmg + O

Now by substituting the end-to-end combined PDR{§P)
and (10) and using the integral [19, eq.(6.621 8%, mean

and second moment gf, can be obtained as channel (LMSC) are shown in Table 1
mg m We investigate the impact of the multiple relay pe@tive
1 2bymy 1 m 1 o9 . .
E[Vri] = _ ( ) — - communication on the ergodic capacity. The uppenddor
2boYsr; \2bomo + Q) T(m) \Vra — x! the integrated satellite terrestrial cooperativestaym is
I'(my + x) ( Q )" obtained numerically using Jensen’s inequality @)ile the
r ra+ 2bo¥sr. (2D +Q . :
(erf1) (A +x) \2bo¥er (2bomo n)l_y Table 1: Land mobile satellite channel parametes$ |
m+x —
% 2 (m +x+ 1) 2 Vrid Channel condition m, b, Q
- y Zbomysri . - -
y=0 Frequent deep shadowing 2.56 0.0158 0.[123
VBT + 2)T(x +y + 2) Moderate shadowing 7.64 0.129 0.372
(a + B)V*2I'(m + x + 2.5) Light shadowing 26 0.005 0.515
X F(v+2;m— -i-0.5;m+x—i-2.5;ﬂ 13 . . .
21 ( y a+B) (13) second order approximated ergodic capacity of thpgsed
system is calculated by substituting derived exgioes in
and (7).
2] 1 ( 2bym, )mo 1 <m>m§1
Vril = — - - 45 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ |
n Zboysri ZbOmO + Q F(m) yrid x=0 x! - -O-Tl‘leorencal.‘\mhom cx‘)upemtiou‘(Dh‘ecrpa‘lh) 3 3 3 3
o T(mo +2) Q ¥ T| S Tt vitcoopetin ooy | | L 1]
F(me)T (1 + x) \ 2bo¥sr, (2bymy + Q) | trbomea® N
m-y L X Smmwlation 0 | 4 g

m+x+1 _
m+x+1 Vrid
- y Zbomysri
y=0

VrQB)™ T (v + 3)I'(x + vy + 3)
(a+ p)v*3r(m+x + 3.5)
X oF (v +3m—-y+05m+x+ 3.5;%) (14)

Ergodic Capacity [bps/Hz]

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

10 12 14 16 18 20
respectively, where SNR (dB)
Figure 2: Ergodic capacity analysis of the multiple relay
1 m integrated satellite-terrestrial cooperative systéme direct
a=p7 tz (15) channelS - D experience deep shadowimg, = 2.56,
2 0]/51”1- yrl-d
where theS — R; channel have LOSm, = 26 and the

R; = D channel experience Nakagami-fading atm = 1
m
B=2|57—=—— (16) : . . . .
2boYsrVria Figure 2 shows the ergodic capacity analysis ofatinglify-
and-forward integrated satellite terrestrial coagige
system, where the satellite channefs;> D and S - R;,

While v=2m+x—y. Hence, the second orderSuffer from deep (my=2.56) and light (m, = 26)
approximated ergodic capacity for the multiple ye|ashado_wmg respecnvely Whereas _the terrestrial bl
integrated satellite-terrestrial cooperative systerobtained ©XPerience multi-path Rayleigh fading rat= 1. It can be

by substituting (11), (12), (13) and (14) in (7). seen that derived approximated ergodic capacityession
is very tight, the difference is negligible withcheasing

. . . number of relay nodeM=2 and N =3) and in any
4. Numerical and Simulation Results practical SNR regions. On the other hand, simpleeup
In this section, we present the Monte Carlo sintaand bound is not so tight with a direct link.

analytical results of multiple relay integrated edigte-

terrestrial cooperative system under independedt reon-

identical fading channels. The performance meagare

ergodic capacity. About10°, channel realizations are

randomly generated for simulation in Matlab. The GW

and
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Figure 3: Ergodic capacity analysis of the multiple relayfigure 5. Ergodic capacity curves of multiple relay

integrated satellite-terrestrial cooperative systerhen the

direct channelS — D experience deep shadowing, =
2.56, while the S — R; channel have LOSn, = 26 and
R; - D channel experience Nakagabnfading

Figure 3 shows the ergodic capacity curves of tlenario

when we improve the quality of th& — D channel at

(m > 1). As a result of this, the capacity performancads
enhancing. This shows that the ergodic capacitythef
proposed multiple relay integrated satellite tdrials
cooperative system is mainly determined by thes D
channel.

6 T T T T T

=0~ Theoretical. without cooperation (Direct path)
—F Theoretical. with cooperation (one relay, N=1)

| == Theoretical. with cooperation (two relay, N=2) |- --
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Figure 4. Ergodic capacity curves of multiple
integrated satellite-terrestrial cooperative systerhen the

satellite channels, S - D andS — R; experience moderate

and light shadowing respectively wherB; - D link

experience Nakagami fading atm = 1.

Figure 5 and figure 6 show the ergodic capacityesiwhen
the satellite link with destination node is undaergonoderate

shadowing #1, = 7.64) and terrestrial channeR; —» D

suffer from Nakagami fading at = 1 and2 respectively. It

is noted that in multiple relay cooperative comneation,
increasing the number of relay nodes degrades riiedie
capacity performance especially at high SNR. Thesoa is
due to the orthogonal distribution of the systesoteces.

relay Tpe  first would

integrated satellite-terrestrial cooperative systerhen the
satellite channels; - D and S — R; experience moderate
and light shadowing respectively where tRg— D link
experience Nakaganifading.

5. Conclusion

In this paper, we derived approximate closed-form
expression of ergodic capacity of AF multiple relay
integrated satellite-terrestrial cooperative systamder
independent and non-identical shadowed Rican and
Nakagamim fading channels. Obtained results are examined
by evaluating ergodic capacity under the varietyfagfing
scenarios as shown in Table 1. The analysis ofthey is
verified using the results of the numerical compataand
simulation. By using LMSC statistical experimendata of
different fading conditions obtained from literagurour
derived analytical approximated expression of eigod
capacity is very tight, this is applicable with amymber of
relay paths, and remains valid for a large classatéllite
and terrestrial fading conditions. In additionalhet
performance of the proposed integrated system may b
further improved by using multicarrier transmissitike
OFDM with pre-distortion technique in satellite
transmission.

6. Acknowledgement

like to thank the Higher Education
Commission (HEC) Pakistan for providing funds fas h
higher studies.

References

[1] H. Skinnemoen, R. Leirvik, J. Hetland, H. Fanebust,
and V. Paxal, “Interactive IP-network via satellite
DVB-RCS,” |IEEE Journal on Selected Areas in
communications,, vol. 22, no. 3, pp. 508-517, 2004.

[2] Annex, “Annex 4 to working party 4b chairman’s
report on the 2B meeting”, Document 4B/85, 27 May,
20009.

[3] R. Magallanes, “The case for hybrid/satellite segsi
April 17, Satellite Today, available on the line tivi
URL:http://www.satellitetoday.com/commercial/applic
ations/24/30266.html, 2009.



109

International Journal of Communication Networks &mfdrmation Security (IJCNIS) Vol. 5, No. 2, August 2013

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

J. Laneman, D. Tse, and G. Wornell, “Cooperative = Conference on Communications Workshops,, 2009, pp.

diversity in wireless networks: Efficient protocasd 1-5.

outage behavior,” IEEE Transactions on Informatiofil8] G. Farhadi and N. Beaulieu, “Ergodic capacity of
Theory,, vol. 50, no. 12, pp. 3062-3080, 2004. multi-hop wireless relaying systems in Rayleigh
A. Vanelli-Coralli, G. Corazza, G. Karagiannidis, P fading,” in IEEE Global Telecommunications

Mathiopoulos, D. Michalopoulos, C. Mosquera, S. Conference, 2008, pp. 1-6.
Papaharalabos, and S. Scalise, “Satellitl 9] I. Ryzhik, A. Jeffrey, and D. Zwillinger, Table of
communications Research trends and open issues,” in integrals, series and products. Academic Press].200
Proceeding of the International Workshop on Sagelli
and Space Communications, IWSSC’'07., 2007, pp. 71—
75.

J. N. Laneman, N. C. David, and G. W. Wornell,
Cooperative diversity in wireless networks: Effitie
protocols and outage behavior,” IEEE Transaction on
Information Theory, vol. 50, no. 12, pp. 3062-3080,
2004.

S. Kota, G. Giambene, and S. Kim, “Satellite
component of NGN: Integrated and hybrid networks,”
International Journal of Satellite Communicatiomsl a
Networking, vol. 29, no. 3, pp. 191-208, 2011.

D. Ahn, S. Kim, H. Kim, and D. Park, “A cooperative
transmit diversity scheme for mobile satellite
broadcasting systems,” International Journal oé Bt
Communications and Networking, vol. 28, no. 5-6, pp
352-368, 2010.

N. Chuberre, O. Courseille, P. Laine, L. Roullet, T
Quignon, and M. Tatard, “Hybrid satellte and
terrestrial infrastructure for mobile broadcastvimss
delivery: an outlook to the unlimited mobile TV &
performance,” International Journal of Satellite
Communications and Networking, vol. 26, no. 5, pp.
405-426, 2008.

S. Lee, S. Lee, K. Kim, and J. Seo, “Personal and
mobile satellite DMB services in KOREA,” IEEE
Transactions on Broadcasting,, vol. 53, no. 1,1919—
187, 2007.

Y. Labrador, M. Karimi, D. Pan, and J. Miller, “An
approach to cooperative satellite communicatior&Gn
mobile systems,” Journal of Communications, vol. 4,
no. 10, pp. 815-826, 2009.

A. Igbal and K. Ahmed, “A hybrid satellite-terresir
cooperative network over non- identically distribdit
fading channels,” journal of Communications, vol. 6
no. 7, pp. 581-589, 2011.

J. Snyder and S. Patsiokas, “XM satellite radi@{tita
technology meets a real market,” in Proceedinghef
22nd AIAA International Communications Satellite
Systems Conference and Exhibit, Monterey, CA,
U.S.A., May 2004.

R. Briskman and S. Sharma, “DARS satellite
constellation performance.” in Proceedings of théh2
AIAA International Communications Satellite Systems
Conference and Exhibit, Montreal, Canada,, May 2002
A. Abdi, W. Lau, M. Alouini, and M. Kaveh, “A new
simple model for land mobile satellite channelsstfi
and second-order statistics,” IEEE Transactions on
Wireless Communications,, vol. 2, no. 3, pp. 518,52
2003.

M. Simon and M. Alouini, Digital communication over
fading channels. Wiley-IEEE Press, 2005, vol. 86.

S. Chen, W. Wang, and X. Zhang, “Ergodic and outage
capacity analysis of cooperative diversity systems
under Rayleigh fading channels,” in IEEE Internasib



