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Abstract 
 
Due to the large number of users and the time-varying characteristics of wireless channels, it is very tough to 
inform the transmitter of full channel information in real multi-user MIMO broadcast systems. On the other 
hand, the capacity of multi-user systems greatly depends on the knowledge of the channel at the transmitter 
while this is not always the case in single-user MIMO systems. In this paper, we investigate combined user 
selection and zero-forcing precoding schemes that use partial channel information, i.e., very low amount of 
channel information at the base station. We show that while greatly reducing the complexity and channel 
knowledge feedback load, the proposed schemes preserve the optimality of zero-forcing scheme in term of 
achievable ergodic sum capacity in limit of large number of active users.  
 
Keywords: Broadcast Channel, Multi-User System, Partial Channel Information, Precoding 

1. Introduction 
 
Linear precoding is an effective tool to achieve better 
performance and higher throughput in multiple-input- 
multiple-output (MIMO) communication systems. MIMO 
precoding techniques for single-user systems have been 
extensively studied. It was shown that the achievable ca-
pacity of a MIMO point-to-point link is limited by the mi- 
nimum number of transmit and receive antennas [1,2], 
and linear precoding scheme can be applied to achieve 
this capacity [3-5].  

On the other hand, evaluation of the achievable rate 
and capacity of multi-user MIMO broadcast (BC) channe- 
ls is still an open problem. It was the first time in [6] that 
the achievable region of MIMO BC channels was evalu-
ated using an approach known as dirty paper coding 
(DPC) [7]. The rate region was obtained for two single- 
antenna users analytically. Later [8] and [9] suggested a 
duality between multi-access (MA) and MIMO BC 
channels. Using this duality, the rate region and capacity 
of a general MIMO BC system with arbitrary number of 
(multi-antenna) users can be calculated. It is shown that 
the DPC approach can achieve the capacity of a general 
BC channel [8].  

The duality between precoder design problem and cal-
culating the capacity of the system, however, does not ex- 
ist in MIMO BC systems. In other words, there is no lin-

ear scheme that achieves the capacity of MIMO BC 
channels. Instead, one has to use the DPC approach, wh- 
ich is a nonlinear scheme to achieve the so-called sum- 
rate capacity of a multi-user BC system. DPC can be im-
plemented using a successive interference pre-subtraction 
(cancellation) technique at the transmitter [10] based on 
the structure of generalized decision-feedback equalizer 
(GDFE) which is a nonlinear approach. 

Although the results presented in these papers are inter-
esting from a theoretic point of view, due to the complex 
nature of optimization processes used in these methods 
and the assumptions necessary for applying DPC approach, 
their application in real communication systems is limited. 
It is mainly because of two important factors; first, the 
number of users in real multi-user communication systems 
can be very high and second, the fast changing character-
istics of the MIMO wireless channels prohibits time-con-
suming optimization at the transmitter.  

On the other hand, the presence of channel knowledge 
is more important in multi-user systems [11,12]. One can 
say that the absence of channel knowledge at the transmit 
side of multi-user systems will result in higher degrada-
tion in terms of performance and capacity as compared to 
the single-user systems. These facts draw the attention to 
the use of partial channel information in multi-user com-
munication systems. Compared to the full channel know- 
ledge, partial channel information can be obtained easily 



340 H. R. BAHRAMI  ET  AL.                                       
 
while it is outdated more slowly. Therefore, it is more 
logical to assume that the transmitter of a multi-user MI- 
MO system has partial channel knowledge. Our empha-
sis is that the value of partial channel information is far 
crucial in multi-user as the volume of full channel know- 
ledge in a multi-user system is much larger than that in 
single-user systems. For example, [12] shows the effect 
of different levels of channel information over achievable 
rate in a MIMO broadcast system. 

While considering the use of partial channel informa-
tion in MIMO BC channels of great importance, there are 
few papers that address this issue in the design of practi-
cal transmission schemes. Recently, [13] and [14] sug-
gested a random beamforming scheme based on partial 
channel information with a rate that can achieve the same 
scaling factor as the capacity obtained with perfect CSI 
using dirty paper coding, i.e.,  

lim lim 1
n nsum DPC

R R

C R 
 

of users reduces. The problem of zero-forcing in differ-

careful selection of channel side 
inf

n transmission in mul- 
ti-

ad 
ne

xity of selecting the 
be

ity

different strategies for user selec-
tio

2. System Model 

We consider a broadcast system using a transmitter with 

           (1) 

where n is the number of the users, R is the achievable 
rate of the proposed scheme and Csum is the sum capacity 
of the system assuming full channel knowledge at the 
transmitter which is the same as the rate achieved by DPC 
(RDPC). 

Our main focus in this paper is to attain the capacity of 
a multi-user MIMO broadcast channel assuming that the 
transmitter just has a partial knowledge of users’ channels. 
In other words, we investigate downlink precoding sch- 
emes that is capable of achieving the capacity of a MIMO 
broadcast channel in which a multiple-antenna transmitter 
communicates with a number of mobile units. This ap-
proach is based on the assumption of partial channel side 
information available at the transmitter while each re-
ceiver has perfect channel knowledge. 

In [15], using full channel knowledge at the transmit 
side, a zero-forcing precoding scheme has been intro-
duced and its performance has been evaluated. It has also 
been proved that when the number of users tends to in-
finity, the zero-forcing scheme is optimal in term of ca-
pacity, i.e., it can achieve the ergodic sum capacity of 
BC channels when the number of users is large. The pro- 
blem with this scheme lies, however, in the need for full 
channel knowledge of the channel at the transmitter 
which is difficult to obtain in fast-varying wireless chan- 
nels. Another difficulty with the scheme proposed in [15] 
is the complexity of the transmit operations. The tra- 
nsmitter has to find a set of best channels in each trans-
mission interval which have the most-orthogonal channel 
vectors. The authors have recently generalized this sche- 
me to the case of partial channel information by using a 
quantized feedback scheme in [16]. Note that, the opti-
mality of the above approaches in [13] and [15] is asy- 
mptotical, i.e. the optimality decreases when the number 

ent interference scenarios and SNR regimes has been 
also addressed in [17].  

Our study shows that 
ormation is very important in the sense that it can re-

duce the feedback cost and transmit complexity while 
still provides a considerable performance. We propose 
zero-forcing transmission schemes that use only partial 
channel information with low feedback load and also 
facilitate the algorithm of selecting the best users at the 
transmitter. Although it reduces the feedback load and 
algorithm complexity, it can be shown that its perform-
ance can be comparable to that of the scheme proposed 
in [15] in term of achievable rate. 

Therefore, four important issues i
user systems are addressed in our proposed scheme: 
1) Our scheme significantly reduces the feedback lo
eded to calculate the optimal precoding vectors at the 

transmitter. The difference in feedback overhead com-
pared to other schemes grows by increasing the number 
of users and/or transmits antennas. 

2) It greatly relaxes the comple
st user algorithm at the transmitter by distributing the 

load of processing among the users communicating in 
the network. The complexity issue becomes more impor- 
tant when the number of users and/or transmit antennas 
grows. Therefore, this scheme can be considered as a 
candidate for distributed network management schemes. 

3) Our scheme achieves the same ergodic sum capac-
 as the scheme in [15] (and hence DPC) and the opti-

mality preserves better especially in the systems with 
large number of users. However, one important issue in 
[15] is the fairness of user selection. The original selec-
tion scheme in [15] is not fair as the users with high 
channel gains (users closer to the base station) always 
have a better chance to be selected. Therefore, a schedul-
ing procedure becomes inevitable to satisfy fairness re-
quirements. We also discuss the issue of fairness for dif-
ferent schemes. We show that using these schemes, the 
chance of selecting a user does not depend on the channel 
gain (power) and the distance to the base station and 
hence all the users have equal chance to be selected as the 
best (winning) users.  

4) We propose four 
n, power allocation and precoding. Each of these stra- 

tegies is suitable for specific propagation scenario and 
channel condition. However, as the structure and algo-
rithms of all of these schemes are very similar, it is possi-
ble to implement all of them at the base station and switch 
amongst them when necessary. This gives a degree of 
robustness to the system that can cope with channel im-
pairments and changes. 

Copyright © 2010 SciRes.                                                                                IJCNS 
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M transmit antennas to serve n users, each with Ni anten-
nas (i = 1,…, n). The channel for user i can be represented 
by an Ni  × M matrix Hi whose entries are assumed to be 
Gaussian with zero mean and unit variance. At time in-
stant k, the M × 1 transmit vector s to different users has a 
constrained power, i.e., { }HE Pss  and the Ni  × 1 re-

ceived signal vector for u

i n  y H s n

ser i is  

         (2) 

where n  is the N × 1 additive white Gauss

1,2,...,i i i

i i  

ple vector for user i. Using precoding, the transmitted 
vector s is a linear combination of transmitted symbols 
for each user si,  

ian noise sam-

1 1

,
n n

i i i i
i i

P P
 

  s W s  P

where W , si and Pi are the M × Ni precoding matrix, i

transmitted symbol, and allocated power for user i, re-
spectively. For simplicity, in the following discussions, 
we assume Ni = 1, i = 1, …, n. The received signal for the 
ith user can be represented as 

1,2,...,i i i i i j i j j i
j i

y P s P s n i


   h w h w  n

(3) 

where the second term is due to the interference from oth- 
er users. The bold-faced, lower-case symbols in the equa-
tion denote vectors corresponding to the case of Ni  = 1. 
Our objective is to find the set of precoding vectors to 
maximize the achievable sum rate, i.e., 

2

2

2, 1

1

max log (1 )

1i i

n
i i i

n
P i

j i j
j i

P
R

P
 

 

 




w w

h w

h w

   (4) 

 
. BC Capacity and Zero-Forcing Precoding 

he sum rate capacity of a BC channel achieved by DPC 

3
 
T
approach has been shown to be [6,8]: 

1

1,

max log det ( )
n

i i
i

n
H

sum DPC i i i
iP

C R





  


I h

 

 h   (5) 

which is in fact the capacity of the dual MAC channel.  
t 

ha
Note that σi’s are not the same as Pi’s in (3). In [13], i
s been shown that when the number of users (n) is large, 

the ergodic capacity asymptotically scales like M log log 
n. In other words, the ergodic capacity can be written as:  

{ } { } log (1 log )sum DPC
P

E C E R M n         (6) 
n M

i.e., in the limits, it can provide a diversity order of log n 

 

compare to a single user system. Also, a linear increase in 
the capacity is achieved by increasing the number of 
transmit antenna (M). It can be seen from (6) that a 
scheme allocating an average power of (P/M) logn to 
each of M best users via M independent paths (subchan-
nels), can provide the same ergodic capacity as the DPC 
and hence, is asymptotically optimal. 

On the other hand, although suboptimum, zero-forcing 
scheme can provide M parallel (independent) subchannels 
from transmitter to M users by selecting the precoding 
vectors, wi’s, such that 0 ( )i j i j h w  (i.e., no inter-

ference from other users). Since the size of hi’s is 1 × M, 
there will be at most M precoding vectors that can 
satisfy the above equations. Therefore, at most M users 
should be selected among n available users. Let 

{1,..., }   S n S M   be a subset of user selected for 

ble selection of precoding matrices1, 
there will be M independent subchannels and hence the 
achievable rate can be written as: 

( ) max l

transmission. By suita

,
og(1 )

i i
i S

ZFR S   i i        (7) 

where λi is the ith subchannel gain. Furthermore, P ’s can 

P P P i S

P



 

i

be found via a waterpouring process as 1[ ]i iP v     

where [x]+ = max{0, x} for a scalar x and t  
such that the power constraint P  is satisfied.  

Note that there are different ssible selections of user 
su

he constant v is

po

S

bsets. Achievable sum rate of optimum zero-forcing is 
defined as [15]:  

max ( )ZF ZF
S

R R               (8) 

where {1,..., }S n S  M . The optimal solution may 
 and complicneed a lengthy ated exhaustive search of all 

possible user subsets for zero-forcing schemes. Further-
more, required knowledge of instantaneous channel vec-
tors (full channel information) at the transmitter may need 
a large amount of channel feedback load. This limits the 
application of optimal zero-forcing method to simple 
cases with small number of users. In [15], it has been 
shown indirectly that in the limit of large number of users 
(n), the zero-forcing beamforming scheme can provide a 
sum rate equal to that of DPC in (6),  

{ } log (1 log ) { }ZF DPCE R M n E R
P

M
        (9) 

An appealing sub-optimum zero-forcing schem
sim

e with 1The easiest selection of wi is such that W(S) is the pseudo-inverse of 
H(S) where W(S) is a matrix whose columns are composed of the pre-
coding vectors in S and H(S) is the channel matrix whose columns are 

composed of channel vectors of the users in S, i.e. . †( ) ( )S SW H

ple selection of M best users was discussed in [5]. 
However, it still needs full channel knowledge at the 
transmitter with potentially high complexity and feedback 

Copyright © 2010 SciRes.                                                                                IJCNS 
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et of M users such that 
a 

 
ed known orthonormal basis2 

load in real wireless applications. 
By increasing the number of users in the network, it is 

more likely that there exists a subs
linear precoding scheme (like zero-forcing) can achieve 

the sum rate capacity of the system. In other words, for a 
large user population, different suboptimum zero-forcing 
algorithms have similar asymptotic performance, and hen- 
ce, complexity becomes the key selection factor. This 
paper mainly focuses on how to reduce the processing 
and feedback load in selecting the best M users with as 
much as possible orthogonal channels to maintain the 
asymptotic gain of log log n over ergodic capacity in (9). 
 
4. Partial Knowledge Zero-Forcing Schemes 
 
Assume that transmitter and all users have a predeterm-
in 1 2( , ,..., )MU u u u  of 

size M (e.g., standard basis for M  the 
selection of this orthonormal basis

Now, we consider two differ strategies: power user 
selection (PUS) and normalized user selection (N

). We will discuss
 in Section 6.  

ent 
US). In 

the first strategy, at the start of each transmission period, 
each user calculates the projections of its channel vector 
on each of the vectors in orthonormal basis (ui), i.e., for jth 
user, the projection on ith vector is: 

22
, ; 1, , ; 1H

ij j i j i i M J n    h u h u    (10) 

In the second strategy, each user calculates the n
the projections of its channel vector on each of the vectors 
in

orm of 

 orthonormal basis, i.e., 
22 2 2

, ; 1, , ; 1H
ij j j i j i M J n

 
   h h u h h u    j i

(11

Next, in both strategies, each user sends its maxim
γij along with its index to the transmitter,  

) 

um 

max ; arg maxj ij j ij
i i

            (12) 

Transmitter then easily selects the best u
orthonormal basis by finding the maximum γ  over 
th

ser for each 
j

ose users. Assume that the indices of users for which 

j i  are saved in a set S(i). Therefore, 

,max
( )

max 1i j
j S i

i M 


             (13) 

The transmitter selects these M users a
ers and asks them to send back their channel vectors (to-
ta

4) 

where wi’s are the M precoding vecto
of the selected users. Sending users’ signals in the direc-

s the winning us-

lly M vectors of size M × 1). It then selects the precoding 
vectors. For selection of precoding vectors, we consider 
two different precoding schemes: opportunistic precoding 
(OP) and channel-aware precoding (CAP). In opportun-

istic precoding, as its name implies, the transmitter does 
not know the channel vector of selected users and there-
fore transmit in the direction of orthonormal basis, i.e. 

; 1i i i M w u               (1

rs associated to each 

tion of orthonormal basis clearly minimizes the interfer-
ence. Therefore, opportunistic precoding can also be re-
ferred as interference-minimizer precoding. Maximum 
sum-rate of the users can then be written as: 

2HM i iP h u

2
1

1

(1 )

1
OP M

Hi
i j

j i

R
M

 

 




 h u

        (15) 

In the limit of large number of users, the channel vec-
tors of M selected users are in the direction of orthonor-
mal basis with high probability. Therefore, the sum rate 
can be rewritten as: 

2 2

1 1

log(1
M MP

R   ) log(1 )H
OP i i i

i i

P

M M 
 h u h   (16) 

(16) is the direct result of (15) and the fact that
portunistic precoding, at the limit of large number of users 
th

, in op-

ere is no interference between selected users. In chan-
nel-aware precoding, transmitter does know the selected 
users’ channel vectors and selects the precoding vectors as 
the normalized vector of users’ channel vectors: 

1
:1...i i i i M

 w h h            (17) 

where the best M users in (15) are inde
In this scheme, we target maximizing receive SNR. It is 

xed from 1 to M. 

easy to see that by sending in the direction of selected 
users’ channel vectors, we maximize the receive SNR of 
each user regardless of interference introducing to other 
users. Therefore, channel-aware precoding can also be 
called SNR-maximizer precoding. Again, the idea behind 
this scheme is that each channel vector of M selected us-
ers is almost in the direction of one of the basis vectors; 
hence their channel vectors are near-orthogonal to each 
other. This orthogonality increases with increased number 
of users in the network. In the best case when the selected 
channels compose an orthogonal set, the following rate is 
achievable: 

2

1

max log(1 )  s.t. 
i

M

CAP i i i
P i i

R P P P


   h    (18) 

2A set U is orthonormal if  
1

,
0

H
i j

i j
i j u u

i j


   
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The set of M power loading values P ’s are selected 

based on waterpouring as 
ables 

2H
j ih u are i.i.d. over i and j with  -distri-

bution. As 

2χ (2)

2
jh  is the sum of square of M Gaussian 

random variables, it is 2χ (2 )M  -distributed. It follows 

that the probability density function (pdf) and cdf of 
2 2H

ij j i jt


 h u h  are, respectively, 

i

2
[i iP v

   h .]  Ob

other users have zero power. 

g strategies: PU
he features of each of these 

 

sch very similar to CAP, for the sake of brev-

viously, 

We can therefore, -distinguish between four different 
user selection and precodin S-OP, PUS- 
CAP, NUS-OP, NUS-CAP. T
schemes are summarized in Table 1. Regarding fairness, 
as PUS selects users based on the maximization of pro-
jection of their channel vectors over orthonormal bases, it 
is more likely that users with strong power (i.e. users near 
base station) are finally selected. Therefore, the issue of 
fairness is not considered in PUS while it is not the case 
in NUS scheme. We will elaborate the performance and 
specifications of each scheme more in Section 7 when we 
present numerical results.  

5. Asymptotic Performance of Zero-Forcing 
Schemes 

 

1

0

1

( )
( 1)!

(1 )

M y
yx

t

M

y e
f x ye dy

M

M x

  

 




 


        (21) 

and 

( ) 1 (1 ) M
tF x x                    (22) 

Hence, the cdf of i  is  

( ) ( ) (max 1 )

1 (1 ) 1 1 (2 )

i i ij
j

nn M
t

F x P x P t x

F x x 

    

        

 
  (23) 

In this section, we investigate the asymptotic performance
of NUS user selection schemes. Since the analysis of PUS 

eme is also 
ity we do not discuss it here. 

For any two arbitrary vectors a and b, we define the 
following orthogonality measure:  

For small x, the right hand side of (22) can be ap-
proximated as 

1

1-2

( ) 1- 1- 2 (1+ 2 M )

2 M O( )

i

-M n-M

M

F x x

nx nx

    

 
        (24) 

2 -2 -2
( , ) 1-ε a b a b a b          (19) 

Clearly, as a tends to b, ( , )a b

H

 tends to zero. For the 

best user channel hi in the direction of bas
have: 

is vector ui, we for any ( :1.. )i i M . 

Lemma 1 indicates that, the probability of i  smaller 

than a specific small value, increases linearly with the 
user population, n, and the best users’ channel vectors 
become more and more orthogonal to the basis directions 

2 2
( , ) max ( , ) 1 max H

i i i j i j i j
j j


   h u h u h u h    

(20) 

Lemma 1: For large number of users, the cumulative 
distribution function (cdf) function of ( :1.. )i i M is 

linearly increased with n, i.e., : (i F ) Pr( ix x )
i

     

(vectors). One can also say that by increasing the number 
of users, it is more probable that there would be M users 
with each channel vector very close to a basis. The fol-
lowing Lemma sheds some light on this fact. 

( )O nx . 

Proof: Since U is an orthonormal set, the ri-
Lemma 2: For large number of users, the probability that 
a user has the largest channel vector projection among all   random va

 

Table 1. Features of user selection precoding strategies. 

Scheme 
channel knowledge of 

all users at 

ge 
of selected users at

Power allocation 
Fairness 

Interference 
between users 

channel knowled

TX 
TX 

and waterpouring 
 

PUS-OP No No No No No 

P  US-CAP No Yes Yes No Yes 

NUS-OP No No No Yes No 

NUS-CAP No Yes Yes Yes Yes 
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users on ore direction  linearly proporti
1/n. 

Proof emma 1, proj ns, 

two or m s is onal to 

: From L the squared ectio
2H

j ih u , are i.i.d 2χ (2) -distributed variables over i and 

j. Among them, let Yn and XM-1 denote the largest of the 
hole population of n users, and the second largest of the 

set of M users, respectively. A user has the best 
channel for two basis vectors ts second largest squared 
projection is larger than the squared projections of all 
other users for this specific basis vector. The probability 
of this event is:  

1

1 1
0

( )

1 (1

M n

M n

P X Y

w
selected 

if i

( )) ( ) ( ) ( )X X X XF x F x nf x F x dx


  



  
  (25) 

where ( ) 1 x
XF x e   and ( ) x

Xf x e  

e. Therefore, 

are cdf and pdf 

of a abl  2 (2)  random variχ

1

21 (1 ) 2
0

1

( )

1

M n

x n M

Y

n e e


    



   x

P X

dx

n

M


    

    (26) 

The right hand side of (23), behaves like when 

n is larger than M. 
The following Lemma guarantees that the proposed 

N  than o
ich M 

(1/ )O n

US-CAP method performs always better ppor-
tunistic zero-forcing precoding (OP) in wh ortho- 
normal vectors are selected randomly at the transmitter 
and the best users are selected for those random vectors. 
Transmitter then sends the information to the best M users 
on those random orthonormal vectors.  

Lemma 3: The proposed NUS-CAP zero-forcing met- 
hod always performs better than NUS-OP zero-forcing 
precoding.  

onsider ( :1.. )i MProof: C i  in (20). Assuming equ- 

al power allocation, from (16) the average sum rate for 
the defined NUS-OP zero-forcing precoding can be writ-
ten as: 

2

2
1

{ (1 )}

HM i i
OP M

Hi

P
R E

M
 

h u

1

1

1

1
{ (1 )}

1

i j
j i

M
i

ii

P
E

M

 






 







h u




      (27) 

The last equality results from the fact that ui’s are or-
thonormal. Our proposed NUS-CAP scheme, however, is 

based o e distance of t st users’ cha  vectors, i.e. n th he be nnel

( 1 ; 1H
j i i M j M h u  

of ( 1 )i i M

) and can be found in terms 

   . It is easy to check that on average: 

2 1 (1 ) 1i j i iM i M   h h          (28) 

Therefore, considering equal power allocat
terpouring), the average sum rate of NUS-CAP schem

ion (no wa-
e is: 

2

2
1

1

1

1
{ (1 )}

1 (1 )

h hHi
j i

1

{ (1 )}
h hH

M i i

CAP M

j i

i

P
R E

M

M

 

 (27) and 

M

i i

P
E

 



 



 
 



      (29) 

From (29), as 1 /1 [1 (1 )]i i i i
1        , 

the average sum rate provided by the NUS-
is always greater than that of NUS-OP zero-

much better than random zero-forcing scheme. Now, we 
prove that our scheme is optimum for large number of 
users.  

Theorem 1: In the limit of large number of users, the 
NUS-CAP partial knowledge zero-forcing precodi
proach proposed in Section 4 can achieve an av
rate equal to that of DPC strategy in (6), i.e.,  

CAP scheme 
forcing. 

Note that in the proof of Lemma 3, we considered 
equal power allocation on basis vectors, while if we apply 
the waterpouring in (18), NUS-CAP scheme performs 

ng ap-
erage sum 

{ } logPE R M
M

           (30) 

Proof: Based on Lemma 3, it is sufficient to show

(1+ log )
P

n

 that 
th

 on the results from extreme value theory in [10], 

e discussed NUS-OP zero-forcing precoding scheme 
can achieve the rate in (30). As the proposed NUS-CAP 
precoding scheme always outperforms NUS-OP zero- 
forcing scheme, it turns out that it is capable of achieving 
the rate in (30) in the limit of large n. 

Based
2 2

max max H
ij j i j

i i
t


 h u h  

behaves like log (log log )n O n . Therefore, from 

(19) and (26), the average sum rate o
zero-forcing precoding for large n  

f the NUS-OP 

rand

=1

im

1
= lim { (1+ ( -1)} log (1+ log )

M

ii

R

P P
E M n

M ε M






n

n

  (31) 

l

O
the sum rate in (31). 

As the NUS-CAP scheme always outperforms NUS- 
P zero-forcing precoding, from Lemma 3, it can achieve 
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Note that in the proof of Theorem 1, we assumed that 
the available power is distributed equally am M pre-
coder vectors (sometimes called directions). In practice, 

n Section 4, we apply

y optimal (when the 
number of users is large).  

6. Feedback Load, Complexity and Desi
Issues 

In

gle-antenna active users. For 
C, 
he 

ze  scheme proposed in [5], at any transmission 
period, 2Mn real values should be fed back to the trans-

ed scheme requires much 
pecially at large number of users. 
exclude bad users (those are not 

ong 

as mentioned i  a standard water-
pouring to calculate the optimum power allocation. How-
ever, as the proof shows, using equal powers on all pre-
coder vectors is also asymptoticall

gn 

 this section, we briefly discuss the practical considera-
tions and design issues for our proposed schemes. We 
show that the proposed schemes can be applied with very 
low amount of feedback load and transmitter complexity 
as compared to that of full channel knowledge schemes. 
At the end of this section we briefly point out the selec-
tion of basis vectors set U.  

6.1. Feedback Load 

Consider a BC system using a transmitter equipped with 
M antennas to serve n sin
schemes based on full channel knowledge such as DP
optimal zero-forcing described in Section 3, and t

ro-forcing

mitter. On the other hand, the proposed CAP sch- eme 
based on partial knowledge scheme initially needs only n 
integer indices of the best basis vectors and n real best 
projections of the users’ channel vectors and only 2M 

2 
for the best M users channel vectors after initialization. 
Therefore, in total, it needs n + 2M 

2 real and n inte- ger 
values. Clearly, the propos
lower feedback load, es

It is also possible to 
near-orthogonal to any of the basis vectors) from channel 
information feedback. Similar to the idea in [10], we can 
define a threshold value and if a user has its maximum 
channel vector projection below this threshold, it is con-
sidered as a bad user.  

Lemma 4: At the limit of large number of users, for 
each of the basis vectors, there exists at least one user j 
with its channel vector hj satisfying 

2

1..
max logH

j i
i M

n


h u . 

Proof: Based on Lemma 2, for large number of users, 
n, it is not likely that a particular user can be the best one 
for two or more basis vectors. Hence, maximization over 
a set of users that have the maximum projection on a 
specific basis vector is equivalent to maximization over 
all users for that particular basis vector, i.e., 

2 2
max max 1H H

j i j i i M
 

 h u h u      (32) 

As 
2H

j ih u are 2χ (2)  -distributed random variables, 

by applying the extreme value theory [13], for any i, 
2

( )
max H

j i
j S i

h u  and its average behave like log n at large 

n. Therefore, there is always at least one user with chan-
nel satisfying 

2

tr
j )
max > log = λ 1H

j i n i M


h u 
(S i

      (33) 

for all basis vectors. 
Lemma 4 indicates that a good threshold value is 

tr log n . Using this threshold, the feedback load can 

be expressed as MtrPr{ } ( :1.. )in i   

 that, in practice Pr{ i

real and integer 

Notenumbers. tr}   is much 

sm an 1  therefore, in
value decrease feedback o

6.2. Comple
 

four schemes just needs n comparisons at 
the transmitter and M projections and M comparisons at 
each user while DPC, optimal and subop
forcing schemes are much more complex. For example, 

rithm proposed in [15], needs al-

m

nM compa
ector set. In other wor

er complexi

asis 

aller th  and serting this threshold 
verhead dramatically. 

 
xity 

The proposed NUS-CAP scheme which is the most com-
plex amongst 

timal zero- 

the zero-forcing algo

ost 
1
( 1)( 1) ( 1) / 2

M

i
n i nM M


     projections and 

risons at the transmitter to find a near-ortho- 
gonal channel v ds, the proposed 
NUS-CAP method has a much low ty than the 
other optimal and sub-optimal schemes, and also distrib-
utes low processing among users in the system. 
 
6.3. Selection of B
 
As mentioned at the beginning of Section 4, the set of 
orthonormal basis U, can be generally any arbitrary orth- 

onormal basis in M  and as shown in Section 5, the pr- 
oposed schemes can still work fine. However, orthonor-
mal basis can be optimized by a very minor increase in 
the feedback load from active users to the transmitter.  

Let assume that instead of just one predetermined or-
thonor  bases, U1, U2, …, 
Uk. Both the transmitter and users know these bases.  
Each user calculates its channel vector projections onto 
each of these bases vectors and reports the best value 
along with the indices of this basis and its own basis. 
This requires one real and two integer numbers

mal basis, we have a number of k

 
 (instead  

f one real and one integer). From the reported informa-
ts the best orthonormal basis, 

rresponding to the best M users with the best orthogo-

o
tion, the transmitter selec
co
nality measures. As an illustrative example, consider M = 
2 and two orthonormal bases to select. If we select the 1.. ( )j n j S i
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environment, it would be more desirable to use OP rather 
than CAP schemes. Based on this discussion, the diagram 
in Figure 2, gives us an idea how to select between dif-
ferent schemes. Note that because of similarity of struc-
ture and algorithms, it is possible to switch between them 
in a real time system. In other words, when fading is very 
fast the system uses OP schemes and in slow fading envi- 

first one as standard basis for 2 , i.e., 1U   
{(1,0), (0,1)} , the other one should be the one whose 

vectors are as much as non-orthogonal to the standard 
basis, i.e., 2   . Similarly, if w{1 2 (1,1),1 2 (1, 1)}U e

want to select three orthonormal bases, a reasonable cho- 

ice is 1 {(1,0),(0,1)}U  ,    

 

 2 , , ,U a b b a   and 3U   

    , , ,b a a b  where ronment switches into CAP schemes. On the other hand, 
in high quality channel, it works in NUS regime while in 
poor-conditioned channels it switches into PUS regimes 
where users’ channel power becomes a very important 
and significant factor. 

Next, we simulate the feedback load, complexity and 
performance of our scheme and compare it with that of 
optimum and suboptimum schemes. In Figure 3, the fee- 
dback load of the schemes for different numbers of users 
(n) is illustrated. As shown, the CAP scheme needs much 
lower amount of feedback than the full channel knowl-
edge based scheme and this difference in feedback over-
he

0.5, 3 / 4a b  . 

The same approach can be applied for larger M and 
larger number of orthonormal bases. Increasing the num-
ber of orthonormal bases can greatly improve the per-
formance of the proposed schemes at the cost of a slight 
increase in the feedback overhead. More precisely, using 
k different orthonormal bases, the probability in (24) is 
linearly increasing with almost nk (instead of n) and the 
probability in (26) is linearly proportional t  1/(nk

). It means faster orthogonality rate by in-
creasing the number of users and hence, the proposed 
schemes be er of users. 

7. Numerical Results 

e examin
in term o ity

o ) (in-
stead of 1/n

come optimal at lower numb

In this section w e the ability of zero-forcing pre- 
coder schemes f ergodic capac  by means of 
si

users’ 
PUS selection strategy works 
trategy outperforms it at high 

ad increases with the number of users in the system. At 
large n, the CAP scheme needs the same amount of 
channel feedback the scheme in [15]. 

 

 

mulation. We also compare the complexity and feedback 
overhead of the proposed precoding schemes to that of 
DPC and full knowledge based zero-forcing precodings.  

We consider a four antenna transmitter (M = 4), for all 
simulations. Besides, for our schemes we just consider 
one basis vector set. First, let compare four different 
schemes in two different scenarios, i.e. in low and high 
average users’ channel power. Figure 1 shows the sum 
rates of different user selection and precoding schemes in 
the low and high SNR regimes. By SNR regimes we 
mean the channel SNRs averaged over all available 
channels. As shown, while 
better at low SNRs, NUS s
SNR regime. Therefore, one can conclude that when the 
average users’ SNR is high, it is more reasonable to use 
NUS selection scheme while in low average SNR, PUS is 
more beneficial. Also, consider that at very fast fading 

Figure 1. Comparsion of sum rates of different precoder 
schemes in different SNR regimes. 

 

 

Fading Coherence Time  
Figure 2. Selection of different schemes in various scenarios. 
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Figure 4 shows the complexity of different schemes in 

term of the number of CPU operation needed to finish the 
optimization tasks. Complexity of NUS-CAP scheme 
grows linearly with the number of users while the com-
plexity of the optimal zero-forcing and DPC is exponen-
tially increasing with the number of users. Besides, NUS- 
CAP scheme needs less CPU clock than the full channel 
knowledge based zero-forcing in [15]. 

In Figure 5, achievable sum rates of different precod-
ing schemes are compared for different number of users. 
We assume a fixed available power of P = 10 dB at the 
transmitter. Different schemes are considered, including 
random user selection (M users are selected randomly 
each time), scheduling zero-forcing discussed in [15], 
random zero-forcing (OP) scheme discussed in Section 5, 
proposed NUS-CAP scheme, full channel zero-forcing  
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Figure 3. Feedback overhead comparison of different schemes with M = 4. 
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Figure 4. Complexity comparison of different schemes with M = 4. 
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F

 
scheme in [15], optimal zero forcing described in Section  
3 and dirty paper coding. Due to high level of complexity, 
the sum rate of DPC and optimal zero-forcing has been 
just depicted for small number of users. As shown, 
NUS-CAP outperforms the schemes based on partial 
channel knowledge. Furthermore, its achievable sum rate 
is close to that of full channel knowledge based schemes 
and the rate of growth is the same as that of optimal 
schemes at the limit of large number of users. Note that, 
NUS-CAP works better in high number of users; however, 
by increasing the number of basis sets it is possible to 
compensate this drawback in low number of users. As 
mentioned we have just considered one basis vector set 
for the proposed schemes. By increasing the number of 
basis sets, the proposed schemes perform better even 
when the number of users is small.  
 
8. Concluding Remarks 
 
In this paper, we investigate
ledge based precoding schem
ms. By partial knowledge we mean that the transmitter 

achieve the same growing rate with the number of users 
(log log n) as that of DPC and optimal zero-forcing pre-
coding.  

The ability of the proposed schemes in achieving opti-
mality in term of ergodic capacity growth rate was dem-
onstrated by analysis and numerical results. It was shown 
that as the number of users increases, the proposed sch- 
emes need lower amount of feedback and processing load 
than other schemes. Moreover, the proposed schemes are 
superior to each other in different propagation scenarios 
and SNR regimes. Nevertheless, as their structures are 
very similar, it is possible for the base station to switch 
between them in order to adapt to the propagation envi-
ronment. This fearure gives flexibility in system configu-
ration as well as more robustness in compensating for 
channel changes. 
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Abstract 

In a 2 × 2 MIMO antenna array system envelope correlation coefficient “ρ” shows the influence of different 
propagation paths of the RF signals that reach the antenna elements. The approximated value of this coeffi-
cient is based on a simple closed-form equation and also varies from 0 to 1. Quite perfect performance for 
MIMO applications is achieved when this parameter approximates to zero. In this paper, we evaluate an an-
tenna diversity MIMO system by measuring the envelope correlation coefficient. The corresponding results 
in our antenna array configurations show that the measured “ρ” has very small values and approximates to 
zero. This observation indicates quite perfect behavior and performance of our MIMO antenna array system. 

Keywords: Scattering Parameters, Envelope Correlation, Printed Dipole Antenna 

1. Introduction 
 
Multiple Input Multiple Output (MIMO) systems have 
received a great attention, recently. This architecture uses 
more than one antenna elements in transmitter and re-
ceiver ends and is able to overcome the limit of channel 
capacity in a rich multipath environment [1]. The theo-
retical capacity of the system increases linearly with the 
number of elements in MIMO antenna arrays. However, 
practical considerations indicate that the corresponding 
capacity of the system may be reduced if the received 
signals in any of the different antenna elements are cor-
related [2]. This effect proposes that diversity gain is 
obtained in the antenna system when the value of “ρ” is 
less than 0.5 [3]. It is obvious that correlation affects 
MIMO performance and represents a crucial parameter 
for modern wireless applications [4]. 

Moreover, MIMO design considerations include these 
antenna diversity techniques that also increase spectrum 
efficiency. It is also recognized that mutual coupling of 
the antenna degrades the performance of these systems. 

These observations and an amount of corresponding 
research activities indicate that MIMO system performa- 
nce is a crucial topic and for this investigation some par- 
ameters need to be considered. The envelope correlation 
between antenna elements is one of most important beca- 
use it is related with the spectral efficiency and may pro-
vide degradation on performance of these applications. 

Antenna correlation calculation procedure is provided 
by appropriate methods of analysis. Basically, three met- 
hods are used for these envelope correlation coefficient 
calculations. One of them is based on the far-filed radia-
tion pattern. However, it is a time-consuming process [5,6]. 
This requires the corresponding numerical or experimental 
analysis and therefore is a cumbersome process. The sec-
ond method is based on Clarke’s formula [7] and has re-
cently been used [8,9]. The third method is suitable for 
experimental measurements and requires the knowledge of 
scattering parameters obtained on the antenna elements. 
This last method is the one we adopted throughout this 
paper. The procedure of calculating the correlation be-
tween antennas in a two - antenna system using the scat-
tering parameters is proposed in [10]. In our study, enve-
lope correlation of eight antenna array types are presented 
and investigated for two indoor environments. 

The present paper is structured as follows: in Section 2, 
the basic theoretical background is presented; the pro-
posed antenna array implementation aspects are intro-
duced in Section 3. Antenna array configurations are inv- 
estigated in terms of envelope correlation and the corre-
sponding results are discussed in Section 4. The experi-
mental observations are summarized in Section 5. 
 
2. Theory 
 
The method of calculating envelope correlation of ele-
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ments in each antenna array configuration is based on a 
fundamental Equation (1) that requires 3-dimensional 
radiation pattern considerations. 
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The parameter 1  


( , )F  is the field radiation pattern 

of the antenna system when only the port i is excited and 
all other ports are terminated to 50 Ω load. The symbol 

 also denotes the Hermitian product [4,10]. 
Recent research activities have shown that the enve-

lope correlation can be well defined by a simple closed- 
form equation that relates the scattering parameters of 
the elements in an antenna array configuration. Especia- 
lly, in case of a multipath indoor environment with a 
uniform distribution of Equation (2) is proved to be a 
good approximation [4]. For two antenna elements this 
equation using the scattering parameters becomes: 

2
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It is obvious that radiation pattern in Equation (1) 
makes the calculation more complicated than the enve-
lope correlation calculations based on in Equation (2). 
The practical advantage of the third method that is based 
on second equation is that not only is quite simple to use 
it experimentally, but also provides sufficiently accurate 
results in many experimental environments such as in-
door environments with rich multipath propagation per-
formance. 
 
3. Antenna Array Aspects 
 
The mathematical consideration given by in Equation (2) 
is related to the corresponding antenna array structure 
that is comprised by two identical printed dipole anten-
nas with integrated balun and a plane reflector of alumi-
num. Figure 1 presents the layout of antenna dipole. 
Geometry parameters of the printed dipole have been 
further studied and investigated [11-13]. Its characteris-
tics are summarized in Table 1. Each of the two identical 
printed dipoles has a resonance point close to the fre-
quency range of 2.4 GHz and the corresponding reso-
nance bandwidth is quite 500 MHz. In addition, the re-
flector backplane (Figure 2) is designed and imple-
mented to allow the positioning of the antenna elements 
in various configurations. From these considerations it is 
obvious that this antenna array structure supports wire-
less applications in frequency range of 2.4 GHz. A typi-
cal antenna array configuration is shown in Figure 3. 

 
(a) Bottom Layer 

 
(b) Top Layer 

Figure 1. Printed dipole antenna. 

 
Table 1. Results for printed dipole (simulated/measured). 

Definition Symbol Simulated Measured

Resonance Center 
Frequency 

f0  (GHz) 2.3 2.4 

Resonance Bandwidth BW (GHz) 0.5 0.5 

Return Loss RL (dB) -58 -42 

 

 

Figure 2. Top site of plane reflector. 

 

 

Figure 3. Typical antenna array configuration. 
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4. Analysis and Discussion 
 
The antenna system that has been introduced is studied 
and investigated in terms of envelope coefficient meas-
urements. The corresponding results have been obtained 
in each case of eight antenna array configurations. The 
first four of them corresponds to side by side placement 
of identical printed dipoles and are grouped to the first 
part of the present investigation. The last four represent 
collinear form and provides the second part. Figure 4 
and Figure 5 show the corresponding groups of antenna 
array configurations for each part of the proposed inves-
tigation. 

The corresponding S-parameters that are provided by 
experimental procedure have been concentrated and used 
to the mathematical formula proposed by in Equation (2). 
These experimental measurements of scattering parame-
ters have been provided by a Network Analyzer and have 
taken place in two Laboratory’s Environments A and B. 
In each of the two indoor environments and for Group A 
and Group B antenna array configurations these parame-
ters have been obtained. With these measured results we 
calculate the envelope correlation coefficient. As mention- 
ed above, this procedure is based on in Equation (2).  

The corresponding calculations provide envelope cor-
relation values in a frequency range of 1 GHz with center 
frequency of 2.4 GHz. The experimental results for 
Group A antenna array configurations are shown in Fig-
ure 6 and Figure 7 for two different Laboratory Envi-
ronments A and B, respectively. 

In each case of Group A configurations the corre-
sponding envelope correlation curve has been plotted. 
From Figure 6 and Figure 7, it seems that the “ρ” pa-
rameter has almost small values in this frequency range. 
In particular, at frequency range of 1.5 to 2.1 GHz the 

 

 
(a)             (b)              (c)             (d) 

Figure 4. Relating antenna elements positions in the reflec-
tor backplane (Group A). 

 

 
(e)             (f)              (g)              (h) 

Figure 5. Relating antenna elements positions in the reflec-
tor backplane (Group B). 

 

Figure 6. Measured results of envelope correlation for Group 
A in Laboratory A environment. 

 

 

Figure 7. Measured results of envelope correlation for Group 
A in Laboratory B environment. 

 
envelope correlation coefficient has a value close to 
0.015 for all antenna array configurations in Group A. 
This observation indicates that the parameter “ρ” remains 
stable as the distance between the dipoles increases in 
side by side antenna array configuration of Group A. 
Instead, at frequency range from 2.1 to 3.5 GHz the 
value of envelope correlation coefficient has variations in 
a range of 0 to 0.05 for the smallest distance between the 
dipoles in Group A antenna array configuration. In other 
cases these variations are neglected.  

For Group B the corresponding results for parameter 
“ρ” are depicted in Figure 8 and Figure 9 for Labora-
tory’s environment A and B, respectively. 

From these experimental results, it seems that the pa-
rameter of envelope correlation has also quite small val-
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ues in the frequency range of 1.5 to 3.5 GHz. Small 
variations of this parameter is introduced at the frequ- 
ency range from 1.5 to 2 GHz only for the smallest dis-
tance between the dipoles in antenna array configuration 
of Group B. These variations are not provided by other 
values of distance between the elements bigger than one 
wavelength for collinear antenna array configuration. 
Moreover, in the frequency range from 2 to 3.5 GHz the 
parameter of envelope correlation coefficient remains 
stable and close to zero for each of the collinear antenna 
array configuration in Group B. 

It is also important that these considerations for group 
A and B antenna array configurations are valid for labo-
ratory’s environments A and B. The corresponding de-
clines between the two different propagation envi- 

 

 

Figure 8. Measured results of envelope correlation for Group 
B in Laboratory A environment. 

 

 

Figure 9. Measured results of envelope correlation for Group 
B in Laboratory B environment. 

ronments are neglected. In each of these indoor envi-
ronments it is the rich multipath propagation procedure 
that provides this important agreement in the corre-
sponding measured results. It is convenient that the in-
door environments offer propagation processes with a 
big number of independent signal paths. This observation 
indicates that in rich multipath environments the corre-
sponding signal paths are uncorrelated and are impossi-
ble to be in deep fade, simultaneously. This feature im-
proves the performance of MIMO communication appli-
cations and systems. 

Another important consideration is that in Group B 
antenna array configurations the envelope correlation is 
quite low relative to Group A. Different antenna array 
geometry may be an important issue for this effect. In 
any case of them, the value of envelope correlation is 
quite small and less of value 0.5.  

To sum up, these antenna array configurations provide 
low envelope correlation between the signals that have 
received or transmitted from the corresponding elements. 
In particular, Group B configurations have quite better 
correlation performance and offer more efficiently in 
MIMO applications’ performance. 
 
5. Conclusions 
 
Antenna array configurations have been studied and inves- 
tigated in terms of envelope correlation coefficient from 
the scattering parameters of two dipole antenna ele- 
ments. The corresponding closed-form expression has 
been introduced and used to calculate this crucial pa-
rameter. This mathematical formula requires less labori-
ous calculations and provides knowledge on antenna di-
versity optimization. Measured results indicate that rich 
multipath environment yields to low correlation coeffi-
cients for the proposed antenna array configurations. 
Several distances between antenna elements do not affect 
this parameter, dramatically. The corresponding consid-
erations are very crucial for MIMO system’s perform-
ance and are supported by an accurate method for inves-
tigation on modern wireless applications’ design. 
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Abstract 

Most recent satellite network research has focused on providing routing services without considering security. 
In this paper, for the sake of better global coverage, we introduce a novel triple-layered satellite network ar-
chitecture including Geostationary Earth Orbit (GEO), Highly Elliptical Orbit (HEO), and Low Earth Orbit 
(LEO) satellite layers, which provides the near-global coverage with 24 hour uninterrupted over the areas 
varying from 75° S to 90° N. On the basis of the hierarchical architecture, we propose a QoS-guaranteed se-
cure multicast routing protocol (QGSMRP) for satellite IP networks using the logical location concept to 
isolate the mobility of LEO and HEO satellites. In QGSMRP, we employ the asymmetric cryptography to 
secure the control messages via the pairwise key pre-distribution, and present a least cost tree (LCT) strategy 
to construct the multicast tree under the condition that the QoS constraints are guaranteed, aiming to mini-
mize the tree cost. Simulation results show that the performance benefits of the proposed QGSMRP in terms 
of the end-to-end tree delay, the tree cost, and the failure ratio of multicasting connections by comparison 
with the conventional shortest path tree (SPT) strategy. 

Keywords: Satellite Networks, Security, Multicast Routing, Quality of Service, Hierarchical Architecture 

1. Introduction 
 
Satellite networks are characterized by global coverage, 
cost-effective broadcast and multipoint capabilities, flex- 
ible network configuration and capacity allocation, band- 
width-on-demand flexibility, etc. There is no doubt that 
satellite networks will be an integral part of the newly 
emerging Next Generation Networks (NGN) and the 
evolution of Future Networks (FN), and also play an 
increasing critical role in providing broadband Internet 
access, personal communications, broadcast and multi-
-cast of digital content to geographically diverse user 
groups, and so on. Although satellite networks offer 
great potential, they also present significant security 
challenges that need to be addressed. These security- 
related challenges can be summarized as follows [1]. 
 Satellite channels are wireless broadcast media, 

which makes it possible for an unauthorized user to re-
ceive the signal and eavesdrop on the communications, if 

it is not encrypted. 
 Without the proper security mechanisms, any suffi-

ciently well-equipped adversary can send spurious com-
mands to the satellite and jam or disrupt the communica-
tions. 
 Security systems should add minimal delays to the 

communications and have mechanisms to recover from 
loss in security information. 

The above challenges may incur more security  
threats for satellite networks, including insider attacks, 
packet modification, sending forged commands, denial of 
service, etc [2]. 

With the explosive growth of the Internet-based mul-
timedia applications, such as push media, file distribution 
and caching, multimedia conferencing, chat groups, 
multi-player games, etc, multicasting constitutes an im-
portant service to perform the simultaneous distribution 
of the same multicast packets from a single source node 
to a group of destinations in satellite networks. Multicast 
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routing is one of the key technologies in multicast ser-
vice for satellite networks. In recent years, many conven-
tional multicast routing protocols for terrestrial networks 
have been proposed [3,4]. However, these existing mul-
ticast routing protocols can not be very well suited for 
satellite IP networks. At present, only a few multicast 
routing schemes in the literature have been developed for 
satellite IP networks. In [5], using the datagram routing 
algorithm (DRA) [6] to create the multicast trees, a mul-
ticast routing algorithm for LEO satellite IP networks is 
introduced, which minimizes the end-to-end delay for 
real time multimedia services. The bandwidth-efficient 
multicast routing mechanism [7] based on rectilinear 
Steiner trees (RSTs) for LEO satellite IP networks 
minimizes the total bandwidth and gains the limited 
overhead. Two multicast routing algorithms based on the 
dynamic approximate center (DAC) core selection me- 
thod, i.e., the core-cluster combination-based shared tree 
(CCST) algorithm and the weighted CCST algorithm 
(w-CCST), are presented in [8]. The former significantly 
decreases the average tree cost, and the latter reduces the 
average end-to-end propagation delay. The distributed 
multicast routing protocol in [9] aims to minimize the 
total cost of the multicast trees in multi-layered satellite 
IP networks, including Geostationary Earth Orbit (GEO), 
Medium Earth Orbit (MEO), and Low Earth Orbit (LEO) 
layers. 

In addition, the future media rich applications such as 
media streaming, content delivery distribution and real 
time broadband access require satellite networks that 
inherently offer user level quality of service (QoS) guar-
antees. In this regard, one of the challenges for multi-
casting communications in satellite IP networks is to 
design the QoS multicast routing protocols. To our 
knowledge, there is no QoS multicast routing protocol so 
far specifically developed for satellite IP networks. In 
general, a combination of different layers of satellite 
constellations, such as GEO, LEO, MEO, and Highly 
Elliptical Orbit (HEO) satellite constellations, to build up 
a solid satellite network with multiple layers, can yield a 
much better performance than these layers individually, 
e.g., higher efficiency in the spectrum usage, flexible 
user’s access and route selection, larger transmission 
capacity. In this paper, for the sake of better “global 
coverage”, we take into account the demand of satellite 
communications over the high-latitude areas, and present 
a triple-layered LEO/HEO/GEO satellite network archi-
tecture. On the basis of the novel hierarchical architec-
ture, we adopt the concept of logical locations [6] to iso-
late the mobility of LEO and HEO satellites and propose 
a QoS-guaranteed secure multicast routing protocol 
(QGSMRP) for satellite IP networks. In QGSMRP, we 
employ the asymmetric cryptography to protect the data 
integrity of the control messages via the pairwise key 
pre-distribution and propose a least cost tree (LCT) 
strategy to construct the multicast tree under the condi-

tion that the QoS constraints are guaranteed, aiming to 
minimize the tree cost. Simulation results demonstrate 
that the proposed QGSMRP owns the better performance 
over the end-to-end tree delay, the tree cost, and the fail-
ure ratio of multicasting connections in contrast with the 
traditional shortest path tree (SPT) strategy. 

The rest of the paper is organized as follows. Section 2 
describes the satellite network architecture. In Section 3, 
the problem formulation is introduced. Section 4 presents 
the QGSMRP. Simulation results are given in Section 5. 
Section 6 concludes this paper. 
 
2. Satellite Network Architecture 
 
As illustrated in Figure 1, the triple-layered satellite net- 
work architecture consists of a GEO constellation, sev-
eral LEO and HEO constellations, and some fixed terres-
trial gateways. The hierarchical architecture is divided 
into three satellite layers, i.e., GEO, LEO, and HEO lay-
ers. The total number of GEO satellites is NG in GEO 
layer and a GEO satellite is denoted by Gi, 1, , Gi N  . 

In LEO layer, the total number of LEO satellites is NL 
and a LEO satellite is denoted by Li,j, which is in the 
coverage area of the GEO satellite Gi. Assume that 
Walker star pattern constellation is applied in LEO layer 
to organize the LEO satellites. We introduce the HEO 
constellations to provide coverage to selected areas of 
the Earth, e.g. the Polar Regions, over which most GEO 
satellites lack. In HEO layer, the total number of HEO 
satellites is NH and a HEO satellite is denoted by Hi,k, 
which is in the coverage area of the GEO satellite Gi. 

Three types of full duplex links are maintained in the 
architecture. Satellites are connected to each other within 
the same layer via Inter-Satellite Links (ISLs), while the 

 

iG

,i jL

iL
,i kH

iD

 

Figure 1. The triple-layered satellite network architecture. 
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communications between satellites (e.g. GEO and LEO 
satellites) in different layers is completed via Inter-Or- 
bital Links (IOLs). Note that communication capabilities 
from HEO satellites is only provided when HEO satel-
lites are moving very slowly relative to the globe while 
in the vicinity of apogee. For that reason, assume that the 
communications between GEO satellites and HEO satel-
lites is accomplished via IOLs when HEO satellites are 
moving near apogee, while the communications among 
HEO satellites cannot be maintained through ISLs in the 
architecture. The terrestrial gateways are directly con-
nected to LEO and GEO satellites via User Data Links 
(UDLs) and assumed to be the sources and destinations 
of multicasting communications. 

Considering the logical locations of satellites, we in-
troduce the satellite domains to organize satellites in a 
hierarchical manner in order to isolate the mobility of 
satellites from upper layer, i.e., GEO layer. A LEO satel-
lite domain Li is the set of logical locations of LEO satel-
lites that are within the coverage of a GEO satellite Gi. 
ISLs in LEO layer can be categorized into two types, i.e., 
intra-domain ISLs and inter-domain ISLs. Note that the 
LEO satellites are connected to their adjacent neighbors 
over the grid points in the same layer via intra-domain 

ISLs. Here, ,{ 1, , (i i j iL L j L    )} , where ( )  is a 

size function that generates the total number of satellites 
in a satellite domain. Similarly, a HEO satellite domain 
Hi is the set of logical locations of HEO satellites that are 
within the coverage of a GEO satellite Gi, and 

,{ 1, , (i i k iH H k H    )} . Assume that half of the 

HEO satellites within a HEO constellation in the same 
orbit have IOLs with a GEO satellite at time instant and 
different GEO satellites may own the same HEO satellite 
domains. We give an example to illustrate the HEO do-
main in the architecture. As shown in Figure 2, a HEO 
constellation owns 6 satellites and a HEO domain con-
tains 3 satellites. 

 

 

Figure 2. A HEO domain for example. 

3. Problem Formulation 
 
The topology of satellite network based on our architec-
ture is modeled as a connected directed graph ( , )G V E , 

where V is the set of nodes representing satellites and 
terrestrial gateways in our architecture and  
is the set of links connecting the nodes, i.e., ISLs, IOLs 
and UDLs. 

E V V 

Definition 1. Let a terrestrial gateway  denote 
a source, and other terrestrial gateways constitute a set of 
destinations, i.e., , called a multicast group. 

A multicast tree 

S V

{ }D V S 
( ,T TT V )E , for  and 

, is a subtree of the graph  rooted 

from S, which contains all of the nodes of D and an arbi-
trary subset of 

TV 
( , )G V E

V

TE  E 

V D . 
Definition 2. The link state of a link l consists of delay 

 and available bandwidth , for , where ( )l

( )

( )l l E

:l E  R

( )l

  and  are delay function 

and available bandwidth function, respectively. Note that 
the delay  of a link l contains three delay compo-

nents: 1) radio propagation delay, 2) queuing delay, and 
3) protocol processing delay. 

( ) :l E  R

Definition 3. The available path bandwidth  of 

a path P is the minimum bandwidth of the links along the 
path, i.e., 

( )B P

( ) arg min{ ( ) , 1, , ( )}i iB P l l P i P        (1) 

where ( )  is a function that returns the number of 

links in the path P. 
Definition 4. The available tree bandwidth  of 

a multicast tree T is the minimum bandwidth of the links 
in the multicast tree, i.e., 

( )B T

( ) arg min{ ( ) , 1, , ( )}i iB T l l T i T         (2) 

where ( )  is a function that returns the number of 

links in the tree T. 
Definition 5. The path delay  of a path P is the 

sum of the delay of the links on the path, i.e., 

( )D P

( )

1

( ) ( )
P

i
i

D P l


 


                       (3) 

Definition 6. The tree delay  of a multicast tree 

T is the end-to-end maximum delay of the paths from 
source S to the destinations of D on the multicast tree, 
i.e., 

( )D T

( ) arg max{ ( ) 1, , }
iS DD T D P i D         (4) 

where  denotes a path from source S to destina-

tion , and 
iS DP 

iD D  denotes the number of destinations. 
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Definition 7. The path cost  of a path P is de-

fined as the product of available path bandwidth and path 
delay of path P, i.e., 

( )C P

( ) ( )  ( )C P B P D P                (5) 

Definition 8. The least cost path  from node A 

to node B is defined as a path that satisfies 
A BP


( ) arg min{ ( ) 1, , ( )i
A B A B A BC P C P i P
     }   (6) 

where  denotes a feasible path from node A to 

node B, and  is a function that returns the num-

ber of feasible paths from node A to node B. 

A BP 

( )

Definition 9. The tree cost  of a multicast tree 

T is defined as the product of the available tree band-
width and the tree delay of the multicast tree T, i.e., 

( )C T

( )  ( )  ( )C T B T D T                (7) 

Our problem is: given a satellite network ( , )G V E , 

a source S, a multicast group D, a delay bound  , and a 
bandwidth bound  , to construct a multicast tree 

 which spans S and D such that the tree cost 

defined in (7) is minimized under the condition that the 
available tree bandwidth and tree delay of the multicast 
tree T satisfy the required QoS constraints, namely, 1) 
delay constraint: , and 2) bandwidth con-

straint: . 

( , )T TT V E

( )B T

( )D T    
  

 
4. The Proposed Protocol 
 
Our proposed QoS-guaranteed secure multicast routing 
protocol (QGSMRP) is composed of four processes, i.e., 
link state report, route discovery and reply, route main-
tenance, and multicast tree creation. In QGSMRP, we 
assume that every node and its neighbor node in the sat-
ellite network  mutually have the pairwise 

keys, i.e., public keys and private keys, preloaded by key 
pre-distribution mechanism. We also assume that every 
node in the satellite network has unique node address. 
Table 1 provides the notation description which will be 
used for cryptographic operations in the paper. 

( , )G V E

 
4.1. Link State Report 
 
The link state report process is initiated when a source 
receives a QoS request for setting up a multicasting con-
nection with a multicast group D and the delay bound   
and bandwidth bound . The source initially creates a 
report request (REPORT_REQ) message and then 
transmits it to a GEO satellite via a UDL. When receiv-
ing the REPORT_REQ, the GEO satellite follows the 
steps below to complete the link state report process. 



Table 1. Notation description. 

Notations Descriptions 

A  The public key held by node A 

A  The private key held by node A 

  Timestamp 

{ } AM   Encryption of message M with key A  

[ ] AM   Decryption of message M with key A  

SRid STATE_REPORT ID 

RRQid RREQ ID 

RRPid RREP ID 

JRQid Join_REQ ID 

JRPid Join_REP ID 

JNid Join_NAK ID 

 
1) Link State Report Request 
Step 1: The GEO satellite sends the REPORT_REQ to 

other adjacent GEO satellites via ISLs. 
Step 2: When the REPORT_REQ are received by all 

the GEO satellites in GEO layer, each GEO satellite 
sends the REPORT_REQ to the LEO and HEO satellites 
within its covered LEO and HEO domain through IOLs. 

Step 3: In LEO layer, LEO satellite floods the RE-
PORT_REQ to other LEO satellites within the same do-
main via intra-domain ISLs and across different domains 
via inter-domain ISLs. 

Step 4: The members of the multicast group D receive 
the REPORT_REQ from the GEO and LEO satellites via 
UDLs. 

After all the nodes in the satellite network acquire the 
REPORT_REQ, the link state interaction process is initi-
ated. 

2) Link State Interaction 
Step 1: The member of the multicast group D, iD D , 

sends a state report (STATE_REPORT) message to the 
GEO and LEO satellites via the reverse UDLs. The 
STATE_REPORT is constructed as follows: 

<{SRid, Node Address, Downstream Node Address, 
}

iD  , Available Bandwidth, Delay> 

The pair <Node Address, SRid> uniquely identifies the 
STATE_REPORT. The SRid is monotonically increasing 
when a node issues a new STATE_REPORT to its 
downstream node and can be used to check the duplicate 
copies of an old STATE_REPORT for the downstream 
node. The destination  encrypts the message 

{SRid, Node Address, Downstream Node Address, } 
with its private key 

 iD 

i

D



DK  . The Available Bandwidth and 

Delay record the available bandwidth and the delay be-
tween a node and its downstream node over the corre-
sponding link. When a GEO satellite (or a LEO satellite) 
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receives the STATE_REPORT, it will decrypt the ci-
phertext in the STATE_REPORT with its public key to 
verify whether  expires: 

[{SRid, Node Address, Downstream Node Address, 
} ]

iD 
iGK   

If so, the GEO satellite (or LEO satellite) drops the 
STATE_REPORT. When receiving STATE_REPORT 
from all the destinations, the GEO and LEO satellites 
acquire the link state information, i.e., the available 
bandwidth and delay from the GEO and LEO satellites to 
destinations. 

Step 2: In LEO layer, LEO satellite receives the 
STATE_REPORT from the upstream node (i.e., the des-
tination) and performs the same cryptographic operations, 
and then issues its STATE_REPORT to other LEO satel-
lites within the same domain via intra-domain ISLs and 
across different domains via inter-domain ISLs. 

Step 3: The LEO satellites in the same domain trans-
mit their STATE_REPORT via IOLs to their manager, 
the GEO satellite. 

Step 4: In GEO layer, GEO satellite also transmits the 
STATE_REPORT to other adjacent GEO satellites via 
ISLs. When exchanging their link state information, 
GEO satellites delivers the STATE_REPORT to HEO 
satellites within its covered HEO domain via IOLs and 
also to the source via UDLs. 

When the link state report process is completed, the 
available bandwidth and the delay of each link  l E  
in the satellite network  are established and the 

related link state information is recorded in each node. 

( , )G V E

 
4.2. Route Discovery and Reply 
 
When the link state report process is completed, the 
source S initiates the route discovery by flooding a route 
request (RREQ) message to its neighbor nodes. The 
RREQ is constructed as follows: 

<{RRQid, Source Address, Multicast Group Address 
List, } , , , Accumulated Delay, Path> S  

The pair <Source Address, RRQid > uniquely identi-
fies the RREQ. The Path records the routing information 
during route discovery and the Accumulated Delay re-
cords the sum of delay along the path. When an interme-
diate node A receives a RREQ, it decrypts the ciphertext 
in the RREQ with its public key , and checks three 

items to decide whether to send the received RREQ: 
A

Item 1: Whether  has expired. If so, the RREQ 
will be dropped. 



Item 2: Whether there is enough available bandwidth 
 over link l  between the last hop node and itself 

according to link state information, i.e., whether 

( )l 

( )  l   . If ( )  l  

)

, it means that there is no 

available bandwidth to meet the QoS requirements over 
that link and the RREQ will be dropped. 

Item 3: Whether the sum of Accumulated Delay and 
the delay (l

AD

 over link  meets the delay con-

straint, i.e., 

l

( ) l     , where AD  denotes the 

value in Accumulated Delay. If ( )  AD l   , it 

means that delay bound cannot be guaranteed and the 
RREQ will be dropped. 

Otherwise, if the RREQ is received by the intermedi-
ate node for the first time, the intermediate node enters 
its own address to the Path, and inputs the value of 
( ( ))AD l  into Accumulated Delay, encrypts the 

corresponding message with its private key A  and 

then sends the RREQ out. If the newly received RREQ 
was received before, it means that there exists another 
path from the source to the node. The node records this 
path information and discards that RREQ. 

This operation in route discovery will be repeated 
node by node until the delay bound or available band-
width bound cannot be guaranteed. Eventually, a RREQ 
message will arrive at a destination  and this 

destination will also check the three items to determine 
whether the QoS constraints are satisfied. If so, this des-
tination will wait for a certain time to receive multiple 
RREQ, and then will create a route reply (RREP) mes-
sage and send the RREP back to the source S. The RREP 
is constructed as follows: 

  iD  D

<{RRPid, Destination Address, Source Address, 
}

iDK  ,  ,  , Path Set, Lifetime> 

The pair <Destination Address, RRPid> uniquely 
identifies the RREP and the Lifetime denotes a value of a 
pre-defined time for which the nodes receiving the RREP 
consider the route to be valid. The Path Set is the set of 
multiple possible parallel paths from the source to the 
destination and each path is marked with the information 
of accumulated delay and available bandwidth from the 
source to the destination. Meanwhile, the destination can 
also act as an intermediate node and continues to forward 
the RREQ until the QoS constraints are not guaranteed. 
When the source receives the RREP, it first decrypts the 
ciphertext in the RREP with its public key S  to ver-

ify whether  expires, and also records the Path Set 
into routing table. When the source receives all the 
RREP, it gets a partial topology from it to the multicast 
group in satellite network . 



( , )G V E
 
4.3. Route Maintenance 
 
1) Joining Multicast Group 

The joining multicast group process is initiated when a 
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new terrestrial gateway wants to join a multicast group D. 
The new terrestrial gateway firstly creates a 

STATE_REPORT and then sends the STATE_REPORT 
to the GEO and LEO satellites via UDLs. Through link 
state interaction, the nodes with the corresponding links 
acquire the link state information. Then the new terres-
trial gateway broadcasts a join request (JOIN_REQ) 
message which is constructed as follows: 

newD

<{JRQid, Terrestrial Gateway Address, }
newD  , 

Path, Accumulated Delay> 

The pair <Terrestrial Gateway Address, JRQid> 
uniquely identifies the JOIN_REQ. When an intermedi-
ate node receives a JOIN_REQ, it checks the three items 
to decide whether to reflood the received JOIN_REQ. 
The new gateway will send multiple JOIN_REQ out 
within a pre-defined time until they arrive at a 
desitination . The destination firstly waits for a 

certain time to receive multiple JOIN_REQ. Secondly, 
according to the Path, it will check the three items to 
determine whether the QoS constraints are satisfied. If so, 
the destination creates a join reply (JOIN_REP) message 
and sends it back to the new gateway. Note that this des-
tination serves as a forwarding node and the source does 
not know the information about this new gateway. The 
JOIN_REP is constructed as follows: 

iD D

<{JRPid, Destination Address, Terrestrial Gateway Ad-
dress, }

iDK  , , >  

The pair <Destination Address, JRPid> uniquely iden-
tifies the JOIN_REP. After a pre-defined time, the new 
gateway does not receive any more JOIN_REP and the 
joining multicast group process terminates. 

2) Leaving Multicast Group 
The leaving multicast group process is initiated when 

a destination  wants to leave a multicast group D. 

The destination firstly sends out multiple join negative 
acknowledgement (JOIN_NAK) messages to its neigh- 
bors and then deletes all the routing information of the 
neighbors. The JOIN_NAK is constructed as follows: 

leaveD

<{JNid, Terrestrial Gateway Address, }
leaveDK  ,  

Path> 

The pair <Terrestrial Gateway Address, JNid> uniq- 
uely identifies the JOIN_NAK. When receiving a JOIN_ 
NAK, a neighbor checks whether it has an upstream 
node or a downstream node. If so, the neighbor prunes 
the link from this destination and deletes the routing in-
formation of this destination, and then transmits the 
JOIN_NAK to notify that this destination has been leav-
ing the multicast group. Otherwise, the neighbor will 
check whether it is a member of multicast group. If so, 
the neighbor just prunes the link from this destination. 
Otherwise, the neighbor becomes a non-forwarding node 

and withdraws from the QoS multicasting communica-
tions. 
 
4.4. Multicast Tree Creation 
 
The multicast tree creation process is activated by the 
source at the end of the route discovery and reply process. 
As mentioned previously, the source has maintained 
multiple parallel paths from itself to several destinations 
in multicast group. Therefore, the main goal of the 
source is to select one of the parallel paths to set up a 
multicasting connection, and then proceed to create a 
multicast tree. In this paper, we present a least cost tree 
(LCT) strategy to construct the multicast tree under the 
condition that the QoS requirements are guaranteed. The 
basic idea of the LCT strategy works as follows. Assume 
that the Path Set from a destination  iD 1, ,i D  , is 

denoted by . When receiving a RREP from a desti-

nation , the source gets the information of accumu-

lated delay and available bandwidth from the source to 
this destination along a path , 

iPS

iD

,i jP 1, , ij PS , i.e., 

path delay  and available path bandwidth 

. Therefore, the source can compute the path cost 
,( )i j

)  

D P

, ,( i jB P
,( i jB P

( )i jC P

)

  ,( )i jD P 

)

 for the path , and then 

compare  to select a path  with the least 

path cost, i.e., 

,i jP

,( i jC P ,i jP

, ,( ) arg min{ ( ) 1, , , 1, , }i j i j iC P C P i D j PS      (9) 

After a pre-defined time, the source gains all the in-
formation about the paths with least path cost from itself 
to each destination in the multicast group D. Afterwards, 
the source follows the steps below to create a multicast 
tree. When the multicast tree is built up, the multicast 
session begins. 

Step 1: Construct two node sets   { }K S D   and 

0  { }H S . 

Step 2: Start with a subtree , where 0 0 0( , )T V E

0 { }V S  and 0E   . 

Step 3: For 1, , D   , the source finds a node in 

1K H   , i.e., a destination , such that the path cost 

from the source to  is minimum among all the paths 

with the least path cost, i.e., 

iD

iD

,arg min{ ( ) 1, , , 1, , }i i jD C P i D j    iPS



  (10) 

Construct the subtree  by adding the 

path 

  ( , )T V E 

,i jP  between the source and  to TiD  , i.e., set 

1 ,{nodes in }i jPV V 
    and 1 ,s in }i jP{linkE E 

 

1 { }i

 . 

Meanwhile, set H H D   . 
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5. Performance Evaluation Table 2. Parameters for triple-layered satellite networks. 

 
Parameters LEO Layer HEO Layer GEO Layer

Type of orbit 
LEO 

Recursive orbit 
HEO 

Recursive orbit 
GEO 

Altitude 1262 km 
27000 km(A) 

800 km(P) 
35786 km

Orbital period 6628 s 8 h 24 h 

Number of satellites 32 4 4 

Number of orbital 
planes 

4 2 1 

Orbit inclination angle 48° 63.4° — 

Minimum 
elevation angle 

— 10° 5° 

Constellation type Walker star Draim — 

Semi-major axis — 20278 km — 

Eccentricity — 0.646 — 

Argument of perigee — 270° — 

Phase factor 1 — — 

Ascending node 
longitude 

— 90° E — 

In this section, we evaluate the performance of QGSM- 
RP by comparing it with the conventional shortest path 
tree (SPT) strategy [10] via computer simulations. In our 
empirical study, three metrics are considered in the per-
formance evaluations, i.e., 1) the end-to-end tree delay, 2) 
the tree cost, and 3) the failure ratio of multicasting con-
nections.  

In our simulations, the parameters of the triple-layer 
satellite network are described in Table 2. The perform-
ance of coverage from the triple-layer satellite network is 
illustrated in Figure 3. According to Figure 3, triple- 
layered satellite network can offer coverage over the 
areas varying from 75° S to 90° N with 24 hour uninter-
rupted. We use the non-uniform distribution [9] to deter-
mine the positions of the terrestrial gateways, including 
the source and the multicast group. Moreover, we assume 
that the capacity of all ISLs, IOLs, and UDLs are set to 
800 Mb/s, each outgoing link has a buffer space of 20 MB, 
and the delay bound and bandwidth bound are set to 

 ms and  Mb/s, respectively.   450    256 
Figure 4 and Figure 5 illustrate the performance of 

the end-to-end tree delay of the proposed QGSMRP and 
the SPT strategy, respectively. The size of multicast 
group is set to 50. We can observe that with the growth 
of the simulation time, the variation of the end-to-end 
tree delay of the proposed QGSMRP and the SPT strat-
egy is almost uniform with the range of 0.1 s to 0.5 s. 
Furthermore, the end-to-end tree delay changes quickly 
and obviously as the simulation time increases. 

 

 

Figure 3. Near-global coverage from the satellite network using the proposed triple-layered LEO/HEO/GEO architecture. 
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Figure 4. The end-to-end tree delay of the proposed QGS- 
MRP. 
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Figure 5. The end-to-end tree delay of the SPT strategy. 

 
Figure 6 shows the comparison of the end-to-end tree 

delay versus the multicast group size between the SPT 
and the proposed QGSMRP. It can be easily seen that the 
end-to-end tree delay of the proposed QGSMRP is much 
lower than that of the SPT strategy with the increase of 
the size of the multicast group. Figure 7 compares the 
performance of the tree cost versus the multicast group 
size between the SPT and the proposed QGSMRP. We 
can obviously see that as the multicast group size grows, 
the tree cost of the proposed QGSMRP is much smaller 
than that of the SPT strategy. This can be explained by 
the fact that the proposed QGSMRP focuses on the opti-
mization of the tree cost during the process of the route 
discovery and reply, whereas the main target of the SPT 
strategy is to bring the better performance of the path 
delay in the multicast tree without taking into account the 
available bandwidth in the process of the multicast tree 
construction.  
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Figure 6. Comparison of the end-to-end tree delay between 
the SPT strategy and the proposed QGSMRP. 
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Figure 7. Comparison of the tree cost between the SPT 
strategy and the proposed QGSMRP. 

 
Figure 8 demonstrates the comparison of the failure 

ratio of multicasting connections between the SPT strat-
egy and the proposed QGSMRP. It can be observed from 
Figure 8 that the failure ratio of multicasting connec-
tions of the proposed QGSMRP is smaller than that of 
the SPT strategy with the range of 15 to 30 of the multi-
cast group size, which indicates that the success ratio of 
the QoS multicasting requests of the proposed QGSMRP 
is superior to that of the SPT strategy with the growth of 
the multicast group size. For that reason, the proposed 
QGSMRP can easily establish the QoS multicasting 
connections when the scale of the network is large, i.e., a 
large quantity of the terrestrial gateways. However, the 
failure ratio of multicasting connections of the SPT 
strategy is better than that of the proposed QGSMRP in 
the range of 5 to 10 of the size of the multicast group. 
We can also observe that the failure ratio of multicasting 
connections of both of the multicast routing strategies are 
represented as a gradual increasing trend. 
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Figure 8. Comparison of the failure ratio of multicasting 
connections between the SPT strategy and the proposed 
QGSMRP. 

 
6. Conclusions 
 
In this paper, considering the difficulty to provide the 
coverage over the special regions or the areas of high 
latitudes by the existing hierarchical satellite networks, 
we introduce a novel triple-layered LEO/HEO/GEO sat-
ellite network architecture containing LEO, HEO, and 
GEO satellite layers, which yields the near-global cov-
erage with 24 hour uninterrupted over the areas varying 
from 75° S to 90° N. On the basis of the novel hierarchi-
cal architecture, we propose a QoS-guaranteed secure 
multicast routing protocol (QGSMRP) for satellite IP 
networks using the concept of logical locations to isolate 
the mobility of LEO and HEO satellites. In QGSMRP, 
through the pairwise key pre-distribution, we employ the 
asymmetric cryptography to secure the data integrity of 
the control messages, and present a least cost tree (LCT) 
strategy to construct the multicast tree under the condi-
tion that the QoS constraints are guaranteed, aiming to 
minimize the tree cost. Simulation results demonstrate 
that the proposed QGSMRP owns the better performance 
including the end-to-end tree delay, the tree cost, and the 
failure ratio of multicasting connections by comparison 
with the conventional shortest path tree (SPT) strategy. 
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Abstract 
 
Today the multimedia content delivery chain faces many challenges. There are increasing terminal diversity, 
network heterogeneity and pressure to satisfy the user preferences. Therefore, the need of customized con-
tents comes in light to provide users the best possible experience. In this paper, we address the problem of 
multimedia customization. For the customized content, we suggest the team spirit model (TSM) that uses the 
web edition content description, MPEG-4 standards and the MPEG-21 multimedia framework. It efficiently 
implements the video customization 
 
Keywords: TSM, MPEG-4, MPEG-21 

1. Introduction 
 
Users are already swamped by the quantity of material 
available on conventional mass media. In today’s world, 
the larger range of multimedia material is on hand .This 
can only serve up to offer customers with so much cho- 
ice that they are overwhelmed by it. In addition, obvi-
ously they expect to be provided with services that grant 
access to information. The service might be due to the 
increased accessibility of technologies on a broad level. 
It arises the need to customize those services with re-
garding to the user’s receiving device, which could be 
from a handheld to a widescreen terminal. If not so then 
the provided information could be inadequate. If at users 
widescreen device the least standard is applied, it would 
suffer under-represented information while a maximum 
standard of handheld devices might not be able to prop-
erly view or use the service at all [1]. That is why the 
obvious way of optimizing and adapting are needed. The 
provided service matches to the device to maintain or 
even enhance user-friendliness. It is the only way to cope 
with the technical convergence of devices, which would 
provide access to the similar services. In this  paper, our 
aim probe into the use of dynamic components involved, 
which should take into user characteristics and assure an 
efficient way to “access any information from any ter-
minal”, eventually after some kind of adaptation. 

In this paper, we are presenting the team spirit model, 
which take input as web edition content that stores all  

content information, MPEG-4 Advanced video coding 
(AVC), and File Format for audio and video and lastly 
the MPEG-21 usage environment for other necessary 
description to efficiently implement adaption and finally 
achieve the customization in the well-mannered way. In 
TSM scenarios, it is essential to customize more easily 
and efficiently for the desired content. The contents have 
available descriptions of the parts that fit to be matched/ 
bridged: the content and the usage environment. The 
major objective of this paper probes into the use and de-
velopment of a TSM system that has capable of manag-
ing and customizing content so that any information can 
be delivered to different terminals and networks. 
 
2. Related Work 
 
Video customization is demand of today’s world. The 
customization can be achieved efficiently by using vari-
ous models like hybrid multimedia access (HMA) Model 
and Universal Multimedia Access (UMA) Model using 
standards MPEG-7 and MPEG-21 [1-4]. In this paper, we 
are focusing on Team Spirit as an adaptation engine to 
implement the video customization using some advance 
technology based on MPEG standards. The major objec-
tive of this paper is to discuss the role of the various 
MPEG standards in the context of multimedia customiza-
tion adaptation and to contribute for a better organization 
and understanding of the multimedia customization for 
TSM.  
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3. MPEG Standards Used 
 
MPEG-4 enables different software and hardware devel-
opers to create multimedia objects possessing better abili-
ties of adaptability and flexibility to improve the quality 
of such services and technologies as digital television, 
graphics, the World Wide Web and their extensions. This 
standard enables developers to better control their content 
and to fight more effectively against copyright violation. 
Data network providers can use MPEG-4 for data trans-
parency. With the help of standard procedures, MPEG-4 
data can be interpreted and transformed into other signal 
types compatible with any available network. 
 
3.1. MPEG-4 (Part-14) File Format 
 
The MP4 file format is intended to contain the informa-
tion regarding the media of an MPEG-4 presentation in a 
flexible, extensible format that in turn facilitates inter-
change, management, editing, and presentation of the 
media. The presentation may be view as ‘local’ to the 
system containing the presentation, or may be via a net-
work or other stream delivery mechanism. The file for-
mat is designed to be independent of any particular de-
livery protocol while enabling efficient support for de-
livery in general. The Figure 1, gives an example of a 
simple interchange file, containing three streams. 

The composition of the Mp4 file format is of object- 
oriented structures called ‘atoms’. A unique tag and a 
length identify each atom. Most atoms describe a hierar-
chy of metadata giving information such as index points, 
durations, and pointers to the media data. Now the ‘movie 
atom’ can be defined as the collection of these atoms. The 
media data itself is located elsewhere; it can be in the 
MP4 file, contained in one or more ‘mdat’ or media data 
atoms, or located outside the MP4 file and referenced via 
URL’s [5]. 
 
3.2. MPEG-4 Video Image Coding Scheme 
 
Figure 2 below outlines the description of the MPEG-4 

 

 Mp4 file 

Trak(BIFS) 

Trak(OD) 

Trak(video) 

Trak(audio) 

IOD Mdat 
Interleaved, 
time-ordered, BIFS, 
OD, video and audio 
access units 

 

Figure 1. Example of a simple interchange file. 
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Figure 2. Basic block diagram of MPEG-4 video coder. 

 
video algorithms to encode rectangular as well as arbi-
trarily shaped input image sequences. 

The basic coding structure involves shape coding (for 
arbitrarily shaped VOs) and motion compensation as 
well as DCT-based texture coding (using standard 8 × 8 
DCT or shape adaptive DCT). The basic coding structure 
involves shape coding (for arbitrarily shaped VOs) and 
motion adaptive DCT). The basic coding structure in-
volves shape coding (for arbitrarily shaped VOs) and 
motion compensation as well as DCT-based texture cod-
ing (using standard 8 × 8 DCT or shape adaptive DCT). 

An important advantage of the content-based coding 
approach MPEG-4 is that the compression efficiency can 
be significantly improved for some video sequences by 
using appropriate and dedicated object-based motion pre-
diction “tools” for each object in a scene. 

A number of motion prediction techniques can be used 
to allow efficient coding and flexible presentation of the 
objects [5]: 
 Standard 8 × 8 or 16 × 16 pixel block-based motion   

estimation and compensation, with up to ¼ pel accuracy.  
Global Motion Compensation (GMC) for video ob-

jects: Encoding of the global motion for a object using a 
small number of parameters. GMC is based on global 
motion estimation, image warping, motion trajectory 
coding and texture coding for prediction errors. 
 Global motion compensation based for static “spr- 

ites”. A static sprite is a possibly large still image, de-
scribing panoramic background. For each consecutive 
image in a sequence, only 8 global motion parameters 
describing camera motion are coded to reconstruct the 
object. These parameters represent the appropriate affine 
transform of the sprite transmitted in the first frame.  
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 Quarter Pel Motion Compensation enhances the 

precision of the motion compensation scheme, at the cost 
of only small syntactical and computational overhead. A 
accurate motion description leads to a smaller prediction 
error and, hence, to better visual quality.  
 Shape-adaptive DCT: In the area of texture coding, 

the shape-adaptive DCT (SA-DCT) improves the coding 
efficiency of arbitrary shaped objects. The SA-DCT algo-
rithm is based on predefined orthonormal sets of one- 
dimensional DCT basis functions.  

Figure 3 depicts the basic concept for coding an MP- 
EG-4 video sequence using a sprite panorama image. It is 
assumed that the foreground object (tennis player, image 
top right) can be segmented from the background and that 
the sprite panorama image can be extracted from the se-
quence prior to coding. (A sprite panorama is a still image 
that describes as a static image the content of the back-
ground over all frames in the sequence). The large pano-
rama sprite image is transmitted to the receiver only once 
as first frame of the sequence to describe the background 
- the sprite remains is stored in a sprite buffer. In each 
consecutive frame, only the camera parameters relevant 
for the background are transmitted to the receiver. This 
allows the receiver to reconstruct the background image 
for each frame in the sequence based on the sprite [5]. 
The moving foreground object is transmitted separately as 
an arbitrary-shape video object. The receiver composes 
both the foreground and background images to recon-
struct each frame (bottom picture in figure below). For 
low delay applications, it is possible to transmit the sprite 
in multiple smaller pieces over consecutive frames or to 
build up the sprite at the decoder progressively. 

Subjective evaluation tests within MPEG have shown 

 

     
 

 

 

Figure 3. Sprite coding of video sequence. 

that the combination of these techniques can result in a 
bit stream saving of up to 50% compared with the ver-
sion 1, depending on content type and data rate. 
 
3.3. MPEG-4 (Part-10) Avc/H.264 
 
The intent of the H.264/AVC project was to create a 
standard capable of providing good video quality at sub-
stantially lower bit rates than previous standards without 
increasing the complexity of design so much that it  
would be impractical or excessively expensive to imple-
ment. An additional goal was to provide enough flexibil-
ity to allow the standard to be applied to a wide variety 
of applications on a wide variety of networks and sys-
tems, including low and high bit rates, low and high- 
resolution video, packet networks. The H.264 standard is 
a “family of standards”: the members of which are the 
profiles described below.  

A specific decoder decodes at least one, but not nec-
essarily all, profiles. The decoder specification describes 
which of the profiles can be decoded. Scalable video 
coding as specified. H.264/AVC allows the construction 
of bitstreams that contain sub-bitstreams that conform to 
H.264/AVC. For temporal bitstream scalability, i.e., the 
presence of a sub-bitstream with a smaller temporal sam- 
pling rate than the bitstream, complete access units are 
removed from the bitstream when deriving the sub-bit-
stream. In this case, high-level syntax and inter predicti- 
on reference pictures in the bitstream are constructed 
accordingly. For spatial and quality bitstream scalability, 
i.e. the presence of a sub-bitstream with lower spatial res- 
olution or quality than the bitstream, NAL (Network Ab-
straction Layer) removed from the bitstream when de-
riving the sub-bitstream. In this case, inter-layer predic-
tion, i.e., the prediction of the higher spatial resolution or 
quality signal by data of the lower spatial resolution or 
quality signal, is typically used for efficient coding. 
 
3.4. MPEG-21 Multimedia Framework  

MPEG-21 framework is based on two essential concepts: 
the definition of a fundamental unit of distribution and 
transaction (the Digital Item) and the concept of Users 
interacting with Digital Items. The Digital Items can be 
considered the “what” of the Multimedia Framework 
(e.g., a video collection, a music album) and the Users 
can be considered the “who” of the Multimedia Frame-
work. In practice, a Digital Item is a combination of re-
sources, metadata, and structure. The resources are the 
individual assets or (distributed) resources. The metadata 
comprises informational data about or pertaining to the 
Digital Item as a whole or to the individual resources 
included in the Digital Item.  

Finally, the structure relates to the relationships among 
the parts of the Digital Item, both resources and metadata. 
Within MPEG-21, a resource is defined as an individu-
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ally identifiable asset such as a video or audio clip, an im- 
age, or a textual asset. Hence, terms like multimedia con-
tent, media data, image, graphics, video, movie, visual 
content, audio data, speech content, etc. become unnec-
essary and should be avoided in the context of MPEG-21 
when referring to resources with no specific context. 
Within any system (such as MPEG-21) that proposes to 
facilitate a wide range of actions involving “Digital Ite- 
ms”, there is a need for a very precise description for de-
fining exactly what constitutes such an “item”. 

Clearly, there are many kinds of content, and probably 
just as many possible ways of describing it to reflect its 
context of use. This presents a strong challenge to lay out 
a powerful and flexible model for Digital Items, which 
can accommodate the myriad forms that content can take 
(and the new forms it will assume in the future). Such a 
model is only truly useful if it yields a format that can be 
used to represent any Digital Items defined within the 
model unambiguously and communicate them, and in-
formation about them, successfully. The Digital Item 
Declaration specification (part 2 of ISO/IEC 21000) pro-
vides such flexibility for representing Digital Items. Part 
7 of the MPEG-21 standard Digital Item Adaptation (D- 
IA) have been created mainly to address the usage envi-
ronment description problem [6]. 
 
3.5. Web Edition Content Description 
 
Web edition is a database-grounded web content man-
agement system where in a central database; it stores all 
“content information” including text, images, graphics, 
flash movies, style sheets, etc. The plus point of this sys-
tem is that the page itself does not have to be edited if the 
content has to be changed. As an alternative, only the 
database entry has to be changed and the corresponding 
page re-saved. In addition, the content stored in the da-
tabase can be quickly searched or used in other ways. 
Therefore, it can be added that a central database con-
tains all the content on the web site user wish to manage 
with web edition. However, user hardly notices the data-
base, because it runs initially in the background. Users 
only see their web sites and the input boxes on the actual 
web pages. The web edition program only has to be in-
stalled on the provider's (ISP) server once [7]. 
 
4. Team Spirit Engine 
 
Team Spirit® Figure 4 Mobile is a comprehensive voice 
and video engine SDK, including a library of highly op-
timized low-MIPS consuming voice and video codecs to 
enable mobile video over IP communication on a broad 
range of handsets, speech enhancement and network ad-
aptation algorithms [8]. To speed up deployment and se-
cure flawless voice quality on every handset, the engine 
can use tuning Wizard for automatic adjustment of AEC 

parameters. MHz-efficiency and Wi-Fi adaptation are 
extremely important for resource constrained mobile de-
vices, intended for usage in public Wi-Fi networks, more 
susceptible to delays, jitter, packet loss, aggregated echo, 
noise and congestion. The SPIRIT’s Engine handles 
Wi-Fi-specific network impairments and makes video 
transmission over Wi-Fi/WiMAX more stable and reli-
able. This Engine can be run even on 200 MHz processors. 
Simultaneously, the Engine supports both software and 
hardware accelerators inside popular application proces-
sors to deliver CIF quality video on mobile devices. 
 
5. Team Spirit Model for Video  

Customization 
 
Starting with the more traditional coding tools such as 
MPEG-1, and MPEG-2, the recent scalable video coding 
tools is MPEG-4 Fine-Grain-Scalability (FGS), and pass-
ing through web edition content description.MPEG stan-
dardization culminates with the MPEG-21 multimedia 
framework which offers a wrapper to allow all the pieces 
in a multimedia customization chain to integrate and in-
teract with each other. 
 

Application Layer 

Call Manager (SIP, H.323,H.324M) 

 
Figure 4. Layered architecture of team spirit. 

Video Processing 

H 
               

Voice Processing 
 
 
 
 
 
 
 
 
            Video Proce

Team Spirit®3.0Voice&Video Engine Mobile Framework 

          
      

ssimg 
       Vvvv                               

T
ransport &

 N
A

T
 T

raversal S
upport (R

T
P

;S
R

T
P

/R
T

C
P

,S
T

U
N

)    

O
S

/H
ardw

are D
ependent IO

 (S
ound IO

,V
ideo IO

)    

Speech co-
dec Libraries 
SPIRIT 
IP-MRTM         

 

NetJetTM     

Jitter      
Buffer     
PLC       
Clock 
Drift 
Adapta-
tion 

Real 
Duple xTM 
AEC 
NS  
VAD,AGC, 
CNG 
Acoustic    
Environ-
ment   
Detection 

DTMF 

3rd Party\Voice 
Codecs 

Network 
Adapta-
tion 

Audio/Video 
Sync. 

N-way Con-
ference Mixer

Video Codec 
Library 
(H.261 
H.263, H.264 
MPEG4) 

Play-
back 
Rate 
Control 

R
T

P
 P

acketizers 

V
ideo P

L
C

 

CPU 
Load 
Control 3rd Party Video 

Codecs 

Copyright © 2010 SciRes.                                                                                IJCNS 



368                                       N. SINGH  ET  AL. 
 

Copyright © 2010 SciRes.                                                                                IJCNS 

 

 

Team Spirit 
Adoption 
Engine 

 

Part 10 
(Audio) 

 
 

MPEG-4 

 
Part 14 
(Audio) 

 
Web Edition Content 
Description 

 
 
 
 
 
MPEG-21 
Usage Environment 

User preferences 
Band width 
Equipment profile 

Figure 5. Team spirit model. 

 
Figure 5 depicts a possible configuration of a multi-

media customization chain using all MPEG standards 
Basically adaptation engine require three inputs, i.e., 
firstly, MPEG-4 AVC and file format for audio and video 
processing so that whatever the audio and video require-
ment like formatting, compression, coding and other es-
sentials regarding both. Secondly, content description 
web Edition is a database-grounded web content man-
agement system. Web edition stores all “content informa-
tion”. Additionally, the content stored in the database can 
be rapidly searched or used in other ways. Lastly, at the 
end user side, the MPEG-21 UED describes the environ-
ment (terminal, network, natural environment, and user 
preferences) where the content is to be consumed.  

When the user performs a query or defines a choice, 
the UED, thus enabling a customizing application to ex-
plore this information to create the right content variation 
to provide the best possible user experience, accompa-
nies request. Finally, the TSM adaptation engine at the 
center of in Figure E is responsible for matching the user 
query either by selecting the most adequate available 
variation, or by performing some adaptation. As proc-
essing a user query, the customizing application creates 
an adapted variation of the Item to be sent to the user-the 
new variation and its corresponding description may be 
added to the resources available at the server. The user 
query response may be delivered through a network, 
eventually using a real-time connection. In this case, the 
streaming module will stream the scalable or non-scal-
able content to the user; in the case real-time transcoding 
is been performed, it may happen that real time adjust-
ments to the transcoding process are implemented using 
measures which characterize, for example, the network 
fluctuations. This is how the customization is achieved. 
 
6. Conclusions and Future Work 
 
In this paper, we present a team spirit model for efficient 
video customization using MPEG standards and Web 

edition content description.  The MPEG-4 (part-10) is 
used for advance video coding and MPEG-4 (part-14) for 
file formatting. For the usage environment description, 
we have MPEG-21 standards. Hence, these standards act 
as a base for development of a TSM system. 

The TSM systems are capable of managing and cus-
tomizing content efficiently so that any information can 
be delivered to different terminals and networks like for 
television, phones and over other communication media 
where video customization is needed. In future, after 
adding some more functionality to it, the model is capa-
ble to deploy all essential features related to video deliv-
ery in smart phones, iPhones etc. 
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Abstract 

This paper addresses an interesting security problem in wireless ad hoc networks: the dynamic group key 
agreement key establishment. For secure group communication in an ad hoc network, a group key shared by 
all group members is required. This group key should be updated when there are membership changes (when 
the new member joins or current member leaves) in the group. In this paper, we propose a novel, secure, 
scalable and efficient region-based group key agreement protocol for ad hoc networks. This is implemented 
by a two-level structure and a new scheme of group key update. The idea is to divide the group into sub-
groups, each maintaining its subgroup keys using group elliptic curve diffie-hellman (GECDH) Protocol and 
links with other subgroups in a tree structure using tree-based group elliptic curve diffie-hellman (TGECDH) 
protocol. By introducing region-based approach, messages and key updates will be limited within subgroup 
and outer group; hence computation load is distributed to many hosts. Both theoretical analysis and experi-
mental results show that this Region-based key agreement protocol performs well for the key establishment 
problem in ad hoc network in terms of memory cost, computation cost and communication cost. 

Keywords: Ad Hoc Network, Region-Based Group Key Agreement Protocol, Elliptic Curve Diffie-Hellman, 
Tree-Based Group Elliptic Curve Diffie-Hellman 

1. Introduction 
 
Wireless networks are growing rapidly in recent years. 
Wireless technology is gaining more and more attention 
from both academia and industry. Mostly wireless net-
works are used today e.g. the cell phone networks and 
the 802.11 wireless LAN, are based on the wireless net-
work model with pre-existing wired network infrastruc-
tures. Packets from source wireless hosts are received by 
near-by base stations, then injected into the underlying 
network infrastructure and then finally transferred to 
destination hosts. 

Another wireless network model, which is in active 
research, is the ad-hoc network. This network is formed 
only by mobile hosts and requires no pre-existing net-
work infrastructure. Hosts with wireless capability form 
an ad-hoc network, some mobile hosts work as routers to 
relay packets from source to destination. It is very easy 
and economic to form an ad-hoc network in real time. 

Ad-hoc network is ideal in situations like battlefield or 
rescuer area where fixed network infrastructure is very 
hard to deploy. 

A mobile ad hoc network is a collection of autono-
mous nodes that communicate with each other. Mobile 
nodes come together to form an ad hoc group for secure 
communication purpose. A key distribution system re-
quires a trusted third party that acts as a mediator between 
nodes of the network. Ad-hoc networks characteristically 
do not have a trusted authority. Group key agreement 
means that multiple parties want to create a common se-
cret key to be used to exchange information securely. 
Furthermore, group key agreement also needs to address 
the security issue related to membership changes due to 
node mobility. The membership change requires frequent 
changes of group key. This can be done either periodi-
cally or updating every membership changes. The 
changed group key ensures backward and forward se-
crecy. With frequent changes in group memberships, the 
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recent researches began to pay more attention on the ef-
ficiency of group key update. Recently, collaborative and 
group–oriented applicative situations like battlefield, 
conference room or rescuer area in mobile ad hoc net-
works have been a current research area. Group key 
agreement is a building block in secure group communi-
cation in ad hoc networks. However, group key agree-
ment for large and dynamic groups in ad hoc networks is 
a difficult problem because of the requirements of scal-
ability and security under constraints of node available 
resources and node mobility. 

We propose a communication and computation effi-
cient group key agreement protocol in ad-hoc network. 
In large and high mobility ad hoc networks, it is not pos-
sible to use a single group key for the entire network 
because of the enormous cost of computation and com-
munication in rekeying. So, we divide the group into 
several subgroups; let each subgroup has its subgroup 
key shared by all members of the subgroup. Each group 
has sub group controller node and gateway node, in 
which the sub group controller node is controller of sub-
group and gateway node is controller among subgroups. 
Let each gateway member contributes a partial key to 
agree with a common outer group key among the sub-
groups. 

The contribution of this work includes 
1) In this paper, we propose a new efficient method 

for solving the group key management problem in ad- 
hoc network. This protocol provides efficient, scalable 
and reliable key agreement service and is well adaptive 
to the mobile environment of ad-hoc network. 

2) We introduce the idea of subgroup and subgroup 
key and we uniquely link all the subgroups into a tree 
structure to form an outer group and outer group key. 
This design eliminates the centralized key server. Instead, 
all hosts work in a peer-to-peer fashion to agree on a 
group key. We use region-based group key agreement 
(RBGKA) as the name of our protocol. Here we propose 
a region based group key agreement protocol for ad hoc 
networks using elliptic curve cryptography called re-
gion-based GECDH and TGECDH protocol. 

3) We design and implement region-based group key 
agreement protocol using Java and conduct extensive 
experiments and theoretical analysis to evaluate the per-
formance like memory cost, communication cost and 
computation cost of our protocol for Ad-Hoc network. 

The rest of the paper is as follows, Section 2 presents 
the elliptic curve cryptography schemes. Section 3 pre-
sents the proposed schemes. Section 4 describes the per-
formance analysis and finally Section 5 concludes the 
paper. 
 
2. Elliptic Curve Cryptography 
 
ECC [1-3] has become the cryptographic choice for ad 

hoc networks and communication devices due to its size 
and efficiency benefits. Elliptic curve cipher uses very 
small keys and is computationally very efficient, which 
makes it ideal for the smaller, less powerful devices be-
ing used today by majority of individuals to access net-
work services. The elliptic curve cryptosystem (ECCS) is 
a crypto-algorithm method of utilizing a discrete loga-
rithm problem (DLP) over the points on an elliptic curve. 

An elliptic curve is usually defined over two finite 
fields: the prime finite field Fp containing p elements and 
the characteristic finite field containing 2m elements. This 
paper focuses on the prime finite field. Let Fp be a prime 
finite field, p is an odd prime number, and a,b ε Fp satis- 
fy 4a3 + 27b2 ≠ 0(mod p), then an elliptic curve E(Fp) 
over Fp defined by the parameters a,b ε Fp consists of the 
set of solutions or points P = (x, y) for x, y ε Fp to the 
equation: 

y2 = x3 + ax + b(mod p)           (1) 

The equation y2=x3+ax+b (mod p) is called the defin-
ing equation of E(Fp). For a given point P = (xP , yP ), xP 
is called the x-coordinate of P, and yP is called the 
y-coordinate of P. 

Cryptographic schemes based on ECC rely on scalar 
multiplication of elliptic curve points. Given an integer k 
and a point P ε E(Fp), scalar multiplication is the process 
of adding P to itself k times. The result of this scalar 
multiplication is denoted k * P or kP. Scalar multiplica-
tion of elliptic curve points can be computed efficiently 
using the addition rule together with the double-and-add 
algorithm or one of its variants. 
 
2.1. Two Parties Elliptic Curve Diffie-Hellman 

Protocol 
 
Similar to DLP-based Diffie-Hellman key exchange agr- 
eement, a key exchange between users A and B using 
elliptic curve Diffie-Hellman (ECDH) [2,3] can be ac-
complished as follows:  

1) A selects an integer nA less than p, this is A’s private 
key. A then generates a public key PA = nA * G; the pub-
lic key is a point in Ep(a, b). 

2) B similarly selects a private key nB and computes a 
public key PB = nB * G. 

3) A and B generates the secret key K = nA*PB, K = nB 
*PA respectively. 

The two calculations in step 3 produce the same result 
because  

nA*PB = nA* (nB * G) = nB * (nA * G) = nB * PA. 

The secret key K is a point in the elliptic curve. 
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3. Proposed Scheme 
 
3.1. Motivation 
 
There has been a growing demand in the past few years 
for security in collaborative environments deployed for 
emergency services where our approach can be carried 
out very efficiently are shown in Figure 1. Confidential-
ity becomes one of the top concerns to protect group 
communication data against passive and active adversar-
ies. To satisfy this requirement, a common and efficient 
solution is to deploy a group key shared by all group 
application participants. Whenever a member leaves or 
joins the group, or whenever a node failure or restoration 
occurs, the group key should be updated to provide for-
ward and backward secrecy. Therefore, a key manage-
ment protocol that computes the group key and forwards 
the rekeying messages to all legitimate group members is 
central to the security of the group application. 

In many secure group applications [4,5], a Region bas- 
ed contributory GKA schemes may be required. In such 
cases, the group key management should be both effi-
cient and fault-tolerant. In this paper, we describe a mili-
tary scenario (Figure 2). A collection of wireless mobile 
devices are carried by soldiers or battlefield tanks. These 
mobile devices cooperate in relaying packets to dynami-
cally establish routes among themselves to and processing 
 

 

Figure 1. Secure group applications. 

 

 

Figure 2. Battlefield scenario. 

form their own network “on the fly”. However, all nodes 
except the one with the tank, have limited battery power 
capacities. For the sake of power-consumption and com-
putational efficiency, the tank can work as the Gateway 
member while a contributed group key management 
scheme is deployed. 
 
3.2. System Model 
 
3.2.1. Overview of Region-Based Group Key  

Agreement Protocol 
The goal of this paper is to propose a communication and 
computation efficient group key establishment protocol 
in ad-hoc network. The idea is to divide the multicast  
group into several subgroups, let each subgroup has its 
subgroup key shared by all members of the subgroup. 
Each Subgroup has subgroup controller node and a 
gateway node, in which Subgroup controller node is the 
controller of subgroup and a Gateway node is controller 
of subgroups controller. 

For example, in Figure 3, all member nodes are di-
vided into number of subgroups and all subgroups are 
linked in a tree structure as shown in Figure 4. 

One of the members in the subgroup is subgroup con-
troller. The last member joining the group acts as a sub-
group controller. Each outer group is headed by the outer 
group controller. In each group, the member with high 
processing power, memory, and Battery power acts as a 

 

 

Figure 3. Members of group are divided into subgroups. 

 

 

Figure 4. Subgroups link in a tree structure. 

Copyright © 2010 SciRes.                                                                               IJCNS 



K. KUMAR  ET  AL. 
 
372 

gateway member. Outer group messages are broadcast 
through the outer group and secured by the outer group 
key while subgroup messages are broadcast within the 
subgroup and secured by subgroup key. 

Let N be the total number of group members, and M 
be the number of the subgroups in each subgroup, then 
there will be N/M subgroups, assuming that each sub-
group has the same number of members. 

There are two shared keys in the Region-Based Group 
Key Agreement Scheme: 

1) Outer Group Key (KG) is used to encrypt and de-
crypt the messages broadcast among the subgroup con-
trollers. 

2) The Subgroup Key (KR) is used to encrypt and de-
crypt the Sub Group level messages broadcast to all sub 
group members. 

In our Region-Based Key Agreement protocol shown 
in Figure 5. a Subgroup Controller communicates with 
the member in the same region using a Regional key (i.e. 
Subgroup key ) KR. The Outer Group key KG is derived 
from the Outer Group Controller. The Outer Group Key 
KG is used for secure data communication among sub-
group members. These two keys are rekeyed for secure 
group communications depending on events that occur in 
the system. The layout of the network is as shown in 
below Figure 5. 

Assume that there are total N members in Secure 
Group Communication. After sub grouping process (al-
gorithm 1), there are S subgroups M1, M2… Ms with n1, 
n2 …ns members. 

 

 

Figure 5. Region based group key agreement. 

 
A Regional key KR is used for communication be-

tween a subgroup controller and the members in the 
same region. The Regional key KR is rekeyed whenever 
there is a membership change event and subgroup joins/ 
leaves and member failure. The Outer Group key KG is 
rekeyed whenever there is a join/leave subgroup control-
lers and member failure to preserve secrecy. 

The members within a subgroup use Group Elliptic 
Curve Diffie-Hellman (GECDH) Contributory Key 
Agreement. Each member within a subgroup contributes 
his share in arriving at the subgroup key. Whenever 
membership changes occur, the subgroup controller or 
previous member initiates the rekeying operation. 

The gateway member initiates communication with 
the neighboring member belonging to another subgroup 
and mutually agree on a key using Tree-Based Group 
Elliptic Curve Diffie-Hellman (TGECDH) Contributory 
Key Agreement protocol to be used for inter subgroup 
communication between the two subgroups. Any mem-
ber belonging to one subgroup can communicate with 
any other member in another subgroup through this 
member as the intermediary. In this way adjacent sub-
groups agree on outer group key. Whenever membership 
changes occur, the outer group controller or previous 
group controller initiates the rekeying operation. 

Algorithm 1. Region-Based Key Agreement  
Protocol 

 
1) The Subgroup Formation 
   The number of members in each subgroup is

N / S < 100. 

where, 
 N – is the group size. and 
     S – is the number of subgroups. 
Assuming that each subgroup has the same 

number of members. 
2) The Contributory Key Agreement protocol 

is implemented among the group members. It 
consists of three stages. 

a. To find the Subgroup Controller for 
each subgroups. 

b. GECDH protocol is used to generate 
one common key for each subgroup headed by the 
subgroup controller. 

c. Each subgroup gateway member con-
tributes partial keys to generate a one common 
backbone key (i.e. Outer group Key (KG)) headed 
by the Outer Group Controller using TGECDH 
protocol. 

3) Each Group Controller (sub /Outer) distrib-
utes the computed public key to all its members. 

Here, we prefer the subgroup key to be different from 
the key for backbone. This difference adds more freedom 
of managing the dynamic group membership. In addition 
by using this approach can potentially save the commu-
nication and computational cost. 
 
3.3. Network Dynamics 
 
The network is dynamic in nature. Many members may 
join or leave the group. In such case, a group key man-
agement system should ensure that backward and for-
ward secrecy is preserved. 
 
3.3.1. Member Join 
When a new member joins, it initiates communication 
with the subgroup controller. After initialization, the sub-
group controller changes its contribution and sends pub-
lic key to this new member. The new member receives 
the public key and acts as a group controller by initiating 
the rekeying operations for generating a new key for the 
subgroup. The rekeying operation is as follows. 
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    Join request 
New node   ubgroup ControllerS  

 change its contribution and send public key to 
ubgroup Controller New Node S   

Acts as 
New Node New  Subgroup Controller  

puts its contribution to all the public key value &

Multicast this public key value to
New  Subgroup Controller the entire member in the subgroup  

put is contribution to the public value & Compute
Each Member New Subgroup Key  

 

3.3.2. Member Leave 
 
3.3.2.1. When a Subgroup member Leaves 
When a member leaves the Subgroup Key of the sub-
group to which it belongs must be changed to preserve 
the forward secrecy. The leaving member informs the 

subgroup controller. The subgroup controller changes its 
private key value, computes the public value and broad-
casts the public value to all the remaining members. 
Each member performs rekeying by putting its contribu-
tion to public value and computes the new Subgroup Key. 
The rekeying operation is as follows. 

   Leaving Message
Leaving Node Subgroup Controller  

 changes its private key value, compute the public key value and 

                           Multicast the public  key value to
Subgroup Controller All the remaining Member  

 Performs Rekeying and Compute
Each Member New Subgroup Key  

previous subgroup controller now acts as a Subgroup 
controller. This Subgroup controller changes its private 
contribution value and computes all the public key val-
ues and broadcasts to all the remaining members of the 
group. All subgroup members perform the rekeying op-
eration and compute the new subgroup key. The rekeying 
operation is as follows. 

3.3.2.2. When Subgroup Controller Leaves 
When the Subgroup Controller leaves, the Subgroup key 
used for communication among the subgroup controller 
needs to be changed. This Subgroup Controller informs 
the previous Subgroup Controller about its desire to leave 
the subgroup which initiates the rekeying procedure. The 

 Leaving Message
Leaving Subgroup Controller  Old Subgroup Controller  

change its private value,compute the all

        public key value and Multicast
Old Subgroup Controller Remaining Member in the group  

Perform Rekeying and Compute
Subgroup Member   New Subgroup Key  

3.3.2.3. When Outer Group Controller Leaves 
When the Outer group Controller leaves, the Outer group 
key used for communication among the Outer group 
need to be changed. This Outer group Controller informs 
the previous Outer group Controller about its desire to 
leave the Outer group which initiates the rekeying pro-
cedure. The previous Outer Group controller now be-

comes the New Outer group controller. This Outer group 
controller changes its private contribution value and 
computes the public key value and broadcast to the entire 
remaining member in the group. All Outer group mem-
bers perform the rekeying operation and compute the 
new Outer group key. The rekeying operation is as fol-
lows. 

 Leaving Message
Leaving Outer group Controller  Old Outer group Controller  

change its private value,compute the all

        public key value and Multicast
Old Outer group Controller Remaing Member in the Outer group  
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Perform Rekeying and Compute
Outer group Member   New Outer group Key  

3.3.2.4. When Gateway Member Leaves 
When a gateway member leaves the subgroup, it dele-
gates the role of the gateway to the adjacent member 
having high processing power, memory, and Battery 
power and acts as a new gateway member. Whenever the 
gateway member leaves, all the two keys should be 
changed. These are 

i. Outer group key among the subgroup. 
ii. Subgroup key within the subgroup. 
In this case, the subgroup controller and outer group 

controller perform the rekeying operation. Both the Con-
troller leaves the member and a new gateway member is 
selected in the subgroup, performs rekeying in the sub-
group. After that, it joins in the outer group. The proce-
dure is same as joining the member in the outer group. 

3.4. Communication Protocol 
 
The members within the subgroup have communication 
using subgroup key. The communication among the sub-
group members takes place through the gateway mem-
ber. 
 
3.4.1. Communication within the Subgroup 
The sender member encrypts the message with the sub-
group key (KR) and multicasts it to all member in the 
subgroup. The subgroup members receive the encrypted 
message, perform the decryption using the subgroup key 
(KR) and get the original message. The communication 
operation is as follows. 

KRE [Message] & Multicast  
Source Member  Destination Member  

 KR KRD E [Message]
Destination Member Original Message  

3.4.2. Communication among the Subgroup 
The sender member encrypts the message with the sub-
group key (KR) and multicasts it to all members in the 
subgroup. One of the members in the subgroup acts as a 
gate way member. This gateway member decrypts the 
message with subgroup key and encrypts with the outer 
group key (KG) and multicast to the entire gateway 
member among the subgroup. The destination gateway 

member first decrypts the message with outer group key. 
Then encrypts with subgroup key and multicast it to all 
members in the subgroup. Each member in the subgroup 
receives the encrypted message and performs the decryp-
tion using subgroup key and gets the original message. In 
this way the region-based group key agreement protocol 
performs the communication. The communication opera-
tion is as follows. 

KRE [Message] & Multicast  
Source Member  Gateway Member  

 KR KRD E [Message]
Gateway Member Original Message  

KGE [Message] & Multicast  
Gateway Member  Gateway Member [ Among Subgroup]  

 KG KGD E [Message]
Gateway Member Original Message  

KRE [Message] & Multicast  
Gateway Member   Destination Member  

 KR KRD E [Message]
Destination Member Original Message

 

3.5. Applying Elliptic Curve Based          
Diffie-Hellman Key Exchange 

 
3.5.1. Member Join 
User A and user B are going to exchange their keys (Fig-
ure 6): Take p = 211, Ep = (0,-4), which is equivalent to 
the curve y2 = x3 – 4 and G = (2,2). A’s private key is nA 
= 47568, so A’s public key PA = 47568(2,2) = (206, 121), 

 

Figure 6. User-A and User –B join the group. 
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B’s private key is nB = 13525,so B’s public key PB = 
13525(2,2) = (29,139). The group key is computed (Fig-
ure 6) as User A sends its public key (206,121) to user B, 
then user B computes their Subgroup key as nB (A’s 
Public key) = 13525(206,121) = (155,115). User B sends 
its public key (29,139) to User A, then User A compute 
their Subgroup key as nA (B’s Public key) = 
47568(29,139) = (120,180) 

When User C is going to join in the group, C’s private 
key becomes nC = 82910. Now, User C becomes a Sub-
group Controller. Then, the key updating process will 
begin as follows: The previous Subgroup Controller User 
B sends the intermediate key as (B’s Public key $ A’s 
Public Key $ Group key of A&B) = ((29,139) $ (206,121) 
$ (155,115)) User C separates the intermediate key as 
B’s Public key, A’s Public Key and Group key of A&B 
= (29,139), (206,121) and (155,115). Then, User C gen-
erates the new Subgroup key as nC (Subgroup key of 
A&B) = 82910(155,115) = (120,31). Then, User C 
broadcasts the intermediate key to User A and User B. 
That intermediate key is ((Public key of B & C) $ (Public 
key of A & C)) = ((131,84) $ (147, 97)). Now, User B 
extracts the value of public key of A & C from the value 
sent by User C. Then User B compute the new Subgroup 
key as follows: nB (Public key of A&C) = 13525 (147,97) 
= (120, 31). Similarly, User A extracts the value of pub-
lic key of B & C from intermediate key, sent by User C. 
Then User A compute the new Subgroup key as follows: 
nA (public key of B&C) = 47568(131,84) = (120,31). 
Therefore, New Subgroup Key of A, B and C = (120, 31) 
as shown in the Figure 7. 

The same procedure is followed when User D joins as 
shown in the Figure 8. 
 
3.5.2. Member Leave 
When a user leaves (Figure 9) from the Subgroup, then 
the Subgroup controller changes its private key. After 
that, it broadcasts its new public key value to all users in 
the Subgroup. Then, new Subgroup key will be gener-
ated. Let us consider, User B is going to leave, then the 
Subgroup Controller D changes its private key nD’ = 
43297, so public key of User A & User C = (198,139) 
$(136,11). Then the new Subgroup Key generated is = 
43297(198,139) = (207,115). Then, User A & User C 

 

 

Figure 7. User - C joins in the group. 

 

Figure 8. User-D joins in the group. 

 

 

Figure 9. User –B leaves from the group. 

 
computes the new Subgroup Key by using new public 
key. Therefore, the new Subgroup Key is (207,115). 
 
3.5.3. Group Controller Leave 
When a Subgroup controller leaves (Figure 10) from the 
group, then the previous Subgroup controller changes its 
private key. After that, it broadcasts its new public key 
value to all users in the group. Then, new Subgroup key 
will be generated. Let us consider, Subgroup Controller 
User D going to leave, then the previous Subgroup con-
troller User C act as Subgroup Controller and changes its 
private key nC’ = 52898, and computes the public key of 
B&C $ A&C = (16,111)$(181,2). Then the new Sub-
group Key generated is = 52898(21,103) = (198,139). 
Then, User A & User B compute the new Subgroup Key 
by using new public key. Therefore, the new Subgroup 
Key is (198,139). 

 

 

Figure 10. Group controller leaves from the group. 
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3.6. Tree-Based Group Elliptic Curve       
Diffie-Hellman Protocol 

 
The proposed protocol (Figure 11), Tree-based group 
Elliptic Curve Diffie-Hellman (TGECDH), is a variant of 
TGDH based on ECDLP. In TGECDH, a binary tree is 
used to organize group members. The nodes are denoted 
as <l, v>, where 0 <= v <= 2l. – 1 since each level l hosts 
at most 2l. nodes. Each node <l, v> is associated with the 
key K<l,v> and the blinded key BK<l,v> = F(K<l,v>) 
where the function F() is scalar multiplication of elliptic 
curve points in prime field. Assuming a leaf node <l, v> 
hosts the member Mi, the node <l, v> has Mi’s session 
random key K<l,v>. Furthermore, the member Mi at 
node <l. v> knows every key in the key-path from <l, v> 
to <0, 0>. Every key K<l,v> is computed recursively as 
follows: 

, 1,2 1,2 1 modl v l v l vK K BK         p  

     1,2 1 1,2 modl v l vK BK p        

     1,2 1,2 1 modl v l vK K G       p  

      1,2 1,2 1( )l v l vF K K      

It is not necessary for the blind key BK<l,v> of each 
node to be reversible. Thus, simply use the x-coordinate 
of K<l,v> as the blind key. The group session key can be 
derived from K<0,0>. Each time when there is member 
join/leave, the outer group controller node calculates the 
group session key first and then broadcasts the new blind 
keys to the entire group and finally the remaining group 
members can generate the group session key. 

 

 

Figure 11. Key tree. 

 

 

Figure 12. User M1 and M2 join the group. 

3.6.1. When Node M1&M2 Join the Group 
User M1 and User M2 are going to exchange their keys: 
Take p = 751, Ep = (1,188), which is equivalent to the 
curve y2 = x3 + x + 188 and G = (0,376). User M1’s pri-
vate key is 1772, so M1’s public key is (290,638). User 
M2’s private key is 1949, so M2’s public key is (504,163). 
The Outer Group key is computed (Figure 12) as User 
M1 sends its public key (290,638) to user M2, the User 
M2 computes their group key as PV(0,0) = Xco (PV(1,0) 
*PB(1,1)) and PB(0,0) = PV(0,0)*G = (540, 111). Simi-
larly, User M2 sends its public key (504,163) to user M1, 
and then the user M1 computes their group key as 
(540,111). Here, Outer Group controller is User M2. 
 
3.6.2. When 3rd Node Join 
When User M3 joins the group, the old Outer group con-
troller M2 changes its private key value from 1949 to 
2835 and passes the public key value and tree to User M3. 
Now, M3 becomes new Outer group controller. Then, M3 
generates the public key (623, 52) from its private key as 
14755 and computes the Outer group key as (664,736) 
shown in Figure 13. M3 sends Tree and public key to all 
users. Now, user M1 and M2 compute their group key. 
The same procedure is followed by joining the User M4 
as shown in Figure 14. 

 

 

Figure 13. User M3 joins the group. 

 

 

Figure 14. User M4 joins the group. 
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3.6.3. Leave Protocol 
There are two types of leave, 1) Gateway Member Leave 
and 2) Outer Group Controller Leave. 
 
3.6.3.1. Gateway Member Leave 
When user M3 leaves (Figure 15) the Outer group, then 
the Group controller changes its private key 48569 to 
98418 and outer group key is recalculated as (428,686). 
After that, it broadcasts its Tree and public key value to 
all users in the Outer group. Then, the new Outer group 
key will be generated by the remaining users. 
 
3.6.3.2. When an Outer Group Controller Leaves 
When an Outer Group Controller Leaves (Figure 16) 
from the group, then its sibling act as a New Outer 
Group Controller and changes its private key value 8751 
to 19478 and recalculates the group key as (681,475). 
After that, it broadcast its Tree and public key value to 
all users in the Outer group. Then, the new Outer group 
key will be generated by the remaining users. 
 
4. Performance Analysis 
 
The performance of the proposed scheme is analyzed in 
terms of the storage overhead, communication overhead 
and the computation overhead. The storage overhead  

 

 

Figure 15. User M3 leaves from the group. 

 

 

Figure 16. Outer group controller leaves from the group. 

represents the storage capacity needed for storing the key 
information. The communication overhead corresponds 
to the rekeying messages that are transmitted for group 
communication. The computation overhead is the com-
putation involved in maintaining membership changes. 
 
4.1. Storage Overhead 
 
Storage overhead can be considered as the memory ca-
pacity required for maintaining the keys, which is di-
rectly proportional to the number of members if the key 
size are same. In this section, the storage cost is formu-
lated, both at gateway member and at each member. 
Thus our approach consumes very less memory when 
compared to TGDH and GDH. TGDH and GDH occupy 
large memory when members go on increasing. But our 
Region-based Approach takes very less memory even 
when the members get increased. Consider (Table 1 and 
Figure 17) there are 1024 members in a group our Regi- 
on-based approach consumes 10% of memory when com- 
pared to GDH and 5% when compared to TGDH. The 
ratio of memory occupied is very less in our approach. 
 

Table 1. Memory cost. 

Protocol Keys Public 

GDH Concretely 2 N+1 

Per(L,V) L+1 2N-2 
TGDH 

Averagely [log2N]+1 2N-2 

Member/Subgroup 
Controller 

2 X+1 Region Based 
Protocol 
(GECDH 

&TGECDH) 

Gateway 
Member/Outer 
group Controller 

2+M X+2Y-1

 

 

Figure 17. Memory cost. 
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4.2. Communication Overhead 
 
GDH is the most expensive protocol. TGDH consumes 
more bandwidth. The communication and computation 
of TGDH depends on trees height, balance of key tree, 
location of joining tree, and leaving nodes. Hence GDH 
has more communication efficiency than TGDH protocol. 
But our approach depends on the number of members in 
the subgroup, number of Group Controllers, and height 
of tree. So the amount spent on communication is very 
much less when compared to GDH and TGDH. 

Consider (Table 2 & Figures 18 & 19) there are 512 
members in a group our approach consumes only 10% of 
Bandwidth when compared to GDH and TGDH. So our 
approach consumes low Bandwidth. 

 
Table 2. Communication cost. 

Communication Cost

Protocol Suite Protocol Rounds Unicast 
Size 

Broadcast
Size 

Join 2 N+1 N+1 
GDH 

Leave 1 0 N-1 

Join 2 0 2N+2 
TGDH 

Leave 1 0 2N-4 

Join 2 X+1 X+1 

M
em

be
r/

 
S

ub
gr

ou
p 

co
nt
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ll

er
 

Leave 1 0 X-1 

Join 2 X+1 X+2Y+3 

R
eg
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n 
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ed
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Leave 1 0 X+2Y-5 

 

 

Figure 18. Communication cost – join. 

 

Figure 19. Communication cost – leave. 

 
4.3. Computation Overhead 
 
The Figure 20 shows that GECDH and TGECDH 
schemes have lower computation time than Group Dif-
fie-Hellman (GDH) schemes for member join operations. 
The computation time of GDH is 2.2 times that of 
GECDH and TGDH is 1.7 times that of TGE-CDH on 
average for member join operations. The computation 
time for member leave operations of TGE-CDH schemes 
are far better than group Diffie-Hellman schemes for 
member leave operations as shown in the Figure 21. 
Performance wise our approach leads the GDH & TGDH 
methods, even for the very large groups. 

The performance of GECDH & TGECDH over wire-
less ad hoc Networks can be summarized as follows: 

1) It uses smaller keys. 
2) It uses less computation time than the DLP-based 

scheme for the same security level. 

 

 

Figure 20. Computation time for member join. 
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gion-based scheme can be efficiently distributed for mul-
tiple secure groups. Therefore, the number of rekeying 
messages, computation and memory can be dramatically 
reduced. Compared with other schemes, the new pro-
posed region-based scheme can significantly reduce the 
storage and communication overheads in the rekeying 
process, with acceptable computational overhead. It is 
expected that the proposed scheme can be the practical 
solution for secure group applications, especially for 
battlefield scenario. 
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Abstract 

This paper evaluates the performance of OFDM-BPSK and -QPSK system in α-µ distribution. A fading 
model which is based on the non-linearity present in the propagation medium is utilized here for generation 
of α-µ variants. Different combinations of α and µ provides various fading distributions, one of which is 
Weibull fading. Investigations of channel estimation schemes gave an idea of further reducing the BER as to 
improve the performance of OFDM based systems. In flat fading environment, channel estimation is done 
using phase estimation of the transmitted signal with the help of trained symbols. Final results show the im-
provement in BER. However, the amount of results improved depends upon the amount of trained symbols. 
The more trained symbols will result into more improved BER. 

Keywords: OFDM, Fading Distribution, Weibull Fading, Nakagami Fading, Channel Estimation, Training 
Symbols 

1. Introduction 
 
In recent years, OFDM have been studied very widely 
and deeply in wireless communication systems because 
of bandwidth efficiency and its robustness to channel 
fading and Inter Symbol Interference (ISI). OFDM sys-
tem is capable of mitigating a frequency selective chan-
nel to a set of parallel fading channels, which need rela-
tively simple processes for channel equalization. 

There exists a large number of distribution schemes to 
describe the statistics of mobile radio signal. A key as-
sumption in the theoretical explanation of the Rayleigh, 
Rician, Nakagami and Weibull distribution was that the 
statistics of the channel do not change over the small 
(local) area under consideration. However, to describe 
the long-term signal variations lognormal distribution is 
being used [1]. These distributions are helpful in precise 
designing of wireless systems to make the systems more 
robust to noise. 

Rayleigh and Rician fading channels have already 
been studied and employed in OFDM systems in fre-
quency selective and flat fading environment. Nakagami- 
m distribution is another useful and important model to 
characterize the fading model. A threshold value of m is 
calculated for both frequency and flat fading environ-
ment in [2]. There exist many other fading models in 
literature, which have been proposed for better fitting of 

data while aiming at non-linearity of channel. So our 
motivation behind this paper to explore the non-linear 
fading environment. One of the interesting models that 
we could find in literature is α μ  distribution [3], 

which provides the generalized model for fading distri-
bution. Depending upon the value of α  and μ , this 

model can be utilized for the generation of Nakagami-m 
and Weibull variants. However, it also treats One-Sided 
Gaussian, Rayleigh and Negative Exponential distribu-
tions as its special cases. The generalized fading model 
using three parameter generalized gamma distribution 
describing all forms of multipath fading and shadowing 
in wireless systems is analyzed in [4]. 

This paper is organized as follows: In Section 2, 
OFDM system model is discussed. Section 3, describes 
the generalized model of α μ  distribution. Flat fading 

channel model to use in OFDM systems is described in 
Section 4. In Section 5, channel estimation technique is 
discussed. The analysis of OFDM system without esti-
mation has been done in Section 6, while results with 
estimation have been presented in Section 7. Finally Sec-
tion 8 concludes the paper. 
 
2. OFDM Model 
 
A Complex base band OFDM signal with N sub-carriers, 
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is expressed as 
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For each OFDM symbol, the modulated data se-
quences are denoted by . Here, 

 denote the sub-carriers spacing and is set to 
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After IFFT, the modulated signal is up-converted to 
carrier frequency  and then the following signal is 

produced and transmitted through channel: 
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( )x t represents the final OFDM signal in which sub-car-

riers shall undergo a flat fading channel. 
 
3. The μα  Distribution 
 
The α μ  distribution is a general fading distribution 

that can be used to represent various fading model. This 
distribution deals with non-linearity of propagation me-
dium [5]. Fading signal with envelope , an arbitrary 
constant parameter  and a root mean value 
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Weibull and Nakagami-m distribution can be easily 
derived from α μ  distribution as its special cases. 

By setting , Equation (4) shall reduce to Weibull 

probability distribution function as: 

1μ

1( ) exp( ) α αp r αβr βr                  (5) 

where  . ˆ αβ r

Here, by varying the value of  different curves of 
pdf can be plotted. 

α

From Weibull distribution by setting , the Ray- 
leigh distribution can be obtained as: 
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Now, if we put 1α  in Weibull distribution, it shall 
reduce to Negative exponential distribution represented 
as: 

( ) exp( ) p r δ δ r                    (7) 

where 1ˆδ r  
So by keeping the value of  and varying the 

value of  it has generated Rayleigh and Negative ex-
ponential distribution. Whereas if we keep 

1μ
α

2α  and 
vary the value of μ , we shall be able to represent this 

α μ  distribution as Nakagami-m distribution 

In such a case 
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By setting 1/ 2μ , one-sided Gaussian distribution 

can be obtained as: 
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However, for α μ  distribution the envelope r can 

be written as: 
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where, ix  and are in-phase and quadrature elements 

of multipath components represented by symbol . 
iy  

i
It was interesting to find that  in Equation (10) 

shall reduce to the envelope equation of Rayleigh fading 
distribution [6] described as: 

2α

2 2

1

 
  
  


N

i i
i

r x y                 (11) 

Same concept has been shown in Equations (5) and (6) 
that by putting 2α , Weibull distribution converts to 
Rayleigh distribution, hence introducing the non-linear-
ity into propagation medium. However, at different val-
ues of  different fades can be generated. α

 
4. Channel Model 
 
In this paper, the sub-channel spacing is equal to inverse 
of time period, so that the produced parallel fading sub- 
channels have flat fading characteristics. 

Here α μ  distribution has been utilized for genera-

tion of Weibull distribution by setting  and vary-

ing the value of . 

1μ
α

2γ
                    (6) 
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In flat fading environment, the base-band signal at the 
input of receiver  is as described as follows: ( )y t

( ) ( )* ( ) ( ) y t x t r t n t             (12) 

where, ( )x t  denotes the base-band transmitted signal,  

is the Weibull distributed channel envelope and  is 

the additive white Gaussian noise with zero mean. 

( )r t

( )n t

 
5. Channel Estimation 
 
Channel estimation in frequency selective has different 
approach then compared with flat fading environment. A 
comparative study using Minimum Mean Squared Error 
(MMSE) and Least square (LS) estimator in frequency 
selective fading environment has been presented in [7]. 
The channel estimation based on comb type pilot ar-
rangement is studied using different algorithms by bahai 
et al. [8]. A novel channel estimation scheme for OF-
DMA uplink packet transmissions over doubly selective 
channels was suggested in [9]. The proposed method uses 
irregular sampling techniques in order to allow flexible 
resource allocation and pilot arrangement. In flat fading 
environment, estimation of the channel using trained 
sequence of data has been studied and implemented in 
[10]. He presented the channel estimation in flat fading 
environment using some trained data. Channel phase was 
estimated during each coherence time. Then pilot data of 
some required percentage of data length (referred as 
training percentage in simulation) is inserted into the 
source data. It is used to estimate the random phase shift 
of the fading channel and train the decision to adjust the 
received signal with phase recover. The results obtained 
showed the great variation in BER for with and without 
estimation curves. It is clear from literature reviewed that 
phase estimation using training symbol can be imple-
mented in flat fading environment to improve the per-
formance of system. 

In this paper, we have implemented the above de-
scribed phase estimation technique in flat fading for 
Weibull fading distribution on OFDM system. 
 
6. Results without Estimation 
 
OFDM-BPSK and -QPSK signal is simulated in MAT-
LAB environment by choosing total number of sub-car-
riers 400, IFFT length 1024 by using guard interval of 
length 256. 

The results presented in Figures 1 and 2 are simulated 
by varying the value of  and keeping  Here, 

the BER values have been obtained for varying  over 
a range of 1 to 7, however, improvement in BER was not 
significant for higher values of , So range has been 

kept from 1 to 7, both for OFDM-BPSK and -QPSK 
system. 

α 1.μ
α

α

From the simulations, it has been verified that the re-
sults for  2α   are same that are obtained by using 
Rayleigh fading distribution. 

It has been observed that if we plot BER curves by 
changing the value of μ  there is no change in these 

curves. This is because of fact that in the envelope Equa-
tion 10, the variable parameter is  which varies the 
fading variants and 

α
μ  has no role to change this fading 

envelope and hence no change in BER values. 

 
 

0 5 10 15 20 25 30
10

-5

10
-4

10
-3

10
-2

10
-1

10
0

Channel SNR (db)

B
E

R

BER Vs.SNR Using Weibull channel for BPSK

 

 

alpha=1
alpha=1.5

alpha=1.85

alpha=2
alpha=2.5

alpha=3

alpha=3.5

alpha=4
alpha=4.5

alpha=5

alpha=6
alpha=7

(dB) 

BER vs. SNR Using Weibull channel for BPSK 

 

Figure 1. BER vs. SNR for OFDM-BPSK system. 
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Figure 2. BER vs. SNR for OFDM-QPSK system. 
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To explore the other side of α μ , by keeping the 

value of  fixed and varying the value of α μ , we are 

able to have BER curves for other distributions. In Fig-
ure 3, Negative exponential distribution has been plotted 
as special case where  and 1α μ  can vary. Here, it 

has been plotted for fixed value of 1. Rayleigh distribu-
tion is having  and 2α μ  can vary. Here, it has been 

plotted with .One sided distribution has been plot-

ted with  and . 

1μ
2α 1/ 2μ

BER varies in the range of 10-1 to 10-5 for OFDM- 
BPSK and -QPSK for SNR of 0 to 25 dB. In case of 
OFDM-BPSK the BER value of 10-5 is obtained at SNR 
of 10dB. However, for -QPSK case the BER of 10-5 is 
obtained at SNR of 20 dB. 

Comparison between Negative exponential value, Ray- 
leigh and one sided distribution results clearly reveals the 
fact that in α μ  distribution the variation in value of 

 can change the value of BER, however by changing 
the value of 
α

μ , there is no impact upon the BER. Re-

sults obtained without estimation technique has been 
presented in [11]. 
 
7. Results with Estimation 
 
Trained symbols are added to source signal as discussed 
in Section 5. The percentage of such symbol may be 
varied depending upon the system response to the trained 
sequence. We have analyzed the results for various per-
centage values of trained sequence. We have plotted new 
graphs with value of  and varying value of train-
ing sequence over the range from 10% to 50%. Results 

7α
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Figure 3. BER vs. SNR for negative, rayleigh and exponen- 
tial distributions. 

for OFDM-BPSK and -QPSK have plotted in Figures 4 
and 5 respectively. 

In depth analysis of these graphs shows that BER de-
creases, if the training percentage is increased. In Figure 
5, if we evaluate the reading obtained at SNR = 10 db, 
BER has decreased from 0.0208 to 0.001 for training 
percentage of 10 to 50. This means, for the same value of 
SNR and , different training percentage has resulted 
into different values of BER. More trained sequence will 
results into lesser errors. The same has been depicted 
from Figure 4. 

α
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Figure 4. BER vs. SNR for OFDM-BPSK with channel esti- 
mation. 
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Figure 5. BER vs. SNR for OFDM-QPSK with channel 
estimation. 
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8. Conclusions 
 
This paper, presents performance analysis of OFDM 
system with generalized fading model of α μ  distri-

bution with and without estimation. The non-linearity 
added in propagation medium has been clearly shown in 
simulated results, since the BER has significantly re-
duced by varying  from 1 to 7. However, higher val-
ues of  can be used for further reductions in BER. It is 
clear from the simulations that the result shows signifi-
cant improvement by applying the phase estimation us-
ing trained symbols. 

α
α
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Abstract 

Adaptive Modulation and Coding (AMC), which is a technology used when channel condition changes, is 
adapted in Mobile Worldwide Interoperability for Microwave Access (WiMAX). Scalable Video Coding 
(SVC) is a video coding scheme used for different users with bandwidth level. SVC encodes a video into a 
number of layers. Users receive different number of encoded layers based on their channel condition. In this 
paper, Intermediate Control Server (ICS) is proposed to deal with the signaling between multimedia server 
and BS. Both AMC and SVC are employed to enhance the user perceived video quality in the system. 

Keywords: AMC, SVC, Server Signaling, 802.16e, Mobile WiMAX 

1. Introduction 
 
More television programs can be transmitted because 
signals are compressed by compression technology in 
digital television as compared to analog television [1,2]. 
For example, IPTV (Internet Protocol Television) is a 
system where a digital television service is delivered by 
Internet protocols over broadband network and contents 
could be on-demand video or live streaming. On-demand 
contents are already stored in the multimedia server after 
being per-coded and compressed. The term “triple play” 
means the service provider provides voice, data, and 
video. The service containing triple play and mobile is 
called “quadruple play”. In [3], a utility-based resource 
allocation scheme, called U-LEM, for layer-encoded 
multicast streaming service in fixed WiMAX networks is 
proposed to discuss the time complexity. This work  
proves this problem is NP-hard, and can run in polyno-
mial time. 

In [4], the authors discussed the key success factors, 
benefits, and associated challenges of introducing IPTV 
into fixed WiMAX. A congestion control mechanism is 
proposed in [5] which gave consideration to fairness and 
system overhead applied in IEEE 802.16d broadband 
wireless networks. In [6], the transmission performance 
of the scalable video streaming services over Mobile 
WiMAX system is investigated and the failure rate is 
calculated in two scenarios. The less important layers are 
transmitted using the second connection with lower pri-

ority as compared to the one connection scenario. A 
mechanism called QoS-based Active Dropping to the 
MAC layer is proposed in [7] to deal with the bandwidth 
utilization. An equation between network loading and 
dropping probability is investigated to show how to ad-
just between these two factors. 

This paper is intended to enhance the user perceived 
video quality by multicasting the videos encoded by 
scalable video coding (SVC) over the Mobile WiMAX 
[8]. The rest of the paper is organized as follows. Brief 
introductions of works related to SVC over WiMAX are 
in Section 2. In Section 3, the system model is described, 
and there is a detailed description of the proposed 
SVC+AMC quality enhancement scheme and the inter-
mediate control server (ICS) signaling. Simulation re-
sults are shown in Section 4 to stand for the proposed 
scheme. Finally, this paper is concluded in Section 5. 
 
2. Background 
 
2.1. AMC (Adaptive Modulation and Coding) 
 
WiMAX is expected to provide higher transmission rate 
and wider transmission range and mobile WiMAX has 
support for mobility. The value of signal-to-noise ratio 
(SNR) varies according to the distance between mobile 
station (MS) and BS. Modulation is changed according 
to channel condition in AMC. When the channel condi-
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tion becomes worse, the more robust modulation is used. 
Therefore, AMC can lead to improve system coverage 
and capacity while maintaining high power and spectrum 
efficiency. Table 1 shows the modulation and the re-
ceiver SNR [9]. 
 
2.2. SVC (Scalable Video Coding) 
 
A video sequence is composed of a stream of individual 
frames. The joint video team (JVT) develops the exten-
sion of H.264/AVC (Advanced Video Coding) SVC 
which encodes a picture into one base layer and several 
enhancement layers in general [10-12]. SVC has three 
dimensions in spatial scalable, temporal scalable, and 
quality scalable. Spatial scalable means the bit-stream 
can provide different spatial resolutions. Temporal scal-
able means various frame rates are available. Quality 
scalable, also called SNR scalable which means the vis-
ual quality is scalable. To achieve the scalability, the 
base layer provides basic video quality with low bit rate 
for user. Enhancement layer is used to refine the base 
layer video quality. SVC can provide different video 
quality for each level user by encoding an image into 
several layers. The number of layers is not fixed, it is 
decided in different applications when encoding. The 
more the layer received, the better the perceived quality. 
 
2.3. MAC CS Classification 
 
The Medium Control Access (MAC) layer is to provide 
an interface between the upper transport layers and the 
PHY layer. The MAC layer receives packets, MAC Ser-
vice Data Units (MSDUs), from upper layers, and or-

ganizes them into MPDUs for transmission over the air. 
The MAC layer of WiMAX, as shown in Figure 1, is 
divided into three distinct sub-layers: Convergence 
Sublayer (CS), Common Part Sublayer (CPS), and Secu-
rity Sublayer (SS). The MAC CS, which is the interface 
between the MAC layer and layer 3 of the network, sup-
ports MSDU header suppression to reduce the higher 
layer overheads on each packet and provides any trans-
formation or mapping of external network data through 
CS Service Access Point (CS SAP) into MAC layer. The 
MAC CPS performs all the packets operations including 
fragmentation and concatenation of SDUs into MAC 
PDUs, transmission of MAC PDUs, QoS control, and 
ARQ. The MAC SS is responsible for encryption, au-
thorization, and keys exchange between BS and MS. 
Besides the header suppression, MAC CS is also respon-
sible for classification. Classification is the process 
which a MAC SDU is mapped onto a particular connec-
tion for transmission between two peers. The WiMAX 
MAC layer is connection oriented. Before any data trans-
mission happens, BS and MS first establish a unidirec-
tional logical link, called a connection. Each connection 

 
Table 1. The modulation and the receiver SNR. 

Modulation Coding Rate Receiver SNR (dB)

BPSK 1/2 3.0 
1/2 6.0 

QPSK 
3/4 8.5 
1/2 11.5 

16QAM 
3/4 15.0 
2/3 19.0 

64QAM 
3/4 21.0 

 

 
Figure 1. The WiMAX MAC layer. 
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is identified by a Connection InDentifier (CID), which is 
16-bit long and serves as temporary and dynamic layer 2 
addresses for data transmission and control plane traffic 
over the particular link. MAC CS determines the appro-
priate CID based on not only the destination address but 
also various other factors, e.g. source address and Ser-
vice Flow InDentifier (SFID). A service flow is a unidi-
rectional flow of packets with a particular set of QoS 
parameters and is identified by a SFID. The BS is re-
sponsible for issuing the SFID and mapping it to unique 
CIDs. The classification and the CID mapping from BS 
to MS is revealed in Figure 2. CS specification is de-
fined in classification. The data from upper layer is clas-
sified and mapped to different to different SFID and CID. 
CS specification is shown in Table 2. 

 

2.4. Network Reference Model (NRM) 
 
The WiMAX Forum defines itself as an industry-led 
non-profit organization to promoting and certifying in-
teroperable WiMAX products and also determined a 
network architecture which showed how a WiMAX net- 
work connects with other networks [13,14]. The NRM  
is a logical representation of the network architecture. 
The NRM identifies key functional entities and reference 
points between functional entities over which a network 
interoperability framework is defined. The objective of 
the NRM is to allow multiple implementation options for 
a given functional entity, and achieve interoperability 
among different functional entities. NRM structure is 
represented in Figure 3. 

 

Figure 2. Classification and the CID mapping from the BS to the MS. 

 
Table 2. IEEE 802.16e CS specification. 

Type Length Value Scope 

[145/146].28 1 0: Reserved 
1: Packet, IPv4 
2: Packet, IPv6 
3: Packet, IEEE 802.3/Ethernet 
4: Packet, IEEE 802.1Q VLAN 
5: Packet, IPv4 over IEEE 802.3/Ethernet 
6: Packet, IPv6 over IEEE 802.3/Ethernet 
7: Packet, IPv4 over IEEE 802.1Q VLAN 
8: Packet, IPv6 over IEEE 802.1Q VLAN 
9: ATM 
10: Packet, IEEE 802.3/Etherneta with ROHC header compression 
11: Packet, IEEE 802.3/Ethernetb with ECRTP header compression 
12: Packet, IP2 with ROHC header compression 
13: Packet, IP2 with ECRTP header compression 
14-255: Reserved 

DSx- 
REQ 
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3. SVC+AMC Quality Enhancement and 

ICS Signaling 
 
3.1. System Model 
 
When an MS requests a video, it sends the messages to 
the BS, and the BS then forwards the request to the mul-
timedia server. When adapting SVC, which encodes a 
frame into several layers, the multimedia server which 
stores the videos performs the encoding procedure and 
transmits the layers to the BS. For all MSs who are  

watching the same video, the BS grouped them based on 
their feedback channel condition. The group with better 
channel condition gets more layers. On the contrary, the 
group with worse channel condition gets fewer layers. 
However, the BS can not distinguish the layer ID re-
ceived from the multimedia server. In order to solve this 
problem, an Intermediate Control Server (ICS) is newly 
added in the system, see Figure 4. A WiMAX network is 
served by an ICS. After executing the videos in the mul-
timedia server, the ICS forwards the SVC-encoded layers 
to BS. 

 

 
Figure 3. Network reference model. 

 

 
Figure 4. The proposed system model with a newly added ICS. 
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In our proposed scheme, SVC is implemented to en-
code a frame into three layers. Layer 0 is meant to be the 
base layer, which contains the most important informa-
tion. Layer 1 and layer 2 belong to the enhancement lay- 
er, which carries less information as compared to layer 0. 
In order to assure the video quality perceived by user 
within worse channel condition, layer 0 is encoded to 
carry 50% information of the original frame. After re-
ceiving and decoding layer 1 with layer 0, the containing 
information is refined to 75%. Users with best channel 
condition get all three layers, the frame which is decoded 
by combining layer 0, layer 1, and layer 2 is the same as 
the original transmitted frame. The retrieval frames are 
shown in Figure 5. 
 
3.2. The ICS Signaling 
 
The multimedia server encodes the video into three lay-
ers in the application layer. All layers are packetized and 
added different protocol headers from the upper layer to 
lower layer, the BS could not distinguish the layer ID. 
An ICS is used to solve this problem. An ICS is indi-
vidually set between multimedia server and the BS for 
flexibility and extensibility of many applications pro-
vided by different operators in the future. The major task 
of ICS is to re-packetize the packets received from mul-
timedia server so that the BS recognizes the layer IDs. 
The proposed system model with network layers is 
shown in Figure 6. 

When the ICS receives the SVC-encoded layer packet, 
it decodes the packet in the application layer and gets the 
layer ID information. While transmitting to the BS, the 
ICS re-packages the SVC-encoded frame by adding the 
layer ID information in the reserved filed of each net-
work protocol header. The Network Abstraction Layer 
(NAL) unit [15], shown in Figure 7, defines the interface 
between the encoded video data itself and the possible 
transport layers or storage formats. Each NAL unit re-
gardless of its type is encapsulated in the RTP/UDP/IP 
packet. The encapsulation of NAL unit is shown in Ta-
ble 3. Three bits in NAL unit are used to indicate the 
layer ID. 

When the packet transmits by RTP (Real-time Trans-
port Protocol), there are seven bits in the payload type 
filed [16]. The RTP header format is presented in Figure 
8. The reserved values in payload type, which is dis- 

played in Table 4, are 72 to 76 [17]. We use three values, 
72, 73, and 74, to indicate the layer ID. In UDP (User 
Datagram Protocol) header format which is shown in 
Figure 9, there are 8-bit protocol numbers [18]. Part of 
the assigned protocol numbers is presented in Table 5, 
the values 72-76 and 80-254 are unassigned [19], and 
three values, 72, 73, and 74, are used to denote the layer 
ID. Continuing transmitting to lower layer, the IPv4 (Int- 
ernet Protocol version 4) header is displayed in Figure 
10 [20]. 2-bit reserved field could be used to show the 
layer ID. ‘00’ denotes layer 0, ‘01’ denotes layer1, and 
‘10’ denotes layer2 separately. In this way, MAC layer 
can clearly distinguish what the received layer ID is. 

 

 

Figure 5. The retrieval frame of SVC. 

 

 

Figure 6. The proposed system model with network layers. 

 
Table 3. The encapsulation of NAL unit in RTP/UDP/IP 
header. 

IP header
UDP 

header
RTP 

header
NAL unit 

header 
NAL unit payload

 
 H.264 Standard Header byte H.264 Standard Header Extension byte 

0 Nal_ref
_idc 

Nal_unit_type Lyaer ID Temporal 
Layer ID 

Quality 
Level 

1 bit 2 bit 5 bit 3 bit 3 bit 2 bit  

Figure 7. NAL unit header format. 
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Figure 8. RTP header format. 

 

 

Figure 9. UDP header format. 

 

 

Figure 10. IPv4 header format. 

 
Table 4. Partial RTP payload type. 

PT Encoding Name Media Type Clock Rate (Hz)

34 H.263 V 90,000 

35-71 Unassigned ?  

72-76 Reserved N/A N/A 

77-95 Unassigned ?  

96-127 Dynamic ?  

 
Table 5. Partial UDP protocol number. 

Decimal Octal Protocol Numbers 

69 105 SIMP monitoring 

70 106 SIMP polling 

71 107 SIMP packet core/U 

72-76 110-114 Unassigned 

77 115 Backroom SIMP polling 

78 116 Backroom SIMP monitoring 

79 117 SIMP message generators 

80-254 120-376 Unassigned 

255 377 Reserved 

3.3. The SVC+AMC Quality Enhancement 
Scheme 

 
In the SVC+AMC quality enhancement scheme, the BS 
multicasts different layers using different modulations 
based on different connections. The mapping of the layer 
to Connection IDentifiers (CIDs) is decided by the clas-
sification rule in the MAC CS specification defined in 
the IEEE 802.16e standard. Three reserved value 14-255 
are used to indicate the layer IDs which are “Packet, 
IPv4 over 802.3/Ethernet ECRTP compression SVC-enc- 
oded layer 0”, “Packet, IPv4 over 802.3/Ethernet ECRTP 
compression SVC-encoded layer 1”, and “Packet, IPv4 
over 802.3/Ethernet ECRTP compression SVC- encoded 
layer 2”. Based on the CS classification rule, the layers 
are easily mapped to different CIDs. In the 802.16e 
OFDMA DL-MAP_IE format, there are 8-bit CIDs as-
signed for this Information Element (IE). Three values in 
the unassigned CIDs are chosen to indicate these three 
connections. 

The SVC+AMC quality enhancement scheme groups 
MSs who are receiving the same channel into three 
groups according to their fast-feedback channel condi-
tion to the BS. The fast-feedback CQICH information is 
allocated in the uplink subframe in OFDMA frame. 
These MSs who subscribe the same video are all in 
group 0 to receive layer 0. If there are some with better 
channel condition, they are grouped into group 1 to re-
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ceive layer 1, so they are in group 0 and group 1 at the 
same time. For those MSs with the best channel condi-
tion, they are grouped into group 2 to receive layer 2, 
therefore, they are in group 0, 1, and 2. While transmit-
ting, the BS multicasts layer 0 to group 0 using QPSK 
through CID 0, multicasts layer 1 to group 1 using 
16QAM through CID 1, and multicasts layer 2 to group 2 
using 64QAM through CID 2. For this reason, users with 
better channel condition could enjoy better perceived 
video quality. 
 
4. Simulation 
 
4.1. Simulation Parameters 
 
The fundamental simulation parameters [21-23] are sho- 
wn in Table 6. Network congestion is considered in the 
system. Assume packet loss rates in the channel are 
0.30%, 0.24%, and 0.21% while using QPSK, 16QAM, 
and 64QAM respectively. 

PSNR (Peak Signal-to-Noise Ratio) is a conventional 
assessment method used to assess the quality of the re-
constructed images. PSNR is used to compare the simi-
larity between the original frame and the retrieval frame. 
Each pixel in the retrieval frame is compared with each 
related pixel in the original frame. The equation of PSNR 
is shown in following. In general, when the value of 
PSNR reaches 30dB, it means the difference between 
original frame and retrieval frame is hardly recognized 
by human eyes. 

2

10

(255)
PSNR 10 log dB

MSE
            (1) 

    2

1 1

1
MSE , ,

( )

w h

i j

i j i j
w h  

 
      (2) 

 
4.2. Simulation Results 
 
Simulation results are used to show the SVC+AMC 
quality enhancement scheme improves the user per-
ceived video quality effectively. There are three methods 
considered in two scenarios. The first method, referred as 
Normal scheme, transmits the original video to MSs us-
ing 16QAM without applying SVC and AMC. The sec-
ond method, referred as the AMC scheme, transmits the 
original video which is not encoded by SVC to MSs ac-
cording to their channel condition. MSs in worse channel 
condition receive the video using QPSK. The BS multi-
casts the video to MSs in normal channel condition using 
16QAM and multicasts to MSs with better channel con-
dition using 64QAM. The last one is the SVC+AMC 
quality enhancement scheme proposed in this paper. In 
SVC+AMC, the BS transmits the SVC-encoded layers to 
all MSs using QPSK, to MSs with normal channel condi-

tion using 16QAM, and to MSs in better channel condi-
tion using 64QAM. 

We setup two different scenarios and use two videos 
to simulate. Scenario1 has 20 MSs which are investi-
gated to the PSNR rate on Mobile WiMAX system. 
There is only one connection between the multimedia 
server and the BS, all layer-encoded videos are transmit-
ted via this connection. The ICS forwards the SVC-en-
coded layers to the BS. Scenario2 is basically the same 
as Scenario1 except the channel conditions of MSs. 

In Scenario1 of the first video, 20% of MSs are in 
worse channel condition, 40% of MSs are in normal 
channel condition, and 40% of MSs are in better channel 
condition. Therefore, there are 20 MSs in group 0, 16 
MSs in group 1, and 8 MSs in group 2. The above-men-
tioned three methods are employed to simulate the sce-
nario. Figure 11 shows the simulation results. The aver-
age values of PSNR in normal, AMC, and SVC+AMC 
scheme are 26.22, 27.58, and 32.18, separately. The 
AMC scheme is compared to the normal scheme first. 
The average value of PSNR in the AMC scheme is just a 
little higher than the normal scheme. While in the normal 
scheme, all MSs receive the non-encoded video using 
16QAM. In normal scheme, the average PSNR in the 
system becomes lower because 20% of MSs receive the 
video in an unsuitable modulation and coding scheme 
and 40% of MSs with better channel condition should 
deserve better video quality. In the AMC scheme, all 
MSs receive the full video in a suitable packet loss rate 
according to their channel condition. Packet loss rate 
becomes smaller while transmitting to MSs with better 
channel condition using 64QAM. Packet loss occurs 
more often in MSs with worse channel condition because 
of the more robust modulation and coding scheme. For 
that reason, PSNR is only a little better in the AMC 
scheme than in normal scheme. The SVC+AMC scheme, 
which receives the SVC-encoded video based on their 
channel condition, gets the highest average PSNR. MSs 
in worse channel condition receive layer 0 using QPSK 
resulting in less packet loss, but the perceived quality is 
still embraceable. Two layers are transmitted to MSs 

 
Table 6. Fundamental simulation parameters. 

Parameter Value 

Channel Bandwidth 10 MHz 

Size of FFT 1024 

Number of Sub-channels 30 

OFDMA Symbol Time 102.9 μs 

Frame Duration 5 ms 

Modulation Scheme QPSK, 16QAM, 64QAM 

Mobility Model Random Waypoint 

Number of MSs 20 
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who are in normal channel condition using 16QAM also 
cause less packet loss. The result of better channel condi-
tion MSs in SVC+AMC is the same to the AMC scheme, 
because the retrieval frame is the same as the non-en-
coded one. 

In Scenario2 of the first video, 80% of MSs are in 
worse channel condition, 10% of MSs are in normal 
channel condition, and 10% of MSs are in better channel 
condition. Therefore, there are 20 MSs in group 0, 4 MSs 
in group 1, and 2 MSs in group 2. The average values of 
PSNR in three schemes are 16.15, 18.60, and 28.37. The 
simulation results of Scenario2 employed with these three 
methods is shown in Figure 12. The reason why the 
PSNR in the AMC scheme is higher than that in the 

normal scheme, and the SVC+AMC scheme gets the best 
quality is the same as Scenario1. 

However, the variation between the two scenarios is 
obvious. In Scenario1, PSNR ranges from 26.22 to 32.18, 
but PSNR ranges from 16.15 to 28.37 in Scenario2. Each 
MS in better channel condition whether the percentage is 
10% or 40% receives almost the same level of the video 
quality. But PSNR is influenced more because 80% of 
MSs with worse channel condition. Once the packet loss 
rate gets higher, the value of PSNR becomes lower. The- 
refore, the proposed SVC + AMC scheme enhances the 
user perceived video quality better in the situation that 
the percentage of worse channel condition is larger in the 
system. 
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Figure 11. 20% worse channel condition MSs, 40% normal channel condition MSs, and 40% better channel condition MSs in 
normal, AMC, and SVC + AMC methods in the first video. 
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Figure 12. 80% worse channel condition MSs, 10% normal channel condition MSs, and 10% better channel condition MSs in 
normal, AMC, and SVC + AMC methods in the first video. 
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Three methods are also considered with two scenarios 
in the second video. The simulation results are shown 
separately in Figure 13 and Figure 14. In Scenario1 of 
the second video, 20% worse channel condition MSs, 
40% normal channel condition MSs, and 40% better 
channel condition MSs in normal, AMC, and SVC+ 
AMC methods. Therefore the average values of PSNR in 
three schemes are 26.90, 28.30, and 33.76. In Scenario2 
of the second video, 80% worse channel condition MSs, 
10% normal channel condition MSs, and 10% better 
channel condition MSs in normal, AMC, and SVC + 
AMC methods. Therefore the average values of PSNR 
ranges are 15.91, 18.42, and 29.19. The reason why the 
SVC + AMC scheme performs better than the other two 

schemes is the same when simulating in the first video in 
despite Scenario1 or Scenario2, and the reason why 
Scenario1 performs better than Scenario2 is also the 
same for the first video. 

In summary, no matter how the percentage of the MSs 
in worse, normal, and better channel condition changes, 
the proposed SVC + AMC scheme can further enhance 
the user perceived video quality. When a full video 
adapts AMC without SVC, the video quality is almost 
the same as the normal scheme. According to the simula-
tion results, SVC + AMC improves the user perceived 
video quality well, it improves more significantly when 
there are more users with worse channel condition. 
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Figure 13. 20% worse channel condition MSs, 40% normal channel condition MSs, and 40% better channel condition MSs in 
normal, AMC, and SVC + AMC methods in the second video. 
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Figure 14. 80% worse channel condition MSs, 10% normal channel condition MSs, and 10% better channel condition MSs in 
normal, AMC, and SVC + AMC methods in the second video. 
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5. Conclusions 
 
We proposed an effective video quality enhancement 
approach applied on mobile media-based multicast over 
WiMAX. A signaling mechanism is designed between 
the multimedia server and the BS. The channel condition 
varies when MSs move. The BS multicasts different 
number of layers to MSs within different channel condi-
tion using different modulation and coding scheme. MSs 
with worse channel condition receive fewer layers by 
more robust modulation and coding scheme. The signal 
mechanism between the multimedia server and the BS is 
performed by an ICS between the multimedia server and 
the BS. The main task of ICS is to decode the SVC-en-
coded layers from multimedia server and re-package the 
packet with layer ID information in different protocol 
headers. The mapping of the layer and CID is discussed 
and performed in the MAC CS specification. 

Simulation results show that the proposed SVC to-
gether with AMC can indeed effectively improve the 
user perceived video quality, even when there are many 
users with bad channel condition. The ICS signaling re-
solves the problem that the BS can not distinguish the 
layer ID received from the multimedia server. 
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Abstract 
 
In order to study lunar regolith properties, wireless sensor network is planned to be deployed on surface of 
the Moon. This network can be deployed having few wireless sensor nodes capable of measuring soil prop-
erties and communicating results, as and when ready. Communication scenario on lunar surface is quite dif-
ferent as compared to that on the Earth, as there is no atmosphere and also there are lots of craters as well as 
various terrain topologies. Since the deployment of sensors on the Moon is a challenging and difficult task, it 
is advisable to predict the behaviour of communication channel on lunar surface. However, communication 
models like Irregular Terrain Model used for terrestrial communication networks are not directly applicable 
for Unattended Ground Sensor type sensor networks and need modifications according to lunar surface con-
ditions and lunar environment. Efforts have been put to devise a model of radio frequency environment on 
the Moon using basic equations governing various physical phenomena occurring during radio propagation. 
The model uses Digital Elevation Model of four sites of the Moon, measured by Terrain Mapping Camera on 
board Chandrayan-1, a recent Indian mission to the Moon. Results presented in this paper can provide under-
standing of percentage area coverage for given minimum received signal strength, potential sites for sensor 
deployment assuring wireless communication, decision whether a given sensor node can work and can pro-
vide suggestion for possible path of rover with cluster head to remain in contact with the nodes. Digital Ele-
vation Model based results presented here can provide more insight in to the communication scenario on the 
Moon and can be very useful to mission planners. 
 
Keywords: Wireless Model, Moon, DEM, Coverage 

1. Introduction 
 
In order to detect few regolith properties on lunar sur-
face, a Wireless Sensor Network (WSN) is planned to 
be deployed near lunar South Pole, which utilizes wir- 
eless sensors capable of working in harsh environ-
mental conditions. Main property of interest is permit-
tivity obtainable from impedance sensor. Since the de- 
ployment of network on the Moon is a challenging and 
difficult task, it is advisable to predict the behaviour of 
communication channel on the lunar surface by some 
channel model. 

There have been various models for radio commu-
nication on the Earth, for example Irregular Terrain 
Model (ITM) also known as Longley-Rice model given 

by G. Hufford, A. Longley and W. Kissick [1] and 
model given by Durkin [2,3]. ITM is a good model for 
terrestrial communication network and it uses mini-
mum antenna height as 0.5 m for simulation while 
Durkin’s model does not consider multipath effect in 
the simulation. Hata [4] had proposed an empirical 
formulation of graphical path loss valid from about 150 
MHz to 1500 MHz and it was extended up to 2 GHz. 
Walfisch and Bertoni [5] gave a model to consider im-
pact of rooftops and building height by using diffrac-
tion to predict average signal strength at street level. 
Alberto Cerpa et al. [6] describes statistical model of 
lossy links in wireless sensor networks. S. Willis and C. 
J. Kikkert [7] have given radio propagation model for 
long range wireless sensor networks. Chirag Patel [8] 
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has described wireless channel modeling in his thesis. 
Vishwanath Chukkala et al. [9] and Anirudh Daga et al. 
[10] gave modeling and simulation of Radio Frequency 
(RF) environment of Mars. 

In case of present application scenario, operating fre- 
quency is to be 2.4 GHz and sensors are to be deployed 
on lunar surface, where operating conditions are dif-
ferent than that on the Earth. It is known that there is 
no atmosphere on the Moon and there exists very high 
vacuum of the order of 10-12 Torr [11,12]. The com-
munication models used for terrestrial communication 
networks are not directly applicable to Unattended 
Ground Sensor (UGS) type sensor network, like that 
planned on the Moon and need modification according 
to lunar surface condition. This has motivated us to 
carry out the work presented in this paper. Efforts have 
been put to derive modeling of radio frequency envi-
ronment on the Moon, using basic equations governing 
various physical phenomena occurring during radio 
propagation. Our work uses Digital Elevation Model 
(DEM) of four sites of the Moon, measured by Terrain 
Mapping Camera (TMC) on board Chandrayan-1, a 
recent Indian mission to the Moon. Results presented 
in this paper can provide understanding of percentage 
area coverage for given minimum received signal 
strength, potential sites for sensor deployment assuring 
wireless communication, decision whether a given sen- 
sor node could be used and suggestion for possible 
path of rover (carrying cluster head) to remain in con-
tact with the nodes. 

Section 2 presents suitability of existing propagation 
models for lunar application, Section 3 describes phy- 
sical phenomena which can occur on the Moon and as- 
sociated path losses, Section 4 gives lunar wireless 
model, Section 5 gives details of DEM of selected sites 
on lunar surface, Section 6 shows results and paper 
ends with conclusion. 
 
2. Suitability of Existing Propagation Models 

for Lunar Application 
 
It is expected that the communication would be better 
on the Moon as compared to that on the Earth, due to 
absence of atmosphere on the Moon. Few existing pro- 
pagation models were developed for communication on 
the Earth and need to be reviewed for the Moon in 
view of their applicability. 
 
2.1. Irregular Terrain Model 
 
Irregular Terrain Model (ITM) was suggested by Rice  
et al. [13] and is also known as Longley-Rice model. 
Hufford [14] informed that it can be used in area predic-
tion mode and point-to-point mode. ITM takes terrain 
and other parameters as input and produces output as 

signal distribution in a given area. There are certain 
limitations of ITM that it can be used for minimum an-
tenna height of 0.5 metre and minimum distance for 
communication as 1 km. The Point-To-Point (PTP) 
model given by Wong [15] is based on Longley-Rice 
model. However, PTP model describes method to obtain 
diffraction loss. As the wireless sensor network involves 
deployment of sensors on the ground with very small 
antenna heights especially at 2.4 GHz operating fre-
quency, the ITM can’t be used for such applications. 
 
2.2. Two-Ray Model 
 
For a line-of-sight communication, a two-ray model was 
given by Neskovic et al. [16]. This theoretical model 
incorporates reflection by the reflection coefficient, 
which is calculated from incidence angle, dielectric con-
stant, surface conductivity and polarization of antenna. 
The signal strength at the receiver as given in (1) is 
shown in Willis [7] using free space loss and reflection. 

2
2

1 22
1 2

1 1
| exp( ) ( ) exp( ) |

16
t t r

r
PG G λ

P jkd ψ jkd
d dπ


     


 

(1) 

where  and  are lengths of first and second path 

respectively. The two ray model is mostly used for direct 
and ground reflected rays. In case of lunar wireless sensor 
net- work, sensor nodes are to be the surface with very 
small antenna heights and therefore ground reflected 
signal is not expected at the receiver. 

1d 2d

 
2.3. VSS Multipath Model 
 
Signals reflected from reflectors would reach the receiver 
with different strengths and phases with reference to di-
rect signal. At receiver, equivalent signal strength is equ- 
al to superposition of varying amplitude and phase sig-
nals and it is possible to get overall signal strength as 
reduced or improved. The multipath channel model in 
AWR Visual System Simulator [17] uses Equations (2) 
and (3) to obtain signal strength for a sample k. The mul-
tipath model was implemented by Willis [18] in MAT-
LAB. 

1
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(3) 

where ( )x k  is kth sample,  is number of multipath 

signals, 

N

( , )path k i  is contribution of ith multipath sig- 

nal determined by (3), iA  is gain of ith path, ( )ix k d  
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is delayed sample associated with path  and exponen-
tial term represents doppler shift due to receiver move-
ment. This model may be used for moving nodes, which 
is not the case for lunar wireless sensor network. 

i

 
2.4. Multipath Signal Distribution 
 
Instantaneous receiver signal strength (envelope) is rep-
resented by either Rayleigh or Rician distribution as sho- 
wn by Hernando et al. [19]. Rayleigh distribution con-
siders only multipath components available and does not 
take direct path. However, Rician distribution considers 
direct as well as multipath components. Communication 
on lunar surface is expected to be line-of-sight and also 
multipath due to reflections from terrain and therefore, 
Rician distribution is more suited for lunar application. 
Rician distribution is shown by Hernando et al. [19] and 
given below: 

2 2
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σ σ
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
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r a

σ
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where 0I  is modified 0th order Bessel function and va- 

lue of  depends on direct component. The Rician fun- 
ction is usually expressed in terms of carrier-to-multipath 
ratio or  factor as 
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k
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m σ
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                  (5) 

where  and  are strengths of carrier and multipath 
components respectively. As  increases, received sig-
nal strength increases and for larger values of ,  

becomes Gaussian. 
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k

k ( )p r

 
2.5. Willis Multipath Model 
 
Willis [18] has given extended version of two ray model 
as multipath model, shown in Equation (6) for terrestrial 
application on the Earth. 
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3. Physical Phenomena and Path Loss on the 

Lunar Surface 
 
Since the Earth based model cannot be directly used for 
lunar applications, we have examined various physical 
phenomena occurring during wave propagation in gen-
eral and those applied to wave propagation on the Moon. 
Such phenomena and losses associated with them are 

given below and we have combined them to arrive at the 
path loss given in Section 4. 
 
3.1. Free Space Loss 
 
The plan is to use compact wireless impedance sensors 
(along with other types of sensors) for detection of elec-
trical properties of lunar Regolith having small size 
quarter wave antenna (3.125 cm). The idea is to use line 
of sight propagation technique for small distances of up 
to few hundred metres. Under ideal communication con-
ditions, the power radiated from antenna is omni direc-
tional in the plane of interest, which is horizontal here 
and power is inverse square function of the distance for 
free space wave propagation given below [19] by Friis 
formula. 
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2 216
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P
π d
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where  and  are transmitter and receiver powers, 

 and  are gains of transmitter and receiver anten- 

nas, 

tP

G
rP

tG r

λ  is wavelength of operation and  is distance 
from the transmitter. Free space loss is a basic loss for 
communication on the lunar surface, since there is a 
vacuum on the Moon. 

d

3.2. Reflection 

For communication on the Earth, there can be factors 
like steady and moving reflectors and scatterers, atmos-
pheric absorption etc and can lead to multipath compo-
nents at the receiver. Due to multipath components, sig-
nal strength can vary at the receiver due to moving scat-
terers. However, in case of lunar application, there are no 
moving objects on the surface and therefore there can be 
multipath signals at the receiver due to surface topogra-
phy, but received signal strength is not expected to vary 
randomly due to steady terrain, but it can show periodic 
variations due to signals travelling in different time dura-
tions. Also, there is no atmosphere on the Moon and 
therefore there are no atmospheric losses, which are pre-
sent on the Earth. The main possibility of signal getting 
affected is that of the surface reflections due to uneven 
terrain structure. This can cause multipath propagation 
and signal reaching at the receiver by direct path will be 
modified due to multipath components. The expected nu- 
mber of multipath components is few as the mission lan- 
der should land on comparatively plane or smooth sur-
face, where rover can move easily. The wavelength of 
signal is 12.5 cm at 2.4 GHz wireless operation and ob-
jects should be of larger size to cause the reflection. Par-
sons [20] derived the received signal strength using re-
flection coefficient () from the reflector as given below. 
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  = phase shift created due to reflected signal  
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ψ  = angle of incidence with vertical from transmitter 

antenna to the reflector 

rε  = relative dielectric constant of the ground 
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σ = conductivity of the ground 
f = frequency of operation 

0ε = free space permittivity 

It is also possible to calculate received signal strength 
by the Equation (9) given by Hernando et al. [19] de-
rived from two ray model for longer link distances and 
lower antenna heights at both ends having direct visibil-
ity of each other. 

2 2
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P
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               (9) 

where  and are heights of transmitter and receiver 
antennas respectively. However, for sensors being on 
surface, Equation (9) may not be used. Reflections are 
expected from nearby ground terrain on the Moon. Infact 
the major component for channel fading on the Moon is 
due to multipath created by reflections from craters and 
surface irregularities. Also, transceiver used for ground 
sensors should not use horizontal polarization; otherwise 
signal would be attenuated [21] very near the transmitter. 
Instead, vertical polarization should be used, which can 
provide sufficient signal at farther distances. 

th rh

 
3.3. Reflection Scattering 
 
When signal is reflected from lunar surface, it is likely 
that the ray may be scattered due to dispersed signal. 
Gibson [22] has suggested this specular reflection and 
stated that roughness of a surface can be classified by 
Rayleigh criterion given below: 

8 cosc
i

λ
h

θ



              (10) 

where  is angle of incidence at the reflector. Gibson 

[22] gave a parameter , which represents minimum to 
maximum deviation about mean terrain height. If , 

then terrain is considered as rough terrain and the loss for 
it is considered by multiplying reflection coefficient by a 
scattering loss factor 

iθ

h

ch h

sρ  calculated by Bothias’ equa-

tion as below: 
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where  is standard deviation of surface height about 

the mean surface height and 
hσ

0I  is the 0th order Bessel 

function of the first kind. On the lunar surface, the re-
gions are mostly rough and may have varying sized ob-
jects, which can lead to scattering losses. 
 
3.4. Diffraction 
 
For line of sight communication, if an obstacle of size 
comparable to wavelength is present in between trans-
mitter and receiver, then diffraction loss can occur at the 
edge of an obstacle. The signal may be scattered and at-
tenuated before reaching to the receiver. Diffraction from 
knife-edge obstacle can cause signal to bend and Wong 
[15] stated that bending of signal due to knife-edge obsta-
cle causes higher signal strength as compared to that due 
to rounded. On the lunar surface it is likely to have such 
obstacles in between transmitter and receiver, which may 
be considered only for direct path but the deployment is 
supposed to be in almost plane terrain for smooth move-
ment of the rover and hence possibility of occurrence of 
such loss is rare and may be neglected. 
 
4. Lunar Wireless Model 
 
Equation (6) given by Willis [18] does not include possi-
bility of direct path, but it is expected to be present in 
case of wireless sensor networks. Also, diffraction loss 
given by Wong [15] may be considered for direct path 
from transmitter to receiver and not for multipath for 
operation at 2.4 GHz frequency. Considering diffraction 
loss only for direct path and including reflection scatter-
ing loss factor, following equation is given for obtaining 
area coverage by wireless sensor network on the lunar 
surface: 
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where  is diffraction loss for direct path,  is di- ddL dd

rect path distance,  is phase constant, k snρ  is reflecti- 

on scattering loss factor of nth multipath,  is reflec-

tion coefficient of nth multipath,  is angle of incid- 

ence at nth reflector and  is distance of nth multi- 

path component. 

n

nψ

nd

 
5. Digital Elevation Model of Lunar Surface 
 
Recent mission to the Moon from India, Chandrayan-1, 
had Terrain Mapping Camera (TMC) on board for de-
riving Digital Elevation Model (DEM) of the Moon and 
has provided good quality data during the mission time. 
Four sample sites at various locations on the Moon have 
been selected considering almost plane surface, region 
with some peaks and region with few craters in order to 
study lunar radio propagation model. Table 1 shows de-
tails of site used in deriving communication area cover-
age. DEM data for various sites were obtained during 
different orbits and resolutions were different. Sites 1 
and 2 have resolution of 56.1 m in both directions; site 3 
has resolution of 122.67 m for horizontal (longitude) 
direction and 53.34 m for vertical (latitude) direction, 
while site 4 has 185.07 m for both directions. Figures 
1(a) to 1(d) show images of all these four sites respec-
tively, taken by TMC on board Chandrayan-1. 
 
6. Results 
 
Lunar wireless model is given in Equation (12), which 
considers all possible phenomena and losses for wireless 
sensor network on the lunar surface. Diffraction loss is 
expected to be very low in value as compared to direct 
path and multipath reflections for targeted application. 
Since, major interest is in establishing direct line-of-sight 
communication between transmitter and receiver, such 
loss is neglected. As readily available software cannot be 
used for wireless sensor network for lunar applications, 
MATLAB code was developed and DEM data were 
taken as input in the programme along with values 
shown in Table 2 and results of radio coverage are 
 

Table 1. Lunar sites for RF model. 

Site 
No. 

Crater Near the 
Site Location 

Lunar Latitude Lunar Longitude

1 Catalan 
－ 52.103 to  
－ 52.40781 

279.807 to 
280.55313 

2 Baade 
－ 45.414 to  
－ 45.71881 

279.764 to 
280.51013 

3 Zsigmondy 
60.548 to 
60.101722 

248.720 to 
249.779051 

4 Moretus 
－ 70.5916 to  
－ 71.708189 

358.4305 to 
360.645171 

279.807 280.55313

-52.40781

-52.103

Longitude

Latitude

279.807 280.55313

-52.40781

-52.103

Longitude

Latitude
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279.764 280.55013
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Longitude
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279.764 280.55013
-45.71881

-45.414

Longitude

Latitude

 
(b) 

248.720 249.779051
60.101722

60.548

Longitude

Latitude

248.720 249.779051
60.101722

60.548

Longitude

Latitude

 
(c) 

358.4305 360.645171
-71.708189

-70.5916

Longitude

Latitude

358.4305 360.645171
-71.708189

-70.5916

Longitude

Latitude

 
(d) 

Figure 1. (a) Lunar site 1; (b) Lunar site 2; (c) Lunar site 3; 
(d) Lunar site 4. 
 

Table 2. Input parameters for lunar radio frequency model. 

Parameter for Model Value 

Moon Radius 1737.4 km 
Transmitter Power 0 dBm 
Transmitter Antenna Quarter Wave Monopole
Receiver Antenna Quarter Wave Monopole
Frequency of Operation 2.4 GHz 
Lunar Regolith Dielectric Constant [24] 4 
Lunar Regolith Conductivity [25] 10-8 s/m 
Wave Polarization Vertical 
Transmitter Location Middle Left 

Copyright © 2010 SciRes.                                                                                IJCNS 



400                                       J. P. PABARI  ET  AL. 

Copyright © 2010 SciRes.                                                                                IJCNS 

   
 

Longitude (Degree)

La
tit

ud
e 

(D
eg

re
e)

Pr  (dBm)

279.807 279.99213 280.17913 280.36613 280.55313
-52.103

-52.1778

-52.25447

-52.33114

-52.40781

-100

-95

-90

-85

-80

-75

-70

-65

      

 

Longitude (Degree)

La
tit

u
de

 (
D

eg
re

e)

Pr  (dBm)

279.764 279.94913 280.13613 280.32313 280.51013
-45.414

-45.4888

-45.56547

-45.64214

-45.71881

-100

-95

-90

-85

-80

-75

-70

-65

 
(a)                                                             (b) 

 

Longitude (Degree)

La
tit

ud
e 

(D
eg

re
e)

Pr  (dBm)

248.720 248.981696 249.247481 249.513266 249.779051
60.548

60.437764

60.32575

60.213736

60.101722

-105

-100

-95

-90

-85

-80

-75

-70

-65

      Longitude (Degree)

La
tit

u
de

 (
D

eg
re

e)

Pr  (dBm)

358.4305 358.979541 359.534751 360.089961 360.645171
-70.5916

-70.8661205

-71.14681

-71.4274995

-71.708189

-110

-105

-100

-95

-90

-85

-80

-75

-70

 
(c)                                                            (d) 

Figure 2. (a) RF model for site 1; (b) RF model for site 2; (c) RF model for site 3; (d) RF model for site 4. 

 
depicted in Figures 2(a) to 2(d) respectively; for sites 1, 
2, 3 and 4. For a given area on the Moon, there can be 
many multipath components depending up on terrain and 
if all are allowed to contribute in the code, then compu-
tational complexity is increased highly due to involve-
ment of higher order matrix. Moreover, it needs highly 
sophisticated computing facility and it takes very long 
time for computation. Number of multipath components 
may, therefore, be restricted to smaller numbers, which is 
reasonably justified, as distance travelled by signal along 
multipath is quite large in most of the regions as com-
pared to that for the direct path and hence the contribu-
tion of those multipath components would be very less as 
compared to contribution from the direct path. Normally, 
sensor node operating in 2.4 GHz ISM band has 0 dBm 
as output power and its receiver has sensitivity of about 
-100 dBm [23]. We have calculated radio coverage of the 
sites as a ratio of occupied region having more than -100 
dBm received signal strength to total region under con-
sideration. Table 3 shows percentage radio coverage of 
all sites for 250 kbps link, effectively showing useful 
area for sensor network deployment. 

Sites 1 and 2 have been selected with comparatively 
plane surface having lesser undulations on the surface, 

while sites 3 and 4 have different profiles, for example, 
site 4 is at the edge of Moretus crater near lunar South 
Pole. Due to this, site coverage is very less for sites 3 
and 4 as compared to that for sites 1 and 2, as expected. 
From the derived radio coverage at selected lunar sites, 
one can know the areas having more than some specific 
value of received power, for example, region receiving 
more than -100 dBm power. Results indicate the percen- 
tage coverage of a given site with known topography 
and also the possibility of checking if a given sensor no- 
de would be useful on the Moon, as far as power is con-
cerned. Sensor nodes should preferably be deployed in 
the region where sufficient amount of power is available 
(pink in the coverage patterns). In case of lunar wireless 
sensor network, rover is supposed to carry the cluster 

Table 3. Site coverage. 

Site 
Site Coverage 
(250 kbps link) 

1 11.27 % 

2 10.02 % 

3 2.73 % 

4 1.01 % 
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head and radio coverage patterns can suggest possible 
path for the rover to move, assuring intact communica-
tion link with the nodes. 

7. Conclusions 

In this paper, we have investigated that existing radio fre-
quency models cannot be directly applied to lunar wireless 
sensor network and arrived at lunar wireless model from 
fundamental physical phenomena occurring during wave 
propagation on the Moon. We have presented radio signal  
coverage patterns of four lunar sites by using actual DEM 
data of the Moon. We have used 0 dBm transmitter power 
at 2.4 GHz frequency with quarter wave antennas for 
transmitter and receiver. The results show percentage cov-
erage for 250 kbps links on the lunar surface, suggesting 
possible use of commercially available transceiver in sen-
sor node as well as possible deployment sites and rover 
paths to assure wireless connectivity. 
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Abstract 

With the development of mobile technology, especially the development of 3G and mobile IP, the computa-
tional capacity of handsets is becoming more and more powerful, which provides a new method to solve the 
difficulties encountered in real time GIS accessing caused by the characteristics of mobility and remoteness 
of fieldwork in oilfield. On the basis of studying in-depth on the technologies of J2ME platform, Mobile 
SVG and mobile data transfer, etc., and in accordance with the actual situation of oilfield, the design frame-
work of oilfield mobile GIS service is put forward and the schemes of key technologies are given in this pa-
per, which establishes the technical foundation for the construction of “Digital Oilfield”. 

Keywords: J2ME, Mobile Platform, GIS Service, Digital Oilfield 

1. Introduction 
 
Oilfields, especially the peripheral oilfields, are generally 
located in remote areas and the workplaces scatter widely 
and span large regions. The field operations, such as geo-
physical prospecting, drilling, logging, well testing have 
the characteristic of strong mobility. In this case, it is dif-
ficult to build wired network. But on the other hand, it is 
needed to access and control the oilfield GIS information 
real-timely by the “Digital Oilfield”. In such a case, oil-
fields proposed higher requirements on the WWW-based 
GIS platform. In recent years, with the development of 
mobile communication and mobile computing technolo-
gies, it is possible for the traditional GIS to develop into 
mobile GIS [1-3]. The mobile GIS with handsets as the 
terminal is becoming a research hotspot in GIS domain. 
Value added service of mobile GIS in oilfield is emerging 
as the times require, it is meaningful to carry out the re-
search on mobile platform-based oilfield GIS service. 

Mobile GIS services are based on the technologies of 
Mobile SVG, J2ME platform, etc. SVG, the abbreviation 
of scalable vector graphics, is the formal recommendation 
standard of internet (W3C), and a language which uses 
XML to describe the two-dimensional diagrams [4]. In 
order to meet the requirements in wireless domain, the 
SVG workgroup of W3C established the specific standard 
Mobile SVG for the mobile application domain. For mo-
bile developer, vector graphic has the advantages of small 

space usage and nice flexibility, so it is widely used in the 
mobile network. An important application of Mobile 
SVG is the location-based services, an important part of 
which is the handset-based map service, the product of 
the combination of the technologies of spatial information, 
mobile communication, mobile computing and so on. As 
a new emerging service, it has the characteristics of mo-
bility, diversity of handsets, thin client/fat server, and 
limited bandwidth. J2ME is the abbreviation of Java 2 
Micro Edition released by SUN, is a development plat-
form aiming at the embedded consumption electronic 
products, and is a whole collection of technology and 
specification [5]. The discussion of this contribution is 
how to realize oilfield GIS service on the basis of Mobile 
SVG specification and J2ME platform. 

Compared with the services provided by sitemap, such 
as the well-known Google Map, oilfield GIS service is 
committed to different objectives and the user groups are 
not the same. Microsoft, Google and Yahoo are con-
sumer-centered to a large extent. They take mapping and 
geo-spatial visualization as an aspect of the search tech-
nology, trying to achieve the visualization and interrela-
tion of global base map. While the oilfield GIS service is 
oilfield oriented. By using the professional data of oilfield, 
oilfield GIS services create the contents that can be visu-
alized on the mobile terminal, supporting the professional 
and technical personnels to carry out various analyzing 
and decision making. 
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2. Overall Design of Mobile Platform-Based 

Oilfield GIS Service 
 
The prototype of the mobile platform-based oilfield GIS 
service applies C/S structure. It is divided into three lay-
ers: data layer, middle layer and presentation layer, the 
hierarchical structure is showed in Figure 1. 

Presentation layer: This layer implements the graphics 
user interface, the data representation (map display) and 
the simple operations on map (map zoom in or out, etc.) 
for various kinds of handset equipments. Because of the 
limited process and memory capability, most of the com- 
puting work must be implemented at the server end, 
while the handset can only implement the visualization 
of spatial data and the communication between the user 
and server. Due to the limited bandwidth, the SVG file 
transferred by the server to the handset can only contain 
graphic data. When map service is required by user, it 
sends HTTP request to the server, the server responses 
the user request and sends the SVG-formatted spatial da- 
ta to the client, and then the client handset parses and ge- 
nerates the graphic map [6]. If the user needs other in-
formation query or data processing, communication with 
the server is required again. 

Middle layer: Middle layer is made up by web server. 
It requests data from the data layer in accordance with the 
user demand, implements necessary information process 
and communicates with the client end. Web server ace- 
pts the service request sent by the client based on HTTP 
protocol, implements the data query in the back-end spa-
tial database, then sends the query results back to the cli-
ent after compression. 

Data layer: It is the spatial database on the server end. 
It stores various geographic data needed by the mobile 
platform-based oilfield GIS services. After development 
for scores of years, oilfields have accumulated mass of 
data, including raw data in exploration and exploitation, 
results of processing and interpretation and information of 
surface engineering, etc., which are the basis of the spatial 
database. These data are classified into three sorts: basic 
geographic information, metadata and oilfield profession- 
al data (including gathering and transportation system for 
crude and gas, water injection system, water supply sys-
tem, drainage system, road system, power supply system, 
corrosion protection and thermal insulation, communica-

tion system, exploration and exploitation related mining 
right, reservoir boundary, basin and formation boundary, 
ground, fire fighting, sanitation and so on). The structure 
diagram of oilfield spatial attribute database is shown in 
Figure 2.  
 
3. Key Technologies 
 
The mobile platform-based oilfield GIS service prototype 
is made up by two parts: client end handset application 
program and Web server program. The handset applica-
tion program mainly implements the interactive graphic 
user interface, SVG file parsing and the map display and 
operations (map translation, zoom in or out, etc.). The 
functions of Web server are mainly to accept the hand-
set’s HTTP service request, implement the data query, 
generate and compress the SVG map file, then send the 
map data file back to the client handset [7,8]. The struc-
ture of the prototype is shown in Figure 3. 
 

Web server 

Mobile program 

Spatial Database 

Presentation layer

Middle layer 

Data layer 

 

Figure 1. Layer structure of mobile platform-based oilfield 
GIS service. 
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Figure 2. Structure of spatial attribute database.
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Figure 3. System architecture diagram of the prototype. 
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3.1. Generation of SVG File at the Server End 
 
At the server end, the file data are written to SVG file in 
accordance with the Mobile SVG specification, all the 
related geographic information needed in the SVG file are 
obtained by querying the spatial database, and these data 
are assigned to the corresponding attributes of the ele-
ments in the SVG file. 

Based on the characteristics of Mobile SVG, the gro- 
und objects can be classified into point entity, linear en-
tity and area entity according to their geometrical shape 
[9]. These entities are represented by corresponding 
graphic coding in Mobile SVG. In Mobile SVG, basic 
graphic elements (rectangular, circle, ellipse, line, folding 
line, polygon, etc.) are supported, so as the path. Various 
complex graphics can be plotted with path elements. 

The data fields of various entity objects in the spatial 
database are basically the same, while the types of the 
spatial data of the entity objects are different. Thus, the 
data query should be implemented in three ways accord-
ing to the entity objects. The queried contents mainly 
include ID, name and spatial coordinate data. As for the 
attributes, such as color of the entity objects, it can be 
acquired by querying the entity description table in the 
database. After the correlated data of each entity are ac-
quired, the corresponding group and element can be gen-
erated in accordance with the Mobile SVG normative 
standard, and written to the SVG file as the values of the 
attributes of various elements, generating the demanded 
SVG map file. 
 
3.2. SVG File Compression 
 
Compared with other graphic formats, the SVG technol-
ogy itself has the advantage of small data amount, but for 
the bandwidth-limited wireless network, the less the tran- 
smitted data amount, the better. As a result, compression 
treatment is implemented on the SVG file by using GZIP 
format at the server end [10]. 
 
3.3. SVG File Parsing at the Client End 
 
At the mobile terminal, the SVGZ file from the server 
should be decompressed into SVG file. SVG file is based 
on XML. Presently, there are special-handset-aimed X- 
ML parsers, such as KXML [11]. Tinyline viewer is a 
special browser to browse the SVG file on handsets, 
which can be installed on handsets directly. On the other 
hand, one can develop the SVG file browser by himself, 
too. Due to the limited capacity of Tinyline viewer, a self 
developed browser is applied in this prototype [12]. 

During the process of file parsing, a third party devel-
oped SVG file parsing package, tinyline.zip, is applied. 
This parsing package can parse the graphic elements and 
their attributes in the Mobile SVG standardaccorded 

SVG file. It transforms them into the J2ME graphics and 
displays on the handset screen. 
 
3.4. Map Display on Client Handset and Simple 

Operations 
 
On the client handset, simple operations on the parsed 
SVG file can be implemented by the user, such as map 
zoom in or out, translational movement, and so on. 
 
4. Application Example 
 
Through the study on the technologies of J2ME and Mo-
bile SVG, a mobile platform-based oilfield GIS service 
prototype was realized by using the geographic informa-
tion data of an oil production plant in Daqing oilfield. 
Using this prototype, one can real-timely query the sur-
face engineering map of the plant and carry out simple 
operations on it, as shown in Figure 4. 

 

 

 
Initial interface               Original map 

 
Local amplification           Translational movement 
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Query information         Well monthly production 

Figure 4. Operation interface of surface engineering map of 
oilfield. 

 

5. Conclusions 
 
The design and realization of mobile platform-based oil-
field GIS service prototype are introduced in this contri-
bution. Making use of the characteristics of Mobile SVG 
and its advantage in the wireless graphic application, co- 
mbining the J2ME development platform, the prototype 
organizes and codes the oilfield spatial data, then trans-
mits the file through Web server to the client end to dis-
play. The graphics generated by using the Mobile SVG 
technology described in this contribution has the advan-
tages of small size, fast access speed and easily process, 
therefore it is the first choice for graphic displaying at 
the client end of the mobile platform-based oilfield GIS 
service. 

The study on the mobile platform-based oilfield GIS 
service in this contribution plays the navigation role in 
the “Digital Oilfield” based applications, and establishes 
the technical foundation for the construction of “Digital 
Oilfield” by using the front technology of mobile GIS. 
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Abstract 

The system capacity of wireless networks varies temporally. This may be due to the dynamic allocation of 
the channels and also the mobility of the users. The change in capacity will create greater impact on the sys-
tem performance parameters. This variation of capacity particularly poses a greater challenge to the research 
community to ensure the Quality of Service (QoS) as it affects the call blocking probability which is one of 
the important QoS parameters. This paper proposes a performance model for call admission control and the 
availability model for a heterogeneous wireless network environment. The proposed model is able to handle 
three types of traffic considered for the study includes conversation traffic, interactive traffic and background 
traffic. The unified performance-availability model is developed using the Stochastic Area Networks (SAN). 
The performance of both analytical models and the SAN based performance-capacity models are verified by 
taking the call blocking probabilities for all the three types of traffics. 

Keywords: Call Admission Control, Call Blocking Probability, Heterogeneous Wireless Networks, Stochastic 
Activity Networks, Quality of Service 

1. Introduction 
 
There is tremendous increase in the growth of wireless 
communication technologies which is evidently indicated 
by exponential increase in the wireless communication 
technologies usage. This popularity obviously demands 
the next stage beyond third-generation (3G) networks to 
include multiple wireless access technologies, all of wh- 
ich will coexist in a heterogeneous wireless access net-
work environment [1,2] and use a common IP core to 
realize user-focused service delivery. The coexistence of 
Heterogeneous radio access technologies (RATs) is be-
coming mandatory to fulfill the needs of the growing 
users’ community of wireless technologies. This in turn 
will noticeably amplify the intensity in development of 
different high-speed multimedia services, such as video 
on demand, mobile gaming, Web browsing, video strea- 
ming, voice over IP and e-commerce etc. Seamless in-
tersystem roaming across heterogeneous wireless access 
networks will be a major feature in the architecture of 
next generation wireless networks [3]. It is very well 

evident that no single RAT can provide ubiquitous cov-
erage and continuously high quality service (QoS), the 
mobile users may have to roam among various radio ac-
cess technologies to keep the network connectivity active 
to meet the applications/users requirements. With the 
increase in offered services and access networks, effi-
cient user roaming and management of available radio 
resources becomes decisive in providing the network 
stability and QoS provisioning. The future users of mobi- 
le communication look for always best connected (ABC) 
anywhere and anytime in the Complementary access 
technologies like Wireless Local Area Networks (WL- 
AN), Worldwide Inter operability for Microwave Access 
(WiMAX) and Universal Mobile Telecommunication 
Systems (UMTS) which may coexist with the satellite 
networks [4-6]. 

With this prevalent scenario of user mobility, ensuring 
the required radio resources to the users is a highly chal-
lenging task. In spite of failures in hardware, software, or 
combination of these two may still make the wireless 
networks to work and support the users. But there will be 
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a definite effect on the system capacity, i.e., the number 
of channels available and number of users that can be 
accommodated by the wireless networks may decrease 
and the throughput of the system will come down. This is 
an important aspect concerned to performance modelling. 
There is a strong need of performance modelling which 
should be able to take care of not only the pure perform-
ance but also the availability and reliability model of the 
system. But most of the performance models will con-
sider this contention and generally over estimate the sit- 
uation and will not consider the failure–recovery of the 
systems resources in turn the traditional availability mo- 
dels are not considering the performance metrics. There 
is a need for a composite model which will work on fail-
ure recovery model. 

Researchers have achieved success in developing tech- 
niques for modelling the performance, availability and 
reliability of communication systems in a unified way. 
There are good number of approaches that have proved 
the need of unified performance model and availability 
models of any stochastic system under study. In this pa-
per we have proposed composite Performance and Avai- 
lability models and are evaluated using the stochastic 
petrinet. 

The further sections of the paper are organized as fol-
lows. The Section 2 presents the performance model for 
call admission control. Section 3 focuses on the Avail-
ability model. The Section 4 represents SAN based per-
formance-availability of the CAC system and Section 5 
is devoted to discuss the simulation results and Section 6 
concludes the paper. 
 
2. Performance Model 
 
In this paper we propose a novel analytic performance 
model admission control mechanism for reducing the call 
blocking probability there by increasing the resource 
utilization. This would achieve the objective of guaran-
teeing the user QoS requirements. The proposed model is 
able to handle three types of traffic considered for the 
study includes conversation traffic, interactive traffic and 
background traffic. All of this traffic represents different 
QoS service class of traffic with the following QoS pa-
rameters. 

The conversational traffic is sensitive to transfer delay 
and jitter. It demands guaranteed bit rate and low bit er-
ror rate. The examples of the applications belonging to 
this category are video-conferencing and audio confer-
encing. The interactive traffic is a QoS class that is not 
sensitive to transfer delay and Jitter but demands low bit 
error rate. The applications of this QoS class do not need 
guaranteed bit rate for example web browsing, interac-
tive chats and interactive games. The background traffic 
QoS class is not sensitive to transfer delay and jitter but 
needs low bit error rate from the network and these ap-

plications do not depend on guaranteed bit rate. The ex-
amples belonging to this group are e-mail, SMS applica-
tions. The assumption made for the design and develop-
ment of analytical CAC model was type3 traffic would 
require three channels to be assigned in the system and 
type2 traffic demands two channels and type1 traffic 
needs one channel. 

The proposed model is developed keeping in mind the 
WCDMA, WiFi, and WiMax. The CAC mechanism 
proposed is focused only on the system’s ability to ac-
commodate newly arriving users in terms of the total 
channel capacity which is needed for all terminals after 
the inclusion of the new user. In the case when the chan-
nel load with the admission of a new call was precom-
piled (or computed online) to be higher than the capacity 
of the channel the new call is rejected, if not, the new 
call could be admitted. The decision of admitting or re-
jecting a new call in the network will be made only based 
on the capacity needed to accommodate the call. 

We consider a heterogeneous network which com-
prises a set of RATs Rn with co-located cells in which 
radio resources are jointly managed. Cellular networks 
such as Wireless LAN and Wi-Max can have the same 
and fully overlapped coverage, which is technically fea-
sible, and may also save installation cost. H is given as H 
{RAT 1, RAT 2, RAT k} where k is the total number of 
RATs in the heterogeneous cellular network. The het-
erogeneous cellular network supports n-classes of calls, 
and each RAT in set H is optimized to support certain 
classes of calls. 

The analytical model for call admission control mec- 
hanism in heterogeneous wireless networks is modelled 
using higher order Markov model and is as shown in 
Figure 1. In the proposed model it is assumed that, 
whenever a new user enters the network will originate 
the network request at the rate λi and is assumed to fol-
low a poisson process. The service time of the different 
class of traffic and types of calls is µi .The mean service 
time of all types of users were assumed to follow nega-
tive exponential distribution with the mean rate 1/µ. 
Since voice traffic is Erlang distributed, the condition 
that is considered for simulation is negative exponential 
distribution. The total number of virtual channels in the 
system are N. When the numbers of available channels 
are below the specified threshold the system will drop 
the calls. The threshold limit is determined by three posi-
tive integers A1, A2 and A3. These are called as utilization 
rates, where A is represented as 
 

 

Figure 1. Analytical model for CAC. 
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A = λ / μ 
Similarly, 
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         (1) 

are the utilisation rate of type1 traffic, type2 traffic and 
type3 traffic respectively. In general the values of the 
utilisation rate in a steady state system will be with in 1. 

When the available number of channels falls below the 
threshold A3 the proposed system will accept only the 
voice calls and web browsing. When the available num-
ber of channels falls below the threshold A2 the proposed 
system will accept only the voice calls. If the available 
number of channels falls below the threshold A1 the pro-
posed system will not accept any calls as it reaches the 
stage where there will be no channels available to allo-
cate to the incoming calls and leads to system blocking. 
The P(0) is the probability that there are no allocated 
channels in the designated system. The parameters of 
analytical performance model are also called as Per-
formance model parameters. The parameters are number 
of virtual channels (N), user arrival rate (λ), arrival rate 
of type1 call (λ1), arrival rate of type2 call (λ2) arrival 
rate of type3 call (λ3) and service time of the calls is 
taken as µ1 , µ2 and µ3. 

Assuming that the arrival time of all the types of traf-
fic are equal i.e., 1 2 3       and the service time 

for the types of traffic are equal i.e., 1 2 3      , 

the call blocking probability for type1 traffic could be 
expressed as 

-1 2 -3(
3n n n n

a
P P P P   )             (2) 

where a = λ / μ which should be generally less than one 
for the system stability. Similarly, the call blocking 
probability for type2 traffic Pn-1 is 

1 -2 3(
3n n n

a
P P P P    -4 )n            (3) 

And the call blocking probability for type3 traffic Pn-2  
is represented as 

2 -3 4(
3n n n

a
P P P P    -5 )n            (4) 

The call blocking probability for the overall system 
traffic Pnb can be expressed as 

1 -2(
3nb n n n

a
P P P P   )              (5) 

 
3. System Availability Model 

 
The system availability model indicates the availability 

of the channels in the proposed system. When all N 
channels are failed then the system is unavailable for 
data transmission. Here the system is modelled as inde-
pendent failure - repair model [7] which is also iterated 
in our previous work [8]. Each virtual channel is sub-
jected to time and frequency selective fading and multi-
path fading then the virtual channel will be unavailable 
for data transmission. The individual channel is available 
for use by changing the mobile terminal position or by 
channel equalization technique [7]. The channel recovery 
model is developed as independent repair facility [9]. The 
failure rate of the channel is Poisson distribution with the 
rate γ. The channel recovery is exponential repair time 
distribution of parameter distribution with the parameter 
τ. The N independent channel failure and recovery can be 
represented as a single dimension Markov Chain. The 
system availability can be modelled as Markov chain. 
The steady state probability P(i), where i is the number 
of available channel in the system and given by 
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The steady state unavailability P(0) of the system is 
given by 
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The important observations from Performance-avai- 
lability model is, increasing the number of channels will 
decrease the call blocking probability Pnb. The system 
availability model is as shown in Figure 2. 
 
4. Composite Performance and Availability 

Model 
 
The performance-availability model is based on Stochas-
tic Activity Networks (SAN). The SAN is a stochastic 
extension of Stochastic Petri Networks (SPN) in which 
the capacity to define temporary characteristics with sta-
tistical parameters has been added. The SAN exhibits the 

 

 

Figure 2. System availability model. 
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innovative graphics which allows the researchers to rep-
resent a model with a high level of formal specification, 
expression of behaviour and dependency of the system in 
an uncomplicated and straightforward way. SPNs can be 
in general considered to constitute a method to model di- 
stributed, asynchronous concurrent systems, which have 
parallel characteristics. It is possible to study the per-
formance and evolution of the system easily using Petri 
nets as Petri Nets combine graphic design and extensive 
mathematical theory to represent a system model. 

A SAN performance model for CAC is represented in 
Figure 3 as channel usage model and the channel avail-
ability model which is also called as system capacity 
model is represented in Figure 4 for the aggregate traffic. 
The performance model of the proposed system is shown 
in Figure 5 and primitive components used in the pro-
posed model are shown in Table 1. The activities tr_t1, 
tr_t2 and tr_t3 represents the new user arrival/call arrival 
of traffic type1, traffic type2 and traffic type3 respec-
tively which are timed activities and the firing distribu-
tion is a Poisson distribution. The new traffic arrivals 
have an inhibitory input from the input gate ig_nt1, ig_nt2 
and ig_nt3 when the number of virtual channels is less 
than A1 channels, A2 and A3 respectively. The transition 
tr_sr1, tr_sr2 and tr_sr3 represent user Service requests 
from traffic type1, type2 and type3 to system. Service 
requests are hyper-exponential distribution. The places 
AC and OC in the channel usage model indicate avail-
able channels and occupied channels /used channels. 

The activity tr_t1 represents the call arrival of traffic 
type1 on firing of transition tr_t1, the output gate og_nt1 
shown in the Traffic type1 SAN performance model will 
function and removes single token from place AC and 
deposit a single token in place OC as shown in Figure 3. 
The transition tr_sr1 represents user Service requests 
from traffic type1 to system. Service requests are hy-
per-exponential distribution. After the call is serviced the 
channel is released to the timed activity tr_sr1 through 
input gate ig_sr1. On firing tr_sr1 the output gate og_sr1 

will draw a token from OC and deposit the token in place 
AC. 

 

 

Figure 3. Channel usage model. 

 

Figure 4. Channel availability/ fading model. 

 

 

Figure 5. Performance-availability model. 

 
Table 1. Structural components of traffic models. 

Symbol SAN object Description 

AC Place Available Virtual Channels 

OC Place Used / Consumed Virtual Channels 

tr_t1 

tr_t2 

tr_t3 
Transitions

Type1 call arrival, type2 call arrival, 
type3 call arrival respectively 

tr_sr1 

tr_sr2 

tr_sr3 

Transitions
 

Service completion of type1 call/traffic, 
Service completion of type2 call/traffic, 
Service completion of type3 call/traffic 

ig_nt1 
ig_nt2 
ig-nt3 

Input gate 
Input predicate for type1 Traffic arrival, 
Input predicate for type2 Traffic arrival, 
Input predicate for type3 Traffic arrival,

og_nt1 

og_nt1 

og_nt1 

 

Output gate
Output function for type1 traffic arrival, 
Output function for type2 traffic arrival, 
Output function for type3 traffic arrival

ig_sr1 
ig_sr2 
ig-sr3 

Input gate 

Input predicate for type1 Traffic ser-
vice, Input predicate for type2 Traffic 
service, Input predicate for type3 Traf-
fic service, 

og_sr1 

og_sr1 

og_sr3 
Output gate

Output function for type1 traffic ser-
vice, Output function for type2 traffic 
service, Output function for type3 traf-
fic service 
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The performance model for type2 call is represented in 
Figure 2. On firing of transition tr_t2 the output gate 
og_nt2 of the traffic type2 SAN performance model will 
function and removes single token from place AC and 
deposit a single token in place OC. The transition tr_sr2 
represents user Service requests from traffic type2 to 
system. Service requests are hyper-exponential distribu-
tion. After the call is serviced the channel is released to 
the timed activity tr_sr2 through input gate ig_sr2. On 
firing tr_sr2  the output gate og_sr2 will draw a token 
from OC and deposit the token in place AC. 

The activity tr_nt3 in Figure 3 represents the call arri-
val of traffic type3 and on firing of transition tr_t3 the 
output gates og_nt3 in of the traffic type3 SAN perform-
ance will function and removes single token from place 
AC and deposit a single token in place OC. The transition 
tr_sr3 represents user Service requests from traffic type3 
to system. Service requests are hyper-exponential distri-
bution. After the call is serviced the channel is released 
to the timed activity tr_sr3 through input gate ig_sr3. On 
firing tr_sr3  the output gate og_sr3 will draw a token 
from OC and deposit the token in place AC. 

The transition tr_t1 represents an event of call arrival 
of type1 traffic to the system. The transition new call/ 
user arrival of traffic type1 has an inhibitory input from 
the input gate ig_nt1, when the total numbers of available 
channels are less than A1 the transition tr_t1 is disabled. 
The transition tr_t2 represents an event of call arrival of 
type2 traffic to the system. The transition new user arri-
val of traffic type2 has an inhibitory input from the input 
gate ig_nt2, when the total numbers of available channels 
are less than A2 the transition is tr_t2 is disabled. The 
tr_t3 is timed transition that represents the event of arri-
val of type3 traffic to the system. The transition tr_nt3 is 
disabled when the available channel falls below A3. 

The Figure 4 represents the fading model of the chan-
nel which gives the availability of the channel which 
represents the system capacity. The AC and UAC are the 
places in fading model and will represent channel avail-
ability and channel non-availability respectively in the 
proposed system. The transition tr_fad represent the fad-
ing rate in wireless network and fading rate generally 
follows Weibull distribution. The transition tr_fad is fir- 
ed if and only if the tokens are available in the place AC 
and this condition is implemented through input gate 
ig_fad. Transition tr_rel is the channel recovery process 
and is assumed to be exponential distribution. When the 
Timed activity tr_rel is fired the output gate og-rel will 
draw a token from the place UAC and send it to AC. 
This is nothing but when a channel fades then the chan-
nel will be in UAC state and when channel comes out of 
fading state it will trigger the transition tr_rel and place 
the token in AC. In other words the channel after coming 
out of fading state UAC will enter the available channel 
state AC. 

The SAN based performance-capacity model is repre-
sented in Figure 5. which is a composite architecture of 
the composite performance-availability model developed 
by combining the channel usage model and channel 
availability model/channel fading model. 
 
5. Simulation Results and Discussion 
 
In this section, we present the numerical results and com- 
pare the call blocking probabilities of the different types 
of traffic. A set of experiments were conducted varying 
the number of channels and the call blocking probability 
was compared for SAN performance-Availability model 
and the analytical models for all three types of traffic. 

The parameters of analytic performance-capacity mo- 
del are divided into performance model parameters and 
availability model parameters. Performance model pa-
rameters are number of channels (N), total user arrival 
rate of type1 traffic (λ1), total user arrival rate of type2 
traffic (λ2), total user arrival rate of type3 traffic (λ3) and 
service time of the users (µ). 

The system capacity model parameters are channel fai- 
lure rate (γ) and channel recovery rate (τ). Parameters 
Values are 50(N), 7(λ1), 3(λ2), 1(λ3), 2(µ), 3(γ) and 2(τ). 

The Parameters of SAN Performance-capacity model 
is divided into channel usage model parameters and cha- 
nnel fading model parameters. The channel usage param- 
eters are number of virtual channels represented by num- 
ber of tokens in place AC, firing rate of type1 traffic ar-
rival transition (tr_t1), firing rate of type2 traffic arrival 
transition (tr_t2), firing rate of type3 traffic arrival tran-
sition (tr_t3) and channel usage service rates for type1, 
type2, type3 traffic are tr_sr 1, tr_sr 2, tr_sr 3 respec-
tively. The channel usage rate is hyper-exponential dis-
tribution and classified into three types of usage such as 
low, medium and high with the service rate µL, µM and 

 
Table 2. Fading model structural components. 

Symbol SAN object Description 

AC Place Channel Availability 

UAC Place Unavailability of Channel 

tr_fad Transition Channel fading Rate 

tr_rel Transition Channel  recover y/release  rate 

ig_fad Input gate Input predicate for channel fading 

ig_rel Input Gate Service completion 

og_fad Output gate Output function for fading transition

og_rel Output gate 
Output function for recovery transi-
tion 
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µH respectively. The probability of low, medium and 
high usage are PL, PM and PH respectively. The channel 
fading model parameters are number of channels repre-
sented by number of tokens in place AC. The transition 
(tr_fad) represents the fading rate of the channel and re-
covered channel rate (tr_rel). Parameters values are 
50(AC), 0.25(tr_t1), 0.5(tr_t2), 0.7(tr_t3), 1(µL), 2(µM), 
3(µH), 0.5(PL), 0.3(PM), 0.2(PH), 0.34(tr_fad) and 
0.5(tr_rel). 

The first set of experiments is indicated by the simula-
tion result shown in Figure 6. The call blocking probabi- 
lity for a system with N channels which supports three 
types of traffic is conducted. The experiment considers 
that, whenever a new user enters the network will origi-
nate the network request at the rate λ1 for type1 traffic, λ2 

for type2 traffic and λ3 for type3 traffic and is assumed to 
follow a Poisson process. The service time of the differ-
ent types of traffic based calls is considered as µ1 for 
type1 traffic, µ2 for type2 traffic and µ3 for type3 traffic 
and is assumed to follow a Lognormal random Process. 
For the first set of experiments we have considered the 
arrival rate of all the three types of traffic as λ and ser-
vice rate of all the three type of calls is same and is equal 
to µ. 

The second set of experiments conducted will present 
the numerical results and compare the call blocking pro- 
babilities of the different types of traffic obtained for 
performance-capacity model and the analytical model. 
The proposed a performance-availability model for call 
admission control mechanism in the heterogeneous 
RATs environment is analysed for the call blocking pro- 
bability, by having variation in the number of channels. 
The graph obtained for the experiment setup conducted 
considering both the analytical model and SAN per-
formance–availability model for the blocking probability 
of type1, type2, and type3 traffic is plotted. The horizon-
tal axis shows the number of channels while the ver- 

 

 

Figure 6. Call blocking probablity of varying traffic. 

 

Figure 7. Comparison of call blocking probability of SAN 
model v/s analytical model. 

 
tical axis shows the call blocking probability of all types 
of traffic. 

The simulation results show that the call blocking 
probability of the different types of traffic will decrease 
with the increase in the number of channels in the system. 
The simulation results are shown in Figure 7. The simu-
lation results show that the call blocking probability of 
the different types of traffic will decrease with the in-
crease in the number of channels in the system. 

The behaviour of analytical model and the perform-
ance model developed using stochastic activity network 
and simulated using the Mobius simulator behaves iden-
tically. 
 
6. Conclusions 
 
In this paper, the performance of analytical model for 
CAC system for next generation networks is compared 
and validated with the system performance-capacity mo- 
del developed using SAN. The Performance of both call 
admission control models in the heterogeneous RATs are 
studied pitching upon the call blocking probability by 
varying the number of channels. The increase in number 
of channels in the system decreases the call blocking 
probability of all traffic types. The results obtained for 
analytical model is in line with the performance model 
results where both the models behave in the similar 
fashion in the experiments conducted. 
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Abstract 
 
This paper provides the performance analysis of multi input multi output (MIMO) Multi carrier (MC) inter-
leaver based multiple-access system with multiuser detection. Interleave-division multiple access (IDMA) is 
a scheme in which users are separated by employing different interleavers instead of different signatures as 
in a conventional code-division multiple-access (CDMA) scheme. The basic principle of IDMA is that the 
interleaver is different for different users. Interleavers are generated independently and randomly. At the re-
ceiver, ZF, LLSE, VBLAST/ZF/MAP and VBLAST/LLSE/MAP detectors are employed. The performance 
of the system is analyzed for different channel conditions using extensive simulation runs based on Monte 
Carlo simulation trials. Simulation results divulge that VBLAST/LLSE/MAP detector results in significant 
performance amelioration compared to other detectors as applied to MC/IDMA system. 
 
Keywords: CDMA, Channel Capacity, Iterative Decoding, Multi-User Detection 

1. Introduction 
 
This paper presents an approach to asynchronous multi-
ple access scheme called interleave division multiple- 
access (IDMA) [1] system with MIMO support. In an 
IDMA scheme, different interleavers are used to distin-
guish users as against different codes in a conventional 
code division multiple access (CDMA) system. In a 
conventional CDMA scheme, interleavers are placed 
before the spreaders and they are effective only when 
used in conjunction with channel coding [2,3]. Recently, 
a very interesting technique using chip-level interleavers 
was addressed in [1], which aims at mitigating inter-
symbol interference (ISI) in multipath fading environ-
ments. Many papers have discussed the role of interleav-
ers in a multiple access systems [1,3]. IDMA inherits 
many benefits of CDMA; in particular, path diversity and 
mitigation of intra cell interference. Also all the users 
employ a common spreading sequence. Recent research 
on wireless communication systems has shown that using 
multiple antennas at both transmitter and receiver offers 
the possibility of communications at higher data rates 
compared to single antenna systems [4-6]. Multi input 

and multi output (MIMO) system has proved in the re-
cent past to provide very high capacity without any in-
crease in the transmission bandwidth and power. The inf- 
ormation-theoretic capacity of these multiple-input mul-
tiple-output channels was shown to grow linearly with 
smaller numbers of transmit and receive antennas in rich 
scattering environments, and at sufficiently high signal- 
to-noise (SNR) ratios [7-9]. MIMO profile in any wire-
less communication system can be realized by two 
schemes namely, 1) using the classical BELL labs archi-
tecture (VBLAST–Vertical Bell Laboratories Space 
Time architecture) and 2) Space Time Block Codes. And 
OFDM techniques can compensate for multi-path fading 
effects, which cause time dispersion, and out of band 
emission of the received signal. So combining these tech- 
niques with the IDMA system can result in MIMO 
MC/IDMA that can offer bandwidth efficiency, space 
diversity and lower speed parallel type of signal proc-
essing and interference rejection capability (ISI reduction) 
in high data-rate transmission. Of late, significant pro-
gress has been made in multi-user detection for code- 
division multiple-access (CDMA) systems [6]. In this 
paper, we investigate the performance of the MIMO as-
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sisted Multi Carrier interleave division multiple access 
(MIMO MC/IDMA) scheme with multiuser detection. 
We will show that the MIMO MC/IDMA scheme can 
provide better performance with the aid of VBLAST/ 
LLSE/MAP [5,6] detection technique. Also this approa- 
ch is independent of the number of users and gives better 
performance in multipath environment. The rest of the 
paper is organized as follows - the system model is pre-
sented in Section 2. Section 3 gives the gist of signal 
detection techniques. Performance results will be pre-
sented in Section 4. Eventually conclusions are drawn in 
Section 5.  
 
2. System Model 
 
In this section, we introduce the IDMA scheme with 
Multi carrier modulation. The block diagram of MIMO 
MC/IDMA scheme is elucidated in Figure 1. In IDMA 
the interleavers are different for different users. Inter-
leavers are generated independently and randomly. Dif-
ferent interleavers separate the users and all the users 
employ a common spreading sequence. Interleavers, 
which are usually placed between forward error correc-
tion (FEC) coding and spreading, is used to combat fad-
ing effect in CDMA, whereas the arrangement of inter-
leaving and spreading is reversed in IDMA. Now, dif-
ferent interleavers distinguish distinct data streams. In 
IDMA, encoder block may do FEC encoding and spre- 
ading jointly. The spreader has no special function. In 
this paper we consider a single user MIMO MC IDMA 
system. Each of the synchronous user is equipped with M 
transmit antennas and they communicate to a single base 
station, equipped with N receive antennas. MIMO profile 
is realized by using VBLAST (Vertical Bell Laboratories  

Space Time architecture). 
 
3. Symbol Detection Techniques 
 
Considering a synchronous signal over a time variant cha- 
nnel, the received signal at the time instant j is given as 

min( , )

1

( ) ( ) ( ), 1,2,...,
m n k

k k
k

r j H x j n j j J


     (1) 

where Hk is the channel co-efficient for user k and {n (j)} 

are samples of an AWGN process with variance  = 
No/2. Here perfect knowledge of the channel state in-
formation is assumed to be available at the receiver. In 
each use of the MIMO channel, a vector x = (x1, x2…xM)T 
of complex numbers is sent and a vector r = (r1, r2,…, 
rN)T of complex numbers is received. We assume an in-
put-output relationship of the form 

2

r = Hx + n                (2) 

where H is a N × M matrix (N = number of transmit 
antennas and M = number of receive antennas) repre-
senting the scattering effects of the channel and n = (n1, 
n2,…, nN)T is the noise vector. Throughout, we assume 
that H is a random matrix with independent complex 
Gaussian elements {hij} with mean 0 and unit variance, 
denoted by hij ~N (0, 1). We also assume throughout that 
n is i.i.d complex Gaussian random vector. The symbol 
detection problem considered in this paper is the problem 
of estimating the MIMO channel input vector x given the 
received vector r assuming that the receiver has perfect 
knowledge of H. The decision is made on a sym-
bol-by-symbol basis. The next section discusses the 
various VBLAST detectors employed in our work. 
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Figure 1. MIMO MC/IDMA system. 
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3.1. Zero-Forcing (ZF) Receiver 
 
Zero-forcing (ZF) receiver is a low-complexity linear 
detection algorithm that outputs, 

ˆ ˆ(x Q xZF                    (3) 

where 
x̂ ZF = H+  r                  (4) 

and H+ denotes the Moore-Penrose pseudo inverse of H, 
which is a generalized inverse that exists even when H is 
rank-deficient. 
 
3.2. Linear Least Square Error Receiver (LLSE) 
 
LLSE receiver is also a linear detection algorithm that 
outputs 

ˆ ˆ( )LLSEa Q a                  (5) 

where 
ˆLLSEa Wr                    (6) 

and when H and n are gaussian, W is the weight vector 
given by  

1( )o N
ρ ρ

W H HH N I
M M

           (7) 

 
3.3. V-BLAST Detection 
 
The V-BLAST detection algorithm [6] is a recursive 
procedure that extracts the components of the transmitted 
vector x according to a certain ordering (k1, k2,…,kM) of 
the elements of x, where, (k1, k2,…,kM) is a permutation 
of (1,…, M). In VBLAST, this permutation depends on H 
(which is known at the receiver by assumption) but not 
on the received vector r. The VBLAST/ZF algorithm is a 
variant of VBLAST derived from ZF rule. The algorithm 
determines the order of channels to be detected, performs 
nulling and computes the decision statistics. It then slices 
the computed decision statistics and yields the decision 
by performing cancellation with the help of decision 
feedback, and finally computes the new pseudo-inverse 
for the next iteration. V-BLAST/ZF may be seen as a 
successive-cancellation scheme derived from the ZF 
scheme discussed in the previous section. The ZF rule 
creates a set of subchannels by forming 

ˆ ( )x H H x H n               (8) 

The j'th such sub-channel has noise variance ||(H+)j||
2
.N0  

and the order selection rule prioritizes the sub-channel 
with the smallest noise variance. 
 
3.4. VBLAST/MAP Detection Algorithm 
 
In this section, a detection algorithm for MIMO channels, 
called VBLAST/MAP that combines the features of 

VBLAST and MAP rules is used for symbol detection in 
a MC/IDMA system. This algorithm does not use the lay-
ered structure of VBLAST, but uses a different strategy 
for channel processing order, inspired by the MAP rule. 
This algorithm is an extension of the well-known VBLA- 
ST algorithm. This VBLAST/MAP combines the elements 
of VBLAST algorithm and the maximum a-posteriori 
(MAP) rule. The original VBLAST algorithm is a multi- 
layer symbol detection scheme which detects symbols 
transmitted at different transmit antennas successively in a 
certain data-independent order. The VBLAST/ MAP algo-
rithm differs from VBLAST only in the ordering strategy 
of the symbols detected. The complexity of the VBLAST/ 
MAP is higher than that of VBLAST; however, the per-
formance improvement is significant.  
 
3.5. V-BLAST/ZF/MAP Detection Algorithm 
 
Using the same notation of VBLAST algorithm, VBL- 
AST/ZF/MAP algorithm may be described, as follows- 
VBLAST/ZF/MAP algorithm is identical to VBLAST/ 
ZF except for the ordering in which symbols are detected. 
Instead of selecting the next symbol to be detected accor- 
ding to the rule, here the set of all probable symbol deci-
sions are ranked with respect to their a-posteriori prob-
abilities of being correct, as estimated by pij. Thus, it is 
important to emphasize that pij’s are not true MAP prob-
abilities but approximations to how probable it is that sij 

= xj. Note that the index permutation (k1, k2,… ,kM) pro-
duced by VBLAST/ZF/MAP depends on both H and r, 
unlike VBLAST/ZF where the permutation depends only 
on H. Complexity of VBLAST/ZF/MAP is increased 
with respect to that of VBLAST/ZF by the computation 
steps involved. One major point about complexities of 
VBLAST/ZF and VBLAST/ZF/MAP is that, the former 
allows pre-computation of all weighting vectors whereas 
in the latter the weighting vector must be computed in 
real-time since it also depends on r. This increased com-
plexity of VBLAST/ZF/MAP is justified by performance 
improvements. The algorithm is summarized as follows: 
 
Initialization 

 HW1  

1i                 (9) 
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ii kki1i )H(x̂rr   

1 ii kW H 
     

1 ii                     (10) 
 
3.6. V-BLAST/LLSE/MAP Detection Algorithm 
 
This detection algorithm is akin to V-BLAST/ZF/MAP 
detection except the weight vector defined by the Equa-
tion (7). 
 
4. Performance Results 
 
Figure 2 expounds the simulation results for an 8 × 12 
MIMO MC/IDMA system employing ZF, LLSE, 
VBLAST/ZF and VBLAST/LLSE detectors. The modula-
tion technique considered is 16-QAM and the Eb/N0 ranges 
between -10 dB and 4 dB. The symbol error rate SER is 

 

 

Figure 2. Symbol error rates (SER) of VBLAST/ZF, VBL- 
AST/LLSE, ZF and LLSE receiver. 

 

 

Figure 3. Symbol error rates (SER) of VBLAST/ZF/MAP 
and VBLAST/ZF receiver. 

 

Figure 4. Symbol error rates (SER) of VBLAST/ZF, VBLA- 
ST/LLSE, VBLAST/ZF/MAP and VBLAST/LLSE/MAP 
receiver. 
 
calculated by performing 10,000 trials at each Eb/N0 point. 
A new realization of H was chosen in each trial and for 
each Eb/N0 value. The performance curves in Figure 2 
show that VBLAST/LLSE provides significant improve-
ment in SER compared to ordinary VBLAST/ZF, ZF and 
LLSE detector. Figure 3 elucidates the simulation results 
for an 8 × 12 MIMO MC/IDMA system employing 
VBLAST/ZF and VBLAST/MAP detectors. It is dis-
cerned that VBLAST/MAP outperforms VBLAST/ZF 
detector. Figure 4 evinces the simulation results for an 8× 
12 MIMO MC/IDMA system employing VBLAST/ZF, 
VBLAST/LLSE, VBLAST/ZF/MAP and VBLAST/LLSE 
/MAP receiver with 16QAM modulation. It is discerned 
that VBLAST/LLSE/MAP outperforms VBLAST/ZF/ 
MAP detector in terms of SER performance.  
 
5. Conclusions 
 
In this paper a multiple access scheme for 4G wireless 
communications has been considered based on interleav-
ers. Problems in two major areas have been identified in 
this paper: efficient transmission technique and symbol 
detection in the presence of multi stream interference. A 
solution has been conceived to achieve the above. Simu-
lation results have proved that the MIMO MC/IDMA in 
combination with VBLAST/LLSE/MAP multiuser de-
tector can achieve significant performance improvement 
compared to ZF, LLSE, and VBLAST/ZF/MAP. 
 
6
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Abstract 
 
In this paper, performance of space-time trellis-code (STTC), space-time block code (STBC), and space-time 
trellis-code concatenated with space-time block code (STTC-STBC) for multi-carrier code-division multi-
ple-access (MC-CDMA) system are studied. These schemes are considered by employing different detection 
techniques with various multi input multi output (MIMO) antenna diversity for different number of states in 
multi-path fading channel. The corresponding bit error rate (BER) is obtained using simulation for minimum 
mean-square error (MMSE), maximum-ratio combining (MRC), and equal-gain combining (EGC) receivers 
employing Viterbi decoder. The simulation results show that the STTC-STBC MC-CDMA system perform 
better compared to other schemes considered in this paper using MMSE detection and it is also observed that 
the performance can also be enhanced by increasing diversity using more transmitter and receiver antennas. 
However, this improvement in performance comes at the cost of increased computational complexity, which 
is calculated for different transmitting and receiving antennas. 
 
Keywords: Space-Time Code, Space-Time Trellis-Code (STTC), Space-Time Block-Code (STBC), MIMO, 

MMSE, Multi-Path Channel 

1. Introduction 

Cellular services are now being used every day by mil-
lions of people worldwide and the demand is increasing 
exponentially. Also, there is a demand for integration of 
a variety of multimedia services namely short messaging, 
voice, data, and video. Consequently, the bit rate is requ- 
ired to vary from 1.2 kbps for paging to several Mbps for 
video transmission. The data rate of the second genera-
tion is limited up to 9.6 kbps [1]. 

The third generation cellular systems are being de-
signed to support wideband services like high-speed int- 
ernet access, video and high quality image transmission 
with the same quality as the fixed networks. The third 
generation can provide the maximum data rate ranging 
from 64 kbps for mobile users to 2 Mbps for stationary 
users. The drawbacks arising in the third generation sys-
tem are the limitations of data rate, capacity, inter sym-
bol interference (ISI), and inter chip interference (ICI).  

For solving the problems of third generation wireless 
communication systems, and fulfilling the demand of hi- 
gh performance and broadband internet access with high 

spectrum efficiency, the fourth generation systems which 
may employ multi-carrier code-division multiple-access 
(MC-CDMA) technology in combination with multi-in- 
put multi-output (MIMO) antennas are proposed [2]. In 
the fourth generation wireless communication systems 
the data rate may be as high as 1Gbps. Space-time cod-
ing techniques may be employed in conjunction with the 
MC-CDMA system to achieve very high data rate [3,4].  

In this paper, the space-time trellis-code (STTC), spa- 
ce-time block code (STBC), and space-time trellis-code 
concatenated with space-time block code (STTC-STBC) 
techniques are studied and applied in multi-carrier code- 
division multiple-access (MC-CDMA) systems. These 
techniques are considered with multi input multi output 
(MIMO) antenna diversity in multi-path fading channel. 
The bit error rate (BER) is obtained for 4, 8, and 16 states 
using simulation. At the receiver side minimum mean- 
square error (MMSE), maximum-ratio combining (MRC), 
and equal-gain combining (EGC) techniques are used by 
employing Viterbi algorithm.  

The organization of the rest of this paper is as follows: 
in Section 2, MC-CDMA systems and the space-time 
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code techniques are presented. In Section 3, the mathe-
matical representation for the space-time trellis code 
(STTC) MC-CDMA system is described. In Section 4, 
the STTC concatenated with STBC (STTC-STBC) MC- 
CDMA system is discussed. The MMSE detector is dis-
cussed briefly in Section 5. Simulation of the error rate 
performance of STTC-MC-CDMA systems, STBC- MC- 
CDMA systems, and STTC-STBC MC-CDMA systems 
for different states with computational complexity is car-
ried out in Section 6. The conclusions are presented in 
Section 7. 
 
2. MC-CDMA and Space-Time Code  

Systems 
 
Multi-carrier modulation is being proposed for fourth 
generation wireless communication systems for high data 
rate application to reduce the effect of ISI. These systems 
solve the ISI problem by transmitting the same data 
symbol over a large number of narrow band orthogonal 
carriers [5].  

An MC-CDMA signal is composed of N narrowband 
sub-carrier signals each with symbol duration, Tb, much 
larger than the delay spread of the channel, Td, hence 
MC-CDMA signal does not experience significant ISI. 
Multiple accesses is achieved with different users trans-
mitting at the same set of sub-carriers but with spreading 
codes that are different to the codes of other users. 

Initially, the data stream is serial to parallel converted 
to a number of lower rate streams. Each stream feeds a 
number of parallel streams with the same rate. On each 
of the parallel streams, bits are interleaved and spread by 
a PN code with a suitable chip rate. Then, these streams 
modulate different orthogonal carriers with a succes-
sively overlapping bandwidth [6,7].  

In recent years, antenna systems which employ multi-
ple antennas at both the base station (BS) and mobile 
station (MS), have been proposed and demonstrated to 
significantly increase system performance as well as ca-
pacity [8]. The merit of using multiple antennas or space 
diversity is that no bandwidth expansion or increase in 
transmitted power is required for capacity and perform-
ance improvements. 

Space-time (S-T) coding is a technique designed for 
use with multiple transmits antennas. There are various 
approaches in coding structures, which include Alamouti 
space-time code (STC), space-time block code (STBC), 
space-time trellis code (STTC), space-time turbo trellis 
codes (STTTC), and layered space-time (LST) codes. 
STC with multiple transmit and receive antennas mini-
mizes the effect of multi-path fading and improves the 
performance and capacity of digital transmission over 
wireless radio channels [9,10]. 

STBC can achieve a maximum possible diversity ad-
vantage with a simple decoding algorithm. It is very at-

tractive because of its simplicity. However, no coding 
gain can be provided by STBC. Tarokh, Seshadri, and 
Calderbank first introduced STTC. STTC are able to 
combat the effects of fading. However, STTC have a 
potential drawback due to the fact that its decoder com-
plexity (maximum likelihood) grows exponentially with 
the number of bits per symbol [1].  
 
3. STTC-MC-CDMA System Model 
 
Trellis Coded Modulation (TCM) is a bandwidth effi-
cient technique that combines coding and modulation, 
without reducing the data rate. STTC-MC-CDMA sys-
tem provides coding gain and diversity. Figure 1 shows 
the general block diagram of space-time coded MC- 
CDMA system. In this, the space-time trellis encoder 
encodes the source data; next the encoded data is inter-
leaved, and then mapped according to the desired signal 
constellation. Finally, the space-time trellis encoded data 
symbols are modulated at each time interval, and trans-
mitted simultaneously over different transmit antennas. 

At the receiver, the received data is combined accord-
ing to the different combining techniques described for 
MC-CDMA systems. The soft output of the combiner is 
sent to the deinterleaver and then finally it is applied to a 
space-time Trellis decoder, employing Viterbi algorithm 
to decode the data [11,12]. 

At the transmitter, K users transmit simultaneously the 
space-time trellis coded information symbols from the 
two transmit antennas. The frequency selective channel 
between transmit and receive antennas is divided into Q 
subchannels such that each subchannel is approximately 
flat. For the kth user, let the input message sequence , 

is given by,  
kA

          1 2 3k k k k kn = , , ,..., n ,...A a a a a     (1) 

where  k na

n
is a group of  information 

bits at time and given by, 

Mm 2log

   1 2 3 m
k k k kn = a ,a ,a ,...,aa k          (2) 

The encoder maps the input stream into an M-ary PSK 
modulated signal sequence, which is given by,   nX  

be the ST-Trellis encoded output. For the kth user, the 
output of ST-Trellis encoder, which is modulated by 
MC-CDMA system, is represented by the following code 
matrix: 

          = 0 , 1 , 3 ,..., ,...k k k k kn nX x x x x     (3) 

where  k nx  is a nth STT coded symbol and is given 

by,  

        1 2, ,...,T T
Tn n

k k k kn x n x n x nx       (4) 

     Tn1 2
k k kx n ,x n ,...,x n ,  are The modulated signals, 
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 through  transmit

and 

  

be two ading codes for user k with ocessing gain 

ter the

     (5) 

For the ST-MC-CDMA 
su

transmitted simultaneously  an- 

tennas. Here each user is assigned two d tinct spreading 
codes to spread symbols transmitted from the two anten-
nas. Let  

Tn

is

c 

c

 pr

qu

      1 1 1 10 , 1 ,..., 1
T

k k k kp c c p  c  

      2 2 2 20 , 1 ,....., 1
T

k k k kp c c p   c  

spre
p  which spread user k’s symbols transmitted from Tx1 

d Tx2, respectively, where  . T
denotes vector/matrix 

transpose.  n1
ku  is defined as the signal associated 

with Tx1 af  spreading. Then, we have 

   1 1 1
k k kn = x nu c                 

an

system under study, we as-
me that the numbers of subcarriers equal to the proc-

essing gain p . Each element in  n1
ku  is then modu-

lated onto a b-carrier with center ency at  su  fre
p-1

p=0
 , 

which is common for all K users. The MC-C  
modulation can be implemented by the inverse fast Fou-
rier transform (IFFT) (consequently, the received signal 
can be demodulated by FFT). Performing p-point IFFT 
on  n1

ku  yields 

 n =1
k kz

DMA

 -1F nu  1                 (6) 

where 

   

1F   denotes the

 fro asso

Following the same procedur the signal 
as

p p  IFFT matrix. The contri-

butions m all K users ciated with Tx1 are given 
by the superposition  

1Z    
K

1
k

k=1

n = n z . 

e, we obtain 
sociated with Tx2 as  2 nZ . Both  1 nZ  and 

 2 nZ  are converted into a sequence e be-

nsmitted through the frequency selective channels 
[13-15].  

For the forward link, let J be the number of resolvable 
pa

 serial s befor

ing tra

7) 

where we pad  with zeros 

   (8) 

where 

ths. If we model the common channel between Tx1 
and Rx for all K users as a FIR filter with coefficients: 

   1 1 0
T

p J= h 0 ,....,h J - ,   h          (

1h

e

p - J

onse

to make its total 

length p , its frequ ncy resp  is then given by 

   1 1 0 ,...., 1
T

F g g p    g h     

F denotes the   p p×  FFT ix
we defi the FIR cha

matr
with length 

. Similarly, 
, and its 

on cy respcorresp ding frequen onse between Tx2 and Rx 
as 2h  and 2g , respectively.  

   
K

1 1 1
k k= x nY g

ne nnel, also J

   

   

1

= n + n

2 2 2
k k

k k

n + x n + ng

C Hx v


 

K

k=1

k=



 v

  (9) 

w e her   1 1 2
k k kag , = diagφ c φ c  2

k           (10) = di

k k
1 2

k= ,  C φ φ ,                        (11) 

1

2

0
=

0

 
 
 

H
g

g
,                       (12) 

 k k kn    1 2,
T

x n x n   x  

and where 

    0 1p-n = v n ,....,v n T
    v

p
 nσ

r

y, ho

(STTC

he 

contains sam
and va

e dive

versit

les of the channel noise with zero-mean 
riance . At the receiver, the received signals 

m

m  

 to achi- 
rsit wever there is not much significant cod- 

 -STBC) also provides coding gain. As 
sh

BC. The 
so

A systems (without transmit 
i y), t demodulated signals are often combined in 

Typical signal combining schemes include the maximum 

2

are first converted into parallel format and demodulated 
via FFT transfo  and then applied to deinterleaver. The 
interleaved data is applied to MMSE detector and then 
for ST-Trellis decoder for demodulation. 
 
4. STTC-STBC MC-CDMA Syste
 
Space time block coding is a simple technique
ev
ing gain. An outer channel code is required to yield cod-
ing gain.  

Space time trellis code concatenated with space time 
block code

own in Figure 1, first the STTC encoder encodes the 
source data. Next, the encoded data is applied to S-T 
block encoder & interleaver, and then mapped according 
to the desired signal constellation. Finally at each time 
interval, the symbols are modulated and transmitted si-
multaneously over different transmit antennas.  

At the receiver, the received data is combined accord-
ing to the combining techniques described for ST

ft output of the combiner is sent directly to the deinter-
leaver, and then finally, it is applied to a STTC decoder, 
such as the Viterbi algorithm, to decode the data.  
 
5. MMSE Detection 
 
In conventional MC-CDM
d
the frequency domain in order to collect the overall re-
ceived signal energy scattered on different subcarriers. 

Copyright © 2010 SciRes.                                                                                IJCNS 
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(a) Transmitter 

 
(b) Receiver 

Figure 1. General block diagr coded MC-CDMA system. 

 
ratio combining (MRC) an

GC). Both MRC and EGC are single-user detection 

am of S-T 

 nYd the equal gain combining By applying  on 1W ; 
(E

(1) ( )MMSE n '
1D W Y            (19) 

The output of the MMSE detect
Viterbi decoder for decoding ST
data is then compared with origin

schemes based on per-subcarrier combining, i.e. the sig-
nals at individual subcarrier are independently weighted 
and summed to generate decision variables. In [16], a 
linear multiuser minimum mean-squared error (MMSE) 
detector for the STC-MC-CDMA systems is presented 
which performs joint weighting and combining on all 
subcarriers by utilizing the mean-squared error (MSE) 
criterion. We consider the two demodulated symbols at a 
time. Define 

 1 1diag=  ,G  g                   (13) 

or is employed to 
TC data. This decoded 
al transmitted sequence 

 k n  for findi bit err e (Ba ng or rat ER) [17,18]. 

 
6. Simulation Results 

CDMA fferent 
mbinations of diversity for K = 5 users. The user sym-

energy BPSK (binary phase 
Walsh-Hadamard codes with 

 
The simulation is done for STBC MC-CDMA systems, 
STTC MC-CDMA systems, and STTC-STBC MC- 

 systems for 4, 8, and 16 states with di 1
1 k= ,..., c c                    (14) 

coAnd let and be t

  (15) 

2G 2 he counterpart of 1G and 
bols are drawn from a unit-

ift keying) constellation. 
1 respectively, which are associated with Tx2.  

1 2 2

2* 2 1* 1
=

-

  
  

G
S

G G
          

sh
1

 

G processing gain P=Q=32 are used for spreading. 
We assume a rich scattering environment and generate 

the FIR channel coefficients as i.i.d. complex Gaussian 
random variables with zero mean and variance 1/M  
[15]. The SNR (signal to noise ratio) is defined as 

' 2
z n= +σR SS I                    (16) 

1 1
1

zb1 2* 2 1* 1
1 1

=
-



 

G c
R

G c G c

2 2
1 


G c
             (17) 

10 2

1
10log

n

SNR 


 in dB. 

-1
z zb1=1W R R                (18) In Table 1 we present the bit error rate (BER) of 
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pendent trials are taken for each SNR and their average 
is plotted. This ta ows the BER of two stan-
dard single-us

ersity 2 × 1 employing 
M

iff

BER 

MMSE detector for different states of STTC-MC-CDMA 
systems versus the SNR in a Rayleigh fading environ-
ment for K = 5 users and 10000 bit sequences. 100 inde-

ble is also sh
er signals combining schemes (MRC and 

EGC) for comparison. From Table 1, it is concluded that 
the MMSE detector outperforms the single-user signals 
combining schemes in known channel. This is due to the 
reason that EGC/MRC is basically single user detection 
techniques and is not able to effectively suppress the 
MAI as compared to MMSE detector. Here, we have also 
studied the BER performance of the MMSE detector for 

the STTC-MC-CDMA system with the different states of 
STTC-MC-CDMA systems.  

Table 2 show the performance of STBC MC-CDMA 

 
Table 1. Comparison with d

 

systems, STTC MC-CDMA systems, and STTC-STBC 
MC-CDMA systems for div

MSE detector. Simulations results are also shown in 
Figures 2, 3 and 4 for MIMO antenna systems. With all 
these simulations it is noted that the performance gain 
can be enhanced up to around 5 dB at 10-3 BER by in-
creasing the diversity from 2 × 1 to 2 × 3 in 16 states 
STTC-STBC MC-CDMA systems with MMSE detector 
as shown in Figures 5, 6 and 7. 

erent detection techniques. 

SNR 
STTC-MC-CDMA 

Using MRC Detect
STTC-MC-CDMA STTC-MC-CDMA 

g MMSE Detection ion Using EGC Detection Usin

 4-State 8-State 16-State 4-State 8-Sta State 4-State 8-State 16-State te 16-

0 0.3568 0.3743 0.3882 0.2552 0.30 0.4053 0.3101 0.3648 0.3978 97 

2 0.3255 3389 0.1802 0.3454 0.2448 3236 

4 0.2967 2703 0.1025 2649 0.1618 2072 

 0.

 0.2748 0.

0.3262 0.2143 0.2849 0.

0.1764 0. 0.1260 0.

6 0.2692 0.2246 0.1993 0.0497 0.0541 0.1712 0.0756 0.0706 0.0823 

8 0.2533 0.1777 0.1412 0.0171 0.0180 0.0901 0.0208 0.0159 0.0170 

10 0.2390 0.1432 0.0996 0.0043 0.0036 0.0402 0.0025 0.0014 0.0015 

 
. C son w erent  sche

E D  

Table 2 ompari ith diff  coding mes. 

BER Using MMS etection

STTC-MC-CDMA STTC-STBC-MC-CDMA SNR 
STBC-MC-CDM

4-State 
A 

4-State 

0 0.0606 0.0684 0.2680 

2 0.0191 

4 

0.1853 0.0174 

0.0025 0.0996 0.0020 
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Figure 3. BER performance for 8 states STTC-MC-CDMA 
system using 2 Tx and 1, 2, & 3 Rx antennas. 

Figure 2. BER performance for 4 states STTC-MC-CDMA 
system using 2 Tx and 1, 2, & 3 Rx antennas. 
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Figure 4. BER performance for 16 states STTC-MC-CD- 

MA system using 2 Tx and 1, 2, & 3 Rx antennas. 
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Figure 5. BER performance for 4, 8, & 16 states STTC-MC- 
CDMA system using 2 Tx and 2 Rx antennas. 
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Figure 7. BER performance of 16 states STTC-STBC MC- 
CDMA system using 2 Tx and 1, 2, & 3 Rx antennas. 

 
6.1. Computational Complexity Calculations 
 
Computational complexity in decoding is an important 
issue. Viterbi algorithm is used to decode the actual trel-
lis codeword. The numeric computational complexity 
involved is calculated as follows. 

Consider L= 2v is the number of states where v is the 
number of delay elements in the STTC encoder. The 
number of operations for multiplication/division are 
{  1 2L

R Tn n 

tions/ subtract

}, comparisons are { }, and addi-

ions are { 2

2 1L 

1] [ 1 L
R Tn n

ber of transm

  }.

it

 It may be 

is the num ting and noted that Tn  Rn  is 

the number of receiving antennas. 
For example the numeric computational complexity 

for 4 states, 2 transmitter and 2 receiver antennas are: 
Multiplication/Division are 

=  1 2L
R Tn n  =96;       (20) 

Comparisons are = = 15;            (21) 

& Addition/Subtraction are 

= ]2

 2 1L   

 [ 1 1 L
R Tn n    = 80   (22) 

Compare to one receive antenna the no. of multiplica-
tion/division operations involved are two times (as evi-
dent from Equation (20)). However, the improvement in 
the performance is approximately 2 dB at 10-3 probability 
of error employing MMSE detection as shown in the 
simulation results. This demonstrates the tradeoff in-
volved in computational complexity and performance 
improvement. 
 

 this paper, BER performance for STBC-MC-CDMA 
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