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Abstract—Next generation networks are moving towards the
convergence of mobile, fixed and broadcasting services in one
standard platform, which requires the co-existence of satellite
and terrestrial networks in the same spectrum. This framework
has motivated the concept of cognitive Satellite Communication
(SatComs). In this aspect, the problem of exploiting Spectrum
Sensing (SS) techniques for a dual polarized fading channel is
considered. In this paper, the performance of Energy Detection
(ED) technique is evaluated in the context of a co-existence
scenario of a satellite and a terrestrial link. Diversity combining
techniques such as Equal Gain Combining (EGC) and Selection
Combining (SC) are considered to enhance the SS efficiency.
Furthermore, analytical expressions for probability of detection
(Pa) and probability of false alarm (Py) are presented for these
techniques in the considered fading channel and the sensing
performance is studied through analytical and simulation results.
Moreover, the effect of Cross Polar Discrimination (XPD) on
the sensing performance is presented and it is shown that SS
efficiency improves for low XPD.

Index Terms—Sensing efficiency, Energy detection, Dual po-
larized channel, Cross polar discrimination

I. INTRODUCTION

Recently, the possibility of co-existence of future satellite
networks with terrestrial systems leading towards the conver-
gence of mobile, fixed and broadcasting systems has been
an important research topic [1] [2]. Different fundamental
physical constraints such as power requirements, terrain and
infrastructure obstructions, antenna types etc. may cause the
terrestrial communication to be dependent on satellite com-
munication. The satellite technology is able to overcome
the drawbacks experienced by terrestrial systems to extend
the coverage. Therefore, the hybrid/integrated systems can
be considered as a means to provide true integration [2].
Satellite communication plays a significant role in supporting
hybrid/integrated architectures for future wireless networks.
There has been continued pressure on satellite bands, es-
pecially in L and C bands due to the introduction of new
terrestrial services such as 3G mobile telephony, WiMax and
WiFi services [3]. Due to the limited and expensive bandwidth,
Cognitive Radio (CR) can be an efficient way to increase spec-
trum efficiency for future satellite networks. In this direction,
satellite and terrestrial networks can be considered as primary
and secondary systems respectively or vice versa.

The most common cognitive techniques in literature can
be categorized into interweave or SS, underlay, and overlay
techniques [4]. In SS only techniques, Secondary Users (SUs)
are allowed to transmit whenever Primary Users (PUs) do not
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use that specific band, whereas in underlay techniques, SUs
are allowed to transmit as long as they meet the interference
constraint of PUs. SS is one important mechanism for the
spectrum awareness required by CRs. Among many available
SS techniques in the literature, Energy Detection (ED) is the
most common way of SS because of its low computational and
implementation complexities [5—7]. The concepts of spectrum
sharing in the frequency, time and spatial domains have been
considered in much literature but the polarization domain has
not been fully exploited. In the existing literature, the polar-
ization domain has been used for diversity and multiplexing
purposes [8—10].

The polarization domain can be treated as an additional
degree of freedom to explore efficient SS and transmission
schemes in the context of cognitive SatComs. Dual polariza-
tion plays a significant role in satellite systems to increase the
efficiency of the available bandwidth since two independent
signals can be transmitted on the same spectrum by means
of two orthogonal polarizations, hence doubling the available
spectrum. Furthermore, two orthogonal polarizations can be
treated as two different data streams (colors) and dual polar-
ization can be used as an additional color in the frequency
planning process of multi-beam satellites and terrestrial cellu-
lar networks [11]. From the cognitive point of view, if primary
system is designed to transmit in one polarization, secondary
system can be designed to transmit in another polarization
using the polarization domain as an interference mitigation
tool towards primary systems.

Dual polarized channel has been considered in satellite links
and terrestrial links to increase the spectrum efficiency as
well as to remove the practical difficulty of spatial separa-
tion required by antennas in Multiple Input Multiple Output
(MIMO) links [8] [11]. The polarization domain has been
exploited for SS purpose in a dual polarized Additive White
Gaussian Noise (AWGN) channel in [12]. The use of dual
polarized antennas has become a promising cost-effective
and space-effective alternative for enhancing the reliability of
transmission by creating polarization diversity [13]. However,
wireless fading channels may reduce the orthogonality of dual
polarized channels causing cross polarization effects.

The performance of ED based SS has been carried in
Rayleigh, Rician and Nakagami fading channel in much liter-
ature [5-7]. According to authors’ knowledge, dual polarized
fading channel has not been considered in literature for SS
purpose. Since dual polarized channel is getting more impor-



tance in current state of art related to cognitive communication
[11] [14], it remains an open challenge to explore the best
SS technique in this channel. Furthermore, cross polarization
effects impose a challenge to carry out SS in a dual polarized
fading channel. This is the main motivation for this paper. The
main contribution of this paper is performance analysis of a
ED based SS technique in a dual polarized fading channel
using different combining techniques. In this paper, we start
with single antenna case and we review analytical expressions
for Py and Py for AWGN and Rayleigh fading channels. Then
we deal with uni-polarized MIMO channel which acts as a
building block for the dual polarized channel and we include
the cross correlation in channel to include the effect of XPD
in a dual polarized fading channel.

The remainder of this paper is organized as follows: section
II presents the practical application scenario and provides the
system and signal model. Section III provides the theoretical
basis of traditional ED technique in the context of single
antenna in a wireless fading channel. Section IV describes
the ED problem in uni-polarized MIMO and dual polarized
scenarios. Combining techniques SC and EGC for SS are
discussed in section V along with the theoretical expressions.
Section VI describes the simulation environment and presents
theoretical as well as simulation results. Section VII concludes
this paper.

II. SYSTEM AND SIGNAL MODEL
A. Use case

The hybrid satellite-terrestrial system as shown in Fig. 1
can be considered as one practical scenario. In this scenario,
terrestrial WiMax network can be considered as a primary
system and satellite network operating in C-band as a sec-
ondary sytem. The new terrestrial wireless service WiMax
defined by the ITU uses the same C-band spectrum and in
many cases, extended C band (3.4 — 3.7) GHz band has been
allotted to WiMax service and some regulators are looking
to deploy WiMax in standard C-band (3.7 — 4.2) GHz too
[15]. In terrestrial WiMax system, the microwave backhaul
link between base stations can be used as a primary link and
satellite uplink from a satellite terminal to the satellite can be
considered as a secondary link. This scenario can be beneficial
for satellite operators to take advantage of terrestrial licensed
spectrum in secondary basis. The use of dual polarization
in satellite transmission as well as in terrestrial transmission
has been exploited for creating polarization diversity [11]
[16] [17], hence, dual polarized antennas can be considered
on both satellite and terrestrial networks for this cognitive
scenario. The interference from terrestrial WiMax BS antenna
to the satellite can be considered to be negligible due to
large distance, whereas interference from satellite terminal to
terrestrial receiver is strong and needs to be taken into account
to meet the interference constraint of primary terrestrial users.
More analysis about interference modeling between satellite
terminals and terrestrial BS antenna has been presented in [18].
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Fig. 2: System Model
B. Model Description

We consider a cognitive scenario with a SU receiver and
a PU transmitter both equipped with dual polarized antennas.
In this analysis, we consider interweave cognitive technique
rather than underlay and secondary transmission is allowed
using PU channel only when PU is not active. Furthermore,
it can be considered that the same symbol can be aligned to
two orthogonal polarization states and be transmitted through
different dimensions from a PU transmitter. The system model
is illustrated in Fig. 2. The received signal at SU receiver can
be written in the following form:

y=Hg;x+w €))]

where Hy is (2 x 2) channel matrix, x is (2 x 1) dual
polarized signal and w is Additive White Gaussian Noise
(AWGN) vector including independent noise coefficients at
two branches of dual polarized antenna. The channel matrix
H, can be written as:

hur  hov

H. = [ hva hyv } @
where h,,,, denotes the channel coefficient on channel mn.
Let Hp denote the hypothesis of PU being absent and H;
denotes hypothesis of active PU. The PU signal detection
problem can be formulated in terms of following binary
hypothesis testing problem.

Hy:y(n) =
Hy:y(n) =

where n = 1,2, ..., u, u being the product of observation du-
ration 7" and bandwidth B i.e. u = T'B. We consider Rayleigh
fading channel in this work as a first step towards analyzing
the SS performance in different fading channels since there is
no line of sight path between satellite terminal and terrestrial

PU absent
PU present 3)

w(n)
H;x(n) + w(n)



transmitter/receiver. We consider SC and EGC techniques in
energy level instead of co-phasing and adding the signals
from different antennas as in conventional diversity schemes.
These definitions are similar to the square law selection (SLS)
and square law combining (SLC) terms used in [6]. Similar
analysis has been carried out in [19]. Furthermore, it can be
noted that conventional diversity combining techniques such
as Maximum Ratio Combining (MRC) and EGC techniques
seem to be difficult to apply for unknown PU signal detection
due to weak PU signal as well as no co-operation from source
in the context of cognitive Satcoms.

III. ENERGY DETECTION FOR SINGLE ANTENNA CASE

The ED problem was first studied in [20] for deterministic
signals transmitted over a flat band-limited Gaussian noise
channel. The performance of SS methods degrades due to
fading effects in a wireless channel. The ED problem for
signals transmitted over a variety of fading channels using
different receive diversity schemes has been considered in [5],
[6], [7] [19]. In practical scenarios, the total fading involves
the combined effect of two independent processes: small-scale
fading and large scale fading i.e. multi-path and shadowing
effects [21]. In case of a satellite channel, lognormal fading
due to shadowing, rain fading and other atmospheric effects
should be taken into consideration [22]. Since we are con-
sidering our system model with respect to satellite-terrestrial
hybrid scenario, we focus on the terrestrial wireless channel
as well for sensing terrestrial channel with a satellite cognitive
terminal.

Before considering fading scenario, let’s start with the
AWAGN case. The decision statistic (") of the energy detector
follows a central chi-square (x?) distribution with 2u degrees
of freedom under hypothesis Hy. Under hypothesis H;, signal
and noise both are present and decision statistic Y follows a
non-central x? distribution with 2u degrees of freedom (dof)
and non-centrality parameter 2, v being signal to noise ratio
(SNR) of the PU signal i.e.

2
X2u» HO
Y ~ 4
The PDF of Y under Hy and H; can be written as [6]:
ﬁ(u)yu_le_%, Hy
Y = 1 = _2v+ty )
2 (%) € 2 Iu—l(\/2’yy)7 Hl

where I'(.) is the gamma function and I,,(.) is the n-th order

modified Bessel function of first kind. Then Py and Py can

be computed by [23];
Py
Py

Pr(Y > A|Hy).
Pr(Y > AHy),

(6)
)

where A is the decision threshold. The expression for Py can
be computed using (5) to evaluate (6) and can be written as:

L(u,3)
['(u)

Py = (8)
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where I'(., .) is the incomplete gamma function. Similarly, the
expression for P; can be computed using (5) to evaluate (7)
and can be written as:

Py = Qu(v/27v, V) ©)

where Q,(.,.) is the generalized Marcum Q-function. The
expressions in (8) and (9) do not include the effect of channel
fading. For the fading scenario, the expression for Py becomes
same as (8) since it is independent of SNR, hence, independent
of any fading. P; in any fading channel can be calculated
by averaging the conditional P, as given by (9) over the
fading distribution [5]. For the case of small-scale fading,
the distribution of the envelope of the received signal is
generally considered to be Rayleigh distributed, which makes
the received power distribution to be exponential [19]. The
instantaneous SNR v of a signal having Rayleigh distributed
amplitude follows an exponential PDF given by [5];
1
f(y) = Zexp

e (+3)

where 7 is the average SNR. The average Py in Rayleigh
fading case, denoted as P, can be calculated by averaging
(9) over (10), which can be written as:

Par= [ Qu(vV2r.VA) f)in
0
Letting © = /27, the above expression can be written as:
— 1 [ 22
Py, = :/ Qu (x, \&) re Fdx
7 Jo

By solving above integral problem using (12) from [24], the
closed form solution for P, can be written as:

y>0 (10

1)

12)

u—2 n —\ u—1
— - 1 1
Pdr - eTA — é + y
n! \ 2 5
n=0
u—2 — n
. 2 1 Ay
0 — e~ =L 1
X[e ¢ Z;n! (2(1+7)) ] 4

IV. ENERGY DETECTION FOR DUAL ANTENNA CASE
A. Uni-polarized MIMO channel

In this channel, all antennas are identically polarized and
this channel can be considered as a bulding block for dual
polarized channels. The MIMO channel matrix H can be

defined as: L
H— 12
]

The channel coefficients k11, hi2, ho1, and hoo are considered
to be c.c.s. i.i.d. random variables modeling Rayleigh fading.
From the polarization point of view, the matrix H denotes
uni-polarized channel matrix i.e. all antennas are identically
polarized. Then the binary hypothesis testing problem can be
written as:

Hy :y(n)
Hy :y(n)

hll

hoy (14)

w(n) PU absent

Hx(n) +w(n) PU present (15)



X(n)

X (n)d]

symbol. In this scenario, fading signal amplitude is found to be
Rayleigh distributed with parameter o = 2 instead of Rayleigh
distribution with parameter ¢ = 1 in single antenna case. We
consider this factor to derive the theoretical expression for Py
in case of a MIMO channel in the next section.

where x(n) = , X(n) being n-th transmitted

B. Dual polarized channel

Two branches of a dual polarized antenna can be considered
to receive H-polarized and V-polarized signals coming from
PU transmit antenna. In this work, we consider the enhance-
ment of diversity rather than multiplexing using diversity
combining techniques. For this purpose, the same symbol can
be aligned to horizontal and vertical orthogonal polarization
for transmission purpose in PUs’ transmitter. Dual polarized
channel can be regarded as a 2 x 2 MIMO spatial channel if
we exclude the polarization effects. The exact modeling of a
dual polarized channel is quite complex and it depends on the
following factors [14].

o Spatial separation between two antennas at both transmit
and receive sides.

¢ Cross-polar isolation (XPI) of transmit and receive an-
tennas: Its value is taken as infinite for perfect antennas.

o Spatial separation in channel: This is taken into account
as in uni-polarized MIMO channel.

e Cross-polar ratio (XPR) of the channel: This becomes
zero for perfect orthogonality of two polarized channels.

¢ Cross Polarization discrimination (XPD): It is the com-
bined effect of XPI and XPR.

In the context of analysis in this paper, we consider the
following scenario. Let’s assume that co-located orthogonally
polarized antennas are placed on both transmit and receive
sides and XPI factor of both antennas is infinite. By making
these assumptions, we are removing the effects of spatial
correlation due to antenna separation and cross-polar reception
due to imperfection of antennas on both sides. The channel
matrix in this condition can be modeled in the following way:

haa hov

16
hva hyv (16)

H,; = { ] =XOH
where H is uni-polarized channel matrix as considered in the

above sectQion, © denotes H212damard producté El| hun |°] =
Ell hyy Il = 1, Ell hva [7] = Ell hav '] = /Xews Xea

being XPR and
X — [ 1 X ]
VXex 1

The variable ., quantifies the inverse of XPD in case of
infinite XPI and varies in range [0, 1], since 0 < XPD < oo
[10]. It can be expressed as: X¢p = W with Xez v =

Elhav]® and — Elhwval® The decision statistic to
Elhyy 2 Xew.H = By

check the hypothesis problem given in (3) for a dual polarized
channel depends on the type of combining technique used in
combining two branch signals.

a7

3422

V. COMBINING TECHNIQUES FOR DUAL POLARIZED
CHANNEL

A. Selection Combining

The block diagram of SC technique for SS using dual
polarized antenna has been shown in Fig. 3. Two branch
signals are passed through the filter to limit the noise power
and then passed through squared and integrator devices. The
energies of received signals in each branch are computed by
taking samples within a certain period 7' and the detector
selects the highest energy between them. The decision statistic
for SC can be expressed as: Y;. = max(Yy,Yy), where
Yy and Yy are decision statistics calculated for H-polarized
branch and V-polarized branch respectively. Under H, the
expression for Py for SC, Py ,., becomes different than that
for single antenna case and can be evaluated using CDF of
Y,. given Hy i.e. Fy_, can be written as [6]:

2
] (18)

Similarly, P; for SC i.e. Py 4. in AWGN channel under H;

can be written as:

Pase=1=[1=Qu (V21 VA) | [1 = Qu (V2. VA
B ‘ (19)

The average value of P;,. over 2 independent Rayleigh

branches can be evaluated in the following way [6]:

Pise=1— /000 [1 - Qq (\/2777 \F/\)} fOym)d(vu)
</ T (Ve V)] st @o)

The above equation when combined with P, expression from
(13) can be written as:

Pyse =1— (1= Par (g, 2u)) x (1 = Par(7y,2u)) (21)

In the considered dual polarized scenario, the expression for
Py remains same as (18) because the noise processes are
same as in single input multiple output (SIMO) scenario. The
distribution of amplitude of both H-polarized and V-polarized
signals is Rayleigh with varying parameter ¢ = 1 + \/Xcz
instead of Rayleigh distribution with parameter o 1 in
SIMO scenario. Since the value of ., ranges from O to 1, the
value of o ranges from 1 for SIMO case to 2 for ideal MIMO
case. This effect can be reflected in P, expression by scaling
g and 7y, by the factor o in (21) and can be written as:

Prse =1=Fy, (A Ho) = 1—

Pyse=1— (1= Par(o*7y,2u)) x (1 — Pgy(0 x5y, 2u))
(22)

B. Equal Gain Combining (EGC)

The block diagram of EGC technique has been shown in
Fig. 3. This technique combines the energy of two branches
with equal gain i.e. it simply adds energies of two branches
of a dual polarized antenna. The final decision statistic using
this technique can be written as: Y., = Yy + Yy,. Under
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Hy hypothesis in AWGN channel, adding 2 i.i.d. central chi-
square variates, each with 2u dof and unit variance results in
another central chi-square variate with 4u dof with the same
variance [6]. Therefore, Py for EGC, Py .4, can be written as:

A

I'(2u)
The decision statistic Y4, under hypothesis H; in AWGN
channel follows a non-central chi-square 2 distribution with
4u degrees of freedom and non-centrality parameter 27.gc.

The expression for P; in AWGN channel for EGC, Py g,
can be written as:

Pd,egc = QZu(Ma \/X)

where 7,g4. is the SNR of the combined signal. For Rayleigh
fading scenario, considering 2 i.i.d. Rayleigh fading branches
of a dual polarized antenna, the PDF of 7.4, can be written

as [5]:
(_'Yegc>
Wegc

The average value of P, egc in Rayleigh fading channel can
then be obtained by averaging (24) over (25) as:

Fd,egc = /OOO Q2u (\/ 2%eges ﬁ) f(’Yegc)d(’Yegc) (26)

The closed form for above equation can be written in the
following form. It should be noted that we present ?d,egc for
2 branch scenario of a dual polarized antenna instead of L-
branch scenario given in [6].

Pf,egc = (23)

(24)

1
—5 Yegc€XP (25)

egc

F(Yege) =

2u—1 2\
_ Y 2 _ AMl-K
Pgege = G+K3%e2 [Zl %1F1 (2;2 + 1; (2)>]
B @7)
where 1 [} is the confluent hypergeometric function, K =
1
. and
- K\N1-K
G=e2 {1+(2)] (28)

In case of dual polarized scenario, the expression for Py
remains same as (23). The expression for P, then becomes
(27) with modified value of K which can be written as:
K = ﬁ, where 0 = 1 + ,/Xcr as defined in earlier
subsection. Therefore, the value of of Pd)egc in a dual polar-
ized channel depends on the value of XPR and ranges from

upper bound for an ideal MIMO channel to lower bound for
a SIMO channel.
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VI. SIMULATION RESULTS

To analyze the sensing performance of considered sys-
tem, complementary receiver operating characteristics (CROC)
curves (probability of a miss, P, versus Py) are plotted
based on both theoretical and simulation results. We consider
the following cases for carrying out analysis. 1) First case
considers single antenna reception in AWGN channel for
reference purpose. 2) Second case considers the single antenna
reception with a flat fading Rayleigh channel. 3) In this case,
we consider receive diversity with two receiving antenna with
SIMO Rayleigh channel. SC and EGC techniques have been
considered to combine the signals coming from two branches.
4) This case considers 2 transmit and 2 receive antenna with a
2x 2 Rayleigh fading channel to resemble the channel structure
of dual polarized wireless channel. 5) In this case, we include
power imbalance in the MIMO channel to reflect XPD effect
in a dual polarized channel. Figure 4 shows the theoretical
and analytical comparison of CROC curves for cases 1, 2
and 3. The theoretical and simulation results of SC and EGC
techniques in a Rayleigh fading channel has been plotted
in this figure. From the simulation and analytical results, it
can be noted that EGC performs only slightly better than
SC technique in a Rayleigh fading channel. Both techniques
perform better than single antenna reception. These results
are consistent with the results obtained in literature [S] and
we are considering low value of SNR to reflect the weak
nature of signals in cognitive Satcoms. Figure 5 shows the
comparison of SC and EGC techniques in MIMO and SIMO
Rayleigh fading channels for cases 2, 3 and 4. Theoretical
and simulation results for EGC and SC techniques have been
plotted. From the results, it can be noted that both techniques
perform better in a MIMO Rayleigh fading channel than in
SIMO scenario.

Figure 6 shows P, versus XPR value for SC and EGC
techniques for P value of 0.07 at two different SNR values of
0 dB and —5 dB. From the simulation results, it can be noted
that for both techniques P,, decreases with the value of X,
and these two techniques provide closer detection performance
at higher values of SNR. The value of P, becomes minimum
for unity value of x., and it becomes maximum when X,
equals zero. From these results, it can be inferred that the
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sensing performance in a dual polarized channel increases
with the value of y., and it ranges from minimum for
SIMO channel to maximum for an ideal MIMO channel.
Furthermore, in terms of XPD, the detection performance
decreases with the value of XPD since yx., quantifies the
inverse of XPD.

VII. CONCLUSION

ED based SS technique has been analyzed in a dual
polarized fading channel in the context of cognitive Satcoms.
EGC and SC techniques have been considered to enhance SS
efficiency by combining the received two branch signals at
the energy level. The theoretical expressions for Py and Py
have been provided for these techniques in AWGN, SIMO
and MIMO Rayleigh fading channels. The simulation as
well as theoretical results show that the performance of ED
technique in a MIMO fading channel is much better than
in SIMO and SISO fading channels. Furthermore, the effect
of XPR on SS efficiency has been analyzed and it can be
concluded that the detection performance in a dual polarized
fading channel increases with the value of XPR and its lower
and upper bounds occur for a SIMO fading channel and an
ideal MIMO fading channel resepctively.
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