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Abstract—Exploring new techniques for spectrum sensing (SS),
which can detect the weak primary signals instantly, has been
an important research challenge. In this paper, the problem of
enhancing SS efficiency in cognitive SatComs has been consid-
ered. The analysis of different combining techniques has been
carried out for SS using dual polarized antenna. Furthermore,
polarization states of received signals are exploited and based
on obtained polarization states, Optimum Polarization Based
Combining (OPBC) technique has been used for carrying out
SS in the satellite terminal. The sensing performance of OPBC
technique has been compared to selection combining (SC), equal
gain combining (EGC) and maximum ratio combining (MRC)
techniques. The simulation results show that OPBC technique
achieves a great improvement in sensing efficiency over other
considered techniques at the expense of complexity in a dual
polarized AWGN channel.

Index Terms—Probability of detection, sensing efficiency, en-
ergy detection, dual polarized antenna, polarization states

I. INTRODUCTION

Spectrum sensing is one important mechanism for the spec-

trum awareness required by cognitive radios (CR). In terms of

CR, SS involves obtaining the spectrum usage characteristics

across multiple dimensions such as time, space, frequency, and

code. It also determines which type of signal is occupying the

spectrum including different characteristics such as modulation

type, waveform, bandwidth, carrier frequency etc. Existing SS

literature mainly considers the use of amplitude, frequency

or phase characteristics of the signals, which can be referred

as scalar signal processing [1]. 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 [2, 3]. The electromagnetic

(EM) signal propagating through space is polarized with some

polarization state. The polarization state of a signal, a basic

vector characteristic of an EM signal, is the orientation of

the electric field vector at a given point in space, during one

period of oscillation. Since traditional ED techniques only

consider amplitude information of one component of signal

and reject the information from another orthogonal component,

information provided by the vector nature of EM signals is not

fully exploited.

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 existing literature, the polarization domain has been used

for diversity and multiplexing purposes [4–6]. The use of

the polarization domain for SS has not been investigated

extensively and few research works have been reported in

literature. The concept of reconfigurable polarization detection

(RPD) for increasing the detection capability of a radar system

by using vector signal processing has been proposed in [1].

A SS technique based on RPD method has been proposed

in [7] as a means to enhance SS performance of secondary

users (SUs), making use of vector polarization states. A

polarization sensing technique exploiting the transmit and

receive polarization states has been proposed in [8], which

takes into account the interference constraint of PU and the

signal to interference noise ratio (SINR) demands of SUs. An

optimal polarization receiving (OPR) scheme for CRs has been

proposed in [9] to improve the SINR demands of SUs.

Various cognitive techniques have been investigated in the

literature. The most common cognitive techniques can be

categorized into interweave or SS, underlay, and overlay tech-

niques [10]. In SS only techniques, SUs are allowed to transmit

whenever primary users (PUs) do not use that particular band,

whereas in underlay techniques, SUs are allowed to transmit

as long as they meet the interference constraint of PUs. SS

with an underlay technique considered in this work detects

the presence or absence of PU and SUs are permitted to

transmit in other polarization states than that of PUs even if

a PU is present. Although it is possible to compare these two

different cognitive techniques in terms of spectral efficiency,

this comparison is not the focus of this paper.

In this work, the polarization domain has been exploited

as an additional degree of freedom to explore efficient SS and

transmission schemes in the context of cognitive satellite com-

munications (SatComs) using the concept of RPD technique

introduced in [1]. Generally, Fixed Service Satellites (FSS) and

terrestrial base station (BS) antennas use horizontal (H) and

vertical (V) polarization, whereas Direct Broadcast Satellites

(DBS) may use left and right hand circular polarization as well

as H/V polarization. The state of polarization is important in

determining the energy transfer efficiency between transmit

and receive antenna [11]. By deploying two orthogonally

polarized antennas, any type of receive or transmit polarization

can be derived. Detecting the polarization state in addition to

energy of a certain carrier frequency can significantly increase

the spectrum efficiency by investigating suitable cognitive

techniques in polarization domain. Different combining tech-

niques considered in this paper exploit both H-polarized and

V-polarized components using vector signal processing. Since

���������	
���
���
��	������
����
����
����
���������������
����������������������
����  !
�����
��"�������#$

%�&'�'%()%)&'**'&�+������	���
,�	���-.��&/����-����
�� -����-�.&.�(()



a dual polarized antenna receives both polarized components

but it receives noise with identical average power, increased

SS performance can be expected because of better signal

reception.

The rest of this paper has been organized as follows: section

II presents the use cases, where the technique considered in

this paper can be applied. Section III provides the theoretical

basis of traditional ED technique in the context of single

antenna. Section IV describes the ED problem in the context

of dual polarized antennas. SC, EGC, and MRC techniques

for SS are discussed in section V. Section VI describes the

OPBC technique using polarization state information of the

received signal. Section VII describes the simulation environ-

ment and simulation results. Section VIII concludes this paper

by summarizing the results.

II. USE CASES

One cognitive scenario can be a terrestrial microwave

system as a primary link and satellite uplink transmission

from a satellite terminal as a secondary link. In this scenario,

the satellite terminal can be considered to be deployed with

dual polarized antenna and the primary terrestrial link as

a strong line of sight (LOS) link. This scenario can be

beneficial for satellite operators to take advantage of terrestrial

licensed spectrum in secondary basis. To reduce complexity,

same dual polarized antenna can be used for sensing and

transmission purposes. Two radiators of dual polarized antenna

at the satellite terminal detect H-polarized and V-polarized

signals, which can be used to find out the polarization states

of primary signals coming to the satellite terminal. On the

basis of detected polarization states, the satellite terminal can

transmit in the polarization state other than that of detected

polarization states. In this way, satellite uplink transmission

can use the same spectrum as used in microwave LOS link

in secondary basis. This scenario has been shown in Fig. 1.

The interference from terrestrial BS antenna to the satellite

can be considered to be negligible, whereas interference from

satellite terminal to terrestrial BS antenna is strong and needs

to be taken into account to meet the interference constraint of

primary terrestrial users.

Another application scenario can be a dual satellite cognitive

scenario, as shown in Fig. 2, consisting of two satellites

equipped with multi-beam antennas and providing coverage

to same geographic area. It can be assumed that frequency

reuse concept is used to increase the capacity and cognitive

satellite terminal may be considered to be equipped with

circularly polarized antenna. The cognitive satellite terminal

to be connected to the secondary satellite within a particular

beam can sense the polarization used by primary satellite and

uses the opposite sense of polarization to transmit its data

using the same carrier frequency in secondary basis.

III. ENERGY DETECTION FOR SINGLE ANTENNA CASE

The ED problem was first studied in [12] for deterministic

signals transmitted over a flat band-limited Gaussian noise

channel. The ED problem for signals transmitted over a variety
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Fig. 2: Dual satellite cognitive scenario

of fading channels has been considered in [2] and [13]. The

problem analysis is further extended to include various receive

diversity schemes in [14]. In [15], comprehensive performance

analysis of the energy detector over fading channels with

single antenna reception and with antenna diversity has been

developed. The problem of PU detection using ED technique

in AWGN channel can be presented in the form of following

binary hypothesis testing problem.

H0 : x(t) = n(t) PU absent

H1 : x(t) = s(t) + n(t) PU present (1)

where n(t) is bandpass noise signal, can be represented as:

n(t) = ni(t)cos2πfct− nq(t)sin2πfct (2)

where fc is the reference frequency, ni(t) is the in-phase
component and nq(t) is the quadrature phase component. If
bandpass noise is considered within bandwidth B, ni(t) and
nq(t) have bandwidth B/2 and variances of ni(t), nq(t) and
n(t) are all equal to the noise power. The noise energy in a
sample of finite duration T can be approximated as [17]:

Ȳ =

∫ T

0

n2(t)dt ≈ 1

2B

TB∑
m=1

(aim
2+aqm

2) = No

TB∑
m=1

(bim
2+bqm

2)

(3)

where aim and aqm are m-th samples taken at the interval

of 1
B of ni(t) and nq(t) respectively, bim = aim/σ2m and

bqm = aqm/σ2m , σ2m = var(aim) = var(aqm) = 2NoB and

No is power spectral density (PSD) of noise. Denoting Ȳ /No
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by Y , the following equation can be obtained:

Y ≈
TB∑
m=1

bim
2 +

TB∑
m=1

bqm
2 (4)

From the above equation, it can be inferred that the decision

statistic Y follows a central chi-square χ2 distribution with

2TB degrees of freedom under hypothesis H0. Under hypoth-

esis H1, signal and noise both are present and decision statistic

Y follows a non-central chi-square χ2 distribution with 2TB
degrees of freedom (dof) and non-centrality parameter γ̄ [16],

i.e.

Y ∼
{

χ22TB , H0

χ22TB(γ̄), H1
(5)

The PDF of Y under H0 and H1 can be written as [14]:

fY (y) =

⎧⎨
⎩

1
2uΓ(u)y

u−1e−
y
2 , H0

1
2

(
y
γ̄

)u−1
2

e−
γ̄+y
2 Iu−1(

√
γ̄y), H1

(6)

where Γ(.) is the gamma function and In(.) is the n-th order

modified Bessel function of first kind. The probability of false

alarm (Pf ) and probability of detection (Pd) can be computed

by [2];

Pf = Pr (Y > λth|H0) , (7)

Pd = Pr (Y > λth|H1) (8)

where λth is the decision threshold. The expression for Pf

can be computed using (6) to evaluate (7) and can be written

as:

Pf =
Γ
(
u, λth

2

)
Γ(u)

(9)

where Γ(., .) is the incomplete gamma function, and u = TB.

Similarly, the expression for Pd can be computed using (6) to

evaluate (8) and can be written as:

Pd = Qu

(√
γ̄,

√
λth

)
(10)

where γ̄ = 2γ, γ being signal to noise power ratio (SNR)

of the PU signal and Qu(., .) is the generalized Marcum Q-

function.

IV. ENERGY DETECTION FOR DUAL POLARIZED ANTENNA

Two branches of dual polarized antenna can be considered to

receive H-polarized and V-polarized signals coming from PU

transmit antenna to the SU receive antenna. In the considered

use cases, a single SU and a single PU can be considered for

the sake of simplicity. Let sp be PU transmit vector signal and

yps be the signal vector arriving at the dual polarized antenna

of SU. The transmit signal vector sp can be generated from

H-polarized component spH and V-polarized component spV ,

which are orthogonal to each-other. Let us consider that Xt

and Xr are polarization states of primary transmit and receive

antennas respectively, and Ct and Cr are polarization states

of secondary transmit and receive antennas respectively. The

transmit signal vector sp can be represented in terms of Jones
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Fig. 3: Block diagram of SC and EGC techniques for SS

vector as [7]:

sp =
[

spH
spV

]
=

[
sipH + jsqpH
sipV + jsqpV

]
(11)

where i and q are in-phase and quadrature phase components.

Then the polarization state of transmit antenna in terms of

Jones vector can be written as [8]:

Xt =

[
cosαp

sinαpe
jφp

]
(12)

where αp ∈ (0, π/2) , φp ∈ (0, 2π) can be calculated using

the following equations.

αP = arctan
|spV |
|spH |

φp = φpV − φpH = arctan
|sqpV |
|sipV |

− arctan
|sqpH |
|sipH |

(13)

The components spH and spV can then be weighted by using

a power imbalance factor a = tan(αp) to impact the practical

scenario of power imbalance in two branches of dual polarized

antenna in the following way to make total energy unity.

sp =

[
1

1+a2 spH
a2

1+a2 spV

]
(14)

Assuming that the channel conditions between PU and SU re-

main ideal during the observation time interval t, the detection

problem can be stated in terms of following binary hypothesis.

H0 : yps(t) = n(t) PU absent

H1 : yps(t) = sp(t) + n(t) PU present (15)

where n(t) represents the zero mean complex Gaussian noise

vector. The decision statistic to check above hypothesis prob-

lem depends on the type of combining technique used in

combining H-polarized and V-polarized signals.

V. COMBINING TECHNIQUES FOR DUAL POLARIZED

ANTENNA

A. Selection Combining

The block diagram of SC technique for SS using dual

polarized antenna has been shown in Fig. 3. The H-polarized

and V-polarized received 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 T and the detector selects the highest energy between

them. The decision statistic for SC is calculated based on the

(&
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following condition.

Ysc = max (Yh, Yv) (16)

since Yh and Yv are decision statistics for H-polarized branch

and V-polarized branch respectively. The expression for Pd for

SC technique can be written as:

Pd = Qu

(√
γ̄sc,

√
λth

)
(17)

where γ̄sc = 2γsc, γsc being SNR of the PU signal after

performing SC.

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

EGC can be written as:

Yegc = Yh + Yv (18)

The decision statistic Yegc under hypothesis H1 follows a

non-central chi-square χ2 distribution with 2TB degrees of

freedom with non-centrality parameter γ̄egc, which can be

written as:

γ̄egc = γ̄h + γ̄v (19)

where γ̄h and γ̄v are non-centrality parameters corresponding

to received signals from H-polarized and V-polarized branches

respectively. The decision statistic Yegc is then compared

with a preset threshold λth and hypothesis H1 is declared

if Yegc > λth and hypothesis H0 is declared if Yegc < λth.

The expression for Pd can be written as:

Pd = Qu

(√
γ̄egc,

√
λth

)
(20)

where γ̄egc = 2γegc, γegc being SNR of PU signal after

performing EGC.

C. Maximum Ratio Combining

This technique combines the energies of two branches with

different weights. The branch with higher energy is weighted

with greater factor than the branch having lower energy. The

decision statistic using MRC technique can be written as:

Ymrc = w1Yh + w2Yv (21)

where w1 and w2 are the weights applied to decision metrics

Yh and Yv respectively. The decision statistic Ymrc under

hypothesis H1 follows a non-central chi-square χ2 distribution

with 2TB degrees of freedom with non-centrality parameter

γ̄mrc, which can be written as:

γ̄mrc = 2
w1

(w1 + w2)
γ̄h + 2

w2
(w1 + w2)

γ̄v (22)
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Fig. 5: Block diagram of OPBC technique for SS

The expression for Pd can be written as:

Pd = Qu

(√
γ̄mrc,

√
λth

)
(23)

where γ̄mrc = 2γmrc, γmrc being SNR of the PU signal after

performing MRC.

VI. OPTIMUM POLARIZATION BASED COMBINING

In scalar signal sensing methods such as energy detection,

vector signals of PUs are converted to scalar quantities,

whereas, in OPBC technique, both H and V components of

primary signals are combined based on the polarization states

of received signals. The signal power at receiving antenna

becomes maximum for an incoming field if the receiver has

conjugate polarization state as the transmitter and it becomes

minimum at orthogonal polarization state to that at transmitter

[9]. The block diagram of OPBC technique has been shown

in Fig. 5. In cognitive SatCom scenario, polarization state

can be adjusted as follows: transmit polarization state of

a satellite terminal can be chosen in order to protect the

terrestrial PUs from interference caused by it and then its

receive polarization state can be optimized to ensure its QoS,

mitigating interference from terrestrial PUs to its receiver.

In practical cognitive scenarios, there may be presence of

multiple PUs and SU needs to adapt its receiving polariza-

tion state Cr to receive different PU signals with different

polarization states. Since it is not practical to change the

hardware structure of antenna to adapt to different polarization

states, virtual polarization adaptation scheme can be used to

get the same phenomena as stated in [1]. In this scheme, the

polarization adaptation takes place within the processor not in

the antenna hardware. It can be noted that OPBC technique

involves per-sample processing in contrast to other combining

techniques and it needs one combining operation per sensing

period. The horizontal and vertical reception of vector signal

yps through dual polarized antenna can be written in terms of

Jones vector as:

yps =
[

ypsH
ypsV

]
(24)

The received signal vector yps can then be weighted by

polarization state vector, which is constrained by power.

Polarization state vector can be constructed by multiplying

phase weighting operator P and amplitude weighting operator

A, which are given by [7];

P =

[
1 0
0 ejφs

]

A =

[
cosαs

sinαs

]
(25)
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The polarization state of SU receive antenna Cr can be

considered to be equivalent to the following form:

Cr = PA =

[
cosαs

sinαse
jΦs

]
(26)

where αs and φs are parameters defining the polarization state

and can be calculated from (13) by replacing sp with yps. The

decision for the presence or absence of PU signal can be made

based on the following decision metric.

Y =
M∑
i=1

|C†ryps|2 ≷H1

H0
λth (27)

where M is the number of samples and † is the complex

conjugate transpose. The value of threshold λth can be de-

termined by using the preset value of probability of false

alarm (Pf ). Since yps is a complex Gaussian vector and Cr

is a linear transformation, the decision statistic Y follows χ2

distribution [16]. The expression for Pf become same as (9)

and the expression for Pd can be written as:

Pd = Qu

(√
γ̄opbc,

√
λth

)
(28)

where γ̄opbc = 2γopbc, γopbc being received SNR obtained

after applying polarization state operator.

VII. RESULTS AND DISCUSSION

A. Simulation Results

We consider the following six different cases for comparing

the sensing performance. 1) First case considers the omni-

directional antenna, which senses the signals coming from

all directions independent of polarization state of received

signal. 2) Second case considers dual polarized antenna. One

radiator of dual polarized antenna is dedicated to receive only

H-polarized signal and another dedicated to receive only V-

polarized signal. The received signals from these two different

antennas are considered for detection individually. 3) Third

case considers SC technique to combine the signals received

from two radiators of dual polarized antenna. 4) Fourth

case considers EGC technique. 5) Fifth case considers MRC

technique. 6) Sixth case considers OPBC technique using

the polarization states of received signals. Complementary

Receiver Operating Characteristic (CROC) curves (probability

of a miss Pm versus Pf ) have been presented to compare

the sensing performance of these cases. In the considered

simulation environment, two orthogonal polarized signals are

generated and they are weighted with variable a=tan(αp).
Since αp ∈ (0, π/2), the value of a ranges from 0 to ∞.

The value of variable a determines the power levels of two

orthogonally polarized signals and it is responsible for deter-

mining whether the resultant signal is horizontal or vertical or

near to any of these polarization states. For example: when

a = 1, both H and V components have same half power and

when a = 0, the signal transmitted from transmit antenna

is totally H-polarized, V-polarized signal being absent. Dual

polarized AWGN channel has been considered due to lack of

scattering in SatComs. Fig. 6 shows the comparison of CROC
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Fig. 6: Comparison of CROC curves for different combining
techniques

curves for six different cases at SNR value of −2 dB, degree

of freedom (dof) value 6 and 3 × 105 number of iterations

(N). The value of αp in this case is π/6 and corresponding

value of power imbalance factor a is 0.5777. The dof value

determines the time bandwidth product i. e. it is equal to

2TB. The received SNR of the omnidirectional antenna has

been considered to be half than that of dual polarized antenna

to carry out fair comparison between single antenna and two

antenna cases. From the simulation results, it can be observed

that OPBC technique performs much better than all the other

cases and MRC performs slightly better than EGC and EGC

performs better than SC technique. SC performs better than

case 1 and case 2 due to selection of larger decision metric

in each iteration while calculating Pd. Moreover, the sensing

performance of dual polarized with antenna 1 is observed to

be better than that of single omnidirectional antenna case and

dual polarized with antenna 2 because antenna 1 in this case

receives higher strength signal than antenna 2 due to power

imbalance factor a applied to two orthogonal signals. Theory

ED curve has been drawn using (9) and (10) as a reference.

Furthermore, it has been noted during simulation that theory

ED curve closely matches with the single antenna case when

full received SNR has been considered.

Figure 7 shows comparison of CROC curves of considered

3, 4, 5 and 6 cases in terms of different values of SNR (dof=6,

αp = π/6, N=3× 105). SNR values of -2 dB and 5 dB have

been considered for comparison. It can be observed from the

figure that the probability of missing the PU presence for each

case gets decreased as SNR is increased. Figure 8 shows the

plot of Pd versus αp angle (SNR=−2 dB, dof=6, N=104). The

range of αp has been taken from 0 to π/2 and the value of

Pf has been taken as 0.1. It can be observed from the result

that Pd with dual polarized antenna 1 exceeds the value of Pd

of dual polarized antenna 2 up to the value of π/4 and the

relation gets reverse after this value. Furthermore, it can be

observed that Pd versus αp curve becomes approximately flat

for SC, EGC, MRC and OPBC cases i.e. Pd is independent

of value of αp.

B. Discussion

From the simulation results, it can be observed that for the

same value of Pf and SNR, OPBC technique can sense the
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primary signals with higher efficiency than other considered

cases. From system complexity point of view, the OPBC

technique appears to be more complex than other combining

techniques since polarization operator is applied on per sample

basis. The cost of complexity increases linearly with the num-

ber of samples N as compared to SC, EGC and MRC com-

bining techniques. In practical scenarios, cross-polarization

discrimination (XPD), especially of the PUs terminals may

affect the performance of this technique. The effect of XPD

on sensing performance in a dual polarized fading channel

has been evaluated in our work [18]. Analysis of polarization

based cognitive techniques in different practical channels need

to be carried out to implement this technique practically.

VIII. CONCLUSION

In this work, the polarization domain has been exploited for

SS using dual polarized antenna. The following conclusions

can be drawn by analyzing the simulation results. Picking any

one of radiators of the dual polarized antenna provides better

sensing performance than single omnidirectional antenna. SC

technique provides better performance than individual cases

of dual polarized antenna due to advantage in selecting the

decision metric. MRC and EGC techniques provide more

efficient SS due to power gain obtained by combining two

signals in different ways. The OPBC technique increases SS

efficiency significantly by optimally combining two signals

received from branches of dual polarized antenna at the cost of

system complexity. Analyzing the performance of polarization

based detection in different fading channels and analyzing

the correlation effect of received signals as well as noise on

sensing performance can be future work in this area.
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