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Abstract Satellite communication is attracting increasing attention owing to its freedom from geographical
constraints. However, its spectrum resources are limited, and it is susceptible to interferences. Therefore,
cognitive radio technology can be used to detect and prevent interferences as well as improve spectrum uti-
lization. To improve the spectrum sensing performance, an angle reciprocity-based spectrum sensing (ARSS)
scheme is proposed in this study. The scheme exploits the reciprocity between the known beam’s central
angle and the unknown signal’s arrival angle, with the reciprocity controlled by the narrow characteristic
of the satellite’s beam owing to long-distance propagation. In this scheme, we use the beam’s central angle
instead of the signal’s actual angle to process the received signal, and then the processed data are used as
the sensing statistics for spectrum sensing. The simulation results show that the proposed ARSS scheme
exhibits better satellite spectral sensing performance compared with the energy detector (ED).
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1 Introduction

The satellite communication system has gained widespread attention because it is unaffected by ge-
ographical restrictions, ensuring wide coverage and long-distance communication [1]. Owing to these
advantages, satellite and cellular communications are comprehensively integrated in the space-earth net-
work [2]. As satellite communication traffic increases, the demand for the limited spectrum resources
also increases. Therefore, cognitive radio (CR) technology is regarded as a promising technology for
satellite communication systems [3] since CR technology can improve spectrum utilization and reduce
interference. The research project, Cognitive Radio for Satellite Communications, launched by European
scientists and other studies [4-6] shows the advantages of cognitive satellite communication networks in
specific application scenarios.

To achieve simple, efficient, and reliable spectral sensing, many studies on satellite spectrum sensing
have been conducted. In [7], a maximum likelihood spectrum sensing technology based on the wavelet
transform in a spread spectrum cognitive satellite communication system was proposed. In [8], the neu-
ral network technology was applied for spectrum sensing research. The results of energy detector (ED),
and the cyclo-stationary feature sensing algorithms are used as back propagation (BP) neural network
classifier inputs. Compared with the ED algorithm, the algorithm in [8] can improve spectrum sensing
performance. However, the two algorithms involve higher computational complexity and are unsuitable
for the computationally constrained satellite spectrum sensing. In [9], a spectrum allocation scheme
for cognitive satellite networks was proposed for improving the spectrum efficiency. This addresses the
situation by considering under-utilization of the scarce spectrum resources, with the overall demands of
cognitive satellite users unsatisfied. In [10], a blind spectrum sensing algorithm based on statistical tests
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assuming that the interference is white was proposed. Compared with the classical spectrum sensing algo-
rithm, this algorithm is simple and applicable, with its error detection probability obtainable. However,
the actual noise spectrum is required for this algorithm.

To improve the spectrum sensing performance, multi-antenna or multi-user collaboration can be applied
in CR satellite systems [11]. For example, Pierucci introduced a hybrid multiple input multiple output
(MIMO) cooperative spectrum sensing scheme [12], with the MIMO technology recognized by users. The
satellite is also reported to require additional on-board processing power. In [13], the spectrum sensing
problem involving the dual-polarization fading channel was considered. The sensing performance of the
ED algorithm was evaluated using the coexistence of satellite-to-earth links and then equal gain com-
bining or selection combining diversity technology was adopted. In [14], a novel mathematical approach
for obtaining the optimal number of samples with noise uncertainty for the energy detection method
was advanced. In [15], an improved cuckoo search algorithm was proposed for spectrum sensing in cog-
nitive satellites. This algorithm reduces the redundancy calculation and improves the convergence rate
by adjusting the step size dynamically and its discovery probability. However, computing the algorithm
becomes intensive owing to the search process. Therefore, Ref. [16] presented a practical low-complexity
spectrum sensing algorithm to reduce the computational cost, but the power of secondary users is con-
strained to reduce the interference from primary users.

In this study, we investigate satellite spectrum sensing using the satellite’s beam central angle when
the primary user’s signal and noise can be modeled as cyclic complex Gaussian distribution. Ref. [17]
demonstrated that the optimal detector requires the signal direction of arrival (DOA), but in practice the
DOA is unknown. Therefore, we propose an angle reciprocity-based spectrum sensing (ARSS) algorithm
for satellite communication systems. This algorithm exploits the reciprocity between the known beam’s
central angle and the unknown actual signal’s arrival angle.

The rest of this paper is organized as follows. In Section 2, we introduce the satellite spectrum sensing
system model. In Section 3, we demonstrate that the satellite’s beam angle is narrow according to the
analysis of the actual multi-beam system, and then propose a satellite ARSS algorithm based on the
beam’s central angle and the actual signal’s arrival angle reciprocity. In Section 4, we present results for
evaluating the performance of the ARSS algorithm based on analytical derivations and simulations, and
then compare the performance of the ARSS with the optimal detector and ED algorithms. The paper
concludes in Section 5.

2 System model and optimal sensing scheme

In this section, we will first give the system model for multiple antenna satellite communication systems
and then give the optimal sensing scheme, i.e., log-likelihood ratio spectrum sensing algorithm.

2.1 System model

Satellite communication systems often use multi-feed and multi-beam coverage technology, where the
signals are focused and reflected to the feed array owing to the uniqueness of the reflection surface.
Besides, the signals received by the feed array are the same signals but each feed has separate amplitude
and phase gains, which is similar to multi-antenna signal reception. Therefore, the multi-feed array can
be simplified into an antenna array, and then the classical methods of array signal processing can be
introduced to improve the spectrum sensing performance.

Suppose that the satellite has M receiving antennas as shown in Figure 1 and there are L samples for
the received signal at each antenna. Define the received signal of the ith antenna, and then we can express

the received signal matrix of M antennas as Y = [y1,Y2,...,yL] € CMXL  The scene that interference
exists or not can be defined as Hy and Hy. Let s = [s1,82,...,51] € O™ L denote the interference signal
and N = [n1,na,...,ng] € CM*L denote the noise signal. We assume that both interference signal and

noise follow the independent complex Gaussian distribution with variances o2 and o2, respectively. The
multiple antennas satellite spectrum sensing can be then expressed as the following binary hypothesis
test:

{HO:Y:N, O

Hi:Y =as+ N,
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Figure 1 Satellite with multiple antennas.

where a denotes the steering vector. If the DOA of the interference signal is ¢, a can be defined as
. T
a= 1,...,eﬂTﬂ(M*l)dcos“J , (2)

where d and A are the antenna element spacing and interference signal wavelength.
2.2 Log-likelihood ratio spectrum sensing algorithm

Since there is a mature theory on log-likelihood ratio (LLR) sensing, we use the results in [17] for reference
to give the following analysis.

For the hypothesis test in (1), when there is no interference, namely under hypothesis Hp, the received
signal probability density function can be expressed as

L

f(Y [Hy) = H(mjﬁexp{—%yl}lyz}

=1

1 1 &
_ H
= 2\ ML eXp{UQ Z:yl yl}

(1o

n no=1
1 tr (YY'H)

= (T[UQ)ML exp {70_721 . (3)
n

By taking logarithm of the probability density function of the received signal in (3), we have

e (YYh)

2
n

Lo(Y)=Inf (Y |Hy) = —~ MLInmt— MLIno2. (4)
Similarly, when the signal exists, under hypothesis Hy, the probability density function of the received
signal is

L
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where R2 E [YYH |H1} =oc2aa" +02I, R =021 — ;2%“}1“2. Under hypothesis Hq, by taking
Z+la

logarithm of the probability density function of the received sigﬁal (5), we have
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2
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We define the logarithm of likelihood ratio function as

f(Y |Hy)

f (Y |Hy)
=Inf(Y|Hy)—Inf(Y |Hp)

aly 2
e (Za +1). 7
A G+ lap) O\

LLR =In

Therefore, the spectrum sensing decision problem can be transformed into

Ja"y |
LLR = YR Lin ”a” +1 7LLR1 (8)
o2(% + [al®) 72 i
When the DOA of the interference signal ¢ is fully known, that is, the steering vector a is known,
the steering vector can be used to preprocess the received signal, and the energy of the data after the
preprocessing can be taken as the perception statistics of spectral perception. At this point, the decision

problem can be transformed into
Tiig = ||a™ Y|| > YLLR- (9)
Ho

The relationship between threshold yr,1,r1 and vp,r can be expressed as

o2 ol
YLLR = 0}, (U—Z + ||a|2> <Lln <U—;||oz|2 + 1) + ’)’LLR1> : (10)
S n

Under hypothesis Hp, the steering vector a is used to preprocess the received signal Y, and the data
distribution after preprocessing is satisfied:

Hy:a'Y ~ ON (o,agnaum). (11)
Then we can get the following distribution of perception statistics under hypothesis Hy:
2
TR T .
B 2= T 5 2 ™~ XaL- ( )
arllall”  oillall

According to the above distribution, its false alarm probability P; can be expressed as

F(L YLLR )

' o2 lall?
Py =P (Tuir > vuir [Ho) = nllal

=TT (12

where T'(L,z) = [“tl-le7tdt, T'(L) = [, tE~le~*dt. In general, the sampling length of a single
antenna L can be regarded as known. In this case, I' (L, z) monotone decreases; that is, it decreases with
x increases. Similarly, under hypothesis H;, the data distribution after preprocessing is satisfied:

Hy:a'Y ~CON (O,HOLH2 (a§||a|\2+ag) IL). (14)
Then we can get the distribution of perception statistics under hypothesis Hj:
2
Trir o HaHYH 2
2, 5 2 N 2 5 2 oy "~ XaL- (15)
lal”(eZllall” +03)  llal*(oZllal” +o7)

The detection probability P; can be expressed as

YLLR
I far@2ialmez)

Py=P(Tiir > i [H1) = T (L)

(16)

However, for the above optimal detector, the DOA of interference is assumed to be known, but in practice
it is unknown. Therefore, we have to design a spectrum sensing scheme with unknown DOA information
by using the angle reciprocity.
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Figure 2 (Color online) Inmarsat-4 satellite global beam angu- Figure 3 (Color online) Inmarsat-4 satellite narrow spot
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3 Angular reciprocity-based spectrum sensing

In this section, we first analyze the reciprocity of satellite beam angle, and then give angular reciprocity-
based spectrum sensing algorithm. Finally, we analyze the performance of the proposed and optimize the
number of antennas.

3.1 Satellite beam angle analysis

Let A6 denote the offset between the actual angle and beam central angle, and A6« is the maximum
angle offset within the beam. Taking Inmarsat-4 as an example, a single satellite of the system has a
feed array consisting of 120 feeds, forming one global beam, 19 wide beams and 228 narrow spot beams.
We assume that the world can be fully covered by three satellites with global beams. The angle offset of
the global beam can be shown in Figure 2, so we can get the maximum angle offset of the global beam
as follows:

R
Abpaxg = i o7 | 1
Omax g = arcsin (H) (17)

where R and H are the radius of the earth and the distance from Satellite to Earth’s geocentric. The
radius of the earth is about 6371 km, and the synchronous satellite is 35786 km away from the ground.
The maximum angle offset of the global beam of the Inmarsat-4 satellite is obtained as 8.6922°.

However, the Inmarsat-4 transmits data mainly through narrow spot beams. The maximum angle
offset of the narrow spot beam is shown in Figure 3 and can be determined as

Abpax n = arctan (%), (18)

where r and h are the radius of the narrow spot beam and the distance from satellite to the ground.
Assuming that all narrow-beams of the three satellites are turned on, and then the whole world can be
covered. In this case, the maximum angle offset of the Inmarsat-4 satellite narrow spot beam is 0.78°. In
order to improve the system capacity, the existing multi-feed and multi-beam synchronous satellite system
mostly adopts narrow spot beam technology. It has been estimated that, in the existing synchronous
satellite communication system, the maximum angle offset of the Garuda satellite is about 0.7226°, the
maximum angle offset of the US TerreStar satellite system is about 0.5967°, and the maximum angle
offset of China Tiantong satellite is about 0.5604°.

Through the above estimation, it can be found that the satellite narrow spot beam angle is small and
there is a small difference between the DOA of the signal in the beam and the known beam central angle.
Therefore, we can use this feature to improve satellite spectrum sensing performance.
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3.2 Angular reciprocity-based sensing algorithm

Define the angle offset between the actual DOA and the beam central angle w as Af, and then we can
get the actual steering vector a as

j27 j27 T
a=|1, eJTdcos(w-i-AG), o 7eJT(M—1)dcos(w+A9) ) (19)

When the narrow beam coverage of the satellite is determined, the beam central angle is equivalently
known. In this case, the narrower the beam of the satellite communication system is, the smaller the
offset between the beam central angle and the signal arrival angle is. According to the reciprocity of the
angle, if the beam central angle is used in the preprocessing for the received signals, the preprocessing
matrix can be expressed as

b= [LeﬂTﬂdcosw’”.7ej2T”(M—1)dcosw T. (20)

Then the test statistic can be expressed as

H,
Tarss = |[b7Y|? 5 VARSS- (21)
0

Similar to (11) and (14), the statistical distribution of the signal after preprocessing is satisfied as follows:

Hy - 1Y ~ ON (0,03 6] ) (22)

2
H, :b'Y ~ CN <o, <ag|b|2 + 02 (b)Ha‘ ) IL> . (23)

In this case, the false alarm probability P; and detection probability Py of the ARSS algorithm are as
follows:

)
(. 22l

Py = P (Tarss > varss |Ho) = T

( YARSS )
" (o2 ]|b]I*+o2[bHal?)

I'(L) ’

Py = P (Tarss > Varss [H1) =

where the probability of missed detection P,, =1 — Py.

3.3 Performance of angle reciprocity algorithm

From (24) and (25), we investigate the performance of the ARSS algorithm. We can know that the
sensing threshold is still determined by the noise variance o2, the single antenna sampling length L, the
number of antennas M, and the false alarm probability P;. And the probability of missed detection of
the ARSS algorithm is determined by the sensing threshold vagrss, single antenna sample number L,
noise variance o2, signal variance o2, preprocessed vector norm ||b||2, and norm of preprocessing matrix
and steering vector product [b%al?.

When the single antenna sampling length and the false alarm probability are fixed, we can get the
sensing threshold according to the Neyman-Pearson criterion, and ﬁzT is a fixed value. At this

time, the probability of missed detection of the ARSS algorithm is determined by the following formula:

YARSS - T (26)
2 N PERG
(@26l + o2/6aP) (1 + SNREZSE)

The missed detection probability of the ARSS algorithm is mainly affected by two factors. The first
part is the signal-to-noise ratio (SNR) at the antenna. Another part is the ratio between the conjugated

transpose of the preprocessing matrix formed by the beam center angle and the square of the product
[b"a®

of the steering vector product, i.e., DR

The smaller the product of these two parts, the larger the
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probability of missed detection and the worse the sensing performance will be. Taking a one-dimensional
uniform linear array as an example, the square of the steering vector is equal to the number of antennas,

IB]|* = M. (27)

Then the second part can be written as

q (2 M—-1
|b (1| —i + Z eﬂ;mdxix[cos(w+A9)—cosw]
=
lof= M| =
111 = eszg\td [cos(w+AB)—cos w] 2
=37 j27nd (28)
Mi1—e=

When the SNR is low, the probability of missed detection is mainly determined by the SNR. On the
contrary, the performance is mainly determined by the angle offset and the number of antennas M.

In an actual system [18], with the increase of the number of antennas, the beam will be narrower, the
maximum beam gain will be larger, and the gain will be more sensitive to the angle offset. On the other
hand, the fewer the number of antennas, the wider the beam, and the smaller the maximum beam gain
that can be obtained, the less sensitive the gain is to the angular offset. Therefore, there should be an
optimal antenna number corresponding to the different angular offsets. From (28), the optimal number
of antennas can be got by using the following optimization problem:

1274 [ o5 (w+A0) —cos w] 2

1—eM™X
1— elznd X [cos(w+A0) —cos w]

1
Mopt = m]\z}x M

(29)

Because of the long distance between the satellite and the earth, it can be assumed that the satellite is
vertically covering the ground, and the central angle of the beam can be regarded as w = 90°. Owing to
the narrow satellite beam angle, the maximum angle offset is small, and we can get sin(Af) = Af. So
the optimal number of antennas can be achieved by

1— eMﬂ”d [cos(w+A0)—cosw] 2

1
]\40pt = mﬁx — 1_ eJ2;rd [cos(w+A0)—cos w]
1 [1— 25 msman [F g | 25 -0 |
- mJ\%XM 1 — o[- sinAf] M m
1|1 - cos (2m4MAGY | i (2nddagy |
=max —
IV 17COS(2ndA9) +JSIH(27'[dA9)

11— cos (27‘[dMA9)

M 1— cos (27rdA0) :

(30)

= max

Figure 4 shows the variation of the optimal number of antennas with different angular offsets Af. When
the central angle of the beam is 90°, it can be seen from the curve that the optimal antenna number
is large when the Af is small. When A6 is small, increasing the number of antennas can improve the
sensing performance, but when A6 is large, increasing the number of antennas may reduce the perceptual
performance. Therefore, it is necessary to select the number of antennas to be perceived according to the
optimal number of antennas obtained by the formula (30) and the maximum number of antennas that
the system can provide.

4 Simulation results

In this section, we evaluate the performance of the ARSS algorithm by computer simulation results. In
the simulation, we exploit the uniform linear array with half wavelength antenna space and assume that
the sampling length at each antenna L is 4. The other parameters will be set according to the different
simulation requirements in the following.
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Figure 5 (Color online) Under different angular offset A6, Figure 6 (Color online) Under different angular offset A#,
the probability of missed detection of the ARSS algorithm, the the probability of missed detection of the ARSS algorithm, the
ED algorithm and the optimal algorithm versus antenna num- ED algorithm and the optimal algorithm versus probability of
ber M, for Py = 0.01, L = 0.01 and SNR = —5 dB. false alarm Py, for M = 128, L = 4 and SNR = -5 dB.

Figure 5 depicts the probability of missed detection P, of the optimal algorithm, the proposed ARSS
algorithm and ED versus the number of antenna M, for Py = 0.01 and SNR = —5 dB. As can be
observed, when M < 60, by increasing M the performance of the ARSS algorithm improves and is always
better than ED. When A# is small, for example when Af < 0.4°, as M increases, P, becomes smaller.
But when A is large, for example when Af = 0.6° and M > 78 or Af = 0.8° and M > 58, as M
increases, P, may become larger. However, in the same situation P,, of ED becomes smaller as M
increases, P,, of ARSS algorithm is larger than ED when Af > 0.8° and M > 116. Therefore, it is not
that the bigger M, the better the performance, so we need to choose the appropriate number of antenna
according to the different Af. As can be seen from Figure 5, when A is 0.6° and 0.8°, the best M is
74 and 54, respectively, and when Af is less than 0.4°, the larger M is, the better, which are consistent
with the results of (30) and Figure 4.

Figure 6 depicts the probability of missed detection P, versus probability of the false alarm Py and
the parameters are set as M = 128 and SNR = —5 dB. Regardless of the ED or the ARSS algorithm, the
overall trend is that P, decreases with the increase of Py. When Af = 0.8°, the perceived performance
of thg ARSS algorithm is weaker than ED. The reason is that when M = 128, the increase of Af causes
ba
. IIbIIZ‘ )
is growing.

In Figure 7, we compare the proposed ARSS algorithm under different angular with the optimal detector

to be smaller. As Af continues to increase, the perceived performance gap of the ARSS algorithm
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the probability of missed detection of the ARSS algorithm, the tio SNR, the probability of missed detection of the ARSS al-
ED algorithm, and the optimal algorithm versus SNR, for Py = gorithm, the ED algorithm and the optimal algorithm versus
0.01, L =4 and M = 128. antenna number M, for Py = 0.01, L = 4 and A# = 0.2°.

and ED versus SNR at a false alarm rate of P; = 0.01 and M = 128. As can be observed, the performances
of three algorithms have improved as SNR increases. As A# increases, the ARSS algorithm has evident
differences in sensing performance. For example, when SNR < —8 dB, the detection performance of the
ARSS algorithm is better than that of the ED algorithm. However, when SNR > —8 dB and Af = 0.8°,
the sensing performance of ARSS algorithm is worse than that of the ED algorithm. Therefore, the
influence of A# on the algorithm performance needs to be considered in the case of high SNR, which is
consistent with the theory obtained by the above theoretical analysis.

In Figure 8, we can know that the probability of missed detection P,, varies with the number of
antennas M under different SNR, for Py = 0.01, L = 4 and Af = 0.2°. Under different SNR, when
AfO = 0.2°, the performances of ARSS algorithm have improved with M increasing, which is consistent
with the analysis results of Figure 5. With the increase of SNR, the change rate of the P, curve also
increases with the increase of M. It is worth noting that when the amount of change in “ﬁﬁf is the same,
the larger SNR, the larger P, becomes. When Af = 0.2°, if M is small, the perceived performance can
be improved quickly by increasing M; if M is large, the change of M has little effect on the P,, value,
and the change speed of the P,, curve becomes mild. At this time, if you want to improve the perceptual
performance quickly, the best way is to increase the SNR at the cognitive user.

5 Conclusion

In this study, we proposed an ARSS spectral sensing algorithm for a cognitive satellite equipped with
multiple feeds. First, we demonstrated that satellite communication systems with many narrow spot
beams were characterized by small beam angles. Further, we proposed the ARSS algorithm exploiting
the reciprocity between the unknown actual signal angle and the known beam’s central angle. From
theoretical analysis of the ARSS algorithm, we obtained expressions for the false alarm probability,
missed detection probability and the optimal number of antennas. The simulation results showed that
the proposed ARSS algorithm performed better than the ED algorithm and was almost identical to the
optimal detector at low SNR. At high SNR, the ARSS algorithm still performed better than the ED
algorithm for low angle offset. At high angle offset, the ARSS algorithm yielded better performance than
the ED algorithm at the optimal antenna number. Therefore, the proposed ARSS algorithm ensures
better satellite communication performance through appropriate parameter configuration.
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