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Abstract—In this paper, we consider a cognitive satellite-
terrestrial network where the satellite communication oper-
ates in the microwave frequency bands allocated to terrestrial
networks in an underlay mode. Taking the statistical delay
quality-of-service (QoS) requirements into account, we investigate
the effective capacity of the satellite network while satisfying
interference-power limitations imposed by terrestrial networks.
Specifically, the primary terrestrial transmitters that would result
in aggregate interference at the satellite receiver are modeled
as points of a Poisson point process (PPP). By characterizing
the aggregate interference as a gamma distribution, we obtain a
closed-form expression for the effective capacity of the secondary
satellite network. Finally, simulation results are provided to not
only demonstrate the validity of the theoretical results, but also
show the effects of system parameters such as delay exponent
of satellite communications, interference-power limitations of
terrestrial networks, and intensity of terrestrial transmitters on
the performance of the satellite network.

Index Terms—Underlay cognitive satellite-terrestrial networks,
Poisson point process, delay QoS requirement, effective capacity,
interference-power constraint.

I. INTRODUCTION

Future satellite communication systems are expected to pro-
vide high data-rate broadband services. However, the limited
spectral resources can hardly meet the increasing demand for
satellite applications and services. To tackle this issue, cog-
nitive radio technology has emerged as a promising solution
to enhance the spectrum utilization by enabling dynamic spec-
trum access between satellite and terrestrial networks, referred
as cognitive satellite-terrestrial networks [1], [2]. Various spec-
trum sharing approaches are suggested for cognitive satellite-
terrestrial networks, e.g., underlay, overlay, and interweave
[3]. The underlay mode is especially attractive due to its
high spectral efficiency of the overall system, which allows
cognitive systems to reutilize the spectrum in which incumbent
signals are present as long as their interference imposed to the
primary receiver is below a predefined threshold.

Until now, many works have analyzed and optimized
the performance of the underlay cognitive satellite-terrestrial
network. The authors in [4] and [5] maximized the satel-
lite throughput through a carrier-power-bandwidth allocation
scheme and a game-theory based scheduling algorithm, respec-
tively. For the protection of the primary users’ communication,
the authors in [6] introduced a power allocation scheme for
the cognitive terrestrial link while guaranteeing the outage
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probability (OP) of the incumbent satellite communication.
Besides, the authors in [7] theoretically investigated the OP
of a cognitive hybrid satellite-terrestrial relay network with
interference constraints. These studies mainly concentrate on
mitigating the performance degradation caused by interfer-
ence, while ignoring the QoS requirements of end users.
However, QoS guarantees play a critical role in future broad-
band satellite networks, e.g., in real-time or delay-sensitive
applications, it is required to ensure that the delay adheres to
the service requirements [8], [9]. In this regard, the authors
in [10] optimized the performance of satellite systems from
the perspective of effective capacity, which has been recently
introduced by Wu and Negi [11] as a link-layer channel model
for supporting QoS requirements.

The majority of the aforementioned works consider the
interference management and the QoS requirements separately,
failing to illustrate the coexistence of the satellite network and
the terrestrial network commendably. Motivated by this, we
investigate the performance of the cognitive satellite-terrestrial
network in this paper, giving consideration to both networks
simultaneously. From the perspective of statistical delay QoS
requirements, we employ the concept of effective capacity,
which is defined as the maximum constant arrival rate that can
be supported by the channel under a given delay constraint.
Moreover, the primary terrestrial transmitters that would result
in aggregate interference at the satellite receiver are modeled
as points of a PPP [12]. By characterizing the aggregate
interference as a gamma distribution, we obtain a closed-form
expression for the effective capacity of the secondary satellite
network while satisfying interference-power limitations im-
posed by the primary terrestrial network. Finally, simulation
results are provided to not only demonstrate the validity of
the theoretical results, but also show the effects of system
parameters such as delay exponent of satellite communica-
tions, interference-power limitations of primary networks, and
intensity of primary transmitters on the performance of the
secondary network.

The remainder of the paper is organized as follows. Section
I introduces the system model. Section III presents the
effective capacity analysis of the cognitive satellite-terrestrial
network. Numerical and simulation results that illustrate the
correctness of the analysis are given in section IV. Finally,
conclusions are made in section V.
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Fig. 1. Underlay cognitive satellite-terrestrial networks.

II. SYSTEM MODEL

As shown in Fig. 1, we consider a cognitive satellite-
terrestrial network where the satellite transmits signals to
Fixed Satellite Service (FSS) terminals, exploiting the spec-
trum bands allocated to terrestrial Fixed-Service (FS) mi-
crowave links. In this case, the satellite will interfere the pri-
mary receiver (PR) while the secondary receiver (SR) will also
suffer from the aggregate interference caused by N primary
transmitters (PT). Considering the number and locations of
PTs are random, we characterize the spatial distribution of
PTs as a PPP with intensity A. Without loss of generality, N
PTs are taken to be located in a finite annular area centered
around the satellite receiver. The circle with radius r is the
exclusion region, which plays an important role to protect
the sensitive satellite receiver from severe interference [13]. R
denotes the outer radius and the interference from PTs beyond
R is assumed to be negligible due to path loss.

A. Signal Model

In the considered network, the signal received at the satellite
receiver can be expressed as

N
y =Pt + Y/ Pihisz +n (1)
=1

where x is the desired signal from satellite and z is the interfer-
ence from surrounding PTs. Py and P are the transmit powers
of satellite and PT;, respectively. hss and h;, are the channel
gains of satellite — SR and PT; — PR links, respectively. n
is the complex additive white Gaussian noise (AWGN) with
distribution CA (0, Np). The signal-to-interference-plus-noise
ratio (SINR) for the satellite communication is

_ PJh|?

= 2
" Z + Ny @

where 7 = Zfil P1|his|2 is the aggregate interference
received at the satellite receiver. In this paper, power gain
between PT; and the satellite receiver, |h;s|”, is assumed to be

exponentially decayed with parameter « and follow a gamma

distribution with a shape parameter £, and a scale parameter

7Nps. As aresult, the aggregate interference from the PPP based

PTs can be approximated as a gamma distribution with a shape
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To prevent the primary users from being interfered beyond
an interference-power threshold Iy, , the transmit power at the
satellite should satisfy

Pm) “4)

P, = min (Ithz,
|hSP|

where P, denotes the maximum permitted transmit power at
the satellite constrained by battery capacity. hg, is the channel
coefficient between the satellite and the PR with the largest
elevation angle.

Based on the interference model and interference-power
limitation described above, the SINR in (2) can be rewritten as

_ 2
_ 'Ys;|hss| (5)

Z+1
where 35 = Pi/No =
average signal-to-noise ratio (SNR) with 4y, = Iy /Ny and
Am = Pm/No. Z=2 /Ny denotes the ratio of the received
aggregate interference to noise. From the properties of gamma
distribution, we have Z ~ G (k1, 7)), where 41 = Pi/Ny
denotes the average interference-to-noise ratio (INR) of each
terrestrial interference link and 7y = 71/ P;. So the probability
density function (PDF) of Z can be expressed as

min (’%h/ |hsp\2,f7m) denotes the

kl—l 7%
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B. Channel Model

The well-known land mobile satellite (LMS) model is the
shadowed-Rician model [15], where the power of the line-of-
sight (LOS) component is assumed to be gamma distributed
while the multipath component has a Rayleigh distribution.
Since the confluent hypergeometric function is involved in
the channel model as well as the the aggregate interference
from the poisson field of interferers, it is almost analytically
intractable for the performance derivation of the considered
network. Therefore, in this paper, we model the satellite
fading channels as generalized-K distribution because of its
relatively simple mathematical form that enables an integrated
performance analysis of digital communication systems oper-
ating in composite multipath/shadowing fading environment
[16]. The generalized-K distribution is a mixture of gam-
ma distributed shadowing and Nakagami-distributed multipath
fading. As demonstrated in [17], the generalized-K model
can properly describe the channel environment of satellite
communications.
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For the generalized-K model, the PDF of |h;|* (i = ss, sp),
can be written as
opetep(557)-1

INORN(D)
where K, (-) is the modified Bessel function of the second
kind with order (¢ — €), b =, /;’;—i. € > 0.5 and ¢ > 0 are the
multipath parameter and shadowing parameter, respectively,
and g is the mean of the received local power.

f\h1|2(x) = K«p—a (2b\/5) , x>0 (7)

III. EFFECTIVE CAPACITY ANALYSIS

In the considered network, despite the time-varying nature
of satellite channels, satellite service providers must guarantee
a specified QoS to satisfy their customers who have real-
time multimedia traffics. For this purpose, we make use of
the concept of effective capacity, which has been recently
introduced by Wu and Negi [11] as the maximum constant
arrival rate that a given service process can support under
a given delay constraint, specified by the QoS exponent
6. In contrast to Shannon capacity without any restrictions
on complexity and delay, the effective capacity ensures the
maximum probabilistic delay for the incoming user traffic in
the network.

In our analysis, we use the normalized effective capacity
that can be expressed as

1 —0R[i]})

5" (B {e ®)
where {R[i],i=1,2,---} denotes the discrete-time, station-
ary, ergodic stochastic service process. In the following dis-
cussion, the discrete time index ¢ is omitted for simplicity.
R = TyBlog(1+ ) with B being the system bandwidth
and T the fading block length. The QoS exponent 6 is a
positive constant which represents the decaying rate of the
QoS violation probability. Note that larger 6 corresponds to
more strict QoS constraint, while smaller 6 implies looser
QoS requirement. Then the effective capacity of (8) can be
derived as

1 o0
; - _ 1 —0T Blog, (1+x) ]
E.(0) 0T, B n (/0 e fy(x)dz ). 9)

Considering the SINR specified in (5) involves in min-
function and aggregate interference, in this paper, we prefer the
moment generating function (MGF) based effective capacity
analysis for its lower complexity rather than the PDF based
analysis [18], i.e.,

fﬁln <F(1ﬂ)/0 essﬁlM,y(s)ds> (10)

where § = 60T;B/In2 is the normalized QoS exponen-
t. I'(-) is gamma function and M,(s) = E{e *} =
Jo" se*"F,(z)dx. The cumulative distribution function (CD-
F) of the received SINR, F,(z), is given by

Fy (@) = Pr (Fulhes* <2 (2 +1))
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where ’ys|hss\2 = min (f_yth|hss|2/|h5p|2,'_ym|hss\2 . From

the properties of min-function, the CDF of #4|hss|” can be
expressed as the sum of the following probabilities, i.e.,
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Then, employing the concept of CDF, F; |, 2 (z) can be
further deduced as

Yth /Vm T
Es . (@) = / P2 () Siney 2
0 Ym
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Referring to [19], we approximate the generalized-K PDF
by a gamma PDF with a shape parameter m and a scale
parameter w for the convenience of derivation. As a result,
fin; 2 (x) can be rewritten as

Imflefz/w
f‘hilQ(x):W7 >0 (14)
where m = s+6<,f+1 and w = % Thus, we have
’y (m887 Wiss)
.2 (@) = TTim (110m9) (15)

where (-, -) is the lower incomplete gamma function [20,
Eq. (8.350.1)]. By substituting (15) into (13) and using the
identity [20, Eq. (3.351.1)], we can get

7 (mSp’ wjt?y ) T
Uy = —~ i) P 16
! F(mss)r(msp)ry <m s wsswm) ( )
Similarly, we have
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To derive the integral, we first expand y (-, -) according to [20,
Eq. (8.352.1)], i.e.,
Ty mss—1 i
7 (mss7 Wss:)/th) Ty Z (xy)

=1 —¢e wssth
r (mss) l!(wss’_yth)l

Then, by employing [20, Eq. (3.351.2)], the analytical expres-
sion for Uy is given by

(18)

=0
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where I (-, -) is the upper incomplete gamma function [20, E-
g. (8.350.2)]. Here, we define €' =T (1, 21 ) /T ().
From T' (1 4+ n,z) 4+ v (1 + n,x) = nl, we obtain

mgs—1

Fopoplo—1-3 =9

T - € WssTm —
1 A
i=0 LWesTm

Mss—1 :L.i 1 T —Msp—1
X Z : — +—
—o Z!(Wss7th) Wsp  WssTVth
Vth x
— + - .
wsp’}/rn wSS/YIIl

Since in the considered network, the aggregate interference
dominates the noise, F, (x) can thus be approximated as

F,(z) ~ /0 F”ys\h“IZ (x2)f5 (2) dz.

By substituting (6) and (20) into (21) and express I (-,
[20, Eq. (8.352.2)], we can further obtain

wg’;sy I (msp)

x I (msp + 4,
(20)
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where | = ki1 +1, d = mg, +1— j. To solve the integral J, we

—d
express (% ﬁ) in terms of Meijer-j function [21,
Eq. (10)], i.e
—d d
( - ) T B I D)
Wsp WssVth r (d) WssVth 0

For avoiding the Meijer-j function with two variables, we
expand e~ Fmess into series with L terms and then using [20,
Eq. (7.813.1)], we have

J— Wi i(—l)n(%fh)n G| Wer i 1 n—l,1-d

F(d)nzo n!(;/mwss)n WssVth 0

(24)
From [20, Eq. (9.31.5)], F, (x) can be simplified as
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TABLE I
GENERALIZED-K CHANNEL PARAMETERS [17].

Shadowing o [ €

Infrequent light shadowing (ILS) | 0.161 | 38.0809 | 2.5
Average shadowing (AS) 0345 | 79115 | 2.5
Frequent heavy shadowing (FHS) | 0.806 1.0931 2.5

where (u), = F(F“:”) is a pochhammer symbol. Then, the

analytical expression for M., (s) in (10) can be obtained as

mss—1 .
LS e Nmw 1—1
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Finally, by substituting (26) into (10) and employing [20,
Eq. (7.813.1)], the effective capacity can be derived as

1 rgg-2 "' 1-c
E = — 1 — e —
0=~ “( T 2 THE)IE)
x G2 | Imtss 1-51—i 27)
M 1, ky
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IV. RESULTS AND ANALYSIS

In this section, numerical simulations are conducted to
corroborate our theoretical results and characterize the effects
of different system parameters on the effective capacity of
satellite communications. In the simulations, we set the block
length Ty = 2 ms, system bandwidth B = 100 KHz, outer
radius R=10 Km and radius of exclusion region » = 2 Km.

In the considered network, satellite downlinks are modeled
as generalized-K distributions with 9 = 1 and ¢ = 2.5.
The detailed channel parameters are given in Table I, where
o is the standard deviation of the log-normal shadowing and
increases as the amount of fading increases. Using a moment
matching technique [19], the corresponding parameter ¢ of
the generalized-K distribution can be linked to ¢ = 602171.
We consider three shadowing cases in this paper, infrequent
light shadowing (ILS), average shadowing (AS), and frequent
heavy shadowing (FHS). Specifically, the interference link h),
experiences AS shadowing, while the communication link A
is assumed to experience three shadowing cases respectively.
For terrestrial links, we set k,; = 2 and 7, = 0.5.

Fig. 2 performs the normalized effective capacity of satellite
systems for various fading cases with INR = 0,5. It can be
seen that the effective capacity consistently decreases when
the shadowing or the interference power increases, both of
which deteriorate the received SINR at the FSS terminal and
thus the transmission rate. Moreover, the theoretical curves
are obtained using (27) with L = 30. We can observe
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Fig. 2. Normalized effective capacities of satellite systems for different INRs
with ¥m = A¢n and hgs experiencing various shadowing cases (A = 0.5,
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interference-power constraints 7., with hgss experiencing AS shadowing
(INR =5dB, A =0.5,a =3, 0 = 1072).

that the theoretical results agree well with the Monte Carlo
simulations, confirming the accuracy of our analysis.

Fig. 3 depicts the normalized effective capacity for var-
ious Ain, illustrating the impact of different interference-
power limitations on the performance of satellite systems.
As observed, the effective capacity under an interference-
power constraint is inferior compared to the system with
no interference-power constraint (i.e., J;n = 00). Moreover,
the looser the interference-power constraint is, i.e., 7, gets
larger, the higher the effective capacity is. Besides, due to
the existence of interference-power constraints, the effective
capacity of satellite systems becomes saturated eventually.
These phenomena indicate that for the coexistence of the
satellite and terrestrial systems, there is a balance between
the performance of two systems.
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Fig. 4. Simulated normalized effective capacities versus QoS exponent for
various intensities of PPP with hss experiencing AS shadowing (ym = Jth =
15 dB, INR = 5 dB, a = 3).
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Fig. 5. Simulated normalized effective capacities versus QoS exponent for
various path-loss exponents and INRs with hss experiencing AS shadowing
('Tfm = Wth = 15 dB, )\ = 05)

Fig. 4 and Fig. 5 present the normalized effective capacity
of satellite systems versus the delay QoS exponent 6 for
various terrestrial interfering parameters such as intensity of
PPP )\, average INR, and interference link quality (i.e., path-
loss exponent «). Firstly, both figures show that effective
capacity decreases upon increasing QoS exponent ¢, which
means as the delay constraint becomes more critical, the less
effective rate the system can support. Moreover, from Fig. 4 we
can find that the effective capacity decreases as A increases,
which relates to the number of interference links in a finite
area. It is interesting to note that as A\ decreases from 1 to 0.1,
the gap between the corresponding curves increases, which
implies that its effect becomes more pronounced. Similarly,
Fig. 5 illustrates that when the intensity of PTs is certain, the
effective capacity decreases as either the average INR or the
quality of interference link increases, both of which determine
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the received interference power from each PT.

V. CONCLUSIONS

In this paper, we have considered an underlay cognitive
satellite-terrestrial network where the satellite communication
operates in the microwave frequency bands allocated to terres-
trial networks. Taking the statistical delay QoS requirements
into account, we have investigated the effective capacity of
the satellite network while satisfying the interference-power
limitations of the terrestrial network. By characterizing the ag-
gregate interference caused by PPP based primary transmitters,
we have derived the exact expression for the effective capacity
in a closed-form, the validity of which has been confirmed by
Monte Carlo simulations. Our study has revealed that for the
coexistence of the satellite and terrestrial systems, there is a
balance between the performance of two systems.
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