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ABSTRACT The incorporation of cognitive radio (CR) techniques into satellite communication systems, has
been considered as one of the most promising approaches to address the spectrum scarcity, which constitutes
an advanced infrastructure known as cognitive satellite terrestrial network (CSTN). Due to the estimation
error or feedback delay, perfect channel state information (CSI) of satellite and/or terrestrial links in CSTNs
are normally unavailable. This paper investigates the effect of imperfect CSI on the performance of CSTN,
where a secondary satellite network coexists with a primary terrestrial network by employing the underlay
cognitive mechanism according to which the satellite user is allowed to access the licensed spectrum without
deteriorating the operation of terrestrial user. Specifically, we derive the analytical expressions for the outage
probability and ergodic capacity of the cognitive network, which provides an efficient approach to jointly
evaluate the impacts of imperfect channel estimations for different links on the performance of considered
network. Moreover, simple asymptotic outage probability formula in the high signal-to-noise ratio regime is
presented to reveal the diversity order and coding gain of the CSTNs. Finally, numerical results are provided
to confirm the validity of the theoretical analysis, as well as quantitatively analyze the effects of various
system parameters on the performance of the CSTNs with CSI imperfection.

INDEX TERMS Cognitive satellite terrestrial networks, imperfect channel state information, outage

probability, ergodic capacity.

I. INTRODUCTION

Satellite communication is capable of providing seamless
connectivity and high speed broadband access for worldwide
users based on an anywhere-anytime paradigm, especially
for users who allocate in the disaster, desert, and/or suburb
areas [1]-[3]. However, due to the explosive growing demand
for broadband satellite services in recent years, the licensed
spectrum of satellite networks seems to be insufficient to
meet the forthcoming requirement. Given this fact, exploring
new insights and architectures into the utilization of spectrum
in satellite communications have challenged the traditional
spectrum management approaches [4].
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A. BACKGROUND AND MOTIVATION
To alleviate the problem of spectrum scarcity, a cognitive
radio (CR) technique, which can increase the spectrum uti-
lization efficiency by adapting its transmission parameters
according to the state of the environment [5], has been intro-
duced in the satellite networks to form a new architecture
networks, namely as cognitive satellite terrestrial network
(CSTN) [6], [7]. In this network, satellite networks can per-
form as the primary/cognitive networks and share spectrum
with terrestrial networks, which act as cognitive/primary net-
works, on the premise that the QoS of primary networks
is ensured [8]. Thus, the spectrum utilization efficiency of
primary networks can be enhanced as well as the problem
of spectrum scarcity of cognitive networks can be alleviated.
Until now, several ways have been proposed to apply the
CR in the CSTN, such as interweave or spectrum sensing [9],
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underlay [10], overlay [11], and database approaches [12].
Among those ways, the underlay strategy, with which cogni-
tive user can utilize the licensed terrestrial spectrum resources
as long as the harmful mutual interference is properly regu-
lated below a predefined threshold, is the simplest and has
been introduced in various networks, such as terrestrial net-
works [13] and CSTN [10]. On the subject of the underlay
based CSTN, many works have been done from various
performance metrics, such as outage probability[10], ergodic
capacity [14], secure transmission rate [15] with a single
antenna envesdropper, and maximization transmission rate
under the constraint of limited transmission power [16] and
QoS of cognitive user [17]. Extension work of [15] to a
multi-antennas eavesdropper was conducted in [18]. More-
over, some studies have explored the benefit of the underlay
based CSTN in various scenarios. The authors in [19] studied
the effects of practical hardware impairments on the outage
probability of underlay based CSTN. The authors in [20]
investigated the specific primary exclusion zone by employ-
ing the statistical modeling.

Although those aforementioned works have significantly
improved our understanding on the performance of the under-
lay based CSTNs, they were restricted to the scenarios with
perfect channel state information (CSI). In practical scenar-
ios, however, the exact perfect CSI is normally unavailable
for satellite communications due to large latency [21], [22].
Moreover, when the CSI of interfering link between the
cognitive transmitter and primary receiver is not perfect,
the traditional interference power constraint can no longer
guarantee the QoS of the primary user [23]. In this regard,
channel estimation is a crucial issue for practical implemen-
tation of CR approach in the CSTNs, which needs further
investigation to deal with the uncertainty of imperfect channel
estimations, and thus guarantee the communication quality of
the integrated networks.

B. CONTRIBUTION AND NOVELTY

This paper focuses on the uplink CSTN, where the satellite
system acts as the cognitive network while the terrestrial sys-
tem has the role of the primary one. In this work, perfect CSIs
of both the cognitive satellite link and terrestrial interference
link are considered unavailable due the following facts':

« For the cognitive satellite link, perfect CSI estimation is
unavailable because of the high latency affected by the
round trip propagation delay [21]. For a geostationary
satellite, exact CSI experiences a quite delay, while for
non-geostationary satellites, the high Doppler shifts may
impair the availability of the CSI [22].

o For the terrestrial interference link, the acquisition of
instantaneous CSI at the cognitive satellite user may
be difficult due to the effect of delay and time-varying
nature of the transmitter-receiver pair in different net-
works, which implies that the feedback overhead should
be taken into account [24].

I The interference from terrestrial terminal to the satellite can be consid-
ered to be negligible due to large distance [10],[14]-[17].
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« Moreover, channel estimation is not simple and straight-
forward in CSTNs because of the inherent nature that the
cognitive satellite link and terrestrial interference link
may experience different signal latency. Hence, separate
estimations are required at the satellite user for different
links.

Different from the previous works, we focus on the overall
effects of imperfect channel estimations on the performance
of uplink CSTNs, where the cognitive satellite system is
allowed to access the spectral resources of the primary terres-
trial system without deteriorating its communication quality.
Specifically, our contributions are outlined as follows:

« By considering the inherent nature of both satellite and
terrestrial links, an efficient method that separately esti-
mates the cognitive satellite link and terrestrial interfer-
ence link is employed at the satellite user, where the
actual channel gain of the satellite link is estimated by
using the training data, while the terrestrial interference
channel is obtained by using a feedback link.

« We then derive the novel analytical expressions for the
outage probability and ergodic capacity of the cognitive
satellite system, which provide efficient means to evalu-
ate the effects of key system parameters, such as number
of training symbols and shadowing severities of satellite
link, and feedback delay coefficient and interference
constraints of terrestrial interference link.

o To gain further insights, the simple asymptotic expres-
sions of outage probability at high SNR are developed to
examine the asymptotic behavior of the considered sys-
tem, which characterize the impact of key system param-
eters on two important performance metrics, namely the
achievable diversity order and coding gain.

——> Data Link

. ------>Interfererence Link
Satellite w
(SAT) i

Base Station Terrestrial User
(BS) (PU)

FIGURE 1. System model.

Il. SYSTEM MODEL

As shown in Fig. 1, we consider an uplink cognitive satellite
terrestrial network, where the terrestrial network acts as the
primary system and shares the spectrum resource with the
satellite network, which is the secondary system. To improve
the overall spectrum efficiency, we assume that the underlay
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technique is employed, thus the satellite user utilizes the
same spectrum as the terrestrial user simultaneously without
deteriorating the communication quality of the latter. From
a practical aspect of possible application, the terrestrial sys-
tem can be a Long-Term Evolution (LTE) system while the
satellite system may be a Digital Video Broadcasting-Return
channel by Satellite (DVB-RCS) system [16], [17].

Let A denote the channel coefficient between satellite and
secondary user, and the received signal at the satellite is
given by

Ys = hox +n, ey

where x denotes the transmitted signal with average power P,
and n;, ~ N¢ (O, 0’32) represents the zero mean additive
white Gaussian noise (AWGN). Recall that in an underlay
scheme, the interference at the BS caused by the cogni-
tive user must not exceed a predefined interference power
constraint Q. To achieve this, satellite user must adapt its
transmit power based on the instantaneous CSI of the mutual
interference link, namely, [10], [14]

£ p @

P, = min
I

where P; is the maximum allowable transmit power by the
power amplifier, &, the terrestrial interference link from the
satellite user to BS. In the specific scenario, we consider
that the satellite terminal is a mobile/portable terminal and
therefore employ a widely-employed Shadowed-Rician (SR)
fading model for the cognitive satellite network with closed
form, which can be used either for mobile/portable termi-
nals or for fixed terminals operating in various propagation
environments [10], [14]-[17]. Moreover, without loss of gen-
erality, the Rayleigh fading channel is considered for the
terrestrial interference link [10].

As discussed before, the perfect CSIs of both 4 and h, are
normally impossible to obtain at the cognitive satellite user.
For the considered cognitive architecture, due to the inherent
different nature of both links, the overall communication for
channel estimation and data transmission can be summarized
in the following protocols:

« Channel Estimation of Satellite Uplink: In this phase,
the channel estimation is performed by using forward
training, through which satellite user transmits pilots to
the satellite, and then the satellite estimates the uplink
channel and sends the estimated value over the down-
link [21], [22]. However, due to the large propaga-
tion delay, the estimation of the uplink channel would
become outdated.

o Channel Estimation of Interference Link: Due to the
mobility of the nodes among different networks, the CSI
of mutual interference link between the satellite user and
BS would be outdated. Generally, it is considered that
the channel knowledge of the interference link at the
secondary transmitter is provided by using an existing
feedback link [16], [17].

VOLUME 7, 2019

« Data Transmission: Finally, the secondary user trans-
mits the desired signal to the satellite by employing a
power control scheme without affecting the operation
of the primary network. An underlay spectrum sharing
approach is adopted, where the satellite user is allowed
to access the licensed spectrum, simultaneously with the
primary user, as long as it does not impose a harmful
interference beyond a predefined threshold at the BS.

In what follows, these three phases will be described in

detail.

A. CHANNEL ESTIMATION OF SATELLITE UPLINK

Let the satellite user transmit L € Z* training symbols to the
satellite in L time slots, therefore the receiver signal at the
satellite can be expressed as [21]

r,-:hssi—i—nm, i=1,2,...,L 3)

By employing an efficient joint detection processing along
with (1) and (3) [22], the expression of the conditional
probability density function (PDF) for the maximum likeli-
hood (ML) detector is derived as
1nf(ys,rl,rz,..,,rL) (ys’ SRR IEERE rL)
L
2
=X - |ys — hsx| — Z ’r,- — hgs;

i=1

2

) “)

where X = In gﬁ) By taking the derivative of (4) with
respect to hg and equating it to zero, it can further rewritten as

L
x*yo+ Do st
i=1

hy= —— . 5
* L+1 ©)

Combining (1) and (5), we further get
hs = hs + iy, )

L
where iy, = <x*ns +> s;-"ns,i)/(L -+ 1) is the estimation
i=1

2
“| =

error component of exact channel &y satisfying E | |7

o2 / (L + 1). From (4), we can get that in case of pe_rfect CSI
estimation, the decision variable for symbol x is

L
. <2 2
A = argmin {\ys — hex|” + Z |ri — hysi| " ¢ - @)
X
i=1
Since perfect CSIis notavailable at the satellite, we replace h;
with /g in (7). Thus, the data decision variable with estimated
CSI can be written as

L
A = argmin {|hs (x—Xx)— ﬁsfc+ns|2+z |”s,i — fzss,‘|2}.
X
i=1
(8)

L

Note that )

i=1

not contribute to the effective decision metricz. Thus, the esti-
h

|+|1 [21]. After

a2(1

ng;— ngs| is independent of the x, so it does

mated SNR can be written as y, =

+T
estimating the uplink channel, the estimated value will be sent
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over the downlink [21], [22]. To this end, the instantaneous
received SNR at the satellite can be written as

P, - |2
vs= 2| )
= |2 |h]? . .
where |h| = . - ) and Py is the transmit power at the
T

satellite user.

B. CHANNEL ESTIMATION OF TERRESTRIAL
INTERFERENCE LINK

The channel gain of the terrestrial interference link may not
be available to the satellite user. The outdated channel gains
would lead to an overestimation or underestimation of the
induced interference at the BS, which leads to the degradation
either of the satellite’s ergodic capacity, or the terrestrial
system’s communication quality [16]. For the scenario with
overestimation, the available power resource at satellite user
cannot be fully utilized. On the other hand, when the mutual
interference is underestimated, the interference power con-
straint with perfect CSI assumption will cause an increase
of outage probability of the terrestrial BS due to the higher
transmit power adopted at the satellite user. Please note that
this model can be used to access the impact of several factors
on the CSI, including channel estimation error, mobility and
feedback delay ([23] and the references therein). Due to
the imperfect feedback channel, the satellite user can only
access the outdated CSI, which can be described using the
correlation model as follows [23]%

no— / 2
hp_php+ 1_,0”7 (10)

where fzp denotes the delayed version of &, n, is the complex
Gaussian variable having the same variance as hy,. According
to Jakes’ autocorrelation model [24], the feedback delay coef-
ficients between izp and £, is expressed as p = J, 2nf1),
and f is the maximum Doppler frequency, t is the delay
coefficient between the actual instant and the transmission
instant, J, (-) is the zeroth-order Bessel function of the first
kind [28, eq. (8.411)].

With outdated CSI, it is not possible to meet the instan-
taneous interference power constraint. To eliminate the neg-
ative effects, we take a probabilistic approach as in [23],
where the satellite user adapts its power with a protection
mechanism based on a modified estimation of the terrestrial
link’s CSI as

P, = min K%,Pt , (11)
a

2The effect of imperfect CSI on system performance were investigated
in [25]-[27] by defining a confined region for the channel variations, which
refers to the bounded CSI error model, and/or by assuming that the channel
estimation error obeys the Gaussian distribution, namely gaussian CSI error
model. These models are suitable for the robust system design within a
certian ranges of uncertainty, which can be a potential research area in our
future work.
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with « being the power margin factor due to imperfect
channel estimation. According to [23], the power margin
factor can be numerically derived by solving the following
equation as

e =1—exp (—%) + exp (—%)
t t
%0 2p%0 2cQ
AP (1= p2) "\ AP, (1 — p?)
t wu=—rQ [(u+rQ
+e (/ 2P, \/ 2P, )

1 t uQ 200/
5 (1) e (55 ) (—u —?) m) -

where ¢ is the pre-selected outage probability required at the
primary BS with

2(14 £« (13)
u= — , a

A\ T T
r=2(14 P’ i (13b)
=\t o)

162
R " . (13¢)
22 (1= p?)

and

00 2 2
Q(a,b):/ xexp (-“ erx )Io(ax)dx, (14)
0

is the Marcum Q-function of first-order, and [ (-) is
the zeroth-order modified Bessel function of the first
kind [28, eq. (8.431.1)].

C. DATA TRANSMISSION
In the data transmission phase, by combining (9) and (11), the
received end-to-end SNR at the satellite can be expressed as

)
h
. 0 s . Yo _ Iz ?
Y, = min Kﬁ,P, 2 = min ~—Q2,yt hg|
i, i,
(15)

where y, = ';—g and y, = %.

lll. PERFORMANCE EVALUATION

In this section, we present a comprehensive investigation on
the effect of imperfect CSI on the performance of CSTNs in
terms of key performance metrics, including outage probabil-
ity, ergodic capacity as well as asymptotic outage probability
in the high SNR regime. Before delving into the details,
we first present the statistical properties of satellite and ter-
restrial links, which will be frequently used in the subsequent
derivations.
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A. PRELIMINARY RESULTS
In the Shadowed-Rician model, the amplitude of the shad-
owed line-of-sight (LoS) signal follows the Nakagami
distribution, and the multi-path component of the signal
envelope, that may occur because of the scatterers near
the transmitter (e.g. trees, buildings), is characterised by
Rayleigh distribution. This fading model can accurately
describe the land mobile satellite (LMS) channel with sig-
nificantly less computational burden [29], which is expected
to play a prominent role in future satellite communication
systems [10], [14]-[17].

Lemma 1: For scenarios with imperfect CSI estimation,
the PDF of channel power gain fls in (15) is given by

2(x):ozexp(— <1+L+1>,Bx>
<\ Fy (ml; I (1 + ﬁ) ax>, (16)

where 1F (a; b; ¢) represents the confluent hypergeometric
Sunction [28, eq. (9.210.1)], and o, B and § are, respectively,
given by

I

s

a = 2bm/(2bm (2bm + Q)), (17a)
B =1/2b, (17b)
§ = Q/2b(2bm + Q), (17¢)

with Q being the average power of the LoS component,
2b the average power of the multipath component, and m the
Nakagami parameter corresponding to the fading severity.
According to [17], [29], the channel parameters of the satel-
lite links closely depend on the elevation angle 0, which can
be calculated over the range 20° < 6 < 80° by the following
expressions

b () = —4.7943 x 107893 4+ 5.5784 x 10~%9>
—2.1344 x 10740 +3.2710 x 1072,

m () = 6.3739 x 10720 + 5.8533 x 10746?
—1.5973 x 10716 + 3.5156,

Q) = 1.4428 x 107763 — 2.3798 x 107362
+1.2702 x 10716 — 1.4864 (18)

Proof: The desired result can be obtained by using (15)
and [28, eq. (3.351.2)] along with algebraic manipulations.
Lemma 2: For scenarios with imperfect CSI estimation,
the cumulative distribution function (CDF) of channel power
gain hg in (15) can be derived as

1
, (x)=1—aexp (— (1 + L——I-l) B —8)x>

m—1

s

X

k
Y Ek.Dx'. (19
=0

0 =

~
Il
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where o, B and & are defined in lemma I and

_ _Zl l)k(l—m)k8k ko
@/ , = l'

=0 °

1 o\—kt-1
(1 + I+1 1) (B—29) . (20)

Proof: The proof can be found in [1]. ;
Moreover, since the terrestrial interference link hp follows
the Rayleigh fading with exponential distribution, the PDF

- 12
and CDF of the channel power gain ‘hp’ in (15) is defined as

f

o
F
i

where A denotes the average power of terrestrial interference
link.

In the following sections, based on these statistical proper-
ties of the fading channels, we will provide a comprehensive
performance evaluation of the considered CSTNs with imper-
fect CSL.

L@ = ew(-1). @

L, () =1 —exp (—;) 22)

B. OUTAGE PROBABILITY

In wireless communications, the outage probability is an
important QoS performance measure, which is defined as
the probability that the instantaneous SNR y;, falls below an
acceptable threshold y,;,, namely,

P ut — Pr (yv = yth) = FVy (yth) ’ (23)
where F,,; (x) denotes the CDF of y;. In what follows, we will
derive the exact CDF of y; in the following theorem.

Theorem 1: The analytical expression of F, (x) for
considered CSTNs with imperfect CSI can be expressed as

1 B—-938)x
X exp (— <]+L_+l> —% )
1/ x\ 20) 1 (B—9)x
5 (o) o (S (o) 5527+3)

! N —l+i-1
I (7 INCEDEN
3¥ (52) () 55 o ) }

(24)
Proof: The proof can be found in Appendix A.
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C. ERGODIC CAPACITY

The ergodic capacity is defined as the expected value of
instantaneous mutual information of the end-to-end SNR y,,
namely

C,=F [log2 1+ )/s)] = /0 log, (1 +x)fys x)dx. (25)

By applying the integration by parts approach, (25) can be
further rewritten as

C, =log, (1+x) I:Fl/s (x) — l]zo

L= [F x) l]d

m2J, 1T+xln" o
_ L [1 F ()]d (26)
“2)y 1+4x vy |4

Theorem 2: The analytical expression of C, for the con-
sidered CSTNs with imperfect CSI can be computed as

m—1 k
F(l+1) Y0
o L )
ln2];§ AVi
1 (B—19)
1 {1+ —
u(z+ ,1+,(+L+1> = )

- k 1501
Lo (_V_Q)ZM
A M) =S i k—i+ 1)y

L\ @B=9\ Y
<((+7) 57)

[+1
Aye
Yo —k+1i;0
L1,1,1,1 vo )
X Gy'.0.01:1] ﬁ L . @7
<l+m> vt
0;0

where U (-, -, -) denotes the confluent hypergeometric func-
tion, and Gizlli:lfjl,’()l,[l:lj [- -] is the Meijer-G function of two
variables [32].

Proof: The proof can be found in Appendix B.

D. ASYMPTOTIC OUTAGE PROBABILITY AT HIGH SNR
Here, we study the asymptotic outage probability of the
CSTNs with imperfect CSI and thereby reveal two impor-
tant performance merits: diversity order and coding gain,
where the diversity order specifies the slope of the decay, and
the coding gain particularizes the relative horizontal shift at
asymptotically high values of SNR.

We look into the asymptotic regime by considering two
practical scenarios, namely, 1) proportional interference
power constraint, where the interference power constraint Q
is proportional to the maximum transmit power P;, i.e., yp =
ny: with n being a positive constant, and 2) fixed interference
power constraint, where the peak interference power Q is
fixed and independent of the maximum transmit power P;.

126298

1) PROPORTIONAL INTERFERENCE POWER CONSTRAINT
Resorting to the same assumption as in [10], we consider the
proportional interference power constraint scenario, which
means that the BS is able to tolerate a high amount of
interference from the satellite user.
Theorem 3: For the scenario with proportional interfer-

ence power constraint at the BS, the analytical expression of

PS>, at high SNR for the considered CSTNs with imperfect
CSI can be expressed as

Poe ~ A (V”’) , (28)
Vi
where
A= (H_LL—H) {[l—exp(—§>]+k:n exp(—%)},
(29)

Proof: The proof can be found in Appendix C. Based on
Theorem 3, we present the following corollary and remark.
Corollary 1: The diversity order G4 and coding gain G,
of the considered CSTNs with ICSI are given by
A_l
and G, = , (30)
Vin
Proof: By representing asymptotic OP in (28) as
P>, (Vth) ~ (Gcf,)_cd, the diversity order and coding gain
of the CSTNs can be easily extracted.

Remark 1: The key insights of Corollary 1 shows that
when the interference power constraint Q is proportional
to the maximum transmit power P;, the achievable diversity
order G4 remains one, which suggests that the imperfect CSI
of both the satellite link and terrestrial interference link does
not affect the diversity order. That is to say, the number of
training symbols L and feedback delay coefficient p, have no
impact on the diversity order of the cognitive satellite net-
work. Instead, it degrades the outage performance by degrad-
ing the coding gain, which can be quantitatively evaluated
through (29).

Gy =1,

2) PEAK INTERFERENCE POWER CONSTRAINT
In this subsection, we focus on the peak interference power
constraint, where Y remain fixed while y; grows large in the
high SNR regime.

Theorem 4: For the scenario with peak interference power
constraint at the BS, the analytical expression of PS5, at high
SNR for the considered CSTNs with imperfect CSI can be

given by
Yin = [ YVin
@(+)+a<_—), G1)
out i Yo
O=«a 1+; 1 —exp —& , (32)
L+1 AT
1 J7Q)< )7Q>
( L+1) p( 7 ) Y
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and
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Proof: The result can be obtained by following similar
procedures as the proof of Theorem 3. From Theorem 4,
we have the following remark.

Corollary 2: When y,; approaches infinity, the first term
in (31) turns to zero, namely,

Py~ g <ﬂ> . (34)
Yo

Apparently, the diversity order G4 of the considered CSTNs

equals to zero. This means that an outage floor is presented,

which is determined by the the second terms in (31).

Remark 2: The observation of Corollary 2 indicates that
when the peak interference power constraint Q is employed,
the outage performance becomes saturated at high SNR,
which demonstrates that only zero diversity order can be
achieved by the considered CSTNs regardless of the CSI con-
cerning the satellite link and terrestrial interference link. This
is because the interference temperature constraint Q at the
BS becomes the dominant factor to determine the maximum
allowed transmit power at the satellite user.

IV. SIMULATION RESULTS

In this section, we provide simulation and numerical results
to examine the impacts of various parameters on the per-
formance of the considered CSTNs with CSI imperfection.
Without loss of generality, we set the predefined threshold
v = 1dB, and A = 1. The simulation results are obtained by
performing 10° channel realizations, and the different values
of satellite elevation angle 8 = 20°, 40°, 60° are correspond-
ing to the heavy, average and light shadowing severities of the
satellite links [29], [33], [34].

Y4
11
Y/
114

> N
pe AN
= N
2 ¥ L=1
2o 0= N
o 10 °F N L =9
[a W)
& L=75
g .
= 10 |
@)
L-= 00 (perfect CSI)
107 *  Monte Carlo
Analytical
— — — Asymptotic
10 15 20 25 30 35 40

Y(dB)

FIGURE 2. Outage probability of cognitive satellite network for different
values of Q and L under proportional interference constraint with
0=40°,n=1,e=10%and p=1.

To begin with, Fig. 2 plots the exact and asymptotic outage
probability of the cognitive satellite network under propor-
tional interference power constraint for different values of
Q and L. Here, the cases that satellite uplink has the knowl-
edge of perfect CSI (denoted as L = o00) are also provided
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as benchmarks for performance comparison. As shown in
this figure, we see an excellent match between the simula-
tion results and the analytical curves, while the asymptotic
curves match well with the exact results in the high SNR
regime. Besides, the outage performance with imperfect CSI
of satellite uplink gradually approaches toward the perfect
CSI case with the increase of training symbol L, which can
be explained by the fact that more training symbols L means
more precise channel estimation at the satellite. In addition,
from the asymptotic analysis, we can find that the quality
of channel estimation for satellite link does not affect the
diversity order of the considered CSTNs.

Outage Probability

*  Monte Carlo — Foct O X
Analytical p= H(perfect:CSI) 3
— — - Asymptotic
10 15 20 25 30 35 40
3:(dB)

FIGURE 3. Outage probability of cognitive satellite network for different
feedback delay coefficient p under proportional interference constraint
with 0 =40°, p=1,¢ =10%and L = 2.

Fig. 3 shows the outage probability of cognitive satellite
network for different feedback delay coefficient of terrestrial
interference link under proportional interference constraints,
where p = 1 denotes the ideal case without feedback delay.
From the figure, we can observe that the outage probabil-
ity improves when p increases, this is quite intuitive since
the larger p is, the smaller the feedback delay would be
presented. Moreover, we see that the curves associated with
outdated CSI achieve the same diversity order of one, which
confirms the analytical findings of Theorem 3 that the feed-
back delay leads to the system degradation by reducing the
coding gain.

Fig. 4 illustrates the effect of pre-selected interference
outage constraint factor ¢ on the performance of cognitive
satellite network under the proportional interference con-
straint. As we can readily observe, the outage probability
associated with the case ¢ = 10% is strictly smaller than
that of the case 1%, which indicates that allowing a less
stringent interference outage constraint could significantly
improve the outage performance of the cognitive satellite
user. Moreover, we can also find that, for the small feed-
back delay coefficient, i.e., p < 0.5, the improvement of
the accuracy of the feedback CSI yields marginal outage
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FIGURE 4. Outage probability of cognitive satellite network for different
interference outage constraint factor ¢ under proportional interference
constraint with ¢ =40°, y=1and L = 2.
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FIGURE 5. Ergodic capacity of cognitive satellite network for different
training symbols L and feedback delay coefficient p under proportional
interference constraint with 6 = 40°, n = 1 and y; = yo =20 dB.

probability enhancement. In contrast, for the large feedback
delay coefficient, i.e., p > 0.7, a relatively small increase of
p provides a substantial decrease of the outage probability.
Fig. 5 depicts the ergodic capacity (in bit/s/Hz) of cog-
nitive satellite network for different training symbols L and
feedback delay coefficient p under proportional interfer-
ence constraint. Apparently, with the secondary satellite user
employing partial CSIs of terrestrial interference link, the sys-
tem capacity of cognitive satellite network degrades with the
decrease of p. In this case, the actual interference caused
to the primary network exceeds the expected level. This is
not acceptable from the BS’s point of view, and a possible
solution is to demand an additional power margin factor «.
Moreover, the CSI imperfection of satellite uplink would be
alleviated with more transmitted training symbol at the ES.
Fig. 6 plots the exact and asymptotic outage probability
of the cognitive satellite network under the peak interfer-
ence power constraint, where the cases of no interference
temperature constraint and the perfect CSI of satellite nor-
mal link (denoted as L = o0) are plotted for comparison.
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FIGURE 6. Outage probability of cognitive satellite network for different
different values of L under peak interference constraint with ¢ = 40°,
e=10%and p = 1.
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FIGURE 7. Outage probability of cognitive satellite network for different
feedback delay coefficient p under the peak interference constraint with
9 =40°¢e=10% Q=20dBand L =2.

As can be clearly seen, the outage probability of the cog-
nitive satellite network under an interference temperature
constraint is generally inferior to that of the network without
such a constraint. Besides, the outage probability of the CR
system becomes saturated due to the interference tempera-
ture constraint, which verifies the asymptotic results shown
in Theorem 4 and Remark 2. Although our findings indi-
cate that when the interference power constraint is fixed,
an outage error floor exists and the diversity gain is lost,
the outage performance can be improved by adopting train-
ing symbol. Fig. 7 examines the impact of feedback delay
coefficient p of the terrestrial interference link on the outage
probability of the cognitive satellite network under the peak
interference constraint. From the figure, we observe that the
imperfect CSI of the terrestrial interference link significantly
degrades the performance of the cognitive network. Specif-
ically, with the increase of P;, a small power margin coeffi-
cient k will be required, which subsequently degrades Ps as
shown in (15).
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FIGURE 9. Ergodic capacity of cognitive satellite network for different
values of Q and elevation angle ¢ under peak interference constraint with
e=10%, p=1andL =2.

Fig. 8 describes the outage probability of the cognitive
satellite network for different elevation angles of the satellite
user. For increasing values of the elevation angle, a reduced
outage performance can be achieved. This is an expected
result since higher elevation angles correspond to better
propagation conditions, thus resulting in an enhanced outage
performance. Besides, it can be seen that with the increase
of 6, although the diversity order remains one, a notice-
able decrease of outage occurs. This is because the primary
interfering satellite link degrades the system performance by
reducing the code gain. Furthermore, the outage error satura-
tion can be improved by relaxing the interference temperature
constraint, i.e., Q gets larger. Finally, Fig. 9 illustrates the
ergodic capacity (in bit/s/Hz) of the cognitive satellite net-
work for different values of Q and a wide range of elevation
angle 6 under the peak interference constraint. Similar to the
outage performance, an improved satellite system’s capacity
can be obtained for increasing values of Q and 6.
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V. CONCLUSION

In this paper, we have investigated the impact of imperfect
CSI on the performance of cognitive satellite terrestrial net-
work with respect to both proportional and peak interfer-
ence constraints. Specifically, exact analytical expressions
for the outage probability and ergodic capacity of the cog-
nitive satellite network have been derived, whose validity
has been confirmed by Monte Carlo simulations. Further-
more, simple asymptotic expressions for the outage proba-
bility at high SNR was also presented, which give useful
insights on the achievable diversity order and coding gain.
Our findings reveal that under the proportional interference
constraint, the achievable diversity order remains one, regard-
less of imperfect CSI for both the cognitive satellite link
and terrestrial interference link. However, under the peak
interference power constraint, the outage error floor appears
at the high SNR and the achievable diversity order reduces
to zero regardless of the CSI imperfections concerning
both links.

APPENDIX A

PROOF OF THEOREM 2

Based on (15) and the concept of conditional probability,
the F, (x) can be reexpressed as the sum of the following
probabilities,

Fy, (x) =Pr | 7, |k, §x,)7t§%
|
Il
4 Pr %ﬁszfx,)?t>~—Q2 . (A
| |
15)

Then, due to independent nature of ilp and izs, I and I can
be rewritten as

PQ/};t
0 s

o0
I, = / F,_ (_ﬂ>f~
vo/7 |Bs| \Va/ |b

By using (19) and (21) along with [28, eqs. (3.351.2),
(3.351.3)], I; and I> can be, respectively, computed as

] (A.2)
h

X
2\ — ~ 2 d s
Mo

and

2 (v) dy. (A.3)

% 1 -4
=ty () oo (- 52) 557
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and

L=1-F 2<y_—Q>
h Vi

y4

e (To( (1, L\ Bobx
Aexp( J7t( (1+L+1) Yo

k

)

m—

1 11 - i

- ' (vo
XY swn(5) X5 (L)
k=0 [=0 i=0

1 B-&x 1\ !
((rmm) )

Thus, by substituting (A.4) and (A.5) into (A.1), we can
obtain the closed-form expression of Pr(C, > 0) for the
considered network as shown in Theorem 1.

(A.5)

APPENDIX B
PROOF OF THEOREM 3
Specifically, substituting (24) into (26), we get

m—1 k _
C, 1222“(k l){ [1—exp< ;Q)i|
N0 =0 g
00yl 1 (B—38)x
X/O 1+xeXp(—<1+L—+1>T>d)€
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1 1 (B=s I
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=
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(B.1)

By applying [30, eq. (2.3.6.9)], I5 can be first obtained as
1 -4

L+1 Vi
(B.2)

Then, according to [31, eq.(10)], we express the functions

—k+i—1
(14+x)~"and ((1 + L—L) (ﬁ;(j)x + %) with respect
to the Meijer-G function as
AR NCEEN TRl ki
L+1 Yo A T (k—i+1)
1 A(B—38 —k+i
<t (14 -ox . ®3)
' L+1 Y0 0
and
-1 1,1 0
+0~" =G| x| - (B.4)
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Subsequently, substituting (B.3) and (B.4) into (B.1) along
with [32, eq. (3.1)], we have

Ak—i—i—l << 1 ) B — 5))—(1"!‘1)
L=— ((1+—) ¥
Th—itl) L+1) 7

I+1
AV,
1,1,1,1,1 }7_97 —k+i0
Gl,[l:l],O,[l:l] 1;03-5) e (B.5)
1+LT1) 7r
0;0

To this end, the desired result can be obtained by using (B.2)
and (B.5) into (B.1).

APPENDIX C

PROOF OF THEOREM 4

We first apply [28, eq. (9.14.1)] to represent the confluent
hypergeometric function ,Fy (-; -; -) as

ng; x)
B i () <m,,)k xk
k=0 (ny) -+ <"p)k ke
By using (C.1) into (16) along with help of [28, eq. (3.381.1),
(8.354.1), the asymptotic CDF of

qu(ml,.. my ng, ...,

(C.1)

‘ can be derived as

1
2(x)=oz<1+L—+1)x.

Thus, substituting (C.2) into (A.1) yields the I7° and I7° as

H X
1100='/ ?z(?)]ﬂZ(}’)d)’
0 hy Yt hp‘

(C2)

s

_ 1 X "
— <1 + L_+1> - [1 —exp (_X)] . (C3)
and
I3 =/ F‘i°z<x—y.)f~ 2 () dy
123 hs Myt hl’
_ 1 X N
_a<l+L—+1) Eexp( /\)(wru). (C.4)

Then, substituting (C.3) and (C.4) into (A.1), we have the
asymptotic CDF of y, as

F)ZO x) =« (1 + L;—l—l) il [1 — exp (—%)]

1 X n
+a<1+L—+1> —exp( X) L+nm). (C5)

Eventually, combining (23) and (C.5), one can obtain PS5, as
shown in Theorem 3.
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