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ABSTRACT The application of millimeter wave (mmWave) spectrum for the next generation broadband
communications has received significant attention recently. In this work, we investigate the performance
limits for the coexistence of the geo-stationary orbit (GEO) broadband satellite networks and terrestrial
mmWave cellular networks. Based on the assumption that the statistical channel state information (SCSI) is
available at the terrestrial base station (BS), we propose a virtual uplink based transmit beamforming (BF)
algorithm to maximize the ergodic capacity of the terrestrial user while satisfying the interference proba-
bility constraint of the satellite users. Furthermore, we derive the closed-form expressions for the outage
probability (OP) and ergodic capacity (EC) of the terrestrial user. Besides, the asymptotic OP expression at
high signal-to-noise ratio (SNR) is also developed in terms of diversity order and array gain of the terrestrial
user. Finally, numerical results are given to confirm the validity of the proposed BF scheme and theoretical
derivations, and reveal the impact of key parameters on the performance of the terrestrial user coexisting
with the multiple satellite users.

INDEX TERMS Cognitive radio, millimeter wave, transmit beamforming, satellite communication, cellular

network, performance analysis.

I. INTRODUCTION

Satellite communication (SATCOM) has been widely applied
in many fields, such as navigation, broadcasting, rescue,
and disaster relief, since it can overcome long distances and
inhospitable terrains, as well as provide wide coverage and
high data rate for worldwide users [1], [2]. For current satel-
lite communication systems, such as Inmarsat, Globalstar and
Iridium, mobile satellite service (MSS) are often achieved in
the low frequency bands below 10 GHz. To accommodate
the increasing traffic demands in the future, the research on
higher frequency band, such as millimeter wave (mmWave)
satellite communications have been accelerated in both of
the academic and industry communities. Moreover, accord-
ing to the International Telecommunication Union (ITU)
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regulations, the mmWave will be the main spectral band
in future satellite networks to achieve the seamless broad
band access wherever the terrestrial deployment cannot be
provided or cost unfavorable [3].

The remarkable success of wireless technologies has led
to an insatiable demand for mobile data over past decades.
Emerging demand for high-speed reliable communications
with significantly improved user experience has been driv-
ing the development of the fifth generation (5G) cellular
networks [4], [5]. More recently, the framework of hybrid
satellite terrestrial networks, which jointly exploit advantages
of both systems [6]-[8], has been viewed as a promising
candidate for the future 5G infrastructures [9], [10]. Due to
the huge amount of potential spectrum and superiority in
offering magnitude increase in system capacity, millimeter
wave has been considered as one of the most promising
candidate for the next generation communications. One of
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the candidate bands for the deployment of mmWave cellular
mobile networks is the portion of spectrum between 20 and
90 GHz [4], [5].

However, due to the constantly expanding demand of
multimedia services, it is foreseeable that the spectrum con-
gestion in millimeter wave will also inevitably become the
crucial challenge for both satellite and terrestrial commu-
nications in future wireless networks [11], [12]. In this
regard, it has become a critical issue to explore new
techniques to address the spectrum scarcity in wireless
communications. Recently, cognitive radio (CR) has been
considered as one of the promising approaches to improve
the spectrum efficiency [13]. Many standard groups and
researchers have focused on the application of CR techniques
in satellite and terrestrial networks, which constitutes a new
architecture termed as cognitive satellite terrestrial network
(CSTN) [14]-[16]. In this network, the satellite network is
termed as a primary/secondary network (PN/SN), shares the
radio spectrum and coexists with the terrestrial network,
which corresponding to the SN/PN. To accomplish this,
the SN often employs power control or transmit beamform-
ing (BF) to ensure the imposed interference to the authorized
user is below a predefined threshold [15], [16].

For example, with single antenna deployed at the cog-
nitive terrestrial BS, a power allocation scheme and the
impact of the spatial distribution of primary transmitters
on the cognitive networks were studied in [17]. In [18],
the authors studied the outage performance of CSTN with
interference temperature constraint at the primary satellite
user. Besides, the author of [19] investigated the effects of
practical hardware impairments on a CSTN with the con-
straints of both spectrum efficiency and reliability. In [20],
the authors analyzed the cognitive zone in broadband satellite
communication systems by employing a blind and link-based
approaches. Moreover, to take full advantage of the multiple
antennas techniques in the CSTN, the authors of [21] derived
the ergodic capacity (EC) expression for by assuming that
the BS was deployed with a uniform linear array (ULA)
and maximal ratio transmission (MRT) is used as the trans-
mit BF scheme. The work of [22] studied the performance
of cognitive fixed satellite service (FSS), where the effect
of BS location and antenna configurations on the interfer-
ence level at the FSS was analyzed. In [23], a cooperative
scheduling algorithm for the coexistence of FSS and ter-
restrial cellular networks was proposed based on a game
theoretical framework. Considering a more general scenario,
i.e., a CSTN with multiple users, the authors of [24] pro-
posed two transmit BF schemes, namely, linearly constrained
minimum variance (LCMV) and second order cone pro-
gramming (SOCP) to maximize the signal-to-interference-
plus-noise ratio (SINR) of the desired terrestrial user while
minimizing the interference towards the primary user.

Although these prior works such as [17]-[24] have greatly
improved our understanding on the coexistence of satellite
networks and terrestrial cellular systems, it should be pointed
out that they were merely obtained through system level
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Monte Carlo simulations, which actually are not only com-
putationally inefficient but also mathematically intractable.
Besides, the authors only analyzed the interference level at
the satellite users, whereas the key performance merits of the
terrestrial cellular user, which are very useful in understand-
ing the performance limits and the potential application of
CR techniques, remains unreported. Meanwhile, compared
with ULA, since uniform planar array (UPA) can control
the radiation pattern in both vertical and horizontal dimen-
sions [25], [26], it can provide higher beam gain and enhanced
interference suppression capability with compact structure in
mmWave. However, the BF schemes for UPA is still an inter-
esting yet challenging topic. These observations motivate the
work of this paper. To summary, the detailed contributions are
outlined as follows:

« We consider a general frame work for the cognitive satel-
lite terrestrial network, where a GEO satellite network
serving multiple users, shares the downlink spectrum
and coexists with a terrestrial mmWave cellular network.
Here, many ITU recommendations and other standards
are adopted to establish the mmWave channel, antenna
and pathloss models. It is worth-mentioning that our
work includes the system models in [17]-[20] as a spe-
cial case, where only one satellite user is considered.

« By supposing that the BS is deployed with a UPA,
we first formulate a constrained optimization problem
to maximize the ergodic capacity of the terrestrial user
while satisfying the interference probability constraint
of the satellite users. Then, we employ the available
statistical channel state information (SCSI) at BS, and
propose a virtual uplink based beamforming scheme to
solve the optimization problem, which can obtain the
analytical expressions of beamforming weight vector
and power coefficient. Our work extends the previous
works with BS employing a single antenna in [17]-[20],
and an ULA in [21]-[24] to a more general case.

o We derive analytical expressions for the outage proba-
bility and ergodic capacity of the terrestrial user, based
on which the effect of various key parameters on the
system performance with BS employing the proposed
transmit BF algorithm can be revealed. To gain further
insight, simple asymptotic OP expression at high SNR
regime with respect to the diversity order and array
gain are developed to show the asymptotic behavior of
the terrestrial network. To the best of our knowledge,
this is the first time that such analytical expressions are
developed for performance analysis of cognitive satellite
terrestrial networks in mmWave scenario.

The rest of this paper is organized as follows. In Section II,
we describe the system model of the cognitive broadband
satellite and terrestrial cellular network in mmWave scenar-
ios. In Section III, we formulate a constrained optimization
problem and propose the virtual uplink based BF method
to obtain the analytical weight vectors and transmit power
coefficient. In Section IV, we analyze the statistical prop-
erties of satellite and terrestrial links in mmWave scenario.

VOLUME 8, 2020



Q. Zhang et al.: Coexistence and Performance Limits for the Cognitive Broadband Satellite System and mmWave Cellular Network

IEEE Access

In section V, we derive analytical expressions of outage prob-
ability, ergodic capacity, and asymptotic result at high SNR
for the terrestrial user. Numerical results and discussion are
given in Section VI. Finally, our conclusions are drawn in
Section VII.

Notation: E [-] denotes the expectation operator, |-| the
absolute value, max (-) and min (-) the maximum and mini-
mum values, and exp (-) the exponential function, N¢ (m, o)
the complex Gaussian distribution with mean m and vari-
ance o 2. G;’f’q” [-]-1 is the Meijer-G functions with a single
variable [42], and G1,1,1,1,1[1:1] [-]-] is the Meijer-G func-

. ! 1,[1:11,0,
tions of two variables [44].

Il. SYSTEM MODEL

We consider a cognitive scenario as shown in Fig. 1, where a
broadband satellite network and a terrestrial cellular network,
termed as primary network (PN) and secondary network
(SN), respectively, coexist with each other and share the
same downlink spectral resource. Here, the PN consists of
a GEO satellite (SAT) and K primary users (PUs) denoted
as PUy (ke K={1,2,...,K}), while the SN contains a
multi-antenna base station (BS) and a secondary user (SU).
It is different from most of the previous cognitive satellite
terrestrial model in [17]-[24], because we suppose that the
satellite serves multiple users simultaneously and the BS is
employed with an UPA.! Next, we will introduce the different
submodels.

FIGURE 1. System model.

A. ANTENNA MODEL

In mmWave broadband satellite communications, the SAT
often employs direct radiating arrays or array-fed reflector
antennas. According to [1], the beam gain of SAT antenna
can be well-modeled with Bessel function as

hw | S\
S _ S 1
Gt () = Gt,max (2_M + 367) ’ ()
with
u=12071230¢ )
Sin (p3dB

UIn this paper, we assume that power amplify nonlinearity can be perfectly
mitigated, the adverse impact of power amplify nonlinearity [27] on the
considered network will be the work in our future research.
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where G} .. represents the maximum beam gain at the
on-board antenna boresight, ¢ the angle between the receiver
and the beam center with respect to the satellite, and @345 the
3-dB beamwidth.

By considering that the directional parabolic antenna is
commonly adopted at the satellite receivers, the antenna gain

of PU is approximated as

; G max- for0° <p<1°
G, (B)[dB] = { 32 —25logB, for1° < B <48°
—10, for 48° < B < 180°,
&)
where Gf, max 1S the maximum beam gain at the boresight, and

B the off-boresight angle of corresponding receiver. In satel-
lite communications, since the k-th PU often points to the
SAT, namely, 0° < B, < 1°, we have GP (ﬂp,k) = Gﬁmax.

While for the BS-PUy interference link, B, x can be calculated
as [28]

Bs.k = arccos (cos (ak) cos (ex) cos ()
+ sin (ag) sin (gg)), (4)

where ¥ and oy are the azimuth angle and elevation angle
with respect to the PU, respectively, and ¢, can be given by

hgs — hpy _ dsp k (5)

&k = )
dsp k 2r,

where hgg and hpy, are the antenna heights of the BS and
PUy in meters, respectively, dy,  the distance between BS
and PUy, and r, the earth radius.

Most of these aforementioned works employed the ULAs
at BS, without taking full advantage of the vertical dimension.
Thus, in mmWave scenario, array structures are expected
to be implemented in two-dimensional UPAs to improve
the received signal quality and simultaneously suppress the
interference effectively [25]. As shown in Fig. 2, the BS is
equipped with a N x N, sized UPA, where there has N
columns with each having N, elements, spaced by dj, and d,,,
respectively. In this array, each antenna port constitutes of a
linear array with N, vertical elements, which are excited with

Ant. Port 1 Ant. Port N,

FIGURE 2. Planar antenna array structure.
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the proper amplitudes and phases in analog domain. Thus,
the main beam tilting angle of each antenna port is steered to
the same fixed value ¢y, according to the mean value of the
vertical angle of the users [26]. Thus, the radiation pattern of
each port in dB can be formulated as [25], [26],

GP0.¢) =GP, —minfA (0. 9).4,} 2P c0.6). (6)

where (a) denotes the logarithm contrary transformation with
g8 =10(Gna/19) and g (0, ¢) = 10C-AC-D/10 1n (6), 0
and ¢ represent, respectively, the horizontal angle and vertical
angle of the user, G5, the maximum antenna gain at the

boresight direction, which can be calculated as

4
GB =
[ [g.4)dQ
with d 2 being the solid angle, and A (0, ¢) is computed as

A0.¢9) =Ay (0) + Ay (9), ®)

where A (0) and Ay, (¢) are the horizontal and vertical
beampatterns given by [29]

Ay 6) = min{12 (%) ,Am}, )

3dB
w> i SLAV} i (10)
3dB

where A,, is the frontback ratio, and SLAy the side-lobe
level limit. Besides, 6345 and ¢34p are the 3dB beamwidth of
the horizontal and vertical patterns, respectively. As shown
in Figs. 3 and 4, let x, y and Az denote the relative distance
between the BS UPA center and the user x-axis, y-axis and
z-axis, we have

0dg, N

Ay () = min{12<

Y

@ = arctan X ¢ = arctan
X

Az

6 User

X

v

FIGURE 4. Diagram of a receiver’s elevation angles.
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B. CHANNEL MODEL

The emerging interest in provisioning broadband and mul-
timedia services from satellite networks has resulted in
the application of higher frequency bands above 10 GHz,
such as Ka (20-30GHz) and Q/V (40-50GHz) bands, where
the impact of atmosphere attenuation should be taken into
account. Among the various atmosphere fading effects,
the rain attenuation is the dominate factor, which is modeled
as the log-normal fading distribution based on the state-of-art
empirical model [1]. The resulting distribution of the channel

gain in dB, Eoup = 201og,, (|§g|2) can be expressed as

In (&,45) ~ Ne (1, v)., (12)

where © and v represent the log-normal location and scale
parameters, respectively. The corresponding channel rain fad-
ing coefficient is given by

_1 .
g =& e, (13)

where ¢ denotes the phase coefficient uniformly distributed
over [0, 27), &, is the distribution of the power gain.

The mmWave channels are characterized by a sparse set of
multipath components because of its limited scattering. In ter-
restrial cellular networks, the sparse scattering model is com-
monly used to describe the mmWave channel [5], [22], [23].
Without loss of generality, the channel vectors of BS-SU,
and BS-PUy links, namely, hy and h; can be mathematically
expressed as

L
N A
hs = - Z 8 (95,1’ ¢s,l)ps,las (93,1)’ (14)
Ls =1

L
Ny, k
b=z Z\/ka,lak (Os). (15

k=1
where Ly and Ly represent the numbers of multi-path signals,
ps.i and pi; the fading coefficients, E[ps;] = E [px,] = 0

and E[|po1[*] = Elloea|'1 = 1. 0,6, and 0, ;. &y )
are the angle-of-departures (AODs) of the /-th path signal,
respectively. The steering vectors aS(GS’ ;) and a; (¢, ;) can be
written as

a (es,l) =

a, (0,,) = —== [exp (jxiD sin@k,,)]iTeI(n) . a7

—_—

[exp (/'KiD sin GSaZ)]iTeI(n) , (16)

-3

z

where the steered vectors aS(QSV ) and ak(9k‘ ;) respectively
represent the discrete and complex spatial sinusoid corre-
sponding to a point source in the relevanted AODs. Z (n) =
{¢— Wy —1)/2}, (€ =0,1,...N, — 1), is a symmetric set
of indices centered around 0, and « denotes the wavenumber.
Consequently, by employing (14) and (15), the non-negative
definite Hermitian channel correlation matrix (CCM) of h,
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and h,_ can be, respectively, calculated as [30]

Ly

1
RS =E I:hshg{:l = I: Zg ('gs,l’ ¢s,1) ag (es,l) a? (es,l)’
=1
(18)
1 &
Ry =E [hkhf] =L Zg (6.1 1.1) A (61) At (61)-
I=1
(19)

C. PATHLOSS MODEL

The common mmWave statistical model describing the aver-
age path loss (not including small-scale fading) in urban
cellular networks without line-of-sight (LOS) can be given
by [31]

Lss (ds) [dB] = & + 108 10g]() (ds) + X, (20

where d; is the distance between the BS and SU, & and g

the linear model parameters and x accounting for variances

in shadowing fading. According to the ITU recommenda-

tion [32], the standard model of terrestrial interference link

is

Lgp i (dsp i)[dB] = 32.5 + 201log(f,) + 201log,((dsp.k) + Ay,
2D

where f. denotes the carrier frequency, d bk the distance from
BS to PUy, and A,, the clutter loss given by

h
A =1025¢"%F, [1 — tanh [6 ( ;U> -~ 0.625H —0.33,

’ 22)

with d, and h, being the nominal distance and nominal
height, and

Fy =025 +0.375(1 + tanh[7.5(f. — 0.5)]}.  (23)

According to the Friis’ Law for free-space propagation,
the path loss for satellite links (scaled in dB) relative to a
frequency band is assumed to have a linear dependence with
logarithmic distance as

L (d) [dB] = 201log,, < 24)

c
Arncf.d > ’
where c is the propagation speed. Since the distance between
two receivers is much smaller than that of the satellite altitude,
for the sake of simplicity, the relative distance d can be
supposed to be the GEO elevation distance [33].

D. RECEIVED SIGNAL MODEL

As shown in Figs. 1 and 2, when the SAT works in broadcast
mode and transmits the signal s(¢) obeying E[|s "*1=1to
the K PUs, and simultaneously, BS transmits the signal x(z)
satisfying E[|x (¢) |2] = 1 to the SU with the same frequency
after performing BF at the antenna ports with weight vector
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w € CV*! and , the received signals at PUy and SU can be,
respectively, expressed as

W k(1) = /PG @G (BpiL, 1845 (1)
signal

+ /Py 8unans GP (B L, Wby x (1) (1),

interference
(25)
and
Y5 (1) = /Py 8maxB LW hyx (1)
signal
+ /PGP (ps)Ls8es (1) +ng (1), (26)
interference

where P and Pj, denote the transmit powers at the SAT and
BS, n; (#) and n, (¢) the zero mean additive white Gaussian
noise (AWGN) at SU and PUy satisfying n, (1) ~ N¢ (0, 02)
and n (1) ~ Nc (0, 07), respectively. G (¢x) and G; (¢y)
can be obtained via (1), Gf (Bp,x) and Gf (Bs.x) have given by
(3), and pathloss of each link can be corresponding computed
through (20), (21) and (24).

Based on (25) and (26) along with some necessary manip-
ulations, the output SINR of the SU can be written as

P
R.s
= 27
& Pl,s + 052 @n
= Hy (2 = 2 .7
where Pp - = P, L, |w hx| andP; - = PL, |gs| with L, =

L,GP(0s, ¢s) and L, = LysG7 (). The output SINR of PU;
can be given by

P
Vp,k = —’27 (28)

\ivhere Ppy = Psl_,p |gk|2 a_nd P = Pbisp’k ‘WHhk|2 with
L, = GS (@GS (Bpi) and L, |, = GP(6k. $i)GS (Bs).

In what follows,we will propose a transmit BF scheme to
maximize the ergodic capacity of SU while satisfying the
interference probability constraint at PUs, and analyze the
performance of SU with respect to different key merits.

IIl. COEXISTENCE DESIGN

In this section, we focus on the digital BF scheme for the
array formed by N, antenna ports, which has been shown
in Fig. 2 and discussed in Section II-B. Our objective is to
maximize the ergodic capacity of the SU while satisfying
the interference probability constraint of each PU.> To this
end, we formulate a constrained optimization problem to

2The interference probability constraint is commonly used in spectrum
sharing environment to ensure that the outage level caused by unacceptable
mutual interference is no more than a certain percentage of time [16], [34].
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implement the transmit BF and power control at BS, namely,

max Eflog, (1 + yy)], (29a)
Pb,w

sit. min {Pr (P, < Q)} = 1 — pour, (29b)
sit. W% =1, P, < Piax, (29¢)

where P, denotes the maximum allowable transmit power
at the BS, Qy the interference threshold at the k-th PU, and
Pour € (0, 1] the interference constraint threshold.

Limited by the fast fading, training sequence, and heavy
feedback burden, instantaneous CSI is difficult to obtain in
practice and statistical CSI (SCSI) is a choice worthy of
consideration due to its advantage of low implementation
complexity [35]. Under this condition, we suppose that BS
has the SCSIs of the BS-SU and BS-PU links, which means
that the R and R, respectively given in (18) and (19) are
known at the BS. Due to the fact that h, ~ N(O, Rk),
the interference probability for k-th PU in (29b) can be given
by

Ok
Pr(P;, < Q0) = | —exp (——>
PyL,  WIR, W
> 1 —Ppour- (30)

In deriving (30), we have applied the fact that w/7h, hY w
follows the exponential distribution with covariance
wh R, w [14]. Substituting (30) into (29b) yields the prob-
ability constraint as

- 1
PyLg, ;I (-) wiR,w < 0. (31)
Pout
By employing the Jensen inequality E [log2 (1 + yx)] <
log, (1+E [1,]), and the identity £ [[w"h,|*] = w/Rw,
(29) can be rewritten as

max P,w R .w, (32a)
Pyw
- 1 H
sit. PyLg, ; In w'R,w < O,
’ Pout
keK=1{1,2,...,K) (32b)
st |WlZ =1, Py < Prax. (32¢)

Different to those who solve above problem by using
relaxation techniques and standard optimization packages,
by employing the downlink-uplink duality, we derive a new
algorithm to obtain the analytical BF weight vectors w and
transmit power coefficient p;, as follows.

From (32), we can see that if selecting the normalized BF
weight vector w to maximize the w// R,w and simultaneously
minimize the wf R, w,Vk € KC, the objective function will be
maximized. That is to say, the beam pattern generated by w
should focus on the direction of SU and null the direction of
those K PUs [36]. Therefore, we propose the ideal of virtual
uplink BF scheme to solve the optimization problem in (32).
Specifically, by supposing that SU and the k-th PU transmit

51910

x"(¢) and s(t) to BS with the power Pp,x, respectively, and
the virtual uplink fading channel vectors of SU-BS and PUy-
BS links are supposed to be similar with those of downlink,
namely, hy and hg, the virtual output signal at the BS after
uplink BF with weight vector w is

Y (t) = W\ Prax Lhx" (1)

——
signal

K
A P YLy, st (0 + (). (33)
k=1

interference+noise

The received power of the interference-plus-noise at the BS
can be given by

2
K
Pl oy =E||W ( /Pmaxz L, Jhysi (1) + ng (z))
k=1
K
= wH (Pmaxz Ly xRy + quNh> W. (34)
k=1

According to the principle of adaptive BF, the optimal weight
vector is to minimize the power contributed by the interfer-
ence plus noise, while maintaining the maximum gain in the
direction of intended user [36]. By considering that the uplink
BF weight vector is always normalized as ||v~v||12F =1, and

wiR W = <A

— “"max’

wiw (33)

where Amax is the maximal eigenvalue of R, an optimization
problem can be formulated to calculate w as

K

min wh (pmax D LR+ afINh) W,  (36a)
k=1

s.t. LWITR W < 2 (36b)

(36¢)

max”>
~ 12
s W2 =1.
To solve the above optimization problem, the Lagrangian
function can be employed and written as

K
L (w, u) = min wh (PmaX Zl_dspykRk + Usle,,) w
w
k=1

+u (Lsch R,W— xmax) e

After differentiating the above equation with respect to w,
we have
oL (W, 1) £ P
T aw = | Prax ZLsp,kRk + oy IN;, W+ nLRw.
k=1

(38)

AL (W, 1)
ow

apparently the maximal eigenvector of

By letting = 0, the optimal BF weight vector is
RT

K _ ] ’

Prmax Z Lsp kRk +U.Y21N
k=1 "
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namely,

W = Max .eigenvector =
3 2
Prax kzl Lsp,kRk + 021,

(39)

In section VI, we will confirm the validity of the proposed BF
scheme through computer simulations. By letting the optimal
BF weight vector in (32a) as

Wopr = Wop,, (40)
and substituting it into the constraint (32b) as
Ok
Pth,k == (41)

Wi (1 (522) Re) orr

The allowable transmit power satisfying the interference

probability at the BS is given by
PbZmin(Pm'dX’Pth,l’Pth,Z’""Pth,K’)' (42)

Furthermore, by using (40) and (42) into (27), the output
SINR of SU can be further rewritten as

- 2
PL opt yb‘wopt s X
Vs = )’ vy @
Pl el +02 7 lel +1
g 2
where X = 7, |wh h “and ¥ = Vs lgs|” with y, =

P,L / o} and y, = Psl_,ps / o2 being the average SNRs,
respectively.

Remark 1: Different from the proposed BF schemes
in [21]-[24], where the ULAs and instantaneous CSI are
adopted, here we consider the scenarios with UPAs, statistical
CSI, and duality of the uplink and downlink.

IV. STATISTICAL PROPERTIES OF SATELLITE AND
TERRESTRIAL LINKS

In this section, we provide the statistical properties for both
the interference satellite link and desired terrestrial link
in (41), which will be used in the subsequent sections for the
derivation of the analytical expressions of secondary terres-
trial user.

A. SATELLITE LINKS
According to [33], the probability density function of |gs|2 )
for the log-normal fading distribution is

1 (lnx - ,ux)z
mvsx exp ( 2\)52 ) . (44)
However, since that shadow fading is very difficult to be char-
acterized by using the lognormal distribution, the expression
in (44) is quite complicated and mathematically untractable,
making further analysis very complicated. In this paper,
we introduce the gamma approximation of the log-normal

f

|

2 (x) =
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PDF justified in [37], which means the log-normal PDF of
Y =y, | gs|2 can be approximated as

mg—1 my
x—(ﬂ) exp(— s x), 4s)
T (mg) \ 2,7, Q7

where the parameters m and €2 are, respectively, given by

1 m,+ 1
" ap o) 1 = (m—) (46)
P \0s s

where ¢, is the constant area mean power and given by

q, = exp (Ms) . a7

fr )~

B. TERRESTRIAL LINKS

In this paper, by using the well-known Kronecker
model [38], [39], the terrestrial channel vector hy can be
expressed as

h, = R!/*h,. (48)

Besides, h = [hs 1, 5,25 0 0o s ﬁs,N]T with each element being
the 1ndependent and identically distributed (i.i.d) complex
Gaussian random variables (RVs), i.e., fzw- ~ Nc(©,1),
(G =1,2,...,N). By using (40) and (48), X in (43) can be
written as

=V hs WOP[WOpth

~ H 1
= 7,h R? wopwih,RY b, (49)

where the non-negative definite matrix ® can be eigen-
decomposed as

H

2

® = RY Wop W Ré =PQP, (50)

opt
where P = [p,,p,.....py] € CV*N and Q = diag (11,
Ao hy) € CVNowith A; (j=1,2,..,N) being the
the eigenvalues of R in a non-increasing order, namely,
Al > Ay > ... > AN, and p; € CN*! the corresponding
eigenvectors. By applying the Laplace transform, the PDFs
of X can be respectively written as [41]

Vi

ZZ Cmn)C P<_ X >7 (51)
I' (n) ()Lm)/b)” AmY

m=1 n=1 mYb

fx ) =

where the coefficients are given by

t

(x );b)/'—v §vm—n 1
G = & B | —
(v — n)! dsvm—n 14+ Amp

k=1,k#m P
°T Amyp

(52)

where ¢ denotes the number of distinct non-zero eigenvalues,
vin the repeated times of A,, satisfying Zi,,:l vm = N, and
I'(x) = fooo exp (—1) *~1dt the Gamma function [40].
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V. PERFORMANCE LIMITS ANALYSIS

This section focuses on the performance limits of the cogni-
tive cellular network with the proposed schemes by deriving
analytical expressions for outage probability, ergodic capac-
ity, and asymptotic results at high SNR, to well understand
the performance limits of the secondary cellular networks.

A. OUTAGE PROBABILITY

The outage probability is an important quality-of-service
(QoS) measure in wireless systems and is defined as the
probability that the output instantaneous SINR y; falls below
an acceptable SINR threshold yy;,, namely, [6], [18]

Pr(y, < vp) = F, (Vi) -

where F' " (x) is the cumulative distributed function (CDF) of
¥,- Based on the conditional probability theory, F), (x) can be

derived as
X
<x
(v =)

where F'y (x) is the CDF of X, which can be obtained by using
(51) and [40, eq. (3.351.1)] as

Pe=1-Y 30y o

m=1 n=1 k=0
Then, by substituting (45) and (55) into (54) and performing
algebraic manipulations, F) (x) can be further expressed
as (56), as shown at the bottom of this page. Eventually,
replacing the x with yy;, in (53), one can directly evaluate the
OP of the cognitive terrestrial SU.

(53)

F (x) = Pr | Fetros s oy

(54)

Cm n
I (k)

X

k —X
e . (55)
A Vb)

B. ERGODIC CAPACITY
The average ergodic capacity is defined as the expected
value of the instantaneous mutual information of the received
SNR y;s, namely [6], [21]

C, = E [log, (1 + 5] = /0 log, (1 +x)f, (x)dx. (57)

Applying the integration by parts approach, (57) can be fur-
ther rewritten as (58), shown at the bottom of this page. Then,
by plugging (56) into (58), the analytical expression of C, can
be computed as (59), shown at the bottom of this page.

For the convenience of subsequent derivations, we employ
the following identity [41, eq. (11)]

—B+1

0 ] (60)

(1 +ax)” P — F(,B)G“|: ‘

—1 x m, \~G+ms)
reexpressed the (1 4+ x)™ " and (W + ﬁ) in inte-
gral I in (59) in terms of the Meijer-G function as

-1 1| |0
(1+x) :Gm[x 0] (61)
( ¥ m, )(Hms)
Am¥Vb Qs?s
1 ( m, >(f+'"s)
B F(j+ms) Qs?s
Qx| — (i
x Gl [—Wf Ut m)+1 } L 62)
’ mS)Vme 0

Hence, by utilizing (61) and (62) into (59), we can calcu-
late the integral I as (63), shown at the bottom of the next
page, where G} [11 11111[1 11 [+ -] denotes the Meijer-G func-
tion of two variables [42] In deriving (60), we have used
[42, eq. (3.1)]. To this end, by substituting (63) into (59),

the ergodic capacity C; of the terrestrial SU can be calculated

as
Cm n)\m);b <93J75)j
= m 5 (e (5
k+1
- 1;0
X G{:[lf:lf]l,’ll,[l;l] )\ms_ (H_TS_) + (64)
mVb
0;0

C. ASYMPTOTIC ANALYSIS AT HIGH SNR
Although (56) and (64) are exact and valid for any given
SNR, it is unable to provide further insight, such as the effect

Cmn m s X k X m —(j+my)

F =1-—e Tt 5 +m, —1 _ 5 . 56
% ,,;Zlkzwzo( )Hk)r )<9sys) (Am) Gt )<Amm Qm) o
C. =log, (1 F 1]~ L = [T L i_F wla 58

s = log, ( +X)[ys(x)— ]O_EO m[ys(x)—]x ™ r[— ys('x)ilx (58)

t n k . (i
k\ Cmn(j+mg—1)! ( m )mf/"o kb = < x my ) (+my)
, Ty s dx. (59
“ lnzmzin 1;;;( >F(k)r( Jomi\ag) Jo T G e, Y
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of channel parameters on the system performance. In this
subsection, we provide the asymptotic analysis of OP at high
SNR for the cognitive terrestrial network and thereby reveal
two important performance merits: diversity order and array
gain to obtain further insights into the considered network.

To begin with, applying the MacLaurin series expansion
for the exponential function in (55) as [40, eq. (9.303)]

ZZZ( )—( o ]: G (65)

m=1 n=1 k=0

Using (65) and (45) into (54), and with the help of
[41, eq.(3.351.3)], the asymptotic expressions of OP in high
SNR region can be given by (66), as shown at the bottom of
this page.

Then, we express the asymptotic OP expression in (66) into
a general form with respective to the diversity order and array
gain, namely

Y, _
Pou (v) = Y (y_:) = (Geyp) "9, (67)

Fy* (x) =

where
Gd = 1, and Gc = T_l/}/th, (68)
with T being given by

( I)N k-HCm n
=23y (1) S e ). @)

m=1n=1 k=0

It is revealed in (67) that with the proposed BF schemes,
which form a concentrated and directed beam pattern for the
desired SU and dampen signals in undesired directions for the
PUs, although the diversity order remains one, a significant
array gains can be obtained, thereby providing increased
SNR for SU. Furthermore, it should be noted that due to
the existence of the interference protection at PUs, the OP
performance becomes saturated in high SNR regime, which
means only zero diversity can be achieved. This is because the
interference temperature constraint Q becomes a dominant
factor to determine the maximum available transmit power
at BS in the case of high Prx.

TABLE 1. ITU Recommendation I/N [44],[45].

Interference Pattern Percentage Qrvalue (dB)
“short term case a)" 0.03% per month -2.4
“short term case b)" | 0.005% per month 0

“long term" 20% per month -10

VI. NUMERICAL RESULTS

In this section, we provide numerical simulations to con-
firm the validity of the proposed BF scheme and theoretical
derivations, and demonstrate the impact of various param-
eters on the performance of terrestrial user. Since that the
minimum elevation angle for the GEO receivers is commonly
adopted around opmi; ~ 10° to tackle the geographical
terrain effect [43]. Without loss of generality, in this paper,
we consider the equal elevation and azimuth angles for these
K PUs, namely, as0 = o, U5 = O, and Or = O,
Vk € K, for the purpose of clear presentation and mathe-
matical simplicity [22], [23]. The horizontal and vertical 3dB
beamwidths are set as 0353 = 60° ~ 70° and ¢33 = 8° ~
15° [25], [26]. Table 1 shows the ITU Recommendation for
the interference threshold Q at broadband satellite communi-
cations in terms of the ““short term” and “long term” criteria.
Specially, the ““short term’ criteria can be interpreted in two
cases, namely, case a) the received interference at the satellite
receivers should not cause the bit error rate to exceed 10~
for more than 0.03% of any month, and case b) the inter-
ference should not cause the bit error rate to exceed 1073
for 0.005% of any month. For these percentage of time,
the corresponding values of the interference thresholds equal
to —2.4 dB and 0 dB, respectively [44]. While for the “long
term” criteria, the recommended interference level equals
to 10% clear-sky satellite noise that cause a bit error rate
of 1079, and the corresponding value equals to —10 dB [45].
In addition, the simulation results are obtained by perform-
ing 10° channel realizations, and other parameters are pro-
vided in Tables 2 and 3, shown at the top of the next page.

1 < m, >—(J'+ms) /oo . ( x
= - — xtexp| ———
r (/ + ms) sts 0 AmVb

(j+mx)+li|dx

0 1| Q7
0:|><G11|:m;Y
sAmVb

mY, 0
' o5 k+1
_ Gt (g O Gl e |~ U4 m) +1:0 63
TrGem) \ag M | ()
s s/s mYb
0;0
Vi N—k+1
(=D Ci,n g
o= () EEE () [ )
Vs
T (m st m=1 n=1 k=0 sts
Vmn N—k+1
N\ (=D G _
=—zzz@) CO s 05,1, e
m=1 n=1 k=0 mn
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TABLE 2. Simulation Parameters [1],[22],[23],[31].

Orbit GEO
Frequency band f. 38 GHz
Bandwidth 500 MHz
Rain fading attenuation (ps,v;) (-2.6 dB,1.6 dB)
Maximum BS transmit power 40 dBm
BS antenna height hpg 10 m
PU antenna height hpy i Sm
SU antenna height hstr 1.5m
BS antenna main lobe gain Gimax 17dB
Front back ratio A,,, 25 dB
Side-lobe level limit SL Ay 30dB
SAT transmit power 30 W
PU antenna main lobe gain Gf,ax 42.1dB
Noise temperature 300 K
Free space loss of SAT links 210dB

Path loss exponents (£,3,X) (118.77,0.12, 5.78)

SAT 3-dB beamwidth (¢5,5) 0.4°
Angle between SAT beam center and SU (ps)]  0.3° ~ 0.8°
Outage threshold at SU ¢, 0dB
Interference probability constraint poy: 0.001
Angular spread of terrestrial links 5°
Number of PUs 3
BS array 8 x 4,10 x 4 UPAs

TABLE 3. Position parameters of SU and PUs [23].

SU’s position| (z,,y,, Az,) = (0.049,0.0043, —0.0085) (K'm)
(z1,y1,Az1) = (0.707,—0.707,—0.005) (K'm)

PUs’ position| (2, Y2, Az) = (0.866, —0.5, —0.005) (K'm)
(z3,y3, Azz) = (0.866,0.5, —0.005) (K'm)

First of all, we illustrate the beampattern of the proposed
BF scheme in Fig. 5, where those of zero-forcing (ZF) and
maximal ratio transmission (MRT) BF schemes using the
perfect instantaneous CSI are also provided for the purpose of
comparison. Clearly, although all of the maximal directions of
the beampatterns point to the AOD of SU, and beampattern

-90 -60 -30 0 30 60 90

FIGURE 5. Normalized beampattern comparison of proposed BF scheme
and conventional BF schemes in horizontal plane (« = 10°, # = 10°,
@s = 0.8, 6345 = 60°, $345 = 8°), and 8 x 4 UPA.
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obtained from the proposed BF scheme also produces deep
nulls at the AOD of the K PUs, while that employing MRT
scheme without suppressing the mutual interference cannot
form nulls at the AODs of the K PUs. Besides, compared
with the conventional ZF scheme that requires the instan-
taneous perfect CSI of each link, the proposed BF scheme
can achieve a comparable performance with deeper nulls
for the AOD of each PU. Since perfect CSI is often rarely
available, the proposed BF scheme with statistical CSI would
be a more practical assumption with the advantage of low
implementation complexity and reduced overhead.

Then, Fig. 6 plots the outage probability of the terres-
trial user for different PU’s interference threshold Q and BS
array configurations. It can be observed that these theoretical
results obtained in (57) are in excellent agreement with the
Monte Carlo simulations, and the asymptotic curves in (68)
match well with the exact curves at high SNR, confirming the
accuracy of our theoretical derivations. Due to the existence
of interference probability constraint at PUs, we can see that
the outage performance first improves with the increase of
Prax, and then gradually approaches a plateau in high Ppax
regime, which can be explained by the fact that in the high
Pmax regime, the value of Q becomes the dominating factor
in limiting the available transmit power at the BS. Besides,
the system performance of the cognitive cellular network
under a “long term” interference constraint is generally
inferior to that of the cases with “short term” constraints.
This is an expected results since the interference tempera-
ture constraint becomes loose, i.e., O gets larger, the outage
saturation floor reduces, and the outage performance of SU
improves. Although the diversity order remains one for both
UPA configurations, an improved array gains can be obtained
with 8 x 4 configuration, thereby resulting in reduced outage
probability for SU. The achievable diversity order of SU
for the proposed BF scheme collapses to zero when the
outage saturation occurs, which confirms our findings in the

Q=-10,—24,0dB: 1

X,
g *
= 2 ~
Z 10 *,
: N
[a W N
e X,
g 107 .
=
)

O Monte Carlo (4 x4 UPA)

- Analytical (4 x 4 UPA)
10 = = Asymptotic (4 x 4 UPA)
*  Monte Carlo (8 x4 UPA)
- — = Analytical (8 x4 UPA)
““““ Asymptotic (8 x 4 UPA)

-10 0 10
P dBm

FIGURE 6. Outage probability of the terrestrial SU versus Pmax for

different values of Q and array configurations with « = 10°, ¥ = 10°,
345 = 60°, 345 = 8°, and ¢s = 0.3.
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asymptotic analysis. Meanwhile, for a fixed Q, the outage
saturation of 8 x 4 UPA occurs at a higher Ppax than that
of 4 x 4 UPA. This is because the 8 x 4 UPA can form deeper
nulls to AODs of PUs than that of 4 x 4 UPA, thus a higher
BS transmit power would be tolerable without decorating the
operation of PUs.

Fig. 7 depicts the impact of the elevation angle o and
azimuth angle ¢ of the BS to PUs interference links on the
outage probability of terrestrial SU. Apparently, the interfer-
ence received at the PUs closely depends on the elevation
angle o and 9, i.e., larger o and/or ¥ can result in stronger
interference from the BS to the PUs. Under this situation,
the terrestrial network is required to decrease its transmitting
power to alleviate the mutual interference, which will results
in a degraded outage performance of the terrestrial network
due to the saturation phenomenon for the purpose of PU’s
normal operation.

¥ = 10°,20°; 30°

Outage Probability
>

4| O  Monte Carlo (a = 10°)
Analytical (o =10°)
----- Asymptotic (o = 10%)
5| *  Monte Carlo (a = 40°)
— = = Analytical (o = 40°)
““““ Asymptotic (o = 40°)

S

-10 0 10 20 30 40
Prnax dBm

FIGURE 7. Outage probability of the terrestrial SU versus Pmax with
Q=-10dB, 345 = 60°, $34g = 8°, ¢s = 0.3 and 8 x 4 UPA.

Fig. 8 depicts the ergodic capacity of the terrestrial SU for
different interference thresholds Q and SAT beam angle ;.

14} Q=

Ergodic Capacity (bit/s/Hz)

6 w5 O Monte Carlo (¢, = 0.3°) |
’
v X —— Analytical (¢35 = 0.3°)
4 J
* *  Monte Carlo (¢s = 0.6°)
ol 2 - = = Analytical (¢5 = 0.6°)
{ ‘ ‘ ‘ ‘
-10 0 10 20 30 40
Proax dBm

FIGURE 8. Ergodic capacity of the terrestrial SU versus Pmax for different
values of Q with « = 10°, # = 10°, 6345 = 60°, ¢34 = 8°, and 8 x 4 UPA.
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As we see, the derived analytical expression in (65) is in good
agreement with the Monte Carlo simulation results, implying
that the derived theoretical formula can accurately evaluate
the ergodic capacity of the cognitive network. Again, with
the increase of Q, the ergodic capacity gradually increases,
indicating that the employment of a stricter interference tem-
perature constraint at the PUs will result in a noteworthy
degradation of SU’s performance. Meanwhile, the compar-
ison between the beam angle ¢, indicates that the SU with
the closer location to the satellite beam center will received a
heavier interference from primary satellite network.

Fig. 9 and Fig. 10 show the effect of horizontal and verti-
cal 3dB beamwidths of the BS UPA on the ergodic capac-
ity of terrestrial SU. It can be observed from Fig. 9 that
although a larger 03,4p leads to a more interference leakage,
the horizontal beamwidth only pose a marginal impact on
the ergodic capacity of SU. This is consistent with typical
antenna structure, since a large horizontal 3dB beamwidth
is relatively preferable to cover a vast region, and thus the
effect of its variation is not distinct. While for the vertical

1451 \

14} ¢34p-=8°

@
5

W
T

P3ap = 11°

N
0

N

/
1150
11é~6—e—e_n /

10r[ O Monte Carlo
Analytical

bsap = 15° |

Ergodic Capacity (bit/s/Hz)

60 62 64 66 68 70
O3am (°)

FIGURE 9. Ergodic capacity of the terrestrial SU versus horizontal
beamwidth 654 with Q = —10 dB, « = 10°, # = 10°, 95 = 0.3,
Pmax = 40 dBm, and 8 x 4 UPA.

O3qp = 60°

1351

W
T

1251

Ergodic Capacity (bit/s/Hz)

¢} glonlte Call'lo
105} : na, yl,l‘ca

8 9 10 1 12 13 14 15
b3a8 ()

FIGURE 10. Ergodic capacity of the terrestrial SU versus vertical
beamwidth ¢;45 with Q = —10 dB, « = 10°, ¥ = 10°, 95 = 0.3,
Pmax = 40 dBm, and 8 x 4 UPA.
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3dB beamwidths, as shown in Fig. 10, the ergodic capac-
ity of SU significantly decrease with the increase of ¢34p.
This phenomenon indicates that when vertical BF is applied,
the radiation patterns can be further separated, thus prevents
extra interference to the primary satellite network.

VII. CONCLUSION

In this paper, we have investigated the performance for
the coexistence of broadband satellite system and terres-
trial cellular network operating at the mmWave frequency
band. By considering the statistical CSI is available, a con-
strained optimization problem aiming at maximizing the
ergodic capacity of the terrestrial user while meeting the
interference probability constraint of the PUs has been first
formulated. Then, based on a virtual uplink algorithm, the
analytical expression for the BF weight vectors and transmit
power coefficient are obtained. Furthermore, novel analytical
expressions for the outage probability, ergodic capacity, and
asymptotic results at high SNR of cognitive terrestrial user
are derived. Finally, we provided comprehensive simulation
results to justify the validity of the proposed BF scheme
and theoretical derivations, and showed the impact of various
system parameters on the performance of the terrestrial user.
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