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Abstract— Improper Gaussian signaling (IGS) has shown
its capability of improving the rate of interference-limited net-
works by exploiting the additional degrees of freedom in signal
processing. This article considers a system of a multiple-input
single-output (MISO) cellular network coexisting with device-to-
device (D2D) communication, where the former employs proper
Gaussian signaling (PGS) but the latter employs IGS to improve
D2D’s rate and also to mitigate interference to the former. Both
non-orthogonal and orthogonal bandwidth sharing between cel-
lular users (CUs) and D2D pairs are considered. The problems of
joint bandwidth allocation and signal beamforming to maximize
the minimum CUs’ rate subject to the transmit power budget and
D2D’s rate threshold are addressed, which pose critical compu-
tational challenges. Path-following algorithms of low complexity
are developed for computational solutions. Two distinct scenarios,
i.e., unmanned aerial vehicle (UAV)-enabled networks, and MISO
cellular networks are simulated to give insight into the superiority
of using IGS over PGS. Our results reveal that in UAV-enabled
networks, orthogonal sharing produces a higher D2D’s rate, while
non-orthogonal sharing offers better CUs’ rate under practical
levels of D2D’s rate. In MISO systems, IGS is a game-changer,
which enables the orthogonal sharing to uniformly outperform
the non-orthogonal sharing in terms of CUs’ rate.

Index Terms— MISO networks, D2D communication,
improper Gaussian signaling, beamforming, bandwidth
allocation, non-orthogonal and orthogonal bandwidth sharing.
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I. INTRODUCTION

DRIVEN by a diversity of wireless services, the need
for expanding bandwidth has become critical in order

to ensure the strict requirements for each type of service.
However, physical bandwidth is an expensive and limited
resource, and increasing the bandwidth to meet the growing
demand for wireless services is unrealistic. Although the
primary users in the licensed spectrum like LTE and TV white
space can access their own bandwidth, the spectrum usage is
still inefficient due to infrequent access, which results in a
spectrum scarcity problem. To promote the growing access
demand of wireless networks under the limited spectrum
resources, U.S. Federal Communication Commission (FCC)
and U.K. Office of Communication (Ofcom) have allowed the
coexistence of multiple networks in the same spectrum without
violating the quality of each other’s service. However, such
network deployments pose a serious challenge to interference
management due to spectrum sharing [1], [2].

Recently, improper Gaussian signaling (IGS) has been intro-
duced as a useful method that efficiently manages interference
by exploiting the full characteristics of the transmit signals
[3], [4]. In conventional signaling, namely proper Gaussian
signaling (PGS), the transmit signals are uncorrelated with
their complex conjugates, so the transmit signals are fully char-
acterized by their covariance matrices. Utilizing PGS signifi-
cantly reduces the complexity of performance analysis, which
is primarily based on the optimization of logarithmic functions
for expressing the rate. Different from PGS, IGS relaxes the
Gaussian properness for more degrees of freedom in signaling
because improper Gaussian signals are correlated with their
complex conjugates, resulting in non-zero pseudo-covariance
matrices [5], [6]. Improper Gaussian signals are characterized
by their covariance and pseudo-covariance matrices [7], [8]
so their rate is a log-determinant of the augmented covariance
matrix with covariance and pseudo-covariance matrices as its
entries.

The use of IGS has the potential to improve the performance
in various interference-limited networks [9]. In terms of the
degrees of freedom, the superiority of IGS over PGS has been
investigated in single-input single-output (SISO) interference
channels [8], [10]–[12] and MIMO interference channels [3],
[4], [13], [14]. In addition, it has been shown that IGS
outperforms PGS in terms of rate [15]–[22].

Device-to-device (D2D) communication is currently playing
an important role in fifth-generation (5G) cellular networks,
which enables a direct connection between two nearly-distant
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users, by sharing the same spectrum with primary networks
[23], [24]. It not only amplifies spectral efficiency but also
activates many high-speed services. However, the interference
from primary networks and the cross-interference among D2D
pairs can strongly degrade D2D performance. Hence, quality-
of-service (QoS) assurance for D2D communication becomes
more challenging, especially in dense network deployments.
Previously, interference management for D2D communication
has been studied in unmanned aerial vehicle (UAV)-enabled
networks to guarantee D2D’s QoS under strong line-of-sight
(LoS) interference links [25], [26], or in MIMO cellular net-
works [27]–[29]. However, the transmit signals in those works
are mainly based on PGS, which leaves the possibility of
enhancing D2D performance unknown. To the authors’ knowl-
edge, no existing studies consider the potential employment of
IGS to mitigate the interference in D2D communication.

Being the first work of engaging IGS in D2D commu-
nication, this article considers a system of a multi-input
single-output (MISO) cellular network coexisting with D2D
communication. In particular, the signal transmission from
the multi-antenna base station (BS) utilizes the conventional
PGS but the signal transmission in the D2D communication
uses IGS. Both non-orthogonal and orthogonal sharing of the
communication bandwidth between the cellular users (CUs)
and D2D communication are considered. In orthogonal band-
width sharing, the cellular network and D2D communication
are allocated their own bandwidth and there is no interference
between them. The novelties and contributions of this article
can be summarized as follows:

• A centralized approach of interference management to
joint bandwidth allocation and beamforming is proposed
to maximize the minimum CUs’ rate subject to the QoS
of D2D pairs in terms of rate and the transmit power
budget of the BS and D2D transmitters. Zero-forcing
beamforming (ZFB) is employed to suppress the inter-
user interference among CUs.1 In our design, the central
management not only provides an effective synchroniza-
tion control between two distinct networks but also helps
mobile devices, i.e., CUs and D2D pairs, reduce their
computation load to save more energy.

• The formulated problems involve optimization of com-
plex log-determinant functions, which cannot be handled
by the existing solvers. A new concave lower bounding
function approximation for these functions is developed
to serve path-following algorithms of low computational
complexity, which invoke a simple quadratic convex
problem at each iteration, for the problems’ computation.

• Numerical results with two distinct scenarios, i.e., single-
input single-output (SISO) UAV-enabled networks and
MISO cellular networks, coexisting with D2D commu-
nication are provided to demonstrate the superiority of
IGS over PGS in terms of CUs’ rate. Our results show
that in UAV-enabled networks, non-orthogonal bandwidth
sharing produces higher CUs’ rate than orthogonal band-
width sharing but the former cannot offer high D2D’s
QoS as in the latter. In MISO systems, IGS indeed

1ZFB forces the interference to zero and as such IGS has no advantage.

Fig. 1. An illustration of the downlink MISO networks coexisting with D2D
communication, where CUs in the same frequency band form a cluster.

changes the situation completely as orthogonal bandwidth
sharing-based IGS outperforms non-orthogonal band-
width sharing-based IGS in terms of CUs’ rate.

The rest of this article is organized as follows. The non-
orthogonal bandwidth sharing-based model and problem for-
mulation are introduced in Section II. Section III extends
the investigation on orthogonal bandwidth sharing. Numerical
results are presented in Section IV and conclusions are drawn
in Section V. The appendix provides and proves the new
fundamental inequalities that have been used in the technical
sections.

Notation. Bold-faced upper-case letters, e.g., X , are used
for matrices, bold-faced lower-case letters, e.g., x, are used
for vectors, and normal lower-case letters, e.g., x, are used for
scalars. In is the identity matrix of size n×n. XH , XT , X∗

are the Hermitian transpose, normal transpose, and conjugate
of the matrix X , respectively. The inner product 〈X,Y〉 of the
matrices X and Y is defined as trace(XHY). 〈X〉 denotes the
trace of the matrix X , and |X| denotes its determinant. ‖X‖
stands for a matrix’s Frobenius norm or vector’s Euclidean
norm. C is the set of all complex numbers and R is the set
of all real numbers. A complex Gaussian vector x with mean
μ and covariance σ2

n is denoted by x ∼ CN (μ, σ2
n). A � 0

means that the matrix A is positive definite. E(·) denotes
expectation.

II. NON-ORTHOGONAL BANDWIDTH SHARING-BASED

MODEL & PROBLEM FORMULATION

Consider the downlink of a MISO cellular network as
illustrated in Fig. 1, which consists of a Nt-antenna BS,
M single-antenna cellular users (CUs) coexisting with N
device-to-device (D2D) pairs Dn, n ∈ N � {1, . . . , N},
which are allowed to use the same spectrum of the primary
cellular network. The whole spectrum B is divided into L non-
overlapped frequency bands with the portions 0 < wl < 1
of the whole bandwidth, l ∈ L � {1, . . . , L}. The CUs are
divided into L clusters Gl, l ∈ L, each of which consists of Kl

CUs lying on a circular area to share the same bandwidth wlB
with the group Nl ⊂ N of D2D pairs. Each D2D pair selects
the cluster of the longest distance and the two neighbored
D2D pairs must be assigned different bandwidths to avoid
strong D2D interference. Since the number of CUs in the same
cluster must not exceed the number of antennas, it is true that
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Kl < Nt, ∀l ∈ L, so

L ≥ �M
Nt
�. (1)

For simplicity of presentation, the m-th CU in cluster Gl will
be called CUl,m. Let hU

l,m ∈ C1×Nt be the MISO channel
between the BS and CUl,m, gD

n ∈ C1×Nt be the MISO
interference channel between the BS and the D2D receiver Dn.
Let vU

l,m ∈ CNt be the beamforming vector of signal carrying
the information sU

l,m intended for CUl,m, and sD
n be the signal

carrying the information for D2D pair Dn. Furthermore, gDU
n,l,m

is the interfering channel between the D2D transmitter Dn and
the CUl,m and gD

j,n is the channel between the D2D transmitter
Dj and D2D receiver Dn so gD

n,n is the direct communication
channel for the D2D pair Dn while gj,n with j = n are the
interfering channels.

The received signal at CUl,m over the bandwidth portion
wl is

yU
l,m = hU

l,mvU
l,msU

l,m +
∑
k �=m

hU
l,mvU

l,ksU
l,k

+
∑

n∈Nl

gDU
n,l,msD

n + νl,m, (2)

where νl,m ∼ CN (0, σ2
U ) is the background noise with noise

power density σ2 and σ2
U = σ2B, so the noise power over the

portion bandwidth wl is σ2
Uwl.

Define

HU
l �

⎡⎢⎣ hU
l,1
...

hU
l,Kl

⎤⎥⎦ ∈ C
Kl×Nt ,

and

V̄U
l �

[
v̄U

l,1 · · · v̄U
l,Kl

]
= (HU

l )H(HU
l (HU

l )H)−1,

so HU
l V̄U

l = IKl
, i.e.,2

hU
l,mv̄U

l,k = δ(|m− k|).
The ZF beamformer is then defined by

vU
l,k = v̄U

l,k, k = 1, . . . , Kl, (3)

under which (2) becomes

yU
l,m = sU

l,m +
∑

n∈Nl

gDU
n,l,msD

n + νl,m. (4)

The received signal at the D2D receiver Dn ∈ Nl is

yD
n =

∑
j∈Nl

gD
j,nsD

j +
Kl∑

m=1

gD
n v̄U

l,msU
l,m + νn, (5)

where νn ∼ CN (0, σ2
D) is the background noise with noise

power density σ2 and σ2
D = σ2B, so the noise power over the

portion bandwidth wl is σ2
Dwl.

We assume that cellular communication is based on PGS but
IGS is implemented for D2D communication, so sU

l,m is a cir-
cular Gaussian distribution with the power pU

l,m (E(|sU
l,m|2) =

pU
l,m) while sD

n is a non-circular Gaussian distribution with

2δ(·) is the Kronecker function.

the power E(|sD
n |2) = pD

n . This means E((sU
l,m)2) = 0 but

E((sD
n )2) = qD

n = 0 which must satisfy the following second-
order cone constraint:

|qD
n | ≤ pD

n , ∀n ∈ N , (6)

to make (pD
n , qD

n ) = (E(|sD
n |2), E((sD

n )2)) for a complex
Gaussian sD

n , i.e., the augmented covariance of sD
n is positive

definite

PD
n �

[
pD

n qD
n

(qD
n )∗ pD

n

]
� 0. (7)

It is worth noting that any non-circular Gaussian distribution
sD

n with the augmented covariance PD
n defined by (7) is in

fact represented in the widely linear form [22]

sD
n =

√
pD

n +
√

(pD
n )2 − |qD

n |2
2

s̃D
n

+
qD
n√

2
√

pD
n +

√
(pD

n )2 − |qD
n |2

(s̃D
n )∗,

for a circular Gaussian distribution s̃D
n with the unit power

(E(|s̃D
n |2) = 1). This means that we employ widely linear

beamformers for D2D signaling.
Define

w � (wl)l∈L,pU � (pU
l )l∈L,pU

l � (pU
l,m)m=1,...,Kl

,

PD � (PD
n )n∈N ,pD � (pD

n )n∈N ,qD � (qD
n )n∈N .

In (4), the signal of interest is proper Gaussian but the
interference is improper Gaussian. The augmented covariance
of the interference plus noise is

ΨU
l,m(wl,PD)

=
∑

n∈Nl

[
gDU

n,l,m 0
0 (gDU

n,l,m)∗

]
PD

n

[
(gDU

n,l,m)∗ 0
0 gDU

n,l,m

]
+ σ2

UwlI2

=
∑

n∈Nl

[ |gDU
n,l,m|2pD

n (gDU
n,l,m)2qD

n

((gDU
n,l,m)2)∗(qD

n )∗ |gDU
n,l,m|2pD

n

]
+ σ2

UwlI2

=
∑

n∈Nl

|gDU
n,l,m|2LDU

n,l,m(PD
n ) + σ2

UwlI2,

where

LDU
n,l,m(PD

n ) �
[

pD
n e2j arg(gDU

n,l,m)qD
n

e−2j arg(gDU
n,l,m)(qD

n )∗ pD
n

]
,

which is a linear mapping of PD
n and automatically positive

definite valued under the condition (6). By [30], the rate (in
nats/sec/Hz) at CUl,m can be expressed as

rU
l,m(wl, p

U
l,m,PD) =

wl

2
ln
∣∣∣I2 + pU

l,m

(
ΨU

l,m(wl,PD)
)−1
∣∣∣ .
(8)

In (5), the augmented covariance of the signal of interest is[
gD

n,n 0
0 (gD

n,n)∗

]
PD

n

[
(gD

n,n)∗ 0
0 gD

n,n

]
= |gD

n,n|2LD
n,n(PD

n ), (9)

while the augmented covariance of the interference plus noise
is

ΨD
n (wl,pU

l ,PD)
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=
∑

j∈Nl\{n}

[
gD

j,n 0
0 (gD

j,n)∗

]
PD

j

[
(gD

j,n)∗ 0
0 gD

j,n

]

+ (
Kl∑

m=1

pU
l,m|gD

n v̄U
l,m|2 + σ2

Dwl)I2

=
∑

j∈Nl\{n}
|gD

j,n|2LD
j,n(PD

j )

+ (
Kl∑

m=1

pU
l,m|gD

n v̄U
l,m|2 + σ2

Dwl)I2,

with

LD
j,n(PD

j ) �
[

pD
j e2j arg(gD

j,n)qD
j

e−2j arg(gD
j,n)(qD

j )∗ pD
j

]
,

both of which are linear mapping and automatically positive
definite.

By [30], the rate (in nats/sec/Hz) at D2D pair Dn ∈ Nl is

rD
n (wl,pU

l ,PD)

=
wl

2
ln
∣∣∣I2 + |gD

n,n|2LD
n,n(PD

n )
(
ΨD

n (wl,pU
l ,PD)

)−1
∣∣∣ .
(10)

Observe that (8) and (10) are, respectively, reduced to

wl ln

(
1 +

pU
l,m∑

n∈Nl
pD

n |gDU
n,l,m|2 + σ2

Uwl

)
, (11)

and

wl ln (1

+
pD

n |gD
n,n|2∑Kl

m=1 pU
l,m|gD

n v̄U
l,m|2 +

∑
j∈Nl\{n}

pD
j |gD

j,n|2 + σ2
Dwl

⎞⎟⎟⎟⎠ ,

(12)

when all sD
n are proper Gaussian (qD

n ≡ 0).
The problem of maximizing the minimum rate among CUs

subject to transmit power constraints on the BS and D2D pairs,
and the QoS requirement for each D2D pair in terms of its
rate is formulated by

max
w,pU ,PD

f(w,pU ,PD)

� min
l=1,...,L

min
m=1,...,Kl

rU
l,m(wl, p

U
l,m,PD) (13a)

s.t. wl ≥ 0, l ∈ L, (13b)
L∑

l=1

wl = 1, (13c)

L∑
l=1

Kl∑
m=1

pU
l,m‖v̄U

l,m‖2 ≤ PU
max, (13d)

{(6) & 0 < pD
n ≤ PD

max}, n ∈ N , (13e)

rD
n (wl,pU

l ,PD) ≥ rD
min, n ∈ Nl, l = 1, . . . , L,

(13f)

where the constraint in (13c) indicates that the normalized
bandwidth B is divided for L frequency bands. Both con-
straints in (13d) and (13e) represent the maximum transmit

power constraints at the BS and D2D transmitter, respectively.
Finally, the constraint in (13f) ensures the QoS requirement in
terms of rate in the D2D communication.

The problem (13) is nonconvex because the rate functions
in the objective (13a) and D2D QoS’ constraint (13f) are
nonconcave. Actually, such log-determinant functions like
those defined by (8) and (10) are quite different from the rate
functions in both conventional SISO and MIMO networks.
We now develop a path-following algorithm, which generates
a sequence of its feasible points that converges at least to
its local optimal solution, for its computation. The algorithm
is based on the new results in the Appendix on function
approximation.

Let (w(κ),pU,(κ),PD,(κ)) be a feasible point for (13) found
from the (κ − 1)-th iteration. With regard to the nonconcave
function rU

l,m(wl, p
U
l,m,PD) in (13a), applying the inequal-

ity (42) in the appendix for X = ΨU
l,m(wl,PD), t = wl,

y = pU
l,m and X̄ = X

U,(κ)
l,m � ΨU

l,m(w(κ)
l ,PD,(κ)), t̄ = w

(κ)
l ,

ȳ = p
U,(κ)
l,m yields

rU
l,m(wl, p

U
l,m,PD)

≥ r
U,(κ)
l,m (wl, p

U
l,m,PD)

� w
(κ)
l

2

[
a

U,(κ)
l,m −

∑
n∈N
〈BU,(κ)

l,m , ΨU
l,m(wl, p

U
l,m,PD)〉

−c
U,(κ)
l,m

p
U,(κ)
l,m

pU
l,m

− d
U,(κ)
l,m

wl

]
, (14)

for

a
U,(κ)
l,m = 2 ln

∣∣∣I2 + p
U,(κ)
l,m (XU,(κ)

l,m )−1
∣∣∣

−2〈(pU,(κ)
l,m I2 + X

U,(κ)
l,m )−1X

U,(κ)
l,m 〉+ 4,

0 ≺ BU,(κ)
l,m = (XU,(κ)

l,m )−1 −
(
p

U,(κ)
l,m I2 + X

U,(κ)
l,m

)−1

,

0 < c
U,(κ)
l,m = 2− 〈(pU,(κ)

l,m I2 + X
U,(κ)
l,m )−1X

U,(κ)
l,m 〉,

d
U,(κ)
l,m = w

(κ)
l ln

∣∣∣I2 + p
U,(κ)
l,m (XU,(κ)

l,m )−1
∣∣∣ ,

which makes r
U,(κ)
l,m (wl, p

U
l,m,PD) a concave quadratic func-

tion. As a result, the objective function f(w,pU ,PD) of the
minimum CUs’ rate in (13a) is lower bounded by

f(w,pU ,PD) ≥ f (κ)(w,pU ,PD)

� min
l=1,...,L

min
m=1,...,Kl

r
U(κ)
l,m (wl, p

U
l,m,PD),

(15)

which is a concave function as the minimum of a fam-
ily of concave functions [31]. Moreover, it matches with
f(w,pU ,PD) at (w(κ),pU,(κ),PD,(κ))

f(w(κ),pU,(κ),PD,(κ)) = f (κ)(w(κ),pU,(κ),PD,(κ)). (16)

The second step is to provide an inner approximation for
the nonconvex constraint in (13f). Applying the inequal-
ity (43) in the appendix for X = |gD

n,n|2LD
n,n(PD

n ), Y =
ΨD

n (wl,pU
l ,PD) and X̄ = XD,(κ)

n � |gD
n,n|2LD

n,n(PD,(κ)
n ),
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Ȳ = YD,(κ)
n � ΨD

n (w(κ)
l ,pU,(κ)

l ,PD,(κ))3 yields (17) on the
bottom of the page, for

0 < aD,(κ)
n = ln

∣∣∣I2 + |gD
n,n|2LD

n,n(PD,(κ)
n )(YD,(κ)

n )−1
∣∣∣+ 4,

0 ≺ BD,(κ)
n = (XD,(κ)

n )−1 −
(
XD,(κ)

n + YD,(κ)
n

)−1

,

0 ≺ CD,(κ)
n = (YD,(κ)

n )−1 −
(
XD,(κ)

n + YD,(κ)
n

)−1

,

and

0 < ΛD,(κ)
n (PD) � |gD

n,n|2〈BD,(κ)
n ,LD

n,n(PD
n )〉

+
∑

j∈Nl\{n}
|gD

j,n|2〈CD,(κ)
n ,LD

j,n(PD
j )〉,

which is a positive valued linear function.
Furthermore,

wlΛD,(κ)
n (PD)

≤ w
(κ)
l ΛD,(κ)

n (PD,(κ))
4

(
ΛD,(κ)

n (PD)

ΛD,(κ)
n (PD,(κ))

+
wl

w
(κ)
l

)2

� tn(wl,PD),

while

wl〈LD
n,n(PD,(κ)

n ), (LD
n,n(PD

n ))−1〉

≤ w
(κ)
l

2

(
〈LD

n,n(PD,(κ)
n ), (LD

n,n(PD
n ))−1〉

2
+

wl

w
(κ)
l

)2

,

and [
Kl∑

m=1

pU
l,m|gD

n v̄U
l,m|2

]
wl

≤
[∑Kl

m=1 p
U,(κ)
l,m |gD

n v̄U
l,m|2

]
w

(κ)
l

4

×
( ∑Kl

m=1 pU
l,m|gD

n v̄U
l,m|2∑Kl

m=1 p
U,(κ)
l,m |gD

n v̄U
l,m|2

+
wl

w
(κ)
l

)2

� τn(pU
l , wl),

3P
D,(κ)
n is the augmented covariance

�
p

D,(κ)
n q

D,(κ)
n

(q
D,(κ)
n )∗ q

D,(κ)
n

�
.

Algorithm 1 Path-Following Algorithm for Non-Orthogonal
Bandwidth Sharing-based IGS

Initialization Set κ := 0. Iterate (25) for a feasible point
(w(0),pU,(0),PD,(0)) for (13).
repeat

Solve the convex problem (20) to generate the feasible
point (w(κ+1),pU,(κ+1),PD,(κ+1)) for (13).
Set κ := κ + 1.

until Convergence of the objective function in (13).

We thus provide the following lower bounding concave
approximation for rD

n (wl,pU
l ,PD):

rD,(κ)
n (wl,pU

l ,PD)

� 1
2

[
aD,(κ)

n wl − tn(wl,PD)− σ2
D〈CD,(κ)

n 〉(wl)2

−w
(κ)
l

2

(
〈LD

n,n(PD,(κ)
n ), (LD

n,n(PD
n ))−1〉

2
+

wl

w
(κ)
l

)2

−〈CD,(κ)
n 〉τn(pU

l , wl)
]
. (18)

The nonconvex constraint in (13f) is now innerly approximated
by the convex constraint

rD,(κ)
n (wl,pU

l ,PD) ≥ rD
min, n ∈ N , (19)

because any feasible point for (19) is obviously feasible
for (13f) too.

We solve the following convex problem to generate the next
iterative point (w(κ+1),pU,(κ+1),PD,(κ+1)):

max
w,pU ,PD ,

f (κ)(w,pU ,PD)

s.t. (13b)− (13c), (13d)− (13e), (19). (20)

The computational complexity of (20), which involves nv =
L+M+2N decision variables and nc = 3N+L+2 constraints
is [32, p.4]

O((nc)2.5((nv)2 + nc)). (21)

We have

f(w(κ),pU,(κ),PD,(κ)) (22)

rD
n (wl,pU

l ,PD)

≥ wl

2

[
aD,(κ)

n − |gD
n,n|2〈BD,(κ)

n ,LD
n,n(PD

n )〉 − 〈CD,(κ)
n , ΨD

n (wl,pU
l ,PD)〉 − 〈LD

n,n(PD,(κ)
n ), (LD

n,n(PD
n ))−1〉

]
=

1
2
aD,(κ)

n wl − wl

2

⎡⎣|gD
n,n|2〈BD,(κ)

n ,LD
n,n(PD

n )〉+
∑

j∈Nl\{n}
|gD

j,n|2〈CD,(κ)
n ,LD

j,n(PD
j )〉
⎤⎦

−1
2
(

Kl∑
m=1

pU
l,m|gD

n v̄U
l,m|2wl + σ2

D(wl)2)〈CD,(κ)
n 〉 − wl

2
〈LD

n,n(PD,(κ)
n ), (LD

n,n(PD
n ))−1〉

=
1
2

[
aD,(κ)

n wl−wlΛD,(κ)
n (PD)− σ2

D〈CD,(κ)
n 〉(wl)2 − wl〈LD

n,n(PD,(κ)
n ), (LD

n,n(PD
n ))−1〉−

Kl∑
m=1

〈CD,(κ)
n 〉pU

l,m|gD
n v̄U

l,m|2wl

]
,

(17)
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= f (κ)(w(κ),pU,(κ),PD,(κ)) (23)

< f (κ)(w(κ+1),pU,(κ+1),PD,(κ+1))
≤ f(w(κ+1),pU,(κ+1),PD,(κ+1)), (24)

as far as (w(κ+1),pU,(κ+1),PD,(κ+1)) =
(w(κ),pU,(κ),PD,(κ)), where (22) follows from (16)
while (23) is true because (w(κ+1),pU,(κ+1),PD,(κ+1))
and (w(κ),pU,(κ),PD,(κ)) are the optimal solution and a
feasible point for (20), and (24) follows from (15). Therefore,
Algorithm 1 generates a sequence {w(κ),pU,(κ),PD,(κ)} of
improved feasible points for (13). Using the same arguments
as in [33], it is easy to show that Algorithm 1 converges
at least to a locally optimal solution of (13) satisfying
the Karush-Kuh-Tucker (KKT) optimality condition. It is
noteworthy to emphasize that the simulation results in [33]
show that this type of solution often becomes globally
optimal.

We iterate

max
w,pU ,PD

min
l=1,...,L

{ min
m=1,...,Kl

r
U,(κ)
l,m (wl, p

U
l,m,PD)

rU
min

,

min
n∈Nl

r
D,(κ)
n (wl,pU

l ,PD)
rD
min

}
s.t. (13b)− (13c), (13d)− (13e), (25)

from a feasible point (w(0),pU,(0),PD,(0)) for the con-
vex constraints in (13b)-(13c) and (13d)-(13e) till the
objective value of (25) more than or equal to 1, mak-
ing (w(κ),pU,(κ),PD,(κ)) feasible for (13). We then reset
(w(0),pU,(0),PD,(0)) ← (w(κ),pU,(κ),PD,(κ)) for initializ-
ing Algorithm 1. The proposed Algorithm 1 is thus centrally
processed. With its low-computational complexity, the prac-
tical centralized implementation of Algorithm 1 is feasible
since most of central units are currently equipped with a high-
computational processing station [34].

III. ORTHOGONAL BANDWIDTH SHARING-BASED

PROBLEM

We now consider a scenario, under which a dedicated
bandwidth resource wD with wD < 1 is allocated to D2D
pairs. We call this by orthogonal spectrum sharing between
the cellular networks and D2D communication. By using the
dedicated bandwidth for D2D communication, D2D pairs is
then free from cellular interference.

The rate (in nats/sec/Hz) at the CUl,m and D2D pair Dn,
respectively, are

r̃U
l,m(wl, p

U
l,m) = wl ln

(
1 +

pU
l,m

wlσ2
U

)
, (26)

and

r̃D
n (wD,PD)

=
wD

2
ln
∣∣I2 + |gD

n,n|2LD
n,n(PD

n )

×
⎛⎝ ∑

j∈N\{n}
|gD

j,n|2LD
j,n(PD

j ) + σ2
DwDI2

⎞⎠−1
∣∣∣∣∣∣∣ . (27)

By jointly optimizing the bandwidth allocation for MISO cel-
lular network w and D2D network wD , D2D power allocation
PD, and MISO beamforming pU , the problem of maximizing
the minimum rate among CUs subject to transmit power
constraints on the BS and D2D pairs, and the QoS for each
D2D pair in terms of its rate is now formulated by

max
w,wD ,pU ,PD

f̃(w,pU ) �

min
l=1,...,L

min
m=1,...,Kl

r̃U
l,m(wl, p

U
l,m) (28a)

s.t. (13b), (13d)− (13e),
wD ≥ 0, (28b)
L∑

l=1

wl + wD = 1, (28c)

r̃D
n (wD,PD) ≥ rD

min, n ∈ N , (28d)

where the constraint in (28c) denotes the non-
overlapping bandwidth between cellular networks and D2D
communication.

It is obvious that the problem (28) can be decomposed into
two independent subproblems

min
wD ,PD

wD s.t. (13e), (28b), (28d), (29)

and

max
w,pU

f̃(w,pU ) s.t. (13b), (13d), (30a)

L∑
l=1

wl = 1− w∗
D, (30b)

where w∗
D is the optimal solution of (29).

We firstly address the problem (29), which is still nonconvex
due to the nonconvexity of the constraint in (28d) representing
the D2D’s QoS.

Let (w(κ)
D ,PD,(κ)) be a feasible point for (29) found

from the (κ − 1)-th iteration. To treat the nonconvex con-
straint in (28d), we apply the inequality (43) in the Appen-
dix for X = |gD

n,n|2LD
n,n(PD

n ), Y = ΨD
n (wD,PD) =∑

j∈N\{n} |gD
j,n|2LD

j,n(PD
j ) + σ2

DwDI2 and X̄ = XD,(κ)
n �

|gD
n,n|2LD

n,n(PD,(κ)
n ), Ȳ = YD,(κ)

n � ΨD
n (w(κ)

D ,PD,(κ)) to
obtain (31) on the bottom of the next page, for

0 < αD,(κ)
n

= ln
∣∣∣I2 + |gD

n,n|2LD
n,n(PD,(κ)

n )(ΨD
n (w(κ)

D ,PD,(κ)))−1
∣∣∣+ 4,

0 ≺ ΞΞΞD,(κ)
n = (XD,(κ)

n )−1 −
(
XD,(κ)

n + YD,(κ)
n

)−1

,

0 ≺ χχχD,(κ)
n = (YD,(κ)

n )−1 −
(
XD,(κ)

n + YD,(κ)
n

)−1

,

and

0 < ΔD,(κ)
n (PD) � |gD

n,n|2〈ΞΞΞD,(κ)
n ,LD

n,n(PD
n )〉

+
∑

j∈N\{n}
|gD

j,n|2〈χχχD,(κ)
n ,LD

j,n(PD
j )〉,

which is a positive valued linear function.
Furthermore,

wDΔD,(κ)
n (PD)
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≤ w
(κ)
D ΔD,(κ)

n (PD,(κ))
4

(
wD

w
(κ)
D

+
ΔD,(κ)

n (PD)

ΔD,(κ)
n (PD,(κ))

)2

� tn(wD,PD),

while

wD〈LD
n,n(PD,(κ)

n ), (LD
n,n(PD

n ))−1〉

≤ w
(κ)
D

2

(
〈LD

n,n(PD,(κ)
n ), (LD

n,n(PD
n ))−1〉

2
+

wD

w
(κ)
D

)2

.

We thus provide the following lower bounding concave
approximation for r̃D

n (wD,PD):

r̃D,(κ)
n (wD,PD)

� 1
2

[
αD,(κ)

n wD − tn(wD,PD)− σ2
D〈χχχD,(κ)

n 〉(wD)2

−w
(κ)
D

2

(
〈LD

n,n(PD,(κ)
n ), (LD

n,n(PD
n ))−1〉

2
+

wD

w
(κ)
D

)2
⎤⎦ .

(32)

The nonconvex constraint in (28d) is now innerly approxi-
mated by the convex constraint

r̃D,(κ)
n (wD,PD) ≥ rD

min, n ∈ N . (33)

We solve the following inner approximation problem of (29)
to generate the next iterative point (w(κ+1)

D ,PD,(κ+1)):

min
wD ,PD

wD s.t. (13e), (28b), (33). (34)

The computational complexity of (34) is (21) for nv = 2N +1
and nc = 3N + 1.

Note that w
(κ+1)
D < w

(κ)
D as far as w

(κ+1)
D = w

(κ)
D because

(w(κ+1)
D ,PD,(κ+1)) and (w(κ)

D ,PD,(κ)) are the optimal solu-
tion and a feasible point for (34). As such, the sequence
{w(κ)

D ,PD,(κ)} generated by (34) is of improved feasible point
for the nonconvex problem (29) and it converges at least to a
point satisfying the KKT condition of optimality [35].

Initialized by a feasible point (w(0)
D ,PD,(0)) for the convex

constraints in (13e) and (28b), we iterate

max
wD,PD

min
n∈N

r̃
D,(κ)
n (wD,PD)

rD
min

s.t. (13e), (28b), (35)

for κ = 0, . . . , till the objective value of (35) reaching more
than or equal to 1, making (w(κ)

D ,PD,(κ)) feasible and thus
qualified as an initial point for (29).

Next, we address the nonconvex problem (30). Introduce
the new variable

αl =
Kl∑

m=1

pU
l,m||v̄l,m||2, l = 1, . . . , L. (36)

Then

min
m=1,...,Kl

r̃U
l,m(wl, p

U
l,m),

is maximized at

pU
l,m ≡ αl/||v̄l||2,

for ||v̄l||2 =
∑Kl

m=1 ||v̄l,m||2, to attain the value

r̄l(wl, αl) = wl ln
(

1 +
αl

wlσ2
U ||v̄l||2

)
.

Thus, (30) is equivalently transformed to the following
problem:

max
w,ααα�(α1,...,αL)∈R+

min
l=1,...,L

r̄l(wl, αl) s.t. (13b), (30b),

(37a)
L∑

l=1

αl = PU
max. (37b)

As all its constraints are convex, we need to handle only its
nonconcave objective function.

By using the inequality (44) in appendix, we obtain

r̄l(wl, αl)

≥ r̄
(κ)
l (wl, αl)

� 2r̄l(w
(κ)
l , α

(κ)
l )− r̄l(w

(κ)
l , α

(κ)
l )

(w(κ)
l )2

wl

+
w

(κ)
l α

(κ)
l

α
(κ)
l + w

(κ)
l σ2

U ||v̄l||2

(
2− α

(κ)
l

αl
− wl

w
(κ)
l

)
. (38)

At the κ-th iteration we solve the following convex problem
to generate (w(κ+1),ααα(κ+1)):

max
w,ααα

min
l=1,...,L

r̄
(κ)
l (wl, αl) s.t. (13b), (30b), (37b). (39)

The computational complexity of (39) is (21) with nv = 2L
and nc = L + 2 [32, p.4].

From Algorithm 2, we propose an algorithm for (28)
consisting of path-following algorithms of (29) and (30) as
they iterate improved feasible points and converge at least to
a locally optimal solution. Like Algorithm 1, the proposed
Algorithm 2 is thus centrally processed at the BS.

r̃D
n (wD,PD)

≥ wD

2

[
αD,(κ)

n − |gD
n,n|2〈ΞΞΞD,(κ)

n ,LD
n,n(PD

n )〉 − 〈χχχD,(κ)
n , ΨD

n (wD,PD)〉 − 〈LD
n,n(PD,(κ)

n ), (LD
n,n(PD

n ))−1〉
]

=
1
2

⎡⎣αD,(κ)
n wD − wD

⎛⎝|gD
n,n|2〈ΞΞΞD,(κ)

n ,LD
n,n(PD

n )〉+
∑

j∈N\{n}
|gD

j,n|2wD〈χχχD,(κ)
n ,LD

j,n(PD
j )〉
⎞⎠

−σ2
D〈χχχD,(κ)

n 〉(wD)2 − wD〈LD
n,n(PD,(κ)

n ), (LD
n,n(PD

n ))−1〉
]

=
1
2

[
αD,(κ)

n wD − wDΔD,(κ)
n (PD)− σ2

D〈χχχD,(κ)
n 〉(wD)2 − wD〈LD

n,n(PD,(κ)
n ), (LD

n,n(PD
n ))−1〉

]
, (31)
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Algorithm 2 Path-Following Algorithm for Orthogonal Band-
width Sharing-Based IGS

Initialization Set κ := 0. Iterate (35) for a feasible point
(w(0)

D ,PD,(0)) for (29).
repeat

Solve the convex problem (34) to generate the feasible
point (w(κ+1)

D ,PD,(κ+1)) for (29).
Set κ := κ + 1.

until Convergence of w
(κ)
D .

Output (w∗
D,PD,∗) = w

(κ)
D ,PD,(κ).

Set κ := 0. Initialize any feasible point w(0),ααα(0) for (37).
repeat

Solve the convex optimization problem (39) to obtain
the optimal solution (w(κ+1),ααα(κ+1)) w.r.t the fixed
(w∗

D,PD,∗).
Set κ := κ + 1.

until Convergence of the objective function in (37).

IV. NUMERICAL RESULTS

In this section, extensive numerical results are presented to
assess our proposed schemes under two distinct scenarios, i.e.,
SISO UAV-enabled networks and MISO cellular networks, that
coexist with D2D communication. The superiority of IGS over
the conventional PGS in terms of CUs’ rate is shown through
simulation. For each D2D pair, the communication distance is
set to satisfy the distance requirement of D2D communication,
i.e., RD < 30 m. The error tolerance of the algorithms is set
as ε = 10−4. The same power budget is set for each D2D
transmitter, i.e., PD

max = 20 dBm. The convex solver CVX
[36] is used.

A. UAV-Enabled Networks

Like [26], we consider a system of a UAV-enabled network
coexisting with D2D communication, where there is a strong
line-of-sight (LoS) interference from UAV to D2D receivers.
A stationary UAV is deployed at the center of the cell with the
fixed altitude hUAV . There are M = 5 ground terminals (GTs)
coexisting with N = 20 D2D pairs, which are uniformly
distributed in the circle area with radius R = 500 m. The
air-to-ground channels are modeled as LoS with pathloss
exponent αLoS = 2 and the ground-to-ground channels are
modeled as non-line-of-sight (NLoS) with pathloss exponent
αNLoS = 3 [37]. In this scenario, the UAV is equipped
with a single antenna (Nt = 1) and bandwidth is non-
orthogonally assigned for each GT, i.e., L = M and Kl = 1,
∀l ∈ L. The carrier frequency and system bandwidth are set
as 2 GHz and 10 MHz, respectively. The noise power density
is assumed to be equal for all users σ2 = −169 dBm/Hz.
In non-orthogonal bandwidth sharing, we assume that D2D
assignment is pre-defined such that each D2D pair selects
the GT with the longest distance and the two neighbor D2D
pairs must select different bandwidth to reduce the cross-
interference among D2D pairs.

Fig. 2 plots the GTs’ rate versus the D2D’s QoS rD
min

with UAV transmit power PU
max = 10 dBm, and UAV

Fig. 2. The minimum GTs’ rate versus D2D’s QoS rD
min.

hovering altitude hUAV = 0.1 km. A higher rD
min yields a

lower GTs’ rate. In order to increase D2D’s QoS, UAV in
non-orthogonal bandwidth sharing must reduce the transmit
power to degrade the interference to D2D receivers, which
leads to the reducing GTs’ rate. In orthogonal bandwidth
sharing, a high D2D’s QoS requests more bandwidth to
be allocated for D2D communication, and thus reduces the
available spectrum for GTs. As observed in [26], the GTs’
rate achieved by PGS under the orthogonal bandwidth sharing
is worse than that achieved by its counterpart under the
non-orthogonal bandwidth sharing. However, IGS under the
orthogonal bandwidth sharing produces much higher GTs’
rate than that of its counterpart under the non-orthogonal
bandwidth sharing. In non-orthogonal bandwidth sharing, PGS
produces the same GTs’ rate as IGS in the range of 0.4 ≤
rD
min ≤ 0.72 bps/Hz. However, the GTs’ rate achieved by

the former starts falling faster than that achieved by the latter
when rD

min > 0.72 bps/Hz. In orthogonal bandwidth sharing,
the GTs’ rate gap between IGS and PGS is much larger and
tends to be greater when D2D’s rate threshold increases. The
reason is that the former compensates D2D interference better
than the latter that significantly saves bandwidth for GTs. As
shown in Fig. 2, IGS under the non-orthogonal bandwidth
sharing produces a higher minimum CUs’ rate than PGS,
where the achievable gain is almost 0.114 bps/Hz (≈ 9.8%) at
rD
min = 1 bps/Hz. In terms of providing a higher D2D’s QoS,

IGS under the orthogonal bandwidth sharing is a good option
since D2D performance in non-orthogonal bandwidth sharing
is still highly affected by the interference between GTs and
D2D pairs.

Fig. 3 plots the GTs’ rate versus the hovering altitude hUAV

with rD
min = 0.86 bps/Hz and PU

max = 10 dBm. A higher
altitude monotonically decreases the GTs’ rate. As observed
in [26], increasing the UAV altitude makes LoS gain weaker
resulting in the reduction of GTs’ rate. Under the strong
LoS interference, i.e., 0.1 ≤ hUAV ≤ 0.3 km, the GTs’
rate achieved by IGS is higher than that achieved by the
conventional PGS. However, under the weak LoS interference,
i.e., 0.3 ≤ hUAV ≤ 0.5 km, the gap becomes diminishing.

Fig. 4 plots the GTs’ rate versus the UAV power budget
PU

max, for fixed rD
min = 0.86 bps/Hz, hUAV = 0.1 km.

A higher transmit power budget increases the GTs’ rate. With
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Fig. 3. The minimum GTs’ rate versus UAV hovering altitude hUAV .

Fig. 4. The minimum GTs’ rate versus UAV maximum transmit power P U
max.

low transmit power, i.e., 2 ≤ PU
max ≤ 12 dBm, orthogonal

bandwidth sharing produces smaller GTs’ rate than that of
non-orthogonal bandwidth sharing. This is due to the fact
that the bandwidth dedicated for GTs in the former is not
sufficient to increase the GTs’ rate even though the UAV can
use full power budget, while the GTs’ rate in the latter can
be compensated by sharing the whole bandwidth. We also
observe that the performance gap between IGS and PGS in
non-orthogonal bandwidth sharing increases proportionally to
the increase in UAV transmit power, which then becomes
a constant as UAV cannot increase the transmit power in
order to satisfy D2D’s QoS. In contrast, the GTs’ rate in
orthogonal bandwidth sharing-based IGS can be improved by
increasing power budget PU

max. Note that the realistic UAV
power budget is usually small since UAV not only saves its
operation energy, i.e., hovering and data transferring, but also
exploits the benefits of LoS channel gain [38], [39]. Under a
high D2D’s QoS, non-orthogonal bandwidth sharing cannot
provide a high traffic load for GTs. However, orthogonal
bandwidth sharing-based IGS becomes a good option for those
who need a high demand for GTs’ rate.

B. MISO Cellular Networks

In this scenario, we evaluate the performance of non-
orthogonal and orthogonal bandwidth sharing in the MISO
cellular networks with L = 4 clusters in the cell, where the two

Fig. 5. MISO system model with M = 8 CUs coexisting with N = 30
D2D pairs.

cellular users (CUs) that have the nearest distance are allocated
the same bandwidth i.e., Kl = 2, ∀l ∈ L. The CUs coexist
with N = 30 D2D pairs, which are uniformly distributed in
the circle area with radius R = 500 m from the multi-antenna
BS with Nt = 4, as illustrated in Fig. 5. The channel vector at
the distance d meters is modeled as h =

√
10−ρ/10h̃, where

ρ (dB) expresses the pathloss, and h̃ with independent and
identical distributed (i.i.d.) complex entries expresses small-
scale fading. The pathloss between BS and ground terminals,
i.e., CUs and D2D pairs is modeled as 38.46 + 10β log10(d)
dB while the pathloss between CUs and D2D pairs or D2D
communication is modeled as 38.46+10β log10(d) +8.1 dB.
The loss factor 38.46 is the free space pathloss at a reference
distance of 1 meter, the standard deviation of shadow fading
8.1 describes the large-scale signal fluctuations, and β = 3.1
is the pathloss exponent regarding to the carrier frequency
of 2 GHz and 10 MHz bandwidth [40]. The noise power
density is equal for all users σ2 = −174 dBm/Hz [20], [21].

Fig. 6 plots the CUs’ rate versus D2D’s rate threshold
rD
min with the BS power budget PU

max fixed at 16 dBm. This
figure again demonstrates the superiority of IGS over PGS in
producing CUs’ rate. At rD

min = 1 bps/Hz, IGS under the non-
orthogonal bandwidth sharing achieves the gain of minimum
CUs’ rate of almost 1.317 bps/Hz (≈ 60.9%) over PGS while
the gaining CUs’ rate of the former over the latter under
the orthogonal bandwidth sharing approximates 8.364 bps/Hz
(≈ 88.7%). Different from UAV-enabled networks, where IGS
under the non-orthogonal bandwidth sharing can compete with
its counterpart under the orthogonal bandwidth sharing, the
results in MISO networks show that orthogonal bandwidth
sharing is the best option since it makes IGS totally outperform
the others in terms of CUs’ rate. The reason is that under
the practical MISO settings, the reduction of D2D bandwidth
as in orthogonal bandwidth sharing can be effectively com-
pensated by optimizing the transmit power. In non-orthogonal
bandwidth sharing, the BS cannot use high transmit power to
reach the D2D’s rate target. This result poses an important
observation for further MISO network design.

Fig. 7 plots the CUs’ rate versus the BS power budget
PU

max with rD
min fixed at 0.72 bps/Hz. As expected, a higher

transmit power budget results in a higher CUs’ rate. Under the
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Fig. 6. The minimum CUs’ rate versus D2D’s QoS rD
min.

Fig. 7. The minimum CUs’ rate versus BS maximum transmit power P U
max.

Fig. 8. The minimum CUs’ rate versus noise power density σ2/B.

practical MISO network settings, the BS maximum transmit
power is selected in the range of 16 ≤ PU

max ≤ 26 dBm [20],
[21]. Even though non-orthogonal bandwidth sharing produces
very low CUs’ rate, IGS under the orthogonal bandwidth
sharing can be employed to provide a more realistic traffic
load for CUs. Importantly, the implementation of orthogonal
bandwidth sharing offers much simpler complexity as the
combinatorial issues of D2D assignment can be avoided.

Fig. 8 plots the CUs’ rate versus noise power density σ2/B
with PU

max = 26 dBm and rD
min = 0.72 bps/Hz. In orthogonal

Fig. 9. The number of iterations invoking the convex problem (25) for
obtaining a feasible point for (13).

Fig. 10. The convergence of Algorithm 1.

bandwidth sharing, the CUs’ rate slightly reduces with an
increase in the noise power density. However, the CUs’ rate
keeps unchanged for all values of noise power density in non-
orthogonal bandwidth sharing. It can be explained that in the
former case, more bandwidth is required to reach the D2D
target under the increase in the noise level. As a result, the
CUs’ rate is reduced as the cellular bandwidth is smaller.
In contrast, the BS can optimize its transmit power to satisfy
the D2D’s rate threshold, thus keeps the CUs’ rate constant in
the latter case.

Fig. 6, Fig. 7, and Fig. 8 also plot the minimum CUs’
rates by IGS applied to CUs too under the non-orthogonal
bandwidth sharing, i.e. the information sU

l,m intended for
CUl,m is a non-circular Gaussian distribution with the aug-

mented covariance PU
l,m �

[
pU

l,m qU
l,m

(qU
l,m)∗ pU

l,m

]
� 0. Being better

compared to their counterparts by PGS applied to CUs, they
still cannot be comparable to their counterparts by IGS applied
to D2D only under the orthogonal bandwidth sharing. 4

Fig. 9 shows the number of iterations invoking the
convex problem (25) for obtaining a feasible point
(w(0),pU,(0),PD,(0)) for (13) to initialize Algorithm
1. Fig. 10 shows that Algorithm 1 converges to the

4Under the orthogonal bandwidth sharing, there is no D2D interference to
CUs, so the cellular network is interference-free by ZF beamforming, making
IGS not helpful for CUs.
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Fig. 11. The convergence behaviors of Algorithm 2.

optimal solution of (13) within 60 iterations. Furthermore,
Fig. 11 (a) and 11 (b) show that Algorithm 2 converges
to the optimal solution of the subproblems (34) and (39)
within 80 and 5 iterations.

V. CONCLUSION

This article has considered a system of integrated MISO
cellular network and D2D communication with IGS used
for D2D pairs. The joint bandwidth allocation and signal
beamforming problems have been studied to maximize the
minimum CUs’ rate subject to D2D’s rate threshold and
transmit power budget of BS and D2D transmitters in both
non-orthogonal and orthogonal bandwidth sharing between
CUs and D2D pairs. Faced with the non-trivial computational
challenges of the proposed problems, low computational com-
plexity solvers were developed to efficiently obtain the optimal
solutions. Our results have demonstrated the superiority of IGS
over the conventional PGS since more degrees of freedom
in signal processing are exploited. In UAV-enabled networks,
orthogonal bandwidth sharing offers better D2D’s QoS than
non-orthogonal bandwidth sharing even though the CUs’ rate
achieved by the latter is higher than that achieved by the
former. More importantly, orthogonal bandwidth sharing-based
IGS is considered as the best option for further system design
in MISO cellular networks. Their energy efficiency is under
current study.

APPENDIX: FUNDAMENTAL INEQUALITIES

Theorem 1: The function

f(t, y, X) � 1
t

ln |I2 +
1
y
X−1|,

is convex on the domain {t > 0, y > 0, X � 0}, where X is
Hermitian symmetric of size 2× 2, and X � 0 means that X
is positive definite.

Proof: The function f(t, y, X) is a spectral function [41]
because

f(t, y, X) =
1
t

ln(1 +
1

yλ1(X)
) +

1
t

ln(1 +
1

yλ2(X)
),

where λ1(X) and λ2(X) are the eigenvalues of X , i.e.
f(t, y, X) is unitary invariant: f(t, y, X) = f(t, y,UUUXUUUH)

for all unitary UUU of size 2× 2. According to [41], f(t, y, X)
is convex in t > 0, y > 0 and X � 0 if and only if
f(t, y, x) = 1

t ln(1+1/yx1)+ 1
t ln(1+1/yx2) is convex on the

domain {t > 0, y > 0, x1 > 0, x2 > 0} and is Schur convex
on the set D = {t > 0, y > 0, x1 ≥ x2 > 0}. The convexity
of f(t, y, x) on the domain {t > 0, y > 0, x1 > 0, x2 > 0}
follows from [42] while its Schur-convexity follows from the
fact that

d(1
t ln(1 + 1/yxi))

dxi
= − 1

xi(yxi + 1)t
,

which increases in xi and [43, Proposition 3.H.2]. �
As f(t, y, X) is convex, its gradient is also its subgradient

[31] so for all t > 0, y > 0, X � 0 and t̄ > 0, ȳ > 0, X̄ � 0,
the following inequality holds:

f(t, y, X)

≥ f(t̄, ȳ, X̄) +
df(t, ȳ, X̄)

dt
|t=t̄(t− t̄)

+
df(t̄, y, X̄)

dy
|y=ȳ(y − ȳ) + 〈df(t̄, ȳ, X)

dX
|X=X̄ , X − X̄〉

= f(t̄, ȳ, X̄)
[
1− t− t̄

t̄

]
− 〈(ȳX̄ + I2)−1〉y − ȳ

t̄ȳ

+
1
t̄
〈(X̄ + I2/ȳ)−1 − X̄

−1
, X − X̄〉

= f(t̄, ȳ, X̄)
[
2− t

t̄

]
+

1
t̄

(
2− 〈(I2 +

1
ȳ
X̄

−1)−1〉
)

+〈(ȳX̄ + I2)−1〉/t̄− 〈(ȳX̄ + I2)−1〉 y

t̄ȳ

+
1
t̄
〈(X̄ + I2/ȳ)−1 − X̄

−1
, X〉.

We thus obtain the following inequality for all t > 0,
y > 0, X � 0 and t̄ > 0, ȳ > 0, X̄ � 0:

1
t

ln |I2 +
1
y
X−1|

≥ 1
t̄

[
ln |I2 +

1
ȳ
X̄

−1|.
(

2− t

t̄

)
+ 〈(ȳX̄ + I2)−1〉

+〈(X̄ + I2/ȳ)−1 − X̄
−1

, X〉
−〈(ȳX̄ + I2)−1〉y

ȳ
+
(

2− 〈(I2 +
1
ȳ
X̄

−1)−1〉
)]

(40)
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=
1
t̄

[
2 ln |I2 +

1
ȳ
X̄

−1|+ 〈(ȳX̄ + I2)−1〉

+
(
2− ȳ〈(ȳX̄ + I2)−1X̄〉)]+ 〈X̄−1

− ȳ(ȳX̄ + I2)−1, X〉
−1

t̄

[
t

t̄
ln |I2 +

1
ȳ
X̄

−1|+ 〈(ȳX̄ + I2)−1〉y
ȳ

]
. (41)

By replacing t → 1/t, y → 1/y and t̄ → 1/t̄, ȳ → 1/ȳ
in (41), we then have

t ln |I2 + yX−1|
≥ t̄
[
2 ln |I2 + ȳX̄

−1| − 2〈(ȳI2 + X̄)−1X̄〉+ 4
]

− t̄〈X̄−1 − (ȳI2 + X̄)−1, X〉 − t̄2 ln |I2 + ȳX̄
−1|1

t

− t̄
[
2− 〈(ȳI2 + X̄)−1X̄〉] ȳ

y
. (42)

We also recall the following inequality for all X � 0, Y � 0
and X̄ � 0, Ȳ � 0 of dimension 2× 2 [44]:

ln |I2 + XY−1|
≥ ln |I2 + X̄(Ȳ)−1|+ 4− 〈X̄−1 − (X̄ + Ȳ)−1, X〉
− 〈Ȳ−1 − (X̄ + Ȳ)−1,Y〉 − 〈X̄, X−1〉. (43)

Lastly, we also use the following inequality for all x > 0,
y > 0, t > 0 and x̄ > 0, ȳ > 0, t̄ > 0 [42]

t ln(1 + x/y)

≥ 2t̄ ln(1 + x̄/ȳ) +
t̄x̄

(x̄ + ȳ)

(
2− x̄

x
− y

ȳ

)
− t̄2 ln(1+x̄/ȳ)

t
.

(44)
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