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Abstract—The flexible deployment without new infrastructure
makes unmanned aerial vehicles employing as base stations
(UAV-BS) promising for many application. Since the signals
in millimeter-wave frequencies have very small wavelengths,
large antenna arrays can be placed in the UAV-BS. Thus, the
UAV-BS is capable of providing abundant spatial resources.
Spatial modulation (SM) is an effective technology in exploiting
additional capacity of the spatial domain by transmitting antenna
indices as virtual bits information. However, a limitation of the
classical SM is a single transmit antenna activated at each time
slot. As a result, the multiplexing gain offered by the multiple
transmit antennas has a significantly loss. Generalised spatial
modulation (GSM) allows several antennas to be activated to
overcome the problem of SM. However, GSM has a improvement
in throughput, while suffers from the performance loss resulting
from the channel correlation, which is generated by multiple
active antennas. Thus, the grouping SM (GrSM) is utilized to
offer spatial capacity for the UAV-BS in mmWave frequency.
Specially, the transmit antennas of the UAV-BS are partitioned
into groups based on their channel characteristics. The SM is
adopted by each group, and the multiplexing gain is achieved
across groups. Moreover, the deployment of the UAV-BS has
significantly influence on the throughput of the system. In this
paper, we formulate a problem to maximize the achievable sum
rate of the ground user. The GrSM scheme is utilized to obtain
extra throughput in spatial domain. Since the dimension of the
UAV position is not very high, a grid based exhaustive search
method is adopted to solve the optimization problem. Simulation
results demonstrate the proposed solution has an improvement
in terms of the sum rate performance.

Index Terms—unmanned aerial vehicle(UAV), millimeter-wave
(mmWave), deployment, generalised spatial modulation (GSM),
antenna grouping, achievable sum rate

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) have drawn a lot of
attentions both in military and in civilian societies due to their
flexible mobility and low cost [1]. UAVs acted as base stations
(UAV-BSs) are capable of quickly deploying without terrestrial
infrastructures, and thereby are applicable to the urgent and
temporal communications [2]. The utilization of millimeter-
wave (mmWave) technology enables large antenna arrays to
be packed in small dimension according to its wavelength [3].
Hence, mmWave-based UAV-BSs provide more benefits, such
as sufficient bandwidth and larger capacity [4]. Considering
large antenna arrays are deployed in the UAV-BS, UAV-BS
mmWave systems have abundant spatial resources.

In spatial modulation (SM), the information bits consist-
s of the constellation point by conveying amplitude/phase
modulation (APM) and the antenna indices using space shift

keying (SSK) modulation [5]. SM is an effective technique
in exploiting the spatial resources by delivering virtual bit
information using antenna indices. However, since a single
transmit antenna is activated at each time slot, the data rate
of SM is limited [6]. Generalised spatial modulation is to
alleviate the limitation of SM, where more than one transmit
antennas are activated at each time slot [7]. GSM techniques
can significantly enhance the spectral efficiency, but it suffers
from inter-channel interference at the receiver. As investigated
by Kim et. al. [8] and our previous investigation [8], antenna
grouping exploiting channel correlation is able both to degrade
the loss of multiplexing gain and to improve the achievable
capacity. Thus, the grouped SM (GrSM) [8], [9] has been
proposed by partitioning the transmit antennas into several
groups according to different criteria.

In particular, UAVs are promising to enhance the perfor-
mance of the existing wireless network [4]. Since the channel
gain between UAVs and the ground users can be obtained with
the location information [10]. The deployment and placement
optimization of the UAV have been studied. With fixed altitude
of the UAV-BSs, the horizontal coordinates have been adjusted
to cover all ground users with minimum number of required
UAV-BSs [11]. In [12], the deployment of several UAV-BSs
has been studied to cover a maximum number of users in a
target area. A 3D beamforming approach utilizing coordinate
transformation has been investigated to achieve flexible cov-
erage for UAV-BS in mmWave frequency [13]. In [14], the
optimization of the deployment and the beamforming design
for the UAV-BS in mmWave bands has been analysed in order
to achieve the a maximum sum rate.

Against this background, we aim to maximize the achiev-
able sum rate the mmWave-based UAV-BS relying on GrSM
scheme. More specially, the transmit antennas of the UAV-BS
are partitioned into several groups according to their channel
correlation. Furthermore, SM is independently utilized by each
group and hence the multiplexing gain can be achieved across
groups. Thus, the sum rate includes two parts. One is in
the classic signal domain, the other one is in the spatial
domain. Intuitively, there is no closed-form solutions for the
optimization problem. Luckily, the dimension of the UAV-BS
positions is not very high, hence, in this paper, we rely on grid
search algorithm in obtaining the optimal UAV-BS location.

The rest of this paper is organized as follows. The mmWave-
based UAV-BS system model and the GrSM scheme used
are described in Section II. Section III is devoted to the
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Fig. 1. System model of grouping spatial modulation

analysis of sum rate achieved by the mm-Wave-based UAV-
BS communication system. Furthermore, grid search algorithm
is then presented in Section IV. Our simulation results and
discussions are presented in Section V. At last, our conclusions
are offered in Section VI.

II. SYSTEM MODEL

As shows in Fig. 1, a rotary-wing mmWave-based UAV-BS
communicates with a ground user, where the UAV-BS employs
Nt transmit antennas and the ground user is equipped with
Nr receive antennas. The UAV-BS utilizes the GrSM scheme,
which activates K(1 ≤ K ≤ Nt) RF chains for downlink
transmission. Furthermore, a 3D Cartesian coordinate system
is considered in this paper, and the horizontal coordinate of
the ground user is defined as uuu = [ux, uy]

T . The UAV-BS is
flying at altitude of HU , and the horizontal location of UAV-BS
projected on the ground is qqq = [qx, qy]

T . Thus, the distance
between the UAV-BS and the ground user is given by d =√
H2
U + ‖qqq − uuu‖2.

A. Path loss

Since the scattering is limited in the mmWave band [13],
we assume that the wireless links from the UAV-BS to the
ground user are dominated by line of sight (LoS). Thus, the
path loss of our system can be formulated as [15],

LLoS = 32.4 + 20 log10(fmm) + 20 log10(d) (1)

where fmm[GHz] is the carrier frequency. Typically, the
mmWave frequency fmm = 28 GHz will be used for mmWave
communications [16]. Hence, the path loss between the UAV-
BS and the ground user can be rewritten as,

LLoS = αL + 20 log10(d) (2)

where αL = 32.4+ 20 log10(fmm). Let Cmm = 10αL/10, the
received signal power of the ground user can be expressed as,

Pr = Pt · 10−LLoS/10

=
Pt

Cmm(H2
U + ‖qqq − uuu‖2)

(3)

where Pt is the transmission power of the UAV-BS.

B. Grouping Spatial Modulation

For GrSM scheme, the transmit antennas are partitioned
into several groups according to their channel correlation.
Furthermore, a single antenna from each group is activated for
transmitting an APM signal. Thus, the antennas from multiple
groups concurrently transmit the APM signals and the SSK
symbols.

Explicitly, the total Nt transmit antennas are equally divided
into K groups, where K is a common divisor of Nt. Thus,
each group has Ng = Nt

K antennas. We assume that each
antenna has the same probability to be activated. Since each
group has a single activated antenna, the number of antenna
patterns for the GrSM scheme is

(
Ng

1

)K
, where

(
.
.

)
repre-

sents binomial operation. By contrast, GSM scheme activates
multiple antennas simultaneously, and thereby the number of
antenna combinations for the GSM scheme is

(
Nt

K

)
.

C. The Received Signal Model

With the LoS path loss in mmWave frequencies, the received
signal can be formulated as [17],

yyy =
√
PrHxHxHx+nnn =

√
Pr

Nr∑
n=1

HHHnesnxn +www (4)

where HHH ∈ CNr×Nt . www = [w1, w2, ..., wNr ]
T ∈ CNr×1 is the

additive white Gaussian noise (AWGN), wi is with zero mean
and variance σ2

w. Since each group have Ng transmit antennas,
xxx can be expressed as xxx = [eTs1x1, e

T
s2x2, · · · , e

T
sKxK ]T , and

xxx also can be written as,

xxx = [0, 0, · · · , x1, · · · , 0︸ ︷︷ ︸
Ng

, 0, x2, 0, · · · , 0︸ ︷︷ ︸
Ng

, · · · , 0, · · · , 0, xK︸ ︷︷ ︸
Ng

]T

(5)
where sk is the SSK symbol which activates one of the Ng
transmit antennas to transmit an APM symbol xk.

Furthermore, the channel matrix between the UAV-BS and
the ground user can be expressed as [18],

HHH = RRR
1
2
rxH̃HHRRR

1
2
tx (6)

where the element of H̃HH ∈ CNr×Nt is independently iden-
tically distributed (i.i.d) complex Gaussian random variable,
and has the distribution of CN (0, 1). RRRrx and RRRtx are the
correlation matrices for the receive antennas and transmit
antennas, respectively. Specifically, the exponential correlation
model is adopted [19], and RRRrx and RRRtx can be detailed as,

RRRrx/tx =

 1 γ γ2 · · · γN−1

...
. . . . . . . . .

...
γN−1 · · · γ2 γ 1

 (7)



where γ = exp(−β), and β is the correlation coefficient
between two adjacent antennas. N is the number of trans-
mit/receive antennas.

D. Antenna Grouping Scheme

In order to maximize the achievable transmission rate of
the UAV-BS, the normalized instantaneous channel correlation
matrix (NICCM) is adopted to group the transmit antennas.
Specifically, the NICCM is defined as [20],

MMM =


1 m1,2 · · · m1,Nt

m2,1 1 · · · m2,Nt

...
...

. . .
...

mNt,1 mNt,2 · · · 1

 (8)

and the (i, j)-th element of MMM is calculated as,

MMM ij =
1

‖hhhi‖·‖hhhj‖
· [HHHHHHH]ij (9)

where hhhi is the i-th column vector of HHH . [HHHHHHH]ij is i-
th row and j-th column element in matrix HHHHHHH , and mj,i

is the complex conjugate of mi,j . Moreover, Mi,j denotes
the correlation between the channels from the i-th transmit
antenna and that from the j-th transmit antenna. A bigger
value of |mi,j | implies a stronger correlation between the
corresponding pair of antennas.

Since the multiplexing gain decreases with the increase
of the antenna correlation [18], to achieve the sum rate of
the UAV-BS, the Nt antennas are partitioned into K disjoint
subsets. The antennas having stronger correlation are classified
into same group, and then SM is applied intra-group antennas,
while the transmit antennas assigned to different group are as
weak correlated as possible. In this way, the multiplexing gain
relying on the transmit antennas from different groups can
be maximized. The SSK symbols can be easily detected by
maximum likelihood detection, since the signals from different
groups are generally different.

III. OPTIMIZATION PROBLEM FOR UAV WITH GRSM

Since the GrSM scheme is adopted in the mmWave UAV-BS
system, the number of bits conveyed per symbol includes the
information bits transmitted by APM and that conveyed by the
SSK. Hence, the total sum-rate per symbol can be expressed
as [21],

Rsum = Rsignal +Rspatial (10)

where Rsignal and Rspatial represent the rate transmitted by
the signal symbols and that by the spatial symbols, respective-
ly.

We assume that the transmit signal is normalized to have
unit average power, meaning that Es = E[‖xxx‖2] = 1. We
firstly focus on the first item in Eq. (10). With a given channel
HHH , if the antenna pattern is determined, for example, the i-th
antenna pattern is given, the achievable rate can be expressed
as [22],

R(HHH, i) = log2

[
det

(
IIINr

+
PrHHH(i)HHHH(i)

Nrσ2
w

)]
= log2

[
det

(
IIINr

+
PtHHH(i)HHHH(i)

Nrσ2
wCmm(H2

U + ‖qqq − uuu‖2)

)]
(11)

where HHH(i) is an (Nr ×K) channel matrix, and is obtained
from HHH corresponding to the i-th antenna pattern activated
for transmission. The random SSK makes each antenna pattern
have the same probability 1

|A| to transmit APM symbols, where
A is a set containing all the antenna patterns used by the UAV-
BS with GrSM scheme. Taking account of all antenna patterns
and channel statistics, the achievable ergodic rate of Rsignal
can then be expressed as

Rsignal = EHHH

{
1

|A|
∑
i∈A

R(HHH, i)

}
(12)

where the expectation is taken with respect to the statistics of
HHH .

Then, for the achievable rate of Rspatial, we assume that
xk, k = 1, · · · ,K are independent and is constrained to the
same complex Gaussian distribution xk ∼ CN(0, σ2

x = 1/K).
Then, the probability density function (PDF) of xxx can be
expressed as

p(xxx) =

K∏
k=1

p(xk) =
1

(πσ2
x)
K

exp

[
−

K∑
k=1

|xk|2

σ2
x

]
(13)

where | · | denotes the modulus operator.
Hence, when the i-th, i ∈ A antenna pattern is activated,

the received observations will also satisfy a complex Gaussian
distribution. The PDF of the received signals can be written
as

p(yyy|i ∈ A) = 1

πNr det(RRRy|i)
exp(−yyyHRRR−1y|iyyy)

=
1

πNr det(PrHHH(i)CCCxHHHH(i) + σ2
wIIINr )

×

exp
(
−yyyH(PrHHH(i)CCCxHHH

H(i) + σ2
wIIINr

)−1yyy
)

(14)

where RRRy|i is the autocorrelation matrix of yyy with the i-th
activation pattern, and CCCx is the covariance matrix of xxx, and
is denoted as CCCx = IIIK/K.

Therefore, the rate achieved by the SSK can be calculated
by the formula of [21]

Rspatial =max I(i ∈ A;yyy)

=max
p(i)

∫ ∫
p(i)p(yyy|i) log2

(
p(yyy|i)
p(yyy)

)
dyyy

=
1

|A|
∑
i∈A

[∫
yyy

p(yyy|i) log2
p(yyy|i)
p(yyy)

dyyy

]
(15)

where p(i) denotes the probability of the i-th antenna pattern
activated, which is assumed to be uniform to maximize the rate
of the SSK. Hence, we have p(i) = 1/|A|. In (15), p(yyy) =∑
i∈A p(i)p(yyy|i).



Taking the flying area of the UAV-BS constraints into
consideration, the problem can be formulated as,

max
qx,qy

Rsum (16a)

subject to :

qx,l ≤ qx ≤ qx,u (16b)
qy,l ≤ qy ≤ qy,u (16c)

where qx,l and qy,l denote the minimum values of qx and qy ,
respectively. qx,u and qy,u represent the maximum values of
qx and qy , respectively.

In this paper, the UAV-BS deployment intertwines with the
GrSM, which makes the problem complicated to be solved.
In this paper, we will rely on grid search algorithm to find
the UAV-BS position that is capable of achieving a maximum
sum rate.

IV. GRID SEARCH ALGORITHM AIDED OPTIMIZATION

In this section, the UAV-BS flying area is divided into grids.
The achievable sum rate on each grid point can be calculated
separately in order to solve the optimal position of UAV-BS
[14].

Given a fixed UAV-BS altitude, the flying area of UAV-
BS [qx,lqx,h]× [qy,l, qy,h] is divided into grids with a certain
precision. Each point of the grid represents the projection
coordinate on the ground for the UAV-BS. The step length of
the qx and qy is denotes as4qx and4qy . Thus, the coordinate
of an arbitrary point of the grid can be expressed as,

Sgrid = [qx,l + ix 4 qx, qy,l + iy 4 qy] (17)

where 0 ≤ ix ≤ qx,h−qx,l

4qx and 0 ≤ iy ≤ qy,h−qy,l

4qy .

V. SIMULATIONS

In this section, we evaluate the performance of the proposed
mmWave-based UAV-BS deployment optimization with GrSM
scheme. We consider an UAV-BS having Nt transmit antennas
serving ground user in mmWave frequencies. The ground user
is randomly distributed in a rectangular area, which is also the
hovering area of UAV-BS. The default parameters used are
listed in Table I.

TABLE I
DEFAULT SYSTEM PARAMETERS

Parameter Description Value
HU (m) Height of the UAV-BS 100(m)
σw(dBm) Additive white complex Gaussian

noise
-154(dBm)

fmm(GHz) mmWave frequency 28(GHz)
β correlation coefficient 0.6
qx,l(m) minimum values of qx 0(m)
qx,h(m) maximum values of qx 100(m)
qy,l(m) minimum values of qy 0(m)
qy,h(m) maximum values of qy 100(m)
4qx(m) the step length of qx 1(m)
4qy(m) the step length of qy 1(m)

Fig. 2 depicts the sum rate performance of the UAV-BS
deployment with GrSM scheme. In this simulation, the number
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Fig. 2. Sum rate versus the coordinate of the UAV-BS utilizing GrSM scheme
with Nt = 16, K = 4, β = 0.6.

of transmit antennas is set as Nt = 16, and they are divided
into K = 4 groups. The number of receive antennas for the
ground user is set as Nr = 4. The transmit power of the UAV-
BS is 30 dBm. Since the UAV-BS has fixed flying height, the
2D coordinate system is adopted to represent the projected
coordinate of the UAV-BS. The UAV-BS flying area is divided
into 10000 grids. The number of candidate UAV-BS positions
in x axis is 101. In y axis, there also are 101 candidate
UAV-BS positions. Thus, the number of projection positions
belonging to the UAV-BS is 10201. In Fig. 2, the coordinate
of the ground user is [38, 17]. The optimal UAV-BS positions
is [37, 18], and the achievable sum rate of the optimal UAV-BS
location with GrSM scheme is 2.81430 bits/s/Hz. When qy is
fixed at 0, the sum rate performance increases upon increasing
value of the qx coordinate until qx = 37, and then decreases
upon increasing x coordinate value. With fixed qx = 0, the
sum rate curve improves a little. After qy = 18, the sum rate
performance decreases fast, and then declines gradually with
the increased value of the qy coordinate.

Fig. 3 shows the achievable sum rate performance of the
optimal UAV-BS location with GrSM, the optimal UAV-BS
location with GSM, the random UAV-BS location with GrSM,
and the random UAV-BS location with GSM. The system
parameters are set as Nt = 16, Nr = 2,K = 2. The random
coordinates of the UAV-BS is randomly generated in the flying
area. The achievable sum rate performance of the optimal
UAV-BS location outperforms that of the random UAV-BS
location. It can be seen from Fig. 3 that the performance of
GrSM scheme is superior to that of GSM scheme for both op-
timal UAV-BS locations and random UAV-BS locations, since
GrSM takes account of the channel correlation. Additionally,
at the target transmit power of 24 dBm, the attained gain of
the optimal UAV-BS location with GrSM is about 0.2 bit/s/Hz
compared to the optimal UAV-BS location with GSM. Also,
the random UAV-BS location with GrSM achieves 1.1603
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16/8, Nr = 2,K = 2.

bits/s/Hz, while the random UAV-BS location with GSM is
about 1.0996 bits/s/Hz.

In order to investigate the impact of the number of the
transmit antenna, we compare the sum rate performance for
optimal UAV-BS location with GrSM and GSM scheme in
Fig. 4. In this case, Nr = 4,K = 4 are utilized for the optimal
UAV-BS location with GrSM and GSM for different number
of transmit antennas. As shown in Fig. 4, both the optimal
UAV-BS location for GrSM and GSM scheme with Nt = 16
achieve better sum rate performance compared to those with
Nt = 8. For GrSM scheme, the optimal UAV-BS location with
Nt = 16 achieves 1.9426 bits/s/Hz when Pt = 20 dBm, while
that with Nt = 8 reaches 1.371 bits/s/Hz. Moreover, for both
Nt = 16 and Nt = 8, the sum rate performance of the optimal
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Fig. 5. Sum rate versus transmit power for the optimal UAV-BS location
with GrSM and GSM for different number of receive antennas with Nt =
16, Nr = 2/4,K = 4.

UAV-BS location with GrSM outperforms that of the optimal
UAV-BS with GSM.

In Fig. 5, we focus on the achievable sum rate performance
for the optimal UAV-BS location with GrSM and GSM scheme
for different number of the receive antennas. The setup is
Nt = 16, Nr = 2/4,K = 4. When Nr = 2, the optimal UAV-
BS location with GrSM scheme has 0.11 bits/s/Hz improve-
ment compared to the optimal UAV-BS location with GSM
scheme at the target transmit power of 20 dBm. Both GrSM
and GSM schemes in optimal UAV-BS locations with Nr = 4
have superior sum rate performance than those with Nr = 2.
When the transmit power is Pt = 20 dBm, the optimal UAV-
BS location for GSM scheme with Nr = 4 achieves 1.8926
bits/s/Hz. By contrast, given the same transmit power Pt = 20
dBm, the optimal UAV-BS location using GSM scheme with
Nr = 2 reaches 1.7832 bits/s/Hz.

VI. CONCLUSION

In this paper, we investigated the optimization problem of
maximizing the sum rate between the mmWave-based UAV-BS
and the ground user. Meanwhile, the GrSM scheme is utilized
to obtain extra throughput in spatial domain. In order to find
the optimal location of the mmWave-based UAV-BS, we rely
on the grid search algorithm. Simulation results demonstrated
that the grid search algorithm could obtain the optimal de-
ployment of the UAV-BS with GrSM scheme. Furthermore,
our simulation results also showed that the mmWave-based
UAV-BS relying on GrSM is capable of achieving a higher
sum rate compared to that relying on GSM scheme.
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