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ABSTRACT This paper investigates the 3-D massive multiple-input multiple-output (MIMO) for air-to-
ground transmission, where an air platform (AP) is equipped with a 2-D rectangular antenna array and
communicates with a number of user equipments (UEs) on the ground. By exploiting the slow time-
varying parameters, such as channel correlation and angles of departure (AoDs) of UEs, we first propose
a location-assisted two-layer precoding scheme for downlink transmission. The first-layer precoding aims
to decompose the original massive MIMO system into several low-dimension MIMO systems, with each
operating on the orthogonal subspace. Through proper UE clustering, we show that the first-layer precoding
matrix can be approximated using a constant-envelope matrix, which results in significant reduction on
hardware complexity of AP. The second-layer precoding is designed to eliminate the multi-UE interference
within each low-dimension MIMO system. Since the AoD information is usually not perfectly known at AP,
we then investigate the effect of AoD uncertainty on the performance of the proposed precoding scheme.
In particular, we propose a new analytic method to fast estimate approximately the power loss due to AoD
error. Numerical simulations are presented to evaluate the performance of location-assisted precoding under
different system parameters, including Rician factor, altitude of AP, and AoD uncertainty. The results show
that the location-assisted precoding outperforms match filter precoding and basis expansion-based precoding
in the air-to-ground transmission scenarios significantly.

INDEX TERMS Air-to-ground transmission, three-dimension massive MIMO, location-assisted precoding,
AoD uncertainty, spectral efficiency.

I. INTRODUCTION

Seamless wide-area coverage is the basic scenario of mobile
communications. In this scenario, one main challenge is to
provide high user experienced data rate anytime and any-
where, even for users in remote places with poor infrastruc-
ture. Deploying massive infrastructure in these areas is cost
inefficient due to the low population density and hostile envi-
ronment. Hybrid air-terrestrial networks, where high altitude
platforms (HAPs) are deployed to provide internet access
for ground stations or user equipments (UEs), are promising
approach to deal with this problem. HAPs are airships or
aircrafts in the stratosphere (at an altitude around 20 km),

which can provide ubiquitous wireless access over large cov-
erage areas at low cost. One example of HAP is Google
Balloon [1] which uses high altitude balloons to create
a hybrid air-terrestrial network with up to LTE data rate.
Another example is “Internet From Sky’’ proposed by Face-
book. In this project, unmanned aerial vehicles are deployed
to provide a novel and efficient method of access [2].
Despite of HAP, the deployment of low altitude plat-
form (LAP) under 1 km for communications has also drawn
much attention recently. LAP can be used in the high-capacity
hot-spot scenario which is one of the main technical sce-
nario for the fifth generation (5G) mobile communication
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systems [3]. In this scenario, LAPs (such as balloons and
unmanned aerial vehicles) play the role of temporary base sta-
tions (BSs) to provide ultra-high data rates for hot-spot UEs.
Another application of LAP is for the wireless recovery net-
works, or called emergency supplementary networks (ESN)
in [4]. The concept of ESN has been accepted by the
Homeland Security Bureau in USA, which aims to recover
the critical communications for first responders within
12-18 hours by deployable air-bone communication sys-
tems [5]. Other application scenarios of LAP includes mobile
relaying and information dissemination/data collection in
wireless sensor networks (see [6] and the reference therein).

In conventional air-to-ground communication systems, air
platform (AP) is usually equipped with directional anten-
nas which can generate several spot beams from AP for
data transmission [7]. Due to limited spatial resolution of
directional antennas, the coverage radius of each spot beam
on the ground is up to several kilometers. As a result,
no spatial multiplexing gain can be obtained if the UEs
located in the coverage region of one spot beam, which lim-
its system spectral efficiency (SE). Massive multiple-input
multiple-output (MIMO) can provide high spatial resolution
by employing large-scale antenna arrays [8]—[18], and thus is
apromising technology to address this problem. Additionally,
with coherent processing massive MIMO can achieve tremen-
dous power gain, which is beneficial to combat the path loss
introduced by both large vertical and horizontal distances.
In the terrestrial communication systems, the antenna ele-
ments of base station (BS) are usually placed in a line to form
uniform linear array (ULA) [11]. As shown in [13], for LTE
carrier frequency of 2.5 GHz, it requires about 1.9 m to place
a ULA with 32 antenna elements. Using this architecture, it is
difficult to equip a large number of antennas at AP due to the
physical size of antenna array. In contrast, by placing antenna
elements in a two-dimension grid, the planar array architec-
ture enables a large number of antenna elements in a compact
area. Moreover, planar array can control radiation pattern in
a three-dimension (3D) space (forming a 3D massive MIMO
system) and focus more precisely on the intended UEs, which
can potentially achieve better power gain [14].

In this paper, we investigate the feasibility of 3D mas-
sive MIMO for air-to-ground transmission, where we assume
an AP is equipped with a two-dimension (2D) rectangular
antenna array and communicates with a number of UEs
on the ground. In such system, the biggest challenge is to
design practical downlink (air-to-ground) precoding scheme.
Different from the BS on the ground, AP is hardware and
computational complexity limited due to the consideration
of weight, fabricating cost and energy supply. Traditional
linear precoding schemes, such as match filter precoding
and zero-forcing (ZF) precoding [15], [16], require a large
number radio frequency (RF) chains at AP and have high
computational complexity. This may make these schemes
infeasible when applied on AP. The recent basis expansion
based precoding can reduce the number of required RF chains
significantly by exploiting the compressibility of channels in
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beam domain [17]. However, as will be shown in the simu-
lation, this scheme does not perform well when the angular
spreads of signals are extremely narrow (which occurs when
the altitude of AP increases) and the number of RF chains is
very small.

This paper studies low-complexity 3D massive MIMO pre-
coding for air-to-ground transmission considering the above
challenges. The contributions are summarized as follows.

« By exploiting the slow time-varying parameters, such
as channel correlation and angles of departure (AoDs)
of UEs, we first propose a location-assisted two-layer
precoding scheme for downlink transmission. Then by
proper UE clustering, we approximate the first-layer
precoding matrix using a constant-envelope matrix,
which can be realized using phase shifting networks with
low hardware complexity. With the proposed precoding
scheme, we analyze the effect of AP’s altitude on the
hardware design of AP, and show that the required num-
ber of RF chains can be reduced when the altitude of
AP increases.

o As the AoD information is usually not perfectly known
at AP due to estimation error and relative movement
between AP and UEs, we investigate the impact of AoD
uncertainty on the location-assisted precoding. Particu-
larly, we propose a new analytic method to estimate the
power loss due to AoD errors, which is very useful in
link budget and design of AoD estimation scheme.

o At last, we present numerical simulations to evalu-
ate performance of location-assisted precoding under
different system parameters, including Rician factor,
AP’s altitude and AoD uncertainty. Our results show
that the proposed scheme outperforms match filter and
basis expansion based precoding in the air-to-ground
transmission scenarios significantly.

The rest of the paper is organized as follows. Section II
reviews the related work. Section III presents the system and
channel models. Section IV presents the location-assisted
precoding scheme. Section IV analyzes the effect of AoD
uncertainty. Section V presents the simulation results. Some
conclusions are drawn at last in section V1.

Notations: The symbol ; denotes /—1. 8(-) denotes the
dirac delta function. [E(-) denotes the expectation. I,, denotes
the n x n identity matrix. ® denotes the Kronecker product.
()T, ()", tr(-) and || - || denote the transpose, conjugate-
transpose, trace and Euclidean norm of matrix, respectively.
eig, (A) denotes the matrix whose columns consist of the
first n dominant eigenvectors of A. The distance between
two sets By and B, with real value elements is defined as
D (B1, By) = infp,eB, byeB, b1 — b2|. asincy (x) is aliased
sinc function, which is defined as asincy (x) = SnV7TX)

. ) N sin(mrx) *
2F1(-, -, -) denotes hypergeometric function [19, 9.111].

Il. RELATED WORK
The recent research on AP for mobile communication focuses
on modeling the air-to-ground channels and interferences.
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Al-Hourani et al. [20] proposed a statistical propaga-
tion model to predict the air-to-ground path loss between
AP and ground UEs based on ray tracing simulation.
Michailidis et al. [21] investigated the 3D modeling of small-
scale fading for air-to-ground channels, where both line-of-
sight (LoS) and non-LoS (NLoS) channel components were
considered. Lian et al. [22] employed a birth and death
precess to model the ‘appear’ and ‘disappear’ of physical
scatters, which results in a non-stationary channel model.
Hu et al. [23] considered the modeling of interference in
multi-user air-to-ground 3D MIMO channels. The results
showed that the total interference can be approximated using
a Beta-mixture distribution if the LoS channel is dominated.
Zeng et al. [6] presented the basic networking architecture
and discussed the major design problems in unmanned aerial
vehicle (as LAP) aided hybrid air-terrestrial networks.

The research on 3D MIMO has also drawn much attention
in terrestrial communication systems. The 3D channel models
for vertical precoding in the on-going 3GPP studies were
summarized in [24]. An information-theoretic channel model
that supports 3D MIMO system has been proposed in [25].
Based on this model, the authors derived analytical expres-
sion for the cumulative density function of mutual informa-
tion. The horizontal and vertical precoding using statistical
channel for 3D massive MIMO system have been studied
in [14] and [26] by assuming the channel correlation matrix
has Kronecker structure. The class of two-layer precod-
ing for 3D MIMO system has been investigated in [11],
[17], [27], and [28]. Ayach et al. [27] proposed a sparse
precoding scheme for point-to-point millimeter wave 3D
MIMO system. In this scheme, the first-layer (constant-
envelope) and second-layer precoding matrices are jointly
designed to approximate the optimal precoding scheme using
the orthogonal matching pursuit algorithm. In the schemes
of [11] and [17], to satisfy constant-envelope requirement, the
authors designed the first-layer precoder as the submatrix of a
discrete Fourier transform (DFT) matrix or Kronecker prod-
uct of DFT matrices. Note that different from [11] and [17],
in our scheme the first-layer precoding is not limited to the
set of DFT vectors, which can achieves better performance
as will be shown in the simulations. In [28], a novel path
division multiplexing transmission scheme was proposed for
3D MIMO system with lens antenna array. It was shown that
the scheme has remarkable advantages in hardware and sig-
nal processing complexity over traditional rectangular array
design. Therefore, the application of lens antenna array in air-
to-ground transmission is also an interesting and promising
research direction in the future.

Ill. SYSTEM AND CHANNEL MODELS

Consider a network with an AP and L single-antenna UEs
on the ground. The AP is equipped with a 2D rectangular
antenna array on the x-y plane with N, antenna elements
along x axis and Ny antenna elements along y axis, as shown
in Fig. 1. We consider downlink transmission where AP
transmits signals to UEs. The received signals at UEs can be
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FIGURE 1. Illustration of 3D massive MIMO system for air-to-ground
transmission.

expressed as
y=H'x+n, M

where x € CMMX! denotes the signal vector transmit-
ted by AP. n € CI*! denotes the additive white Gaus-
sian noise (AWGN) vector with distribution CN(0, ¢21;).
H = [hy, hy, - -+, h;] € CN~My*L and h; denotes the channel
vector from AP to UE /. Based on the air-to-ground 3D
MIMO channel model developed in [21], h; can be mod-
eled as

h; = h°5 + h)-oS. )
In(2), h}“"s denotes the deterministic LoS channel component

and h?ILOS is the random vector which characterizes the NLoS
channel component, which are given by

BiK;
htoS = b (¢, 6 L0,
I K1 (91, 6) @ a(y, 0r)

Q1+Ag; 01+A6;

ptos — |_P LO)b (g, 0
I K1 r1 (¢, 0)b (¢, 0)
v1—Agp 01— A
®al(p, 0)deds, 3)

with

2
a(p,0) = |:1,exp<j
T
2ndy (Ny — 1
exp (]Mcosecosgo)] ,

) cos@cosgo),--- ,

A

wdy

2
b((p,9)=|:1,exp<1 cos@sinw),~-~,
< 2wdy (Ny — 1)
exp ]f

where B; and K; denote the large-scale fading and Rician
factor, respectively. ¢; € [—n/2,7/2] and 6; € (0, 7 /2]
denote the AoDs of UE [ in horizontal and vertical directions,
and Ag; and A6 denote the corresponding angular spreads.

T
cos 6 sin gp)] , @
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dy and d, denote the antenna spacings along the x axis and
y axis respectively, and A denotes the carrier wavelength.
(0, ¢) denotes the complex-valued response gain associated
to the direction (8, ¢). We assume that r;(6, ¢) has zero-mean,
ie., E[r(0, )] = 0, and the response gains for different
incidence angles are uncorrelated, i.e.,

E[rf (0.0)ri (¢".0")] =81 (0.0)8 (¢ — ¢') 5 (6 —0'),
)

where S; (¢, 0) represents the channel power angle spec-

trum (PAS) which characterizes the channel power distribu-

tion in angular domain. According to the model in (2)-(5), the
channel correlation matrix can be expressed as

C =E [hlh,H ]

—F |:hlLos (h%oS)H ] +E [h}\”“"s (h%\ILOS)H ]

BiKi H H
= %11 b . 0)(a e 0a” (1. 0)
ﬂ o1+Ag 6;+ A0,
i H
S (9. 0) (b (g, )b (0,0
K11 / f 1 (g )( (9, 0)b™ (¢ ))
Y1—Ag 0]—Ab;
® (ap.0)a (p.0)) dpd
é C[LOS +C§\ILOS. (6)

In the terrestrial MIMO system, the antenna array of BS
is usually placed on y-z or x-z plane. Moreover, the AoD
in the vertical direction is small due to limited altitude of
BS. In this case, the correlation matrix of channel can be
written approximately as the Kronecker product of correla-
tion matrices in horizontal and vertical directions [11], [26].
Due to this reason, the horizontal and vertical precoding
scheme at BS can be designed separately to reduce the
complexity [11], [26]. However, in order to cover the ground
UEs, the antenna array of AP is placed on x-y plane. More-
over, as the altitude of AP increases, the AoD in the vertical
direction becomes non-negligible. Thus, the assumption of
Kronecker structure for correlation matrix of channel does
not hold, as observed in (6). This increases the difficulty in
precoding design, because a joint but still low-complexity
precoding scheme is required.

For further analysis, we find it convenient to define
Px = dTX cosfsing and py, = dTy cos 6 cos ¢ as the virtual
AoDs along x-axis and y-axis, respectively. Then we can give
another definition of correlation matrix for NLoS channel

max ,max

P x P[,y
NLoS __ i v H
e — P / / 5! (e 5) (B (20" (00)).
ot oy
® (a(py)a” (py)) dosdp,
a(py) = [Lexp (s27py) .+ exp (127 (Ny = 1)py)]'
b (px) = [Lexp (27 px) -+ ,exp (j2 Ny — Dpo)]"

)
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The integral boundaries are given by

d .
P = max —= cos(8) sin(@),
’ O€[61—Ab;O1+ A6 ). p€lo—Apr.o1+Ag] A
. . d .
ot = min —= cos(0) sin(g),
’ O€l61—26,.6,+00,).9lpi— Mg +Dp1] A
d
pf‘;“ = max = cos(8) cos(@),
’ O€[61—A6;.01+A6).plo1—Apr.o1+Ap1] A
. d.
min : Y
Ly = min — cos(0) cos(¢).
Y 0el0—A0.0+ A0 ).gelp—ApLpi+Agr] A

®)

Moreover, SlV (px, ,oy) denotes the PAS with respect to
px and py, which can be derived using the formula of inte-
gration by substitution as

S (x5 py)
d. 2 2
=5 arctan( }px> , arccos A\/(&) + <&>
dy py dy dy
22 1 1
X

=) - () () + ()
)

In (3), the channel modeling is in fact based on the well-
known ray-tracing approach. The NLoS channel component
can be viewed as the sum of a large number of physical
paths with different horizontal and vertical AoDs. Therefore,
using the law of large numbers, we assume the NLoS channel
component h}‘”‘os has correlated Gaussian distribution with
zero-mean and covariance matrix C?ILOS. Similar assumption
has also been used in [29].

IV. DOWNLINK PRECODING DESIGN

In this section, we first propose a location-assisted two-layer
precoding scheme for downlink transmission. Then we show
that, by clustering the UEs properly, the first-layer precod-
ing matrix can be approximated using a constant-envelope
matrix, which can be realized with phase shifting networks in
the analog domain [31]. This results in a significant reduction
on hardware complexity of AP.

A. LOCATION-ASSISTED PRECODING
We assume that the UEs are divided into C clusters. The
number of UEs in cluster ¢ € {1,2,---,C} is L. which
satisfies " L, = L. We define ¢; = [ + 35| Ly as
the index of the /th UE in cluster c. The AP serves all clusters
using the same time-frequency resource. Hence, we design
the transmit signal vector of AP as x = Zle X¢, where
X € CNMx1 denotes the signal transmitted to cluster c.
The proposed scheme consists of two-layer precoding.
Defining P, € CNeNyxbe and W, e Cbhexle ag the first-
and second-layer precoding matrices, we can express X, as
x. = P.W_,s, where s, is a L. x 1 vector contains the symbols
intended at cluster c. Note that b, is a design parameter which
determines the dimension of small MIMO system and satis-
fies Lo < b. < Ny x Ny. Atlast, we define H, € CNeNyxLe gg
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the channel matrix between the AP and UE cluster c¢. Using
the above definitions, the signal model (1) can be rewritten as

C
H
W H! Zc:l P.W,s, n

C
H
7= ?{2 DAL . (0

yc . c nc
HY ZC:I P.W._s.
where n. € CLex! and y. € CLe*! are the AWGN and
received signal vector associated with the cluster c. For fur-
ther analysis, let us rewrite y. € CLex! as follows
c
Ye=HIPWs. +H! Y P Wose+n.. (1)

=1,c'#c¢

The first term of right-hand side of (11) is the intended
signal of cluster ¢ and the second term is the inter-cluster
interference (ICI).

1) FIRST-LAYER PRECODING

The objective of first-layer precoding is to decompose the
original massive MIMO system into several small MIMO sys-
tems, with each operating on the orthogonal subspace. To this
end, we design P, to eliminate the ICI using the correlation
knowledge of channels (which can be obtained by exploiting
the location information of UEs, including AoDs and angular
spreads according to (6)). The benefits are two-fold: 1) For
the decomposed systems, the total required length of training
sequence to obtain the channel state information (CSI) can
be substantially reduced. 2) As will be shown in the next
subsection, with proper UE clustering we can approximate
the first-layer precoder using a constant-envelope matrix.
This can substantially reduce the hardware complexity at AP.
In addition to ICI cancellation, we also wish that the aver-
age output signal power after the first-layer precoding is as
large as possible. Thus, the optimal P, can be determined by
solving the following problem

2
max E [HH? P.W,s, } (122)

2
st |HIPWes.| =0, v #c,

PP, =1,,.

(12b)
(12¢)

From (12a), the design of P, is coupled with the second-
layer precoding matrix, which makes closed-form solution
inaccessible. Thus, it is of great interest to find new target
function to decouple the problem. To this end, by using
Cauchy-Schwarz inequality, an upper bound on average out-
put power can be obtained as

2] < E[ur (PYHHTP) | E [ Wes. ]

- itr (PfCC,PC)E [||wcsc||2].
=1

(13)

E [HHf P.W,s,
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In the following, we define ZZL‘Z’l tr (P C,,P.) as the power
gain of the first-layer precoding. Then the original problem
becomes finding P, that maximizes the power gain subject to
the ICI cancellation constraint.

On the other hand, to simplify the constraint (12b), we
present the following lemma.

Lemma 1: A sufficient condition for constraint (12b) can
be expressed as

C L.
> > PlcyPp.=0. (14)

=1,c'#c I=1
Proof: Note that a sufficient condition for (12b) is

2
=0, VYV #c, Vie{l,2,---,Ls}. (15)

H
hf P,

According to the channel model in section III, (15) can be
expanded as

2
= u (P CloSp,)

172 172
o (pf (c3tes) P qqt (e pc.)
172
+2Re {tr (Pﬁ’hb‘l’qu (CIC\{ILOS) PC> } =0,

(16)

H
b’ P,

where q ~ CN(0, Iy, n,). Note that second and third terms
1/2
of (16) are zero as long as P/ (CIC‘H“OS) = 0. According to
the definition in (6), CIC\H“OS is a positive semi-definite matrix,
1/2 1/2
H ( (“NLoS 0 : H ( (“NLoS
and P/ (Cc/z 0 ) = 0 is equivalent to P/ (CC’z 0 )
P. = 0. Therefore, to make (16) hold, it is sufficient to let
H (~LoS
P Cc,‘l’ P. =0,

172
P/ (CEILOS) P, = 0. (17)

172
Note that (Cg}"s) and CIC\H“OS have the same null space.

Thus, the second equation in (17) can be replaced by
P CE}OSPC = 0. At last, according to the positive semi-
definition of C{,‘,‘])S and CEILOS, the equality (17), V¢’ # ¢, VI €
{1,2,---,Ly}), is equivalent to (14). |

Using (13) and Lemma 1, we can rewrite problem (12) as

L.
max Y tr (Pﬁf CCIPC) (18a)
Pe =1
C L.
st. Y Y PICyP. =0, (18b)
=1,c'#c =1
PiP. =1,,. (18¢)

Let V(. be the matrix contains all eigenvectors of
>, e Y| C, with zero eigenvalue. Then the solution
of problem (18) that satisfies constraints (18b) and (18c) can
be expressed as P, = V(_U(_.), where U(_) is a weighting
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matrix with U{I_ oU=¢) = I,. Therefore, the problem (18)
is equivalent to finding the optimal U._.), which can be
expressed as the following problem
Le
max Y (U(H_ SV C)CC,V(,C)U<,C)). (19)
U Uco=Tse 1=

It is easy to shown that the optimal solution is

LC
U = eigy, (Z Ao V(C)> : (20)
=1

Note that in the first-layer precoding described in the
above, we have not added any constraints on UE clustering.
In fact, since the angular spreads in both horizontal and
vertical direction are narrow for far-field transmission, the
effective rank of channel correlation matrix are much smaller
than the dimension of AP antenna array (i.e., Ny x N,) and
Zg:u,#c ZIL;I C., has large enough null-space [17]. As a
result, for arbitrary UE clustering we can always find the
solution of P, since b, < Ny x Nj.

2) SECOND-LAYER PRECODING

The second-layer precoding is to eliminate the multi-UE
interference within the cluster. After first-layer precoding, the
received signal at cluster ¢ given by (11) becomes

Ve = HYP,W,s. +n,. 21

As a result, W, can be designed as the well-known ZF pre-
coder, that is
1

-1 1
W, = PH, (Hﬁ’ PP HC> re, (22)

where I'¢ is a diagonal normalization matrix with [['¢];; =
pe,/[(PIH HY Pc)_l] 1.1 and p,, denotes the power allocated
to the signal of UE ¢;. Let I:IC = Pf H,. denote the
b, x L. effective channel matrix between AP ~and cluster c.
To implement the second-layer precoding, H,. should be
estimated before downlink transmission. In the proposed
scheme, since the signals transmitted to different UE clus-
ters lie in orthogonal subspaces after the first-layer pre-
coding, the same pilot sequence can be reused by all
clusters without any pilot contamination. Therefore, the
minimum lengthes of training sequence (which is equal
to the minimum numbers of required orthogonal pilot
sequences) to obtain the effective channel estimates of all
clusters are maxce(1,2,...,c} Le (symbol time) in time-division
duplex (TDD) setting and maxce(1,2,...,c) b (Symbol time)
in frequency-division duplex (FDD) setting. This results in a
significant saving in training resource.

In FDD system, the channel reciprocity does not hold and
downlink training is required. After estimating the CSI from
the downlink pilot signals, UEs should quantize estimated

It is well-known that, in the precoding schemes without UEs’ location
information [17], the minimum required length of training sequence to obtain
the CSI of all UEs is Zf:] L (symbol time) in the TDD setting and Ny x Ny
(symbol time) in the FDD setting.
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CSI and then transmit the quantization back to AP through
feedback channels. This can affect the system from two
aspects. First, the feedback error due to quantization error,
noise and feedback delay decreases the accuracy of CSIL
Moreover, CSI feedback increases the load of feedback chan-
nel, and hence can degrade the overall system SE. Note that
the results in [30] have shown that the CSI error (in term
of mean-square error) due to feedback can be made much
smaller than that caused by estimation error in downlink train-
ing phase. Moreover, since the effective downlink channel
dimension (after the first-layer precoding) is greatly reduced,
we assume that the additional load caused by CSI feedback is
small compared to other feedback information. Therefore, for
simplicity, we consider the optimistic situation of error-free
CSI feedback and neglect the SE penalty due to feedback.
A similar approach is also adopted in analysis of [11].

B. UE CLUSTERING AND REDUCED

COMPLEXITY PRECODING

To implement the location-assisted precoding in the last sub-
section, AP should be equipped with Ny x N, RF chains.
This becomes quite challenging when N, and N, grow very
large, since AP is hardware complexity limited due to the
consideration of weight, fabricating cost and energy supply.
In this subsection, with proper UE clustering, we show that
the first-layer precoding matrix can be approximated by a
constant-envelope matrix which can be realized with phase
shifting networks in the analog domain [31]. In this way, the
total number of required RF chains reduces to Zgzl be.

1) UE CLUSTERING
The UE clustering is based on the following lemma.
Lemma 2: Consider the unitary and constant-envelope

vector g(wx, ) = 8n,(wx) ® &, (wy), where gy, (o)
and gy, (wy) are defined as gy, (wx) = \/#N; [1,exp (j2may),

T -
-, exp (]Zn(Nx - l)a)x)] and gNy(a)y) = \/Lﬁ[l, exp
y

(]any), -, exp (]27T(Ny — l)a)y)]T. As N, and N, tend

to infinity, the quantity g (a)x, a)y)Cc,g(wx, a)y) converges

to zero if w, ¢ [pg“;‘, PE] and w, ¢ [,02“{‘, pg“‘)"]

If the NLoS channel component is dominated, i.e., K., ~ 0,

g (o, wy)Cc,g(wx, wy) converges to zero (as Ny, Ny — 00)
it ox ¢[00, P ] or wy ¢ 087, P8

Proof: The proof has been presented in [33]. [ ]

According to Lemma 2, if UEs are divided so that the

feasible regions of virtual AoDs for different clusters, are
non-overlapping, that is, ﬂcczl ( ZL;l [,og”;‘ pg“if]) =0
and ﬂle (UIL;'I [,og";‘, pg“;‘]) = ¢, and the first-layer

precoding matrix has the following structure

P. = [g (wx,h wy,l) > 8 (a)x,27 wy,Z) 8 ((Ux,bw wy,bc)] )
(23a)
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Lc
min _ max
Wy, 1, Wx2, ", Wx b, € U I:pcl,x’ 'OCZ,X:I
I

with

&~

Wy, 1, Wy2, "+, Wyp, € [p?,’};, pglij(]v
(23b)
the ICI constraint in (18b) is satisfied automatically in
the large {Ny, Ny} regime. Thus, we have the following
UE clustering criterion.
UE Clustering Criterion: The UEs are divided so that the
feasible regions of virtual AoDs for different clusters sat-

. Lc H P LC/ 5

isfy D (U<, [om, pm] Uiy [ o, o2 ]) = G and
Lc . LL‘, .

D (Uf, [pmin, pms]. Uiy [omin, o)) = G, Ve o'

{1,2,---, C}andc # ¢/, where G denotes the guard interval.

Lemma 3: If the above criterion is satisfied, the ICI powers
received at UE ¢; from the LoS and NLoS channels scale

with O(m) and (’)(]_[

N
Il
-

max max

pcl,i _pcl.i
S NG (G-t

cpi

respectively.
Proof: This can be deduced from [33, eq. (23)
and eq. (25)]. [ |

Lemma 3 indicates that we can arrange UE cluster
denser when the number of AP antennas increases or the
angular spreads decrease. Otherwise, we must increase the
guard interval to control ICI. Note that if NLoS chan-
nel is dominated, the constraint on feasible regions of
virtual AoDs in UE clustering criterion can be relaxed

Lec min ,max Ly min  max
as D <U1=1 [IOL‘[,X’ IOC[,X]’ Ul:l I:/Oc/l’x, Pcrl’x]> > G or

LL' i LC/ i ma: -
D <U1=1 [05"3, PZ‘?‘;‘],Ulzl [p;n,;f;, pc,h);]) > G according
to Lemma 2.

FIGURE 2. lllustration of network-centric UE clustering.

In practical implementation, the UE clustering can be per-
formed based on the network-centric approach or UE-centric
approach. In the network-centric approach, the coverage area
of AP is divided into a number of small regions according
to the horizontal and vertical AoDs with respect to AP, as
shown in Fig. 2. The UEs lie in the same small region are
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collected in the same cluster. To meet the UE clustering crite-
rion, in each time-frequency resource unit, AP picks several
UE clusters in the small regions with different horizontal
and vertical AoDs (for example, the three UE clusters in
regions A, B and C in Fig. 2) to serve. In the simulations
of section VI, this approach is adopted for UE clustering. In
the UE centric approach, the UE clustering is implemented
based on similarity between UEs’ horizontal and vertical
AoDs or virtual AoDs. In particular, the UEs with similar
AoDs are first gathered into the same cluster. This task can
be completed using the method based on K-mean principle
developed in [32]. To meet the UE clustering criterion in
section IV-B, in each time-frequency resource unit, AP picks
several UE clusters with disjoint AoDs region to serve.
Another problem is how to choose the number of clusters
C. In general, C should be designed to optimize some perfor-
mance metrics, such as the SE or SE per UE. Due to the space
limitation, this problem will not be investigated in the current
work. In the following, we consider fixed C for simplicity.

2) REDUCED COMPLEXITY PRECODING
Using the UE clustering criterion and assuming P, has the
structure in (23), the design of first-layer precoding becomes

the problem of finding optimal {w, i}f; 1 and {wy, i}f.’;‘l , that is

{wx,l, c Wy, by Wy 1ttt U)y,b(.}
Le
= arg max Z tr (Pf[ C, PC),
Wy 1, Wx be i Wy, 1, Wy b =1
S.t. (231))’ (24)
PHP, =1, .

The problem is difficult to solve since the target func-
. . be
tion has a complex structure with respect to {wy,};%, and
{wy, i}f; |- Therefore, in the following we focus on the subop-
timal solution. Before the general solution, we first consider
the special case with b, = L. In this setup, we can rewrite
the target function of (24) as

L

L
3w (Pf CC,PC> = > " pH,Cope
=1

=1
Lc
H
+ ch,l
=1

If we assume that the /th column of P, i.e., p., is allo-
cated to transmit the signal of UE c¢;, then the /th term in
the first summation of (25) can be interpreted as its power
gain at ¢;, and the /th term in the second summation can be
interpreted as the power gain leaked to other UEs {c;}y4.
Here we design p.; to maximize the power gain at ¢; without
considering the leaked power, i.e.,

Lc
> Cep | pes (25)

U=1,I'#l

{wx,l,a)y,l} = arg malegqupc,l, s.t., (23b). (26)

Wy [, Wy,

By substituting (6) and (7) into (26), the target function
of (26) can be further expressed as (27), as shown at
the top of the next page, where the second step is based
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max ,max

P x ,Oy

pchC]pCl —_ / /

min min

Pl x ply

(P £2) (@n, (@1) © &, (002))" (b0 B (00)

® (a (py) a’l (py)) (ng ((Ux,l) ® gn, (a)y,l)) dpxdp,

max maX

or, X Ly
/ / IO)Cs Py ‘gN Wx, l) b (o) ‘gN Wy, l) ()Oy)‘ dpxdpy
P offy"
oI oy 2N,—1 2
= NiNy / / Px, :Oy Z J27” Peyx — wx)) Z exp (J27Ti (pcl,y - wv)) dpxdpy
mm mm =0 i=0
e
2 .2
= NNy / / (px. py) asincy, (o, — px)aschy (wy,1 — py) dpxdpy 27
PR PO
on the property (A ®5B)(C ® D) = (AC) ® (BD), = |asinc (pe,.x — Per.x) asine (pe,.x — Perx)|
and SYE (or, py) = FE8 (e — pere) 8 (0y = pery) + . 1 . 1
5 1 . o <mn{————— 1tmn{ ————  1¢.
%, J’rl S (px, ,oy) denotes the effective PAS considering the Ny (pcm,x_pcl,x) Ny, (/Ocm,y—,Oc,,y)
large scale fading and LoS channel component. (29)

For the commonly used PAS models, S;’l (px, ,oy) achieves
the maximum at {py, py} = {p¢; xs Pe;,y} [21], where p¢, x =
% ¢cos (8, ) sin (e, ) and pe,.y = % cos (6,) cos (¢,) denote
the virtual AoDs corresponding to the UEs’ real AoDs
in horizontal and vertical directions. Moreover, SY, (px. py)
decreases with the increasing of |ox — p¢; x| and |py — p¢; yl.
Since asinc,z\,(x) has sharp mainlobe around x = 0 and
very small sidelobes for large N (acts similar as a dirac
delta function) [34], the solution of (26) should ensure
that SY.F (pr. py) and asinclzvX (wx — py) asinclzv"_ (wy — py)
reach their maximums at the same {py, p,}. Note that the
squred aliased sinc function asincjz\, (x) achieves its maximum
at x = 0, thus we have

Wyl = Pecjx = Tx COs (901) sin ((pcl) ’
d
Wyl = Poy = Ty cos (6;) cos (¢c,) - (28)
With the solution in (28), we can express pg lpcﬁm‘
(I,me{l,2,---,L.}and [ # m) as
pglpc,m
= [ @ () ® B, (1)) Bx, (P ) © B, (P
= [ (&, (P &, (o)) ® (& (00r) &, (Peny))|
Ne—1
= Z exXp (.]27[1 (pcmvx - pCl,X))
i=0
Ne—1
x Y exp (727i (peyy — pcz,y))‘

i=0
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The last step is because |asincy (x) | < 1 and the equality
holds only when x = 0. Moreover, since asincy (x) con-
verges to standard sinc function sinc(Nx) for large N [34] and

sinx < 1, we have |asincy (x) | < ]\% From (29), we can
H Ny ,Ny—>00
see that ‘pc ch,m) =

0 as long as pc,, x — p¢;x 7 0 or
Pem,y — Pe;,y 7= 0 which occurs with probability 1. As aresult,
the second constraint of (24) is satisfied asymptotically.

For the general case with b, > L., we present a
heuristic algorithm based on the solution developed in
the above. Our strategy is as follows. First, we com-
pute the first L, columns of P, using (28), since trans-
mitting signals in these directions is expected to provide
large power gain for the UEs within the cluster. Let
Rew = Ufc, [oi. o] and Rey = U<, [t o .
we then update the feasible regions of wy .41 and
Wy I.+1 as R/c,x = Rc,x/Ufil (wx,l _Nx_la Wy, [ +Nx_l)
and R'cy, = R, (or Rex = Rex and R, =

R, y/Ul | (a)}l N. oy + Ny l)) This operation is to
introduce a small gap between wy ;.11 and wy; (Or wy 1 11
and wy ;) for I < L, so that ng /Pc,L.+1| can converge to zero
asymptotically. Then we perform 2D search to find wy 1 +1
and wy 7.+1 within the new feasible regions to maximize
Zl L tr (pc L +1Cclpc Lc+1) Repeating this process, we can
find wy ; and wy; fori = L. + 2, - - -, b. sequentially.

Remark 1: When the number of RF chains at AP is
reduced, the effective channel matrix I:IC can be efficiently
estimated using the methods in [11] and [32]. No change is
needed on the transceiver structure of AP.
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C. RELATION BETWEEN AP’S ALTITUDE AND

NUMBER OF RF CHAINS

As mentioned in the above, the number of required RF chains
on AP is highly correlated with the choice of b, i.e., the
dimension of the small MIMO system. In particular, when the
reduced complexity precodmg is employed, the total number
of required RF chains is Z _1 be. According to the algorithm
in the last subsection, when select the ith (L, < i < b.)

first-layer precoding vector, we require |wy,; — @y | > l

Ny

or lwy; — wy | > N%, for all /' < i. This indicates that b, is

upper bounded by
= Z (e (i = i) 1) (W (o = o) +1).
(30)

Without loss of generality, we assume that [(pcl

Apy] C [0.5]. V1 € (1,2,
be rewritten as

Lc
be <) (d"ivx

=1
—cos (6, + Abe,) sin (¢,

- A(pcl ) @Cl +
, Lc}. In this case, (30) can

(cos (901 - AGCI) sin (%; + Agocl)

— Agg)) +1)
d,N
x <% (cos (6, — Abe,) cos (o, — Age,)
—cos (0, + Al ) cos (¢ + Age,)) +1). (1)

Considering the angular spread model in [11], we can
express Ag., and Af,, as

,
Age, = arctan | — ),
¢, = arctan <dc1 )

1 d.
A6y = 3 (arctan( ”;_

where r denotes the scattering radius, d,, denotes the distance
between AP and UE ¢; in the x — y plane and & denotes the
altitude of the AP. Since AP with higher altitude is expected
to have larger coverage area [21], to get a clear insight on the
effect AP’s altitude, we assume that d., = / in the following.

Low Altitude AP: When the altitude of AP is low so that
the scattering radius is comparable with A, the angular spread
in the vertical direction A6, is large and it is possible that

N, (,ogl“;‘ — ,0?,“3) > 1. In this case, we can choose b, > L,

to improve the power gain of the first-layer precoding at cost
of higher hardware complexity.

High Altitude AP: When the altitude of AP is high so that
the scattering radius r < h or % — 0, we have

r) — arctan (dc,_—r>> (32)

darctan (x) ror
Apy = ———| T~
dx wrh h
h
1 darctan 2
AG, = & darctan () PR (33)
2 dx =l h h
Substituting (33) into (31) and using the results sin A(pc T
sin Af,, ~ h’ cos Apy, ~ 1, cos Af,, ~ l(smce — 0)
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we can rewrite (31) as

d;N, 2r
d. < > < x)\ x - cos (O, — 9e,) + 1>
dyN, 2r
X (%7 sin (901 + §0c1) + 1). 34)

From (34), we can see that the upper bound decreases with
the AP’s altitude and increases with the number of AP anten-
nas. In real system, the number of AP antennas cannot be
too large, thus a practical selection for high altitude AP is
b. = L. As a concrete example, consider the recent popular
stratospheric AP (A ~ 20 km) with a 25 x 25 rectangular
antenna array. Since the scattering radius is commonly less
than 100 m [35], we have Zr% &« 1. Thus, it is enough to
set b, = L.

V. EFFECT OF AoD UNCERTAINTY
As shown in section IV-B, precise AoDs of UEs are needed
to compute the first-layer precoding matrix. However, there
always exists uncertainty on AoD information due to esti-
mation error and relative movement between AP and UEs,
which causes loss on power gain. In practice, fast evaluation
of power loss due to AoD uncertainty is essential for link
budget and design of AoD estimation scheme. To this end,
in this section we propose a new analytic method to estimate
the power gain of first-layer precoding with imperfect AoD
information.

According to (13), the power gain of first-layer precoding
for cluster ¢ can be expressed as

s

tr (PH C.,P. )

L. b
= Z pc 1Cbospc i + Z Z pc ICNLOSPL',i
i=1 =1 i=1
({wx,i’ wy;i}f:l) +Gpt ({a)x i» Wy, l}f( 1)

(35)

The first term of right-hand side of (35) indicates the power
gain on LoS channel component and the second term indi-
cates the power gain on NLoS channel component. Let
{a)x i a)y ,} denote the estimates of {wx,l, (uy’,}f;l com-
puted based on the imperfect AoD information, the percent-
age of loss on power gain can be expressed as

Ge ({wxl’wyl}f 1>.
([l

From (36), to investigate the impact of AoD uncertainty,
the most important is to derive the analytical expressions of

~ ~ be N ~ b
gg‘os({wx,i, wy,i}i;l) and gCNLOS({wX,ia wy,i}i;l)-

ne=1- (36)
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A. POWER GAIN ON LoS CHANNEL COMPONENT
Based on the definition of CLOS in (6) and using a similar pro-

cedure as that in (27), we can express QLO ({a)x i Oy, ,} ) as
gLoS ({d) é)y 1} )

L. b,
Z IBc[ Cl NxNy
=1 i=1 KC’ +1

~

pcl,y) . (37

The above expression can be used to compute the power gain

2 s 2 ~
X aschx (wx,i — pcl,x) asincy, (a)y,i —

on the LoS channel with arbitrary estimated {a)x is a)y ,}b 1

To get more insight, we consider the special case with b, =

L. = 1. In this case, using the property that asincy (x)

converges to sinc(Nx) for large N [34], we have

gLOS ({0))” o }bc ) ~ Be K¢, sin? (Nydyx) sin? (Ny(gy)
DT K + 1 Nem282 Ne267

(38)

where 6, = ﬁcl,x — Pcy,xs Sy = ﬁcl,y — Pcy,y with {ﬁq,x’ lacl,y}
denoting the estimates of {p, x, pc.y}. Note that when the
AoD estimation is perfect, we have §, = 8, = 0. From (38),
we can see that the power gain on LoS channel component
becomes sensitive to the AoD error when Ny and Ny increase.
Moreover, when the AoD error is large so that 82 >> N ! and
5}2, > Ny’], the power gain diminishes to zero. In this case,
almost no power is delivered by the LoS channel.

B. POWER GAIN ON NLoS COMPONENT
Similarly, substituting (7) into (35), the power gain on NLoS
channel component can be obtained as

gNLoS ({wx,,a)) l}fcl>

max ,max

L pCl X p(.‘] y
Z ﬁL/NXNy / / p ,0
- = Ko+l AT
P ol
X asinc,zvx (c?)x,i - ,ox) asmcjzvy (c?)y,i - ,oy) dpydpy.
(39

The above integrals are difficult to solve in closed-form since
the integrand involves aliased sinc function and the expres-
sion of Sy, (px, py) is complex for most of the existing PAS
models [21], [35]. Thus, directly evaluating the power gain
using (39) is challenging. In the following, we propose a
simple method to estimate the power gain with arbitrary AoD
error and PAS model. The key idea is to approximate the inte-
grand of (39) using some functions that have simple structures
but capture most of the properties of original integrand.

As mentioned in section IV-B, for the commonly used PAS

model, chl (px, ,oy) achieves the maximum at py = p¢ x =

% cos (0, ) sin (¢c;) and py = pe.y = % cos (6;,) cos (¢ ),

and decreases with the increasing of |px — p¢, x| and |py —
Pey.yl- This motivates us to approximate S;, (px, ,oy) using the
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following simple function

— Ay |Px - ,Ocl,x|
—Ay [y = paryl-

83 (pr: £y) = SY (Perx Per.y)

(40)

where Ay, Ay > 0 can be interpreted as the decreasing rates
of S, (,ox, py) with respect to |,0x — ,Oc,,x| and |,0y —
which are determined by solving the following problem.

max max

Pej.x pcn

min
Ax,Ay>0

min min

oE% P
S.t. Sq (px, py) = 0,
Voy € [p?,“?, pé‘,‘*}x] Voy € [p?,“;’, pé‘,‘a;‘] (41)
Inserting (40) into (41) and using some algebraic manipula-
tions, we can rewrite the problem as

2
(ox: £y) — S (P py)> dpxdpy.

min tlA +t2A2 — 13Ay — 144y,
Ay, Ay>0

S.t. l/l]Ax + Msz - SC\‘/[ (pcl,)ﬁ ,Ocl,y) S 07 (42)

where 1, t, 13, t4 and u1, up are given by

o (pgu? — P, x) + (,Oc;,x pgn)rcl) max min
= 3 IOCI y pc[ y
max 3 min 3
('Ocl’y - )Ocl,y) + ()Ocl,y B pc[’y) max min
h = 3 (pq, - '061, )

max max

pL‘l X p(‘l y
3= / f 2 ’;Ox — Pcy,x
o o
(Sc/ Pey,xs Pey, y) SZ, (:Ox’ py)) dpxdpy,
p(l:?a/)t( p(l:];ai(
e[ s
PEY Pf,";
X (8% (et 0 ery) = S& (P py)) dxdpy,
U] = max {,Of,la;x — LPcy,xs Pepx — p?ln;}

4y = max { P per s Dery pg‘,“;} 43)

By exploiting the Karush-Kuhn-Tucker condition, the solu-
tion of (42) can be obtained as

13 uy [ tz3u; tauyp
Ay = — — — (2= — 8¥ (Perx»
* 21 2t <2t1 t s 2t (pw *s Pa, v))
-1
W w
X| — + = )
2t 2
2] uy [ tz3u; quy
A= —— = (2= — 8y ,
Y 2ty 2ty ( 2t t o, 2ty (Pq xs Pe })>

-1
ui (44)
x| —+ == .
2t 2t
Then we consider the approximation of squared aliased

sinc function. Again with the large N property of asincy (x),
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we have
sin® (Njr (@i — p7))
N2 w2(éwi = )’

|@ji — o] <N,

3

asinclzvj (&, — pj) ~ (45)

0. |dyi—pi > N7,
where j € {x,y}. Note that in (45) we have assume that
the squared aliased sinc function has zero value outside its
mainlobe since the sidelobes are very small for large N; [34].
According to [36], sintx can be precisely approximated by
sinmx = nx% at x € [—1,1] with g; = 0.97,
g = 3.83 and g3 = 0.27x. Thus, (45) can be further
rewritten as

. 2 AL .
asincy, (@i — 1))
N ~ 2
q —tIZsz(wj,i—ﬂj)2+Nf(wj.i—Pj)4
N 2
a1+a3NF (@,i—p)) ’
A '
0, |&i— o >N; .

~ —1
~ @i — pjl =N;

(46)

Using the above approximations, the closed-form expres-
sion of power gain on NLoS channel component can be
obtained by substituting (40) and (46) into (39) and solving
the integrals directly, which is given in the below. A brief
derivation is presented in the Appendix.

gnLos ({wx,i, wy,i}fil)
N i i BeiNoNy
I=1 i=1 Ko +1
X A8 (Pares per) T (P22, 0% ) Tiy (B0, 25
~Ax (T (e %) = Tr (P per) ) Tiy
< (omin o) = AT (o, 232
x (i (ers 22%) = T (P2 pery) ) @7)

Wherein, the functions Z;j (a, b) and J;j (a, b), j € {x,y},
are given by

Z;j(a, b)
o=y (@) ) TOESAC)!
= — <42
N; Njq
() —v (5 o —y ()
2 22 WA A A, PO A ST A 4
+< B +q2) Niqi PTNG
+¢(9) —21/ (9)’
Njqy
Jij(a, b)
o 3)| — 3
= (wj’i — ,Oc,,j) Zij(a,b) + w
]Vj
o ()] —ly )] N 1o (DI =1y (D]
_quT + (ZQI + qz) T
_2q2|¢(9)|—|y(9)| o AD)| — |y (11)]
Niqt NP4t
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¢ (u)

b_ A. .
_ Mmm {N; (b= @) 1}"

i _|min{1\’j(b—wj,i)»1}|>

u u
X 2 Fq (2,5,54—1,

7145
Y ()
= m‘max {N] (a_C?)j,i), _lHu
x 2F) z,f,Z+1’_|max{1\’j(a—_clq,~,,~),—1}| |
2’2 e
(48)

In practical implementation, to fast estimate the power gain,
we can build off-line table of A, and A, for different AoDs and
angular spreads. Thus, no integral computation is needed.
Then let us consider the (/, i)th term in the summation
of (47) (denoted by Q’f}?s for convenience). From (35),
?I}“?S can be viewed as the power gain of ith first-layer
precoding vector (i.e., the ith column of P.) on the NLoS
channel component of UE ¢;. When &,; = pq.x and

A _ NLOS . . . .
@yi = Peys Yoy achieves its maximum according

to section IV-B. When &;; ¢ [pgll’i]’-‘, ,02“}"] (G € {x,y}), for

large N;, it can be verified that |min {N, (b — a).,',i) , 1}| =
Imax {Nj (@ —w;;),—1}| = 1 and sgn(a—a&;;) =

sgn (b —@j), Ya,b € {p‘c‘;i;‘,pgfjx,pcl,j}. In this case,
Zij(a,b) = Jij(a,b) = Qy}“?s = 0, and almost no power

gain is achieved. Imaging that ®; ; is originally designed in
[pf,llfjn, pgf‘j"], but falls outside [pi?[‘fjn, pfl‘j"] due to the AoD
errors. No power gain will be obtained on UE ¢; according to
the analysis in the above. However, since we have multiple
precoding vectors with different @; ;. It is possible that some
other precoding vectors with @; y originally designed not in

[p?l"j“ pé‘l“}x] achieve large power gain. This property can

potentially be used to design first-layer precoding scheme
which is robust to AoD uncertainty. For example, one pos-
sible solution is to introduce some redundancy when choos-
ing @; ;. This can be considered in future work.

V1. SIMULATION RESULTS AND DISCUSSION

This section evaluates the performance of the pro-
posed precoding scheme via Matlab simulations. We
consider the SE performance, which is defined as

c=11=1
the received SINR at UE ¢;. According to (11), we have

C L.
SE=E|Y > log, (1+ SINRCI):|, where SINR,, denotes

SINR,,
2
H
Pc hCJPcwc,l
L " 2 L " 2
S polbPewe[+ X3 pe b Powe |+
Jj=1,j#l d'=1,c'#c j=1

(49)
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180 -| —e— Match filter precoding [15] L

—m— Linear ZF precoding [16]
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FIGURE 3. Spectral efficiency of proposed precoding scheme as a
function of transmit SNR of AP, where A‘”‘I =5° and Aoc, =2.5°,
be =L, Kcl =0dB, Ny = Ny =25.

— Full location-assisted (sec. IV-A)
1709 - - - - RC location-assisted (sec. IV-B)
160 | —e— Match filter precoding [15]
150 —m— Linear ZF precoding [16]
s —v— Basis expansion based precoding [9]
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Spectral Efficiency (bit/s/|
3
L

Rician factors (dB)

FIGURE 4. Spectral efficiency as a function of Rician factor, where
Agc, =5° and Af¢, =2.5°, be = Lc, SNR=3 dB.

p‘;’j—fc’ is
the same for all UEs, and define p‘é—f” as the transmit SNR
(considering the large-scale fading) of AP. In this way, we do
not need to consider the specific large-scale fading model.
The PAS of channel is model as S (¢,0) = Si (p) S, (@),
where Sy, (¢) and S, (8) denote the PASs in horizontal and
vertical directions, respectively. As in [21] and [22], S}, (¢)
and S, (0) are modeled using the Von Mises distribution and
truncated Laplacian distribution, respectively. In all figures,
we name the precoding scheme in section IV-A as the full
location-assisted precoding and name the reduced complex-
ity precoding scheme in section IV-B as RC location-assisted
precoding.

We first consider the effect of transmit SNR of AP and
Rician factor on the SE of proposed precoding schemes
in Fig. 3 and Fig. 4. We assume that there are three
UE clusters with each containing 5 UEs. The horizon-
tal AoDs of UEs in the three clusters are uniformly
distributed in [—55°, —35°], [—15°,5°] and [30°, 50°]
respectively, and the vertical AoDs of UEs in the three
clusters are uniformly distributed in [60°, 70°], [45°, 55°]

We assume perfect power control at the AP so that
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and [30°, 40°] respectively. The number of AP antennas is
set to Ny = Ny = 25.

Fig. 3 compares the SEs of proposed precoding schemes
with match filter precoding [15], linear ZF precoding [16]
and basis expansion based precoding [17]. Note that the
number of RF chains required in the match filter precoding
and linear ZF precoding is equal to that of the full location-
assisted precoding (i.e., Ny x N,). For the basis expansion
based precoding, the required number of RF chains is equal
to the number of selected orthogonal basis, which is set to
ch=1 b., i.e., same with the RC location-assisted precod-
ing. The detailed description on the choice of number of
orthogonal basis can be found in [17]. We can see that the
performance gap between RC location-assisted precoding
and full location-assisted precoding is less than 1 bit/s/Hz per
UE in small SNR region. This makes RC location-assisted
precoding attractive when the altitude of AP is very high and
the signals suffer from severe large-scale fading. In high SNR
region, the performance gap increases because RC location-
assisted precoding suffers from performance floor due to the
existence of residual ICI. On the other hand, it is seen that the
linear ZF precoding achieves the best performance. However,
the gain is at the cost of very high hardware/computation
complexity and more training resources for channel estima-
tion. This may make it infeasible when applied on AP.

Fig. 4 show the SEs of proposed precoding schemes as
a function of Rician factors, where we assume the Rician
factors for all UEs are the same, i.e., K., = K. The transmit
SNR of AP is set to 3 dB. From the figure, it is seen that the SE
increases as the LoS channel becomes stronger. This is quite
different from the small-scale MIMO system, where the LoS
component may be harmful since it introduces strong corre-
lation between channels of different UEs [37]. However, this
problem is alleviated in the massive MIMO system because
the large-scale antenna arrays have better spatial resolution.

Then we consider the effect of AP’s altitude on the SE
of RC location-assisted precoding. To get a clear insight, we
assume that there is one UE cluster and the number of UEs in
the cluster is L. = 5. The AoDs of UEs in horizontal and ver-
tical directions are set to [43.8°, 25.3°,44.4°,44.0°, 18.7°]
and [51.2°,41.9°, 55.6°, 58.9°, 51.4°], respectively. We con-
sider two cases, i.e., 1) the number of AP’s RF chains is
b. = L. and 2) the number of AP’s RF chains is b, = 2L..
As shown in section IV-C, when altitude of AP is high,
we cannot find more than L. first-layer precoding vectors
since the angular spread is too small. In this case, to get
the simulation result for b, = 2L, we enlarge the feasible
regions of wy ; and wy; as [—dy /A, dy/A] and [—dy /A, dy/A],
respectively, and find optimal w, ; and wy; in the new regions
using the algorithm in section IV-B. From Fig. 5, we can see
that when the altitude of AP is small, adding more RF chains
at AP is beneficial to improve SE. However, as the altitude of
AP increases (7 > 3000 m), adding the number of RF chains
almost cannot provide any SE gain.

Then we consider the effect of AoD uncertainty on
RC location-assisted precoding. Due to the exist of guard
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FIGURE 5. Spectral efficiency of RC location-assisted precoding with
different AP altitudes, where K =-5 dB, SNR = 3 dB.
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FIGURE 6. Power gain of first-layer precoding with different AoD errors,
K¢, =0dB, Lc =5, Agc, =5° and Ad¢, = 5°, bc = Lc.
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FIGURE 7. Percentage of loss on power gain with different AoD errors,
K¢, =0dB, Lc =5, Agc, =5° and Ad¢, = 5°, bc = Lc.

interval between different UE clusters, the AoD uncertainty
has little effect on the ICI power for other clusters. Thus,
without loss of generality, we consider again the scenario
with one UE cluster and let L. = 5. The AoDs of UEs are
the same with that in Fig. 5. The AoD errors for horizon-
tal and vertical directions are set to €[1,1, —1, —1, 1] and
e[—1,1,—1,1, —1], respectively, where ¢ > 0 denotes the
absolute value of errors. In Fig. 6 and Fig. 7, we can see that
the power gain of first-layer precoding becomes sensitive to
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AoD errors when the number of AP antennas increases. For
example, if N, = N, = 25, the power gain reduces to 50%
of the maximum value (i.e., 3 dB loss) when € = 2.70°.
However, this value becomes € = 1.87° when N, = N, = 32.
Moreover, we can see that the analytical expressions of power
gain derived in section V provide good approximation to the
real performance.

VIi. CONCLUSION

This paper studies the low-complexity precoding for 3D mas-
sive MIMO in air-to-ground transmission. By exploiting
the slow time-varying parameters, we propose a location-
assisted two-layer precoding scheme for downlink trans-
mission. Through proper UE clustering, we show that the
first-layer precoding matrix can be approximated using a
constant-envelope matrix, which results in significant reduc-
tion on required number of RF chains on AP. Since the AoD
uncertainty is inevitable in practice, we investigate the effect
of AoD uncertainty on the performance of proposed precod-
ing scheme and present a new analytic method to fast estimate
the power loss due to AoD errors. Our results show that
the location-assisted precoding outperforms match filter and
basis expansion precoding in the air-to-ground transmission.
Moreover, it is seen that more accurate AoD information
is required in precoding when the number of AP antennas
increases.

APPENDIX
By substituting (40) and (46) into (39), we can express
GNLoS ({a)x,i, wy,,-}f;']) as that in (47), where Z; j (a, b) and

Jij (a, b) are given by

min{h—ti)j.inij} ql—q2N2 —|—N4pj4
ja, b) =/

0j»
max{afc?g,;i,fNij} q1 + q3]\7j2)0j !
(50a)
minj b c?)j_[,l%j}
Jijla,b) = / (0 — perj + @j.i)
max{a—(f)j_i,—Nij}
2.2 4 4\2
q1 — @2N7p; + N pj
x 10— I ) dp,. (50b)

a1+ @3N p?

The remaining problem is to solve the integrals in (50). In the
below, we derive the solution for (50a) and the solution
for (50b) can be obtained in the same way. Since the integrand
of (50a) is an even function of p;, we can rewrite (50a) as

Zij(a,b)
= Sgn (b - c?)j,i)
minfo—a5,.8 11| /gy — NP p? + Nip*
X / 2 dp]
0 q1+ quj P
— sgn(a a)j ,)
[l i gy
0j.
91+ @3N} o '
(S
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By using some algebraic manipulations, the first term of
right-hand side of (51) becomes

min{b—awj ;N — N2 o2+ N4 o4\ 2
sgn (b — @ji) ’ { o H KA I dpj
! a1 + q3N? o '

2
1= 2,2 n b A Nz‘ i {byN ”
]vj P/ Sg ( w],l) / J J

2N; 0
Xq%t_% — 2q1qzt% + (2q1 + q%)t% — Zth% + t%dt
(g1 + q31)*
_|min {Np, Pt g 2\ 72
_2—Nj/0 <l+a’mm{]\/]b,1}|t)

x (t—% = 2P mingNb, 1] 1
q1
2
+—2q“;q2 Imin{N;b, 1}’17 — 2%|min [Nb, 1)[13
q1 qi
+— Jmin {N;b, 1)1 ) . (52)
qi

By exploiting [19, 9.111], the closed-form expression of (51)
can be obtained as

sen (b_é)j’i)f‘min{b—wj,iﬂi'H 611—‘]2]\71'2/01'2‘}'1\7,417]'4

dp;
91+ q3N? o )
1 2612 2q1 +q% 26]2
= D= 9B+ =525 — 56 ()
N Nian Nig? Nig}
1
+——=¢ ), (53)
Nigy
where ¢ (¢, [) is defined as
sgn b— wj i ) ,
o) = ( 1 i) |min {N; (b — wji) . 1}
[ 1 min {N; (b — w;;), 1
x 2F 2,—,_+17_| { J( _la)j,l) }|
2’2 e
(54)

Using the similar approach, we can derive the closed-form
expression for the second term of right-hand side of (51). This
completes the proof.
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