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Abstract—A 2-D precoding scheme is proposed for 3-D massive multiple-
input multiple-output (MMIMO) systems for efficiently exploiting the 2-D
antenna array of the base station. Specifically, by exploiting the Kronecker
structure of the 3-D MIMO channel matrix, the transmit precoding op-
eration is divided into elevation-domain precoding and azimuth-domain
precoding. Explicitly, in contrast to the existing beamforming schemes,
precoding is also performed in the vertical dimension. Consequently, the
proposed scheme is capable of fully exploiting the extra degrees of free-
dom provided by the vertical dimension for avoiding the interuser inter-
ference to improve the attainable system performance. Compared to the
conventional scheme relying on the equivalent 1-D precoding, the proposed
2-D precoding scheme offers an improved performance in severe intercell
interference-contaminated environments, despite its lower complexity.

Index Terms—Interuser interference, Kronecker structure, precoding,
2-D precoding, 3-D massive multiple-input multiple-output (MMIMO).

I. INTRODUCTION

M ASSIVE multiple-input multiple-output (MMIMO) arrange-
ments have attracted considerable attention as a benefit of

their potential of significantly increasing the spectral efficiency and/or
the energy efficiency by relying on low-complexity linear signal pro-
cessing schemes [1]–[4]. However, most studies focus on the classic
uniformly-spaced linear array (ULA), which is not suitable for practical
MMIMO systems relying on a large antenna array. Three-dimensional
MMIMOs [5], [6], which are also often referred to as full-dimensional
MIMOs, are capable of overcoming this dimensionality problem of the
base station (BS), since the array size can be reduced when the ele-
vation domain represented by the vertical dimension is also exploited.
This way, 3-D MMIMOs create extra degrees of freedom for avoiding
the intercell interference while achieving an improved spectral effi-
ciency. However, given the same total number of antenna elements at
the BS, 2-D uniformly spaced rectangular arrays (URA) perform worse
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than the ULA due to their low resolution in the elevation domain [5],
and thus, either vertical beamforming or transmit precoding (TPC) has
to be invoked for improving the performance of 3-D MIMO systems
[7]–[9].

A pair of existing approaches, which beneficially exploit the extra
degrees of freedom introduced by the 2-D antenna array, are consti-
tuted by beamforming and multiplexing. The first approach relies on
performing beamforming in the elevation domain and then invokes TPC
in the equivalent azimuth domain [7], [8]. The Kronecker structure of
the 3-D MIMO channel matrix is exploited and based on the approxi-
mated elevation-domain steering vector, eigenbeamforming is invoked
by relying on the eigenvector corresponding to the largest eigenvalue
of the elevation-domain channel’s correlation matrix as the beamform-
ing vector. As the number of antennas in the elevation domain tends
to infinity, the beam becomes sufficiently narrow for the interuser in-
terference to be mitigated [9], [10], but it still cannot be completely
eliminated, which degrades the overall performance.

The second approach adopts the conventional TPC algorithm [2],
[3] based on the vectorial form of the 3-D MMIMO channel matrix,
where the structure of 3-D MIMO channel is not exploited. This full
TPC approach suffers from the drawback of a potentially excessive
complexity imposed by the TPC matrix computation. Furthermore,
this full TPC algorithm is only optimal for an unrealistic single-cell
scenario, i.e., in the absence of intercell interference. By contrast, in
hostile intercell interference-infested environments, its performance
may actually be worse than that of the beamforming scheme, as will
be shown in our simulation study.

Against this backdrop, in this correspondence, we propose a 2-D
TPC scheme for 3-D MMIMOs for eliminating the interuser interfer-
ence. In contrast to both the conventional beamforming scheme of [7],
as well as to the multilayer precoding algorithm of [8] and to the
existing full TPC scheme of [2] and [3], our arrangement performs
precoding in both the elevation and azimuth domains based on the
Kronecker structure of the 3-D MIMO channel matrix. Specifically, the
extra degrees of freedom introduced by the elevation-oriented anten-
nas are fully exploited for distinguishing the different users roaming
in the cell illuminated. As a result, the interuser interference can be
completely eliminated by a finite number of elevation-domain anten-
nas. Hence, the overall system performance is significantly improved
in comparison to the conventional beamforming scheme. Compared
to the conventional full precoding scheme, the proposed 2-D precod-
ing scheme is capable of significantly outperforming the former in
hostile intercell interference-contaminated environments, despite its
complexity. We emphasize that indeed, the Kronecker structure of the
3-D MIMO channel matrix has been exploited for conceiving efficient
channel state information feedback schemes [11]–[13]. However, to the
best of our knowledge, we are the first to propose this 2-D TPC scheme,
which efficiently exploits the Kronecker structure of the 3-D MMIMO
channel matrix to perform TPC both in the elevation and azimuth
domains.

This correspondence is organized as follows. Section II discusses
the downlink system model and the Kronecker structure of the
3-D MIMO channel matrix. Section III presents the proposed 2-D
TPC scheme conceived for 3-D MMIMOs, including the detailed
mathematical analysis of its efficiency. Our simulation results are
provided in Section IV for demonstrating the superior performance
of this 2-D precoding scheme over the existing beamforming and full
TPC approaches. Our concluding remarks are offered in Section V.

0018-9545 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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II. SYSTEM MODEL AND KRONECKER STRUCTURE

For simplicity of illustration, let us consider the single-cell scenario
supporting K single-antenna-aided users, noting that our scheme is
equally applicable to multicell scenarios. The BS employs a URA hav-
ing My and Mx antennas in the elevation and azimuth domains, respec-
tively. The number of antennas at the BS is, thus, M = My Mx . Let Dy

and Dx be the antenna spacings in the elevation and azimuth domains,
respectively. We assume that Dx = Dy = D. Let us furthermore de-
note the downlink channel matrix between the BS and the kth user by
Hk =

[
hk ,1 hk ,2 · · · hk ,M y

]T ∈ CM y ×M x , where hT
k ,l ∈ C1×M x is

the lth row of Hk and ( )T denotes the transpose operator. An equiv-

alent vectorial form of Hk is hvec ,k =
[
hT

k ,1 hT
k ,2 · · · hT

k ,M y

]T ∈
C(M x M y )×1. Denote x =

[
x1 x2 · · · xK

]T
with E

{
xxH

}
= IK ,

which contains the symbols transmitted by the BS to the K users,
where ( )H is the conjugate transpose operator and E{ } denotes the

expectation. The received signal vector r =
[
r1 r2 · · · rK

]T ∈ CK ×1

by the K users can be expressed as

r = HvecWvecx + n (1)

where n =
[
n1 n2 · · · nK

]T ∈ CK ×1 is the additive white Gaus-
sian noise (AWGN) vector experienced in the downlink, and
Hvec =

[
hvec ,1 hvec ,2 · · ·hvec ,K

]T ∈ CK ×(M x M y ) is the down-
link channel matrix between the BS and the K users, while
Wvec =

[
wvec ,1 wvec ,2 · · ·wvec ,K

] ∈ C(M x M y )×K is the precoding
matrix associated, with wvec ,k ∈ C(M x M y )×1 being the TPC vector
for the kth user. Hence, the received signal of the kth user is given by

rk = hT
vec ,k wvec ,k xk +

∑

k ′ �= k

hT
vec ,k wvec ,k ′xk ′ + nk . (2)

The second term on the right-hand side of (2) represents the interuser
interference, also known as intracell interference, and Wvec is
designed to eliminate this interference or to make it negligibly small.
Note that in a multicell environment, there will also be an intercell
interference component in rk , and it becomes vital to ensure that the
matrix Wvec reduces this intercell interference.

We consider the following narrow-band multipath channel model
[14]

Hk =
P∑

p= 1

Hp
k (3)

where P is the number of paths, and Hp
k ∈ CM y ×M x is the channel

matrix of the pth path. The element at the lth row and mth column of
Hp

k is given by [11]

hm ,l,p
k = ρp

k e−j 2π D
λ

(
(m −1) cos θ

p
k

cos β
p
k

+( l−1) sin β
p
k

)

= ρp
k e−j 2π

(m −1)D
λ

cos θ
p
k

cos β
p
k e−j 2π

( l−1)D
λ

sin β
p
k

= ρp
k hm ,p

a ,k hl,p
e ,k (4)

where λ denotes the wavelength, θp
k is the angle-of-arrival in the

azimuth domain (A-AOA), βp
k is the angle-of-arrival in the ele-

vation domain (E-AOA), and ρp
k is the large-scale fading coeffi-

cient of the pth path, while hm ,p
a ,k = e−j 2π

(m −1)D
λ

cos θ
p
k

cos β
p
k and

hl,p
e ,k = e−j 2π

( l−1)D
λ

sin β
p
k denote the azimuth and elevation components

of hm ,l,p
k , respectively. Observe from (4) that Hp

k has the following
Kronecker structure:

Hp
k = ρp

k

(
hp

a ,k

)T ⊗ hp
e ,k (5)

in which ⊗ denotes the Kronecker product operator

hp
a ,k =

[
1 h1,p

a ,k · · ·hm ,p
a ,k · · ·h(M x −1) ,p

a ,k

]T

(6)

and

hp
e ,k =

[
1 h1,p

e ,k · · ·hl,p
e ,k · · ·h(M y −1) ,p

e ,k

]T

(7)

are the azimuth- and elevation-domain steering vectors, respectively.
The overall channel matrix can then be written as

Hk =
P∑

p= 1

ρp
k

(
hp

a ,k

)T ⊗ hp
e ,k . (8)

Under the assumption that the angular spread of E-AOA is small,
which is reasonable since compared to the height of the BS, the distance
between the BS and the user is high, we have hp

e ,k ≈ he ,k for 1≤p≤P ,
with he ,k being the approximated elevation-domain steering vector.
Thus, Hk can be approximated by

Hk ≈
(

P∑

p= 1

ρp
k

(
hp

a ,k

)T

)

⊗ he ,k . (9)

The existing beamforming scheme [7] is based on the
approximated elevation steering vectorhe ,k . This scheme first performs
eigenbeamforming in the elevation domain and then performs TPC in
the azimuth domain by exploiting the equivalent azimuth-domain steer-
ing vector obtained by eigenbeamforming. Let Re = E

{
he ,k hH

e,k

}

be the correlation matrix in the elevation domain, which is subjected
to eigendecomposition. The eigenvector corresponding to the largest
eigenvalue of Re is chosen as the beamforming vector. In fact, this
approximation may not completely conform to some communication
scenarios according to 3-D channel measurements results, which leads
to some performance loss [15].

On the other hand, the conventional full TPC scheme [2], [3] directly
calculates the precoding matrix based on the channel matrix Hk or its
vectorial form of hvec ,k and does not exploit the Kronecker structure
of the channel matrix (8). As a result, the computational complexity
of this conventional full TPC scheme is high, on the order of Mx My ,
which is denoted as O

(
Mx My

)
. This full TPC scheme is known to be

efficient in terms of combating the interuser interference, and it is op-
timal in the single-cell environment. However, in a multicell scenario
subjected to strong intercell interference, the achievable performance
of this full TPC scheme may actually be worse than that of the conven-
tional beamforming scheme, as will be shown later in our simulation
study.

III. TWO-DIMENSIONAL PRECODING SCHEME

This section details our proposed 2-D precoding scheme conceived
for 3-D MMIMOs, which is capable of eliminating the interuser inter-
ference, while maintaining a significantly lower computational com-
plexity than the existing full precoding scheme.

A. Proposed Scheme

The idea is to perform elevation- and azimuth-domain TPC sepa-
rately by exploiting the Kronecker structure of the approximate channel
matrix (9). First, the approximated elevation-domain channel vector
he ,k is obtained from the estimation of the coefficients between the
kth user and any column of the 2-D antenna array. Then, we calculate
the elevation-domain precoding vector based on he ,k . For the generic
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TABLE I
PROCEDURE OF PROPOSED 2-D PRECODING SCHEME FOR 3-D MIMO

Parameters The number of users per cell, K , and the
dimension of URA, My × Mx

Inputs The 3-D channel matrices Hk , 1 ≤ k ≤ K

Step 1 Obtain the approximated elevation steering vector
he , k from the 3-D channel matrix (9)

Step 2 2.1: Construct the elevation channel matrix He

2.2: Perform the ZF precoding on H e to obtain the
elevation precoding channel matrix W e

Step 3 Obtain the equivalent azimuth steering vector he q
a , k

Step 4 4.1: Construct the azimuth channel matrix H
e q
a

4.2: Perform the ZF precoding on H
e q
a to obtain the

azimuth precoding channel matrix W a

Step 5 Calculate the overall precoding matrix W k for the
k th user using Kronecker product

multiuser scenario, the elevation-domain channel matrix is constructed
as

He =
[
he ,1 he ,2 · · · he ,K

]T ∈ CK ×M y . (10)

When the zero-forcing (ZF) precoding algorithm is used, the
elevation-domain TPC matrix is calculated as

We = H
H

e

(
HeH

H

e

)−1
Γe ∈ CM y ×K (11)

where Γe = diag{γe,1, γe ,2, . . . , γe ,K } ∈ CK ×K is a diagonal ma-
trix for the normalization of the precoding matrix, and We =[
we ,1 we ,2 · · ·we ,K

]
, with we ,k ∈ CM y ×1 being the TPC vector of

the kth user.
Then, the equivalent azimuth-domain channel vector is obtained

based on Hk and we ,k . Specifically, the equivalent azimuth-domain
channel vector heq

a ,k ∈ CM x ×1 of the kth user is given by

heq
a ,k = HT

k we ,k . (12)

Next, the azimuth-domain TPC vector is calculated based
on heq

a ,k . Applying the ZF TPC algorithm to the equivalent
azimuth-domain channel matrix

Heq
a =

[
heq

a ,1 heq
a ,2 · · · heq

a ,K

]T ∈ CK ×M x (13)

yields the azimuth-domain TPC matrix

Wa =
(
Heq

a

)H
(
Heq

a

(
Heq

a

)H
)−1

Γa ∈ CM x ×K (14)

where Γa = diag{γa ,1, γa ,2, . . . , γa ,K } ∈ CK ×K is a diagonal ma-
trix for the normalization of the precoding matrix, and Wa =[
wa ,1 wa ,2 · · ·wa ,K

]
, with wa ,k ∈ CM x ×1 being the azimuth precod-

ing vector for the kth user.
Finally, the overall TPC matrix of the kth user is constructed as

Wk = wT
a ,k ⊗ we ,k ∈ CM y ×M x . (15)

Table I summarizes the procedure of this 2-D TPC scheme. Based on
the TPC matrix Wk of (15), the received signal rk of the kth user will
not be contaminated by the other users in the same cell, and our 2-D
TPC algorithm has a low complexity. We justify the efficiency of our
proposal and its low complexity in the next two subsections.

B. Interuser Interference Reduction

We prove that based on the TPC matrix Wk (15), the interuser
interference imposed on the received signal rk can be eliminated in
the single-cell scenario when encountering the ideal MIMO channel
of (9), i.e., hp

e ,k = he ,k for 1 ≤ p ≤ P . Let H
( l ,m )
k and W

( l ,m )
k be

the lth row and mth column elements of Hk and Wk , respectively.
Furthermore, let us define the operator ⊕ as the “inner product” of two
matrices according to

Hk ⊕ Wk =
M x −1∑

m = 0

M y −1∑

l= 0

H
( l ,m )
k W

( l ,m )
k . (16)

Let wm
a,k be the mth term of the azimuth TPC vector wa ,k . Bearing in

mind Hk of (9) and Wk of (15), we have

Hk ⊕ Wk =
M x −1∑

m = 0

(
P∑

p= 1

(
ρp

k hm ,p
a ,k hT

e ,k

)(
wm

a,k we ,k

)
)

= hT
e ,k we ,k

P∑

p= 1

ρp
k

M x −1∑

m = 0

wm
a,k hm ,p

a ,k

= γe,k

P∑

p= 1

ρp
k

(
hp

a ,k

)T wa ,k . (17)

Then, substituting Hk of (9) into (12) yields

heq
a ,k = hT

e ,k ⊗
(

P∑

p= 1

ρp
k h

p
a ,k

)

we ,k

= hT
e ,k we ,k

P∑

p= 1

ρp
k h

p
a ,k = γe,k

P∑

p= 1

ρp
k h

p
a ,k . (18)

Hence,Hk ⊕ Wk =
(
heq

a ,k

)T wa ,k = γa ,k . The computation ofHk ⊕
Wk ′ for k′ �= k is similar, and we have Hk ⊕ Wk ′ = hT

e ,k we ,k ′ . Since
hT

e ,k we ,k ′ = 0 when k′ �= k, we have

Hk ⊕ Wk ′ =

{
γa ,k , k′ = k

0, k′ �= k.
(19)

One the other hand, hT
vec ,k wvec ,k ′ in (2) is given by

hT
vec ,k wvec ,k ′ = Hk ⊕ Wk ′ , 1 ≤ k′ ≤ K. (20)

Therefore, the desired signal term in (2) is γa ,k xk , and the interuser
interference term becomes zero. Thus, the proposed scheme completely
eliminates the interuser interference, despite having only a limited
number of antennas in the elevation domain.

C. Complexity Analysis

Compared to the conventional multiplexing scheme [2], [3], which
carries out full TPC based on the channel matrixHk or its vectorial form
hvec ,k directly, our 2-D TPC scheme has a significantly lower com-
plexity. Specifically, it replaces the M = Mx My -dimensional matrix
operations by Mx -dimensional and My -dimensional matrix operations
by exploiting the Kronecker structure of the channel matrix. It is widely
recognized that given a certain number of users K , the computational
complexity of the TPC is dominated by the matrix multiplication,
which is proportional to the matrix dimension involved. As a direct
consequence of exploiting the Kronecker structure of the channel ma-
trix, the O

(
Mx My

)
complexity required by the conventional full TPC

scheme is reduced to O
(
Mx + My

)
in our 2-D TPC scheme, which is

significant, especially for massive MIMO schemes.
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D. Multicell Scenario

As pointed out previously, our proposed 2-D TPC scheme is equally
applicable to the multicell scenario. Let L be the number of cells
and K be the number of users per cell, which are served during the
same time/frequency resource. Let us denote the downlink channel
matrix between the BS of the s-cell and the kth user in the qth cell
by Hk ,q ,s ∈ CM y ×M x . The following P -path narrow-band multipath
channel model is considered [14]

Hk ,q ,s =
P∑

p= 1

Hp
k ,q ,s (21)

where Hp
k ,q ,s denotes the pth path component of the channel matrix.

The element at the lth row and mth column of Hp
k ,q ,s is given by

hm ,l,p
k ,q ,s = ρp

k ,q ,s e
−j 2π D

λ

(
(m −1) cos θ

p
k , q , s

cos β
p
k , q , s

+( l−1) sin β
p
k , q , s

)

(22)

where θp
k ,q ,s and βp

k ,q ,s are the A-AOA and E-AOA of the pth path,
respectively, and the large-scale fading coefficient ρp

k ,q ,s is given by

ρp
k ,q ,s =

zp
k ,q ,s

(dk ,q ,s )α
(23)

in which dk ,q ,s denotes the distance between the BS of the s-cell and
the kth user in the qth cell, α is the path-loss exponent, and zp

k ,q ,s is
the shadow-fading coefficient that follows the log-normal distribution
with a variance of σ2

z .
Under the condition that there are K orthogonal pilots, which are

reused in every cell [16], the channel estimation at the BS of the qth
cell is formulated as

Ĥk ,q ,q = Hk ,q ,q +
∑

s �= q

Hk ,q ,s (24)

in the absence of AWGN. The BS utilizes the estimate Ĥk ,q ,q

to obtain the TPC matrix and transmits the downlink data.
The ubiquitous pilot-contamination degrades the channel estimate
of (24), which imposes intercell interference and degrades the over-
all performance. The following analysis will illuminate how the 2-D
TPC deals with this intercell interference in order to further improve
the overall performance in multicell scenarios.

When taking the intercell interference into consideration, the eleva-
tion channel matrix of (10) is rewritten as

Ĥe =
[
ĥe ,1, ĥe ,2 · · · ĥe ,K

]T ∈ CK ×M y (25)

where ĥe ,k ∈ CM y ×1 = he ,k + he ,k ,i denotes the contaminated ele-

vation channel vector for the kth user. Thus, Ĥe can be simply decom-
posed into two parts as follows:

Ĥe = He + Hi (26)

where Hi indicates the intercell interference. Then, the elevation pre-

coder generated from (11) is rewritten as Ŵe = Ĥ
H

e

(
Ĥe Ĥ

H

e

)−1Γ̂e ∈
CM y ×K . Upon invoking the elevation precoder, we can obtain the
equivalent downlink elevation channel Ge = HeŴe ∈ CK ×K , which
is formulated as follows:

Ge = He (He + Hi )H
(
(He + Hi )(He + Hi )H

)−1Γ̂e

= (HeH
H

e + HeHH
i )(HeH

H

e + HeHH
i

+ HiH
H

e + HiHH
i )−1Γ̂e . (27)

TABLE II
PARAMETERS OF THE SIMULATED SINGLE-CELL MULTIUSER SYSTEM

Number of users per cell K 8
Cell radius 250 m
Height of BS 35 m
Path-loss exponent α 3.5
Variance of shadow fading σ 2

z 8 dB
Antenna spacing D λ/2
Number of paths P 10
Angle spread of A-AOA δθ 180◦

Angle spread of E-AOA δβ 2.5◦

The two parts of ĥe ,k can be formulated in detail as he ,k ({βk ,c}) and
he ,k ,i ({βk ,i}), where {βk ,c} and {βk ,i} represent the sets of E-AOAs
for the signals impinging from the center cell and from the other cells,
respectively. It is critical that the E-AOAs of the rays impinging from
the other cells are much smaller at the users than those of the center
cell, which implies that the signals will not overlap in the elevation
domain. This property can be formulated as

{βk ,c} ∩ {βk ,i} = ∅

∀β1 ∈ {βk ,c}, β2 ∈ {βk ,i}, β1 > β2. (28)

Thus, exploiting the associated asymptotic property, we have

lim
M y →∞

h
H

e,k he ,k ,i = 0

lim
M y →∞

HeHH
i = 0K

lim
M y →∞

HiH
H

e = 0K . (29)

Then, the equivalent channel Ge can be approximated as

Ge ≈ HeH
H

e (HeH
H

e + HiHH
i )−1Γ̂e (30)

where HiHH
i remains nonzero, which indicates that although the in-

tercell interference signals cannot be completely eliminated, they can
be considerably reduced. Therefore, we can see that Ge ≈ Γ̂e , and the
intercell interference is reduced in the elevation domain, which con-
siderably improves the overall performance in our multicell scenario
in comparison to the conventional TPC algorithms. It is worth pointing
out that in combination with the classic downtilting or beamforming,
the intercell interference imposed by the pilot reuse can be further
reduced [6].

IV. PERFORMANCE EVALUATION

Our numerical results provided in this section reveal the superior-
ity of our proposal. The single-cell scenario is considered in detail,
complemented by the portrayal of the intercell interference reduction
attained in a multicell scenario.

A. Single-Cell Simulations

The parameters of the simulated single-cell multiuser systems are
listed in Table II. The BS is located in the center, while the users are
randomly dispersed. In the azimuth domain, the users’ A-AOA is uni-
formly distributed in

[
θc − δθ /2, θc + δθ /2

]
, with a mean of θc and

an angular spread of δθ . Similarly, in the elevation domain, the users’
E-AOA is uniformly distributed in

[
βc − δβ /2, βc + δβ /2

]
, with a

mean of βc and an angular spread of δβ . The URA is set to be square,
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Fig. 1. CDF comparison of downlink average spectral efficiency for the pro-
posed scheme and conventional beamforming scheme in Case 1. 8 × 8 and
16 × 16 URA are adopted.

Fig. 2. Comparison of downlink average spectral efficiency for the proposed
scheme, conventional beamforming scheme, and full-precoding in Case 2. 8 × 8
URA is adopted.

i.e., Mx = My =
√

M . We consider downlink data transmission, and
the proposed 2-D TPC scheme is compared both to the existing con-
ventional beamforming scheme [7], [8] and to the conventional full
TPC scheme [2], [3].

1) Case 1: The cumulative distribution function (CDF) of the
downlink average spectral efficiency evaluated in the absence of noise
is shown in Fig. 1. The full-precoding algorithm is not included here
because of its infinite spectral efficiency in the idealized noise-free
scenario. Observe in Fig. 1 that the 2-D TPC scheme substantially
outperforms the conventional beamforming scheme. As the number of
antennas per dimension increases, the spectral efficiency of our 2-D
precoding scheme improves more significantly since the TPC of the
elevation domain becomes more accurate.

2) Case 2: In this context, the average downlink spectral effi-
ciency achieved at different signal-to-noise ratios (SNRs) (in dB)
is presented. Naturally, the full-precoding performs best in the
single-cell scenario, since it substantially reduced the interuser in-
terference, albeit at a high implementation complexity. The other
two schemes exploited the Kronecker product structure of the 3-

Fig. 3. Comparison of downlink average spectral efficiency for the proposed
scheme, conventional beamforming scheme, and full-precoding in Case 3 with
different number of users K . 16 × 16 URA is adopted and SNR = 20 dB.

Fig. 4. Comparison of downlink average spectral efficiency for the proposed
scheme, conventional beamforming scheme, and full-precoding in Case 4 with
different angle spreads in elevation domain. 8 × 8 URA is adopted.

D channel matrix, where a somewhat higher interuser interference
persisted.

The derivation of our proposed 2-D TPC scheme relies on the ap-
proximation of all the elevation-domain channel vectorshp

e ,k , 1≤p≤P
by the same approximated elevation-domain channel vector he ,k . The
smaller the angular spread δβ of E-AOA, the more accurate this approx-
imation becomes. When we have δβ = 0, the approximation becomes
the exact solution. Observe in Fig. 2 that compared to the case of
δβ = 2.5◦, our proposal performs much better with δβ = 0◦, which
approaches the performance of the full-precoding aided scheme.

3) Case 3: Observe from Fig. 3 that as the number of users
increases, the average downlink spectral efficiency reduces for
all the schemes due to the higher interuser interference. Mean-
while, although the performance gap between the proposed 2-D
TPC algorithm and the conventional beamforming decreases with
large number of users, the proposed 2-D TPC algorithm still outper-
forms conventional beamforming scheme—regardless of the number
of users—owing to its superiority in reducing the interuser interference.

4) Case 4: Fig. 4 shows our performance comparison of the
three algorithms under different angular spreads in the elevation
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Fig. 5. CDF comparison of downlink average spectral efficiency for the pro-
posed scheme, conventional beamforming scheme, and full-precoding in a mul-
ticell scenario. 8 × 8 URA is adopted.

domain. As δβ increases from 0◦ to 2.5◦, the performance of the 2-D
TPC rapidly erodes due to the inaccuracy of the channel approximation
in the elevation domain, which has been characterized in cases 2 and 3.
However, the conventional beamforming scheme is insensitive to δβ ,
while the performance of the full-precoding scheme is independent of
δβ . In most scenarios, δβ is small enough to ensure a high performance
for our proposal [15].

B. Multicell Simulation

The noise-free multicell scenario is characterized in this subsection
to demonstrate the superiority of our 2-D TPC in reducing the intercell
interference. L = 7 cells are considered, and the other parameters are
the same as in the single-cell scenario. Fig. 5 compares the downlink
spectral efficiency achieved by the proposed scheme to those of the
conventional beamforming scheme and of the full TPC scheme, where
it can be seen that our 2-D TPC scheme substantially outperforms the
existing beamforming scheme. Furthermore, it can be observed from
Fig. 5 that the performance of the existing full TPC scheme is actually
worse than that of the existing beamforming scheme in this hostile
intercell interference environment. Thus, our proposed 2-D precoding
scheme not only dramatically outperforms the conventional full TPC
scheme but has a much lower computational complexity as well.

V. CONCLUSION

A novel 2-D TPC scheme has been proposed for 3-D massive MIMO,
which performs elevation-domain precoding and azimuth-domain pre-
coding separately by exploiting the Kronecker structure of the 3-D
MIMO channel. Unlike the conventional beamforming scheme, which
fails to completely eliminate the intracell or interuser interference with
the aid of a finite number of antennasin the elevation domain, our
proposed scheme fully exploits the degrees of freedom introduced

by the elevation-domain antennas for eliminating the interuser inter-
ference. Compared to the existing full TPC scheme, which does not
exploit the Kronecker structure of the 3-D MIMO channel, our 2-D
TPC scheme offers a much lower complexity. Our simulation results
have verified the superior performance of our proposed scheme over the
existing beamforming and full precoding schemes in severe intercell
interference environments.

REFERENCES

[1] E. G. Larsson, O. Edfors, F. Tufvesson, and T. L. Marzetta, “Massive
MIMO for next generation wireless systems,” IEEE Commun. Mag.,
vol. 52, no. 2, pp. 186–195, Feb. 2014.

[2] F. Rusek et al., “Scaling up MIMO: Opportunities and challenges with
very large arrays,” IEEE Signal Process. Mag., vol. 30, no. 1, pp. 40–60,
Jan. 2013.

[3] T. L. Marzetta, “Noncooperative cellular wireless with unlimited numbers
of base station antennas,” IEEE Trans. Wireless Commun., vol. 9, no. 11,
pp. 3590–3600, Nov. 2010.

[4] H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and spectral
efficiency of very large multiuser MIMO systems,” IEEE Trans. Commun.,
vol. 61, no. 4, pp. 1436–1449, Apr. 2013.

[5] Y.-H. Nam et al., “Full-dimension MIMO (FD-MIMO) for next generation
cellular technology,” IEEE Commun. Mag., vol. 51, no. 6 pp. 172–179,
Jun. 2013.

[6] S. Akoum and J. Acharya, “Full-dimensional MIMO for future cellular
networks,” in Proc. IEEE Radio Wireless Symp., Newport Beach, CA,
USA, Jan. 19–23, 2014, pp. 1–3.

[7] Y. Song, S. Nagata, H. Jiang, and L. Chen, “CSI-RS design for 3D MIMO
in future LTE-advanced,” in Proc. IEEE Int. Conf. Commun., Sydney,
Australia, Jun. 10–14, 2014, pp. 5101–5106.

[8] A. Alkhateeby, G. Leusz, and R. W. Heath Jr.,, “Multi-layer precoding for
full-dimensional massive MIMO systems,” in Proc. 48th Asilomar Conf.
Signals, Syst. Comput., Nov. 2–5, 2014, pp. 815–819.

[9] L. You, X. Gao, X.-G. Xia, N. Ma, and Y. Peng, “Massive MIMO trans-
mission with pilot reuse in single cell,” in Proc. IEEE Int. Conf. Commun.,
Sydney, Australia, Jun. 10–14, 2014, pp. 4794–4799.

[10] F. W. Vook, E. Visotsky, T. A. Thomas, and B. Mondal, “Product
codebook feedback for massive MIMO with cross-polarized 2D an-
tenna arrays,” in Proc. 25th IEEE Annu. Int. Symp. Pers., Indoor,
Mobile Radio Commun., Washington, DC, USA, Sep. 2–5, 2014,
pp. 502–506.

[11] R1-150713, Samsung, “Discussion on FD-MIMO Codebook Enhance-
ments,” 3GPP TSG RAN WG1 #80 (Athens, Greece), Feb. 9–13,
2015.

[12] R1-150516, NVIDIA, “Performance of Kronecker-based CSI feedback
for EBF/FD-MIMO,” 3GPP TSG RAN WG1 #80 (Athens, Greece),
Feb. 9–13, 2015.

[13] Y.-H. Nam, M. S. Rahman, Y. Li, and J.-Y. Seol, “Full dimension MIMO
for LTE-Advanced and 5G,” in Proc. ITA Workshop, San Diego, CA, USA,
Feb. 1–6, 2015, pp. 1–6.

[14] A. Kammoun, H. Khanfir, Z. Altman, M. Debbah, and M. Kammoun,
“Preliminary results on 3D channel modeling: From theory to standard-
ization,” IEEE J. Sel. Areas Commun., vol. 32, no. 6, pp. 1219–1229,
Jun. 2014.

[15] J. Wang, R. Zhang, W. Duan, S. X. Lu, and L. Cai, “Angular spread
measurement and modeling for 3D MIMO in urban macrocellular radio
channels,” in Proc. IEEE Int. Conf. Commun., Sydney, Australia, Jun.
10–14, 2014, pp. 20–25.

[16] A. Hu, T. Lv, H. Gao, Y. Lu, and E. Liu, “Pilot design for large-scale
multi-cell multiuser MIMO systems,” in Proc. IEEE Int. Conf. Commun.,
Budapest, Hungry, Jun. 9–13, 2013, pp. 5381–5385.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


