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Two-Dimensional Precoding for 3D Massive MIMO
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Abstract—A two-dimensional (2D) precoding scheme is proposed for three-dimensional massive multiple-input multipleoutput (3D MIMO) systems for efficiently exploiting the 2D
antenna array of the base station. Specifically, by exploiting
the Kronecker structure of the 3D MIMO channel matrix, the
transmit precoding operation 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 freedom
provided by the vertical dimension for avoiding the inter-user
interference so as to improve the attainable system performance.
Compared to the conventional scheme relying on the equivalent
one-dimensional precoding, the proposed 2D precoding scheme
offers an improved performance in severe inter-cell interferencecontaminated environments, despite its lower complexity.
Index Terms—3D massive MIMO, Kronecker structure, interuser interference, precoding, 2D precoding

I. I NTRODUCTION
Massive multiple-input multiple-output (MMIMO) arrangements 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 processing 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 massive MIMOs
(3D MMIMO) [5], [6], which are also often referred to as fulldimensional MIMOs are capable of overcoming this dimensionality problem of the base station (BS), since the array size
can be reduced when the elevation domain represented by the
vertical dimension is also exploited. This way 3D MMIMOs
create extra degrees of freedom for avoiding the inter-cell
interference, while achieving an improved spectral efficiency.
However, given the same total number of antenna elements at
the BS, two-dimensional (2D) uniformly-spaced rectangular
arrays (URA) perform worse 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 3D MIMO systems [7]–[9].
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A pair of existing approaches, which beneficially exploit the
extra degrees of freedom introduced by the 2D antenna array
are constituted 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 3D MIMO
channel matrix is exploited and based on the approximated
elevation-domain steering vector, eigen-beamforming is invoked by relying on the eigenvector corresponding to the
largest eigenvalue of the elevation-domain channel’s correlation matrix as the beamforming vector. As the number of
antennas in the elevation domain tends to infinity, the beam
becomes sufficiently narrow for the inter-user interference
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 3D MMIMO
channel matrix, where the structure of 3D 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 inter-cell interference. By contrast, in hostile
inter-cell interference-infested environments its performance
may actually be worse than that of the beamforming scheme,
as it will be shown in our simulation study.
Against this backcloth, in this correspondence, we propose
a 2D TPC scheme for 3D MMIMOs for eliminating the interuser interference. In contrast to both the conventional beamforming scheme of [7], as well as to the multi-layer precoding
algorithm of [8] and to the existing full TPC scheme of [2],
[3], our arrangement performs precoding in both the elevation
and azimuth domains based on the Kronecker structure of the
3D MIMO channel matrix. Specifically, the extra degrees of
freedom introduced by the elevation-oriented antennas is fully
exploited for distinguishing the different users roaming in the
cell illuminated. As a result, the inter-user interference can be
completely eliminated by a finite number of elevation-domain
antennas. Hence the overall system performance is significantly improved in comparison to the conventional beamforming
scheme. Compared to the conventional full precoding scheme,
the proposed 2D precoding scheme is capable of significantly
outperforming the former in hostile inter-cell interferencecontaminated environments, despite its complexity. We emphasize that indeed, the Kronecker structure of the 3D 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 2D TPC scheme, which efficiently exploits the Kronecker
structure of the 3D MMIMO channel matrix to perform TPC
both in the elevation- and azimuth-domains.
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being the TPC vector for the k-th user. Hence, the received
signal of the k-th user is given by
∑
rk = hT
hT
(2)
vec,k wvec,k xk +
vec,k wvec,k′ xk′ + nk .
k′ ̸=k

The second term in the right hand side of (2) represents the
inter-user interference, also known as intra-cell interference,
and Wvec is designed to eliminate this interference or to make
it negligibly small. Note that in a multi-cell environment, there
will also be an inter-cell interference component in rk and it
becomes vital to ensure that the matrix Wvec reduces this
inter-cell interference.
We consider the following narrow-band multi-path channel
model [14]
P
∑
Hk =
Hpk ,
(3)

8(.

8(
8(
Fig. 1. Illustration of single-cell multi-user scenario.

p=1

This correspondence is organized as follows. Section II
discusses the downlink system model and the Kronecker
structure of the 3D MIMO channel matrix. Section III presents
the proposed 2D TPC scheme conceived for 3D MMIMOs,
including the detailed mathematical analysis of its efficiency.
Our simulation results are provided in Section IV for demonstrating the superior performance of this 2D precoding scheme
over the existing beamforming and full TPC approaches. Our
concluding remarks are offered in Section V.
II. S YSTEM M ODEL AND K RONECKER S TRUCTURE
For simplicity of illustration, let us consider the singlecell scenario supporting K single-antenna aided users as seen
in Fig. 1, noting that our scheme is equally applicable to
multi-cell scenarios. The BS employs a URA having My
and Mx antennas in the elevation- and azimuth-domains,
respectively. 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 denote
the downlink channel
matrix between
the k-th
[
]T the BSM and
user by Hk = hk,1 hk,2 · · · hk,My
∈ C y ×Mx , where
1×Mx
hT
is the l-th row of Hk and ( )T denotes
k,l ∈ C
the transpose[ operator. An equivalent
form of Hk
]T vectorial
T
T
(Mx My )×1
is hvec,k = hT
h
·
·
·
h
∈
C
. Denote
k,1
y
[
]T k,2
{k,MH
}
x = x1 x2 · · · xK with E xx
= IK , which contains the
symbols transmitted by the BS to the K users, where ( )H is
the conjugate transpose operator and E{ } denotes the expecta[
]T
tion. The received signal vector r = r1 r2 · · · rK ∈ CK×1
by the K users can be expressed as
r = Hvec Wvec x + n,

(1)

[
]T
where n = n1 n2 · · · nK
∈ CK×1 is the additive white
Gaussian noise
in the downlink
[ (AWGN) vector experienced
]T
and Hvec = hvec,1 hvec,2 · · · hvec,K
∈ CK×(Mx My ) is the
downlink channel
[ matrix between the BS
] and the K users,
while Wvec = wvec,1 wvec,2 · · · wvec,K ∈ C(Mx My )×K is
the precoding matrix associated with wvec,k ∈ C(Mx My )×1

where P is the number of paths and Hpk ∈ CMy ×Mx is the
channel matrix of the p-th path. The element at the l-th row
and m-th column of Hpk is given by [11]
(
)
p
p
p
p −j2π D
λ (m−1) cos θk cos βk +(l−1) sin βk
hm,l,p
=ρ
e
k
k
=ρpk e−j2π

(m−1)D
λ

p
cos βkp −j2π
cos θk

e

(l−1)D
λ

sin βkp

l,p
=ρpk hm,p
a,k he,k ,

(4)

where λ denotes the wavelength, θkp is the angle-of-arrival
in the azimuth domain (A-AOA), βkp is the angle-of-arrival
in the elevation domain (E-AOA) and ρpk is the largescale fading coefficient of the p-th path, while hm,p
=
a,k
(m−1)D

p

(l−1)D

p

p

−j2π
sin βk
λ
e−j2π λ cos θk cos βk and hl,p
denote
e,k = e
m,l,p
the azimuth and elevation components of hk , respectively.
Observe from (4) that Hpk has the following Kronecker structure
(
)T
Hpk = ρpk hpa,k ⊗ hpe,k ,
(5)

in which ⊗ denotes the Kronecker product operator,
[
]T
(Mx −1),p
m,p
hpa,k = 1 h1,p
·
·
·
h
·
·
·
h
a,k
a,k
a,k
and

[
]T
(My −1),p
l,p
hpe,k = 1 h1,p
e,k · · · he,k · · · he,k

(6)

(7)

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

P
∑

(
)T
ρpk hpa,k ⊗ hpe,k .

(8)

p=1

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

P
(∑
p=1

(
)T )
ρpk hpa,k
⊗ he,k .

(9)
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The existing beamforming scheme [7] is based on the
approximated elevation steering vector he,k . This scheme
first performs eigen-beamforming in the elevation-domain and
then performs TPC in the azimuth-domain by exploiting the
equivalent azimuth-domain steering
vector
{
} obtained by eigenbeamforming. Let Re = E he,k hH
be the correlation
e,k
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 3D 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 inter-user interference and it is
optimal in the single-cell environment. However, in a multicell scenario subjected to strong inter-cell interference, the
achievable performance of this full TPC scheme may actually
be worse than that of the conventional beamforming scheme,
as it will be shown later in our simulation study.

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
[ eq eq
eq ]T
Heq
∈ CK×Mx
(13)
a = ha,1 ha,2 · · · ha,K
yields the azimuth-domain TPC matrix
(
)H ( eq ( eq )H )−1
Wa = Heq
Ha Ha
Γa ∈ CMx ×K ,
a

(14)

where Γa = diag{γa,1 , γa,2 , · · · , γa,K } ∈ CK×K is a diagonal matrix
of the precoding matrix, and
[ for the normalization
]
Wa = wa,1 wa,2 · · · wa,K with wa,k ∈ CMx ×1 being the
azimuth precoding vector for the k-th user.
Finally, the overall TPC matrix of the k-th user is constructed as
T
⊗ we,k ∈ CMy ×Mx .
Wk = wa,k
(15)
Table I summarizes the procedure of this 2D TPC scheme.
Based on the TPC matrix Wk of (15), the received signal
rk of the k-th user will not be contaminated by the other
users in the same cell, and our 2D TPC algorithm has a low
complexity. We justify the efficiency of our proposal and its
low complexity in the next two subsections.
B. Inter-user Interference Reduction

III. T WO -D IMENSIONAL P RECODING S CHEME
This section details our proposed 2D precoding scheme
conceived for 3D MMIMOs, which is capable of eliminating
the inter-user interference, while maintaining a significantly
lower computational complexity than the existing full precoding scheme.
A. Proposed Scheme
The idea is to perform elevation- and azimuth-domain TPC
separately by exploiting the Kronecker structure of the approximate channel matrix (9). First, the approximated elevationdomain channel vector he,k is obtained from the estimation
of the coefficients between the k-th user and any column of
the 2D antenna array. Then we calculate the elevation-domain
precoding vector based on he,k . For the generic multi-user
scenario, the elevation-domain channel matrix is constructed
as
[
]T
He = he,1 he,2 · · · he,K ∈ CK×My .
(10)
When the zero-forcing (ZF) precoding algorithm is used,
the elevation-domain TPC matrix is calculated as
H(
H )−1
We = He He He
Γe ∈ CMy ×K ,
(11)
where Γe = diag{γe,1 , γe,2 , · · · , γe,K } ∈ CK×K is a diagonal
matrix for
[ the normalization
] of the precoding matrix, and
We = we,1 we,2 · · · we,K with we,k ∈ CMy ×1 being the
TPC vector of the k-th user.
Then the equivalent azimuth-domain channel vector is obtained based on Hk and we,k . Specifically, the equivalent
Mx ×1
azimuth-domain channel vector heq
of the k-th
a,k ∈ C
user is given by
T
heq
(12)
a,k = Hk we,k .

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., hpe,k = he,k for 1 ≤ p ≤
(l,m)
(l,m)
P . Let Hk
and Wk
be the l-th row and m-th column
elements of Hk and Wk , respectively. Furthermore, let us
define the operator ⊕ as the ‘inner product’ of two matrices
according to
Hk ⊕ W k =

M
y −1
x −1 M
∑
∑
m=0

(l,m)

Hk

(l,m)

Wk

.

(16)

l=0

m
Let wa,k
be the m-th term of the azimuth TPC vector wa,k .
Bearing in mind Hk of (9) and Wk of (15), we have

Hk ⊕ Wk =

M
P
x −1 ( ∑
∑
m=0

(

p=1

=hT
e,k we,k

P
∑
p=1

=γe,k

)( m
))
T
ρpk hm,p
a,k he,k wa,k we,k

P
∑

ρpk

M
x −1
∑

m m,p
wa,k
ha,k

m=0

(
)T
ρpk hpa,k wa,k .

(17)

p=1

Then, substituting Hk of (9) into (12) yields
T
heq
a,k =he,k ⊗

P
(∑

)
ρpk hpa,k we,k

p=1

=hT
e,k we,k

P
∑
p=1

ρpk hpa,k = γe,k

P
∑
p=1

ρpk hpa,k .

(18)
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TABLE I
P ROCEDURE OF PROPOSED 2D PRECODING SCHEME FOR 3D MIMO
Parameters

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

Inputs

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

Step 1

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

Step 2

2.1: Construct the elevation channel matrix He
2.2: Perform the ZF precoding on He to obtain the elevation precoding channel matrix We

Step 3

Obtain the equivalent azimuth steering vector heq
a,k

Step 4

4.1: Construct the azimuth channel matrix Ha

eq

4.2: Perform the ZF precoding on
Step 5

eq
Ha

Calculate the overall precoding matrix Wk for the k-th user using Kronecker product

(
)T
Hence Hk ⊕ Wk = heq
wa,k = γa,k . The computation of
a,k
Hk ⊕ Wk′ for k ′ ̸= k is similar, and we have Hk ⊕ Wk′ =
T
′
hT
e,k we,k′ . Since he,k we,k′ = 0 when k ̸= k, we have
{
γa,k , k ′ = k,
Hk ⊕ W k ′ =
(19)
0,
k ′ ̸= k.
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
inter-user interference term becomes zero. Thus the proposed scheme completely eliminates the inter-user 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 matrix Hk or its vectorial form hvec,k directly, our 2D TPC
scheme has a significantly lower complexity. 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 matrix, the O Mx My
complexity required
by the
(
) conventional full TPC scheme is
reduced to O Mx + My in our 2D TPC scheme, which is
significant, especially for massive MIMO schemes.
D. Multi-cell Senario
As pointed out previously, our proposed 2D TPC scheme
is equally applicable to the multi-cell 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 k-th user in the q-th cell by Hk,q,s ∈ CMy ×Mx .
The following P -path narrow-band multi-path channel model
is considered [14]
Hk,q,s =

to obtain the azimuth precoding channel matrix Wa

P
∑
p=1

Hpk,q,s ,

(21)

where Hpk,q,s denotes the p-th path component of the channel
matrix. The element at the l-th row and m-th column of Hpk,q,s
is given by
(
)
p
p
p
m,l,p
p
−j2π D
(m−1) cos θk,q,s
cos βk,q,s
+(l−1) sin βk,q,s
λ
hk,q,s =ρk,q,s e
,
(22)
p
p
where θk,q,s
and βk,q,s
are the A-AOA and E-AOA of the p-th
path, respectively, and the large-scale fading coefficient ρpk,q,s
is given by
p
zk,q,s
ρpk,q,s =
,
(23)
(dk,q,s )α

in which dk,q,s denotes the distance between the BS of the
s-cell and the k-th user in the q-th cell, α is the pathp
loss exponent, and zk,q,s
is the shadow-fading coefficient that
follows the log-normal distribution with a variance of σz2 .
Under the condition that there are K orthogonal pilots,
which are reused in every cell [16], the channel estimation
at the BS of the q-th cell is formulated as
∑
b k,q,q = Hk,q,q +
Hk,q,s ,
(24)
H
s̸=q

b k,q,q
in the absence of AWGN. The BS utilizes the estimate H
to obtain the TPC matrix and transmits the downlink data. The
ubiquitous pilot-contamination degrades the channel estimate
of (24), which imposes inter-cell interference and degrades the
overall performance. The following analysis will illuminate,
how the 2D TPC deals with this inter-cell interference in
order to further improve the overall performance in multi-cell
scenarios.
When taking the inter-cell interference into consideration,
the elevation channel matrix of (10) is rewritten as
b ,h
b ···h
b ]T ∈ CK×My ,
b = [h
H
(25)
e
e,1
e,2
e,K
b ∈ CMy ×1 = h +h
where h
e,k
e,k
e,k,i denotes the contaminated
b can be
elevation channel vector for the k-th user. Thus H
e
simply decomposed into two parts as follows
b =H +H,
H
e
e
i

(26)

where Hi indicates the inter-cell interference. Then the elece =
vation precoder generated from (11) is rewritten as W
H(
H )−1
b H
b H
b
b ∈ CMy ×K . Upon invoking the elevation
H
Γ
e

e

e

e
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precoder, we can obtain the equivalent downlink elevation
c e ∈ CK×K , which is formulated as
channel Ge = He W
follows
(
)−1
be
Ge = He (He + Hi )H (He + Hi )(He + Hi )H
Γ
H

TABLE II
PARAMETERS OF THE SIMULATED SINGLE - CELL MULTI - USER
Number of users per cell K
Cell radius
Height of BS
Path-loss exponent α
Variance of shadow fading σz2
Antenna spacing D
Number of paths P
Angle spread of A-AOA δθ
Angle spread of E-AOA δβ

H

H
= (He He + He HH
i )(He He + He Hi
−1 b
+ Hi He + Hi HH
Γe .
i )
H

(27)

b
The two parts of h
e,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

8
250 m
35 m
3.5
8 dB
λ/2
10
180◦
2.5◦

1

0.8

(28)

Thus, exploiting the associated asymptotic property, we
have

CDF

0.6

{βk,c } ∩ {βk,i } = ∅,
∀β1 ∈ {βk,c },β2 ∈ {βk,i }, β1 > β2 .

0.4
Beamforming,8× 8
Proposed,8× 8
Beamforming,16× 16
Proposed,16× 16

0.2

H

lim he,k he,k,i = 0,

My →∞

lim He HH
i = 0K ,

0

My →∞

0
H

lim Hi He = 0K .

My →∞

(29)

Then the equivalent channel Ge can be approximated as
Ge ≈

H
H
He He (He He

−1 b
+ Hi HH
Γe .
i )

SYSTEM

(30)

where Hi HH
i is remains non-zero, which indicates that although the inter-cell interference signals cannot be completely
eliminated, they can be considerably reduced. Therefore, we
b e and the inter-cell interference is reduced
can see that Ge ≈ Γ
in the elevation domain, which considerably improves the
overall performance in our multi-cell scenario in comparison to
the conventional TPC algorithms. It is worth pointing out that
in combination with the classic down-tilting or beamforming,
the inter-cell interference imposed by the pilot reuse can be
further reduced [6].
IV. P ERFORMANCE E VALUATION
Our numerical results provided in this section reveal the
superiority of our proposal. The single-cell scenario is considered in detail, complemented by the portrayal of the inter-cell
interference reduction attained in a multi-cell scenario.
A. Single-cell Simulations
The parameters of the simulated single-cell multi-user
systems are listed in Table II. The BS is located in the
center, whilst the users are randomly dispersed. In the azimuth
domain, the users’
[
] A-AOA is uniformly 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’
[
] EAOA 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

0.5

1

1.5

2

2.5

3

3.5

4

Average spectral efficiency (bps/Hz)
Fig. 2. CDF comparison of downlink average spectral efficiency for proposed
scheme and conventional beamforming scheme in Case 1. 8 × 8 and 16 × 16
URA are adopted.

√
be square, i.e. Mx = My = M . We consider downlink data
transmission and the proposed 2D TPC scheme is compared
both to the existing conventional beamforming scheme [7], [8]
and to the conventional full TPC scheme [2], [3].
Case 1. The cumulative distribution function (CDF) of the
downlink average spectral efficiency evaluated in the absence
of noise is shown in Fig. 2. The full-precoding algorithm is
not included here because of its infinite spectral efficiency in
the idealized noise-free scenario. Observe in Fig. 2 that the 2D
TPC scheme substantially outperforms the conventional beamforming scheme. As the number of antennas per dimension
increases, the spectral efficiency of our 2D precoding scheme
improves more significantly, since the TPC of the elevationdomain becomes more accurate.
Case 2. In this context the average downlink spectral efficiency achieved at different signal-to-noise ratios SNRs(dB)
is presented. Naturally, the full-precoding performs best in the
single-cell scenario, since it substantially reduced the interuser interference, albeit at a high implementation complexity. The other two schemes exploited the Kronecker product
structure of the 3D channel matrix, where a somewhat higher
inter-user interference persisted.
The derivation of our proposed 2D TPC scheme relies on
the approximation of all the elevation-domain channel vectors
hpe,k , 1 ≤ p ≤ P , by the same approximated elevationdomain channel vector he,k . The smaller the angular spread

6

4

Average spectral efficiency (bps/Hz)

Average spectral efficiency (bps/Hz)
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Beamforming,SNR=10dB
Proposed,SNR=10dB
Full precoding,SNR=10dB
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Fig. 3. Comparison of downlink average spectral efficiency for proposed
scheme, conventional beamforming scheme and full-precoding in Case 2. 8×8
URA is adopted.

Full precoding
Beamforming,δβ =0°

5

Proposed,δβ =0°
Beamforming,δβ =2.5°

4

Fig. 5. Comparison of downlink average spectral efficiency for proposed
scheme, conventional beamforming scheme and full-precoding in Case 4 with
different angle spreads in elevation domain. 8 × 8 URA is adopted.

the three algorithms under different angular spreads in the
elevation domain. As δβ increases from 0◦ to 2.5◦ , the performance of the 2D TPC rapidly erodes due to the inaccuracy
of the channel approximation in the elevation domain, which
has been characterized in case 2 and case 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].
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Fig. 4. Comparison of downlink average spectral efficiency for proposed
scheme, conventional beamforming scheme and full-precoding in Case 3 with
different number of users K. 16 × 16 URA is adopted and SNR=20dB.

δβ of E-AOA, the more accurate this approximation becomes.
When we have δβ = 0, the approximation becomes the exact
solution. Observe in Fig. 3 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.
Case 3. Observe from Fig. 4 that as the number of users
increases, the average downlink spectral efficiency reduces for
all the schemes due to the higher inter-user interference. Meanwhile, although the performance gap between proposed 2D
TPC algorithm and the conventional beamforming decreases
with large number of users, the proposed 2D TPC algorithm
still outperforms conventional beamforming scheme-regardless
of the number of users-owing to its superiority in reducing the
inter-user interference.
Case 4. Figure 5 shows our performance comparison of

The noise-free multi-cell scenario is characterized in this
subsection to demonstrate the superiority of our 2D TPC in
reducing the inter-cell interference. L = 7 cells are considered
and the other parameters are the same as in the single-cell
scenario. Fig. 6 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 2D TPC scheme substantially outperforms
the existing beamforming scheme. Furthermore, it can be
observed from Fig. 6 that the performance of the existing
full TPC scheme is actually worse than that of the existing
beamforming scheme in this hostile inter-cell interference environment. Thus, our proposed 2D precoding scheme not only
dramatically outperforms the conventional full TPC scheme,
but also has a much lower computational complexity.
V. C ONCLUSIONS
A novel 2D TPC scheme has been proposed for 3D
massive MIMO, which performs elevation-domain precoding
and azimuth-domain precoding separately by exploiting the
Kronecker structure of the 3D MIMO channel. Unlike the
conventional beamforming scheme, which fails to completely
eliminate the intra-cell or inter-user interference with the
aid of a finite number of antennas in the elevation-domain,
our proposed scheme fully exploits the degrees of freedom
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Fig. 6. CDF comparison of downlink average spectral efficiency for proposed
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introduced by the elevation-domain antennas for eliminating
the inter-user interference. Compared to the existing full TPC
scheme, which does not exploit the Kronecker structure of
the 3D MIMO channel, our 2D 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 inter-cell
interference environments.
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