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Abstract—In this paper, we study full-dimension multiple-input
multiple-output (FD-MIMO) systems where a base station is
equipped with multiple panel array (MPA) antennas. As the MPA
is regarded as a promising means of practical implementation for
the FD-MIMO, it is important to characterize a channel modeling
and a codebook design. Thus, we first examine the exponential
correlation model and the three-dimensional correlation model
for the FD-MIMO with MPA. In addition, since antenna elements
are not uniformly spaced in the MPA systems, a discrete Fourier
transform (DFT) codebook may not be suitable due to phase
ambiguity (PA). Thus, we investigation three new codebook
design methods which reflect the PA. In numerical results, we
confirm that PA compensation and per-panel quantization are
effective for MPA systems.
Index Terms—FD-MIMO, Multiple panel array systems, Codebook designs

I. I NTRODUCTION
Massive multiple-input multiple-output (MIMO) systems
which adopt a large number of antenna elements at a base
station (BS) have attracted a great amount of attentions due to
its potential of improving spectral efficiency, energy efficiency,
and so on [1]. Recently, many researches have investigated
the massive MIMO system with various configurations in
theoretical aspects [2]–[6]. However, due to some practical
implementation issues, the formal standardization of massive
MIMO is currently underway.
One of the most concerns in practical massive MIMO
systems is how to deploy a large number of antenna elements
in the BS’s form factor with a limited space. Recently, a fulldimension MIMO (FD-MIMO) communication systems where
the antenna elements are placed in a uniform planar array
(UPA) has been introduced as a key technology to resolve the
spatial limitation at the BS [7]. Due to the two-dimensional
(2D) antenna array structure, FD-MIMO systems should consider the signal propagation in both the azimuth and elevation
domain [8], whereas the conventional MIMO systems only
take the azimuth domain into account. To this end, wireless
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communication standardization groups such as 3GPP provide
the 3D channel model which reflects the geometric structure
of the UPA and the propagation effect of the three-dimensional
(3D) positions between the BS and user.
A well known problem in FD-MIMO systems is the fact
that the number of antenna elements which can be placed in
a single panel is limited because of hardware implementation
issues. In other words, it is hard to deploy all antenna elements
in a single UPA in FD-MIMO systems [9]. One promising
solution to this issue is to divide the single large panel into
multiple panel array (MPA) using the antenna in package (AIP)
techniques [10] which reduces the cost in MPA implementation. On the contrary to the single UPA systems, the antenna
elements in MPA systems are not uniformly distributed since
each panel is physically separated. Furthermore, even when the
panels are not much apart from each other, the radio frequency
(RF) chains of panels cannot be perfectly calibrated with
respect to the sampling clock timing or the carrier frequency,
which results in each panel has different phase offset at each
panel [11]. We refer to this phase offset between different
panel as phase ambiguity (PA).
Another challenging problem in FD-MIMO systems is its
insufficient feedback resources. In the frequency division duplexing (FDD) FD-MIMO systems, it is quite hard to obtain
accurate channel state information (CSI) due to large antenna
arrays and limited feedback bits. To overcome this issue, a few
research efforts have been devoted to design efficient codebook
schemes for FD-MIMO configurations [12]–[14]. The authors
in [12] demonstrated that the 3D correlation matrix can be
well approximated by a Kronecker product of the azimuth
and elevation correlation, and designed a product codebook
for UPA configurations. Further, an efficient codebook was
proposed in [13] which accurately quantizes multiple dominant
beam patterns in UPA systems by modifying the Kronecker
product discrete Fourier transform (DFT) codebook. Also, in
[14], both the symmetric and asymmetric codewords clustering
methods for the Kronecker product DFT codebook were suggested. However, since these approaches were only dedicated
to the single-panel systems, they may not perform well when it
comes to the MPA systems with non-uniformity and PA [15],
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Fig. 1. Illustration of the MPA system

and thus we need to consider new codebook designs for MPA
systems.
In this paper, we investigate the codebook designs for MPA
systems. We first introduce two channel models by extending
the exponential correlation model [12] and the 3D correlation
model [16] to the MPA systems. To address the aforementioned PA problem, we study three codebook designs which
compensate the PA, and then evaluate the performance of the
codebook designs by numerical simulations. The numerical
results indicate that the PA compensation is a critical factor
for codebook designs and it is effective to quantize channel
direction information (CDI) of each panel instead of the whole
panel.
This paper is organized as follows: Section II introduces two
channel models for MPA systems. In Section III, we investigate three codebook designs for the MPA systems. Section IV
presents the system performance for various codebook designs
through numerical simulations. Finally, the paper is terminated
with conclusions in Section V.
Throughout this paper, the boldface capital letters represent
matrices and the boldface small letters denote column vectors.
In addition, aT , aH and a∗ stand for transpose, complex conjugate transpose and conjugate of a vector a, respectively. We
designate A⊗B and [A]i,j as a Kronecker product between
two matrices A and B and the (i, j)-th element of a matrix
A, respectively. Also, ⌈x⌉ denotes the ceiling operation on x
II. S YSTEM M ODEL
As shown in Fig. 1, we consider multiple UPA systems
where a BS is equipped with 2D panel arrays consisting of
Mv vertical panels spaced by DM,v and Mh horizontal panels
spaced by DM,h . It is assumed that each panel array contains
Nv and Nh antennas in vertical and horizontal direction,
respectively. Also, K users equipped with a single-antenna are
served by the BS in the same time and frequency resource. In
the following subsections, we examine two different channel
models adopted for performance evaluation.
A. Exponential Correlation Model
Since correlation between antennas may significantly affect the overall performance, the spatial correlation must be

Fig. 2. Exponential model for the multiple uniform linear array panel

included in channel modeling. Among various correlation
models, we adopt the exponential correlation model which
express spatial correlation in terms of the correlation coefficient of neighboring antennas and panel arrays [17]. The
exponential correlation model for the multiple UPA has not
been characterized in the literature yet, and thus we first extend
a single uniform linear array (ULA) to the multiple ULA as in
Fig 2. Subsequently, the exponential correlation model for the
multiple UPA is established by a Kronecker product of two
multiple ULA [12].
Denoting the number of antennas and panel arrays for the
multiple ULA as N and M , respectively, the elements of the
spatial correlation matrix RULA ∈ C M N ×M N for the multiple
ULA are given by
j
i
⌉−⌈ N
⌉|
|i−j|−|⌈ N

[RULA ]i,j = ρ1

|⌈ i ⌉−⌈ Nj ⌉|
ρ2 N
,

(1)

where ρ1 and ρ2 indicate the correlation coefficient of neighboring antennas and panel arrays, respectively. Then, the
correlated channel of user k can be expressed by stacking
the channel vectors as
1

H
H
H
2
hH
k = [hk,1 · · · hk,M ] = h̃k RULA

∈ C 1×M N ,

(2)

1×N
where hH
is the channel vector from
k,m ∼ CN (0, IM N )∈C
H
the m-th panel array and h̃k ∈ C 1×M N represents a complex
Gaussian random vector with zero mean and covariance matrix
IM N .
Based on the result of [12], the spatial correlation matrix of
the multiple UPA can be obtained as

RUPA = Rv ⊗ Rh ,

(3)

where Rv and Rh equal the spatial correlation matrix of
the vertical and horizontal ULA, respectively. Finally, the
correlated channel vector of user k for the multiple UPA can
be written as
1

2
hH
k = vec(Hk ) = h̄k RUPA

∈ C 1×Mv Nv Nh Nh ,

(4)

where the aggregate channel matrix Hk ∈ C Mv Nv ×Mh Nh is
defined as


H̃k,1,1 · · · H̃k,1,Mh


..
..
..
(5)
Hk = 
,
.
.
.
H̃k,Mv ,1 · · · H̃k,Mv ,Mh

and h̄k ∼ CN (0, IMv Nv Nv Nh ) ∈ C 1×Mv Nv Nv Nh stands
for the complex Gaussian channel vector. Here, H̃k,mv ,mh
indicates the channel matrix from the mv -th row and the mh th column pannel.

where Bv and Bh are the feedback bits allocated to the vertical and horizontal domain, respectively. Then, the aggregate
channel vector for user k can be quantized as

B. 3D Correlation Model

However, since the conventional DFT codebook has been
designed for the single-panel systems with the regular spatial
correlation owing to evenly spaced antenna elements, it was
reported that the DFT codebook incurs some performance
degradation in MPA systems [15]. This is due to the fact that
physically separated panels in MPA systems cause irregular
spatial correlation and the corresponding phase difference [18].

ĥk = arg max hH
kc .
c∈Cconv

Unlike the exponential correlation model, where the effect
of DM,v and DM,h is implicit in the modeling, the 3D
correlation model can explicitly show the impact of panel
spacing. Thus, we extend the 3D correlation model introduced
in [16] to the multiple UPA with different antenna spacing
in horizontal and vertical directions. Assuming a multi-path
channel, the aggregate channel matrix between the BS and
the k-th user Hk ∈ C Mv Nv ×Mh Nh is given by
P
1 ∑ p
Hk = √
Hk ,
P p=1

(6)

where P represents the number of paths, and Hpk is the
aggregate channel matrix of√
the p-th path.
Denoting ρpk (rk ) = z p −γ(rk )/10 as the large-scale
fading coefficient where z p is the random complex coefficient
with zero mean and unit variance and γ(rk ) = 34.5+10αlogrk
with the pathloss exponent α, the (nv , nh )th element is
expressed as
[Hpk ]nv ,nh=ρpk

(
p
p
p )
(rk ) exp - 2π
λ (∆v,nv sinβk + ∆h,nh cosθk cosβk )
(7)
⌉)

)
(
⌈
(⌈ ⌉
nv
nv
−
1
+
D
n
−
in which ∆v,nv = DM,v N
N,v
v
(⌈ ⌉ v )
(
⌈ ⌉) Nv
nh
nh
and ∆h,nh = DM,h N
− 1 +DN,h nh − N
. Also,
h
h
p
p
βk and θk indicate the angle of arrival of user k at the p-th
path in the vertical and horizontal domain, respectively, λ is
the wavelength. By inspecting equation (7), we can see that
the phase of the channel element varies by the panel arrays,
while the magnitude is fixed regardless of panel arrays. Then,
the channel vector of user k for the multiple UPA becomes
vec(Hk ).
In the following section, we investigate the codebook
designs for MPA systems. For reference, one can employ
the Mv Nv Mh Nh × 2B conventional DFT codebook Cconv
[12] which is defined as a Kronecker product between two
Bv
B
codebooks Cconv,v ∈ CMv Nv ×2 and Cconv,h ∈ CMh Nh ×2 h .
Here, Cconv,v and Cconv,h correspond to the DFT codebook for
the vertical and horizontal domain, respectively, and can be
expressed as
)
(
−j2π(nv − 1)(bv − 1)
1
√
,
exp
[Cconv,v ]nv ,bv =
2Bv
Mv Nv
)
(
1
−j2π(nh − 1)(bh − 1)
[Cconv,h ]nh ,bh = √
,
exp
2Bh
Mh Nh
(8)

III. C ODEBOOK D ESIGNS FOR MPA SYSTEMS
In this section, we present three different codebook designs
for MPA systems. First, we can simply modify the conventional DFT codebook based on the 3D correlation model (6).
From the PAs between different panels in (7), we can define
the panel spacing compensation factor for the vertical and
horizontal domain δv,nv and δh,nh with distance DM,v and
DM,h as
(⌈
⌉
)(
)
nv
DM,v
δv,nv =
−1
−1 ,
N
D
(⌈ v ⌉
) ( N,v
)
nh
DM,h
δh,nh =
−1
−1 ,
Nh
DN,h
respectively.
Then, we provide the panel spacing aware codebook (PSC)
CPSC = CPSC,v ⊗ CPSC,h where
)
(
1
−j2π (nv−1+δv,nv ) (bv−1)
[CPSC,v ]nv ,bv = √
,
exp
2Bv
M v Nv
(
)
1
−j2π(nh−1+δh,nh )(bh−1)
[CPSC,h ]nh ,bh = √
exp
.
2Bh
M h Nh
(9)
By adding the panel spacing compensation factors δv,nv and
δh,nh , it is expected that the modified codebook (9) captures
irregular correlation in the MPA configurations better than
the conventional codebook (8). Note that the conventional
DFT codebook and the PSC directly quantize the aggregated channel vector hk of length Mv Nv Mh Nh , and thus
the quantization for individual panel may be inaccurate with
finite feedback bits so that a performance degradation can be
incurred. To tackle this issue, we may consider a per-panel
codebook (PPC) which quantizes CDI in a panel-wise manner.
Here, we introduce two different codebook design methods
based on PPC in the following. The first scheme, which is
called type-I multi-panel (MP) codebook [19], quantizes the
channel vector hk and is defined as
Ctype-I = Θ ⊗ CPPC ,
where Θ indicates a Mv Mh × 4Mv Mh −1 matrix whose
columns are determined by [1, ejθ2 , · · · , ejθMv Mh ] with θ ∈
Nv Nh ×2BCDI
denotes a conven{0, π2 , π, 3π
2 }, and CPPC ∈ C
tional DFT codebook for a single panel. Since each PA is

ĥm,k = arg max hH
m,k c .
c∈CPPC

Further, to compensate the PAs, the k-th user also quantizes
Mv Mh − 1 PAs with
PA codebook
{ a uniformly Bquantized
}
2(2 p −1) π
2π
Bp
of length 2 , i.e., 0, 2Bp , · · · , 2Bp
, and then reconstructs the aggregate channel ĥk as
[
]
H
H
j θ̂m
j θ̂Mv Mh −1
ĥH
, · · · , ĥH
, (10)
k = ĥ1,k , · · · , ĥm,k e
Mv Mh ,k e
where the total number of feedback bits B becomes
B = Mv Mh BCDI + (Mv Mh − 1)Bp .
Finally, we provide the search complexity of channel quantization for all codebook designs. The search complexity of
the conventional codebook, PSC, and type-I MP codebook
equals their codebook size of 2B . On the other hand, the perpanel codebook size and PA codebook size of the IPC scheme
are 2BCDI and 2Bp , respectively, and the consequent search
complexity of the IPC scheme is given by Mv Mh 2BCDI +
(Mv Mh − 1)2Bp , which is much smaller compare to other
schemes for the same number of total feedback bits.
IV. S IMULATION R ESULTS
In this section, we compare the average sum-rate performance of the conventional DFT codebook, the PSC, the IPC
and type-I MP codebook for both the exponential correlation
and the 3D correlation models with zero-forcing (ZF) beamforming and maximum ratio transmission (MRT). For the IPC
scheme, we find the optimal Bp by exhaustively search. The
detailed simulation configurations are described in Table I.
In Fig. 3, the average sum-rate performance of various
schemes are exhibited in terms of the inter-panel correlation
coefficient ρ2 for the exponential channel model with B = 22,
Mv = 2, Mh = 2, Nh = 2, and Nv = 2. First, it can be
observed for every codebook designs that the average sum-rate
performance keeps decreasing as the inter-panel correlation
ρ2 increases. Especially, a performance loss of IPC is shown
to be 23 % at ρ2 = 0.9 compared to the case of ρ2 = 0,
which implies that a multi-user gain highly depends on interpanel correlation. Next, we can check that IPC and type-I
MP codebook outperform the conventional codebook, because
the conventional codebook neglects discontinuity between
different panels. Thus, we conclude that the PA compensation
between different panels is essential to improve the average
sum-rate performance. In addition, it is noticeable that IPC
shows remarkable a performance gain compared to the other
schemes. Therefore, we can see that CDI for MPA systems
should be individually quantized with respect to each panel.
Fig. 4 illustrates the average sumrate performance with respect to the normalized panel spacing dp which is normalized

TABLE I
S IMULATION SETUP
Number of users K
Distance between a BS and a user dk
Carrier frequency f
Path-loss exponent α
Complex small-scale fading gain variance σz2
Distance of neighboring antennas in elevation domain
DN,v
Distance of neighboring antennas in azimuth domain
DN,h
Height of a BS
Height of a user
Angle-of arrival in azimuth domain θkp
Angle-of arrival in elevation domain βkp
Number of paths P
Transmit power at a BS
Bandwidth
Noise figure
Correlation coefficient of neighboring antennas ρ1

3
150 m
6 GHz
3.5
1
0.5λ
0.5λ
35 m
1.5 m
U [0, π]
U [0, π/36]
20
24 dBm
10 MHz
7 dB
0.9

10
9
8

Average sum-rate [bps/Hz]

quantized by 2 bits in this scheme, the total number of feedback bits B can be expressed as B = BCDI + 2(Mv Mh − 1),
where BCDI is the number of feedback bits for CDI.
In the second PPC-based codebook design method, which
is called independent-panel codebook (IPC), each user k
separately quantizes hk,m for m = 1, . . . , Mv Mh from CPPC
as

7
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3
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Fig. 3. Average sum-rate performance for the exponential correlation model
with B = 22, Mh = 2, Mv = 2, Nh = 2 and Nv = 2

with the wavelength λ for the 3D correlation model with
B = 22, Mv = 2, Mh = 2, Nh = 2 and Nv = 2. Similar to
Fig. 3, the IPC performs the best among all schemes. We can
check that the average sum-rate of all schemes becomes larger
as dp grows. This is because the correlation between different
panels tends to decrease as the panel spacing increases, which
accords with the results in Fig. 3. Also, it is observed that
the average sum-rate performance of IPC and PSC increase
more rapidly with dp as compared to that of the conventional
codebook and the type-I MP codebook, since IPC and PSC
effectively render the effect of the panel spacing.
Fig. 5 depicts the average sum-rate performance with respect to the total number of feedback bits B for the 3D
correlation channel model with Mv = 2, Mh = 1, Nh = 4
and Nv = 4. As seen in this figure, the performance of the
conventional DFT codebook, PSC and type 1 MP codebook

10

6

account PA and compensate the PA in different fashions, and
we have compared the performance of codebook designs for
MPA systems by numerical simulations. In numerical results,
we have confirmed that PA compensation and panel-wise CDI
quantization are required for MPA systems to achieve better
performance compared to the conventional scheme.
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become saturated as B increases, while that of IPC grows
consistently. Thus, it is more beneficial to employ the IPC
scheme than a joint panel codebook for the same number of
feedback bits. Also, it can be shown that the performance of
IPC with Bp = 2 is the same as that of IPC with optimal Bp
for B less than 18. Throughout the simulations, we confirm
that PA compensation and per-panel CDI quantization are
efficient for MPA systems.
V. C ONCLUSION
In this paper, we have studied the performance of codebook
designs for MPA systems. To evaluate the performance, we
first have introduced two channel models by extending the
exponential correlation model and the 3D correlation model
to MPA systems. Then, we have investigated three codebook
designs. PSC, type-I MP codebook and IPC which take into
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