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Abstract

Full Dimension multiple input multiple output (FD-MIMO) architecture employs a planar
array design at the Base Station (BS) to provide high order multi-user MIMO (MU-MIMO)
via simultaneous data transmission to large number of users. With FD-MIMO, the BS can
also adjust the beam direction in both elevation and azimuth direction to concentrate the
energy on the user of interests while minimizing the interference leakage to co-scheduled
users in the same cell or users in the neighboring cells. In a typical highly populated
macrocell environment, modelling the elevation angular characteristics of three-dimensional
(3D) channel is critical to understanding the performance limits of the FD-MIMO system. In
this paper, we study the throughput performance of FD-MIMO system with varying
elevation angular spread and inter-element spacing using a 3D spatial channel model. Our
results show that for a typical urban scenario, horizontal beamforming with correlated
antenna spacing achieves optimal performance but by restricting the spread of elevation
angles of departure, elevation beamforming achieves high array gain with wide inter-element
spacing. We also realize significant gains due to spatial array processing via modelling the
elevation domain and varying the inter-element spacing for both the transmitter and receiver.
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1. Introduction

There is an exponential rise in the demand of high data rates driven by the corresponding

rise in affordable smartphones, the availability of cloud-based services and the many new
connected devices on the market [1]. Research in [1] shows that with the current trend in
wireless data demand, urban areas are expected to generate up to 60% of total mobile traffic.
Thus there is the need to develop technologies which can guarantee improved user
experience via higher network coverage. In June 2012, technologies including full dimension
multiple input multiple output (FD-MIMO) and user specific beamforming was identified by
the 3rd Generation Partnership Project (3GPP) as potential means of providing the required
data capacity and spectral efficiency for next generation wireless networks.

FD-MIMO is an extension of massive MIMO [2] where a few hundreds of antennas are
deployed at a base station (BS) to simultaneously support tens of users on the same time-
frequency resource. It uses a 2-dimensional (2D) active antenna and other advanced signal
processing techniques at the BS to improve the data capacity. It can achieve multi-user array
gain of high order with the provision of effective data transmission to a large number of
users in the network simultaneously. The work of [3] has shown that vertical deployment of
antenna at the BS allows the utilization of the elevation domain and can provide up to 30%
gain.

Research by [4], [5], [6] provides fundamental understanding on the benefits of FD-MIMO.
It proved that using large planar array at the BS can achieve high order multiuser gain from
high number of antennas, although it would limit the effective spacing between different
antenna elements compared to conventional linear array. Also by varying the user density in
the simulated network, 2-5 times cell average improvement is observed in [7]. The work of
[7] also explored other challenges in implementing FD-MIMO including downlink
precoding, channel quality indicator prediction and antenna virtualization. loannis et al [8],
discussed the architecture of 2D antenna array and also port virtualization techniques which
is used to create beams with wide coverage, necessary for broadcasting signals to all users
within a sector. Most results thus far focused on beamforming techniques and 3D channel
modelling.

Our previous work [9] explores the optimal antenna element arrangement which could
harness the benefits of FD-MIMO by modelling only the elevation spread. We have shown
that for equal spacing, square uniform planar array provides optimal performance in an urban
marocell environment. Recently, field trials of the proof-of-concept FD-MIMO systems
have been conducted successfully [10]. In order to study performance evaluation of FD-
MIMO, the problem of modelling the elevation spread in 3D channel is of prime importance.
Previously the channel model considers the departure and arrival of multipath components in
the azimuth angles only. So far elevation angle of 3D antenna arrays has been considered for
different scenarios in 3GPP [11] however no complete channel model has been developed
for realistic systems, hence more measurements have to be carried out. Also the available 2D
channel models proposed in [12] and International Telecommunication Union (ITU) [13] are
insufficient to study and completely evaluate the planar array performance.

In our research, we implement a complete 3D channel model by extending the azimuth
channel statistics of the Spatial Channel Model (SCM) [14] to the elevation dimension. Our
3D SCM is then validated through extensive simulations to examine some bulk parameters
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that describe the characteristics of the channel over larger areas of several wavelengths. The
architecture of the transmitter in FD-MIMO is very important as it dictates the potential gain
of the system. So we study the effect of different transmitter and receiver antenna
configuration on the performance of FD-MIMO system. By spacing the antenna elements
sufficiently apart, it is possible for the signals received at these elements to undergo such a
scattering in the propagation environment leading to either high or low correlation and thus
resulting in high or low array gain respectively.

Our work introduces elevation angles of departure (eAoDs) restriction to perfectly model
far-field scattering characteristics since BS antennas are well located above rooftops and as
such there is no significant scattering around the BS. This also models the effect of NLOS
dominance in typical urban environment. We then evaluated via sum-rate calculations, the
best antenna configuration which could harness the high gain benefits of FD-MIMO taking
the inter-element spacing and elevation angular spread into consideration. Results in this
paper show that horizontal 16-by-1 antenna array with correlated antenna spacing provides
very good performance for the typical urban case while 1-by-16 antenna array with wider
spacing provides the best performance for urban channel with elevation spread limitation.
The reverse results are obtained for the cell edge performance.

This paper is organized as follows; Section Il introduces the FD-MIMO system model
including the experimental set-up and the 3D channel model. Section Ill discusses an
overview of beamforming in FD-MIMO and also the multi-user scheduling technique.
Simulation environment and parameters, performance analysis of the FD-MIMO system are
presented in Section IV. We present our conclusion in section V.

2. 3D Multicell Model

2.1 Transmission model

The transmission technique employed in this paper follows the multi-user space-division
multiple access (SDMA) similar to that used in LTE-A systems as depicted in Fig. 1. It
generally operates on a two-steps procedure described as follows;
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Fig. 1. Schematic illustration of the Transmission Model
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Step 1: the user in the network determines the preferred precoding matrix from the shared
codebook, the post-processing signal-to-interference-ratio (SINR) and the preferred number
of transmitted spatial layers periodically, then reports the rank indicator (RI), the channel
quality indicator (CQI) and the precoding matrix indicator (PMI) to the serving BS by means
of feedback. The PMI signals codebook index of the preferred precoding matrix and RI
informs the transmitter about the number of useful spatial transmission layers for the current
MIMO channel. Step 2: The base station selects the precoding matrix and the number of
transmission signals based on the PMI and RI feedback for independent users. The Base
station then schedules a user using a scheduling and user pairing algorithm in order to
efficiently utilize the system resources. A sound methodology consisting of the cellular
model, channel model and the procedure of simulation is required for the fair evaluation of
proposed wireless
technologies. The simulation method for evaluating the transmission system in Fig. 1 is
described by the algorithm in Fig. 2 [15]. The complete system level model in Fig. 2, defines
a number of ‘drops’ where a mobile is placed in a sequence of different network locations.
This also represents a snapshot of the fading channel.

START 3D SPATIAL CHANNEL MODEL
GENERATION
PARAMETER
INITIALIZATION STRONG AND WEAK
INTERFERENCES
PATHLOSS RATE EVALUATION
GENERATION
SHADOWING
GENERATION
ACTIVE USER SET
SELECTION
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D >DROP?

Fig. 2. System level simulation implementation
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2.2 System Model

Our channel assumption models a typical high rise urban macro-cell scenario with line-of-
sight (LOS) and Non-line-of-sight (NLOS) conditions. Users are assumed to be at street
level and fixed base stations clearly above the average surrounding building heights. We
consider a MIMO downlink transmission consisting of B base stations and K multi-antenna
mobile stations in a typical homogeneous cellular network consisting of 57 cells in a two-tier
deployment with a minimum inter-site distance of 500 m. Additionally users are assumed to
be randomly distributed. The b-th base station is equipped with Ny (N, x Ny) transmit
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antennas and sends independent information to its associated MSs denoted by k c {1, ..., K}
each equipped with Ny antennas. Ny, represents the elements in the vertical dimensioin while
Ny represents the elements in the horizontal domain.

Fig. 3. Schematic illustration of the channel model

The maximum signal-strength cell association scheme is implemented such that users
associate with the closest BS having the highest received power based on pathloss and
shadowing [14]. We use the following notations throughout the paper: A™ represents the
conjugate transpose of a matrix A, A1 the inverse of a matrix A and AT represents the
transpose of a matrix A. We implement an SDMA system which constructs a total of Ny — 1
orthonormal beams which transmits to Ny users {kp} by means of precoding

vector {w,, € CN*1}

p=0,...Np—1
.The precoded transmission signal x € CN7>1 s given as

Z Wps, (1)

where W = [wg, Wy, ..., Wy,._1] € CNT*NT and s = [sq, sy, ...,Sy,-1]" is the uncoded
symbol vector with E{||s||?} = P;. We assume the total transmit power Py is equally
allocated over Ny scheduled users. The selection of N — 1 precoding vectors are based on a
beam-and-user-selection algorithm described in section 3.2. We also assume a frequency-flat
block fading channel from the target BS to the k-th user. The received signal vector of the k-
th user at the b-th base station, yj., € CV**1 is given as [16];

p=0,...Ny—1

Nt
Pr
Vi = ZHkblZX]l+ Ck;b )
j=1
Yi:p = |Hkbbwkbskb+ZHkbka bskb|+zz ’ Hy.p i wiirsjir
K'#k i"#£bj=
intracell mterference intercell interference (3)

+ ck;b
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where Hy.;, is an Np X Ny complex channel matrix between the k-th user at the b-th base

station and ¢, € Ni X 1is a zero mean spatially white complex Gaussian receiver noise

vector of covariance matrix C,Iy,. Each user symbol {sp} is recovered at the
p=0,..,Np—1

corresponding users via a minimum mean square error (MMSE) detection [17]. The SINR
Y,y On the (N7 — 1)-th stream of the k-th receiver is given by

CoINR +
Nt
Hk’;bwk’;bwllg’-bHIIz"b +

| Hy.p Wi

-1

_ wWH yH 4)
YiNy = WigpHigp | K'=Tk'#k
B
HowH
HkaWW Hk_bl
b'=1b'#b

To accurately model the azimuth and elevation angle of the 3D channel [18], we used the
3D coordinate system represented in Fig. 3. Let x, v}, z;, be the coordinates of the serving
3D MIMO BS, where xy, vy, zp, are the values of the x-coordinates, y-coordinates and z-
coordinates respectively. A similar approach i.e. (xx.p, Yx.p, Zx;p) Can be used to describe the
position of the MS with respect to the BS. For convenience purposes, we define Ax = x;, —
Xk:py AY = Vb — Viopn Az = zp, — 23, as the difference of the various coordinates between
the b-th BS and the users. From this we can determine theoretically the distance between the
BS and all the users as well as the corresponding azimuth and elevation angles as;

iy = v (Bx)% + (By)? + (Az)? ®)

B = atan2(Ay, Ax) (6)

a = atan2 (AZ,\/ (Ax)? + (Ay)z) (7

The antenna gain which is a necessary factor to determine the large scale fading and can be
determined by [19], [20];

Ay(a) = —min [12 (%)2 ,Am] ®)

2

)

Ay (B) = —min [12 (,Bi) ,Am]

3dB

where « is defined as the angle between the direction of interest and the boresight of the
antenna in the vertical dimension, while 8 represents the same in horizontal domain. a3,z
and Bs,4p are the 3dB beamwidth of the vertical and horizontal beam, respectively. 4,, =
20 dB is the maximum attenuation while a;;;; is the electrical tilt angle. The 3D antenna gain
is combined as a sum of horizontal and vertical antenna pattern gain and is given as
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G(a,B) = Gy — min{—[Agy(a) + Ap s (B)], Am} (10)

Our simulator assumed G,,, =14 dB as the maximum directional antenna gain. Also mutual
coupling among antenna elements is not considered. The macrocell distance-dependent
pathloss is determined using the simplified COST231 Hata urban propagation model as
reported in [14]. We adopt the log-normal shadowing model for the characterization of the
shadowing effect in the 3D MIMO wireless channel.

2.3 3D Channel model

It has been established that optimal performance characteristics of FD-MIMO to a very large
extent is dependent on the channel characteristics. Favorable channel or radio propagation
environment is where the propagation channel responses between transmitter and all
receivers are sufficiently different. Thus, it is important to accurately model the channel
behavior to be close to realistic environment measurements to achieve the full potential of
MIMO. The SCM was designed for evaluating multiple antenna systems and algorithms. The
model was developed within a combined 3GPP-3GPP2 ad hoc group to address the need for
a precise channel model able to facilitate fair comparisons of various MIMO proposals.

Z-axis

X-axis

X-axis
Fig. 4. 3D SCM Channel Model

The SCM specifies a set of paths between the BS and the users based on stochastic model
of correlated random variables to establish the spatial, temporal and propagation
characteristics for a particular channel realization. To completely understand the FD-MIMO
system, it is important to model the 3D spatial channel. A simplified single-cluster
illustration of the 3D SCM is shown in Fig. 4.

Currently 3GPP has developed some aspects of the 3D channel model and is in the process
of finalizing the complete system. Since a detailed 3D SCM implementation is so far not
available, we have constructed a working 3D SCM model by reusing the same modeling
principle as the 2D SCM and by referring to the large scale fading statistics such as the
elevation spread at departure, the elevation spread at arrival and the cross-correlations with
other large scale fading parameters (when applicable) that are reported in [14],[21].
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Fig. 5. Two (2)-Cluster SCM for Elevation dimension

Fig. 5, shows a two-cluster SCM channel for the elevation domain. From this figure we can
define the absolute angles of departure and arrival for both the elevation and azimuth as;

AnmEsop = O+ Sn,EAoD + An,m,EAoD (11)
OnmEaoa = 0 + 8npaoa + BDumEsoa (12)
Bnm,aa0p = B+ Ona400 + Dnm,asop (13)
On,manoa = ¢+ 6naa0a + Dnmasoa (14)

It is important to note that, the subpath angle offsets are taken from Table 5.2 in [14] and are
such that;

An,m,EAoD = An,m,AAoD = An,m,AoD (15)
An,m,EAoA = An,m,AAoA = An,m,AoA (16)

In our work we introduce a parameter known as the range restriction factor based on results
from popular channel measurements which would model the EAoD restriction used in our
work. Thus all BS EAoDs are limited to the ranges in Table 1 for each channel environment.

Table 1. Environment Elevation Range Spread

Channel Elevation Range Spread
Q = {(=a°)~(+a)}
General Urban NLOS channel -180° ~ 180°
Urban NLOS channel with EAoD restriction -10° ~10°
Urban LOS channel 0°

In the case of LOS urban channel; the elevation AoD restricted to single direction (in this
case 0°). This is due to the fact that from channel measurements we note that 8 > 90° is
rarely observed, therefore we restricted the elevation AoD range to [-10°, 10°] with respect to
the LOS path between the two terminals. Also all AoDs outside the restricted angular zone is
set to the LOS which in this case is 0°. Thus majority of all AoDs would be in the LOS
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direction. The fading processes for each sector and receive antenna are independent, and the
doppler rate is determined by the speed of the users. We assume that the fading is equivalent
for each mobile receive antenna. These assumptions are feasible and consistent with practical
channel measurements recorded in literature. The overall procedure for generating the
channel matrices [14] as shown in Fig. 6 consists of three basic steps:

i. Selecting environment, either general urban NLOS, urban NLOS with elevation
restriction, or urban LOS

ii.  Obtain the parameters to be used in simulations, associated with that environment

iili.  Generate the channel coefficients based on the parameters generated.

——= GeneralUrban  Urban NLOS with
I 1. Select the channel scenario NLOS Elevation Restriction

R 2

2. Define User Parameters

Urban LOS

Azimuth Spread at BS (BS-AS) : Azimuth angle of Departure (6, ,M,,D]
Elevation Spread at BS (BS-ES) Subpath offset ofAAnD [Anm ) :

: levatlon angle ofDeparture (6, EA,,D]

Lognormal shadowing (ogr) EAoD Restriction

Delay Spread (o) - : Subpath offset of EAoD (45, £40p) I ﬁ};ﬁ:&ﬁiﬁﬁ
: Path delays (t,,) H Restriction )
Orientation, Speed vector : Average path powers (P,)) H
o fB,0,¢v i Azimuth angle of Arrival (6, 120p)
: Subpath offset of AA0D (4, 440p)
Antenna Gain i Elevation angle of Arrival (8, £40p)

: Subpath offset of AAoD (4, 1, Fa0p)

. 4

3. Generate Channel Coefficients

Fig. 6. Channel model overview for simulations

The channel of the n-th path between the u-th MS antenna and s-th BS antenna is given
by

\/GBS (an,m,AoD: ﬁn,m,AoD) X

M eXp(j [kdsfsq)n,m + cl)n,m]) X
g

hu,s,k = PnIsr Z \/GMS (en,m,AoAr (pn,,m,AoA) X

M
exp(j [kdu sin(en,m,AoA)]) X (a7)
. kllv|| cos Pnm,a04 X
_exp / COS(gn,m,AoA - gv)t E

I'scl)n,m = XSCOS.Bn,m,AoD COS Ay m aop T+

m=1

where
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YSCOSﬁn,m,AoD sin an,m,AoD + ZsSinﬁn,m,AoD (18)

For the purposes of our simulation, we assume the elevation angular spread for typical urban
macrocell case ranges from 0 < 6 < 360°. The notations used in the above equation are
defined in Table 2 below;

Table 2. Parameter definitions

Parameter Representation
Dn The power of the n-th path
OsF The lognormal shadow fading, applied as a bulk parameter to the N

paths for a given drop

Brm,a40D Elevation domain angle of departure (EAoD) for the m-th subpath of
the n-th path at the BS with respect to the BS broadside

O, m,AA0A Elevation domain angle of departure (EAoD) for the m-th subpath of
the n-th path at the BS with respect to the BS broadside

Qnm.EAoD Azimuth domain AoD (AAoD) for the m-th subpath of the n-th path at
the BS with respect to the BS broadside

Onm,EAoA Azimuth domain AoA (AA0A) for the m-th subpath of the n-th path at
the MS with respect to the MS broadside

Xs, Vs Zs Components of 1 to X, y, and z-axis respectively
Ty Location vector of Tx array element s
dy The distance in meters from MS antenna element u from the reference
(u =1) antenna
dg The distance in meters from BS antenna element s from the reference
(s = 1) antenna
bnm Departure angle unit vector of ray n, m
bnm The random phase of the mth subpath of the n-th path
Ggs() The BS antenna gain of each array element
Gys() The MS antenna gain of each array element
0, The azimuth angle of the MS velocity vector with respect to the MS
broadside
[lv]| The magnitude of the MS velocity vector
k The wave number 27” where 4 is the carrier wavelength in meters

3. 3D MIMO Beamforming Technique

The Third Generation Partnership Project (3GPP) in release 12, focused on employing
improved antenna structures to improve system performance through adaptive transmission
in both elevation and azimuth dimension [22]. 3D beamforming exploits the 3D MIMO
channel gains in the elevation dimension as well as the azimuth dimension providing
additional degree of freedom as compared to the conventional 2D antenna beamforming [23].
Control of the elevation domain would allow the independent transmission of data to specific
users thereby increasing the received SINR and also minimizing the interfering power from
undesired sources [24]. This concept of beamforming is where an array of antennas is used
to form one or several portions within a cell with controlled antenna radiation patterns. It is a
signal processing technique which involves the application of weights to adjust the phase and
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the amplitude of the transmit signals to form beam pattern towards the desired direction. This
improves spectral efficiency and is especially good in cell edge user scenarios where signal
power is low (i.e. low SINR).

3.1 Kronecker Product-Based Codebook

In order to fully exploit the performance gains of 3D MIMO employing frequency division
duplexing, there is the need to design an optimal 3D codebook which takes the elevation
channel state information into consideration. For highly correlated channel characteristics,
the Discrete Fourier Transform (DFT)-based codebook has been proved to provide better
performance in the case of both ULA and UPA. Due to its simplicity and effectiveness, it has
been adopted by the 3GPP Long Term Evolution [25], [26]. The channels are highly
correlated due to the fact that BS’s with massive 3D antenna configuration tend to assemble
large number of antennas within a limited space [27][28][29]. Thus the distances between
the antennas become very small. Research in [30], showed that the correlation matrix of 3D
channels can be approximated by the kronecker product of the azimuth and the elevation
correlations. Using the idea of [30], [31] presented a MIMO feedback scheme based on the
Kronecker product —based codebook. Basically the Kronecker product —based codebook is
the product of two traditional discrete Fourier transform codebooks. The final codeword
consists of the kronecker product of two oversampled DFT codewords from both the
horizontal and vertical codebooks.

nT=nHxnV=8x8

nT=nHxnV=16 x4

-90

b
=)

560 + b -60
0000000 I XXX RIS
FomroitmtiSiS= C o ten e
fummrmieieieisieimrat £ 0NN 0T
g R S e S e ) e e s

L St S S S e > o TS 4
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-90 30 0 30 60 90 g . )
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Fig. 7a. Beam pattern for 8X8 array Fig. 7b. Beam pattern 16X4 array

In this design, the final codeword consists of the kronecker product of two oversampled
DFT codewords from both the horizontal and vertical codebooks. Specifically w =

(W1, Wy,..., Wy v, ) is generated by

1 j2mi j2r(Ny—1)i 1T
Wi, = 1,e Mo ,..c;e Ny ] (19)
: N,
1 jmj N1 r
Wjn = f lL,e Nn - e h (20)
Ny
Wi-1)N,+j = Wip @ Wjp (21)

wherei=1,2,..,N,;j=1,2,..,Np; while N, and N, are the number of codewords in
the horizontal and vertical codebook respectively and @ represents the kronecker product.
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3.2 Multi-User Scheduling with Limited Feedback

Considering Ny column preocoding vectors such that W, = [Wp,llwp,Z:"'JWp,NT] €

CcNt>Nt - Within the codebook, each selected precoding matrix corresponds to different

receiver sets which directly affect the sum throughput [32][33]. Thus it is important to select

an optimal precoding matrix and the corresponding user set which maximizes the data rate.

This requires each user to feedback N sets of N — 1 signal to interference plus noise ratios

{yk_l(wp)}l_1 [ __ . For the purposes of practicality, this SINR feedback method
=1,.,Nt, p=0,.,Nr—1

makes it possible to determine the optimal precoding matrix but the feedback overhead is

prohibitive for implementation in an FD-MIMO system. The optimal scheme for practical
implementation is the limited feedback scheme where each user only feedback N SINRs

{yk,,(ka)}l_1 N by selecting a precoding matrix W,, within the shared codebook given
=1..Nt
that py € {0, ..., N — 1}. From our initial assumption that each user has perfect receiver CSI

H,, and also share the precoder codebook; the k-th user selects the precoding matrix as;

= 22
Wy, =arg ngclg;g,w l:{rlnla?fvT}yk,l(Wp) (22)

We define y; (W) as the SINR on the I-th stream precoded by the W, of the k-th user
defined using the MMSE receiver in (4). Since we assume the codebook {Wp}p_0 o
=0,..,.Np—
known a priori to both the FD-MIMO BS and user, the user feeds back to the BS the index
pr and Ny SINRs {yk,l(ka)}l_l N All K users are then grouped into Ny groups based
=1..Nt

on their precoding matrix using the criteria

I,={1<k<Klp,=p}1<p<Np (23)
Consequently the BS tries to assign w,,; within each group to a user kj, ;with the highest
SINR obtained as y,; = MaXyer,, Yi,i(Wp,). The p*-th precoding matrix W~ used for the

transmission is selected so as to optimize the instantenoues sum throughput as follows;

Nt
* = . 24
p arg p=°IP'?’3(T_1Z log,(1 + yp‘l) (24)
Therefore, the final set of scheduled users specified by the set of index {k;*_l}l_l . share
=1,.NT

the p*-th precoding matrix. This validates the information on user SINRs fed back to the BS
and enables accurate prediction. The average sum throughput is given by

Nt
R = Z log,(1 +v,+1) (25)
=1

3.3 SDMA Scheduling

The designated target sector assigns transmission resources and opportunities to selected
users by using the channel quality information. The serving BS selects total users which are
less than or equal to the number of transmit antennas and have the highest scheduling
priority per transmit antenna [9], [18], [34]. Thus in the t-th time slot, the BS selects user
using the proportional fair algorithm given as

* Rk,NT/
kg =arg  max, . Ry (26)

where Ry .. is the instantaneous supported data rate for the k-th MS via Ny transmit antenna
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while Ry is the average data rate of the k-th user updated periodically as

1\ _ 1
) (1= 2) Re® + ZRipy ® K = ki,
R (t+1) = o ¢ (27)
(1 — t_) R, (t) otherwise
Cc

We let the Ry (t) is data rate for the u-th user scheduled in the t-th time slot while ¢, is the
PF scheduler latency.

4. Simulation Results and Discussions

Using the system-level simulation techniques of the 3GPP LTE-A evaluation
methodologies, the system sum-rate performance of the proposed FD-MIMO system is
evaluated. Our system considered the typical urban macro deployment with varying number
of transmitters and users as summarized in Table 5. The value of parameters employed in
the generation of channel coefficients are also summarized in [4] and [14]. Performance of
the system is measured with two metrics; cell average throughput which measures the overall
system performance and the cell edge user throughput which represent the worst case UE
performance. An antenna array configuration (H, V) corresponds to the horizontal and
vertical elements whilst angular spread (AZ, EL) represents the angular spread in azimuth
and elevation respectively. Our simulation assumes both the transmitter and receiver have
full knowledge of the channel state information of the downlink channel. Also for simplicity,
we assume all users are located at ground level (i.e. at 1.5m height).

Table 5. System Simulation Parameters

Parameter Value

Multi-cell layout 19 cells each with 3 sectors in hexagon layout

Inter-BS site minimum distance | 600 m (macro case)

Tx Power 43 dBm

Channel model 3D SCM

UE distribution Uniform

UE speed 3 km/h
Scheduling delay Oms

Channel estimation Ideal without error
UE antenna number 2,4,8

Base Station antenna number 2,4,8,16, 32, 64

Max antenna gain 14 dB
3 dB beamwidth 70 °(AZ), 23 °(EL)

Antenna element spacing 0.5A, 1A, 24, 4\
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4.1 Preliminary Results
Preliminary system-level simulation is conducted to evaluate the performance of FD-
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MIMO in terms of cell average performance and cell edge with increasing number of users.
Results in Fig. 8 and Fig. 9 shows the effectiveness of massive MIMO in obtaining high data
rates (improving the performance of both cell edge UE and the whole system) without
sacrificing bandwidth. Cell edge performance is critical in addressing the performance of
users at low SINR regions. This proves the theory that large humber of base station antennas
can remarkably improve performance data rate. With increasing number of antennas at the
base station, the propagation channel potentially provides much more spatial selectivity,
from which the system performance may be greatly improved. As is expected from Fig. 9 the
increase in total number of users does not improve the cell edge performance; thus there is
the need to increase transmit antennas for increasing number of users.

4.2 Throughput Performance for urban NLOS
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I AZ 0.5A / EL 4A I AZ 0.5A / EL 4A
- [ JAZA4A/ELO.5A [ 1AZ4AIELO5A
5 B A7 4 EL 4A E_ N A7 4 | EL 4A
=
210 5 10
Sy 3=
=5 £
oy L3
g5 538 5
g S
< g
T <
[&] =
[F]
16X1 8X2 4X4 1X16 2X8 O T Bx2  4x4 1xX1s  2x8
Fig. 10. Urban NLOS Sum-rate Fig. 11. Urban NLOS Sum-rate

performance for AZ 8° / EL 8° performance for AZ 8° / EL 15°



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 11, NO. 10, October 2017 4773

[ NN AZ 0.5A ] EL 4A

[ AZ 0.5A/ EL 44

-
(4]
]

3 [_1AZ4A/EL 0.5 3 0157 | __JAZ4A/ELOSA
< | I AZ 4A/EL 4A < | I AZ 4 EL 4A
= T T W a—
e 10¢ 55:4
Ew £ %041
=< -
QT 0 o =
Q §5 _g:
o 13
o L
g = 0.05
3 (3]
0
16X1 8X2 4X4 1X16 2X8 0
Fig. 12. Urban NLOS Sum-rate 16X1 8X2 4X4 1X16 2X8
o o .
performance for AZ 15°/EL 8 Fig. 13. Urban NLOS Cell Edge Throuput
for AZ 8°/ EL 8°
NN AZ 0.5A  EL 41 015 [ NN AZ 0.51 1 EL4A |
2 [ 1AZ 4A/EL0.5A 5 [ 1AZ 4A/ELO.5A
2 | I AZ 4A[EL 4A | b= I AZ 4A J EL 4A
5 _0.1 5 — T —
oz 3 To1
2 %
s S F 3
S 005! >
wl ) -
= w 0.05f
o =
Q@
&)

16X1 8X2 4X4 1X16 2X8
16X1 8X2 4X4 1X16 2X8

Fig. 14. Urt}z;r: ":IZ‘O8°S/C|§||_I 1ESd°ge Throuput Fig. 15. Urban NLOS Cell Edge Throuput
for AZ 15°/ EL 8°

As can be observed from Fig. 10-12, the overall performance is dominated by horizontal
beamforming with 0.5A/4\. This is because for horizontal antenna configuration with 0.5
inter-element spacing, multi-user interference is minimized as the beamwidth formed by the
DFT precoding is very narrow. The multi-user interference is also minimized due to the fact
that for the azimuth domain with sufficient user distribution it is simple to identify
sufficiently spaced users improving user and beam separability.

With the small range of elevation domain, there’s high probability for strong multi-user
interference due to low user separability. Also high inter-beam interference can minimize the
expected array gain. It can also be observed that increasing the inter-element spacing for
vertical beamforming can improve performance with 1x16 and 2x8. As can be observed in
Fig. 13-15 for the cell edge scenario, vertical antenna configuration (1x16 and 2x8) with wide
inter-element spacing (4A) is optimal for all azimuth/elevation configurations. Improved
performance is also observed with 8° elevation spread.

4.3 Throughput Performance for Urban NLOS with EAoD Restriction

From Fig. 13-15, due to the elevation AoD restriction, there is increased transmission of
useful signals towards the user space. The elevation domain experiences very narrow beam
with high directivity. The number of uniformly spaced antenna elements employed in
beamforming is directly proportional to the beamwidth for a given steering angle. Thus with
the increase in the number of transmitting beams in the elevation domain, beamwidth is
minimized which minimized gain loss as a result of sector-to-sector interference.
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The high directivity prevents losses due to inter-beam overlap. However horizontal
beamforming with 16x1 with 4\/4A has the worst performance. The case of cell edge as
observed in Fig. 19-21, horizontal beamforming 16x1 and 8x2 with 4A/4\ and 4A/0.5\ are
the optimal antenna configuration for the azimuth/Elevation configuration It can also be
observed that varying the inter-element spacing in the elevation domain does not adversely
affect sum-rate adversely; thus beamforming performs well both under correlated and
uncorrelated inter-element spacing for the case of eAoD restriction.
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4.4 Throughput Performance for Urban LOS

In the urban LOS scenario where elevation AoD restricted to single direction (in this case 0°),
results obtained in Fig. 22-24 are similar to those obtained in the case of urban NLOS with
eAoD restricted to [-10°, 10°]. Thus that vertical beamforming dominates performance for
all inter-element spacing cases. This can be attributed to the elevation domain experiencing
very narrow beam with high directivity as a result of the EAoD restriction. Elevation domain
channel modelling through the restriction of AoDs maintains a strong spatial correlation with
varying inter-element spacing.

An analysis of the results also shows that performance is large dependent on the varying
inter-element spacing and the distribution of the AoDs and not necessarily the mean angular
spread.

For cell edge throughput (Fig. 25-27), horizontal beamforming 16x1 and 8x2 with 4A/4\
and 4)/0.5\ respectively are the optimal antenna configuration for the azimuth/Elevation
configuration as in the case of urban LOS. Vertical beamforming with 1x16 antenna
configuration has the least performance due to the fact that narrow elevation beams are
mostly directed towards MS’s close to the cell center.
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4.5 Throughput Performance with varying receiver inter-element spacing

We present analysis of the performance of our FD-MIMO system with varying transmit and
receiver antennas. The various transmit/receive architecture presented in the results are
shown in Table 5 below. From Fig. 29 with the elevation angle of departure restriction, 2x4
correlated transmit antennas and 4 correlated receive antennas outperforms other
configurations. For the case of no elevation restriction in Fig. 30, optimal configuration is
observed for increased receiver antenna i.e. 2X2 (0.51) / 8 (0.51).

Comparatively, improved throughput performance is obtained with increased MS antennas
for typical urban NLOS case. Due to MS antenna design restriction, increasing the number
of BS antenna elements with correlated inter-element spacing is sure to provide optimal

performance.
Table 5. Results for Varying Tx/Rx Structure

Case Tx / Rx Structure Case Tx / Rx Structure

A 4X4 (0.5)) / 2 (0.51) G 2X2 (0.5)) / 8 (0.51)
B 4X4 (0.5)) /2 (2.01) H 2X2 (2.01) / 8 (0.51)
C 4X4 (1.00) / 2 (4.01) | 2X2 (4.01) / 8 (0.5%)
D 2X4 (0.5)) / 4 (0.5)) J 4X2 (0.5)) / 4 (0.5))
E 2X4 (0.51) / 4 (1.0%) K 4X2 (0.5)) /4 (1.01)
F 2X4 (1.00) 1 4 (2.00) L 4X2 (1.00) / 4 (2.01)
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5. CONCLUSION

In this paper we analyse the sum-rate performance of practical planar array configuration
for FD-MIMO in urban 3D environment using system level simulations. Typically MU-
MIMO with 3D beamforming can work well in both correlated and uncorrelated antenna
structures but for the case of urban macrocell channel with users located at street level, cell
average performance is optimal with horizontal linear array with small inter-element spacing
(0.5)). By assuming zero mutual coupling effect between antenna elements, half-wavelength
spacing would be the ideal choice to maintain high spatial correlation without greatly
increasing the physical dimensions of the array. By restricting the elevation angles of
departure, higher array gain is obtained via wide elevation inter-element spacing. The
performance trend for cell edge is opposite as typical urban supports high cell edge
throughput with vertical antenna beamforming whilst for the case or restriction, horizontal
antenna beamforming is optimal. In designing the transmit grid of beams for FD-MIMO, it is
important to design the antenna array and choose optimal configurations including inter-
element spacing for different angular spread scenarios since performance is sensitive to
interference. Results in [5],[6],[7],[8]and [35] shows that for small angular spread value
(typically a fixed value), the azimuth beaforming performs better than the elevation. It was
proposed in [4-8] that an increase in the angular spread and inter-element spacing in the
elevation domain would increase the elevation beamforming gain. Our work tested varying
angular spread and inter-element spacing for both horizontal and vertical domain. We
observed a similar pattern where the increase in the angular spread and elevation inter-
element spacing increasing the beamforming gain. Table 6 presents a summary of the
results discussed in this paper.
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Table 6. Summary of Results
Cell Average Throughput (b/s/Hz) Cell Edge Throughput (b/s/Hz)
Channel Angular Spread Variations (AZ / EL) | Angular Spread Variations (AZ / EL)
Model
8°/ 8° 8°/15° 15°/8° 8°/8° 8°/15° 15°/8°
Urban 16X1 16X1 16X1 2X8 2X8 1X16
NLOS (0.5M/4%) (0.5074)) | (0.50/4A) | (0.51/4)) | (0.5A /4%) (41 14))
Urban
NLOS with 1X16 1X16 1X16 8X2 8X2 8X2
Restriction | (0.51/4)) | (0.5A/4)) | (0.51/4%) | (4L/0.5)) | (41 /0.51) (41 14))
Urban 1X16 1X16 1X16 16X1 8X2 8X2
LOS (4n 14)) (4n 14)) (4 14)) (4n 14)) (41 /0.51) | (40 10.5%)
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