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Abstract—We study the downlink of a multicell MIMO system
where clusters of multi-antenna base stations jointly serve mul-
tiple single-antenna users, commonly referred to as a network
MIMO system. Most of the previous studies on network MIMO
have only considered the azimuth pattern of the antenna, while
ignoring the elevation pattern. In this paper, we consider both the
azimuth and the elevation patterns and investigate the impact of
the elevation angle tuning parameter, denoted as the antenna tilt,
on the performance of such systems. Using system simulations, it
is shown that the promised performance gains of network MIMO
systems over conventional non-coordinated systems, crucially
depend on the choice of the right tilt setting including the
tilt type, i.e., mechanical or electrical, and the tilt angle. In
particular, for tilt angles smaller than the optimum, network
MIMO with intra-site coordination performs almost as well as
the conventional system; while for tilt angles larger than the
optimum, the performance of network MIMO with intra-site is
similar to that of network MIMO with inter-site coordination.

Index Terms—Antenna tilt, downlink, intercell interference,
multiuser MIMO, network MIMO.

I. INTRODUCTION

Intercell interference is a fundamental performance-limiting
factor in the contemporary multicell systems especially for the
users at the cell-edge. One of the key strategies to combat this
effect is via coordination among multiple base stations, which
is currently under investigation in the emerging standards
such as LTE-Advanced under the title coordinated multipoint
transmission (CoMP) [1]. In one way of realizing CoMP,
multiple base stations are inter-connected via backhaul links
and process the users data jointly (a.k.a. network MIMO).
This results in a significant performance gain compared to the
conventional interference-limited systems [2]. Previous studies
on network MIMO, however, are only based on 2D antenna
models. Those models ignore the elevation pattern and the
variable parameter which controls the elevation angle of the
antenna, commonly referred to as antenna tilt.

Antenna tilt is one of the most important antenna parameters
which affects the intercell interference and the cell cover-
age [3]. Tilting can be mechanical, electrical, or a combination
of the two. Mechanical tilting is achieved via the physical
rotation of the antenna and requires site visit. On the other
hand, electrical tilting is achieved by changing the phase of
the antenna excitation and can be performed remotely by the

This work has been supported in part by VINNOVA within the VINN
Excellence Center Chase; and in part by SSF within the Strategic Research
Center Charmant.

network operator, denoted as remote electrical tilt (RET). RET
can adjust the tilt angle at most by 10° with respect to the
normal tilt direction due to the grating lobe effect. This limits
the effectiveness of RET if the optimal tilt angle to apply is
greater than 10°. In such scenarios, mechanical tilting needs
to be combined with RET to realize the optimal angle [3], [4].

Base station antenna tilting has been studied extensively
for conventional cellular systems, where cells operate in-
dependently and concurrently [3]-[7]. To the best of our
knowledge, however, the impact of antenna tilting has not
been investigated in the context of network MIMO systems.
In this paper, we investigate the effect of antenna tilt on the
performance of a network MIMO system in an urban area
with a dense deployment of base stations. We consider the
long-term average rate (a.k.a. throughput) analysis using three
commonly used metrics, namely the cell throughput, the cell-
edge throughput, and the peak throughput. Our simulations
results demonstrate that network MIMO achieves the maxi-
mum performance gain compared to the conventional system
only upon the choice of the right tilt type and the optimum
tilt angle. In particular, it is shown that for tilt angles less
than the optimum, the performance gain of network MIMO
with intra-site coordination over conventional system almost
vanishes. For tilt angles larger than the optimum, it is shown
that network MIMO with inter-site coordination and intra-site
coordination performs very closely.

II. SYSTEM MODEL

A. Sector Architecture

In this subsection, we introduce a sector architecture which
will serve as a building block for the multicell system con-
sidered henceforth. The sector consists of a number of single-
antenna users each at a height of h, above the ground, and a
base station equipped with N antenna elements at a height of
hps. An isotropic radiation pattern is assumed for the antenna
element at all the users. The radiation pattern for the antenna
elements at the base station follows the model proposed by
3GPP in [8]. The 3GPP antenna pattern is a simple model
which has been validated against many commercially available
antennas [3]. Based on this model, an antenna coordinate
system is defined with Cartesian coordinates (x,y, z) oriented
in a way that the zz-plane cut of the pattern includes the main
lobe peak of the antenna array. The radiation pattern used for



each antenna element consists of two 1D patterns, namely an
azimuth pattern and an elevation pattern. These patterns are
formed by a Gaussian shaped main lobe with a side lobe level
floor which are defined (in dBi scale) as'

(b 2
Aaz(¢) = —min |12 <) ,SLLg, |,
$3dB
2
Agi(#) = — min |12 <9+5e) ,SLLe | , 1)
3dB

where e is the electrical tilt which is positive when tilting
below the xy-plane (downtilt) and negative when tilting above
it (uptilt), ¢ (—180° < ¢ < 180°) denotes the azimuth
angle relative to the main beam pointing direction and 6
(—90° < 6 < 90°) is the elevation angle relative to the zy-
plane with # = 90° denoting upwards. Moreover, ¢3qg = 70°
and O3gg = 7° denote the half-power beamwidth (HPBW)
in the azimuth and elevation patterns, respectively, while
SLLy; = 25 dB and SLLg = 20 dB are the side lobe
levels for the respective patterns. The total antenna pattern
is determined by the azimuth and elevation patterns according
to [8]

A(¢, 0) = —min [— (Aaz((b) + Ae|(0)) s SLL()] + A(), (2)

where SLLy = 25 dB is the overall side lobe level and Ag = 0
dBi denotes the peak antenna gain.

We also define a sector coordinate system with Cartesian
coordinates (a’,y’, 2’), which is oriented such that the z'y’-
plane is parallel to the ground and the 3’-axis is parallel to
the y-axis in the antenna coordinate system. Furthermore, all
directions in space are defined in terms of the spherical angles
¢’ and €’ in the sector coordinate system. This is illustrated
in Fig. 1(b) for a circular sector with a base station at a point
on the perimeter and a sample user with the position vector
p. Note that p is defined in the sector coordinate system as
p=[p ¢ ¢ with p=|pl.

Mechanical tilt is modeled as the rotation of the antenna
coordinate system with respect to the sector coordinate system
around the g/-axis. In the case of zero mechanical tilt, the
antenna coordinate system coincides with the sector coordinate
system (see Fig. 1(b)). Since the antenna pattern is defined in
the antenna coordinate system, a transformation is necessary
to relate the spherical angles (¢, 6’) in the sector coordinate
system to the spherical angles (¢, 0) in the antenna coordinate
system. This transformation is given by [8]

6 = arcsin (cos ¢’ cos 0’ sin By + sin 0’ cos Bm) ,

¢ = arg (cos ¢’ cos @' cos Bm — sin @’ sin By + jsin ¢’ cos '),
3)

where 3y, denotes the mechanical tilt angle. It should be noted

that mechanical tilting does not change the radiation pattern

I As for notation, we use lowercase boldface for vectors, uppercase boldface
letters for matrices, and calligraphic for sets. (-), Tr(-), E[-], |S], and |||
denote Hermitian transpose, trace operator, statistical expectation of a random
variable, cardinality of a set S, and the Euclidean norm of @, respectively.

Fig. 1.  Definition of angles and coordinate systems: (a) Illustration of
mechanical and electrical tilt; (b) An example of a circular sector architecture.

itself, but rather its projection to the ground. This results in
the azimuth pattern and HPBW to depend on the mechanical
tilt angle. Electrical tilt, however, creates an elevation steering
of the elevation pattern which affects neither the shape of
the azimuth pattern nor the azimuth HPBW [3]. Furthermore,
with mechanical tilt, the antenna main lobe and back lobe
are directed towards opposite directions as the antenna is
physically rotated; while in electrical tilt, both main lobe and
back lobe move in the same direction, e.g., they are both
directed towards the ground when downtilting [7]. Therefore,
mechanical and electrical tilting have different impact on the
system performance. Finally, the total tilt angle Sy in the xz-
plane is given by the sum of electrical and mechanical tilts.

B. Multicell System Architecture

The clustered cellular network considered here comprises
C disjoint clusters, each consisting of S adjacent sectors. To
enable coordination, the base stations within the same cluster
are connected to a cluster controller via high speed backhaul
links, and act as a single distributed multi-antenna transmitter
with S Vi antennas. We consider a universal frequency reuse
and the downlink transmission over a narrowband frequency-
flat fading channel. We focus on the performance of a given
cluster, while treating the interference from the other C' — 1
neighboring clusters as noise. The received signal of user % in
cluster c is given as

C
yk,c(t) = Z h;',c’ (t)mc' (t) + nk7c(t)a 4)

=1

where hy.(t) € CIM*! is the aggregate channel vector
between user k and all the base stations in cluster ¢, x.(t) €
CSNx1 denotes the aggregate transmit signal vector from all
the base stations in cluster ¢, and ny .(t) ~ CN(0,1) is the
AWGN at user k in cluster c. We also assume a sum power
constraint of S over all the base stations in the cluster, i.e.,
Tr(E[z.(t)xH (2)]) < S, Ve.

III. PHYSICAL LAYER SIGNALING AND USER
SCHEDULING

To cancel the inter-user interference at each cluster, we
focus on linear zero-forcing beamforming (ZFBF) for the



sake of simplicity. We also assume perfect knowledge of
the channel vector of all users in each cluster to all base
stations in that cluster at the corresponding cluster controller.
Let K denote the total number of users in cluster ¢ with
K > SNi. Under this assumption, ZFBF cannot serve all the
users simultaneously at each time slot. As a result, a scheduler
is employed at each cluster controller to select a subset of users
to be served at each time slot, referred to as active users. Let
U,(t) denote the set of active users in cluster ¢ at time slot
t, such that |U.(t)| < SN:. The transmitted signal x.(t) can
then be written as

zc(t) =

> wie(t)dio(t), 5)

keU.(t)

where wy, .(t) € CSM*1 and dj, .(t) denote the beamformer
and the data symbol for user k € U.(t), respectively. It follows
that the transmit covariance matrix at cluster c takes the form

Q) =E[z(t)al(®)] = Y wiclywll (Dpee(t),
keU.(t)
(6)

where py. .(t) = E[||dk..(t)*] denotes the allocated power to
user k € U.(1).

Under ZFBF, the intra-cluster interference is completely
removed, i.e., h;"c(t)wj,c(t) = 0, Vj # k. The other cluster
interference (OCI) is, however, still present and is treated as
noise at each user. The OCI power at user k in cluster c is
given by

Xie(t) =Y B o (O)Qu () (1). (7)
c’'#c

Now we define the achievable rate Ry, (hy (t), Q.(t), Xk,c(t))
of user k, expressed in bits/s/Hz, as

Rk(hk,C(t)v Qc(t)’ XkC(t))

B IR ()W, (t) ]| 2pr.c(t)
_m%u 0 L ®)

Using the proportional fairness (PF) algorithm [9], at each time
slot ¢ the scheduler at cluster ¢ needs to determine the set of
active users U, (t) and the corresponding transmit covariance
matrix Q. (t). The cluster controller then solves the following
weighted sum rate maximization problem:

max Z Ry, (hk,c(t)v Qc(t)v Xk,c(t))
Us(D.Qu(t) T c(t) ’

subject to Tr(Q.(t)) < S, )

where T, .(t) denotes the windowed long-term average rate
of user £ at cluster ¢ [9]. The power allocation for a given set
U,.(t) is performed using the waterfilling algorithm [10]. For
the optimization over U.(t) we employ the suboptimal, but
low-complexity greedy user selection of [11]. We note that
Xk,c(t) in (8) is not known at the scheduling step. To combat
this issue, we perform the scheduling based on the average
OCI level. We, however, update the long-term average rate

using the achievable rate obtained based on the instantaneous
ICI power. More details on this approach can be found in [9]
and are omitted here for the sake of brevity.

IV. SIMULATION SETUP

A. Cellular Layout

A 3-sector hexagonal cell site is considered with the bore-
sight of the array in each sector pointing to the flat side of the
sector. We set Ny = 4 (i.e., 12 antennas per cell site), hps = 32
m, and hy = 1.5 m. Three different coordination schemes are
considered as follows:

o Conventional non-coordinated scheme (S = 1): This
corresponds to the case where each cluster consists of
only one sector. For multicell simulation, we consider a
19-cell network to account for the two tiers of interfering
cells (see Fig. 1.A in [2]).

o Intra-site coordination (S = 3): In this scheme, the three
co-located sectors in each cell site form one cluster. The
multicell simulation set up is similar to the case of S = 1.

o Inter-site coordination (S = 9): In this scenario, every
3 adjacent hexagonal cell sites form a cluster. In our
multicell simulation, we consider a 21-cell network (see
Fig. 1.B in [2]). Note that the network layout for this
scenario is different from the other two scenarios as it
contains one tier of interfering clusters. Adding more
clusters to the layout beyond the first tier, however,
has a negligible effect on the statistics of inter-cluster
interference, since the interference from those clusters is
significantly attenuated due to the increased pathloss [2].

A wraparound technique is employed to avoid any edge effects
in the network [9]. In this way, each cluster will observe the
same layout irrespective of its position in the network. We
define the path gain oy . between user £ and base station b
in cluster c as

=B (dk,b,c)_ 10A(¢k,b‘c»ek,b,c)/lolo(vk,b,c/lo))

(10)
where dj, ; . denotes the distance between the antenna of user
k and the antenna array of base station b in cluster ¢, taking
into account the base station and the user heights, x = 3.5
is the pathloss exponent, while Dy is a reference distance. In
addition, Py denotes the received power (excluding the antenna
gain) at the reference distance Dy, v p, is the log-normal
shadowing (in dB) between user k& and base station b in cluster
¢ with a standard deviation of 8 dB, and A(¢gp.c,0kpb.c)
denotes the base station antenna gain in dBi at spherical angles
®k.b,e and Oy . in the antenna coordinate system. In our
simulations, we set the reference distance Dg equal to the cell
radius (288 m in this paper), which results in that P represents
the cell-edge SNR, i.e., the SNR achieved at the edge of an
isolated cell. Based on the path gain definition, the channel
model between user k and base station b in cluster ¢ at time
slot ¢ is given by /% p.c b o(t), where by o(t) € CMNix1
denotes the small-scale fading channel vector with elements

Qk.b.c



~ CN(0,1), i.e., isotropic scattering. Note that we assume
the distances between the antennas of the same base station
to be much smaller than dj, 3 .. As such, the spherical angles
of user k to all the antenna elements in the base station array
are almost the same, and all the antennas can be characterized
by the same shadowing effects as the shadowing is caused by
large scatterers. Finally, the inter-element distance at the base
station antenna array is assumed to be sufficiently large so that
the effects of spatial correlation can be neglected.

B. Performance Metrics and Simulation Method

We consider the throughput analysis for the performance
evaluation. To this end, three different performance metrics
are used, namely the cell throughput, the cell-edge throughput,
and the peak throughput defined as the 50-percentile, the 5-
percentile, and the 95-percentile of the throughput distribution
over the cell, respectively. Therefore, we need to obtain the
distribution of the throughput over the cell site. We, however,
highlight that due to the presence of unknown OCI, multiuser
MIMO transmission with PF scheduling, and the non-isotropic
statistics of hy, .(t) (and consequently wk@(t))z, Vk, ¢, an an-
alytical treatment of the problem under consideration becomes
tedious. As a result, we resort to Monte Carlo simulation, and
leave the development of an analytical framework to our future
work. We use a drop-based simulation, where at each drop 30
users are placed uniformly over the area of each cell site. Each
user is then assigned to a cluster based on its maximum path
gain to the base station inside that cluster. We assume full
intra-site shadowing correlation and an inter-site shadowing
correlation of 0.5.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we compare the performance of the two
network MIMO schemes (i.e., intra-site and inter-site coordi-
nation) with that of the conventional non-coordinated scheme.
Regarding the tilt type, we consider two different tilt types as
follows: 1) purely mechanical tilt, and 2) purely electrical tilt.
The inter-site distance is 500 m and the cell-edge SNR is set
to 15 dB to account for an interference-limited system.

In Fig. 2, the cell throughput is plotted versus the tilt angle.
By comparing the cell throughput for the two different tilt
types in Fig. 2(a), and 2(b), respectively, we observe that for
each scheme individually, the maximum cell throughput is
achieved by using electrical tilt. It is also observed that the
maximum cell throughput gain for network MIMO schemes
compared to the conventional scheme is achieved using elec-
trical tilt, and is equal to ~ 28% and ~ 42% for intra-site and
inter-site coordination, respectively.

Figure 3 compares the cell-edge throughput versus the tilt
angle. The maximum cell-edge throughput for each scheme
individually is achieved via electrical tilt. However, we note
that the maximum cell-edge throughput gain for network

2Since each user k in cluster c experiences different pathloss and shadowing
to different base stations in the cluster, the elements of the aggregate channel
hy . have a non-identical distribution.

Cell throughput [bps/Hz]
Cell throughput [bps/Hz]

5 15
Tilt angle (°)

(a) Mechanical tilt

Tilt angle (°)

(b) Electrical tilt

Fig. 2. Cell throughput vs. tilt angle for different tilt settings and coordination
schemes. S = 1 denotes the conventional scheme, S — 3 means intra-site
coordination, and S = 9 is inter-site coordination.

MIMO schemes with respect to the conventional scheme is
approximately the same for both mechanical and electrical tilt.

In Fig. 4, the peak throughput versus the tilt angle is plotted.
We note that electrical tilt provides negligible peak throughput
gain compared to mechanical tilt for the conventional scheme.
It is also observed that mechanical tilt provides no peak
throughput gain for network MIMO schemes compared to
the conventional scheme. Electrical tilt, however, achieves a
peak throughput gain of ~ 20% for intra-site coordination and
~ 27% for inter-site coordination relative to the conventional
scheme. It should be noted that the peak throughput is usually
achieved by the users close to the base station and to the main
beam peak of its antenna array. As a matter of fact, the desired
signal of such users is mainly received from this base station.

For the optimum mechanical tilt angle, the desired signal
power is the same for both the conventional scheme and the
network MIMO schemes, as in both cases the back lobes of
the other intra-site base stations are pointing upwards; hence,
neither any interference in the conventional scheme nor any
desired signal in the network MIMO scheme is received from
these back lobes. Furthermore, as the optimum mechanical
tilt angle is relatively large, the effect of the signal from
the neighboring cells, which is either intercell interference or
desired signal in the inter-site coordination case, is negligible
for such a user. Therefore, all the schemes have almost the
same peak throughput.

For the optimum electrical tilt, however, the back lobes of
the other intra-site base stations are also pointing downward.
Hence, they act as intra-site interference in the conventional
scheme, while contributing to the desired signal in the network
MIMO with intra-site coordination, which results in peak
throughput increase. Furthermore, as the optimum electrical
tilt angle is slightly smaller than the optimum mechanical
one, the desired signal component from the adjacent cell in
the inter-site coordination case also contributes to the total
desired signal resulting in a small improvement compared to
the intra-site coordination.

One interesting observation, common in all figures, is that
the network MIMO schemes outperform the conventional
scheme only over a limited range of tilt angles. Furthermore,
the performance of network MIMO schemes is degraded faster



Cell-edge throughput [bps/Hz]

Cell-edge throughput [bps/Hz]

-5 o 5 10 15 20 25 -5 0 5 10 15 20 25
Tilt angle (°) Tilt angle (°)

(a) Mechanical tilt (b) Electrical tilt

Fig. 3.  Cell-edge throughput vs. tilt angle for different tilt settings and
coordination schemes.
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Fig. 4. Peak throughput vs. tilt angle for different tilt settings and
coordination schemes.

than that of the conventional case when the tilt angle deviates
from the optimum, which shows the sensitivity of network
MIMO performance with respect to the optimum tilt angle.

Another important point to highlight is that the performance
of intra-site coordination gets close to that of the conventional
case when the tilt angle is decreased below the optimum, while
it gets close to that of inter-site coordination when the tilt
angle is increased above the optimum. The reason for the
former is that small tilt angles result in severe leakage of
interference to the neighboring cells that can easily dominate
the intra-site coordination gain. In the latter, however, using
large tilt angles isolates the neighboring cells to a large extent
such that the effect of the desired signal received from the
neighboring cells in inter-site coordination becomes negligible.
As a result, most of the gain over conventional system is
obtained via the coordination of the co-located base stations
inside the cell sites, i.e., intra-site coordination. Furthermore,
this coordination gain approaches a constant value for very
large tilt angles. In fact, at large tilt angles the cells are
highly isolated and the performance is mainly limited by intra-
cell impairments, i.e., noise for the intra-site coordination and
intra-cell interference for the conventional system.

Finally, as mentioned before, a commercial RET antenna
can typically adjust the tilt angle by at most 10° with respect to
the nominal tilt direction owing to the grating lobe effects [3].
However, the optimal electrical tilt angle in all figures, is
greater than 10° due to the small inter-site distance considered
in this paper. Our simulation results have shown that a large
fraction of the optimum performance achieved by purely
electrical tilting, can also be achieved when the total tilt angle

is composed of half electrical and half mechanical tilt angle.
Therefore, for scenarios where the optimum tilt angle is larger
than the maximum adjustable electrical tilt angle, we can
use mechanical tilting to tailor to the optimum with only a
marginal loss in performance.

VI. CONCLUSIONS

We investigated the effect of base station antenna tilt on
the performance of a network MIMO system with a dense
deployment of base stations. We demonstrated via system-
level simulations that the throughput gain of network MIMO
promised by 2D models is only achievable upon the selection
of the right tilt setting. Purely electrical tilting was shown
to offer the best performance for all considered performance
metrics and coordination schemes. It was also shown that using
a tilt angle smaller than the optimal results in severe leakage
of interference to the neighboring cells, thereby degrading
the coordination gain. Aggressive tilting, on the other hand,
was shown to isolate the cell sites resulting in the inter-
site coordination gains to diminish. We also observed that
the performance of the coordinated schemes degrades faster
than that of the conventional scheme, when deviating from
the optimal tilt angle. In our future work, we will consider
the effect of inter-site distance and sector orientation, e.g., by
changing the the bore-sight of the sector array to point to the
cell edge.
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