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On the Impact of Antenna Tilt on Cell-Free
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Abstract— This work investigates the performance of cell-free
multiple input multiple output systems serving ground user
equipments (GUEs) and uncrewed aerial vehicles (UAVs) when
varying the tilt angle of the access point antennas. The antenna
tilt affects the radiation power pattern, such that tilting the
antennas upwards is favourable for the UAVs, while tilting them
downwards is favourable for the ground users. We study the
performance of antenna tilting using uniform linear arrays and
uniform planar arrays. Our results indicate that using a fixed
downtilt favouring the ground users with the linear array ar-
rangement is beneficial for the overall performance of the studied
scenario. The reason behind this behavior is that UAVs are less
penalized by slightly downtilting the arrays than terrestrial users
by slightly uptilting the arrays. It is also observed that the impact
of the array types depends on the ratio of UAVs in the system. Due
to the high interference that UAVs cause on GUEs, when a lower
UAV ratio is considered, the dimensional benefits of the planar
array enhance their performance, degrading the GUEs; hence,
in this case, the linear array presents fairer results, benefiting
the whole system. For higher UAV ratios, however, the planar
array achieves better sum rates.

Keywords— Antenna tilt, cell-free systems, massive MIMO,
UAV communications

I. INTRODUCTION

For the 6th generation of mobile systems, distributed multi-
ple input multiple output (MIMO) systems provide an efficient
alternative to the conventional cellular architecture in terms
of quality of service (QoS) and coverage, while benefiting
from spatial diversity and multiplexing offered by the MIMO
technology. Within the distributed MIMO (often referred to as
’cell-free’) context, simultaneously serving aerial user devices,
and specifically uncrewed aerial vehicles (UAVs), and terres-
trial or ground user equipments (GUEs) has recently gained
great interest in both academia and industry.

The advantages of using UAVs, due to their low-cost and
high mobility attributes, have resulted in an increasing interest
by industry, transport, monitoring and many other areas,
motivating the studies on wireless communication networks
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with integrated UAVs [1], [2]. Recent works on cellular UAV
communications have explored the impact of the antenna tilt
angle (ATA) on the network performance when serving these
equipments, given that usually the base station (BS) antennas
are tilted downwards, as they are designed to prioritize the
GUEs, and hence, the UAVs receive the data from the BS
with slightly less power [3]. In [4], the trade-off offered by the
downtilt angle of the antenna for the performance of coexisting
UAVs and GUEs is analyzed. In [5], BSs with both uptilted
and downtilted antennas serve coexisting UAVs and GUEs.
In [3] and [6], the uptilt and downtilt of the antennas were
explored on different exclusivity schemes of the BSs.

Concerning cell-free wireless networks serving UAVs, exist-
ing works have not devoted a particular attention to the model
of the ATA [2], [7]. The current study seeks to investigate the
link quality, in terms of spectral efficiency (SE), that a cell-
free system provides to the entire network (GUEs and UAVs)
with the antennas tilted up or down.

For scenarios with high data rate demands, such as in fifth
generation (5G) and sixth generation (6G) networks, it is
expected that the infrastructure of the communication system
be able to provide and handle this requirement efficiently. Cell-
free systems manage to provide high data rates for the users
in uplink and downlink transmission [8], nonetheless, system
attributes such as the array type can be manipulated in order
to improve the QoS. The authors in [9] have worked on cell-
free networks with correlated Rayleigh fading channels for
two different types of arrays: uniform linear array (ULA) and
uniform planar array (UPA). The addition of one dimension
in the UPA arrangement improves the channel estimation
and spectral efficiency due to the higher correlation factor in
comparison to the ULA.

With this perspective, this present work investigates the
performance of cell-free massive MIMO networks under Ri-
cian correlated fading channels, for systems with downtilt and
uptilt angles under the employment of ULA and UPA. The
main goal of this study is to compare these scenarios when
serving both UAVs and GUEs in terms of mean user SE
and sum SE. Simulations have shown that, while the uptilt
benefits the UAVs, a fixed downwards ATA works better for
the entire system. Moreover, the UPA arrangement presents
an increase on the sum SE of the system. In Section II,
scenario propagation, channel estimation and SE models are
described. Section III shows the radiation power pattern used
to model the antenna tilt of the antennas. Section IV presents
the two antenna arrangements studied and their respective
spatial correlation matrices, steering vectors and array factor
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for the total radiation pattern of the array. In Section V the
simulation and numerical results are displayed and discussed.
Finally, Section VI summarizes the conclusions of this work.

II. SYSTEM MODEL

A cell-free network with L access points (APs) and K
single-antenna user equipments (UEs) is considered. The UEs
are divided into KGUE GUEs and KUAV UAVs, with K =
KGUE +KUAV.

In order to model the ATA, this work uses the radiation
power pattern of [10], also used in the 3rd Generation Part-
nership Project (3GPP) Technical Reports [11] and [12]. The
horizontal pattern of this model is designed for a 3-sector cell.
Thus, as a way to assure the coverage on the entire area, the
APs are equipped each with S = 3 arrays of N antennas, with
respective boresights distanced 120◦ from the others.

The APs are connected via fronthaul to a central processing
unit (CPU). The system operates based on a time division
duplex (TDD) protocol, and only the uplink (UL) transmission
is evaluated. In this scenario, it is assumed that all the arrays
at every AP serve all UEs.

A. Propagation Model
The link between UE and a receiver array at the AP is

modeled following a Rician distribution. Similarly as in [2],
the propagation channel hk,l,s ∈ CN between the k-th UE and
the s-th receiving array at the l-th AP is described with the
expression:

hk,l,s =

√ K̄k,l

K̄k,l + 1
ak,l,s +

√
1

K̄k,l + 1
h
(w)
k,l,s

√βk,l,s ,

(1)
in which K̄k,l represents the Rician K-factor, h

(w)
k,l,s ∼

N (0,Rk,l,s) is the non-line of sight (NLOS) Rayleigh term,
with Rk,l,s ∈ CN×N being the channel spatial correlation
matrix, and ak,l,s is the array steering vector. The component
βk,l,s is the large-scale fading coefficient, describing the
shadowing and the path-loss as:

βk,l,s = 10
PLk,l+SHk,l+Gk,l,s

10 , (2)

where PLk,l is the path-loss in dB, Gk,l,s is the receiver
antenna gain in dB and SHk,l the correlated shadowing in dB,
with standard deviation σSH , which changes when considering
UAVs and GUEs for line of sight (LOS) and NLOS links.
The steering vector, as well as the correlation matrix Rk,l,s,
is determined according to the antenna type, which will be
described further in Section IV.

As described in [13], the link between the UE and the AP
has a corresponding probability of LOS, which depends on
the physical attributes of the setup, such as the horizontal
distance between the two terminals and the height of the
UAV. The path-loss and the Rician K-factor depend on this
probability, given that both change for LOS and NLOS links.
For an LOS channel, K̄k,l = 15 dB for UAVs and for GUEs,
K̄k,l ∼ N (5, 9) dB; for an NLOS channel, K̄k,l = 0 dB for
all UEs. The probability of LOS, path-loss and Rician K-factor
are modeled according to the urban micro (UMi) scenario in
[12] and [11], for GUEs and UAVs, respectively.

B. Channel Estimation
The channel estimation is performed based on pilot trans-

mission sent by the UEs. There are τp < K orthogonal pilot
signals ϕ1, . . .ϕτp of length τp with ||ϕt||2 = τp. As in [8],
the signal at the receiver is correlated with the normalized
pilot sequence sent by the UE, resulting in:

ztk,l,s =
∑
i∈Pk

√
piτphi,l,s + ntk,l,s , (3)

ztk,l,s is the received signal correlated with the pilot signal
ϕtk

, tk being the index of the pilot used by UE k, pi is the
transmitted power of the i-th UE, ntk,l,s ∼ N (0, σ2IN ) is the
noise at the receiver and Pk is the set of UEs that use the same
pilot. The minimum mean square error (MMSE) estimator is
then applied, giving the channel estimate:

ĥk,l,s =
√
pkτpRk,l,sΨ

−1
tk,l,s

ztk,l,s , (4)

with Ψtk,l,s = E{ztk,l,szHtk,l,s} and error h̃k,l,s = hk,l,s −
ĥk,l,s.

Given the limited number of pilot signals in the network, the
choice of an appropriate pilot assignment method is imperative
in order to minimize pilot contamination. For a scenario with
both GUEs and UAVs, [13] shows that the "Scalable" pilot
assignment represents the best trade-off in terms of SE for the
UEs. This method is based on the initial access procedure of
[14], in which the UE designates the AP with best large scale
coefficient βk,l,s as its master AP, which in turn selects for the
UE the pilot signal that causes the least pilot contamination.

C. Spectral Efficiency
The performance of the network in this work is evaluated

by means of the SE. The channel estimates computed at the
APs are sent to the CPU, which performs the decoding with
large scale fading decoding (LSFD) weights [8]. Let us define

gk,i =
[
vH
k,1,1hi,1,1 . . .v

H
k,L,Shi,L,S

]T
, where vk,l,s is the

MMSE combining vector1 given by [8]:

vk,l,s = pk

(
K∑
i=1

pi

(
ĥi,l,sĥ

H
i,l,s +Ci,l,s

)
+ σ2IN

)−1

ĥk,l,s ,

(5)
with Ck = diag(Ck,1,1, . . . ,Ck,L,S) and Ck,l,s =
E{h̃k,l,sh̃

H
k,l,s}. The LSFD weights wk that maximize the

signal to interference-plus-noise ratios (SINRs) of the UEs
can then be determined [8] :

wk =

(
K∑
i=1

piE{gk,ig
H
k,i}+ σ2Dk

)−1

E{gk,k} , (6)

with Dk = diag
(
E{||vk,1,1||2} . . .E{||vk,L,S ||2}

)
∈ CLS×LS .

Using (6), the maximum SINR is given by [8]:

SINRk =pkE{gH
k,k}

(
K∑
i=1

piE{gk,ig
H
k,i}+ σ2Dk

− pkE{gk,k}E{gH
k,k}

)−1

E{gk,k}, (7)

1The combiner minimizes the conditional mean squared error given the
estimated channel [8], [15].
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allowing the computation of the achievable UL SE of UE k:

SEk =

(
1−

τp

τc

)
log2 (1 + SINRk) , (8)

where τc represents the coherence time length. Using (8), the
sum SE of the system can be then defined as

∑K
k=1 SEk.

III. RADIATION PATTERN

The antenna gain can be generated according to the model in
[10]. The vertical radiation pattern is dependent on the antenna
tilt angle and given by:

GV (θ, θtilt) = −min

12(θ − θtilt

θ3dB

)2

, Am

 , (9)

in which θ ∈ [−π, π] is the elevation angle of incidence of
the incoming wave at the receiving element, θtilt is the antenna
tilt angle and θ3dB is the half power beamwidth (HPBW) of
the vertical pattern, with value θ3dB = 15◦ as in [10]. The
component Am is the maximum attenuation of the antenna
gain, assumed to be 20 dB in [10].

The horizontal antenna gain is given by the expression:

GH(γ) = −min

12( γ

γ3dB

)2

, Am

 , (10)

where γ ∈
[
−π

2 ,
π
2

]
is the azimuth angle of incidence of

the incoming wave and γ3dB is the HPBW of the horizontal
pattern, with value γ3dB = 70◦ in [10]. Using (9) and (10), the
3D antenna radiation power pattern of the element is:

GE(θ, γ, θtilt) = −min [− (GV (θ, θtilt) +GH(γ)) , Am] .
(11)

The tilt angle can vary in the interval
[
−π

2 ,
π
2

]
. The negative

values in the range are associated with the uptilt of the antenna,
while the positive ones represent the downtilt.

As described in [16], when using identical elements, the
total radiation pattern of the array is given by the product
of the element pattern to the Array Factor (AF). In dB, the
radiation pattern of the array is:

GA(θ, γ, θtilt) = GE(θ, γ, θtilt) + 10 log10 AF (θ, γ) . (12)

Hence, the antenna gain at the s-th array of the l-th
AP for the k-th UE is determined by (12) as Gk,l,s =
GA(θk,l,s, γk,l,s, θtilt).

The array factor is a function of the array physical arrange-
ments, such as spacing, number of antennas, relative phases
and magnitudes, therefore, its expression changes depending
on the type of array being used. The AF for the considered
array configurations in this study are given in Section IV.

IV. ANTENNA ARRANGEMENT

In this work, two antenna array types are considered:
ULA and UPA. As expressed in [9], the UPA configuration
shows an improved performance in detriment of the ULA for
cell-free systems as a consequence of its beneficial spatial
characteristics. Therefore, this study seeks to compare the

performance of these two array configurations for a cell-free
network serving GUEs and UAVs.

As mentioned in Sections II and III, the main features
affected by the antenna type are the steering vector ak,l,s,
the spatial correlation matrix Rk,l,s, and the array factor AF,
described for each configurations as follows:

1) ULA: For the ULA type case, the elements are disposed
uniformly with spacing d. The correlation matrix is generated
according to the local scattering spatial correlation model in
[8], which designs RULA

k,l,s ∈ CN×N as a Toeplitz matrix that
describes the macroscopic effects of the channel.

As for the steering vector ak,l,s in (13), the element an for
the n-th antenna of the s-th array on AP l in (13) depends on
the Angle of Arrival (AoA) γk,l,s of the corresponding UE:

ak,l,s = [a1, . . . , aN ]
T

, an = e−j 2π
λ (n−1)d sin γk,l,s . (13)

The array factor for the ULA configuration is given as in [16]
for a linear array along the x axis starting at the origin:

AF (θ, γ) =
1

N

N∑
n=1

ej
2π
λ (n−1)d sin θ cos γ , (14)

where it is given the same weight 1
N for all the elements and

no phase excitation difference is considered.
2) UPA: For the UPA case, the Kronecker-type approxi-

mation in [17] is used to compute the correlation matrix. In
this approximation, the matrix RUPA

k,l,s ∈ CN×N is determined
through the Kronecker product of the correlation matrices of
orthogonal ULAs.

Assuming a UPA lying on the xy plane, with dimensions
Mx × My , MxMy = N , in which the adjacent elements
have the same spacing d, the following Toeplitz matrices
can be defined: RULAx

k,l,s ∈ CMx×Mx for the elements in the
x axis and R

ULAy

k,l,s ∈ CMy×My for the elements in the y
axis. Assuming also that the correlation in each axis does not
depend on the other, the UPA correlation matrix is defined as
RUPA

k,l,s = RULAx

k,l ⊗R
ULAy

k,l,s , and has a Toeplitz structure.
Regarding the steering vector, the design of the phase shifts

depends on both the azimuth AoA γk,l,s and the elevation
AoA θk,l,s. Determining the vectors:

axk,l,s =
[
u1
k,l,s . . . u

Mx

k,l,s

]T
, (15)

ayk,l,s =
[
v1k,l,s . . . v

My

k,l,s

]T
, (16)

where

umx

k,l,s = ej
2π
λ (mx−1)d sin θk,l,s cos γk,l,s , (17)

v
my

k,l,s = ej
2π
λ (my−1)d sin θk,l,s sin γk,l,s , (18)

with mx = 1, . . . ,Mx and my = 1, . . . ,My , the steering
vector is calculated as:

ak,l,s = axk,l,s ⊗ ayk,l,s . (19)

For the UPA configuration, the array factor will be given as
[16]:

AF (θ, γ) =
1

MxMy

Mx∑
mx=1

My∑
my=1

ej
2π
λ dαx,y , (20)

αx,y = (mx − 1) sin θ cos γ + (my − 1) sin θ sin γ ,
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in which, as well as for the ULA, the same weight 1
MxMy

is considered for all the elements and no phase excitation
difference is considered.

V. SIMULATION AND RESULTS

The cell-free scenarios studied in this work were simulated
using Python3. The results were obtained through the analysis
of the system UL SE of (8) under different tilt angles and
distinct antenna arrangements. 200 Monte Carlo simulations
were performed, where the UEs were randomly positioned
withing the simulation area while the APs were distributed
uniformly. The averaging of the SINR was taken over 200
channel realizations.

The deployment of the UEs on the system was done
considering K = 40 UEs, being KGUE = 32 and KUAV = 8,
corresponding to a 25% UAV/GUE ratio (case 4 in [11]);
the UEs transmit the pilot signals with full power. The UEs
were served simultaneously by L = 100 APs, each equipped
with 3 arrays of N = 4 elements, which means for the UPA
Mx = My = 2; the tilt angle on the arrays θtilt is fixed for
the entire network. Table I shows the other parameters used
in this work for the simulation of the system and propagation
model.

TABLE I
SIMULATION PARAMETERS.

Parameter Value
Carrier frequency fc = 2 GHz
Communication bandwidth W = 20 MHz
GUE and AP heights 1.5 m, 11.5 m
UAV height uniform, [23, 230] m
UL power per UE pk = 100 mW
Antenna spacing d = (1/2)λ
Number of pilots τp = 10
Coherence block length τc = 200
GUEs σsh (LOS, NLOS) 4, 8.2
UAVs σsh (LOS [11], NLOS) max(2, 5ehUAV/100), 8

Figure 1 shows the mean SE of UAVs and GUEs as a
function of the ATA θtilt, which in this case is varying from
−20◦ to 20◦. It can be observed that, as expected, the SE
of the UAVs benefits from the negative angles, that represent
the uptilt of the antenna, while the SE of the GUEs is
strengthened by the positive angles, representing the downtilt.
In each of these cases, one type of UEs is prioritized in
detriment of the other, achieving their respective maximum
mean SE. Figure 1a also shows that for higher values of θtilt
in the positive direction, the UAVs mean SE lightly increases
again, while the GUEs mean SE decreases in Figure 1b. A
reflected behavior can be noticed for the most negative values.
It can be concluded that, as the antenna is inclined on a
more accentuated angle, the system stops serving the UEs
with higher power as the main beam of the radiation pattern
in (9) covers a smaller area; the same can be said about the
far negative values.

Moreover, as explained in [13], due to better propagation
conditions, the UAVs SE increases significantly, resulting in
more interference power on the GUEs SINR, degrading the
channel estimates and SE, consequently. This explains why
the mean SE of the UAVs increases as the GUEs decreases
when the coverage is impaired by the higher ATAs.
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Fig. 1. Mean SE in terms of the antenna tilt angle on ULA and UPA
arrangements for UAVs and GUEs.

Figure 1 also considers both antenna arrangements studied
in this paper. It is important to notice that, as Figure 1a
shows, for UAVs, the employment of a UPA configuration is
highly favorable, however, the SE of the GUEs is diminished
as a consequence. Again, the superior environment traits and
propagation conditions of the UAVs, empowered by the use of
an array architecture that improves the spatial attributes of the
network, decreases the overall performance of the transmission
for GUEs.

Even with the disparity of values, the relative behavior
of the mean SE in terms of the ATA is similar for both
antenna arrangements. Approximately the same tilt angle gives
the maximum mean SE for each type of UE: θtilt = −10◦

for UAVs and θtilt = 5◦ for GUEs. In order to investigate
the performance of the entire system under ULA and UPA
arrangements, the sum SE of the scenarios for each array
configuration and tilt value is taken.
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Fig. 2. CDF of the Sum SE for system with ULA, UPA and with the fixed
optimal tilt angles for GUEs and UAVs.

The results of these scenarios are shown in Figure 2. The
curves show that, in this case, the employment of a downtilt
prioritizing the GUEs is more beneficial for the system as a
whole than when focusing on the UAVs. This is due to the fact
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that the UAVs already have good rates and higher SE than the
GUEs; when the antenna is tilted downwards, the benefits for
GUEs are more significant than the impairments on UAVs.

When focusing on the performance of the systems for each
array type, it can be seen that, as expected from [9], the
UPA does present a slight benefit to the network, given that
it provides higher SE for the best UEs. Nonetheless, the ULA
arrangement outperforms the UPA in overall sum performance
for both downtilt and uptilt scenarios, given that, although
the UPAs achieve higher rates, they benefit more the UAVs
in detriment of the GUEs, decreasing their SE, and, as a
consequence, the sum SE of the entire system.

It is important to notice that these results are related to
the ratio of UAVs in the system. Increasing the number of
UAVs of the scenario impacts on the Sum SE dynamic shown
in Figure 2. Figure 3 presents the CDF of the Sum SE
for cell-free systems with KUAV = 16 and KGUE = 24,
maintaining K = 40, and the tilt angles of the arrays are
the same as for the scenario of Figure 2. Unlike the previous
results, employing the UPA prioritizing the GUEs is better
for the system. Since KUAV > τp, the pilot contamination
between UAVs is increased and, given their better propagation
conditions, so is the overall system interference. The UPA, due
to its spatial benefits, combined with the downtilt, results in
the GUEs being less penalized than the UAVs, as it increases
their SE even in the presence of the UAVs interfering signals.
Analyzing the scenarios for both arrangements, the UPA
outperforms the ULA even when the array is tilted upwards,
and the performance disparity of each arrangement with up
and down tilt is less accentuated.
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Fig. 3. CDF of the Sum SE for system with ULA, UPA and with the fixed
optimal tilt angles for higher number of UAVs.

VI. CONCLUSIONS

In this work, the performance of cell-free systems serving
both UAVs and GUEs in scenarios with different antenna tilt
angles and antenna array configurations was investigated. The
results indicate that, while uptilt angles benefit the UAVs,
in a scenario, where all the antennas apply the same tilt, a
downwards angle prioritizing the GUEs is best for the entire
system, given that the loss of SE for the UAVs is not significant
compared to the GUEs gain. Regarding the antenna arrange-
ments, it was concluded that in spite of the fact that the UPA
arrangement offers a higher spatial control on the transmission,
the improvements of this arrangement are noticed only by
the UAVs, that with better propagation conditions achieve
higher SE and better estimates, causing more interference for

the GUEs. In contrast, the ULA arrangement showed better
performance in terms of sum SE. Combined with the downtilt
angle, it achieved the highest overall rates when compared to
the UPAs, for the 25% UAV/GUE ratio. When considering
a higher ratio, the results showed that the use of a UPA
arrangement works best for the system, while still prioritizing
the GUEs in order to increase their SE. As future works,
dedicated networks with combined uptilt and downtilt can be
explored.
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