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Abstract—Sophisticated antenna technologies are constantly
evolving to meet the escalating data demands projected for 6G
and future networks. The characterization of these emerging
antenna systems poses challenges that necessitate a reevaluation
of conventional techniques, which rely solely on simple measure-
ments conducted in advanced anechoic chambers. In this study,
our objective is to introduce a novel endeavour for antenna
pattern characterization (APC) in next-generation multiple-
input-multiple-output (MIMO) systems by utilizing the potential
of signal processing tools. In contrast to traditional methods
that struggle with multi-path scenarios and require specialized
equipment for measurements, we endeavour to estimate the
antenna pattern by exploiting information from both line-of-sight
(LoS) and non-LoS contributions. This approach enables antenna
pattern characterization in complex environments without the
need for anechoic chambers, resulting in substantial cost savings.
Furthermore, it grants a much wider research community the
ability to independently perform APC for emerging complex
6G antenna systems, without relying on anechoic chambers.
Simulation results demonstrate the efficacy of the proposed novel
approach in accurately estimating the true antenna pattern.

Index Terms—Multi-antenna Systems, Antenna Pattern, Char-
acterization Methods, Signal Processing

I. INTRODUCTION

Emerging wireless networks are revolutionizing the way
we connect and communicate in the digital age. With the
rapid advancement of technology, these networks are pushing
the boundaries of connectivity, speed, and reliability. From
5G networks that offer lightning fast data transfer speeds
and low latency [1], [2] to the exciting potential of 6G
networks on the horizon, emerging wireless networks promise
to deliver seamless connectivity to a growing range of devices,
including smart homes, autonomous vehicles, and the Internet
of Things (IoT) [3], [4]. These networks also aim to enhance
the overall user experience, enabling immersive virtual reality
(VR) [5] and augmented reality (AR) applications [6], as well
as supporting advanced industrial applications such as remote
surgery and autonomous manufacturing. As the world becomes
increasingly connected, emerging wireless networks are paving
the way for a truly interconnected and intelligent future [7],
[8].

Sophisticated antenna systems are an essential component
for emerging 6G wireless systems, enabling network services
across various frequencies and ranges [9], [10]. Over the
years, antenna technologies have evolved significantly, driven
by the growing demand for high-speed, high-bandwidth com-
munication systems with improved performance, efficiency,

and reliability [11]–[15]. From traditional fixed antennas to
adaptive and reconfigurable antennas [16]–[18], the evolution
of antenna technologies has led to significant advancements in
wireless communication systems. With the emergence of new
applications foreseen for 6G, there is a need for novel antennas
that can meet the ever-increasing demands of these systems.
This has led to the development of new antenna technologies,
including metamaterials [19], and millimeter wave antennas
[15], among others.

To fully characterize the performance of the communication
systems, it is first essential to investigate the radiation prop-
erties of the deployed antenna systems, i.e. perform antenna
pattern characterization (APC), which captures information
about several parameters, such as directivity, antenna gain and
beamwidth, etc [20]. Traditionally, a measurement campaign
must be conducted by taking measurements at different angles
in the range of [0,2π] to achieve accurate APC. However, the
characterization of such a crucial parameter is not an easy
task due to significant challenging arising in the measure-
ment campaign. Besides, for the evolving complex antenna
technologies for 6G which are expected to create very sharp
beams to serve the users, naive measurements only based
strategies result to be very time-consuming, and expensive,
as they necessitate a dedicated anechoic chamber [21] to
nullify the effect of multi-path (MP) and electromagnetic
interference, which can potentially lead to inaccurate mea-
surement campaign. Furthermore, in complex environments
outside the anechoic chambers, the traditional APC techniques
are prone to fail as they are incapable of distinguishing the
total received information, i.e. from reflections or interference.
This motivates the design of new APC methods which take
into account the reflecting and/or interference in complex
environments and intelligently process the measured data to
extract information about the complex antenna patterns, which
will be inherent to 6G communications.

In this paper, we propose to exploit signal-processing tools
[22], [23] to refine the measurements taken in the MIMO
system in a challenging environment, which leads to accurate
APC. The antenna pattern (AP) dictates the effective power
irradiation in different directions. Consequently, in the direc-
tion where measurements are being conducted, the effective
MIMO channel response results are affected by a scale factor,
capturing the potential of a multi-antenna system in radiating
different amounts of power in different directions. For an
isotropic antenna, the scale factor results to be one, as the
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Fig. 1: The measurement setup consisting of a MIMO BS and a flying UAV

in the presence of reflections.

same amount of power is irradiated in each direction. To
yield accurate APC for our antenna system, we first propose a
minimum mean squared error (MMSE) estimator [24] for the
scaled channel response which captures the power irradiations
efficiency of the multi-antenna system in the direction of
measurements. Then the relationship between the effective
scaled channel response and the line-of-sight (LoS) and non-
LoS channel response is exploited to refine the measurements
to jointly estimate the MP and the antenna pattern. The
proposed approach is a joint and adaptive approach which
must the executed for each position where the measurements
are taken. Simulation results show that the proposed design
achieves significant performance improvement in terms of
APC accuracy. The performance improves significantly as the
transmit power at the base station (BS) increases.

The rest of the paper is organized as follows: We first
present the system model and problem formulation in Section
II. The joint APC and MP characterization approach are
proposed in Section III. Finally, Sections IV and V present
the simulation results and conclusions, respectively.

II. SYSTEM MODEL

In what follows, we consider the case of a one MIMO BS
consisting of Ntx transmit antennas, deployed at the height
h from the ground in an outdoor environment, as shown in
Fig. 1. We assume that an Unmanned aerial vehicle (UAV)
with Nrx receive antennas, is flying at the same height h
with a circular trajectory of radius d, aiming at estimating
the antenna pattern of the multi-antenna array deployed at the
MIMO BS. The outdoor environment is assumed to contain
reflectors which contribute to the MP. To simplify the analysis,
we will disregard the takeoff and landing phases of the UAV.
Additionally, we assume that the objective of the UAV is to
complete a full circle of 360◦, meaning that the initial position
qs = (xs,ys)

T and the destination position qd = (xd ,yd)
T at

height h are identical, i.e., qs = qd . The trajectory of the
UAV at height h is predetermined based on the surrounding
environment of the BS. In the presence of obstacles, the radial
distance d can be adjusted to ensure a line-of-sight (LoS) path
between the UAV and the BS is always maintained.

Let’s consider the BS positioned at the center of a three-
dimensional coordinate system, and denote θi as the angle
between the BS and the UAV. The complete trajectory, which
consists of a single circle, is divided into Θ evenly spaced
points where the UAV pauses briefly to gather measurement
data. Hence, we have θ1 ≤ θi ≤ θΘ, and we can denote the
position of the UAV on the two-dimensional coordinate system
as q(θi) = (x(θi),y(θi))

T .
Let us consider a flat block-fading MIMO system. We

assume the radiation pattern to be constant during the time
for which the UAV takes the measurements. We adopt a pilot-
based approach in which the UAV is aware of the signal being
transmitted from the BS. Assume that for antenna pattern
characterization, for each θi the BS transmits a sequence of
Q training samples with Q > Ntx , collected in the matrix as
P = (p1, ......,pQ), with pi ∈ C Ntx×1. Moreover, P is supposed
to be the same ∀ θi. In the case of an isotropic antenna system,
the power radiated is equal in all directions when the BS
transmits training samples P. However, the evolving complex
antenna systems for 6G and beyond will depend on beamform-
ing techniques, enabling the allocation of a substantial power
level in multiple desired directions using highly focused beams
precisely aimed at the locations of the users. Consequently,
there can be a substantial discrepancy in the power radiated
across various directions. Consider the scalar a(θ1), which rep-
resents the efficiency of power irradiation in the direction θi.
The scalar a satisfies the following conditions 0 ≤ ai(θi)≤ 1,
where a(θi) = 0 and a(θi) = 1 denote the direction of radiation
null or the main beam, respectively. Note that a spanned over
the interval [0,2π] also represents the antenna pattern that we
wish to estimate. Consequently, P(θi) = (p1(θi), ......,pQ(θi))
denotes the effective power irradiated in the direction θi,
where p j(θi) =

√
a(θi)p j,∀ j. While P is the same for each

θi, the effective irradiated power P(θi) is different due to the
non isotropic antenna array. Let Y(θi) ∈ C Nrx×Q denote the
effective received signal matrix at the UAV, which can be
written as

Y(θi) = H(θi)
√

a(θi)P+V(θi), (1)

where V ∈ C Nrx×Q denotes the noise.

A. On the MIMO Channel Model for Antenna Pattern Char-
acterization

In a typical scenario, the MIMO channel H consists of line-
of-sight (LoS) component and the MP components, denoted as
HLoS and HMP, respectively. For an isotropic antenna array, the
LoS channel HLoS is independent of θi as the path loss is the
same for all points lying on the circular trajectory of the UAV
of radius d. However, HMP still depends on the angle θi as
the total number of reflective paths can add up constructively
or destructively depending on the position of the UAVs and
reflectors. Hence, we can write

H(θi) = HLoS +HMP(θi) (2)

Given the aforementioned motivation, we can model the LoS
channel as



HLoS(θi) =
√

αLoSar(θr)aH
t (θi) (3)

where ar(θr) and aH
t (θi) denote the receive and transmit

antenna array responses, respectively, and αLoS denote the
path-loss, which is the same for the UAV flying on the circular
trajectory of radius d. The matrix HMP can be modelled as

HMP =
L

∑
k=1

√
αk(θr)ar(θi,k)aH

t (θi,k) (4)

where L denote the total number of paths. By decomposing
the effective channel in LoS and MP components, (1) can be
written as

Y(θi) =
√

a(θi)HLoS(θi)+
√

a(θi)HMPP+V(θi). (5)

When the UAV performs measurements at the position θi
for APC, the total measured power from the multi-antenna
system is given by ||Y(θi)||2F , which is affected also by
power absorbed from the multi-path. Ideally, to verify if the
irradiation power satisfies the total power constraint γ , the
MP contributions should be cancelled to measure the effective
receive power irradiated due to direct irradiation, which results
to be

p(θi) = ||Y(θi)−
√

a(θi)HMP(θi)P||2F . (6)

Adopting this approach is of extreme interest for higher
frequencies such as millimeter wave, where the power from
reflections becomes comparable to the LoS component.

III. PROBLEM FORMULATION AND SOLUTION

To accurately estimate the antenna pattern, we propose to
first estimate the scaled channel response in the direction
θi, denoted as Ha(θi) =

√
a(θi)H(θi) in the following. To

estimate the scaled channel response, we aim at finding its
minimum MSE estimator, for which the optimization problem
can be formulated as

min
H

||Y(θi)−Ha(θi)P+V(θi)||2F (7a)

By solving the problem above, we get the following optimal
MMSE estimator for the scaled channel response

Ĥa(θi) = Y(θi)PH(PPH)−1 (8)

Given the scaled channel estimate which depends on the
antenna array factor, the following equation holds

Ĥa(θi) =
√

â(θi)ĤLoS +
√

â(θi)ĤMP(θi) (9)

where ĤLoS and ĤMP denote the estimates for the LoS
and multi-path component and

√
â(θi) denotes the estimated

components of the antenna array at position θi. It is noteworthy
that given the position of the BS with respect to UAV is always
known which lies on a circle of radius d, ĤLoS can be easily
obtained, which does not vary during the whole trajectory
of the UAV. Given such information, we must find jointly
ĤMP(θi) and a(θi) given the scaled MMSE channel estimate.
To do so, we consider minimizing the error between Ĥa(θi)
and ĤMP(θi) and a(θi), for which the MSSE optimization
problem can be stated as

Algorithm 1 Antenna Pattern Characterization
Initialize: Set the training sequence P, the measurement points
θi and estimate ĤLoS.
for i = 1 : 1 : Θ

Get the measurements Ŷ(θi)
Set â(θi)

(0)

Set n = 1
Repeat until convergence

Estimate ĤMP(θ1)
(n) with (11).

Find the optimal â(θi)
(n) with linear search.

n = n+1
Save in a(θi).
Save the effective power as (6), if needed.

end

min
a(θi),HMP(θi)

||Ĥa(θi)−
√

a(θi)ĤLoS −
√

a(θi)HMP(θi)||2F .
(10)

We adopt an alternating optimization approach to iteratively
optimize the values of a(θi),HMP(θi). Note that the values of
the scale factor satisfy 0 ≤ a(θi)≤ 1. At the first position θ1
where the UAV takes the measurements, consider selecting
the starting value of the scale factor a(θ1)

(0) ∈ [0,1]. For
the positions with i ̸= 1, the starting value of a(θi)

(0) can
be chosen as a(θi)

(0) = â(θi−1), i.e. the one estimated at the
previous position. Alternatively, the MP HMP(θi) can be first
initialized.

Given a(θ1)
(0), we consider optimizing the estimate of

HMP(θ1) at the first iteration, denoted as ĤMP(θ1)
(1). For such

a purpose, we take the derivative of the objective function (10)
with respect to the conjugate of HMP(θ1)

(1), which leads to
the following closed-form solution

ĤMP(θ1)
(1) =

1√
a(θ1)(0)

Ĥa − ĤLoS (11)

Given the recently computed estimate for ĤMP(θ1)
(1), we

aim at finding the optimal antenna pattern value in position
θ1, by solving the following optimization problem

min
a(θi)

(1)
||Ĥa(θi)−

√
a(θi)(1)ĤLoS −

√
a(θi)(1)ĤMP(θ1)

(1)||2F .

(12)
We consider solving this problem by performing a linear

search for a(θi)
(1), restricted to the interval [0,1], aiming

at finding the scalar leading the MMSE. This leads to a
simplified search-based approach which does not rely on heavy
computations. Once the optimal â(θi)

(1) has been found, the
process can be repeated iteratively for both variables until
convergence. Then the process must be repeated at each θi
by first collecting the measurement data Y(θi) for which as
the initial estimate for a(θi)

(0) the previously estimated value
can be used. The overall procedure to find the optimal antenna
pattern for the circular trajectory for the UAV is formally stated
in Algorithm 1.
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Fig. 2: Estimated antenna pattern design at SNR=10 dB..

IV. SIMULATIONS RESULTS

In this section, we present the simulation results to evalu-
ate the performance of the proposed signal processing-based
MIMO antenna pattern characterization technique.

We consider an outdoor environment and we assume that
the BS and the UAV deploy phased antenna arrays with the
number of transmit and receive antennas Ntx = 10 and Nrx = 8,
respectively. A pilot sequence length Q = 100 is assumed to
be transmitted at each θi. We assume that the BS transmit
at the rate of R = 25 symbols/sec, which requires the UAV
to collect measurements at each position for 4 s. The UAV
is assumed to take measurements on Θ = 50 points equally
distributed on the circular trajectory. By ignoring the flying
time between two consecutive points to be negligible, the total
flying time for the UAV result to be ∼ 200s (3.33 mins). The
pilot sequence is designed with independent rows, which has
been shown in the literature to perform optimally. We define
the signal-to-noise-ratio (SNR) of our system as the transmit
SNR, i.e.,

SNR =
γ

σ2 , (13)

with γ and σ2 denoting the transmit power and the noise vari-
ance, respectively. We consider selecting γ = 1 and selecting
the noise variance to meet the transmit SNR requirement. The
radius of the trajectory is d = 50 m. We consider that the
measurements take place for a BS deployed in sub 6-GHz,
for which the LoS is assumed to be dominant compared to
the MP case. The MIMO channel response is modelled as a
Rician fading channel model with Rician factor κ = 5 dB.

In Figure 2, we present the performance analysis of the
proposed approach for estimating the AP in a wireless commu-
nication system, specifically focusing on a SNR of 10 dB. The
obtained results clearly demonstrate the effectiveness and effi-
ciency of our proposed approach in accurately estimating the
AP. However, it is essential to note that there is a discernible
mismatch observed at the estimated peaks of the AP curve,
indicating a relatively poorer estimation in those instances.
This mismatch can be attributed to the deliberate selection of
a higher noise variance during the reporting of the results. The
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Fig. 3: Estimated antenna pattern design at SNR=20 dB.
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Fig. 4: MSE as a function of the transmit SNR.

inclusion of these intentionally designed conditions enables a
comprehensive evaluation of the performance of our proposed
approach.

Continuing our investigation, in Figure 3, we further explore
the performance of the proposed scheme in estimating the
AP, this time at a higher SNR of 20 dB. The graphical
representation clearly showcases the significant gains achieved
by our proposed scheme in terms of accurately estimating the
AP. Comparing this scenario to the previous case, we can
observe a noteworthy reduction in the occurrence of erroneous
estimates at the peaks, leading to a more precise estimation of
the AP.

To provide a quantitative analysis, we examine the MSE
in dB between the estimated AP and the ideal AP and its
behaviour as a function of the SNR. In Figure 4, the plot
depicts how the MSE decays as the SNR increases. It is evident
that the MSE starts relatively high at low transmit SNR and
rapidly decreases as the noise variance reduces. This indicates
that our proposed approach exhibits improved accuracy in
estimating the AP with reduced noise levels.

Furthermore, to explore potential enhancements in scenarios
with limited transmit SNR, we consider the impact of increas-
ing the length of the pilot sequence Q. Figure 5 demonstrates
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the effect of varying pilot sequence lengths on reducing MSE
at an SNR of 10 dB. The results illustrate that a larger pilot
sequence can compensate for the lower irradiating power,
effectively reducing the MSE between the estimated and ideal
AP.

In conclusion, our investigation highlights the effectiveness
and efficiency of the proposed approach in accurately esti-
mating AP in wireless communication systems. While some
challenges arise in specific conditions with higher noise levels
at the peaks of the AP, overall our algorithm still performs
well. Overall, we can conclude that our proposed scheme
exhibits significant gains in AP estimation accuracy at higher
SNRs, and the MSE analysis confirms its improved perfor-
mance as the noise variance reduces. Furthermore, we learned
that the use of longer pilot sequences can further enhance
the accuracy of AP estimation, particularly in scenarios with
limited transmit SNR.

V. CONCLUSIONS

In this paper, to achieve an accurate APC, we introduce
a novel signal processing approach. By modelling the effect
of antenna irradiation efficiency, we map the problem to
a scaled MIMO channel estimation which captures the AP
coefficient. Then, an MMSE estimator for the scaled channel
response is proposed. By utilizing this estimator, we establish a
relationship between the effective scaled channel response and
both the LoS and non-LoS channel responses. Building on this
relationship, we refine the measurements and jointly estimate
the MP and the antenna pattern. Our approach is characterized
by its joint and adaptive nature, requiring execution for each
position where measurements are taken. This adaptability
allows us to account for variations in the environment and
optimize the estimation process accordingly. Simulation results
demonstrate the efficacy of our proposed design, showcasing
significant improvements in terms of APC accuracy.
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