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Abstract— A novel over-the-air (OTA) beamforming calibra-
tion procedure is proposed, which can be applied to different
types of multiple-input multiple-output (MIMO) transmitting
antennas. The method consists of using two tones on each antenna
element, the main tone, and the tickle tone. The latter one
operates in a different frequency for each antenna element and
is used to obtain the optimum phase that needs to be set for each
element to generate a beam in the desired direction, at the main
tone frequency. The novel method was applied to linear, planar,
3-D antennas, and noncollocated multiantennas to validate its
applicability to different antenna types. Line-of-Sight (LOS) and
non-LOS experimental results demonstrate that the method can
be used to retrieve the required phase to fully control the antenna
radiation pattern. An optimum radiation pattern and lowest
error vector magnitude (EVM) can be achieved even under high
multipath effects/non-LOS conditions. A comparison between the
performance and the application of the array factor (AF) theory
is presented for practical indoor scenarios, demonstrating the
effectiveness of the method. It is demonstrated that the method
may be an alternative to the calibration of nonstandard MIMO
antennas, where the AF computation is complex or not possible.

Index Terms— Beamforming, calibration, multiple-input
multiple-output (MIMO) antennas, multisine, over-the-air (OTA).

I. INTRODUCTION

MULTIPLE-INPUT multiple-output (MIMO) antennas
will achieve large array sizes in the upcoming fifth

generation (5G) to achieve directional transmission with a
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higher gain. Since the individual radiating elements in MIMO
antennas are close to each other, the total far-field radiation
pattern results from the constructive interference of the indi-
vidual antenna element pattern, creating the beam. The main
purpose of using beamforming is to transmit the signal directly
to the target, with a very narrow beam in order to achieve
highly efficient transmission, instead of spreading the signal
to an entire area. By controlling the phase shift among antenna
elements, the desired beam position can be accomplished, and
to achieve a higher directivity, the number of elements of
antenna array should increase, accordingly. In order to control
the antenna array beam direction, the signal radiated from each
antenna element should be properly adjusted in phase (and
amplitude), based on the antenna array factor (AF) theory,
which is based on the superposition of individual patterns of
each element, to create the far-field pattern of the array [1].
AF is a function of the positions of the antenna elements in
the array and the amplitude/phase used on each. By controlling
those parameters, several desired radiation pattern properties
can be achieved. Using AF theory, the main beam signal
can be steered by controlling the phase of each antenna
element, so the maximum radiation direction can be controlled
accordingly to the target direction.

There are different types of antenna arrays, such as linear,
planar, and conformal (or 3-D). Particularly, in 3-D antenna
arrays, the calibration of the radiation pattern can be chal-
lenging to obtain with AF theory. Thus, methods that can
be used for appropriate calibration are highly desirable to
enhance the overall antenna array performance regardless of
the deployment scenarios. To this extent, appropriate gain and
phase calibrations are requisites for each channel of the MIMO
system to ensure optimal system operation [2].

Since accurate amplitude and phase are requirements to
accomplish the best performance for this type of antennas,
a calibration procedure must be applied; otherwise, several
problems in the performance of the antenna array may occur
when beamforming is applied. If there are errors in amplitude,
the side lobes of the antenna array increase, and the gain
will decrease. Also, since power amplifiers (PAs) are usually
placed in each RF path, they will contribute with nonideal
effects, giving rise to amplitude and phase errors [3]. With
respect to phase errors, these have a huge impact on antenna
performance, particularly in the main beam direction, unless
the phase error is the same across elements although nulls
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are affected by these errors and their duty is to obstruct the
interference. For this reason, phase errors between antenna
array elements should be kept as low as possible. With this
in mind, the calibration of antenna arrays should compensate
for nonideal effects, amplitude, and phase mismatch between
elements, hardware, and cables [4]. Moreover, in a wireless
communication system, where a transmitting (TX) antenna
communicates with a receiving (RX) antenna, several effects
lead to signal degradation, such as attenuation as a result
of absorption and/or fading due to multipath effects, among
others. Consequently, the compensation of those effects is
important to achieve a successful and efficient communication
link, where calibration plays an important role.

In addition, antenna arrays elements both radiate and absorb,
and consequently, mutual coupling occurs. The electromag-
netic interactions when beamforming is performed will impact
on the MIMO system performance. Several solutions can be
applied to minimize the impact of mutual coupling in MIMO
systems. For instance, by increasing the distance between
antenna elements, the mutual coupling can be minimized.
However, this methodology will originate antennas with larger
dimensions. Thus, in the literature, several works present
strategies to avoid mutual coupling [5]–[11].

Over-the-air (OTA) methods are currently being explored to
calibrate MIMO antennas in terms of amplitude and phase [1].
Nafe et al. [2] describe a method based on mutual coupling.
In that work, coupling symmetries were used to calibrate
quad antenna arrays through their two neighboring arrays.
This means that, to apply the method, the antenna array
must be symmetrical and cannot be applied to antennas with
an odd number of elements. In other works, such as [12],
the authors reuse bidirectional pilot signals that already exist in
today’s communication systems for calibration. Nevertheless,
to apply such methods, the calibration procedure is performed
prior to the antenna installation, which does not take into
consideration the propagation channel. Hence, an in situ
phase array calibration is presented in [1], aiming to perform
calibration during the communication process by performing
channel estimation and it could be performed in real time.
However, this method requires higher software processing to
apply the estimation methods. The method assumes that phase
shifters have a common magnitude, which can lead to phase
errors in the estimation procedure. An OTA phased array
calibration method based on measured complex array signals
with one single probe is presented in [13]. In this method, all
array elements are excited simultaneously in the measurement,
and the reverse phase of each element is obtained. For this,
N+1 measurements are required to calibrate the antenna
array, where N is the number of the antenna elements. The
greater the number of elements of the antenna, the greater
the number of measurements required to apply the method,
which makes it complex and more time-consuming. In [14],
a compact midfield millimeter-wave OTA RF measurement
method demonstrates that the antenna array can be calibrated
for the far-field environment using midfield measurements.
However, the mild-field to far-field correction does not obtain
precise measurement results in terms of depth of nulls in
antenna patterns because the distance is limited. Thus, when

individual antenna patterns are not uniform among elements,
the midfield-to-far-field correction error will increase; this
means that the method cannot be applied in different types
of MIMO antennas. Therefore, calibration can be applied by
using diversified approaches for OTA environments or other
scenarios. To avoid the problems that arise from the methods
described before, additional strategies should be explored. For
instance, multisines may be used for different solutions, such
as calibration [15]. In [16] and [17], multisines are used to
identify MIMO antenna elements during their operation in
order to detect possible antenna malfunctions. Multisines have
been used in different scenarios, for instance, to perform signal
calibration [18]. In [19], a strategy to characterize antenna
arrays using tickle tones was demonstrated as a starting
point for their characterization. The works developed in [19]
and [20] demonstrate new strategies to characterize antenna
arrays. The authors show that a multisine consisting of the
main tone (equal in all elements) and a tickle tone, with
smaller power in relation to the main tone and at different
frequencies for each element, may allow us to identify prob-
lems within the antenna array.

In this work, the multisines are further explored for another
purpose to acquire phase information in order to perform OTA
MIMO antenna transmission beam calibration. With this in
mind, the main goal of this article is to present an OTA
calibration method that controls the MIMO antenna beam in
order to generate the best radiation pattern to communicate
with a given target, being proposed as an alternative to AF,
to perform beamforming. This approach takes advantage of
the information provided by a multisine signal, which is
then used to compensate for, in real time, the effects of the
propagation channel, and the MIMO system itself. In addition,
the proposed method is applied to a 3-D MIMO antenna and
two noncollocated multiantennas to demonstrate that in MIMO
antennas that have different shapes and with an odd number of
elements, the application of the method can be an advantage
to enable efficient beamforming. This solution to calibrate the
OTA MIMO system was designed for MIMO antennas, where
there is the freedom to set the desired signal and phase for
each antenna element in the digital domain. Consequently,
it can be applied to any antenna array configuration if there is
the freedom to configure each element independently. More-
over, the method compensates for any mutual coupling and
unwanted channel effects, such as multipath. In this OTA mul-
tisine system, the method operates based on feedback. From
an application point of view, the method may be used for OTA
calibration and integrated within a communication protocol for
different applications and scenarios. For instance, the com-
munication protocol can include the tickle tones frequency
information and their phases. In a multibeam environment,
the proposed method can select several frequencies for the
tickle tones, which are different from user to user and based
on the communication protocol information.

This article is divided as follows. The multisine method-
ology is explained in detail in Section II. In Section III,
the OTA multisine system is described. In addition, the used
MIMO antennas and the elaborated algorithm are presented.
The line-of-sight (LOS) and non-LOS experimental results
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Fig. 1. Representation of the spectrum transmitted by each MIMO antenna
element and the spectrum received by the RX antenna in the receiver.

are presented in Section IV and compared with the ones that
result from applying the AF theory directly for different indoor
scenarios. Finally, in Section IV, conclusions will be drawn.

II. MULTISINE METHODOLOGY

The concept of using a multisine, main tone (Fm), and
tickle tone (Fti ) was proposed in [19] and [20] to identify
possible malfunctions within an MIMO antenna. However,
in contrast to this, in this work, this concept is used to
compensate and calibrate the antenna main beam (at Fm)
by obtaining the phase information of each MIMO antenna
element from its respective tickle tone (Fti ). The multisine
consists of the main tone (Fm), fed equally to all antenna
elements and used as the MIMO beamforming carrier, and an
additional tickle tone (Fti ). Each antenna element is associated
with different tickle tones that operate at different frequencies.
The main tone operates at the same frequency and amplitude
in all MIMO antenna elements. On the contrary, the tickle
tone operates in different frequencies in each MIMO antenna
element, presenting a small amplitude compared with the main
tone.

A. Procedure Description

As an example, Fig. 1 demonstrates the multisine method
used in this work, for an MIMO antenna composed of N
elements. A transmitter (TX) is connected to each MIMO
antenna element that generates the main tone (Fm) and the
tickle tone (Fti ). Each MIMO antenna element is then fed
with two tones. The signal propagates to the receiver (RX),
which is connected to the RX antenna, and obtains the main
tone and the tickle tones contribution of each antenna element.
In summary, in the RX antenna, the main tone and all the tickle
tones are acquired, as represented in Fig. 1. Then, the tickle
tones’ phases are obtained, providing information about the
perturbations from each propagation path. Subsequently, that
information is used to synthesize a radiation pattern that
improves the TX MIMO antenna operation.

Fig. 2. Theoretical procedure to apply the multisine method.

To perform beamforming in MIMO antennas, the specific
phase distribution is required across the individual antenna
element and should be given by the AF [21]. However, when
signals are transmitted to the target, each of them is affected
by its channel response, which can undesirably decrease their
overall performance if they are highly uncorrelated. Using
the tickle tones’ phase values that were received by the
RX antenna and by applying the conjugate of those values
to the main tone of each corresponding TX antenna ele-
ment, the antenna beam will be oriented to the RX antenna.
In summary, the main tone phase vector of the transmitters
is updated with the conjugate phase of the phases acquired
by the receiver. Fig. 2 demonstrates this theoretical procedure.
First, the main tone (Fm) and the tickle tones (Ft1, Ft2, …,
Ft N ) are generated with a phase of 0◦. Then, the TX MIMO
antenna transmits this data, and the RX antenna acquires the
tickle tones information, where each tickle tone presents a
different phase value (ϕ1, ϕ2, …, ϕN ). This occurs due to
channel effects. In the end, the tickle tones conjugated phases
are calculated, and each TX MIMO antenna element’s main
tone is updated with the respective value (-ϕ1, -ϕ2, …, -ϕN ).
By applying this strategy, the tickle tones provide information
to establish an improved communication link between TX and
RX while taking into consideration the propagation channel.

III. OTA MULTISINE SYSTEM

In order to validate the proposed method, the OTA block
diagram depicted in Fig. 1 was implemented in a laboratory
environment, as shown in Fig. 3. The setup consists of three
main components: a TX MIMO antenna, to perform beam-
forming (in this work, three types of MIMO antennas are used,
which will be described in the following), an RX antenna,
and an MIMO system to control the experimental setup
consisting of several transmitters and receivers. The MIMO
system is composed of eight software-defined radios (SDRs),
universal software radio peripheral (USRP), 16 transmitters,
and 16 receivers. However, in this work, only one receiver is
used, where the others remain disabled. Those transmitters are

Authorized licensed use limited to: b-on: Instituto Politecnico de Leiria. Downloaded on November 15,2025 at 21:28:00 UTC from IEEE Xplore.  Restrictions apply. 



434 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 69, NO. 1, JANUARY 2021

Fig. 3. Laboratorial measurement setup.

Fig. 4. Linear MIMO antenna.

connected to the MIMO antenna elements. The RX antenna
is connected to one receiver. All TX MIMO antenna elements
are fed synchronously and simultaneously. Each transmitter
generates its multisine (main tone and its respective tickle
tone) to the TX MIMO antenna element. The RX antenna
is positioned in the far-field region and connected to the
USRP that is in the receiving mode and used to sample the
information received by the RX antenna. Hence, from the RX
antenna tickle tones’ phases, each phase of the main tone is
updated with the conjugate value of the corresponding received
tickle tone. By doing so, a beam that is properly aligned with
the RX antenna is obtained.

A. MIMO Antennas

The proposed multisine OTA method was tested with five
different types of MIMO transmitting antennas: a linear,
a planar, a 3-D array, and two noncollocated multiantennas.
The linear MIMO antenna consists of seven elements operating
at 2.587 GHz, as shown in Fig. 4. The planar antenna operates
at the same frequency and consists of six elements, two
rows, and three columns, as illustrated in Fig. 5. These two
conventional antennas have an interelement spacing of λ0/2
(λ0 is the free-space wavelength). The 3-D antenna consists
of five elements, with an interelement spacing of 0.4691λ0 and
operating at 2.6 GHz. The 3-D antenna elements are positioned
on a concave surface, with elements 2, 3, 4, and 5 with a
tilt of 25◦ with respect to the center element (element 1),
as illustrated in Fig. 6. The RX antenna is a single patch
tuned to 2.6 GHz, with a bandwidth of 30 MHz, as shown in
Fig. 3.

Furthermore, a noncollocated multiantenna system oper-
ating at 5.6 GHz was used, which is illustrated in Fig. 7.
This multiantenna consists of seven identical antennas placed
uneven, so as to represent a random deployment, as depicted

Fig. 5. Planar MIMO antenna.

Fig. 6. 3-D MIMO antenna.

Fig. 7. Noncollocated multiantenna with equal elements.

in Fig. 7. Another noncollocated multiantenna system oper-
ating at 5.6 GHz and composed of seven antenna elements
was used, and the antenna elements were uneven, but, in this
case, the seven elements are not equal. With this in mind,
four elements of the previous noncollocated multiantennas
and three patch elements form this noncollocated multiantenna
with different elements were used. The patch antennas were
also built with Isola IS680 (h = 30 mil and Dk=3.38) sub-
strate. Fig. 8 depicts noncollocated multiantenna with different
elements. In addition to these two noncollocated multiantennas
operating at 5.6 GHz, a single patch antenna tuned to the same
frequency was used in the receiver. All antennas were built
with Isola IS680 (h = 30 mil and Dk = 3.38) substrate.
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Fig. 8. Noncollocated multiantenna with different elements.

Fig. 9. Algorithm description.

Fig. 10. Measurement geometry considering the RX antenna at two different
positions.

B. Algorithm

To control the whole setup using the proposed calibration
OTA multisine, a specific algorithm was developed. The algo-
rithm is represented by a flowchart, as shown in Fig. 9. The
first step of the algorithm is to generate the main tone and
the tickle tone for each transmitter antenna element. In this
step, the frequencies of the main tone and the tickle tones
are selected, as well as the amplitude. If the user requires
a higher or smaller power in tickle tones and main tone,
to obtain a higher or a smaller received signal in the RX
antenna, the power values can be selected. Moreover, the user
can select at which frequency can generate each tickle tones
closer or distant from the main tone. In the second step of

Fig. 11. Linear MIMO antenna radiation pattern for PI , PAF, and PMS in (a)
position 1 and (b) position 2. The dashed line represents the receiver direction.

the algorithm, in far-field, the main tone signal amplitude and
tickle tones phases are obtained by the RX antenna, through
the receiver, and their conjugate is calculated. In other words,
from the phase information of each tickle tone obtained in
the RX antenna, the respective main tone magnitude in each
antenna element remains equal, but the phase is updated with
their conjugate. For example, if the tickle tone 1 presented
in the RX antenna yields a phase value of 10◦, the conjugate
value calculated in step 2 is −10◦, consequently, the respective
main tone for this tickle tone is updated with a new phase
value. In the third step, the conjugated phases are applied
to the main tone for each TX. This means that the main
tone is aligned to the receiver. After these steps, in the
fourth step, the power collected by the RX antenna from
the main tone is measured to compare the main tone power
before and after applying the method and this way to draw
the far-field radiation pattern. Afterward, in the transmitters,
the multisine (main tone and tickle tone) is replaced by an
M-QAM modulated signal. In the fifth step, this modulated
signal is transmitted in each transmitter with the conjugate
phase obtained in step 2. This means that the modulated
signal excites each TX antenna element with the respective
phase value (calculated in step 2) in order to achieve the main
signal calibrated to the receiver. In the far-field, the radiation
pattern is obtained in the sixth step, and in the final step,
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Fig. 12. Linear MIMO antenna EVM for PI , PAF, and PMS in (a) position 1
and (b) position 2. The dashed line represents the receiver direction.

the error vector magnitude (EVM) is calculated in order to
have a figure of merit to validate the link communication.

IV. MEASUREMENTS

Several experiments were performed in order to validate
the proposed OTA multisine calibration. Fig. 10 illustrates the
experimental setup, showing the location of the RX antenna
for each experiment. In the first position, position 1, the RX
antenna is placed on the broadside direction of the TX MIMO
antenna. For the second position, position 2, the RX antenna
was placed 20◦ off of the broadside direction. For each of those
two positions, measurements were performed for the linear,
planar, and 3-D antennas.

A. Line-of-Sight Measurement

When the MIMO system is turned on, the transmitters
awake synchronized with random initial phases. Thus, to per-
form beamforming, by using the AF [22], for the linear and
planar MIMO antennas, the first step of the calibration method
described in [21] was followed. This step was carried out to
provide a reference point for comparison purposes between
the OTA multisine method and the direct application of the
AF theory. With the OTA multisine method, the frequencies

Fig. 13. Planar MIMO antenna radiation pattern for PI , PAF, and PMS in (a)
position 1 and (b) position 2. The dashed line represents the receiver direction.

TABLE I

BASEBAND MULTISINE FREQUENCIES USED IN EACH PORT OF

THE FIVE MIMO TRANSMITTING ANTENNAS

of the multisine that were selected for each port of the MIMO
transmitting antennas are shown in Table I. The selection of
tickle tones frequencies aiming to avoid intermodulation with
the main tone. In terms of power, the main tone (Fm) and the
tickle tones (Fti ) have a difference of 10 dB. It is not required
high power levels for the tickle tones, just enough to obtain its
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Fig. 14. Planar MIMO antenna EVM for PI , PAF, and PMS in (a) position 1
and (b) position 2. The dashed line represents the receiver direction.

information in the receiving antenna. This means that, to use
the method, the tickle tone’s power levels do not require the
same power as the main tone.

Thus, following the algorithm presented in Section III, the
radiation pattern of the MIMO transmitting antennas was
obtained. The results for the linear MIMO transmitting antenna
are presented in Fig. 11, for both positions. PI is the initial
power received by the RX antenna when the system is turned
on (with random initial phases). PAFis the power received
by the RX antenna when the AF theory is directly applied,
and PMS is the final received power from the application of
the optimum phase distribution among transmitting elements
provided by the proposed multisine method. This method can
be an alternative to perform MIMO antenna beamforming.
It should be noted that all the measurements were performed
within a strong multipath environment (inside a laboratory
with several objects around), leading to fluctuations in the
received power (PAF). Moreover, after using the OTA multisine
method to calibrate the MIMO antenna beam, a 64-QAM mod-
ulated signal was used to evaluate the operation of the method
with conventional modulated signals, and the EVM (%) was
calculated. The EVM achieved for the linear MIMO transmit-
ting antenna in positions 1 and 2 is shown in Fig. 12. For
the planar MIMO transmitting antenna in positions 1 and 2,
the achieved radiation patterns are shown in Fig. 13 and the

Fig. 15. 3-D MIMO antenna radiation pattern for PI and PMS in (a) position 1
and (b) position 2. The dashed line represents the receiver direction.

TABLE II

LOS RESULTS FOR LINEAR AND PLANAR MIMO ANTENNAS,
COMPARING THE AF METHOD WITH

OTA MULTISINE METHOD

EVM in Fig. 14. Those results are summarized in Table II
for positions 1 and 2. By analyzing Figs. 11 and 13 and
Table II, it can be concluded that the multisine method is
comparable to the AF since the results are very similar for the
position directions where the beam must be pointed. The same
statement is valid for the EVM results since the obtained EVM
is closer, presenting the OTA multisine method best results
than the AF. This occurs because the OTA multisine method
compensates for the multipath effects, leading to an increase
in the received signal strength at the RX antenna.

Besides linear and planar MIMO antennas, there are other
types of transmitting antennas. For instance, 3-D MIMO
antennas are being used in different scenarios, for example,
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Fig. 16. 3-D MIMO antenna EVM for PI and PMS in (a) position 1 and
(b) position 2. The dashed line represents the receiver direction.

Fig. 17. High and lower 3-D MIMO antenna EVM results.

in maritime [23] and satellite communications [24]. With this
type of MIMO antennas, additional challenges arise, being one
of them the exact AF calculation to perform beamforming.

Fig. 18. Noncollocated multiantenna with equal elements’ radiation pattern
for PI and PMS in (a) position 1 and (b) position 2. The dashed line represents
the receiver direction.

The 3-D MIMO antenna described in Section III was used to
demonstrate the relevance of the method for those situations.
In this particular case, the antenna elements are placed on a
concave surface, with the outer elements with a tilt of 25◦ with
respect to the center element. For that matter, the OTA mul-
tisine method was performed with the 3-D antenna; however,
its performance was not compared with the AF because it is
not known or difficult to obtain the mathematical formulation
to apply the AF on this type of antenna. The radiation pattern
results are presented in Fig. 15 for positions 1 and 2. As it can
be seen, the 3-D MIMO antenna beam is properly aligned with
the receiving antenna, for both positions. In Fig. 16, the EVM
results for the 3-D antenna are also shown, demonstrating that
the highest EVM was obtained for both desired positions, posi-
tion 1 and position 2, as expected. Moreover, Fig. 17 shows
the highest and the lowest EVM values obtained for position 1.

With the same goal of using the 3-D antenna to demonstrate
the importance of the method for the cases where calibration
of the antenna beam is a challenge, for instance, nonstandard
MIMO antennas, a noncollocated multiantenna with equal
elements was selected. As mentioned previously, this antenna
is composed of seven equal elements distributed irregularly,
as depicted in Fig. 7, and, consequently, its beamforming
coefficients are unknown. With this in mind, the method
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Fig. 19. Noncollocated multiantenna with equal elements’ EVM for PI
and PMS in (a) position 1 and (b) position 2. The dashed line represents the
receiver direction.

was applied to this antenna for positions 1 and 2, and the
radiation pattern results were obtained, as presented in Fig. 18.
It becomes clear from these results that the beam alignment
technique is effective for both positions 1 and 2. This is further
complemented by the EVM results obtained for both positions,
as presented in Fig. 19, clearly demonstrating the technique’s
effectiveness. The second experiment was performed with the
same noncollocated multiantenna but with different elements,
as illustrated in Fig. 8. Since this antenna is composed of
two different types of antennas elements, as described in
Section III, the challenge to obtain the beam calibration arises.
Therefore, the proposed calibration method was applied to
this antenna for positions 1 and 2, respectively. As expect
and demonstrated by the radiation pattern results in Fig. 20,
the beam was aligned accordingly for positions 1 and 2,
respectively. The EVM results for this antenna are depicted
in Fig. 21, in which the lowest EVM values were obtained for
both positions.

B. Non-Line-of-Sight Measurement

A non-LOS experiment was performed to demonstrate that
by using the multisines phase information, the MIMO antenna
beam can be properly adjusted to align with the target, and it
can be an advantage compared with AF, for example, in a

Fig. 20. Noncollocated multiantenna with different elements’ radiation
patterns for PI and PMS in (a) position 1 and (b) position 2. The dashed
line represents the receiver direction.

TABLE III

NON-LIGHT-OF-SIGHT FOR LINEAR AND PLANAR MIMO ANTENNAS,
COMPARING THE AF METHOD WITH OTA MULTISINE METHOD

real scenario when an object is between the TX and the
RX. To this extent, a metal plane was introduced between
the MIMO transmitting antenna and the receiving antenna,
as presented in Fig. 22. This experiment was performed for
both antennas, linear, and planar MIMO antennas, in positions
1 and 2. The results are shown in Table III, demonstrating
that the OTA multisine method achieves higher performance
than the AF theory, especially when modulated signals are
transmitted. In the linear MIMO transmitting antenna case,
the OTA multisine method presents higher performance than
AF because the power received by the RX antenna is 1.6 dB
higher than the one that is possible to receive with the
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Fig. 21. Noncollocated multiantenna with different elements’ EVMs for PI
and PMS in (a) position 1 and (b) position 2. The dashed line represents the
receiver direction.

Fig. 22. Non-LOS experiment, where a metal plane with a considerable size
was introduced to cover the direct transmission of the signal between the TX
and the RX antennas.

application of the AF. In addition, with the proposed method,
the EVM shows an improvement of 0.5% compared with
AF. Furthermore, with the planar antenna, it is evident that,
in position 2, the AF method presents a higher EVM than the
one achieved by the proposed method.

TABLE IV

NON-LIGHT-OF-SIGHT EXPERIMENT RESULTS FOR 3-D MIMO ANTENNA,
NONCOLLOCATED MULTIANTENNA WITH EQUAL ELEMENTS, AND

NONCOLLOCATED MULTIANTENNA WITH DIFFERENT ELEMENTS

TABLE V

COMPARISON BETWEEN OTA CALIBRATION METHODS PRESENTED IN

LITERATURE WITH THE PROPOSED METHOD, I.E., OTA MULTISINE

CALIBRATION METHOD

Also, for the 3-D MIMO antenna, consisting of noncol-
located multiantenna with equal elements and noncollocated
multiantenna with different elements, a non-LOS experiment
was performed. Results presented in Table IV clearly demon-
strate that when a metal plane is placed in the radio path
between the TX and RX antennas, the calibration method
achieves the goal of a properly adjusted beam aligned with the
target. However, for these antennas, the AF cannot be applied,
and consequently, a comparison cannot be performed.

V. CONCLUSION

In this work, an OTA MIMO antenna calibration using
a multisine approach is proposed. The information provided
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by a multisine is used to calibrate an MIMO transmitting
antenna to align its main beam with a receiving antenna.
LOS experimental results demonstrated that, for three different
types of MIMO transmitting antennas (linear, planar, and 3-D),
by using the OTA multisine method, the beam can be aligned
with the target. With this approach, multipath effects, mutual
coupling, and system impairments are compensated simultane-
ously. Moreover, non-LOS experimental results indicate that
the OTA multisine method presents better performance than
AF. Compared with AF theory, the OTA multisine method
presents a faster and simple process to calibrate different types
of MIMO transmitting antennas. With a simple initial cali-
bration, the proposed method calibrates the beam accordingly
to the MIMO antennas and the propagation channel and can
be applied in real time. In addition, it is demonstrated that
the method can be used for nonstandard shapes. For the 3-D
MIMO antenna with an odd number of elements and noncol-
located multiantennas with equal and with different elements,
which can be used in distributed systems, where the AF is not
known or difficult to obtain, it has been demonstrated that the
OTA multisine method can effectively contribute to the proper
alignment of the TX antenna beam with the target. The method
can be used in different application scenarios and applied
to a multiuser environment. The information of the phase
of each tickle tone can be integrated with a communication
protocol, without requiring a dedicated feedback system, for
the TX antenna main beam signal remains aligned with the
RX antenna (user) when this one is moving. This way, while
RX is moving, the method updates the main beam signal to
provide calibration during the movement.

Table V presents a comparison between the proposed cali-
bration method, using multisines, with the other OTA calibra-
tion methods presented in the literature, where the benefits
of the proposed method are highlighted. To test and cali-
brate antenna arrays in far-field, usually complex setups with
mechanical capabilities are required. By using this method, the
test and calibration can be greatly simplified. The method is
more economic, with less hardware implementation, reduced
computational complexity, less time consumption, and not
depending on the number of elements of the antenna array.
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