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ABSTRACT To enhance the capabilities of high-resolution imaging or beamforming, the trend goes
towards arrays with high-channel count and large aperture sizes. The operation at increasing mm-wave
frequencies exacerbates the consequences of manufacturing tolerances on the array performance, further
necessitating the development of high-quality calibrations. Thereby, a large number of array response
vectors, addressed in the following as data points, is stored. Typically, one data point is measured
at a time for each angle. To reduce the calibration effort, hereby defined as the number of required
measurements, a calibration setup employing active calibration targets (ACT) is proposed. This setup
allows the storage of a multitude of data points within a single measurement. In addition, this measurement
setup is placed in the near-field of the array to relax the requirements on the size of the anechoic chamber.
Employing multiple targets makes it challenging to compensate the near-field effects. Therefore, methods
are discussed to ensure a consistent quality of the calibration considering the near-field influences from
the ACTs. Exemplary measurements deploying an antenna array operating at 78.5GHz demonstrate that
this calibration measurement setup employing three ACTs placed in the near-field of the array reduces the
calibration effort by a factor of 3 compared to state-of-the-art setups. The average deviation of the antenna
phase relations amounts to 4.1 degree, proving that the presented setup achieves the same calibration
quality as state-of-the-art setups.

INDEX TERMS Calibration, direction-of-arrival (DoA) estimation, imaging radar, MIMO radar, phased
arrays, radar measurements.

I. INTRODUCTION

PHASED arrays and millimeter-wave imaging radars
have many applications in civil and military domains

[1], [2], [3], [4], [5], [6]. These systems are employed for
measurements of the direction-of-arrival (DoA) estimation of
incoming waves or beamforming at the transmitter. Latest
works focus on the DoA estimation in azimuth and eleva-
tion to achieve 4D imaging [7], [8], [9]. As these operations
require a precise array model, calibration of the antenna array
is crucial. Effects like manufacturing tolerances, varying feed
line lengths, and mutual antenna coupling lead to devia-
tions of the ideal array response. These effects become even
more significant in the upper mm-wave frequency range [10].
Therefore, a measurement of the array response vector has

to be performed [11], [12], [13] to adjust the array model.
This adjustment can be performed either by means of cal-
ibration parameters, namely the antenna positions (antenna
phase centers) and phase offsets [10] or alternatively non-
parametrically applying a calibration matrix, which contains
the obtained angle-dependent reference measurements [14].
Thus, systematic errors during the subsequently performed
DoA estimation can be avoided [15].
Particularly for large-aperture sizes, the calibration effort

increases drastically [14]. Therefore, enhancements in cal-
ibration techniques are needed to obtain accurate antenna
array models with low measurement effort during the cali-
bration procedure [16], [17]. A typical calibration setup is
sketched in Fig. 1. The array under test (AuT) is mounted on
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FIGURE 1. Angular array calibration setup in an anechoic chamber: The stationary calibration object is ideally located in the far-field of the antenna array. The array is rotated
by the positioning system, which translates into a movement of the calibration object on a spherical trajectory. Depicted are a conventional calibration setup (a) and the desired
final calibration setup proposed in this work (b).

a rotatable positioning system. At each angular step, a mea-
surement with a stationary calibration target is performed,
and the array response vector for this data point is captured.
Common calibration targets are corner reflectors, as they
ensure a high SNR. Typically, a single calibration target is
used. For a total of Ni data points, the same amount of rota-
tion steps is needed. For large-aperture arrays, this leads to
a significant duration of the calibration measurement.
Highly efficient calibration methods have been developed

that require a low number of data points [17], [18] but at the
cost of a high computational effort. To decrease the calibra-
tion effort, the recording of a multitude of data points within
a single measurement snapshot by applying active calibra-
tion targets (ACT) placed at different angles is proposed.
This procedure can also be combined with efficient cali-
bration methods like [17]. When applying NT ACTs, the
calibration effort can be reduced by a factor of NT, as NT
data points are recorded within a single snapshot. In this
article, an advanced calibration setup with NT = 3 as in
Fig. 1(b) is aimed for. To further relax requirements on the
anechoic chamber, the calibration measurement is performed
in the near-field region of the AUT, leading to the dashed
anechoic chamber size. The positioning of ACTs in the near-
field region, where a plane wave can no longer be assumed,
leads to effects that must be compensated for [19]. Common
calibration techniques in the near-field of the AuT consider
one passive target [19], [20]. The compensation of multiple
active targets increase the complexity and necessitate new
methods.
This article is organized as follows: In Section II, the

calibration using an ACT is described mathematically and
investigated by simulations and measurements. The fusion
of data sets recorded with several ACTs is conducted in
Section III, the derived theory is proven by measurements
and a procedure for efficient calibration of the measure-
ment setup is described. In Section IV, the calibration
measurement is performed with an ultra-compact setup using

three ACTs. For the compensation of near-fields effects by
a path model, the determination of the required parame-
ters from calibration measurements is described. Further,
the influence of target alignment inaccuracies is investi-
gated. Finally, the near-field effects are compensated, and
the calibration parameters are compared to the calibration
parameters obtained from a reference setup with a single
corner reflector positioned in the far-field of the AUT.

II. ARRAY CALIBRATION WITH AN ACTIVE
CALIBRATION TARGET
The calibration setup employing ACTs requires adjustments
of the calibration procedure. These adjustments are explained
in this section. First of all, the general array calibration
and DOA estimation is explained. Afterwards, the target
detection for ACTs is described, followed by investigations
of the bistatic target influence and the compensation of it.

A. GENERAL ARRAY CALIBRATION AND DOA
ESTIMATION
For the calibration procedure, the array response vector a(φ)
is measured versus the desired DoA range [14]. For an inci-
dent plane wave impinging at an azimuth angle φ, the array
response vector is [11]

ai(φ) =

⎛
⎜⎜⎜⎝

A1(φ)e
j
(

2π
λ0
x1 sin(φ)+ψ1

)

...

ANRX(φ)e
j
(

2π
λ0
xNRX sin(φ)+ψNRX

)

⎞
⎟⎟⎟⎠ (1)

with i ∈ [1, I], where I is the total number of angu-
lar sampling points, Ak(φ) the angle-dependent amplitude
information for each receive antenna of index k, and NRX
the total number of RX antennas. The calibration parameters
consist of the antenna position xk and ψh as phase offset.
Usually, the amplitude terms can be neglected if antennas
with a wide beamwidth are used. Since this condition is met
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in the majority of imaging systems, the amplitude term is
omitted in this article.
A straightforward way to perform the DoA estimation is

the deterministic maximum likelihood approach [21], where
the measured array response vector at the virtual receive
antennas (VX) is compared with a reference calibration
matrix C. For multiple-input multiple-output (MIMO) radars,
the measured signal phase corresponds to the sum of the
phases at the TX and RX antennas. Usually, the defini-
tion of an equivalent VX antenna is used to describe this
behaviour. The array response vector of the virtual array is
thereby calculated as the Kronecker product of the transmit
and the receive array response vectors [22]. Thus, the cal-
ibration matrix has the dimensions I × NVX and stores the
array response vectors of all reference samples at different
angles in the azimuth plane. The comparison between the
received array response vector a and C is mathematically
calculated as the cross-correlation

b(φ) =
∣∣CH(φ) · a∣∣∣∣∣∣C(φ)∣∣∣∣ ∣∣∣∣a∣∣∣∣ , (2)

with the symbol (·)H denoting the complex conjugate
(Hermitian) matrix and || · || denoting the Euclidean norm.
The DoA of the measured array response vector φest is
determined by finding the direction that maximizes the
cross-correlation

φest = arg max
φ

b(φ). (3)

Instead of measuring the complete calibration matrix, it can
be modelled using the calibration parameters. This modelling
is based on (1) and is restricted to scenarios with sufficiently
large SNR. The calibration parameters can be obtained by
the standard method as described, e.g., in [14]. Hereby, the
antenna positions are determined from the slope of the phase
progression versus the measured angle. The second cali-
bration parameter is the phase offset, which is the phase
relation of one antenna to the reference antenna while fac-
ing a target at boresight (φ = 0 ◦) direction. The phase
offsets are obtained after linearisation to achieve a higher
robustness against noise. All calibration methods have in
common that they require a specific amount of measure-
ment points to ensure a certain quality of the determined
calibration parameters [14], [17], [23], [24].

B. CALIBRATION CONCEPT WITH AN ACTIVE
CALIBRATION TARGET
Calibration with several targets in parallel is only possible
if these targets can be separated. Depending on the system,
the targets can be separated by different methods. In case of
an array employed for communication purposes, the separa-
tion takes place in the frequency-domain. A small frequency
offset is added by modulating the received signal at the
ACT. Thereby, small modulation frequencies are deployed
to ensure approximately equal antenna characteristics. For
radar operations, the separation can be conducted in the

FIGURE 2. Block diagram of the ACT consisting of an RX- and a TX-antenna, two
VGAs, an IQ-mixer, and an external local oscillator.

r-v-(range, velocity) domain. In the following, an FMCW
radar is used as exemplary demonstrator. In case of passive
calibration targets, these targets need to be placed in differ-
ent range cells. This placement leads to several effects such
as different near-field effects and range-angle coupling that
have to be compensated for [19]. With the usage of ACTs,
this requirement may be overcome. ACTs are used widely in
radar target simulators [25], [26] to evaluate radar systems
and to simulate not only different distances but also dif-
ferent velocities of targets [27]. Unlike passive targets, this
allows target detection for ACTs through preset velocities.
This possibility of target separation is used to build up an
innovative measurement setup for calibrations using a vari-
ety of calibration targets in the same range of the AUT. The
separation of the targets takes thus place in the v-domain.
The operation principle of an ACT is depicted in Fig. 2. The
RX antenna receives the incoming signal that is amplified
by a variable gain amplifier (VGA). In order to implement
the desired shift in v, the signal is modulated [28]. This
modulation is deployed by a mixing operation performed by
an IQ-mixer with the modulation frequency fmod. A second
VGA is employed to compensate for conversion losses of the
mixer and to amplify the TX signal, which is then radiated
by the TX antenna.
With the choice of the antenna types and the amplification

of the signal by the VGA, the ACT provides more degrees of
freedom as the corner reflector, which can only be adjusted
with respect to its RCS value when scaled.
While the corner reflector acts as a point target, the ACTs

have separated points of interaction for receive and trans-
mit operation. Thus, the ACT represents a bistatic target and
requires additional compensation depending on the measure-
ment setup. Furthermore, when using ACTs, a free choice
of r-v bins is made possible by signal modulation.

C. TARGET DETECTION FOR ACTIVE CALIBRATION
TARGETS
At first, the corner reflector as commonly used calibration
target is investigated. For the corner reflector, the point target
assumption can be met representing a single target. The phase
of the receive signal after down conversion is [29]

�ψ(t) = ψ(t)− ψ(t − τ)

= 2π

(
fcτ + B

T
tτ − B

2T
τ 2
)

(4)
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with the center frequency fc, the bandwidth B of the signal,
the ramp duration T , and the path delay τ = 2R/c0 resulting
from the target distance R and the speed of light c0. In reality,
phase noise influences are present, which are neglected here.
Eq. (4) shows that a separation of targets is only possible
if they are located in different range cells. The separation
of ACT targets at radar operation is not limited to FMCW
operations, as shown here [30] for orthogonal frequency-
division multiplexing (OFDM) operation.
Assuming that the path length for the wave propagating

from the AUT’s TX to the ACT’s RX antenna RTX,RX equals
the path length from the ACT’s TX antenna to the array’s RX
antenna RRX,TX and neglecting the time duration caused by
line lengths inside the ACT, the target phase at the receiver
for the stationary ACT leads to a shift in range of [28]

�Rmod = fmodTcc0

2B
(5)

and a velocity shift of

�v = fD,sc0

2fc
with the velocity shift (6)

fD,s =

⎧⎪⎪⎨
⎪⎪⎩
mod

(
fmod,

1
2Tr

)
if mod

(⌊
fmod

1
2Tr

⌋)
= 0

mod
(
fmod,

1
2Tr

)
− 1

2Tr
else

(7)

with Tr as chirp repetition interval and fmod as modulation
frequency, introduced by the ACT’s IQ-mixer. Even if posi-
tioned at the same distance to the antenna array, by supplying
different modulation frequencies for the ACTs, they can be
separated due to different measured velocities. Moreover, an
undesired range shift is caused by the modulation frequency,
that has to be compensated during the calibration procedure
as this range shift falsifies the range measured. Since this
range shift can be accurately predicted, it can be compen-
sated with ease. In the simulation model, a wrong target
distance can alter the near-field effects. In theory, this range
shift can be used to separate the targets, in practice, this is
more prone to errors as there are more distortions in the
r- than in the v-domain. This can lead to a lower SNR of
the receive signal or even that a wrong target is evaluated.

D. INFLUENCE OF THE BISTATIC TARGET
As the ACT possesses separated antennas for receiving and
transceiving, the assumption of a point target in (4) is not
valid anymore. If not compensated, this assumption can lead
to systematic errors in the calibration procedure.

1) MATHEMATICAL MODEL

The geometry of the measurement setup for the simulation
based on optical paths is depicted in Fig. 3. The signal emit-
ted from the transceiver is received by the ACT, which in
turn transmits it back to the AUT. At the u-th RX antenna
of the AUT, the phase is defined as

ϕu(φ) = −jkdTX(φ)+ ϕTarget +
(−jkdRX,u(φ)

)+ ϕu, (8)

FIGURE 3. Sketch of the geometric model for the calibration measurement setup
with active target consisting of an RX-, TX-antenna and, an amplifier. Dot • marks
the position of the corner reflector.

with the wave number k, the phase offset added by the ACT
ϕTarget, the phase offsets of the u-th virtual antenna ϕu, and
the path lengths from the AUT’s TX to the ACT and ACT
to the AUT’s RX antenna dTX/RX. As the calibration method
is only based on phase relations, the phase change φTarget
introduced by propagation through the ACT does not affect
the relative phase at the u-th receive antenna referred to the
w-th receive antenna:

�ϕu(φ) = ϕu(φ)− ϕw(φ)

= −jkdTX(φ)+ ϕTarget +
(−jkdRX,u(φ)

)+ ϕu

− (−jkdTX(φ)+ ϕTarget +
(−jkdRX,w(φ)

)+ ϕw
)

= −jkdRX,u(φ)+ ϕu − (−jkdRX,w(φ)
)− ϕw. (9)

In the following, all channels are referred to channel 1,
which is closest to the rotation centre of the positioning
system. Since some systematic errors exert almost the same
influences on all channels, such as the inaccuracy of the
positioning unit, these influences are reduced by referencing.

2) HARDWARE DEMONSTRATOR

To analyse this effect, a uniform linear array (ULA) is
operated in a single-input multiple-output (SIMO) mode.
A photograph of the antenna array is shown in Fig. 4(a).
The antenna positions of the physical and virtual array
are sketched in Fig. 4(b). As only the bistatic influence
of an active target is investigated here, the mixer is not
accounted for.
For analysis, the setup in Fig. 4(c) is employed, which

consists of two horn antennas, a waveguide amplifier with
a gain of 17.5 dB, and waveguide transmission lines as con-
nectors. By adding waveguide transmission lines, the size of
the target dTarget, associated with the distance between RX
and TX antenna phase center, can be adjusted. The radar
parameters applied with the SIMO operation are listed in
Tab. 1.
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FIGURE 4. (a) Photograph of the realized radar frontend with 16 RX antennas and 1 TX antenna used. (b) Sketch of the positions of the TX antennas (×), RX antennas (×), and
VX antennas (×). (c) Photograph of the hardware demonstrator.

TABLE 1. Overview of the SIMO operation radar parameters.

3) VERIFICATION BASED ON MEASUREMENTS

To verify the mathematical model developed in the previous
paragraph, three different measurement setups are deployed.
As a reference, a calibration measurement with a conven-
tional corner reflector with σ = 14.4 dBsm is conducted at
a target distance of 4.7m, which fulfills the far-field con-
dition of the array. For analyzing the bistatic effects on the
calibration procedure, the active target shown in Fig. 4(c)
with two different antenna distances dTarget, namely 92mm
and 192mm, is analyzed. Fig. 5 depicts the simulated and
measured target phase referenced to the result of the corner
reflector.
The simulations show that due to the bistatic target, phase

errors occur depending on dTarget. A dTarget of 92mm leads
to a maximum error of 19.9◦, while for a dTarget of 92mm,
a maximum error of 47.5◦ can be observed. In the mea-
surement, the maximum errors are slightly lower with 17.1◦
and 46.6◦, respectively. An average deviation of 1.1◦ for
dTarget = 92mm and 1.0◦ for dTarget = 192mm verifies the
correctness of the simulation model. Therefore, the influence
of the separated TX and RX antennas of the active target
can be compensated independently of the sizes if the setup’s
geometry is well known.

4) ACCURACY OF DETERMINED CALIBRATION
PARAMETERS

To evaluate the quality of the calibration based on ACTs,
the calibration parameters xi and ϕi according to (1) are

FIGURE 5. Measured and simulated results for the phase offsets for dTarget = 92 mm
(−) and 192 mm (−) with the phase offsets determined from a measurement or
simulation with a corner reflector as reference.

analyzed. The deviation of these parameters compared with
those obtained from a conventional calibration measurement
with a corner reflector as passive target are depicted in
Fig. 6. The phase offsets in Fig. 6(a) are determined after
compensating the bistatic influence of the target by means
of the simulation model (9). The mean deviation is 1.1◦ for
dTarget = 92mm and 1.0◦ for dTarget = 192mm. In Fig. 6(b),
the deviations of the VX-antenna positions are plotted, where
the mean deviation is 0.012 λ0 for dTarget = 92mm and
0.014 λ0 for dTarget = 192mm. As the calibration parame-
ters obtained by bistatic targets agree well with the results
of the conventional calibration, the feasibility of ACTs in
calibration measurements is demonstrated.

III. DATA FUSION OF ACTIVE CALIBRATION TARGETS
In this section, the fusion of multiple data sets, obtained
by different ACTs simultaneously, is derived and evaluated.
This reduces the calibration effort, as a smaller number of
measurements has to be conducted. First, the separability of
targets by shifts in the velocity-domain is demonstrated by
measurement. Afterwards, a calibration of the measurement
setup is described. Finally, the fusion of data sets, recorded
with multiple ACTs simultaneously, is conducted.

330 VOLUME 4, 2023



FIGURE 6. Deviation of the calibration parameters obtained with ACT referenced to calibration parameters obtained from measurement with a corner reflector. (a) Deviation of
obtained phase offsets and (b) of VX-antenna phase centers.

FIGURE 7. Hardware for calibration measurements with the multi active-target measurement setup. (a) Photograph of the array front-end for the investigation of occurring
near-field effects and (b) the corresponding antenna positions. The virtual array is divided into two sub-arrays with lower and higher far-field distance rFF. (c) ACT element for
measurement setup with multiple ACTs.

TABLE 2. Overview of the radar parameters.

A. HARDWARE DEMONSTRATOR
Fig. 7(d) shows the hardware setup for the following mea-
surements. To analyse the effects occurring during the
calibration process, especially when the far-field condition is
violated, a tailored antenna array is employed. A photograph
of the array is shown in Fig. 7. The antennas are fed by a
FMCW radar system as described in [31], which is operated
as listed in Tab. 2. Fig. 7(b) shows the antenna positions of
the array. The resulting 1-D virtual array can be subdivided
into 2 sub-arrays. Sub-array 1 has a lower far-field distance
rFF and sub-array 2 has a higher rFF. Channels close to the
rotation axis have the lowest rFF as they can be assigned to
a sub-array with reduced dimensions. By that, the near-field
effects on calibration measurements violating the far-field

TABLE 3. Overview of the modulation frequencies of the three ACTs.

condition can be directly compared to those measured in the
far-field region.

B. SIGNAL SEPARATION IN CASE OF MULTIPLE ACTS
Fig. 7(c) shows an exemplary ACT of which three specimens
are employed for the following experiments. To enable sep-
aration in the r-v domain, the ACTs operate at different
modulation frequencies, listed in Tab. 3. In Fig. 8, the cor-
responding r-v plot of a radar measurement is depicted. All
targets are ideally located at the same distance towards the
rotation center of the positioning system.
For the determination of the phases of the ACTs, 2fmod is

additionally employed at each ACT [30]. It can be seen that
in addition to the actual intended target responses, undesired
targets appear from harmonics and intermodulation products.
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FIGURE 8. Resulting r-v-plot for the measurement setup. The modulation
frequencies are listed in Tab. 3.

FIGURE 9. Measured phase at boresight direction. Asynchronous ACT phase
leading to phase steps between the array transceivers.

Since the velocity cells in which the target appears can be
set with high precision, the unwanted targets can be posi-
tioned in non-critical cells. This allows for undisturbed target
extraction. By that, the extraction of the targets is quite con-
venient and windowing in the v domain can be used. In
Fig. 8, the carriers are visible at v = 0m/s.

C. COMPENSATION OF THE ACTIVE TARGET PHASE
As the phases of the active targets are not synchronized
with the AUT, the phase relations between the channels are
distorted, especially if time-domain multiplexing (TDM) is
used. In the case of MIMO operation, these phase errors
are not cancelled out by referring to a reference channel,
as the ACT leads to different phase shifts on the array
transceivers for each data point. This effect can be seen
in Fig. 9 for the ACT placed at boresight direction. Since
the time interval between active transmit periods is always
the same, this leads to regular phase progressions along the
transmitters. The compensation of this effect is described
in detail in [30]. After the compensation, the phase shifts
between the transceivers vanish.

D. CALIBRATION OF THE MEASUREMENT SETUP
In case of a passive calibration target, it is helpful to consider
two Cartesian coordinate systems as depicted in Fig. 10. The

FIGURE 10. Geometric model of the calibration measurement setup using a single
passive calibration target at distance R. Positioning mismatch of dMis translates into
the target appearing at different target angle with the array as reference. This is
described as a rotation of the target’s coordinate system.

origin of the first coordinate system (AUT) is located at the
rotation center, whereas the origin of the second system
(Target) is located at the calibration target, which is consid-
ered as a point target. Ideally, the coordinate system origins
only differ by a shift of the desired target distance. In prac-
tice, due to limited alignment accuracy, a misplacement along
the x-axis, designated as dMis, is probable. This in turn results
in an angular misalignment φMis, and a rotation of the tar-
get’s coordinate system as the y-axis of the target is defined
to intersect with the arrays coordinate system’s origin.
In the presence of NACT ACTs, NACT + 1 coordinate

systems are needed to describe the measurement setup. To
reduce this number of required systems to one, the ACTs
are being related to one reference ACT. Thereby, all ACTs
are combined into one coordinate system. In this work, this
kind of alignment is understood as calibration of the mea-
surement setup. In the following, a measurement setup of
three ACTs, depicted in Fig. 11, is used.

1) DETERMINATION OF ACT PLACEMENTS

For the calibration of the measurement setup, φMis has to be
determined for NACT − 1 targets. Equally to the calibration
with a passive calibration target, one active target and its
corresponding coordinate system are employed as reference.
The other targets are arranged in this reference coordinate
system. The accuracy with which this reference target was
positioned is decisive for the calibration quality. The pro-
cedure for arranging the targets in the reference coordinate
system is referred to in this article as setup calibration.
Fig. 12 visualizes the calibration measurement scenarios

for φArray = φTarget,n with n∈ {1, 2, 3} as target identifier. If
ideally positioned, the array response vector is the same
for all depicted scenarios, as all targets appear in bore
sight direction. The scanning angle is chosen to cover all
angles φArray, where the targets are potentially placed, with
some additional safety margin. As the measurement points
recorded by Target 2 overlap with those of the other tar-
gets, it is deployed as reference target. The outermost target
position is at |φArray| = 20 ◦. Thus, the maximum scanning
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FIGURE 11. Calibration measurement setup using three ACTs. The ACTs are placed at φTarget,1 = 20 ◦ , φTarget,2 = 0 ◦ and φTarget,3 = −20 ◦ in the near-field of the AuT.

FIGURE 12. Visualization of the redundancy of data points for the rotation of the array over φ. Depicted are the scenarios (a) φArray = φTarget,1, (b) φArray = φTarget,2 and
(c) φArray = φTarget,3 all ideally leading to identical steering vectors. ACTs are shown here for reason of clarity with only a mixer. The actual used ACTs consist of amplifiers as well.

angle is chosen as ± 30 ◦ leading to a safety margin of 10 ◦.
Therefore, the additional targets cover the intervals of I1
= [−10 ◦, 50 ◦] and I3 = [−50 ◦, 10 ◦], leading both to an
overlay of 40 ◦ with the reference ACT.

For the alignment process of the targets, the array response
vector a2 at φArray = φTarget,2 = 0 ◦ is obtained by the
reference target (2). To determine the angular position of
the first target, the calibration matrix C1 is obtained from
the measured array response vectors over φ of Target 1. If
Targets 1 and 2 are positioned ideally, the angle estimation
performed with this calibration matrix C1 and array response
vector a2 has its maximum at φArray = φTarget,1 as both
result in the same array response vector, which can be seen
in Figs. 12(a) and 12(b). To determine the angular position
of the third target, an analogous procedure is performed
with corresponding Figs. 12(b) and 12(c). The results of
this DoA estimations for the angular position determinations
are depicted in Fig. 13(a). The highest correlations appear
at 20 ◦ and −20 ◦, which are the desired target angles of
Targets 1 and 3. Both targets were therefore positioned at the
correct angles, relative to the reference Target 2. For possible
misalignments, a correction value βn can be obtained for the
n-th ACT to take the offset into account.

For this procedure, near-field effects have no impact as
the calibration matrix and the array phase responses are
obtained in the same range cell. Furthermore, an uncalibrated

array can be employed as the required calibration matrix
is recorded from the non-reference targets during the cali-
bration measurement of the setup. For the setup calibration
shown here, the same array is deployed for the calibration of
the measurement setup and later on as AUT. Alternatively,
an array with greater aperture and higher angular resolu-
tion capabilities can be employed for the calibration of the
measurement setup to enhance the accuracy. Overlapping
regions reduce the efficiency of the multiple calibration
target setup. They are only necessary during the setup cal-
ibration due to limited positioning accuracy of the ACTs.
Afterwards, this overlap has to be avoided in order to obtain
the greatest benefit from the calibration measurement setup.
As general proof of concept, the mean phase deviations
from the overlapping phase response vectors are depicted in
Fig. 13(b), showing that the measurement results of different
ACTs achieve approximately the same results. Therefore, the
datasets obtained from the different targets can be combined
with negligible phase deviations between the measurements.

2) DATA FUSION

After the alignment of calibration targets, the datasets Cn
are combined for further processing to

CI×NVX
Full =

⎡
⎣

C1
...

CNACT

⎤
⎦ =̂

⎡
⎣
C1
C2
C3

⎤
⎦. (10)
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FIGURE 13. Evaluation of correct placement of the ACTs. (a) DoA estimation result
with φTarget,2 = 0◦ as array response vector a and the stored array response vectors of
targets 1 and 3, respectively, as calibration matrix C. (b) Mean deviation of array
response vectors at the redundant angle areas with target 2 as reference.

The associated collection of related target angles is deter-
mined by

�Full =

⎛
⎜⎜⎜⎝

�1 + β1
�2 + β2

...

�NACT + βNACT

⎞
⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

φ1 + β1
...

φ⌈ I
NACT

⌉ + β1

φ⌈ I
NACT

⌉
+1

+ β2

...

φ⌈ 2·I
NACT

⌉ + β2

φ⌈ 2·I
NACT

⌉
+1

+ β3

...

φ⌈NACT·I
NACT

⌉ + βNACT

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=̂

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−30 ◦ + β1
...

−10 ◦ + β1
−10 ◦ +�φ + β2

...

10 ◦ + β2
10 ◦ +�φ + β3

...

30 ◦ + β3

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(11)

with βn as correction value of the angular misplacement
of the n-th ACT, determined during the calibration of

FIGURE 14. Obtained phase response after the fusion of the phase responses of
the three different ACTs. The absolute phases of two channels and the difference are
displayed.

the measurement setup. With the second ACT chosen as
reference, β2 = 0 follows.

As the targets are placed with finite accuracy, and the cal-
ibration of the measurement setup only includes an angular
alignment, there may still be a range shift between targets.
Fig. 14 shows the angle-dependent phase of two exemplary
channels after fusion of the datasets. For those two chan-
nels, phase steps occur at φArray = 10 ◦. This is due to the
existence of range deviations between the calibration targets.
This range deviation is equal for all channels. Due to this
fact, the steps can be eliminated by referencing the phase
resulting in relative phases. During the calibration proce-
dure, relative phases are calculated for further processing.
In Fig. 14, based on the phase of channel 16 relative to
channel 1, it can be seen that the steps have been compen-
sated for. To summarize, range deviations lead to phase steps
that cancel out when relative phase relations are calculated.
Therefore, the calibration procedure employed here shows
high robustness against small range deviations in the ACT
placement.

IV. CALIBRATION WITH ACTIVE CALIBRATION TARGETS
IN A NEAR-FIELD SETUP
To get the greatest benefit from the usage of NT ACTs, they
have to be placed with an angular spacing of

�φ = φmax − φmin

NT
. (12)

By that, the overlapping of scanning regions covered by
different ACTs is minimized.
For a calibration measurement setup using NT ACTs, this

condition can lead to sizes of the anechoic chamber that
are undesirable. To reduce the requirements on the sizes of
the chamber, the calibration employing multiple ACTs is
performed in the near-field region of the antenna array.

A. MODELLING NEAR-FIELD EFFECTS
For the compensation of near-field effects, the path lengths
have to be precisely known. In the following, a method based
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FIGURE 15. Model for the path propagation during the calibration measurement
with an ACT.

on distance measurements employing the AUT is shown.
The compensation of a calibration setup deploying a passive
calibration target is described in detail in [19]. Thereby,
the assumed antenna positions obtained from manufacturing
data in combination with the target position are employed
to model the spherical waves in order to compensate them.
In comparison to the calibration measurement setup with

a passive calibration target, this setup with NT = 3 increases
the complexity. A propagation model of the setup is depicted
in Fig. 15 for one ACT. The propagation path length
measured of one exemplary channel adds up to

R = RFrontend + RFS + RACT (13)

= RTX, Line + RRX, Line + RTX + RRX
+ RACT, Line + 2�Rmod (14)

with RFrontend representing the paths along the transmis-
sion lines on the frontend consisting of the paths from the
MMIC (monolithic microwave integrated circuit) to the TX
antennas RTX, Line and the paths from the MMIC to the RX
antennas RRX, Line. RFS models the paths propagated in free
space and RACT considering the range shifts caused by the
ACT. To model and to compensate the influence of spherical
waves, RFS has to be extracted from the measured distance R.
Therefore, the other range shifts have to be determined and
subtracted. According to (5), the modulation of the signal
causes a shift in the measured range described by �Rmod.
Therefore, the actual path length used to describe the propa-
gation of the spherical wave is limited to RFS and calculated
with

RFS = Rmeasured − (RFrontend + RACT). (15)

= Rmeasured − (
RTX, Line + RRX, Line
+ RACT, Line + 2�Rmod

)
. (16)

As the propagation speed through dielectric material dif-
fers from free space, the permittivity must be considered.

Inserting (5) leads to [32]

RFS = Rmeasured −
((
dTX, Line + dRX, Line

)√
εr,Array

+ dACT, Line
√
εr,ACT + fmodTcc

B

)
(17)

with
√
εr,Array and

√
εr,ACT describing the dielectric con-

stants of the antenna array and the ACT, respectively. The
physical lengths of the propagations paths on the AUT are
defined as dTX, Line, dRX, Line and dACT, Line

√
εr,ACT for the

ACT. To obtain the physical lengths of the AUT, manufac-
turing data is used. Simulations are deployed to gather the
offsets �Rmod,i caused by the modulation frequency fmod
for each ACT individually. Determining the distance propa-
gated in free space enables the calculation of the correction
steering vector aRX,corr, which is employed for the compen-
sation of the near-field influence [19]. Thereby, the target
distance and roughly known positions from the antennas of
the AUT are deployed to calculate the influences caused by
spherical waves in order to compensate them from the data
samples.
For the first channel as example, the evaluation of the

calibration measurement shows a target distance of 1.52m.
The offset introduced by line lengths on the array is
RTX, Line = 62mm and RRX, Line = 79mm leading to a total
length of RFrontend = 141mm. The range shift caused by the
exemplary modulation frequency of 75.5 kHz can be read
out from Tab. 3 as �Rmod = 104mm. The offset intro-
duced by line lengths on the ACT is RACT, Line = 120mm,
which was obtained from scattering parameter measure-
ment. The combination of all offsets is leading to a target
distance of

RTarget = 1.52m − (
�RRArray +�Rmod +�RTarget, Line

)

= 1.52m − 0.365m = 1.155m. (18)

This is the target distance needed for the compensation
of near-field effects.
By means of simulation the phase changes introduced

by the near-field are calculated to subtract them from the
measured phase responses [19]. After this compensation, the
spherical wave influences are compensated for.

B. MEASUREMENT RESULTS
The results with and without the near-field compensation
are compared in Fig. 16. As reference within the antenna
array, the channels of sub-array 1 (see Fig. 7(b)) are included
in the first two subfigures and due to their lower far-field
condition here referenced as FF channels. For evaluation,
a reference calibration is performed in the far-field of the
antenna array with a corner reflector as calibration target.
Figs. 16(a) and 16(b) show the deviation of the determined
calibration parameters from the near-field with and without
the compensation compared to the calibration parameters
determined by the reference calibration. Fig. 16(a) shows the
effect on the determined VX positions. The compensation
causes a higher deviation for 3 of 48 channels with a strong
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FIGURE 16. Derived calibration parameters from near-field calibration
measurement. (a) Comparison of determined antenna phase centers with and without
compensation of near-field effects. (b) Comparison of obtained phase offsets with and
without compensation of near-field effects. (c) Mean phase offsets deviation of
near-field channels for different target distances chosen for compensation.

violation of the far-field condition. The mean deviation of
the NF channels decreases from 0.056 λ0 to 0.022 λ0 when
the compensation is applied. In Fig. 16(b), the effect of the
compensation on the phase offsets is shown. If uncompen-
sated, the phase offsets differ considerably. The near-field
compensation decreases the mean deviation of NF channels
from 164.2◦ to 5.2◦, thus showing a significant impact. The
mean deviation over all channels amounts to 4.1◦ for the
phase offsets and 0.014 λ0 for the VX positions. In case of
an erroneous target distance on the spherical wave model,
the compensation quality suffers. If the distance is too large,
the spherical wave influences are insufficiently compensated.
In the case of an underestimated target distance, larger near-
field influences are modeled, overcompensating the actual

ones. This dependency on the correct target distance is
depicted in Fig. 16(c). If the measured target distance is
chosen without taking the different offsets into account, the
mean deviation of the VX positions increases for the NF
channels from 0.022 λ0 to 0.031 λ0 and the phase offsets
from 5.2◦ to 42.3◦. In case of the phase offsets the mean
deviation of NF channels increases by 715%. It should be
noted that the lowest mean phase offsets deviation is reached
for a compensation distance of 1.141m leading to 4.3◦. The
difference of 14mm can be caused by tolerances of the
permittivities used for range offset calculation, line lengths,
inaccuracies during the positioning of the measurement set
up or noise influences on the phase responses. Although the
compensation distance of the lowest mean is not hit, the
result is close to the optimum.

V. CONCLUSION
In this article, a measurement setup for phased array calibra-
tion, based on the application of ACTs, is proposed. With
this setup, it is possible to reduce the calibration measure-
ment effort significantly without a reduction of data points
recorded, ensuring high quality array calibrations. This is
done by recording multiple data points in parallel. It is
shown that systematic errors from the active target archi-
tecture can be compensated by a simulation model and an
initial calibration of the measurement setup. To reduce the
requirements on the anechoic chamber sizes, the calibration
with three ACTs was performed in the near-field region of
the AUT. Furthermore, the calibration features high robust-
ness against small range offsets of the ACTs. Moreover,
ACTs make the calibration measurement much more flexi-
ble, as the choice of the ACT antennas influences the angular
beamwidth and the coverage of the calibration target. The
selection of amplifiers leads to an easily adaptable signal
strength. By taking all the relevant effects into account, the
quality of a calibration measurement performed in the far-
field region of the AUT can be restored. Subsequently, the
proposed setup enables a significant acceleration of angu-
lar array calibrations with relaxed requirements with respect
to the measurement area without degrading the calibration
quality.
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