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Abstract—This work describes the concept and current devel-
opment of a novel automated system to characterize active phased
array antennas. The proposed system, called an RF Scanner,
has been conceptualized and developed by the Advanced Radar
Research Center (ARRC) at the University of Oklahoma (OU).
This system enables the full characterization of electromagnetic,
surface, and thermal properties of an active phased array
antenna. An industrial 6-axis articulated robot is used to move
a sensor suite to perform near-field measurements as well as
surface and thermal inspection of the antenna under test (AUT).
The sensor suite consists of a mechanical fixture supporting an
infrared camera, a high-precision laser, a high-definition camera,
and an antenna array probe. The AUT, the robotic manipulator,
and the sensor suite are located inside of an environmental
chamber. This environmental chamber enables characterization
of the AUT under controlled temperature and humidity. The
combination of the high precision robot, sensor suite, environ-
mental chamber, and vector network analyzer (VNA), along with
a software interface, allows fully automated characterization of
an active phased array antenna from 1 GHz to 18 GHz, up to
60 GHz if the VNA is upgraded, over a temperature range of
0°C to 50 °C.

Index Terms—active phased array antenna, automated mea-
surements, robotic arm, thermal characterization, near-field cal-
ibration

I. INTRODUCTION

Active and electronically scanned phased array antennas
are attractive options for atmospheric radar applications. Their
fast scanning performance, high reliability, and multifunction
capabilities make this new technology an ideal candidate for
next generation weather radars systems [1]. One of the biggest
challenges of using this technology are the strict require-
ments for dual-polarized measurements. Accurate differential
reflectivity in weather radars requires high degree of beam
pattern matching (below 0.1 dB), and high cross polarization
isolation (below -40 dB) between H and V polarizations
[2]. Such specifications can be achieved by utilizing a high
performance antenna array and applying a precise antenna
calibration that takes into account the overall performance of
the active element patterns as a function of its temperature.

For dual-polarized phased array radars (PAR) devised for
atmospheric applications, large temperature gradients induce
significant phase errors, which affect the accuracy of the
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Fig. 1. Picture of a robotic arm carrying an arrangement of specialized
sensors, which are fundamental components of the automated characterization
system of active phased array antennas being developed by the ARRC.

calibration process in the antenna array. In the case of low
frequency and large phased array systems that operate in S-
and C-bands, the maximum allowable temperature gradient
across the array is on the order of 15 °C [3], [4]. However, for
a PAR that operates at higher frequency bands (for example W-
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Fig. 2. Conceptual diagram of the RF Scanner. The components and wiring of the system are detailed on the right. The design of the front and back of the
sensor suite are shown on the left. The locations of the sensors and actuators installed on the sensor suite are shown on the left.

band), the maximum allowable temperature gradient across the
array is reduced to 1.2 °C. A reliable procedure to minimize
the impact of temperature variations on the radar system, is to
fully characterize the RF performance of the active array as a
function of temperature, then apply a correction by calibration.
In this context, the main motivation of this work is the design
and current development of an automated characterization
system, that will enable temperature control of the antenna
environment during testing in order to inform, develop, and
evaluate the on-line calibration techniques that the array will
execute when it is ultimately fielded.

One common solution for automated antenna RF charac-
terization is the use of a robotic manipulator with a RF
probe attached to it to perform near-field (NF) measurements.
Conventionally, these types of arrangements are classified in
planar, cylindrical, and spherical systems according to the
scan pattern they are able to execute [5]. Moreover, these
systems typically have no more than 4 degrees of freedom
(DOF). Nonetheless, some of these systems need to be able to
freely move the RF probe to any position and orientation in
order to perform any arbitrary scan patterns. This requirement
translates into the need for 6 DOF position capability. To add
this versatility to the scanning setup, some researchers have in-
cluded 6-axis industrial robotic arms to their NF measurement
chambers. As an example, the National Institute of Standards
and Technology (NIST) has developed a robotically controlled
mm-wave NF scanner range, integrating a 6-axis robot, a
high precision robotic hexapod, a commercial open-ended
waveguide probe, and a laser tracker for accurate measure-
ment of antenna patterns. This system allows the possibility
of performing different types of scan patterns for antenna
measurements all using the same testing setup [6]. Other
applications where robotic arms were used for microwave
imaging are presented in [7] and [8]. All of these examples
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have been developed for measurement of NF patterns of an
AUT, mostly for high frequency antennas.

Taking into consideration the need to accurately describe
the effects of temperature gradients in PAR applications, the
ARRC has also adopted the idea of integrating an industrial
robot into an automated phased array antenna characterization
system. To perform fully active array characterization, the
development of a novel RF scanner, Figure 1, that enables
characterization of an antenna array surface, electric fields in
NF region and thermal performance of the array antenna as
function of temperature has been proposed. For this purpose,
an industrial 6-axis robotic arm is used to move a sensor
suite which contains an antenna array used as an RF probe,
a HD camera, an optical laser for surface characterization,
and a thermal camera for temperature monitoring. The novelty
and main purpose of this proposed system is to perform
not only antenna NF measurements (antenna patterns and
S-parameters), but to fully characterize active phased array
antennas in terms of RF, surface, and thermal properties under
different temperature conditions.

II. DESIGN REQUIREMENTS

Most active phased array antennas for weather radar appli-
cations require high transmit power (from 10 kW to 100 kW)
to attain the required radar sensitivity level. With sufficient
radar sensitivity and polarization accuracy, it is possible to
distinguish different types of atmospheric signatures, depend-
ing on the range, especially for low-level precipitation which
the radar requires a high sensitivity (-10 dBz to 10 dBz) to
detect. In phased array antennas, the overall transmit power
is distributed over several thousand active elements, each one
capable of managing 4 W to 10 W of peak power in typical
systems.
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Fig. 3. Representation of the concept of the anticipated characterization capabilities of the RF Scanner. (a) Sample 3-by-3 arrangement of the AUT. Fiducial
marks indicate the central point of each radiating element within the array. (b) Pattern recognition performed upon a fiducial mark of an array element. (c)
Image of the 3-by-3 RF probe taken by the thermal camera. The different colors allow identification of temperature gradients on the surface of the AUT. (d)
NF measurements taken by the RF probe showing the behavior of the S-Parameters in amplitude and phase at different test temperatures.

Since underneath each active element exists a high-power
density T/R module, a significant amount of heat is transferred
into the element from the module. The generated heat can
affect the performance of the PAR due to any temperature
gradient in the array surface. Characterization of amplitude
and phase of each element in the array, as a function of
temperature, is required to guarantee the effectiveness of any
built-in calibration techniques, or to provide first-order look-up
corrections vs. temperature. This is an important consideration,
especially for weather applications where beam matching in
the antenna co-polar patterns is required to be less than 0.1
dB and cross-polarization isolation must be below -40 dB. For
this reason, the proposed scanner must have the ability to take
NF measurements under controlled temperature conditions.

Commonly, the panels on phased array antennas are not
perfectly flat, nor is the electronic center of each element con-
sistently spaced by a known pitch. Moreover, as the operation
temperature varies, thermal deformations of the AUT panel
will change the location of its elements. Most active phased
array antennas make use of multilayer structures composed of
various dielectric materials. Phase stability over a temperature
range with phase reference at room temperature (26 °C) is
required to minimize the phase errors due to the thermal
expansion. By inspecting the surface of the antenna array, it
is possible to measure the distances between elements, and
indirectly calculate the thermal expansion of the AUT for
different ambient temperatures.

III. RF SCANNER CONCEPT AND SYSTEM DESCRIPTION

Taking into account the design requirements described in the
previous section, the ARRC has proposed a suitable solution
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in the form of the RF scanner. The structure of the system, the
components of the scanner, and corresponding parts are shown
in Figure 2. The RF scanner can perform any type of scanning
patterns, and is only limited by the robot’s workspace volume.
Additionally, the manipulator has a repeatability of 100 pm,
and knowing that the positioning errors should usually be
less than A/50 for NF measurements [6], [9], the scanner is
thus theoretically capable of performing NF measurements of
signals up to 60 GHz. However, the current VNA’s superior
frequency limit is only 18 GHz. The robotic arm and the
AUT are mounted facing each other on a mechanical fixture
specifically designed for the scanner. Attached onto the end
of the robotic arm is the Sensor Suite, depicted in Figure 2,
which consists of a mechanical shutter where all the sensors
are mounted. The purpose of the sensor suite is to serve as
a support for all the sensors carried by the robot, as well as
to provide the necessary equipment required for their correct
operation. On the front of the fixture is the shutter mechanism
on which the RF probe is attached. Surrounding the probe
there are RF microwave absorbers to eliminate unwanted
electromagnetic wave reflections.

A HD camera is used in conjunction with a laser to inspect
the surface of the antenna. The setup is able to measure the
position of each radiating element of the AUT, relative to the
others, using machine vision. A printed fiducial mark located
exactly at the center of each element is used to facilitate the
recognition of each element and its position by the machine
vision system, as shown in Figure 3.a. The HD camera is
capable of pattern recognition from the scanned images of the
fiducial marks, shown in Figure 3.b. Therefore, it is possible
to locate the X, Y position of the center of an element and
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Fig. 4. ARRC’s RF Scanner in its current state of development. The robotic arm and the sensor suite, both mounted on the mechanical fixture, are shown

sitting inside of the environmental chamber.

quantify the rotation angle of the plane of the element, both
with respect to the current position of the sensor suite. With
this technology it was proven that a location measurement
resolution of 24 pm can be attained. In addition, a laser
mounted on the top of the sensor suite is used to indirectly
measure the Z coordinate of the element, i.e., the distance
between the sensor suite and the element on the surface of the
AUT. The laser draws a reference line on the surface of the
antenna, which by techniques of optical triangulation executed
by the machine vision camera, can be used to determine
how far the surface of the AUT is from the sensor suite. In
effect, using machine vision allows measurement of the X,
Y and Z coordinates of the center point of the element, and
the misalignment angle between the RF probe and antenna
element. Future work will involve taking several images of the
surface of the antenna and stitching them together to generate
a mosaic of the entire panel. This mosaic will allow accurate
characterization of the distances between elements, according
to the temperature gradient on the array surface. This will
also allow ARRC engineers to better decide upon the gaps
that should be intentionally placed between sub-arrays for
operational systems.

Below the high-definition camera on the sensor suite, sits a
state-of-the-art thermal imaging camera. The thermal camera
is used to detect the thermal state of the radiating elements
of the antenna array. This type of camera uses infrared
technology to capture the heat radiation of a target, producing
a thermal profile. The thermal image can be processed by
computer software to obtain correct temperature values for
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characterization of the array. Consequently, the function of the
camera is to provide the information needed to characterize the
thermal gradients along the surface of the antenna. Figure 3.c
shows an image of a 3-by-3 sub-array of the AUT taken by
the thermal camera. The different colors represent different
temperatures.

For NF measurements, a 3-by-3 antenna array is used as an
RF probe. The design of this probe was optimized to minimize
the potential impact on the NF measurements accuracy that
can be affected by the coupling between the probe and AUT.
The design also takes into consideration the reduction of the
payload of the robotic arm (UR10), which is important for
position accuracy. The probe is connected to a low cost 2-port
vector network analyzer (VNA). The other port of the VNA
is connected to the phased array antenna. The probe and the
VNA allow the system to take S-Parameters measurements as
shown in Figure 3.d.

Finally, an environmental test chamber is used to control and
monitor the test environment temperature during the antenna
array characterization. An environmental chamber can be
described as a closed room, thermally isolated, with an air con-
ditioning system for controlling and tracking the temperature
and humidity inside the chamber. The environmental chamber
implemented in this application allows a range of temperature
testing of -30 °C to 85 °C, however the specifications of the
sensor instruments are limited to operative conditions of 0°C
to 50 °C. Having the AUT and sensors located on the inside of
the chamber, as indicated in Figure 2, it is possible to test the
AUT performance under different temperature conditions. For
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this project, the interior of the chamber has been completely
covered with absorbers, as shown in Figures 1 and 4, to make
it a suitable location for NF measurements. The current state
of the scanner in development is illustrated in Figure 4.

IV. SCANNER OPERATION

The RF scanner developed by the ARRC is designed to
perform three stages of the process of characterization: surface
characterization of the antenna panel, RF characterization of
each element in the AUT, and temperature characterization of
the antenna panel. All the stages are to be performed under
conditions of controlled temperatures.

A. Surface Characterization

The first stage of operation is the surface characterization of
the AUT. The scanner registers the position of each element
of the array using the high-definition camera and laser, which
are also used to register the absolute position of each element
across the array.

During this stage, the robotic manipulator is used to move
the sensor suite across the array. First, the robot positions
the sensor suite parallel to the AUT panel, at a location
where the range of vision of the HD camera can capture the
fiducial mark of an element. The scanner proceeds to open the
shutter to enable the operation of the camera/laser system. The
camera will take a picture and later process it to calculate the
position of a fiducial mark, as well as the misalignment angle
between the RF probe and antenna panel. From this analysis
it is possible to measure distances among adjacent radiating
elements, and the angle of the sensor suite with the AUT. By
iterating this procedure, the positions and misalignment angles
of all the elements of the array can be measured relative to
each other. Furthermore, since the environmental chamber is
controlled by the user interface, the surface characterization
stage allows the system to characterize the thermal expansion
of the AUT panel as a function of temperature.

B. Thermal Characterization

The main purpose of the thermal characterization stage is
to register the temperature gradients of the antenna surface.
To accomplish this goal, the thermal camera and the robotic
manipulator are used simultaneously. First, using the location
data of the radiating elements obtained from the surface
characterization stage, and while having the shutter open,
the robot will position the thermal camera in front of the
element. Next, the thermal camera will capture an image
of the thermal profile of the area surrounding the radiating
element. By processing this image, the temperature gradients
along the surface of the antenna can be characterized. This
measurement is fundamental to associate the adverse effect of
the temperature gradients over the surface dimensions and RF
performance of the larger antenna array.

C. RF Characterization

The last stage is the RF characterization, which measures
the radiation performance of the PAR. At this stage, the
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scanner will close the shutter, placing the RF probe exactly
in front of the center of the element. Next, the system will
trigger the VNA to measure the S-parameters at the current
configuration.

D. Operation control

For every stage, all the processes are commanded by a
LabView master program that includes a visual user interface.
This software allows the user to select the elements to be
characterized and set the ranges of frequency and temperature
operation while monitoring in real time the measured values.
This software is also responsible for setting the temperature
inside the environmental chamber in order to evaluate the
performance of the AUT as a function of the operation
temperature. Eventually, this software will interface with the
active array controller to evaluate its performance of the array’s
internal calibration procedure, using the RF scanner as the
“ground truth” estimator of amplitude and phase errors.

V. CONCLUSION

A novel RF scanner for phased array antenna charac-
terization has been presented. It is expected that the RF
scanner will be capable of completely characterizing the
performance of phased array antennas in terms of surface,
electromagnetic, and thermal properties. By implementing a
robotic arm as a probe manipulator, the scanner can perform
many types of raster patterns. Moreover, the robotic arm’s
repeatability of 100 pm allows for NF measurements of up
to 60 GHz. Precise alignment is possible by using a high-
definition camera. Thermal expansion of the antenna panel
can be quantified. The thermal camera allows correlation of
the measured values of NF and surface characteristics to
the temperature gradients across the panel. The combination
of an environmental chamber with thermal imaging camera
permits the scanner to evaluate the performance of the AUT
and its internal calibration processes at different temperatures
of operation. Ultimately, the developed scanner will provide
relevant information on the behavior of the AUT during
operation at different temperatures.
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