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Abstract— The development of flexible phased array systems
has drawn significant interest due to their adaptive beam steer-
ability and deployable structures to support various platforms
virtually on every conformal surface. Additively manufactured
tile-based phased array offers a lightweight, flexible, and mas-
sively scalable solution with reduced cost and fabrication time.
The main challenge for such conformal phased array systems
is to maintain array performance under various deformations,
which requires calibration of the amplitude and/or phase dis-
tribution of the antenna elements. To address this challenge,
a computer vision-enabled on-the-fly adaptive shape calibration
and phase correction method is proposed. The authors introduce
the usage of smartphones, with integrated 3-D depth cameras and
infrared (IR) sensors, and a novel computer vision algorithm
to detect the bend angles between neighboring subarray tiles.
A 2 × 1 additively manufactured tile-based flexible phased array
is utilized as a proof-of-concept (POC) prototype to demonstrate
the calibration approach. The proposed algorithm achieves a
very good <1◦ angular prediction accuracy and demonstrates
successful calibration of the phased array under 15◦, 30◦, and
45◦ bend angles under both symmetrical and asymmetrical
configurations with improvements of gain as much as 7 dB.
The calibrated bent phased arrays can also achieve a maximum
steering range of 110◦. This approach presents a highly accurate
and cost-effective calibration process that can enable massive
fabrication and implementation of tile-based flexible phased
arrays for next-generation 5G/mmWave wearable and conformal
smart skin, Internet of Things (IoT), Industry 4.0, and massive
multiple-input multiple-output (MIMO) applications.

Index Terms— Additive manufacturing, calibration, computer
vision, machine learning, phased array, signal processing
algorithms.

I. INTRODUCTION

THE recent advancements in 5G/B5G technologies
have opened up exciting possibilities for next-

generation data-driven communication systems, ushering
in a new era for the Internet of Things (IoT) and massive
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multiple-input multiple-output (MIMO) applications. These
systems primarily rely on the high performance offered by
mmWave/subTHz technologies, with broadband operation,
ultrahigh data rates, large data volumes, and enhanced data
rates. Meanwhile, as the operational frequencies increase, the
path loss penalty in these mmWave links becomes too large
for low-gain omnidirectional antennas. Thus, to extend the
performance benefits to medium- and large-range scenarios,
beamforming phased antenna arrays have commonly been
used. Conventional planar phased arrays tend to be bulky
and heavy and come with rigid designs, thereby increasing
customization costs and limiting adaptability to varied
end-use scenarios. This poses difficulties for implementation
on nonflat surfaces such as buildings corners and aircraft
wings. To overcome these limitations, a streamlined approach
has been proposed, involving smaller subarrays structured
in an integrated tile-based format, ensuring both high gain
and cost-effectiveness [1]. Most designs in prior studies
integrate all tiles onto a single board containing phase control
and amplifier circuits [2], necessitating multilayer stackup
or expanding the total array area. This brings additional
challenges in terms of fabrication and scalability and presents
limited mechanical flexibility due to the rigid and bulky
circuit boards. More recently, additively manufactured
lightweight and flexible tile-based phased array has been
reported, utilizing microstrip-to-microstrip transition to
integrate removable array tiles onto flexible tiling layers. This
design provides adaptive beam steerability and deployable
structures to support various platforms on virtually every
conformal surface [3], [4]. However, the main challenge for
such conformal phased array systems is to maintain optimal
performance under various deformations, which requires
calibration of the amplitude and/or phase distribution of the
antenna elements.

Traditional methods for calibrating phased array systems
utilize probe-based approaches that gauge near field [5], [6],
[7], quasi-near field [8], or far-field parameters [9]. While
offering precise amplitude and phase data, probe-based meth-
ods often incur prolonged measurement durations, requiring
multiple datasets from diverse locations and orientations, lead-
ing to increased system downtime. Moreover, these processes

0018-9480 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on March 22,2025 at 21:31:17 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0001-5175-6930
https://orcid.org/0009-0004-6440-6437
https://orcid.org/0000-0001-8045-4261
https://orcid.org/0000-0001-6961-4885
https://orcid.org/0000-0002-0085-8301
https://orcid.org/0000-0003-0476-3577


JOSHI et al.: COMPUTER VISION ENABLED CALIBRATION 6729

Fig. 1. Demonstration of the proposed camera-enabled calibration method.

necessitate bulky and costly equipment, heightening logistical
and human resource expenses. Another commonly used cali-
bration approach involves detecting mutual coupling between
elements [10], [11]. These processes necessitate phased array
elements to switch between transmission (TX) and reception
(RX) modes, elevating system costs and complexity. For flexi-
ble phased arrays, calibration becomes even more challenging
because an additional level of complexity is introduced by the
distinct radiation patterns during deformation for each radi-
ating element, different relative positions between elements,
and mechanical vibrations can introduce substantial noise into
the optimization process [12]. Most previous work in this area
takes the mechanical deformation as known information, e.g.,
bend angles or curvature radii, and only shows the phase cor-
rection process without detecting the relative position between
elements [13], [14]. Recently, Fikes et al. [15] first explored
the mutual coupling method using linear frequency modulated
continuous wave (FMCW) radar for shape calibration of a
conformal phased array, showing calibrated array performance
steering from 22◦ under a 120-mm bend radius. The most
popular method to achieve active compensation for mechanical
deformation in an antenna array is to utilize sensors for shape
detection. By using embedded multiple resistive sensor circuits
behind antenna elements [16] or an integrated flexible layer
of fiber Bragg grating (FBG) sensors [17], the required phase
correction to restore array performance can be calculated using
a strain-electromagnetic coupling model. He and Tentzeris [18]
utilized an additively manufactured in-package flex sensor for
accurate bending prediction and self-calibration of flexible
phased arrays. The sensor exhibits 90% accuracy in predicting
bend radii in both directions across the plane of a 29-GHz
15 × 15 element phased array model. These methods proved
effective for conformal phased arrays but exhibited limitations
in the complexity and cost of fabrication, as well as high

computational time. Therefore, there’s a pressing need for a
precise, cost-effective, user-friendly calibration method capa-
ble of dynamically calibrating conformal phased arrays in any
arbitrary shape without compromising accuracy.

In this work, the authors introduce an innovative computer
vision-enabled calibration method for conformal and flexible
phased arrays. Specifically, this method harnesses the func-
tionality of the 3-D depth sensing cameras and infrared (IR)
sensors integrated into smartphones, as demonstrated in Fig. 1,
to detect the various deformations of the phased array and
calibrate the phase distribution of antenna elements to achieve
beamforming performance with improved realized gain and
reduced sidelobe level (SLL). An additively manufactured
2 × 1 tile-based phased array was fabricated and utilized for
experimental validation of the calibration process for different
bend angles between the two subarray tiles. Both symmetrical
and asymmetrical scenarios with 15◦, 30◦, and 45◦ bend angles
were considered, and the radiation pattern was measured
before and after calibration under each bending configuration.

The utilization of these commercially available mobile
devices can significantly minimize the equipment cost and
reduce calibration time. By leveraging the potential of com-
puter vision algorithms, the proposed method enables on-the-
fly and high-precision calibration of additively manufactured
flexible phased array systems without incurring excessive
expenses and complexity, making it an ideal candidate for
mass-scale implementation of future 5G+ systems.

II. PHASED ARRAY CALIBRATION METHOD

A. Tile-Based Phased Array

As aforementioned, tile-based phased array design has been
commonly used in large-scale phased array systems, utilizing
small, lightweight, and individual phased array units within an
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Fig. 2. Diagram of the phased array beam steering.

integrated tiling layer, thus allowing customization of array
shape to adapt to any surface, with high scalability and
reduced fabrication cost. To take advantage of this versatile
design, phase calibration is necessary for the phased arrays to
maintain beamforming performance under deformation. For
conventional phased arrays with uniform spacing between
antenna elements, the beam steering angle, θ , can be calculated
based on the phase shift, 18, between neighboring elements
and the element spacing d [19], as shown in Fig. 2 and
expressed as

θ = arcsin
(

18λ

2πd

)
. (1)

By applying progressive phase shift to the antenna elements,
individual signals of all elements add coherently and create a
new array wavefront. This will maximize the antenna gain
in that direction. However, when the phased array is bent,
the relative position between antenna elements will change,
and phase error is introduced, causing the overall array to
lose the beamforming performance and reduce the maximum
transmitted/received power level in the direction of interest.
In the proof-of-concept (POC) tile-based phased array config-
uration, as shown in Fig. 3, different from the single composite
boresight main beam at flat condition, when the 2 × 1 tiled
phased array is bent at arbitrary angles θ1 and θ2, each array
tile has the main lobe direction off from their individual
boresight directions, creating two main lobes for the array,
leading to reduced realized gain and lower radiation efficiency.
In order to calibrate the performance of the bent 2 × 1 array,
the most critical step is to refocus two main lobes into one
single beam that is directed toward the calibrated boresight of
the array, the beam direction with maximum gain, by detecting
the bent angles of two array tiles and applying phase shift
to antenna elements to coherently add two beam wavefront.
Only phase correction is considered in this stage because the
main target is to restore the beamforming performance. Further
improvement in gain and SLL can be achieved by applying
different amplitude tapering techniques. The detection process

Fig. 3. Diagram of the phased array beamforming calibration.

Fig. 4. Fabricated prototypes of (a) single tile phased array and (b) assembled
2 × 1 tiled phased array.

of the bent angles will be explained in Section II-C of this
article. Based on the bent angles, the calibrated boresight
direction, θ0, of the array can be calculated as

θ0 =
θ1 + θ2

2
. (2)

The required angle for each tiled array to steer to the
calibrated boresight is the difference between the bent angle
and θ0. This process is achieved by applying a phased shift,
18i , to the antenna elements on each array tile, which is
defined by

18i =
2πd sin (θi − θ0)

λ
. (3)

After calibration, the bent phased array can restore the
beamforming performance while maintaining high gain and a
wide steering range. Theoretically, when the element spacing
is half wavelength, a full 180◦ phase shift between elements
can provide a 90◦ shift in the beam steering direction. How-
ever, practical limitations with real element patterns prevent
exact realization. When the element spacing increases, a grat-
ing lobe will occur with full array gain, caused by a spatial
aliasing effect that allows plane waves incident to the array
from visible angles other than the desired direction to be
coherently added. This unwanted second lobe will limit the
overall steering range of the phased array.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on March 22,2025 at 21:31:17 UTC from IEEE Xplore.  Restrictions apply. 



JOSHI et al.: COMPUTER VISION ENABLED CALIBRATION 6731

Fig. 5. Simulation and measurement results for the single tile-based phased
array.

To demonstrate the proposed calibration approach, a
2 × 1 tiled phased array was designed and fabricated, includ-
ing two standalone phased array tiles, and a tiling layer with
a feeding structure to connect each tile by a microstrip-to-
microstrip transition, as shown in Fig. 4. Each array tile
consists of eight antenna elements and was designed on Rogers
RO4350B (ϵr = 3.66, tan δ = 0.0037), operating at 19.5 GHz,
similar to the one presented in [3]. The BFIC (Anokiwave
AWS-0102) uses SPI communication to control the amplitude
and phase of each antenna element. When more tiles are
included in the array, simultaneous multichip control can
support beam steering of a larger phased array through SPI
configuration. This single tile phased array design is not a
typical uniform linearly spaced array due to the limitation in
implementation with BFIC; therefore, the steering range was
only able to reach from −45◦ to 45◦ without showing grating
lobes, as shown in the measurement results in Fig. 5. For this
reason, the maximum bent angle that can be calibrated for a
2 × 1 tiled phased array using this design is 45◦. The required
phase shift used in the calibration process is determined by the
beam steering performance of the single tile phased array at
the operational frequency. Broadband calibration can also be
achieved when a broadband antenna array is used. The tiling
layer is used to attach the tiles to the feedline and provides
connection to outer circuits such as SPI, VCC, and ground
signal, which was fabricated through inkjet printing SU8 for
the feeding network and SPI lines then etching off the exposed
copper. The 0.13-mm-thick Rogers 3003 (ϵr = 3.00, tan δ =

0.001) substrate was chosen for its flexibility, enabling the
complete phased array to be conformally wrapped around
a curved surface. A microstrip-to-microstrip transition was
utilized to attach individual tiles to the flexible tiling layer [3].
Two vias are placed aside the TX line to connect the ground
planes of tiles and the tiling layer. Square pads are added at the
top of vias to reduce difficulty in soldering and provide higher
stability. The beam steering results for the 2 × 1 are shown
in Fig. 6, suggesting good agreement between simulation and
measurement.

B. Depth Sensing Camera

The TrueDepth camera found in the Apple iPhone 12 Mini
was utilized as the POC reader for the phased array calibration

Fig. 6. Simulation and measurement results for the 2 × 1 tiled phased array.

Fig. 7. (a) 2 × 1 bent phased array placed on holder. (b) Edge detection of
holder (red lines). (c) Edge detection of phased array (blue line).

work. This reader was chosen for its accessibility and avail-
ability, as well as the ease of integration using its available
software development kit (SDK). Additionally, the TrueDepth
camera utilizes advanced depth-mapping techniques to achieve
high accuracy and precision in depth perception, which ensures
reliable performance. Commonly used to capture the shape of
complicated 3-D structures, such as face recognition, depth
sensing cameras can also be applied to detect the complex
surface the tiled-based phased arrays will be conformed to,
as shown in Fig. 7(a). The TrueDepth camera consists of an IR
dot projector, an RGB camera, and an IR camera. This camera
module utilizes a structured-light 3-D reconstruction method,
where an IR dot projector emits a predetermined grid of IR
dots. Through the IR camera’s detection of the parallax shift of
these IR dots, the module can extract depth information. The
camera has a frame rate of 30 frames/s and a readout of 640 ×

480 pixels, with 16-bit resolution ensuring high precision, fine
detail, and reduced noise in the captured image. The captured
data are stored within a 2-D u–v coordinate system, where the
u- and v-axes represent horizontal and vertical pixel counts.
To read/visualize the camera data, a custom app was built
using the iPhone SDK, which allows for live preview and
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Fig. 8. Demonstration of converting U V coordinate system to XY Z
coordinate system.

ability to save data in a file that is then passed through the
proposed signal processing algorithm.

C. Proposed Signal Processing Framework

Utilizing the extracted raw image from the smartphone
camera, the first step of the algorithm is to convert the
stored data from U V to XY Z coordinates. This process is
demonstrated in Fig. 8. A pixel containing depth information,
z, can be identified by specific u and v values. The z-depth
of a point is determined by its distance from the smartphone
screen’s plane. For accurate shape extraction, a transformation
from the u–v coordinate system to the x–y coordinate system
is necessary, where x and y denote the spatial locations of the
point. This uvz to xyz transformation is achieved using the
camera intrinsic matrix, K , and is expressed as

K =

1 0 x0

0 1 y0

0 0 1


 fx 0 0

0 fy 0
0 0 1


1 1/ fx 0

0 1 0
0 0 1



=

 fx 1 x0

0 fy y0

0 0 1

. (4)

Here, fx and fy represent pixel focal lengths, while x0 and
y0 indicate offsets from the first pixel, which corresponds to
the top-left corner of the image. The x and y location for each
pixel of the captured image is calculated by

x = (u − x0) ·
z
fx

(5)

y = (v − y0) ·
z
fy

. (6)

The next step is to detect the normal vector of the sample
holder for the bent tiled phased array. This is accomplished
by, first, transforming the raw image into a grayscale version
to enhance edge contrast and concentrate solely on intensity
information. Grayscale images simplify edge detection as they

Fig. 9. Demonstration of rotation matrix of the phased array.

have a single intensity channel, which guarantees uniform
treatment of pixels and emphasizes changes in brightness
that correspond to edges. Additionally, this approach also
mitigates the impact of noise in the image, providing a clearer
representation of relevant edge information. To identify the
edges of the phased array and its holder, the Canny edge
detector is applied. This line detection algorithm is a multistep
image processing technique aimed at identifying edges in an
image by detecting local intensity gradients and suppressing
noise [20]. The process starts with reducing noise using
Gaussian filtering. Then, gradients are calculated to highlight
changes in brightness. The nonmaximum suppression (NMS)
algorithm is utilized to help refine the detected edges by
preserving significant points [20]. Finally, hysteresis-based
edge tracking connects potential edges, making the results
more robust against noise [21]. To extract the information
of the detected lines, the standard Hough transform (SHT)
is used. This popular feature extraction technique is used for
detecting shapes or patterns in a given image. The algorithm
operates by converting image points into a parameter space,
where potential shapes are represented by curves. Each point
in the image casts votes in this parameter space, and the curves
with the most significant accumulations of votes correspond
to the identified shapes [20]. Through an iterative process, the
parameters of these prominent curves are extracted, revealing
the geometric characteristics of the shapes present in the
image. Fig. 7(b) shows the detected lines, highlighted in green,
from the Hough transform. The two edge lines, denoted in
red, are used for calibrating the XY plane. By using a linear
line fitting algorithm, the line equations of the two red lines
are determined. With this information, the normal vector of
the sample holders plane can be computed and will be used
later for rotating the XY plane. Moving forward, the algorithm
computes the Z -axis rotation angle. Utilizing the output from
the previous edge recognition, the detection region is refined
to solely concentrate on the phased array. A second SHT edge
detection is then applied to identify the edges of the tiling
layer. Employing the edge of the phased array, depicted in blue
in Fig. 7(c), and the previously computed normal vector, the
XY plane and the Z -axis of the image, XOriginal, YOriginal, and
ZOriginal, are rotated using a 3-D rotation matrix, demonstrated
in Fig. 9, to form XCal, YCal, and ZCal, which is defined as

XCal

YCal

ZCal

 = Rx · Rz · Ry ·

XOriginal

YOriginal

ZOriginal

 (7)
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Fig. 10. (a) Data sampling of bent phased array edge. (b) Linear curve fit
estimation of left side of phased array. (c) Linear curve fit estimation of right
side of phased array.

where

Rx =

1 0 0
0 cos(θx ) − sin(θx )

0 sin(θx ) cos(θx )


Ry =

 cos(θy) 0 sin(θy

0 1 0
− sin(θy) 0 cos(θy)


Rz =

cos(θz) − sin(θz) 0
sin(θz) cos(θz) 0

0 0 1

.

θx and θy are calculated using the vector normal found in step
one, PlaneNormal, and θz is determined using the slope of the
phased array edge line, EdgeLineSlope, found in the second
step. Each of these angles can be expressed as

θx = arctan
(

Plane Normaly

Plane Normalz

)
(8)

θy = − arctan
(

Plane Normalx

Plane Normalz

)
(9)

θz = arctan(Edge Line Slope). (10)

With the calibrated and centered image, the final step of the
algorithm is to sample the detected edge line found previously
in step two and apply a linear curve fit to determine the angle
of the phased array. As shown in Fig. 10, data points are
sampled along the edge line of the phased array. To extract
the angle, a linear curve fitting algorithm is used on both the
left and right sides, LeftSlope and RightSlope, of the sampled
data.

Utilizing the slopes of these lines, the bend angle for each
side of the phased array is calculated by

θ1 = arctan(Left Slope)
θ2 = arctan(Right Slope). (11)

Fig. 11. Examples of 3-D printed blocks for measurements.

Fig. 12. CDF of the angular estimation error.

Fig. 13. Experimental setup for POC phased array calibration.

III. EXPERIMENTAL VALIDATION

A. Evaluation of Algorithm

To validate the algorithm, the phased array was placed on
different 3-D printed angular blocks, examples displayed in
Fig. 11, with angles ranging from 5◦ to 85◦. Configuration
of the blocks consisted of both symmetrical, θ1 = θ2, and
asymmetrical, θ1 ̸= θ2, bends to demonstrate the robustness
of the proposed algorithm. The reader was placed 0.5 m away
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Fig. 14. Simulated and measured radiation pattern of phased array calibration results in symmetrical bend configurations of 0◦, 15◦, 30◦, and 45◦.
(a) Comparison of boresight radiation pattern before and after calibration. (b) Beam steering results after calibration.

from the sample, and 100 measurements were taken for each
sample, where the computational runtime for the algorithm
came out to 2.3 s. The cumulative distribution function (cdf)
results for each measurement can be found in Fig. 12. Here,
it can be seen that the algorithm is able to achieve accurate
results, as angular error for each bent sample was below 0.8◦.
Since the resolution of the SPI control from the beamformer
IC is 11.25◦ for 1 bit, the resolution of the steering angle
is limited at 3◦ based on (1), meaning that the minimum
correction of the steering angle from phase control of the
beamformer IC is 3◦, which is also the required accuracy for
bend detection. In this work, <1◦ accuracy can be achieved,
which is sufficient for the phased array calibration under this
configuration. Additionally, with a <3 s runtime, the proposed
algorithm achieves a 10× increase in computational speed to
previous works [17]. These results demonstrate robustness of
the proposed method, highlighting the algorithm’s ability to
consistently detect the bend angles across various curvature
configurations.

B. Phased Array Calibration Results

A complete system test was performed after validating the
accuracy of the calibration algorithm. As shown in Fig. 13, the

2 × 1 tiled phased array was placed in an anechoic chamber,
with an A-INFO LB-180400-20-C-KF horn antenna used as
the transmitter in a copolarized configuration. To demonstrate
the general application of the proposed calibration process,
three scenarios are considered: symmetrical bend of the
2 × 1 tiled phased array, asymmetrical bend of the 2 × 1 tiled
phased array, and asymmetrical bend of a 4 × 1 tiled phased
array. Symmetrical bend has the same bend angles for both
array tiles: θ1 = θ2 = 15◦, 30◦, and 45◦; asymmetrical bend
has one tile bent at θ2 = 15◦, 30◦, and 45◦ and the other
tile remains flat θ1 = 0◦. The asymmetrical 4 × 1 phased
array consists of multiple bends of 15◦ and 30◦, described
in further detail below. In each bent configuration, two sets
of beam steering measurements were taken: the first set of
measurements with no calibration of the phased array when
0◦ phase shift was applied to each antenna element, and the
second set of measurements with the phased array calibrated
to boresight radiation with full beam steering results utilizing
the angular prediction from the iPhone depth sensing camera.

1) Symmetrical Bend Calibration Results: The tiled phased
array was placed on three different angular blocks configured
to the following angles: 15◦, 30◦, and 45◦. The bend angles
were chosen based on the maximum steering performance
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Fig. 15. Simulated and measured radiation pattern of phased array calibration results in asymmetrical bend configurations of 0◦, 15◦, 30◦, and 45◦.
(a) Comparison of boresight radiation pattern before and after calibration. (b) Beam steering results after calibration.

of the single tile antenna array as mentioned in Section II.
The measured radiation pattern for each configuration can be
viewed in Fig. 14. Looking at the results, the calibrated phased
array was able to achieve excellent beamforming patterns
at boresight, particularly at larger bend angles. At a 45◦

bend angle, the array consolidates two beams from each tile
into one single beam, and the main lobe direction can be
corrected from ±47◦ to 0◦. In addition, the calibrated array
under different bend angles restores the beam steering with
a maximum angular coverage 110◦, which is comparable to
the array performance under the flat condition. Overall, the
measured and simulated results for each configuration are
in good agreement with each other. Table I compares the
measured realized gain at boresight and SLL before and
after calibration. It can be seen that there is a significant
improvement in the radiation performance of the calibrated
phased array, with at least 7 dB increment in realized gain and
more than 5 dB reduction in SLL under different bend angles.
However, the calibrated peak realized gain of the 2 × 1 tiled
phased array reduces as the bend angle increases, because the
main lobe magnitude of the single tile phased array decreases
as the required steering angle for calibration increases. This
can be improved by optimizing the single tile antenna design to

Fig. 16. Setup of 4 × 1 tiled phased array.

achieve higher gain and wider steering range. These findings
underscore the efficacy of the proposed calibration method,
affirming its capability to substantially enhance the radiation
characteristics of the phased array.

2) Asymmetrical Bend Calibration Results: The tiled
phased array was placed on three different asymmetric angular
blocks with only one side of the blocks configured to the
following angles: 15◦, 30◦, and 45◦. The measured radiation
pattern for each configuration can be found in Fig. 15. It can
be seen that the calibrated phased array was able to focus
radiation from each tile into one single beam and achieve
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TABLE I
COMPARISON OF BORESIGHT GAIN AND SLL BEFORE AND AFTER CALIBRATION FOR SYMMETRICAL AND ASYMMETRICAL CONFIGURATIONS

Fig. 17. Simulated and measured radiation pattern of phased array calibration
results of 4 × 1 tiling layer. (a) Comparison of boresight radiation pattern
before and after calibration. (b) Beam steering results after calibration.

excellent beamforming patterns. Different from symmetric
bend scenarios, the calibrated boresight direction of the asym-
metrically bent array corresponds to the spatial center of the
array, as mentioned in Section II-B; therefore, the main lobe
with maximum realized gain is not located at 0◦ steering angle
for each configuration.

The measured and simulated results for each configuration
are overall in good agreement with each other. The main
discrepancies in the SLL and asymmetry of radiation pattern
can be caused by fabrication variations and nonideal measure-
ment setups. Additionally, it can be noticed that the steering
range for asymmetrical cases shifts to the bent direction,
bringing a theoretical angular coverage of 180◦ by dynamically

controlling the bend angles of the tiled phased array and
calibrating the beamforming performance in real time. When
combined with origami structures, more angular coverage is
possible. For instance, if utilizing the “eggbox” style design
as shown in the reported frequency selective surface (FSS)
structure [22], a half-sphere angular coverage can be achieved.
Leveraging this feature, a beam-reconfigurable phased array
can be implemented to meet specifications for various plat-
forms and applications.

3) 4 × 1 Asymmetrical Bend Calibration Results: To
demonstrate the robustness of the system, the phased array
was increased to four tiles, with the left two tiles having
θ11 = θ12 = 15◦, and the right most tiles having θ21 =

θ22 = 30◦. Fig. 16 shows the setup for this configuration.
The measured radiation pattern for this setup can be found in
Fig. 17. Here, it can be seen that the measured results match
well with the simulation, as well as focus each tiles beam to
one single beam at 0◦. Additionally, the beam steering results
show that the 4 × 1 phased array was able to achieve angular
coverage of 110◦. As depicted in Table I, an improvement in
the performance of the calibrated phased array is achieved,
with a 7 dB increment in realized gain and a reduction in
SLL greater than 8 dB.

IV. CONCLUSION

In this work, the authors proposed the use of a depth sensing
camera integrated in a smartphone to calibrate conformal
tile-based phased arrays using a novel computer vision-based
algorithm. Various angular configurations were tested to val-
idate the accuracy and repeatability of the algorithm, which
features an accuracy of <1◦ for bend angles ranging from
5◦ to 85◦. Additionally, the proposed system was tested with
a 2 × 1 tile-based phased array on three different angles
under both symmetrical and asymmetrical bend configurations,
where good agreement was achieved between the measured
and simulated results for both before and after calibration.
The calibrated array under all configurations demonstrates
significant improvement in peak gain and SLL, as well as
good beam steering performance with wide angular coverage.
Additive manufacturing offers a low-cost and highly cus-
tomized fabrication process by employing inkjet technology
to print planar phased arrays onto lightweight and flexible
substrates. The proposed system can be further applied under
various mechanical deformations including, but not limited
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to, separation, twist, and curvature bending of the phased
array tiles. With its cost-effective and highly accurate angular
prediction, the proposed phased array calibration system is
a prime candidate for enabling large-scale fabrication and
implementation of next-generation 5G/mmWave wearable and
conformal smart skin, IoT, and massive MIMO applications.
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