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ABSTRACT Shape-changing arrays are an emerging frontier of phased array development. These arrays
fold, conform, and flex dynamically as they operate. In this work we describe the technology developments
which have enabled their creation and use. We present the theoretical implications of aperture change for
arrays and methods for taking advantage of these aperture changes. We discuss existing shape-changing
array components and systems. Operation techniques for shape-changing arrays, including new results
demonstrating a method for determining the shape of an asymmetrically bent flexible array using only the
mutual coupling between elements, are shown. Finally, we present a comparison of shape-changing systems
across a variety of physical and electrical metrics.

INDEXTERMS MTT 70th Anniversary Special Issue, shape-changing array, flexible phased array, integrated

circuit based array, deployable, origami, flexible electronics, stretchable electronics.

I. INTRODUCTION

Over the last two decades, the introduction of phased arrays
built with silicon-based microwave and mm-wave integrated
circuits resulted in a paradigm shift in the nature, variety,
economics, complexity, and breadth of applications of phased
arrays. Prior to silicon-based radio frequency integrated cir-
cuits (RFICs), array architectures were mostly limited by the
cost, size, and component count needed to implement each
element. Compact, multi-function systems were preceded by
mechanically steered, rigidly conformal arrays which have
been used in aerospace applications for decades [1], as well
as frequency steered arrays [2], [3] and bulky discrete compo-
nent arrays with modest element counts [4], [5]. A survey of
design and operation techniques for these early arrays is found
in [6]. Over time compound semiconductor (e.g. GaAs) based
monolithic microwave integrated circuits began to reduce the
size of phased array implementations [7], [8], however the
lower yield and higher cost of the compound semiconductor

solutions limited the complexity and architectural choices of
such arrays.

Silicon-based RFICs unlocked the planar integrated-circuit-
based phased arrays that have become a pillar of emerging
communication networks [9]. This transition began with the
introduction of key functional units and front-end systems
built on silicon-based technologies starting in year 2000 [10],
[11], [12], [13], which was shortly followed by fully in-
tegrated, multi-element phased array receivers [14], [15],
[16], [17] and transmitters [18], [19] at 24 GHz. Subsequent
demonstrations of building blocks at 60 GHz in 2005 [20],
[21] and fully integrated phased arrays transceivers with on-
chip frequency synthesis and antennas at 77 GHz in 2006 [22],
[23] further accelerated this transition. In 2008 several K-
band array RFICs were demonstrated [24], [25]. The ability
to integrate multiple functions such as frequency synthesis,
clock recovery, data re-timing, and time or frequency mul-
tiplexing on the same die, enabled scalable modular design
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Increasing component density, control complexity, and system capabilities

Planar, rigid, non-electronically
steered array

—
Planar, rigid, RFIC based
electronically steered array

Shape-changing, RFIC based
electronically steered array

FIGURE 1. Phased arrays have evolved from static pattern, rigid arrays to multi-function, electronically steered, integrated circuit based arrays. The next

frontier for array development is dynamically shape-changing arrays.

without the need for distribution of high frequency signals
across the array [26]. In 2009, integration of many element-
drive circuits in a single chip was shown at 60 GHz [27], [28],
[29]. The new paradigm was rapidly picked up by a large
number of more complex phased arrays systems that were
developed later to serve a broad range of applications [30],
[311, [32], [33], [34].

While planar mm-Wave phased arrays have cemented their
position in communication systems, the future of IC-based ar-
rays is not solidified in frequency, application, or form factor.
The operation frequency of these arrays climbs ever upward,
even to the optical range with silicon photonics-based opti-
cal phased arrays [35], [36], [37] and new circuit techniques
enabling low terahertz frequency arrays in CMOS [38], [39].
Integrated circuit-based phased arrays are now being used in
spectroscopy [40], wireless power transfer [41], and ranging
and sensing [42]. In this paper, we present how the these
silicon integrated ICs have led to an ongoing evolution in
form factor. Shape-changing phased arrays, which encompass
mechanically flexible, foldable, multi-faceted, or stretchable
arrays, are one of the promising new frontiers of array devel-
opment. The future “asymptote” of this development path is a
multi-purpose, high-bandwidth array which is as flexible and
light as a sheet of paper. While the path to this asymptotic
array is dictated by the realities of material limitations and
electromagnetic principles, it is a vision worth aspiring to.

Arrays formed by thin flexible substrates with small
and lightweight components are conducive to deployable or
conformal systems which are mechanically reconfigurable
through flexing, folding, or stretching. These capabilities al-
low arrays to dynamically conform to changing surfaces
such as the human body as active fabric, flutter in the
wind like sails, deploy rapidly to replaced damaged com-
munication infrastructure, or deploy in space for sensing,
communications, or power transfer. Both smaller arrays for
satellite communications [43], [44] and ultra-large scale ar-
rays for space-based solar power [45], [46], [47] require
the light weight and physical reconfigurability offered by
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shape-changing arrays. Wearable systems with wireless com-
munication require flexible antennas and would benefit from
the electronically steered beams and reconfigurable patterns
offered by shape-changing phased arrays. For example, a fu-
ture stretchable shape-changing array could bring additional
capabilities to wearable on-body wireless communications
systems such as [48]. Shape-change itself can also be in-
tentionally leveraged to dynamically alter antenna properties
such as aperture size or field of view. In [49], shape-change
is used to add measurement diversity and improve image
quality for a microwave imaging array. The progression from
rigid, static pattern arrays to electronically steerable, shape-
changing arrays is shown in Fig. 1.

Despite its potential there are several significant challenges
created by the non-rigid form factor. It is immediately obvious
that changing the relative positions of elements within an
array requires the element excitation phases to be adjusted in
order to compensate and maintain desired beam properties.
Additionally, as the array changes shape, its total aperture
stretches, shrinks, or curves. These aperture changes modify
the achievable directivity, field of view, and side-lobe level
of the array. There are also component level changes that
accompany array shape changes. Element patterns may be
altered as the local ground plane curves. Even transmission
line propagation characteristics may be changed as their con-
ductors and dielectric are bent or separated. These issues are
depicted in Fig. 2(a)—(d).

The shape-changing array hardware discussed in this work
are suitable for frequencies ranging approximately from hun-
dreds of MHz up to hundreds of GHz. This is not a strict range
but represents boundaries outside of which other solutions
may be preferred. At frequencies below this range arrays are
so large that there is little advantage in having elements phys-
ically connected whether through rigid or shape-changing
means. At the upper end of this range array apertures are small
even at high element counts and thus have less need for shape-
change. Although shape-changing arrays above one hundred
GHz built entirely from integrated circuits with on-chip
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FIGURE 2. Electromagnetic changes induced by array shape changes. (a)
Relative position of array elements changes. (b) Aperture size changes. (c)
Transmission line propagation characteristics may be altered when bent or
stretched. (d) Individual radiator element patterns may change as array
shape changes.

radiators are conceivable, their hypothetical implementations
would differ significantly from the arrays presented here.
While the hardware solutions may be suited to a specific
frequency range, the analysis of shape-changing apertures
presented in Section II and operation techniques in Section IV
are frequency independent and could even be adapted to arrays
for non-electromagnetic waves. While fully integrated, flex-
ible microwave arrays are a recent development, ultrasound
flexible arrays have been an active area of research for several
decades [50], [51], [52].

The family of shape-changing arrays is broader than just
those built on flexible substrates. While “flexible” refers
specifically to arrays which change shape with approximately
constant Gaussian curvature [53], other shape-changing array
implementations include “origami” or “kirigami” [54] folding
of rigid or semi-rigid panels [55] (also referred to as multi-
faceted arrays) and stretchable arrays which both bend and
change Gaussian curvature. These shape-changing array vari-
eties share many system components and operation techniques
but differ in both obvious and subtle ways in implementa-
tion and electromagnetic implications. It should be noted that
static, rigidly conformal arrays (such as [1]), long used for
aerospace applications, are a separate category from the fully
integrated, flexible and dynamically shape-changing arrays on
which this work focuses.

This paper presents theory, prototypes, and operation
techniques for shape-changing arrays using silicon based
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integrated circuits. Section II presents the mathematical ram-
ifications of shape change and categorizes different shape
change approaches in order to study their implications for
RF and system design and performance. Section III presents
several prototype flexible array components and systems. Sec-
tion IV describes operation techniques for shape-changing
arrays including closed loop array focusing and a method for
determining array shape using mutual coupling measurements
under non-constant curvature settings.

1. SHAPE-CHANGING APERTURES

As an array’s shape is altered, the relative positions and ori-
entations of its elements change. In a sense, it becomes a
new array; changes in coupling alter the port impedances and
element patterns, changes in orientation disrupt the envelope
imposed by the element pattern on the array pattern, and
changes in the element locations alter the interference pattern
of the radiation in both the near and far-fields. However, these
changes can be mitigated through coupling-robust power am-
plifiers, elements with smooth and wide beam-width patterns,
and effective beam-steering algorithms. Shape change also
fundamentally alters the array aperture and thus its maxi-
mum gain and steering range. Even the previously described
asymptotic array with ideal mechanical shape-change proper-
ties is subject to the electromagnetic consequences of aperture
change. In this section the electromagnetic advantages and
mathematical requirements for arbitrary shape-change and the
resulting consequences for RF performance and system im-
plementations are explored.

A. THEORETICAL CONSEQUENCES OF SHAPE CHANGE
Geometric optics provides a bound for the aperture of a dense
high-element-count phased array [56]: thus the maximum
aperture of an array in a given direction is proportional to
its cross-sectional area. Therefore the aperture of a planar
array decreases at large steering angles, limiting its steering
range. A spherical array, however, can radiate uniformly in
any direction. This increased steering range comes at the cost
of reduced maximum gain when compared to a planar array
with the same active array area; the cross-sectional area is
reduced and some elements point away from the desired beam
direction and cannot be used.

Fig. 3 shows the maximum gain at different steering angles
for several simple array geometries. A spherical array will
have 6 dB less maximum gain, and a —3 dB steering range
three times larger than a planar array of the same active area.
There is thus a fundamental trade-off between the maximum
gain and steering range of an array that is determined by
the array geometry. Controlled mechanical shape change al-
lows a single array to circumvent this trade-off by altering its
aperture to the configuration best suited for the desired task.
Conversely uncontrolled shape change, such as active fabrics
or fluttering arrays, will subject the array to dynamic changes
in its maximum achievable gain and steering range that must
be accounted and corrected for.
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FIGURE 3. The geometry of an array determines its maximum
cross-sectional area, aperture, and gain at different steering angles.
Maximum gain of different geometries with equal surface area in the (a)
xy- and (b) yz-planes. The gains are normalized to the maximum gain of
the planar array. Cylinders are curved in the xy-plane. Example geometries:
(c) hemisphere, (d) cylinder, (e) cone.

B. LIMITATIONS DUE TO GAUSS’S THEOREMA EGREGIUM

Gauss’s Theorema Egregium law is of preeminent importance
to shape-changing arrays. The theorem states that “the Gaus-
sian curvature of a surface is invariant under local isometry”
[53]. Thus, if the distances between points on an array’s
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surface cannot change, then the array cannot alter its Gaussian
curvature. The contrapositive also holds; in order for a array to
change its Gaussian curvature, the spacing between elements
in the array must change. These facts have major conse-
quences for shape-changing arrays as the Gaussian curvature
is a measure of a surface’s curvature in multiple directions;
planar arrays have zero Gauss curvature while spherical arrays
have a Gauss curvature inversely proportional to their radii.

Therefore, a planar array comprised of materials that are
flexible but not stretchable, such as polyimide and copper, can
only morph into shapes with zero Gauss curvature. A helpful
analogy is that such arrays can only take on shapes that a thick
sheet of paper can without folding or crumpling. This limita-
tion in possible geometries is an advantage with respect to
the array’s structural rigidity and the ability to reconstruct the
array shape from measurements on the surface. However, it
precludes such flexible arrays from taking on arbitrary shapes
and increasing the steering range in multiple directions. The
most common flexible phased arrays fall into the constant
curvature category.

C. CATEGORIES OF SHAPE-CHANGING ARRAYS

In order for a shape-changing array to take on arbitrary con-
figurations, the distance between its elements must change.
Stretchable substrates can alter their atomic lattice spacing
or polymer chain orientations to directly change the material
length. However, arrays of non-stretchable materials can also
alter the effective element spacing by using folds or cuts
to respectively hide extra material on the array’s interior or
introduce gaps on the array surface.

As only one geometric configuration can have an ideal
% spacing, it is helpful to categorize shape-changing arrays
based on whether they reduce or increase the average spac-
ing compared to this ideal. Therefore, there are four ways
that an array can take on arbitrary geometries, depending
on the change in spacing and the material properties: an
array can be compressed, stretched, folded, or cut. Each of
these methods have important system design and performance
implications. Fig. 4 contains a conceptual diagram of the cat-
egories of arbitrary shape-changing phased arrays and Fig. 5
depicts different implementations of shape-changing phased
arrays and sensor arrays. To the authors’ best knowledge a
stretchable/compressible active antenna array has not yet been
explored in the literature.

By definition, compressible and foldable arrays shrink the
average spacing. This has the effect of both decreasing the
effective aperture of the array and increasing the element cou-
pling. Higher coupling increases the sensitivity of the element
impedance to the steering angle, thus degrading power ampli-
fier output power, linearity, and efficiency [61], [62]. Coupling
can also alter the active element pattern [63]. Foldable arrays
can maintain the surface spacing while decreasing the average
spacing by hiding active elements in the folds. While this
mitigates the effect of increased coupling, it degrades the
Effective Isotropic Radiated Power (EIRP) as the aperture is
still reduced as are the number of elements in the array.
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FIGURE 4. Categories of arbitrary shape changing phased arrays.

after heating

FIGURE 5. Examples of different kinds of shape changing arrays: Cut
phased array in (a) planar and (b) cylinder configurations [57], stretch
sensor array (not a phased array) in (c) cylinder (d) and spherical
configurations [58]. Reproduced with permission. (e) A microelectrode
array fabricated using irreversible compression [59], reproduced with
permission. (f) deployable antenna array in planar configuration [60],
reproduced with permission.

In contrast, cutting or stretching the array increases the
average spacing between elements. Thus a densely-packed
array becomes sparse, with the associated increase in grat-
ing lobes and reduction in fill-factor. Fig. 6 demonstrates the
sidelobe degradation induced by shape change by comparing
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FIGURE 6. Shape-change modifies the spacing between elements,
introducing grating lobes. (a) A densely packed spherical array is
unwrapped to a planar configuration. (b) A densely packed circular array
with the same aperture. A comparison of the grating lobes when beams
are steered to (c) 6 = 0° and (d) ¢ = 60°. Amplitude tapering and phase
optimization have not been used in either array to suppress side lobe
levels. As can be seen, the grating lobe performance is degraded by
shape-change.

the pattern of a densely-packed circular array to that of a
densely-packed spherical array that has been stretched to form
a planar circular array with the same aperture.

D. IMPLEMENTATION CHALLENGES AND OPPORTUNITIES
While a fold or cut array’s radiators can themselves can be
rigid, the connections between them must be flexible to sup-
port the change in distances. Interconnects crossing folds must
be flexible and reliable enough to handle the sharp bends
required for folding as seen in Fig. 4(f). Alternatively, flexible
cables can be used to create direct element to element con-
nections that span gaps that grow and shrink. This approach
is well suited to systems consisting of independent tiles held
in position by a mechanical backbones as in [57]. Designing
these backbones to securely hold tiles in multiple desired
configurations despite the inherently large numbers of degrees
of freedom is an area of active structural research [64].

Cut based shape changing arrays have a unique property
that can be exploited to enhance array performance; the gaps
introduced provide additional area on the surface of the array.
As shown in Fig. 7, these gaps can be filled with flexible pas-
sive sheets (meta-gaps) that are stored behind the array when
the gaps disappear. These structures are capable of reducing
the side-lobe levels of a lambda-spaced array by at least 2
dB [65].

In the case of stretching and compressing, the array sub-
strate material distorts to alter the distances along the surface.
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FIGURE 7. Meta-gaps can be placed in the gaps of a cut array to alter the
array characteristics [65]. The copyright holder of these figures is the
European Microwave Association. Originally published in September 2022
by D.E. Williams and A. Hajimiri. (a) Meta-gaps stored behind array when
gaps do not exist. (b) Deployed meta-gaps. (c) A lambda-spaced
demonstration array with meta-gaps between antennas. (d) A flexible
switchable meta-gap sheet. Optimized (e) main beam power and (f)
side-lobe level of array using switchable meta-gaps.

Therefore conductive traces, transmission lines, and anten-
nas on the surface will be distorted by the shape change.
Traces and transmission lines must either include meandering
paths to compensate as in Fig. 5(d), or be constructed out of
flexible conductive material such as liquid metal-embedded
elastomers [66]. The changes in conductor dimensions re-
quires antenna and transmission line performance to be robust
to distortion or utilize distortion to achieve a desired effect
such as frequency and pattern reconfigurability. For example,
this distortion could be leveraged to create meta-materials that
only resonate and alter array performance at the operating
frequency in a particular configuration.

II. FLEXIBLE PHASED ARRAYS

Flexible non-stretchable phased arrays are a special subclass
of shape-changing arrays which have experienced signifi-
cant interest recently. This is partly due to their mechanical
simplicity and strength combined with the availability of
commercial flexible substrates compatible with custom RFIC-
based arrays. In this section we will discuss the building
blocks of such arrays and their associated trade-offs.

A. RADIATOR DESIGN
The electrical and mechanical properties of the radiator play
a significant role in the overall behavior of shape-changing
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phased arrays. The circuit components of a phased array
(ICs, passives, transmission lines, etc.) can be regarded as
mostly planar and low profile. However, efficient, directional,
and moderate/high bandwidth radiators typically have a non-
negligible depth [56] set by the radiated wavelength. Added
depth is usually not an issue for multi-faceted shape changing
arrays built from rigid sub modules with dynamic intercon-
nects [72], however for flexible shape-changing arrays, the
design of suitable radiators can be a challenge. It is also
common for flexible arrays to be heavily mass-constrained
given that low weight is a priority for applications such as
space deployable [45] or bio-conformal arrays.

Fig. 8 illustrates several radiators that have been used in
flexible arrays. As array antennas are usually directional,
back-radiation from them is undesirable for efficiency, inter-
ference, and/or safety reasons, and standard omni-directional
or bi-directional flexible radiators like in Fig. 8(a) [67] can-
not be used. The addition of reflectors or a ground plane
behind the radiators forces a gap that increases the antenna’s
height and mass. A straightforward implementation could use
dipole-like radiators, fabricated on a thin film, and mounted
perpendicular to a ground plane sheet, as shown in the folded-
dipole of Fig. 8(b) [68]. This design achieves good efficiency
and has low mass, but is mechanically less suitable for deploy-
able and dynamic array applications, due to its rigidity in one
direction.

An improved design utilizes a curved flexible glass-fiber
sheet as a support for the thin antenna structure, as in Fig. 8(c).
In this manner, the support provides additional mechanical
stability and allows the radiators to be bent towards the ground
plane (“collapsed”) while the antenna is flattened then rolled
in storage [69]. The stored antennas “pop-up” to their de-
ployed state and operate as standard reflector-backed dipoles.
Design simplicity favors single deployment, especially for
inaccessible environments, such as space. The antenna in [69]
is well suited for flexible arrays that are folded, rolled, and
stacked prior to use or between uses. While a directional an-
tenna without a ground plane is possible, the dipole antennas
described above and the patch antennas described below both
use a ground plane. In addition to facilitating directionality,
the ground plane provides isolation between components or
objects on the backside of the array and its radiators. While
these properties are advantageous, especially for conformal
applications, a continuous ground plane can restrict flexibility.
In [69] a meshed ground plane is used to provide mechanical
relief when flexing. Fig. 9 shows the pop-up dipole antenna’s
mesh grid. The mesh (0.2 mm width and 1 mm pitch) is
sufficiently sub-wavelength such that antenna operation is not
affected.

Alternatively, patch antennas have been utilized in flexible
phased arrays in order to streamline the antenna profile at
the cost of bandwidth and deteriorated inter-element isolation.
In general, patch antennas are compact, ground-plane backed
structures with single-side radiation patterns that are favorable
to shape-changing applications. For example, in Fig. 8(d),
radiator patterns are etched onto a thin, copper-clad laminate
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that is separate from the array circuit board. The antenna sheet
is aligned and soldered onto the flexible reflector body, then
lifted to provide the patches an air gap from ground which
acts as the radiator cavity. The vertical antenna feed trace
performs the required impedance matching—in this case to
50 Q. Air gap patch sheets are efficient with a reasonable
bandwidth of 10%-15% [47], but require a support frame to
hold them taut above the ground surface. If the support frame
is collapsible, the whole structure can be rolled up to the arc
length difference between the antenna and reflector sheets,
due to shear stress induced by the different radii of curvature.
If greater flexibility is required, discrete dielectric patches
can be utilized as illustrated in Fig. 8(e), at a cost of mass
and/or loss compared to air gap patches [70]. In higher fre-
quency ranges, where the flexible substrates are thick enough
to be a meaningful fraction of a wavelength, inkjet-printed
antennas have been successfully demonstrated as shown in
Fig. 8(f) [71].

Radiators for flexible and shape-changing arrays are at risk
of experiencing input match de-tuning and radiation pattern
variations as their shape is altered. Local ground plane shape
deformation and distance changes to neighboring elements
are likely culprits. In [73], the patterns of dipole antennas
in a flexible array were shown to be somewhat insensitive to
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bending. Patch antennas, which are often modeled as lossy
cavity resonators [74], and other high Q-factor antennas with
narrow bandwidths could be more sensitive to shape deforma-
tion and thus more at risk for de-tuning and pattern alteration.
Further antenna bend sensitivity analysis and the development
of a variety of bend insensitive array radiators could inform
the design of future shape-changing arrays.

B. FLEXIBLE ARRAYS

The radiators discussed above do not by themselves pro-
vide any means of phase delay adjustment as required in
active, electronically steered arrays. In rigid phased arrays,
signal conditioning is managed by accompanying electronic
circuitry that is not necessarily nearby the radiators. This can
be done either by vertical integration with additional control
boards [77] or by the use of a separate central processing unit
that has individually controlled outputs for each of the radia-
tors. Naturally, vertical integration with rigid control boards
is infeasible for flexible arrays. In [78], for example, The
radiators are connected with RF cables to additional rigid
circuitry that lies behind the antenna sheet and performs signal
conditioning. Even though the radiators themselves may be
implemented on a flexible substrate, such a structure requires
a physical support and is better suited to static, conformal
applications.

In [49], the authors demonstrate an important practical ad-
vantage of a mechanically shape-changing array with rigid
radiators, namely—control of the field-of-view of the radi-
ation pattern. This feature is particularly useful in imaging
systems, where it can add a fundamentally independent
modality to diversity measurement methods, in order, for ex-
ample, to handle highly reflective planar interference, or to
reduce the effects of specular reflections.
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CC BY 4.0.

A different and more straightforward approach is to add
the timing adjustment circuitry on the same flexible sheet as
the radiators, as demonstrated in various flexible back-scatters
and other low-power IoT systems. In [75], 16 inkjet-printed
antennas form a 4 x 4 array operating at 5 GHz, as illustrated
in Fig. 10(a). Due to space and complexity constraints, the
phase shifter resolution is set to 2-bit only, and scan angle
is limited to 34°, but the implementation’s simplicity enables
extreme flexibility. In [76], a more sophisticated central con-
trol of back-scatter array receive direction uses the outputs
of a Rotman lens as a true-time delay to the different output
ports (Fig. 10(b)). The array is implemented on a flexible
liquid crystal polymer (LCP) and is further used to combine
DC down-converted signals at each output port, without on-
board dynamic signal control. There are certain limitations in
placing additional electronics on the same side of the antenna
array. Mainly, the use of excess area—roughly the same as the
radiators—resulting a larger system footprint with a limited
scalability.

While the arrays described above are flexible phased arrays,
they lack either the scalability, resolution, power, or versatility
that a fully functional array could offer. The most versa-
tile approach is to directly integrate the electronic circuitry
throughout and place it in close proximity to the radiators
themselves. Namely, to embed the antenna sheet with RFICs
that reduce the component count and offload most of the
signal conditioning tasks from a main processing unit without
compromising the flexibility or mass of the array. This feature
is critical in ultralight applications, e.g. [79], [80], where the
system mass determines the system viability [81]. A signif-
icant advantage of this architecture is that it naturally lends
itself to distributed power supply schemes—e.g., local energy
supply from photovoltaic cells to nearby RFICs—to eliminate
the need of heavy/rigid low-resistivity DC power traces.
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A fully contained flexible RF phased array tile intended for
space-based wireless power transmission was demonstrated
in [47]. The system, illustrated in Fig. 11 performs solar-to-RF
power conversion and consists of three major parts. Light
is concentrated in solar cells using parabolic reflectors that
convert it to DC power (Fig. 11(a)). DC power is then con-
verted to RF using a power converter RFIC that is placed on a
flexible sheet carrier (Fig. 11(b)). As illustrated in Fig. 11(c),
this RFIC provides complex system functionality. It can be
digitally program to use a reference clock in the 10 MHz to
300 MHz range. The clock serves to synchronize multiple tiles
in larger implementations of the modular array architecture.
The clock is used to synthesize a 2.5 GHz on-chip reference
that is used by each of the 16 independent channels to gen-
erate independently controlled outputs at 10 GHz. The signal
path of each output channel in the RFIC provides individual
phase and amplitude control, and power amplification that is
the DC-RF power conversion. The RFIC performs additional
functions such as temperature and signal monitoring, closed-
loop stabilization of the PA operating point, and independent
pulse-modulated phase change sequences that facilitates so-
phisticated modes of operation.

The RFIC outputs are routed through the flexible carrier
to a separate antenna sheet with 4 x 4 patch radiators, as
illustrated in Fig. 11(d). The whole assembly consists of a
fully contained phased array with an ultra-low areal mass
density less than 100 mg/cm?®. In [82], sixteen 4 x 4 phased
array tile patterns from [47] were used to form a modular,
256-element flexible phased array, with beam-steering and
static deformation-correction capabilities, as shown in Fig. 12.
The larger array employs RFICs with on-chip delay-locked
loops (DLL) that enables a robust operation of multiple tiles
in concert.

A larger implementation of a continuously flexible phased
array presented in a more streamlined design was demon-
strated in [70] where the platform that was used in [82] was
fitted with dielectric patch antennas instead of a single sheet.
Fig. 13 illustrates how 16 sub-module tiles were combined
to form a 256-element 30 cm x 30 cm array. The discrete
radiators greatly increase the system flexibility: functional
operation of single- and doubly-curved array with bend radius
less than 23 cm (bend angle, 6 &~ 75°) was demonstrated.
This large and flexible phased array was also deployed and
operated outdoors as proof of its robustness.

The previously described large-scale flexible arrays are
intended for wireless power transfer, smaller scale flexible
arrays could have a future role in satellite communication.
Two fully integrated RFIC-based mm-Wave phased arrays
were recently published with space-borne communication as
their intended application. A tileable, fully integrated flexible
phased array receiver was shown in [43]. The 32 element
array operates at 19 GHz, uses inkjet printed conductors and
is designed for future scalability. At 28 GHz, [44] shows an
32 element fully integrated transmitter array built on a flex-
ible LCP substrate. This array was used to demonstrate data
transmission up to 2.5 Gbps with 32 APSK.
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FIGURE 11. A fully contained 4 x 4 phased array with integrated solar
power supply [47]. (a) Top view of photovoltaic concentrators, with (b) a
DC-RF converter RFIC below them. (c) RFIC simplified schematics. (d)
Bottom view of the antenna side of the integrated power converter tile.
Images reproduced with permission.
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FIGURE 12. A 256-elements tile based array with deformation correction
capabilities [82]. (a) 256-elements tile based array with deformed surface.
(b) 2-D radiation patters with flat phase settings. (c) Post refocusing
radiation pattern. Reprinted with permission.

Flexible phased array transmitters face an inherent thermal
management challenge. The RFICs dissipate power and cre-
ate heat which must be removed but the thin, light, flexible
substrates generally have low thermal mass and thermal con-
ductivity. The 256 element arrays shown in [70] use flexible
copper strips as heatsinks attached to the back of the RFICs
and convection for cooling. These copper strips are connected
to the RFIC with thermal paste and attached to the flexible
substrate with epoxy. This solution is suitable for terrestrial
applications but can not be used for systems at high altitude
or in space. Space-borne systems could use high emissivity
surfaces to cool the RFICs. The development of flexible, me-
chanically robust, and efficient thermal management solutions
would be boon to future shape-changing phased arrays.

C. EMERGING TECHNOLOGIES

Future flexible arrays stand to benefit from a range of research
into flexible and non-flexible materials and systems that is not
specifically intended for use in flexible arrays.

While the polyimide substrates used in many of the previ-
ously described works are flexible, they are not stretchable.
A fully integrated stretchable phased array is yet to be pub-
lished, but a variety of other stretchable electronic systems
and components have been created. Elastomer substrates have
emerged as a compelling candidate for stretchable electronic
systems. An implantable system for neurostimulation with
a stretchable multi-band microwave antenna was presented
in [86]. A multi-layer elastomer circuit for human-machine
interface applications was demonstrated in [87]. While these
works use meandered lines to enable stretchability, stretchable
conductive materials are also an active area of research. Liqg-
uid metals suspensions [88] and hydrogels [89] hold promise
for future phased arrays. While the RF properties of these
stretchable conductors are mostly unexplored, stretchable lig-
uid metal antennas and a stretchable liquid metal mechanical
phase shifter are shown in [90], [91].
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FIGURE 13. An example of a modular, flexible tile-based array [70]. This
example is made by repeating a 4 x 4 radiator unit cell driven by a single
RFIC 16 times to create a 16 x 16 array of 256 radiators and 16 RFICs. (a)
The back of the array, showing the individual unit cells, heatsinks to the
RFICs, and the power distribution network. Licensed under CC BY 4.0. (b)
The array, front-facing, bent along the diagonal.

Distribution of clock and data signals for arrays with many
elements is challenging for both rigid and flexible systems.
Conventional distribution networks are difficult to scale with-
out risking high loss, interference or unintentional radiation,
and physical routing obstructions. A promising approach,
shown in Fig. 14(a), aims to distribute these signals using
an optical fiber to receivers that utilize bulk-integrated photo-
diodes to maintain overall simplicity [83].

Another potential tool for future flexible arrays is the
utilization of LCD panels as antenna substrates. This
enables the local control of LCD domains to manipulate
phase accumulation as signals are routed to the different
radiators [92], [93], as shown in Fig. 14(b) [84]. While
LCD panels are not yet fully flexible, folding displays have
already been demonstrated in smartphones and tablets. At
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FIGURE 14. Emerging flexible phased array technologies. (a) Optical
timing synchronization [83] licensed under CC BY 4.0, (b) LCD based
phased array [84] reprinted with permission, (c) metasurface THz phase
shifter [85] licensed under CC BY 4.0.

higher frequencies (e.g., THz range), the flexible substrate
itself is thick enough compared to the radiated wavelength
that it is possible to synthesize meta-materials using various
patterns etched onto the laminate metallization layer [85], as
illustrated in Fig. 14(c). In [94], the authors demonstrate a
meta-surface pattern loaded with a liquid crystal that together
constitute a tunable meta-surface antenna.

While RFIC-based flexible arrays work to make tradi-
tional high performance systems mechanically compatible
with bending, an alternative approach is to raise the perfor-
mance of already flexible thin film transistors (TFTs). [98] is a
1x4 array built on a flexible substrate with TFT phase shifters.
This work, as well as [75], are electronically steered flexible
arrays but lack signal synthesis or element drive circuitry and
must be driven by a signal generated and amplified by external
circuitry. Alternatively, [95] presents a phased array in which
both the phase shifters and RF power generation are based
on TFTs. This work shows that an increase in the TFTs’
frequency of operation beyond 1 GHz was possible through
minimization of the parasitic capacitance that usually limits
the operating frequency to the MHz-range. The array itself
is composed of three TFT injection-locked oscillators, shown
in Fig. 15(a) that are embedded in a larger rigid system to
perform beam steering. Future incorporation of these TFT cir-
cuits into multi-functional flexible phased arrays either alone
or in conjunction with higher RF performance, traditional
process ICs is conceivable.

In [96], the authors demonstrate screen printing of vana-
dium dioxide (VO,) switches, which are compatible with
the large-scale fabrication of flexible RF electronics design.

VOLUME 3, NO. 1, JANUARY 2023



IEEE Journal of

@ Microwaves

(b)

Cross-couple

d TFTs

Modulator

> 500 GHz
Response i

_ N

f

w=120nm (|
\ L =20 pm

(b2)

(©
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FIGURE 16. Refocusing of large arrays using a dynamic search algorithm,
over groups of radiators that form an orthogonal basis for search over
phase-space. (a) Example of Linearly independent, but non-orthogonal
partial (three out of 16) mask-set (b;, b,, and b;) and orthogonal partial
(three out of 16) mask-set (e;, e,, and e;) [41]. (b) Hardware used for
execution of dynamic refocusing algorithm includes the antenna under
test, a receiver with power measurement capability, and a feedback path
to a computing device. (c) Example of refocusing a flexible antenna to a
receiver rectenna terminated with 50 2 load at 1 m away from the antenna
plane. Reprinted with permission from [70].

The switches, shown in Fig. 15(b) were used to design a
frequency-variable filter on a flexible substrate. One challenge
for these switches is that the ON/OFF state is controlled by
a variation of local temperature, in this case between 25 °C
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and 90 °C, which might limit the switching frequency and
therefore the applications of this technology. The design of a
500 GHz optical-electronic modulator is demonstrated in [97].
The modulator shown in Fig. 15(c) is essentially a slot wave-
guide, filled with a non-linear organic material. The dielectric
constant of the organic material depends on the applied elec-
tric field, and thus, light passing through it can be modulated
if an RF signal is simultaneously applied to the wave-guide.
While this specific demonstration is not aimed at flexible
RF/optical applications, the technology is compatible with
flexible circuit materials and can be useful in a broad range
of applications.

IV. SHAPE-CHANGING ARRAY OPERATION ALGORITHMS
Shape-changing arrays require a new paradigm of operation
methods and calibration techniques that need to be developed.
In this section, we discuss some of the approaches to handle
these challenges.

A. FOCUSING AND REFOCUSING

One major operational challenge for a shape-changing phased
array is the loss of radiator position information needed to
determine phase settings for beamforming and focusing. With
a rigid array, the element positions are static and the fixed
phase offsets needed for beamforming and focusing are easily
determined. However, the dynamic changes undergone by a
shape-changing array can confound wavefront engineering if
not properly addressed. One possible approach is to use the
information from the intended receivers themselves to pro-
vide feedback to the transmit array about the quality of the
beamforming or focusing. This information can be used by
the transmit array to optimize the electromagnetic wavefront
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TABLE 1. Shape-Changing Array Metrics

Frequency 25 5 10 17-27 10 28 19 Any Any Any

(GHz)

Size 5x5 4x4 1x8 22 16x16 4x8 32 ~0.05-1m? ~1m? ~0.01 m?

(Elements) ~1-1000 m?

Element Pitch | 0.585 0.5 0.6 6° 0.6 <1 Unknown <1 <1 <1

[

EIRP (dBm) 30.5 No amplifiers 28 No amplifiers 60.5 Unknown RX with 16 dBi | High Medium Low
gain® Very High

Phase <1 180 <2 No Phase <2 <1 <1 <1 <1 <10

Resolution (°) Control

Shape-change | Panelized Flex substrate | Flex substrate | Panelized Flex substrate | Flex substrate | Flex substrate | Any Any Any

Mechanism origami origami

Areal Mass 16.7° Unknown 0.8 Unknown 1.06" Unknown Unknown <0.3 <5 <1

(kg/m?)

Thickness (cm) | 8[0.7] Unknown 0.9[0.3] Unknown $:0.1[0.033] 0.03 [0.028]' 0.05 [0.031) <1 <5 <1

e D: 0.4 [0.133]"

Min Bend Rad. | 10.25 [0.32] Unknown 10 [0.61] 10 [0.25] 231[0.72]' Unknown Unknown As needed to [<1/m]™ [<1/m]™

(cm) [Norm]¥ stow and deploy

Stretch Factor” | 1 1 1 3 1 1 1 1 >2 >2

Shape Self- No No Yes® No No No No Yes Yes Yes

Measurement

Convenient Yes No No No Yes No No Yes Yes Yes

Interface?

Integration Ra,Ph,A,Dig. Ra, Ph. Ra,Ph,A,Dig. Ra. Ra,Ph,A,Dig. Ra,Ph,A,Dig. Ra,Ph,A,Dig. Ra,Ph,A,Dig. Ra,Ph,A,Dig. Ra,Ph,A,Dig.

Level?

a. Space array could be used for communications or power transfer, as such some entries are split. b. Estimated from figure showing dense flat configuration using 22 GHz as operation frequency.
c. Upper bound estimated from figures. d. Estimated from simulation. e. This is a receive array not a transmitter. f. Includes additional mass of interface cabling, heat spreaders, and support
frames. g. [x] provides the thickness in units of the operating wavelength. h. Stowed and deployed configurations. i. Flexible circuit board thickness not including RFICs or interface connectors. j.
Believed to be flexible circuit board thickness not including interface connectors. k. [x] is the bend radius normalized by the longest side of the array aperture I. Estimated from figure showing the
Waterbomb origami surface in cylindrical configuration. m. A ratio for bend radius/aperture length of 1/mt corresponds to an exact half cylinder bend. n. Defined as the largest achievable planar
area over the smallest achievable planar area. 0. Mutual coupling shape reconstruction. p. Are Radiators, Phase Shifters, Amplifiers, and Digital circuits present on the shape-changing array?

generated by controlling the phase and amplitude of the ele-
ment excitations in response to mechanical variations of the
array that happen on a much slower timescale.

However, such an approach faces challenges such as lim-
ited observable variations in the receiver signal due to small
changes in a small number of elements - namely, a small
dynamic range. Changing a single element can result in vari-
ations below the noise and drift of the received signal. Also,
the potentially long propagation latency between the receiver
and transmitter can significantly slow down the response of
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the system. Additionally, non-linearities in phase setting (due
to, for example, frequency synthesizer pulling) present chal-
lenges that make it difficult to leverage existing optimization
methods, many of which work best on linear systems.
‘Focusing,” as presented in [41], is a generalization of far-
field beam-forming that allows for the steering of a beam
to a receiver at an arbitrary distance from the array using
N-dimensional search techniques. One solution to clear a path
through these variegated challenges is to utilize a novel batch
search algorithm based on an orthogonal basis. One such
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FIGURE 18. A Spiral Match projection. A model for the mutual coupling
change, Hyo4e1(d), is plotted in the complex (1/Q) plane. The measured
coupling is mapped in the complex plane and projected onto the closest
location on the model, d+. The spiral shape derives from linear phase
progression but decreasing amplitude with distance, as shown with the
two coupling pairs on the right. Each coupling pair distance is a single
location on Hpyoge1(d)-

EDM from Spiral Match

Reconstruct shape from EDM

FIGURE 19. The process of multidimensional scaling (MDS). On the left:
An EDM from the first step of the algorithm. On the right: the
reconstructed shape.

example was originally presented in [41], which alters phases
in orthogonal groups (determined, e.g, using Hadamard ma-
trices, Fig. 16(a)) of radiators. This has the benefit of making
enough change at once to trigger detectable changes in re-
ceived power, while taking the full rank of the array into
account.

Larger size bases enable phases of multiple elements to
be varied simultaneously to achieve a much higher dynamic
range. Furthermore, the use of orthogonal, or even pseudo-
orthogonal bases allows a large number of different states
to be batch generated and processed, to overcome the large
latency issue. This batch processing algorithm does not have
to wait for the result of the previous step to process the next
and can evaluate and calculate the effect of a large number of
variations all at once, thanks to the orthogonality. Finally, the
orthogonal bases combined with the variable step approach
are much more robust to non-linear variations in the system.

In the early iterations, searches are conducted over large
spaces (a wide range of possible phases.) As the optimiza-
tion proceeds, the search space is successively reduced by
a scaling factor. This method has demonstrated success in
various contexts and has successfully optimized large arrays
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with a proportionally low number of iterations (1000-2000
steps for a 256 element array.) The implementation of this
algorithm involves detection of the power strength by the
receiver (Fig. 16(b)). A microcontroller chip is programmed
to run the optimization scheme and to use the signal strength
as feedback. The motherboard then adjusts phases accordingly
and communicates changes down to the daughter boards until
maximum power is delivered to the receiver (Fig. 16(c)).

B. SHAPE RECONSTRUCTION

Although the closed loop feedback focusing approach pro-
vides an immediate and direct solution to overcome many
of the challenges associated with the dynamically shape-
changing arrays, it still presents limitations of its own. For
instance, it relies on the existence of a receiver as well as
a feedback communication channel. Either of these could be
absent in certain applications.

To bypass some of these issues, the position of the elements
in a shape-changing array can be found and then accounted
for locally. This shape calibration can be performed with
additional external sensors built onto the array surface such
as [99]. In [100], a flexible inkjet printed bend sensor is shown
which can sense bends in two axis and is intended for use
in flexible phased array applications. These external sensor
approaches give accurate local bend measurements but add
additional hardware and may lack the higher dimensionality
or global measurements needed for highly complex shapes.

Alternatively, [68], [101] propose and demonstrate a tech-
nique for reconstructing the shape of an array using only the
array’s mutual coupling and no additional external hardware,
reusing already existing receiving and transmitting circuitry
in the array. The reconstructed shape can then be used to
determine the needed excitation phase for each element.
Not only is this approach desirable for phase correction on
shape-changing arrays, but it also opens up the doors to new
applications. Instead of using the array for power transfer or
communication, the shape reconstruction can be a means unto
itself - potentially useful as a sensor, or a combined sensor
and communication link for a various applications ranging
from virtual reality interfaces to building and structures shape
monitoring.

The shape reconstruction method uses a two-step approach.
The first step maps the mutual coupling measurements per-
formed by the RFICs to a physical parameter, such as the
distance of the elements relative to one another. The second
step uses the estimated physical parameters (e.g., distance
between pairs) to construct the shape of the shape changing
array.

This method, shown graphically in Fig. 17, relies on the use
of a physical parameter, be it local curvature, distance, angle,
etc. to serve as an intermediary between the mutual coupling
and the relative shape. These implementations of the two-step
modular approach utilize distance between one antenna and
another (the Euclidean distance) because of the simplicity of
propagation models mapping coupling to distance and algo-
rithms that map distance to shape.
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FIGURE 20. Middle: The side view of various 1D symmetric and asymmetric shapes reconstructed from mutual coupling matrices collected from flexible,
passive 8 x 1 arrays using the two-step modular approach. The ground truth is in black while the reconstructed shape is shown in red. Number denote
element indices. The results presented are for both patch and dipole arrays. Top and bottom: images of the shapes with dipole array installed, chosen
instead of patch array photos because the dipole antennas are more visible at this side angle.

FIGURE 21. Arrays found in Table 1. (a) [72], reproduced with permission. (b) [71], reproduced with permission. (c) [68], licensed by CC BY-NC-ND 4.0.
(d) [49], licensed by CC BY 4.0 (e) [70], licensed by CC BY 4.0. (f) [44], reproduced with permission. (g) [43], reproduced with permission.

The following model, inspired by the Friis model for free-
space propagation, is used to map mutual coupling (S,,) to
Euclidean distance, as below:

N amDim Opmns Pimn )aan O ¢nm)e_j(¢m+¢n+k|[,;n‘)

Smn - -
{Lnn

(D
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where a,, is the total fixed amplitude offset (due to line at-
tenuation, mismatch, gain, etc.) in antenna m, D,,(0, ¢) is
the directivity of antenna m for angles 6 and ¢ relative to
broadside, I, is the vector pointing from the phase center
of antenna i to the phase center of antenna n, |l,;,,| is the
Euclidean distance, and ¢,, is the total fixed phase offset in
antenna m. This coupling expression is the heart of “Spiral
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Match” which maps coupling to physical distance. As shown
in Fig. 18, the namesake spiral emerges from decreasing
amplitude and rotating phase as distance, L], increases. A
normalization by the flat configuration to remove offsets and
an iterative projection of the measured coupling value onto
the physically realizable couplings described by the spiral are
needed before a matrix of distance pairs is created.

The assembled distance pairs are called a Euclidean Dis-
tance Matrix (EDM). With the EDM the first step of the
approach ends and the second - translating the distances to
shape - begins. This is accomplished using algorithms origi-
nally conceived of by the signal processing community which
make use of multidimensional scaling (MDS). MDS takes in
an EDM, “centers” it geometrically, and performs an eigen-
value decomposition on the centered matrix. A multiplication
of the first d (where d is the number of dimensions the
shape is expected to live in) eigenvalues by the first d eigen-
vectors gives us the relative shape matrix. This method has
found use in numerous applications including but not limited
to predicting molecular configurations from inter-atomic dis-
tances, calibrating the microphones and speakers in a theatre,
mapping nodes on a network, and protein shape prediction.
The EDM-relative shape concept is shown in Fig. 19. There
are variety of MDS implementation methods. Based on the
analysis in [102], semi-definite-relaxation (SDR) is the best
candidate for noisy but complete matrices such as are present
in the context of shape reconstruction for phased arrays.

SDR was used on EDMs created by Spiral Match for
mutual coupling matrics collected from connectorized ar-
rays bent to various constant curvatures in [68]. For
these 2.5 GHz passive arrays, one with patch antennas
and another with dipoles, error ranged from 3% to 7%
of A. On a 10 GHz active array driven by the custom
transceiver RFIC presented in the same work error ranged
from 3% to 11% of X.

The previously presented Spiral Match algorithmn used a
local constant curvature assumption. The constant curvature
assumption is used locally for coupling pairs but not glob-
ally for the entire shape - shape reconstruction through MDS
allows for the prediction of irregular shapes. However, remov-
ing the assumption of constant curvature from the algorithm
entirely can enhance the probability that distances derived
from an asymmetric shape are predicted accurately. This work
presents a new method for shape reconstruction that does not
use the constant curvature assumption. The assumption was
used in [68] as a simple means of mapping coupling angles
and distances; this mapping is, however, unnecessary. If we
search over angles and distances independently, the assump-
tion of constant curvature can be dropped.

This higher dimensional search requires few modifications
to the algorithm. The previous implementation iterated over
Lnn in Spiral Match, instead the new algorithm iterates over
tuples of (L, Gun,s 0,m). This makes the search space larger

Tt can be shown that for shapes of non-constant curvature, 6,,, and 6,
are not always the same, unlike the coupling distance /,,,,, which obeys the
symmetry principle: Ly, = L.
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and increases the associated runtime and algorithmic com-
plexity, but allows for better prediction of asymmetric shapes.
Indeed, the method using a high-dimensional search space
achieves a mean position error of 18% of A when stressed
with irregular shapes (two sinusoids, two “quarter pipes,” and
a “V”), on dipoles and patches, as shown in Fig. 20.

This figure emphasizes the bimodal results that the re-
construction method produces. On the one hand, there are
shapes, such as the concave arc, convex arc, concave “V,”
shallow “S,” or convex quarterpipe, where the method predicts
a shape in good agreement and low position error relative to
the ground truth. On the other hand, we have the Deep “S” for
dipoles or the Concave Quarterpipe for patches, where the the
shape looks erratic, apparently violating fundamental physical
constraints on the fixed distance between adjacent antennas.
While the algorithm accurately reconstructs all tested constant
curvature shapes and many shapes with asymmetric curvature,
high position error can be caused by several factors. An error
could arise (say from improperly handled phase wrapping,
introducing errors of multiples of 2m) in the first step of the
method which predicts distance from mutual coupling. This
error result in highly non-physical EDM - usually only with
respect to a few matrix entries. These “anomalous matrix
entries” present a challenge for SDR which correctly identifies
the matrix as non-physical but may not converge to an accu-
rate correction when optimizing. If SDR does not converge
to something accurate, it typically “seizes up” and converges
to something that bears little resemblance to the initial EDM.
Thus, the final relative shape looks erratic and the distances
violate physical constraints even though most of the EDM
entries did not.

These results present opportunities and challenges that can
serve as a starting point for further lines of inquiry. It is con-
ceivable to design a method which selectively excises EDM
entries which appear incompatible with the others. Doing
this would likely allow the SDR to converge to an accurate
shape reconstruction. Furthermore, the electromagnetic model
of mutual coupling used in the algorithm can be improved to
capture the essence of the near-field coupling more accurately.
For cases such as the Convex “V,” it is unlikely that the simpli-
fied propagation model accurately captures coupling behavior
when the elements line-of-sight views are heavily occluded.
As an alternative, it is possible multi-frequency coupling mea-
surements (shown in [103]), which add measurement diversity
and remove phase ambiguity, could solve these issues with-
out requiring a substantially more complex coupling model.
These ideas and concepts present exciting paths toward the
future of this class of shape reconstruction methods to be use
in shape-changing arrays.

V. CONCLUSION

A. ASSESSING SHAPE-CHANGING ARRAYS

A diverse set of shape-changing arrays have been presented
and described in this work. Table 1 compares several of these
arrays across a broad range of metrics and capabilities. The

arrays of Table 1 are shown in Fig. 21. Because the intended
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use and functionality of these arrays varies widely, it is diffi-
cult to compare them with any single parameter. Stowablility,
stretchability, ultra low mass, or self-shape calibration may be
critically important or entirely unnecessary depending on the
application.

The electrical interface and integration level metrics cap-
ture some of the logistical challenges of deploying these
array implementations. The ideal electrical interface is min-
imally intrusive, such as a small ribbon of flat flexible cables
interfacing over a narrow section of a single side of the shape-
changing array as found in [70], [72]. Less optimally, [43],
[44], [68] require cables or connectors on multiple edges of
their flexible substrate. These cables and connectors constrain
the array mechanically. [75] uses an entire side of the array
to interface with its phase control units limiting scalabil-
ity, and [49] requires an RF interface with each individual
element. The arrays which are not fully integrated shape-
changing arrays ([75] and [49]) also require additional exter-
nal circuitry for their operation. This external circuitry and
cabling brings added mass and rigidity which precludes some
of the intended applications for shape-changing arrays. While
these specific demonstrated arrays were not fully integrated,
there is no fundamental barrier to integrating additional cir-
cuitry onto their demonstrated shape-changing components.
For example, the Waterbomb origami surface and wideband
metasurface radiators of [49] could be combined with multi-
function, panelized electronics similar to [72].

In addition to realized prototypes, Table 1 includes three
fictitious target shape-changing arrays. The characteristics for
these targets were selected based the needs of three potential
applications of shape-changing arrays. For a space deploy-
able arrays (such as the space solar power arrays proposed
in [45], [46] or the communication arrays of [43], [44]),
low mass and high power are priorities while stretchability
and bending are only needed to compactly store the system
prior to deployment. A deployable terrestrial array serving
as a rapid-response communication or sensing hub benefits
from bending to create a horizon to horizon field-of-view but
minimizing its low mass and thickness is less important. A
wearable array must stretch and bend to properly conform to
the human body but likely has less need for high power beams
with precise phase control. The capability gap between the
realized arrays and the target arrays highlights the substantial
opportunities for innovation which exist for shape-changing
arrays.

B. CHALLENGES, PROGRESS, AND OPPORTUNITIES

There are significant challenges which must be overcome in
order to take the hypothetical target arrays from columns
in Table 1 to physical prototypes on a lab-bench and in
the field. Even with the advancements presented here, the
principle challenges remain only partially met. Synchro-
nizing element excitations with regard to phase offsets,
position offsets, and orientation without at-target-feedback
requires several techniques employed simultaneously in con-
junction with mutual coupling shape-calibration. Maintaining

flexibility while distributing DC power, digital control signals,
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frequency/phase reference information, and high bandwidth
data to each element requires careful architecture and com-
ponent electro-mechanical co-design. Thermal management
will always be a concern for thin, low thermal mass and
conductivity arrays using heat-concentrating RFICs. Mechan-
ical reliablility over many deformation cycles, especially at
solder joints, must also be carefully monitored for flexible or
stretchable arrays. Finally, these issues must be solved with
an eye towards scalability and manufacturability. Small-scale,
artisanal, “one-off” designs characteristic of academic labs
will not meet the operational or volume requirements of real
applications.

While these challenges are considerable, in this paper we
showed several families of shape-changing arrays, whose ver-
satility, flexibility, and low-mass nature bring us closer to the
vision of the asymptotic flexible array system that is as light
and flexible as a sheet of paper. Thin, light, large-scale flexible
arrays were shown in [82], mechanically reliable, deployable,
and flex compatible radiators were demonstrated in [69], and a
shape reconstruction technique for dealing with shape change
was shown in [68], [101]. These and other works represent
important steps toward the asymptotic system and are yet to
reach their full potential. The combination of these compo-
nents and capabilities on a single platform with IO and control
suitable for a range of applications including communications,
sensing, and power transfer will unlock the full potential of
shape-changing phased arrays.
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