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ABSTRACT Reconfigurable and deployable antenna arrays are required communications and remote
sensing onboard small satellites/CubeSats. There is also a need for packing before launch due to the
limited payload space for exo-atmospheric deployments. In this context, origami-based aperture packing
and unpacking is relevant and attractive for low-volume storage. However, after several physical morphing
cycles, origami apertures may not maintain the performance exhibited by fixed apertures. That is, origami-
based antenna arrays are likely to suffer from reduced gain and polarization purity. Therefore, physical
effects caused by origami folding should be analytically incorporated into the design. This paper proposes
a statistical analysis to study the gain performance of deployable ultra-wideband Miura-ori apertures by
including geometrical errors inherent to a partially deployed state. A closed-form expression of the gain
degradation is derived and verified using full-wave simulations.

INDEX TERMS Phased arrays, origami, TCDA, statistical analysis.

I. INTRODUCTION

THERE is a growing need for RF designs that are mod-
ular, deployable, and reconfigurable to accommodate

smaller space platforms. Notably, nanosatellite launches have
increased by 37 times since 2011 and will continue to grow
over the next few years [1]–[2]. Also, 93% of nanosatellites
downlink modules are spread across a nearly 27:1 frequency
range, from 0.4 GHz to 10.5 GHz. UHF bands (400-402,
425 MHz, 435-438 MHz, 450-468 MHz, 900-915, 980 MHz)
are typically used for downlink telemetry. Other bands,
such as S-Band (2.2-2.5 GHz) and X-Band (8.2 GHz,
8.4 GHz, 10.5 GHz), are used for high-speed data trans-
mission, remote sensing, radars, and satellite-to-satellite
communications. Therefore, ultra-wideband arrays such as
Tightly Coupled Dipole Arrays (TCDA) with > 20:1 con-
tiguous bandwidth are attractive candidates for origami
arrays [3]. Ultra-Wideband (UWB) apertures are also attrac-
tive due to their lightweight attributes. Furthermore, phased
array antennas feature high gain, beam steering, and multi-
beam capabilities, empowering miniature radars and remote
sensing platforms with reduced payload costs [4]. In this
context, origami-based antennas are attractive candidates
to address the limited payload weight and space onboard

small satellites [5]–[6]. Specifically, deployable apertures,
including the UWB aperture presented in Fig. 1, use origami-
inspired deployment mechanisms [7]–[8]. However, such
mechanisms suffer from mechanical errors due to man-
ufacturing and tolerances that often lead to incomplete
deployment and influence apertures performance.
To characterize apertures in such circumstances, a solu-

tion consists of considering randomly distributed errors in
phases, amplitudes, and positions of the array elements to
study their average contribution through statistical analyses.
Typical statistical analyses are centered on element failure
probabilities, phase and excitation errors caused by ampli-
fiers, and phase shifters. The first such study was published in
1952. In [9], Ruze noted that random amplitude and phase
errors add a constant power level that is proportional to
the root mean square (RMS) of these errors. Concurrently,
Bailin et al. proposed a characterization of the over-design
necessary to minimize sidelobe levels (SLL) for linear array
using a Dolph-Tchebychev distribution [10]. Elliott later
completed this work for two-dimensional arrays subject to
random mechanical and electrical excitation errors [11].
Furthermore, Rondinelli introduced a study on the beam

pointing accuracy for the first time in [12]. Wang [13], [14]
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FIGURE 1. Illustration of a deployable ultra-wideband phased array onboard
a CubeSat. The Miura-ori structure permits packing into a small volume. When
deployed, these arrays enable beam steering.

concluded that for planar phased arrays with multiple sources
of errors (amplitude, phase, element failure), the standard
deviation of the element position errors must not exceed 1%
of the operating wavelength to maintain < −10 dBi SLL. In
recent years, more extensive studies on spaceborne mechan-
ical array distortions were published [15]–[16]. Notably, the
study by Ossowska et al. provided statistical simulations.
In [16], both deterministic and random mechanical distor-
tions were considered, and their impact was assessed for
Synthetic Aperture Radar (SAR).
In the case of origami-based phased arrays, position errors

are driven by the foldable structures. Rather than assuming
position errors due to manufacturing and tolerances, it is
more appropriate to consider random errors to be contained
in substrates residual creases [17]–[19]. That is, position
errors are typical to each origami structure [20]–[21].
This paper focuses on statistical analysis over elements

positioning errors for Miura-fold TCDAs. For this study,
we propose a hinge-free unit cell, realizable with foldable
materials like Kapton. The design demonstration operates
from 0.35 GHz to 2.4 GHz and shows a 6.85:1 band-
width with VSWR < 3 at broadside. The corresponding
TCDA realized gain follows the theoretical 4πA/λ2 aper-
ture gain (where A is the total aperture area) with a total
efficiency of 87%, on average. Notably, we offer an anal-
ysis based on randomly distributed angular errors that are
proper to our design (change in θm, shown in Fig. 2). It
is observed that angular errors induce normally distributed
phase errors. From our analysis, a closed-form expression
of the gain degradation was derived as a function of the
standard deviation of angular errors and the Miura-ori acute
angle (see γm, shown in Fig. 2). This expression was verified
with full-wave simulations for a 12×12 elements TCDA. To
our knowledge, the proposed TCDA architecture is the first
of its kind. Specifically, this is the first time that position

errors inherent to origami designs are considered for phased
arrays. The derivation leading to the proposed expression is
independent of frequency and can be used for any planar,
low-profile, origami-based array such as slots or spirals. This
communication is organized as follows. Section I introduces
the design of the hinge-free Miura-fold unit cell and pro-
vides essential geometrical properties necessary to a good
understanding of this work. Section II presents the derivation
leading to expressions of the array elements phase errors.
Section III gives a closed-form expression for the expected
gain degradation caused by angular errors within the origami
structure. Possible methods to compensate for such errors are
also discussed.

II. TCDA ON MIURA- ORI LATTICE
A. PROPOSED MIURA-ORI UNIT CELL
The Miura-ori TCDA unit cell is comprised of four mir-
rored, anti-symmetric parallelogram surfaces (see left-most
graphic in Fig. 2). While folding, each face motion is real-
ized via two right-handed rotations in the global coordinate
system (x, y, z). Specifically, a rotation of ±θm is done about
the x-axis, followed by a rotation of ±(π2 − ξm) about the
z-axis. As shown in Fig. 2, θm is the angle formed by
the xy-plane and each face of the Miura-fold. In fact, the
Miura-ori TCDA unit cell is a two-layered creased struc-
ture, comprising two mountain folds and two valley folds,
such that

tanξm = cos θm tan θm (1)

Another parameter of importance during the folding is γm,
the parallelogram’s acute angle. If γm = 90◦, the Miura-ori
structure is an accordion-like structure folding only along
the y-direction. For every other value of γm, the Miura-ori
folds along both the x- and y-directions. Additional rela-
tions proposed by Schenk and Guest dictate the face centers
positions [22]. Notably, the parameters H, S, L, and V define
the Miura-ori unit cell’s geometry as depicted in Fig. 2.
Consequently, while folding, the Miura-ori TCDA unit cell
fits in a cuboid of volume 2S× (2L+V)× (H+Ha), where

H(θm, γm) = a sin θm sin γm (2)

S(θm, γm) = b
cos θmtan γm√

1 + cos2 θmtan2 γm
(3)

L(θm, γm) = a
√

1 − sin2 θmsin2 γm (4)

V(θm, γm) = b
√

1 + cos2 θmtan2 γm
(5)

Our proposed Miura-ori TCDA is composed of two layers:
the ground plane layer and the dipole layer. Both layers fold
simultaneously with the same Miura-ori parameters to avoid
breaking. The dipoles (in grey, Fig. 2) and the overlapping
pads (in red) are etched along the y-direction of the flat
radiating sheet. When folding, radiation remains in the ver-
tical polarization with minimal intended cross-polarization
distortion. When flat, the distance between the ground
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FIGURE 2. Proposed Miura-ori TCDA unit cell. The dipole elements and the overlapping pads are etched on the top layer. The ground plane constitutes the bottom layer. Both
layers fold simultaneously while θm increases. In our case, γm = 60◦ .

FIGURE 3. Simulated broadside VSWR of the proposed array unit cell showing
6.86:1 impedance bandwidth with VSWR <3.

plane and the dipole sheet remains Ha = λhigh/2.2 where
λhigh is the wavelength at the highest operating frequency.
This spacing offers good low-frequency performance and
excludes ground plane shorts for optimal bandwidth [23].
Furthermore, the inter-element spacing is based on the high-
est operating frequency. When the TCDA surface is flat, the
element spacing along the x- and y-directions are equal, viz.
S(0, γm) = L(0, γm) , and a square lattice is obtained with
the following parallelogram side lengths

a = λhigh

2
, b = a

√
1 + tan2γm

tanγm
(6)

where the above parameters, a and b are depicted in Fig. 2.
With the above geometrical description in mind, we proceed
to simulate the Miura-ori TCDA performance.

B. INFINITE ARRAY SIMULATION OF MIURA-ORI TCDA
Infinite array simulations were carried out using the flat
unit cell including Periodic Boundary Conditions (PBC) in
Ansoft HFSS. In all simulations, the acute angle, θm, is set
to θm = 60◦. As seen in Fig. 3, the TCDA operates from
0.35 GHz to 2.4 GHz and shows a 6.85:1 bandwidth with
VSWR < 3 at broadside. The corresponding realized gain
of a 12×12 elements TCDA aperture is given in Fig. 4. The
latter was obtained by combining the unit cell gain with the

FIGURE 4. Simulated broadside realized gain of a 12 × 12 elements TCDA. The total
efficiency is 87%, on average.

array factor corresponding to a planar array of 144 elements.
The final dimensions of the simulated TCDA are: Ha =
5.4 mm, Ld = 29 mm, Rd = 14 mm, Lc = 12.5 mm, Wc =
16 mm, sd = 1.3 mm, and tk = 0.225 mm. As seen, the
co-polarization gain follows the theoretical 4πA/λ2 aperture
gain (where A is the total aperture area). Notably, the total
efficiency is 87%, on average.

III. POSITION ERROR ESTIMATES
A. RADIATING ELEMENT GEOMETRY VARIATION
For brevity, above and herewith, for any angle α ∈ [0, 2π ],
we set Cα = cosα, Sα = sinα, and Tα = tanα. As depicted
in Fig. 2 (left-most graphic), each dipole has its phase center
located at the center of each parallelogram. While folding,
the coordinates of the first element can be obtained using
(2)-(5).
In the global coordinate system (x, y, z), the position

vector of the first radiating element is given by

p11 = [
S
2 ,

V+L
2 , Ha + H

2

]
(7)

where H, S, L, and V are the Miura-ori parameters defined in
(2)-(5). Also, Ha = λhigh/2.2 is the distance of the aperture
from the ground plane. Fig. 5 depicts some of the arrays
elements in the flat configuration. Using (2)-(7), the position
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FIGURE 5. Deployed Miura-ori TCDA. The position vector of the mnth element is
pmn. As seen, pmn can be obtained using the array elements spatial periodicity
mentioned in (2)-(7).

vector of the mnth element center is given by

pmn = p11 + [
(m− 1)S, (n− 1)L, 0

]
(8)

In this, (m, n)ε[[1,N]] × [[1,M]], and (M,N) ∈ N
2 are

the numbers of elements along the x- and y-directions,
respectively.
When the array is perfectly flat (viz. error-free), the real-

ized gain follows the curve presented in Fig. 4. However, in
partial deployments, as in Fig. 6, the gain is reduced. Fig. 6b
shows a typical Miura-ori TCDA structure fabricated using
Kapton and FR4 substrates. Nylons screws are used to con-
strain the displacement of both layers when the array folds.
Each layer (dipole layer and ground layer) was adjusted
using the nylon screws. The aperture height was first mea-
sured using a caliper and fixed using a pair of nylon bolts
screwed in opposite directions. The structure was fabricated
as a prototype to assess its mechanical aspect. As expected,
after multiple folding and unfolding cycles, the prototype’s
surface is permanently affected due to elastic hysteresis.
This prototype is a particular case of the Miura-fold where
γm = 90◦, folding only along the y-direction. Despite being
a specific case, this accordion-like structure perfectly illus-
trates aperture errors and the following derivation remains
valid for any γm value. Below, we proceed to quantify the
gain errors due to element position errors. Because of the
unit cell dimensions given in (6), minor angular errors will
engender gain errors [14]. Based on previous studies and
experience, it is fair to assume that most of the performance
errors will be due to phase variations. Specifically, the non-
flatness of the array surface would result in slight variations
of the phase centers pmn. Therefore, even if we assume
the pattern (field-amplitude) to remain fairly constant, phase
variation will have a more significant impact.
To obtain the engendered phase variations, we begin

by considering the variation of the geometrical parameters
given in (2)-(5). This is done by setting θm = θm0 + δθm
with θm0 = 0 (referring to a flat surface). We assume
that δθm varies within ±10◦(± π

18 ). Such value is arbitrar-
ily chosen after observation of the fabricated test piece.
Specifically, for this specific prototype, the folding error was
not exceeding ±10◦. However, for the following first-order

FIGURE 6. (a) Profile of a typical partially deployed spaceborne phased array.
(b) Partially deployed proposed two-layered UWB array structure. This structure was
fabricated to assess the elastic hysteresis of such array class and was not
characterized from an RF point of view. (c) Graphical representation of the structure
prototype showing different angular error for each element.

and second-order approximations, the relative error does not
exceed 1% for angles up to ±14◦, and ±37◦, respectively.
Replacing sinδθm and cosδθm in (2)-(5) with their Taylor
series expansion, we have

Sx = x+ O(x) and Cx = 1 − x2

2
+ O

(
x2

)
(9)

where Sx = sin x and Cx = cos x. This leads to the following
approximations

H(δθm, γm) = 0︸︷︷︸
H(0,γm)

+ λhigh

2
Sγm

︸ ︷︷ ︸
tH

δθm + O(δθm)

︸ ︷︷ ︸
Hδ

(10)

S(δθm, γm) = λhigh

2︸ ︷︷ ︸
S(0,γm)

− λhigh

4

1

1 + T2
γm︸ ︷︷ ︸

tS

δθ2
m + O

(
δθ2
m

)

︸ ︷︷ ︸
Sδ

(11)
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FIGURE 7. Comparison of δpmn vs γm for the maximum angular error of δθm = 10◦ .

L(δθm, γm) = λhigh

2︸ ︷︷ ︸
L(0,γm)

− λhigh

4
S2
γm

︸ ︷︷ ︸
tL

δθ2
m + O

(
δθ2
m

)

︸ ︷︷ ︸
Lδ

(12)

V(δθm, γm) = λhigh

2︸ ︷︷ ︸
V(0,γm)

− λhigh

4

T2
γm

1 + T2
γm︸ ︷︷ ︸

tV

δθ2
m + O

(
δθ2
m

)

︸ ︷︷ ︸
Vδ

(13)

From the above, the new position p
′
mn is of the form

p
′
mn = pmn + [ Sδ

2 ,
Vδ+Lδ

2 , Hδ
2

]

︸ ︷︷ ︸
δpmn

= pmn + δpmn (14)

where, δpmn refers to the position error. From (14), we
also note that Sδ contributes to the errors in the x-direction
whereas Lδand Vδ contribute to position errors in the
y-direction. The vertical position errors are associated with
Hδ . Fig. 7 compares the position errors for different acute
angles γm for δθm = 10◦.

From Fig. 7, it is clear that for δθm = 10◦, the contribution
of Hδ is dominant, except for small γm values (γm ≤ 40◦).
However, to keep minimal array deformations, it is necessary
to chose γm ≥ 40◦. Therefore, the cases with smaller values
of γm are not as relevant.
The importance of Hδ is also seen in Fig. 8 when

γm = 60◦. For instance, when δθm = 10◦, the contribu-
tions of the horizontal components (viz. proportional to Sδ ,
Lδ , and Vδ) correspond to only 0.5% of the wavelength at
the highest operating frequency. However, the corresponding
contribution due to Hδ is almost 4% of the wavelength at
the highest operating frequency.

B. PHASE ERROR EXPRESSION
Denoting the array elements as (m, n)ε[[1,N]] × [[1,M]]
and assuming that all the element patterns are identical, the
far-field radiation pattern can be expressed as

f (θ, φ) =
M∑

m=1

N∑

n=1

Imne
jk.(pmn+δpmn) (15)

FIGURE 8. Comparison of δpmn components as a function of the angular error δθm
for γm = 60◦ .

In the above, M and N denote the numbers of elements
in the x- and y-directions, respectively, Imn is the complex
excitation of the mnth element, pmn is the position vector
of the mnth element, and k refers to the propagation vec-
tor expressed in the global coordinate system (x, y, z). For
a fixed direction (θ, φ), k is given by

k = k
[
u, v, w

] = 2π

λ

[
u, v, w

]
(16)

where, as usual, u = SθCφ , v = SθSφ , and w = Cθ , and λ is
the operational wavelength. Using (14)-(16), we can rewrite
f (θ, φ) as

f (θ, φ) =
M∑

m=1

N∑

n=1

Imne
jk(S(m−1)u+L(n−1)v) ejk.δpmn︸ ︷︷ ︸

Phase Error

(17)

In this, the phase error deviation is given by

k.δpmn = k

(
− tS

2
u+ tV − tL

2
v

)
δθ2
mn

︸ ︷︷ ︸
α(θ,φ)

+ k
( tH

2
w

)
δθmn

︸ ︷︷ ︸
β(θ,φ)

(18)

In the above, the second-order contribution is referred as
α(θ, φ), the first-order contribution as β(θ, φ), and δθmn
is now the small angle variation of the mnth element. It
is clear from (18) that the overall phase error depends
on the variables u, v, and w. This means that both the
first and the second-order components vary throughout the
scanning region of the array. For instance, if θ ∼ 90◦,
then β(θ, φ) ∼ 0 and the second-order phase error is
predominant.
Fig. 9 Shows the variation of α(θ, φ)/β(θ, φ) for a maxi-

mum angular deviation δθm = 10◦ = 0.1745 rad. It is noted
that, if θ ∈ [0◦, 60◦] and φ ∈ [−180◦, 180◦], the second-
order phase error is 20 to 200 times less important than the
first-order error. As a consequence, we will assume that the
phase error is due to β(θ, φ) only. That is,

k.δpmn ∼=
( tH

2
w

)
δθmn (19)

It is important to mention that the ratio α(θ, φ)/β(θ, φ) does
not depend on the operating frequency. Consequently, the
previous simplification remains valid for the ultra-wideband
aperture presented in Section I.
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FIGURE 9. Variation of α(θ, φ)/β(θ, φ) for the maximum angular deviation of
δθmn = 10◦ = 0.1745. Second-order components can be neglected throughout the
scanning region where (θ, φ) ∈ [0◦, 60◦] × [−180◦, 180◦].

IV. GAIN OF PARTIALLY DEPLOYED MIURA-ORI TCDA
A. HYPOTHESES ON PHASE ERROR
In the following derivation, the angular error, δθmn is con-
sidered to be a random variable with a normal distribution
around 0◦, and a standard deviation σθ . We can support
this choice by noting that the angular error is a sum of
independent random contributions (e.g., fabrication errors,
residual creases, inclination, deformation, weight distribu-
tion, mechanical constraints). As such, δθmn will have
a Gaussian distribution. Furthermore, angular errors are
assumed to be mutually independent. That is, the angular
error of one element face does not influence the other array
elements. In practice, this statement is more valid as the
number of elements in the array increases.

B. AVERAGE GAIN DEGRADATION
Based on previous hypotheses, the radiated field pattern can
be expressed by inserting (19) into (17). Next, by multiplying
(17) with its complex conjugate and taking the statistical
average, we have:

|f (θ, φ)|2 =
M∑

m=1

N∑

n=1

M∑

p=1

N∑

q=1

ImnI
∗
pqe

jk(S(m−p)u+L(n−q)v)

× ej(ψmn−ψpq) (20)

In the above, φmnpq(u, v) = jk(S(m − p)u + L(n − q)v) is
a deterministic quantity that represents the phase components
of the error-free power pattern. On the other hand, ψmn is
the random phase error engendered by the random folding
error δθmn. Specifically, from (20) we have:

ψmn =
(

2π

λ

λhigh

4
Sγm

)

︸ ︷︷ ︸
A0

δθmn (21)

As δθmn is a normally distributed random variable with
a standard deviation, σθ , the random variable ψmn also has
a normal distribution with a standard deviation σψ = A0σθ
for A0 > 0. From (20), and a similar derivation as the one

FIGURE 10. Simulation set-up of the Finite Array Domain Decomposition
Method (FADDM) for our 12 × 12 TCDA.

presented in [13]–[25], we obtain

GdB = G0dB − 10.72

(
λhighSγmσθ

λ

)2

(22)

In the above, G0dB is the maximum achievable gain of the
error-free aperture, γm is the acute angle of the Miura-
ori TCDA, λhigh is the wavelength at the highest operating
frequency, and σθ is the standard deviation of the angular
error δθ . It is noted that (22) denotes a particular case of the
Ruze equation applied to the z-directed errors of a partially
deployed Miura-ori TCDA. Also, using (19), the maximum
gain in (22) can be rewritten as

GdB = G0dB − 171.45
( ε
λ

)2
(23)

where ε = H(δθm , γm)/2 can be interpreted as the RMS of
the z-directed position errors associated with array element
folding.

C. VERIFICATION VIA FULL-WAVE SIMULATION
To verify (22), finite simulations of a 12 × 12 ele-
ments TCDA were carried out. Precisely, the proposed
array was simulated using the Ansys HFSS built-in Finite
Array Domain Decomposition Method (FADDM). With such
a method, the mesh of the original unit cell is replicated
using classical PBC. Notably, using this method, each ele-
ment can have a different magnitude and phase. A simulation
of the error-free array was first carried out. Then random
phase errors were introduced as a post-processing step using
a random 12 × 12 normally distributed phase error matrix
generated using (21). The simulation set-up is illustrated
in Fig. 10. Fig. 11 compares the gain degradation enve-
lope of 25 array distributions and their empirical average
(3600 random errors) with the theoretical gain degradation
of (22).

VOLUME 2, 2021 723



CARVALHO AND VOLAKIS: PERFORMANCE OF PARTIALLY DEPLOYED SPACEBORNE ULTRA-WIDEBAND MIURA-ORI APERTURES

FIGURE 11. Gain degradation envelope for 25 arrays vs the theoretical gain
degradation given in (22).

It is observed that the theoretical degradation tends to
provide the worst-case scenario degradation. Additionally,
several factors can explain the slight discrepancy between
the theoretical degradation and full-wave simulations. For
example, the derivation leading to (22) assumes that all the
elements possess identical embedded element patterns, but
this is not the case of the finite array. Additionally, edge
effects and mutual coupling between the array elements are
not considered. In practice, such consideration cannot be
analytically included. On the other hand, the carried-out full-
wave simulations account for the ground plane’s finite effects
and the difference in embedded element patterns.

D. DISCUSSION: COMPENSATION & CALIBRATION
METHODS
The approach presented previously only accounts for array
elements displacement errors due to physical deformation
of Miura-ori apertures. However, spaceborne phased array
systems are affected by various errors due to element failure,
power amplifiers (amplitude error), phase shifters, ther-
mal distortion, fabrication tolerances. Further, as presented
in [13]–[14] deterministic mechanical distortion modes also
affect the maximum gain and increase arrays sidelobe lev-
els (SLL). Consequently, the total contribution of such errors
unreasonably diminishes the performance of spaceborne
apertures. Different compensation methods for mechanical
errors have been proposed in the literature.
In [26], Wang et al. propose a method to compute com-

pensated excitations amplitude and phase using the Fast
Fourier Transform (FFT) algorithm. The proposed method
uses a first-order approximation of the array factor subject to
small position errors. Using such a model, the Direct Fourier
Transform (DFT) of the array factor is computed, and the
Fourier weights corresponding to each element are extracted.
Further, the array deformation is measured using digital pho-
togrammetry, and the Fourier weights of the deformed array
are obtained using the same model, including the measured
position errors. Finally, the compensated excitations are
obtained with the Inverse Direct Fourier Transform (IDFT)
and plugged back in the phased array system.

In [27], de Wit et al. propose a concept for measuring
and compensating array deformations by attaching several
accelerometers and an inertial measurement unit (IMU) to
the phased array structure. By combining the measurements
of both sensors, the deformations of the array aperture can
be characterized, and phase corrections applied.
Alternatively, in [28], Takahashi et al. propose an onboard

calibration method for mechanical distortions of satellite
phased arrays that use probe antenna in the far-field region
of the phased array. In this method, the compensation phase
is computed using the electrical path between each phased
array element and the probe antenna.

V. CONCLUSION
The performance of partially deployed Miura-ori TCDAs
was investigated in this paper. The presented antenna array
analysis led to a closed-form expression for the expected
gain degradation caused by angular errors within the origami
structure. Notably, the developed gain error includes varia-
tions in the key parameters of the Miura-ori array geometry.
As the proposed degradation depends on the operating wave-
length, the array aperture performance is not affected in the
same way throughout the frequency range. For example, at
lower frequencies, geometrical errors have less impact as
compared to high frequencies. It is remarked that, for the
proposed Tightly Coupled Dipole Array (TCDA), the impact
is 40 times less at its lowest operating frequency of 0.35 GHz
when compared to its gain performance at 2.4 GHz. Finally,
the proposed degradation was verified using full-wave sim-
ulations. The main limitation of the proposed analysis is the
approximation that all the array elements are subject to the
same random error. However, in a real-life scenario, the fold-
ing of the aperture is likely to be non-uniform, especially for
a finite structure where the edges fold more than the cen-
ter. Accounting for such a scenario would require modeling
each face with a different random variable. This could be
accomplished by fully characterizing the array mechanical
structure as in [29]. However, a simpler method consists of
considering the worst-case scenario where an upper bound
of the gain degradation could be found by over-evaluating
the deformation. That is, considering that all the elements
fold as much as the edge elements.
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