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ABSTRACT: The folding antennas are anticipated to become mandatory because of integration necessity according to communication
object shapes. The effect of folded antennas on electromagnetic (EM) radiation is an open question for RF and microwave wireless
engineers. An innovative approach to explore the flexible patch antenna (FPA) parameters through V-folding analysis is addressed for
this problem. This paper is focused on the methodological approach of the FPA study by considering an innovative V-folding behavior
compared to the classical flat condition. As a proof-of-concept, FPA prototypes are designed on a Kapton substrate, simulated, fabricated,
and tested. A non-shifting operating frequency is achieved at 3.4GHz for all percentage-wise folding with a flat (unfold) bandwidth about
360.8MHz with good acceptable performance. The FPA performance prediction as reflection coefficient, efficiency, gain, and directivity
versus forward and back V-folding percentage and angle are examined. The obtained result can be exploited to predict the V-folding
effect on the communication performances of transceiver systems like radar, satellite, and multimedia applications.

1. INTRODUCTION

Behind themodern communication engineering progress, the
investigation method of wireless technology plays a major

role. Today, the industrial challenge in electronics and com-
munication engineering exhibits in the fields with the deploy-
ment of smart wireless technologies [1–4]. Different varieties
of smart devices were developed for health care, smart cities,
smart homes, and smart cars [1–4]. In all aspects of this techno-
logical race, wireless communications with different conformal
and performing structures are needed [5]. Relevant antenna de-
sign must be developed for different types of mobile terminals
as wearable communication devices [6–11]. Technological so-
lutions presenting technical, commercial, and socio-economic
benefits are expected to follow thewireless technology progress
roadmap of today’s research and engineering.
Innovative design concerning the antenna topologies is

needed to achieve high-performance communication. Con-
cerning the nontrivial geometrical shape of wearable devices,
a relevant design method of flexible patch antennas (FPAs) is
expected. Because of design simplicity and frequency bands
flexibility, simple topologies as patch antennas (PAs) [12–20]
constitute solutions for wide range of wireless application as
wearable devices, WiMAX base station, and even satellite
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payloads. One of the roadblocks for antenna design engineers
is to find reliable solutions integrable into future electronic
and communication devices. In this optics, research works
are currently going on to identify the highest performance
integrable antenna by considering uncommon geometrical
shapes, which leads to the development of flexible antennas
[21–32]. Innovative flexible and robust antenna designs have
been developed for different applications [26, 27]. The study of
innovative antenna design on flexible substrates, such as PET
(Polyethylene terephthalate) and Kapton [21, 23–25, 30, 31] is
gaining attention. According to the targeted applications, geo-
metrically flexible antenna design adapted to wearable-device
shapes must be developed [6–8, 10, 11]. It can be noticed
that solutions involving FPAs [24, 25, 30–33] using different
substrates have become a trend.
Nevertheless, we still need to find a relevant engineering

methodology to design a flexible antenna with the best com-
munication performance [34] by considering nontrivial geome-
tries of bending and folding [35–38]. Most bent antennas were
designed on textile substrates [11, 33, 34, 38], Kapton [21, 23–
25, 30, 31], and other flexible materials [26–28]. However,
Kapton is one of the best low-cost polyimide film substrates
for manufacturing in aircraft, spacecraft, X-rays, 3-D printing,
flexible printed circuit boards (PCBs), and antennas. More-
over, Kapton has good insulation properties with extraordinary
temperature stability. Kapton substrate is compact, light, and
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FIGURE 1. FPA design: (a) top and (b) bottom 2-D views.

has conformal design capability, includingmultiband and wide-
band performance in bent configurations.
Despite the progressive research work on flexible antenna

design [21–37], further academic research is necessary to de-
velop relevant methodology enabling radiation performances.
In the present study, an innovative FPA design methodology
is introduced through a wise conceptualization of folding per-
centage (FP) in two ways. The first one is toward the front
portion (radiating patch) called front folding percentage (FFP).
The other one is towards the back portion (ground plan) called
back folding percentage (BFP), so we can understand the be-
havior of FPA folded on both sides. Investigation from 3-D
electromagnetic (EM) simulations and experimental measure-
ments of complex V-folded prototypes with fixed folded angle
at 10◦ and monitoring the effect of entire PA called percentage
wise folding (PF) different angles varied from 10% to 100%
are considered in the frequency band 0.1GHz–5GHz. Holding
the resonance frequency shift and improving the performance
of parameters are challenging for all bending or folding types
of PAs [34–36]. The main novelty of this research work is the
development of the methodological and experimental analysis
of V-folding flexible PAs. This novel approach showing the en-
tire structure percentage-wise in FFP and BFP is explored for
the first time according to the best knowledge of the authors.
The PA can be used in either FFP or BFP, so the antenna at-
tains good performance with stability. The unexpected effect
of V-folding is investigated from the 3-D EM simulation pro-
cess. The developed study of the FPA V-folding effect is par-
ticularly useful for different applications such as 5G and 6G
RF/microwave transceivers implemented on complex geomet-
rical shape devices. The FPA geometric deformation that leads
to the desired EM effect of FFP, and BFP is developed and ex-
plained.
This paper is organized as follows:

• In Section 2, the description and methodology of V-folded
FPA design engineering are investigated. The proof of
concept (POC) of V-folded FPA explored in this study is

designed based on a microstrip patch antenna (MPA) as
a classical flat circuit. The FP concept concerning the V-
folded FPA geometrical parameters is also defined.

• Section 3 focuses on the analyses of the reflection coef-
ficient (S11) and radiation simulation results from the V-
folded FPAPOC. Themain influence of theV-folded angle
and FP on the performances concerning the FFP and BFP
are discussed.

• In Section 4, the improvement of V-folded FPA perfor-
mance is evaluated by means of the gain (G), direc-
tivity (D), total efficiency, resonance frequency (Fr),
bandwidth (BW ), and S11. The proposed analysis is
elaborated by theoretical considerations reported previ-
ously [30, 31].

• The prototypes and challenging test setups concerning the
FP are revealed in Section 5. The experimental validity is
studied through a comparison of 3-D simulation and mea-
sured results.

• Section 6 presents the conclusion of this work.

2. V-FOLDED FPA DESIGN DESCRIPTION AND
METHODOLOGY
The present section reveals the description and methodological
investigation of the V-folded FPA design. The considered POC
is designed by using the CST MWS 2018 commercial tool.

2.1. FPA Design Description
First and foremost, the FPA under study is designed with mi-
crostrip technology. The FPA POC is designed on a flexible
Kapton substrate specified by the dielectric constant εr, loss
tangent tan(δ), and thickness h. The copper (Cu) metallization
presents the thickness t and conductivity σ. The FPA consti-
tuting material physical parameters are indicated by Table 1.
Fig. 1(a) and Fig. 1(b) represent the top and bottom 2-D views
of FPA POCs, respectively. During the simulation and test, the
proposed FPA POC is expected to operate with R0 = 50Ω
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TABLE 1. Physical specifications of POC FPA constituting material.

Material Designation Parameter Value

Kapton substrate
Dielectric constant εr 3.4

Loss tangent tan(δ) 0.02 dB/in
Thickness h 0.52mm

Copper metallization Conductivity σ 58MS/s
Thickness t 18µm

(a) (b)

(c) (d)

FIGURE 2. Horizontally Side views of (a) front V-folding complete samples 3D, (b) concept of front V-fold with FFP FP = 50%, (c) complete
samples back V-folding 3D, and (d) concept of back V-folding with BFP FP = 50%.

coaxial feed via an SMA connector. The FPA geometrical
shape and dimensions with length Ls and width Ws are ide-
ally calculated from formulas available in the literature [39].
Let us denote the ratio of feed length Lf to the starting patch
widthWx written as:

k = Lf/Wx. (1)

By taking c = 300, 000 km/s as the speed of light, it is worth re-
minding that the FPA fundamental resonance frequency is the-
oretically defined by [39]:

Fr =
c

Wpk
√
2(εr + 1)

. (2)

Emphatically, the FPA ideal width can be determined from res-
onance frequency by the relationship:

Wp =
Wxc

LfFr

√
2(εr + 1)

. (3)

For example, during the design phase, the targeted resonance
frequency is equal to Fr = 3.4GHz in a fully flat horizontal
position. Therefore, one gets the FPA design geometrical pa-
rameters Lp,Wp,Wi, Li,Wx, and Lf described by Fig. 1.
The chosen final parameters are mentioned in Table 2. The

concept of FP applied to the V-folded FPA is described in the
next subsection.

2.2. Conceptualization of Folding Percentage (FP)
Many research works have presented different types of bent and
folded PAs for different purposes [7–29]. We can find cylindri-

cal bent and different conformal antennas for different applica-
tions. PA bending will be required for applications like internet
of things (IoT) and automobiles so that the antenna is deformed
according to the shape of the device needed for communica-
tion. Deforming the MPAs into different shapes needs some
deep learning through simulation tools. Deforming the antenna
with a small tilt in angle will affect its performance. Folding
PA changes lumped elements discussed in Section 3.2 causing
changes in surface current distribution and efficiency for ev-
ery PF. In the present work, a few steps are followed to imple-
ment the V-folding structure. The proposed V-FP wise concept
is implemented to understand the performance of the antenna
fashioned on sharp-edge devices as illustrated by Fig. 2.
Consider that the length of the antenna Ls is divided into x

(after folding) and d (before folding) while the folding effect on
the MPA parameters is analyzed concerning partial lengths of d
and x = Ls−d. The expression of V-folding in percentage is a
function of the ratio d knowing that Ls = d+x. The V-folding
for the front and back control parameter as shown in Fig. 2 is
defined by:

FP (%) = 100 d/Ls (4)
The implementation of FPA as FP POC is discussed in the next
subsection.

2.3. FPA POC Implementation

As a basic construction of PAs, many samples were considered
during the design to achieve good performance while folding
the antenna horizontally at a = 10◦. Starting with the simple
construction of a rectangular patch as shown in Fig. 1(a), it is
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TABLE 2. Geometrical parameters designed FPA POC shown by Fig. 1.

Material Designation Parameter Value

Substrate Length Ls 55.7mm
Width Ws 69.5mm

PA

Length Lp 27.85mm

Width Wp 34.75mm
Wx 15.38mm

Length Li 13.93mm
Width Wi 17.38mm

Feed line Length Lf 13.38mm
Width Wf 4mm

Ground plane metallization Length Lb 13.93mm
Width Wsb 69.5mm

 

FIGURE 3. Workflow highlighting the V-folded FPA design methodology.

required that the FPA does not deteriorate its performance for
every sample of FP. First, it is focused on the flat (unfold) con-
ditions of FPA and holds good performance after folding. When
the height of the substrate is increased, certain areas of radiat-
ing face iterate for the best-holding fringing effect. Finally, the
reduction in the metallic surface in the ground plane is made
to maintain the performance [31] and is monitored through the
simulation process. It is known that small changes in FPA de-
sign will certainly change its performance. Second, focusing
on the V-folded FFP and BFP samples the same steps are fol-
lowed to achieve the same performance as the unfolding con-
dition model. So, finally, the samples optimization simulation
process achieves a stable (unchanged) performance, after fol-
lowing the methodology for all FPs. Among many factors that
affect Fr like the FPA design, the substrate height, and feed-
ing point, etc., k has strongly been considered for this simple
structure. This design is restricted with a ground plane to length
Lb = 13.93mm and widthWsb = 69.5mm, as shown in Fig. 1,
to improve the fringing effect and increase the Kapton height
four times compared to the previous structure [9, 10] to achieve

stabilization in the frequency shifting while FPA is folded as
shown in Fig. 1. There will be more changes in performance
if the exact construction in the simulation process is neglected.
The main reason to have a restricted design is to achieve flexi-
ble antenna performance with no compromise in folding during
simulation.

2.4. Methodology

In this work, a qualitative antenna design method is explored
without loss of accuracy. Fig. 3 summarizes the main steps of
the V-folded FPA POC design. The proposed design methodol-
ogy is based on the folding behavior exploration of the front and
back portions of the FPA for all considered samples to achieve
stability in performance. First of all, the targeted specifications
and the employed flexible substrate are defined.
The ideal FPA sizing is calculated by using classical flat an-

tenna design formulas available in the literature [39]. The 3-D
design configuration of FPA structure using the simulation tool
must be chosen for holding stability in the V-folded position.
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FIGURE 4. S11 of flat (unfold) PA shown in Fig. 2.

The challenging aspect of the V-folding study is the ability to
consider every change in the ground plan dimensions (metallic
bulk) and substrate height to keep the FPAbest performance. To
verify the design method’s relevance, a study on FPAV-folding
effect is elaborated in the next section.

3. EFFECT OF FPA V-FOLDING ON REFLECTION CO-
EFFICIENT AND RADIATION PATTERN
The misunderstood effect of FPA V-folding on reflection coef-
ficient and radiation pattern is described in the present section.

3.1. Theoretical Recall
With reference impedance R0 = 50Ω, based on the microstrip
circuit theory, the FPA input complex impedance at operation
frequency f determined from the frequency-dependent reflec-
tion coefficient S11 can be calculated by:

Z(jf) =
R0[1 + S11(jf)]

1− S11(jf)
. (5)

Emphatically, the resistance is determined from a real part
which is given by R = real(Z). The inductance and capaci-
tance calculated from extracted simulation results are the imag-
inary impedance, imag(Z), at the specified frequency Fr in the
plot by the relations:

L = imag(Z)/(2πFr) (6)
C = 1/[(2πFr)

2L]. (7)

The radiation field is a prominent parameter for investigating
the FP geometrical effect of FPA. For the analysis of the radi-
ation result plot, the spherical coordinate system is considered
for monitoring shifts in azimuthal and elevation angles, θ and
φ, respectively. By denoting the radiation pattern erad, the gain
and directivity are linked by the relationship [39]:

G(θ, φ) = erad ×D(θ, φ). (8)

These expressions serve in the next subsections to the FPA ef-
fect analysis versus V-folding angle by means of reflection co-
efficient and radiation pattern.

3.2. Interpretation of FPA S11 Versus FP
Since the structure and design of the antenna are different from
the original rectangular PA, the design parameters will be cer-
tainly different.

3.2.1. Analysis of Unfolded FPA S11

The effect of FFP and BFP is understood through the reference
S-parameters of flat (unfold) conditions as shown in Fig. 4. The
analysis of unfolded PA S-parameters provides some indica-
tion points referenced by mx=1,...,2, specified from m1 to m5,
where significant changes are observed. These points are con-
sidered and noted as the change linked to calculated lumped
elements shown in Table 3. From the plot shown in Fig. 4,
no resonance is observed in the frequency range of 0.1GHz to
1.5GHz until the m1 point. This is mainly due to the high ca-
pacitive value. At m2, there is a hold of resonance m3 due
to a reduction in capacitance and negligible change in induc-
tance. There is no effect from m2 to m3 due to no change in
inductance. Increasing the frequency, fromm3 tom4, the reso-
nant phenomenon is observed due to an increase in inductance.
From pointm4 tom5 we observe S11 plot due to an increase in
inductance and a decrease in capacitance.

TABLE 3. Illustrative effect analysis throughS11 for flat condition sim-
ulation.

mx (S11) Fr (GHz) S11 (dB) R (Ω) L (nH) C (pF)
m1 1.5 −0.7 2.26 2.1 5.4
m2 2.5 −6.69 26.76 1.9 2.1
m3 3 −7 39.75 2.3 1.2
m4 3.4075 −15.42 46.29 0.8 2.9
m5 4 −2.77 31.23 4.7 0.3

It is considered that the capacitance and inductance values
are complete parts of resonance occurrence with a drastic rise
in resistance for all points as shown in Table 3 for all complete
FFP and BFP samples. The inductance plays an important role
in a sharp shoot in resonance frequency due to the dimensions
of an antenna and the increase in height of a substrate. From
the present discussion, two regions are considered causing res-
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FIGURE 5. Complete S11 of FFP as shown in Fig. 2 for all simulated samples.

onance, the first one from m1 to m2 and the second one from
m3 tom5.

3.2.2. FFP S11 Analysis

While folding the FPA, as shown in Fig. 3, in the front side it
has no major changes with less shifting in the second region
due to lumped elements, as explained above. As depicted by
Fig. 5, the folding front has no impact in the first region but
promises good return loss after complete folding is achieved
with more than −12.5 dB. Achieving this resonance frequency
with minor effect is challenging for any type of folding FPA
angle a0 by maintaining Fr within 3.4GHz to 3.5GHz from
10% to 100% (unfold). Here in FFP from 10% to 25% fold-
ing takes place only on feeding line Lf towards the radiating
face, which has slight changes from the second region due to
changes in the inductance. From 25% to 100% (unfold), there
are no changes observed in S11 even while folding occurrence
on patch radiating face stated as stabilized performance.
After completing the FFP simulation, it can be observed that

d = 15 has a minimum of −12.1 dB at 3.48GHz while at d =
92.5 it reaches a maximum of −16.22 dB at 3.41GHz.

3.2.3. BFP S11 Analysis

While folding theMPA, as shown in Fig. 2(d), towards the back
side, i.e., the ground plane has an effect in the first region for
samples from d = 10% to 22.5% creating equal resonance at
the second region. It is due to the physical folding, which is
only done on feed line Lf of the radiating face, causing a de-
crease in capacitance. Since folding from d = 25% will be
on a radiating patch, the improved inductance has a shift into
a higher frequency range, as in the second region. The MPA
behavior differs while folding occurs on radiating patches com-
pared with the patch from d = 10% to 22.5%. The comparison
of FFP and BFP shows a slight difference of 4% in all param-
eters, as shown in Fig. 6, and then is considered negligible. A

slight change in L and C with folding MPA is the main rea-
son for the minor shift. After completing the BFP simulation,
it is observed that d = 22.5% has a minimum of −8.68 dB at
3.623GHz, amulti-band behavior at 2.1GHz, and d = 70%has
a maximum of −15.77 dB at 3.41GHz. After the S11 analysis,
the FPA radiation pattern was also investigated as described in
the following subsection.

3.3. Folding Effect on FPA Radiation
The FPA structure will radiate according to the structure folded
whether it is FFP or BFP. The innovative results of theV-folding
effect on the 3-D radiation pattern are analysed in the present
subsection.

3.3.1. Analysis of V-Folded FPA 3-D Radiation

After CST MWS EM simulation, the 3-D plot of far-field gain
radiated by the V-folded FPA is displayed in Fig. 7.
The shift is observed compared with unfold in FFP and BFP

as shown in Fig. 7(a) for the flat position, and Fig. 7(b) and Fig.
7(c) for d = 10%. We can see that FFP d = 10% radiates in the
direction of a = −30◦ descending angle, and BFP at d = 10%
radiates in the direction of a = 30◦ ascendant angle compared
with unfolded FPA radiates at a = 0◦. It is observed that BFP
values are slightly high for directivity and gain due to this shift
in the radiating field. From the observation of the E or electric
field plot of Fig. 7(d), the radiation pattern has a slight shift in
azimuthal angle θ considered negligible. But the shift mostly
occurred due to the polar angleφ from the above equations, and
a maximum field Emax ≈ 7.45V/m at the distance r = 1m of
the radiation source was obtained for the complete FPA samples
observed in the simulation.

3.3.2. Discussion via Comparison between FFP and BFP Radiation

An extreme shift is observed in the FFP and BFP configura-
tions for angle d = 10%. The angular width of 3 dB in simula-
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FIGURE 6. Complete S11 of BFP shown in Fig. 2 for simulated samples.

(a) (b) (c)

FIGURE 7. 3-D views of far-field gain (left side view), (a) flat condition, (b) d = 10% FFP front V-folding and (c) d = 10% BFP V-folding.

tion considered as half-power bandwidth (HPBW) is a = 78.8◦

for unfolding FPA having slight changes in FFP and BFP due
to change in φ. For the FFP radiation field from −30◦ to 0◦,
there is an increase of 1◦ for every sample (i.e., 2.5%) and after
the FFP reaches 75%. It holds no shift in radiation due to the
folding of FPA since it is done after the metallic patch surface,
which is a cause of radiating. The angular width (3 dB) of all
FFP samples lies between 74.5◦ and 76.5◦, which is a cause of
slightly increasing gain and directivity. For the BFP radiation
field from 30◦ to 0◦, there is a decrease of 1◦ for every sample
(i.e., 2.5%) as illustrated by Fig. 8.
When the BFP reaches 72.5%, it holds no shift in radiation

due to folding at the edge of the patch metallic surface, so ra-
diation leak will be good. The angular width (3 dB) of all BFP
samples lies between 76.5◦ and 81.5◦, which is a strong reason
for a good improvement in gain and directivity. The next sec-
tion is focused on the performance improvement of V-folded
FPA.

4. ANALYSIS OF V-FOLDED FPA PERFORMANCE IM-
PROVEMENT
Based on the obtained 3-D EM simulation results, the perfor-
mance improvement of the V-folded FPA under FFP and BFP
configurations compared to the flat position is analyzed in the
present section.

4.1. Comparison of FFP and BFP Simulated Results

The FPA previously shown by Fig. 2 was also simulated with
a parametric variation of FP. The obtained results for assess-
ing the antenna performance concerning the FFP and BFP po-
sitions are discussed in the present subsection. The simula-
tion results highlight a very clear study of V-folding for every
∆FP = 2.5% increase from FPmin = 10% in the structure
front and back until FPmax = 100% (unfold). The accumu-
lated results with basic characteristics are shown in Fig. 9. The
initial V-folding FP is considered as 10% due to the coaxial
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FIGURE 8. Radiation field comparison of flat FFP and BFP for a = 10◦.

(a)

(b)

(c)

(d)

FIGURE 9. Comparison of simulated FFP and BFP (a) directivity, (b) gain, (c) resonance frequency, and (d) total efficiency. All the characteristics
plotted according to simulation results are not stable from d = 10% to 25%, which is due to FP at feeding length Lf in both FFP and BFP. After
feeding, once the FP is reached, stability is obtained due to proper inductance and capacitance values.

feeding interruption. A 2.5% increment for every fold allows
us to follow the change. The simulation results highlight a very
clear study of V-folding for every∆FP = 2.5% increase from
FP = 10% in the structure front and back until FP = 100%
(unfold) accumulated with basic characteristics shown in Fig. 9.
During the computation, the FP of initial V-folding is consid-
ered as FP = 10% due to the coaxial feeding interruption. A
∆FP = 2.5% increment for every fold allows to follow the
change. Some changes are not observable compared to the pre-
vious work [31]. Important characteristics monitored by com-
paring FFP and BFP from the 3-D EM simulation are the direc-
tivity D, gain, resonance frequency Fr, and total efficiency as
shown in Fig. 9.
All the characteristics plotted according to simulation results

are not stable from d = 10% to 25%, which is due to FP at

feeding length Lf in both FFP and BFP. After feeding, once
the FP is reached, stability is obtained due to proper inductance
and capacitance values.

4.2. Simulated Results to Improve V-Folded MPA Performance

The simulation results are required to understand the perfor-
mance before measurement. The challenging improvement
through FPA is simulated by the high-performance CST Stu-
dio Suite to improve performance step by step as mentioned in
the methodology depicted in Fig. 1(a). Improving the perfor-
mance starts from unfolding FPA expecting the performance
without degradation with FFP and BFP from PF = 10% V-
folding for all samples. Previous work [31] with a normal struc-
ture shows the performance and improvement in simulation af-
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TABLE 4. Comparison of Flat FPA performance from my previous work.

S. No Type of FPA h (mm) Fr (GHz) S11 (dB) BW (MHz) D (dBi) Gain (dB)
1 [31] 0.13 1.42 −22.8 31.6 5.5 −18.54

2 Trimmed ground 0.13 1.79 −1.58 - 2.14 1.72
3 Normal ground 0.26 4.26 −21.0 75.7 6.97 −7.46

4 Trimmed ground 0.26 1.84 −6.38 - 2.39 1.81
5 Normal ground 0.39 4.30 −11.4 52.8 7.03 −5.03

6 Trimmed ground 0.39 1.88 −12.7 174.7 2.16 1.93
7 Normal ground 0.52 4.36 −9.68 - 8.026 0.98
8 This paper 0.52 3.40 −15.4 360.8 2.10 1.88

ter iteration in the ground plane as shown in Table 4. In this
paper, multiple simulation results for unfold antenna consider
normal ground called full ground placed and trimmed ground
called iterated ground up to FP = 52.8%. The main intention
of calculating the different heights of substrates starting from
hmin = 0.13mm to hmax = 0.52mm is to observe the perfor-
mance while simulating with the normal ground and trimmed
ground. Kapton obtained in the market is 0.13mm only, but
we need to enhance the height of the substrate by about 4 times
to obtain the best performance as shown in Table 4. The main
reason for the observed shift and changes in performance is a
fringing field effect. The 3-D EM simulation was first focused
on unfolding FPA to understand and improve performance by
practicing in different scenarios. As explained by Table 4, we
understand that iteration of ground will hold frequency shifting
for all percentage-wise folding, and an increase in height h of
substrate improves the performance of parameters, especially
gain. For practical validation of the obtained simulated results,
an experimental investigation is discussed in the following sec-
tion. Here, the thickness of the substrate is increased step by
step in CST Studio for simulation results, so that with V-folding
the PA can achieve stability in performance.

5. INVESTIGATION OF FPA EXPERIMENTAL RESULTS
The experimentation results in V-folded FPA highlighting the
behaviors analyzed of the previous sections are discussed in the
present section.

5.1. Description of FPA Prototyping
The FPA V-folding experimentation was studied by fabricat-
ing and testing prototypes presented by Fig. 10. These FPA
prototypes were chosen by exhibiting good performance due to
the real-time fringing field. The employed flexible substrate
is Kapton polyimide readily available in different forms (adhe-
sive, normal). The experimental tests were performed for flat
FPA position (Fig. 10(a)), two cases of the FFP (Fig. 10(b) and
Fig. 10(c)), and two cases of BFP (Fig. 10(b) and Fig. 10(c))
positions. For these test cases, FP = {10%, 75%}was consid-
ered as indicated by Table 5. However, to increase the antenna
width, glue is used for FFP and BFP (forFP = 75%). For both

test cases, the V-folding layer by layer since FP = 75% does
not change the radiating microstrip patch. The convenience on
increasing the width is that the PA will hold V-folding without
any support (like a polyvinyl chloride (PVC) fixture or holder).

TABLE 5. Tested FPA prototype configurations.

Configuration Unfolded FFP BFP
Fig. 10(a) 10(b) 10(c) 10(d) 10(e)
FP 100% 10% 75% 10% 75%

5.2. Description of FPA Challenging Experimental Setup

The fabricated FPA is presented with front and side views of ev-
ery FP fixed on the folding clips to hold the designed antenna
for extracting the measurement results. The V-folded FPA was
tested in an anechoic chamber of the EM research laboratory
of the Central Research Facility IIT Delhi. During the test,
the return loss was measured with an Anritsu MS2028C vec-
tor network analyzer (VNA). The FPA was also tested by using
Keysight EXA signal analyzer N9010A operating from 10Hz
to 44GHz as displayed in Fig. 11. The photographs of the ex-
perimental environment with the flat FPA prototype placed on
test support are displayed in Fig. 12(a) for flat & folded FPA
in Fig. 12(b). In addition, the obtained test results of V-folded
FPAperformance from the challenging experimentation are dis-
cussed in the following subsection.

5.3. Analyses on Simulated and Measured Performances of V-
Folded FPA

Multiple simulation results for unfold antenna consider normal
ground called full ground placed and trimmed ground called it-
erated ground up to 52.8%. The main intention of calculating
the different heights of substrates starting fromhmin = 0.13mm
to hmax = 0.52mm is to observe the performance while simu-
latingwith the normal ground and trimmed ground. TheKapton
provided in the market is 0.13mm only, but we need to enhance
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(a) (b) (c)

(d) (e)

FIGURE 10. Illustration of experimented V-folded FPA positions: (a) flat (unfold), ((b) d = 10% and (c) d = 75%) FFP, and ((d) d = 10% and (e)
d = 75%) BFP with corresponding side view.

TABLE 6. Comparison of V-folded FPA simulated and measured performances.

Approach V-fold types FP (%) Fr (GHz) S11 (dB) D (dBi) Gain (dB)

Simulation

Flat (unfold) 100 3.40 −15.65 2.10 1.88

FFP 10 3.44 −12.56 2.18 1.97
75 3.41 −15.66 2.15 1.92

BFP 10 3.48 −9.67 2.25 2.04
75 3.41 −15.65 2.15 1.92

Measurement

Flat (unfold) 100 2.74 −23.9 2.54 4.03

FFP 10 3.34 −24.3 1.64 1.75
75 2.08 −44.6 2.25 2.19

BFP 10 3.40 −27.1 1.83 1.95
75 2.23 −29.2 1.86 2.20

the height of the substrate by about 4 times to obtain the best
performance as shown in Table 6.
Themain reason for the shift and changes in performance ob-

served is a fringing field effect. The 3-D EM simulation results
were first focused on unfolding FPA to understand and improve
performance by practicing in different scenarios. In the experi-
mental setup, the fabricated FPA is presentedwith front and side
views of every FP fixed on the folding clips to hold the designed
antenna for extracting the measurement results. Simulation re-
sults show stabilization of Fr, gain, andD for all samples. The
comparison between the simulated and measured results is ad-
dressed in Table 6. After the result analyses, a good correlation

between the FPA performances such as resonance frequency,
return loss, directivity, and gain concerning arbitrarily chosen
FP = {10%, 75%, 100%} is found. The slight differences be-
tween the noticed parameters are mainly due to the test setup’s
mechanical imperfections and the substrate material discrepan-
cies. It is noteworthy that the copper sheet after many times
folding in different PFs gets to tear down, so to overcome this
limitation, it was fabricated FPAs for different FP estimations.
The FP effect for obtaining proper V-folded FPA perfor-

mance is innovatively studied. To do this, flexible substrate
width increase, iteration of ground, and reconfiguring the size
of PAs were considered. Apart from performance, we obtained
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(a) (b)

(c)

FIGURE 11. Experimental setup photos of anechoic chamber FPA tested with a signal analyzer. (b) Flat FPA, (c) Folded (d = 10%) FPA.

(a) (b)

(c) (d)

FIGURE 12. Comparison of simulation and measurement results, (a) Resonance frequency, (b) S11, (c) Gain and (d) Directivity.
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stabilization in the function of FP for all FFP and BFP sam-
ples. The flexible substrate thickness is 0.13mm, but to im-
prove performance parameters like gain, bandwidth, etc., and
maintain stabilization, it was opted to increase the thickness
about 4 times, i.e., 0.52mm. The improving thickness has the
advantage of holding the folding position without any support.
It obtained bandwidth improvement of 10 times from the pre-
vious structure and gain improvement, so the folding antenna
can be used for many applications. Designing the FPA concern-
ing FP is challenging since no proper tools are provided for a
different form of folding. Folding FPA is done by first design-
ing the required FP structure, and molding the FPA accordingly
is critical. The FFP and BFP complete samples simulated are
altogether to check the folding performance.

6. CONCLUSION
In this paper, we investigate improving the performance of V-
folding in PF for the complete front and back sides of FPA.
The FPA needs a different form of folding in which V-folding
is sharp-bent at one point, so wireless communication required
for any objects can be attained. The folding of any FPA de-
grades performance, but after certain methods can be retained.
Designing the V-fold FPA in CSTMWS 2018 is challenging for
about 72 samples for front and back PF simulation. This is an
extensive study given for affecting performance with lumped
elements changes. The simulated FPA is designed for a proto-
type of authenticity, and good resonance is observed. In the fu-
ture, the copper sheet used for the ground plane and a radiating
patch can be replaced with nanomaterial for better exhibition in
folding.
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