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A Passive Adaptive Metamaterial Radome based on PIN Diodes
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Abstract – Automatic protection of EM detecting sys-
tems from unexpected high-power incidence is impor-
tant to the robustness and life of a passive detecting
system. In this paper, an adaptive metamaterial radome
which automatically shields the receiving antenna from
strong incident wave is designed. Based on standard wire
medium, PIN diodes are added between adjacent wires.
When the incident EM wave is weak, the diodes are in
“off” state and affect little to the transmission of the wire
medium. When the incident EM wave is strong enough
to turn the diodes to “on” state, electric currents will be
automatically formed in the diodes and the power trans-
mitted to the antenna will be largely reduced. The adap-
tive transmission of the proposed radome is validated by
the simulation and measurement results.

Index Terms – Metamaterial, radome, tunable devices,
wire media.

I. INTRODUCTION

Conventional radomes are used to provide physical
protection for the antenna from its environment (wind,
rain, sand, ice, etc.) [1], but new radomes also face
the increasing technical requirements such as regulating
electromagnetic (EM) beams. For example, EM meta-
materials are introduced in radomes to provide functions
such as improving the gain, changing the polarization of
the antenna, and filtering the electromagnetic waves [2–
5]. Metamaterials or metamaterials-inspired structures
[6, 7] generally present frequency-selective properties.
So metamaterials-incorporated devices can avoid out-of-
band electromagnetic interference [8].

Wire medium is a classic type of metamaterial [9–
14]. As shown in [15], a standard wire medium aligned
in the z-axis with square lattice has anisotropic permit-
tivity as

¯̄ε =

⎡⎣ ε0 0 0
0 ε0 0
0 0 ε

⎤⎦ , (1)

where

ε = ε0

(
1− k0

2

k2−q2
z

)
, (2)

and k0, qz are defined in [15].
In this medium, transmission line mode can be sup-

ported. When the length of the wire is properly designed,
the wire medium reaches Fabry-Perot resonance and can
provide high transmission for all angle incidence with
subwavelength details in this canalization status [9, 10].

In metamaterial designs, active devices are utilized
to provide flexibility for various applications [16–20].
Active metamaterials are also used in radomes to regu-
late the beams to enhance the angular stability [21] or to
actively control the transmission [22–24]. However, for
a detecting system, unexpected high-power incidence of
EM waves is fatal and will affect the robustness of the
detecting system. In this case, active metamaterials are
not so effective in harnessing the EM waves because the
state of the incidence is not known in advance.

In this paper, we propose an adaptive passive
radome based on PIN diodes incorporated wire medium.
This radome provides high transmission for low-power
EM incidence. However, if the EM incidence is strong
enough, the transmission will be dramatically reduced
automatically. The mechanism of the radome is as fol-
lows. When working in a low-power incidence scenario,
the PIN diodes are in “off” state and have little effect
on the canalization working status of the wire medium.
So high transmission is supported in the wire medium.
When the incidence is so strong as to turn the PIN diodes
to “on” state, forward currents will be formed between
the PIN diodes, forming a shielding net in the wire
medium, destroying the canalization status of the wire
medium, and causing low transmission in the radome.
Thus, adaptive transmission and automatic protection for
the passive detecting system is realized from the hard-
ware point of view, and it will significantly enhance the
robustness and lifetime of a detecting system.
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The operating mechanism is detailed below. The
proposed radome was simulated by software CST
Microwave Studio, with the diodes modeled by its
equivalent circuits. Further, it was fabricated and mea-
sured, with its function verified by measurement results.

II. DESIGN OF THE RADOME

The proposed metamaterial radome consists of a
standard wire medium. On a plane normal to the wires,
a layer of PIN diodes is added connecting the neighbor-
ing wires. A thin dielectric layer is added to support the
diodes, on which a metallic circuit is printed to connect
the diodes to the wires, as shown in Fig. 1.

The proposed radome is based on the transmission
properties of the standard wire medium and the turn-
on characteristics of the PIN diodes. The standard wire
medium can be designed to work in the canalization
status. That is, when the length of the metal wire is
integer multiples of half-wavelength, the wire medium
reaches Fabry-Perot resonance. Under such resonance,
the wire medium experiences total wave transmission for
all angles of the incident wave [7–8]. Since the lattice
constant of the wire medium relates to the resolution of
transmission, it should be designed sufficiently small to
capture the detailed information of the transmitted EM
wave.

Moreover, transmission line (TEM) mode is sup-
ported in the canalization status [7]. So, as shown in
Fig. 2 (a), the transverse electric field between the metal-
lic rods can provide a bias for the PIN diodes, provid-
ing us the chance to add semiconductors to dynamically
adjust the transmission characteristics of the wire media.

Hence, a layer of PIN diodes is integrated, as illus-
trated in Fig. 2 (b). While the wire medium works in
canalization status, when the incident power is not so
strong as to turn the diodes on, the PIN diodes stay in
“off” state and the diode array is equivalent to a layer
of dielectric plane. In this case the canalization status of
the wire medium will be largely preserved, leading to
high transmission characteristics of the radome. When

Fig. 1. Structure of the proposed radome.

(a) (b)

Fig. 2. Scheme of PIN diodes integration in the wire
medium: (a) CST result of electric field in a standard
wire medium in the canalization status, (b) diode inte-
gration scheme.

the incident power is so strong that the transverse electric
fields between adjacent wires exceed the turn-on voltage
of the diodes, the diodes will be turned on, and a forward
current will be formed through the sheet.

Thus, an equivalent metallic net is generated on
the diode layer, reflecting the incident electromagnetic
waves automatically. With the canalization state of the
wire medium destroyed by the forward currents, the
radome shows low transmission.

III. SIMULATION ANALYSIS
A. The simulation models

The wire medium modeled consists of copper rods
with diameter 2 mm and length 150 mm (2.5 wave-
lengths under 5 GHz). These rods form a 40×33 array in
a square lattice with lattice constant of 10 mm. Near one
end (20 mm away from the end) of the wire medium, a
thin F4B sheet with thickness 0.508 mm, and εr = 2.2 is
used as the support medium for the diode array. On this
sheet periodical holes are arranged for the metallic rods
to go through. Between the holes, short metallic wires
with width 0.3 mm are printed as a circuit to connect a
PIN diode to its neighboring rods. The diode considered
is the RF PIN diode BAR64-5 of Infineon Corporation.
According to [25], the photo, the hardware basing cir-
cuit, and the equivalent circuit (EC) for the PIN diode
(D1) used in the design is shown in Fig. 3. The oper-
ating frequency of the diode is 5 GHz, which is beyond
the highest specified frequency by the manufacturer [25].
As the EC parameters for the design are not provided
by the manufacturer, in this paper, the diode parameters
were extracted from the measured S-parameters of the
diode [26]. The extracted parameters are Rs = 3 Ω, L =
1.8 nH, CT = 0.22 pF, and Rp = 2850 Ω.

Two horn antennas operating at 5 GHz are modeled
as the transmitter and receiver, as shown in Fig. 4 (a).
An observation plane is defined as a plane transverse to
the wave transmission between the wire medium and the
receiver. On this plane, the electric field is sampled to
calculate the transmission of the radome.
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Fig. 3. The photo, the hardware basing circuit, and the
equivalent circuit of the PIN diode (D1) used in the
design under “on” or “off” states.

(a)

(b) (c)

Fig. 4. Illustration of the proposed radome: (a) The finite
sized model, (b) the unit cell model, and (c) the cut plane
where diodes are integrated.

Apart from the above model, unit cell models for
diode “on” and “off” states are also used to study the
proposed radome with sufficient periodicity. In the unit
cell model, for the convenience of modelling, each PIN
diode is separated into a pair of serially connected iden-
tical PIN diodes, as shown in Fig. 4 (c).

In both the finite structure model and unit cell
model, a radome formed by the same standard wire
medium without diodes and the F4B sheet is used as a
reference.

B. Simulation results

With the finite model shown in Fig. 4 (a), the S
parameters were calculated. Figure 5 shows that the

Fig. 5. The transmission coefficients of the radomes.

difference in S21 between the proposed radome with
Diodes “off” and the reference radome is generally
less than 1 dB. It indicates the proposed radome only
slightly degrades the transmission when the diodes stay
off. When the diodes are turned on by strong incidence,
the transmission gets obviously reduced. Compared with
that of the reference, this difference reaches 6.6 dB at 5
GHz.

The amplitudes of electric field on the observation
plane in the near field are compared in Fig. 6. It can be
seen that the field distribution of the radome with diodes
“off” is similar to that from a horn antenna with a refer-
ence radome. That is because in “off” state, known from
the EC model, the impedance of the diode is very high,
leading to small leakage currents between the metal-
lic wires. So, compared to that in the case of standard

(a) (b)

(c)

Fig. 6. Simulated electric field distribution on the obser-
vation plan: (a) The reference radome, (b) radome with
diodes “off,” and (c) radome with diodes “on.”
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wire medium, the leakage currents have little effect on
the transverse field between the metallic wires. Conse-
quently, the canalization status of wire medium is largely
preserved. However, with diodes “on,” the impedance
of the diode is small and the leakage currents between
the metallic wires are large. The large leakage currents
form a current net in the diode plane, dramatically reduc-
ing the transverse electric field on that plane. Without
the supporting of the transverse electric field, the canal-
ization status of the wire medium disappears, and the
EM wave transmitted through the radome will be largely
reduced. That is why we can find significantly weaker
electric field on the observation plane, as shown in Fig. 6
(c), which demonstrates an obvious shielding effect of
the radome.

(a)

(b)

Fig. 7. The transmission and reflection of the three
radomes under unit-cell models with different incident
angles: (a) S21 and (b) S11.

The reflection and transmission coefficients of the
proposed radome are simulated with unit cell models.
The incident angles of 0 and 30 degrees were investi-
gated. As shown in Fig. 7, for the reference radome, the
simulated transmission is 0 dB, both for the normal inci-

dence case and the oblique incidence one. As for the
radome with the diodes in “off” state, the S21 is around
-0.6 dB for the normal or the oblique incidence cases,
indicating that high transmission is supported, which is
affected little by the incident angle. However, when the
diodes are on, the proposed radome has highest reflec-
tion and lowest transmission for both cases. Specifically,
the S11 results are about -3.5 dB at 5 GHz and the S21
results are low. While when the diodes are off, the reflec-
tion is around -20 dB, and the transmission is over -1 dB
for either incidence.

IV. EXPERIMENTAL RESULTS

The proposed radome as investigated in Section III
was fabricated by using copper rods, F4B and RF PIN
diodes BAR64 of Infineon Corporation. In order to gen-
erate a strong incident electromagnetic wave to turn the
diodes on, a power amplifier with output power of 39
dBm was used for feeding the antenna when the “on”
state of the diode is required. Circulator and attenua-
tors are utilized in the measurement system for protec-
tion measurement for high-power case. The near fields
from the radome are scanned as shown in Fig. 8. The
scan plane is 5 wavelengths (300 mm) away from the
radome.

As shown in Fig. 9, the measured field distributions
show similar trends to the simulation results. When the
input signal is weak, which cannot turn on the diodes,
the electric field on the observation plane has a similar
distribution pattern to that without the radome. When the
high-power amplifier is used, the incident electric field is
so strong that the diodes are turned on, and the electric
field, as shown in Fig. 9 (c), gets reduced by more than
3 dB on the observation plane compared with Fig. 9 (b).
To some degree, the proposed radome reaches the goal
to shield the receiver from strong electromagnetic wave.

Fig. 8. Measurement environment and the details of the
fabricated radome (lower right-hand corner)

Figure 9 also shows that the field amplitude in the
case with the radome under low-power incidence is evi-
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(a)

(b)

(c)

Fig. 9. Near-field scanning results of field intensity
and phase distribution: (a) Antenna without radome, (b)
antenna with radome under low-power incidence, and (c)
antenna with radome under high-power incidence.

dently smaller than that without the radome. The diode-
integrated wire medium radome introduces larger losses
in physical measurement than in simulation. The reasons
are as follows:

1. The F4B board, the printed circuit, and the weld-
ing of the PIN diodes bring greater loss to the trans-
mission channel in measurement than in simulation,
which affected the transmission of the radome.

2. The manufacturing of the wire medium in the
radome was not precise enough; e.g., some metal-
lic rods were not sufficiently parallel.

3. The diode’s equivalent circuit model is based on cir-
cuit tests with voltage bias instead of EM wave scat-
tering experiments. So, the equivalent circuit model
is not sufficiently accurate when predicting its EM
scattering effect.

Table 1: Comparison of self-tuning radomes (radome
function: low power transmission, and high power
absorption)

Ref. Structure Freq.

(GHz)

Verification

Sim. Meas.

[20] Metasurface+PIN
diodes

2.5 √ ◦

[21] Metasurface+
PIN diodes

6.5 √ ©

This
work

Metamaterial+PIN
diodes

5 √ √

The comparison between the proposed radome and
other self-tuning radomes in the literature is made in
Table 1.

V. CONCLUSIONS

In this paper, a passive metamaterial radome based
on PIN diodes is proposed, to automatically shield the
receiver from high-power EM incidence and protect
the receiver system. The mechanism of the radome is
explained. Simulation results show that the proposed
radome shows obviously different transmission property
under diodes “off” and “on” states. The reflection is
around -20 dB with diodes “off,” while it is -3.5 dB with
diodes “on.” Experimental results show that the trans-
mission also gets reduced by more than 3 dB, when the
receiver is illuminated by strong incidence with power of
39dBm, compared with the weak incident power case.
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Abstract – Wireless power transfer (WPT) is a safe,
convenient, and intelligent charging solution for elec-
tric vehicles. To address the problem of the suscepti-
bility of transmission efficiency to large uncertainties
owing to differences in coil and circuit element process-
ing and actual driving levels, this study proposes the use
of adaptive Gaussian process regression (aGPR) for the
uncertainty quantification of efficiency. A WPT system
efficiency aGPR surrogate model is constructed with a
set of selected small-sample data, and the confidence
interval and probability density function of the transmis-
sion efficiency are predicted. Finally, the reptile search
algorithm is used to optimize the structure of the WPT
system to improve efficiency.

Index Terms – Adaptive Gaussian process regres-
sion (aGPR), electric vehicle (EV), optimal design,
uncertainty quantification (UQ), wireless power transfer
(WPT).

I. INTRODUCTION

With the rapid development of electric vehicle (EV)
technology, its charging methods have also improved [1].
In response to the drawbacks of cable charging methods,
wireless power transfer (WPT) technology was designed
to remove the mechanical interface, improve safety, and
enable dynamic charging. The technology is advanced,
maturing gradually [2, 3], and a promising mainstream
EV charging technology in the future [4]. Many schol-
ars examined the issues related to EV-WPT systems and
developed international standards [5]. However, owing
to the complex design and control of the transfer system

and differences in actual driving levels, each factor in
the coil structure, transfer distance, misalignment, and
compensation topology design can directly or indirectly
impact the efficiency of the system [6–8]. As the uncer-
tainty of the aforementioned relevant factors as input
parameters will have a significant impact on WPT system
efficiency, conducting uncertainty quantification (UQ)
evaluation and optimization studies on the efficiency of
EV-WPT systems is important.

Parametric UQ methods include statistical and non-
statistical methods, among which the statistical methods
are dominated bv the Monte Carlo (MC) method and
its improvements, which are typically used to verify the
accuracy of other UQ methods [9]. Owing to the com-
plexity and high computational cost of an experimental
system, nonstatistical methods based on the generalized
polynomial chaos expansion (gPCE) method, machine
learning, deep learning, and the Kriging surrogate model
are widely used in UQ studies. Rossi et al. [10] com-
bined gPCE theory with an effective model of interac-
tions among devices in the radiative near field to build
a UQ framework for the efficiency of WPT systems and
demonstrated that the method is more flexible and effi-
cient than the stochastic configuration method, based on
a single gPCE and direct MC analysis; however, the
mapping solving process of the PCE surrogate model
suffers from the problem of the “curse of dimensional-
ity” [11]. With the development of artificial intelligence,
machine learning has gradually been employed in the
field of WPT electromagnetic compatibility. Trinchero
et al. [12] examined leastsquares support vector machine
(LS-SVM) regression and its optimized form for WPT
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efficiency UQ and demonstrated that LS-SVM regres-
sion, based on kernel technology, can effectively solve
the high-dimensional spatial nonlinear UQ problem, but
the hyperparameter selection lacks a priori knowledge
and cannot be realized based on a rigorous mathemat-
ical basis. Larbi et al. [13] employed LS-SVM regres-
sion, combined with Gaussian process regression (GPR),
for WPT system UQ. Based on the quantification results,
the authors used partial least squares regression for the
sensitivity analysis of the parameters and system effi-
ciency optimization but obtained poor prediction results
for the regions with a low probability of occurrence.
Other scholars applied the Kriging surrogate model [14]
and deep learning [15] to the UQ and optimization of
simplified WPT systems, but UQ capability for the com-
plex structure of WPT simulation models remains to be
verified. The GPR method, based on Gaussian stochas-
tic processes, kernel techniques, and Bayesian inference
theory, can overcome the “curse of dimensionality” and
follows a strict mathematical derivation of the hyperpa-
rameters while giving a more comprehensive uncertainty
analysis than LS-SVM regression and adaptive sparse
PCE [16]; however, the number of training samples can
be further reduced to lessen the computational cost.

In terms of WPT efficiency optimization, Chen et al.
[17] proposed a series-parallel hybrid resonant structure
and optimized capacitor parameters to improve WPT
efficiency while achieving a long transfer distance. Yang
et al. [18] optimized the voltage gain and transmis-
sion efficiency by designing compensation parameters
for series/series-parallel inductive power transfer sys-
tems. Meanwhile, Zhou et al. [19] employed a con-
strained adaptive particle swarm algorithm with a multi-
objective function, using DC−DC input voltage as the
decision variable to perform the multi-objective opti-
mization of the output power and efficiency of a WPT
system. The above studies showed that the optimization
of the efficiency of WPT systems is influenced by a vari-
ety of parameters. Therefore, the optimization of EV-
WPT transmission efficiency based on UQ can, on the
one hand, fully consider the practical application of WPT
systems and, on the other hand, provide a reference for
improving the robustness of such systems.

To address the shortcomings of the above studies, an
information entropy adaptive sampling strategy is used
in this study to build an adaptive GPR (aGPR) surro-
gate model to quantify the transmission efficiency uncer-
tainty and compare it with the MC method and GPR
UQ results. Based on the UQ, the efficient reptile search
algorithm (RSA) is combined to optimize the compo-
nent parameters in the compensation network to improve
transmission efficiency and system robustness.

The main contents of this paper are as follows:
Section II introduces the EV-WPT system numerical

simulation model, and Section III builds an aGPR-based
transmission efficiency UQ framework for an EV-WPT
system. Section IV presents the application of the RSA
in the transmission efficiency prediction and overall sys-
tem optimization, and Section V describes the specific
experimental procedure for verifying the UQ capability
of the aGPR model and effectiveness of the optimization
scheme. Finally, Section VI summarizes the whole work.

II. NUMERICAL SIMULATION MODEL OF
EV-WPT SYSTEM

Based on the principle of magnetic coupling reso-
nance, this study uses space alternating magnetic fields
to transfer power and establishes a simulation model
of a magnetically coupled resonant EV-WPT system by
COMSOL software. The working frequency of the sys-
tem is 85kHz and the output power is 3 kW.

Figure 1 (a) presents an overall model of EVs, refer-
ring to most family car models on the market, with a
design body size of 4500 mm× 2000 mm× 1500 mm
and material of mainly aluminum, ignoring other non-
electromagnetic materials. Figure 1 (b) shows a square
magnetic coupling mechanism, the inner side of which is
the power transfer coil group consisting of transmitting
and receiving coils, with an outer contour size of 600 mm
×600 mm and an inner contour size of 300 mm× 300
mm. The vertical distance d of the transceiver coil is
within the range of 100-150 mm, the number of turns of
the coil on each side is 11, the conductor material is cop-
per, and the radius of the cross-section ro is 0.8 mm. The
outer side of the coil group is covered with ferrite of the
same size as the outer contour of the transfer coil, with
a thickness of 10 mm, which can improve the coupling
coefficient and reduce magnetic field leakage, thereby
improving transmission efficiency. The scale factor l is

(a)

(b) (c)

Fig. 1. EV with WPT and magnetically coupled mecha-
nism.
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defined as the scaling of the dimensions of the square
transceiver coils to their square centers (e.g., the dot
in Fig. 1 (b)), and Δx and Δy are the misalignment of
the coupling mechanism in the horizontal x - and y-axis
directions, respectively, as shown in Fig. 1 (c).

As WPT coils typically have a small coupling coef-
ficient, S-S and parallel-series topologies are highly suit-
able for efficient WPT systems [20]. To further enhance
the transmission power, an S-S compensation circuit is
used in this study, as shown in Fig. 2, where IS is the
AC current source, RT is the equivalent resistance of
the transmitting loop, RR is the equivalent resistance of
the receiving loop, RL is the load resistance, CT and
CR are compensation capacitors at the transmitting and
receiving end, respectively, LT and LR are the equiva-
lent inductance of the transmitting and receiving coils,
respectively, and M is the mutual inductance between the
two coils. When resonance is generated between the two
coils, the efficiency of the power transfer in the system
will be [21]:

η =
RL

RR +RL

ω2M2

ω2M2 +RT (RR +RL)
, (1)

where RZ =RR+RL,ω is the resonant angular frequency.
In practice, differences exist in the manufacturing

of coils and circuit components and in the operations
of the driver, which may lead to uncertainty in the coil
dimensions and circuit element parameters and mis-
alignment of the transmitting and receiving coil packs,
thereby affecting the mutual inductance and mutual cou-
pling coefficient. Such differences may also inevitably
cause uncertainty in the transmission efficiency of EV-
WPT systems. Therefore, typical deterministic studies
are not representative, and UQ studies on EV-WPT effi-
ciency must be conducted statistically to analyze the
extent to which efficiency is affected by multiple fac-
tors. This study focuses on the UQ of EV-WPT sys-
tem efficiency under misalignment, physical dimensions,
and component parameters and further optimizes it. In
the next section, a UQ framework for the transmission
efficiency of an EV-WPT system is developed based on
aGPR machine learning.

Fig. 2. Series-series (S-S) compensation circuit.

III. UQ OF EV-WPT TRANSMISSION
EFFICIENCY BASED ON AGPR

A. GPR for transmission efficiency prediction GPR
is a parameter-free stochastic process regression based
on a Gaussian distribution, which can give probabilis-
tic approximate predictions on the quantity of interest
and calculate the predicted variance at each sample point
in the input parameter space [22]. The Gaussian process
is entirely determined by the mean function (trend) and
covariance function (kernel function). The hyperparam-
eters of the covariance function can be optimized when
training the GP model. This study uses GPR to estab-
lish the correspondence between the d-D column vector
of input parameters xxxp×d and transmission efficiency of
the WPT system ηηηn×1, then builds a surrogate model and
quantifies the uncertainty.

Based on the function space perspective, the Gaus-
sian process can be expressed as:

f (xxx)∼ GP
(
m(xxx),kθ

(
xxx,xxx′
))

, (2)

where θ is the hyperparameter of the covariance func-
tion, and m(xxx) and kθ (xxx,xxx′) are the mean and covari-
ance functions of the stochastic process f (xxx), respec-
tively [23]. The GPR learning problem for transmission
efficiency is:

η = f + ε. (3)

The GPR training process is shown in Fig. 3, where
f is considered as a potential function, ε is the estimated
noise of the GP, ε ∼ N

(
0,σ2

n
)
, and f1, f2, . . . , fn satisfy

the joint Gaussian distribution.
To simplify the calculation, let the prior trend of ηηη

constructed from the n training samples (xxxn×α ,ηηηn×1) be
η ∼ N

(
0,Kf f +σn

2I
)

and the potential function con-
structed from the m testing samples be f ∗. The joint prior
distribution of ηηη and fff ∗ is:

Fig. 3. GPR prediction process for transmission effi-
ciency.
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[
ηηη
fff ∗
]
∼ N
(

000,
[

KKK fff fff +σ2
n I KKKT

fff fff ∗
KKK fff fff ∗ KKKψ∗

])
(4)

where KKK fff fff ,KKK∗∗,KKK fff fff ∗ are the covariance matrices
between the training samples, testing samples, and the
training and testing samples, respectively. The mean f ∗
and variance σ2∗ of the predicted distribution can be
derived from Bayesian theory as:

fff ∗ = KKK fff fff ∗
(
KKK fff fff +σ2

n I
)−1 ηηη , (5)

σ2
∗ = KKK∗∗ −KKK fff fff ∗

(
KKK fff fff +σ2

n I
)−1

KKKT
fff fff ∗ , (6)

where f ∗ gives the probabilistic approximate predicted
value of the transmission efficiency, and σ2∗ gives the
uncertainty of the prediction.

1) Kernel function
Commonly used kernel functions are square ker-
nels, that is, SE covariance, Matérn 3/2 kernel,
and so on. As square kernels have a low solution
complexity and low computational cost, this study
applies the square kernel function to the regression
analysis, as shown in (7):

kSE
(
xxx,xxx2)= σ2

f exp
(
− 1

2v2

∥∥xxx− xxx′
∥∥2
)
. (7)

2) Hyperparameters
In GPR, the various parameters and noise σ2

n in
the kernel function are variable and collectively
referred to as hyperparameters. The hyperparame-
ters of the covariance function, mean function, and
nugget factor are learned by finding the maximum
value of the log marginal likelihood function (8)
of the training samples (xxxn×0,ηηηn×1), leading to the
optimal hyperparameters:

logp(ηηη | xxx)
=−1

2
ηηηT (KKK fff fff +σ2

n I
)−1 ηηη

− 1
2

log
∣∣KKK fff fff +σ2

n I
∣∣− n

2
log2π. (8)

Unconstrained nonlinear optimization algorithms
can solve the GPR maximum likelihood estimation
problem. Common methods are the conjugate gradient
method and quasi-Newton method, but the solution com-
plexity enhances as dimensionality increases. The Fmin-
con algorithm uses the interior point method, which is
highly accurate and converges well but requires a suit-
able assigned initial value when optimizing. Classical
stochastic optimization methods, such as genetic algo-
rithms and particle swarm algorithms, have the advan-
tage of not relying on initial values and using global
search for optimality, which are less likely to fall into
local optimality but prone to premature convergence and
low accuracy [24]. However, the RSA has superior con-
vergence and can improve accuracy [25]. Therefore, in

this study, the RSA is used for the GPR hyperparameter
solution and compared with other stochastic optimiza-
tion algorithms to verify the optimization-seeking capa-
bility.

A. Sampling strategy for aGPR training

The aGPR method allows the standard deviation σ∗
at the transmission efficiency prediction point x to be
the entropy IE(x), according to the information entropy
adaptive sampling strategy [26], as shown in (9). First,
this strategy collects the specified samples from the can-
didate pool Xcand to the training pool and adds a new
input parameter point xk+1 at the maximum value of the
transmission efficiency prediction entropy, that is, the
maximum standard deviation, as shown in (10), where
k is the number of training samples. Second, the ter-
mination condition for the adaptive sampling is deter-
mined based on the transmission efficiency prediction
accuracy, as shown in (11), which terminates the sam-
pling when the maximum entropy decreases to δ . Each
iteration fits and constructs a new GP such that the mean
of the transmission efficiency prediction points can effec-
tively approximate the true value of the transmission effi-
ciency, maximize the accuracy of the surrogate model,
and reduce the required number of training samples. The
pseudo-code of aGPR is:

IE(x) = σ∗, (9)

xk+1 = argmax
x∈XCand

[IE(x)], (10)

max[IE(x)]≤ δ . (11)
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In the UQ, most of the initial samples are in the
region with a high probability of input parameter distri-
bution, and the entropy of this part of the region is small.
In the region with a low probability of input parameter
distribution, owing to the lack of sample points, the pre-
diction accuracy is low. Thus, aGPR places most of the
adaptive points in the area with a low input parameter
probability and continuously reduces the adaptive maxi-
mum entropy.

B. UQ framework based on aGPR

Based on the above theory, this study performs
EVWPT system transmission efficiency UQ based on the
aGPR surrogate model, which is divided into three main
stages.

Stage 1: Preparation of training data
Latin hypercube sampling is used to prepare the

training data
(
xxxn×α0ηηηn×1

)
. In combination with the

actual situation, it is assumed that the spatial misalign-
ment uncertainty input parameters obey a uniform distri-
bution, and the coil structure and component uncertainty
input parameters obey a normal distribution, given the
mean, variance, and fluctuation range of each parameter.

Stage 2: Construction of aGPR surrogate model
A covariance function is selected for aGPR training,

and RSA is used to search for the optimal set of hyper-
parameters. Let the negative log-likelihood function be
the unconstrained minimization objective function and
the hyperparameters be the optimization variables to pre-
vent the local optimum. The maximum entropy of the
transmission efficiency prediction model is continuously
updated, and input parameters from the candidate pool
are added to the training pool, iterating until a satisfac-
tory maximum entropy is reached. Model evaluation is
performed in comparison with the MC method.

Stage 3: WPT transmission efficiency UQ
Two characteristic statistics of the transmission effi-

ciency model, that is, the mean and variance, and the
transmission efficiency are calculated. Based on the
results, the impact of the input uncertainty on the output
can be understood, and the EV-WPT transmission effi-
ciency uncertainty can be quantified.

IV. OPTIMIZATION OF EV-WPT
TRANSMISSION EFFICIENCY BASED ON

RSA

The RSA is a new intelligent optimization algorithm
proposed by Laith Abualigah in 2021. The algorithm
mainly simulates the hunting behavior of crocodiles to
achieve an optimal solution, which has the characteristics
of fast convergence and strong search capability [25].

In this study, the RSA is employed to solve two
key problems: first, the optimization problem of the
GPR machine learning hyperparameters, and second,
the EVWPT system structure optimization problem, in

Fig. 4. The overall optimization process for transmission
efficiency.

which the WPT system transmission efficiency is taken
as the RSA optimization target, and the system structure-
related inputs are taken as the optimization parameters
to achieve the global optimization of the WPT system
transmission efficiency. The overall optimization process
is shown in Fig. 4. Firstly, adaptive sampling method is
used to extract samples of spatial offset variables and cir-
cuit parameters. The aGPR surrogates are then modeled
for UQ. The aGPR hyperparameters or model compen-
sation circuit parameters are optimized in the case of
unacceptable UQ accuracy and transmission efficiency
η . Re-perform the sampling and UQ until the results are
acceptable and then end the optimization.

The RSA search process consists mainly of three
phases, namely, the initialization phase, encircling phase
(exploration), and hunting phase (exploitation).

Initialization phase: The optimization process starts
with a set of randomly generated candidate solutions X,
as shown in (12):

X = rand× (UB−LB)+LB, (12)

where rand denotes to a random number between 0 and
1, and UB and LB denote the upper and lower bounds of
the given problem, respectively.

Encircling phase (global search): The RSA explo-
ration mechanism is based on two main search strategies,
that is, the high walking movement strategy and belly
walking movement strategy. The high walking strategy
depends on t ≤ T/4, the belly walking strategy depends
on t � T/2, and t > T/4. The position update equation
for the encircling phase is shown in (13):
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x(i, j)(t +1)

=

{
Best j(t)− γ(i, j)(t)×β −R(i, j)(t)× rand, t ≤ T/4
Best j(t)× x(i, j)×ES(t)× rand, t ≤ T/2 and t > T/4

,

(13)

where Besti j(t) is the ith position in the best obtained
solution, t is the number of the current iteration, and T
is the maximum number of iterations. In addition, γ(i, j)
denotes the hunting operator for the ith position in the
ith solution, which is calculated using (14); β is fixed to
equal 0.1 ; the reduce function R(i j) is the value used to
reduce the search area, which is calculated using (15);
r1 is a random number between [1 N];x(r1, j) denotes a
random position of the ith solution; N is the number of
candidate solutions; and ES(t) is the evolutionary sense,
which is calculated using (16):

γ(i, j) = Best j(t)×P(i, j), (14)

R(i, j) =
Best j(t)− x(r, j)

Best j(t)+ ε
, (15)

ES(t) = 2× r3×
(

1− 1
T

)
, (16)

where ε is a small value, r2 is a random number between
[1 N],r3 denotes a random integer between [−1 1], and
P(i, j) is the percentage difference between the jth posi-
tion of the best obtained solution and ith position of the
current solution.

Hunting phase (local search): The RSA exploitation
mechanism makes use of the search space and is based
on two main search strategies (hunting coordination and
cooperation) to avoid getting trapped in the local optima,
as shown in (17). The hunting coordination operation
depends on t ≤ 3T/4 and t > T/2, and the hunting coop-
eration operation depends on t � T and t > 3T/4 :
x(i, j)(t +1)

=

⎧⎨⎩
Best j(t)×P(i, j)(t)× rand, t ≤ 3T

4 and t > T
2 ,

Best j(t)− γ(i, j)(t)× ε−R(i, j)(t)× rand,
t ≤ T and t > 3T

4 .

.

(17)
The algorithm produces a random value in each

iteration, and this part of searching is beneficial in the
case of local optimum stagnation, especially in the final
iteration.

V. EXPERIMENTAL SIMULATION
ANALYSIS

A. UQ of transmission efficiency

Based on the transmission efficiency model in
Section II, it was determined that the EV-WPT trans-
mission efficiency was highly uncertain owing to the
influence of the coupling mechanism misalignment,
uncertainty of the coil structure, and circuit component
parameters. Based on the actual situation, it was assumed
that the spatial location parameters obeyed a uniform

Table 1: Parameter distribution of random variables
Variables Random

Distribution

Unit

l N(1,0.05) /
IS N(50,2.5) A
Δx U(-0.1,0.1) m
Δy U(-0.1,0.1) m
d U(0.1,0.15) m
r0 N(8e-4,4e-5) m
RT N(0.1,0.005) Ω
RZ N(5,0.25) Ω
CT N(120,6) nF
CR N(130,7.5) nF

distribution, and the component parameters obeyed a
normal distribution. After determining reasonable com-
ponent parameters, the intervals of the most probable dis-
tribution of parameters and possible boundaries of the
optimized parameters are determined in conjunction with
the real situation. The normal distribution sets the vari-
ance to 0.05×mean. The distribution intervals of 10
variables with an impact on transmission efficiency were
shown in Table 1.

According to the random distribution parameters in
Table 1, 200 training samples were collected with the
Latin hypercube sampling method as the initial train-
ing pool to establish the aGPR model, and 300 adap-
tive iterations were performed until the adaptive maxi-
mum entropy has leveled off. Another 800 training sam-
ples were collected to establish the GPR surrogate model
according to the prediction accuracy. At the same time,
based on experience and the UQ stability, 10,000MC
simulation experiments were performed to verify the
accuracy of the aGPR method. The simulation model
took about 1 minute to sample each sample, and the cal-
culation time was given for computers with 6core/12-
thread processors (Intel Core i5-10400, 2.90 GHz ) and
16 GB of RAM, running Windows.

A square kernel was used as the kernel function
to optimize the hyperparameters θ =

[
v0σ f σk

]
for the

establishment of the aGPR model. To verify the tracking
performance of the RSA, it was compared with the simu-
lated annealing algorithm, arithmetic optimization algo-
rithm, and other common algorithms [25]. With (8) as the
tracking objective, the population size of each algorithm
was set to 20, and the maximum number of iterations
was set to 100. The convergence behavior and computa-
tion time of each algorithm are shown in Fig. 5. The same
global optimal solution was obtained for all the methods,
except for the GA, which was trapped in a local opti-
mum, and the RSA had a faster search speed than the
other methods, took less time to compute, and demon-
strated the strongest overall search capability.
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(a)

(b)

Fig. 5. (a) Convergence results of maximum likelihood
estimation and (b) computation time of each algorithm.

To verify whether the aGPR model can overcome
the “curse of dimensionality”, UQ was performed on the
transmission efficiency of the first five and all 10 dimen-
sions in Table 1, and the training process and predic-
tion results of the five-dimensional variables are shown
in Fig. 6. As shown in Fig. 6 (a), the adaptive maxi-
mum entropy value decreased continuously during the
aGPR training process, and a highly desirable maximum
entropy was observed after about 250 calculations. The
aGPR prediction results were compared with the true val-
ues, as shown in Fig. 6 (b).

The probability of the actual values falling within
the prediction interval was 98.75%. Similarly, the GPR
prediction results, compared with the true values, are
shown in Fig. 6 (c), with a probability of 96.78%,
demonstrating that the actual values fell within the pre-
diction interval. To examine the performance of the
obtained surrogate model, the aGPR and GPR predic-
tion results were compared, as shown in Fig. 6 (d) and
Table 2, demonstrating that the aGPR model had a higher
prediction accuracy in the areas with a low probability of
occurrence of the samples and stronger predictive capa-
bility than the GPR model.

According to the above experiments and EV-WPT
model proposed in Section II, this study quantified the
uncertainty of the EV-WPT system transmission effi-

(a)

(b)

(c)

(d)

Fig. 6. GPR and aGPR training process and results: (a)
Adaptive maximum entropy value iteration, (b) AGPR
training and prediction, (c) GPR training and rediction,
and (d) Comparison of predicted mean and true values.
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Table 2: Statistical parameters related to prediction
Probability

of Actual

Values

Within

the

Predicted

Intervals

MAPE RMSE

Coefficient

of

Determination

GPR 96.78% 0.27% 0.0030 0.97355
aGPR 98.75% 0.27% 0.0029 0.97406

ciency based on the aGPR, GPR, and MC models and
obtained the comparison results of the three methods
through simulation, as shown in Fig. 7 and Table 3.
Based on the above simulation results, it was determined
that the UQ accuracy of the proposed aGPR model was
basically the same as that of the MC method. Compared
with the GPR model, the overall speed of the aGPR
model increased by about 9.2% and 14.3%, which sub-
stantially reduced the computational cost. The compu-
tational cost remained the same when the dimensional-
ity of the input variables increased, indicating that the

(a) (b)

Fig. 7. Contrast of probability density function (PDF) (a) under the first five dimensions and (b) under the whole
dimensions of input variables in Table 1.

Table 3: Comparison of MC, GPR, and AGPR models with uncertainty inputs
Dimensions

of Variables
Method Mean Variance Correlated Error Total Time

5

MC 0.9044 0.02712 Mean Variance 6 d22 h

0.0995%
0.011%

−1.844%
−1.254%

Sampling Calculation
GPR 0.9053 0.02662 13 h27 min 53 s
aGPR 0.9045 0.02678 12 h19 min 43 s

10

MC 0.8628 0.04578 Mean Variance 7 d8 h
Sampling Calculation

GPR 0.862 0.04822 −0.093% 5.33% 13 h49 min 57 s
aGPR 0.8629 0.04829 0.012% 5.46% 12 h05 min 50 s

aGPR model was not trapped in the “curse of dimension-
ality”, but the mean value of the transmission efficiency
decreased, and the variance increased, showing the exis-
tence of many uncertainties in the actual engineering,
which can reduce the transmission efficiency and robust-
ness of the WPT system. Therefore, there is an urgent
need to optimize EV-WPT systems.

B. Optimization

In combination with the contents of Section IV,
component parameters RT ,RZ ,CT , and CR in the pri-
mary and secondary circuits were optimized, with WPT
system efficiency as the optimization objective. With
the mean values of the parameters in Table 1 as the
basis, optimization was performed within the range
of [RT/2 , 2×RT ] , [RZ/2,2×RZ ] , [CT/2,2×CT ], and
[CR/2,2×CR], considering the global search and calcu-
lation cost.

To verify the superiority of the RSA, it was
compared with the Sparrow Search Algorithm (SSA),
improved Grey Wolf Optimizer (IGWO), and Enhanced
Whale Optimization Algorithm (EWOA) at the same
time.

According to the experimental effect, the population
size of all four algorithms was 20, and the maximum
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number of iterations was 10. The efficiency optimiza-
tion iterative process and optimization results of each
method are shown in Table 4 and Fig. 8. The SSA and
EWOA easily fell into local optimization, resulting in
low search accuracy. Although the IGWO demonstrated
high search accuracy, its calculation speed was slow such
that the optimal transmission efficiency of 94.23% was
approached in the 8th iteration. Compared with the other
algorithms, the RSA had a faster calculation speed and
higher search accuracy, which quickly approached the
optimal transmission efficiency in the third iteration, and
effectively solved the problem of WPT efficiency opti-
mization.

Taking the optimal solution obtained by the RSA
as the mean of the input parameters, the probability
density function of the transmission efficiency, corre-
sponding to the 10-dimensional uncertainty inputs in
Table 1, was calculated by the aGPR model. The mean
value of the optimized aGPR prediction was 0.9343,
and the variance was 0.02218. The mean value of
the transmission efficiency improved by 8.27%, and
the variance decreased by 54.07%, which significantly
improved the transmission efficiency and robustness of
the EV-WPT system, thereby providing a theoretical
basis for the practical engineering design and optimiza-
tion of EVWPT systems. The probability density func-
tions of the efficiency, quantified by the aGPR and

Table 4: Parameter comparison before and after opti-
mization

RT (Ω) RZ(Ω) CT (nE) CR(nF)
η×10

0
(%)

Original 0.1 5 120 130 90.52
RSA 0.1582 9.9962 224.4007 191.5533 94.23

IGWO 0.1525 9.9986 235.4230 194.9361 94.23
EWOA 0.1542 8.2954 119.1866 140.7130 93.15

SSA 0.2 10 240 65 84.50

Fig. 8. Comparison of different algorithms for efficiency
optimization results of WPT system.

Fig. 9. Comparison of PDFs for efficiency of WPT sys-
tem before and after optimization.

GPR models before and after optimization, are compared
in Fig. 9.

The above simulations and comparative experiments
showed that when uncertainties were present in the trans-
mission process, the optimized WPT system proposed in
this study demonstrated high transmission efficiency and
strong robustness, which can effectively meet practical
engineering needs.

VI. CONCLUSION

Based on the influence of transceiver coil mutual
inductance on the transmission efficiency, this study
focuses on the uncertainty effect of input variables on
the efficiency of an EV-WPT system under actual condi-
tions. In this study, aGPR is proposed as the UQ frame-
work for EV-WPT transmission efficiency. Through a
comparison of the quantitative results of the MC, GPR,
and aGPR models, it is determined that the aGPR model
has approximately the same solution accuracy as the
MC method, and its computational speed is about 9.2%
better than that of the GPR model, which can signif-
icantly reduce the computational cost and verify the
absence of the “curse of dimensionality”. The RSA is
used to optimize the transmission efficiency, and the
results show that the mean value of the optimized trans-
mission efficiency increases by 8.27%, whereas the vari-
ance decreases by 54.07%. In summary, the results reveal
that the scheme proposed in this study can provide a low-
cost and reliable solution for the transmission efficiency
UQ and optimization of EV-WPT systems.
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Abstract – In designing a contoured beam for communi-
cation satellite services, a reflector antenna remains the
most preferred option. Previously, a multi-beam tech-
nique employing many feed horns at optimal feed posi-
tions was proposed to obtain a precise contour beam
for Malaysia. However, it has led to feed horn overlap-
ping when the beams were arranged closely. Therefore,
this issue of beam allocation and feed horn size shall be
addressed. In this article, an analysis of the relationship
between feed position and beam direction is analysed
through the Beam Deviation Factor (BDF). As a result, a
useful design chart was derived for no feed horn over-
lapping conditions, which determines beam separation
and feed horn size at different values of F/D. A practi-
cal application showing the Peninsular Malaysia beam
coverage was demonstrated to validate the derived corre-
lation. As a result, five multi-beams have been success-
fully designed with no overlapping feed horns. Through
simulation, an excellent contour beam for Peninsular
Malaysia was justified, featuring low side lobes, narrow
beam width and high gain.

Index Terms – Beam shaping, Feed horn overlap-
ping, Multi-beam, Parabolic reflector antenna, Satellite
antenna.

I. INTRODUCTION

In Malaysia, the MEASAT Satellite System is
currently the provider of satellite communication ser-
vices through the MEASAT-3 satellite. These services
include C-band and Ku-band services for the direct-to-
home (DTH), video distribution and other Fixed Satel-

lite Service (FSS). The Ku-band beams offer high-
quality DTH coverage across South Asia, Indonesia and
Malaysia. Geographically, the Malaysia region consists
of two main parts, Peninsular Malaysia and the Bor-
neo region. Figure 1 demonstrates the Malaysia region
from MEASAT-3’s satellite point-of-view located at the
orbital slot of 91.5◦ East longitude [1]. By observing the
satellite’s footprint for Malaysia, the beam shape can be
further improved by concentrating on high-density areas
and thus, will result in a more accurate contoured beam
for Malaysia.

Contoured beam antennas have been widely used for
various applications such as broadcasting, military oper-
ations and high-speed internet access. These applications
require a highly concentrated and consistent signal to
ensure uninterrupted data transmission to the coverage
areas. While a single narrow beam can be used for the
operation, it has limited coverage on the earth surface.
Therefore, two techniques can be employed to produce

Fig. 1. Illustration of Malaysia from satellite point-of-
view.
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contoured beams, such as reflector shaping or a com-
bination of multiple beams. Reflector shaping may be
accomplished by creating the proper reflector curvature
[2–4]. Among the available techniques, the multi-beam
antenna (MBA) has been used to combine multiple nar-
row beams into the desired beam shape using a reflec-
tor antenna and multiple feed system [5–8]. In MBA, an
array of feeds can be arranged simultaneously based on
a precise positioning technique to generate a contoured
beam of the desired area. By adopting this multi-beam
concept, a precise contoured beam of Malaysia coverage
can be accurately designed.

In the previous works on achieving Malaysia cover-
age by multi beams, feed horn overlapping problem has
occurred. One technique used to address this issue was
to replace the horn with a patch antenna [9–12]. How-
ever, in that work, the proposed mitigation technique
was through the implementation of planar arrays, but a
detailed analysis of how to solve the original overlap-
ping horn issues was not provided. Another investiga-
tion of radiation properties has already been conducted
[13], however, the theoretical and simulation results only
focused on gain and side-lobe levels without providing
information on how to overcome the feed overlapping.

When designing multi beams with multiple feeds,
feed positioning becomes very important. In [14] the best
feed position was obtained using ray tracing method. The
feed positions were determined based on the concen-
trated point of all rays, based on caustic dependency on
focal-length-to-diameter-ratio (F/D). However, to clarify
the adequateness of the feed position in relation of F/D
and beam direction, the method of focal region ray trac-
ing is considered to be more reliable.

In this article, the feed overlapping issues are
demonstrated and solved through the optimization of
antenna parameters via theoretical analysis and the
derivation of a design graph. The analysis is conducted
in three steps. First, the correlation between feed
displacement and beam separation is derived using
technical parameters of the antenna such as reflector
diameter, D, horn size, H, and wavelength, λ . Through
the derived expression, the beam separation is presented
in terms of the antenna beam width, meanwhile, the
feed displacement is denoted in terms of feed horn size.
As a result, a design graph showing the size of the feed
horn that can be implemented to mitigate overlapping
horn issues is determined. Next, to ensure the adequate-
ness of the design graph, a practical example of the
Malaysia coverage employing five multi-beam antennas
is demonstrated.

II. ANALYSIS OF HORN OVERLAPPING
A. Fundamental equation of parabola

Figure 2 shows the configuration of the parabolic
reflector antenna system used in this analysis. The reflec-

Fig. 2. Antenna parameters.

tor edge angle, θ E , is determined as shown in the figure,
while the half power beam width of a horn radiation pat-
tern is indicated as θ BH and the half power beam width
of a reflector radiation pattern is indicated as θ BA. The
radiated beam direction, θ S, is determined by the feed
horn shift angle, θ f . The detailed parameters used in this
study are shown in Table 1.

Table 1: Parabolic reflector parameters
Parameters Symbols

Frequency f
Wavelength λ

Parabola Reflector diameter D
Focal length F

Reflector edge angle θ E
Half-power beam width of a

reflector
θ BA

Beam separation angle θ S
Feed Feed horn size H

Half-power beam width of a
horn

θ BH

Feed horn displacement d
Feed horn displacement

angle
θ f

The relationship between the fundamental structural
parameters of a parabolic reflector, namely the reflec-
tor edge angle, θ E , focal length, F, and diameter, D, is
expressed by equation (1):

tan
θE

4
=

1
4
(F

D

) . (1)

By applying the approximation of tan (θ E/4)≈θ E/4
(rad), equation (1) is simplified as equation (2):

θE =
D
F
. (rad). (2)

The beam width of the radiated beam, θ BA, is given
by equation (3):

θBA = 1.14
λ
D
. (rad). (3)
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Here, the coefficient of 1.14 is determined based
on the tapered aperture distribution of -10dB edge
level [14].

B. Feed horn equations

The feed horn’s size and its relation to the reflector
edge level is important. Equation (4) describes the half
power beam width of the conical feed horn, θ BH , which
is inversely proportional to its aperture size, H:

θBH = 1.2
λ
H
. (rad). (4)

The accuracy of the coefficient 1.2 used in equation
(4) will be discussed in detail in section III part B.

Figure 3 illustrates the relationship between
θ BH and θ E . Generally, the beam width, θ BH , is almost
same as the angle to the first null point, θ N , as shown in
the figure. In order to show the relation of θ BH and θ E ,
an α value is introduced, as shown by equation (5):

θE

2θ BH
= α. (5)

When α=1, θ E=2θ BH indicates that the null point
corresponds to the reflector edge. At α=0.5, θ E=θ BH
meaning that the reflector edge is illuminated by the
feed horn at a level of -3dB (edge level). In the practical
reflector design, the reflector edge level of around -10dB
is selected. Then, an α value of around 0.7 is suitable.

By applying equations (2) and (4) to equation (5),
the approximate relation between the size of the horn,
H/λ and F/D is derived as shown in equation (6):

H
λ

= 2.4α
F
D
. (6)

The importance of equation (6) is that the horn size,
H, is related to F/D with a parameter α .

Fig. 3. Comparison of the reflector edge level with dif-
ferent values of α .

Fig. 4. BDF value versus F/D.

C. Beam direction and feed position

Figure 2 illustrates how the feed position, beam
direction and feed displacement are related. The feed
shift angle, θ f , can be approximated in terms of the feed
displacement, d, by the equation:

tanθ f ≈ θ f =
d
F
. (7)

As for the relation of the feed displacement, d, to the
radiation beam shift, θ S, a beam deviation factor (BDF)
equation can be used [15]:

θS

θ f
= BDF =

1+0.36
( D

4F

)2
1+
( D

4F

)2 . (8)

The numerical data of BDF is shown in Fig. 4, which
shows that the BDF value increases with an increase
in F/D. However, the change in BDF value is relatively
small between 0.8 to 1.0.

By applying equation (7) to equation (8), θ S is
expressed by feed displacement, d, as in equation (9):

θS = θ f BDF =
d
F

BDF. (9)

D. Beam separation

In designing beam allocations, the beam separa-
tion angle, θ S, is determined by the beam width of the
parabolic reflector, θ BA, by using the equation:

θs = ßθBA. (10)

Here, β is a parameter that determines the beam sep-
aration.

Figure 5 provides an example that illustrates the
influence of β values. When β=1, the beam separation is
similar to the beam width, θ BA, resulting in beam over-
lapping as shown in Fig. 5 (a). For β>1, the beam sep-
aration becomes larger than the beam width, resulting in
no beam overlapping, as shown in Fig. 5 (b).
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(a)

(b)

Fig. 5. (a) The relation between θ BA and θ S when β=1
and (b) The relation between θ BA and θ S when β>1.

E. No feed overlapping condition

Firstly, by applying equation (3) to equation (10), θ s
is expressed by the equation of 1.14λ /D. Then, by using
the θ s equation of equation (9), the following equation is
obtained:

1.14β
λ
D

=
d
F

BDF. (11)

Using equations (6) and (11), F/D can be expressed
as equation (12):

F
D

=
1

2.4α
x

H
λ

=
BDF
1.14β

x
d
λ
. (12)

The following equation is derived to explain the
relation between α , d, β and H.

α
β

x
d
H

=
1

BDF
x

1.14
2.4

=
0.475
BDF

. (13)

The value of d/H is a key factor in judging feed
overlapping. A value of d/H>1 indicates that there is no
overlapping, while a value of and when d/H<1 indicates
overlapping. The critical condition is when d/H=1.

To determine the relation between α and β , it is
useful to consider the condition of d/H=1. The result is
shown in Fig. 6 for various antenna F/D. On the line
α=0.62, the corresponding β value yields d/H=1. If β
is slightly larger, it results in d/H>1 and, thus, no over-
lapping occurs. If β is slightly smaller, d/H is less than 1
(d/H<1) and overlapping occurs. In the practical antenna
design presented in section III, F/D=1 is used. For this
value, α=0.62 and β=1.3 are selected.

Fig. 6. Relation of F/D and β at d/H=1.

III. APPLICATION TO PRACTICAL
REFLECTOR ANTENNA DESIGN

To ensure the accuracy of the feed position design-
ing method discussed in section II, a practical antenna
structure was designed for achieving a fine contour beam
for Peninsular Malaysia coverage. To accomplish this, a
multi-beam technique was employed, as shown in Fig. 7.
In this figure, the boresight of the satellite antenna is
aligned nearby to Riau Island (0,0) based on the geo-
stationary satellite location at (3,1). Five beams denoted
as B1, B2, B3, B4 and B5 are arranged to form a precise
beam coverage for the Peninsular Malaysia region.

Fig. 7. Beam coverage of Peninsular Malaysia area.

A. Reflector antenna parameters

Table 2 shows the antenna parameters used to design
the contoured beam for Peninsular Malaysia, which is
divided into five small beams. The chosen operating fre-
quency 7.5 GHz falls within the FSS planned band allo-
cated for Malaysia. The antenna diameter, D, is set to
8.5 m to achieve narrow beam width, θ BA, of 0.3◦ based
on equation (2). The focal length is set to 8.5 m, which
results in an F/D ratio of 1. Using equation (1), the cal-
culated value for reflector edge angle, θ E , is 56◦. With
β=1.3, the beam separation angle, θ S, is determined to
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Table 2: Detailed parameters of antenna design
Item Value

Frequency, f 7.5 GHz
Reflector diameter, D 8.5 m

Focal length, F 8.5 m
Reflector edge angle, θ E 56◦

Beam width of a reflector, θ BA 0.3◦
B 1.3

Beam separation angle, θ S 0.39◦
Feed horn displacement, d 0.064 m

be 0.39◦ through calculation using equation (9). The feed
displacement, d, is calculated to be 0.064 m from equa-
tion (8).

B. Feed horn

As for the feed horn, a conical horn antenna is
selected due to the ability to mitigate the overlapping
horn issues compared to the rectangular horn. The feed
horn parameters are shown in Table 3. By applying
α=0.62 to equation (5), θ BH of 45.2◦ is obtained from
θ E=56◦. Then, the horn diameter, H, is calculated using
equation (4). Other parameters such as horn length and
waveguide dimensions are shown in Fig. 8, which are
determined based on [16].

Electromagnetic simulations are performed by using
FEKO electromagnetics solver to validate the feed
horn performance. The three-dimensional (3D) and one-
dimensional (1D) radiation patterns are shown in Figs. 9
(a) and (b), respectively. The reflector edge level beam
becomes -7.3 dB and -8.5 dB for E-plane and H-plane,
respectively. In Fig. 3, −10dB edge level is achieved
at α=0.7. Then, at α=0.62, the edge level is slightly
increased. From Fig. 9 (b), the half power beam-width,
θ BH , of the E-plane becomes θ BH=46◦ (0.8 rad). From
Table 3, λ /H becomes 0.67 m. Then, θ BH and λ /H rela-
tion is given by the following equation:

θBH = 1.198
λ
H
. (14)

Fig. 8. Conical feed horn structure.

(a)

(b)

Fig. 9. (a) 3D radiation pattern of a single 7.5 GHz horn
antenna and (b) E-plane and H-plane radiation pattern of
a single horn.

By comparing equation (14) and equation (4), ade-
quacy of 1.2 is ensured.

C. Horn mutual coupling

Two horns are closely arranged to calculate the
mutual coupling of the feed horn arrangement, as shown
in Fig. 10. In general, the mutual coupling of two horn
excitations is the superposition of one horn excitation.
The mutual coupling can be evaluated by the situation
in which one horn of the two is excited. In Figs. 11
(a) and (b), electric field distribution and field intensity
are shown, respectively. Field strength is decreased by
more than 20 dB at the parasitic horn compared to the
excited horn. Based on this observation, the effect of
mutual coupling can be judged to be very small. The
radiation pattern of a single horn compared to the dual
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Fig. 10. Dual horn configuration.

(a)

(b)

Fig. 11. (a) Electric field distribution and (b) Field inten-
sity.

horn configuration shown in Fig. 10 is plotted. Based
on Fig. 12, no efficiency degradation between these two
horn types is observed.

D. Horn allocation for multi-beam

The coordinate system for positioning the feed horn
is shown in Fig. 13, where θ M represents the angle from
the centre to the desired beam position shown in Fig. 7.
θ M has two position components, known as θ AZ and
θ EL, that correspond to the feed horn displacement (Δd).
Δd has three positional components: Δx, Δy and Δz.

Using equations (7) and (8), the feed displacement,
Δd, can be expressed as:

Δd (Δx,Δy) =− F
BDF

sinθM. (15)

Here, the Δd components in terms of Δx and Δy
are determined from the θ M components. However,
the feed displacement of Δx and Δy can only show a
one-dimensional (1D) beam direction. In order to obtain

Fig. 12. Radiation patterns of single and dual horn cases.

Fig. 13. Design concept of feed horn allocation.

the two-dimensional (2D) beam plot, the distances from
the centre of the reflector to the caustic point can be esti-
mated by the following equation, as described in [12]:

S(Δd,Δz) = FcosθM, (16)
where

Δz=
√

F2+Δd2−S2. (17)
For the practical multi-beam allocations shown in

Fig. 7, the corresponding feed positions are determined
by equations (15), (16) and (17). Through calculation,
the resulting beam and feed positions are summarized

Table 3: Feed position for multi beam
Beam Beam Position Feed Position

θ AZ(◦) θ EL(◦) Δy(m) Δx(m) Δz(m)
B1 -1.35 0.03 0.311 -0.007 -0.007
B2 -1.30 -0.29 0.307 0.068 -0.007
B3 -1.03 -0.42 0.243 0.099 -0.004
B4 -0.84 -0.75 0.207 0.161 -0.003
B5 -1.05 -0.10 0.268 0.023 -0.004
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in Table 3. Based on the optimization of parameters
in section II, all horns are arranged well without horn
overlapping. Figure 14 shows the calculated feed horn
arrangement for five beams.

Fig. 14. Non-overlapping feed horn arrangement for five
beams.

E. ANTENNA RADIATION PATTERN

The antenna configuration used in the electromag-
netic simulations is shown in Fig. 15. The antenna
parameters are assigned based on the values shown in
Table 2 and the simulation parameters are summarized
in Table 4. Method-of-Moments (MoM) technique was
used to calculate the performance of feed horns and
Large Element-Physical Optic (LE-PO) technique was
applied to the parabolic reflector. For the case of five horn
excitations, computer memory of 48.63 GB was utilized
and the computation time was 142.25 hours.

Figure 16 shows the electric near-field amplitude
distribution (V/m) calculated using FEKO simulator on
the active region which is 75λ between the radiating ele-

Fig. 15. Antenna configuration used in electromagnetic
simulations.

ment aperture and the reflector. By observing the distri-
bution, the on-focus near-field pattern, which is at (0,0)
is demonstrated in Fig. 16 (a). Meanwhile, Figs. 16 (b)
to (f) show the electric near-field pattern when the feed

Table 4: Simulation parameters used for the electromag-
netic simulations

Item Parameters Details

Computer Memory (RAM) 128 GB
Clock time 1.8 GHz
Simulator FEKO

Simulation
method

Reflector LE-PO

Feed Horn MoM
Radiation Pattern PO

Total radiation
pattern

PO

Calculation
process

Simulation memory 48.63 GB

Simulation time 142.25 H

(a) (b)

(c) (d)

(e) (f)

Fig. 16. (a) Aperture distribution for B0, (b) Aperture
distribution for B1, (c) Aperture distribution for B2, (d)
Aperture distribution for B3, (e) Aperture distribution for
B4, and (f) Aperture distribution for B5.
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position is shifted from the centre position at (0,0) for
beams B1 to B5.

A two-dimensional (2D) calculated radiation pattern
for Beam 1 (B1) and other beam allocations is shown in
Fig. 17. B2 and B5 exist near the main lobe of B1, while
other beams such as B3 and B4 are located in the side
lobe area of B1. Each beam is connected at the beam sep-
aration angle, θ S=1.3θ BA, where θ BA is the -3 dB beam
width of the reflector with a value of 0.3◦. θ S which is the
beam separation corresponds to 0.39◦ and the crossover
level becomes -6 dB from the peak level.

To validate the beam relations, the one-dimensional
(1D) radiation patterns are calculated for Line 1 and Line
2 in Fig. 18. Figure 19 shows the radiation pattern gen-
erated for Line 1 at the azimuth plane, illustrating the
cross-over point between B2 and B5 beam where the
radiation level is reduced by -6 dB from the peak level
with θ S=0.39◦.

Figure 19 shows the radiation pattern generated for
Line 2 at the elevation plane. The cross-over level of
B3 and B4 becomes -6 dB from the peak level with
θ S=0.39◦. The beam shapes of the main lobe and side
lobes become almost the same for B1, B3 and B4 with
small deformation and gain reduction.

Finally, the antenna configuration depicted in
Fig. 15 has successfully produced a contoured beam to
cover Peninsular Malaysia as illustrated in Fig. 20. The
design utilized five feed horns, each with identical ampli-
tude and phase excitation coefficients to maximize the
radiation towards the coverage area. The contoured beam
achieved almost uniform amplitude distribution within
the contour, and the Peninsular Malaysia shape is well-
covered, as illustrated in Figs. 7, 4 and 17. This vali-
dates the adequateness of the contoured beam that was
achieved using ‘no overlapping feed’ arrangement.

Fig. 17. Radiation pattern of B1 to B5 plotted individu-
ally in elevation and azimuth plane.

Fig. 18. Radiation patterns of B2 and B5 on the Line 1.

Fig. 19. Radiation patterns on B1, B3 and B4 on the
Line 2.

Fig. 20. Contoured beam of Peninsular Malaysia
shaped.
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Table 5: Comparison of the proposed technique for
multi-beam antenna for contour beam shape
Ref. Method Description

[17] Malaysian coverage
using rectangular horn

and array feed.

Rectangular horn
overlapping for

Malaysian coverage.
[18] Beam coverage was

synthesized based on
beam amplitude and

phase excitation only.

Feed is not considered.

[19] To reduce feed size,
small lens is attached at
the surface of the horn.

Mutual coupling
between adjacent horn
is not discussed due to

different frequency
use.

[20] Caribbean region
coverage of Brasilsat

satellite is achieved by
combination of many

sizes rectangular horns.

Horn overlapping
escaped by employing
different size of horns.

This
paper

The design chart for
optimisation of beam
position and feed horn

size is derived.

No overlapping feed
horn with the same
size is obtained for

Malaysia beam
coverage

IV. BENCHMARKING OF PRIOR
RESEARCH

Previous researchers have done similar works on
using multi-feed, as summarized in Table 5. Previously,
feed overlapping problems or different horn sizes were
shown. However, more positive trials have been devel-
oped in this paper to avoid feed overlapping.

In this paper, we proposed a useful design chart as
shown in Fig. 6 that compromised equations (6), (9) and
(10) that determine the feed displacement, d, horn size,
H, and beam separation, θ S. These three parameters are
crucial in preventing feed overlapping. It demonstrates
that the d/H value represents the judging value in miti-
gating overlapped horns. This value of d/H was directly
proportional to θ S, where when d/H increased, θ S also
increased, allowing feed overlapping and redundancy of
beams to be omitted.

V. CONCLUSION

In this study, a method to prevent feed horn over-
lapping in a parabolic reflector antenna system has been
proposed. To demonstrate the accuracy of the proposed
method, a practical case of Malaysia contour beam
design by a combination of five beams is shown. A uni-
versal design chart for feed horn sizes at many antenna
configurations has been developed and, based on this
design chart, the correlation between β and α to the

beam separation and horn size has been derived for no
feed overlapping condition in the reflector system design.
To ensure the practicality and accuracy of this design
chart, a Peninsular Malaysia coverage beam antenna has
been designed where the multi-beam allocations and feed
horn allocations are obtained. The validity of the tech-
nique has been shown through the simulation results of
the non-overlapping condition of the horn arrangement.
Furthermore, the radiation beam produced for the tar-
geted beam position is excellent, which indicates that
the beam position design is accurate. The final Malaysia
beam coverage obtained through the arrangement of five
multi beams shows good agreement with the geograph-
ical shape of Malaysia, ensuring an excellent contour
beam for Peninsular Malaysia. Overall, the proposed
method has been shown to be practical and effective in
mitigating feed horn overlapping in parabolic reflector
antenna systems, paving the way for improved antenna
system design and performance.
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Abstract – The dynamic-type seawater monopole
antenna has the problem of direct connection between
its radiation body and the seawater. This makes the radi-
ation current flow into the seawater, which leads to low
radiation efficiency. In this paper, a dynamic-type sea-
water monopole antenna of high efficiency is proposed
using an inductive reactance isolated method. Based on
this method, a dynamic seawater antenna of seawater
inductance isolation structure is designed. According to
its equivalent circuit diagram, the principle and design
basis of isolation are analyzed. The FEKO software is
then used to simulate the antenna’s radiation efficiency.
In addition, the impacts of the radius of the seawater
inductance, the number of turns of the seawater coil,
the diameter of the seawater coil, and the average turn
spacing on the efficiency of the antenna are studied.
Moreover, the experimental verification shows that the
radiation efficiency of the designed dynamic seawater
antenna with inductive reactance isolation structure can
be greater than 70%. The value of the received carrier
power in the case of inductance isolation is higher by 10
dB compared with the case without isolation.

Index Terms – Monopole antenna, radiation efficiency,
seawater antenna.

I. INTRODUCTION

The water antenna has been widely studied because
it is reconfigurable and it has high radiation efficiency
and wide bandwidth. For different purposes, several
researchers have proposed many different forms of
water antenna structures, such as semi-seawater anten-
nas [1], array seawater antennas [2], and hemispherical
sea antennas[3]. This paper studies the simple monopole
water antenna in structure form. From the supply side of
the flow, the water antennas are divided into static and
dynamic monopole antennas. Compared with the static
water monopole antenna [4–8], carried by the insulat-
ing body and not flowing, the dynamic monopole water
antenna [9, 10] can control the height and turn off or
turn on the water stream in real time by controlling
the water pump. Thus, the operating frequency band is

wider, the use is more flexible, and it is more suitable
for maritime wireless communication such as the one
used on ships and unmanned ships. However, the sea-
water radiation part of the dynamic seawater antenna is
directly connected to the sea, which decreases its feed-
ing and radiation efficiency [11]. The mode of feeding
method of plate capacitive coupling, of which radiation
efficiency is 35% at 110 MHz, is presented in [1]. The
feeding method of a gamma-shape feeding arm, which
can achieve radiation efficiency of 56.2 % at 56.5 MHz,
was also proposed [12]. Although these feed methods
solve the feeding problem and improve the efficiency to
a certain extent, the seawater antenna is connected to the
water. Therefore, its current will be diverted to it. Thus,
this study focuses on the reduction of this partial cur-
rent. This paper proposes an inductive reactance isolated
method to improve the radiation energy of dynamic sea-
water antennas. Based on this method, a dynamic sea-
water antenna isolated by a novel seawater inductance
is designed. The simulation and experiment demonstrate
that the effect of the separating current of the two iso-
lated methods is significant, and the antenna’s radiation
efficiency is improved.

II. STRUCTURE OF THE INDUCTIVE
REACTANCE ISOLATED DYNAMIC
SEAWATER MONOPOLE ANTENNA

Figure 1 shows a schematic diagram of a dynamic
monopole seawater antenna isolated by a seawater induc-
tance coil, which consists of seawater inductance, con-
ductive jet (conducting strap), ground plane, and water
stream supplied by a pump. When the antenna is in
operation, the seawater is first pumped into the seawa-
ter inductance, which consists of a certain length of the
spiral insulated tube from which the seawater is ejected
to form a monopole seawater antenna. A metal tube is
used as the seawater jet at the upper part of the seawater
inductance. The method of feed is used for direct feed-
ing. The signal end of the feeder is directly fed to the jet,
and the signal is coupled to the seawater antenna through
the jet to radiate out. The grounding end is connected to
the ground plate, which is in contact with the seawater.
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Fig. 1. Schematic of a dynamic seawater monopole
antenna isolated by a seawater inductance coil.

In this study, the seawater inductance has a high
impedance, acting as a barrier to high-frequency current.

III. THE PRINCIPLE OF INDUCTIVE
ISOLATION

The inductive isolation shown in Fig. 1 consists of
an inductance element formed by the flow of spiral sea-
water connected to the root of the seawater monopole
antenna. When the antenna works at high frequency, it
presents a high impedance characteristic, which isolates
the upper seawater antenna radiator from the lower sea-
water surface. The seawater inductance has sufficient
impedance characteristics at high frequency, equivalent
to the insulator’s function at the bottom of the common
metal pole monopole antenna.

A. Impedance characteristics of the seawater induc-
tance

The spiral seawater inductor is an inductance
element that presents a distributed capacitance (Cd)
between the turns of the spiral seawater inductor and
the DC resistance (R2). The equivalent circuit diagram
formed by these three elements is shown in Fig. 2.
The contribution of Cd to the overall impedance (Z) of
the seawater inductance is significant [13], as shown in
Equation (1). Cd is related to the radius of the seawater
inductance, the average turn spacing, and the diameter
of the seawater coil, as shown in Equation (2). Equation
(3) presents the inductive resistance (XTotal) , that is, the

  sourceL

R1

I1
I2

I3

UU Cd

R2

Fig. 2. Equivalent circuit diagram for the inductance iso-
lation of seawater.

isolation impedance. The greater the value of XTotal , the
more significant the isolation effect.

Z =
R2

ω2C2
dR2

2 +
(
ω2 LCd −1

)2 + j
ω
[
L−Cd

(
R2

2 +ω2L2)]
ω2C2

dR2
2 +
(
ω2 LCd −1

)2 ,
(1)

Cd =
4π (r0

√
2ωσ μ−1)

N(N−1)(2πD+ d̄)ω2μ

(
ω >

1
2σ μr2

0

)
, (2)

XTotal =
ω
[
L−Cd

(
R2

2 +ω2L2)]
ω2C2

dR2
2 +
(
ω2 LCd −1

)2 , (3)

where σ is the electrical conductivity of seawater, μ is
the permeability of seawater, ω is the angular frequency,
r0 is the radius of the seawater inductance, N is the num-
ber of turns of the seawater coil, D is the diameter of the
seawater coil, d is the average turn spacing, which can
be calculated as d=l/N, l is the length of the water coil,
and L is the seawater inductance, which is expressed as

L =
μ
2π

N2r0Φ, (4)

where Φ is given by a =N2d/2r0 in [14].

B. Radiation characteristics

The seawater spiral coil or ferrite ring that satisfies
the inequation XTotal � R1 is considered to isolate the
following radiation current:

I3 = I1− I2 =
U
R1
− U

XTotal
. (5)

The greater the value of XTotal
R1

, the lower the value of
I1, and the greater the value of I3.

IV. SIMULATIONS

Based on the above theoretical analysis, an induc-
tance isolation structure of the dynamic seawater antenna
was designed. The structure design has a significant
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Fig. 3. Relationship between efficiency and frequency at
different d values.

impact on the radiation characteristics of the antenna.
The relationship between radiation efficiency and fre-
quency is determined through the simulation while
taking into consideration the parameters r0, N, D,
and d.

It can be seen from Figs. 3-6 that the radiation effi-
ciency of the dynamic monopole seawater antenna with
seawater inductance is generally improved for differ-
ent parameters, especially at a higher frequency band.
However, the radiation efficiency decreases in some fre-
quency bands depending on the selection of parameters.
At a certain frequency, the radiation efficiency varies
with the change of the inductance parameters of seawa-
ter, as shown in Fig. 3. When the average turn spacing is
0.2, the radiation efficiency of the entire band is higher
than that without the isolation inductance. The radiation
efficiency is 80% at 350 MHz, while at this frequency,
if the average turn spacing is 0.25 or 0.3, the radiation
efficiency is lower than that without the isolation induc-
tance. However, in other frequencies, such as the fre-
quency interval of less than 300 MHz, when the average
turn spacing is 0.3, the radiation efficiency with the iso-
lation inductance is significantly better than that without
using it. It can also be seen that when the average turn
spacing is 0.5, the obtained radiation efficiency is 39%
at 110 MHz, which is higher than that of 35% obtained
in [9]. Similarly, in Figs. 4-6, according to the differ-
ence of Dr, r, and n parameters, the appropriate operat-
ing frequency is selected, and the radiation efficiency can
always be better than that without the isolation induc-
tance. It can be seen from Fig. 6 that the higher radiation
efficiency is at 215-245 MHz, which parameter of isola-
tion inductance is consistent with the experiment. There-
fore, the parameters of the seawater antenna can be rea-
sonably optimized according to the operating frequency
during the actual use.

Fig. 4. Relationship between efficiency and frequency at
different N values.

Fig. 5. Relationship between efficiency and frequency at
different D values.

 

Fig. 6. Relationship between efficiency and frequency at
different r0 values.
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V. EXPERIMENT

To verify the isolation effect of the inductive reac-
tance part, the transceiver system shown in Fig. 7 is
constructed. The transmitter is made of the seawater
monopole antenna and an ICOM radio. The receiver is
made of a ferrite antenna and a G39 software receiver
model, which is used to measure the received aver-
age mean carrier power. Before transmitting, the volt-
age standing wave ratio (VSWR) is measured by network
analyzer connected with the seawater antenna in order to
choose the optimal working frequency.

The dynamic seawater monopole antenna with sea-
water inductance isolation and direct feeding shown in
Fig. 8 was placed in a 3×5 m seawater test pool. At
the bottom of the antenna, there is a metal foil plate
connected with seawater. r0, N, D, d, and the seawater
inductance are equal to 1 cm, 7, 7 cm, 0.2 m, and 220
H, respectively. The seawater stream draws out from the
seawater pool by a bump to form a seawater antenna hav-

Fig. 7. Experiment of the transceiver system.

Seawater stream

Isolation part

Ground plane

Seawater pool

Seawater Inductance

 

Fig. 8. The seawater antenna with isolation part.

ing a height of 1.3 m and a diameter of 4 cm. The sea-
water antenna is used as a transmitting antenna. Within
the frequency range of 215-245 MHz, the VSWR can
be determined using a network analyzer, as shown in
Fig. 9. The green line in Fig. 6 represents the simula-
tion results of the radiation efficiency of the antenna with
the experiment parameters. Because the VSWR is less
than 2.52 within the frequency range of 215-245 MHz,
the loss of reflection power in this interval is 18.65%
according to the relationship between the reflection coef-
ficient and VSWR. Radiation efficiency is the ratio of
antenna radiation power to input power, which is diffi-
cult to measure directly. While the radiation efficiency
is related to matching characteristics and the loss of the
antenna, and the seawater antenna has a higher conduc-
tivity, the radiation efficiency of the seawater antenna
can be greater than 70%, assuming the resulting loss

Fig. 9. VSWR of the seawater antenna with inductance
isolation.

Fig. 10. S11 of the seawater antenna with inductance iso-
lation.
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is almost 10%. This is consistent with the simulation.
Figure 11 shows the measured and simulated radiation
pattern. In the experiment, it is measured once per 20
degrees in the largest radiation direction (theta = 55).
Table 1 shows the mean value of the received carrier
power (P) with and without seawater inductance isola-
tion. It can be seen that the value of P in the case of
inductance isolation is higher by 10 dB than that without
isolation. Therefore, the method of inductive resistance
can be used to increase the radiation efficiency.

Fig. 11. Directivity of the seawater antenna with induc-
tance isolation.

Table 1: Mean values of P (dBm) with a receiving noise
of −120 dBm
Operating Frequency 215

MHz

225

MHz

235

MHz

245

MHz

with seawater
inductance isolation

−68 −65 −64 −62

without seawater
inductance isolation

−79 −74 −73 −74

VI. CONCLUSION

In this paper, an improved dynamic seawater
antenna is proposed. The radiation efficiency of the pro-
posed antenna is improved using the inductance isola-
tion method. This method solves the problem of direct
connection between the radiation body of the dynamic
seawater antenna and the seawater, which makes the
radiation current flow into the seawater, leading to the
low radiation efficiency. The simulation and experiment
show that the proposed method can improve the radiation
efficiency of the dynamic seawater antenna, and it can
be greater than 70%. Optimization design is an impor-
tant part of seawater antenna induction design. In future

research, the optimization algorithm of seawater param-
eters can be further studied, which could lead to better
efficiency of radiation. The seawater inductance is per-
fectly combined with the single polar seawater antenna
in structure.

In future work, we aim at conducting a sea test. The
sea environment can verify the greater low-frequency
segment radiation characteristics, and the impact of the
sea waves on the radiation efficiency can be further ana-
lyzed, which is a factor that should be considered in
practice.
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Abstract – This paper presents a simple technique for
improving performances of a conventional Wilkinson
power divider. The technique is achieved by replac-
ing bulky quarter-wave transmission lines with stepped
impedance transmission lines (SITL) compensated cou-
pled lines. With the internal function of bandpass filter
integrated with the proposed coupled lines, the spurious
response at 2nd harmonics frequencies that normally ex-
ists in the conventional divider is considerably reduced.
Simulated and measured results at 2.1 GHz operating
frequency of the proposed and conventional Wilkinson
power divider were compared. The proposed divider
achieves -3.8 dB insertion loss (S21,S31) and more than
25 dB return loss (S11,S22,S33) across 10% fractional
bandwidth. Based on this measurement, the proposed cir-
cuit achieves more than 34.5 dB suppression at the 2nd

harmonic frequency.

Index Terms – Harmonic suppression, parallel-coupled
line, step impedance transmission line, Wilkinson power
divider.

I. INTRODUCTION

Microwave circuits have many applications such as
filter circuit [1], reflectometer [2], diplexer [3], Wilkin-
son power divider/combiner [4–6], microstrip add-drop
multiplexer [7, 8], and microwave sensor application
[9, 10]. Since the microwave circuit is implemented and
developed with the microstrip substrate material, the
Wilkinson power divider is a general microwave and mil-
limeter wave communication circuit [11].

The Wilkinson power divider was first intro-
duced by Wilkinson [4] and is an essential component

for microwave and millimeter-wave applications. It is
widely used because of its helpful property of being
perfectly matched at all ports and sound isolation be-
tween the output ports [11, 12]. Moreover, the Wilkinson
power divider is widely used to design and implement
microstrip coupled lines. The non-homogeneous nature
of physical parallel coupled lines microstrip gives rise
to spurious frequencies, particularly beyond the second
harmonic frequency. To address this issue, compensa-
tion techniques such as inductive [13, 14] and capacitive
[15, 16] methods are commonly employed. These tech-
niques play a crucial role in mitigating the effects of non-
idealities, thereby enhancing the performance and relia-
bility of microstrip-based circuits. Notwithstanding, re-
searchers have presented Wilkinson power divider tech-
niques for harmonic suppression frequencies such as
an anti-coupled line [17], parallel-coupled line structure
[18], looped coupled-line [19], inductively loaded mi-
crostrip line [20], and bandpass or band stop filter [21–
23]. The utilization of power divider applications need-
ing a narrowband divider and bandpass filter designs are
prevalent in the construction of I-Q demodulator topolo-
gies, leading to the creation of simplified circuits [24–
27]. For RF and microwave circuit design, including bal-
anced amplifiers, phase shifters, image rejection mixers,
I/Q modulators, and circularly polarized antenna polar-
izers, the techniques mentioned above can produce spu-
rious harmonic frequencies. However, those techniques
have limitations on the complexity of the circuit.

The Wilkinson power divider consists of two
quarter-wavelength branches of transmission lines with
a characteristic impedance and a termination resistor, as
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Fig. 1. Schematics of conventional Wilkinson power di-
vider.

Fig. 2. Schematics of the proposed integrated bandpass
filter Wilkinson power divider.

shown in Fig. 1. The power divider is designed based
on the electrical length of a desired fundamental fre-
quency. Still, high-order harmonic signals usually ap-
pear at the output ports due to the periodic characteristics
of the transmission lines. Using the quarter-wavelength
branches of transmission lines will unavoidably lead to
poor selectivity in each transmission path. Intuitively,
the selectivity can be improved by adding an extra high-
order bandpass filter before the input or after each output
port of the power divider. Still, the sizeable total circuit
area may be a terrible problem. The concept of this re-
search work is to add the BPF function in the divider
without circuit size trade-off as shown in Figs. 1 and 2, a
quarter-wave transformer is replaced with a transformer
with integrated BPF. The basic theory of the proposed
topology is described in Section II. Design and experi-
mental results will be described in Section III. The paper
is finally concluded in Section IV.

II. THEORY
A. The step impedance transmission lines resonator

Step impedance transmission lines (SITL) are non-
uniform transmission lines, which were used in the filter
design to reduce the circuit sizes [28, 29], to shift the
spurious to higher band, and to suppress multiple spu-

Fig. 3. Schematic of the proposed step impedance trans-
mission line.

rious passband [29]. The SITL employed in this paper
is shown in Fig. 1. It consists of two cascaded trans-
mission lines with characteristic impedances Za and Zb
and electrical lengths θ1 and θ2, respectively. In this
technique,Za > Zb, so the impedance ratio Rz = Za/Zb
is aligned between 0 ≤ Rz ≤ 1. As shown in Fig. 4, the
SITL is proposed to connect at the coupled lines port to
suppress signal transmission between port 1 and port 3 of
the coupled lines. To achieve this condition, the electri-
cal parameters of coupled lines (Z0,Z0e,Z0o,εe f f e,εe f f o)
should be chosen optimally.

Based on the above-mentioned condition, the opti-
mum directivity at operating frequency ( f0) of coupled-
line occurs when the signal transmission of ports 1 and 3
is enforced to be nearly zero or S31( f0) ≈ 0, which will
occur as the driving point impedance from the coupled
port to the SITL for this design Zin(a) is also enforced to
[30] :

ZZT ( f0) =− j
(Z0o

2Z0esinθ0−Z0e
2Z0osinθe)+2Z0Zβ+Z0Zα
Zα+Zβ

,

(1)
where Zα = jZ0(sinθ0 − sinθe) and Zβ = Z2

0(cosθ0 −
cosθe).

Fig. 4. The proposed coupled lines based SITL compen-
sated coupled lines.

The input impedance Zin(a) of the SITL section
at operating frequency ( f0) is related to the coupled
lines electrical parameters. To preserve or minimize the
change of the coupling coefficient of the proposed cou-
pled lines, its electrical length θS( f0) should be short-
ened and computed from:

θS =
1
Θ

cot−1
(

2π f0(Zin(a)−Z0)

Z0o

)
. (2)
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B. Proposed BPF resonator based SITL compensated
coupled lines

Based on the impedance parameters [11], the re-
lationship between voltages and currents at each port
shown in Fig. 5, are given as follows:

V1 = Z11I11 +Z12I12 +Z13I13 +Z14I14, (3)
V2 = Z21I21 +Z22I22 +Z23I23 +Z24I24, (4)
V3 = Z31I31 +Z32I32 +Z33I33 +Z34I34, (5)
V4 = Z41I41 +Z42I42 +Z43I43 +Z44I44, (6)

where Vn and In (n = 1..4 ) are each ports voltage and cur-
rent. From the initial condition in Fig. 5, where V4 = 0
and V2 = −I2ZST , then 4-port network is transformed to
2-port bandpass filter, and the relationship between volt-
age, current and impedance of 2-port network are as in
equation (7): [

V1
V2

]
=

[
Z11T Z12T
Z21T Z22T

][
I1
I2

]
, (7)

where

Z11T =
(

Z11− Z2
12

ZST+Z11

)
+
(

Z14− Z12Z13
ZST+Z11

)
ZΘ,

(8)

Z12T =

(
Z13− Z12Z14

ZST +Z11

)
+ZΦ, (9)

Z21T =
(

Z13− Z12Z14
ZST+Z11

)
+
(

Z12− Z13Z12
ZST+Z11

)
ZΘ,

(10)

Z22T =

(
Z11− Z12Z14

ZST +Z11

)
+ZΦ, (11)

when

ZΘ =−
(

Z14(ZST +Z11−Z12Z13)

Z11(ZST +Z11)−Z2
13

)
, (12)

and

Zφ =−
(

Z12(ZST +Z11−Z13Z14)

Z11(ZST +Z11)−Z2
13

)
. (13)

From equation (7), the input reflection coefficient
S11 and the forward transmission coefficient S21 of the
synthesized BPF resonator are as shown in equations
(14) and (15) :

S11 =

(
Z2

11T −Z2
0
)−Z2

12T

(Z11T +Z0)(Z22T +Z0)−Z2
11T

, (14)

Fig. 5. The proposed BPF resonator based SITL compen-
sated coupled lines.

S21 =
2Z0Z12T

(Z11T +Z0)
2−Z2

12T

. (15)

These concepts, theories, and equations were em-
ployed to design a BPF resonator based SITL coupled
lines at an operating frequency ( f0) of 2.1 GHz. In this
paper,-10 dB coupled lines with even and odd-mode
impedances of Z0e = 69.37 Ω, Z0o = 36.03 Ω, for a 50 Ω
system is chosen to design the proposed BPF resonator.
ZST ( f0) and θS( f0) are calculated from equations (1) and
(2). After that the impedance ZST ( f0) and θS( f0) electri-
cal degree were used to calculate the electrical parame-
ters Za, Zb and θa, θb of SITL, respectively. Table 1 lists
the electrical parameters of the conventional and the pro-
posed BPF resonator based SITL compensation design
for -10 dB while the electrical length of the conventional
Wilkinson circuit is 0.50π rad and the proposed Wilkin-
son circuit is 0.42π rad, with the circuit size reduced
by 0.08π rad in electrical length. The parameters of the
SITL have an electrical length of 8 rad, respectively.

The frequency response (S21) vs. return loss (S11)
curve of the conventional and the proposed BPF res-
onator based SITL compensated coupled lines simulated
in this study are shown in Fig. 6. The simulation results
of S21 and S11 presented frequency response at the same

Fig. 6. S-parameters of 2.1 GHz conventional and the
proposed BPF resonators.

Table 1: Parameters of the -10 dB coupled lines for BPF
resonator at 2.1 GHz

Sections
Impeda-
nces (Ω)

Coupler’s
Length
(θ , rad )

W,S,L
(mm)

Cpl-SITL Z0e1 = 69.37 0.42π 2.20,0.17
Z0o1 = 36.03 , 21.00

Con-Cpl Z0e1 = 69.37 0.50π 2.20,0.17
Z0o1 = 36.03 , 25.00

SITL Zin(a) Za1 = 100Ω, θ (Za) = θ (Zb)
= j22.20 Zb1 = 62Ω = 8◦
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level compensated by STIL. The resulting frequency at
2 f0 is higher than in the conventional.

C. Transmission lines modified for second-order BPF
frequency response characterization

In the paper presented here, the filter, as shown in
Fig. 7 is designed using the Chebyshev bandpass pro-
totype technique [32, 33]. The element values for the
considered prototype were proposed to determine the
even- and odd-mode impedances by using the admit-
tance inverter. The method of using a higher-order par-
allel coupled-line bandpass filter to replace transformer
[32, 33] can be utilized in the proposed equal-split
Wilkinson power divider with favorable selectivity. The
SITLs compensation coupled lines BPF design equations
of the proposed divider can be employed [33], where N is
the filter’s order, z0ei and z0oi are the even- and odd-mode
characteristic impedances of each coupled-line section,
Z0 and Δ are the system impedance and the 3-dB frac-
tional bandwidth of the filter,Ji,i=1,2,3,...,N+1, are the
admittance inverters (J-inverters),gi,i=1,2,3,...,N+1 are
the lumped element values for low-pass filter prototype.
In this conventional Wilkinson power divider, the charac-
teristic impedance of each branch of quarter-wavelength
transmission lines in Fig. 1 is

√
2Z0. In the proposed

technique, each quarter-wavelength branch of transmis-
sion lines in the Wilkinson power divider can be replaced

Fig. 7. Schematic of the proposed 2nd order BPF SITL
compensated coupled lines [31].

Fig. 8. Simulation results in S-parameters of the pro-
posed Wilkinson power divider.

by the even-order coupled lines bandpass filter where the
system characteristic impedance of the filter is

√
2Z0 as

shown in Fig. 8 and the proposed power divider has em-
ployed 2nd order BPF based SITL compensated coupled
lines instead of an ordinary quarter-wavelength branch
of transmission lines to improve the desired selectivity
in each output signal.

III. DESIGN AND EXPERIMENTAL
RESULTS

To enhance the selectivity performance of the
proposed Wilkinson power divider, the circuit proto-
type has been designed and fabricated on AD260 mi-
crowave substrate with the following design parame-
ters: εr=2.60, h=1.00 mm, t=35μm and tanδ=0.0017.
The centre frequency and 3-dB fractional bandwidth
of each filter transformer (both upper- and lower-
BPF) are around 2.1 GHz and 5% fractional band-
width. The corresponding design parameters of each
0.5 dB equal-ripple Chebysheve filter transformer
are g1=1.4029, g2=0.7071, g3=1.9841, Z0J1=0.2366,
Z0J2=0.0792, and Z0J3=0.2366. The even- and odd-
mode characteristic impedances of each coupled-line
section are Z0e1=91.40 Ω,Z0o1=57.93 Ω,Z0e2=76.75 Ω,
Z0o2=65.55 Ω, Z0e3=60.89 Ω, and Z0o3=87.93 Ω, respec-
tively. The physical and electrical design parameters of
SITLs compensated BPF are shown in Table 2.

In Fig. 9, the simulated result of the proposed
Wilkinson power divider shows the suppression perfor-
mances at 4.2 GHz below the desired frequency of 2.1
GHz more than 43 dB. The measurement was performed
with the E5071C Vector Network Analyzer as shown in
Fig. 10, which is in good agreement with the simulated
result. The implemented circuit has the measured results

Table 2: Parameters of the Wilkinson power divider with
integrated BPF at 2.1 GHz

Sections
Impeda-
nces (Ω)

Coupler’s
Length
(θ , rad )

W,S,L
(mm)

Coupled
lines 1 Z0e1 = 91.40 0.42π 1.30,0.59

Z0o1 = 57.93 , 21.00
Coupled Z0e2 = 76.75 0.39π 1.50,1.90
lines 2 Z0o2 = 65.55 , 19.60

Coupled Z0e3 = 91.40 0.42π 1.30,0.59,
lines 3 Z0o3 = 57.93 21.00
SITLs Zin(a1) Za1 = 100Ω θ (Za) = θ (Zb)

= j28.42 Zb1 = 68Ω = 8◦
Zin(a2) Za2 = 100Ω
= j36.32 Zb2 = 74Ω
Zin(a3) Za3 = 100Ω
= j23.42 Zb3 = 68Ω
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Fig. 9. PCB photograph of the proposed Wilkinson
power divider.

Fig. 10. Measured results s-parameters of the proposed
Wilkinson power divider.

S21 -4.13 dB, S31 -4.12 dB, S11 -19.5 dB at the desired
frequency 2.1 GHz and presents the suppression perfor-
mances at 4.2 GHz more than 34.5 dB. The photograph
of the PCB of the proposed frequency doubler based on a
square ring resonator is shown in Fig. 11. The circuit size
excluding the input and output SMA connectors of the
proposed Wilkinson power divider is around 22.27 cm2.
Table 3 presents a summary of previous studies alongside

Table 3: The comparison of Wilkinson power dividers

Ref. Techniques
Harmonic

Suppression
Ref [4] Open stub >−70.00 dB
Ref [6] LPFs >−40.55 dB

Ref [12]
Lumped-

distributed NA

Ref [17]
Anti-coupled

line >−20.00 dB

Ref [18]
Parallel coupled

line >−30.00 dB

Ref [19]
Looped

coupled-line NA

Ref [21]
Open-short

stubs >−50.00 dB

Ref [23] BSF >−20.00 dB
This work BPF >−20.00 dB

our proposed circuit. Our design employs BPF coupled
lines, which offers a simpler approach compared to the
more intricate designs employed by other researchers. As
a result, the proposed Wilkinson power divider proves to
be more suitable for practical implementation.

IV. CONCLUSION

A modified Wilkinson power divider with integrated
SITL compensated coupled lines bandpass filters has
been proposed. The proposed topology has many attrac-
tive characteristics such as low insertion loss, good se-
lectivity in each output signal path, wide stop band, and
ease of design and implementation. The level of spurious
response at a harmonic of the proposed Wilkinson power
divider is then 34.5 dB at the 2nd harmonic frequency. It
is believed that the proposed power divider can be simply
modified for many microwave systems.
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Abstract – Symmetry is a key factor for Branch-Line
Couplers (BLCs) in RF and microwave systems. This
balanced approach evenly distributes power between two
output ports, aiding impedance matching and reducing
unwanted coupling and crosstalk, while increasing input-
output isolation. Furthermore, the symmetrical design
of BLCs ensures favorable return loss and phase bal-
ance, which are essential for phase-sensitive detectors
and beamforming. This symmetry also guarantees con-
sistent performance over a wide frequency range, making
it suitable for broadband or multi-frequency applications.
We present a compact BLC operating in two frequency
bands, ideal for 5G sub-6 GHz applications. It uses T-
shaped lines with folded lines and stubs in a Minkowski
fractal shape, resulting in a size reduction of 90%. The
design and simulation were performed using the CST
Microwave Studio at 0.7 GHz and 3.5 GHz, achiev-
ing a new high frequency band ratio of 5. A prototype
on Rogers RT5880 substrate (εr = 2.2,h = 0.787 mm)
was tested to validate the design’s effectiveness, offer-
ing potential for modern wireless applications requiring
versatile frequency band operation.

Index Terms – Balanced, Coupler, Fifth-generation,
Fractal, Frequency ratio, Low-band, Mid-band,
Minkowski, Simultaneous, Symmetrical.

I. INTRODUCTION

Recent advancements in technology and commu-
nication systems have spurred a growing demand for
compact, multifrequency, and high-bandwidth devices to
enhance circuit designs’ efficiency and performance [1].
In the realm of microwave and millimeter wave frequen-

cies, maintaining symmetry in the design of microstrip
couplers plays a crucial role in ensuring equal power dis-
tribution while minimizing undesirable coupling effects
[2]. However, traditional BLC with four ports, includ-
ing an input port, an isolated port, and two coupled
ports with a 90◦ phase difference, no longer meet the
requirements of modern device design trends, which
emphasize the need for dual-band or multiple-band func-
tionality [3].

Various methods have been proposed to achieve
dual frequency operation in BLCs, including the intro-
duction of stubs in T [4, 5] or π-shapes [6, 7] and
coupling lines [8, 9] to convert single-band sections
into dual-band counterparts. However, these approaches
exhibit limitations such as large circuit sizes, small
frequency ratios, complex structures, high insertion
loss, and a restricted frequency range, making them
unsuitable for lower 5G bands, such as 0.7 GHz and 3.5
GHz [10]. Recent research has reported dual-band BLCs
with higher frequency ratios [11, 12], but their optimal
performance is observed when the midpoint frequency
is higher than 3 GHz.

To address the demands of lower sub-6 GHz 5G fre-
quency bands with a wide frequency ratio, this paper
introduces a compact and simple dual-band BLC design.
It uses T-shaped technique with folded lines in the
form of Minkowski fractal geometry (MFG) to achieve
compact packing of transmission lines (TL), effectively
reducing the overall size in comparison to traditional
configurations. The paper presents analytical equations,
design details, and prototype realization of this dual-
band branch-line coupler (DB-BLC), showing excellent
agreement between measured and simulated results at
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frequencies below 4 GHz. In addition to 5G applications,
the proposed BLC can be used in radar systems, where
it can split incoming and outgoing signals between
radar transmitters and receivers, facilitating tasks such
as topography measurement, vegetation analysis, and
weather monitoring [13].

II. DESIGN ANALYSIS OF THE DUAL-BAND
STRUCTURE

A. Dual-band branch-line coupler

The traditional BLC’s λ/4-wave sections are trans-
formed into dual-band equivalents by adding extra T or π
stubs. In this work, we adopt the T-shaped TL approach
for simplicity. Figures 1 (a) and (b) show the layout of a
standard BLC and how the λ/4-wave sections are con-
verted into T-shaped segments. This design equates the
ABCD matrix of the conventional λ/4-wave TL to the
ABCD matrix of the T-shaped segments as:[

AT BT
CT DT

]
=
[
Mse
][

Msh
][

Mse
]
, (1)

Mse and Msh represent the ABCD matrices for the T-
section’s series and shunt elements, respectively.

And the ABCD matrix of the λ/4−wave transmis-
sion line is given by:[

A B
C D

]
λ/4

=

[
0 ± jZo

± j 1
Zo

0

]
, (2)

Having Zo as the characteristic impedance of the pri-

(a)

(b)

Fig. 1. The layout diagram of (a) conventional BLC and
(b) proposed T-section.

mary branch line. The solutions to equations (1) and (2)
results in:

tanθb = 2×
(

Zb

Za

)
× cot 2 θa, (3)

(a)

(b)

(c)

Fig. 2. The relationship between (a) the electrical lengths
(θa,θb) and the frequency ratio K, (b) the relationship
between the (Za,Zb) when Zo = 35.35 Ω and frequency
ratio K, and (c) the relationship between (Za,Zb) when
Zo = 50 Ω and the frequency ratio K.
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Zo = Za × tan θa, (4)
where θa f 1 and θa f 2 represent the electrical lengths of
the lines at designed frequencies. Furthermore, the solu-
tion to equation (4) is obtained as:

pπ = θa f1 ± θa f2 , p = 1,2,3, · · ·, (5)
θa f2
θa f1

=
f2

f1
= K. (6)

Therefore, from equations (3) and (5), we have:

θa f1 =
π

K +1
, θa f2 = K×θa f1 , (7a)

θb f1 =
2π

K +1
, θb f2 = K×θb f1 . (7b)

The values for the line impedances can be deduced
using the following equations:

Za =
Zo

tan θa f1
, (8a)

Zb =
1
2
× Za× tan2 2θa f1 . (8b)

By using equations (1) to (8), we can understand
how electrical lengths change with the frequency ratio
K, as shown in Fig. 2 (a). We also explore the behavior
of characteristic impedances, denoted Za and Zb, in our
design. These operate at two different impedance val-
ues: 50 Ω and 35.35 Ω. Figures 2 (b) and (c) illustrate
how these impedance values change with the frequency
ratio K.

The practical impedance range for (Za,Zb) is 22.5
Ω to 180 Ω, as shown in Figs. 2 (b) and (c). This limits
frequency ratios K to 1.93-2.33 and 3.5-8.7. Achieving
ratios between 2.34 and 3.49 is challenging due to high
impedance.

Alternatively, in [11, 12], coupled lines achieve
2.34-3.49 ratios, but suffer high insertion loss [14]. T-
sections in BLC [15–17] have limited ratios. For exam-
ple, [15] and [16] achieve 2.22 and 2.42 ratios at 0.9/2
GHz and 2.4/5.2 GHz. The highest ratio in [17] is 4.8.

Our work achieves a ratio of 8.7, offering greater
versatility for dual-band BLCs, as shown in Figs. 2 (a-c),
Fig. 3 displays lumped elements in DB-BLC 1, designed
using Table 1 parameters.

While DB-BLC 1 covers a wide frequency range, it
is bulky at (162.58 mm × 161.31 mm). To reduce size,
we fractalize the structure with sharp-edged chamfered
bends to minimize capacitive effects [18].

Table 1: The dimensions based on the theoretical param-
eters

Parameter Z (Ω) Width (mm) Length (mm)

La 61.25 1.77 52.08
Lb 86.60 0.95 54.37
Ls1 91.88 0.90 51.70
Ls2 129.90 0.45 54.30

Fig. 3. The lumped elements representation superim-
posed with the layout of the DB-BLC 1.

B. Proposed miniaturized (DB-BLC 2)

To simplify the structure, we have modified the BLC
series, shunt segments, and their stubs to resemble the
first iteration MFG design. This change maintains device
symmetry for reliable power distribution, strong isola-
tion, consistent frequency response, low return loss, and
phase balance, all vital for proper functionality.

The MFG implementation is based on three key
parameters, as shown in Fig. 4: L for generator length,
L3 for the indentation width, and L2 for the depth of the
fractal or indentation. Figure 4 (a) illustrates the evo-
lution from the generator to the first Minkowski fractal
iteration. We use the one-third ratio, common in creat-
ing famous fractal curves such as the Koch and Cantor
geometries [19], which is crucial.

The dimension D values follow logarithmic func-
tions defined in equation (9). k denotes the number of
segments in the geometry, and r signifies the segments
divided during each iteration after initially dividing the
geometry into k segments.

D =
logk
logr

. (9)

Equation (9) yields a Minkowski fractal dimension
of 1.465, which quantifies a fractal curve’s space-filling
ability. In particular, not all fractal curves are suitable for
use in BLC design, although some have found success
in antenna design [20]. This distinction arises from the
different input-output coupling requirements in the BLC
design.

To enhance the coupling and establish a practical
fractal dimension range, we adopt a first-iteration geom-
etry. We replace the standard 1/3 ratio for generating
diverse fractal curves with an arbitrary ratio. Figure 4 (a)
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(a)

(b)

Fig. 4. The layout representations of (a) initiator and
fractalized main line and (b) stub.

shows the initial iteration with five segments, two hori-
zontal sections (2× (L1)) considerably longer, and three
segments approximately 2× (L2) and L3 in length.

The characteristic impedances for main-series and
shunt TLs remain unchanged to maintain desired dimen-
sions. However, equations (7a) and (7b) undergo adjust-
ments. Electrical lengths for main lines (θ1-θ3) and stubs
(θ ′1-θ ′6) in Fig. 4 (b) are calculated based on the cho-
sen arbitrary ratio, and the total length is given in equa-
tion (10).

The optimized dimensions for the proposed horizon-
tal and vertical line sections are summarized in Table 2:

θx f1(a,b) = θT = 2θ1 +2θ2 +θ3. (10)
Figures 5 (a) and (b) display a compact 35.35 Ω hori-

zontal TL for efficient signal transmission at 0.7 GHz and
3.5 GHz. Our aim is minimal signal loss (low S21) and min-
imal reflection (S11<-10 dB) to optimize power transfer.

Figures 5 (c) and (d) show the TL’s magnitude and
phase responses at 0.7 GHz and 3.5 GHz, providing a

Table 2: The optimized geometrical dimensions
Section Series Line Shunt Line Elect., Length Series Stub Shunt Stub

L1(mm) 15.51 16.64 θ1 19.20◦ 17.50◦
L2(mm) 3.87 4.20 θ2 5.20◦ 6.40◦
L3(mm) 7.80 8.32 θ3 9.60◦ 6.70◦
T1(mm) 3.66 4.50 θ ′1 4.10◦ 4.95◦
T2(mm) 7.25 6.00 θ ′2 8.11◦ 6.60◦
T3(mm) 6.75 7.00 θ ′3 7.50◦ 7.70◦
T4(mm) 7.25 9.00 θ ′4 8.11◦ 9.90◦
T5(mm) 9.55 9.00 θ ′5 10.7◦ 9.90◦
T6(mm) 17.25 18.00 θ ′6 19.3◦ 19.8◦
W1(mm) 1.77 0.95 − − −
W2(mm) 0.85 0.55 − − −

(a)

(b)

(c)

(d)

Fig. 5. The representations of (a) 35.35 Ω horizontal
section, (b) equivalent circuit, (c) S-parameter response,
and (d) phase response of the line.

comprehensive view of signal behavior. In particular,
Fig. 5 (d) achieves phase control with -90◦ and +90◦ at
0.7 GHz, and 3.5 GHz.

Figures 6 (a) and (b) detail the 50 Ω vertical TL
design and structure, revealing its physical arrangement.
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On the contrary, Figs. 6 (c) and (d) analyze the vertical
TL’s S parameters and phase response, offering insights
into system performance.

These figures highlight the vertical TL’s impres-
sive capabilities, ensuring effective signal transmission

(a) (b)

(c)

(d)

Fig. 6. Representations of (a) 50 Ω vertical section,
(b) equivalent circuit, (c) S-parameter response, and (d)
phase response of the line.

at 0.7 GHz and 3.5 GHz and precise phase shifts of−90◦
and +90◦ at these frequencies. These results affirm the
vertical TL’s reliability and significance in the system.

III. SIMULATIONS, FABRICATION, AND
MEASUREMENTS

DB-BLC 1 and DB-BLC 2 were created for 5G
below 6 GHz frequencies (specifically, 0.7 GHz and 3.5
GHz) using CST Microwave Studio software. DB-BLC
2, shown in Fig. 7, has a unique symmetrical design
achieved by combining the TLs from Figs. 5 and 6. The
gaps shown from the diagram are only for the purpose
of demonstrating integration and do not reflect the actual
configuration. It was developed on an RT/Duroid 5880
substrate, 0.787 mm thick, with a permittivity of 2.2 and
a loss tangent of 0.0009.

To realize the prototype shown in Fig. 8 (a), the
photoetching technique was used and SMA connectors
were used for measurements. The S parameters of the
prototype were measured using a Rohde & Schwarz

Fig. 7. The diagram showing the assembly process of the
Minkowski-shaped DB-BLC 2.

(a)

Fig. 8. Continued



SHALLAH, ZUBIR, RAHIM, YUSOFF: A SYMMETRICAL FRACTAL-BASED BALANCED BRANCH-LINE COUPLER FOR SIMULTANEOUS 970

(b)

Fig. 8. The structure of the fabricated prototype for BLC-
2 (a) with SMA connectors and (b) with VNA during S-
parameter measurement.

ZNB 40 vector network analyzer (VNA), as illustrated
in Fig. 8 (b).

IV. RESULTS AND DISCUSSION

Figures 9 (a) and (b) visually depict the current den-
sity distribution in the DB-BLC 2 structure at two crit-
ical frequencies, 0.7 GHz and 3.5 GHz. Figure 9 illus-
trates the equal division of the input signal between Port-
2 and Port-3, with Port-1 as an input port, ensuring sym-
metric power distribution. This balance enhances device
efficiency. Additionally, Port-4 remains isolated from the
input signal, as evident in the figures, preventing unwanted
signal leakage or interference at specified frequencies.

Figure 10 provides the (S− parameters), providing
information on the interaction and transmission of the

(a)

Fig. 9. Continued

(b)

Fig. 9. The current density distribution of the proposed
DB-BLC 2 with Port-1 as an input port (a) at 0.7 GHz
and (b) at 3.5 GHz.

(a)

(b)

Fig. 10. The S-parameters results analysis of DB-BLC 2
(a) S11 and S41 simulated and measured and (b) S21 and
S31 simulated and measured.
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Fig. 11. The overlapped phase response of the proposed
DB-BLC 2.

signal. Meanwhile, Fig. 11 presents the phase response
across coupled and through ports, crucial for understand-
ing phase shift characteristics in various applications.

Notably, miniaturization via MFG caused slight res-
onance frequency shifts and reduced return loss values,
optimizing the design for desired frequency bands and
improved performance. Figures 10 and 11 display S-
parameter and phase responses, confirming the function-
ality of the BLC within the sub-6 GHz 5G dual fre-
quency bands (0.7 GHz and 3.5 GHz). In particular,
both S11 and S41 in Fig. 10 (a) exhibit values below -
25 dB in these frequency bands. To ensure a balanced
power distribution between the Port-2 and Port-3 out-

Table 3: Performance comparison between simulated
DB-BLC 1, DB-BLC 2, and measured DB-BLC 2

Parameter DB-BLC 1 (Sim) DB-BLC 2 (Sim) DB-BLC 2 (Mea)

Freq., (GHz) 0.7/3.5 0.7/3.5 0.7/3.5

S11 (dB) -29.7/33.4 -30.4/-31.2 -29.0/-26.1
S21 (dB) -3.31/-3.23 -3.10/-2.98 -3.61/-2.89
S31 (dB) -2.86/-3.11 -3.09/-3.21 -2.65/-3.34
S41 (dB) -31.4/-29.7 -31.8/-28.9 -29.1/-26.4

Phase diff., (◦) -91.4/89.1 -89.8/90.6 -88.9/91.2

Table 4: Performance comparison with other related published works from the literature
Ref./Date f1/ f2 (GHz) Ratio (K) Size (mm) |S11| (dB) |S21| (dB) |S31| (dB) |S41| (dB) Phase Error (◦) Ampl. Error (dB)

[17]/2016 1/4 4 65×51 -/- -3.28/-3.2 -3.43/ -3.37 -/- -/- -/-
[21]/2016 0.87/1.79 2.05 31×31 -26/-21.6 -3.3/-3.09 -3.67/-3.9 -34/-19.9 ±5 ±1
[22]/2018 0.82/2 2.43 55×32 -21/-13 −/− −/− -24/-14 - 1.4
[23]/2018 0.9/2.4 2.67 64×83 -27/-26 -3.47/ -3.56 -3.41/ -3.78 -24.5/ -23.3 ±5 ± 0.5
[24]/2019 0.75/1.32 1.76 - >-14 -3.35/ -4.0 -3.74/ -4.1 >-14 ± 4 ± 0.65
[25]/2021 0.9/1.8 2 124 ×60.4 - -/- -/- - - -
[26]/2022 0.9/2.45 2.72 99×46 -20 -3.66/ -3.72 -3.42/ -3.53 -20 ± 5 1
[27]/2022 1/2.5 2.5 68×65 -15 -2.9/-2.8 -3/-3.5 -20 ± 2.7 -
[28]/2023 0.9/2.0 2.22 99.06 ×12.96 -26.8/ -35.6 -3.5/-3.4 -3.1/-3.3 -23.4/ -27.2 - -

This work 0.7/3.5 5 54×48 -29.0/ -26.1 -3.61/ -2.89 -2.65/ -3.34 -29.1/ -26.4 1.2 0.61

puts, both S21 and S31 should be around -3 dB. Conse-
quently, the proposed design in Fig. 10 (b) shows values
of -3.1 dB and -3.09 dB at 0.7 GHz and -2.98 dB and
-3.21 dB at 3.5 GHz. Additionally, optimal power dis-
tribution requires a 90◦ phase difference between output
ports Port-2 and Port-3. Figure 11 reveals phase differ-
ences (∠S31−∠S21) of -89.8◦ at 0.7 GHz and 90.6◦ at
3.5 GHz, translating to phase errors of 0.2◦ and 0.6◦,
respectively.

Table 3 provides a performance comparison
between simulated DB-BLC 1, DB-BLC 2, and mea-
sured DB-BLC 2.

In the frequency range of 0.7 GHz to 3.5 GHz,
DB-BLC 2 performed exceptionally well. The measured
return loss (S11) and the isolation loss (S41) were bet-
ter than -10 dB. Figure 10 illustrates that, at 0.7 GHz,
the measured insertion loss (S21) and coupling loss (S31)
were -3.61 dB and -2.65 dB, respectively, while at 3.5
GHz, they were -2.89 dB and -3.34 dB. The maximum
insertion loss and coupling loss were 0.61 dB and 0.36
dB, respectively, closely approaching the standard -3 dB
value.

The phase differences between the output Port-2 and
Port-3 for DB-BLC 2 were measured at -88.9◦ and 91.2◦,
respectively, with a maximum measured phase error of
1.2◦ compared to the simulated 0.8◦. It’s worth noting
that fabrication errors and dielectric losses may influence
the measured phase error and other performance parame-
ters. However, the proposed design exhibited good agree-
ment with the overall simulated and measured results.

Table 4 provides a comparative assessment of DB-
BLC 2 in the same frequency range as previous designs.
Analysis shows that our design excels in simplicity, com-
pactness, and a wider frequency band ratio. On the con-
trary, the closest predecessor achieves only a ratio of 4,
while other designs require larger sizes, lower K val-
ues, or more complex structures. Notably, [29] and [21]
achieve smaller dimensions but with a limited band ratio.
In summary, these findings shows the suitability of the
proposed BLC design for sub-6 GHz 5G applications.
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V. CONCLUSIONS

In this paper, a miniaturized DB-BLC with an
improved frequency band ratio is reported. The BLC’s
traditional transmission line (TL) is transformed into a T-
shaped TL on both arms using ABCD-matrix analysis to
attain dual-band properties. Symmetry is a fundamental
design parameter that contributes to the effectiveness and
efficiency of these components in communication, radar,
and other high-frequency systems. By utilizing this frac-
tal geometry, the designed branch-line coupler is further
miniaturized achieving a 90% size reduction while main-
taining its functionality.

This design is believed to be the first compact and
low-profile DB-BLC with a large frequency ratio for
lower frequency bands of 0.7 GHz and 3.5 GHz. The
simulated and verified results show good agreement.
Importantly, this proposed structure holds promise appli-
cations in sub-6 GHz 5G applications, where its com-
pactness and dual-band capabilities can offer valuable
advantages.
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Abstract – In this study, single-mode conditions
and bending losses of optical waveguides based on
Ge33As12Se55 chalcogenide glass, commercially known
as IG2, for astrophotonic devices in the mid-infrared
spectral range are numerically analyzed. The scalar
finite-element method was used to analyze single-
mode conditions. For the bending-loss analysis, equiv-
alent straight waveguides of bent waveguides were
analyzed using the two-dimensional finite-difference
beam-propagation method. The results revealed design
rules for astrophotonic optical integrated circuits in the
mid-infrared spectral range.

Index Terms – Astrophotonics, beam-propagation
method, bending-loss analysis, finite-element method,
optical waveguide, single-mode condition.

I. INTRODUCTION

Optical integrated circuits (OICs), which are vital
in current optical telecommunication systems, are being
widely used in astrophysics to meet the astronomers’
ever-increasing demand for higher angular, spectral, and
temporal resolutions over a broad wavelength range
among astronomers. Astronomers hope to understand
the formation of planets, stars, and galaxies to charac-
terize the atmospheres of exoplanets in habitable zones
and unravel the physics of black holes. The application
of the OICs in astronomy is referred to as astrophoton-
ics. The OIC-based solutions have advantages in terms
of size, weight, and cost compared to solutions based
on conventional free-space optics. In addition, they can
realize functionalities that are difficult or impossible
to achieve using conventional solutions. Astrophotonics
will be important in the new era of extremely large 30-m
class telescopes [1, 2].

Various astrophotonic instruments have been devel-
oped [3–15]. Most of them are operated in the near-
infrared (IR) spectral range owing to the availability
of technologies in the field of optical telecommunica-
tions. However, astrophotonic instruments operating in

the mid-IR spectral range have also been considered for
the direct detection and characterization of exo-earths.
Spectral features in the mid-IR range offer signatures of
important chemicals in habitable zones such as water,
ozone, and carbon dioxide [16, 17].

Chalcogenide glasses are promising materials for
mid-IR OICs because of their broad transparency
ranges. In addition, the ultrafast laser inscription (ULI)
technique, which generates permanent refractive index
changes, is a highly cost-effective and convenient
method for inscribing waveguides in chalcogenide
glasses [5, 11–15, 18]. The change in the refractive index
due to ULI can be controlled by the pulse energy.

Ge33As12Se55 chalcogenide glass, also known as
IG2 [19], is a well-established chalcogenide composi-
tion commonly used in mid-IR applications [14, 15, 20].
Because IG2 glass is transparent from 1 μm up to 12 μm
of the wavelength range [15] that covers the two atmo-
spheric transmission windows (3-5 and 8-12μm), IG2
glass is suitable for astrophotonic OICs operated in mid-
IR. Ultrafast laser-inscribed IG2 glass waveguides for
mid-IR OICs, such as directional couplers with rectan-
gular waveguides operating at a single wavelength, have
been fabricated and demonstrated. Measured coupling
ratio of a fabricated coupler was compared to the ones
by an analytical and a numerical method[14]. Although
characterizations such as the single-mode operation of
the rectangular waveguides have been experimentally
performed at a single wavelength, their single-mode con-
dition has been theoretically analyzed only for square
waveguides at a single wavelength [15].

Bent waveguides are important building blocks of
OICs. Although bent waveguides with small radii are
vital for realizing compact OICs, the losses that occur in
bent waveguides increase as the bending radii decrease.
A smaller bend loss is required for astrophotonic OICs
because astronomical observation programs are inher-
ently photon starved. However, to the best of our knowl-
edge, the bending losses of ultrafast laser-inscribed IG2
glass waveguides have not been experimentally or theo-
retically characterized.

Submitted On: November 22, 2023
Accepted On: February 11, 2024

https://doi.org/10.13052/2023.ACES.J.381207
1054-4887 © ACES



YASUI: SINGLE-MODE CONDITION AND BENDING LOSS ANALYSIS OF ULTRAFAST LASER-INSCRIBED MID-INFRARED WAVEGUIDES 976

In this study, the analysis of single-mode conditions
using the scalar finite-element method (FEM) [21] and
bending-loss analysis using the two-dimensional finite-
difference beam-propagation method (FD-BPM) [22]
were carried out for IG2-glass-based waveguides. These
results provide fundamental information for designing
high-performance astrophotonic devices based on IG2
glass in the mid-IR spectral range.

II. CONFIGURATION AND NUMERICAL
METHODS

A. Bent waveguides

We consider a bent waveguide shown in Fig. 1. The
bent waveguide consists of a rectangular core, whose
width, thickness, and refractive index are, respectively,
w, t, and ncore. The core is surrounded by a cladding
material with a refractive index of nclad . It is assumed
that two uniform straight waveguides, whose cores and
claddings are identical to the ones of the bent waveg-
uide, are connected to the input and output of the bent
waveguide.

In this study, we assumed that the cladding mate-
rial was IG2 glass, and that the core was fabricated using
the ULI technique. The refractive index of the cladding,
nclad , is expressed as follows[19]:

n2
clad(λ ) = A+

B1λ 2

λ 2−C2
1
+

B2λ 2

λ 2−C2
2
, (1)

where A = 3.3408, B1 = 2.9626, C1 = 0.3600, B2 =
0.8298, and C2 = 35.0011. The refractive index of the
core is expressed as ncore = nclad +Δn, where Δn denotes
the refractive-index change by the ULI, whose range
covers 0.008-0.02[15]. In this study, we considered the
waveguides operated in Ex modes.

r

R

w

tncore

nclad

x

y

z

Fig. 1. Three-dimensional view of a bent waveguide,
whose core is surrounded by a cladding material.

B. Brief review of FEM

In this section, we briefly review the scalar FEM.
The scalar FEM is applied to analyze the single-mode
condition of the straight waguides connected to the bent
waveguide. We note that a single cross-section of the
bent waveguide is necessary for the analysis. Suppose
the cross-section is placed on the xy-plane. Under a

scalar wave approximation, the following wave equation
is derived from the Maxwell’s equations:

pF
∂ 2Ψ
∂x2 + pF

∂ 2Ψ
∂y2 +qF k2

0Ψ− pF β 2Ψ = 0, (2)

where Ψ = Ex, pF = 1, qF = n2(x,y) for Ex modes, Ψ =
Hx, pF = 1/n2(x,y), qF = 1 for Ey modes, and n(x,y)
denotes the cross-sectional refractive-index distribution.

After dividing the cross-section by the second-
order triangular elements and applying the scalar finite-
element method, the following finite-element equation
was derived [21]:

[K]{Ψ}− k2
0n2

e f f [M]{Ψ}= {0}, (3)
where [K] and [M] denote the finite-element matrices,
{Ψ} is the nodal electric/magnetic field vector, {0} is the
null vector, and k0 and ne f f are, respectively, the wave
number in vacuum and the effective refractive index.
Here, n2

e f f and {Ψ} are, respectively, an eigenvalue
and eigenvector of equation (3). The Neumann bound-
ary condition is imposed on the computational window
edges.

C. Two-dimensional equivalent straight waveguide

Figure 2 (a) shows an equivalent two-dimensional
waveguide of the bent waveguide shown in Fig. 1. The
refractive indices of the core and cladding are, respec-
tively, denoted as nco and ncl , which are evaluated using
the effective index method.

The bent waveguide can be mapped onto an equiva-
lent straight waveguide (ESW), as shown in Fig. 2 (b),
using a conformal transformation[23]. It is noted that
the ESW is also applicable to cylindrical waveguides[24,
25]. Here, u = R ln

(
1+ q

R

)
, q = r − R, and s = Rθ .

The refractive index distribution of the ESW, n′(u), is
expressed as follows [23–27]:

n′(u) = n(q)
(

1+
q
R

)
, (4)

where, n(q) denotes the refractive index distribution of
the bent waveguide and is expressed as follows:

n(q) =

{
nco (−w

2 ≤ q≤ w
2 )

ncl (otherwise)
. (5)

D. Brief review of FD-BPM

Herein, we briefly review the two-dimensional FD-
BPM. We consider an ESW as shown in Fig. 2 (b).
From Maxwell’s equations, the following wave equation
is obtained:

∂
∂u

(
pB

∂Φ
∂u

)
+

∂
∂ s

(
pB

∂Φ
∂ s

)
+ k2

0qBΦ = 0, (6)

where, Φ = Ey, pB = 1, qB = n′2(u) for the transverse
electric (TE) modes, and Φ = Hy, pB = 1/n′2(u), qB = 1
for the transverse magnetic (TM) modes.

Substituting the solution of the form:
Φ(u,s) = ϕ(u,s)exp(− jk0n0s), (7)
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Fig. 2. (a) Two-dimensional bent waveguide and (b) its
ESW for 2-D FD-BPM. Here, u1 = R ln

(
1− w/2

R

)
and

u2 = R ln
(

1+ w/2
R

)
.

into equation (6), we obtain the following equation for
the slowly varying complex amplitude ϕ:

pB
∂ 2ϕ
∂ s2 −2 jk0n0 p

∂ϕ
∂ s

+
∂

∂u

(
pB

∂ϕ
∂u

)
+ k2

0(qB−n2
0 pB)ϕ = 0, (8)

where n0 is the reference refractive index.
After applying the Padé approximation [28] and

the finite-difference procedure, the following system of
equations is derived [22]:

a+i ϕi−1(s+Δs)+b+i ϕi(s+Δs)+ c+i ϕi+1(s+Δs)

= a−i ϕi−1(s)+b−i ϕi(s)+ c−i+1ϕi+1(s), (9)
where a+, b+, c+, a−, b−, and c− are finite-difference
coefficients; i represents values at the ith sampling point
in the u-direction; and Δs denotes the propagation step
size in the s-direction. equation (9) results in a system
of N linear equations, when ϕi(s) (i = 1,2, . . . ,N) are
given. Here, N denotes the number of transverse sam-
pling points. After solving equation (9), the propagat-
ing field of ϕi(s+Δs) (i = 1,2, . . . ,N) are obtained. The
transparent boundary condition[29] is used.

III. NUMERICAL RESULTS
A. Single-mode conditions

Figure 3 shows the boundary between single- and
multi-mode regions for the rectangular waveguides with
Δn = 0.011 at the wavelength of 9 μm evaluated by
the FEM, where filled and open circles, respectively,
represent single- and multi-mode operation. Hereafter,
we consider square waveguides with w = 15 μm and
t = 15 μm, and rectangular waveguides with w = 20 μm
and t = 15 μm, which are operated in single mode.

Figure 4 shows the normalized propagation con-
stant, b = (n2

e f f −n2
clad)/(n

2
core−n2

clad), as a function of
the wavelength for the square and rectangular waveg-
uides with Δn of 0.09, 0.011, 0.013, and 0.015. Notably,
no higher-order mode was found for each value of Δn
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Fig. 3. Single-mode region for the IG2-glass-based
waveguides with the refractive change, Δn, of 0.011 at
a wavelength of 9 μm.
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Fig. 4. Dispersion curves as a function of wavelength for
waveguides with (a) w = 15 μm and t = 15 μm and (b)
w = 20 μm and t = 15 μm. No higher-order mode was
found in the wavelength range.

over the wavelength range. Evidently, the waveguides are
operated in single mode over the wavelength range and
in the range of Δn.

It was experimentally and numerically shown that
square waveguides with w = t = 15 μm whose Δns were
in the range from 0.0097 to 0.0142 were operated in a
single mode at the wavelength of 7.8 μm [15]. We can
see that Fig. 4 (a) shows the same tendency.
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B. Bending loss analysis

The two-dimensional FD-BPM was employed to
estimate the bending losses of the ESWs. The funda-
mental mode of the original two-dimensional straight
waveguide with a refractive index distribution of n(q)
was launched in the ESWs at the s = 0. The distri-
bution of the fundamental mode is given as an initial
field of the BPM calculation, which are denoted ϕi(0)
(i = 1,2, . . . ,N) in equation (9). The spacing between
transverse sampling points is Δu = 0.1 μm. The prop-
agation step size Δs = 5 μm. The transverse computa-
tional window size was 100 μm. A core of an ESW was
placed in the center of the computational window. The
pure bend loss (PBL) was evaluated using the steady-
state differential power loss (DPL) level[30]. DPL was
evaluated as follows [26, 31, 32]:

Γ(s) =− 10
Δs′

log10

[
P(s+Δs′)

P(s)

]
, (10)

where P(s) denotes the modal power at s, estimated by
the overlap integral between the incident and propagat-
ing fields [27], and s and s+Δs′ represent the two points
used to estimate the modal power. In other words, PBL
is the slope of the graph of log10(P(s))[22].

Figure 5 shows the bending radius and wavelength
dependence of PBL on bent waveguides whose refractive
index changes, Δn, are 0.11 with the square and rectan-
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Fig. 5. Pure bend loss as a function of bending radius
for bent waveguides, whose refractive index change, Δn,
of 0.011, with (a) w = 15 μm and t = 15 μm and (b)
w = 20 μm and t = 15 μm.

gular core. Evidently, operation at a longer wavelength
requires a larger bending radius to suppress the PBL,
and the rectangular waveguides show smaller PBLs than
the square waveguides because of the stronger confine-
ment of optical waves due to the relatively larger cross-
sectional areas of the cores.

Figure 6 shows the DPL levels as functions of prop-
agation distance for the square bent waveguides with
bending radii are R = 20, 26, and 40 mm. Here, the
refractive index changes, Δn, are 0.011, and the opera-
tion wavelengths are 8 μm. Total lengths of these bent
waveguides are taken as Rπ/2. The DPL values reached
steady-state levels at the ends of the waveguides. The
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Fig. 6. Differential power loss (DPL) values of waveg-
uides with w = 15 μm, t = 15 μm, and Δn = 0.011, at
the wavelength of 8 μm for bending radii of 20, 26, and
40 mm.
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w = 15 μm and t = 15 μm and (b) w = 20 μm and
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oscillatory nature of the DPL is due to coupling from
higher-order modes of the bent waveguide back into the
fundamental mode of the straight waveguide[26].

Figure 7 shows the PBL as a function of bending
radius at the wavelength of 8 μm for the square and the
rectangular waveguides with Δn = 0.009, 0.011, 0.013,
and 0.015. Evidently, the PBL strongly depends on the
refractive index change, Δn. When the refractive index
change decreases, the required bending radius rapidly
increases to realize low-loss OICs.

As an practical example, we consider rectangular
waveguides with w= 20 μm, t = 15 μm and Δn= 0.013,
whose cross-sections are approximately identical to the
fabricated waveguides[14]. Figure 7 (b) shows that the
PBL of the waveguides are less than 1.2× 10−3 dB/cm
for R > 36 mm at the wavelength of 8.0 μm.

IV. CONCLUSION

In this study, the single-mode conditions and the
bending loss characteristics of IG2-glass-based optical
waveguides operating in the mid-IR spectral range are
revealed. Guided-mode analysis was performed using a
scalar FEM. As a result, the single-mode region was
shown for the waveguide with Δn = 0.011 at the wave-
length of 9 μm, is shown. In addition, the square and the
rectangular waveguides, whose core widths and heights
are in the single-mode region, were operated in a single-
mode over the mid-IR spectral range. Two-dimensional
ESW models of the bent waveguides were analyzed
using a two-dimensional FD-BPM. The dependence of
the loss characteristics on the waveguide parameters
was investigated. Through ULI, the loss characteristics
were found to strongly depend on the refractive index
change, Δn.
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Abstract – This paper presents a simulation-based study
on the relative permittivity of 3D printed dielectric slabs
printed with varying infill densities. In this study, a per-
centage volumetric model has been employed to model
the infill density in a 3D printed dielectric slab. The rel-
ative permittivity of the filament material used to design
the slab is assumed to be 2.45. The modeled slab is fitted
into various rectangular waveguides with varying dimen-
sions corresponding to different frequency ranges. As the
infill density decreases, the relative permittivity of the
dielectric slabs decreases. This lower value of relative
permittivity is referred to as effective relative permittiv-
ity (ε r.eff) throughout the paper. The study concludes that
the effective relative permittivity of the slab decreases
linearly as the infill density is decreased for the model.
This study offers valuable insights into the effective rel-
ative permittivity of dielectric slabs under varying infill
densities, providing implications for applications in areas
such as antenna design.

Index Terms – 3D printing, antenna optimization, effec-
tive relative permittivity, infill density model, patch
antenna, waveguide.

I. INTRODUCTION

3D printing, a technique that constructs a structure
by successively depositing layers, is governed by sev-
eral parameters, one of which is the infill density. This
parameter represents the amount of printed material used
to create a structure. When manufacturing 3-dimensional
antennas via 3D printing, a dielectric material is often
necessary as a support structure. While it may seem ben-
eficial to design an antenna with 100% infill density for
enhanced mechanical strength of the dielectric material,
utilizing a lower infill density can expedite the prototyp-
ing process. Moreover, it contributes to lowering other
design parameters such as dielectric loss, manufactur-
ing cost, the overall mass of the printed structure, and
the relative permittivity of the dielectric material [1, 2].
Furthermore, it has been demonstrated in [3] that lower
infill densities can achieve equivalent results in antenna
design, underscoring the potential advantages of employ-

ing lower infill densities in antenna design. The per-
mittivity of the dielectric material affects the optimal
operating frequency of an antenna, as evidenced in [4].
Therefore, an appropriate infill density serves as a valu-
able parameter in radio frequency and antenna designs.

The existence of a linear relationship between the
effective relative permittivity and infill density has been
identified experimentally for various infill patterns in
[1, 2, 5]. However, a comprehensive investigation into
the modeling of infill density and patterns, establish-
ing a conclusive correlation between these 3D print-
ing parameters and electrical parameters, remains unex-
plored in the literature. Additionally, the phenomena
behind this observed linear relationship remain yet to be
elucidated.

This paper aims to model the infill density in a 3D
printed dielectric slab to study the correlation between
infill density and relative permittivity. The infill model is
used to compute the effective relative permittivity (ε r.eff)
of the dielectric slab at 30%, 50%, and 70% infill den-
sity by placing the modeled slab within 7 distinct waveg-
uides of varying dimensions. Additionally, the paper
presents an equation formulated to determine ε r.eff for
the infill densities lower than 100%. It further demon-
strates the practical implementation of the infill model
in optimizing a patch antenna’s substrate designed with
infill densities lower than 100%. The relative permittiv-
ity for the printed material at 100% infill was set at 2.45.
CST Microwave Studio, a 3D electromagnetic simula-
tion software, was used for the simulations conducted in
this study.

II. MODELING INFILL DENSITY

In this study, a simple model has been developed for
infill density, which is based on the ratio of the volume
of the printed material to the volume of the fabricated
dielectric structure. This volumetric model implies that
for a fabricated dielectric structure, 100% infill corre-
sponds to the entire volume of the structure being com-
posed of 3D printing filament material. Conversely, 50%
infill indicates that only half of the total volume is the
3D printed material, with the remaining 50% being an
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air-gap. The infill pattern is designed to be straightfor-
ward, featuring a repeated block of printed material and
air-gap alternately on the top layer, with the same pattern
repeated in the layers underneath.

Figure 1 presents a cross-sectional view of the
dielectric slab represented by the proposed model where
the printed material is represented by cyan-colored
blocks within the yellow-colored waveguide. It can be
seen that 70% infill exhibits higher material density com-
pared to the 50% infill. The thickness of the slab is along
the z-axis. The model was constructed such that both the
larger and smaller cross-sectional inner dimensions (“a”
and “b” in Figs. 1 and 2) of the waveguide were subdi-
vided each into 10 small unit cells. The x-length of the
unit cell was multiplied by the infill density factor to get
the length of the printed material within the unit cell in
the x direction so that the volume of the printed material
in the unit cell to the volume of the unit cell represents
the infill density for the dielectric slab. This approach
allows for an easy method to vary the infill density by
adjusting the infill percentage factor and accurately mod-
eling infill density in terms of the volume of the printed
material.

(a) Modeled for 50% infill density

(b) Modeled for 70% infill density

Fig. 1. Cross-sectional view of modeled slabs within
waveguide, each cyan block representing a unit cell.

Fig. 2. Model of the simulation setup depicting the
waveguide and the dielectric slab.

III. SIMULATION SETUP

In this study, 7 waveguides were employed for sim-
ulations, with their dimensions listed in Table 1. These
waveguides served as a basis for planned experimen-
tal assessments, based on these simulations. The fre-
quency range encompassed by the waveguides spanned
from 1 GHz (approximately 376 MHz below the WR430
cutoff frequency) to 21 GHz (within the operational
range of WR42). In the simulation setup demonstrated
in Fig. 2, both waveguide ends were excited by iden-
tical waveguide ports, with the dielectric slab posi-
tioned between two air-filled waveguide sections. These
sections extended a length equivalent to 10 times the cut-
off wavelength (based on TE10 mode of operation) from
each side of the slab to each end of the waveguides. This
configuration emulates the intended experimental setup,
facilitating the attenuation of higher-order modes present
at the air/material interface.

Table 1: Waveguide parameters for simulations
Waveguide Cross Section (a∗b) fc(GHz)

WR430 109 mm×55 mm 1.37
WR284 72 mm×34 mm 2.08
WR187 48 mm×22 mm 3.13
WR137 35 mm×16 mm 4.29
WR90 23 mm×10 mm 6.52
WR62 16 mm×7.9 mm 9.38
WR42 11 mm×4.3 mm 13.63

The various slabs used in this study share a common
thickness (“t” in Fig. 2) of 27 mm, while their cross-
sectional dimensions adapt to the respective waveguide
dimensions. The design ensures that the inner dimen-
sions of the waveguide fit snugly with the outer dimen-
sions of the dielectric slabs. The dielectric slabs were
oriented such that their thickness was along the z-axis
as seen in Fig. 2.

The simulation results were expressed in terms of S-
parameters. Since the waveguide sections were identical,
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the simulations yielded equivalent S11 and S22 and equiv-
alent S12 and S21, as expected. The S11 results were
utilized to derive the ε r.eff, as detailed in subsequent
sections. It was observed that the S12 values were closer
to 0 dB above the cutoff frequency ranges, indicating that
most of the power was transmitted between the ports, as
the dielectric slabs were considered to be lossless. These
values could be used to estimate the loss tangent of lossy
dielectric slabs in future studies, but we did not use them
for further analysis in this study, as our primary focus
was investigating the real part of the permittivity.

IV. METHODOLOGY

To elucidate the methodology used to estimate the
permittivity values, initially, the parameters of the simu-
lations were defined. A specific notation was introduced
for clarity and conciseness throughout the simulation
process:

WG(infill%,εra),

where “WG”corresponds to one of the specific waveg-
uides in Table 1, “infill%”represents the infill density of
the dielectric slab, “εra”signifies the relative permittivity
value of the filament material used to fabricate the slab.
For instance, WR187(70%, 2.45) represents a WR187
waveguide in which a dielectric slab with 70% infill den-
sity is inserted. The permittivity value of the filament
material used to fabricate the slab was 2.45.

The algorithm proposed for determining the ε r.eff for
a specific dielectric slab is delineated as follows:

1. Initialization: Define a dielectric slab for which
the effective relative permittivity needs to be ascertained,
e.g., WR187(50%,2.45).

2. Primary Simulation: Simulate the waveguide
setup with the dielectric slab and record the S11 result,
e.g., S11:WR187(50%,2.45).

3. Record Minimum: Document the fre-
quency at which the minimum occurs for S11, e.g.,
fm:WR187(50%,2.45).

4. Secondary Simulation: Simulate the same waveg-
uide setup identical to Step 2, but with the slab at
100% infill density with εra set as a variable, e.g.,
WR187(100%,εra). Record the minimum as mentioned
in Step 3, e.g., fm:WR187(100%,εra).

5. Iteration/Optimization: Repeat Step 4 until the
absolute difference between the minimum of the Primary
and Secondary simulations is less than an error threshold
(eth).

The error threshold (eth) was set as 0.02 GHz for
this study. So, the condition that had to be satisfied for
the proposed algorithm was
|fm :WR187(50%,2.45)− fm :WR187(100%,εra)| ≤ eth.

(1)
The εra value that satisfies expression 1 is con-

sidered to be the ε r.eff for WR187(50%,2.45). An

(a) S11:WR187(50%,2.45)

(b) S11:WR90(30%,2.45)

Fig. 3. Illustration of the proposed algorithm to deter-
mine ε r.eff.

example of the result obtained using this method-
ology is presented in Fig. 3 (a), where two data
sets for WR187 namely, S11:WR187(50%,2.45) and
S11:WR187(100%,ε r.eff) have been plotted together. The
two data sets exhibit a good match, thereby indicating
that the determined ε r.eff indeed represents the appro-
priate permittivity for WR187(50%,2.45) dielectric slab.
Another example has been presented in Fig. 3 (b), where
the permittivity for S11:WR90(30%,2.45) has been esti-
mated. This simulation-based optimization methodology
was employed to determine the ε r.eff values for each
of the dielectric slabs at 30%, 50%, and 70% infill
density.

V. RESULTS

Table 2 lists the permittivity values estimated using
the proposed algorithm for each of the dielectric slabs at
30%, 50%, and 70% infill density. From Table 2, it can
be seen that the ε r.eff is in close range of 1.4, 1.7, and
2 for 30%, 50%, and 70% infill, respectively, for all the
dielectric slabs considered in this study.

The algorithm was further employed for WR187
to estimate ε r.eff for all the infill densities between
WR187(0%,1) and WR187(100%,2.45) in the interval
of 10%. The results for the estimated ε r.eff (black dots)
were plotted against infill density in Fig. 4. Addition-
ally, a straight line joining the two endpoints, i.e.,
WR187(0%,1) and WR187(100%,2.45) was drawn (red
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colored line) to aid in visualizing the variation in
estimated ε r.eff values with infill density.

VI. DISCUSSION

The estimated permittivity values presented in
Table 2 elucidate that regardless of the variations in
waveguide dimensions and operating frequencies, the
estimated permittivity of dielectric slabs remained nearly
consistent at each specific infill density. This suggests
that the proposed infill model is frequency independent.

Table 2: Estimated ε r.eff with proposed algorithm
Dielectric Slab 30% Infill 50% Infill 70% Infill
WR430 slab 1.400 1.653 1.990
WR284 slab 1.425 1.715 2.025
WR187 slab 1.411 1.715 2.008
WR137 slab 1.422 1.728 2.000
WR90 slab 1.413 1.716 2.011
WR62 slab 1.416 1.722 2.005
WR42 slab 1.410 1.721 1.997

Furthermore, when the estimated ε r.eff values are
plotted against their corresponding infill densities as pre-
sented in Fig. 4, a consistent linear relationship between
ε r.eff values and infill density is evident. This is denoted
by the fact that the estimated ε r.eff values (black dots)
closely align with the straight red line. While this was
specifically tested for WR187, it is reasonable to con-
clude that this relationship should hold true for the other
waveguides across the entire range of simulation fre-
quencies. This assertion is based on the consistent results
generated by the proposed infill model at each of the
specified infill densities outlined in Table 2. The results
of the model proposed in this study are consistent with
the experimental study in [1, 2, 5], where a linear corre-
lation between ε r.eff and infill density was observed. This
indicates that the slicer software used in those 3D print-
ers produces the infill density appropriately similar to

Fig. 4. Linearity demonstrated between ε r.eff values and
infill density in WR187 waveguide.

the model used in this study. However, if the slicer soft-
ware does not add material for a particular infill density
accordingly, possibly for structural integrity or other rea-
sons, the relationship may deviate from being linear. This
underscores the importance of standardizing slicer soft-
ware, a point emphasized in [1].

From the results obtained, this relationship can
be leveraged to estimate ε r.eff using the linear relation
described by the equation:

ε r.eff =
ε r100− ε r0

100
∗ (infill%)+ ε r0, (2)

where ε r.eff represents the effective relative permittivity
to be determined for a lower infill%, ε r100, and ε r0 are the
relative permittivity of the printed material/slab at 100%
infill density and air, respectively. Utilizing equation 2
for a material with ε r100 = 2.45, with the fact that ε r0
= 1, we computed ε r.eff at 30%, 50%, and 70%, result-
ing in 1.435, 1.725, and 2.015 respectively. These values
align closely with those obtained in Table 2, demonstrat-
ing that equation 2 effectively evaluates the simulation
results.

The simulations performed in this study successfully
implement an infill density model that establishes a clear
linear relationship between ε r.eff and infill density. These
findings have broader implications, as they can be used
to interpolate ε r.eff values at specific infill densities. This
capability could be leveraged for design purposes, offer-
ing a valuable tool for optimizing permittivity for vari-
ous applications while utilizing the same core filament
material. An example to demonstrate its effectiveness
has been presented in the subsequent subsection.

A. Implementing the model to optimize permittivity
for the substrate of a patch antenna

In this section, the implementation of the model in
optimizing the permittivity of the substrate of a simple
patch antenna is demonstrated. Two patch antennas, as
illustrated in Fig. 5, were designed in CST Microwave
Studio. Patch 1 substrate is modeled with 60% infill den-
sity using the volumetric model as shown in Fig. 5 (a),
while Patch 2 presented in Fig. 5 (b) is without substrate
modeling. Both patches share identical dimensions, as
detailed in Fig. 5 with a 2 mm substrate thickness. The
yellow color denotes the copper layer, while blue rep-
resents the substrate. Notably, both patches have a full
ground plane on the backside, hidden in Fig. 5 for clarity
of the infill model.

Consider a scenario where a patch antenna achiev-
ing resonance at 5 GHz necessitates a substrate with
permittivity of 1.87, yet only filament with εr = 2.45 is
available. The hypothesis questions if using that filament
(εr = 2.45) to design a substrate requiring εr = 1.87 is
feasible. To investigate, patch1 (60%, 2.45) was simu-
lated and, simultaneously, another patch patch2 (100%,
ε r.eff) was simulated with its substrate permittivity set
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(a) Patch 1 with substrate modeled for 60% infill
density

(b) Patch 2 with unmodeled substrate

Fig. 5. Implementing the model to optimize patch
antenna.

as ε r.eff = 1.87, computed using equation 2. The results
of both simulations are presented in Fig. 6, indicating
a close overlap between the two plots. This suggests that
the substrate printed at 60% infill using a filament with ε r
= 2.45 accurately represents a permittivity of 1.87, poten-
tially utilizing infill density as a parameter for antenna
design.

Additionally, a simulation for patch2 (100%, 2.45)
demonstrates the repercussions of unoptimized infill

Fig. 6. Demonstrating optimized patch antenna vs. a non-
optimized patch antenna.

density, causing the antenna to operate at an unintended
frequency range, as seen in Fig. 6. The green solid
line with dots representing this result underscores the
importance of utilizing appropriate infill density for the
antenna substrate to achieve the desired antenna perfor-
mance. Indeed, our initial experimental research of 3D
printing antennas resulting in unexpected resonances due
to inadequate knowledge of infill density is what led to
this research in the first place.

The results obtained for patch1(60%,2.45) and
patch2(100%,ε r.eff=1.87) in Fig. 6, suggest a simplifica-
tion in modeling. It highlights the potential to bypass
explicit infill density modeling for future antenna sub-
strate simulations by simply using the ε r.eff from equa-
tion 2. This “100% infill”substrate with the ε r.eff can at
a minimum, initially, negate the need for infill modeling
in the design process, and that should result in quicker
simulation times.

VII. CONCLUSION AND FUTURE WORK

This study contributes valuable insights into model-
ing infill density, elucidating a consistent linear relation-
ship between ε r.eff values and infill densities. The study
reveals that the increment of printed material should
align linearly with increasing infill density to preserve
this relationship, a crucial aspect demonstrated through
the volumetric model. The derived linear equation for the
model facilitates precise estimation of relative permit-
tivity for optimizing design parameters requiring lower
infill or permittivity values in specific applications. Addi-
tionally, the significance of standardizing slicer software
in 3D printing processes is also highlighted to preserve
this relationship.

In this study, the unit cells were designed to vary
solely along the x and y directions. However, for future
studies extending it to vary along the z-axis for each unit
cell could allow more design flexibility and still retain
the volumetric method to regulate the infill density for
the printed structure as demonstrated in [6]. In upcoming
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research, the focus will be on experimentally validating
the simulation model. This entails manufacturing dielec-
tric slabs with different infill densities for various waveg-
uides and subsequently comparing the effective relative
permittivity obtained from simulations with empirically
measured data. Additionally, attention will be given to
investigating an analytical approach to develop a the-
oretical model on the effective relative permittivity for
the lower infill densities. These studies hold substan-
tial promise for designing and manufacturing customized
dielectric substrates with tailored dielectric properties,
further broadening the scope of applications of 3D print-
ing technology across various domains.
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Abstract – When modelling and optimizing antennas by
machine learning (ML) methods, it is the most time-
consuming to obtain the training samples with labels
from full-wave electromagnetic simulation software. To
address the problem, this paper proposes an optimiza-
tion method based on the consensus results of multiple
independently trained Student’s-T Process (STP) with
excellent generalization ability. First, the STP is intro-
duced as a surrogate model to replace the traditional
Gaussian Process (GP), and the hyperparameters of the
STP model are optimized. Afterwards, a consistency
algorithm is used to process the results of multiple
independently trained STPs to improve the reliability
of the results. Furthermore, an aggregation algorithm is
adopted to reduce the error obtained in the consistency
results if it is greater than the consistency flag. The
effectiveness of the proposed model is demonstrated
through experiments with rectangular microstrip anten-
nas (RMSA) and circular microstrip antennas (CMSA).
The experimental results show that the use of multiple
independently trained STPs can accelerate the antenna
design optimization process, and improve modelling
accuracy while maintaining modelling efficiency, which
has high generalization ability.

Index Terms – Antenna optimization, Consensus net-
work, Gaussian Process, Student’s-T Process.

I. INTRODUCTION

In the past research, the optimal design of
electromagnetic (EM) components has often relied
on numerical simulation or full-wave EM simulation
software, such as High-Frequency Structure Simulator
(HFSS), Computer Simulation Technique (CST), and
combined with global optimization algorithms [1, 2] to
perform research experiments with significant results.
Although these numerical simulation tools can provide
high fidelity simulation results, the process of evaluating
the performance of EM components requires multiple
calls to the EM simulation software, and each calculation
is time-consuming and inefficient. As a result, the focus
of current research has shifted to the surrogates of EM
simulation software to assess the suitability of EM
components. The introduction of surrogates offers the
advantage of saving time and resources, especially
for the more complex EM components. Surrogates
are approximate models that allow predictions and
evaluations in a short time by analyzing and modelling
a small amount of EM simulation data, thereby
improving computational efficiency while maintaining
some accuracy. Some modelling methods such as
Artificial Neural Networks (ANN) [3–5], Support
Vector Machines (SVM) [6, 7], Extreme Learning
Machines (ELM) [8–10], Gaussian Processes (GP)
[11–13] and Backpropagation (BP) [14] are currently
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in use and can effectively solve electromagnetic
problems.

ANN has a powerful self-learning capability to han-
dle complex problems, but it requires a large amount
of simulation data, and determining its structure is very
difficult. SVM has good generalization ability and is
suitable for small samples, which can effectively avoid
”dimensional disaster” due to its final decision function,
but the predicted output is not probabilistic and its kernel
parameters are difficult to determine. As a classical
surrogate, GP can not only face complex mathemat-
ical problems, but also solve mathematical problems
in high-dimensional space, and its mathematical theo-
retical foundation is more rigorous [15]. However, the
posterior distribution of the GP always depends on the
observations, and its outliers are a preferential assump-
tion, leading to extreme outlier observations that cannot
effectively be ignored [16]. The Student’s-T Process
(STP) obeys the Student’s-T distribution rather than the
Gaussian distribution, it has a more flexible posterior
variance and more robust performance compared to the
GP. Shah et al. obtained the closed expressions for the
marginal likelihood and predictive distribution of the
STP by inverting the Wishart integral process over the
covariance kernel of the GP model, and it was shown
that the STP not only retains the properties of the
non-parametric representation of the GP but also has
greater flexibility concerning the predicted covariance
[17]. Sloin and Särkkä added a noise covariance function
to the parametric kernel to construct the STP, and used
it as an alternative to GP, which can make the com-
putation more concise [18]. Tang et al. proposed STP
with the Student’s-T likelihood for dealing with input
and target outliers [19]. Chen et al. constructed a unified
framework to derive a multivariate STP model, which
not only addressed some of the shortcomings of existing
methods in solving multiple output prediction problems
but was also more effective compared to the traditional
GP [20].

As a Machine Learning (ML) technique, STP is easy
to implement with few parameters in the learning pro-
cess, achieves better results in solving non-linear, high-
dimensional problems with small sample sizes, and the
final result has probabilistic significance [21]. STP can
effectively map the non-linear functional dependencies
between the input and output, and become a valuable tool
for the modelling and optimization of complex EM prob-
lems. However, sometimes, the accuracy and reliability
of STP results remain problematic. Even after adequate
training, the predicted results of STP still have errors
that cannot be neglected compared with ones obtained
by full-wave EM simulation software. When STP is
used to optimally design an antenna, these deviations
can temporarily or permanently lead the optimization in

the wrong direction, thereby prolonging the optimization
time or rendering the antenna design infeasible.

This paper proposes a generic method for the opti-
mal design of antennas, reducing the uncertainty of the
results obtained from a single STP. It is based on con-
sensus results from multiple independently trained STPs.
First, STP is introduced as a surrogate to replace the
conventional GP and its hyperparameters are optimized.
Then, a consensus algorithm is used to process the results
of multiple independently trained STPs to improve the
reliability of the results. Moreover, an aggregation algo-
rithm is adopted to reduce the error of the consensus
results if it is greater than the consistency flag.

The rest of this paper is structured as follows.
The second part gives a brief description of GP and
STP. The third part details the basic principles, model
structure and algorithm flowchart and pseudo-code of
the consistency-based STP model. The fourth part is
the experiments, including the resonant frequencies of
rectangular microstrip antennas (RMSA) and circular
microstrip antennas (CMSA), and the modelling results
of different methods show that the proposed consensus
STP network, named C-STP, is more effective. The last
part is the conclusion and outlook.

II. BACKGROUND INFORMATION
A. Gaussian process

GP is a powerful ML method, which can be deter-
mined only by the mean function and covariance func-
tion, as shown in equation (1):{

m(x) = E( f (x))
k(x,x′) = E {[ f (x)−m(x)] [ f (x′)−m(x′)]} . (1)

In the above formula, x,x′ ∈ Rd are any random
variables, m(x) is the mean value function, and k(x,x′)
is the covariance function. GP can be further expressed
by the following equation [22]:

f (x)∼ GP(m(x),k(x,x′)). (2)
If there are n observations in the training set D =

{(xi,yi) |i = 1,2, · · · ,n},Xi = [x1,x2, · · · ,xn]is a d × n-
dimensional input training matrix with n d-dimensional
input training vectors. y = [y1,y2, · · · ,yn]

T is a training
output vector with n training output scalar yi.If there
is noise ε , the regression model can be expressed as
y = f (x) + ε , where ε is a random variable obeying a
normal distribution with a mean of 0 and a variance of
σ2

n , which can be expressed as:
ε ∼ N

(
0,σ2

n
)
. (3)

Then the prior distribution of the observed target
value is as follow:

y∼ N(0,K +σn
2I), (4)

where K = K (X ,X) is a symmetric positive definite
covariance matrix of order n× n, and I is the identity
matrix. Outputs y of n training samples and f ∗ of n∗ test
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samples forms a joint Gaussian prior distribution, which
can be expressed as:[

y
f ∗

]
∼ N(0,

(
K(X ,X)+σn

2I K(X ,X∗)
K(X∗,X) K(X∗,X∗)

)
). (5)

In the above equation, K (X ,X∗) is the n× n∗ order
covariance matrix between n∗ test samples and n training
samples, and K (X∗,X∗) is the n∗ × n∗ order covariance
matrix of n∗ test samples.

Typically, the covariance matrix of GP regression
model, also known as kernel function, is chosen from
the Automatic Relevance Determination (ARD) series
of squared exponential kernels, which contain a set of
hyperparameters that determine the nature of the GP
model. In the actual modelling process, the hyperparam-
eters of the GP model are determined through calculating
the maximum likelihood function. First, the conditional
probabilities of the log marginal likelihood functions
of the training samples are constructed, and then the
bias derivatives of the hyperparameters contained therein
are obtained. Finally, the hyperparameters are optimized
using a conjugate gradient optimization method to find
the optimal solution. The expression for the negative log-
likelihood function is given by:

l = logp(y|θ ,X) =− 1
2 yT K−1y− 1

2 log |K− n
2 log2π .

(6)
After the optimal value of the hyperparameter is

obtained, the trained GP is used for predictions.
Given a new set of data input x∗, based on the trained

GP model with the training set (X ,y), the posterior
distribution of the predicted value y∗ of the new input
x∗ can be written:

p(y∗|x∗,X ,y) = N(μ,Σ), (7)
where formula (8) is the predicted mean value matrix,
and formula (9) is the predicted covariance matrix:

m = K(X∗,X)K(X ,X)−1y, (8)
Σ = K(X∗,X∗)−K(X∗,X)K(X ,X)−1K(X ,X∗). (9)

Through the above series of calculations, the GP can
predict the output corresponding to the x∗ .

B. Student’s-T process

STP is a function distribution of an infinite set
of random variables subject to multivariate Student’s-T
distribution, which is an extension of GP. We describe
the Student’s-T distribution in this way [23]:

T(μ,Σ,v) =
Γ((v+n)/2)

Γ(v/2)vn/2πn/2|Σ|1/2

·
(

1+
1
v
(y−μ)T Σ−1(y−μ)

)−(v+n)/2

.

(10)

In the above equation, n is the dimension of the
Student’s-T distribution, μ is the mean vector, ∑ is the
correlation matrix, v is the degree of freedom and v > 2 :

E
[
(y−μ)(y−μ)T

]
=

v
v−2 ∑ . (11)

STP includes mean function μ (x), kernel function
k (x,x′) and degree of freedom v, and they also determine
STP properties. If x,x′ ∈ Rd is any random variable, STP
can be given by:

f (x)∼ ST P(m(x),k(x,x′),v). (12)
If the degrees of freedom ν increase infinitely and

finally converge to infinity, the multivariate Student’s-T
distribution will become a multivariate Gaussian dis-
tribution, which has the same mean and correlation
function.

In STP, the prior expected value of each position
x is defined by the mean function μ(x).The covariance
between the values of x and x0 at any two positions is
represented by the kernel function, and then the joint
probability distribution of a finite subset of positions can
be expressed as:

p(y|x) = T (μ,∑,v)(y) = T
(

μ,
v−2

v
K,v
)
(y). (13)

In the above equation, μ represents means vector,
μi = μ(xi) £ν is the degree of freedom, K is the kernel
matrix Ki, j = k(xi,x j).

Given a set of samples D = [(x1,y1),(x2,y2),(x3,
y3), ...], a posteriori of STP is given by:

p(y|x,D) = T
(

μ̂,
v−2

v
K̂, μ̂
)
(y), (14)

where
μ̂ = Kx,xK−1

x̃,x̃ ỹ, (15)

K̂ =
v−2+ ỹT K−1

x̃,x̃ ỹ

v−2+ |D| (Kx,x−Kx,x̃K−1
x̃,x̃ Kx̃,x), (16)

v̂ = v+ |D|. (17)
Generally, the kernel of the square index is selected

as kernel function [24]and is given by:

KSE(x,x′) = s2
f exp(−‖x− x′‖2

2�2 ), (18)

where s2
f is the signal variance and can also be the output

scale amplitude, and the parameter �is the input (length
or time) scale.

The combination of equation (14) and the kernel
function shows that the posterior covariance of STP is
dependent on not only the test observations but also
the training observations [25]. Therefore, as a surrogate
model, STP has more flexible post-verification differ-
ence. In addition, using the same method as the GP,
its hyperparameter can be estimated by the maximum
marginal likelihood. The form of its negative logarithmic
likelihood function can be given by:

L(θ) =− log p(y | x,θ)
=

N
2

log((v−2)π)+
1
2

log |Kθ |

− logΓ
(

v+N
2

)
+ logΓ

( v
2

)
+

v+N
2

log
(

1+
β

v−2

)
. (19)
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III. THE PROPOSED MODEL

The consensus STP, named C-STP, is proposed in
this paper, as shown in Fig. 1, which is constructed by
multiple individual STPs that map the physical parame-
ter X of an antenna to the output parameter Y , such as res-
onant frequency. The nonlinear transform y = fST P(x),
where x = [x1x2 . . .xl ] y = [y1y2 . . .yn] implements the
mapping, where l,n is the length of x,y .

For the STP used in this paper, the ARD series
square index kernel (20) is selected, and the hyperparam-
eter is optimized through nonlinear optimization method.
STP’s degree of freedom v, noise variance σ f

2, signal
variance s2

f , and kernel function hyperparameter � are
all targets that need to be optimized. The optimization
process is shown in Fig. 2. Taking the negative log-
marginal likelihood function of STP as the objective
function, gradient-based numerical optimization tech-
niques including the conjugate gradient method or other
intelligent optimization algorithms are used to calculate
the minimum value of the negative log-marginal likeli-
hood function and obtain the final hyperparameter. When
a new observation is given, the output can be accurately
predicted:

KSEard(x,x′) = s2
f exp

(
− (x− x′)T Θ−1(x− x′)

2

)
, (20)

where Θ is the element component
{
�2

i
}p

i=1, which
represents the length scale of each corresponding input
dimension.

A. Consensus of STP

Training STP to predict y as accurately as pos-
sible for any input x requires non-linear optimization
method to find the minimum value of the negative log
marginal likelihood function and determines the value of
the hyperparameter. The training process can start with
random values of the hyperparameter or some predefined

Fig. 1. Structure diagram of consistent Student’s-T
Process model.

Fig. 2. STP hyperparameter optimization flow chart.

values. These values, along with the optimization algo-
rithm used to adjust the hyperparameters, determine the
final STP. If a random method is used, the final result
is random, that is, each training will produce a slightly
different STP instance. In theory, training might produce
the same STP, but we don’t observe it in the experiments.

If only one STP is trained for antenna frequency
modelling, even if it is well trained, its output results
may have uncertainties related to the STP training. The
effectiveness of the trained STP result depends on its ker-
nel functions, hyperparameters, training programs and
data set. To improve the effectiveness of independently
trained STP results and make them more accurate, we
use multiple STP instances instead of one STP, as shown
in Fig. 1. This topology is called consensus STP, referred
to as C-STP in this paper, and similar methods have been
used in previous studies in medicine, EM and computer
science [26–28]. The core idea of consensus STP is
to use multiple STPs simultaneously by providing an
identical training task to each STP separately. If the input
is same for all STPs, then the consensus algorithm is
performed for the output of all STPs, i.e. y1,y2, ...,yN ,
where N is the total number of STPs. The consensus
module can give the final output as shown in Fig. 1,
and the threshold determines whether all the results are
consistent. Usually, x and y can be either real set of
data, which is common in antenna design, or discrete set
data, and the C-STP can be used for both types of data.
There are some methods to implement the consensus
algorithm, including majority voting, arithmetic or other
mean algorithms. The decision is mostly influenced by
the tasks specifications and the outputs characteristics.

The training process of multiple STPs can be per-
formed in parallel because all STPs are independent of
each other, and there is no data exchange. Therefore,
the C-STP approach is well suited for applications on
multi-core computing architectures. Typically, the STPs
may have the same or different kernel functions and
hyperparameters, but all STPs must perform the same
training task.

B. Consensus algorithm

In the whole work, we use multiple training sets to
train STP randomly. The training process is repeated for
N times, therefore N different STPs can be generated.
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The consistency algorithm is to calculate the arithmetic
mean yavg from the output of all the STPs.

yavg =
1
N

M

∑
k=1

yk, (21)

we can find the output ykmax that deviates the most from
yavg, i.e.

|yk − yavg
∣∣≤ |ykmax − yavg

∣∣k = 1,2, ...,N. (22)

Then we exclude the output of the kmaxth STP and
calculate the arithmetic mean of all other STPs as:

y =
1

N−1

N

∑
k=1
k =kmax

yk. (23)

In addition, for each pair of STP outputs, yp and
yq , p,q = 1,2, ...,N, p = kmax and q = kmax, if (24) is
satisfied, we believe that the two STPs are consistent.∣∣yp − yq

∣∣≤ ε, (24)

where ε is a pre-defined threshold. In this case, it is the
final output of the C-STP. Otherwise, it is no consensus,
and the C-STP cannot predict the output correctly. In
this case, the output is computed by other methods. In
general, the ε is set according to the problem we are
facing, and it is different depending on the problem.

When it is no consensus, we adopt the aggregation
method proposed by Goel et al. [29] to construct the
final result. This method is simple in operation and has
good usability, especially with high modelling efficiency.
The weight factor solution method of each model is as
follows:

w∗i = (Ei +αEavg)
β ,wi =

w∗i
∑i w∗i

, (25)

Eavg =
∑N

i=1 Ei

N
,α = 0.05,β =−1. (26)

The parameters α and β are used to measure the
importance of the average model and a single approx-
imate model. Experiments show that α = 0.05,β =
−1 can obtain an accurate consensus model for most
problems. Ei is the global error of the ith approximate
model, and the value can be determined by the specific
error index used.

The consensus algorithm allows a STP to predict the
output inaccurately, while the proposed C-STP can give
a more accurate output because the algorithm eliminates
the worst predictions. On the flip side, if the outputs of all
STPs predictions are within ε , excluding one result does
not affect the final output. Therefore, compared with the
simple arithmetic mean of independent STP output, the
consistency algorithm is more accurate. The proposed
consensus algorithm meets N ≥ 3.

The pseudo-program code for the proposed algo-
rithm is shown in Algorithm 1.

Algorithm 1

Input: Data set,x = [x1,x2 . . .xl ];
Output: Data set,y = [y1,y2 . . .yn]
Process:

1: parfor i = 1,2...,N
2: Numerical optimization technique is used to opti-

mize STP hyperparameter and train individual STP;

3: A posterior prediction mean μi−1 and posterior
difference σi−1

2 of xi are obtained;
4: yN ← ST P← xi;
5: y = [y1,y2 . . .yN ];
6: end parfor

7: yavg ← Calculated arithmetic average from the
outputs of all STPs;

8: Find the output ykmax that deviates from yavg ;
9: |yk − yavg

∣∣≤ |ykmax − yavg
∣∣k = 1,2, ...,N;

10: y← The calculated arithmetic mean of the remain-
ing STP by excluding the kmaxth STPs output;

11: Define a threshold ε in advance,p,q= 1,2, ...,N, p =
kmax and q = kmax;

12: if (
∣∣yp − yq

∣∣≤ ε) then

13: The STPs are considered to be consensus and get
the final result y;

14: else

15: Eavg = ∑N
i=1 Ei

/
N,α = 0.05,β =−1;

16: w∗i = (Ei +αEavg)
β ,wi = w∗i

/
∑i w∗i ;

17: y = w1yST P1 +w2yST P2 + ...+wNyST PN ;
18: end if

IV. EXPERIMENTS
A. Single STP regression

First, a single STP is trained and tested. Ten regres-
sion data sets are selected from the database [30] of the
University of California, Irvine (UCI). These data sets
have different capacities, which can verify the effective-
ness of STP. Experimental results from STP and related
parameters for these 10 regression problems are shown in
Table 1, Table 2 and Fig. 3. The results obtained by SVM
[31], Least Squares Support Vector Machine (LSSVM)
[32], ELM [33], GP [34] and other classical models are
selected to compare with STP, verifying the effectiveness
of the STP. Root mean square error (RMSE) is adopted
as the performance evaluation index to measure the
prediction error of different models. Table 2 shows the
prediction results of each model, and the best ones for
different problems are shown in bold.

RMSE =

√
1
N

N

∑
i=1

(yi−Yi)
2, (27)

where yi is the real value, Yi is the predicted value, and is
the total number of samples.
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Table 1: Details of data sets
Data Train

Samples

Test

Samples

Input

Feature

Strike 416 209 6
Pyrim 49 25 27

Housing 337 169 13
Weather

Izmir
974 487 9

Abalone 2784 1393 8
Quake 1452 726 3

Cleveland 202 101 13
Mortgage 699 350 15
Bodyfat 168 84 14

Basketball 64 32 4

Fig. 3. Comparison of different models with STP.

It can be seen that the STP used in this paper
outperforms other models in at least 7 out of 10 datasets.
Moreover, it outperforms anyone of the classical models

Table 2: Error of different models
Data Set SVM LSSVM ELM GP STP

Strike 0.1053 0.1007 0.1043 0.1023 0.1020
Pyrim 0.15497 0.1133 0.1376 0.1236 0.0507

Housing 0.0792 0.0780 0.0762 0.0849 0.0663

Weather Izmir 0.0190 0.0191 0.0191 0.0194 0.0193
Abalone 0.0773 0.0756 0.0777 0.0758 0.0756

Quake 0.2029 0.1733 0.1729 0.1728 0.1728

Cleveland 0.1514 0.1256 0.1281 0.1293 0.1227

Mortgage 0.0049 0.0053 0.0057 0.0056 0.0048

Bodyfat 0.0049 0.0038 0.0033 0.0690 0.0020

Basketball 0.0767 0.0744 0.0719 0.0776 0.0772

in at least 9 out of 10 datasets. Therefore, the STP has
good predictive ability.

B. Antennas resonant frequency

To gain insight into the performance of the proposed
C-STP and demonstrate its effectiveness, we generate
10 STPs for the following experiments. Since there
are multiple groups of data in the test set, each STP
prediction output will also have multiple groups. In order
to unify the calculation, we use the average difference
between the predicted result and the true value as output,
so that each STP will only have one predicted result, and
then it is compared in pairs to compute the consistency.
From several experiments, the threshold setting ε =
0.5 for CMSA and ε = 1 for RMSA are considered
reasonable. Of course, the number of STPs in the C-STP
as well as the threshold are determined according to the
problem.

The CMSA [35] selected in this paper is shown in
Fig. 4, and the proposed C-STP is used to predict its
resonant frequency. The input variables of the CMSA
are a, h, εr, where a is the radius of the circular patch,

Fig. 4. Schematic diagram of the CMSA.
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h is the thickness of the dielectric layer, and εr is
the relative dielectric constant, and the output is the
resonant frequency f corresponding to each group of
samples. There are 20 groups of experimental data,
among which 16 groups are selected as the training
set, and the remaining 4 groups labelled with * symbol
are selected as the test set, as shown in Table 3. At
the same time, we also select four different modelling
methods, including BP, SVM, GP and STP, to compare
with the proposed C-STP. The test results are shown in
Table 4 and Fig. 5. The evaluation metric is the average
percentage error (APE), i.e.

APE=
1
N

N

∑
i=1

|Yi− yi|
|yi| ×100, (28)

where yi is the real value, Yi is the predicted value, and is
the total number of samples.

As shown in Table 4 and Fig. 5, the prediction accu-
racy of the proposed C-STP is 84.96% higher than that

Table 3: Samples of the CMSA for the proposed C-STP
method
Number a/cm h/cm εr f/MHz

1* 6.8 0.08 2.32 835
2 6.8 0.159 2.32 829
3 2 0.2350 4.55 2003
4 5 0.159 2.32 1128
5 3.8 0.1524 2.49 1443
6 4.85 0.318 2.52 1099

7* 3.493 0.3175 2.5 1510
8 1.27 0.0794 2.59 4070
9 3.493 0.1588 2.5 1570

10 4.95 0.235 4.55 825
11 3.975 0.235 4.55 1030
12 2.99 0.235 4.55 1360

13* 6.8 0.318 2.32 815
14 1.04 0.235 4.55 3750
15 0.77 0.235 4.55 4945
16 1.15 0.15875 2.65 4425
17 1.07 0.15875 2.65 4723
18 0.96 0.15875 2.65 5524
19 0.74 0.15875 2.65 6634

20* 0.82 0.15875 2.65 6074

Fig. 5. APE of different models for the CMSA.

of BP, 31.51% higher than that of SVM, 15.50% higher
than that of GP, and 7.28% higher than that of STP. The
APE of the proposed C-STP is only 1.5498%, showing
its strong generalization performance and effectiveness.

In the following, the resonant frequency of RMSA
[36, 37], shown in Fig. 6, is selected for testing the
proposed C-STP. The antenna consists of a radiating
element, a dielectric layer and a ground plane, and W , L,

Fig. 6. Schematic diagram of the RMSA.

Table 4: Test results of different methods for the CMSA
f/MHz BP SVM GP STP Proposed

835 618 837.6 825.4 829.7 829
1510 1313 1462.7 1547.2 1553.8 1549
815 831.9 779.9 814.6 829 829
6074 6018 6136.4 6297.9 6297.9 6155.9

APE(%) 10.3012 2.2629 1.8340 1.6718 1.5498
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h, εr represent the corresponding width, length, thickness
of dielectric substrate and relative dielectric constant,
respectively. A total of 33 groups of samples are shown
in Table 5, which is divided into two parts, one as training

Table 5: Samples of the RMSA for the proposed C-STP
method
Number W/cm L/cm h/cm εr f/MHz

1* 0.790 1.185 0.017 2.22 8450
2 0.910 1.000 0.127 10.20 4600
3 2.000 2.500 0.079 2.22 3970
4 0.850 1.290 0.017 2.22 7740
5 1.063 1.183 0.079 2.25 7730

6* 1.810 1.960 0.157 2.33 4805
7 1.720 1.860 0.157 2.33 5060
8 1.170 1.280 0.300 2.50 6570
9 0.987 1.450 0.450 2.55 6070

10 0.776 1.080 0.330 2.55 8000
11 0.790 1.620 0.550 2.55 5990

12* 1.337 1.412 0.200 2.55 5800
13 0.905 1.018 0.300 2.50 7990
14 1.500 1.621 0.163 2.55 5600
15 1.120 1.200 0.242 2.55 7050
16 1.530 1.630 0.300 2.50 5270
17 1.270 1.350 0.163 2.55 6560

18* 1.375 1.580 0.476 2.55 5100
19 0.814 1.440 0.476 2.55 6380
20 1.403 1.485 0.252 2.55 5800
21 0.790 1.255 0.400 2.55 7134
22 0.783 2.300 0.854 2.55 4600

23* 1.000 1.520 0.476 2.55 5820
24 0.883 2.676 1.000 2.55 3980
25 1.265 3.500 1.281 2.55 2980
26 1.200 1.970 0.626 2.55 4660
27 0.974 2.620 0.952 2.55 3980
28 0.920 3.130 1.200 2.55 3470

29* 1.256 2.756 0.952 2.55 3580
30 1.080 3.400 1.281 2.55 3150
31 1.020 2.640 0.952 2.55 3900
32 0.777 2.835 1.100 2.55 3900

33* 1.030 3.380 1.281 2.55 3200

Table 6: Test results of different methods for the RMSA
fME /GHz DBD BP EDBD PTS GP STP Proposed

8450 8226 8233.1 8328.2 8148.6 8041 8289.1 8290.2
4805 4684.8 4703.3 4699.2 4879 4807 4860.3 4861.5
6200 6142.6 6147.2 6176.6 6205.7 6164 6192.3 6191.5
5100 5293.2 5291.4 5311.8 5191.4 5112 5047.2 5076.5
5820 5918 5924.5 5931 5780.3 5876 5865.7 5868.5
3580 3655.7 3644.6 3659.8 3685.2 3590 3578.5 3582.4
3200 3184.7 3178 3230.3 3167 3183 3206.4 3205.7

APE (%) 2.020 1.939 1.894 1.663 1.0716 0.7559 0.6778

Fig. 7. APE of different models for the RMSA.

set and the other as a test set. A total of 26 groups of
samples are randomly selected as the training set, and
the remaining 7 groups are marked with * symbol as
the test set. The input are W , L, h, εr, and the resonant
frequency f is used as the output. The evaluation metric
for the experiment is still the APE.

Six modelling methods including Delta-bar-delta
(DBD) [38], BP [38], Extended Delta-bar-delta (EDBD)
[38], Parallel Tabu Search (PTS) [39], GP [34], and
STP are selected as comparison. The test results are
shown in Table 6 and Fig. 7. It can be seen that the
predicted APE of the proposed C-STP is 0.6778% and
less than that of the other six modelling methods, which
is 10.33% higher than STP, 35.24% higher than GP,
and 58.27% higher than PTS. It is 63.36% higher than
the EDBD method, 64.2% higher than the BP method,
and 65.64% higher than the DBD method. Therefore,
the C-STP has excellent generalization performance for
the RMSA.

V. CONCLUSION

This paper proposes an algorithm named Consistent
Student’s-T Process (C-STP), aiming to improve
the accuracy and efficiency of antenna optimization
by exploiting the consistent results of multiple STP
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instances and reducing the uncertainty of independently
trained STP results. The core idea of the proposed
C-STP is to process multiple independently trained
STP results through a consistent algorithm to improve
the possible inaccuracy problem when using only one
STP. The experimental results show that the proposed
C-STP algorithm has a clear advantage over existing
algorithms in modelling and optimizing the resonant
frequencies of two microstrip antennas in accuracy.
In addition, the proposed algorithm can overcome the
limitations of small sample data and achieve more
reliable modelling and optimization results by consistent
results from multiple STP instances. Similarly, the
proposed method can also be easily applied to the
modelling and optimization of other electromagnetic
devices.

In practical applications, the optimization of anten-
nas has to take into account the limited time and avail-
able computer resources. The proposed C-STP model
uses imperfectly trained STPs for the optimization, as
well as the estimation of output uncertainty through a
consistency approach. We also find that the predictive
ability of the model is strongly related to the choice of
kernel function and individual network models, and we
will continue to investigate in the following study. The
proposed method is less suitable for higher dimension-
ality and larger data volume EM models, which require
a large amount of time for training, resulting in low-cost
performance.
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Abstract – This paper proposes a polarized reconfig-
urable antenna for unmanned aerial vehicles (UAVs)
with flexible UAV-to-Everything (U2X) communications
through a reduction of polarization loss. It operates at
2.45 GHz and consists of a square patch antenna, a
capacitance feed, a ground surface slot, and a recon-
figurable feeding network. The reconfigurable feeding
network has dual polarization (linear, circular) depend-
ing on the configuration of the feeding network. The
dual linear polarization reconfigurable feeding network
configuration consists of a single-pole double-throw
(SPDT) switch, a 50-ohm microstrip line, and a low-
temperature co-fired ceramic (LTCC) 90-degree hybrid
coupler. This was added to the circuit to form a dou-
ble circular polarization reconfigurable feeding net-
work. The proposed antenna has a miniaturized size
(0.389λo×0.389λo×0.005λo), and is lightweight (12.2
g), making it suitable for low-height flight. Furthermore,
it has maximum gains of 6.6 dBi and 7.2 dBi, in addi-
tion to an efficiency of 82%, and a 10 dB bandwidth of
4.5% (2.38-2.49 GHz). Therefore, the proposed antenna
covers all UAV control links, video, and telemetry fre-
quency bands (2.38-2.485 GHz).

Index Terms – Capacitance feed, ground surface slot,
polarization-reconfigurable antenna, UAV-to-Everything
communications.

I. INTRODUCTION

The unmanned aerial vehicles (UAVs) industry, one
of the core challenges of the Fourth Industrial Revolu-
tion, has high marketability and economic value. It is
expected to grow by $21.8 billion by 2027, based on

the benefits of its applications in various fields such as
surveillance/research, hobby/leisure, imaging, and life-
saving [1]. Based on these values, research and devel-
opment of communication platforms for UAVs are also
rapidly growing and changing in line with this. Unlike
conventional terrestrial wireless communication envi-
ronments, the UAV communication environment has
specific requirements for operation at a certain alti-
tude, so it must be accompanied by flexible UAV-to-
Everything (U2X) communication technology that can
perform various tasks in different ways. Therefore, the
implementation of an antenna with multiple polariza-
tions is essential to reduce polarization loss. The anten-
nas for U2X communications should have many charac-
teristics, including compact size, low profile, and light
weight. Additionally, they should cover the frequency
band for UAV communication. There have been many
research papers focused on the design of antennas for
unmanned aerial vehicles. For example, single-polarized
antennas without reconfigurability have been studied
in [2–4]. The use of single-polarized antennas with
U2X communication systems could degrade their per-
formance due to cross-polarization loss. Accordingly,
research on polarization-reconfigurable antennas is con-
tinuing to reduce polarization losses in wireless commu-
nication systems [5–6]. The polarization-reconfigurable
antenna has a good gain and impedance bandwidth per-
formance, despite being relatively large in size [7–11].
For the miniaturization of the antenna, a patch antenna
with a slot was used in [12–13]. But [12] and [13] have
a narrow bandwidth of approximately 7%. In [14–15],
researchers have studied a meta-surface antenna that can
rotate mechanically and a ring slot antenna that offers
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both linear and circular polarization. The meta-surface
antenna in [14] has a large size but provides wide band-
width and high gain. On the other hand, the ring slot
antenna in [15] has a small size and wide bandwidth, but
it has low gain. In [16], the reconfigurable patch antenna
with PIN diodes has both linear and circular polarization
but the antenna has narrow impedance and axial ratio
bandwidths. [17] investigated the design of an antenna
that includes four parasitic patches and two varactor
diodes on each patch. By reconfiguring this antenna, it is
possible to achieve dual polarization with two beams for
each polarization. However, manufacturing this antenna
is challenging due to its complex structure, and integrat-
ing it as an aerodynamic component to be attached to
UAVs is difficult.

In this paper, we propose a compact, multi-
polarized, reconfigurable patch antenna that covers the
frequency band for unmanned aerial vehicle communi-
cation.

II. PROPOSED MULTI-POLARIZED PATCH
ANTENNA

Figure 1 (a) shows a schematic diagram of the over-
all structure and feeding of the proposed antenna. A
patch antenna is placed on the top surface of the upper
substrate, and a capacitance power supply unit for power
supply and impedance matching is located below it. By
changing the length and width of the capacitance feeding
part, the series capacitance can be adjusted to achieve
impedance matching. The antenna is designed to oper-
ate at 2.45 GHz for WLAN applications. The proposed
antenna was fabricated using an RF-60TC substrate from
Taconic, which has a thickness of 0.64 mm. The dielec-
tric constant (εr) is 6.15 and the loss tangent (tanδ ) is
0.002. On the top surface of the lower substrate, slots are
arranged at four corners for impedance matching, front-
to-back ratio improvement, and wide electrical length,
even in small ground surface sizes. The air gap between
the upper and lower substrates is connected through the
fixed pins and the feeding pins. It is designed to connect
the signal from the power supply circuit to the capac-
itance power supply. As shown in Figs. 1 (b)-(c), the
antenna structure has the following layout parameters:
the width of the substrate (W s) is 49 mm, the width of
the square patch (W p) is 37.5 mm, the width (W pin) and
height (H pin) of the feeding and fixed pins are 10 mm
and 5 mm, respectively, the distance (W g) between the
patch and feed pin is 2.25 mm, slot width (Sw) is 2 mm,
slot length (Sl) is 20 mm, length from corner to the slot
(Sm) is 3 mm, linear polarization (LP) feed line length
(L f 1) and circular polarization (CP) feed line length (L f 2)
are x mm and y mm, capacitance feed line width (W c)
and length (Lc) are 1 mm and 2.75 mm, respectively.
The overall size of the proposed multi-polarized antenna

 

(a) (b)

(c) (d)

(e) (f)

Fig. 1. Proposed antenna configuration: (a) Overall con-
figurations of the proposed patch antenna, (b) front views
of fixed and feeding pins, (c)-(d) top and bottom views of
the upper substrates, and (e)-(f) top views of the feeding
network that forms linear polarization and circular polar-
ization.

is (0.389λ o×0.389λ o×0.005λ o), where λ o is the wave-
length in free space at the lowest frequency of opera-
tion (2.38 GHz). For the miniaturization of the proposed
multi-polarized antenna, the patch antenna was designed
to be miniaturized using the slot on the ground plane, as
shown in Fig. 1 (d).

The electrical length was increased through the
effect of the meander line, as the current flow was
changed by the arrangement of slots at each corner
of the ground plane. To obtain the optimum structure
for the proposed antenna, the parameter sweep and
optimization tools of the CST Microwave Studio 2022
have been used to determine the optimized dimensions
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(a) (b)

(c) (d)

(e) (f)

Fig. 2. Simulated reflection coefficients and impedance
variations on the smith chart of the proposed antenna
according to the (a)-(b) slot length (Sl), (c)-(d) width
(Wc) of the capacitance feed line resonator, and (e)-(f)
length (Lc) of the capacitance feed line resonator. The
resonance frequency fc = 2.45 GHz).

of the proposed antenna and the length of the slot.
Figures 2 (a)-(b) show the change in resonance fre-
quency according to the change in the length of the slot
(Sl) placed on the proposed antenna ground plane. It is
possible to adjust the resonance frequency up to 400
MHz by changing the length of the slot on the ground
surface.

Figures 2 (c)-(f) show the simulated reflection
coefficients and impedance variations of the proposed
antenna according to the feed line width (W c) and length
(Lc). Figure 3 shows the current distribution of the con-
ventional and proposed patch antennas.

For the proposed patch antenna, the slot placed at
each corner will result in a longer current path than the
conventional patch antenna, resulting in a longer electri-
cal length of the patch antenna. Therefore, the ground
surface slot structure reduced in size by approximately

(a) (b)

Fig. 3. Current distribution of the conventional and pro-
posed antennas: (a) Conventional patch antenna without
slots and (b) proposed patch antenna with slots.

(a) (b)

(c) (d)

Fig. 4. Configurations and block diagram of the proposed
feeding network: (a)-(b) Linear polarization modes and
(c)-(d) circular polarization modes.

25%. For wide bandwidth, capacitance feed lines are
printed on one side of the crossed rectangular support
using two RF-60 substrates, as shown in Fig. 1 (b). To
match impedance while enhancing bandwidth, the length
and width of the capacitance feed line are adjusted to
resonate at 2.45 GHz. Figure 4 shows the four modes of
polarization achieved from two cases of reconfigurable
feeding networks. The linear polarization feeding net-
work in Figs. 4 (a)-(b) comprises one input port, two
output ports, and one single-pole double-throw (SPDT)
switch. The SPDT switch is the CG2176X3-C2 AS179-
92LF model manufactured by Skyworks. In addition, a
100 pF capacitor is connected for DC blocking, and a



1001 ACES JOURNAL, Vol. 38, No. 12, December 2023

1000 pF capacitor is connected for bypass. All of these
capacitors are manufactured by Murata in the 01005-
inch size. Figures 4 (c)-(d) show the circular polariza-
tion feeding network. The circular polarization feeding
network has a configuration in which a hybrid coupler
is added to the front of the output ports of the linear
polarization feeding network. The polarization mode is
selected by using the SPDT switch when the RF input
signal is applied. The RF signal input in Figs. 4 (a)-(b) is
transmitted to P1 or P2 through the SPDT switch, and
the RF signal is fed to the patch through the capaci-
tance feeding line under the patch. The patch antenna
has a horizontal LP (H-LP) when the signal is applied
to P1, and has the characteristics of vertical LP (V-
LP) when the signal is applied to P2. On the other
hand, the RF signal input in Figs. 4 (c)-(d) is transmit-
ted to P3 or P4 through the SPDT switch, which trans-
mits a phase difference signal to P5 and P6 through
a 90◦ hybrid coupler so that the RF signal is fed to
the patch through the capacitance feed line under the
patch. The 90◦ hybrid coupler used in this circuit is the
RCP2650Q03 from RN2 Technologies. When a signal
is applied to P3 through the SPDT switch, the patch
antenna is applied with a signal of 0◦ to P5 and a sig-
nal of 90◦ to P6, and the patch antenna has the left-
hand CP (LHCP) mode characteristic. In this way, when
a P4 signal is applied through the SPDT switch, a 90◦
signal is applied to the P5 and a 0◦ signal is applied
to the P6 so that the patch antenna has the right-hand
CP (RHCP) mode characteristics. Figure 5 shows the
implemented and mounted proposed antenna on a UAV.
Figures 5 (a)-(c) show the top and bottom views of
the proposed patch antenna. Figures 5 (d)-(e) show the
overall configuration and mounted proposed antenna on
the UAV.

III. RESULT AND DISCUSSION

The proposed UAV antenna, along with the feed-
ing network operating in the 2.45 GHz ISM band has
been optimized using a commercial full-wave electro-
magnetic tool (CST Microwave Studio 2022). To minia-
turize the antenna design, the proposed antenna was fab-
ricated on an RF-60 substrate of 0.64 mm thickness and
a copper thickness of 18 μm. The reflection coefficient
and isolation were measured using a vector network from
Rohde & Schwarz, and the radiation patterns, axial ratio,
and gains for each polarization were measured by the
Korea Radio Promotion Association’s EM Technology
Institute. The measured results of the dual LP antenna are
presented in Figs. 6 (a)-(b). In the case of dual orthogonal
LP in Fig. 6 (a), the reflection coefficients of H-LP and V-
LP modes are less than -10 dB, and the 10-dB bandwidth
of LP modes is approximately 4.9% from 2.39 GHz to

(a) (b) (c)

(d) (e)

Fig. 5. Implemented and mounted proposed antenna on
the UAV: (a) Top views of the patch antenna, (b)-(c) bot-
tom views of the feeding networks, (d) overall configu-
rations of the proposed patch antenna, and (e) mounted
proposed patch antenna.

2.51 GHz. The switch’s insertion loss is approximately -
0.75 dB, and the isolation between two capacitance feed-
ers is -23 dB at 2.45 GHz.

Figure 6 (b) shows the elevation radiation patterns
(xz plane) for each polarization mode. They are almost
the same for horizontal and vertical LP. The peak gain
and front-to-back ratio are more than 6.6 dBi and 12.3 dB
to 13.5 dB in each polarization mode, and the efficiencies
of LP modes are approximately 82%. Figures 6 (c)-(f)
show the characteristics of the dual circularly polarized
antenna.

In Fig. 6 (c), the reflection coefficients of RHCP
and LHCP modes are less than -10 dB, which include
the insertion losses of the SPDT switch and hybrid cou-
plers. The phase variation is approximately 90◦, and the
transmission coefficient, including a 3 dB divided power
loss is approximately −3.5 dB. The 10 dB bandwidth
of CP modes is approximately 4.5% from 2.38 GHz
to 2.49 GHz. Figure 6 (d) shows the axial ratio and
phase variation of the dual circularly polarized antenna.
The 3-dB axial ratio bandwidths of CP modes cover
approximately 12% from 2.3 GHz to 2.6 GHz. The
phase variations are ±90◦ in each RHCP and LHCP
mode.

Figures 6 (e)-(f) show the realized gain and radia-
tion pattern. The peak gain and front-to-back ratio are
7.2 dBi and 15.7 dB to 27 dB, respectively. The per-
formance of the proposed antenna is compared to other
multi-polarized reconfigurable antennas, as indicated in
Table 1. Compared to the previously reported antennas,
the proposed antenna has a smaller size, wider band-
width, and higher gain.
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Table 1: Performance comparisons of multiple-polarized antennas
Ref. f c

(GHz)

BW

(%)

Gain

(dBi)

Polarization AR BW

(%)

Elect. Size

(λ 3
o)

[7] 2.46 52.03 9 1 LP & 2 CP 63.1- 0.65×0.65×0.19
[8] 2.65 34 3.7 4 LP - 0.7×0.7×0.23
[9] 2.7 37 8.9 3 LP & 2 CP 50.6 0.68×0.68×0.24

[10] 2.45 11.4 7.3 CLP & 2 CP 14 0.64×0.64×0.05
[12] 4.805 7.28 6.63 1 LP & 2 CP 7 0.56×0.56×0.037
[14] 3.5 11.4 7.5, 5 1 LP & 2 CP 11.4 0.9×0.9×0.036
[16] 2.4 0.8 5.83, 6.4 1 LP & 2 CP 0.5 0.65×0.65×0.01
[17] 3.4 5.9 5.89, 5.81 2 LP - 0.85×0.85×0.26
Prop. 2.45 4.5 6.6, 7.2 2 LP or 2 CP 12 0.389×0.389×0.05
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Fig. 6. Characteristics of the proposed antenna at each
polarization mode: (a) Measured S-parameters of a lin-
early polarized antenna, (b) measured radiation patterns
of two LP modes in the xz plane, (c) measured S-
parameters of the dual circularly polarized antenna, (d)
axial ratio and phase variation of the dual circularly
polarized antenna, (e) simulated and measured realized
gain of the dual CP modes, and (f) radiation patterns of
the dual CP modes in the xz plane.

IV. CONCLUSION

A 2.45 GHz multi-polarized reconfigurable patch
antenna for U2X communications is presented in this

paper. The proposed feeding network utilizes an SPDT
switch and hybrid coupler to achieve various polariza-
tion types, including V-LP or H-LP, as well as LHCP
or RHCP. The proposed multi-polarized reconfigurable
antenna can provide a compact size and high gain in the
2.45 GHz ISM band. This antenna can be easily mounted
on UAVs and has a low-profile, balanced structure. It
also offers ease of control for selecting different types
of polarization. Therefore, the proposed antenna can be
widely used for UAV applications, making it a promising
candidate for performing a diverse range of missions in
numerous fields.
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