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Abstract: A Wheeler method for the evaluation of the radiation efficiency of submerged antennas
within lossy media is presented and demonstrated for the first time in the literature. Extensive
investigations have been devised by empirical and simulation methods. Normal-mode helical
antenna (NMHA) was first designed and fabricated to exemplify a real-life application at the UHF
band (0.3 to 3 GHz). The antenna under test (AUT) was evaluated within an artificial lossy material
using a series of Wheeler caps featuring different radii to study the validity of this method. The
error between the experimental and simulation radiation efficiency is below 3% near the theoretical
radian length. The presented measurement method of radiation efficiency without any essential
measurement facilities or accessories could be a promising candidate for fast and accurate evaluation
for any wire-type antenna submerged within lossy media.

Keywords: radiation efficiency evaluation; radiation resistance measurement; Wheeler method; lossy
media; submerged antennas

1. Introduction

Antenna radiation efficiency is an important parameter for calculating the wireless
link budget and optimizing antenna structures. This can be controlled and improved
by modifying the antenna topology in the case of the constant antenna volume [1–4].
Currently, various methods such as pattern integration method, the Wheeler method [5–8],
radiometric method [9], and the Q–factor method [10] have been reported for measuring
radiation efficiency in free-space.

For some applications, such as in underwater, underground, and in-body scenarios,
wireless signals propagate through lossy media [11–15]. These usually have short-range
communication systems due to the high attenuation of electromagnetic (EM) waves in the
lossy medium. Meanwhile, the antenna characteristics are significantly different from those
in free space. In this respect, antennas submerged in lossy media has been analytically
and numerically studied using ideal dipole antennas. These studies include modified
parameters such as radiation efficiency, directivity, gain and effective area [16,17], and the
effects of the insulation layer of submerged antennas and the equivalent circuit model of
uninsulated antenna [18,19].

Since the conventional radiation efficiency [20] is only useful for lossless media, studies
of radiation efficiency in lossy media have been in demand. The radiation characteristics of
submerged antennas in lossy media have been mostly measured using the gain comparison
method which employs standard gain reference antennas [21–24]. The recently reported
measurement technology using a reverberation chamber was conducted to measure the
radiation efficiency in consideration of the spurious radiation effect of the feed cable [25].
However, the attenuation area is different depending on the conditions of the lossy medium,
such as shape, size, and antenna location [21]. In addition, it is difficult to apply this
approach for applications such as establishing a wireless link between implanted devices.
To resolve these drawbacks, a modified radiation efficiency is introduced based on the
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total power of the radiated field through the spherical surface with a radius of propagation
distance [16,17,26,27]. However, the modified radiation efficiency method still exhibits an
inverse proportion between measurement data accuracy and testing time to obtain total
radiated power in all spherical surfaces.

This paper introduces and demonstrates an efficient evaluation method for the ra-
diation efficiency of submerged antennas in lossy media by using the Wheeler method.
Without the required measurement facilities or essential accessories to obtain electric field
intensity or power density, the presented Wheeler cap method has been devised featuring
a short testing time and high accuracy using only the Wheeler metallic cavity. This paper is
organized as follows: Section 2 introduces the antenna radiation efficiency for lossy media;
in Section 3, the evaluation method of radiation efficiency in media with various dielectric
constant and loss tangent has been demonstrated by using the Wheeler method, and the
measured efficiency of a wire antenna within the artificial lossy material [28] at the UHF
band (0.3 to 3 GHz) is concluded to be in good agreement with the measured efficiencies;
Section 4 concludes the paper.

2. Antenna Radiation Efficiency for Lossy Media

Measurement using the gain comparison method in lossy media is presented in
Figure 1. The propagation region between Tx and Rx is divided into two physical layers:
lossy medium and air. Inevitably, the radiated field is scattered at the boundary. Atten-
uation region R1 is different depending on the conditions of the lossy medium such as
shape, size, and antenna location. In this case, the radiation efficiency based on combining
radiated power in all directions cannot be specified [21].
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tics for antenna in lossy media.

A modified radiation efficiency ηMR of the antenna for lossy media is defined as
follows:

ηMR(dr) = Prad(dr)/Pacc = Prad(dr)/
(

Pin

(
1− |S11|2

))
, (1)

where Prad is the total radiated power related to the propagation distance due to the
path loss in the lossy media (Figure 2), Pin is the incident power, and Prad is the power
incident to the antenna terminals. It is calculated by integrating the power flow normal
to the virtual sphere surface according to the radial distance from the antenna center [4].
However, all previously reported works related to the modified radiation efficiency have
been demonstrated and verified without experimental results [16,17,26,27].
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Figure 2. Simulation setup for calculation of radiated power.

The Wheeler method is used to assess the efficiency ηMR of the insulated antenna in
lossy media (Figure 3a). When dr is equal to the radius of the Wheeler cap, the modified
radiation efficiency can be briefly obtained using the Wheeler method. When the metallic
cap with a radius of radian length is covered, the radiation resistance can be removed
with an equivalent circuit, as shown in Figure 3b. The radiation efficiency ηWR is obtained
as follows:

ηWR =
Re{Zin} − Re{ZWC}

Re{Zin}
, (2)

where Zin is the antenna input impedance, ZWC is the input impedance by enclosing the
antenna with a radiation shield [8]. The radius of the radiation shield is equal to the radian
length, where the far-field and near-field have the same intensity. The radian length rl in
free space is as follows:

rl =
λg

2π
=

λ0

2π
√

εr
, (3)

where λ0 is the wavelength in a vacuum, λg is the wavelength in the media. In lossy media,
the radian length rl

′ can be calculated as follows:

rl
′ =

1{
(εµω2)

2 + (ωµσ)2
}0.25 , (4)

where ε is the permittivity, µ is the permeability, σ is the conductivity, ω is the angular
frequency.
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3. Analysis of the Wheeler Cap Method of Antenna Surrounded by the Lossy Media
3.1. Simulation
3.1.1. Simulation Setup

The radiation efficiency evaluation method is validated by stepwise analysis according
to the change in the dielectric constant and conductivity of the medium encompassing
the antenna. The radiation efficiency analysis using the Wheeler method is conducted
through ANSYS HFSS. A normal-mode helical antenna (NMHA) resonating at a frequency
of 172 MHz in air and an insulation layer are designed using copper wire and Teflon (εr =
2.1, tanδ = 0.001), respectively. The detailed dimensions of the antenna are illustrated
(Figure 4a). The metallic cavity is designed as a hemisphere consisting of PEC (Figure 4b).
The space inside the insulation layer is modeled as air and remained identical across all
experiments. The simulation setup is presented in Figure 4c. The size of the lossy medium
is 1000 mm × 1000 mm × 500 mm.
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3.1.2. Radiation Efficiency in Media with Dielectric Constant

The radiation efficiency is analyzed for a medium with a high dielectric constant in a
lossless state. In this scenario, only the dielectric constant of the material is controlled. The
results are sampled at a single frequency at which a resonance occurs at each medium. The
cavity length rw is expressed as a ratio of length-to-wavelength.

The efficiency ηWR calculated according to the metallic cavity radius rw is compared
with the efficiency ηMR calculated based on the field computation (Figure 2). The radiation
resistance can be extracted using a radiation shield with a radius equal to the radian length.
The comparison shows that the same radiation efficiency can be obtained when the cavity
radius rw is equal to the radian length rl for each medium (Figure 5). This ascertains that
the Wheeler method is applicable even for media featuring a dielectric constant other than
1. The radiation efficiency is maintained over the radian length range.
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3.1.3. Radiation Efficiency in Lossy Media

The dielectric constant of the material is fixed at 1 and the conductivity is set as
a variable. The results are sampled at a single frequency at which resonance occurs at
each medium. The efficiency ηWR calculated according to the metallic cavity radius rw is
compared with the efficiency ηMR calculated based on the field computation (Figure 2).
As mentioned above, ηMR can obtain the uniform radiation efficiency in lossless media
(Figure 5), but it cannot be applicable in lossy media. As radial distance dr increases, the
propagation loss increases and the radiation efficiency ηMR decreases rapidly (Figure 6).
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When the conductivity is as low as 0.01 S/m, the efficiency ηWR is almost similar to the
radiation efficiency ηMR calculated by the field calculator (Figure 2) in a short propagation
distance range. Additionally, the radiation efficiency of ηWR and ηMR show good agreement
when the cavity radius rw is equal to the radian length rl

′ of each medium. This clearly
confirms that the Wheeler method can be applicable to lossy media.

However, when the conductivity is relatively high, the error is significantly increased
as rw becomes larger than the radian length rl

′. The coupling resistance between the
antenna and the cavity mode of the radiation shield causes errors in the efficiency measure-
ment [29,30]. When the cavity resonator is filled with lossy material, the quality factor is
lowered [31]. Therefore, the increased ZWC due to the cavity mode causes errors over a
wide range. A radiation shield should be selected in an appropriate shape.



Appl. Sci. 2021, 11, 1862 6 of 10

3.2. Measurement
3.2.1. Measurement Setup

A UHF band antenna was devised and the radiation efficiency was measured when
the antenna was submerged within an artificial lossy material. The detailed measurement
setup is introduced in Figures 7 and 8. The AUT was made of NMHA type and was blocked
from the medium by a capsule-shaped polyimide (εr = 3.5, tanδ = 0.008) insulation layer
(Figure 7a). Antenna in the UHF band within the lossy medium are described in Table 1.
Radiation shields with three radii (20, 30, 70. Unit: mm) were designed for demonstration.
It was fabricated by covering a copper sheet on a hemisphere model using a 3D printing
methodology (Figure 7b).
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Table 1. Fabricated Antenna Parameter.

Parameter da pa ha ta ri

Value (mm) 9 3 2 0.8 5

Parameter hi ti rg tg tw

Value (mm) 13 1 100 0.07 0.07

The overall measurement system, including a lossy medium and container, is de-
scribed in Figure 8. The material with the electrical properties (εr = 58, σ = 0.82 S/m)
at 400 MHz was composed of deionized water (51.16%), sodium chloride (1.49%), sugar
(46.78%), bactericide (0.05%), and hydroxyethyl cellulose (0.52%) [28]. The lossy medium
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filled a 200 mm × 200 mm × 100 mm container. The antenna was placed in the center of
the ground.

3.2.2. Measurement Result

The reflection characteristics measurement of the antenna was carried out with a vector
network analyzer (VNA). The antenna radiation efficiency measurement was conducted
using three different radiation shields to measure the resistance of the antenna in each case.
The radiation efficiency ηWR measured at 400 MHz is compared with the two simulation
results in Figure 9. As the cavity radius becomes larger than the radian length, the error due
to the cavity mode of the shield itself [30] is similarly confirmed in the measurement and
simulation. The measurement results are in good agreement with the simulation results
using the Wheeler method.
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Figure 9. The measured and simulation radiation efficiency ηMR versus cavity radius rw and simula-
tion ηMR versus radial distance dr. The radian length rl

′ is marked with black lines.

The efficiency values measured with a radiation shield having a radius (20 mm) close
to the radian length rl

′ (14.4 mm) is compared with the simulated values in Figure 10. The
calculated error from 300 to 600 MHz is less than 3%.
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Figure 10. The measured and simulated radiation efficiency (dr = rw = 20 mm).

This study is the first to experimentally validate the Wheeler method for the condition
of lossy media. In previous studies of modified radiation efficiency, an ideal dipole or
source was used or limited only to numerical analysis. In comparison, we designed and
measured a practical UHF band NMHA that is applicable for submerged scenarios using
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an artificial lossy material. The radiation efficiency measured at the theoretical radian
length is in good agreement with that proposed in a previous study [16].

Table 2 summarizes the performance comparisons between the proposed method
and the state-of-the-art method. The proposed method uses the change in the resistance
characteristic inside the cavity, whereas the principle of the other methods is based on
the power of the electromagnetic field. It is noted that the proposed method measured
the radiation efficiency only via the Wheeler cap, whereas [32] requires a lot of space
and chambers for the measurement, including a shielded room. Therefore, the proposed
method measures radiation efficiency in a fast and inexpensive way.

Table 2. Comparison of the proposed method with other works.

Ref.
Required Measurement

Facilities or Essential
Accessories

Acquisition Method for
Radiation Efficiency

Error Between
Simulation and
Measurement

[32] 2.4 × 2.4 × 2.4 m (Shield
room), reference antenna

Average static power
transfer function at
different 3 position

<4.5%

[26] - Power integral normal
to the sphere Only simulation

This work Lossy medium, Wheeler cap Variation of the input
resistance <3%

4. Conclusions

We propose the Wheeler method to measure the radiation efficiency of an antenna
submerged in lossy media as an alternative to gain comparison methods which are carried
out in the far-field. The concept of modified radiation efficiency in lossy media has been
studied but is still limited to theory and simulation [16,17,26,27]. This work empirically
studies the application method of the Wheeler method to achieve a breakthrough in the
limitations of previous studies. Also, the radiation efficiency measured at the theoretical
radian length is highly correlated with that proposed in a previous study [16], indicating
that this method can be further applied to different frequencies and scenarios in the future.

The proposed method achieves very fast and inexpensive efficiency measurements
without the need for other antennas or an expensive chamber. Additionally, the modified
radiation efficiency can be used as a new figure of merit for evaluating submerged antennas
for applications such as underwater, underground, and in-body communication systems.
Furthermore, since the antenna radiation efficiency and propagation loss can be separated
using the method presented in [26], it is expected to be useful for calculating the link budget
of submerged channel modeling scenarios.
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