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ABSTRACT The first end-to-end Goubau-line-based wireless power transfer system with high efficiency
is demonstrated in this paper. The wide spatial distribution of its electromagnetic fields and the lack of
significant radiation are two of themost desirable characteristics of the Goubau line for mid-distance wireless
powering applications. In this work, we demonstrate a measured RF efficiency of 35% to a single receiver
at a distance of 0.5 m for a 233 MHz signal. Further, the performance of multi-receiver power transmission
is also examined, as well as the addition of a rectification block, rounding out the wireless power transfer
system. Practical advantages of this system over existing state-of-the-art systems are also discussed.

INDEX TERMS Energy harvesting, Goubau line, mid-range, wireless power transfer.

I. INTRODUCTION
Recently, the Goubau transmission line (GLine) wireless
power transfer (WPT) system was proposed as a means
to improve the range of mid-range wireless power transfer
schemes while providing an omnidirectional, asymmetric
topology [1]. Efficient solutions to the mid-range wireless
power transfer problem have been elusive, with current meth-
ods either relying on extreme precision resonant tuning (such
as the resonant-coupling WPT technique), or highly lossy
techniques (such as far-field WPT) [2], [3]. Furthermore,
typically, both the transmitter and receiver must have char-
acteristic sizes that are on the same order of magnitude
for the systems to function efficiently. The utility of the
GLine structure, however, comes from its flexibility. Using
the GLine, power may be efficiently and wirelessly trans-
ferred to a near arbitrary number and variety of different
receiver structures at once without altering the overall trans-
mitter design, making the scheme valuable for many different
applications ranging from wearables to medical implants to
Internet of Things (IoT) applications. Further, unlike the
mid-range WPT technology pioneered in [2] and [4], the
GLine system does not require the transmitter and receiver
to be resonators and it is cylindrically symmetric (omnidi-
rectional) [2], [4]. While there currently exist WPT schemes
that have a Tx/Rx asymmetry characteristic, are cylindrically
symmetric, can transfer power non-radiatively and efficiently
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(> 10%) at distances exceeding 50 cm, and have been shown
to host multiple receivers, no current technology has all of
these qualities simultaneously, making the GLine the first of
its kind in terms of sheer versatility [2], [5]–[8]. The first ever
GLineWPT structure demonstrated in [1] was able to provide
power wirelessly to a dipole-like receiver with an 80 MHz
RF efficiency of 10% at 0.5 meters away from the transmitter
center (this was deduced from the insertion loss of the system;
the S21 value of the systemwhen connected to 50� reference
ports was 10 dB). In this work, we have demonstrated a
significant improvement over the GLine WPT first iteration,
showing a system that can provide a 233 MHz RF efficiency
of up to 35% at 0.5 meters to one receiver, and a combined
233 MHz RF efficiency of 47% to two receivers (where each
receiver gets a certain percentage of the input power adding
to 47% with both of them located 0.5 meters away from the
transmitter center). Additionally, the cylindrical symmetry of
the transmitter is investigated, and a five-receiver experiment
is conducted to demonstrate the transmitter performance in
a potential multi-receiver scenario. Further, this is accom-
plished using a transmitter with an area that is 37% smaller
than that of the first iteration. Finally, tests were conducted
with the inclusion of a rectification block on the receiver end,
showing the structure’s efficacy as a full end-to-end WPT
system.

In the proceeding sections, the theory of transmission line
wireless power transfer will be discussed, followed by a brief
review of GLine field theory and a visualization of the GLine
transmitter. Next, a layout of the full design process and

115886 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ VOLUME 7, 2019

https://orcid.org/0000-0001-8458-731X


B. J. Vaughn et al.: Electrically-Coupled Goubau-Line-Based WPT System

FIGURE 1. (a) Transmission line capacitive WPT equivalent circuit.
(b) Section of model that describes receiver coupling.

characterization of the prototype constructed for this work
will be discussed.

II. TRANSMISSION LINE WPT THROUGH CAPACITIVE
COUPLING
Since transmission lines host both electric and magnetic field
propagation, both capacitive and inductive coupling tech-
niques are possible. For the purposes of this paper, only the
capacitive case will be discussed, since that is the basis for
the prototype system demonstrated in this work. Neverthe-
less, similar methods as the ones discussed below may be
readily applied to the inductive case to derive an analogous
formulation.

We begin our analysis with an equivalent circuit model
for the transmission line capacitive coupling case, which is
illustrated in Fig. 1. Here, Zcoup is the impedance seen by
the transmission line coupling point when the line is coupled
capacitively to an external circuit at some position defined
by l1 and l2. Zo is the characteristic impedance of the line
(which is modelled as an ideal transmission line), Zterm is the
impedance used to terminate the line, and RlTL is a loss resis-
tance used to characterize all losses (Ohmic, radiative, dielec-
tric, etc.) along the line. Zinl2 is an intermediate impedance
used to derive more compact equations. Fig. 1a shows the
overall equivalent circuit and Fig. 1b shows the portion of the
model that couples to an external receiver circuit for WPT.
Cr, Lr, and Rlr represent the self-impedance parameters of the
receiver structure. Cr, the capacitive part of the receiver, cou-
ples to an effective capacitance Ct with a coupling strength
defined by a coupling coefficient k. Physically, Ct represents
the portion of the transmission line capacitance that interacts
with the receiver structure. Clearly, Ct and k are not indepen-
dent variables, but they may be determined separately as we
shall see. For the remainder of the analysis, we will consider
a special case of the circuit shown in Fig. 1 defined by the
following definitions:

l1 = modd
λ

4
, (1a)

l2 = modd
λ

4
, (1b)

Zterm = 0 (1c)

where modd and nodd are odd integers. The reasoning behind
these choices will be noted in Section IV below, although it
is clear that choosing these parameters simplifies the analysis
considerably.

With the chosen line lengths and termination in mind,
we may use standard circuit theory to deduce the rest of the
necessary model parameters as follows:

Zcoup = [jωCt +
ω2k2CrCt
jωCr + YR

]−1 (2a)

YR = [jωLr + Rlr + Zout_rx]−1 (2b)

Zinl2 = [jωCt +
ω2k2CrCt
jωCr + YR

+
RlTL
Z2
o
]−1 (3)

Zin−tx = 2RlTL + Z2
o [jωCt +

ω2k2CrCt
jωCr + YR

] (4)

From this information, we may derive an expression for the
power efficiency η from the transmission line input to the
receiver output as follows:

η =

1
2 Re(

|Vout|2
Zout_rx∗

)

1
2 Re(

|Vin|2
Zin_tx∗

)
(5)

η =
Re
(
Yout_rx∗

)
Re
(
Yin_tx∗

) | Zout_rxYRωk√(CrCt)ZoZinl2
(YR + jωCr )

(
Zinl2RlTL + Z2

o
) |2 (6)

This brings us to the determination of Cr, Lr, Ct, and k,
all of which may be found using measurement or full-wave
analysis simulation. If the receiver is simulated (or measured)
alone, Cr may be determined as follows:

Cr =
ω2
− ω2

o

Xωω2
o

(7)

where X is the receiver reactance at the desired frequency of
operation ω, and ωo is the frequency at which the receiver
reactance is equal to 0 (i.e., the resonant frequency of the
receiver). Lr is then found using its relation with Cr and ωo.

If Cr is known and the Z-parameters of the circuit shown
in Fig. 1 are also found, Ct and k may be determined. It can
be shown that Z11 and Z21 of the Fig. 1 circuit are expressed
as

Z11 = 2RlTL + jωCtZ2
o

(
1− k2

)
(8)

Z21 = Z11
jkZoZinl2

√
(CrCt)

Zinl2RlTL + Z2
o

(9)

From here, we may derive Ct and k as follows:

Ct = −j

[
Z11 − 2RlTL

ωZ2
o

− j
CrZ2

21

Zo

]
(10)

k =
−jZ21Cr
Zo
√
(CrCt)

(11)
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It should be noted that, due to measurement, simulation,
or electrical length non-idealities, Ct and k may have non-
zero imaginary components in practice. However, as long
as Re(Ct) >> Im(Ct) and Re(k) >> Im(k) (greater by at
least an order of magnitude), the imaginary components can
be safely neglected without compromising the formulation.
If this is not the case, or if the derived Ct or k values are non-
physical, it is because additional impedance transformations
not captured by the model as defined by eqns. 1a-1c are
present in the system. Examples of factors that would cause
this are the chosen operating frequency or line dimensions not
aligning with the model. Because of this possibility, a more
generalized empirical design process for transmission line
WPT will be discussed in Section IV.

This brings us to our selection of Zout_rx and Zout_tx.
The selection of these parameters should be such that η is
maximized for a given coupling scenario. If all of the nec-
essary parameters are known, it is straightforward to write
an optimization algorithm to determine the optimal output
impedances, which will define the matching network circuit
design for the system (to be discussed further in Section IV.
below).

As a final note, the effective characteristic impedance
Zo may not be readily calculable in all situations. For an
unloaded transmission line with a short termination, however,
we may write

Zin = jZo tan(θ ) (12a)
∂Zin
∂θ
= jZosec2(θ ) (12b)

where θ is the electrical length of the line in radians. If θ
is equal to a scalar multiple of π , as is the case in our
formulation above, the secant term becomes 1, leading to the
following relation:

−j
∂Zin
∂θ
= Zo (13)

Through simulation or measurement, neglecting loss,
the derivative term may be determined, allowing us to infer
the characteristic impedance of the line.

This concludes the circuit level analysis of the transmission
line capacitive coupling circuit defined in Fig. 1 with length
and termination parameters defined by eqns 1a-1c. In the
next section, we will evaluate the GLine field distribution
characteristics to provide context for its efficacy in WPT
applications.

III. GOUBAU LINE FIELD THEORY
As demonstrated by Sommerfeld’s derivation in [9], solv-
ing the homogenous TMz Helmholtz equation in cylindrical
coordinates for a single wire structure of finite diameter and
conductivity suspended in free space yields the following
cylindrical coordinate field solution:

Er = jEo
h
γ
Z1(γ r)e−jhz, (14a)

Ez = EoZ0(γ r)e−jhz, (14b)

Hϕ = jEo
k2wav
ωµγ

Z1(γ r)e−jhz (14c)

where Eo is the wave amplitude, h is the longitudinal prop-
agation constant, kwav is the wavenumber, ω is the angular
frequency, µ is the permeability, γ is a characteristic param-
eter defined as

γ 2
= k2wav − h

2 (15)

and the Zi (γ r) terms are the cylindrical functions
that describe the field radially (Bessel functions of the first
kind inside the conductor and Hankel functions of the first
kind outside it) [9]. This TM mode is the only one that
can propagate for this structure and has no cutoff frequency.
Fully solving the distribution requires numerical or graphical
treatment, as the unknown parameters (h and γ ) have only
transcendental relationships with the known variables [10].
It should be noted that none of the TM mode fields have a
ϕ-dependence, meaning the structure is cylindrically sym-
metric.

By inspection, it is not obvious how these fields are more
advantageous for WPT applications than, say, the fields of
a far-field antenna. However, it can be shown that the nor-
malized derivatives of the transverse E and H-fields are as
follows:

γ

jEoh
∂Er
∂r
=

ωµγ

jEok2wav

∂Hϕ
∂r
≈

∂

∂r

(
1
r

)
(16)

Eqn. 16 states that the radial contribution to the rate at
which these field magnitudes decrease with distance from the
conductor is the same as a 1/r-dependent function, meaning
that radially, the GLine fields behave similarly to radiator
far-fields. However, the r-component of the real part of the
Poynting vector for this mode is many orders of magnitude
lower than the z-component, effectively meaning that power
is not lost via radial radiation (real power only moves in the
longitudinal direction, and this is not radiation, but standard
waveguide propagation). To summarize, the transverse field
magnitudes of the GLine fall-off radially at the same rate as
antenna far-fields, but there is no radiation, meaning that the
coupling coefficient to a receiver circuit can remain high for a
wide range of distances from the center conductor. This puts
the GLine at a distinct advantage over near-field techniques,
whose fields also do not radiate, but fall-off as 1/r2. Further,
radial radiation loss is not a concern for the GLine like it is
for standard far-field WPT strategies. These facts make the
GLine an attractive candidate for WPT systems. In the next
section, the full design process for the GLine WPT system
will be laid out in detail as well as visualizations of the GLine
fields and characteristics.

IV. GLINE WPT SYSTEM DESIGN AND SIMULATION
The WPT system presented here can be divided into 5 main
blocks: the GLine transmitter block, the receiver structure
block, the impedance-matching blocks (2 blocks), and the
rectification block. Fig. 2 illustrates a block diagram of the
full system. Each block is detailed below.
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FIGURE 2. GLine WPT system block diagram.

FIGURE 3. Conceptual drawing demonstrating how two GLines could be
placed at the two corners of the room. The figure displays the ground
planes as wire meshes.

A. GLINE TRANSMITTER STRUCTURE
The GLine transmitter consists of a center conductor and two
‘‘launcher’’ structures placed on either end of the conductor
wire, with the transmitter input located at the center of one
of the launchers and an appropriate termination located at the
other. The purpose of the launchers is twofold: they serve to
transform the incoming signal at the input from a TEM wave
to the GLine TMwave and they contain the field energy of the
GLine fields impinging on either end of the center conductor.
The most commonly examined launcher topologies are the
conical launcher and the planar launcher, along with the
quarter-wave balun [1], [11]–[13]. For this work, a circular
planar launcher was chosen due to its ease of design and
construction, as in [1].

The size of the launchers depends on the desired fre-
quencies of operation. Generally, the lower the frequency,
the larger the launcher must be to facilitate efficient power
transfer. This is because the energy of the GLine mode
extends farther away from the center conductor for lower
frequency signals (note the relationship between the un-
normalized transverse field derivatives and the frequency)
and any field energy that exists outside the launcher radius
when the field is incident on the launcher will be lost as scat-
tering and radiation. This means that the smaller the launchers
are, the larger the RlTL parameter will be in the circuit model.
This also means that any device to be powered by the system
must be within the launcher radii to receive power under
optimal efficiency conditions. While no theoretical relation
exists as of yet for the minimum launcher radius required to
achieve a certain RF efficiency, a good rule of thumb for the
launcher is to choose a radius that is the larger between the
half-wavelength of the lowest desired operation frequency

and the maximum desired receiver distance from the center
of the transmitter. Each launcher itself may be made up of
either a solid conductive disc (which can be implemented as
discs of any material covered with copper foil as in [1]) or
a wire mesh similar to that which blocks leakage radiation
from a microwave oven. Fig. 3 illustrates an example real-
world implementation of the GLine transmitter wherein the
structure is integrated within the corners of a conference
room and the launchers are embedded in or affixed to the
floor and ceiling. Such an implementation implies that the
launcher size is primarily limited by the size of the room the
transmitter is placed in. Note that the design in Fig. 3 uses
launchers that are wire meshes. In general, solid discs provide
better transmitter performance, but can be more expensive
to implement given material need, and the mesh option can
provide satisfactory results if designed well. This is discussed
further in Appendix I. For the remainder of this paper, though,
the disc implementation will be examined exclusively since
it is superior in terms of loss.

The termination for the launcher opposite that of the trans-
mitter input should be purely reactive, with open and short
terminations being the default choices. The reason for this is
that generating a standing wave within the GLine transmitter
is currently the best known way of transferring power to
a receiver efficiently. Doing so contains the energy to the
transmitter space optimally; the only ways energy can leave
the system under this condition are through launcher radia-
tion/scattering, input reflection loss, and receiver coupling.
If the system termination is resistive, its losses can easily
overtake the receiver coupling and reduce the system effi-
ciency. It should be noted that an effect of a standing-wave
is the presence of E-field and H-field peaks and nulls along
the GLine length. This will be addressed further below.

The length and radius of the center conductor are also
important parameters. Solving the TMz mode reveals that a
larger conductor radius generally results in stronger fields
within the transmitter, which aids the coupling between
the transmitter and receiver. If a short termination is used,
then the line length should be an integer number of
half-wavelengths around the desired operation frequencies.
For instance, a 1 meter line would correspond roughly to
150 MHz, 300 MHz, 450 MHz, etc. Using these exact fre-
quencies is not a stark requirement for the system to function,
but using frequencies near the ones above for the 1 meter
length case places an E-field null at each launcher plane,
considerably reducing launcher loss due to scattering. In the
case of an open termination, the line length should be an
odd integer multiple of quarter wavelengths of the desired
operation frequencies such that the input launcher is located
at an E-field null. Although, since the termination launcher is
locked at an E-field peak position for this case, it is clear that
the short termination is superior from a scattering perspective.
This is why eqns. 1a-1c were invoked in the Section I analysis
of the transmission line coupling circuit. It should again be
emphasized that the GLine WPT system is not a resonant
coupling system like the one demonstrated in [2], as any
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FIGURE 4. (a) Shorted GLine transmitter radial electric field magnitude
distribution with 225 MHz, 0dBm incident power. (b) Shorted GLine
azimuth magnetic field magnitude distribution with 225 MHz, 1 dBm
incident power.

frequency or configuration where the launcher scattering is
sufficiently low will do (as opposed to a system that requires
tightly-controlled resonant tuning) and the receiver need not
be resonantly-tuned, as we will see.

B. GLINE TRANSMITTER SIMULATION
Using ANSYS HFSS, we may simulate the field distribu-
tion of the GLine Transmitter. Fig. 4. illustrates the radial
E-field and azimuth H-field field magnitude distributions for
a 2 meter long shorted GLine excited by a 1 mW excitation.
The short is implemented by connecting the center conductor
directly to the upper launcher surface. Both launchers have
a 2 m radius to maximize the field range. The excitation
frequency was chosen to be 225 MHz, the frequency at
which the line is six quarter-wavelengths long (or three half-
wavelengths). The field plot shows the standing wave nature
of the transmitter design with the E and H-field peaks and
nulls 90◦ out of phase.

C. RECEIVER STRUCTURE
Receiver coupling for the GLine system may be either elec-
tric or magnetic. For the electric case, an electrically short
dipole structure may be used to couple to the GLine radial
E-fields, whereas an electrically short loop may be used for
magnetic coupling off of the GLine H-fields. Both structure

types should be electrically short for two reasons. The first
is that electrically-long receivers could get quite large for
lower operation frequencies, which is neither desirable nor
necessary. The second is that electrically-long receivers can
radiate strongly in their own right, so they act as local field
scatterers, reducing power transfer efficiency [14]. Note that
in [14], it is stated that receiving antenna scattered power can-
not necessarily be ‘‘recovered’’, so it should not be thought
of as available power. Here, however, any power that is
scattered by the receiver was present in the GLine system to
be used and is now lost, so it was indeed available power.
This means that reducing receiver scattering as much as pos-
sible is advantageous for coupling efficiency. That said, the
receiver should not be too small either, as this will also reduce
coupling. In general, having a receiver with a characteristic
size between 8% and 25% of the operation wavelength gives
reasonable results from a coupling perspective depending on
the desired range and efficiency.

As stated in the transmitter discussion, E and H-field
peaks and nulls exist along the line due to the standing-wave
nature of the distribution. This means that the electric or
magnetic coupling strength to the receiver will be depen-
dent on the receiver’s longitudinal position along the line,
and will too have peaks and nulls if only one type of
coupling is used. Receivers that can couple to both elec-
tric and magnetic fields (or transmitters that can move its
field peaks around) are beyond the scope of this work, but
more complex receivers than the types presented here are
possible.

D. IMPEDANCE-MATCHING
The GLine WPT system presented here requires input and
output impedance matching networks which will tune Zout_rx
and Zout_tx to their necessary values to maximize transfer
efficiency. In this work, these matching networks are static
LC topologies. Three methods may be used to design the
matching circuits assuming 50 � systems, each depending
on the anticipated coupling strength and design methodology.
The first is the method discussed in Section II based on the
equivalent circuit model for the system. The second, which is
more general, is to place the receiver at the position within the
GLine transmitter where optimum coupling is desired, extract
the 2-port Z-parameters for the desired operation frequency,
use the relationship between Z and S-parameters (which may
be found in [15]) to numerically optimize the system output
impedance values (Zout_tx and Zout_rx), and design networks
that match 50� ports to these optimal impedances. The third,
which is more straightforward but sub-optimal for stronger
coupling scenarios, is to match the receiver antenna to 50 �
without any transmitter coupling, place the receiver (with
its matching network loaded with a 50 � termination) at
the desired optimum coupling position, and match the resul-
tant transmitter input impedance at the desired frequency of
operation to 50 �. Often, these three methods yield similar
matching networks, but the third method is more suited for a
modular implementation.
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It should be noted that the Q factors of the components
in the matching circuits can affect the overall system effi-
ciency non-negligibly. Generally, the shorter the receiver is
electrically, the more extreme the component values must
be if the coupling is low, increasing losses. This presents
another trade-off between the receiver size and the maxi-
mum possible efficiency that can be achieved with available
components.

Finally, it should be noted that with static networks, the sys-
tem can only be optimally matched to one receiver posi-
tion at a time. This is not to say that the efficiency at all
other positions will be unacceptably low, as will be seen in
Section VI., but it does mean that the efficiency at posi-
tions other than the design position will be lower than they
would be if the matching networks were designed around said
positions.

E. RECTIFICATION BLOCK
The rectification stage used for this work has the same
topology as that demonstrated in [16], consisting of
a low-pass filter (to suppress reflected harmonics from
the diode) and a single shunt-configured diode with
lumped-element impedance matching components. It is ter-
minated with a 2.7 k� load. Note the rectifier that will
be used in the following section has static matching and is
optimized for 233 MHz while the one in [16] has variable
matching and is optimized for 82 MHz with a different load.
Regardless, the operation of both circuits is functionally the
same. See [16] for more details on the rectifier operation and
design topology.

F. A NOTE ON GLINE SIMULATION
Simulating both the transmitter and receiver of the GLine
WPT system gives the designer insight on the losses of both
while also giving valuable information about the coupling
potential between the two structures, making simulation a
valuable design step. However, simulating the systemwith the
accuracy necessary to design adequately precise impedance
matching networks is quite difficult. This is because the trans-
mitter and receiver vary greatly in size, so generating suffi-
ciently refined simulation spaces is challenging from a com-
puter memory perspective when they are simulated together.
Further, the responses of both the transmitter and receiver are
affected by their surrounding environment, which cannot be
feasibly simulated in most cases. The effect of this is that
the simulation will generally imply that RlTL is significantly
smaller than it actually is at certain frequencies. This means
that, while simulation is certainly necessary for establishing
foundational characteristics of the transmitter, the receiver,
and the interaction between them, any Z-parameters and
matching networks generated from simulation alone will
most likely not result in the expected efficiency output. This
means the optimal efficiency predicted by simulation may
not be truly reflective of what is possible even under ideal
laboratory conditions, and thus, GLine simulation can only
give a rough estimation of the system performance.

FIGURE 5. Constructed GLine transmitter proof-of-concept prototype.

FIGURE 6. Zoomed-in images of (a) constructed GLine transmitter feed
and (b) short-circuit upper launcher termination.

V. CONSTRUCTED GLINE SYSTEM RESULTS
A GLine transmitter, an electrically-coupled receiver set, a
matching circuit set, and a rectifier were constructed at Pur-
due University for experimentation. The transmitter center
conductor is approximately 2 m long and 4 cm in diameter.
The launcher radii are 1.22 m and each launcher was built by
affixing copper foil to plywood discs connected to a wooden
frame. A short termination was implemented by taping cop-
per foil between the center conductor and the upper launcher
(the foil is conductive on both sides). The feed, placed at the
center of the lower launcher, was constructed by soldering
the center conductor of an SMA connector to a strip of
copper foil, soldering the grounding plate of the connector to
another strip of foil, and taping the strips to their appropriate
contact points (strip 1 to the GLine center conductor and strip
2 to the lower launcher surface). Additionally, a cluster of
copper foil was wrapped around the center conductor near
the feed interface. This reduces leakage radiation at the feed,
decreasing losses. The transmitter is pictured in Fig. 5 and
Fig. 6.

It was found that RlTL was smallest at 233 MHz for
this construction. At this frequency, the standing wave
E-field magnitude is small at the launchers, minimizing scat-
tering loss. Further, this frequency keeps the receiver size
reasonable without requiring extreme impedance matching
networks. For these reasons, data at frequency points centered
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FIGURE 7. Planar dipole receiver structure.

around 233 MHz will be discussed. Note that the frequency
of operation is not 225 MHz (the frequency at which 2 m
is 1.5 wavelengths) due to the nature of the launcher con-
nections and surrounding environment altering the apparent
electrical length and scattering profile of the line. Also note,
again, that while the frequency where the E-field is mini-
mized at both the launchers may be a resonant frequency of
the line, the coupling of the system is not resonant in nature,
and any frequency around said resonant frequency where the
scattering loss is low enough may be used. In any case, the
unloaded reactance of the transmitter for this work was not
zero at 233 MHz, so this operating frequency is not truly a
resonant one.

The receiver used in the measurements is a planar dipole
whose structure and dimensions are pictured in Fig. 7. It is
made on a 1 mm thick FR-4 substrate and is designed to
couple off of the E-field of the GLine standing wave.

The impedance matching circuits are designed such that,
when the receiver is placed approximately halfway up the
line and its center is 0.5 m away from the center conductor,
the coupling between it and the transmitter is optimal for
a 233 MHz signal. To this end, the GLine feed matching
network was designed to match a 50 � port to 6.4–26.4j �
and the receiver matching network was designed to match a
50 � port to 18.5+17j �.
To clarify, this means that the impedance that the GLine

feed sees when looking through its matching circuit to a 50
� port is 6.4–26.4j �, and the impedance the receiver sees
when looking through its network to a 50 � port is 18.5+17j
�. These impedances are Zout_rx and Zout_tx of the system.
The matching circuits were designed by applying method
2 from the matching network construction explanation in
the Section IV. of this paper after the Z-parameters were
measured. They were implemented as LC matching circuits
using Kemet chip capacitors and Coilcraft air-core inductors,
although any sufficiently high Q components and techniques
may be used.

The rectifier was built using standard lumped elements and
an SMS3922 Schottky diode. It is designed to rectify incident
signals at powers ranging between −10 and 20 dBm, but can
be re-optimized to accept higher or lower powers [16].

To characterize the GLine WPT system, multiple coupling
scenarios were evaluated. First, the RF efficiency (i.e., the
insertion loss of the system from the GLine feed matching

FIGURE 8. One-receiver test setup.

FIGURE 9. (a) Simulated coupling coefficient k as a function of receiver
distance from the center conductor at 233 MHz. (b) Simulated coupling
capacitance value as a function of receiver distance from the center
conductor at 233 MHz.

network input to the receiver matching network output) was
measured and compared to simulated values. The measure-
ment was conducted by using a vector network analyzer
(VNA) to extract the S21 values of the system when the
receiver was placed on a cardboard stand approximately 1 m
above the lower launcher surface (about half-way up where
an E-field peak exists) and at variable distances from the
center conductor. The impedance matching networks were
kept static for these measurements. Note that for accurate
measurement, the VNA was placed outside of the transmitter
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FIGURE 10. One-receiver simulated and measured RF efficiency as a
function of (a) frequency and (b) distance.

and the measurement cables had RF chokes affixed to them
(ferrite beads were used), otherwise the GLine fields would
couple to the VNA ground plane and cables, throwing off
the calibration. Note also that standing inside the transmit-
ter affects the results (since the human body changes the
impedance profile of the system), although not by very much
unless person is very close to the receiver position or the cen-
ter conductor. For the purposes of this work, the transmitter
space was kept empty save for the receivers and their stands.

The receiver dipole is oriented such that the radial GLine
fields run along the dipole length so it is co-polarized with
the coupling E-field. This is required; if the dipole is not
aligned with the radial field, coupling decreases dramatically.
Fig. 8 illustrates the measurement setup. Fig. 9 and Fig. 10
show the simulated coupling coefficient and Ct values, and
the RF efficiency data (both measured and simulated using
ANSYS HFSS and ADS at 233 MHz) respectively. The line
characteristic impedance was found to be 187 � from sim-
ulation. Note that the effect of the measurement cables has
been calibrated out of the measurements. Also, the length of
the line in the simulation was reduced from 2 m to 1.95 m.
This is to account for an apparent electrical length difference

FIGURE 11. Rectifier measured efficiency data.

between the construction and simulation model caused by
the termination foil contact point being lower than the center
conductor tip.

Next, the total efficiency of the system (i.e., the efficiency
of the system from the input of the GLine matching circuit
to the output on the rectifier load) was measured. This was
done by connecting the system input to a signal generator
and power amplifier, connecting the receiver output to the
rectifier, and sweeping the signal frequency, receiver posi-
tion, and transmitter input power, measuring the efficiency at
each data point. The incident power of the rectifier was also
measured by placing using an intermediate RF coupler and
power meter. Again, all losses not associated with the WPT
system were calibrated out. Fig. 11 outlines the efficiency of
the rectifier alone as a function of rectifier incident power and
Fig. 12 illustrates the total efficiency data of the system as a
function of rectifier incident power.

Next, another planar dipole receiver was constructed and
measured simultaneously with the first at the same height.
The receivers are identical in structural design, but the second
was made with a 1.27 mm thick Rogers 5880LZ substrate.
It’s output impedance was matched to 9.8+25.7j � (deter-
mined using the same method as with the first receiver). With
this second antenna, two-receiver power transfer as well as
the cylindrical symmetry of the transmitter were examined.
The RF efficiency was extracted at one receiver while the
other was terminated with a 50 � load for all measurements.
Note that the GLine and first receiver matching networks
were not altered.

During each measurement, both receivers were placed
approximately 1 m up the line at the same distance from the
center conductor, but they were offset by an azimuth angle
θ with respect to the center conductor, with one receiver at
a stationary position while the other was rotated around the
transmitter center. θ was swept between 45 and 315 degrees
at several receiver distances. Fig. 13 illustrates this setup.
Fig. 14 details the RF efficiency and power split ratio perfor-
mance (i.e. the percentage of the total received power each
receiver consumes both adding to 100%) with respect to θ
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FIGURE 12. One-receiver GLine system measured total efficiency for
0.25 m (a), 0.5 m (b), and 0.75 m (c) distances.

at 233 MHz for different receiver distances. Fig. 15 shows
the individual RF efficiency with respect to frequency when
θ is 90 degrees. Here, receiver #1 is the 5880LZ dipole (the
rotating receiver) and receiver #2 is the FR-4 dipole.

FIGURE 13. Two-receiver measurement setup.

FIGURE 14. (a) Two-receiver RF efficiency and (b) power split ratio with
respect to rotation angle at 233 MHz.

Finally, an experiment was conducted where five receivers,
including the ones described above, were placed at various
positions surrounding the center conductor, all at a 1m height.

The additional antennas were all planar dipoles of various
sizes constructed with copper tape on FR-4 substrates of
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FIGURE 15. Two-receiver RF efficiency with respect to (a) frequency and
(b) distance for θ = 90◦.

differing thicknesses between 0.4 mm and 1.6 mm. Each
receiver was placed 1 m up the line at various distance and
θ locations and they were matched to 50 � while in position
with at least a 10 dB return loss. The return loss of each
receiver was measured while every other one and the trans-
mitter input were terminated with 50 � loads. In this way,
a potential real-world multi-receiver scenario was demon-
strated. To extract each receiver’s RF efficiency, the output of
one receiver at a timewas connected to aVNAwhile all others
were terminated with 50 � loads, same as the two-receiver
test. Note that placing five receivers in the transmitter loaded
the GLine significantly such that its input impedance was
24–43j �, so the transmitter matching network was switched
out to better match to the loaded impedance at 233 MHz.
Fig. 16 illustrates the multi-receiver experiment setup and
Table 1 details the size, position, and RF efficiency of each
receiver.

VI. RESULTS AND DISCUSSION
Referencing Fig. 10, it can be seen that the maximum mea-
sured RF efficiency for the one-receiver case is 40% at
0.25 m, 35% at 0.5 m, 11% at 0.75 m, and 3% at 1 m when

FIGURE 16. Multi-receiver test setup.

the matching circuits are optimized for the 0.5 m distance and
233 MHz. It should be noted that efficiency obtained with
this implementation is substantially higher than that observed
in [1]. The reasons for this stem from the launcher con-
struction, the receiver design, and the impedance matching
network components. The launchers in [1] were made from
cardboard sheets and as such were susceptible to bending,
disrupting the field containment. The dipole used in [1] was
a prototype made from soldering wires in a bowtie-like con-
figuration, but the solder joints created lossy conduction sites
that lowered transfer efficiency. Finally, the capacitors and
inductors used here have much improved Q-factors compared
to those in [1]. All of these factors led to a large efficiency
improvement.

Fig. 10 also shows that the difference between the
simulation and measurement is quite pronounced for larger
distances. This can be explained by the note on GLine sim-
ulation in Section IV. of this paper. The simulation had
the GLine transmitter suspended in a vacuum, while the
implemented system was surrounded by walls and equip-
ment. The closer the receiver is to these interferers, the
more they affect the receiver’s self-impedance, creating an
impedance mismatch factor that was not present in the
simulation.

This is also why the measured and simulated results are
closer when the receiver distance is smaller. Other deviations
can be explained by losses caused by feed radiation, launcher
scattering, surrounding object interference, simulation inac-
curacies, and a slightly uneven launcher surface (the foil
taped to the upper launcher sags differently in different spots,
causing some field reflection asymmetry).

An interesting detail of Fig. 10 is that the measured effi-
ciency bandwidth for every receiver position is higher than
the simulated case. This also can be attributed to factors in the
built system that were not captured by simulation. This effect
is most likely a product of the matching circuit aberrations
(parasitics, electrical lengths, etc.). It should be noted that the
simulated feed and receiver output impedanceswere 13-28j�

VOLUME 7, 2019 115895



B. J. Vaughn et al.: Electrically-Coupled Goubau-Line-Based WPT System

TABLE 1. Multi-receiver experiment data.

and 19+20j � respectively, and that the cardboard receiver
stand was not included in the simulation.

From Fig. 12, we see that the total efficiency is maxi-
mized when the rectifier incident power is 20 dBm. This is
a consequence of the rectifier diode non-linearity [16]. The
maximum total efficiency of the system was 30% for 0.25 m,
26.5% for 0.5 m, and 8.3% for 0.75 m. 1 m measurements
were not taken due to the high input power required to observe
the relevant rectifier incident power at each frequency. These
results correspond to an optimal rectifier efficiency of 75%
at 233 MHz, which is consistent with measurements taken of
the rectifier alone.

As seen from Fig. 14 and Fig. 15, when θ = 90◦, the max-
imum RF efficiencies for receiver #1 are 17% at 0.25 m, 26%
at 0.5 m, 11% at 0.75 m, and 3% at 1 m. The maximum RF
efficiencies for receiver #2 are 15% at 0.25 m, 21% at 0.5 m,
12% at 0.75 m, and 3% at 1 m. The maximum combined
RF efficiencies are therefore 32% at 0.25 m, 47% at 0.5 m,
23% at 0.75 m, and 6% at 1 m. For this scenario, the power
split between the receivers is approximately 55/45. However,
there is substantial deviation from the theoretical 50/50 power
split when θ is between 135◦ and 225◦ for distances above
0.25 m. This can be attributed to the fact that the transmitter is
adjacent to awall and electrically large piping, leading to field
distortion and receiver impedance detuning on the side closest
to those elements. This is supported by the high cylindrical

symmetry when both receivers are close to the transmitter
center (and thus more isolated from environmental field dis-
tortion effects), as well as when both receivers are on the same
half of the transmitter (when θ is either greater than 90◦ or
less than 270◦). Even so, the highest deviation constituted a
30/70 power split and no azimuth nulls were present. Another
notable detail is that, unlike in the single-receiver case, the RF
efficiency was higher at a 0.5 m distance than a 0.25 m
distance. This is because when the receivers are both placed
near the transmitter center, there is significant cross-coupling
between the two, which causes impedancemismatch since the
matching circuits were designed independently. The transmit-
ter input is also detuned under this condition since the effec-
tive coupling of the system is substantially higher.While a full
two-receiver theoretical analysis is not presented here, adding
an identical receiver effectively halves Zcoup and doubles the
coupling contribution to the RHS of eqn. 4 in the Section II
formulation, which explains the impedance drift. This can be
fixed if the optimal receiver position is set to 0.25 m and
the matching circuits are designed simultaneously, but that
is beyond the scope of this work. Finally, it is apparent that
the individual RF efficiency values of the two receivers are
less than the RF efficiency of the one-receiver case. This is
due to the introduction of another loss element in the system
when another receiver is added. Referencing the formulation
of Section II, adding another receiver introduces another Rlr
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TABLE 2. WPT technology feature comparison.

component (see Fig. 1b). The newRlr and the increased effec-
tive coupling coefficient k have competing effects, so even
though the combined efficiency of the two-receiver case can
exceed the efficiency for one receiver, the RF efficiencies of
each individual receiver will not reach that of the one-receiver
case for the same distance unless the receiver antennas are
completely lossless.

Table 1 details the results for the five-receiver experiment.
As can be seen, the individual efficiency of each receiver
varies from 2.4% to 13.5%, with the RF efficiency of all
the receivers combined totaling at approximately 38%. The
variability of the efficiencies can be attributed to the size of
each receiver, as well as their positions with respect to the
transmitter and the environment outside the transmitter. For
instance, receiver #1 (see Fig. 16), while among the largest
of the receivers, was placed significantly farther away from
the center conductor than the others, so it received less power
than smaller receivers. This demonstrates that other coupling
factors, particularly position, matter more than receiver size
alone. It should also be noted that splitting the power between
five receivers lowered the max individual RF efficiency each
receiver could achieve while the others are also receiving
power. Nevertheless, a combined RF efficiency of 38% was
realized, exceeding the one-receiver case.

VII. CONCLUSION
The design process of the GLine WPT system has been
laid out and a working electrically-coupled WPT structure
has been demonstrated. At a 0.5 m distance from the center
conductor for a 233 MHz signal, the achieved one-receiver
RF and total efficiencies were 35% and 26.5% respectively,
a two-receiver combined RF efficiency of 47% was observed
for the same distance, and a five-receiver combined RF effi-
ciency of 38% was obtained. Table 2 shows a feature and
metric comparison between the GLine scheme and other
recent/foundational WPT topologies, highlighting the GLine
topology’s merit. Three factors to note about this table:

1.) Only the receiver dimensions were highlighted
in Table 2 because this is the most prohibitive profile metric.
If the transmitter provides positional freedom for the receiver,
the former may be placed in a non-disruptive location, such
as a wall, the floor, or a ceiling. In the GLine’s case, the
launchers, while large, can be embedded in the floor and
ceiling in such a way that does not sacrifice space. The
wooden frame of the prototype above would also be omitted
from such a practical implementation. The center conductor,
meanwhile, can be placed in the corner of a room or any spot
where a pole-like structure is acceptable, so it is no more dis-
ruptive than a tall, thin piece of furniture. However, for many
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FIGURE 17. GLine transmitter with mesh launchers; three rings shown.

applications such as portable electronics, wearables, sensors,
implants, IoT etc., a smaller receiver profile is preferable,
so its dimensions were listed.

2.) Not all of the works listed in Table 2 gave efficiency
data for a 0.5 m separation distance. As noted in the footnote,
the efficiency data for [6] and [7] was extrapolated linearly
from the data that was given in these papers. This is a valid
approximation based on the efficiency fall-off rate for the
measurements taken in [2] and the fact that the techniques
of [6] and [7] are resonant. No efficiency metrics were given
in [5], so its entry was omitted. In [8], an RF efficiency
of 0.35% was given for a 7 m distance and no data was
taken for a distance less than 2 m, which was not enough
information to infer an efficiency metric for 0.5 m. It is
assumed, however, that the 0.5 m RF efficiency for that work
exceeds the 10% threshold to be considered a ‘‘mid-range’’
technique as defined in this work.

3.) The asymmetry factor of the system is computed
by dividing the largest dimension of the transmitter or
receiver (whichever is larger) by the largest dimension of
the other element. For the GLine, the largest dimension
was 2 m instead of 2.44 m since, again, embedding the
launchers in the floor and ceiling makes their diameters less
relevant.

The data presented in this work establishes the state-of-
the-art for the GLine WPT system, the only current non-
radiative, mid-range scheme that simultaneously is asymmet-
ric, is omnidirectional, can host multiple receivers, and does
not require resonant coupling.

APPENDIX I
MESH LAUNCHER ANALYSIS
In order to examine the efficacy of the wire-mesh launchers
shown in Fig. 3, a simulation case-study was conducted in
HFSS to determine the loss characteristics of planar mesh
launchers. Fig. 17 shows the design of such a structure with
a shorted termination. Here, the launchers are formed by
a series of concentric rings connected by a star formation

FIGURE 18. Mesh launcher transmitter RlTL as a function of ring spacing
for 225 MHz excitation.

FIGURE 19. Number of rings in mesh launcher as a function of ring
spacing.

TABLE 3. HFSS human phantom dielectric parameters.

of conductive strips. In the study, the spacing between the
rings was swept between 15 and 100 cm. If the radius of a
ring exceeded 2 m, the ring was omitted from the launcher.
The inner-most ring had a radius that was twice the ring
spacing, meaning that fewer and fewer rings were included
as the ring spacing increased. For each configuration, RlTL
at 225 MHz was extracted. In Fig. 18, the simulated RlTL
for each ring spacing is plotted compared to the RlTL value
of the constructed prototype, which was approximately 3.5
�. Fig. 19 shows the number of rings included for each ring
spacing.

It is evident from Fig. 18 that RlTL is a somewhat periodic
function of ring spacing. This is because the apertures created
by the space between conductive surfaces lead to interference
patterns that either facilitate or cancel field leakage. Because
of this, there are distinct regions where RlTL is minimized.
Two such regions are around when the ring spacing is 65 cm
with two rings and when the ring spacing is 95cm with only
one ring. In both of these regions, the simulated RlTL is
lower than the measured value of the prototype shown previ-
ously, indicating mesh launcher feasibility. A more in-depth
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FIGURE 20. Human phantom positioned inside GLine transmitter for SAR
simulation.

analysis is beyond the scope of this work, but this study shows
that mesh launchers serve as a tenable solution for GLine
launcher design.

APPENDIX II
SAR SIMULATION
Since many potential GLine applications involve humans
standing within the transmitter area, the question of electro-
magnetic safety arises. To address this on a base level, simu-
lations were conducted in HFSS at 225MHz to determine the
SpecificAbsorption Rate (SAR) characteristics of the system.
A homogeneous human phantommade up of a head and body
was constructed in HFSS using parameters derived from the
contents of IEEE Std 1528-2013 [17]. The parameters are
given in the table below.

Note that the table at the end of [17] does not list values
at 225 MHz exactly. As such, the values above were extrapo-
lated from the given data.

To characterize the SAR, the human phantom, pictured
in Fig. 20, was placed at set distances from the center con-
ductor of a GLine transmitter while the input power was
swept between −30 and 10 dB (1 mW−10 W). The height
of the phantom is 1.74 m, the radius of the head is 12 cm,
and the radius of the body’s trunk region is 18 cm. The
distance from the center conductor is defined from the center
axis of the phantom. The local SAR was simulated for each
case and the peak values in both the head and body are
plotted in Fig. 21 against the 1.6 W/kg limit mandated by
the FCC. Note that the local SAR provides a more conser-
vative metric for this study since it will always be larger than
the SAR averaged over a region greater than a single mesh
cell.

Fig. 21 shows that the peak local SAR is well below the
FCC limit for most of the cases simulated. The threshold is
crossed when the phantom center is positioned 0.25 m away
from the center conductor and the input power is approxi-
mately 3.25 W. Many applications, however (e.g., implants,
wearables, sensors, etc.), can be accommodated with input
powers far less than this. Note that the head SAR was
markedly less than the body SAR for all cases. This is because
of the head’s position in the standingwave distribution as well

FIGURE 21. (a) Simulated peak local SAR in phantom body as a function
of input power and (b) simulated peak local SAR in phantom head as a
function of input power. The researchers’ maximum exposure during
experiments is also shown.

as the fact that its outer surface was always 6 cm father away
from the center conductor than the body’s outer surface due
to the difference in radius. Given the comparison between
the head and body homogenous dielectric parameters, it is
concluded that the body SAR values can be treated as a valid
worst-case scenario nevertheless.

APPENDIX III
FCC FREQUENCY ALLOCATION
The prototype constructed in this work operates at 233 MHz,
which is within a restricted band in the United States. How-
ever, there is an amateur radio band close-by that includes
frequency allocation from 222 MHz to 225 MHz [18]. Oper-
ation inside this band is easily within the capabilities of the
GLine, so it could be designed for that range, nullifying any
interference concerns.
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