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Abstract—An innovative method based on Huygens sources to regulate
the direction that power flows in microwave transmission line systems is
developed and confirmed with measurements. The phase difference
between the electric and magnetic currents in the Huygens source is
utilized to finely control the ratio of the wave propagation amplitudes and,
hence, power flows along the transmission line in opposite directions. The
operating principles are elucidated with both the field distributions in a
rectangular waveguide as the transmission line system and the voltages and
currents in a transmission line circuit model driven by Huygens sources.
The transmission line circuit models excited with electric and magnetic
current sources separately and with their balanced combination provide a
precise means to quantitatively demonstrate the tunability of the power
flow with the Huygens source. A proof-of-concept experiment was
implemented in a microwave rectangular waveguide to validate the
theoretical analysis. The measured results, in good agreement with their
simulated values, demonstrate that the reported approach leads to a
wideband operation and large dynamic directional power ratios that are
advantageous in the design of multifunctional electromagnetic devices and
systems.

Index Terms—Directional power flow, Huygens source, transmission
lines

1. INTRODUCTION

With the development of fifth-generation (SG) communication
networks and Internet of Things (IoT) devices, multifunctional radio-
frequency (RF) equipment and systems are in great demand. Their
multiple functions are typically achieved by controlling the power
flow in their circuits and structures. In general, there exist two
approaches to control these power flows. The first employs digital
switches to select the signal pathways in separate circuits or
structures. This method has been widely used to realize
reconfigurable filters [1], [2]; antennas [3], [4]; metasurfaces [5], [6];
and RF systems [7]. Unfortunately, this approach generally has poor
space utilization because it requires large numbers of switches. The
second method consists of inserting additional structures or materials
into the circuits to control the signal power flow. For instance,
coupling holes/slots [8], [9]; inductive walls [10]; ridge gap
waveguide [11], [12]; epsilon-negative structures and branch line
structures [14] have been implemented as directional couplers and
power dividers to control the power pathways in circuits. Similarly,
ferromagnetic materials have been used in circulators to regulate the
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power flow directions [15]. However, most of these elements are
loaded into the signal’s transmission pathway and thus lead to
inescapable increases in loss, space requirements, complexities, and
costs.

Huygens source antennas have been investigated and developed in
recent years to control the far-field spatial distribution of radiated
power. They utilize specific combinations of electric and magnetic
dipoles/currents [16]-[26]. Many of these designs have focused on
miniaturization [20]-[26], bandwidth enhancement [22], and
reconfigurability [23], [25]. Huygens sources have also been
developed to exhibit near-field directionality [27] and far-field
needle radiation [28]; to achieve a nanoparticle laser [29]; to excite
spin-momentum locking phenomena [30]-[32]; and to enable
topological waveguides [33]. It is noted that while Huygens sources
have found numerous implementations for antennas and quantum
optics applications [16]-[33], few have been employed in microwave
transmission line systems and devices. To the best of our knowledge,
Huygens sources as the total-field/scattered-field boundaries used to
launch waves numerically into the simulation regions treated with
full-wave Maxwell equation solvers are the only ones applied to the
understanding and design of waveguide systems [34]-[36].

In this Communication, Huygens sources are introduced into
microwave transmission line systems. They act as the excitation
sources of the transmission line system. More importantly, they are
designed to arbitrarily control the amounts of power flowing along
the transmission line in opposite directions. The phase difference
between the electric and magnetic currents of the Huygens source is
made tunable; and, as a consequence, their combination enables the
ability to regulate the power flow. Notably, this feature expedites
being able to fine tune the power ratio between the two directions.
The approach is attractive because it facilitates the realization of
multiple functions such as directional coupling and power dividing
with a single simple circuit that has a small footprint and is low in
cost. This concept is applied directly to a metallic rectangular
waveguide system to illustrate its performance characteristics.
Neither modifications of the overall waveguide shape nor the
addition of structures in the signal’s propagation pathway are
necessary. Therefore, it holds promise to be an advanced building
block for a series of new multifunctional integrated RF systems.

This Communication is organized as follows. First, a basic
explanation of the Huygens source-based tunable power flow
approach is introduced in a microwave rectangular waveguide
transmission system in Section II. This Huygens source consists of a
simple pair of ideal electric and magnetic currents. The operating
principles are explained with the analytical field distributions. An
equivalent transmission line model is also introduced to further
quantify them. The Huygens source prototype and the experiments
that were performed to validate the developed approach are
described in Section III. The measured results clearly demonstrate
that the advantages of the approach include a wide operating
bandwidth, large-scale dynamic tunability, and multiple
functionalities. Conclusions are discussed in Section IV. All of the
simulated results reported herein were obtained with the ANSYS
Electromagnetics Suite v. 19.2.



II. THE PROPOSED METHOD

A Huygens source consists of a properly balanced pair of in-phase
electric and magnetic currents that are oriented orthogonal to each
other. The placement of an idealized version of this oriented current
pair in the center of a rectangular (WR-90) waveguide is illustrated
in Fig. 1. An infinitesimal electric dipole is oriented along the x-axis
with the electric current moment /,; an infinitesimal magnetic dipole
is oriented along the y-axis with the magnetic current moment /,,.
Simulations of this configuration at 10 GHz indicate that if the
magnitudes of their current moments satisfy the balanced condition
|L| = 1.75 ny |I,,|, where 5,is the wave impedance in free space, they
produce the desired total cancellation of the fields radiated
backwards from the source plane, i.e., into the —z direction, and
direct all of the radiated power broadside to the pair in the +z
direction.

qV
Do x

Fig. 1. The Huygens source model in a rectangular waveguide.
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Fig. 2. The normalized powers received at the two ports with respect to the
phase difference between the electric and magnetic currents.

The simulated normalized magnitudes of the power received at
port 1 and at port 2 of the waveguide are shown in Fig. 2 as functions
of the phase difference between 7, and 7,,, i.e. Ap = ¢, — ¢,,. When
the two dipoles are excited in-phase, i.e., Ap = 0°, all of the radiated
power flows to port 1. On the other hand, when they are excited
completely out-of-phase, i.e., with Ap = 180° (current on one
element is reversed from the in-phase case), all of the radiated power
flows to port 2. These results clearly demonstrate the realization of
unidirectional propagation in the transmission line system. Clearly,
the value of Ag controls the ratio of the power flowing towards both
ports. As shown in Fig. 2, very fine control of these powers and,
hence, their ratio is possible. Note that when Agp = 90° or 270°, the
power specifically flows to both ports equally. Hence, this
waveguide-Huygens source configuration acts as a natural 3-dB
power divider, thus eliminating the need for both a source and a 3-
dB waveguide power splitter.

The previous studies of Huygens sources [16]-[33] have mainly
emphasized the cases when Ap = 0° and 180° to generate
unidirectional propagation phenomena. Here, in contrast, the design
is extended to realize an electromagnetic source that has the ability
to regulate the directional flow of power in a microwave
transmission system with high precision. The basic concept can be
applied to any microwave transmission line system.

The unidirectional propagation, which occurs when Ag = 0° and
180° can be explained in terms of the representation of the TE
modes generated by idealized electric and magnetic sources in an air-
filled waveguide whose dimensions only allow propagation of the
fundamental mode. Its spectral representation also immediately
connects these propagating fields to an equivalent one-dimensional
transmission line model. Let these sources lie in the plane z = 0. Let
the size of the waveguide be a along the x-axis and b along the y-
axis. The total fields of the fundamental propagating TE modes
(TEp; mode in our coordinates) generated by the combination of an
x-oriented electric source and a y-oriented magnetic source excited at
the frequency f= w/2x can be written in the form [8, Sec. 4.7]:
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where the step function 9(z)=1 if z> 0 and 9(2):0 if z <0;

k, = \/0)250#0 —kf, ; the transverse wavenumber &, = ﬂ/b ; and the

wave impedance Z,, = oy, /k, . The electric fields excited by the
electric and magnetic current sources are, respectively, even- and
odd-symmetric with respect to the location of the Huygens source
combination. The ! factor emphasizes that the sources,
independently, radiate their power equally in the £z directions. The
amplitudes 4,,, = |4,,/e’”"" . It is then clear that the field
amplitudes are balanced if |4,|=Z;;|4,|, i.e., if they are in-phase
with Ap = ¢, — ¢,,= 0° the total electric and magnetic fields are zero
for z < 0 and, hence, unidirectional in the +z-direction. It is then
unidirectional in the —z-direction when they are 180° out of phase,
i.e., Ap = 180° In our corresponding three-dimensional (3-D) full-
wave simulation studies, the electric and magnetic currents radiate
their spherical wave fields and they are quickly transformed into the
corresponding TE(; modes because all other modes are evanescent.
The amplitudes of those propagating modes follow from the spectral
decomposition of their radiated fields into the waveguide modes.
These 3-D simulations show that the magnitudes of the resulting
fundamental modes are balanced if their source currents satisfy |I,| =
1.75%,,] at 10 GHz. This corresponds to the noted analytical
balanced condition: |4,|=Z,;|4,|.

The transmission line representation of the Huygens phenomenon
in the waveguide is illustrated in Fig. 3. The two segments of the
waveguide in the two opposite directions from the source plane are
modelled as two transmission lines with the characteristic impedance
Z,, propagation constant f, and physical length /. All segments of the
transmission lines are terminated the same matched load Z,. The
transmission line models of the electric and magnetic sources in the
waveguide are given by the upper and lower subplots in Fig. 3(a).
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Fig. 3. (a) Transmission line model of the electric and magnetic dipoles located in the center of the rectangular waveguide. (b) The simulated electric field
vectors (xoz plane) and magnetic field vectors (yoz) radiated by both dipoles individually and simultaneously in the waveguide at 10 GHz.

The ratio of the powers radiated in the +z directions along their
transmission lines is readily quantified when the shunt and series
sources in Fig. 3(a) are excited with different relative phases. The
currents associated with the electric and magnetic current models are
given, respectively, by the relations:

]:)Iec :%Ile*jﬁzg(z)+%[1e+jﬁ29(—2) (3)
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where the electric current source in shunt, /;, corresponds to the

magnetic field discontinuity: J| =[2><(H >0 —H )} in the
z=0

waveguide solution, and the magnetic current in series, I,

corresponds to the electric field one: E = —|:2><(E>o —E<()):| .

Therefore, the voltages corresponding to the electric fields at port 1
and port 2 in Fig. 1 are those at z = +/ and z = —/, respectively, in the
transmission line models, i.e.,
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One clearly sees that if /, = |I|e’” and I, = |I,|e’” , then
when the current sources are in-phase, i.e., when ¢, = ¢,, and their
magnitudes are balanced as |[}| = 2 || = I, then Vo + V5, = 0 and
no power would be measured at port 2. On the other hand, Vi + Vi,
= Z. Iy at port 1 and all the power is measured there. Similarly, when
they are out of phase, i.e., when ¢; — ¢, = 180°, then Vo + Vo = Z.A,
and Vg + Vi, = 0. All the power is then measured at port 2 and zero
is measured at port 1. The 3-D simulated field distributions
associated with (1) and (2) corresponding to when the waveguide is
individually excited by electric and magnetic sources on the plane at
its center and by their combination are shown in Fig. 3(b). They
confirm the transmission line results.

The average power flows along the tz-directions when the current
magnitudes satisfy the balanced condition follow immediately from
Egs. (3)-(8). They are
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Normalizing these average powers by Z /7 , the curves in Fig. 2 are
obtained immediately. The peaks of those curves, of course, occur
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=180°%ie., P .m=0, B =1 Consequently, the transmission



line model indicates that once the source generates “vertical” (shunt)
and “horizontal” (in-line) currents whose magnitudes are balanced,
the ratio of the power flowing in both branches of the transmission
system can be regulated by controlling the phase difference between
those two currents. This design principle leads to the practical
realization of the Huygens source in the actual waveguide system.

This example also illustrates that if the two currents have the
proper balance of input powers, the amount of power flow in the
antipodal directions is simply controlled by a phase difference
between them. Thus, a practical realization only requires one tunable
phase shifter, e.g., a commercial digital [37] or analog phase shifter
[38]. Either element is easily integrated into the waveguide and,
hence, either leads to a low-cost device. In contrast, conventional
methods to achieve this type of multifunctional device would require
two separate back-to-back waveguides, one 3-dB power divider, and
two tunable attenuators. Thus, in comparison to the Huygens source
approach, the conventional configuration is expensive, bulky and
requires a complex integration process.

III. EXPERIMENTAL RESULTS

An experiment was carried out to validate the theoretical results. A
standard rectangular waveguide (WR-90) was fabricated with a
circular hole in the bottom wall and with a slot in the top wall of the
waveguide at its center. The 3-D simulation model and the prototype
system are shown in Fig. 4. The center conductor of a SMA was
extended through the bottom-wall hole into the waveguide to act as a
vertical monopole as shown in Fig. 4(a). Taking into account its
image in the bottom wall, the monopole acts as an electric dipole
with its current moment I, oriented vertically along the x-axis. A
magnetic loop like the one reported in [39] was constructed for 10
GHz operation and was inserted through the top-wall slot as shown
in Fig. 4(a). It acts as the magnetic dipole. Its orientation produces a
horizontal current moment /,, along the y-axis [8]. The tail ends of
the two excitations are offset by the same distance away from the yz-
plane but on opposite sides of it. The detailed 3-D model presented
in Fig. 4(a) was used to study the fields generated by the two sources
in a comprehensive manner. Its physical dimensions are listed in
Table I. The simulated electric and magnetic field vectors generated
in the waveguide by both sources are individually shown in Fig. 5.
The field distribution symmetries of the two excitations with respect

N

to the center of the waveguide are apparent and in agreement with
the idealized dipole source results shown in Fig. 3(b).

(b)

Fig. 4. The configuration of the waveguide experiment. (a) Simulation model.
(b) The fabricated prototype under measurement conditions.

TABLE I
PHYSICAL DIMENSIONS OF THE WAVEGUIDE MODEL (UNIT: MILLIMETERS)
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Fig. 5. Simulated electric and magnetic field vectors individually excited in the waveguide by the monopole and the magnetic loop at 10 GHz.




Two waveguide-to-coaxial converters are used to receive the
power that flows in the two directions. Two ports are the feeds to the
electric and magnetic dipoles. This four-port system is connected
with a four-port Rohde & Schwarz ZVA67 vector network analyzer
(VNA). The home-made magnetic loop was fabricated on a printed
circuit board which has a length outside of the waveguide. Therefore,
Port 4 in Fig. 4(b) is de-embedded to port 4’ in order to obtain the S
parameters with the correct reference phase. Furthermore, while both
the monopole and loop are centered in the xy-plane at z = 0, their
phase centers do not exactly coincide along the x-axis because their
physical separation is necessary. This configuration is slightly
different from those in the Huygens source antenna designs [16]-[26],
as well as from the ideal dipole model in Fig. 1. Nevertheless, since
this is an enclosed transmission line system, the power radiated by
the dipoles propagates only along the z-axis. Consequently, the phase
centers of both dipoles are exactly the same when referred to the z-
axis; and the Huygens source behavior is attained.

Because they are a realistic monopole and magnetic loop, the
magnitudes of the waveguide modes they generate are different from
those obtained in the simulation model and are, of course, frequency-
dependent. Thus, the fields they generate do not have the same
amplitudes at different frequencies. As a result, the excitation
voltages at port 3 and port 4 were adjusted to achieve the correct
balance between them to attain the Huygens behavior. These
voltages were finally fixed to be 1.0 V and 2.25 V, respectively, to
reach the best balance at 10 GHz. These values generated the two
currents, /; and I, shown in Fig. 3(a) with a balance equivalent to the
analytical one: |I;| = 2 || = Ij. The phase difference between port 3
(¢3) and port 4 (¢,4), Ap = ¢4 — @3, was then varied. The measured
results are shown in Fig. 6(a). When Ag = 0°, the power received at
port 1 (P;) was more than 10 dB larger than the power received at
port 2 (P,) in the range from 8.5—11.2 GHz. Conversely, when Ap =
180°, P, is more than 10 dB larger than P, in the range from 7.9 to
11.2 GHz. The measured power ratio, i.e., |[P; (dB) — P, (dB)|, of the
unidirectional propagation in either case has a maximum magnitude
of about 30 dB near 10 GHz. The frequency bands of the
unidirectional power flow in these two cases cover most of the
working frequency of the WR-90 waveguide (8.2—12.5 GHz). When
Agp = 90°, P, and P, have nearly the same magnitude in the range
from 9.2 to 11.3 GHz. The powers at the two ports were extracted
and normalized at 10 GHz for different values of Ag. These
measured results are shown in Fig. 6(b). They are in excellent
agreement with Fig. 2.

It is noted that this experiment did not focus on realizing a good
match between the sources of the monopole and the loop when they
were integrated into the waveguide. Thus, the voltage adjustments
were necessary. Moreover, the powers at port 1 and port 2 were the
values at their terminals and not the input powers of the sources for
the monopole and the loop. They were attained by taking into
account the reflection coefficients of those nonideal radiating
elements. The excitation efficiency of the Huygens source in the
waveguide transmission line system could be improved with several
methods, for example, introducing loading dielectrics [40], using
disc-ended structures [41] and L-loop structure [42]. These methods
are being investigated as future work for designing practical
products. Nonetheless, as a proof-of-concept experiment, our study
successfully demonstrated that the Huygens source technique is able
to regulate the flow of power in a microwave transmission line
system over a wide band of frequencies.
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Fig. 6. (a) The ratio of the powers received at the two ports with respect to the
source frequency. (b) The normalized powers received at the two ports at 10
GHz as functions of the phase difference between the electric and magnetic
radiators.

IV. CONCLUSIONS

This work reported a Huygens source-based excitation technique
to regulate the flow of power by controlling the state of the source in
a microwave transmission line system, without introducing
additional switches, structures, and materials in the signal’s pathway.
An equivalent transmission line model was developed to
quantitatively predict its ability to regulate the flow of power along
the transmission line in opposite directions. A proof-of-concept
experiment validated the approach. The measured waveguide results,
in very good agreement with their simulated values, demonstrated a
large operational bandwidth with dynamic tunability of the power
flows. The reported technique is quite suitable for application as a
feed structure in innovative, miniaturized, and multifunctional RF
systems.
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