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This paper presents a reconfigurable metasurface that is able to dynamically and independently con-
trol the gain and propagation direction of the radiated field, with reduced biasing complexity and power
consumption at a low profile. Moreover, the proposed metasurface is guided-wave fed thus leading to
a compact tunable leaky-waveguide structure. Heretofore, reported reconfigurable metasurfaces have
mainly demonstrated dynamic tailoring of free-space waves by redistributing their reflection or trans-
mission phase profiles at a fixed amplitude. In contrast, we demonstrate dynamic transformation of a
guided wave into an aperture field with controlled amplitude such that the gain and scan angle of the cor-
responding radiated field are dynamically and independently controlled. In particular, the aperture field is
digitally synthesized by the proposed tunable Huygens’ metasurface whose local transmission coefficient
is able to be dynamically tuned as two digital bits of −|To| and +|To|, where To represents a user-defined
constant. This digital synthesis and the deliberate utilization of a nonbianisotropic type Huygens’ meta-
surface simplify biasing requirements, and make the proposed design more feasible. Through simulations
and experiments, we show dynamic steering of a beam from −40◦ to +40◦, and two broadside radiations
with different radiation gains at a fixed operating frequency of 5 GHz.
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I. INTRODUCTION

The idea of arbitrary shaping of electromagnetic (EM)
waves with low-profile structures has triggered rapid
development in the field of artificial EM surfaces (i.e.,
metasurfaces) and opened up exciting opportunities in
EM and photonic research. These surfaces comprise
subwavelength-sized “meta-atoms” which locally interact
with an incident EM wave and introduce abrupt field dis-
continuities to produce a desired radiation. By engineering
the structural properties of the meta-atoms, various field
manipulations have been demonstrated such as light bend-
ing [1–6], cloaking [7–9], and holograms [10–12]. In par-
ticular, the introduction of Huygens’ metasurfaces (HMSs)
has enabled unprecedented control over EM waves through
explicit utilization of both electric and magnetic responses
of their meta-atoms [5,6,13–16]. These Huygens’ meta-
atoms induce suitable electric and magnetic surface cur-
rents that are deduced from the Schelkunoff’s equivalence
principle such that the pertinent boundary conditions are
satisfied for a certain desired field distribution [17]. Based
on this principle, HMSs have been demonstrated to manip-
ulate various aspects of EM waves such as their ampli-
tude, phase, and polarization [13–16,18,19]. Despite such
unique field manipulation capabilities, however, most of
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their realizations to date have been based on static meta-
atoms. As a result, their wave-control capabilities have
been inherently limited to the geometrical parameters of
the constituent meta-atoms.

On the other hand, to further extend the practical appli-
cability of metasurfaces especially in the areas of high-rate
communications (e.g., Internet-of-Things, 5G, and 6G),
much of the recent effort has been devoted to the realization
of reconfigurable microwave metasurfaces for dynamic
shaping of radio-frequency waves [20–41]. In particu-
lar, to achieve dynamic wavefront control based on a
compact form factor, there has been considerable effort
in directly integrating these reconfigurable metasurfaces
within wave-guiding structures. In this effort, reconfig-
urable leaky-wave antennas (LWAs) that incorporate var-
ious kinds of guided-wave-excited tunable metasurfaces
have been proposed, which utilize active lumped elements
[42–45] and phase-transition materials (e.g., liquid crys-
tals [46,47]) in their reconfigurable meta-atom designs
to attain the necessary tunability. Instead of manipulat-
ing free-space waves, which requires an external source
to be placed sufficiently far away from the surfaces,
these guided-wave-excited tunable metasurfaces transform
a confined mode (i.e., a guided mode) into a certain
desired radiation, and dynamically tailor its shape by
altering their surface properties (e.g., the local transmis-
sion phases and surface impedances). For example, LWAs
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based on tunable composite right- and left-handed meta-
atoms have been demonstrated to dynamically steer a
beam at a fixed operating frequency [46]. By balanc-
ing the resonance frequencies of the series and shunt
branches of their meta-atoms, these LWAs have overcome
the limitations imposed by the open-stopband effect and
demonstrated steering of a beam through broadside. On
the other hand, guided-wave-excited surfaces that dynam-
ically modulate the phase of the transmitted field have
also been demonstrated based on an antenna-filter-antenna
architecture, which utilizes an array of receiving and trans-
mitting antennas with reconfigurable filters inserted in
between [48]. In addition, period-reconfigurable LWAs
that incorporate certain switching mechanisms have also
been extensively investigated [42,43]. In these surfaces,
the periodicity of meta-atoms with “ON” and “OFF” sta-
tus is dynamically altered to control the phase constant
of the corresponding nth space harmonic that gets cou-
pled to the radiated field, thereby dynamically steering
a beam.

Although these demonstrations represent the culmina-
tion of impressive theory and fabrication, they yet pro-
vide limited tunability in the sense that they only achieve
dynamic wavefront shaping at a fixed transmission ampli-
tude of their guided-wave-excited metasurfaces. As such,
they do not provide any means to also dynamically and
independently control the gain of a LWA (which is related
to the amplitude of the radiated field), although such an
ability is highly desirable in achieving complete wave-
control capabilities. To also independently control the gain,
the integration of a reconfigurable HMS with a LWA can
be considered, as the static HMSs have been demonstrated
to arbitrarily and independently control the amplitude and
phase of the scattered field [13,49,50]. Nevertheless, the
realization of a reconfigurable HMS is particularly chal-
lenging owing to the difficulties in locally tuning both
electric and magnetic responses of individual meta-atoms
and designing a biasing circuitry that would not degrade
the wave-control performance of the metasurface. As such,
only a few reconfigurable HMSs have been reported to
date [51,52]. Moreover, owing to the aforementioned dif-
ficulties, they have also merely focused on dynamically
shaping EM waves at a fixed transmission amplitude only
for free-space waves. Recently, however, Kim et al. have
proposed a reconfigurable omega-bianisotropic HMS that
can be integrated with a LWA to independently control the
gain and the angular direction of the radiated field [53].
However, its physical realization was hindered owing to
the complex biasing requirements and, as a consequence,
only the numerical demonstration was provided. As such,
there is still an absence of an ultimate reconfigurable LWA
that is able to (i) continuously scan over a wide angular
range including broadside and (ii) independently control
the amplitude of the radiated field at a fixed operating
frequency.

In this work, we aim to fill this void by proposing a
viable route toward dynamic and independent control of
the gain and the scan angle of a reconfigurable LWA.
Specifically, we achieve this by integrating a guided-wave-
excited tunable binary HMS with a LWA to (i) arbitrarily
steer the radiated field over a wide angular range includ-
ing broadside, while (ii) dynamically controlling the local
amplitude of the corresponding aperture field at a fixed
operating frequency of 5 GHz. The preliminary numerical
results were reported in [54], however this work presents
the detailed theoretical background and the experimental
demonstrations. In particular, to address the first milestone,
we consider dynamically transforming a guided mode into
an aperture field, which would propagate to a desired radi-
ation in the far-field zone. Specifically, we leverage the
theory of Fourier optics to obtain suitable aperture fields
to steer a beam from −40◦ to +40◦. On the other hand,
to control the amplitude of the radiated fields, the aperture
fields are digitally synthesized with controlled amplitude
via the proposed tunable binary HMS. We show that the
local transmission coefficients of the proposed HMS can
be individually tuned to be either +To or −To where To
is a user-defined constant that governs the local radia-
tion amplitude. On the other hand, the local reflection
phases are maintained at 180◦ regardless of the choice
of To to support a guided mode. It should be highlighted
that the proposed binary HMS is of a nonbianisotropic
type (i.e., there is no magnetoelectric coupling coefficient),
yet these scattering properties are realized without violat-
ing the passivity and losslessness conditions. In particular,
the proposed HMS is physically realized by symmetrically
cascading three tunable admittance layers each compris-
ing an array of dual-loop meta-atoms. By applying suitable
bias voltages to the dual-loop meta-atoms that contain
varactor diodes, particular surface admittance values are
encoded to synthesize the desired binary states with user-
defined To for the cascaded structure. As it shall be shown,
this digital sampling of the aperture field allows the meta-
atoms to bypass fully covering 360◦ of transmission phase
tunability (thereby alleviating the biasing complexity), and
yet allows steering of a beam over a wide angular range.
Finally, we show how the proposed HMS can be integrated
within a wave-guiding structure to form a compact and ver-
satile wave-control system, and experimentally verify the
fabricated waveguide based on far-field anechoic chamber
measurements.

II. THEORY AND CONCEPT

A. Fourier-perspective beam steering

The objective of this work is to realize a compact and
versatile wave-control system that can (i) arbitrarily steer
the radiated field over a wide angular range, while (ii)
dynamically controlling the amplitude of the radiated field
at the operating frequency of 5 GHz. For this purpose, we
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FIG. 1. A schematic of the proposed reconfigurable LWA that
utilizes a guided-wave-excited tunable HMS.

envision a reconfigurable LWA structure in which the top
PEC plate of a parallel plate waveguide is replaced by a
tunable nonbianisotropic HMS as shown in Fig. 1. Here,
the role of our nonbianisotropic HMS is to transform a
guided mode into an aperture field which would propagate
to a desired radiation in the far-field zone. Specifically,
to obtain such an aperture field, we invoke the theory of
Fourier optics which states that an aperture field and the
corresponding Fraunhofer radiation form a Fourier trans-
form pair. In light of this theory, our tunable HMS aims to
dynamically synthesize various aperture fields, �Eap, such
that the resulting radiated field can also be dynamically
manipulated at will. In particular, to dynamically steer a
beam, we require the HMS to synthesize an aperture field
in the form given as

�Eap ∝ cos
[(

β−
y −β+

y

)
y
]

ej ξ e−j β−
y y�ax, (1)

where ξ represents a constant phase shift that can be added
to the wave as a degree of freedom, and β−

y and β+
y denote

the y-components of the phase constants of the guided
mode and the desired radiation, respectively. These phase
constants in (1) can be related to the angle of incidence
inside the waveguide, θin, and the desired radiation angle,
θout, as

β−
y � ko sin(θin) (2a)

β+
y � ko sin(θout), (2b)

where ko is the free-space wavenumber. In particular, the
angle of incidence can further be expressed in terms of the
waveguide dimensions by requiring that the guided mode
resembles the TE10 mode as

θin � sin−1
[√

k2
o − (π2/d2)/ko

]
, (3)

where d represents the thickness of the waveguide.
To illustrate how the aperture field in (1) would result

in the desired radiation, we judiciously choose θin and θout
such that there is only one of the Fourier components of
(1) residing within the visible region (i.e., the spatial fre-
quency range within ±ko). For example, Fig. 2(a) shows

FIG. 2. (a) The spectrum of (1) in the case of θin = 54◦ and
θout = −40◦ illustrating that there is only one propagating mode
inside the visible region and (b) the corresponding array factor
with �y = λ/4 and N = 28.

the spatial spectrum of (1) in which θin and θout are set
to 54◦ and −40◦, respectively. As seen, only one Fourier
component remains inside the visible region, which trans-
lates to a propagating mode, and the other conjugate
Fourier component is pushed to the “invisible” region. In
addition, the radiation pattern from the aperture field can
also be estimated by utilizing the antenna-array analysis.
In this analysis, the aperture field given in (1) is evalu-
ated at y = n�y (where n denotes an index and �y is a
sampling interval), and the evaluated values, In, are treated
as the weights of the isotropic sources that are located at
y = n�y. The array factor, A, can then be calculated as

A(θ) =
N−1∑
n=0

Inejko sin(θ)n�y . (4)

Figure 2(b) shows the magnitude of the resulting array
factor in decibels for θin = 54◦ and θout = −40◦. In accor-
dance with the Fourier analysis, a main beam is seen at
the prescribed output angle of θout = −40◦. Based on this
Fourier optics perspective, we demonstrate dynamic steer-
ing of a beam from θout = −40◦ to θout = +40◦ including
broadside. In particular, throughout the paper, the incident
angle of 54◦ will be assumed which corresponds to the
waveguide thickness of 0.85λ according to (3).

Although the discussion thus far has concerned the gen-
eral idea behind controlling the direction of the radiated
field, we have not yet shown how the amplitude of the field
can also be independently controlled. For this purpose, the
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following discussion considers the realization of a tunable
HMS that can synthesize the desired aperture field with
controlled amplitude.

B. Synthesis of an aperture field with controlled
amplitude

Whereas the previous discussion concerned the general
idea behind dynamic beam shaping from the perspective of
Fourier optics, we now consider dynamic and independent
amplitude control for the radiated field. To this end, we aim
to dynamically control the amplitude of the aperture field
(which is directly related to that of the radiated field), by
utilizing a tunable HMS. Specifically, the proposed tunable
HMS consists of three cascaded reconfigurable admittance
layers that are separated by t � λ as schematically shown
in Fig. 3. Here, we envision dynamically tuning the surface
admittance profiles in each layer (i.e., Y1 and Y2) such that
the corresponding reflection and transmission properties of
the cascaded structure are independently controlled to (i)
support a guided mode and (ii) transform the guided mode
into a desired aperture field with controlled amplitude. For
the proposed structure, the first and the third admittance
layers are assumed to be identical (i.e., the structure is
symmetric), which implies that the tunable HMS is of a
nonbianisotropic type. It should be noted that an asymmet-
ric structure would result in an omega-bianisotropic HMS
which, in theory, can offer more advanced wave-control
capabilities. However, such an advantage comes at the cost
of complicated biasing requirements because the asymme-
try also implies that all layers would have to be differently
biased or tuned. In addition, although it has been theoreti-
cally proven that three admittance layers are sufficient and
necessary to realize any type of HMSs [55], it usually takes
at least four layers to realize an omega-bianisotropic HMS
in practice, mostly due to the Ohmic losses, which further
complicates the biasing of individual layers [47,53,56]. To
alleviate such biasing complexity, we deliberately utilize
a nonbianisotropic HMS for which the first and the third
admittance layers can share the same biasing network.
Although a single tunable admittance layer would further
alleviate the biasing complexity, a single layer which only
provides an electric response is not sufficient to indepen-
dently and arbitrarily control the transmission and reflec-
tion properties. As such, three tunable admittance layers
are hereby considered to independently and dynamically
control the reflection and transmission characteristics of
the HMS, thereby simultaneously synthesizing the desired
guided mode and the aperture field.

To relate the required scattering properties of the pro-
posed HMS with the desired guided mode and the aper-
ture field, we first stipulate the local fields at z = 0± as
(referring to Fig. 3),

�Einc = Eio�axe−jko sin(θin)y , (5a)

FIG. 3. The three cascaded reconfigurable admittance layers
that form the tunable HMS, and the local field distribution at z =
0±. It is assumed that the three-layered HMS is infinitesimally
thin and it is located at z = 0.

�Etrans = S21Eio�axe−jko sin(θin)y , (5b)

�Eref = S11Eio�axe−jko sin(θin)y , (5c)

where S21 and S11 represent the transmission and the reflec-
tion profiles of the proposed HMS (i.e., the cascaded
structure), respectively, and the subscripts 1 and 2 refer to
ports 1 and 2 of the HMS, respectively (Fig. 3). Here, S21
is stipulated as

S21 = |To| cos
[(

β−
y −β+

y

)
y
]

ej ξ , (6)

such that the guided mode would get transmitted as the
desired aperture field in the form given in (1) along the
surface. In particular, to also control the amplitude of the
aperture field, a user-defined amplitude, |To|, is included in
(6). It should be highlighted that this user-defined ampli-
tude can take a nonuniform form in which case a certain
amplitude tapering can also be applied along the meta-
surface. Furthermore, it should be also mentioned that the
transmission profile given in (6) can also be derived from
the perspective of the theory of holography. Specifically,
by treating the guided mode as the reference wave and the
desired radiation as the objective wave, it can be shown
that the corresponding holographic pattern results in the
form given in (6). On the other hand, the reflection profile,
S11, of the tunable HMS is defined as

S11 =
√

1 − |S21(y)|2e±j π , (7)

such that the reflection phase of the HMS is maintained
at 180◦ regardless of the choice of S21 to support a TE10-
like mode inside the waveguide. In addition, the reflection
magnitude is set to

√
1 − |S21(y)|2 to satisfy the local

power conservation condition. At this point, it should be
recalled that (6) and (7) are defined based on the local fields
that are present just below and above the HMS (i.e., �Einc,
�Eref, and �Etran in Fig. 3) which all propagate at the angle of
incidence, θin. This, however, does not imply that the radia-
tion from the proposed waveguide is fixed to θin. Although
the local transmitted fields may indeed propagate at θin, we
also modulate these fields in the form given in (1) such
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that they would constructively interfere at a certain desired
radiation angle, θout.

The discussion thus far has established the desired trans-
mission and reflection profiles along the tunable HMS to
dynamically synthesize various aperture fields with con-
trolled amplitude, while supporting a guided mode. How-
ever, we have not yet specified the required surface admit-
tance values in each layer that would cascade to result in
the desired scattering parameters in (6) and (7). To obtain
these values, the local field quantities in (5) are related
to the constitutive parameters of the HMS in the form
of the electric impedance (Zse) and the magnetic admit-
tance (Ysm). Specifically, the nonbianisotropic boundary

conditions are given by [57,58],

1
2

(
�Einc + �Eref + �Etrans

)

= Zse

{
�az ×

[
�Htrans −

(
�Hinc + �Href

)]}
(8a)

1
2

(
�Hinc + �Href + �Htrans

)

= Ysm

{
−�az ×

[
�Etrans −

(
�Einc + �Eref

)]}
, (8b)

from which the required constitutive parameters, Zse and
Ysm, can be expressed in terms of the local field quantities
as

Zse = Einc + Eref + Etrans

2(Hinc + Href − Htrans)
, (9a)

Ysm = Hinc + Href + Htrans

2(Einc + Eref − Etrans)
. (9b)

These constitutive parameters can further be related to the surface admittance values in each layer by modeling the
cascaded structure as the transverse equivalent network (TEN) as shown in Fig. 4 [4]. In this modeling, each admittance
layer is considered as a shunt network, and the gaps between the layers are modeled as transmission-line segments having
a characteristic impedance of ηo/ cos(θin). Hereafter, the gap distance, t, is assumed as λ/6 (10 mm). Based on the
TEN model, the relationship between the constitutive parameters and the surface admittance profiles can be analytically
calculated as [59]

Y1 = j �Z cos[ko cos(θin)t] + [ηo/ cos(θin)](Z22 + Z12) sin[ko cos(θin)t]
[ηo/ cos(θin)]�Z sin[ko cos(θin)t]

, (10a)

Y2 = 2�Z − j 2[ηo/ cos(θin)]Z12 sin[2ko cos(θin)t]
[ηo/ cos(θin)]2Z12{cos[2ko cos(θin)t] − 1} , (10b)

where �Z is the determinant of the impedance matrix that
models the equivalent circuit of the Huygens’ meta-atom
(i.e., a lattice network) [60], and Zij is the correspond-
ing impedance parameters. In particular, these impedance
parameters are given as [60],

Z11 = Z22 = Zse + 1/4Ysm, (11a)

Z12 = Z21 = Zse − 1/4Ysm. (11b)

From (10) and (11), the required surface admittance
profiles can then be obtained for the desired scattering
parameters in (6) and (7). This also implies that the radi-
ation angle, θout, and the amplitude of the radiated field
(which is related to |S21|, or equivalently |�Eap|), can be
dynamically and independently controlled, provided that
Y1 and Y2 are suitably tuned. In this work, we utilize this
idea of dynamic tuning of Y1 and Y2 to dynamically and

independently control the radiation angle and the ampli-
tude of the radiated field. However, because the utilized
HMS is of a nonbianisotropic type, the passivity and loss-
lessness conditions are not guaranteed to be satisfied for
an arbitrary set of S21 and S11. Indeed, this is a well-known
problem of a nonbianisotropic HMS, and the investigation
of the nonbianisotropic boundary conditions in (8) uncov-
ers the origin of the issue. Specifically, in (8), there are
two sets of complex unknowns (Zse and Ysm) and two sets
of complex equations, which inevitably result in unique
solutions of Zse and Ysm for any desired sets of S21 and
S11 (see [16]). As such, the real parts of Zse and Ysm can
be nonzero or negative values in some regions along the
surface even if |S11|2 + |S21|2 = 1. This implies that the
admittance layers must inject or absorb power in those
regions to synthesize the desired scattering parameters,
which is not a trivial task. To overcome this issue, we
judiciously choose the phase of S21 [i.e., ξ in (6)] to be
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FIG. 4. The transverse equivalent network model of the
three-layered HMS. ηo represents the free-space characteristic
impedance.

±90◦ such that Y1 and Y2 remain purely imaginary (see
Appendix A). Specifically, Fig. 5(a) shows Re(1/Y1) and
Re(1/Y2) for S21 with ξ = ±90◦ and various To. Here,
the surface impedance values are shown merely for bet-
ter visibility, and θout is again assumed to be −40◦ for a
demonstration purpose, but it can be readily shown that
other angles result in the same trend as in Fig. 5(a) (i.e.,
zero surface resistances). As seen in Fig. 5(a), Re(1/Y1,2)

is exactly zero for the desired S21 and S11 with various
To, which indicates that the proposed nonbianisotropic
HMS synthesizes the desired scattering parameters without
violating the passivity and losslessness conditions.

On the other hand, Fig. 5(b) shows that dynamically
altering the scattering properties requires the ability to
dynamically and arbitrarily synthesize various surface
reactance values [i.e., Im(1/Y1,2)] along the admittance
layers. This imposes a rather challenging biasing require-
ment as every meta-atom that comprises the surface admit-
tance layers would need to be individually biased at vari-
ous levels. Although the first and the third layers would
share the same biasing for our nonbianisotropic HMS, we
aim to further alleviate such a complicated biasing require-
ment through digitally sampling the required scattering
parameters. Indeed, the fact that our nonbianisotropic
HMS satisfies the passivity and losslessness conditions
for ξ = ±90◦ is well suited for such a purpose. Specifi-
cally, it is noted that any sets of S21 with ξ = −90◦ and
ξ = +90◦ has a phase difference of 180◦, hence two binary
bits of “−|To|” and “+|To|” can be utilized to digitally
sample the desired scattering parameters. In sampling S21
with these two digital bits, we have also chosen a cer-
tain phase threshold, 	th, such that if the magnitude of
the cosine argument of S21 in (6) is less than 	th [i.e.,∣∣∣
(
β−

y − β+
y

)
yn

∣∣∣ < 	th], then the value of S21 at y = yn is

set to |To|e+j π/2. On the other hand, if the magnitude of the
cosine argument is greater than 	th, then S21 at y = yn is
set to |To|e−j π/2 [12,61]. As an illustration, the solid black

(a)

(b)

FIG. 5. (a) The real and (b) imaginary parts of 1/Y1,2 for S21
with various To and ξ = ±90◦.

curve in Fig. 6(a) shows the required Im[S21] distribu-
tion for θin = 54◦, θout = −40◦, To = 0.3, and ξ = ±90◦,
whereas the red dotted curve shows the digitally sam-
pled Im[S21] distribution with 	th = 97.5◦. It should be
noted that this digital sampling can result in higher-order
space harmonics which may contribute to unwanted radi-
ations. However, the phase threshold, 	th, can be utilized
as a design parameter to fine-tune a desired radiation in
full-wave simulations, which we discuss in the following
section. For example, Fig. 6(b) compares two array fac-
tors [see (4)] that are obtained from the ideal transmission
profile [i.e., the black curve in Fig. 6(a)] and the digitally
sampled distribution [i.e., the red curve in Fig. 6(a)]. In
this calculation, the length of the HMS is assumed to be
7λ-long, and λ/4 is again chosen as the sampling interval
(i.e., �y). Owing to the digitization, the sidelobe level is
increased. However, the peak value is well maintained at
the prescribed scan angle of −40◦, and we do not observe
a drop in the peak value. Indeed the peak value is increased
for the digitized S21 distribution, which can be understood
from Fig. 6(a). Specifically, it is seen that the magnitude of
S21 continuously varies from 0 to 0.3 for an ideal S21 dis-
tribution, whereas that of the digitized S21 distribution is
maintained at 0.3. As such, the average transmission along
the waveguide is higher for the digitized distribution which
would lead to a higher gain value.

Finally, to briefly sum up the proposed idea of dynamic
steering of the radiated field and independent amplitude
control of the field, Fig. 6(c) shows the antenna-array
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(a)

(b)

(c)

(d)

FIG. 6. (a) The ideal (solid) and digitally sampled (dotted)
distribution of Im[S21] and (b) the corresponding array factors
with �y = λ/4. (c) The array factors of the digitally synthesized
Im[S21] at various scan angles with To = 0.3 (solid) and To =
0.45 (dotted). (d) The array factor of the digitally synthesized
Im[S21] with a nonuniform distribution of To that synthesizes a
broadside Dolph-Chebyshev antenna array with a sidelobe level
of 10 dB.

analysis results for the digitally sampled S21 with vari-
ous θout and To. In particular, the solid curves in Fig. 6(c)
correspond to the array factors with To = 0.3, and

the dotted curves correspond to those with To = 0.45.
Figure 6(c) shows that the maximum values for each main
beam are increased by approximately 3.5 dB by increasing
To from 0.3 to 0.45. At this point, it should be reiterated
that the user-defined amplitude, To, can be a nonuniform
function of z as the proposed HMS can locally synthesize
any values of S21 without violating the passivity and loss-
lessness conditions. For example, To can be defined as eαz

to counter the radiation loss that is related to the leakage
constant, α, of a leaky waveguide. In addition, To can also
be designed to synthesize various antenna-array weights to
realize complex far-field patterns. For example, Fig. 6(d)
shows the case where To is configured to synthesize a
Dolph-Chebyshev antenna array for broadside radiation
with a prescribed sidelobe level of −10 dB. As shown,
nearly equal sidelobes can be observed, which is the unique
feature of a Dolph-Chebyshev pattern, and the sidelobe
level is −10.96 dB which is close to the prescribed one.
Synthesizing a nonuniform To, however, would require
different biasing for each of the meta-atoms. To simplify
the following numerical and experimental demonstrations
and as a proof of concept, we shall demonstrate the case
where all of the meta-atoms are configured to a variable
constant, To, thereby demonstrating independent gain con-
trol. Nevertheless, even this seemingly simple example of
amplitude tuning cannot be achieved with previous tun-
able surfaces that only offer phase control. Indeed, for
phase-only tunable metasurfaces, the effect of changing To
can only be achieved by physically changing their sur-
face dimensions, or by cascading two of these surfaces
(as has been done with static surfaces in [50]), which
would significantly complicate their biasing. In what fol-
lows, we propose a meta-atom design whose reactance (or
susceptance) values can be electronically tuned to physi-
cally synthesize the desired impedance profiles such as that
shown in Fig. 5.

III. PHYSICAL REALIZATION AND FULL-WAVE
VERIFICATION

A. Reconfigurable meta-atom and the integration to a
waveguide

Whereas the previous section has established the rela-
tionship between the desired scattering properties and
the surface admittance profiles, this section discusses the
physical realization of tunable admittance layers that can
dynamically synthesize various admittance profiles. To
this end, we propose double metallic (copper) loops with
a varactor diode as a reconfigurable meta-atom to form
the tunable admittance layers. The dual-loop topology has
been previously utilized in various metasurfaces and fre-
quency selective surfaces, and its EM response has been
studied extensively in terms of its equivalent circuit model
(two series LC networks in parallel) [62]. The schemat-
ics of the proposed meta-atom are shown in Figs. 7(a)
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(a) (b)

(c)

FIG. 7. (a),(b) Schematics of the proposed reconfigurable
dual-loop meta-atom and (c) an array of the meta-atoms forming
the tunable admittance layer.

and 7(b), and an array of these meta-atoms that forms the
proposed tunable admittance layer is shown in Fig. 7(c).
Here, the meta-atom periodicity is set to 15 mm (λ/4)
and the metallic loops are printed on 1.575-mm-thick
Rogers 5880 substrates. It is noted that the periodicity is
deliberately set to be slightly larger than typical meta-
atoms in order to minimize the usage of the varactor
diodes. On the right-hand side of the outermost loop, a
varactor diode from MACOM (MAVR-000120-1141) is
integrated to acquire the necessary tunability. In addition,
two 100 k� resistors are placed at the two ends of the
bias lines to decouple the radio-frequency waves and bias
circuitry. Although other means (e.g., p-i-n diodes and
phase shifters) could have been considered for introduc-
ing the necessary tunability, a varactor diode is deliberately
chosen here because it offers (i) low insertion loss, (ii)
continuous tunability, and (iii) consumes nearly negligible
power when it is electrically tuned. Specifically, the power
consumption is on the order of nanowatts, as reverse biased
voltages are applied to varactor diodes to tune their capac-
itances. In particular, the diode we use from MACOM
varies its capacitance from 1.2 to 0.22 pF for the reverse
bias voltages ranging from 0 to 10 V.

Unlike static meta-atom designs in which various geo-
metrical parameters can be utilized to control the EM
responses, one of the challenges in designing a recon-
figurable meta-atom is in the limited number of tuning
parameters. For example, the resonance frequency of a
single-loop meta-atom (whose equivalent circuit model is

a series LC circuit) can be widely tuned by varying the
width and height of the loop. However, such a wide tun-
ing range from capacitance to inductance can be difficult
to achieve if it is electronically tuned with just one var-
actor diode. Moreover, with only one tuning parameter, it
is also challenging to ensure a smooth variation to avoid
any sensitivity issues. Indeed, previously reported tunable
admittance surfaces have shown limited admittance tun-
ability. For example, a meta-atom reported in [63] also
utilizes one varactor diode to tune the surface reactance,
but its tunability merely ranges from −40 to 0 � at 5
GHz. Although it is possible to consider adding more
varactor diodes to increase the number of tuning param-
eters, this would further complicate the required biasing,
and it is therefore avoided. Instead, we add an extra loop
in the single-loop structure to increase the degrees of
freedom in optimizing the geometrical parameters. In par-
ticular, while assuming that the diode is biased at 5 V, the
geometrical parameters shown in Fig. 7(b) are optimized in
ANSYS HIGH FREQUENCY STRUCTURE SIMULATOR (HFSS)
to place the meta-atom near its resonance such that the
change in voltage can result in a wide and smooth variation
of the impedance values from inductance to capacitance.
In the simulation, a periodic boundary condition and Flo-
quet port excitations have been used to simulate an array
of the meta-atoms, and the angle of incidence is set to
54◦ instead of 0◦ to model the guided mode. On the other
hand, to model the diode, a separate circuit simulation in
ADVANCED DESIGN SYSTEM (ADS) is performed to extract
the resistance and capacitance values of the diode as a
function of the applied bias voltages. This data is then
exported to the HFSS simulation in which the diodes are
modeled as lumped RLC boundaries. Table I summarizes
the optimized geometrical parameters from the HFSS simu-
lation, and Figs. 8(a) and 8(b) show the scattering proper-
ties of the meta-atom array and its variation in the surface
reactance values, Im[ZMA], respectively, as a function of
the bias voltages. It should be noted that Fig. 8(a) shows
the scattering properties of one layer of the meta-atom
array and the proposed HMS consists of three layers of
this array for synthesizing the required reflection and trans-
mission properties. In particular, it is seen from Fig. 8(b)
that Im[ZMA] widely and smoothly varies from inductance
(600 �) to capacitance (−320 �), whereas the surface
resistance, Re[ZMA], remains below 40 � for all voltages.
Based on this one-to-one relationship between the bias
voltages and the surface reactance values, the required bias
voltages on each layer are obtained. Specifically, Figs. 8(c)

TABLE I. The geometrical parameters of the dual-loop meta-
atom.

A B b1 b2 g w

7 mm 4 mm 1 mm 2.5 mm 0.228 mm 0.5 mm
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(a)

(b)

(c)

(d)

FIG. 8. (a) The scattering properties of the proposed meta
atoms and (b) the corresponding surface impedance variation
results as a function of the applied bias voltage. The required
bias voltages for tuning To from 0 to 0.45 with a transmission
phase of (c) +90◦ and (d) −90◦.

and 8(d) show the required bias voltages on each layer for
synthesizing any values of To within the range of ±j 0.45,
while maintaining the reflection phase of 180◦. Although
it is possible to further optimize the meta-atom design to
increase the range, we have limited the maximum |To|

to be 0.45 in order to ensure sufficient reflections for the
guided mode. In the following full-wave and experimental
demonstrations, we use this voltage mapping to physically
synthesize the desired scattering parameters in (6) and (7).

On the other hand, to also integrate and cascade
the proposed meta-atom arrays within a wave-guiding
structure, we have defined three slots along the inner
waveguide walls to insert the arrays to the slots as shown
in Fig. 9. Specifically, the slots are defined by etching
the inner waveguide walls by 1.575 mm in height (to
match the thickness of the Rogers 5880 substrates) and
3 mm in depth. As such, the effective dimension of the
meta-atom array inside the proposed waveguide structure
is 18 mm × 15N mm (where N represents the number of
meta-atoms) instead of 26 mm × 15N mm. In the HFSS
simulation, this effective dimension is used by setting the
size of the periodic boundaries to 18 mm × 15 mm. On
the other hand, to bias each meta-atom from outside, small
circular windows having a diameter of 2 mm are defined
along the waveguide walls as shown in Figs. 9(a) and
9(b). These holes are etched such that the center of the
holes would align to that of the meta-atom as shown in
Fig. 9(c). In addition, in integrating the meta-atom arrays,
the uppermost layer is flipped to preserve the symmetric-
ity for our nonbianisotropic HMS as shown in Fig. 9(a).
Finally, to also integrate a source of excitation within the
waveguide, a commercially available SMA connector from
Fairview Microwave (SC3029) has also been mounted on
the waveguide as shown in Figs. 9(a) and 9(b). In what
follows, we utilize this construction of the waveguide to
verify the proposed theory and the meta-atom design via
full-wave simulations.

B. Full-wave verification

To verify the proposed theory and the meta-atom design,
the whole waveguide structure shown in Fig. 9 is simu-
lated via CST Microwave Studio. In particular, the first part
of this full-wave verification focuses on the beam steering
capability of the proposed waveguide for −40◦ ≤ θout ≤
+40◦ at a fixed To of 0.3. For this purpose, the required
bias voltages for the digital bits of “−0.3” and “+0.3” are
first extracted from the voltage-impedance relation that is
established in the meta-atom simulation [Fig. 8(b)]. The
distribution of these digital bits is then determined based
on the desired S21 in (6), and it is further optimized by the
value of 	th from CST simulations. In the simulation, the
whole waveguide is excited by a waveport at the input of
the SMA connector, and all the Ohmic losses (e.g., metal-
lic, dielectric, and diode losses) are included. The length
of the waveguide is set to 7λ, which corresponds to 28
meta-atoms per admittance layer. In addition, the diodes
are again modeled as lumped elements whose resistance
and capacitance values are imported from the separate ADS
simulations.
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Figure 10 summarizes the utilized voltage distributions
for steering a beam from −40◦ to +40◦, and Fig. 11 shows
the corresponding far-field radiation patterns. As shown in
Fig. 10, the required bias voltages for realizing the two dig-
ital bits of “−0.3” and “+0.3” are the same in all cases, but
their distribution is altered to control the radiation angle
similar to period-reconfigurable metasurfaces [42,43]. On
the other hand, Fig. 11 shows that the distinct main beams
are indeed produced based on the proposed physical struc-
ture at the prescribed radiation angles of −40◦, −20◦, 0◦,
+20◦, and +40◦. In the Supplemental Material, analyses
pertaining to the angular resolution and scanning range of
the proposed LWA are discussed [64]. As another illus-
tration, Fig. 12 shows the field profiles at a selected few
radiation angles. Here, it is clearly seen that a guided mode,
which closely resembles a TE10 mode, is properly excited,
and the desired radiations are observed at −40◦, 0◦, and
+40◦. Moreover, it is also seen that much of the inci-
dent power still remains near the end of the waveguide,
which indicates that the waveguide can be made longer
than 7λ for higher realized gain values. Nevertheless, we
have limited our simulation to a 7λ-long waveguide owing
to computational limitations. It should be further noted that
the location of the SMA input port has also been optimized

(a) (b)

(c)

FIG. 9. (a) Overview of the proposed waveguide structure
with the tunable admittance layers inserted to the inner slots. (b)
Side view of the waveguide showing the location of the SMA
input and 2-mm holes that provide an access to the bias lines of
the meta-atoms. (c) An internal view of the waveguide.

(a) (b)

(d) (e)

(c)

FIG. 10. The digital voltage distributions along the tunable
admittance layers at various radiation angles. The orange curve
represents the distribution in the first and the third layers, whereas
the blue curve represents that in the middle layer for (a) θout =
−40◦, (b) θout = −20◦, (c) θout = 0◦, (d) θout = 20◦, and (e)
θout = 40◦.

to ensure that most of the input power is transferred to the
guided mode and the desired radiation. Specifically, Table
II summarizes the simulated reflections from the SMA port
at various scan angles as well as the simulated losses. As
indicated, the input reflections from the SMA port are well
below −10 dB for all radiation angles, which also indicates
that the open-stopband effect is successfully suppressed in
steering a beam.

In addition to the beam steering, the proposed waveg-
uide can also independently manipulate the amplitude of
the radiated field by controlling To. To demonstrate this
point, we consider a simple case in which the HMS is
biased to radiate at broadside, however, with To = 0.3 and
To = 0.45. Although To may take a nonuniform form, this
example fully demonstrates functionality that cannot be
realized with conventional tunable metasurfaces that do

FIG. 11. Full-wave radiation patterns (gains) at various radia-
tion angles for To = 0.3.
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(a)

(b)

(c)

FIG. 12. The field profiles of the simulated waveguide for (a)
θout = −40◦, (b) θout = 0◦, and (c) θout = +40◦ for To = 0.3.

not have any means of amplitude control. The required
voltage distribution for To = 0.3 at broadside is shown in
10(c). For To = 0.45, the same distribution of the digital
bits is used, but the bias voltage values are correspond-
ingly updated to synthesize the new digital values of −0.45

TABLE II. The simulated reflections from the SMA input, the
overall loss of the 7λ-long waveguide, and the overall radiation
efficiency of the proposed antenna at various scan angles.

θout

Reflection
from the

SMA input

Simulated
loss

(7λ-long
waveguide)

Radiation
efficiency

−40◦ −17.6 dB 3.4 dB 46%
−20◦ −15.6 dB 3.9 dB 40.5%
0◦ −21.2 dB 3.3 dB 47%
20◦ −17.6 dB 3.9 dB 40.2%
40◦ −24.2 dB 3.4 dB 45.7%

FIG. 13. Full-wave radiation patterns for two broadside radia-
tions with different amplitudes.

and +0.45. Figure 13 shows the resulting far-field radia-
tion patterns from CST simulations in which it is clearly
seen that the realized gain is increased from 7.3 to 11
dB. Such an increase also closely matches the previous
antenna-array analysis in which an increase of approxi-
mately 3.5 dB is estimated by increasing To from 0.3 to
0.45 [Fig. 6(c)]. However, although Fig. 13 indicates that
the amplitude of the main beam is indeed increased, it is
also seen that the unwanted sidelobes at ±50◦ are corre-
spondingly increased. This can be attributed to the fact that
the guided mode further deviates from an ideal TE10 mode
as To approaches to unity. In particular, it is reiterated that
the reflection profile of the HMS, which governs a guided
mode, is directly related to To through the local power
conservation condition [see (7)]. As such, when increasing
To, the reflection magnitude correspondingly decreases and
the phase constant of a guided mode would further deviate
from that of a TE10 mode. This implies that the value of To
should be limited. However, this is indeed desirable in our
case for the guided-wave-excited HMS as a guided mode
must sufficiently propagate to illuminate the entire surface.

IV. EXPERIMENTAL VERIFICATION

To further verify the proposed idea of dynamic and inde-
pendent control of the radiation angle and the amplitude,
we have fabricated the proposed guided-wave-excited
HMS as shown in Fig. 14. In particular, Fig. 14(a) shows
the fabricated waveguide structure that can be split into
half. Here, the inner waveguide walls have been etched to
realize the three slots such that each admittance layer can
be inserted to one of the halves as shown in Fig. 14(b). In
fabricating the tunable admittance layers, we have deliber-
ately avoided using a wave soldering machine for assem-
bling the circuit components as applying a sequence of
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(a) (b)

(c) (d)

FIG. 14. (a) The fabricated wave-guiding structure in which three slots are defined along the waveguide walls, (b),(c) the integration
of the fabricated tunable admittance layers with the waveguide, and (d) the assembled guided-wave-excited reconfigurable HMS.

high temperatures to Rogers 5880 substrates can apprecia-
bly shrink their sizes. Such a shrinkage is highly undesir-
able because it can alter the EM responses, and also cause
a misalignment between the centers of the meta-atoms and
the holes along the waveguide walls. As such, the resis-
tors, diodes, and wires have all been manually soldered for
all of the meta-atoms. Indeed, Fig. 14(c) shows that the
centers of the holes and the meta-atoms are well aligned.
Once all the tunable admittance layers are inserted to one
of the halves, the other half of the waveguide is then put
together to result in the final form as shown in Fig. 14(d).
As the end of the waveguide is left open, we place an
absorber at the end to avoid an open-ended waveguide
radiation.

On the other hand, to apply the necessary bias voltages
to individual meta-atoms, we have employed a variable
voltage source from Measurement Computing (Model No.:
USB-3114). This voltage source has 16 output channels
each capable of providing a voltage from 0 to 10 V.
Although 16 output channels may seem insufficient to con-
trol all 84 meta-atoms in the fabricated sample, 4 output

channels are sufficient as a result of the symmetry in our
nonbianisotropic HMS and the proposed digital sampling
method. Specifically, the first channel of the voltage source
is assigned to output the required bias voltage for synthe-
sizing a digital bit of “−To” for the meta-atoms located
on the first and the third layers. On the other hand, the
second channel is allocated to output the bias voltage for
the “+To” bits for the meta-atoms on the first and the
third layers. Similarly, the third and the fourth channels are
respectively assigned to output the required voltages for
the “−To” and “+To” bits for the meta-atoms in the middle
layer. Then, to properly distribute these voltages along the
HMS for a certain desired radiation angle, we have used a
breadboard to group the meta-atoms that share the same
bias voltage. By electrically connecting these groups to
the corresponding output channels, we have assigned the
required bias voltages to all 84 meta-atoms. This method,
however, requires a manual rerouting of the wires on the
breadboard to change the voltage distribution for different
radiation angles. Nevertheless, a programmable circuit can
be devised in the future to automate this process.
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FIG. 15. Far-field anechoic chamber radiation pattern mea-
surement setup.

With the assembled guided-wave-excited reconfigurable
HMS, we have performed far-field anechoic chamber mea-
surements to first characterize its beam-steering capability.
Figure 15 shows the experimental setup. In this setup, a
transmitting horn antenna is placed sufficiently far from

(a)

(b)

FIG. 16. (a) The measured far-field radiation pattern of the
fabricated guided-wave-excited HMS at 4.86 GHz (solid) and the
simulated patterns at 5 GHz (dotted). (b) The measured reflec-
tions from the SMA port of the waveguide for various steering
angles.

FIG. 17. The influence of excessive solders on the surface
reactance values.

the assembled HMS to produce a planar wavefront. On
the other hand, the assembled HMS acts as a receiving
antenna, and it is placed on a rotational stage. In each
measurement, the bias voltages have been fixed to direct
a beam at a particular radiation angle, θout, and the HMS
is rotated from −90◦ to +90◦ to verify whether the beam
is indeed produced at θout. Specifically, to make a direct
comparison with the simulated patterns in Fig. 11, the
simulated voltages shown in Fig. 10 are used to bias the
meta-atoms. In addition, we have also allowed the sim-
ulated voltages to vary within ±15% to account for the
influence of fabrication imperfections. Figure 16(a) sum-
marizes the measured radiation patterns at the frequency
of 4.86 GHz, which is close to the designed operat-
ing frequency of 5 GHz. As shown, the distinct main
beams are produced and steered to the prescribed radi-
ation angles. These main beams also closely match to
those from the simulated results. However, we also see an
increase in the sidelobe levels, which can be contributed
to fabrication imperfections. Specifically, these fabrication
imperfections mainly originate from the manual solder-
ing of active circuit components, which inevitably left an
excessive amount of solder on each meta-atom. This can
alter the surface impedance values appreciably, especially
when trying to synthesize inductive values as shown in
Fig. 17. It should be noted that such a variation in the sur-
face impedance values would be different between all the
meta-atoms as the amounts of excessive solder would be
different from one to another. On the other hand, it should
be reiterated that, in our current case, all the meta-atoms
that share the same bias voltages are grouped together on
the breadboard. As such, although the simulated voltages
have been varied to counter the influence of fabrication
imperfections, a degradation in the measured radiation pat-
terns is inevitable. Moreover, a further degradation can be
caused from over- or under-etching the metallic patterns,
which results in shifting the operating frequency. Despite
these issues, however, Fig. 16(a) shows that the assem-
bled HMS can electronically steer a distinct main beam
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(a)

(b)

FIG. 18. (a) Far-field anechoic chamber radiation pattern mea-
surement results for two broadside radiation at To = 0.3 and
To = 0.45 at 4.86 GHz (solid) and the simulated patterns at 5
GHz (dotted) and (b) the measured reflections from the SMA
port of the waveguide for two broadside radiation at To = 0.3
and To = 0.45.

from −40◦ to +40◦. Compared with the simulated realized
gains, however, the maximum difference in the measured
peak realized gain is approximately 2.5 dB. Such a dif-
ference is attributed to inaccurate modeling of the actual
Ohmic losses and fabrication errors. Specifically, in our
simulations, the active circuit components are modeled as
ideal lumped RLC ports without any excessive amounts
of solder around them. As discussed previously, exces-
sive solder could have a considerable effect on the surface
impedance values, which indeed shifted our operating
frequency from 5 to 4.86 GHz. At lower operating fre-
quencies, the effective aperture also accordingly decreases
which reduces the gain value. As such, the difference in the
simulated and actual Ohmic losses, in addition to the fab-
rication imperfections, contributed to the difference in the
gain values.

To also demonstrate that the assembled waveguide
structure successfully suppresses the open-stopband effect
for all of the demonstrated steering angles, we have also
measured the reflections from the SMA input of the waveg-
uide. In particular, Fig. 16(b) shows the reflection measure-
ment results when our tunable HMS is biased to radiate

from −40◦ to +40◦. Similar to the CST simulation, the mea-
sured reflections from the SMA port are all below −10 dB
near the frequency of 4.86 GHz for all the scan angles,
which indicates that the input power is mostly transmitted
to the guided mode and then it is radiated out.

Finally, to also confirm the amplitude tunability of the
fabricated HMS, we have conducted another measurement
for broadside radiation at To = 0.45 to directly compare
the measured results with the simulated ones in Fig. 13.
Figure 18(a) shows the comparison between the mea-
sured and simulated radiation patterns. Here, it is clearly
seen that the measured realized gain is increased by 2.97
dB by increasing To from 0.3 to 0.45. Such an increase
also closely matches the prediction from the simulation in
which an increase of 3.7 dB is observed. As such, despite
obvious fabrication imperfections, the far-field anechoic
chamber measurement results confirm that the assembled
waveguide indeed dynamically and independently controls
the direction of the radiated field and the amplitude of the
field.

V. CONCLUSION

We propose a guided-wave-excited tunable HMS that
offers dynamic and independent control over the angular
direction and the amplitude of the radiated field (gain)
in the microwave regime. We achieve this by cascading
three tunable admittance layers to form the metasurface
in which each layer is suitably biased to synthesize par-
ticular surface admittance profiles. By dynamically tuning
these profiles, the reflection and transmission properties of
the metasurface are dynamically and independently con-
trolled to (i) support a guided mode and (ii) transform the
guided mode into an aperture field that propagates to a
desired radiation. In particular, to also control the ampli-
tude of the radiated field, the aperture field is synthesized
with two digital bits of “−|To|” and “+|To|,” where To
represents the user-defined local transmission amplitude
of the metasurface. The metasurface is fabricated based
on varactor-diode-loaded dual-loop meta-atoms, and it is
also integrated with a specially-designed waveguide. As a
proof of concept, we experimentally show dynamic beam
steering from −40◦ to +40◦, and two broadside radi-
ations with different radiation amplitudes from far-field
anechoic chamber measurements. It should also be pointed
out that the proposed approach consumes very little dc
power (of the order of nanowatts) because the varactor
diodes are reverse biased. All these attributes pave the
way for an advanced generation of scanning antennas for
emerging applications in 5G and 6G telecommunications,
radar systems for autonomous vehicles, traffic control, etc.
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FIG. 19. The magnetoelectric coupling coefficient as a func-
tion of ξ . The curves with different color represent different
To.
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APPENDIX A: PASSIVITY AND LOSSLESSNESS
OF THE PROPOSED NONBIANISOTROPIC

HUYGENS’ METASURFACE

Here, we show that the proposed nonbianisotropic HMS
indeed satisfies the passivity and losslessness conditions
for the desired scattering parameters in (6) and (7) for
arbitrary To and ξ = ±90◦. For this purpose, we invoke
the bianisotropic boundary conditions (with the reciprocity
condition applied), and show that the magnetoelectric
coupling coefficient, Kem, is zero. Specifically, the bian-
isotropic boundary conditions are given as

1
2

(
�Einc + �Eref + �Etrans

)

= Zse

{
�az ×

[
�Htrans −

(
�Hinc + �Href

)]}

− Kem

(
�az ×

{
−�az ×

[
�Etrans −

(
�Einc + �Eref

)]})

(A1a)

1
2

(
�Hinc + �Href + �Htrans

)

= Ysm

{
−�az ×

[
�Etrans −

(
�Einc + �Eref

)]}

+ Kem

(
�az

{
�az ×

[
�Htrans −

(
�Hinc + �Href

)]})
. (A1b)

By substituting the local field quantities in (5) to (A1), Zse,
Ysm, and Kem can be obtained for S11 and S21 with arbitrary
To and ξ . In particular, Fig. 19 shows Kem as a function of
ξ for various To. From the figure, it is clearly seen that Kem
is identically zero for To ∈ {0, 1} only when ξ = ±90◦.
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