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We propose and verify a method for controlling the frequency dependence of the group delay of electro-
magnetic waves over a broad frequency range using the Brewster effect in single-layer metamaterials with
finite thickness, here referred to as metafilms. When the reflectance of the metafilm vanishes regardless of
the incident frequency, the group delay can be large near its resonance frequency while maintaining the
transmittance close to unity regardless of the incident frequency. Furthermore, when several reflectionless
metafilms are stacked together, the total group delay should be given as the sum of the individual group
delays. In this study, we realize reflectionless metafilms by arranging the meta-atoms so that the Brewster
effect occurs regardless of the incident frequency. We evaluate in numerical simulations and experiments
the frequency dependence of the transmittance and of the group delay of a three-layer metamaterial com-
posed of reflectionless metafilms with different resonance frequencies and find that the total transmittance
and group delay of this metamaterial agree, respectively, with the product of the transmittances and the
sum of the group delays of the constituent metafilms.
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I. INTRODUCTION

The slow-group-velocity propagation [1] and storage
[2,3] of electromagnetic waves have been realized using a
quantum interference effect known as electromagnetically
induced transparency (EIT) [4]. To date, extensive efforts
have been devoted to mimicking EIT in metamaterials
for the realization of slow-group-velocity propagation and
other related phenomena over various frequency bands.
These efforts have been based on mechanical and electri-
cal circuit models of EIT [5]. To realize a metamaterial
that mimics EIT, these classical models have revealed that
the unit cell of the metamaterial should be composed of
two resonators, one of low Q that is excited by incident
waves, which is coupled to the other one, of high Q,
that is not excited directly by the incident waves [6–13].
Metamaterials with an EIT-like transmission property have
also been realized by arranging two coupled resonators to
be excited directly by the incident waves [14–17]. Stor-
age of the electromagnetic waves has even been realized
using metamaterials that mimic EIT [18,19], as has been
demonstrated using the original EIT effect.

Although EIT-like metamaterials play an important role
in controlling the group velocity (the group delay) of elec-
tromagnetic waves, there are hints that they may not be the
best solution. In EIT-like metamaterials, the large group
delay occurs over a narrow frequency range and incident
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electromagnetic waves outside of this narrow frequency
range are reflected. Therefore, it may be difficult to con-
trol the frequency dependence of the group delay using
EIT-like metamaterials over a broad frequency range.

Recently, metasurfaces with multiple Lorentzian elec-
tric and magnetic resonances have enabled the broadband
control of group delay [20,21]. In this study, we demon-
strate the broadband control of group delay using the
Brewster effect in a single-layer metamaterial with only
an electric response in order to simplify the design of the
frequency dependence of the group delay. Hereafter, we
refer to a single-layer metamaterial with finite thickness as
a metafilm. So far, the Brewster effect has been investi-
gated in various kinds of metamaterials and metasurfaces
[22–29]. As a part of these studies, we have shown in our
previous papers [30,31] that reflection in a metafilm can
be completely suppressed by arranging the meta-atoms so
that the oscillation direction of the electric dipole (or mag-
netic dipole) induced in the meta-atoms coincides with the
propagation direction of the reflected wave. This idea is
based on the physical mechanism underlying the Brewster
effect. Hereafter, we refer to a metafilm that is designed
to ensure that the Brewster effect occurs as a Brewster
metafilm. When the oscillation direction of the electric
dipole induced in the meta-atom is independent of the inci-
dent frequency, the reflectance of the metafilm vanishes
regardless of the incident frequency. In this instance, the
absolute value of the transmittance is unity regardless of
the incident frequency and the group delay becomes large
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near the resonance frequency of the Brewster metafilm if
the nonradiation losses of the constituent meta-atoms are
sufficiently small [31]. This implies that the broadband
control of group delay can be achieved by stacking Brew-
ster metafilms with different resonance frequencies. In the
following, we verify this idea through numerical analyses
and microwave experiments.

II. THEORY

First, we analyze the transmission property of a reflec-
tionless metafilm using a model (Fig. 1) in which we
assume that there exist a propagation mode and a res-
onance mode. The resonance mode corresponds to a
resonant metafilm. To model the reflectionless property
of the metafilm, the radiated wave from the resonator is
assumed to propagate only in the direction of propaga-
tion of the transmitted wave. Based on the coupled-mode
theory [32–34], we obtain the governing equations

da
dτ

= (−iω0 − γr − γnr)a + κs1in, (1)

s1out = 0, (2)

s2out = s1in + ηa, (3)

where s1in is the amplitude of the incident wave, s1out is
the amplitude of the reflected wave, s2out is the ampli-
tude of the transmitted wave, a is the amplitude of the
resonance mode, ω0 is the resonance angular frequency
of the resonator, γr (γnr) is the radiation loss (nonradia-
tion loss) of the resonator, κ (η) is the coupling between
the incident (transmitted) wave and the resonance mode,
and τ is time. Using the relation κη = −2γr, which is
derived from energy conservation and time-reversal sym-
metry, the amplitude transmittance for a continuous wave
with angular frequency of ω is calculated to be

t = s2out

s1in
= −i(ω − ω0) − γr + γnr

−i(ω − ω0) + γr + γnr
. (4)

Figures 2(a)–2(d) show the angular-frequency depen-
dence of the complex transmittance given by Eq. (4) for
various values of γnr/γr. The absolute value of the ampli-
tude transmittance |t| is unity regardless of the angular

FIG. 1. A schematic of a resonator system coupled to two
ports. To model the reflectionless property of the resonator, the
radiated wave from the resonator is assumed to propagate only in
the propagation direction of the transmitted wave.
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FIG. 2. (a)–(d) The angular-frequency dependence of the com-
plex transmittance given by Eq. (4) for γnr/γr of (a) 0, (b) 0.1,
(c) 1, and (d) 2. (e) The locus of the complex transmittance as
a function of the angular frequency in the complex plane. The
curves correspond to γnr/γr = 0, 0.1, 1, and 2 in order from
large to small radius. The angular-frequency range in (a)–(d)
is ω0 − 4γr < ω < ω0 + 4γr and that in (e) is ω0 − 10γr < ω <

ω0 + 10γr. ω0/γr = 10 is assumed in the calculation.

frequency for γnr/γr = 0 and |t| at ω = ω0 decreases with
increasing γnr/γr for γnr/γr < 1. At ω = ω0, |t| vanishes;
that is, perfect absorption occurs at ω = ω0 for γnr/γr = 1,
which is referred to as critical coupling [34]. For γnr/γr >

1, |t| at ω = ω0 increases with increasing γnr/γr. The group
delay, which is given by d[arg (t)]/dω, has a large positive
value near ω = ω0 for γnr/γr < 1 and becomes negative
near ω = ω0 for γnr/γr > 1.

The angular-frequency dependence of the complex
transmittance is quite different depending on whether
γnr/γr < 1 or γnr/γr > 1. The reason for this difference
is understood from the locus of t in the complex plane
[Fig. 2(e)]. The position of t moves in a counterclockwise
direction in the complex plane as the angular frequency
increases. The size of the locus of t decreases with increas-
ing γnr/γr. This figure implies that the difference is caused
by whether the point at the intersection of the locus of
t with the real axis is positive or negative. (Note that
the intersection corresponds to ω = ω0.) The group delay
near ω = ω0 is found to be positive (negative) when the
intersection is on the negative (positive) real axis because
the point of t moves in a counterclockwise direction with
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increasing angular frequency. The complex transmittance
at ω = ω0 is also found to vary only between −1 and 1 as
γnr/γr increases.

From the above analysis, the transmittance and group
delay of a metafilm near the resonance frequency are found
to be controlled through varying γnr/γr if the reflection
is completely suppressed regardless of the incident fre-
quency. When such reflectionless metafilms are stacked,
the total complex transmittance of the stacked metafilms
should be given by the product of the complex trans-
mittances of the constituent metafilms, because of the
reflectionless property of the metafilms. This implies that
a multilayer metamaterial with a specified complex trans-
mission spectrum may be designed by controlling the ω0
and γnr/γr values of each metafilm layer. In particular,
for group-delay control over a broad frequency range, we
only need to stack reflectionless metafilms with different
resonance frequencies and γnr/γr � 1.

III. SIMULATION AND EXPERIMENT

From numerical and experimental work, we verify the
above theory for broadband control of group delay using
Brewster metafilms as reflectionless metafilms. We use
meander-line resonators [Fig. 3(a)] as the meta-atoms that
constitute the Brewster metafilms because such resonators
have a relatively high radiation loss, which is advantageous
in decreasing γnr/γr. When an x-polarized electromagnetic
wave is incident on the meander-line resonator, an electric
dipole is induced in the x direction. Therefore, a Brewster
metafilm may be fabricated by arranging the meander-line
resonators so that the propagation direction of the reflected
wave coincides with the x direction [Fig. 3(b)]. To min-
imize γnr/γr for a given γnr, that is, to maximize γr, the
propagation direction of both the incident and the trans-
mitted waves should coincide with the direction for which
the radiation pattern of the electric dipole induced in the
resonator is maximal [35]. Therefore, in the following, we
set θ = 45◦.

Using the COMSOL Multiphysics commercial finite-
element software, we analyze the reflection and transmis-
sion properties of the designed metafilms. In this numerical
analysis, we assume that the meander-line resonator is
made of a perfect electric conductor with vanishing thick-
ness and that the substrate is FR-4, with a relative permit-
tivity of 4.5(1 + i0.03).

We calculate the copolarized amplitude reflectance rco,
the copolarized amplitude transmittance tco, and the cross-
polarized amplitude transmittance tcross of a plane wave
incident on metafilms with wm = 3.0 mm, 2.5 mm, and
2.0 mm (Fig. 4). For all instances, |rco| and |tcross| in the
calculated frequency range are less than about 0.1, which
implies that the reflection and the polarization conversion
is small. From this result, Brewster metafilms may be fab-
ricated using meander-line resonators as meta-atoms. The
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FIG. 3. (a) A schematic of the structure of the meta-atom used
in studying the broadband control of group delay. The param-
eter settings used are as follows: wp = 0.5 mm, g = 0.5 mm,
l = 9.5 mm, Lx = 11.5 mm, and Ly = 7.5 mm. The range of
values for wm is given in the main text. The thickness of the
substrate is 0.8 mm. (b) The relationship between the electro-
magnetic fields and the distribution of the meta-atoms needed to
produce the Brewster effect in a metafilm. (c) A schematic of the
three-layer metamaterial composed of three Brewster metafilms.
The subscripts “i”, “r”, and “t” indicate the incident, reflected,
and transmitted fields, respectively. (d) A photograph of one of
the fabricated Brewster metafilms.

group delay, which is given by d[arg (tco)]/dω, peaks at
resonance frequencies 7.10 GHz, 7.90 GHz, and 8.74 GHz
when wm = 3.0 mm, 2.5 mm, and 2.0 mm, respectively.
[Throughout, the value of the group delay is defined as
the difference between the group delays from the trans-
mitter to the receiver of the system with and without the
metafilm(s).] The value of |tco| at resonance decreases from
unity because of the dielectric loss of the substrate (to be
discussed later).

Next, we analyze the transmission properties of a three-
layer metamaterial composed of all three metafilms set
with wm = 3.0 mm, 2.5 mm, and 2.0 mm. As shown in
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FIG. 4. The transmission and reflection spectra of Brewster
metafilms obtained from numerical calculations with wm of (a)
3.0 mm, (b) 2.5 mm, and (c) 2.0 mm. The relative permittivity of
the substrate is assumed to be 4.5(1 + i0.03) for this calculation.

Fig. 3(c), the metafilms are assumed to be placed with
the interlayer distance between adjacent metafilms in the
z direction of dz. Because of the reflectionless property
of the metafilms, |tco| and the group delay of the three-
layer metamaterial should agree with the product of the
individual transmittances |tco| and the sum of the individ-
ual group delays of the constituent metafilms, respectively.
Figure 5 shows plots of the transmittance |tco| and the
group delay for the three-layer metamaterial with dz =
10 mm, 20 mm, and 40 mm obtained from numerical cal-
culations. For dz = 10 mm, the difference between the
transmittance |tco| (the group delay) of the three-layer
metamaterial and the product of transmittances |tco| (the
sum of the group delays) of the constituent metafilms is
large. The difference becomes quite small when dz exceeds
20 mm, which is smaller than the wavelength at 8 GHz
(37.5 mm). For dz = 40 mm, the transmittance |tco| (the
group delay) of the three-layer metamaterial almost agrees
with the product of transmittances |tco| (the sum of the
group delays) of the constituent metafilms. This result
implies that the difference arises from the interlayer cou-
pling between the constituent metafilms. Therefore, when
the constituent metafilms are not mutually coupled, the
transmittance (the group delay) of a multilayer metama-
terial composed of stacked Brewster metafilms may agree
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FIG. 5. The transmission spectra of the three-layer metamate-
rial obtained from numerical calculations with (a) dz = 10 mm,
(b) 20 mm, and (c) 40 mm. The gray solid and dashed curves
are the respective plots of the product of the individual transmit-
tances |tco| and the sum of the individual group delays of the three
constituent Brewster metafilms. The resonance frequencies of the
Brewster metafilms with wm = 3.0 mm, 2.5 mm, and 2.0 mm
are f1 = 7.10 GHz, f2 = 7.90 GHz, and f3 = 8.74 GHz, respec-
tively. The relative permittivity of the substrate is assumed to be
4.5(1 + i0.03) for this calculation.

with the product of the transmittances (the sum of the
group delays) of the constituent metafilms.

Following the numerical verification of the theory, we
fabricate the designed metafilms to verify the theory
through experiments. The meta-atoms are fabricated using
printed circuit boards that consist of a 35-μm-thick cop-
per film on a 0.8-mm-thick FR-4 substrate. A photograph
of one of the fabricated metafilms is shown in Fig. 3(d).
Although the meta-atoms are fixed to the stage in this study
to simplify our proof-of-principle experiment, in practical
applications, the meta-atoms may be fixed to a frame.

Figures 6(a)–6(c) show the measured frequency depen-
dencies of |tco| and the group delay for the three metafilms,
individually with wm = 3.0 mm, 2.5 mm, and 2.0 mm;
their respective group delays peak at resonance frequen-
cies of 7.4 GHz, 8.4 GHz, and 9.1 GHz. The transmit-
tances at these resonance frequencies decrease from unity
through dielectric losses in the substrate, as observed from
the numerical simulation. The measured and simulation
results almost agree, implying that Brewster metafilms
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FIG. 6. The measured frequency dependencies of transmit-
tance |tco| and the group delay of the Brewster metafilms, indi-
vidually with (a) wm = 3.0 mm, (b) 2.5 mm, and (c) 2.0 mm, and
(d) those for the three-layer metamaterial with dz = 20 mm. The
value of |tco| is defined as the ratio of the transmittances with
and without the metafilm(s) between the transmitting and receiv-
ing antennas. Because the size of the metafilm(s) and the beam
width of the electromagnetic wave are finite, |tco| exceeds unity
in some frequency regions. The gray solid and dashed curves are
plots of |tco| and the group delay presented in Figs. 4 and 5(b) for
reference.

have been realized in these experiments using meander-
line resonators as meta-atoms.

We then measure the transmission properties of a three-
layer metamaterial composed of the three metafilms with
wm = 3.0 mm, 2.5 mm, and 2.0 mm. In the results of the
numerical simulation, the transmittance (the group delay)
of the three-layer metamaterial almost agrees with the
product of the individual transmittances (the sum of the
individual group delays) of the constituent metafilms when
the interlayer distance dz is larger than 20 mm. There-
fore, in the experiment, dz is set to 20 mm. The measured
frequency dependencies of the transmittance and group

delay of the three-layer metamaterial [Fig. 6(d)] show that
the transmittance does not exhibit a steep variation and that
the group delay becomes large in value over a broader fre-
quency range than in instances using a single metafilm,
because of the difference in the resonance frequencies of
the constituent metafilms. Also, the measured transmit-
tance and group delay roughly agree with the numerical
results. This theory for broadband control of group delay
using multilayer Brewster metafilms is thus verified in both
numerical simulations and experiments.

In fabricating the Brewster metafilms for this study, we
use printed circuit boards with a FR-4 substrate because
they are widely available at low cost. Although they
are satisfactory for our proof-of-principle experiment, we
note that the transmittances of the designed Brewster
metafilms decrease from unity near the resonance fre-
quency because of nonradiation losses in the metafilms.
According to the above theory, the transmittance at the
resonance frequency increases with decreasing γnr/γr for
γnr/γr < 1. To estimate the attainable transmittance at the
resonance frequency under realistic conditions, we analyze
numerically the electromagnetic responses of the Brew-
ster metafilms made of commercially available low-loss
laminates; specifically, Rogers RT/duroid 5880. For the
analysis, the relative permittivity of the substrate of the
laminate is assumed to be 2.2(1 + i0.0009).

Figure 7(a) shows the numerically calculated trans-
mission and reflection properties of the metafilm with
wm = 3.0 mm. Both |rco| and |tcross| are low in value in
the calculated frequency range, as for the FR-4 substrate;
moreover, |tco| at the resonance frequency (8.13 GHz) is
higher than 0.98, which is higher than for the FR-4 sub-
strate. From this result, the decrease in |tco| at the resonance
frequency for the printed circuit board with the FR-4 sub-
strate is found to occur because of dielectric losses in the
substrate and, for the commercially available printed cir-
cuit board with the low-loss substrate, |tco| is found to be
near unity at the resonance frequency. Figure 7(b) shows
the transmission property of a three-layer metamaterial
composed of metafilms with wm = 3.0 mm, 2.5 mm, and
2.0 mm. Because of lower dielectric losses in the substrate,
the group delay becomes large over a broad frequency
range while |tco| remains closer to unity than for the FR-4
substrate. The transmittance (the group delay) of the three-
layer metamaterial also agrees in this instance with the
product of the transmittances (the sum of the group delays)
of the constituent metafilms.

IV. DISCUSSION

We discuss the results of this study and of previous
studies using the delay-bandwidth product as an index of
the broadband control of group delay. A delay-bandwidth
product of 0.45 (the maximum group delay is 0.333 ns
and the full width at half maximum of the transmittance
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FIG. 7. (a) The transmission and reflection spectra of the
Brewster metafilms with wm = 3.0 mm. (b) The transmission
spectrum of the three-layer metamaterial with dz = 40 mm
obtained from numerical calculations. The gray solid and dashed
curves are the product of the transmittances |tco| and the sum of
the group delays of the Brewster metafilms with wm = 3.0 mm,
2.5 mm, and 2.0 mm, respectively. The vertical dashed lines indi-
cate the respective resonance frequencies, 8.13 GHz, 9.00 GHz,
and 9.86 GHz, of these Brewster metafilms. The relative permit-
tivity of the substrate is assumed to be 2.2(1 + i0.0009) for this
calculation.

is 1.35 GHz) has been achieved in a single-layer EIT-like
metasurface [12]. As described in Ref. [20], the variation
range of the transmission phase in metasurfaces with only
an electric response is limited to π . This implies that the
transmission bandwidth decreases with an increase of the
maximum group delay in EIT-like metasurfaces. There-
fore, the delay-bandwidth product cannot be increased
significantly as long as single-layer EIT-like metasurfaces
are used. In addition, the delay-bandwidth product cannot
be increased by increasing the number of layers of EIT-
like metasurfaces, because the reflectance vanishes only at
the transmission peak frequency and the multiple reflection
occurs at the other frequencies. In contrast, the result in
this study implies that the delay-bandwidth product can be
increased arbitrarily by increasing the number of metafilm
layers.

Previously, a theory for realizing arbitrarily large
delay-bandwidth product using metasurfaces has also
been proposed and verified [20,21]. We now look into
the performance of the group-delay control presented
in this study and in Refs. [20,21]. The metasurfaces
used in Refs. [20,21] are composed of planar struc-
tures with Lorentzian electric and magnetic resonances.
Transmission-type and reflection-type metasurfaces for the
group-delay control are theoretically designed and the
reflection-type metasurface is experimentally verified. The

maximum group delay, the full width at half maximum
of the group delay, and the delay-bandwidth product of
the reflection-type metasurface are 2.0 ns, 700 MHz, and
1.4, respectively. The metamaterial used in this study is
of transmission type, with a nonplanar structure, and is
composed of resonators with only an electric response.
The maximum group delay, the full width at half maxi-
mum of the group delay, and the delay-bandwidth product
of the three-layer metamaterial are 1.0 ns, 2.1 GHz, and
2.1, respectively [Fig. 6(d)]. In contrast to Ref. [12], the
frequency bandwidth is determined from the frequency
dependence of the group delay because the transmittance
in this study (the reflectance in Ref. [21]) does not vary so
much as the frequency varies. The delay-bandwidth prod-
ucts achieved in this study and Ref. [21] are the same
within a factor of 2 and larger than for the single-layer
EIT-like metasurface in Ref. [12].

Note that the delay-bandwidth product can be further
increased by increasing the number of metafilm layers in
this study (by increasing the number of resonators in the
unit cell in Ref. [21]). The frequency bandwidth can be
arbitrarily increased in both theories in principle; however,
the diffraction and the higher-order resonances may limit
the frequency bandwidth in practical situations.

In short, the performance of the group-delay control
using the metamaterial in this study and using the metasur-
faces in Refs. [20,21] are comparable. Although the fab-
rication of the metamaterial in this study is more difficult
than for the metasurfaces in Refs. [20,21], the metamate-
rial in this study can be composed of meta-atoms with only
an electric response. Therefore, the metamaterial in this
study would enable us to design the complicated frequency
dependence of group delay more easily.

V. CONCLUSIONS

From numerical simulations and experiments, we ver-
ify a theory concerning the control of group delay over
a broad frequency range using Brewster metafilms. The
transmittance of the Brewster metafilm with γnr/γr � 1
is almost unity regardless of the frequency and its group
delay becomes large near the resonance frequency. There-
fore, by stacking Brewster metafilms having different reso-
nance frequencies, the frequency dependence of the group
delay may be controlled over a broad frequency range
while maintaining the transmittance close to unity. To ver-
ify this theory, we investigate a three-layer metamaterial
composed of three Brewster metafilms with different reso-
nance frequencies. When the near-field coupling between
the constituent metafilms is sufficiently weak, the transmit-
tance and the group delay of the three-layer metamaterial
agree with the product of the transmittances and the sum of
the group delays of the constituent metafilms, respectively.

We demonstrate that the frequency bandwidth for large
group delay can be broadened by stacking Brewster
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metafilms as a proof-of-principle experiment of the broad-
band control of group delay. Furthermore, this theory also
applies to other kinds of control of the group delay. For
example, a multilayer metamaterial with positive (nega-
tive) group-delay dispersion may be realized by stacking
Brewster metafilms with different resonance frequencies
so that the group delay in the higher-frequency range
becomes larger (smaller). Also, when we divide a dis-
persionless metamaterial composed of multiple Brewster
metafilms into two metamaterials and place one behind
the transmitter and the other in front of the receiver, the
envelope of the electromagnetic wave generated from the
transmitter is distorted intentionally in the region between
the two metamaterials but this distortion is compensated
at the receiver, in a manner reminiscent of an analog
encryption-decryption system.

As described in our previous paper [31], the macro-
scopic properties of Brewster metafilms are similar to
those of Huygens metasurfaces with spectrally overlapping
electric and magnetic resonances [36–43]. In designing
Huygens metasurfaces, both the electric and magnetic
responses in the metasurfaces need to be controlled. In con-
trast, Brewster metafilms can be designed based on either
their electric or magnetic responses and may be useful
in realizing anisotropic reflectionless metamaterials. This
implies that the degree of freedom of polarization may
be easily added to broadband control of electromagnetic
waves. Although the fabrication of Brewster metafilms is
more difficult than for Huygens metasurfaces, it is possible
to fabricate terahertz (optical) Brewster metafilms using
microelectromechanical systems [44] (3D laser lithogra-
phy [45] and 3D nanoprinting techniques [46]). There
are many studies on the control of electromagnetic waves
using Huygens metasurfaces [47], which shows the impor-
tance of reflectionless metamaterials in controlling elec-
tromagnetic waves. Investigations of Brewster metafilms
as well as Huygens metasurfaces would yield further
advances in the control of electromagnetic waves.
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