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Metamaterials have generated considerable research interest in manipulating light polarization states,
but many proposals suffer from the issue of narrow bandwidth and/or low transmission efficiency. We show
that a classical multiple-beam interference mechanism can be employed to modulate the phase dispersion
of transmitted waves in metamaterials, which motivates us to establish a general strategy to achieve a
constant cross-polarization phase difference by independently controlling the phase dispersion for the two
orthogonal polarizations. We derive a criterion under which the cross-polarization phase difference across
the metamaterial devices can be maintained at a nearly constant value over a wide frequency band. The
codesigned metamaterial quarter-wave plate presents an excellent polarization conversion performance
over a broad frequency band. We also employ full-wave simulations to demonstrate a broadband quarter-
wave plate at telecom and terahertz frequencies based on the proposed design strategy. Our findings can
stimulate making high-performance broadband optical devices based on various metamaterials in different
frequency domains, and impact numerous photonic applications.
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I. INTRODUCTION

Manipulating the polarization states of electromagnetic
(em) waves is of great importance in fundamental physics
and many free-space and integrated photonics applications.
Traditionally, conversion between different types of polar-
ization states is realized with wave plates (WPs) made by
natural birefringent crystals and subwavelength gratings,
but which require large device thickness to accumulate
the phase difference due to the limited birefringence index
(�n, typically less than 0.3) [1,2]. Furthermore, such WPs
inherently exhibit a narrow operation bandwidth because
of the frequency-dependent property of the birefringent
index.

Metamaterials (MTMs) have provided an unprecedented
approach for the extreme control of em waves with con-
trollable amplitude, phase, and polarization at subwave-
length scales [3–10]. To date, many MTM-based WPs
have been proposed and/or demonstrated over the entire
spectral regime from microwave to visible frequencies.
Moreover, they offer many advantages, such as compact-
ness, flexibility, and easy integration on a chip, which are
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unachievable with traditional WPs based on birefringent
crystals. Although the birefringent index is larger for
MTMs than birefringent crystals, many MTM-based WPs
exhibit limited operation bandwidths since their building
blocks are typically comprised of some resonant structures,
yielding significant phase dispersion [11–16]. A general
solution to enlarge the operation bandwidth of MTM WPs
is to use decoupled resonance to enable a nearly constant
phase difference over a wide spectral range [17–21]. How-
ever, that scheme is generally applicable to the design of
reflection-mode WPs, under which one merely needs to
control the dispersion of the reflection phase since the
reflection amplitude is typically near 100%. Such a scheme
faces significant limitation in the design of transmission-
mode WPs (more useful in applications) since a constant
phase difference is accompanied by frequency depen-
dent transmission amplitude within a wide spectral range
[22–28]. While promising steps have been taken to
enable high-efficiency broadband WPs based on double-
stacked anisotropic MTM structures [29–31], it is
challenging to fabricate these structures with nonover-
lapping cross sections along the propagation direc-
tion, especially when they are scaled down for optical
frequencies.
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Multiple-beam interference (MBI), arising from
multiple internal reflections in a film, is a fundamental
phenomenon for light. Although several papers have con-
sidered the influence of the MBI effect on the optical
properties of MTMs, these studies merely focused on using
MBI to modulate the amplitude of transmitted or reflected
beams [32,33] or explained the additional reflection phase
caused by MBI [21]. We note that there is no report on
using MBI to manipulate the transmission or reflection
phase in MTMs. In this paper, we first propose to use
the additional phase imparted by MBI to manipulate the
overall transmission phase so as to achieve a nearly flat
phase difference over a wide spectral range. We can thus
construct broadband MTM devices, such as quarter-wave
plates (QWPs), which require the constant maintenance
of the phase difference of the transmitted waves over a
wide spectral range. As an example, we establish a general
strategy to build high-performance broadband WPs by
introducing MBI to manipulate the transmission-phase
dispersion for anisotropic MTMs. The cross-polarization
phase difference dispersion can be cancelled out by
specifically designing the geometrical parameters of the
anisotropic MTMs to generate an additional positive or
negative phase shift for the two orthogonal polarization
directions, thanks to the contribution of constructive or
destructive interference. As a proof-of-concept demonstra-
tion, an anisotropic MTM made by a metal and dielectric
multilayer with a very large birefringent index is designed
to enable a flat cross-polarization phase difference. We
further fabricate an anisotropic MTM broadband WP and
experimentally characterize its excellent circular-to-linear
polarization conversion abilities over a wide frequency
range (6.73–7.60 GHz). We also employ full-wave sim-
ulations to demonstrate broadband QWPs at telecom and
terahertz frequencies based on the proposed design strat-
egy. In comparison to previous works on broadband WPs
made by anisotropic MTMs [29–31], the general design
strategy presented in this paper does not require double-
stacked MTMs of nonoverlapping cross sections along the
propagation direction. Thereby, it can notably relax the
fabrication difficulties over the entire spectral range. Our
results, based on classical MBI to control the phase dis-
persion, can be used to construct broadband transmission-
mode optical devices based on various metamaterials in
different frequency domains, and might promote numerous
photonic applications.

II. RESULTS AND DISCUSSION

A. MBI for phase modulation

The idea of phase dispersion cancellation for anisotropic
MTMs described in this paper is inspired by examining
the phase shifts to the reflection and transmission coeffi-
cients imparted by MBI. Let us first revisit the working

principle of a Fabry-Perot interferometer, in which MBI
is used to realize sharp transmission peaks. Two prereq-
uisites, an ultra-long optical cavity (tens of thousands of
wavelengths) and highly reflective interfaces, are required
to guarantee the sharp transmission peaks. However, the
optical length of the system investigated in this study is
comparable to the wavelength, and the reflectivity at the
interface is very low in comparison to a Fabry-Perot inter-
ferometer. Consequently, it is possible to obtain a relatively
broader transmission peak or dip, which, therefore, leaves
us with a wide spectral band to use MBI to manipulate the
phase dispersion of the transmitted waves. As shown in
Fig. 1, consider a four-layer system consisting of semi-
infinite air (layer one, n1 = 1), a high-index film (layer
two, n2, thickness h2), a lower-index substrate (layer three,
n3, thickness h3), and semi-infinite air (layer four, n4 = 1).
Here, it is assumed that n3 is a constant and n3 < n2.
The propagation constant for each layer is expressed as
kj = 2πnj f /c, where nj denotes the refractive index of
layer j (= 1, 2, 3, or 4), f represents the light frequency,
and c is the light velocity in air. Two steps are required
to retrieve the trasmission efficient, t0. First, by treating
layer two together with its left- and right-side boundaries
as cavity one, the reflection and transmission coefficients
shown in Figs. 1(a) and 1(b) can be deemed as the super-
positions of multiple reflections and transmissions at the

(a)

(b)

(c)

FIG. 1. The schematic of a four-layer system showing how
multiple reflections and transmissions at the interfaces contribute
to the transmission and reflection coefficients, (a) t123, (b) r321,
and (c) t0.
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two interfaces

t123 = t12t23eik2h2 + t12r23r21t23e3ik2h2 + t12r2
23r2

21t23e5ik2h2

+ . . . = t12t23eik2h2

1 − r21r23e2ik2h2
, (1)

r321 = r32 + t32r21t23e2ik2h2 + t32r2
21r2

23e4ik2h2 + . . . = r32

+ t32r21t23e2ik2h2

1 − r21r23e2ik2h2
, (2)

where tlq and rlq are the transmission and reflection coef-
ficients from layer l to layer q (l, q = 1, 2, 3, or 4). The
substrate (layer three), cavity one described above, and the
semi-infinite air (layer four) form cavity two. Thus, the
overall transmission coefficient shown in Fig. 1(c) can be
given as

t0 = t123t34eik3h3 + t123r34r321t34e3ik3h3

+ t123r2
34r2

321t34e5ik5h5 + . . . = t123t34eik3h3

1 − r321r34e2ik3h3
,

(3)

where t34 and r34 follow the Fresnel Equations as t34 =
2n3/(n3 + n0) and r34 = (n3 − n0)/(n3 + n0). By substi-
tuting Eqs. (1) and (2) into Eq. (3), and taking the argument
of t1234, the total transmission phase of the four-layer
system can be written as

arg t0 = arg[t12t23t34ei(k2h2+k3h3)]

+ arg
1

1 − r21r23e2ik2h2
+ arg

1
1 − r321r34e2ik3h3

= arg t′0 + �φ1 + �φ2, (4)

where t′0 = t12t23t34ei(k2h2+k3h3) represents the transmission
coefficient of light passing through the four-layer system
without the involvement of phase modulation from the
interface reflection, and �φ1 and �φ2 are the additional
transmission phases caused by the MBI of cavities one
and two, respectively. Throughout the paper, we use τφ

to indicate the derivative of φ with respect to frequency.
The derivative functions of �φ1 and �φ2 with respect to
frequency, τ�φ1 and τ�φ2 , can be expressed as (see Note
1 in the Supplemental Material for more details about the
derivation process [34])

τ�φ1 =
sin φc1

d|r21r23|
df + |r21r23|(cos φc1 − |r21r23|)τφc1

(|r21r23| sin φc1)
2 + (1 − |r21r23| cos φc1)

2 ,

(5)

τ�φ2 =
|r34| sin φc2

d|r321|
df + |r321r34|(cos φc2 − |r321r34|)τφc2

(|r321r34| sin φc2)
2 + (1 − |r321r34| cos φc2)

2 ,

(6)

where φc1 = 2k2h2 + φr21 + φr23 and φc2 = 2k3h3 + φr321
determine the interference condition for cavities one and
two, respectively. The influences of n2 and h2 on φc1, |t123|,
and τ�φ1 are investigated, as shown in Figs. 2(a)–2(c). It
can be clearly seen that |t123| and τ�φ1 reach the maxi-
mum (minimum) values when a constructive (destructive)
interference condition φc1 = 2mπ [φc1 = (2m + 1)π ]
(m is an integer) is satisfied for cavity one. A higher h2
(or larger n2) tends to increase the maximum value of
τ�φ1 , but shorten the monotone intervals [Fig. 2(c)]. The
quantitative relationship between |t123|, τ�φ1 , and n2 is
described by Eqs. (1) and (5), respectively, where |r21r23|
is monotonously increased with n2.

(a) (b) (c)

(d) (e) (f)

FIG. 2. (a) φc1, (b) |t123|, and (c) τ�φ1 vs f with a four-layer system for the three cases. For all the three cases, the refractive indices of
layers one and three remain unchanged: n1 = 1 and n3 = 1.4. Layer two has a varied refractive index and thickness for three different
cases: n2 = 1.75 and h2 = c/7f0 for case one (the green line); n2 = 1.75 and h2 = 2c/7f0 for case two (the blue line); and n2 = 3.5
and h2 = c/7f0 for case three (the red line). (d) φc2, (e) |t0|, and (f) τ�φ2 as a function of h3 at the frequency of f0. The green solid line
and the blue dashed line are obtained when cavity one is under constructive and destructive interferences at f0, associated with case
one and two in Figs. 2(a)–2(c), respectively.
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Moreover, it is found that the transmission phase dis-
persion can be significantly modulated by controlling the
interference condition for cavity two, once cavity one
is under a constructive or destructive interference condi-
tion as mentioned above. By incorporating the interfer-
ence condition for cavity one into Eq. (2), it is possible
to obtain φr321 = 0 with φc1 = 2mπ , and φr321 = π with
φc1 = (2m + 1)π . Here, both k3h3 and φr321 contribute to
the interference condition for cavity two (φc2 = 2k3h3 +
φr321). Figures 2(d)–2(f) present the dependence of φc2,
|t0|, and τ�φ2 on h3 at f = f0, in which cavity one is under
the destructive interference condition for case one and the
constructive interference condition for case two. Analo-
gous to cavity one, Fig. 2(f) illustrates that τ�φ2 reaches
the maximum (minimum) values when the constructive
(destructive) interference condition is satisfied for cavity
two, namely, φc2 = 2Mπ [φc2 = (2M + 1)π ], where M is
an integer. To briefly conclude, cavities one and two can
be independently designed to modulate the transmission
phase for the four-layer system.

B. Dispersionless anisotropic medium by MBI

The cross-polarization phase difference that can be intro-
duced as layer two is anisotropic (nx

2, ny
2 are its effective

refractive indices along the x and y directions, respec-
tively), so that the resultant four-layer system shows a
distinct em response for the x and y polarizations. The total
transmission coefficients for the x and y polarizations are
denoted as tx0 and ty0, respectively. The cross-polarization
phase difference for the four-layer system can be expressed
as

φPD = arg ty0 − arg tx0 = φ′
PD + �φ

y
1 +�φ

y
2 −�φx

1 −�φx
2,

(7)

and its derived function with respect to frequency is written
as

τφPD = τφ′
PD + τ�φ

y
1
+ τ�φ

y
2
− τ�φx

1
− τ�φx

2
, (8)

where φ′
PD = arg t′y0 − arg t′x0 = 2π(ny

2 − nx
2)h2f /c is the

cross-polarization phase difference without the involve-
ment of MBI. Under the assumption that ny

2 > nx
2, τφ′

PD is
positive and increases monotonously with f. To enable the
dispersionless cross-polarization phase difference around
a certain frequency of f0, τφPD should be zero, that
is, τφ′

PD + τ�φ
y
1
+ τ�φ

y
2
− τ�φx

1
− τ�φx

2
= 0. Here, “disper-

sionless” refers to the constant cross-polarization phase
difference within a broad spectral band. The proper
selection of ny

2, nx
2, and h2 enables cavity one to

interfere constructively and destructively along the x
and y directions at a certain frequency of f0, respec-
tively. This results in φ′

PD = 4π(ny
2 − nx

2)h2f0/c = π/2,
τ�φx

1
= 2πnx

2h2|rx
21rx

23|/[(1 − |rx
21rx

23|)c] > 0, and τ�φ
y
1

=

−2πny
2h2|ry

21ry
23|/[(1 + |ry

21ry
23|)c] < 0. We can also adjust

h3 to enable cavity two to interfere constructively along
the x polarization direction and destructively along the y
polarization direction at the same frequency. For exam-
ple, we have τ�φx

2
= τφx

c2
|rx

321rx
34|/(1 − |rx

321rx
34|) > 0 and

τ�φ
y
2

= −τφ
y
c2
|ry

321ry
34|(1 + |ry

321ry
34|) < 0, where |rx

321| =
|(rx

21 − rx
23)/(1 + rx

23rx
21)| and |ry

321| = |(ry
21 + ry

23)/(1 +
ry

23ry
21)| with h3 = Nc/2n3f0 (see Note 2 in the Supplemen-

tal Material for more details about τφx
c2

and τφ
y
c2

[34]). It
is important to note that, in order to maximize the mono-
tone intervals of �φx

2 and �φ
y
2 so that it is possible to

generate a flat phase dispersion with the largest spectral
bandwidth, a thinner substrate thickness is preferred for the
QWP design. To briefly conclude, by appropriately choos-
ing ny

2, nx
2, h2, and h3 to satisfy the conditions as φ

y
c1 =

4πny
2h2f0/c = (2I + 1)π , φx

c1 = 4πnx
2h2f0/c = 2Iπ , and

[|ry
21ry

23|/(1 + |ry
21ry

23|)]τφ
y
c1

+ [|rx
21rx

23|/(1−|rx
21rx

23|)]τφx
c1

−
τ�φ

y
2
+ τ�φx

2
= 2π(ny

2 − nx
2)h2/c, where I is an integer, the

phase condition with φPD ≈ φ′
PD = π/2(�φ

y
1 = �φx

1 = 0,
|�φ

y
2 |, |�φx

2| � |φ′
PD|), and τφPD = 0 for a broadband

QWP around f0 can be expected. It should be emphasized
that there are numerous combinations of ny

2, nx
2, h2, and

h3 that satisfy the phase condition for a broadband QWP.
However, the minimum values of nx

2, ny
2, h2, and h3 should

be used to broaden the monotone intervals of �φx
1, �φ

y
1 ,

�φx
2 and �φ

y
2 , thus maximizing the operation bandwidth

for a QWP.

C. Design, fabrication, and measurement of
broadband MTM QWPs

The above-mentioned concept of using MBI for phase
modulation of the transmitted em waves can be used to sig-
nificantly broaden the operation bandwidth of WPs based
on anisotropic MTMs, which generally work within a
rather narrow bandwidth due to the intrinsic phase dis-
persion [13,24,27,35]. Here, we choose to design and
experimentally realize wideband QWPs based on a kind of
anisotropic MTM that is typically comprised of an alter-
nating metal and dielectric multilayer, which has been
proposed previously for narrow-band polarization conver-
sion [13]. It has been theoretically demonstrated that such
an artificial structure can always support a branch of tai-
lored spoof surface plasmons (SSPs) on their side walls
(see Note 3 in the Supplemental Material for more details
regarding the derivation process for the dispersion relation
[34]). The microwave regime has been chosen to investi-
gate the modal dispersions of the SSPs, whose dispersion
relation shows strong dependence on the gap separations
between the adjacent MTM units. The Cu and FR4 have
the conductivity of 5 × 107 (� m)−1 and the relative per-
mittivity of 4.3 + 0.025i, respectively, in the microwave
regime [36,37].
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By further using a rectangle-shaped MTM shown in
Fig. 3(a), different propagation constants of the SSPs along
the x and y polarization directions (kx

2 and ky
2) are intro-

duced [Fig. 3(b)], and thus an effective anisotropic medium
can be artificially constructed. The distinct kx

2 and ky
2 can

be notably reflected by the modal field distributions on
the two side walls shown in Figs. 3(c) and 3(d). By using
such an anisotropic medium, that is, the rectangle-shaped
MTM shown in Fig. 3(a), to serve as layer two of the
four-layer system, we can thus use the design approach
mentioned in Sec. II B to achieve the phase conditions
required for a broadband WP. Recent studies have shown
that kx

2 and ky
2 are highly dependent on the geometri-

cal parameters of the anisotropic MTM, especially the
widths (Wx, Wy), the lattice constant along the z direction,
Pz, and the gap separation between the adjacent MTM
units (Px − Wx, Py − Wy) [37]. After carefully optimiz-
ing the geometrical parameters, we have φx

c1 = 2π and
φ

y
c1 = 3π at f0 = 7.25 GHz with a choice of 36-layer Cu

and 35-layer FR4 [Fig. 4(a)], which enables the SSPs to
interfere constructively and destructively along the x and y
directions, respectively. In addition, the cross-polarization
phase difference without the involvement of MBI, φ′

PD, is
approximately π/2 at f0 = 7.25 GHz, but increases with f,
which fails to construct a broadband QWP. On the basis of
φx

c1 = 2π and φ
y
c1 = 3π for cavity one, it can be seen from

Fig. 4(b) that τ�φx
1

> 0 and τ�φ
y
1

< 0, which partially com-
pensates for the phase dispersion of τφ′

PD(> 0). Additional
phase modulation can be imparted by cavity two, deter-
mined by the thickness of the FR4 substrate once cavity
one is ready. Figure 4(c) presents the dependence of τ�φx

2
and τ�φ

y
2

at 7.25 GHz on the thickness of the FR4 substrate,
h3. Interestingly, it is shown that τ�φx

2
is positive and τ�φ

y
2

is negative as h3 is below 4.2 mm. The phase dispersion of
τφ′

PD can be exactly cancelled out at around f0 = 7.25 GHz
[Fig. 4(b)] with a combination of cavity one and cavity two
with h3 = 2.5 mm. As a result, the total phase dispersion,
τφPD, is equal to zero at around f0 = 7.25 GHz, thanks to
the MBI-enabled dispersion cancellation effects.

Choosing the designed geometrical parameters men-
tioned above, we successfully fabricate one sample and
experimentally characterize its polarization conversion
capability. In the fabrication process, each copper layer
with a thickness of 0.079 mm is printed on a FR4 layer
with a thickness of 0.386 mm using the method of a mul-
tilayered printed circuit board. The composite layers are
sandwiched using adhesive with a thickness of 0.05 mm
(almost the same dielectric constant as FR4). Thirty-six
layers of copper and 35 layers of FR4 are formed by repeat-
ing the above-mentioned process. A standard mechanical
milling method is then followed to shape the anisotropic
MTMs, of which the top-view photograph of the fabricated

(a)

(b) (c) (d)

FIG. 3. (a) Schematic of a rectangle-shaped anisotropic MTM QWP, whose unit cell is illustrated on the right side. The MTM
has the cross-section parameters as Wx and Wy , and the lattice constants as Px and Py . The thicknesses of a single layer of Cu and
FR4 are represented by tm and td, respectively, and the total thicknesses of the MTM and the FR4 substrate are denoted by h2 and
h3, respectively. (b) The dispersion relations of the SSP modes for the x (green) and y (red) polarizations calculated with Wx =
6.8 mm, Wy = 8.6 mm, Px = 10 mm, Py = 12 mm, tm = 0.079 mm, td = 0.386 mm, and Pz = tm + td = 0.465 mm. (c),(d) The field
distributions of real part of Ex in the x-z plane (c), and real part of Ey in the y-z plane (d).
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(a) (b) (c)

FIG. 4. (a) φx
c1 (blue solid), φ

y
c1 (blue dashed), and φ′

PD (red solid) as a function of f with 35-layer FR4 and 36-layer Cu (h2 =
16.35 mm). (b) τ�φx

1
(blue solid), τ�φ

y
1

(blue dashed), τ�φx
2

(green solid), τ�φ
y
2

(green dashed), τφ′
PD (red solid), and τφPD (black solid)

as a function of τφPD with h3 = 2.5 mm. (c) τ�φx
2

and τ�φ
y
2

as a function of h3. The other geometrical parameters are the same as those
in Fig. 3.

sample is presented in Fig. 5(a). The measurement set
up is schematically shown in Fig. 5(b). It can be seen
from Figs. 5(c) and 5(d) that the measured transmission
amplitudes for the x and y polarizations (|tx0| and |ty0|),
the total transmission amplitude

(√
(|tx0|2 + |ty0|2)/2

)
, the

insertion loss (−10log10[(|tx0|2 + |ty0|2)/2]), and the cross-
polarization phase difference (φPD) are basically con-
sistent with the simulation results. Here, we define the
dispersionless band as the frequency band where the
cross-polarization phase difference is within the range of
90o ± 10°. The measured dispersionless bandwidth cov-
ers the frequency range of 6.73–7.60 GHz, which is up
to 12.0% of the central frequency of 7.25 GHz. Within
the dispersionless band, the measured total transmission
amplitude ranges from 61.5% to 73.8%, and the insertion

loss is less than 4.3 dB. The deviation of the measured and
the designed device performance may result from the fab-
rication error and measurement imprecision. To evaluate
the performance of the QWP, we use the degree of linear
polarization (DoLP) to test the degree of linear polarization
of the transmitted waves under the illumination of left-
circularly polarized light waves from the z direction. DoLP

is defined as DoLP =
√

s2
1 + s2

2/s0, where s0, s1, and s2 are
the Stokes parameters given by s0 = |Ex|2 + |Ey |2, s1 =
|Ex|2 − |Ey |2, and s2 = ExE∗

y + E∗
x Ey , respectively [31].

Here, E∗
x and E∗

y denote the complex conjugates of Ex
and Ey , respectively. Figure 5(d) clearly illustrates that
the DoLP is kept nearly at one (>95% in the experiment)
within the operation bandwidth of 6.73–7.60 GHz, indi-
cating that the transmitted em waves are almost linearly
polarized.

(a) (b)

(c) (d)

FIG. 5. (a) Photograph of the
fabricated anisotropic MTM
QWP sample. (b) Schematic of
the experimental set up for testing
the polarization conversion per-
formance. The sample is placed
between the emitter and receiver,
both of which are connected to
a vector network analyzer. (c)
The simulated and measured
transmission amplitudes for the x
polarization (the solid lines) and
y polarization (the dashed lines),
total transmission amplitude
(the dotted lines), and insertion
loss (the chain lines) vs f. (d)
φPD and DoLP as a function of
f. In (c),(d), the green and red
lines indicate the simulated and
experimental results, respectively.
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D. Extension to high frequencies

The key factor to design a WP based on MBI in any
spectral regime lies in finding an artificial anisotropic
structure that experiences different propagation constants
along the x and y directions. Previous studies have proven
the giant birefringence with the anisotropic MTMs, that is,
a rectangle-shaped metal and dielectric multilayer [13,37,
38]. Further, we can introduce zero phase dispersion by
carefully designing the geometrical parameters to make
the MTM work under constructive and destructive inter-
ferences for the x and y polarizations, respectively. Since
the design strategy mentioned above is so general, one
can employ it to address the issue of narrow bandwidth
in higher-frequency domains.

Here, as a demonstration, we extend the operation
bandwidth of the QWP based on anisotropic MTMs to
telecom and terahertz frequencies. The anisotropic MTM
at telecom frequencies composes an Ag/SiO2 multilayer
[Fig. 6(a)], with the thicknesses of each SiO2 and Ag
layer being td = 35 nm and tm = 35 nm, respectively [39].
Eight pairs of Ag/SiO2 layers are adopted, resulting in a
total thickness of 560 nm for the anisotropic MTM. The
cross-section dimensions of the anisotropic MTM are set
as Wx = 223 nm and Wy = 240 nm, and the lattice con-
stants along the x and y axes are Px = Py = 280 nm.
Considering the practical applications, it is assumed that
the anisotropic MTM (serves as layer two) is deposited
on a semi-infinite SiO2 substrate, resulting in a three-layer

system. In this case, the total transmission coefficient is
t123, as given by Eq. (1). The cross-polarization phase
difference for the three-layer system can be expressed as

φPD = arg ty123 − arg tx123 = φ′
PD + �φ

y
1 − �φx

1. (9)

We only need to take into account the phase modula-
tion from cavity one, but neglect the influence of cav-
ity two on the phase dispersion of the transmitted em
waves. With the carefully designed structural parame-
ters of the anisotropic MTMs, constructive or destruc-
tive interference is imparted on the x and y polarizations
at around 193.5 THz (1550 nm). This can be reflected
by the cross-polarization transmission amplitudes shown
in Fig. 6(b), where |tx123| and |ty123| reach the maximum
and minimum values, respectively, at around 1550 nm.
The simulated results shown in Fig. 6(c) verify that the
designed QWP can keep the cross-polarization phase dif-
ference within the range of 90o ± 10° over a wide wave-
length band of 1503–1716 nm (the dispersionless band),
13.6% with respect to 1550 nm. Within the dispersionless
band of 1503–1716 nm, the total transmission amplitude(√

(|tx123|2 + |ty123|2)/2
)

reaches about 72%, associated

with the insertion loss (−10log10[n3(|tx123|2 + |ty123|2)/2])
of less than 1.3 dB [Fig. 6(b)], and the DoLP is above 98%
[Fig. 6(c)].

de
g

(a)

(b) (c)

FIG. 6. (a) Schematic of the
anisotropic MTM QWP at tele-
com wavelength, with the geomet-
ric parameters for a unit cell being
shown on the right side. (b) Trans-
mission amplitudes for the x and
y polarizations, total transmission
amplitude, and insertion loss vs f.
(c) φPD (red) and DoLP (blue) as
a function of f. The two horizon-
tal dashed lines in (c) correspond
to 80o and 100o.
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Following the design approach for the telecom frequen-
cies, we design a broadband MTM QWP based on an
Al/GaAs multilayer in the terahertz regime. The designed
one can keep the φPD within the range of 90o ± 10° over a
wide frequency range of 1.51–2.19 THz (the dispersion-
less band), 35.8% with respect to the central frequency
of 1.9 THz. The total transmission amplitude reaches up
to approximately 65%, associated with the insertion loss
of less than 2.4 dB, and the DoLP is above 98% in the
dispersionless band. For more details regarding the perfor-
mance of the device, please see Note 4 in the Supplemental
Material [34].

To experimentally implement the proposal at infrared
and terahertz frequencies, we can first use deposition tech-
niques, such as magnetron sputtering system or electron
beam evaporation, to precisely grow the metal and dielec-
tric multilayer. The final anisotropic MTMs are achievable
with mature etching techniques such as focused ion-beam
milling and reactive ion etching.

III. CONCLUSION

In summary, we show that a classical MBI mechanism
can be employed to modulate the phase dispersion of
transmitted em waves in MTMs, where an additional pos-
itive or negative phase shift is caused by constructive or
destructive interference. Based on the MBI-enabled phase
dispersion modulation mechanism, a general strategy is
established to achieve a dispersionless cross-polarization
phase difference by independently controlling the interfer-
ence condition for the two orthogonal polarization direc-
tions. We design a broadband anisotropic MTM QWP
and experimentally verify that it can realize circular-
linear polarization conversion with a total transmission
amplitude ranging from 61.5% to 73.8% within the dis-
persionless bandwidth of 6.73–7.60 GHz. This design
strategy can also be extended to optical frequencies, and
we employ full-wave simulations to demonstrate broad-
band QWPs at telecom and terahertz frequencies. The
proposed anisotropic MTM WPs show superiority over
the previous proposals in transmission mode, which typ-
ically rely on decoupled resonance to achieve a cross-
polarization phase difference, and hence have limited
operation bandwidth near the resonance frequency [24,
26]. Our findings can stimulate designing dispersion-
controlled high-performance wave manipulation compo-
nents in microwave, terahertz, and optical regimes.
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