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Polarization Interference and Modulation in the Low-Frequency Range

Shi-qian Zhang,' Jie-ying Ma,' Yong Zhang,' Ling-bao Kong,? and Cheng-ping Huang®'-*
1Department of Physics, Nanjing Tech University, Nanjing 211816, China

2Department of Physics, Beijing Technology and Business University, Beijing 100048, China

® (Received 26 September 2021; accepted 30 November 2021; published 17 December 2021)

Conventional polarized light interference is realized by using the natural crystals sandwiched between
two linear polarizers, which has applications in optical signal modulation and photomechanics. However,
due to a shortage of suitable birefringent materials, a similar effect has not been reported in the low-
frequency range. In this paper, a compact and tunable polarization interference system working in the
microwave band has been proposed, employing artificially structured planar materials, i.e., two metal
screens perforated with subwavelength apertures. One screen splits the incident linear polarization into
two orthogonal electric components and the other combines the parallel electric components (in a certain
direction) to induce an interference. We find that the near-field coupling between the two metal screens
plays a crucial role and the polarization interference effect is strongly dependent on the lateral dislocation
of the system. The theory and experiment demonstrated that, by laterally displacing one metal screen (at
the millimeter scale), a nearly linear modulation of transmission intensity (93.1%—1.4%) can be achieved.
The proposed effect can be extended to the THz range and may be valuable for constructing the microwave

or THz modulators.
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I. INTRODUCTION

Interference of polarized light, typically employing a
birefringent wave plate sandwiched between two linear
polarizers (or similar optical systems), is well known and
widely used in optics [1-3]. Due to the birefringence effect,
the incident light is decomposed into ordinary and extraor-
dinary waves and a phase difference, which is proportional
to the product between refractive-index difference of the
two waves and thickness of the wave plate, can be induced.
Depending on the value of phase difference (odd or even
times of ), destructive or constructive interferences of
light is thus achieved. Moreover, by using the electro-optic,
magneto-optic, or elastic-optic effects [1,4,5], the material
refractive index and birefringence can be controlled with
the external electric field, magnetic field, or stress. This
leads to wide applications in constructing the optical mod-
ulators, switches, filters and sensors, etc. [6—12]. Nonethe-
less, because of the weak birefringence effect of natural
crystals or small index variation induced externally, the
wave plate is usually bulky (with the thickness much larger
than the working wavelength), which is not conducive to
the integration and active control of optical devices. This
issue becomes much more prominent when the frequency
extends from optical to THz or microwave regime, due to
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the larger working wavelength and the shortage of suit-
able natural birefringent materials. Although anisotropy
may be introduced in the THz or microwave region by
designing metamaterials [13—16], an active and efficient
control of the birefringence effect is still difficult. There-
fore, the generation and dynamic control of polarization
interference with compact devices become challenging in
the low-frequency region.

In this paper, we propose a scheme to extend the polar-
ization interference effect from the optical to microwave
band. For this propose, artificially structured planar mate-
rials, i.e., two closely spaced perforated metal screens are
employed. The first metal screen is milled with pairs of
perpendicular rectangular holes, where the incident wave
is divided into two orthogonal electric components. The
two orthogonal components can be coupled into the sec-
ond metal screen that is patterned with vertical rectangular
holes, giving rise to the polarization interference effect. It
is stressed that the near-field coupling between the two
metal screens plays a crucial role, which dominates both
the amplitude and phase of the interfering electric compo-
nents (in contrast, the phase difference of the birefringent
crystals is governed by the crystal length and the bire-
fringence effect). Accordingly, the thickness of system is
one order of magnitude smaller than the working wave-
length. Moreover, by laterally translating the second metal
screen, the near-field coupling of the screens and polariza-
tion interference effect can be dynamically modulated. The
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theory and experiment demonstrated that a nearly linear
variation of transmission intensity (from 93.1% to 1.4%)
with the lateral displacement of metal screen (of millime-
ter scale) can be realized. The effect can be extended to the
THz regime and is useful for designing the microwave or
THz modulators, switches, etc.

II. WORKING MECHANISM

Figure 1 shows the schematic view of the polarization
interference system (here only one unit cell is shown),
which is composed of two parallel metal screens (I and
IT) milled with periodic subwavelength apertures. Metal
screen | is perforated with the hole dimers consisting of
two perpendicular rectangular holes (holes 4 and B), and
the metal screen II is perforated with vertical rectangular
holes (hole C). Here, the thickness of the two metal screens
is ¢, the spacing of the two screens is g, the lattice period of
the rectangular holes and hole dimers is p, and the length
and width of all rectangular holes is / and w, respectively
(the separation between the two dimer holes in screen I is
a). To tune the system efficiently, hole C in screen II is
displaced by s with respect to the vertical central line of
the unit cell (this lateral displacement can be realized by
mechanically translating the whole metal screen II along
the x axis). A linearly polarized wave, with the polariza-
tion angle 6 (with respect to the y axis), propagates along
the — axis and incidents normally upon metal screen I. The
transmission of waves is generated through metal screen II
with the x polarization. Note that, although a polarization
rotation (with the magnitude of 90° — ) is involved here,
our interest is concentrated on the polarization interference

FIG. 1. Schematic view of unit cell of the tunable polariza-
tion interference system, which is composed of two perforated
and closely spaced metal screens. The linearly polarized wave,
with a polarization angle 8 =45°, propagates along the —z axis
and incidents normally upon metal screen I. By translating metal
screen II in the x direction, the tuning of polarization interference
effect can be achieved.

(by superposition of two parallel components) instead of
the polarization conversion (usually by superposition of
two orthogonal components). The latter has also been stud-
ied employing the double-layer subwavelength structures
[17-19].

The main idea of this work is as follows. When the inci-
dent wave impinges on metal screen I, the inclined incident
polarization can be decomposed into x and y components,
which excite the vertical hole 4 and horizontal hole B,
respectively. In this case, metal screen I behaves somewhat
like a sheet of birefringence crystal (if screen II is absent,
two transmitted orthogonal polarization states will be pro-
duced; in principle, the phase difference may be introduced
by using the holes of different sizes). When metal screen 11
is placed parallel and closely to screen I (g << 1), the two
orthogonal electric components induced in holes 4 and B
will couple, respectively, with the vertical hole C in screen
I1, thus giving rise to the x-polarized transmission. Here,
metal screen II functions as a coupler and linear polarizer
(the polarization is along the short edges of the rectangu-
lar holes; the transmission of electric component along the
long hole edges will be cut off). Because of the simultane-
ous coupling between holes 4 and C and between holes B
and C, a polarization interference effect in both the near-
field and far-field regions can be expected. Moreover, as
shown in Sec. III, the coupling between holes A/B and C
is strongly dependent on the lateral displacement s. Thus,
by translating metal screen II, the polarization interference
effect may be modulated dynamically.

The above mechanism can be better understood with the
help of a semianalytical model. For incident wave with
inclined polarization, the total transmission response of
the system will be dominated by the superposition prin-
ciple. That is, the complex transmission amplitude (with
the x polarization) is the sum of the individual amplitudes
(which are also x polarized) that would have been sepa-
rately induced by the two orthogonal electric components
of the incident field [20]:

ey = Eo sin 0 1, + Ej cos 6 t,,ev. €))

Here, Ej is the incident electric field, #; (the subscript i =x
represents the transmitted field with x polarization, j = x or
y represents the incident field with x or y polarization) is
the real transmission coefficient of electric field, and ¢;; is
the corresponding field transmission phase.

To enhance the polarization interference effect, we con-
sider the case that F is inclined with a polarization angle
of 6 =45°. Accordingly, the power transmission efficiency
T = |ep/Eo|* can be determined as

po ety
)

+ tictyy COS 6. 2)
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Here, 6 = ¢,, — @\ is the transmission phase difference
between the x- and y-polarized incident waves; the sec-
ond term on the right-hand side of Eq. (2) represents
the interfering contribution. Hence, a polarization inter-
ference effect in the far field can be achieved. When the
phase difference § =0 and 7, Eq. (2) gives the transmis-
sion maximum 7. = (f + txy)2 /2 and minimum 7y, =
(t — txy)z/ 2, respectively. If the transmission coefficients
satisfy ., = t,,, the transmission maximum and minimum
can be further simplified as Ty = 2tf€x and T, = 0.
Therefore, if the transmission phases and amplitudes can
be manipulated, an efficient tuning of the polarization
interference effect may be realized.

Although the effect is similar to the conventional polar-
ized light interference, the differences between them are
significant. On the one hand, the separation of two metal
screens in our system will be one order of magnitude
smaller than the wavelength, thus the coupling is mainly
bridged by the evanescent fields. In contrast, the propa-
gating waves are employed in a conventional system and
the thickness of birefringent crystal is much larger than the
wavelength. On the other hand, the amplitudes and phase
difference of the two interfering electric components in our
system are governed and efficiently controlled by the lat-
eral displacement of metal screen. But the phase difference
in the conventional system originates from and is severely
constrained by the minor birefringence effect of the natu-
ral crystals. Our system is compact, designable, and freely
tunable. The unique characteristics of the artificial system
enable us to extend the polarization interference effect to
the low-frequency region.

II1. RESULTS AND DISCUSSIONS

We focus on the microwave band (with the frequency
3.0-4.5 GHz or wavelength 66—100 mm) and the structural
parameters of the perforated metal (aluminum) screens are
set as follows. The thickness of two free-standing metal
screens is = 1.5 mm, the lattice period of hole array is
p =60 mm, the length and width of all rectangular holes
are /=40 mm and w= 10 mm, respectively (the separa-
tion of dimer holes in screen I is a = 6 mm). To ensure an
efficient near-field coupling, the spacing of the two metal
screens is set as g= 10 mm, which is much smaller than
the working wavelength (approximately 83 mm). As the
structural sizes are subwavelength (p < A), only the zero-
order modes of the system are propagating (which lead
to the zero-order transmission and reflection); the higher-
order diffraction modes are evanescent and bounded near
the metal surfaces (which will contribute to the near-field
coupling between the two metal screens). In addition, to
theoretically study the effect, numerical simulations based
on the finite-difference time-domain (FDTD) method have
been carried out for our system. In the simulation, periodic
boundary conditions in the x-y plane and open boundary

condition in the z direction are employed. The dispersion
of aluminum screens is described by ¢, = 1+ io/gow,
where the metal conductivity is 0 = 3.5 x 107 S/m.

It is found that the near-field coupling between the
two perforated metal screens is strongly dependent on the
screen’s lateral displacement s [21]. This s dependence
may be used here to control the transmission coefficients
t; and phase difference 8. To study this point, Figs. 2(a)
and 2(b) present the simulated spectra of #; and §, taking
the lateral displacement s =+6 mm as an example. For
the transmission coefficient #,, or t,, [Fig. 2(a)], the spec-
tra are identical for positive and negative displacement s
[#i7 (—s) = ;7 (s)]. Also, both t, and t,,, exhibit an outstand-
ing peak in the spectra near the frequency 3.63 GHz (the
peak position is close to the cutoff frequency, 3.75 GHz,
of the single rectangular holes and thus can be attributed
mainly to the hole waveguide resonance; the peak posi-
tions deviate slightly from each other, due to the coupling
of different rectangular holes). The peaks of #,, and #,, own
comparable amplitudes, which indicate that both x and y
component of incident wave can pass through the cou-
pled metal screens (via the holes A-C coupling and B-C
coupling, respectively).

Figure 2(b) shows that the phase difference § is very
close to 0 or  in the considered wavelength region (when
the incident wave is changed from x to y polarization,
the phase of waveguide mode of hole C will be either
maintained or reversed, depending on the sign of s). This
is associated with the near-field interactions of surface
charges accumulated near the long edges of rectangu-
lar holes [21]. Moreover, the phase difference § has a =
shift for the opposite sign of s: §(—s) = §(s) + 7. This
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FIG. 2. (a) Field transmission coefficients (z,, and t,) and (b)

difference of transmission phase (8 =@y, — ¢.) as a function
of frequency, for x- and y-polarized incident wave (the lateral
displacement is s = 6 mm). (c),(d) The calculated power trans-
mission efficiency for 45°-polarized incident wave, where s is
—6 mm (c) and 6 mm (d) [the line and circles represent the results
of simulation and Eq. (2), respectively].
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means, when screen II is displaced from s=—6 mm to
s=6 mm, the two parts of transmission contributed by
the x and y components of incident wave will vary from
in phase to antiphase. They correspond to the constructive
and destructive polarization interferences, respectively.

To confirm the above point, Figs. 2(c) and 2(d) present
the simulated zero-order transmission spectra (the solid
lines) for 45°-polarized incident wave, where the lat-
eral displacement is —6 and 6 mm, respectively. When
s =—6 mm, as shown in Fig. 2(c), a prominent transmis-
sion peak appears at the frequency 3.63 GHz with the
efficiency reaching 94.6%. However, when s =6 mm, as
shown in Fig. 2(d), the transmission efficiency of the sys-
tem is greatly suppressed, with the efficiency less than 7%
from 3 to 4.5 GHz and near zero around 3.63 GHz. More-
over, the power transmission efficiency is calculated using
Eq. (2) (where ty, t,, and § are given by the numerical val-
ues). The results are also shown in Figs. 2(c) and 2(d) by
the solid circles. As expected, the curves from the numer-
ical simulations (the solid lines) coincide completely with
the semianalytical ones, showing that the system is indeed
governed by the polarization interference effect. The above
results also suggest that a displacement of metal screen can
switch the system from constructive to destructive inter-
ference and lead to a significant variation of transmission
efficiency.

Figure 3 presents the amplitude distributions of elec-
tric field in screens I and II in the case of s=—6 mm
[(a) and (b)] and s =6 mm [(c) and (d)], where the work-
ing frequency is 3.63 GHz. One can see that, due to

a Screen | b " Screen 11 —
@) s =—6 mm| ®) |s=—6mm g
| 2
I 10
b ||
|
- |
(c) ? Sc_reenl (d) i Sc_reen 11 5
s =6 mm | s=6mm
|
A |
|
|
A B
|
D  « | Io

FIG. 3. Amplitude distributions of electric field for metal
screens I and II: (a),(b) s=—6 mm and (c),(d) s=6 mm (the
operating frequency is 3.63 GHz). The wave is normally incident
on the sample with the electric field of 1 V/m and polarization
angle of 45°.

the inclined polarization of incident wave, the rectangu-
lar holes 4 and B in screen I can be strongly excited in
both cases. However, the waveguide mode in the rectan-
gular hole C of screen II shows a significant difference:
the hole electric field is strong for s=—6 mm (b) and
weak for s =6 mm (d) (the field monitored by a probe
placed 0.1 mm away from the hole exit is even close to 0;
not shown here), consistent with the transmission features
observed in Fig. 2. This means a constructive or destruc-
tive interference effect also exists in the near-field region
(i.e., in hole C), associated with the near-field coupling
between holes A/B and C as well as the superposition of
electric field in hole C. The electric field in hole C is pro-
portional to the electric dipole moment induced around
hole C and thus proportional to the far-field radiation of the
system. It is worth noting that, compared with s = —6 mm
(a), the fields in holes 4/B are much stronger for s = 6 mm
(c). In the latter case, more electromagnetic energy is con-
centrated temporarily in holes 4 and B; the concentrated
energy will be released ultimately via the zero-order reflec-
tion (approximately 98%), as the transmission channel is
blocked (the simulation shows that the absorption of metal,
which is usually weak in the low-frequency range, is only
about 2%).

The relationship between the field-transmission coeffi-
cients and phase difference and lateral displacement s is
simulated [see Figs. 4(a) and 4(b)], where the working fre-
quency is fixed as 3.63 GHz. One can see from Fig. 4(a)
that, when s varies from 0 to =8 mm, #,, decreases gradu-
ally from 1 to 0.25 and ¢, increases almost linearly from
0 to 0.92. Thus there is a trade-off between the coupling of
holes A-C and the coupling of holes B-C: with the increase
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~ 3
2 2 025
o)
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FIG. 4. (a) Field transmission coefficients and (b) phase dif-

ference § as a function of lateral displacement s. (c) Power
transmission efficiency as a function of s for 45°-polarized inci-
dent wave [the line and circles are obtained from simulation and
Eq. (2), respectively]. Here, the working frequency is fixed as
3.63 GHz.
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of's, the near-field coupling between the parallel rectangu-
lar holes 4 and C becomes weaker, whereas the coupling
between the perpendicular holes B and C gets stronger.
Consequently, the amplitude of transmission coefficients
can be efficiently controlled. Figure 4(b) shows that the
phase difference § is not very sensitive to the lateral dis-
placement s, except that § is close to 0° when s varies from
—8 to 0 mm and close to —180° when s varies from 0 to
8 mm. Therefore, the polarization interference is construc-
tive when s <0 and destructive when s > 0. Combining
the above two points, a continuous and efficient modu-
lation of polarization interference effect can be achieved.
Figure 4(c) presents the simulated power transmission effi-
ciency (the solid line) as a function of s (f=3.63 GHz).
The result predicted by Eq. (2) is also plotted in Fig. 4(c)
(the solid circles), showing a good agreement. Indeed, the
power efficiency is strongly dependent on the lateral dis-
placement. Particularly, when s varies from —6 to 6 mm,
the transmission efficiency decreases almost linearly from
94.6% to 0.0% (note that when s = &6 mm, ¢, = t,,, lead-
ing to the transmission maximum and minimum). The
result is useful for constructing the compact microwave
modulators.

Based on the above theoretical results, experimental
demonstration of the effect is carried out. In the exper-
iment, the perforated metal (aluminum) screens are fab-
ricated with the laser-cutting method. The hole array of
the screens consists of 10 x 10 units, with the screen’s
side length (approximately 600 mm) much larger than the
wavelength. Figures 5(a) (screen I) and 5(b) (screen II)
present the photographs of parts of the two perforated
metal screens. To realize the lateral displacement, the two
metal screens are placed on and controlled with a two-
dimensional mobile mechanical platform (the accuracy of
displacement is 0.1 mm). Two rectangular horn anten-
nas, serving as the emitter and receiver of the linearly
polarized microwave (the polarization of wave emitted by
the antenna is along the short edges of the rectangular
horn), are placed in front of and behind the two metal
screens, respectively (the separation between the two horn
antennas is 2 m). The transmission spectrum at normal
incidence is recorded by the vector network analyzer (The
41st Research Institute of China Electronics Technology
Group Corporation, AV3629A).

By varying the lateral displacement s carefully, the
transmission spectra of the system have been obtained
experimentally (the incident wave is 45° polarized).
Figure 5(c) presents the measured transmission spectra
(symbols), where the lateral displacement s is set as —6,
—3,0, 3, and 6 mm, respectively. For comparison, the sim-
ulated spectra are also mapped in Fig. 5(c) by the solid
lines. One can see that the experimental and simulated
results are in good agreement with each other (some devi-
ations can be attributed to the experimental errors). The
measurement confirms that a transmission peak appears

(b) (d)

—_
(=)

Power effi.
=

— e p——

*
f=3.63 GHz /
0.0 —
Screen II -8 —4 0 4 8
s (mm)
FIG. 5. (a),(b) Partial photographs of two metal screens milled

with subwavelength apertures: (a) perpendicular rectangular hole
dimers (screen I); (b) vertical rectangular holes (screen II). (c)
Measured (symbols) and simulated (lines) power transmission
efficiency as a function of frequency (s is —6, —3, 0, 3, and
6 mm, respectively). (d) Measured (symbols) and simulated
(line) power efficiency as a function of s (f=3.63 GHz). Here,
the incident wave is 45° polarized.

around 3.6 GHz and that, with the variation of s, the
transmission efficiency decreases considerably. At the fre-
quency of 3.63 GHz, the measured maximal transmission
efficiency is 93.1% for s = —6 mm and the measured min-
imal efficiency is 1.4% for s = 6 mm. Figure 5(d) presents
the measured (symbols) and simulated (line) power trans-
mission efficiency as a function of lateral displacement s
(f=3.63 GHz). Again, a good agreement between the the-
ory and experiment can be seen. Moreover, a nearly linear
relationship between the measured power efficiency and
lateral displacement (s = —6—6 mm) is clearly manifested.
In the above study, we focus on the polarization inter-
ference and modulation for a specific polarization angle,
i.e., @ =45°. If the incident polarization is rotated with an
arbitrary polarization angle 6, Eq. (2) is modified as

T=¢£, sin’0 + Z)ch C0S°0 + teytyy, Sin 20 cos 8. (3)

Because of the dependence of transmission coefficients (%,
and t,) and phase difference 6 on the lateral displace-
ment s, a modulation may also be achieved for an arbitrary
0. Based on Eq. (3) and numerical values in Figs. 4(a)
and 4(b), the power transmission efficiency as a function
of the polarization angle and lateral displacement is calcu-
lated (f=3.63 GHz) and the results are shown in Fig. 6.
We can see that an obvious transmission modulation with
the variation of s is present in a wide range of 6 [from 0° to
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s (mm)

FIG. 6. Power transmission efficiency as a function of the
polarization angle 6 and lateral displacement s [calculated with
Eq. (3)]. The structural parameters are the same as those used
previously and the working frequency is set as 3.63 GHz.

+90°, where 7(0, s) = T(—6, —s)]. But the detailed mod-
ulation behavior depends on the angle 8, where 6 = +45°
corresponds to a maximal interfering term in Eq. (3) and
to a typical and efficient modulation effect. It is also noted
that, although the polarization interference occurs in most
cases, two special situations should be excluded here.
When 6 =0° (T = t)%y) or £90° (T = tix), the interfering
term in Eq. (3) will be vanished and the transmission mod-
ulation is purely due to the s dependence of transmission
coefficients rather than the interference effect. In addition,
if the incident waves are incoherent radiations with random
orientations and phases of the electric field, the transmis-
sion efficiency described by Eq. (3) will be averaged and
degenerated to T = (17, 4 ;,)/2. In this case, no polariza-
tion interference and efficient modulation can be obtained
with the system [the transmission efficiency will be main-
tained at about 50% with the variation of s, because of the
trade-off between ., and t,,, as shown in Fig. 4(a)].

IV. CONCLUSIONS

In summary, a compact and tunable polarization inter-
ference system working in the low-frequency region is
proposed, employing the artificial planar materials, i.e.,
two metal screens milled with arrays of rectangular holes.
The incident wave can be decomposed into two orthogonal
polarization components, which subsequently couple to a
single outgoing polarization via near-field coupling. Con-
structive and destructive polarization interference in the far
and near field are suggested, giving rise to an enhancement
or suppression of zero-order transmission and hole electric
field. Interestingly, the transmission coefficients and phase
difference of the two polarization components are depen-
dent on the lateral dislocation of the two screens. Thus,
by displacing one metal screen laterally, the polarization
interference and transmission efficiency can be modulated
efficiently. The experiment confirms that, when the lateral

displacement varies from —6 to 6 mm, the transmission
intensity decreases almost linearly from 93.1% to 1.4%. It
should be mentioned that, by scaling the structural sizes
with wavelength, the system and effect may be extended to
the THz region. Moreover, the mechanical displacement of
the metal screen can be driven by introducing the micro-
electromechanical systems [22—24]. The proposed polar-
ization interference system may be employed to construct
the microwave or THz switches and modulators.
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