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Abstract — In recent years, high-power millimeter waves
(HPMMW) have emerged as a severe electromagnetic
disturbance that endangers telecommunication networks
significantly, as the intense electromagnetic interference
induced by HPMMW can damage metallic electronic
circuits and front-end devices. To address this issue, this
paper proposes an all-dielectric resonant metasurface-
based front-end system that enables millimeter-wave
components to resist HPMMW-induced damage. The
system comprises a laser, an all-dielectric metasurface,
an electro-optic resonator, a photodetector, and elec-
tronic circuitry. A 3 x 3 cell-array metasurface antenna is
used to capture and transmit a 65 GHz millimeter-wave
signal to an electro-optic field sensor. Subsequently, the
photodetector converts the optical signal into a demod-
ulated radio-frequency signal, which can be further
processed by the subsequent electronic circuitry. With a
compact footprint of 7.7 x 7.7 mm? and a high receiver
sensitivity of —52 dBm, the proposed system can be
integrated with other electronic circuits, facilitating the
miniaturization of telecommunication equipment.

Index Terms — All-dielectric metamaterials, Fano res-
onant effect, high-power millimeter wave (HPMMW),
radio frequency front-end.

I. INTRODUCTION
Millimeter waves have been widely utilized in
5 G communication, radar sensors, radio astron-
omy, remote sensing, imaging, and security screening
[1-3]. Millimeter-wave transmitters and receivers are
key components for system performance. Meanwhile,
high-power millimeter waves (HPMMW) generated
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by vacuum-electronic traveling-wave tubes or sheet
electron beams pose a severe threat to communication
systems [4, 5]. HPMMW can disrupt millimeter-wave
communication networks by inducing intense electro-
magnetic interference that damages or destroys elec-
tronic circuits.

Therefore, the protection of millimeter-wave sys-
tems against HPMMW has become increasingly signif-
icant. Since most radio front-end components operating
at the millimeter-wave band are typically made of metal
[6, 7], HPMMW generates a large current surge that
inflicts catastrophic damage by melting metallic inter-
connects.

According to published literature, an effective
method is to apply electromagnetic shielding [8-10].
Although the shield can effectively attenuate electro-
magnetic energy, millimeter-wave components remain
vulnerable because the shield and parts of the com-
ponents are made of metal, which is meltable under
HPMMW. Moreover, the protection circuits that use
transient-voltage-suppression (TVS) diodes or metal-
oxide varistors (MOV) [11] also perform poorly. A novel
circuit with ultra-low capacitance was presented and
fabricated using an InGaP/GaAs heterojunction bipolar
transistor [11]. Although this Darlington pair is suitable
for high-frequency protection from HPMMW, it often
works below 20 GHz. In addition, specialized protection
modules for electrical equipment against high-altitude
electromagnetic pulses (HEMP) and intentional elec-
tromagnetic interference (IEMI) have been developed
and verified through practical testing, providing feasible
engineering solutions for electromagnetic interference
shielding [12]. In recent years, an all-dielectric front-end
structure has been proposed to replace the metallic
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antenna, particularly suitable for HPMMW applications.
Traditionally, the dielectric resonant antenna (DRA) has
been investigated in detail [13, 14]. Hsu et al. proposed
an effective all-dielectric photonic-assisted radio front-
end structure [13]. A device combining an electro-optic
crystal field sensor with a textbook DRA was developed,
which captured the free-space centimeter-wave RF sig-
nal (7.38 GHz) and generated an enhanced electric field
on the structure’s surface. While this design maintains
HPMMW immunity and reasonable receiver sensitivity,
it is not optimized for millimeter-wave applications
and miniaturized designs. In terms of compact and
wideband millimeter-wave antenna design, recent stud-
ies have made notable progress. A compact, circularly
polarized, crossed-dipole antenna with wide bandwidth
was proposed using a split-ring resonator and parasitic
patches, providing a valuable reference for miniaturized
millimeter-wave front-end antenna design [15]. Mean-
while, a three-dimensional, compact, propeller-shaped,
circularly polarized ceiling antenna was developed, fur-
ther enriching the options for compact antenna structures
in communication systems [16]. These works highlight
the importance of structural optimization in achieving
compact size and excellent performance, aligning with
the design goals of the proposed metasurface receiver.
In this paper, an optimized receiver model oper-
ating at millimeter-wave frequencies using a meta-
surface structure is proposed. The proposed receiving
antenna exhibits strong resonance at 65 GHz and a
small size of 59.29 x 2.12 mm?3. Meanwhile, com-
pared with traditional DRA antennas, dielectric meta-
surfaces are much smaller. Presently, metamaterials
have been widely applied in antenna design, including
minimized cavity resonators, wave-guiding structures,
angular-independent surfaces, terahertz switches, and
fluid-tunable frequency-agile materials [17-20].
All-dielectric metasurface front-end technologies
and the whole system are introduced in section II.
Metasurface resonant theory, design of the metasurface
antenna, and electro-optic (EO) resonators are illustrated
in section III. Simulation results and parametric discus-
sions are presented in section IV. System performance,
including system sensitivity measurements, is provided
in section V, followed by the conclusion in section VI.

II. RECEIVER DESIGN AND ANALYSIS

A. All-dielectric photonic-assisted radio front-end
receiver design

An all-dielectric resonant metasurface receiver is
proposed to receive a millimeter-wave signal, immune
to HPMMW, while maintaining high receiver sensitivity.
As shown in Fig. 1, the photonic-assisted all-dielectric
radio-frequency (RF) front-end receiver comprises a
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laser, a dielectric metasurface, an EO resonator, a pho-
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todetector, and electronic circuitry.
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Fig. 1. Components of the all-dielectric photonic-
assisted radio front-end receiver.
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The incident millimeter-wave signal interacts with
the dielectric metasurface, which generates a Fano res-
onance and consequently an electric-field enhancement
at the top of the metasurface. To effectively convert the
RF millimeter-wave signal to an optical signal via the
LiNbO3 electro-optic disk resonator, the system uses a
diamond prism to couple the input optical beam from the
laser into the EO resonator. This resonator is positioned
in the region of maximum electric-field enhancement
on the metasurface to efficiently convert the received
millimeter-wave signal into an optical signal. This cou-
pling method is crucial for enabling the subsequent
photodetection and signal processing stages [13-21], as
shown in Fig. 2.

Fig. 2. Using a diamond prism to couple the input optical
beam to the EO resonator.

The photodetector converts the optical signal into a
demodulated RF signal, which can be further processed
by the subsequent electronic circuitry [13-22]. In the
entire receiver system, the optical signal is coupled
into and transmitted through an optical fiber, thereby
enhancing immunity to HPMMW [13].

B. Impact factor analysis of receiver sensitivity
Receiver sensitivity is defined as the mini-

mum detectable incident power when the system

carrier-to-noise ratio (CNR) is equal to 1, which can be
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calculated as [13]:

inc\2
inc __ (E;V}C) Ae 1
rf — Ta ( )

where A, is the cross-sectional area of the metasurface
antenna, and 7 is the wave impedance of free space
(377Q).

The incident root-mean-square (RMS) RF electric
field E;;C can be written as [13]:

i En €N ’
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where €,y and &yr are the dielectric constants of
LiNbO3; and the metasurface antenna, respectively, at
microwave frequencies, and 3 is the field-enhancement
factor, which is defined as the ratio of the metasurface-
enhanced field strength to the incident free-space
field [13].

The electric field E,, experienced by the LiNbO3
electro-optic resonator can be obtained by the formula of
the modulation depth m under the condition of CNR =1
[13-22]:

EL = (4v/37°L) /(9Fniry3L), (4)
CNR = (mRPy)?/(262) =1, (5)
(RPy)*

0% = Gapy + 62 = (Nriw) TB +2¢RP)B, (6)

where F' is the electro-optic resonator finesse (F =
Q“%, Q is the loaded quality factor), n, is the refrac-
tion index of electro-optic resonator at the operation
wavelength A = 1.55 um, r33 is the electro-optic coef-
ficient, L is the circumference of the electro-optic disk
resonator (L = 2wREgp), R is the photodetector respon-
sivity, P; is the input optical power, Py is the average
optical power at the detector (P, = 2FR), G% is the total
variance of noise current generated by relative intensity
noise (RIN) power of the source laser (GI%IN), shot noise
(Q?,w[), and thermal noise power (the thermal noise is
negligible because the received power is high enough),
Ngyy is relative intensity noise of the source laser, g is
the elementary charge of 1.6 x 1071°C, and B is the
detection bandwidth [13-22]. E,, is given by:

27 (RPy)?
— 26 |(N, B+2gRP)B|.
9RP0anr33L\/ [( kiv) =B+ 24RR

(7N

Therefore, receiver sensitivity, namely the mini-
mum detectable incident power per unit bandwidth, is

En =
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given by:

inc _ EIN 2 271 2
o Bewr ) \9RPyFndryL

2 A
X [(NR]N)(R?)) + 2qRP():| 6ne . (8)

According to (8), better receiver sensitivity can be
obtained by increasing the field-enhancement factor 8
and average optical power Fy, as well as decreasing
the metasurface antenna cross-sectional area A, and the
relative intensity noise of the source laser Ng;y. Higher
field-enhancement factor and smaller cross-section can
be realized by means of optimizing the structure of
dielectric metasurface according to the principle of Fano
resonance. In addition, it is effective to improve receiver
sensitivity by increasing the laser power to achieve a
higher average optical power and choosing a laser source
with better RIN [23].

When the average optical power varies from 1 mW
to 100 mW, the receiver sensitivity (minimum detectable
free-space power) in different RIN cases is shown in
Fig. 3. The parameters used in the analysis are as
follows: FSR = 65 GHz, B = 25,y = 35, ey = 22,
0=11x10%R =0.8 AW !, r33 =308 pm VI,
A, = 6 x 1070 m?, n, = 2.14, Rgo = 0.34 mm, and
A =1.55pum.
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Fig. 3. Receiver sensitivity in different RIN cases when

the average optical power varies from 1 to 100 mW.

III. MODEL CHARACTERIZATION
A. Resonance principle of metasurface

Mie and Fano resonances are introduced in this
section to illustrate the key parameters for enhancing
the received electric field. Mie resonance is produced
by the interaction between the dielectric particles and
the incident light [21]. Researchers have found that
introducing Fano resonance into the design of dielectric
metamaterials is the most effective way to increase the
resonant quality Q [24-26]. In our proposed structure,
the Mie resonance is combined with a Fano resonance to
achieve a higher resonant quality factor Q, leading to a
stronger electric field.



Fano resonance is a resonant scattering phe-
nomenon characterized by an asymmetric spectral line
shape. Fano resonance is distinct in the absorption spec-
trum, and the spectral shape can be described by [27]:

g+Q)?
6<E>=D2—(l +92) ! ©)
szxE_FEO, (10)
D=2 xsing, (11)

where E and Ej represent the absorption and resonant
energy, respectively, I" denotes the resonant width, and
q is the Fano parameter, which equals cot ¢. The contin-
uous phase shift ¢ depends on geometric and material
parameters of the system and the incident waves [28].

For the Fano resonance of dielectric material, bright
modes can be directly excited by external light sources,
and dark modes cannot be directly coupled with the
external light source [28]. Thus, the resonant quality
value Q of the dark mode is much higher than that
of the bright mode. Since the metasurface is a peri-
odic structure, each dark mode is affected by multiple
adjacent bright modes. The bright and dark modes are
coupled in a way similar to electromagnetic induc-
tion. Since the coupling between the dark mode and
adjacent bright mode is anti-phase, this Fano resonant
structure has a symmetry-breaking property [29]. In
all-dielectric metasurfaces based on Electromagnetically
Induced Transparency (EIT), dark modes typically form
arrays of perfectly symmetrical disks or rings, which
cannot be generated by perpendicularly incident plane
waves. It needs to be excited by the bright mode. Several
reported resonant metasurfaces with high quality factors
all rely on breaking the structure’s symmetry to generate
Fano resonances [30].

The volume-integrated stored electric energy (o< [[f
|E|2dV) over the EO region (55 ~ 75 GHz) shows a
distinct peak at 65 GHz (Fig. 4), providing macro-
physical proof of strong energy confinement.
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Fig. 4. Volume-integrated stored electric energy in EO
region (55 ~ 75 GHz).
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B. All-dielectric metasurface configuration

Figure 5 (a) shows an overview of the designed all-
dielectric metasurface. The units are periodically placed
on a quartz substrate with a thickness of 1.118 mm
and a dielectric constant of 3.75. The unit cell of the
proposed metasurface is shown in Fig. 5 (b) and consists
of two Si (¢, = 11.9) elliptical cylinders with slightly
different minor-axis lengths, and the major axes remain
the same. The optimized physical dimensions of the
unit cell structure by parameter analysis are as follows:
major axis of the elliptical cylinder L = 2.369 mm, semi-
minor axis lengths of the cylinder 51 = 0.3255 mm and
by = 0.5621 mm, respectively, central distance between
the two cylinders is d = 1.37 mm, period of the structure
P =2.56 mm, and thickness of the quartz substrate and
silicon A= 1.118 mm.

(d)

Fig. 5. (a) Overview of the whole structure. (b) Unit cell
of the proposed metasurface. (c) Side view of the unit
cell. (d) Top view of the unit cell.

To systematically summarize the critical design
parameters of the metasurface and EO resonator for
clarity and accessibility, key values are compiled in
Table 1.

The metasurface shown in Fig. 6 is simulated using
CST Microwave Studio. According to published liter-
ature, the unit-cell boundary condition is adopted to
obtain results more quickly. To meet the system’s actual
application requirements, we design a finite-array meta-
surface using the following steps to ensure it exhibits
resonance characteristics similar to those of the infinite-
array metasurface.

Firstly, the proposed structure in Fig. 5 (b) is
modeled as an infinite element, which is simulated
using the Floquet incident mode to obtain the ideal
resonant frequency. The unit cell boundary conditions
are applied along the x- and y-axis, while the z-axis
is set to an open (add space) boundary. The Flo-
quet incident port is added at the top of the structure
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Table 1: Key design parameters of the proposed meta-
surface receiver

Parameter Value
Semi-minor axis of cylinder (by) 0.3255 mm
Semi-major axis of cylinder (b;) 0.5621 mm
Length of elliptical cylinder (L) 2.369 mm
Center-to-center distance of 1.3706 mm
cylinders (d)

Unit cell period (P) 2.56 mm
Substrate material Quartz
Substrate thickness (/) 1.118 mm
Metasurface array configuration 3x3
Metasurface footprint 7.7 x 7.7 mm?
EO resonator radius 0.34 mm
EO resonator material LiNbO3

and generates an incident TM wave. Five sharp Fano
resonances excited by the asymmetry of the short axis
at 55 GHz,58 GHz,64.8 GHz, 66.5 GHz, and 72 GHz
can be observed by the transmission performance (black
solid curve) in Fig. 6.
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Fig. 6. Transmission spectra of different unit cell
structures. Parameters of the metasurface are: hy =
1.118 mm, hy = 1.118 mm, b; = 0.3255 mm, b, =
0.5621 mm, d = 1.37056 mm, L = 2.369 mm, P =
2.56 mm.

Secondly, since the infinite-array metasurface is
an ideal model and cannot be realized in practice, we
carefully design a finite-array metasurface with reso-
nance characteristics similar to those of the infinite-array
metasurface. Open (add space) boundary conditions are
used on the x,y, and z axes. The waveguide ports are
added to the upper and lower surfaces of the structure.
The structures with 1 x 1, 2 x 2, and 3 x 3 units are
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simulated, respectively. The three dotted lines in Fig. 6
indicate that the resonance is not obvious with only one
or two units. However, the resonance at 65 GHz, similar
to that of an infinite periodic structure, can be captured
when the structure is designed as a 3 x 3 unit.

To further verify the rationality of the 3 x 3 array,
we simulated 4 x 4 and 5 x 5 finite arrays. As shown in
Fig. 6 and Table 1, the 4 x 4 and 5 x 5 arrays also exhibit
resonant responses at 65 GHz, with S>; magnitudes of
—36.67 dB and —47.26 dB, respectively. However, their
resonant performance (e.g., bandwidth, field enhance-
ment) shows no obvious improvement compared to the
3 x 3 array, while the footprint increases significantly
(4 x4:10.24 x 10.24 mm?; 5 x 5: 12.8 x 12.8 mm?).
Considering the miniaturization requirements of 5G
front-end systems, the 3 x 3 array is determined to be
the optimal configuration, achieving a balance between
resonant efficiency and compact size.

Finally, the 1 V/m incident plane wave is used
to imitate the 65 GHz RF signal emitted by a horn
antenna and illuminate the metasurface receiver. Since
the structure in Fig. 5 is asymmetric along the x-axis, an
electric or magnetic field component along the x-axis can
excite the electric or magnetic field circulation mode,
leading to an enhancement of the electric field.

Figure 7 shows the electric-field distribution corre-
sponding to the Fano resonance at 65 GHz in the x0z
plane. The peak electric field exceeds 12 V/m. It is
located between two elliptical cylinders and near the
surface of the structure.

O M N Wk OO ®

Fig. 7. Electric field distributions corresponding to the
Fano resonance modes at 65 GHz in the x0z plane.

A 3D functional bounding volume covering the EO
interaction region was defined for volumetric statistics,
yielding a peak enhancement of 12.2-fold, a volume-
averaged enhancement of 3.7-fold, and a peak-to-
average ratio of 3.3 (Fig. 8), validating a uniform field
distribution for effective modulation.



(2)
65 GHz E-Field | E| Statistics (EO Modulation Region)
14000
@ Deviation

12000
& Mean.Value
10000

8000 *
6000
4000
2000 -

041 -08 -06 -04 -02

(b)

oe

0.2 0.4 0.6 0.8 1

Fig. 8. Volumetric statistical characteristics of electric
field in EO interaction region at 65 GHz.

C. Electro-optic resonator configuration

The free spectral range (FSR) of the resonator is
defined as the interval between the adjacent resonance
peaks of the EO resonator, which can be calculated
as [21]:

FSR~ —— 12

- 27'ERE0}’197 ( )

where Rgo is the radius of the EO resonator, ¢ = 3 X

108 m/s is the speed of light, and n, is the refrac-

tion index of the EO resonator at the operation wave-
length [21].

High-speed electro-optic modulation can be
achieved only when the resonant frequency of the
proposed dielectric metasurface matches FSR [23].
Therefore, the radius of the EO resonator is determined
to be 0.34 mm for a resonant frequency of 65 GHz.
As mentioned before, the electro-optic crystal is better
located at the position where the maximum RF field
occurs. However, for the convenience of processing, the
LiNbOs electro-optic resonator is put at the top of the
metasurface, which is close to the position of maximum
electric field, as shown in Fig. 7. When the excitation
electric field along the x-axis is 1 V/m, the field-
enhancement factor B = 12. The field-enhancement
factor of 12 ensures the receiver’s high sensitivity, as
further verified in section V.

IV. PARAMETRIC DISCUSSION
This section analyzes the effects of key parameters
on transmission performance and the electric field dis-
tribution. Figure 9 shows the effect of the semi-minor
axis of the cylinder b, when b is 0.3255 mm. The b,
is set to two values: by and 60% of bl, respectively, to
observe the impact of asymmetry. Two resonant peaks
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can be seen when b; is extremely different from by,
shown as the solid line in Fig. 9. The first resonance
point P1 is highly sensitive to b, which indicates that
the symmetry of the structure has a great influence on the
resonant position and quality Q. Traditional dark mode is
usually an array of perfectly symmetrical disks or rings
in the all-dielectric metasurface based on the EIT, the
metasurface structure is usually an array of perfectly
symmetrical disks with same b and b,. The resonance
modes correspond to the circulation of electric and
magnetic fields inside the cylinders. Only the dark mode
can be excited by the resonance of the bright mode under
the condition that the structure is asymmetric, which is
an indirect excitation method. The structure’s symmetry
is broken to allow the mode to leak out, enabling direct
coupling with the external light field.

Transmission(dB)

55 60 65 70 75
Frequency(GHz)
Fig. 9. Transmission spectra for different asymmetry

parameters (semi-minor axis length b, of the elliptical
cylinder). P1 and P2 are the resonant peaks.

Figure 10 indicates the influence of the height of
two elliptical cylinders and the substrate on the reso-
nance. It can be seen that the two resonant frequencies
are sensitive to the height 4. Both Fano resonant peaks
shift to the right when s decreases from 1.1358 mm to
1.014 mm. In addition, the height of the two ellipticals
affects not only the resonant position but also the reso-
nant intensity. Results show that optimal quality Q can
be obtained by increasing 4. The slot formed by the two
adjacent cylinders gives rise to the slot effect, further
enhancing the near-field strength. The electric field loop
inside the slot is squeezed and expanded along the z-axis
as the height increases. Even though the resonant quality
improves with increasing height, the maximum electric
field is located inside the cylinders and is not suitable for
placing the electro-optic resonator.

Figure 11 shows the transmission coefficient and
the distribution of the electric field for different inter-
vals between two elliptical cylinders. The interval d is
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Fig. 10. Transmission spectra versus frequency for dif-
ferent heights of elliptical cylinders and substrates.
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~~~~~ d=1.4649 |

Transmission(dB)
&
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Fig. 11. Transmission spectra versus frequency for dif-
ferent center-to-center distances between two elliptical
cylinders.

1.1049 mm and 1.4649 mm, respectively, due to the
limitation of the periodic structure and the size of the
elliptical cylinders. The spectra are nearly identical for
d = 1.1049 mm and d = 1.4649 mm. This is because
the sum of 1.1049 and 1.4649 mm is exactly the period
of the structure p = 2.5698 mm. Since the unit cell is
square and the metasurface is periodic, these two struc-
tures are identical. Since the sum of d = 1.1049 mm and
1.4649 mm equals the structural period P =2.5698 mm,
the two structures are equivalent in periodic metasur-
faces, resulting in almost identical transmission spectra.
This equivalence confirms that the metasurface’s period-
icity, rather than the absolute spacing between cylinders
within a single unit cell, is the key factor governing
transmission performance.

The influence of the major axis on resonance is
shown in Fig. 12. As L increases from 2.002 mm to
2.34 mm, the resonant peak shifts to the left, and the
quality factor Q decreases. This is because the loss of
dielectric material increases with cylinder’s surface area.
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Fig. 12. Transmission spectra versus length of elliptical
cylinder.

Fano resonance modes are highly sensitive to struc-
tural parameters. The optimal resonant effect and min-
imized structure can be achieved by increasing the
asymmetry of the two elliptical cylinders.

V. SENSITIVITY ANALYSIS

The demodulated RF power after photodetection
varies with the power incident on the metasurface, which
is determined by the power supplied to the horn antenna.
When the power fed into the horn antenna and the
distance from the horn antenna to the dielectric metasur-
face are given, the power impinging on the metasurface
antenna can be calculated by a standard radiation model
of the horn antenna [23]. Therefore, the relationship
between the RF power after photodetection and the
power impinging on the dielectric metasurface can be
approximately fitted to experimental points obtained by
varying the power fed into the horn antenna. When the
RF power after photodetection equals the observed noise
floor, the corresponding free-space power impinging on
the metasurface antenna, namely the measured receiver
sensitivity, can be obtained by the previously fitted linear
relationship.

The theoretically detected RF power Py, can be
calculated [22]:

(mRPy)?

— R 13
) D, ( )

det =

where m is the modulation depth of the light in the EO

resonator, R is the photodetector responsivity, Py is the

average optical power at the detector, and Rp is the
detector resistance.

On the basis of Equations (1), (2), (3), (4), and (13),

the relationship between the theoretically detected RF

power Py, and the power impinging on the dielectric



metasurface P is linear:

(14)

2
p, _ (RR)Rp (9Fn2r33L> BN pine
=

2 2/37wA elvA.

The theoretical receiver sensitivity is defined as the
power impinging on the dielectric metasurface when the
detected RF power equals the noise floor, and it can be
calculated using (14). For estimating the receiver sensi-
tivity of our proposed system in practice, a coefficient
C of 0.01 is multiplied and, consequently, the estimated
receiver sensitivity is:

P),,=CPyy=C

2
(RPO)ZRD (9F”3733L> ﬁzel%/[Tn Pinc
f o
2 24/37A

Although the receiver sensitivity calculated by (15)
is worse than that calculated by (14), this conservative
estimation of performance considers the complexity of
the whole receiver system and the influence of the actual
environment, which provides a practical design margin
in practical application and enables the proposed system
to detect weaker incident power.

With fixed large/small resonator ratio k = 0.85,
1.00, 1.15, the effective aperture area A,y = m(r2, , +
”zz,ig) is 0.957767, 1.325630, 1.753145 arb. unit,
and the EO volume-averaged field is 2.6, 3.7,
4.8 (Fig. 13), numerically validating the monotonic
aperture-sensitivity scaling.

2
ErnAe

—— Trend R=Ldb

45 e  Simulation points
4.0

35

3.0

=0.85

Volume-Averaged Field (Mean Value)

10 L1 12 13 14 15 16 17
Effective Aperture Area (arb. unit)

Fig. 13. EO volume-averaged field vs effective aperture
area (k = 0.85,1.00,1.15).

It can be seen that the measured RF power after
photodetection reported in other papers is about 20 dBm
lower than the result calculated by (14), which veri-
fies the rationality of setting the coefficient C to 0.01
[13-23].
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To calculate the system’s sensitivity, the effective
permittivity &y of the metasurface must be determined.
The textbook method relies on the refractive index n
and impedance z. Permittivity € can be calculated by
€ = n/z. Since the metasurface is composed of various
dielectric materials and the refractive index is complex; a
practical method is adopted to obtain the refractive index
n and impedance z using the reflection coefficient (S1)
and transmission coefficient (S»;). The S parameters
related to refractive index and impedance are given by
[31-33]:

_ R01(1 _ei2nk0d)

S = 1 — Ry, 2ei2nkod ’ (16)

(1 — Ry; )2eink0d

S — A& A~
27 TRy  2ei2nkod

A7)

where Ry; = (z—1)/(z+ 1), d means the thickness of
the slab, and kg is the wave number of the incident wave
in free space.

The refractive index n and impedance z can be
calculated by:

(1 +S[1)2 — S%l

Z::l: B
(I—Sn)%—53,

(18)

n * {Im[ln(ei"kod) +2mn) — i*Re[ln(ei"kod)]},

19)

" kod

where m is an integer related to the branch index of 7'

The detection bandwidth is set to 10 kHz, and
other parameters of the proposed receiver used in the
sensitivity analysis are as follows: FSR = 65 GHz,Rp =
50Q, =12, gy =35 eyr =22,0=1.1x10% R =
0.8 AWl r33=308pm V™! A, = 5929 x 107> m?,
ne = 2.14,Rgo = 0.34 mm, and A = 1.55 um. The
linear relationship of the estimated receiver sensitivity
and RF power after photodetection is shown in Fig. 14.
According to detection of the free-space RF signal by
the prototype receiver with and without the dielectric
antenna, the observed noise floor generated by the RIN
of the source laser is —96 dBm(—136 dBm-Hz!) [13].
Therefore, the estimated receiver sensitivity of the pro-
posed system, namely the incident RF power at which
the RF power after photodetection equals the observed
noise floor, is —52.1 dBm (—92.1 dBm-Hz ).

From (12) and (15), it can be concluded that
receiver sensitivity will deteriorate when the radius and
circumference of the EO resonator decrease as the fre-
quency of the incident signal increases. However, the
proposed receiver still exhibits excellent performance,
with sensitivity below —50 dBm at the millimeter-wave
band.
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Fig. 14. Estimated receiver sensitivity of the proposed

metasurface receiver.

VI. CONCLUSION

Metallic receiving antennas are inherently vulnera-
ble to HEMP owing to their high electrical conductivity.
All-dielectric antennas offer a promising alternative for
radio front-end systems in HEMP-prone scenarios. In
this paper, a new radio front-end receiver based on a
metasurface operating in the millimeter-wave band is
designed. By analyzing the influence of each structural
parameter on Fano resonance, a metasurface antenna
with a 3 x 3 cell array was proposed, where the electric
field enhancement around the structure at 65 GHz is
achieved. The electro-optic resonator disk was placed
at the maximum electric field position, and the receiver
sensitivity was improved to —52 dBm. With a compact
size of 7.7 x 7.7 mm?, the proposed metasurface enables
5G RF front-end systems to achieve HPMMW immu-
nity. It should be noted that the current study is based
on simulations and theoretical analyses, and the absence
of experimental validation is a limitation that needs to
be addressed. In future work, we plan to fabricate the
prototype receiver and conduct experimental tests to ver-
ify its sensitivity, resonant characteristics, and HPMMW
resistance, aiming to provide more solid support for
practical applications.
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