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ABSTRACT OF THE DISSERTATION

Non-linear, Time-Variant and Reconfigurable Metasurfaces

by

Xiaozhen Yang

Doctor of Philosophy in Electrical Engineering (Applied Electromagnetics)

University of California San Diego, 2024

Professor Daniel F. Sievenpiper, Chair

Metasurfaces, constructed with periodic subwavelength meta-atoms, have aroused wide
attention since it exhibits extraordinary electromagnetic behaviours in wave manipulation from
microwave regime to optical ranges. Meanwhile the low-cost, ease of fabrication and com-
pact features make it more appealing for various applications. Researchers have shown that
conventional linear-time-invariant (LTI) metasurfaces are capable of energy absorption, beam
formation, radiation control and polarization conversion. However, their abilities are limited
since the electromagnetic (EM) response is unchangeable regardless of input power and phase.

This dissertation discusses how to empower classic LTI metasurfaces with unconventional

abilities by integrating nonlinear electronic devices. The integration of nonlinear device offers

X



more degrees of freedom to metasurfaces, enabling versatile abilities to meet complex growing
demands in EM protection, isolation and wave manipulation. This dissertation theoretically
and experimentally demonstrates four novel non-LTT or reconfigurable metasurfaces designs
with promising application value. First, we propose a broadband absorber beyond the Bode-
Fano limit by creating an energy trap using time-modulated switch/diodes. The second design
realizes power-dependent reflection, instead of absorption, to realize EM protection. The
triggering of the integrated diodes directly transforms the structure from a surface wave supportive
state to a self-induced bandgap topology if exposed to high power RF illumination. The
third concept proposes an all-passive and magnetic-free structure integrated with diodes to
achieve nonreciprocity, which is a promising candidate for EM protecting layers and EM
isolators/circulators. The last proposed varactor-based reconfigurable metasurface focuses on
multifunctional wave manipulation, including beam steering, polarization conversion and phase
offset. All these proposed structures expand the capability of wave manipulation and their

applications compared to traditional LTI metasurfaces.



Chapter 1

Introduction

Electromagnetic wave plays an important role in human society ever since Maxwell’s
theory is experimentally proved, as it enables information transmission at the speed of light in
the free space. It’s high application value arouses highly attention from academic to industry
and it has been widely used in imaging, sensing and communication. As the EM environment
becomes increasingly complicated, researchers have been exploring more approaches to ma-
nipulate EM waves. Wave propagation, energy absorption, cloaking, interference reduction are
intensively studied. Metasurfaces, the two-dimensional (2-D) counterpart of a metamaterial, draw
attention due to its compatibility to modern electronic systems, low-profile characteristics and
ease of fabrication. To meet the rising demands of efficient and safe communication, versatile
non-linear-time-invariant and reconfigurable metasurface is proposed to improve the perfor-
mance and tunability of conventional LTI metasurface in wideband absorption, power-dependent

transmission, nonreciprocal propagation, etc.



1.1 Metasurface and Its Applications

Metamaterial arouses attention due to its unprecedented and versatile behaviour in
wave manipulation from microwave frequency to optical range. By artificially engineering the
structure of the metamaterial, as shown in Figure 1.1, rather than investigating the intrinsic
chemical properties of bulk material, researchers have achieved properties that are not available
in nature such as negative refractive index. Recent research advances to various applications

from metamaterial antenna, absorbers, artificial magnetism, superlens and cloaking devices [1].

o e
(a) b) B

Figure 1.1. Examples of metamaterial structures (Source:[1]). (a) Early structure of artificial
plasma using conducting wire at microwave frequency. (b) Modern structures at optical frequen-
cies.

Metasurfaces, the 2-D counterpart of metamaterial, have the advantages of low-profile,
low-cost, ease of fabrication and compatibility with modern electronic devices. Composed
of periodic subwavelength metallic structures or dielectric patterning, metasurfaces is capable
of manipulating the effective permittivity and permeability, thus controlling the dispersion,
absorption and reflection characteristics of the surface.

One of the classic metasurfaces is high impedance surface as illustrated in Figure 1.2 (a)
[2]. The metallic mushroom structure enables a complete bandgap from I" to K by creating a
resonance as illustrated in Figure 1.2 (c). The resonance is usually characterized by a parallel LC

circuit, whose inductance and capacitance are related to the neighboring unit as shown in Figure



1.2 (b). Surface waves are forbidden and high impedance is observed within the bandgap, and
the surface currents are suppressed, which makes it a popular candidate as an artificial perfect

magnetic conductor.
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Figure 1.2. High impedance surface (Source:[2]). (a) Square unit HIS top view. (b) Equivalent
circuit of HIS. (c¢) HIS band diagram.

Metasurfaces can also be used as low-profile absorbers as shown in Figure 1.3 [3].
Conventional metasurface absorbers consist of resonant structure and lossy substrate/components.
Near the resonance, the EM waves interact intensively with the surface, resulting in higher loss.
Take Figure 1.3 (b) as an example, this structure consists of two metamaterials that respond
to the electric and magnetic fields separately. By artificially engineering the permittivity and
permeability at the same time, it reaches perfect absorption by both eclectic and magnetic
absorption as shown in Figure 1.3 (c). The advantage of metasurface absorbers is low-profile,

light-weight and low cost. However, they are restricted by the bandwidth limit [4].
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Figure 1.3. Conventional metasurface absorbers operating from microwave to optical
frequencies (Source:[3]). (a) HIS based absorber. (b) The unit cell of perferct metamaterial
absorber. (c¢) Simulated absorption of (b). (d) Infrared perfect absorber. (e) Wideband Solar
absorber. (f) All-dielectric absorber working at THz range.

Metasurface also provides a platform for polarization conversion [5]. If the unit cell
design is highly symmetrical, the polarization state is maintained. On the contrary, polarization
conversion is achieved by isotropy breaking as shown in Figure 1.4. As anisotropy increases in
the x and y direction, cross-polarized reflection rises. The reason is that the orthogonal electric

components of incident field interacts with the surface differently if anisotropic.

1.2 Motivations

Conventional metasurfaces are limited by its static behaviour regardless of incident
power, angle and frequency. They also subject to bandwidth limit of LTI systems and reciprocity
theorem if non-magnetic. Electronic components loading can provide another degree of freedom
to enable more promising functionalities and increasing application value.

Wideband absorption is a popular topic in metasurface absorbers to protect sensitive
devices against broadband sources. However, the Bode-Fano criterion defines the trade-off
between bandwidth and efficiency for all passive LTI systems. One possible solution is to

break the underlying assumption of being LTI by adding nonlinear components and apply
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Figure 1.4. Example of anisotropic metasurface capable of polarization conversion
(Source:[5]). Cross-polarized reflection is improved by breaking isotropy. (a) Square metallic
ring. (b) Square ring with a diagonal strip. (c) One side of the square ring removed. (d) Two of
the square sides removed.

time-modulation. In addition, LTI absorbers only have one working state, which means the
communication signal dissipates as well as interference. By employing electronic components
such as diodes could equip the surface with more working states. Thus, the surface could respond
differently to varying incident power, angle, etc.

Breaking reciprocity in the microwave frequency range is strongly desirable in the devel-
opment of modern electronic systems, as it enables nonreciprocal wave absorbing, nonreciprocal
beam steering, frequency conversion, and protection of sensitive devices from high energy
sources. However, non-magnetic LTI metasurfaces are subject to reciprocity theorem. Nonlinear
metasurfaces provides an all-passive platform optimal configuration and efficient integration.

Conventional metasurface is capable of polarization conversion by adopting anisotropic

unit cell. However, the polarization conversion is not optional. Reconfigurable metasurfaces may



address this issue by integrating nonlinear components or materials to increase the tunability,

which further enhances the functionality and versatility of conventional metasurface.

1.3 Dissertation Organization

This thesis presents novel and unique approaches to achieve unconventional electro-
magnetic behaviour on metasurfaces by electronic loading, including breaking bandwidth limit,
non-magnetic passive nonreciprocity, power-dependent transmission and malfunction realization.

Chapter 1 is an overview on the background of matasurfaces working mechanism, its
applications and limitations, along with the motivation of introducing nonlinearity and time-
modulation to improve the performance or overcome its limitations.

Chapter 2 presents the analysis, EM-circuit co-simulation and experimental results of a
diodes-loaded cavity structure which overcomes the Bode-Fano limit by energy trapping using
proper time-modulation strategy.

Chapter 3 investigates the a passive metasurface with different band structures dependent
on the incident power level. The topology of the unit cell changes under high power illumination
which triggers the diodes, transitioning from a surface wave supported structure to a bandgap
structure.

Chapter 4 demonstrates the analysis, simulation and measurement results of an all-
passive, non-magnetic, nonreciprocal microstrip line structure. Using the proposed microstrip
line structure as a building block, a nonreciprocal metasurface is fabricated and measured.

Chapter 5 studies a varactor-based reconfigurable multifunctional metasurface. The unit
cell is designed to naturally decompose the incident waves into orthogonal components. By
adding tunable capacitance to the orthogonal fields, it performs simultaneous beam steering,
polarization conversion and phase offset.

Chapter 6 summarizes and concludes the thesis, and addresses directions for further

research.



Chapter 2

Broadband Time-modulated Absorber

Wide-band absorption has aroused attention in microwave engineering [6, 7, 8, 9, 10]
during recent years to avoid damage from high energy and broadband microwave pulses [11].
Related research from metamaterials to nanostructures [12, 13] are conducted in attempt to
provide absorption covering the range from microwave frequencies [14, 15] to infrared [16, 17]
and Terahertz [18, 19]. Conventional methods focus on optimizing the balance between structure
size and bandwidth by adopting passive multi-resonance structures [20, 12]. However, there is
a physical limit between absorptance and bandwidth for any passive linear time-invariant(LTT)
system, the Bode-Fano limit [21, 22, 23], which describes the trade-off between matching
bandwidth and efficiency and is further proved to be applicable to antennas [24, 25], in another
form, the Rozanov bound for absorbers [4], assuming the reflection coefficient to be a function
of absorber thickness d and wavelength A using the Fresnel law[26]. Fig.2.1(a) illustrates an
example of a single-resonance absorber represented by a parallel RLC circuit with a broadband
37 order derivative Gaussian pulse input covering from DC to around 8 GHz, whose center
frequency aligns with the resonating frequency of the RLC circuit. The absorptance on the load
Ry is shown in Fig.2.1(c) when the matching network is either void or a 7" order Chebyshev
bandpass filter (details in 2.4.1). It can be observed that while absorptance approaches 1 around

the center frequency when the Chebysheyv filter is applied, the bandwidth is also compromised,



and as expected, the integral for both two curves fall below the Bode-Fano limit,

R, [ 1 1
=L In—do, 2.1)

(o = —
( 17(02) 7L o 0)2 |p|

1(0,00) < 1, (2.2)

where p = /1 —A is the reflection coefficient, in which the absorptance A is defined by the
voltage across Ry, by the input voltage A = VI%L / Vlfl for Ry =Ry.

One possible solution to achieve beyond the Bode-Fano limit is to break its constraints
of being a passive LTI system by introducing active devices, nonlinearity, or time-dependent
elements, such as switches and diodes, etc. [27]. Non-foster components can break the passivity
constraint by integrating amplifiers and other active elements, achieving ultra-wide band matching
in contrast with conventional matching networks [28, 29, 30]. Additionally, research in direct
antenna modulation (DAM) indicates that by applying time-modulation, transmitters can radiate
beyond their original bandwidth [31, 32, 33]. Recent research on time-modulated absorbers for
short pulses [34, 35] has developed analysis of absorbers with time-varying electromagnetic
properties - the conductivity, permittivity, and permeability, and discuss a modulation strategy
to go beyond the Rozanov bound. However, it is difficult to realize an absorber with varying
dielectric characteristics in the real world, which hinders their applications.

In this chapter, we propose a more feasible temporal modulation approach that breaks
the Bode-Fano limit, which instead of adopting hypothetical electrical material, employs only
practical electric components - diodes/switches. The idea is to trap the incident ultra-wide band
pulses within the resonator by adopting a modulated switch that cuts off the radiation path right

after the signal fully enters the structure.
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Figure 2.1. Circuit model: proof of concept. (a) Circuit representing a conventional single-
resonance absorber, with Rg = Ry, = 653 Ohms, C = 0.5 pF, L = 3 nH. (b) Circuit of the proposed
time-modulated absorber. (c) Absorptance spectrum of (a) without matching and with a 7th
order Chebyshev bandpass filter, respectively, wy = 1/+/LC. 1(0,2a0) = 0.977,0.939 for the
RLC and the Chebyshev bandpass filter, respectively. (d) Absorptance spectrum of (b), with
t4 = 0.37 ns through 15 reflections. (e) EM model of a conventional absorber being measured,
with h=0.5cm, w=2.5cm, [ =7 cm, [, = 1 cm. The substrate is FR4 with g, = 4.8. (f) EM
model of the proposed time-modulated absorber being measured.

2.1 Analysis and Simulations

2.1.1 Analytical model

As a proof of concept illustrated in Fig.2.1(b), the switch, along with a delay line with
a delay time of t; = 1,,/2, are inserted between the same Gaussian source and absorber as in

Fig.(2.1)(a). The switch has a turn-on time of #,, synchronized with the pulse, and is then left



OFF for the rest of the period, so that the input energy is allowed to only enter, but not to leave
the network. The delay line ensures that the incoming pulse is inside the system before the switch
turns OFF. As a result, the energy dissipates inside the network through multiple reflections.
To obtain the transient voltage response on Ry, each reflection is treated separately using S

parameters of a parallel LC circuit and is then summed up with its corresponding time shift.

—0 O
P, (f)
— Ref ()
T 1 Z¢ — | R
______ > L
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—0 0
[S1, _
ZDort_RL

Figure 2.2. Analytical model: parallel LC circuit with load R;.

The S parameters of a parallel LC circuit as shown in Fig.2.2, with the port impedance

selected to be the same as the load Ry, are

—R(1—@*CL) 2joL
- — 0 —m?2 1
§— | 2/oL+R.(1-0>CL) R (1-0’CL)+2joL | (2.3)
2joL —Ri(1-0*CL)

RL(1—@2CL)+2joL  2joL+R.(1—®>CL)

N
Refio(t) = Y Refu(t —2nty), (2.4)

n=1
Refu(t) = F S (f)F {pa(t)}}, (2.5)
pu(t)=Z {(Sn)" " F{p() (1 —a)" )}, (2.6)

where Ref, represents the transient waveform in voltage on the load R; during the n'* reflection
neglecting the time delay, p,, is the input of the n'" reflection, S; j 1s the S parameters of parallel

LC network, and p() is the original input from the broadband source. The derivation of Eqn.(2.4)
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to Eqn.(2.6) are included in 2.4.2, and the transient waveform of the signals are depicted in
2.4.2 using Eqn.(2.4) to (2.6). We define the imperfection of the switch by a leakage factor
o = E7rans. /Emc.. When o = 0, all waves are trapped in the RLC circuit. Otherwise part of
the incoming energy leaks out due to the imperfection of the switch. The non-modulated case
can also be calculated with this model by setting @ = 1. Fig.2.1(d) shows the absorptance for a
time-modulated absorber circuit model with different o¢. Note that the absorptance across the
whole spectrum is 1, assuming an ideal switch with o = 0 is used. Even with a highly imperfect
switch, a drastic increase of bandwidth is observed in Fig.2.1(d) compared with (c), breaking the
Bode-Fano limits even when the upper limit of the Bode-Fano integral is chosen to be a finite

value such as 2my: as an example, for @ = 0.4, 1(0,2ay) = 30.4.

2.1.2 EM realization

The most straightforward way to realize the above circuit in an electromagetic structure
is by adopting diode-integrated frequency selective surfaces (FSS) as the switch, and free space
as the delay line (see 2.4.3). Thus, the ON and OFF states of the FSS corresponds to the ON and
OFF states of the diodes. With the FSS in the OFF state, incident waves are allowed to propagate
through; while in the ON state, the energy is trapped between the FSS and the conventional
absorber. This method is rather general and can be applied to any passive absorber to broaden
its bandwidth. However, the increased space needed conflicts with the objective of broadband
absorption given a limited thickness. Thus, in this chapter, a more practical low-profile PCB
realization is shown in Fig.2.1(e) and (f). A horizontally propagating incident pulse/pulse train is
coupled to the structure through the gap on the top surface. the length of the structure performs
equivalently as the delay line in the circuit model, and the switch is replaced by step recovery
diodes (SRD) contolled by a signal V¢, which provides a Q-point for the diodes. When the
control signal V¢ is low, the diodes are OFF, and energy couples into the absorber; when V¢ is
high, the diodes turn ON, the absorber behaves as a closed cavity, and all the energy within is

trapped inside. Instead of a lumped resistor Ry, the dissipation is distributive in the lossy FR4

11



substrate. The simulated results of the unit in static ON and OFF states are included in 2.4.4.

(a) (b) B
Oscilloscope _310
Pulse s
generator 25
€0
0 05 1 15

Frequency(GHz)

N

1 2 3 4
Time(ns)

Figure 2.3. Measurement setup. (a) Measurement setup.(b) Measured spectrum of input signal
from pulse generator using setup in (a), samples absent.(c) Measured transient waveform of
input signal from pulse generator. (d) Picture of measurement setup in the anechoic chamber. (e)
Measurement time-modulated, OFF state and ON state samples.

2.2 Measurement

The measurement sample is shown in Fig.2.3. The size of the structure is the same as
shown in Fig.2.1(e) and (f), and the measurement setup is illustrated in Fig.2.3(a). The non-
modulated sample with static ON and OFF states, and the time-modulated sample are measured,
respectively, for one, two and three units. The signal is generated by a pulse generator and
radiated by a broadband monopole bow-tie antenna Tx sitting on a 120 cm by 60 cm ground
plane, travelling through a parallel plate 60 cm by 40 cm by 6 cm TEM waveguide (to confine

energy) with the sample-under-test inside. The transmitted signal is received by another bow-tie

12
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Figure 2.4. Measurement results. (a) Measured and calculated absorptance for time-modulated
one-, two- and three-unit sample, respectively. r is assumed to be 0.27, 0.37, 0.47 in calculation
for 1-,2-and 3-unit, respectively. o = 0.3 for all calculations. (b) Measured and calculated
absorptance for non-modulated one-, two- and three-unit sample, respectively. (c) Measured and
calculated absorbed power for time-modulated one-, two- and three-unit sample, respectively. (d)
Measured and calculated absorbed power for non-modulated one-, two- and three-unit sample,
respectively.

antenna Rx and collected by a wide-band oscilloscope. The produced signal from the pulse
generator is a 5 V repetitive pulse train lasting 100 ps with low duty cycle of 0.001% and a rise
time around 70 ps. This signal is transformed from a unipolar pulse to a 3" order derivative
Gaussian-like pulse by Tx, collected by Rx. The spectrum and transient waveform is shown in

Fig.2.3(b) and (c). The distance between Tx and Rx is 90 cm. The osilloscope and the pulse
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generator are synchronized with the trigger signal of the latter, and part of the trigger signal is
split out by a power divider to be used as the control signal for the time-modulated absorber. The
trigger signal lasts for 40 ns, which warrants adequate multi-reflection for sufficient dissipation.
Short twisted pair wires with different lengths are adopted and tuned to precisely control the time
delay between different units for multi-unit measurements when travelling wave modulation
is performed. All the cables involved in this experiment are carefully chosen, such that the
modulated signal synchronizes with the incident wave for the samples to trap as much energy as
possible. For each configuration, the average of five sets of measurements is adopted to reduce
noise and avoid fluctuations. 2.4.5 includes more details on measurements such as antenna
design, pulse train waveform and twisted pair wires design.

From an analytical perspective, the Ry, L, C and Rg required for S parameter calculation

in (2.6) can be extracted from non-modulated measurement results in Fig.2.4(b) by

1 A
L="%, @7
27 f5
1
C= A 2.8
TrR A 2.8)

where fo = 640 MHz is the center frequency, Af = 80 MHz is the 3 dB bandwidth. By plugging

(2.7) and (2.8) into (2.3), the S parameters for the parallel LC network become

0’—4nf, jAmoAf
S — JATOAf—(02—472fy)  jATOAf+(47% fo—o?) , (2.9)
j47l'COAf (1)2 —47l'f0

JATOAf+(472 fo—02)  jATwAf—(w2—4m2fy)

which only depend on Af and fj and are independent of R;.
Different from the circuit model in Fig.2.1(b), only a portion of radiation from Tx couples

into the sample in the measurement. Therefore, a parameter r is introduced to describe how
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much energy is captured by the units and Eq.(2.6) accordingly changes to

pu(t) =rZ H{(S1)" ' Z{pt)}(1 —a)" )}, (2.10)

where p(r) is assigned with the measured input pulse in FIG.2.3(c). Moreover, since the loss
is distributive, instead of evaluating the absorption by calculating the dissipation on R;, the
absorptance A and absorbed power P are calculated with respect to transmission 7ran instead of

absorption Re f;,; on the load by

| {p(0)}* —|F {Trani (1)}

Aca.(f): ) (2.11)
l 7 {p(0))]
Peat.(f) =< |.Z {p(t)}* = |F {Tran ()}, (2.12)
in which,
N
Tran;(t) = Z Tran,(t —2nty), (2.13)
n=1

corresponds to the transient transmission received by Rx and collected by the oscilloscope, and

Tran,(t) = a.F ' {F{S11pa(t)}}. (2.14)

For the measurement results, to exclude the disturbance of fields by the samples and the reflection,

the baseline is the ON state (replacing diodes with wires) instead of an empty waveguide.

Aeas (f) = !ﬂ{TranON(tEIZ - "gz{T”anzTM/OFF(I)}‘Z’ (2.15)
|- F{Tranon(t)}|
Pocas.(f) & |- Z {Tranon ()} — | F{Tran gy jorr ()}, (2.16)

where Tranoy orr Ty denotes transmitted signal measured with ON state, OFF state and

time-modulated sample collected by the oscilloscope.
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The measured and calculated absorptance is shown in Fig.2.4. As shown in Fig.2.4(b),
the non-modulated sample absorbs energy at around the resonating frequency 0.64 GHz, while
the modulated sample has a broadband absorption starting from 0.6 GHz to 1.5 GHz. Due
to difficulty in directly determining o and r through measurement, these two parameters are
numerically fitted. It is found that when o = 0.3 (indicating 9 % of the coupled energy leaks out
when the diodes are ON) and r = 0.27, 0.37, 0.47 for one-,two- and three-unit calculations, the
predicted results show a good match with the measurement results in Fig.2.4. The calculated
Bode-Fano integral 1(0.6 GHz,1.5 GHz) = 5.81 and 0.95 for single-unit modulated and non-
modulated sample, respectively, Ppmeas. = \/Teas(f) . Since the incident wave propagates
horizontally, increasing the number of the unit is equivalent to enlarging the thickness of an
absorber under normal incidence, and thus the absorption rate increases for both modulated
and non-modulated cases, indicating the potential to accommodate this design to larger-scale

metasurfaces.

2.3 Conclusion

In this chapter, we proposed an approach for short pulses to break the Bode-Fano limit
using time-modulation by creating an energy trap and discussed two possible EM structures
based on the idea. Verified by analytical calculations, simulation results and measurement
of the horizontal model, we proved the proposed method can achieve beyond the bandwidth
limitations for passive LTI systems. The latter low-profile design integrates well with PCB
and can be potentially applied to protect sensitive devices against broadband signals. Although
measurements are done only for up to three units, the horizontal design could be extended to
a metasurface. We would like to point out that the form factor of this design is related to the
pulse width, and as a result the bandwidth of the pulse has a lower limit to warrant the unit
to be sub-wavelength (in terms of center frequency). For our particular model, the fractional

bandwidth need to be higher than 33.7% (details in 2.4.6), which is loose for a broadband pulse.
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Time-modulation also brings other interesting properties, such as non-reciprocity [36, 37, 38].
The horizontal model we propose also has non-reciprocal behaviour caused by the temporal
modulation and is discussed in 2.4.4. Further research may focus on self-triggering and self-

delaying modules to automatically align the phase of the incident pulse and the control signal.

2.4 Extended Material
2.4.1 Chebyshev bandpass filter design

The circuit design of the 7" order Chebyshev bandpass filter is shown in Fig.2.5, with
the last section being the parallel RLC resonator with R = 643 Ohms, L =3 nH and C = 0.5 pF.

Element values for a 7" 0.5 dB equal ripple Chebysheyv filter are g; = g7 = 1.7372, g» = g6 =

|_IYYY\ | |_mm | |_mm —
G L IC4 La IC6 Le R
R |GdLl Cadls Csdls G dLy

I 11 |

Figure 2.5. Circuit design of a 7" order Chebyshev bandpass filter.

1.2583, g3 = g5 = 2.6381, g4 = 1.3444. The last section is fixed to be a parallel LC circuit with
L7 =3 nH and C7 = 0.5 pF, and

RA
Li=L1=——,C=C = g_7,
870y RapA

where R=653 Ohms, wy = ﬁ We derive A = 0.20607, and therefore obtain

Rge
Le=1,=—"—=154.43nH
6 2 O)OA nrt,

= 0.000971 pF,
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RA

L5 :L3 = = 1.9761’1H,
850
85
Cs=C3 = =0.759 pF.
5 3 Raoh pr,
R
Li= %% —165nH,
wpA
Cy= =0.00909 pF.
*7 guRay P

2.4.2 Analytical derivation

Fig.2.6 shows the calculated S parameters using measured Af and fy. For steady state,

0 .
S11
=) 512
o] -10 r
3
(0]
w20
€
[0
—
T 301
(7]
-40 : :
0.5 1 15

Frequency(GHz)

Figure 2.6. Calculated S parameters using measured Af and f.

the response on the load Re fi;0qqy can be derived by multiplication of the input signal p(f) and

the transmission S,

Refsteady(t) :gil{y{p(t)}sﬂ}‘

For the time-modulated case, assuming the switches are ideal, the input p,, of the n'” reflection

can be seen as the reflected signal during the (n — 1) reflection, determined by Si; of the
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network,

pi(t) = p(1),
pa(t) = F H{SuF{pi(t)}},
p3(t) = F S F{pa(t)}},

pu(t) = Z7HSHF {pu-1(1)}} = FHSIT T {p1 (1)} )

The transient waveform on the load is derived by multiplication of the input signal p, and

transmission of the network S, 1,

Refi(t) = F H{SuZ{p1(t)}},
Refo(t) = F HSnF{p(1)}},
Refs(t) = F{SuF{p3(1)}},

Refu(t) = F HSuF{pa(t)}}.
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Now adding the corresponding time delay to each R,, for each reflection there is a 2¢; delay for

going forward and backward on the delay line,

Ly (1) =Ty (t — 2t4),
(1) = Ta(t — 414),

[5(¢) = T3(t — 6t4),

() = Tu(t —2nty).

We then derive

N
Lot = Z Fn<t - Zmd)'

n=1
If the switch is not ideal, a leakage factor @ = % is introduced. It only affects the

input of the n'" reflection when n > 1, and p,(t) changes to

pi(t) = p(1),
pa(t) = Z HS.F{p1 (1)} (1 — )},
p3(t) = Z S F{p2()}(1 - @)},

pu(t) = F S F{pp1(t)}(1 - )}

=Z 1S F{p 0} (1 -a)" '}

For measurements, since only a part of the incident wave couples into the structure, a factor r is

introduced to describe how much is captured by the sample. It only affects the first input p;(¢),

pi(t) =rp(1),
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Therefore p,(¢) changes to

put) = F HSUT {pui (1)} = rF ST F {p(0)} ).
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Figure 2.7. Transient waveform of signals in the system. (a) Time-modulated case with
o = 0.2. (b) Non-modulated case using o = 1.

Using the equations derived above, the signals in the circuit model are plotted in Fig.2.7
for two periods. Fig.2.8 shows the Bode-Fano limit integral I as a function of delay time ¢4
assuming the length of the units / is infinity. / first rises as #; increases, since the amount of

trapped energy increases. After t; =1,/2, all the waves are trapped inside, thus I stops rising.
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14 =t,/2 is the optimal value when designing an EM realization, since it requires the minimum

size.
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16 8 4 2

Figure 2.8. The Bode-Fano limit integral /.

2.4.3 Vertical model

The vertical model is a straight translation of the circuit model. A diode-integrated
frequency selective surface (FSS) is used as the counterpart of the ideal switches in the circuit.
The simulated ON and OFF state transmission characteristics using HFSS are shown in Fig.2.9.

Incident waves below 8 GHz can easily pass through the FSS, while they are blocked
when the FSS is ON. Diodes are later connected at the gaps of the OFF state, so the state of the
FSS is dependent on the state of the diodes.

This approach is more general, and can be applied to any absorber to broaden its band-
width by adding a modulated FSS above it. Here we use a conventional ring absorber as an
example shown in Fig.2.10. The absorber is connected with a capacitor indicated by the red
square to shrink the electrical size in (b). A resistor is connected in circuit simulation to absorb
incident energy, indicated by the red square, and is assigned with a lumped port in EM simulation.
The properties are studied by conducting EM-circuit co-simulations in HFSS, and the results
are shown in Fig.2.10. By adopting a temporally modulated FSS, the bandwidth of the absorber
largely increases.

The ring absorber can be represented by a parallel RLC circuit, and the values are
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Figure 2.9. The static states of the vertical model. (a) The OFF state of the FSS, and its
transmission characteristics simulated in HFSS. (b) The ON state of the FSS, and its transmission
characteristics simulated in HFSS.

extracted by fitting the Z parameters of the lumped port, as shown in Fig.2.11 using R = 653
Ohms, L =3 nH and C = 0.5 pF. Note that these values are the same as the values used in Fig2.1.
It is shown that the simulation results in Fig.2.10 matches well with the results derived from the

analytical model shown in Fig.2.1, assuming o = 0.2 since the FSS is not ideal.
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Figure 2.10. EM-co simulation results. Comparison between non-modulated and modulated
vertical model simulated in HFSS. (a) Non-modulated ring absorber and its transient waveform
and spectrum on the resistor. (b) Modulated ring absorber and its transient waveform and
spectrum on the resistor.
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Figure 2.11. The simulated and fitted impedance of the lumped port. R = 653 Ohms, L = 3
nH and C = 0.5 pF.

2.4.4 Horizontal model

The steady states (ON and OFF) are simulated in HFSS and the results are shown in

Fig.2.12. The absorption is calculated by

Absorption =1 — S%l — S%z,
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where S1; and S, are the S parameters of one of the wave ports. The OFF state shows high

absorption around 0.62 GHz while the ON state behaves as a closed cavity. Fig.2.13 shows the

(a) OFF state: 0.6

o
N

Absorption

o
N

Wave por"t — \
' / ave port 0 \

0 0.5 1 1.5
Frequency(GHz)

(b) ON state:

©
N

o
N

Absorption

B - ave port OL_A
/ 0

0.5 1 1.5
Frequency(GHz)

Figure 2.12. The EM model and its absorption. (a) ON state and (b) OFF state, respectively.
A single unit is placed inside a TEM waveguide, whose top and bottom surface are assigned with
PEC, front and back surface are PMC.

absorption when different number of units are employed for the modulated and non-modulated
case in a 2.5 cm tall TEM waveguide. Since the incident wave propagates horizontally, as the
number of units increases, the absorption rate increases. Another interesting property that time-
modulation brings is non-reciprocity. When no modulation is applied, the structure is reciprocal.
When waves are travelling from the right, more energy couples into the unit compared with left
side incidence. After one reflection, more reflects to the source. Although less energy couples
into the unit when coming from the left, less reflects to the source. Therefore, the structure shows
reciprocity. However, after applying time-modulation, the absorption/reflection is only related to

the first coupling into the units. Therefore, right hand side incidence shows a higher absorption
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Figure 2.13. EM-circuit co-simulations in a 2.5 cm by 2.5 cm by 26 cm TEM waveguide. (a)
Three-unit EM simulation model. (b) Absorption of the modulated and non-modulated model

with different number of units.
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Figure 2.14. Non-reciprocity brought by time-modulation. (a) Ten-unit EM model. (b)
Absorbed power when wave and modulation travelling from left to right. (c) Absorbed power
when wave and modulation travelling from right to left.

compared with left hand side incidence as shown in Fig.2.14. This method could be applied to

other asymmetrical structures to create non-reciprocity.
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2.4.5 Equipment

The equipment involved in the measurement are: wide-band oscilloscope 86100D Infini-
ium DCA-X, picosecond pulse generator 100604, and 4 way power divider Narda 4321C — 4.
The step recovery diodes are GC2510 — 17, whose threshold voltage is V;;, = 0.78 V and series
resistance is Ry = 1.2 Ohms, modulated by V.. = 1.2 V. The power absorbed by the diodes in

V.2
the ON state can be estimated by %

= 0.15 W. This power is nearly independent of the
dissipated RF signal strength on the load, considering working at Q-point, and it is mainly

dependent on the bias V. and properties of the diode. The E-field strength across the gap that is

strong enough to change the bias condition of the diode is around Vc?ng = 12 X 610;28 Vin=42

V/m. It is reasonable to assume that the E-field is much smaller than this, thus no isolation
circuit is needed for the biasing system. Fig.2.15 illustrates the waveform of the generated
pulse from the pulse generator before it is radiated by Tx. The two bow-tie antennas involved

Max

Voltage

0

0 01 02 03 04 05 06 07 08
Time(ns)

Figure 2.15. Generated pulse waveform Waveform of a pulse generated from the pulse
generator (picosecond pulse generator 10060A), with the pulse width set to be 100 ps on the
front panel.

in the measurement are made of 0.062” thick Rogers Duorid 5880 sitting on a small ground
plane (5.01 cm by 5.74 cm) as shown in Fig.2.16. One of the three twisted lines is shown in
Fig.2.17. There are three twisted lines involved in the measurement and they differ in length

to realize a travelling wave modulation. The first unit (the one closest to Rx) is modulated
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Figure 2.16. The bow-tie antenna used as the Tx and Rx. (a) A picture of the monopole
bow-tie antenna. (b) Sizes of the antenna.

by the shortest twisted lines /; = 33.0 cm, the second unit is modulated by /, = 38.5 cm and
[3 = 44.0 cm. It is the difference in length Al between each two adjacent lines that matters, not
the length of lines. Since the length of the units is 7 cm, the time delay between each twisted line
should be At = (7 cm) /(3 x 10% m/s) = 0.233 ns. We are using 30 AWG by OK industries, the
corresponding Al to At = 0.233 ns 1s 5.55 cm. To determine A/, we first measure the propagation
speed v inside the lines using a pulse generator and an oscilloscope, then calculate Al by Al = vAt,
and lastly confirm the value of Al by measuring delay time between two twisted lines with a Al

difference in length. Note that A/ might be different if using different wires.

Figure 2.17. A picture of the twisted pairs involved in time-modulation.

2.4.6 Bandwidth limitation

In this section, we calculate the minimum bandwidth requirement to warrant a sub-

wavelength unit design by examining the spectrum of an N order Gaussian derivative pulse.
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Figure 2.18. N order Gaussian derivative pulse. (a) Transient waveform. (b) Spectrum.

Fig.2.18 lists different order of Gaussian derivative pulse lasting 7,. The sub-wavelength require-

ment (in terms of center frequency) can be expressed by

t
>l=—L_¢.
A 2\/8rc
This yields
c c 2.\/&
fo=7—<-= \/_~
Ao 1 tp

For our particular model, €. = 4.8, fy < % . This approximately corresponds to the N = 12
case, which has a —3 dB fractional bandwidth of 33.7 %.

This chapter is based on the following paper: Yang, X., Wen, E., & Sievenpiper, D. F.
(2022). “Broadband time-modulated absorber beyond the Bode-Fano limit for short pulses by
energy trapping.” Physical Review Applied, 17(4), 044003. The dissertation author was the

primary investigator and author of this paper.
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Chapter 3

Power-dependent Transmission

The development of microwave technology [6, 7] in electronic devices and communica-
tion systems has brought much convenience to daily life. However, such low-power and sensitive
systems can be easily interfered, or even damaged, by the complex electromagnetic environment
or by external microwave sources. The incident waves can induce currents, which also radiate
into the shielding, around any gaps in a metallic enclosure, even if the openings are electrically
small.

Microwave absorbers are used to protect devices from incoming signals by absorbing the
energy. Conventional approaches [39, 40] such as Salisbury screen [41] apply lossy coatings,
which are usually bulky and expensive, to the surface of the metallic enclosure to dissipate the
power. Recent research on metasurfaces offer another solution[2, 42, 43]. These low-profile,
low-cost, sub-wavelength, PCB-based, periodic metallic structures can be engineered to various
frequency ranges with adequate performance.

Although these approaches could reduce the transmission through gaps and openings,
such linear absorption behaviour of conventional absorbers can also impair the performance of
the protected device itself, especially for low-power communication systems. Nonlinear [44],
switchable [45, 46, 47] and tunable [48, 49, 50] metasurface absorbers have arisen attention
in recent years. By integrating with lumped elements, diodes, switches, and transistors, the

absorbers work in different states dependent on the power level [51, 47] or the waveform [52] of
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Figure 3.1. Concept illustration. (a) Nonlinear metasurface behaviour. (b) Band structure with
low (left) and high (right) illumination.

the incoming signals due to the nonlinearity provided by the elements. However, these structures
are usually complex and some require control circuits.

In this chapter, we propose a self-induced, diode-integrated, power-dependent metasur-
face which changes the topology of its surface wave band structure to create a self-induced
bandgap with high power illumination as shown in Fig. 3.1. Thus, this nonlinear surface reflects
the incoming wave rather than absorbing it within the bandgap region. Unlike the previous study
[47], rather than shifting the band up and down to change the surface impedance, and thus change
the absorption rate, we directly manipulate the band structure to open a bandgap which prevents

propagation of surface waves.
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3.1 Structure Design and Simulation Results

3.1.1 Static Unit Cell Design

The unit cell is designed to transition between two states (the ON and OFF states) based
on the incident power: the low power state (the OFF state) as shown in Fig.3.2 (a) and the high
power state (the ON state) as shown in Fig.3.2 (b). Either a “C” or “O” shaped metallic ring is
printed on a 3.175 mm thick, 4 cm by 4 cm G10/FR4 square lattice for the OFF and ON states,
respectively, with a ground plane at the bottom. An eigenmode simulation is performed in an 8
cm high airbox with PEC assigned on the top surface and periodic boundaries around it using
Ansys Electronics Desktop. The band diagram is shown in Fig. 3.2 (c). The OFF state supports
surface waves from 2.5 GHz to 4 GHz shown as the blue solid line. Since the modes above the
light line are leaky waves, a complete bandgap below the light line, covering from 3.25 GHz to
3.55 GHz, is created for the ON state represented by the red solid line. A bandgap arises from
the interaction between the resonance and the incident waves [53], as illustrated in Fig.3.2 (b).
Thus, this structure can be used within the bandgap region by integrating with diodes at the gaps
of the “C” shape geometry as shown in Fig. 3.2 (d). When the incoming power is high, the gaps
are closed by the triggered diodes, and thus the unit cells are in the ON state with a bandgap. If
the illumination is not high enough to turn on the diodes, the metallic ring remains in the “C”

shape, and the surface supports surface wave propagation throughout the entire frequency band.

3.1.2 EM-Circuit Co-Simulation

To prove this concept, an EM-circuit co-simulation is conducted using Ansys Electronic
Desktop. The full wave simulation model is shown in Fig. 3.2 (d). The OFF state unit cell is
expanded to an 8 unit cell model placed inside a transverse electromagnetic (TEM) waveguide,
whose top and bottom sides are assigned with PEC, front and back are assigned with PMC, and
left and right are assigned with wave ports with proper characteristic impedance according to the

size of the TEM waveguide. We chose this number of unit cells for two reasons: 8-unit is the
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Figure 3.2. The ON and OFF unit cell design and EM-co simulation results. (a) The OFF
state unit cell design (left) and its surface current at 3.4 GHz (right). a = 40 mm, r; = 9.6 mm,
rp =4.44 mm, [, = 1.7 mm, t = 3.175 mm. The substrate is G10/FR4 with & = 4.8. (b) The
ON state unit cell design (left) and its surface current at 3.4 GHz (right). (c) Band diagram for
the ON (red solid line) and OFF (blue solid line) state. Black dashed line: light line. Shaded area:
the first bandgap region. (d) Full wave simulation model in a TEM waveguide. (e) Simulated
schematics in Ansys Circuit. (f) The transmission rate at different power levels simulated for the
model in (d). (g) The reflection rate at different power level simulated for (d).
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smallest size to reduce high incident power by 10 dB, and additionally it allows low computation
cost and high simulation accuracy. For a given incident power, the reflection first increases
as the number of the units increases, then stops rising once the transmitted power is not high
enough to trigger the next diode. The S-matrix of the structure in Fig.3.2 (d) is imported to
Ansys Circuit as a component after being solved by the full wave simulator HFSS from DC to
12 GHz. The lumped ports at the gaps are connected with a pair of oppositely oriented diodes
(Nexxim level 6 nonlinear microwave diode model) to perform a transient simulation in the
circuit simulator as shown in Fig.3.2 (e). One of the wave ports is connected with a sinusoidal
voltage source at different power levels, and the other one is connected with a resistor with the
same resistance as the characteristic impedance of the wave port to measure the transmission.
The structure works in a hybrid state of the ON and OFF states depending on the incident power
as shown in Fig. 3.2 (f) and (g). It is observed that as the power rises, the transmission decreases
and the reflection increases for frequencies inside the bandgap range, proving that the structure
can reduce transmission by reflection with a self-induced bandgap. At 3.55 GHz, 66 % of the
incident power propagates through the TEM waveguide with 66 mW input, while only 2 % is
collected by the receiving port with 6.6 W input with 58 % of incident power reflected back to
the transmitting port. We studied the loss in full-wave simulation for the 1 by 8 unit sample using
the same setup as in Fig. 3.2 (d) by summing up the coupling coefficient between each of the
lumped ports and the transmitting port with the impedance of the lumped ports assigned to be 5.8
Ohms. The total loss is around 1 %. Note that the rest of the power is absorbed by the lossy FR4
substrate (loss tangent 0.02), which could be reduced by using a lower loss substrate such as
Rogers Duroid 5880. The results show that the working band (3 GHz to around 4 GHz) is wider

than the bandgap shown in Fig. 3.2 (c), which stems from a second bangap above 3.55 GHz.
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3.2 Measurements

To verify the existence of the bandgap and the power-dependent effect, two measurements
are conducted on a pair of 2D 6 by 8 unit cell static surface and the diode-integrated PCB
prototypes. All PCBs are manufactured in the OFF state. Copper wires are soldered at the
gaps of the OFF state sample to create an ON state prototype in Fig. 3.3 (b), and a pair of
opposite oriented Schottky diodes (Infineon BAT15-04W) are connected at the gaps to build a

diode-integrated metasurface in Fig. 3.3 (c).

Vector network

@ analyzer E

Figure 3.3. Prototypes and measurement setup. (a) The OFF state prototype. (b) The ON
state prototype. (c) The diode-integrated prototype. (d) The near field scan measurement setup.
(e) A picture of near field scan measurement.

3.2.1 Near Field Scan

The first measurement is the near field scan, as shown in Fig. 3.3(d) and (e), to confirm
the bandgap region of the manufactured samples. The prototype is placed on a lifted ground
plane, the end of which is a 5 cm long 45° slope, to separate the surface wave coupled to the

structure and the free space plane wave generated from the 45° tilted transmitting probe Tx
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which is connected to a two-port vector network analyzer (Keysight E5071C). After travelling
through the device under test, the signal is collected by the receiving probe Rx, which scans over
the sample with a 0.5 cm resolution in both X and Y directions at 1 cm height above the ON
and OFF boards. The transmission S»; (average of 8 sets of measurements) from 2.5 GHz to 4
GHz is recorded to represent the E, field intensity. To filter out reflections from the surrounding
environment, a 1 ns time gating is applied in time domain by performing the inverse Fourier
transform. The field scan at different frequencies are shown in Fig. 3.4.

Here we observe a suppression in transmission from 3.1 GHz to 3.6 GHz, which shows
a good agreement with the eigenmode simulation in Fig.3.2 (c). For frequencies outside the
bandgap, such as 2.75 GHz and 4.05 GHz, the difference in the field scan results between the
ON and OFF states is negligible. On the other hand, for frequencies inside the bandgap, such
as 3.3 GHz, 3.45 GHz and 3.6 GHz, the OFF state scan demonstrates a much stronger field
compared to the ON state. These near field scan results indicate that the bandgap topology helps

to reduce the transmission.

3.2.2 High-power Measurement

After verifying the working status of the static state models, the diode-integrated meta-
surface is measured under different power levels. The samples are placed on a 120 cm by 60
cm ground plane. As shown in Fig. 3.5 (a) and (b), the signal is generated by a VNA (Keysight
E5071C) and amplified by an RF power amplifier (Ophir 5265), then radiated by a 50° tilted
rectangular waveguide (WR284, 2.6 GHz to 3.95 GHz) to separate the surface wave and the plane
wave. We estimate the amount of surface wave energy coupled to the surface via simulations
using the exactly same setup in Fig.5 (a) and (b). By integrating the Poynting vector close to
the ground plane, we achieve a conclusion that around 48 % of the total input power is coupled
to surface waves. The output power varied from 30 dBm to 52 dBm across 3 GHz to 3.6 GHz.
According to full wave simulation, the maximum voltage across the diodes is 3.2 V/m with

a 52 dBm input, which is lower than the break down voltage of the diodes 4 V/m. Thus, all
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Figure 3.4. The near field scan results for the ON and OFF states at different frequencies.
The first row: the OFF state field scan after adopting time gating at 2.75 GHz, 3.3 GHz, 3.45
GHz, 3.6 GHz, 4.05 GHz, respectively. The second row: the ON state field scan after adopting
time gating at 2.75 GHz, 3.3 GHz, 3.45 GHz, 3.6 GHz, 4.05 GHz, respectively.
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picture of the measurement. (c) The static state results. (d) The diode-integrated prototype
results. The corresponding power density at the location of the source is 41 mW /cm? (30 dBm),
129 mW /cm? (35 dBm), 407 mW /cm? (40 dBm), 1288 mW /cm? (45 dBm), 2570 mW /cm?
(48 dBm), 4073 mW /cm? (50 dBm), 6455 mW /cm? (52 dBm).

measurements are performed below the breakdown. After propagating through the device under
test, the signal is received by a dielectric horn antenna Rx at 1 cm height above the surface with
a 40 dB attenuator to guarantee the captured power is within the safe range of the VNA. This
experiment is performed inside a sealed anechoic chamber, and all the measurement devices
involved are remotely controlled to avoid human body exposure to RF radiation. To reduce the
noise and fluctuations, the data is the average of 8 measurements.

The static state prototypes, as well as the diode-integrated sample are measured under
various power levels. The OFF state results are used as the baseline representing the surface

with no effect on the incoming wave. Subtracting the measured S,; for the OFF state from that
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for the ON state or diode-integrate sample, the difference directly indicates the impact brought
by the self-induced bandgap. As shown in Fig. 3.5 (c), the difference between the ON and
OFF states remains the same for different power levels across the whole frequency range. The
largest difference occurs at 3.2 GHz for all power levels. In contrast, the diode-integrated sample
presents a power-dependent behaviour characterized by the same bandgap. As the incident power
increases, the transmission decreases, reaching a 10.6 dB drop at 3.33 GHz with a 52 dBm input.
The difference in S»; continuously increases as the power rises, because the diode gradually
saturates and the reflection approaches a constant rate, showing a similar trend to the simulated
results in Fig.3.2 (f). The results shown in Fig.3.5 (d) differs from that in (c) because the incident
wave cannot trigger all the diodes, instead, only the diodes close to the Tx, and the difference
caused by the diodes’ rectification effect is magnified in dB scale. Additionally, the parasitic
capacitance of the diodes shifts the lowest transmission point from 3.2 GHz to 3.33 GHz. The
loss due to diodes’ rectification is studied row by row in full-wave simulation using the same
setup as in the measurement shown in Fig.5 (a) and (b). To examine the loss in the first row,
6 lumped ports are assigned at the gaps of the C-shape metallic rings in the first row to obtain
the coupling between the waveguide and each lumped port. For the second row, we turned on
the first row and assigned lumped ports at the gaps of the second row, etc. The total loss is
the summation of all coupling coefficients, resulting in 5% even when the threshold voltage is

ignored. Thus the power lost due to diode rectification is insignificant.

3.3 Conclusions

In this chapter, we propose the first power-dependent metasurface by directly changing
the band structure to open a bandgap under high power illumination. It automatically changes
from a surface wave supportive state to a bandgap topology as the incident power increases.
Measurements, together with simulation results, prove the validity of this concept. The near field

scan shows the static behaviour of the proposed topology in the ON and OFF states, proving
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existence of a bandgap, which reflects incident signals, from 3.1 GHz to 3.6 GHz. The following
high-power measurement demonstrates the power-level dependent performance for the diode-
integrated prototype. The proposed sample shows 10 dB less transmission compared to the OFF
state at approximately 3.3 GHz with 52 dBm input.

The proposed structure is low-cost, low-profile and it has a simple geometry which does
not require any control circuit. Additionally, it shows a wider transmission variation range
(10 dB) compared to previous work on power-dependent absorbers (approximately 4.8 dB for
[46, 47]). This low-cost, PCB-based, power-dependent metasurface can be adopted to reduce
RF exposure to sensitive electronic devices while still allowing small signal communication for
the protected systems. This self-induced bandgap concept opens a way to many similar designs
based on manipulating the topology of the surface wave band structure.

This chapter is based on the following paper: Yang, X., Wen, E., & Sievenpiper, D.
F. (2022). “Power-Dependent Metasurface With Self-Induced Bandgap.” IEEE Antennas and
Wireless Propagation Letters, 21(6), 1115-1119. The dissertation author was the primary

investigator and author of this paper.
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Chapter 4

Nonlinearity Induced Nonreciprocity

Reciprocity is a fundamental property of non-magnetic, passive, linear and time-invariant
systems, which states that the transmission from the source to the observation point remains
the same if their locations are interchanged. In the past decades, with the fast development
in acoustics[54], electromagnetism[55, 56], optics[57, 58], and electronics[59], breaking the
transmission symmetry becomes a crucial task for various applications, from optical isolation
to wireless communication[60, 61, 62, 63]. In the microwave regime[6, 64], nonreciprocal
metasurfaces raise growing interests because they provide a compact, ultra-thin, lightweight
platform to manipulate waves in a unidirectional manner, which enables nonreciprocal wave
absorbing, nonreciprocal beam steering, frequency conversion, and consequently can be used to
protect sensitive devices from high energy sources[65, 66, 62, 67].

The conventional approach to break reciprocity in electromagnetism relies on ferrite
material, such as yttrium iron garnet and iron oxide with other metallic elements, which exhibits
the Faraday effect[68, 69]. While the Faraday rotation enables the functionality of optical
isolators and circulators, polarization rotations might not be preferred in wireless communication
systems (especially for linear polarization, maintaining the polarization state of the transmitted
signals is essential, unnecessary polarization mismatch occurs if the linear polarization is rotated
which results in lower transmission rate and signal to noise ratio). Besides, ferrites are expensive

compared to printed circuit board designs. It is bulky and brittle in large-scale applications
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and incompatible with modern lightweight and compact integrated circuits devices. In addition,
external magnetic bias is typically needed for ferrite-based designs [70, 71].

Recent research proposes to violate the fundamental assumption of the Lorentz reciprocity
theorem to break the transmission symmetry by employing spatial-temporal modulation, active
elements or nonlinearity[55, 56, 54]. However, such modulation strategy usually requires a
controlling system which needs an additional power supply[72, 73, 67, 74, 75]. In addition,
some works adopt active electronic elements, including transistor-based amplifiers/switches
and varactors to break the reciprocity[63, 76, 77, 78]. Although modulation is absent, those
designs still require a biasing circuit. Another concern is that these approaches require a large
biasing/modulation signal under high power incident such that the biasing/modulation signal
overwhelms the RF signal. Nonlinearity, on the other hand, provides an alternative to engineer all-
passive nonreciprocal devices. Material with strong Kerr nonliearity has been proven to be a good
candidate for nonreciprocal optical devices, including circulators and isolators, if the structure is
designed to have field asymmetry when illuminated from opposite directions[79, 80, 81, 60, 82].

However, other types of nonlinearity need to be implemented as a counterpart to the
electro-optic effect in microwave frequencies to develop an all-passive, magnetic-free nonre-
ciprocal structure. Ref [83] adopts an asymmetrical structure and resonators loaded with an
imaginary lumped component, whose capacitance varies with continuous AC signals, to imitate
the Kerr effect, such that the resonance frequency shifts differently for waves propagating in
opposite directions. An experimental work in microwave circuits proved this concept by adopting
varactors to introduce a frequency shift to resonators in the megahertz range [84]. However, this
approach can not be scaled to higher frequencies since the varactors are infeasible due to their
high loss.

Here, we propose a feasible all-passive nonreciprocal metasurface design without any
biasing based on a microstrip line (MSL) with the integration of accessible nonlinear elements,
Schottky diodes, to break the transmission symmetry. The simplicity of this model allows fast

design in a circuit model by treating the MSL as an ideal transmission line (TL), which makes this
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method more appealing. The field asymmetry directly originates from the impedance contrast
of the MSL, which is later proven to be the determining parameter of the nonreciprocity. The
Schottky diodes connect a matching stub to the ground plane, and the field intensity at their
location differs significantly for waves propagating in opposite directions. Thus, the matching
stub is either open or shorted depending on the incidence direction, which further determines the
transmission. In this article, we extend the MSL structure to a three-layered metasurface with
low transmission in one direction while allowing wave propagation from the opposite direction,
which resembles the diode behaviour. Immune to Faraday rotation, it is potentially applicable
in various scenarios including protecting radar or communication systems against high power
microwave sources, without using conventional EM circulators and isolators. Since modulation is
absent, this design can be scaled to other frequencies, while time-modulated design is limited due
to the difficulty of fast modulation at higher frequencies and the response time of the modulated

components. In addition, it is more universally applicable when a bias is inaccessible.

4.1 Results
4.1.1 Transmission Line Design

Nonlinear devices are defined by their power-dependent behaviour. Thus when the field
distribution changes between one incident direction and the opposite, placing a nonlinear compo-
nent at the field asymmetrical location enables the whole system to be nonreciprocal. Take the
ideal diode for instance, the ON and OFF working states are determined by the local field inten-
sity and induce two distinct operating states of the system for different transmission/absorption
due to the change of its topology. The nonreciprocity is maximized when deploying the diodes
at the strongest asymmetry point. Then, a nonreciprocal metasurface can be developed by simply
folding this building block and separating the two halves by a ground plane with antennas
connected to receive and transmit signals.

The proposed TL model that creates and utilizes a field asymmetry is illustrated in
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Figure 4.1. Ideal transmission line models. Zy = 50 Q. Z; and Z, are the characteristic
impedance of the transmission line branches. (a) OFF state (diodes not triggered, open stub)
circuit model. (b) ON state (diodes triggered, shorted stub) circuit model. (c) Transient simulation
model in OFF state. (d) Transmission in the OFF state. (e) Transmission in the ON state. (f)
Trade-off between field asymmetry and the ON state transmission with [ = 71°, [, =90° at 2.3
GHz. The color of the dots represent the impedance contrast defined by Z, /Z;.

44



Fig.4.1. Starting with the ideal circuit model, two different impedances, Z; and Z,, are chosen
to create the field asymmetry at the end of the matching stub. Nonreciprocity is then achieved
by integrating diodes on the upper stub. As a proof of concept, we simplified the nonlinear
power-depended behaviour of the diodes to two static states so that the matching stub is either an
open (the OFF state, Fig.4.1 (a)) or a shorted stub (the ON state, Fig.4.1 (b)) depending on the
field intensity under different incident directions, while the lower stub is always open. When
it is shorted, better matching occurs, resulting in higher transmission. Otherwise, it has lower
transmission rate. Since the state of the upper matching stub is determined by the field intensity,
a stronger asymmetry in field distribution is crucial for achieving higher nonreciprocity.

To analyze the field asymmetry of this TL design, we performed S parameter and transient
simulations in Advanced Design System (ADS) to study the static states behaviour. The field
asymmetry is defined by the ratio of voltage at two observation points, V| and V; in Fig.4.1 (c)
as 20log 10(%). Although the diode is located at the end of the matching stub, it is reasonable
to approximate the ratio of the field intensity at that location by these observation points. The
transmission rate for the static states are studied by S parameter simulation as in Fig.4.1 (d)
and (e). The length of the matching stub, L,, determines the operating frequency which has
the highest field asymmetry. The minimum transmission occurs at the frequency when the
electrical length of the matching stub is A /4 in the OFF state, since the waves are shorted
by the matching stub, as shown in Fig.4.1 (d). For the ON state, since one matching stub is
shorted, higher transmission is observed as illustrated in (e). L; does not affect the overall
performance here since only an ideal TL is involved, but it should be chosen properly in a real
electromagnetic (EM) design to follow the TL principles. The field asymmetry is dominated by
impedance contrast between Z; and Z,. By examining different impedance values and contrast
for 50 Q < Z; <7, <500 Q, a trade-off between field asymmetry and the ON state transmission
is observed in Fig.4.1 (f) [85]. All the data in (f) is simulated with [; = 71°, [, = 90° at 2.3
GHz.The color in (f) represents the impedance contrast defined by % Warm-colored dots are

concentrated on the upper-left corner and the cold-colored ones are scattered at the bottom,
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demonstrating the trade-off relationship between impedance contrast and field asymmetry. In
addition, all data points are gathered in the lower-left half and is bounded by Z; = 50 Q, where
7= le + le, which proves the trade-off between field asymmetry and transmission. Higher
impedance contrast does create stronger field asymmetry, but the discontinuities and reflections
largely undermines the transmission rate. Thus, the upper limit scenario occurs when avoiding

the unnecessary reflections due to mismatch. As expected, the field distribution is completely

symmetrical if Z; = Z,.
4.1.2 Microstrip Line Design
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Figure 4.2. Microstrip line model. (a) [llustration of microstrip line translating from the yellow
triangle in Fig.4.1 (f). The width of the microstrip line wq 1>, corresponds to characteristic
impedance Zy 1 » = 50,66,200 Q. (b) Field distribution in the OFF state under backward inci-
dence at 2.3 GHz. The color indicates the electric field strength. (c) The simulated transmission
rate (7') under different propagation directions. Red line: forward incidence for 2.05 GHz. Blue
line: backward incidence for 2.05 GHz. Red shaded area: forward incidence from 2.03 GHz
to 2.15 GHz. Blue shaded area: backward incidence from 2.03 GHz to 2.15 GHz. (d) The
simulated nonreciprocity (NR). Blue line: 2.05 GHz. Blue shaded area: 2.03 GHz to 2.15 GHz.

To transform the ideal circuit model to a feasible electromagnetic prototype, we adopt

a MSL which can be easily fabricated and integrated to printed circuit board (PCB) designs.
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Fig.4.2 (a) illustrates a MSL design with a reasonable field asymmetry and transmission rate
at the upper limit of the trade-off relation, shown as the yellow triangle in Fig.4.1 (f). The
impedance of Z; and Z, is 66 Q and 200 €, respectively. The length of the matching stub is /,
determines the center frequency to be around 2.3 GHz. /1 should be as short as possible to shrink
the size, but not to short to still behave as a TL. The thickness of the substrate is chosen such
that the width of a 200 € MSL can be precisely manufactured. A pair of oppositely oriented
diodes are required to react to sinusoidal waves. Incidence from the right-hand side is defined as
forward propagation and excitation from the opposite side is called backward propagation.

The static field distribution in the OFF state is illustrated in Fig.4.2 (b) under backward
excitation. Since this structure has 180° rotational symmetry, the forward field distribution can
be obtained by rotating that of the backward by 180°. That is to say the field asymmetry at
the location of the diode can be seen as the ratio between the upper stub and the lower stub
under forward or backward incidence. The transmission rate for static forward and backward
propagation is 0.65 and 0.09 at 2.3 GHz, and the field asymmetry is 8.3 dB, which agrees well
with the circuit model.

This structure is further studied using EM-circuit co-simulation to verify its power-
depended nonreciprocal behaviour with the integration of a real Schottky diode for fast response.
Power-related nonreciprocal transmission is observed from 2.03 GHz to 2.15 GHz with more
than 10 dB nonreicprocity as shown in Fig.4.2 (c) and (d). Frequency shift is inevitable due to
the integration of real diodes. Here, the transmission (7') is the voltage ratio between the received

and the transmitted, and the nonreciprocity is defined by

T
NRzzologlo(T—+), (4-1)

where T+ denotes the forward and backward transmission rate. The incident power is calculated
2
by ‘;“T’C‘()“, where Vian, 1s the amplitude of the voltage source. The system is reciprocal under low-

power illumination since the diodes are not triggered. As the power increases, the nonreciprocity
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rises because the diodes are only turned on under forward incidence and it reaches the maximum
when the voltage across the diodes of backward excitation is close to the threshold of the diodes.
The transmission rate finally converges as the incident power continues increasing, since the
threshold of the diodes become negligible compared with the voltage cross the diodes. More
than 10 dB nonreciprocity is achieved between —2.8 dBm and 5.6 dBm incidence for 2.05 GHz.
The dynamic range of the proposed design is adjustable by varying the impedance contrast. An
example is given in the 4.4.2 and Fig.4.7 with larger dynamic range by increasing % Note that
the width of the transmission line should be considered for easy fabrication. The static states and
power-dependent nonreciprocal performance is further demonstrated through measurement and
the results are included in 4.4.1 and Fig.4.5, which proves its potentiality as a building block of

EM isolators and circulators.

4.1.3 Metasurface design and measurement

After demonstrating the nonreciprocity of the MSL through simulations and measure-
ments, we extend it to a metasurface as illustrated in Fig.4.3 (a), which can be used to protect
sensitive devices from high power sources while allowing one-way communication. This is
attained by folding the MSL structure and separating the two halves on two layers with a ground
plane in between as illustrated in Fig.4.3 (b). These MSL layers are connected by two vias
through the holes on the central ground plane. Two patch antennas are attached to the MSL to
receive and transmit the EM signals. Since the patch antenna only supports linear polarization in
the Z direction, all the following results are the outcome under Z-polarization illumination. The
simulated results for the orthogonal polarization in X direction is shown in 4.4.3 and Fig.4.8,
showing zero transmission rate for both propagation directions.

The performance of this design is studied using EM-circuit co-simulation on a unit cell
with periodic boundaries to reduce the computational cost. Since the excitation is free space
waves, the definition of input power is different than that in the MSL simulations, where the

incident is calculated by the voltage between the MSL and ground plane. Here, the input refers

48



(@ (b)

b,

X y
(©) (d)
0.5 20
04r 15}
0.3} 3
~ =10
0.2} x
——Backward

20 -10 20

0 10 0 10
Input Power (dBm) Input Power (dBm)

Figure 4.3. Metasurface design. (a) Illustration of a 6 by 3-unit surface. (b) A detailed
illustration of the three-layer layout. p; and py, are the length and width of the patch antenna,
respectively. g and g, are the length and width of the matching slot on the patch antenna. (c)
The simulated transmission rate (7') under different propagation directions. Red line: forward
incidence for 2.21 GHz. Blue line: backward incidence for 2.21 GHz. Red shaded area: forward
incidence from 2.18 GHz to 2.25 GHz. Blue shaded area: backward incidence from 2.18 GHz
to 2.25 GHz. (d) The simulated nonreciprocity (NR). Solid line: 2.21 GHz. Shaded area: 2.18
GHz to 2.25 GHz.

to the power over the area of one unit cell. Similar to the MSL structure, a nonreciprocal
transmission with the same trend is observed as shown in Fig.4.3 (c¢) and (d). The bandwidth of
this unit cell is narrowed down to 2.18 GHz to 2.25 GHz due to the patch antenna.

A 6 by 3-unit prototype, as shown in Fig.4.4 (c), is fabricated to measure its nonreciprocity.
This experiment is conducted in an anechoic chamber, as in Fig.4.4 (b), to minimize the effect
from the environment. To avoid diffraction and to confine energy propagation, the surface is
placed inside a parallel plate TEM waveguide with the same height as illustrated in Fig.4.4 (a).
Microwave absorbers are placed at the top and the bottom of the waveguide to further reduce
diffraction. The incident signal is generated by a vector network analyzer (VNA), amplified by a

power amplifier and transmitted by a horn antenna. After propagating through the surface, the
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signal is received by another horn antenna connected to the VNA. Note that the input power here
has the same definition as in Fig.4.3 (c) and (d), referring to the the power incident on each unit
cell. Having the setup fixed, the backward transmission is measured by flipping the sample. In
addition to the forward and backward transmission scenarios, we also measured the transmission
of a blank waveguide (the blank case), representing the total incident power, and the diffraction
from the sides with an equal size aluminum sheet (the PEC case). Although the waveguide is
wider than the sample, the diffraction measured under the PEC case is 30 dB less than that of the
blank case, which is negligible. Thus, it is reasonable to assume that no diffraction occurs in this

measurement. The transmission in the measurement is defined by

| P+
Ty =4/ —, 4.2)
Pk

where P is the absolute power received by Rx measured with board under forward/backward
propagation and the blank case. The nonreciprocity is still defined by Equ.(4.1). The mea-
surement results are shown in Fig.4.4 (d) and (e), similar to the simulation results in Fig.4.3, a
nonreciprocal transmission behaviour is observed under different incident directions. More than

10 dB isolation is achieved between —1.8 dBm to 4.7 dBm at 2.05 GHz.

4.2 Discussion

We proposed a MSL-based all-passive nonreciprocal metasurface by applying nonlinear
devices at field asymmetrical locations, and verified its “diode”-like one-way behavior under
opposite incident directions through experiments. Unlike the Kerr effect approach in photonic
systems, where the nonlinearity originates from the material, this method is rather general in the
microwave regime. Since the field asymmetry comes from the metallic topology, the substrate
is free of choice. The option for diodes are also numerous in various packages, material and
arrangement. Moreover, it can be scaled to other frequencies, and it is rather easy to modify the

input and output impedance by adjusting the width of the MSL. In addition, the working range of
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Figure 4.4. Measurement inside a TEM waveguide to reduce diffraction. (a) Illustration
of measurement setup. (b) Picture of measurement setup. (c) Picture of the prototype. (d)
The measured transmission rate (7') under different propagation direction. Red line: forward
incidence for 2.05 GHz. Blue line: backward incidence for 2.05 GHz. Red shaded area: forward
incidence from 2.02 GHz to 2.06 GHz. Blue shaded area: backward incidence from 2.02 GHz
to 2.06 GHz. (e) The measured nonreciprocity (NR). Solid line: 2.05 GHz. Shaded area: 2.02
GHz to 2.06 GHz.

power is adjustable using different arrangements of diodes, which is equivalent to adopting diodes
with different threshold voltages (see 4.4.2 and Fig.4.6). Different from the ferrite approach, its
immunity to Faraday rotation makes it more appealing for communication systems. Different
polarizations can be achieved using other types of antennas, or modifying the feeding point
of the current design if polarization conversion is preferred. This lightweight, low-profile and
low-cost PCB design is promising in various applications, including EM protecting layers such
as radomes and nonreciprocal absorbing material, and EM isolators and circulators by cascading
the MSL structure. We realize this design is subject to the limitation of dynamic reciprocity that

small signals lose nonreciprocity in the presence of large signals [86], since the nonreciprocity is
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induced by field intensity which is the summation of all signals.

4.3 Methods
4.3.1 Fabrication

The MSL structure is manufactured on a 3.175 mm thick 8.5 cm by 8.5 cm double-sided
Duroid Rogers 5880 PCB with coaxial feed. The dimensions are wo 12 =9.7,6.63,0.31 mm,
lo12=19,19,24 cm, d = 1.4 mm,r = 1.2 mm, and the radius of the vias are 10 mil. The
center of the 66 Q and 200 2 MSL forms a square whose side length is /; shown as the black
dotted line in Fig.4.2(a). The Schottky diode used in the EM-circuit co-simulation is BAT15-04W.
There is a hole on the upper matching stub to place the diodes to connect the stub to the ground
plane through a via in the ON state. The metasurface is fabricated on a three-layer 42.3 cm by
20.5 cm Duroid Rogers 5880 PCB, both of cores are 3.175 mm in thickness. The dimensions
for the patch antenna, resonating at 2.19 GHz, are py, = 53.87 mm, p; = 45 mm, gy, = 2.5 mm,
g1 = 13 mm. Note that the periodicity in y and z direction is 6.8 cm and 6.6 cm, respectively, to

avoid overlapping of the top and bottom layer for a through via.

4.3.2 EM-circuit co simulation

After simulating the EM structure from DC to 8 GHz, we extract its S parameters and
perform transient simulation in circuit with the diodes SPICE model provided by the manufacturer.
The metasurface is simulated under periodic boundaries using unit cell. Studies of third order
harmonics, third-order intermodulation product and 1-dB compression point is included in 4.4.4
and Fig.4.9-4.12, which show that the harmonics are negligible under all incident power and that

the defined 1-dB compression point is out of the 10 dB nonreciprocity range.

4.3.3 Measurement

The TEM waveguide is 120 cm long, 60 cm wide and its height is 20.3 cm, which is

the same as the prototype. The distance between the edge of the horn antenna (Rx) and the
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TEM waveguide is 10 cm, which excites plane wave inside the waveguide. Devices involved:
VNA, Keysight ES071C, power amplifier Ophir 5022, Tx and Rx RCDLPHA2G18B. Due to the
involvement of an amplifier, instead of S parameters, the VNA is always measuring the absolute
power on Rx. To measure under different incident power, the input power of the VNA varies
from —40 dBm to —10 dBm with the amplifier providing a 30 dB amplification. All the data is

averaged by 8 times, and the devices are controlled by Python.

4.4 Extended material
4.4.1 Microstrip line measurement

We fabricated three coax-feed MSL samples as shown in Fig.4.5. The measurement setup
is similar to that using the TEM waveguide in the paper, despite that the prototype is directed
connected to the VNA through coaxial cable. The transmission of static states agrees well with
the simulated results, illustrated in (b) and (c). The diode-integrated sample exhibits more than
10 dB nonreciprocity from 2 GHz to 2.09 GHz, which validates the simulation results in Fig.4.2
of the paper. Here, the input power is exactly the same as in Fig.4.2, assuming the loss of cables

and connectors in the measurement is negligible.

4.4.2 Dynamic range

The working range of power can be designed using different arrangements of diodes. In
Fig.4.6, it is observed that using two pairs of opposite-oriented diodes shift the power up by 6
dBm, since the “equivalent threshold” is doubled compared with one pair of diodes. Here, we
are using ideal diodes with the same parameters in both scenarios to prove this concept. This can
also be achieved by using diodes with different threshold.

The dynamic range can be expanded by increasing the impedance contrast between Z;
and Z,. Fig.4.7 shows an example to increase the dynamic range (—5.5 dBm to 4-8.4 dBm)

of nonreciprocity, compared to the original design (—3 dBm to +6 dBm). Here, Z; = 60 Q,
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Figure 4.5. MSL measurement. (a) A picture of MSL prototypes for diode integrated sample,
static ON state and static OFF state, respectively. (b) Measured and simulated transmission for
static OFF state. (¢) Measured and simulated transmission for static ON state. (d) Measured
transmission under forward and backward propagation. (e) Measured nonreciprocity. Solid line:
2.04 GHz. Shaded area: 2 GHz to 2.09 GHz.

Z> =300, corresponding to w; = 7.4 mm, w, = 0.042 mm. Note that in real applications, the

width of the transmission line should be also considered for accurate fabrication.

4.4.3 Transmission for orthogonal polarization

To demonstrate the nonreciprocal behavior more rigorously, we show the transmission rate
of the orthogonal linear polarization in the x direction as in Fig.4.8, showing zero transmission
in the both propagation directions. Proving that the surface is reciprocal for z polarization, and

polarization conversion is absent.
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Figure 4.6. Dynamic range adjustment study. The power range can be modified by using
different arrangement of diodes. (a)-(c) A pair of opposite-oriented diodes at the upper matching
stub with its simulated transmission and nonreciprocity. (d)-(f) Two pairs of opposite-oriented
diodes in series, shifting T and NR to higher working power by 6 dBm. All curves are plotted at
2.15 GHz.

4.4.4 Higher order harmonics, IM3 and 1-dB compression

We studied the higher order harmonics using a single-tone setup at fo = 2.2 GHz using
EM-circuit co-simulation in Ansys HFSS, as shown in Fig.4.9. It is observed that the third order
intercept point does not exist. The third order input intercept point (IIP3) is usually used to
examine small signal input for weak nonlinear systems. However, in the proposed design, turning
on the diodes results in an abrupt geometric change: the system is linear before the turning on of
the diodes (before 0 dBm), and it becomes strongly nonlinear when the diodes are just triggered.
Although IIP3 does not exist for the high power state, the harmonics are 20 to 30 dB lower than
the fundamental frequency.

The third-intermodulation product is plotted in Fig.4.11 under different incident powers

for forward and backward incidence at 2.2 GHz, respectively. The two-tone co-simulation setup
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Figure 4.7. Expanded dynamic range study. The co-simulation results for Z; = 60Q, Z, =
300 Q, corresponding to w; = 7.4 mm, wy = 0.042 mm at 2.1 GHz. (a) Transmission under
forward and backward incidence. (b) Nonreciprocity.

in ADS is shown in Fig.4.10. The S parameters of the proposed unit cell are extracted from an
HFSS simulation and imported to an ADS simulation as an s3p file. Marker 1 (m1) indicates
the desired frequency and Marker 2 (m2) indicates the third order product. (a) and (b) are under
—10 dBm incidence, corresponds to low power state (diodes not triggered). (c) and (d) are under
3 dBm incidence, that is when the highest nonreciprocity occurs. (e) and (f) are under 10 dBm
incidence when the diodes are triggered for both incident directions. The results show that the

IM3s are at least 15 dB smaller than the fundamental frequency.
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Figure 4.8. Transmission for orthogonal polarization. (a) The simulated transmission rate
under different propagation directions. (b) The simulated nonreciprocity. Solid line: 2.21 GHz.
Shaded area: 2.18 GHz to 2.25 GHz.

This design is completely linear under low power incidence (diodes are not triggered),
slightly nonlinear in the high-power state after the diodes are triggered, and it is strongly nonlinear
when the diodes are just triggered. While the nonlinearity for the amplifiers is weak, the proposed
structure is strongly nonlinear when the diodes are just triggered since the nonlinearity of the
diodes is magnified by the geometry change of the microstrip line. In addition, the design does
not have an expected gain. Thus, the 1-dB compression definition might not apply perfectly. We
only define the 1-dB compression point for the high-power state (after the diodes are triggered).
Here, the 1-dB compression point is defined by fitting a straight line to the high power state
as shown in Fig.4.12, and we studied when the output power dropped by 1 dB comparing to

the fitted line. The defined 1-dB compression point for forward and backward propagation is 6
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Figure 4.11. Third-intermodulation product. (a) and (b): Forward and backward propagation

with P, = —10 dBm. (c) and (d): Forward and backward propagation with P, = 3 dBm. (r) and
(f): Forward and backward propagation with P;,, = 10 dBm.

dBm and 12 dBm, respectively, and it is outside of the 10 dB nonreciprocity range. The transfer
function of both forward and backward propagation is ideally similar to a step function versus
input power (if the diodes are ideal), but with a shift in input power. The 10 dB nonreciprocity
range starts after the diodes are already well triggered for forward incidence (in high power state,
the structure is slightly nonlinear), while the backward direction is just about to trigger the diode

(low power state, the structure is linear). Thus, not much compression is observed within the 10
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Figure 4.12. Fitted 1 dB compression point. (a) Forward propagation. (b) Backward propaga-
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This chapter is based on the following paper: Yang, X., Wen, E., & Sievenpiper, D. F.
(2023). “All-passive microwave-diode nonreciprocal metasurface.” Communications Physics,

6(1), 333. The dissertation author was the primary investigator and author of this paper.
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Chapter 5

Multifunctional Reconfigurable Metasur-
face

A metasurface (sometimes called a reflectarray/transmitarray if the unit cell is composed
of common antenna designs), the two-dimensional (2-D) counterpart of a metamaterial, exhibits
unprecedented abilities of wave manipulation such as polarization conversion, beam steering and
phase control [3, 87]. Besides, compared to a 3-D metamterial, its low-profile, low-cost and easy
fabrication features make it more appealing. It has aroused wide attention from the microwave
regime, to the terahertz and optical ranges for its promising applications in wireless systems
to improve robustness and efficiency of communication between the transmitter and receiver,
especially for modern ultra-compact electronic systems which are usually linearly-polarized
[88, 89]. The polarization mismatch can be alleviated by polarization conversion to match
with the polarization of the direct path. By beam steering, the maximum amount of power is
redirected to the receiver [90]. The reflected beam of a reflective metasurface can constructively
combine with direct path by phase matching. In addition to that, such a surface can be a useful
attachment to the stop sign, for retro-reflecting the signal back to radar, the polarization change
would enable detection of the stop sign in the crowded reflection from the rest of the environment
[91]. Except for polarization conversion and beam steering, another function, adding a phase
offset, is potentially useful to be integrated to multifunctional reconfigurable metasurfaces. This

function enables phase manipulation of the reflected beam, such that a spatial hot/cold spot could
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Figure 5.1. The proposed simultaneous multifunctional metasurface. (a) Illustration of the
proposed design. Blue beam: incident wave. Green beam: outgoing beam. (b) A picture of the
prototype.

be created when using more than one metasurface to cancel or enhance the local field. Recent
research on smart surface enabled multiple-input and multiple-output (MIMO) requires phase
manipulation on the reflected beam to provide a MIMO spatial multiplexing gain [90, 92]. We
believe developing a metasurface with simultaneous polarization, beam steering and phase offset
can find many applications in wireless communication systems.

Conventional passive metasurfaces are only capable of one specific polarization conver-
sion function [93, 94, 5, 95, 96, 97, 98, 99]. It is also noticed that the polarization conversion
is not optional, which hinders their applications in the real world. Studies on reconfigurable
metasurfaces [100, 101, 102, 103, 104, 105] address this issue by integrating nonlinear com-
ponents or materials to increase the versatility. However, previous research on varactor-based
metasurfaces have only realized some of the functions [106, 107]. Other research on transmi-
tarrays and reflectarrays use diodes to switch between different polarizations and phase delays
[108, 109, 110]. Limited by the 1-bit phase resolution, it is challenging to achieve complete
phase offset and it requires a large surface to achieve an accurate steering angle. Using a phase
shifter (especially a discrete-phase shifter) also has this issue. In addition, adopting varactors

can broaden the working bandwidth since the capacitance of the structure is tunable.
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In this communication, we propose the first multifunctional reflective metasurface, as
illustrated in Fig.5.1, with simultaneous beam steering, polarization conversion including X/Y
polarization (XP/YP) to XP/YP/left-hand circular polarization (LHCP)/right-hand circular polar-
ization (RHCP) conversion, and complete phase offset range from —180° to 180° by adopting
biased varactors. A unit cell which responds to the two orthogonal linear-polarized components
of the incident wave is designed. Deploying varactors allows phase manipulation on the orthogo-
nal components to achieve polarization conversion within unit cells. An overall phase shift across
adjacent unit cells enables beam steering. The phase offset is realized by assigning different

initial phase values to the first column of unit cells.

5.1 Unit Cell Design and Simulation Results
5.1.1 Unit Cell Design and Mechanism

Any linear polarization (LP) can be decomposed into two orthogonal LPs, take y-polarized

wave as an example,
XY E jo IR E s

V228 et

where @12 = ¢p. If the phase of the orthogonal components can be manipulated properly,

PEe/% =

5.1

polarization conversion is achieved. LP to LP/circular polarization (CP)/cross-linear polarization
(C-LP) conversion is realized by simply adding on an extra phase delay to the components in
Eqn.(5.1) when ¢; — ¢ = 0°/ £90°/ + 180°, otherwise, LP to elliptical polarization conversion.

To realize this, we first design a unit cell structure which naturally decomposes the XP/YP
to two orthogonal components with independent electromagnetic response. As illustrated in
Fig.5.2 (a) to (c), the unit consists of four identical arrow-shape patches with ungrounded vias
underneath and a grounded square island at the center. The slots on the patch are designed to
shrink the electrical size for the resonance. The locations of the ungrounded vias are chosen to
be the nulls of the field distribution, so that the vias do not interfere with the resonance and this

also prevents the RF leakage to the biasing system, which makes it reasonable to neglect the
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Figure 5.2. Unit cell illustration and simulated results. (a) Top view of the unit cell. (b)
and (c) Side view of a quarter unit cell. (d) Equivalent circuit of a quarter-cell with a varactor.
Substrate: Duroid Rogers 5880. (e) and (f): field distribution under two orthogonal incident,
respectively. a =29 mm, p =12 mm,d =3 mm, g = 1.2 mm, 2= 1.575 mm, /; = 4 mm, wy =2
mm, [, = 8 mm, w, = 1.2 mm, /. = 0.58 mm, r, = 0.25 mm, r;, = 0.50 mm.
biasing network in the simulations. When illuminated by a Y-polarized electric field, the patches
on the two diagonals react independently to the orthogonal components of the incident wave, as
shown in Fig.5.2 (e) and (f), demonstrating its capability to respectively modify the reflection
phase of the orthogonal field components.

Reflection phase manipulation of this design relies on varactors, illustrated as the red

rectangles in Fig.5.2 (a). Four varactors are applied in parallel to the metal patches across the

gap between patches and the central island, creating an equivalent circuit shown in (d) for one
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Figure 5.3. The simulated reflection phase and magnitude of the unit cell. The equivalent
circuit model of the packaged varactor (MA46HO070-1056) is used in simulations. (a) The
equivalent circuit of the packaged varactor, where C, is the junction capacitance, L; = 0.45 nH,
Cp = 0.05 pF, Ry = 1.8 Q. (b) Simulated reflection phase as a function of C,. (¢) The simulated
reflection magnitude and phase using the equivalent circuit in (a). 0.55,0.48,0.43,0.39,0.36 pF
corresponds to 3.0,4.0,5.0,6.0,7.0 V biasing, respectively.

quarter of the unit. The resonating frequency is determined by

| 1
fozﬁ Im, (5.2)

where Ly and C is the intrinsic inductance and capacitance of the patch, and C, is the capacitance
introduced by a varactor. When applying different voltage through the ungrounded vias, a
frequency shift on fy occurs, resulting in a reflection phase change. The Q factor is actually
a very important part of the design. If the Q is too narrow, the bandwidth of any steering or
polarization conversion effects will also be narrow, and losses will also be higher near resonance.

However, if it is too broad, then the varactor tuning range may not be sufficient to provide the
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full phase range. Thus there is a tradeoff between these effects which must be incorporated into
the design. Fortunately, the Q factor can be controlled in most metasurface designs through the
thickness, with thicker substrate generally providing lower Q for a given resonance frequency.
The height of the substrate is chosen to be 1.575 mm to achieve full phase range. To study the
reflection phase, all varactors are assigned with the same C,, in the unit cell simulation with
periodic boundaries, and the results are shown in Fig.5.3 (b) to (d). According to the datasheet,
the packaged varactors are represented by the equivalent circuit model in Fig.5.3 (a) in the
simulations. A complete reflection phase range from —180° to 180° is observed from 3.3 GHz
to 3.7 GHz within the varactors capacitance range under normal incidence for XP/YP.

Beam steering is realized by a phase difference across adjacent units. An external
phase difference A¢, should be added on to the next neighboring unit while maintaining the
internal phase difference A¢; (0°/2290°/=£180° for XP to XP/CP/YP conversion) between the two
diagonals for simultaneous beam steering and polarization conversion.

There are numerous combinations of reflection phases that result in the same steer angle
and polarization conversion, since the phase of the first unit cell (referred to as the initial phase
@p in this paper), is free of choice from —180° to 180°, which gives the third function of the
proposed structure: phase offset. As ¢y’s range is complete, the phase of the outgoing beam is

also complete from —180° to 180°.

5.1.2 Extending to Metasurface

TThe unit cell is then extended to a 7 by 6 unit metasurface, as shown in Fig.3.1 (a), to
prove its simultaneous multifunctional capability in driven modal simulations. For simplicity,
each column of the surface is assigned with the same capacitance to achieve 1-D steering in the
XOZ plane. In Fig.5.4, all results are obtained using ¢g = 150° and the design frequency is 3.6
GHz, using the red curve in Fig.5.2 (b). The black dashed line represents the ideal directivity for
an equal size PEC sheet. A loss around 4 dB is observed for all cases, which agrees with the

simulated loss of a unit cell in Fig.5.2 (c). Note that all units with 0° steering share the same
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reflection phase (150°) far away from the resonance, resulting in lower loss.
The simulated phase offset by varying ¢y is illustrated in Fig.5.5. The simulated phase

offset q)fém“ is defined by the phase of the radiated far field,

Simu.

rE = |rE|e¢rE . (5.3)

The ideal phase offset if calculated by

fredh = o™ (9o = —180°) + o, (5.4)

which assumes that any variation in ¢ results in the same amount of variation in the phase of the
radiated far field. Due to the imperfect choice of capacitance, a phase error between gbrsé'm”' and
¢)r]ge“l occurs. A +10° accuracy is observed for the main beam direction, and the phase variation

for +-5° around the main beam is £=20°.
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Figure 5.4. Simulated pattern for the 7 by 6-unit metasurface design under normal y-
polarized incidence. The design frequency is 3.6 GHz with ¢y = 150°. Solid line: 3.6 GHz,
shaded area:3.58 GHz to 3.63 GHz. (a)-(d): XP to XP/YP/LHCP/RHCP conversion.

67



(b)

- . /\
= S |
= < T —— Simu
= =l & Ideal
| | |
© 180 (d)
& 01 — Simu. & 1 — Simu
T 90 - Ideal % 7 - ldeal
—180 I T 1 T | T
—180 -90 0 90 180 —-180 —90 0 90 180
¢, (deg) ¢ (deg)

Figure 5.5. The phase offset added to the reflected beam with various ¢, for 30° steering at
3.6 GHz. Solid line: main beam direction, shaded area: +5° of the main beam. (a)-(d): XP to
XP/YP/LHCP/RHCP conversion.

5.2 Measurement and Results
5.2.1 Fabrication and Measurement Setup

After numerical validations for the proposed structure, a varactor-loaded, four-layer,
7 by 6-unit 1-D surface is manufactured as shown in Fig.3.1 (b). The top two layers are the
varactor-integrated patches and the ground plane, respectively. Underneath is a double-layer DC
biasing network, as shown in Fig.5.6 (a). Each unit has two biasing channels, corresponding to
the patches on the two diagonals, and the units on each column are connected together, resulting
in 14 DC channels, as illustrated in Fig.5.6 (b).

The experiment setup for all measurements is shown in Fig.5.7. The surface under
test (SUT) and the transmitter (Tx) rotate together in azimuth. The surface is biased by a
data acquisition device (DAQ, NI PXIe-1062Q). The Tx and receiver (Rx) are identical dual-

polarization (XP and YP) horn antennas (RCDLPHA2G18B) and thus can be used to measure
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the polarization conversion. Using the vector network analyzer (VNA, ES071C) to excite XP, the
incident wave is reflected by the SUT and then collected Rx to measure the XP to XP (S,,) and
XP to YP conversion (Sy).

Three sets of data, with/without SUT and an equal size metal sheet case (aluminum, PEC
case), is collected for both the reflection phase and the pattern measurement. The PEC case is
used as a baseline study to observe the maximum power that the SUT is able to reflect if lossless.
By measuring the blank (BLK) case (without SUT), the data contains all the reflections from the
background and the direct talk between Tx and Rx. Thus, subtracting the blank case data from
that of the SUT case eliminates environmental signals. Time-gating technique is also applied to

further filter out the reflected signal from the SUT.

@) Patches ~ __japh b

Ground - 60 mil RO5880
Biasing layer 1 - 8 mil Pre-preg
Biasing layer 2 —__Cho " Ch2 10 mil RO5880

(b)

Figure 5.6. The stack-up info. (a) The stack-up illustration including the biasing layers. (b)
[llustration of biasing line arrangement. The green and blue copper lines are located on biasing
layer 1 and 2, respectively.

5.2.2 Measurement Results

Before examining the ability of wave manipulation, we first measure the reflection phase
of the surface under different biasing voltage. All channels are biased with the same voltage
under normal incidence and the motor at 8 = 0°, as in Fig.5.7. Since polarization conversion is

absent in this measurement, S, for the SUT/BLK/PEC cases measures the loss and reflection
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Figure 5.7. Experiment setup. 6 denotes the rotation angle of the Tx. X and Y indicate the
direction of XP and YP.

phase of the metasurface. The calibrated S parameter of the surface is determined by

SSUT,cal(f u) o Sgg)gc(fﬂ u) —Sfo,gc(f,”)

e - SPEC(fu) — SEU(f o)

(5.5)

where f and u denotes the frequency and biasing voltage for all channels, respectively. All
results presented below are time-gated and calibrated using the Eqn.(5.5). Since the equal size
PEC case can be considered as lossless, after subtracting the environmental noises, dividing the
SUT by the PEC case directly indicates the loss (6) and deembedded reflection phase (¢) of the
metasurface,

S;CS')E]Tpal (f, u) — 5(]6, u)ej(l)(f,“) (5.6)

A complete phase range from —180° to 180° is observed in Fig.5.8 (a), demonstrating the tuning
bandwidth of the metasurface covers from 3.3 GHz to 3.7 GHz. As depicted in Fig.5.8 (b), 6
decreases as biasing voltage increases, because the varactors are more lossy at higher capacitance.
In agreement with the simulated unit cell reflection phase and loss, the maximum loss around 3.6

GHz is approximately 4 dB, which is reasonable compared to existing work [105]-[107, 111].
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Even at the lower frequency end, higher loss only occurs when all units are working at the
resonant bias voltage, which does not happen when polarization conversion and beam steering
are active, since units are not assigned with the same biasing that happen to maximize this loss.
Even if none of the functions are active, this maximum loss scenario can still be avoided by
choosing off-resonance biasing.

The look-up table between biasing voltage and reflection phase in Fig.5.8 (a) is used to
design the biasing voltages for simultaneous beam steering, polarization conversion and phase
offset. Here, we verify its performance by showing the results at 3.6 GHz in Fig.5.9. Although
the data only records S, and Sy,, the calibrated S parameter between XP to RHCP/LHCP can be

reconstructed by
SUT cal + l.SSUT7cal

nglz,cal: xx = Vx . 5.7)
— 3.3 GHz
3.4 GHz
—3.5GHz
— 3.6 GHz
0 2 4 ¢ g —37GHz
Biasing Voltage (V)
®) 0.0 — 180
ST 5 o
S 5.0 - g 0
© 75 4 S 90 :Z‘gz
~10.0 —— ~180 —— '
3.4 35 3.6 3.7 38 34 35 36 37 38 OV
Frequency (GHz) Frequency (GHz)

Figure 5.8. Measured S parameter of the metasurface after time-gating and calibration. (a)
The mapping between biasing voltage and reflection phase. (b) Loss and reflection phase of the
surface.

71



To convert these S parameter into directivity, we calculated the directivity of PEC using
DPEC = 2Z5 = 18.0 dBi/dBiC. Then, a relationship between SV and directivity DSUT is
established by DSUT = 20l0g0|S5VT<#| + DPEC. The results for four polarization conversion
scenarios with different steering angles are shown in Fig.5.9. Similar to the simulation results,
a cosine envelope with around 4 dB loss is observed across various steering angle. For XP to
YP conversion, the difference between the diagonal components has to be 180°. Thus, it has a
higher chance to fall around the resonance (which has higher loss) according to Fig.5.8, resulting
in general slightly higher loss than XP to XP/LHCP/RHCP conversion. The nulls in the pattern
are filled in due to a 15.5° quadratic phase error. However, its impact on the overall pattern is
negligible.

Another metric for polarization conversion is polarization conversion rate (PCR), which

is defined b
Y (SSUT,cal)z
PCR,, = aa , (5.8)
XX (S§§]T7cal)2 + (SggT,Cal)z
SSUT,cal 2
PCRy = S ) (5.9)

(Si')lc]ﬂcal)z N (Si)ICJT,cal)z’
PCR,, |, are defined similarly. The measured PCR for different polarization conversions are
shown in Fig.5.10. The PCR at the designed frequency is above 0.9 for almost all scenarios,
except 45° steering LP to LHCP, and —45° steering LP to RHCP conversion. Note that this is not
because of the large steering angle or conversion to CP, since —45° steering LP to LHCP, and 45°
steering LP to RHCP conversion both show PCR above 0.9. It happens due to the discrepancies
among non-ideal varactors: the accuracy gets worse for certain cases involving more elements
working around the resonant frequency. This could be improved by a fine capacitance tuning of
each channel, or using real-data driven machine learning techniques to study the relationship
between biasing voltage and reflection phase [111]. However, this is beyond the scope of this
paper.

By sweeping the initial phase @9 from —180° to 180°, the phase of the outgoing beam
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Figure 5.9. Measured pattern for different polarization conversion and steering angle.
The reflection phase look-up table in Fig.5.8 (c) is used to design the pattern. (a)-(d): XP to
XP/YP/LHCP/RHCP conversion. Solid line: 3.6 GHz, shaded area: 1 dB bandwidth, 3.58 GHz
to 3.63 GHz.
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Figure 5.10. The measured PCR for four polarization conversion scenarios with different
steering angle from —45° to 45°. The design frequency is 3.6 GHz. (a)-(d): PCR for XP to
XP/YP/LHCP/RHCP conversion.
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varies accordingly from —180° to 180°. Fig.5.11 illustrates an example of the measured and
ideal phase offset with 30° steering for four polarization conversion scenarios. The phase offset

in the measurement is defined by

Meas. SUT ,cal
Rx S )

= ang( ; (5.10)

and the ideal phase is plotted by
1l = Pprens-(¢o = —180°, f = 3.6 GHz) + ¢o. (5.11)

A phase error between (]){geal and @A ranges within £-20° for all polarization conversions at

the main lobe directions. This error could also be improved by the techniques mentioned above.

@ 180 (b)
@ 90 —//\ % )
3 3
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—180 I I I —— T
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Figure 5.11. The measured phase offset at the main lobe direction. The results are derived by
changing the initial phase assigned to the first column of the surface, with a 30° steering angle.
(a)-(d): XP to XP/YP/LHCP/RHCP conversion. Solid line: at the main lobe direction. Shaded
area: +5° of the main lobe direction.
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5.3 Conclusion

A four-layer varactor-based multifunctional metasurface for simultaneous beam steering,
polarization conversion and phase offset is proposed and experimentally demonstrated. The
incident XP is naturally decomposed by the metallic patches into two orthogonal LPs, whose
reflection phase is controlled by the loaded biased varactor. Unlike the N-bit p-i-n diode approach,
which is limited by the states of the diodes, this method is capable of continuous phase offset
from 180° to 180°. Although neglecting the differences between varactors and using the overall
reflection phase of the whole surface as that of a unit cell, more than 0.9 PCR is observed for
almost all polarization conversion scenarios. XP to XP/YP/RHCP/LHCP conversion with —45°
to 45° steering and a £20° error of phase offset at the main beam direction is achieved. The
bandwidth covers from 3.3 GHz to 3.7 GHz, while once a combination of biasing voltages is
chosen, the 1 dB bandwidth is 50 MHz. We believe the proposed metasurface can find many
applications in wave manipulation and increasing communication efficiency.

This chapter is based on the following manuscript to be published: Yang, X., Wen,
E., Bharadia, D., & Sievenpiper, D. F. (2024). “Multifunctional Metasurface: Simultaneous
Beam Steering, Polarization Conversion and Phase Offset.” IEEE Transactions on Antennas and
Propagation, 72(5), 4589 - 4593. The dissertation author was the primary investigator and author

of this paper.
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Chapter 6

Conclusion and Future Work

6.1 Summary of Work

This thesis presents a comprehensive investigation on the performance and advantages
of non-LTI and reconfigurable metasurfaces compared to conventional passive metasurfaces
through analysis, simulation and experiment. By loading nonlinear devices and applying time-
modulation, the metasurfaces exhibit enhanced performance in multifunction and promising
ability to achieve power-dependent transmission, ultra-wide bandwidth and nonreciprocity that
LTI metasurfaces are not capable of.

Chapter 1 reviews the background and applications of metasurfaces, and explains the
motivation and advantages of integrating electronic components to achieve non-LTI and recon-
figurable metasurfaces.

Chapter 2 propose a broadband absorber beyond the Bode-Fano limit by creating an
energy trap using time-modulated switch/diodes. This work starts with an ideal circuit model to
prove the concept, followed by two EM realizations - a freugnecy selective surface approach for
general bandwidth broadening and a low-profile PCB design. The prototype of the latter is built
and measured, demonstrating a Bode-Fano integral larger than one. This approach paves a way
to many practical ultra-wide band absorber designs.

Chapter 3 presents a metallic ring based, diode-integrated, low-profile, power-dependent

metasurface. The triggering of the diodes directly transforms the structure from a surface wave
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supportive state to a self-induced bandgap topology if exposed to high power RF illumination.
The concept is demonstrated by EM-circuit co-simulation and measurements for a 6 by 8 unit 2D
prototype. Near field scan experiments verify that the proposed topology works in two distinct
states, the ON and OFF state, and high-power measurements prove that the reflection varies
with the incident signal power. This structure can be used to protect sensitive devices from large
signals while otherwise supporting a communication channel for small signals.

Chapter 4 theoretically demonstrates the nonreciprocal behaviour on a transmission line
building block creating a strong field asymmetry with a switchable matching stub to enable
two distinct working states. After translating to an electromagnetic model, this concept is
first proved by simulation and then experimentally verified on a microstrip-line-based diode-
integrated metasurface showing nonreciprocal transmission. This printed circuit board design
is expected to find various applications in electromagnetic protecting layers, communication
systems, microwave isolators and circulators.

Chapter 5 introduces a varactor-based reconfigurable multifunctional metasurface capa-
ble of simultaneous beam steering, polarization conversion and phase offset. The unit cell is
designed to naturally decompose the incident waves into two equal amplitude orthogonal linear
components, and by integrating varactors, the reflection phase of the field components can be
engineered from —180° to 180°. Taking advantage of the infinite states of the varactors, this
design integrates a new function, the phase offset. After simulation validation of its capability, a
four-layer one-dimensional prototype is fabricated as a printed circuit board. It is experimen-
tally demonstrated that it switches between X/Y and circular polarization with more than 0.9

polarization conversion rate, while reaching +45° steering and +180° phase offset.

6.2 Future Work

Non-LTI metasurfaces have the benefits in broadening bandwidth, creating nonreciprocity,

enabling power-dependent behaviour and tunability, which conventional metasurfaces cannot

77



achieve. Meanwhile, the nonlinear components such as diodes and varactors also bring harmonics
and loss. Exploring possible approaches to address these issues could enable more applications.
However, it could be beneficial to developing broadband absorbers with frequency conversion
and higher dielectric loss. Time-modulation strategy is challenging and complex to realize in
real-world applications, especially at higher frequencies in optical range. Thus, designing a
self-triggered biasing network using active components could avoid modulation and reduce
biasing difficulty. It is also possible to apply time-modulation to transmitters and receivers for

wideband applications, or create nonreciprocity.
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