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Analysis and Optimization of Nonlinear Diode
Grids for Shielding of Enclosures with Apertures

Cheng Yang, Member, IEEE, Torben Wendt, Student Member, IEEE, Marco De Stefano, Student Member, IEEE,
Marc Kopf, Christopher Marc Becker, Stefano Grivet-Talocia, Fellow, IEEE,

and Christian Schuster, Senior Member, IEEE

Abstract—Lumped-element grids provide an attractive option
for wave propagation control in electromagnetic compatibility
(EMC) engineering. This paper investigates the peak shielding
effectiveness (SE) of a diode grid used for protection of enclosures
with apertures against high intensity radiation fields (HIRFs).
The nonlinearly loaded aperture is investigated with an efficient
hybrid field-circuit simulation approach. Numerical experiments
show that design aspects, e.g., aperture and enclosure size,
grid density, impedance characteristic of lumped loads, play
an important role in the field transmission through a diode
grid which is nonlinear and time-variant. With a physics-based
analysis of the interaction between the grid and the enclosure-
backed aperture, nonlinear shielding techniques are identified
that allow a control of the peak SE between 0 dB and 26 dB in
novel ways. For the first time, the peak SE curve of a diode grid
is demonstrated with four different field intensity dependencies,
i.e., intensity low-pass, intensity high-pass, intensity band-pass
and intensity band-stop selectivities from tens V/m to hundreds of
V/m. By considering design aspects into a two-step optimization
procedure, practical guidelines are provided for the nonlinear
shielding implementation.

Index Terms—Nonlinear shielding, diode grids, band-pass,
band-stop, field intensity selectivity, hybrid simulation, guideline.

I. INTRODUCTION

MODERN electronic systems with high speed signal
processing and high frequency wireless communication

suffer from susceptibility to high intensity radiation fields
(HIRFs) or electromagnetic interferences (EMI) in general [1].
These interferences, rising from external electromagnetic (EM)
radiation sources, such as electrostatic discharge, broadcasting
transmitters, automotive radars, base stations, WIFI hotspots,
IoT (Internet of Things) and 5G devices, can result in software
failures or even hardware damages. For protection, various
devices or materials can be used in system in order to shield,
filter, limit or absorb intense radiation energy. Among them,
nonlinearly loaded structures using lumped element arrays or
grids have been receiving increasing attention and become
an emerging research area in electromagnetic compatibility
(EMC). For example, limiting frequency selective surfaces
[2], [3], energy selective surfaces [4]–[6], waveform-dependent
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Fig. 1. Selected examples of nonlinear loaded structure designs using diode
grids from [3], [4], [7], [10], [12], [15], [18]–[20], [22]–[26]. The number of
utilized diodes is varying from 8 to 4050. All listed designs are self-activated
and are published with high-power microwave experiments.

metasurfaces [7]–[9], power-dependent metasurfaces [10]–[13]
and other nonlinear loaded designs [14]–[21]. On the exper-
imental side, a large number of nonlinear design prototypes
have been reported as depicted in Fig. 1, showing successful
controls of nonlinear elements by strong radiation fields [3]–
[7], [10], [12], [15], [18]–[20], [22]–[24], [24]–[27]. The non-
linearly loaded structures found applications in an intelligent,
all-passive and self-configurable EMI protection for a single
antenna or antenna arrays [19], [20], requiring no external
sensors or biasing circuits.

For illustration, Fig. 2 depicts an example of a nonlinearly
loaded aperture with an aggressor and a victim positioned in
front and center of the enclosure. The switching of the diodes
affects the field penetration through the grid, making the high
field intensity and low field intensity waves distinguishable,
an effect that is labeled as nonlinear shielding in this paper.
This offers the advantage of self-actuated and field intensity
dependent characteristics of a diode grid, which allows a
victim behind the diode grid to transmit/receive signals at low
field intensity levels. However, the field transmission through
a diode grid is also influenced by the resonances of the
enclosure, making the implementation of nonlinear shielding
difficult. Previous nonlinear loaded designs are either highly
dependent on a computational expensive full-wave simulation
or approximated with a simplified full-wave simulation using
only one unit cell [3], [19], [24], [26], resulting in an inefficient
iterative optimization [13]. To our best knowledge, there is
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Fig. 2. Depiction of a diode grid used for shielding of an aperture backed
with a metallic enclosure. An aggressor and a victim are positioned in exterior
and interior region of the enclosure. Nonlinear shielding is accomplished with
the switching of the diodes by an incident field.

no closed-form solution and very few guidelines have been
reported for an optimized design of a diode grid for enclosures.
Therefore, the emphasis in this work is put on the design
optimization of a nonlinear shielding design using an efficient
hybrid field-circuit simulation approach [28], as well as ex-
ploiting new possibilities of nonlinear shielding. Specifically,
important design aspects, such as enclosure and aperture size,
grid and diode parameters, have been studied by extensive
parameter sweeps. The nonlinear shielding effectiveness (SE)
of a diode grid will be explained in detail with physical
insights; the design of nonlinear SE has been developed with
an efficient and flexible optimization procedure, and the field
intensity dependent characteristic of a diode grid has been
extended with more interesting features. The physical size of
all lumped elements are assumed to be electrically small and
the modeling of such elements is implemented as a general
circuit netlist at the loading point.

The remaining of this paper is organized as follows. In
Section II, the simulation approach is briefly introduced and a
nonlinear SE curve is taken for studying nonlinear shielding
effects with physical understanding. Using geometry and cir-
cuit parameter sweeps, the optimization of nonlinear shielding
is discussed in Section III, showing flexible manipulations of
nonlinear SE curves. Section IV summarises practical design
strategies and provides guidelines for nonlinear shielding
design. Conclusions are given in Section V.

II. ANALYSIS OF NONLINEAR SHIELDING

Shielding of enclosures using linear elements, such as
wires, screens, apertures, etc., is well understood and well
documented in literature [29]–[32]. In contrast, closed-form
solutions to nonlinear shielding problems are beyond reach
and a numerical simulation has to be undertaken. For analysis
of enclosures loaded with massive nonlinear elements, an effi-
cient hybrid simulation approach is described in the following.

A. Hybrid Field-Circuit Simulation Approach

To solve the problems of this study, a hybrid field-circuit
simulation based on frequency domain data is utilized. Orig-
inated in the 1970s for solving wire antenna problems [33],

∗ Circuit Solver
& Lumped Loads ∗ +

Einc(t) voc(t) vp(t) Epf (t) Eobs(t)

∗

Eff (t)Full-wave Solver
& Macromodeling

Hfp(s) Hpf(s)

Hff(s)

Hpp(s)

S1

S2

S3 S4 S5 S6

Fig. 3. Flowchart of a hybrid field-circuit simulation, performed in six steps
(S1-S6) for computation of circuit and field responses in time and frequency
domain. The hybrid approach offers the advantage that changing lumped loads
has no impact on S1-S3, leading to an efficient and fast simulation.

this approach saw increased interests over the last decades
[28], [34]–[37]. Its advantages are that impulse responses of
the structure, characterized as a linear time-invariant (LTI)
system, can be repeatedly used for transient simulations,
saving computational effort. Interim results can be recycled for
parameter sweeps, which is not possible by choosing transient
full-wave field-circuit simulations [38]–[40].

Fig. 3 outlines the flow of the simulation approach. The
incoming wave excitation Einc(t) is taken as an input for
computation of the received field Eobs(t) as an output in
six steps (S1-S6). Based on generalized Thevenin’s theorem
and the superposition theorem, Eobs(t) is decomposed into
two portions, i.e. Epf (t) and Eff (t), in dependence (up-
per branch) and independent (lower branch) of the lumped
loads. Here, f or p are abbreviations of fields or ports,
respectively, where a port is defined at the loading point of
lumped elements attached to the structure, as popularly used
in wire antenna problems for loading lumped elements at
terminals [33]. Following the upper (S3-S5) and the lower
(S2) branches, several transfer functions are considered suc-
cessively, including Hfp(s), Hpp(s), Hpf(s) and Hff(s),
which stand for macromodels of field-port, port-port, port-
field and field-field responses in frequency domain, such as
open-circuit (OC) voltages, admittance parameters and field
responses. Simultaneously, intermediate results, such as vp(t)
and voc(t), port voltages with and without lumped elements,
are calculated. More details of the approach, including step
by step derivation and numerical complexity explanation, can
be found in publications [28], [37], [41]. The framework was
implemented in a general purpose computation environment
[42] and combined with a method of moment (MoM) based in-
house full-wave simulator [43] and a commercial circuit sim-
ulator [44]. Concerning the macromodeling via vector fitting
[45], [46], all fields related frequency transfer functions are
processed in the computation environment [42] and the port to
port transfer functions, i.e. network parameters, are translated
to a circuit netlist using a commercial software [47] with
passivity enforcement. Specifically, when all port loadings are
linear, the simulation can be accelerated by replacing S2-
S6 with linear analysis in frequency domain and S6 with
a fast recursive convolution. For validation, an enclosure-
backed aperture loaded with a 3×3 resistor grid is adapted,
detailed modeling and simulation from [37]. Simulation results
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Fig. 4. Comparison of transient penetrating fields through a 3×3 50Ω
resistor grid obtained by various simulation approaches. The transient full-
wave simulation is provided by a commercial software [47].

are shown in Fig. 4 with a good agreement. Based on a
Intel Core i7-4930K Processor with 6 CPU cores running at
3.4 GHz, a repetitive transient full-wave simulation with a 1/50
wavelength discretization of the passive structure needs about
15.5 hours for the computation of Eobs(t) of 40 ns length,
while a repetitive hybrid field-circuit simulation takes less
than 5 seconds, showing the advantage of recycling impulse
responses provided by generated macromodels in step S1. It
should be pointed out that, the computation time in S1, i.e.
creating macromodels from full-wave simulations, is excluded
for repetitive simulations.

B. Definition of Nonlinear Shielding Effectiveness

Considering the maximum intensity of penetrating electric
fields as the main threat from external EMI, a peak SE defined
in time domain is calculated as

SE∞(~r) =
‖Einc(t)‖∞∥∥∥~Eobs(t,~r)∥∥∥

∞

(1)

where Einc(t) stands for the incident E-field, ~Eobs(t,~r) for
the received E-field at an observation point ~r. The operator
‖ · ‖∞ extracts the largest magnitude of its vector augment
over time. The thus defined nonlinear SE is depending on the
amplitude and signature of the incident wave, the diode grid,
the aperture and the position in the enclosure where the field
is received. Due to the diodes, the SE curve shows a field
intensity dependent behavior, i.e. nonlinear shielding.

In general, nonlinear shielding can be categorized by estab-
lishing two cases, an OC grid and a short-circuit (SC) grid, that
bound the nonlinear behavior at extremely low and high field
intensity levels. An OC or SC grid is obtained by enforcing
all diodes turned OFF or ON at ports, or equivalently by
loading each port with zero conductance or zero resistance.
For illustration, Fig. 5 presents a nonlinear shielding curve
of a 3×3 diode grid loaded aperture backed with a metallic
cavity. Each column of the diode grid consists of 3 pairs of
anti-parallel PN junction diodes and 4 pieces of metal strips
with the top and the bottom ones connected to the metallic
cavity [37]. As seen, the two ends of the curve approach two
asymptotes with SE value of 3.5 dB and 13.5 dB. Considering
the fact that a lower peak SE corresponds to a higher field
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Fig. 5. Nonlinear SE curve of a 3×3 diode grid loaded aperture obtained
by an intensity sweep of the incident waves. Transient receiving fields are
observed at the center of the enclosure. An example is shown as inset with
comparison to the incident field.

10
0

10
1

10
2

4

6

8

10

12

14

16

OC

SC

OC

SC

Fig. 6. Comparison of nonlinear SE curves of a 3×3 diode grid loaded
aperture with respect to incident signals of different signature in time and
relative bandwidth.

penetration, the SE curve of Fig. 5 is classified as an "intensity
low-pass" type nonlinear shielding. Later in this paper, it will
be shown that more types of SE curves can be obtained by
efficient numerical optimizations of selected design aspects.

C. Shielding Performance of OC and SC Grids

For an enclosure-backed aperture shielding, it is assumed
that an OC grid allows more field penetration than an SC grid.
However, this assumption may be violated by many factors,
such as the spectrum of an incident wave, the geometry size
of a background structure and an aperture, the density of a
grid, and the location of a victim. For demonstration, the 3×3
diode grid example, used in Fig. 5, is revisited with a short-
time Gaussian pulse wave excitation replaced by a narrow-
band wave excitation. Simulation results are shown in Fig. 6.
The nonlinear shielding performance of the same diode grid
is degraded by less than 3.0 dB SE deviation between OC and
SC limits. Further simulations show that an SC grid shows
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Fig. 8. Comparison of nonlinear SE curves provided by a modified 3×3
diode grid loaded aperture with different loading at ports. As can been seen,
only the ON state of a diode grid is influenced.

an even worse shielding performance than an OC grid, in the
case that the center frequency of the incident wave coincides
with the resonances of the enclosure.

Another way of changing OC and SC limits of a nonlinear
SE curve is to vary loadings at ports. Fig. 7 lists several
variations of OC and SC grids by loading additional linear
lumped-elements at ports. As can be seen, the SC grid defined
by Fig. 7(b) is identical to the OC grid provided by Fig. 7(c).
Therefore an OC or SC classification of a grid is not sufficient
unless the port definition is specified. Taking Fig. 7(b) for
demonstration, an SC grid is modified with a resistor (R),
an inductor (L) or a capacitor (C) in series with the original
port, respectively. By tuning the value of R, L, and C, the
field penetration through a newly defined SC grid can be
customized. Possible peak SE values of the new SC grid are
obtained by parameter sweeps using fast hybrid field-circuit
simulations. It is found that using either a series R or C at
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Fig. 9. Voltage and current responses at port 1 of a 3×3 diode grid loaded
aperture, with comparison to an OC grid and an SC grid. The maximum
magnitude of port responses is extracted with respect to incident waves with
different field intensities.
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Fig. 10. Comparison of power through an enclosure-backed aperture with
different grids, including a 3×3 diode grid, an OC grid and an SC grid, at
a high field intensity level, ‖Einc(t)‖∞ = 100 V/m. The power loss of the
diodes is given for relevance.

each port can achieve a higher peak SE. This is verified by
conducting nonlinear shielding investigations with simulation
results shown in Fig. 8. As seen, the peak SE values of
a modified diode grid can be flexibly tuned at higher field
intensity levels. Similarly, the OC limit can be modified by
adding parallel RLCs at ports without changing the SC limit.

Based on the above analysis, it is clear that a diode grid can
be approximated by considering OC and SC grids at extremely
low and high field intensity levels. It is also clear that the OC
and SC limits of a diode grid can be tuned by modifying port
loading. For more general modification of OC and SC limits,
the geometry size of the background structures and the grid
can be optimized which will be discussed in Section III.

D. Power Loss of a Diode Grid

Due to the switching of the diodes, the shielding per-
formance of a diode grid loaded aperture is varying in a
range that is generally bounded by OC and SC limits. In
order to understand how the diodes are influenced by incident
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fields, voltage and current responses, taken from port 1 of a
3×3 diode grid, are observed with results shown in Fig. 9.
Comparing to the responses of OC and SC grids, the voltage
at port 1 is limited under the threshold voltage of diodes, about
0.5 V; the current at port 1 is approaching the SC current at
high field intensity levels. It should be pointed out that the ON-
state of diodes at port 1 is not sustained if the port voltage
drops below the threshold value. Consequently, the diodes at
port 1 would be switched ON and OFF multiple times, which
is the same for other ports.

However, the switching of a diode grid results in not only
a time-variant reflection of the grid, but also an Ohmic loss
of power. Due to the dynamic resistance of diodes during
the switching, the SE value of a diode grid can even exceed
OC and SC limits which can be explained from the point
of view of power loss. By comparing the power through
a nonlinear loaded aperture under a strong intensity field
radiation, ‖Einc(t)‖∞ = 100 V/m, the nonlinear behavior of
a diode grid is studied in Fig. 10. As seen, the ON-state of
the diode grid, indicated by port voltages with the threshold
value, dominates during the first 8 ns. Therefore, the power
through a diode grid is dramatically decreased by reflections,
as well as the power loss of the diodes, giving a considerable
field attenuation as shown in Fig. 5. Besides, if the incident
field intensity becomes extremely high, the diodes switch to
ON state and the Ohmic loss of all diodes is negligible when
comparing to the incident and reflected power. In such a
circumstance, a diode grid behaves as an SC grid.

To sum up, nonlinear shielding of a diode grid is realized
as a field intensity dependent control of electromagnetic field
energy in a space. The control is based on a time-variant
adjustment of the coupling between the linear and the non-
linear parts of the structure, resulting in a real-time changing
of reflection loss, wave absorption and field penetration. For
the practice of a nonlinear shielding, various design aspects,
such as geometry parameters of the grids, the aperture and
enclosure, circuit characteristics of the lumped elements, setup
configurations of a wave excitation and field observations,
should be considered.

III. OPTIMIZATION OF NONLINEAR SHIELDING

A nonlinear shielding design can be either implemented as
a separated component to the device, such an antenna radome
[13], or integrated into the device or system, such as a metallic
enclosure with openings. Without loss of generality, we con-
tinue using the example of a diode grid loaded aperture and a
short-time Gaussian pulse wave excitation for demonstration
and optimization. Unless otherwise specified, the default size
of the enclosure, the aperture and the dimension of the
lumped element array are 50×50×50 cm3, 25×25 cm2 and
8×8. To reduce the design complexity, the main features of
nonlinear shielding, i.e. the minimum, the maximum and the
transition of a nonlinear SE curve, are taken as the goal of
optimization. By conducting subsequent linear and nonlinear
analysis of the selected structure and circuit parameters, a
two-step optimization procedure is proposed here as given by
Fig. 11. First, considering the asymptotes of the nonlinear SE

Fig. 11. A two-step optimization procedure for nonlinear shielding practice.
Each profile contains an optimization of different features of a nonlinear SE
curve with respect to a wave excitation.

curve as an optimization goal, linear analysis is utilized for
tuning the OC and SC limits of a diode grid. Based on a large
number of numerical simulations of enclosure-grid examples,
three main design aspects, i.e. the size of the structure, the
grid density and linear loading at ports, have been identified
for optimization of the shielding of a short-time Gaussian pulse
planar wave excitation. Second, the transition of a SE curve
is optimized by conducting nonlinear analysis of a diode grid.
Consequently, the nonlinear SE curve can be flexibly adjusted
by changing or exchanging lumped-element loading at ports.
Besides, special attention should be paid on the spectrum
feature of an incident wave which significantly affects the
OC and SC limits of a diode grid. For example, according
to Fig. 12b, the field transmission through an OC and an SC
grid doesn’t differ much at about 600 MHz for the particular
structure used for illustration. As a result, a nonlinear peak SE
curve corresponding to a narrow-band wave excitation with
a center frequency of 600 MHz is often not appropriate for
use, as shown in Fig. 6. In such a case, the field transmission
coefficient should be changed either by modifying the structure
or adding RLCs at ports.

A. Changing Structure Size and Grid Density

In order to obtain sufficient changes between OC and SC
limits, the field transmission through OC and SC grids is
first optimized in frequency domain, towards an acceptable
deviation within the frequency range of interest, 15.0 dB
for example. Four selected enclosure-backed apertures are
investigated with the same grid density of 2.78×2.78 cm2 per
unit cell. Fig. 12 shows the simulated frequency responses of
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OC and SC grids for each aperture. From Fig. 12a to Fig. 12c,
the side length of the enclosure is fixed at 50 cm. Simulation
results show the magnitude of the frequency responses is
proportional to the size of the aperture, which is varying from
13.9×13.9 cm2 to 36.1×36.1 cm2. Simultaneously, the sharp
resonant peak at around 420 MHz is eliminated due to larger
openings of the aperture. Based on the setup in Fig. 12b, the
side length of the enclosure is extended up to 75 cm. As the
enclosure size increases, the fundamental resonant frequency
of the passive structure is decreased from 420 MHz to about
260 MHz. Consequently more and more resonance peaks move
into the frequency range below 750 MHz, as seen in Fig. 12d.
Then the nonlinear SE curve is verified in time domain as
shown Fig. 13. Based on the four cases, it is found that an
increase of the relative size of the aperture to enclosure shifts
the curve up and to the left, whereas the distance changing
between two asymptotes is negligible because the grid density
remains the same. Once the geometry size of the aperture
and the enclosure is fixed, changing of grid density plays
an important role in adjusting the peak SE of SC grids. For
illustration, Fig. 14 presents the frequency response of a SC
grid with scale varying from 3×3 to 15×15. As expected, the
field penetration can be effectively reduced by increasing the
grid density, except for a few resonance frequencies. Based
on nonlinear SE curves shown in Fig. 15, only the upper
asymptote is shifted because the lower asymptote is dependent
on the field transmission of OC grids. It is also observed that
the transition part of the nonlinear SE curve is influenced
because a larger number of diodes along each column of grids
require higher field intensity to switch.

B. Adding Linear RLCs at Ports

In addition of changing geometry parameters, an alternative
way to optimize the asymptotes of nonlinear SE curves is to
use linear loads at ports. It has been shown that any linear
lumped element grids can be defined as OC or SC grids by
properly relocating the port position, see Fig. 7. In principle,
a linear loading at a port could be an arbitrary circuit, the
choice being limited by the physical size of the elements
and the space around a port. Here, each linear load at the
port is considered a two-element RLC combination with a
connection either in series or in parallel with each other. By
applying identical linear loadings at all ports, an optimization
of RLC values is first attempted by direct parameter search in a
range with 100 discrete samplings, leading to 10k simulations
for each linear grid. The peak SE values with respect to a
wide-band wave excitation are shown in Fig. 16. Apparently,
RLC combinations provide a good ability for controlling field
transmission through the aperture. Especially, when the peak
SE value varies between 4.0 dB and 14.0 dB, LC grids show
dramatic variations in the center (L = 1.0 uH and C = 1.0 pF),
indicating strong couplings in this region.

In order to go beyond the asymptotes bounded by the
original OC and SC grids, another 800 simulations are added
to find optimized RLC values with an adaptive searching
approach. All simulated peak SE values are shown in Fig. 17.
By comparing the maximum and the minimum of each curve, a

grid with C elements loading at ports exceeds the limits of both
OC and SC grids. Specifically, the increase of field penetration
is not observed by using a single RLC element in previous
investigations of a 3×3 grid. It should be pointed out that
the optimized RLC values may be different from excitation
to excitation. Because the changing of the active frequency
band affects the coupling between grids and enclosure-backed
aperture.

The modification of asymptotes causes an inevitable influ-
ence on transitions between OFF- and ON-states of a diode
grid. In order to compensate undesired nonlinear transitions,
consisting of numerous intermediate states, the nonlinearity
of the grid is tuned by changing the circuit parameters of
the diodes. In the following, we will show the feasibility of
shifting, flipping, and mixing nonlinear transitions by only
playing with diodes.

C. Tuning Nonlinear Elements

The first circuit parameter of diodes in consideration is
the threshold voltage, which is mainly determined by the
semiconductor materials. For PN junction diodes, the voltage
to current (V-I) characteristic is described as

i(t) = Is · exp
[
v(t)

nVT

]
− Is (2)

where i(t) and v(t) correspond to the diode current and
voltage, Is is the reverse saturation current, n is the ideality
factor and VT is the thermal voltage, specified as 26 mV at
room temperature [37]. Table I lists the modeling parameters
of diodes used in previous simulations, together with Gallium
Arsenide (GaAs), Silicon (Si) and Germanium (Ge) diodes for
comparison.

TABLE I
MODELING PARAMETERS OF PN JUNCTION DIODES USED IN TRANSIENT

SIMULATIONS [48]

Diode type Saturation current Ideality factor

Default (This) 1 nA 1.00

Gallium Arsenide (GaAs) 1 pA 2.00

Silicon (Si) 10 pA 1.00

Germanium (Ge) 1 uA 0.67

The peak SE curves of different diode grids are shown in
Fig. 18 and the V-I curves are given as inset. The threshold
voltages of four different diodes are about 0.25 V, 0.50 V,
0.70 V and 1.30 V respectively. The higher the threshold
voltage is, the stronger the incident fields have to be for
switching of a diode grid. Therefore, changing the threshold
voltage of diodes is an effective way to shift nonlinear SE
curves with respect to field intensity. For example, Schottky
and Zener diodes, with different threshold voltages, e.g. 150
mV or 10.0 V, can be employed.

In addition of tuning the resistance of a diode adjusting
the reactance of a diode provides another opportunity for
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Fig. 12. Comparison of normalized field transmission coefficients for different
aperture sizes (a) 13.9×13.9cm2, (b) 25.0×25.0 cm2, (c) 36.1×36.1 cm2 and
a different enclosure size (d) 75×75×75 cm3.
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on Fig. 16, all simulations are sorted by peak SE values such that an index
is utilized for labeling different RLC loading in each case.
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nonlinear shielding design. Varactor diodes, for example, show
a junction capacitance that is reverse voltage dependent [49]

CJ(vR(t)) =
CJ0

1 +
(

vR(t)
VJ

)M
(3)

where CJ0 denotes the zeros-bias junction capacitance, vR(t)
stands for the applied reverse voltage, VJ is the junction
potential, and M is the grading coefficient. Since CJ(vR(t))
of a varactor diode is inversely proportional to vR(t), a pair of
back to back varactor diodes performs an opposite switching
at ports, i.e. SC to OC, resulting in a flipped peak SE curve.
Furthermore, when properly tuning the resistance and the
reactance of diodes, the peak SE curves can be modulated
as band-pass or band-stop.

TABLE II
MODELING PARAMETERS USED IN SIMULATION OF DIODES WITH

VARIOUS VOLTAGE DEPENDENT RESISTANCE OR REACTANCE

Diode type Circuit parameters Symbol

PN junction Is = 1nA, n = 1

Zener Is = 1nA, n = 1, BV = 25V,
Ibv = 1mA, Rs = 0.1Ω

Varactor 1 Is = 10pA, n = 1, M = 4,
CJO = 16.13pF, VJ = 8

Varactor 2 Is = 10pA, n = 1, M = 4,
CJO = 16.13pF, VJ = 2

BV and Ibv-reverse breakdown voltage and current, Rs-series resistance

For demonstration, four types of diodes, as listed in Ta-
ble II, are utilized for realizing intensity low-pass, high-pass,
band-stop and band-pass type of nonlinear shielding designs.
Specifically, a pair of antiparallel PN diodes with a threshold
voltage of 0.5 V and a pair of back to back Zener diodes
with a threshold voltage of 25.5 V are used in Fig. 19a
and Fig. 19b, respectively. A pair of back to back varactor
diodes are employed in Fig. 19c and Fig. 19d. The peak SE
curves in Fig. 19e and Fig. 19f are obtained by connecting
corresponding pairs of diodes from Fig. 19a-Fig. 19d in series
and in parallel with each other, respectively. Following this
idea, the more number of nonlinear elements are loaded at the
port, the more kinds of nonlinear SE curves can be designed.

D. Mixing Diodes in Grids

Inspired by coding metamaterials [50], another possible way
to manipulate nonlinear shielding is to load different types
of diodes at different ports, i.e. mixed nonlinear loading at
a grid level. Considering two types of diodes with different
threshold voltages, e.g. Ge and GaAs diodes, used for a 8×8
diode grid design, there will be in principle 264 ≈ 1.84×1019

possible nonlinear shielding solutions. By marking antiparallel
Ge and GaAs diodes as "0" and "1" in a grid, a "0-1" pattern
is used for the description of the mixed loading of diodes
in a grid. Fig. 20 presents the peak SE curves corresponding
to five typical patterns, covering different symmetries in row

and column directions in grids. As expected, the peak SE
curves of Ge and GaAs diode grids set the border for all
peak SE values. Whereas the remaining three show differ-
ent features. Especially, when different types of diodes are
positioned alternatively along the column direction, the grid
pattern denoted as (01

01), the nonlinear shielding shows multiple
transitions between multiple steady states. Nonlinear shielding
design utilizing a chessboard pattern, denoted as (10

01), and a
row alternative pattern, denoted as (00

11), does not show any
difference because the exchanging of different diodes along
one column does not matter.

IV. DISCUSSION AND DESIGN GUIDELINES

In order to perform a nonlinear shielding design, it is impor-
tant to know: (1) how many steady states of grids are required,
and (2) how to choose and configure nonlinear elements for
nonlinear switching. To answer these two questions, we first
list all functional modifications of peak SE curves according to
all previous investigations. As depicted in Fig. 21, four basic
manipulations are summarized here with related examples and
design hints:

1) Shifting. Move the OC and SC limits of a nonlinear
SE curve horizontally or vertically without significant
impacts on the transition part. Effective optimizations
can be achieved by changing the enclosure and aperture
size (Fig. 13), and adjusting threshold voltage of diodes
(Fig. 18).

2) Scaling. Compress or stretch a peak SE curve either hor-
izontally or vertically. This can be obtained by changing
grid density (Fig. 15), adding single resistor (Fig. 8) or
proper RLC combinations at ports (Fig. 16).

3) Flipping. Exchange the OC and SC limits of a peak
SE curve and modifying the transition part accordingly.
Typical measures include adding proper capacitance
(Fig. 16) or using varactor diodes at ports (Fig. 19c,
Fig. 19d).

4) Combining. Modify the OC/SC limits and the transition
part of a peak SE curve by superpositing multiple curves.
This function can be realized by connecting multiple
type of diodes at ports (Fig. 19e, Fig. 19f) or mixing
different type of diodes in grids(Fig. 20).

Following the four categories, a peak SE curve can be opti-
mized through parameter sweepings of aforementioned design
aspects in Sec. III. However, different modification of a peak
SE curve requires different optimization efforts. For example,
both the shifting and scaling manipulations can be achieved
by modifying either the passive structure or the port loading,
resulting in a big difference of computation time. Since any
changing of the geometry, such as the size of an enclosure, an
aperture and a grid, or the loading points of lumped elements,
requires a new full-wave frequency simulation with proper
frequency samplings, the computation time can be varying
from seconds to hundreds of hours or even more, dependent
on the selected frequency sampling scheme, the discretization
of the passive structure and the number of lumped loads.
For instance, a Y-parameter simulation of a cavity example
with 900 ports and 2000 frequencies takes about 65 hours
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Fig. 19. Demonstration of field intensity selectivity of a 8×8 diode grid
loaded aperture in different form of (a-b) intensity low-pass, (c-d) intensity
high-pass, (e) intensity band-stop and (f) intensity band-pass. PN junction
diodes, Zener diodes and varactor diodes and their combinations are utilized
for design, as shown in insets.
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Fig. 20. Comparisons of peak SE curves of a 8×8 diode grid with mixed
nonlinear loading in a grid. For each port, either Ge or GaAs diodes is loaded,
which is denoted as "0" or "1" respectively.

Fig. 21. Functional modification and extension of nonlinear shielding of a
diode grid based on an intensity low-pass type SE curve.

using a 8 × 12 nodes cluster with 8 Intel Core i7-4930K
Processors running at 3.4 GHz. By contrast, a pure hybrid
field-circuit simulation with respect to the port loading is
much more computational efficient and hence is recommended
for the optimization whenever possible. Considering the other
two manipulations, i.e. flipping and combining, the optimiza-
tion is conducted by modifying loads at ports and therefore
can be conducted efficiently. Besides, in order to speed up
the parameter sweeps and to capture fine features of a SE
curve as possible, for example, maximum/minimum values
and sharp peaks, an adaptive parameter sampling scheme is
recommended for all linear and nonlinear investigations.

With efficient parameter sweeps, a peak SE curve can be
optimized with a two-step procedure as given in Fig. 11.
Starting from an initial design, the field penetration through
OC and SC grids is investigated in frequency domain. To find
an interesting range of geometry parameters, a transmission
line based analytical method, with a good approximation
accuracy up to GHz, can be used for reducing the computation
efforts of full-wave optimization [31], [32], [51]–[53]. Then
a linear analysis is conducted by taking a specified incident
wave excitation into account. OC and SC limits and other
possible steady states, if existing, are estimated. If any of the
steady states is not satisfactory, the design will be optimized by
shifting or scaling the asymptotes vertically, i.e. increasing or
decreasing nonlinear SE values. At this stage, modifying linear
loading at ports is recommended with first priority because no
full-wave simulation is required.

Once the linear analysis is finished, a nonlinear diode grid
is to be simulated and the transition between steady-states is
to be examined. If more than two steady-states are involved,
it is best to investigate each transition part subsequently. For
instance, to obtain an intensity band-pass nonlinear SE, two
transitions, including intensity dependencies of low-pass and
high-pass, have to be investigated individually. If a two-step
transition is expected, the grid has to be first simulated by
turning all diodes ON and OFF, respectively. Then the diodes
at different ports are turned to be either OC or SC according to
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a specified gird pattern. If all changes of linear and nonlinear
loading at port fail, the structure has to be modified and linear
analysis with full-wave simulation is evoked. The optimization
is to be iteratively pursued until a satisfying design is found.

In such a manner, four classified manipulations, i.e. shifting,
scaling, flipping and combining, can be performed individ-
ually at different stages of design, which covers the main
requirements of nonlinear SE implementations and saves the
optimization cost of simulation. The nonlinear shielding per-
formance of a diode grid can be further modified by changing
the relative location of victims inside the enclosure, adding
assisted DC biasing to diodes at ports, or even adjusting the
distance between diodes in grids.

V. CONCLUSION

The paper presented a systematic study of nonlinear shield-
ing for an enclosure-backed aperture realized by a diode
grid. A hybrid field circuit simulation approach was adopted
for numerical analysis and was shown to be efficient for a
parameter study of a diode grid. Based on a comprehensive
understanding of nonlinear shielding effects both in time and
frequency domain, the field intensity selective function of
a diode grid was explained and successfully extended from
an intensity low-pass type to high-pass, band-stop, band-
pass and more types with numerical verification. The OC
and SC limits of a diode grid can be effectively adjusted
in a dynamic range up to 26 dB. As a result, this work
extends the degrees of freedom for designing diode grids,
exploits new possibilities of nonlinear field transmissions and
shows possibilities of nonlinear shielding application in the
future. In the next step, the nonlinear shielding dependence
on polarization, bandwidth, position and nonlinear elements,
including tunnel diodes, electric discharge (ESD) diodes and
transistors, will be investigated.
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