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Inverse design and experimental realization of plasma metamaterials
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We apply inverse-design methods to produce two-dimensional triangular-lattice plasma-metamaterial
(PMM) devices, which are then constructed and demonstrated experimentally. Finite-difference frequency-
domain simulations are used along with forward-mode automatic differentiation to optimize the plasma
densities of each of the plasma elements in the PMM to perform beam steering and demultiplexing
under transverse magnetic polarization. The optimal device parameters are then used to assign plasma-
density values to elements that make up an experimental version of the device. Device performance is
evaluated against both the simulated results and human-designed alternatives, showing the benefits and
disadvantages of in silico inverse design and paving the way for future fully in situ optimization.
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I. INTRODUCTION

The inverse-design technique is aptly named; it consists
of the process of optimizing a device given an a priori
set of performance metrics. In electromagnetically active
systems, the technique becomes a type of constrained-
optimization problem, with Maxwell’s equations serving
as the constraints. The performance metrics are encoded
in an objective function that increases with favorable per-
formance, e.g., L2 inner products of the electromagnetic
(EM) field solutions for the current design iteration and
the desired EM fields in regions of interest. This objec-
tive is a function of user-defined parameters that encode
the domain and/or configuration of the device. This tech-
nique has been very fruitfully applied in EM systems over
the past decade, leading to novel devices that perform
functions so complex and at such high efficiencies that
they would be impossible to realize through expert-level
human design [1–7]. Some examples of such devices are
high-performance metalenses [8,9], metasurfaces [10,11],
photonic crystals [12–16], and even optical-computing
devices that can perform functions such as Boolean-logic
operations [17] and matrix-vector multiplication [18].

As mentioned above, in order to construct an objec-
tive that enables optimization of the device domain, the
designer must come up with a parametrization scheme.
Unfortunately, the configuration space of physically real-
izable devices is much smaller than the configuration
space of devices that can be modeled, so the domain
is parametrized in a manner that is in agreement with
experimental facilities. Typically, given the limits of work-
ing with existing dielectric materials that have a fixed

*jesse.rodriguez@oregonstate.edu

dielectric response, the domain is binarized and the param-
eters simply correspond to whether or not material with
a given dielectric constant is present at a location in the
domain [19,20]. Of course, this limits the space of pos-
sible devices but nevertheless this approach has yielded
startlingly strong results. There is also some exciting
recent work that involves the use of additive manufactur-
ing to produce two-dimensional (2D) devices with a finite
number of gray-scale permittivity values within a certain
interval through fine layering [21], greatly expanding the
configuration space for inverse-design devices.

In this and previous studies [17,22], we choose to
encode our device domain as a plasma metamaterial
(PMM), i.e., as a domain filled with tunable plasma
elements that can be reconfigured within a continuous
range of permittivity values. A diagram that illustrates
the inverse-design algorithm in our context is shown in
Fig. 1. In a PMM, each of the device parameters cor-
responds to the plasma frequency (proportional to the
square root of the plasma density) of one of the elements
in the device. The plasma density is varied in practice
by tuning the power delivery to the plasma elements; in
our case, by increasing the power-supply voltage for a
low-temperature gas discharge, but is possible by many
methods in practice, such as tuning the power delivered
to a resonator cavity or of the source of a laser-generated
plasma. In silico, the domain is encoded as such and then
a finite-difference frequency-domain simulation (FDFD)
is computed using an autograd-compliant Maxwell solver
called CEVICHE [23]. “Autograd-compliant” here means
that by defining an objective that depends on the EM fields
produced by the solver (L2 inner products as mentioned
earlier), numerical gradients can easily be computed with
respect to the parameters that encode the domain using
a widely known PYTHON package. CEVICHE supplies the
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gradient of the fields with respect to the input parame-
ters via forward-mode differentiation, a technique where
the Jacobian is computed during the forward pass, e.g., as
the solver progresses to produce the field solutions. The
resulting gradient is then used to iteratively optimize the
device.

The choice to encode the device as a PMM has a num-
ber of advantages that are a direct result of the unique
dielectric response of the plasma. Figure 2 shows the way
in which the dielectric permittivity of a nonmagnetized
plasma varies with the incident wave frequency. The per-
mittivity (neglecting the response of the ion) is of the
following form, known as the Drude permittivity:

ε = 1 − ω2
p

ω2 + iωγ
,

where γ is the collision or damping rate, ω2
p = nee2/ε0me

is the plasma frequency squared, ne is the electron density,
e is the electron charge, me is the electron mass, and ε0 is
the free-space permittivity. We can see from this functional

form that in the collisionless limit, the plasma permittiv-
ity can be tuned continuously in the interval (−∞, 1) by
varying the plasma density for a given operating frequency
ω. By choosing an operating frequency that is close to
the plasma frequency of the elements, we can easily make
drastic changes to their electromagnetic response; i.e., that
of a metallic element or a near-zero-index medium. This
dispersion relation not only makes the configuration space
infinite as opposed to a binarized parametrization scheme
but, much more importantly, this allows a single array of
plasma elements to perform several functions, and since
the plasma elements can be quickly deactivated, one can
also switch the device on and off very quickly, in approxi-
mately 10 ms or less. More detail about switching times is
given in Sec. II.

Most importantly, since all the parameters can be varied
precisely in the physical device, it is possible to perform
the inverse-design algorithm entirely in situ. This expe-
dites the process of designing these devices by eliminating
the need for expensive numerical simulations and also
removes the errors associated with inaccurate modeling of
the device elements. Fully in situ inverse design is just
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FIG. 1. (a) A flow chart describing the algorithmic design of our PMM array. J represents the modal source for the FDFD simulation.
(b) Examples of the training parameter vector ρ, permittivity matrix εr, and simulated E fields for a simple PMM device.
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FIG. 2. The permittivity of nonmagnetized plasma versus the
incident wave frequency normalized by the plasma frequency.

now becoming experimentally feasible [24] and the use
of plasma in inverse-design devices offers high-precision
continuous reconfigurability of device elements, attributes
that are ideally suited for in situ optimization. In this study,
we will examine the merits and disadvantages of creat-
ing inverse-design devices in the conventional way, by
optimizing them in silico and then seeing how they per-
form experimentally. The development of the experimental
platform that is detailed in this study will enable the tran-
sition to in situ inverse design in short order but first we
must examine how our best in silico optimization efforts
translate to experimental results. In the following sections,
we will numerically optimize and experimentally demon-
strate a 2D PMM that can perform both beam steering and
demultiplexing.

II. METHODS

A. Computational inverse design

Figure 3(a) provides a diagram of our PMM device.
The device has a triangular lattice with lattice spacing
a = 24 mm and is in the shape of a hexagon with six ele-
ments on each side, yielding 91 elements in total. The outer
diameter of the ε = 3.8 quartz tubes is 15 mm and the inner
diameter is 13 mm. In Fig. 3(b), the simulation domain is
shown, with an arbitrary average plasma-density distribu-
tion among the elements, where each domain parameter
corresponds to the space-averaged plasma frequency of
one of the elements. The elements are modeled as either
spatially uniform or as having a density profile that is
axisymmetric and a zeroth-order Bessel function of the
first kind of radius, with the first root at r = 6.5 mm. In
the collisional model (which is also nonuniform), the sim-
ulated elements have a collision frequency of γ = 1 GHz.
The blue line indicates where the source is located in

the domain and the red lines indicate the locations in the
domain where the objective function is evaluated; we refer
to these as “probe slices.” The probe slices surrounding the
crystal are present to discourage leaking out of the device,
while the probe slices within the exit horns either promote
propagation into the correct horn or discourage propaga-
tion into the incorrect horn. The relative permittivity of
the input and output horn walls was set to ε = −1000 to
serve as a lossless metal and the horn geometry was cho-
sen to match our experimental microwave horns (A INFO
LB-20180 2–18 GHz).

The basic idea is that a modal source is introduced at
the input horn and allowed to scatter through the train-
ing region before collecting at the desired output horn.
In the computational-optimization phase, the fields are
propagated through the domain via CEVICHE. As men-
tioned earlier, CEVICHE solves Maxwell’s equations using a
FDFD solver and therefore all computed devices described
here represent the steady-state solution achieved after
some characteristic time. The simulation domain was dis-
cretized using a resolution of 50 pixels per lattice constant
a and in each case presented dimensions of Nx = 1000
and Ny = 1200 pixels. The final device configurations
were tested at the higher resolution of 150 pixels/a and
yielded results that were qualitatively identical. A perfectly
matched boundary layer (PML) 2a in width was applied
along the domain boundaries. The simulated E fields were
masked to compute integrals along the probe slices within
the problem geometry. These integrals were used to calcu-
late the objective L(ρ). Our simulation tool, CEVICHE, was
then used to compute numerical gradients of the objective
with respect to the training parameters via forward-mode
differentiation [23]. We then used the Adam optimiza-
tion algorithm [25] (gradient ascent with momentum, in
essence) to iteratively adjust ρ and thereby maximize L.
Optimization was conducted with learning rates ranging
from 0.01 to 0.05 and the default Adam hyperparameters
β1 = 0.9 and β2 = 0.999.

The polarization of the input source has a strong effect
in devices of this nature, either Ez (E out of the page),
which we call the transverse magnetic (TM) polarization,
or Ex (H out of the page), which we call the transverse
electric (TE) polarization, with the latter case benefiting
(and suffering, depending on the desired device functional-
ity) from the presence of localized surface-plasmon (LSP)
modes [26–29], while the former makes more direct use of
dispersive and refractive effects [27,30,31]. In our previ-
ous studies [17,22], we see that for devices that seek to
preserve an input signal like those we present here, the
TE polarization leads to poor performance, so we choose
to focus on the TM mode alone in this study. Thus, we
will not expect to see any small sub-wavelength-scale field
structures around our plasma elements or the large trans-
mission losses that are indicative of the presence of LSP
modes.
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FIG. 3. A schematic of PMM (a) and the relative permittivity of the simulation domain (b), with the source (Src) and objective
evaluation locations denoted in blue and red, respectively. The domain is shown with an arbitrary device configuration as an example.

To summarize, the PMM optimization problem can be
expressed as

max
ρ

L(E)

given ∇ × 1
μ0

∇ × E − ω2ε(ω, ρ)E = −iωJ ,

where L is the objective, composed of a set of L2 inner-
product integrals of the simulated field with the desired
propagation mode, E is the electric field, ρ is an n-
dimensional vector (where n is the number of elements)
that contains the parameters that set the plasma frequency
of each of the PMM elements, μ0 is the vacuum perme-
ability, ω is the field frequency, ε(ω, ρ) is the spatially
dependent permittivity that is encoded by ρ, and J is a
current density used to define a fundamental modal source
at the input horn. In practice, the permittivity distribution
among the plasma elements is controlled by varying the
discharge current (which therein alters the plasma den-
sity) in each of the PMM elements according to the Drude
model (discussed in Sec. I), which is where the dependence
on ω arises.

The beam-steering objective is the L2 inner product of
the simulated field with an m = 1 propagation mode (in
order to preserve the input mode) evaluated at the probe
in the desired exit minus the sum of the integrated field
intensity at the incorrect exit and the other probe slices to
discourage loss:

Lsteer =
∫

E · E∗
m=1dldesired exit −

∑
prb�=desired exit

∫
|E|2dlprb.

The optimization objective for the demultiplexer is quite
different from the beam-steering case, since the objective

must take into account two separate simulations as the per-
mittivity of the elements is frequency dependent. With this
in mind, the demultiplexer objective is

Lmp =
(∫

Eω1 · E∗
m=1dlω1exit

) (∫
Eω2 · E∗

m=1dlω2 exit

)

−
∫

|Eω1 |2dlω2exit −
∫

|Eω2 |2dlω1exit

−
∑

prb �=wvg exits

[∫
|Eω1 |2dlprb +

∫
|Eω2 |2dlprb

]
,

where Eω1 is the simulated field for the first frequency and
Eω2 is the simulated field for the second frequency. The
first term in the objective is a product, so that it ensures that
the fields reach the exit horn for both operating frequen-
cies (therein avoiding local minima, where one gets good
performance for just one of the two frequencies), the sec-
ond two terms discourage leakage into the incorrect exits
for each frequency, and the final term discourages leak-
age out of the device for both operating frequencies. For
both objectives, each term is normalized by its value in the
initial design iteration.

The maximum plasma frequency of the elements is set
to be 8 GHz in the computational-optimization procedure,
as that was our conservative estimate for the nominal max-
imum plasma density of our experimental sources. The
optimal parameters from the computational inverse-design
process are then used to set the configuration of the exper-
imental device according to the mapping defined in Sec.
II B.

B. Experimental realization

The experimental plasma elements in this study are
custom-manufactured UV germicidal discharge tubes
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made of high-purity quartz (ε = 3.8), with an inner tube
diameter of 13 mm and an outer diameter of 15 mm. The
tubes are filled with argon gas at a fill pressure between
200 and 300 Pa, with a small amount of mercury present
in each discharge to provide the UV radiation. The use
of UV discharge tubes is necessary because other types
of off-the-shelf discharge tubes (for lighting applications)
often have a fluorescent coating applied to the glass that
is opaque to microwave-range radiation. When operating,
the tubes are estimated to have a gas temperature between
315 and 330 K according to infrared-thermometer mea-
surements. The discharges are designed to operate with
alternating current (ac) at a frequency between 20 and 50
kHz depending on the ballast circuit that is used. The nom-
inal operating current and voltage are 24 V and 0.6 A,
respectively, for a power of approximately 15 W. To push
the discharges to higher plasma densities, we drive them
with 24 W dc ballasts (Beasun RL15-425-18D24), each
having its own dedicated programmable dc power supply
(Longwei LW-3010). The dc power supplies are connected
to a RS485 serial communication bus (with a maximum
of 32 power supplies per RS485 bus) and accept MODBUS
protocol serial commands from a custom PYTHON library
via a USB-to-RS485 converter. A schematic and photo-
graph of the experimental scheme are included in Fig. 4.

In practice, the discharges can be tuned through a fairly
large range of plasma frequencies by setting the current
of the dc power supply to its maximum value and then
limiting the output voltage. The discharges typically oper-
ate from a maximum dc-power-supply voltage of 32 V
down to about 6 V and then fail to maintain the discharge
at a plasma frequency of about 2.4–4 GHz. We refer to
this as the “voltage-tuning” mode. If the power supply is
set to maximum voltage and the current is instead lim-
ited, a different operating mode can be reached, allowing
us to access lower plasma-frequency values all the way
down to 0.4 GHz before the discharge extinguishes. For the
high-power ballasts used in this study, we achieve steady
operation in the current tuning mode from approximately
60 mA to 200 mA.

In order to use the parameters from the in silico opti-
mization that correspond to the plasma frequency of each
of the plasma elements, we need to generate a mapping
between the plasma frequency and the power-supply set-
tings that produce that frequency. This is quite challenging,
as we do not know the precise manufacturer fill pressure
or gas temperature and the plasma density in our oper-
ating range is too small to use optical diagnostics for
direct measurements. To combat this and obtain an approx-
imate mapping from the power-supply settings to the

USB- 
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dc Ballast

PYTHON in situ 
PMM Library RS485 

Bus

dc Power Supply Rack

(a)

(b)

FIG. 4. A schematic of the experimental PMM system (a) and photographs of the different components of the apparatus (b), including
the dc power supplies (left), the ballasts (middle), and the PMM itself, activated in an arbitrary configuration (right).
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plasma frequency, we use a zero-dimensional kinetic simu-
lation of the electron-energy distribution function (EEDF)
within a plasma discharge, BOLSIG+ [32,33], assuming a
known reduced electric field, E/n, where n is the esti-
mated neutral-gas-number density. Our estimate for the
neutral-gas-number density is obtained using the ideal-gas
law along with estimates of the fill pressure and neutral-
gas temperature. We measure the time-varying voltage
across and current through the plasma discharge for a
range of operating conditions. The rms voltage, estimated
neutral-gas-number density, and estimates of the length of
the discharge enable estimates of E/n. The EEDF deter-
mined using BOLSIG+ yields the electron mobility. The
product of the mobility and the electric field provides the
space-averaged electron drift velocity ud = μeE within the
discharge. Finally, we can estimate the electron density
using the measured current; ne = Irms/eudAtube,i, yielding
the plasma frequency. Here, Atube,i is the internal cross-
section area of the discharge tube. We note that this is a
complex path to determine the plasma frequency, where
several sources of uncertainty may be encountered.

Although the discharge frequency is much higher than
the plasma recombination rate and, as such, the plasma
density is quasisteady, we have confirmed, via high-speed
photography, that at the peak of the voltage cycle, the
plasma has the structure of a dc glow discharge, with

cathode and Faraday dark spaces clearly visible. At low-
plasma-density operating conditions, we also observe stri-
ations in the positive column of the discharge. This means
that when considering the effective electric field applied
to the plasma that we feed to the BOLSIG+ kinetic model,
we have to take into account the cathode fall voltage and
be sure that we use the correct discharge length. For our
discharges, the discharge length varies between 190 mm
in the current-limited mode and 230 mm in the voltage-
limited mode and we estimate the cathode fall voltage to
be somewhere between 6 and 11 V [34]. Taking all of
these considerations into account, we perform a sweep
of all parameters (fill pressure, temperature, and cath-
ode fall voltage) and perform a one-term polynomial fit
that allows us to sweep between the highest- and lowest-
density cases by varying a parameter k ∈ [0, 1]. Since the
plasma-frequency values appeared to be slightly too large
for these types of discharges (owing to the many uncertain-
ties in determining plasma density), we have also added a
scale factor S that would allow us to adjust the fit to lower
values over the entire tuning range. The quasiexperimental
fit is included in Fig. 5.

In addition to the high-speed-photography images men-
tioned above, we have also conducted Schottky-diode
measurements of the transient dielectric response of the
discharges as they are activated and deactivated, showing

Voltage Tuning

 GHz∼ 4.4 < fp < 16.5
Current Tuning

 GHz0.4 < fp ≤ ∼ 1.8

fp = 16S
13 [ (

[0.35k + 0.87]I
100 )

0.8−0.1k
+ (0.03k − 0.47)

]
fp = S [ ( [5.25 − 1.7k][V + 0.5])

0.55+0.1k + (0.725k − 3.475)]

k = 0

k = 1

k = 0, S = 0.8

Power-Supply Voltage (V) Power-Supply Voltage (V)

Power-Supply Voltage (V)Power-Supply Current (mA)

FIG. 5. The quasiexperimental mapping for plasma tuning (bottom) and the plots including all the cases from the parameter sweep
in BOLSIG+ that form the basis for the mapping (top).
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FIG. 6. Field simulations |Ez| and optimal device domains Re[ε] (left) along with experimental transmission spectra (right) for (a)
the PMM device with all the elements inactive, (b) the 5-GHz operating frequency optimal beam-steering design, and (c) the 6-GHz
operating frequency optimal beam-steering design. The vertical dashed black lines indicate the design frequency in (b) and (c) and the
fit parameters k and S are given along with the plasma-element model used (for details, see Sec. II).

that the rise time of the dielectric response is approxi-
mately 10 ms and the fall time is approximately 60 ms.
Due to the current configuration of the device, where
each RS485 bus hosts up to 25 power supplies, the actual
time to set and activate the array is much longer, about
7 s, since each discharge is set and activated in series to
avoid crosstalk within each RS485 bus. In practice, should
a user need faster actuation, they need only parallelize
the computational-array setting procedure and use more
RS485 buses. The theoretical limit is to have one CPU
process communicating directly with a single power sup-
ply at a time, with as many processes running in parallel
as necessary. Since the power supplies operate at 9600
baud, each message is 8 bytes, and each actuation requires
two messages (set voltage and current, and activate), the
total time added by the communication protocol is about
15 ms, so the time to switch the entire array on could
be lowered to approximately 25 ms and the deactivation
time could be reduced to approximately 75 ms. Temporal
modulation of the plasma frequency of an already-running
discharge could occur at a maximum of about 75 Hz. Of
course, more sophisticated communication protocols and

interconnects along with specially designed power sup-
plies and ballast circuits could push these actuation times
down further. Experimental data supporting these claims
about the discharge structure and switching time can be
found in the appendix of Ref. [35].

To perform the measurements described in Sec. III, we
first construct the apparatus as pictured in Fig. 4, place the
array into a custom-made anechoic chamber consisting of
a box with microwave absorber panels attached to the inte-
rior surfaces, and then carry out an initial warm up of the
device by turning every element in the device on for 15 s of
every minute over a period of 10 min. This warm-up pro-
cedure makes sure that the temperature of the discharge
tube will be steady throughout the measurements and it
also allows the three-dimensionally- (3D) printed scaffold-
ing to reach its steady operating temperature such that it
will not flex and/or deform between measurements. Once
the warm-up period is concluded, the PMM is activated
according to the optimal parameters from the in silico opti-
mization procedure for 15 s of each minute for as many
minutes as it takes for all measurements to be collected.
As stated before, the PMM device can activate and set
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the operating conditions for 91 elements in about 7 s.
PYTHON scripts are constructed to ensure that the PMM
is not allowed to cool to room temperature by failing to
maintain the 15 s/min duty cycle.

For each measurement, S21 and S31 are measured by a
Rohde and Schwarz ZNB40 4-port vector network ana-
lyzer that has been calibrated using a Rohde and Schwarz
ZN-Z54 calibration unit. The S parameters are collected
in 10 000 points from 2 to 12 GHz, with an averag-
ing factor of 10. For each device objective, we test the
optimal parameters for three different plasma-element
models (uniform-density profile, Bessel-function profile,
and Bessel-function profile with collisions (for more
details regarding the plasma model, see Ref. [22]) and
sweep the fitting parameters k and S to attempt to find
the correct plasma-frequency mapping. This corresponds
to about 30 measurements for each objective and the best
or most informative case is displayed in Sec. III.

III. RESULTS

A. Beam steering

The simulated and experimental results for the
beam-steering objective where a source delivers power to
one of two receiving ports are presented in Fig. 6. During

the in silico optimization, the plasma density within each
discharge is modeled as being either uniform with no col-
lisions, nonuniform with no collisions, or nonuniform with
collisions with k and S used to parametrize the relation-
ship between the plasma density and operating voltage or
current (see Fig. 5).

As expected, when all elements are inactive [Fig. 6(a)]
the spectra of both ports are nearly identical within about
5 dB of one another at all frequencies. The small differ-
ences between the two measured spectra [right frame in
Fig. 6(a)] are due to minor defects in the device scaffold
and in the alignment of the microwave horns. In both the
5- and 6-GHz active configurations, the transmission in
port 2 (the desired port) is nearly maximal at the frequency
for which the device was optimized and we have about
(10–15)-dB isolation between the ports. In the 5-GHz con-
figuration in particular, there is a drop in transmission in
port 3 at almost precisely the operating frequency predicted
by the simulations assuming a uniform plasma model with
a discharge-voltage mapping to plasma density defined
by k = 0.1 and S = 1.0. In the 6-GHz plasma active
case we see even better isolation at another frequency
point, with over 30-dB isolation at about 4.7 GHz with a
transmission in port 2 almost as high as at the operating
frequency. We discuss the possible cause(s) for this and its
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FIG. 7. Field simulations |Ez| and optimal device domains Re[ε] (left) along with experimental transmission spectra (right) for (a)
the PMM device with all the elements inactive at 5 and 7 GHz, (b) the 5.5- or 6-GHz optimal demultiplexer design and, (c) the 5- or
7-GHz optimal demultiplexer design. The vertical dashed black lines indicate the design frequencies in (b),(c), and the fit parameters
k and S are given along with the plasma-element model used (for details, see Sec. II).
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FIG. 8. Field simulations |Ez| and optimal device domains Re[ε] (left) along with experimental transmission spectra (right) for the
PMM device, with our best attempt at an a priori human-designed 5- or 7-GHz demultiplexer. The vertical dashed black lines indicate
the design frequencies and the fit parameters k and S are chosen according to the best values for the devices conceived via inverse
design.

significance in Sec. IV. In both cases, the power-supply
setting to plasma-density fitting parameters that led to the
best performance (k ≈ 0.2 and S = 1.0), suggest that the
actual maximum plasma density of the discharges when
driven by their power supplies is about 14 GHz (for details,
see Fig. 5) although prolonged operation at this power
level causes damage to the discharge.

B. Demultiplexer

The simulated and experimental results for the demul-
tiplexer objective are presented below in Fig. 7. Here, we
use the same device as that above, but seek to separate dif-
ferent source frequencies. For example, in Fig. 7(b), we
direct 5.5- and 6-GHz content sourced at port 1, to ports 2
and 3, respectively.

Figure 7(a) shows the baseline inactive plasma case,
with experiments once again indicating that ports 2 and
3 receive similar signals (within 3–5 dB) over a wide
range of frequencies. With active plasma cases, we find the
best performance for the nonuniform model using k = 0.0
and S = 0.7 (similar to the beam-steering objective) for
the 5.5- or 6-GHz demultiplexer [Fig. 7(b)], but for the
5- or 7-GHz demultiplexer [Fig. 7(c)] we see the trans-
mission characteristics that we want for the collisional
plasma-element model at k = 1.0 and S = 1.0. In the 5.5-
or 6-GHz case, the transmission spectrum appears as one
would expect in the region of the operating frequencies,
with the transmission of the two ports crossing at the mid-
point between the operating frequencies, where we see
about 10-dB isolation in the correct direction. Interestingly,
the same configuration performs the demultiplexer objec-
tive at the frequencies of approximately 5.25 GHz and 8.05
GHz with up to 40-dB isolation, hinting at the potential
of the device if the optimization was to be carried out in
situ. The 5- or 7-GHz demultiplexer does not perform its
objective properly at the design frequencies but, instead,
performs very well at the slightly shifted frequencies of
about 5.6 and 7.4 GHz.

In Fig. 8, we see the simulated and experimental results
when a 5- or 7-GHz demultiplexer is designed by hand by
creating what would function as low-index bridges to the
correct output port for either design frequency. The general
principle is that port 3 is protected by a region of sources
that have an average plasma frequency of approximately
6 GHz, so that those elements serve as a reflective bar-
rier to the 5-GHz source but are transparent to the 7-GHz
source. The edges of the domain are set to their maximum
plasma density to discourage leakage. k = 0.0 and S = 0.7
were chosen as the fitting parameters to limit the voltage
of the edge elements and avoid damaging the discharges.
In both the simulation and the experiment, the device does
not appear to steer the 7-GHz source to either output and
there is only slight isolation between the ports in the correct
direction at 5 GHz. The experimental spectrum is fairly
unremarkable, without obviously meaningful structures at
any frequency.

IV. DISCUSSION AND CONCLUSIONS

The results presented in Sec. III show that although we
can reliably get somewhat strong performance by opti-
mizing our devices in silico, there are ultimately some
shortcomings. In most cases, the configurations actually
resulted in better performance at frequencies other than the
design frequency, as seen with the 6-GHz beam-steering
device in Fig. 6 and the 5.5- or 6-GHz demultiplexer in
Fig. 7. These cases show that up to approximately 40-
dB isolation is achievable in practice at various frequen-
cies throughout the frequency domain, indicating that the
device has a high degree of dynamic range (possibly due
to some manner of Fabry-Perot resonance effect), but the
in silico optimizer was only able to produce (10–15)-dB
isolation at the design frequencies.

While there can be a few reasons for these shortcom-
ings, we attribute them to simplifications made in the
simulations. The in silico optimization procedure uses a
2D domain with plasma elements of varying levels of
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complexity. The most sophisticated plasma-element model
that includes both a nonuniform plasma-density profile and
collisional damping failed to produce the best performance
in all but one case, illustrating that we still lack the detailed
knowledge of the discharge properties that are needed to
produce robust results at design conditions. Furthermore,
the system is not entirely electromagnetically isolated as
assumed in the simulations. To avoid interference due to
scattering from the surroundings of the PMM, the exper-
iments are carried out in a custom-fabricated anechoic
chamber but even this is not entirely sufficient. In addi-
tion, the finite size of the tubes brings the electrodes and
the wiring into play, both of which undoubtedly interact
with the source fields. Unfortunately, a 3D simulation that
takes many of these nonideal conditions into account is far
too costly to use within an inverse-design scheme.

We also found that the mapping between the power-
supply settings (voltage or current) and the plasma fre-
quency of the discharge tubes, facilitated by the electron-
energy distribution solver, BOLSIG+, tends to overestimate
the plasma density, where only the lowest-density case
according to the BOLSIG+ calculations is compatible with
the experimental results (k = 0). One interesting departure
from the other results regarding the experimental map-
ping is that the 5- or 7-GHz demultiplexer performs best
for the collisional plasma-element model at k = 1.0 and
S = 1.0, indicating that when using that element model,
the optimal plasma frequencies from the in silico optimiza-
tion are necessarily larger. Because the elements are lossy,
the optimizer may be biased to higher plasma densities
to encourage scattering off the plasma elements instead of
propagation through them. It is also possible that the col-
lisionality is stronger in the experimental device at higher
power (the collision frequency is assumed to be 1 GHz in
the in silico collisional plasma model); therefore, to match
the simulated result, one has to decrease the plasma fre-
quency in the experiment. Also, since the device does not
function at precisely the intended frequencies, it is possi-
ble that this configuration was simply stumbled upon by
chance. Many of these challenges can be avoided by in situ
optimization.

The attempt at designing the device intuitively for objec-
tives such as the demultiplexer is an illustration of how
we cannot hope to outperform inverse design, particularly
so when our model of the physical device is not precise.
Despite the shortcomings discussed above, the devices still
show strong evidence that the in silico optimization can
result in performance that at least addresses the design cri-
teria, if not with a high degree of efficiency. Designing by
intuition is therefore not an option; but, of course, we have
also shown here that the in silico inverse-design proce-
dure fails to fully utilize the dynamic range of the system
elements. Luckily, since our device is composed entirely
of plasma elements, we can perform the inverse-design
process entirely in situ.

Fully in situ inverse design addresses almost all the
shortcomings described above and also opens up many
exciting opportunities. We no longer have to be concerned
with the fidelity of the modeling, since we will be using
the physical device to perform the optimization. Since we
find that the device is capable of approximately 50-dB
isolation at various frequencies, we would expect to be
able to achieve this and likely more, since those cases
were obtained accidentally. This also presents an opportu-
nity to refine our element model. Once a high-performance
design is achieved via in situ inverse design, the parame-
ters can be fed into a simulation domain where we modify
the plasma model until we see the same performance,
allowing us to more thoroughly understand the physics of
our plasma sources. Moving to fully in situ optimization
also removes some of the limitations on our geometry. As
mentioned before, 3D geometry would be far too com-
putationally costly to use for in silico inverse design but
it incurs no extra cost in in situ inverse design. Thus,
we could use device structures such as that of Ref. [27].
Even for this 2D configuration, each iteration in the opti-
mization procedure can take 10 min with a 64-core work
station, while the in situ iterations can be limited to mere
seconds in practice, regardless of the geometry. We have
also shown in prior work that our plasma sources have a
pronounced gyrotropic response when magnetized [36,37]
but materials with anisotropic permittivity tensors, such as
magnetized plasma, cannot be modeled with our simula-
tion tool. By using a large Helmholtz configuration, entire
PMM devices can be magnetized to take advantage of the
very rich physics inherent in magnetized plasmas.

In conclusion, we show in this study that PMM devices
can be optimized in silico to perform beam steering and
demultiplexing at a level of performance that is not possi-
ble to obtain using conventional intuitive design methods.
Ultimately, the in silico inverse-design process has short-
comings that lead to a failure to utilize the full potential
of the PMM configuration. Since the PMM device can be
reconfigured in seconds or less, the inverse-design pro-
cess can be performed entirely in situ, side-stepping the
computational cost and modeling inaccuracies associated
with in silico inverse design, thereby promising better
performance.
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