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Abstract

Microwave ovens have become an essential cooking appli-
ance owing to their convenience and efficiency. However,
microwave ovens suffer from uneven distribution of energy,
which causes prolonged delays, unpleasant cooking experi-
ences, and even safety concerns. Despite significant research
efforts, current solutions remain inadequate. In this paper, we
first conduct measurement studies to understand the energy
distribution for 10 microwave ovens and show their energy
distribution in both 2D and 3D is very skewed, with notably
lower energy levels at the center of the microwave cavity,
where food is commonly placed. To tackle this challenge, we
propose a novel methodology to enhance the performance
of microwave ovens. Our approach begins with the develop-
ment of a measurement driven model of a microwave oven.
We construct a detailed 3D model in the High Frequency
Structure Simulator (HFSS) and use real temperature mea-
surements from a microwave to derive critical parameters
relevant to the appliance’s functionality (e.g., operating fre-
quency, waveguide specifications). We then develop a novel
approach that optimizes the design and placement of a low-
cost passive metasurface for a given heating objective. Using
extensive experiments, we demonstrate the efficacy of our
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approach across diverse food, optimization objectives, and
microwave ovens.
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1 Introduction

Microwave ovens are ubiquitous kitchen appliances. Accord-
ing to the United States Department of Agriculture, over 90%
of households in the United States own microwave ovens [1].
However, the convenience of microwave ovens comes with
a number of well-known drawbacks. During the microwave
heating process, “cold spots” can be left behind, which can
lead to the survival of harmful bacteria and other pathogens
that may cause foodborne illnesses, increasing the risk of
food poisoning [1]. Uneven heating can also cause “hot spots”,
which can increase the risk of burns to the mouth and throat
when consuming the food. Furthermore, many people have
experienced eggs exploding in the microwave, which is also
mainly due to uneven heating [40].

The uneven heating in a microwave oven stems from its
unique heating mechanism, where it produces high-powered
radio-frequency (RF) electromagnetic (EM) waves that heat
food via dielectric heating [26, 38]. The EM waves inside
the microwave oven tend to form standing waves [16]. At
the wave nodes, the amplitude is consistently zero, result-
ing in no heating. This means that food positioned at these
nodal points will remain cold. Conversely, at the antinodes,
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Figure 1: System Overview: (A) Microwave ovens naturally heat non-uniformly due to uneven electric field
distribution inside the oven chamber. MicroSurf guides the microwave energy by (B) accurate modeling of the
microwave oven, and (C) designing and optimizing a metasurface that works in a high-power environment that
phase-tunes the waves inside to change the standing wave distribution. (D) MicroSurf enables uniform heating of

different food objects and can further achieve selective heating in different food corners.

food can heat up much more rapidly. This discrepancy be-
tween nodes and antinodes leads to the uneven heating of
food, with some areas being overheated while others remain
underheated.

Various efforts have been made in both industry and re-
search to more evenly distribute heat. The most common
solution is a turntable that constantly rotates food inside the
microwave oven. Another option is to use a stirrer. It is a fan-
like device that rotates in front of the electric field emitter,
changing the initial propagation direction of the EM waves.
Our measurements from 10 different microwave ovens show
that even with the turntables or the stirrers, the heat dis-
tribution inside the microwave oven is still uneven both
horizontally and vertically. More recently, software-defined
cooking (SDC) [15] proposes a closed-loop control of the
turner to achieve desired thermal patterns. It requires signifi-
cant modifications to the microwave oven: adding neon light
arrays to sense EM field, using an IR camera to record lamp
flashes, replacing a low-cost turntable motor with a more
expensive step motor controlled by an Arduino board, and
adding microwave shields at specific locations. These mod-
ifications are challenging to deploy in practice. Moreover,
SDC only optimizes 2D heat distribution since it requires
neon lights to be placed on the hot surface to measure power
levels. However, real heating scenarios require controlling
heat distribution in 3D, which SDC does not address.

This paper addresses the following question: Can we make
a low-cost, easy-to-deploy device to control the 2D or 3D
heat distribution inside a microwave oven to achieve dif-
ferent heating objectives? We present MicroSurf, an effec-
tive yet low-cost solution to control the EM energy inside
a microwave oven by placing one or more passive meta-
surfaces inside the oven chamber, as shown in Figure 1. We
choose passive smart surfaces rather than more sophisticated
electronics since they cannot withstand the thousand-watt

power levels inside a microwave oven. We first develop an
empirical model of a microwave oven using a combination
of a detailed 3D model construction, EM simulation, and
parameter refinement techniques. We then carefully design
and refine the surfaces to resonate with the EM waves, and
therefore change the standing wave inside the oven chamber.
We realize the desired energy distribution by changing the
configuration and placement of the surfaces. We implement
and evaluate MicroSurf to demonstrate our approach can ef-
fectively optimize different heating objectives for fluids and
solids across 2D or 3D areas, including uniformly heating
water, milk, bread, and meat, as well as focusing energy at 4
corners of the bread.

While metasurfaces have been recently explored exten-
sively at 2.45 GHz [34], primarily for communication and
sensing applications [18, 43], they are ill-suited to the mi-
crowave oven context, which is extremely high-power (800-
1600 W vs. few W at most for communication or sensing
applications) and the unique propagation patterns within
the oven that induces standing waves. Indeed, placing prior
metasurfaces within a microwave oven would incur safety
concerns due to the sparks induced by metallic edges or
small gaps. MicroSurf therefore seeks to address two design
questions detailed below:

(1) How to accurately model EM distribution inside the
microwave oven?: While simple models for microwave
propagation, such as the cavity resonator model [11, 25, 33],
have been considered, the complex geometry of real-world
microwaves result in considerable deviations from these mod-
els. Indeed, we find that even after we construct a detailed
3D model of a microwave oven using the High-Frequency
Structure Simulator (HFSS), there is a significant deviation
between the estimated energy distribution from HFSS versus
the measured distribution using a thermal camera. Through
careful investigation, we identify that several real-world
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factors play a role, such as operating frequency offsets, di-
verse heating properties across different objects, as well as
CAD model meshing defects. Sec. 4 shows how MicroSurf
adapts the microwave model to account for these real-world
complications by identifying the variables that most affect
the simulated EM field distribution, and then using a Bayes
search to determine these parameters of the microwave oven.

(2) How do we design Microwave-Compatible Meta-
surfaces?: After determining the microwave oven model,
MicroSurf’s metasurface element is designed to resonate
with the operating frequency of the microwave oven to con-
trol EM field distribution. We identify several unique criteria
for the metasurface elements to operate inside a microwave
oven: (1) They should not include rough edges that build up
high electric potential in a high-power microwave environ-
ment and may cause sparks. (2) The element is designed to
be substrate-free to enhance heating efficiency, as well as
avoid burning of the substrate. The substrates can easily get
heated or even cause discharge, which wastes power and
causes safety concerns. (3) The metasurface should have suf-
ficient control of the phase of the traveling EM waves [19]
(e.g., >180 degrees). Sec. 5.2 shows how we achieve these
criteria using metasurface elements that are smoothed-edge
cross structures with a phase-tuning capability that can be
adapted to different microwave ovens with different geome-
tries. We further leverage our RF model of the microwave
oven to optimize these metasurfaces in terms of placement
and configuration in Sec. 5.3 to achieve desired heating ob-
jectives — e.g. uniform heating or focusing energy at specific
spots. We envision that a user can choose their desired heat-
ing objective by pressing a button on the microwave panel,
which will move the metasurface to an appropriate position.

We implement and evaluate the metasurface design us-
ing steel-fabricated metasurface sheets and 4 commodity
microwave ovens. Our custom-made metasurface costs $4,
which can be reduced by several factors with mass produc-
tion. Our evaluation results show our system is effective
in optimizing for different objectives, food, and microwave
ovens.

Our contributions can be summarized as follows:

e We develop a measurement-driven model of a microwave
oven. We construct a 3D model of a microwave oven and
use temperature measurement to derive critical parameters
of the microwave. Our model can accurately capture the
propagation of EM waves inside the microwave oven.

o We cast the design of a metasurface for achieving a specific
heating distribution as an optimization problem. We can
support different optimization objectives, such as uniform
heating or maximized heating in one or more region(s).
We leverage a finite element EM simulator and employ
hyperparameter tuner and gradient descent methods to

ACM MobiCom 24, November 18-22, 2024, Washington D.C., DC, USA
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optimize the design and placement of one or more passive
metasurfaces.

o We empirically demonstrate the accuracy of our model and
the effectiveness of our metasurface design in commodity
microwave ovens. Our results show our method increases
the temperature by 2-10°C and reduces the temperature
standard deviation by 1/5 to 1/2 across different foods.

2 Preliminaries

2.1 Microwave Oven Heating Principle

Dielectric heating principle: In a microwave oven, food is
heated by quickly-alternating the electric field. A microwave
oven produces a strong, rapidly changing EM wave inside a
metallic chamber. When the EM wave propagates through
the food, the small polar molecules inside the food (particu-
larly water) get polarized and rotate, trying to align them-
selves with the electric field. As the electric field keeps chang-
ing, the water molecules rotate and collide with each other.
The collision between molecules produces heat, and as the
heat transfers to other molecules, the entire piece of food
gets heated. This process is called dielectric heating [8].
Speed of Heating: The temperature rise of a specific food
region is dependent on the strength of the local electric field.
A stronger electric field passes more power to the molecules
and thus, brings faster heating. Studies have shown that
the overall power absorbed by a homogeneous material is
proportional to the square of the electric field intensity [31].
Therefore, the uneven power distribution inside a microwave
oven is due to the uneven electric field distribution inside
the microwave oven.

2.2 Power Distribution in Microwave Ovens

The power distribution within a microwave is dictated by
standing waves that form inside. The microwave oven, with
6 surrounding conductive surfaces constituting a near rect-
angular cuboid that encircles a chamber, can be abstracted as
a cavity resonator [33]. The EM field inside the cavity forms
standing waves, which consist of nodes and anti-nodes. Due
to the standing waves forming inside the microwave oven,
it is challenging to make the electric field distribute equally
inside the microwave oven chamber.
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Figure 3: Heat distribution maps collected from 10 different microwave ovens from different brands and models
(A-Toshiba, B-Galanz, C-Midea, D-Panasonic, E-Whirpool, F-Midea, G-Panasonic, H-Haier, I-Galanz, J-Galanz). The
first row represents the planar heat distribution on the plate with no loads. The second row represents the vertical
heat distribution of 50 mL of water heated at the center of the microwave oven. The third row demonstrates the
heat distribution on the plate when the plate is rotating. The last row demonstrates the heat distribution of 50 mL
of water when the plate is rotating. It can be seen that the microwave oven produces nonuniform heating on the
x,y,z-axis. (K) Statistics of the plate or water heat distribution on the horizontal plane or the vertical axis.

We measure existing microwave ovens to understand their
power distribution. Conventional measurement methods us-
ing antennas or power harvesters [41] are challenging to use
inside a microwave because they can only measure the power
at specific points instead of the whole surface. Therefore, we
use the temperature distribution captured by a thermal cam-
era to estimate the power distribution inside the microwave
oven. We validate the accuracy of the thermal camera by
comparing its reading with a thermometer. As shown in Fig-
ure 2, the readings from the thermal camera closely match
those from the thermometer: within +1 degree.

There is no technology to provide real-time 3D heat dis-
tribution inside objects. Therefore, we take thermal images
horizontally and vertically. Specifically, the power distribu-
tion on the X-Y plane is captured by the temperature distri-
bution on the glass plate, and the power distribution on the
X-Z plane is captured by the temperature distribution of a
beaker of water. We conduct measurement across multiple
microwave ovens (Fig.3). For the microwave ovens of the
same model (Fig. 3A), we tested four samples, which all share
the same distribution. Microwave ovens of different models
may have the same distribution (e.g., in Fig.3AC two mi-
crowaves from two brands share the same design and E-field
distribution), but in most cases, microwave ovens of different

models are likely to have different distributions. Our result in
Fig.10 shows consistency across different microwave ovens.

We first deactivate the turner inside the microwave ovens.
We turn on the microwave ovens for 60 seconds. Figure 3 (A1-
J1) shows the temperature distribution of the glass plate. As
we can see, the power distribution is very skewed across all
10 ovens. Figure 3 (K) further shows the temperature distribu-
tion using a box plot, where the middle red line corresponds
to the mean temperature, and the box length corresponds
to the deviation. As we can see, the maximum and mini-
mum temperatures range between 18 — 66 degrees in the
horizontal dimension. Figure 3 (A2-J2) further shows the
temperature distribution for the water of height 7 cm inside
a 50 mL beaker after heating for 30 seconds. We observe
significant temperature variation ranging between 3 - 15
degrees in the vertical dimension.

We further activate the turner. Figure 3 (A3-J3) shows the
power distribution is less skewed with the turner on. Yet,
the centers have significantly lower temperatures than the
surroundings as expected. The temperature increase near
the center is smaller than that in the surroundings. Mean-
while, the temperature still varies between 4 — 25°C in the
horizontal dimension. The temperature variation remains in
the vertical dimension, as well, with the temperature range
spanning across 3 — 15 degrees.
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Figure 4: Modeling of the microwave oven: (A) A CAD model of the microwave oven is created on the actual
measurements of the microwave oven. A glass turner holds food in the main chamber. A side chamber containing
an antenna acts as the EM wave generator. (B) EM wave forms a standing wave inside the microwave oven
chamber, where the power distribution is uneven. To measure the power distribution, we measure the temperature
distribution on the glass plate. (C)-(F) A comparison of the measured temperature and the fitted dielectric loss.

3 System Overview

MicroSurf optimizes the design, configuration, and place-
ment of passive metasurfaces inside a microwave oven through
the following three key steps. First, we develop an accurate
microwave model based on empirical measurements. We de-
termine the key microwave parameters that affect the EM
field distribution the most by minimizing the error between
the estimated power distribution and measured temperature
distribution. Second, we identify several key requirements
and guidelines for designing metasurfaces for microwave
ovens. Third, we develop an effective optimization frame-
work for metasurface design and placement. Our framework
is flexible in supporting different objectives, food types, and
microwave ovens.

4 Accurately Modeling the Microwave Oven

We need to accurately simulate the electric field inside the
microwave oven. If simulation matches reality, what we op-
timize in simulation is what can be achieved in reality. To
close the gap between simulation and reality, we use real
measurements to tune the simulation parameters to make the
simulated temperature distribution match the real measure-
ments. We model and validate five microwave ovens of five
brands — Galanz, Toshiba, Midea, Panasonic, and Whirpool,
as shown in Figure 4. The Midea oven and the Toshiba oven
yield similar measurements and parameters since they share
the same oven design and glass plate.

Establishing 3D CAD models of the microwave oven:
We first take measurements of different parts of the mi-
crowave ovens and make 3D models in CAD that fit the ge-
ometry of the actual microwave ovens shown in Figure 4(A).
The microwave oven consists of several major parts that

affect heating. The main chamber is where the EM waves
form standing waves, and where the food is placed. A glass
turner lifts and rotates the food. The manufacturer usually
deliberately designs physical bumps in the main chamber
to improve EM resonance behavior and try to improve ef-
ficiency and uniformity. A waveguide chamber is on the
right side of the microwave oven, where the antenna is placed
inside. The waveguide chamber creates near-field coupling
with the antenna and re-shapes the transmission from the
antenna to the main chamber. The wave exits the waveg-
uide chamber to the main chamber through an opening that
is usually covered by a piece of a thin quartz sheet. The
antenna is the signal source that is placed inside the waveg-
uide chamber. It emits single-frequency EM waves that are
generated by a magnetron, which creates high-power res-
onating voltage at a specific frequency with AC power. The
microwave oven manufacturers also make small holes on
boundaries to help heat dissipation, as well as enable the
users to observe the status of the food being heated. The
diameters of the holes are designed to be much smaller than
one wavelength, 12.24 cm, to prevent leakage. The holes can
cause power loss and scattering, and are therefore included
in the model.
EM simulation setup and observed deviations: We then
use a high-fidelity electromagnetic simulation — Ansys HFSS,
to simulate electric fields, as shown in Figure 4(B). We further
use Ansys Icepak to take into account heat propagation and
heat loss to derive the temperature distribution on the plate.
However, despite careful modeling informed by the oven’s
specifications, we observe that the simulation does not match
with the actual temperature measurements. There are three
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main reasons that account for the discrepancy, which pri-
marily stem from real-world complications of the microwave
oven. First, the actual operating frequency deviates from the
2.45 GHz, where most microwave ovens claim to be oper-
ating. This is because the magnetron does not accurately
operate at 2.45 GHz. Second, the dielectric factor of the glass
plate affects the absorption and reflection of the EM wave,
and thus affects the field distribution. The glass plates used
by different brands are from different manufacturers, and
produce different heating distributions. Third, small mea-
surement and modeling errors of the antenna can affect the
radiation pattern of the antenna. Since the standing wave
forms inside the main chamber, the radiation pattern off-
set can lead to a non-negligible offset in the electric field
distribution.
Tuning the model: We fine-tune the model to account for
the three factors. We make two design decisions during fine-
tuning: selecting an appropriate cost function and an ap-
propriate optimization method. The cost function captures
the difference between simulation vs. real measurements.
Ideally, the cost function must be resilient to measurement
noise (e.g., two different measurements from the same oven
are compared against the model). Our methodology supports
multiple error metrics. We choose peak signal-to-noise-ratio
(PSNR) because it is empirically better. To compare HFSS
field output results with infrared pictures from a thermal
camera, we cut and rescale the infrared images of the plates
to 128128 matrices, where each pixel corresponds to the
temperature in a 1 mm? resolution. It is compared with the di-
electric loss, which symbolizes the energy absorption rate for
a unit volume. The HFSS dielectric loss field is also projected
into a 128%128 pixel matrix by averaging the corresponding
dielectric loss values inside each pixel. The two matrices are
normalized through dividing by their respective maximum
values. The PSNR value is then calculated by comparing the
two 128%128-pixel matrices.

We use NNI [24] to optimize the parameters. We use PSNR
as the cost measure, which is calculated as

_ 1 .. .12
PNSR = ~10log;( o= Z;[Mo(z,ﬂ My (i, N1,

(1)
and where M is the normalized measured temperature ma-
trix and M, is the normalized simulated dielectric loss matrix.

Since there are multiple parameters and the optimization
is non-convex, we use simulated annealing with multiple
different starting points to obtain the solution. For each
round of optimization, the algorithm returns a set of pa-
rameters, which are fed into the HFSS simulation software
by the PYAEDT interface, and the HFSS runs and provides the
dielectric loss distribution on the plate, which corresponds

Figure 5: Metasurfaces used in microwave ovens can-
not contain substrates, as substrate materials heat up
quickly, wasting energy and posing safety risks due to
burning and sparking

to the energy absorption rate. The algorithm then computes
the PSNR and generates a new set of parameters to be tested.
Results: Figure 4(C)-(F) show the optimization result. For
each pair of figures, the left is a measured temperature distri-
bution on the plate, and the right is the simulated dielectric
loss distribution. The PSNR values are (C) Galanz — 12.6 dB,
(D) Midea/Toshiba - 10.8 dB, (E) Panasonic — 9.9 dB, and (F)
Whirpool - 13.1 dB.

5 Metasurface Design

MicroSurf’s metasurfaces are smart surfaces that contain
an array of patterned conductive elements. By tuning the
parameters of the metasurface elements, the elements will
have different phase-tuning capabilities. The metasurface
can change the amplitude, phase, transmission direction, and
beam concentration of the EM waves. Since the microwave
oven is a high-power and resonant near-field environment,
MicroSurf provides a unique design that optimizes metasur-
faces to control the EM field distribution inside the oven.
This optimization includes phase modulation of the metasur-
face design to maximize heating efficiency and/or minimize
spatial variation of electric field energy distribution.

5.1 Design Requirements

Different from metasurfaces for communication and sens-
ing, our metasurface inside the microwave oven must meet
several unique design criteria in order to guarantee safety,
promote efficiency, and provide good performance.

5.1.1 Choice of passive metasurface

High safety: Safety in microwave oven operation is impor-
tant. Placing metallic objects with rough or sharp edges may
cause fire or explosive hazards. Our design avoids poten-
tial hazards by designing and testing the metasurface inside
different microwave ovens and with different foods. To en-
sure safety, we recommend future designs follow our design
guidelines, fabricate using industrial standards and methods
rather than DIY, and test using a low heating power and
short heating time first and use a thermal camera to capture
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the post-heating image to examine if there are any abnormal
points of high temperature.

We design a passive metasurface to optimize the EM field
distribution in the microwave oven due to its high safety.
Although active metasurfaces [5, 17, 30] have been a popular
design choice for communication and sensing, the transis-
tors, diodes, capacitors, small pads and thin signal wires can
all get burnt by the high power. To ensure the safety of the
microwave oven, we use a passive metasurface instead of
active metasurfaces. By designing different sets of metasur-
face elements, we can adjust the phase of EM waves in the
microwave oven cavity to achieve uniform heating of food.

The metasurfaces must be designed to prevent burning
or sparkling. Microwave oven producers usually warn users
not to put metallic objects into the microwave ovens. This
is because metallic objects with rough edges and multiple
objects touching each other may lead to edge effect [4, 9],
which generates extremely high electric field that can cause
sparkles or fire. Therefore, to address these safety concerns,
the metasurface elements should not contain rough edges.
Meanwhile, the gap between metals needs to be larger than
6 mm according to our measurements. Finally, during the
fabrication of the metasurfaces, rough edges, scratches, and
crevices must be avoided.

Adjustability: However, the passive metasurface cannot
be modified after fabrication. To support heating food of
different shapes and types, we use the metasurface placement
as the control knob. Since standing waves are formed inside
the microwave oven, small movements of the metasurface
can lead to changes in the EM field distribution. Therefore,
before heating different foods, we can place the metasurface
in the designated position to achieve uniform heating of the
target food.

Substrate-less design support: Metasurfaces usually con-
sist of substrate and metal. However, through extensive mea-
surements, we find that the substrate can absorb heat and
reduce the energy efficiency. Figure 5 shows an example of
temperature on the metasurface with and without a substrate.
It is evident that adding substrate increases temperature,
which may lead to burning and sparkling as the substrate
can get heated up. Therefore, we seek a design without a sub-
strate. Since the metasurface is substrate-free, all the patterns
on the metasurface must be topologically connected.

5.1.2  Compatibility with EM waves in Microwave Ovens

Polarization: The EM wave propagating inside the mi-
crowave oven chamber is different from that in communi-
cation and sensing. Dipole and patch antennas are used in
communication and sensing systems, which produce plane
waves with fixed polarization. In contrast, in the microwave
oven, the electric field oscillates along different directions.
Therefore, to enable 3D tuning capability, the metasurface
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has to respond to the electric field coming from different
directions. To realize this property, the metasurface pattern
is designed to be symmetric to achieve isotropic resonance
behavior for incident waves with different polarizations.
Co-design with oven chamber: The phase tuning ca-
pability of a passive metasurface resonates with the oven
chamber and creates different EM field distributions inside
the microwave oven. It is well known that the geometry of a
cavity resonator determines its energy efficiency when op-
erating at a specific frequency [35]. Therefore, metasurface
design and placement should be optimized for a given oven
chamber.

5.2 Element Design

A key design decision is to determine if the metasurface
should be a reflecting or penetrating metasurface. Ideally, if
the metasurface is lossless (i.e., the power sum of reflected
and transmitted waves equals to the incident wave), the
total power in the heating area is the same regardless of the
reflection or transmission ratio. In practice, a transmissive
metaruface incurs more energy loss. Therefore, we design a
reflecting metasurface.

We find a metallic template that resonates at 2.45 GHz
(the operating frequency) and provides 27 phase control. We
then use the requirement of standing waves to initialize the
metasurface. Finally, we use HFSS, a high-fidelity simulator,
to refine our design and optimize our objective inside a given
microwave oven. Since our objective is non-linear and the
quality of the solution is sensitive to the initial value, we
use initialization and refinement to significantly improve the
quality and speed of our optimization.

Find resonant geometry: We search for a unit cell that
resonates at 2.45 GHz and offers 2 phase control by using
the Ansys Electronics HFSS solver to numerically simulate a
metasurface. As stated in Sec. 5.1, owing to safety require-
ments (e.g., to avoid sparks), (i) the unit cell structure should
be centrosymmetric, (ii) the maximum distance between
metallic parts should be at least 6 mm, and (iii) the patterns
need to be topologically connected as there is no substrate
to glue disjoint pieces together. We deliberately avoid using
thin lines since parallel thin lines easily interact with the
2.45 GHz EM waves and could get heated up quickly [37]. We
also avoid using complex resonate-ring structures [12] that
creates isolated islands, which are not feasible for substrate-
free designs.

With a constrained design space, we select a simple yet
effective cross-resonator structure as depicted in Figure 6(A).
The surface has two layers: The first layer consists of a hollow
cross element, and the second layer is a metallic board to
ensure near perfect reflection. We round the edges of the
cross. MicroSurf chooses this design for multiple reasons:
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Figure 6: Metasurface design: (A) We design the element to be a cross with rounded corners. The design enables a
small geometry while preventing burning; (B) By rounding the corners, the electric field is evenly distributed along
the edges, which greatly reduces the risk of burning; (C) If the corners are not rounded, a large electric field could
cumulate at the corners, causing danger; (D) The metasurface resonates at the 2.45 GHz range. The metasurface
provides wide-range phase transition at the 2.45 GHz frequency; (E) The fabricated metasurface plate.

(1) It contains large gaps between metals to ensure safety;
(2) Fabrication of the simple pattern using laser cutting is
accurate and does not create rough edges after sanding, and
thus prevents sparkling; (3) The overall thin metal sheet
structure is more rigid and is less likely to be bent or damaged.
In short, the design allows safe, cheap, and robust operation
inside the oven. Figure 6(B) and (C) compare the electric
field concentration with and without rough edges. Rounding
edges reduces the maximum electric field intensity by 1/4
over the version without round edges.

The element design involves the following four tunable
parameters: the overall length of the element a, the length
of the cross I, the width of the cross w, and the distance
between the cross element and the second metal layer d. To
tune the metasurface, since the microwave oven chamber
is of fixed size, we also fix the value of a to ensure that
the metasurface covers one full side of the chamber, while
leaving a 10 mm space for moving. As shown in Figure 6(D1),
our final unit cell pattern results in an S11 peak at around
2.45 GHz, indicating an increase in the induced current of the
metasurface, which is a sign of resonance. Figure 6(D2-D4)
shows that by tuning the three parameters separately, [ can
change phase by up to 210-degree, and w and d can change
the phase of the reflected wave by 65 degrees and 100 degrees,
respectively. By optimizing the three parameters together,
the metasurface can enable 27 phase tuning. Figure 6(D5)
shows that by jointly tuning d and [, the metasurface has
near 27 phase change.

Initialization based on the requirement of standing
waves: We design a metasurface, which is placed parallel to
the oven wall opposite the magnetron. Ideally, we want to
tune standing waves inside a microwave oven for efficient
heating of food. The basic idea of the tuning process is to
find a good starting point where a simplified standing wave
model yields a peak efficiency. MicroSurf considers two re-
flective surfaces, which are the metasurface and the opposite
wall. Assuming the two reflective surfaces are lossless, the
condition for the standing wave to form optimally is that
the distance between the two surfaces is an integer multi-
plier of 1/2, where A is the microwave wavelength. We use
the standing wave condition to initialize the metasurface.
Since we can not alter the microwave oven geometry, we
use a phase offset realized by the metasurface to achieve the
desired distance. Therefore, we initialize the phase offset of
the metasurface such that the total traversed path from the
magnetron to the metasurface on the opposite side plus the
phase offset introduced by the metasurface is equal to an
integer number of half wavelength. We use this insight to
initialize the parameters w, [, d and the distance between the
metasurface and microwave wall, b.

Further refinement using HFSS: The metasurface element
needs to be optimized for each microwave oven chamber to
achieve high efficiency. There are several reasons that the
metasurface element needs to be further refined: (1) each
microwave oven model operates in a slightly different fre-
quency, as depicted in Sec 4; (2) the geometry of the mi-
crowave oven chamber is not an ideal cavity resonator, and
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therefore the initialized starting point is not perfect for en-
ergy maximization; (3) the oven chamber is usually of 2-31
size, which does not provide a fully far-field environment;
(4) the metasurface elements are designed as if they formed
an infinite array in the 2D plane, but in practice they have
only a small number of elements due to the limited space.
Therefore, the prior calculations are not accurate enough.

Considering such limitations, we further refine our meta-
surface design using HFSS. We take a reference food object:
a beaker with around 60 mL water as a reference object to
be heated. To maximize energy efficiency, we aim at max-
imizing the overall EM power absorbed by the water. The
parameter space is defined as = {w, [, d, b}. The objective
can be mathematically defined as follows.

max / L(x,y,z)do, (2)
P %

where L(x, y, z) represents the dielectric loss density at point
(x,1y,2) and is integrated over the region V. Since water
is the main EM energy absorption material in food at the
2.45 GHz range [21] and has the largest heat capacity, which
leads to slower temperature increase than other food, it is
an ideal reference object to measure the heating efficiency
and uniformity of MicroSurf.

We use the Ansys Electronics HFSS’s gradient-based method.
The optimizer calculates the gradient of the objective func-
tion and descends/ascends towards the direction defined by
the gradient at that point. When the difference between two
iterations is within 0.2%, the optimization stops.

5.3 Uniform Heating

In most cases of microwave heating, we require that the
food is heated both quickly and uniformly. A natural way to
enforce uniformity is to minimize variance or adding the vari-
ance as a regularization term in the objective. However, these
objectives do not work well because (1) Simply minimizing
the variance would cause a minimization of the energy inside
the optimization region. (2) The factor that controls the vari-
ance regularization is a hyperparameter that is difficult to
set to balance the tradeoff between efficiency and uniformity.
Instead, MicroSurf proposes slicing the food region into mul-
tiple pieces and maximizing the minimum absorbed energy
in those pieces. We can adapt the size of each slice accord-
ing to the granularity of the intended uniformity. We have
optimized the metasurface element design for each model
in Sec. 5.2 to maximize efficiency inside the chamber. We
then use the metasurface element to ensure that uniformity
optimization works for different geometries of food. In this
case, MicroSurf searches for the placement and air gap be-
tween the two layers of the metasurface that optimizes our
objective. We envision that the placement and air gap can be
realized by connecting a small step motor to the metasurface.
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Figure 7: Setup of our experiment environment. On the
left, a metasurface is placed, with optimized positions.
Foods evaluated are milk, bread, and ham.

The optimization parameter space is defined as #, =
{d, b}. As the food is sliced into different non-overlapping
slices, denoted by Vi, V3, - - -, Vy, the objective can be for-
mally written as follows.

max
Pu

nzlrg}g’N /V,, L(x,y,z)do (3)

The optimization result specifies both the design and place-
ment of the metasurface. Therefore, for each type of food, the
metasurface can be placed at appropriate locations to achieve
uniform heating. The optimization for each food type takes
24 hours on a desktop with 64 GB RAM and i19-12900K CPU.
For a set of popular food types, we can optimize once and

save the results, so the optimization time is acceptable.

5.4 Other objectives

MicroSurf’s metasurface design and optimization are also
suitable for other objectives. To realize more complex ob-
jectives, two or more metasurfaces can be used and jointly
optimized. We showcase a heating example of selectively
heating the four corners of bread with two metasurfaces in
Section 7. The objective function is defined as maximizing
the temperature in a selected area V; inside the bread. Since
there are two metasurfaces, the optimization space is defined
as P; ={d;, b;},i = 1,2, where d; and b; are the air-gaps and
placements, respectively. The optimization can be formally
written as

max L(x,y,z)do. (4)
P1,P2 ./1;5 ¥

We already see significant benefits in using two metasur-
faces, but this framework can be extended to support more

metasurfaces.

6 Implementation

Metasurface fabrication & assemblage: The metasurface
is fabricated using 1.0 mm-thick Cr-304 stainless steel. The
metasurface is two-layered. The first layer consists of hollow
patterns displayed in Figure 6(A), which is fabricated using
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laser cutting. The second layer is a full 1.0mm-thick Cr-304
stainless steel sheet. The sheet is of size 140 X 210 mm, with
a 70 X 70 mm element size.

To assemble the metasurface, we use small acrylic cubes
of size 20 X 20 mm with different thicknesses as an accu-
rate spacing material between two layers of metasurfaces.
The acrylic cubes are installed on the four corners of the
metasurfaces. Since they are far away from the resonance
element which is the cross-region, there is no significant
temperature increase in the metasurface and cube. Moreover,
two acrylic cubes of size 20 X 20 X 12 mm are installed as the
stand for the metasurface. Furthermore, two FR-4 cubes of
size 25 X 25 X 8 mm are installed on the lower two corners
to balance the weight.

As shown in Figure 7, we place the metasurface on the

left side of the microwave oven, parallel to the boundary.
The placement of the metasurface is optimized according to
different objectives. Depending on the scenario, we either
heat the glass plate or food placed on the glass plate. Then
we take out the heating target and take a thermal picture of
the target.
Software: We use Ansys Electronics HFSS 2022 R2 to cal-
culate the EM field inside the microwave oven with our
established oven model. One can also use other simulation
software, such as CST Microwave Studio or COMSOL, and
use our refinement flows and optimization flows to find a
simulation result that fits well with the measurement results.
We use Python and PyAEDT to control the simulation pro-
gram and perform detailed refinement. We use the simulated
annealing algorithm in detailed refinement from Neural Net-
work Intelligence (NNI) [24] for optimization.

7 Evaluation

7.1 Evaluation methodology

We evaluate our modeling and optimization using commod-
ity microwave ovens. We use 4 microwave ovens from four
different brands: Galanz, Midea, Panasonic, and Whirlpool,
shown in Figures 4(B1-E1). All experiments are repeated five
times and the average of the experiments is used for com-
parison. The thermal images all have been manually cut to
preserve the object region and then scaled and rotated to the
same size and position for comparison.

7.2 Impact of optimization objectives and
microwave ovens

We heat water in a beaker for 30 seconds and compare the re-
sulting temperature with and without our optimization. The
baseline is the existing heating method with a rotating plate
and without a metasurface, while our approach optimizes
both the design and placement of a metasurface to maximize

10

the total energy or minimum energy in a region without a
rotating plate.

Figure 8 shows the infrared pictures, temperature changes
at different heights, temperature change distribution, and
standard deviation for Galanz, Midea, Panasonic, and Whirlpool
microwave ovens, respectively. In Figure 8(E1-E4) box plot,
the orange line in the middle corresponds to the average,
the box corresponds to the 25%-75% temperature range, and
the outer line corresponds to the 5%-95% temperature range.
Our approach that maximizes the average temperature leads
to 2-4°C higher temperature than the baseline for the corre-
sponding microwave ovens, respectively. Our approach that
maximizes the minimum temperature reduces the standard
deviation to 1/5-1/3 of that of the rotating plate alone for the
first three microwave ovens without decreasing the average
temperature. The Whirpool microwave oven is relatively
uniform with a rotating plate, but with our metasurface,
the average temperature is 1°C higher and the temperature
is more evenly distributed. These results demonstrate our
approach is effective in optimizing the specified objective
across multiple microwave ovens.

7.3 Impact of heating objects

We further compare the resulting temperature after heating
different targets: bread, meat slice, and milk. The foods are
shown in Figure 7. The foods are heated inside the Galanz mi-
crowave oven. The placement of metasurfaces is optimized
for common food shapes (e.g., lunchbox [28] and short/tall
glass), allowing them to accommodate various types and
shapes of food. For different food shapes and sizes, users sim-
ply reposition the metasurface prior to heating, which could
be accomplished by selecting a microwave’s heating mode,
which would slide the metasurface to the right position.

For milk in Figure 9(A1-F1) that is poured into a 15-cm
glass, the temperature increases from 15.5 to 17.5°C when we
optimize the average temperature. The standard deviation
decreases from 3.2 to below 1 when we use the uniform
objective. The results show that when heating a tall object,
the metasurface can provide efficiency and uniformity at the
same time.

For bread, as shown in Figure 10(A1-F1), our approach also
demonstrates both uniformity gain and efficiency gain. With-
out metasurface and with the rotating plate, the bread only
has an average temperature increase of 35°C. Rotation signif-
icantly decreases the average temperature because the bread
consists of a lot of small holes. During rotation, the holes
contact with air and lose heat. By maximizing the tempera-
ture, the metasurface provides 10°C higher temperature. The
uniform heating objective effectively prevents heat from be-
ing accumulated at the edges as shown in Figure 10(A1,B1).
Uniform heating not only reduces the standard deviation
from 4.2°C to 3.5°C, but also provides a 2.5°C temperature
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increase. There is still temperature deviation in the small
holes of the bread, which is inevitable.

For meat slices, a common problem of microwave ovens
is that the edge of the meat heats up much more quickly
than the center, as shown in Figure 10(A2). This causes the
meat to be overheated at the edges while the center remains
uncooked. With the metasurface and the turner, as shown in

Figure 10(C2), the temperature is more uniformly spread into
the center of the meat. The standard deviation also shows a
decrease from 13°C to 3°C for the meat slice. When using
the metasurface without the turner, the metasurface also
successfully decreases the standard deviation from 13°C to
6°C.

11
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Figure 11: Generalizability to other types of food shows
improvement in heating uniformity.

7.4 Generalizability

We heat other food of similar sizes with the same optimiza-
tion parameters. We test the standard cube-sized food to
evaluate the impact of different food materials on the per-
formance of the metasurface. We use the same metasurface
and metasurface positions as those used for ham and bread
since they have a shape similar to that of the ham and bread.
We use the uniform heating objective using the max-min
optimization. When heating cheese for 5 seconds in Fig-
ure 11A, the standard deviation of the temperature decreases
from 16°C to 8°C. For bean curd (Figure 11B), it has 3°C
average temperature increase and standard deviation de-
crease from 14°C to 10°C from 30-second heating. For frozen
meat (Figure 11C), the standard deviation decreases from
15°C to 3.5°C, which shows the advantage of MicroSurf to
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Figure 12: Heat four different corners of a bread: (A)
Heating without metasurface; (B1) Upper-left corner;
(B2) Upper-right corner; (B3) Lower-left corner; (B4)
Lower-right corner. (C1)-(C4) shows the box plot of
temperature rise at the desired region. (D1)-(D4) shows
the average temperature rise at the desired region.

uniformly defrost meat. Finally, the average temperature of
eggs (Figure 11D) increases by 8°C its temperature deviation
decreases from 8.5°C to 6°C.

7.5 Impact of different heating regions

We further compare the resulting temperature under dif-
ferent heating regions: left top, right top, left bottom, and
right bottom. The bread is placed on the plate and we aim
to maximize the energy of the four corners. Compared with
the case without metasurface as shown in Figure 12(A), Fig-
ure 12(B1-B4) show the infrared image after heating a slice
of bread for 30 seconds. It is evident the hot part matches
with the optimization objective. Figure 12(C1-C4, D1-D4) fur-
ther compares the average temperature inside the specified
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heating regions. As we can see, our optimization leads to 75,
35, 35, and 55-degree increase in the temperature when heat-
ing the upper-left, upper-right, lower-left, and lower-right,
respectively.

8 Related Work

Our work is related to metasurface technology and microwave
oven technology.

Metasurface technology: A metasurface is a 2D structure
that can provide fine-grained control on the electromagnetic
(EM) wave, including the phase, amplitude, and polarization
of EM wave. Existing metasurface solutions focus on enhanc-
ing wireless communication and sensing [32, 36]. For exam-
ple, reconfigurable metasurfaces have been widely used for
the dynamic control of wireless communication channels,
such as shaping the wavefront [42], controlling polariza-
tion [2, 13], and tuning frequency [46]. These metasurfaces
can be used to dynamically optimize the communication link
according to multipath fading and interference [6]. Recon-
figurable metasurfaces are relatively expensive. For example,
mmWall [7] costs around $10K for 28 X 76 elements.

Passive metasurfaces have also been explored in wireless
communication [20, 27, 29, 39, 45], which are much cheaper.
For example, milliMirror [29] costs $15 for 80 X 80 elements.
However, once manufactured, such systems are generally not
reconfigurable. Despite considerable work on metasurface,
to our knowledge, our work is the first system that uses low-
cost passive metasurfaces to enhance energy distribution in
a microwave oven and demonstrates its effectiveness in a
commercial microwave oven.

Microwave oven: Several complementary technologies have
been developed to improve energy distribution in microwave
ovens. Many microwave ovens employ a stirrer, a fan-like ro-
tating device that helps distribute heating inside a microwave
more evenly and reduces hot spots. Another widespread tech-
nique involves using a rotating turntable to expose different
sections of the food to the microwave transmitter, promot-
ing more uniform heat distribution. Some researchers focus
on optimizing the shape of the microwave oven cavity to
improve heating uniformity (e.g., using techniques such as
the Arbitrary Lagrangian-Eulerian method) [44]. Multi-level
cooking racks are also available in some microwave ovens,
enabling users to place food at different levels inside the oven
for more even cooking. Inverter microwaves provide more
consistent heating through a continuous power supply. Sen-
sors can be used to monitor humidity and temperature inside
the oven, adjusting cooking time and power levels as needed.
Some modern microwave ovens utilize multiple energy dis-
tribution points to direct microwaves toward specific regions,
further reducing hot spots. Additionally, some researchers
control the rotation and/or output frequency to change the
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field pattern [14]. Solid-state microwave ovens have also
been developed, which can vary output frequency and phase
based on feedback power to interfere with the standing wave
pattern and achieve power convection [10]. SDC [15] devel-
ops a programmable turntable and controls the turntable
based on high-resolution heat sensing. While it is effective
in increasing the temperature of the target object using a
closed-loop design, it requires significant modification to the
microwave (e.g., adding a neon light, camera, programmable
turntable, and controller), and incurs significant cost and
deployment overhead. Moreover, their approach controls the
EM field only in 2D instead of 3D.

Our passive metasurface-based approach is complemen-
tary to these approaches and can be combined with the previ-
ous approaches to further enhance the uniformity of energy
distribution. Moreover, as shown in our evaluation, it has
several distinct benefits: (i) it is easy to use by simply placing
the metasurface at designated locations, (ii) it is low-cost ($4
when custom made and much lower with mass production),
(iii) it is effective (i.e., improve the evenness of energy dis-
tribution by decreasing the standard deviation by 50% and
increasing the temperature at the target region by 5°C-8°C),
and (iv) it is flexible (i.e., can support a variety of optimization
objectives).

9 Conclusion

We develop the first system that applies a low-cost passive
metasurface to enhance the energy distribution inside a mi-
crowave oven. Our system consists of modeling microwave
heat distribution and optimizing metasurface design and
placement. We evaluate its performance using different com-
modity microwave ovens and show its effectiveness in sup-
porting various optimization objectives across different mi-
crowave ovens and food types. Our design is simple, practical,
and easy to use. A user can simply choose her desired heating
pattern by placing the metasurface at an appropriate posi-
tion. As part of our future work, we plan to further enhance
the accuracy of our model and the performance of our opti-
mization, and evaluate our design across more microwaves.
The high-level approach developed in Microsurf goes beyond
heating food and can be potentially applied to microwave
chemistry, material processing, actuating soft robots [37, 41],
and industry applications [3, 22, 23], which we are interested
in exploring as part of our future work.
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