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Abstract— Power handling capability of a tunable plasma-based 

multilayer absorber is studied using multiphysics analysis, then 
validated by experimental data. The proposed two-pole absorber is 
based on conductor-backed thickness customizable high-order 
bandpass frequency selective surfaces (FSSs). Such technique allows 
simple integration of the tuning elements, while simultaneously 
providing the option to realize FSSs (including absorbers) with 
specific/desired thicknesses and transfer responses. Lossy magneto-
dielectric slabs, used to absorb electromagnetic energy in the C-
band, are added between the metallic layers. The lossy slabs are 
perforated to host discrete, electrically tunable, ceramic gas-
encapsulating chambers (plasma-shells), enabling dynamic control 
of the absorption spectral band. To study the power handling 
capability of the proposed multi-layered tunable absorber, dielectric 
and air breakdowns within the device are numerically emulated 

using EM simulation by quantifying the maximum field 
enhancement factor (MFEF). Furthermore, a comprehensive 
thermal analysis using a simulation method that couples 
electromagnetics and heat transfer is performed for the absorber 
under high power continuous microwave excitations. Since heat 
generated within the absorber is a primary concern, the steady state 
as well as transient state temperature distributions have been 
evaluated for various incident power densities. The performance of 
the proposed absorber is validated for a prototype having a finite 
size of 13×13 cm2. 

 
Index Terms— Active high impedance surface, circuit analog 

absorber, electromagnetic interference, electromagnetic pulse,  
high power microwave, lossy frequency selective surfaces, radar 
cross section, RF plasma discharge, tunable absorber.  

I. INTRODUCTION 
ULTIPHYSICS analysis is a powerful design process that 
can be used to understand multiple physical phenomena 

of electromagnetic devices under real world conditions. Such 
analysis, composed of electromagnetic (EM) simulation 
coupled with thermal, structural, and/or fluidic simulations [1], 
[2] are critical for the design liability associated with 
performance and cost. One of the real-world applications of 
multiphysics analysis involves the impact of high-power 
electromagnetic interference (EMI) with electronic devices. In 
such events, researchers have focused their understanding on 
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electronic attacks (EA) and electronic protection (EP). These 
inquiries have led to tremendous development capabilities that 
are evolving rapidly with modern technology [3]–[5]. 
Advanced countermeasures electronic systems, such as 
electronic coating shielding, isolators, filter limiters, frequency 
selective surfaces, microwave absorbers [6]–[14], etc., have 
been explored to ensure functional safety of EM devices. 
Conversely, techniques such as electronic jamming and 
deception, anti-radiation weapons, use of high-power 
microwave (HPM) and electromagnetic pulse (EMP) weapons 
[15]–[21] are often exploited to target those protective layers 
and damage the electronic and electric systems through EM 
coupling. The exposure of electronic systems to high power 
level EM interference, whether it is intentional or not, can 
disrupt their performance and cause device failure depending 
on the core material and the microscopic features of the systems 
architecture. Usually, the electric fields induced in the system 
caused by the incident wave are associated with current and 
voltage surges that can initiate electromagnetic breakdown, 
arcing or overheating of the system [22]. Under such 
conditions, design specifications such as EM-thermal-
mechanical management can no longer be neglected. The 
ANSYS multiphysics simulator has proven to be a reliable and 
powerful software package for the study of EM-thermal-
mechanical coupling [23], [24]. While the EM analysis is 
performed by ANSYS HFSS, both thermal analysis and stress 
analysis can be performed using ANSYS Mechanical. For 
instance, if the electronic system is lossy, the electric fields 
calculated from Maxwell’s equations are used to compute the 
power dissipated in the system. The EM losses (surface and 
volume loss densities) are then converted into heat using heat 
transfer equations. Then, the temperature distribution can be 
utilized to analyze the thermal stress (expansion or contraction). 
The deformation caused by the thermal stresses and the change 
in temperature are fed back into HFSS and will affect the 
electro-thermal properties of the materials. This cycle is 
repeated until the temperature reaches its steady state. The 
interaction between EM and heat transfer using both ANSYS 
HFSS and ANSYS Mechanical provides an accurate and 
complete bidirectionally coupled physics analysis. In this paper, 
the physical limitation of a plasma-based tunable conductor-
backed absorber under high power microwave levels is 
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demonstrated using multiphysics numerical analysis.    
In general, most microwave absorbers are backed by a 

perfect conductor acting as a ground plane. These artificial 
surfaces prevent RF interference from impacting sensitive 
electronics used for military and aerospace applications [25]. 
The ultimate goal of absorber is to minimize the probability of 
detection or provide environment sealing of microwave systems 
by preventing reflection through absorption of the EM wave 
due to their structural lossy materials [26]. The working 
principle of conventional multilayer conductor-backed 
absorbers, such as Jaumann [27] and Dallenbach [28] 
absorbers, is circumscribed to the quarter-wavelength resonator 
concept. In Jaumann absorbers, the incident electromagnetic 
energy is dissipated within lossy homogeneous sheets, while 
Dallenbach absorbers are contingent on the dielectric and 
magnetic losses of the stacked substrates. With the evolution of 
FSS designs, new radar absorbers including circuit analog 
absorbers (CAAs) [25], [29] and “metamaterial absorbers” 
[30]–[32] have been introduced. CAAs use cascaded lossy 
bandstop FSS sheets about quarter-wavelength apart between 
layers, similar to the Jaumann absorber, but with broadband 
performance. On the other hand, “metamaterial absorbers” or 

FSS-based absorbers exhibit a controllable design thickness. 
The absorption band for such an arrangement is predominantly 
determined by the operating frequency of the constituent 
reactive elements that comprise the FSS, and the loss in the 
design is introduced using either resistive FSS sheets or lossy 
substrates [33]. They provide artificial boundaries to the 
electromagnetic waves and can be used to implement either 
very thin narrowband absorbers or thick wideband absorbers. 
However, the physical bound imposed on the thickness-to-
bandwidth ratio (also known as Rozanov limit) carries a crucial 
limitation on passive absorbers [34]. To circumvent the 
aforementioned tradeoff, reconfigurable absorbers can be 
designed to mitigate the RCS of prospective targets from 
frequency agile radar tracking interrogation signals.  

Besides the use of plasma-based reconfigurable microwave 
components, other tuning components include PIN diodes, 
semiconductor and ferroelectric varactors, liquid-crystal 
polymers, and graphene [35]–[41]. However, the current 

mainstream tuning components compromise the design 
performance factors such as tuning range, reliability, linearity, 
cost, and weight. For instance, plasma and graphene are better 
suited to assure stable operation when exposed to high power 
EM radiation. The advantage of using discrete plasma-shells 
over some existing tuning components for reconfigurable 
devices has been addressed in [12]–[14]. The tuning mechanism 
of these discrete plasma-shells is already fully analysed in [14] 
using their equivalent circuit model. In [12], by selecting core 
materials for higher temperature operation, absorbers that 
incorporate lossy substrates are suitable for HPM energy. In 
contrast, the absorbers that utilize resistive sheets made of thin-
film nickel phosphorous, nickel chromium, nickel chromium 
aluminum silicon, or chromium silicon monoxide (foils 
available on Rogers substrates from Ticer and Ohmega 
Technologies) operate in relatively lower temperature ranges 
but provide superior absorption bandwidth because of their 
frequency-independent electrical properties over a broader 
frequency range. By leaning toward applications requiring 
protection from high power microwave/electromagnetic pulse 
(HPM/EMP) emanated by frequency agile microwave weapons 
or radar systems, we introduced a multilayer absorber [42] 
comprised of FSS layers, and a rigid magnetically loaded high 
temperature material (with an operable temperature up to 
260°C). The commercially available lossy magneto-dielectric 
Eccosorb MF500F series materials from Laird are used to 
absorb the electromagnetic energy. The proposed absorber, 
shown in Fig. 1, adopts the design technique for thickness 
customizable high-order (N ≥ 2) bandpass FSSs [43] placed 
above a ground plane to realize a compressed Dallenbach type 
of absorber. Then reconfigurability and independent control of 
each resonant frequency is added to the multipole design by 
incorporating discrete plasma-shells into the lossy magneto-
dielectrics. Rectangular cavities are milled out of the lossy 
substrates to precisely fit the dimensions of the shells.  

 
 

Fig. 2. Simulated reflection coefficient of the multipole absorbers with second 
and third order response. 

Three poles: 25% FBW

Two poles: 17% FBW

TABLE I.  PHYSICAL DIMENSIONS (IN MM) AND ELECTRICAL THICKNESS OF 

VARIOUS HIGH-ORDER ABSORBERS. 
 

Design  Size hM hd a g s l r b1 b2 b3 

2nd order λ0/7 3 0.8 12.5 0.30 1.5 6.5 3.9 9.3 8.2 -- 
3rd order λ0/4 3 0.8 12.5 0.15 1.6 6.5 4.0 9.2 9 7.8 

 

 

 
 

Fig. 1.  Topology of the multipole/high-order (N ≥ 2) absorber unit cell based 

on coupling interlayers along with detailed geometry of each layer. 
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The work presented in this paper covers two segments. First, 
a full-wave electromagnetic simulation is carried out to validate 
the performance of the proposed absorber operating in the C-
band at OFF state under various angles of incident wave. In 
order to emulate its reconfigurability, the plasma frequencies 
are adjusted accordingly to tune the surface impedance of each 
resonator. A finite size prototype is fabricated using 
photolithography process. Under free space measurement, the 
absorptivity and tuning capability of the device are obtained and 
compared with numerical results. In the second segment, the 
peak power (for very short duration pulse) and average 
microwave power (for continuous wave) handling capability of 
the active absorber is been investigated. A numerical analysis 
is carried out to predict the dielectric and air breakdown levels 
within the system. Also, since the absorber converts the EM 
energy into thermal energy, the EM wave and heat transfer are 
coupled together to evaluate the thermal behavior of the 
absorber. Both the steady state and transient state analysis are 
performed when the device is exposed to various incident 
power densities. A non-uniform temperature distribution is 
obtained with hotter spot located within the lossy magneto-
dielectric. Since testing at high power microwave levels is 
potentially unsafe, experiments are performed with relatively 
moderate far-field power densities to validate numerical results. 
The temperature distributions on the top surface of the absorber 
are obtained using a thermal imaging infrared camera (FLIR 
E6).                 

II. DESIGN PROCEDURE OF THE PROPOSED MULTILAYER 
PLASMA-BASED TUNABLE ABSORBER 

A. Design implementation and simulation results 
The proposed Nth order multipole absorber, illustrated in 

Fig. 1, comprises the ground plane along with a high-order 
(N ≥ 2) bandpass FSS containing N metallic bandpass FSS 

resonators, N lossy substrates, N dielectrics slabs and (N-1) 
metallic coupling interlayers. The FSS is formed by a two-
dimensional array of miniaturized resonators that behave as a 
parallel LC bandpass filter to the EM wave incident to the FSS 
surface. The lossy substrates, made of Eccosorb MF500F-112 
sheets with thickness hM, are used to dissipate the EM  
energy. The mesh grid metallic interlayers are placed between 
resonator layers to regulate their coupling level for any given 
separation. Such degree of design freedom provided by the 
coupling interlayers brings practical benefits when utilizing 
standard commercial substrate thicknesses and integrating 
tuning elements that require precise control of physical 
dimensions. The metallic resonator and coupling layers are 
etched from Rogers RO4003C laminates with thickness hd, 
which are chosen as the dielectric layers for their thermal 
stability. A second (N = 2) and third (N = 3) order response are 
implemented to obtain absorption in the C-band (4 GHz to 8 
GHz). The lossy MF500F-112 slabs are accurately modeled in 
HFSS using their specified frequency-dependent electric and 
magnetic properties (real part of permittivity and permeability, 
electric loss tangent, and magnetic loss tangent). The physical 
dimensions of the various high-order absorbers are summarized 
in Table I. The simulated full wave EM results illustrated in Fig. 
2 predict absorption of the EM wave in the C-band centered at 
6 GHz with 17% and 25% fractional bandwidth (FBW) at 10 
dB reflectivity level for the second and third order absorbers, 
respectively. The total thickness of the two-pole absorber is 8 
mm (about λ0/7) and the periodicity in the order of 0.25λ0, where 
λ0 is the free space wavelength at 6 GHz. For the three-pole 
absorber the total thickness is 12 mm (about λ0/4) with the 
periodicity in the order of 0.25λ0.  

To demonstrate the design flexibility in accommodating 
different material thicknesses, the two-pole absorption response 
(17% FBW at 10 dB reflectivity level) is obtained using three 
different MF500F-112 thicknesses (hM = 2 mm, 3 mm, and 
4 mm). The physical dimensions (in mm) of the absorber for 
each configuration are summarized in Table II. The results 
obtained in Fig. 3 show that the absorber can be scaled to 
different thicknesses while preserving the same absorption 
characteristic (center frequency and fractional bandwidth). 

TABLE II.  PHYSICAL DIMENSIONS (IN MM), ELECTRICAL THICKNESS AND 

FBW OF THE THREE DESIGN CONFIGURATIONS WITH SECOND ORDER 

RESPONSE (N = 2). 
 

Design Size hM hd a g s l r b1 b2 FBW 

#1 λ0/9 2 0.8 12.5 0.17 1.56 6.5 3.6 9.3 8.3 17% 
#2 λ0/7 3 0.8 12.5 0.30 1.50 6.5 3.9 9.3 8.2 17% 
#3 λ0/5 4 0.8 12.5 0.35 1.47 6.5 4.2 9.3 8.2 17% 

 

 

 
 

Fig. 3. Simulated reflection coefficient of the three passive absorber 
configurations (without plasma-shells) using different thicknesses. 

 
 

Fig. 4. Two-pole tunable plasma-based absorber unit cell based on coupling 
interlayers with plasma-shells (hM = 3.5 mm, hd = 1.524 mm, a = 10 mm, 
g = 0.4 mm, s = 1.65 mm, b1 = 9.4 mm, b2 = 8.66 mm, l = 6.5 mm, b = 6.5 mm, 
r = 3.6 mm, w1 = w2 = 6 mm, and h1 = 3.3 mm).  
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In order to add the reconfigurability feature to the two-pole 
absorber, hollow ceramic gas-encapsulating chambers (plasma-
shells) are embedded in the lossy magneto-dielectric layers 
sandwiched between metallic layers as shown in Fig. 4. The 
edges of the resonator patches are rounded with a fillet radius 
of 0.7 mm to minimize field enhancement at the sharp corners. 
In the proposed design, both the resonators and the coupling 
interlayers are used as biasing surfaces for the shells (shell size: 
6 mm × 6 mm × 3.3 mm). The shells are made of alumina 
(Al2O3) using a wall thickness of 0.2 mm.  Silver epoxy of 0.1 
mm thickness (not shown in the figure) is inserted between the 
shells and metallic layers to ensure electrical contact to the 
shell. The cold collisional plasma volume is modeled as a 
complex frequency and electron density dependent material 
with permittivity εp expressed as follows [44]:  

 '
0

0

( )p
p r j


  


= −   (1) 

where 12
0 8.854 10 F m −=   is the permittivity of free-space, 

'
r is the real part of relative permittivity,  P [S m⁄ ] is the 

conductivity and ω [rad/s] is the angular operating frequency. 
2 2

0'
2 2 2 21 ; ; 56.4p p

r p p e
S and n
m

  
  

   

 
= − =  + +  

  (2) 

where ωp [rad/s], ν [rad/s], and ne [ 
-3] are plasma frequency, 

electron collision frequency, and electron density, respectively. 
The physical dimensions of the active absorber using 
commercially available thicknesses of RO4003C and MF500F-

112 are depicted in the caption of Fig. 4. Simulation results at 
OFF state (ωp1 = ωp2 = 0) shown in Fig. 5 predict a stable 
absorption response across the absorption band for both 
transverse electric (TE) and transverse magnetic (TM) 
polarizations when the system is illuminated from various 
oblique incident angles (0° ≤ θ ≤ 60°). However, above 40° 
angle of incidence, the reflectivity of the absorber has increased 
to above −20 dB.  

The variation of the biasing voltage is mimicked by applying 
different plasma frequencies through simulation. The electron 
collision frequency of the plasma is set to its optimal value v = 
2.0 × 1010 rad/s. On one hand, we assume that only the top 
plasma layer is excited (ωp1 = 0). The variation of the plasma 
frequency (0 ≤ ωp2 ≤ 9 × 1011 rad/s) predicts a tuning of the 
absorption spectrum and rate. The higher absorption resonant 
frequency has shifted from 6.2 GHz to 6.7 GHz (see Fig. 6(a)). 
However, a wider absorption band is obtained at the expense of 
the absorption rate. On the other hand, when both plasma layers 
are excited, the effect of the variation of the plasma frequencies 
such that ωp1 = ωp2 (see Fig. 6(b)) predicts a tuning of both 
resonant frequencies across the C-band. Consequently, the 
center frequency shifts to higher value (from 6 GHz to 7 GHz). 

B. Fabrication processes and measurement results 
The proposed multilayer plasma-based tunable absorber is 

fabricated and tested in a free space environment to validate the 
numerical results. The metallic resonators and coupling layer 
are patterned on the RO4003C substrates using wet etching 

 
(a) 

 

 
(b) 

 
Fig. 5.  Full wave simulated reflection coefficient of the multilayer absorber at 

OFF state for various oblique angles of incident wave. (a) TE polarization. (b) 

TM polarization. 

 
(a) 

 

 
(b) 

 
Fig. 6.  Full wave simulated reflection coefficient of the multilayer absorber at 

ON state subject to different plasma frequencies. (a) Only the top plasma layer 

is activated and (b) Both plasma layers are activated. 
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process. Also, the magneto-dielectric substrates MF500F-112 
are finely drilled and perforated using a milling machine (LPKF 
ProtoMat S103) as shown in Fig. 7. The prototype board is an 
array of 13 × 13 elements, printed on the RO4003C substrates 
with a total size of 130 mm × 130 mm. The plasma-shells, 
manufactured by Imaging Systems Technology Inc., are filled 
with a 0.1 % Argon - 99.9 % Neon mixture at 100 Torr gas 
pressure. The electron collision frequency (v = 2.0 × 1010 rad/s) 
was used to estimate the required gas pressure at 300 K electron 
temperature (Te) by solving the theoretical expression for neon 
gas derived in [45]: 

1 18 0.833 2 3[s ] 8.63 10 10 5 10e e
B e

P T for K T K
K T

 − −  
=       

 
 

 (3) 
where KB [J.K-1] is Boltzmann’s constant, and P [Pa] is gas 
pressure. The fabrication procedure of the multilayer absorber 
with the plasma-shells embedded in the lossy perforated 
magneto-dielectric substrates MF500F-112 is as follows: (a) the 
shells are hand-placed in the perforated lossy magneto-
dielectric (MF500F-112) backed by the ground conductor; (b) 
conductive silver epoxy is deposited on the top side of the shells 
using a syringe; (c) the bottom plasma excitation layer is added 
on top of the lossy magneto-dielectric; (d) the second perforated 
lossy magneto-dielectric is added on top of the bottom plasma 
excitation layer; (e) shells with epoxy deposited on both top and 
bottom side are hand-placed in the substrate chambers; (f) the 
top plasma excitation layer is added on top of the magneto-
dielectric. A frame made of thermoplastic material using a 3D 
printer (Monoprice Maker Select v2) is used for precise 

alignment and to hold the layers together. The device under test 
(DUT) is then mounted at the center of a commercially 
available large metal-backed foam broadband absorber 
(Eccosorb AN-75), where an aperture is cut out to fit the DUT 
dimensions, as shown in Fig. 8. The Eccosorb AN-75 frame is 
used to reduce edge diffraction effects of the finite sized DUT. 
The calibration procedure is the same as previously described 
in [14]. The reflection coefficient of the absorber is 
characterized at OFF state across incident angles up to 60° for 
both TE and TM polarizations. The measured results (Fig. 9) 
show stable reflection response when the system is illuminated 
from oblique angles of incidence, and acceptable agreement 
with the simulated results (Fig. 5) is demonstrated, although the 
measured center frequency has shifted slightly to 6.1 GHz.  

In order to turn the device ON, a class A, RF power amplifier 
(ENI 2100L with 50 dB nominal gain and operating frequency 
ranging from 10 KHz to 12 MHz) is used to sustain the plasma 
layers. The RF power amplifier (PA) amplifies a 2 GHz 
sinusoidal wave generated from a Keysight N5181A MXG RF 
analog signal generator. The output of the PA is then connected 
to the bias traces of the absorber via a coaxial cable. By 
monitoring the power level of the continuous wave through the 
PA front panel meter and changing the voltage from the signal 
generator, different voltage is supplied to the plasma volume. 
The tuning speed observed is less than 100 ns. The excited 
device under test is shown in Fig. 10. When only the top plasma 
layer is excited with various RF power such that P1 = 0 and 0 ≤ 

 
(a) 

 

 
(b) 

 
Fig. 9.  Measured reflection coefficient of the multilayer absorber at OFF state 
for various oblique angles of incident wave. (a) TE polarization. (b) TM 
polarization. 

Meas.   

Meas.  

Meas.   
Meas.   

Meas.   

Meas.   

Meas.   
Meas.   

 
 

Fig. 7. Fabricated perforated lossy magneto-dielectric (MF500F-112). 
 

 
 

Fig. 8.  Photograph of the test setup (free space) along with the fabricated 
prototype inside a 3D printed frame. 

Fabricated prototype inside a 3D 
printed frame

DUT (device under test) 
Metal-backed flexible foam broadband 

absorber (Eccosorb AN 75)  

Horn antennas: PE9887-11
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P2 ≤ 70 W, the measured results at normal angle of incidence 
indicate a tuning of the higher absorption resonant frequency 
(see Fig. 11(a)). However, when both plasma layers are 
activated (0 ≤ P1 = P2 ≤ 70 W), a tuning of the absorption 
spectrum range is perceived (see Fig. 11(b)) showing a shift of 
the absorption center frequency. The measured results obtained 
in Fig. 11 agree well with their simulated results shown in Fig. 
6. These experimental results validate the fact that the proposed 
absorber, when properly biased, can be adapted under a 
dynamic EM environment.  

III. PHYSICAL IMPACT OF HIGH-POWER MICROWAVE SOURCE 
ON THE PROPOSED MULTILAYER ABSORBER 

High peak and average microwave power sources present 
severe challenges for the reliability and safety of resonant 
structures. Under exposure of high-power RF, the physical 
interaction between the EM field and the electronic system on 
a molecular level must be investigated. Electromagnetic 
breakdown and overheating of the device are feasible causes of 
design failure. In general, EM breakdown events are the 
primary concerns associated with very short pulse durations (in 

 
 

Fig. 10.  Photograph of the test setup (free space) of the absorber when the 

plasma is sustained with RF power. 

DUT (device under test) 
Metal-backed flexible foam broadband 

absorber (Eccosorb AN 75)  

Horn antennas: PE9887-11
Plasma-shells are sustained 

with RF power

 
(a) 

 

 
(b) 

 
Fig. 11.  Measured reflection coefficient of the multilayer absorber at ON state. 
The plasma volume is excited independently excited with various RF power 
intensities. Tuning capability observed for (a) Only the top plasma layer is 
activated and (b) both plasma layers are activated. 

 
(a) 

 

 
(b) 

 

Fig. 12.  Simulated E-field distribution in the metallic layers at a unit cell level 

of the absorber illuminated with an incident power of 1 W. The electric field 

with intensity 0 2746 V mE =  is coupled to the absorber. The induced field 

distribution is observed at (a) the first resonant frequency 1 5.9GHz;f =   (b) 

the second resonant frequency 2 6.1GHz.f =  

 
 

Fig. 13. Extracted MFEF values at different frequencies of the absorber without 
and with filleted resonator corners.   

Without corners filleted

With corners filleted
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terms of µs) of high peak power. This happens when the 
induced electric field within the device becomes greater than 
the breakdown limit of air or the dielectric. In our resonant 
absorber, the slots within the metallic layers enhance the 
localized electric field intensity from a buildup of negative and 
positive charges. As a result of the electric discharge, current 
will flow through the dielectric to create a short circuit as the 
insulating material becomes a good conductor. On the other 
hand, overheating of the system is associated with high average 
power with sustained continuous wave. The energy dissipated 
in the system due to the time-averaged metallic and dielectric 
losses is converted into heat, which can become problematic 
depending on the selected design materials. 

A. Estimation of the absorber breakdown threshold 
The prediction of the absorber electrical breakdown level is 

a very complex task because the discharge process is transient 
and occurs on a microscopic level. The commercial EM tool 
Spark3D coupled with the high-performance 3D EM analysis 
software CST has proven to be a more sophisticated tool for 
determining RF breakdown power level within microwave 
devices. The interface of such EM tool provides a real-time 3D 
view of the electric discharge at the localized region. While 
cutting-edge methods are used by Spark3D to predict 
microwave breakdown discharge, we exploit the effect of the 
field enhancement caused by high peak microwave power in a 
simple fashion. The ratio of the maximum electric field 
intensity to the incident electric field intensity, known as the 
maximum field enhancement factor (MFEF) [46], can be 
calculated to estimate the power handling capability of the 
design relative to other periodic structures. A lower MFEF 
indicates lower risk of reaching air and dielectric breakdown 
levels within the absorber and therefore better resiliency toward 

high power EM waves is expected. However, at resonance the 
fields inside small metallic gaps are maximally enhanced. For 
example, an incident power of 1 W illuminating the proposed 
unit cell (with periodicity a = 10 mm) corresponds to an 
incident power density of 10,000 W/m2 and incident electric 
field intensity of E0 = 2746 V/m. The electric field distribution 
in the metallic layers of the absorber unit cell at both resonance 
frequencies (f1 = 5.9 GHz and f2 = 6.1 GHz), obtained using 
HFSS, is shown in Fig. 12. Strong local field enhancement is 
observed at the edges of both metallic FSS resonators. The 
MFEF, plotted in Fig. 13, is extracted across the C-band (4 GHz 
to 8 GHz) for the absorber with and without filleted resonator 
corners. It is perceived that the proposed design with filleted 
resonator corners shows slightly better performance in handling 
higher microwave power levels. The MFEF is found to be 
greater in the operating band of the absorber, with maximum 
value (MFEF ≈ 31) obtained at both resonant frequencies for 
the proposed design. At OFF state, the air gap existing in the 
metallic slots is the most limiting medium, with electrical 
breakdown occurring at EB = 3 MV/m. For a very short pulse 
duration of high peak power, the maximal power density the 
absorber can withstand at specific frequencies is depicted in 
Table III. Overall, the data obtained shows the maximum 
allowed incident power density is about S = 12.3 MW/m2 for 
the proposed multilayer absorber at OFF state. 

B. Thermal analysis of the proposed multilayer absorber 
As mentioned previously, when the absorber is coupled with 

a high average power continuous wave (CW), thermal analysis 
needs to be taken into account to avoid design failure due to 
material heating and possible burning. Therefore, it is important 

TABLE III.  APPROXIMATED MAXIMUM ALLOWED POWER DENSITY 

( )2in MW m   FOR VERY SHORT PULSE DURATION OF HIGH POWER 
 

Design 5.8 GHz 5.9 GHz 6 GHz 6.1 GHz 6.2 GHz 

Without filleted resonator 
corners 

14.5 7.2 10.4 7.5 13.2 

With filleted resonator 
corners 

22.5 12.3 14.2 12.5 20.7 

 

 
 

Fig. 14.  Simulated steady state temperature map throughout the multilayer absorber exposed to various power densities with incident plane wave at f0 = 6 GHz. 

TABLE IV.  THERMAL PROPERTIES OF THE ABSORBER MATERIALS   
 

Material 
Thermal 

conductivity 
-1 -1(W.m .K )  

Density 
-3(Kg.m )  

Specific heat 
-1 -1(J.Kg .K )  

Operating 
temperature 

limit (ºC) 

Copper 401 8933 356 < 750 
Alumina 27 3970 910 < 1750 

Neon 0.0498 0.1079 1029.9 < 1000 
RO4003C 0.71 1700 900 < 280 
MF500F 1.44 3250 1300 < 260 
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to understand how the material choice can affect the thermal 
and electrical performance of the design. The CW incident 
power density allowed by the design can be obtained based on 
the thermal limit of their temperature dependent materials. A 
comprehensive multiphysics solution that couples full-wave 
EM to thermal analysis is performed using HFSS and Icepak 
from ANSYS. In general, the temperature dependency of the 
materials’ electrical properties (such as dielectric constant, loss 
tangent, conductivity) are governed using a quadratic 
approximated equation [47]: 
 ( ) ( )

2
0 1 0 2 0( ) ( ) 1x T x T C T T C T T = + − + −

 
  (4) 

where T0 is the initial temperature, T is the temperature of the 
heated material (which can be position dependent as well), and 
C1 and C2 are the linear and quadratic expansion coefficients, 
respectively. A bidirectionally coupled analysis is possible if 
the temperature dependency of all the materials’ electrical 
properties is known. In such case, the transient frequency 
response of the design due to temperature drift and structural 
deformation can be also obtained. However, in this section our 

analysis focuses on the heat generated solely due to Joule 
heating  within the absorber for different incident power 
densities. The thermal specification of the design modeled in 
Icepak is illustrated in Table IV. These values are taken under 
ordinary conditions and it can be seen that the magneto-
dielectric MF500F-112 is the limiting material in terms of the 
maximum operating temperature (< 260 ºC). Beyond this 
maximum operating temperature (MOT), the hard polymer 
loses its electrical and mechanical integrity. The simulation 
setup in Icepak is performed in a natural convection 
environment (heat transfer coefficient HTC = 10 W.K-1.m-2), 
with the radiation ON (for heat transfer) and ambient external 
temperature. In order to predict the temperature profile of the 
design, the exact finite size of the absorber is taken into account 
to consider the edge effects, although a heavy simulation CPU 
time is required. Both the steady and transient state simulation 
results are obtained when the absorber is exposed to a 
continuous plane wave. The steady state temperature profile of 
the absorber exposed to various power densities at the center 

 
(a) 

 
(b) 

 
Fig. 15.  Simulated transient state temperature map throughout the multilayer absorber with incident plane EM wave at f0 = 6 GHz. The absorber is exposed to 
various power densities. (a) S = 4.0 kW/m2; (b) S = 10 kW/m2. 
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TABLE V.  SIMULATED MAXIMUM TEMPERATURE (°C) WITHIN THE MF500F 

SUBSTATES FOR DIFFERENT POWER DENSITIES ACROSS THE ABSORPTION 

SPECTRAL BAND  
  

Power Density 5.8 GHz 5.9 GHz 6 GHz 6.1 GHz 6.2 GHz 

S = 1.0 kW/m2 60.5 62.7 60 61.5 61 

S = 4.0 kW/m2 145 146.7 146 146.9 146 
S = 10 kW/m2 261 259.5 260 261 260.5 
S = 11 kW/m2 275.4 274.8 275 275 274.6 

 

TABLE VI.  FOUR DIFFERENT TUNING STATES OF THE PLASMA ALONG WITH 

THEIR RESPECTIVE PLASMA FREQUENCIES AND ABSORPTION CENTER 

FREQUENCIES.  
 

Tuning state 
Plasma 

frequency  
Sim. center 
frequency 

Meas. center 
frequency 

OFF State 0  6.0 GHz 6.1 GHz 
ON State #1 2.0 × 1011 rad/s 6.4 GHz 6.3 GHz 
ON State #2 3.5 × 1011 rad/s 6.7 GHz 6.7 GHz 
ON State #3 9.0 × 1011 rad/s 6.9 GHz 6.9 GHz 
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frequency 0( 6GHz)f =  is illustrated in Fig. 14 (which reflect 
the temperature plot in both substrates and metallic surfaces). It 
appears that a non-uniform spatial temperature distribution is 
obtained such that the peak temperature is located within the 
magneto-dielectric MF500F-112, where the substrate losses are 
the most significant. A report of the simulated maximum 
temperature generated within the MF500F-112 substrates for 
different power densities across the absorption spectral band is 
summarized in Table V. It can be seen that the temperature 
increases with the power density and is virtually the same 
across the operation band. The transient simulation is also 
performed on the multilayer absorber. The 3D temperature 
distribution throughout the absorber is obtained within a one-
hour time frame for various power densities at the center 
frequency as shown in Fig. 15. The initial temperature of the 
absorber is set to the room temperature (T0 = 20 ºC). The 
transient simulated results show that the temperature within the 
absorber increases with time and converges to the steady state 
after one hour. The plot in Fig. 16 (maximum temperature 
versus time) is provided to illustrate the trend of the temperature 
increase over time within the MF500F magneto-dielectrics. It is 
observed that the temperature rises quickly for higher incident 
power densities. Based on the data projected, the maximum 
average power density the absorber can tolerate at OFF state for 
an incident CW is about SA = 10 kW/m2. 

However, the question remains if the average power handling 
capability of the absorber obtained at OFF state is still valid for 
all the plasma tuning states. Theoretically, at ON state when the 
plasma frequency ωp increases, its inductance value (𝐿𝑃  
𝜔𝑃

− 𝐶0
− ) as modeled in [14] decreases, as well as its resistance 

value (𝑅𝑃  𝜈𝐿𝑃). The change in the plasma resistance can 
affect the temperature generated from energy dissipated 
through Joule effect heating. Therefore, it is possible that the 
radiation of the plasma electron temperature via heat transfer 
can also alter the temperature distribution of the absorber under 
high power continuous wave excitation at ON state. To 
demonstrate this ambiguity, even though the transition between 
tuning states are not abrupt, the distribution of the volume 
power loss density within the multilayer absorber is 
investigated for the discrete tuning states of the plasma shown 
in Fig. 6(b). The description of these tuning states is illustrated 
in Table VI, where each plasma state is associated with their 
respective plasma frequency and absorption center frequency. 

When the absorber unit cell is illuminated with an incident 
power of 1W, simulated results in Fig. 17 predict that the 
dissipated power is localized in the substrates, with the 
magneto-dielectrics serving as the main contributor to the 

 
 
Fig. 16. Time-variant simulated peak temperature plot at OFF state  throughout 
the MF500F substrates illustrated for various power densities with incident 
plane EM wave at f0 = 6 GHz. 

 
(a) 

 

 
(b)         

 

   
(c) 

 

   
        (d)               

 
Fig. 17.  Simulated volume power loss density in a unit cell of the multilayer 
absorber exposed to an incident power of 1W. (a) OFF state; (b) ON State #1; 
(c) ON State #2; (d) ON State #3. 
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losses. As predicted, for different tuning states of the plasma at 
their specific center frequency, the volume loss density value 
has proportionally decreased with the increase of the plasma 
frequency. We further investigate the transient state thermal 
analysis of the multilayer absorber exposed to the tolerated 
incident power density obtained previously at OFF state (SA =10 
kW/m2) for all the tuning states of the plasma described in Table 
VI. Simulated results (see Fig. 18) predict that lower 
temperatures are generated within the MF500F-112 substrates 
at ON state cases with respect to the OFF-state case. Based on 
this study, the incident power density SA =10 kW/m2 is in fact 
the average maximum power handling capability of the design 
for all plasma states. 

C. Experimental results of the temperature distribution on 
the top surface of the absorber 

Testing the power handling capability of specific microwave 
components requires technical safety measures. All the test 
instruments need to be rated for the measurement environment. 
Safety practices recommended by IEEE standards on high 
power testing should be adopted. The measurement techniques 
of microwaves components are implemented based on the 
specific type of device under test (DUT). For example, when 
testing the power handling of a microwave filter, the input of 
the DUT can be driven with a coax connection and the output 
terminated using a high-power load. Radiated susceptibility 
measurement of antennas is often performed in a semi-anechoic 
chamber. However, all these test procedures require the use of 
a high-power source. To validate the thermal numerical results 
of the multilayer tunable plasma-based absorber, a 40 dB 
traveling-wave tube (TWT) amplifier from Hughes (Model#: 
1177H13F000) operating in the S/C-band (3 GHz to 8 GHz) is 
used to generate a high power microwave. Since the power 
handling limit of the absorber is related to the thermal effect, the 
temperature of the absorbing material under RF fields is 
measured using a thermal imaging infrared camera (FLIR 
E6). This IR camera has the capability to detect object 
temperatures ranging from -20 ºC to 250 ºC with ±2% reading 
accuracy. As a safety precaution, the thermal analysis tests are 
performed with relatively moderate far field power densities. 
Although the incident power level might not test the design to 
its limits, it is sufficient enough to cause heat generation that 
can be measured using the IR camera. An illustrative sketch of 
the test setup is shown in Fig. 19(a). Prior to the experiment, a 
sinusoidal wave produced by Keysight’s E8257D PSG RF 
analog signal generator (2500 kHz to 20 GHz) is amplified by 
the TWT power amplifier and the output is monitored using the 
E4418B EPM series power meter. Thus, by placing the DUT at 
the far-field (0.5 m) from the PE9887-11 broadband horn 
antenna, the incident power density is evaluated using the 
equation: 

 24
t tPG

S
R

=   (5) 

where Pt is the transmitted power, Gt = 12.6  is the gain of the 
transmit horn antenna, and R is the distance from the horn 
antenna to the center of the top surface of the DUT. The 
measured thermal map is obtained at two different power 
densities (S = 0.2 and 0.3 kW/m2). A photograph of the test 
measurement is shown in Fig. 19(b). Since only the top surface 

of the absorber is visible to the FLIR E6 IR camera, the 
temperature distribution on the top surface of the absorber is 
measured and compared to the numerical results. The numerical 
analysis of the thermal transient state of the absorber upon an 
incident RF power density at 6 GHz is performed. The 
simulated temperature distributions obtained on the top surface 
of the absorber at OFF state are shown in Fig. 20(a). In order to 
accurately measure the radiated temperature on top of the 
absorber, the IR camera is properly calibrated, the emissivity is 
set to 0.9 and the distance between the object and camera is set 
to 1.0 m. Images obtained from the IR camera are depicted in 
Fig. 20(b). It shown that the top surface of the absorber becomes 
hotter with different time frames. The qualitative aspect of the 
simulated temperature profile does not exactly correspond to 
the measured temperature map obtained of the top surface of 
the multilayer absorber. Several parameters such as the color 

 
 
Fig. 18. Time-variant simulated peak temperature plot at various plasma states 
throughout the MF500F-112 substrates when exposed to SA =10 kW/m2 power 
density with incident plane EM wave at their specific absorption center 
frequency. 

 
(a) 

 

 
(b) 

 
Fig. 19. (a) Sketch and (b) photograph of the free space test setup. 
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visualization used in the simulation of the design model, the 
lighting in the test room, the air flow in the room or the position 
of the IR camera surely influence the results. However, the 
measured temperature obtained at the center of the top surface 
of the multilayer absorber accurately validates its numerical 
counterpart as observed in Fig. 21 for various incident power 
densities. Furthermore, by fixing the incident power density to 
0.3 kW/m2, the transient measured temperature at the center of 
the top surface is obtained for the discrete tuning states of the 
plasma (described in Table VI). The measured results agree 
well with their numerical counterpart results shown in Fig. 22. 

IV. CONCLUSION 
A compact multilayer tunable absorber based on lossy 

magneto-dielectric substrates embedded with discrete plasma-
shells is proposed in this paper. The discrete plasma-shells 

located on different layers of the structure allow independent 
control of each resonant frequency. The techniques employed 
in the proposed design lend much freedom to customize both 
functional and physical characteristics of the absorber. This 
thickness customizable compact multilayer absorber is tuned in 
real time to provide a multifunctional response on demand for 
a dynamic use of the EM spectrum. Due to the vulnerability of 
microwave absorber when exposed to high power 
microwave/electromagnetic pulse (HPM/EMP), the power 
handling capability of our proposed multilayer absorber is 
studied. Notably, we investigate the physical effect of high peak 
and average power, which present severe challenges in a harsh 
electromagnetic environment. Coupled physical phenomena 
between both RF and thermal simulation provides rigorous 
multiphysics simulated results, thus predicts very well the 
thermal issues for high-power applications. High power 

 
(a) 

 
(b) 

 
Fig. 20. Transient state temperature map observed at the top surface of the multilayer absorber (at OFF state) exposed to a power density S = 0.2 kW/m2. (a) 
Simulated results for incident plane EM wave at f0 = 6 GHz; (b) Measured results for incident plane EM wave at f0 = 6.1 GHz. 
 

 
 
Fig. 21. Simulated/measured time-variant temperature plots obtained at the 

center of the top surface of the absorber at OFF state illustrated for various 

power densities. 

 
 
Fig. 22. Simulated/measured time-variant temperature plots obtained at the 

center of the top surface of the absorber illustrated for various plasma states 
with incident power density set to 0.3 kW/m2. 
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analysis of microwave components is very crucial in a sense 
that selected materials can be rightfully chosen in the early 
stages of design in order to avoid failure of the final product for 
specific applications and assure a safe operating in harsh 
environments. Per se, multiphysics analysis can result in 
optimized design techniques to reduce susceptibility of 
microwave components to fail under high power excitation. 
Custom design techniques such as the use of hollow pyramidal 
and honeycomb lossy materials, integration of a cooling system 
within the design, and the use of high temperature materials can 
increase the power handling capability. The outcomes of our 
research will lead to a new class of reconfigurable, high 
performance, high-order microwave absorbers for stable 
communication links from high power interference. 
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