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Prediction of Induced Voltages on Ports in Complex,
Three-Dimensional Enclosures With Apertures,

Using the Random Coupling Model
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Abstract—A statistical modeling technique known as the ran-
dom coupling model (RCM) is an effective method for estimating
the probabilistic magnitudes of induced voltages on objects within
a closed, complex, three-dimensional (3-D) enclosure. The limita-
tions of the RCM to predict electromagnetic wave coupling into an
enclosure with apertures are examined. We experimentally demon-
strate the applicability of the RCM to estimate the probabilistic
magnitudes of voltages induced on ports in a complex 3-D enclo-
sure with an electrically large aperture. This study is a first step
toward being able to predict effects on sensitive electronic targets
in large, real-world, lossy enclosures such as office buildings, ship
compartments, and aircraft compartments.

Index Terms—Aperture antennas, electromagnetic compatibil-
ity, overmoded enclosures, probability density function (PDF), ran-
dom coupling model (RCM), statistical electromagnetism, wave
scattering.

I. INTRODUCTION

THE random coupling model (RCM) makes predictions of
induced voltages on ports of interest (e.g., sensitive elec-

tronics) in wave-chaotic enclosures. There are many approaches
to the statistical study of electromagnetics in enclosures [1]–[7],
which include both field-based methods and microwave network
methods. The RCM uses impedance parameters of an enclosure
and its ports as well as an additional parameter called the loss
parameter to calculate induced voltage statistics on ports in the
enclosure (this process is described in Section II). These ports
can be monopole antennas, pins on an integrated circuit, aper-
tures, or wires or bundles of wires running inside a below-deck
ship compartment [8], [9]. The RCM allows the determination
of the probability density function (PDF) of induced voltages
on a port of interest in an enclosure. The RCM results are in-
dependent of specific cavity configurations relying only on the
port characteristics and the loss parameter.

Both the theory and original experimental work on the RCM
were carried out by researchers at the University of Maryland
(UMD), where their experimental work focused primarily on
quasi-two-dimensional (2-D) cavities, and a small 3-D enclosure
with apertures (computer box) [10]–[12]. Through this paper, it
has been conclusively shown that the RCM accurately predicts
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induced voltages in the closed, complex enclosures they stud-
ied. Additional experimental work performed by researchers at
the Naval Research Laboratory in collaboration with the UMD
has verified the RCM for larger closed cavities [8]. This paper
will show that the RCM can also be applied to determine the
PDFs of induced voltages on ports of interest in enclosures with
electrically large apertures when radiation occurs internally to
the enclosure.

The RCM requires the enclosure to be ray-chaotic, reverber-
ant, and have a characteristic length (cube root of the volume) L
that is >∼3λ [13]. A ray-chaotic enclosure (schematically shown
in Fig. 1) has complex-shaped boundaries or objects which cre-
ate chaotic ray trajectories. This means that a pair of rays with
similar initial conditions will separate rapidly as they bounce
around the enclosure, as illustrated in Fig. 1 [13].

The RCM makes use of random matrix theory (RMT) to
make statistical predictions. RMT was developed in the 1950’s
and was applied to the study of the energy levels of large-
complicated nuclei. It was discovered that the PDF of the nor-
malized nearest neighbor eigen-energy spacing for different
atomic nuclei followed certain universal curves depending only
upon whether the classical ray dynamics within the system was
integrable or chaotic [12]. It has since been conjectured that
RMT is applicable to any wave chaotic system (electromag-
netic, acoustic, etc.) [14]. RMT, however, only characterizes
ideal systems, namely, one in which the waves entering and
leaving the ports are perfectly coupled to the system, i.e., there
is no “prompt” reflection at the transmitting port, although there
can be “equilibrated” waves leaving there that have entered the
system and later returned to the port [13]. In addition, it is as-
sumed that all incident rays entering from a port are subsumed
into ray-chaotic trajectories and do not bounce back after ex-
ecuting a “short orbit” [15], [16]. The RCM extends RMT by
accounting for the above-mentioned nonuniversal port charac-
teristics of wave-chaotic systems (see Fig. 2), and allows the
calculation of PDFs of induced voltages on a receiving port
(see port 2 in Fig. 1), due to an incident signal at port 1, under
realistic conditions.

II. THEORY

The RCM can be applied to 2-D and 3-D enclosures with
multiple ports [17]. According to this model, the statistics of
the induced voltages on a port located inside the enclosure are
governed in part by a single quantity, the loss parameter α, of the
enclosure, which is defined as the ratio of the 3 dB bandwidth
of a typical cavity mode resonance to the mean spacing between
the modes α = k2/(Δk2 Q). Here, k is the wavenumber, Δk2 is
the mean spacing between k2 eigenvalues, and Q is the quality
factor of the closed system. The loss parameter determines the
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Fig. 1. Ray-chaotic cavities are characterized by rapidly diverging ray tra-
jectories. Three similar initial ray trajectories are shown emerging from port
1, yet they quickly undergo three very different evolutions in the ray-chaotic
enclosure. The figure shows a mode stirrer which is used to realized multiple
cavity configurations which have the same volume but different detailed ray
dynamics

statistics of the universal properties of wave-chaotic systems,
and further determining the induced voltage statistics for an
enclosure with system-specific real-world port characteristics
requires the radiation impedance Zrad and the radiated power
at the source port. The general expression of the loss parameter
for a 3-D enclosure is

α =
k3V

2π2Q
(1)

where V is the volume of the enclosure. This expression has
been shown to be valid for enclosures without apertures (low
loss) [8], [13], and a number of methods have been used to de-
termine the loss parameter [12]. However, with the introduction
of apertures (high loss), the enclosure volume becomes less well
defined (imagine a rectangular enclosure with one or more walls
removed). In the case of high loss, the determination of the loss
parameter must be reexamined, and we do that here. We will
show in Section II that the statistics of measured voltages in-
duced on port 2 compare well with the RCM-predicted statistics
of induced voltage values for the same port, thus, validating the
use of the RCM for high-loss enclosures. The measured induced
voltage values are calculated using

V̄ exp
2 =

[
Pin

∣∣Z̄cav
21

∣∣2
Re

{
Z̄cav

11

}
]1/2

(2)

where Pin is the input power to port 1, and Z̄cav
ij are the mea-

sured (and fluctuating) impedance parameters of the cavity. The
statistical treatment of data begins with measurement of the en-
closure (cavity) scattering parameters for a two-port system like
that shown in Fig. 1:

¯̄Scav =

[
S̄cav

11 S̄cav
12

S̄cav
21 S̄cav

22

]
(3)

which is a matrix quantity (denoted by the double bar) where
S̄cav

ij are complex vectors in frequency (i, j ∈ {1, 2}). ¯̄Zcav is

Fig. 2. Idealized wave scattering theories predict the universal statistical prop-
erties of wave-chaotic enclosures, but do not account for system-specific port
coupling and short orbits. The RCM accounts for the port coupling characteris-
tics and short orbits of specific, real-world enclosures.

then obtained from (3) using the bilinear transformation

¯̄Zcav = ¯̄Z1/2
0

(
¯̄1 + ¯̄Scav

) (
¯̄1 − ¯̄Scav

)−1 ¯̄Z1/2
0 (4)

where the real diagonal matrix ¯̄Z0 has elements which are the
characteristic impedances of the channels or transmission lines
that guide waves to/from the ports, and ¯̄1 is the 2 x 2 identity
matrix [13]. The measured induced voltage statistics are then
calculated using (2).

The RCM-predicted induced voltages are calculated using

V̄ RCM
2 =

[
Pin

∣∣Z̄RCM
21

∣∣2
Re

{
Z̄RCM

11

}
]1/2

(5)

where Z̄RCM
ij are the RCM-predicted impedance parameters

calculated using the measured radiation impedance of the en-
closure ports and the loss parameter of the enclosure. As men-
tioned, there are several methods for calculating α (discussed in
Section III). We calculate α using the statistics of the measured
ensemble impedance by computing the quantity

αij =
1

πσ2
z̄ e x p

n o rm i j

. (6)

Here, i, j ∈ {1, 2} and σ2
z̄ e x p

n o rm i j
is the variance of either

of the diagonal elements (i = j), or the off-diagonal elements
(i �= j), of the normalized enclosure impedance. The normalized
impedance ¯̄zexp

norm is calculated as

¯̄zexp
norm =

(
Re

{
¯̄Zrad

})−1/2 (
¯̄Zcav − jIm

{
¯̄Zrad

})

×
(
Re

{
¯̄Zrad

})−1/2
(7)

Here, ¯̄Zrad is the radiation impedance matrix of the ports,
which characterizes the nonuniversal aspects of the enclosure,
and is calculated similarly to (4) as

¯̄Zrad = ¯̄Z
1
2
0

(
¯̄1 + ¯̄Srad

) (
¯̄1 − ¯̄Srad

)−1 ¯̄Z
1
2
0 (8)

where the radiation scattering matrix ¯̄Srad is well approximated
as the ensemble average of 200 different scattering matrices
which correspond to different enclosure configurations (each
position of the stirrer creates a new enclosure configuration
with the same volume, but different boundary conditions) [8].
We call the ensemble average ¯̄Savg since it contains short orbits
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Fig. 3. Data flow diagram of process used to compare measured and RCM-predicted induced voltage statistics.

which ¯̄Srad does not. ¯̄Savg can be expressed as

¯̄Savg =
〈

¯̄Scav
〉

200
=

〈[
S̄cav

11 S̄cav
12

S̄cav
21 S̄cav

22

]〉
200

(9)

Now that we have obtained the loss parameter α, we may cal-
culate the RMT-predicted normalized impedance ¯̄zRMT

norm which
will be used to finally calculate ¯̄ZRCM . ¯̄zRMT

norm is a 2 × 2 com-
plex random matrix, derived from RMT and the loss parameter,
and has the form,

¯̄zRM T
norm =[
Re

{
z̄RM T

norm 1 1

}
+ jIm

{
z̄RM T

norm 1 1

}
Re

{
z̄RM T

norm 1 2

}
+ jIm

{
z̄RM T

norm 1 2

}
Re

{
z̄RM T

norm 2 1

}
+ jIm

{
z̄RM T

norm 2 1

}
Re

{
z̄RM T

norm 2 2

}
+ jIm

{
z̄RM T

norm 2 2

}
]

(10)

where

Re
{
z̄RMT

norm1 1

}
, Re

{
z̄RMT

norm2 2

}
→ N

(
1,

1
παii

)
(11)

Im
{
z̄RMT

norm1 1

}
, Im

{
z̄RMT

norm2 2

}
→ N

(
0,

1
παii

)
(12)

Re
{
z̄RM T
norm1 2

}
, Im

{
z̄RMT
norm 1 2

}
→ N

(
0,

1
2παij

)
(13)

Re
{
z̄RMT

norm2 1

}
, Im

{
z̄RMT

norm2 1

}
→ N

(
0,

1
2παij

)
. (14)

In (11)–(14), N(x, y) is a Gaussian distribution with mean of
x and variance of y, and it is assumed that the loss parameter is
very large α >> 1. Now, ¯̄ZRCM is calculated using

¯̄ZRCM = jIm
{

¯̄Zavg
}

+
(
Re

{
¯̄Zavg

})1/2
¯̄zRM T
norm

(
Re

{
¯̄Zavg

})1/2
(15)

and the RCM-predicted induced voltages at port 2 may be cal-
culated using (5). Fig. 3 outlines the above process.

The use of the variance of the normalized impedance of port
1 z̄exp

norm1 1
has been thoroughly verified as a valid method for

obtaining the loss parameter α for an enclosure with no aper-
tures [8]. In fact, for such an enclosure, the loss parameters
determined from any index combination of z̄exp

norm i j
are similar

(α11 ≈ α22 ≈ α21). However, experiments with complex, 3-
D enclosures with apertures have shown that that the RCM-
predicted induced voltage statistics, calculated using α values
obtained using z̄exp

norm1 1
start to deviate from those calculated

directly from experimental data. This prompted an evaluation
of methods for calculating the loss parameter of a cavity with
electrically large apertures.

III. EXPERIMENTAL SETUP AND DATA ANALYSIS

A. Objective and Approach

The objective of the variable aperture experiment is to show
that the RCM capability to accurately predict voltages induced
on a receiving port is not limited by the aperture size of the
enclosure.

A first step toward the stated objective is to verify the ac-
curacy of the RCM in predicting induced voltages in large,
complex enclosures with apertures using different methods for
obtaining the loss parameter. This is accomplished by con-
structing the complex aluminum enclosure with dimensions
1.27 m × 1.22 m × 0.65 m shown in Fig. 4.

The cavity aperture size is varied while cavity scattering pa-
rameters are collected between two interior ports with a vector
network analyzer (VNA). The RCM is then applied to the cavity
scattering parameters as outlined in the previous section.
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Fig. 4. Test cavity with variable aperture, monopole, stirrer, and stepper motor.

Fig. 5. Variable aperture experimental setup showing a schematic top view of
the enclosure, port, mode-stirrer, and aperture locations, and the VNA used to
measure the scattering parameters between the two ports.

B. Experimental Setup

The enclosure contains two internal ports and has an aperture
that can be varied from completely closed to its full aperture
opening of 0.31 m × 1.22 m.

The enclosure interior is a mode-stirred chamber with two
1.27 cm long monopole antennas, each acting as a port. The
mode-stirrer consists of two 44.5 cm x 30.5 cm plates (one
above the other) at 45° to each other, and is rotated by a stepper
motor with a minimum stepping increment of 1.8° for a max-
imum of 200 steps per 360°. An Agilent PNA series VNA is
used to collect cavity data in the form of scattering parameters
(S-parameters) from each port of the VNA. Transmit power is
0 dBm, and the loss from cables leading to the ports are cali-
brated out prior to measurement. Fig. 5 details the measurement
setup.

A statistical ensemble of data is collected by rotating the
stirrer 200 times in 1.8° increments and performing a measure-
ment on each step. Previous experimentation and autocorrela-
tion analysis has shown that 1.8° increments and 200 different
stirrer positions is more than sufficient to provide a robust statis-
tical ensemble [8]. The frequency range of interest is 13–14 GHz
where the enclosure is highly overmoded and the aperture is in
the electrically large limit. Measurements are made in 100 MHz
bands, e.g., 13.0–13.1 GHz, 13.1–13.2 GHz, etc.

Experiments were performed with apertures ranging from
zero width to the full aperture size of 122 cm x 30.5 cm in
10.16 cm increments.

Fig. 6. Loss-parameter (α) method evaluation results showing significant
variation in α as aperture size is increases from 0 to 121 cm.

Fig. 7. Standard deviation of induced voltages on port 2. It can be seen that
method 1 produces near-identical induced voltage statistics to those of the
measured data (red circles).

C. Data Analysis and Results

Several methods for calculating the loss parameter of an en-
closure are considered here, namely, the decay method and three
types of the impedance-variance method [12], [13]. The decay
method uses (1) as the general expression for the calculation
of the loss parameter α. The loaded quality factor Q is calcu-
lated from the time constant for energy decay inside the cavity
(determined from the scattering parameters), but it is assumed

that the volume remains well defined as the aperture is widened.
The first two variance methods determine α using only the vari-
ance of the measured normalized impedance matrix ¯̄zexp

norm i j

or ¯̄zexp
norm i i

. The third impedance-variance method determines
α by calculating the variance of the eigenvalues of the mea-
sured normalized impedance of the transmitting port using
α = 1/(πλz̄ e x p

n o rm 1 1
) [12]. There are other methods described

in [12], but have not been considered here. All methods con-
sidered, with slight variations, work well for enclosures without
apertures (see Fig. 6). However, as an aperture is introduced,
and as the aperture size is increased, we find that each method
produces a different estimate of α, as shown in Fig. 6. Note
that the decay method is the only one that suggests the loss
parameter saturates at large aperture sizes. This is likely due to
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Fig. 8. Comparison of measured and RCM-predicted induced voltage PDFs
for aperture widths of (a) 0 cm, (b) 61 cm, and (c) 121 cm, respectively. PDFs
shown are for the 13.0 to 13.1 GHz band, similar results were obtained for the
higher bands of 13.4–13.5 GHz, and 13.9–14.0 GHz. Note: axes are not identical
across figures as they are meant only for showing goodness of fit.

the fact that the loss parameter also explicitly scales with the
system size, and this effect is not included in the decay method.

Further, all methods produce a loss parameter value which
leads to RCM-predicted statistics that deviate from the ex-
perimentally determined statistics, with the exception of the
statistics of the variance of the normalized impedance of
¯̄zexp
norm i j

. Fig. 6 shows that there is variability in the predicted
standard deviation of the induced voltage distribution for the dif-
ferent α values determined using the four methods described. It
is clear that there is reduced variability in the induced voltage
distribution standard deviation for an enclosure with no aper-
tures. In order to determine which α value provides the best fit

Fig. 9. Loss parameter values were obtained by method 1 versus aperture
size. The maximum horizontal aperture length was 122 cm and vertical aperture
height was a constant 30.5 cm.

for all aperture sizes, we can examine the standard deviation
of the induced voltages determined from experimental data and
compare the values with those from the RCM-predicted induced
voltages generated using the α values from the different meth-
ods. Fig. 7 shows that only method 1 produces a good fit with
the PDFs calculated from measured data, and the goodness of
fit to the entire PDF can be seen visually in Fig. 8.

Fig. 8 shows three comparisons of measured versus RCM-
predicted (using variance method 1) induced voltage distri-
butions for three different aperture widths. There is good
agreement between the experimental and RCM-predicted PDFs
for several aperture sizes when using the α value obtained from
variance of the normalized impedance matrix ¯̄zexp

norm i j
, method

1 in Figs. 6 and 7. Other determinations of α predict induced
voltage distributions that differ markedly from the data.

There is good agreement between the experimental and RCM-
predicted PDFs for all three aperture sizes. Similar results are
obtained for each of the other 100 MHz bands from 13.1 GHz to
14.0 GHz and other aperture sizes.

Fig. 9 shows the effect of aperture size and frequency varia-
tion on the loss parameter α values, for method 1. One expects
that the aperture becomes a more efficient radiator as its dimen-
sions, in terms of the number of wavelengths, grows, and we
see that as the aperture size is increased from a closed cavity
to full aperture there is a corresponding increase in α. There is
also a trend toward increasing separation of α values with in-
creasing frequency for the frequency bands tested, as a function
of aperture size.

IV. CONCLUSION

Previous work has shown that the RCM can be used to ac-
curately predict induced voltages on a target port within a large
complex enclosure without apertures when all radiations are in-
ternal to the enclosure. In this paper, we have shown that the
RCM may also be used to predict induced voltages on a port in
an enclosure with an electrically large aperture when the loss
parameter α is calculated using the variance of the normalized
impedance matrix ¯̄zexp

norm i j
. Additionally, the frequency depen-

dent nature of the loss parameter for the frequency band tested
is demonstrated, and it is shown that as frequency is increased α
also increases. These results are applicable to electromagnetic
compatibility concerns for electronics in both civilian and de-
fense enclosures (buildings, ships, aircraft, etc.). Future work
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will focus on studying RCM-induced voltage statistics predic-
tions in aperture-connected enclosures, as well as the effect of
scaling in frequency, enclosure size, and conductivity.

REFERENCES

[1] D. A. Hill, Electromagnetic Fields in Cavities: Deterministic and Statis-
tical Theories. New York, NY, USA: Wiley, 2009.

[2] D. Fedeli, G. Gradoni, V. M. Primiani, and F. Moglie, “Accurate analysis of
reverberation field penetration into an equipment-level enclosure,” IEEE
Trans. Electromagn. Compat., vol. 51, no. 2, pp. 170–180, May 2009.

[3] Y. He and A. C. Marvin, “Aspects of field statistics inside nested frequency-
stirred reverberation chambers,” presented at the IEEE Int. Symp. Elec-
tromagnetic Compatibility, Austin, TX, USA, Aug. 2009.

[4] G. B. Tait, R. E. Richardson, M. B. Slocum, M. O. Hatfield, and M. J.
Rodriquez, “Reverberant microwave propagation in coupled complex cav-
ities,” IEEE Trans. Electromagn. Compat., vol. 53, no. 1, pp. 229–232,
Feb. 2011.

[5] G. B. Tait, C. Hager, M. B. Slocum, and M. O. Hatfield, “On measuring
shielding effectiveness of sparsely moded enclosures in a reverberation
chamber,” IEEE Trans. Electromagn. Compat., vol. 55, no. 2, pp. 231–
240, Apr. 2013.

[6] H.-J. Stockmann, Quantum Chaos: An Introduction. Cambridge, UK:
Cambridge Univ. Press, 1999.

[7] R. Holland and R. St. John, Statistical Electromagnetics. Philadelphia,
PA, USA: Taylor & Francis, 1999.

[8] Z. B. Drikas et al., “Application of the random coupling model to the
calculation of electromagnetic statistics in complex enclosures,” IEEE
Trans. Electromagn. Compat., vol. 56, no. 6, pp. 1480–1487, Dec. 2014.

[9] T. M. Antonsen, G. Gradoni, S. Anlage, and E. Ott, “Statistical charac-
terization of complex enclosures with distributed ports,” presented at the
IEEE Int. Symp. Electromagnetic Compatibility, Long Beach, CA, USA,
2011.

[10] X. Zheng, T. M. Antonsen, and E. Ott, “Statistics of impedance and
scattering matrices in chaotic microwave cavities: Single channel case,”
Electromagnetics, vol. 26, no. 1, pp. 3–35, Feb. 2006.

[11] X. Zheng, T. M. Antonsen, Jr., and E. Ott, “Statistics of impedance and
scattering matrices of chaotic microwave cavities with multiple ports,”
Electromagnetics, vol. 26, pp. 37–55, 2006.

[12] S. Hemmady, “The random coupling model: A wave-chaotic approach to
predicting and measuring electromagnetic field quantities in complicated
enclosures,” Ph.D. dissertation, Univ. Maryland, College Park, MD, USA,
2006.

[13] S. Hemmady, E. Ott, S. M. Anlage, and T. M. Antonsen, “Statistical
prediction and measurement of induced voltages on components within
complicated enclosures: A wave-chaotic approach,” IEEE Trans. Electro-
magn. Compat., vol. 54, no. 4, pp. 758–771, Aug. 2012.

[14] O. Bohigas, M. J. Gionnoni, and C. Schmidt, “Characterization of chaotic
quantum spectra and universality of level fluctuation laws,” Phys. Rev.
Lett., vol. 52, no. 1, pp. 1–4, Jan. 1984.

[15] J. A. Hart, T. M. Antonsen, and E. Ott, “The effect of short ray trajectories
on the scattering statistics of wave chaotic systems,” Phys. Rev. E, vol. 80,
2009, Art. no. 041109.

[16] J.-H. Yeh, J. Hart, E. Bradshaw, T. Antonsen, E. Ott, and S. M. Anlage,
“Experimental examination of the effect of short ray trajectories in two-
port wave-chaotic scattering systems,” Phys. Rev. E, vol. 82, 2010, Art.
no. 041114.

[17] S. Hemmady, X. Zheng, E. Ott, S. M. Anlage, and T. Antonsen, “Universal
statistics of the scattering coefficient of chaotic microwave cavities,” Phys.
Rev. E, vol. 71, 2005, Art. no. 056215.

Jesus Gil Gil received the B.S. and M.S. degrees in
electrical engineering from George Mason Univer-
sity, Fairfax, VA, USA, in 2005 and 2008, respec-
tively.

He is currently an Electrical Engineer at the High
Power Microwave Section of the US Naval Research
Laboratory. His research interests include Chaos in
electronics, the random coupling model, metamateri-
als, nonlinear behavior in semiconductors, and high
power microwaves. He has coauthored peer-reviewed
publications on the random coupling, and has given

numerous presentations at the Annual Symposium of the Directed Energy Pro-
fessional Society.

Zachary B. Drikas (S’07–M’13) received the B.S
and M.S. degrees in electrical engineering from
the George Washington University, Washington, DC,
USA, in 2011 and 2012, respectively.

He is currently working with the High Power Mi-
crowave Section at the US Naval Research Labora-
tory. He has co-authored peer-reviewed publications
on the random coupling model and electromagnetic
time-reversal techniques, and he has given numerous
presentations at the Annual Symposium of the Di-
rected Energy Professional Society. His research in-

terests include investigating high power microwave effects on electronics, non-
linear behavior in semiconductors, electromagnetic time-reversal techniques,
and using the random coupling model to characterize and predict effects on
targets in ray-chaotic enclosures.

Tim D. Andreadis received the B.S. degree in
physics and the Ph.D. degree in nuclear engineer-
ing both from the University of Maryland, College
Park, MD, USA, in 1974 and 1981, respectively.

He is currently the Head of the High Power Mi-
crowave (HPM) section at the US Naval Research
Laboratory, Washington, DC, USA. He has an exten-
sive list of peer-reviewed publications, conference
proceedings, and reports. He has numerous invited
talks and presentations at national and international
conferences. His research interests include HPM ef-

fects on electronics, counter IED applications, high power RF source applica-
tions, and electromagnetic backscatter.

Dr. Andread is a Fellow of the Directed Energy Professional Society.

Steven M. Anlage (M’94) received the B.S. degree
in physics from the Rensselaer Polytechnic Institute,
Troy, NY, USA, in 1982, and the M.S. and Ph.D.
degrees in applied physics from the California Insti-
tute of Technology, Pasadena, CA, USA, in 1984 and
1988, respectively.

He is a Professor of physics and Faculty Affil-
iate at the Department of Electrical and Computer
Engineering, University of Maryland, College Park,
MD, USA. His graduate work concerned with the
physics and materials properties of quasicrystals. His

postdoctoral work with the Beasley-Geballe-Kapitulnik group at the Stanford
University (1987–1990) concentrated on high-frequency properties of high-
temperature superconductors, including both basic physics and applications to
tunable microwave devices. In 1990, he was appointed as an Assistant Professor
of physics in the Center for Superconductivity Research, University of Mary-
land, then Associate Professor in 1997, and finally Full Professor of physics
in 2002. He was the interim Director of the Center for Nanophysics and Ad-
vanced Materials (2007–2009), and is a Member of the Maryland NanoCenter.
His research in high-frequency superconductivity has addressed questions of
the pairing state symmetry of the cuprate superconductors, the dynamics of
conductivity fluctuations and vortices, and microwave applications such as su-
perconducting negative index of refraction metamaterials. He has also developed
and patented a near-field scanning microwave microscope for quantitative local
measurements of electronic materials (dielectrics, semiconductors, metals, and
superconductors) down to nm length scales. He has also performed microwave
analog experiments of the Schrödinger equation to test fundamental theories of
quantum chaos. As a part of this work he has developed a statistical prediction
model for effects of high-power microwave signals on electronics. He is also
active in the emerging field of time-reversed electromagnetics. His research is
funded by the National Science Foundation, DoE and DoD, and he is an active
Consultant of the US Government. In 2008, he was appointed as a Research
Professor of the National Security Institute at the Naval Postgraduate School in
Monterey, CA. In 2011, he was appointed as a Visiting Professor at the Center
for Functional Nanostructures, Karlsruhe Institute of Technology, Germany. He
has coauthored more than 180 research papers in scientific journals.

Dr. Anlage is a Member of the American Physical Society, the Optical Soci-
ety of America, and the Materials Research Society.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


