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Abstract—Over-the-air (OTA) testing of wireless devices is
accomplished typically either in an expensive multi-antenna
OTA chamber that offers high multipath control or a low-
cost mode-stirred reverberation chamber that offers limited
multipath control. We propose a reconfigurable OTA chamber
that offers a high level of multipath control at a low cost. We
use finite-difference time-domain simulations and measurements
to evaluate the achievable fading distribution and power angular
spectrum at the device under test.

I. INTRODUCTION

Modern wireless devices increasingly exploit the compli-
cated nature of electromagnetic propagation, making over-the-
air (OTA) testing systems essential for robust device design.
In multi-antenna OTA testing [1, 2], the device under test
(DUT) is surrounded by multiple antennas – each of which
is connected to a channel emulator – in an anechoic chamber.
While this technique enables synthesis of a wide range of
multipath channels, it can be expensive. Mode-stirred reverber-
ation chambers [3, 4] offer more economical testing, although
the ability to control the propagation scenario is limited.

To overcome the challenges associated with these traditional
OTA testing procedures, we propose a reverberation chamber
whose wall reflections can be reconfigured to control the
multipath observed at the DUT. This is accomplished by
lining the chamber walls with antennas, some of which are
connected to transmitting sources and the remainder of which
are terminated in tunable impedances. While we have pre-
viously demonstrated the performance of a two-dimensional
version of this reconfigurable OTA chamber (ROTAC) using
idealized simulations [5] and have shown initial results from
a preliminary prototype ROTAC [6], in this work we provide
comprehensive finite-difference time-domain (FDTD) simula-
tions and measurements of an improved chamber. The results
demonstrate the flexibility in controlling the fading distribution
and power angular spectrum (PAS) realized at the DUT and
confirm the potential of the ROTAC for providing flexible,
low-cost OTA testing.

II. ROTAC SIMULATIONS

We model the chamber as a perfect electric conducting
(PEC) cube with a side length of 30.5 cm, as shown in Fig. 1.
Because the FDTD simulation of a lossless chamber would
require very long run times to achieve approximately steady-
state operation, we introduce a small loss in the chamber. The

Fig. 1. Model for the FDTD simulations of the ROTAC, where the front
panel also lined with a 3×3 grid of monopoles has been removed from the
figure to allow visualization of the chamber interior.

conductivity σ required to cause a power loss factor L for a
plane wave traveling a distance D is given by

σ =
logL

η0D
, (1)

where η0 is the free-space intrinsic impedance. We compute
σ to achieve L = 0.2 dB for D = 30.5 cm, which is the
propagation distance from wall-to-wall. This means that 1%
of the power remains after 100 bounces.

Our simulation frequency and time step are f = 1/T =
2.524 GHz and ∆t = T/100, respectively. We run all simu-
lations for a total of 500 periods, representing approximately
200 bounces. The spatial cell size is ∆ = 3.8 mm, producing
a simulation domain size of 80×80×80 cells.

In the chamber simulations, the top and four side walls
are lined with a 3 × 3 grid of monopoles extending into the
chamber as shown in Fig. 1. We also place a uniform circular
array (UCA) of 8 monopole antennas with a 6 cm radius
centered in the chamber. These monopoles are mounted on a
3.8 mm thick plate of wood with relative permittivity ϵr = 2,
with the feeding cables to the UCA from the bottom of the



ROTAC modeled as PEC cylinders with a radius of 3.8 mm.
If NA indicates the total number of antennas, we perform NA

FDTD simulations, where for each one a single antenna is
excited with unit voltage and internal source impedance of
Z0 = 50Ω and all other antennas are terminated in Z0.

We reserve the ports at the center and lower right corner of
each chamber wall as feed ports, but excite only one of the
ports on each wall at any given time (the other is terminated
in an open circuit). We terminate the remaining 7 ports on
each wall and all ports on the chamber top with tunable
impedances. We compute the S-parameter matrix from the
FDTD simulations, and we partition the traveling waves at
the ports and the S-parameter matrix as bU

bE

bT

 =

 SUU SUE SUT

SEU SEE SET

STU STE STT

 aU
aE
aT

 (2)

where the subscripts U, E, and T indicate the ports corre-
sponding to the UCA, the excitations, and the reconfigurable or
open-circuit terminations, respectively. Using that aT = ΓTbT

where ΓT represents the diagonal matrix of reflection coef-
ficients on the terminated ports and aU = 0 (zero vector)
because the UCA ports are terminated in Z0, we can show
that the signals on the UCA ports are given by

bU =
[
SUE + SUTΓT (I− STTΓT)

−1
STE

]
aE (3)

where I is the identity matrix.
Our model for generating ΓT is based on an experimental

reconfigurable impedance element that consists of a tunable
varactor diode coupled with additional reactive elements and
bias circuitry, as discussed in detail in [7]. This device enables
a reflection coefficient phase tuning range of 200◦ with a
maximum power loss of 3 dB over a bias range of 1-5 V.
We use this device in our experiments, and we have measured
data from this device that allows us to specify the impedance
as a function of the bias voltage for our simulations. For all
simulations, we realize 5× 104 random sets of bias voltages,
where each voltage is an independent uniformly distributed
random variable on [1, 5].

A. Channel Fading

For evaluation of the fading achieved in the chamber, we
explore the statistics observed for the signal at a single antenna
in the UCA. We excite the center ports on each side wall,
with the ℓth port voltage given as aE,ℓ = ejθℓ , where θℓ
is drawn from a uniform random distribution on [0, 2π). If
we consider the source to be a unit voltage that is split
and shifted in phase as it is fed to the excitation ports, we
can consider the scalar value of bU as a channel coefficient
that we designate as h. For each random source realization,
we compute the channel for all 5 × 104 impedance states.
We perform this for 104 random source phase realizations
and choose the excitation that produces the channel whose
magnitude and phase distributions are approximately Rayleigh
and uniform, respectively. Fig. 2 shows the result of this
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Fig. 2. Simulated magnitude and phase histograms of the channel to one
element of the UCA for random loads at the reconfigurable ports.
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Fig. 3. Simulated pdfs of the magnitude of the channel to one element of the
UCA for selected loads at the reconfigurable ports, where in each case the
optimization is designed to achieve a Rician distribution for specific values
of σ and ν.

computation, revealing that the ROTAC is able to achieve an
excellent match to a Rayleigh fading distribution.

To achieve Rician fading, we fix the excitation phases at
θℓ = 0 and select a subset of the impedance states that achieves
the desired channel magnitude distributions. Our target Rician
distribution for ξ = |h| is given as

f(ξ|ν, σ) = ξ

σ2
exp

[
− (ξ2 + ν2)

2σ2

]
I0

(
ξν

σ2

)
(4)

where I0(·) is the zeroth-order modified Bessel function of
the first kind. Fig. 3 shows the probability density functions
(pdfs) of |h| for different target Rician distributions, verifying
that the ROTAC is capable of providing a range of fading
distributions.

B. Power Angular Spectrum

A major objective of the ROTAC is to synthesize multipath
fields with a specified PAS. To accomplish this, we excite the
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Fig. 4. PAS versus the azimuth arrival angle obtained from the FDTD
simulations when the excitation port is at the bottom right of each sidewall.
Best and worst PAS (a) for a single reconfigurable impedance realization and
(b) averaged over 50 realizations of the reconfigurable impedances.

bottom right port on each side wall, with the excitation on
the ℓth port aE,ℓ = cℓe

jθℓ normalized so that
∑

ℓ cℓ = 1.
We randomly choose 103 different complex excitations, and
for each excitation we measure the response for all 5 × 104

impedance states. For each realization, we apply a Bartlett
beamformer to determine the PAS observed by the UCA,
identify the peak of this PAS, and record the sidelobe level
(SLL), which is the peak power observed at angles beyond
the PAS beamwidth (defined as 40◦ on either side of the
peak). From these combinations, we group all excitations that
put a PAS peak at the same azimuth angle and pick the
excitation that achieves the lowest SLL for a single termination
impedance state as well as the one that achieves the lowest
SLL averaged over the best 50 impedance states.

Fig. 4 plots the PAS for the peak angles that achieve
the best and worse SLL for a single impedance realization
and averaged over 50 impedance realizations. These results
demonstrate that 1) the SLL depends somewhat on the peak
angle of arrival and 2) while the SLL is higher for the
averaged results, the difference is generally small, meaning
that a single gain combination can be effective for multiple
different reconfigurable impedance states. Most importantly,
even the worst case results give a high degree of directivity,
demonstrating that it is very feasible to provide a high degree
of PAS control in the ROTAC.

III. ROTAC MEASUREMENTS

Fig. 5 shows photographs of our prototype ROTAC, which is
a cube with side length 30.5 cm formed from five aluminum
panels. Each of these panels hosts a 3 × 3 grid of quarter-
wave monopole antennas with a 3 inch inter-element spacing,
identical to the arrangement used in the simulations. The cube
is placed on a ground plane that is perforated with a grid
of small holes that allow cable access to a DUT within the
chamber, as can be seen in Fig. 5. We measure the fields
inside the chamber using a UCA of eight monopole antennas

Fig. 5. Photographs of the outside and bottom of the prototype ROTAC.

in the same configuration as used for the FDTD simulations.
All measurements are conducted at a frequency of 2.524 GHz.

We again reserve the center and lower right ports on each
side panel for excitations and terminate the remaining seven
antennas on each side wall and all antennas on the top wall
with a tunable impedance. Measurements are performed using
an 8 × 8 multiple-input multiple-output channel sounder [8],
where each of four sounder transmit ports is connected to a
feed port and the sounder receive ports are connected to the
monopole UCA in the middle of the chamber. The sounder
channel transfer functions are converted to an S-parameter
representation to relate the signals on the UCA antennas to
the excitation signals. An FPGA-controlled digital-to-analog
converter independently sets the bias voltages applied to the
reconfigurable impedances, where we again have 5 × 104

different impedance states.

A. Channel Fading

To explore the fading in the chamber, we again excite the
center ports on each side wall and observe the signal on a
single antenna of the UCA. We use the same formulation as
used above for the FDTD simulations. Figs. 6 and 7 show
the results for Rayleigh and Rician fading distributions respec-
tively, with the excellent agreement confirming the conclusions
drawn from the simulated results.

B. Power Angular Spectrum

We use the procedure for generating the PAS from the
simulated data to the measured responses. Fig. 8 repeats the
results of Fig. 4 based on the measured data. The conclusions
drawn from the results of the FDTD simulations are confirmed
by this experimental validation, and it is encouraging to see
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Fig. 6. Measured amplitude and phase histograms of the channel to one
element of the UCA for random bias voltages applied to the terminations at
the reconfigurable ports.
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Fig. 7. Measured pdfs of the magnitude of the channel to one element of the
UCA for selected loads at the reconfigurable ports, where in each case the
optimization is designed to achieve a Rician distribution for specific values
of σ and ν.

that the directivity achieved with the measured data essentially
matches that obtained from the more ideal simulations.

IV. CONCLUSION

This paper shows FDTD simulations and measurements of
a ROTAC, showing that the technology can generate specified
fading statistics and angular field characteristics at the DUT
by controlling the reconfigurable impedances along with the
excitation applied to a few transmit ports. The results demon-
strate that the ROTAC can potentially offer high emulated field
control at a relatively low cost.
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Fig. 8. PAS versus the azimuth arrival angle obtained from measurements
when the excitation port is at the bottom right of each sidewall. Best and worst
PAS (a) for a single reconfigurable impedance realization and (b) averaged
over 50 realizations of the reconfigurable impedances.
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