Plane Wave Synthesis in a Reconfigurable
Over-the-air Chamber

Matthew D. Arnold’, Rashid Mehmood’, Jon W. Wallace*, and Michael A. Jensen'

*Lafayette College, Easton, PA, USA
E-mail: wall@ieee.org

TBrigham Young University, Provo, UT, USA
E-mail: rmehmood @ieee.org, jensen@byu.edu

Abstract—This work explores the accuracy with which a
reconfigurable over-the-air chamber is able to synthesize a plane
wave, as a basic component of a multipath field, in a test zone in
which a wireless device under test is to be placed for performance
evaluation. The excitations and reflection coefficients required
to synthesize the plane wave are determined from a gradient
descent optimization seeded with a convex optimization of a linear
approximation of the problem. Results show that the chamber is
able to synthesize a plane wave with high fidelity over a test zone
circle whose diameter is approximately 40% of the chamber side
dimension.

I. INTRODUCTION

Over-the-air (OTA) testing of wireless devices has be-
come increasingly important as multi-antenna techniques have
gained traction in mobile communications. While most OTA
systems use either a multi-probe anechoic chamber [1] or
a mode-stirred reverberation chamber [2], we have demon-
strated a reconfigurable OTA chamber (ROTAC) that enables
increased flexibility in synthesizing multipath fields in a re-
verberation chamber without the high cost and complexity of
an anechoic arrangement [3], [4]. While our prior work has
shown the potential of this concept, more work is required to
fully assess the capabilities of the technology. The objective of
this work is to determine the accuracy with which the ROTAC
can generate a single plane wave in the test or quiet zone in the
chamber, recognizing that the plane wave forms a fundamental
component for any synthesized multipath environment.

II. ANALYSIS

The ROTAC used is a cubical resonant metallic cavity with
a side length of 30 cm as shown in Figure 1. Each cube
face except the bottom is lined with a 3 x 3 grid of equally
spaced monopole antennas, resulting in Np = 45 antenna
ports. Finite-difference time-domain simulations are used to
compute the electric field inside the chamber for a given port
excitation and matched antenna terminations as well as the
system S-parameter matrix [3]. A small number Ny of ROTAC
feed ports are used to excite the chamber, and the remaining
Ngr RE ports are terminated with reconfigurable impedance
elements (REs) to control the reflections of waves from the
walls. The electric field at a kth location inside the chamber
can be expressed as [3]

ey

where er ;; and eg ; are Ng X1 and Ng x 1 vectors containing
the electric field at the kth location based on a unit excitation
of feed and RE ports, respectively, {-}T is the transpose, T

er = [ep . + eg , T (I— SrrT) 'Sk ar,
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Fig. 1. ROTAC model, where the bottom panel has been removed to allow
visualization of the chamber interior.

is the Ny x Ng diagonal matrix representing the reflection
coefficients on the RE ports, Sgr and Spr are Ny X Ny
and Ng x Np S-parameter matrices for coupling between RE
ports and between feed and RE ports, respectively, and ap is
the Ny x 1 vector of feed port excitations. Each RE has a
complex reflection coefficient I';; = ~y;, where |v;| < 1.

An idealized plane wave at the kth location (zy,yy) and
propagating at the angle ¢ can be expressed as

2

where « is the plane wave magnitude and kg is the free space
wavenumber computed here at f = 2.55 GHz. Our goal is to
find the value of 7y — the vector of RE reflection coefficients
— that minimizes the fitness function

FO) = €M = lle() — ep(d)]%, 3)

where || || is the L2 norm and e(y) and e, (¢) are the column
wise stacked versions of (1) and (2), respectively.

We optimize to find <y using gradient descent (GD) [4].
To initialize the GD iteration, we linearize (1) by taking the
first term of the Neumann expansion of (I — SggrI') ™!, with
the resulting vector denoted as €(-y). We can then minimize
le(v) — ep(d)|l subject to the constraint ;v < 1, where
{-}* is the complex conjugate, using convex optimization [5].

ep.k(¢) = avexp[—jko(xy cos ¢ + yy sin @),
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Fig. 2. Magnitude error versus desired plane wave angle for different ROTAC
configurations.

The solution to this optimization yields the estimate 7y, that
is refined using the GD iteration

Ym+1 =Ym — OV f(7), )

where m is the iteration index, ¢ is the step size, and the
gradient V f(v) can be computed in closed form.

It is interesting to compare the results of this optimization
to the case when all ports are fed, or Np = Np. In this
case, the field at the kth point is given by é; = ea war. The
incident voltages ar can be computed by setting &, = ep 1
and applying the least squares solution ap = Dve,(¢),
where (-)T is the Moore- Penrose pseudo-inverse and D is
the matrix whose kth row is eF - Since this solution does
not constrain the input power to the chamber, we can also
formulate the problem as a convex optimization that minimizes
|[Dar —e,(¢)|| subject to ||ar| < /B, where j3 refers to the
total chamber input power.

III. RESULTS

We assume a quiet zone circle of radius » = 6 cm at the
chamber center and for the GD optimization choose the Ny =
4 feed ports on the center of each chamber side. For both the
GD and the power-constrained Ny = Np optimization, we
choose « (plane wave magnitude) to minimize the root mean
squared error (RMSE) between the synthesized and desired
fields. Figures 2 and 3 plot the normalized RMSE of the field
magnitude and phase, computed as

S lles@)] = lep (@)
RMSE = , 5)
HAs SE Jepr(@)2
K
RMSEpps = Z [zen)e;, k(aﬁ)} ©)
k:

where K is the total number of field observation points, versus
the plane wave angle ¢ for our three solutions. The results are
computed at the interval A¢ = 1/8° and smoothed with a
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Fig. 3. Phase error versus desired plane wave angle for different ROTAC
configurations.

5-sample moving average window, after which the magnitude
result is converted to dB (20 log((-)). While Ny = Np results
in the lowest error, when the total input power is constrained
(B = 4), we observe that the RMSE increases considerably.
As expected, the GD optimization with Ny = 4 produces
the largest error, although its performance is not significantly
worse than that achieved for Np = Np under the power
constraint, with a peak magnitude error of under 20 dB and
a peak phase error of 4.2°. Magnitude and phase error can
be reduced by either increasing the size of the chamber or
by reducing the size of the quiet zone. Overall the results are
encouraging and indicate that plane wave synthesis is feasible
with a relatively compact ROTAC.

IV. CONCLUSION

This work evaluates the ability of a ROTAC to synthesize a
plane wave over a specified quiet zone. Simulation results for
a circular quiet zone of radius 6 cm in a cubical chamber of
side length 30 cm demonstrate that the ROTAC can effectively
synthesize a plane wave with relatively low magnitude and
phase error. This work will be augmented in the future by
studying the behavior for different chamber sizes, numbers of
ports, and quiet zone sizes.
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