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Abstract—A reconfigurable over-the-air chamber represents a
reverberation chamber whose walls are lined with antennas that
are terminated in reconfigurable impedances, allowing synthesis
of a wide range of channel conditions for over-the-air testing of
mobile wireless devices. While these chambers have potential
for practical device testing, finding the right impedances to
achieve the desired channel characteristics remains a challenging
problem. This work explores the use of a simple gradient
ascent optimization algorithm to determine the impedance states
that achieve a specified spatial structure in the multipath, as
characterized by the multipath power angular spectrum. The
results highlight that the optimization is effective for synthesizing
a desired power angular spectrum with a directive peak and a
relatively low sidelobe level.

1. INTRODUCTION

Over-the-air (OTA) testing allows the incorporation of the
antennas while testing the communication performance of
mobile wireless devices in realistic and repeatable propaga-
tion environments. Multi-probe anechoic chamber-based OTA
testing [1], [2] allows the synthesis of arbitrary fading statistics
coupled with flexible spatial channel characteristics experi-
enced by the device under test (DUT), but unfortunately this
method has a high associated cost. Reverberation chamber-
based OTA testing, where the multipath environment is created
inside a closed cavity and varied through mechanical stirring
with moving paddles [3], offers a significantly reduced cost.
However, this testing approach offers very limited control of
the synthesis of arbitrary propagation environments.

The reconfigurable OTA chamber (ROTAC) has recently
been proposed as a potential method for achieving reason-
able cost and high flexibility in creating realistic propagation
environments [4]. The ROTAC is effectively a reverberation
chamber whose walls are lined with several antennas, a
small number of which are used to excite the chamber and
the remainder of which are terminated with reconfigurable
impedance elements (REs) to control the reflections of waves
from the walls. Recent work on the ROTAC has used both
simulation models and hardware prototypes [4]—[6] based on
patch and monopole antennas to demonstrate that the ROTAC
can allow the generation of arbitrary fading statistics and
spatial channel characteristics at the DUT.

Development of efficient algorithms for real-time optimiza-
tion of RE impedances to generate a specific multipath envi-
ronment inside the chamber remains an outstanding question.
Unfortunately, the optimization problem is non-convex and
nonlinear, and no direct closed form solution has yet been
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Fig. 1. Model for the ROTAC, where one side panel has been removed from
the figure to allow visualization of the chamber interior.

determined. Past work has therefore used either a random
search or a genetic algorithm for optimization [4], [S], methods
that are computationally expensive and unsuitable for real-
time optimization in operational testing. This work explores
the use of a simple gradient ascent optimization algorithm
for this problem. Although different optimization goals can
be considered, we have focused our attention on the control
of the power angular spectrum (PAS) observed by the DUT,
as our experience shows that this channel characteristic is
generally more difficult to optimize than fading statistics.
Results indicate that, even when the starting point is randomly
selected, the gradient ascent algorithm can find reasonably
good solutions with reduced computational burden.

II. ANALYSIS

The ROTAC model considered in this analysis is a perfect
electric conducting cube with a side length of 30.5 cm as
shown in Figure 1. The top and four side walls of the chamber
are equipped with a grid of 3 x 3 ports each of which is
connected to a monopole antenna. In order to compute the
fields inside the chamber for arbitrary RE states, we have
used a hybrid approach that combines full-wave simulations
conducted with the finite-difference time-domain (FDTD)
method and network analysis to incorporate the changing RE
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impedance values [4]. Specifically, for /N antenna ports on the
chamber walls, we conduct N FDTD simulations wherein one
of the ports is excited with a unit source while all others are
terminated with the system impedance Z, = 50€2. This allows
computation of the chamber fields due to excitation from each
port as well as the full S-parameter matrix for the chamber.

A. Optimization Goal

We assume that the lower right port on each side wall of
the chamber is an excitation or feed port, while the remaining
8 ports on each wall and the 9 ports on the top are equipped
with REs, meaning we have Ny = 4 feed and Ng = 41 RE
ports. We partition the S-parameter matrix into the Ny x Ny
matrix Sgg relating the RE ports to each other and the Ny x
Nr matrix Sgp relating the feed to the RE ports. If T" is the
Ngr x Ng diagonal matrix whose diagonal entries represent
the reflection coefficients on the RE ports for the given RE
state, then the electric field in a single polarization measured
at the point r in the chamber can be expressed as [7]

e(r) = [ep(r) + ef(r)T(I — SgrT) 'Srr]ar, (1)

where ep(r) and er(r) are Ng x 1 and Ny x 1 vectors
representing the field at r due to unit excitation on each of
the feed and RE ports, respectively, {-}* is a transpose, and
ar is the Np x 1 vector containing the feed port excitations.
In this work, we assume purely reactive REs that have no loss
and a phase tunability in the range [0°,360°]. Therefore, the
ith diagonal entry of I" can be expressed as I';; = e7%, where
0, is the phase of the reflection coefficient of the ¢th RE.

To compute the realized PAS for a given RE state (repre-
sented by I'), we apply the Bartlett beamformer to the signals
received by a uniform circular array (UCA) with a radius of 6
cm and Ny = 8 elements that is centered in the chamber and
arranged in the horizontal plane. We evaluate the beamformer
at N, discrete values of the angle ¢ relative to the chamber
center in this plane, with the nth angle ¢,, = nA¢ where
A¢ = 2w /Np. The PAS at ¢,, can be expressed as

P(¢n) = [a'(¢n)e(0)]? (2)

where the vector e(@) contains the field values at the UCA
element locations that are a function of the RE phases con-
tained in the vector @, a is the array steering vector, and {-}'
indicates a conjugate transpose. Our goal is to maximize the
PAS at a certain angle ¢,,, relative to the PAS value in the
sidelobes. We therefore use the fitness function

a’ (dn,)e(8) P(¢n,)
0) = =
f( ) NAiNB %: ‘aT((bn)e(e)P NAiNB %:P(¢n)

where n & [ng — Ng/2,n9 + Ng/2] and Ng is the number
of discrete angles that lie within the main lobe of the PAS. In
this work we use Np = 360 and Ng = 80. The denominator
in (3) represents the average power spectrum in the sidelobe
directions, as trials with different fitness functions reveals that
using the gradient ascent algorithm with a fitness function
based on average sidelobe level performs significantly better
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than it does with a fitness function based on the peak sidelobe
level.

B. Gradient Ascent Algorithm

Our objective is to find the RE phases @ that maximize
the fitness function f(@) in (3). The gradient ascent algorithm
requires computation of the gradient V f(@) with respect to
the phases of the REs. The /th element of this gradient is the
derivative of f(@) with respect to 8, which can be expressed
as

= s ; 4)

i [T P(asn)r

of(6)
0,

where

Fl(6) = 2 [al (6)e(0) ? )

)= 50,
= 2Re{[aT(¢)e*(0)] [af(qs)a;é?” (6)

and {-}* indicates a conjugate. Based on the results in [7], we
can further write
oe@) . _. _ _
L =je JQ’ZEE(I‘ 1 _ SRR) 11@[

00,
x (I™" — Sgr) ™ 'Srrar @)

where ER is a Ng X Ny matrix whose pth column represents
er(r) evaluated at the location of the pth element of the UCA
and 1y is the elementary matrix with all zeros except a one in
the /th position on the main diagonal. Based on these results,
the iterative update equation in the gradient ascent algorithm
is given by

O i1 = 0, + 5V (6), (8)

where the subscript m is the iteration index and ¢ is the step
size. We initially use § = 5x 102 and then adaptively change
4 to improve convergence speed.

III. RESULTS

We use the excitation vector ap = 1 and initialize the
gradient ascent algorithm with a random seed 6y whose
elements are uniformly selected on the range [0,27). We run
the algorithm for M = 1500 iterations and store the final
optimized RE phases 6. Since the final PAS quality depends
on the selected main beam direction ¢,,,, we repeat the opti-
mization for ¢,,, swept over the range [0, 7/2] (chosen based
on the chamber symmetry). By repeating the optimization for
Ng different random seeds and choosing the optimized result
that maximizes the fitness function, we generally improve the
quality of the solution. Figure 2 plots the mean sidelobe level
(SLL) as a function of ¢,,, where the mean is computed
from N7 = 1000 optimal solutions obtained using the gradient
ascent algorithm with Ng random seeds per optimization run.
The results show that even for Ng = 1, the mean SLL is
around —8 dB. Increasing Ng from 1 to 4 reduces the mean
SLL to less than —11 dB. Generally, this demonstrates that
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Fig. 2. Mean sidelobe level resulting from gradient ascent optimization as
a function of the direction ¢, of the main beam for different numbers of
random seeds.
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Fig. 3. Probability density function of the sidelobe level (SLL) when ¢n
0° for two different values of Ng.

using multiple random seeds quickly improves performance
and that the gradient ascent algorithm is effective in finding
reasonable solutions.

Figure 3 plots the probability density function (pdf) of the
SLL when ¢,, = 0, highlighting the possible range in the
achieved SLL over the N different optimizations. Comparing
the two pdf plots for Ng = 1 and Ng = 4 reveals that a
modest increase in Ng significantly reduces the likelihood of
achieving a final solution with a high SLL. Figure 4 plots
the PAS obtained for ¢,,, = 0° and 45° with Ng = 4. The
reasonable level of directionality in these results suggests that a
simple gradient ascent based optimization employing multiple
random realizations can be used for PAS optimization.
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Fig. 4. Power angular spectrum (PAS) after optimization when ¢n, = 45°
and 90° for Ng = 4.

IV. CONCLUSION

This paper demonstrates the use of a simple gradient as-
cent optimization algorithm for determining the reconfigurable
impedance terminations to achieve a specified multipath field
profile in a ROTAC. Simulation results based on full-wave
FDTD analysis of the chamber coupled with network analysis
to incorporate the impact of changing impedance states show
that the optimization is able to provide RE impedance states
that produce reasonably directive results at the device under
test. Future work will focus on using alternate initialization
techniques for the search as well as exploring the impact of
practical constraints, such as loss and limited phase tuning
range, of the reconfigurable impedances.
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