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Experimental Analysis of a Wideband
Adaptive-MIMO Antenna

Daniele Pinchera, Jon W. Wallace, Marco Donald Migliore, and
Michael A. Jensen

Abstract—An experimental measurement campaign to investigate the
wideband performance of an adaptive multiple-input multiple-output
(AdaM) antenna consisting of two active and six parasitic antenna el-
ements. The measurements are conducted over a 30 MHz bandwidth
at a center frequency of 2.55 GHz and in a variety of locations in an
indoor environment. The system uses a traditional two-element array at
the transmitter and either a two-element traditional array or the AdaM
antenna at the receiver. The results show that compared to the traditional
array, the AdaM receive antenna can achieve the same throughput with
an average power reduction of 2.7 dB and a maximum power reduction of
7.7 dB. The analysis further shows that the parasitic configuration works
well over the entire frequency band, although improved power reduction
can be obtained when the operation bandwidth is limited.

Index Terms—Broadband communication, multiple-input multiple-
output (MIMO) systems, parasitic antennas.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) technology [1], [2] shows
considerable promise as an approach for increasing the spectral effi-
ciency of wireless communication. Because of this potential, signifi-
cant research effort has been devoted to this topic, resulting in remark-
ably rapid evolution of the technology into emerging commercial stan-
dards and products.

As the technology transitions from the research laboratory to
commercial products, efforts are focused on finding ways to effec-
tively implement MIMO communication using simple, robust, and
inexpensive system components which can fit within constrained
volumes. Efforts to reduce the number of required transmit or receive
electronic sub-systems (which can be expensive in terms of cost and
battery power) have demonstrated that antenna selection algorithms
can provide high performance under many circumstances [3], although
implementation of this concept requires the addition of high-perfor-
mance microwave switches and effective compensation techniques for
the changing impedance of the driven elements due to coupling with
adjacent elements for compact devices.

Recently solutions based on reconfigurable antenna systems have
been proposed [4]–[8] which provide power gains comparable those
offered by antenna selection but with a reduced set of transmit or re-
ceive electronic chains. This kind of antenna, specifically designed to
work in MIMO communication systems, will thus be referred to as
“MIMO antennas.” In particular in [8] antenna pattern reconfiguration
is achieved by adapting the loads on passive antenna elements adja-
cent to the driven elements. To date, this adaptive MIMO (AdaM) an-
tenna structure has been analyzed only for a limited set of narrowband
measurements.
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The goal of this paper is to more carefully explore the potential per-
formance of the AdaM antenna in a set of realistic environments and
over wideband operation, i.e., when the channel coherence bandwidth
is smaller than the signal bandwidth, leading to a frequency selective
channel. The study is accomplished by construction of a candidate
AdaM antenna architecture and characterization of its performance in
several indoor settings using a wideband MIMO channel sounder.

II. SYSTEM MODELING AND MEASUREMENT

Roughly speaking in an AdaM antenna the switching of the parasitic
elements changes the position and the level of the lobes of the radiating
patterns, thus changing the MIMO channel matrix. The representation
given in [8] allows us to model the MIMO channel matrix H(f), in-
corporating the impact of the electromagnetically coupled parasitic el-
ements for a fixed frequency f . To characterize a wideband system, we
can sub-divide the band of interest in K smaller sub-bands (similar to
what is done in OFDM MIMO systems [9]), so that the system response
in each sub-band can be considered constant (“flat”), with the system
response determined at the sub-band center frequency fk . The channel
capacity Ck of the deterministic MIMO channel, for the kth sub-band,
is then

Ck =

r

i=1

log
2

1 +
PT�i;k�i;k

�2�;k
; [bit=s=Hz] (1)

where PT is the total transmitted power, �i;k is the square of the ith
singular value [11] of the matrixH(fk); rk is the rank ofH(fk); �

2

�;k

is the variance of the additive white Gaussian noise at the receiver in
the kth sub-band, and �i;k is the fraction of the total transmitted power
PT allocated to the ith spatial channel of the kth sub-band, chosen
according to the waterfilling algorithm [2]. So the overall maximum
throughput of the MIMO channel for the wideband system becomes

Rmax = �f

K

k=1

Ck; [bit=s] (2)

where �f is the bandwidth of each sub-band.
The singular values depend on the loads on which the passive an-

tennas are terminated. Consequently the channel seen by the active el-
ements depends on the loads. From a communication point of view, the
AdaM antenna allows to obtain a set of potential communication chan-
nels, among which the most advantageous in terms of channel capacity
is chosen. From an electromagnetic point of view, the use of parasitic
antennas terminated on controllable loads allows a larger set of pos-
sible patterns compared to a classic MIMO antenna (without passive
elements) giving further degrees of freedom in the maximization of the
bit rate. The beamforming can be considered as a spatial processing of
the electromagnetic signal, performed before the classic MIMO signal
data processing. It involves complex interactions of the signals in the
close near field of the active antennas. Consequently, generally the pat-
tern of the antenna are very complex, since they are non linear functions
of the load impedances and of the frequency, apart from some simple
cases like LOS environments, and are of little or no usefulness to ana-
lyze the antenna performance. For this reason the pattern of the antenna
will not be reported in this paper, and we will follow a system approach,
analyzing the singular values of the communication channel matrix.

To assess the practical performance of the AdaM antenna using ex-
perimental measurements in a variety of environments we have built a
prototype of the AdaM antenna array, shown in Fig. 1, which has been
designed and fabricated to operate in the 2.4 GHz ISM band. The an-
tenna consists of eight wire antennas on a ground plane (monopoles)
resonating at the center frequency of 2.55 GHz (chosen in order to
avoid interference with an existing wireless local area network). The

Fig. 1. Parasitic MIMO antenna: dark gray—active elements; light gray—par-
asitic elements.

two inner and six outer wires represent the active and parasitic ele-
ments, respectively.

The reflection coefficients of the monopoles in absence of the other
monopoles is lower than�20 dB at the center frequency. The reflection
coefficients of the two active monopoles of the AdaM antenna depends
on the load configurations. However, in our approach the channel ca-
pacity takes into account also the losses due to the mismatch of the
active antennas.

The controllable terminations attached to the parasitic elements are
based on a Philips BAP63 PIN diode. Each switch accepts two different
driving voltage states: 0 V (OFF state) or 5 V (ON state). A vector
network analyzer was used to measure the impedance of each switch
in both states, with the mean impedance values at the center frequency
being ZOFF = 61:3+ j13:7 
 and ZON = 12:1+ j2:9 
. These PIN
diode switches can change states in less than 2 �s.

Fair evaluation of the gain enabled by use of an AdaM antenna
requires comparison of the measurement results with those obtained
when a traditional array is used. Therefore, reference measurements
use a two-element array of monopole antennas with half-wavelength
spacing. This array is identical to the AdaM array with the parasitic
elements removed.

Experimental assessment of the potential performance of a MIMO
system equipped with wideband AdaM antennas requires a suite of so-
phisticated MIMO channel measurements in which the parasitic loads
are switched over all possible combinations. In this work, this is accom-
plished using simple modifications to a MIMO channel sounder which
typically uses switches to connect different antennas to a single trans-
mitter or receiver. The complete description of the channel sounder and
of its calibration can be found in [12], [13].

To use this sounder to characterize the channel when the AdaM an-
tenna is used, two of the switch control signals are used to sequen-
tially connect the active antenna elements to the RF electronics. The
remaining switch control signals are used to cycle through all possible
combinations of switch states on the AdaM parasitic elements for each
connected active antenna. In this way, a (wideband) channel matrix is
obtained for each possible parasitic load combination, allowing deter-
mination of the optimal switch combination from the perspective of
capacity.

III. EXPERIMENTAL RESULTS

The system is configured by attaching the traditional two-element
monopole array to the transmitter (TX) and either an identical tradi-
tional monopole array or the AdaM array at the receiver (RX). The
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measurement of the wideband 2� 2 MIMO channel uses a multitone
signal consisting of 30 tones at 1 MHz spacing with a center frequency
of 2.55 GHz. This frequency spacing is sufficient given that the mea-
sured correlation bandwidth is approximately 5 MHz. Each measure-
ment therefore produces 30 2� 2 channel matrices (one for each tone).
In order to estimate the maximum capacity obtainable on the mea-
sured channel we use water-filling [2] to determine the power alloca-
tion coefficients �i;k which indicate the fraction of the total transmit
power PT assigned to the ith spatial channel in the kth frequency bin
(1 � i � 2 and 1 � k � 30). This computation is accomplished
by applying the water-filling algorithm to the 60� 60 block diagonal
matrix formed from the 30 2� 2 channel matrices. Effectively, the al-
gorithm considers all available space-frequency sub-channels as power
is allocated to maximize the achievable system mutual information. It
is important to emphasize that the capacity computed in this fashion is
appropriate for a single parasitic state, and therefore a single channel
snapshot requires 64 such measurements (six parasitic elements each
with two possible states). Measurement of this entire data set requires
less than 20 ms of time on the channel probing system. The stability
of the channel over a time window larger than 20 ms was verified for
all measurements by comparing two successive channel snapshots to
ensure that their difference was negligible.

Once we have acquired the channel matrices for the reference an-
tenna and the 64 different termination combinations for the AdaM an-
tenna, we must effectively compare the relative performance of these
different systems. To do this, we compute the value of PT =�

2

� in (1) re-
quired to achieve a value of Rmax = 300 Mbit/s in (2) for each config-
uration, where we have assumed that the noise power is equal across the
bandwidth so that ��;k = �� for all k. The value of this ratio for each
AdaM configuration relative to that for the reference antenna system is
then used as a metric for evaluation. If a particular configuration can
achieve the specified rate with lower transmit power PT , then this is an
effective gain to the system. Numerically, we evaluate the ratio

�PT =
(PT =�

2

�)AdaM

(PT =�2�)reference
(3)

where the subscripts “AdaM” and “reference” indicate the antenna con-
figuration used. It is necessary to underline that to achieve a system
throughput close to the waterfilling channel capacity the transmitter
needs to know the state of the channel, and the realization of a proper
feedback from the receiver to transmitter that can be an issue; anyway,
since in this paper we are interested only in benchmarking the perfor-
mances of the wideband AdaM antenna we will neglect this issue.

The experimental campaign consists of measurements taken in the
Clyde Engineering Building on the Brigham Young University campus.
The measurements are grouped into sweeps obtained by moving the
receiver in one-inch steps (about �=5 which is approximately equal to
the measured correlation distance) along a straight line while the trans-
mitter remains stationary. Fig. 2 shows the plan for the fifth floor of the
building which is the site for the majority of the measurements, where
the positions for the transmitter and receiver for the ith measurement
sweep are designated as TXi and RXi, respectively. Sweep 1 consists
of 18 measurements, while each of the remaining 7 sweeps consists of
68 measurements. It should be noted that for sweep 8, the receiver is
placed on the fourth floor of the building at the relative position shown
in Fig. 2.

A. Power Reduction

Fig. 3 plots the ratio �PT defined in (3) for all measured chan-
nels. The average power reduction obtained using the AdaM antenna is
2.7 dB. This is significant, as it indicates that the optimally loaded par-
asitic elements enable communication at the same rate with almost half

Fig. 2. Plan of the fifth floor of the Clyde Engineering building. The labels de-
scribe the position and direction of movement of the receiving and transmitting
antennas in the 8 sweeps. For sweep number 8, the receiver was on the fourth
floor.

Fig. 3. The power reduction �P to obtain the same target R for all
measured cases. The vertical dashed lines delineate the 8 measurement sweeps,
while the horizontal solid line represents the average power reduction.

the power. When the receiver is placed on a terrace (sweep 7), there are
no scatterers in the vicinity of the receiver resulting in reduced angle
spread at this location. Therefore, the AdaM antenna can have a sig-
nificant impact on the performance (largest power reduction). When
the transmitter and receiver are on different floors (sweep 8), a condi-
tion leading to rich multipath, the AdaM antenna has little impact on
performance.

Fig. 4 shows a histogram of the data shown Fig. 3 along with the best
fitting Gaussian distribution (mean -2.7, standard deviation 1.4).

B. Space-Frequency Sub-Channels

Examination of the singular values of the full 60� 60 channel matrix
provides some insight into the beneficial impact of the AdaM antenna
system. Fig. 5 plots these singular values for a channel that achieves
the “average” power reduction of 2.7 dB both with the AdaM (using
the best loading combination) and reference receive antennas. The 60
singular values represent the two singular values (corresponding to
spatial channels) for the channel matrix at each of the 30 frequencies
(frequency channels). It is worth noting that in scenarios with limited
multipath angular spread, the second (smaller) spatial singular value of
each channel matrix may be smaller than the first singular value of all
other matrices. In this case, there will be a discontinuity between the
30th and 31st singular values, as seen in Fig. 5.

The results in Fig. 5 show that the AdaM RX antenna increases the
singular values in general which accounts for part of the power reduc-
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Fig. 4. The distribution of the ratio ((P =� ) =(P =� ) ) to
obtain the same target capacity.

Fig. 5. Singular values for a channel matrix that achieves the “average” power
reduction.

tion, making the singular value distribution flatter. This allows to obtain
a higher throughput, since all the SISO sub-channels associated to the
singular values convey almost the same quantity of information [14].
This point is perhaps more clearly demonstrated by plotting the coef-
ficients �i;k which represent the fraction of the transmitted power on
each sub-channel as allocated by the water-filling solution. Fig. 6 plots
these coefficients for the channel used in Fig. 5. The algorithm allocates
the power more evenly across the 60 sub-channels, since the coefficient
distribution in Fig. 6 is closer to a uniform distribution. This means that
each sub-channel contribute to the overall channel capacity almost in
the same way, or in other words that all the sub-channels are equally
“good” to convey information. Because these power allocation coeffi-
cients directly incorporate the impact of the channel singular values,
for the remainder of this discussion we will focus on these coefficients.

We can also use this analysis approach to explore the behavior
of the AdaM antenna relative to the reference array in other types
of channels. For example, we consider the absolute “worst” channel
depicted in Fig. 3 for which the AdaM antenna requires an increase
in transmit power of �PT = 0:8 dB to achieve the target rate. Fig. 7
plots the power allocation coefficients for this case, where we now see
that the reference antenna has more uniform power distribution across
the sub-channels. It is clear that in this environment, the adaptivity

Fig. 6. Power allocation coefficients for the “average” case.

Fig. 7. Power allocation coefficients for the channel matrix that achieves the
“worst” power reduction.

enabled by the parasitic elements is incapable of improving on the
performance, presumably because the space-frequency response of
the reference array is already well suited for sampling the incident
multipath field. However such cases are rare in this campaign, with
the AdaM antenna requiring more power than the reference antenna in
only 6 out of 494 measured channels.

In contrast, Fig. 8 shows the power allocation coefficients for the
channel in which the AdaM antenna gives the largest power reduction
(7.7 dB). In this case, the reference antenna only provides one strong
spatial channel for each frequency while the AdaM antenna enables
the effective use of both spatial channels over the entire band. We em-
phasize that this case occurs when the receiver is on an outside terrace
which is well removed from most of the scatterers in the propagation
environment, resulting in a small angular spread of the multipath com-
ponents incident on the receiver. The AdaM antenna therefore appears
able to adapt the array response to effectively sample the incident field
and achieve much better performance than can be obtained by the ref-
erence structure. It is important to emphasize that the larger aperture
and two-dimensional array geometry of the AdaM antenna gives it a
beamforming advantage over the reference array which is particularly
effective for channels with narrow angular spread such as this one. In
fact, detailed numerical studies reveal that the performance gained by
the larger aperture alone is negligible for most environments with wider
angular spread and that the bulk of the benefit generally comes from the
adaptivity of the array. Since such environments are rare in the indoor
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Fig. 8. Power allocation coefficients for the channel matrix that achieves the
“best” power reduction.

Fig. 9. Power reduction achieved by the AdaM antenna as a function of the
operation bandwidth.

scenarios in which the measurements were performed (only sweep 7
demonstrates this behavior), the increased aperture accounts for only a
small part of the average benefit offered by the AdaM antenna.

It should also be mentioned that large power reduction is also
achieved when the transmitter and receiver are relatively closely
spaced (see sweeps 2 and 3 in Fig. 3), reinforcing the idea that the
adaptive capability of the parasitic elements can be used effectively in
environments with a strong line-of-sight component or multipath with
narrow angular spread.

C. Bandwidth Considerations

It is important to emphasize that the optimal parasitic loading
achieves a power reduction by improving the spatial and frequency re-
sponse of the antenna. For example, careful examination of the singular
values (or power allocation coefficients) discussed in Section III-B
shows that the optimal load achieves an equalization of the singular
values in frequency (i.e., singular values remain more constant over
the operation bandwidth). It is intuitive, however, that this effect will
degrade as the operation bandwidth increases.

To study this effect, consider Fig. 9 which shows the power reduc-
tion averaged over all measurements achieved by the AdaM antenna

relative to the reference antenna as a function of the operation band-
width. When the bandwidth is narrow, the beamforming achieved by
the optimal loading of the AdaM antenna achieves a power reduction
of 3.5 dB. As the bandwidth is increased, the loading may not be as ef-
fective over the entire band, resulting in the observed decrease in power
reduction. So this result suggests that the use of loads whose frequency
response can be modified could improve the performances of this kind
of antennas when the bandwidth is large.

It is important to point out, however, that the degradation in power
reduction is only 0.8 dB as the bandwidth is increased from 1 MHz to
30 MHz, indicating that the optimal loading works well over reasonable
operation bandwidths. This is an important consideration for practical
implementation of AdaM antennas.

IV. CONCLUSION

This paper reports on the experimental investigation of the wideband
performance of AdaM antennas in a wideband MIMO communication
system. The measurement campaign uses a 2� 2 MIMO system with a
traditional array at the transmitter and either a traditional (reference) or
AdaM array at the receiver. The data consists of measurements taken in
a variety of locations in an indoor environment. Summarizing the ex-
perimental results, for a 1 MHz channel bandwidth, the AdaM antenna
can achieve the same rate as the reference antenna with an average
transmit power reduction of 3.5 dB. As the bandwidth is increased to
30 MHz, the AdaM antenna still achieves an average transmit power
reduction of 2.7 dB. The study also show that in environments char-
acterized by multipaths with narrow angle spread, the AdaM antenna
provides particular benefit. This is due to the fact that the beamforming
provided by the parasitic elements’ switching acts as a spatial pro-
cessing performed before the terminals of the active elements of the
antenna, and hence modifies the communication channel itself.

We emphasize that these results have been obtained without opti-
mization of the antenna and switch structure, and therefore further im-
provement may be possible through an improved antenna design. It is
also noteworthy that in a frequency selective channel, the AdaM an-
tenna adapts both its spatial and frequency response to optimize per-
formance, in contrast to operation in a frequency flat channel where
only the spatial response is important. This observation suggests that
the use of loads with a controllable frequency behavior should result in
improved performance due to increase flexibility in adapting the overall
array frequency response. Finally, since this study has considered only
an AdaM antenna at one end of the link, the results in [8] suggest that
additional performance gain can be achieved through the use of AdaM
arrays at both transmit and receive.
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A Bandwidth Estimation Approach for the Asymptotic
Waveform Evaluation Technique

Zhen Peng and Xin-Qing Sheng

Abstract—The asymptotic waveform evaluation (AWE) technique has
been widely used for handling the fast parameter sweep. However, how
to determine the sweep bandwidth is still an open question. This work
proposes an efficient and flexible bandwidth estimation approach. This
approach also naturally leads to an efficient multipoint AWE technique.
The validity of the proposed approach is verified by numerical experiments
on the AWE-incorporated hybrid finite element/boundary integral (FE/BI)
method for scattering problem. Numerical experiments show that this
approach can greatly improve the efficiency and practical capability of the
AWE technique.

Index Terms—Asymptotic waveform evaluation (AWE), bandwidth esti-
mation, rational approximation.

I. INTRODUCTION

In many practical applications in electromagnetic simulation, it is
desired to pursue a wide region of information by varying one or two
parameter. For scattering analysis, our interest often includes a wide
band of frequencies. For microwave imaging, it is necessary to deter-
mine radar cross section over a wide range of both frequencies and
incident angles to rebuild the microwave imaging of the targets. These
problems are usually categorized as the fast parameter sweep problem.
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Fig. 1. Conducting brick target with an empty cavity.

The previous works show that the rational approximation technique
is a kind of efficient way of handling the above problem. This tech-
nique first constructs a rational function of the desired parameter, and
then utilizes the rational function to approximate the parameter over
a region. There are different ways to construct the rational function.
Among them, the asymptotic waveform evaluation (AWE) is a gen-
eral and efficient one, and has been widely used. This technique was
originally developed for high-speed circuit analysis [1], and then was
applied to the finite element and finite difference analysis of electro-
magnetic problem [2]–[4]. In [5], [6], the AWE has also been applied
to the moment of method for solving scattering problem. Recently, the
multipoint Galerkin AWE (MGAWE) and the well-conditioned AWE
(WCAWE) have been developed in [7], [8]. In sum, most of previous
works lay stress on either the application of AWE to different prob-
lems or how to achieve a wider bandwidth of the available expansion
band. There is a very important issue needed to be investigated, which
is how to determine the bandwidth of the available expansion band for
a desired accuracy. A bandwidth estimation approach was presented in
[9] and successfully applied to the FEM fast frequency sweep. In this
paper, a different and flexible approach is proposed for the efficient and
accurate estimation of the bandwidth.

In this paper, the AWE-incorporated FE/BI method is first presented
for the fast frequency and angle sweep of the radar cross section (RCS).
Then a flexible bandwidth estimation approach is proposed for the
AWE technique. Finally, Numerical experiments demonstrate the va-
lidity of the bandwidth estimation approach for the AWE-incorporated
FE/BI method.

II. APPLICATION OF AWE TO HYBRID FE/BI METHOD

It is known that the problem of scattering by a composite object can
be discretized by using hybrid FE/BI method [10] as

KKKII KKKIS 0

KKKSI KKKSS B

0 PPP QQQ

EEEI

EEES

HHHS

=

0

0

b

(1)

where [KKKII ]; [KKKSS ]; [KKKIS]; [KKKSI ]; [BBB] are sparse FEM matrixes, [PPP ]
and [QQQ] are dense MoM matrixes, and [KKKII ]; [KKKSS ] are usually sym-
metric, [BBB] is skew symmetric. Rewrite (1) as

ZZZ(k)III(k; �; �) = VVV (k; �; �) (2)
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