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Felipe Cátedra, Spain
Dau-Chyrh Chang, Taiwan
Deb Chatterjee, USA
Z. N. Chen, Singapore
Michael Yan Wah Chia, Singapore
Christos Christodoulou, USA
Shyh-Jong Chung, Taiwan
Lorenzo Crocco, Italy
Tayeb A. Denidni, Canada
Antonije R. Djordjevic, Serbia
Karu P. Esselle, Australia
Francisco Falcone, Spain
Miguel Ferrando, Spain
Vincenzo Galdi, Italy
Wei Hong, China
Hon Tat Hui, Singapore
Tamer S. Ibrahim, USA
Shyh-Kang Jeng, Taiwan

Mandeep Jit Singh, Malaysia
Nemai Karmakar, Australia
Se-Yun Kim, Republic of Korea
Ahmed A. Kishk, Canada
Tribikram Kundu, USA
Byungje Lee, Republic of Korea
Ju-Hong Lee, Taiwan
L. Li, Singapore
Yilong Lu, Singapore
Atsushi Mase, Japan
Andrea Massa, Italy
Giuseppe Mazzarella, Italy
Derek McNamara, Canada
C. F. Mecklenbräuker, Austria
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Technologies introduced in next wireless generation, such
as spatial multiplexing, transmit and receive diversity, and
beamforming, are key components for providing higher peak
rate and better system efficiency, which are essential for
supporting future broadband data service over wireless links.
Moreover, the multiple-input multiple-output (MIMO) has
been a hot research topic in recent years [1], as it has been
widely adopted by wireless standards such as LTE, HSPA, and
WiMAX. New tests systems and antenna solutions have been
proposed in order to achieve and validate the demanding
features of the next generation systems. Major challenges
remain in the field of measuring systems as well as in the
design of new antennas for MIMO systems. In addition, it is
also necessary to pay attention to channel modeling for these
systems.

In this special issue, researchers from both academia and
industry contribute to innovative research and future trends
of this scientific area. These papers promote the exchange
of information and the advancement both in measurement
techniques as in terminal performance predictions for the
next generation of wireless handsets.

This special issue contains 8 papers that gather some of
the recent advancements in antenna measurement systems
and antenna technology for the next wireless generation.

Regarding system design, the paper entitled “An antenna
measurement system based on optical feeding” presents a
radiation measurement system by using optical feeding. The
system replaces conventional electrical feeding to antennas

by the optical feeding which is composed of an electri-
cal/optical (E/O) converter, a graded-index (GI) optical
fiber, and an optical/electrical (O/E) converter. The paper
entitled “A compact printed quadruple band-notched UWB
antenna” presents a novel compact coplanar waveguide-
(CPW-) fed ultra-wideband (UWB) printed planar volcano-
smoke antenna (PVSA) with four band notches for various
wireless applications.

Considering channel prediction and estimation, the
paper entitled “Adaptive prediction of channels with sparse
features in OFDM systems” presents a time domain channel
prediction method exploiting features of sparse channel
for orthogonal frequency division multiplexing (OFDM)
systems. In this paper, the proposed prediction method
is compared with the classical frequency domain method
realized at each OFDM subcarrier and demonstrates that
the proposed method increases the prediction accuracy and
reduces the computational complexity. The paper entitled
“Limits on estimating autocorrelation matrices from mobile
MIMO measurements” presents a complete study about
MIMO channel responses from mobile measurements in an
urban microcell and the limits on estimating autocorrelation
matrices.

In relation tomultiple-inputmultiple-output over-the-air
(MIMO OTA) systems [1], the paper entitled “MIMO OTA
testing based on transmit signal processing” proposes a simple
methodology that allows over-the-air (OTA) MIMO testing
using a MIMO testbed solely, avoiding the use of channel
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emulators.Themethod is fully flexible, so it is able to emulate
any equivalent baseband narrowband MIMO channel by
adequately selecting the weights of the linear combination.
To prove its feasibility, the method has been tested over a
commercial MIMO testbed. The paper entitled “Over-the-air
testing of cognitive radio nodes in a virtual electromagnetic
environment” provides an overview of ongoing research in
OTA testing for next generation communication and data
transmission devices with special consideration of cognitive
radio (CR). Existing state-of-the-art techniques and their
merits and limitations are discussed.

Finally, regarding pattern optimization and adaptive
beamforming the paper entitled “An application of artificial
intelligence for the joint estimation of amplitude and two-
dimensional direction of arrival of far field sources using 2-L-
shape array” proposes some artificial intelligence techniques,
based on genetic algorithms [2] and simulated annealing, as
global optimizers assisted with rapid local version of pattern
search for optimization of the adaptive parameters.The paper
entitled “Implementation of a zero-forcing precoding algorithm
combined with adaptive beamforming based on WiMAX sys-
tem” proposes a novel precoding algorithm that is a zero-
forcing (ZF) method combined with adaptive beamforming
in the Worldwide Interoperability for Microwave Access
(WiMAX) system. This adaptive beamforming algorithm is
used to achieve the desired SNR gain. It is verified the
feasibility of the proposed method for realizing a practical
WiMAX base station to utilize the channel resources as
efficiently as possible.

Juan F. Valenzuela-Valdes
Sara Burgos

Alfonso Muñoz-Acevedo
Pablo Padilla
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This paper provides an overview of ongoing research in over-the-air (OTA) testing for next-generation communication and data
transmission devices with special consideration of cognitive radio (CR). Existing state-of-the-art techniques and their merits and
limitations are discussed. We identify the requirements and issues for the OTA test in a virtual electromagnetic environment
(OTAinVEE) which needs to address the more complex scenario of future networks, where interference emulation becomes a
highly challenging task. A complex interference scenario arises due to the attempt to simultaneously utilize several opportunity
dimensions such as frequency, time, direction (space), and polarization, in a dynamic manner in a multiuser scenario. Although
MIMO-OTA testing addresses many limitations of single antenna-conducted test systems, more dimensions and parameters to be
addressed in the new scenarios imply further increase in cost and complexity. Closed-loop OTA test setups for CR evaluation are
discussed along with an overview of other test scenarios.

1. Introduction

There is a constant quest that communication devices in daily
use comply with user quality of service (QoS) requirements
and regulations. To ensure this, their performance must be
tested under realistic operating conditions. Although testing
in a real environment, that is, through field tests, provides the
full evaluation of the device for that particular environment,
such testing should be repeated for each new environment,
each new test condition, and for each new device under test
(DuT).This is not practical since such tests are very expensive

in terms of cost, planning, and effort, reproducibility of the
results is difficult to achieve, and experimenting in live radio
networks has obvious disadvantages in terms of interference
and licensing. OTA testing in the context of this paper is
an evaluation method performed in an emulated virtual
electromagnetic environment (VEE) created in a shielded
chamber, which approximately mimics the properties of a
real environment. We, therefore, prefer to term the test
system “OTAinVEE.”Throughout this paper, if only the term
OTA is used, it should be interpreted as OTAinVEE. Since
the test is performed under controlled conditions, arbitrary
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environments can be emulated in a reproducible way without
the risk of interfering operational systems and without the
need for licensing.

Future-generation radio communication technologies
like LTE-A, WiMAX evolution (IEEE802.11m), and WLAN
withMIMO (IEEE802.11n) employMIMO transfer principles
for increased throughput. The potential gain of MIMO, by
multiple independent data streams at the same frequency and
location, can only be realized through the use of multiple
antennas on the transmitter and receiver sides of the radio
link in combinationwith the spatiotemporal characteristics of
the radio environment. Shunting the antennas like that done
in conducted testing removes this vital aspect ofMIMO com-
munications. In contrast, in the VEE of OTA test setups, the
MIMO capabilities of multiantenna devices can be assessed
for realistic environments. Additionally, OTA test systems
can be employed for evaluating terminals in networks that
have not yet been rolled out.

The main use cases for OTA tests considered in this
paper are those radio systems that use MIMO transfer, for
example, 802.11n orWIMAXmobile, LTE-A and beyond, and
cognitive radio (CR) devices. Note that CR functionality for
LTE Advanced is already foreseen, like carrier aggregation.
Cognitive devices are listed while, since the second decade
of CR research has already begun [1], it is time to pay due
attention to OTA evaluation of CR terminals. In this regard,
the verification that secondary transmissions of CR devices
do not cause detrimental interference to primary users (PU)
will be a focus of this paper. Such proof is urgently needed for
convincing PU and/or regulators that CR devices will comply
with regulations under practical circumstances.

In recent years, joint research efforts inMIMO-OTA have
been undertaken for standardization purposes for LTE and
LTE-A. For example, the Wireless Association (CTIA), the
Third-Generation Partnership Project (3GPP RAN WG4),
and the European COST2100 and COST IC1004 projects are
involved in such activities. The earlier standardized single-
input-single-output OTA (SISO-OTA) testing for GSM and
UMTS (resulting from similar joint efforts) was relatively
straightforward while purely a function of the device, but
MIMO-OTA testing has to incorporate the interaction
between the propagation characteristics of the radio channel
and the receive (Rx) antennas of the DuT [2] and assesses
system performance, not only system-relevant device prop-
erties. Additional challenges for the test system are posed
when addressing the combined effect of multiple antennas
and special algorithms that dynamically change the RF
performance of the device [3].

Important issues in the literature connected to the above-
mentioned standardization are channel emulation aspects
and simplified test methodologies [4–13]. Also, state-of-the-
art techniques were developed and commercial products
became available for OTA tests of SISO and MIMO. We will
expand on this, in a later section.

In contrast, consideration of the uplink (mobile terminal
to base station) in OTA testing is generally lacking in the
literature. Emulation of the uplink is necessary for assessing
the performance of any bidirectional radio communication
system, especially when operating in multiuser interference

scenarios. In this context, to the best of our knowledge, only
few papers on OTA testing of CR equipment have appeared
in the literature, and no mature study is available. Emulation
of the uplink under realistic channel conditions is crucial for
testing CR performance as this is the link on which the DuT
may potentially interfere with PUwhile communicating with
other secondary users (SU).This requires accurate emulation
of the uplink channels for PU and SU. Of the available
papers, anOTA test strategy for evaluatingCRnodes has been
presented in [14], in which the activities of PU and SU are
emulated with respect to received power spectral densities
and spatial structures of their radio channels. In order to
cope with the complexity, a multilevel test procedure has
been proposed to implement different levels of increasing
complexity in terms of the operation modes of the DuT, the
accuracy of emulation of the radio environment, and the
allowed complexity of the test setup. In [15], a test-bed based
on a software-defined radio and an OTA test environment
has been proposed to analyze the performance of an energy-
based sensing algorithm in multiple bands and different
directions, enabling reconstruction of PU and SU activities
in an authentic radio environment. Realistic OTA simulation
of multiuser interference has, however, not been addressed
in existing work yet. In this respect, also state-of-the-art
equipment has limited resources regarding the number of
dimensional variables for spanning emulation space. For
instance, most of the setups aim at single-band scenarios
with nondirectional resources. Our requirement, however,
is a setup for scenarios where multiple communication
nodes with multiple transmission policies and standards
(PU and SU), equipped with multiple antennas looking for
opportunities in multiple directions, coexist at the same geo-
graphical location [16, 17]. In sum, the aspects that account
for complexity in OTA testing of CR comprise the following:

(i) simultaneous use of multiple frequency bands, either
as intrinsic system feature, for example, in cellular sys-
tems or secondary use by cognitive systems,

(ii) multiple users, not necessarily at the same location,
meaning that determining the system response for
a single user does not suffice as loading the system
generally changes its characteristics,

(iii) radio channel characteristics including time-variant
multipath propagation for multiple communication
entities; in particular systems that do not operate in
free space suffer or take benefit from the radio channel
variations due to reflection, scattering, diffraction,
Doppler shift, and so forth,

(iv) spectral and angular dispersion and spatial/temporal
variations experienced by systems that themselves
are nonstationary or reside in nonstationary environ-
ments,

(v) antenna-environment interactions: as an example, for
MIMO systems, the transmit (Tx) and Rx antenna
arrays determine to which degree the multiplexing
potential of the channel can be realized and/or
exploited,
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(vi) the activity patterns of different communication
entities, for example, spectral occupation, including
output power, activity factor and temporal traffic
distribution, and spatial distribution.

Please note that the consequence of adding all these dimen-
sions to the problem adds to an ever-increasing complexity,
which is the main reason to propose the multilevel scheme
for OTA testing mentioned earlier [14].

The remainder of the paper is organized as follows:
Section 2 provides a general overview of OTA testing
addressing the requirements of the testing solution, followed
by Section 3 on state-of-the-art methods and equipment.
Section 4 discusses OTA setups for the complex closed-loop
test scenario in which both uplink and downlink channels
are emulated, which is essential especially for CR evaluation.
The hardware and calibration issues are also discussed in
this section. Section 5 discusses some other scenarios and
use cases for OTA testing and the required modifications.
Concluding remarks are given in Section 6.

2. OTA Testing Basics

A typical multipath communication scenario with the cor-
responding parameters of interest is shown in Figure 1. To
addressOTA testing in such a complex scenario, we introduce
a layered measurement procedure, schematically drawn in
Figure 2. The lowest layer is the OTA installation, including
all the mapping of signals onto the OTA channels and
antennas. The second layer deals with the propagation layer,
differentiating between single-user and multiuser propaga-
tions, the latter needing multiple propagation models. In
both cases, the propagationmodels usedmay differ according
to scenario and/or required model complexity. The third
layer is the radio layer including the PHY access schemes.
It could also distinguish between single-user and multiuser,
although the current level of OTA seems still to be single-
user. The additional users in the multiuser scenario could be
cooperative or interacting ones, but the multiuser influence
could also be emulated by additive interference, markedly
reducing the emulation overhead. The fourth layer describes
the changes in scenario, propagation environment, user activ-
ity, user behavior, and so forth.The fifth layer performs over-
all measurement control, including retrieving performance
parameters and producing condensed performance figures.
By presenting this layered scheme, some confusion may arise
with the well-known standardized OTA procedures for total
reference sensitivity (originally: total isotropic sensitivity)
and total radiated power in GSM and UMTS. However, these
first OTA procedures are not tests of system performance
but of (performance relevant) system parameters [18, 19].
We emphasize the system aspect because, as explained in
Section 1, OTA is an overall assessment of DuT, like terminals
or other radio system entities, not of their constituting parts.
One consequence of testing the performance of systems is
that the DuT is tested in operational mode and that the
tests must be performed in real time. Like mentioned earlier,
“operational” also means the tests must be bidirectional,
involving both uplink and downlink. Testing radio systems in

operational mode calls for emulating radio environments in
such a way that, through its antennas, the DuTwill not notice
the difference between being exposed to emulated fields and
operating in a real radio environment. Therefore, as men-
tioned in Section 1, theOTAemulation should provide aVEE.

A typical implementation of an OTA test setup for the
single-user downlink scenario for mobile communication
user equipment (UE) is depicted in Figure 3. Scenario control
and signal generation are taken care of by a base-station
emulator or mobile communications test set that provides
system specific base-bandmeasurement sequences, including
the scenario-specific protocol handling, that are modulated
onto an appropriate carrier. Then, channel emulators (real-
time wideband time-variant filter devices) impose temporal
dispersion onto the output signals of test set, much like in
conducted tests. In an alternative embodiment, the signal
exchange between test set and channel emulators is at base-
band level, requiring the channel emulators to provide the
generation of RF signals. The channel emulators drive the
OTA antennas that, stemming from the similarity with the
near-field antenna measurement practice, are often referred
to as “probes.” The OTA antennas radiate the fields that
through superposition have to render awell-defined resultant
field in the center of the antenna configuration. The field
emulation will be discussed later. Because of the potentially
very wide angular distributions of the multipath components
in the mobile channel, OTA antenna arrays typically are
annular. In order to allow protocol handling/system control
and to transport measurement results of the UE performance
back to themeasurement device, some formof return channel
must be provided. Usually, this is realized by a small pick-up
antenna outside theOTA ring, effectively a line-of-sight (LoS)
uplink.

An important parallel exists between virtual electromag-
netic environments and acoustical wave field synthesis. The
latter creates a virtual acoustic reality, in which the position
and character of sound sources can be manipulated at will,
as well as the acoustic properties of the room [20]. When
done well, a human observer is not able to tell whether the
soundscape is artificial or real. One major difference, though,
is that acoustic perception is a subjective one, whereas in
electromagnetics, objective evaluation is required, which
demands objective metrics for emulation accuracy. On the
other hand, this does not mean that in a VEE, the emulation
accuracy metric is independent of the properties of the DuT.
In particular the effective aperture of the antennas of the
DuT, determining its angular resolution, should be taken
into consideration. For instance, fast variations over angle
in the emulated field, that is, field components with high
spatial frequencies, will not excite strong responses from
small apertures (e.g., of the order of a wavelength or smaller).
As a result, emulation errors at high spatial frequencies are
less important than errors at the lower spatial frequencies.

2.1. Emulation of Wave Fields in Downlink Scenarios. When
considering OTA emulation of complex incoming wave fields
for downlink scenarios, twomain emulation principles can be
discerned:
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Figure 1: A typical multipath scenario and parameters to be considered in OTA emulation in a virtual electromagnetic environment
(OTAinVEE).
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Figure 2: A layered measurement procedure for OTA emulation in
a virtual electromagnetic environment (OTAinVEE).

(1) Wave field synthesis (WFS), emulating accurate wave
fronts,

(2) emulation of (second-order) spatiotemporal statistics
of the wave field.

2.1.1. Wave Field Synthesis. With the first principle, by the use
of wave field synthesis, the field is emulated in an anechoic
chamber as a superposition of discrete wave components;
such decomposition is well known for themodeling ofmobile
radio channels. Wave fronts with a particular direction are
emulated by coherent superposition of elementary waves,
radiated by several antennas, each with different delays and
complex amplitudes, as illustrated by Figure 4. The units
controlling the signal fed to the antennas are channel emu-
lators/fading generators similar to those used in conducted
tests, one for every OTA antenna.

2.1.2. Generation of Statistical Moments of the Field. The
second emulation principle builds on a popular practice
in fading generators for (software) simulation of mobile

communication systems and is applied to OTA testing of
mobile equipment too. There are two implementations of
this approach. One is the “prefaded signals synthesis” in
setups very similar to those for wave field synthesis. A
proprietary form of it described by Kyösti et al. aims at
reproducing the spatial correlation function for the specific
scenario [8], by generating random components, with an
optimization procedure to make sure the delay and angular
spread of the scenario are achieved with special attention for
approximating the spatial correlation function.

The second implementation is by using reverberation
chambers (Figure 5), preferably of the stirred-mode type in
which the internal standing wave patterns or mode config-
urations, are continuously and stochastically changed [21].
Averaged over time, the angular spectrum of incoming waves
is isotropic. With the aid of additional channel emulators,
the power delay profile can be shaped, but how to shape
the angular distributions is still an open question [2, 22].
Proponents say averaging over measurement time resembles
the DuT response to an averaged field with effectively
isotropic incidence (hence, a Rayleigh distribution), but,
actually, the result is taken to be the average over many DuT
responses to different instantaneous angular spectra, which
is not necessarily the same, as the DuT response is strongly
non linear. A clear advantage is the lower cost, as the chamber
is considerably smaller and fewer generators are required.
Emulating the spatiotemporal statistics of radio fields is well
suited to deal with highly complex, stochastic fields, but as
the statistics are controlled instead of the fields, control is lost
over the actual angular spectrum which makes it not suited
for testing directional sensing.

2.1.3. Other Methods. Apart from the above-mentioned divi-
sion, a hybrid principle is proposed, also called the two-
stage method [4]. It is applicable in cases where the antenna
characteristics of a DuT can be determined independently.
This is by nomeans trivial, especially for small devices; see [4]
for details. Determination of the antenna characteristics is the
first stage. Then, by projecting the time-variant spatiotempo-
ral distributions of the radio environment onto the antenna
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Figure 4: Wave field synthesis for OTA emulation in a virtual electromagnetic environment (OTAinVEE).
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Figure 5: Reverberation chambers with multiple cavities. Repro-
duced by permission of EMITE Ing.

pattern(s), the time-variant filter is derived that is used to
convolve the transmitted data with in order to render the
antenna port signals for this particular radio environment,
including DuT orientation and data stream(s). The antenna
port signals are fed, in a conducted way, to the antenna
ports of the DuT, bypassing the antennas. This comprises the
second stage. This method is especially suited for larger DuT

that do not fit the OTA installation, but only in case antenna
patterns can be determined properly. One clear advantage
over full OTA is that fewer resources are needed; for instance,
no special chambers are required.

Additionally, for mobile communications a two-channel
method is proposed [5], but the philosophy behind it is that
DuT performance results from the combined performance
of antenna(s), front-end, and base-band signal processing.
As the latter two purportedly are extremely well tested
and probably are very similar among competing products,
the aim is assessing antenna performance only, not system
performance. In short, according to this philosophy, the
second stage of the two-stagemethod is superfluous.Anyhow,
application of the two-channel method to, for instance, CR
scenarios is not obvious.

2.2. Testing MIMO Systems in Complex Scenarios. Themajor
difference between OTA testing of MIMO systems and SISO
systems is the increased complexity. For each transmitter
antenna of a MIMO system, the appropriate incoming fields
on the DuT need to be emulated. Because these fields are
different, as are the data streams, the required amount of
resources for WFS or prefaded signal synthesis has to be
multiplied with the number of transmitter antennas. Earlier
it was remarked that multiuser (MU) interference could be
modeled as an additive stochastic process, but in scenarios
for cooperative MIMO, at least additional BS fields have
to be emulated. This raises the overall complexity again.
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MU scenarios in which multiuser interference cancellation
techniques are to be tested call for realistic emulation of
other users, require similar emulation strategies. Modeling
the interference as a spatially colored stochastic processmight
not be realistic enough, but even the spatial coloring will
demand additional emulation resources. Yet another increase
is to be expected with multiband operation, especially if dif-
ferent OTA antennas are needed for the different bands. For
emulation in anechoic chambers, the transition from SISO to
MIMO will not require additional OTA antennas as long as
the sweet spot (i.e., the area over which the field quality can
be guaranteed) is commensurate with the size of the DuT. In
case also the uplink has to be emulated, yet another increase
in complexity is required, as will be discussed later.

For reverberation chambers, more OTA antennas would
definitively be necessary. On the other hand, it is still open
to research whether MIMO devices can be properly tested in
reverberation chambers, one of the main reasons being the
difficulty to shape the angular distributions and thenmultiple
of them, according to the properties of transmit antennas and
environment [2, 22].

2.3. Channel Models. When speaking about channel models
in OTA testing, mainly the same models appear that were
also used in the development phase for simulations and often
also are the models specified for conformance testing. In the
present standardization of MIMO-OTA, the SCME model
[23] is a point in case.Themodel was initially designed by the
WINNERproject group as an interim solution to aid develop-
ment of beyond-3G systems until the release of theWINNER
model. One of its features is the 100MHz bandwidth instead
of the 5 MHz of the preceding SCMmodel [24], another that
the frequency range runs from 2 to 5GHz, and a third that
the two model scenarios, for urban macrocellular and urban
microcellular environments, both have one 6-cluster constel-
lation prescribed; essentially meaning that only one single
drop can be generated. The model is two dimensional and
single polarized. OTA implementations for OTA ring arrays
of eight antennas exist, but the possibilities of using only six
OTA antennas have already been investigated too [25]. Not
the number of OTA antennas is the problem, but the number
of channel emulators equaling the number of OTA antennas.
Apart from the anechoic room, the channel emulators are
the most expensive parts. Note that emulation of a 2 × 2
system in a dual-polarized setupwith 6 antennas still requires
24 channel emulators (6 antennas times 2 BS fields times
2 polarization directions). Because of this multiplication by
two when going from single polarized to dual polarized, the
MIMO-OTA community is reluctant to adopt dual-polarized
emulation, although the comprehensive channel models
WINNER [26] or COST2100 [27] both are full polarimetric.
On the other hand, the huge complexity of these models, in
terms of the number of individual delay components that
have to be emulated, is the reason they are not used in OTA
testing.The same applies to measurements, although another
reason is that good measurement data are scarce [28].

The comprehensivemodels also account for the 3D spatial
structure of the channel, one that further increases the
emulation overhead. In this case, the increase in overhead is

caused by the spatial domain, as many more OTA antennas
are needed for covering (a part of) a sphere, each requiring
a separate channel emulator. However, some attempts have
beenmade to use small 3D-like OTA arrays for increasing the
elevation spread of incoming fields, emulatingmodified IMT-
advanced channel models [29]. Predictably, the achievable
sweet spot was rather small [30]. On the other hand, a recent
study based on measurements shows that simplifications
from 3D dual-polarized channels to 2D dual polarized chan-
nels, under circumstances, do not greatly impair the realism
of the emulation. The two effects in the emulated channel
are loss of rank and loss of power. The loss of rank does not
seem to be a problem for smallMIMO systems, but the loss of
power can only be compensated under conditions of perfect
power control [31]. However, especially when reducing the
3D full-polarimetric measured data to 2D single polarized,
a significant difference in performance can be observed.

3. State-of-the-Art Products and Test Methods
in MIMO-OTA

3.1. Brief Literature Review. The major test challenge for
MIMO-OTA is creating a repeatable scenario which accu-
rately reflects the MIMO antenna radiation performance in
a realistic wireless propagation environment. MIMO-OTA
methods differ in the way to reproduce a specified MIMO
channelmodel. In [5], two complementarymetrics and corre-
sponding measurement procedures for evaluation of MIMO-
OTA performance were presented, in order to address the
diversity of possible propagation scenarios. Measurement
results from preliminary implementations, including com-
parison between different LTE devices, were provided.

The channelmodeling forMIMO-OTA for smallmultiple
antenna devices along with realistic test challenge has been
discussed in [6].The devices considered were relatively small
devices: typically UE, terminal, or laptop device. For the
practical performancemeasurement 802.11n device with 2× 2
MIMOwas used as aDuT. In [7], the viability ofMIMO-OTA
test method in terms of creating an appropriate propagation
environment in an anechoic chamber was verified in terms
of amplitude distribution of fading coefficients, power delay
profile, Doppler spectrum, and spatial autocorrelation. The
results were compared to theoretical and reference model
characteristics considering radio channelmodels 3GPP SCM,
SCME, and IEEE 802.11n or simplifications of them. The
authors claimed good agreement between OTA measure-
ments and the reference model in most cases.

In [8], the authors indicated that emulation of a prop-
agation environment inside an anechoic chamber requires
unconventional radio channel modeling, namely, a specific
mapping of the originalmodels onto the probe antennas. Two
methods to generate fading emulator channel coefficients
were introduced: the prefaded signals synthesis and the
plane-wave synthesis, and simulation results were provided
to verify bothmethods.The plane-wave synthesis forMIMO-
OTA was described there as an extension to disciplines
of acoustics and electromagnetic plane-wave synthesis as
considered in [9]. The authors showed that the geometric
description is a prerequisite for the original channel model.



International Journal of Antennas and Propagation 7

As an important issue related to the cost and complexity
of the test system, the authors in [10] reviewed the required
number of probes for synthesizing the desired fields inside
themultiprobe system and proposed some rules as a function
of the test zone size for certain uncertainty levels of the field
synthesis. Similarly, [11] presents a theoretical study of the
generation of the plane-wave conditions for the MIMO-OTA
test zone with a finite number of antennas which lie in the
horizontal plane on a circle around the test zone. Relations
between the size of the test zone and the accuracy of the
plane-wave field due to a finite number of antennas were
presented considering different angles of arrival of the plane
wave. The authors showed that in the case where the OTA
antennas are located in the 90∘ azimuth angle region with 45∘
intervals (3 antennas), the test zone diameter is smaller than if
the antennas are located in the 360∘ azimuth angle regionwith
45∘ intervals (8 antennas). In [9], the aliasing effect caused by
a small number of antennas available in MIMO-OTA setups
was discussed.

In wave field synthesis for MIMO-OTA test setups with
anechoic chamber, it was reported in [32] that the effective
volume of the test zone increases with respect to the shape
of the emulated wave fronts through the use of small vertical
arrays. Also, the decay of the emulated field over distance has
been found reduced. It was suggested to use passive networks
for exciting the array elements, such that no additional
channel emulators are needed.

In [12], emulation methodology of multiple cluster chan-
nels for OTA testing was investigated using a reverberation
chamber. This methodology has been used along with the
implementation of the single-input-multiple-output (SIMO)
LTE standard. It consists of evaluating effective diversity gain
level of SIMO LTE orthogonal frequency division multiplex
(OFDM) system for different channel models according to
the received power, by establishing an active link between
the transmitter and the receiver. Significant improvements
attained by the implemented system compared to SISO were
reported.

Identifying appropriate figures-of-merit is an important
aspect forMIMO-OTA evaluation. In [13], some new figures-
of-merit, aimed at serving the purpose of evaluating the
operators’ top priorities for MIMO-OTA compliance testing,
were provided based on the LTE MIMO-OTA round robin
data from 3GPP. The new figures are MIMO throughput
effectiveness,MIMOdevice throughput effectiveness,MIMO
throughput gain, and MIMO device throughput gain.

Apart from the literature, there exist some commercial
products and solutions on MIMO-OTA testing. Here, we
discuss a few of them regarding their methods and available
features. Some important specifications and features are also
summarized in Table 1 for convenience. Please note that the
specifications in the table are just for information rather than
for comparison since a fair comparison is not possible due to
their unique characteristics.

3.2. Commercial Products

3.2.1. Elektrobit. It is a MIMO-OTA test solution where
flexible configuration for SISO, MISO/SIMO, and MIMO up

to 4 × 4 or 8 × 4 are available. It supports 3GPP Release 10
and Release 11 enhancements including carrier aggregation
up to 160MHz, multiple RF bands, coordinated multipoint,
and relaying. It provides the channel modeling applications
for MIMO, beamforming, multiuser MIMO, smart antenna,
and virtual drive testing. It provides integrated uplink and
downlink signal separation, meaning there is no need for
external duplexers. Both unidirectional and bidirectional
fading modes are available and the system is compatible
within the Electrobit Propsim product family [33].

3.2.2. Spirent. This MIMO-OTA solution determines the
downlink MIMO-OTA performance using an anechoic
chamber. The software facilitates comprehensive perfor-
mance characterization including antenna, RF front-end, and
base-band signal processing implementations. Through the
characterization of antenna gain or efficiency, branch imbal-
ance, and antenna correlation, for dual-polarized antenna
conditions, it enables to precisely characterize the difference
between a good and a poor design [34].

3.2.3. SATIMO. Measurement capabilities of their solution
[35] include evaluation of receiver diversity-based hand-
sets, evaluation of MIMO performances of WiFi, LTE and
WiMAX-based handsets, and emulation of widely standard-
ized 3GPP channel. It employs propagation models in a con-
trolled environment, namely, single cluster, multiple cluster,
and uniform. Emulation of variable angles of arrival, angular
spread, cross polar ratio (XPR), Doppler, and delay spread
are supported.Thefigures-of-merit are the device throughput
in controlled fading environments, channel capacity and bit
error rate, and antenna-related parameter characterization
such as correlation and diversity gain.

3.2.4. Rohde and Schwarz. The two-channel method was
implemented by Rohde and Schwarz for verification of the
OTA performance on MIMO devices with a focus on down-
link (DL) 2 × 2 MIMO testing for spatial multiplexing and
transmit diversity [5, 36]. Measurements of receiver sensitiv-
ity and throughput were evaluated with statistical metrics.

The TS8991 MIMO-OTA test system supporting the two-
channel method consists of an OTA chamber having three
angular positioners to control angles, two test antennas
(downlink), and one circularly polarized communication
antenna (uplink) integrated in the azimuth positionar. Fur-
thermore, the access panel permits five RF connections to the
test antennas placed in the chamber. Two quad-ridged horn
antennas are utilized as test antennas, each of which is capable
of creating orthogonal components of linearly polarized field.

3.2.5. ETS-LINDGREN. ETS-LINDGREN developed a
MIMO-OTA test system (model AMS-8700) for a multipath
environment. The simulated environment is suitable for
evaluation of downlink MIMO performance for emerging
wireless technologies such as LTE, WiMAX, and 802.11n
Wi-Fi as well as receiving diversity performance of existing
wireless technologies [37].

The system consists of a dual-polarized antenna array
in an absorber lined fully anechoic chamber, connected to
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Table 1: Summary of some available OTA test solutions.

Solution
developer

Chamber type
and dimension

Hardware support
(available
antennas/probes)

Channel model Frequency range Other features

Elektrobit [33] Anechoic

2 × 2 to 8 × 4, up to
32 channels with 48
fading paths per
fading channel
available

Standard (LTE, ITU 3G),
optional including LTE-A
evaluation models, dynamic
spatially evolving channel
modeling

30–2700MHz, RF
interface channel
signal BW 40MHz

Supports carrier
aggregation up to 160MHz,
multiple RF bands,
coordinated multipoint,
and relaying

Spirent [34] Anechoic 4 to 32 probe layouts
Standard (3GPP, SCM/SCME,
WINNER, and ITU) and
classical user-defined models

Up to 6GHz,
signal BW 26MHz
(SR5500 Wireless
Channel Emulator)

Transmit antenna having
single as well as dual
polarizations

SATIMO [35] Anechoic
4 to 32 MIMO
dual-polarized
probes

Propagation models in a
controlled environment
(single cluster, multiple
cluster, and uniform).

400MHz to 6GHz

Positioner feature allowing
to choose desired azimuth
for testing the DuT in more
orientations

Rohde and
Schwarz [5, 36]

Anechoic
(5m×5m×5m)

2 × 2MIMO
downlink Static channel model

Test results
reported for
10MHz BW (LTE
mode) in 0.7GHz
band (TS8991
MIMO-OTA)

Quad-ridged horn
antennas, dedicated 𝜑 and 𝜃
antenna connectors

ETS-Lindgren
[37]

Anechoic
(4.9m × 4.9m ×
3.7m)

Not specified

Specially modified spatial
channel models, appropriate
Doppler and delay spreads to
emulate the scattering effect of
fixed and moving objects

700MHz to
10GHz (Model
AMS-8700)

MIMO dual-polarized
environment simulation
antennas

Emite Ing [38]

Multimode-
stirred
reverberation
chambers

8 × 8MIMO
Analyzer (Series
E100) having ability
to test up to 8
radiating element
prototypes

Angle of arrival (AoA), angle
spread (AS), number of
multipath components
(MPC), and the eigenvalues
considered as channel
parameters

Not specified

Different fading scenarios
with and without the
presence of the user, fast
and nonexpensive

Agilent
Technologies
[39]

Reverberation,
anechoic 2 × 2MIMO Correlation-based and

geometry-based model Not specified Two-stage method

technology-specific communication test equipment through
a spatial channel emulator. The antenna array transmits
downlink signals from a range of angles of arrival (AoA).
The spatial channel emulator uses specially modified spatial
channel models to feed each antenna in the array with a
statistical sampling of the source signal(s) with appropriate
Doppler and delay spreads, to emulate the scattering effect
of fixed and moving objects. A positioning system allows
the wireless DuT to be rotated through the generated field
structure, to determine its relative performance in different
orientations [37].

3.2.6. EMITE Ing. They have provided a solution for MIMO
measurements with a second-generation multimode-stirred
chamber. A MIMO measurement service with the 8 × 8
MIMOAnalyzer Series E100 is available where up to 8 radiat-
ing element prototypes can be tested. Diversity gain, MIMO
capacity, efficiency, and other parameters are provided for a
variety of fading scenarios with and without the presence of
the user. The developers claim that testing with this service

could be the only fast and nonexpensive alternative for novel
LTE or WiMAX prototypes [38].

3.2.7. Agilent Technologies. The company is mainly involved
in research and development of MIMO-OTA with focus on
channel models and test methods for measuring the perfor-
mance of MIMO devices in realistic environments. Results
were presented for three OTA methods: the reverberation
chamber method, anechoic chamber OTA, and two-stage
OTA [39]. The results revealed that although the anechoic
chamber method has the flexibility of emulating a variety
of multipath conditions and does not require access to the
user equipment antenna ports, it can become highly complex
and costly to implement especially when dual-polarized
measurements are required.This method also has the longest
calibration and measurement times as well as the largest
chamber requirements compared to other systems. It has
been suggested to use a smaller number of probe antennas for
reduced complexity and cost, but this makes system accuracy
sensitive to calibration and measurement errors [39].
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3.3. Noncommercial Test Facilities. There exist also some
noncommercial facilities aimed mainly at research in OTA
testing. Here we discuss the facilities available in Ilmenau.
The important specifications and features of these facilities
are also summarized in Table 2 for convenience.

3.3.1. Facility for Over-the-Air Research and Testing (FORTE).
Within a collaboration between Ilmenau University of Tech-
nology and the Fraunhofer Institute for Integrated Circuits, a
Facility for Over-the-Air Research and Testing (FORTE) has
been built in Ilmenau which hosts two research platforms
in satellite and terrestrial communication, called “SatCom”
and “MIMO-OTA” test beds. The MIMO-OTA research is
aimed mainly at OTA test methodologies and also meant to
actively engage in standardization of OTA practices. Other
parts of the research are into wave field synthesis and
evaluation of CR nodes. A clear application is to study real-
time antenna characteristics of mobile terminals in an OTA
test setting. With the projected equipment, a state-of-the-art
OTA installation will become available in near future [40].
Some important specifications for the signal generators for
the OTA test laboratory are as follows: the connectivity of the
OTA test system is 12 × 32 (physical channels). The signal
bandwidth supported is 80MHz across a frequency range
from350MHz to 3GHz (for 4× 4 channels up to 18GHz). For
CR two frequency bands with larger separation can be used
for emulation, but with instantaneous bandwidth of 80MHz
for each band. the RF output power is +10 dBm. For the gen-
eration of the delay characteristics two modes are available:

(i) mode 1: time domain processing similar to tap delay
line,

(ii) mode 2: frequency domain processing.

Mode 1 supports 32 taps per physical channel. The delay
accuracy better than 30 ps, phase accuracy better than 0.1∘,
and channel update rate up to 100 kHz are available.

3.3.2. Virtual Road Simulation and Test Facility at Ilmenau
University of Technology (VISTA). VISTA is a test facility
in Ilmenau similar but less comprehensive compared to
the OTA measurement facility FORTE described before.
One major activity on this facility is the conception and
implementation of the “virtual road.”Wewill discussmore on
the motivation and development of this facility in Section 5.

4. Closed-Loop OTA Testing

Most of the products discussed in the former section are
specifically designed for testing mobile communication sys-
tems in the downlink. However, these systems are bidirec-
tional, meaning, and operating over an uplink too. From
testing perspective, at least the protocol handling must be
guaranteed, but almost any kind of return channel will suffice
to get the protocol messages through, for instance, the small
pick-up antenna in the anechoic chamber mentioned earlier.
However, this will generally not be satisfactory for assessing
system performance. In cellular mobile radio, every system
design has to pay special attention to the uplink; therefore,

replacing the time-variant and dispersive mobile channel in
the uplink by a simple LoS link generally is not realistic.

4.1. Emulation of the Uplink. Emulation of the uplink is based
on the same principle as that of the downlink, but effectively
in reverse. Receivers are connected to the OTA antennas
instead of transmitters; their outputs are filtered by channel
emulators and coherently combined onto the Rx connectors
of the secondary communication partner or communication
tester. A schematic diagram of a closed-loop OTAinVEE test-
bed realization, incorporating the uplink, is given in Figure 6.
More description for this realization including hardware and
calibration issues is provided later in this section. Note that
in case of emulating MIMO systems, similar to the downlink
with respect to the number of transmitters, the required
number of channel emulators is multiplied by the number
of Rx units of the secondary communication partner or
test set. Because the uplink uses WFS too, the receivers
should operate in a phase-coherent manner. However, in our
experience, manufacturers do not easily promise that their
channel emulators operate phase coherently and we expect
that purchasing a large phase-coherent set of receivers will
prove to be as difficult.

4.2. Practical OTA Setups. Although OTA for LTE-based
systems is subject of a large standardization effort, closed-
loop testing of LTE is practically impossible at the moment,
because no measurement equipment is available that can
cope with realistic uplink behavior. As the commercially
offered base station (BS) emulators were exclusively designed
for connected testing, they are not able to equalize channel
fading.

4.2.1. Cognitive Radio Evaluation. The cognitive behavior of
the DuT, with respect to relevance for OTA testing, will be
interpreted in terms of the cognition cycle as defined by
Mitola III and Maguire Jr. [1].

(i) Observe: a CR node performs spectrum sensing to be
aware of the surrounding radio environment.

(ii) Orient and plan: the observed data are subjected to
intelligent processing.

(iii) Decide: based on the results of the processing, the CR
node decides on spectrum opportunities.

(iv) Act: theCRdynamically exploits the opportunities for
transmission and avoids interference to PU.

(v) Learn: learning from previous events is a vital capa-
bility of CR.

Cognitive abilities numbers (ii), (iii), and (v) are not
necessarily tested over the air, but gaining information over
these internal states of cognitive nodes has consequences for
the OTA setup. Based on the cognitive cycle, we see two
different categories of possible OTA tests:

(i) spectrum sensing (observe, orient and plan, and
decide),

(ii) secondary link performance (observe, orient and
plan, decide, and act).
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Table 2: Summary of the OTA test facilities in Ilmenau.

Test
facility

Chamber type
and dimension

Hardware support
(available
antennas/probes)

Channel emulation Frequency range Other features

FORTE
[40]

Anechoic (5m ×
4.5m × 3.1m)

12 × 32 (physical
channels)

Time domain processing
similar to tap delay line (32 taps
per physical channel) and
frequency domain processing
(unlimited fading paths per
channel).

350MHz to 3GHz
(for 4 × 4 channels
up to 18GHz), signal
BW 80MHz

Noncommercial, diverse
applications including
satellite and terrestrial
communications

VISTA
[41]

Anechoic
(16m × 12m ×
9m), max. DuT
size = 6m

Under research
Dynamically evolving
geometry-based stochastic
channel model

70MHz to 6GHz

Noncommercial,
combining EMC
measurements with OTA
testing and vehicular
channel emulation

Test
equipment
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Figure 6: Schematic diagram of a closed-loop OTA setup (OTAinVEE) with full emulation of spatiotemporal channels in uplink (UL) and
downlink (DL).

Spectrum Sensing. Spectrum sensing is an important com-
ponent of the cognitive cycle which decides the presence
or absence of primary (licensed) users in the spectrum
of interest. Some existing spectrum sensing techniques are
matched filtering, cyclostationary-based sensing [42, 43],
energy detection (ED) [44], and correlation-based sensing
[45]. The performance of each detection method in the given
environment is to be evaluated for possible acceptance of
the method in real CR applications. The performance of
spectrum sensing methods is expressed using the receiver
operating characteristics (ROC)which describes the relation-
ship between the probability of correct detection (𝑃

𝑑
) and the

probability of false alarm (𝑃fa) [46].
In addition to the exploitation of conventional resources

like frequency and time, some recent works have also con-
sidered direction as a potential resource to be exploited
by a CR [17]. The evaluation for different sensing methods
using omnidirectional as well as directional sensing can be
realistically evaluated by OTA testing. For example, in [15],
an evaluation of directional sensing using ED-based sensing
algorithm in multiple bands has been presented in terms of
ROC.The similar evaluation for more realistic multipath and

multiuser environment is desired for possible acceptance of
the sensing method utilized by CR.

In the case of spectrum sensing, only downlink behavior
is tested, so no closed-loop test setup is required. It is even
fair to say that the emphasis will be mostly on observe
because the other two capabilities can also be tested off-
line with software simulations. However, in order to monitor
the sensing process, some means of information transfer is
needed. Unfortunately, any conductive wire or cable attached
to the device will influence the antenna characteristics in a
rather unpredictable way. The smaller the device relative to
the wavelength, the stronger this influence [47]. Therefore, a
wireless, or nongalvanic, data connection is preferred. Using
transfer over optical fiber is optimal; otherwise, data have to
be stored internally in the device and retrieved off-line while
preserving the synchronization between emulated signals
and sense data, as this is crucial for evaluation.

As depicted in Figure 7, there might be several PU whose
activity behavior has to be described accurately. Statistical
models of PU activity have been published (e.g., [48])
that model the activity of radio nodes by binary spectrum
occupancy. The use of a realistic statistical user activity
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Figure 7: Cognitive radio in two sensing scenarios: LoS (a) and more realistic multipath (b).

model as an emulation basis has the advantage of avoiding
playing back large amounts of recorded data when testing the
sensing capabilities of the DuT in time-critical applications
[49, 50].The existingmodels are based onmeasurements, but,
generally, the temporal resolution of the measurements is too
low for accurately parameterizing the temporal properties of
cellular bands [48, 51, 52]. However, it is possible to perform
measurements with sufficient time resolution and to tune the
model to a much higher intrinsic accuracy [53].

Secondary Link Performance.The transmissions of CR should
not cause harmful interference to PU. Such a system would
require SU to accurately detect and react to the varying
spectrum usage by the PU network. The effect of secondary
communication in the real environment is important to be
monitored, which is actually the secondary link performance.
In [54], a statistical model for aggregate interference of
a cognitive network was proposed. This type of statistical
behavior of the cognitive network interference can be tested
and verified by using OTA testing. For such a verification, the
interference emulation is themost important and challenging
task. After the verification of such statistical model, it can be
utilized by the OTA test system itself as an information inside
the layered measurement procedure described in Figure 2 for
further evaluation of the CR node performance. Additionally,
any interference mitigation techniques can be evaluated by
the system. The ultimate goal is to verify the possibility of
coexistence of the primary and CR systems.

Uplink verification is associated with the next logical
capability of a CR-Act. A test scenario consisting of secondary
transmission in addition to sensing in typical multipath
environment is shown in Figure 8. For this, the adaptive
transmission should be tested with features as dynamic fre-
quency and power control, adaptive modulation and coding,

SU:
CR node

Tx/Rx
PU1

PU2

PU3

CR node

PU4

· · ·

··
·

· ·
·

· · ·· · ·

· · ·

· ·
·

· · ·

Figure 8: A typical multipath environment to be emulated for the
evaluation of CR devices in OTAinVEE closed-loop test-bed [14].

and beam-steering. This makes it almost a complete system
test and closed-loop testing is indispensable because the
uplink is involved. Viable tests regard

(i) the proper exploitation of spectrum opportunities in
frequency and/or space,

(ii) the SU tracking of PU with dynamic frequency
occupation,
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(iii) the sustainable secondary throughput under realistic
propagation conditions.

These tests have different requirements. The first two call
for measuring the instantaneous angular power spectrum
of the CR under test while acting. This requires plane-wave
analyses (near-field far-field transformations) of the wave
fields radiated by the DuT, not necessarily in real time,
as off-line processing is well possible). This requires that
the DuT is encircled by OTA antennas for reception like
in case of the downlink. The third testing of secondary
throughput also requires reception of signals in the uplink
by encircling antennas, but real-time processing is needed
to impose realistic (spatiotemporal) channel fading onto the
signals passed to the secondary communication partner. For
the moment we assume that the communication partner of
the DuT is passive or that the return link can be some simple
LoS link inside the anechoic chamber. Providing a realistic
secondary return channel will require many more emulator
channel, because the downlink now consists of two different
streams: the signals from the PU and the (secondary) return
link. A very interesting test would also be the real-time
analysis of performance degradation of operational PU by SU
interference. However, we have no clue how to perform these
tests within a single OTA setup as the channel from one PU
to his communication partner differs from the one emulated
for the DuT.

A schematic diagram of closed-loop setup of OTAinVEE
test-bed realization for CR evaluation is shown in Figure 9.

4.2.2. Practical Setups for LTE (Advanced). Despite the fact
that realistic tests of operational radio systems require emu-
lation of uplink and downlink radio channels, the state of the
art is that the largest standardization effort, that for LTE and
LTE-A, is still trying to get grip on the essence ofMIMO-OTA
testing and deals with downlink aspects only. Additionally, in
order not to complicate matters further, the link adaptation
mechanisms of the system are suppressed by prescribing
specific modulation-and-coding schemes.

4.3. Emulation Hardware. On the market a wide range of
channel emulators are available that strongly differ in price,
RF accuracy, and available features. Previously they were
designed for conducted testing and therefore most of them
are limited in output power, which is actually required for
OTA. Furthermore, some of the vendors cannot guarantee
phase coherence and stability of their outputs especially at
elevated output power. For the emulation of the temporal
structure of the channel, one typical implementation is a
tapped-delay line with a limited number of possible taps and
resolution for each signal path. Every individually emulated
wave component requires at least one tap position in a
number of signal paths. This approach is resource intensive
in radio environments with rich multipath. The presence of
dense multipath components (DMC) enriches the multipath
situation even further [55], but an emulationwith the tapped-
delay line approach is almost impossible. Therefore, some
vendors also offer channel emulators where the convolution
of the communication signals with the propagation channel

is performed in the frequency domain. This allows for an
emulation of a large number of paths.

A further aspect when choosing a channel emulator is
its connectivity. For the downlink emulation 𝑀BS = 2 ⋅ ⋅ ⋅ 4

inputs and𝑀Dn = 2 ⋅ ⋅ ⋅ 32 outputs are commonly available.
When considering an uplink emulation with the same quality
as that of the downlink, 𝑀Up = 2 ⋅ ⋅ ⋅ 32 inputs and 𝑀BS =

2 ⋅ ⋅ ⋅ 4 outputs are required. The uplink case is therefore most
challenging, but mandatory for the test of cognitive devices
exploiting directional degrees-of-freedom.

Last but not least, the complexity of the channel (2D, 3D,
and full polarization) to be emulated will define the overall
connectivity needed for the OTA test setup. As remarked
earlier, 3D environments for 2 × 2 MIMO configurations
may be simplified to 2D, as long as the polarization charac-
teristics are kept [31], but for larger MIMO configurations
such a simplification will affect channel rank too much. In
those cases, the resulting dual-polarized 3D emulation would
require an extension of the number of generator outputs
(in the downlink) and receiver inputs (in the uplink) to
up to 200 channels for a sweet spot of 30 cm in diameter,
at around 2GHz. An extension to such a large number of
phase coherent outputs is only available from few vendors,
whereas such a large number of inputs are not available at
all, to our knowledge. In consequence, this means that an
uplink observation as required for CR tests may use different
techniques such as channel sounding (fast switching over the
angular dimension).

4.4. Calibration of OTA Setups. One crucial point when using
the OTA methods, especially the multi-probe method, is the
calibration of the setup as this determines the accuracy of the
wave field synthesis [56]. As the wave field synthesis requires
a coherent superposition of discrete wave components, the
phase and amplitude differences of all signal paths𝑀BS×𝑀Dn
and𝑀Up × 𝑀BS as shown in Figure 6 have to be accounted
for in calibration. In the context of phase and amplitude cal-
ibration, static and dynamic inaccuracies are relevant. Static
differences mainly result from antenna feeds, OTA antennas,
antenna positions and antennaalignment, and polarization
purity.Dynamic phase and amplitude inaccuracies aremainly
caused by phase changes while scanning the sweet spot
(bending of RF or even optical fiber cable that is connected
to the field probe for calibration) and long-term drift effects
of each signal path (𝑀BS×𝑀Dn and𝑀Up×𝑀BS) with different
drift characteristics. The latter can be reduced to some extent
only when carefully considering the temperature stability of
the entire cabling arrangement. Note that CR applications
additionally require the calibration of each frequency band
applied.

Recently, during the inter-laboratory/intertechnique
comparison test effort of the CTIA MIMO-OTA Special
Group, a serious problem was experienced with the defi-
nitions of vital concepts of signal-to-noise ratio (SNR) and
received power. Although seasoned experts were dealing
with these concepts, at least three different implementations
with different measurement outcomes resulted. This urged
closer investigations.
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Figure 9: OTAinVEE test-bed realization for closed-loop evaluation of CR nodes.

4.5. Channel Modeling Requirements. One key issue for the
development and operation of OTA test environments is the
provision of application and scenario-specific propagation
channel data sets. In the past, various channel models [57]
were developed within the European projects COST [58],
WINNER [26], or standardization bodies [59]. Furthermore,
channel sounding data sets for different evaluation sce-
narios have gained an increased attraction [60–62]. While
first proposals for channel models with focus on vehicle-
to-vehicle communication applications [63, 64] have been
driven, white spaces can be found in the area of channel
models with specific focus to provide broadband directional
channel data sets to evaluate CR nodes. A consistent channel
model framework for CR applications can be derived from
extensions of widely accepted models from 3GPP [59] and
WINNER [26].

Themain features of a channelmodel suitable for CR test-
ing are multiband, multilink, and multi-scenario. Multisce-
nario is very interesting, because a CR node located in an out-
side environment will receive and hence sense signals from
transmitters located above roof top (urbanmacrocell) and/or
below roof top (urban microcell) and/or from nodes located
inside a building (indoor to outdoor scenario). Furthermore,
nodes located within these different scenarios usually use
different communications standards and frequency bands.
Therefore, the minimum extension of any current available
channel model has to be multi-band and multi-scenario.
Note, the uplink channel is likely to be similar to the downlink
channel but certainly is not identical in frequency-division
duplex (FDD) systems. Even with time-division duplex
(TDD) systems, when the channel coherence time becomes
short in comparison to the duplex time interval, reciprocity is
not guaranteed any longer. A special case is CR, as the essence
of secondary communications is not interfering with primary
communications. Therefore, the RF activity of cognitive
(secondary) systems in the uplink should be thoroughly

scrutinized; the more so if the cognitive device uses direc-
tional antennas to diminish potential interference. Typically,
the signals of the PU will be transmitted on the downlink,
with the return link carrying the secondary communications.
As secondary communication partners are not colocated
with primary transmitters, secondary channels differ from
primary ones, although they are on the same frequency.

5. Related Test Scenario: C2C/C2I
Communication—Issues and Developments

Recently, channel measurements and test scenarios for Car-
to-Car (C2C) and Car-to-Infrastructure (C2I) communi-
cations have gained large attraction. The term “Car” can
be more generalized by using “vehicl.” The embedding of
vehicles as nodes into ad hoc and meshed network struc-
tures for safety, security, fleet and traffic management, and
communication seems to be one key technology for future.
Channel models and test methods have to consider the spe-
cific requirements of those network structures.The following
features play an important role for any considered channel
model approach.

(i) Continuous time evolution of the channel: because of
the rapidly varying C2C/C2I channel, a continuous
evolvement of the channel has to be introduced.With
that the models can cover extended evaluation time
series.

(ii) Realistic node traffic model: in order to cover long
evaluation time series, realistic vehicle traffic models
are necessary.

(iii) Joint clusters for different links and scenarios: to
introduce realistic time evolution and correlations
between emulated multilinks, joint or common clus-
ters between links and even between scenarios (e.g.,
urban macro and micro) are required.
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(iv) Modeling of realistic interference situations: an open
issue is the modeling of realistic interference and
coexistence situations. In particular, in rapidly chang-
ing vehicular scenarios, various and time-dependent
interferences from different networks and/or other
noncooperative sources (audio and sensing links
within vehicles) have to be expected.

Considering high standards for safety and security, the
testing of interference management and suppression algo-
rithms for coexistence present major challenges of C2C/C2I
communications.

C2C/C2I communications undergo a very rapid devel-
opment, for example, alluding to the ITS-G5 standard. The
issues of coexistence and interference resulting from a great
number of equivalent communicating nodes in ad hoc and
time-variant networks cannot be overestimated. In addition
to propagation aspects and channel modeling, conventional
and even more so electric cars comprise a multitude of
electric and electronic systems for driver assistance, safety
systems, data transmission, intravehicular networks, and
radio connectivity to a multitude of services extending from
tens of MHz well into the GHz range. Related to these rapid
developments, issues of coexistence, interference, inter-oper-
ability, and quality assurance demand for measurement tech-
niques, not only reliable conditions irrespective of time, place,
region, or climate conditions, but also accounting for the
specificities of vehicles. For C2C/C2I communications, accu-
rate and reproducible measurement techniques are as impor-
tant as or even more important than the multipath wave field
synthesis. Typical scenarios can include from tens up to 200
cars, which can never be tested on real road, especially not in
repeated manner for changing situations.

The Thuringian Center of Innovation in Mobility
(ThIMo) at Ilmenau University of Technology [41] pursues
a holistic approach towards solving such challenges related
to mobility, with an explicit focus on information and
communication technologies. The VISTA test facility is
similar but less comprehensive compared to the FORTE
described before. This installation aims at combining
traditional antenna and electromagnetic compatibility
measurement approaches with OTA testing and vehicular
channel emulation. Fitting to and complementing with
the research already ongoing at the FORTE in Ilmenau,
alternative techniques are to be developed, to create synthetic
radio environments and evaluate their interdependence with
the vehicle, road infrastructure, and driver. The key objective
of the approach is to emulate realistic radio scenarios as
realistic as possible, possibly in real-time, under well-defined
partial or fully anechoic conditions.

The first stage of the VISTA test facility comprises a semi-
anechoic chamber and a chassis dynamometer integrated
into a turntable. The dynamometer enables emulation of
realistic driving scenarios synchronizedwith electromagnetic
synthesis and measurement hardware in addition to electro-
magnetic compatibility (EMC)measurements of vehicles and
powertrain components under operation. Some of the key

parameters of the planned implementation are mentioned
here.The chamber size is 16m× 12m× 9mand themaximum
DuT size is 6m. The frequency range of operation is 70–
6000MHz, where the velocity up to 120Km/h has been
simulated.

6. Conclusions

This paper has provided an overview of an over-the-air test in
virtual electromagnetic environment (OTAinVEE) for future
communication devices, with the main focus on CR devices
operating in highly complex environments with multiple
dimensions of parameters, each having multiple elements.
A brief survey of state-of-the-art methods and products has
been presented. Closed-loop OTAinVEE has been discussed
with issues related to hardware, calibration, and channel
modeling. Some practical OTA scenarios including CR test-
ing and setups have also been presented. Although closed-
loop OTA testing is costly and complex, it is inevitable for
successful implementation of future systems and for guaran-
teeing their performance.
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Thomä, “New laboratory for over-the-air testing and wave field
synthesis,” inProceedings of the 30thURSIGeneral Assembly and
Scientific Symposium (URSIGASS ’11), August 2011.
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Usually, multiple-input-multiple-output (MIMO) testbeds are combined with channel emulators for testing devices and algorithms
under controlled channel conditions. In this work, we propose a simplemethodology that allows over-the-air (OTA)MIMO testing
using a MIMO testbed solely, avoiding the use of channel emulators. The MIMO channel is emulated by linearly combining the
signals at the testbed transmitter. The method is fully flexible, so it is able to emulate any equivalent baseband narrowband MIMO
channel by adequately selecting the weights of the linear combination. We derive closed-form expressions for the computation of
such weights. To prove its feasibility, the method has been implemented and tested over a commercial MIMO testbed.

1. Introduction

Multiple-input-multiple-output (MIMO) testbeds [1–3]
allow over-the-air (OTA) testing of MIMO devices and
algorithms in the laboratory. However, the channels in these
indoor scenarios can be quite different from the channels
where MIMO systems operate. So, MIMO testbeds are
usually combined with MIMO channel emulators for car-
rying out the tests under desired and controlled channel
conditions. However, channel emulators result in an increase
in equipment cost. Some OTA emulation methods combine
conventional channel emulators with anechoic chambers
to fully control the propagation environment [4–6]. These
solutions are fully flexible but expensive.

On the other hand, OTA channel emulation can be per-
formed using reverberation chambers where the propagation
environment is physicallymodified to get the desired channel
response. Reverberation chambers can work either standing
alone [7], or combined with conventional channel emulators
[8, 9]. Their main drawbacks are the chamber cost and the
lack of flexibility to emulate specific channel realizations.
Both methods, based on anechoic and reverberation cham-
bers, are used in combination with a MIMO testbed for
MIMO testing.

In this work, we propose a methodology that allows
narrowband OTA MIMO testing using the MIMO testbed

solely, avoiding the use of channel emulators and additional
facilities. It is based on the fact that the MIMO channel
encountered in indoor research laboratories can be consid-
ered time invariant when the environment is static [10]. In
a preliminary stage, this channel must be estimated by the
MIMO testbed [10], including the device under test (DUT).
Then, during the testing stage, the signals at the transmitter
(Tx) are linearly combined in order to emulate the desired
MIMO channel. This operation can be easily performed at
the Tx baseband (BB) processor.TheDUT(s) can be at the Tx
and/or at the receiver (Rx). The DUT can be also a complete
Rx able to estimate the channel. The proposed method is
alsowell suited to testMIMO-specific algorithms (space-time
coding, spatial multiplexing, etc.), that are usually imple-
mented in the BB processors.The proposedmethod emulates
baseband equivalent channel response, so, unlike reverber-
ation chambers, it cannot emulate separately the effects
of the multipath propagation scenario, antennas, or other
embedded elements.

We consider two types of channel emulation: determin-
istic and stochastic. In the first case, the goal is to emulate
a given channel realization (or a given sequence of channel
realizations). We show closed-form expressions for the coef-
ficients of the linear combination as functions of the actual
channel in the laboratory and of the channel to emulate. In
stochastic channel emulation, the objective is just to emulate
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Figure 1: Proposed scheme using linear signal processing at the Tx. AFE denotes the analog front end, BB denotes baseband, and the DACs
and ADCs are the digital-to-analog and the analog-to-digital converters, respectively.

a channel as a stochastic process with desired statistics
(mean, spatial autocovariance, etc.), regardless of the channel
realizations.The stochastic emulation is motivated by the fact
that the field programmable gate arrays (FPGA) or digital
signal processors (DSP) of the Tx testbeds can efficiently
generate realizations of multiple independent and identi-
cally distributed (i.i.d.) random variables. Adequate linear
combinations of such variables can be used to generate the
coefficients for the channel emulation with desired statistics.

The proposed method has been implemented and tested
over a commercial MIMO testbed in our laboratory. The
experimental results show the accuracy of the method for
OTAMIMO testing in any channel condition.

The rest of the paper is organized as follows. Section 2
describes the proposed scheme. From this, we derive closed-
form expressions for the weights as a function of the channel
to emulate and the actual channel in the laboratory. Section 3
deals with the implementation in a commercial testbed. Sec-
tion 4 shows experimental results that validate the method.
Finally, Section 5 is devoted to the concluding remarks.

2. MIMO Channel Emulation Scheme

Figure 1 depicts the proposed scheme for MIMO testing
and channel emulation. To emulate a MIMO channel with
𝑛
𝑇
transmit and 𝑛

𝑅
receive antennas, a testbed Tx with 𝑛

𝑅

antennas is required. Let H
0
∈ C𝑛𝑅×𝑛𝑅 be the equivalent

baseband channel response between the testbed Tx and the
Rx for a specific location in the laboratory, including theDUT
(or the DUTs). As it was mentioned, the DUTs can be at the
Tx and/or Rx. The DUT could be even a complete Rx. In any
case, the BB processor at the Rx must estimate the channel,
H
0
, which is assumed to be constant during the process. Let

s ∈ C𝑛𝑇×1 be a vector comprising the equivalent baseband
input signals.They are linearly combined by a weights matrix
W ∈ C𝑛𝑅×𝑛𝑇 at the testbed Tx to produce the signal vector
x ∈ C𝑛𝑅×1,

x =Ws. (1)
Then, the testbed transmits x. In the absence of noise, the

receive signal vector will be
r = H

0
x = H

0
Ws. (2)

Therefore, the baseband equivalent channel

H = H
0
W. (3)

2.1. Deterministic Channel Emulation. According to (3), the
weights matrix to emulate a given channel realization,H, will
be

W = (H
0
)
−1H, (4)

where we assume that H
0
has been previously estimated by

the BB unit at the Rx [10]. In (4), we assume that H
0
is

invertible. If this was not the case, we can change the location
of the testbed in the laboratory to get a well-conditionedH

0
.

To emulate a given sequence of channel realizations (pos-
sibly time correlated),H[𝑛], we will obtain the corresponding
sequences of weights, W[𝑛], from (4), assuming that H

0

is time invariant. Otherwise, we should reestimate H
0
and

repeat the process whenever it changes. Note that the emula-
tion of time-correlated channel sequences is straightforward.

In general, the emulation of a 𝑛
𝑅
× 𝑛
𝑇
MIMO channel

requires a testbed Tx with 𝑛
𝑅
antennas. Therefore, to emu-

late a single-input-multiple-output (SIMO) channel with 𝑛
𝑅

antennas, a testbed Tx with 𝑛
𝑅
antennas is still required. But

for multiple-input-single-output (MISO) channel emulation,
𝑛
𝑅
= 1, so we only need a single antenna testbed Tx. Obvi-

ously, this simple scheme is validwhen theDUT is at theRx or
it is the complete Rx. Otherwise, if the DUT is at the radiofre-
quency part of the Tx, we still need a Tx with 𝑛

𝑇
branches.

2.2. Stochastic Channel Emulation. Now, the channel to
emulate, H, is a random process with a given distribution
and spatial covariance. Using our scheme, the statistics of
H can be emulated by using a random weights matrix W
with adequate distribution and spatial covariance. In the
following lines, wewill derive the statistical properties ofW as
a function of the required statistics forH, assuming thatH

0
is

time invariant (deterministic) during the emulation process.
We distinguish two cases regarding themean ofH: emulation
of MIMO channels with zero mean and with arbitrary mean.

2.2.1. Emulation of Channels with Zero-Mean. Let H be a
random channel matrix with zero mean, 𝐸[H] = 0, and
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correlation matrix R. From (3), W must be also zero-mean,
and 𝐸[W] = 0. The channel correlation matrix is defined as

R = 𝐸 [vec (H) vec (H)𝐻] , (5)

where vec(A) is the operator that stacksmatrixA into a vector
columnwise. From (3),

vec (H) = vec (H
0
W) = (I

𝑛𝑇
⊗H
0
) vec (W) , (6)

where ⊗ denotes the Kronecker product. Combining (5) and
(6),

R = (I
𝑛𝑇
⊗H
0
)R
𝑊
(I
𝑛𝑇
⊗H𝐻
0

) , (7)

where R
𝑊
= 𝐸[vec(W) vec(W)𝐻] is the correlation matrix of

W. Therefore, to get R, the weights correlation matrix must
be

R
𝑊
= (I
𝑛𝑇
⊗H−1
0

)R (I
𝑛𝑇
⊗ (H−1
0

)

𝐻

) . (8)

As example, to emulate a Rayleigh channel with correla-
tion matrix R, we will generate realizations of the matrix W
according to

vec (W) = R1/2
𝑊

vec (W
𝑊
) , (9)

where R
𝑊

is given by (8) and vec(W
𝑊
) is an i.i.d. complex

Gaussian vector: vec(W
𝑊
) ∼ CN(0, I

𝑛𝑅𝑛𝑇
). The realizations

of W
𝑊

can be efficiently generated, in real time, within the
FPGA or DSP of the Tx.

2.2.2. Emulation of Channels with Arbitrary Mean. Let H be
a random channel matrix with mean 𝐸[H] = M. From (3),
M = H

0
M
𝑊
, where M

𝑊
= 𝐸[W]. Therefore, to emulate a

channel with mean M, the mean of the weights matrix must
be

M
𝑊
= H−1
0

M. (10)

Let us write that H = H̃ +M and W = W̃ +M
𝑊
, where

H̃ = H
0
W̃. The covariance matrix of H, C, is the correlation

matrix of H̃. Similarly, the covariance matrix ofW,C
𝑊
, is the

correlation matrix of W̃. Then, from (7),

C = (I
𝑛𝑇
⊗H
0
)C
𝑊
(I
𝑛𝑇
⊗H𝐻
0

) . (11)

Therefore, to emulate a MIMO channel with covariance
matrix C, the covariance matrix of the coefficients must be

C
𝑊
= (I
𝑛𝑇
⊗H−1
0

)C (I
𝑛𝑇
⊗ (H−1
0

)

𝐻

) . (12)

As example, to emulate a Ricean channel with mean M
and covariance matrix C, we will generate realizations of W
according to

vec (W) = vec (M
𝑊
) + C1/2
𝑊

vec (W
𝑊
) , (13)

whereM
𝑊
andC

𝑊
are given by (10) and (12), respectively. As

it was mentioned, realizations ofW
𝑊
can be easily generated,

in real time, within the FPGA or DSP of the testbed Tx.

2.3. Emulation of MIMO Channels Based on Dual-Polarized
Antennas. The use of dual-polarized antennas at the Tx and
Rx leads to a 2 × 2MIMO channel. The diagonal elements of
the channel matrix correspond to transmission and reception
on the same polarization, while off-diagonal elements corre-
spond to transmission and reception on orthogonal polar-
ization. Assuming Rayleigh fading, the channel is usually
modeled approximately as follows [11–13]:

vec (H) = vec (X) ⊙ (R1/2 vec (H
𝜔
)) , H

𝜔
∼ CN (0, I) ,

(14)

where ⊙ stands for the Hadamard product, R is now the so-
called polarization correlation matrix (usually it is approx-
imated in terms of the transmit and receive polarization
correlation matrices: R = R𝑇

𝑡

⊗ R
𝑟
), and X is the polarization

leakage matrix given by

X = [
√1 − 𝛼 √𝛼

√𝛼 √1 − 𝛼

] , (15)

where 𝛼 is a parameter which depends on the cross polariza-
tion discrimination (XPD) of the antennas and of the cross
polarization coupling (XPC) of the propagation environment,
often collectively referred to as XPD.

In order to emulate a Rayleigh channel with given
polarization correlation matrix, R, and polarization leakage
matrix,X, one simply should use the weights vectorW given
by

W = X ⊙W, (16)

whereW is obtained from (8) and (9) as a function ofR. Now,
the emulated channel will be

H = H
0
W = X ⊙H

0
W. (17)

Then,

vec (H) = vec (X) ⊙ (I
𝑛𝑇
⊗H
0
) vec (W) . (18)

Considering (9) and (7),

vec (H) = vec (X) ⊙ (I
𝑛𝑇
⊗H
0
)R1/2
𝑊

vec (W
𝑊
)

= vec (X) ⊙ R1/2 vec (W
𝑊
) ,

(19)

which is exactly the model (14).
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3. Hardware Implementation

The requirements for the hardware implementation of the
proposed MIMO OTA testing method are as follows.

(i) A Tx and an Rx with adequate number of antennas
(see Section 2).

(ii) A weighting block at the Tx where the baseband sig-
nals, s, are linearly combined according to the ade-
quate weights,W.

(iii) Channel estimation capability at the Rx baseband
processor.

The DUTs can be any part of the Tx and/or Rx (antennas,
elements of the analog front ends (AFEs), MIMO algorithms
implemented at the BB processors, etc.). The DUT can be
also the complete Rx, provided that its BB processor is able
to estimate the equivalent baseband channel,H

0
.

Figure 2 shows the hardware implementation scheme.

3.1. Hardware Description. Regarding hardware implementa-
tion, in the Tx, we add a new block called weighting block to
the existing BB processor. This block is in charge of applying
the weights calculated in Section 2. In general, the weighting
block consists of 𝑛

𝑅
𝑛
𝑇
complex multipliers (each one com-

prising 4 real multipliers and 2 real adders) and 2 complex
adders (each one comprises 2 real adders). The baseband in-
phase and quadrature (IQ) signal samples, s, are generated by
the baseband (BB) processor and weights, W, are fed, along
with the signal, to the complex multipliers. The outputs of
the weighting block, x, are converted to the analog domain by
𝑛
𝑅
dual digital-to-analog converters (DAC) and then upcon-

verted to RF signals by the analog front-end (AFE). As stated
before, there does not exist additional processing or extra
hardware at the receive side.

This methodology requires a preliminary estimation of
the actual MIMO channel, H

0
, which is typically performed

by the Rx processor at the Rx (it can be carried out as
described in [10]). The weights are scaled within the range
[−1, 1] to ensure that in their maximum value the IQ signals
are not affected by saturation that can occur at the weighting
block or at the DACs. If a higher dynamic range is desired,
there exists a control that allows varying the transmit power
amplifier (PA) gain at the AFE.

As Figure 2 shows, the weighting block is fitted into the
transmit FPGA. The DACs have 14 bits of resolution, so the
output of theweighting blockmust be truncated to 14 bits.The
transmit weight vector falls in the range [−1, 1] with one bit
for the sign and 15 bits for the decimal part.

3.2. System Operation. The whole system is able to work in
twomodes, each suited to different requirements. On the first
mode, the system emulates a block-fading channel, that is,
within a block-fading period, the desired channel,H, remains
constant, varying from block to block according to some
underlying distribution. To emulate a block-fading channel,
the user should change the weights from time to time, and as
a result, the time among channel realizations is determined
by user decisions and the delays related to weight uploading

Table 1: Average SNR of the estimates ofH
0

.

ℎ
11

ℎ
21

ℎ
12

ℎ
22

SNR (dB) 28.8073 22.3865 22.5993 21.7302

and application. This implementation takes advantage of the
fact that the maximal Doppler frequency of typical fading
channels is often much smaller than the symbol rate or even
the data frame size and that fading variation within channel
coherence time is small.

The second operation mode considers a sample-based
weight application, hence the possibility of emulating high
demand variability environments. In this case, the weight
realizations obtained from (4) and the transmit signals are
stored in the synchronous dynamic random access memory
(SDRAM) and are applied in a sample by sample manner. In
a sample-based weight delivering, the sampling frequency of
the transmitter determines the time resolution at which the
channel realizations are applied.The limitation is that the data
must be prestored in memory, which is finite.

4. Validation and Test

The method described in the previous section was imple-
mented in a 2×2 testbed (see Figure 2), operating at 5.6GHz,
using themultiantenna testbed nodes described in [1, 10].The
aim was to emulate a sequence of 200 MIMO 2 × 2 channel
realizations, H[𝑛]. The first 20 samples of H[𝑛] are depicted
in Figure 4 with circle markers.

Firstly, the actual channelH
0
between the Tx andRx units

of the testbedwas estimated 100 times along 90 seconds using
the method described in [10]. The estimates are depicted in
Figure 3 showing the lack of variability of the channel in the
laboratory.

Table 1 illustrates the performance of the channel estima-
tion, where the signal-to-noise ratio (SNR) values are given
by

SNR =
𝐸 (






ℎ
0

𝑖,𝑗







2

)

var (ℎ0
𝑖,𝑗

)

, (20)

being ℎ0
𝑖,𝑗

the corresponding entry of H
0
, and 𝐸() and var()

being the sample expectation and variance, respectively.
More details about the channel estimation algorithm and its
performance can be found in [10].

Once H
0
was estimated, the corresponding sequence of

weight matrices,W[𝑛], was calculated from (4). Each weight
realization was fed to the weighting block and the overall
channel realizations H

𝑒
[𝑛] were estimated using again the

method of [10]. These estimates are also depicted in Figure 4
but with squaremarkers.The figure shows an excellent agree-
ment between the sequence to emulate, H[𝑛], and the actual
emulated channels H

𝑒
[𝑛]. Similar agreement was observed

for the rest of samples.
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Figure 3: Estimates ofH
0

. (a) Receive antenna 1. (b) Receive antenna 2.

Table 2: Performance of the emulation scheme.

ℎ
11

ℎ
21

ℎ
12

ℎ
22

SNR (dB) 31.2819 21.9089 22.7801 18.7281

Table 2 shows the performance of thewhole channel emu-
lation procedure, where the SNR values are

SNR =
𝐸 (






ℎ
𝑖,𝑗







2

)

𝐸 (






ℎ
𝑖,𝑗
− ℎ
𝑒

𝑖,𝑗







2

)

, (21)

ℎ
𝑖,𝑗

and ℎ𝑒
𝑖,𝑗

being with the corresponding entries of H and
H
𝑒
, respectively. Comparing the values of Tables 1 and 2, one

concludes that the emulation errors are mainly due to the
errors in the estimation ofH

0
.

5. Conclusions

This work proposes a simple and flexible method for nar-
rowband MIMO OTA testing. It allows testing under any
MIMO channel avoiding the need of channel emulators and
other facilities like anechoic and reverberation chambers.The
method is based on the linear combination of the baseband
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Figure 4: Comparison between the desired channelH[𝑛] and the actual emulated channelH
𝑒

[𝑛].

signals at the Tx.The solution is fully flexible in the sense that
it can emulate any baseband equivalent channel realization
by properly choosing the weights of the linear combination.
These weights can be easily computed as functions of the
channel to emulate and the actual channel between the Tx
and Rx.Themethod relies on the stationarity of such channel
in the laboratory where the testbed is placed. In a preliminary
stage, this channel must be estimated by the BB processor at
the Rx. In general, to emulate a 𝑛

𝑇
× 𝑛
𝑅
MIMO channel, a

testbed with 𝑛
𝑅
×𝑛
𝑅
antennas is required.TheDUTs could be

at the Tx and/or at the Rx. The DUT can be also a complete
Rx provided that the BB processor at the Rx is able to estimate
the equivalent baseband channel. The scheme is also well
suited to test MIMO-specific algorithms (space-time coding,
spatial multiplexing, etc.) that are usually implemented in the
Tx and Rx baseband processors. To show its feasibility and
performance, the proposed method was implemented on a
conventional MIMO testbed with excellent results.
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An easy and efficient approach, based on artificial intelligence technique, is proposed to jointly estimate the amplitude, elevation,
and azimuth angles of far field sources impinging on 2-L-shape array. In these proposed artificial intelligence techniques, the
metaheuristics based on genetic algorithm and simulated annealing are used as global optimizers assisted with rapid local version
of pattern search for optimization of the adaptive parameters.The performance metric is employed on a fitness evaluation function
depending on mean square error which is optimum and requires single snapshot to converge. The proposed approaches are easy
to understand, and simple to implement; the genetic algorithm specifically hybridized with pattern search generates fairly good
results. The comparison of the given schemes is carried out with 1-L-shape array, as well as, with parallel-shape array and is found
to be in good agreement in terms of accuracy, convergence rate, computational complexity, andmean square error.The effectiveness
and efficiency of the given schemes are examined through Monte Carlo simulations and their inclusive statistical analysis.

1. Introduction

Two-dimensional direction of arrival (2DDOA) estimation
for multiple signals received at sensors array is one of the
indispensable steps for adaptive beamformer to maneuver
the main beam in any preferred direction, while allocating
nulls in the direction of unwanted signals [1, 2]. From this
perspective, 2DDOA estimation has direct applications in
radar, sonar, andmobile communications [3].Themost com-
mon problem in 2DDOA estimation includes pair matching
between elevation and azimuth angles, estimation failure and
computational complexity. In the literature, many algorithms
have already been discussed in the last two decades to
estimate 2-DDOA [4–7], but they have the aforementioned
problems. In [8], Wu et al. proposed an algorithm based
on propagator method (PM) to overcome the computational
load of [7], but it fails to avoid the pair matching problem and
estimation failure problem in the range of 1.2217 (radians) to
1.5708 (radians). Moreover, the parallel-shape array is used

in [8] which not only needs more sensors but also requires
a large number of snapshots to achieve the goal (at least
200 snapshots per sensor are required). Besides that, [8]
also failed to estimate the sources amplitudes which also an
important parameter to be estimated.

In order to overcome these problems, we thank evolu-
tionary computing techniques (ECTs) and L-shape arrays (1-L
and 2-L shape). It is well acknowledged in the literature that
ECTs such as genetic algorithm (GA), ant colony optimiza-
tion (ACO), differential evolution (DE), and particle swarm
optimization (PSO) have achieved great success in solving
different optimization problems especially in the field of array
signal processing [9, 10]. These techniques have got attention
among the researchers due to their ease in understanding,
simplicity in implementation, and less probability to get stuck
in the local minima. One of the othermost significant aspects
of ECT is that their accuracy and reliability increase more
when hybridized with any other capable algorithm such as
pattern search (PS), interior point algorithm (IPA), and active
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Figure 1: 2-L shape array consists of three subarrays.

set algorithm (ASA) [11–15]. In [13], GA is hybridized with
IPA for 3D source localization of near field sources impinging
on uniform linear array (ULA), and the hybrid GA-IPA
approach has shown better performance as compared to GA
and IPA alone. In [14], PSO is mixed with PS to estimate
the DOA of far field sources, and again the hybrid PSO-PS
technique produced better results as compared to PSO [9]
and PS alone. GA is hybridized with PS to jointly estimate 3D
parameters (amplitude, elevation angle, and azimuth angle)
of far field sources arriving at 1-L shape array and again
the results of hybrid GA-PS technique were remarkable as
compared to GA and PS alone [15]. In [13–15], every time GA
and PSO are treated as global optimizers, while PS and IPA
are used as local search optimizers and mean square error
(MSE) is used as a fitness function.

In this paper, an easy and efficient approach based
on hybridized GA with PS (GA-PS) and hybrid simulated
annealing (SA) technique with PS (SA-PS) are developed
for joint estimation of amplitudes and 2-DDOA of far field
sources impinging on 2-L-shape array. In these approaches
GA and SA are exploited as global optimizers, while PS is
incorporated for rapid local search to improve the results
further. Mean square error (MSE) is used as an objective
function based on an error between actual and estimated
signals which is basically derived from maximum likelihood
principle [13]. This fitness function needs single snapshot to
achieve the results and avoids any uncertainty among the
angles that are supplement to one another. The validity and
effectiveness of the proposed approaches are tested on a large
number of simulationswhich include different cases based on
a different number of sources, a different number of sensors,
computational complexity, and the proximity of the sources.
Initially, the results of GA, PS, SA, SA-PS, and GA-PS are
compared with each other for 2-L-shape array, and then, the
entire results are compared with the results of 1-L-shape array
[15]. Later on, the results are also compared with parallel
shape array which uses PM [8].

Throughout the paper, thematrices are denoted by capital
bold letters, while vectors are expressed by small bold letters,
whereas “𝑇” denotes the transpose of vectors or matrices.

The left behind paper is organized as follows: the problem
formulation is discussed in Section 2, whereas its proposed
methodology is provided in Section 3. Section 4 demon-
strates the comprehensive simulations along with the discus-
sion of the results, while conclusion and future directions for
the research are revealed in Section 5.

2. Problem Formulation

In this section, we addressed the unknown parameters of the
received signals. Consider a 2-L-shape array which consists
of three uniform linear arrays (ULAs) placed along 𝑥-axis, 𝑦-
axis, and 𝑧-axis. Each ULA contains𝑀−1 elements with the
same interelement spacing “𝑑”, while the reference sensor is
common for all subarrays as shown in Figure 1 [16]. Consider
𝐾 narrow band sources impinging on the 2-L-shape array
where 𝑠

𝑖
, 𝜃
𝑖
, and 𝜙

𝑖
are the 𝑖th source amplitude, elevation

angle, and azimuth angle, respectively.
Output Vector along 𝑧-Axis Subarray. The subarray along 𝑧-
axis is used to estimate the elevation angle.The signal received
at 𝑙th element from𝐾 sources can be written as

𝑤
𝑧𝑙
=

𝐾

∑

𝑖=1

𝑏
𝑧𝑙
(𝜃
𝑖
) 𝑠
𝑖
+ 𝛼
𝑧𝑙
, (1)

where 𝑙 = 0, 1, 2, . . . ,𝑀 − 1.
In matrix-vector form, the output of entire subarray can

be written as

w
𝑧
= B
𝑧
(𝜃) s + 𝛼

𝑧
, (2)

where B is called steering matrix, which contains steering
vectors; that is,

B
𝑧
= [b
𝑧0
, b
𝑧1
, . . . , b

𝑧𝑀−1
]
𝑇

, (3)

where
b
𝑧𝑙
= [𝑏
𝑧𝑙
(𝜃
1
) , 𝑏
𝑧𝑙
(𝜃
2
) , . . . , 𝑏

𝑧𝑙
(𝜃
𝑘
)] ,

𝑏
𝑧𝑙
(𝜃
𝑖
) = exp (−𝑗𝜓

𝑙,𝑖
) , 𝜓

𝑙,𝑖
=

2𝜋𝑙𝑑 cos 𝜃
𝑖

𝜆

for 𝑖 = 1, 2, . . . , 𝐾.

(4)

Similarly, in (2),

w
𝑧
= [𝑤
𝑧0
, 𝑤
𝑧1
, . . . , 𝑤

𝑧𝑀−1
]
𝑇

,

s = [𝑠
1
, 𝑠
2
, . . . , 𝑠

𝐾
]
𝑇

,

𝛼
𝑧
= [𝛼
𝑧0
, 𝛼
𝑧1
, . . . , 𝛼

𝑧𝑀−1
]
𝑇

,

(5)

where 𝛼
𝑧
is called additive white Gaussian noise (AWGN)

added at the output of each sensor placed in 𝑧-axis subarray.
Output Vector along 𝑥-Axis Subarray. The subarray along 𝑥-
axis is used to estimate the 𝑥-component of azimuth angle
and elevation angle. The output at 𝑙th sensor placed in the 𝑥-
axis subarray for 𝐾 sources can be written as

𝑤
𝑥𝑙
=

𝐾

∑

𝑖=1

𝑏
𝑥𝑙
(𝜃
𝑖
, 𝜙
𝑖
) 𝑠
𝑖
+ 𝛼
𝑥𝑙
. (6)



International Journal of Antennas and Propagation 3

Table 1: Parameter settings for GA, SA, and PS.

GA PS SA
Parameters Settings Parameters Setting Parameters Setting
Population size 240 Poll method GPS positive basis 2N Annealing function Fast
No. of generations 1000 Polling order Consecutive Reannealing interval 100

Migration direction Both ways Maximum iteration 800 Temperature update
function

Exponential
temperature update

Crossover fraction 0.2 Function evaluation 16000 Initial temperature 100
Crossover Heuristic Mesh size 01 Data type Custom
Function tolerance 10–12 Expansion factor 2.0 Function tolerance 10–12
Initial range [0-1] Contraction factor 0.5 Max iteration 2000

Scaling function Rank Penalty factor 100 Max function evaluations 3000∗ number of
variables

Selection Stochastic
uniform Bind tolerance 10–03 Temperature update

function
Exponential

temperature update
Elite count 2 Mesh tolerance 10–06

Mutation function Adaptive
feasible X tolerance 10–06 Hybrid function call

interval End

In vector-matrix form, it can be written as

w
𝑥
= B
𝑥
(𝜃, 𝜙) s + 𝛼

𝑥
, (7)

where

B
𝑥
= [b
𝑥0
, b
𝑥1
, . . . , b

𝑥𝑀−1
]
𝑇

,

b
𝑥𝑙
= [𝑏
𝑥𝑙
(𝜃
1
, 𝜙
1
) , 𝑏
𝑥𝑙
(𝜃
2
, 𝜙
2
) , . . . , 𝑏

𝑥𝑙
(𝜃
𝑘
, 𝜙
𝑘
)] ,

𝑏
𝑥𝑙
(𝜃
𝑖
, 𝜙
𝑖
) = exp (−𝑗𝜓

𝑙,𝑖
) , 𝜓

𝑙,𝑖
=

2𝜋𝑙𝑑 sin 𝜃
𝑖
cos𝜙
𝑖

𝜆

.

(8)

Similarly,

w
𝑥
= [𝑤
𝑥0
, 𝑤
𝑥1
, . . . , 𝑤

𝑥𝑀−1
]
𝑇

,

𝛼
𝑥
= [𝛼
𝑥0
, 𝛼
𝑥1
, . . . , 𝛼

𝑥𝑀−1
]
𝑇

,

(9)

where 𝛼
𝑥
is AWGN added at the output of each sensor in 𝑥-

axis subarray.
Output Vector along 𝑦-Axis Subarray. In the same manner,
the 𝑦-axis subarray is used to estimate the 𝑦-component of
elevation and azimuth angle. The output at 𝑙th sensor in this
subarray is given as follows:

𝑤
𝑦𝑙
=

𝐾

∑

𝑖=1

𝑏
𝑦𝑙
(𝜃
𝑖
, 𝜙
𝑖
) 𝑠
𝑖
+ 𝛼
𝑦𝑙
,

w
𝑦
= B
𝑦
(𝜃, 𝜙) s + 𝛼

𝑦
,

(10)

where

B
𝑦
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𝑦1
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𝑦𝑀−1
]

𝑇

, (11)

where
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1
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2
, 𝜙
2
) , . . . , 𝑏

𝑦𝑙
(𝜃
𝑘
, 𝜙
𝑘
)] ,

𝑏
𝑦𝑙
(𝜃
𝑖
, 𝜙
𝑖
) = exp (−𝑗𝜓

𝑙,𝑖
) , 𝜓

𝑙,𝑖
=

2𝜋𝑙𝑑 sin 𝜃
𝑖
sin𝜙
𝑖

𝜆

.

(12)

Similarly,

w
𝑦
= [𝑤
𝑦0
, 𝑤
𝑦1
, . . . , 𝑤

𝑦𝑀−1
]

𝑇

,

𝛼
𝑦
= [𝛼
𝑦0
, 𝛼
𝑦1
, . . . , 𝛼

𝑦𝑀−1
]

𝑇

,

(13)

where 𝛼
𝑦
is AWGN added at the output of each sensor in 𝑦-

axis subarray. Here, the problem in hand is very clear which
is to estimate the unknown parameters, that is, amplitudes
and 2D-DOA (elevation, azimuth) angles for 𝐾 sources
impinging from far field on 2-L-shape array.

3. Proposed Techniques

In this section, a brief introduction, parameter setting, and
flow diagram are given for GA, PS, SA, GA-PS, and SA-PS.
Simulated Annealing. Simulated annealing (SA) technique is
used for both discrete and continuous optimization prob-
lems. SA works on those problems, which have controlled
heating and cooling properties as evident from its name
“annealing”, which means “To heat and then cool.” Due
to easiness in implementation and the capability to avoid
getting stuck in local minima, SA is a well-liked technique
over the last few decades and has been successfully used in
wide range of engineering problems [17]. In this paper, an
MATLAB “built-in optimization tool box” is used for which
the parameter setting is shown in Table 1. The best individual
result of SA is further passed through PS for further tuning.
Pattern Search. Pattern search (PS) was introduced byHookes
and Jeeves in 1961 which does not require the gradient or
derivative of the problem and can be used for both local
and global optimization problems. Basically, PS works on
mesh which is defined according to some specific rules. If no
improvement in cost function is achieved at the mesh points
of current iteration, then themesh is polished and the process
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Figure 2: Generic structure of the hybrid intelligent approach.

is repeated. It has already got application almost in every field
such as signal processing and soft computing [18].
Genetic Algorithm. GA is basically different from previously
discussed algorithm (SA and PS) and is applicable to a wide
range of optimization problems. GA is amore prominent and
proficient algorithm than any other evolutionary computing
technique due to its ease in conception, ease in implementa-
tion, andmore importantly less probability to get stuck in the
presence of local optima. GA is being successfully applied to
a wide range of problems having application in commerce to
the leading scientific research [19, 20]. The structure of GA
exploited for the joint estimation is given in Figure 2.

The general settings consisting of population size, num-
ber of generations of the algorithm, function evaluations,
and stoppage criteria are defined in Table 1, along with some
specific parameter setting/values of the three algorithms
based on GA, PS, and SA.

The logical steps for GA andGA-PS in the form of pseudo
code are given in the following steps.

Step 1 (initialization). Generate randomly𝑄 number of chro-
mosomes (particles) where the length of each chromosome is
3×𝐾. In each chromosome, the first𝐾 genes represent ampli-
tudes, the next𝐾 genes contain the elevation angles, while the

last 𝐾 genes represent the azimuth angles. Mathematically,
the 𝑞th chromosome can be written as

d
𝑞
= [𝑠
𝑞,1
, 𝑠
𝑞,2
, . . . , 𝑠

𝑞,𝐾
, 𝜃
𝑞,𝐾+1

, . . . , 𝜃
𝑞,2𝐾

, 𝜙
𝑞,2𝐾+1

, . . . , 𝜙
𝑞,3𝐾

] .

(14)

Here, 𝑠
𝑞𝑗
∈ 𝑅 : 𝐿

𝑎
≤ 𝑠
𝑞𝑗
≤ 𝑈
𝑎
where 𝐿

𝑎
and 𝑈

𝑎
are the lower

and upper bounds of signal amplitudes ∀𝑞 = 1, 2, . . . , 𝑄 and
𝑗 = 1, 2, . . . , 𝐾. In the same way, the elevation and azimuth
angles are

𝜃
𝑞𝑗
∈ 𝑅 : 0 ≤ 𝜃

𝑞𝑗
≤ 𝜋,

∀𝑞 = 1, 2, . . . , 𝑄, 𝑗 = 𝐾 + 1,𝐾 + 2, . . . , 2𝐾,

𝜙
𝑞𝑗
∈ 𝑅 : 0 ≤ 𝜙

𝑞𝑗
≤ 2𝜋,

∀𝑞 = 1, 2, . . . , 𝑄, 𝑗 = 2𝐾 + 1, 2𝐾 + 2, . . . , 3𝐾.

(15)

Step 2 (objective function). MSE is used as an objective
evaluation function, which is derived fromMLP [13]. For 𝑞th
chromosome, it can be written as

𝐸 (𝑞) = 𝐸
𝑥
(𝑞) + 𝐸

𝑦
(𝑞) + 𝐸

𝑧
(𝑞) , (16)

where
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(17)

𝑤
𝑧
, 𝑤
𝑥
, and 𝑤

𝑦
are defined in (1), (3), and (7), respectively,

while 𝑤𝑞
𝑥

, 𝑤
𝑞

𝑦

, and 𝑤𝑞
𝑧

at 𝑙th element of each subarray for 𝑞th
chromosome are given as

𝑤
𝑞

𝑥𝑙

=

𝐾
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𝑖=1

exp [−𝑗𝜋𝑙 sin (𝑑
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𝑤
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𝑧𝑙
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𝐾

∑
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exp [−𝑗𝜋𝑙 cos (𝑑
𝑞,𝐾+𝑖

)] 𝑑
𝑞,𝑖
,

(18)

where 𝑑
𝑞
is defined in (14).

Step 3 (termination criteria). The termination criteria
depending on the following conditions are achieved.

(a) If the objective function value is achieved, which is
predefined, that is, 𝜀 ≤ 10−12.

(b) The total number of iterations is completed.
(c) The Tol Fun exceeded.
(d) Tol Con occurred.
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Table 2: Estimation accuracy of 2-L-shape array for 2 sources.

Scheme 𝑠
1

𝑠
2

𝜃
1

(rad) 𝜃
2

(rad) 𝜙
1

(rad) 𝜙
2

(rad)
Desired values 1.0000 2.0000 0.5236 0.8727 1.2217 1.9199
GA 1.0003 2.0003 0.5240 0.8731 1.2221 1.9203
PS 1.0020 2.0021 0.5259 0.8748 1.2239 1.9220
SA 1.0977 2.0178 0.5385 0.8889 1.2361 1.9284
SA-PS 1.0047 2.0047 0.5278 0.8770 1.2260 1.9242
GA-PS 1.0000 2.0000 0.5235 0.8726 1.2216 1.9198

Table 3: Estimation accuracy of 1-L-type array for 2 sources [15].

Scheme 𝑠
1

𝑠
2

𝜃
1

(rad) 𝜃
2

(rad) 𝜙
1

(rad) 𝜙
2

(rad)
Desired values 1.0000 2.0000 0.5236 0.8727 1.2217 1.9199
GA 1.0008 2.0008 0.5243 0.8735 1.2225 1.9207
PS 1.0032 2.0033 0.5268 0.8759 1.2249 1.9231
SA 1.0196 2.0195 0.5432 0.8923 1.2413 1.9395
SA-PS 1.0063 2.0063 0.5299 0.8790 1.2281 1.9263
GA-PS 1.0003 2.0002 0.5233 0.8723 1.2220 1.9195

Step 4 (reproduction). New population is generated by using
the operators of crossover, elitism, and mutation selection as
provided in Table 1.

Step 5 (hybridization). In this step, the finest results got
through GA are further given to PS for more improvement.
The setting used for PS is also provided in Table 1.

Step 6 (storage). Store global best of the current iteration
which will be used for comparison and better statistical
analysis, and repeat Steps 2 to 5 for enough numbers of
independent runs.

4. Results and Discussions

This section is broadly divided into two parts. In first part of
simulations, GA, PS, SA, GA-PS, and SA-PS are examined for
2-L-shape array in terms of estimation accuracy, convergence
rate, and at the same time, the results are compared with 1-
L-shape array [15]. In the second part, the performance of
the best scheme among the above-mentioned five schemes
for 2-L-shape array is not only compared with 1-L-shape
array but also with parallel-shape array [8]. Throughout
the simulations, the distance “𝑑” between two consecutive
sensors in each subarray is kept 𝜆/2. All the values of the
DOA (elevation and azimuth angle) of sources are taken in
radian (rad), and all the results for 2-L-shape array are carried
out for threshold value of MSE 10−2. The MATLAB built-in
“OptimizationTool Box” is used forGA, SA, and PS forwhich
the settings are provided in Table 1. As in [15], no noise is
added to the system for estimation accuracy and convergence
rate. All the results are comprehensively examined for 100
independent runs.

Case 1. In this case, the estimation accuracy of GA, PS,
SA, GA-PS, and SA-PS is discussed for two sources imping-

ing on 2-L-type array. For better comparison and analysis,
all the values of amplitudes and DOA are the same as in [15]
for 1-L-shape array, so the amplitudes and DOA values
are {𝑠

1
, 𝑠
2
, 𝜃
1
, 𝜃
2
, 𝜙
1
, 𝜙
2
} = {1, 2, 0.5236 (rad), 0.8727 (rad),

1.2217 (rad), 1.9199 (rad)} where 𝑠
1
, 𝜃
1
, and 𝜙

1
represent the

amplitudes, elevation angle, and azimuth angles of first source
and so on. The 2-L-shape array is composed of 4 sensors
in which 1 sensor is placed along each subarray, while
the reference sensor is common for them. As provided in
Table 2, all the five mentioned techniques are quite capable of
producing fairly good estimate of the actual values. However,
among them, the hybrid approach GA-PS produced better
results as compared to the other techniques used.The second
and third best results are provided by GA and PS, respective
ly. The results of SA are also improved when hybridized with
PS.

The results of 1-L-shape array for 2 sources are provided
in Table 3 which requires 7 sensors [15]. The 1-L-shape array
in [15] also uses the same techniques. One can clearly deduce
from the comparison of Tables 2 and 3 that 2-L-shape array
produced more accurate results as compared to 1-L-shape
array with less number of sensors.

Case 2. In this case, the estimation accuracy of all the above-
mentioned five techniques is discussed for three sources
impinging on 2-L-shape array. This time the 2-L-shape array
consists of 7 sensors; that is, 2 sensors are placed along each
subarray, while the reference sensor is common for them.
For better comparison with 1-L-type array, the same values of
amplitudes and DOA are used as in [15], which are provided
in Table 4. In this case, few local minima are observed due to
which the performance of all five techniques especially SA,
SA-PS, and PS is despoiled. However, again the hybrid GA-
PS shows excellence in accuracy even in the presence of local
minima. The second best result is shown by GA alone.

Now compare the results with 1-L-type array as provided
in Table 5 which requires thirteen sensors [15]. Now, one can
observe that 2-L-shape array not only requires less number of
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Table 4: Estimation accuracy of 2-L-type array for 3 sources.

Scheme 𝑠
1

𝑠
2

𝑠
3

𝜃
1

(rad) 𝜃
2

(rad) 𝜃
3

(rad) 𝜙
1

(rad) 𝜙
2

(rad) 𝜙
3

(rad)
Desired values 1.0000 2.0000 3.0000 0.1745 0.8727 1.3090 0.5236 1.9199 2.4435
GA 1.0043 2.0043 3.0042 0.1788 0.8769 1.3132 0.5278 1.9243 2.4478
PS 1.0189 2.0190 3.0189 0.1934 0.9005 0.8917 0.5427 1.9389 2.4624
SA 1.0509 2.0508 3.0509 0.2254 0.9237 1.3598 0.5744 1.9708 2.4944
SA-PS 1.0342 2.0342 3.0343 0.2087 0.9069 1.3432 0.5581 1.9541 2.4778
GA-PS 1.0003 2.0004 3.0003 0.1748 0.8730 1.3094 0.5240 1.9202 2.4439

Table 5: Performance of 1-L-type array for 3 sources [15].

Scheme 𝑠
1

𝑠
2

𝑠
3

𝜃
1

(rad) 𝜃
2

(rad) 𝜃
3

(rad) 𝜙
1

(rad) 𝜙
2

(rad) 𝜙
3

(rad)
Desired values 1.0000 2.0000 3.0000 0.1745 0.8727 1.3090 0.5236 1.9199 2.4435
GA 1.0073 2.0073 3.0073 0.1818 0.8800 1.3163 0.5309 1.9272 2.4508
PS 1.0278 2.0277 3.0277 0.2023 0.9005 1.3368 0.5514 1.9477 2.4713
SA 1.0610 2.0611 3.0610 0.2355 0.9337 1.3700 0.5846 1.9809 2.5045
SA-PS 1.0432 2.0432 3.0432 0.2177 0.9159 1.3522 0.5668 1.9631 2.4867
GA-PS 1.0011 2.0011 3.0011 0.1756 0.8738 1.3101 0.5247 1.9210 2.4446

sensors but also produces more accurate results as compared
to 1-L-shape array.

Case 3. In this case, the estimation accuracy is examined for
4-sources. The 2-L-shape array consists of 10 sensors; that is,
3 elements are placed along each subarray, while the reference
element is common for them. As provided in Table 6, again
the hybrid GA-PS leads the edge over the remaining four
techniques in terms of estimation accuracy. The results for 1-
L-shape array for the same schemes and the same number of
sources are provided in Table 7 which needs fifteen sensors
[15]. One can again make out the advantages of 2-L-shape
array over 1-L-type array in terms of accuracy and the number
of sensors required.

Case 4. In this case, the convergence rate is evaluated for 2-L-
shape array against a different number of sources in the pres-
ence of 10 dB noise. As shown in Figure 3, the convergence
rates of all schemes are degraded with the increase of sources.
However, one can notice that the convergence rate of GA is
remarkable in case of hybridization with PS. The second best
convergence is produced by GA itself alone.

Now, by comparing with 1-L-shape array whose conver-
gence rate is shown in Figure 4, one can conclude that all the
five schemes have better convergence rate for 2-L-shape array
as compared to 1-L-shape array.

Case 5. In this case, we checked the validation of all tech-
niques for more practical scenario; that is, we considered
DOA on the reference axis of L-shape arrays. For this, the 2-
L-shape array is composed of 12 sensors where the amplitudes
and DOA of the four sources are

{𝑠
1
= 2, 𝜃
1
= 1.5702 (rad) , 𝜙

1
= 0 (rad)} ,

{𝑠
2
= 5, 𝜃
2
= 1.2217 (rad) , 𝜙

2
= 6.2832 (rad)} ,
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Figure 3: Convergence rate versus number of sources for 2-L-shape
array at 10 dB noise.

{𝑠
3
= 1, 𝜃
3
= 0 (rad) , 𝜙

3
= 4.7124 (rad)} ,

{𝑠
4
= 4, 𝜃
4
= 1.0472 (rad) , 𝜙

4
= 1.5702 (rad)} .

(19)

As provided in Table 8, an obvious degradation can be
observed in the estimation accuracy of each scheme for all
the elevation angles taken near the reference axis, while for
azimuth angle near the reference axis, the accuracy is slightly
degraded. However, among all of them the GA-PS technique
is less degraded as compared to the others.

Now, if we check the same DOA using 1-L-shape array,
then one can see in Table 9 that the estimation accuracy of all
schemes is degraded more as compared to 2-L-shape array.

Up till now, the performance of GA, PS, SA, SA-PS, and
GA-PS is discussed for both 1-L- and 2-L-type arrays, and it
has been shown through various cases that GA-PS produced
fairly good results for both arrays. So, from now onwards,
our focus will be limited to the GA-PS technique only. In the
upcoming second part of the simulations, we will compare
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Table 6: Performance of 2-L-type array for 4 sources.

Scheme 𝑠
1

𝑠
2

𝑠
3

𝑠
4

𝜃
1

(rad) 𝜃
2

(rad) 𝜃
3

(rad) 𝜃
4

(rad) 𝜙
1

(rad) 𝜙
2

(rad) 𝜙
3

(rad) 𝜙
4

(rad)
Desired 1.0000 2.0000 3.0000 4.0000 0.2618 0.6109 1.0472 1.4835 1.6581 2.1817 2.7925 3.4034
GA 1.0102 2.0103 3.0103 4.0102 0.2721 0.6212 1.0576 1.4937 1.6683 2.1920 2.8028 3.4137
PS 1.0313 2.0312 3.0313 4.0314 0.2932 0.6423 1.0787 1.5148 1.6895 2.2132 2.8239 3.4348
GA-PS 1.0040 2.0042 3.0043 4.0040 0.2659 0.6151 1.0514 1.4877 1.6624 2.1858 2.7966 3.4077
SA 1.1011 2.1010 3.1012 4.1010 0.3628 0.7122 1.1483 1.5846 1.7594 2.2829 2.8937 3.5044
SA-PS 1.0787 2.0786 3.0785 4.0787 0.3405 0.6895 1.1260 1.5624 1.7369 2.2606 2.8713 3.4821

Table 7: Performance of 1-L-type array for 4 sources [15].

Scheme 𝑠
1

𝑠
2

𝑠
3

𝑠
4

𝜃
1

(rad) 𝜃
2

(rad) 𝜃
3

(rad) 𝜃
4

(rad) 𝜙
1

(rad) 𝜙
2

(rad) 𝜙
3

(rad) 𝜙
4

(rad)
Desired 1.0000 2.0000 3.0000 4.0000 0.2618 0.6109 1.0472 1.4835 1.6581 2.1817 2.7925 3.4034
GA 1.0163 2.0163 3.0162 4.0163 0.2781 0.6272 1.0635 1.4998 1.6744 2.1980 2.8088 3.4197
PS 1.0425 2.0425 3.0426 4.0426 0.3043 0.6534 1.0897 1.5260 1.7006 2.2242 2.8350 3.4468
GA-PS 1.0083 2.0083 3.0083 4.0083 0.2701 0.6192 1.0555 1.4918 1.6664 2.1900 2.8008 3.4117
SA 1.1263 2.1263 3.1263 4.1164 0.3881 0.7372 1.1735 1.6098 1.7844 2.3080 2.9188 3.5306
SA-PS 1.0932 2.0932 3.0932 4.0932 0.3550 0.7041 1.1404 1.5767 1.7513 2.2749 2.8857 3.4966
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Figure 4: Convergence rate versus number of sources for 1-L-shape
array at 10 dB noise.

the GA-PS technique used for 2-L-shape array not only with
GA-PS technique used for 1-L-shape array but also with PM
which utilizes parallel-shape array [8].

Case 6. In this case, the estimation accuracy in terms of
MSE is discussed for GA-PS technique against the increasing
number of sources. For this, the 2-L-shape array is composed
of 13 sensors, while the 1-L-shape array is consisting of 19
sensors. As shown in Figure 5, the MSE is degraded for both
L-shape arrays against the increasing number of sources.
However, theMSE ofGA-PS for 2-L-shape array is better than
1-L-shape array.

Case 7. In this case, Tables 10, 11, and 12 list the variances,
means, and standard deviations for parallel-shape array with
PMmethod and L-shape arrayswith hybridGA-PS approach.
For this, the elevation angle varies between 1.2217 (rad) and
1.5708 (rad) for a fixed azimuth angle of 0.6109 (rad) in the
presence of 10 dB noise.
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M
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 (d
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)
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Figure 5: MSE versus number of sources at 10 dB noise.

The performance of PMmethodwith parallel-shape array
is worse for this range of elevation angle, while the 2-L-shape
array with GA-PS technique produced accurate estimation.
The second best result is produced by GA-PS for 1-L-shape
array. This range of elevation angles is very important for
mobile communication, and hence, 2-L-shape array with
GA-PS is a good choice to be used. Moreover, the range of
elevation and azimuth angles for 2-L-shape array is (0, 𝜋) and
(0, 2𝜋), respectively, while the parallel-shape array and 1-L-
shape array have the range of elevation, and azimuth angles
are (0, 𝜋/2) and (0, 2𝜋), respectively, so both arrays cannot be
operated for elevation angles beyond 𝜋/2. For more details,
the readers are encouraged to see [21].

Case 8. In this case, we discussed the computational com-
plexity of GA-PS used for L-shape arrays and PM with
parallel-shape array.The PM required total𝑂 (3×𝑀×𝑇×𝐾)

computationswhere𝑀 is the total number of sensors,𝐾 is the
total number of sources, and 𝑇 is the number of snapshots
which is 200 [8]. On the other hand, the major computa-
tions involved in GA-PS with 2-L-shape array include the
total number of multiplication in fitness function 𝑂(𝑄2(3 +
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Table 8: Performance of 2-L-type array for sources located on reference axis.

Scheme 𝑠
1

𝑠
2

𝑠
3

𝑠
4

𝜃
1

(rad) 𝜃
2

(rad) 𝜃
3

(rad) 𝜃
4

(rad) 𝜙
1

(rad) 𝜙
2

(rad) 𝜙
3

(rad) 𝜙
4

(rad)
Desired 2.0000 5.0000 1.0000 4.0000 1.5702 1.2217 0.0000 1.0472 0.0000 6.2832 4.7124 1.5702
GA 1.9897 5.0105 0.9897 4.0103 1.6633 1.2321 0.0838 1.0573 0.0192 6.3041 4.6914 1.5900
PS 2.0315 4.9688 0.9687 3.9687 1.7139 1.2485 0.1623 1.0785 0.0314 6.2500 4.7473 1.6090
GA-PS 2.0039 4.9958 1.0044 4.0041 1.6197 1.2259 0.0524 1.0514 0.0105 6.2919 4.7211 1.5830
SA 1.8989 5.1011 1.1010 3.8989 1.3439 1.3231 0.2234 1.1483 0.0489 6.3303 4.7613 1.5237
SA-PS 1.9213 4.9214 1.0783 3.9213 1.7453 1.3001 0.1955 1.1261 0.0401 6.3216 4.7490 1.5341

Table 9: Performance of 1-L-type array for sources located on reference axis [15].

Scheme 𝑠
1

𝑠
2

𝑠
3

𝑠
4

𝜃
1

(rad) 𝜃
2

(rad) 𝜃
3

(rad) 𝜃
4

(rad) 𝜙
1

(rad) 𝜙
2

(rad) 𝜙
3

(rad) 𝜙
4

(rad)
Desired 2.0000 5.0000 1.0000 4.0000 1.5702 1.2217 0.0000 1.0472 0.0000 6.2832 4.7124 1.5702
GA 2.0163 4.9837 1.0162 3.9837 1.7069 1.2381 0.1396 1.0635 0.0357 6.3190 4.7483 1.6059
PS 2.0425 4.9575 1.0426 4.0426 1.7698 1.2643 0.1991 1.0897 0.0598 6.3430 4.7721 1.6299
GA-PS 1.9917 5.0083 1.0083 4.0083 1.4661 1.2300 0.1065 1.0555 0.0375 6.2798 4.7301 1.5910
SA 2.1263 5.1263 0.8737 3.8836 1.8500 1.3480 0.2741 1.1735 0.0792 6.3467 4.7741 1.5067
SA-PS 1.9068 5.0932 0.9068 4.0932 1.3334 1.3150 0.2287 1.1405 0.0668 6.3328 4.7563 1.265

Table 10: Means, variances, and standard deviations at 10 dB noise
for different elevation angles and fixed azimuth angle by using PM
with parallel-shape array [8].

𝜃 in radians for
𝜙 = 0.6109 (rad)

Mean of 𝜃
(rad)

Variance of 𝜃
(rad)

Standard deviation
of 𝜃 (rad)

1.2392 1.2227 0.0123 0.0146
1.2915 1.2728 0.0171 0.0167
1.3439 1.3207 0.0228 0.0200
1.3963 1.3696 0.0403 0.0265
1.4486 1.4155 0.0822 0.0379
1.5010 1.4552 0.1250 0.0467
1.5533 1.4784 0.1631 0.0534

Table 11: Means, variances, and standard deviations at 10 dB noise
for different elevation angles and fixed azimuth angle by using GA-
PS with 1-L-shape array [15].

𝜃 in radians for
𝜙 = 0.6109 (rad)

Mean of 𝜃
(rad)

Variance of 𝜃
(rad)

Standard deviation
of 𝜃 (rad)

1.2392 1.2394 2.0963𝑒 − 006 1.9128𝑒 − 004

1.2915 1.2913 2.2918𝑒 − 006 2.0000𝑒 − 004

1.3439 1.3436 2.4819𝑒 − 006 6.5816𝑒 − 004

1.3963 1.3965 3.8608𝑒 − 006 2.5959𝑒 − 004

1.4486 1.4493 2.1907𝑒 − 006 1.9554𝑒 − 004

1.5010 1.5012 3.6759𝑒 − 006 2.5329𝑒 − 004

1.5533 1.5535 2.3424𝑒 − 006 2.0219𝑒 − 004

16×𝐾)) plus the multiplications involved in crossover which
is approximately 16 × 𝑄

2 and the multiplication required
for PS which is 16 × 𝐾. So, the total number of major
multiplications involved in GA-PS for 2-L-shape array is
𝑂 (𝑄
2

((3+32×𝐾))+16×𝐾). Similarly, themajor computations

Table 12: Means, variances, and standard deviations at 10 dB noise
for different elevation angles and fixed azimuth angle by using GA-
PS with 2-L-shape array.

𝜃 in radians for
𝜙 = 0.6109 (rad) Mean of 𝜃 Variance of 𝜃 Standard deviation

of 𝜃
1.2392 1.2392 2.6389𝑒 − 007 6.7866𝑒 − 005

1.2915 1.2915 1.9565𝑒 − 007 5.8436𝑒 − 005

1.3439 1.3439 4.0858𝑒 − 007 8.4446𝑒 − 005

1.3963 1.3964 2.5674𝑒 − 007 6.6940𝑒 − 005

1.4486 1.4487 2.3073𝑒 − 007 6.3459𝑒 − 005

1.5010 1.5011 5.9533𝑒 − 007 1.0193𝑒 − 004

1.5533 1.5534 2.0944𝑒 − 007 6.0460𝑒 − 005

required for GA-PS with 1-L-shape array are 𝑂 (𝑄2((3 + 20 ×
𝐾)) + 20 × 𝐾)), where 𝑄 is the number of particles which
is 12 in this work. The GA-PS technique with 2-L-shape
array is less computationally expensive as compared to PM
schemewith parallel-shape array [8].However, it is littlemore
computationally expensive from GA-PS with 1-L-shape array
[15].

Case 9. In this simulation, we compared the RMSE of GA-
PS used for 2-L-shape array with its counterpart used for
1-L-shape array [15] as well as with PM for parallel-shape
array [8]. In this, a single source is considered which has
elevation and azimuth angles 1.0472(rad) and 1.9199(rad),
respectively. The values of signal to noise ratio (SNR) are
ranging from 5 dB to 25 dB. For GA-PS with L-shape arrays,
we have used 10 log ×√(MSE) where MSE is defined in (16).
It is quite obvious from Figure 6, that GA-PS with 2-L-shape
array maintained minimum values of RMSE for all values of
SNR.The second best RMSE ismaintained by another GA-PS
technique with 1-L-shape array.
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Table 13: Comparison among 2-L-shape aray, 1-L-shape array [15] and parallel-shape array [8].

Property Parallel-shape array [8] 1-L-shape array [15] 2-L-shape array
Scheme used PM GA-PS GA-PS
Elevation and azimuth angles range (0, 𝜋/2), (0, 2𝜋) (0, 𝜋/2), (0, 2𝜋) (0, 𝜋), (0, 2𝜋)
Number of estimated sources 2 2 2
Number of sensors required 33 7 4
Number of Snapshots required 𝑀 ∗ 𝑇 1 1
Pair matching Required Not required Not required
Failure estimation 1.2217 (rad) to 1.5708 (rad) No failure No failure
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Figure 6: Root mean square error versus SNR.

Case 10. In Table 13, some general properties of parallel-
shape array [8], 1-L-shape array [15] and 2-L-shape array are
listed. The main drawbacks of parallel-shape array with PM
method include estimation failure in the range of 1.2217 (rad)
to 1.5708 (rad), its computational complexity, pair matching
problem, and need of more sensors. Some of the drawbacks
are covered in 1-L-shape array by using GA-PS technique.
However, the main disadvantage of 1-L-shape array [15] is
the range limitation of elevation angles beyond 𝜋/2, and it
also requires more sensors. The 2-L-shape array with GA-PS
technique is more effective and requires not only a minimum
number of sensors but also covers the range of elevation angle
beyond 𝜋/2 to 𝜋 which is of great practical importance in
mobile communication [21].

5. Conclusion and Future Work Direction

In this work, five techniques, that is, GA, PS, SA, SA-PS,
and GA-PS, are used to jointly estimate amplitude, elevation
angle and azimuth angle of far field sources impinging on 2-
L-shape array. It has been shown through various simulations
that the hybrid GA-PS technique is the best technique among
them. It was also found that theGA-PS technique used for 2-L
shape array performed well in terms of estimation accuracy,
convergence rate, RMSE, number of sensors required as
compared to 1-L-shape array and PM for parallel-shape
array. Hence, GA-PS approach with 2-L-shape array is more
practical and less expensive in terms of hardware budget for
wireless communications.

In future, one can look into same hybrid approach for null
steering and sidelobe reduction as well.
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A time domain channel prediction method exploiting features of sparse channel is proposed for orthogonal frequency division
multiplexing (OFDM) systems.Theproposed predictor operates in the time domain on each channel tap and separates the negligible
taps from significant channel taps before performing prediction.We also compare the proposed predictionmethodwith the classical
frequency domain method realized at each OFDM subcarrier and demonstrate that our method increases the prediction accuracy
and reduces the computational complexity. Simulations on the physical channel model verify the performance of the proposed
method.

1. Introduction

OFDM has received considerable interest for its advantages
of converting frequency-selective fading channels into a
parallel collection of frequency flat subchannels and reducing
intersymbol interference (ISI) [1]. Adaptive transmission is
a promising technique to provide a good throughput per-
formance for OFDM systems [2]. In adaptive transmission,
accurate channel state information (CSI) for the upcoming
transmission frame is needed. In fast variation channels, the
estimated CSI will be soon outdated, and channel prediction
is the sole way to provide the future CSI.

Due to the parallel transmission scheme of OFDM sys-
tems, existing channel predictors are often realized at each
OFDM subcarrier in the frequency domain [3].The variation
at each subcarrier is a combined variation of multiple taps,
which makes it difficult to accurately predict the channel. In
the time domain, some effective channel predictors (such as
[4]) have been proposed. In practical terms, wireless channels
are often sparse [5]; that is, there are not so many channel
taps with significant energy (if compared to the number of
subchannels of OFDM), and several approaches have been
proposed to exploit this property in channel estimation.
One of the most widely used approaches is significant tap
selection method [5, 6], which uses a measure to determine
which channel tap is significant. In contrast to the significant

tap selection approach, the matching pursuit type algorithm
is employed in [7, 8] to estimate channel taps iteratively
by maximizing the correlation of a column of the mixture
matrix with the residual signal. More recently, the new field
of compressive sensing has proposed effective solutions to
exploit channel sparsity, such as [9, 10]. However, the existing
time domain predictors ignore this sparsity of radio channel.

This paper presents a new time domain predictor exploit-
ing the features of sparse channel for OFDM systems. Firstly,
the proposed predictor transforms the estimated frequency
domain channel samples in time domain and operates on
each channel tap. Secondly, the predictor separates the negli-
gible taps from the significant channel taps before performing
prediction. The proposed predictor mainly has the following
characteristics.

(1) The proposed channel predictor operates on channel
taps in the time domain impulse response. Each
channel tap contains a number of subpaths, while the
variation at each subcarrier of OFDM is a combined
variation of all taps. Thus, the single channel tap with
less subpaths is more predictable than the subcarrier
of OFDM [11].

(2) In sparse channel, many channel taps have no energy
at all except for estimation noise. Separating those
negligible channel taps from the significant ones
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in channel will eliminate the noise perturbation and
make the prediction more accurate.

(3) Since the number of significant channel taps is much
smaller than that of OFDM subcarriers, the proposed
time domain method operating on the significant
channel taps has a much lower prediction complexity
than the frequency domain method.

(4) As the number of significant channel taps to be
predicted is small, we can employ the predictor with
higher complexity but having a superior tracking
ability for each tap, without worrying about the
overall computational complexity.

The rest of this paper is organized as follows. Section 2
describes the system model. Section 3 proposes the time
domain prediction method exploiting the features of sparse
channel. Section 4 illustrates the performance evaluation,
while Section 5 is the conclusion.

2. System Model

We consider an OFDM modulation system with 𝐾 sub-
carriers operating over a wideband channel. The receiver
architecture is shown in Figure 1. Note that the cyclic-prefix
(CP) discarding is omitted in this figure. The received signal
is

𝑟 [𝑛] =

𝐿𝑡−1

∑

𝑙=0

ℎ [𝑛, 𝑙] 𝑠 [𝑛 − 𝑙] + 𝑧 [𝑛] , (1)

where𝐿
𝑡
is the channel’smaximumdelay, 𝑠[𝑛] is the baseband

transmit signal, 𝑧[𝑛] is additive noise, and ℎ[𝑛, 𝑙] is the radio
channel given as

ℎ [𝑛, 𝑙] =

𝐿

∑

𝑖=0

ℎ [𝑛, 𝑙
𝑖
] 𝛿 [𝑙 − 𝑙

𝑖
] , (2)

where ℎ[𝑛, 𝑙
𝑖
] is the complex amplitude of 𝑖th tap at time 𝑛,

and 𝐿 is the number of channel taps. Note that 𝐿 is usually
much smaller than 𝐿

𝑡
due to the fact that the time domain

impulse response of sparse channel consists of a large number
of zero taps in the standard uniform tapped delay model.

In the receiver, the discrete-Fourier-transform (DFT)
output frequency domain subcarrier symbol is [3]

𝑅 [𝑚; 𝑘] = FFT
𝐾
{𝑟 [𝑛]} = 𝐻 [𝑚; 𝑘] 𝑆 [𝑚; 𝑘] + 𝑍 [𝑚; 𝑘] ,

(3)

where 𝑅[𝑚; 𝑘] is the received signal at the 𝑘th subcarrier
of the 𝑚th OFDM symbol, 𝑆[𝑚; 𝑘] is the transmitted signal
modulating the 𝑘th subcarrier of the 𝑚th OFDM symbol,
𝑍[𝑚; 𝑘] is the corresponding noise, and 𝐻[𝑚; 𝑘] is the
channel coefficient given as

𝐻[𝑚; 𝑘] =

𝐿𝑡−1

∑

𝑙=0

ℎ [𝑚; 𝑙] 𝑒
−𝑗2𝜋𝑙𝑘/𝐾

, (4)

where ℎ[𝑚; 𝑙] is the channel response of the 𝑙th delay in the
𝑚th OFDM symbol, and it is assumed to be constant over

𝑟[𝑛] 𝑅[𝑚; 𝑘] �̂�[𝑚; 𝑘] �̃�[𝑚 + 1; 𝑘]

DFT Channel
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Channel
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Figure 1: OFDM receiver.
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Figure 2: Time domain predictor for sparse channel.

an OFDM symbol duration. Then, the DFT output 𝑅[𝑚; 𝑘]

will be processed by the channel estimator, and we have the
estimation result as [3]

�̂� [𝑚; 𝑘] = 𝐻 [𝑚; 𝑘] +
̂
𝑍 [𝑚; 𝑘] , (5)

where ̂
𝑍[𝑚; 𝑘] is the white Gaussian estimation noise caused

by background noise and the receiver imperfections, with
variance 𝜎

2. Here, we define the estimation SNR as SNR
𝑒
=

𝐸[|𝐻[𝑚; 𝑘]|
2

]/𝜎
2.

Existing channel predictors for OFDM are often realized
in the frequency domain. For the 𝑘th (𝑘 = 0, 1, . . . , 𝐾 − 1)

subcarrier, the frequency domain method is given by

�̃� [𝑚 + 1; 𝑘] =

𝑝−1

∑

𝑖=0

𝑤
∗

𝑖

[𝑚; 𝑘] �̂� [𝑚 − 𝑖; 𝑘] , (6)

where �̃�[𝑚 + 1; 𝑘] is the predicted channel sample at the
𝑘th subcarrier, 𝑤

𝑖
[𝑚; 𝑘] is the prediction coefficient at the

𝑘th subcarrier, and 𝑝 is the prediction order. The prediction
coefficients can be updated using adaptive algorithm, and it
will be introduced in next section.

3. The Proposed Time Domain Method

In OFDM systems, the entire channel is divided into many
narrow parallel subchannels, and so it is easy to under-
stand why the frequency domain methods realize at each
OFDM subcarrier as (6). However, the frequency domain
methods will be limited on the following grounds. Firstly,
as introduced in Section 1, the subchannel of OFDM is not
as predictable as the channel tap in time domain. Secondly,
the number of OFDM subcarriers is much larger than that
of taps in sparse channel, which leads to a high prediction
complexity. Last but not least, the nonsignificant channel
taps can be neglected to eliminate the noise perturbation
and to make the prediction more accurate. The proposed
time domain channel prediction method is described in the
following.
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For 𝑙 = 1, . . . , 𝐿 cp − 1,
Compare 
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:
(1) Select the 𝐿

𝑠

significant taps, and perform prediction on each significant tap;
(2) Set the other 𝐿 cp − 𝐿

𝑠

taps as zeros.
For 𝑙 = 𝐿 cp , . . . , 𝐾 − 1,

Set ̃ℎ [𝑚 + 1; 𝑙] = 0 directly.

(Note: 


̂
ℎ
𝑙







2

is the average power of 𝑙th tap, averaged from the previous estimation samples.)

Algorithm 1: Tap selection algorithm.

3.1. Predictor Architecture. The time domain predictor for
sparse channel is shown in Figure 2. The input of the pro-
posed predictor is the frequency domain channel estimation
coefficients �̂�[𝑚; 𝑘], 𝑘 = 0, 1, . . . , 𝐾 − 1. Firstly, a 𝐾-point
IDFT is applied to the input, which yields

̂
ℎ [𝑚; 𝑙] = IFFT

𝐾
{�̂� [𝑚; 𝑘]} . (7)

Secondly, tap selection algorithm will select the significant
channel taps. Then, if ̂

ℎ[𝑚; 𝑙], the 𝑙th estimated tap is
significant, and it will be applied to the predictor with
prediction coefficients d[𝑚; 𝑙]; otherwise, it will be set as zero.
Finally, the predicted time domain channel coefficients will
be transformed back to frequency domain

�̃� [𝑚 + 1; 𝑘] = FFT
𝐾
{
̃
ℎ [𝑚 + 1; 𝑙]} . (8)

In the proposed method, an additional operation is trans-
formation between time and frequency domains. Due to
the employment of FFT implementations, the computational
complexity of the transformation is very low. In the following,
we introduce the tap selection and the adaptive prediction
algorithms.

3.2. Tap Selection. Assume that the CP length of OFDM
system is 𝐿cp, and the channel’s maximum delay does not
exceed 𝐿cp. Then, for 𝑙 = 0, . . . , 𝐿cp − 1, the time domain
channel estimation of (7) can be written as

̂
ℎ [𝑚; 𝑙] = {

ℎ [𝑚; 𝑙] + 𝜍 [𝑚; 𝑙] , significant tap,
𝜍 [𝑚; 𝑙] , zero-valued tap,

(9)

while for 𝑙 = 𝐿cp, . . . , 𝐾 − 1, we have

̂
ℎ [𝑚; 𝑙] = 𝜍 [𝑚; 𝑙] , (10)

where 𝜍[𝑚; 𝑙] = IFFT
𝐾
{
̂
𝑍[𝑚; 𝑘]} is the noise, in time

domain. In this paper, we use the most significant channel
tap approach [5] to identify the significant channel taps. The
selection algorithm is shown in Algorithm 1.

3.3. Adaptive Prediction. Since radio channel is time varying
in practice, the predictor should adjust itself with the goal of
tracking the change of channel. Least-mean-squares (LMS)

and recursive-least-squares (RLS) [12] are twomajor adaptive
methods used for channel prediction. It is well known that the
LMS predictor is simple to implement, but its ability to track
time-varying channel is also limited. In contrast, RLS predic-
tor has a superior tracking ability, but with a much higher
complexity. As a result, when computational complexity is a
primary concern, the RLS will not be broadly adopted by the
frequency domain methods, as too many predictors will be
involved in such methods. In this paper, through exploiting
the features of sparse channel, the proposedmethod only uses
a small number of predictor. Hence, the RLS can be adopted
for channel predictionwithout worrying about the prediction
complexity. For significant channel taps, the RLS predictor is
as follows:

̃
ℎ [𝑚 + 1; 𝑙] = d𝐻 [𝑚; 𝑙]

̂h [𝑚; 𝑙] , (11)

where

d [𝑚; 𝑙] = [𝑑
0
[𝑚; 𝑙] , . . . , 𝑑

𝑝−1
[𝑚; 𝑙]]

𝑇

,

̂h [𝑚; 𝑙] = [
̂
ℎ [𝑚; 𝑙] , . . . ,

̂
ℎ [𝑚 − 𝑝 + 1; 𝑙]]

𝑇

(12)

are the prediction coefficient vector and the estimated time
domain channel coefficient vector, and 𝑝 is the prediction
order. The updated equation of RLS is as follows:

d [𝑚; 𝑙] = d [𝑚 − 1; 𝑙] + k [𝑚 − 1; 𝑙] 𝑒
∗

[𝑚; 𝑙] , (13)

where

𝑒 [𝑚; 𝑙] =
̂
ℎ [𝑚; 𝑙] − d𝐻 [𝑚 − 1; 𝑙]

̂h [𝑚 − 1; 𝑙] (14)

is the prediction error, and

k [𝑚; 𝑙] =

p [𝑚 − 1; 𝑙]
̂h [𝑚; 𝑙]

𝜆 +
̂h𝐻 [𝑚; 𝑙] p [𝑚 − 1; 𝑙]

̂h [𝑚; 𝑙]

(15)

is theRLS gain vector, where𝜆 is the forgetting factor. Further,
the matrix p[𝑚; 𝑘] can be calculated recursively as

p [𝑚; 𝑙] =

1

𝜆

(I − k [𝑚; 𝑙]
̂h𝐻 [𝑚; 𝑙]) p [𝑚 − 1; 𝑙] . (16)

4. Simulation Results

In this paper, we compare the NMSE performance of five
channel prediction methods.
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(1) Frequency domain (FD) method shows prediction at
each OFDM subcarrier in the frequency domain; that
is, �̂�[𝑚; 𝑘], 𝑘 = 0, 1, . . . , 𝐾 − 1.

(2) Time domain (TD) method shows prediction on each
channel tap in the time domain; that is, ̂ℎ[𝑚; 𝑙], 𝑙 =

0, 1, . . . , 𝐾 − 1.
(3) The first 𝐿cp taps of time domain (𝐿cp-𝑇𝐷) show

prediction on each of the first 𝐿cp channel taps; that
is, ̂

ℎ[𝑚; 𝑙], 𝑙 = 0, 1, . . . , 𝐿cp − 1.
(4) The 𝐿

𝑠
significant taps of time domain (𝐿

𝑠
-𝑇𝐷) show

prediction on each of the 𝐿
𝑠
significant channel taps,

which are selected by the tap selection algorithm.
(5) Exact time domain (exact-TD) method shows that the

𝐿 channel taps are known exactly, and the prediction
is operated on each of the𝐿 channel taps.Thismethod
provides a reference in the comparison.

The five methods all employ RLS predictors for predic-
tion. All RLS predictors have the same parameters: the order
𝑝 = 10 and the forgetting factor 𝜆 = 0.9.

In this paper, we use the standardized 3GPP channel
models [13], which model the realistic scattering environ-
ments and generate realistic fading datasets, to test our
prediction algorithm. The urban microscenario with 𝐿 =

6 taps is simulated for performance evaluation. The car-
rier frequency is 2GHz and the velocity of MS is 10m/s,
which leads to amaximumDoppler shift about𝑓max = 67Hz.
The data sampling rate is set as 8MHz, while the sampling
rate used for channel estimation is set as 𝑓

𝑠
= 8𝑓max, which

is much lower than the data rate and higher than double of
the maximum Doppler shift. In this simulation, 200 channel
samples are generated. The first 100 samples are used for
observation and the prediction training, while the second
100 samples are for performance evaluation. The FFT size of
OFDM system is 128, the CP length 𝐿cp is 32, and the number
of significant taps is set as 𝐿

𝑠
= 2𝐿 according to [5].

The performance of different predictors is compared in
terms of the NMSE defined as

NMSE =

𝐸 [






H (𝑚) − H̃ (𝑚)







2

]

𝐸 [‖H (𝑚)‖
2

]

, (17)

where

H (𝑚) = [𝐻 [𝑚; 0] , . . . , 𝐻 [𝑚;𝐾 − 1]]
𝑇

,

H̃ (𝑚) = [�̃� [𝑚; 0] , . . . , �̃� [𝑚;𝐾 − 1]]

𝑇

(18)

are real and predicted frequency domain channel coefficient
vectors.

The NMSE performance versus the estimation SNR for
different predictors is shown in Figure 3. According to
Figure 3, we have the following results.

(1) The NMSE performance of TD method is better than
that of FD method. It is because the single channel
tap is more predictable than the subcarrier of OFDM
whose variation is a combined variation of all taps.
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Figure 3: NMSE performance comparison for different channel
predictors.

(2) The performance of 𝐿cp-TD is better than TD
method. It is because the noise taps whose delays are
larger than 𝐿cp are separated.

(3) The performance of 𝐿
𝑠
-TD is better than 𝐿cp-TD. It

is because 𝐿
𝑠
-TD can separatemore negligible taps by

exploiting sparse channel features.

(4) The exact-TD method provides a reference in the
comparison. It represents the best NMSE perfor-
mance achievable by exploiting the features of sparse
channel.

(5) The numbers of RLS predictors employed by FD, TD,
𝐿cp-TD, and𝐿

𝑠
-TD are𝐾,𝐾,𝐿cp, and𝐿

𝑠
, respectively.

As 𝐿
𝑠
is small, 𝐿

𝑠
-TD has a lower computational

complexity than the other three methods.

5. Conclusion

A new time domain approach for OFDM channel prediction
is proposed, based on the features of sparse channel thatmany
channel taps have no energy at all except for estimation noise,
as well as the fact that the channel tap in time domain is more
predictable than the subchannel in frequency domain. The
proposed method separates the negligible channel taps and
only performs prediction on the significant ones. Also, the
RLS algorithm with superior tracking ability is employed to
predict each significant tap. Although the coefficients update
of RLS is complex, the overall computational complexity
of the prediction method is not high, due to the limited
quantity of significant channel taps. The effectiveness of
the proposed approach is validated by the simulations on
the physical channel model. As a result, the novel channel
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prediction method can exploit the features of sparse channel
and improve the prediction performance.

Future works will focus on the application of the pro-
posed approach to adaptive transmission schemes inmultiple
antenna systems, including transmit selection diversity and
adaptive beamforming.
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Wepropose a novel precoding algorithm that is a zero-forcing (ZF)method combinedwith adaptive beamforming in theWorldwide
Interoperability for Microwave Access (WiMAX) system. In aMultiuser Multiple-Input Multiple-Output (MU-MIMO) system, ZF
is used to eliminate theMultiple Access Interference (MAI) in order to allow several users to share a common resource.The adaptive
beamforming algorithm is used to achieve the desired SNR gain. The experimental system consists of a WiMAX base station that
has 2 MIMO elements, each of which is composed of three-array antennas and two mobile terminals, each of which has a single
antenna. Through computer simulations, we verified that the proposed method outperforms the conventional ZF method by at
least 2.4 dB when the BER is 0.1%, or 1.7 dB when the FER is 1%, in terms of the SNR. Through a hardware implementation of the
proposed method, we verified the feasibility of the proposed method for realizing a practical WiMAX base station to utilize the
channel resources as efficiently as possible.

1. Introduction

MU-MIMO technology [? ? ] and array antenna technology,
which is often referred to as a beamforming system [? ?
], have received extremely keen interest as next-generation
communication technologies because they allow for drastic
enhancement of system throughput and energy efficiency.

To realize anMU-MIMO system, the problem ofMultiple
Access Interference (MAI) caused by sharing a common
resource by multiple mobile terminals must be resolved. In
order to remove the MAI, a signal vector to be transmitted
from the base station is precoded. In this paper, we adopt a
zero-forcing (ZF) precoder to remove the MAI that employs
an inversion of the channel matrix as a weight of the
transmitting signal vector [? ]. ZF is known to be the simplest
precoding method. ZF eliminates the MAI by using the
inverse of channel matrix as its precoder.

To realize a beamforming system, the phase to be applied
to each antenna element must be determined in such a way
that the signal transmitted to the target mobile terminal

becomes in-phase when it arrives at the target terminal.
In order to control the phase of each transmitted signal
as described earlier, the Direction of Arrival (DOA) of the
target user must be known to the base station. However,
the DOA is not generally known. Based on the previous
conditions, we adopted theOrdinary Lagrange Beamforming
(OLB) algorithm to estimate the DOA for the target user(s) [?
].

We implemented the precoding algorithm combinedwith
the OLB on a WiMAX system. The base station consists of
two MIMO elements, each of which is composed of a three-
element beamforming array. Through computer simulations,
we verify that the proposed method outperforms conven-
tional ZF by about 2.4 dB when the BER is 0.1%, or by 1.7 dB
when the FER is 1%. Furthermore, the proposed method
outperforms conventional ZF even further when the SNR
becomes lower, because the proposed technique reduces the
channel estimation error.

This paper is organized as follows. Section 2 describes the
system models and algorithms. And the implementation is
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also shown in Section 2. Section 3 compares the performance
of the proposed and conventional methods, while Section 4
concludes this paper.

2. Materials and Methods

2.1. System Model and Algorithm. Figure 1 illustrates the
structure of our system, which includes a base station con-
sisting of two MIMO elements, each of which is composed
of three-element array, and two users, each of which adopts a
single antenna. We assume that the antenna separation is 𝜆/2
where 𝜆 denotes the wavelength at the carrier frequency. And
we assume that a channel correlation between array antennas
is very high. In Figure 1, 𝑢

𝑘
is the modulation signal for the

𝑘th user, and 𝑥
𝑖
is the precoded signal to be transmitted from

the 𝑖th MIMO element, with

𝑥 =

𝐻
−1

𝑢






𝐻
−1

𝑢







(1)

for 𝑢 = [𝑢
1
𝑢
2
]
𝑇 and 𝑥 = [𝑥

1
𝑥
2
]
𝑇. In (1), 𝐻 is a 2 × 2

RayleighMIMO channel matrix, and ℎ
𝑘,𝑖
denotes the channel

response for the (𝑘, 𝑖)th component of 𝐻, which means the
channel between the 𝑖th MIMO element and the 𝑘th user.
Note that the channel inversion,𝐻−1, is the precoder. When
using the ZF as the precoder, two users can share a common
resource without theMAI.The precoded signal 𝑥

𝑖
is weighted

by the vector𝑤
𝑖

= [𝑤
1,𝑖

𝑤
2,𝑖

𝑤
3,𝑖
]
𝑇 for beamforming, where

𝑙 = 1, 2, 3 is the antenna index and 𝑖 is the MIMO element
index. Thus, the array output is determined as

𝑧
𝑖

= 𝑤
𝑖

⋅ 𝑥
𝑖
, (2)

where 𝑧
𝑖

= [𝑧
1,𝑖

𝑧
2,𝑖

𝑧
3,𝑖
]
𝑇 is the beamformed signal vector

consisting of a signal 𝑧
𝑙,𝑖

to be transmitted from the 𝑙th
array antenna of the 𝑖th MIMO element, while the weight
vector 𝑤

𝑖

is derived by the OLB algorithm in an uplink
system as mentioned earlier. The transmitted signal vector is
normalized to 1. The base station estimates the channel state

information (CSI) of each user to determine the precoder and
beamforming weight vector.

OLB Algorithm. It is assumed that the power of a desired
signal is much larger than that of interference signals. In
this circumstance, the OLB algorithm is used to find the
weight vector that maximizes the norm of the beamformed
signal vector. During the process of demultiplexing, the
desired signal has processing gain. Therefore, we can use the
OLB algorithm in a WiMAX system. In the uplink system,
the process of finding the weight vector 𝑤

𝑖

(𝑛) for the 𝑛th
sampling time can be summarized as shown in (3)–(6) [? ].
Consider

𝑅
𝑧𝑧

(𝑛) = 𝑓 ⋅ 𝑅
𝑧𝑧

(𝑛 − 1) + 𝑧
𝑖

(𝑛) ⋅ 𝑧
𝑖

𝐻

(𝑛) , (3)

∇ (𝑛) = 2 (𝑅
𝑧𝑧

(𝑛) ⋅ 𝑤
𝑖

(𝑛 − 1) − 𝛾 (𝑛) ⋅ 𝑤
𝑖

(𝑛 − 1)) , (4)

𝛾 (𝑛) = 𝑏 ±

√𝑏
2

− 𝑎𝑐

𝑎

(where 𝑎 = 𝜇,

𝑏 = 𝜇𝑤
𝑖

𝐻

(𝑛 − 1) ⋅ 𝑅
𝑧𝑧

(𝑛) ⋅ 𝑤
𝑖

(𝑛 − 1) ,

𝑐 = 𝑏 + 2𝑤
𝑖

𝐻

(𝑛 − 1) ⋅ 𝑅
𝑧𝑧

(𝑛) ⋅ 𝑤
𝑖

(𝑛 − 1)) ,

(5)

𝑤
𝑖

(𝑛) = 𝑤
𝑖

(𝑛 − 1) + (

1

2

) 𝜇 ⋅ ∇ (𝑛) . (6)

In (3)–(6), 𝑅
𝑧𝑧

(𝑛) is the autocovariance of the signal
vector 𝑧

𝑖

(𝑛), and 𝜇 denotes the adaptive gain, which is amajor
factor for determining the convergence speed of the adaptive
procedure of finding the DOA shown in (3)–(6) while 𝑓 is a
forgetting factor with 0 < 𝑓 < 1.

2.2. Implementation. In this paper, we implement the proce-
dure of the beamforming MU-MIMO system. We selected a
WiMAX system for our implementation [? ] andmodified the
system to be an MU-MIMO system. The system parameters
of the implemented system are shown in Table 1.

The implementation of the WiMAX system combined
with the proposed scheme, which is shown in Figure 2, can
be described for each part in more detail as follows.

2.2.1. Calculating the Beamforming Weight

(a) Demultiplexing. In theMU-MIMO system, the users share
a data subcarrier, but the pilot subcarrier cannot be shared.
Figure 3 illustrates the pilot subcarrier in the uplink frame
structure.

As shown in Figure 3, since the pilot is not shared among
the users, the demultiplexing can fully exploit the processing
gain. Therefore, we used the pilot to estimate the DOA of



International Journal of Antennas and Propagation 3

FEC 
decoding Deinterleaver Demodulation Depermutation

MU-MIMO
decoding

FFT
FFT
FFT

FFT
FFT
FFT

RF
RF
RF

RF
RF
RF

Weight 
calculating

Channel 
estimation

Weight 
calculating

(a) Uplink

FEC 
encoding Interleaver Modulation Permutation

MU-MIMO
encoding

Weight

Weight

IFFT
IFFT
IFFT

IFFT
IFFT
IFFT

RF

RF
RF

RF

RF
RF

Channel 
state 

information

(b) Downlink

Figure 2: Required procedure for realizing the proposed system.

Fr
eq

ue
nc

y

Time

Fr
eq

ue
nc

y

Time

Pilot subcarrier

Data subcarrier

Null subcarrier

User #1 User #2

Figure 3: Arrangement of pilot subcarrier in uplink frame.

Table 1: Parameters for implementation.

Parameters Base station User
Number of antennas 3 ∗ 2 1
Precoding ZF
Beamforming OLB algorithm
Waveform WiMAX
FEC Convolutional Turbo Coding, 𝑅 = 1/2
Frame duration (DL/UL) 3.1104ms/1.728ms (for 5ms)
TTG/RTG 121.2𝜇s/40.4 𝜇s (161.6 𝜇s)
FFT size 1024
Number of symbols
(DL/UL) 27/15

Modulation scheme 16QAM
𝑓
𝑐

2.3 GHz

𝑧

1st ant.

2nd ant.

3rd ant.
𝑝
𝑘

𝑤Lagrange 
estimator

Processing
gain

𝑝𝑘,BF = 𝑤
𝐻 · 𝑝
𝑘

Figure 4: Block diagram of beamforming system.

the desired user. In addition, the system throughput can be
doubled because a data subcarrier is shared by two users.

(b) OLB Algorithm. To beamform the signal of the 𝑘th user,
the weight vector is derived by using the pilot vector 𝑝

𝑘

that
belongs to the 𝑘th user. As mentioned earlier, in order to
use the OLB algorithm, the desired signal has to have the
largest norm of any of the other signals. The pilot signal,
which is allocated differently for each user, has a processing
gain. Figure 4 shows a block diagram of the beamforming
system implemented with a three-antenna element, which
adopts the OLB algorithm to abstract the pilot signal 𝑝

𝑘,BF
with a beamforming gain.

For the target users of the MU-MIMO system who share
the frequency resource (i.e., subcarrier) of the common
transmit data, the weight vector should be computed in such
a way that the main lobe is provided in the direction of each
of the target users sharing the common resource. Summing
the weight vectors of all target user would be one way of
achieving that purpose [? ].Thefinal weight vector𝑤 can then
be obtained as follows:

𝑤 =

∑
2

𝑘=1

𝑤
𝑘






∑
2

𝑘=1

𝑤
𝑘







. (7)

As shown in (7), the final weight vector 𝑤 is generated by
summing each user’s weight vector𝑤

𝑘

and then normalizing.
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Therefore, the weight vector 𝑤
𝑘

for the 𝑘th user may disturb
the other user’s signals, all of which should be in-phase. Due
to the reason mentioned earlier, beamforming technology
in an MU-MIMO system does not generally provide beam-
forming gain exactly proportional to the number of antenna
elements.

2.2.2. Channel Estimation. Channel estimation can be per-
formed by using the pilot signals, the values of which are
known at the receiver. In this paper, the channel estimation
is first performed along the time axis and later along the
frequency axis. Figure 5 illustrates the procedure of channel
estimation for user #1.

As shown in Figure 3, the pilot signals are mapped
on the grey subcarriers shown in Figure 5. As shown in
Figure 5, interpolation or extrapolation is properly adopted,
and the CSI is estimated depending upon the location of the
data subcarrier. A dotted line indicates a blank. The empty
subcarriers are for user #2’s pilot signals. The CSIs of all
users are estimated for each antenna element composing the
proposed beamforming MU-MIMO system.

Array antenna system

Additional 
antennaAnt #1 Ant #2 Ant #3

Figure 6: Array antenna system with added calibration antenna.

2.2.3. Precoding and Beamforming. The precoder for the
uplink system is designed based on the CSI estimation
described in Section 3.2. In this paper, ZF has been adopted
as the precoder. When ZF is used as the precoder, two
users can share the same resource without interference. As
mentioned earlier, the channel inversion matrix is the ZF
precoder. The CSI is estimated as shown in Figure 5. The
precoded signal, which is transferred to the MIMO element,
is then processed by the beamforming procedure shown in
Figure 2(b). We constrained the transmit power to be one for
the experimental tests as well as for the computer simulations.

2.2.4. Calibration. Since each antenna element and its asso-
ciated path must exhibit a different phase characteristic from
the others, even if the same signal is applied to the feeding
port of each transmit antenna, each transmitted signal must
exhibit a different phase characteristic. Calibration is the
procedure of compensating for the phase differences between
each of the antenna elements and the associated antenna
paths. Therefore, if we want to reuse the weight vector
derived in the uplink procedure in the downlink procedure,
calibration is needed. Figure 6 illustrates the array antenna
containing the calibration antenna. An additional antenna is
utilized for transmitting or receiving a test signal to or from
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each antenna for RX and TX calibration. The phase between
the calibration antenna and each of the array antennas is
measured in advance.

2.2.5. Total System Bed. Figure 7 illustrates the overall system
architecture of theMU-MIMO test-bed that adopts ZF-based
precoding combined with beamforming.

As shown in Figure 7, the RF signal is processed in the
Front-End Unit (FEU), while the System Processing Unit

(SPU) and Channel Card Unit (CHU) control and process
the received signals, respectively.The user consists of an FEU,
SPU, CHU, and UDC.

Figure 8 illustrates the CHU, which consists of a GPP
(MPC8280), eight DSPs (TMS320C6416T), and two FPGAs
(Altera Stratix II). In fact, the CHU performs the modem
functionality of WiMAX. Therefore, the proposed algorithm
is implemented in the channel card unit.

The allocation of the functions on the devices and the
complexity of each function are described in the next section.

Figure 9 shows a photo of the implemented MU-MIMO
test-bed.

3. Results and Discussion

This section provides a performance analysis of the proposed
technique, including the precoder and beamformer.

3.1. Complexity. Thecomplexity of the signal processing units
is shown in Table 2.

Table 2 shows the complexity of the signal processing
unit. It also shows how each of the functions has been
allocated on the hardware devices of the implemented system.
As shown in Table 2, the computational burden required
for the functions of the proposed beamforming method,
that is, the weight calculation (implemented for uplink at
DSP-1) andweightmultiplication (implemented for downlink
at FPGA), takes only about 14% of the total complexity.
Note that, as shown in Table 2, both weight calculation
and weight multiplication take about 377K gates while the
required number of gates for the entire uplink and downlink
computations is about (1587 + 1099)K gates.

3.2. Computer Simulation. We show the performance of the
OLB-based beamformer through computer simulations. In
this paper, we used “MATLAB” provided by “MathWorks” in
order to implement the simulation [? ]. It supports various
functions ofmathematics and tools for drawing graphs which
are needed to implement the simulation.

The experimental environment consists of a single base
station and two mobile terminals. The base station is com-
posed of an MU-MIMO system consisting of two MIMO
antenna elements, each of which is a three-element beam-
forming array, while each mobile terminal is equipped with a
single antenna element. We assumed that the received power
of each terminal is the same. We also assumed that the signal
is propagated along the line of sight path. We generated
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Table 2: Complexity of signal processing unit (all the digital signal
processing is performed with 12 bits).

Device Functions Complexity
(K gates)

Uplink

FPGA

Ranging code
Correlator 21.9

FFT 338.2
CP removal 8.3
Timing
synchronization 597.9

Frequency
synchronization 614.3

DSP-1
Delay estimation —
Ranging code
detection —

Weight calculation —

DSP-2

Channel estimation —
MIMO detection —

DSP-3
Demodulation —
FEC decoding —
Deinterleaving

Total logic gates 1580.6

Downlink

FPGA

Weight multiplication 376.8
IFFT 638.2
Permutation 58.9
CP addition 11.4
Preamble 14.2

DSP-1 Calibration —
DSP-2 MIMO encoding —

DSP-3 Modulation —
Concatenation —

DSP-4 Randomization —

DSP-5 FEC —
Interleaving —

Total logic gates 1099.5

Table 3: Parameters for OLB-based beamformer simulation.

Parameters Value
DOA 0∘, 60∘

𝐸
𝑏

/𝑁
𝑜

5 dB
𝑓 in (3) 0.99
𝜇 in (5) 0.01

the OLB-based beamformer in accordance with equations in
Table 2. Simulation parameters are presented in Table 3.

Figure 10 illustrates the beam pattern provided by each of
the three-element arrays at the base station.

As shown in Figure 10, each array provides a beampattern
with a gain of 2 for the DOA of each user, that is, 0∘ and 60∘.
From Table 3, we assumed that the two users are located at 0∘
and 60∘. The error in the main lobe directions occurs because
there are three antenna elements at each array, while there
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Figure 10: Beam pattern provided by a three-element array (two
users located at 0∘ and 60∘).
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Figure 11: BER of MU-MIMO system with conventional ZF only
and ZF with beamforming.

are two users to be supported. In order to provide a high-
resolution beam pattern, the number of antenna elements
at each array should be increased. However, the number of
antenna elements at each array is restricted because each
array must be a single element for the overall MIMO system.

Figure 11 illustrates the performance comparison in terms
of the uncoded BER between twoMU-MIMO systems which
employ conventional ZF [? ] only, which removes theMAI by
using the inverse of channel matrix as its precoder, and ZF
with beamforming, respectively.

From Figure 11, we can observe that the performance of
the proposed method, which employs ZF-based precoding
and OLB-based beamforming, far outperforms the conven-
tional precoding-only MU-MIMO system. When the BER
is 0.1%, for example, the proposed system improves the
BER by about 2.4 dB due to the beamforming gain, which
is shown in Figure 10. Furthermore, the proposed method
outperforms the conventional ZF even further when the SNR
becomes lower, because the proposed technique reduces the
channel estimation error more effectively by exploiting the
beamforming gain.

3.3. Measured FER. This section demonstrates the Frame
Error Rate (FER) performance of the implemented system.
Figure 12 illustrates the FER performance of our simulator
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in comparison with the measured FER obtained from the
implemented system. The system parameters are defined in
Table 1.

From Figure 12, we can compare the FER performance of
the proposed system, that is, ZF + beamforming, and the con-
ventional MU-MIMO system, that is, without beamforming.
The proposed system outperforms the conventional system
by about 1.7 dB when the FER is 1%. It can also be verified
that the measured FER performance coincides very well with
the simulation result.

4. Conclusion

In this paper, we proposed the ZF method combined with
beamforming.The proposed technique was implemented for
experimental tests of WiMAX waveforms. The experimental
environment includes a single base station and two users,
while the base station employs the proposed technique of ZF-
based precoding (for two MIMO elements) and OLB-based
beamforming (for three-element beamforming for each of the
two MIMO elements), while each user is equipped with a
single antenna.

We demonstrated that the proposed algorithm provides
nearly twice the throughput compared to the Single-Input
Single-Output (SISO) system, as well as twice the power gain
compared to the conventional MU-MIMO system with pre-
coding only. We also verified the feasibility of the proposed
precodingmethod for real-time processing of aWiMAX base
station system. The proposed method seems to be a good
solution for increasing the throughput of a given frequency
band.
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A radiationmeasurement system by using optical feeding is proposed.The system replaces conventional electrical feeding to anten-
nas by the optical feeding which is composed of an electrical/optical (E/O) converter, a graded-index (GI) optical fiber, and an opti-
cal/electrical (O/E) converter. The GI fiber is used so as the O/E converter becomes very compact by using a simple means of cou-
pling between the fiber and the photo-diode in the converter. A vertical surface emitting laser (VCSEL) is used in the E/O converter
to make the system available till 6 GHz.This combination also makes the system cost-effective.The validity as well as the advantage
of the system is demonstrated by measuring an ultra-wideband (UWB) antenna both by the optical and electrical feeding systems
and comparing with a calculated result. Ripples in radiation pattern due to the electrical feeding are successfully suppressed by the
optical feeding. For example, in a radiationmeasurement on the azimuth plane at 3GHz, ripple amplitude of 1.0 dB that appeared in
the electrical feeding is reduced to 0.3 dB. In addition, a circularly polarized (CP) antenna is successfully measured by the proposed
system to show that the system is available not only for amplitude but also phase measurements.

1. Introduction

Recently, as wireless mobile devices become smaller and
smaller, antennas used in the devices are required to be very
compact. It becomes even more important to measure pre-
cisely such compact antennas for antenna development.
However, an antenna must be fed when the antenna is to be
measured and the feeding is generally made electrically by
microstrip lines, coaxial cables, and so forth. Electrical feed-
ing lines disturb the radiation of the antenna under test
(AUT) due to their metallic bodies. In addition, there causes
unbalanced currents on the feeding lines to excite unwanted
radiation which interferes the original one. The influence
becomes significant when the AUT is small. As a conse-
quence, ripples or unwanted peaks appear in the radiation
patterns of the AUT. Furthermore, the influence arises not
only on the measurement of amplitude but also phase which
is a very important parameter in some antennas such as a cir-
cularly polarized (CP) antenna.

Using smaller feeding lines and baluns is conventional
technique to reduce the influence of feeding lines on antenna
measurement. Ferrite chokes and cylindrical conductive caps

set on coaxial cables are known to work as balun [1–6].
However, the balun or chokes are only available at narrow and
low frequency band, for example, sleeve balun is generally
designed near quarter wave length so that the bandwidth is
limited [1–5]. On the other hand, replacing electrical feeding
by optical one is an effective solution to this problem. For
example, optical feeding is introduced to shut off unbalanced
currents on electrical feeding lines and avoid influence on
radiation of antenna under test (AUT), for wireless handheld
terminals [7–9], a log-periodic antenna [10], a biconical
antenna [11], a monopole antenna and a log-periodic antenna
[12], a planar inverted F antenna (PIFA) [13], and a dipole
antenna [14]. Both amplitude and phase of radiation are also
evaluated by optical fiber measurement systems [8–10]. In
these examples, a edge-emitting lasers such as distributed
feed-back (DFB) laser and a single-mode fibers have been
implemented. Although the implementations provide wide
band measurement, they need external modulators, precise
alignment, and relatively large spaces [11, 14]. This makes the
system expensive and limits the system miniaturization.

In this paper, we propose a measurement system for
radiation patterns by using optical feeding. We use direct
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modulation on a vertical surface emitting laser (VCSEL) and
a graded-index (GI) optical fiber as transmission line so
as we can realize a compact and cost-effective system and
extend the measuring frequency range up to 6GHz easily.
The VCSEL allows high speed modulation and low driving
current thanks to its surface emission structure [15, 16]. Its
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6.5mm

Figure 4: Rolled UWB antenna for measurement.

emission profile matches very well with a multimode fiber so
that cost-effective and compact butt-joint is available. In addi-
tion, the wafer-level testing makes the VCSEL chips cost-
effective themselves.

To show the validity and the advantage of the system, a
small antenna operating at an ultra-wideband (UWB) ismea-
sured by this system.We investigate the influence of the feed-
ing line by changing its wiring with calculated and measured
results. The measured results are compared with those mea-
sured by a conventional electrical feeding and those obtained
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Figure 8: Measured radiation patterns in 𝑥𝑦-plane at 5GHz for optical and electrical feedings.

theoretically. A CP patch antenna for the global positioning
system (GPS) application is also measured for investigating
the accuracy on phase measurement. A comparison between
the optical and electrical measurements and the calculation is
also carried out. It is demonstrated that the proposed system
can be used for precise measurement for not only amplitude
but also phase characteristics of small antennas.

2. Measurement Setup

The proposed measurement setup is schematically shown in
Figure 1. It replaces conventional electrical feeding line by
electrical/optical (E/O) and optical/electrical (O/E) convert-
ers with a GI-fiber. The replacement is done only for the
coaxial cable connecting to transmitting antenna. Details of
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the E/O and O/E converters are shown in Figure 2. The E/O
converter is composed of a VCSEL which is directly modu-
lated by RF signal. A dynamic resistance of the VCSEL has
a characteristic impedance of 35 Ohm at operating point so
that there is slight impedance mismatch. The E/O converter
has a size of 30 × 30 × 5mm3 which does not include the size
of DC supply such as battery.The O/E converter is composed
of a GaAs PIN photo-diode (PD) and an amplifier where the
peak-to-peak output voltage is 250mV. The PD is spatially
coupled with the optical fiber by resin which acts as mirror
so as the O/E converter including a tiny RF connector has a
size of 10 × 15 × 5mm3 which does not include the size of DC
supply. These E/O and O/E converters give much more com-
pact and simpler configuration than previous reports in [10–
14].

A micro-coaxial cable which has the characteristic im-
pedance of 50 Ohm is used to connect the O/E converter to
the AUT.The length of the coaxial cable is optimized tomini-
mizemetallic influence of theO/E converter and the radiation
from the unbalanced currents on the coaxial cable. Figure 3
shows frequency characteristics of the transmission for
directly connected O/E and E/O converters where the input
power from a network analyzer is 0 dBm. The curve keeps
flatness up to 6GHz and shows a gradual decrease for higher
frequencies. Loss emerged in the output power at whole fre-
quencies is due to the conversion loss in the E/O andO/E con-
verters.

3. Experimental Results

3.1. Amplitude Measurement. In order to verify the validity
of the proposed system, an UWB antenna shown in Figure 4
is measured, where the antenna is rolled from a flexible flat
film so as it has omni radiation patterns in its azimuth plane
even at high frequencies [17]. The micro-coaxial cable with a
diameter of 0.8mmand a length of 200mm is used to connect
the antenna and the O/E converter. This long cable is used
because we can separate the O/E converter from the antenna

and try to investigate the influence of the cable by changing its
wiring, as shown in Figure 5. Wiring A sets the coaxial cable
parallel to the antenna axis while Wiring B sets a part of the
coaxial cable perpendicular to the antenna axis. The antenna
is alsomeasured by the electrical feedingwheremicro-coaxial
cable is used. Relative gain measurement [18] is used so that
there is no influence from receiving antenna.

To theoretically analyze the antenna, an antenna model is
constructed by using the commercial available software
WIPL-D as shown in Figure 6, where the feeding cable fed by
a delta-gap source [19] is taken into account.

Figure 7 compares the input characteristics of the antenna
for the measurement and calculation. Reasonable agreement
is obtained between them.

Figure 8 shows the measured radiation patterns in 𝑥𝑦-
plane at 5GHz for the antenna with two different wirings
shown in Figure 5, for the optical and electrical feedings. In
Wiring A, omni-directional radiation patterns are observed
in 𝐸
𝜃
both for the electrical and optical feedings but fewer

ripples occur in the latter one. The radiation of 𝐸
𝜑
remains

low level compared with that of 𝐸
𝜃
for both the feedings. In

Wiring B,The level of the radiation of 𝐸
𝜑
reaches to 0 dBi and

becomes compared to that of 𝐸
𝜃
in the electrical feeding. In

contrast, the level of the radiation of 𝐸
𝜑
keeps relatively low

with the maximum value less than −5 dBi, in the optical one.
This phenomenon can be explained as follows: unbalanced
currents existing on the coaxial cable perpendicular to the
antenna axis couple stronglywith the radiation of the antenna
in the electrical feeding but they are successfully suppressed
in the optical one.

Figure 9 shows the calculated current distributions on the
antenna and coaxial cable at 5GHz. It is demonstrated that
currents flow on the antenna itself and through the outer con-
ductor of the cable. It suggests that the unbalanced currents
flow not only along the direction parallel to the antenna axis
but also currents flow along the direction perpendicular to
the antenna axis. Many ripples appear in the case ofWiring B
because the radiation due to the unbalanced currents couples
strongly with that from the antenna itself. Figure 10 shows
the radiation patterns for total field at 3GHz for both the
optical and electrical feedings where Wiring A is applied.
The calculated radiation patterns are also shown in Figure 10
where the micro-coaxial cable is modeled. The radiation pat-
terns obtained by the optical feeding are better fit to the calcu-
lated ones. Null points can be recognized clearly and ripples
appearing in the patterns of the electrical feeding are almost
suppressed for the optical feeding. For example, ripple ampli-
tude, which is defined as a RMS difference between the mea-
sured gain and its 10-point-centeredmoving average, is 1.0 dB
in the electrical feeding and 0.3 dB in the optical one, for
the measurement in 𝑥𝑦-plane. Measured radiation patterns
in 𝑥𝑦-plane of the electrical and optical feedings at 3, 4 and
5GHz are shown in Figure 11. It is also shown that the optical
feeding can effectively reduce ripples and obtain omni-direc-
tional characteristics in a wide band.

3.2. Phase Measurement. Phase characteristics are also
measured for a CP patch antenna shown in Figure 12.
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Figure 10: Measured and calculated radiation patterns for total field at 3GHz.

The dimensions of SMA connector are precisely considered
in this investigation. The antenna consists of a patch where
two corners of the patch are truncated and the feeding point
is shifted from the center to generate a right-handed circularly
polarized (RHCP) electric field on a dielectric substrate
backed by ground plane [20, 21]. This antenna is designed for
the frequency range of the GPS applications from 1573.42 to
1577.42MHz.The CP patch antenna is evaluated by using the
phase-amplitude method [22, 23] in this investigation.

Figure 13 shows the calculated and measured input char-
acteristics for the CP patch antenna. Reasonable agreement
is obtained between the calculated and measured results. A
difference less than 1.6 dB is observed from 1573 to 1577MHz.
It is shown that the antenna has a sufficient bandwidth at the
GPS band.

Figure 14 shows the frequency characteristics of the axial
ratio defined as the ratio between the amplitudes of themajor
and minor polarizations of the antenna at the direction of
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𝜃 = 0 and 𝜑 = 0 for both the measurements of the electrical
and optical feedings as well as the calculation. Reasonable
agreements are also obtained between calculated and mea-
sured results especially in those of optical feeding.

Figures 15 and 16 show the frequency characteristics of
the electric field amplitude ratio of 𝑥 to 𝑦 polarizations and
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Figure 13: Input characteristics of CP patch antenna.

the phase difference between 𝑥 and 𝑦 polarizations of electric
fields at the point of 𝜃 = 0 and 𝜑 = 0, respectively. Reason-
able agreements are also obtained between calculated and
measured results.

4. Conclusion

We have developed a compact and cost-effective radiation
measurement system by using the optical feeding.The system
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is composed of a VCSEL, a PD and a GI-fiber and provides
available measurement up to 6GHz. It has a compact O/E
converter to feed AUT by a micro-coaxial cable. It is demon-
strated that the system successfully suppresses unbalanced
currents on the feeding line and can be used for precise
measurement not only for amplitude but also phasemeasure-
ments.
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A novel compact coplanar waveguide- (CPW-) fed ultrawideband (UWB) printed planar volcano-smoke antenna (PVSA) with
four band-notches for various wireless applications is proposed and demonstrated. The low-profile antenna consists of a C-shaped
parasitic strip to generate a notched band at 8.01∼8.55GHz for the ITU band, two C-shaped slots, and an inverted U-shaped slot
etched in the radiator patch to create three notched bands at 5.15∼5.35GHz, 5.75∼5.85GHz, and 7.25∼7.75GHz for filtering the
WLANandX-band satellite signals. Simulated andmeasured results both confirm that the proposed antenna has a broad bandwidth
of 3.1∼12GHz with VSWR< 2 and good omnidirectional radiation patterns with four notched-bands.

1. Introduction

Ultrawideband (UWB) technology has received considerable
attention due to its high speed data rates, low power con-
sumption, resistant to severe multipath and jamming, and so
on.The UWB antenna as a key part of UWB communication
systems is also being investigated increasingly in recent years
[1, 2]. Various types of UWB antennas with wide band and
simple fabrication have developed. However, there are several
existing frequency bands, that is, IEEE 802.11a (5.15–5.35 and
5.725–5.825GHz), downlink of X-band satellite communica-
tion systems (7.25∼7.75GHz), and ITU band (8.01∼8.5GHz),
which may cause mutual interference with UWB signals [2–
5].

In order to avoid interferences with these existing fre-
quency bands, one way is to add band-stop filters to UWB
antennas, which may lead to high cost and large size to UWB
transceivers. The emerging of the band-notched antenna
makes it possible for integrating the filter into the antenna.
There are many approaches demonstrated to create band-
notches in UWB antennas [2–13]. Generally, the existing
techniques widely used to achieve band-notch can be clas-
sified into the following two categories: adding and etching
resonator units to the antenna [3, 6, 12]. The first method
focuses on adding diverse parasitic elements on the antenna,
such as strip near radiator patch in [3, 4] and split ring
resonators (SRRs) near feed line in [5]. Another effective

method is etching various slots in the antenna, such as arc-
shaped slot [8, 9], U-shaped slot [10], square-shaped slot [11],
and SRR-shaped slot [12]. By employing parasitic strips and
etching slots at the same time [11, 14], multiple band-notched
functions could be achieved. However, most of the examples
can only provide two or three notched bands because of
the space restrictions and coupling between band-notched
structures; nevertheless, only limited ones can achieve four
notched bands [3, 15].

In this paper, a modified planar volcano-smoke antenna
(PVSA) is considered to cover the UWB range. The design
parameters of the resonator units that affect the resonator
frequency based on both of the parasitic elements method
and etching slots method are discussed. Subsequently a
four band-notched UWB antenna for filtering the WLAN,
downlink of X-band satellite communication systems, and
ITU band signals is proposed and demonstrated. Band-
notch characteristics are achieved by embedding a C-shaped
parasitic strip, two C-shaped slots, and a U-shaped slot on
the patch. Details of designing the proposed antenna with
simulations and measurements are carried out. The configu-
ration of the proposed antenna is shown in Section 2. Both
of the simulated and measured results including voltage-
standing wave ratio (VSWR), radiation patterns, and peak
gain are shown in Section 3. A conclusion will be drawn in
Section 4.
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Figure 1: Structure of the antenna.

2. Antenna Design

The proposed quadruple band-notched antenna is based
on a planar volcano-smoke antenna that covers the UWB
frequency range, whose structure is shown in Figure 1(a) [4,
16, 17].The based antenna uses FR4 substrate with the dimen-
sions of 26×28×0.4mm3, relative permittivity 𝜀

𝑟
= 4.4, and a

loss tangent of 0.02.The antenna is fed by a CPW linewhich is
designed for 50Ω characteristic impedance with 1.8mm feed
line width (𝑊feed) and 0.2mm ground gap. Through simu-
lations with the software Ansoft High Frequency Structure
Simulator (HFSS), the optimal dimensions of the designed
PVSA are listed as follows: 𝑊 = 26mm, 𝐿 = 28mm, ℎ =
0.4mm, 𝑟

1
= 12mm, 𝑟

2
= 7mm, 𝐶

1
= 13mm, 𝐶

2
=

8mm, 𝑊feed = 1.8mm, 𝐿 feed = 2mm, and 𝐿
1
= 1.8mm.

In order to eliminate interferences from WLAN, down-
link of X-band satellite communication systems, and ITU
band, antenna-filtering techniques by etching slots and
employing parasitic strips on the PVSA are discussed.

To compare the frequency response characteristics of
etching slots on the patch and adding parasitic elements, we
investigate and simulate the two methods for creating band
notched in the proposed UWB antenna, respectively. The
structure of the two methods is shown in Figure 1(b), where
the L cut1 (L cut2)means the distance between the end of the
slot (strip) and the bottom edge of the substrate. Simulation
results are shown in Figure 2. It is proved that the length of
the slot (affected by the radius of the slot r-slot and the end
position L cut1) determines the resonant frequency, while the
position of the slot (affected by md-slot that means the shift
about the center of the slot) has relatively slight effect. The
length of slots corresponds to half of the wavelength of the
designed notch frequency, which can be used to estimate the
notched frequency of the slots [8, 10, 11]. The length of the
strip also determines the resonant frequency like the slot.

In theory, both the two methods can create any band-
notch in the entire band of UWB. However, the size of the
antenna and coupling of the band-notched structure make it
difficult to create the band-notch in practical applications. For
the proposed antenna, circle-like strip/slot aimed at reducing
the strip/slot area. From Figure 2(a), it can be seen that the
parasitic elements method can only create a band-notch with
an upper limit of 8GHz. As for higher notched band, when
the length of the strip gets shorter, its rejection frequency goes
higher but with a lower peak rejection ratio. Meanwhile, the
shape of the parasitic strip might be too small to perform as
a resonator. It also can be seen that the slot method cannot
create a band-notch lower than 5GHz from Figure 2(b), as
the length of the slot cannot become longer because of the
size restriction of the patch. From both methods, we propose
a new antenna design to implement the requirements of any
band-notches in the entire UWB band.

A four band-notches UWB antenna has been presented
in [3] by feed-line with holes, which is not suitable for
printable technology. Here, a novel CPW-fed UWB antenna
with a parasitic strip and three slots is proposed, as shown
in Figure 3. Slots with different shapes, such as rectangular,
circular, and elliptical or any other shapes, can be arbitrarily
etched on the patch to generate notched bands. However,
a slot/strip with the same shape of the antenna patch can
generate a stronger resonance than any other shape because
the current distribution is concentrated at the edge of the
patch. Meanwhile, the strips/slots with the same structures
are useful for saving space [4, 5, 9, 17].Therefore twoC-shape,
slots and one C-shape, strip are incorporated. It can be seen
from Figure 2(d) that the position of the slot (means the shift
of the center of the slot, indicated by md-slot) has little effect
on the resonant frequency, but has effect on the bandwidth
of the notched band. To obtain the narrow notched band, the
slot 𝑆
2
is moved up 0.7mm to decrease its bandwidth. With
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Figure 2: VSWR of the antenna with different lengths of slots and strips (𝐶
1

= 13mm, 𝐶
2

= 8mm, and 𝑟
𝑤

= 0.5mm).

the restriction of the patch size and the coupling between the
nearby slots, a U-shape, slot instead of the C-shape, slot is
further added for reducing the coupling with other slots. The
optimized parameters of the antenna geometry are listed in
Table 1. For convenience, the reference point is considered to
be the top left corner.

3. Results and Discussion

To verify the design concept, a prototype of the quad band-
notched antenna is fabricated andmeasured.The photograph
of the fabricated quad band-notched antenna is given in
Figure 4. And Figure 5 shows the simulated and measured

Table 1: Optimized parameters of the quad band-notched antenna.

Parameters L cut L cut1 L cut2 r w md slot
Value (mm) 5.7 9.2 8 0.5 0.7
Parameters r slot1 r slot2 r strip L U W U
Value (mm) 6.5 5.1 8 6 4.6
Parameters 𝐿 feed 𝑊feed L1 L2 W1
Value (mm) 2 1.8 1.8 9.6 11.9

VSWR of the proposed antenna. The measurement is per-
formed with an Agilent 8719A vector network analyzer. It
can be observed that themeasurement and simulation results
agree with each other well. There is a little discrepancy
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Figure 3: Schematics of the proposed quadruple band-notched UWB antenna.

Figure 4: Photograph of the proposed quadruple band-notched UWB antenna.
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Figure 6: Radiation patterns of the quadruple band-notched UWB antenna.

between the measurement and the simulation results, which
may be caused by the interference of the connector and
feeding cable in the measurement. The proposed antenna
exhibits good wideband performance from 3.1 to 12GHzwith
VSWR less than 2, except for the designed four notched bands
of 5.1–5.43, 5.78–5.98, 7.2–7.79, and 8.03–8.83GHz.

The radiation characteristics of the proposed quad band-
notched antenna are also measured. The measured far-
field radiation patterns of the E-plane and H-plane at the
four notched frequencies about 5.205, 5.835, 7.545, and

8.355GHz and the passband frequencies at 3, 5.6, 7, 8, and
12GHz are shown in Figures 6(a)–6(d), respectively. At
the passband frequencies out of the notched bands, it can
be seen from Figures 6(a) and 6(b) that the antenna has
good omnidirectional radiation pattern in H-plane, while
the antenna E-plane radiation pattern is almost bidirectional.
Meanwhile, at the notched-band frequencies, as shown in
Figures 6(c) and 6(d), it is noted that the antenna radiation
gains reduction due to the slot in the direction of maximum
gain.
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Figure 7 shows the measured peak gains of the proposed
antenna with and without the band-notches. It can be seen
that there are four sharp decreases of the gain in the antenna
at the vicinity of four notched bands. The energy at the
notched frequency bands is not radiated so that the radiation
efficiency drops at the notched frequency bands. Thus, the
peak gain decreases sharply at the four notched bands, which
clearly indicates the quad band rejection functions of the
proposed antenna.

4. Conclusion

A novel and compact four band-notched UWB antenna is
proposed and demonstrated. The proposed antenna exhibits
good band rejection in the designed bands and has wideband
performance from 3.1 to 12GHz with VSWR less than 2,
covering the entire band of UWB. The fabricated antenna
shows good agreement with the simulation and keeps omni-
directional radiation performance successfully, which proves
it is suitable for UWB applications.
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On mobile radio links, data samples collected at successive time intervals and at closely spaced frequencies are correlated, so long
data records are required to acquire sufficient independent samples for analysis. Statistical analysis of long data records is not
reliable because the channel statistics remainwide-sense stationary only over short distances.This is a particular concern forMIMO
systems when full autocorrelation matrices may be required for channel modelling or characterisation. MIMO channel responses
from mobile measurements in an urban microcell have been used to investigate the limits on estimating autocorrelation matrices,
and these are compared to those predicted by commonly used channel models.

1. Introduction

The effectiveness of the spatial processing that provides
spectral efficiency gains in MIMO communication systems
is dependent on the multipath structure of the channel, that
is, the number, powers, and angles of the received multipath
components.This structure is highly localised, so in a mobile
environment the channel statistics change with time; in
other words, the time series of complex channel responses
between the transmitter and the receiver is not wide-sense
stationary (WSS) except over short distances. This places
limits on the length of the time series that can be used to
analyse a particular channel characteristic. Within this short
time series, there is a finite number of independent channel
samples. In the analysis of measured data, therefore, it must
be confirmed that there are sufficient independent samples to
achieve a valid estimate of the characteristic of interest.

Thiswork addresses the estimation of the full autocorrela-
tion matrix of a MIMO channel. This autocorrelation matrix
fully characterises the second order statistics of each of the
transmitter-receiver pair links, giving a complete description
of a Rayleigh fading MIMO channel; therefore, it has been
used extensively in the characterisation and modelling of
MIMO channels. For example, it has been applied to decom-
pose the MIMO channel [1], to simulate a correlated MIMO
channel [2], to estimate the double-directional angular power

spectrum [3], and to evaluate the correlation [4] and diversity
[5] of the MIMO channel.

The full autocorrelation matrix is computed using the
outer product of channel vectors; hence, the number of inde-
pendent samples must exceed the dimension of the channel
vectors or the autocorrelationmatrix estimate will necessarily
be rank deficient. The size of the autocorrelation matrix that
can be generated is therefore limited by the channel’s time
and frequency correlation properties as well as the wide-
sense stationary interval and signal bandwidth. An important
question is thenwhat is the highest dimensionmobileMIMO
channel that can be characterised using measured data? To
answer this, measured data obtained in a typical urban area
have been analysed. The results are compared to those that
would be obtained using commonly used channel models.

2. Autocorrelation Matrix Estimation

Consider a MIMO radio system with 𝑁
𝑡
transmit antenna

elements and𝑁
𝑟
receive antenna elements.The radio channel

between transmit element 𝑗 and receive element 𝑖 is sampled
at intervals 𝑘𝑇

𝑠
and is represented by the time-varying com-

plex baseband impulse response ℎ
𝑖𝑗
(𝑘, 𝜏). The corresponding

time-varying frequency transfer function at time 𝑘𝑇
𝑠
is

𝐻
𝑖𝑗
(𝑘, 𝑛), defined at frequency indices 𝑛Δ𝑓, obtained as the
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discrete Fourier transform of ℎ
𝑖𝑗
(𝑘, 𝜏) with respect to delay 𝜏.

The𝑁
𝑟
×𝑁
𝑡
channel responsematrix is then given byH(𝑘, 𝑛),

with elements𝐻
𝑖𝑗
(𝑘, 𝑛).

The sample autocorrelation matrix at a single frequency
index, 𝑛, obtained over the time domain is

R̂ (𝑛) =

1

𝑁

𝑁

∑

𝑘=1

vec (H (𝑘, 𝑛)) vec (H (𝑘, 𝑛))
𝐻

, (1)

where vec denotes vectorisation of the matrix and ergodicity
is assumed. At least 𝑁

𝐼
= 𝑁
𝑟
⋅ 𝑁
𝑡
independent samples of

H(𝑘, 𝑛) are required to ensure that the estimate R̂(𝑛) fully
reveals the matrix rank: if there are insufficient independent
samples, R̂(𝑛) will be rank deficient even if the elements of
H(𝑘, 𝑛) are uncorrelated.

It is known from [6] that the channel statistics are unlikely
to be WSS over distances of more than 2m in an urban
environment at 2GHz. This can be considered to hold across
the UHF band, as the locations of dominant reflecting objects
in the local environment, that is, buildings, are the same and
their sizes are on the order of many wavelengths, even at
the lowest frequency. Estimating statistical functions of the
channel response, such as the autocorrelation matrix, must
therefore be restricted to intervals that are short enough to
be considered WSS.

2.1. Independent Samples. Consider a WSS time series of 𝑁
samples at intervals 𝑇

𝑠
, with mean 𝜇 and variance 𝜎

2. If the
time series is uncorrelated, the variance of the sample mean
is 𝜎2
𝑚

= 𝜎
2

/𝑁. However, when the time series is correlated,
the variance of the sample mean increases as

𝜎
2

𝑚

= 𝜎
2

𝑁−1

∑

𝑘=−(𝑁−1)

𝑁 − |𝑘|

𝑁
2

(𝜌 (𝑘) − 𝜇
2

) , (2)

where 𝜌(𝑘) is the normalised correlation coefficient between
samples separated by 𝑘𝑇

𝑠
. It has been shown, for example,

in [7, Ch. 5], that the variance of the sample mean does not
vanish as 𝑇

𝑠
increases if the overall duration of the time series

remains the same.
As noted in [8, Ch. 3], the number of equivalent indepen-

dent samples (EIS) in a time series of 𝑁 correlated samples
can be determined by equating the variance of the sample
mean to that of a time series of𝑁

𝐼
uncorrelated samples. The

number of EIS is, therefore, given by

𝑁
𝐼
=

𝜎
2

𝜎
2

𝑚

= [

𝑁−1

∑

𝑘=−(𝑁−1)

𝑁 − |𝑘|

𝑁
2

(𝜌 (𝑘) − 𝜇
2

)]

−1

. (3)

3. Measured Data

Mobile MIMO channel measurements were made in urban
Ottawa using available frequency assignments at 2GHz
and 370MHz, with sounding bandwidths of 25MHz and
12.5MHz, respectively. These frequencies are relevant for
mobile communications, in particular, personal communi-
cations and emergency services and military applications,
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route

Figure 1: Location of measurement segments in downtownOttawa,
Canada.

respectively. The transmitter was static, with 𝑁
𝑡

= 4

omnidirectional antenna elements arranged in a linear array,
spaced at one wavelength for each frequency, and mounted
at a height of approximately 3m. The receiver was mobile
and travelled at 30 km/h along a non-line-of-sight route that
included intersections and the urban canyon between them.
The𝑁

𝑟
= 4 omnidirectional receiver antennas were mounted

on the roof of the measurement van, also in a linear array
of one-wavelength spacing with the axis perpendicular to
the direction of travel, at a height of approximately 2m. The
location of the measurements is illustrated in Figure 1.

The measurement system and the processing of sampled
received data are described in [6].Themeasured data yielded
𝑁
𝑟
⋅ 𝑁
𝑡

= 16 time series of channel impulse response
estimates ℎ

𝑖𝑗
(𝑘, 𝜏) obtained at intervals of 𝑇

𝑠
= 2ms, that

is, distances of 0.017m. Each was processed to give the
channel transfer function estimates𝐻

𝑖𝑗
(𝑘, 𝑛).The central 20%

of each frequency response was retained for analysis, and
these frequency components were normalised to have the
same average powers over the measurement run; this process
retains only channel matrices that have a very high SNR
and corrects the spectral shape of the modulated sounding
sequence. Two segments of the time series were used, from a
mid-block region and an intersection along themeasurement
route, each 2 s long.

4. Data Analysis

The time series for each measurement segment consisted
of 1000 samples, and each was divided into subblocks of
120 samples (0.24 s), corresponding to the 2m that can
be considered WSS [6]. Mean-ergodicity was confirmed by
considering the sample covariance, 𝐶(𝑙): for each measure-
ment segment, in both the time and frequency dimensions,
(1/𝐿)∑

𝐿

𝑙=0

𝐶(𝑙)(1 − 𝑙/2𝐿) decreases monotonically to zero as
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Figure 2: Spatially averaged temporal correlation function for the
mid block region at 370MHz (solid lines) and 2GHz (dashed lines).
The model correlation function at 30 km/hr is also shown (dotted
lines).

𝐿 is increased to the subblock length. The number of EIS in
both time and frequencywas investigated, as described below.

4.1. Time Domain. The normalised temporal correlation
function estimates were computed for each of the 𝑁

𝑟
⋅ 𝑁
𝑡

channel responses as follows:

𝜌
𝑡
(𝑙) =

E {(𝐻 (𝑘, 𝑛)) (𝐻 (𝑘 + 𝑙, 𝑛))
∗

}

E {|𝐻 (𝑘, 𝑛)|
2

}

, (4)

where the subscripts on 𝐻(𝑘, 𝑛) have been dropped for
convenience. The expectations were taken over the time and
frequency dimensions of each subblock. The autocorrelation
functions 𝜌

𝑡
(𝑙) were then averaged over the 𝑁

𝑟
⋅ 𝑁
𝑡
= 16

spatial channels.
Figures 2 and 3 show the space-averaged autocorrelation

functions for the mid-block and intersection regions, respec-
tively. The correlation function for the uniform scatterer
model, with a Clarke Doppler power spectral density [9, Ch.
5], is also shown; that is,

𝜌
𝑡
(Δ𝑡) = 𝐽

0
(2𝜋𝐹
𝑑
Δ𝑡) , (5)

where 𝐽
0
is the zeroth order Bessel function of the first kind

and 𝐹
𝑑
is the maximum Doppler frequency. At 30 km/hr,

𝐹
𝑑

= 55.6Hz at 2GHz and 10Hz at 370MHz. In the mid-
block region, the measured correlation functions vary only
a small amount over each of the eight 2m long subblocks,
whereas there is considerable variation in the intersection.
The measured data in the mid-block region is also better
represented by the model, although the accuracy is not high.
This is because themodel is based on the assumption ofmany
multipath components arriving with random amplitudes and
uniformly distributed angles of arrival. In practice, within
an urban canyon, the strongest multipath components arrive
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Figure 3: Spatially averaged temporal correlation function for the
intersection region at 370MHz (solid lines) and 2GHz (dashed
lines). The model correlation function at 30 km/hr is also shown
(dotted lines).

from angles close to the front and/or rear of the vehicle, and
not from the sides [6]. In the intersection, as seen in [10],
the signal power arrives predominantly from the side, along
the direction of the intersecting street, with some reflections
off the buildings on opposite corners. These directional
components lead to higher temporal correlations and greater
variation from subblock to subblock as the angles of arrival
change with distance.

The number of EIS was obtained by applying (3) to the
correlation function computed for each subblock and aver-
aging. The results are shown in Figure 4 for each frequency
and region, along with the number of EIS expected when
using the idealisedmodel (5). As expected, the number of EIS
is larger at the higher frequency, as the correlation function
decreases more rapidly with delay or distance. The average
number of EIS is greater in the mid-block region than in
the intersection, but none of the measured data provide the
number of EIS predicted by the model. As noted above,
the spatial characteristics of the observed multipath are not
matched by the assumptions in the model.

The asymptotic behaviour is of particular significance.
While the model predicts an increase in EIS of 1.75 per 10ms
at 2GHz and 0.33 per 10ms at 370MHz, for the measured
data the observed EIS increases are approximately 0.1–0.2 per
10ms at 2GHz and 0.05–0.15 per 10ms at 370MHz. This is
because 𝜌

𝑡
(𝑙) ismuch greater for large delays, 𝑙, than predicted

by themodel, as shown in Figures 2 and 3, which significantly
reduces𝑁

𝐼
(3).

4.2. Frequency Domain. The normalised frequency correla-
tion function estimates were estimated for each subblock and
for each element in the channel matrix time series using

𝜌
𝑓
(𝑚) =

E {(𝐻 (𝑘, 𝑛)) (𝐻 (𝑘, 𝑛 + 𝑚))
∗

}

E {|𝐻 (𝑘, 𝑛)|
2

}

(6)
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Figure 4: Average equivalent independent samples for time-
correlated data at 30 km/hr for 370MHz (solid lines) and 2GHz
(dashed lines) and for the Clarke Doppler model (5).
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Figure 5: Spatially averaged frequency correlation function at
2GHz for the mid-block region (solid lines) and the intersection
(dashed lines).Themodel correlation functions for 𝜏

0

= 0.25 𝜇s and
𝜏
0

= 0.15 𝜇s are also shown (dotted lines).

and were then averaged over the 𝑁
𝑟

⋅ 𝑁
𝑡

= 16 spatial
channels. The necessity to the average over time as well as
frequency when computing a frequency correlation estimate
was pointed out in [11], as a single snapshot in time represents
only one relationship of multipath phases and amplitudes.
The variation across the subblocks is quite small, as shown in
Figure 5 for the 2GHz measurements, and is similar for both
frequencies and regions.
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Figure 6: Average equivalent independent samples for frequency-
correlated data at 370MHz (solid lines) and 2GHz (dashed lines)
and for exponential delay model (7) (dotted lines).

The number of EIS was then computed for each subblock
using (3), and the average is shown in Figure 6 for each
frequency and region. The figure also shows the number of
EIS computed for the exponential delay profile model [9, Ch.
7], which has the correlation function

𝜌
𝑓
(Δ𝑓) = (1 + 𝑗2𝜋𝜏

0
Δ𝑓)
−1

, (7)

where 𝜏
0
is the root-mean-square delay spread. From the

measured data, 𝜏
0
was estimated to be 0.25𝜇s in the mid-

block region and 0.15 𝜇s in the intersection. The computed
model correlation functions are shown in Figure 5.

The numbers of EIS over the bandwidths considered
here, which are limited by the measurement bandwidth, are
very small. At both 370MHz and 2GHz, the number of
EIS per bandwidth is greater in the mid-block region where
a richer multipath environment results in a larger delay
spread and therefore a reduced correlation across the channel
bandwidth.

The measured channel impulse responses do not follow a
simple exponential delay profile but are bettermodelled using
multiple clusters ofmultipath components, as described in [9,
Ch. 7]. In spite of this, the simple and tractable exponential
delay profile model, using an appropriate rms delay spread
parameter, does provide a good estimate of the EIS. This
is because the rms delay spread is strongly related to the
frequency correlation, and the parameterisation of 𝜏

0
leads to

a reasonably representative correlation function even if the
delay profile itself is not accurately represented, as shown in
Figure 5. The EIS for the measured data slightly exceed those
of the model, because the measured correlation function
(Figure 5) tends to decay faster than that of the model;
however, this simple model does lead to similar asymptotic
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behaviour, with measurements and model predicting an
increase of approximately 0.15–0.25 EIS per 1000 kHz.

5. Discussion

The analysis of measured data indicates that the full auto-
correlation matrix, R, can be generated only for a small
number of antenna elements in urban environments. The
main limitation is the distance over which the time series of
channel responses can be considered to beWSS.This distance
has been estimated to be approximately 2m in the type of
environment considered here. The time correlation model
that is usually considered, with a Clarke Doppler power
spectral density, indicates that there are approximately 8 and
42 independent samples in 2m, at 30 km/hr, for 370MHz and
2GHz, respectively. For a MIMO system with 𝑁

𝑟
= 𝑁
𝑡
, the

autocorrelation matrix can then be estimated for maximum
array sizes of 2 and 6, respectively.

The impact of insufficient independent samples is illus-
trated in Figure 7, which shows the average estimated diver-
sity, using the diversity metric proposed in [5]. The narrow-
band channel is modelled using 𝑁

𝑡
= 𝑁
𝑟

= 4, 𝑅
𝑖𝑖

= 1,
and 𝑅

𝑖𝑗
= 𝜌, for 𝑖 ̸=𝑗, for 𝑖, 𝑗 = 1, . . . , 16, using a Clarke

fading model at a carrier frequency of 2GHz and a speed of
30 km/hr. The diversity metric is given by [5]

Φ =

[∑
𝑁𝑡 ⋅𝑁𝑟

𝑖=1

𝜆
𝑖
]

2

∑
𝑁𝑡 ⋅𝑁𝑟

𝑖=1

𝜆
2

𝑖

, (8)

where 𝜆
𝑖
, 𝑖 = 1, . . . 𝑁

𝑡
⋅ 𝑁
𝑟
, are the eigenvalues of the

autocorrelation matrix estimate R̂ in (1), and the channel is
sampled at intervals 𝑇

𝑠
= 5ms. For the spatially uncorrelated

channel, the diversity is significantly underestimated for
distances even up to 8m.This deficit is reduced as the spatial
correlation increases, but even for 𝜌 = 0.3, there are not
enough independent samples in ameasurement length of 2m
to fully reveal the rank of R̂, resulting in an underestimation
of the diversity by approximately one unit.

In practice, the assumptions of rich, uniformly dis-
tributed scattering are not met in this urban environment.
The number of equivalent independent samples over 2m is
actually observed to be between 3 and 4 at 370MHz and
between 6 and 9 at 2GHz. The richer multipath scattering
environment of themid-block region providesmore EIS than
that in the intersection, where there is a small number of
dominant multipath components.

The frequency domain does not provide much to sup-
plement the number of EIS. For a measurable bandwidth of
10MHz, less than 3 EIS are achieved, depending on the local
environment. At 100MHz, based on the exponential power
delay profile model, this would increase from 10 to 16 EIS,
which is sufficient to estimate arrays with 𝑁

𝑟
= 𝑁
𝑡

= 4

in a mid-block region, but not in an intersection. In [12],
measurements with 𝑁

𝑡
= 𝑁
𝑟

= 4 were reported for a
bandwidth of 240MHz, at a carrier frequency of 5.2GHz;
the analysis presented herein indicates that averaging over a
bandwidth that large would certainly provide sufficient inde-
pendent samples to generate the full autocorrelation matrix,
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Figure 7: Estimated diversity (8) for correlated fading model at
30 km/hr for 2GHz.

assuming a typical urban delay profile. The higher frequency
also enables more independent samples to be obtained over
the same measurement distance than for the 2GHz results
reported herein. Obtaining such a large spectrum assignment
for measurements, especially at lower frequencies, can be
difficult, so in general care must be taken to ensure that
the bandwidth used does indeed provide enough equivalent
independent samples such that the autocorrelation matrix
will not necessarily be rank deficient.

For the measurements presented, combining both time
and frequency domains for a measurable bandwidth of
2MHz and distance of 2m at 30 km/hr, the autocorrelation
matrix R cannot be generated for more than 𝑁

𝑟
= 𝑁
𝑡
= 2

at 370MHz nor for more than 𝑁
𝑟
= 𝑁
𝑡
= 3 at 2GHz. Note

that this only ensures the estimated autocorrelation matrix
is not rank deficient, as analysed [13, Ch. 5]; the accuracy
of the estimate also depends on the number of independent
samples.

6. Conclusions

The analysis of mobile MIMO measurement data reported
herein has shown that the estimation of the full autocor-
relation matrix, R, should be restricted to small numbers
of antenna elements due to the limited number of inde-
pendent samples in a typical wide-sense stationary interval.
Estimating R with too few independent samples will prevent
its full rank from being revealed. If the channel bandwidth
is very large and the channel’s delay spread is sufficiently
large; that is, it has a sufficiently small correlation bandwidth,
averaging the autocorrelationmatrix across the bandwidth as
well as in time will help supplement the number of equivalent
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independent samples. The number of EIS is dependent on
the local environment as well as operating frequency, with
more EIS in the mid-block region than in the intersection.
Conventional fading models do not provide good estimates
of EIS for localised measurements because the assumptions
used in their derivations are often not satisfied, but it has been
seen that simple delay profile models may be more useful if
appropriately parameterised.
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