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Abstract

Smart antenna technologies both at the base station and user equipment levels are analysed and
critically reviewed. Adaptive antenna arrays consisting of multiple elements are becoming a
realistic option to improve the performance of wireless mobile communication systems. The
employment of smart antennas at base stations and access points enables the implementation of
space diversity and spatial filtering techniques. Spatial filtering can significantly suppress co-
channel interferers, but requires up-to-date channel information. Eigenstructure techniques are an
important class of smart antenna algorithms that can offer performance close to the optimum
with less channel information. Smart antennas can also be used in user equipment specifications.
Recent research has addressed the potential of these devices in supporting a sleeker configuration
for the user terminal with limited energy and power consumption, reducing the risk of exposing
sensitive body parts to high radiation levels.

Antennas for mobile systems are rapidly becoming a topic of widespread interest both in
academia and industry. Current antennas for mobile applications are mostly omnidirectional in
nature, providing a uniform coverage pattern. Smart antennas offer a new paradigm. By adopting
a directional pattern, smart antennas have a higher gain in the desired direction and exhibit
fascinating properties such as resistance to multipath fading, rejection of co-channel interference,
rejection of unwanted radiators, and tracking capability. With the increasing demand for high bit-
rate and reliable mobile multimedia services, the deployment of compact smart antennas at user
terminals could also provide alternative system design solutions.
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1. Introduction

Antennas are an indispensable component of virtually all wireless communication and
radar systems. Besides serving as a means of wave transmission and reception, antennas perform
essential functions such as generating desired wavefront shapes and patterns, filtering unwanted
signals, reducing mutual interference among stations in close proximity, and enhancing the
ability to separate different sources of received signals. Almost all modern wireless systems are
beginning to exploit new "smart" antenna technologies that achieve most of these functions using
adaptive, beamforming, and/or direction-of-arrival (DOA) estimation techniques. Adaptive array
processing, first developed in the context of radar applications, is the primary method employed.
The physical realization of these concepts in practical systems, as well as the signal-processing
algorithms that enable these implementations, are related topics.

The term smart antenna does not refer to a single technological approach. Rather, it
denotes a wide spectrum of systems employing adaptive or fixed array processing at a base
station (BS) or access point (AP) facility or at user equipment (UE). The main distinctions are in
the degree to which the processing is carried out and whether it is adaptive. At one end of the
spectrum are systems using simple but fixed spatial- and/or channel-expansion filters, where
physical-propagation information is exploited but there is little or no system knowledge of
channel behaviors. At the other extreme are systems whose base-station processing utilizes large
numbers of receive elements and spatial filtering to track different sources of mutual
interference, simultaneously exploit multipath diversity, and/or separate data streams transmitted
on the same channel from multiple users. Systems with these properties have also been referred
to as very-large-array (VLA) systems.
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Fig 1: Adaptive Array Evolution: A Taxonomy of Smart Antenna Technologies from Fixed
Beamforming to Very-Large-Array (VLA) Systems

1.1. Overview of Antenna Applications and Importance

The antenna is a critical component in many technologies employing electromagnetic
wave propagation. In addition to wireless communication, antennas are applied in navigation and
radar systems, biomedical imaging, and remote sensing of the atmosphere and the natural
environment. The intelligent antenna is an essential concept, defined as an adaptive array that
utilizes space and angular dimensions to improve performance; it uses more than one radiating
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element. Intelligent antennas may perform spatial filtering, at either the transmission or reception
end, to reduce interference and enhance target signals using additional spatial and angular
dimensions. Intelligent antennas not only improve capability by enhancing data rate and
capacity, but can also be adapted to provide improved coverage and signal quality. The term
“smart antenna technologies” will be used in the following sections to refer to intelligent
antennas combined with sophisticated signal processing techniques.

The use of spatial filtering for multiple-input multiple-output (MIMO) systems is one of
the major research trends in wireless communication in the twenty-first century. However,
MIMO principles apply not only to large apertures but also to small scales, where the
propagation paths can be resolved. Indeed, recent advances in physical optics and antenna
synthesis suggest that antennas can be designed within these dimensions to emulate directional
radiation patterns. Such antennas appear as arrays of 5 to 20 elementary cells, where the aperture
can still be considered small from an antenna point of view but sufficient for MIMO signal
processing.

2. Basic Concepts in Antenna Theory

When an electromagnetic wave impinges on an antenna, the antenna converts the
received electromagnetic energy to electrical energy. Unlike passive antenna systems, smart
antennas also convert energy drawn from the received signal and supply this energy to the signal
processing subsystem. The maximum power determined by the active antenna gain is required at
the output of the antenna. The output current at the antenna terminals can be expressed in terms
of the voltage (telegrapher's equations).

With antenna gain, the deteriorating effect of multipath propagation in order is mitigated.
The spatial filtering characteristic of the direction of arrival (DOA) is used for:

* Reducing the multipath interference.
* Improving receive diversity gain.
* Estimating the DOA.

*  Supporting multiple D-O-A and D-O-E users.
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Due to the limited footprint of the antenna, the signals solutions focus on delays, as these
require minimal computation. The focus persists in beamspace processing, which relies on
knowledge of the direct wave's DOA. Recently, the separated-wave-pair (SWP) processing
expression has been derived. Because DOAs of the pair are determined from the reception
sequence of the signals processing result, the PDF of the output signal is not required; instead, it
allows echoes and reverberations to exit through decisions at the output layer. Smart antennas
use the spatial DOA distribution information to locate users even when they are sparsely
deployed.

Conventional (steered) ULA beampatterns: 60 = 30°
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Equation 1: Telegrapher’s equations

1.1 Incremental model of a transmission line

For a small segment dx, use distributed parameters:
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e series resistance R dx and inductance L dx
¢ shunt conductance G dx and capacitance C dx

Let the voltage/current at position x be V(x, t), I(x, t).

1.2 Apply KVL (series drop)

Voltage drop across series elements:

ol(x,t
V(x,t) —V(x+dx,t) =Rdx I(x,t) + Ldx ;t)
Divide by dx and take limit dx — O:
ov =RI+1L ol
ox ot
1.3 Apply KCL (shunt leakage)
Current leaving the line into shunt elements:
oV (x,t
I(x,t) —I(x +dx,t) = Gdx V(x,t) + Cdx (gt )
Divide by dx, limit dx — 0:
or_ GV+C ad
ax ot
1.4 Phasor (frequency-domain) form
Assume sinusoidal steady state e/“¢, so % ~ jw. Then:
W _ (R + jwL)I ar_ (G + jwC)V
dx ] dx ¥

2.1. Key Fundamentals of Antenna Operation
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Antennas operate using electromagnetic waves and energy in the radio band. Far-field
radiation in the presence of free space is explored first. Antennas in geo-dispersion networks
often exhibit significant scattering. Near-field propagation dominates in the antenna vicinity and,
for example, exists between mobile units, as in the absence of significant scattering. Electrostatic
principles guide behavior in the near field.

The key operation of antennas involves the conversion of radio-frequency currents into
space wave energy and capturing the same. Circular movement of charges in the vicinity of the
antenna constitutes the first reaction to the sinusoidal electromagnetic field, resulting in the
production of electric and magnetic effects. For a small dipole, E and H Fields are produced in
free space and areas where the far-field approximation holds.

3. Principles of Smart Antennas

A smart antenna is an array of antennas combined with intelligent signal processing
algorithms. Smart antennas can serve multiple users simultaneously by adjusting parameters such
as the width and direction of the beam. The name “smart antenna” is somewhat misleading;
signal processing, beam steering, null steering, or adaptive filtering better describe the functions
of these systems. Smart antennas are classified into two principal categories: adaptive arrays and
beamformers.

Adaptive arrays process signals using an algorithm to improve system performance.
Users share the same frequency at the same time (i.e., code-division multiple access)—an
approach pioneered by the military and used extensively in commercial networks. Separation
occurs largely due to the unique spatial signature of each user, an effect modeled using an
adaptive array. Adaptive arrays track users as they move, ensuring that signal quality remains
high, and avoid jammers by directing a null toward the interferer. The popular recursive least-
squares (RLS) algorithm has been used for airborne communications by the Boeing 737 and C-
130 military transport aircraft, forming the basis for several other military and commercial
systems.

3.1. Adaptive Arrays

There are numerous ways to realize the beam steering capability of a smart antenna
system, one of the most popular being Adaptive Arrays. With a constant physical structure, such
as a linear or circular antenna array, the radiation pattern can be controlled through adjustments
to the complex weights of the array elements, realised in the manner of an interferometer. It is
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therefore suitable for time-varying. mobile communication environments where the transmit
and/or receive angles change rapidly or for systems where high performance is only required
over specific time windows. In addition to beam-steering, arrays with non-constant topologies
have also been devised to achieve null-steering for enhanced interference rejection.
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Fig 2: Dynamic Adaptive Antenna Arrays: Hybrid Learning Frameworks for Real-Time
Beam-Steering and Interference Rejection

Adaptive Arrays refer specifically to those systems that adjust their pattern through
estimates of the incoming signal environment using learning algorithms. Based upon the
principles of optimal filtering, spatial filtering, and detection theory, many possible algorithms
have been proposed. Among these are Least Square Error. Maximum Likelihood, Minimum
Mean Square Error, and Constant Modulus approaches. Transmit concurrent, transmitted and co-
channel interference suppressed in trial modes, and multi-target environments are supported by
algorithms of the same family but different structure.

Adaptive Arrays are implemented both for Artificial Neural Networks and for the general
ensemble partition directly operating upon the correlations. Hybrid approaches that split the
processing in different stages are also being developed, aiming at low complexity and a real-time
adaptation through the Least Square Error Learning algorithm or a sub-optimal version of the
Balanced Error Rate algorithm. Ad-hoc solutions and proper learning algorithms are also being
investigated for the Blind Unconstrained Exploratory Phased Array, suitable for detection and/or
estimation with a direct relationship with the transmitter's characteristics. It should be remarked
that, although the quality of filtering can be improved, the elegant description of the interference
dynamics through Eigenstructure analysis is typically lost.

3.2. Beamforming Techniques

Beamforming can be performed in an analog or digital manner. An analog configuration
adjusts the phase bias of the signals fed to the antenna elements during transmission. While the
steering main lobe direction is limited to one direction at any instance, this technique is energy
efficient. A more flexible beamforming configuration feeds the different antenna elements their
own signal in a way that the array responds optimally to a set of selected users while, at the same
time, suppressing interference to other users. Such configurations demand a high dynamic range,
high speed, and a moderate-cost ADC installed at the receiver chain. When antenna elements are
installed in the Rx chain of a base station or an access point, the various signals received can be
combined through the use of RBF algorithms; in this case, gain, multiplexing gain or interference
suppression gain can be obtained. Space-time coded schemes can be implemented to provide
multiplexing gain when space-time coded transmission is carried out. More advanced
configurations, with space-time representation done in a consecutive manner, provide different
gain types.
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The performance of the smart antenna system is determined by several factors. One of
these is the number of calibration snapshots that are used to obtain the covariance matrix from
the received signals. An eigen-decomposition based on the received covariance matrix allows the
construction of a basis that spans the whole space and enables ideal combining of incoming
waveforms of interest and of rejection of those coming from other directions. Note that the
incoming signals are not only modulated replicas of the source waveform but also space-time
codes enjoy this property, a fact that is extensively exploited in multiple-input multiple-output
systems. Beamforming techniques also determine the performance of Millimeter-wave systems,
where large bandwidths at the 60 GHz region aim to produce fast indoor links with multiple
beams in a multipath environment. But even in cases where only one beam is foreseen, a dense
antenna scenario reduces the required link budget, thus producing light and low-cost portable
devices.

M | Peak angle (deg) | 3 dB beamwidth (deg) | Approx max sidelobe (dB)
4 130.015 30.86999999999999 | -4.454085231714008
8 130.015 14.849999999999994 | -8.618719534444903
16 | 30.015 7.38000000000001 -13.14678702825923

4. System Architectures for Smart Antennas

Smart Antenna Technologies provide an objective, evidence-based, formally structured
overview with clear definitions, illustrated by core concepts, references, and implications for
future research. System Architectures for Smart Antennas cover Base Station and Access Point
Implementations, User Equipment Considerations, Signal Processing Methods in Smart
Antennas — Spatial Filtering, Eigenstructure Methods.

For fixed-link and base-station applications in smart antennas, there are systems that
allow multiple communications to occur simultaneously, with little interference. For example, an
access point equipped with a two-dimensional phase array can have directivity improved
significantly by combining beamforming with space-time coding. Multiple users transmit and
receive using the same frequency and time slots; the codes are then decoupled using the beam
formed by the access point. The low-cost hardware needed for such a system—with multiple
antennas, but very cheap radios—can make it commercially viable. Algorithms inspired by
space-time coding can also be extended to smart handheld equipment (user equipment).
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As the number of users in a geographical area grows and access points become heavily
loaded, some spatial separation of users (e.g., through multiple antennas at the access point) may
not only be desirable, but necessary as well. A multiantenna access point can serve multiple
users simultaneously in the same frequency band. The transmitted signals from the various user
devices may then be considered as simultaneous interference. By employing a system of smart
antennas, the overall interference can be reduced to achieve significantly better data throughput
compared to a system with a single-antenna access point. Antenna-array-based space-time
coding and decoding algorithms enable multiple users to operate without interference.

Intgrference suppression example (M=8): desired 30°, interferer -20°
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Equation 2: Narrowband array signal model (what “spatial filtering” operates on)

2.1 Geometry — time delay

For a uniform linear array (ULA) of M sensors, spacing d, a plane wave from angle 6 (from
broadside) causes a path difference between adjacent elements:

A¢ = dsinf
Time delay:
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2.2 Delay — phase shift (narrowband assumption)
If the signal is narrowband around carrier f, then a delay corresponds to phase:
s(t — A1) = s(t)eJ2mfcAT

LetA = f Then:

c

. dsinf 21T, .
e~ J2mfeAT — e—JZTEfc c — e—]Tdsme

2.3 Steering vector

Element m (starting m = 0) has phase progression m times that shift:
a0, (0) = e j4Emasing

Stack into the array response / steering vector:

a(g){ e—jo%dsinG ]

2T

e —]T(M—l)dsine

2.4 Received snapshot model

With desired signal s(t) and noise/interference n(t):

[x(1) = a(8,)s(t) + n(1)|

For multiple sources:
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X(®) = ) a@)si(®) + (o)

k=1
4.1. Base Station and Access Point Implementations

The majority of research, development, and practical implementations of smart antenna
systems have concentrated on their use at base stations for mobile communications and access
points for WLAN. The basic functionality expected from a smart antenna system is an improved
signal-to-noise ratio for each user during active communication. To achieve this goal effectively,
an adaptive antenna configuration may be used, formed as an array of multiple elements with
sufficient spatial and temporal diversity.

When installed at a base station, a standard adaptive array comprises several
beamformers and associated signal processing units. Each beamformer receives signals from one
specific data user, effectively performing spatial filtering. A subset of the elements may also
serve as reference elements for the ambient noise field. In adaptive achievement of directivity,
conventional beamforming techniques can provide a degree of some spatial selectivity. For
systems employing several antennas or an antenna array at the base station, the spatial selectivity
appears as an increase of effective antenna directivity. Apart from the obvious benefits in the
elimination of co-channel interference by noise rejection, it can be stated that an increase in
directivity directly contributes towards improved link margins and, consequently, to
enhancement of cellular capacity.

An isolated access point may implement a smart antenna system as a coherent
transceiving unit, implemented as a multiple-input multiple-output (MIMO) channel. MIMO
systems employ a configuration with two, more than two, and several antennas at the transmitter
and receiver, respectively, with simple signal processing schemes. It can be shown that if spatial
diversity is available, then delivering the same data to both antennas at the receiver within the
limits imposed by the channel delay spread and achieving different space-time correlation
structures is more effective than employing two uncorrelated channels. Such correlations may
also be exploited in a MIMO channel with as few as two antennas at either side.

4.2. User Equipment Considerations

User terminal/user equipment (UT/UE) located at the edge of the cell experiences
relatively low signal-to-noise ratio (SNR) or low signal-to-interference-plus-noise ratio (SINR).
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However, it can use these smart antenna techniques when integrated with smart antenna access
points (APs) with multiple antennas. For example, a system with a UT/UE equipped with a
single antenna and an AP equipped with multiple antennas can exploit spatial diversity by
utilizing place-frequency coding (PFC) or space-time coding (STC) technigues. Recent results
have shown that a UT/UE equipped with a single antenna and an AP equipped with multiple
antennas can utilize opportunistic scheduling to improve the UT/UE transmission rate with low
complexity.

In a UT/UE equipped with single antenna, combined allocation of frequency, code, and
time with the frequency diversity feature achieved by time-varying multipath channels can
achieve performance very close to that of a UT/UE equipped with multiple antennas in different
frequency-delay zones. The cooperative space-time-frequency coding scheme that takes the
advantage of transmit diversity problems in multiple-input-multiple-output (MIMO) systems has
been proposed for performance improvement over classical single-user MIMO setups.

5. Signal Processing Methods in Smart Antennas

Signal processing applied to smart antennas exploits the spatial dimension to enhance
performance. Spatial filtering, which forms a basis for many antenna array applications, permits
separation of signals arriving from different directions. By considering time—frequency-space
locations of the signals of interest and of their interference components, the signals can be
separated.

In the case of narrowband signals, the relative time differences between the sensor
reception times can be directly related to the spatial direction of the signals. For a fixed sensor
array configuration, the amplitude changes of the received signals can be used for power
measurements, and the relative amplitude responses can be employed to estimate occurrence
times. When the wing of the antenna provides sufficient separation in space and time—frequency
domains, the spatial information can be exploited for signal separation. In particular, if the
angular spread of the desired signals is small compared with that of the interference signals and
noise, the signal of interest arriving from a specific direction can be extracted.

Alternatively, eigen structure methods that rely on the properties of the covariance
matrices of the received signals can be exploited. To separate the signals of interest from the
interference that arrives from different directions, it is sufficient to have different incoming
angles for the signals of interest and the interference sources. If the covariance structure is
exploited, the formation of taps with good directivity and low sidelobe levels is possible.
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Fig 3: Multidimensional Spatial Filtering: Leveraging Eigen structure Analysis and Time-
Frequency-Space Correlation for Signal Separation in Smart Antenna Systems

5.1. Spatial Filtering

Spatial filtering techniques enable smart antennas at base stations and access points to
separate signals radiated by distinct sources. Such separation improves the quality of the received
signal, which directly impacts the system performance. For codes that provide sufficient
separation in space, these techniques can be viewed as spatial equalization methods. When
designed for multiple user communication systems using orthogonal spreading codes and suited
for CDMA applications, they can potentially enhance the total capacity of mobile
communications networks. These advantages can be extended to smart antennas in the user
terminal by properly separating spatially close base station signals.

Successful application of spatial filtering algorithms requires accurate placement of
reference signal projectors in the spatial antenna processing structure. Particularly difficult
scenarios arise when the angle between incoming signals exceeds the inherent antenna
beamwidth; all steering vectors contribute in the decision process. The performance of spatial
filtering measures should therefore be quantitatively studied in different communication
scenarios using real or experimental reference signals. Improved smart antenna processing
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techniques should keep the advantages of physiological plausibility of human brain processing
while considering engineering practicability.

5.2. Eigen structure Methods

An alternative method for implementing spatial filtering makes use of an estimate of the
spatial correlation matrix of the received signals. Methods of operation based on this approach
are referred to as eigenstructure methods, and the central concept is the representation of the
spatial correlation matrix as a sum of signal components and noise.

Specifically, the spatial correlation matrix may be expressed in the form Rxx R=aaf+nnf
where [ is the array response vector for the desired signal, and (LJ)nn¥ is a correlation matrix of
the dwed Q [ multi-6nce term, negative eigenvalues are discarded. Given the eigenvector
corresponding to the largest eigenvalue (associated with the desired signal), spatial filtering is
implemented as follows.

6. Performance Metrics and Evaluation

Although the previous subsection discussed many important performance metrics in
detail, there exist two particular attributes that greatly influence other measures and warrant
thorough examination due to their pivotal roles in the overall performance of antenna systems.
These attributes are gain and directivity. Specifically, gain is defined as the ratio of radiated
power to total power input, a critical measurement that directly impacts the antenna'’s ability to
broadcast signals effectively over various distances and conditions. On the other hand, directivity
is defined as the ratio of total radiated power to total input power, which helps in understanding
how focused the antenna's radiation pattern is in a particular direction. Both of these essential
factors play a crucial role in comprehending antenna performance and overall effectiveness in
various applications.

Furthermore, extra care must also be applied to evaluating antenna efficiency
comprehensively. Antenna efficiency is defined as the ratio of radiated power to the total input
power of the antenna, taking into account all types of losses that occur in the radiating material
as well as losses that may arise from the surrounding dielectric materials and environmental
factors. This full consideration leads to a more complete and accurate evaluation of the antenna’s
overall performance in practical, real-world applications. Understanding these metrics in
conjunction with each other allows for better design and implementation of antennas in various
communication systems, ensuring optimal functionality and reliability.
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Eigenvalue spectrum of spatial covariance matrix (example)
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Equation 3: Beamforming equation (weights — spatial filtering)

3.1 Beamformer output

Let complex weights be w € CM. The beamformer output is:

y () = whx(t)
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3.2 Output power in terms of covariance

Define spatial covariance matrix:

Then:
E[ly|*] = E[(w"x)(x"w)] = wHE[xx"]w
So:

— wH
P, = w'Ryw

3.3 Conventional (steered) beamforming weights

To maximize response to 6, use matched (conjugate) steering:

W= a(6,)
M

Then the array factor / beampattern is:

AF(0) = wHa(6)
(Your plots above show how increasing M narrows the main lobe.)
6.1. Gain, Directivity, and Efficiency

Gain is recognized as one of the most fundamental and essential metrics that are
frequently utilized to quantify the performance of antennas in various applications. The concept
of gain is specifically defined as the ratio of power that is transmitted or radiated by an antenna
in a designated direction in comparison to the power that is radiated by an ideal isotropic source.
This isotropic source serves as a theoretical reference point for evaluating the effectiveness of
antennas in different scenarios. In the context of a transmitting antenna, the gain is typically
expressed in a variety of formats, such as decibels (dB). This measurement plays a crucial and
significant role in understanding how well an antenna can focus energy in a desired direction,
ultimately improving both communication range and quality.
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It is also important to note that the significance of measuring gain extends beyond mere
performance assessment; it encompasses a wide array of practical applications across numerous
fields, including telecommunications, broadcasting, and even radar technology. These
applications require that antennas not only transmit signals effectively but also maintain high
fidelity in the communication processes. By understanding and measuring gain, engineers and
technicians can design and optimize antenna systems that better meet the specific needs of
various industries while enhancing overall system performance.

7. Conclusion

Smart antenna technologies accommodate several transceiver architectures that interact
with multiple signals in the same physical medium. In contrast with conventional communication
transceivers that optimally handle a single signal, smart antennas exploit multiple available
signals in a space—time manner to enhance link reliability and throughput. Several classes of
adaptive antennas exist, including those based on adaptive arrays, space—time coding, spatial
diversity, and beamforming. Each presents unique technical challenges that depend on antenna
characteristics and environment. Evaluation methods must quantify performance in terms of
gain, directivity, efficiency, and complexity.

Signal processing techniques employed by these systems are also diverse and may
include simple spatial filtering, eigenstructure methods, multilateration algorithms, and decision-
aided techniques. Applications for intelligent transceiver technology abound, including wireless
access in mobile and fixed environments, radars, repeaters for global positioning systems, and
bistatic radars for detection of moving vehicular targets. Each problem domain allows intelligent
exploitation of the spatial information of the received signals and may benefit from low-cost
antenna implementations at the receiver and/or the transmitter.
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Performance Quantification of Intelligent Transceivers
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Fig 4: Performance Quantification of Intelligent Transceivers

7.1. Final Thoughts and Future Directions

Smart antennas have attracted significant research interest since the early 1990s. The
rapid expansion of personal communication services and mobile radio services will result in a
large increase in mobile traffic, leading to a dramatic increase in demand for additional channel
capacity and improved quality of service, especially in urban environments. However, the high
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cost of constructing and operating the necessary additional infrastructure means it is not feasible
merely to continue building more and more base stations to provide more coverage areas.

With average user traffic only a fraction of the networks' capabilities, smart antennas will
play a major role in their innovation and development. Smart antennas cover a wider area by
separating users at the same base station or AP using spatial signatures and thus serve the same
area with fewer sectors and fewer base stations. They reduce interference by targeting the
antenna pattern of each link toward the corresponding user equipment, thereby decreasing the
power wasted on irrelevant parts of the coverage area. The smart sensor concept extends this
idea, separating users with completely overlapping ranges by using sensor arrays equipped with
direction-of-arrival estimation capabilities.
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