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Survey of Beam Steering Techniques Available for Millimeter
Wave Applications
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Abstract—Pattern reconfigurable antennas (beam steerable antennas) are essential for various
applications in electronic engineering such as telecommunication and radar. They mitigate interference
by channelling the antenna’s radiation to the direction of interest. This ability is vital for millimetre
wave frequency applications such as small cell backhaul links where high path loss, attenuation from
obstacles, and misalignment due to wind sway and accidents are prevalent. Several techniques have
been used to implement beam steering over the years, most of which achieves steering at the expense of
antenna performance. In this article, we surveyed the various techniques used in achieving beam steering
and analyse each based on some figures of merit with the aim of identifying areas of improvements for
each beam steering technique.

1. INTRODUCTION

Operation at millimetre wave frequencies has been proposed as a solution to the ever increasing demand
for more bandwidth and higher data rates. The current microwave frequency spectrum suffers from
congestion and cannot support the demand for higher data rate by mobile smartphone users due to the
limitation of spectrum at these frequencies [1]. Spectrum, however, is in abundance at the millimetre
wave frequencies as they are mostly unused. Millimetre wave frequency band refers to the frequencies
between 30-300 GHz whose wavelengths range from 1mm to 10mm. The 10-30 GHz band is also
sometimes referred to as millimetre wave frequency because energy at these frequencies have similar
propagating characteristics to those at millimetre wave frequencies [2]. The millimetre wave frequency
band is a promising candidate technology for realising key requirements which have been placed on
next generation communication systems (5G), including higher data rates (estimated to be in Gbps)
and higher aggregate capacity for supporting simultaneous users. It is hoped that 5G systems will also
possess the following attributes: longer battery life, lower outage probability, and lower infrastructure
costs [1]. However there are challenges associated with operating in the millimetre wave frequency band
which have to be resolved for it to be used.

Three distinct challenges arise, as a result of the propagation characteristics, when operating at
millimetre wave frequencies, these are: high free space path loss; absorption due to atmospheric gases
and rainfall; and non-line of sight propagation. The free space path loss equation [3] is given by,

Lig =924+ 20log f +20log R (1)

where f is frequency in GHz and R the distance between antennas in km. This loss affects the link budget
and becomes a huge challenge when transmitting over a large distance. Highly directive millimetre wave
antennas are needed to overcome the high path losses for small cell backhaul applications. The distances
between nodes in the backhaul network is likely to be a few meters [1].
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Absorption of energy from radio waves, due to atmospheric gases, reaches its peak value at a
frequency of 60 GHz. The principal gases responsible for this effect are oxygen and water vapour. At
this frequency, the signal attenuation is around 5dB/km. At frequencies in this band, the size of rain
drops, walls and objects are significant compared to the wavelength. For rain drops, the size introduces
severe energy losses, depending on the magnitude of the rainfall [4]. This loss is characterised in terms
of signal attenuation in dB/km, and consequently it can be reduced by shortening the transmission
distance. For walls and objects, they become obstacles having high penetration losses at millimetre
wave frequencies [1]. This forms the major challenge to the use of millimetre wave frequencies in 5G
systems. To overcome this limitation, the antenna should have the ability to reconfigure its radiation
pattern in order to avoid obstacles and maintain the link with other nodes in a network. This proposed
solution introduces multiple challenges which must be resolved for 5G systems. The challenges are:

(i) Estimating the direction of arrival of the signals. This is vital as the system will need to know in
which directions to reconfigure its beam.

(ii) Ability to differentiate between the desired signals and interference signals/jammers and supress
them.

(iii) Reconfiguring its beam pattern to the new direction of interest to reduce the power dissipated in
directions of non-interest and maintain high gain. There will also be a need to form multiple beams
for point to multipoint applications.

Estimating the direction of arrival (DoA) is a major research area that is still developing. DoA
estimation uses algorithms implemented at the base band level which weight signals from multiple
antennas to determine the direction of the incoming signal. These algorithms can be classified
into 3 broad groups: conventional beamforming, subspace-based techniques and maximum likelihood
techniques [5]. Fig. 1 shows this classification along with subsets of each.
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Figure 1. Classification of DoA techniques.

Reduction of the computational complexity and speed of these algorithm are one of the main focuses
of DoA estimation research. For detailed overview of these techniques, see [5] and [6].

After estimating the direction of arrival of the signals, it becomes important to distinguish between
the signal and jammers/interferences and then suppress them. This constitutes a wide research area
that is heavily used in radar systems to distinguish a target from a jammer. Learning systems such
as adaptive beamforming play a vital role in identifying signals in the midst of jamming/interference
signals [7]. Many adaptive beamforming schemes have been implemented in literature to detect incoming
signals of interest and they have been used to perform jammer suppression in [8] and [9].

Beam reconfigurable (steerable) antennas have been around since the 1930’s [10]. Beam steering
has been implemented at lower frequencies with the aim of steering highly directional beams to avoid
signals of non-interest. From Fig. 2, if the base station has an omnidirectional radiation pattern, the
signals from each device gets to the base station and cause interference when the base station is only
interested in the signal from device 2. With beam steering, the base station can reconfigure its beam to
focus on the direction of device 2, hence ignoring the signals from device 1 and 3 (signal of non-interest).
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This reduces the level of interference, improves the systems performance, and reduces the power used
in transmission by channelling the radiation towards a specific direction.

Research in beam steerable antennas is generating lots of interest as efforts are being made to
develop an optimum beam steering solution at millimetre wave frequency band for both point-to-point
and point-to-multipoint applications. For point-to-multipoint applications, there will also be a need
to be able to form highly directive multiple beams. In this article, we intend to survey the existing
techniques that are been used to implement beam steering. In the next section, we will present figures of
merit for the techniques, a way to evaluate their performance and rate them. In Section 3 we will discuss
the techniques used to steer antenna beams. In Section 4, we will compare the steering techniques based
on the figures of merit. In Section 5, we will conclude and present areas of improvement.
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Figure 2. Illustrating beam steering.

2. FIGURES OF MERIT

To find the optimum beam steering technique, the following properties are vital:

(i) Insertion loss (IL): This is the loss that arises as a result of inserting a device in a transmission
line. It is mathematically the difference between the power that goes in and the power that comes
out of the device expressed in dB.

P.

Insertion loss (dB) = 10log —— (2)
Pout

This is a critical figure of merit due to the fact that any technique that uses up most of the

transmission power degrades the performance of the overall system. Also, lower insertion losses

would imply lower energy requirement, which leads to better energy conservation.

(ii) Steering range: The maximum angle away from the bore sight direction to which the beam can be
steered. The steering range depends on the radiating element. For example, a phased array made
up of microstrip patch antennas cannot be steered over 360° by means of phase shifters due to the
limitation of the element. While a monopole can be steered over 360° due to its omnidirectional
radiation pattern. Hence, the steering range of techniques will be classified as either full range
(based on the element) or a specific angle based on literature.

(iii) Steering resolution (S-Res): This is the step increment that can be achieved while covering the
steering range. It could be continuous, predefined or fine. Continuous signifying that it achieves
any steering angle needed. Predefined signifying large angles greater than 20° and fine signifying
angle steps of 2° or less.
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(iv) Steering speed: This is how fast the beam steering can be performed. The speed of steering
determines the sensitivity of the technique and hence will determine if it is suitable for dynamic or
static environment. The steering speed for a mobile user driving along the road will be different
from that of a backhaul antenna that needs to switch its beam to a different node in the network.

(v) Complexity: This takes into account the ease of implementing a technique. This also has a direct
effect on the cost of implementing the technique. It will be rated as either high, moderate or low.

(vi) Bandwidth phase deviation (BPD): This term refers to the uniformity of beam steering, as a
function of frequency, across the operating bandwidth of the antenna.

(vii) Size: The size of the manufactured device will determine the application that will make use of
it. If it becomes very bulky, applications such as smartphones and tablets will not be able to
accommodate it.

(viii) Cost: On a sales perspective, the cost of implementing a technique will influence the cost of the
device.

3. BEAM STEERING TECHNIQUES

Lots of techniques have been used to steer an antenna’s radiation pattern over the years, including:

(i) Mechanical steering.
Beamforming.

Reflectarray.

Parasitic steering.

Integrated lens antennas (ILAs).

Traveling wave antennas.

)
)
)
)
(vi) Switched beam antennas.
)
) Retrodirective antennas.
)

Metamaterial Antennas.

3.1. Mechanical Steering

This involves manually turning the antenna to face the direction of interest. Mechanical steering becomes
undesirable and difficult when we consider factors such as antenna size, weight, and weather conditions.
Mechanical steering is often performed by means of electric motors. Recently, MEMS devices have
been used to implement mechanical steering [11], they offer improved speed of scanning compared to
manually steered arrays as well as low losses to the system. Mechanical steering is highly effective since
it maintains the gain of the antenna and offers flexibility in the steering range of the antenna [12].
However, its use is limited to static or very slow changing environments due to the limitation in steering
speed. Also, rotating mechanisms are prone to mechanical failure due to fatigue and wearing of moving
parts [13]. The solutions for these problem led to electronic ways of steering beams.

3.2. Beamforming

The term beamforming refers to the process of combining signals from an array of elements to form a
highly directional beam of radiation. It is also used to precisely align the phases of an incoming signal
from different parts of an array to form a well-defined beam in a specific direction. This is achieved
by implementing a time delay on each element’s signal [14]. It originated from spatial filters that were
designed to form pencil beams (i.e., highly directional radiation patterns) to receive signals from a
specific location and attenuate interference from other locations [15]. Beamforming techniques can be
subclassified as: RF/analogue, digital, or hybrid beamforming.
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3.2.1. RF/Analogue Beamforming

From Fig. 3, the signal from an element of the phased array is fed through a low noise amplifier
after which the time delay is implemented by means of a phase shifter. The time delayed signals
from each element are summed to produce the resultant beam by the beamformer. This method of
beamforming is relatively cheap and low power when compared to digital beamforming [16]. However,
it poses a challenge for applications having a large bandwidth requirement because the phase shifters
are frequency dependent and produces variable phase shift across the bandwidth with accurate phase
shift at the centre frequency [14]. This raises a limitation when used at millimetre wave frequencies
where large bandwidth is fundamental. The combination of phase shifters connected to array elements
is called a phased array which is the means used to steer the antenna beam.
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Figure 3. RF/analogue beamforming architecture.

Phased arrays have been the conventional way of steering beams electronically to different directions
within the range of the element pattern. By changing the phases of each element in the array with phase
shifters, the combined beam of the array is steered. It has the advantage of high directivity, multiple
beamforming (one at a time in different directions), fast scanning when compared to mechanical steering
due to its electronic circuitry, and spatial filtering [17]. According to [18], a phase shifter is a control
device that has a flat group delay versus frequency within its defined bandwidth of operation. Phase
shifters could be digital or analogue. Analogue phase shifters are built with varactor diodes and offer
continuous phase shift by controlling the voltage of the varactor diodes. This control voltage is highly
influenced by noise and incurs heavy losses to the device. For this reason, digital phase shifters have
received much attention due to their immunity to the noise present on voltage control lines. There are
several techniques used to implement digital phase shifters, some of which are switched-line, loaded-line,
reflection-type, and vector modulator technique phase shifters [18, 19].

In the switched-line technique, the input RF signal is routed through an appropriate length of
matched transmission line. A PIN diode or switching MESFET is used to switch between two or more
different lengths of transmission line [18]. The length of each transmission line is calculated in such
a way to achieve the desired amount of phase shift as the signal travels through the line [20]. Recent
research into the switched-line technique centre on the transmission line that implements phase shifts
and semiconductor devices used for the switching. MEMs [19], CMOS [21], PIN diodes and FET are
examples of the types of switches currently being researched. The main aim of the research is to
reduce the insertion losses along with the level of phase deviation across the operating band. In [22],
some improvement in the performance of the phase shifter were obtained by employing a metamaterial
transmission line which has negative permittivity and permeability. This enabled the phase shifter
to have a uniform phase response across the operating bandwidth. The design had insertion loss of
less than 2dB at 2 GHz. However this technique has not yet been implemented at millimetre wave
frequencies. In [23], phase shifters were developed using integrally-gated graphene transmission lines.
The authors applied the graphene transmission lines to switched-line, loaded-line, and reflective type
phase shifters. In this context integrally-gated means that double gated electrodes were integrated for
ease of connecting switches, tuneable loads and key components needed to build phase shifters. The
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authors stated that graphene transmission lines are low loss in the Terahertz frequency band. However
the insertion losses were not measured and so it is impossible to ascertain how much loss these phase
shifters will introduce into a system.

In the loaded-line technique, the transmission line is loaded with a capacitive reactance as shown in
Fig. 4. This reactance is connected in shunt configuration. The reflection and transmission coefficients
depend on the value of this impedance. Varying the impedance alters the reflection and transmission
coefficients which determines the time delay, hence adjusting the load alters the phase shift experienced
by the signal [18,24]. The technique is used to achieve phase shifts of 45° or less and has the advantage
of being compact [18]. The loaded line technique has been used at X-band frequencies and showed a
maximum insertion loss of 1 dB and 4+2° phase errors at C-band frequencies (5 GHz to 6 GHz) [18]. This
phase shifting technique is used in conjunction with others in order to improve the range and resolution
of phase angle adjustment that can be achieved.

A reflection-type phase shifter typically consists of two impedance elements (Z, and Z), a 3-dB
hybrid coupler and a switch as shown in Fig. 5. The impedance elements are connected across two ports
of the 3-dB hybrid coupler by means of a single-pole, single-throw (SPST) switch. A schematic diagram
is shown in Fig. 5.
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Figure 4. Loaded-line phase shifter. Figure 5. Schematic of reflection-type phase
shifter.

Table 1. Insertion losses of phase shifters.

Frequency Band (GHz) CMOS (dB) GaAs (dB) MEMS (dB) Ferrites (dB)

L (1-2) - 1.5-5.26 1525 0.4
S (2-4) <15 47 > 1.4 0.8
C (4-8) <56 <13 > 2.6 3.6
X (8-12) <78 8.6-12.3 0.9-1.7 4.2
Ku (12-18) >3 >10.5 0.9-3.1 > 42
K (18-27) <11 >5.3 0.4-3.5 4.3-7
Ka (27-40) 6-12 >9.1 2.7-5 > 2
V (40-75) 6.91-17 > 75 3.21-8.2 -
W (75-110) 13-20 > 8 > 34.8 -

The hybrid coupler splits the input signal into two separate signals with equal amplitudes but a
90° phase difference. The impedances reflect the divided input signal while also introducing a phase
shift. The value of the phase shift depends on the choice of reactance used. If the impedances are
matched, the reflected waves from both arms cancel out. Varying the impedance alters the level of
reflection and hence the phase shift in the output signal [25]. The hybrid coupler combines the reflected
waves constructively to produce an output [26]. Research into reflective-type phase shifters is currently
concerned with improving the load so as to achieve low phase variation during phase shifting and reduce
losses.
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In the vector modulator technique, the input signal is fed into a quadrature power splitter which
divides the signal into four vectors with 0°, 90°, 180°, and 270° phase difference. A differential amplifier
pairs the vector (0°, 180°) and (90°, 270°) [27]. The amplitude of each of the signals is weighted by
variable attenuators and combined by the input modulator to obtain a phase-dependent vector sum [28].
In [27], a gain and phase variation of 0.1dB and 0.8° respectively was achieved. [29] reported a gain
and phase variation of 0.5dB and £7° while achieving a 3-bit digital phase shift with a gain of 11.5dB.

The key challenges associated with phase shifters in millimetre wave frequencies are:

(i) Losses incurred.

(ii) Cost of phase shifters.
(iii) Complexity of design.
Table 1 shows the insertion losses associated with some semiconductor based phase shifters. The
table focuses on specific frequency bands and how the losses increase for each semiconductor device as
frequency increases. The losses are given in ranges because they are dependent on several factors such
as range of steering, resolution of steering and number of bits. MEMs and Ferrite based semiconductor

phase shifters offer better insertion loss when compared to CMOS and GaAs phase shifters. The dashes
(—) indicate values that could not be confirmed from literature.

3.2.2. Digital Beamforming
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Figure 6. Digital beamforming architecture.

In digital beamforming, the signals from each antenna element are sampled by an ADC. The
sampled signals are then down converted to a lower frequency by mixing the output of the ADC with a
complex sinusoid to yield a baseband signal. The baseband signals are then split into different channels
by using channelisers. The resulting channels are then fed into a beamformer. The beamformer applies
steering and correction coefficients to each channel before summing the channels to produce a radiated
beam [14]. The process is shown in Fig. 6. The beamformer is a signal processor used with an array of
sensors to provide spatial filtering. Digital beamforming can be performed over wide bandwidths due to
its ability to split the signals into various channels. Two main approaches for wideband beamforming
are based on time-domain processing and frequency domain processing [30]. Time domain processing
is performed using tapped delay line filters, the length of the lines depend on the bandwidth of signals.
Frequency-domain processing is performed by using a Fast Fourier transform to convert the wideband
signal into frequency domain. Each converted signal is then processed by a narrowband processor [31].
These approaches can produce beamforming without bandwidth phase deviation which enables a beam
to steer uniformly over its operating bandwidth. However, it has high power requirement and large
cost.
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3.2.8. Hybrid Beamforming

Recently, interest is growing in a hybrid of analogue and digital beamforming that is intended to reduce
the complexity of digital beamforming and improve the performance of analogue beamforming.

Based on Fig. 7, hybrid beamforming simply involves attaching digital beamforming architecture
to the end of the RF /analogue beamformer. The RF /analogue beamforming section controls the phase
of the signal at each element while the digital beamforming section applies applies baseband signal
processing to enhance the performance of the multiple data channels [32].

Recent work in the area of RF beamforming have concentrated on reducing the losses associated
with phase shifters. Currently, the major research interests in digital beamforming concentrate on
algorithms to improve the computational time and signal tracking.
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Figure 7. Hybrid architecture.

3.3. Reflectarray Antenna

A reflectarray is formed from the combination of a reflector and an array antenna. The aim, in combining
the two technologies, is to utilise the strengths of each to maximum advantage. In a conventional
parabolic reflector antenna, a field source is placed at the focus of a reflector as shown in Fig. 8. The
field generated is then directed towards the point of interest by the reflector. In reflectarray antennas,
the reflector is replaced with numerous reflector elements. Each element is separated by an identical
spacing. The array is designed to redirect the incident waves. This is achieved by applying predefined
phases to different sections of the array [33]. The predefined phases are either set actively, by using
phase shifters or passively, by the shape and size of each element of the array. The phase shifters are
connected to all the elements of the array [34].

At millimetre wave frequencies, the reflectarray has the advantage of being lightweight. When
active elements are employed it can dynamically steer its radiation pattern. A reflectarray does not
incur transmission line losses because the elements are fed by quasi-optical (free-space) means and not
via a matched transmission line [33]. It also has the advantage of generating multiple beams which can
be used for point-to-multipoint applications by applying different phase shifts to sections of the array.
However, due to the presence of phase shifters, reflectarray suffers from losses induced by phase shifters.
It also has the limitation of predefined beams as with phased arrays since it has phase shifters and does
not offer continuous beam steering. With increasing number of elements, the complexity and cost of
reflectarray increases.
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Figure 8. Reflectarray.

3.4. Parasitic Steering

Figure 9 illustrates the construction of a Yagi-Uda antenna. The Yagi-Uda antenna consists of a single
driven element surrounded by a number of passive elements. The term parasitic is used here to describe
an element which is not supplied with energy but receives energy by means of electromagnetic coupling.
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Figure 9. Schematic of Yagi-Uda antenna. Figure 10. Schematic of ESPAR antenna.

The parasitic element behind the driven element in Fig. 9 is called a reflector while the parasitic
elements in front of the driven element are known as directors. Radiation propagates in the direction
of the directors and by adding more directors it is possible to increase the directivity of the antenna.
However, as the number of director increases, the electromagnetic coupling reduces and gets to a limit
where adding directors have no effect on the directivity. Over time, the Yagi-Uda concept has developed
from achieving highly directive pattern in one direction to directive patterns towards several angles of
choice. A schematic diagram of a parasitic array structure is shown in Fig. 10.

Parasitic steering has been used to improve the directivity of omnidirectional elements such as
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monopoles and dipoles. Various configurations of antenna have been proposed in literature, these
include Electrically Steerable Passive Array Radiators (ESPAR) [35], Circular Switched Parasitic Array
(CSPA) [36], and disk-loaded monopole array antennas [37]. In [38], it is shown that the parasitic will
have to be of close separation (within 0.1-0.5 wavelengths) to the active element in order to have good
effects on the radiation pattern. This separation affects the mutual impedances between the parasitic
and driven element and controls the steering angles that can be obtained.

The parasitics can be connected to the ground via a switch or with a variable reactor [35]. The
parasitic acts as a reflector when it is short circuited to ground. When open circuited, the parasitic
behaves as a director. The beam is steered towards the director as in the case of Yagi-Uda [36]. In the
ESPAR and CSPA configurations the beam is steered in one plane. The orientation of the parasitics
determine the plane in which the beam steering can occur.

Parasitic array steering has also been achieved using patch antennas, where a steering range of
+30° has been reported [39]. The closer the parasitic is to the driven element, the larger the steering
angle. However, the mutual impedance developed between the parasitic and driven element affects
the reflection coefficient of the antenna. Based on the configuration of the parasitics around a patch
antenna, steering could be achieved in one or two dimensions as demonstrated in [39] and [40] and
shown in the Fig. 11.
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Figure 11. Steering in two planes.

The parasitic elements along the z-axis can either act as director or reflector to steer the beam
along the z-axis. The same applies for the parasitic element along the y-axis, hence steering in 2 planes
is achieved.

It is worth mentioning that most of the designs for parasitic steering involve only one driven element
surrounded by a series of parasitics. In [41], tiny rectangular parasitic elements (pixels) were integrated
into a linear array operating at a frequency of 5.6 GHz, which was an extension of [42] based on a
single element. By setting up the parasitic pixels in a layer above the plane of the array, they achieved
steering in two planes. The parasitic pixels were linked to each other by means of switches, this resulted
in different switching configuration. Each driven element in the array had an array of parasitic pixels on
a layer above it. This design increased the complexity and the number of switches needed to implement
the design.

The authors in [43] achieved a wide steering angle of £50° by reducing the ground plane and
optimising the location of the switches for the parasitics. The design involved the use of a radiating
element and 4 parasitics. The ground plane was reduced and covered half of the extreme parasitics
on both sides of the radiating element. In [44], the authors integrated parasitics into a 3 x 1 phased
array to improve the steering range and resolution of the phased array. This steered the array pattern
by a maximum angle of +15° without the use of phase shifters. Smaller steering angles were achieved
depending on the combination of the parasitics.

The parasitic steering only support predefined angles of steering. However, the insertion losses of
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the switches used in the antenna are lower when compared to other types of techniques because the
switches are not inserted into the feeding network of the antenna. The authors in [45] compared the
effect of two switches, BAR and HPND Pin Diode, on the radiation pattern of the parasitic array and
noted some slight changes on beam direction. Hence, more study needs to be carried out on the use of
a switch with variable impedance to observe how it affects the beam direction.

3.5. Integrated Lens Antennas (ILAs)

The concept of integrating a lens over a planar radiating element was developed by Rutledge [46] and has
seen much improvement since then. From the schematic of an ILA in Fig. 12, it consists of a dielectric
lens of an elliptical or quasi elliptical shape integrated with a set of driven elements. The elements of
the array are offset by a specific distance, d, from each other and mounted at the back focal plane of
the lens [33,36,47-51]. The lens is placed in a way that the radiation from each element appears to
emanate from the same focal point and the elements are controlled by means of a switch, activating
each element one at a time to implement the different predefined angles of steering [47,50]. The ILA
achieves a highly directional beam using fewer elements when compared with a phased array antenna.
ILAs also employ RF switches instead of phase shifters which have lower losses, offer simplicity and
lower cost when compared to phase shifters [48].

Lens LRV A Focal

Back focal : L Row of Radiating
—— 0 0o 0 0 —

plane Element
Figure 12. Schematic of an ILA.

In [51], the recorded steering ranges were £35° and +22° along with 0°. The measurement was
carried out on antennas that operated between 52 GHz and 68 GHz. Gains of up to 18.4dBi were
recorded for a 7.5 mm radius lens. The insertion losses associated with each switch were 2.5 dB. In [50],
the ILA was extended to accomplish 2D steering by using a 2 dimensional 8 element array operating at
77 GHz. Scan angles of 17° and 25° were reported with gain of 16 dBi for 15 mm lens radius.

However, in order to achieve large steering angles the offset between each radiating element will
increase. Increasing the offset of the radiating elements deteriorates the focusing properties of the
lens [47] and increases the gain scan loss. The gain scan loss is defined as the difference in gain measured
between the bore-sight beam direction and the steered beam direction. The gain scan loss depends on
the ratio of offset, of the radiating elements, to the radius of the lens [52]. Energy will also be lost (or
dissipated) within the materials used to fabricate the lens. The magnitude of these losses will depend
on the type of materials used in manufacturing the lens [53]. The ILA does not maximise the use of all
the radiating elements to improve gain since each radiating element is turned on individually. The gain
achieved is the combined gain of a single element and the lens. This ILA concept was improved in [50]
by adding elements in two dimensions to accommodate steering in two planes but the two dimension
improvement still had the limitation of one active element at a time. Also, it only offers predefined
steering angles which implies that the connection will be lost if the receiving antenna is displaced from
its predefined position.

Recent research in improving ILAs use materials with reconfigurable properties, such as
metamaterials, to replace conventional lens. This will be discussed in Section 3.9.
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3.6. Switched Beam Antenna (SBA)

This is a technique where antenna elements are arranged to cover an angle range of interest [12]. Each
element covers a section of the total range as shown in Fig. 13 and is turned on when there is a need to
radiate in that particular direction. This arrangement is a bit similar to that of ILAs without the lens,
with the main difference being that the elements of ILAs are placed in a straight line.

The arrangement in Fig. 13 enables beam switching in 8 different directions. The antennas are
placed at the centre, with each antenna radiating in a different direction as represented by the arrows.
However, this solution is inefficient due to high cost and redundancy. The reason for the redundancy
is that 8 different feeding networks will be required for the antenna setup in Fig. 13 although only
one of these is turned on at any given time. This redundancy is present for all operating cases except
point to multipoint transmission, where more than one antenna element can be turned on simultaneously.
However this scenario may lead to problems due to high mutual coupling between the antenna elements.
This can become a challenge to resolve. Also, if the receiving antenna falls in the region between the
sectors (the boundary between consecutive antennas), connectivity cannot be guaranteed, hence a need
to have continuous beam steering in line with the sectors.

Antennas

y
| Ante

Figure 13. Schematic of 8-sector switched beam antenna.

3.7. Traveling Wave Antennas (TWA)

Antennas can be broadly classified as standing wave (resonant) antennas or traveling wave antennas.
For resonant antennas, the voltage standing wave patterns are formed by reflections from the open end
of the wire. This implies that the current along the line goes to zero at the open end of the line [20].
In the case of travelling wave antennas, the radiating element is terminated by a matched impedance
and the current is formed by waves travelling in one direction (no reflections), hence producing uniform
patterns in current and voltage. The radiating element could be multiple elements connected together,
the resulting radiation pattern will then depend on the shape of each individual element. There are two
categories of travelling wave antennas [20]:

(i) Surface (slow) wave antennas: This category is regarded as slow because the guided wave propagates
with a phase velocity less than the speed of light in free space. Due to its speed, it does not radiate
except at points of discontinuities such as feed point and termination regions. The discontinuities
act as sources of radiation and they occur at the feeding port and the termination at the end.
With surface wave antennas, it is difficult to produce highly directive radiation patterns and the
patterns suffer from significant sidelobes. The desired location of the main beam is determined by
the length of the antenna [54]. Examples of surface wave antennas are: helixes, dielectric slabs or
rods, and corrugated conductors.

(ii) Leaky (fast) wave antennas: This is the opposite of surface wave antennas. Its guided wave
propagates with a phase velocity faster than the speed of light in free space, hence referred to
as fast waves. Due to its speed, it radiates continuously along its length. Unlike the surface wave
antenna, it forms highly directed beams at desired angles with a low sidelobe level. The angle of
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the beam is controlled by the phase constant while the beamwidth is controlled by the attenuation
constant of the wave. The phase constant changes with frequency, hence the beam angle for leaky
wave antennas is frequency dependent [54].

Travelling wave antennas can be used for wideband frequency scanning as they radiate at all the
frequencies within the operating bandwidth [55], meaning different angles at different frequencies.
However, beam steering can also be implemented for the main beam at a defined frequency in a number
of ways.

(i) Dual feeding points: By feeding the antenna from two different points, one at a time, the beam
direction is mirrored along the vertical plane that cuts through the centre of the antenna. This
has been demonstrated in [56] and [57]. If both ports are fed at the same time, a boresight beam
direction is obtained [56].

(ii) Parasitic effect/Slot loading: In [58], a leaky wave antenna was surrounded by an array of patches
separated by a small distance from the antenna. Switches were used to short the patches to ground
thereby changing the reactance around the antenna. By operating the switches in different states,
the defined frequency beam was steered. The authors reported a phase difference of 16° in the
main beam direction between all the patches turned OFF and ON. Similar work was carried out
in [59] and reported a phase difference of 37° in the main beam direction between all the patches
turned OFF and ON.

(iii) Using materials with adjustable properties: Materials, such as graphene and metamaterials have
been used to steer the beam of leaky wave antennas at a fixed frequency. In [60] graphene was
used as a High Impedance Surface that acts as a ground plane for leaky wave antennas to steer
the beam by changing its conductivity. Metamaterial was used in [61] to steer the main beam by
changing the phase gradient of the metamaterial.

The two categories of traveling wave antennas produce beams that can be steered. However, for
them to be used at millimetre wave frequencies, two major limitations for each would have to be resolved.

For the surface (slow) wave antenna, the difficulty of achieving highly directive beam patterns
would need to be resolved. Highly directional beams are needed to overcome free space propagation
loss, as mentioned earlier. Leaky (fast) wave antennas have a similar challenge as phase shifters in that
its main lobe direction is frequency dependent which will be a huge concern when operating over a large
bandwidth, as would be the case for millimetre wave frequency applications. This frequency dependence
would cause the antenna to radiate in different directions at different frequencies within the operating
band.

3.8. Retrodirective Arrays

Retro-directive is a term that implies redirecting anything backwards towards the origin. Any antenna
array setup that has this ability of redirecting a signal backwards towards the source of the signal without
any prior information of the location of the source is a retrodirective array. The idea of retrodirectivity
is based on a corner reflector principle used in radar applications where a ray of light is redirected by
using reflectors perpendicular to each other [62]. Retrodirective arrays are generating a lot of interest
in the research community due to this unique ability and the relative design simplicity when compared
to beamforming. There are two main architecture topologies for retrodirective arrays: Van Atta array
and phase conjugating mixers architecture [63].

Figure 14(a) shows a schematic of the Van Atta array. It makes use of antenna pairs connected to
each other in redirecting the signals. The antenna pairs are equidistant from the centre of the array.
While one antenna acts as the receiver, the other transmits the phased signal back to the source. The
phasing of the signal is achieved using the transmission line principle with the proper lengths needed
to reverse the phase used as the distance between the pair [63]. The retrodirective array uses the phase
reversal to transmit the signal back to the source. The length of the transmission lines connecting each
pair of antennas are equal.

In the phase conjugation architecture, the phase reversal is achieved in each element instead of
relying on antenna pairs [62], as shown in Fig. 14(b). The phase reversal can be implemented using
heterodyne technique. The heterodyne techniques involves using a mixer pumped by a local oscillator
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Figure 14. Retrodirective array. (a) Schematic of Van Atta array. (b) Schematic of phase conjugate
mixer.

with either double the frequency of the received signal or at an intermediate frequency. This offers
a flexible structure and can be easily implemented. Other forms of implementing phase reversal in
conjugation architecture are phase detection and digital techniques. These offer improved performance
at the expense of cost and complexity [64].

The retrodirective array is suitable for use in fast changing environments and can be used for
tracking objects in radar applications. However, it encounters a major limitation. Due to its ability to
transmit towards the direction of the source, it will also transmit towards a signal of non-interest since
it has no means of identifying which signal to transmit or not to transmit.

3.9. Metamaterial Antenna

The concept of Metameterials was proposed by Veselago in 1968 [65]. They are man-made structures
that are designed to exhibit electromagnetic properties that cannot be achieved from natural occurring
structures [66]. Metamaterial have become attractive as their effective permittivity and permeability
can be tuned to positive or negative values [67]. With this property, its refractive index can be tuned
using active elements such as diodes and transistors. This results in active metamaterials which have
found wide use in steering an antenna’s radiation pattern without the use of complex designs of feeding
network and phase shifters.

When used in antennas, metamaterials are realised by printing sub-wavelength metallic cells
periodically on a substrate [66] and placed on a layer above the radiating element and used as a frequency
selective surface (F'SS). To achieve steering, the cells are loaded with varactors. By tuning each cell
to different capacitance, the permeability and permittivity of the material changes hence changing the
refractive index of the material. A number of steering ranges have been achieved. In [66], 40° steering
angle was achieved by designing a Leaky Wave Antenna (LWA) using metamaterials. [67] achieved £30°
with discrete steps of 7.5°. This was done by placing metamaterial radome consisting of 8 layers over a
4 x 16 patch array designed at 4.7 GHz. The insertion loss from each layer of metamaterial is 1dB which
is quite high for the system. This also presents a very bulky steering solution. Also [68] reported 30°
of steering with a beamwidth of 12.5° and a limited steering resolution. In [69], 5 metamaterial layers
were used over a horn antenna to achieve a maximum steering angle of £30° with intermediate angles
of 0°, 10° and 20°. The design was implemented at 5.3 GHz. In [70], in order to achieve wider steering
angles, the authors made use of multiple radiating elements with different orientations, each with its
own metamaterial section. They reported a steering angle of +56°

Metamaterials have also been used as lens for beam steering. Similar to ILAs, layers of
metamaterials placed over radiating elements as lenses. Lens antennas achieves steering by the offset
of the radiating elements at the back focal plane of the lens. With the use of metamaterials as lens,
the refractive index of the lens can be altered by tuning the active device in the metamaterial. This
was carried out in [71] and achieved a further +30° of steering to the incidence angle. In [72], the
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authors provided a theoretical background of the possible range of steering the beam of the antenna
using the metamaterial as lens, however there was no achieved range of steering either by simulation or
measurement.

Using metamaterials to steer the antenna beam poses some challenges. Firstly, due to the proximity
of the metamaterial layers to the radiation element, the reflection coefficient (S71) of the antenna is
affected and the resonance frequency of the antenna is altered with each tuning state of the metamaterial
surface. This can be seen from the reflection coefficient plots in [66-70]. This would imply that it would
not be convenient to use metamaterial layers as a means of steering for specific narrowband frequency
applications. Secondly, as mentioned earlier, as more metamaterial layers are added which increases the
range of steering, the insertion loss also increase. Lastly, most authors claim that using metamaterials
for steering is less complex when compared to phased array antennas, however integrating the active
devices and biasing circuits into each cell of each layer and the multiple layers seems to be quite complex
to achieve and a lot more difficult to fabricate.

Table 2. Comparison of beam steering techniques.

Technique IL S-Res Complexity BPD Size Cost
Mechanical None Continuous Low None Large Low
Analogue BF High Predefined Moderate  High Medium High
Digital BF High Fine High - - High
Reflectarray ~ Medium  Predefined Moderate High Large High
Parasitic Low Predefined Low - Freq dependent Low
ILAs Low Predefined Low - Medium Low
SBA Medium  Predefined Low None Large High
TWA None Continuous Low High Small Low
R-Arrays Low Fine Moderate - Medium Medium
Metamaterial High Predefined Moderate - Medium Medium

4. COMPARISON OF TECHNIQUES

Table 2 presents an overview of each steering technique available in literature and their properties based
on some of the figures of merit discussed in Section 2. The dashes in the table refer to areas that have
not been reported in literature.

Mechanical steering would have been the ideal means of beam steering since it does not incur
insertion losses, and the antenna’s performance is not degraded at any point. However, the slow speed
of steering compared to the electronic methods of steering is its major disadvantage. RF /analogue
beamforming offers fast steering speed, but its range of steering depends on the type of antenna used.
For instance, a microstrip patch antenna would not be able to steer beyond the front plane due to the
presence of the ground plane. RF/analogue beamforming typically degrades the antenna’s performance
by introducing insertion losses and a bandwidth phase deviation while steering due to the methods used
in achieving group delays. Digital beamforming improves the resolution of antenna arrays. However,
the cost and power requirement are very high. Based on the technique employed, digital beamforming
can have either frequency variant or frequency invariant (no bandwidth deviation) beam steering [31].

Reflectarray uses both its shape and phase shifters for beam steering. It is limited to predefined
steering resolution as RF/analogue beamforming. Its large size due to the use of thousands of array
elements becomes a disadvantage.

Parasitic steering depends on switches to achieve steering. Its steering range is restricted by the
type of antenna element used. For instance, a monopole can be steered with parasitics over 360° angle
range, while a microstrip patch antenna can only be steered within the top plane of the antenna.
Parasitic steering offers predefined steering resolution and the bandwidth phase deviation has not been
studied in literature to know how it steers over the operating bandwidth of the antenna.
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Integrated lens antennas depend on the switching between various antenna elements to achieve
steering. This introduces redundancy in the system as only one element is switched on at a time along
with insertion losses for the switches that controls each element. ILAs also offer predefined steering
resolutions and the performance of the system degrades while trying to achieve wider steering angles.

Switched beam antennas like ILLAs introduce redundancies to the system for point to point
connection. This influences the cost and size of the antennas. Like mechanical steering, there is no
bandwidth phase deviation as the performance of the antenna is maintained over the range of steering.
However, for point to multipoint links, mutual coupling becomes a factor that needs to be considered.

Traveling wave antennas offer continuous steering resolution over the operating frequency
bandwidth of the antenna. Its range of steering is limited by the bandwidth of operation, as such
a wideband traveling wave antenna has a larger steering range when compare to a narrowband traveling
wave antenna. Traveling wave antennas are simple to implement as they are simply structures that
radiates energy, hence no insertion losses.

Retrodirective arrays steering range is dependent on the type antennas used as the case with
RF /analogue beamforming. They offer very fine steering resolution within their steering range as they
radiate in the direction of the source. Retrodirective arrays have a simple architecture with a moderate
complexity due to the presence of phase conjugate mixers. With regards to bandwidth phase deviation,
the Van Atta arrays would have no phase deviation as it transmits back towards the source of the signal
while the phase conjugate mixer antennas would depend on the local oscillator. However the bandwidth
phase deviation for phase conjugate mixer architectures have not been studied.

Metamaterial can achieve continuous steering depending on the active device used. The
metamaterial surface increases the overall size of the antenna making it larger in size when compared
to the original antenna. It also has an increased complexity due to the baising circuits needed for the
varactors for each unit cell contained in a layer. A single layer could have as much as 5 x 5 cells.
Adding more layers of metamatrial also contributes to the increase in complexity and insertion loss of
the system which could be as high as 1dB per layer.

5. CONCLUSION

This paper discussed the major limitations that have to be resolved in order to use millimetre wave
frequencies for 5G communication systems which are: high path loss, attenuation by objects, and
misalignment of antennas. We also explained why beam steering is a solution to these limitations, as
suggested in the literature. We presented the various beam steering techniques available from literature
and compared them based on some figures of merit. Based on our study on beam steering techniques,
the following are areas that require further research in beam steering techniques:

e Insertion loss of phase shifters at millimetre wave frequencies: A lot is yet to be known about
the performance of phase shifters at millimetre wave frequencies. From the available literature,
insertion loss of phase shifters increase as the frequency increases. With losses arising from free
space path loss, additional losses from phase shifter would be a huge burden on the system. Hence,
the need for phase shifters with lower insertion loss.

e Bandwidth phase deviation: The ability of a technique to steer the radiation pattern of an antenna
uniformly over the operating bandwidth is vital at millimetre wave frequencies. Based on one’s
personal perspective, bandwidth phase deviation could be an advantage or a disadvantage. An
advantage in the sense that the antenna has a radiation towards different directions within the
operating bandwidth for point to multipoint applications. A disadvantage in the sense that the
antenna dissipates energy in directions of non-interest while steering. This is a major challenge
with phased arrays and traveling wave antennas that would need to be resolved before they could
be deployed in this application. Investigations into bandwidth phase deviation for other steering
techniques need to be carried out to ascertain its implications for other techniques.

e Steering resolution: With the exception of mechanical steering, retrodirective arrays and digital
beamforming, the rest of the steering techniques, investigated in this paper, suffer from limited
steering resolution. At millimetre wave frequencies, steering techniques require fine steering
resolution in order to maintain the connection between antennas in a constantly changing
environment. Fine steering resolution will be required for small cell backhaul connections when
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the antennas are misaligned due to wind sway and accidents. With the current steering techniques
that have limited steering resolution, once the antenna is displaced out of the predefined steering
angles, the connection is lost.
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