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(54) BEAMSTEERING USING METAMATERIALS

(57) Examples of the invention present a transmitter
arrangement comprising a standard beamforming anten-
na in conjunction with an active metamaterial structure
that provides beamsteering capability and attaches to
the existing antenna. The metamaterial structure is active
and digitally controlled, positioned in front of the main
antenna elements, and behaves like a phase shifter.

Thus, additional beamsteering functionality is provided
to existing beamforming arrangements without the need
to change the existing basestation antenna. Standard
antenna arrangements can be can be further optimised
with this approach, which improves coverage by focusing
or steering the beam in a certain direction, and improves
capacity by reducing interference levels.
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Description

Field of the Invention

[0001] This invention relates a method and apparatus for beamsteering at an antenna in a mobile base station in a
telecommunications network.

Background

[0002] Multiple Input Multiple Output (MIMO) radio systems are designed to improve robustness and throughput of
wireless transmission links, and is a fundamental technology in wireless technologies such as the 4th Generation (4G)
Long Term Evolution (LTE) protocol. A MIMO radio system consists of a number of transmit and receive antennas,
providing functions such as transmit diversity, spatial multiplexing, and beamforming. Transmit diversity is when the
same data is transmitted redundantly over more than one antenna to improve robustness of transmission. Spatial
multiplexing is when the data is divided into separate streams to increase throughput. Beamforming is when multiple
antenna elements are controlled to form beams in certain direction/shape by applying individual transmission magnitude
and phase weights to each antenna element forming array gains (also referred to as beamforming gains).
[0003] Beamforming in the downlink direction is illustrated in Figure 1 from a transmitter 102 to a receiver 104 (e.g.
mobile base station to a mobile terminal), where a main beam 106 is formed for the receiver 104. The beamforming
uses direction of arrival and path loss information, which are derived from uplink measurements from the receiver 108
to the transmitter 102. With beamforming, it is possible for a transmitter to provide better coverage to a certain area, for
example along a cell edge to improve the Signal to Noise and Interference Ratio (SINR), and ultimately the network’s
spectral efficiency. On the receiver side, if direction of arrival information is available, beamforming can be used to
supress some interference by applying a null beam pattern to the interference source in adaptive manner. Whilst the
transmitter 102 forms a beam 106 for receipt by the receiver 104, side-lobes typically result, such as side-lobe 110 and
114. Here, side-lobe 110 is received as interference by receiver 108. However, receiver 112 can null the interference
from side-lobe 114 using a suitable null beam pattern.
[0004] Figure 2 illustrates a linear array antenna (top view) with d being the distance between each of the antenna
elements 102a-102e. Typically d>λ/2, where λ is the carrier wavelength of the transmitted wave. Assuming a plane
wavefront, the wave will traverse additional distance (d * sin θ) to the next antenna element at the speed of light c.
Elements are usually identical and can be of any antenna type. The total field of an antenna array is the vector superposition
of fields radiated by the each individual element. For beamformed beam patterns of some shape, the partial fields
generated by the individual elements interfere in a constructive manner in the desired direction and interfere destructively
in the remaining space. This can be is controlled by the phase and amplitude weights Wn applied to the beam signal for
each element.
[0005] The geometric dimensions and arrangement of the elements of an antenna array significantly affect the radiation
characteristics and beamforming capabilities of the antenna.
[0006] Conventional base station antennas typically consist of multiple orthogonal cross-polarized elements in the
vertical and horizontal planes or at 45 degree to each other as illustrated in Figure 3. Outer elements are used for spatial
diversity and inner elements for beamforming (+45° or -45°). This usually results in a very wide antenna beam patterns
deliberately designed to provide as much coverage as possible. However, this type of wide beam antenna configuration
is not ideal for separating users or group of users, particularly in small range cells.
[0007] There is a need to isolate users spatially to allow a basestation to reuse the same time and frequency resources
in different beam directions with limited interference in order to maximise spectral efficiency. Also, as typical basestation
antennas have relatively wide beams to give as large a coverage area as possible, any changes in beams would be
very limited.
[0008] Multi-user MIMO (Transmission mode 5) and Dual Layer Beamforming (Transmission mode 8) are two of the
most advanced transmission modes in LTE. Beamforming is a fundamental technique in these transmission modes as
it can increase the signal strength at the receiver by up to a factor that is proportional to the number of transmit antennas.
For these modes to perform effectively, the formed antenna beams, which are shaped in direction of a target receiver(s)
and use the same time and frequency resources but different codewords, need to be spatially separated in order to
avoid interference amongst receivers or a group of receivers. The basestation can select receivers that report orthogonal
precoding matrix indicators (PMIs) and create beams for each one or groups of receivers whose channel fading conditions
are similar except for direction dependent phase difference. A method known as beamsteering can be applied to steer
the formed beam in different directions by applying different phase shifts to the signals transmitted on different antenna
elements. To effect beamsteering, each antenna element requires a phase shifter in either the analogue or digital domain,
which limits beamsteering to only small-scale MIMO architectures. For a Massive MIMO type antenna with elements
exceeding 100x100, a phase shifter for each antenna element is not economical for mass market and commercial
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deployments.
[0009] Furthermore, antenna elements are usually closely spaced in order to achieve high correlation paths that add
constructively at the receiver location to create the beams. This short separation distance between antenna elements
results in a very wide beam, and imposes limits on both the dimensioning and shaping of the coverage areas and the
ability to spatially decorrelate users. Although creating narrower beam widths is possible by simply making the antenna
element separation larger (in the order of multiple wavelengths), the result would be physically larger antennas, which
is in practice is problematic for small cells. Furthermore, narrow beam antennas are typically associated with undesirable,
high side-lobes which sharply increase interference levels to other receivers.

Summary of the Invention

[0010] It is the aim of embodiments of the present invention to provide an improved method and apparatus for beam-
steering at an antenna.
[0011] According to one aspect of the present invention, there is provided a transmitter for a base station in a cellular
telecommunications network, the transmitter comprising:

an antenna for transmitting an electromagnetic wave, wherein the antenna comprises a plurality of antenna elements;
a control unit adapted to control the transmission of the electromagnetic wave by the antenna, wherein the processor
controls the direction of transmission of the electromagnetic wave using a beamforming technique applied to the
plurality of antenna elements; and
a metamaterial beamsteering structure positioned in a transmission path of the antenna, the metamaterial beam-
steering structure comprising an array of active elements adapted to receive the electromagnetic wave from the
antenna and to output a steered electromagnetic wave towards a desired direction, wherein each element in the
array is controllable by the control unit to cause a corresponding phase delay to be introduced into the received
electromagnetic wave by said element such that the steered electromagnetic wave has a steering angle that is
dependent on the phase delays.

[0012] The metamaterial beamsteering structure may be tuned to resonate at the carrier frequency of the transmitted
electromagnetic wave.
[0013] The desired direction may be a direction towards a receiver, and the desired direction may be determined using
direction of arrival feedback information received by the base station from the receiver.
[0014] The metamaterial beamsteering structure may be positioned in the near-field region of the antenna.
[0015] Examples of the invention complement beamforming in LTE links based on beamsteering using active meta-
material transmitarray structures that attach to an existing mobile basestation antenna. Standard LTE beamsteer-
ing/beamforming methods, which are based on selecting antenna weight coefficients from codebook lookup tables, can
be further optimised with this approach to improve coverage by focusing or steering the beam in a certain direction. As
such, capacity can be improved by reducing interference levels.
[0016] The structure itself consists of standard of-the-shelf PCB materials and surface mount components, making it
ideal for mass production economics, resonating at the required carrier frequency and exhibiting filtering/beamsteering
capabilities at an RF level within the antenna’s near-field region.
[0017] By applying beamsteering at the antenna’s near-field makes the arrangement transparent to existing base
station or customer premises antennas.
[0018] Standard basestation antennas with RF phase shifters provide elevation tilt only. Embodiments of the invention
can provide azimuth tilt capabilities as an extra spatial degree of freedom.
[0019] For forthcoming Massive MIMO architectures in 5G networks, which will typically consist of a very large number
of antenna elements, the metamaterial structure invention eliminates the need for expensive phase shifters for each or
group of antenna elements, which are very costly and present implementation challenges for economic mass productions.

Brief Description of the Drawings

[0020] For a better understanding of the present invention, reference will now be made by way of example only to the
accompanying drawings, in which:

Figure 1 illustrates beamforming in the downlink direction from a transmitter to a receiver;
Figure 2 illustrates a linear array antenna arranged for beamforming;
Figure 3 is a schematic diagram of the elements in an antenna array;
Figure 4 is a block diagram of the physical downlink modules in an LTE system;
Figure 5 is a simplified block diagram of a transmitter in an example of the present invention;
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Figure 6 is a block diagram of the physical downlink modules in an example of the present invention;
Figure 7a is a simplified diagram of a unit cell forming part of the metamaterial structure in an example of the invention;
Figure 7b is an equivalent resonant circuit for the unit cell in an example of the present invention;
Figure 7c shows a series of stacked unit cells in an example of the present invention;
Figure 7d is a table showing example unit-cell dimensions.

Description of Preferred Embodiments

[0021] The present invention is described herein with reference to particular examples. The invention is not, however,
limited to such examples.
[0022] Examples of the invention present a transmitter arrangement comprising a standard beamforming antenna in
conjunction with an active metamaterial structure that provides beamsteering capability and attaches to the existing
antenna. The metamaterial structure is active and digitally controlled, positioned in the near-field region of the main
antenna elements, and behaves like a phase shifter. Thus, additional beamsteering functionality is provided to existing
beamforming arrangements without the need to change the existing basestation antenna. Standard antenna arrange-
ments can be can be further optimised with this approach, which improves coverage by focusing or steering the beam
in a certain direction, and improves capacity by reducing interference levels.
[0023] Figure 4 is a block diagram illustrating the physical (PHY) downlink modules 400 in a known LTE system. The
process of converting bit streams into RF structured transmission starts at the scrambling module 402, which performs
scrambling to help reduce interference levels at the receiver. This is implemented by multiplying the coded sequence
of bits by a scrambling sequence at the bit level. The modulation mapper 404 then maps the scrambled bit values into
complex modulation symbols such as QPSK (Quadrature phase shift keying), 16QAM (Quadrature Amplitude Modulation)
and 64QAM (Quadrature Amplitude Modulation). The layer mapper 406 splits the modulated data sequence bits into a
number of layers depending on the transmission scheme used. Precoding at the precoding module 410 is a technique
used to adapt the transmitted complex waveforms to the channel conditions with an appropriate gain and phase weighting
in order to maximize the received signal level at the receiver side. Specifically, each layer is mapped to an antenna port
and all layers are multiplied by a precoding matrix W selected from a predefined codebook. This selection is based on
feedback from the receiver in the form a precoding matrix indicator (PMI) as part of the channel state information (CSI)
along with the rank indicator (RI). RI refers to how many layers the receiver can support at a given instantaneous channel
condition for downlink transmission, which is fed back to the base station in terms of the index, i.e. the PMI, of the most
suitable matrix from the predefined codebook table known to both the transmitter and receiver.
[0024] The resource-mapping block 412 maps the resulting precoded data symbols onto specific resource elements
(the subcarriers and symbols) from the resource grid. The signal generator 414 generates the final (time-domain OFDM)
signal for the antenna 416.
[0025] Note Figure 4 shows two streams to indicate the use of two codewords per symbol.
[0026] Figure 5 shows a simplified block diagram of a transmitter in an example of the present invention. The transmitter
500 comprises a standard LTE antenna 502 and a further metamaterial beamsteering structure 504 positioned in the
transmission path of the antenna 502. The metamaterial beamsteering structure 504 positioned in the near-field region
of the antenna 502. The antenna 502 is connected to a control unit 506, and the metamaterial structure 504 is connected
to control unit 508. The control units control the operation of the respective antenna and metamaterial structure. Whilst
two control units have been shown, the control units may be implemented as a single control unit. The antenna 502 is
capable of beamforming and transmits an electromagnetic wave (or beam), which is received at the metamaterial
structure 504. The metamaterial structure 504, a type of transmitarray, acts like a phase shifter by introducing phase
delays into the incident electromagnetic wave, beamsteering the electromagnetic wave in a direction controlled by the
control unit 508.
[0027] For beamforming under LTE, antenna weights are applied at the baseband level and the patterns are formed
by assigning a complex weight W to the signal and combining them to form an array output as follows: 

where s is the modulated symbols, p is the antenna port assigned in LTE for a particular transmission mode. Equation
(1) effectively sets out the output of the precoding module 410.
[0028] In examples of the present invention, additional beam steering is applied to the beam output by the antenna
502 (at the RF signal level) using the metamaterial transmitarray structure 504, which is positioned in the transmission
path of the antenna 502. Operating at the RF level means no changes are required to the baseband or the actual radio
of the existing antenna. The resulting beamsteered signal can be expressed in vector notation as the application of a
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further precoding vector, or weighting vector, a to ybf as follows:

[0029] The weighting vector a is effectively applied by the metamaterial structure at the RF level.
[0030] Figure 6 is a block diagram illustrating the physical (PHY) downlink modules 600 in an example of the present
invention. The system 600 in Figure 6 shares many of the modules with the known LTE system shown in Figure 4, with
like reference numerals used to identify such modules. As can be seen, the metamaterial structure 602 is positioned
after the antenna 416, and is controlled a digital controller 604. The digital controller 604, which corresponds to the
controller 508 in Figure 5, controls the phase delays introduced by the metamaterial structure, and thus the direction
the beam is steered in.
[0031] The metamaterial structure is comprised of a number of unit-cells arranged in a planar array. An example of a
unit-cell 700 is illustrated in Figure 7a. Unit-cell 700 is a printed circuit board forming a square slot frequency selective
surface (FSS), loaded with surface mount components (SMC), resulting in spatial band-pass filtering characteristics with
phase control capabilities. Specifically, the SMCs are varactor diodes, which vary in capacitance in dependence on the
voltage applied to them.
[0032] The unit-cell 700 can be decomposed to an equivalent resonant circuit (or LC circuit) 702 as shown in Figure
7b exhibiting the corresponding resonant behaviour. For an incident electromagnetic wave that is vertically polarized
(TE mode), L represents the inductance effect of the vertical wire with thickness w and length I, Cg represents the
capacitance introduced by the gap g with length d and, Csmd represents the capacitance resulting from the surface mount
capacitors. The resonant frequency f0 can be calculated as follows: 

whereby Leq = U2 and Ceq = (Cg+Csmd).
[0033] Thus, the unit-cell can be tuned to a resonant frequency f0 matching that of the carrier frequency of the elec-
tromagnetic wave transmitted by the antenna 502.
[0034] In examples of the invention, a plurality of unit cells (700a to 700e) are stacked on top of each other as shown
in Figure 7c. The cells are stacked to create the effect of an optical RF filter, with the number of layers affecting the
beam steering angle and filtering performance.
[0035] An electromagnetic wave passing through the metamaterial structure will experience a phase delay that is
dependent on the capacitance of the varactor diodes. Thus, by adjusting the voltage applied to the varactor diodes of
each unit cell, the capacitance of each unit cell can be varied, which in turn varies the phase delay experienced by an
electromagnetic wave passing through the respective unit cell. By adjusting the phase delay at each unit cell, the
electromagnetic wave can be steered in a desired direction, theta (θ).
[0036] The metamaterial structure is controlled by the digital controller 604. The digital controller 604 can use direction
of arrival feedback information from the receiver available at the base station to set a desired steering direction θ towards
the receiver. The controller 604 adjusts the voltages applied to the varactor diodes in each unit cell in the metamaterial
structure to induce the required phase delay to cause the electromagnetic wave received from the antenna to be steered
to in the desired steering direction θ.
[0037] The principle of beamsteering using the metamaterial structure is shown in Figure 8 and can be compared to
the one of a typical linear antenna array as illustrated in Figure 2. Whilst in a linear antenna array the phase shifting is
applied to the signal in each individual branch using a phase shifter, in the metamaterial structure the phase shifting in
obtained by controlling the phase delay introduced by the individual elements of the transmitarray. As the incident
electromagnetic wave penetrates through a transmitarray of length I, composed by N elements (unit cells) of periodicity
p (p=I/N), it experiences different phase shifting Yn after penetrating each of the elements of the array in the steering
direction theta (θ), as a result of the phase delay induced by each element. Yn can be calculated as:
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where λ0 is the carrier wavelength, and n the element number.
[0038] Consequently, the transmission phase (phase delay described earlier) αn in the nth element can be defined by
the following equation where α0 is the phase of the incident EM wave received by the transmitarray: 

[0039] The retransmitted wave in the direction of θ can be expressed as function of the progressive phase, i.e. the
phase difference Ψ between adjacent elements: 

[0040] Thus, by varying the phase of each element (or unit cell) in the array in a progressive way, with a phase
difference between adjacent elements defined by Ψ in equation (6), an incident electromagnetic wave can be steered
to a desired direction of θ. Equation (6) can be rewritten to give the desired steering direction as: 

[0041] When the metamaterial structure is excited by an incident electromagnetic wave from the base station antenna
with a carrier frequency close to the structure’s resonant frequency f0, due to the structure’s band-pass frequency
response, the unit-cell will allow the wave to propagate through the metamaterial structure with minimum insertion loss.
[0042] Design criteria for the unit cell is fundamentally dependent on the antenna geometry and the frequency range
of operation. For example, a unit-cell with dimensions and substrate detailed in Table I of Figure 7d is designed to exhibit
a band-pass response shifted from 5 GHz to 5.5 GHz when the capacitance (Csmd) is varied from 2.8 pF to 0.7 pF.
[0043] In general, it is noted herein that while the above describes examples of the invention, there are several variations
and modifications which may be made to the described examples without departing from the scope of the present
invention as defined in the appended claims. One skilled in the art will recognise modifications to the described examples.

Claims

1. A transmitter for a base station in a cellular telecommunications network, the transmitter comprising:

an antenna for transmitting an electromagnetic wave, wherein the antenna comprises a plurality of antenna
elements;
a control unit adapted to control the transmission of the electromagnetic wave by the antenna, wherein the
processor controls the direction of transmission of the electromagnetic wave using a beamforming technique
applied to the plurality of antenna elements;
a metamaterial beamsteering structure positioned in a transmission path of the antenna, the metamaterial
beamsteering structure comprising an array of active elements adapted to receive the electromagnetic wave
from the antenna and to output a steered electromagnetic wave towards a desired direction, wherein each
element in the array is controllable by the control unit to cause a corresponding phase delay to be introduced
into the received electromagnetic wave by said element such that the steered electromagnetic wave has a
steering angle that is dependent on the phase delays.

2. A transmitter according to claim 1, wherein the metamaterial beamsteering structure is tuned to resonate at the
carrier frequency of the transmitted electromagnetic wave.

3. A transmitter according to claim 1 or 2, wherein the desired direction is a direction to a receiver.

4. A transmitter according to claim 3, wherein the desired direction is set using direction of arrival feedback information
from the receiver.

5. A transmitter according to any preceding claim, wherein the metamaterial beamsteering structure is positioned in
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the near-field region of the antenna.
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