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(57) Abstract: An antenna feed and methods are disclosed. The antenna feed is for generating signals for an antenna array for trans -
mitting a transmission beam having one of a plurality of ditferent tilt angles, the antenna feed comprises: a digital signal processor
operable to receive an input broadband signal and to generate, in response to a requested tilt angle, a plurality N of output broadband
signals, each having an associated phase and amplitude; a plurality N of transmission signal generators, each operable to receive one
of the plurality N of output broadband signals and to generate a corresponding plurality N of first RF signals; a feed network oper -
able to receive the plurality N of first RF signals and to generate a plurality P of second RF signals, each of the plurality P of second
RF signals having an associated amplitude and phase, the plurality P of second RF signals being used to generate a plurality M of
third RF signals, where P is no less than M, each third RF signal having an associated phase and amplitude for supplying to a corres-
ponding antenna of a plurality M of antennas of the antenna array to transmit the transmission beam with the requested tilt angle. By
increasing the number of signals generated within the feed network, which are utilized to generate the third RF signals for supplying
to the antenna, the range of possible tilt angles is increased as are the possible range of beam patterns in order to satisty the coverage

and

capacity requirements.
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ANTENNA FEED

FIELD OF THE INVENTION

The present invention relates to an antenna feed and methods.

BACKGROUND

Antenna feeds are known. In order to support the spatial separation of signals from a

static transmitter of, for example, a wireless telecommunications network, it is known
to provide an array of antennas and utilise beamforming techniques. In particular, a
signal may be provided which is subjected to varying phase and amplitude to generate
multiple signals, each of which is provided to one of the antennas in the array in order
to perform adaptive beamforming, virtual sectorisation and spatial multiplexing within
a given cell. Such antenna arrays are typically referred to as active antenna arrays.

These arrays significantly increase the coverage and capacity of a cellular network.

Although such antenna arrays provide for increased benefits, unexpected consequences

can occur.

Accordingly, it is desired to provide an improved technique for generating signals to be

provided to an antenna array.

SUMMARY

According to a first aspect, there is provided an antenna feed for generating signals for
an antenna array for transmitting a transmission beam having one of a plurality of
different tilt angles, the antenna feed comprising: a digital signal processor operable to
receive an input broadband signal and to generate, in response to a requested tilt angle,
a plurality N of output broadband signals, each having an associated phase and
amplitude; a plurality N of transmission signal generators, each operable to receive one
of the plurality N of output broadband signals and to generate a corresponding plurality
N of first RF signals; a feed network operable to receive the plurélity N of first RF
signals and to generate a plurality P of second RF signals, each of the plurality P of
second RF signals having an associated amplitude and phase, the plurality P of second
RF signals being used to generate a plurality M of third RF signals, where P is no less
than M, each third RF signal having an associated phase and amplitude for supplying to
a corresponding antenna of a plurality M of antennas of the antenna array to transmit

the transmission beam with the requested tilt angle.
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The first aspect recognizes that a problem with existing techniques for generating
signals for an antenna afray is that either a completely separate transceiver chain is
required to generate a signal for each antenna array or, if a reduced number of
transceivers is provided in order to reduce the size and weight of the antenna feed, then
the range of tilt angles achieved and the resulting beam patterns do not always satisfy
coverage and capacity requirements and it is not always possible to decouple the
relationship between the number of transceivers and the number of antennas in the

array.

Accordingly, an antenna feed may be provided.  The antenna feed may generate signals
to be provided to an antenna array which may transmit a transmission beam with any
one of a number of different tilt angles. The antenna feed may comprise a digital signal
processor which receives an input digital broadband signal and may generate a number
of output digital broadband signals. Each of the output broadband digital signals may
have an associated phase and angle. The number of broadband digital signals
generated may be N. A number N of transmissions signal generators may also be
provided. Each of the signal generators may receive one of the output broadband
digital signals and may generate a corresponding first radiofrequency [RF] signal. A
feed network may be provided which receives each of the first RF signals and may
generate a number of second RF signals. Each of the second RF signals may have an
associated amplitude and phase. The second RF signals may be used to generate a
number of third RF signals. Each of the third RF signals may have an associated phase
and amplitude. Each of the third RF signals may be supplied to a corresponding
antenna of an antenna array for transmission of the transmission beam with the
requested tilt angle. The number of second RF signals may be greater than or equal to
the number of third RF signals.

By increasing the number of signals generated within the feed network, which are
utilized to generate the third RF signals for supplying to the antenna, the range of
possible tilt angles is increased as are the possible range of beam patterns in order to

satisfy the coverage and capacity requirements.

In one embodiment, the tilt angle is an angle offset from an azimuth and elevation
offset from a direction which is normal to a plane on which the plurality M of antennas
of the antenna array are positioned. Accordingly, tilt angles other than downtilt angles

may be achieved.
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In one embodiment, the digital signal processor is operable to generate the plurality N

of output broadband signals, each having a differing phase and amplitude.

In one embodiment, N is less than M. Accordingly, the required transmission beams
may still be generated even using a reduced number of transmissions signal generators
compared to the number of antennas. This is possible because the feed network
generates additional signals for feeding to the antenna array. This reduces cost,

complexity, power consumption and weight.

In one embodiment, the feed network comprises a power split network operable to
receive the plurality N of first RF signals and to generate a plurality P of power split RF
signals, wherein P is greater than N. Accordingly, the feed network generates

additional signals by splitting the first RF signals.

In one embodiment, the power split network comprises power splitters, each operable
to divide each of the plurality N of first RF signals over at least two separate paths to
generate the plurality P of power split RF signals.

In one embodiment, the power split network comprises a plurality of stages, each
comprising power splitters, each stage dividing received RF signals over at least two
separate paths and providing those to a subsequent stage to generate the plurality P of

power split RF signals.
In one embodiment, the power split network comprises three stages.

In one embodiment, each power splitter is operable to divide received RF signals over

at least two separate paths with an associated power split ratio.

In one embodiment, the associated power split ratio comprises one of an equal and an

unequal power split ratio.

In one embodiment, the feed network comprises a phase shift network operable to
receive the plurality P of power split RF signals and to apply a phase shiﬁ on each of the
plurality P of power split RF signals. Accordingly, each of the received power split RF
signals [each of which may have a differing amplitude and phase] may be subjected to a
further phase shift by the phase shift network.



10

15

20

25

30

35

WO 2014/026739 PCT/EP2013/002306

In one embodiment, the phase shift network is operable to receive the plurality P of
power split RF signals and to generate a plurality P of phase shifted RF signals as the
plurality P of second RF signals. '

In one embodiment, each of the plurality P of power split RF signals is phase shifted

with an associated phase shift.

In one embodiment, the phase shift network comprises a plurality P of transmission
lines, each operable to apply an associated phase shift. It will be appreciated that many

different devices may be utilized to perform such a phase shift.

In one embodiment, the phase shift network comprises interconnects operable to |
reorder the plurality P of phase shifted RF signals. By providing an interconnect within
the phase shift network, the need to reorder signals elsewhere within the antenna feed

may be obviated.

In one embodiment, the interconnects comprise transmission lines, each operable to

apply an associated phase shift.

In one embodiment, the feed network comprises a coupling network operable to receive
the plurality P of phase shifted RF signals and to combine some of the plurality P of
phase shifted RF signals to generate the plurality M of third RF signals, where M is less
than P. Accordingly, the coupler and network may combine 2 or more of the phase
shifted RF signals to generate the third RF signals. Such combining may help to
generate the appropriate number, phase and amplitude of signals to supply to the
antenna array in order to enable the antenna array to generate transmission beams

having the desired tilt angles.

In one embodiment, the coupling network comprises combiners operable to combine
received signals to generate a combined signal and a loss signal, the loss signal being
combined with other received signals to reduce losses at different tilt angles. By
recombining the loss signal with other signals, the losses caused by the feed network at
different tilt angles may be reduced. In particular, the combiners may combine some of
the plurality P of phase shifted RF signals to generate a combined signal and a loss
signal. The loss signal then may be combined with other of the plurality of phase
shifted RF signals or other combined signals all loss signals to reduce losses at different

tilt angles.
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In one embodiment, the coupling network comprises a plurality of stages, each
comprising combiners, loss signals from a previous stage being provided to a combiner

of a subsequent stage to generate the plurality M of second RF signals.
In one embodiment, each stage comprises fewer than the plurality P of combiners.

In one embodiment, the combiners comprise one of hybrid couplers, rat-race couplers

and Wilkinson combiners.
In one embodiment, the transmission signal generators comprise transceivers

According to a second aspect, there is provided a method of configuring an antenna
feed for generating signals for an antenna array for transmitting a transmission beam
having one of a plurality of different tilt angles, the method comprising: estimating an
arrangement of a feed network which optimises performance for the plurality of
different tilt angles, the feed network being arranged to receive a plurality N of first RF
signals and to generate a plurality P of second RF signals, each of the plurality P of
second RF signals having an associated amplitude and phase, the plurality P of second
RF signals being used to generate a plurality M of third RF signals, where P is no less
than M, each third RF signal having an associated phase and amplitude for supplying to
a corresponding antenna of a plurality M of antennas of the antenna array to transmit
the transmission beam with the requested tilt angle; reconfiguring the arrangement of
the feed network to minimise insertion losses; and determining a function applied by a
digital signal processor to generate, from an input broadband signal, in response to a
requested tilt angle, a plurality N of output broadband signals, each having an
associated phase and amplitude to be provided to a plurality N of transmission signal
generators, each being operable to receive one of the plurality N of output broadband

signals and to generate a corresponding one of the plurality N of first RF signals.

In one embodiment, the step of estimating comprises using an interior point algorithm
to estimate all possible arrangements of the feed network for the antenna array and

plurality of different tilt angles.

In one embodiment, the step of estimating comprises using singular value
decomposition to estimate, from the all possible arrangements, the arrangement of the

feed network which optimises performance for the plurality of different tilt angles.

5
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In one embodiment, the step of estimating comprises using singular value
decomposition to estimate, from optimal arrangements, a dominant arrangement of

the feed network which optimises performance for the plurality of different tilt angles.

In one embodiment, the step of reconfiguring comprises utilising an orthogonal
matching pursuit algorithm and factorisation rules in conjunction with the
arrangement of the feed network to reconfigure the arrangement of the feed network to

minimise insertion losses.

In one embodiment, the step of determining comprises estimating the function by
minimising a mean squared cost function utilising performance constraints, an antenna

response model and a feed network model.

In one embodiment, the step of determining comprises configuring the digital signal
processor amplitude and phase function by minimising a mean squared cost function
utilising performance constraints, an antenna response model and a feed network

model.

According to a third aspect, there is provided a computer program product operable,

when executed on a computer, to perform the method steps of the second aspect.

According to a fourth aspect, there is provided a method of generating signals for an
antenna array for transmitting a transmission beam having one of a plurality of
different tilt angles, comprising: receiving an input broadband signal and to generate,
in response to a requested tilt angle, a plurality N of output broadband signals, each
having an associated phase and amplitude; receiving one of the plurality N of output
broadband signals and generating a corresponding plurality N of first RF signals;
receiving the plurality N of first RF signals and generating a plurality P of second RF
signals, each of the plurality P of second RF signals having an associated amplitude and
phase, using the plurality P of second RF signals to generate a plurality M of third RF
signals, where P is no less than M, each third RF signal having an associated phase and
amplitude for supplying to a corresponding antenna of a plurality M of antennas of the

antenna array to transmit the transmission beam with the requested tilt angle.
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In one embodiment, the tilt angle is an angle offset from an azimuth and elevation
offset from a direction which is normal to a plane on which the plurality M of antennas

of the antenna are positioned.

In one embodiment, the plurality N of output broadband signals each have a differing

phase and amplitude.
In one embodiment, N is less than M.

In one embodiment, a plurality P of power split RF signals are generated from the

plurality N of first RF signals, wherein P is greater than N.

In one embodiment, the plurality N of first RF signals are divided over at least two

separate paths to generate the plurality P of power split RF signals.

In one embodiment, the plurality P of power split RF signals are generated in a
plurality of stages, each stage dividing received RF signals over at least two separate

paths and providing those to a subsequent stage.

In one embodiment, the plurality P of power split RF signals are generated using three

stages.

In one embodiment, received RF signals are divided over at least two separate paths

with an associated power split ratio.

In one embodiment, the associated power split ratio comprises one of an equal and an

unequal power split ratio.

In one embodiment, the plurality P of power split RF signals are received and a phase

shift is applied to each of the plurality P of power split RF signals.

In one embodiment, the plurality P of power split RF signals are received and a
plurality P of phase shifted RF signals are generated as the plurality P of second RF

signals.

In one embodiment, each of the plurality P of power split RF signals is phase shifted

with an associated phase shift.
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In one embodiment, an associated phase shift is applied using a plurality P of

transmission lines.
In one embodiment, the plurality P of phase shifted RF signals are reordered.

In one embodiment, the plurality P of phase shifted RF signals are received and some
of the plurality P of phase shifted RF signals are combined to generate the plurality M
of third RF signals, where M is less than P.

In one embodiment, received signals are combined to generate a combined signal and a
loss signal, the loss signal being combined with other received signals to reduce losses

at different tilt angles.

In one embodiment, loss signals from a previous stage are provided to a subsequent

stage to generate the plurality M of second RF signals.
In one embodiment, each stage comprises fewer than the plurality P of combiners.

In one embodiment, the combiners comprise one of hybrid couplers, rat-race couplers

and Wilkinson combiners.
In one embodiment, the transmission signal generators comprise transceivers.

Further particular and preferred aspects are set out in the accompanying independent
and dependent claims. Features of the dependent claims may be combined with
features of the independent claims as appropriate, and in combinations other than

those explicitly set out in the claims.

Where an apparatus feature is described as being operable to provide a function, it will
be appreciated that this includes an apparatus feature which provides that function or

which is adapted or configured to provide that function.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be described further, with reference to

the accompanying drawings, in which:
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Figure 1 illustrates the general architecture of an antenna feed according to one
embodiment;

Figure 2 illustrates schematically the arrangement of the antenna feed network of
Figure 1;

Figure 3 illustrates schematically the arrangement of a bank of power dividers
according to one embodiment;

Figure 4 illustrates schematically the arrangement of the bank of phase shifters
according to one embodiment;

Figure 5 illustrates schematically the arrangement of the bank of couplers according to
one embodiment;

Figure 6 illustrates the performance of the antenna feed of Figures 3 to 5 with a static
downtilt of 8°;

Figure 7 illustrates the performance of the antenna feed of Figures 3 to 5 under
dynamic downtilt of 5 and 10°;

Figure 8 illustrates schematically the arrangement of a bank of power dividers
according to one embodiment;

Figure 9 illustrates schematically the arrangement of the bank of phase shifters
according to one embodiment;

Figure 10 illustrates schematically the arrangement of the bank of couplers according to
one embodiment; '

Figure 11 illustrates the performance of the antenna feed of Figures 8 to 10 with a static
downtilt of 8°;

Figure 12 illustrates the performance of the antenna feed of Figures 8 to 10 under
dynamic downtilt of 2 and 14°;

Figure 13 illustrates the method steps which estimate the optimal antenna feed network
for all possible downtilts given the performance constraints (such as side-lobe levels, 3
dB beamwidth); _

Figures 14 and 15 illustrate the method steps which uses the optimal antenna feed
network estimated in Figure 13 and redesigns the antenna feed network to minimize
insertion losses;

Figure 16 illustrates the method steps which utilize the redesigned antenna feed
network and required downtilt to estimate the parameters for the digital beam former;
Figure A1 illustrates an antenna feed according to one embodiment;

Figure A2 illustrates simulation results according to embodiments;

Figure A3 illustrates cellular sectorisation;

Figure A4 illustrates an antenna feed according to one embodiment;

Figure Ajs illustrates a bank of power dividers according to one embodiment;

9
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Figure A6 illustrates schematically the arrangement of the bank of couplers according
to one embodiment;

Figure A7 illustrates schematically the arrangement of a rat race coupler;

Figures A8 to A10 show the performance of embodiments;

Figure A11 illustrates an antenna feed according to one embodiment; and

Figure A12 show the performance of embodiments.

DESCRIPTION OF THE EMBODIMENTS

Overview

Before discussing the embodiments in any more detail, first an overview will be
provided. As mentioned above, it is difficult to provide a simplified feed network which
can efficiently generate signals through adaptive beamforming for a range of different
tilt angles. In particular, in order to efficiently provide beamforming for a range of
different tilt angles it would typically be required to provide a single transceiver
coupled with each antenna of the antenna array, but this is not always possible, it
creates additional weight and increases the cost and power consumption which is
undesirable, particularly when the transceivers are co-located with the antennas on the

mast.

Accordingly, embodiments provide an arrangement where fewer transceivers are
utilized and the signals generated by those fewer number of transceivers are provided
to the antenna array via an antenna feed network. In particular, fewer transceivers
than the number of antennas in the antenna array are provided. The transceivers are
driven by a digital signal processor or digital beamformer which receives a digital
broadband signal to be transmitted by the antenna array with a requested tilt angle.

The tilt angle may be provided separately or as part of the digital broadband signal.

The digital broadband signal is received by the digital signal processor together with
the required tilt angle. The digital signal processor generates a number of digital
broadband signals which matches the number of transceivers provided. Each of the
digital broadband signals will have a different phase and amplitude, dependent on the
requested tilt angle. Each transceiver generates a radiofrequency [RF] signal and
provides this to an antenna feed network. The antenna feed network generates a
number of signals from the signals provided by the transceivers which exceeds the
number of antennas in the antenna array. These greater number of signals are
subsequently recombined within the antenna feed network to provide a single signal for

each antenna in the antenna array.

10



10

15

20

25

30

35

WO 2014/026739 PCT/EP2013/002306

Such generation and recombination of signals within the antenna feed network enables
fewer transceivers to be provided and also enables losses which may occur when
combining signals to provide a transmission beam at different tilt angles to be

recombined in order to minimize overall losses at different tilt angles.

General Architecture

Figure 1 illustrates the general architecture of the antenna feed, generally 10, according

to one embodiment. A digital signal SIGp is provided to a digital signal processor 20.
The digital signal SIGp is a broadband signal provided by a telecommunications
network (not shown). Also provided to the digital signal processor 20 is a desired tilt
angle 0. It will be appreciated that the desired tilt angle 8 may be encoded in the digital
signal SIGp.

The digital signal processor 20 generates a broadband digital signal SIGp, to SIGpx, one
for each transceiver 30, to 3on. Each broadband signal SIGp, to SIGpy has a differing

amplitude and phase shift, depending on the tilt angle 6.

Each transceiver 30, to 30n generates an RF signal RF11 to RF,y, which is provided to
an antenna feed network 40. The antenna feed network 40 generates an increased
number of RF signals therein and then combines these signals to generate a signal RFo,
to RFoum, each of which is provided to an associated antenna 50; to 50m. Typically, the

number M of antennas exceeds the number N of transceivers.

Accordingly, this architecture uses a radiofrequency antenna feed network to connect a
reduced number of transceivers with an increased number of antennas. Different
instantiations of this arrangement provide the required beam pattern, sectorisation and
sidelobe levels which are typically only seen with arrangements where a dedicated and

separate transceiver chain is provided for each antenna within the antenna array.

Antenna Feed Network

Figure 2 illustrates schematically the arrangement of the antenna feed network 40
according to one embodiment. The antenna feed network 40 feeds signals from each
transceiver 30, to 30x to a set of antennas 50, to 50m. Antenna feed network 40 can be
broadly decomposed into 3 RF filter banks, depending on the primary function of each

bank. In particular, the antenna feed network 40 comprises a bank of power dividers

11
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60 coupled with a bank of phase shifters 70 which, in turn, is coupled with a bank of
hybrid couplers 8o.

Each of the banks may be characterized into one or more multiple stages. For example,
the bank of power dividers 60 is characterized into 3 stages 60A, 60B, 60C. Stage 60A
receives the signals from the transceivers 30; to 30x and generates an increased
number of RF signals. This increased number of RF signals is provided to stage 60B,
which in turn generates an increased number of RF signals and provides these to stage
60C. Generally, the bank of power dividers 60 generates P RF signals, where P is
greater than N and greater than M.

Each of these P signals is provided to the phase shifters 70, which provides
interconnecting wires to reorder the sequence of the signals received from the bank of
power dividers 60 and applies a required phase shift to each of those signals. The bank

of phase shifters 70 outputs P RF signals to the bank of hybrid couplers 8o.

The bank of hybrid couplers 80 recombines some of these RF signals together. The
bank of hybrid couplers are typically directional/hybrid couplers. The recombination
of the signals provides M output signals RFo, to RFowm, one for each antenna 50, to 50m.
In particular, the bank of hybrid couplers 80 contains a first stage 80A which receives
the signals from the bank of phase shifters 70 and provides a reduced number of RF
signals to the second stage 80B. Any losses which occur from the recombining of
signals at the first stage 80A are fed to the second stage 80B for combining with other

signals in order to reduce losses at different tilt angles.

This architecture provides a simplified, reduced mass and reduced power consumption
approach to provide adaptive beamforming of the transmission beam transmitted by
the antenna array. It will be appreciated that the phase shifts applied by the digital
signal processor 20, the power division ratios applied by the bank of power dividers 60,
the interconnects and phase shifts applied by the bank of phase shifters 70 and the
signals to be coupled to reduce losses by the bank of hybrid couplers 80 may be
calculated in any number of different ways, however, Annex A describes a particularly

efficient approach to generating these parameters.

The amplitude and phase of the RF signal output by each transceiver 30, to 30x is
different for different sectorisation tilt angles. Any static RF network coupled with

these signal will result in losses whenever the input signals are not matched. Thus the

12
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feed network 40 must be designed such that its final stage accounts for overall losses in
the network and provides compensation. Accordingly, this means that the bank of
hybrid couplers 80 should be provided at the last stage of the antenna feed network 40.
In order to achieve a desired beam shape at the array, the phase shifter network 70 is
utilised in combination with the digital signal processor 20. Given that the array size is
much greater than the number of transé¢eivers 30, to 30x, the phase shift network 70
needs to operate on signals divided from those provided by the transceivers 30, to 30x;
to compensate for insertion losses, these need to be placed before the bank of
directional couplers. In order that the bank of phase shifters 70 gets the signals divided
from the transceivers 30, to 30x, the bank of power dividers 60 therefore needs to be
connected to the transceivers 30, to 30n. Accordingly, it can be seen that the ordering
of the different banks within the antenna feed network 40 should follow that ordering

described above.

Hence, it can be seen that the antenna feed connects a reduced number of transceivers
[typically to 3 or 5] to an array with an increased number of antennas [typically 10 to
14]. The transceivers contain adaptive beamformers, and in combination with the feed
network and the antenna array, generate the desired beam to satisfy the coverage and
capacity requirements of most, for example, macro cell wireless networks. In
particular, the feed network is a fixed beam former and in combination with the
transceivers and digital signal processor achieves adaptive beamforming.
Subsequently, the adaptive beamforming leads to sectorisation and enhanced coverage
at a fraction of the complexity and cost of arrangements where a separate transceiver

chain is provided for each antenna.

Power Dividers

The function of the bank of power dividers 60 is to distribute the transceiver power
amplifier outputs RFy; to RFiy with the appropriate power ratios towards multiple
antennas. Each bank of power dividers is typically made of multiple stages of
Wilkinson power dividers and each stage of power dividers comprises at least N
Wilkinson power dividers. The power dividers used in this embodiment are 3-port
networks, with 1 input and 2 outputs. Each of these dividers are designed to be either a

balanced divider [providing a 3dB ratio at each output] or an unbalanced divider.

Typically, the number of stages of power dividers is limited to 3 in order to minimize
the overall losses in the network. To achieve a specific beam pattern, each signal RFy, to

RF is divided into 2 signals using a Wilkinson divider at stage 60A. This action is
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repeated subsequently at each stage such that the power divided signals output by the
bank of power dividers and their power ratios enable the required beam patterns at

different tilt angles.

Bank Of Phase Shifters
The function of the bank of phase shifters 70 is to shift the phase of the power divided

signals to achieve the desired beam shape. The output of the bank of power dividers 60
is connected to a set of phase shifters [for example, transmission lines, micro-strip lines
or other phase shifting devices]. The length of these lines is dictated by the phase shifts

required, which in turn is estimated to achieve specific beam patterns.

The bank of phase shifters 70 also contains an interconnecting matrix of wires. The
function of the interconnecting matrix of wires is to ensure that the rest of the network
has no requirement for any further crossovers or interconnects and to ensure that the
overall number of crossovers and interconnects in the entire network is reduced to a

minimum.

Bank Of Hybrid Couplers
The function of the bank of hybrid couplers 80 is to couple the phase shifter bank 70

with the antenna array to provide beamforming and sectorisation while minimizing
overall losses in the network. It will be appreciated that insertion losses occur in a
feeding network when signals of unequal amplitude and phase are input to a coupler.
These losses limit the performance of the entire architecture. The primary objective is

to minimize the losses in the overall network for different sectorisation tilt angles.

The bank of hybrid couplers 80 is typically made of 2 stages of hybrid couplers followed
by one stage of Wilkinson combiner. Each stage of hybrid coupler has less than N
hybrid couplers of the rat-race type. The rat-race coupler is a 4-port network with 2
inputs and 2 outputs. The 2 outputs computes the sum [in phase] and difference [out
of phase] of the input signals from the transceivers [via the bank of power dividers 60
and the bank of phase shifters 70]. Depending on their phase and amplitude, the
difference output extracts the losses in the overall network. The antenna feed network
40 is designed such that the coupler outputs are rerouted in the next stage to achieve

the desired tilt angle and beam pattern.

Accordingly, it can be seen that the antenna feed network 40 is designed as a.

multichannel linear phase filter. In such filters, the losses in the network can be

14



10

15

20

25

30

35

WO 2014/026739 PCT/EP2013/002306

extracted from the difference port. This design technique allows the design of multiple

stages of network that minimizes losses in the overall network.

Example 1: 11 Antennas And 2 Transceivers
A first example antenna feed is shown in Figures 3 to 5. This arrangement utilizes

signals from 2 transceivers connecting with 11 antennas and is intended to provide 16
dB sidelobe suppression with a dynamic downtilt range of 6 to 7°, 3 dB beam width of
4°. The design has the following constraints: power dividers where the power ratio is

less than 4 dB; the number of divider and coupler stages is limited to 3.

As can be seen in Figure 3, the bank of power dividers, generally 60-1, comprises 3
stages 60A-1 60B-1, 60C-1. The first stage 60A-1 receives the outputs of the

transceivers [not shown] and in this case, N equals 2.

The first stage 60A-1 comprises 2 3-port Wilkinson dividers. Stage 60B-1 comprises 4
3-port dividers. Stage 60C-1 comprises 4 3-port dividers. As can be seen, all the power
dividers are unbalanced. The amplitude tapering introduced by the unbalanced
dividers leads to improved sidelobe suppression. The power divide ratios illustrated
are root mean square [RMS] ratios. The output of the bank of power dividers 60-1is

provided to the bank of phase shifters 70-1. In this example, P equals 12.

Figure 4 illustrates an arrangement of the bank of phase shifters 70-1. The bank of
phase shifters 70-1 receives the output signals from the bank of power dividers 60-1.
An interconnect arrangement 70A-1 is provided. The crossovers in this part of the
circuit ensure that there are no other crossovers in other parts of the antenna feed. The
outputs from the bank of power dividers 60-1 are phase shifted by the angles specified
and provided to a bank of hybrid couplers 80-1. Such an arrangement makes it easier

to optimize the overall circuit for the number of crossover connections.

Figure 5 illustrates a bank of hybrid couplers 80-1. The bank of hybrid couplers 80-1
receives the outputs from the bank of phase shifters 70-1 and produces a signal to be

fed to each of the antennas. In this example, M equals 11.

As can be seen, the phase shift outputs P6 and P7 are input to ports 2 and 3 of a rat race
coupler 100. The output of the sum port 1 is connected to the antenna 6. The output of
the difference port 4 is divided into 2 using a power divider 105, one output is

combined with phase shift output P8 [using a Wilkinson combiner 110] and connected
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to antenna 7. Another output of the power divider is connected via a 180° phase shifter
120 with the phase shift output P5 [using a Wilkinson combiner 130] and connected to

antenna 5.

As mentioned above, losses occur in when the amplitude and phase weights at the input
ports 2 and 3 of the directional coupler 100 are not matched. This scenario occurs
when the digital signal processor weights are modified to provide vertical sectorisation
at different tilt angles. In this case, port 4 of the rat race coupler 100 extracts the
insertion loss. The feed network satisfies the linear phase property and the phase of the
signal at port 4 of the coupler 100 will be equa1 to the phase at phase shift output P8
and 180° from the phase shift output P5. Thus the insertion loss is routed towards
antennas 5 and 7 to achieve the desired beam pattern and minimize the overall losses in
the network.

Figure 6 illustrates the performance of the antenna feed of Figures 3 to 5 with a static
downtilt of 8°. The feed network is used in combination with 2 digital beamformers

taps [0-2 dB attenuation and 0-360° phase shifts] and provides 16 dB sidelobe levels.

Figure 7 shows the performance of the antenna feed under dynamic downtilt of 5 and

10°. The arrangement of the antenna feed is unchanged and the digital beamformers

weightings are modified to tilt the beam towards specific sectors. In this example, a

sectorisation of dynamic downtilt of 10° with 16 dB sidelobe levels is achieved.
Similarly, a sector at downtilt 5° results in 13 dB sidelobe levels. For both of these

sectors, the required 3 dB beamwidth of 5.4 ° and maximum energy towards the main

~ lobe is achieved. Since the number of transceivers is 2, the digital beamformers has

reduced degrees of freedom and the downtilt range is less than or equal to 7°. As the

. number of transceivers increases, the range of downtilts significantly increases as will

now be described below.

Example 2: 11 Antennas And 5 Transceivers
Figures 8 to 10 illustrate an antenna feed using 5 transceivers connected to 11 antennas

and designed to minimize insertion losses. The antenna feed is intended to achieve 16
dB sidelobe levels with a dynamic downtilt range of 12°, together with a 4° 3 dB
beamwidth along the desired sector while minimizing the insertion losses. The
arrangement is constrained to have power dividers with power ratios of less than 4 dB

and the number of divider and coupler stages less than 3.
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As shown in Figure 8, the oufputs from the transceivers [not shown] are provided at the
ﬁfst stage 60A-2 of a bank of power dividers 60-2 where they are power divided. The
outputs of the stage 60A-2 are provided to the second stage 60B-2. In this example, the
bank of power dividers 60-2 comprises 2 stages. The first stage 60A-2 comprises 5 3-
port Wilkinson dividers, whilst stage 60B-2 comprises 5 3-port dividers. The output of
the bank of power dividers 60-2 is provided to a bank of phase shifters 70-2. In this

example, P equals 15.

Figure 9 illustrates the bank of phase shifters 70-2. The bank of phase shifters receives
the outputs from the bank of power dividers 60-2. An interconnect region 70A-2
redistributes the ordering of the signals provided to the phase shifters 70B-2. The
phase shifters 70B-2 perform a phase shift on each of the received signals. Typically,
such shifts in phase are achieved using standard micro-strip-based transmission lines,
with the length of the line corresponding to the phase shift desired. However, it will be
appreciated that other arrangements of phase shifters may be provided. The output

from the bank of phase shifters 70-2 is provided to a bank of hybrid couplers 80-2.

The bank of hybrid couplers 80-2 comprises 3 stages. In the first stage 80A-2, the
phase shifter outputs P3 and P4 are input to ports 2 and 3 of the rat race coupler 140.
Similarly, phase shift outputs P6 and Py, P9 and P10 and P 12 and P13 are input to

ports 2 and 3 of the corresponding rat race couplers 150, 160, 170.

In the second stage 80B-2, the output of the sum port 1 of the coupler 140 and the
difference port 4 of the coupler 170 are fed as inputs to a second stage rat race coupler
180. Similar inputs are provided to each of the other second stage race couplers 190 to

210.

The output of the sum and difference ports of the second stage rat race couplers 180 to
210 are subsequently combined with a Wilkinson combiner 220 to 250 in the third

stage 80C-2 and connected with an appropriate antenna.

As mentioned above, each rat race coupler provides at its port 4 the insertion loss in the
coupler. Insertion losses occur due to a mismatch in amplitude and phase. For an
arrangement where the impedances are matched, the insertion losses occur due to
unequal phase shifts. It should be noted that the phase progression of the antenna feed
is linear. Thus, the isolation signal from the difference pofts 4 provides a measure of

the phase correction required at the antennas 3, 5, 7 and 9 to achieve the desired beam
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pattern. Recirculating and combining this phase correction in stages 2 and 3 reduces

the insertion losses and ultimately results in optimal beam patterns.

Figure 11 shows the performance of the antenna feed shown in Figures 8 to 10 with a

static downtilt of 8°. The antenna feed is used in combination with 5 digital

. beamformers taps [0-2 dB attenuation and 0-360° phase shifts] and provides 22 dB

sidelobe levels at a downtilt of 8°.

Figure 12 illustrates the performance with a dynamic downtilt of 2 and 14°. The
antenna feed is unchanged and the digital beamformer’s weights are modified to tilt the
beam towards specific sectors. In this case, a sectorisation dynamic downtilt of 14°
with 19 dB sidelobe levels is achieved. Similarly, a sector at downtilt of 2° results in 18
dB sidelobe levels. For both of these sectors, the required 3 dB beamwidth of 4.5 © and

maximum energy towards the main lobe is achieved.

Accordingly, it can be seen that a factor of 2 or more in the reduction in costs and the
number of active components for active antenna architectures can be achieved. This
arrangement improves the performance of the antenna array even under partial failure
of the transceivers. The generic factorization allows for fast generation of solutions for

specific antenna feed requirements.

Antenna Feed Design
Figures 13 to 16 illustrate the general method steps for arriving at a particular antenna

feed design. More details on the exact methodology used can be found at Annex A. It
will be appreciated that this methodology can be implemented dynamically to provide
for dynamic redesign of the antenna feed in-situ using, for example,

microelectromechanical systems (MEMS) technologies.

Figure 13 illustrates the method steps which estimate the optimal antenna feed network
for all possible downtilts. However, this approach is not necessarily suitable to
minimize insertion losses.

Figures 14 and 15 illustrate the method steps which uses the optimal antenna feed
network estimated in Figure 13 and redesigns the antenna feed network to minimize

insertion losses.

Figure 16 illustrates the method steps which utilize the redesigned antenna feed

network and required downtilt to estimate the parameters for the digital beam former.

18



WO 2014/026739 PCT/EP2013/002306

Annex A - Detailed Antenna Feed Design

Joint optimization of RF feeder network and
digital beamformer in reduced dimension active

wireless transceivers

Muilti-output systems with digital beamforming can lead to significant improvements in capacity and
signal coverage of cellular communication systems. Typically, these systems have an active transceiver
connecled to each antenna and provide the flexibility to adaptively beamf{orm/multiplex the signal.
However. the set of active transceivers also significantly increases the scale and the cost of a large
scale antenna amay system. We propose a parrially adaptive beamforiner setup where a reduced number
of transceivers with digital Beamfomxers (DBF) are connected to an increased number of antennas through
a RF antenna feeder network {AFN).

Given this architecture, we present a methodology to estimate the minimum number of transceivers
required for different cellular base-stations. We propose algorithms to jointly design the DBF and
AFN weights providing relevant beam patterns, while satisfying a host of performance and operational
constraints. Subsequently, we consider the practical limitations in the design of such networks and
factorize the AFN using microwave components. Finally, we provide instances of the AFN for macro-
cell and small cell scenarios, highlighting the similarities and differences between the theoretical bounds
specified by the algorithms, and simulation results specified by the architectures as well as their practical

instantiations.

I. INTRODUCTION
A. Prior work and objective

Next generation wireless networks will employ multiple active transceivers or active antenna arrays

(AAA) at cellular base stations to achieve reliable communication close to theoretical limits [1]. Such
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an array of active antennas used in combination with macro and smaller cell architectures would allow
adaptive sectorization of signals towards specific users as well as increased co-ordination between differ-
cnt cellular basc-stations, ultimatcly resulting in cnergy efficient transmission. Howecver, the introduction
of multiple transceivers at (he transmitler also significantly increases the cost of the radio frequency (RF)
front-end. ‘

Consider a multi-antenna transmitter setup. where each antenna is connected to a dedicated RF
chain and a baseband transceiver. Although adaptive beamforming techniques are commly used {2), such
systems will cause a significant drain on the capex and opex of any given cellular base-station. Falling-
back to a passive remote radio head would force us to abandon on all the achicvable benefits seen
using a AAA setup. This research comprehensively explores all possible ways to map reduced number
of transceivers to increased number of antennas. Our underlying objective is to come up with a list of
architectures that allows the required flexibility provided by the AAA at a fraction of the capital.

We consider a setup where the transmit signals are adaptivelyl beamformed in digital domain,
converted from the baseband to RF using a set of N,, RF chains/transceivers. These RF signals are
subsequently connected to V, antennas using a Ny X Npoo Ny > N, antenna feeder network (AFN)
as shown in Fig. Al(b). Analog beamforming architectures with reduced number of RF chains have been
previously proposed for low-power transceivers [3]. However, for a radiated power greater than 30 dBm
(as required in cellular base-stations), it is impossible design adaptive RF circuits, varactor diodes etc. This
fundamental limitation restricts RF feeder networks to a space of fixed beamforming networks/inatrices
connecting transceivers/PAs and antennas. A phased array system for (N, = 10) with a single transceiver
and electrical tilt arrangement has been shown in [4], [5]. Such approaches have a network of microwave
components such as directional couplers, power dividers and phase shifters to achieve desired the desired
electro-mechanical/electrical beam tilts. These systems are inherently limited by the range of downtilts,
poor performance, losses in the nctwork as well as the fiexibility of the setup.

Our aim in the paper is to design the optimal feeder networks and digital beamformer (DBF) weights
for different cellular architectures. Our design focus varies for various cellular architectures. In a macro-
cell setup, the focus is to provide a highly directive beam and minimize losses in the feeder network while
satisfying the sidelobe levels (SLL) and dynamic range of the PAs for different sectors. In a small-cell or
metro-cell setup. the focus is (o optimize for orthogonal beam patterns and SLL, while sacrificing on the
losses in the feeder network. Some design issues are (1) to choose Nyq for a different sets of downtilt
range and (2) to select the AFN components and DBF weights satisfying SLL and PA constraints and

(3) to determine the factorization stages in the AFN.
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B. Connections

In the array signal processing literature, several types of RF preprocessors have been designed to
reduce the dimensions of receiver chains and minimize power consumption [6], [7]. These techniques
are grouped under "beamspace processing” and provide a systematic approach to design a beamformer
optimizing a data mdoel for a given cost function. However they do not take the practical limita-
tions/constraints or realize such networks in practice.

Alternatively [8], [9] design microwave components and networks that enable RF beamforming. In
these networks, the emphasis is more on the practical design of such networks. Subsequent work such as
[1Q] establish possible signal processing framework to design feeding networks. This work acts as a bridge
between the theoretical and practical sides of the antenna array design. In the current transaction, we
start from a signal processing/optimization perspective, however we include the performance restrictions
as well as the network limitations to come up with a comprehensive synthesis and analysis of several

feeder network configurations

C. Contributions and outline

In this paper, we progressively study various aspects of feeder network design. In Sec. II, we
specify the data model and formulate the design problem. In Sec. III, we provide theoretical bounds
for minimum number of transceivers and their relation with downtilt range and SLL. Subsequently, we
propose algorithms to design the optimal weights of RF AFN and DBF, while considering the performance
constraints and PA limitations.

In Sec. 1V, we consider macro and small cell scenarios, and factorize the AFN into a bank of
power dividers and directional couplers. The focus of this factorization depends on the specific cellular
scenarios and whether to optimize AFN for a list of beam patterns or to minimize for losses in the
AFN. We generalize such architectures to Butler-like matrices, and show the family of architectures and
the required conditions to optimize beam pattern and minimize feeder losses. In Sec. V, we provide
simulation results for different flavors of the AFN and Sec. V1 provides the circuil instantiation of a

. macro-cell and metro cell architectures with its beampattern, insertion loss and SLL performance.

Notation: Lower and upper case bold letters denote vectors and matrices. () denotes RF signals,
while (.) and [] respectively denote the analog and digital signals. ()7, (.)#, ()1 and [I-ll respectively
denote transpose, Hermitian transpose, pseudo-inverse and Frobenius norm operations.' I, denotes an

identity matrix while O and 1 respectively denote matrix/vectors of zeros and ones.
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I[. SYSTEM MODEL AND PROPOSED ARCHITECTURE
A. Data model

Consider an Ny x 1 vector denoting the RF signal %(¢) transmitted from the antenna array and time
{. In the modular AAA setup, the digital baseband equivalent of X(1) is obtained by using a beamformer
u(ls) = [u1(Ba). - ;. un, (Ba)}T on a data stream s[k] at time ¢ = AT: x[k] = u(f4)s[k]. Note that
u(fq4) is a Ny x 1 vector designed to produce a mainlobe towards 4. For sake of simplicity, we denote
N, “digital to RF’ transformation blocks (denoted by RF{.}) operating x[k] to produce %(t) as shown
in Fig. Al(a). ‘

Alternatively. the Ny x 1 RF signal vector x,.(t) can also be produced using the proposed two-step
AFN-DBF architecture as shown in Fig.A 1(b). Consider a setup with N,, transceivers connected to N,
radiating elements through a passiire AFN as shown in Fig. A1(b) ( For instance, N, = 11 and N, = 5).
Details of the AFN instantiations will be explained in Sections IV and V. In this case s[k] is transformed
initially to an N, x 1 vector y[k] using a N, x 1 digital beamformer 9(04) = [9,(84). - - - A, (0]

as y[k] = 9(84)s[k], followed by N,,, digital to RF transformation blocks and the AFN matrix W as
% (t) = W§(t) where ¥(t) = RF{9(04)s[k]}. (1

We refer to this approach as a partially adaptive beamformer, since the AFN is estimated and kept
fixed at the beginning. Subsequenuy, the DBF ¥(d,) is adaptively designed for each beamtilt. For the
sake of simplicity, consider a direct line of sight environment between the base station array and the
mobile user. Assuming an ideal RF to digital transformation at the receiver, the discrete time signal
received at a mobile user, which is present at a direction #; with respect to the base station antenna array

can then be represented (ignoring the propagation delays as)
(k] = paa® (8,)x[k] + n[k]

where a(6;) denotes Ny x 1 antenna array response for the angle of departure 6;, p; denotes the propagation
loss incurred from the base station to the mobile user and n[k] denotes noise terms. Assuming an uniform
array with equidistant elements, the antenna response and the propagation loss are modeled as per the

3GPP spccifications [2] as
1

ej '{\—"‘IS cos(8;)

eI BN ~1) cos(8;)

where & is the spacing between two antennas, A is the wavelength in meters and g(6;) is the antenna
characteristic [2]. For a 3GPP transmission standard, ¢(;) is designed for the macro and small cell

scenarios to have a 3-dB beamwidth of 65° and 110° respectively.
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B. Modular AAA architecture - reference

As mentioned before, our objective is to reduce the number of transceivers and thereby reducing
the cost and power consumed in the antenna array. Consider a modular AAA setup for reference with
Npq = Ng transceivers and a Ny x 1 beamforming vector u(f,) operating on s{k]. The performance of
such a cellular setup is characterized by its coverage and capacity, as well as its ability to sector the cells
depending on the location of the desired mobile user. Each sector is distinguished by the tilt angle of
the main lobe §4. The performance requirement of the beamformer comprising of the gain & directivity
in the direction of the main beam and the side-lobe levels (SLL) is commonly referred to as a spatial
mask and denoted u Np x 1 vector A,, where Ny corresponds to the resolution.

In modular AAA architecture, the objective is to design the adaptive beamformer (u(6,)) for each
value of 8, minimizing the overall mean squared error

ug = arg n(](;n) (A — A@)Yu(d)] (2)

N
where A(0) = [aT(8; = 7). ---.aT (8 = —x) ---, aT(8; = #)]T is a Ny x N, matrix obtained by
stacking the array response vectors. A well known approach to estimate u(84) in (2) is ug = AL A4 using

the least squares approach {11]. However, this approach does not always lead to the optimal solution or
consider the gain and SLL.

In this paper, we will include the performance and architecture constraints such as desired gain/beamwidth,
SLL, PA output levels in the original cost function (2) and estimate the beamformer wetghts using iterative
convex optimization techniques. It has been shown extensively that these optimizations will always lead
to the optimal performance {11], and similar beamformers have been designed in [12], [13]. However
they limit their techniques to only cover the set of performance constraints.

Details of the beamformer design for modular AAA is omitted in this section. (However they can be
easily understood from the joint AFN-DBF design by denoting W = I and N, = N,,,). This architecture

and the subsequent beamformer weights will serve as our reference design.

C. AFN architecture: Problem formulation

Consider the AFN architecture as shown in Fig. Al and the corresponding data model (1). Cur aim is
to jointly design the optimal AFN matrix W and the beamforming vector ¥(84) to satisfy the desired
set of spectral masks (Ag). Let Ng correspond to the number of sectors in a given cell, with beam-tilt
81, -+, On.. Note that the AFN is estimated and fixed at the start of the transmission, and this partially
adaptive AFN-DBF combination must satisfy the spectral masks for Ng beam-tilts. The problem of
jointly designing {W. 9(84)} can be reprcseﬁled as LS fil l-njnimizing the overall mean squared error
(MSE):

{W. 9(04)} = arg 11911in A — A@YWS(Ea)| VO € {81, - Ox.} - (3)

i8,)
23
SUBSTITUTE SHEET (RULE 26)



WO 2014/026739 PCT/EP2013/002306

We wish to minimize the number of transceivers, since it minimizes the overall cost of the setup. The

optimzation assumes a number of side constraints: The design constraints are

(CI1 The sidelobes levels are constrained to be at-least 15 dB below the mainlobe. This is to ensure that
most of the power is directed towards the desired sector, as well as to limit the interference to the
neighboring cells/sectors. The 3-dB beamwidth is required to be less than 4° and 15° for macro and
small cell setup.

[C2] Limit the power variations in the beamforming coefficients ¥(84) 0 to | dB. This is required to

. cnsure that the power amplifiers (PAs) will be efficient and operate in linear mode {14].

[C3] Limit the number of stages of the AFN factorization. This is done to ensure low complexity networks
and minimize propagation of losses in the network.

The objectives are to (1) design the AFN and DBF weights to constrain the beampattern satisfying
the spectral mask Ay as well as lo restrict the dynamic range of PA output and (2) instantiate the AFN
using passive microwave components while accounting for different beamtilts and insertion losses. We

narrow the solution space formulating and solving the problems in the following order:

[P1-a] We initially relax the losses in microwave circuits and PA efficiency. Given a specific architecture

and performance requirements, what are the bounds on the number of transceivers?

[P1-b] Subsequently for a given AFN and DBF order, is it possible to design the optimal weights satisfying

i

the sidelobe levels and the dynamic range of the PA?

[P2] How do we factorize the AFN interconnects leading to a robust design? Can we represent the AFN
using banks of microwave components and optimize their connections, weights and phase-shifts to
minimize insertion losses for the set of beamtilts?

The above two problems form the core of the paper and their solutions are covered in the next three
sections. The problem {P2] is subdivided depending on the objectives of the cellular architectures, and

a detailed synthesis and analysis of such architectures and instantiations is provided in Sec. IV and V.

111. ALGORITHMS FOR JOINT OPTIMIZATION OF AFN AND DBF WEIGHTS

In this section, we consider the problems [Pl a & b] and estimate the AFN and DBF weights for the

desired outcome.

A. Bounds on the number of transceivers
The introduction of AFN reduces the order of the adaptive beamformer to Np,. Unlike the modular
AAA u(fy). which can be adaptively designed for all 8, € [—n/‘z : 7/2]", the AFN arrangement can

only satisfy a specific range of beamtilts Ry = {¢;. ---, Ox.}. Before we proceed to derive AFN and

assuming ideal antenna elements
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DBF weights, it is important to derive the theoretical bounds on the number of transceivers Npy for a
given R, achieving the desired SLL.

Let us start with the MSE cost function (3) and also assume that we can obtain the optimal
beamformer weights u(6y) for the modular AAA. We will later explain the design procedure in Sec.

III-C, also refer to {12], {13}. From (2), we get a LS approximation
Ay = A(F)u(bdy).
The AFN-DBF cost (3) can be rewritten utilizing the LS approximation of (2) as

Q

arg min  [|A(A)u(Bs) - AOYWI(0)|| Vs € {Ro}
{W.9(0a)}

lu(@s) — W0l V04 € {Rg) (4)

a2

Stack u(fy) for the beamtilt range R to obtain a Ny x Ns matrix:

Uy, = [a(B1), . u(bny)).

-~

The following Lemma characterizes the optimal AFN weights for beamtilt range R ..
PAs have infinite range. For a given Np,, the optimal weights of the feeder network must lie in the space

Spanned by the dominant basis vectors of Un

W € col span{lin.}

Proof: Compute the singular value decomposition (SVD) Un,:

(23]

Z/{Gd = UEVH = [u17 T ui\’vu? o ] a2 V[Iz

where U and V are the left and right singular vectors and ¥ correspond to the singular values. For
Ny > Ng, any u{fq) can be obtained using a linear combination of U. If Opa+1 = 0, a linear combination
of U(:,1 : Np,) = uy, -+, uy,, using 9(8y) will result in u(f,y). V8y € Ry.. For opas1 > 0,
W = U(:.1: Npq) and given Np,, choosing W as the dominant basis vectors of U will provide the
best IV,,,-rank representation. : n
A few remarks are in order:
.« This Lemma assumes that N; > Ng. The beamtilt range Ng can also be seen the resolution, and if
Ny < Ng, then we can Ny mutually spaced 8, from Ry, and proceed with Lemma 1.
« This approach can also be seen as a more systematic and robust approach to come up with the

weights of the Blass matrix as in [15].
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» Note that this bound on optimal W does not consider feeder losses, dynamic range of the PAs as
\;'ell the number of possible interconnects in the overall network. However, it does provide a starting
point for updates that consider practical issues in the next sections.

« The beamtilts for different sectors in 4 macro-AFN R n. does not vary significantly from each other.
However. the beamilts for different scetors in a metro-AFN varies significantly. cventually limiting

the losses in the feeder network.

Simularion results: Consider a macro-cell setup with N, = 11 antennas radiating at 2.6 GHz with
each adjacent element uniformly spaced at a distance 0.8 and designed to have a 3-dB beamwidth 65°.
The simulations results shown in Fig. A2 provide a relation between the beamtilt range and minimum
number of transceivers required to achieve SLL. X and Y axis respectively show the downtilt range and’
minimum number of transceivers. and Z axis plots the worst case SLL values for such configurations.
Tn each case, the downtilt range corresponds to the maximum difference between any two elements in
R . We estimate the CFN weights using Lemma 1. These results show that we need atleast N, = 2
transceivers for a macro-cell scenario with downtilt range and achieve 18-20 db SLL. In practice, we
need 3-4 transceivers to account for insertion loss, limited dynamic range of PA's and desired main-beam

gain.

B. Algorithms to optimize AFN and DBF

Once we have established the minimum N, required for the AFN, the next step is to design the
AFN weights satisfying Ay. The focus of this sub-section is to include constraints in the original cost
function (3) and to propose an interior point algorithm to estimate the weights. Our focus is to design
the weights of optimal u(f,), progression from u(fy to designing the weights W follows Sec. I1I-A.

1) Introducing AFN constraints: A well known technique to estimate the beamformer weights for
a specific beamtilt angle is the Capon or the minimum variance distortionless response (MVDR) approach
[16]. The objective is to design the weights of u(fq) such that a main-lobe is focussed lowards a specific
sector, while minimizing the overall variance (i.e. power)transmitted in other directions. Mathematically,

the above two conditions can be combined and written as
u(fy) = n(1gn) uff(84)u(8s) subjectto  luf (B)A@B)] =1
Uiy

In addition, we need 1(f;) to satisfy a host of constraints. Onc such constraint defining the width of the

mainbeam is the 3-dB beamwidth, and including it with the above constraint leads to
e (@)a@)] =1 and [[u”(8)a(sa5)ll = 1/V2

where 0345 corresponds 1o angle providing half power beam width. Let 8g,, correspond to list of

angles which form the sidelobe of the desired beam patiern. To achicve a specific SLL (say €45 = 20
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TABLE |

INTERIOR PROGRAM TO [TERATIVELY ESTIMATE u{f,)

« Given a strictly feasible u(6q) subject to uH(«Qd)AC,, = &7 tolerance 1 := tO, convergence parameter 7 > 1 and tolerance

>0

« compute an update of u(fq): u(fs)*(t) = @2 ['P(U)—l] 7 [P(u)]
- where P(u) = u”(6,)u(8s) + L log (u” (84) [al8a)le, - -+, €] - A(Bs1.1)]]
- and 7 corresponds to the partial derivative with respect to u(8,).

» update: u(f4) = u(ba) + u(fa)*(t)

« stopping criterion: quit if m/t <7

o step: ¢ = put

dB below the main lobe) the beamformer must also satisfy prescribed SLL constraint soecificd by e,

where € = 10{s¢2/20),

lu (64)A(BsLL)] < ¢

where A(8s5. 1) denotes the array response for the list of sidelobes. For notational simplicity, we do not
distinguish betweel upper and lower SLLs. In practice, we keep unequal upper and lower sidelobe levels
(for example have a strict LSL and relaxed USL constraint).

Combining all the above constraints, the central optimization problem can be formulated as follows:

u, = mg‘?&;g u(64)u(84) (5)
subject to
[ () A0)] = 1. [u(84)a(8s, a8)| = 1/V2 (6)
[u (0a)AOsLL) < [e.- - €] )

where (6) specifies the beamtilt constriants and (7) specifies (the SLL constraints. The above cost function

can be recast in the form of a convex optimization problem [11] usually described as

arg min, folz)

subject to  g(x) <0 and h{z)=0
with equality and inequality constraints. The interest of expressing a problem in convex form is that
although an analytical solution may not cxist, it has been shown that such problems can be cfficicntly
solved numerically and will always lead to optimal solution. One commonly used constrained optimization
functioni is the interior point algorithm [11]. For details of the interior point algorithm to estimate
beamformer weights. please refer to Table 1 and Appendix A. Note that the algorithm proposed here

incorporates linear as well as quadratic constraints.

27
SUBSTITUTE SHEET (RULE 26)



WO 2014/026739 PCT/EP2013/002306

C. Digital beamformer design

In the previous subsection we proposed an algorithm to estimate the weights of optimal AREN satisfy-
ing mainbeam and SLLs. Note that the AFN is always used in combination with a digital beamformer to
achieve the desired beam pattern. In other words, given the user signal s[k] and the array response a(fy)
the AFN W is a function of 9(8,). Alternatively, the transmit-receive duality allows us to represent the
DBF-AFN downlink setup as a AFN-DBF uplink setup with reversed signal flow [17]. Once the optimal
AFN is designed as in II-B for a given range of downtilts, the 'DBF weights are a function of the AFN
in the dual setup.

In this scenario, the objective is to design the DBF weights and minimize the cost
I(B4)o = arg ngn [ A(fa) — H(04)9(04)]| where H(f4) = A()W (8)

where H(6q) is the beamspace array response for a given W and A(f,) is the desired spectral mask.

A straightforward solution of the above cost is the LS estimate:
9(64) = [H(8a)]' A(6a)

DBF design with PA constraints: The DBF weights obtained from LS solution of the uncon-
strained problem (8) does not tike into account the linear operating range of amplitude tapering. For this
Feason, we introduce an additional constraint that each DBF output is confined (0 a particular value or
a particular range

1 -
19k(84)% = N Vkhke{l - Ny}

' pa

The cost (8) can be expressed including the per PA power constraint as

5(0,)0 = argming  9(0q)79(64) ©)

[9: (0a)(* = &~
In addition, we can introduce the mainlobe, beamwidth and SLL similar to (5 - 7), and use the interior
point approach as explained in Sec. III-B as well as [I1], [13] to minimize (9). Please note that per
antenna power constrained optimization is done over quadratic equality constraints (unlike the inequality

and linear constraints as proposed in [13]). In some ways, this technique to design AFN and subsequently

the DBF weights is similar to the joint design in [18].

[V. ARCHITECTURAL CONSIDERATIONS OF AFN

Please note that the Sections I11-B and 11I-C provides some important conclusions on the design of
AFN, however, they do not consider the limitations in architecture. Given that the hardware imposes
significant limitalions on the degrees of freedom, it is not possible to directly apply the results of Sec.

[11. This section proposcs design changes for specific architectures.
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A. Two stage beamnforming

The AFN-DBF arrangement can be seen as a two-stage transformation that steers the transmit beams
towards a specific sector. The first stage i.e. DBF is an adaptive transformation for each beamtilt and has
a straightforward implementation. However the second stage AFN is made of microwave components,
and its implementation is not trivial. especially when the objectives are minimizing losses in the feeder
network and providing distinct beampatterns for sectors.

Consider for example an AFN W, factorized into a bank of sub-matrices as shown in Fig. A4. Each
sub-matrix comprises of a bank of power dividers (such as Wilkinson dividers or WDs), striplines/phase
shifters and directional couplers [19, Ch. 7). For example, we represent W using a filter-bank of power

dividers Dy, and directional couplers Ry,

W = Dy, x Py x Ryy
= (Du1 %Dy xDy3) x Py x (Rey x Rea).
In the above expression, D,.; denotes a bank of power dividers for stage ¢ and R..; denotes a bank of
hybrid coupler/combiner for stage 7. The number of stages in the divider and coupler networks depends
on the out-degrees between AFN and antennas. For a network made of 2 way dividers and couplers, the
nimber of overall stages is always less than or equal to log,[Ny].

In existing implementations of couplers/dividers, losses of 0.1-0.2 dB typically occur at each element.
However, the most dominant losses in the feeder network are the insertion losses that typically result
due to the amplitude and phase mismatch of the incoming signals at each combiner. If W does not have
any non-zero element, the entire AFN can be represented using a bank of 3-port networks with:

1) (IV; — 1) power dividers at connected to each PA or Npo(N, — 1) dividers in total.

2) (Npo — 1) combiners connected to each antenna or N;(/Np,, — 1) combiners in total.

3) In addition, the e]eménts of the AFN matrix are phase shifted to achieve the desired beam pattern

(implemented using striplines or dielectrics).

Such an tmplementation would lead to a complex network requiring many layers of interconnects. In
addition, it is unlikely that the signals combined at the antenna to be matched in amplitude and phase,
leading (o significant amount of insertion losses. In other words, for efficient implementation, the number
of combiners & power dividers must be kept to a minimum, and care must be taken to ensure that the
amplitude and phase of each signal input to the combiner is always matched.

In a macro-cell modular AAA setup, the difference in beamtilt between adjacent sectors is less
(< 20°) and distance between the mobile user and base station is typically large as shown in Fig. A3(a).
The emphasis for a macro-AFN is to design a narrow beam that preserves the same range as that of
modular AAA, in other words minimize any losses that can occur in the feeder network. Alternatively,

in a small cell modular AAA setup, the beamtilts between adjacent sectors is large (> 20° - refer 10 Fig.

29
SUBSTITUTE SHEET (RULE 26)



WO 2014/026739 PCT/EP2013/002306

A3(b)) and the emphz\sis is to come up with a set of orthogonal beam patterns and tolerating some losses
in the feeder network.
At this point the joint design problem {W, 9(6,)} can be reclassificd depending on the type of
cellular architecture as
[D1] Redesign W and focus to minimize insertion lossses, subsequently design 3(8y) to optimize for
beam pattern.
— This approach is typically suited for macro-cell cases.
[D2} Redesign W and focus to generate orthogonal beampalterns, sacricifinz on insertion loss.
— This approach is typically suited for a small-cell cases.
Intutively, the designs [D1] and [D2] would lead to distinct factorizations of the AFN. We focus the rest

of the section in the (lesigln of W and the design of 9(6y) follows Sec. ITI-C.

B. [D1] Redesign W to minimize insertion loss

Claim I: Consider the scenario [P2], where the APN has been factorized into a bank of hybrid directional
couplers as shown in Fig. A4, Each bank is further divided into many stages of hybrid couplers. For an
AFN design minimizing the insertion loss, the number of directional couplers in each stage R ; must
not exceed Np, to minimize the insertion losses.

Proof: Insertion loss occurs due to the amplitude and phase mismatch at each coupler in the bank

R ;. Note that the adaptive DBF 19(f;) has N,, dimensions or degrees of freedom and for each value
of 84, these weights are adaptively modified to either minimize insertion loss or optimize beam pattern.
From linear estimation theory, the Ny, x 1 vector 9(84) can at-most account for insertion loss at N,
combiners nodes in each. Thus, to minimize the insertion losses in the AFN it is essential to limit the
number of combiners to Np,. i |
Considéring that R ; typically has dimensions greater than IV, this result specifies that R ; minimizing
insertion loss has to be a sparse matrix.
Claim 2: Given a Ny x N, setup, with N, > N, it is reasonable to assume that the number of antenna
elements connected to a given PA is always greater than 1. For reasonable grating-lobe and SLL, the
spacing between adjacent antenna elements that are connected to a given PA must not be much greater
than A\/2.

Proof: Each columnn of the AFN can be seen as a fixed beamformer connected to each PA. The
adaptive DBF combines different beams from the AFN using /N, degrees of freedom to enable the
two-stage beamforming. Grating lobes and side-lobes usually occur in any antenna array beamforming
setup, where the antenna spacing is greater than A/2. If the adjacent antenna elements connected to
each PA is spaced much greater than A/2. the fixed stage beamformer will always produce sidc-lobes
and grating lobes, and the reduced dimension (N,q) adaptive DBF will not be able to suppress all the
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side-lobes and grating lobes them for the entire range of downtilts. For this reason, it is necessary to
limit the spacing between antenna elements connected to a given PA. "
The A/2 spacing is applicable for an omni-directional antenna element. This spacing is somewhat relaxed
in practice for a directional array. For a broadside element commonly used in 3GPP with 3-dB beamwidth
=~ 65°, the array spacing must be limited to 0.8\.

1) Orthogonal matching pursuit: The Claims | and 2 allow us to conclude that the antennas
connecting a given PA are grouped together and in a given coupler stage R.;, any two PA’s will
be joined at only one antenna. Let us denote a spatial interconnection map as a Ny x N, matrix
S = [s1.---. sw,,] and satisfying the Claims | and 2. For example, ina 11 x 3 case s; = [15, 06)7 and
sy = [04. 13, 04._]7. The AFN satisfying the interconnects S is re-designed using a modified version of
the orthogonal matching pursuit {20], (18] as follows:

+ Note that [u;, ---up

o forke {1 Ny}

-] = Basis{Us, }.

pa’

- Recompute SVD(Up, ) = [u;, Uy].

Extract the AFN weights satisfying the spatial interconnects: w = s & uj.

§

Normalize each column of wy,.

- W= [wy, - wg)

Compute the orthogonal projection: Uy, = (I — WW )L,

« end k

o Final AFN: W ={w,,---wy ]
The Orthogonal matching pursuit is chosen, since it provides with a low-complexity implementation
(when compared to brute search technigues) and shown in [20] to converge to optimal performance for
large N,,.

2) Decomposition of power divider bank Dg,: Note that W € CNt*Nva| The magnitude of

the non-zero elements in w; correspond to power divider implementations from i PA and the phase

of the elements of w; correspond to appropriate phase shifts or line length implementations. From the

N,
Npa

interconnect map S, the PA outputs might be divided N gir = [ + 1] times before phase-shifted
and combined. Representing these elements using a one-shor N;_4i, x 1 vector might lead to impractical
realizations. For this reason, each PA output is successively factorized into 3-port WDs. In this regard,
the successive factorization of WDs is similar to radix-2 FFT representation of a higher order DFT.

For design implementations, the first two stages of WDs - D,.; and D,, » consists of balanced
dividers and the unbalanced dividers [19] are usually reserved for the last stage. Subsequently, each
output of the final stage D, 3 is connected to a bank of phase shifters P as shown in Fig. A4. In our

implementation. P is a diagonal matrix whose elements correspond to arbitrary phases along the unit

circle. Note that the phase shifts in P is already modified by the corresponding power ratios.
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3) Decomposition of hybrid coupler bank Ryy: The output of P is transformed using R g,
and fed on to N, anlennas. For efficient operation of Ry, it is essential that the input sighals into
each directional coupler be matched in terms of amplitude and phase and any mismatch in terms of
amplitude/phase will result in insertion losses. In cases, when the input signals are not matched at a
given stage (say R. ;). the insertion losses must be propagated to the next stage R, ;4 for suppression.

For this reason, we use hybnd elements, such as rat-race couplers or branch hybrids as combiners. In
a rat-race coupler, ports 2 and 3 the input ports and the sum and the difference of the inputs are coupled
to ports | and 4 respectively [19, Pg. 480]. Please note that port 4 (also referred to as the isolation
pott) extracts the our of phase insertion loss. The prime reason in using a hybrid element is that a given
stage R, ; any phase or amplitude mismatch can be captured using the isolation port of hybrid coupler.
Exploiting the linear phase property of the antenna array as well as the AFN setup, the port 4 output can
subsequently be recirculated as input to the next stage K. i41 accounting for the insertion loss. These
hybrid elements can either be branch hybrids (commonly used in Butler matrix implementations [8]) or
rat-race hybuds. [n our setup, we use rat-race hybrid elements, the motivation being

« Four port rat-race couplers can also be seen as radix-2 DFT or FFT implementation. Higher order
DFTs can then be obtained using different amrangertienits 6f such couplers.

« The two-stage beamformer used with the antenna amray setup has a linear phase property, symmetric
to the central antenna element(s). This intuitively suggests that the signals at the isolation port of
one rat-race coupler contains the same phase as the signal at the output port of the another rat-race
coupler.

4) Insertion loss minimization using linear phase couplers: The techniques proposed in Sec.

1T and IV leads us to u(fy) (and subsequently W and 9(04)) having linear phase i.e.
qu(Hd)| = |-'1LN'_,~(0(1)| and Au.,-(ﬁd) - é‘ll‘\:‘/Q(Gd) = Ik(éul\il—i({')d) jond ZUN,/Q(()d)«

This linear phase observation can be also be seen in { W, 9¥(84)}. Consider a 11 x 5 AFN as shown in
Fig. A6, where there is a mismatch in phase the incoming signals at the couplers RR; and RR; of R. ;.
This mismatch is reflected in the port 4 of RR; and RRy . Exploiting the symmetry in the architecture
and the linear phase of the signals at each stage of AFN, map the isolation ports (port 4) of R, ; to
the input port (port 3) of R, 2. This modification, in combination with the corresponding re-design of

9(04) equalizes the phase mismatch at the combiners.

C. [D2]: Redesign W 1o optimize orthogonal beanms

In a metrofsmall cell scenario, the objective is to design beamtilts spaced 30° apart. In such cases.
the focus of AFN design is more towards providing orthogonal beam patterns and is a fundamentally
different from designing a [D1] narrow main-lobe and minimizing insertion loss. We start with the AFN

and DBF weights as in Sec. I1l
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1) Existing architectures: Given a vequirement to generate say orthogonal and provide beamtilts
{=30. 0. +30} when used with a A/2 spacing antenna array, one well known technique is to use a
Butler matrix {8}. This matrix has N inputs and N, outputs, connecting N, PAs and N¢ antennas and
implemented using branch or rat-race hybrids with low losses. To generate a given beam pattern, only
one PA is turned on. Example of such an approach is shown in Fig. A7 to generate three beams at
{—30, 0. +30}. The main disadvantages with this technique are that it usually requires N, inputs, and
the radiated power is low since only one PA (or two as shown Fig. A7) is operational at a given time.

On the other hand, if we directly implement the AFN matrix as designed in Sec. III, the result
will be a generalized approach to design a Blass matrix and Nolen matrix [15]. Typically, the Blass
matrix performs a QR decomposition or Gram-Schmidt orthogonalization of the AFN. The authors [15]
implement a Jossless version of the Blass matrix but have only one PA operating at a given time.

2) Generalized Butler matrix: We refer to our small-cell AFN as generalized Butler matrix. Such
decompositions of Butler-like beamformers using hybrid elements provides:

1) representaion of generalized Butler matrix using FFT, leading to low complexity factorizations of
AFN using hybrid couplers (as explained in {21], [10]).
2) Similar to [D1]. extract and vecirculate insertion loss (Sec. IV-B.3).

One crucial difference with [D1] is that in this case, the Claim 1 cannot be satisfied, if our focus
is on designing orthogonal beam patterns. For this reason, the OMP design technique proposed in Sec.
TV-A is not valid for [D2]. Please note that claim 2 is the necessary condition to avoid grating lobes and
for this reason, all possible AFN designs must satisfy claim 2.

The alternative configurations of Figs. A7(a) and (b) are specific instances of Butler matrices. In
general, our objective is to come up with generic factorizations of AFN. As explained before, the focus
15 to make the metro-AFN matrix more sparse, with reduced number of combiners. Such a factorization
would simplify the matching the combiner inputs and subsequently minimize the insertion losses while
achieving the desired beam pattern.

Given a Ny x Np, AFN, thc number of combiners connccted Lo a given antenna is specificd by the
row weight and the number of splits is specified by the column weight. The phase shifts are specified
by matrix muitiplication of non-zero terms. Reducing the number of combiners would require us to
organize the AFN matrix such that matrix multiplication i.e. phase shifts are the dominant operation.
One well known approach to achieve this transformation is through Cholesky factorization {22, Chap. 3}.

For example, consider a 4 x 3 AFN decomposed as the following lower and upper triangular matrices:

%Y LDU
Wi wp L, O I 0 U, up
Was w2 Ly Io 0 sy 0 up
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where 522 is known as the Schur complement: s99 = wyy — Ly Uy, This factorization does not alter the
the overall response of the AFN. In other words, there is no change in 9(6, as well as the corresponding
beam pattern. The upper and lower wiangular structures suggests that the number combiners in each
factor is significantly reduced. and provides an easy way (0 quantify insertion losses in each stage. |
This factorization can be repeated on Ly, to further decompose L. Though the Cholesky factorization
is preferred for square matrices. such approaches can be modified for any rectangular matrices (such as
6 x 3 and 8 x 3 arrangements). Please note that the complexity of matrix factorizations is not an issue,

since the AFN design is one-shot and kept subsequently fixed.

V. SIMULATION RESULTS

To assess the performance of the AFN-DBF architectures, we have applied to macro and small cell
multi-antenna base stations. We present simulation results for AFN algorithms and architectures proposed
in Sec. Il and Sec. TV. These results include computing the beampatierns for different configurations,

sectors and the corresponding insertion loss values. The performance indicators are usually

1 The radiated energy along the sector centered at f; and satisfying the required USL and LSL values.

A. [D1]: Bean pattern optimization and insertion loss computation

The base station with the AFN antenna array beamforms and transmits the desired signal towards
specific sectors spaced 04 € {0°. ---,20°}. In a macro-setup, the number of antennas is usuallyN, =
10 — 12, 6, gg < 5° and SLLs are restricted to the order of 16-18 dB. The amplitude tapering of the
DBF weights connecting each PA is restricted to be in the range 0 — 1dB, to facilitate the PAs in a linear
mode of operation. The antenna elements antennas are spaced 0.8 apart. Note that the critical spacing is
0.5A and this increased spacing i.e. or spatial sub-sampling is required to account for transition towards
wide-band setup. Thus, we have an additional challenge of suppressing the grating lobes. The focus of
the AFN design for the (D1] case is to minimize insertion loss.

1) Vertical sectorization for different N,,, and 64: Figs. A8(a) shows the beampatterns for Npq =
4, Ny = 11 providing 3 sectors spaced f; = 0°, 5°, and 10°. Curve 2 shows the performance of the
modular AAA setup, and curves 1. 3 and 4 show the performance of AFN arrangement. Comparing
curves 2 and 3, the results show that the results of the fidly adaptive modular AAA with Npg = 12
DBF weights are inseparable with the results of the partially adaptive AFN arrangement. Both these
approaches provide 24 dB SLL. 6, 4g = 5° for a radiated power of 10 dB along beamtilt 5°. As we
move towards sector §4 = 0° and ¢4 = 10°. the SLL performance of the AFN arrangement slightly

degrades from 24 dB to 18.5 dB. However, radiated power of the AFN along 0y is still preserved.
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Fig. A8(b) shows the beampatterns for different AFN arrangements with N, = {2~ 5} and N, = 11.
The AFN is iﬁitially designed for the sectors 84 € {0°. ---.10°}. Subsequently, the curves 1-4 show a
snapshot of the performance, when we introduce a new sector at 3 = 12°. Note that all these designs
optimize for insertion loss. Curves 1 (N,, = 4) and 2 (V,, = 5) respectively show 16 and 18 dB
SLL. while achieving 03.45 = 5. As cxpected, the performance significantly degrades when an AFN
arrangement with N, = 2 and shown by curve 2. To account for design flexibility and address different
4. it is necessary to keep N, > 3.

2) Insertion loss for different AFN architectures: Fig. A9(a) shows the average phase mismatch
at the combiners for the 11 x 5 setup for different beamtilts 8y € 0°, - .-, 30°. Note that the insertion
loss ts proportional to the phase mismatch at the combiners (The rat-race couplers subsequently used
are balanced couplers). Curve | shows the AFN result of Sec. HI, and this result can also be seen as an
instance of the lossy Blass matrix [15]. Curves 2 and 3 respectively show the performance of the proposed
AFN arrangement Sec. 1V-B.2 and I'V-B.3. Comparing curves 1 and 2. the results show that decomposing
AFN using orthogonal matching pursuit as explained in Sec. 1V-B.3 significantly minimizes the insertion
loss. As the beamtilt range increases, it becomes important to use hybrid couplers and compénsate for
the insertion loss as explained in Sec.IV-B.3. Note though, that the ILMR approach performs poorly for
B4 € {13°---17°}, this is due to some amplitude mismatch in the combiners. For this reason we choose
either the approach mentioned in Sec. IV-B.2 or the approach mentioned in 1V-B.3 as per the‘beamtilt

range.

B. [D2]: Orthogonal beam patterns for small cells

The base station with AFN antenna array beamforms and transmits the desired signal towards specific
sector spaced 6y € {—30°, ---,4+30°}. In these cases, the PAs typically radiate 0.5W power. The base-
station antennas are spaced 0.5 apart, and chosen antenna element has a 3-dB beamwidth of 110°. In a
small-cell setup, the number of antennas Ny = 4 — §, the 3-dB beamwidth restriction is lifted and SLLs
are restricted to the order of 10-15 dB. The amplitude tapering of the DBF weights connecting each PA
is relaxed to be in the range 0 — 3dB. The focus in this case is to account for orthogonal beam patterns,
while sacrificing on the insertion loss performance.

Effect of number of transceivers Np, and downtilt range 84: Figs. A10(a) shows the beampatterns
for Npo = 2. N, = 4 providing 3 sectors spaced 6y € { -30°, 0°, +-30°}. Note that the array response
a(8y) for each f, is orthogonal to the other. Thus for N,,, = 2, we will never satisfy the Lemma 1, and
such a setup will always lead to sub-optimal performance as confirmed by curves 1 and 3. In Fig. A10(b),
increasing the number of transceivers and number of antennas N,, = 3 and N; = 6, it is possible to
achieve 10 dB SLL suppression where all the PAs operating at a constant power as shown in Fig. A10(b).

In practice, we will use a &y = 6 configuration for improved SLL as explained in Sec. V1.
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VI. NETWORK INSTANTIATIONS
A. Metro AFN instantiation

In the following, one possible instantiation of the 3-to-6 AFN of a small cell base station capable of
steering its main beam from —30° to + 30° off the broadside direction is presented. The block diagram
of a specific instantiation is depicted in Fig. All,

It is composed of 5 discrete stages of power dividing/combining and phase-shifting networks. The
inputs of this AFN are the three signals x=(x1, x2, x3) that are generated by three different transceivers.
The 1Ist stage of the AFN is composed of three 1-to-3 power dividers that sphit the signal of each
transceiver into three components. These dividers are generally unbalanced and, therefore, even though
the output signals of each divider are phase-matched they are not equal in magnitude. The 2nd stage of
this AFN is composed of nine |-to-2 power dividers. Each of these dividers generates two instances of
each of the 9 output signals of the Ist stage of dividers. Similar with the first stage. all the }-10-2 power
dividers of this 2nd stage are unbalanced. The 3rd stage of this AFN is composed of eighteen static
phase-shifting elements that properly set the phase of any of the outputs of the 2nd stage of the AFN.
The individual amounts of the phase introduced by each of the phase-shifters of the 3rd stage and also
the power-split ratios of the power dividers of the first two stages are detenmined by the optimization
algorithm presented the previous sections of this paper. As a result, in the general case, the output signals
of the 3rd stage of this AFN both amplitude-unbalanced and phase-unmatched. The 4th stage of the 3-to-
6 AFN is different for the signals that originate from the first transceiver (instances of x1) and different
for the signals that originate from the remaining two transceivers (instances of x2 and x3). For the latter,
this stage is composed of six 2-to-1 power combiners that add up any two consecutive output signals
of the 3rd stage, as shown in Fig. . Given that the output signals from the 31d stage are not matched in
amplitude and phase, it should be expected that the power combiners of this stage would be inherently
lossy. Minimizing these for a given set of input signals should be one of the constraints that have to
be satisfied as part of the optimization algorithm. For the former signals, the 4th stage is composed of
phase-shifting components that should minimize the phase mismatch between the output signals of the
power combiners of this stage and the signals which do not go through such combiners. Finally, the last
(5th) stage of this AFN consists of 2-to-1 power combiners that the signals from the phase-shifters of
the 4th stage with the signals of the power combiners of the 4th stage. For the same reasons that the
power combiners of the 4th stage have been shown to be lossy, the power combiners of the 5th stuge
are inherently lossy, as well, and their properties (power-combining ratio) should be optimized both in
terms of the required functionality and the minimization of the overall losses. The AFN of Fig. has
been implemented using standard microstrip technology. For the considered instantiation, the ratios of-
all the employed power combining/splitting components have been varying from Q dB to 12 dB. These

components have been implemented either as unbalanced Wilkinson dividers [19] (for power ratios up
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to 5 dBs) or as directional couplers [19] (for the power ratios from 5 dB to 12 dB). As fur as the
phase-shifting components are concerned, they have been implemented using standard microstrip-based
transmission lines. The exact length of each of these lines has been dictated by the required phase-shift
to be inserted. Fig. Al2 compares the beampattern and SLL performénce of the circuit instantiation with

that of the simulations results proposed in Sec. V-B.

APPENDIX
A. Interior point algorithim

Our goal is to formulate the inequality constraint in (7} as a set of equality constraints, These equality
constraints can be subsequently used in combination with the Newton method {11} to iteratively solve
for u(@,). Given that ju’’ (0,)A(A)] = 1,

H
uf6,)A8511) ..
T amaea S e

uf (84 [a(@a)le, ---. ) — A(BsL)] >0 or uf(84)Z(8s) >0

Similarly, we can rewrite the equality constraints as follows:

.3 leading to

uH (9(1) [A(f’)) a(GB dB)] = [1 1/\/5] = uH (9(1)_,4&(1 = QT

The basic idea of the interior point approach is to introduce an indicator function Z(6y) is to make
the inequality constraints implicit in the cost function (5). This is achieved by using Z(8y) in the original

i

cost (5) and rewritten as

w(Os)o = argmin u¥ (@a)u(da) - 7 loglZ(00) (10)

subject to u”(ﬁd)Aeq = el

where ¢ corresponds to step size. Given an initial estimate, these interior point type approaches iteratively
update u(8,) and eventually resulting in the optimal solution. The rate of convergence of iterations usually
depend ¢, convergence parameter u and tolerance 7 as briefly mentioned in Table L. For details refer to
{11]). The initial estimate of u(fy) is obtained from the MVDR solution, and the iterative updates are

obtained as explained in Table I where P(u) corresponds to the RHS of (10).
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A person of skill in the art would readily recognize that steps of various above-
described methods can be performed by programmed computers. Herein, some
embodiments are also intended to cover program storage devices, e.g., digital data
storage media, which are machine or computer readable and encode machine-
executable or computer-executable programs of instructions, wherein said instructions
perform some or all of the steps of said above-described methods. The program storage
devices may be, e.g., digital memories, magnetic storage media such as a magnetic disks
and magnetic tapes, hard drives, or optically readable digital data storage media. The
embodiments are also intended to cover computers programmed to perform said steps

of the above-described methods.

The functions of the various elements shown in the Figures, including any functional
blocks labelled as “processors” or “logic”, may be provided through the use of dedicated
hardware as well as hardware capable of executing software in association with
appropriate software. When provided by a processor, the functions may be provided by
a single dedicated processor, by a single shared processor, or by a plurality of individual
processors, some of which may be shared. Moreover, explicit use of the term
“processor” or “controller” or “logic” should not be construed to refer exclusively to
hardware capable of executing software, and may implicitly include, without limitation,
digital signal processor (DSP) hardware, network processor, application specific
integrated circuit (ASIC), field programmable gate array (FPGA), read only memory
(ROM) for storing software, random access memory (RAM), and non volatile storage.
Other hardware, conventional and/or custom, may also be included. Similarly, any
switches shown in the Figures are conceptual only. Their function may be carried out
through the operation of program logic, through dedicated logic, through the
interaction of program control and dedicated logic, or even manually, the particular
technique being selectable by the implementer as more specifically understood from

the context.

It should be appreciated by those skilled in the art that any block diagrams herein
represent conceptual views of illustrative circuitry embodying the principles of the
invention. Similarly, it will be appreciated that any flow charts, flow diagrams, state
transition diagrams, pseudo code, and the like represent various processes which may
be substantially represented in computer readable medium and so executed by a

computer or processor, whether or not such computer or processor is explicitly shown.
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The description and drawings merely illustrate the principles of the invention. It will
thus be appreciated that those skilled in the art will be able to devise various
arrangements that, although not explicitly described or shown herein, embody the
principles of the invention and are included within its spirit and scope. Furthermore,
all examples recited herein are principally intended expressly to be only for pedagogical
purposes to aid the reader in understanding the principles of the invention and the
concepts contributed by the inventor(s) to furthering the art, and are to be construed as
being without limitation to such specifically recited examples and conditions.
Moreover, all statements herein reciting principles, aspects, and embodiments of the

invention, as well as specific examples thereof, are intended to encompass equivalents
thereof.

40



10

15

20

25

30

35

WO 2014/026739 PCT/EP2013/002306

CLAIMS

1. An antenna feed for generating signals for an antenna array for transmitting a
transmission beam having one of a plurality of different tilt angles, said antenna feed
comprising:

a digital signal processor operable to receive an input broadband signal and to
generate, in response to a requested tilt angle, a plurality N of output broadband
signals, each having an associated phase and amplitude;

a plurality N of transmission signal generators, each operable to receive one of
said plurality N of output broadband signals and to generate a corresponding plurality
N of first RF signals;

a feed network operable to receive said plurality N of first RF signals and to
generate a plurality P of second RF signals, each of said plurality P of second RF signals
having an associated amplitude and phase, said plurality P of second RF signals being
used to generate a plurality M of third RF signals, where P is no less than M, each third
RF signal having an associated phase and amplitude for supplying to a corresponding
antenna of a plurality M of antennas of said antenna array to transmit said

transmission beam with said requested tilt angle.

2, The antenna feed of claim 1, wherein said feed network comprises a power split
network operable to receive said plurality N of first RF signals and to generate a

plurality P of power split RF signals, wherein P is greater than N.

3. The antenna feed of claim 1 or 2, wherein said power split network comprises a
plurality of stages, each comprising power splitters, each stage dividing received RF
signals over at least two separate paths and providing those to a subsequent stage to

generate said plurality P of power split RF signals.

4. The antenna feed of any preceding claim, wherein said feed network comprises
a phase shift network operable to receive said plurality P of power split RF signals and
to apply a phase shift on each of said plurality P of power split RF signals.

5. The antenna feed of any preceding claim, wherein said phase shift network is

operable to receive said plurality P of power split RF signals and to generate a plurality

P of phase shifted RF signals as said plurality P of second RF signals.
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6. The antenna feed of any preceding claim, wherein said phase shift network
comprises interconnects operable to reorder said plurality P of phase shifted RF

signals.

7. The antenna feed of any preceding claim, wherein said feed network comprises
a coupling network operable to receive said plurality P of phase shifted RF signals and
to combine some of said plurality P of phase shifted RF signals to generate said
plurality M of third RF signals, where M is less than P.

8. The antenna feed of claim 7, wherein said coupling network comprises
combiners operable to combine received signals to generate a combined signal and a
loss signal, said loss signal being combined with other received signals to reduce losses

at different tilt angles.

0. The antenna feed of claim 7 or 8, wherein said coupling network comprises a
plurality of stages, each comprising combiners, loss signals from a previous stage being
provided to a combiner of a subsequent stage to generate said plurality M of second RF

signals.

10. The antenna feed of any preceding claim, wherein each stage comprises fewer

than the plurality P of combiners.

11. A method of configuring an antenna feed for generating signals for an antenna
array for transmitting a transmission beam having one of a plurality of different tilt
angles, said method comprising:

estimating an arrangement of a feed network which optimises performance for
said plurality of different tilt angles, said feed network being arranged to receive a
plurality N of first RF signals and to generate a plurality P of second RF signals, each of
said plurality P of second RF signals having an associated amplitude and phase, said
plurality P of second RF signals being used to generate a plurality M of third RF signals,
where P is no less than M, each third RF signal having an associated phase and
amplitude for supplying to a corresponding antenna of a plurality M of antennas of said
antenna array to transmit said transmission beam with said requested tilt angle;

reconfiguring said arrangement of said feed network to minimise insertion
losses; and

determining a function applied by a digital signal processor to generate, from an

input broadband signal, in response to a requested tilt angle, a plurality N of output
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broadband signals, each having an associated phase and amplitude to be provided to a
plurality N of transmission signal generators, each being operable to receive one of said
plurality N of output broadband signals and to generate a corresponding one of said
plurality N of first RF signals.

12. The method of claim 11, wherein said step of estimating comprises using an
interior point algorithm to estimate all possible arrangements of said feed network for

said antenna array and plurality of different tilt angles.

13. The method of claim 11 or 12, wherein said step of estimating comprises using
singular value decomposition to estimate, from said all possible arrangements, said
arrangement of said feed network which optimises performance for said plurality of

different tilt angles.

14. The method of any one of claims 11 to 13, wherein said step of reconfiguring
comprises utilising an orthogonal matching pursuit algorithm and factorisation rules in
conjunction with said arrangement of said feed network to reconfigure said

arrangement of said feed network to minimise insertion losses.

15. The method of any one of claims 11 to 14, wherein said step of determining
comprises estimating said function by minimising a mean squared cost furiction
utilising performance constraints, an antenna response model and a feed network

model.
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First Objective: Estimate the optimal antenna feeder network (AFN) for all the downtilts

( Start )

Y

Model the antenna array
response for entire macro-cell

\
Given a range of possible downtilts, list the

performance constraints/metrics such as desired
signal levels for each downtilt

A

Estimate all possible AFN values for the given antenna
array model and given performane constraints using
the interior point algorithm

\
Compute the optimal (dominant) AFN values

from interior point algorithm output singular
value decomposition

/

( St‘oé )
FIG. 13
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Second Objective: Start from optimal AFN, redesign the AFN to minimize insertion losses

( Start )

Y

Given the optimal AFN weights,
« factorize the AFN into banks of power dividers,
phase shifters and directional couplers.
« Subsequently, factorize each bank into multiple stages

Y

Factorization rules:
« Limit the spacing between antennas connected to a
given PA to less than the radio wavelength
* Limit the number of combiners at each stage to Npa-1

Y
Start from the optimal AFN values

« using orthogonal matching pursuit (OMP) algorithm
and the Factorization rules, redesign the AFN

Represent the AFN using microwave circuit banks of

power dividers, directional couplers and phase shifters

« successively represent each column of power divider
matrix using 3-port Wilkinson power dividers.

« Successively represent each column of directional
coupler matrix into 4-port ratrace couplers

\
( Stoé )

FIG. 15
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Third Objective; From antenna feeder circuit and downtilt,
estimate digital beamformer 9(0)

( Start )

Y

Model the combined macro-cell antenna
array & AFN response A(B) & W

\

For the specific downtilt, list the performance
constraints such as desired signal levels for
specific directions A

A

Estimate the digital beamformer by minimizing
the mean squared cost function:
|A - A(B) WI(8)|2

\
( Stoé )

FIG. 16
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(a) Modular AAA architecture with Npa = Nt transceivers and digital beamformer u(64)
(b) AFN architecture with Npa = 5 transceivers connected to Nt = 11 antennas with AFN arrangment
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Simulation results showing bounds on the number of transceivers required for a given
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m Balanced splits = unbalanced

11 x 3 setup: Decomposition of the divider bank into 3 stages of power dividers, which are subsequently
decomposed into balanced and unbalanced Wilkinson power dividers. The weights, phase shifts and power ratios
are estimated by the algorithms proposed in Sec. Ill and Sec. IV
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Antennas
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Factorization of combiner blocks using a bank of rat-race couplers (denoted by 2 x 2 matrix Ro). For simplicity,
only the combiners connecting the antennas 5 and 7 for a 11 x 5 setup is explained

FIG. A6
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Ro Ratrace coupler

Lossless implementation of modified Butler matrix using rat-race couplers Ry where mare than
one PA operates at a given time to generate beams {-30, 0, +30}. Thus the power radiated is
greater than a traditional Butler matrix implementation
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Circuit instantation performance of a 6 x 3 AFN
at26 GHzand 5=0.5A
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