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Method and Apparatus for Forming a Remote Beam

FIELD OF THE INVENTION

The present invention relates generally to positioning systems and in particular to

subsystems for receiving positioning signals.

The invention has been developed primarily for forming remote beams for tecei'ving
positioning signals in multipath environments and will be described hereinafter with
reference to this application. However, it will be appreciated that the invention is not
Jimited to this particular field of use. - |

BACKGROUND OF THE INVENTION

Any discussion of the prior art throughout the specification should in no way be

considered as an admission that such prior art is widely known or forms part of the

common general knowledge in the field.

As is known in the art, positioning technologies generally operate by measuring the time
a signal takes to traverse from 2 signal source to the receiving device. In most prior art:
applications, this measurement is taken by comﬁaring the time at which a signal is sent
with the time at which the same signal is received. Common positioning systems such
as GPS use three or more such signals and, using trilateration, calculate an object’s
position. Since the measurement calculations are time-sensitive, a fourth signal is |
commonly required to ensure that the clocks of the source and the receiver are properly

synchronised.

Multipath refers to the phenomenon whereby positioning signals are reflected off other
objects, such as walls and furniture. This is especially prevalent in an enclosed

~ environment, such as indoors, but is also a significant problem in built up areas, such as

in cities. Simplistically speaking, reflected signals take longer to traverse from a source
to a receiver, therefore affecting the accuracy of the measurements. * Also the receiver

sees conflicting signals- originating from the same source, having different timing
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information. Some modern receivers use selection algorithms to try to determine the
most appropriate signal to use in position determination. However, receivers typically
cannot differentiate multipath signals from the genuine positioning signals to any high

degree of accuracy.

Also known in the art are phased arrays, consisting of a number of anfenna elements that
can be individually controlled to direct a beam. In a typical phased array, signals
received at each element are individually phase and gain manipulated, the exact
manipulation required depending on the direction of the beam required. The resulting
phase and gain manipulated signals from each element are then summed to obtain the

desired direction of the beam.

One method for mitigating the problem of multipath is discussed in published
international patent application WO 2011/000049 A1 which is assigned to the present
applicant and hereby incorporated in its entirety by reference. This application discusses
a method to form a beam using a local receiver antenna to receive a positioning signal

from a transmission source, thereby ignoring other signals in a multipath environment.

While this method is successful in mitigating the effects of multipath, the local receiver
antenna necessarily requires a number of physical antenna elements. This limits the size
to which the local receiver antenna can be miniaturised, and therefore limits the
portability of the receiver. Portability is not an issue when the receiving apparatus is to
be mounted to, for example, a forklift. However, if receiving apparatus is to be
incorporated into, for example, a mobile telephone, then further miniaturisation of the

receiver antenna is necessary.

The present invention describes an apparatus and method for utilising antenna
technology that is already deployed in portable hand-held equipment in high-precision

positioning applications.
SUMMARY OF THE INVENTION

Embodiments of the present invention overcome or ameliorate at least one of the

disadvantages of the prior art, or to provide a useful alternative.
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Embodiments of the present invention create multiple beams simultaneously.

Embodiments of the present invention utilise antenna technology that is already

deployed in portable hand-held equipment in high-precision positioning applications.

Embodiments of the present invention use a single RF front end for simultaneously

forming the multiple beams.

Embodiments of the present invention form relatively narrow beams using relatively
large numbers of elements (generally more than 32 elements), whilst minimizing

electronic complexity.

Embodiments of the present invention re-use standard positioning receiver

components/logic blocks to reduce power consumption, cost and complexity.

Embodiments of the present invention provide a scalable system that is capable of
making use of external receiver antennas to increase the precision of the position

solution.

Embodiments of the present invention provide a method of simultaneously forming
multiple beams in different directions using relatively large numbers of elements
(generally more than 32 elements) for positioning systems, whist obviating the need for

complicated circuitry and calibration.

According to a first aspect, there is provided a device for forming a beam of an antenna
array, the device including:

an antenna array having a plurality of spatially distributed antenna elements;

a positioning-unit device coupled with said antenna array, said positioning-unit
device configured to switch said antenna elements between first and second states in a
predetermined switching sequence wherein, in said first state, said antenna elements are

configured to transmit a positioning signal; and
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a receiver configured to receive said positioning signal from said antenna array, said
receiver having a processor for generating a reference signal, mixing the received
positioning signal with a modified reference signal to generate a mixed signal and
summing the mixed signal over a predetermined integration period to generate an
accumulated signal, wherein said reference signal is modified, in substantial
synchronisation with the receipt of the positioning signal from the antenna elements
being switched to said first state, prior to being mixed with said received positioning
signal such that said accumulated signal is indicative of the direction and magnitude of

the beam of the antenna array.
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Preferably, the receiver includes at least one receive channel having a correlator,
wherein the correlator is configured to selectively manipulate the phase and/or gain of

the reference signal in substantial synchronism with receipt of the positioning signal.

The positioning signal preferably includes a pseudorandom code having a unique chip
sequence within a predefined chip period, the unique chip sequence being used to
provide the substantial synchronisation between the reference signal and the positioning
signal. Preferably the predetermined integration period is divided into a number of sub-
integration periods wherein each of the elements are switched to the first state for the

duration of the sub-integration period.

The switching of each element to the first state is preferably aligned to a chip boundary
within the unique chip sequence, wherein the sub-integration period is synchronised to

begin at the same time as the chip boundary in the next chip period.

Preferably, each sub-integration period is configured to access a respective accumulator
for storing the positioning signal, wherein each respective accumulator is mixed with the

modified reference signal to generate the mixed signal.

The duration of each sub-integration period within the predetermined integration period
1s preferably dynamically adjustable such that the positioning signal transmitted from

one or more elements are selectively excluded from being mixed with the reference

signal.

Preferably, the manipulation of the phase and/or gain is achieved by respectively
applying a phase and/or gain offset to the reference signal, wherein the value of the

phase and/or gain offset is calculated in dependence upon the predetermined sequence.

The correlator preferably includes a carrier numerical control oscillator (NCO) and the

reference signal is synthesised in the carrier NCO.
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Preferably, the value of said phase and/or gain offset is calculated by the processor in
real time. Alternatively, the value of the phase and/or gain offset is calculated in

advance and stored in a database that is available for retrieval by the processor.

Preferably, an element is active in said first state and inactive in said second state.
Preferably, elements switched to the second state are configured to be non-resonant such

that the effects of mutual-coupling are ameliorated.

Preferably, the antenna elements are spatially distributed in a three dimensional

configuration such that the device can form beams in one or more dimensions.

Each receiver preferably includes multiple receive channels, wherein each receive

channel is adaptable to form at least one beam.

According to a second aspect, there is provided a device for forming a beam of an
antenna array, the device including:

an antenna array having a plurality of spatially distributed antenna elements;

a positioning-unit device coupled with said antenna array, said positioning-unit
device configured to:

a) switch said antenna elements between first and second states in a
predetermined switching sequence wherein, in said first state, said antenna
elements are configured to transmit a positioning signal; and

b) synthesise a positioning signal and modify said positioning signal,
in substantial synchronisation with said predetermined switching sequence, to
generate a modified positioning signal;

and

a receiver configured to receive said modified positioning signal from said antenna
array, said receiver having a processor for generating a reference signal, mixing the
received modified positioning signal with said reference signal to generate a mixed
signal and summing the mixed signal over a predetermined period to generate an
accumulated signal such that said accumulated signal is indicative of the direction and

magnitude of the beam of the antenna array.
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According to a third aspect, there is provided a system for forming composite beams
between antenna arrays, the system including:

a transmit antenna array having a plurality of spatially distributed transmit antenna
elements, said transmit antenna array being coupled to a positioning-unit device that 1s
configured to switch said transmit antenna elements between first and second states in a
first predetermined switching sequence wherein, in said first state, said transmit antenna
elements are configured to transmit a positioning signal; and

a receive antenna array having a plurality of spatially distributed receive antenna
elements, said receive antenna array being coupled to a positioning receiver that is
configured to switch said receive antenna elements between first and second states in a
second predetermined switching sequence wherein, in said first state, said receive
antenna elements are configured to receive a positioning signal;

said positioning receiver having a processor configured to:

receive, at said receive antenna array, said positioning signal from said transmit
antenna array,

synthesize a reference signal;

modify said reference signal in substantial synchronisation with the receipt of the
positioning signal from the transmit antenna elements being switched to said first state,
and in substantial synchronisation with the switching of said receive antenna elements to
the first state, to generate a modified reference signal;

mix the received positioning signal with said modified reference signal to
generate a mixed signal; and

sum the mixed signal over a predetermined integration period to generate an
accumulated signal such that said accumulated signal is indicative of the direction and
magnitude of a composite beam between said transmit antenna array and said receive

antenna array.
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According to a fourth aspect, there is provided a method for forming a beam of an
antenna array, the method including the steps of:

a) switching, at a positioning-unit device, spatially distributed antenna
elements of said antenna array from a second state to a first state in a predetermined
switching sequence, wherein, in said first state, said antenna elements are configured to
transmit a positioning signal;

b) receiving, at a receiver, the positioning signal;

c) generating, in a correlator of the receiver, a reference signal for
correlation with the received positioning signal;

d) applying, in substantial synchronisation with the receipt of the positioning
signal from the antenna elements being switched to said first state, a predetermined
offset to said reference signal to create a modified reference signal;

e) mixing said received positioning signal with said modified reference
signal to create a mixed signal; and

) accumulating said mixed signal over an integration period to create an
accumulated signal, wherein said accumulated signal is indicative of the direction and

magnitude of said beam of said antenna array.

According to a fifth aspect, there is provided a method for forming composite beams
between antenna arrays, the method including the steps of:

a) switching, at a positioning-unit device, spatially distributed transmit
antenna elements of a transmit antenna array from a second state to a first state in a first
predetermined switching sequence, wherein, in said first state, said transmit antenna
elements are configured to transmit a positioning signal;

b) switching, at a positioning receiver, spatially distributed receive antenna
elements of a receive antenna array from a second state to a first state in a second
predetermined switching sequence, wherein, in said first state, said receive antenna
elements are configured to receive a positioning signal;

c) receiving, at said positioning receiver, a positioning signal;

d) generating, in a correlator of said positioning receiver, a reference signal
for correlation with the received positioning signal;

€) modifying said reference signal in substantial synchronisation with the

receipt of the positioning signal from the transmit antenna elements being switched to
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said first state, and in substantial synchronisation with the switching of the receive
antenna elements to the first state, to generate a modified reference signal;

1) mixing said received positioning signal with said modified reference
signal to create a mixed signal; and

g) accumulating said mixed signal over an integration period to create an
accumulated signal, wherein said accumulated signal is indicative of the direction and
magnitude of a composite beam between said transmit antenna array and said receive

antenna array.
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In a sixth aspect, there is provided a method for forming a beam of an antenna array, the
method including the steps of:

a) synthesising, in a positioning-unit device, a positioning signal;

b) switching, at said positioning-unit device, spatially distributed antenna
elements of said antenna array from a second state to a first state in a predetermined
switching sequence, wherein, in said first state, said antenna elements are configured to
transmit a positioning signal;

c) applying, in substantial synchronisation with the switching of one of said
antenna elements to the first state, a predetermined offset to said positioning signal to
create a modified positioning signal;

d) receiving, at a receiver, said modified positioning signal;

€) generating, in a correlator of the receiver, a reference signal for
correlation with the received modified positioning signal;

) mixing said received modified positioning signal with said reference
signal to create a mixed signal; and

g) accumulating said mixed signal over an integration period to create an
accumulated signal, wherein said accumulated signal is indicative of the direction and

magnitude of said beam of said antenna array.

BRIEF DESCRIPTION OF THE DRAWINGS

A preferred embodiment of the invention will now be described, by way of example
only, with reference to the accompanying drawings in which:

FIG. 1 is a schematic view of an antenna array coupled with a positioning-unit device
according to one aspect of the invention;

FIG. 2 is a schematic view of the positioning receiver of Figure 1 coupled to an
omni-directional antenna showing some internal components of the receiver according to
one aspect of the invention;

FIG. 3 is a schematic view of a beam locally formed by the positioning receiver
interacting with a beam remotely formed by the antenna array of Figure 1;

FIG. 4a is a timing diagram showing the relationship between B-slots, R-slots and

the integration period according to one aspect of the invention;



WO 2012/¢51669 PCT/AU2011/601346

10

15

20-

25

LIy Ak ie enmZox
FIF, 508

et
5]
zb
fut
E

G

=3

R-slots and how phase and/or gain offsets are applied to the reference signal according
to one aspect of the invention ; ' .

FIG. 5 is a flow diagram of the steps involved for remotely forrni;ig beams according
to one aspect of the invention;

FIG. 6, is a schematic view of a modified correlator according to one aspect of the
invention; and | ‘ ' b ,

FIGs. 7a and 7b are schematic views of a two-antenna array according to one aspect

of the invention.

PREFERRED EMBODIMENT OF THE INVENTION

System Overview

According to the invention, there is provided a device and method for forming a beam of
a transmit antenna array in the direction of a positioning receiver. Since the beam of the -
transmit antenna array is formed remotely by the positioning receiver, the received gain
of the incofning positioning signal is maximised while signals from other directions are
attenuated, thereby nﬁtigating any unwanted effects of multipath. Depending on the
number of elements in the transmit antenna array and their physical distribution, the

width of the beam can be made finer such that the pésitioning receiver only requires a

_simple omni-directional antenna to achieve an accurate positioning solution. In further

embodiments, the present invention can be combined with the disclosure of WO
2011/000049 Al to form composite beams for even greater positioning solution

accuracy.

Referring to Figure 1, a device 102 for forming remote beams between an omni-
directional receive antenna and a transmit antenna array 104 having a plurality of
spatially distributed elements 106 is depicted. A positioning-unit device 108 having an
RF amplifier/modulator 126 is coupled with the antenna array 104 and is configured to
switch the transmit antenna elements 106 between first and second states in a
predetermined sequence, wherein, in the first state, the elements 106 are configured to

transmit positioning signals; and in the second state the elements 106 are inactive.

SUBSTITUTE SHEET (RULE 26)



WO 2012/051669 PCT/AU20611/001346

10

s

20

25

30

-10 -

L. 2 s s AC‘A{ c....t,\.._

FFCHL SO TR L) S RPN S SUNT S WU ISP i ) S 119
A positioning receiver 114 is coupled with, in this case, an omni-direction ia 1la

and is configured to receive the positioning signal from the transmit antenna array 104.

The positioning receiver 114 has a processor (not shown) for génerating a reference
signal, mixing the positioning signal with a modified reference signal to generate a
mixed signal and summing the mixed signal over a predetermined period to generate an
accumulated sigﬁai, wherein the reference signal is modified prior to being mixed with
said received signal such that the accumulated signal is indicative of the direction and

magnitude of the beam of the transmit antenna array 104.

In some embodiments, discrete components/logic blocks are used in a circuit utilizing
mixers, oscillators and accumulators to produce the requisite accumulated signals before
passing onto a positioning. receiver for subsequent processing. However, the preferred
embodiment is to incorporate the beam forming method of the present invention into.a
standard positioning receiver, such as receiver 114, as much of the required circui;:y for
forming beams according to the present invention is already part of standard positioning
receiver architecture in the form of the correlator, and only requires minor modification

to allow the formation of simultaneous beams.

Figure 2 shows schematically the positioning receiver 114 used in a typical posifioning
network. The positioning receiver 114 makes use of existing components including at
least one receive channel 202 having at least one correlator 204 that is in communication
with the processor206. Each correlator 204 incorporates a carrier numerically
controlled oscillator (NCO) for generafing a reference signal. The phase and/or gain of
this reference signal is modified by the processor 206 in substantial synchronism with
the element switching sequénce of the received positioning signal, thus creating a
modified reference signal. The received positioning signal is subsequently mixed with

this modified reference signal to create a mixed signal. This mixed signal is then mixed

‘with a code NCO reference signal, as per standard correlator processing, and

subsequently accumulated over a predetermined integration period to create an
accumulated signal. The resulting accumulated signal is therefore indicative of the
direction and magnitude of the beam 122 (shown in Figure 1) formed within the
correlator 204 from the transmit antenna array 104. At the end of each predetermined
integration period the tracking loops of the correlator operate as per normal correlator

operation, unperturbed by the phase and/or gain manipulations.

SUBSTITUTE SHEET (RULE 26)
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The beam of the antenna amray can be formed remotely in one of two ways. According

to one embodiment, the positioning-unit dévice 108 is equipped with the logic to
ménipuiate the phase and/or gain of the transmitted signal directly. In this embodiment,
the phase and/or gain offsets are apfylied directly to the transmitted positioning signal in
synchronism with the switching of the elements 106 to the first state. For example,
when the first element is switched to the first state, the applicable phase and/or gain
offsets are calculated and used to manipulate the positioning signal before the signal is

transmitted via the first element. When the second element is switched to the first state,

the next set of phase and/or gain modifications is applied to the positioning signal before

the signal is transmitted by the second element, and so on for the rest of the elements.

- However, although the phase and gain modifications are applied by the positioning-unit

device 108, it is important o note that the beam 122 is not formed until the signal is
received by the positioning rec;:iver 114 and is accumulated for an integration period
equivalent to the time that elements of the transmit array are switched according to the
predetermined switching sequence. Therefore, beam 122 is still, in effect, formed

“remotely” by the positioning receiver 114,

This method, however, is unsuitable for positioning systems because it is necessary for
signal sources to be multiple access. That is, in a positioning network, there can be an
unlimited number of positioning receivers all configured to receive signals from a signal

source. By forming a transmit beam to one particular positioning receiver, other

_ positioning receivers within the positioning‘network are then indefinitely denied access

to that signal source.

However, the preferred method for remotely forming beams is to switch the transmit
antenna clements in a predetermined switching sequence, but not to change phase and/or

gain at the transmit end. Changes to the phase and/or gain are made at the positioning

‘receiver end by synchronously manipulating the reference signal synthesised by the

carrier NCO in each correlator channel. In this way, all positioning receivers within the
network obtain the same switched, but non-modified, signals from the signal source.
However, what is modified is simply the positioning receiver’s internal “cbpy” of the
positioning signal. This allows a plurality of positioning receivers to form independent

beams from a single transmitter, thus creating a multiple access system. .As this is the

SUBSTITUTE SHEET (RULE 26)
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more fully herein.
Modiﬁcatfan of the Reference Signal

Afier the reference signal is synthesised by the carrier NCO, it is modified by selectively
manipulating the phase and/or gain of the reference signal in substantial synchronism
with receipt of the positioning signal. Specifically, the manipulation of the phase and/or -
gain is achieved by applying a phase and/or gain offset to the reference signal, wherein
the value of the phase and/or gain offset is calculated in dependence upon the
predetermined sequence that the elements 106 of the transmit antenna array 104 are

switched between the first and second states.

The transmit antenna array 104 is operatively associated with the correlator 204 through
synchronous insertion of the respective phase and/or gain offset within the correlator
circuit. The operation of the correlator and the insertion of the phase and gain offsets are

described in further detail below, with reference to Figure 6.

Referring again to the embodiment of Figure 2, the value of the phase and/or gain offset ‘
is determined by retrieving a predetermined value stored in a database 208 that is
accessible by the processor within the positioning receiver. An offset table, such as the
table shown in the illustrative example below, is stored in the database 208 and
selectively accessible by the processor 206. Although a stored database of
predetermined offset values for a known distribution of antenna elements is illustrated,
this is not necessarily the preferred method. Tt will be understood by those skilled in the
art that in altermative embodiments, the phase and/or gain offsets are'caicu}.ated in real

time by the processor 206, utilizing an a-priori model of the antenns array. That is, using

~ the known distribution of antenna element positions to calculate the ,réquisite phase
25

and/or gain to produce the required beams.

‘Antenna Elements

In the embodiments shown in the various figures, patch elements are depicted in a 3x3
array. However, it will be understood by those skilled in the art that in other
embodiments, monopoles, dipoles or other suitable antenna elements are utilised. It will'

be further understood. that the disclosure herein applies equally to antenna elements

SUBSTITUTE SHEET (RULE 26)
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deployed in antenna atrays having multiple dimensions. In fact, in many praciical

applications, antenna elements are spatially distributed in a three-dimensional shape.

Throughout this specification and in the claims; the “first” state refers to when an
element is active and the “second” state refers to when an element is inactive. The
actual implementation of the inactive state varies depending on the type of element used,
with the focus placed on making elements non-resonant to mitigate the effects of
parasitics or mutual-coupling. For example, a 1/4A monopole element is switched to
open in the second state while a paich element is switched to ground in the second state. '
In some embodiments, the switches also provide a connection to a resistance, such as
500 in the second state. It will be appreciated by those skilled in the art that switching

to other conditions, such as reactive loads, are also possiblc in the second state.
Beam Forming Slots

In the preferred embodiment, only one element 106lis in the first state at a time during
the predetermined integration period of the positioning receiver, while all other elements
are in the éecon.d state. That is, for each beam formed at the completion of the
predetermined ‘integration period of the positioning receiver, each element 106 has
transmitted at least once within the integration period. Each element 106 is switched to

the first state for the duration of a sub-integration period, which is less than the .

‘predetermined integration period. In one embodiment, these sub-integration periods are

known as “remote beam forming slots” (R-slots).

The relationship between R-slots and the integration period is best shown in Figure 4a,
which shows R-slots 402 that are each lus in length and the integration period is Nus
long. In essence, the length of the integration period is simply divided into a number of

R-slots equal to the number of elements on the antenna arrays. Although preferred, it |
should be noted that there is no requirement that the R-slots be of equal length, or that
only one element is switched to the first state at one time. An R-slot is therefore simply
a period of time, during which the positioning receiver 114 is configured to receive a
positioning signal transmitted from any element in the t}ansmit antenna an-ajr 104 that is
éwitbhed to the first state. The signal segment within the R-slot is manipulated by the

positioning receiver by modifying it with a predetermined phase and/or gain offset,

SUBSTITUTE SHEET (RULE 26)
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before all the R-slots are accumulaied at the end of the integraiion period to form a

beam,

In one embodiment, the minimum number of required R-slots corresponds to the number
of elements 106 that are spatially distributed on the transmit antenna array 104. For
example, in an implementation where the antenna array only includes two elements, the
minimum number of required R-slots is two. When an element 106 is switched to the
first state, the receiver is configured to receive the transmitted positioning signal for the
entire duration of the allocated R-slot.

In a further embodiment, ten elements are spatially distributed in a transmit antenna
array and ten R-slots are provided, one for each element. Using an integration period of
1000ys, which is a typical integration period of a standard GPS receiver, elements are
switched to the first state for a period of 100us each, in a predetermined sequence (such
as sequentially or pseudo randomly). The positioning-unit device 108 switches the first
element to the first state and begins transmitting the positioning signal. Once the
positioning receiver 114 receives the transmitted signal, and synchronisation to the
transmitted R-slots has occurred, the prbcessor 206 determines the phase and/or gain
offset that needs to be applied to the reference signal, which corresponds to the first
element’s position within the transmit antenna airay 104 and the direction of the beam
required by the positioning receiver 114. The offsets are then applied to-the reference
signal for the entire duration of the first allocated R-slot. In the subsequent 100us R-
slot, the positioning-unit device 108 switches the second element to the first state while
the first element and all the other elements are switched to their second states. Again,
the processor 206 of the positioning receiver 114 determines the phase and/or gain offset
corresponding to the second element’s position within the array and the direction of the
beam required by the positioning receiver, and applies that phase and/or gain offset for

the entire duration of the second R-slot. In this example, which uses a sequential

switching scheme, the positioning-unit device then switches the third element to the first

state while the other elements are switched to their second states for the third R-slot, and
so on for the subsequent élemcnts and R-slots within that integration period. At the
completion of the 1000us integration period, all ten 100us R-slots will be accumulated
with the requisite phase and/or gain offsets to produce the desired beam required by the
positioning receiver.

i
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it should be noted that the positioning-unit device 108 is physicaily separaie from the

_positioning receiver 114, and therefore the individual elements 106 in the transmit

antenna :arr'ay 104 cannot directly access the receiver 114. However, the positioning
receiver 114 knows, a priori, the sequence in which the elements 106 in the transmit
antenna array 104 will be switched to the first state, the distribution of elements within

the transmit array, and the orientation of the transmit array. In the preferred embodiment

transmit array information, incorporating the antenna element switching sequence and
the geographical position of each individual antenna element, is broadcast from each
positioning-unit device to all positioning receivers in-view. In substantial synchronism
with the positioning receiver 114 receiving the transmitted positioning signal R slots, the
phase and/or gain of the reference signal is manipulated as appropriate in order to form
the beam in the desired direction. Also, in order to obtain the full benefit of the
allocated R-slot, it follows that the phase and/or gain manipulation must be applied to
the reference’signal throughout the entirety of the allocated R-slot.

-As the positioning receiver 114 controls the direction of the beam formed by the transmit

antenna array 104, this method of beam forming is termed “remote beam forming”, and

the slots used to accumulate the transmitted positioning signals are known as R-slots.

In addition, and as discussed in WO 2011/000049 Al, it is also possible for the
positioning receiver 114 to be configured to form “local” beams using a receive antenna
array that is directly connected to the positioning receiver 114. This works in a similar
fashion to remote beam forming, but with a significant difference. In remote beam
forming, the positioning receiver 114 synchronises R-slot switching of each correlator
channel independently, the timing of this synchronmisation being dependent on the
distance of the positioning receiver from each transmitter. In local beam forming, the
positioning receiver directly controls the switching of the elements in the receive
antenna array. As an element is switched to the first state, the positioning receiver
simuitancously manipulates the phase and/or gain of each reference signal across all
correlator channels and, once mixed and accumulated, a unique receive antenna beam is
formed in each correlator. Again, the integration period for local beam forming is

divided into slots called “beam forming slots” or B-slots.

SUBSTITUTE SHEET (RULE 26)
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It follows therefore, that both local and remote beam forming methodologies may be
combined to form giomposite beams to provide an accurate position solution. This is
best shown in the embodiment of Figure 3, in which the positioning-unit device 108 is
coupled with a transmit antenna array 104 as previously discussed. The positioning
receiver 114 is also coupled to a receive antenna array 302 which, in this case comprises
patch elements 304 configured in a 3x3 matrix similar to the trahsmit antenna array 104.
Transmit beam 122 and receive beam 308 are formed such that they track each other, as
shown, providing, in essence, a point-to-point communication link between the

positioning receiver 114 and the positioning-unit device 108.

In this embodiment, both remote and local beams are formed in the correlator of the
positioning receiver 114. As best shown in Figure 4a, the integration period is divided
into both B-slots 404 and R-slots 402, where some R-slots 402 may overlap B-slots 404.

Therefore, in some instanoes, the. phase and/or gain of the reference signal may be

modified both in connection with the current active B-slot 404 and in connection with

the current active R-slot 402 to give the required composite beam. This is because the
B-slot manipulation is triggered directly by the positionihg receiver 114 when an
element in the; local receive antehna array is switched to the first state while the R-slot
manipulation is triggered independently across each channel according to the received
R-slot timing, and‘in conjunction with the predetermined switching sequence of the
tfansmit antenna array 104. This timing is affected by individual propagation delays

between each transmitier and the positioning receiver.

The process of forming composite beams is best shown in the embodiment of Figure 4b,
which is a timing diagram for a hypothetical positioning systém using 64 element
antenna arrays on both the transmit side and on the receive side. First, note that R-slots
406 are unique to a single channel, while B-slots 408 are common across all channels.
This is because, as discussed above, R-slots are triggered independently across each
channel whereas all B-slots are triggered at tﬁe same time by the positioning receiver as

elements in the receive antenna array are switched to the first state.

Referring to the transmit antenna array, as the chip sequence boundary 410 ticks over, at

point 412, element 1 of the transmit antenna is switched to the first state, and begins

‘ transmitting the positioning signal segment to form the next beam (denoted “beam B” in
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Figure 4b). At this point, the first R-slot begins, and the R-siot sequence for this channei
is synchronised from point 412 onwards. As shown in Figure 4b, the phase and/or gain
offset that is applied to the reference signal for the first R-slot for beam B is denoted

{B}:.

Concurrently and, asynchronously, to the R-slot sequence, the receive antenna array is
also switching B-slots. Just prior to point 412, the receive antenna array is forming a
beam (denoted “beam X”) and is receiving a signal from element 63 of the receive
antenna array; the offset being applied to the reference signal in respect to the received

signal is denoted {X}s;. At point 412, the positioning receiver updates the remote

transmit beam look-angle from “beam A” to “beam B>, and the local receix}e beam look-

angle from “beam X” to “beam Y”. This causes the positioning receiver to stop
applying the remote transmit phase and/or gain offset denoted by {A}es to the reference
signal and start applying the phase and/or gain offset denoted {B}, to. the reference
signal. Concurrently, the positioning receiver stops applying the local receive phase
and/or gain offset denoted by {X}e;3 to the reference signal and starts appiying the phase
and/or gain offset denoted {Y}s; for the rest of the 63" B-slot to the reference signal.
The positioning receiver then continues switching the elements of the receive antenna
array according to the predetermined sequence, but is now forming local beam Y
through the application of the phase and/or gain offsets denoted {Y}, to the reference
signal, and forming remote beam B through the application of the phase and/or gain
offsets denoted {B}a to the reference signal.

In the preferred embodiment, the R-slot and B-slot phase and/or gain offset values are
combined (preferably, the phases are summed and the gains are multiplied), as shown in
the RX/TX Combined Phase/Gain Offset 414. The combined offset value is then
applied to the reference signal to form composite beams between the transmit antenna

array and the receive antenna array as best shown in Figure 3.
Synchronisation

For local beam forming, each element of the receive antenna array is connected o a

‘respective switch, which in turn feeds into a single RF frontend to be downconverted

and sent to the correlator. Generally, transmission lines that interconnect the elements

and the switches are of equal length, to ensure received signals are phase coherent
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through the anienna array feed system. However, in Some embodiments, differences in
the lengths of the transmission line are taken into account and corrected at the time of

applying the phase and/or gain offsets.

The interconnectidn between the receive antenna array and the positioning receiver, as -
well as the RF frontend, the electronics involved in the correlator and the actual switches
themselves, will inevitably cause delays. In one implementation, this delay is measured
to be around 950ns, but of course, those skilled in the art will appreciate that the length
of the delay will vary depending on the selected hardware. Therefore, operation of the
phase and/or gain manipulatién in the correlator cannot occur simultaneously with the
switching of the element to the first state, as this delay must be accounted for. That s,
the manipulation of the phase and/or gain in the correlator must be delayed by up to
950ns in this embodiment.

In a physical implementation, the receive antenna array contains 64 elements with an
integration period of 100us. Therefore, the period of 2 B-slot is in the region of just 1ps

or 2us and, as such, a delay of nearly 1ps is significant and must be accounted for.

Therefore, fqr local beam forming, the first B-slot of the integrationApcriod for each
correlator 204 of the positioning receiver 114 are updated simultaneously and triggered
to start after taking this 950ns delay into account.

However, for remote beam forming, each correlator starts asynchronously as each
correlator is individually updated and triggered based on when the positioning signal is
received. That is, the synchronisation process required for remote beam forming is

markedly different from the synchronisation required for local beam forming,

The positioning-unit device 108 switches an element to the first state which then begins
iransmitﬁng the positioning signal. The poéitioning receiver must be synchronised so
that it manipulates the phase and/or gain of the reference signal as the element 106 is
switched to the first state, taking into account propagation and receiver delays before the
signal is received in the correlator. In addition, there is a transmission delay that occurs
between when the positioning signal is generated and when it is transmitted through the
antenna, which is primarily introduced by the RF modulafor/ampliﬁer 126. In practice,
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is transmission delay is similar to that incurred in the receiver and is usually around

In the preferfed embodiment, the chip sequence of the pseudorandom code (PRN)
generator of the positioning-unit device is used as a quasi-timer to trigger the R-slot
sequence. This method has the additional benefit of negating the effects of the

propagation and recetver delays, but the transmitter delays must still be accounted for.

For this embodiment, it is assumed that the positioning receiver 114 knows, a priori, the
switching sequence of the transmit antenna array 104, the type of antenna array 104 that
is coupled to positioning-unit device 108, as well as the antenna array 104 'position and
orientation. This information therefore provides the precise geographical co-ordinates of

each individual antenna element to the positioning receiver 114.

' In a positioning-unit device, the PRN code is a random but finite binary sequence, which

is unique for every positioning-unit device and, in this embodiment, is 1023 chips long.
That is, the PRN code repeats every 1023 chips for a given positioning-unit device 108.
Since the positioning receiver knows that the received positioning signal will be 1023

chips long, it can define R-slot durations with reference to a chip period.

For example, if the transmit antenna array consists of 50 elements, and the sequence
length of the PRN code is 1023 chips, then an R-slot, in this erhbodinient, isdefined as a
period of time within the integration period equivalent to 20 chips (rounded down to the
nearest intéger). Furthermore, the elements 106 are configured to switch states, in a
predetermined sequence, in synchronism with a boundary chip of an R-Slot.

For example, assume that elements 106 are set to switch in a sequential switching
sequence starting from element 1 and that chip 1 of thé PRN code is set to be the
beginning of the first R-slot. When chip 1 of the next integration period ticks over, the
positioning-unit device 108 switches element 1 to the first state and begins transmission
of the positioning signal. Similarly, when the 21% chip ticks over the second R-slot
begins and the positioning-unit device 108 switches the element 2 to the first state while
switching element 1 and the other elements to ihc second state. At the 41% chip the third
R-slot begins and element 3 switches to the first state, and so on for allb the rest of éhe

elements,
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As explained in more detail below, once the positioning receiver 114 receives the
positioning signal, it correlates the received PRN code sequence against an internally
generated PRN code sequence, thus bringing the internally generated code sequence into
alignment with the received PRN sequence. Therefore, the positioning receiver 114 is
also configured to “count” the chips-in the code sequence to determine the boundary
chip that triggers the next R-slot. ‘

Knowing the current R-slot, and the associated element in the transmit antenna array 104
that is switched to the first state, the positioning receiver 114 can then calculate the
appropriate phase and/or gain offset value to apply to the reference signal so as to obtain

the desired direction to in which point the beam 122 at the end of the integration period.

Beam Forming Methodology

The steps followed to form beams using the device disclosed herein are graphically
represented in the flow diagram of Figure 5. A description of the steps taken is provided

below.

a) At step 502, 6ne of the spatially distributed elements in the transmit antenna

array is selected.
b) At step 504, the element selected at step 502 is switched to the first state.

¢) At step 506, the clement switched to the first state at step 504 begins

transmission of the positioning signal in a predetermined R-slot.

d) At step 508, an internal reference signal, based on the known PRN code
sequence to be received, is generated m the correiator for mixing with the

incoming posmonmg signal.

e) At step 510, a predetermined offset is applied to the reference signal, in
substantial synchronisation with the currently received predetermined R-slot

positioning signal, to create a modified reference signal.

f) At step 512, the modified reference signal is mixed with the réceived
positioning signal to create a mixed signal. -
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g) At step 514, the mixed signal is accumulated in the accumuiators to create an

accumulated signal.

h) At step 516, the selected element is switched to the second state, the next
element is switched to the first state in the next R-slot and the process starts

again from step 502.

i) At step 518, afier accumulating all the R-slots together at the end of the
integration period, a beam is formed in the accumulators based on the value of all

the R-slot signals.

' i) At step 520, the carrier and code lock loops are updated using the accumulated
R-slot signals. '

Correlator Operation

A GPS position receiver typically uses a logic block called a correlator to correlate an
incoming positioning signal with internally generated reference signals. Referring to
Figure 6, in the correlator 204, an 'incom'ing positioning signal is mixed with two
internally generated reference signals. The first reference signal is a carrier reference
signal that is generated by the carrier NCO 608. Mixing the carrier reference sigr;ai with
the incoming pasiﬁoning signal generates an error signal representing a phase and
frequency difference between the carrier reference signal and the incoming signal. The
second reference signal is a code reference signal that, in this embodiment, is generated
by the code NCO 616. Once the incoming positioning signal has been mixed with the
carrier reference signal, the incoming positioning signal is mixed with the code reference
signal, which generétes an error signal representing the time delay between thé code

reference signal and the incoming positioning signal.

For simplicity, Figure 6 only shows a single receive channel of a positioning receiver.
However, those skilled in the art will appreciate that modern receivers typically include
more than a single receive channel, with each channel typically including more than one

correlator.

In Figure 6, the incoming positioriing signal is received at the input 602 and stripped of

~ the carrier component by mixing, in mixers 604 and 606, the incoming signal with a
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eference carrier signal to produce in-phase (/) and guadra-phase {O) sampled data. The
reference carrier signal is synthe51sed in the carrier NCO 608 and the discrete sine and
cosine mapping functions 610 and 612 respectively. This stripping process produces /

and Q signals as shown. In operation, the carrier NCO is controlled by the carrier lock

| loop 614. The objective of the carrier lock loop is to keep the phase error between the

reference signal generated by the Carrier NCO and i mcommg positional signal at, or as

close as possible to, zero. When the phase error is zero, the signals are said to be
“phase-locked” and the 7 signals are at a maximum while the Q signals are nearly zero.
This operation is also called “phase lock loop” (PLL) operation.

The I and Q signals are then correlated with a reference code signal that, in this
embodiment, is synthesised in the code NCO 616. For the sake of simplicity, only one
reference code mgnal is synthesised in this embodiment. However, those skilled in the
art will recognise that in most positioning receivers, more than one code reference signal
is synthesised. For example, in one application, three code reference signals — early,

prompt and late signals — are synthesised and separately correlated with the 7 and Q0
signals respectively.

The correlator 204 mixes an internally synthesised code reference signal with the
incoming [ and O signals in the mixers 614 and 620. In operation, the code NCO 616 is
controlled by the code lock loop 626. The objective of the code lock loop is to keep the
time error between the internally generated code reference sigﬁal and incoming code
positioning signal at, or as close as possible o, .zero. When the time error is zero, the
signals are said to be “code-locked”. This operation is also called “delay lock loop”
(DLL) opefation. '

That is, the operation of the code lock loop 626 is similar to the carrier lock loop 614.
When the reference signal code phase is completely aligned with the incoming

positioning signal code phase, maximum correlation is attained.

The resultant mixed signals are then integrated in the accumulators 622 and 624 over an
integration period, providing [, and O, signals, which are subsequently accessed by the

processor 206 for tracking loop operation.
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The integration period refers to the length of ime over which the received signal is
accumulated, and is traditionally determined based on a satellite’s pseudorandom code

noise length or multiples thereof. In GPS, this code period is Ims, and thus the

integration period in the receiver is also often set to 1ms or more.
Phase and/or Gain offsets

Ina preferred embodiment, phase and/or gain offsets for manipulating the phase and/or
gain of the transmitted positioning signal is inserted at point 628, after the carrier

 reference signal is synthesised by the carrier NCO 608 and before the synthesised carrier

reference signal is mixed with the carrier component of the incoming positioning signal,

completing the carrier lock loop 614. In this preferred embodiment the phase offsets are

" summed with the synthesized carrier reference signal, and the gain offsets are multiplied

with the synthesized carrier reference signal. Manipulation of the incoming positioning
éignal is achieved by modifying the synthesised carrier reference signal within the
integration period of the correlator, therefore not interfering with the normal operation of
the carrier NCO 608 or the caxﬁer lock loop 614. The modified reference signal is then

" mixed with the incoming positioning signal in the usual manner, and the mixed signal is

integrated in the accumulator over the integration period to create an accumulated signal,

As known by those skilled in the art, the integration of a waveform is simply the
summation of samples of that waveform over é given period of time, in this case, the
intcgration period. Therefore, the integration of fh'e resultant mixed .signai (resulting
from mixing the incoming signal and the reference signal) is simply the summation of
samples of that signal over a period of time ~ which in one of the embodiments

described above is the integration period of 1ms.

In one embodiment, the positioning signal is received at a rate of 75MHz and the

‘samples are then mixed with a modified reference signal, which is also synthesised at

75MHz. Consequently, for a hypothetical system in which the integration period is 1ms
comprised of 10 R-slots, each R-slot is ofﬂl()()ps in duration and therefore contains 7,500
samples of the incoming positionihg signal. Each one of these 7,500 samples is
sequentially mixed with a modified reference signal to form a mixed signal. The
modified reference signal is based on a phase and/or gain offset app}ied to a reference

signal, the reference signal being generated by the carrier NCO of the correlator.
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Specifically, for each block of 7,500 samples of the incoming positioning éigna‘i, wiiich
are synchronized with antenna elements being in the first state, the reference signal is
modified by applying a phase and/or gain offset to the output of the carrier NCO. This
modified output is then multiplied (mixed) with the incoming positioning signal
samples. These mixed signals are then passed through the code NCO mixers, as per
normal correlator operation, and then summed in the accumulators to form an
accumulated signal. Therefore over the entire integration period of lms, 75,000
samples, incorporating ten R-slot blocks of 7,500 modified samples each, are summed
and stored in the accumulators. In other words, these ten R.-sloté contain 7,500 modified

samples each of which are summed together in the accumulation pi'oc:ess, and the 75,000

~ accumulated samples at the end of the integration period-are therefore representative of

the desired beam 122. As shown in Figure 6, the desired beam is pointed in the direction

of omni-directional antenna 112 which is coupled with the positioning receiver 114,

Once the phasé and/or gain manipulations are correctly applied to the reference signals
and mixed with the signals received from the respective elements, the resultant mixed
signal is then combined in the accumulator (the summing process) fo create an
accumulated signal, forming the desired .beam in the correlator. This accumulated signal

is then processed in the correlator as per normal PLL operation as discussed above. The

* carrier reference signal synthesised by the carrier NCO 608 does not change during the

integration period, but is only updated by the carrier lock loop 614 at the end of each
integration period. Therefore, phase and/or gain modifications to the reference signal
within the integration period are applied against a éommon carrier NCO 608 value, and
cannot be detected by the PLL or the DLL. The PLL and DLL operate as per normal,

unaware of the manipulations taking place. .

Through the embodiments described, the use of a conventional correlator is adaptable to

" control the direction and the width of a unique beam per correlator channel, thereby

allowing multiple simultaneous beams to be formed. The number of beams able to be -
formed is equal to the number of comelator channels available. This is because the
correlator already contains logic for mixing and integrating signals ~ these are simply
adapted for a use other than correlating, ‘
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Although the embodiments described above apply offsets to both the gain and the phase
at point 628 in the correlator circuit, in other embodiments, additional multipliers for
applying gain offsets are provided in other parts of the circuit. For example, multipliers
can be added in the In-phase and Quadra-phase paths between the carrier NCO mixers
and the code NCO mixers to provide gain manipulation. Similarly, phase offsets can
also be applied at other parts in the correlator circuit. For example, phase offsets can be
added to the output of the code NCO.

In the preferred embodiment, the phase and/or gain offsets for forming the transmit
beam 122 (of Figure 3) in any given direction are calczﬁated in hardware as and when
required. The processor 206 of the positioning receiver determines the direction of the
rcqmmd beam, and calculates the cosrect phase and/or gain offsets for each element in

each R-slot over the integration period to form the beam in the desired direction, and

_ inserts the necessary offsets at point 628 such that the beam is formed in the direction of

the positioning receiver 114. As also noted, obtaining and inserting the phase and/or
gain offsets for the transmit beam must be substantially synchronous with the receipt of
the R-slots so that the phase and/or gain is correctly manipulated over the integration

period.

Similarly, the phase and/or gain offsets for forming the local receive beam 308 (of
Figure 3) in any given direction are also calculated. The processor 206 determines the
direction of the fransmit beam 122, calculates the correct phase and/or gain offsets for

" each element of the receive antenna array 302 (of Figure 3) in each B-slot over the

integration period to form the receive beam 308 in the direction corresponding to the
transmit beam 122, and inserts the necessary offsets at point 628 such that the beams are
formed in the appropriate direction. Obtaining and inserting the phase and/or gain
offsets for the receive beam 308 must be sﬁbstantiaﬂy synchronous with the switching of
the respective elements 304 of the local antenna array into the first state so that the phase

and/or gain is cdrrectly manipulated over the integration period.

In other embodiments, the phase and/or gain offsets for forming both the remote transmit
beam 122 and the local receive beam 308 in any given direction are predetermined, and
stored in the database 208 (of Figure 2) and is accessible by the processor 206. The
format of the offset data can take many forms, such as in an offset table. The
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processor 206 determines the direction of the required beams, accesses ithe database 208
to obtain the correct phase and/or gain offsets for each element over the integration
period to form the beams in the desired directions, and inserts the necessary offsets at

point 628 such that the beams are formed in the appropriate direction.

The number of elemenis that the antenna array contains is one criterion for forming

narrow beams. Other, equally important criteria include the speed of the calculation of
the phase and/or gaih offsets and the physical spacing of the elements. For example, in

embodiments having 60 elements, each direction in which a beam is to be formed must

- have 60 gain offsets and 60 phase offsets, which in this embodiment are calculated in

real time in hardware, -

The physical separation of the elements is also .hnpoi'tant so as to create a phase
difference between the elements. Effectively, the physical separation of the elements
allows a positioning signai‘ to be transmitted with inherently different phases. One half
wavelength separation between elements provides maximum phasing with minimum
grating lobes. Manipulation of those phases, for example by mixing with a modified

reference signal as noted above, allows for a beam to be formed in a desired direction.

Ina particul‘éxiy preferred embodiment, the elements 106 are spatially d‘istributedAin a
configuration that is more than two dimensions such that the device can form beams in
more than two dimensions. To a large extent, the directions in which a beam can
possibly be formed are depcndent on the elements used. For example, a planér array
consisting of patch elements will be able to form beams hemispherically and a planar

array consisting of monopoles will be able to form beams in a plane.
Angle of Arrival vs Angle of Transmission

Traditionally, angle of arrival solutions work by estimating the angle of a signal arriving
at a base station with respect to a reference ‘direction, such as geogréphic north. A
plurality of receive elements are spatially distributed at the base station and phase
comparisons performed to determine an angle of arrival of a transmitted signal from a

user terminal. If a number of such base stations are available the position of the user

- terminal can be calculated by the network of base stations, using intersection of angles.
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However, this technigue only aliows the network to perforin the position calculation, not

the user terminal. The user terminal is unaware of its own position.

However the present invention overcomes this limitatieﬁ, and makes it possible for the
position receiver to calculate its own position using what, for the purposes of this
discussion, is termed “angle of transmission”. Conceptually, the angle at which a
positioning signal is transmitted from a positioning-unit device, if known,' can be used in
a similar manner to the angle of arrival to calculate the position of the positioning
receiver. However, since a positioning signal is typically broadcast so that multiple
positioning receivers can access the signal and calculate their respective positions, it is

not possible to calculate an “angle of transmission”;

In the present invention however, it is possible for the positioning receiver to form a
beam from the transmission source directed at the positioning receiver itself. Therefore,
with the orientation of the transmission array known a-priori, an angle of transmission

can be determined from each transmission source. The position receiver subsequently

uses a plurality of geographically distributed signal sources to calculate a position using

intersection of angles. Moreover, in one embodiment, the positioning receiver is only
equipped with a simple ommi-directional antenna. In such an embodiment, it is

impossible for the positioning receiver to calculate its position using standard angle

‘methods such as angle of arrival. It must instead rely on the angle of the beam from the

transmission source.

An Hlustrative Embodiment

For illustrative purposes, the invention will now be described using the simplest antenna

array — an array having only two elements as shown in Figures 72 and 7b. However,

those skilled in the art would be able to adapt the teachings herein to antenna arrays

having many more elements spatially distributed in multi-dimensional shapes without
additional inventive faculty. '

In this illustrative embodimeﬁi, elements 702 and 704 are quarter wavelength mono
poles. The two elements are placed a half wavelength spatially apart from each other at
known geographical locations and phase coherent signals are transmitted by each

element. When the signals transmitted by the two elements are summed together, the
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respective omni-directional gain patterns of the clements combine such thai, from a two
dimensional topographical view of the elements, a figure-8 beam pattern is formed, as
shown in Figure 7a. In this configuration, an outgoing positioning signal from the
broadside direction of the elements 702 and 704 is in-phase, and hence summed
constructively, while signals from the end-fire direction of the elements are out of phase,

and hence cancelled.
Phase Manipularion

In the present invention, it is possible to rotate the figure-3 by 90° so that maximum gain

_is pointed in the end-fire direction, as shown in Figure 7b. = This is achieved by

manipulating the phase and/or gain of element 702 and element 704 within an

| integration period of a position receiver. Element 702 and element 704 are each

connected to a switch, so that either element can be switched between first and second ‘
states by the positioning-unit device and the integration period over which the

summation of the signal occurs is split into two R-slots.

Since the phase separation between elements 702 and 704 is known, the phase of one of

" the elements can be manipulated so that transmitted waves from the ¢nd-f1re' direction

are summed constructively instead of destructively. In this case, because the elements
are half wavelength apart, the phase manipulation required at element 704 is 180°. The
phasé manipulations required for each direction are similarly calculated to construct an
offset table. For the sake of siznpliciﬁy, the gain offiset is set at 1 and the direction that
the beam can be steered is limited to either the broadside direction or the end-fire

direction. An example offset table incorporating these limitations is provided below.

Direction Broadside End-fire

Element | 702 | 704 | 702 | 704

Phase 0° g° 0° 180°

Gain 1 i T 1 1

To form a beam in the end-fire direction, elements 702 and 704 are switched to the first

state in a predetermined sequence. First, at the transmission end, element 702 is
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switched to the firsi staie and starts transmitting a positioning signal. When the signal
from element 702 is received at the receiver end, the first R-slot begins and the phase
offset is kept at 0° while being accumulated in the accumulator— no manipulations are
necessary because this element is already at 0°. Next, element 704 has a received phase

of 180° relative to element 702 in the end-fire direction, and the phase of the positioning

signal is desired to sum constructively with element 704 in this direction. Therefore,

when the positioning signal is received by the positioning receiver in the second R-slot,
a phase offset of 180° must be added to the signal received from element 704, so that the
transmitted signal from element 704 becomes phase coherent with element 702. The
two R-slots are summed together in the accumulation process and ﬁm accumulated value
at the end of the integration period is therefore representative of the end-fire beam.

It will be understood by those skilled in the art that in the present invention, the figure-8
beam can be formed in any direction, depending on the complexity of offset table.

* For both elements in this simple example, a gain offset of 1 (unity gain) is multiplied

with the incoming positioning signal and therefore does not modify the beam formed.
Appropriate gain offsets allow modification to the shape of the beam, thus allowing
mitigation of grating lobes, which is well known in the art of phased arrays and not a

subject of the present invention.

As noted above, the phase manipulation must be applied substantially synchronously to
the receipt of the positioning signal from the element being switched to the first state;

otherwise the gain pattern of the beam will not be formed correctly.

According to embodiments of the present invention, a positioning signal commences
transmission from the first element. After acquisition of this positioning signal by the
positioning receiver, a carrier NCO within the positioning receiver correlator synthesises

a reference signal that is substantially similar to the positioning signal.

The positioning receiver determines that if is in the end fire direction relative to the
positioning-unit device, and therefore a decision is made to form a beam in that
direction. The receiver processor calculates and determines that no offset is required for
the first R-slot during the integration period, which corresponds to element 702.

Similarly, the processor determines that a 180°, or 1/2), offset is required during the
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second R-slot, which corresponds o element 704, Afler applying each offset to the
carrier NCO to create a modified reference signal, the incoming positioning signal and
the modified reference signal are mixed in a mixer and accumulated in the accumulator,

as per the normal operation of a correlator,

‘Tfle received positioning signal is stripped into its in-phase and quadra-phase

components, by mixing the received positioning signal with & carrier reference signal

that is synthesised by the carrier NCO 608 and the discrete sine and cosine mapping
functions 610 and 612, as shown in Figure 6. Before the modified reference signal is
mixed with the received positioning signal, however, the processor determines that the
positioning receiver is in the endfire direction of the positioning-unit device. For the
first R-slot, which correspbnds to the time that the positioning receiver receives the
positioning signal from element 702, the processor calculates that an offset is not
required and so no modifications to the reference signal are. nécessazy. The
accumulation is therefore allowed to proceed as per normal correlator operation. That is,
the unmodified reference signal is mixed with the received positioning signal in mixers
604 and 606 to create a mixed signal, then mixed with thé code reference signal, and

subsequently accumulated in the accumulators 622 and 624,

- For the second R-slot, the processor calculates that a phase offset of 180° is required. .

The offset is applied to the current carrier reference signal phase value to create a
modified reference signal as the sccbnd R-slot begins and the positioning signal from
element 704 is received. The phase offset is applied continually to the carrier NCO
value throughout the duration of the R-slot. The modified reference signal is mixed with
the received positioning signal to create a mixed signal, then mixed with the code
reference signal, and subsequently accumulated with the value of the first R-slot in the
accumulators 622 and 624 to create an accumulated signal. The two R-slots are
therefore summed together in the accumulation process and the accumulated value at the

end of the integration period is therefore representative of the end-fire beam.

Note that the carrier reference signal synthesised by the carrier NCO 608 does not
change during the integration period, but is only updated by the carrier lock loop 614 at
the end of the integration period. C

In embodiments discussed herein, the accurnulated signal is created in the accumulator
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ver the entire duration of the integration period. Howevei, in other embodiments, each

X ¥

R-slot is accumulated in its own individual accumulator, the minimum number of

- accumulators corresponding to the minimum number of R-slots required. In these

embodiments, the accumulated signal is obtained from combining the signals in the

' individual accumulators.

In the embodiments discussed, only one element can be in the first state at any instant
within the integration period. Therefore, when element 704 is switched to the first state,
element 702 is simultaneously switched to the second state.

After traversing the code lock loop 626, the mixed signal is integrated in the
accumulators 622 and 624, creating an accumulated signal. Since the manipulation to
the signals occurs scrialiy,' the integration of the mixed signal is, in effect, the
summation of an infinite number of modified signals over the integration period.
Therefore, the accumulated signal is representative of a new beam formed in the desired
direction.

Advantages, Applicatiohs and Usage

As described above, the antenna array and switching circuit are coupled to the
positioning-unit device, while a physically separate positioning receiver performs the
reqﬁired PVT solution to determine the position of the receiver. Since the sequence that
the elements of the transmit antenna array aré switched to the first state is
predetermined, the fransmit antenna array type and orientation are known, and the
positioning receiver position can be determined, the beams formed in each correlator
channel can be directed towards the positioning receiver to maximise the gain of the
incoming signal received by the positioning receiver while attenuating signals from

other directions, therefore mitigating the effects of multipath.

Current positioning technologies, such as GPS, work well in environments that have
direct access to three or four positioning signals. However existing systéms are not as

useful in closed environments due to the prevalence of multipath,

One solution to restrict multipath is through the formation of beams using an antenna
array. As discussed in PCT/AU2010/000839, an antenna array is coupled with the
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receive a positioning signal which is transmitted

from the positioning-unit device via a simple omni-directional antenna.-
This specification describes two additional positioning network topologies:

1) using an antenna array coupled with a positioning-unit device to form a remote
5 beam pointing at a positioning receiver, which receives the signal using a simple

omni-directional antenna; and

2) using antenna arrays coupled to both the positioning-unit device and the

positioning receiver to produce a “composite” beam as shown in Figure 3.

In some embodiments, these two additional topologies are combined to provide a
10 scalable positioning system. For example, when the positioning wcéchr is to be
integrated into a portable device, such as a cellular or mobile telephone, it can make use
of a simple omni-directional antenna, provided that the fsositioning»unit device is
" coupled with an antenna array configured to form beams in accordance with the present
invention. When a more accurate positioning solution is required or in environments
15 where the positioning-unit device is not equipped with a suitable antenna array, an
external antenna array can be configured as an add-on fo the portable device for
positioning applications. Such external antenna arrays can be made with varying sizes
depending on the accuracy of the positioning solution required and in consideration of
the size and type of antenna array coupled with the poﬁitiomngrunit devices in the -

20 positioning network.

The tightness of the beam is proportional to the number of elements and, therefore, the _
physical size of the antenna array. Therefore, it follows that if the antenna array coupled
with the positioning-unit device is large, then the antenna array coupled with the

positioning receiver may be proportionately smaller and vice versa.

25  Although the invention has been described with reference to specific examples, it will be -
appreciated by those skilled in the art that the invention may be embodied in many other
forms. ' ‘

In the claims below and the description herein, any one of the terms “comprising”,

“comprised of”, or “which comprises” is an open term that means including at least the

SUBSTITUTE SHEET (RULE 26)



WO 2012/051669 PCT/AU2011/001346

-33 -

elemenis/features that foliow, but not exciuding others. Thus, the term “comprising”,
when used in the claims, should not be interpreted as being limitative to the means or
elements or steps listed thereafier. For example, :the scope of the expression a device
comprising A and B should not bé limited to devices consisting only of elements A and

5 B. Any one of the terms “including”, “which includes”, or “that includes” as used herein
* 18 also an open term that also means including at least the elements/features that follow
the term, but not excluding others. Thus, “including”'is synonjzmous with and means the

same as “comprising”.
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We claim:
1. A device for forming a beam of an antenna array, the device including:

an antenna array having a plurality of spatially distributed antenna elements;

a positioning-unit device coupled with said antenna array, said positioning-unit
device configured to switch said antenna elements between first and second states in a
predetermined switching sequence wherein, in said first state, said antenna elements are
configured to transmit a positioning signal; and

a receiver configured to receive said positioning signal from said antenna array, said

receiver having a processor for generating a reference signal, mixing the received
positioning signal with a modified reference signal to generate a mixed signal and
summing the mixed signal over a predetermined integration period to generate an
accumulated signal, wherein said reference signal is modified, in substantial
synchronisation with the receipt of the positioning signal from the antenna elements being
switched to said first state, prior to being mixed with said received positioning signal such
that said accumulated signal is indicative of the direction and magnitude of the beam of

the antenna array.

2. A device according to claim I, wherein said receiver includes at least one receive
channel having a correlator, wherein said correlator is configured to selectively
manipulate the phase and/or gain of said reference signal in substantial synchronisation
with the receipt of the positioning signal from the antenna elements being switched to

said first state.

3. A device according to claim 2, wherein said positioning signal includes a
pseudorandom code having a unique chip sequence, said unique chip sequence being used

to provide said substantial synchronisation.

4. A device according to any one of claims 1 to 3, wherein said device is configured
to take into account a transmission delay that occurs between generation of said
positioning signal and transmission of said positioning signal through said antenna

elements.

5. A device according to claim 2 or claim 3, wherein the manipulation of said phase

and/or gain is achieved by respectively applying a phase and/or gain offset to said
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reference signal, wherein the value of said phase and/or gain offset is calculated in

dependence upon said predetermined switching sequence.

6. A device according to claim 2 or claim 3, wherein said correlator includes a
carrier numerically controlled oscillator (NCO) and said reference signal is synthesised in

said carrier NCO.

7. A device according to any one of claims 1 to 6, wherein said antenna elements are
spatially distributed in a three dimensional configuration such that the device can form

beams in one or more dimensions.

8. A device according to any one of claims 1 to 7, wherein said receiver includes
multiple receive channels, wherein each receive channel is adaptable to form at least one

beam.

9. A device according to any one of claims | to 8, wherein antenna elements
switched to the second state are configured to be non-resonant such that the effects of

mutual-coupling are ameliorated.

10. A device for forming a beam of an antenna array, the device including:

an antenna array having a plurality of spatially distributed antenna elements;

a positioning-unit device coupled with-said antenna array, said positioning-unit
device configured to:

a) switch said antenna elements between first and second states in a
predetermined switching sequence wherein, in said first state, said antenna
elements are configured to transmit a positioning signal; and

b) synthesise a positioning signal and modify said positioning signal,
in substantial synchronisation with said predetermined switching sequence, to
generate a modified positioning signal;

and

a receiver configured to receive said modified positioning signal from said antenna
array, said receiver having a processor for generating a reference signal, mixing the
received modified positioning signal with said reference signal to generate a mixed signal
and summing the mixed signal over a predetermined period to generate an accumulated
signal such that said accumulated signal is indicative of the direction and magnitude of

the beam of the antenna array.
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1I. A system for forming composite beams between antenna arrays, the system
including:

a transmiit antenna afray having a plurality of spatialiy distributed transmit antenna
elements, said transmit antenna array being coupled to a positioning-unit device that is
configured to switch said transmit antenna elements between first and second states in a
first predetermined switching sequence wherein, in said first state, said transmit antenna
elements are configured to transmit a positioning signal; and

a receive antenna array having a plurality of spatially distributed receive antenna
elements, said receive antenpa array being coupled to a positioning receiver that is
configured to switch said receive antenna elements between first and second states in a
second predetermined switching sequence wherein, in said first state, said receive antenna
elements are configured to receive a positioning signal;

said positioning receiver having a processor configured to:

receive, at said receive antenna array, said positioning signal from said transmit
antenna array,

synthesize a reference signal;

modify said reference signal in substantial synchronisation with the receipt of the
positioning signal from the transmit antenna elements being switched to said first state,
and in substantial synchronisation with the switching of said receive antenna elements to
the first state, to generate a modified reference signal;

mix the received positioning signal with said modified reference signal to generate
a mixed signal; and

sum the mixed signal over a predetermined integration period to generate an
accumulated signal such that said accumulated signal is indicative of the direction and
magnitude of a composite beam between said transmit antenna array and said receive

antenna array.

12, A system according to claim 11, wherein said positioning receiver includes at
least one receive channel having a correlator, wherein said correlator is configured to
selectively manipulate the phase and/or gain of said reference signal in substantial
synchronisation with the receipt of the positioning signal from the transmit antenna
elements being switched to said first state, and in substantial synchronisation with the

switching of the receive antenna elements to said first state.
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13. A system according to claim 12, wherein said positioning signal includes a
pseudorandom code having a unique chip sequence, said unique chip sequence being used
to provide the subsianiial synchronisation with the receipt of the positioning signal from

the transmit antenna elements being switched to said first state.

14. A system according to any one of claims 11 to 13, wherein said system is
configured to take into account a transmission delay that occurs between generation of
said positioning signal and transmission of said positioning signal through said transmit

antenna elements.

15. A system according to any one of claims 11 to 14, wherein said predetermined
integration period is divided into ‘a number of* sub-integration periods which are
determined by the overlap of the periods of receipt of the positioning signal from the
transmit antenna elements being switched to said first state, and the periods of the

switching of the receive antenna elements to said first state.

16. A system according to claim 12 or claim 13, wherein the manipulation of said
phase and/or gain is achieved by respectively applying a phase and/or gain offset to said
reference signal, wherein the value of said phase and/or gain offset is calculated in

dependence upon said first and second predetermined switching sequences.

17. A method for forming a beam of an antenna array, the method including the steps
of:

a) switching, at a positioning-unit device, spatially distributed antenna
elements of said antenna array from a second state to a first state in a predetermined
switching sequence, wherein, in said first state, said antenna elements are configured to
transmit a positioning signal;

b) receiving, at a receiver, the positioning signal;

c) generating, in a correlator of the receiver, a reference signal for correlation
with the received positioning signal;

d) applying, in substantial synchronisation with the receipt of the positioning
signal from the antenna elements being switched to said first state, a predetermined offset
{o said reference signal to create a modified reference signal;

e) mixing said received positioning signal with said modified reference signal

to create a mixed signal; and
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) accumulating said mixed signal over an integration period to create an
accumulated signal, wherein said accumulated signal is indicative of the direction and

1

il te of said beain of said anienna array.

magnitude o
18. A method according to claim 17, wherein the step of applying a predetermined
offset to said reference signal comprises selective manipulation of the phase and/or gain
of said reference signal in substantial synchronisation with the receipt of the positioning

signal [rom the antenna elements being switched to said first state.

19. A method according to claim 18, wherein said positioning signal includes a
pseudorandom code having a unique chip sequence, said unigue chip sequence being used

to provide said substantial synchronisation.

20. A method according to any one of claims 17 to 19, further comprising the step of
taking into account a transmission delay that occurs between generation of said
positioning signal and transmission of said positioning signal through said antenna

elements.

21. A method according to claim 18 or claim 19, wherein the gain and/or phase
manipulations are applied to said reference signal throughout the entirety of the allocated
periods of receipt of the positioning signal from the antenna elements being switched to

said first state.

22. A method according to claim 18 or claim 19, wherein the manipulation of said
phase and/or gain is achieved by respectively applying a phase and/or gain offset to said
reference signal, wherein the value. of said phase and/or gain offset is calculated in

dependence upon said predetermined switching sequence.

23. A method according to claim 22, wherein the value of said phase and/or gain
offset is calculated in real time, or is calculated in advance and stored in a database that is

available for retrieval.

24. A method for forming composite beams between antenna arrays, the method
including the steps of:
a) switching, at a positioning-unit device, spatially distributed transmit

antenna elements of a transmit antenna array from a second state to a first state in a first
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predetermined switching sequence, wherein, in said first state, said transmit anteona
elements are configured to transmit a positioning signal;

W) switching, at a pesiiidxling i'éceiver,-spa‘[iaﬁy distributed receive antenna
elements of a receive antenna array from a second state to a first state in a second
predetermined switching sequence, wherein, in said first state, said receive antenna
elements are configured to receive a positioning signal;

c) receiving, at said positioning receiver, a positioning signal;

d) generating, in a correlator of said positioning receiver, a reference signal
for correlation with the received positioning signal;

e) modifying said reference signal in substantial synchronisation with the
receipt of the positioning signal from the transmit antenna elements being switched to
said first state, and in substantial synchronisation with the switching of the receive
antenna elements to the first state, to generate a modified reference signal;

f) mixing said received positioning signal with said modified reference signal
to create a mixed signal; and

2) accumulating said mixed signal over an integration period to create an
accumulated signal, wherein said accumulated signal is indicative of the direction and
magnitude of a composite beam between said transmit antenna array and said receive

antenna array.

25. A method according to claim 24, wherein the step of modifying said reference
signal comprises selective manipulation of the phase and/or gain of said reference signal
in substantial synchronisation with the receipt of the positioning signal from the transmit
antenna elements being switched to said first state, and in substantial synchronisation

with the switching of the receive antenna elements to said first state.

26. A method according to claim 25, wherein said positioning signal includes a
pseudorandom code having a unique chip sequence, said unique chip sequence being used
fo provide the substantial synchronisation with the receipt of the positioning signal from

the transmit antenna elements being switched to said first state.

27. A method according to any one of claims 24 to 26, further comprising the step of
taking into account a transmission delay that occurs between generation of said
positioning signal and transmission of said positioning signal through said transmit

antenna elements.
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28. A method according to any one of claims 24 to 27, wherein said integration period
is divided into a number of sub-integration periods which are determined by the overlap
of the petriods of receipt of the positioning signai from the transmit antenna elements
being switched to said first state, and the periods of the switching of the receive antenna

elements to said first state.

29. A method according to claim 25 or claim 26, wherein the manipulation of said
phase and/or gain is achieved by respectively applying a phase and/or gain offset to said
reference signal, wherein the value of said phase and/or gain offset is calculated in

dependence upon said first and second predetermined switching sequences.

30. A method for forming a beam of an antenna array, the method including the steps
of:

a) synthesising, in a positioning-unit device, a positioning signal;

b) switching, at said positioning-unit device, spatially distributed antenna

elements of said antenna array from a second state to a first state in a predetermined
switching sequence, wherein, in said first state, said antenna elements are configured to
transmit a positioning signal;

c) applying, in substantial synchronisation with the switching of one of said
antenna elements to the first state, a predetermined offset to said positioning signal to
create a modified positioning signal;

d) receiving, at a receiver, said modified positioning signal;

€) generating, in a correlator of the receiver, a reference signal for correlation
with the received modified positioning signal;

) mixing said received modified positioning signal with said reference signal
to create a mixed signal; and

g) accumulating said mixed signal over an integration period to create an
accumulated signal, wherein said accumulated signal is indicative of the direction and

magnitude of said beam of said antenna array.



