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(57) Abstract: A wireless communication method and antenna
system for determining the direction of arrival (DOA) of received
signals in azimuth and elevation, (i.e., in three dimensions), to
form a beam for transmitting and receiving signals. The system
includes two antenna arrays, each having a plurality of antenna
elements, two first stage multi-mode-port matrices, at least one
second stage multi-mode-port matrix, an azimuth phase detector,
an elevation amplitude detector, a plurality of phase shifters and a
transceiver. The antenna arrays and the first stage multi-mode-port
matrices form a plurality of orthogonal omni-directional modes.
Each of the modes has a characteristic phase set. Two of the modes’
phases are used to determine DOA in azimuth. The second stage
multi-mode-port matrix forms a sum-mode and a difference-mode
used to determine the DOA of the received signals in elevation. A
beam is formed in the direction of the received signals by adjusting
the phase shifters.
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[0001] WIRELESS COMMUNICATION METHOD AND ANTENNA SYSTEM
FOR DETERMINING DIRECTION OF ARRIVAL INFORMATION TO
FORM A THREE-DIMENSIONAL BEAM USED BY A TRANSCEIVER

[0002] FIELD OF INVENTION

[0003] The present invention is related to a wireless communication
system. More particularly, the present invention is related to determining
direction of arrival (DOA) information of received signals in azimuth and
elevation, (i.e., in three dimensions), to form a three-dimensional beam used by a

transceiver to transmit and receive signals.

[0004] BACKGROUND

[0005] Beamforming is performed in wireless communication systems to
facilitate the enhancement of communications exchanged between
communicating entities, and the rejection of signals that interfere with the
communications.

[0006] Determining the DOA of beams received from the communicating
entities is fundamental to correctly orienting a boresight of the beams and, using
an appropriate beam width, power, and other settings, and maximizing the
performance of one communication link while minimizing interference to other
links.

[0007] An example of a conventional wireless communication system that
determines the DOA is U.S. Patent No. 6,650,910 entitled "Methods and
Apparatus in Antenna Diversity Systems for Estimation of Direction of Arrival®,
which issued to Mazur et al., (hereinafter referred to as "Mazur"), on November
18, 2003. The system disclosed by Mazur is capable of deducing the DOA in one
plane of incidence. However, Mazur's system is capable of determining only the
direction of the beam within a two-dimensional plane at a right angle to the
antenna array.

[0008] An adaptive antenna generates a set of antenna beams such that

each beam covers a narrow predefined area and the beams together cover a wide
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predefined area omni-directionally or within a sector. A signal sent from a
transmitter is received by each of the antenna beams, and each signal is
processed to calculate the angular information. The angular information is
inherent in the phase difference between different versions of the signal. ADOA
estimation of the direction to the signal source is made on the basis of the
demodulated versions of the received signal.

[0009] Conventional wireless communication systems estimate DOA in the
context of azimuth only, such as with Butler matrix implementations as disclosed
by Mazur. The prior art does not take into account beamforming differing in
three-dimensional space. There is no resolution in the elevation domain in
conventional wireless communication systems. The beam must therefore be of
such a width in elevation that it adequately intersects with the target's antenna
pattern.

[0010] Figure 1 illustrates the disadvantages of resfricting the formation of
beams, formed by a transmitter 100, to two dimensions 105 and 110, (i.e., one
plane), in a conventional wireless communication system including the
transmitter 100 and a receiver 120 having an antenna 215. Any given plane is
defined by two dimensions. For example, a general volume of space is defined by
coordinates x, y, and z. A plane may be defined by selecting any two of the
coordinates, say x and y. This plane contains all of the possible values of z. The
prior art can operate in a plane using any of two of these dimensional pairs, or a
plane skewed from the three orthogonal directions. However, there will always
be a plane remaining with indeterminate values, which may or may not be
parallel to a fixed orientation. Alternatively, the coordinate system could be
rotated to make a plane parallel in two of the directions.

[0011] When beam adjustments are made to the beams 105 and 110 shown
in the azimuth view of Figure 1, there is no elevation adjustment of the
boresight, as demonstrated by the beams 105 and 110 shown as having the same
orientation in the elevation view of Figure 1. Thus, the beam width is wider in

the elevation dimension, with a corresponding need for a higher gain factor. This
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results in an excessive usage of power by the transmitter 100, and more
interference to devices not involved in the link.

[0012] Assuming that the transmitter 100 and the receiver 120 are
transceivers which communicate via a wireless link, when the direction of beam
transmission between the transceiver 100 and the transceiver 120 are reversed,
(i.e., transceiver 100 is receiving and transceiver 120 is transmitting), beams
similar to those shown in Figure 1 are formed by the transceiver 100 for the
reception of signals without allowing for elevation adjustment of the boresight.
However, this may cause an excessive number of signals that are not associated

with the link to be received.

[0013] SUMMARY

[0014] The present invention is related to a wireless communication
method and antenna system for determining the direction of arrival (DOA) of
received signals in azimuth and elevation, (i.e., in three dimensions), to form a
beam for transmitting and receiving sighals. The system includes (1) two
antenna arrays, each hax}ing a plurality of antenna elements, (ii) two first stage
multi-mode-port matrices in communication with the two antenna arrays, (iii) at
least one second stage multi-mode-port matrix, (iv) an azimuth phase detector,
(v) an elevation amplitude detector, (vi) a plurality of phase shifters, and (vii) a
transceiver. Each first stage multi-mode-port matrix includes a plurality of
interconnecting hybrids for processing azimuth beams. The second stage multi-
mode-port matrix includes a plurality of interconnecting hybrids for processing
elevation beams.

[0015] The antenna arrays and the first stage multi-mode-port matrices
form a plurality of orthogonal omni-directional modes. Each mode has a
characteristic phase set. Two of the modes' phases are used to determine DOA in
azimuth. The second stage multi-mode-port matrix forms a sum-mode and a
difference-mode such that DOA of the received signals can be determined in
elevation, and beams can be formed in the direction of the received signals by

adjusting the phase shifters.
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[0016] BRIEF DESCRIPTION OF THE DRAWINGS

[0017] A more detailed understanding of the invention may be had from the
following description, given by way of example and to be understood in
conjunction with the accompanying drawings wherein:

[0018] Figure 1 illustrates the disadvantages of a conventional wireless

communication system that restricts beam steering to two dimensions;

[0019] Figure 2 illustrates the advantages of three-dimensional
beamforming in both azimuth and elevation in accordance with the present
invention;

[0020] Figure 3 shows an antenna system including a Shelton-Butler

matrix feeding a circular array, thus forming a 4-port Shelton-Butler matrix fed
circular array in accordance with one embodiment of the present invention;
[0021] Figures 4A-4D show the available orthogonal omni-directional
modes that are formed by the circular array of Figure 3;

[0022] Figure 4F is a graphical representation of the phase mode 0, mode
+1 and mode -1 shown in Figures 4A-4C;

[0023] Figure 5 shows an exemplary antenna system including a 2-tier
stacked Shelton-Butler matrix feeding a stacked circular array in accordance

with a preferred embodiment of the present invention;

[0024] Figure 6 shows an exemplary beamforming and pointing antenna
system; ,
[0025] Figure 7 shows a graphical representation of the stacked circular

array in the exemplary antenna system of Figure 5; and
[0026] Figure 8 illustrates how elevation beams are formed in accordance

with the present invention.

[0027] DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0028] The present invention is applicable to any type of wireless
communication systems, including, but not limited to, cellular systems, mobile

systems, fixed access systems, ad-hoc/mesh networks or the like. The present
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invention is applicable to any wireless communication standards including, but
not limited to, 1G through 3G cellular systems, IEEE 802.11 wireless local area
networks (WLANS), or the like.

[0029] Figure 2 illustrates the advantages of three-dimensional
beamforming implemented by a transmitter 200 in both elevation and azimuth,
in a conventional wireless communication system including the transmitter 200
and a receiver 220 operating in accordance with one embodiment of the present
invention. Contrasting the system of Figure 2 with the system of Figure 1, it can
be seen that the antenna 215 of the receiver 220 can be encompassed by narrower
beams 210 and 205 formed by the transmitter 200, than beams 105 and 110
formed by the transmitter 100. This translates into a lower power requirement
for transmitter usage, and less power being sent in other directions causing
interference. In the receiver case, the highest gain is focused more directly
towards the target, while rejecting signals more effectively from other directions.
Note that in order to achieve three-dimensional DOA estimation and
beamforming, the Butler Matrix disclosed by Mazur is inadequate.

[0030] Using a Shelton-Butler matrix feeding a circular array in an
antenna system creates isolated omni-directional pancake beams that are
isolated from each other. The phase of each mode is characteristic of the signal’s
direction of arrival. By comparing the phases of two modes, information of the
direction of arrival can be derived. Some mode pair selections allow
unambiguous linear relationship between the phase and the DOA. That greatly
simplifies subsequent processing.

[0031] The same antenna system can electronically and automatically form
a beam in the direction of the targeted incoming signal without resorting to a
separate system. This system can provide enough gain for wireless applications.
For a system that requires higher gain, lenses, reflectors, and electronic
controlled parasitic antennas can be used to further increase directivity to meet

the need of such applications.
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[0032] A single array system can be used to perform direction finding and
automatic beamforming in the desired direction. This system provides 360
degree instantaneous azimuth coverage, where the prior art cannot.

[0033] Figure 3 shows an antenna system 300 including a Shelton-Butler
matrix 305 feeding a circular antenna array 310, thus forming a 4-port Shelton-
Butler matrix fed circular array. Although the circular antenna array 310 is
depicted has having four antenna elements, it should be noted that the circular
antenna array 310 may have as few as three antenna elements and more than
four elements. The ports 315 shown on top connect to the antennas of the
circular array 310. The ports 320 on the bottom are mode ports. The Shelton-
Butler matrix 305 includes a plurality of hybrids and fixed phase shifters (e.g.,
line lengths). The antenna system 300 forms multiple but isolated orthogonal
omni-directional pancake sha‘ped radiation patterns and thus a plurality of
available orthogonal omni-directional modes. The orthogonality preserves the
full strength of each mode, which is in contrast to conventional mode formation
using a power-divider, where the power is all used up in forming one mode. The
phase of the antenna system 300 is linear to the DOA. Linear simplicity and
high precision are the products of the antenna system 300, whereby DOA
information is provided for in azimuth only.

[0034] Elevation DOA detection requires two Shelton-Butler matrices 305
which form two new modes, a sum-mode and a difference-mode. The ratio of the
sum-mode over the difference-mode indicates the direction away from boresight.
[0035] In order to form a beam in the direction of the arriving signal, a
phase shift is inserted in the sum-and-difference matrix to steer the sum-mode
beam to the elevation boresight. This sum-mode can be used as the beam for
communication. However, the beam shape in azimuth is still omni-directional.
To form a directive beam in azimuth, all the modes in azimuth have to be
aligned. This requires that each output be divided into two signals, and phase
shifting each of the divided signals. The azimuth beam can be synthesized using
a fast Fourier transform (FFT). The phase shifting drives the beam to the

required direction.
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[0036] Figures 4A-4D show available orthogonal omni-directional modes
that are formed by a 4-port Shelton-Butler matrix fed circular array. Each mode
has its characteristic phase set. Together, they form a closed set. This set has the
same characteristics of a fast Fourier transform set, like they form an orthogonal
set, which are completely isolated. The orthogonality preserves the full strength
of each mode, which is in contrast to mode formation using a power-divider,
where the power is all used up in forming one mode. The multiple modes are
labeled 0, +1, -1, and 2, according to the phase progression relative to the

azimuth angle ¢.

[0037] Figure 4E is a graphical representation of the phase mode 0, mode
+1 and mode -1 shown in Figures 4A-4C. The mode phases of the first three

modes are plotted showing phase versus the angle of arrival ¢. Figure 4E
illustrates how the phase is linear to angle ¢. If modes +1 and 0 are paired, then

the phase difference corresponds directly to the angle of arrival. If modes +1 and

-1 are paired, then the phase difference is twice the angle ¢. To determine the
angle ¢, that difference value has to be divided by 2, thus doubling the precision.

Linear simplicity and high precision are the products of this system.

[0038] Figure 5 shows an exemplary antenna system 500 including two
azimuth boards 305A and 305B, which feed two identical circular antenna arrays
310A and 310B in accordance with a preferred embodiment of the present
invention. The circular antenna arrays 310A and 310B are spaced apart by a
distance d. The antenna system 500 forms multiple but isolated orthogonal
omni-directional pancake shaped radiation patterns at the mode points 505.
[0039] As shown in Figure 5, the two azimuth boards 305A and 305B form
a 2-tier stacked Shelton-Butler matrix which feeds, for example, eight antenna
elements A1-A8 of a stacked circular antenna array 310 formed by the two
antenna arrays 310A and 310B. The antenna elements A1-A8 of the circular
antenna array 310 may be any type with any polarization. The mode ports of the
azimuth board 305A are electrically coupled to a plurality of electronic azimuth
phase shifters 510A, 510B, 510C and 510D and a combiner 520. The mode ports

of the azimuth board 305B are electrically coupled to a plurality of electronic
-
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azimuth phase shifters 515A, 515B, 515C and 515D and combiner 525. An
electronic elevation phase shifter 528 is coupled to the combined port of the
combiner 525. The combined port of the combiner 520 and the output of the
electronic elevation phase shifter 528 are connected to respective input ports of a
Butler matrix 530. The outputs from the Butler matrix 530 form an elevation
sum-mode 535 and an elevation difference-mode 540.

[0040] The transceiver 550 provides a baseband signal 590 to a processor
555 which controls the phases ® of each of the phase shifters 510A-510D, 515A-
515D and 528, (i.e., phases ®1 - ®9). An azimuth phase detector 560 provides
phase information 575 to the transceiver 550 based on selected output modes 505
sampled by directional couplers 565 and 570, (e.g., mode 0 and mode +1 provided
by the azimuth board 305A, as shown in Figure 5). Alternatively, directional
couplers 565 and 570 may be power dividers or any other known signal sampling
device. An elevation amplitude detector 580 provides amplitude information 584
to the transceiver 550 based on the elevation sum-mode 535 and the elevation
difference-mode 540 sampled by a directional cbupler 545. Alternatively, the
directional coupler 545 may be a power divider or any other known signal
sampling device.

[0041] The directional coupler 545 acts as a radio frequency (RF) interface
for the transceiver 550 when the transceiver 550 forms beams used to receive and
transmit an RF signal 582. The baseband signal 590 is generated by the
transceiver 550 based on the RF signal 582, the phase information 575 and the
amplitude information 584. The processor 555 calculates azimuth DOA and
controls the phase shifters 510A-510D, 515A-515D and 528 via phase control
signal 592 based on the baseband signal 590. The processor 5556 may optionally
provide a modulation signal 594 to the transceiver 550 used for generating the
RF signal 582. When the RF signal 582 is formed by the transceiver 550, the RF
signal 582 is routed through the directional coupler 545, the sum-mode i)ort of
the Butler matrix 530, the elevation phase shifter 528, the combined ports of the
combiners 520 and 525, and the azimuth phase shifters 510A, 510B, 510C, 510D,
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515A, 515B, 515C and 515D, to feed the 2-tier stacked Shelton-Butler matrix
and, in turn, form at least one beam by using the antenna elements Al - A8.
[0042] The transceiver 550 forms beams for both azimuth and elevation
using the 2-tier stacked Shelton-Butler matrix. For elevation DOA, amplitude
comparison is used. A complete elevation and azimuth direction finding system
is implemented by sharing a received single bit or pulse included in each
incoming signal. The bit or pulse contains both amplitude and phase information
which is processed such that the amplitude information is used for determining
elevation, and the phase information is used for determining azimuth.

[0043] It is important to note that an antenna does not, by itself, detect

distance. Thus, a spherical coordinate system must be devised, (r, ¢, ), whereby
the antenna uses only angles ¢ and . The distance may be detected based on

the measurement of time or phase parameters, or triangulation techniques.
[0044] As illustrated in Figure 5, the Butler matrix 530 forms a respective
sum-mode 535 and a difference-mode 540 associated with a particular mode, (i.e.,
mode 0, mode 2, mode +1 and mode -1). The ratio of the sum-mode over the
difference-mode is determined by the transceiver 550 and the processor 555 to
determine the angle away from the boresight.

[0045] For example, the broadside array factor and elemental elevation
pattern product may be calculated to derive a sum pattern equation and a
difference pattern equation. The ratio of these two equations as a function of
elevation angle @ may be used to determine DOA and calibrating the antenna
system 500.

[0046] The same principles described above are applied to form a beam in
the direction of the arriving signal. Insertion of a phase shift in the sum-and-
difference matrix steers the sum-mode beam to the elevation boresight.
However, the beam shape in azimuth is still omni-directional. To form a
directive beam in azimuth, all of the modes in azimuth have to be aligned. This
requires a power divider at the output, and phase shifters in the divided
branches. The azimuth beam may be synthesized using a fast Fourier transform
(FFT). The phase shifters are used to form a beam in a desired direction

9-
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[0047] It should be obvious to one of ordinary skill in the art that the
enhancements provided by the present invention may lead to more accurate
knowledge of the correct direction of the boresight of transmit and receive beams
from one or both ends of a communication link. This allows for the narrowing of
the beam width in both azimuth and/or elevation. Thus, the present invention
facilitates a more robust link, lower power consumption, less received
interference, and less induced interference to other devices not involved in this
link.

[0048] The implementation of the present invention also provides enhanced
techniques for locating one or more devices. The angles of the beam(s) resolve
the location of the device(s) in three dimensions, rather than just two dimensions
as implemented by conventional wireless communication systems. The
resolution in three dimensions further allows the narrowing of the beam for
diversity purposes. This narrowing further improves the resolution of the angle
in each plane of interest.

[0049] Figure 6 illustrates an exemplary beam formation and pointing
antenna system including mode ports al, a2, a3 and a4 and phase shifters with
phases @1, ®2, ®3 and ®4 which form respective complex voltages A1, A2, A3

and A4 before entering a combiner, which outputs a complex voltage E or E(¢),
which is a function of azimuth angle ¢, and is also referred to herein as the beam
pattern of the array.

[0050] The normalized azimuth field pat;cern of the antenna array of the
system can be written in terms of the matrix mode inputs as denoted by Equation
(1) below:

i Anefn¢

E(¢) ==t—, Equation (1)

>4

n
n=-1

where n is the mode number and A, is the complex mode excitation current.
Because the modes of the matrix form an orthogonal set, the far-field beam of the

array can be easily synthesized and steered. The synthesis is not complex

-10-
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because the expression is a fast Fourier series, the inverse of which provides the

antenna system with necessary information it needs about the phases @, used to

form the beam in the required direction.

[0051] As shown in Figure 7, the stacked circular arrays can be represented
by two point sources to compute the elevation sum and difference patterns. Since
the two arrays are identical, a beam pattern multiplication technique can be used
to determine a final elevation beam pattern, where d is the vertical distance of
separation of the phase center of two circular arrays, theta 6 is the depression

angle, and ¢ is the phase difference between the two arrays.

[0052] The expression for the sum beam is denoted by Equation (2) below:

! Sin(—ﬂ— cos 0]
F,(0)H(0)==x ———H(6); Equation (2)
2 . md
Sm(— cos 9)
A
where 1is the wavelength, Fs(g)is the array factor from elevation sum, and
H (H)is the pattern in elevation from the circular array.

[0053] The expression for the difference beam is denoted by Equation (3)

below:
Sin(—zjE cosf@+ ﬂj
1 A

F,(0)H(6)= 2% - ( I _’Z) H(9);  Equation (3)
A 2

where Fq (0) is the array factor associated with an elevation difference.

[0054] Figure 8 illustrates how elevation sum and difference beam patterns
are formed, where the sum beam is generally higher than the difference beam.
Each of the four azimuth modes 0, 2, +1 and -1 has a sum and difference
relationship in elevation as depicted in Figure 8. Only two of the four modes are
needed, (e.g., modes 0 and +1). The beam width is a function of the antenna array
stack spacing d. The smaller the spacing d, the broader the sum and difference
beam patterns become.

[0055] A 2-stack elevation matrix may simply consist of a hybrid and a

fixed phase-shifter, or an unequal line length. The DOA in elevation is a function
-11-
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of amplitude ratio of sum over difference. Any existing ambiguity is resolved by
checking the phases of sum and difference, whether they are in-phase or out-of-
phase. A calibration plot often resolves the difference between theory and
practice. A small amount of signal can be tapped off from the required modes,
(e.g., modes 0 and +1), using high directivity directional couplers, to determine
DOA in elevation.

[0056] After the DOA is determined by using the amplitude ratio of sum
over difference, or from a calibration data map, the angle of the sum beam is

tilted by the angle 8, where ¢ is solved using Equation (4) as denoted below:
Sin(% cosd + f)
X
Sin(E cosd +—§—]
A 2

F(0)H ()=~ H(6);

Equation (4)

where angle 6 is now the known DOA. Once the array phase difference & is’
determined, the beam may be accurately pointed in the direction of a received
signal for which angle @ has been determined. Without this information, the
information needed to accurately point the beam is not complete.

[0057] Although the features and elements of the present invention are
described in the preferred embodiments in particular combinations, each feature
or element can be used alone without the other features and elements of the
preferred embodiments or in various combinations with or without other features
and elements of the present invention.

[0058] While the present invention has been described in terms of the
preferred embodiment, other variations which are within the scope of the
invention as outlined in the claims below will be apparent to those skilled in the

art.

-192-
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CLAIMS

What is claimed is:

1. An antenna system for determining the direction of arrival (DOA) of
received signals in azimuth and elevation, and forming beams in the determined
direction, the system comprising:

(a) two antenna arrays, each of the antenna arrays including a plurality of
antenna elements; ‘

(b) two first stage multi-mode-port matrices in communication with the
two antenna arrays, each first stage multi-mode-port matrix including a plurality
of interconnecting hybrids for processing azimuth beams; é

(c) at least one second stage multi-mode-port matrix including a plurality
of interconnecting hybrids for processing elevation beams; and

(d) a transceiver in communication with the second stage multi-mode-port
matrix, wherein:

(i) the antenna arrays and the first stage multi-mode-port matrices
form a plurality of orthogonal omni-directional modes,

(i1) each of the modes has a characteristic phase set,

(iii) two of the modes' phases are used to determine DOA in
azimuth, and (iv) the second stage multi-mode-port matrix forms an
elevation sum-mode and an elevation difference-mode such that DOA of the
received signals can be determined in elevation, and beams can be formed in the

direction of the received signals.
2. The antenna system of claim 1 wherein the antenna arrays are
identical circular arrays spaced apart by a distance d which defines the width of

at least one pair of elevation beams formed by the antenna arrays.

3. The antenna system of claim 2 further comprising an azimuth phase

detector, in communication with the transceiver and at least one of the first stage

-13-
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multi-mode-port matrices, for detecting the azimuth phase of two modes formed

by at least one of the first stage multi-mode-port matrices.

4. The antenna system of claim 1 wherein the orthogonal omni-

directional modes include mode 0, mode 2, mode +1 and mode -1.

5. The antenna system of claim 3 further comprising an elevation
amplitude detector, wherein DOA information is determined by dividing the

elevation sum-mode by the elevation difference-mode.

6. The antenna system of claim 2 wherein the distance d is adjusted to

change the width of the at least one pair of elevation beams.

7. The antenna system of claim 3 wherein a beam pattern
multiplication technique is used to determine a final elevation beam pattern,
where d is the vertical distance of separation of the phase center of the two

antenna arrays, 0 is the depression angle, and ¢ is the phase difference between

the two antenna arrays.

8. The antenna system of claim 7 wherein a sum beam is formed by the

antenna system as a function of the following equation:

Sin(—— cos 49)
F,(0)H(9)= % X _Tji———_H (9), where 4 is the wavelength, Fs(¢) is the array
Sin(7 cos 9)

factor derived from the elevation sum-mode, and H (@) is the elevation pattern of

one of the two identical circular arrays.

9. The antenna system of claim 7 wherein a difference beam is formed

by the antenna system as a function of the following equation:
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) Sin(‘-?'ﬂ cosd+ ﬂj

F,(0)H(6) = =x p H(6), where A is the wavelength, Fa(g) is the
Sz‘n(7 cosf+ 12’_)

array factor derived from the elevation difference-mode, and H (¢) is the elevation

pattern of one of the two identical circular arrays.

10. The antenna system of claim 8 wherein the sum beam is tilted by

Sz'n(—z—;lﬂi cosf + §j
the angle @ to solve for &, where F (9)H(6)=—x

H () where 6 is
2 ;?Sin[— cosf + ¢ )
A 2

the known DOA.

kY
11. The antenna system of claim 1 wherein each of the antenna arrays
¢
has four antenna elements.

12. The antenna system of claim 1 wherein the two first stage multi-

mode-port matrices form a two-tier stacked Shelton-Butler matrix.

13. The antenna system of claim 1 wherein the second stage multi-

mode-port matrix is a two-port Butler matrix.

14. The antenna system of claim 1 wherein the received signals include
bits or pulses containing both amplitude and phase information, wherein the
amplitude information is used for determining elevation and the phase

information is used for determining azimuth.

15. The antenna system of claim 1 wherein the system forms transmit

and receive beams that steer in both azimuth and elevation.

-15-



WO 2006/044579 PCT/US2005/036904

16. The antenna system of claim 1 wherein the system forms a single
beam for transmitting and receiving signals from a source, wherein the beam has

independent elevation and azimuth values.

17.  The antenna system of claim 1 wherein the system forms beams for

reception of signals.

18. The antenna system of claim 1 further comprising a plurality of
phase shifters in communication with the first stage multi-mode-port matrices,
each of the phase shifters forming a respective complex voltage, wherein the
complex voltages formed by the phase shifters are combined into a composite
complex voltage which designates the beam pattern formed by the antenna

arrays.

19. Inan antenna system including (i) two antenna arrays, (ii) two first
stage multi-mode-port matrices in communication with the two antenna arrays,
each first stage multi-mode-port matrix including a plurality of interconnecting
hybrids for processing azimuth beams, (iii) at least one second stage multi-mode-
port matrix including a plurality of interconnecting hybrids for processing
elevation beams, and (iv) a transceiver in communication with the second stage
multi-mode-port matrices, a wireless communication method for determining the
direction of arrival (DOA) of received signals in azimuth and elevation, and
forming beams in the determined direction, the method comprising:

(a) the antenna arrays and the first stage multi-mode-port matrices
forming a plurality of orthogonal omni-directional modes, each mode having a
characteristic phase set, where two of the modes' phases are used to determine
DOA in azimuth; and

(b) the second stage multi-mode-port matrix forming an elevation sum-
mode and an elevation difference-mode such that the DOA of the received signals
can be determined in elevation, and beams can be formed in the direction of the

received signals.
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20. The method of claim 19 wherein the antenna arrays are identical
circular arrays spaced apart by a distance d which defines the width of at least

one pair of elevation beams formed by the antenna arrays.

21. The method of claim 20 further comprising:
(¢) detecting the azimuth phase of two modes formed by at least one of the

first stage multi-mode-port matrices.

22. The method of claim 21 wherein the orthogonal omni-directional

modes include mode 0, mode 2, mode +1 and mode -1.

23. The method of claim 21 further comprising:
(d) determining DOA information by dividing the elevation sum-mode by

the elevation difference-mode.

24. The method of claim 20 further comprising:
(c) adjusting the distance d to change the width of the at least one pair of

elevation beams.

25. The method of claim 21 further comprising:
(d) implementing a beam pattern multiplication technique to determine a
final elevation beam pattern, where d is the vertical distance of separation of the

phase center of the two antenna arrays, theta 6 is the depression angle, and £ is

the phase difference between the two antenna arrays.

26.  The method of claim 25 further comprising:

(e) forming a sum beam as a function of the following equation:

-17-



WO 2006/044579 PCT/US2005/036904

Sz’n(— cos 9)
E(0)H(6)= %x ——%——— H(9), where 1 is the wavelength, Fs(9)is the array
Sin(7 cos 9)

factor derived from the elevation sum-mode, and H (¢) is the elevation pattern of

one of the two identical circular arrays.

217. The method of claim 25 further comprising:

(e) forming a difference beam as a function of the following equation:

Sin[% cos@+ 71')

F,(0)H(6)= %x H(6), where 1 is the wavelength, Fa(g)is the

Sin(ﬂ cost+ E)
A 2
array factor derived from the elevation difference-mode, and H(9) is the elevation

pattern of one of the two identical circular arrays.

28. The method of claim 26 further comprising:
(P tilting the sum beam by the angle & and solve for &, where
! Sin(% cosé + f)

’ (e)H(g) i E ’ Sin(—”ﬂicosé’ + %)

H(6) where 6 is the known DOA

29. The method of claim 19 wherein each of the antenna arrays has four

antenna elements.

30. The method of claim 19 wherein the two first stage multi-mode-port

matrices form a two-tier stacked Shelton-Butler matrix.

31. The method of claim 19 wherein the second stage multi-mode-port

matrices is a two-port Butler matrix.
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32. The method of claim 19 wherein the received signals include bits or
pulses containing both amplitude and phase information, the method further
comprising:

(¢) using the amplitude information to determine elevation of the received
signals; and

(d) using the phase information to determine the azimuth of the received

signals.

33. The method of claim 19 wherein the system forms a single beam for
transmitting and receiving signals from a source, wherein the beam has

independent elevation and azimuth values.

34. The method of claim 19 wherein the antenna system forms beams

for transmission of signals.

35. The method of claim 19 wherein the antenna system forms beams

for reception of signals.

36. The method of claim 19 further comprising:
(c) forming a plurality of complex voltages associated with different
phases; and (d) combining the complex voltages into a composite complex voltage

which designates the beam pattern formed by the antenna arrays.
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