
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2015/142723 Al
24 September 2015 (24.09.2015) P O P C T

(51) International Patent Classification: (71) Applicant: UBIQUITI NETWORKS, INC. [US/US];
H04W 72/04 (2009.0 1) H01Q 21/06 (2006.0 1) 2580 Orchard Parkway, San Jose, CA 95 13 1 (US).
H04W 16/28 (2009.01) H01Q 3/26 (2006.01)

(72) Inventors: DAYANANDAN, Sriram; 2580 Orchard Park
(21) International Application Number: way, San Jose, CA 95 13 1 (US). PONNAMPALAM, Vish;

PCT/US20 15/020729 2580 Orchard Parkway, San Jose, CA 95 13 1 (US). SAN-
FORD, John, R.; 2580 Orchard Parkway, San Jose, CA

(22) International Filing Date:
95 13 1 (US). JABBAZ, Gonzalo, P.; 2580 Orchard Park

16 March 2015 (16.03.2015)
way, San Jose, CA 95 13 1 (US). PERA, Robert, J.; 2580

(25) Filing Language: English Orchard Parkway, San Jose, CA 95 131 (US).

(26) Publication Language: English (74) Agents: SHOOP, Richard D. et al; Shay Gleen LLP,
2755 Campus Drive, Suite 210, San Mateo, CA 94403

(30) Priority Data: (US).
61/954,244 17 March 2014 (17.03.2014) US
62/019,321 30 June 2014 (30.06.2014) US (81) Designated States (unless otherwise indicated, for every

kind of national protection available): AE, AG, AL, AM,

[Continued on nextpage]

(54) Title: ARRAY ANTENNAS HAVING A PLURALITY OF DIRECTIONAL BEAMS

(57) Abstract: Multi-directional antenna apparatuses, including phased array antennas and/or arrays
of multiple antennas, and methods for operating them. In particular, described herein are access point

† (AP) antenna apparatuses for communicating with one or more station devices by assigning a partic
ular directional beam to each access point, and communicating with each station device using the as -
signed directional beam. Methods and apparatuses configured to optimize the assignment of one or
more directional beam and for communicating between different station devices using assigned dir
ectional beams are described. Also described are compact lacunated RF lenses that may be used with
the multi-directional antenna apparatuses described herein, having a plurality of holes/openings
through the lens body so that an electromagnetic signal entering the lens body from any of the input
ports into the lens will exit from each of the output ports at a time delay corresponding to a predeter
mined steering angle.

J

FIG. 16A

o
o



wo 2015/142723 Ai III III II II III III 1 1 11III IIII III III II III

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
GT, HN, HR, HU, ID, Π , IN, IR, IS, JP, KE, KG, KN, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
KP, KR, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).
RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, Published:

VN, ZA, ZM, ZW. — with international search report (Art. 21(3))

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,



ARRAY ANTENNAS HAVING A PLURALITY OF DIRECTIONAL BEAMS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This patent application claims priority to U.S. provisional patent application 62/019,321, filed

6/30/2014 (titled "PHASED ARRAY ANTENNAS"); and U.S. provisional patent application 61/954,244, filed

3/17/2014 (titled "MANAGING AN ARRAY OF ANTENNAE OF AN ACCESS POINT"). Each of these patent

applications is herein incorporated by reference in its entirety.

INCORPORATION BY REFERENCE

[0002] All publications and patent applications mentioned in this specification are herein incorporated by

reference in their entirety to the same extent as if each individual publication or patent application was specifically

and individually indicated to be incorporated by reference.

FIELD

[0003] In general, described herein are directional antennas including phased array antennas and arrays of multiple

antennas, and methods for operating the directional antennas. Also described herein are compact lacunated lenses

that may be used for beamforming a phased array antenna and/or for filtering.

BACKGROUND

[0004] The phenomenal growth of mobile devices, including smart phones and tablet computers, has resulted

in a huge demand in wireless networks. Particularly, Wi-Fi networks, which are based on the Institute of Electrical

and Electronics Engineers (IEEE) 802. 1 family of standards, are becoming increasingly ubiquitous. In a typical

Wi-Fi network, an end-user device (end device) can move freely within the range of an access point's (AP's) radio

transceiver while maintaining high-speed data connectivity.

[0005] In a large-scale network, such as an enterprise or campus network, provisioning such a Wi-Fi network

is non-trivial. One challenge is how to increase the coverage of an AP to cover a large area with a few APs, while

providing a user with the desired performance from the Wi-Fi network. An end device can wirelessly communicate

with an AP within the coverage are of the AP. An AP's coverage depends on its antenna(e). An AP can have one or

more omni-directional and/or directional antennae that provide coverage to the surrounding area of the AP. An

omni-directiona! antenna radiates radio waves (i.e., electromagnetic wave) in all directions, and a directional

antenna radiates radio waves to a specific direction.

[0006] Typically, a directional antenna radiates with higher power than an omni-directional antenna in the

direction associated with the antenna. This allows the antenna to increase its performance on transmission and

reception. Because the antenna operates in a specific direction, communication by the directional antenna faces

interference only from devices operating in its directional radiation. This facilitates reduced interference than an

omni-directional antenna.

[0007] Currently, to facilitate a large-scale Wi-Fi coverage and increased performance, an AP can be equipped

with a plurality of directional antenna. This approach to construct an AP requires a respective directional antenna to

be individually configured and managed. Furthermore, end device in the coverage of a respective antenna usually



contend among each other for airtime with the AP (i.e., transmission time between the AP and an end device),

leading to a low-utilization of the wireless bandwidth provided by the antenna.

[0008] Phased array antennas are one type of directional antenna that may help address these problems. A

phased array is an array of antennas in which the relative phases of the respective signals feeding the antennas are

varied in such a way that the effective radiation pattern of the array is reinforced in a desired direction and

suppressed in undesired directions. Thus, the antenna may be considered "directional" as the beam from the antenna

may be directed (formed) in a desired direction. Beamforming may be particularly useful when preserving power,

signal strength and operating time in communicating between devices, both from an AP to one or more client

devices as well as to/from an AP and another AP, base station, etc.

[0009] Existing beamforming lenses for phased array antennas, such as the well-known Rotman lenses, are

well described for use in microwave systems, and may be used for RF systems. Unfortunately, such lenses must be

relatively large and expensive, particularly in the RF frequency range (e.g., between 2 GHz and 50 GHz). Although

various improvements in Rotman lenses have been proposed, such improvements typically reduce the efficacy of the

lens, and require somewhat expensive and complicated arrangements of features, including multiple dielectric

materials. See, for example, U.S. 8736503 to Zaghloul et al., which requires a strip of negative refractive index

medium bisecting a positive refractive index medium. Thus, a compact and efficient electronic lens that is

inexpensive to operate and manufacture would be very useful.

[00010] An antenna array may be a group of multiple active antennas coupled to a common source or load to

produce a directive radiation pattern. The spatial relationship of the individual antennas may also contribute to the

directivity of the antenna array. Use of the term "active antennas" may be used to describe elements whose energy

output is modified due to the presence of a source of energy in the element (other than the mere signal energy which

passes through the circuit) or an element in which the energy output from a source of energy is controlled by the

signal input. One common application of this is with a standard multiband television antenna, which has multiple

elements coupled together.

[00011] Described herein are phased array antennas that enhance base station gain by focusing the signal

transmission and reception in a narrower beam that, in turn, reduces transmission interference and increases range.

For example, the array antennas described herein may be used in base station applications to solve key limitations of

traditional wide and narrow beam technologies. In wide beam communication, a signal is transmitted and received

over a wide angle to overcome physical obstructions and uneven terrain. Unfortunately, this form of transmission

can be inefficient and noisy. Narrow beam communication requires many antennas and frequency channels to

provide the broad coverage associated with wide beam communication. The phased array antennas described herein

may combine narrow beam technology and time based multiplexing of transmissions and receptions to overcome

both challenges.

[00012] The phased array devices described herein may provide base station design that delivers high antenna

gain and broad coverage by using a combination of narrow beams in various directions. This design may allow

frequencies to be re-used by having beam transmissions and receptions in different directions take place at different

times. This increases the efficiency of spectrum usage by allowing re-use of frequency bands, which enables the use

of more radios on the same tower and the deployment of our products in environments where limited frequency

bands are available in the unlicensed spectrum.



SUMMARY OF THE DISCLOSURE

[00013] Described herein are multi-directional antenna apparatuses, which may include phased array antennas

and/or arrays of multiple antennas, and methods for operating these directional antennas. As used herein, a

directional antenna apparatus may refer to a device of system of antennas that can direct multiple beams forming

multiple antenna beam patterns (antenna patterns) for use in transmitting and/or receiving data. In particular,

described herein are apparatuses configured to operate as an access point (AP) for communicating with one or more

station devices by assigning a particular directional beam to each access point, and communicating with each station

device using the assigned directional beam at least part of the time. The apparatus may be assign directional beams

to station devices a predetermined infrequent times (e.g., less than once per minute, once per five minutes, once per

10 minutes, once per 20 minutes, once per 30 minutes, etc.) using an efficient assignment protocol in which

directional training packets are transmitted from each of a plurality of directional beams at the predetermined times,

and one or more response packets (returned from station devices in response to the training packets) are received.

The apparatus may be configured to interpret either or both the contents of the response packets (which can

reference a particular directional beam and may include a priority value indicating the goodness of that directional

beam) and/or the strength of the received response packet to designate a particular directional beam to the station

device.

[00014] These apparatuses and methods may be used with any apparatus capable of selectively operating a

plurality of directional beams, including apparatuses having a plurality of directional antennas and/or phased array

antennas. In addition to apparatuses and methods for controlling the operation of an access point having a plurality

of directional beams, also described herein are phased array antennas that may be operated in this manner, as well as

systems, devices and methods (including components) that may be use used as part of a phased array antenna

particularly well suited for operating as an access point. For example, described herein are compact radio frequency

("RF") lenses that may be used for beamforming phased array antennas or for operating as a compact RF filter, as

well as systems and methods for adapting a USB connection to identify the device being connected via the USB

connection.

[00015] For example, described herein are antennas, antenna systems, and method of making and using them.

Any of the antennas described herein may be phased array antennas. The phased array antennas may include a

compact beamforming lens having a plurality of openings through the body of the lens. These lenses may be

referred to as a lacunated lens. In general, a lacunated lens may have a body having at least two parallel plates

separated by a dielectric material, and may have multiple openings, gaps, holes, etc. (lacuna) at least partially

through the body of the lens. The lens may be a microstrip. The lens typically includes multiple beam ports for

steering the beam and multiple antenna ports. Signals (e.g., RF electromagnetic signals) applied to a beam port will

be emitted from each of the antenna ports at a predetermined time delay for each antenna port that depends on the

identity of the beam port, steering the beam of the antenna. Thus, each beam port has an associated (e.g.

predetermined) beam steering angle (e.g., any angle between -90° and 90°, including but not limited to: -50°, -45°, -

40°, -35°, -30°, -25°, -20°, - 15°, -10°, -5°, 0°, 5°, 10°, 5°, 20°, 25°, 30°, 35°, 40°, 45°, 50°) The antenna ports are

typically on a side of the lens opposite from the beam ports.

[00016] A lacunated lens may be a compact electrical lens device for beamforming an array of antenna

elements. For example, a lens device may include: a lens body comprising parallel plates separated by a dielectric,

the lens body having an outer perimeter and an inner region within the outer perimeter; a plurality of beam ports on

the outer perimeter of the lens body, wherein each beam port corresponds to a predetermined steering angle; a

plurality of antenna ports on the outer perimeter of the lens body; and a plurality of openings in the inner region of



the lens body within at least one plate of the parallel plates of the lens body, wherein the openings are arranged

through the lens body so that an electromagnetic signal entering the lens body from any one of the beam ports will

exit from each of the antenna ports at a time delay corresponding to the predetermined steering angle of the beam

port from which the electromagnetic signal entered the lens body.

[00017] A lacunated lens may also be a compact electronic lens that may be used for beamforming an array of

antenna elements, or it may also be configured as an amplifier (similar to a butler matrix amplifier) that includes: a

lens body comprising parallel plates separated by a dielectric, the lens body having an outer perimeter and an inner

region within the outer perimeter; a plurality of input ports on the outer perimeter of the lens body, wherein each

input port corresponds to a predetermined steering angle; a plurality of output ports on the outer perimeter of the

lens body; and a plurality of openings in the inner region of the lens body within at least one plate of the parallel

plates of the lens body, wherein the openings are arranged through the lens body so that an electromagnetic signal

entering the lens body from any one of the input ports will exit from each of the output ports at a time delay

corresponding to the predetermined steering angle of the input port from which the electromagnetic signal entered

the lens body. The input ports and output ports may also be referred to (particularly when configured for

beamforming) as beam ports and antenna ports, respectively.

[00018] For example, a compact RF electronic lens device may include: a lens body, the lens body comprising

a ground plate, a dielectric substrate on top of the ground plate, and a conductor plate on top of the dielectric

substrate; a plurality of input ports on an outer perimeter of the lens body, wherein each input port corresponds to a

predetermined steering angle; a plurality of output ports on the outer perimeter of the lens body; and a plurality of

openings within the lens body through the conductor plate, wherein the openings are configured so that an

electromagnetic signal entering the lens body from any one of the input ports will exit from each of the output ports

at a time delay corresponding to the predetermined steering angle of the input port from which the electromagnetic

signal entered the lens body.

[00019] A compact electronic RF lens device may include: a lens body having an upper surface, a thickness,

and a lower surface parallel to the upper surface, the lens body having an outer perimeter and an inner region within

the outer perimeter; a plurality of input ports on the outer perimeter of the lens body, wherein each input port

corresponds to a predetermined steering angle; a plurality of output ports on the outer perimeter of the lens body;

and a plurality of openings into the lens body within the inner region through the upper surface, wherein the

openings are configured so that an electromagnetic signal entering the lens body from any one of the input ports

passes through the lens body along multiple paths around the openings and exits from each of the output ports at a

time delay that is characteristic of the predetermined steering angle of the input port from which the electromagnetic

signal entered the lens body.

[00020] The compact RF lens device may be configured as a lacunated lens for beamforming an array of

antenna elements, and may include: a lens body having an upper surface, a thickness, and a lower surface parallel to

the upper surface, the lens body having an outer perimeter and an inner region within the outer perimeter; a plurality

of beam ports on the outer perimeter of the lens body, wherein each beam port corresponds to a predetermined

steering angle; a plurality of antenna ports on the outer perimeter of the lens body; and a plurality of openings into

the lens body within the inner region through the upper surface, wherein the openings are configured so that an

electromagnetic signal entering the lens body from any one of the beam ports passes through the lens body along

multiple paths around the openings and exits from each of the antenna ports at a time delay that is characteristic of

the predetermined steering angle of the beam port from which the electromagnetic signal entered the lens body.



[00021] In general, an electromagnetic signal entering the lens body from any one of the input ports (e.g., beam

ports) passes through the lens body along multiple paths around the openings and exits from each of the output ports

(e.g., antenna ports) at a time delay that is characteristic of the predetermined steering angle of the beam port from

which the electromagnetic signal entered the lens body.

[00022] As mentioned, the lens may include a microstrip (e.g., the lens body may be a microstrip). In general,

the lens body may have a square shape. The lens body may be generally square (e.g., it may have projections or

"bump out" regions), so that the overall shape is square. In general, the lens body may be small, particularly for the

frequency of radio waves processed by the lens. For example, the lens may beamform RF signals between 2 GHz

and 50 GHz (e.g., between 2 GHz and 30 GHz, between 2 GHz and 20 GHz, between 3 GHz and 6 GHz, betwenlO

GHz and 1 GHz, etc.), and the lens body may have a maximum diameter of less than about 10 cm, less than about

9 cm, less than about 8 cm, less than about 7 cm, etc. (e.g., the dimensions of the lens body are ess than about 8cm

x 8cm, 7cm x 7cm, 9cm x 9cm, etc.). For example, the lens body may be less than about 8cm x 8cm and the

plurality of openings may be configured so that an electromagnetic signal between about 2 GHz and about 30 GHz

entering the lens body from any one of the input ports passes through the lens body along multiple paths around the

openings and exits from each of the output ports at a time delay that is characteristic of the predetermined steering

angle of the input port from which the electromagnetic signal entered the lens body.

[00023] The input ports may generally be arranged on the outer perimeter of the lens body opposite from-the

output ports. The plurality of input ports may comprise 3 input ports or more. For example, the lens may have five

input ports and each input port in the set of input ports may have a dedicated steering angle (e.g., -40°, -20°, 0, 20,

40; -35, -17, 0, 17, 35; etc.). The input ports may each have a predetermined steering angle that is at or between

about -90° and 90°, e.g., at or between -45° and about 45°, e.g., at or between -35° and 35°, etc.).

[00024] The plurality of output ports may generally comprise 3 or more individual output ports (e.g., 4 output

ports, 5 output ports, 6 output ports, 7 output ports, 8 output ports, 9 output ports, 10 output ports, 11 output ports,

12 output ports, etc.).

[00025] In general, the lens body includes parallel surfaces (planes) or plates. In the lacunated lens at least one

of the surfaces/planes forming the body of the lens has multiple holes, opening, gaps, etc. (lacuna) therethrough.

These opening may pass completely through the lens, or may extend through just one of the planes and the

dielectric. The openings within the lens body may be of any appropriate size (e.g., between about 2% and 30% of

the surface area of the plane of the lens body. In total, the openings through the lens body may take up more than

30%, 40%, 50%, 60%, 70%, 80% (or more) of the surface area (e.g., of an upper surface) of the lens body. As

mentioned, the openings in the lens body may extend through the dielectric between the plates, for example, the

openings in the lens body may extend from the conductor plate and through the dielectric. The openings in the lens

body may extend through the upper surface and through the dielectric between the upper and lower surfaces.

[00026] In general, described herein are methods of operating a compact electronic lens having a lens body,

wherein the lens body has an upper surface forming a plane, a lower surface parallel to the upper surface, a dielectric

between the upper and lower surface, and a plurality of openings through the upper surface, the method comprising:

applying a first electromagnetic signal to a first input port of the lens body, wherein the first input port is associated

with a first predetermined steering angle; passing the first electromagnetic signal from the first input port through

the lens body along multiple paths around the openings so that the first electromagnetic signal exits each of a

plurality of output ports at a time delay for each output port that is characteristic of the first predetermined steering

angle; applying a second electromagnetic signal to a second input port of the lens body, wherein the second input



port is associated with a second predetermined steering angle; and passing the second electromagnetic signal from

the second input port through the lens body along multiple paths around the openings so that the second

electromagnetic signal exits each of a plurality of output ports at a time delay for each output port that is

characteristic of the second predetermined steering angle.

[00027] Also described herein are methods of beamforming an array of antenna elements using a compact

electronic lens (e.g., a lacunated lens). The compact electronic lens may have a lens body, wherein the lens body

has an upper surface forming a plane, a lower surface parallel to the upper surface, a dielectric between the upper

and lower surface, and a plurality of openings through the upper surface. For example, a method of beamforming

with a lacunated lens may include: applying a first electromagnetic signal between about 2GHz and about 30 GHz to

a first input port of the lens body, wherein the first input port has a first predetermined steering angle; passing the

first electromagnetic signal from the first input port through the lens body along multiple paths around the openings

so that the first electromagnetic signal exits each of a plurality of output ports at a time delay for each output port

that is characteristic of the first predetermined steering angle; applying a second electromagnetic signal to a second

input port of the lens body, wherein the second input port has a second predetermined steering angle; and passing

the second electromagnetic signal from the second input port through the lens body along multiple paths around the

openings so that the second electromagnetic signal exits each of a plurality of output ports at a time delay for each

output port that is characteristic of the second predetermined steering angle.

[00028] The first predetermined steering angle and the second predetermined steering angle are typically

different and may be between any of the ranges described herein (e.g., -90 to 90°, -60° to 60°, -45° to 45°, -35 to

35°, -30 to 30°, etc.).

[00029] The method of beamforming may also include electrically switching from the first input port to the

second input port. In general, any appropriate electrical switching technique may be used.

[00030] The method may also include emitting the signal from each of a plurality of antenna elements, wherein

each antenna element is coupled to one of the output ports.

[00031] Also described herein are phase antenna devices that include any of the lenses (e.g., the lacunated

lenses) described herein. For example, a phased array antenna device having a compact electronic lens for

beamforming may include: a radio frequency (RF) input; an electronic lens having a lens body, wherein the lens

body has an upper surface forming a plane, a lower surface parallel to the upper surface, a dielectric between the

upper and lower surface, a plurality of openings through the upper surface of the lens body, a plurality of input ports

on an outer perimeter of the lens body, wherein each input port corresponds to a predetermined steering angle, and a

plurality of output ports on the outer perimeter of the lens body; a switch configured switch the RF input between

the input ports; and a plurality of antenna elements, wherein each antenna element is coupled to one of the output

ports.

[00032] Also described herein are phased array antenna devices having a compact electronic lens (e.g., a

lacunated lens) for beamforming. A phased array antenna may include: a radio frequency (RF) input configured to

connect to an RF transceiver; an electronic lens having a lens body, wherein the lens body has an upper surface

forming a plane, a lower surface parallel to the upper surface, a dielectric between the upper and lower surface, a

plurality of openings through the upper surface of the lens body, wherein the openings are configured so that an

electromagnetic signal entering the lens body from any one of the input ports passes through the lens body along

multiple paths around the openings and exits from each of the output ports at a time delay that is characteristic of the

predetermined steering angle of the input port from which the electromagnetic signal entered the lens body, a



plurality of input ports on an outer perimeter of the lens body, wherein each input port corresponds to a

predetermined steering angle, and a plurality of output ports on the outer perimeter of the lens body; a steering

control configured to control a switch to switch the RF input between the input ports to steer the device; and a

plurality of antenna elements, wherein each antenna element is coupled to an output port from the plurality of output

ports.

[00033] In general, a phased array antenna device having a compact electronic lens for beamforming may

include: a radio frequency (RF) input having a vertical RF line and a horizontal RF line; a vertical electronic lens

having a vertical lens body, wherein the vertical lens body has an upper surface forming a plane, a lower surface

parallel to the upper surface, a dielectric between the upper and lower surface, a plurality of openings through the

upper surface of the vertical lens body, a plurality of input ports on an outer perimeter of the vertical lens body,

wherein each input port corresponds to a predetermined steering angle, and a plurality of output ports on the outer

perimeter of the vertical lens body. The device may also include a horizontal electronic lens having a horizontal

lens body, wherein the horizontal lens body has an upper surface forming a plane, a lower surface parallel to the

upper surface, a dielectric between the upper and lower surface, a plurality of openings through the upper surface of

the horizontal lens body, a plurality of input ports on an outer perimeter of the horizontal lens body, wherein each

input port corresponds to a predetermined steering angle, a plurality of output ports on the outer perimeter of the

horizontal lens body; a switch configured switch the vertical RF line between the input ports of the vertical lens

body and to switch the horizontal RF line between the input ports of the horizontal lens body; and a plurality of

antenna elements, wherein each antenna element is coupled to an output port from the plurality of output ports on

the horizontal lens body and an output port from the plurality of output ports on the vertical lens body.

[00034] In general, any of the compact lenses described herein may be relatively small, particularly compared

to prior art lenses operating on similar radio frequencies. For example, an RF input may be configured to transmit

an RF signal between about 2 GHz and about 50 GHz (e.g., between 2 GHz and 30 GHz), and the upper surface may

have a surface area less than about 8 cm x 8cm (or a maximum dimension of less than about 12 cm, e.g., less than 11

cm, less than 10 cm, less than 9 cm, less than 8 cm, etc.).

[00035] Any of the phased array antennas described herein may include an integrated transceiver, or may be

configured to mate with a transceiver (e.g., a more general-purpose transceiver) using the RF input device. The

transceiver may be an RF radio.

[00036] As described above, any of the phased array antennas described herein may include multiple (e.g.,

lacunated) lenses. For example, any of these devices may include a second electronic lens having a second lens

body, wherein the second lens body has a second upper surface forming a plane, a second lower surface parallel to

the second upper surface, a second dielectric between the second upper and second lower surface, a second plurality

of openings through the second upper surface of the second lens body, a plurality of input ports on an outer

perimeter of the second lens body, wherein each input port corresponds to a predetermined steering angle, and a

second plurality of output ports on the outer perimeter of the second lens body. Thus, a phased array antenna may

have a horizontal and a vertical polarization path for emitting/receiving RF signals on the antenna, and each path

may have a dedicated lens.

[00037] The antenna radiating elements (antenna elements) may be of any desirable dimension and shape, as

appropriate for the frequencies to be transmitted and/or received. For example, the antenna elements may be

radiating disks. In some variations the antenna elements including multiple (discrete) radiating elements that are

electrically connected. For example, each of the antenna elements may comprise a line of electrically connected

radiating disks.



[00038] The one or more lenses included as part of the phased array antennas described herein may include any

of the features described for the lenses, such a lens body comprising a microstrip, a lens body having a square (or

roughly square) shape, input ports arranged on the outer perimeter of the lens body opposite from the output ports,

etc.

[00039] In addition, any of the phased array antennas described herein may include one or more

omnidirectional antenna elements. For example, a phased array antenna may also include one or more

omnidirectional antenna elements connected to the RF input that bypass the vertical lens and the horizontal lens. An

omnidirectional may broadcast/receive in an un-steered manner (e.g., over a broad directional range) and/or may

broadcast/receive a fixed directional range. For example, an antenna may include an omnidirectional antenna

element that is connected to the vertical RF line and the horizontal RF line and bypasses the vertical lens and the

horizontal lens.

[00040] Also described herein are techniques, including methods and apparatuses, for connecting a radio

device (e.g., transceiver) to an antenna, and particularly to a phased array antenna, using a pair of USB connectors,

where the ground portion of the connectors is used to identify to the radio device the type of antenna to which the

radio device is connected. In some variations this connection may also be used to help control (e.g., steer) the

antenna. Identifying and/or controlling the type of antenna connected to an RF radio may be particularly relevant in

variations in which the radio (transceiver) is configured/adapted to be connected to a variety of different antenna.

For example, a radio may have a self-contained body with one or more (e.g., a horizontal RF connector

(input/output) and a vertical RF connector (input/output) as well as a USB connector. The radio and/or antenna may

also transmit power via the USB connector(s), including Power over Ethernet (POE).

[00041] For example, a method of connecting a radio device to an antenna may include: connecting a (e.g., a

self-contained) radio device having a first USB connector to an antenna having a second USB connector; and

identifying the antenna based on a voltage of the ground pin on the second USB connector.

[00042] A method of connecting and configuring a radio device to work with an antenna may include:

connecting the radio device having a first USB connector to an antenna having a second USB connector; identifying

the antenna based on a voltage of the ground pin on the second USB connector; and configuring the radio device

based on the identity of the antenna to transmit and receive data using the antenna.

[00043] In any of these variations, the method may also include transmitting steering information from the

radio to a beamforming lens of the antenna when the antenna is identified as a phased array antenna. The method

may also include configuring the radio device based on the identity of the antenna to transmit and receive data using

the antenna. Configuring the radio device may include sending control information to the antenna for steering,

timing or otherwise processing signals to/from the antenna. Configuring may also include configuring the

output/input of the radio device when communicating with the antenna. For example, configuring may comprises

transmitting control information from the radio device to the antenna. Configuring may include transmitting

steering information from the radio device to a beamforming lens of the antenna. Thus, identifying the type of

antenna my include identifying (from a predetermined set of information, e.g., look-up table, based on as sensed

parameter) characteristics of the antenna such as the number of input ports and output ports, etc.

[00044] The step of connecting may include connecting one or more radio frequency (RF) connectors between

the radio device and the antenna. For example, as mentioned, the radio may include a horizontal and vertical RF

connector, each of which may be connected to the antenna.



[00045] In general, connecting may include connecting the USB port of the radio device to the USB port of the

antenna. Further, identifying may include using a detection circuit to compare the voltage of the ground pin on the

second USB connector to a predetermined voltage. The detection circuit may be part of the radio device or may be

connectable to the radio device. The detection circuit may also be referred to as an identification circuit, which

identifies the type of antenna to which a radio is connected.

[00046] In general, identifying the antenna may include determining a digital identifier of the antenna based on

the voltage of the ground pin on the second USB connector. Identifying may include comparing the voltage of a

ground pin on the second USB connector to a predetermined voltage.

[00047] The method of connecting and/or identifying an antenna to a radio device may also include biasing the

ground pin on the second USB connector to a predetermine voltage (e.g., the ground pin on the antenna USB

connector).

[00048] Also described herein are apparatuses (e.g., devices and systems, including radio/transceiver devices)

that are adapted to detect (and/or control) the type of antenna to which the radio device is connected. For example,

described herein are radio devices that may be used with a variety of antennas and are configured to identify and/or

control the type of antenna to which they are connected through the ground pin(s) of a USB connector. Thus, a

radio device may include: a receiver configured to receive RF signals; a transmitter configured to transmit RF

signals; at least one RF output/input line; a USB port; and a detection circuit connected to a ground pin of the USB

port and configured to compare the voltage of the USB port to a predetermined value and output an indicator of the

identity of a type of antenna when the USB port of the radio device is connected to the USB port of the antenna.

[00049] The detection circuit may include a plurality of comparators configured to compare the voltage of the

ground pin of the USB port to a predetermined value. The radio device of claim 13, wherein the detection circuit is

configured to do a resistive measurement to generate a digital signal indicative of the identity of the type of antenna.

[00050] As mentioned above, any of the radio devices described herein may be configured to transmit steering

information when the detection circuit detects a phased array antenna.

[00051] In general, described herein are methods of operating an antenna apparatus (including, but not limited

to the phased array antennas described herein) capable of specifying a plurality of different directional beams as an

access point. Thus, for example, any of the antennas described herein may be used as part of an access point, either

alone, or in combination with other antennas. Thus, also described herein are methods and systems for operating an

access point comprising an array of antennas.

[00052] For example, as mentioned above, described herein are method of operating an access point in a

wireless network, wherein the access point is configured to operate a plurality of directional beams, the method

comprising: transmitting a training packet for each of the plurality of directional beams of the access point, wherein

each training packet includes an identifier specific to the directional beam transmitting the training packet; receiving

at the access point, in response to the training packet, a response packet from a station device, wherein the response

packet includes the identifier specific to the directional beam transmitting the training packet and a priority value

associated with one or more criteria for directional beam selection; designating a directional beam from the plurality

of directional beams for communicating with the station device based on the priority value received in the response

packet; and transmitting data between the access point and the station device using the directional beam designated

for the station device to transmit data to the station device.

[00053] A method of operating an access point in a wireless network (wherein the access point is configured to

operate a plurality of directional beams) may include: assigning one of the directional beams from the plurality of



directional beams to a station device, by: transmitting a plurality of training packets, wherein each training packet

identifies a directional beam and is transmitted using the identified directional beam; receiving a response packet

from a station device, wherein the response packet identifies one of the directional beams of the plurality of

directional beams and includes a priority value associated with one of the training packets; and designating the

station device a directional beam based on the priority value; and transmitting data between the access point and the

station device using the directional beam designated for the station device to transmit data to the station device.

[00054] More than one station devices may be assigned directional beams by this method. For example, any of

these methods may include assigning a directional beam from the plurality of directional beams to a second station

device. Directional beams may be assigned from the plurality of directional beams to a second station device, and

transmitting data between the access point and the second station device may use the directional beam assigned to

the second station device.

[00055] The method of assigning directional beams to specific station devices (and apparatuses configured to

do this) may be particularly configured so that the steps of assigning (e.g., transmitting the training packets,

receiving response packets and assigning or re-assigning directional beams) is done only infrequency, e.g., at

predetermined intervals that are less than once per half-minute, once per minute, once per second, once per 2 sec,

once per 5 sec, once per 10 sec, once per 15 sec, once per 30 sec, once per 1 min, once per 2 min, once per 3 min,

once per 5 min, once per 10 min, once per 15 min, once per 20 min, once per 30 min, once per hour, etc.). For

example, transmitting the training packet for each of the plurality of directional beams may mean transmitting the

training packet less frequently than once every second, once every five seconds, etc.

[00056] The methods and apparatuses described herein may also be configured so that the data rate between the

access point (e.g., phased array antenna) and any of the station device communicating with the access point is

selectable and may be matched to the use of a particular directional beam and/or particular timeslots dedicated to

station devices and un-dedicated time slots. For example, any of the methods or apparatuses may be configured to

transmit signals from the station device to the access point at a first rate using the directional beam designated for

the station device during a first time period assigned to the station device and transmit signals from the station

device to the access point at a second, lower rate without using the directional beam designated for the station device

during a second time period.

[00057] Any of the apparatuses and methods described herein may be configured to operate with a different

directional beam for transmission to the station device and receiving data from the station device. For example,

described herein are methods and devices in which transmitting data from the access point to the station device may

include using a first designated directional beam (for that particular station device) and receiving data at the access

point from that station device may use a second direction beam that is different from the designated directional

beam. Thus, in any of these methods and apparatuses, separate receive directional beams and transmit directional

beams may be assigned (e.g., by the access point). For example, the apparatus or method may be configured to

include designating a receive directional beam from the plurality of directional beams for receiving signals from the

station device.

[00058] As mentioned, any of the methods of operating the access point described herein my be performed

using a phased array antenna and/or using a plurality of antennas including directional antennas. Thus, for example,

transmitting data may generally comprise transmitting data from one of a plurality of directional antennas forming

the access point, wherein each directional antenna is associated with a directional beam from the plurality of

directional beams. In some variations, transmitting data comprises transmitting data from a phased array antenna



farming the access point, wherein the phased array antenna phased array antenna comprises phase angles associated

with directional beams from the plurality of directional beams.

[00059] The phased array antenna may be beamformed in any way, including using any type of phase shifter,

or array of phase shifter, and/or it may use a lens (e.g., compact lacunated lens as described herein) Transmitting

data may include transmitting data from a phased array antenna at different phase angles wherein the phased array

antenna includes a plurality of phase shifters configured to select the directional beams of the access point.

[00060] In general, the methods and apparatuses described herein may be configured to construct the training

packets and receive response packets so that directional beams may be assigned to particular station devices. For

example, the method (or an apparatus configured to perform the method) may include constructing the training

packets in a processor of the access point. A training packet may be constructed for each of a plurality of directional

beams (e.g., beam angles), and the training packet specific to a particular directional beam may encode a reference

to that directional beam; it may then be transmitted at that directional beam by the access point. A reference to the

directional beam may include a reference to the particular antenna (e.g., when dedicated directional antennas are

used), phase angle (e.g., phrase array antennas), or any other reference indicating the directional beam from the

access point.

[00061] The response packet typically includes a reference to the directional beam and the station device

transmitting the response packet, as well as a specific priority value related to the goodness of the signal received by

the station device. For example, the priority value may include an indicator of one or more of: signal strength;

packet error rate; or a modulation scheme. In some variations the response value may be the carrier to interference

noise ratio (CINR) and/or error vector magnitude (EV ).

[00062] As mentioned, in any of these variations, the apparatus may be configured to operate using TDMA,

and to designate timeslots for upstream and/or downstream transmission/reception between the access point and the

various station devices. In particular, these apparatuses may operate by shifting the data rate (and the directional

beam) so that at timeslots dedicated for communication between the access point and a particular station device, a

first mode (e.g., a higher rate transmission mode) may be used along with the assigned directional beam for that

station, while at timeslots that are not specific to a particular station device (e.g., unassigned time slots, general time

slots, overflow time slots, etc.) a different, e.g., lower rate mode, may be used, without the specific directional beam

for that station.

[00063] For example, a method of operating an access point in a wireless network, wherein the access point is

configured to operate a plurality of directional beams, may include: assigning each of a plurality of station devices

one of the directional beams from the plurality of directional beams; allocating upstream timeslots to each of the

plurality of station device and allocating general upstream timeslots that are not associated with a single station

device; receiving data at a first rate at the access device from a station device of the plurality of station devices

during an upstream timeslot allocated to the station device and using the directional beam assigned for the station

device; receiving data at a second data rate at the access device from a station device of the plurality of station

devices during a second upstream timeslot that is a general upstream timeslot.

[00064] For example, the first rate may have a different modulation scheme than the second rate; e.g., the first

rate may be higher than the second rate. Receiving data at the second rate may include using a directional beam that

is different from the directional beam assigned to the station device. In some variations different updstream

directional beams and downstream directional beams may be used for all or some of the stations devices. Any of

these methods may also include allocating downstream timeslots to each of the plurality of stations devices and



transmitting data (e.g., at the first rate) to a station device of the plurality of stations during a downstream timeslot

allocated to the station device and using the directional beam assigned for the station device.

[00065] Also described herein are methods of operating an access point in a wireless network, wherein the

access point is configured to operate a plurality of directional beams, the method comprising: assigning each of a

plurality of station devices one of the directional beams from the plurality of directional beams as a downstream

directional beam; assigning each of a plurality of station devices one of the directional beams from the plurality of

directional beams as an upstream directional beam; transmitting data from the access point to a station device of the

plurality of station devices using the downstream directional beam assigned to the station device; and receiving data

from a station device of the plurality of station using the upstream directional beam assigned for the station device.

[00066] As mentioned, described herein are systems for operating an access point, which comprises an array of

antennae, in a wireless network. During operation, the access point sends a training packet via an antenna of the

array of antennae. This training packet includes an identifier of the antenna. The access point then receives a

response packet corresponding to the training packet from an end device. This response packet includes the

identifier of the antenna and priority values associated with one or more criteria for antenna selection from the array

of antennae. Based on the priority values, the access point determines the antenna to be the designated antenna for

communicating with the end device.

[00067] At least one of the antennae in the array of antennae may be a broadcast antenna. The access point may

identify a second end device for which the access point has not designated an antenna and uses the broadcast

antenna for communicating with the second end device. At least one of the antennae in the array of antennae may

be a virtual broadcast antenna, which is logically coupled with a respective antenna of the array of antennae. The

training packet may be a multi-destination packet.

[00068] In response to selecting the antenna to be the designated antenna, the access point may transmit a

packet to the end device via the antenna during a dedicated downstream timeslot allocated for the end device.

[00069] A criterion in the criteria for antenna selection may correspond to: (1) signal strength of the end device,

(2) packet error rate between the access point and the end device, or (3) a modulation scheme.

[00070] Also described are systems for operating an access point, which comprises an array of antennae, in a

wireless network. During operation, the access point may send a training packet via an antenna of the array of

antennae. This training packet can include an identifier of the antenna. The access point then receives a wireless

acknowledgement packet corresponding to the training packet from an end device and determines priority values

associated with one or more criteria for antenna selection from the array of antennae based on the wireless

acknowledgement packet. Based on the determined priority values, the access point determines the antenna to be

the designated antenna for communicating with the end device. The access point and the end device may contend

for transmission time between the access point and the end device. The contention between the access point and the

end device content may be based on Institute of Electrical and Electronics Engineers (IEEE) 802.1 1 family of

standards. The training packet may be a uni-destination packet for the end device.

[00071] A criterion in the criteria for antenna selection may correspond to: (1) signal strength of the end device,

(2) packet error rate between the access point and the end device, or (3) a modulation scheme.

[00072] Also described are antenna systems that include an array of antenna elements. A first subset of the

antenna elements may be adapted to transmit an omni-directional signal. A second subset of the antenna elements

may be adapted to transmit a directional signal with a horizontal polarization. A third subset of the antenna

elements may be adapted to transmit a directional signal with a vertical polarization. The antenna system may also



include an antenna control module. During operation, the antenna control module may send a training packet via the

first subset of antenna elements, wherein the training packet includes an identifier of the antenna system. The

antenna control module then receives a response packet corresponding to the training packet from an end device,

wherein the response packet includes the identifier of the antenna system and priority values associated with one or

more criteria for selection of antenna elements. The antenna control module then determines a direction and

polarization to be used for communication with the end device.

[00073] For example, described herein are phased array antenna apparatuses that include: a controller; a radio

frequency (RF) input connected to the controller; a plurality of phase shifters, wherein each phase shifter is

connected to the RF input and wherein each phase shifter is connected to the controller; a plurality of antenna ports

wherein each antenna port is connected to a phase shifter; an array of antenna elements, wherein each antenna

element is coupled to one of the antenna ports; wherein the controller is configured for beamforming the apparatus

by setting a phase angle for each of the phase shifters to directional beams; and wherein the controller is configured

to assign a station device a directional beam and to transmit data to the station device using the assigned directional

beam, based on a response packet received from the station device in response to a training packet emitted by the

array of antenna elements.

[00074] In general, the controller may be configured to periodically transmit a training packet at each of a

plurality of directional beams, wherein the training packet encodes an identifier of the directional beam. The

controller may be configured to assign the directional beam to a station device based on the response packet

received from the station device, wherein the response packet includes an identifier of a directional beam and a

priority value associated with one of the training packets. The controller may be configured to periodically transmit

training packets at each of a plurality of directional beams. For example, the controller may be configured to

periodically transmit training packets at each of a plurality of directional beams, wherein the period is less than once

every second, 2 sec, 5 sec, 15 sec, 30 sec, 45 sec, 1 minute, etc.).

[00075] The controller may be configured to receive data from the station device at a first rate using the

assigned directional beam at a first window of time, and to receive data from the station device at a second, slower,

rate when not using the assigned directional beam during a second window of time. For example, the controller may

be configured to allocate upstream timeslots to the station device and to allocate general upstream timeslots that are

not allocated to the station device, and to receive data at a first rate from the station device devices during an

upstream timeslot allocated to the station device using the assigned directional beam, and to receive data at a second

data rate from the station device during a second upstream timeslot that is not allocated to the station device.

[00076] In general, a controller may be configured to assign each of a plurality of station devices a directional

beam based on a response packet received from each of the station devices in response to a training packet emitted

by the array of antenna elements, and to transmit data to the station device using the assigned directional beam.

[00077] The array of antenna elements may be a flat array; the antenna elements may be arranged in parallel

(e.g., vertical) rows of emitting elements. For example, each antenna element of the array of antenna elements may

comprise a line of emitting elements. Each antenna element of the array of antenna elements may comprise a line of

disc-shaped emitting elements.

[00078] For example, a phased array antenna apparatus may include a two-dimensional array of antenna

emitters; and a radio frequency (RF) transceiver and steering subsystem connected to the 2D array of antenna

emitters, and configured to generate a plurality of RF signals that are phase shifted relatively to each other for

beamforming of the plurality of RF signals emitted by the two dimensional array of antenna emitters.



[00079] In general, a radio frequency (RF) transceiver and steering subsystem may include, as described above,

an RF radio (transceiver), and a separate or separable steering unit. The steering unit may be a controller (e.g.,

control circuitry) and a steering element (e.g., a plurality of phase shifters and/or a lacunated lens). In some

variations the control circuitry is part of the RF radio (transceiver). Thus the radio frequency (RF) transceiver and

steering subsystem may operate as each of these components (which are described above) operate.

[00080] For example, the radio frequency (RF) transceiver and steering subsystem may comprise a plurality of

phase shifters, wherein each phase shifter is connected to the RF transceiver and wherein steering subsystem is

configured to set a phase angle for each of the phase shifters. The radio frequency (RF) transceiver and steering

subsystem may comprise a lacunated lens. The radio frequency (RF) transceiver and steering subsystem may be

configured to periodically transmit a training packet at each of a plurality of directional beams, wherein the training

packet encodes an identifier of the directional beam.

[00081] Thus, any of the phased array antenna apparatuses described herein may include: an antenna housing

including; a two-dimensional array of antenna emitters forming two or more vertical columns of disc-shaped

emitting surfaces arrange in a flat plane on a front side of the antenna housing; a pair of flared wings extending

vertically along two sides of the two-dimensional array; a radio frequency (RF) transceiver and steering subsystem

connected to the 2D array of antenna emitters, and configured to generate a plurality of RF signals that are phase

shifted relatively to each other for beamforming of the plurality of RF signals emitted by the two dimensional array

of antenna emitters, wherein the RF transceiver and steering subsystem comprises a radio device; and two or more

RF connectors on a back of the antenna housing, configured to connect the radio device to the two-dimensional

array of antenna emitters.

[00082] As mentioned, the antenna elements of the array of antenna elements may comprise a line of emitting

elements; for example, the antenna elements of the array of antenna elements may comprise a line of disc-shaped

emitting elements. In some variations, the antenna elements of the two-dimensional array of antenna elements

comprise disc-shaped elements each having a concave emitting surface.

BRIEF DESCRIPTION OF THE DRAWINGS

[00083] The novel features of the invention are set forth with particularity in the claims that follow. A better

understanding of the features and advantages of the present invention will be obtained by reference to the following

detailed description that sets forth illustrative embodiments, in which the principles of the invention are utilized, and

the accompanying drawings of which:

[00084] FIGS. 1A, B, 1C and ID show front, side, side perspective, and back views, respectively, of an

phased array antenna as described herein that is steerable using a compact (e.g., lacunated) lens having a plurality of

groups (or lines) of radiating antenna elements that may be used to steer the beam of the antenna.

[00085] FIG. 2 illustrates the operation of a phased array antenna such as the one shown in FIGS. 1A-1D,

communicating with a variety of wireless devices arranged at different azimuthal positions.

[00086] FIG. 3A schematically illustrates one variation of a phased array antenna including a compact

electronic lens adapted for beamforming the phased array antenna.

[00087] FIG. 3B is another schematic of a phased array antenna such as the one shown in FIG. 3A.

[00088] FIGS. 3C, 3D and 3E show back, side and front views, respectively, illustrating an example of

components of a phased array antenna such as the one shown schematically in FIG. 3B.



[00089] FIGS. 4A, 4B and 4C illustrate top views of variations of compact, electronic lenses for beamforming

as described herein.

[00090] FIG. 5 is a top view of an example of a prior-art Rotman lens.

[00091] FIG. 6A is a schematic illustrating one variation of a phased array antenna having both horizontal and

vertical transmission/reception paths, and including separate horizontal and vertical compact (lacunated) lenses.

[00092] FIG. 6B is a schematic illustration of one example of the antenna portion (showing an array of emitting

antenna elements) as described herein.

[00093] FIGS. 7A and 7B show top views of a portion of a phased array antenna including the switching

circuitry and compact (lacunated) lenses as described herein; the lenses shown may be used with a phased array

antenna such as the one shown in FIG. 3C.

[00094] FIG. 8A shows a front perspective view of an exemplary antenna array having a plurality of emitting

elements arranged in vertical groups similar to the variation shown in FIG. 3E and 6B.

[00095] FIG. 8B is a side perspective view of the antenna array shown in FIG. 8A.

[00096] FIG. 9A is a front view of another example of antenna (emitter) elements of a phased array antenna.

FIG. 9B is a back view of the phased array antenna emitter elements shown in FIG. 9A. FIG. 9C shows one

example of an antenna (emitter) element of the phased array antenna of FIG. 9A.

[00097] FIGS. 10A, 10B and IOC show front, side and back views, respectively, of one variation of a phased

array antenna that may be used with a removable/replaceable RF radio (transceiver). FIG. 10D is another example

of a back view of the phased array antenna of FIGS. lOA-lOC.

[00098] FIGS. 10E and 10F show back perspective and top views, respectively, or the phased array antenna of

FIGS. l OA-l OC.

[00099] FIG. 1 is an exploded view of a phased array antenna that may be used with a removable RF radio,

similar to the variation shown in FIGS. 10A-10F.

[000100] FIG. 12A is a schematic illustration of a sensing (detection) circuit that may be used with a removable

(e.g., self-contained) RF radio to detect the type of antenna that the radio is connected to from the ground pin of a

USB connector. FIG. 12B illustrates the identification of the identity of an antenna when the radio is connected,

using a circuit such as the one shown in FIG. 12A.

[000101] FIG. 13 schematically illustrates the control of a phased array antenna that is connected to an RF radio

device once the antenna type has been identified by the radio.

[000102] FIGS. 14A-14M illustrate one method for setting up a phased array antenna, including connecting a

removable RF radio with the phased array antenna (FIGS. 14A-14H), and mounting the connected phased array

antenna (FIGS. 14I-14M).

[000103] FIG. 15A illustrates an exemplary array of antennae operating as an AP.

[000104] FIG. 15B illustrates an exemplary system managing an array of antennae operating as an AP.

[000105] FIG. 15C illustrates an exemplary an array of antennae, which includes a broadcast antenna, operating

as an AP.

[000106] FIG. 15D illustrates an exemplary an array of antennae, which includes a virtual broadcast antenna,

operating as an AP.

[000107] FIG. 16A presents a flowchart illustrating an exemplary process of an AP actively learning antenna

association of end devices.



[000108] FIG. 16B presents a flowchart illustrating an exemplary process of an end device facilitating active

learning of antenna association.

[000109] FIG. 17 presents a flowchart illustrating an exemplary process of an AP passively learning antenna

association of end devices.

[0001 10] FIG. 18 presents an exemplary time-division multiple access (TDMA) channel access method of an

AP.

[000111] FIG. 19A presents a flowchart illustrating an exemplary downstream transmission process of an AP.

[0001 12] FIG. 19B presents a flowchart illustrating an exemplary upstream reception process of an AP based on

dedicated timeslots.

[0001 13] FIG. 19C presents a flowchart illustrating an exemplary upstream transmission process of an end

device.

[0001 14] FIG. 20 illustrates an exemplary AP system that comprises an array of antennae operating as the AP

system.

[0001 15] FIG. 2 1 is another example of a system including an array of sector antennas that may be controlled as

an AP system as described herein.

[0001 16] FIG. 22 is another example of a system including an array of antennas or antenna elements, each phase

shifted (e.g., to steer) that may be controlled as an AP system as described herein.

DETAILED DESCRIPTION

[0001 17] Phased array antennas are described herein, including phased array antennas that include a compact,

electronic lens for steering (beamforming) the antenna. Features of the array antennas, and of systems including

such antennas, are described in greater detail below, and may include: compact, electronic lenses (e.g., lacunated

lenses) for steering a phased array antenna, phased array antennas incoiporating such compact electronic lenses,

phased array antennas adapted for use with a removable, self-contained RF radio (transceiver) device, methods and

devices for identifying the type of antenna (including the type of phased array antenna) to which a removable, self-

contained RF radio is connected, methods and device for controlling a phased array antenna by a removable, self-

contained RF radio, and arrangements of antenna (emitting) elements within a phased array antenna. Also described

herein are systems and methods of operating an access point using an antenna array, which may include one or more

phased array antennas, including those described herein. Any of the elements and features described herein may be

used alone or in combination.

[000118] For example, FIGS. 1A-1D illustrate one variation of a phased array antenna. This variation is

configured as a phased array base station antenna. A phased array antenna may include a plurality of emitting

antenna elements that may be placed on and/or in a housing 101 . The housing may include a cover to protect the

antenna elements, e.g., from weather. In FIGS 1A- ID the housing also includes a pair of flared 'wings' 103

extending vertically along two of the four sides. These wings may shield the antenna elements, and may be formed

of a metal (shielding) material.

[000119] In FIGS. 1A-1D the phased array antenna is adapted to be mounted, as illustrated in more detail below,

in an upright, vertical position, and can be controlled by the beamforming lens to scan or orient azimuthally (e.g. in

the horizontal direction). The back of the housing of the phased array antenna shown in FIG. ID illustrates the

mounting portions 105, 107 and a connection region 111. The housing may also include a level (e.g., spirit level

113) for assisting in alignment of the device.



[000120] In operation, a phased array antenna may communicate wirelessly by RF signal transmission with one

or more wireless devices within range of the phased array antenna. As illustrated schematically in FIG. 2, a single

phased array antenna 209 may direct beams to one or more wireless devices. For example, in FIG. 2, three

exemplary devices 2 11, 213, 2 15 are illustrated. The phased array antenna may be steered electronically, without

requiring gross movement of the antenna, to communicate with each of the three devices that are separated from

each other in space (e.g., azimuthally). The phased array antenna may be connected to a second phased array

antenna or another type of wireless device (including an antenna) and/or may be configured as an access point. FIG.

2 is a top view of (e.g., looking down on) a phased array antenna deployed to communicate with a variety of

wireless devices. The phased array antenna may be configured as a base station.

[000121] Any of the phased array antennas described herein may include or may be adapted to connect with, a

radio (RF radio) device that acts as a transceiver (transmitter and receiver) for RF signals at one or more desired

frequencies . For example, the apparatus shown in FIGS. 1A-1D may be configured to accommodate an RF radio

(e.g., the Ubiquity "Rocket M5") and which may connect on a portion (e.g., the back) of the device. Alternatively,

the devices described herein may include an integrated radio. Thus, the transceiver can also be incorporated into the

device.

[000122] FIG. 3A schematically illustrates the operation of a phased array antenna as described herein. In this

example, the antenna includes or is connected to an RF radio 301 that provides input to the antenna, including a

steering angle selection switch 305 and an electronic lens 307 that effectively steers the antenna emitting element(s)

311. For example, the RF antenna may provide RF signal input/output, which may be a single input/output or may

include multiple (e.g., parallel) input/output signals, including horizontal and vertical polarization signals. The radio

may also configured the output/input signals using any appropriate technique, e.g., single and multiple

access/encoding such as frequency-division multiple access (FDMA) and frequency division duplex (FDD), etc.

Finally, the radio may be connected to the phased array antenna through one or multiple connections, including

connections to steer the antenna to direct the antenna beam towards a particular target azimuthal direction (e.g., 40°,

20°, 0°, -20, -40°) from the orientation of the antenna. In FIG. 3A the switch 305 may select the angle of the phased

array antenna by selecting which input ports (e.g., "beam ports") 33 1 feeding into the lens 307. In this example, five

beam ports are illustrated. Each beam port has a characteristic (e.g., predetermined) angle associated with that

particular beam port. In FIG. 3A, the angle associated with each beam port is indicated above the beam port (e.g.,

40°, 20°, 0°, -20, -40°). Because of the structure of the compact electronic lens 307, the output port (e.g., antenna

ports) 333 of the lens may be time-delayed relative to data sent and/or received by a particular beam port, resulting

in steering of the beam to the particular angle, as indicated. For example, if input is applied non the beam port

associated with the -20° phase angle, signals applied into the lens from this beam port will result in a wave front 341

as indicated in FIG. 3A. Similarly, by switching between any of the other beam ports 33 of the lens 307, the

antenna beam may be steered to any of the other predetermined azimuthal angles (indicated by dashed lines in this

example). In some variations, by applying the same signal to combinations of beam ports the beam may be steered

to intermediate targets, alternatively, the apparatus may be configured so that signals may be applied onto to a single

beam port at a time. Details of the structure and operation of the lens are provided in greater detail below.

[000123] FIG. 3B shows another schematic example of a phased array antenna, similar to that shown in FIG.

3A. In this example, the radio 30 1, steering angle select switch(s) 305 and lens 307 (including beam ports and

antenna ports) may be similar to those shown in FIG. 3A, however antenna 311 emitting elements 315 are also

illustrated on the antenna. The antenna is oriented so that the emitting elements 3 15 will be positioned vertically to

allow azimuthal steering of the RF signals. In this example, the emitting elements 315 are configured as elongated



emitting elements; each emitting element may be a single emitter or a plurality of connected emitters, as illustrated

in FIG. 3E.

[000124] In the example shown in FIG. 3B, the switch(s) 305, lens 307, and antenna emitters may be included in

the antenna housing. In some variation the radio may also be included within the same housing. For example, as

shown in FIG. 3C, a single PCB 35 1 may be used to hold/form the switch(s) and lens(s) within the housing and may

be connected to each of the antenna emitting elements. In FIGS. 3C-3C, the PCB is mounted on one side (e.g., the

back side) of a support that also holds the plurality of antenna emitting elements 3 5. Each of the antenna ports of

the lens are connected by electrical connections (e.g., wires, traces, etc.) to each of the antenna emitting elements

315. In FIG. 3C, the antenna includes 48 individual antenna emitting elements 315, arranged in six vertical lines of

eight individual emitting elements; within this arrangement, each of the eight individual elements are electrically

connected so that all eight emit/receive synchronously. This arrangement of lines of connected individual emitting

element is particularly beneficial, and may help in focusing the beam in the elevation plane. However, rather than

multiple linked elements, a single antenna emitting element may be used.

[000125] In FIG. 3C-3E the apparatus is configured to connect to a radio (not shown). As mentioned, the radio

may be integrated into the device, and may be formed on the same PCB as the lens and switches. In this example,

the antenna consists of an array of approximately cone-shaped disk/wafer transmitters 3 15 on a panel. The antenna

board connects to the electronic lens board, so that the phased array may direct the direction of the focused radio

wave signal. Any appropriate radio (transceiver) can be connected to the phased array antenna and may provide

directional transmission of radio waves.

[000126] The compact lenses described herein are adapted for electronic beam steering. These lenses are

compact beam steering lenses may be formed from parallel plates (for example, a stripline) where there are a

plurality of openings (holes, gaps, lacuna, etc.) formed in the plane of the lens body.

[000127] For example, the lens body may be formed of two parallel, conductive plates separated by a dielectric

material. The lens body extends in a plane (parallel with each of the plates), and the holes, gaps, lacunae, etc. in the

body may be formed into this plane. Because of the multiple holes/openings/gaps/lacunae in the lens body, these

lenses may be referred to as lacunated lenses.

[000128] In general, a lacunated lens allows steering of a beam of a phase-array antenna without the need for

phase shifters. As mentioned above in reference to FIG. 3A-3B, a lacunated lens typically has multiple antenna

beam ports, where each beam port has an associated (predefined and predetermined) constant phase shift and has

multiple antenna input/output ports (e.g., array output ports) that are each connected to antenna radiating elements.

The beam ports may be referred to as antenna beam ports, antenna beam input ports, input ports, or beam phase

ports. The beam ports can be connected to switches that allow switching between the beam ports to determine the

angle of the beam for the array antenna. The lacunated lens also includes a plurality of antenna ports for connection

to antenna elements. The antenna elements may also be referred to as antenna radiating/receiving elements,

radiating elements or antenna receiving elements.

[000129] Antenna elements are typically connected on one side of the lacunated lens, with beam ports connected

on the opposite side of the lacunated lens. The lacunated lens may also be thought of as a quasi-microstrip (or

quasi-stripline) circuit where each beam port represents (or results in) a constant phase shift at the antenna ports, by

feeding (or receiving from) the antenna elements at phases that vary linearly across a row. The variations in phase

result in steering of the phased array, as illustrated in FIG. 3A.



[000130] FIGS. 4A-4C illustrate variations of lacunated lenses. In general, the lacunated lens has a carefully

chosen shape and location of the lacuna or openings through the parallel plates within the inner region of the lens;

these openings produce a wave front across the antenna ports that is phased by the time delay in the signal

transmission, so that each beam port correspond to a distinct beam angle shift at the output. Aiming the array

antenna may involve selecting a specific beam port (or combinations of beam ports). For example, the lens may

have N beam ports and M antenna ports, where the N beam ports each correspond to a different phase angle, and the

M antenna ports each connect to a distinct antenna element.

[000131] This is illustrated in FIG. 4A. In This example, the lacunated lens has five beam ports 405 (in this

example, N is 5) and also has five antenna ports 410 (Mis 5). The lens is formed from as a microstrip so that there

are multiple cut-out regions 403 (openings, lacuna, etc.) in the plane forming the lens, within the body of the lens

401 between the beam ports and the antenna ports. In this example, the lens may be formed as a printed circuit

board (e.g., microstrip) structure, although other parallel-plate structures could be used. For example, the lens may

be printed using an FR4 (e.g., FR408) material. FR408 is a high-performance FR-4 epoxy laminate having a low

dielectric constant and low dissipation factor.

[000132] In this example, the holes (which may also be described as opening, lacuna, cut-outs, etc.) are regions

where the signal is not passed through the body of the lens. Thus, the radio signal must travel in a path through the

regions between the openings along the body 401. In general, the opening may have any shape. Although FIG. 4A

shows the openings as generally rectangular, the openings may be square, triangular, circular, five-sided, six-sided,

seven-sided, eight-sided, etc. For example FIG. 4C illustrates openings having different sizes and shapes, including

oval and triangular. The number of openings may also be varied. For example, in some variations the number of

openings may be greater than 2, greater than , greater than N , greater than M , etc. The shape and sizes of the

openings may be selected based on the path length and transit time, as well as the constructive and destructive

effects of traveling through the parallel plate structure having multiple separate but converging paths. In each case

the signal input/output at a particular beam port may be pre-defined (e.g., to have a desired phase angle and location

on the edge of the lens body), and the number of antenna beam ports may also be predefined. By varying the

number, sizes and locations of the openings through the lens body, the one or more solutions resulting in the

predetermined timing delay causing the phase shift at the antenna ports may be resolved. In the examples shown in

FIGS. 4A-4C the openings are symmetric about a midline transverse to the antenna ports and beam ports. This

symmetry may not be necessary. In addition, the examples shown are intended to provide relatively evenly spaced

phase angle shifts; the spacing between phase angles may be irregular (e.g., for a set of five antenna ports, -40°, -

30°, 10°, 15°, 40°), and customized.

[000133] Thus, the arrangement of the openings as well as the overall shape (e.g., outer perimeter) of the plane

forming the body of the lens may be modified to adjust the phase shift of the lens, and may be determined

experimentally or solved for by simulation. In general, the timing of a signal from each of the beam ports to each of

the antenna ports through the body of the lens, including traveling around the holes, may determine the effective

phase at each of the antenna ports. The length and connection of each antenna port to each antenna emitting element

may also be included in this estimate, so that the steering can be determined. In addition, the overall shape of the

lens body may be varied. For example, in FIG. 4A the lens body has a grossly rectangular shape; while in FIGS. 4B

and 4C, the lens body is more regularly rectangularly (or square) shaped. The lens body may have other shapes

(e.g., trapezoidal, oval, pentagonal, hexagonal, heptagonal, octagonal, oval, etc.).

[000134] In general, these lenses operate in both transmission and reception of electromagnetic signals. For

example, steering the beam to be transmitted may involve feeding a signal to one of the different input ports (or for



steering to intermediate angles, feeding combinations of ports). As described above, the beam is steered by phasing

the time delay of transmission from the array of emitting elements based on the angle desired. Receiving signals

from one (or combinations of) beam ports ("listening" on these beam ports) may determine the angle from which a

signal was received by the antenna.

[000135] The lenses described herein are particularly compact and efficient. Traditional lenses for

beamforming, such as Rotman lenses and variations thereof, are structured differently, and must therefore be much

larger than the lacunated lenses described here.

[000136] For example, a traditional Rotman lens has a plurality of inputs with fixed/constant phase shift, a

plurality of outputs that each connect to a radiating element, and a plurality of dummy ports to provide refelctionless

termination. A Rotman lens generally has a carefully chosen shape and appropriate length transmission lines to

produce a wave front across the output that is phased by the time delay in the signal transmission. For example,

FIG. 5 shows an example of a basic diagram of a traditional Rotman lens. The Rotman lens in FIG. 5 consists of a

set N of input (beam) ports and a set of N output (array/antenna) ports arranged along an arc. The lens structure

between both sets of ports functions as an ideal transmission line between the individual input and output ports. The

signal applied to an input port is picked up by the output ports, and the different electrical lengths between a specific

input and all output ports generates a linear progressive phase shift across the output ports of the lens. A large

number of terminal or "dummy" ports are also an integral part of the Rotman lens and serve as an absorber for the

spillover of the lens and thus it reduces multiple reflections and standing waves which deteriorate the lens

performance. The design of these types of lenses is governed by the Rotman-Turner design equations, based on the

geometry of the lens. These equations assume a solid parallel plate region (e.g., without holes) and the presence of

dummy ports.

[000137] A principle advantage, and distinction, between the lacunated lenses described herein and traditional

Rotman-type lenses is the sizing. For a particular band of frequencies, the lacunated lenses described herein may be

made substantially smaller than Rotman lenses. For example, a typical Rotman lens may require a roughly 12 x 12

cm lens when operating in the RF frequency range (e.g., 2 GHz to 30 GHz). A lacunated lens as described herein

may have comparable or superior performance at a fraction of this size. For example, the lacunated lens shown in

FIGS. 4A-4C and other examples may be about 5 cm x 6 cm or smaller. Without intending to be bound by a

particular theory of operation, this may be a result of the increased path lengths resulting from the holes through the

body of the lens in the lacunated lenses described herein, as mentioned above.

[000138] FIGS. 6A and 6B illustrate another example of a phased array antenna using lacunated lenses. In this

example, the phased array antenna receives both horizontal and vertical polarization input from the RF radio 601,

and may separately transmit/receive the horizontal and vertical signal components through a dedicated horizontal

component lacunated lens 607 and a vertical component lacunated lens 609. In FIG. 6A, the radio 601, which may

be integrated with or separate from the rest of the antenna, connects the RF horizontal and vertical signal

components to the switch 605. Additional control elements (processors, etc.) may be used either as part of a control

for the phased array antenna or (more likely) as part of the RF radio; the additional control may determine the

control information/configuration for the phased array antenna, including which beam ports to use, and timing of the

applied energy. The two lenses may be steered together (e.g., in tandem) or independently, and each lens may be

connected (via the antenna ports) to each of the antenna emitting elements. In FIG. 6A, there are five antenna ports

for each lens, and six antenna emitting lines. As shown in FIG. 6B, each antenna emitting line may comprise

multiple, linked antenna emitting elements; in FIG. 6B, eight emitting elements 627 are connected 63 , 633 in a

vertical line (which may improve focus in the elevation plane). Each of the first five lines of antenna emitting



elements is connected to one of the antenna ports of each of the horizontal lens 607 and the vertical lens 609. In

addition, in this example, the sixth antenna emitting line of emitting elements is connected directly 615, 617 to the

vertical and horizontal components, without being time-delayed through a lens. Thus, the antenna may include an

omni-directional set of antenna elements 625 in addition to the beamformed (aimed) sets.

[000139] FIGS. 7A and 7B illustrate one example of a pair of lenses such as those described for FIG. 6A and 6B

above, in which the lenses are formed along with the switches (e.g., on a PCB) and include connectors 703 for

connecting the antenna ports to the array of antenna emitting elements (not visible in FIG. 7A and 7B). As shown in

FIG. 7B, this example has five antenna ports 705 for the horizontal lens, one horizontal omni-directional connection

707, five antenna ports 709 for the vertical lens, and one vertical omni-directional connection 7 11.

[000140] These ports may be connected to the antenna emitting elements (e.g., on an opposite side of the

antenna housing). As shown in FIGS. 8A, 8B, 9A, 9B and 9C, the antenna emitting elements may be arranged in an

array so that the line of emitting elements (which may be referred to collectively as an antenna element, and

therefore includes one or more antenna emitting elements) and connected to the appropriate antenna ports. For

example, FIGS. 9A and 9B show front and back portions, respectively or an array of antenna elements. In FIG. 9A,

eight antenna emitting elements are shown connected to form a line (vertical line) making an antenna element. In

FIG. 9B the connections to the antenna ports on the back side of the antenna substrate is shown. FIG. 9C shows an

enlarged view, with exemplary dimensions, of a single antenna emitting element.

[000141] FIGS. 0A to 10F illustrate one variation of an assembled phased array antenna including a pair of

lacunated lenses for horizontal and vertical components of RF signal communication. In this example, the

apparatus is configured to dock with a RF radio device on the back of the antenna. It may be configured to

accommodate a variety of transceivers. Alternatively, the transceiver can also be incorporated into the device itself.

[000142] As mentioned, inside, the antenna consists of an array of cone-shaped disk/wafer transmitters on a

panel. The antenna board connects to the electronic lens board, using the phased array to direct the direction of the

focused radio wave. FIG. 10D illustrates one variation of a back of the phased array antenna including mounting

regions 1003 and connections for coupling to the RF connectors 1005, 1005' (e.g., horizontal and vertical RF

component connectors). As discussed below, the back may also include a USB port 1007. A spirit level 101 1 may

also be included to help align the antenna. Finally, the back may include attachment elements for coupling to an RF

Radio device, including a cover or shroud 1013 for covering the radio once connected.

[000143] FIG. 11 shows an exploded view of the device of FIGS. 10A-10F. In this example, the phased array

antenna includes a front cover 1, and a rear housing 2. The rear housing may include the wings/deflectors described

above, as well as attachments for the mounts (e.g., radio mount 5, pivot mount 16, 17; pole-mounting brackets 13,

15, 8, and mounting screws 26, 27), connecting cables (e.g., RF cables 10 connecting the RF radio to the antenna)

and a cover for an RF radio that can attach to the back of the apparatus (not shown). As mentioned above, a spirit

level (bubble level) 9 may be integrated into the cover (e.g., back cover). Between the front and back covers, the

internal components may include the plurality of antenna emitting elements 2 (disk-like cones), each connected by

screws/nuts to an antenna PCB 6. Connections between the individual antenna emitting elements may be made by a

conductive element, such as a wire or trace; in FIG. 11 the conductive element is a conductive tape that can be used

to connect a line of antenna emitting elements into a grouped antenna element, shown having eight individual

antenna emitting elements, each. A printed circuit board 7 (lens PCBA) with the lens and control circuitry (e.g.,

switches, etc.) may be positioned behind the antenna PCB. A ground plate 3 is shown separating the front antenna

side from the back circuitry/lens side. A plurality of cables 11 may connect the lens and control circuitry to the

antenna elements (e.g., 130 mm cables). Fasteners such as screws and bolts may be used to secure the various



components. Finally, as shown in FIG. 11, a seal 3 (e.g., gasket) may be positioned between the front and back

covers.

[000144] The examples above illustrate the use of a lacunated lens as a compact beamforming element.

However the lenses described herein may be used for a variety of other effects, including in particular as an

amplifier. For example, any of the lenses described herein could be configured to operate (similar to a Bulter

matrix) as a mulit-port amplifier, which is capable of selectively (or piecemeal) amplification by dividing a single

input signal into N-signals or combining N-signals into a single output. For example, two or more of the lense

devices (such as those shown in FIGS.4A-4C) may be connected together (and even stacked atop each other for

compact packing) to feed into each other. For example, with reference to FIG. 4A, energy applied into the input

port(s) (e.g., any one of them) may be divide out into the output ports; the output of all or just some of these

output ports may be (e.g., individually) amplified, amplifying the energy, and the output could be fed into another

lens and re-combined. As a result, each amplifier used to amplify the final output would need less power and/or

may be smaller and more compact (and require both space and less overhead, e.g., for cooling). This may further

allow the use of smaller, less expensive amplifiers, including chip amplifiers.

[000145] Thus, the lenses described herein may be used in virtually any application that a Bulter matrix may be

used, however the lenses described herein have numerous advantages over Bulter matrix devices, including their

compact dimensions. A Butler matrix is typically a larger multilayered device, and may be difficult to use, in

contract to the compact single (e.g., single dielectric) layer lenses described herein.

CONNECTION TO RADIO/TRANSCIEVER

[000146] As mentioned above, any of the antennas described herein may be used with a removable/connectable

RF radio (also referred to as a transceiver). Alternatively, in some variations the radio may be dedicated and/or

permanently integrated into the antenna.

[000147] In variations in which the radio may be connected to the antenna, the radio may be a radio that is

configured to be operated with various types of antennas and removably connected to an antenna, such as the phased

array antennas as described above. For example, a radio may be an RF radio. The radio may include a transmitter

and receiver, and may include one or more outputs/inputs (e.g., RF outputs/inputs) such as a horizontal polarization

output/input and a vertical polarization output/input, as well as USB connector (of any appropriate type, such as a

micro USB connector). Any of the antennas described herein may also include a USB connector or any appropriate

type (e.g., a USB type A connector). As will be described in greater detail below, when connecting the device, the

radio may be connected so that the data input/outputs (such as the RF outputs) are connected to the antenna, and the

USB ports between the radio and antenna may also be connected. Power (e.g., POE) may be transmitted through the

USB to power the antenna. In general, the radio device (e.g., transceiver), such as a 2x2 MIMO radio, can be paired

with the antenna to transmit/receive.

[000148] In variations in which the radio may be used with a variety of different antennas, including the phased

array antennas described herein that can be beamformed (aimed) on different devices (e.g., client or target devices,

such as wireless devices as shown in FIG. 3), the radio device may benefit from knowing the identity of the antenna

that it is connected to, so that the radio may control the direction of the beam (e.g., steer) the beam during operation

of the radio. For example, the radio may control the modulation technique (TMDA, etc.) or otherwise routing traffic

to and from the radio. Thus, the radio (which may also be referred to as a transceiver) may be configured to detect

and identify the antenna that it is paired with, and, based on the identity of the antenna, configured the radio so as to



transmit and receive using the antenna, including provide control signals to the antenna (e.g., for aiming the

antenna). This may be particularly useful with the phased array antennas described herein.

[000149] By using a USB connection between the radio and the antenna that can be used to provide power

and/or data between the radio and the antenna, detection and/or communication between the antenna and the radio

device may be done without the need for an additional communication link between the devices. A simplified

circuit for signaling the identity of the antenna to the radio device may use the ground pins of the USB connection.

By modifying the voltage of the ground pin, the USB connection may be a static identifier of the antenna identity in

an otherwise generic USB connection, without requiring the use of a data line/pin of the USB connection. The

circuitry involved may be extremely robust and simple.

[000150] In general, a radio (transceiver) may include a USB connector that mates with a USB connector on the

antenna. As described herein, the traditionally dedicated ground pins on the USB connectors for the radio and the

antenna USB connectors can be adapted to convey information identifying the antenna to the radio and in some

variations, provide control information from the radio for steering the antenna. Thus, although the system does not

use USB signals (Universal Serial Bus signals), instead the USB connector and standard USB cables may be adapted

so that the dedicated ground pins transmit information about the identity and control for the antenna.

[000151] For example, a radio device may include the following USB pins, and be configured as a micro USB

connector (pins usage as follows): Pinl = Power VCC; Pin2 = Digital clock; Pin3 = serial data; Pin4 = ID NC; Pin5

= USB GND; Shell = Earth_gnd. Similarly, the antenna device (e.g., and phased array antenna device) may be

configured as a USB type A connector, and include the following pin configuration: Pinl = VCC power; Pin2 =

Digital clock; Pin3 = Serial data; Pin4 = GND signal; Shell = Earth_GND.

[000152] The radio device can detect that it is connected to a phased array antenna so that it can then coordinate

the control of the beam steering. This may be achieved using an analog circuit connected to the USB ground pin.

An analog detection circuit may be used to detect when the radio device is connected to a particular (e.g.,

predetermined) type of antenna, such as a phased array antenna having a known number of phase angles (beam

ports, TV) and antenna elements (antenna ports, M).

[000153] For example, the radio USB connection may be a digital circuit that uses only the connector Shell as

Ground reference for the digital transmission on the USB connector. The dedicated Ground pins (pin4 on the

antenna side/pin5 on the radio side, in the example above) may be used by the radio to detect a predetermined

antenna type. In some variations the radio includes an antenna detection circuit that allows the detection of the

antenna (e.g., phased array antenna) and gives feedback back to radio (e.g., software controlling the radio and/or

antenna) that the radio has been connected to a predetennined type of phased array antenna. The predetermined type

of antenna may include, for example, phased array antennas having a particular number of antenna (radiating)

elements and/or predetermined steering angles, predetermined bandwidth(s), or the like.

[000154] In general, a detection circuit may be an analog detection circuit that is operatively connected to the

dedicated ground pins of the USB port(s). For example, an antenna detection circuit (or "sensing" circuit) may use

two (or more) comparators that have reference voltages, and a tight tolerance resistive divider. See, e.g., FIG. 12A,

showing one example of a sensing circuit. On the antenna, a signal from the dedicated ground pin of the USB port

(Pin4) may be used as the resistor value detection to ground to complete the circuit. As shown in FIG. 12A, the

inputs from the USB Ground may be compared to determine the identity of the antenna. On the antenna side, a

predetermined type of antenna may have the ground pin of the USB (pin 4) set to a particular value that is different

from the value that another type of antenna has, and that is different from a 'normal' USB ground value that all other



(e.g., non-predetermined) antennas may have. For example, a first type of phased array antenna having six RF paths

with both horizontal and vertical polarization (for a total of 12 paths) that operates at a particular frequency band,

e.g., within a 5GHz bandwidth, may have the ground pin of the USB (pin 4) at (or set to) a first voltage value, and a

second type of phased array antenna having eight RF paths with both horizontal and vertical polarization (for a total

of 16) that operates at a second frequency band, e.g., also within a 5GHz bandwidth, may have the ground pin of the

USB (pin 4) at (or set to) a second voltage value. As shown in FIGS. 12A and 12B, the sensing/detection circuit

may use the value of the USB ground pin (Pin4) on the antenna to determine which of four possibilities for the

connection to the antenna are present: default, first type of phased array antenna (beam board 1), second type of

phased array antenna (beam board 2), or non-beam board antenna. Although the sensing/detecting circuit shown in

FIG. 12A includes only two binary digits (e.g., four possibilities), the circuit may include additional "digits" and

therefore additional numbers of predetermined antenna types. In this example, the antenna sensing/detection circuit

is an analog circuit that provides a digital output to the radio and indicates the type of antenna to which it is

connected, and therefore may help the device automatically configure for transmission/reception using the antenna.

This information may also be provided to a user or to a remote device to control and/or modify operation of the

antenna and/or radio. Thus, in general, the radio device uses the dedicated USB ground signal (USB_GND) from

the antenna using the USB cable connection and comparators sense the voltage and report the result. As mentioned,

the detected antenna information may be reported via output to a GPIO digital signal on a host CPU.

[000155] In variations in which the radio controls the operation of the phased array antenna, the radio (or a

processor/remote CPU, user, etc. operating through the radio) may control the operation of the antenna. For

example, in a phased array antenna in which a lens is used for beam shaping (steering), the lens board may use

several digital electronic ICs, and RF active parts to control the operation of the antenna, including switching the

beam ports and thereby steering the antenna. In some variations this control information may be transmitted using

the USB connection between the radio and the antenna, and data such as antenna control data, may be transmitted

from the USB connection as well as power for powering the antenna. Thus, an antenna may receive power from a

USB connector, such as power in from the USB connector provided by the radio, e.g., between about 4.2 to 5VDC.

The antenna may also be controlled (e.g., steered) using control information from the USB connection. For

example, shift registers may be used to decode a serial stream of data from and convert it to parallel data, which is

then fed to an RF switch matrix to select the correct RF beam on the electronic lens for beamforming (e.g., RF lens).

This is shown in overview in FIG. 13. In this example, the antenna receives power and data from the radio,

including from the USB connection. Data from the USB connection may be used to control the beamforming as

mentioned above, by controlling the phase angle select switch that selects between the plurality of beam ports to

select the predetermined phase angle and thereby steer the beam. In FIG. 13, the RF switch matrix determines

which of the beam ports to feed particular information on so that the antenna directs this information properly in

space. In some variations, this circuitry is included as part of the lens circuitry on the antenna, as mentioned above.

[000156] FIGS. 14A-14M show an example of one method of connecting, configuring and aligning a phased

array antenna having a separate RF radio element. In this example, the phased array antenna is configured as a

phased array base station antenna for point-to-multipoint linking. The phased array antenna (without the radio) in

this example has dimensions of approximately 356 x 568 x 254 mm (14.02 x 22.36 x 10 inches), weighs about 6 kg

(13.23 lb.) and is formed of primarily (e.g., the housing) of injection molded polycarbonate and die cast aluminum.

The apparatus shown may have a frequency range of between about 5.1-5.9 GHz and a beamwidth of approximately

18° (with an electrical downtilt of 4°).



[000157] In this example, the RF radio is separate from the integrated phased array antenna, and is connected to

the antenna as shown in FIGS. 14A- 14H. The phased array antenna apparatus shown is similar to the variation

illustrated in FIGS. 10A-F and 11, and includes a UBB port, a horizontal RF connector and a vertical RF connector,

a radio mounting bracket and a cover or shroud for the RF radio once mounted to the antenna, and mounting

elements for mounting the antenna to a pole or surface. In FIG. 14A, the RF radio device (shown in this example as

a Ubiqiuti™ Rocket M5 AC radio, though any other appropriate transceiver may be used) is prepared for connecting

to the phased array antenna by removing a cover on the radio to expose the Ethernet connector and USB port. In

FIG. 14B, the Ethernet connection may be connected to an Ethernet cable. A USB cable may then be connected to

the USB port, as shown in FIG. 14C, and the cover replaced over the radio device. In the example RF radio shown,

the radio includes a pair of RF connectors (e.g., horizontal component connection and vertical component

connection). In FIG. 14D, the connectors may be connected to RF cables.

[000158] In FIG. 14E, the USB cable connected at one end to the radio device may then be connected to the

antenna's USB (e.g., USB Type A) connector on the back of the antenna. Thereafter, the radio device may be

mounted to the back of the antenna using the radio mounting brackets, as shown in FIG. 14F, in which the radio

device is slid down into the mounting bracket until locked into place. In FIG. 14G, the other ends of the RF cables

(the vertical and horizontal and/or chain 1 and Chain 0) are then connected to the connectors on the back of the

antenna, and a cover (e.g., shroud) may then be positioned over the radio and locked into place, covering the

connections and cables. The cover may include a seal to prevent exposure to the elements (e.g., water, etc.). As

described above, connecting the radio to the antenna may also initiate or trigger detection (e.g., by the radio and/or

antenna) that the connection has been made, and further, provide information to the radio device about what type of

antenna the radio has been connected to, as discussed above in reference to FIGS. 12A and 12B. The radio may

then configure itself for transmission on and control of the phased array antenna.

[000159] As shown in FIGS. 14H to 14M, the phased array antenna apparatus (including the radio) may be

mounted to a pole, wall, tree, or any other structure or surface. For example, in FIG. 14H, U-brackets may be

attached to the back of the antenna housing and secured by mounting lugs, as shown. When mounting to a pole, pole

mounts may be attached to the brackets, as shown in FIGS. 14J. Pole clamps may then be attached (shown in FIG.

14K) to the U-brackets and secured. Thereafter the mounting assembly may be attached to a pole, as illustrated in

FIG. 14L. For example, the pole clamps may be locked onto the mounting and tightened down by bolts. In this

example, the mounting assembly is configured to mount to a 38-47 mm diameter pole, but the mounts may be

modified to fit any appropriate pole/surface as necessary.

[000160] Once mounted, the antenna may be adjusted ("aligned") to set the elevation and the azimuthal field of

view. Since the device may be electrically steered, precise alignment may not be necessary, however adjustments

may be made as shown in FIG. 14M. For example, the mounts may be adjusted to increase or decrease the tilt

(elevation adjustment), and bolts may be used to tighten/clamp the device once the desired tilt is selected.

MANAGING AN ARRAY OF ANTENNAE

[000161] Any of the apparatuses (systems and devices) described herein may be used as part of a wireless

network. Thus, described herein are wireless networks and methods and systems for managing them. Also

described herein are methods and systems for managing an array of directional antennae (e.g., as a single antenna).

[000162] For example, described herein are methods and systems that may address the problem of

managing an array of antennae operating as a single AP by determining the most suitable antenna from the array of



antennae for a respective end device under the coverage of the AP and designating that antenna for communication

between the AP and the end device. These techniques may also be adapted to determine steering angles for steering

a single (or group of) phased array antennas.

[000163] An end device can be any device in wireless communication with the AP (e.g., a computer, cell

phone, and tablet). The AP can periodically generate training packet for a respective antenna and transmit that

packet via the corresponding antenna (or via a respective antenna in the array of antennae) to the end devices under

the coverage of the antenna. Upon receiving the packet, a respective end device generates a response packet

comprising priority values of one or more criteria of antenna association (e.g., signal strength) for a respective

antenna and transmits the packet back to the AP. Based on the priority values, the AP designates the most suitable

antenna of the array for the end device, thereby becomes trained for that end device.

[000164] For example, the priority value can be the measured signal strength of a respective antenna at the

end device if the criterion is the signal strength of the AP. An end device uses the response packets to notify the AP

regarding the measured signal strength of a respective antenna at the end device. The AP then designates the

antenna that has the most desirable measured signal strength value for subsequent communication with that end

device. Examples of other criteria include, but are not limited to, packet error rate and a modulation scheme. If

packet error rate is the criterion, the number of training packets successfully received by an end device can be the

corresponding antenna association information, and the priority value is the response packets can be a packet

number.

[000165] FIG. 15A illustrates an exemplary array of antennae operating as an AP, in accordance with one

embodiment. In this example, in a wireless network 100, an AP 1 0 includes an array of directional antennae,

comprising antennae 12, 14, and 116. Externally, antennae 112, 114, and 116 appear as one single AP 110 (e.g.,

use the same AP identifier). Horizontal beamwidths of antennae 112, 114, and 116 are 122, 124, and 126,

respectively. Beamwidths 122, 124, and 126 are overlapping with each other and together these beamwidths create

beamwidth 120 for AP 110. In this way, antennae 112, 114, and 116 together facilitate the coverage provided by AP

110 via beamwidth 120, thereby operating as a single AP 110. Beamwidths 122, 124, and 126 can be different from

each other (e.g., antennae 112, 114, and 116 can have different radiation patterns). In some embodiments, antennae

112, 114, and 116 provide Multiple-Input Multiple-Output (MIMO) support (e.g., support for IEEE 802. 11η

standard) to AP 110.

[000166] Note that, antennae 112, 114, and 16 operating as a single AP 110 is different from an AP having

a plurality of sector antennae. A sector antenna typically creates a sector-shaped service area where the antenna

provides wireless services. In contrast, antennae 112, 114, and 116 is managed together to operate in conjunction

with each other and create a single service area indicated by beamwidth 120. End devices in that service area are

provided wireless service by AP 10 via one or more of antennae 112, 14, and 116.

[000167] Because antennae 112, 114, and 116 have individual coverage areas (represented by their

respective beamwidths), for antennae 112, 114, and 116 to externally appear as a single AP, these antennae have to

be managed together. Suppose that a number of end devices 132, 134, 136, and 138 are under the coverage of AP

10. Physically, these end devices can be covered by different antennae. For example, even though end devices

132 and 134 consider themselves under the coverage of AP 10, end devices 132 and 134 are physically under the

coverage of antennae 112 and 114, respectively.

[000168] To solve this problem, AP 10 can periodically generate training packet for a respective antenna

and transmit that packet via the corresponding antenna. This training packet includes an antenna identifier of



antenna that corresponding antenna. In some embodiments, a training packet is a multi-destination packet (e.g., a

broadcast packet). A respective antenna can simply transmit this multi-destination packet periodically and a

respective end device within the coverage of the antenna can receive the packet. For example, AP 1 0 can generate

a training packet for antenna 112, include an identifier of antenna 112 in the training packet, and periodically

transmit the packet via antenna 112. The training packet is received by a respective end device within the coverage

of antenna 1 2 (e.g., end devices 132 and 138). Similarly, AP 110 periodically generates training packets for

antennae 114 and 116, includes identifiers of antennae 114 and 116 in the corresponding packet, and transmits the

corresponding packet via antennae 114 and 16, respectively.

[000169] Upon receiving the packet, a respective end device generates a response packet. For example, end

device 138 receives a training packet via antenna 112, which includes an antenna identifier of identifier 112. Upon

receiving the training packet, end device 138 generates a response packet comprising priority values of one or more

criteria which indicates end device 138's association with antenna 112. Similarly, end device 138 also receives a

training packet via antenna 114, which includes an antenna identifier of identifier 114. Upon receiving the training

packet, end device 138 generates a response packet comprising priority values of one or more criteria which

indicates end device 138's association with antenna 114.

[000170] The priority value can be the measured signal strength of antenna 112 at end device 138 if the

criterion is the signal strength. In the response packet, end device 138 includes the identifier of antenna 112 and the

signal strength of antenna 112 measured at end device 138, and transmits the packet to AP 110. Similarly, in

response to the training packet from antenna 114, end device 138 measures signal strength of antenna 114 at end

device 112. In the response packet, end device 138 includes the identifier of antenna 114 and the signal strength of

antenna 114 measured at end device 138, and transmits the packet to AP 110.

[000171] AP 1 0 receives the response packets for antennae 112 and 114, extracts the respective measured

signal strengths form the respective packets, and determines which of antennae 112 and 14 has better measured

signal strength at end device 138. In some embodiments, AP 110 extracts the measured the signal strength (or any

other priority values associated with any other criteria) from a plurality response packets over a period of time and

designates an antenna for end device 138 based on current and historical values (e.g., via a running average).

Suppose that antenna 2 has better measured signal strength at end device 138. AP 110 then assigns antenna 112

for data communication between AP 110 and end device 138, thereby training AP 10 for designating an antenna

from the array of antennae for end device 138. Antenna 12 can then be referred to as the designated antenna for

end device 138.

[000172] In the same way, AP 110 uses training packers to determine antenna 112, 114, and 116 to be the

designated antennae for communicating with end devices 132, 134, and 136, respectively. This way of training an

AP for designating an antenna for an end device based on actively receiving response packet can be referred to as

active learning. Once AP 110 is trained for an end device, AP 110 uses the designated antenna to communicate with

the end device. Communication from AP 1 0 to the end device can be referred to as downstream communication,

and communication from the end device to AP 110 can be referred to as upstream communication.

[000173] In some embodiments, AP 110 continues to periodically transmit training packets even when all

end devices in the coverage of AP 10 has a designated antenna. If an end device moves into the coverage of AP

110, the priority values associated with the end device can change. As a result, via the continuous transmission of

training packets, AP 10 can be retrained and select a different designated antenna for the end device. Furthermore,

when a new end device moves into the coverage of AP 110, this new end device receives the training packets and

sends corresponding respond packets back. This allows AP 0 to designate an antenna for the new end device.



[000174] Radiation from a respective antenna in AP 1 0 can have a vertical polarity and a horizontal

polarity. The horizontal and vertical polarities indicate the orientation of the electric field of the radio wave

generated by the antenna. In this way, antennae 112, 114, and 116 can have a combination of six orientations at

which AP 110 can radiate radio waves. When AP 110 designates an antenna to an end device, AP 110 can use both

horizontal and vertical polarizations of the antenna to communicate with the end device.

[000175] In some embodiments, AP 110 can use one or more of vertical and horizontal polarizations of any

of antennae 112, 114, and 116 to communicate with an end device. Under such a scenario, AP 110 assigns an

identifier to a respective polarization of a respective antenna. When AP 110 sends training packet via a respective

polarization of antennae 112, 114, and 116, AP 110 includes the identifier of that polarization in the corresponding

training packet. Upon receiving response packets for the corresponding polarization, AP 110 designates one or

more of the vertical and horizontal polarizations of any of antennae , 14, and 1 6 to an end device. For

example, based on the training, AP 110 can designate antenna 112's radio wave with horizontal polarization for

communicating with end device 132. In another example, AP 10 can designate antenna 112's radio wave with

vertical polarization and antenna 114's radio wave with horizontal polarization for communicating with end device

138. n further embodiments, for a particular end device, AP 110 may use two antennas simultaneously, one with

horizontal polarization and the other with vertical polarization. Such configuration could be useful in indoors

applications because obstacles (such as walls and ceilings) often respond differently to different polarizations, and

using one antenna with horizontal polarization in one direction and another antenna with vertical polarization in

another direction could be the most effective way of communicating with an end device.

[000176] In some embodiments, AP 110 uses contention-based medium sharing scheme which requires

each end device to contend for bandwidth from AP 110 (e.g., to obtain permission for transmission to/from AP 110)

and send acknowledgement for each received packet. A contention-based medium sharing scheme can be based on

Institute of Electrical and Electronics Engineers (IEEE) 802.1 1 family of standards. Under such a scenario, AP 110

sends individual training packet to end devices 132, 134, 136, and 138. Upon receiving the packet, a respective end

device sends an acknowledgement back to AP 110. AP 110 measures the priority values associated with the one or

more criteria based on the acknowledgement.

[000177] If the criterion is signal strength, AP 110 measures the signal strength of a respective received

acknowledgement packet and determines the designated antenna based on the measured signal strength values for a

respective end device. For example, AP 110 measures the signal strength of the acknowledgement packets from end

device 138. AP 110 can measure the signal strength (or any other priority values associated with any other criteria)

for a plurality of acknowledgement packets over a period of time. Suppose that AP 110 determines that the signal

strength of the received acknowledgement packets from end device 138 via antenna 114 is the strongest. In

response, AP 110 designates antenna 114 for communicating with end device 138. This way of training an AP for

designating an antenna for an end device based on receiving wireless acknowledgement can be referred to as passive

learning.

[000178] In some embodiments, AP 110 can be managed by a remote system. FIG. 15B illustrates an

exemplary system managing an array of antennae operating as an AP. In this example, system 150 (e.g., a

computing system) is coupled to AP 110 via one or more wired and/or wireless link. System 150 can locally

generate training packets, and send the training packets to AP 110, or can instruct AP 1 0 to generate the training

packets. Upon receiving the response packets, AP 110 can send the response packets to system 150, which in turn

extracts the priority values from the response packets, and designates an antenna for a respective end device. AP



110 also can extract the priority values from the received response packets and send the extracted priority values to

system 150, which in turn designates an antenna for a respective end device.

[000179] In the example in FIG. 15A, to send a multi-destination packet across beamwidth of 120, AP 110

sends the packet via antennae 112, 114, and 116. To solve this problem, the array of antennae in AP 110 can

include a broadcast antenna. FIG. 15C illustrates an exemplary an array of antennae, which includes a broadcast

antenna, operating as an AP. In this example, AP 110 includes a broadcast antenna 118 with a beamwidth 128,

which fully overlaps with beamwidth 120. If AP 110 needs to send a multi-destination packet (e.g., a broadcast, a

multicast, or an unknown unicast packet), instead of sending the packet individually via antennae 112, 114, and 116,

AP 110 transmits the packet via antenna 118 to end devices 132, 134, 136, and 138. Furthermore, when AP 110 has

not been trained for an end device (e.g., a new end device has moved into the coverage of AP 110), AP 110 can use

antenna 118 to communicate with that end device.

[000180] FIG. 15D illustrates an exemplary an array of antennae, which includes a virtual broadcast

antenna, operating as an AP. In this example, AP 110 includes a virtual broadcast antenna 160, which is logically

coupled to antennae 112, 114, and 116. If AP 110 needs to send a multi-destination packet, AP 110 sends the packet

to virtual broadcast antenna 160. As a result, the corresponding radio frequency (RF) signal is sent to antennae 112,

114, and 116. In turn, each of antennae 112, 114, and 116 transmits the packet in its corresponding coverage area.

In this way, the packet is transmitted across beamwidth 120 toward end devices 132, 134, 136, and 138.

[000181] FIG. 16A presents a flowchart illustrating an exemplary process of an AP actively learning

antenna association of end devices. During operation, the AP constructs training packets comprising the

corresponding antenna identifier for respective antenna (operation 202) and transmits the training packets via

corresponding antenna of the AP (operation 204). In some embodiments, the training packets are multi-destination

packets. The AP receives response packets corresponding to the training packets from respective end device

(operation 206). The AP then extracts the corresponding antenna identifier and priority values of one or more

criteria from received response packets (operation 208). For a respective received response packet, the AP identifies

the antenna associated with the extracted priority values from the response packet based on the extracted antenna

identifier (operation 210). This operation allows the AP to associate the priority values with the antenna for which

an end device has determined the priority values. For a respective end device, the AP then determines the

designated antenna based on the extracted the priority values (operation 212). In some embodiments, the AP

extracts the priority values from a plurality response packets over a period of time and designates an antenna for an

end device based on current and historical values (e.g., via a running average).

[000182] FIG. 16B presents a flowchart illustrating an exemplary process of an end device facilitating

active learning of antenna association. During operation, the end device receives a training packet comprising

antenna identifier from an AP (operation 254) and determines the priority values of one or more criteria (operation

254). The end device then constructs a response packet for corresponding antenna comprising the antenna identifier

and the determined priority values (operation 256) and transmits the response packet to the AP (operation 258). In

some embodiments, the end device transmits the response packet to the antenna associated with the antenna

identifier. Examples of a criterion include, but are not limited to, signal strength, packer error rate, and a modulation

scheme. Examples of a priority value include, but are not limited to, measured signal strength at an end device, a

packet identifier, and the bit error rate associated with a modulation scheme.

[000183] In some embodiments, an AP uses contention-based medium sharing scheme which requires each

end device to contend for bandwidth from the AP (e.g., to obtain permission for transmission to/from the AP) and

send acknowledgement for each received packet. In some embodiments, an FIG. 17 presents a flowchart illustrating



an exemplary process of an AP passively learning antenna association of end devices. During operation, the AP

constructs a training packet for a respective antenna comprising the corresponding antenna identifier for a respective

end device (operation 302). The AP then transmits the training packet via the corresponding antenna (i.e., the

antenna associated with the antenna identifier) of the AP to the corresponding end device (i.e., the end device for

which the training packet is intended for) (operation 304). The AP receives a wireless acknowledgement from the

corresponding end device for the corresponding training packet (operation 306). In some embodiments, the wireless

acknowledgement is based on the IEEE 802.1 1 family of standards. For the corresponding end device, the AP

determines the priority values of one or more criteria for the corresponding antenna based on the received

acknowledgement (operation 308) and determines the designated antenna based on determined priority values

(operation 310). In some embodiments, the AP determines the priority values from a plurality acknowledgement

packets over a period of time and designates an antenna for an end device based on current and historical values

(e.g., via a running average).

[000184] FIG. 18 presents an exemplary TD A channel access method of an AP. The AP divides its

communication time into a plurality of timeframes 402 and 404. A respective timeframe includes an upstream part

and a downstream part. For example, timeframe 402 includes an upstream part 412 and a downstream part 414, and

timeframe 404 includes an upstream part 416 and a downstream part 418.

[000185] The AP divides the downstream part of a timeframe into timeslots among the end devices under its

coverage. In some embodiments, the timeslots of downstream part 412 are not equal and can be based on the

bandwidth requirement and/or provisioning of an end device. If the AP has four end devices under its coverage, as

described in conjunction with FIG. 15A, the AP divides upstream part 412 into four timeslots 422, 424, 426, and

428, and allocate a timeslot for a corresponding end device. The AP transmits downstream packets to an end device

during its allocated timeslot.

[000186] The AP divides the upstream part of a timeframe into a dedicated part 452 and a common part

454. The AP further divides dedicated part 452 into timeslots among the end devices under its coverage. In some

embodiments, timeslots of dedicated part 452 are not equal and can be based on the bandwidth requirement and/or

provisioning of an end device. If the AP has four end devices under its coverage, as described in conjunction with

FIG. 15A, the AP divides dedicated part 452 into four timeslots 432, 434, 436, and 438, and allocate a timeslot for a

respective end device with more packets than a threshold. The end device transmits upstream packets to the AP

during its allocated timeslot. If an end device does not have more packets than a threshold, the end device contend

with other end devices under the coverage of the AP during common part 454 and transmits the packet to the AP if

the end device is allowed to transmit based on the contention. In some embodiments, the contention is based on

IEEE 802. 11 family of standards. Note that the end devices with downstream timeslots can also contend during

common part 454.

[000187] FIG. 19A presents a flowchart illustrating an exemplary downstream transmission process of an

AP. During operation, the AP receives a data packet for an end device (operation 502) and determines for the

packet the next available downstream timeslot associated with the end device (operation 504). The AP then checks

whether the AP has been trained for the end device (operation 506). If the AP has been trained for the end device,

the AP selects the designated antenna associated with the end device (operation 512) and transmits the packet via the

designated antenna during the determined timeslot (operation 514). Otherwise, the AP transmits the packet via a

physical/virtual broadcast antenna during the determined timeslot (operation 516), as described in conjunction with

FIGS. 15C and 15D. This allows the AP to transmit packets to an end device for which the AP has not been trained

for an antenna association (e.g., when a new end device comes under the coverage of the AP).



[000188] FIG. 19B presents a flowchart illustrating an exemplary upstream reception process of an AP

based on dedicated timeslots. During operation, the AP initiates dedicated upstream part of current timeframe

(operation 532) and determines a timeslot for a respective end device with more packets than a threshold (operation

534). An end device can notify the AP regarding the number of packets (or the amount of data) to be transmitted to

the AP (e.g., via piggybacking or messaging). The AP then checks whether the AP has been trained for the

corresponding end device (operation 536). If the AP has been trained for the corresponding end device, the AP

selects the designated antenna associated with the end device (operation 542) and listens for a packet via the

designated antenna during the determined timeslot (operation 544). Otherwise, the AP listens for a packet via a

physical/virtual broadcast antenna during the determined timeslot (operation 546). In this way, the AP can receive a

packet from an end device for which the AP has not been trained for an antenna association (e.g., when a new end

device comes under the coverage of the AP).

[000189] FIG. 19C presents a flowchart illustrating an exemplary upstream transmission process of an end

device. During operation, the end device generates an upstream data packet (operation 552) and checks whether the

end device has more data packets than a threshold (operation 554). If so, the end device determines the next

available upstream timeslot associated with end device for the packet (operation 556) and transmits the packet

during determined timeslot (operation 558). Otherwise, the end device contends for upstream transmission time

during the common upstream time (operation 560) and checks for obtained transmission time via contention

(operation 562). If the end device has obtained transmission time via contention, the end device transmits the packet

during obtained time via contention (operation 564). Otherwise, the end device waits for the upstream part of the

next timeframe (operation 566).

EXEMPLARY AP SYSTEM

[000190] FIG. 20 illustrates an exemplary AP system that comprises an array of antennae operating as the

AP system. In this example, an AP system 600 includes a processor 602, a memory 604, and a communication

module 606, which can include a radio transceiver and an array of antennae (not shown). Communication module

606 communicates with a respective end device, as described in conjunction with FIGS. 19A and 19B.

[000191] Also included in AP system are a training module 608, a channel access module 610, and a

contention module 612. During operation, training module 608 trains a respective end device for designating an

antenna from the array of antennae for the end device, as described in conjunction with FIGS. 16A and 3. Channel

access module 610 facilitates channel access to end devices, as described in conjunction with FIG. 18. Contention

module 612 facilitates contention-based channel access, as described in conjunction with FIGS. 17 and 18.

[000192] FIG. 8A illustrates an exemplary antenna array, and FIG. 8B presents a perspective view of this

antenna array. In this example, an antenna system 800 includes an array of antenna elements 804 which are placed

on a housing 801 . Note that during normal operation housing 801 may also include a cover which protects antenna

elements 804 from the elements of weather. Housing 801 also includes a pair of flares 802, which are made from

metal and extend at an angle. Flares 802 improve rejection of noise from directions that are not useful for antenna

system 800, such as from behind or on the sides of antenna system 800.

[000193] In one embodiment, antenna element array 804 may include a number of columns of antenna

elements. One column (for example, the right-most column) can be used to transmit omni-directional signals (i.e.,

the signals are transmitted through these elements in a pass-through mode). The rest of the columns of antenna

elements are used to generate directional beam transmission based on phase change introduced to the signal path to

each antenna elements. In one embodiment, a subset of the antenna elements are used for transmission of



horizontally polarized signals and phase manipulation is used to achieve different beam directions for such

horizontally polarized signals, as a result of interference of signals transmitted by these antenna elements. Similarly,

another subset of the antenna elements is used for transmission of vertically polarized signals in various directions.

[000194] In one embodiment, antenna system 800 can also include a signal processing module which is

responsible for distributing the signals to antenna elements 804 and facilitating appropriate phase changes to the

signals to achieve the desired beam directions.

[000195] As mentioned above, a phased array antenna (as illustrated in FIGS. A-3E above) is another

example of an AP system that comprises an array of antennae elements that can be operated as the AP system

described above. In this example, the AP system includes a processor, a memory, and a communication module,

which can include a radio transceiver and an array of antennae (the phased array antenna). A communication

module communicates with the various devices to which the phased array antenna is aimed. FIG. 22 is another

example of a system 2201 of a phase-shifted set of antennas that may be operated as described herein; in this

example, a plurality of antennas 2203 each receive phase-shifted input 2207 that is delayed 2205 in a predetermined

manner. The inputs 2209, 221 1 may be from a single radio device (e.g., having a vertical and horizontal

polarization.

[000196] Similarly, the array of antennas may be an array of sector antennas, as illustrated in FIG. 21. In

this example three sector antennas 2105, 2105', 2105" are connected to a single radio device 2101 through a switch

2103. The system may be controlled as described above to operate as an AP system.

[000197] The methods and processes described in the detailed description section can be embodied as code

and/or data, which can be stored in a computer-readable storage device as described above. When a computer

system reads and executes the code and/or data stored on the computer-readable storage device, the computer

system performs the methods and processes embodied as data structures and code and stored within the computer-

readable storage medium.

[000198] Furthermore, methods and processes described herein can be included in hardware modules or

apparatus. These modules or apparatus may include, but are not limited to, an application-specific integrated circuit

(ASIC) chip, a field-programmable gate array (FPGA), a dedicated or shared processor that executes a particular

software module or a piece of code at a particular time, and/or other programmable-logic devices now known or

later developed. When the hardware modules or apparatus are activated, they perform the methods and processes

included within them.

[000199] In some variations of the phased array antenna devices (such as those configured to operate as

access points) described herein, the apparatus may include a plurality of antenna emitting elements such as those

shown in FIG. 6B, but RF beam forming may be performed using a plurality of phase shifting elements, as shown in

FIG. 22. As discussed above, a controller may select the phase angles to set the phase shifting elements to steer the

beam (e.g., select a directional beam) from the device. Such a configuration may be particularly helpful when

TDMA is used in which the apparatus can assign each of a plurality of station devices that communicate with the

access point (and particularly stationary access points) a directional beam (as described above, e.g., by transmitting

training packets and receiving response packets). The methods described herein permit training with relatively low

overhead demands, as training packets don't have to be transmitted very often. Any of these methods may also allow

the access point apparatus to associate multiple directional beams to the same antenna, including one for receiving

data from the station at the AP (uplink directional beam) and transmitting data to the station from the AP (downlink

directional beam). In addition, any of the systems described herein may also be configured for operation as I O



(multiuser MIMO) systems; for example, both horizontal and vertical polarizations may be used for

transmission/reception between the AP and a station.

[000200] In the apparatuses and devices described herein, assigning a directional beam to a station may be

done iteratively, particularly in variations in which a phase shifting array is used to form the directional beam(s).

Any of these systems may have a large number of possible directions (e.g., phase angles) for the beamforming,

based on the signals sent to each of the phase shift elements in the array of phase shifters. Thus, in some variations,

an iterative process of selecting an initial range of directional beams that are broadly separated (e.g., five directional

beams, extending between -45 and +45) may be initially used. When information received from one or more

response packet specific to a device indicates the "best" directional beam (e.g., based on the criteria for directional

beam selection described above), a second (or more) round of training packets may be sent out over a narrower

range of directional beams, e.g., if the best response packet corresponded to the -22.5 directional beam, then the next

five training packets may be between -32.5 and -12.5. This process may be repeated again for each station, either

separately for each station or as a group for some of the stations. Thus, the assignment of directional beams to

specific target devices may be fine-tuned.

[000201] As mentioned above, e.g., in reference to the response packets described herein typically refer to a

particular directional beam, station, and one or more criteria for directional beam selection. For example, a criteria

for selecting the directional beam (the "goodness" of a particular directional beam) may include information such as

the CINR, or carrier to interference noise ratio. This information may indicate an interferer that is relevant only in

one direction (e.g., upstream transmission) and may therefore allow the selection of different upstream and

downstream directional beams, as described above.

[000202] For example, an AP apparatus may send out a common training packet (e.g., from each

directional beam or from a broadband beam spanning all or most beam angles) during beam training. CINR may be

included as part of the information transmitted. For example, an AP may be using a specific beam combination

(e.g., the AP could get a reading for Tx and Rx for each station device, including the CINR). An interfere may be

present in a given direction, e.g., from nearby beams that are close (but not too far away) that the system may want

to avoid. A beam training packet (e.g., broadcast packet) may be used to minimize the link capacity for learning

packets. The AP may assign a special slot to send back beam training packets during operation. For downlink there

may not be a special slot when, e.g., a general training packet is broadcast to all stations. There may be contention

in the uplink, because there may be multiple stations, which can't be 'heard' by the AP at the same time. The AP

may assign slots (e.g., uplink/downlink time slots) dynamically and based on requirement, rather than dedicating a

slot to each station, in order to enhance efficiency, so that only those stations that have a need to transmit to the AP

above a threshold value (or other otherwise prioritized) may be assigned a predetermined slot. In the contention

period (or common period), the AP may receive signal from any of the stations, those that did not require a

dedicated slot of time or needed slightly more time than permitted by the assigned slot. The AP may therefor

dedicate a training slot to send CINR training packet, so as to avoid collision. When the AP provides CINR training

slots, so that the AP will listen on a particular beam, the CINR may be transmitted and used to determine assignment

of directional beams and/or rate of transfer information. For example, CINR may be encoded in one bit, so that each

station has a time-series value for CINR; once the AP puts a beam dimension to the CINR training value, it may bin

this according to the directional beam, and it can be sorted based on CINR (e.g., beam and time). Adding another

dimension (beam) and each beam will have a time series of CINR values). Thus, the use of CINR values, either as

part of the training packet or as part of a separate packet may enhance the determination of the directional beam for

each station.



[000203] The foregoing descriptions of various embodiments have been presented only for purposes of

illustration and description. They are not intended to be exhaustive or to limit the present invention to the forms

disclosed. Accordingly, many modifications and variations will be apparent to practitioners skilled in the art.

Additionally, the above disclosure is not intended to limit the present invention.

[000204] When a feature or element is herein referred to as being "on" another feature or element, it can be

directly on the other feature or element or intervening features and/or elements may also be present. In contrast,

when a feature or element is referred to as being "directly on" another feature or element, there are no intervening

features or elements present. It will also be understood that, when a feature or element is referred to as being

"connected", "attached" or "coupled" to another feature or element, it can be directly connected, attached or coupled

to the other feature or element or intervening features or elements may be present. In contrast, when a feature or

element is referred to as being "directly connected", "directly attached" or "directly coupled" to another feature or

element, there are no intervening features or elements present. Although described or shown with respect to one

embodiment, the features and elements so described or shown can apply to other embodiments. It will also be

appreciated by those of skill in the art that references to a structure or feature that is disposed "adjacent" another

feature may have portions that overlap or underlie the adjacent feature.

[000205] Terminology used herein is for the purpose of describing particular embodiments only and is not

intended to be limiting of the invention. For example, as used herein, the singular forms "a", "an" and "the" are

intended to include the plural forms as well, unless the context clearly indicates otherwise. It will be further

understood that the terms "comprises" and/or "comprising," when used in this specification, specify the presence of

stated features, steps, operations, elements, and/or components, but do not preclude the presence or addition of one

or more other features, steps, operations, elements, components, and/or groups thereof. As used herein, the term

"and/or" includes any and all combinations of one or more of the associated listed items and may be abbreviated as

"/".

[000206] Spatially relative terms, such as "under", "below", "lower", "over", "upper" and the like, may be

used herein for ease of description to describe one element or feature's relationship to another element(s) or

feature(s) as illustrated in the figures. It will be understood that the spatially relative terms are intended to

encompass different orientations of the device in use or operation in addition to the orientation depicted in the

figures. For example, if a device in the figures is inverted, elements described as "under" or "beneath" other

elements or features would then be oriented "over" the other elements or features. Thus, the exemplary term "under"

can encompass both an orientation of over and under. The device may be otherwise oriented (rotated 90 degrees or

at other orientations) and the spatially relative descriptors used herein interpreted accordingly. Similarly, the terms

"upwardly", "downwardly", "vertical", "horizontal" and the like are used herein for the purpose of explanation only

unless specifically indicated otherwise.

[000207] Although the terms "first" and "second" may be used herein to describe various features/elements,

these features/elements should not be limited by these terms, unless the context indicates otherwise. These terms

may be used to distinguish one feature/element from another feature/element. Thus, a first feature/element discussed

below could be termed a second feature/element, and similarly, a second feature/element discussed below could be

termed a first feature/element without departing from the teachings of the present invention.

[000208] As used herein in the specification and claims, including as used in the examples and unless

otherwise expressly specified, all numbers may be read as if prefaced by the word "about" or "approximately," even

if the term does not expressly appear. The phrase "about" or "approximately" may be used when describing



magnitude and/or position to indicate that the value and/or position described is within a reasonable expected range

of values and/or positions. For example, a numeric value may have a value that is +/- 0.1% of the stated value (or

range of values), +/- 1% of the stated value (or range of values), +/- 2% of the stated value (or range of values), +/-

5% of the stated value (or range of values), +/- 10% of the stated value (or range of values), etc. Any numerical

range recited herein is intended to include all sub-ranges subsumed therein.

[000209] Although various illustrative embodiments are described above, any of a number of changes may

be made to various embodiments without departing from the scope of the invention as described by the claims. For

example, the order in which various described method steps are performed may often be changed in alternative

embodiments, and in other alternative embodiments one or more method steps may be skipped altogether. Optional

features of various device and system embodiments may be included in some embodiments and not in others.

Therefore, the foregoing description is provided primarily for exemplary purposes and should not be interpreted to

limit the scope of the invention as it is set forth in the claims.

[000210] The examples and illustrations included herein show, by way of illustration and not of limitation,

specific embodiments in which the subject matter may be practiced. As mentioned, other embodiments may be

utilized and derived there from, such that structural and logical substitutions and changes may be made without

departing from the scope of this disclosure. Such embodiments of the inventive subject matter may be referred to

herein individually or collectively by the term "invention" merely for convenience and without intending to

voluntarily limit the scope of this application to any single invention or inventive concept, if more than one is, in

fact, disclosed. Thus, although specific embodiments have been illustrated and described herein, any arrangement

calculated to achieve the same purpose may be substituted for the specific embodiments shown. This disclosure is

intended to cover any and all adaptations or variations of various embodiments. Combinations of the above

embodiments, and other embodiments not specifically described herein, will be apparent to those of skill in the art

upon reviewing the above description.



CLAIMS

What is claimed is:

. A method of operating an access point in a wireless network, wherein the access point is configured to

operate a plurality of directional beams, the method comprising:

transmitting a training packet for each of the plurality of directional beams of the access point, wherein

each training packet includes an identifier specific to the directional beam transmitting the training

packet;

receiving at the access point, in response to the training packet, a response packet from a station

device, wherein the response packet includes the identifier specific to the directional beam

transmitting the training packet and a priority value associated with one or more criteria for

directional beam selection;

designating a directional beam from the plurality of directional beams for communicating with the

station device based on the priority value received in the response packet; and

transmitting data between the access point and the station device using the directional beam designated

for the station device to transmit data to the station device.

2. A method of operating an access point in a wireless network, wherein the access point is configured to

operate a plurality of directional beams, the method comprising:

assigning one of the directional beams from the plurality of directional beams to a station device, by:

transmitting a plurality of training packets, wherein each training packet identifies a directional

beam and is transmitted using the identified directional beam; receiving a response packet from a

station device, wherein the response packet identifies one of the directional beams of the plurality

of directional beams and includes a priority value associated with one of the training packets; and

designating the station device a directional beam based on the priority value; and

transmitting data between the access point and the station device using the directional beam designated

for the station device to transmit data to the station device.

3. The method of claims 1 or 2, further comprising assigning a directional beam from the plurality of

directional beams to a second station device.

4. The method of claims 1 or 2, further comprising assigning a directional beam from the plurality of

directional beams to a second station device; and transmitting data between the access point and the second

station device using the directional beam assigned to the second station device.

5. The method of claim 1, wherein transmitting the training packet for each of the plurality of directional

beams comprises transmitting the training packet less frequently than once every second.

6. The method of claim 1, wherein transmitting the training packet for each of the plurality of directional

beams comprises transmitting the training packet less frequently than once every five seconds.

7. The method of claim 2, wherein the step of assigning one of the directional beams is performed less

frequency than once every second.



8. The method of claim 2, wherein the step of assigning one of the directional beams is performed less

frequency than once every five seconds.

9. The method of claim 1 or 2, further comprising transmitting data from the access point to the station device

using the designated directional beam and receiving data at the access point from the station device using a

second direction beam that is different from the designated directional beam.

10. The method of claim 1 or 2, further comprising designating a receive directional beam from the plurality of

directional beams for receiving signals from the station device.

11. The method of claim 1 or 2, further comprising transmitting signals from the station device to the access

point at a first rate using the directional beam designated for the station device during a first time period

assigned to the station device and transmitting signals from the station device to the access point at a

second, lower rate without using the directional beam designated for the station device during a second

time period.

12. The method of claim 1 or 2, wherein transmitting data comprises transmitting data from one of a plurality

of directional antennas forming the access point, wherein each directional antenna is associated with a

directional beam from the plurality of directional beams.

13. The method of claim 1 or 2, wherein transmitting data comprises transmitting data from a phase array

antenna forming the access point, wherein the phase array antenna phase array antenna comprises phase

angles associated with directional beams from the plurality of directional beams.

14. The method of claim 1 or 2, wherein transmitting data comprises transmitting data from a phase array

antenna at different phase angles wherein the phase array antenna includes a plurality of phase shifters

configured to select the directional beams of the access point.

15. The method of claim 1 or 2, further comprising constructing the training packets in a processor of the

access point.

16. The method of claim 1 or 2, wherein the priority value comprises an indicator of one or more of: signal

strength; packet error rate; or a modulation scheme.

17. A method of operating an access point in a wireless network, wherein the access point is configured to

operate a plurality of directional beams, the method comprising:

assigning each of a plurality of station devices one of the directional beams from the plurality of

directional beams;

allocating upstream timeslots to each of the plurality of station device and allocating general upstream

timeslots that are not associated with a single station device;

receiving data at a first rate at the access device from a station device of the plurality of station devices

during an upstream timeslot allocated to the station device and using the directional beam assigned

for the station device;

receiving data at a second data rate at the access device from a station device of the plurality of station

devices during a second upstream timeslot that is a general upstream timeslot.



18. The method of claim 17, wherein the first rate has a different modulation scheme than the second rate.

19. The method of claim 17, wherein the first rate is higher than the second rate.

20. The method of claim 17, wherein receiving data at the second rate comprises using a directional beam that

is different from the directional beam assigned to the station device.

2 1. The method of claim 17, further comprising allocating downstream timeslots to each of the plurality of

stations devices and transmitting data at the first rate to a station device of the plurality of stations during a

downstream timeslot allocated to the station device and using the directional beam assigned for the station

device.

22. The method of claim 17, further comprising allocating downstream timeslots to each of the plurality of

stations devices and transmitting data at the first rate to a station device of the plurality of stations during a

downstream timeslot allocated to the station device and using the directional beam assigned for the station

device.

23. A method of operating an access point in a wireless network, wherein the access point is configured to

operate a plurality of directional beams, the method comprising:

assigning each of a plurality of station devices one of the directional beams from the plurality of

directional beams as a downstream directional beam;

assigning each of a plurality of station devices one of the directional beams from the plurality of

directional beams as an upstream directional beam;

transmitting data from the access point to a station device of the plurality of station devices using the

downstream directional beam assigned to the station device; and

receiving data from a station device of the plurality of station using the upstream directional beam

assigned for the station device.

24. A phased array antenna apparatus, the apparatus comprising:

a controller;

a radio frequency (RF) input connected to the controller;

a steering element having a plurality of antenna ports, wherein the steering element is connected to the

RF input and to the controller and is configured to divide the RF input signal into a plurality of RF

signals that are shifted relatively to each other for beamforming the RF input;

an array of antenna elements, wherein each antenna element is coupled to one of the antenna ports;

wherein the controller is configured to assign a station device a directional beam and to transmit data

to the station device using the assigned directional beam, based on a response packet received

from the station device in response to a training packet emitted by the array of antenna elements.

25. The apparatus of claim 24, wherein the steering element comprises a plurality of phase shifters, wherein

each phase shifter is connected to the RF input and wherein the controller is configured to set a phase angle

for each of the phase shifters.

26. The apparatus of claim 24, wherein the steering element comprises a lacunated lens.



27. The apparatus of claim 24, wherein the controller is configured to periodically transmit a training packet at

each of a plurality of directional beams, wherein the training packet encodes an identifier of the directional

beam.

28. The apparatus of claim 24, wherein the controller is configured to assign the directional beam to a station

device based on the response packet received from the station device, wherein the response packet includes

an identifier of a directional beam and a priority value associated with one of the training packets.

29. The apparatus of claim 24, further wherein the controller is configured to periodically transmit training

packets at each of a plurality of directional beams.

30. The apparatus of claim 24, further wherein the controller is configured to periodically transmit training

packets at each of a plurality of directional beams, wherein the period is less than once every minute.

31. The apparatus of claim 24, further wherein the controller is configured to periodically transmit training

packets at each of a plurality of directional beams, wherein the period is less than once every five minutes.

32. The apparatus of claim 24, further wherein the controller is configured to receive data from the station

device at a first rate using the assigned directional beam at a first window of time, and to receive data from

the station device at a second, slower, rate when not using the assigned directional beam during a second

window of time.

33. The apparatus of claim 24, wherein the controller is configured to allocate upstream timeslots to the station

device and to allocate general upstream timeslots that are not allocated to the station device, and to receive

data at a first rate from the station device devices during an upstream timeslot allocated to the station

device using the assigned directional beam, and to receive data at a second data rate from the station device

during a second upstream timeslot that is not allocated to the station device.

34. The device of claim 24, wherein the array of antenna elements is a flat array.

35. The device of claim 24, wherein each antenna element of the array of antenna elements comprises a line of

emitting elements.

36. The device of claim 24, wherein each antenna element of the array of antenna elements comprises a line of

disc-shaped emitting elements.

37. The device of claim 24, wherein the controller is configured to assign each of a plurality of station devices

a directional beam based on a response packet received from each of the station devices in response to a

training packet emitted by the array of antenna elements, and to transmit data to the station device using the

assigned directional beam.

38. A phased array antenna apparatus, the apparatus comprising:

a controller;

a radio frequency (RF) input connected to the controller;



a plurality of phase shifters, wherein each phase shifter is connected to the RF input and wherein each

phase shifter is connected to the controller;

a plurality of antenna ports wherein each antenna port is connected to a phase shifter;

an array of antenna elements, wherein each antenna element is coupled to one of the antenna ports;

wherein the controller is configured for beamforming the apparatus by setting a phase angle for each of

the phase shifters to directional beams; and

wherein the controller is configured to assign a station device a directional beam and to transmit data

to the station device using the assigned directional beam, based on a response packet received

from the station device in response to a training packet emitted by the array of antenna elements.

39. A phased array antenna apparatus, the apparatus comprising:

a two-dimensional array of antenna emitters;

a radio frequency (RF) transceiver and steering subsystem connected to the 2D array of antenna

emitters, and configured to generate a plurality of RF signals that are phase shifted relatively to

each other for beamforming of the plurality of RF signals emitted by the two dimensional array of

antenna emitters.

40. A phased array antenna apparatus, the apparatus comprising:

an antenna housing including;

a two-dimensional array of antenna emitters forming two or more vertical columns of disc-shaped

emitting surfaces arrange in a flat plane on a front side of the antenna housing;

a pair of flared wings extending vertically along two sides of the two-dimensional array;

a radio frequency (RF) transceiver and steering subsystem connected to the 2D array of antenna

emitters, and configured to generate a plurality of RF signals that are phase shifted relatively to

each other for beamforming of the plurality of RF signals emitted by the two dimensional array of

antenna emitters, wherein the RF transceiver and steering subsystem comprises a radio device; and

two or more RF connectors on a back of the antenna housing, configured to connect the radio device to

the two-dimensional array of antenna emitters.

41. The device of claim 39, wherein the two-dimensional array of antenna elements is a flat array.

42. The device of claim 39, further comprising an antenna housing wherein the two-dimensional array of

antenna emitters are arrange in a flat plane on a front side of the antenna housing.

43. The device of claim 39, further comprising a pair of flared wings extending vertically along two sides of

the two-dimensional array.

44. The device of claim 39, wherein the RF transceiver and steering subsystem comprises a radio device.

45. The device of claim 39 or 40, wherein each antenna element of the array of antenna elements comprises a

line of emitting elements.

46. The device of claim 39, wherein each antenna element of the array of antenna elements comprises a line of

disc-shaped emitting elements.



47. The device of claim 39, wherein each antenna element of the two-dimensional array of antenna elements

comprises a disc-shaped element having a concave emitting surface.

48. The apparatus of claim 39 or 40, wherein the radio frequency (RF) transceiver and steering subsystem

comprises a plurality of phase shifters, wherein each phase shifter is connected to the RF transceiver and

wherein steering subsystem is configured to set a phase angle for each of the phase shifters.

49. The apparatus of claim 39 or 40, wherein the radio frequency (RF) transceiver and steering subsystem

comprises a lacunated lens.

50. The apparatus of claim 39 or 40, wherein the radio frequency (RF) transceiver and steering subsystem is

configured to periodically transmit a training packet at each of a plurality of directional beams, wherein the

training packet encodes an identifier of the directional beam.

5 1. The apparatus of claim 39 or 40, wherein the radio frequency (RF) transceiver and steering subsystem is

separable into an RF transceiver having one or more RF outputs and a steering controller coupled to the one

or more RF outputs.

52. The apparatus of claim 39 or 40, wherein the radio frequency (RF) transceiver and steering subsystem is

configured to assign the directional beam to a station device based on the response packet received from the

station device, wherein the response packet includes an identifier of a directional beam and a priority value

associated with one of the training packets.

53. The apparatus of claim 39 or 40, further wherein the radio frequency (RF) transceiver and steering

subsystem is configured to periodically transmit training packets at each of a plurality of directional beams.

54. The apparatus of claim 39 or 40, further wherein the radio frequency (RF) transceiver and steering

subsystem is configured to periodically transmit training packets at each of a plurality of directional beams,

wherein the period is less than once every minute.

55. The apparatus of claim 39 or 40, further wherein the radio frequency (RF) transceiver and steering

subsystem is configured to periodically transmit training packets at each of a plurality of directional beams,

wherein the period is less than once every five minutes.

56. The device of claim 39 or 40, wherein the radio frequency (RF) transceiver and steering subsystem is

configured to assign each of a plurality of station devices a directional beam based on a response packet

received from each of the station devices in response to a training packet emitted by the array of antenna

elements, and to transmit data to the station devices using an assigned directional beam.

57. A compact electronic RF lens device, the device comprising:

a lens body comprising parallel plates separated by a dielectric, the lens body having an outer

perimeter and an inner region within the outer perimeter;

a plurality of input ports on the outer perimeter of the lens body, wherein each input port

corresponds to a predetermined steering angle;



a plurality of output ports on the outer perimeter of the lens body; and

a plurality of openings in the inner region of the lens body within at least one plate of the parallel

plates of the lens body, wherein the openings are arranged through the lens body so that an

electromagnetic signal entering the lens body from any one of the input ports will exit from

each of the output ports at a time delay corresponding to the predetermined steering angle of

the input port from which the electromagnetic signal entered the lens body.

58. A compact RF electronic lens device, the device comprising:

a lens body, the lens body comprising a ground plate, a dielectric substrate on top of the ground

plate, and a conductor plate on top of the dielectric substrate;

a plurality of input ports on an outer perimeter of the lens body, wherein each input port

corresponds to a predetermined steering angle;

a plurality of output ports on the outer perimeter of the lens body; and

a plurality of openings within the lens body through the conductor plate, wherein the openings are

configured so that an electromagnetic signal entering the lens body from any one of the input

ports will exit from each of the output ports at a time delay corresponding to the

predetermined steering angle of the input port from which the electromagnetic signal entered

the lens body.

59. A compact electronic RF lens device, the device comprising:

a lens body having an upper surface, a thickness, and a lower surface parallel to the upper surface,

the lens body having an outer perimeter and an inner region within the outer perimeter;

a plurality of input ports on the outer perimeter of the lens body, wherein each input port

corresponds to a predetermined steering angle;

a plurality of output ports on the outer perimeter of the lens body; and

a plurality of openings into the lens body within the inner region through the upper surface,

wherein the openings are configured so that an electromagnetic signal entering the lens body

from any one of the input ports passes through the lens body along multiple paths around the

openings and exits from each of the output ports at a time delay that is characteristic of the

predetermined steering angle of the input port from which the electromagnetic signal entered

the lens body.

60. The device of claim 57, 58 or 59, wherein the lens body comprises a microstrip.

61. The device of claim 57, 58 or 59, wherein the lens body comprises a square shape.

62. The device of claim 57, 58 or 59, wherein the lens body is less than about 8cm x 8cm.

63. The device of claim 57, 58 or 59, wherein the lens body is less than about 8cm x 8cm and the plurality of

openings are configured so that an electromagnetic signal between about 2 GHz and about 30 GHz entering

the lens body from any one of the input ports passes through the lens body along multiple paths around the

openings and exits from each of the output ports at a time delay that is characteristic of the predetermined

steering angle of the input port from which the electromagnetic signal entered the lens body.



64. The device of claim 57, 58 or 59, wherein the input ports are arranged on the outer perimeter of the lens

body opposite from the output ports.

65. The device of claim 57, 58 or 59, wherein the plurality of input ports comprises 3 input ports or more.

66. The device of claim 57, 58 or 59, wherein the plurality of output ports comprises 4 output ports or more.

67. The device of claims 57, 58 or 59, wherein each of the input ports corresponds to a predetermined steering

angle between about -45° and about 45°.

68. The device of claim 57, 58 or 59, wherein the openings within the lens body take up more than half of a

surface area of an upper surface of the lens body.

69. The device of claim 57, wherein the openings in the lens body extend through an outer plate and through

the dielectric.

70. The device of claim 58, wherein the openings in the lens body extend from the conductor plate and through

the dielectric.

7 1. The device of claim 59, wherein the openings in the lens body extend through the upper surface and

through a dielectric between the upper and lower surfaces.

72. A method of operating a compact electronic lens having a lens body, wherein the lens body has an upper

surface forming a plane, a lower surface parallel to the upper surface, a dielectric between the upper and

lower surface, and a plurality of openings through the upper surface, the method comprising:

applying a first electromagnetic signal to a first input port of the lens body, wherein the first input

port is associated with a first predetermined steering angle;

passing the first electromagnetic signal from the first input port through the lens body along

multiple paths around the openings so that the first electromagnetic signal exits each of a

plurality of output ports at a time delay for each output port that is characteristic of the first

predetermined steering angle;

applying a second electromagnetic signal to a second input port of the lens body, wherein the

second input port is associated with a second predetermined steering angle; and

passing the second electromagnetic signal from the second input port through the lens body along

multiple paths around the openings so that the second electromagnetic signal exits each of a

plurality of output ports at a time delay for each output port that is characteristic of the second

predetermined steering angle.

73. The method of claim 72, wherein applying the first electromagnetic signal comprises applying a signal

between about 2GHz and about 30 GHz.

74. The method of claim 72, wherein the first predetermined steering angle and the second predetermined

steering angle are different and are between about -45° and about 45°.

75. The method of claim 72, wherein the upper surface of the lens body is less than about 8 cm x 8 cm.



76. The method of claim 72, further comprising electrically switching from the first input port to the second

input port.

77. The method of claim 72, further comprising emitting the signal from each of a plurality of antenna

elements, wherein each antenna element is coupled to one of the output ports.

78. A phased array antenna device having a compact electronic lens for beamforming, the device comprising:

a radio frequency (RF) input;

an electronic lens having

a lens body, wherein the lens body has an upper surface forming a plane, a lower surface parallel

to the upper surface, a dielectric between the upper and lower surface,

a plurality of openings through the upper surface of the lens body,

a plurality of beam ports on an outer perimeter of the lens body, wherein each beam port

corresponds to a predetermined steering angle, and

a plurality of antenna ports on the outer perimeter of the lens body;

a switch configured switch the RF input between the beam ports; and

a plurality of antenna elements, wherein each antenna element is coupled to one of the antenna

ports.

79. A phased array antenna device having a compact electronic lens for beamforming, the device comprising:

a radio frequency (RF) input configured to connect to an RF transceiver;

an electronic lens having

a lens body, wherein the lens body has an upper surface forming a plane, a lower surface parallel

to the upper surface, a dielectric between the upper and lower surface,

a plurality of openings through the upper surface of the lens body, wherein the openings are

configured so that an electromagnetic signal entering the lens body from any one of the beam

ports passes through the lens body along multiple paths around the openings and exits from

each of the antenna ports at a time delay that is characteristic of the predetermined steering

angle of the beam port from which the electromagnetic signal entered the lens body,

a plurality of beam ports on an outer perimeter of the lens body, wherein each beam port

corresponds to a predetermined steering angle, and

a plurality of antenna ports on the outer perimeter of the lens body;

a steering control configured to control a switch to switch the RF input between the beam ports to

steer the device; and

a plurality of antenna elements, wherein each antenna element is coupled to an antenna port from

the plurality of antenna ports.

80. The device of claim 78 or 79, wherein the RF input is configured to transmit an RF signal between about 2

GHz and 30 GHz, and wherein the upper surface has a surface area less than about 8 cm x 8cm.

81. The device of claim 78 or 79, further comprising a transceiver configured to mate with the RF input device.

82. The device of claim 78 or 79, further comprising a second an electronic lens having a second lens body,

wherein the second lens body has a second upper surface forming a plane, a second lower surface parallel



to the second upper surface, a second dielectric between the second upper and second lower surface, a

second plurality of openings through the second upper surface of the second lens body, a plurality of beam

ports on an outer perimeter of the second lens body, wherein each beam port corresponds to a

predetermined steering angle, and a second plurality of antenna ports on the outer perimeter of the second

lens body.

83. The device of claim 78 or 79wherein the antenna elements comprise radiating disks.

84. The device of claim 78 or 79, wherein each of the antenna elements comprise a line of electrically

connected radiating disks.

85. The device of claim 78 or 79, wherein the lens body comprises a microstrip.

86. The device of claim 78 or 79, wherein the lens body comprises a square shape.

87. The device of claim 78 or 79, wherein the beam ports are arranged on the outer perimeter of the lens body

opposite from the antenna ports.

88. The device of claim 78 or 79, wherein the plurality of beam ports comprises 3 beam ports or more.

89. The device of claim 78 or 79, wherein the plurality of antenna ports comprises 4 antenna ports or more.

90. The device of claims 78 or 79wherein each of the beam ports corresponds to a predetermined steering angle

between about -45° and about 45°,

91. The device of claim 78 or 79, wherein the openings through the upper surface of the horizontal lens body

take up more than half of a surface area of the upper surface.

92. The device of claim 78 or 79, wherein the openings in the lens body extend through the upper surface of

the horizontal lens body and through the dielectric.

93. The device of claim 78 or 79, further comprising an omnidirectional antenna element connected to the RF

input.

94. A method of connecting a radio device to an antenna, the method comprising:

connecting the radio device having a first USB connector to an antenna having a second USB

connector; and

identifying the antenna based on a voltage of the ground pin on the second USB connector.

95. A method of connecting and configuring a radio device to work with an antenna, the method comprising:

connecting the radio device having a first USB connector to an antenna having a second USB

connector;

identifying the antenna based on a voltage of the ground pin on the second USB connector; and

configuring the radio device based on the identity of the antenna to transmit and receive data using the

antenna.



96. The method of claim 94, further comprising transmitting steering information from the radio to a

beamforming lens of the antenna when the antenna is identified as a phased array antenna.

97. The method of claim 94, further comprising configuring the radio device based on the identity of the

antenna to transmit and receive data using the antenna.

98. The method of claim 94 or 95, wherein connecting comprises connecting one or more radio frequency (RF)

connectors between the radio device and the antenna.

99. The method of claim 94 or 95, wherein connecting comprises connecting the USB port of the radio device

to the USB port of the antenna.

100. The method of claim 94 or 95, wherein identifying comprises using a detection circuit to compare the

voltage of the ground pin on the second USB connector to a predetermined voltage.

101.The method of claim 94 or 59, wherein identifying the antenna comprises determining a digital identifier of

the antenna based on the voltage of the ground pin on the second USB connector.

102.The method of claim 94 or 59, wherein identifying comprises comparing the voltage of a ground pin on the

second USB connector to a predetermined voltage.

103.The method of claim 94 or 59, further comprising biasing the ground pin on the second USB connector to a

predetermine voltage.

104.The method of claim 94 or 59, wherein configuring comprises transmitting control information from the

radio device to the antenna.

105. The method of claim 94 or 59, wherein configuring comprises transmitting steering information from the

radio device to a beamforming lens of the antenna.

106.A radio device that may be used with a variety of antennas, the device comprising:

a receiver configured to receive RF signals;

a transmitter configured to transmit RF signals;

at least one RF output/input line;

a USB port; and

a detection circuit connected to a ground pin of the USB port and configured to compare the voltage of

the USB port to a predetermined value and output an indicator of the identity of a type of antenna

when the USB port of the radio device is connected to the USB port of the antenna.

107.The radio device of claim 106, wherein the detection circuit comprises a plurality of comparators

configured to compare the voltage of the ground pin of the USB port to a predetermined value.

108.The radio device of claim 106, wherein the detection circuit is configured to do a resistive measurement to

generate a digital signal indicative of the identity of the type of antenna.



109.The radio device of claim 106, wherein the radio device is configured to transmit steering information

when the detection circuit detects a phased array antenna.
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