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WIDE ANGLE STEERING WITH PHASE ARRAY WITH WIDE-ELEMENT SPACING
AND LENS ARRAY

RELATED APPLICATIONS
100011 This application claims the benefit under 35 USC 119(e) of U.S. Provisional
Application No. 62/349,851, filed on June 14, 2016, which is incorporated herein by

reference in 118 entirety.

BACKGROUND OF THE INVENTION

(00021 Phased array transmitters are composed of a typically regular two-dimensional
array of radiating or transmission elements. Each of these elements typically has an
associated phase shifter. Beams are formed by shifting the phase of the signal enutted by
each of the radiating elements. The result is constructive and destructive interference in the

far field that enable the steering of the beam.

100031 The same principle can be applied to phased array recetvers. Similarly, a two-
dimensional array of antenna or detection elements receives the incoming radiation. Their
corresponding phase shifters shift the relative phase of the signals from each of the
detection elements in order to create the constructive interference based on the incoming

signal’s angle of incidence on the receiver.

100041 Traditionally, phased array systems have been common in RADAR systems.
These systems operate in the radio frequency regime, in the MegaHertz to GigaHertz

frequencies. More recently, optical phased array systems are being proposed and built,

100051 Two common applications for optical phased array systems are communication
and LiDAR. Phased array transmutters in optical communications systems enable the
optical beam, encoding the desired information, to be steered toward and track the receiver.
At the same time, a phased array recetver can direct the gain at the desired optical signal.
Such systems can be used for the secure transmission of information with lower power
requirements. On the other hand, LIDAR (light radar) is typically a surveying or tracking
method that measures the distance to a target with laser light by measuring the reflected
pulses. The key advantage to using phased array transmitters and receivers in both of these
applications is that the optical signal can be scanned very quickly and precisely,

electronically.
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100061 One charactenistic of phased array antenna systems is the generation of
unwanted grating lobes. These are caused by the how the optical signal spreads out from
the transmitter elements, and creates constructive interference at angles other than the

desired path. A similar process occurs in receivers.

100071  The amplitude of the grating lobes is significantly affected by pitch size, i.e,,
spacing, between the radiation/detection elements, the number of radiating/detection
elements, frequency operation, and bandwidth. In general, grating lobes will occur
whenever the pitch size 1s equal to or greater than the wavelength, and there will be no
grating [obes when piich size is smaller than half a wavelength. The lobes are also affected

by steering angle.

SUMMARY OF THE INVENTION

(00081 There are a couple of parameters that dictate phased array system performance.
In general, to get good angular resolution a large aperture 1s necessary. To enable a large
range of steering angles, close spacing of array elements 1s necessary. H both a large range
of steering angles and good angular resolution is desired in a system operating in the
optical regime, then a very large number (perhaps millions or more} array elements are
necessary. The power requirements for such an array, would be prohibitive, however, for
most applications since the tuning power of a few milliWatts is typically needed for each
element. Additionally, each array element requires compounents, such as phase shifters,

and the size of these components limits the ability to closely place array elements.

rcooor  The invention can be applied the problem of providing an optical phased array
systern that has both a wide range of steering angles and good angular resolution with a
reasonable number of array elements. The invention combines a lens array system in
conmjunction with an array of optical elements with a large element pitch size. Wide
element spacings are generally problematic because multiple beams (grating lobes) are
created. The lens array is used to focus all the power into a single grating lobe. By
moving the lens array or controlling a liquid erystal cell, power is steered into different
grating lobes. Adding a phase shifter for controlling the relative phase of the optical

signals corresponding to the optical elements enables steering within the selected lobe.

100101 In general, according to one aspect, the invention features, an optical beam

steering system. The system comprises an array of optical elements for generating or
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detecting optical signals, a coarse beam steering system for steering a beam between
grating lobes, and a fine beam steering system for steering the beam within a grating lobe

imposed by the coarse beam steering system.

(00

In one embodiment, the coarse beam steering sysiem comprises a lens array
system and a transiation stage for moving the lens array system relative to the array of

optical elements to steer the bear between the different grating lobes.

foo121  In another embodiment, the coarse beam steering system comprises a fens array
systemn and liquid crystal cell. A phase ramp 1s applied to the cell to steer the beam

between the different grating lobes.

100131 In some embodiments, the lens array system comprises a series of fens arrays
with at least two or three lens for each of the optical elements. The coarse beam steering
system might then comprise a translation stage for moving two of the three iens for each
optical element of the lens array system relative to the array of optical elements to steer the

beam between the different grating lobes.

100141 In each of the embodiments, the fine beam steering system comprises a phased
array controller for controlling the relative phase of the optical signals corresponding to the

optical elements.

rco151  In order to provide a reasonably sized array, a pitch size of the optical elements
in the array is greater than a wavelength of operation of the system. Otten, the pitch size is

greater than 10 times a wavelength of operation of the system.

r00i61  In general, according to ancther aspect, the invention features an optical beam
steering method. The method comprises generating or detecting optical signals with an
array of optical elements, a beam between grating lobes with a coarse beam steering
systern, and steering the bearn within a grating lobe imposed by the coarse beam steering

system with a fine beam steering systent.

100171 The above and other features of the invention including various novel details of
construction and combinations of parts, and other advantages, will now be more
particularly described with reference to the accompanying drawings and pointed out in the
claims. It will be understood that the particular method and device embodying the

invention are shown by way of illustration and not as a hmitation of the jnvention. The
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principles and features of this invention may be employed in various and numerous

embodiments without departing from the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

100181 Inthe accompanying drawings, reference characters refer to the same parts
throughout the different views. The drawings are not necessarily to scale; emphasis has
instead been placed upon dlustrating the principles of the invention. Of the drawings:
100191 Fig 1A is a schematic perspective view showing the transmission pattern of a
phased array transmitier with a large pitch size of the transmission elements;

roo2c)  Fig. 1B is a schematic perspective view showing the receive pattern of a phased
array receiver with a large pitch size of the detection elements;

rcoz11  Fig 21s ablock diagram of a phased array system according to the present

invention,

rcoz21  Fig 3 is a schematic perspective view of the coarse steering system according
to a first embodiment;

100231 Figs. 4A and 4B are partial views of the phased array and lens array showing
the coarse beam steering between the grating lobes;

100247 Figs. SA and 5B are partial views of the phased array, liquid crystal cell, and

lens array of a second embodiment; and

rco2s1  Fig 6is a partial view of the phased array and lens array system of a third
embodiment.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
100261 The invention now will be described more fully hereinafter with reference to
the accompanying drawings, in which illustrative embodiments of the invention are shown.
This invention may, however, be embodied in many different forms and should not be
construed as himited to the embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will be thorough and complete, and will fully convey the
scope of the invention to those skilled in the art.

100271 Asused herein, the term "and/or" includes any and all combinations of one or

LTI I 1}

more of the associated listed items. Further, the singular forms and the articles "a", "an
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and "the" are intended to include the plural forms as well, unless expressly stated
otherwise. It will be further understood that the terms: includes, comprises, including
and/or comprising, when used in this specification, specify the presence of stated teatures,
integers, steps, operations, elements, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof. Further, it will be understood that when an element,
including component or subsystem, 1s referred to and/or shown as being connected or
coupled to another element, it can be directly connected or coupled to the other element or

intervening elements may be present.

roozgy  Fig 1A shows a transmitter phased array 150. It includes a two dimensional

array of optical transmission elements 158,

rco291 A phased array 150 with a large pitch size (px, py) between the array
transmission elements 158 will project a large number of strong gratings lobes 50, 532, 56.
Generally, the lobes inchude the primary or center lobe 50, and side lobes 52, 54 of
increasing order. A separation angle, o, characterizes the angular separation between the

lobes 50, 52, 56.

100301  As a general rule, these grating lobes arise when the pitch size {py, py}, 1.e.,
distance between adjacent transmission elements along the x and v axes, 15 greater than the

wavelength of operation.

100311 Fig. 1B shows a receiver phased array 160. It includes a two dimensional array

of optical detection elements 168.

100321  Here again, when the phased array 160 has a large pitch size (p», py) between
the array detection elements 168, there will be a large number of strong gratings lobes 50,

52, 56 1o the array’s receive pattern.

100331 Fig. 2 shows a phased array system according to the present invention. The
itlustrated example might be applied to a LiDAR or communications system, to list two

exemplary applications.

100341 In more detail, a transmutter 102 inchudes an optical signal source 120 that
generates an optical signal in the infrared, visible, or ultraviolet wavelengths. Often, the
optical signal source 120 is a laser with a generally long coherence length. In the case of a

communications system, the optical signal source 120 may further include a modulator for
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modulating the optical signal to encode information for transroission. In the case of a
LiDAR system, the optical signal source is often a pulsed laser source or a modulated light

SOUree.

100351 The coherent light generated by the optical signal source 120 divided into
separate optical signals and provided to a fine beam steering transmitter phase shifting
array 122. To general, the fine beam steering phase shufting array 122 shifts the phase of
the optical signals to steer the beam over a range of angles that is at least as large as the

angular separation, g, between the grating lobes 50, 52, 54

(00361 The optical signals from the phase shifting array 122 are then provided to the
transmitter phased array 150, It includes a two dimensional array of optical transmission
elements 158, In the illustrated example, the transmitter phased array 150 of optical
transmission elements 158 comprises a two dimensional, regular array of optical

transmission elements 158,

100371 According to the invention, the large pitch size (ps, py) between the array
transmission elements 158 is large. It is greater than the wavelength of operation of the
system. In tact, the piich size (px, py) between the transmission elements 158 is preferably
greater than 5 times and are usually greater than 10 times the wavelength of operation of
the system in order to ensure a reasonably small number transmission elements 158 in the
phased array 150, and concomitantly lower power requirements. For example, if the
wavelength of operation 1s between 400 and 2000 nanometers, then both py, py are greater
than 400 to 2000 nanometer and are preferably greater than 2-80 micrometers. In a more
specific example, if the wavelength of operation 1s 1500 nanometers, then both py, py are
greater than 1500 nanoreter and are preferably greater than 7.5 or greater than 15

micrometers.

100387  Asaresult, the transmutter 102 will project a large number of strong gratings
iobes 50, 52, 56. (Generally, the lobes include the primary or center lobe 50, and side Iobes
52, 54 of increasing order. A separation angle, o, characterizes the angular separation

between the lobes 50, 52, 56.

100391 The transmission elements 158 emit optical signals, each with a defined phase
shift relative to the others provided by the fine beam steering transmitter phase shifting
array 122. This allows the beam to be steered, albeit over a relatively small angular range,

under the control of the transmitter steering controlier 180-1. The angular range 1s usually
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less than 2 a and can be about 1.2 (o) so that there 15 sufficient overlap for smoothing

tracking.

{00401 A transmitter coarse steering system 200-1 steers the beam between (to
different) grating lobes. It includes a lens array system 220-1 that comprises individual
lenses or lens trains 222 extending in a planar, two dimensional array. Each lens or lens
train correspond to one of the transmission elements 158, Each of the lenses 222 of the
transmitter lens array system 220 collects light emitted by the corresponding transmission
element 158 and collimates the light. The lens array system 220 addresses the problem of
the grating lobes created by the large pitch size in the phased array 150, The lenses 222 of
the lens array system 220 focus the power into a single one of the grating lobes at any
given time.

100411  The generated beam can then transmitted to a target or through a transmission

channel 50,

(00421 Inthe lustrated example, the light is then received by a receiver 104,
100431 It should be noted that the present system also applies to the configuration in

which the same element array functions both as the transmaitter and the receiver. This
could be done using a passive element (such as isolator, or 3 dB coupler) or an active
switch that 1s fast enough to switch between transmit and receive (Or a combination of

passive and active elements).

(00441 In any event, in the illustrated example, a receiver coarse steering system 200-2
steers the receive pattern to track the target or maintain the hink to the transmitter 102 over
the channel, depending on the application. The receiver coarse steering system 200-2
includes a lens array system 220-2 that also comprises individual lens or lens trains 222
These lenses correspond to each of the detection elements 168 of the receiver phased array
160. Each of the lenses 222 of the receiver lens array system 220 collects light received
from one of the grating lobes of the receive pattern and focuses the light to its respective

detection element 168,

(00451  The detection elements 168 of a receiver phased array 160 collect the light trom
the coarse steering system and provide the light to a receiver phase shifter 124, Ttapplies a
phase shift to the feed from each one of the detection elements 168 and then combines the

optical signals for detection and possibly demodulation by an optical signal detector 126,
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[00461  According to the invention, the large pitch size {px, py) between the array
detection elements 108 is large. It is greater than the wavelength of operation of the
systero. In fact, the pitch size is preferably greater than 5 times and is usually greater than
10 times the wavelength of operation of the system in order to ensure a reasonably small
number detection elements 168 in the phased array 160, For example, if the wavelength of
operation is 1500 nanometer, then both px, py between the detection elements 168 of the
receiver phased array 160 are greater than 1500 nanometer and are preferably greater than

7.5 and often greater than 15 micrometers.

(00471 As aresult, the receiver 104 will have a large number of strong gratings lobes
50, 52, 56 1n its receive pattern. Generally, the lobes include the primary or center lobe 50,
and side lobes 52, 54 of increasing order. A separation angle, g, characterizes the angular

separation between the lobes 50, 52, 56.

(00481  According to the invention, steering controllers 180-1, 180-2 are provided for
each of the transmitter 102 and the receiver 104. These steering controllers 180-1, 180-2
each generate both a coarse steering signal 184 and a fine steering signal 182, The coarse
steering signals 184-1, 184-2 are provided to respective the coarse steering systems 200-1,
200-2, which steer the beam among the different grating lobes 50, 52, 54. In order to guide

the beam to the target or over the channel 50,

100491 The fine steering signals 182-1, 182-2 that are provided to the transmitter phase
shifter 122 and the receiver phase shifter 124 The fine steering control is used to guide the

beam within the grating lobe selected by the coarse steering signal.

rcos01 It should be understood that in the previous description, the invention is
described as being applied to both the receiver and transmitter in a system or a system that
combines both functions into one array. In other implementations, however, the invention
might be used in only the transmitter or only the receiver, depending on the technical
requirements.

100511 Fig. 3 shows the coarse steering system 200 according to a first embodiment.
This coarse steering system could be used in either the transmutter 102 or receiver 104, or
both.

100521  In this example, the coarse steering signal 184 from the steering controller 180

is provided to a x, vy, stage 250 that shifts the lens array 220 in the x, v plane relative to the
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phased array 150, 160. As shown, this movement of the lens array 220 has the effect of
shifting the beam into one of the grating lobes 50, 52. In the illustrated example, the beam

ts shown being shitted between the primary lobe 50 and the first order grating lobe 52.

100531 In the illustrated enable, the phased array 150, 160 is shown as a 3 by 10 array.
In typical applications, the array will have at least 8 rows and 8 columns. Good
performance could be obtained with a 32 by 32 array and 100 rows by 100 columns or

more are other options.

(00541  Figs. 4A and 4B are partial views of the phased array 150, 160 and lens array
220 showing the coarse beam steering between the grating lobes. Specitically, when the
lens array 220 is shifted along the x and v axes by the x, y stage 250, and specifically to the
right as shown between the figures, the transmission or receive pattern shifts/ jumps to an

adjacent grating lobe.

(00551  These figures also expose a challenge associated with this design. It can suffer
from “crossillumination” as the lens array 220 ts moved, each lens 222 starts to catch light
from the wrong phased array element 158, 168. This light goes in the wrong direction,

iluminating some of the other orders.

r00561  For some applications, where one only needs to steer a few orders, this is
probably acceptable. There are other design trade-offs, however. If the design does not
tluminate the entire lens, more scanning is possible before cross-itlumination occurs.
However, filling less of the lens gives less selectivity of the desired order. That is, less

extinction of the unwanted orders.

100571 Fig SA and 5B are partial views of the phased array 150, 160 and lens array

220 showing the coarse beam steering according to another embodiment.

(00521 In this example, a liquid crystal cell 240 is located between lens array 220 and
the phased array 150, 160. The coarse beam steering signal 184 controls the liquid crystal
cell 240 to apply a phase ramp across the extent of the phased array 150, 160 to shift the
transmission or receive pattern between grating lobes,

rcos91  Specifically, in response to the coarse steering signal 184, the liquid crystal cell
240 applies a phase ramp to shift the transmission or receive pattern to an adjacent grating

lobe. By creating an index gradient across the liquid crystal cell 240, it acts as a tunable
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prism, steering the light. The advantage to the LC technigue are the lack of moving parts,

and the lack of cross-iHlumination.

(00601 Fig. 6 are partial views of the phased array 150, 160 and lens array system 220

showing the coarse beam steering system 220 according to a third embodiment. This

embodiment, with its extra lens arrays, better avoids cross iHumination.

100611 Here, a series of lens arrays 230, 240, 236 are used to refocus and coarsely

r00621  Starting with the example of a transmitter, the lenses 232 of the first lens array
230 focus the light from the transmission elements 158 to a set of spots, incident on the
lens 242 of the second array 240. The second array 240 diverts the path of the light. A third

lens array 236 collimates the light.

100631 The x, y stage 250 moves the second lens array 240 and the third lens array 236
in unison to steer the beam. The first lens array 230 is stationary relative to the phased

array 150.

(00641  In the example of a receiver, the third lens array 236 receives the incoming
light. Its lenses 238 focus the light to spots in the lenses 240 of the second lens array 242.
The first lens array 230 the focuses the light onto the corresponding detection element 163.
Here, the x, y stage 250 moves the second lens array 240 and the third lens array 236 in

unison to steer the receive pattern.

(00651 While this invention has been particularly shown and described with references
to preferred embodiments thereof, it will be understood by those skilled in the art that
various changes in form and details may be roade therein without departing from the scope

of the invention encompassed by the appended claims.
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CLAIMS

What is claimed is:

1. An optical beam steering system, comprising:
an array of optical elements for generating or detecting optical signals;
a coarse beam steering system for steering a beam between grating lobes; and
a fine beam steering system for steering the beam within a grating lobe imposed

by the coarse beam steering systen.

2. A system as claimed in claim 1, wherein the coarse beam steering system
comprises a lens array system and a translation stage for moving the lens array
system relative to the array of optical elements to steer the beam between the

different grating lobes.

3. A system as claimed in claim 1, wherein the coarse beam steering system

comprises a lens array system and liquid crystal cell.

4. A system as claimed in claim 3, wherein the hiquid crystal cell provides a phase

ramp across the array to steer the beam between the different grating lobes.

5. A system as claimed in claim 1, wherein the lens array system comprises a

series of lens arrays with at least two lens for each of the optical elements.

6. A system as claimed in claim 1, wherein the lens array system comprises a

series of lens arrays with at least three lens for each of the optical elements.

7. A system as claumed in claim 6, wherein the coarse beam steering system
comprises a translation stage for moving two of the three lens for each optical
element of the lens array system relative to the array of optical elements to steer the

beam between the different grating lobes.

8. A system as claimed in claim 1, wherein the fine beam steering system
comprises a phased array controlier for controlling the relative phase of the optical

signals corresponding to the optical elements.
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9. A system as claimed in claim 1, wherein a pitch size of the optical elements in

the array is greater than a wavelength of operation of the system.

10. A system as claimed in claim 1, wherein a pitch size of the optical elements in

the array 18 greater than 10 times a wavelength of operation of the system.

11, An optical beam steering method, comprising:
generating or detecting optical signals with an array of optical elements;
steering a beam hetween grating lobes with a coarse beam steering system; and
steering the beam within a grating lobe imposed by the coarse beam steering

system with a fine beam steering system.

12. A method as claimed in claim 11, wherein the coarse beam steering system
comprises a lens array system, and the method comprising moving the lens array
system: relative to the array of optical elements to steer the beam between the

different grating lobes,

13, A method as claimed in ¢laim 11, wherein the coarse beam steering system

comprises a lens array system and liquid crystal cell.

14, A method as claimed in claim 13, further comprising applying a phase ramp to

the liquid crystal cell to steer the beam between the different grating lobes.

15, A method as claimed in claim 11, wherein the lens array system comprises a

series of lens arrays with at least two lens for each of the optical elements.

16. A method as claimed in claim 11, wherein the lens array system comprises a

series of lens arrays with at least three lens for each of the optical elements.

17. A method as claimed in claim 6, further comprising moving two of the three
fens for each optical element of the lens array system relative to the array of optical

elements to steer the beam between the different grating lobes.

I8, A method as claimed in claim 11, further comprising controlling the relative

phase of the optical signals corresponding to the optical elements.
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19. A method as claimed in claim 11, wherein a pitch size of the optical elements

in the array is greater than a wavelength of operation of the system.

20. A method as claimed in claim 11, wherein a pitch size of the optical elements

in the array is greater than 10 times a wavelength of operation of the system.
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