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(57) Abstract: Optical systems and processes for calibrating and
focusing optical systems are described. One embodiment of the in-
vention includes an optical phase array (OPA) and an OPA con-
troller that generates control signals to control phase shifters in the
OPA. The OPA controller can calibrate the OPA by performing a
plurality of phase sweeps using each of a plurality of different basis
masks. Each phase sweep can involve performing a phase sweep
across a phase sweep range at a plurality of phase step increments
with respect to a first group of phase shifters identified in a basis
mask. During the phase sweep, a calibration signal can be measured
at each of the plurality of phase step increments and the measure-
ments used to generate calibration phase state information. The cal-
ibration phase state information can be utilized to perform functions
including (but not limited to) beamforming, focusing, and/or other
waveform manipulation and control functions.
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Optical Phased Arrays and Methods for Calibrating and Focusing of Optical Phased
Arrays

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The current application claims priority to U.S. Provisional Patent Application
No. 62/781,541, entitled “Fast and Efficient Phase Control and Calibration for Optical
Phased Arrays” and filed December 18, 2018, the disclosure of which is incorporated

herein by reference in its entirety.

FIELD OF THE INVENTION
[0002] The present invention relates generally to optical phased arrays and more
specifically to calibration processes for optical phased arrays that incorporate controllable

phase shifters.

BACKGROUND

[0003] Optical Phased Arrays (OPA) are becoming a prominent component of a large
number of optical systems utilized in a broad range of applications including (but not
limited to) LIDAR, sensing, imaging, projection, and communications. OPAs are typically
constructed from an array of elements designed to either transmit optical signals or
receive impinging light. The relative timing and amplitude of the signal transmitted in an
OPA transmitter (TX) determines the field pattern in the near and far-field. This field profile
can be modified by controlling the amplitude and phase of the optical signal emitted by
each of the elements in the array. In this way, an OPA TX can form a beam, focus it on a
certain spot, form a collimated (far-field) beam, create multiple beams and nulls, and/or
steer the beam(s) in arbitrary directions without the need for any mechanical movements.
Similarly, an OPA receiver (RX) can receive and amplify an impinging optical beam from
a controllable direction, while suppressing the signal(s) arriving from other directions. In
this way, an OPA RX can be configured to produce a “gazing beam” in addition to creating
closer-than-infinity focal points. There can be a broad range of applications for all of these
different field profiles, and almost all of these applications tend to rely on a precise control
of timing (phase) and amplitude (to a lesser degree) as they rely on constructive (and

destructive) interference to achieve the above functions.
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[0004] In an OPA in general, the phase (and amplitude) setting of each element can
be independently controlled. The benefits of OPAs often increase with the number of
elements and the effective aperture area they cover. For proper operation of an OPA, in
each state (e.g., beam direction), there is a setting of phases (and amplitudes) that
produces the highest quality field profile with the least amount of spurious special
sidelobes and lost energy, namely, highest “efficiency’.

[0005] For many applications of OPAs it can be important for an efficient phase state
to be found and activated as rapidly as possible to make sure that the dynamic behavior
of the OPA is not adversely affected. As the number of elements increases, the number
of phase (and amplitude) combinations grows exponentially. For example, in an n element
array, where each element has m meaningfully distinct phase states, there are m”
potential combinations. This number can become exceedingly large very rapidly, for
instance, for a 1,000-element array, with 100 distinct phase states per element, there are
102000 different combinations (a one with two thousand zeros in front). Accordingly, the
process of identify the most efficient phase state can be computationally challenging.
[0006] A variety of processes have been developed for identifying an efficient phase
state. One common technique is to sweep a given element’s phase, while monitoring the
optical signal received at a given bearing in an OPA TX. The term phase sweep describes
a process of modifying the phase of a phase shifter across a phase sweep range at
specified increments or phase steps. In an ideal scenario, the received signal strength
will change during the phase sweep enabling identification of a more efficient phase state.
Generally speaking, in the absence of any noise or coupling between the elements, the
optimum phase setting can be found in linear time by keeping track of the phase settings
that led to the largest signal during a phase sweep and repeating this process for all
elements. Processes that sweep the phases of individual elements in this manner are
often referred to as “gradient descent approaches’.

[0007] In an effort to achieve faster convergence, a stochastic parallel gradient
descent process (SPGD) has been proposed for use with OPAs. In SPGD, each phase
shifter has a positive phase perturbation or a negative phase perturbation of equal
magnitude applied to its initial phase state with equal probability. A gradient is determined

by comparing a calibration measurement for the initial phase state with a calibration
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measurement for the perturbed phase state. A new phase state can then be determined
based upon the gradient and a step size parameter and the process of the random

perturbations and gradient descent repeat until an optimal phase state is identified.

SUMMARY OF THE INVENTION

[0008] Systems and methods in accordance with various embodiments of the
invention utilize OPAs that are calibrated using phase state information determined by
applying phase sweeps to groups of phase shifters within the array. In a number of
embodiments, the OPAs can operate reliably in noisy and interference-prone
environments due to their higher dynamic range and multi-layer adaptive nature. In
addition, the ability of OPAs in accordance with many embodiments of the invention to
operate adaptively means that the convergence time for achieving an efficient phase state
for the OPA can be significantly shorter than the convergence times of conventional
OPAs. Systems and method in accordance with a number of embodiments of the
invention can be utilized to perform beamforming, focusing, and/or other waveform
manipulation and control functions. In addition, OPA TX or OPA RX systems in
accordance with several embodiments of the invention can achieve high beam focusing
quality.

[0009] To achieve the best beam quality and field profile formation by an OPA
(whether an OPA transmitter or a receiver), precise phase adjustments are made in the
presence of non-idealities including (but not limited to) large quantities of noise in the
sensed signal, and/or strong coupling between elements (for example, optical or thermal
coupling). As a result, conventional gradient descent approaches have a tendency to fail
as the number of elements increases. This is mainly due to the gradient descent approach
relying upon detection of minor fluctuations in the received power in the presence of noise
and interference. As the number of elements increases, noise can swamp the variations
that result from sweeping the phase of a single element. Accordingly, the sensitivity of
this process tends to be reduced significantly when used in an OPA including a large
array of elements, because incorrect decisions are made due to variations dominated by
noise. Inthis way, OPAs that include a large array of elements are often configured using

grossly suboptimal settings by relying upon gradient descent approaches. This can be
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further hampered by the coupling among the elements that leads to variations in the
optimal setting when such coupling exists.

[0010] OPAs in accordance with many embodiments of the invention use a process
for identifying an efficient phase state that is adaptive, and dynamic. In a number of
embodiments, the process utilizes a set of basis masks to determine the manner in which
to apply phase sweeps to groups of phase shifters in an OPA during successive iterations
of the calibration process to identify an optimal phase state. In this way, OPA phase (and
amplitude) settings for an OPA TX and/or OPA RX can be adjusted to arrive at an
optimum phase state for performing functions including (but not limited to) beamforming,
focusing, and/or other waveform manipulation and control functions. In most applications
(e.g., LIDAR, imaging, and projection, and communications, etc.) the speed and accuracy
of the process of honing into the optimum (or near optimum) phase settings is of great
significance in practical systems. The prior art approaches are significantly lacking in such
scenarios. Simultaneous application of phase sweeps to multiple phase shifters can result
in substantial improvement in the robustness of the approach to environmental variables
such as temperature and to system non-idealities such as thermal and optical crosstalk.
Accordingly, OPAs in accordance with certain embodiments of the invention can achieve
a high quality of beam forming, speed of convergence, robustness, and/or versatility. In
addition, the systems and methods described herein are not limited to OPAs but can be
utilized in any of a variety of systems including (but not limited to) multiple element phased
arrays for communication and/or sensing, sensors arrays, multiple static sensors, multiple
array projection systems, and/or holographic systems at various wavelengths of the
electromagnetic spectrum. Accordingly, systems and methods in accordance with
various embodiments of the invention should be understood to be generally applicable
and not limited to any of the specific systems described herein.

[0011] One embodiment of the invention includes: an optical phase array (OPA)
comprising a plurality of branches that are each connected to optical elements and each
include a phase shifter, where each phase shifter is controllable via control circuitry; and
an OPA controller configured to generate control signals to control the phase of the phase
shifters in the OPA via the control circuitry. In addition, the OPA controller is further

configured to perform a calibration process including sending control signals to the OPA
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control circuitry to perform a plurality of phase sweeps using each of a plurality of different
basis masks. Furthermore, each phase sweep includes: performing a phase sweep
across a phase sweep range at a plurality of phase step increments with respect to a first
group of phase shifters identified in a basis mask, where the first group of phase shifters
comprises a plurality of phase shifters; and measuring a calibration signal at each of the
plurality of phase step increments during the phase sweep. Additionally, the calibration
process also involves generating calibration phase state information based upon the
measured calibration signals.

[0012] In a further embodiment, the OPA controller is configured to perform
beamforming using the OPA by sending control signals to the OPA control circuitry based
upon the calibration phase state information.

[0013] In another embodiment, each phase sweep further comprises maintaining the
phase offset of a second group of phase shifters identified in the basis mask during the
phase sweep, where the second group of phase shifters does not include any of the phase
shifters from the first group.

[0014] In a still further embodiment, each phase sweep further comprises
simultaneously performing an opposite phase sweep across the phase sweep range at a
plurality of negative phase step increments with respect to a second group of phase
shifters identified in the basis mask, where the second group of phase shifters does not
include any of the phase shifters from the first group.

[0015] In still another embodiment, the size of the basis masks from the plurality of
different basis masks changes between at least some of the plurality of phase sweeps.
[0016] In a yet further embodiment, the size of the basis masks increases between at
least some of the plurality of phase sweeps.

[0017] In yet another embodiment, the phase sweep range changes between at least
some of the plurality of phase sweeps.

[0018] Inafurther embodiment again, over the course of the plurality of phase sweeps
the size of the basis masks increases, and the size of the phase sweep range decreases.
[0019] In another embodiment again, the phase step increment changes between at

least some of the plurality of phase sweeps.
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[0020] In a further additional embodiment, over the course of the plurality of phase
sweeps the size of the basis masks increases, the size of the phase sweep range
decreases, and the size of the phase step increment decreases.

[0021] In another additional embodiment, the phase sweep range changes between
at least some of the plurality of phase sweeps.

[0022] In a still yet further embodiment, the phase step increment changes between
at least some of the plurality of phase sweeps.

[0023] In still yet another embodiment, the plurality of different basis masks comprises
a set of basis masks that are orthogonal.

[0024] In a still further embodiment again, the plurality of different basis masks
comprises a set of basis masks that are nearly orthogonal.

[0025] In still another embodiment again, the OPA is configured as an OPA
transmitter.

[0026] In a still further additional embodiment, the OPA transmitter further comprises
an input into which an optical input can be coupled and a splitter network, each phase
shifter is configured to receive the optical input from the splitter network and apply a phase
shift to the received optical input, and the optical elements are radiating antenna elements
that form a radiating antenna array.

[0027] In still another additional embodiment, the OPA is configured as an OPA
receiver.

[0028] In ayet further embodiment again, each optical element is configured to couple
incident light into the optical branch to which it is connected, the optical branch comprises
a directional coupler configured to perform heterodyne mixing of a received optical signal
with a reference signal, and the phase shifter is configured to apply a phase shift to the
reference signal.

[0029] A further embodiment includes: an optical phase array (OPA) comprising a
plurality of branches that are each connected to separate optical elements and each
include a phase shifter, where each phase shifter is controllable via control circuitry; and
an OPA controller configured to generate control signals to control the phase of the phase
shifters in the OPA via the control circuitry. In addition, the OPA controller is further

configured to perform a calibration process including. sending control signals to the OPA
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control circuitry to perform a plurality of phase sweeps using each of a plurality of different
basis masks. Furthermore, each phase sweep includes: performing a phase sweep
across a phase sweep range at a plurality of phase step increments with respect to a first
group of phase shifters identified in a basis mask, where the first group of phase shifters
comprises a plurality of phase shifters; and measuring a calibration signal at each of the
plurality of phase step increments during the phase sweep. Additionally, the calibration
comprises generating calibration phase state information based upon the measured
calibration signals. As a further aspect, the size of the basis masks from the plurality of
different basis masks changes between at least some of the plurality of phase sweeps,
the phase sweep range changes between at least some of the plurality of phase sweeps,
the phase step increment changes between at least some of the plurality of phase
sweeps, and the OPA controller is configured to perform beamforming using the OPA by
sending control signals to the OPA control circuitry based upon the calibration phase state
information.

[0030] An embodiment of the method of the invention for calibrating an optical phase
array (OPA) including a plurality of branches that are each connected to separate optical
elements and each include a phase shifter includes: sending control signals to control
circuitry in the OPA to perform a plurality of phase sweeps using each of a plurality of
different basis masks, where each phase sweep includes: performing a phase sweep
across a phase sweep range at a plurality of phase step increments with respect to a first
group of phase shifters identified in a basis mask, where the first group of phase shifters
comprises a plurality of phase shifters; and measuring a calibration signal at each of the
plurality of phase step increments during the phase sweep. In addition, the method
includes generating calibration phase state information based upon the measured
calibration signals.

[0031] An optical phase array (OPA) transmitter in accordance with an embodiment of
the invention includes: a plurality of branches that each comprise a phase shifter
connected to an optical element, where each phase shifter is controllable via control
circuitry; and an OPA controller configured to generate control signals to control the phase
of the phase shifters in the OPA via the control circuitry. In addition, the OPA controller

is further configured to perform a calibration process including sending control signals to
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the OPA control circuitry to perform a plurality of phase sweeps using each of a plurality
of different basis masks. Furthermore, each phase sweep includes: performing a phase
sweep across a phase sweep range at a plurality of phase step increments with respect
to afirst group of phase shifters identified in a basis mask, where the first group of phase
shifters comprises a plurality of phase shifters; and measuring an optical signal
transmitted by the OPA at each of the plurality of phase step increments during the phase
sweep. Additionally, the calibration process includes generating calibration phase state
information based upon the measured optical signals.

[0032] In a further embodiment, the OPA transmitter further comprises an input into
which an optical input can be coupled and a splitter network, each phase shifter is
configured to receive the optical input from the splitter network and apply a phase shift to
the received optical input, and the optical elements are radiating antenna elements that
form a radiating antenna array.

[0033] An optical phase array (OPA) receiver in accordance with an embodiment of
the invention includes: a plurality of branches that each comprise a phase shifter and an
optical element, where each phase shifter is controllable via control circuitry; and an OPA
controller configured to generate control signals to control the phase of the phase shifters
in the OPA via the control circuitry. In addition, the OPA controller is further configured
to perform a calibration process includes sending control signals to the OPA control
circuitry to perform a plurality of phase sweeps using each of a plurality of different basis
masks. Additionally, each phase sweep includes: performing a phase sweep across a
phase sweep range at a plurality of phase step increments with respect to a first group of
phase shifters identified in a basis mask, where the first group of phase shifters comprises
a plurality of phase shifters; and measuring a calibration optical signal received by the
OPA at each of the plurality of phase step increments during the phase sweep.
Additionally, the calibration process includes generating calibration phase state
information based upon the measured calibration optical signals.

[0034] In another embodiment, each optical element is configured to couple incident
light into the optical branch to which it is connected, the optical branch further comprises

a directional coupler configured to perform heterodyne mixing of a received optical signal
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with a reference signal, and the phase shifter is configured to apply a phase shift to the

reference signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] Fig. 1 shows a general architecture for an OPA in accordance with an
embodiment of the invention.

[0036] Fig. 2 illustrates a process for calibrating the phase offsets for phase shifters in
an OPA based upon measurements of a calibration signal in accordance with an
embodiment of the invention.

[0037] Fig. 3 illustrates a common OPA TX architecture incorporating phase shifters.
[0038] Fig. 4 illustrates an OPA TX that utilizes p-i-n modulators as phase shifters.
[0039] Fig. 5 is a photograph of an integrated circuit implementing an OPA TX similar
to that shown in Fig. 4.

[0040] Fig. 6 conceptually illustrates the manner in which an OPX TX is calibrated in
accordance with an embodiment of the invention.

[0041] Figs. 7A — 7C show a comparison between measured vertical beam spot
movements and corresponding simulations.

[0042] Figs. 8A - 8C show a comparison between measured horizontal beam spot
movements and corresponding simulations.

[0043] Fig. 9 shows an OPA RX implemented to receive incident light at an array of
antenna elements.

[0044] Fig. 10 schematically illustrates a 1D OPA RX architecture including
heterodyne detection that can be utilized in accordance with an embodiment of the
invention.

[0045] Fig. 11 illustrates the manner in which heterodyne mixing and detection can be
performed within an OPA.

[0046] Fig. 12 conceptually illustrates the manner in which an OPA RX can be
calibrated.

[0047] Fig. 13 conceptually illustrates an example of the manner in which basis
functions can be utilized to generate basis masks in accordance with an embodiment of
the invention.

[0048] Fig. 14 illustrates a complete and orthogonal mask set for a 4x4 array.

9-
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[0049] Fig. 15 illustrates a mask setfor a 5 x 7 array.
[0050] Fig. 16 is example pseudocode that can be used to implement a calibration

process in accordance with an embodiment of the invention.

DETAILED DISCLOSURE OF THE INVENTION

[0051] Turning now to the drawings, optical systems and processes for controlling
and/or calibrating optical systems in accordance with various embodiments of the
invention are illustrated. In many embodiments, the optical system includes an OPA and
utilizes calibration phase state information to perform functions including (but not limited
to) beamforming, focusing, and/or other waveform manipulation and control functions.
Processes in accordance with various embodiments of the invention can be utilized to
determine phase state calibration information for optical systems including (but not limited
to) optical systems that include OPA transmitters (TXs) or OPA receivers (RXs).

[0052] In several embodiments, the calibration process applies phase sweeps to
groups of phase shifters within an OPA and observes changes in one or more calibration
signals. In the case of an OPA TX, the calibration signal can be generated by a sensor
positioned in a known location relative to the OPA. In the case of an OPA RX, the
calibration signal can be the signal detected by the OPA RX in response to illumination
by a well characterized light source. By applying phase sweeps to groups of phase
shifters in an array, a larger variation in the dynamic range of the calibration signal is
observed during the phase sweep. Accordingly, the observed variations can significantly
exceed the noise within the system enabling more accurate identification of the
combination of phase shift settings that result in the greatest improvement in the
performance of the OPA. When successive groups of phase shifters to which phase
sweeps are applied are selected appropriately, an optimal phase state for an optical
system can be identified more reliably and more rapidly than can be achieved through
conventional gradient descent.

[0053] In the context of optical systems, a variety of different phase states can
constitute an optimal phase state. For example, the optimal phase state may be the
phase state that is the most efficient. In several embodiments, the optimal phase state is
the phase state that is the most efficient phase state that can be identified within a certain

period of time and/or amount of computation. In a number of embodiments, the optimal
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phase state can be the first phase state that satisfies a calibration criterion during the
calibration process. In certain embodiments, the quality of a phase state can be
determined by capturing information across the field of view of an OPA. For example, an
OPA RX calibration process can evaluate sensitivity in a first direction and noise rejection
in other directions. Similarly, an OPA TX calibration process can look at the amount of
power in a main beam direction and the amount of power in sidelobes. Accordingly, it
should be appreciated that a phase state selected by the calibration process is not
necessarily the global optimum (i.e. best of all possible phase states). Quite the contrary,
the phase state selected by the calibration process is routinely sub-optimal. Therefore,
references to a phase state as being optimal herein should be understood to a refer not
only to the globally optimal phase state, but to any phase state that meets criteria
established by the calibration process as being suitable for configuring an OPA to perform
beamforming. Indeed, a calibration process may in fact identify multiple potential phase
states as being optimal through the application of phase sweeps to groups of phase shifter
within the OPA and the OPA can determine the specific phase state that is most
appropriate to the requirements of a given application.

[0054] In a number of embodiments, the manner in which phase sweeps are applied
to groups of phase shifters is determined based upon a series of basis masks. As is
discussed below, the basis masks can enable the calibration space to explore all possible
phase states (i.e. the basis masks form a complete basis for the phase state of the
system). In several embodiments, the basis masks only enable efficient exploration of a
subset of all possible phase states of the system (i.e. the basis masks form an incomplete
basis for the phase state of the system). Use of basis masks that form an incomplete
basis can be advantageous in circumstances where prior information can guarantee that
an optimal or near-optimal calibration can be obtained rapidly by only searching within a
subset of all possible phase states for the system. In many embodiments, the basis
masks form an orthogonal or nearly orthogonal basis, which can (in some applications)
simplify the implementation of the calibration process.

[0055] The basis mask sets do not need to be applied to the full size of an array. In a
number of embodiments, the array is broken down into smaller segments, where, within

each segment, the appropriate set of basis masks determines the manner in which phase
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sweeps are applied to particular phase shifters. In several embodiments, the size of the
segments, the basis masks sets applied to each segment, the phase sweep ranges of the
phase sweeps and the number of phase steps (or the phase step increment) can all be
different within different overall iterations of a calibration loop.

[0056] In a number of embodiments, the overall calibration process involves one or
multiple iterations of a process of performing phase sweeps using a set of masks with
respect to each segment in an array. The loop can start from a random initial state or use
previously evaluated phase settings as a starting point to obtain faster convergence to an
optimum phase setting. In each iteration, the phase sweep range, the phase step
increment, and the segment sizes can change. Larger phase step increments can
produce a smaller number of calibration signal measurements to be evaluated, which can
result in a higher speed of operation and lower complexity. Reducing the phase sweep
range can refine the phase offsets applied to specific phase shifters within the array. In
many embodiments, reductions in the phase sweep range can occur in the later stages
of the optimization, where the calibration process effectively performs fine tuning of the
phase settings. In many embodiments, smaller segment sizes can be used in the early
iterations in combination with a relatively larger phase sweep range. Due to large changes
in the phase of elements with respect to each other, a large change in the calibration
signal can be observed and the larger dynamic range allows for a smaller number of
elements to be changed in each step (e.g. smaller segment sizes). In a number of
embodiments, as the main loop progresses, and the coarse phase tuning transitions
toward finer tuning (e.g. smaller phase sweep ranges), the variation in the amplitude
becomes smaller and larger segmentations (potentially up to full array size) can be
utilized as the larger number of elements can generate larger power in the calibration
signal despite the smaller PSR. As can readily be appreciated the specific manner in
which the calibration process is configured is largely dependent upon the requirements
of a specific system such as (but not limited to) an OPA TX or OPA RX.

[0067] While OPAs and processes for calibrating OPAs in accordance with various
embodiments of the invention are discussed further below, systems and methods in
accordance with various embodiments of the invention should be understood as not

limited to optical systems that include OPAs but can be extended to any optical system
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and/or system that operates in another portion of the electromagnetic spectrum that
utilizes an array of elements and having controllable phase shifters that are utilized to
perform functions including (but not limited to) beamforming, focusing, and/or other

waveform manipulation and control functions.

OPA Architectures

[0068] Systems and methods in accordance with various embodiments of the
invention can utilize any of a variety of OPA architectures. Accordingly, the systems and
methods described herein should be understood as not being limited to any specific OPA
architecture. Quite the contrary, the methods described herein for OPA TX and RX
calibration and/or beamforming should be understood as being adaptable to any OPA
that utilizes phase control to perform functions including (but not limited to) beamforming,
focusing, and/or other waveform manipulation and control functions.

[00569] A general architecture for an OPA in accordance with an embodiment of the
invention is conceptually illustrated in Fig. 1. The OPA system 100 includes an OPA
controller 102 and an OPA 104 that is implemented upon an OPA integrated circuit (IC)
106. As can readily be appreciated, the illustrated OPA system 100 is generalized to be
able to describe the features common to both an OPA TX and an OPA RX. The
configuration of the various components described with respect to Fig. 1 is dependent
upon whether the OPA is an OPA TX or an OPA RX.

[0060] Referring specifically the OPA controller 102, the OPA controller includes a
processor 108 that can be configured by OPA control software 110 stored in memory 112.
The OPA control software 110 can configure the processor to perform a variety of
functions with respect to the OPA 104 including (but not limited to) calibrating the OPA
and/or determining phase settings in order to perform beamforming. As can readily be
appreciated, the specific functions performed by the OPA controller largely depend upon
the particular OPA configuration (e.g. OPA TX or OPA RX) and/or the requirements of
the specific application of the OPA.

[0061] While the OPA control software 110 is referred to as software, the OPA control

software can also be implemented in firmware. Furthermore, the OPA controller can also
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be implemented using an FPGA or as an ASIC. Indeed, in many embodiments, OPA
controller circuitry is incorporated into an OPA IC.

[0062] Where the OPA controller is separate from the OPA IC, the OPA controller 102
provides instructions to the OPA IC using an input/output interface 114. In several
embodiments, the instructions are provided as digital signals to control circuitry 116 within
the OPA IC. As is discussed further below, these instructions can be utilized to control
the operation of the OPA IC.

[0063] As noted above, the OPA IC 106 includes an OPA 104. The OPA 104 is made
up of a number of OPA elements 118. In the illustrated embodiment, each OPA element
118 includes an antenna element 120 and a controllable phase shifter 122. The specific
structure of each OPA element depends upon the configuration of the OPA (e.g. OPA TX
or OPA RX) and a variety of different OPA TX and OPA RX structures are discussed
further below.

[0064] The controllable phase shifter 112 apply phase shifts to optical signals, where
the amount of the applied phase shift is determined by control signals received from the
control circuitry 116. In many embodiments, the control signals are analog signals that
are generated by OPA element control circuitry 124. In the illustrated embodiment, the
OPA control circuitry includes a memory 126 that is utilized to buffer a control parameter
and a digital to analog converter (DAC) 128 that is utilized to convert the control parameter
into an analog control signal. As can readily be appreciated, the specific manner in which
OPA element control circuitry is implemented is largely dependent upon the nature of the
phase shifters utilized within the OPA. Accordingly, any of a variety of phase shifters
and OPA element control circuity can be utilized as appropriate to the requirements of

specific applications in accordance with various embodiments of the invention.
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Non-Linearities and Noise within OPAs

[0065] Due to the central role of phase (and amplitude) control in the proper operation
of OPAs, it can be useful to calibrate and correct the phase shift of each branch to produce
a coherent wave-front in an OPA TX or receive an impinging wave-front in an OPA RX.
For a steerable phased array, the phase shift in each OPA element 118 can be controlled
by its phase shifter 122, which can operate based on different principles, including but not
limited to thermal index change, carrier induced phase shifters, and/or Kerr effect. Various
mechanisms offer different benefits and drawbacks, but in general all of them are typically
subject to nonlinearity in the phase response with respect to the phase controlling input
(for example, voltage or current) and can experience element-to-element variations,
where the same input does not produce the same phase shift for two elements with similar
nominal design.

[0066] Inthe case of a centralized optical signal distribution within the OPA 104, path
length differences in the signal distribution lines can also result in a rather arbitrary initial
phase for the array. For instance, at wavelength of A = 1,550nm, a path length difference
of roughly 250nm (1/4,000,000 meter) in a silicon waveguide can result in almost
complete phase reversal (~180°). In the case of large uncontrolled distribution networks,
this can result in practically random initial phase. Even in the case of a length matched
distribution network, slight variation in features including (but not limited to) the length,
dielectric constant, adjacency to other dielectric and conductive materials, imperfection in
the crystal, and/or coupling variations can cause variations in the initial phase that would
need to be dynamically adjusted and corrected for the array to operate properly. Similar
issues can be observed in virtually all types of OPA architectures including (but not limited
to) signal path optical phase shifting OPAs, base-band digital phase shifting OPAs, and/or
homodyne and heterodyne LO path phase shifting OPAs. Furthermore, these issues exist

in both receiver and transmitter array architectures.

Calibrating OPAs
[0067] In order to perform functions including (but not limited to) beamforming,
focusing, and/or other waveform manipulation and control functions, OPAs in accordance

with various embodiments of the invention can undergo a calibration process to determine
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corrections for non-linearities. In the case of an OPA TX, calibration can be performed
by adjusting the phase of phase shifters within the OPA and measuring the power in a
particular beam direction or beam directions. Power detection can be done in a variety of
ways in the near or far field. These include, but are not limited to, using a photodiode,
using a camera (CCD or otherwise), using an image sensor array (CCD, CMOS, etc.), or
other localized field sensors in a variety of configurations. For an OPA RX, any external
source, be it a point source (laser or otherwise) or a naturally occurring signal source can
be used during the calibration process to illuminate the OPA and the received signal
strength observed as the phases of the phase shifters within the OPA are modified.
[0068] In many embodiments, the calibration process involves the OPA
simultaneously modifying groups of phase shifters in a coordinated manner to determine
a calibration phase state. By performing phase sweeps with respect to groups of phase
shifters, the calibration process can generate much larger changes in a calibration signal
than can be observed by modifying a single phase shifter and/or randomly applying fixed
positive or negative phase perturbations to all the phase shifters. In this way, calibration
processes in accordance with various embodiments of the invention tend to be more
robust to noise than conventional OPA calibration processes. By analyzing the change in
the calibration signal in response to the phase sweeps, a determination can be made
concerning the specific phase state or phase states that achieve efficient beamforming.
Information concerning efficient phase state(s) can then be utilized to generate calibration
data for use in subsequent beamforming and/or beam steering.

[0069] In several embodiments, multiple phase sweeps are performed using a
different group of phase shifters during each phase sweep. The group of modulators to
which a phase sweep is applied can be referred to as a segment of the OPA or segment.
Within each segment a basis mask can be utilized to determine the nature of the phase
sweep applied to a particular modulator within the group. In several embodiments, the
basis mask determines whether the phase sweep involves positive phase step
increments or negative phase step increments over a phase sweep range. In a number
of embodiments, the basis masks determine whether or not a phase sweep is applied to
a particular modulator. In many embodiments, the basis mask can include any value

including (but not limited to) a value that can be utilized to modify the manner in which a
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phase step increment is applied to a phase shifter (e.g. signed integers, real numbers, or
complex numbers, to name a few additional possibilities).

[0070] As is discussed in detail below, the selection of the basis masks (masks)
utilized within a calibration process can determine the extent to which the calibration
process can identify an optimal phase state for performing beamforming using the OPA
and/or the speed with which the optimal phase state can be identified. While not
necessary, the use of orthogonal or quasi-orthogonal masks can facilitate evaluation of
the optimum phases for multiple masks independently and sequentially without the need
to update the OPA phase settings after each phase sweep. This can be particularly useful
in the presence of latency or speed limitations for communications between an OCA and
an OCA controller. The orthogonal and quasi-orthogonal masks can enable the phase
sweeps to be done independently and the aggregate result effectuated after a predefined
number of masks have gone through the phase sweep.

[0071] In many embodiments, the calibration process is able to identify a phase state
that enables efficient beamforming by repeating the process of performing phase sweeps
with respect to different segments of the OPA using different segment sizes, segment
shapes, basis masks, phase step increments, and/or phase ranges. The segment sizes,
basis masks, phase step increment size and/or phase ranges utilized during the
calibration process can be designed to rapidly identify the phase state that optimizes a
calibration signal. As a general rule, large phase step increments produce significant
changes in a calibration signal. In addition, increasing the size of a segment also
increases the impact of a phase step increment on a calibration signal. Therefore,
calibration processes in accordance with a number of embodiments of the invention
commence with comparatively smaller segment sizes and larger phase step increments.
As the calibration progresses, the phase step increments can be reduced to provide
refinement of the phase state. In order to observe the effect of these smaller phase step
increments in the presence of noise, the size of the segments can be increased as the
phase step increments are decreased. Processes for selecting segment shape and/or
size, generating masks, and/or determining phase step increment size and/or phase
ranges utilized when performing phase sweeps during a calibration process in

accordance with various embodiments of the invention are discussed further below.
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[0072] A process for calibrating the phase offsets for phase shifters in an OPA based
upon measurements of a calibration signal in accordance with an embodiment of the
invention is illustrated in Fig. 2. The calibration process 200 is initialized by selecting an
initial phase state and making a calibration signal measurement made with respect to the
initial phase state. In addition, an initial segment size and shape, an initial phase sweep
range (PSR), and an initial phase step increment are selected (202). A set of masks
appropriate to the selected segments can also be obtained (204) and a first mask is
selected (206). In a number of embodiments, the masks are pre-generated and retrieved
from memory. In several embodiments, the masks are generated based upon the
segment size and shape.

[0073] A set of phase sweeps can be performed with respect to the phase shifters in
the OPA using the selected mask. In several embodiments, the phase sweeps are
performed separately with respect to different segments of the OPA. A first segment is
selected (208) based upon the initial phase step increment. A phase sweep is performed
(210) with respect to the phase shifters in the segment in a manner determined based
upon the mask, the phase sweep range, and the phase step increment.

[0074] In the illustrated embodiment, the phase sweep involves applying (212) phase
step increments to the phases of the phase shifters within the segment in accordance
with the selected mask. The calibration signal can then be measured. The process of
incrementing the phases of the phase shifters within the segment in accordance with the
selected mask and measuring the calibration signal continues until a determination (214)
is made that the phase sweep of the selected phase sweep range is complete. When the
phase sweep is complete, the process selects new segments until a determination (216)
is made that a phase sweep has been performed in accordance with the selected mask
on all segments of the OPA. At which point, the process selects additional masks and
repeats the process of performing phase sweeps with respect to each segment in
accordance with the selected mask until a determination (218) is made that there are no
additional masks.

[0075] When each mask in the initial set of masks has been used, the process can
then perform another iteration selecting (202) a new segment size and shape, a new

phase sweep range, and a new phase increment step. A new set of masks is obtained

-18-



WO 2020/132126 PCT/US2019/067262

(204) based upon the new segment size and shape and phase sweeps can be performed
on the new segments in accordance with the new set of masks and based upon the phase
new sweep range and phase increment step. As noted above, calibration processes in
accordance with many embodiments of the invention have a tendency to proceed by
utilizing smaller phase increment steps and larger segments. As can readily be
appreciated, the specific manner in which the segment sizes and are selected during the
calibration process, the specific masks that are utilized, and/or the manner in which the
phase sweep ranges, and/or phase step increments are modified during successive
iterations are largely dependent upon the requirements of specific applications. The
phase sweeps continue until a determination (220) is made that the calibration process
is complete. At which point, the OPA can be configured (222) using the calibration phase
state information generated by the calibration process.

[0076] While specific calibration processes are described above with respect to Fig.
2, any of a variety of processes for calibrating phase shifters within OPAs including (but
not limited to) processes that use a single set of masks, processes that do not divide the
OPA up into segments, processes that do not change the segment size during the
calibration process, and/or processes that do not change the phase sweep range during
the calibration can be utilized as appropriate to the requirements of given applications in
accordance with various embodiments of the invention. In addition, processes can be
implemented that apply phase sweeps to each segment using the complete set of masks
before moving on to the next segment. Indeed, the ordering of the steps of the calibration
processes described above with reference to Fig. 2 can be varied as appropriate to the
requirements of specific applications. While the process described above with respect to
Fig. 2 are described in the context of OPAs, a similar process can also be performed with
respect to the calibration of any system that includes an array of elements and in which
phase shifters are utilized to perform functions including (but not limited to) beamforming,
focusing, and/or other waveform manipulation and control functions. In order to provide
additional context for the specific manner in which calibration processes in accordance
with various embodiments of the invention can be utilized, a number of specific OPA TX
and OPA RX architectures are discussed below prior to providing a more detailed

discussion of calibration and the generation of basis masks.
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OPA TXs

[0077] A variety of OPA TX architectures are known. As noted above, processes in
accordance with various embodiments of the invention can be utilized in the calibration
of any typical OPA TX architecture.

[0078] A common OPA TX architecture incorporating phase shifters is illustrated in
Fig. 3. The OPA TX 300 includes a single laser source 302, which is divided into multiple
optical branches 304 with an independently controlled optical phase shifter 306 on each
branch. Each branch feeds an optical antenna element 308 and the optical antenna
elements collectively form an array of emitters. By adjusting the phase shifters, a
controllable coherent optical wave front can be formed. Indeed, when the array of
emitters forms a two-dimensional array, the formed beam can (in theory) be steered in
two directions by applying a first constant phase difference between adjacent elements
along a first axis and a second constant phase difference between adjacent elements
along a perpendicular axis. Furthermore, the spot size formed by the beam at an arbitrary
distance can be shown to be proportional to the array area.

[0079] In a number of embodiments, the phase shifters 306 are controlled by control
circuitry (not show) and can be implemented using passive delay/phase elements and/or
active phase shifters. In certain embodiments, p-n or p-i-n junction based phase shifters
are utilized. In various embodiments, other types of phase shifters that can be controlled
via control circuitry including (but not limited to) thermo-optic phase shifters, and/or MEMS
based phase shifters can be utilized. In several embodiments, the optical antenna
elements 308 are implemented using a grating coupler or an edge coupler. As can readily
be appreciated, any of a variety of light sources, optical branches, optical phase shifters,
and antenna elements appropriate to the requirements of specific applications can be
utilized in the construction of OPAs in accordance with various embodiments of the
invention. As noted above, calibration processes in accordance with various
embodiments of the invention can be utilized to correct for nonlinearity in the phase
response of individual branches in the OPA with respect to the phase controlling input.
[0080] An OPA TX that utilizes p-i-n modulators as phase shifters in accordance with

an embodiment of the invention is illustrated in Fig. 4. In the illustrated OPA TX 400, light
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can be coupled into an input grating coupler 402 through a single-mode optical fiber and
then is guided to a Y-junction splitter network 404 through silicon nano-waveguides 406.
The splitter network 404 can uniformly split and guide the coupled light into separate p-i-
n phase modulators 408 in each branch. A p-i-n phase modulator 408 can be formed on
a strip loaded optical waveguide that operates in forward bias. An advantage of using p-
I-n phase modulators is that they enable fast beam steering. As can readily be
appreciated, however, any of a variety of phase shifters can be utilized in the OPA as
appropriate to the requirements of particular applications in accordance with various
embodiments of the invention.

[0081] The phase modulated optical waves can then be guided to an antenna element
410 forming part of the radiating antenna array. In the illustrated embodiment, the
radiating antenna elements 410 are grating couplers. As can readily be appreciated, any
of a variety of antenna elements can be utilized as appropriate to the requirements of
specific applications in accordance with various embodiments of the invention. Fig. 5 is
a photograph of an integrated circuit implementing an OPA TX similar to that shown in
Fig. 4.

[0082] The manner in which an OPX TX is calibrated in accordance with an
embodiment of the invention is conceptually illustrated in Fig. 6. In the illustrated
embodiment, the OPA TX 600 illuminates a sensor 602. The output of the sensor can
serve as a calibration signal. In the illustrated embodiment, the sensor power can serve
as the calibration signal. As is discussed above, a basis mask 604 can be utilized to
perform phase sweeps of different segments 606 of the OPA 600 resulting in changes of
the observed sensor power 608. By repeating the process using different basis masks,
the solution space of phase states can be explored to identify an efficient and/or optimal
phase state that can be utilized to perform beamforming using the OPA TX.

[0083] The ability to perform reliable two-dimensional beamsteering using the OPA TX
illustrated in Fig. 5, after calibration, is illustrated in Figs. 7A - 8C. Gradual beam steering
in both vertical and horizontal directions is shown and compared with simulated patterns.
As shown, the OPA TX is capable of two-dimensional beamsteering over full vertical and
horizontal lobe spacing periods. Figs. 7A - 7B show that the measured vertical beam spot

movements are in close agreement with the corresponding simulations. Fig. 7C shows
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the cross-section of the measured far-field pattern of the OPA. Similarly, Figs. 8A - 8C
show the horizontal beam spot movements. Note that the vertical beamsteering has some
small horizontal shift due to the parallelogram lattice structure of the array of Fig. 5.

[0084] While specific OPA TXs are described above with reference to Figs. 3 - 8C, the
calibration processes described herein can be utilized in any of a variety of OPA TXs
including (but not limited to those) described above and with respect to OPA TXs
incorporating any of a variety of phase shifters and/or control mechanisms and/or
configured to perform a variety of functions including (but not limited to) beamforming,
focusing, and/or other waveform manipulation and control functions. In addition,
calibration processes can also be used in a similar manner with OPA RXs. A variety of
OPA RX architectures that can be calibrated using calibration processes in accordance

with various embodiments of the invention are discussed further below.

OPA RXs

[0085] Since electromagnetic wave propagation is reciprocal, in principle, a similar
array structure to that utilized in an OPA TX can detect and determine light intensity
arriving from a particular angle. Accordingly, OPA RXs can be implemented that receive
incident light at an array of antenna elements as conceptually illustrated in Fig. 9. The
main challenge faced by OPA RXs is that the optical signal received at each element is
typically very weak. Therefore, directly using an OPA TX architecture as a receiver (as
the reciprocity principle suggests) is not necessarily the most efficient implementation of
an OPA RX. In such a direct conversion OPA RX, the weak received signal is likely to be
further attenuated by the phase shifters in the signal path, degrading performance.
Therefore, OPA RXs are often implemented using similar components, but with a slightly
different architectures to increase sensitivity. One such architecture is the OPA RX
architecture that incorporates heterodyne detection described in Abiri, Behrooz, Reza
Fatemi, and All Hajimiri. "A 1-D heterodyne lens-free optical phased array camera with
reference phase shifting." IEEE Pholonics Journal 10, no. 5 (2018). 1-12, the disclosure
of which including the disclosure regarding the construction of OPX RXs that utilize
heterodyne detection is incorporated herain by reference in its entirety. As can readily be

appreciated, calibration processes in accordance with various embodiments of the
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invention can be utilized in any of a variety of optical systems that utilize phase shifters in
combination with an array of optical elements that couple light into the optical system as
appropriate to the requirements of specific applications.

[0086] A 1D OPA RX architecture including heterodyne detection that can be utilized
in accordance with an embodiment of the invention is schematically illustrated in Fig. 10.
The OPA RX 1000 includes an array of optical elements 1002. In the illustrated
embodiment, the array is a 1D array. As can readily be appreciated, the optical array can
include a 2D array of elements positioned in regular or irregular arrangements.

[0087] Incident light is coupled into optical branches 1004 by the optical elements
1002. A directional coupler 1006 in each branch is used to perform heterodyne mixing of
the received optical signal with a reference signal. The heterodyne mixing process can
increase the sensitivity of the OPA RX, because the received optical signal is amplified
by a gain factor proportional to the amplitude of the stronger reference signal.

[0088] Traditional receive beamforming processes involve phase shifting the received
signal. Due to signal losses in the phase shifters, the illustrated OPA RX instead phase
shifts the reference signal. Phase shifting of the reference signal is achieved by feeding
a reference light source 1008 to an optical splitter 1010 network. In the illustrated
embodiment, the splitter network 1010 is a Y-junction 1012 splitter network. In this way,
a separate reference signal is available to each optical branch of the OPA. The reference
signal is provided to a phase shifter 1014, which applies a phase shift to the reference
signal prior to heterodyning mixing with the received optical signal in the directional
coupler 1006. The outputs of the directional coupler 1006 are provided to balanced
photodiodes 1016 to produce an electrical output signal. The signals from each of the
balanced photodiode pairs 1016 can be utilized to produce an OPA RX output 1018.
[0089] The manner in which heterodyne mixing and detection can be performed within
an OPA is illustrated in greater detail in Fig. 11. The optical heterodyne detector 1100
receives a reference signal by a reference optical channel 1102. The reference signal is
phase shifted using a p-i-n phase modulator 1104 that can be controlled by electrical
signals provided by control circuitry (not shown). The phase shifted reference signal
output by the phase shifter and the received optical signal from a received optical signal

branch 1106 are fed into a directional coupler 1108 that performs optical heterodyne
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mixing. The two mixed signals output by the directional coupler 1108 are then provided
to a pair of balanced photodiodes 1110.

[0090] The manner in which an OPA RX can be calibrated is conceptually illustrated
in Fig. 12. In the illustrated embodiment, the OPA RX 1200 includes a 2D OPA that is
illuminated by a well characterized light source 1202. The output power of the OPA RX
can serve as a calibration signal. In the illustrated embodiment, the OPA RX received
power can serve as the calibration signal. As is discussed above, a basis mask 1204 can
be utilized to perform phase sweeps of different segments 1206 of the OPA 1200 resulting
in changes of the observed sensor power 1208. By repeating the process using different
basis masks, the solution space of phase states can be explored to identify an effective
and/or optimal phase state that can be utilized to perform functions including (but not
limited to) receive beamforming using the OPA RX.

[0091] While specific OPAs are described above with reference to Figs. 3 — 12, OPAs
in accordance with various embodiment of the invention can be constructed using any
components and/or fabrication processes that can be utilized in the construction of an
OPA. As stated above, calibration processes in accordance with various embodiments
of the invention can be utilized to ascertain phase calibration state information for phase
shifters in OPAs irrespective of whether the OPA is an OPX TX or OPX RX and/or the
specific architecture employed within the OPA. Specific calibration processes that can
be utilized to determine phase state calibration information for systems including (but not
limited to) optical systems that include OPAs and techniques for generating basis masks

in accordance with certain embodiments of the invention as discussed further below.

Calibration Processes Using Basis Masks

[0092] Referring again to Fig. 2, a high-level process 200 is shown for determining
phase state calibration information in a system including an array such as (but not limited
to) any of the OPA TX and OPA RX systems described above. A key feature of calibration
processes in accordance with many embodiments of the invention is performing
coordinated phase sweeps of groups of phase shifters. Basis masks can be utilized to
determine the phase sweeps applied to individual phase shifters at different stages during

the calibration process. As is discussed in more detail below, the characteristics of the
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basis mask can determine how likely a calibration process is to identify an optimal or
desired phase state and/or the speed with which such a phase state can be identified by

the calibration process.

Basis Masks

[0093] The phase and amplitude settings of an N-element array can be considered to
be a complex N-dimensional basis for a vector space of the element settings. If only
phases were to be varied, the vector space will be real and corresponds to all of the
potential phase states of the array. The vector space of the phase state space of the
array can be spanned using different sets of basis functions. Many embodiments of the
invention utilize an incomplete set of basis functions (i.e. a set of basis functions that do
not span the entire phase state space). In certain applications, however, mutually
independent basis functions are utilized that enable evaluation of the entire phase state
space of the array. As is discussed further below, basis masks can be generated using
a set of basis functions. While much of the discussion that follows relates to the generation
of basis masks for OPAs that incorporate regular two-dimensional arrays of optical
elements, it is important to appreciate that basis masks can be generated and applied
during calibration processes in any of a variety of systems in accordance with various
embodiments of the invention and to any arbitrary arrangement of N elements including
(but not limited to) one dimensional arrays, and sparse arrays.

[0094] A simple example of the manner in which basis functions can be utilized to
generate basis masks is conceptually presented in Fig. 13. Three independent basis
masks, EE and b? are illustrated. It is noteworthy that the exemplary basis, b, is not

orthogonal. In this context, orthogonality is defined as the inner product of two masks

being zero. The inner product of masks a and b is defined as:

a.b :zzaubu
U

with elements at -1 and 1 in this example. As noted above, masks are not limited to
elements of -1 and 1, but can include any values appropriate to the requirements of a

particular application.
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[0095] There are additional benefits to using an orthogonal basis (or nearly orthogonal
ones) to span the phase state space of a particular OPA. An example of three orthogonal
masks is also shown in Fig. 13, where 2-dimensional basis functions €;,é, and é;are
orthogonal. The dimensionality of the phase state space is N, meaning that N basis
vectors are needed to completely span the space. Although it is possible and certainly
not excluded in this disclosure to use an incomplete basis, there are benefits to a
complete basis that spans the entire vector space of optimization parameters. As an
incomplete basis could result in suboptimal focusing and thereby degrade optical beam
quality. This is because parts of the design space would remain unexplored. Various basis
functions are possible, however different basis functions are often preferred depending
on the optimization scenario. For example, a large dynamic range can be generated in
the case of a noisy and weak signal by selecting a set of basis functions that vary the
phase of a large number of phase shifters during a phase sweep. The upper bound for
this is varying the phase of half of the elements with respect to the other half, which
produces the maximum dynamic range with the phase sweep. Such large variations,
resulting from multiple element fluctuations can provide a large dynamic range that is
useful in assessment of the preferred phase settings in both cases of OPA TXs or OPA
RXs.

[0096] One exemplary embodiment of the use of basis masks involves sweeping the
phase of one group of elements (designated by color red in Fig. 6 for an OP TX) relative
to the other elements (for instance, the blue) for each of the 2-dimensional basis masks.
In many embodiments, the phase shift may be done differentially (with one group moving
in the opposite direction of the other group) (masks with element at +1 or -1, which can
be referred to as signed masks), or in a one-sided fashion, where only one group of
phases are swept without the other group moving (with mask elements at O or 1 hereafter

referred to as binary masks).

Orthogonal Basis Masks
[0097] As mentioned above, there are certain benefits to using masks that are
substantially orthogonal. One of those advantages is the smaller projection of optimization

of phase sweeps using a first mask compared to phase sweeps using the other masks
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(theoretically zero for a perfectly orthogonal basis). Furthermore, the use of orthogonal
basis masks can enable identification of an optimal calibration phase state to be done in
batch without the need for frequent updates to each element’s phase setting, which can
significantly reduce the number of communication updates between an OPA and an OPA
controller. The orthogonality can help minimize the effects of nonidealities (including but
not limited to coupling, thermal cross-talk, and phase shifter nonlinear response) in the
aggregate sum and enable the superposition of the optimal phase shifts for each mask to
provide a close approximation of the optimum phase shift across the aggregate masks.
As such perfect orthogonality is not necessary and quasi-orthogonal or nearly orthogonal
masks can also provide a useful result. This would correspond to masks whose inner
products are not exactly zero, but still smaller (to varying degrees) than the inner product

of the mask with itself.

Generating Complete Mask Sets

[0098] Using a complete mask set can enable a calibration process in accordance with
an embodiment of the invention to get closer to the target optimization point with no blind
spots in the optimization space. One such exemplary complete and orthogonal mask set
is shown in Fig. 14 for a 4x4 array. Even if a random selection of elements were to be
phase swept at the same time, the system would be prone to incompleteness in such an
approach, meaning certain states or combinations of them can be missed, often resulting
in (substantially) suboptimal performance. It should be emphasized that calibration
processes in accordance with many embodiments of the invention use incomplete, or
non-orthogonal masks for any specific applications. As can readily be appreciated, the
specific characteristics of the mask sets that are utilized in a particular calibration process
in accordance with various embodiments of the invention are largely dependent upon the
requirements of practical applications.

[0099] The exemplary mask-set of Fig. 14 can be generated using two Hadamard
matrices. In general, a perfectly orthogonal basis mask set of size M x N can be generated
using Hadamard matrices of size M x M and N x N. The orthogonal basis mask set can

be constructed either analytically or by computers. The Hadamard matrices used to
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generate the 2-dimensional mask set of size 4 x 4 can be one and the same, because

M=N=4. The Hadamard Matrix (with rows reordered) is:

1 1 1 1
_11 1 -1 -1
Hy = 1 -1 -1 1

1 -1 1 -1

[00100] The individual masks are generated by preforming matrix multiplication of a
column of the M x M matrix by a row of the N x N matrix to generate a mask of size
MxN.

Generating Quasi-Orthogonal Masks

[00101] The two matrices used do not have to be the same size or for that matter
perfectly orthogonal. An example of this is shown in Fig. 15 for masks of size 5x 7. In this
example, what can be referred to as a quasi-orthogonal basis is utilized. This can be
generated using what can be referred to as pseudo-Hadamard matrices. The basis B is
close to orthogonal if the product of B.B' is close to N x M.I, where [ is the identity matrix.
Namely, the nondiagonal elements of the product of B.B” should be much smaller than
the diagonal. Quasi-orthogonal mask sets can be implemented as elements of 1 and -1,
or 0 and 1 (with an XOR operation) or any other sets of values including signed integers,
real numbers, complex numbers, to name a few possibilities.

[00102] Using orthogonal or quasi-orthogonal masks facilitates evaluation of the
optimum phases for multiple masks independently and sequentially without the need to
update the OPA phase settings after each phase sweep of the active radiators under the
active mask. This can be particularly useful in the presence of latency or speed limitations
for communications. The orthogonal and quasi-orthogonal masks allow the phase sweeps
to be done independently and the aggregate result effectuated after a predefined number

of masks have gone through the phase sweep.
Performing Phase Sweeps using Basis Masks

[00103] As is discussed above, each of the basis masks defines different sets of phase

shifters to which a phase sweep is applied leading to received power variation at a
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calibration sensor for the case of an OPA TX (as in Fig. 6) or received power variation in
the case of an OPA RX illuminated by a calibration light source (as in Fig. 12). In each
case, the relevant calibration signal can be monitored as the phase is swept and utilized
to select a calibration phase state for use in subsequent beamforming and/or beam
steering. In several embodiments, the phase of the elements within each mask can be
swept over an arbitrary number of steps and over different total phase sweep ranges
(PSR) within different overall iterations of a calibration loop. The number of phase steps
(NPS) evaluated can be as low as two with no upper bound. A smaller number of phase
steps (i.e., large phase step increments) can produce a smaller number of calibration
signal measurements to be evaluated, which can result in a higher speed of operation
and lower complexity in the detection. A smaller PSR can result in a subsection of the
phase sweep range of a particular optical element being explored. In many embodiments,
reductions in the PSR can occur in the later stages of the optimization, where the
calibration process (through its automated operation) effectively performs fine tuning of
the phase settings.

[00104] The mask sets do not need to be applied to the full size of the OPA. In a number
of embodiments, the array is broken down into smaller segments, where within each
segment the appropriate set of masks (possibly, but not necessarily, orthogonal or quasi-
orthogonal) determines the manner in which phase sweeps are applied to particular
phase shifters. The size and the number of the masks associated with each segment is
smaller than the number of masks that ideally are required to identify an optimal phase
state for the entire OPA. For example, segments of size Ms x Ns can be calibrating using
Ms x Ns, masks per segment. This will result in smaller number of elements phase swept
at any given time and fewer masks to sweep through during the calibration process. In
this way, sweeps can be performed faster, but at the potential cost of lower phase
variation dynamic range. This trade-off can be explored and utilized over the iterations (or
recursions) of a calibration process in accordance with an embodiment of the invention
by using different segmentation parameters.

[00105] In one exemplary embodiment, the optimum phase setting for each mask within

each segment is shown as Ac,,,(i). This corresponds to the setting for the phase shifters

within the OPA (for example, a thermal or PIN phase shifter) that produced the largest
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calibration signal under the ith segment mask, M(i), at a sensor in the case of an OPA TX
or at an OPA RXs detection port. A new phase state setting associated with the new

optimum phases can be determined using the following:

MyxNg

AC = mod z ACoye (1) M(D), P

i=1

where matrix P captures the local period of the phase shift in units of the phase shifter
code for individual phase shifters (e.g., the phase shifter settings of the individual array
elements.)

[00106] Inseveral embodiments, the overall calibration process involves one or multiple
iterations of a process of performing phase sweeps using a set of masks with respect to
each segment in an array. The loop can start from a random initial state or use previously
evaluated phase settings as a starting point to provide faster convergence to the optimum
phase setting. In each iteration, the phase sweep range (PSR), the number of phase
steps (NPS), and the segmentation sizes (Ms x Ns) can change. In many embodiments,
smaller segment sizes can be used in the early iterations in combination with a relatively
larger PSR. This is where due to large changes in the phase of elements with respect to
each other a large change in the received power in the calibration signal can be observed
and the larger dynamic range allows for a smaller number of elements to be changed in
each step (smaller segment sizes). In a number of embodiments, as the main loop
progresses, and the coarse phase tuning transitions toward finer tuning (smaller PSR),
the variation in the amplitude becomes smaller and larger segmentations (potentially up
to full array size) can be utilized as the larger number of elements can generate larger
power in the calibration signal despite the smaller PSR.

[00107] An example of pseudocode that can be used to implement a calibration process
in accordance with an embodiment of the invention is provided in Fig. 16. While specific
calibration processes and sequences of iterations are described above, any of a variety
of calibration processes that apply phase sweeps to groups of phase shifters in a
coordinated manner to achieve variations in a calibration signal above the noise floor of
the system can be utilized as appropriate to the requirements of specific applications in

accordance with various embodiments of the invention. Furthermore, while the calibration
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processes described herein are discussed in the context of optical phased array (OPA)
transmitters and receivers, similar calibration processes can also be utilized in other types
of optical arrays and sensors, where elements working in concert need to be optimized in
terms of their phase and/or amplitude settings.

[00108] Although the present invention has been described in certain specific aspects,
many additional modifications and variations would be apparent to those skilled in the art.
It is therefore to be understood that the present invention may be practiced otherwise
than specifically described, including various changes in the implementation other than
those described herein such as (but not limited to) multiple element phased arrays for
communication and sensing, sensors arrays, multiply static sensors, multiple array
projection system, and/or holographic systems at various wavelengths of the
electromagnetic spectrum, without departing from the scope and spirit of the present
invention. Thus, embodiments of the present invention should be considered in all

respects as illustrative and not restrictive.
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WHAT IS CLAIMED IS:

1. An optical system, comprising:
an optical phase array (OPA) comprising a plurality of branches that are each
connected to optical elements and each include a phase shifter, where each phase shifter
is controllable via control circuitry;
an OPA controller configured to generate control signals to control the phase of
the phase shifters in the OPA via the control circuitry;
wherein the OPA controller is further configured to perform a calibration process
comprising:
sending control signals to the OPA control circuitry to perform a plurality of
phase sweeps using each of a plurality of different basis masks, where each phase
sweep comprises:
performing a phase sweep across a phase sweep range at a plurality
of phase step increments with respect to a first group of phase shifters
identified in a basis mask, where the first group of phase shifters comprises
a plurality of phase shifters; and
measuring a calibration signal at each of the plurality of phase step
increments during the phase sweep; and
generating calibration phase state information based upon the measured

calibration signals.

2. The optical system of claim 1, wherein the OPA controller is configured to
perform beamforming using the OPA by sending control signals to the OPA control

circuitry based upon the calibration phase state information.

3. The optical system of claim 1, where each phase sweep further comprises
maintaining the phase offset of a second group of phase shifters identified in the basis
mask during the phase sweep, where the second group of phase shifters does not include

any of the phase shifters from the first group.
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4. The optical system of claim 1, where each phase sweep further comprises
simultaneously performing an opposite phase sweep across the phase sweep range at a
plurality of negative phase step increments with respect to a second group of phase
shifters identified in the basis mask, where the second group of phase shifters does not

include any of the phase shifters from the first group.

. The optical system of claim 1, wherein the size of the basis masks from the
plurality of different basis masks changes between at least some of the plurality of phase

sweeps.

6. The optical system of claim 5, wherein the size of the basis masks increases

between at least some of the plurality of phase sweeps.

7. The optical system of claim 5, wherein the phase sweep range changes

between at least some of the plurality of phase sweeps.

8. The optical system of claim 7, wherein over the course of the plurality of
phase sweeps:
the size of the basis masks increases; and

the size of the phase sweep range decreases.

9. The optical system of claim 5, wherein the phase step increment changes

between at least some of the plurality of phase sweeps.

10.  The optical system of claim 9, wherein over the course of the plurality of
phase sweeps:

the size of the basis masks increases;

the size of the phase sweep range decreases; and

the size of the phase step increment decreases.
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11.  The optical system of claim 1, wherein the phase sweep range changes

between at least some of the plurality of phase sweeps.

12.  The optical system of claim 1, wherein the phase step increment changes

between at least some of the plurality of phase sweeps.

13.  The optical system of claim 1, wherein the plurality of different basis masks

comprises a set of basis masks that are orthogonal.

14.  The optical system of claim 1, wherein the plurality of different basis masks

comprises a set of basis masks that are nearly orthogonal.

15.  The optical system of claim 1, wherein the OPA is configured as an OPA

transmitter.

16.  The optical system of claim 15, wherein:

the OPA transmitter further comprises an input into which an optical input can be
coupled and a splitter network;

each phase shifter is configured to receive the optical input from the splitter
network and apply a phase shift to the received optical input; and

the optical elements are radiating antenna elements that form a radiating antenna

array.

17.  The optical system of claim 1, wherein the OPA is configured as an OPA

receiver.
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18.  The optical system of claim 17, wherein:

each optical element is configured to couple incident light into the optical branch
to which it is connected:;

the optical branch comprises a directional coupler configured to perform
heterodyne mixing of a received optical signal with a reference signal; and

the phase shifter is configured to apply a phase shift to the reference signal.

19.  An optical system, comprising:
an optical phase array (OPA) comprising a plurality of branches that are each
connected to separate optical elements and each include a phase shifter, where each
phase shifter is controllable via control circuitry;
an OPA controller configured to generate control signals to control the phase of
the phase shifters in the OPA via the control circuitry;
wherein the OPA controller is further configured to perform a calibration process
comprising:
sending control signals to the OPA control circuitry to perform a plurality of
phase sweeps using each of a plurality of different basis masks, where each phase
sweep comprises:
performing a phase sweep across a phase sweep range at a plurality
of phase step increments with respect to a first group of phase shifters
identified in a basis mask, where the first group of phase shifters comprises
a plurality of phase shifters; and
measuring a calibration signal at each of the plurality of phase step
increments during the phase sweep; and
generating calibration phase state information based upon the measured
calibration signals;
wherein the size of the basis masks from the plurality of different basis masks
changes between at least some of the plurality of phase sweeps;
wherein the phase sweep range changes between at least some of the plurality of

phase sweeps;
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wherein the phase step increment changes between at least some of the plurality
of phase sweeps; and

wherein the OPA controller is configured to perform beamforming using the OPA
by sending control signals to the OPA control circuitry based upon the calibration phase

state information.

20. A method of calibrating an optical phase array (OPA) comprising a plurality
of branches that are each connected to separate optical elements and each include a
phase shifter, the method comprising:
sending control signals to control circuitry in the OPA to perform a plurality of phase
sweeps using each of a plurality of different basis masks, where each phase sweep
comprises:
performing a phase sweep across a phase sweep range at a plurality of
phase step increments with respect to a first group of phase shifters identified in a
basis mask, where the first group of phase shifters comprises a plurality of phase
shifters; and
measuring a calibration signal at each of the plurality of phase step
increments during the phase sweep; and
generating calibration phase state information based upon the measured

calibration signals.

21.  An optical phase array (OPA) transmitter, comprising:

a plurality of branches that each comprise a phase shifter connected to an optical
element, where each phase shifter is controllable via control circuitry;

an OPA controller configured to generate control signals to control the phase of
the phase shifters in the OPA via the control circuitry;

wherein the OPA controller is further configured to perform a calibration process
comprising:

sending control signals to the OPA control circuitry to perform a plurality of
phase sweeps using each of a plurality of different basis masks, where each phase

sweep comprises:
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performing a phase sweep across a phase sweep range at a plurality
of phase step increments with respect to a first group of phase shifters
identified in a basis mask, where the first group of phase shifters comprises
a plurality of phase shifters; and

measuring an optical signal transmitted by the OPA at each of the
plurality of phase step increments during the phase sweep; and
generating calibration phase state information based upon the measured

optical signals.

22.  The OPA transmitter of claim 21, wherein:

the OPA transmitter further comprises an input into which an optical input can be
coupled and a splitter network;

each phase shifter is configured to receive the optical input from the splitter
network and apply a phase shift to the received optical input; and

the optical elements are radiating antenna elements that form a radiating antenna

array.

23.  An optical phase array (OPA) receiver, comprising:
a plurality of branches that each comprise a phase shifter and an optical element,
where each phase shifter is controllable via control circuitry;
an OPA controller configured to generate control signals to control the phase of
the phase shifters in the OPA via the control circuitry;
wherein the OPA controller is further configured to perform a calibration process
comprising:
sending control signals to the OPA control circuitry to perform a plurality of
phase sweeps using each of a plurality of different basis masks, where each phase
sweep comprises:
performing a phase sweep across a phase sweep range at a plurality
of phase step increments with respect to a first group of phase shifters
identified in a basis mask, where the first group of phase shifters comprises

a plurality of phase shifters; and
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measuring a calibration optical signal received by the OPA at each
of the plurality of phase step increments during the phase sweep; and
generating calibration phase state information based upon the measured

calibration optical signals.

24.  The OPA receiver of claim 22, wherein:

each optical element is configured to couple incident light into the optical branch
to which it is connected:;

the optical branch further comprises a directional coupler configured to perform
heterodyne mixing of a received optical signal with a reference signal; and

the phase shifter is configured to apply a phase shift to the reference signal.

-38-



PCT/US2019/067262

WO 2020/132126

116

0L ]

Okt

JOSS900IH

DIBMYOG
{OQUCD YdO

AICWIBIN

on

JBYPAUO) YdO

L OId

gkl

cli

<Ol

oot”

/ oL
’ /
gzl {
l//i!i/...l n
1A
82— || HOUeIN
N ¥
\\\\\.\\ Anoa) jouoD
Pl m |
YIS usiiald
e osBld BUUBIUY | T
T | |] N 0Z1
| WeWRF VO | N
\\\\\ vdo ///
gLl
HYdO
90iL




WO 2020/132126 PCT/US2019/067262
2186
gy
| Inttialization | 200
\\ -
202 Select segment
T size, PSR & phase
step increment
Yes ¥
204 _
T | Obtain set of
masks
Yes .
y / 208
Select mask
208
210 \
- Select segment
218
212 i
v \ Apply phase step No Yes
- . ™. Increment and
< Additional masks? Measure
calibration signal
. - 214 ‘
220 h 4 v
No \\
V > Phase swee Dl
7777777777777 -~ Additional . complete?
\‘\\iteraticns?//“’” No "
22 1 Yes
No //X\
v : - Additional -
Determine U segments?
calibration phase
state information
¥ 216

P
| Complete /}

o

FIG. 2



PCT/US2019/067262
316

WO 2020/132126

e

£ Old

80¢

PUUaRIE A5

e

N cod 10O |
Y Y i
%, i P 7 i i, W 7
g eI
L i

yOe

sopds Jsmo g




400

410

WO 2020/132126

406

404

4/16

402

PCT/US2019/067262

FIG. 4



PCT/US2019/067262
&6

WO 2020/132126




WO 2020/132126

608

.

602

606

6/16

%ﬁﬂ.ﬁ&/. y-;,;y,,“@%

%
%

600

PCT/US2019/067262

FIG. 6



WO 2020/132126

L s

NN TN

%

N NN N WY

o

S e e

w}i\\‘x‘.“&&

&

o RN

716

e SR

3

PCT/US2019/067262

A

e ARk

Ny

St

23

e T o R

FIG. 7C

FIG. 7B

FIG. 7A



WO 2020/132126

R S 1N R S

e e e g 50

8/16

E RN
R

: DR
TR \:3;‘ g ﬁé\&@x
S

SRR N

2

=

N A

PCT/US2019/067262

N 0 A0 e T

Rowe. - 2o

R I N S R e

R

£
3

S

K s

FIG. 8C

FIG. 8B

FIG. 8A



PCT/US2019/067262

WO 2020/132126

916

418 P 176 . m.w 4

WS | A Y
U RS

SOOI SOURIRID
Augpoary sovds sou g

DI g
: ey

f vonsenp Eﬁ&.
ﬁ@x Wepmouy

HopmuImng



PCT/US2019/067262

WO 2020/132126

10/16

0LOL
8101 2101  PLob

ciOt

8001

7001

i e
[BUoRBaC]

%

.‘E'\wn““wmg.

et e

<

BOUBIEY

WG 7T 01 4

Zool Wby Buibeuy
0001



PCT/US2019/067262

WO 2020/132126

11716

ApOIPOIOY ]

o

LL Ol

pOLL

8oLl

9011

00LL



WO 2020/132126 PCT/US2019/067262

12/16

1208

; Mv*\'\.;\\\

FIG. 12

1202

1206

1200



PCT/US2019/067262

WO 2020/132126

13/16

_ i,
L

s




WO 2020/132126

PCT/US2019/067262

14/16

_—T_r s
\\\\\\

FIG. 14



WO 2020/132126 PCT/US2019/067262

N

L

R

B
R

%‘TZ

A S e s RS IR >

FIG. 15



PCT/US2019/067262

WO 2020/132126

16/16

16/16

9L 9l

pus
pus
pus
sBwnes asoyd 153G YEO pROd
pua
Jpus
pus
pua
Hanesoyd =(2') Bunias aspyd 153g
SN 03 T=D A0}
S 03 T=4 404

S = S 1UsLInD
UBYL S 1UBLIN2 < 4S5 §

{ds) 1emod pasuas
‘aspyd w40 peot
pud
pus
{{onysbups™idz Buinias asoyd (2pisow Jussns+{2°) Buinias asoyd 155q)pow ={3W)aspyd
SN 03 T=2 404
SiA O3 T=4 404
SAN/HSd 50815 ¥Sg 03 g=Dbui1as asoyd 1oy
(SN SN IN ) 03 T=lnu JUawhas 4oy
(WU Y SDWPISOW=YSDUL JU34IND
SN 4 SIA O3 T=WNU YSDW 104
SN 5N BTIS 10 1955BW 31RIBUBD /[ (SN S SOW 21RIBUD
Auonniaysdais aspyd Jo Iaquinu=Sdn
{uonniayyabupl daams aspyd=ysd
Huonpian)ezis Juswibas={SNSN]
43117 pUS 03 431 1DIS=UOIIDIIY IO}
‘ospyd T153g YA prot
Buinies asoyd ipui=bun1es asbyd T 15ag
O=ds Waiing



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 19/67262

A.
IPC -

CLASSIFICATION OF SUBJECT MATTER
HO01Q 3/26; GO1C 3/08 (2020.01)

CPC - H01Q 3/267; HO1Q 3/2676; HO1Q 3/2658; G0O1C 3/08; GO1C 3/085

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2018/0039154 A1 (UNIVERSITY OR SOUTHERN CALIFORNIA) 08 February 2018 1-24
(08.02.2018): abstract, {0061], [0064], [0080], [0109]
A WO 2018/218003 A1 (OURS TECHNOLOGY, INC.) 29 November 2018 29.11.2018): abstract, | 1-24
[0017), [0021], [0025], [0034]
A US 6,831,600 B1 (CHERRETTE et al.) 14 December 2004 (14.12.2004). see entire document 1-24
A US 2018/0241122 A1 (SPACE EXPLORATION TECHNOLOGIES CORP.) 23 August 2018 1-24
(23.08.2018): see entire document
A US 2005/0255387 A1 (BUTT et al.) 17 November 2005 (17.11.2005): see entire document 1-24

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“D” document cited by the applicant in the international application

“E” earlier application or patent but published on or after the international
filing date

“L” document which maﬁ throw doubts on priority claim(s) or which
is cited to establish t e_ﬁpublncatlon date of another citation or other
special reason (as specified)

“Q” documentreferringto an oral disclosure, use, exhibition or other means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the apﬁhcauon but cited to understand

the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&"” document member of the same patent family

Date of the actual completion of the international search

21 February 2020

Date of mailing of the international search report

19 MAR 2020

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Lee Young

Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2019)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - wo-search-report

