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Abstract—In this paper, we propose an architecture wherein the
radio-frequency (RF) field at the antenna array is up-converted to
an optical carrier and passed through an array of optical fibers,
after which an analog Fourier transform is taken in a free-space
optical processor. Through the use of multiple temporal disper-
sion projections, implemented through varied-length optical fiber
segments, the locations of RF sources in three-dimensional space
spanning angle-of-arrival (AoA) and instantaneous frequency may
be determined on a millisecond time scale using commercial com-
puting hardware after detection by a charge-coupled device (CCD)
camera. We present a mathematical formulation of the problem,
followed by simulated and experimental results showing three-
dimensional spatial-spectral localization through the solution to a
system of equations brought forth through the use of Fourier optics
to process the RF field.

Index Terms—Optical signal processing, microwave photonics,
millimeter wave communication, multispectral imaging, spatial
diversity.

1. INTRODUCTION

ROVISIONS for future wireless networks are driven by the
P need for ever-increasing data rates [1], [2], [3]. To address
this, emerging wireless networks are increasing their carrier
frequencies to the millimeter-wave (mmW) regime, where the
hardware requirements in terms of cost, size, weight and power
(C-SWAP) to perform the digital beam-forming process be-
come quite demanding. Digital beamforming, along with digital
beamspace processing techniques such as BLAST and MUSIC,
allow for angle-of-arrival (AoA) and frequency determination
and are extensively implemented in the field [4], [5], [6].
However, digital beamforming techniques generally rely upon
recording of high-frequency signals, implemented through high-
speed analog-to-digital converters (ADCs). To handle today’s
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broadband data streams, these ADCs have become quite expen-
sive and power-hungry; techniques such as front-end downcon-
version reduce the required sample rates while introducing local
oscillator (LO) synchronization error [7]. Further, performing
direction-finding and frequency measurement requires either
matrix inversions or fast Fourier transforms, with both opera-
tions becoming increasingly complex as array size increases.
Additional techniques such as RF lenses alleviate the compu-
tational cost of the beamforming step, but are bulky due to
their necessary RF wavelength-scale footprint, and can be lossy
depending upon the material system [8], [9]. Array windowing or
subarray processing offers a reduction in the number of recorded
data streams, albeit by creating a trade-space of complexity
versus beamforming capability [10], [11].

Optical beamforming addresses many of these concerns by
moving the beamforming process to a free-space optical pro-
cessor, in which an optical lens performs an analog Fourier
transform of a scaled version of the RF phase front incident
upon the antenna array [12], [13], [14], [15], [16]. This operation
is performed at the speed of light, with detection performed
by either a charge-coupled device (CCD) camera, or, in the
presence of a coherent optical local oscillator, by photodetec-
tors, which may be high-speed for high signal data rates [17],
[18]. Previous investigations have demonstrated instantaneous
angle-angle [12], [15], [16] and angle-frequency [19] source
localization, while three-dimensional imaging has, to this point,
been implemented through complex algebraic reconstruction
algorithms and a tomographic approach [20], [21], requiring a li-
brary of resolvable source coordinates in angle-angle-frequency
space, with size determined by the product of the field-of-view
(FOV) and operating bandwidth divided by spatio-temporal
resolution [22]. This reconstruction technique becomes pro-
hibitively complex for wideband, high-resolution systems, and
therefore may take advantage of similar compressive sensing
techniques to those used in digital beamforming [23].

The need for fast and accurate channel identification and
source location has grown due to the opening of mmW spectrum
for 5G ultrawideband (5G UWB) communication networks,
which has grown to include wideband imaging systems. The
approach detailed in [ 19] presents an instantaneous identification
of source azimuth and frequency, while the preservation of a
linear phase front allows for the application of heterodyne signal
recovery techniques due to the confinement of RF power to one
optical beam for each source [18].

In this work, we use the array shown in Fig. 1 to extend the
instantaneous two-dimensional spatial-spectral channelization
technique presented in [19] to instantaneous spatial-spectral
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Fig. 1. Two-dimensional antenna array with aperiodic antenna positions for
alias-free imaging.

imaging in three dimensions, fully characterizing the locations
of emitters in signal frequency and azimuthal and elevation
angles of arrival (AoA), referred to in this paper as (w;f, 0,7, Oe1)
space, with reference to the RF angular frequency ws and
the azimuthal and elevation angles, respectively. The direction-
finding spectrometer improves upon the tomographic method by
using a simple system of three equations to determine the three
unknown source variables, resulting in hyperspectral source
identification n the order of 1 ms, an enabling technology for
spatial-spectral filtering and signal recovery [24], [25]. While the
approach presented herein is restricted to time-duplexed scene
acquisiton with multiple time delay profiles, the underlying
approach consisting of a solution of three simple equations with
three unknowns, combined with commercially-available kHz-
speed CCD cameras and modern FPGA and GPU computing
architectures, should enable a significant improvement in signal
identification speeds over existing techniques.

The contents of this paper are organized as follows: we first
present a brief discussion of the mathematical principles of the
approach in Section II, followed by a simulation to test the
approach in Section III. The experiment, including an overview
of the setup, followed by a presentation of results, is presented
in Section I'V, and a short summary and concluding remarks are
given in Section V.

II. MATHEMATICAL BASIS AND PRINCIPLE OF OPERATION

Shown in Fig. 2 is an abstract illustration of system construc-
tion. Plane waves impinge upon the antenna array, inducing
a phase at each antenna element within the array that is pro-
portional to the frequency and angle-of-arrival (AoA) of each
incoming wave. The output of each antenna feeds a low-noise
amplifier, which in turn drives the RF input of an electro-optic
phase modulator, thereby upconverting the sampled RF field to
an optical field in the optical C-band. Typically, the optical field
at the output of the modulators is propagated through an array of
fibers, resulting in an optical field that is a scaled version of the
RF field being launched into the free-space optical processor.
Additionally in this work, a fiber arrayed waveguide grating
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(FAWG) results in passive steering of this scaled phase front
exclusively as a function of frequency. The FAWG introduces
true-time delays t,, linearly proportional to vertical antenna
position 7, through the scaling factor s', as will be discussed
in this Section. In the free-space optics, the optical field first
passes through a polarizing beam-splitter and a quarter-wave
plate, at which point the polarization is changed from linear
to circular. Following the quarter-wave plate, a series of Dense
Wavelength Division Multiplexing (DWDM) filters reflects the
optical carrier from each fiber, after which point the quarter-wave
plate turns the circular polarization into a wave polarized linearly
and orthogonal to the original input. Thereafter, it is redirected
to a separate arm for overlay with a common reference of
swept phase to determine phase perturbations incurred through
propagation along the optical fiber. As a result, the RF phase
front is faithfully represented by the optical field [26], [27]. At
the other output of the beamsplitter, the DWDM filters allow
the RF sidebands upon the optical carrier to continue on to
a biconvex spherical lens of focal length f, which performs
optically a spatial Fourier transform of the input field. The
resulting image is then sampled by a charge-coupled device
(CCD) camera sensitive to 1.55 pm radiation, thereby allowing
optical imaging of the RF beamspace.

A. Spatio-Temporal Arrays

The array geometry implemented in this work follows an ape-
riodic five-arm spiral distribution, which spreads the side-lobe
power evenly throughout the field-of-regard, as described in
[15]. While Fig. 2 contains a conceptual depiction of a generic
antenna arrangement, a frontal view of the specific aperiodic
aperture used herein is shown in Fig. 3(a). Fig. 3(b) contains
the calculated point spread function (PSF) of this array, which
is the response of the system to an incident plane wave; note
the evenly spread-out side lobes and absence of grating lobes.
The mathematical formulation of the PSF for our system is
presented in Section II-C. As will be discussed in the following
analysis, the relative time delay in fiber is linearly proportional
to the vertical position of each antenna within the array, which
results in a temporal array that is also aperiodic. While this work
considers these aperiodic spatio-temporal arrays, the following
analysis holds for periodic arrays for both 2D spatial arrays as
well as time delay profiles, with similar trade-offs for the sam-
pling of temporal baselines as have been extensively studied for
spatial sampling. The specific array geometry used in this work
was originally designed for use in previous investigations [19],
[20], [28] and was retained here for the sake of continuity and
convenience. A trade-space study investigating the merits and
drawbacks of various array geometries with the added context of
temporal sampling may prove fruitful, but is beyond the scope
of this work.

B. System Layout

As shown to the left in Fig. 2, an incident plane wave with
spatial frequency k = |k| = wy¢/c and an oblique incidence
angle 0 creates a phase distribution across the antenna array
determined by the frequency of the wave wy = 27 fy, specified
by azimuth (6,,) and elevation (6, ), and antenna positions r. The
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Fig. 2.

Abstract illustration of far-field plane wave incidence upon an antenna array in the x-y plane followed by up-conversion and free-space optical imaging.

The angle € in this case corresponds to the elevation angle 6. The elements of the array used in this work are distributed along the z axis as well, allowing
for the encoding of phase information corresponding to horizontal AoAs, denoted by 6,,. The antenna array depicted is simplified for illustrative purposes; the
specific array used in this work takes an aperiodic arrangement of thirty elements, and is shown in Fig. 3(a). PBS: Polarizing Beam Splitter; BS: Non-Polarizing
Beam Splitter; /4 = Quarter-Wave Plate; DWDM = Dense Wavelength Division Multiplexing optical filters; EDFA: Erbium-Doped Fiber Amplifier; CCD:

Charge-Coupled Device camera.
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Fig. 3. (a) Illustration of distributed aperture RF array used in this work. The
spiral structure is highlighted by plotting each of the five arms in a different
color. Five-arm spiral geometry designed for uniform distribution of side-lobes
across the element-defined field-of-view (FOV) of 10°. (b) Simulated normalized
optical point-spread function (PSF) as measured by CCD camera showing
distribution of side-lobes, but not grating lobes, across entire FOV.

phase distributions across the array together with the frequency
wyf uniquely determine the k-vector of each plane wave sampled
by the array. The phase ¢,, at each antenna is a dot product of
the wave vector k and the antenna-position vector r,,:

(,an =k- ry, = ernx + kyrny (1)

where, per Fig. 2, the antennas are assumed to lie in the xy-
plane. The x and y components of the k-vector are related to the
Ao0As 0,, and 0y, respectively. The linear tapered slot antennas
(LTSAs) used in this work restrict the field of view (FOV) of the
system to 10° or £5° off broadside in all directions. Within this
FOV, the x and y components of the k-vectors are approximately
proportional to the respective AoAs and to the frequency wys of
the incident plane wave, as discussed further in Section II-D.
The captured RF field then modulates the phase of an op-
tical carrier of frequency wop through a lithium niobate phase
modulator located behind each antenna element. The relative
phase of the optical carrier in these modulators is held constant
across the array to account for phase noise incurred during
propagation from the modulator to the input of the free space

optical processor [26]. This phase-locking additionally allows
for phase steering of the RF array by modifying the DC bias point
of each modulator, allowing an arbitrary phase to be added to any
channel. We consider first the case of a mmW imaging system in
which all time delays from up-conversion to free-space launch
are equal. In this configuration, the phase at each fiber at the
input of the optical processor is solely dependent upon the RF
phase as calculated in (1).

C. Point Spread Function Formulation

Through an optical Fourier transform by a lens of focal length
f with optical wavelength 2 as shown in the right side of Fig. 2,
the spatial frequency distribution sampled by the RF array scaled
by the factor s is represented in (u, v) space at the Fourier plane
of the optical processor by the expression [29]:

Up(u,v) = —Uoj(;}v)

X ZA” exp {j <k::,3 + 2)L—7}Su> rm}

X exp [j (ky + @v) rny] +cc. (2
Af

where Up(u,v) represents the distribution of optical power
across the Fourier plane arising from the Fourier transform of
the individual fiber modes and A,, represents the sideband power
present in the nth optical fiber. For the purpose of this work, all
A,, are measured to be approximately equal. We use the term Up
to denote the field at the Fourier plane for the case where all path
lengths from antenna to optical processor are identical, while we
will use the term Uy to denote the Fourier field generated when

a FAWG is inserted.
The spot location at the Fourier plane in (u,v) space for
each source in the scene is defined through the projections of k
upon the antenna array, as represented in (2). Since the antennas
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are distributed in two dimensions, the array is sensitive to both
azimuthal and elevation AoAs. However, since k,, and k,, depend
upon both frequency and angle, for a broadband imaging system
the spot location on the image plane is ambiguous. To address
this, we introduce a FAWG in which the time delay in fiber from
modulator to optical processor is linearly proportional to that
fiber’s vertical position in the array; this creates an additional
phase that is exclusively proportional to the source frequency
determined by the time delay in the nth fiber ¢,, and RF frequency
wyr. As a result, the PSF at the image plane of the optical
processor is steered horizontally by k,, and vertically by both
k, as well as additionally by the frequency cw:

Ur(u,v') = Uw

2
X Z A, exp [—j (k:x + ;;u) rm]

. 27s
X exp |—J k:y—&—ﬁv Tny

2 !/
X exp |:j (w,f — )7:; v') tn} + c.c. 3)

where s’ is the ratio of the vertical extent of the fiber array to the
time delay difference between the longest and the shortest fiber,
and v’ denotes the vertical coordinate of the image plane fed by
both an RF array distributed in y and fiber lengths proportional
to vertical antenna position. We refer to the PSF measured with
a specific value of s’ as a projection of the RF field at the
array. Note that u is congruent between 2 and 3; in this work
we use horizontal spot location to correlate sources between
projections.

For any polychromatic imaging system, the spot location
as determined individually by (2) in (u,v) space or (3) in
(u,v") space is fully ambiguous with regard to the RF source
coordinates (wf, 0,,, B¢ ) as any coordinate in u corresponds to a
continuum of (wy, 8,,) and any coordinate in v or v’ corresponds
to a continuum of (wy, fe1). As will be shown in the following
Section, only when both fiber profiles are used at the same time
may source locations in all 3 dimensions be determined.

D. Spot Location on Fourier Plane

The formulation for PSF generation in the optical processor
takes the form of a Fourier transform of the superposition of
the optical fields at each fiber location in the launch plane of
the optical layout. As a result, the output field in either (u,v)
(for the flat profile) or (u,v") (for the FAWG) is a distribution
of amplitudes and phases across the Fourier plane. When the
system is properly aligned, the RF phase front modulated on
the optical carrier can be thought of as a plane wave at the
input of the optical processor, or notionally a constant in ‘real’
space, which is represented by a delta function in Fourier space.
For this diffraction-limited optical system, the delta function
is manifested by an envelope around the notional location of
the delta function in the Fourier plane, its location determined
exclusively by the in-phase condition of all elements in the
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fiber array and a spot size (or output waist) determined by the
primary lens focal length, the optical wavelength, and the size
of the input fiber array [29], [30]. For clarity, ‘PSF’ here refers
somewhat generally to the images processed by the CCD camera
representing the RF beamspace as computed by the Fourier
lens.

For the imaging system presented herein, the linear tapered
slot antennas used restrict the operational field-of-view to ap-
proximately ten degrees, or five degrees off broadside in any
direction. Within this region, the %, and k,, projections may be
assumed to be linearly proportional to the angles #,, and 6.
Through simulations, the error associated with this assumption
has been shown to be two orders of magnitude smaller than
the resolution of the system as defined by the array diameter and
maximal time delay difference. Therefore, through manipulation
of (2) and (3), it can be shown that the peak location of a given
PSF in (u,v) or (u,v") space follows the source coordinates
through the system of equations

Af wrr
u(wrf; Haz) = _Tﬂi?ﬁeaz (43)
A wy
U(era eel) = = 27'.1'](.8 Tf el (4b)
/ _ Mwa (s Y
V' (wit, Oer) = Irs e \s 20q1 | — vy (4c)

where sy = s’/c has been introduced to simplify analysis, and
where

rf

wd
4msge

vy = 5)
steers a predetermined design frequency wy to the center of the
FAWG PSF. We have selected the design frequency to be in the
center of the Ka band, taking a value of 33 GHz. The design
frequency selection is implemented by the application of fixed
calibration bias phases to the optical modulators, which steer a
boresighted design-frequency source to the center of the CCD
camera frame by canceling out the FAWG time-delay phases for
that frequency [14], [19], [26].

The system (4) may be solved by identifying the optical
angular frequency

2me
Wopt = T (6)

and introducing a new coordinate
=20+ —v) (7)

After rearrangement of variables and unknowns, the solution
to (4) takes the form

—r
%——i(% (8b)
e = (“‘}‘SO) 5 (8¢)

for 0,, and 0 in radians, and wp in radians per second.



BEARDELL et al.: MICROWAVE PHOTONIC DIRECTION-FINDING SPECTROMETER

The equations (8) directly solve (4), and may be evaluated
instantaneously by any modern computer. Indeed, evaluation
of the expressions (8) for specific values of (u,v, ") returns
source coordinates in approximately 0.5 ms. The time scale
for peak detection is on the order of 1 ms, indicating that
even consumer-grade computer hardware is capable of at least
kilohertz-rate source detection if both fiber profiles may be
measured concurrently. Further development of peak detection
algorithms may significantly extend the operational capability
of this approach in both speed and dynamic range, and may bear
fruit in future work.

E. Principle of Operation

We obtain the measured values of u, v, and v’ using a simple
peak detection algorithm [31] consisting of a threshold operation
followed by a low-pass filter to remove high-frequency noise
from the CCD-sampled images representing the RF beamspace.
This algorithm is applied to the flat-profile PSF (with coordinates
u and v) and the FAWG PSF (with coordinates u and v’). As
the insertion of the FAWG does not affect source location in u,
we use the u coordinate to correlate pairs of peaks located in
the two PSFs corresponding to the same emitter in the scene.
Following peak detection, source identification is accomplished
through evaluation of the system (8) through the detected values
of (u,v,v’). As discussed in Section IV-C, all three terms of
(8) are evaluated concurrently by readily-available commercial
hardware in a combined time scale of less than one millisecond.
This process is readily parallelizable as each solution can be
computed concurrently, indicating that source identification time
scales significantly faster than this will be readily accessible
through this technique.

III. SIMULATED OPERATION

To investigate the viability of this approach, a simulated scene
was generated in MATLAB using a model of the system with
experimentally realizable source locations.

The simulated test case consists of two sources with
(f1703Z179611) = (34GHZ7 =37, 730) and (f?aeaz%eem) =
(30 GHz, 3°,0°). The associated PSF is shown in Fig. 4(a), with
the detected locations of the two peaks encircled in blue and
red, a convention that will continue throughout this work. The
solution spaces in u for each source determined by the detected
location of each peak inserted into (4a) are shown in Fig. 4(b);
while the corresponding solution spaces in v (blue) and v’ (red)
as applied to (4b) and (4c¢), respectively, are shown in Fig. 4(c).
As shown, the source locations are computed with extremely
high accuracy. Fig. 4 is included to visualize the relationship
between the CCD data space and the source coordinate space,
and how the source locations in (wir, 8a,, 0) space may be
computed through measurement of (u, v, v') space.

IV. EXPERIMENTAL VALIDATION

A. Experimental Setup

With the approach verified using simulations, we next consid-
ered experimental validation. While the MATLAB simulations
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fiber profiles corresponding to Case 1 source distribution. (b) Solution spaces for
Source 1 in (fit, 0,,) space (left) and ( frf, Oe1) (right) space. (c): Corresponding
solution spaces for Source 2. Solution spaces with flat fiber profile shown in
blue in (b) and (c) while that for the FAWG shown in red in (c).

Fig. 5. (a) Experimental setup with distributed aperture antenna array (I)
and single source (II) at working distance of 4 meters. (b) Antenna stands
corresponding to various launch angles.

allow for the generation of PSFs corresponding to arbitrary fiber
profiles, the prohibitive cost of 30 fiber splitters that would
otherwise enable multiple fiber projections in real time restricts
the scope of this experiment to sequential measurement of PSFs
corresponding to a flat and vertical FAWG fiber profile. As
a result, an experimental setup in which spatial positioning
of sources is highly repeatable is necessary. To accomplish
this, an optical breadboard was placed on a physically locked
platform at a working distance of 4 meters from the antenna
array. This arrangement is shown in Fig. 5(a). RF figures of
merit such as FOV and angular resolution are determined by the
geometry of the antenna array: as discussed in Section II-A, the
aperiodic arrangement of receiving elements removes grating
lobes and distributes side-lobes evenly across the field-of-view
in the presence of constraints upon element count and angular
resolution [15]. The angular resolution of 0.4° at the upper
frequency bound of 40 GHz is determined by the 30 cm diameter
of the array and the Rayleigh criterion. The operating field-of-
view of this system is determined by the 3 dB beamwidth of
the linear tapered slot antennas constituting the array elements,
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Fig. 6. (a) Ilustration of the antenna element positions within the spatial
aperture. (b) Illustration of the linear dependence of FAWG fiber length on the
vertical position of the corresponding antenna element in the spatial aperture,
which results in beam steering as a function of frequency as well as k.

and extends £5° off broadside in all directions. The spectral
resolution is determined in a manner similar to the Rayleigh
criterion for the angular resolution: the difference between the
longest and shortest optical path length is inversely proportional
to the spectral resolution, i.e. as the longest temporal basline
grows the spectral resolution becomes finer [19]. Fig. 6 shows
the spatio-temporal aperture: it contains side-by-side depictions
of the spatial antenna arrangement, Fig 6(a), and the FAWG
fiber lengths plotted versus the horizontal (x-axis) positions of
the corresponding antenna elements, Fig. 6(b). The similarity of
the plots illustrates the direct proportionality of the FAWG time
delays to the vertical (y-axis) antenna positions. (Note that Fig.
6(a) is identical to Fig. 3; it is replicated here for ease of com-
parison with the temporal aperture of Fig. 6(b). For the system
herein, the longest temporal baseline is approximately 18 cm
in fiber, corresponding to a frequency resolution of approxi-
mately 1.5 GHz. The operating bandwidth is primarily defined
by the commercial off-the-shelf RF-Lambda RLNA26G40 GB
low-noise amplifiers connected to each antenna.

At a distance of 4 m from the antenna array, an increment
of one degree is approximately 7 cm in the transverse plane.
These markings were measured on an optical breadboard using
masking tape for the azimuthal direction, while a set of three
antenna stands were fabricated at fixed heights of 0°, 5°, and —3°
as shown in Fig. 5(b). To place a source at a given spatial
position, the desired elevation stand was selected and placed
such that the center of the stand base was on top of the az-
imuthal line. The antennas used were a matched set of WiseWave
ARH2220-02 standard gain horn antennas. Comparison of PSFs
with equivalent source distributions taken at different times
demonstrated that this method of source placement was suitably
repeatable for the purpose of the experiment. Distributions of
pairs of emitters were used for the experiment to demonstrate
that multiple sources may be located in k-space; we note that
more sources may be included as well at incremental additional
computational cost.

B. Data Acquisition

At this stage, with repeatable source placement achieved,
we begin the experimental validation of 3D source localization
following the diagram shown in Fig. 7. As discussed, constraints
have limited the scope of this work to sequential acquisition of
each set of source distributions, first with the FAWG inserted (the
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Experimental
Calibration Set

Fig. 7. Block diagram illustrating experimental validation of 3D source lo-
calization. Sources sampled with FAWG inserted and removed, followed by
MATLAB program developed for peak detection and source identification using
calibration set and system parameters.
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Fig. 8. Experimental source distributions. Visible images at left, with optical
PSFs propagated through flat fiber profile in center and through vertically-
oriented FAWG to the right for Case 1 (a), Case 2 (b), and Case 3 (c) distributions.

resting state of this imaging system), followed by removal of the
FAWG and reacquisition of the same set of distributions with a
flat fiber profile. While this process incurs a time penalty through
the disconnecting and reconnecting of fibers, we note that a net-
work of 1x2 fiber splitters, with one placed at the output of each
phase modulator in the front-end, would allow for simultaneous
acquisition of two fiber profiles, bringing the localization time
down to that necessary to perform peak detection and solve the
system of equations, currently a sub-millisecond time scale.

For test cases, true coordinates have been given in triplets,
formatted as (fif, 0az, Oe1). Visual images of the three emitter
distributions are shown in the left-hand column of Fig. 8, while
the measured PSFs for the three test cases with both the flat fiber
profile as well as the vertically oriented FAWG are shown in the
center and right columns of the same figure.

C. Discussion of Experimental Results

A summary of results is found in Table I. All sources have
been reconstructed to on the order of the system resolution:
1.5 GHz spectral and, at finest, 0.4° spatial at 40 GHz as defined
by the extent of the RF array. Our results indicate that the
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TABLE I
SUMMARY OF EXPERIMENTAL RESULTS. NOTE THAT fgr IS PRESENTED IN GHZ

Source 1 Source 2
Case True Calculated True Calculated
./‘ri Hn/ Hvl frf eaz gel ,/‘xl an le frf 6az eel
1 34.0 | —3.0°| —3.0° | 34.0 | —2.8° | —3.0° | 30.0 | 3.0° | 0.0° | 30.5 | 3.1° | —0.3°
2 35.0 | —4.0° 5.0° 34.6 | —3.5° 4.3° 33.0 | 1.0 | —3.0° | 33.2 | 1.3° | —2.9°
3 37.0 | —1.0° | 5.0° | 36.5 | —0.9° | 4.3° | 30.0 | 2.0° | —3.0° | 30.7 | 2.2° | —2.9°

approach presented herein does not impede the functionality
of the imaging system beyond the choices made through spatio-
temporal array design. While the time-multiplexed sequential
PSF acquisition (dictated by the prohibitive cost of fiber splitters)
was quite lengthy, once the PSFs have been acquired, the time
to determine the source locations is on the order of 0.5 ms in
MATLAB running on a desktop with 2.5 GHz Intel Core i5
Processor and 64 GB of RAM. Runtimes for the tomographic
approach increase linearly as a function of sources in the scene.
In contrast, following peak identification within each PSF the
approach presented herein does not necessarily scale with the
number of sources, instead simply reconciling which sources
are correspondent between PSFs, demonstrating a significant
performance increase over existing digital beamforming algo-
rithms [4], [5]. This increase in source reconstruction rate brings
spatial-spectral identification to beyond video-rate while the
reduction of the source localization problem to a solution of 3
simple equations enables potential development of algorithmic
performance improvements specific to this application, with
potential for further improvement.

This approach may be improved further through the inclusion
of additional time-delay profiles, or perhaps a physically sepa-
rate antenna array for stereoscopic sensing. However, regardless
of the number of spatial arrays used, in order to disambiguate
frequency from the combined spatial-spectral information en-
coded upon k, at least one nonzero time-delay profile must
be used. Thus, a minimum of two arrays is required for the
approach. Investigations into the use of additional arrays may
prove fruitful in the future to further optimize this approach.
Efficient optical design may alleviate the marginal cost associ-
ated with construction of additional optical processors, which is
currently the prohibitive factor associated with adding additional
time-delay profiles. Such a future system may harness photonic
integrated circuits, a nascent field with the potential to reduce
size and power requirements by several orders of magnitude.

V. CONCLUSION

We present an approach enabling high-speed, high-accuracy
spatial-spectral identification of RF signals through optical
processing with frame rates of approximately 2 kHz, which
is several orders of magnitude faster than demonstrated
previously. While the realization of real-time imaging of
multiple time-delay profiles is beyond the scope of this work
due to the cost of necessary polarization-maintaining fiber
splitters, the presented approach is capable of locating sources
on the order of system resolution. Thus, design parameters
such as spatial resolution, field-of-view and spectral resolution
are unaffected by the presented approach, and remain related

to array diameter, element factor, and longest temporal delay,
respectively. Following detection of optical PSFs corresponding
to the RF beamspace, evaluation of expressions (8) allows for
direct computation of source parameters on sub-millisecond
time scales. The presented approach, consisting of the solution
of three simple equations, presents a significant improvement
over fast Fourier transform and matrix inversion techniques, both
of which become increasingly complex as array size increases;
the field-of-view divided by the resolution of this system
results in approximately six hundred resolvable beams, with
additional complexity coming as a result of wide operational
bandwidth of the system. We note that the computation of
source locations is easily parallelized, as the location of any
one source does not, in general, depend on the locations of any
other sources. Mixing of the RF field with an optical carrier
allows for lens-based beamspace processing; using inexpensive
and low-loss optical fibers the optical processor may be placed
some distance from the array with minimal loss of signal
strength, alleviating the need for heavy and lossy RF cables
to reach a digital beamforming unit. In the future, the use
of photonic integrated circuits (PICs) incorporating elements
such as multi-mode interferometers (MMIs), free-propagation
regions, and low-loss waveguides will significantly reduce
cost, size, weight and power (C-SWAP) requirements [32],
[33]. Additionally, signal processing at the CCD plane may
reduce peak-finding time and improve dynamic range through
time-domain processing, peak tracking, and spatial filtration at
the camera, further extending the operational capability of this
approach. The identification of source location triplets through
the process presented herein may theoretically allow additional
improvements to signal-to-noise ratio (SNR) by allowing the
beamformer to perform spatial-spectral filtering based on the
additional knowledge gained through k-space sensing [24], [25].
Disclosures: The authors declare no conflicts of interest.
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