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Abstract—As mobile beam-bandwidth-product requirements
accelerate, millimeter-wave (mmW) bands have been opened to
telecommunications networks to enable wider channel bandwidths,
while Massive Multiple-Input Multiple-Output (mMIMO) tech-
nology has been implemented to concurrently address multiple
devices at the same frequency from a single base station. Such
space-division multiplexing can be combined with spectral mul-
tiplexing to enable a very large number of concurrent users,
but currently is implemented through computationally intensive
digital beamforming networks. We show that a radio-frequency
(RF) photonic receiver system, previously shown to be capable
of sorting signals into respective spatial-spectral ‘bins’ is further
capable, through an injection-locked tunable optical local oscillator
(TOLO), of recovering the data upon each signal in the RF scene.
The TOLO is combined in free-space with an up-converted optical
sideband and the combined optical field impinges upon an array of
photodetectors, each corresponding to separate points in k-space,
defined by unique combinations of angle-of-arrival (AoA) and car-
rier frequency. Using this free-space LO insertion, we demonstrate
simultaneous recovery of multiple spatially co-located data streams
with resilience to interference.

Index Terms—Radio-frequency (RF) photonics, spatial-spectral
imaging, signal recovery, down-conversion, quadrature amplitude
modulation (QAM), fifth-generation communication (5G),
jamming.

I. INTRODUCTION

MOBILE subscriptions have eclipsed the global popu-
lation and are projected to continue increasing at a

linear rate for at least the next five years [1] with the rise
of fifth-generation wireless technology (5G). The use of var-
ious multiple-access techniques such as code-division multi-
ple access (CDMA), time-division multiple access (TDMA),
frequency-division multiple access (FDMA), space-division
multiple access (SDMA), and others have given rise to the fertile
study of digital beamforming and array processing using the
multiple-input multiple-output (MIMO) paradigm. When there
exist multiple end users in the space addressed by the base
station, this paradigm is referred to as multiple-user MIMO
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(MU-MIMO). Concurrently addressing many users is typically
implemented by a array of transceiving antennas (“base station”)
using channel state estimation to identify the ‘best’ path from
the base station to each end user in the field [2]–[5]. Modern
digital beamforming techniques analyze the data stream from
the array in the digital domain, recording the received signal
from each antenna and diagonalizing the so-called channel
matrix, of size M ×N , for M transmitters or sources and N
antennas [6]. More recently, ‘massive’ MIMO systems have
been introduced with orders of magnitude higher antenna counts,
allowing the base station to perform more complex beamform-
ing [7]. However, the computational complexity of the digital
beamforming process increases rapidly for largeM orN regard-
less of the multiple-access technique used; performing spatial
de-multiplexing typically relies upon a Fourier transform of the
input field; for N antennas the complexity of the fast Fourier
transform (FFT) scales as M log(M). Further, using a channel
inversion algorithm such as BLAST (or V-BLAST) can scale
at up to NM3 [8]. The use of ‘training’ or ‘pilot’ signals to
determine the channel-state information (CSI) is necessary to
reap the benefit of MU-MIMO; without accounting for multipath
effects and using the beamforming capability of the base station
the additional benefit of an arrayed base station is lost [9], [10]

The aforementioned scaling issues are undoubtedly com-
pounded with next-generation wireless networks, as 5G and
proposed beyond 5G (B5G) wireless network standards con-
tain provisions for ad-hoc networking and ultra-high user den-
sity [11]. In addition, as carrier frequencies increase into the
millimeter-wave (mmW) spectrum, hardware for digital beam-
forming becomes prohibitively expensive, in cases where it
exists at all. However, by up-converting the incident RF field to
an optical carrier, an RF-photonic imaging system may alleviate
the computational complexity for spatial beamforming through
the use of a lens to directly take an analog Fourier transform
of an optically up-converted representation of the input RF
field. Such systems require only the use of a comparitively
low-speed phase-locked loop (PLL) to align the phases of the
optical carriers, upon which sidebands corresponding to the in-
cident RF field have been created through phase modulators. An
abstract representation of this ‘hybrid’ system layout is shown
in Figure 1 in which RF signals are shown in orange, optical
signals are shown in blue, and digital control signals are shown
in green. This architecture has been extensively demonstrated
to be capable of performing spatial multiplexing and cueing
detection in a variety of environments with a range of operating
bandwidths, antenna counts, and spatial resolution [12]–[15].
This architecture has also been shown to be capable of signal
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Fig. 1. Flow chart outlining signal paths through distributed aperture
millimeter-wave imaging system. RF signals and devices in orange, optical
signals and devices in blue, and electronic (digital) signals in green, for phase-
locked loop enabling coherent summation of input field at charge-coupled device
(CCD) camera. EDFA=Erbium doped fiber amplifier(s) used to amplify master
laser signal for use in coherent up-conversion and phase-locked loop.

recovery through the use of a tunable optically-paired source
(TOPS) for heterodyne down-conversion of the previously up-
converted RF signals [16], [17].

More recently, this hybrid RF imaging platform has been
updated to include a dispersive characteristic, enabling algo-
rithmic [18], [19] and later direct [20] identification of spec-
tral locations of sources in the RF ‘scene’ addressed by the
antenna array. Such ‘cueing’ detection allows for rapid iden-
tification of channel-state information for all sources within
the spatial-spectral field-of-view (FOV), which is determined
by system characteristics such as antenna spacing, amplifier
bandwidth, path length differences, and other design param-
eters. While previously published work has demonstrated the
capability of a fiber-based arrayed waveguide grating (FAWG)
in this application to introduce spectral dispersion at the image
plane of the Fourier optical processor for the purpose of cueing
detection [20], in this paper we demonstrate the capability of
the spatial-spectral channelizing imager to additionally perform
signal recovery. This capability is enabled through the use of a
tunable optical local oscillator (TOLO) which is injection locked
to a modulation sideband of the ‘master’ laser supplying the ar-
ray of up-conversion modules. This optically paired source [21]
is capable of rapidly changing its offset from the master over
an extremely broad bandwidth, allowing for fast adaptation to
changing source characteristics, which can be identified through
the spectral dispersion of the FAWG.

We show in this work that the presented system configuration
is capable of simultaneously recovering at least two data streams
broadcast from the same physical location on different carriers, is
resistant to co-located interference, and shows strong rejection of
unwanted signal in the received band of the desired data stream.
In Section II, we outline the general layout of the system from the
antenna array through to the image plane of the optical processor.
In Section III, we discuss the spatial-spectral channelization
performed by the FAWG and free-space optics. In Section IV, we
discuss the TOLO used for IF down-conversion. Experimental
results for a variety of test cases are presented and discussed in
Section V. Finally, a summary of findings and conclusion are
presented in Section VI.

Fig. 2. Notional optical processor layout for phase-locked imaging system,
including signal recovery capability. Tunable Optical Local Oscillator (TOLO)
injected into free-space and overlaid upon optical sidebands carrying incident
RF energy creates a beat signal at a desired intermediate frequency (IF) which
is picked up by the photodiode array and read by vector signal analyzer (VSA).

II. SYSTEM CONFIGURATION

A. Overview

The overall system topology used for the duration of this
work is fundamentally similar to that discussed in [13], [15]
and includes the fiber arrayed waveguide grating (FAWG) dis-
cussed in [20]. A diagram of the optical processor used in the
spatial-spectral RF imager is shown in Figure 2, which includes
the free-space insertion of the TOLO, as will be discussed later.
A laser source is fed into an optical fiber network allowing for
the simultaneous distribution of the carrier to 30 up-conversion
modules, each consisting of a linear tapered slot antenna (LTSA)
followed by a low-noise amplifier (LNA) serving as the signal
input into a phase modulator. This RF front-end is designed
for operation in the Ka-band, hence each component in this
chain has been selected for operation within the 26.5 to 40 GHz
spectral range.

A patented technique [22] allows the distributed antenna aper-
ture to coherently up-convert an incident RF field to the optical
domain for passive beam-space processing. This preservation
of an incident phase front through the up-conversion process
enables beam-space processing of the incident field using free-
space interferometry of optical beams [23], [24]. A series of
bi-convex lenses take the Fourier transform of the optical field
at the input of the free-space optics (“Optical Processor”) while
distributed Bragg reflector (DBR) filters isolate the first lower
sideband of the optical signal generated by the phase modulation
of the incident light, while the rejected optical carriers are
used to maintain spatial coherence among the array elements
as described in [22]–[24]

B. Optical Processor

The optical imaging of the source distribution (“RF scene”)
impinging upon the antenna array is enabled by the use of an
optical array representing a scaled version of the antenna array.
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Fig. 3. Configuration of free-space optical processor. 1: Fiber bundle and mi-
crolens assembly. 2: Fourier Transform lens. 3: Beam splitter. 4: Dielectric Bragg
Grating filters. 5: Image relay lens. 6: Beam splitter/combiner for heterodyne
injection. 7: Charge-coupled device (CCD) camera for image readout. 8: Optical
LO free-space injection. 9: Photodiode pickup location. 10-14: Phase-locking
components and detection board. 15: Field-Programmable Gate Array (FPGA)
control board.

Through coherent up-conversion, the optical phase front at the
front focal plane of the primary imaging lens is a correspond-
ingly scaled version of the RF phase front. A given combina-
tion of frequency and angle-of-arrival (AoA) for a plane wave
represents a unique point in k-space. For a two-dimensional
distribution of antennas, introducing variations in fiber lengths
from the antenna array to the optical array creates a dispersive
characteristic, allowing for the ability to concurrently identify
the full channel-state information (CSI) for each source in the
RF scene [18], [19].

In the optical processor configuration shown in Figure 3,
the first optical element encountered after the fiber bundle and
microlens array assembly (1) is the primary lens of the system
(2), which performs a Fourier transform of the optical field at
the waist location of the microlens array. Following propagation
through the Fourier lens, the optical beams pass through the
beam-splitter (3) before reaching the distributed Bragg reflector
(DBR) mirrors (4) used for carrier rejection at the image plane.
The filters are placed around the back focal plane of the Fourier
transform lens so the diameter of the total optical field is as
narrow as possible, providing the most uniform response. The
reflected carrier energy from the filter step is then returned
through the beam-splitter and used to align the phase of each
channel for coherent optical imaging of the RF scene [23].

Following the carrier removal stage, a second lens (5) relays
an image of the Fourier transform to the camera (7). In the typical
configuration, this second lens is positioned such that the Fourier
plane of the primary lens is two focal lengths in front of the
relay lens, which puts the image plane two focal lengths behind
the relay with no magnification. Overall, if the primary and
secondary lenses are the same strength, the imaging path is six

focal lengths long, and is referred to as a 6 f system. Through the
use of f = 125 mm lenses and fold mirrors, the optical processor
fits comfortably on a tabletop as shown in Figure 3. Additionally
shown in the Figure are an additional beam-splitter/combiner
(6), TOLO insertion point (8), and photodiode pickup (9), used
in this experiment for signal recovery.

III. SPATIAL-SPECTRAL CHANNELIZATION

While the architecture of both an mmW imager and imaging
receiver (without and with signal down-conversion capability,
respectively) has previously relied upon the preservation of
the incident RF phase front through the up-conversion process,
recent developments in so-called k-space imaging have instead
introduced perturbations to this phase front to generate a disper-
sive characteristic to the system. In the “tomographic” method
discussed in [18], [19], the fiber-to-antenna association for each
channel is completely broken to allow for an algorithmic recon-
struction of the three-dimensional k-space layout of all sources
within the scene. This process uniquely identifies each RF source
incident upon the antenna array by its angle of arrival (AoA) in
the azimuthal and elevation planes while additionally identifying
the frequency of the source. Due to the ‘scrambled’ nature of the
phase front, however, direct image acquisition is limited due to
the spread interference of all sources across the image plane
rather than the diffraction-limited spot convergence of plane
waves typically seen in non-dispersive mmW imaging systems.
As a result, the signal recovery capability of the tomographic
architecture is limited 1 due to the decreased peak power as well
as the interference of all sources across the entire detector plane.

Recently, the tomographic method has been supplemented by
a fiber arrayed waveguide grating (FAWG) for linear dispersion
along one axis of the array. Through the steering of the RF phase
front by a known value that scales with RF source frequency,
the nearly instantaneous sorting of signals into azimuthal angle
and frequency bins, without the computational latency of tomo-
graphic approaches, has been demonstrated [20]. The primary
benefit of this configuration is the preservation of coherence
within the RF phase front, resulting in a point-spread function
(PSF) with a sharp maximum that is linearly translated across
the image plane by variations in source AoA and frequency.
Further, for cases of multiple sources in the scene, simultaneous,
zero-computation separation of the signals is obtained thanks
to the strong confinement of optical energy within the main
lobe of each PSF and the linear nature of the system. In sum,
provided all sources are held to a fixed and common elevation
angle, there exists a direct relationship between a spot’s vertical
location (in v on the image plane as shown in Figure 4) and the
carrier frequency of the corresponding source. This relationship
is determined exclusively by the FAWG, and enables the fast
channelization process novel to this configuration [20]. If a
charge-coupled device (CCD) camera is used concurrently with

1While the scrambling of phases in the tomographic method results in the
spread of energy across the image plane, once cueing detection is performed it
is possible to induce a conjugate phase on the antenna array to form a diffraction-
limited spot for a single source. However, due to the random nature of the fiber
lengths used, this is not possible for multiple sources at the same time.
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Fig. 4. Normalized simulated PSF for 33 GHz signal with broadside incidence.
Photodiode pickup apertures superimposed in red upon PSF to represent element
locations at image plane.

the signal recovery architecture, the photonic receiver is thus
apprised of the carrier frequencies of each source, and is able to
reconfigure the tunable optical local oscillator (TOLO) to gen-
erate intermediate frequencies (IFs) through down-conversion
at the photodiode array.

As discussed in [20], spectral dispersion is introduced into the
system response through the use of a FAWG, with fiber lengths
linearly dependent upon the vertical position of each antenna in
the array. This arrangement induces frequency steering along the
vertical axis of the image plane. Due to the linear relationship
between the vertical position of the antenna in the array and
the optical path length between modulator to fiber bundle, a
vertical phase gradient is imposed upon the up-converted RF
signal as it passes through the FAWG. To center the main lobe
of the PSF on the image plane, a phase offset δφi is applied to
the ith channel in the array corresponding to the inverse phase
change incurred through propagation through the ith channel
of the FAWG, modulo 2π [20]. These optical phase offsets
compensate, at the design frequency only, for the dispersion
phases induced by the true time delays of the unequal fiber
lengths. In practice, the phase offsets are determined through
a phase calibration procedure and results in a flat optical phase
front for a 33 GHz source at broadside to the array [15]. Holding
the phase offset for each channel static during system operation
results in the acquisition of a frequency- and angle-dependent
phase gradient through propagation through the unequal-length
fibers, passively steering the beam in the vertical direction on
the image plane in proportion to the source carrier frequency.

In the case of all studies presented herein, the design frequency
is 33 GHz, such that the center frequency of the operational
bandwidth of the imaging system is steered to the center of
the image plane. A simulated point-spread function showing a
33-GHz source at broadside incidence is shown in Figure 4.
Note the super-imposed array of photodiode pickups — these
will be important for the study of signal recovery as discussed
in Section V.

As previously discussed, the steering of the main lobe upon
the image plane is dependent upon the antenna configuration (for
spatial steering) and fiber lengths (for spectral steering). For the

Fig. 5. Normalized simulated PSF showing spatial separation of physically
co-located sources displaced in frequency by 2.4 GHz. Signals fall into corre-
sponding photodiodes as indicated by the red superimposed grid.

Fig. 6. Block diagram showing Tunable Optical Local Oscillator (TOLO)
layout used for IF generation. For free-space down-conversion, recombination
onto photodiode does not occur until an RF signal has been modulated onto the
‘seed’ path as discussed in previous Sections.

current configuration, in which a linear array of photodiodes
is placed along the axis of dispersion, a shift in frequency of
1.2 GHz centers the beam upon the adjacent photodetector. This
frequency resolution is determined by the longest baseline in
the FAWG, or the difference in optical path length between
the shortest and longest fibers [20]. This behavior is shown in
Figure 5, which shows the simulated response to two sources
separated by 2.4 GHz. Note that the signals are separated by
two detector grid spacings. The sources are spatially co-located
(emanating from the same antenna); this configuration will later
be re-created experimentally for verification in Section V-D,
Figure 18.

IV. TUNABLE OPTICALLY PAIRED SOURCE

The optical heterodyne technique used for coherent recovery
of incident data signals is of a similar configuration detailed
in [16], [17], with the master laser used to feed the optical front
end additionally used as the seed laser to injection lock a clone
cavity. Before insertion into the clone cavity, the second path
of the laser first passes through a phase modulator biased by
an overdriven low-noise amplifier, which is in turn fed by a
spectrally pure RF synthesizer. This generates an optical comb
to which the cavity of the clone laser can be tuned to, and when
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Fig. 7. Detail of optical processor with photodiode array installed. Photodi-
odes distributed vertically within red oval, corresponding to dispersion axis of
FAWG. Optical LO inserted from fiber on left side of image with collimation
package outlined in blue. CCD camera in background; optical image of RF scene
inserted from bottom of image.

Fig. 8. Normalized experimentally measured PSF for 33 GHz, 5 dBm source
signal (with TOLO disabled) and overlaid photodiode pickup positions. Note
that pixel values lower than a predetermined threshold return a zero value; in
case of main lobe saturation side lobes are visible, as shown in Figure 14.

the two paths are combined the resultant RF tone exhibits high
spectral purity due to the correlation of the optical phase noise,
provided the path lengths are reasonably matched. This tunable
optically paired source (TOPS) configuration is used for ultraw-
ideband signal generation in the absence of an optically-fed RF
front-end and has been shown to demonstrate spectrally pure
tones from 0.5 to over 110 GHz [21]. With the introduction
of an antenna array into the path of the master laser before
the two optical signals are recombined, the clone laser may be
tuned in concert with the RF synthesizer to create a beat signal
at a desired intermediate frequency (IF), with the master laser
instead replaced by the modulation sideband generated by the
up-conversion modules in the RF front-end. This configuration
is defined by the use of the TOPS architecture as a tunable optical
local oscillator (TOLO), and enables the recovery of data carried
on signals incident upon the array.

The optical feed network for the down-converting mmW
imaging receiver is shown in Figure 6. A master laser operating

Fig. 9. IF spectrum for single source placed at 33 GHz measured through
center photodiode on image plane as shown in Figure 8. TOLO heterodyne
signal generated such that IF tone is 70 MHz. IF Power: -26 dBm.

Fig. 10. IF spectrum of 100 MSPS 16-QAM signal. Center frequency 70 MHz,
integrated power over signal band -25.39 dBm.

Fig. 11. De-modulated constellation for 100 MSPS 16-QAM signal as mea-
sured through center photodiode on Hamamatsu photodiode array. Measured
EVM: 6.58% RMS, MER 23.63 dB RMS. In-band IF Power: -25.39 dBm, source
power 10 dBm.

at λ = 1557.64 nm is split two ways, with half of the power
directed towards the feed network of the antenna array and the
other half directed towards the TOLO componentry. The path
taken towards the RF front-end is further split twice and feeds
two Erbium Doped Fiber Amplifiers (EDFAs), increasing the
optical power for phase locking and imaging. More significant
at this juncture, however, is the configuration of the TOLO. As
discussed, this optical configuration follows a similar layout to
an earlier system, but has been adapted to the present system with
the integration of the FAWG. The free-space TOLO insertion
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Fig. 12. Normalized experimental PSF for dual incidence of co-located
sources with 33 and 33.04 GHz carriers, with no spatial or spectral steering
visible at image plane. Moderate side-lobes present in camera response.

Fig. 13. Recovered constellations for spatially co-located, spectrally adjacent
signals. (a): Carrier frequency 33 GHz, IF 40 MHz. EVM: 6.25%, MER 21.45 dB
RMS. (b): Carrier frequency: 33.04 GHz, IF 80 MHz. EVM: 6.26%, MER
24.07 dB RMS.

Fig. 14. Normalized Experimental PSF with jamming signal overloading
cueing camera. Main lobe from 34 GHz signal combines with 33 GHz signal due
to sub-resolution separation. Elevated side-lobe level due to clipping of main
lobe and finite dynamic range of CCD Detector.

point corresponds to the block labeled “Tunable Optical LO” in
Figure 2 and can be seen in the experimental setup at call-out
8 in Figure 3.

While the TOPS configuration may be tuned by shifting either
the master or clone cavity, the DBR mirrors and phase-locking
in the optical processor require the master laser wavelength to be

Fig. 15. Recovered constellation for 100 MSPS 16-QAM data signal with
34 GHz, 19 dBm tone propagated through same physical location. Measured
EVM: 6.77% RMS, MER 23.39 dB RMS. In-band IF Power: -25.61 dBm, source
power 10 dBm.

Fig. 16. Flow chart for revised optical configuration enabling simultaneous
dual signal recovery. Tone generated by Rohde & Schwarz SMB100 A signal
generator corresponds to offset between primary IF and secondary IF, including
difference in carrier frequency offset. TOLO is injected into free-space with
‘primary’ LO tone generated by built-in synthesizer combined with ‘secondary’
LO tone created by phase modulator overlaid upon entire image plane.

Fig. 17. (a): Optical spectrum at output of TOPS for recovery of a single data
stream. Offset δf1 corresponds to IF of 40 MHz for 33 GHz carrier. (b): Optical
spectrum at output of phase modulator used for secondary IF tone generation
with δf2 = 2.45 GHz continuous-wave phase modulation applied to spectrum
shown in (a). With signal generator at maximum power of 13 dBm, amplitude
offset between primary and secondary tones measured at 7 dB. Note that
15 dB optical attenuation is applied to both measurements to protect the optical
spectrum analyzer (OSA); maximum power measured in (a) was approximately
18 dBm without attenuation.
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Fig. 18. Experimentally captured point-spread function (with overlaid pickup
positions) for dual co-located signal incidence showing spectral separation due
to dispersive characteristics of imaging system. Center spot generated by 33 GHz
carrier, lower spot generated by 35.4 GHz carrier. Some side lobes present in
camera response.

held static in the TOLO configuration. Thus, the RF synthesizer
is tuned to create an optical comb with a harmonic at the desired
δf , determined by the desired IF for the corresponding carrier.
The clone cavity is then tuned to lock to the corresponding
harmonic of the optical comb, rejecting the other ‘teeth’ of
the comb. The frequency of the injected seed signal must fall
within the injected signal’s locking range, determined by both
the injection ratio (seeded injection signal to clone laser power)
and the frequency difference between the injection seed and the
clone laser’s free-running oscillations. The output of the clone
laser is launched into the optical processor and mixed with the
RF sidebands generated by the up-conversion of the RF signal
incident upon the array to generate a spectrally pure IF signal
suitable for data recovery, tunable over a great deal wider than
the Ka-band in which this system is functional.

V. EXPERIMENTAL RESULTS

A. Single-Source Detection

To realize free-space optical down-conversion, a one-
dimensional Hamamatsu Photonics photodiode array was in-
tegrated into the optical processor. A detail of the pickup
configuration is shown in Figure 7. Note that the photodiodes
are distributed vertically within the dual in-line package (DIP)
inserted into the printed circuit board (PCB) carrying the accom-
panying bias circuitry and transimpedance amplifiers (TIAs)
used to convert the output current from the photodiode package
to a voltage signal for use by an electronic signal analyzer (ESA).
The entire assembly was then affixed to an xyz-translation stage
with a one-inch throw along each axis to align the individual
photodiodes with the PSF at the image plane. While the PSF
is relatively insensitive to minute variations in distance in the
axial, or z, direction, the pickup surface was positioned at the
same distance from the optical beam splitter/combiner as the
CCD camera to ensure the overlaid images presented herein
represent the correct relative locations of the photodiode array
and the PSF.

With the photodiode array installed on the translation stage,
a phase calibration was performed [15] to direct the main lobe
of the PSF generated from a broadside signal at 33 GHz to the
center of the image plane. Following successful calibration, the
CCD sensor was covered and the TOLO was enabled. Due to the
high power of the TOLO relative to the sideband image power,
exposing the CCD sensor to the beam radiated by the TOLO
would show a saturated image at best, and at worst could cause
damage to the camera. Future optical configurations may be
developed to inject the TOLO at a later stage, after the image
has been ‘tapped’ off for cueing detection by the camera for
simultaneous cueing and signal recovery.

To align the photodiodes to the pickup plane, the PSF was first
observed on the camera to have good confinement of energy
to the main lobe with minimal side lobes appearing above
threshold on the camera. Due to the band-limited performance
of the Hamamatsu Photonics photodiodes, an IF of 70 MHz
was chosen. Once the camera was covered and TOLO enabled,
the photodiode array was translated on the (u,v)-plane to de-
termine the location of maximum power received; this location
corresponds to proper alignment of the desired photodiode with
the main lobe of the PSF, as shown in Figure 8. For assurance
that the TOLO was in the proper place, once the peak power
location was determined minor adjustments were made to the
TOLO positioning stage to ensure the IF power was at maximum.
The experimentally-gathered point-spread function for a 33 GHz
source with 5 dBm source power with overlaid photodiode array
positions is shown in Figure 8.

The sideband image overlaid with the TOLO signal produces
an IF spectrum which is down-converted at the photodetector
and measured by the ESA. A WiseWave ARH 2220-02 standard
horn antenna with Gt = 20 dB of gain was used as a transmit
antenna, with signals passed through an RF splitter with 7.2 dB
of insertion loss (Ls) and an RF cable with 2.82 dB of insertion
loss (Lc). The transmit horn antenna was placed a distanceR of 4
meters from the array. With this configuration, a 33 GHz 10 dBm
source mixes down to a CW tone at an intermediate frequency
of 70 MHz with RF power of -26 dBm. The IF spectrum as
measured by the ESA is shown in Figure 9. Using the Friis
transmission equation

Pa = Pt − Ls − Lc +Gt + 20 ∗ log 1

4πR
, (1)

the RF power at the antenna array Pa is -14 dBm, indicating
the system losses due to RF and optical array efficiency, up-
and down-conversion efficiency, free-space loss in the optical
processor, and fiber facet loss have a combined value of 12 dB
greater than gains afforded by RF and optical array design, low-
noise amplifier gain, and added power from the optical carrier.

Verification of the signal recovery capability in this config-
uration was performed with a 16-QAM signal placed on the
33 GHz carrier while the TOLO was spectrally positioned so as
to create a suitable IF for read-out by the ESA. To demonstrate
the upper bound of system capability a modulation speed of
100 megasymbols per second (MSPS) was used to modulate a
33 GHz carrier. With the TOLO settings held constant from the
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previous configuration, the resulting IF is a 100 MHz signal cen-
tered on a 70 MHz IF, as shown in Figure 10. The de-modulated
constellation is shown in Figure 11; the constellation is recov-
ered with a root-mean-square (RMS) error vector magnitude
(EVM) value of 6.58% and an RMS modulation error ratio
(MER) of 23.63 dB.

B. Dual Narrowband Signal Recovery

For situations in which the separation of two end users is
less than the angular resolution of the RF front-end, frequency
division multiplexing is necessary for the base station to be
capable of handling dual bit-streams simultaneously. Spectral
channels may be assigned to end users at the discretion of the
base station, and in general may be distributed anywhere within
the overall band of operation. The worst-case scenario is one
in which the two physically adjacent data sources have been
assigned spectrally adjacent channels. Shown in Figure 12 is an
example of such a scenario — two signals with a carrier offset
of 40 MHz are emitted from the same antenna, and are indis-
tinguishable at the cueing detector image plane. The ‘primary’
signal is located at 33 GHz, and carries a data stream represented
by a 16-QAM constellation at 30 MSPS. The ‘secondary’ signal
is located at 33.04 GHz, carrying a QPSK data-stream modulated
at 20 MSPS.

However, due to the narrow linewidth of the LO beat signal
with the sidebands generated by the data sources, both constel-
lations are recovered by the center photodiode in the array. The
recovered constellations are shown in Figure 13; the primary
signal has EVM of 6.24% and MER of 21.45 dB, while the
secondary signal has EVM of 6.26% and MER of 24.07 dB.

C. Jamming Resilience

Due to the band-limited nature of the photodiodes, combined
with the dispersive characteristic of the imaging system, the
resilience of this signal recovery architecture in the face of a
jamming signal is quite strong. To demonstrate this capability,
an additional ‘jamming’ tone was broadcast through the same
antenna as the desired data signal at a significantly higher
power. Due to the finite dynamic range of the CCD camera,
the cueing response is saturated by the jamming signal and
rendered useless. An example of such a situation is shown in
Figure 14. The jamming signal is a 34 GHz tone, with broadcast
power of 19 dBm, the maximum output power available through
the Agilent PSG vector signal generator used as a secondary
source for this experiment. Both signals are combined using an
RF-Lambda RFLT2WDC40 G Y-splitter with 0.3 dB maximum
amplitude imbalance and 7.2 dB insertion loss from each arm
of the splitter [25]. The primary data source characteristics are
returned to the initial configuration, with a carrier frequency
of 33 GHz, power of 10 dBm and 16-QAM symbol rate of
100 MSPS.

As shown in Figure 14, having a strong undesired signal
co-located with the data stream compromises the ability of
the cueing detector to perform channel estimation. However,
due to the pre-determined IF generation, the ability of the
system to down-convert the desired data stream is unaffected

by the jamming signal, as shown in Figure 15. Compared to the
single-tone down-conversion EVM and MER values of 6.58%
and 23.63 dB, respectively, the EVM and MER values for the
100 MSPS constellation with jamming are 6.77% and 23.39 dB,
respectively. Additionally, the in-band IF power was measured
at -25.61 dBm, all virtually equivalent values to the single-tone
experiment.

D. Dual Wideband Signal Recovery

While IF resilience to jamming is an excellent benefit for the
recovery of a single signal from the photodiode corresponding
to a known carrier, the single TOLO beam overlaid upon the
entire image plane potentially presents a limitation to the ability
to recover multiple signals at the same time if the incoming
carrier frequencies are distributed over a wide bandwidth. This
is due to the band-limited photodiode array, which filters out
higher-frequency beat tones generated through the overlay of
the TOLO and RF image. To investigate the capability of the
system to recover multiple signals at the same time over a larger
portion of the operational bandwidth, a revision to the optical
configuration was devised in which a secondary LO tone may
be injected with a phase modulator onto the primary TOLO and
overlaid upon the entire image plane. A flow-chart showing the
revised optical configuration is shown in Figure 16.

As shown in Figure 16, the secondary sideband on the TOLO
path was generated using a Rohde & Schwarz SMB100 A
signal generator with an output frequency equivalent to the
difference in carrier frequencies plus IF frequencies desired for
both signals. For a primary signal of 33 GHz corresponding to an
IF of 40 MHz and secondary signal of 35.4 GHz corresponding
to an IF of 90 MHz, the difference in frequency δf2 is 2.45GHz.
Shown in Figure 17(a) is the optical spectrum at the output of
the TOLO when set to generate a 40 MHz IF for a 33 GHz
carrier. The parameter δf1 is the frequency offset from the master
laser carrier frequency (approximately 193 THz) and the shorter-
wavelength sideband generated by the TOLO for IF generation,
a value of 33.04 GHz. In Figure 17(b), the additional phase
modulator has been enabled and given an RF input of 2.45GHz to
generate an additional sideband for combination with the signal
at 35.4 GHz. The power offset between the two signals was
measured at 7 dB, and is the minimum possible difference in
sideband powers for this configuration, with the signal generator
set at a maximum power of 13 dBm. A higher signal power could
enable better IF power balancing between carrier signals, but this
configuration was deemed sufficient to proceed.

Following measurement of the optical spectrum at the output
of the TOLO, the revised optical configuration was tested with
two RF signals to show the capability of simultaneous recovery
of both data streams. The spectral beam-steering was observed to
be such that a frequency offset of 1.2 GHz moved the main lobe
of the PSF from the center of one photodiode to the center of the
adjacent detector. To show the spatial-spectral separation of the
channels onto separate photodetectors, it was determined that a
frequency offset of double this value would be sufficient. The
resulting PSF for two sources radiating from the same antenna
is shown in Figure 18.
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Fig. 19. Measured IF spectra for photodiodes corresponding to 33 GHz (a)
and 35.4 GHz (b) RF carriers. 33 GHz carrier mixes down to 40 MHz; 35.4 GHz
carrier to 90 MHz. Rejection of undesired signal results from a combination of
energy focused towards desired photodiode and difference in LO tone power as
discussed previously. Note that power of 40 MHz tone in (b) fluctuates greatly
due to increased effect of phase locking fluctuations for sideband energy, while
primary 90 MHz tone power fairly constant at -51 dBm.

Fig. 20. Measured IF spectra for photodiodes corresponding to the ‘primary’
33 GHz (a) and ‘secondary’ 35.4 GHz (b) carriers. 30 MSPS 16-QAM modula-
tion applied to the primary signal, and 20 MSPS QPSK applied to the secondary.
Note attenuation of primary signal in (b) — this is due to a combination of the
imbalance in LO power for each frequency as well as the spatial separation of
the two signals at the image plane.

As before, the camera must be covered before the TOLO is
enabled. When the TOLO is switched on, including the sec-
ondary phase modulator and RF bias, the IF spectra measured
at the 33 GHz photodiode and 35.4 GHz photodiode shown in
Figure 19. Due to the aforementioned 7 dB drop in power for
the ‘secondary’ TOLO sideband used to generate the 90 MHz
IF from the 35.4 GHz carrier, the IF power at the corresponding
photodiode is less than the IF power measured for the 40 MHz
IF at its corresponding detector, despite source powers being
equivalent at 10 dBm. The decrease in IF power (-35 dBm versus
-25 dBm for previous experiments) for the ‘primary’ tone is due
to the coupling of optical energy in the TOLO from the primary
sideband into the secondary sidebands generated by the phase
modulator. This effect may be mitigated through the use of an
optical amplifier, but an attempt to integrate a semiconductor
optical amplifier (SOA) proved to carry too high of a noise
penalty to be feasible.

Finally, the ability of this configuration to simultaneously
recover two data streams from different carrier frequencies
broadcast through the same antenna was measured. Shown in
Figure 20 is the IF spectrum presented in a similar manner to that
shown in Figure 19 — the spectrum shown in (a) corresponds
to that measured at the output of the photodiode intended for
the 33 GHz signal, while that shown in (b) corresponds to the
35.4 GHz photodiode.

As before, the signals were de-modulated by the vector sig-
nal analyzer in the Rohde & Schwarz FSW for constellation
de-modulation and characterization. Shown in Figure 21 are
the recovered constellations as measured by the FSW for the

Fig. 21. Recovered constellations at corresponding photodiodes for 33 GHz
(a) and 35.4 GHz (b) carriers, each with 30 MSPS 16-QAM signal applied. (a):
5.45% EVM RMS, 27.8 dB MER RMS, (b): 14.35% EVM, 16.86 dB MER
RMS.

desired constellations at the corresponding photodetectors; i.e.
the 33 GHz signal measured at the center photodiode (a), and the
35.4 GHz signal measured at the second neighbor photodiode
(b). As shown in the Figure, the EVM for the ‘secondary’ tone
is increased due to the decreased SNR. However, the capability
of this system to separate signals by carrier frequency with
gigahertz-order resolution and simultaneously recover multiple
data streams from co-located signals over a wide bandwidth has
been verified.

VI. CONCLUSION

In this work, we have shown that a fiber arrayed waveguide
grating (FAWG) implemented on the back-end of an optical
phased array is able to not only multiplex signals of an arbi-
trary spatial-spectral distribution, but recover the data stream
on each signal in the field of view with the use of a tunable
optical local oscillator (TOLO) and an array of photodiodes.
The fidelity of the TOLO enables concurrent down-conversion of
spectrally close sources regardless of spatial separation, and the
system architecture with minor revisions is capable of recovering
multiple signals over a very large bandwidth. This wide-band
performance is currently limited by the TOPS injection, in which
the optical LO is overlaid upon the entire image plane. In order
to achieve full separation of sources at the IF, the TOPS signal
may be injected with a collimation package overlaying an optical
LO onto each photodiode. A notional system with this capability
would consist of multiple TOLO signals injected into free-space
through a fiber v-groove array followed by a microlens array,
confining the light from each fiber into a strongly focused beam
in a manner similar to that used for the launch plane of the
fiber array carrying the RF image. With such a configuration,
cross-talk at the pickup plane would be entirely limited by the
confinement of the TOLO beam due to the band-limited na-
ture of the photodiodes; down-conversion of non-corresponding
spectral tones would be very far out of band at the desired IF
for each detector. In a practical application, the maximization
of signal-to-noise ratio (SNR) for the highest number of sources
is of unmistakable importance. While the CCD camera has a
pixel pitch of 30 microns, the photodiode pitch and spot size of
250 microns greatly discretizes the image plane in the context
of signal recovery. A system of this architecture constructed for
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operation in an RF-photonic link would therefore require a level
of adaptibility to maximize the received power for beams which,
in general, do not fall precisely within the active area of the
photodiodes. However, the ability of the presented architecture
to instantaneously detect the spatial-spectral locations of signals
means that the phase front across the array generated by each
source is known based upon the spot location on the image
plane. If a CCD is used concurrently with the photodiode array,
point-spread function engineering may be performed to steer the
front-end phases in a calculable manner to maximize spot over-
lay with photodetectors for the highest number of sources [26].
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