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Final Report on DARPA InPho High Capacity Quantum Imaging

Robert W. Boyd, John C. Howell
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We report on highlights within the DARPA InPho program, which come closest to meeting
the end-of-program goals. First, we demonstrate a novel parametric process imaging technique
with greater than 1 bit per photon by reconstructing a high resolution depth map of a natural
scene. Second, we then discuss a double-pixel compressive sensing architecture for characterizing
high-dimensional transverse entanglement showing greater than 8 bits per photon pair. Third, we
demonstrate a high resolution linear compressive sensing depth map, which achieved high frame rate
object tracking in 3 dimensions. Fourth, we report on ghost imaging techniques and point target
localization at greater at 1 bit per photon. Lastly, we discuss the use of orbital angular momentum
decomposition imaging.
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I. PARAMETRIC POISSON PROCESS IMAGING

We introduce a new conceptual framework for active optical imaging that leads to striking capabilities in
low-light scenarios. We consider the use of raster-scanned illumination and detection of light with a single-
photon avalanche diode (SPAD); the framework applies identically with flood illumination and a SPAD array.
Due to the quantum nature of light, the SPAD measures a Poisson process at each spatial location. The
framework is called parametric Poisson process imaging (PPPI) because the essential idea is that the rate of
each Poisson process is a parametric function with parameters that encode features such as scene reflectance,
distance to scene points, and background light level. The parametric nature of these functions along with
correlations over the spatial dimensions enable effective estimation with only a few detected photons and
with significant contribution from background light.

A. Main contributions

Conceptual: We introduce a physically-accurate model for the signal produced by a SPAD under weak
lighting which incorporates arbitrary illumination pulse shape, inhomogeneous Poisson process characteristics
(shot noise from the quantum nature of light), and detector reset time.

Algorithmic: We provide a method for spatiotemporally-regularized estimation of intensity and depth.
Our algorithm produces accurate intensity and depth images from 1 photon per pixel (ppp) data.

Ezxperimental: In work detailed elsewhere [1], we simultaneously achieve very high photon efficiency for
imaging intensity and depth using raster-scanned illumination with a pulsed laser and detection of the
backscattered light with a single SPAD.

e Intensity estimation for a 16-level scene at 1 ppp is comparable to a traditional technique with 200
pPpPp-

e Depth estimation at 1 ppp is comparable to a traditional technique with 100 ppp or 17 times narrower
pulse width.

B. Related Work

Algorithmic: Image processing at low-light levels is challenging due to the signal dependent nature of
noise. Denoising of low-light images captured by SPAD sensors is typically accomplished using the Poisson
or shot noise model along with sparsity promoting regularization [2]. These methods assume that the number
of collected photons is Poisson distributed with parameter proportional to the true intensity. This signal
model fails when the photon count is too low, such as in our case. For depth imaging using SPAD data,
first a pixelwise maximum likelihood (ML) estimate of scene depth is computed using a time-inhomogeneous
Poisson process model for photon arrival times [3, 4]. Then sparsity-promoting regularization is used to
further denoise this depth map. This two-step approach assumes a Gaussian noise model which is befitting
because of the behavior of ML with large number of data samples [5]. The regime of image processing
using very low photon counts, which is the focus of this work, is largely unexplored. Another challenging
algorithmic problem that is not addressed in the existing literature is the filtering of stray photons due to
ambient light and detector dark counts.

Depth tmaging using active illumination: Several techniques differ in the way active illumination is mod-
ulated. Time-intensity modulated imagers operate on the TOF principle. When ordered by increasing
modulation bandwidth (shorter pulses), these are: homodyne TOF sensing [6], pulsed TOF cameras [7], and
picosecond laser radar systems [8]. Sensors that spatially modulate the light include speckle decorrelation
imaging, structured light, and active stereo imaging [9]. Intensity modulated sensing requires specialized
detectors, whereas spatially-modulated sensing is accomplished using standard CMOS detector arrays. How-
ever, spatially-modulated detectors have low photon efficiency because they achieve centimeter range resolu-
tion using high optical output (always on). In comparison, TOF systems achieve millimeter accurate sensing
by using lower optical output (on for a short time). Among the aforementioned systems, TOF imagers using
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FIG. 1. Our imaging setup.

SPAD detectors have the highest photon efficiency. Our proposed framework further improves the high
photon efficiency of SPAD imagers, which translates to lower optical power and lower system bandwidth
without sacrificing imaging quality.

C. Imaging Setup

Our imaging setup is shown in Figure 1. The light source and SPAD are co-located. Scene patches are
indexed by ¢ € {1, 2, ..., M}. The reflectance of patch i, denoted z;, includes the effect of radial fall-off,
viewing angle and material properties. The distance to patch i is denoted z;.

We use an intensity-modulated light source with pulse shape s(t) and repetition interval T. We assume
that T' > 2 zpax/c, where zpay is largest scene depth and the ¢ is the speed of light; this avoids distance
aliasing. With conventional processing, the pulse width T,, governs the achievable depth resolution [3]. We

assume Ty, < 2 zmax/c¢ < T. Denote the total intensity of a single pulse by S = fOTs(t) dt.

Light incident on the detector is spectrally filtered to the wavelength of the source so that ambient light
is largely rejected. The fraction of photons passing through the filter that trigger electrical impulses is the
detector quantum efficiency 7. Every detected photon is time stamped within an accuracy of A, called the
time bin size. We assume that A < Ty, < 2 Zpe0/c. When the detector records a photon arrival—referred
to as a click—it becomes inactive for a small duration called the reset time or dead time. As long as the
reset time is longer than T, it does not affect our modeling.
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FIG. 2. Rate function of inhomogeneous Poisson process combining desired scene response and noise sources. The
detected signal photon (blue) was generated by the third transmitted pulse (N; = 3) and arrived in the second time
slot (73 = 2). An arrival from the noise process is shown in red.

For each raster position i, we repeatedly illuminate scene patch ¢ until the first click. The discrete time bin
T; of the click (relative to the pulse that resulted in the click) and the number of pulses up to and including
the click N; are retained, so the data set is {(T;, N;)}}4,.

D. Measurement Model

Iluminating scene patch ¢ with intensity-modulated light pulse s(t) results in a backscattered light signal
r;(t) that is physically modeled as r;(t) = x; s(t — 2z;/c) + by, where by denotes the background light
intensity at the operating wavelength. The function nr;(¢) is the time-varying rate of an inhomogeneous
Poisson process observed at the SPAD, and photon arrivals are recorded per these statistics. The SPAD
detector records these photon arrivals in time bins of size A. It is also necessary to add the detector dark
counts, which are modeled as an independent time-invariant Poisson process with rate d. The observed
inhomogeneous Poisson process thus has rate

() =nrit)+d=nx;s(t —2z;/c) + (nbx + d).

By defining b = by + d/1n, we see that n is an overall multiplicative factor that can be set to 1 without loss
of generality. We assume that b is known since it is straightforward to estimate. Repetitions until the first
click create a periodic rate function as shown in Figure 2.

Low-rate assumption: Our computations of the distributions of random variables T; and N; hold when
the light intensity at the detector is low, as would be the case when photon efficiency is important. Mathe-
matically, the number of detected photons from a single pulse (neglecting detector dead time) is a random
variable; let A be the event that this variable is at most 1. Conditioning on A is important because it allows
the decoupling of intensity and depth estimation.

Time bin T;: The depth of patch i is encoded in the bin index T;. It is straightforward to derive the
conditional probability mass function (PMF) of T; given A and approximate it as

prija(ki) ~ A(kiA)AA,

where A = fOT A(t)dt = x;S + bT, for small A. This has an intuitive interpretation: the probability of the
photon being detected in time bin k; is proportional to the area of the rate function which falls within the
time bin.
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(a) Ground truth. (b) Pointwise ML estimate. (c¢) Our processing. (d) Regularized LS assuming AWGN.

FIG. 3. Depth resolution test from 1 ppp data. Thin squares in the lower-left corner of (a)/(c) are completely
missing from (b)/(d).

(a) Ground truth. (b) Pointwise ML estimate. (c) Our processing. (d) Regularized LS assuming AWGN.

FIG. 4. Intensity resolution test from 1 ppp data. More gray levels (14) are distinguishable in (c) than in (d).

Pulse count N;: Novel to PPPI, we exploit that the intensity of patch ¢ is encoded in the number of pulses

transmitted before the first click V;. The conditional PMF of N; is
PN, ja(ng) = e_A(Ni_l)(l — e_A), n=1,2,..., (1)
a geometric distribution with parameter e~ = ¢~ (@:S+0T)

Signal vs. noise: A detected photon could have originated from the scene, or it could be noise due to
ambient light or detector dark counts. For any pixel index ¢, let the event S; be the detection of a signal
photon (as opposed to noise). We use S to denote the set of pixel indices which have signal photons, and
PPPI includes a step to estimate S.

E. Novel Image Formation

Our proposed image formation methods are regularized ML estimators. We combine physically-accurate
probabilistic signal models derived in the previous section with regularization using sparsity. With this
approach, we achieve significant improvements over pointwise ML and over traditional denoising as post-
processing applied without a detailed physical model.

Intensity estimation: Using (1), we define the negative log-likelihood function for estimating scene re-
flectance x; from data N; = n; as

Lo(ziin:) = S(N; — 1) z; — log(1 — e~ (@:5+0T)),

This is a strictly convex function in x;, making it amenable for global minimization using convex optimization.
The regularized ML estimate for scene reflectance is obtained from noisy data {N; = n; f”il by solving the
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(a) Ground truth. (b) Pointwise ML estimate. (¢) Our processing. (d) Regularized LS assuming AWGN.

FIG. 5. Sunflower depth map. Our method rejects background and denoises while retaining fine spatial features
like flower petals.

(a) Ground truth. (b) Pointwise ML estimate. (¢) Our processing. (d) Regularized LS assuming AWGN.

FIG. 6. Sunflower intensity image. Our method increases image contrast while retaining fine spatial features like
flower petals.

following convex problem:

St O Lalring) + B 2.X]) (2)

i=1...M

where @, is a sparsifying transform and different norms may be used.

Noise rejection: Noise events are generated from a homogeneous Poisson process with constant rate,
resulting in a uniform distribution for 7;. In contrast, signal photons are generated by a time-inhomogeneous
Poisson process whose rate is proportional to the backscattered waveform (or time duration T3, ). Thus, signal
photon arrivals result in a distribution with much lower variance compared with the uniform distribution
over [0,T]. In fact, it is effective to treat the conditional distribution of T; given \S; as impulsive.

It is shown in [10] that the rank-ordered absolute differences (ROAD) statistic gives a good characterization
of the impulse distribution. Using the algorithm from [10], we filter noise using the ROAD statistic at each
pixel i computed from its 8 nearest neighbors. The remaining signal photons form set S.

Depth estimation: Once noise is rejected, we can readily formulate the negative log-likelihood function for
estimation depth at pixel i € § from data T; = k; as

L.(zi3 k) = —log Pr[T; = ki A, S;] = —log s(k;A — 2z, /c).

Our framework allows the use of arbitrary pulse shapes, but many practical pulse shapes like Gaussian,
and lopsided pulse shapes are well approximated as s(t) = e~/ where f(t) is a convex function in ¢. In
such cases, L,(z;k;) = f(kiA — 2z;/c) is a convex function in z;. Regardless of convexity of f(¢), global
optimization is still possible for arbitrary pulse shapes if a good initial starting point is available. In our
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case, the signal photons’ arrival times serve as excellent starting points because of their proximity to the
true depth estimate. Starting with these initial values, we use gradients of the pulse shape s(t) along with
sparsity-based regularization to obtain close to globally-optimal solutions. Our regularized ML estimate for
scene depth is obtained from filtered data {T; = k;};cs by solving the following optimization problem:

Z=[z1... 2] Zﬁz(zﬁki)JrﬂHq)ZZHf' 3)

Zmin <2i <Zmax icS

F. Experimental Results

We conducted experiments, to demonstrate intensity and depth estimation accuracy of our framework;
experimental parameters are detailed in [1]. For reflectance estimation, we used ¢; regularization with 4-tap
Daubechies wavelet basis. For depth estimation, we used TV regularization. The regularization parameter
[ for each method was chosen to maximize PSNR for the given scene.

As shown in Figure 3, our method achieves a depth resolution between 4 mm and 6 mm using 1 ppp. To
put our results in context, the pulse width required to achieve 5 mm depth resolution in a noiseless setting
is & 17 ps; in our experiments we used noisy data and a pulse width of 1 ns, which is 60 times longer. As
expected, regularized AWGN ML estimation fails due to impulsive noise, and aggressive regularization leads
to oversmoothing and loss of spatial features. As indicated by our results in Figure 4, our proposed method
resolves about 14 gray levels using 1 ppp data, far better than the raw data or regularized LS under an
AWGN model.

The estimation results for a natural scene are shown in Figures 5 and 6. As shown, our framework achieves
a significant gain in depth resolution and boost in PSNR relative to conventional methods while preserving
high frequency details and small features.

II. COMPRESSIVE HIGH-DIMENSIONAL ENTANGLEMENT CHARACTERIZATION

Spatially entangled biphotons, such as those generated by spontaneous parametric downconversion
(SPDC), exhibit strong Einstein-Podolsky-Rosen (EPR) type correlations [11] in the transverse position
and transverse momentum degrees of freedom [12]. Because these variables are continuous, the entangle-
ment can be very high-dimensional with a typical Schmidt number greatly exceeding 1000 [13]. This provides
high information density which can be leveraged to increase channel capacity and security for quantum key
distribution [14-16] and dense coding [17, 18]. Other applications include ghost imaging [19, 20], quantum
computing [21], and quantum teleportation [22].

Experimentally characterizing the SPDC state is unfortunately difficult due to weak sources and low
resolution detectors. Spatial entanglement is traditionally imaged by jointly raster-scanning photon-counting
avalanche photodiodes (APDs) to measure spatial correlations. This scales extremely poorly with increasing
detector resolution. With a biphoton flux of 4,000 coincident detections per second, it would take 55 days
to jointly scan a 24 x 24 pixel region for a signal-to-noise ratio (SNR) of 10. For 32 x 32 pixels, it would take
310 days (see Eq. 12).

Other approaches have been tried with mixed success. Intensified CCD cameras can measure the Schmidt
number [23], but do not detect single-photon correlations rendering them ineffective for most quantum
applications. Arrays of photon counting APDs could replace CCDs, but they are currently low resolution,
noisy and resource intensive; especially since each pixel pair must be individually correlated [24-26]. A recent,
promising result averages intensity correlations over many images from a single-photon sensitive electron-
multiplying CCD, reporting 2500 modes [27]. This technique is limited to a 30 ms exposure time (APDs are
sub-ns) and is noisier than using APDs because it does not isolate individual coincident detections.

In ref [28], Dixon et. al. reduce the number of measurements required for a raster-scan by only measuring
in an area of interest where correlations are expected, reporting a channel capacity of 7 bits per photon.
While not a true full-field measurement, they highlight a critical feature of the SPDC field. In both position
and momentum representations, the distribution of correlations between pairs of detector pixels is very
sparse despite dense (not sparse) single-particle distributions. Applying ideas from the field of compressive
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sensing, we exploit prior knowledge of this sparsity to beat the “curse of dimensionality” [29] and efficiently
characterize the full biphoton field without raster scanning.

Here, we implement a compressive sensing, photon-counting double-pixel camera that efficiently images
single-photon SPDC correlations in the near- and far-field at resolutions up to 32 x 32 = 1024 dimensions per
detector. At 32 x 32 resolution, the measurement time is reduced from 310 days for raster scanning to around
8 hours. We perform an entropic characterization showing channel capacities of up to 8.4 bits per photon,
equivalent to 337 independent, identically distributed modes. Sums of channel capacities in conjugate bases
violate a EPR steering bound [30] by up to 6.6 bits.

A. Linear Compressive Sensing Theory

Compressive sensing is a technique that employs optimization to measure a sparsely represented N-
dimensional signal from M < N incoherent measurements [33, 34, 81, 82]. The approach is so-named
because the signal is effectively compressed during measurement. Though sparsity is assumed, it is not
known prior to measurement which elements contain appreciable amplitude. Compressive sensing must
determine both which elements are significant and find their values.

To detect a sparsely represented N-dimensional signal vector X, we measure a series of M < N values Y
by multiplying X by an M x N sensing matrix A such that

Y = AX + T, (4)

where I' is a noise vector.
Because M < N, this system is undetermined; a given Y does not specify a unique X. The correct X is
recovered by minimizing a regularized least squares objective function

1
min 2 [ — AX|§ + 7(X), 5)

where for example ||Q]|2 is the £ norm of Q and 7 is a scaling constant. The function g(X) is a regularization
promoting sparsity. Common ¢(X) include X’s ¢; norm, assuming the signal is sparse, and X’s total
variation, assuming the signal’s gradient is sparse [35]. A must be incoherent with the basis of interest, with
the surprising and non-intuitive result that a random, binary sensing matrix works well. Given sufficiently
large M, the recovered X approaches the exact signal with high probability [36]. For a k—sparse signal, the
required M scales as M o klog(N/k).

Incoherent, random sampling is particularly beneficial for low-light measurements as each measurement
receives on average half the total photon flux ®/2; as apposed to ®/n for a raster scan. Compressive sensing
is now beginning to be used for quantum applications such as state tomography [37]. Shabani et. al, for
example, perform a tomography on a two qubit photonic gate for polarization entangled photons [38]. CS has
also been used to with spatially correlated light for ghost imaging [39, 40]. It is important to note that for
ghost imaging, CS is not required to recover the full two-particle probability distribution as in entanglement
characterization.

The quintessential compressed sensing example is the single-pixel camera [41, 75]. An object is imaged
onto a Digital Micromirror device (DMD), a 2D binary array of individually-addressable mirrors that reflect
light either to a single detector or a dump. Rows of the sensing matrix A consist of random, binary patterns
placed sequentially on the DMD. For an N-dimensional image, minimizing Eq. 5 recovers images using as
few as M = 0.02N measurements.

B. Compressive Sensing for Measuring Correlations

The single-pixel camera concept naturally adapts to imaging correlations by adding a second detector.
Consider placing separate DMDs in the near-field or far-field of the SPDC signal and idler modes, where
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“on” pixels are redirected to photon counting modules. The signal of interest is

o (,0) = / a / Az |(, ) (6)
(u, ) /dk/dkwl,ﬂ (7)

where p(u, v) represents the probability of a coincident detection between the u'® pixel on the signal DMD and

b pixel on the idler DMD. The functions (2%, ;) and 1;(15;, k;;) are approximate position and momentum
wavefunctions for the biphoton

oL (ac_' ;)2 (a7 + 73)?
(T, 7;) =N exp ( T exp 1602

z/;(k_;,k_;) (4‘71706) N exp(— f(k; k?;>2
x exp(—4o (ks + K:)?). (8)

Subscripts s and ¢ refer to signal and idler photons respectively, o, and o, are the pump and correlation
widths, and N is a normalizing constant. X of Eq. 5 is simply a one-dimensional reshaping of p, or py.

Like the single-pixel camera, a series of random patterns are placed on the DMDs to form rows of A. For
each pair of patterns, correlations between the signal and idler photons form the measurement vector Y.
Minimization of Eq. 5 recovers p(u,v).

While a fully random A is preferred, the DMDs only act on their respective signal or idler subspace,
which prevents arbitrary A. Rows of A are therefore outer products of rows of single-particle sensing sensing
matrices a and b

a; @by
as ® by
A= . , (9)

a,, @b,

where rows of a represent random patterns placed on the signal DMD and rows of b represent random
patterns placed on the idler DMD. To make signal and idler photons distinguishable, a and b are not the
same. The validity of Kronecker-type sensing matrices has been established and is of current interest in
the CS community as attention shifts to higher dimensional signals [43, 44]. The measurement vector Y is
obtained by counting coincident detections for the series of DMD configurations given by A.

A variety of reconstruction algorithms exist for Eq. 5, with their computational complexity dominated by
repeatedly calculating AX and ATY [45]. This is especially unwieldy for correlation measurements as the
size of A is M x n? for n—pixel DMDs. Using properties for Kronecker products [46], these can be more
efficiently computed by

AX = diag(bsq(X)aT) (10)
ATY = vec(b” od (Y)a), (11)

where sq and vec reshape a vector to a square matrix and vice-versa; diag forms a vector from the diagonal
elements of a square matrix; and od forms a square matrix placing the operand vector on its diagonal.

C. Comparison to Raster Scanning

The compressive approach finds the joint probability distribution orders of magnitude faster than raster
scanning through two key improvements. The first is simply the reduction in the number of measurements.
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To jointly raster scan an n-pixel space requires n? measurements. For a compressive measurement, sparsity

is approximately n with dimensionality n?, so only M o nlog(n) measurements are required. In practice,
we found excellent results when M was only three percent of n?.

The second advantage of compressive measurements is that they more efficiently use available flux. For
the raster scan, the total flux is distributed over at best n pairs of pixels in the case of perfect correlations.
Conversely, the average flux per incoherent compressive measurement is independent of n, with each mea-
surement receiving on average 1/4 the total flux. To maintain constant SNR (photons/measurement) with
increasing n, total measurement time therefore scales as n® for raster scanning. Given a photon flux of ®
photons per second, the measurement time for a desired SNR is

n®SNR?

t = 2tmeas: ) 12
n a (12

where tpeas 18 the time per measurement.

For incoherent, compressive measurements, acquisition time scales as nlog(n). The compressive improve-
ment therefore scales as n?/log(n). For n = 32 x 32 = 1024, this is of order 10°.

This scaling factor somewhat optimistically assumes the reconstruction process yields an accurate result
despite a noisy signal. Unfortunately, propagation of uncertainty through the reconstruction process remains
a difficult problem, especially for non-ideal, real world systems [47]. There has been much recent theoretical
work on the topic for Gaussian [48-50] and Poissonian noise [51, 52]. These results tend to require ideal
sensing matrices or more complicated formulations to give provable performance bounds. As such, their
findings are difficult to directly, quantitatively apply to experiment. However, they do reveal pertinent
features that indicate CS can perform extremely well in the presence of noise.

A well known characteristic of CS is a rapid phase change from poor to good quality reconstructions [53].
This phase change is often discussed as a function of increasing m, with the boundary m « klog(n/k). A
similar phase transition occurs as a function of the noise level; in our case, this is the number of photons
per measurement. For some cases, these two are even linked [48]. A practical compressive measurement
simply requires large enough m and photon flux ® to be in the space of good reconstructions. Fortunately,
simply obtaining a recognizable reconstruction generally indicates the measurement conditions exceed this
threshold.

Unlike a direct measurement, the information obtained by a series of y compressive measurements is
contained in their deviation from the average value y. In the presence of noise, these deviations must exceed
the noise level. Assuming Poissonian shot noise, good reconstructions require std(y) > 54/, where std(y) is
the standard deviation of the measurement vector and S is a positive constant greater than one.

The particular algorithm chosen to solve Eq. 5 also plays a role in the reconstruction’s accuracy. These
often have provable performance on ideal signals, but degrade when confronted with noisy or otherwise
non-ideal conditions. In these circumstances, they have various strengths, including speed, accuracy, and
sensitivity to user selected parameters such as 7 in Eq. 5. For more information on common reconstruction
algorithms, see Refs [34, 45, 55, 87].

In practice, the best way to determine accuracy for a particular signal, sensing matrix, and reconstruction
approach remains repeated simulations or experiments. For our system, we reduce a n = 32 x 32 measurement
from a 310 day raster scan (SNR of 10) to an 8 hour compressive acquisition, a thousand-fold improvement.

D. Experiment

The experimental apparatus is given in Fig. 14. Light from a 2.8 mW, 325 nm HeCd laser was directed
to a 1 mm long BiBO crystal oriented for type I, collinear SPDC. The generated daughter photons passed
through a 650/13 nm narrowband filter before separating into signal and idler modes at a 50/50 beamsplitter.
To measure position-position correlations, lenses f1 = 125 mm and f2 = 500 mm imaged the crystal onto
signal and idler mode DMDs. For momentum-momentum correlations, f1 was removed and the DMDs were
placed in the focal plane of f2 = 88.3 mm. DMD “on” pixels reflected light to large area, single photon
counting modules (SPCM) connected to a correlating circuit.

To measure p(u,v), a series of M random patterns were placed on the DMDs to form the sensing matrix A.
For each set of patterns, joint detections were counted for acquisition times ¢,, for a total measurement time
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t = Mt,, to make up the measurement vector y. The joint distribution p(u,v) was reconstructed using a
Gradient Projection solver for Eq. 5 with ¢; regularization, commonly referred to as Basis Pursuit Denoising
[87].

We measured at dimensions of N = 2562, N = 5762, and N = 10242 corresponding to DMD resolutions
of 16 x 16, 24 x 24, and 32 x 32 pixels. The associated measurement numbers M were 2500, 10,000, and
30,000 so that M is only about 0.03N. Acquisition times were 1 second for position measurements and 1.5
seconds for momentum measurements to average 1000 coincident detections per DMD configuration in all
cases. Additionally, we performed representative simulations at 16 x 16 and 24 x 24 resolutions.

E. Joint Probability Distribution

A simulation for measuring position-position correlations at 16 x 16 DMD resolution is given in Fig. 8.
The object in 8(a) is the correlation function of Eq. 7. The simulation used m = 2500 measurements and
a photon flux of & = 5000 photons/measurement multiplied by the ideal p(u,v), conditions representative
of the 1 second experimental acquisitions. Note that this is the total signal strength before interacting with
the sensing matrix; the mean value of the measurement vector is ®/4 = 1250 detected photons. Values of
the measurement vector were Poissonian distributed to simulate the effect of shot noise.

Fig. 10(b) gives the reconstructed correlation function p(u,v) between signal and idler DMD pixels. The
sharply defined diagonal line shows the expected positive correlations between the two DMDs. DMD pixels
are listed in column-major order. The mean squared error (MSE) for the reconstruction was 5 x 10~8. The
two-dimensional signal marginal distribution is inset, which provides an image of the signal beam. Figs.
8(c) and 8(d) sum the result along the anti-diagonal to show the correlation width o.. Qualitatively, the
reconstruction closely resembles the original object, faltering only near the edges of the distribution where
the signal falls beneath a noise floor. The reconstruction recovers o. < 1 pixel with negligible error.

To demonstrate the reconstruction accuracy, simulations were performed for increasing photon flux ®

Signal
DMD
7 SPCM
Coincidence
Circuit
O'\
f2
i ~f1 \ SPCM
p o
i -~ fldler
DMD
HeCd NLC NB 50/50
Filter BS
b
b,

FIG. 7. Experimental Setup. Photons generated via SPDC pass through a narrow-band filter and are split into signal
and idler modes by a 50/50 beamsplitter. For position correlations, lenses f1 = 125 mm and f2 = 500 mm form a
4f imaging system with the crystal and DMDs placed in the object and image planes respectively. For momentum
correlations, fl1 is removed and the DMD is placed in the focal plane of f2 = 88.3 mm. Photons striking DMD “on”
pixels are directed to large area, single-photon counting modules. Photon arrivals are then correlated by a coincidence
circuit.
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FIG. 8. 16 x 16 Pixel Simulation. The ideal object is given in (a). The object was incoherently sampled with
m = 2500 random binary patterns. Poissonian noise corresponding to 5000 photons in the field (~ 1250 detected)
per measurement was added to the measurement vector. The reconstruction is shown in (b), with MSE 5 x 1075,
The inset images in (a) and (b) show the signal photon’s 2D marginal distribution, giving an image of the signal
photon. Plots (c) and (d) integrate along the anti-diagonal to show that the reconstruction recovers the correlation
width 0. < 1 pixel with negligible error.

with DMD resolution 16 x 16 and m = 2500. The MSE versus ® is given in Fig. 9. Reconstructions were
normalized to the incident flux ® for comparison to the ideal signal. The result shows the rapid phase change
from poor to excellent reconstructions with a MSE converging to 5 x 10~8 beyond the phase change.

The MSE can be used to roughly estimate the signal-to-noise ratio for a particular measurement of an
average, non-zero element. Assuming perfect pixel correlations and uniform marginal distributions, the
energy in the signal is distributed over 1/n elements. The signal-to-noise ratio is then 1/nvMSE. For
n = 256 pixels and MSE = 5 x 10~8, this yields an approximate SNR of 17. For comparison, using Eq. 12,
a raster scan would require about four days to achieve a SNR of only 10. The simulated CS acquisition time
was 42 minutes for 2500, 1 second measurements.

Sample experimental reconstructions for position-position and momentum-momentum correlations at
16 x 16 pixel DMD resolution are given in Fig.10. As in the simulations, the position-position result shows
a well defined diagonal line indicating positive pixel correlations. Conversely, the momentum-momentum
result shows an anti-diagonal line showing the expected anti-correlations. Figs. 10(c) and 10(d) sum the
results along the anti-diagonal (position-position) and diagonal (momentum-momentum) to reveal an effec-
tive correlation width o of a single pixel. Our detection scheme is therefore as accurate as possible at this
resolution and our channel capacity remains detector limited.
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FIG. 9. Simulated Mean Squared Error (MSE) versus Photon Flux for n = 256 and m = 2500. The phase change
behavior versus photon number can be clearly seen. The experiment used 5000 total (1250 detected) photons per
measurement to comfortably exceed the phase change. The MSE approaches a value 5 x 10~% corresponding to an
SNR of about 17.

F. Mutual Information in the Channel

Once p(u,v) is recovered, the channel capacity is given by the classical mutual information shared between
signal and idler DMD pixels;

I==" p(u)logp(u) = > p(v)logp(v)

+> p(u,v)log p(u, v), (13)

u,v

where for example,
p(u) = p(u,v) (14)

is the signal particle’s marginal probability distribution [28]. This entropic analysis is solely measurement
based and does not require reconstructing a wavefunction or density matrix, a challenging task even for
low-dimensional systems [56-58].

To estimate the uncertainty in the mutual information from shot noise and the reconstruction process,
we performed 100 simulations at n = 256 pixel resolution and 31 simulations at n = 576 pixel resolution.
Simulations were not performed at n = 1024 pixel resolution due to available computer time. In addition
to the results from the raw reconstruction, thresholding was performed to provide noise reduction, where all
values in the recovered p(u,v) below a percentage of the maximum value are forced to zero. The simulated
mutual information versus thresholding percentage is given in Fig. 11 for the n = 256 pixel simulations
exemplified by Fig. 8. Errorbars enclose one standard deviation from repeated simulations.

As the threshold increases from zero, the mutual information rises as a weak, uncorrelated noise floor is
removed. An optimal threshold is quickly reached, beyond which the threshold removes more signal than
noise, reducing the mutual information. Note that the reconstructed mutual information is systematically
lower than the actual mutual information in the ideal object. This is due to remaining noise and difficulty
in recovering parts of the signal towards the tail of the distribution.

The n = 256 far field experimental result is included for comparison to the simulation. The experiment
closely matches the simulation both for no thresholding and beyond its optimal threshold, but is smaller
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FIG. 10. Sample 16 x 16 Experimental Reconstructions. 10(a) and 10(b) give the joint probability distribution for
position-position and momentum-momentum correlations where DMD pixels are listed in column-wise order. 2D
marginal distributions for the signal photon are inset. 10(c) and 10(d) show correlation widths of only 1 pixel by
summing over the signal + idler (c) and signal — idler (d) axes. Only 2500 (3% of raster-scanning) measurements
were needed with a total acquisition time of about 40 minutes.
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FIG. 11. Mutual Information Versus Thresholding. The mutual information for reconstruction values above a
thresholded percentage of the maximum is given for 100, n = 256 pixel simulations with m = 2500 measurements
and ® = 5000 photons per measurement. The red, constant line gives the true mutual information for the simulated
object. The black points give the n = 256 far field experimental data for comparison.
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FIG. 12. Mutual information between signal and idler photons for position-position and momentum-momentum
representations are presented as a function of detector resolution. Three levels of thresholding are shown, as well
as a fit to Eq. 8. Dashed lines are to guide the eye. Error bars enclose two standard deviations from the expected
uncertainty from simulations (not performed for n = 1024). The solid curve represents the maximum possible value
for a particular detector resolution given perfect correlations and uniform marginals.

in the intermediate region. This is likely due to experimental errors not included in the simulation. These
include slight pixel misalignment between signal and idler DMDs, optical aberrations, detector dark noise,
stray light, power fluctuations in the laser, and temperature stability of the nonlinear crystal. Fig. 11
indicates that these experimental difficulties appear to increase the uncorrelated noise floor rather than
significantly affect the correlated part of the reconstruction.

Although thresholding is a simple post-processing technique, it is applicable to how the entangled pixels
might be used for communication. If a pair of entangled pixels has a correlated amplitude near or below the
background noise, it will be difficult to use that particular mode for communication. Note that thresholding
and similar noise reduction techniques can not be used if a communication protocol encodes information
on single instances of the state. However, any entanglement characterization will necessarily require many
instances, so background noise can often be removed to obtain a more accurate measurement. This is similar
to the technique in photonic quantum information of subtracting background noise from a measured signal.
In CS, it is common to perform post-processing or secondary optimization after maximizing sparsity, such
as the debiasing routine in Ref. [87].

The experimental channel capacity versus DMD resolution for both position-position and momentum-
momentum is given in Fig. 12 for several levels of thresholding. The optimal threshold is that which
maximizes the mutual information. At 256 and 576 pixel resolutions, optimal thresholds of 20% and 30% were
used for position-position and momentum-momentum distributions respectively. At 1024 pixel resolution,
noise was more significant, so the optimal thresholds increased to 30% and 40%. Error bars on n = 256
and n = 576 pixels measurements represent the expected effect of shot noise and reconstruction uncertainty
derived from simulation. These have been conservatively set to include two standard deviations from the
simulated result.

The joint probability distribution was also fit to the double-Gaussian wavefunction (Eq. 8) to find effective
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FIG. 13. The sum of position-position and momentum-momentum mutual information is presented as function of
detector resolution to demonstrate violation of an EPR steering inequality (Eq. 16). The solid line represents the
threshold that must be exceeded to witness EPR steering. Error bars enclose two standard deviations from the ex-
pected uncertainty from simulations (not performed for n = 1024). Because simulations systematically underestimate
the mutual information, values above the bound are convincing.

widths o, and o,.. When o, > 0., the mutual information between particles for Eq. 8 is the logarithm of

the Federov ratio [59]
o2
P

where the ratio is squared for two dimensions. While this technically applies to the continuous wavefunction,
and the true o, is smaller than a DMD pixel, Eq. 15 still applies to the discretized measurement so long as
the effective oce > ope.

Fitting yielded the largest channel capacities with a maximum of 8.4 bits for momentum-momentum
correlations at 1024 pixel resolution, equivalent to 337 independent, identically distributed, entangled modes.

Given that fitting more accurately characterizes the system and gives a larger mutual information, it
is reasonable to question the usefulness the direct mutual information computation. However, the two
approaches suit different purposes. Fitting is useful if one is particularly interested in the state itself.
However, if one intends to use correlated pixels for some other purpose, such as communication, the direct
calculation is more appropriate. This is because the correlated pixels on the low intensity, tail of the
distribution will be difficult to use in practice even if their amplitude can be inferred by fitting.

The solid curve of Fig. 12 gives the maximum possible mutual information between two, n-pixel detectors.
Assuming perfect diagonal or anti-diagonal correlations and uniform marginals, this is simply log(n). Because
we have Gaussian marginals, we do not expect to reach this bound, even with o.. ~ 1 pixel. By magnifying
and using only the central part of the field, we could approach this upper limit.
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G. Witnessing Entanglement

Despite not reconstructing a full density matrix, it is still possible to demonstrate non-classical behavior
by comparing position-position and momentum-momentum correlation measurements directly. This has
traditionally involved fitting the measurements to Eq. 8 and analyzing products or sums of conditional
variances [60-62].

We recently presented a more inclusive, entropic steering inequality for witnessing continuous variable
entanglement with discrete measurements [30], where the sum of the classical mutual information between
position-position and momentum-momentum correlations is classically bounded. For our system, all classi-
cally correlated measurements must satisfy

d.d
Ixs,xi + Iks,ki < 210g (M) ) (16)

e

where d, and dj are the respective widths of DMD pixels in the position and momentum basis. Note that
nd,dy is simply the bandwidth product for the DMD area, and is independent of n if total area does not
change.

The sum of the classical mutual information in conjugate bases for each detector resolution is given in
Fig. 13. The solid blue line provides right hand side of Eq. 16, which must be exceeded to witness EPR
steering. Error bars for the n = 256 and n = 576 cases are derived from simulation and include two standard
deviations. In all cases, we show EPR steering both with optimal thresholding and fitting to the double
Gaussian wavefunction (Eq. 8). Even at 5% thresholding, there is a violation for 16 x 16 dimensions.
Recall that simulations (Fig. 9) systematically under-represented the object mutual information relative to
measurement uncertainty, so measurement error is highly unlikely to have over-estimated this sum. For the
fitted 32 x 32 dimensional result, we violate the classical bound by 6.6 bits.

III. LINEAR COMPRESSIVE DEPTH MAPPING AND OBJECT TRACKING

High-resolution three-dimensional imaging, particularly using time-of-flight (TOF) lidar, is very desirable
at ultra-low light levels. Such weakly-illuminated systems are safer, require less power, and are more difficult
to intercept than their high-power equivalents. Potential applications include large- and small-scale surface
mapping, target recognition, object tracking, machine vision, eye-safe ranging, and atmospheric sensing
[65—69].

In a TOF lidar system, a scene is illuminated by a sequence of laser pulses. The pulses reflect off targets
in the scene and return to a detector. Correlating the returning signal with the outgoing pulse train provides
the TOF, which is converted to distance-of-flight (DOF). Transverse spatial resolution can be obtained either
by scanning through the scene pixel-by-pixel or by using a detector array, such as a time-resolving CCD.

To achieve low-light capability, many recent efforts use photon-counting detectors for the detection ele-
ment(s). Such detectors provide shot-noise limited detection with single-photon sensitivity and sub-ns tim-
ing. Examples include established technologies such as photo-multiplier tubes and geiger-mode avalanche
photo-diodes (APDs), as well as more experimental devices such as superconducting nano-wires [70].

While they provide exceptional sensitivity and noise performance, photon-counting systems are challenging
to scale to high transverse resolution. Systems that scan a single-element detector benefit from mature
technology, but suffer from acquisition times linearly proportional to the spatial resolution. Significant
per-pixel dwell times limit real-time performance to low resolution.

Alternately, researchers have constructed photon counting detector arrays, such as that used by MIT
Lincoln Labs JIGSAW [71, 72] and its successors [73]. Fabrication difficulties limit sensor sizes to a current-
best resolution of 32 x 128 pixels, with 32 x 32 pixels available commercially [74]. These sensors suffer from
high dark count rates, pixel cross-talk, and significant readout noise. For TOF ranging, each pixel must be
simultaneously correlated with the pulse train, a resource intensive process.

The goal is to overcome these challenges without increasing system cost and complexity. A promising
option uses a standard, single-element, photon counting detector as the detection element in a compressive
sensing, single-pixel camera [75]. The single-pixel camera leverages a scene’s compressibility to recover an
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image from an under-sampled series of incoherent projections. This is accomplished by imaging the scene
onto a sequence of psuedorandom patterns placed on a spatial light modulator (SLM) or digital micro-
mirror device (DMD). The inner-product of the scene and pattern is measured by a single-element, “bucket”
detector. Optimization routines then recover the image from many fewer projections than pixels, often less
than 10 percent.

The single-pixel camera can be adapted for TOF depth mapping by switching to active, pulsed illumination.
Standard CS techniques require measurements to be linear projections of the signal of interest. Unfortunately,
in a TOF single-pixel camera, the depth map is non-linearly related to the acquired measurements, as they
contain both depth and intensity information [76, 77]. Current approaches mitigate or altogether avoid this
issue in various ways. In 2011, we presented a proof-of-principal lidar camera where CS is used only to
acquire transverse information [78]. Range is determined by gating on a TOF of interest. This reduces
to the conventional single-pixel camera problem, but requires separate reconstructions for each depth of
interest. Li et. al. present a similar, gated system (GVLICS) that recovers 3D images [79]. Kirmani et.
al. [77] introduce a more sophisticated protocol (CoDAC) that incorporates parametric signal processing
and a reconstruction process exploiting sparsity directly in the depth map. This system uses intermediate
optimization steps to keep the problem linear.

CS can also be applied directly in the time-domain, and has been proposed for non-spatially resolving lidar
systems [80]. In principle, one could combine this with transverse CS for a full 3D voxel reconstruction. This
signal is extremely high dimensional and presents substantial measurement and reconstruction challenges.

In this manuscript, we present an alternative single-pixel camera adaptation for photon-counting depth
mapping and intensity imaging. Rather than recover the depth map directly, we separately recover an
intensity map and an intensity x depth map, where the depth map is simply their ratio. Linear projections
of these signals are easily acquired using a TOF single-pixel camera with a photon counting detection
element, with available light levels around 0.5 picowatts. Our approach is straightforward and uses standard
CS formulations and solvers. We demonstrate imaging at resolutions up to 256 x 256 pixels with practical
acquisition times as low as 3 seconds. We also show novelty filtering; finding the difference between two
instances of a scene without recovering the full scenes. Finally, we demonstrate real-time video and object
tracking at 32 x 32 pixel resolution and 14 frames-per-second.

A. Single-pixel Camera

The quintessential application of CS is the single-pixel camera [75]. Duarte et. al. cleverly implemented
an incoherent sensing matrix by imaging a scene onto a digital micro-mirror device (DMD) of the sort found
in digital movie projectors. The DMD is an array individually addressable mirrors that can be selectively
oriented to reflect light either to a single-pixel “bucket” detector or out of the system. The measured intensity
yields the inner-product of a pattern placed on the DMD with the scene of interest. To perform the set
of measurements described in Eq. 4, pseudo-random binary patterns are placed sequentially on the DMD,
where each pattern represents a row of sensing matrix A. Elements of Y are the measured intensities for
corresponding patterns. An image of the scene is then recovered by an algorithm that solves Eq. 5.

CS and the single-pixel camera sparked a mini-revolution in sensing as researchers found their ideas could
be easily and directly applied to common problems across a breadth of fields from magnetic resonance
imaging [83] to radio astronomy [84] to entanglement characterization [85, 86].

B. Adapting Single Photon Counting for Depth Mapping

The single-pixel camera can be adapted for depth mapping at very low levels by switching to active,
pulsed illumination and using a photon-counting detection element. Our setup is given in Fig. 14. A scene
containing targets at different depths is flood illuminated by a pulsed laser diode. The scene is imaged onto a
DMD which implements an incoherent sensing matrix. Light from DMD “on” pixels is redirected to a photo-
multiplier module that detects individual photon arrivals. A time-correlated single-photon counting module
(TCSPC) correlates photon arrivals with the outgoing pulses to find each photon’s TOF. Full experimental
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FIG. 14. Experimental Setup A 780 nm, 10 Mhz, 2 ns pulsed laser diode flood illuminates a scene containing
targets at different depths. Returning pulses are imaged onto a DMD array with resolution up to 256 x 256 pixels.
A polarizer prevents flares from specular reflection. Light reflecting off DMD “on” pixels is directed through a
narrow-band filter to a single-photon sensitive PMT module that produces TTL pulses. Typical count rates are
about 2 million photons per second. A TCSPC module time-correlates photon arrivals with the outgoing pulse train
to determine a TOF for each detected photon. A series of psuedorandom, binary patterns consisting of randomly
permuted, zero-shifted Hadamard patterns are placed on the DMD with per-pattern dwell times as short as 1/1440
sec. These implement an incoherent sensing matrix. For each pattern, the number of photon arrivals and the sum of
their TOF’s is recorded. Our protocol is then used to reconstruct the intensity image and the depth map.

specifications are given in Table 1.

Recovery of a two-dimensional, intensity only image X; (a gray-scale image) is identical to the normal
single-pixel camera. Patterns from the sensing matrix are placed sequentially on the DMD. For each pattern,
the number of detected photons is recorded to obtain a measurement vector Y;. Eq. 5 is then used to find
the intensity image X7.

Unfortunately, recovering a depth map Xp from the TOF information is not straightforward because the
measurements are nonlinear in Xp. Consider photon arrivals during one pattern. Each photon has a specific
TOF, but is only spatially localized to within the sensing pattern. It is therefore possible and likely, that
multiple photons arrive from the same location in the scene. Individual detection events therefore contain
information about both intensity and depth. Consider instead a signal X made up of the element-wise
product Xg = X7.Xp. Unlike Xp, Xg can be linearly sampled by summing photon arrival times for each
pattern to make up a measurement vector Yg. Eq. 5 is therefore suitable for recovering Xg.

The depth map is simply the element-wise division of Xg by X;. Note that Y; and Yy are acquired
simultaneously from the same signal; Y7 represents that number of photon arrivals for each pattern and
Yq is the sum of photon TOF for each pattern. The only increase in complexity is that two optimization
problems must now be solved, but these are the well understood linear problems typical for CS.

C. Protocol

A slightly more sophisticated approach including noise reduction vastly improves practical performance.
The protocol we use for depth map recovery is as follows:

1. Acquire measurement vectors Yo = AXg and Y; = AX, where Xg = X;.Xp.

21



6.
7.

29

TABLE I. System Specifications

Parameter Comments

Laser Laser Diode mounted in Thorlabs
TCLDM9

Repetition Rate 10 MHz

Pulse Width 2 ns = 60 cm

Wavelength 780 nm

Average Output Power 4 mW

Average Detected Power
Spectral Filters
DMD Device

Spatial Resolution

Detector

Jitter

Data Acquisition

0.5 pW (2 megacounts-per-second)
780/10 nm Bandpass, Optical Depth 6+

Digital Light Innovations D4100 with
1024 x 768 DMD, operated in binary ex-
pansion mode at 1440 frames per second

images: 256 x 256 pixels
video: 32 x 32 pixels

Horiba TBX-900C Photomultiplier Mod-
ule with 9 mm? active area

< 200 ps
PicoQuant PicoHarp 300 operating in

time-tagging mode

Imaging Lens Focal Length 75 mm

. Use sparsity maximation routine (Eq. 5) on Y to recover noisy Xg.

. Apply hard thresholding to X_Q. The subset of non-zero coefficients in a sparse representation of X_Q

now form an over-determined, dense recovery problem.

. Perform a least squares debiasing routine on non-zero coefficients of X¢ in the sparse representation

to find their correct values and recover Xg.

. Take significant coefficients of X to be identical to Xq. Perform the same least squares debiasing on

these coefficients of X;.
Recover Xp by taking Nz(X).Xqg./X, where Nz(z) = 1 for non-zero = and 0 otherwise.

(optional) In the case of very noisy measurements, perform masking on Xp and X;.

First, we acquire measurement vectors Y; and Yy as previously described. Rather than independently
solve Eq. 5 for both measurement vectors, we only perform sparsity maximization on Yg. In practice, solvers
for Eq. 5 tend to be more effective at determining significant coefficients than finding their correct values,
particularly given noisy measurements [87]. We therefore rely on sparsity maximization only to determine
which coefficients are significant. We subject the noisy, recovered XQ to uniform, hard thresholding [88] in
a sparse representation, which forces the majority of the coefficients to zero. The sparse basis is typically
wavelets, but may simply be the pixel basis for simple images.

The subset of coefficients remaining after thresholding is considered significant. If only these coefficients
are considered, the problem is now over-determined and a least-squares debiasing routine is applied to find
their correct values and yield the signal X[87]. We assume the significant coeflicients for X are the same
as for Xg, and apply least-squares debiasing to X as well. Finally, we recover the depth map Xp by taking

XD ZNZ(X[)XQ/|X[| (17)
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where Nz(p) = 1 for nonzero p and 0 otherwise. This prevents a divide-by-zero situation when an element
of X; = 0, meaning no light came from that location.

For very noisy measurements, the sparsity maximization in steps 2-3 gives accurate outlines for targets
in the scene, but poorly recovers pixel values. After the least squares debiasing in steps 4 and 5, values are
more accurate, but the outlines can become distorted. A best-of-both-worlds solution is to threshold the
result of step 4 in the pixel basis to create a binary object mask. This mask can optionally be applied to
the final X; and Xp for spatial clean up.

D. Experimental Setup

Our experimental setup is given in Fig. 14, with specifications given in Table I. Targets are flood
illuminated with 2 ns, 780 nm laser pulses with a 10 MHz repetition rate. Average illumination power is 4
mW. The scene is imaged onto a DMD array, where on pixels are redirected through a 780/10 nm bandpass
filter to a photon-counting photo-muliplier module. A sequence of m sensing patterns are displayed on the
DMD at 1440 Hz. For each pattern, the number of photon arrivals and the sum of photon TOF is recorded.
If 1/1440 seconds is an insufficient per-pattern dwell time ¢,, the pattern sequence is repeated r times so
that ¢, = r/1440 and the total exposure time ¢ is ¢ = mt, = mr/1440. The average detected photon rate is
2 million counts-per-second, or 0.5 picowatts.

Sensing vectors (patterns) are randomly selected rows of a zero-shifted, randomly-permuted Hadamard
matrix. The Hadamard transform matrix is closely related to the Fourier transform matrix, but entries only
take real values 1 or —1. The zero shifted version sets all —1 values to zero. When randomly permuted,
they make practical sensing vectors because repeated calculations of AX in the reconstruction algorithms
can be computed via fast transform. This is computationally efficient because the fast transform scales
logarithmically and the sensing matrix does not need to be stored in memory [89].

The sparsity promoting regularization is either the signal’s ¢; norm or total variation depending on the
scene and exposure time. For ¢; minimization, we use a gradient projection solver [87]. For TV minimization,
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FIG. 15. Long Exposure A scene consisting of cardboard cutouts (a) is imaged at n = 256 X 256 resolution from
m = 0.2n random projections with a 6.07 minute exposure time. The protocol recovers a high quality intensity map
(b) and intensity x DOF map (c). Their ratio is the depth map (d).
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FIG. 16. Short Exposure Scene from Fig. 15 acquired with rapid acquisition times. The intensity and depth maps
in (a) and (b) were acquired in 23 seconds while (¢) and (d) were acquired in only 3 seconds. At these exposure times,
the intensity map regularly contains less than one photon per significant pixel, so it is impossible to raster scan.

We use the TVAL3 solver [89]. The sparse representation for wavelet thresholding and least-squares debiasing
is Haar Wavelets.

E. Simple Scene

The first test case is a simple scene containing cardboard cutouts of the letters “U” and “R” as well as the
outline of a truck. The objects were placed at to-target distances of 480 cm , 550 cm, and 620 cm respectively.
Fig. 15 shows a high quality reconstruction with resolution n = 256 x 256 pixels, m = 0.2n = 13108, and
t, = 40/1440 for an exposure time of 6.07 minutes. The sparsity promoter was TV. Both the intensity and
depth map are accurately recovered.

Pictures of the same scene with much shorter acquisition times are given in Fig. 16. Fig. 16(a) and 16(b)
show the intensity and depth map for m = 0.1n = 6554 and ¢, = 5/1440 seconds for a total exposure time
of 23 seconds. Fig. 16(a) and 16(b) gives results for a exposure with m = .07n = 4558 and ¢, = 1/1440
seconds for a total exposure time of 3 seconds. The optional masking process (protocol step 7) was used.
While the reconstructions are considerably noisier than the long exposure case, the objects are recognizable
and the average depths are accurate.

Note that the shortest dwell-time per pattern for the DMD is 1/1440 sec. To raster scan at this speed for
n = 256 x 256 pixels would require 46 seconds, so both results in Fig. 16 are recovered faster than it is possible
to raster scan. If the same dwell times were used (¢, = 5/1440 and t, = 1/1440 seconds respectively), the
raster scan would take about 228 seconds and 46 seconds. Note that many significant pixels in the recovered
intensity images in Fig. 16 have less than 1 photon-per-pixel. Therefore, even the longer raster scans would
struggle to produce a good picture because they cannot resolve fewer than 1 photon per pixel. Our protocol
is more efficient because each incoherent projection has flux contributed from many pixels at once, measuring
half the available light on average.
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FIG. 17. Natural Scene A scene consisting of a cactus, shoe, and microscope is imaged at n = 256 x 256 pixel
resolution with m = 0.3n and a per-pattern dwell time ¢, = 50/1440 seconds.

F. Natural Scene

A n = 256 x 256 pixel measurement of a more complicated scene containing real objects is given in Fig.
17. The scene consists of a small cactus, a shoe, and a microscope placed at to-target distances of 465 cm,
540 cm, and 640 cm respectively. A photograph of the scene is given in Fig. 17(a). The scene was acquired
with m = 0.3n a per-pattern dwell time ¢, = 50/1440 seconds for an exposure time of 11.37 minutes. The
sparsity promoter was the 1 norm in the Haar wavelet representation.

Fig. 17(b), Fig. 17(c), and Fig. 17(d) show the reconstructed intensity, intensity x DOF, and depth
map respectively. All objects are recognizable and the to-target distances are accurately recovered. Noise is
slightly higher than the simpler scene of cardboard cutouts.

G. Depth Resolution

The photon TOF measured by the TCSPC module is trivially converted to DOF by multiplying by speed
of light ¢. This DOF includes the round trip distance traveled by illuminating pulses as well as delays
introduced by cables and electronics. The actual distance to target is linearly related to the measured DOF.

To determine this relationship and probe the system’s depth resolution, we took images of a simple square,
white, cardboard cutout placed a known distance from the camera. The cutout was sequentially moved away
from the camera in small increments and the reconstructed depths were recorded.

Results are given in Fig. 18. Fig. 18(a) shows a photograph of the object, with a typical reconstructed
depth map given in Fig. 18(b). Fig. 18(c) shows a coarse grained result when the object was moved in
15.25 cm (6 in) increments over a 259 cm (108 in) range. Each measurement was performed at 32 x 32 pixel
transverse resolution with m = 0.1n = 102. The per-pattern dwell time was 1/1440 seconds, so each depth
map was acquired in .07 seconds. The pulse length was 2 ns, or 60 cm.

Fig. 18(c) provides the reconstructed DOF as function of the distance to object. The measured DOF is
averaged over the recovered object. A linear fit shows very good agreement with the measurements, with a
slope of 1.91. This is slightly less than the expected 2 (for a round-trip flight) because the result includes
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FIG. 18. Depth Calibration Depth maps of a rectangular cardboard cutout (a) are acquired at n = 32 x 32 pixel
resolution with a typical reconstruction given in (b). The cutouts to-target distance was increased in increments of
15.52 cm (c) and 2.54 cm (d). Depths can accurately recovered to less than 2.54 cm for this scene.

cable transit times. Fit error bars represent a 95% confidence interval.

We performed an additional fine resolution set of measurements where the object was moved in 2.54 cm (1
in) increments over a 30.4 cm (12 in) range. All other parameters are identical to the coarse measurements.
Results are shown in Fig. 18(d). Despite 60 cm pulse lengths, depth mapping is accurate to less than 2.54
cm. While uncertainty is slightly larger than the coarse case, the fits agree to within the confidence interval.

H. Novelty Filtering

For many applications such as target localization, high frame-rate video, and surveillance, it is useful to
look at the difference between realizations of a scene at different times. Such novelty filtering removes static
clutter to reveal changes in the scene. This is traditionally accomplished by measuring the current signal
X (9 and subtracting from it a previously acquired reference signal X to find AX = X(©) — x(),

Compressive sensing is particularly well suited for novelty filtering because the difference signal AX can
be directly reconstructed [90, 91]. Consider acquiring incoherent measurement vectors for both X (") and
X () as in Eq. 4, using the same sensing matrix A for both signals. Instead of separately solving Eq. 5 for
each signal, first difference their measurement vectors to find

Ay =y —y®™ (18)
AY = AAX. (19)

Because Eq. 19 has the same form as Eq. 4, the optimization routine can be performed directly on
AY to obtain AX without ever finding X () or X ("), Furthermore, the requisite number of measurements
m depends only on the sparsity of AX. For small changes in a very cluttered scene, the change can be
much sparser than the full scene. It is often possible to recover the novelty with too few measurements to
reconstruct the full scene.

Fig. 19 gives an example of using our system for novelty filtering in intensity and depth. A photograph of
a current scene containing several objects is shown in 19(a). Fig. 19(b) photographs a prior reference scene.
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FIG. 19. Novelty Filtering (a) and (b) give photographs of two instances of a scene, where the ‘R’ has changed
positions (including depth). (¢) and (d) show high quality, long 6.07 minute exposure depth map reconstructions for
the full current scene and difference image respectively. (e) and (f) show corresponding short 37 second exposure
depth map reconstructions. Negative values in the difference image indicate the object’s former location.

In the current scene, the cardboard cutout ‘R’ has been moved, both transversely and from a range of 480
cm to a range of 560 cm.

Fig. 19(c) and 19(d) give long exposure reconstructions of the full current depth map and the difference
depth map respectively. Exposure parameters were n = 256 x 256 pixels, m = 0.2n, and t, = 40/1440 sec for
an exposure time ¢ = 6.07 minutes. The sparsity promoter was TV. The difference reconstruction contains
only the ‘R’ object that moved. Note that there are two copies of the ‘R’. One is negative, indicating the
objects former position, and one is positive, indicating the objects new position.

Fig. 19(e) and 19(f) show short exposure reconstructions for the current scene and the difference image.
The number of measurements was reduced to m = 0.02n = 1311 with ¢, = 40/1440 for an exposure time
of 37 seconds. Masking was performed. For this acquisition time, the static clutter is very poorly imaged
and is difficult to recognize in the full scene. The difference image effectively removes the clutter and gives
a recognizable reconstruction of the novelty. Again, this is far faster than raster-scanning, which requires at
least two 45 second scans for differencing.

I. Real-time Video and Object Tracking

At lower resolutions, the system is capable of real-time video and object tracking. To demonstrate this, we
acquired video at 32 x 32 pixel resolution of a three-dimensional pendulum consisting of a baseball suspended
from the ceiling by a rope. The lever arm was 170 cm and the pendulum oscillated through a solid angle of
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approximately 25 degrees. The three dimensions are not oscillating in phase, so the trajectory is elliptical.

Movie frames were acquired with m = 0.1n = 99 with a per-pattern dwell time ¢, = 1/1440 sec. Each
frame required .07 sec to acquire for a frame rate slightly exceeding 14 frames-per-second. The sparsity
promoter was T'V. Sample frames showing the pendulum moving through a single period are given in Fig.
20, where alternate frames are skipped. We clearly recover images of the pendulum oscillating in all three
dimensions. The full movie can be viewed online.

The pendulum’s position can be tracked by taking expected values for its transverse location and averaging
over its range to determine a to-target distance. Fig. 21 shows the computed pendulum trajectory. Figs
21(a), 21(b) and 21(c) give the expected z, y and z values for pendulum location as a function of frame.
These can be combined to yield the three-dimensional, parametric trajectory given in Fig. 21(d). Sinusoidal
fits are in good agreement with the expected values, particularly in the depth dimension.

IV. GHOST IMAGING AND POINT TARGET LOCALIZATION

Ghost images are obtained by correlating the output of a single-pixel (bucket) photodetector—which
collects light that has been transmitted through or reflected from an object—with the output from a high
spatial-resolution scanning photodetector or photodetector array whose illumination has not interacted with
that object. The term “ghost image” is apt because neither detector’s output alone can yield an image: the
bucket detector has no spatial resolution, while the high spatial-resolution detector has not viewed the object.
The first ghost imaging experiment relied on the entangled signal and idler outputs from a spontaneous
parametric downconverter [92], and hence the image was interpreted as a quantum phenomenon. Subsequent
theory and experiments showed, however, that ghost images can be formed with pseudothermal light [93,
94]. A controversy soon arose as to whether a quantum interpretation was required for understanding the
pseudothermal case [95, 96]. This controversy, since resolved [97-99], obscured the more significant issue
insofar as standoff sensing is concerned, viz., does any form of ghost imaging offer intrinsic advantages in
comparison to conventional laser radar imaging? In [100], described below, we completed the first comparison
of the spatial resolutions and signal-to-noise ratios for such systems when target speckle and atmospheric
turbulence are accounted for.

Ghost imaging—especially its computational form [101], as considered in [100]—is more properly termed
structured-illumination imaging, for which image-formation algorithms far more efficient than correlation
have been demonstrated [102]. Nevertheless, structured illumination’s ultimate photon efficiency for standoff
sensing against speckle targets in the presence of atmospheric turbulence is unknown. In ongoing work
[103], described below, we are developing an appropriate version of generalized approximate message-passing
(GAMP) to substantially increase structured illumination’s photon efficiency in this scenario.

Laser radars offer superior resolution in comparison with their microwave counterparts. Laser radar,
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FIG. 20. Movie Frames from a depth-map movie of a three-dimensional pendulum consisting of a baseball suspended
by a 170 cm rope swinging through a 25 degree solid angle. The transverse resolution is 32 x 32 pixels with a frame
rate of 14 frames per second.
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FIG. 21. Object Tracking The expected values for transverse (x,y) and range (z) coordinates are given in (a), (b),
and (c) as a function of frame number. Blue circles show expected values obtained from reconstructed depth maps,
while green lines give sinusoidal fits. (d) shows a 3D parametric plot of the pendulum’s trajectory.

however, suffers from the ill-effects of target-induced speckle and atmospheric propagation. Moreover, laser
radars superior resolution capability can dictate a longer time to interrogate a particular target region. Thus
a useful scenario to consider is for a high-resolution laser radar to be cued by a lower-resolution microwave
system. An interesting question that arises is determining the ultimate sensitivity when quantum-mechanical
resources—nonclassical transmitter states and nonstandard reception techniques—are provided. In [104] we
addressed that problem. As detailed below, we showed that nonclassical resources are not of value in this
application and that high photon efficiency (multiple bits/detected-photon) is possible for speckle targets
even in the presence of background light. Initial experiments for dark-count limited operation—performed
by Prof. Howell’s group at the University of Rochester and reported in [104]—were in excellent agreement
with our theoretical predictions.

The original context for our InPho program was quantum imaging. Yet, as our team’s work on point-
target localization and first-photon imaging has shown, nonclassical resources have yet to prove themselves
to be of particular value for high photon-efficiency standoff imaging. Thus, in ancillary work we clarified
some issues with respect to the distinction between quantum and quantum-mimetic ghost imaging. First, we
performed experiments comparing classical ghost images obtained, for which there is a phase-insensitive cross
correlation between the signal and reference beams, with those obtained when there is a phase-sensitive cross
correlation between those beams [105]. As explained below, this experiment verified theoretical predictions
from [96], in which classical phase-sensitive ghost imaging was shown to mimic quantum ghost imaging
in all features other than DC-coupled image contrast. Second, we addressed the role of quantum discord
[106] in pseudothermal ghost imaging. Ragy and Adesso [107] had shown that quantum discord seemingly
played a role in such an imager, despite its statistics being fully explained by semiclassical photodetection.
We demonstrated [108] that there was no such role for quantum discord in spatial light modulator (SLM)
ghost imaging [101], casting doubt on whether there was any necessity for quantum discord in ghost-image
formation.

The sections that follow provide additional details for some of the InPho program accomplishments that
we have summarized above.

A. Ghost Imaging versus Laser Radar for 3D Imaging

Prior to our work, there had only been cursory examinations of the relative merits of ghost imaging and
conventional laser radars for standoff sensing of real-world objects. In [100] we remedied that situation.
There, we presented results for the spatial resolutions and signal-to-noise ratios (SNRs) when these sensors
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were used to image rough-surfaced targets that produce fully developed laser speckle and the propagation
to and from the targets was through atmospheric turbulence which was distributed arbitrarily along the
propagation paths. We also investigated the tradeoff between spatial resolution and SNR as a function of
detector and entrance-pupil sizes. Figure 22 shows the configurations that we considered: a computational
ghost imager and a direct-detection laser radar. The principal conclusions we obtained from analyzing these
two configurations were as follows.
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FIG. 22. (a) Setup for 3D computational ghost imaging in reflection. Pulsed laser-light undergoes spatial light
modulation, propagation through atmospheric turbulence to and from an extended range-spread target, and shot-noise
limited bucket detection, producing an output, i(n, z), from the range-z return associated with the nth transmitted
pulse. Diffraction theory is used to calculate I(’,n, z), the vacuum-propagation, target-region intensity pattern at
transverse coordinate ' and range z associated with the nth transmitted spatial pattern. (b) Setup for 3D-imaging
laser radar. Pulsed laser-light illuminates the target region, in a floodlight manner, through a turbulent optical
path. The return light, collected after propagation back to the radar through atmospheric turbulence, is detected
by a shot-noise limited CCD array in an image plane, resulting in an output, i,(y,n, z), for the pixel at transverse
coordinate ;, and range z from the nth transmitted pulse.

Computational ghost imaging is, in many respects, a dual of floodlight-illumination laser radar. The com-
putational ghost imager’s system complexity is in its transmitter, whose sequence of SLM patterns creates the
structured illumination that provides the imager’s spatial resolution. The laser radars complexity lies in its
CCD receiver, which provides its spatial resolution. Consequently, the size of the ghost imager’s transmitter
pupil sets its diffraction-limited spatial resolution, whereas the laser radar’s no-turbulence spatial resolution
is set by the size of its receiver pupil in conjunction with that of its CCD pixels. Thus, only turbulence
on the transmitter-to-target path can impair the ghost imager’s spatial resolution, while the laser radar’s
spatial resolution is only impacted by turbulence on the target-to-receiver path. Therefore, ghost imaging
and laser radar systems that are designed to have equal spatial resolutions in the absence of turbulence
could have significantly different performance in a bistatic configuration, in which their transmitters and
receivers are not colocated, so that significantly different turbulence distributions are encountered on these
two paths. In such situations, either one could offer the better spatial-resolution performance, depending
on which path had its turbulence concentrated near the resolution-controlling pupil. Aside from this turbu-
lence issue, our analysis indicated that a fair comparison between the computational ghost imager and the
floodlight-illumination laser radar shows them to have equal spatial resolutions, except for the following two
caveats: (1) the laser radar can form its image from a single pulse, making it far better for imaging moving
targets; and (2) the computational ghost imager has infinite depth of focus, whereas the laser radar will not

30



38

for ranges in the near field of its receiver’s entrance pupil.

Both the ghost imager and the laser radar have SNRs that are shot-noise limited at low photon fluxes and
that saturate at high photon fluxes. When their optics are sized for equal spatial resolutions, there is little
difference in their saturation SNRs. This contrasts strongly with their shot-noise-limited SNR, behavior, in
which the laser radar outperforms the ghost imager by a factor approximately equal to the number of spatial-
resolution cells on the target. As a result, we can expect that the ghost imager will require significantly more
time to achieve a desired SNR when operating in this regime. This key disadvantage for correlation-based
ghost imaging could be mitigated to some degree, however, by the use of compressed-sensing techniques,
which enable many fewer pulses to suffice for ghost-image formation. Recent work has demonstrated this
possibility in a standoff scenario [109].

What then are the possible advantages of ghost imaging in comparison with laser radar? The principal
such advantage identified by our analysis accrues in bistatic configurations wherein, for operational reasons,
the transmitter must be located in a region of weak turbulence, but the receiver necessarily is in a strongly
turbulent region. Beyond that, however, there are some technological possibilities. The ghost imager only
requires a single-pixel detector, whereas the laser radar needs a detector array. For wavelength regions in
which high-performance single-pixel detectors are available but similar-quality detector arrays are not, ghost
imagers would provide active-imaging capability that laser radars could not. A related technological advan-
tage arises for ghost imaging in multistatic configurations in which a network of simple, small, single-pixel
detectors view a target region that is floodlit by a single, large-aperture, structured-illumination transmitter.
Individual images could be formed from each detectors outputs to capture multiple views of the target, and
allow for more averaging of the target-induced speckle. A corresponding multistatic laser radar would require
high-resolution CCDs at each receiver location, making it more complicated and more expensive than the
ghost imager.

B. Graphical Modeling for Active Imaging of Speckle Targets

Graphical modeling is the mapping of probabilistic relations to a structure of nodes and edges, generally
as a means of defining structure that can be used for inference [110]. This structure is related to conditional
dependencies, and provides a means for using local calculations to perform inference on the whole graph.
There are three main types of graphical structures—directed [111], undirected [112], and factor graphs [113]—
and each have scenarios in which they are preferable, but for our needs factor graphs seem most appropriate,
motivated by desire to use approximate message passing (AMP) techniques [114].

We have been developing [103] a graphical-model based loopy belief-propagation (LBP) approach for
optimizing a standoff active-imager that is allowed to employ structured illumination as well as a spatially-
resolving detector. The field at the detector plane is a projection of the interrogating signal field onto the
complex-field reflectance of the target; messages that approximate LBP can be found for these interactions
using generalized approximate message passing (GAMP) [115]. Since the target is assumed to be rough, with
microscopic height variations whose correlation length is on the order of a wavelength, the measurements
will be speckled [117], and not an exact projection, once the target and field are discretized. However, these
nonidealities can be handled with the inclusion of uncertainty in the measurement matrix (illumination
pattern), as this is essentially a quantization error, and has been addressed in [116].

This work is still in progress. Very preliminary results for a single-detector system, shown in Fig. 23,
indicate that employing the matrix-uncertainty generalized approximate message passing (MU-GAMP) al-
gorithm does not produce high-quality imagery. Note that the reconstruction shown in that figure did not
use a sparsifying prior, whose inclusion would certainly reduce its speckled appearance. Likewise, multiple-
detector operation will further improve the results. An initial sense of the improvements that might be
obtained is given by Fig. 24. The panel on the left shows the MU-GAMP reconstruction based on 10 detec-
tors, while the panel on the right shows the reconstruction from our new hybrid-GAMP algorithm [103] using
the same 10-detector data. Although the imagery in Fig. 24 is still far from high quality, it is important
to note that a correlation-based imager using the same data would yield an image resembling white noise,
because the number of realizations used to obtain the Fig. 24 results is far fewer than what is necessary for
correlation processing to yield even an image outline.
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FIG. 23. Reconstruction of an example target using patterned illumination and the MU-GAMP algorithm.

FIG. 24. Reconstruction of an example target using patterned illumination and 10 detectors with (a) the MU-GAMP
algorithm, and (b) the hybrid-GAMP algorithm.

C. Point-Target Localization with High Photon Efficiency

In our quest for task-specific imaging at high photon efficiency, we considered the following point-target
localization problem [104]. A pulsed-laser transmitter floodlights a volume known to contain a point target,
and an Mj,-pixel photon-number resolving array detects the returned light. The localization task is to
determine the target’s transverse location within these M, pixels and its range within M, range bins. In
the absence of background light and detector dark counts, this scenario can yield an extraordinary number
of bits per detected photon (bpdp), viz., a 32x32 pixel array combined with 15 cm range resolution and a
1 km uncertainty in target range will yield log,(MsM,) = 22.7 bits from the detection of one photon. There
is still, however, the possibility of no detections, even though the target is present. Forcing the radar to
randomly choose among the M = M M,. possible target locations when no photons are detected then reduces
bpdp to 3.3 when the error probability—Pr(e) = (M — 1) exp(—nny)/M, where np is the average number
of transmitted photons and 7 is the radar-to-target-to-radar transmissivity—is 1073, This performance is
realized with ng = nnp = 6.91. With a number-state transmitter and the optimum quantum receiver, we
have [118]

Pr(e) = T ([ (M — )% — (1= p) /2, with p= (1 - )™, (20)
yielding Pr(e) = 1072 at n = 10~% and nr = 6.88 /7, showing that little is to be gained from the nonclassical
transmitter and nonstandard receiver in this case. Thus we focused on the effects of dark counts, background
light, and speckle on point-target localization with a floodlight laser-transmitter and a detector array.

Our calculations were for table-top experiments aimed at verifying the theory. We assumed a 50 ps
transmitter pulse duration, a 32x32 detector array with 100 dark-counts/sec on each array element, and
a 50 cm uncertainty in target range. Figure 25(a) shows the erasure (no detections) and error (incorrect
localization) probabilities versus ng when dark counts are the only nonideality, and Fig. 25(c) shows these

probabilities when there is also 9.4 x 10® background-counts/sec on each array element, arising from a
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1 W/m2-Sr-pm background spectral radiance, 1 nm optical bandwidth, and 50% detector quantum efficiency.
Background counts drive up the error probability, but have little effect on the erasure probability because
that is dominated by the probability that no target-return photons are detected. Figures 25(b) and (d) show
the mutual information and bpdp for the dark-counts only and dark-counts plus background-counts cases,
respectively. Both situations can provide more than 2bpdp with Pr(erasure) < 10~3 and Pr(error) < 1073.

Figure 26 shows Pr(erase) and Pr(error) [in (a)] and the mutual information and bpdp [in (b)] when,
in addition to dark and background counts, the target produces fully-developed speckle. Here we see a
substantial performance degradation has been incurred, but 2 bpdp can still be obtained.

(b) (c) (d)

—  log;[Pr(crase)]

(a)

— log,o[Pr(erase)]
—— log,[Pr(error)] —— logy,[Pr(error)]

—— Mutual information (bits) —— Mutual information (bits)

—— Bits per detected photon —— Bits per detected photon

FIG. 25. Pr(erase) and Pr(error) [(a) and (c)] and mutual information (MI) and bpdp [(b) and (d)] for dark-count
limited operation [(a) and (b)] and background-limited operation [(c) and (d)].

—— Mutual information (bits)
—— logyg[Pr(erase)] —— Bits per detected photon

—— logy[Pr(error)]

FIG. 26. Pr(erase) and Pr(error) [in (a)] and MI and bpdp [in (b)] for background-limited operation with speckle.

In a preliminary experiment, we have used the Fig. 27 arrangement to emulate point-target localization.
Light from a low power HeNe laser is attenuated to the single-photon level with neutral-density (ND) filters
and coupled into a single-mode fiber for spatial filtering. The fiber’s output illuminates a one-to-one imaging
system with digital micro-mirror devices (DMDs) in the object and image planes. The first DMD introduces
a point target into the system, and the second emulates a detector array by scanning the light from its
elements onto a geiger-mode avalanche photodiode.

Figure 28 compares results from an experiment in which the target is to be localized within a 16x16 pixel
(M = 256) array in dark-count limited operation (600 dark-counts/sec on each pixel): (a) and (b) show the
performance when a single pulse interrogates each pixel; (¢) and (d) show the performance when each pixel
is interrogated until at least one count occurs. This pulse-until-detect (PUD) protocol completely suppresses
erasures, but at the expense of more errors. Figure 28 shows that this error-probability penalty is not severe,
and that our experiments are in excellent agreement with theory.

We have developed the theory for localizing two point targets, and are awaiting experimental results
from the University of Rochester to validate that theory after which a journal article reporting our work on
point-target localization will be prepared.
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FIG. 27. Setup for point-target localization experiment.
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FIG. 28. Pr(erase) and Pr(error) for dark-count limited operation [(a) and (c)] and MI and bpdp [(b) and (d)] without
[(a) and (b)] and with [(c) and (d)] the PUD protocol.

D. Classical Ghost Imaging with Phase-Sensitive Light

The theory of partial coherence has a long and storied history in classical statistical optics. The vast
majority of this work addresses fields that are statistically stationary in time, hence their complex envelopes
only have phase-insensitive correlations. The quantum optics of squeezed-state generation, however, depends
on nonlinear interactions producing baseband field operators with phase-insensitive and phase-sensitive cor-
relations. Utilizing quantum light to enhance imaging has been a topic of considerable current interest,
much of it involving biphotons, i.e., streams of entangled-photon pairs. Biphotons have been employed for
quantum versions of optical coherence tomography, ghost imaging, holography, and lithography. However,
their seemingly quantum features have been mimicked with classical-state light, questioning wherein lies the
classical-quantum boundary. We have shown, for the case of Gaussian-state light, that this boundary is
intimately connected to the theory of phase-sensitive partial coherence. In [119] we presented the theory of
phase-sensitive partial coherence, contrasting it with the familiar case of phase-insensitive partial coherence,
and used it to elucidate the classical-quantum boundary of ghost imaging. We showed, both theoretically
[96] and experimentally [105], that classical phase-sensitive light produces ghost images most closely mim-
icking those obtained with biphotons. Sample results from our experiments are shown in Fig. 29. Consistent
with theory for far-field ghost imaging, we found the phase-sensitive ghost image to be inverted, whereas
the phase-insensitive ghost image was erect. We also observed similar spatial resolutions for both modes of
operation, as predicted by their equal far-field coherence radii. The measured spatial resolution was roughly
consistent with our observed ~1 mm speckle radius. Note that a bright artifact at the center of the image,
caused primarily by the sub-optimal 83% fill factor of our SLMs, prevented us from imaging effectively near
that region.
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FIG. 29. (a) Sample single-frame speckle pattern as imaged by the CCD. The artifact is due to the SLMs’ ~83%
pixel fill factor. (b) Portion of a USAF spatial-resolution transmission mask used as the object. (c) Phase-insensitive
and (d) phase-sensitive far-field ghost images, each averaged over 18640 realizations. Background levels are clipped
for improved visibility.

V. HIGH EFFICIENCY ORBITAL ANGULAR MOMENTUM IMAGING

Correlated optical sensing uses various types of correlations between pairs of photons or pairs of classical
light beams to form an image or to detect specific object features. This includes techniques such as ghost
imaging [120-123] and compressive ghost imaging [124, 125]. In ghost imaging, correlated light is sent
through two different paths, one of which contains the target object and a bucket detector, and the other
has a spatially-resolving detector but no object. Correlation between the outputs of each detector allows
reconstruction of an image or sensing of particular features of the object [126].

In compressive sensing [127], the illumination of the target object is modulated by a number of known
(usually random) spatially-varying transmission masks and the output is collected by a bucket detector.
An estimation of the object or its features can be found by correlating the intensity of the detected light
with the mask profile. Compressive ghost imaging uses the techniques of compressive sensing in a ghost
imaging setup to attain more efficient imaging by means of post-processing, such as the recently proposed
multiple-input ghost imaging [128], in which the bucket detector is replaced by a sparse-pixelated detector.
The importance of compressive sensing stems from the fact that successful sensing of the object requires
a number of measurements much smaller than the image size (measured in number of pixels), which has
important implications for more efficient remote-sensing techniques. Here we wish to use correlated measure-
ments in order to achieve something analogous to compressive sensing, but reducing the number of required
measurements by a judicious choice of measurement instead of by post-processing. For complex objects,
the method of this report may be combined with compressive sensing algorithms to achieve considerable
reduction in the number of photons required to make optical measurements.

The use of orbital angular momentum (OAM) states in classical and quantum imaging techniques has
been shown to provide additional effects that enhance the sensitivity to particular features of an object.
For example, it has been shown that the use of OAM modes in phase imaging configurations increases
edge contrast by using a spiral phase distribution as a filter [126]. In addition, digital spiral imaging (DSI)
[129, 130] has been proposed as a technique in which the OAM basis is used to illuminate the object and
to analyze the transmitted or reflected light. The two-dimensional spatial structure of the mode along with
the high dimension of the OAM basis set leads to the probing of two-dimensional objects without obtaining
a pixel by pixel reconstruction, analogous in some ways to the approach of compressive sensing.

In the following sections, we describe several related topics that are all based on combining the high dimen-
sionality of the OAM based-sensing with the use of correlated two-photon states. In section VI, the first topic
[131], entangled spiral imaging (ESI), is potentially suitable for OAM-based remote image reconstruction.
The two-photon joint OAM spectrum provides object information concerning spatial symmetries, yielding
more efficient object recognition than conventional imaging and sensing techniques. ESI can be viewed as
similar to compressive sensing, in the sense that sampling is performed in randomly-chosen elements of a
high-dimensional OAM basis, so that if the object has a compact representation in this basis, a small number
of measurements will suffice to identify it. All of the methods described here are based on measurements of
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the joint angular momentum spectrum of photon pairs. No measurements are made in position space.

Section VII covers a non-imaging variant of the same idea. The structure of the OAM states make them
suitable for rapid detection of rotational symmetries, allowing objects of a know shape to be identified with
few photons. In addition, this is useful for spotting objects that fail to have the desired symmetry; thus
it may be useful for identifying faulty units on a production line or abnormal cells in a biological sample.
Finally, in section VIII we use computer simulation to extend the main results from secs. VI and VII to
the case of more complicated, asymmetric objects. We find that the informational capacity of our method
remains above the one bit per photon limit.

A. Laguerre-Gauss modes

We decompose ingoing and outgoing beams in terms of optical Laguerre-Gauss (LG) modes. The LG
wavefunction with OAM [/ and with p radial nodes is [132]

ulp(razv¢) = <7",Z,¢|l,p> (21)
! I
_ O (Ve ey (2
P 2
w(z) \ w(2) w?(2)
% e—ik7-2z/(2(z2+z§))e—i¢l+i(2p+\l|+1) arctan(z/zR), (22)

2
with normalization Czl,” = */w(pzfp\lu)! and beam radius w(z) = wg, /1 + i at z. z, = "{° is the Rayleigh

range and the arctangent term is the Gouy phase. |I,p) and |r, z,¢) are respectively the OAM eigenstate
and the position eigenstate in cylindrical coordinates.

B. Digital spiral imaging

DSI [130] is a form of angular momentum spectroscopy in which properties of an object are reconstructed
based on how it alters the OAM spectrum of light used to illuminate it (fig. 30). The input and output light
may be expanded in LG functions, with the object acting by transforming the coefficients of the ingoing
expansion into those of the outgoing expansion. Information about the transmission profiles of both phase
and amplitude objects may be retrieved [130, 133].

The idea naturally arises of trying to use the measured OAM spectrum to reconstruct an image of the
object. But, although a great deal of information may be obtained about the object in this manner, it is
not sufficient to reconstruct a full image of the transmission or reflection profile. To see this, expand the
output amplitude according to le Apurp. Projecting out particular [ and p values, the detector tells us
the intensity of each component, allowing the |A;,|? to be found, with no phase information retrieved. We
thus have an incoherent imaging setup, with total detected intensity of the form 3, | Asp|?|up|?. But the
quantities |u;,|? are rotationally symmetric for all values of [ and p (see the right-most panel of fig. 31).
Any image built from them is also symmetric; variation of the object about the axis is lost. In contrast,
the real and imaginary parts are not rotationally invariant (left two panels of fig. 31), so a coherent sum
of the form |}, Ajpup|? allows azimuthal structure to be reconstructed from the interference terms. For
image reconstruction, we thus need to obtain a coherent superposition of amplitudes. This can be seen in
fig. 32: an opaque square is placed in the beam and the two expansions (coherent and incoherent) are
computed, assuming that only the p = 0 components are measured and keeping terms up to |laz| = 15. In
the left panel, where no phase information is assumed, the reconstructed image is rotationally invariant and
there is no way to distinguish what the actual shape of the object was. In contrast, the coherent expansion
on the right side of the figure produces a recognizably square output. The phase information is vital in
reconstructing the actual image shape. A method for measuring the relative phases of the different OAM
components and thereby reconstructing the image is discussed in section VI.
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C. Entangled OAM pairs

The form of the two-photon state produced by spontaneous parametric downconversion (SPDC) is well-
known. It is most often written as an expansion in the space of transverse linear momenta of the outgoing
signal and idler:

) = / g, q;E(gs + q)W (g, — g2)al, 1. [0). (23)

Here, F is the momentum space pump profile, and W is the phase-matching function given by [134]

=4 2L . s i2L
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where L is the thickness of the crystal and k = 272 is the magnitude of the pump momentum.

In our case, however, we wish to expand in the space of orbital angular momentum instead of transverse
linear momentum. Consider a pump beam of spatial profile E(r) = wuy,p,(r) encountering a x? nonlinear
crystal, producing two outgoing beams via SPDC. For fixed beam waist, the range of OAM values produced
by the crystal is roughly inversely proportional to the square root of the crystal thickness L [133]. We wish
a broad OAM bandwidth, so we assume a thin crystal located at the beam waist (z = 0). The output is
an entangled state [146], with a superposition of terms of form wyy pr Uy py » Angular momentum conservation
requiring ly = I} + 5. We will take the pump to have Iy = 0, so that the OAM values just after the crystal
are equal and opposite: Ij = —l, = 1. The p}, p, values are unconstrained, although the amplitudes drop
rapidly with increasing p’ values (see eq. (27) below). The output of the crystal may be expanded as a
superposition of signal and idler LG states:

|\Ij> = Z Z 17p/1’ 2,p2>5(l - lll - 1/2)7 (25)

1} ,l,=—o00 p{,p4,=0

where the coupling coefficients are given by

s = [ 00) gy Oy )] 2
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FIG. 30. Digital spiral imaging: the presence of an object in the light beam alters the distribution of angular momentum
values in the outgoing light.
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FIG. 31. The real and imaginary parts of the Laguerre-Gauss function are not rotationally-invariant, in contrast to
its absolute square. This is illustrated for the case of I =1, p =0, but is true generally.

No Phase Information With Phase Information

View from side

View from top

FIG. 32. Incoherent (left) and coherent (right) expansions in Laguerre-Gauss functions, an opaque square object. In
the former case, all variation of the object with angle around the axis is lost. (Pmaz =0 and lmaz = 15 assumed.)

For the case of pump beam with Iy = py = 0 this gives the coefficients [133, 135]:

P1 P2 9 m—+n+l
l,—1 m+n
=Y 3 (3) o o)

m=0n=0

VP! L+ p)E+ p2)! (L4 m + n))!
(p1 — m)!(p2 — n)!/(I + m)!(l + n)! m! nl’

VI. ENTANGLED SPIRAL IMAGING
A. Joint OAM spectra

We now investigate the use of two beams, rather than one, in combination with spiral imaging. The full
benefits of doing this will emerge in section VIB. In the current section, we focus on examination of the
OAM correlations. We begin with an entangled version, where the light source is parametric down conversion
in a nonlinear crystal such as S-barium borate (BBO). Imagine an object in the signal beam (fig. 33). Since
OAM exactly holds only in the paraxial case, we assume the signal and idler are produced in collinear down
conversion, then directed into separate branches by a beam splitter. (Throughout the following we assume
all beam splitters are 50-50.) Assume perfect detectors for simplicity (imperfect detectors can be accounted
for by the method in [135]). For our purposes, either type I down conversion with a nonpolarizing beam
splitter or type II with polarizing beam splitter will work, since the processes involved are not polarization-
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FIG. 33. Setup for analyzing object via orbital angular momentum of entangled photon pairs.

dependent. The only difference is that the use of type II with a polarizing beam splitter will increase the
coincidence rate by a factor of two. (Note that both photons enter the beam splitter through the same port,
rather than through opposite ports, so there is no possibility of complete destructive interference of the kind
that leads to the HOM dip.)

Let P(l1,p1;l2,p2) be the joint probability for detecting signal with quantum numbers Iy, p; and idler with
values lo, p2. The marginal probabilities at the two detectors (probabilities for detection of a single photon,
rather than for coincidence detection) are

Py(l1,p1) = Z P(ly,p1;l2,p2) (28)
l2,p2

Pi(lz,p2) = Z P(ly,p1;l2, p2). (29)
l1,p1

Then the mutual information for the pair is

lmax Pmaz

I(s,i) = Z Z P(l1,p1;l2,p2) (30)

l1,l2=lmin P1,p2=0

« log ( P(ly,p1;l2,p2) )
2\ Py(l1,p1) Pi(l2, p2)

The most common experimental cases are when (i) the values of p; and ps are not measured (so all possible
values of p; and ps must be summed, p,q, = 00 ), or (ii) only the p; = ps = 0 modes are detected (piaz = 0).
Except when stated otherwise, we will use lae = —lmin = 10 and p,ee = 0.

If the transmission function for the object is T'(x), the coincidence probabilities P(l1,p1;la, p2) = |A§,111;2 |2
have amplitudes
Ly _ —laly_—la)l
Apip. = Co Z Cp’lpzz 2%’1;1 '(2), (31)
Pl
1l *
aiin () = [y () g 2,2 T (32)

where Cj is a normalization constant. Here it is assumed that the total distance in each branch is 2z (see
fig. 33).

That the object’s size and shape affect the coincidence rate is easy to see. For example, fig. 34 shows
the calculated spectrum when a single opaque strip of width d is placed in the beam. Fig. 35 shows the
corresponding mutual information, assuming that only the p; = ps = 0 component is detected. In both
figures, we see clear effects of changing an object parameter (the strip width). The central peak of the
spectrum (fig. 34) broadens as d increases from zero, reducing the correlation between Iy and ly; the mutual
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FIG. 34. An opaque strip of width d placed in the signal path. The widths are (a) d = .1lwo, (b) d = Ywo, (c)
d = 2.5wg. The outgoing joint angular momentum spectra are plotted. As the width increases, the peak in the
spectrum broadens, then (at d = wo) splits into two peaks.

FIG. 35. Mutual information versus width of opaque strip. The horizontal azis is in units of wo. The minimum
information occurs at d = wo.

information between them thus declines, as seen in the d/wy < 1 portion of fig. 35. But at d/wy =~ 1, the
central peak in {ly,l2} space bifurcates into two narrower peaks (right side of fig. 34); the information thus
goes back up as the peaks separate, as indeed is the case in the d/wg > 1 region of fig. 35. If we continue to
wider d, the two peaks once again broaden and the mutual information decays gradually to zero. In addition,
the total intensity getting past the opaque strip will continue to drop, so coincidence counts decay rapidly.

B. Imaging

The inability of DSI to produce images due to loss of phase information has been pointed out. Here we
show that a variation on the ESI setup can be used to find the expansion coefficients including phase. Note
that the phase of Af]lolz is the same as the phase of a; o for even p) and differs from that of ap o by a factor

of 7 for p} odd [131]. Therefore, finding the phases of the coincidence detection amplitudes Aélolz therefore
suffices to determine the phases of all of the a,q coeflicients.

The measurement of these phases is accomplished by inserting a beam splitter to mix the signal and
idler beams before detection, as in fig. 36, erasing information about which photon followed which path.
We then count singles rates in the two detection stages, rather than the coincidence rate. If value [ is
detected at a given detector it could have arrive by two different paths, so interference occurs between
these two possibilities. The detection amplitudes in the two sets of detectors D, and D_ involve factors

Ay ~ (1 + iaf)"(fl?’ll and A_ ~ (i + aé%flz’ll), with detection rates Ry ~ 1+ |a6%712’l1 2 +£2i Im aé%flz’ll.

From these counting rates, both the amplitudes and the relative phases of all coefficients can be found,
allowing full image reconstruction.

. 1,0 o . . .
Once the coefficients ap1 ;1 have been found from the coincidence rates, image reconstruction requires the

/
10

inversion of eq. 32 to find the object transmission function 7'(r). To facilitate this, we first define an operator
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FIG. 36. A configuration allowing image reconstruction via phase-sensitive measurement of entangled OAM content.

T to represent the effect of the object on the beam. We may expand this operator in the position basis,
_ / &r '\ YT(r, 1) (] (33)
— [ izl (34)

where in the last line we assumed that the operator is a local operator, diagonal in the position space basis.
The object function T'(r) in eq. 32 is then given by

T(r) = (r[Tr). (35)
Alternately, the object operator may be expanded in the Laguerre-Gauss basis,
T=3"3"d 1) pl. (36)
. pp’
Making use of these definitions and of eq. 32, it follows immediately that

ll,l’1
php’l'

17,0
d =l 1p1|T|l1p1)

P1,P1

(37)

(Note the reversal in the order of the indices.) Using this result in eq. 36, then applying eq. 35 and the fact
that

up(r) = (r|lp), (38)

1711
P »P1

we find that determination of the a coeflicients is equivalent to reconstructing the object, since

T(r) = (r|Tlr) = 3 3 aps 'ty (r) [y ()] (39)

U pp’

An example is shown in fig. 37, in which the object composed of a single opaque band (strip width equal
to .5 times beam waist) is reconstructed using eq. 39, for different values of l,,4, and pyq.. We see that as
the number of values of [ included is increased, a valley appears in the transmission profile at the location of
the opaque band, and gradually becomes sharper and more pronounced as we increase l,,,,. Note that the
number of measurements required for the image reconstruction (one for each [ and p combination) is much
smaller than is required by standard methods (one measurement per pixel).
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FIG. 37. Reconstruction of the transmission profile of an object with a single opaque band of width .5wq for several
values of lmaz and Pmaz. We see the shape of the object appear and begin to sharpen as more | and p values are
included.

C. Correlated Spiral Imaging (CSI)

In recent years, it has been shown that ghost imaging and other ”quantum” two-photon effects may be
carried out using classically-correlated sources [123, 136-140]. It is apparent that the same is true in the
case of correlated spiral imaging: classical OAM correlation, rather than entanglement, is sufficient. The
essential point in the present case is having two spatially separated beams such that if the OAM detected
in one beam is known, then the OAM reaching the object can be predicted. So all that is needed is strong
classical correlation or anti-correlation between the OAM in the two arms.

The classical analog of apparatus of fig. 36 is shown in fig. 38. At the left, the system is illuminated with
light that has a broad range of OAM values (a broad spiral spectrum). The beam is split, with one copy
passing through the object, and the other entering the reference branch. The two beams are mixed at the
beam splitter, then the OAM content at the two detectors is measured. The coefficients C’Zl)ll”l;Z will no longer
be given by eq. 27, but instead will have values determined by the properties of the specific input beam
being used. The mutual information between the classical beams may be defined just as in eq. 30.

The classical configuration of CSI has a number of practical advantages over the entangled version: align-
ment issues are greatly reduced, single photon detectors are not needed, and much higher brightness and
counting rate may be obtained. There is one problem that arises, however, which is not present in the
entangled case: if a broad spiral spectrum is used for the illumination, then there is no intrinsic correlation
between the OAM value Iz in the reference branch and the value {f that occurs between the source and
object. Without this correlation, the value of ] is unknown and so the change in ! produced by the object is
also unknown. On the other hand, instead of a broad spiral spectrum, we may send in single OAM values,
one at a time, building up the OAM correlation function one value of I at a time. But this slows the process
of image reconstruction considerably: a range of OAM values needs to be scanned over, one after another,
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FIG. 38. A classical version of correlated spiral imaging. An input beam with a broad range of OAM wvalues is split
at a beam splitter, sending a portion through the reference branch, and the rest to the object.

changing a spiral phase plate or some other type of OAM filter multiple times in each run. In a kind of
quantum parallelism, the entangled version can send in a broad range of values simultaneously, and the
entangled nature of the source will automatically ensure that the pairs detected are of opposite initial OAM
if a short enough coincidence time window is used. In any case, whether the classical or entangled version
is used, two correlated beams are necessary in order to reconstruct the relative phases of the various OAM
amplitudes.

D. Compressive imaging

Recent years have shown an explosion of interest in compressive sensing [127, 141-144], including compres-
sive ghost imaging [124]. The basic idea is that most images are very sparse when expanded in an appropriate
basis, with the vast majority of expansion coefficients being very small. So if a sampling procedure is used
that only measures the relatively small number of large expansion coefficients and neglects the rest, the
image may be reconstructed from a very small number of measurements, often much smaller than naively
expected from the Shannon-Nyquist theorem.

For simple objects with well-defined rotational symmetries, the image can be reconstructed with fewer
photons than with pixel-by-pixel imaging, in rough analogy to compressive sensing. For more complicated
objects, correlated OAM imaging may be combined with compressive sensing for further increases in effi-
ciency.

VII. EXPERIMENTAL DEMONSTRATION USING CORRELATED OAM SPECTRUM FOR
OBJECT IDENTIFICATION

Now, rather than attempt to reconstruct an image, in the remainder of this report we focus on studying
the properties of the joint OAM spectrum in the presence of the object, and then use knowledge of these
properties to identify objects. The goal is to make measurement entirely in the OAM basis in order to identify
objects, without attempting image reconstruction. Significant information from the object is available by
measuring the joint OAM spectrum of two-photon states, giving rise to novel features outside the main OAM-
conserving diagonal [146], due to the interaction with the object. In order to use this information for object
identification, the relationship of the joint OAM spectrum to the azimuthal Fourier coefficients is derived.
In the field of remote sensing this capability enables efficient object identification without the requirement
of a full two-dimensional image. The present demonstration also represents the first correlated OAM-based
sensing experiment representative of a practical remote-sensing setup, in which physical objects completely
detached from any optical component are used as targets for identification. All previous experiments on
correlated sensing using OAM states ([126] for example) have used simulated objects drawn on a spatial
light modulator (SLM). High sensitivity to the spatial properties of the targets is obtained, due to the high
amount of information per photon attainable by the use of OAM states[145].
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FIG. 39. Setup for the sensing of the object via orbital angular momentum of correlated photons.

A. Experiment

The experimental setup schematic is shown in Fig. 39. A 1.5 mm-thick BBO crystal is pumped with
a 30 mW diode laser at 405 nm. To measure the OAM spectrum, an SLM is used to display computer
generated holograms. Discrimination between individual radial modes p # 0 is not easily accomplished by
current experimental techniques [147], therefore only the case p = 0 will be considered for simplicity and the
p index will be dropped hereafter. The holograms change the winding number [ of LG light, while two lenses
and a mono-mode fiber selectively couple modes with [ = 0 [135]. One condition for obtaining ay; = (k|T'|)
without any post-processing is that the crystal, object, and detector planes are imaged onto one another, in
order for all expansions to be carried out onto LG basis states of the same waist size. In the current setup,
which is a representative demonstration of remote sensing, lens L2 images an object at a fixed distance onto
the plane of the SLM. In a general remote sensing application, L2 will be placed appropriately so that all
targets will be at distances greater than the hyperfocal length of L2. Therefore, all objects will be imaged
in focus onto the SLM plane.

Fig. 40 (a-b) illustrates the measurement of the natural SPDC OAM joint spectrum C;. The sign of I,
is flipped to compensate for the odd number of mirrors in order to reflect the OAM conservation in SPDC.
In the absence of an object, only the main diagonal terms which match the total OAM content of the
pump appear, without any non-diagonal terms observed [148]. Experimental data represent the mean of
four measurements, from which the standard deviation is calculated and displayed as error bars. Fig. 40 (c)
shows the histogram of the diagonal and the cross section for P(l,|l, = 0).

States with [ + [, # [, can have non-zero probability. When there was no object present, these states
were forbidden by OAM conservation [133, 135, 146-148]; they represent the interaction of the correlated
OAM state from SPDC with the object. These new non-conservation elements have a contribution to its
total OAM content from the object m = [, + [, — [, and carry direct information of the m-fold rotational
symmetries of the object at a |I;| + |l,| radius. For instance, considering a Gaussian pump (I, = 0), the
measured joint spectrum with a m-fold rotationally symmetric target will show strong components with total
OAM content +m, and higher harmonics with lower amplitudes at nm, |n| > 1 being n an integer.

To demonstrate the capability and high sensitivity of this new technique for object recognition, the joint
spectra using targets with different rotational symmetries are analyzed. An object can impart extra features
in the joint spectrum according to its azimuthal Fourier series at different radii. In particular, an object
with four-fold rotational symmetry will have strong signatures corresponding to a total OAM content of +4.
To fit the scale of our setup, opaque strips 175 pm (0.83wq) thick, are placed in the object arm arranged
with specific rotational symmetries. These targets behave as transmission masks that block light, and the
integration time is adjusted in order to have a similar amount of counts with respect to the case of no object.
Test objects with well-defined dominant four- and six-fold symmetries shown in Figs. 41 (a) and 42 (a)
considerably modify the joint spectra [Figs. 41 (b) and 42 (b)] by adding extra diagonals with total OAM
content of [ = +4 and [ = +£6, respectively. The two objects are clearly distinguished by the unique features
of their respective joint spectrum.
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FIG. 40. (a) Histogram of the main diagonal and (b) complete two-dimensional OAM joint spectrum for our config-
uration with no object. (c) Corresponding P(l,|l. = 0) cross section. The blue (vertical) box in the joint spectrum
denotes the section in (a) and the green (diagonal) box denotes the section in (c).

B. Discussion

More insight about the structure of each object is acquired by analyzing specific non-diagonal cross sections
such as the two in Figs. 41 (d) and 42 (d). Previous works regarding the OAM joint spectrum of SPDC
[131, 133, 135, 147, 148] have considered only the main diagonal elements corresponding to the conservation
of OAM with respect to the pump [Figs. 41 (c¢) and 42 (c)]. In the current case, there is an interaction
between the OAM from SPDC and the spatial features of the object resulting in contributions which require
analysis of the complete two-dimensional joint spectrum.

The non-diagonal cross section P(l,|l, = 0) shown in Fig. 41 (d) indicates significant four-fold symmetry as
the dominant feature of the object. This feature can be uniquely attributed to the object because it is outside
the diagonal that corresponds to the conservation of OAM in SPDC. Fig. 42 (d), showing the same non-
diagonal cross section for the six-fold symmetric object, exhibits richer features associated with the higher
complexity of the object. Specifically, apart from the dominant six-fold symmetric contribution, a three-fold
contribution is observed. At the center of the object [Fig. 42 (a)], the three stripes are displaced with respect
to the center. This forms a triangular shape in a small region with three-fold rotational symmetry. This
small deviation from a strict six-fold symmetry is readily observed in the non-diagonal cross section by the
appearance of significant contributions at [, = £3.

Although the cross section P(l,|l, = 0) is a good indicator of the presence of different symmetries, it is
necessary to analyze the full two-dimensional OAM joint spectrum to extract the relative contribution of
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FIG. 41. (a) Image of the cross used as target, (b) the experimental joint spectrum, (c) a histogram of the joint
spectrum main diagonal and (d) P(lo|l, = 0) cross section of the joint spectrum.

each symmetry component. For example, Fig. 42 (d) indicates a relative contribution of six- and three-fold
symmetries at a ratio of approximately 2:1. However, to judge the relative size of the areas within the object
that exhibit each symmetry, the total contribution of the entire diagonals should be considered. In this
case, the joint spectrum in Fig. 42 (b) clearly shows that the region with three-fold symmetry is significantly
smaller than the region with six-fold symmetry.

It should be pointed out that rotating the object about the azimuthal axis simply shifts the phase of the
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joint spectrum main diagonal and (d) P(l,|l, = 0) cross section of the joint spectrum.
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field by a constant, which will have no effect on the correlation rate. Therefore, if an object is rotated, the
method will correctly continue to identify it as the same object.

These results demonstrate that an object imprints its own characteristic features onto the joint OAM
joint spectrum of SPDC. New elements arise that do not fulfill the OAM conservation condition required by
SPDC alone, but which are affected by the object as well. The capability of ESI for object recognition is
demonstrated by these results including high sensitivity to small symmetry components. This represents a
realistic remote sensing application using physical objects detached from any optical components. Although
the experiment was conducted with a transmissive object, a trivial modification of the optical setup (simply
changing the position of the lens, SLM, and object arm detector) makes it suitable for remote sensing of
reflective targets at arbitrarily large distances.

VIII. SYMMETRY, INFORMATION, AND IMAGING OF COMPLEX OBJECTS

Thus far, all objects considered have been exactly centered with respect to the beam axis, and have
exhibited simple rotational symmetries. It has been shown that the non-zero off-diagonal elements of the
joint OAM coincidence spectrum clearly indicate the presence of N-fold rotational symmetries in the object
(see fig. 42), and that the setup in fig. 36 can be used to reconstruct the object image by recovering the relative
phases of the coincidence amplitudes (see sec. VIB). In this section we implement numerical simulations
of the setup described by fig. 36. Recall that the setup described there requires measurement of both
coincidences and singles rates in order to recover the magnitudes and phases of the amplitudes in eq. 32,
which are then used as the expansion coefficients that describe the object in eq. 36. In the simulations below,
we use digitized representations of opaque objects to directly compute eq. 32 in order to study the effects
— on spectral signature, image reconstruction accuracy, and mutual information — of translating the target
objects off-axis with respect to the beam’s center. Further, in addition to objects with simple symmetries,
we consider more complicated geometries [149].

A. DMutual information and symmetry

Fig. 43 shows the computed mutual information for several simple shapes. It can be seen that I depends
strongly on the size and shape of the object, so that for object identification from among a small set a
comparison of the I values rather than of the full probability distribution may suffice.

If the object has rotational symmetry about the pump axis, then its transmission function 7T'(r) depends
only on radial distance r, not on azimuthal angle ¢. Thus in the case of rotational symmetry, the second
arm becomes irrelevant from an information standpoint, since the mutual information simply reduces to the
Shannon information extracted from one arm alone. In this sense, the quantity p(Li, L2) = |I(L1, L2) —
S1(L1)| is an order parameter, capable of detecting breaking of rotational symmetry.

More generally, suppose that the object has a rotational symmetry group of order N; i.e., it is invariant

under ¢ — ¢ + 2%, From eqs. (22) and (32) it follows that the coefficients must then satisfy aih

PP1
27 (11 _ 11 . . . il U=l . .
e~ (h ll)apl, ;1, which implies apl, ;1 = 0 except when 2 is integer. When N goes up (enlarged symmetry
1 1

group), the number of nonzero ai},llgl goes down; with the probability concentrated in a smaller number

of configurations, correlations increase and mutual information goes up. This may be seen in the three
right-most objects of fig. 43, for example.

B. Spectral Signature and Imaging of Complex Objects

The experimental results discussed in sec. VIIB indicate the role of symmetry in an object’s joint OAM
spectrum. It is worth noting that the objects used there, while having width much smaller than the beam
waist, had length that extended far beyond the beam radius at any point. Fig. 44(b) shows the joint spectrum
of a simple 5-pointed opaque star (with 5-fold rotational symmetry) whose dimensions are confined entirely
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FIG. 43. The mutual information depends strongly on size and shape of the object. Here, the two objects on the left
have widths 1.5wo and .2wo; all other widths are .4wy.

() (d)

FIG. 44. (a) Opaque star object of max width 0.9wo and, (b) the ESI reconstruction using lmae = 10, pmae = 7; ()
The joint OAM spectrum of the star, having summed over all p, and (d) the same spectrum with the conservation
diagonal removed.

within the beam. The object’s lack of radial extension causes a decrease in magnitude of the [ = +5
components of the joint spectrum, since the LG modes of higher momentum (higher [) do not interact with
the object . Consequently, the object’s spectral signature in the off-diagonal comments of the joint OAM
spectrum becomes visually less obvious. However, as fig. 44(d) shows, by setting the diagonal components of
the joint spectrum to 0 and rescaling the colormap used to view the spectrum, the off-diagonal contributions
become much more visible. Since it is these off-diagonal contributions that carry the extra information upon
which the ESI setup is based, in order to amplify the contribution of off-diagonal spectral components, we
will zero out the conservation diagonal (states with I, = —I,.) for the remaining object spectra simulated in
this report. The image reconstructions will include the contributions of the [, = —I, states.

Figs. 45(b) and 46(b) simulate the ability of the ESI method to image objects with more complicated,
less symmetric transmission functions T'(z) than previously considered. Successful imaging of complicated
objects requires the detectability of states with p > 0, since the expansion basis for T depends upon distinct
contributions from each (p’, p) combination in the set of basis states (see eq. 36). The joint spectra shown
in figs. 46(c) and 45(c) are clearly less compact than those of simpler objects, like the star. This is to
be expected when one views complicated objects as a superposition of many simpler, symmetric objects
translated with respect to the beam axis: as shown below (sec. VIIIC), translation with respect to the beam

49



57

(c)

FIG. 45. (a) Opaque fighter jet object of max width wo and, (b) the ESI reconstruction using lmaez = 10, Pmaz = 7;
(c) The joint OAM spectrum of the fighter jet, summed over all p with the conservation diagonal removed.

axis, even for simple objects, spreads the joint spectrum.

C. Off-Axis Translation and Mutual Information

In figs. 47, 48, and 49 we show the image reconstruction and spectral signatures of the same objects
shown in 44, 45, and 46 respectively after having been shrunk by a factor of 4 and translated radially with
respect to the beam axis by approximately 0.7wg — 0.9wgy. The effect of translation is most obvious in the
case of the star, whose centered spectral signature is quite sparse compared to those of the tank or fighter
jet. Namely, we observe that translation with respect to the beam axis causes a spreading in the spectral
distribution. Although the exact dynamics of the spectral spread caused by translation vary from object
to object, we note that once the object is sufficiently far from the beam center — not surprisingly — the
conservation diagonal is all that remains, all off-diagonal components going to zero.

Given the variation in spectral signature as the object is translated through the beam field, we expect
to see a corresponding variation in the mutual information carried by the components of the joint OAM
spectrum. To calculate this change, we simulated the spectra of the above objects several times, linearly
translating them with each iteration, starting from the beam center and ending effectively outside of the
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(c)

FIG. 46. (a) Opaque tank object of max width 0.7wo and, (b) the ESI reconstruction using lmaz = 10, pmaz = 7; (¢)
The joint OAM spectrum of the tank, summed over all p with the conservation diagonal removed.

(a) (b)

FIG. 47. (a) The ESI reconstruction of a translated opaque star, using lmaz = 10, pmaz = 7; (b) The joint OAM
spectrum of the translated star, summed over all p with the conservation diagonal removed.

beam field completely. For each position the mutual information was calculated using eqn. 30, and the
results are plotted as a function of distance in fig. 50. Since we are in this study primarily interested in the
information content of the heretofore unconsidered off-diagonal components of the joint OAM spectrum, we
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(a) (b)

FIG. 48. (a) The ESI reconstruction of a translated opaque fighter jet, using lmae = 10, Pmaz = 7; (b) The joint
OAM spectrum of the fighter jet, summed over all p with the conservation diagonal removed.

(a) (b)

FIG. 49. (a) The ESI reconstruction of a translated opaque tank, using lmez = 10, Pmaexs = 7; (b) The joint OAM
spectrum of the tank, summed over all p with the conservation diagonal removed.

again zero out the conservation diagonal for all spectra so that the mutual information calculated represents
information carried exclusively by off-diagonal components of the spectrum.
We see that even for complex objects near the beam center, the mutual information carried by off-diagonal

FIG. 50. Mutual information carried by off-diagonal components of joint OAM spectrum, for various objects, as a
function of distance from beam center with limaz = 10, Pmaz = 5; increasing pmaz will increase the mutual information
substantially. Note that each object’s off-diagonal information content exceeds one bit per photon at the beam center.
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components of the joint OAM spectrum exceeds one bit per photon. As expected, the information goes to zero
as the object moves sufficiently far from the beam center. Note that the simpler the object here — the star —
carries the most off-diagonal information, consistent with the argument made in sec. VIII A that enlarged
symmetry groups cause an increase in correlations which in turn causes the mutual information to go up. In
fact, as we increase pnq; and the objects’ symmetries are better approximated, the mutual information for
each object goes up. In fig. 50, p € (0,3) with the star’s L,q. ~ 2.6 bits/pho. Increasing ppq. to 7 gives an
Lnaz =~ 3.3 bits/pho in off-diagonal components.

D. Discussion

The above simulations demonstrate the informational capacity of off-diagonal components in the joint
OAM spectra. We have exploited this capacity for the purposes of imaging and object identification by way
of the joint OAM spectral signature. Current experimental barriers, namely the inability to easily detect
p > 0 modes at the single photon level, present difficulties in physically implementing the experimental
apparatus required to recover the phases of the amplitudes needed for image reconstruction. However, as
our simulations indicate, such an apparatus would be capable of using the information contained in the
off-diagonal components of the joint OAM spectrum to remote image unknown objects without any record
of the spatial distribution of the photons measured.

IX. CONCLUSIONS

The experimental results reported above, along with the spectral signatures simulated in the final section
of this report, rely only on coincidence measurements. This means that, where a set of objects with unique
signatures or symmetries is in question, our method can be used to detect the presence or absence of objects
in question in relatively few measurements as compared to pixel-by-pixel imaging methods.

A number of novel applications suggest themselves based on the results above. For example, note that
if the object is rotated, the outgoing OAM states simply pick up an overall phase that does not affect the
joint OAM spectrum. This could be useful, because it allows a rapidly rotating object to be imaged from
its OAM spectrum using slow detectors. In some circumstances, this may be be less expensive and more
practical than the use of high speed cameras.

The high mutual information capacity of off-diagonal OAM spectral components also makes our method
well suited for sensing rotational symmetries in few measurements. Due to the fragility of OAM states, the
advantages of our setup may best be exploited in small scale biological or production contexts. For example,
the scanning of a biological sample using correlated OAM measurements may enable efficient detection of the
presence or absence of certain structures based on the comparison of theoretical and observed coincidence
rates of off-diagonal spectral components. And, since objects sufficiently far from the beam center do not
affect the coincidence rates, as seen by the mutual information plots in 50, we can be confident that a
sufficiently small beam waist will yield accurate spectra. Biological apoptosis (so-called programmed cell
death) is one context in which the presence or absence of cell symmetries plays an important role, since
apoptotic cells lose their symmetry, and an abundance of such cells may indicate a cancerous sample.

Before the research reported above, off-diagonal components of joint OAM spectra were not considered
from an informational standpoint. We have found that not only do these components carry information, but
they do so at rates which can well exceed the bit per photon limit.
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