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Computational ghost imaging
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Ghost-imaging experiments correlate the outputs from two photodetectors: a high spatial-resolution (scan-
ning pinhole or charge-coupled-device camera) detector that measures a field which has not interacted with the
object to be imaged and a bucket (single-pixel) detector that collects a field that has interacted with the object.
We describe a computational ghost-imaging arrangement that uses only a single-pixel detector. This configu-
ration affords background-free imagery in the narrow-band limit and a three-dimensional sectioning capability.
It clearly indicates the classical nature of ghost-image formation.
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Ghost imaging is the acquisition of object information by
means of photocurrent correlation measurements. Its first
demonstration utilized a biphoton source; thus, the image
was interpreted as a quantum phenomenon owing to the en-
tanglement of the source photons [1]. Experimental [2,3] and
theoretical [4,5] work later demonstrated that ghost imaging
could be performed with pseudothermal light. Whereas the
biphoton requires a quantum description for its photodetec-
tion statistics, pseudothermal light can be regarded as a clas-
sical electromagnetic wave whose photodetection statistics
can be treated via the semiclassical (shot-noise) theory of
photodetection [6]. This disparity has sparked interest in the
physics of ghost imaging [7-10]. Recently [11], we estab-
lished a Gaussian-state analysis of ghost imaging that unified
prior work on biphoton and pseudothermal sources. Our
analysis indicated that ghost-image formation is intrinsically
due to classical coherence propagation, with the principal
advantage afforded by the biphoton state being high-contrast
imagery in the wideband limit. Other recent work [12,13],
however, has offered an alternative explanation for
pseudothermal-light ghost imaging: nonlocal two-photon
quantum interference. In this Rapid Communication we shall
show that ghost imaging can be accomplished with only one
detector: viz., the bucket detector that collects a single pixel
of light which has been transmitted through or reflected from
the object. As only one light beam and one photodetector are
required, this imaging configuration cannot depend on non-
local two-photon interference. Moreover, it affords
background-free imagery in the narrow-band limit and a
three-dimensional (3D) sectioning capability.

We begin with a review of pseudothermal-light lensless
ghost imaging, based on [11], using classical electromagne-
tism and semiclassical photodetection theory. Consider the
setup shown in Fig. 1. Here, E¢(p,t)e™ " and Egx(p,t)e~'“0"
are scalar, positive-frequency, classical signal (S) and refer-
ence (R) fields that are normalized to photon units and have
center frequency wy. They are z propagating with p being the
transverse coordinate with respect to their optical axes. More
importantly, they are the outputs from 50-50 beam splitting
of E(p,t)e”', a continuous-wave (cw) laser beam that has
been transmitted through a rotating ground-glass diffuser.
The signal and reference undergo quasimonochromatic
paraxial diffraction over L-m-long free-space paths, yielding
measurement-plane fields [14]
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where (¢,m)=(1,S) or (2,R), c is the speed of light, and
ko=wy/ c=27/\. The field E;(p,) illuminates a shot-noise-
limited pinhole photodetector centered at p; with sensitive
region p e A,. The field E,(p,?) illuminates an amplitude-
transmission mask 7(p), located immediately in front of a
shot-noise-limited bucket photodetector with sensitive region
p e A,. The product of the photocurrents from these detec-
tors is time averaged to estimate their ensemble-average
cross correlation C(p;). This process is repeated, as p, is
scanned over the plane, to obtain the ghost image of the
object’s intensity transmission |T(p)|> [15]. We then have
that

Ee(p,t)=fdp’Em(p’,t—L/c) . (1)

C(P1)=<fd71‘]771P1(f— )hi (7))

xdezqﬁzpz(f—Tz)hz(Tz) . (2)

In this expression: ¢ is the electron charge, 7, is the quantum
efficiency of the pinhole (€=1) and bucket (£=2) detectors,
P,(t):fAldp|E](p,t)|2 and Pz(f)=fA2dP|E2(PJ)|2|T(P)|2 are
the photon fluxes impinging on detectors 1 and 2, and k() is
a base-band impulse response representing the finite re-
sponse time of the photodetector €. We shall assume that the
pinhole is small enough that P,(f) =A|E(p,,1)|?, where A, is
that detector’s photosensitive area. In terms of the intensities
(photon-flux ~ densities) 7,(p,t)=|E\(p,?)|*> and I(p,?)
=|E,(p,1)|*|T(p)|?>, which illuminate the photodetectors, we
then have that

<P1(t1)P2(f2)>=A1<11(P1J1)>JA dp(l(p.t,))

+Alf dp<A11(plstl)A12(p’t2)>’ (3)
A

2

where Al(p,t)=1,p,1)—{I,(p,r)) is the intensity fluctua-
tion. The first term on the right gives rise to a featureless
background, while the second term leads to the ghost image,
as we now show for a Gaussian-Schell model of pseudother-
mal illumination.
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FIG. 1. (Color online) Pseudothermal ghost-imaging setup.
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Let E(p,t) be a zero-mean, cross-spectrally pure [16],
complex-valued Gaussian random process that is character-
ized by its phase-insensitive correlation function

(E*(p1,t))E(py, 1)) = K(py,p)R(1, — 1), (4)

where R(0)=1. Using E,(p,1)=E(p,1)/\2, for m=S,R, and
Eq. (1), we have that {E/(p,7):€=1,2} is a pair of com-
pletely correlated, zero-mean, complex-valued Gaussian ran-
dom processes that are characterized by the following auto-
correlation and cross-correlation functions:

<EZ(P1J1)E6(P2J2)> = <ET(P1J1)E2(P2J2)> (5)

=K'(p1.p)R(t, - 1)), (6)

for €=1,2. Given an explicit K(p,,p,) for the spatial auto-
correlation function of E(p,?), it is a simple matter, in prin-
ciple, to calculate K'(p;,p,) via standard coherence—
propagation theory [6]. We then have that (I,(p,1))
=K'(p.p) and {I(p.1)=K'(p.p)|T(p)*. More importantly,
the moment-factoring theorem for Gaussian random pro-
cesses [17] implies that

(AL(py,t)AL(pa.1y)) =K' (p1,po) || R (1, — 1) P T(py)] .
(7)

In the far field (when kyagpy/2L<<1) the Gaussian-Schell
model correlation function for E(p, 1),

K(p.py) = 2_ie—(\pll2+lpz|2)/a§—lm - o120, (8)
mag

with py<<a, yields

P 2.2 200 12y,2 252
’ ki - /2L — + /a;—|p1 — 12,
K (pl’pZ) _ —261 ollpal*1p1[°) e (p1|“+lpa|*)ar=Ipy — pol L,
L

)

with a; =2L/kypy and p; =2L/kya,. Physically, a, and p, are
the intensity radii and coherence radii of the fields at z=0
and z=L, so that the preceding behavior represents the famil-
iar situation for partially coherent light in which the far-field
intensity radius is controlled by the source’s coherence ra-
dius and the far-field coherence radius is controlled by the
source’s intensity radius.

Suppose that the photodetector impulse responses h(z)
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have response times that are much shorter than the field’s
coherence time T, i.e., we are in the narrow-band regime.
The Gaussian-Schell model source then leads to

P \? ol (22
C(pl) = C()(pl) +q2771772A1<_2) e 2‘pl‘ /aL
ma;

Xf dpe—z\p\z/ai—\pl—plz/pi|T(p)|2, (10)
A

2

where we have assumed that [drh,(1)=1 and

_ 2 P\’ ~2|p,|%a?
Colp1) = g mmA, 5 | e L
may

x f dpe 2P| T(p) 2. (11)
A

2

When T(p) and p, are space limited to a radius much smaller
than a; about the origin, C(p,) is comprised of a constant-
background term

2
C0=€]2771772(%> JA dp|T(p)|* (12)

L 2

plus the ghost-image term

P \? 2,2
Cl(pl)qunﬂhAl(F) J' dpeiPr=PlPL T(p) 2.
A

ay )
(13)

Equations (12) and (13) summarize the key elements of
pseudothermal ghost imaging. Within an object-plane region
whose spatial extent is small compared to N¢L/p,, we obtain
a pseudothermal-light ghost image with spatial resolution
~NoL/ag [18] that is embedded in a featureless background
[19]. The background term can be eliminated by employing a
zero-frequency (dc) block between one or both of the photo-
detectors and the correlator shown in Fig. 1, as done in the
experiment reported in [10].

With the preceding analysis in hand, it becomes a simple
matter to walk our way through to a single-pixel ghost im-
ager. First, rather than use laser light transmitted through a
rotating ground glass as the source of a narrow-band, spa-
tially incoherent E(p,f), let us employ the configuration
shown in Fig. 2. Here, we transmit a cw laser beam through
a spatial light modulator (SLM) whose inputs are chosen to
create the desired coherence behavior. Specifically, we as-
sume an idealized SLM consisting of d X d pixels arranged in
a 2M+1)X(2M+1) array with 100% fill factor within a
D X D opaque pupil, where D=(2M +1)d and M > 1. We use
this SLM to impose a phase ¢,,,() on the light transmitted
through pixel nm, with {¢/®m®): M <pn m< M} being inde-
pendent identically distributed (iid) random processes obey-
ing (¢/%m0y=0 and (el ¢nm(2)=$plt)]y = Sin Sime 2710, where
the coherence time T is long compared to the response times
of the h,(¢) [20].

In the far field—i.e., when kqdD/L<<1—the preceding
E(p,1) leads to E\(p,f) and E,(p,t), which are zero-mean
fields whose correlation functions satisfy Eq. (6) with R(7)
:e_‘fl/ Ty and
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FIG. 2. (Color online) SLM ghost-imaging setup.
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Although it is not a Gaussian-Schell form, the preceding spa-
tial correlation function has an intensity width ~\y,L/d and a
coherence length ~\oL/D, behavior which is qualitatively
similar to what we saw earlier if we identify d=p, and D
= q,. Furthermore, central limit theorem considerations im-
ply that E,(p,7) and E,(p,7) may be taken to be jointly
Gaussian. Hence our configuration in Fig. 2 will produce a
ghost image of spatial resolution AogL/D within a spatial re-
gion of width \¢L/d embedded in a background by virtue of

Clp)=q*n nzAlK’(pl,pl)f dpK'(p.p)|T(p)|?

Ay

+q°n 7]2A1J dp|K' (p.p)|T(p). (15)

Ay

As before, the background term can be suppressed, if de-
sired, by means of a dc block.

To realize the ghost imager in Fig. 2 we could use noise
generators to drive the SLM in a way that approximates the
preceding statistics. It is more interesting, for what will fol-
low, to suppose that deterministic driving functions are em-
ployed to achieve the same objective. What we want at the
SLM’s output is a narrow-band, zero-mean field whose spa-
tial coherence—inferred now from a time average, rather
than an ensemble average, because there is no true
randomness—is limited to field points within a single pixel.
Sinusoidal modulation ¢,,,(1)=® cos[(Qy+ALQ,,)t] with
different A(),,, for each pixel will work. Let (-); denote
time averaging over the T,-sec interval employed in obtain-
ing the ghost image. We have that (ei¢'lrrl(’))Tﬂ~J0((D)~O,
where J;, is the zeroth-order Bessel function of the first kind,
when (Qy+AQ,,)T,>27 and ®> 7. With the additional
condition |AQ),,,|<Q,, we have (ei[¢ﬂm(t)‘¢jk(f)])Ta~J0(2q))
=~(), unless j=n and k=m. Furthermore, the output field will
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FIG. 3. (Color online) Computational ghost-imaging setup.

satisfy our narrow-band requirement if the modulation peri-
ods 27/ (Qy+AL,,,) are all much longer than the response
times of the h(¢). Thus, this deterministically modulated
source will also yield a ghost image of spatial resolution
NoL/D within a spatial region of width \yL/d embedded in a
background that can be suppressed by means of a dc block.

At this point, the notion of computational ghost
imaging—in which we only use the bucket detector—is eas-
ily understood; see Fig. 3. We use deterministic modulation
of a cw laser beam to create the field E,(p,?) that illuminates
the object transparency, and as usual, we collect the light that
is transmitted through the transparency with a bucket (single-
pixel) detector [21]. Knowing the deterministic modulation
applied to the original cw laser beam allows us to use dif-
fraction theory to compute the intensity pattern I,(p,,) that
would have illuminated the pinhole detector in the usual len-
sless ghost imaging configuration. Furthermore, we can sub-
tract the time average of this intensity, in our computation,
and obtain the equivalent of Al,(p;,?). To distinguish these
computed values from actual light-field quantities, we will

denote them by I,(p,,7) and AI,(p,,1), respectively. The time
average correlation function

AC(p)) = <f drigmA AL (py,t = )y (7))

X dezf]ﬂsz(f—Tz)hz(Tz)> (16)

T

a

will then be a background-free ghost image—with spatial
resolution AgL/D over a spatial extent of width \yL/d—akin
to what would be obtained from pseudothermal ghost imag-
ing with d= p,, D= a,, and a dc block applied to the pinhole
detector. Now, because only one photodetector has been em-
ployed, it is impossible to interpret this computational ghost
image as arising from nonlocal two-photon interference.

In addition to obviating the need for a high-spatial-
resolution detector in ghost-image formation, at the expense
of the computational burden associated with the free-space
propagation calculation for the field E(p,r), computational
ghost imaging permits 3D sectioning to be performed. To see
that this is so, we return to the ghost-imaging configuration
in Fig. 1 with pseudothermal light and inquire about its depth
of focus. In other words, how badly is the ghost image
blurred if the object is at z=L but the pinhole detector is at
z=L+AL? This question is easily answered. Equation (7)
becomes

(AL(py,11)AL(py.15))
= |K"(p1.py)|*|R(t, = t; = AL/c) | T(p,)

where

% (17)
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2@AL

K"(p.py) = f dpK'(p.p,)

(18)

As a result, the ghost-image term from Eq. (13) takes the
same form with p; replaced by p,=p;\1+(AL/kyp})?, so
that the focal region is |AL|<kop;=4L?/koaj. In the near
field of the prediffuser laser beam—i.e., when
koa%/ 4L > 1—the focal region is a very small fraction of the
source-to-object path, because |AL|/L=4L/kya}<1 as re-
ported for the experiments in [12]. This limited depth of
focus has the following implications when a range-spread
opaque object is imaged in reflection. The pseudothermal
ghost imager can only image one focal region at a time.
However, because the computational ghost imager can pre-
compute AT 1(p; 1) for a wide range of propagation distances,
the same bucket-detector photocurrent can be correlated with

many such AT, (p,,1) to perform 3D sectioning of the object’s
reflectance. Of course, this sectioning further increases the
computational burden, but this burden can be handled off
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line, and for a given SLM and its associated modulation

wave forms, the same precomputed Afl(pl ,1) can be used for
all ghost images formed using that system.

In conclusion, we have shown that ghost imaging can be
performed with only a bucket (single-pixel) detector by pre-
computing the intensity fluctuation pattern that would have
been seen by the high-spatial-resolution detector in lensless
ghost imaging. This computational ghost imager yields
background-free images whose resolution and field of view
can be controlled by choice of spatial light modulator param-
eters, and it can be used to perform 3D sectioning. Finally,
the computational ghost imager underscores the classical na-
ture of ghost-image formation. It derives directly from the
semiclassical treatment of pseudothermal ghost imaging,
which is known [11] to be quantitatively identical to the
quantum treatment of that imaging procedure.
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