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Homodyne detection in ghost imaging with thermal light
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Homodyne detection is a well-known technique in measuring phase-dependent properties of optical radia-
tion. We apply balanced homodyne detection to ghost imaging with thermal light, and analyze how to obtain
the amplitude and phase information about an object by optimizing the optical setups and controlling the local
oscillators. Compared with ghost imaging using direct detection, the homodyne detection scheme is very
sensitive to phase changes of optical fields so that it can be used to image a pure phase object. The analytical
results are backed up by numerical simulations based on statistical optics.
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I. INTRODUCTION

In general, optical radiation can be measured either by
direct detection, in which the distribution of the light inten-
sity falls directly on a photodetector, or by homodyne detec-
tion [1,2], in which the incident optical field is mixed with a
local oscillator (LO) of the same frequency before detection.
Compared with direct detection that only provides informa-
tion about the mean photon number (light intensity) [3], ho-
modyne detection can give access to the quadrature compo-
nents of the optical field, which has been widely used in
studies and applications of squeezed states in quantum optics
[4-7].

Ghost imaging is a novel technique that forms an object
image or its diffraction pattern (Fourier transform) by mea-
suring two correlated optical fields [8—16]. Traditionally, the
two correlated fields are measured with direct detection, and
performing the intensity correlation will generate a back-
ground term [9,10], which involves no information about the
object and usually need to be subtracted to improve the vis-
ibility of the image. In this paper, a balanced homodyne de-
tection scheme for ghost imaging with thermal light is pre-
sented in detail. By using balanced homodyne detection, the
correlation function of the optical fields becomes second or-
der instead of fourth order, and the background term encoun-
tered in direct detection schemes [9-13] can be removed.
The optical setups of the homodyne detection scheme and
the detailed analytical calculations are shown in Sec. II. The
numerical results based on statistical optics are contained in
Sec. III and the paper is summarized in Sec. IV.

II. SYSTEM SETUPS AND ANALYTICAL RESULTS

A balanced homodyne detection scheme of ghost imaging
with thermal light is depicted in Fig. 1. A 50/50 nonpolariz-
ing beam splitter (BS) divides quasimonochromatic thermal
light with a center wavelength \ into two beams propagating
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through the test arm and the reference arm, respectively. An
object is put immediately after the BS in the test arm and a
lens is located at focal distance f from the object as well as to
the detection plane P;, which constitutes a so-called f-f
setup [10]. In the reference arm, another lens of focal length
fis placed at d; from the BS and d, from the detection plane
P,. The light fields E;(X;,r) at the detection planes
Pi(i=1,2) are related to the field E(X,,?) at the plane P by
the Fresnel diffraction integral [17]

Ei('fi,t) = f dfOEO(-fO’t)hi(fi7f0)9 i= 1’2’ (1)

where h;(%;,%))(i=1,2) describe the impulse response func-
tions of the test arm and the reference arm, respectively. Two
balanced homodyne detectors instead of intensity detectors
are used to measured the optical fields at P;. As shown in
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FIG. 1. The homodyne detection scheme for ghost imaging with
thermal light, where the test arm contains a fixed f-f setup and two
pointlike detectors. The reference arm has the two alternative con-
figurations, dy=d,=f and d;=d,=2f, which can be used to recon-
struct the diffraction pattern and image of the object, respectively.
BS, 50/50 nonpolarizing beam splitter; f, focal length of the lenses;
t(x), the complex transmission function of the object.
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Fig. 1, the input field E,(x;,7) and an LO a;(X;,7) combine at
a 50/50 beam splitter to give the sum and difference fields
[E/(xX;,0)+a;(%,0)]/V2 and [E(X;,0)—a;%;,1)]/V2, respec-
tively. Then the combined fields are incident on a pair of
photodetectors and the output signal /; is determined by the
difference photocurrent between the two photodetectors,

1
I(X,1) = 5{|Ei(fi,t) +a;(%,0)* = |E(%,1) — a,(%,0) [}

= Cl;k(.fl‘, t)El(fl,t) + ai(.fi, t)Ej(fl, l), (2)

where only interference terms between the input field and the
LO field survive. In homodyne detection, the LO is at the
same center frequency as the input field so that, with quasi-
monochromatic fields, Eq. (2) no longer has any time depen-
dence,

(&) = |ai(F)E(%)e 7 %5 + E} (%) e/ 45}, (3)

where a;(x;) is treated as a classical coherent field with a
phase ¢;(%;). In Eq. (3), each of the quadrature components
of the input field can be obtained by adjusting ¢;(x;). Thus,
intensity fluctuations in homodyne detection directly mea-
sure the fluctuations in a quadrature of the input field, which
suggests that the desired quadrature components of the trans-
mitted field from the object can be reconstructed through the
correlation measurement.

Performing the correlation between the output signals of
the two homodyne detectors, /; and I,, we get

G(X1.%,) = (I, (%)) (%,))
={a) (X)) ar(H)(E (X)) E5(%,)) +c.c
+ a1 (X)) ay)(X)(E (X)) Ey (X)) + c.c}, (4)

where we have used the fact that E,(X;) and a;(X;) are statis-
tically independent of each other. Further, the term
(E,(¥))E,(x,)) in Eq. (4) approaches zero for a thermal field
obeying Gaussian statistic [18]. Substituting Eq. (1) into Eq.
(4) yields

G(f1,f2)={aT(f1)az(fz) f f dod Lo (%o, %)
X hl(fl,fo)h;(fz,fé) +ccf, (5)

where T'y(Xy, X)) =(E(%y)Ey(X;)) is the autocorrelation func-
tion of the thermal field Ey(X,) at Py.

For the specific optical paths shown in Fig. 1. The test
arm contains the f-f setup and its impulse response function
can be expressed as [17]

oIk2f k
hy f(%1,%0) = ——t(Fp)exp| - j~X - % |, (6)

’ JN f
where #(X) denotes the complex transmission function of the
object and ¢/*/ is a constant phase delay associated with the
axial propagation distance. Note that all constant phase fac-
tors have been retained in the analysis, which are crucial for

a phase-sensitive measurement.
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In the reference arm, there are two alternative configura-
tions, d;=d,=f and d;=d,=2f, which can be used to obtain
the diffraction pattern and image of the object, respectively.
When d,=d,=f, the reference arm also contains an f-f setup
and the impulse response function is

oIk2f k

hy (%5,%)) = ——exp| — j—Xo- X |. (7)
A IN f

Assuming that thermal source is fully spatially incoherent

and the intensity distribution is uniform with a constant I,

[y(%y,%;) can be represented by a delta function,

Lo (%o, %) = 1y8(%y = %) (®)
Inserting Egs. (6)—(8) into Eq. (5), after calculation, we have
GA%\. %) = 1—02|aT()2’1)a2()2’2)|
(\f)

X AT (%, - )k/fle2 42 4 e}, (9a)

A‘ﬁf(fl,fz) = ¢,(%,) - (%)), (9b)

where 7(g) is the Fourier transform of #(¥) and AppF,,%,)
accounts for the phase difference of the two LOs. To extract

the desired quadrature components of T(zj), the spatial de-
pendence of the modulus |a}(¥)a,(%,)| should be eliminated.
In fact, as long as the LOs spatial waists are large enough,
|a}(%))a,(%,)| can be approximated as constant over the
whole detection regions and will not affect the correlation
seriously [19]. According to Eq. (9a), we can obtain the
quadrature corresponding to the real part of the Fourier trans-
form of the object by setting A¢(¥;,%,)=0, as well as the
quadrature corresponding to the imaginary part by making
Ad)f('fl ,.fz) =—1a/2.

In the case of d;=d,=2f, the reference arm is an imaging
system (2f-2f setup) and the impulse response function has
the form

.. . koL L
ha o, %o) = = Y exp (J Zy@) Xy +1).  (10)
Taking Egs. (6), (8), and (10) into Eq. (5), we get
I o
G, 5) = if |a () as(By)| X {t(= 7y)e® P20 4 ¢ ¢},

(11a)

Ay (%1,%,) = () — by (%)) — 2kf — ki) 2f

— k&, - Bolf + /2. (11b)

Compared with Eq. (9b), besides a constant term 7/2, Eq.
(11b) contains three extra terms, 2kf, k)’c’%/Zf, and kx| X,/ f,
all of which arise from the asymmetry of the optical paths in
the two arms and can be eliminated by optimizing the optical
setup. First, 2kf is a constant phase introduced by the differ-
ence between the axial propagation distance of the two arms,
which can be compensated with a phase retarder. Second, the
quadratic term k)'c%/ S can be canceled by placing a thin plano-
convex lens with focal length f immediately before the de-

033827-2



HOMODYNE DETECTION IN GHOST IMAGING WITH...

2f 2f
Thermal  po P, BS 2
Light ) .
= \i = Q\ P
2f
e
2f
Bs |E2

G(x,,x,)=<L,(x))L(x,)>

FIG. 2. The homodyne detection scheme for ghost imaging with
thermal light, where bucket detectors are used in the test arm and
the two arms have the same 2f-2f setups.

tection plane P,. Finally, kx,-X,/f is equal to zero when the
pointlike detectors in the test arm are fixed at x;=0. After the
optimization, Eq. (11b) is then rewritten as

Ady%1,5,) = (%) — (X)) + /2, (12)

which only relies on the phase difference between the two
LO:s. So, it will be easy to obtain the real and imaginary parts
of the complex function #(¥) by choosing A¢, (%, ,%,) =0 and
—1r/2, respectively.

In practice, the point detectors in the test arm are difficult
to be located at x; =0 exactly, so that the term kX -X,/f in the
right of Eq. (11b) is hard to be eliminated completely. A tiny
change in the coordinate X; will lead to a tremendous error in
the phase exponential because it is multiplied by a very large
number k (in the order of 107 for the visible light). To over-
come the problem, we adopt the symmetrical 2f-2f imaging
setups in the two arms, as shown in Fig. 2. The impulse
response function of the reference arm is still given by Eq.
(10) and that of the test arm becomes

) k
Iy 2 (%), %) == ejk'4ff(fo)eXp<chf%> Xy +xy).  (13)

Meanwhile, the point detectors in the test arm have been
replaced with the bucket detectors. Applying Egs. (8), (10),
and (13) to Eq. (5) and integrating over X, gives

G(fz) = f dflG(flsfz)
= IO|aT(f2)a2()?2) |{f(— fz)ejA(Z(fz) +ccp, (14a)

Aa’(fz) = (%)) — ¢ (%), (14b)

where all phases depending upon the coordinate X; have been
cleared up and only the phase difference ¢,(xX;)— (X))
plays a key role in the reconstruction of the object image. It
is seen that the correlation measurement of {/,(x,)I,(%,)) can
provide the complete information about the object; hence,
the homodyne detection scheme can be used to image a pure
phase object directly.
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III. NUMERICAL RESULTS

The performance of the homodyne detection scheme was
checked through numerical simulations of the model de-
scribed in detail in Ref. [16], which includes the dynamic
process of thermal variation, the propagation of optical
fields, and the retrieval of images. For most radiation fields
without involving nonclassical features of light, such as pho-
ton antibunching and squeezed state, statistical properties of
the fields can be equally described in classical and quantum
theories [20]. There exists a correspondence between the two
descriptions if the phase-space representation is employed
[21]. Thus, the numerical model based on statistical optics
[16] is applicable to the description of a classical thermal
source.

In the simulations, the incident thermal field is a circular
complex Gaussian random process [17]. A Gaussian laser
beam with a waist wy=800 wm has been used as the LOs,
which have the same center wavelength (A=0.532 um) with
the incident field. The focal length of the lenses in the two
arms is set as f=100 mm.

First of all, we considered the case of the same f-f setups
used in the two arms, as shown in Fig. 1. A double slit (slit
width =100 um and center-to-center separation d
=400 wm) was chosen as the object, whose two-
dimensional transmission function corresponds to

d—a
2

0, otherwise,

a+d
2

a+d
2 b

=[x—x|= y=yol =

)

t(x,y) =

(15)

where x, and y, stand for the central coordinates of the
double slit. Its analytical Fourier transform is given by

T(q_x,qy) o e7/4x%0 cos(q,d/2)sinc(q,al2)
X e 4o sinc[g,(a + d)/2], (16)

where sinc(€)=sin(§)/§, and ¢, and g, represent spatial fre-
quencies kx,/f and ky,/f, respectively.

To observe the imaginary part of the object Fourier trans-
form obviously, the center coordinates were set as xg
=250 pum and yy=250 wm. After averaging over 10 000
samples in the simulation, the normalized real and imaginary
parts of the object Fourier transform are shown in Figs. 3(a)
and 3(b). The circles in the Figs. 3(c) and 3(d) represent the
profiles of Figs. 3(a) and 3(b) along the x direction, respec-
tively; they are in good agreement with the analytical results
T(¢..q,=0) [solid lines, Eq. (16)]. Furthermore, by making
the inverse Fourier transform of the correlation results in
Figs. 3(a) and 3(b), the transmission function of the object
can be reconstructed with high quality, as shown in Figs. 3(e)
and 3(f). The real part (e) represents the transmission of the
object, and the imaginary part (f) is roughly zero, which
indicates the object does not alter the phase of the transmit-
ted field.

Second, in the case of the same 2f-2f setups used in the
two arms, as shown in Fig. 2, we selected a pure phase
object, defined as
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FIG. 3. (Color online) The reconstruction of the object Fourier
transform using the same f-f setups in the two arms. (a) and (b) are
the normalized real and imaginary parts of the object Fourier trans-
form, respectively, averaged over 10* samples. Circles in (c) and (d)
are the profiles of figures (a) and (b) alone the x direction, and solid
lines correspond to the analytical results T(qx,quo) from Eq. (16).
(e) and (f) display the real and imaginary parts of the inverse Fou-
rier transform of the correlation results in (a) and (b), respectively.

e =en] 2c-)|
{2777( _ ‘2—*)] +) sin{%w(x‘g)]’

0=y=b, (17)

= COS

where a=600 um and »=200 um are the dimensions of the
object in the x and y directions, respectively. By adjusting
A¢(%,)=0 and —7/2 in the simulation, the normalized real
part [Fig. 4(a)] and imaginary part [Fig. 4(b)] of the trans-
mission function of the pure phase object were reconstructed,
respectively. In terms of the acquired data in Figs. 4(a) and
4(b), we retrieved the complete amplitude [Fig. 4(c)] and
phase [Fig. 4(d)] of the object transmission function.

At last, we turned to the case of the f-f setup in the test
arm and the 2f-2f setup in the reference arm, as shown in
Fig. 1. Apart from the difficulty in experimental implemen-
tation, we find that compared to using direct detection, using
balanced homodyne detection in this case has greatly
improved the convergence rate of the reconstruction of
the object image. The qualitative difference of the images
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FIG. 4. (Color online) The reconstruction of the pure phase
object using the same 2f-2f setups in the two arms. (a) and (b)
display the normalized real and imaginary parts of the object trans-
mittance, respectively; (c) and (d) are the retrieved amplitude and
phase of the object transmittance, respectively. 10* samples were
used.

reconstructed in the two detection schemes is shown in
Fig. 5.

IV. CONCLUSION

We have demonstrated that balanced homodyne detection
can be used to retrieve the full amplitude and phase informa-
tion of the object image (or diffraction pattern) in ghost im-
aging with thermal light. A similar homodyne detection
scheme based on an entangled source produced by paramet-
ric down-conversion (PDC) has been reported in Ref. [19].
For the thermal source, (E;(X,)E,(X,)) in Eq. (4) is a zero-
valued term and (E,(X)E5(%,)) governs the properties of the
correlation function; however, for the PDC source, the result
is on the contrary [14]. This difference leads to the conclu-
sion that the homodyne technique with thermal light requires

(@)

FIG. 5. The qualitative comparison of the object image using the
f-f setup in the test arm and the 2f-2f setup in the reference arm.
(a) corresponds to the case using direct intensity detection and (b) is
the case using balanced homodyne detection. The sample numbers
used in simulations are shown at the top of the images.
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a fixed phase difference between the LOs, while that with the
PDC source demands “a fixed reference phase” [19]. The
other requirement of homodyne detection is that the LO
fields should have the same center frequency as the incident
thermal field. In most practical applications, a quasimono-
chromatic thermal field can be easily generated, for example,
by illuminating a laser on a slowly rotating ground glass.
Thus, it is very convenient to obtain the LOs by taking out
some power of the laser before the glass.

It is worthwhile to note that some phase exponentials in-
troduced by light propagation should be treated carefully as
homodyne detection is applied to ghost imaging with thermal
light. The asymmetry between the two arms usually gives
rise to some nuisance phase terms, such as k)?%/ f and

PHYSICAL REVIEW A 80, 033827 (2009)

kx,-X,/f in Eq. (11b), which are useless for the reconstruc-
tion of the object image. To avoid the phase terms, the sym-
metrical optical configurations (i.e., both the f-f setups or the
2f-2f setups) can be used in the test arm and the reference
arm.
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