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We advance a protocol to measure the complex spatial degree of coherence of a partially coherent light
field obeying Gaussian statistics through a generalized Hanbury Brown–Twiss (HBT) experiment. The
proposed generalized HBT experiment amounts to combining a partially coherent field with a pair of
coherent reference fields and measuring the intensity-intensity cross-correlation of the cumulative field.
The real or imaginary part of the complex spatial degree of coherence can be extracted directly from the
intensity-intensity cross-correlation by adjusting the phase delay between the two reference fields to be 0 or
π/2. We test our method by carrying out a proof-of-principle experiment to measure the complex spatial
degree of coherence of inhomogeneous light fields obeying Gaussian statistics. We find excellent agree-
ment between the experimental results and our general theory. We show that our approach is extremely
robust against the environmental fluctuations (e.g., the atmospheric turbulence) during the measurement.
We demonstrate experimentally that a moving target hiding behind a ground-glass disk can be tracked
with the aid of our complex-spatial-coherence measurement protocol.
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I. INTRODUCTION

Coherence, as a fundamental resource in all areas of
optical physics, from classical to quantum, plays a vital
role in understanding interference, propagation, scattering,
light-matter interactions, and other fundamental character-
istics of both classical and quantum wave fields [1,2]. The
magnitude of the second-order spatial degree of coher-
ence of an optical field at a pair of points characterizes
the strength of field correlations at the points. At the same
time, the position-dependent phase of the degree of spa-
tial coherence of a statistical source has been shown to be
instrumental for generating partially coherent beams with
adjustable far-zone angular distributions [3–5], propaga-
tion trajectories [6,7], and polarization patterns [7] in free
space and linear media [8–10], as well as for engineering
structured random solitons in noninstantaneous nonlinear
media [11,12].
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Thus, coherence measurements, especially those of
the complex second-order spatial degree of coherence
containing information about the second-order correla-
tions among two or more spatial points within the sta-
tistical field, are significant from both the fundamen-
tal and applied perspectives. For instance, complex-
spatial-coherence measurements play a crucial role in
crystallography [13–15], quantitative phase imaging of
biological tissues [16], the tracking of moving objects
hidden from a scattering medium [17,18], and incoherent
source reconstruction [19,20].

Various techniques have been proposed to measure the
complex spatial coherence of statistical fields. The clas-
sical Young’s interference experiment, among others, is
the most common approach to measuring (two-point) com-
plex spatial coherence. The amplitude and phase of the
complex degree of coherence can be evaluated, respec-
tively, from the visibility and the displacement of the
interference fringes [1,14]. However, the methods based
on Young’s two-pinhole interferometry have several limi-
tations. For example, the tiny size of the pinhole opening,
necessary to maintain the spatial resolution of the complex
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spatial degree of coherence [21], limits the light effi-
ciency of the system; while acquiring the large sets of
pinhole-separation data required for the full-field complex-
coherence reconstruction [22], on the other hand, dramati-
cally increases the measurement time. To overcome these
limitations, other techniques have been developed, includ-
ing wave-front-folding interferometry [23–27], coherence
holography [28–32], and aperture (or obstacle) diffraction
[33–35].

On the other hand, the classic Hanbury Brown–Twiss
(HBT) experiment, involving higher-order correlation
measurements (e.g., the intensity correlation) within the
stochastic fields or among an ensemble of particles, has
triggered the development of modern quantum optics,
atomic physics, and astronomy [1]. According to the
Siegert relation [1,36], an arbitrary high-order correla-
tion among optical fields obeying Gaussian statistics can
be expressed in terms of the second-order field correla-
tions. However, only the modulus of the complex degree
of coherence can be directly recovered by detecting the
fluctuating intensity correlations [1,37–39]. Recently, it
has been demonstrated that the real part of the complex
degree of coherence of a statistical source can be experi-
mentally reconstructed by performing a conventional HBT
experiment with a strong coherent local oscillator [40].
However, the experimental protocol developed in Ref. [40]
makes it possible to determine only the real part and the
magnitude of the imaginary part of the complex degree
of spatial coherence of a random source, thereby leaving
the sign of the imaginary part and therefore the phase of
the complex degree of spatial coherence indeterminate.
Although the missing phase information can, in princi-
ple, be obtained by iterative phase-retrieval algorithms
[15] or by a Hilbert-transform technique [36], these algo-
rithms are prohibitively time-consuming in most situations
of practical interest.

In this work, we propose a class of generalized HBT-
type experiments without any iterative phase-retrieval
algorithm to measure the complex spatial degree of coher-
ence of optical fields obeying Gaussian statistics by intro-
ducing a pair of fully coherent reference fields. The
real and imaginary parts—and hence the amplitude and
phase—of the complex degree of coherence can be inferred
from the intensity cross-correlation of the fluctuating opti-
cal fields. The power of the advanced method is demon-
strated by carrying out proof-of-principle measurements
of the complex spatial degree of coherence of an inhomo-
geneous partially coherent beamlike optical field [41–44].
We stress here that our protocol enables us to fully charac-
terize complex two-dimensional light fields as well as their
complex-valued spatial degrees of coherence, as opposed
to the classic HBT-type experiments capable of recovering
only either the modulus or the real part of the com-
plex degree of coherence [37–40]. Further, our protocol is
extremely robust to the environmental fluctuations, such as

the atmospheric turbulence, during the measurement. This
robustness feature does not exist in other types of interfer-
ometry, such as the Young’s and wave-front-folding meth-
ods, due to the inherent sensitivity of the cross-spectral
density phase to the environmental fluctuations [45–47].
Finally, we demonstrate experimentally that the proposed
complex-coherence measurement protocol can be used to
track a moving target.

This work is organized as follows. In Sec. II, we present
our general protocol. In Sec. III, we present our experimen-
tal results to demonstrate the complex degree of coherence
recovery of a partially coherent beam that we generate in
the laboratory. Next, we show the robustness of our pro-
tocol to the environmental fluctuations, modeled through
air-temperature fluctuations, in Sec. IV and we demon-
strate the application of our protocol to moving target
tracking in Sec. V. We summarize our findings in Sec. VI.

II. THEORY

Consider a scalar statistically stationary partially coher-
ent source that propagates closely along the z axis.
The second-order statistical (coherence) properties of the
source field can be characterized, in the space-frequency
domain, by an electric cross-spectral density function,
namely [1]

W(r1, r2) = 〈E∗(r1)E(r2)〉, (1)

where E(r) is a field realization at a point r and at (angu-
lar) frequency ω, whereas the asterisk and angle brack-
ets denote complex conjugation and ensemble averaging,
respectively. Hereafter, we omit the frequency ω to stream-
line the notation. The spatial degree of coherence of the
partially coherent field is defined as [1]

μ(r1, r2) = W(r1, r2)√
S(r1)S(r2)

, (2)

where S(r) = W(r, r) = 〈I(r)〉 is an ensemble average
of the field intensity. Here, I(r) = |E(r)|2 represents the
intensity of a field realization. The spatial degree of coher-
ence μ(r1, r2) is a complex-valued quantity and its ampli-
tude 0 ≤ |μ(r1, r2)| ≤ 1, with the upper and lower limits
corresponding to full coherence and complete lack of
coherence, respectively, whereas the intermediate values
represent partial coherence. According to the Siegert rela-
tion [1], |μ(r1, r2)|, of a partially coherent field obeying
Gaussian statistics, can be deduced from the field intensity-
intensity autocorrelation G(r1, r2) = 〈I(r1)I(r2)〉, i.e.,

|μ(r1, r2)| =
√

G(r1, r2)/[S(r1)S(r2)] − 1. (3)

However, one can see that all phase information is lost in
a conventional HBT experiment.
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Let us now consider a generalized HBT-type exper-
iment. To this end, we introduce a couple of indepen-
dent coherent reference fields, E(1)

r (r) and E(2)
r (r). The

combinations of the measured and reference fields read

E(1)

S (r) = E(r) + E(1)
r (r), (4)

E(2)

S (r) = E(r) + E(2)
r (r), (5)

where E(1)

S (r) and E(2)

S (r) denote the two composite field
realizations.

In contrast to the intensity-intensity autocorrelation in
the conventional HBT experiment, we seek the cross-
correlation of the two composite field intensities, defined
as

G(1,2)

S (r1, r2) = 〈I (1)

S (r1)I
(2)

S (r2)〉, (6)

where I (1)

S (r) and I (2)

S (r) are the random intensities of the
first and the second composite fields, respectively. For a
statistical field obeying Gaussian statistics, the intensity-
intensity cross-correlation function G(1,2)

S (r1, r2) can be
expressed as (see the Appendix for the derivation)

G(1,2)

S (r1, r2) = G(1,2)

S (r1, r2, �φ),

= S(1)

S (r1)S
(2)

S (r2) + |W(r1, r2)|2

+ 2
√

S(1)
r (r1)S

(2)
r (r2)Re[ei�φW(r1, r2)].

(7)

Here, �φ denotes the phase difference between two ref-
erence fields, i.e., �φ = Arg[E(1)

r (r1)] − Arg[E(2)
r (r2)],

where Arg denotes the phase of a complex func-
tion. Further, we introduce an explicit dependence
on �φ, G(1,2)

S (r1, r2, �φ); S(υ)

S (r) = S(υ)
r (r) + S(r), υ ∈

{1, 2}, S(υ)
r (r) being the intensity of the υth reference field

and Re denoting the real part of a complex function.
It follows at once from Eq. (7) that, in general, both

the real and the imaginary parts of the cross-spectral den-
sity W(r1, r2) and, by implication, of the complex spatial
degree of coherence, enter the expression for the intensity-
intensity cross-correlation function. The real and imagi-
nary parts of the complex degree of coherence can then be
deduced by varying the phase difference �φ. We further
note that an additional (and non-negligible) background
contribution, S(1)

S (r1)S
(2)

S (r2) + |W(r1, r2)|2, is present as
well. The background can be removed by figuring out the
following background intensity-intensity cross-correction

G(1,2)
B (r1, r2) = 〈[S(1)

r (r1) + I(r1)][S(2)
r (r2) + I(r2)]〉.

(8)

Next, applying the moment theorem for a Gaussian random
process [1,36], we obtain

G(1,2)
B (r1, r2) = S(1)

S (r1)S
(2)

S (r2) + |W(r1, r2)|2. (9)

It then follows from Eqs. (7) and (9) that

�G(1,2)(r1, r2, �φ) = G(1,2)

S (r1, r2, �φ) − G(1,2)
B (r1, r2)

= 2
√

S(1)
r (r1)S

(2)
r (r2)Re[ei�φW(r1, r2)].

(10)

By setting �φ in Eq. (10) to be 0 and π/2, respectively,
and rearranging the formulas, we finally arrive at

Re[μ(r1, r2)] = �G(1,2)(r1, r2, �φ = 0)

2
√

S(1)
r (r1)S

(2)
r (r2)S(r1)S(r2)

, (11)

Im[μ(r1, r2)] = �G(1,2)(r1, r2, �φ = π
2 )

2
√

S(1)
r (r1)S

(2)
r (r2)S(r1)S(r2)

, (12)

where Im denotes the imaginary part of a complex func-
tion.

Equations (11) and (12) clearly imply that when we
introduce a pair of coherent reference fields with phase
difference �φ = 0 or π/2 into a HBT-type experiment,
the complex (real and imaginary parts of) spatial degree of
coherence of a partially coherent light field can be recov-
ered from the intensity-intensity cross-correlation of the
superposed statistical fields. This is the key result of this
paper.

We note that the spatial resolution of the measured spa-
tial degree of coherence is merely determined by the field-
intensity detector. For example, by using a commercial
charge-coupled device (CCD) for detecting the intensities,
we can resolve spatial-coherence features with a spatial
resolution of approximately 4 μm. In addition, unlike
Young’s two-pinhole experiment [21], our approach does
not need any diffracting apertures or obstacles, thereby
avoiding any light-efficiency loss in the system. For statis-
tically stationary fields, the ensemble average is equivalent
to the time average [2,36]. Thus, the fast response rate of a
CCD ensures the fast measurement of the complex degree
of coherence. Furthermore, in some cases, such as for the
partially coherent light fields generated by the Fourier or
Fresnel transformation optical systems, the ensemble aver-
age can be replaced with the spatial average of a speckle
field [32], implying that in such cases, the spatial degree of
coherence can be recovered virtually in real time.

III. EXPERIMENT

We now carry out a proof-of-principle experiment to
measure the complex spatial coherence of a scalar par-
tially coherent light beam [42–44]. In our experiment, the
orthogonal components of a right-handed circularly polar-
ized beam are used as a pair of coherent reference fields
with a stable π/2 phase difference. A combined field of

044042-3



ZHAOFENG HUANG et al. PHYS. REV. APPLIED 13, 044042 (2020)

the π/4-linearly polarized partially coherent beam and a
right-handed circularly polarized beam can be written as

ES(r) = E(x)
S êx + E(y)

S êy

= [E(r) + ERCP
x (r)]êx + [E(r) + ERCP

y (r)]êy , (13)

where E(r) is a field realization of the partially coherent
beam and ERCP

x (r) and ERCP
y (r) are the x and y compo-

nents of the right-handed circularly polarized reference
beam, respectively, whereas êx and êy are the Cartesian unit
vectors in the x and y directions. Here, Arg[ERCP

x (r)] −
Arg[ERCP

y (r)] = π/2. Thus, by simultaneously measuring
the random intensities of the x and y components of the
combined field with two CCDs, we can recover the real
and imaginary parts of the complex degree of coherence of
the partially coherent beam following our protocol.

Figure 1 shows our experimental setup. An x-polarized
beam, created by transmitting a He-Ne laser of wavelength
633 nm through a linear polarizer (LP), is split by a beam
splitter (BS) into two beams that go into the top and bottom
arms shown in Fig. 1, respectively. The purpose of the bot-
tom arm is to generate a partially coherent light beam with
prescribed coherence properties, while the top arm is used
to create a coherent circularly polarized reference beam. In
the bottom arm, a linearly polarized beam, having passed
through a neutral-density filter (NDF) and been expanded
by a beam expander (BE) to generate a collimated out-
put, is impinged onto a spatial light modulator (SLM) for
generating a coherent light beam with an adjustable inten-
sity profile [say, p(v), where v denotes a radius vector in
the SLM plane]. The SLM-shaped coherent beam is then

projected onto a rotating ground-glass disk (RGGD) by a
2f imaging system formed by a thin lens L1 of focal dis-
tance f1 = 150 mm, producing a spatially incoherent beam
of intensity p(v) with its cross-spectral density given by
the expression

W(v1, v2) = p(v1)δ(v1 − v2). (14)

Here, δ(v1 − v2) is a Dirac delta function. We stress that
the beam transmitted by a RGGD can be regarded as an
incoherent secondary source if the beam spot size on the
RGGD is much larger than a characteristic inhomogeneity
scale of the RGGD [36]—a condition that is well satisfied
in our experiment. As the emerging incoherent secondary
source has been shaped by a Fourier-transforming system,
a thin lens L2 of focal length f2 = 250 mm, the spatial
degree of coherence of the resulting Fourier-transformed
beam can be expressed as [41]

μ(r1, r2) = 1
λ2f 2

2

∫
d2vp(v) exp

[
i2π

λf2
(r1 − r2) · v

]
,

(15)

where λ is the wavelength of light. We note that the par-
tially coherent beam generated in this manner is of a
Schell-model type, with a statistically homogeneous spa-
tial degree of coherence μ(r1, r2) = μ(r1 − r2). Further,
the generated partially coherent beam obeys Gaussian
statistics, since it is generated by an incoherent source from
a RGGD [36]. We note that since the partially coherent
beam in our case is generated by a Fourier-transforming
optical system, the ensemble average in the data processing

SLM
RGGD

1

FIG. 1. The schematic of the experimental setup for the complex-spatial-coherence measurement of a partially coherent beam with
the inhomogeneous coherence feature.The purple arrows denote the polarization direction of the light beam.
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can be replaced with the spatial average [32]. The gener-
ated scalar partially coherent beam then passes through a
half-wave plate (HWP), with its fast axis making an angle
π/8 with respect to the x-polarization direction, to yield
a partially coherent beam that is linearly polarized at the
angle π/4 to the x-polarization direction.

In the top reference arm of Fig. 1, the linearly polar-
ized beam is transmitted through the NDF, the HWP, and
a quarter-wave plate (QWP). The fast axis of the HWP is
set to be π/8 with respect to the x-polarization direction,
while the fast axis of the QWP is set to be parallel to the x-
polarization direction. Therefore, a right-handed circularly
polarized beam is generated immediately after the QWP.
The circularly polarized reference beam is then expanded
by the beam expander, producing a beam of virtually uni-
form intensity. Due to the π/2 phase difference between
the two orthogonal components of the circularly polarized
beam, its x and y components can be viewed as a pair of
reference fields required for our protocol. We display the
experimentally measured intensity distributions of the x
and y components SRCP

x (r) and SRCP
y (r) of the reference

field in Figs. 2(a) and 2(b), respectively.
Next, we combine the circularly polarized reference

field and the generated π/4-linearly polarized partially
coherent beam at the BS. The x- and y-component fields
of the composite field are then split by a polarization beam
splitter (PBS) and imaged, respectively, onto CCD1 and
CCD2 by a 2f imaging system formed by a couple of thin
lenses L3 of focal distance f3 = 250 mm. A direct-digital-
synthesis (DDS) signal generator is used as an external
trigger for controlling the two CCDs, to simultaneously

(a) (b) (c)

(d) (e) (f)

FIG. 2. The experimental results for the intensity distributions:
(a) SRCP

x (r), the x component of the circularly polarized reference
field; (b) SRCP

y (r), the y component of the circularly polarized
reference field; (c) p(v), the controlled-shape beam projected
onto the RGGD; (d) I(r), the generated partially coherent beam;
(e) I (1)

S (r); and (f) I (2)

S (r), two composite statistical fields. The
scale bars in (a), (b), (d), (e), and (f) are 1.32 mm, while the scale
bar in (c) is 2.25 mm.

capture the intensities of the x- and y-component fields of
the composite random field, I (1)

S (r) and I (2)

S (r).
In our experiment, an off-axis circular ring is loaded

onto the intensity-modulating SLM. We show the inten-
sity distribution p(v) of the circular ring, illuminating the
RGGD, in Fig. 2(c). The internal and external diameters of
the circular ring are 2.40 mm and 3.43 mm, respectively.
The displacement of the ring center is |v0| = 0.97 mm with
respect to the optical axis. Such a spatial displacement of
p(v) in Eq. (15) will lead to a phase shift in the degree
of coherence μ(r1, r2) [6,7], ensuring the nonzero imag-
inary part of μ(r1, r2). Once the distribution of p(v) is
known, we can calculate μ(r1, r2) by using Eq. (15), where
μ(r1, r2) and p(v) form a Fourier-transformation pair. The
top panels of Fig. 3 illustrate the numerical calculations
of the real μ′(�r) and imaginary μ′′(�r) parts and the
square modulus |μ(�r)|2 of the spatial complex degree of
coherence of the generated partially coherent beam, where
prime and double prime denote the real and imaginary
parts, respectively, and �r = r1 − r2. We compare these
theoretical results with the experimental results later.

To measure μ(r1, r2) experimentally, we further need
to know the intensity distributions I(r) of the partially
coherent field and I (1)

S (r), as well as I (2)

S (r), of the two

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 3. (a)–(c) Simulation and (d)–(f) experimental results for
the real μ′(�r) and imaginary μ′′(�r) parts and the square mod-
ulus |μ(�r)|2 of the complex spatial degree of coherence of
the generated partially coherent light beam. (g)–(i) The cross
line (�y = 0) of the simulation (blue solid curves) and the
experimental results (red triangles).
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composite statistical fields. We exhibit the experimental
results for the intensity distributions in Figs. 2(d)–2(f).
The intensity-intensity correlation in Eq. (10) can thus be
obtained as

G(1,2)

S (r1, r2, �φ = 0) = 〈I (1)

S (r1)I
(1)

S (r2)〉s, (16)

G(1,2)

S (r1, r2, �φ = π

2
) = 〈I (1)

S (r1)I
(2)

S (r2)〉s, (17)

G(1,2)
B (r1, r2) = 〈[SRCP

x (r1) + I(r1)]

× [SRCP
y (r2) + I(r2)]〉s, (18)

where 〈·〉s denotes spatial averaging. Here, G(1,2)

S (r1, r2,
�φ = 0) can also be obtained by 〈I (2)

S (r1)I
(2)

S (r2)〉s. We
further substitute for the intensity-intensity correlation
functions from Eqs. (16)–(18) into Eqs. (10)–(12) to
recover the real and imaginary parts of the complex spa-
tial degree of coherence. In the middle panel row of Fig. 3,
we show the experimental results for the real and imag-
inary parts of μ(�r) of the generated partially coherent

beam. The square modulus of the spatial degree of coher-
ence follows from |μ′(�r)|2 + |μ′′(�r)|2. In the bottom
panel row of Fig. 3, we show the cross line (�y = 0) of
the simulation and the experimental results for the degree
of coherence. Comparing our experimental and theoretical
results, we find that our experimental results are very con-
sistent with the advanced theory. In our experiment, the
spatial resolution of the measured degree of coherence is
solely determined by the spatial resolution of the CCD,
which is 4.4 μm × 4.4 μm, implying the same spatial
resolution for the complex degree of coherence.

IV. ROBUSTNESS OF THE MEASUREMENT

Next, we examine the robustness of our protocol by
introducing environmental fluctuations during the mea-
surement. To this end, we let the composite statistical
field, consisting of the partially coherent source and the
reference light, pass through a thermally induced turbu-
lence, generated by a hot graphitic plate with a control-
lable temperature-T distribution. The turbulence strength
increases with the plate temperature T [48]. To show the

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 4. The robustness of the complex degree of coherence measurement in the face of thermally induced turbulence modeling of
the atmospheric turbulence. (a),(e) Simulation results for the real μ′(�r) and imaginary μ′′(�r) parts of the complex spatial degree of
coherence of the generated partially coherent light. Experimental results for μ′(�r) and μ′′(�r) measured [(b),(f)] without turbulence
and [(c),(g); (d),(h)] in the presence of thermally induced turbulence, with the temperature T of the hot graphitic plate being 100 ◦C
and 200 ◦C, respectively.
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(a) (b) (c)

FIG. 5. The experimental results for the Young’s interference
pattern (one realization) with the generated partially coherent
source at the focal plane: (a) no turbulence present; (b),(c) tur-
bulence induced by the hot graphitic plate of temperature T =
100 ◦C and 200 ◦C, respectively. The focal distance of the focal
lens is 150 mm. The scale bars in (a)–(c) are 40 μm.

versatility of our experiment, we replace the circular ring
loaded by the SLM of Fig. 1 with three opening circular
pinholes of diameter 1.5 mm each. Connecting the centers

of the three pinholes, one can form an equilateral triangle
of the side 5.6 mm. The displacement position of the tri-
angle center with respect to the optical axis is given by
the radius vector v0 = (0, −1) mm. In Figs. 4(a) and 4(e),
we display the simulation results for the real and imaginary
parts of the complex spatial degree of coherence of the par-
tially coherent source with the given distribution of p(v).
In Figs. 4(b) and 4(f), we show the panels corresponding to
the experimental results obtained without turbulence. The
experimental results, shown in Figs. 4(b) and 4(f), are con-
sistent with the simulations. When we heat the graphitic
plate, the air density in the measurement path varies
rapidly, thereby causing variations in the index of refrac-
tion (thermally induced turbulence). Under such induced
turbulence, the optical field fluctuates at random and the
field-intensity distribution is distorted. For example, see
Fig. 5, where we display a (focused) interference pattern,
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

FIG. 6. Tracking a moving object (a moving letter “G”) hiding behind the RGGD in the experimental setup of Fig. 1. (a)–(h) The
measured complex (real and imaginary parts) of the spatial degree of coherence of the random light associated with the moving object
at different transverse positions. (i)–(l) The corresponding recovered-object images from the measured complex degrees of coherence.
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generated by a partially coherent source, which is trans-
mitted through a Young’s two-pinhole interferometer and
the thermally induced turbulence of a controlled tempera-
ture distribution. We can see in the figure that whenever the
turbulence is present, the fringes are distorted, reducing the
interference-fringe visibility and implying that the source
spatial degree of coherence can never be recovered. At
the same time, the (complex) spatial degree of coherence
in the presence of turbulence, measured by our protocol,
is effectively free from turbulence-induced degradation,
as is evidenced in Figs. 4(c), 4(g), 4(d), and 4(h). These
results indicate the extreme robustness of our measure-
ment against environmental fluctuations. We further stress
that although we only consider the quasimonochromatic
case, our protocol can show the dispersion-cancelation
effect for polychromatic situations [49–51]. As a result, our
approach can be useful for imaging and position tracking
of moving targets through complex random media.

V. APPLICATION TO MOVING TARGET
TRACKING

We now show that our complex-spatial-coherence mea-
surement protocol is capable of tracking both the position
and shape of a moving object hidden behind the ground-
glass disk. The main principle is encapsulated in Eq. (15),
revealing that the spatial degree of coherence μ(r1, r2) and
the intensity profile p(v) of the object behind the ground-
glass disk form a Fourier-transformation pair. Thus, once
the complex spatial degree of coherence μ(r1, r2) is deter-
mined following our protocol, the intensity profile of
the moving object, including its position and shape, can
be recovered. We demonstrate this application using our
experimental setup shown in Fig. 1. The moving object,
located behind the RGGD and generated by the SLM, is a
letter “G” moving along a straight line. The first two top
panels of Fig. 6 display the experimental results of the real
and imaginary parts of the complex spatial degree of coher-
ence of the random fields associated with the moving letter
“G” at several positions in a transverse plane. The bot-
tom panel of Fig. 6 shows the corresponding object images
of the letter “G” at different positions recovered from the
measured complex spatial coherence. The experiment con-
firms that both the shape and position of the object image
hiding behind the ground-glass disk can be tracked well via
the proposed protocol. In addition, we carry out the track-
ing application in the presence of laboratory-generated
thermal turbulence, as shown in Sec. IV. The experiment
(not shown here) reveals that the recovered object image is
effectively free of the turbulence fluctuations.

VI. CONCLUSIONS

We demonstrate both theoretically and experimentally
that the complex spatial degree of coherence of a partially
coherent light field obeying Gaussian statistics can be

efficiently measured by introducing a pair of reference
coherent fields within the framework of a classic HBT type
experiment. Our results show that the proposed spatial-
coherence measurement protocol based on the intensity-
intensity cross-correlation is extremely robust against envi-
ronmental fluctuations during the measurement. As most
natural sources obey Gaussian statistics, our protocol is
pertinent to a wide class of light sources, encountered in
nature or simulated in the laboratory. We further demon-
strate experimentally that the measured complex (ampli-
tude and phase) information of the spatial degree of coher-
ence, which can never be detected by the conventional
HBT experiment, can find applications in the tracking of
a moving target concealed within a scattering medium.
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APPENDIX: DERIVATION OF EQ. (7)

To derive the intensity-intensity cross-correlation func-
tion G(1,2)

S (r1, r2) of the two composite field intensities, we
first write out the intensities in an explicit form as

I (1)

S (r) = S(1)
r (r) + I(r) + E(1)∗

r (r)E(r) + E(1)
r (r)E∗(r),

(A1)

I (2)

S (r) = S(2)
r (r) + I(r) + E(2)∗

r (r)E(r) + E(2)
r (r)E∗(r).

(A2)

Substituting from Eqs. (A1) and (A2) into Eq. (6), we
obtain that G(1,2)

S (r1, r2) can be expressed as a sum of 16
terms, as follows:

G(1,2)

S,1 (r1, r2) = S(1)
r (r1)S(2)

r (r2), (A3)

G(1,2)

S,2 (r1, r2) = S(1)
r (r1)〈I(r2)〉, (A4)

G(1,2)

S,3 (r1, r2) = S(1)
r (r1)E(2)∗

r (r2)〈E(r2)〉, (A5)
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G(1,2)

S,4 (r1, r2) = S(1)
r (r1)E(2)

r (r2)〈E∗(r2)〉, (A6)

G(1,2)

S,5 (r1, r2) = 〈I(r1)〉S(2)
r (r2), (A7)

G(1,2)

S,6 (r1, r2) = 〈I(r1)I(r2)〉, (A8)

G(1,2)

S,7 (r1, r2) = 〈I(r1)E(r2)〉E(2)∗
r (r2), (A9)

G(1,2)

S,8 (r1, r2) = 〈I(r1)E∗(r2)〉E(2)
r (r2), (A10)

G(1,2)

S,9 (r1, r2) = E(1)∗
r (r1)〈E(r1)〉S(2)

r (r2), (A11)

G(1,2)

S,10 (r1, r2) = E(1)∗
r (r1)〈E(r1)I(r2)〉, (A12)

G(1,2)

S,11 (r1, r2) = E(1)∗
r (r1)〈E(r1)E(r2)〉E(2)∗

r (r2), (A13)

G(1,2)

S,12 (r1, r2) = E(1)∗
r (r1)〈E(r1)E∗(r2)〉E(2)

r (r2), (A14)

G(1,2)

S,13 (r1, r2) = E(1)
r (r1)〈E∗(r1)〉S(2)

r (r2), (A15)

G(1,2)

S,14 (r1, r2) = E(1)
r (r1)〈E∗(r1)I(r2)〉, (A16)

G(1,2)

S,15 (r1, r2) = E(1)
r (r1)〈E∗(r1)E(r2)〉E(2)∗

r (r2), (A17)

G(1,2)

S,16 (r1, r2) = E(1)
r (r1)〈E∗(r1)E∗(r2)〉E(2)

r (r2). (A18)

It follows from the moment theorem for a Gaussian ran-
dom process that ten of the above 16 terms vanish,
i.e., G(1,2)

S,3 (r1, r2), G(1,2)

S,4 (r1, r2), G(1,2)

S,7 (r1, r2), G(1,2)

S,8 (r1, r2),
G(1,2)

S,9 (r1, r2), G(1,2)

S,10 (r1, r2), G(1,2)

S,11 (r1, r2), G(1,2)

S,13 (r1, r2),
G(1,2)

S,14 (r1, r2), and G(1,2)

S,16 (r1, r2) = 0. In addition, we have
the following:

〈I(r)〉 = S(r), (A19)

〈I(r1)I(r2)〉 = S(r1)S(r2) + |W(r1, r2)|2, (A20)

〈E(r1)E∗(r2)〉 = W(r1, r2), (A21)

〈E∗(r1)E(r2)〉 = W∗(r1, r2), (A22)

E(1)∗
r (r1)E(2)

r (r2) =
√

I (1)
r (r1)I

(2)
r (r2)e−i�φ , (A23)

E(1)
r (r1)E(2)∗

r (r2) =
√

I (1)
r (r1)I

(2)
r (r2)ei�φ . (A24)

Thus, Eqs. (A3)–(A24) yield the result for G(1,2)

S (r1, r2) in
Eq. (7) of the main text.
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