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Synthetic aperture imaging ladar (SAIL) technique belongs fully coherent processing in both the time
domain and space domain and has a rather high implement difficulty. To solve this problem, the concept
of circular incoherently SAIL is introduced. A speckle version image of a two-dimensional (2D) letter ’E’
target is reconstructed from E-field projection data detected by a circular incoherently SAIL system. The
experimental system is constructed by three subsystems using chirped-pulse laser as the light source and
heterodyne detection to get the range information of the target. The reconstruction of the image and the
noise effect are also discussed in detail.
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The technique of high resolution imaging from a long dis-
tance has been pursued by researchers for many years,
and many different imaging methods have been devel-
oped, in which the most promising method is the syn-
thetic aperture imaging ladar (SAIL) technique[1]. SAIL
technique integrates reflective information of the target
from different angles in coherent ways and can provide
the centimeter-class resolution with an aperture size no
larger than a few meters on an observation range of thou-
sand kilometers or more. But the SAIL technique be-
longs fully coherent processing in both the time domain
and space domain, and has a rather high implement dif-
ficulty. To solve this problem, the concept of circular
incoherently SAIL technique is introduced in this letter.

The circular operating mode is one of the spotlight-
modes in synthetic aperture radar (SAR), which is based
on the relative rotation between the radar and target. It
is first proposed by M. Soumekh[2,3]. After that, Tsz-
King Chan et al. proposed a confocal algorithm for cir-
cular SAR[4−6]. Experiment of radar division of Geor-
gia Tech Research Institute[7−9] and Technische Univer-
sitat Miinchen[10−13] has proved the feasibility of circular
trajectory in signal collecting. The circular incoherently
SAIL collects 360◦ data of projections around the tar-
get, and a two-dimensional (2D) image of the object is
reconstructed by tomography algorithm from incoherent
processing. Compared with other spotlight-modes, circu-
lar scanning trajectory breaks up the restriction on the
extent of spatial spectrum, and as a result, high resolu-
tion image can be acquired from the circular incoherently
SAIL.

In this letter, we propose a circular incoherently SAIL
experimental system which can get the image of the
whole target region covered by the laser beam. In the
experiment, a 2D target of letter “E” is placed on a
plane with a tilt angle to the horizontal plane and rotated
about the axis perpendicular to the tilt plane. During
the experiment, the target is illuminated by a linear FM

laser, and the range-dependent return signal is collected
by a heterodyne detective optical system. Filtered back-
projection tomography algorithm is used to reconstruct
the target, and a speckle version image result which has
distinct feature description of the target is obtained.

For an incoherently SAIL, the range-resolved are first
collected by the rotated side looking projections from
the object illuminated with a laser beam and the im-
age is reconstructed by virtue of tomography algorithms.
But in radar detection, instead of transmission informa-
tion, only reflection information can be gotten, so back-
projection reflective tomography algorithm[14,15] is ap-
propriate for the data processing in incoherently circular
SAIL. Let f(x, y) denote the image to be reconstructed
in reflective tomography and Lr,φ denote the solid line
r = x cos φ + y sin φ (see Fig. 1)

p(r, φ) =

∫

Lr,φ

f(x, y)ds, (1)

where s represents the solid line along Lr,φ, p(r, φ) is the
projection of target f(x, y) at angle φ, and r denotes the
spatial variable along the integration path in the φ direc-
tion.

Fig. 1. Sketch of filtered back-projection algorithm.

1671-7694/2012/091101(5) 091101-1 c© 2012 Chinese Optics Letters



COL 10(9), 091101(2012) CHINESE OPTICS LETTERS September 10, 2012

Using back-projection algorithm, the estimated image
g(x, y) can be obtained as

g(x, y) =

m
∑

i=1

p(x cosφi + y sin φi,φi)∆φ, (2)

where φi is the angle of the ith projection, ∆φ is the
angular sampling interval, and m is the total number
of projections. Filtered back-projection is used to mod-
ify projections and reduce star-like artifacts. The recon-
structed image gFB(x, y) can be given as

gFB(x, y) =

m
∑

i=1

F−1{|v|F [p(x cos φi + y sin φi, φ)]}∆φ,

(3)

where F and F−1 denote the one-dimensional Fourier
transform and the inverse Fourier transform operators,
respectively, and ν represents frequency variable.

Determine the sampling interval is an essential pro-
cedure in reflective tomography[16]. Supposing xmax is
space-limited extent of the target f(x, y), umax as the
cutoff frequency of F (u1, u2), the spacing between an-
gles over the projection data collected can be calculated.
Let ∆φ be the angular spacing between the tomographic
views, it is approximately given by

∆φ 6
1

xmaxumax
. (4)

The total number Nφ of projections needed to obtain an
accurate reconstruction of image g(x, y) is determined by
the total angular extent

Nφ >
π

∆φ
= πxmaxumax. (5)

The sampling number Np needed in the projection data
for each angle can be determined by

Np >
xmax

1/(2umax)
= 2xmaxumax. (6)

The system configuration[17,18] for our experiment is
shown in Fig. 2. The system consists of three subsys-
tems: the light source system, the T/R antenna system,
and the signal acquisition system. A tunable external-
cavity semiconductor laser is used as the signal source.
A single-mode and polarizing-maintained fiber amplifier
amplifies the power of the source signal. The signal com-
ing from the fiber amplifier is then split into two separate
paths. The main power is led to the T/R antenna sys-
tem, where one serves as signal and the other as local
oscillator signal.

The heterodyne detective demonstrator is configured
as a deramp-on-receive system, in which a time-delayed
version of the signal is mixed with echoes received from
target. The deramp-on-receive method can reduce the
bandwidth needed for the receiving system. The sig-
nal and local oscillator signal are exported by collima-
tors to free space with diameters of 2.1 mm. The half-
wave plates behind the collimators are used to optimize
the transmission efficiency in polarization beam splitter
(PBS) 1. Then, the diameters of the signals are expanded
to 20 mm using a secondary telescope and then to 300
mm using the main telescope. PBS2 is used as a duplexer

for transmitting the signal and reflecting the echoes from
the target. The half-wave plates behind PBS2 are used
to change the polarization state of the echoes as the po-
larization state can often be rotated after being reflected
by the target. The echoes and local oscillator signal are
combined in PBS3 and spatially filtered using a reception
diaphragm. A 200×200 (mm) rectangular diaphragm
placed on the exit pupil of the main telescope is used to
obtain a rectangular spot on the target plane. The dis-
tance from the center of the target to the exit pupil is 14
m. The balanced optical signal from the combined local
oscillator signal and echoes are then focused on a detector
in a balanced receiver. The target is a 11×11 (mm) let-
ter “E” cut from a retroreflective material (Series 983D,
3M Super High Intensity Grade micro prismatic sheet-
ing), which is mounted at a tilt angle of 45◦ from the
horizontal plane. During the experiment, the target is
rotated about the axis perpendicular to the tilted plane.
The specific details of the target are shown in Fig. 2.

Considering one angle of the experiment process, we
suppose that, in the time domain, the linear FM chirp
transmit signal is described as[19]

s(t) = exp[j(ω0t + αt2)], (7)

where ω0 is the carrier wave frequency and α is the chirp
rate of the signal.

By mixing the in-phase and quadrature local oscillator
signals

cI(t) = cos[ω0(t − τ0) + α(t − τ0)
2],

cQ(t) = − sin[ω0(t − τ0) + α(t − τ0)
2], (8)

we can obtain the combined mixer output as the scatter
signal received by the radar, which can be represented as

r(t) = ARe

{∫ u1

−u1

f(u) exp{j{ω0[t − τ0 − τ(u)]

+ α[t − τ0 − τ(u)]2}}du

}

, (9)

where A is a scale factor that accounts for propagation
attenuation and other effects, f(u) is the reflectivity den-
sity function, τ0 is the time delay of the target center, u
is the slant range distance from the target center x0, and
u varies from −u1 to u1, as shown in Fig. 3.

If we ignore the quadratic phase term that has little
influence in a range-resolved situation, we can write the
mixer output signal as

r(t) =
A

2

∫ u1

−u1

f(u) exp

{

j

{

−
2u

c
[ω0 + 2α(t − τ0)]

}}

du.

(10)

Notice that the integrand of Eq. (10) involves the general
form of the Fourier transform kernel, exp(−juU), where

U =
2

c
[ω0 + 2α(t − τ0)]. (11)

The equation indicates that the processed return chirp
signal is the precise Fourier transform of the reflective
function of the target. Consequently, the E-field fre-
quency information of the target reflective function can
be obtained from the processed signal at the fixed angle.
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Fig. 2. Schematic diagram of experimental setup.

Fig. 3. Collection geometry.

In the experiment, the transmitting power of the tun-
able laser is approximately 1 mW at 1.5 µm, and the
wavelength chirps from 1 549 to 1 553 nm with a chirp
rate of 100 nm/s. The maximum difference frequency

∆fn = αf
2xmax

c
cosφ = 2

αλ

λ2
xmax cos 45◦

=
105

1.2
× 11 × 10−3 × 0.707 = 648 Hz, (12)

where αf is the frequency chirp rate, αλ is the wavelength
chirp rate, and φ represents the tilt angle of the target
to the horizontal plane.

The relative rotation between target and reflective to-
mography ladar can be seen in Fig. 4, suppose that the
basic reference plane x−y is perpendicular to the incident
light and that the target plane coordinate is represent by
x′−y′. Then the distance from the exit pupil to the basic
reference plane can be written as a constant Z. The an-
gle between the base and target planes is π

2 − ϕ, and an
incident point (x, y) vertical to the basic reference plane
has its coordinates on the target plane as

{

x′ = x

y′ = y cos
(π

2
− ϕ

)

= y sin ϕ
. (13)

We denote the rotating angle as ∆θ, the contour equa-
tion of the target distance on the basic reference plane
is

y = x tan ∆θ + zk, (14)

where zk represents the discrete range value. Taking Eq.
(13) into consideration, we have

y′ =
x′ tan ∆θ + zk

sin ϕ
. (15)

From Eq. (15), we can obtain the contour equation of
the range on the target plane with a rotation angle of
∆θ. The signals reflected by the same contour will su-
perimpose with each other, and the signals reflected by
different contours will separate from each other. Thus,
the range projection can be calculated at the fixed angle
∆θ, with the range information represented by the het-
erodyne frequency[20].

In the experiment, the range extent of the target is

xmax = 11 mm. (16)

According to Eq. (11), the slant range resolution deter-
mined by the signal acquisition system is

ρu =
c

2Bc
=

c

2αt
= 0.3 mm, (17)

where Bc is the bandwidth of the signal.
The actual range resolution of the target plane is

ρx = ρu/ cosφ = 0.42 mm. (18)

From Eq. (4), the angular spacing ∆φ can be given by

∆φ 6
1

xmaxumax
=

ρx

xmax
= 2.18◦. (19)

The total number of views needed is

N >
2π

∆φ
= 165.13. (20)

However, in image reconstruction, as the tomographic
algorithm will improve the resolution of the reconstructed
image, the angular spacing in our experiment should be
smaller than the theoretical value. For convenience and
accuracy, the sampling angular spacing is set as 1◦.

During the experiment, the target rotates about the
axis perpendicular to the bearing plane at 1◦ intervals.
The reflected signal is collected while the target stays
static at different angles, as shown in Fig. 5(a). Figure
5(b) shows the range contour of the target distance, and
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Fig. 4. Coordinate system for the rotation of target.

Fig. 5. Multiple angle reflective projections of the target: (a)
static target of different angles, (b) range contour of the cor-
responding angles, and (c) received range projection of the
corresponding angles.

Fig. 6. Integrated image of 360◦ projections.

Fig. 7. Projection data and reconstructed image from the ex-
periment: images (a) before and (b) after the filtering process.

the corresponding received range projection is shown in
Fig. 5(c). Figure 6 shows the integrated image of 360◦

projections, in which x represents the angle and y repre-
sents the range of the signal. The range unit used is 1 bin
= 0.42 mm, which corresponds to the range resolution of
the system.

Reconstructed results from the experimental data are

shown in Fig. 7. Compared with the conventional im-
age obtained via reflective tomography, the reconstructed
image has an apparent whole region of E. This recon-
structed image can be interpreted as a speckle version
image of the real 2D target because of the detective ap-
proach we adopted in the experiment. Although there
were artifacts in the image reconstruction, the shape of
the letter “E” was clearly recognized, and the size of the
image reconstruction results matched well with the tar-
get. As is apparent, fair detail can be obtained using the
reflective tomography algorithm.

In general, three kinds of noises should be considered in
ladar systems: detection noises other than photon noise,
photon noise, and laser-speckle noise. Detection noises
other than photon noise can be neglected because a het-
erodyne detection system is used. Therefore, most of the
noise in the reconstructed image of the E-field detective
is laser speckle, which is very common in the heterodyne
detection system and difficult to eliminate. However,
as shown in Ref. [21], the offset portion of the Fourier
transform contains image-domain information of reason-
able quality because of speckle noise. As shown in Fig.
8, the resulting image has noticeable speckling, but this
speckle precisely makes the recovery of low-frequency im-
age information possible. The speckle size is orders of
magnitude smaller than the overall image size and many
of the image features. Thus, the eye can clearly see the
image features to a certain extent[22].

Another important factor that affects image quality is
the inaccurate time delay of the oscillator signal. In prac-
tice, determining the platform positions for the required
tolerances over the entire flight time can be a difficult
task. Even in the laboratory experiment, the platform
vibration or propagating disturbance can cause interfer-
ence and the time delay generated by the fiber loop may
not be stable all the time. These time demodulation er-
rors can be denoted as ε. Thus, instead of mixing the
return signal with the expressions given by Eq. (8), the
return signal is mixed with

{

cI(t) = cos[ω0(t − τ0 + ε) + α(t − τ0 + ε)2]

cQ(t) = − sin[ω0(t − τ0 + ε) + α(t − τ0 + ε)2]
. (21)

The output of the demodulator then becomes

Fε(U) = e−jε2αej εc
2

U

∫ u1

−u1

f(u)e−juUdu

= e−jε2αej εc
2

UF (U). (22)

As discussed earlier, the output of the mix demodulator
can be seen as the Fourier transform of the reflective func-
tion of the target so that the time demodulation errors
will result in

fε(u) = F−1[Fε(U)] = F−1[e−jε2αej εc
2

UF (U)]

= f
(

u +
εc

2
− ε2α

)

. (23)

From the equation, we can obtain a range shift in the
reconstructed reflective function from

δu =
εc

2
− ε2α. (24)
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If the slant range shifts of different angles are different
because of the time demodulation errors, the recon-
structed 2D image becomes corrupt and degrades because
the target center of each projection is different when the
reflective tomography algorithm is applied. To reduce
the influence of the time demodulation error, we have
to apply other measures, such as using inertial measure-
ment units, installing a laser vibrametry system onboard,
or applying feature tracking method and phase retrieval
algorithm[23,24], to align projection data for image recon-
struction in laboratory experiments.

Finally, the linearity of the FM chirped laser should
also be considered. The chirped laser used is a wave-
length chirp output instead of the desired frequency chirp
output. The output of a wavelength modulation laser can
be described as

λ = λ0 +
�

λ t, (25)

where λ0 is the center-wavelength and
�

λ is the wavelength
chirp rate. Then, frequency can be written as

f =
c

λ
=

c

λ0 +
�

λ t
= c





1

λ0
−

�

λ

λ2
0

t +

�

λ2

λ3
0

t − · · ·



 . (26)

Assuming that f0 = c
λ0

is the center frequency of the laser

output,
�

f = c
λ0

(
�

λ
λ0

)t will be the linearity frequency mod-

ulation term. However, we also find
��

f = c
λ0

(
�

λ
λ0

)2t and
other terms such as the residual high-order FM terms in
the equation. These residual terms will cause the nonlin-
earity of signal FM and result in phase errors in hetero-
dyne detection, eventually leading to the blurring of the
target and further reduction of the imaging resolution of
the range direction. Certain matched filtering algorithms
can handle the problems presented in this letter, and de-
tails can be found in Ref. [25].

In conclusion, without involving signal phrase process-
ing and spatial phrase processing in incoherent aperture
synthesis, the configuration and operations of circular
incoherently SAIL technique can be simplified. At the
same time, circular scanning trajectory breaks up the re-
striction on the extent of spatial spectrum with straight
line observing path and realizes the objective of further
improving the resolution. In our experiment, the range
resolution is highly enhanced by the use of linear FM
chirp impulse signal and heterodyne detection, thus the
system is suitable for application under strong interfer-
ence circumstances. Circular incoherently SAIL expands
the application scope of the SAIL, and has a high prac-
tical significance. Future research includes alleviating
the speckle noises to obtain better reconstructed images,
reducing the phase error’s influence by post-processing
algorithm, and getting more experimental results under
different conditions.
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