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Abstract Due to the short laser wavelength, almost all
practical targets are rough. Surface elevations in rough
targets will result in layovers in synthetic aperture ladar
(SAL). High resolution SAL image with layovers will be
different from the target picture taken by incoherent tools
as digital camera. To investigate the layovers in SAL
image, a simplified mathematical model is built by optics
diffraction theory and a laboratory SAL is setup using
1550 nm tunable laser source. Layovers in SAL images, in
both theoretical simulation and experimental demonstra-
tion, are carefully observed. Detailed results on various
targets are illustrated.
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1 Introduction

As an optical analog of synthetic aperture radar (SAR),
synthetic aperture ladar (SAL) could achieve ultrahigh
resolutions in the long range with relative short synthetic
aperture time [1]. Despite enormous difficulties in
maintaining stable phase history data (PHD) during the
synthetic aperture time due to the short optical wavelength,
significant progress has been made on SAL development
in the recent years [1–14].
SAL is usually a two-dimensional active imaging

method with side-looking illumination, where target points
with equal distance are placed in the same range element in
the final focused SAL image. This is referred to as layover
imaging in SAL. Up to now, most SAL imaging
demonstrations are fulfilled using plane targets [1–11]
and little attention is paid to the layover phenomenon. In
fact, as SAL is applied to natural landscapes, layovers in
the final focused images will probably be very common. In
this sense, layover imaging investigation may be helpful to

understand further details in the SAL image.
In this paper, layover imaging in SAL is specially

addressed using optics terminology. By scalar diffraction
theory, SAL imaging equations are setup and layover
images of various targets are simulated. Using 1550 nm
tunable laser source, high resolution SAL images with
layovers are experimentally demonstrated.

2 Mathematical simulation

2.1 Target model

In view of the optical wavelength used in SAL, all practical
targets are rough targets. The surface fluctuations of the
target can be approximately modeled as that in Ref. [15],
where the target is simply considered to be composed of
small planes vertically facing the SAL illuminating light
beam with constant reflectivity and the varied heights of
the platelets refer to the fluctuation of the surface
roughness or elevation of the target. Mathematically, the
surface reflectivity of a 3D target for SAL imaging can be
approximated in 2D form by the following equation.

Tðx0,y0,z0Þ �
X
p,q

Tðxp,yqÞδðx0 – xpÞδðy0 – yqÞ, (1)

where, Tðx0,y0,z0Þ refers to the amplitude reflectivity at
point ðx0,y0,z0Þ in the target coordinates as shown in Fig. 1;
Tðxp,yqÞ is the amplitude reflectivity at target point ðxp,yqÞ
in the 2D target coordinate ðX0O0Y0Þ, and the summation
is over all the target points.

2.2 SAL imaging equation

As given in Refs. [16,17], for rough targets with surface
elevation, the SAL illumination geometry can be coordi-
nated as in Fig. 1. We assume that the monostatic SAL
adopts a rectangular aperture of sizes Dx � Dy for
transmitting or receiving (T/R) laser pulses. Within one
aperture synthesizing cycle, the main coordinate (XYZ) is

Received June 18, 2013; accepted July 23, 2013

E-mail: jwu909@263.net

Front. Optoelectron. 2013, 6(3): 251–260
DOI 10.1007/s12200-013-0358-2



fixed with its origin O at the aperture phase center and Z
axis through the origin O0 of the image plane (X0O0Y0).
The target coordinate (X0Y0Z0) is set with X0 axis parallel
to the X axis in the main coordinate and Y0 axis tilted with a
angle f to the Z axis in the main coordinate. The SAL
coordinate is set as (X′O′Y′) with origin O′ at the center of
the T/R aperture and X′ axis on the X axis in the main
coordinate. The SAL is set moving along the X axis with

constant velocity Vx.
In a strip-map mode SAL, the transmitted beam spot

continuously sweeps across the target surface. As the SAL
is positioned at ðxm,0,0Þ, by using scalar diffraction theory,
the heterodyne signal, denoted as Rðxm,tÞ, for a strip-map
mode SAL using quasi-chromatic linear chirped laser pulse
illumination can be approximated as follows [16,17]:

Rðxm,tÞ ¼ A∬dx0dy0exp – j 2πf0 t0 –
2L0
c

–
ðxm – x0Þ2 þ y20 þ z20 þ 2L0ðy0cosfþ z0sinfÞ

cL0

� ���

þπk 2t – t0 –
2L0
c

–
2ðy0cosfþ z0sinfÞ

c

� �
t0 –

2L0
c

–
2ðy0cosfþ z0sinfÞ

c

� � ) )Tðx0,y0,z0Þ

sinc2
Dx

l0

xm – x0
L0

� �
sinc2

Dy

l0

y0sinf – z0cosf

L0

� �
, (2)

where, A covers all the constants that do not affect SAL
imaging processing; f0 is the baseline frequency of the
transmitting light; t0 is the delay time of the local light; c is
the speed of light; L0 is the target distance; k is the chirp
rate; l0 is the laser wavelength that equals to c=f0; Dx   and
Dy are the sizes of the rectangular T/R aperture
respectively; and ðx0,y0,z0Þ refers to the target point
P0ðx0,y0,z0Þ in the target coordinates; respectively.
With Eq. (2), the SAL image can be straightforwardly

formed by using Fourier transformation with respect to
time t and matched filtering with respect to xm. The
matched filter for azimuth focusing is expressed as follows

hðxmÞ ¼ exp – j2πf0
x2m
cL0

� �� �
: (3)

From Eq. (2), we can see that the roughness of the target
surface will bring about phase shift in time domain,
yielding frequency shift (so-called layover) after Fourier
transform.

2.3 Simulation results

Using Eq. (2) and SAL parameters set in Table 1, we can
simulate SAL images of targets with various surface
fluctuations.

Fig. 1 Geometry of a sidelooking strip map mode SAL
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Theoretically, the SAL in Table 1 has an azimuth
resolution of δx0 & 233 μm and a range resolution of δy0
& 100 μm.
Figure 2 simulates the SAL imaging of a big rectangular

plate covered with a small rectangular plate. Figure 2(a) is
the target setting showing two rectangular plates with
height difference of 1 mm. Figure 2(b) shows the
amplitude distribution of the raw SAL data. Figures 2(c)
and 2(d) are the range compressed image and the azimuth
focused SAL image, respectively. Figure 2(e) is the typical
azimuth PHD in Fig. 2(c). From the final SAL image in
Fig. 2(d), it can be seem that due to the height difference
between the two planes, the small rectangular plate appears
in a new range position and a vacancy is formed in the
place where it actually sits. This is so called layover
imaging in SAL.
Figure 3 is another simulated SAL image of a more

complicated target. Figure 3(a) depicts the target setting,
which is composed of four rectangular plates of the same
size but different surface heights (the two short ones are of
50 μm, the front high one is of 250 μm and the highest is of
500 μm) . Figure 3(b) is the amplitude distribution of the
raw SAL data. Figures 3(c) and 3(d) are the range
compressed image and the final azimuth focused SAL
image, respectively. Figure 3(e) shows the typical azimuth
PHD in Fig. 3(c). From Fig. 3(d), apparent layovers
induced by target surface elevations are displayed.
Figure 4 is the simulated SAL image of a rectangular

rough target. Figure 4(a) shows the target setting, where
both the surface reflectivity and surface height are set
random. Figure 4(b) is the amplitude distribution of the
raw SAL data, showing a chaotic interference pattern.
Figures 4(c) and 4(d) are the range compressed image and
the final azimuth focused SAL image, respectively. Figure
4(e) is the typical azimuth PHD in Fig. 4(c). Despite the
layovers in SAL image formation, the rectangular shape of
the target is kept in the final SAL image in Fig. 4(d).
From Figs. 2 to 4, SAL images on three types of targets

are simulated. Depending on the target configuration in the
SAL illuminating footprint, layovers in the SAL image can

be clearly seen (Fig. 2), roughly seen (Fig. 3), or hardly
seen (Fig. 4).

3 Experimental demonstration

3.1 Parameters of experimental SAL setup

The experimental parameters of the SAL setup are listed in
Table 2.

From Table 2, the theoretical estimation of the
resolutions in the SAL setup can be calculated out as:

Range  resolution: δy0 � 170​ μm ð45°  side-lookingÞ;
Azimuth  resolution: δx0 � 233 ​ μm:

3.2 Experimental results

Figure 5 shows the results of a small rectangular plate on a
big rectangular plate with height difference of about 2.5
mm. The target is made of “3M” diamond retro-reflecting
materials. Figure 5(a) is the photograph of the target plate.
Figure 5(b) shows the amplitude distribution of the raw
SAL data. Figures 5(c) and 5(d) are the range compressed
image and azimuth focused SAL image, respectively.
Figure 5(e) is the black/white pattern of Fig. 5(d).
Apparent layover could be found from Figs. 5(d) and 5(e).
Figure 5(f) is the azimuth PHD in Fig. 5(c). And as
predicted in Fig. 2, a vacancy is formed in Fig. 5(d) due to
the layover imaging.
Figure 6 shows the result of a target composed of four

small rectangular planes with different heights. Figure 6(a)
shows the photograph of the target, where the left two
rectangle plates are one layer high of about 0.42 mm, the
lower right one is two layer high of about 0.84 mm and the
upper right one is four layer high of about 1.68 mm. Figure
6(b) is the raw SAL data. Figures 6(c) and 6(d) are the
range compressed image and azimuth focused image,
respectively. Figure 6(e) is the typical azimuth PHD in
Fig. 6(c). The layovers shown in Fig. 6(d) are almost the
same as that simulated in Fig. 3.
Figure 7 shows the result of a rough target. The target is

Table 1 SAL simulation parameters

parameter value

baseline frequency f0/Hz 1.9355e+ 14

laser wavelength l0/nm 1550

chirp rate k /(Hz∙s–1) 1.2490e+ 13

pulse length/ms 170

T/R aperture Dx � Dy/(μm�μm) 300 � 300

target distance L0/m 2.4

azimuth step length/μm 50

synthetic aperture length/mm 8

SAL imaging mode
side-look angle f

Stripmap
π
4

Table 2 SAL experimental parameters

parameter value

laser wavelength/nm 1550

target distance/m 2.4

wavelength scanning speed/(nm∙s–1) 100

pulse length/ms 100

laser power/mW 5.0

SAL imaging mode Stripmap/side-looking

azimuth step length/μm 50

synthetic aperture length/mm 8
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Fig. 2 SAL image simulation of a small rectangular plate on a big rectangular plate. (a) Target setting; (b) raw SAL data; (c) range
compressed image; (d) azimuth focused image; (e) azimuth PHD
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Fig. 3 SAL image simulation of a four-rectangular-plate target. (a) Target setting; (b) raw SAL data; (c) range compressed image; (d)
azimuth focused image; (e) azimuth PHD
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Fig. 4 SAL image simulation of a rectangular rough target. (a) Target setting; (b) raw SAL data; (c) range compressed image; (d)
azimuth focused image; (e) azimuth PHD
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Fig. 5 SAL images of a small rectangular plate on a big rectangular plate. (a) Photograph of the target; (b) raw SAL data; (c) range
compressed image; (d) azimuth focused SAL image; (e) black/white (B/W) SAL image; (f) azimuth PHD
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Fig. 6 SAL images of four rectangular plates. (a) Photograph of the target; (b) raw SAL data; (c) range compressed image; (d) azimuth
focused SAL image; (e) azimuth PHD
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Fig. 7 SAL images of a randomly polished aluminum plate. (a) Photograph of the aluminum foil; (b) raw SAL data; (c) range
compressed image; (d) azimuth focused SAL image; (e) azimuth PHD
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made of aluminum foil with its surface randomly polished
by fine sand paper. Figure 7(a) is the photograph of the
10 mm�10 mm size foil. Figure 7(b) is the raw SAL data.
Figure 7(c) is the amplitude distributions of the range
compressed image and Fig. 7(d) is the azimuth focused
SAL image. Figure 7(e) is the typical azimuth PHD in
Fig. 7(c). From Figs. 7(b) to 7(d), a typical two-step
focusing is displayed. Due to the poor backscattering of the
rough aluminum surface, very dimly interference pattern is
shown in the raw data in Fig. 7(b). A well focused
rectangular pattern is formed after range compression and
azimuth synthetic aperture processing.

4 Conclusions

Layover imaging in SAL is investigated both mathemati-
cally and experimentally. The mathematical simulation is
fulfilled by optics diffraction and the experimental
demonstration is using 1550 nm wavelength tunable laser
source. Detailed imaging results together with their
azimuth PHD on typical targets are illustrated. Layover
images observed in the experimental demonstration are in
good agreement with those in the mathematical simulation.
Due to the short optical wavelength and high resolution,

layover imaging in SAL will be much more common than
that in SAR. As we demonstrated, for certain simple
targets, there will be apparent vacancy in the final SAL
image; however, for those complicated targets, layovers in
the SAL image are hardly seen.
Despite SAL flight test has been demonstrated [5], SAL

images, especially those on practical targets, are still far
from sufficient in the scientific literatures for further study.
Detailed results, either in laboratory or on practical moving
platforms, are still welcomed in SAL development.
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