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Abstract: We reported on laboratory imaging experiments conducted using a system that utilizes 

amplitude-modulated infrared laser light at microwave frequencies. With modulations ranging 

from 11.1 to 15.1 GHz on a 1.55 μm near-infrared laser, the phase measurements of the modulation 

signals revealed a target shape with sub-mm precision. We also tested whether our system is able 

to achieve cross-range resolution in the spot-light mode synthetic aperture scheme. With the aid of 

“position-compensated signal processing”, synthetic aperture images were formed successfully. Ac-

cording to predications based on the principle of normal synthetic aperture radar, the spatial reso-

lutions of the images were shown to be inversely proportional to the width of the collected data 

placed in the wavenumber space. 
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1. Introduction 

Laser detection and ranging (LADAR) and synthetic aperture radar (SAR) are useful 

remote sensing devices and are used in many fields, such as military, agriculture, security, 

traffic, and disaster surveillance [1–5].The wavelength and the bandwidth used in 

LADARs and SARs strongly affect the detectable range, spatial resolution, and back scat-

tering cross-section of various targets; thus, measurement systems are designed to meet 

user demands in terms of detectable range and spatial resolution. This research was per-

formed to verify whether a new approach, which is intended to be used in outdoor sur-

veillance, could visualize a small target and extend the range and resolution of the meas-

urable region. 

In frequency-modulated (chirped) radars, data collection in the frequency domain 

enables synthetic aperture formation, allowing coherent radar data to be collected at mul-

tiple radar positions. Two-dimensional and three-dimensional images can then be ob-

tained. Satellite and airborne synthetic aperture radars (SARs) are popular image collec-

tors. The spatial resolution of a SAR is half a wavelength of the chirped frequency width 

in the range direction. The frequency chirp width is, however, limited by the allocated 

radar band width. In general, the allocated bandwidth for surveillance radar tends to be 

less than 1 GHz [6–8], while the range resolution of SARs is around 1 m. For monitoring 

the area suffering from disasters, radar must visualize various targets such as cars, rocks, 

trees, etc., on the ground. The size of these objects ranges from a few millimeters to a few 

meters. The present resolution around 1 m is not sufficient to identify these targets from 

the SAR image. 
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LADARs are distance measurement instruments that use short laser pulses, which 

are often used to measure elevation map on a terrain in the range under about 1 km [6] 

Their current range resolution is typically 10 cm. Higher resolutions can be obtained using 

shorter laser pulses, but their use is limited by the requirement for detectable energy in 

pulses. Using phase coherence between laser pulses enhances scattered signal detection.  

The modulation of laser light by chirped signals instead of short pulse modulations, 

which is also called LADAR, allows laser pulses that are many orders of magnitude larger 

[7]. In addition, the frequency chirp width is not limited by the radar frequency band al-

location. This also helps to avoid the licensing requirements for radio wave emission. 

Some research using modulation laser for range measurement has been reported. A. Dor-

rington et al. [8] used a projection of a diverged amplitude modulated (AM) laser by a 100 

MHz signal and a digital video camera with a heterodyne detection system. They demon-

strated the visualization of a small target located at around a 5 m range with a range res-

olution of less than 1 mm within a measuring time of 10 s. W. Kim et al. [9] used the 

projection of a collimated comb pulsed laser using up to the 10th harmonic frequency 

component to extend the frequency bandwidth up to 10 GHz. They performed detailed 

research on ranging resolution using a corner cube reflector and showed a range resolu-

tion performance under 10 mm when the target range was around 2 m. S. Wheaton et al. 

[10] used the projection of diverged quadrature phase shift keying (QPSK) laser with 150 

MHz signal and a digital camera. They showed a range resolution performance between 

5 mm and 20 mm depending on the detected power under a measurement range of less 

than 1 m. E. Baumann et al. [11] used a collimated frequency modulated (FM) laser with 

a 1 THz modulation signal. They applied the system to small targets located under 10 m 

and demonstrated visualizing these targets with range resolution around few microme-

ters. These studies used amplitude, phase, pulse, and frequency modulation lasers to ex-

tend the bandwidth of the measurements to improve range resolution. These measure-

ment instruments take two-dimensional or three-dimensional images like a snapshot cam-

era when they collect data; that is, their measurement instruments take data by fixing a 

geometric relationship between the measurement instrument and targets. On that condi-

tion, cross-range resolution depends on the focal length of the focus lens used in the re-

ceiver and the range between the lens and targets, when an instrument employ diverged 

projection beam. When an instrument employs a collimated projection beam, cross-range 

resolution becomes the beam size on a target. In the far range measurement, cross-range 

resolution is limited by the real aperture of the receiver lens or collimation lens. In order 

to improve cross-range resolution even in the relatively far range, we aimed to develop 

the AM LADAR combined with the SAR, which is generally called synthetic aperture im-

aging LADAR (SAIL). In the SAIL measurement scheme, a measurement instrument col-

lects back scattered light by moving its position, then performs synthetic aperture pro-

cessing on the data to synthesize the large aperture. This synthetic aperture processing is 

explained in the following section. In principle, measurement using a large synthetic ap-

erture enhances cross-range resolution. In our system, since laser light only works as a 

carrier for the microwave signals, all data processing methods are identical to those of 

microwave radars. An important difference between microwave and laser systems is how 

they are scattered when they reach the target surface. Since wave scattering occurs on 

surfaces with a roughness scale length that is larger than the wavelength, the surfaces that 

mirror-reflect the microwaves may scatter the laser light, in contrast to what takes place 

during mirror reflection. This results in there being significant differences in the image 

characteristics.  

We have reported a LADAR experiment using a vector network analyzer (VNA) and 

an electro/optical (E/O) and optical/electro (O/E) transceiver, which was applied to the 

near-range (<10 m) small target to validate the measurement principle [7,12,13]. In this 

paper, we developed a LADAR system using a wide band microwave transmitter in place 

of the VNA [14]. This system change will be helpful during airborne LADAR measure-

ments since the pulse repetition frequency (PRF) of the measurement will be over 100 time 
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faster than the VNA. We aim to visualize a small target, and to validate the replication of 

the LADAR experiment using a new transmitter system. This experiment is similar to the 

previous experiment reported in reference [8–11]. In addition to that, we also aim to visu-

alize a small target by using spotlight-mode synthetic aperture imaging LADAR (SAIL) 

in lab experiments, and to validate the applicability of the developed system. 

2. Data Processing Methods 

Since laser light only works as a microwave signal carrier, signal processing is used 

to deal with the microwave signals. We consider a geometry in which a reference point 

set at the origin of the coordinate system, as shown in Figure 1. 

 

Figure 1. Coordinate system used for LADAR measurements. 

The transmitter/receiver, TX/TR, position is at ��, and the point target is at ��. The 

microwave-modulated laser light travels to the target over a distance of |�� − ��| and is 

scattered back to the transmitter/receiver. The scattered light signals are then detected and 

mixed with the reference microwaves, which have a waveform that is identical to the 

transmitted waveform. We chose to delay the reference signal by comparing the round-

trip travel time to a reference, 2|��| / � The interference signal is given by  

�(�) = �(�) exp[�2|�| ∙ (|�� − ��| − |��|)] 

=�(�) exp[�2� ∙ ��] , ��� |��| ≪ |��| 
(1) 

where � = (�/�) ∙ ��/|��|.  
The amplitude depends on the target-scattering cross-section, �.  

In the experiment presented here, the laser light was spotted on a continuous surface. 

The system then detects the phase � = �2� ∙ ��. By scanning the focused spot, a 2D surface 

shape is found. The phase measurements have multiple-of-2� ambiguity. If the micro-

wave frequency is chirped and �(�) is measured within a range of wavenumbers: from 

�� − Δ�/2 to �� + Δ�/2, then the Fourier transform of Equation (1) with respect to � is 

�(�) = �(�) �����Δ� ∙ (� − ��)� exp[�2�� ∙ ��]. (2) 

The peak position of the sinc function gives an approximate value of r with the reso-

lution �/Δ�. Multiple-of-2� ambiguity is reduced. Two-dimensional surface measure-

ments allow phase unwrapping processing to avoid 2� ambiguity. In the LADAR exper-

iment, we extracted the phase value at the maximum of the sinc function in Equation (2) 

to evaluate the range. It is also noted that the reference point employed in the LADAR 

experiment was set to the TX/RX position. 

Due to space limitations in the laboratory, the SAIL experiments were set in a way in 

which small targets were on a rotatable stage instead of moving transmitter/receiver. We 

chose the reference point at the center of stage, as shown in Figure 2. 

x

y

target

reference point (O)

LADAR r  =00

rt

k
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Figure 2. SALE measurement coordinate system. 

On the coordinate system fixed onto the stage, the direction of k turns by −θ when 

the stage turns by θ. The F(k) measurements are obtained by chirping the frequency, ω, 

and rotating the table; �(�)  is obtained from the area of � , ( �� −
��

�
< � < �� +

��

�
, ������ < � < ���� ). Interpolations of �(�) data on to the rectangular coordinate sys-

tem using �� = � cos(�) and �� = � sin(�) allow for the digital Fourier transform, FFT, 

of F(k) to form 2D images. The �(�) data are in a fan-shaped area with kx and ky spanning 

�� ~ ��[sin(����) − sin(������)] 

�� ~  ��[1 − cos(������ �� ����)] + Δ�. 
(3) 

The image widths of a point target are approximately �/�� in the x direction and 

�/�� in the y direction and can be much smaller than the width given by the frequency 

chirp width � /Δ�. 

3. Experimental Set-Up 

3.1. LADAR System 

Digital waveform synthesizers [14] generate identical waveforms of frequency-

chirped microwaves repeatedly. The electro-optic modulator amplitude-modulated the 

laser light at the wavelength of 1.55 μm. The microwaves were frequency-chirped in the 

range of 11.1–15.1 GHz, which is much wider than the range allowed in the radar band. 

The chirped pulse width was typically 1.5 ms. The modulated light was amplified and 

sent out through a beam splitter, which consisted of a half mirror. The target-scattered 

lights went back to the same beam splitter and were detected, i.e., demodulated, to the 

microwave signals. Mixing with the delayed modulation microwaves resulted in complex 

coherent signals that were sampled to generate digital data.  

In the first type of experiment (LADAR), the laser light was spotted on a metal sphere 

having diameter of D = 94 mm and that had been painted with retroreflective spray to 

increase its backward scattering power. The sphere surface scattered the laser light instead 

of mirror-reflecting. The spot position was scanned on the target in 2D by rotating the half 

mirror in the beam splitter. Here, 50 mm in horizontal and 50 mm in vertical area was 

scanned by 1 mm step, thus, there were 2500 measurement points. In this experiment, 

range was measured 100 times repeatedly at the same position to enhance the signal to 

noise ratio. Total measurement time was about 6 min. The size of the beam spot on the 

target was 7 mm. The range was set to 5.3 m. The set-up is depicted in Figure 3. 
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Figure 3. (a) Block diagram of the LADAR system. The laser, which is amplitude-modulated at the 

FM microwave frequencies, was spatially scanned on the surface of the target. (b) Picture of the 

spherical target with diameter of 94 mm, which was covered by reflective paint. 

3.2. SAIL System 

The second type of experiment was demonstration of synthetic aperture processing 

(SAIL). The target on the stage was rotated instead of rotating the beam splitter. The data 

were collected by rotating the rotation stage from −45 degree to +45 degree by 0.1 degree 

step. Here, 100 times measurements at each angle were performed for noise reduction. 

Total measurement time was about 3 min. The beam diameter at the target was enlarged 

to be larger than the rotating stage. Corner cube(s), which were placed on the rotating 

stage, were retroreflective point target(s). The setting is depicted in Figure 4. 

 

Figure 4. Top view of synthetic aperture experiment setup. The interference signals, F(k), were col-

lected as a function of the stage rotation angle and the chirped microwave frequency. 

4. Experimental Results and Comparison between Two Experiments 

4.1. Results of the LADAR Experiment 

First, we describe the results that were obtained by the fixed-target-position meas-

urements using the settings depicted in Figure 3a. The laser light was spotted on the 

sphere with a diameter of 94 mm. The spot size was 7 mm. Figure 5a, b shows that the 

scattered light from the front area within a diameter of 40 mm can be detected well. The 

scattered light intensity falls sharply outside of this area. The phases of the detected sig-

nals, �, in the scanned area are shown in Figures 5c, d. The scattering point positions were 

found with the aid of � = �2� ∙ ��. We confirmed that the phase within the diameter of 40 

mm showed a smooth decline. In Figure 6 the range, i.e., the position of the light scattering, 

is plotted by a blue line on the horizontal line that passes through the center of the sphere.  

 
 

(a) (b) 

LADAR

SYSTEM

beam splitter

rotation stage

TX

RX

R~18 m

targets
(retroreflective reflector)

mirror

mirror

mirror

backscattering light

projection beam Φ=80mm

v
er

ti
ca

l 
[m

m
]

50

40

30

20

10

0
50403020100

horizontal [mm]

re
fl

e
ct

e
d

 p
o
w

er
 [

a
.u

.]

verti
cal [m

m]
60

40
20

5040302010
0

horizontal [mm]

4

6

0

10

10

10



Appl. Sci. 2022, 12, 9836 6 of 10 
 

  
(c) (d) 

Figure 5. Image of the sphere obtained by the fixed target measurements: (a) the 2D amplitude im-

age; (b) the 3D amplitude image; (c) the 2D phase image; (d) the 3D phase image.  

 

Figure 6. Range image of the sphere extracted on the horizontal axis from Figure 3b is plotted by 

thick blue curve. Blue dotted curve denotes the observed fitting curve. Orange curve denotes the 

actual shape of the sphere. 

The blue dotted line and the yellow line denote the fitting curve using a quadratic 

function applied to the measurement results and real shape of the spherical target. The 

range values of the fitting and the real curves were almost consistent with each other 

within the 40 mm diameter. On the other side, the range value difference between them 

gradually increased toward the edge. We considered that this was caused by the finite 

spot size (7 mm) of the projection laser beam on the cross-range plane. The laser beam 

projected a small finite area on the target surface. In such a situation, the measured phase 

value is mainly considered to result from reflected waves with a large amplitude. Thus, 

the range measured with the phase likely corresponds to a target with a high backward 

cross-section in the projected area. Since the cross-section outside of the 40 mm diameter 

began to sharply decrease as shown in Figure 5b, phase values measured in the edge re-

gion would be strongly affected by the position closer to the center within the projected 

footprint of the laser. On the other side, the backward cross-section near center was almost 

flat, and average of the range inside the footprint was measured. Thus, from the measured 

cross-range error of the edge measurements, cross-range resolution was estimated to be 

about 7 mm, which is equal to the beam spot size. The measured range was fluctuating as 

shown in the blue solid curve in Figure 6. This fluctuation is dealt as a range resolution. 

The range resolution seemed to be depending on detected power at each measurement 

position, as studied in detail on the reference [10]. We did not perform detailed research 

on this relationship, however, brief analysis from Figures 5 and 6 was as follows. The sig-

nal to noise ratio (SNR) could be estimated from Figure 5b. The detected power level 

measured over 40 mm of the horizontal position did not change, thus, was thought to be 

a noise floor level. The SNR evaluated at 20 mm (center of the sphere), 35 mm, and 45 mm 

(edge) were over 100, 10, and 1, respectively. The range resolutions at corresponding 
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positions were about 0.2 mm, 1 mm, and 5 mm, respectively; which was improving as 

increasing in the SNR.  

4.2. Results of the SAIL Experiment 

The objects that were employed on the synthetic aperture measurements were chosen 

to be the optical corner cubes because both incident and reflected light travel along an 

identical path-length. Thus, an optical corner cube can be utilized as a point target, result-

ing in the reconstructed image of a point target becoming a point spread function (PSF). 

This is necessary to determine the spatial resolution. The interference data were obtained 

by turning the stage from −�/4 to �/4. The fan-shaped blue area in Figure 7 shows the 

wavenumber space where the interference data were taken. To obtain the image, Fourier 

transform was carried-out in the red area [15]. 

 

Figure 7. The wavenumber k space showing the area where the interference data were taken (blue) 

and where 2D FFT was performed (red). This polar graph was plotted as a function of the azimuth 

look angle in degree and wavenumber of the FM microwave in rad/m. The azimuth look angle cor-

responds to the angle of the rotation stage. 

In Figure 8a, the positions of two corner cubes are separated by 110 mm. The photo-

graph in Figure 8b corresponds to the image in Figure 8a. Both corner cubes were located 

at the same radius. In Figure 8c, the corner cubes positions are diagonal, separated by a 

cross-range of 53 mm in and by 40 mm in the range directions, as shown in the photograph 

Figure 8d. The observed separation between the two targets were in agreement with the 

set positions. The image width at half height in the cross-range direction was found to be 

about 9 mm and about 24 mm in the range direction. The observed widths showed ap-

proximate agreement with �/��  and �/��, as shown in Equation (3); that is, the ex-

pected image resolutions in cross-range and range directions are about 8 mm and 37.5 

mm, respectively. 
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(a) (b) 

  

(c) (d) 

Figure 8. Synthetic images of two corner cube targets (a,c) and corresponding photographs of the 

targets (b,d). The two reflectors are separated by 110 mm in the cross-range direction; (a,b) diagonal 

separation of 53 mm in cross-range and in-range separation of 40 mm (b,d). 

4.3. Comparison between the LADAR and the SAIL Results 

We applied two types of imaging systems to the targets and acquired good images 

successfully. Here, we discuss the advantages and disadvantages of these two diagnostics 

and suitable experimental situations for each diagnostic in terms of the measurable range 

and analysis difficulty.  

Firstly, since our SAIL system employed the ISAR technique—i.e., the targets were 

moved instead of the LADAR—this system can only observe moving targets. In addition 

to this disadvantage, this system requires that the positions of the moving targets at each 

measurement be pre-known when used with the present analysis method. A reconstruc-

tion method that does not need to know the target position in advance needs to be devel-

oped in future research. However, the LADAR can be applied to both moving and sta-

tionary targets. As this system needs to scan the beam spatially, moving targets must stay 

in the same position during the scan. In the present system, the scan speed was very slow 

since an electrically controlled stepping motor was utilized.  

Secondly, a suitable target range between these diagnostics is considered to be 

around 1000 m in terms of the cross-range resolution. For the fine cross-range resolution, 

the LADAR system requires that the projection beam have a spot size in the target range 

that is as small as possible. Nevertheless, a transmitter with a large aperture is utilized, 

and the spot size with range of over 1000 m becomes over few centimeters in size. How-

ever, the SAIL system does not require a collimated projection beam, but it does require a 

wide azimuth look angle to improve the cross-range resolution; that is, SAIL requires a 

diverged projection beam. In general engineering and developing a diverged projection 

beam is easier than collimation. However, since a diverged projection beam indicates a 

low-gain transmitter, the reflection power from the target will often fall below noise level 

in this case. To achieve a well-resolved and high-contrast image, even when utilizing a 
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low-gain transmitter, the IF data taken by each repetition measurement must be well cor-

related before the Fourier transformation process is applied. In order to achieve that, the 

precise estimation of the target positions is a key issue that will be researched in the near 

future. 

5. Conclusions 

We applied LADAR and spotlight-mode SAIL, both of which employed an ampli-

tude-modulated laser at microwave frequencies, to validate this methodology by visual-

izing small targets. For resolution improvement, we substituted the infrared laser for mi-

crowaves as a carrier of the modulation signal in order to utilize a wider bandwidth (4 

GHz), which is difficult to permit a license in the microwave band. It was confirmed that 

the LADAR employing a new FM transmitter module could visualize the target shape 

with range and cross-range resolutions of under 1 mm and 7 mm, which are consistent 

with our previous LADAR system utilizing a VNA. The spotlight-mode SAIL system and 

image formations were demonstrated for the first time. The range and cross-range resolu-

tions of this system were found to be about 24 mm and 9 mm, respectively. These spatial 

resolutions were in good agreement with those predicted by the measurement principle: 

37.5 mm and 8 mm, respectively. On microwave SARs, it is difficult to improve the spatial 

resolution by collecting data on a wider wavenumber area since the scattering cross sec-

tion of an object will vary both in the incident angle and frequency. Our method utilizes 

a fixed wavelength laser as a probing beam, with scattering response possibly becoming 

more simple compared to that of microwaves. This issue will be evaluated in future ex-

periments. From the comparison between these two measurement results, we can con-

clude that LADAR is advantageous when making measurements in a range that is shorter 

than 1000 m due to the cross-range resolution as well as when taking stationary target 

measurements. On the other hand, SAIL with the spot-light mode inverse SAR technique 

was thought to be advantageous when making longer-range measurements and moving-

target measurements. However, these difficulties such as low-amplitude signals and the 

requirement of knowing the precise target position must be solved by analysis techniques 

in the future. 
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