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Abstract

A compact and lightweight synthetic aperture radar (SAR) that can be loaded on a
miniature unmanned aerial vehicle (UAV) was recently developed. The higher the fre-
quency is, the smaller is the antenna size and the microwave characteristics are improved.
Thus, a high frequency is favorable for miniaturization and weight reduction. In this
chapter, a method of obtaining a radar image through a 94-GHz frequency modulation
continuous wave (FMCW) radar is proposed. In addition, a method of motion compensa-
tion is described, and the W-band SAR image after motion compensation is confirmed.
This kind of SAR imaging can provide geographic information and characteristics of
extreme environments, disaster scenes, and information on sites where human access is
difficult.

Keywords: synthetic aperture radar (SAR), frequency modulation continuous wave
(FMCW), radar, imaging, W-band, motion compensation

1. Introduction

Airborne and space-borne synthetic aperture radar (SAR) images are used in various fields of

remote sensing [1]. There are various applications in using high-resolution radar images. Several

imaging algorithms were developed in the laboratory, which depend on the given geometry

[2–4]. SAR technology can be used to acquire images of disaster areas or other dangerous sites

where direct human access is difficult. Traditional optical images have limitations, such as being

weather- and environment-dependent, being too bright, or having no range information. As an

alternative imager, the SAR can be loaded onto an unmanned aerial vehicle. SAR equipment was

once too heavy and bulky for such an application. However, owing to recent technological

improvements, radar has become smaller and more lightweight [5–7]. In particular, frequency

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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modulation continuous wave (FMCW) radar was developed as a chip and is lightweight, has a

small size, and offers low power consumption, which has advantageous qualities for being

mounted on a drone. FMCW radar can also be used at a close range. Attempts are being made

to replace conventional radars with FMCW types for small and close-range systems. The higher

the frequency is, the smaller is the antenna size. Thus, a high frequency is favorable for minia-

turization and weight reduction [8–10]. In this chapter, FMCW radar with a center frequency of

94 GHz is used. FMCWradar is commonly employed for relatively short distances. Also, a high-

range resolution can be obtained, even though it has a low sampling rate [11, 12]. The developed

FMCWradar only measures real components; nevertheless, it can obtain complex data by using

the Hilbert transform [13–16].

The higher frequency used in the proposed W-band SAR causes a narrower antenna beam

width. Because the range is short and the width is narrow, range migration in SAR data can be

ignored. In a short range, the matched filter phase for azimuth compression should change

with the range. In this study, based on the range-variant azimuth chirp rate of the range

Doppler algorithm (RDA), a SAR algorithm at a close range was developed and a resolution

analysis of an impulse target was performed.

In the airborne SAR, the movement of the aircraft greatly affects SAR focusing. Motion com-

pensation is important because small and slow-flying objects have less inertia and are thus

more notably affected by disturbances. Therefore, to obtain decent SAR images, the motion

must be compensated. Motion information is acquired by navigation sensors and used for

focusing SAR images by compensating them. The quality of the reconstructed image is very

sensitive to the geometry determination accuracy. This factor has led to the development of

autofocusing techniques.

Several methods for autofocusing exist, such as entropy minimization [17], an FMCWanalytic

method [18], contrast optimization [19] in ISAR, phase gradient autofocusing (PGA) [20, 21],

and prominent point processing (PPP) [22] in SAR. These methods consist of range alignment

and phase compensation. Moreover, they are applicable to circular synthetic aperture radar

(CSAR) with wideband SAR [23]. A SAR or ISAR autofocusing method using a prominent

target was proposed [22, 24]. However, this method requires a prominent target, and it is

difficult to find an ideal point target. Nonetheless, this method is faster than contrast maximi-

zation [19] or entropy minimization [17, 25]. The algorithm based on contrast maximization is

slow because of a high computing cost. It is difficult to apply these autofocusing methods

because focusing cannot be performed when the motion is large. Therefore, navigation sensors

that can provide position and velocity information, such as GPS and IMU, are needed to

compensate for motion.

The purpose of the proposed algorithm is to implement a video SAR with a high frame rate

through fast signal processing. It is possible to obtain SAR images, such as videos, using W-

band. The video SAR helps intuitively recognize moving objects. Recent research has contrib-

uted to the increase in the real-time frame rate [26–28]. Therefore, a simple SAR focusing

algorithm and motion compensation should be implemented.

This chapter describes a method of compensating the motion caused by disturbance of the

W-band SAR platform. Focusing from the SAR received data with arbitrary movement is
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evaluated in the laboratory, where arbitrary movement can be applied by using the motor

controller. As the wavelength becomes short, the motion compensation of the aircraft should

become more precise. Therefore, precise IMU and GPS navigation sensors are required. The

motion obtained from the sensors must be compensated to obtain the SAR image.

An experiment was conducted in which it was assumed that accurate position information is

obtained by using the motor controller. In the experiment, a 94-GHz FMCW radar developed

by Yonsei University using an FPGA was used. Section 2 describes the radar architecture.

Section 3 presents the proposed method for W-band SAR imaging at a close range. Section 4

describes the process of measuring SAR in well-known motions and compensating for the

movements in an anechoic chamber. Section 5 provides a summary.

2. W-band radar architecture

The 94-GHz radar consists of three major parts: a transceiver, power board, and processing

board. The transceiver generates the waveform, up-converts the signal to a radio frequency

(RF), and radiates the signal. The power board provides power to the transceiver. The

processing board samples the beat signal and transmits the data. A functional diagram of the

modules is presented in Figure 1.

2.1. Transceiver

As shown in Figure 2, the transceiver consists of three parts: an antenna, front-end module,

and phase-locked-loop (PLL) board. The antenna is a gold-plated brass horn antenna with

linear polarization. It has 25-dBi gain at 94-GHz frequency, and an approximately 10-degree

half-power beam width. The antenna is connected to the front-end module with a rectangular

Figure 1. Functional diagram of developed radar.
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waveguide interface [13]. The front-end module consists of a voltage-controlled oscillator

(VCO), power amplifier, frequency multiplier, bypass mixer, and multistage low-noise ampli-

fier. Its output center frequency is 94 GHz with a sweep bandwidth of 1.4 GHz, which is

adequate for providing a resolution up to 0.12 m. The RF output power is 1.5–2 mW. Its

receiver low-noise amplifier (LNA) gain can be selected from 23 to 46 dB. To synchronize the

front-end module with the processing board, a PLL board is used. The PLL board synchro-

nizes the oscillation from the front-end module with the processing board’s clock. It also

provides the voltage sweep required to sweep the VCO output frequency.

2.2. Processing board

The processing board utilizes the Xilinx Zynq-7000 chip for analog-to-digital conversion

(ADC), synchronization with the PLL board, triggering the PLL board, and data transmission.

The chip is divided into two parts: programmable logic (PL) and a processor (PS) [14]. Its

functional diagram is presented in Figure 3. The processing board’s main tasks are to provide

the trigger and clock for the PLL, sample the beat signal from the transceiver, and send the raw

data via TCP/IP. The beat signal from the front-end module is sampled by an analog-to-digital

converter inside the PL at a sampling rate of 940 KHz. When the PL receives the radar

command from the PS, the latter writes the sampled data to the shared memory. The PS then

reads the sampled data from the shared memory and transmits the raw data via TCP/IP [29].

Figure 4 shows the FMCWradar block diagram. Figure 5 shows the radar module, processing

board, power board, PLL, front-end module, and antenna.

Figure 2. Functional diagram of a transceiver.

Figure 3. Functional diagram of the processing board.
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Figure 4. Flow diagram of FMCW radar.

Figure 5. Developed 94-GHz radar: (a) radar module, (b) FPGA signal-processing board, (c) PLL and power board, and

(d) front-end module and antenna.
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2.3. Power board

The power board consists of four power converters and four regulators. It was designed to

provide the transceiver with the required power for eachmodule. After providing the transceiver

with its appropriate voltage level, the power consumption of the radar is approximately 10 W.

2.4. FMCW radar performance

An FMCW [30–34] is a signal whose frequency is continuously modulated. The transmitted

signal can be represented by.

s tð Þ ¼ e2πj f 0tþ
1
2kt

2ð Þ (1)

where f0 is the carrier frequency and k is the chirp rate. The echo signal is mixed with the

transmitted signal to from the received signal. The received signal from a single target can be

represented as.

sr tð Þ ¼ e2πj f 0tþ
1
2kt

2ð Þ � ae2πj f 0 t�τð Þþ1
2k t�τð Þ2ð Þ ¼ ae2πj f 0τþ

1
2kτ

2ð Þe�2πjktτ ¼ aejφe�2πjktτ (2)

where ϕ is the constant phase. The received signal for a single target is sinusoidal and its

frequency depends on the target range. The transmitted signal of the FMCW radar is modu-

lated with respect to time, and the received signal from the impulse target is a beat frequency,

fb, which is the difference between the transmit frequency and the received frequency. The beat

frequency is proportional to the range of the target and is represented as.

f b ¼ kτ ¼
BW

tr

2R

c
(3)

The FMCW radar repeatedly and continuously transmits the waveform given in Eq. (1). The

waveform is classified into saw-tooth and triangular waveforms according to the repeated

form. The time it requires to sweep the frequency is called the ramp time, tr. Then, the

bandwidth of the FMCW is defined as.

BW ¼ ktr (4)

The radar used in the experiment was FMCW radar with a center frequency of 94 GHz. The

radar transmitted the linear frequency modulation (LFM) signal through the antenna, and it

sampled the echo signal mixed with the transmitted signal. The chirp of the LFM signal used

was an up-ramp saw-tooth waveform. The chirp rate, k, was 1400 MHz/ms and the ramp

(sweep) time was 1 ms. The sampling rate was 940 KHz. The bandwidth was 1.4 GHz, and the

signal could be sampled 940 times in a single period. According to Eq. (3), the range can be

represented by the function of the beat frequency as.

R ¼
cf b
2k

(5)
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The received signal is converted to a range profile by inverse fast Fourier transform (IFFT). The

range profile of a single target is obtained using Eq. (3), which is shown as.

Sr f ;Rð Þ ¼ aejφ
ð

∞

�∞

w trð Þe�2πjktτ � e2πjftdt ¼ aejφsinc tf � kτð Þ (6)

where the window, w(tr), serves only to take one period of the signal, and sinc(x) is a normal-

ized sinc function. In the case of saw-tooth FMCW, the beat frequency is obtained by

performing the FFT on the range profile.

Taking the displacement on both sides of Eq. (5) gives Eq. (7). The range resolution is deter-

mined by a sinc function of the range profile.

ΔR ¼
cΔf

2k
¼

ctrΔf

2BW
¼

cNtsΔf

2BW
¼

c

2BW
(7)

where ts is the sampling interval, 1.06 μs, and N is the number of samples in an echo, 940. The

beat frequency resolution is 1.49 MHz. The theoretical properties of the point target response

for FMCW radar is a 1.4-Ghz bandwidth or a resolution of approximately 0.093 m. If the

bandwidth increases, a profile with a high-range resolution can be obtained. The FMCWradar

does not require a sampling rate above the bandwidth to avoid degrading resolution.

ΔR0 ¼
rrf s
NIFFT

c

2BW
(8)

The range resolution depends on zero padding. However, according to the Fourier transform

properties, Nts is equal to 1/∆f. The range cell thus had a spacing of 0.15m. Therefore, 8912 samples

were used for FFTafter padding 7912 zeros. The range cell spacing after zero paddingwas 0.015m.

The range cell spacing after zero padding was sufficiently smaller than the range resolution.

There is no minimum range limit in FMCWradar. However, the maximum range is limited by

two parameters. For one, the maximum range is limited by the sampling rate. This is because

the beat frequency is determined by the Nyquist frequency, which is equal to half the sampling

rate. Another criterion is the range ambiguity. For FMCW, when the delay time becomes half of

the ramp time, the resolution doubles. Depending on the conditions, this value may vary;

however, in Eq. (9), 10% was chosen [35]. Usually, in FMCWradar, the ramp time is adequately

long and the target signal exists only within the radar range of interest. Thus, the maximum

range is determined by the sampling rate.

Rmax ¼

ctrfmax

2BW
¼

ctsf s
4BW

¼
cN

4BW

0:1
ctr
2

for the Nyquist criterion

for the range ambiguity

8

>

<

>

:

(9)

Because the sampling rate is high, the distance information of farther targets can be obtained if

the beat frequency resolution increases. The maximum range criterions are sufficiently longer

than the length of the chamber. Therefore, aliasing will not occur. The maximum range of
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FMCW radar is 15,000 m for the ambiguous range and 477 m for the Nyquist criterion. The

chamber subjected to the experiment had a length of approximately 7 m.

The radar performance was analyzed using a trihedral corner reflector target. The experimen-

tal settings are shown in Figure 6. The target and the radar were placed inside an anechoic

chamber with a target distance of 2.8 m.

As shown in Figure 4, the radar samples the echo signal multiplied by the transmitted

signal. The sampled signal is the de-ramped signal of the echo, where the frequency

components are sampled. Therefore, when conducting an inverse Fourier transformation

(IFT), the symmetric value of the time or range domain can be obtained. Because only the

in-phase component can be obtained, only the real number or in-phase components of

Eq. (2) can be obtained as the received data. Through the Hilbert transformation, a

quadratic component (imaginary part) can be generated. The Hilbert transformation is a

method for generating a signal that has the same magnitude but is orthogonal to the

original signal [15]. As shown in Eq. (10), the Hilbert transformation is used to obtain an

in- phase/quadratic (I/Q) signal. When performing the IFT with this method, the phase

information can be obtained, and the symmetrical information, which can be generated as

a mistaken IFT, can be prevented.

sh t; nð Þ ¼ s t; nð Þ þ jHh s t; nð Þð Þ (10a)

Sr f ; nð Þ ¼ IFFT sh t; nð Þ½ �t (10b)

The experimental results from a point target are shown in Figure 7. Theoretically calculated

side-lobe level, resolution and experimental results are almost identical.

The side-lobe level, null-to-null resolution, and 3-dB resolution of the impulse target were

analyzed [36]. The measured resolution of the FMCW radar, as shown in Figure 7, is

expressed in Table 1, which describes the resolution in the range direction. It can be

observed that the theoretical resolution of 0.09 m and the measured resolution (3 dB) are

very close.

Figure 6. Experiment settings for the impulse target.
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3. SAR image formation

3.1. Experimental settings

SAR experiments were conducted using the FMCW radar described in Section 2. An experi-

mental diagram is shown in Figure 8. The experiment was conducted inside an anechoic

chamber with a maximum range of 7 m. The broadside-facing radar was placed on a rail

moving in a cross-range direction to the target. The total synthetic length was 2 m and the

target was in a range of 2.8 m. The target was a trihedral corner reflector. Figure 9 depicts the

experimental settings, which assumed a non-squint radar geometry and that the antenna was

oriented perpendicular to the track direction during motion. The rail motion was controlled by

a motor. As shown in Figure 8, the radar platform moved along the rail. Because its flying

Figure 7. Point target response in the range direction.

Peak side-lobe level �13.05 dB

Null-to-null resolution 0.23 m

3-dB resolution 0.10 m

Table 1. Measured resolution of the range direction.
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speed was low, the interval on the rail was set to 0.001 m. The total number of measurements

was 2001.

3.2. Range profile

The transmitted signal was scattered by the target. The nth-received signal from the impulse

target after IFFT was Sr(n) and is written as Eq. (11). As shown in Eq. (2), the phase delayed

received signal can be represented. Herein, Ri refers to the distance between the antenna and

the target, and ai refers to the ith-scattering coefficient and antenna pattern with respect to

the observation angle. In addition, p(f) refers to the impulse response without a delay and λ

refers to the signal wavelength. The range profiles of all 2001 measurements are shown in

Figure 11.

Sr f ; n;Ri; xi; yi
� �

¼
X

N

i¼1

ai nð Þp fð Þe�4πjRi=λ ¼
X

N

i¼1

ai nð Þp fð Þe�4πj
ffiffiffiffiffiffiffiffi

x2
i
þy2

i

p
=λ (11)

A single range profile at the center of the synthetic aperture is shown in Figure 10. The target

signal is visible at a range of 2.8 m. Such range profiles can be stacked with regard to the

antenna position to form a two-dimensional range profile, which is shown in Figure 11. As the

figure illustrates, a frequency of 94 GHz and a narrow beam width of approximately 10� were

used. The target with a relatively short distance was measured.

Figure 8. Diagram of SAR experiment settings.
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δR ¼
R

cosθ=2
� R ¼ ΔR (12)

The difference between the bore sight range and the antenna of 3-dB edge sight range can be

represented as Eq. (12). The range cell migration can be neglected because the difference is

sufficiently less than the range resolution.

3.3. Azimuth compression

The target signal phase changes with respect to the antenna position. From Figure 8, the phase

history of the point target located at x0 and y0 can be derived as Eq. (13).

θ n;R0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x20 þ y20

q

� �

¼
4π

λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x0 þ ndxð Þ2 þ y20

q

≈

4π

λ

x20
2y0

þ
ndxð Þ2

2y0
þ
x0
y0

ndxþ y0

" #

(13)

The azimuth compression can be performed by using Eq. (13) to create a matched filter

along the cross-range direction. Since the curvature of phase in Eq. (12) varies with range, a

Figure 9. Configuration of experimental settings.
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Figure 10. Range profile of the impulse target.

Figure 11. Measured range profile in two dimensions.
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different azimuth-matched filter must vary with the range. Figure 13 shows the azimuth

compression filter.

SSAR f ; nð Þ ¼ IFFT FFT Sr f ; nð Þ½ �n∗FFT SMF y; nð Þ½ �∗n
� �

¼ IFFT FFT Sr f ; nð Þ½ �n∗FFT ejθ y;nð Þ
� �

∗

n

h i (14)

The SAR image is obtained through the azimuth compression, as shown in Eq. (13). The

process of obtaining the SAR image using the FMCW radar is shown in the flow chart in

Figure 12.

After applying the azimuth compression filter (Figure 13) to the two-dimensional range profile

(Figure 11), the azimuth-compressed SAR image of the impulse target is obtained, as shown in

Figures 14 and 15.

Figure 12. Flow diagram of SAR imaging. In the W-band, RCM does not have to be used depending on the range and the

antenna beam width.
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Figure 13. Azimuth compression filter.

Figure 14. Azimuth-compressed SAR image.
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The range profile in the SAR image can be represented in Figures 16 and 17. The range

resolution of the SAR image is lower than the impulse range response shown in Figure 7. This

degradation is estimated to be due to azimuth compression and may be improved via a precise

range cell migration.

3.4. Cross-range profile

The cross-range profile at a target range can be obtained by taking a column from the SAR

image. This profile with the target location is shown in Figure 18.

A detailed analysis of the point target is shown in Figure 19, including the side-lobe level and

resolution. The theoretical null-to-null cross-range resolution of the SAR image can be calcu-

lated using Eq. (14) [37].

δy
nn

¼

λ

2θ
¼ 0:0183 m (15)

Because the target range is small, the synthetic length is governed not by the antenna position

but by the antenna beam width. The 3-dB beam width of the antenna, that is, 10�, was used for

the calculation. Table 2 outlines the resolution in the cross-range direction. The cross-range

null-to-null resolution is 0.0183 m, and the cross-range half-power resolution (3 dB) is

0.0076 m, as measured by the SAR experiment using the impulse target, as shown in Figure 19.

The experimental null-to-null resolution matches the theoretical expectation of 0.0183 m from

Eq. (15).

Figure 15. Azimuth-compressed SAR image shown in three dimensions.
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Figure 16. Range profile in SAR image.

Figure 17. Point target profile in SAR image.

Topics in Radar Signal Processing94



Figure 18. Cross-range profile of the impulse target.

Figure 19. Detailed analysis on the cross-range profile of the impulse target.
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Peak side-lobe level �12.73 dB

Null-to-null resolution 0.0183 m

3 dB resolution 0.0076 m

Table 2. Measured cross-range resolution of SAR.

Figure 20. Experimental settings of multiple targets.

Figure 21. Measured range profile for three corner reflectors.
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Figure 22. SAR image of multiple targets.

Figure 23. Azimuth-compressed SAR image of the multiple targets shown in three dimensions.
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3.5. Multiple targets

An experiment was conducted in which three corner reflectors 0.06 m apart from each other

were placed at a range of 2.8 m. The target settings are shown in Figure 20.

By using the same processing in Section 3.3, a SAR image of multiple targets was obtained. The

range profile for the three corner reflectors is shown in Figure 21. Using the azimuth compres-

sion method in Section 3.3, the SAR images were obtained. The SAR image is shown in

Figure 22, where its magnitude is in the decibel scale. The three-dimensional SAR image is

shown in Figure 23. The positions of the corner reflectors are approximately 0.06 m apart in the

cross-range direction. The targets are located close to the cross-range direction; nevertheless,

they are clearly distinguishable. Any arbitrary object can acquire SAR images using the above

SAR-focusing method. This SAR-imaging method is very simple; however, it is a powerful

method for acquiring real-time SAR images.

4. Motion compensation

In the case of the airborne SAR, movement due to external disturbances can easily occur.

Navigation devices, such as GPS and IMU, can record such motion. To focus the SAR image,

the motion must be compensated. Motion compensation has been studied for decades, as

described in [38–41]. Since W-band has a short wavelength, accurate motion compensation is

Figure 24. SAR geometry with motion.
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required. A method of applying and verifying the motion compensation to the simple SAR

focusing shown in Section 3.3 is herein introduced.

To verify the motion compensation algorithm, the target was measured by adding motion to

the SAR technique, as shown in Figure 24. Similar to the experiments in Section 3, the radar

moved in the cross-range direction. However, in this case, the target also moved in the range

direction. In practical situations, the radar has a movement in the range direction with station-

ary targets.

The above conditions are that the target is moving and general conditions move the platform,

which are equivalent. Thus, for experimental convenience, the experiment in which the target

moved was conducted. The target had a sinusoidal motion with an amplitude of 0.4 m, as

shown in Figure 25. The amplitude of this motion was several times larger than both the range

cell and the wavelength. Therefore, it was necessary to compensate for the range bin and phase

in the range profile of the received signal.

The other conditions were the same as those in the experiments noted in Section 3. The SAR

image acquisition method is now discussed with compensation for this motion. The motion of

azimuth direction is known to be compensated by interpolation [39, 42, 43]. Thus, it is not

considered in this experiment. The motion (or acceleration) in azimuth direction can be com-

pensated by equal-spacing azimuth sampling using interpolation. Also, the interpolation can

also be used to increase the sample in azimuth direction at a high velocity of the platform.

Figure 25. Movement applied to the target in the range direction.
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4.1. Range bin alignment

The range profile of the impulse target located at 4.3 m and obtained under the mentioned

sinusoidal motion is shown in Figure 26. In the figure, it can be observed that the locus of the

scatterer moves in a sinusoidal direction.

The phase, including the motion in the azimuth direction, can be expressed as Eq. (16).

θ
0

n;R0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x20 þ y20

q
	 


¼
4π

λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x0 þ ndxð Þ2 þ y0 þ d nð Þ
� �2

q

≃

4π

λ

x2

2y0
þ

ndxð Þ2

2y0
þ
x0
y0

ndxþ y0 þ Ydes þ
Ydes nð Þ2

2y0

" #

≃

4π

λ
Ydes þ θ n; y0

� �

(16)

The quadrature term of the phase in Eq. (12) and motion can be approximately represented as

linear combinations. Therefore, the motion can be compensated independently of the azimuth

compression.

For azimuth compression, the range bin should be aligned in the received signal (before IFFT).

In the frequency domain, the delay function is represented by the phase shift. Accordingly, the

received signal is compensated by the phase delay as much as the y-direction movement of the

target. The phase delay for the range alignment is represented as Eq. (17).

Figure 26. Range profile of a single target with motion.
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SMOCO1 nx; nð Þ ¼ e�2πj
Ydes nð Þ

dr �nxNx

� �

(17)

where the range cell size is dr, the target movement is Ydes, the number of range bins is nx, and

the total number of range bins is Nx.

The compensation of the phase delay calculated by Eq. (17) to the range profile from

Eq. (10) can be expressed as Eq. (18). The aligned range profile is expressed as s1(f, n),

and the range profile after applying motion compensation in Eq. (18) is shown in Figure 27.

As shown in the compensated range profile in Figure 27, most of the scatterers are aligned

near the range bin.

S1 f ; nð Þ ¼ IFFT sh t; nð Þ∗SMOCO1 nx; nð Þ½ �t (18)

4.2. Phase compensation

The range must be compensated after bin alignment. Using the given motion, the range profile

obtained in Eq. (18) can be compensated as Eq. (19).

S2 f ; nð Þ ¼ IFFT FFT S1 f ; nð Þ½ �f ∗e
�

4πjf 0
c Ydes nð Þ

h i

f
(19)

Figure 27. Range profiles after the range bin alignment.
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The phase-compensated range profile, s2(f, n), performs azimuth compression in the same way

as SAR imaging without motion. The SAR image can be obtained by performing azimuth

compression, as shown in Eq. (20).

SSAR t; nð Þ ¼ IFFT FFT S2 f ; nð Þ½ �n∗FFT SMF n; yð Þ½ �∗y

h i

n
(20)

The process of motion compensation and SAR imaging can be represented by the flow chart

shown in Figure 28.

4.3. SAR image after motion compensation

After compensating the motion for the single corner reflector, the SAR image was obtained

by azimuth compression. The SAR image is shown in Figure 29; the magnitude is in decibel

units. The image is depicted in three dimensions in Figures 30 and 31. Figure 32 shows the

range direction profile of the SAR image for a point target at a distance of approximately

4.3 m in the range direction. A detailed analysis of Figure 32 is provided in Figure 33.

Table 3 compares and analyzes the resolutions obtained from motion compensation and the

general SAR resolution. The motion compensation decreases the level of the peak to side lobe,

Figure 28. SAR motion compensation block diagram.
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Figure 29. SAR image of the impulse target with motion compensation.

Figure 30. SAR image of the impulse target with motion compensation in three dimensions.
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Figure 31. Azimuth-compressed SAR image of the impulse target with motion compensation.

Figure 32. Range profile of the SAR image of the impulse target with motion compensation.

Topics in Radar Signal Processing104



and the resolution in the range direction increases. Furthermore, the resolution in the cross-

range direction is degraded.

Furthermore, the cross-range profile at the target range was obtained by taking a column from

the SAR image after motion compensation. The cross-range profile with the target location is

shown in Figure 34. A detailed analysis on the point target is shown in Figure 35, including the

side-lobe level and resolution.

In addition, experiments with multiple targets were performed as in Section 3.5. The target

movement in the range direction was the same as in the above experiment. Three corner

Figure 33. Detailed analysis of the impulse target range profile with motion compensation.

w/o motion Motion compensation

Range Peak side-lobe level �12.73 dB �28.1949 dB

Null-to-null resolution 0.2244 m 0.4669 m

3-dB resolution 0.0984 m 0.1352 m

Cross-range Peak side-lobe level �12.73 dB �11.22 dB

Null-to-null resolution 0.0183 m 0.0268 m

3-dB resolution 0.0076 m 0.0134 m

Table 3. Measured resolution of SAR after motion compensation.
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Figure 34. Cross-range profile of the impulse target with motion compensation.

Figure 35. Detailed analysis on the impulse target cross-range profile with motion compensation.
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Figure 36. Measured range profile of multiple targets with motion.

Figure 37. Range profile of multiple targets after range alignment.
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Figure 38. SAR image of multiple targets with motion compensation.

Figure 39. SAR image of multiple targets in three dimensions.
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reflectors, which were approximately 0.26 m apart in the azimuth direction and located

approximately 4.3 m in the range direction, were used. The range profile is shown in Figure 36.

The range profile for the range bin compensation is shown in Figure 37. The SAR image for

three targets after motion compensation was obtained in decibel units, as shown in Figure 38.

The three-dimensional SAR image is illustrated in Figure 39; the SAR image is depicted in

Figure 40.

5. Conclusions

A simple SAR algorithm for the W-band and a method for motion compensation of a

disturbance-containing signal were presented. A SAR-imaging method in a situation with

motion in the range direction was additionally presented. The FMCW radar continuously

transmits signals of a predetermined period. If a constant speed along the track is maintained,

the moving distance or a period is also maintained. In a conducted experiment, the distance

interval was a function of the along-track velocity. With a constant pulse repeat frequency

(PRF), the faster the radar is, the longer is the time (or distance) interval between the range

profiles. Disturbance of the along-track (azimuth direction) was not considered in this chapter

because it can be easily compensated by interpolation. Movement in the range direction has a

significant effect on SAR imaging. The proposed method can be used with the exact knowl-

edge of the radar movement.

Figure 40. Azimuth-compressed SAR image with motion compensation.
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The described SAR algorithm is based on the RDA with the range variant FM rate. The

FMCW radar can be used in a relatively close range and has a low computing cost. In

addition, motion compensation can be easily performed using the given position informa-

tion, even though the RDA method is used. Owing to the W-band characteristics, the RCM

can be ignored; however, very precise position information and the motion compensation

are required since short wavelengths are used. In the W-band, the beam width is narrow and

the synthetic aperture length is short. Therefore, long-term position information is not

required; nonetheless, position information that is more precise than the wavelength is

required. On account of the short synthetic aperture length, motion may be compensated

based on simple parameters. This phenomenon is useful for video SAR because it can

increase the frame rate of the SAR image.

Owing to the limitations of navigation sensors, there is a limit to the motion compensation.

Precise navigation devices are very expensive and physically difficult to mount on a small

aircraft. Therefore, it is necessary to calculate motion and compensate it from received data. In

this experiment, although the motor controller had a precision of several millimeters, it was

not perfectly compensated by the inaccuracy of the position information. In future studies, the

actual flight measurements will be performed and motion compensation will be conducted

from the received data. Unlike the experiment in the laboratory, field measurements can be

used in the long range. Hence, the SAR algorithm can become more simple, and it is expected

to be a real-time-processing approach.

Furthermore, there are many methods for autofocusing based on received data. However,

there remains a limit to the autofocusing method. The minimum entropy method is precise as

a contrast-based method; however, it has a large computing cost and difficulty in finding the

global minimum. With respect to PPP or PGA, there may not be a suitable target in the image,

and it is difficult to use in complex structures or extended targets. It may not be particularly

suitable for a narrow beam of W-band. Moreover, it is difficult to use in the case wherein the

image frame rate is as high as the video SAR.

In this experiment, as a result of the motion compensation, the level of the side lobe was

lowered and the resolution of the cross-range was reduced. However, the resolution in the

range direction of the SAR image increased. This result requires further investigation and

elaborate experimentation. The resolution of the azimuth direction will increase in proportion

to the range variation within the synthetic aperture length. Therefore, if motion is exactly

known, the azimuth resolution can increase further when there is external motion. Currently,

the azimuth resolution is relatively higher than the range resolution. If the resolution is the

same for the range and azimuth, and the size of the image is reduced in the azimuth direction,

the frame rate can be sufficiently increased.

Experiments in the laboratory are useful for W-band radar development, radar performance

validation, and SAR algorithm verification. By using FMCW radar, low power consumption

and miniaturization can be achieved. By using high frequency, small antenna and RF devices

can be used, which is advantageous when mounting the radar to a flight vehicle. In addition,

accurate motion can be applied in the laboratory. However, physical distance constraints

exist. Based on the measurements in the laboratory, it was possible to develop W-band
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FMCW radar based on FPGA, and the good performance was confirmed. In addition, the

SAR algorithm and motion compensation were shown to have good performance in the

experiments.

Furthermore, the Hilbert transform returned the component orthogonal to the real component.

The Hilbert transform removed symmetric components in the range profile after the IFT. This

is useful when only the real component is received in the FMCW radar. However, it should be

used when I and Q data are not actually received.

In this chapter, the development of a high-resolution W-band radar based on FPGA is

described, and W-band SAR images can be obtained via the motion compensation. The motion

compensation method in W-band has been described as accurate phase compensation. As a

result, the SAR images are obtained in the laboratory using developed W-band radar, and the

SAR images are consistent with the theoretical resolution. Although the resolution of the SAR

image is slightly lower than that of the motion compensation, the SAR image can be obtained

almost the same as the theory.
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