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Abstract— To increase the image quality of synthetic aperture
radar (SAR) is one of the hot issues for high-performance
detection/reconnaissance. With this interest in the SAR technique,
it generates various techniques according to the purposed plat-
forms (Auto-SAR, ViSAR, InSAR, and PolSAR). In this article,
we introduce high-efficiency and useful techniques, which can be
applied to various SAR applications for generating high-quality
images in the Ka-band. We proposed the stretched deramping
hardware system applicable in the Ka-band, and design the
Range-Doppler algorithm which well matches the proposed radar
system with the modified signal parameters. Thus, we can extend
the integration time of the convolution process in slow time and it
leads to the improvement of the SAR image quality. To verify the
performance of our proposed technique, we process the practical
experiments in conventional outdoor fields. Furthermore, the
proposed method is operated on the range Doppler algorithm
(RDA), which is mostly used for standard SAR.

Index Terms— Automobile synthetic aperture radar (Auto-
SAR), extended integration time, Ka-band deramping radar, SAR
experimental verification.

I. INTRODUCTION

IN THE 1960s, synthetic aperture radar (SAR) was only
studied for military use. However, since then, SAR has been

extended to a variety of applications, such as satellites, due to
its ability to monitor target areas regardless of weather and
time conditions. Conventional SAR research has been studied
for ground observation at the L-/C-/X -band [1], [2], [3]. And
also, large-scaled satellites have been developed for various
purposes (InSAR, PolSAR, 3-D-SAR, and Spotlight-SAR)
[4], [5]. Recent research shows that it is possible to study
a miniaturized system with high performance due to the
advanced hardware system and signal processing. It leads
to manufacturing several small satellites (i.e., satellite con-
stellation) at a lower cost than one large-scaled satellite.
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Furthermore, the satellite constellation can carry out real-time
monitoring of the interested area and enlarge the recon-
naissance coverage [6]. For this reason, it is important to
study the satellite constellation for reducing the monitoring
cycle time and increasing efficiency rather than one large
satellite. However, it is difficult to design a small satellite
in the L-/C-/X -band, which has a relatively long wavelength
that leads to a larger size of the overall radar system [7].
Therefore, a radar system at millimeter wave (over Ka-band)
has been suggested as a good alternative for the solution
to miniaturize the hardware system [8], [9]. By employing
high frequency, it can also generate a chirp signal with a
wide bandwidth, which enables a high-resolution SAR image.
Unfortunately, there are problems to be solved in order to
use the above advantages. According to the Nyquist sam-
pling theorem, a high sampling rate analog-to-digital converter
(ADC) is required to guarantee a wide bandwidth of chirp
signal in the radar system [10]. It is one of the most difficult
reasons to make a high-resolution chirp pulse radar system.
A high sampling rate causes high cost and generates massive
data. And also, it leads to an increase in the computational
amount and time. Therefore, the deramping radar structure has
been recommended to reduce the minimum required sampling
rate of receiver ADC by mixing the signals at the analog
stage [11] without changing the resolution bit number. To a
lot of researchers, the conventional deramping structures are
designed with a novel hardware system with suitable signal
processing techniques [29], [30], [31], [32]. Nevertheless, the
deramping radar architecture, operated in a high frequency,
still has some limitations to use in practice. First, the der-
amping structure uses the RF time-delay elements to control
the mixing between Tx and Rx signals. It can increase the
cost and the complexity of manufacturing and operating the
radar system. Especially, a satellite radar system for long-range
detection needs a time-delay component to preserve resolu-
tion. Without the time-delay technique, the deramped region
between the reference and received signals decreases, which
drives the low quality of the SAR image [12]. Another severe
pathloss is at high frequency. As the frequency increases, the
energy of the transmitted (TX) signal is rapidly decreasing
due to the interference of the atmosphere [13]. In summary,
a high-frequency RF time-delay element is difficult to handle
accurately and it can increase the complexity of the overall
radar system. And due to severe path loss at the Ka-band,
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it is hard to achieve a clear SAR image. Furthermore, direct
leakage is an inevitable problem in the frequency-modulated
continuous-wave (FMCW) mode, which causes RF problems
in the system and degrades the signal quality [14], [15], [16].
The deramping system is operated on the scheduled time
plan of each signal. However, it is conventionally suitable for
medium- or long-range SAR measurement applications [17].
In addition, it is difficult to use in the case of a certain short
distance. Because the time interval between the received signal
and the reference signal is reduced, direct leakage inevitably
occurs.

In this article, we propose an advanced deramping het-
erodyne radar structure and extend the integration time for
azimuth-matched filter in signal processing algorithm with the
stretched reference signal in Ka-band (over 30 GHz). The
proposed platform can compensate the severe pathloss and
will be easy to operate a deramping radar system without
the RF time-delay components. Simultaneously, we can obtain
stable performance without the degraded resolution according
to the detection range. In addition, problems (phase noise,
noise floor, and aliasing), mainly caused by direct leakage,
are solved through the signal time schedule and frequency
planning within the available system frequency bandwidth
coverage. That is, we can obtain high-quality SAR images not
only for mid/long range but also for short range. To generate
a high-quality image at the Ka-band, we try to increase the
Doppler bandwidth with a low sidelobe antenna. In other
words, the Doppler chirp rate in the azimuth plane is propor-
tional to the target frequency and the designed low sidelobe
antenna can secure a wider integration time [18]. With the
proposed antenna, we try to calculate the suitable matched
filter to use the extended Doppler band. We also suggest
the guideline of signal timing graph and frequency plan
to achieve the desired performance. As a result, with the
proposed Ka-band deramping system, the above phenomena
lead to getting a higher signal-to-noise ratio (SNR) property
of the received signal through the azimuth compression using
extended integration time in signal processing. We design the
baseband system block with two signal sources to implement
a time delay of a conventional deramping system without a
specific RF time-delay element. And also, it can be imple-
mented by the proposed time scheduling for the deramping
system without an additional RF time controller. The radar
system, which is based on the RF time elements, can be
operated in limited conditions, such as time delay and input
frequency dynamic range, etc. Thus, in this article, we try
to introduce our know-how and skills, which are useful to
develop the deramping radar in the high-frequency band.
Furthermore, diverse system techniques are applied to ensure
stable and clear signals for transmission and reception. We can
analyze and reduce the system noise to improve the total
system SNR.

In order to verify the proposed technique, we manufacture
the prototype of the deramping radar system at the Ka-band.
And also, it is designed for an automobile platform (Auto-
SAR) [19]. Through the practical experiment on the highway,
we obtained raw data on strip-map mode and prove the

Fig. 1. Conventional RDA.

performance by generating high-quality Ka-band auto-SAR
images using the proposed system and the extended integration
time in the azimuth direction.

The remainder of this article is organized as follows.
Section II introduces the standard theory for generating SAR

images. Section III provides our proposed hardware system
and the signal processing technique “the extended integration
time” at high frequency. Section IV shows the results from
the practical experiment to verify the reliability and validity
of our proposed scheme. Finally, in Section V, we summarize
the conclusion.

II. BACKGROUND THEORY FOR STANDARD SAR

In order to study SAR processing, it is helpful to understand
the standard modeling of signals for transmission and recep-
tion. Thus, we can analyze the conventional range-Doppler
algorithm (RDA) model based on mathematical theory. And
then, the final deramping signal model, which is fundamental
to our proposed method, will be introduced in this section.

The RDA is one of the signal processing algorithms to
obtain 2-D-SAR images, and it is analyzed for our proposed
algorithm in this article [18]. The RDA compresses the raw
data in range direction (fast-time) and azimuth direction (slow-
time) with each matched filter, respectively. Fig. 1 introduces
the RDA for the SAR process on strip-map mode. And, Fig. 2
shows the strip-map mode automobile SAR geometry in the
low-squint case. The standard signal processing of RDA is
composed of range and azimuth compressions and range cell
migration correction (RCMC). The Doppler estimation for
azimuth-matched filter should be applied to obtain high-quality
images in high squint cases. Although inaccurate estimation of
Doppler frequency is critical to the image quality in the case
of airborne or spaceborne SAR, it is insignificant to apply the
estimation method to Auto-SAR, which is in low-squint (zero-
Doppler centroid) [20]. For the analysis of the RDA process,
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Fig. 2. Strip-map mode automobile SAR geometry in the low-squint case.

the received demodulated I/Q signal for the low squint case
can be defined as follows [18]:

Sreceived(τ, η) = Arωr

[
τ −

2R(η)

c

]
ωa[η − ηc]e− j 4π f0 R0

c

× e jπ Kr

[
τ−

2R(η)

c

]2

e− j 2π f0 V 2
r η2

cR0 (1)

where τ and η are the range and azimuth time, respectively,
ωr is the window function of range direction, ωa is a two-way
antenna beam pattern in the azimuth direction, Ar is the ampli-
tude of the signal, ηc is the Doppler centroid azimuth time, f0
is the center frequency of the chirp pulse signal, R0 is the target
slant range at the closest approach, c is the speed of light, Vr

is the nominal platform speed, Kr is the range direction chirp
rate of the signal, and R(η) is the instantaneous slant range.
The range-matched filter, generated by the system parameters
(chirp bandwidth and chirp duration), and the signal model
in (1) are processed by convolution [21]. And the fast Fourier
transform (FFT) is performed in the azimuth direction to make
a range-Doppler map. After that, the range bin of each target is
corrected through the RCMC process. Likewise, the azimuth-
matched filter, designed with the Doppler parameter, is used
to compress the signal in the azimuth direction. From the
matched filtering in range and azimuth direction, the following
equation can be derived with inverse FFT [18]

Sac(τ, η) = Ao pr

[
τ −

2R0

c

]
pa[η]e− j 4π f0 R0

c e j2π fηc η (2)

where pr and pa are the sinc-like function, fηc is the Doppler
centroid frequency, and Ao is the amplitude. The point tar-
get is compressed at τ = (2R0/c) and η = 0. In RDA
for the processing, model called deramping or otherwise
called FMCW, the range compression can be replaced by
the physical processing of the hardware system [12]. The
beat signals of each target are generated by mixing the
reference signal and the received signal. The final received
raw data at an intermediate frequency, including beat signals,

TABLE I
SUMMARY OF PROPERTY OF CHIRP PULSE AND FMCW RADAR SYSTEM

is shown as follows:

SIF(τ, η) = AIFωoverlap[τ ]ωa[η − ηc]

× cos
[

2π fIFτ −
4π Kr R(η)

c
τ −

4π f0 R(η)

c

+π Kr

(
2R(η)

c

)2
]

(3)

where ωoverlap is the window function which represents the
overlap region of TX signal replica and received signal, fIF
is the intermediate frequency, and AIF is the amplitude. The
beat signal can be extracted from the second phase term of
(3). In the chirp pulse model, the information of range can
be expressed in the time domain. While, in the deramping
model, we can obtain the beat frequency, which indicates range
information, using FFT as follows:

SIQ_FFT( fτ , η) = Ar Pr
[

fτ − fbeat
]
ωa[η − ηc]

× e
j
(

π Kr

(
2R(η)

c

)2
−

4π f0 R(η)

c

)
(4)

where Pr is the sinc-like envelope function in the frequency
domain, and fbeat is the beat frequency of the point tar-
get. Moreover, the minimum required ADC sampling rate
is defined by the bandwidth of the received signal, and the
bandwidth of the beat frequency is lower than the bandwidth
of the TX signal. Hence, the FMCW model can reduce the
sampling rate than the chirp pulse system to detect a wide
swath range while maintaining high resolution. Although the
deramping model can secure a wide bandwidth, it still has the
disadvantage of decreasing the resolution along the detection
range.

The advanced delay-stretched de-ramping structure, we use
in this article, gathers the advantages of both radar systems
(chirp pulse and FMCW radar). Table I introduces a summary
of each radar system with its pros and cons. The advanced
deramping radar system transmits the signals as chirp pulse
radar and receives them as FMCW radar. In other words, the
proposed radar system transmits the pulse signal, which has
the advantage of increasing the maximum detectable range.
Simultaneously, the proposed radar receives the deramped
signal, which is the beat frequency. It can reduce the sampling
rate of raw data and the complexity of signal processing. The
final signal model, processed by the deramped algorithm, can
be expressed with beat frequency and azimuth compressed
signal, shown as

Sfinal( fτ , η) ≈ Ao Pr
[

fτ − fbeat
]

pa[η]e− j 4π f0 R0
c e j2π fηc η. (5)
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Fig. 3. Block diagram of the proposed Ka-band delay-stretched deramping radar system.

To demonstrate our proposed technique, we will explain
the overall technique in the next two sections (hard-
ware system and signal processing). In Section III-A, the
radar architecture is designed for deramping mode with a
stretched reference signal. In Section III-B, we analyze and
propose the RDA, which is well-matched with the pro-
posed deramping system, from the perspective of signal
processing.

III. PROPOSED SAR TECHNIQUE THROUGH DERAMPING
SYSTEM AND SIGNAL PROCESS

A. Proposed Ka-Band Delay-Stretched Deramping
Heterodyne Radar Structure

The deramping system combines the advantages of chirp
pulse and FMCW radar. High transmission power, which is
the property of chirp pulse radar, can be used, and sampling
rate and raw-data size can be reduced as FMCW radar.
Therefore, to propose a SAR system, based on de-ramping
radar, we design the delay-stretched deramping heterodyne
radar system at the Ka-band, as shown in Fig. 3. In this
section, we propose how to design the hardware system and
support various considerations for the proposed deramping
SAR system at the Ka-band. With the proposed hardware
system, it enables the achievement of a full Doppler band
at the whole interesting range without resolution loss. In our
case, in order to utilize the wide-stretched reference signal,
wide system bandwidth is designed for operating the proposed
deramping radar. We scheme a structure using four frequency
doublers to obtain high frequency and wide system bandwidth
with high linearity. Each baseband signal is up-converted to a
2-GHz signal and multiplied up to Ka-band by four frequency
doublers. In addition, various bandpass filters are used to sup-
press spurs from nonlinearity elements. Conventionally, this
structure amplifies the quantization error of the final Ka-band
linear chirp signal [22]. To prevent this phenomenon, we used
a high clock direct digital synthesizer (DDS) to minimize
the step size of frequency and time at the baseband signal.
In the SAR application, without the time-delay parameter,
the overlapped region between the round-trip and TX replica
signal will be decreased along with the distance. The time
delay of the TX signal replica is essential to preserve the

resolution of the SAR image because the decrease of the
overlapped region leads to a reduction of the resolution of the
SAR image [12]. However, the high-frequency RF time delay
elements are difficult to handle accurately and increase the
operational complexity of the overall radar system. Therefore,
we propose our delay-stretched structure that can achieve the
equivalent effect of RF time delay elements. Two DDSs are
applied to the delay-stretched system to manage the time
schedule for the baseband signals. Each DDS is assigned
for the TX signal and reference signal in each baseband
part, respectively. The microcontroller, called ATMEGA 128,
is worked in 62.5-ns time control resolution for operating two
DDS. With only one controller, we can easily handle diverse
parameters of TX/reference chirp signals in the digital domain.
The controlled parameters are constructed as chirp bandwidth,
chirp duration, center frequency, time/frequency step, and each
starting time of two DDSs. The proposed radar system is
synchronized by one reference clock, which is “’10 MHz.”
And also, synchronization pins at two signal sources are
bridged into each control block. It ensures the whole system
coherence in terms of accurate signal timing. Moreover, to mix
two signals for deramping, it is also necessary to match the
phase coherency of baseband signals in two DDS boards. From
the microcontroller, a phase correction signal is employed to
process accurate azimuth-matched filtering. It leads to helpful
handling to plan the schedule of signal sources for mixing
Rx and reference signals according to target range coverage.
In order to extract high-quality image in high-frequency radar,
a low-noise receiver should be used due to severe pathloss.
Hence, we analyze and design the system to reduce prominent
system noises. The dominant system noises in radar systems
can be defined as quantization noise and thermal noise. Quan-
tization noise floor level (QNFL) can be defined as follows:

QNFL = 10 log10

(
(FS)2

2 × 50
× 1000

)
− (6.02 × N + 1.76) − 10 log10(M) (6)

where FS is the power dynamic range of ADC, N is the
resolution bit number of ADC, and M is the sample number
of the sampled raw data. According to (6), there are three
variables that control QNFL. FS should be designed in a
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Fig. 4. Noise folding phenomenon.

direction to avoid saturation problems rather than noise, so it
is desirable to set it considering OP1dB. Regardless of the
type of radar, such as chirp pulse, FMCW, and deramping
radar, a higher resolution bit number can generate a lower
value of QNFL. Therefore, we try to use an ADC with a
sufficiently high-resolution bit number. Even using the high
bit number to improve the SNR (low noise), the proposed der-
amping structure can support the low sampling rate to reduce
the data size. Conventionally, for detecting the target, it is
important to design a low-noise radar system. Simultaneously,
in our designed radar system, we try to focus on developing
the stretched deramping technique to reduce the sampling
rate. From this concept, Universal Software Radio Peripheral
(USRP) N210 board and additional daughter board WBX-40
are used, which has 20-MHz bandwidth and 16-resolution bit
number to get I/Q raw data. Moreover, the thermal noise floor
level (TNFL) can be defined as follows:

TNFL = −174 + 10 log10(Analog BW)

− 10 log10(M) + Gr + NF (7)

where Analog BW is the analog pass-bandwidth, Gr is the
receiver gain, and NF is the noise figure. We try to minimize
the signal power loss between the RX antenna and LNA by
using a short, low-loss cable to achieve a low noise figure
in the system [23]. In addition, in the case that the analog
bandwidth of ADC is wider than the desired digital bandwidth,
the noise outside of the Nyquist zone is folded into the desired
domain, as shown in Fig. 4 [24]. A bandpass filter suitable
for the predetermined digital bandwidth is used in front of
the data acquisition (DAQ) board to prevent the noise folding
phenomenon. And also, we select a higher sampling rate than
the minimum required sampling rate, called oversampling,
to secure high SNR [25], [26]. Therefore, in summary of the
proposed signal flow in the system, two DDSs generate each
baseband signal with the time gap. Each signal is modulated
for IF signals and these IF signals are 16 times multiplied by
four frequency-doublers. Finally, the TX signal is reflected by
the target and is deramped with the delay-stretched reference
signal to make a beat signal. In the next step, the RDA
signal processing model with the extended integration time is
described in detail. Furthermore, we show the results to verify
the whole proposed SAR technique in Section IV.

Fig. 5. Proposed RDA for delay-stretched deramping SAR.

B. Proposed SAR Signal Processing Design With Extended
Integration Time

To manage the deramped I/Q raw data, we choose the RD
algorithm, mostly used for SAR signal processing. Further-
more, we design the azimuth-matched filter for the extended
integration time with the RD algorithm. It can improve the
quality of SAR images at the high-frequency band. Unlike
chirp pulse SAR, the focused SAR image is generated in the
frequency domain along the range direction by FFT. Fig. 5
shows the overall process of our proposed algorithm with time
scheduling and frequency planning. There are five steps to
obtain a high-quality SAR.

1) Time Scheduling and Frequency Planning: Schedule the
time and frequency of the signal for the deramping
technique

2) Preprocessing: Raw data arrangement and process to
improve the signal quality.

3) FFT in Range Direction: Focusing the targets of the
SAR image along the range direction.

4) RCMC: Correcting the quadratic term of range cell
migration (RCM) factor to match the azimuth-matched
filter

5) Azimuth Compression: Compressing the targets in the
azimuth direction using the matched filter with the
extended integration time

To understand our deramping radar system, we analyze the
time scheduling and frequency planning with the TX and
reference signals. It is useful to implement the deramping
hardware system without additional RF time delay elements.
We need to arrange the raw data while reducing the interfer-
ence of disturbing signals. After 3), FFT in range direction
(range compression), the process of generating a deramped
SAR image will be described in 4) RCMC and 5) Azimuth
Compression. Based on the proposed hardware system, step
5) is the additional procedure to extend the azimuth time in
the matched filter for the high-quality deramped SAR image.

As mentioned above, it is important to apply accurate
signal processing to the proposed delay-stretched deramping
model. The overall frequency planning with the intermediate
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Fig. 6. (a) Frequency planning and signal time graph of TX/REF signal.
(b) Expected target signals in the beat frequency domain.

frequency must be defined to take advantage of our pro-
posed deramping mode. And also, the signal timing graph is
accurately scheduled to apply the time-shifting and stretching
techniques. As shown in Fig. 6(a), we show the frequency
planning and signal time graph. As explained in the previous
section, we consider the time/frequency values of the TX
and reference signals according to the required conditions
(minimum/maximum detection range and resolution) within
the system frequency bandwidth. And also, sufficient spacing
between direct leakage and received data should be ensured
by setting our proposed parameters. As shown in Fig. 6(b),
we can detect the expected target points with decreased noise
floor. It leads to alleviating the rise of noise floor due to the
phase noise of the direct leakage signal [14]. The beat signal
by the direct leakage and the target can be induced as follows:

fDL_beat = fc_add − 16Krτdelay

fmin_beat = fc_add − 16Krτdelay +
32Kr

c
Rmin

fmax_beat = fc_add − 16Krτdelay +
32Kr

c
Rmax (8)

where fc_add is the frequency gap between the TX signal
and the reference signal, τdelay is the time delay of the
reference signal for deramping, Rmin is the minimum interested
range, and Rmax is the maximum interested range. From
the above equations, the beat frequencies are proportional to
the maximum/minimum interested range and can be variably
controlled, based on the chirp rate, time delay, and additional
carrier frequency. By controlling the chirp rate and time
interval between the TX signal and the reference signal, the
interference of direct leakage is rapidly reduced within the
interested data. Conventionally, deramping structures do not
exist the problem from direct leakage, but it is only for mid-
/long-range radar. Through the above frequency planning and

TABLE II
CONSIDERABLE SYSTEM PARAMETERS

time schedule, the advantages of deramping can be achieved
not only at mid-/long-range radar but also at certain short-
range radar. It means that, even in the short-range mode,
we can handle the expected target range by reducing the
interference of direct leakage as shown in Fig. 6(b).

The stretching technique presents that the reference signal,
matched with the TX signal, is stretched in the coverage of
the system usable bandwidth. The stretched reference signal
is deramped (mixed) with the reflected signal by the target.
Depending on the interested range, the stretched length and
delay time of the reference signal can be determined. As shown
in Fig. 6(a), all received signals can be deramped by full band-
width with a reference signal (stretched signal). It means that
we can obtain an SAR image without the decreased resolution
along all range coverage. Table II shows the summary of the
controlled parameters and limited conditions for signal time
scheduling and frequency planning.

To analyze the proposed signal model, we start to introduce
the analytic signals at each DDS. For simplicity of explanation,
the amplitude values of chirp signals are unified in one
parameter (An). And also, due to variable time scaling, the
window function is defined as follows:

ωrs[τ ] =

{
1, when 0 < τ < T
0, otherwise.

(9)

The baseband signals from two DDSs can be expressed as
follows:

STX_Analytic(τ ) = A1ωrs[τ ]e jπ Kr τ
2

(10)

STXDDS(τ ) = A2ωrs[τ ] cos
[
2π fIF_TXτ + π Krτ

2] (11)

SREFAnalytic(τ ) = A3ωrs

[
τ − τdelay

α

]
e jπ Kr(τ−τdelay)

2

(12)

SREF_DDS(τ )= A4ωrs

[
τ − τdelay

α

]
× cos

[
2π fIF_REF(τ −τdelay)+π Kr (τ −τdelay)

2]
(13)
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where ωrs is the shifted rectangular window function, An is the
amplitude factor, fIF_TX and fIF_REF are the IF frequency of
each DDS output signal, and α is the stretch factor. Especially,
τdelay and α are determined by the interested range. Note that
α controls the stretched value of the reference signal with
the fixed chirp rate. And also, Kr is adjusted to increase the
gap from direct leakage within the system bandwidth. The
signal generated by DDS is up-converted and multiplied by
four frequency doublers. RF signals can be expressed as

STX_RF(τ ) = A5ωrs[τ ] cos
[
2π fcτ + π16Krτ

2] (14)

SREFRF(τ ) = A6ωrs

[
τ − τdelay

α

]
× cos

[
2π
(

fc + fcadd

)(
τ − τdelay

)
+ π16Kr (τ−τ delay)

2] (15)

where fc indicates the carrier frequency. Note that the chirp
rate is 16 times from the above baseband signal. In our case,
although the proposed structure with four frequency doublers
has the advantages of obtaining high frequency and wide
system bandwidth, it can increase the quantization error during
frequency modulation. To overcome this problem, we mini-
mize the frequency/time step of the baseband linear frequency
modulation (LFM) signal by operating the DDS with a high-
rate reference clock. The received signal from the stationary
point target is expressed as follows:

τr.t =
2R(η)

c
(16)

SRX_RF(τ, η) = A7ωrs[τ − τr.t ]ωa[η − ηc]

× cos
[
2π fc(τ − τr.t ) + π16Kr (τ − τr.t )

2]
(17)

where τr.t is the round-trip time. The received signal in (17)
is deramped (mixed) with the delay-stretched reference signal,
as shown in (15). It leads to the beat signal, which means the
range information of the SAR

SDeramped(τ, η) = A8ωoverlap[τ ]ωa[η − ηc]

× cos
[(

2π fc_add−32π Krτdelay+32π Krτr.t
)
τ

+ 2π fcτr.t − 16π Krτ
2
r.t + θs

]
(18)

where θs = 16π Krτ
2
delay − 2π fcτdelay − 2π fc_addτdelay.

This scheme is the same as that of the range compression
in the chirp pulse radar system. The deramped beat signal is
sampled and I/Q demodulated by USRP N210. The sampled
I/Q raw data can be expressed as follows:

∗ Proposed final de-ramped IQ signal

SDeramped_I Q(τ, η)

≈ A9ωoverlap[τ ]ωa[η − ηc]

× e
j
(
(−32π Kr τdelay+32π Kr τr.t)τ+

4π fc R0
c +

2πV 2
r

λR0
η2

+θ s

)
. (19)

After FFT along the range direction, to remove the ghost tar-
get, filtering is performed in the azimuth direction. Sufficient
PRF must be ensured. Before the RCMC and compression pro-
cess, the raw data are converted into the range(beat)-Doppler
domain through FFT in the azimuth direction. A series of

Fig. 7. Antenna specification.

Fig. 8. Doppler frequency map according to the frequency.

target trajectories in the same range are converted into one
single trajectory. The raw data in the range(beat)-Doppler
domain are expressed as follows:

Sr D
(

fτ , fη
)

= A10 Pr
[

fτ − fbeat
]
Wa
[

fη − fηc

]
× e j

(
4π fc R0

c +θs

)
e− jπ

f 2
η

Kaz (20)

where Kaz is the azimuth FM rate. The principle of stationary
phase (POSP) is used for derivation [27]. And the slant range
equation on the range-azimuth domain and range-Doppler
domain can be expressed in the low squint case as follows:

R(η) = R0 +
V 2

r η2

2R0

Rrd
(

fη
)

= R0 +
R0λ

2

8V 2
r

f 2
η (21)

where Vr is the SAR platform velocity. Although the quadratic
RCM term can be compensated, we are able to focus
on various targets of SAR images without the RCMC in
high-frequency and short-range radar [20]. After RCMC,
an azimuth-matched filter is applied to compress the spread
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Fig. 9. SAR image variation at the Ka-band according to the integration time. (a) Insufficient time (0.1 s). (b) Conventional time (0.5 s). (c) Extended time
(0.8 s).

Fig. 10. Measurement setup for automobile-SAR.

target data into a point target. Based on the above-expected
signals and the characteristics of high frequency, we can design
the matched filter with the extended exposure time to improve
the focusing quality of targets. In general, the exposure time
and frequency modulated rate in the azimuth direction are
derived as follows, respectively [18]:

Ta = 0.886
R(ηc)λ

La Vg cos θr,c

Kaz =
2
λ

d2 R(η)

dη2

∣∣∣∣
η=ηc

=
2V 2

r cos2θr,c

R(ηc)λ
(22)

where La is the antenna length in the azimuth direction, θr,c is
the squint angle. Related to the antenna beam pattern, with a
low sidelobe level, we can secure the extended Doppler band
and it leads to increasing the quality of the SAR image. The
designed antenna in Fig. 7 has a low sidelobe level, which
reduces the unexpected interference, and it leads to receiving
a clear Doppler signal, which can also increase SNR [28].
As shown in Fig. 8, more integration time is required at a lower
frequency to secure the same size of the Doppler band. In other
words, we can increase the Doppler frequency band at the
higher frequency, using the same integration time. Therefore,
it is important to utilize the expected full Doppler band, which
is over 3-dB beamwidth of the designed antenna, which has
low sidelobe level. It causes the increased integration time in
azimuth-matched filtering. Therefore, the extended integration
time, by the characteristics of the high-frequency model and
the designed antenna, can improve the quality of the 2-D SAR
image. Considering the above phenomenon, we design the
azimuth-matched filter

ωaz[η] =

 1, when −
Textended

2
< η <

Textended

2
0, otherwise

haz(η) = ωaz[η]e− jπ Kazη
2
. (23)

Fig. 11. Raw data, range compression, and RCMC.

The proposed azimuth-matched filter with wide integration
time is designed by the above-introduced equation. In other
words, based on the characteristics of the proposed Ka-band
de-ramping radar system, we can extend the integration time of
the azimuth-matched filter to the theoretically expected time.
In Section IV, we will explain the processed results in more
detail in Fig. 9. For achieving the high-quality SAR image,
we design the overall high frequency deramping process with
not only the hardware system but also the characteristic of
signal processing. Finally, after finishing the above five steps,
we can generate a high-quality SAR image. In Section IV,
we show the method to generate a high-quality SAR image in
a deramping radar system and verify our method with practical
experimental data.

IV. EXPERIMENT AND RESULTS

In order to verify the proposed techniques, we manufacture
a Ka-band deramping radar system, which is operated over
30 GHz. The system is introduced in Fig. 3, and it is
used for the practical experiment. SAR in Ka-band has been
researched to minimize and simplify the radar system, com-
paring L-/C-/X -band. It can be utilized for small satellite and
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Fig. 12. Final SAR image at the Ka-band.

TABLE III
Ka-BAND SAR SYSTEM SPECIFICATION

unmanned aerial vehicles. We carried out SAR experiments
on an automobile platform, called Auto-SAR, to observe the
general rural topography. Table III shows the specification of
the deramping radar system for the Ka-band.

For comparison with the conventional SAR experiment,
we apply the stop-and-go method, which is used for

approximate range-Doppler calculation in RDA. And also,
we obtained the raw data in strip-map mode. As shown in
Fig. 10, two channels are used for the operating system. The
antenna closest to the front of the vehicle is connected to
the channel for transmission, and the other antenna closest
to the rear is connected to the channel for the reception.
Fig. 7 introduces the specific design and far-field pattern of the
antenna, which is also used in this SAR experiment. To secure
the wide integration time, it is designed with a low sidelobe
level and high gain (23 dB) at 35.75 GHz. Based on the above
experimental conditions, we succeed in proving our proposed
methods: 1) hardware system and 2) signal processing of the
extended integration time. Fig. 11 shows the images of each
step in the proposed signal processing algorithm. According
to Fig. 11, from the received raw data, we can generate the
compressed range image through FFT. After processing the
RCMC, the final SAR images are generated with wide inte-
grated matched filtering along the azimuth direction. Through
our proposed techniques, Fig. 12 shows that the final SAR
images are accurately processed in the Ka-band. In addition,
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TABLE IV
PERFORMANCE COMPARISON FOR SAR

Fig. 9 shows how much improvement in the image quality
can be expected by increasing the integration time. Fig. 9(b)
shows the SAR image, applied in conventional integration
time, which is calculated with 3 dB antenna beamwidth. How-
ever, the proposed characteristics of high-frequency and low
sidelobe levels in the deramping system lead to the difference
in the SAR image quality. As shown in Fig. 9(c), we can
confirm the quality improvement by increasing the integration
time. In Table IV, we show the comparison of performance
between the previous and proposed technique. We can use the
extended Doppler band and reduce the hardware size of the
overall system due to the utilized frequency area. Moreover,
even though the proposed technique is operated at a higher
frequency, it can obtain high-quality SAR images.

V. CONCLUSION

We introduce an advanced method to generate high-quality
SAR image in Ka-band using the proposed deramping radar
system and signal processing techniques of the extended inte-
gration time. With the frequency planning and time scheduling
of signals, we can design the deramped SAR system and
reliably generate the high-quality 2-D SAR image through
the wide integration time. In other words, this article intro-
duces the overall process of designing the deramping radar
system at Ka-band and studies to overcome the theoretical
integration time of conventional SAR processing. The effect
of speckle noise is reduced according to the length of the
integration section. And also, the resolution is improved due
to the increased Doppler bandwidth. In this process, we can
obtain a high-quality SAR image without the additional type
of device to operate a deramping radar system. It means
that the beat signal can be generated by the schedule of
RF baseband sources without RF time delay elements and
even without the degraded resolution according to the range.
It leads to the low complexity of radar operation and it
is easy to manipulate parameters within system conditions.
Moreover, based on the proposed deramping system, we try
to improve the performance by grafting the characteristics of
the high-frequency signal at Ka-band. It can allow reducing
the economic cost and the volume/weight of the overall
hardware system. In Section IV, we introduce the specific
explanation of a practical experiment on an actual general
highway. And also, we success to verify the expected results
of our proposed technique. In the end, by our proposed
method, 2-D image of SAR can be generated by not only
decreasing noise interference but also increasing the image

quality. In line with the global trend of miniaturized satellites
(CubeSat and MicroSat) at high-frequency, this article suggests
the possibility of developing a radar system at the Ka-band.
In future research, we plan to develop a novel signal processing
algorithm for the airborne platform and multi-channel SAR
(In-SAR and Pol-SAR). The proposed deramping radar system
with extended integration time, proposed in this article, could
support other SAR platforms and various applications with
powerful synergy to improve the SAR image quality.
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