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Abstract

In this paper, the compressed sensing basic pursuit denoise algorithm adopted to synthetic aperture radar 

imaging is investigated to improve the object recognition. From the incomplete data sets for image processing, the 

compressed sensing algorithm had been integrated to recover the data before the conventional back- projection 

algorithm was involved to obtain the synthetic aperture radar images. This method can lead to the reduction of 

measurement events while scanning the objects. An ultra-wideband radar scheme using a stripmap synthetic 

aperture radar algorithm was utilized to detect objects hidden behind the box. The Ultra-Wideband radar system 

with 3.1～4.8 GHz broadband and UWB antenna were implemented to transmit and receive signal data of two 

conductive cylinders located inside the paper box. The results confirmed that the images can be reconstructed by 

using a 30% randomly selected dataset without noticeable distortion compared to the images generated by full data 

using the conventional back-projection algorithm.
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Ⅰ. Introduction

Due to the penetration capability of ultra-wideband

(UWB) signal, several researches from its properties

have been explored since the previous two decades

[1] [2] [3]. UWB synthetic aperture radar (SAR) is

also one of the application exploits the weather

and all-time dispositions for the detection of

buried and obscured targets in various situations,

such as finding lives under wreckage [4] [5] besides

the other applications as security, material non-

destructive health examination [6] [7].

The appearance of compressed sensing (CS)

since the previous decade [8] [9] has brought many

CS-based potential applications including radar

imaging [10] [11]. The CS-SAR imaging scheme

can recover images of sparse or compressible

targets from a randomly under-sampled data

collection. In this study, the investigation on the

CS Basis Pursuit Denoise (BPDN) algorithm

adapted to SAR imaging to detect the object

hiding behind the box to determine whether the

algorithm can be integrated to extract accurate

SAR images of measurement objects from a few

random measurements collection or not. The

SAR images of various objects behind the box

were compared to original SAR images of the

objects without CS-BPDN integration. This paper
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is organized as follows: Sect. 2 gives the theory

of CS and UWB SAR imaging. Sect. 3 describes

the setup of the experiment in addition to results.

Finally, Sect. 4 concludes the paper.

Ⅱ. Theory and method 

1. Compressed sensing

In the previous century, the Nyquist-Shannon

sampling theorem had figured out that signal can

be perfectly reconstructed from sampling if the

sampling rate is twice higher than the signal’s

highest frequency. At the first glance, CS seems

to be against the sampling theorem but it is not

since CS depends upon the sparsity of signal and

not on its frequency.

Fig. 1. Schematic of measurements in the compressed 

sensing [12].

David Dohono in [8] proved that signal can be

reconstructed with fewer samples than sampling

theorem which introduced the concept of compressive

sampling.

CS theory:

1) A signal with length N need to be reconstructed

from M measurements such that M ≪ N.

2) The signal is then made sparse through some

transform  as:

   (1)

where x is original signal of size N × 1, s is the

k-sparse signal of size N × 1, and  is transform

of N × N.

3) With knowledge of the sparse vectors, it is

possible to reconstruct the signal x from (1).

Thus, the goal of compressed sensing is to find

the sparsest vector s that is consistent with the

measurements y. The measured signal vector is

calculated as:

     (2)

where y is measurement vector of size M × 1

and θ is random sensing matrix of size M × N.

The random matrix θ must possess Restricted

Isometry Property (RIP) which means that the

matrix θ is guaranteed to hardly change the

length of vector x as long as the vector x is at

least k-sparse [12].

Fig. 2. Block diagram of signal reconstruction via BPDN.

4) The signal can then be reconstructed using

optimization techniques such as l1–norm and

l2-norm. In this study, because of the presence of

noise in signal data, the BPDN was investigated

to reconstruct the signal (Fig. 2). This algorithm

is formulated as:

minimize  subject to  ≤  (3)

where  and  are the l1–norm and l2-norm

and ε is an estimate of the noise. CS

refers to the process of reduction of dimensions

rather than compression. The CS theory can be

apprehended through Fig. 1.

2. UWB SAR Image processing and CS integration

In a near-field or indoor context, SAR imaging

is a strong method that is commonly cooperated

with UWB ground penetration radar for object
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Fig. 3. Block diagram of image processing.

and life detection and in the non-destructive

examination of structural health. One of the most

valuable advantages of ultra-wideband (UWB)

signals is its material penetration properties and

low transmitted power which lead to a wide

range of short-distance applications. In this study,

a commercial UWB from Humatics [13] was used.

There are the correlation between the range and

azimuth resolutions of the SAR system with the

pulse width and frequency characteristic [14]:

∆  


(4)

∆  


(5)

where and are the range and azimuth resolutions

respectively of a SAR system, c is the velocity

of light in free space, B is the radar system’s

working frequency bandwidth, λ is the wavelength,

R is the distance between the radar and target,

and L is moving path length of the radar on the

scanning area. This system works with a high

repetition rate of 10 MHz, and its transmitted

pulse width is 2 ns. For generating a SAR image,

a working scheme was established as shown in

Fig. 3.

The radar was moved along the track on the

platform. While it was being moved, the radar

continuously transmitted and received the echo

signals. The data was recorded until the endpoint

of the moving path was reached. After this

scanning process, the radar data were stored in a

2-dimensional array which represented the

amplitudes and corresponding range distances.

Subsequently, the mean subtraction and Finite

Impulse Response (FIR) filter method was involved

to remove initial crosstalk, background noise, and

side lobes effects.

According to the CS theory (Eq. 2), the system of

equations describing the model can be written as:

   (6)

Where:

- A is the sensing matrix size M × N (M < N).

- x is the sparse data size N × 1 with K ≪ N

non-zero elements.

- y is the measured matrix size M × 1. The

measurement number M is calculated as

 ≥ 


 .
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Fig. 4. Experiment setup: top view of system design.

For the application of CS, the sparse signal

was formed by a reduced set of reflected signals

which means that a small number of sample

points should be taken in the azimuth direction

randomly. Since most of the elements in x are

zero which lead to a l1-minimization method can

be used to recover the signal. In this study, the

BPDN method was investigated to reconstruct

the signal. Its implementation in Spectral Projected

Gradient for L1 minimization (SPGL1) is used

[15] with the formed problem as E.q (3).

After reconstructing the signal, the phase

history (PH) data were generated and put into a

collection wherein each element included the PH

data and the related distance. When generating

PH data, the Kaiser smoothing window is applied

to reduce the side lobes effect of radar beam

which is the most effective data processing

method in SAR technique [14]. Finally, the PH

data were processed to archive every point of the

image grid. After the PH collection was processed,

the final complex SAR image was reproduced.

Ⅲ. Experiment setup and results

1. Experiment setup

In order to conduct the SAR imaging for detecting

the hidden objects, a UWB radar device was

attached to a moving platform that could carry it

in a 1 meter length continuously along the azimuth

path in 100 equidistant steps. The PuslOn P440

UWB radar with 2 antennas operating a bistatic

mode with the monostatic system was utilized to

gather the reflected signals as raw data for imaging

processing. Since the direction of antennas on the

radar device was fixed on the moving platform, the

reproduced images are referred to as stripmap SAR.

Fig. 4 illustrates the top view of the system.

The pulse repetition interval (PRI) of radar kit

is 100 ns as introduced from manufacture [13], to

avoid from the overlap between transmitted and

received pulses, the distance R from radar to

target related to PRI with speed of light c

should be in range follow equation:

 ≤

 ×
(7)

Besides that, the multi-reflection between radar

and target is also deducted by the calculation of

recording signal in time domain:

 


 ×∆
× 


(8)

where t and ∆ are range scanning time and

recorded time resolution in ps. The targets used

in this study are two small cylinders of different

sizes. The diameters of these cylinders are 10,

and 5 cm, respectively; their heights are 15cm

and 7cm, respectively, while the space between

two of them is 5cm. Both of the targets was

placed inside a carton box with the dimension of

29cm × 35cm × 18cm (height × width × depth).

With these proposed targets, the detection of

multi-direction scattered objects could be

analyzed. Depend on the experiment setup, the

range resolution related to Eq. (4) is ∆ = 6.9 cm

and the azimuth resolution is nearly ∆ = 5.0 cm

Eq. (5). The recorded signals were sent to a

filter to reduce background noise.

The received data is then reduced and spared

by randomly choosing a percentage of the azimuth

direction measurements. This data is then processed

by the BPDN algorithm wherein a solution (x)

was obtained by solving E.q (3) which is then

used to calculate the full RCS data set for image

processing. The RCS data were processed by a

Back Projection (BP) algorithm [16] in MATLAB
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(a) SAR image generated from original data

(b) SAR image reconstructed from 50% of data

(c) SAR image reconstructed from 25% of data

(d) SAR image reconstructed from 10% of data

Fig. 5. SAR images of the cylinders inside the box.

to achieve the final SAR image of the scanning

area.

2. Experiment results

In this section, some experiment results are shown

to evaluate the method. Firstly, the complete data

sets were utilized to generate an SAR image by

using the conventional back-projection algorithm.

After that, we selected some parts of the raw

data randomly and reconstructed the SAR images

based on CS theory. To validate the ability of

the CS SAR imaging, we compared the original

image created by conventional back-projection

algorithm using full data with the other images

formed from the randomly selected samples of

original data. In this experiment, seven collections

of data samples were taken into account which

corresponding to 10%, 20 %, 25%, 30%, 40%, and

50% from the original data.

The result is shown in Fig. 5. It clearly

illustrates that this reduction does not distort the

image perceptively by comparing the image

reconstructed from 50% data set (Fig. 5b) with

the original image (Fig. 5a). The data is then

reduced further down to 25% and imaged using

the same procedure as before. As illustrated in

Fig. 5c, the image is now somewhat distorted

with some blur and saw effects on the region of

interest of the objects. Fig. 5d shows that it was

failed to reconstruct an image with 10% data.

Fig. 6. Mean square error corresponding to the images 

reconstructed from a specific percentage of data.
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In Fig. 6, we calculated the mean square error

(MSE) corresponding to each percentage of

samples by firstly gray scale all of the images

then took the MSE between each of these

images and the original one. The MSE is scale

in the range 0 to 1. Generally speaking, there is

the negative correlation between the number of

samples and the MSE value. More specifically,

the more samples were selected, the better MSE

gained (TABLE 1). These values slightly remain

unchanged until the percentage of samples drops

to 25% which results in an increase in the image

distortion.

Table 1. Measurement time and MSE comparison.

Percentage of 
selected data

Corresponding 
measurements and time

MSE 
[0-1]

100% 101 in 350 secs 0

50% 50 in 175 secs 0.0453

40% 40 in 140 secs 0.0453

30% 33 in 115 secs 0.0456

25% 25 in 88 secs 0.0538

20% 20 in 70 secs 0.0977

15% 17 in 60 secs 0.1547

10% 11 in 37 secs 0.1615

Ⅳ. Conclusion

A method of CS-BPDN algorithm in RCS

reconstruction using UWB SAR imaging in order

to detect the hidden objects is introduced in this

study. By applying this method, the SAR image

can be acquired from a shortage of data. It can

be a way to reduce the measurement time when

there are fewer measurement events that need to

be conducted. From the experiment results, 30%

of measurement data are enough to reconstruct

the image without the perceptible distortion. In

the future work, machine learning and CS-based

algorithms could be incorporated to improve the

accuracy of data recovery and reduce the

reconstruction time. With the penetration ability

of UWB signal in short range communication,

we will study to adopt this method in defect

detection of structure for nondestructive health

examination test.
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