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Abstract—Generating high resolution images is one of the 
most important capabilities of imaging systems for security 
applications. To achieve this goal, electrically large apertures are 
required, thus involving a large number of measurement samples 
or receivers, which leads to long acquisition times. Compressed 
Sensing techniques are one way to reduce the number of samples 
required for accurate image reconstruction. This contribution 
describes a multistatic millimeter wave radar imaging system 
which has been improved using Compressed Sensing, simplifying 
the imaging system design and fabrication. Performance of the 
system is validated by means of simulation-based examples as 
well as by experimental measurements. 

Index Terms—Millimeter waves, Imaging systems, 
Compressed Sensing. 

I.  INTRODUCTION 
In the area of homeland security, there is an increasing 

demand for methods to improve the efficiency of the personnel 
screening for concealed objects and contraband detection at 
security checkpoints [1-6]. Human body imaging is an 
effective way of identifying dangerous objects attached to the 
body under clothing.  Terahertz wave sensing [4,5] and X-ray 
backscatter [5] provide good resolution, but the former is based 
on expensive, cutting-edge technology and its speed and 
accuracy depend on precise mechanical scanning, while the X-
ray systems make use of ionizing radiation, which is less 
attractive to the airline travelers.  

Millimeter-wave imaging radar systems [1-3] not only 
provide high-resolution imaging but also balance the trade-off 
between accuracy and cost. With mm-wave radar, the object of 
interest is first illuminated by millimeter waves and then the 
scattered field is measured and processed in order to 
reconstruct the surface (or volume) of the object. The image 
resolution is determined by the radar center frequency, its 
bandwidth, and its aperture size.  

A novel millimeter wave imaging system was presented in 
previous works [2,3]. System layout is depicted in Fig. 1: the 
human body is illuminated by an incident millimeter-wave 
generated by a novel Blade Beam elliptical-parabolic reflector 
antenna. This antenna produces a narrow beam in elevation (z 
axis) while illuminating the body with constant amplitude in 
azimuth [7]. This illumination allows thin slices (~ 2-3 cm 

thickness) of the body to be processed independently. The 
electric field scattered by the illuminated section is captured by 
two arrays of millimeter wave antenna elements placed on a 
90º arc above and below the transmitting reflector. A Synthetic 
Aperture Radar (SAR)-based imaging algorithm [8] is used to 
recover the reflectivity values on slices placed parallel to XY 
plane illuminated by the Blade Beam transmitting antenna. The 
transmitting antenna and the receiving antenna arrays are 
translated vertically, and the two-dimensional retrieved images 
are stacked to form a full body surface reconstruction [2,3]. 
This approach simplifies the three-dimensional reconstruction 
problem into a combination of multiple 2D problems allowing 
the reduction of computational cost and processing time of the 
full 3D inversion problem, an essential requirement for 
practical security screening systems. 

 

 
Fig. 1. Geometry of the proposed mm-wave portal-based system. 

 
One of the remaining limitations is the number of required 

receivers. According to the minimum sampling rate criterion 
[9], for the system proposed in [2,3] (f = 60–66 GHz, human 
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body having a maximum cross-range size of ~40 cm) with 
SAR imaging, the minimum number of receivers on each arc is 
about 150. 

Reducing the number of receivers and thereby the cost, 
complexity and measurement time without compromising the 
quality of the reconstructed image is the purpose of this 
research. To achieve this, Compressed Sensing (CS) 
techniques, which have been successfully applied in several 
imaging problems (CS-SAR) [10-13], are proposed. Usually, 
CS-SAR images are generated with as few as 25-30% of the 
samples required by standard SAR imaging. 

II. COMPRESSED SENSING TECHNIQUE 
Compressed Sensing (CS) [14-16] states that sparse signals 

can be recovered using far fewer samples or measurements 
than that required by the Nyquist sampling criterion. A discrete 
signal vector y ∈ CN can be represented in terms of an 
orthonormal basis Ψ ∈ CN×N as (1): 

 y α= Ψ , (1) 

α ∈ CN represents the coefficient vector. The signal y is K-
sparse if it is a linear combination of only K  basis vectors;  
that is, α only has K non-zero coefficients, with K << N.  

The subsampled signal ys, is acquired by linear projection ys 
= Φy. Φ ∈ CM×N is a binary matrix: with ones corresponding 
to the receiver locations, and zeroes corresponding to the 
discarded positions, both sets randomly selected. M denotes 
the number of measurements needed, which satisfies M << N. 

 sy y α α= Φ = ΦΨ = Θ , (2) 

where Θ is an M × N matrix. Although (2) is 
underdetermined, it has been shown that it is very likely to 
recover y = Ψα exactly, provided that α is a sparse signal and 
that matrix Θ obeys a Restricted Isometry Property (RIP), 
which is satisfied if Ψ and Φ are incoherent. 

As stated in [14], any random matrix Φ is likely incoherent 
with the orthonormal basis Ψ. Numerical evaluation of the 
coherence (represented by μ(Θ*, Θ) ) of Θ = ΨΦ, can be 
assessed as indicated in Eq. (3) of  [14]. When the samples are 
corrupted with noise, as occurs in real problems, the 
minimization problem to be solved is: 

 
1 2

min N sR
subject to y

α
α α ε

∈
− Θ < , (3) 

A cross-validation technique, as described in [15], is used 
to determine the value of the regularization parameter ε. The 
Nesterov algorithm [16], provided as a Matlab® toolbox, is 
used to minimize Eq. (3).  

An additional advantage of CS-SAR imaging derived from 
the aforementioned mm-wave portal-based scanner is that the 
number of non-zero elements can be estimated using a-priori 
information. Assuming that the slice where the CS-SAR 
image is recovered is discretized into (N)1/2×(N)1/2 pixels (N is 
the number of elements of vector y) then it is possible to 
estimate that the number of non-zero reflectivity elements will 
be K ~ (N)1/2 assuming one-pixel range thickness of the slice 

and that the recovered profile occupies the entire cross-range 
dimension. Moreover, it has been observed that the sparse 
signal can be accurately recovered with a number of samples 
of M ~ 4K [17]. Thus the expected number of non-zero 
reflectivity pixels of α, K, is related to the minimum number 
of samples (ys vector) M to be used for the reconstruction. 

III. CS HUMAN BODY 3D PROFILE RECONSTRUCTION 
This section presents an application example of the CS 

techniques for the proposed personnel screening system.  The 
object-under-test consists of a realistic model of the human 
body torso with two attached objects [2-3], as depicted in Fig. 
2.  

 

 
Fig. 2. Object-under-test: portion of the human body torso with two attached 
objects. The dashed green line represents the portion of the torso to be 
recovered. Solid green line indicates torso profile for the z = 0 m slice. 
 

 
Fig. 3. Field scattered by the human body torso at f = 60 GHz when the beam 
is pointing at elevation z = 0 m. Two arcs are used. Black dots indicate the 
randomly chosen receiver positions (P = 40 positions per arc). 
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Fig. 4. CS-SAR images (normalized reflectivity, dB) recovered on the z = 0 m 
slice using P = 40 receiving positions. (a) Upper arc. (b) Lower arc. Green 
line represents the true human body torso profile at z = 0 m. 

 

 
Fig. 5. (a) CS-SAR, with 40 receivers per arc image and (b) standard SAR, 
with 150 receivers per arc  image (normalized reflectivity, dB) recovered on 
the z = 0 m slice combining upper and lower arc results. Green line represents 
the true human body torso profile at z = 0 m. 

 

The forward problem is simulated with physical optics 
(PO), assuming that the human body behaves as a good 
conductor in the 60.6-66 GHz frequency band. This band is 
sampled at 600 MHz frequency steps, thus resulting in F = 10 
samples in frequency. White Gaussian noise is added to the 
simulated scattered field for a realistic Signal-to-Noise Ratio 
of 30 dB. 

 

 
Fig. 6. Reconstructed meshes generated from the stacked 2D standard SAR 
images using two arcs of 150 receivers (a) and CS-SAR images using two 
arcs of 40 receivers (b).  

 
First, the CS method is validated for a single slice 

corresponding to when the Blade Beam illuminates the torso 
along z = 0 m. The two 90º-arcs are placed 30 cm above and 5 
cm below the reflector antenna. As mentioned in the 
Introduction, each arc has 150 receiving positions to avoid 
aliasing. The use of two arcs ensures that part of the scattered 
field will be collected in at least one of the two arcs, as shown 
in Fig. 3. The reconstruction slice at z = 0 m, is 0.3 x 0.3 m, 
centered at (x,y)=(0,0.15) m. 

CS is applied using a subset of P random positions taken 
from the available 150 samples on each arc (black dots in Fig. 
2). Cases for P = 32, 40, and 48 have been tested, finding that 
P = 40 provides acceptable results. For this number of 
samples, the reconstruction domain is discretized in N = 100 x 
100 subdomains, to satisfy M ~ 4K, with K~(N)1/2, and M = F 
x P = 400 samples. 

Two CS reflectivity images, one per arc, are recovered (see 
Fig. 4). Note that since the upper arc collects more power than 
the lower arc, the reconstructed image from the former (Fig 4 
(a)) is closer to the true human body torso profile.  
Quantitative assessment of the image quality is given by the 
Image Signal-to-Noise Ration (ISNR) defined in Eq. (15) of 
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[15]. ISRN is 21.4 dB (Fig. 4 (a)) and 21.6 dB (Fig. 4 (b)) for 
the upper and lower arc respectively. 

The two previous CS-SAR reflectivity images are 
combined in amplitude and phase to provide a single CS-SAR 
image at z = 0 m slice (Fig. 5 (a)). For comparison purposes, 
the standard SAR image is recovered using the entire set of 
150 receivers on each arc (Fig. 5 (b)). It is clear that the CS 
image not only requires 60% fewer receivers but also that it 
can sharpen the human body profile with respect to standard 
SAR. This results in higher ISNR, and easier and more 
accurate automatic profile extraction and 3D mesh generation 
[2,3]. 

Next, CS-SAR and standard SAR reflectivity images are 
recovered on a set of slices ranging from z = -12 cm to z = + 10 
cm, in 2 cm-steps. Reflectivity image reconstruction follows 
the same procedure as described for the z = 0 cm slice.  

Once all the images have been retrieved on every slice, an 
automatic profile extraction method [2,3] is applied to create a 
3D mesh of the human body torso. 3D meshes from standard 
SAR and CS-SAR images are plotted in Fig. 6(a) and 6(b) 
respectively. Both the human body torso, and the metallic 
objects attached to it are accurately reconstructed, as seen by 
comparing to the true human body torso depicted in Fig. 2. 
Again, it must be remarked that CS-SAR requires just 40 
receivers per arc whereas standard SAR uses 150 (almost 4 
times as many receivers) to produce almost the same 3D 
reconstructed mesh. 
 

 

Fig. 7. Measurement setup (top). Metallic OUT, which has constant cross 
section along z-axis (height) (bottom left). Anechoic chamber (bottom right). 

Computational cost is another key factor concerning the 
final implementation of a real-time portal-based mm-wave 
imaging system. In this sense, standard SAR processing is 
faster than CS-SAR, as the former can be easily implemented 
using forward techniques as described in [8,18]. For this 
example, and for every slice, standard SAR processing using 
150 receivers takes 5 s, whereas CS-SAR requires 20 s with 40 
samples per arc. A conventional laptop (Intel Core i5 at 2.67 
GHz with 4 GB RAM) has been used for benchmarking. 
Despite being 4 times slower, attention must be focused on the 

overall calculation time for CS-SAR: 20 s times 12 slices = 
240 s, far from the real-time goal. Fortunately, recent advances 
on Graphics Processing Units (GPUs) applied to inverse 
problems provide speed-up from 50x to 100x [18]. 

 

Fig. 8. (a) Standard SAR image created with 46 positions. Aliasing effects are 
visible along the x = 0.2 m vertical line. CS-SAR images obtained from (b) 30 
and (c) 25 randomly positioned samples respectively. Solid black line 
represents the OUT profile. 

IV. VALIDATION WITH EXPERIMENTAL MEASUREMENTS 
The next step is devoted to experimental validation using 

measurements: for this goal, a multistatic radar setup, depicted 
in Fig. 7, has been mounted at the spherical range in an 
anechoic chamber of the University of Oviedo.  

The object-under-test (OUT) is a curved metallic surface 
(Fig. 7, bottom left) that resembles the human body torso 
curvature. A 2.5 cm thick metallic object (wood prism covered 
with aluminum foil) is attached at the front. The frequency 
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ranges from 20 to 26 GHz, sampled every 500 MHz. The field 
scattered by the metallic target has been measured on a 90º 
degrees arc placed 5 m away of the object. For this 
configuration, the measurement setup does not allow 
displacement along z axis, thus allowing for 2D imaging only 
(profile reconstruction on the XY plane). The reconstruction 
domain, with size 0.5 x 0.5 m, is discretized into 80 x 80 
subdomains. 

First, the OUT cross-section is retrieved using standard 
SAR imaging. Taking into account the OUT cross-range size 
(34 cm), 60 samples are required along the 90º-arc to avoid 
aliasing [9]. Even with as few as 46 equally-spaced samples, 
almost aliasing-free standard SAR image can be recovered 
(Fig. 8 (a)).  

Taking the standard SAR image as a reference, CS-SAR is 
tested using fewer receivers. Two different random set of 
positions, each having 30 and 25 samples, are chosen. CS-SAR 
images are depicted in Fig. 8(b) and 8(c). CS-SAR provides 
sharper profile reconstruction (resulting in higher ISNR), 
requiring as few as 25 samples, which is 51% of the 
information used in the almost alias-free standard SAR image 
(Fig. 8(a)). 

Concerning calculation time, standard SAR with 46 
samples takes 3 s, 5 times faster than CS-SAR (15 s with 25 
samples). 

V. CONCLUSION 
Compressed Sensing (CS) techniques allow for a cost-

effective mm-wave imaging system implementation, as 
accurate images can be reconstructed with fewer receivers. 

Results show that CS-SAR yields an accurate 3D profile 
reconstruction using only 25% of the minimum number of 
receivers required for standard SAR imaging processing. Even 
for an extreme case in which the object under test can be 
reconstructed with standard SAR using fewer samples than 
Nyquist, CS-SAR requires only about half of these samples. 

The main CS-SAR drawback is the computational cost: 
standard SAR processing is 4 to 5 times faster than CS-SAR. 
Thus, further research is devoted to calculation time reduction 
by means of GPUs.  
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