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1. Introduction 
 
Ultra-wideband Synthetic-Aperture Radar (SAR) operating in the VHF band is an active 
research area with application for detection of vehicle targets concealed under foliage or 
camouflage. Both Sweden (CARABAS-II [1][2]) and the US (FOPEN SAR [3]) have 
designed and built airborne technology demonstrators which have shown excellent target 
detection performance, in particular using change detection in the 20-90 MHz band [4][5]. 
CARABAS-II has an antenna system with horizontal polarization on transmit and receive 
(HH-polarization).  
 
The objective of the present work is to investigate whether HH-polarization is optimum or 
whether vertical-polarization on transmit and receive (VV-polarization) would be expected to 
improve target detection performance. The size of the studied target is in the same order as the 
radar wavelength.  
 
The scattering process is illustrated using numerical simulations with the Finite Difference 
Time Domain (FDTD) method. This method is well suited for ultra-wideband scattering 
analysis of targets on a homogenous dielectric ground. The targets consist of a military terrain 
vehicle - also used in [6] - and two vertically oriented plates, which have approximately the 
same size as the vehicle side and front, respectively. The FDTD program has been developed 
at FOI [7][12].  
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2. Scattering analysis 
 

2.1. Incident field near the ground  
 
Since the wavelength of the CARABAS-II radar system varies between 3 meters and 15 
meters, a typical target (e.g. a vehicle) will be relatively small compared to the wavelength at 
lower frequencies and resonant or electrically large at higher frequencies. This is illustrated in 
Figure 1 where a typical vehicle is shown together with the incident wave, in scale, for the 
maximum and minimum wavelength of the radar.  
 

 
Figure 1. Illustration of radar wavelengths  compared to a typical target size (the height of 

the vehicle is 2.5m). Left: Lower frequency limit, 20 MHz (λ=15m). Right: Upper 
frequency limit, 90 MHz (λ=3.3m). 

 
The incident electric field at the target will vary as function of frequency, angle of incidence 
and polarization. The magnitude of the incident electric field at the ground will depend on the 
polarization, due to the different properties of the ground reflections for each polarization. If 
we approximate the ground as a homogenous dielectric half space we can use the Fresnel 
reflection coefficients 
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where εr and σ is the ground permittivity and conductivity, respectively. The ground 
parameters used throughout this study are εr = 10 and σ = 0.01 S/m, which are typical values 
of soil [9]. 
 

 
Figure 2. Vector definitions, Left: Incident horizontal electric field. Right: Incident vertical 

electric field. 
 
The magnitude of the reflection coefficients with these parameters are shown in Figure 3 as 
function of incident angle for both polarizations for frequencies between 20 MHz and 90 
MHz. As illustrated by the plots, the reflection coefficients do not vary much within this 
frequency band. The coefficient for vertical polarization has a minimum close to θ = 73º, 
which corresponds to the Brewster angle. At this angle of incidence, most of the field will be 
refracted into the ground (there is no angle with zero reflection since losses are present in the 
ground). The phase of the horizontal Fresnel coefficient is close to 180º for all angles in 
Figure 3. This means that the reflected field has approximately the opposite sign to the 
incident field. The phase of the vertical Fresnel coefficient is close to 0º up to the Brewster 
angle where it changes abruptly to nearly 180º. This means that the reflected fields have their 
signs opposite to the incident fields for both polarizations at incident angles larger than the 
Brewster angle. Hence, the field extinction close to the ground at high incident angles holds 
for both polarizations (provided that the Brewster angle is exceeded). This will be discussed 
further in Section 2.4. 
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Figure 3. Fresnel reflection coefficients as function of incident angle at 15 different 

frequencies between 20 MHz and 90 MHz. The vertical dashed lines indicate 
chosen incident angles for the SAR-images in this study. 

 
Since typical incident angles for the CARABAS-II SAR-system lie in the range 60º - 85º, it is 
of interest to study the implication of the change in the vertical Fresnel coefficient around the 
Brewster angle and to compare this with the horizontal case. Three different incident angles 
have therefore been chosen that lie below, on and above the Brewster angle. These are: θ = 
60º, 73º and 85º, indicated with dashed lines in Figure 3. 
 
A typical target (e.g. a vehicle) often consists of vertical structures, such as the side or front of 
a truck. It is well known that dihedral scattering between the ground and the vehicle, in many 
situations dominates the contribution to the SAR image amplitude. By making a simplified 
analysis of the scattering for a vertical perfectly electrically conducting (PEC) plate, we can 
identify three different main features of the scattering process, provided that the bandwidth is 
sufficiently large: 
 

• Low frequency scattering where the object is electrically small. 
• Medium or high frequency scattering with small or medium angles of 

incidence. 
• Medium or high frequency scattering with large angles of incidence. 

 
These three cases will be discussed in the following sections. 
 

2.2. Low frequency scattering 
 
At lower frequencies, the currents excited at the object will be related to the incident electric 
field strength at the object position (scattering of electrically small objects). The field strength 
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at the ground surface will be dependent on the polarization of the incident field. If we plot the 
magnitude of the total incident field (incident plus reflected) at the surface level, we get the 
results according to Figure 4, where we have chosen to show the values as function of 
incident angle at the middle frequency 55 MHz of the CARABAS-II band. 
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Figure 4. Top: Magnitude of total electric field at the ground surface level at 55 MHz. 

Bottom: Ratio of electric field magnitudes between vertical and horizontal 
polarization, at ground surface level. Note that the scale is in dB in the bottom 
plot. 

 
Due to the different properties of the Fresnel coefficient, the ratio between the vertically and 
horizontally polarized electric field is large for most incident angles. The largest ratio occurs 
at high angles of incidence. Electrically small objects that are excited with the field levels 
shown at top of Figure 4, will obviously scatter the vertically polarized field much more than 
the horizontally polarized field. This situation holds for small or medium sized vehicles, 
exemplified with the left drawing in Figure 1. 
  

2.3. High frequency scattering - small and medium incident angles 
 
At higher frequencies, the involved scattering phenomena can to a certain level of 
approximation be interpreted using high frequency methods, i.e. ray-tracing and physical 
optics, see Figure 5. Applying a physical optics technique, it is fairly easy to derive an 
approximate expression for the scattered electric fields from a vertically positioned PEC plate 
in the monostatic case. If the centre of the plate is positioned at a height h and the area of the 
plate is A, and further, the height of the plate is H, we can derive the monostatically scattered 
electric far fields in the direction perpendicular to the plate, as  
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where θcoskHZ = . These types of expressions are not sufficiently accurate to use in 
scattering simulations for SAR images but they can give us a clearer insight of the different 
phenomena involved in the scattering process. There are three terms within the square 
brackets in (3) and (4) that corresponds to the three different cases A, B and C in Figure 5. 
 
For low and medium angles of incidence, the sinZ/Z -parts in (3) and (4) will be small due to 
the cosθ -factor in Z. These parts corresponds to A and B in Figure 5. The remaining part, 
proportional to Γh and Γv in (3) and (4), respectively, is the dihedral scattering event which 
will be dominating. This corresponds to case C in Figure 5. 
 
 

 
 
 
 
Figure 5. Schematic view of high frequency scattering at a vertical plane. A: Direct 

scattering from object. B: Scattering with double reflections. C: Dihedral 
scattering (both ways). 

 
Hence, in this case the scattered field will approximately be proportional to the magnitude of 
the reflection coefficient. This means that we can expect a higher scattered field for horizontal 
polarization due to the larger value of the horizontal Fresnel coefficient according to Figure 3. 
 

2.4. High frequency scattering - large incident angles 
 
At higher angles of incidence, e.g. θ=85º, the phase factors depending on cosθ and the sinZ/Z-
factors in (3) and (4) will be close to one, meaning that all three scattering types in Figure 5 
will be involved. Also, since the sign of both reflection coefficients are negative (or the phase 

A B C

H 

h 
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is close to 180º) above the Brewster angle, we can approximate the scattered fields for both 
polarizations as 
 

 ( )2

,
90

, 1
2

vh
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vh
r
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E

o
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−

→

π
θ  (5) 

 
This means that the scattered field strength for large incidence angles depends on the 
difference between one and the magnitude of the reflection coefficient. Since the magnitude 
of the vertical Fresnel coefficient is smaller than the horizontal Fresnel coefficient (see Figure 
3), we can expect a larger high frequency response for vertical polarization as θ gets closer to 
90º. 
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3. Simulation results 
 

3.1. Scattering scenarios 
 
Two similar simulation scenarios were chosen in order to investigate the different scattering 
mechanisms for horizontal and vertical polarization, see Figure 6. The first is a military 
terrain vehicle with circular flight tracks along the vehicle side and front. The second is a 
simplification of the vehicle by using metallic plates with approximately the same size as the 
vehicle side and front. The dihedral scattering can be studied without complex interaction of 
different parts of the vehicle in this case. The objects are described in more detail in Section 
3.2. The reason for choosing circular flight tracks instead of straight flight tracks is that 
straight flight tracks imply mixed polarizations of the incident field (if the antenna is fixed on 
the aircraft) which makes comparisons difficult between the two polarization states. 
 
The aperture angle was 90º for both flight tracks. As mentioned in Section 2.1, three different 
incident angles were chosen: θ = 60º, 73º and 85º. The minimum number of simulations 
required along each flight track depends on the object size and the maximum frequency [9].  
 

 
 
Figure 6. Schematic view of flight tracks and aperture angles for the vehicle and the plates. 
 

3.2. Scattering objects 
 
The first object was a military terrain vehicle (“TGB30”), 6 meters long, 2.4 meters wide and 
2.5 meters high. This vehicle geometry was approximated using two vertical PEC plates, 

Front

Flight track #1 

Flight track #2 
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where the first plate is 6m x 2.5m, corresponding to the vehicle side and the second is 2.4m x 
2.5m, corresponding to the vehicle front. The FDTD model of these objects is shown in 
Figures 7 and 8. 

 
 
 

Figure 7. FDTD model of vehicle. The cell size is 10cm cubic. 
 
 

 
 
 
 
Figure 8. Plates with sizes approximately the same as the vehicle front and side, 

respectively. The plates are placed 0.5m above the ground. 
 
 

3.3.  SAR images 
 
SAR images were simulated using a simplified image processing technique, which assumes 
plane wave illumination. This is described more thoroughly in [6]. Figures 9-10, 13-14 and 
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17-18 show the SAR images (σ0 in dB) of the vehicle for horizontal and vertical polarization, 
for θ = 60º, 73º and 85º, respectively. Each figure consists of four color images; upper left is 
the SAR image for side illumination, below is the corresponding image spectrum, upper right 
is the SAR image for front illumination and below is the corresponding image spectrum. 
Figures 11-12, 15-16 and 19-20 show the SAR images of the plates. The layout of these 
figures follows the same principles as for the vehicle figures. 
 
The color scales in the image spectrum are related to the maximum amplitude of each 
spectrum. The color scales of the SAR images are scaled with respect to the maximum 
amplitude of all images (vehicle and plates) with the same incident angle. For θ = 60º, the 
maximum is 11.0 dB which occurs for horizontal polarization. For θ = 73º, the maximum is 
10.5 dB which also occurs for horizontal polarization. For θ = 85º, the maximum is -5.8 dB 
which occurs for vertical polarization. 
 
The main difference between results for the vehicle and the plates is due to that the vehicle 
side and front surfaces are disrupted (e.g driver cabin and truck bed) and that the vehicle side 
has varying height due to the booth on the truck bed. Vehicle structures other than the ones on 
the illuminated side and front do also contribute to the scattering. 
 
The SAR images for the small plate and the vehicle front are similar in shape. There are larger 
differences between images of the large plate and the vehicle side due to geometrical 
differences mentioned above. The maximum amplitude is a few dB higher for the plate than 
for the vehicle with the exception of θ = 60º, where they are similar. The maximum image 
amplitudes for the vehicle are given in the Table 1: 
 

Table 1. Maximum SAR image amplitude for vehicle 
 

 Horizontal pol. Vertical pol. 

θ=60º 11 dB 2.3 dB 

θ=73º 8 dB 2.8 dB 

θ=85º -9.3 dB -7.3 dB 

 
As indicated by the results presented in Table 1, image amplitudes are several dB higher for 
horizontal polarization compared to vertical polarization for θ = 60º and θ = 73º. The opposite 
holds for θ = 85º. In conclusion, horizontal polarization is to prefer up to very high incident 
angles. In addition, if the target is concealed by trees, we can expect relatively high scattering 
and attenuation by trees for vertical polarization at grazing incidence favoring horizontal 
polarization.  
 
As expected, the main contribution to the image amplitude comes from illumination 
directions perpendicular to the side and the front of the vehicle (or perpendicular to the 
plates). This can clearly be seen in the image spectra where the highest amplitudes are found 
in the middle of the sectors spanned by the flight tracks. Since the scattering at these angles 
dominates the image spectra, it is feasible to study the radar cross section (RCS) as function 
of frequency at these angles. By inspection of the RCS-plots we can identify the main 
scattering mechanisms, discussed in Section 2. This is done in Section 3.4. 
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Figure 9. Top: SAR images of vehicle. Horizontal polarization, θ =60°.  Side and front 

illumination. Bottom: image spectra. 
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Figure 10. Top: SAR images of vehicle. Vertical polarization, θ =60°.  Side and front 

illumination. Bottom: image spectra. 
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Figure 11. Top: SAR images of plates. Horizontal polarization, θ =60°.  Large and small 

plate.  Bottom: image spectra. 
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Figure 12. Top: SAR images of plates. Vertical polarization, θ =60°.  Large and small plate.  

Bottom: image spectra. 
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Figure 13. Top: SAR images of vehicle. Horizontal polarization, θ =73°.  Side and front 

illumination. Bottom: image spectra. 
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Figure 14. Top: SAR images of vehicle. Vertical polarization, θ =73°.  Side and front 

illumination. Bottom: image spectra. 
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Figure 15. Top: SAR images of plates. Horizontal polarization, θ =73°.  Large and small 

plate.  Bottom: image spectra. 
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Figure 16. Top: SAR images of plates. Vertical polarization, θ =73°.  Large and small plate.  

Bottom: image spectra. 
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Figure 17. Top: SAR images of vehicle. Horizontal polarization, θ =85°.  Side and front 

illumination. Bottom: image spectra. 
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Figure 18. Top: SAR images of vehicle. Vertical polarization, θ =85°.  Side and front 

illumination. Bottom: image spectra. 



FOI-R--1608--SE 

16 
 

m

m

σ0  6m x 2.5m Plate (dB)

−10 −5 0 5 10
−10

−5

0

5

10

−20

−15

−10

−5

m−1

m
−

1

Spectrum large plate

−4 −2 0 2 4
−4

−2

0

2

4

2

4

6

8

10

12

14

16
x 10

−6

m

m

σ0  2.4m x 2.5m Plate (dB)

−10 −5 0 5 10
−10

−5

0

5

10

−20

−15

−10

−5

m−1

m
−

1

Spectrum small plate

−4 −2 0 2 4
−4

−2

0

2

4

1

2

3

4

5

6

7

x 10
−6

 
Figure 19. Top: SAR images of plates. Horizontal polarization, θ =85°.  Large and small 

plate.  Bottom: image spectra. 
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Figure 20. Top: SAR images of plates. Vertical polarization, θ =85°.  Large and small plate.  

Bottom: image spectra. 
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3.4. RCS plots 
 
The RCS values in the directions perpendicular to the front and side surfaces of the vehicle 
are plotted together with the RCS of the corresponding plates for both polarizations. The RCS 
ratio between horizontal and vertical polarization is also plotted below each RCS plot. Figures 
21, 23 and 25 show the results for the vehicle side and the large plate. Figures 22, 24 and 26 
show the results for the vehicle front and the small plate. 
 
The low frequency scattering effects discussed in Section 2.2 can easily be seen in the figures. 
The RCS for vertical polarization is generally higher than for horizontal polarization at 
20 MHz. An exception can be found for the large plate which has a (dipole-like) half 
wavelength resonance at approximately 20 MHz. However, the magnitude of the RCS drops 
dramatically below this resonance (not shown in the plots). 
 
The RCS variations over the frequency band are stronger for the vehicle compared to the 
plates due to the complexity of the vehicle geometry but the overall correspondence is good 
with respect to average RCS values. 
 
At higher frequencies we see that the dihedral scattering effect dominates at θ = 60º and θ = 
73º which gives a higher RCS for horizontal polarization, in agreement with the discussion in 
Section 2.3. In this case we can expect that the RCS is proportional to the square of the 
Fresnel coefficient. The ratios between horizontal and vertical polarization are 5 - 10 dB at 
frequencies where the RCS is high. 
 
Finally, at θ = 85º, we get a slightly higher response for vertical polarization, in agreement 
with the discussion in Section 2.4. This is due to the dependency on the Fresnel coefficients 
through (5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



FOI-R--1608--SE 

18 
 

20 40 60 80

−10

0

10

20

30

Freq. (MHz)

σ 
(d

B
m

2 )

RCS, Vehicle, Side illum.

20 40 60 80
−30

−20

−10

0

10

20

30

Freq. (MHz)

σ H
H

/σ
V

V
 (

dB
)

20 40 60 80

−10

0

10

20

30

Freq. (MHz)

σ 
(d

B
m

2 )

RCS, 6m x 2.5m Plate

20 40 60 80
−30

−20

−10

0

10

20

30

Freq. (MHz)

σ H
H

/σ
V

V
 (

dB
)

σ
HH

σ
VV

σ
HH

σ
VV

 
Figure 21. Top: RCS of vehicle (side illumination) and large plate, θ =60°. Bottom: Ratio of 

horizontal and vertical polarization. 
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Figure 22. Top: RCS of vehicle (front illumination) and small plate, θ =60°. Bottom: Ratio of 

horizontal and vertical polarization. 
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Figure 23. Top: RCS of vehicle (side illumination) and large plate, θ =73°. Bottom: Ratio of 

horizontal and vertical polarization. 
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Figure 24. Top: RCS of vehicle (front illumination) and small plate, θ =73°. Bottom: Ratio of 

horizontal and vertical polarization. 
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Figure 25. Top: RCS of vehicle (side illumination) and large plate, θ =85°. Bottom: Ratio of 

horizontal and vertical polarization. 
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Figure 26. Top: RCS of vehicle (front illumination) and small plate, θ =85°. Bottom: Ratio of 

horizontal and vertical polarization. 
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4. Conclusions 
 
The polarization dependency of VHF SAR images has been investigated by FDTD 
simulations. High-frequency mechanisms dominate for incidence angles of 60° and 73°, i.e. 
the main scattering comes from the dihedral formed between the vehicle side and the ground. 
This gives higher radar-cross section for HH-polarization. At the highest incidence angle of 
85°, on the other hand, VV-polarization is slightly higher due the angular dependency of the 
Fresnel reflection coefficients. However, for foliage-penetration applications it is noted that 
both forest clutter and attenuation is lower for HH-polarization which implies that detection 
performance using HH-polarization will generally be superior to VV-polarization for the 
studied range of parameters. 
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