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Abstract ─ In this paper, the IEM2Mc (integral 
equation model for second-order multiple s and 
complex-permittivity scattering media) model is 
modified in two aspects in bistatic scattering. Firstly, 
the full forms of the surface current terms in the 
Kirchhoff surface fields are reserved. Secondly, a 
transition function is used to estimate the Fresnel 
coefficients instead of the original expression. The 
simulating results of the improved IEM2Mc are 
compared with those of small perturbation method 
(SPM), Kirchhoff model (KA), and method of moment 
(MoM) for random rough surfaces scattering problems.
It is shown that the improved IEM2Mc provides better 
predictions than the original form, especially for the 
large incident or scattering angle. 

Index Terms ─ Bistatic scattering, IEM2M, IEM2Mc, 
KA, rough surface, SPM. 

I. INTRODUCTION 
IEM (integral equation model) is a widely used 

analytical model for the electromagnetic wave 
scattering in microwave remote sensing. The original 
IEM was proposed by Fung [1] based on the 
approximation for the integral equations described by 
Poggio and Miller. The further studies focus on 
removing the simplification in IEM to improve the 
accuracy. IEMM [2] comprises the multiple scattering 
effects by including the full form of the spectral 
representation of the Green’s function (the effect of 

upward and downward waves on the surface fields). 
However, the IEMM doesn’t handle the single 
scattering. Full form of the spectral representation of 
the gradient of the Green’s function appears in the 

IEM2M model [3] and the advanced IEM model 
(AIEM) [4] for solving surface scattering problems. 

However, both IEM2M and AIEM fail to deal with 
scattering from rough surface of complex-permittivity 

media. An error function related terms for the cross and 
complementary scattering coefficients are introduced 
by Du [5] to deal with scattering from rough surfaces of 
complex-permittivity media. Also, Alvarez-Perez [6] 
extends IEM2M to IEM2Mc for complex-permittivity 
scattering media based on a full 3D expansion of the 
outgoing spherical wave. Because of the full 3D 
expansion of the outgoing spherical wave, IEM2Mc in 
[6] is much simpler than the method in [5]. 

In the IEM2Mc, the expressions of the surface 
fields neglect the sum of horizontal and vertical Fresnel 
reflection coefficients. This neglection may bring about 
erroneous results at the bistatic configurations, 
particularly when the incident or scattering angle is 
large. Besides, in the emissivity calculations, this 
neglection may also produce unacceptable prediction, 
since the error will be accumulated by integrating all 
the scattering power over the half-space. 

In this paper, the sum of horizontal and vertical 
Fresnel reflection coefficients in surface current 
expressions is added and a transition function is applied 
here to predict the Fresnel reflection. The newly 
derived IEM2Mc is verified by comparing the results 
with the SPM, KA, and MoM. The simulating is made 
on rough surfaces with small or moderate heights. In 
Section II, the scattered fields at the far zone, the 
scattered incoherent power and the scattering 
coefficients are specified. In Section III, the improved 
part of IEM2Mc is illustrated. Numerical simulations 
and comparisons with other methods are provided in 
Section IV. Finally, our conclusion is presented in 
Section V. 

II. THE FORMULAS OF THE SCATTERING 
PROBLEM 

Here we consider an incident plane wave 
impinging upon a rough surface from medium 1 to 
medium 2. The incident electric and magnetic fields  
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where ^p  is the unit polarization vector; ik^  is the unit 
vector in the incident direction; E0 is the amplitude of 
the electric field; η1 is the intrinsic impedance of 
medium 1; ^

1 ,ik k k
(
� k is the wave number. 

The equations for the surface tangential fields are:
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where k 1 1;k ω ε μ� G1 is the Green function in 
medium 1; η1 is the intrinsic impedance of medium 1; 

'
)
n  and ''

)
n  are the unit normal vectors to the surface; 

''
()

	En  and ''
()

	Hn  are the total tangential fields on 
surface in medium 1.

In IEM2Mc, a full 3D spectrum of the Green 
function is used instead of the Weyl representation of 
the Green function. The corresponding expression can 
be written as: 
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The gradient of the Green function is given by: 
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Because of the full 3D spectrum of the Green 
function, the damped waves originating inside a lossy 
medium or the evanescent waves in non-lossy medium 
can be evaluated. 

The far-zone scattered fields are calculated in terms 
of surface fields. The far-zone scattered fields in the 
medium above the rough surface are derived according 
to the Stratton-Chu integral. It is divided into the 
Kirchhoff field and the complementary field: 
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In equation (7), the incident polarization is denoted 
by p and the receiving polarization by q. The incident 
polarization (p) could be horizontal polarization (h) or 
vertical polarization (v), and so is the receiving 
polarization (q):
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the polarization vector. 
The expression of the Kirchhoff field is: 
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The Kirchhoff components will not be affected by 
the introduction of the full 3D Green function. The 
complementary field can be obtained in conjunction 
with a spectral representation for the Green’s function 
and its gradient: 
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According to the new expression of the scattered 
field, the average incoherent power is obtained. In the 
original IEM2Mc, the Kirchhoff incoherent power is 
the same as that given in IEM2M. The cross incoherent 
power is: 
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where 
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The corresponding scattering coefficient is: 

)]}.,(

),(
!

)])(([
!

)])(([
2
1)(

)(),(
!

)])(([
)()(),(

!
)])(([[),(

Re{
2

)(

)(
1

)(
1

1

2

1

2

)(
1

1

2

)(
1

1

2
])([

][

2,1

2
10

22

2

222

vkuW

vkukWl
kkwk

n
kkwkvk

ukvkuWl
kkwk

vkuvkukW
n

kkwk
ekkF

dudvefk

x
l

sysx
n

l

l
szzz

n

n
szzsz

sy

sxx
l

l

l
szzz

xsysx
n

n

n
szzszwkkwsim

qp

R
kkkk

qp
m

kc
qp

zsz

zszzsz

�	

��
��

	
���

��	

��
��

�

���	

���
	

�

!

!

!

!

*!

6

�

6

�

6

�

6

�

���
((

���0

�

3

3
�

�

�3
��

3

3

3

3

(15) 

W(n)( ) is the Fourier transform of the nth power of the 
normalized surface correlation function. 

The complementary incoherent power is: 
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The scattering coefficient of the complementary 
term is: 
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The scattering coefficients are obtained by: 
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A more compact form is written as follows by 
extracting the single-scattering terms out of the cross 
and complementary terms and putting them together 
along with the Kirchhoff term: 
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III. IMPROVED PARTS FOR IEM2MC 
In this section, new surface field coefficients are 

derived by keeping the full forms of the surface current 
terms in the Kirchhoff surface fields. Then, the 
transition function is applied to predict the Fresnel 
coefficients. 

A. Surface field coefficients 
The estimates of surface fields are the sum of the 

Kirchhoff and complementary fields. They are related 
to the scattering coefficients by fqp and Fqp coefficients. 
In the original IEM2Mc, the terms of the surface fields 
neglect the sum of horizontal and vertical Fresnel 
reflection coefficients. Here, in the improved IEM2Mc,
the complete form of the surface fields are applied to 
calculate fqp. The fqp coefficients with the sum of 
horizontal and vertical Fresnel reflection coefficients [7] 
are: 
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Substituting Equations (28)-(31) into (21), we 
obtain the newly derived ( ).n

qpI  This modification is 
made on the Kirchhoff field and there will be no change 
with the complementary fields. 

B. Transition function 
In IEM2Mc, the Fresnel coefficient is chosen with 

a posteriori method: 
.2/))()(( sRRR %% �( (32) 

This means an approximation to the first mean-
value theorem for integration together with the 
imposition of reciprocity on the scattered fields [6]. 
This approximation seems to work well in the IEM2M 
and IEM2Mc. However, when the Rv+Rh term is 
considered, the equation (32) may not derive good 
results. 

Here, the transition function which was reported in 
[8] is applied instead of the original expression. The 
transition function links the two extremes for the R(θi)
(Fresnel reflection evaluated at incident angle) and 
R(θsp) (Fresnel reflection evaluated at specular angle).
Thus, the Fresnel coefficients could be determined by a 
transition function as: 
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Sp is the ratio of the complementary term to the total 
scattering coefficients. Terms A, B, and C represent 
Kirchhoff, cross, and complementary terms, 
respectively. 

IV. NUMERICAL SIMULATION 
Since the improved model is applicable to the 

small to moderate rough surface scattering problems, 
the surface parameters for numerical simulation should 
be selected on this condition. To evaluate the scattering 
coefficients efficiently, a single-scattering expression 
(19) is applied. The single scattering coefficients have 
been widely used for surface scattering and its early 
version was already demonstrated by Macelloni’s
experiments [9] with a frequency range of 2-18 GHz. 
Besides, according to Tang’s [10] observation, the 
reflected energy for single scattering is about 95% of 
the total reflected energy for smooth surfaces with 
σ/l<0.25 (σ is RMS height, l is the correlation length) 
and is still dominant (~65%) for surfaces with an 
intermediate roughness σ/l<0.5. Thus, if the value of the 
kσ is determined in the simulation, the parameter l is 
limited to a range that σ/l is smaller than 0.25. We 
adopt some typical soil permittivity in the numerical 
simulation. For a real case, in order to match the radar 
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data, some semi-empirical calibration methods for IEM 
were required. For example, Baghdadi, et al. [11], 
replaced the measured correlation length by a 
calibration parameter corresponding to optimal 
correlation length, so that model simulations would 
closely agree with radar measurements. However, this 
is not what we consider here. In this section, the 
improved IEM2Mc was compared with the SPM, KA 
and MoM for rough surfaces in mono- and bistatic 
observation. 

Figure 1 shows bistatic scattering coefficients 
calculated by four models for Gaussian rough surface 
(kσ = 0.1, kl = 1.5) in small RMS height region. The 
incidence angle and scattering angle are θi = 30°,  
ϕi = 0°, ϕs = 30°. The simulating codes are programmed 
in Matlab and are implemented on a personal computer 
with an AMD Athlon II 3 GHz processor. The 
computation time of the original IEM2Mc and the 
improved IEM2Mc is 32.72 s and 32.92 s, respectively. 
Therefore, the computation efficiency of the improved 
IEM2Mc is almost the same as the original IEM2Mc. 
From the Fig. 1, when the scattering angle θ is larger 
than 60°, the bistatic scattering coefficients which are 
computed by SPM and original IEM2Mc drop much 
more quickly than those of the AIEM and improved 
IEM2Mc. The improved IEM2Mc are much closer to 
the AIEM. 

Figure 2 is the comparing result in KA region with 
simulation parameters: f = 5 GHz, kσ = 0.84, kl = 12.56, 
εr = 5.5+i2.2, θi = 40°, ϕi = 0°, ϕs = 0°, 180°. According 
to Fig. 2, the difference between the improved IEM2Mc 
and the original IEM2Mc becomes obvious when the 
scattering angle is large. This phenomenon verifies the 
conclusion by Wu [7], that the sum of horizontal and 
vertical Fresnel reflection coefficients is important for 
bistatic scattering when an accurate prediction is 
required. When the RMS height increases, Kirchhoff 
term will contribute more in the surface current 
expressions. Therefore, the improved IEM2Mc has a 
good agreement with KA in Fig. 2. In Fig. 3, the 
improved IEM2Mc is compared with the MoM [12] 
with kσ = 1 and kl = 6. It shows that the bistatic 
scattering coefficients calculated by the improved 
IEM2Mc are closer to those by the MoM than the 
original IEM2Mc. 

Next, we check the backscattering results between 
the improved IEM2Mc and the original IEM2Mc in  
Fig. 4. The MoM data is from Du [13]. The improved 
IEM2Mc agrees well with the MoM data than the 
original IEM2Mc, especially when the observation 
angle is large. However, both the original and improved 
IEM2Mc fail to match well with MoM at small angles  

of incidence. 
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Fig. 1. The bistatic scattering coefficients obtained with 
SPM, the original IEM2Mc and the improved IEM2Mc 
at θi = 30°, ϕi = 0°, ϕs = 30°, with rough surface kσ = 0.1, 
kl = 1.5: (a) co-polar horizontal polarization, and (b) co-
polar vertical polarization. 
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Fig. 2. Comparison of the bistatic scattering coefficients 
predicated by KA, the original IEM2Mc and the 
improved IEM2Mc at 5 GHz: (a) θi = 40° and co-polar 
horizontal polarization, and (b) θi = 40° and co-polar 
vertical polarization. 
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Fig. 3. Comparison of the bistatic scattering coefficients 
predicated by MoM, the original IEM2Mc and the 
improved IEM2Mc: (a) θi = 30° and co-polar horizontal 
polarization, and (b) θi = 30° and co-polar vertical  

polarization. 
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Fig. 4. The backscattering scattering coefficients 
obtained with MoM, the original IEM2Mc and the 
improved IEM2Mc with rough surface: (a) kσ = 0.719, 
kl = 5.03 and co-polar horizontal polarization, and (b)
kσ = 0.719, kl = 5.03 and co-polar vertical polarization. 

V. CONCLUSION 
In this paper, an improved IEM2Mc model for 

surface bistatic scattering is derived with small or 
moderated RMS height. The full forms of the surface 
current terms in the Kirchhoff surface fields are 
reserved, so that the bistatic scattering coefficients are 
more accurate and more general. Besides, the physical-
based approach with transition function to predict the 
Fresnel coefficients is proved to be better in the 
improved IEM2Mc than the posteriori method. The 
simulating results indicate that the improved IEM2Mc 
has better prediction than the original IEM2Mc, when 
comparing with SPM, KA, and MoM. 
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