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A novel modified physical optics algorithm is proposed to overcome the difficulties of near field scattering prediction
for classical physical optics. The method is applied to calculating the near field radar cross section of electrically large
objects by taking into account the influence of the distinct wave propagation vector, the near field Green function, and the
antenna radiation pattern. By setting up local reference coordinates, each partitioned facet has its own distinct wave front
curvature. The radiation gain for every surface element is taken into consideration based on the modulation of the antenna
radiation pattern. The Green function is refined both in amplitude and phase terms and allows for near field calculation. The
scattered characteristics of the near field targets are studied by numerical simulations. The results show that the approach
can achieve a satisfactory accuracy.
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1. Introduction
Significant challenges still exist in estimating the radar

characteristics of a complex electrically large target using nu-
merical evaluation methods, despite constant development in
computational capabilities and algorithms. Physical optics
(PO), relying on assumptions attuned to large scale problems,
has been widely adopted with efficiency and accuracy to es-
timate the radar cross sections (RCS) of electrically large tar-
gets. An important assumption in the simplification of the PO
method is that the observation point should be far away from
the source. As the standard PO code is usually optimized in far
field conditions, it cannot be applied directly to the evaluation
of near field scattering due to the finite distance between the
source and observer.

In recent years, to overcome the shortcomings of PO in
the near field zone, several approaches have been used to mod-
ify the standard PO for near field calculations. The physical
theory of diffraction and the method of shooting and bouncing
rays were modified with a spherical wave by Jeng for near field
computation.[1] A near field RCS calculation method with ex-
act Green function was introduced by Neto[2] and Chen et
al.[3] The accuracy of this algorithm is excellent, but the ef-
ficiency is undesirable for electrically large targets due to the
requirement for numerical integration of the surface currents.
An approach proposed by Legault overcomes this difficulty by
means of locally expanded phase approximations combined
with surface partitioning.[4] Papkelis et al. derived an accurate
and time-efficient analytical PO method for near field calcu-
lation of rectangular plates.[5] The near field formulation of
PO and equivalent edge currents was developed in Refs. [6]
and [7] by introducing the concept of the distinct wave prop-
agation vector. A PO near field refinement was introduced in

Ref. [8] for dielectric and perfect electric conducting (PEC)
targets. In Refs. [9] and [10], a near field fast PO algorithm
for large convex objects was presented, using phase and am-
plitude compensation factors. In Ref. [11], the influence of the
antenna and distance as well as spherical wave irradiation was
taken into account in near field calculation. A computational
method of near field RCS was proposed using the surface ele-
ment as the calculating unit by Cheng.[12,13]

In this work, we propose a modified physical optics
(MPO) algorithm for the analysis of complex electrically large
targets with PEC surface in the near field zone. The differences
between the incident wave and antenna radiation pattern in ei-
ther the near or far range are taken into consideration. A more
accurate representation of the Green function in the near field
is also employed in this algorithm. The proposed algorithm
can be seen as a near field extension of the standard PO based
on the principles presented in Refs. [3] and [5]. Each meshed
facet is treated as an individual object. Every single facet has
its own incident wave expressed with a spherical wave front
and radiation gain described by the antenna radiation pattern.
Furthermore, the far field assumption is replaced by a more ac-
curate phase approximation of the Green function to overcome
the shortcomings of the standard PO in the near field. The
formulation of MPO is derived on the basis of the proposed
principle and applied to discuss near field scattering character-
istics. This algorithm preserves the simplicity of refined PO in
Ref. [3] and is more accurate than the method in Ref. [5].

This paper is arranged as follows. In Section 2, the as-
sumptions in the far field are introduced. The near field modi-
fications in physical optics are derived in detail in Section 3. In
Section 4, the accuracy of the presented algorithm and the near
field characteristics of the targets are discussed via several nu-
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merical examples. Section 5 concludes the current work and
looks forward to future work.

2. Assumptions in the far field
According to the electric field integral equation (EFIE),

the scattered field 𝐸s(𝑟) for an electrically large PEC object
of maximum dimension D with surface S and surface normal
𝑛̂, is given by[14]

𝐸s(𝑟) =
∫

Slit

[
jωµ (𝑛̂×𝐻)ψ0 +(𝑛̂×𝐸)

×∇ψ0 +(𝑛̂ ·𝐸)∇ψ0
]
dS

+
1

jωε

∫
Γ

(∇ψ0)𝐻 · d𝑙, (1)

where Slit denotes the lit portion of the surface; Γ is the bound-
ary of the lit regions and the shadow regions; 𝐸 and 𝐻 are the
total electric field and the total magnetic field in dS, respec-
tively; and ψ0 is the free space Green function

ψ0 =
exp(jk |𝑟−𝑟′|)

4π |𝑟−𝑟′|
. (2)

In far field conditions, the observation point is far away from
the source points, so the following approximations are taken.

1) The unit incident wave vector 𝑘̂i is directed towards
the origin of the centroid coordinate and the unit scattering
direction vector 𝑘̂s is parallel to the observation point 𝑟′.

2) The antenna electric field radiation intensity of every
facet in the lit regions is equal and the scattered power con-
tributed by each single facet is equal.

3) The Green function may be approximated as follows:
(i) |𝑟|= r, |𝑟′|= r′, and r� r′, so the amplitude term can

be simplified as |𝑟−𝑟′| ≈ r.
(ii) As is well known, the scattered field is more sensi-

tive to change of phase, so higher accuracy is required in its
approximation. By using a Taylor series, the phase term is
expressed as ∣∣𝑟−𝑟′

∣∣= r− 𝑟̂ ·𝑟′+o(1/r) . (3)

Discarding terms o(1/r) in the series, the Green function is
written as

ψ0 =
exp(jk |𝑟−𝑟′|)

4π |𝑟−𝑟′|
≈ exp(jk (r− 𝑟̂ ·𝑟′))

4πr
. (4)

The corresponding gradient of the Green function is approxi-
mated as[15]

∇ψ0 ≈ jk𝑟̂ψ0 =
jk exp(jkr)

r
𝑟̂ exp

(
−jk

(
𝑟̂ ·𝑟′

))
. (5)

Only in the far field, such as r→ ∞ or r′ → 0 for finite
r, can the phase approximation of the proposed simplification
be qualified. According to the criterion presented in Ref. [16],

a maximum phase error is given by ∇ϕ = π/8 rad, and the
acceptable minimum observation range rff is estimated using

rff = 2D2/λ , (6)

where λ is the wave number. rff is thus proportional to the
square of max(r′). In other words, the accuracy of the sim-
plified Green function decreases with increasing r′ for a given
observation point.

Based on the presented approximations, equation (1) can
be simplified as

𝐸s(𝑟) =
jk exp(jkr)

4πr

∫
Slit

𝑠̂
[
(𝑛̂×𝐸)

−Z0𝑠̂× (𝑛̂×𝐻)
]
ejk𝑟′·(𝑖̂−𝑠̂)ds. (7)

3. Near field scattering prediction
In this section, an MPO algorithm is described to compute

the near field scattering. Corresponding to the three assump-
tions proposed in the far field, more accurate approximations
are exploited and refined formulations qualified for near field
calculations are derived.

3.1. Near field wave propagation

In the near field, the incident wave cannot be treated as a
plane wave like as it is in far field conditions and each meshed
facet has its own individual incident electric field 𝐸i and dis-
tinct wave propagation vector 𝑘̂i towards its own facet center.
In this case, every facet can be seen as a single object with
much smaller max(r′) if the surface is meshed densely enough.
Therefore the accuracy of the PO can be qualified in a much
shorter range. A local reference coordinate system (xc, yc, zc)
for each facet is set up with origin located at the center of the
facet and unit vector 𝑥̂c, 𝑦̂c, 𝑧̂c being parallel to 𝑥̂, 𝑦̂, 𝑧̂ of the
barycentric coordinate. Then, for the m-th facet, its distinct
wave propagation vector 𝑘̂im and incident electric field 𝐸im

are defined as

𝑘̂im =
𝑅im
|𝑅im|

=
𝑟′m−𝑟

|𝑟′m−𝑟|
, (8)

𝐸im =𝐸iexp
(
−jk𝑘̂im ·𝑟′m

)
, (9)

where 𝑅im is the position vector from the center of the mth
facet to the observation point P(r,θ ,ϕ), 𝐸i is the incident
plane wave vector, and k is the wavenumber.

3.2. Antenna radiation pattern

In the near field, due to partial illumination, the scattered
power contributed by each facet is different, and the antenna
radiation pattern modulation must be taken into consideration.
The real antenna radiation pattern is too complex to be de-
scribed by a single function, so the Gaussian beam (GB) rep-
resentation is used in this work as a simplification.
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The antenna main beam associated with the GB basis
function is given by

GMB (θ) = exp
(
−2ln2θ

2/θ
2
B
)
, |θ | ≤ µ, (10)

where θB is the half-power beam width of the mainlobe. µ is
the azimuth

µ = θB
√

lng3/(−2ln2), (11)

where g3 is the gain of the main beam.
The first sidelobe is described by a Gaussian function cen-

tered at ±1.5µ as

GB1 (θ) = g1 exp
(
−2ln2(θ ±1.5µ)2 /θ

2
B1

)
,

µ ≤ |θ | ≤ 2µ, (12)

where g1 is the peak gain of the first sidelobe. θB1 is the half-
power beam width of the first sidelobe

θB1 = 0.5µ
√
(−2ln2)/ ln(g3/g1). (13)

Similarly, the second sidelobe centered at ±2.5µ is given by

GB2 (θ) = g2 exp
(
−2ln2(θ ±2.5µ)2 /θ

2
B2

)
,

2µ < |θ | ≤ 3µ, (14)

where g2 is the peak gain of the second sidelobe. θB2 is the
half-power beam width of the second sidelobe

θB2 = 0.5µ
√

(−2ln2)/ ln(g3/g2). (15)

Based on the proposed antenna radiation pattern, the scattered
power contributed by every single facet can be calculated by
examining the intersection angle between the unit vector of the
antenna main beam direction and the incident direction.

3.3. Refined simplification of the Green function

The approximation of the Green function is unqualified
in the near field. An effective way of overcoming the draw-
backs in far field Green function approximation is to resort to
a novel simplification. In this work, a refined simplification
of the Green function with an arbitrary expansion center is ex-
ploited as a substitution.

By introducing an expansion center 𝑟m that lies in the
neighborhood of the source point, the |𝑟−𝑟′| in Eq. (2) can
be written as

R =
∣∣𝑟−𝑟′

∣∣= ∣∣𝑟−𝑟m−𝑟′+𝑟m
∣∣= ∣∣𝑞−𝑞′

∣∣ , (16)

where 𝑞 = 𝑟−𝑟m and 𝑞′ = 𝑟′−𝑟m.
Only in the condition of |𝑞| → ∞ or |𝑞′| → 0 for finite |𝑞|

can the exact behavior be guaranteed. Due to the expansion
center 𝑟m lying in the vicinity of the source point 𝑟m, when
the surface is meshed densely enough, |𝑞′| = |𝑟−𝑟m| → 0 is
satisfied.

The substitution of the near field simplification of the
Green function with an arbitrary expansion point 𝑟m used in
both magnitude and phase for the approximation in the far field
can be given by

ψ0 =
exp(jk |𝑟−𝑟′|)

4π |𝑟−𝑟′|
≈ exp(jk𝜌̂n · (𝑟−𝑟′))

4π |𝜌n|
, (17)

where the unit vector

𝜌̂n =
𝑟−𝑟m

|𝑟−𝑟m|
. (18)

The corresponding gradient of the near field Green func-
tion is approximated by

∇ψ0 ≈ jk𝜌̂nψ0

=
jk exp(jk𝜌̂n ·𝑟)

|𝜌n|
𝜌̂n exp(−jk(𝜌̂n ·𝑟′)). (19)

Based on the approximations in near field, equation (1)
can be simplified as

𝐸s(𝑟) =
jk exp(jk𝜌̂n ·𝑟)

4π |𝜌n|

∫
Slit

𝜌̂n
[
(𝑛̂×𝐸)

−Z0𝜌̂n× (𝑛̂×𝐻)
]
ejk𝑟′·(𝑖̂−𝜌̂n)ds. (20)

4. Numerical results
In this section, the main performance of the modified

algorithm is demonstrated via several representative simula-
tions. The section is divided into two parts. In the first one,
the accuracy of the modified physical optics algorithm is ver-
ified in both the angle and range. The second part focuses on
the variations of the near field scattering characteristics with
range, frequency, and azimuth angle. In all the following ex-
amples, the structure is illuminated by a vertically polarized
wave without special declaration. All of the following calcu-
lations are performed on a PC with Quad 3.20 GHz CPUs and
3.94 GB memory.

4.1. Prediction accuracy of modified physical optics

Let us begin with the accuracy analysis of the modified
physical optics in far and near field scattering predictions. The
results for monostatic RCS of a PEC cylinder with 20 cm di-
ameter and 30 cm length are shown in Fig. 1 for the far field
and the near field respectively. Figures 1(a) and 1(b) provide
plots of RCS as a function of pitch angle from 0◦ to 180◦. The
frequency is 10 GHz.

In Fig. 1(a), the far field RCS by the MPO fits well with
the results calculated by the MLFMM in the commercial soft-
ware FEKO. Figure 1(b) shows the RCS by MPO and mea-
sured data[17] at 30% of rff and an agreement is obtained. It is
seen that MPO performs well both in the near and far scatter-
ing field calculations. The major error in the calculated results
is most probably due to the absence of consideration of edge
scattering and creeping waves.
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Fig. 1. (color online) The far field monostatic co-polarized RCS of a
PEC cylinder with 20 cm diameter and 30 cm length as a function of
pitch angle. In (a), the observation is made at r � rff. The RCS by
MLFMM solution and the MPO solution are presented. In (b), the ob-
servation is made at r = 0.3×rff. The RCS by measured data[17] and
the MPO solution are presented.

The results of the monostatic RCS for a 10 m×10 m
square plate varying with range are illustrated in Fig. 2. The
frequency is 300 MHz and the observation range varies from
1 m to 10 km in the condition of θ = 90◦ and ϕ = 0◦. In Fig. 2,
excellent agreement is obtained between the RCS by MPO and
the data in Ref. [18] calculated by the method of moment.
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Fig. 2. (color online) The monostatic co-polarized RCS of a 10λ ×10λ

square plate (λ = 1 m) as a function of observation distance when
θ = 90◦ and ϕ = 0◦. The RCS by method of moments solution in
Ref. [16] and the MPO solution are presented.

4.2. Near field scattering characteristics of a generic mis-
sile

In the following examples, a missile-like target with PEC
surface is studied. The size of this target with maximum extent
in the rectangular coordinates (x, y, z) are 5.58 m, 2.49 m, and
1.06 m.

Firstly, the computational accuracy and efficiency of the
proposed algorithm are studied compared with the very pop-
ular MLFMM in FEKO. The results of the monostatic RCS
for the generic missile as a function of range are provided in
Fig. 3. The frequency is set at 3 GHz for ranges of 10–1000 m.

The pitch angle is set at θ = 90◦ and ϕ = 90◦. The computa-
tional costs (including RAM and CPU time) for the two solu-
tions are listed in Table 1.
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30
MLFMM

modified PO

θ

φ

Fig. 3. (color online) The monostatic co-polarized RCS of a missile-like
target as a function of observation distance when θ = 90◦ and ϕ = 90◦.
The RCS by MLFMM solution in FEKO and the MPO solution are pre-
sented.

Table 1. Comparison of the calculation time and memory.

Solution MLFMM MPO
Time/s 2223.80 12.91

Memory/MB 5538.21 3.28

As sketched in Fig. 3, the results obtained by MLFMM
and MPO have good agreement in most of the distances. The
deviation of the plots is most probably due to neglecting edge
diffraction and the creeping wave. Besides, it is easy to find
from Table 1 that, compared with MLFMM, the MPO solution
has a great saving in computing resources.

Next, the RCS of the missile-like target is calculated
when viewed from the top (ϕ = 0◦) and the broadside (ϕ =

90◦) of the missile. The computed results are shown in Fig. 4
with the frequency set at 1 GHz, 2 GHz, and 3 GHz for ranges
of 1–10000 m. The pitch angle is set at θ = 90◦.

It is seen that the shake of RCS in near range becomes
more violent as the frequency increases. This irregular con-
cussion implies difficulties in near field detection and track.
Comparing Figs. 4(a) and 4(b), the near field RCS for ϕ = 0◦

recovers the far field values at much shorter ranges and the
shake of the results is more violent for ϕ = 90◦. The complex
structure and strong specular components of the missile when
viewed from the broadside may be responsible for this obvious
distinction.

Finally, the results for the monostatic co-polarized RCS
of the missile as a function of azimuth angle are calculated.
Figure 5 shows the RCS of the missile at 3 GHz in the con-
ditions of far field observation and near field observation at
r = 0.3× rff. As expected, the two plots presenting far field
RCS and near field RCS are different from each other. The
variations of the scattered power contributed by single facets
and the transference of the dominant scattering centers as the
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observation distance changes may be the reason for the differ-
ence.
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Fig. 4. (color online) The monostatic co-polarized RCS of missile as
a function of range when (a) viewed from the top (ϕ = 0◦) and (b)
viewed from the broadside (ϕ = 90◦). Results are shown for frequen-
cies of 1 GHz, 2 GHz, and 3 GHz. The horizontal dashed lines provide
the far field values.
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Fig. 5. (color online) The monostatic co-polarized RCS of missile for
far field observation (red) and observation at a range of r = 0.3× rff
(blue) as a function of azimuth ϕ when θ = 90◦ and f = 3 GHz.

5. Conclusion
An MPO algorithm for scattered field calculation of

complex electrically large targets with PEC surfaces for
source/observation in the near field and the far field is pre-
sented. By setting up local reference coordinates for each
facet, the distinct wave propagation vector, the radiation gain
based on the modulation of the antenna radiation pattern, and
the refined Green function are exploited to adjust the standard
PO in the near field scattering calculation. The MPO algorithm
retains the accuracy and computational complexities under far
field assumptions and performs well both in far field and near
field.

Based on the methods proposed, the calculation of near
field scattering can be further developed. Future extensions
could involve modified equivalent edge currents for edge
diffractions and modified iterative physical optics for multiple
bounces in cavities.
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[17] Côté F 2007 Simulation de section efficace radar sur une trajectoire

(M.S. thesis) (Quebec City: Laval University)
[18] Legault S R and Louie A 2004 Validation and implementation of

a near-field physical optics formulation (Technical Memorandum)
DRDC Ottawa TM 2004-131, Aug. 2004

114102-5

https://doi.org/10.1109/8.664120
https://doi.org/10.1109/aps.2003.1220209
https://doi.org/10.1109/aps.2003.1220209
https://doi.org/10.1163/156939305775701886
https://doi.org/10.1163/156939305775701886
https://doi.org/10.1049/el:20040001
https://doi.org/10.1109/TAP.2008.929516
https://doi.org/10.1109/TAP.2008.929516
https://doi.org/10.1109/TAP.2010.2052552
https://doi.org/10.1109/aps.2010.5562315
https://doi.org/10.1109/TAP.2012.2210017
https://doi.org/10.1109/TAP.2012.2210017
https://doi.org/10.1109/TAP.2014.2327648
https://doi.org/10.1109/TAP.2014.2327648
https://doi.org/10.1109/TAP.2015.2481491
https://doi.org/10.1109/TAP.2015.2481491
https://doi.org/10.1109/cit.2014.166
https://doi.org/10.1109/cit.2014.166
https://doi.org/10.3724/SP.J.1146.2013.01473
https://doi.org/10.11999/JEIT140807
https://doi.org/10.11999/JEIT140807
https://doi.org/10.1088/1674-1056/19/4/044102
https://doi.org/10.1088/1674-1056/18/8/049
https://doi.org/10.1109/PROC.1965.4070

	1. Introduction
	2. Assumptions in the far field
	3. Near field scattering prediction
	3.1. Near field wave propagation
	3.2. Antenna radiation pattern
	3.3. Refined simplification of the Green function

	4. Numerical results
	4.1. Prediction accuracy of modified physical optics
	4.2. Near field scattering characteristics of a generic missile

	5. Conclusion
	References

