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Abstract—The design of electrically large antennas can be a
significant challenge for computational electromagnetics (CEM)
tools, particularly during the final stages of the design process
where there are strict requirements for the accuracy. In the
present paper, we consider the use of a newly developed ac-
celerated Physical Optics (Fast-PO) and show that this approach
allows for a timely and accurate solution of realistic designs.
Several examples, ranging from canonical tests of the scaling
of the method against the wavelength to real-life applications,
illustrate the performance of the approach in practice.

I. INTRODUCTION

Computational electromagnetics (CEM) tools have long
since established themselves as a vital part of the design
approach for modern antennas. A range of approaches exist
for modelling the behaviour of antennas of varying size
and complexity, and choosing the right tool for the job is
very critical in order to achieve an acceptable runtime while
maintaining an adequate accuracy.

When considering electrically large reflector antennas, for
applications such as space or telecommunications, achieving
both low runtimes and low error levels typically involve the use
of Physical Optics (PO). PO is an asymptotic method where
the surface current density is approximated as if the surface at
the point of observation is replaced by its tangent plane. This
approximation becomes increasingly accurate with increasing
frequency f , but unfortunately the computation time of PO
behaves as O(f4). In other words, for electrically very large
antennas, even PO can become prohibitively slow in practice.

The time-consuming part of PO is the evaluation of the
radiated field from a surface current distribution, in which each
observation point requires evaluation of a two-dimensional
integral. Thus, speeding up PO requires speeding up the
evaluation of fields from current distributions. The speedup of
this subtask is also beneficial in other methods, such as Radar
Cross Section (RCS) evaluation and Method of Moments
(MoM), where it is used both to evaluate the right-hand side
and to find the field radiated by the computed currents.

Several research groups have considered the acceleration of
these tasks. An early version is the fast far-field approximation
(FaFFA) [1] and its multi-level variants, which represent the
behaviour of the field outside a sphere of radius 2D2/λ as a
sum of plane waves, one from each subgroup of current points,
where D is the diameter of the group. Since the Rayleigh

distance 2D2/λ is only an approximate value of the distance at
which the far-field behaviour of the current distribution begins,
the error level is not controllable when applying FaFFA.

An alternative was presented in [2] and further expanded
in [3], [4], [5]. This algorithm, which we will refer to as
Fast-PO, uses interpolation as the main tool to allow the
computation of radiated fields on a reduced grid and then
interpolate to the requested observation points. Since direct
interpolation would not yield significant savings, the interpola-
tion is performed on a phase-compensated field, which is much
easier to interpolate, and the original phase is then restored.
The accuracy is mainly controlled by increasing the order of
the polynomial interpolant. However, choosing the parameters
to achieve a specified accuracy is not straight-forward for
a general scatterer. Further, achieving the accuracy levels
required for some reflector antenna applications is difficult
using polynomial interpolants.

In the present paper, we briefly review the Fast-PO algo-
rithm, highlighting its strengths and weaknesses. Then, we
focus on the performance on an improved version when
applied to a wide range of test cases.

II. FAST PHYSICAL OPTICS

PO constitutes a high-frequency approximation to the in-
duced surface current density JS on a perfectly electrically
conducting scatterer S given by

JS =

{
2n̂×Hi if illuminated
0 otherwise

(1)

where Hi is the incident magnetic field and n̂ is the outward
unit normal vector of S. Finding JS from (1) requires very
little work itself, but computing the field from JS , or finding
Hi from a general surface current density, requires evaluation
of an integral which may involve a significant amount of com-
putational work. In the present context, the main applications
are computing the electric far-field from JS or computing
the magnetic near-field from another surface to form Hi in
(1). In the following, we consider each of these applications
separately, since the involved integrands possess very different
properties.



A. Far-field Fast-PO

Computing the electric far-field in the direction (θ, φ) from
a surface current distribution JS is done by computing

Efar(θ, φ) =
jkη0
4π

k̂×[
k̂ ×

∫∫
JS(r′)ejkk̂·r

′
dS′
]
, (2)

where k = 2π/λ, λ is the wavelength and j is the imaginary
unit, while the wave vector k̂ = sin θ cosφx̂ + sin θ sinφŷ +
cos θẑ and the integration point is r′ = x′x̂ + y′ŷ + z′ẑ.

Since (2) is evaluated for Nobs observation points, each
requiring a summation over all Nint integration points, the
complexity is O(NobsNint). Since Nobs and Nint typically scale
as O(f2), the total scaling is O(f4). The value of Nobs, as
well as Nint, is governed by the largest value of |r′| . While
PO can be sped up using Graphics Processing Units [6], this
does not reduce the scaling against the frequency, and thus for
very large problems, another approach is necessary.

The Fast Physical Optics (Fast-PO) algorithm allows a
significant reduction in the scaling by using a multi-level
approach. First, we apply a grouping (such as an Octree [7])
of the integration points into boxes in a tree-like multi-level
structure, where the diameter of the boxes increases as we go
up in the tree. On the finest level, we compute the integral

V (θ, φ) =
e−jk|r|

|r|
jkη0
4π

k̂×[
k̂ ×

∫∫
JS(v′)ejkk̂·v

′
dS′
]
, (3)

where k̂ is a point on the unit sphere, and v′ is the vector from
the center of the group on the finest level to the integration
point. Since |v′| is much smaller than |r′| in (2), we can settle
for a much coarser sampling of the field, thereby reducing Nobs
significantly. Having sampled V at a low number of output
points, we can then apply interpolation to get the output at
the original Nobs points, and subsequently restore the original
phase. Thus, we can recover Efar using

Efar =

∫∫
ejkk̂·(r

′−v′)W {V } dS′. (4)

Here, W is an interpolation operator in (θ, φ), usually based
on low-order polynomials, which, along with restoration of
the original phase using ejkk̂·(r

′−v′), allows the required field
to be computed much faster than by direct evaluation of (2).
Since V varies much slower than E as a function of direction
due to the fact that |v′| � |r′|, V is typically dubbed the
phase-compensated field.

It is worth noting that in the work previously presented
on far-field Fast-PO [5], [8], the accuracy has been fairly
modest, with an error higher than 0.1% Relative RMS, which
corresponds roughly to 1 dB deviation at 60 dB below peak.
However, even 0.1% would generally be too large an error
for use in reflector antenna problems, particularly in the final
stages of a design. Further, the sampling rules presented in

the literature require an oversampling parameter to account
for inaccuracies in the interpolation procedure, and no exact
rule exists for selecting this parameter to achieve a specified
accuracy, which means that one cannot be sure that a specified
accuracy has been achieved.

To overcome these challenges, we have improved the exist-
ing Fast-PO implementation for far-field problems, resulting
in a significantly faster routine. In particular, this allows
the combination of Fast-PO with the highly efficient PO
integration rules used in TICRA’s flagship product GRASP.
Section III demonstrates the speed and accuracy relative to
the direct PO in GRASP on a few examples.

B. Near-field PO

Calculating the magnetic field incident on a surface due to
the surface current distribution on another surface constitutes
the majority of the computational load in many PO tasks. The
surface integral to be evaluated is of the form

Hi(r) =− 1

4π

∫∫ (
R̂× JS(r′)

)
·

1 + jk|R|
|R|2

e−jk|R|dS′, (5)

where R = r − r′ = (x− x′)x̂ + (y − y′)ŷ + (z − z′)ẑ and
JS is the surface current density on the illuminating object.

Since the Green’s function now contains the norm of a
vector, rather than the dot product between two vectors as was
the case for the far-field integral (2), the phase-compensation
used for the far-field problem is no longer sufficient. Using
a multi-level grouping of the source points, [9], [10] have
considered the use of a phase-and-amplitude compensated field
using

V (r) = s(r, r′)ejks(r,r
′)Hi(r), (6)

where

s(r, r′) =

√
|r − r′N |2 +

(DN/2)2

2
(7)

in which r′N is the center of the group in which the source
point r′ is located, and DN is the diameter of that group at
the level at which (6) is applied. With these compensations,
the interpolation (which is performed both for the angular and
the radial component, although [10] to some extent avoids
the radial component by interpolating on the surface of the
structure) becomes more manageable.

We stress that the accuracy of interpolation for near-field
Fast-PO as presented in [9] will significantly depend upon the
distance between the source and integration domains relative
to the aperture of the source. In other words, the closer we
move into the near-field, the more irregularly the field will
behave (even with the phase-and-amplitude compensation),
and thus the accuracy will suffer. This is treated in [9] by the
introduction of a lower limit ΩR > 1, such that observation
points that are located within the distance

D

2
ΩR (8)



from the center of the source points, with D being the diameter
of the minimum sphere containing all source points, will be
treated via direct application of (5). Again, choosing ΩR along
with the oversampling ratios to achieve a pre-specified upper
bound on the error is not straight-forward. Further, we note
that the limit in (8) depends linearly on D, while the region in
which the near-field behaves irregularly depends quadratically
on D, meaning that the errors as a function of ΩR discussed
in [9] will not necessarily be applicable for larger structures.

Our numerical experiments have revealed that even with
specialized radial interpolation routines based on the near-
field behaviour of an electromagnetic field [11, App. A],
rather than simple polynomial interpolation, the interpolation
becomes incontrollable as we move far inside the near-field
of the radiating antenna. This does not lead to errors in using
the Fast-PO as presented in the current literature, since it is
handled by switching to direct integration, but it means that
Fast-PO will not accelerate the computation. While this limi-
tation on the distance between source and observation regions
might be acceptable in some scenarios, e.g. in dual reflector
systems for sub-to-main interactions where the main reflector
is sometimes located outside the limit specified by (8), it
renders the approach useless for e.g. main-to-sub interactions
(such as computing the blockage by the subreflector). For other
applications such as a Compact Antenna Test Range (CATR),
where the sub- and main reflectors are often of comparable
size and located quite close, the Fast-PO as presented in the
literature is simply not applicable at all.

To overcome these bottlenecks, we have developed a new
algorithm that combines the speed of FaFFA with the thorough
sampling rules and phase-compensation of Fast-PO, resulting
in superior accuracy and much lower runtimes, particularly for
large problems, with the limitation on the distance between
source and observation points being on the order of 1λ
before switching to direct PO. Section III will demonstrate
the performance for some practical scenarios.

III. EXAMPLES

In this section, we examine the accuracy and speed of the
algorithms (near- and far-field) in comparison with regular PO.

The error is computed as the Relative RMS

Relative RMS =

√√√√∑Ns

i=1 |Ei,direct −Ei,fast|2∑Ns

i=1 |Ei,direct|2
, (9)

where Ei,direct and Ei,fast denote the direct PO (from (2) or
(5)) and the Fast-PO electric field at the ith sample point,
respectively, and Ns is the number of samples. We stress that
the reference field is not the true physical field, but rather
the field as computed by direct integration of (2) or (5).
As such, the accuracy is independent of e.g. the choice of
integration rule for the surface integrals, since this rule is the
same for direct PO and Fast-PO. Thus, the Relative RMS is
only affected by the error made by applying Fast-PO instead of
direct PO and consequently, in theory, a Relative RMS of 0 is

1 m
1 m

Fig. 1. Configuration for test case A.

possible if perfect interpolation were possible and no rounding
errors were present.

A. Scattering by a plate

As an illustration of the performance of the algorithms
for near- and far-field radiation on a simple geometry, we
consider the scattering from a 1 m × 1 m plate, illuminated
by a plane wave at 45◦ incidence at varying frequencies. The
configuration is illustrated in Figure 1.

For the near-field setup, we evaluate the field on a half-
sphere, with a radius of 0.8 m and origin at the center of the
plate. The points are distributed equidistantly in a θφ grid,
with the total number of points Nobs determined based on the
wavelength λ (in metres) of the incident field, such that

Nobs =
25

λ2
, (10)

while the number of integration points is determined based on
an auto-convergence procedure, requiring −80 dB accuracy
[12]. The time required for auto-convergence is not included
in the timings. We note that the observation sphere is located
quite close to the plate, and with the frequency being varied
between 12 GHz and 192 GHz, the observation points are
located deep within the reactive near-field region, typically
taken to be the region for which |R| < 0.62

√
D3/λ in (5).

By adjusting the frequency, we get the timings illustrated in
Figure 2. The Relative RMS achieved varies slightly between
the frequencies, but is far below the specified limit of 10−4.
Fitting a linear curve to the timings, we get close to the
expected O(f4) behaviour from the direct PO routine, while
the Fast-PO timings scale slightly better than O(f2). If we
increased the frequency further, we would expect the scaling
to eventually reach the O(f2 log f2) scaling suggested in the
literature.

For the far-field algorithm, we choose a very similar setup.
The field is evaluated in a θφ-grid with θ ∈ [−π/2, π/2], φ ∈
[0, 2π[, and the number of points Nobs on the grid is cho-
sen using (10) while the number of integration points are
chosen using auto-convergence. We get the results illustrated
in Figure 3. Once again, the Relative RMS achieved varies
slightly between the frequencies, but is not above the limit
10−4.

B. Torus

Another example is the torus antenna shown in Figure 4,
designed by TICRA for a specific remote-sensing application
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Fig. 2. Performance of our Fast-PO implementation for near fields compared
to the direct PO implementation in GRASP 10.3. The Relative RMS Error
between the fields obtained from direct PO and Fast-PO is shown in cyan.
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Fig. 3. Performance of our Fast-PO implementation for far fields compared
to the direct PO implementation in GRASP 10.3. The Relative RMS Error
between the fields obtained from direct PO and Fast-PO is shown in cyan.

[13]. It is generated by rotating a parabola around a tilted
axis, and has the characteristics that it minimizes the scan
loss for beams generated by feed elements located on a curve
intersecting the focal point. It is important to evaluate the
pattern from the antenna over a very large angular region since
the application is a radiometer on a low-orbit satellite from
which the earth subtends an angle of more than 60◦.

The observation points are distributed in a 3201× 3201 uv
grid covering the region of earth visible from the satellite,
yielding a total of Nobs = 10246401 far-field observation
points.

We use the auto-convergence to determine the number of
integration points on the surface, which yields Nint = 607127.
We do not include PTD, since the auto-convergence finds that

Fig. 4. Illustration of the geometry for the torus reflector.

the PTD contribution is not relevant at the specified (-80 dB)
accuracy. This is due to the low edge illumination from the
array. With GRASP 10.3, we find the solution in 1:27 H,
while the Fast PO algorithm requires 4:33 minutes, a speedup
of almost a factor of 20. The Relative RMS in the co-polar
component is 2 · 10−5, while in the cross-polar component it
is slightly higher at 5 · 10−5, both of which are significantly
below the requested 10−4 error.

C. CATR

As a final example, we consider the compensated compact
range from Airbus Defence & Space, the CCR 75/60, which
was also investigated in [14]. The main reflector is 7.5 m times
6.0 m, resulting in a quiet zone (QZ) with a diameter of 5
m, in which the field has the same characteristics as a plane
wave. The setup is illustrated in Figure 5. The simulation is
carried out by applying the direct path through the system; the
feed illuminates the subreflector, which in turn illuminates the
main reflector, and the electric field from the main reflector is
computed in the QZ. The vast majority of the computing time
is spent on computing the illumination of the main reflector,
due to the large amount of current points on both the sub-
and main reflectors, including the serrations. In particular,
the effects of the serrations as shown in Figure 6 are quite
challenging to accurately model using PO, requiring a large
number of current points. We note that the number of current
points is again found using an auto-convergence procedure.
We do not use PTD since its contribution in the QZ is very
low.

The PO algorithm in GRASP 10.3 requires 3:30 hours to
compute the interaction between the sub and main reflector
at 6 GHz. Using Fast-PO, we tighten our requirements to the
accuracy due to the highly sensitive application, requesting a
relative error of 10−5. The computation requires 1:20 minutes
using Fast PO, resulting in a speed-up of a factor of 157 with
a Relative RMS less than 4 ·10−6. The performance in the QZ
is illustrated in Figure 7 for an amplitude cut.



Fig. 5. Schematic of a compensated compact range.

Fig. 6. A screenshot showing part of the model of the CATR reflector. Note
the complicated shape of the serrations, particularly the corner serration, which
makes the PO computation significantly more challenging.
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Fig. 7. A comparison between the results achieved by Direct PO and Fast
PO in the quiet zone. With a Relative RMS less than 4 · 10−6 in the range
[−8, 8]m, the results are indistinguishable, particularly in the center of the
quiet zone as illustrated here.

IV. CONCLUSION

The examples show that our implementation of accelerated
Physical Optics (Fast-PO), involving more efficient interpola-
tion for the far field Fast-PO and a new approach for near
field Fast-PO, provides extreme speedups while maintaining
the very low error level required for the final stages of a
design. Details of the algorithm, including the implementation
of the Physical Theory of Diffraction (PTD) contribution into
the acceleration scheme, are still under development. However,
the performance of the current algorithm allows a reduction in
time by a factor of 10 to 100, depending on the application.
For a practical application involving the design of a Compact
Antenna Test Range, Fast-PO offers a reduction in time from
3.5 hours to 1:20 minutes, thus facilitating a much more
efficient design process and even opening up the possibility
of allowing small-scale optimization.
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