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Abstract: An improvement to the line-of-sight (LoS) approximation of the equivalence principle used
in far-field computations is presented. In the original LoS approximation of the equivalence principle,
the integral equation uses only the surface currents on the LoS surface, as well as the edge currents on
the contour of the LoS surface, which is the replacement of the surface integrals over the shadow part
of the surface. Here, we show that the integration over one type of surface current on the LoS surface
and edge currents is sufficient, which reduces the resources required for the LoS radiation pattern
computations by half. The proposed theory is a rigorous analysis of Love’s Equivalence theory
with an introduction of the point-of-symmetry concept. The proposed method makes use of the
vector-potential field representation to derive the improved LoS equivalence principle. The proposed
approach is validated with the calculation of the far-field radiation pattern of a patch antenna using
the Finite Difference Time Domain (FDTD) simulations.

Keywords: antenna radiation patterns; FDTD methods; image theory; physical optics; electromagnetic
diffraction; electromagnetic scattering; equivalence principle

1. Introduction

The surface equivalence principle has been widely used in the analysis of the radiation patterns of
antennas. It is a rigorous solution to Huygens’ principle [1], which was introduced by Schelkunoff [2].
In the surface equivalence principle, the original problem with radiating sources is transformed into an
equivalent problem with sources on an arbitrary surface enclosing the original sources [3-5]. Nearly all
problems involving the surface equivalence principle make use of the free-space Green'’s function in
the integration of both types of surface currents (electric and magnetic).

A few attempts have been reported to reduce the integration to just one type of current, e.g., [6,7].
Typically, physical optics approximations, along with the image theory, are used. In this paper, we
present a unique mathematical justification for the use of only one type of surface current for a class
of enclosing surfaces, used in the far-field antenna pattern calculations with the line-of-sight (LoS)
approximation to the equivalence principle [8].

When radiation/scattering problems are solved with numerical techniques, the equivalence
principle is practically the only means of far-field pattern computation. The LoS approximation,
which reduces the computational time significantly in comparison with the standard equivalence
approach, was introduced in [8]. It considers the source contributions from surface currents that are
on the LoS surface only; as well as the currents along the LoS contour (see Figure 1). The “shadow”
surface Seyt, which is not in LoS and is extended to the far-field region is suspended by the LoS contour
Cros- The integration of the equivalent currents on Sy is approximated by a contour integration over
the contour currents on Cr,s. The effect of the contour current is shown to be significant [8].
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Figure 1. Illustration of the line-of-sight (LoS) equivalent surface, the LoS surface contour, the shadow

region, the point-of-symmetry, and the observation point.

Here, we justify the use of only one type of surface current on the LoS surface. This improves
the efficiency of the radiation pattern computations by a factor of two when used with numerical
techniques such as the finite-difference time-domain (FDTD) method. This is because one radiation

integral is computed instead of two.
First, we briefly review the LoS approximation to the equivalence principle; then, we present our

new theory, which justifies the use of only one type of surface current on the LoS surface. In Section 4,
we present an example of the computation of the radiation pattern of a microstrip patch antenna using
the FDTD method. We show the comparison between the standard equivalence principle using both
surface currents on the entire virtual surface and our LoS equivalence approximation with either type

of surface currents that are only on the LoS surface.

2. The LoS Approximation to the Equivalence Principle

The relationship between the far zone electric field E and the electric and magnetic field vectors

E® and H® on the surface enclosing the radiating sources is [5]:

E(P) ~ - ]w“‘) ﬂ ) A ](‘”780 H[ (7 x E°) ]—ds 1)

here, r is the distance from the surface source point Q to the observation point P, i1 is the unit normal to
the surface, # is the unit vector from Q to P, k is the free-space wavenumber, w is the frequency, and 7 is
the free space intrinsic impedance, the integration surface S contains all surface currents. The Green’s

function is denoted as:

e~ Jkr
Gl = @
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In the LoS approximation [8], the surface integrals in Equation (1) over Sy are replaced by contour
integrals over Cp,s. The electric field at the observation point E; consist of two parts, (E1 1,5 + E1_ext),
and it is expressed as:

E1 ~ —jlwuo [fs, (8 x HY)G(r)ds +k [f5,  #x (X ES)G(r)ds]

3
- j[gfcm [wpo (P x A)H3CH + kﬁEch]G(r)dl] ®)

where E; and Hli denote the components of the electric and magnetic field vectors along the unit vector
7, respectively. The subscript 1 refers to the region outside the surface enclosing the sources. Region 2
is inside the surface; see the shadow region in Figure 1. The factors Cg and Cp are obtained from
the directional derivatives along 7 of the phase terms of the electric and magnetic fields, respectively,

on the LoS contour [8]:
d© -
Cen = [—](‘ oLl +k)] 4)
CrLos

dr
In an FDTD simulation, the radiating structures are enclosed in a volume (virtual) with absorbing

boundaries to mitigate undesired reflection at the virtual boundary. The replacement of the surface
integral over S,y with the contour integral along Cj,s is an approximation. The error due to this
approximation is typically low. For this, the worst error for field calculation with Mur’s first-order
absorbing boundary condition is given by the empirical formula,

1\
€loS X 15( ) % (5)
lmin

where i is the minimum distance between the actual radiating structure to the virtual (LoS) surface.
The error contribution to the overall radiation pattern is further reduced when it is combined with the
dominating component, the LoS surface currents.

The computational effort of the LoS-based pattern calculation is mostly due to the evaluation of
the surface integrals over the LoS surface Sy 5. Below, we show that with the proposed LoS equivalence,
only one of the two surface currents integral is required.

3. Surface Sources with LoS Equivalence

3.1. Vector Potentials and Surface Sources

The proposed theory is similar to Love’s equivalence principle [5], where the field (E;, Hy) within
the enclosed region 2 is set equal to zero. Then, the equivalent surface current densities are:

J; = fx H® 6)
and
M, = - x E° 7)

where E° and H® are the field vectors on the surface, and # is the surface unit normal. The surface
currents radiate in an unbounded medium (region 1), while the fields in region 2 are zero. The surface
unit normal 7 points toward region 1.

We represent the equivalent problem in terms of the vector potentials A and F due to the surface
currents J; and M;, respectively. In open space,

A =y IJISG(r)ds = ffAeds (8)
S S
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and

F=¢ fIMSG(r)ds = f Fds 9)
S S

where A° = 1pG(r)J, and F© = ¢9G(r)M; are the elemental vector potentials due to the respective
current densities of the surface element. The field vectors in terms of the vector potentials are [5]:

1
E=Ep+Eq=-—VxF+ VX VXA (10)

Jwpogo

and

1
H:HA+HF:#—V><A+ VXVXF (11)
0

jwogo
Ishimaru [9] refers to these relations as the Franz formulas. It can be shown [10] that the Franz
formulas are equivalent to the well-known Stratton-Chu formulas,

E = |[[-jouoG(ax H) - (7 x E) x VG - (#-E5)VG]ds (12)
S
and
H= ﬂ[ jopoG(i x ES) — (7t x H®) x VG — (#-H)VG]ds (13)
S

here, the gradient of G is taken with respect to the observation point. Notice that the surface integrals
in Equation (3) are an approximation of the Stratton-Chu formula (12) for the case of a far-zone field.
In terms of the elemental vector potential F°, Er becomes

= ——foffeds (14)

as per Equation (10). Since Vx operates on the coordinates at the point of observation while the surface
integral is over the location of the sources, these two operators can be interchanged:

1
Er =—— |[(VXF)ds 15
P jsf( ) (15)
Similarly, we obtain
1
E V xVxA®)ds 16
4= T ) (16)

The total field in terms of the elemental vector potentials is thus given by

1
E= -—VXF + VxVer)ds 17
57+ i 7
and
H—jf(iVxAE—k_ ! vaXF)ds (18)
2 \io jotoeo

3.2. Field Extinction in Region 2

As per Love’s equivalence principle [5], in region 2, the condition E; = 0 and H, = 0 is imposed,
from which the surface currents are obtained. In general, both types of currents exist on the enclosed
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surface. In terms of the elemental vector potentials, the condition of zero fields inside region 2 is
obtained by setting the following conditions:

VxPE:.LVxVxAS (19)
Jwio
and 1
e _ __~ vy
V x AS Toeg XV XF, (20)

which ensure the fulfilment of Equations (17) and (18) regardless of the shape of the enclosed surface.
Here, AS and F; are elemental vector potentials of the surface currents observed in region 2.

3.3. The Observation Point and Its Point-of-Symmetry

The point-of-symmetry is a point that is radially opposite to the observation point, with the
source point being at the centre of symmetry (see Figure 1). When the observation point is in the far
zone, the point-of-symmetry also falls in the far zone. Thus, in the conventional equivalence principle,
both the observation point and its point-of-symmetry belong to region 1 (outside the closed surface S).
In the LoS equivalence, however, the point-of-symmetry belongs to the shadow region since the virtual
surface S has been extended to a large (beyond far-field) conical frustum, as shown in Figure 1.

We consider the LoS surface to be regular if for each observation point and its corresponding
every surface element on LoS there exists one point-of-symmetry in the shadow region. Two such
points are shown in Figure 1. As an example, Figure 1 shows a conical (or pyramidal) frustum, or for
a tubular frustum, the surface formed by (S;,s + Sext) would be considered regular, also the normal
vector on the LoS surface would be pointing into region 1. The surface Sy, which is not in LoS, can be
approximated to a line integral, which is discussed in detail in the [8].

At the point-of-symmetry, the field of an elemental surface source has a unique relation to its
counterpart at the observation point. Consider a current element in free space together with its
observation point and point-of-symmetry as defined above. If the location of the observation point
with respect to the source point in spherical coordinates is defined by (r1, 01, ¢1), then the location of
the point-of-symmetry is

rn=ry, Ob=n—-01, p2=¢1+n (21)

Resulting in relations such as; sinf, = sin0y, singpy = —singq, cosby = —cosfq, cospy = —cosQ1.

From these, the following relations are derived for the curl and the curl of the curl of the vector potential
at the point-of-symmetry and the observation point:

VX A(r1,01,01) = =V XA(rp, 02,92) (22)

and
VXVXA(I’l,Ql,(pl) ZVXVXA(Tz,Qz,(pz) (23)

By applying the relationships defined by Equations (22) and (23) to Equations (19) and (20),
we obtain the relationships between the elemental vector potentials at the point-of-symmetry
(r2, 02, @2) and at the respective observation point (r1, 01, ¢1):

VXF‘;(Tl, 61/ (Pl) = —VXP;(T’Z, 62/ (PZ) (24)
VXV XF(r, 61, 1) = VXV XF(r2, 62, ¢2) (25)

and
VxA{(r1, 01, ¢1) = =V x A5(r2, 02, 92) (26)

VXVXA?(H, 61, (pl) = VXVXAZ(]’z, 92, (pz) (27)
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The result can be summarized as follows: (1) the curl of an elemental vector potential at
the observation point is of the same magnitude but opposite sign as compared to its curl at the
point-of-symmetry; (2) the curl of the curl of an elemental vector potential is the same at the observation
point and its point-of-symmetry.

3.4. The Field at the Observation Point in the Far Zone

Applying the field-extinction formulas, Equations (19), (24) and (27), we obtain

VxFi_—ﬁVxVxAﬁ (28)
0

Similarly, using Equations (20), (25) and (26), we obtain
1
e __
VXA = _ja)eo VXV x Fel (29)

According to the Franz formulas, Equations (17) and (18), it then follows that the field at the
observation point is due to the superposition of two identical terms—one due to electrical surface
sources and another due to magnetic surface sources. Thus, using Equations (17) and (28), the expression
for the electric field in region 1 is obtained as

2
E; =——
1 . ﬂ V x F{ ds (30)
5LaS+Sext

whereas the expression for the magnetic field is obtained from Equations (18) and (29) as

P ﬂ VX AS ds (31)
HO SLUS"FSext

Using the same set of equations, the fields can also be expressed as:

2
1= - ff VxVxF ds (32)
]a)‘uogo SLOS+S(’Xt
[ ﬂ VXV xAS ds (33)
Jokoto g s,
LoS ext

In order to translate this result into a Stratton-Chu formulation in terms of the surface field,
as in Equations (12) and (13), we make use of Kirchhoff’s far-field approximation to the free-space
Green’s function:

— e~ Jk(r+#1")

G(r) = —f—
here, r = r# is the position vector of the observation point. It is independent of the integration point.
7' is the position vector of the source (integration) point. The use of Equation (34) simplifies the
differential operations on the elemental vector potentials: V is equal to —jk#, VX is equivalent to —jkix
and V x Vx simplifies to —k?# X #x [8]. Using these with Equations (30) or (33) gives

4mtr (34)

E, = —2jk ﬂ #x (it x E5)G(r)ds (35)
5L05+Sext
or
E, = —2joug ﬂ (7 x H®)G(r)ds (36)

SLaS +Sext
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respectively.

In the LoS, we replace the surface integrals over S, with their respective contour integrals,
as per Equation (3). Thus, if we compute E; through the equivalent electric surface currents, then the
contribution of the LoS surface, E;, ;, becomes

Ey,,, = —2jouo [ [ (7> H®)G(r)ds (37)

StLos

and the contribution from S,y; is approximated as
Ei,, ~ —2jopo 9€ [(#x ) H3C G (r)dI (38)
LoS

The alternative computation using equivalent magnetic surface currents is also possible.

4. Discussion

The above derivations are summarized here. Equations (17) and (18) describe the field at a
point in space in terms of the elemental vector potentials. The field at any point in region 1 is the
integral (or sum in numerical simulation scenario) of the contributions of all elemental surface currents
on the surface enclosing region 1. Furthermore, with an appropriate shape choice for the extended
surface, there exists a point-of-symmetry in region 2 for every elemental surface current. If the field
in region 2 were to be zero, then even for an elemental surface current contribution, the field should
be zero in region 2. For each observation point in region 1, there are points-of-symmetry in region 2,
corresponding to the surface currents. The fields at all these points-of-symmetry are zero, with these
conditions, Equations (30) through (33) are valid.

The resonant frequency of this patch antenna was determined to be 2.42 GHz. The radiation
pattern is for the E; component and it is on the plane cut (shown in Figure 2) that is perpendicular to the
antenna plane and the feed line. Figure 3 shows the simulation results for the radiation patterns for the
three cases: (1) using standard equivalence with both types of surface current over the entire enclosed
virtual surface; (2) using LoS approximation with only magnetic surface current and LoS-contour
current; and (3) using LoS approximation with only electric surface current and LoS-contour current.
All three radiation patterns were normalized to the maximum value of the standard equivalence.
In general, good agreement between all three cases is observed. The minor discrepancies seen in
Figure 3 near the edge are due to the approximation of the edge current integrals. This type of error
was expected, and they were addressed in detail in [8].

Virtual BoX

o Line
MicrosttiP Jand

Figure 2. The microstrip patch antenna.
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Figure 3. The E-plane co-polarization radiation pattern of the patch antenna.

The general LoS approximation of the far-zone field is given by Equations (3) and (4), this is
also detailed in [8]. According to the theory presented above, we need to resolve either the surface
integral over the equivalent electric current (27 X H®) or the one over the magnetic current (271 X E%).
This improves the efficiency of the far-field radiation pattern calculations.

We apply the LoS approach with a single surface-current source type to a practical problem
simulated with the FDTD method. We compute the far-field radiation pattern of a printed microstrip
antenna, shown in Figure 2, and verify it by comparing with a computation based on the standard
equivalence where the integration is performed over both surface current types of the whole enclosed
surface. The size of the patch antenna used in the simulation is 44 x 80 mm?. The substrate is of area
110 x 115 mm?, the height is 1.8 mm, and the relative dielectric constant is 2.0. The feed structure of
the antenna is a 50-() square coaxial transmission line of length 55 mm followed by a microstrip line of
length 32 mm. The inner conductor of the coaxial line is of cross-sectional dimension 1.8 x 1.8 mm?,
the outer conductor is 5.1 x 5.1 mm?2, and the relative dielectric constant is 1.0.

In the FDTD simulation, the excitation source is a Gaussian pulse of width 30 ps. The total
number of iterations is 1600 with 1 ps time-step interval. The mesh size used for the simulation is
120 x 70 x 120 grid cells. The size of the computation domain is 300 X 170 X 260 mm?, and the size of
the virtual box (the equivalent surface) is 250 x 100 x 210 mm?®. The absorbing boundaries use Mur’s
first-order absorbing boundary condition [11].

5. Conclusions

We proposed an improvement to the LoS approach to the computation of antenna far-field
radiation patterns using the equivalence principle. We demonstrated that, under the condition of
the point-of-symmetry falling into the zero-field region, the use of one type of surface current in
the LoS method does not degrade the accuracy of the computations. The validation is made with
an application to a practical problem of calculating the radiation pattern of a printed patch antenna.
There is remarkably good agreement between the simulation results of the improved LoS approach and
the standard equivalence method. The efficiency of the new LoS approach, as compared to the standard
equivalence principle, in the calculation of radiation patterns is due to the reduced computation of
surface integration. The total computational time for the new LoS approach is approximately one-sixth
of that required by the standard equivalence for the computation of radiation pattern in the principal
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plane. One half of this improvement is due to using only one type of surface current. Thus, the LoS
approach is an efficient alternative to existing standard algorithms for the computation of far-field
patterns in high-frequency structure simulators.

Author Contributions: N.S. and N.N. contributed equally to conceptualization, methodology and research.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Huygens, C. Treatise on Light; University of Chicago Press: Chicago, IL, USA, 1912.

Schelkunoff, S.A. Some equivalence theorems of electromagnetics and their application to radiation problems.
Bell System Tech. . 1936, 15, 92-112. [CrossRef]

Stratton, J.A. Electromagnetic Theory; McGraw Hill: New York, NY, USA, 1941; pp. 196-197, 482-488.
Harrington, R.F. Time-Harmonic Electromagnetic Fields; McGraw Hill: New York, NY, USA, 1961; pp. 77-79,
101-103, 106-109, 120-123, 129-134.

Balanis, C.A. Advanced Engineering Electromagnetics; John Wiley & Sons: New York, NY, USA, 1989; pp. 279-291,
329-342.

Harrington, R.E. On scattering by large conducting bodies. IRE Trans. Antennas Propag. 1959, 7, 150-153.
[CrossRef]

Beckmann, P. The Depolarisation of Electromagnetic Waves; The Golem Press: Boulder, Colombia, 1968; pp. 76-92.
Sangary, N.; Nikolova, N.K. Line-of-sight approximation to the equivalence principle for far-field
computations. IEEE Trans. Antennas Propag. 2004, 52, 1890-1897. [CrossRef]

Ishimaru, A. Electromagnetic Wave Propagation, Radiation, and Scattering; Prentice-Hall: Englewood Cliffs, NJ,
USA, 1991; pp. 174-176.

Tai, C.T. Dyadic Green’s Functions in Electromagnetic Theory; Intext Educational Publishers: New York, NY,
USA, 1971.

Mur, G. Absorbing boundary conditions for the finite-difference approximation of the time-domain
electromagnetic field equations. IEEE Trans. Electromagn Compat. 1981, 23, 377-382. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/j.1538-7305.1936.tb00720.x
http://dx.doi.org/10.1109/TAP.1959.1144651
http://dx.doi.org/10.1109/TAP.2004.831307
http://dx.doi.org/10.1109/TEMC.1981.303970
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The LoS Approximation to the Equivalence Principle 
	Surface Sources with LoS Equivalence 
	Vector Potentials and Surface Sources 
	Field Extinction in Region 2 
	The Observation Point and Its Point-of-Symmetry 
	The Field at the Observation Point in the Far Zone 

	Discussion 
	Conclusions 
	References

