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SUMMARY In this study, the scattering fields by multi-window build-
ings have been analyzed by using the Kirchhoff approximation method. The
scattering fields are obtained by the radiation integrals due to the equiva-
lent current sources excited by the incident plane wave on the exterior of
the building and the virtually closed window apertures. The fields in the
window region are represented by rectangular waveguide modes, then the
reflected fields from window glasses are also converted to the equivalent
currents. The validity of our formulation has been confirmed by numerical
comparison with the physical optics method and by measurements on scale
models. Discussions have been made on the impact of window glass in the
context of high-frequency wireless communications.
key words: Kirchhoff approximation, dielectric glass effect, multi-window
building, building scattering.

1. Introduction

In the field of wireless communications, researchers and de-
velopers are constantly improving their work to meet today’s
demands for device connectivity. Their efforts are not limited
to increasing the quantity, but are also focused on enhancing
the quality. Efforts have been made to develop innovative
devices to prepare for an era marked by a vast number of
devices connected at high speeds. The study focuses on the
behavior of radio waves in urban environments.

It is a well-known fact that wall edges, windows, and
glass panels of towering structures significantly affect radio
wave propagation [1]. The effect of a window aperture on
a building wall has been reported and analyzed by various
methods [2]–[10]. The evaluation of the scattering by a
building window can be considered similar to the problem
of electromagnetic diffraction by an aperture perforated on
an infinite perfectly conducting screen. The problem is re-
ported and analyzed by many methods such as an eigenfunc-
tion expansion in Mathieu functions [2], the combination of
Wiener-Hopf method and scattering matrix techniques [3],
the combination of Fourier transform and mode-matching
technique [4], [5], a hybrid method of finite element and
boundary integral methods [6], [7], and the Kobayashi Po-
tential method [8]–[10]. While the aforementioned studies
provide valuable insights into the scattering by a single nar-
row aperture, it is important to note that these solutions could
potentially be extended to scenarios involving multiple aper-
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tures. However, when the window size in real-world wireless
communications is much larger than the wavelength, these
methods may face numerical convergence issues.

Some high-frequency asymptotic methods, such as the
Physical Optics (PO) [11]–[14], Geometrical Theory of
Diffraction (GTD) [15]–[21], Ray Tracing (RT) [22], [23], or
Kirchhoff Approximation (KA) [24]–[29] methods, may an-
alyze the scattering field by large conducting objects. Gener-
ally, these asymptotic solutions should be applicable as long
as 𝑘𝑙 ≫ 1, where 𝑘 is the wave number and 𝑙 is a typical
distance such as the building and window dimensions, while
the accuracy may be low for a small 𝑘𝑙 [19]. The PO method
may encounter difficulties in calculating the re-radiation field
from the window aperture. While the GTD method might be
applied only to the conducting objects, the RT method can
be used to solve the scattering field of a building facade with
multiple windows, each with dielectric glass. However, the
RT method presents its own set of challenges: as the structure
of the object becomes larger, there is a significant increase in
the number of rays, which not only extends the calculation
time but also demands high performance and considerable
memory size. In previous studies [27]–[29], the KA method
has been effectively applied to calculate the scattering fields
for large windows apertures on an infinite screen. These
studies have also investigated the importance and effects of
vertical and horizontal polarizations. Based on these suc-
cessful applications, this method is utilized to analyze the
scattering fields by a building with multiple windows.

This research extends previous investigations that fo-
cused on the diffraction by a three-dimensional window con-
taining a dielectric glass on an infinite conducting plate [29].
The current study expands this scope to consider an entire
building with multiple windows. In the real-world scenario,
buildings are situated on the ground, and the ground effect
could influence the total scattering field. If one treats an
isolated building on the ground, the ground effect may be
estimated by the image theory. However, the impact of the
high-rise building windows would be stronger than the effect
of the height and the ground, as the building’s foundation is
usually obscured by other nearby small buildings and ground
objects.

Utilizing the KA method, the scattering field by build-
ing structures can be interpreted as radiation from the mag-
netic currents distributed over both the virtually closed sur-
faces on the windows and the exterior surfaces of the building
wall. By representing the electromagnetic field inside the
window apertures in terms of rectangular waveguide modes,
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(a)

(b)

Fig. 1 Configuration of the problem. (a) A building with multiple glass
windows. (b) 𝑖-th window on the side wall located at 𝑥 = 𝐿x/2.

it is theoretically possible to calculate the reflection of the
modal field at the window glass layer using waveguide modal
theory, or only selected significant modes may be summed
to express the field [24], [25].

The numerical results are computed and compared with
the results obtained using the PO method in the commercial
software Ansys HFSS and scale model measurements taken
in an anechoic chamber room. Additional numerical results
are provided to demonstrate the effect of window size and
glass layer. For the subsequent discussion, it is assumed that
the time-harmonic factor 𝑒 𝑗𝜔𝑡 is omitted throughout the text.

2. Formulations

Figure 1 (a) describes a plane wave impinging on a roof of
a building with dimensions 𝐿x, 𝐿y, 𝐿z. The building struc-
ture under consideration comprises four vertical walls with
multiple glass windows and a horizontal roof. The vertical
walls are situated at coordinates 𝑥 = ±𝐿x/2 and 𝑦 = ±𝐿y/2.
Each conducting side wall has a thickness of 𝑐𝑖 and contains
𝑁 glass windows. Figure 1 (b) illustrates a detail of 𝑖-th win-
dow located on the vertical wall of the building at 𝑥 = 𝐿x/2.
The dimensions of this window are given by (𝑎𝑖 , 𝑏𝑖). The
precise location of the window on the building’s facade is
given by (𝑑𝑖x = 𝐿x/2, 𝑑𝑖y, 𝑑𝑖z). Inside the window, a window
glass is simulated by a material slab layer whose relative ma-
terial parameters are given by 𝜀r and 𝜇r, and the thickness is

𝑔𝑖 − 𝑓 𝑖 . The location of the glass is determined by 𝐿x/2− 𝑓 𝑖 .
An incident plane wave may be represented as

𝑬i = (𝐴𝜃 𝜽̂0 + 𝐴𝜙 𝝓̂0)𝑒− 𝑗𝒌 i ·𝒓 . (1)

where ‘ˆ’ denotes the corresponding unit vector, 𝒌 i, 𝒓 rep-
resent the incident wave number vector, the position vector
to the observation point (O.P.), respectively. At any given
angle of the incident plane wave, at most only three surfaces
of the building are illuminated. For practical situations, the
communication signals propagate and are scattered almost
horizontally (𝜃0 ∼ 𝜃 ∼ 𝜋/2). In what follows, our present
formulations are derived under the condition of the building
being illuminated by a plane wave of horizontal polarization
(𝐴𝜃 = 0, 𝐴𝜙 = 1) and some numerical calculations have
been done in the horizontal plane (𝜃0 = 𝜃 = 𝜋/2). The scat-
tering formulation for vertical polarization can be derived in
a similar manner. While the corresponding scattering effects
for the vertical polarization may also be as important as the
one for the horizontal case, these are not included in this
study due to page limitations.

According to the KA method, the scattering field may be
given by the radiation from the equivalent magnetic currents
induced on the exterior of the building and on the virtually
closed window apertures as depicted in Fig. 2. The mag-
netic current sources 𝑴 (1)

± , 𝑴 (2)
± excite the fields 𝑬 (1)

± , 𝑬 (2)
±

which represent the scattering fields by the outer edges. The
scattering field 𝑬

(2)
by the windows is generated by the mag-

netic currents 𝑴
(2)
± on the virtually closed apertures. The

currents 𝑴
(2)
± are a sum of currents generated by the origi-

nal incident plane wave and the reflection field at the glass
layer. The field inside each window may be expressed in
terms of rectangular waveguide modes so that the reflection
field at the material layer can be calculated theoretically by
using waveguide modal theory. Detailed information about
the field inside the window and its derivation can be found in
Ref. [29]. If the windows are far apart and far from the wall
edges, and these distances are bigger than the wavelength,
then the interactions among them become insignificant and
can be disregarded. Thus, the scattering field by the build-
ing can be calculated by combining the individual results for
the building edges and windows. While there are scattered
fields due to the conducting walls and window glasses, re-
radiations from the internal field are not considered in the
subsequent analysis.

2.1 Scattering fields by the outer edges of the building roof
and side walls

Figure 2 (a) illustrates the magnetic currents on the exterior
of the building. Equivalent currents 𝑴 (1)

± on the exterior of
the building roof (|𝑥 | > 𝐿x/2, |𝑦 | > 𝐿y/2, 𝑧 = 0±) may be
derived from the incident electric field as [24]

𝑴 (1)
± (𝑥, 𝑦, 𝑧 = 0±) = 𝑬i

���
𝑧=0±

× (±𝒛). (2)
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(a)

(b)

Fig. 2 Analysis of scattering fields created by magnetic currents. (a)
Scattering fields created by magnetic currents on the exterior of the roof
(𝑧 = 0) and side wall (𝑥 = 𝐿x/2). (b) Scattering field excited by magnetic
currents on 𝑖-th window aperture on the building side wall (𝑥 = 𝐿x/2).

The far-field scattering field 𝑬 (1)
± may be derived as a ra-

diation from the above equivalent magnetic sources 𝑴 (1)
±

through a vector potential as [28]–[30],

𝑬 (1)
± = −∇×

[ 𝑒− 𝑗𝑘𝑟

2𝜋𝑟

∫
𝑆′
𝑴 (1)

± (𝒓 ′)𝑒 𝑗𝑘𝒓′ ·𝒓𝑑𝑥 ′𝑑𝑦′
]
, (3)

where 𝑆′ denotes the virtually closed exterior of the roof
(|𝑥 ′ | > 𝐿x/2, |𝑦′ | > 𝐿y/2, 𝑧′ = 0). 𝒓 ′ is the position vector
to the aperture source point on 𝑆′. When one executes the
integral in Eq. (3), one should note that the result contains
spurious reflected plane wave and missing incident plane
wave due to the closed surface 𝑆′ [19]. Accordingly, one
may remove these geometrical optics fields to obtain the
desired diffraction field∗. By disregarding 𝑟−2 and higher-
order terms, the scattering far-field expressions for 𝑬 (1)

+ and
𝑬 (1)
− are combined and simplified into a unified form as

follows

𝐸 (1)
𝑟 ∼ 0, (4)

𝐸 (1)
𝜃 ∼U

( 𝜋
2
− 𝜃0

)
sgn

( 𝜋
2
− 𝜃

) 𝑗 𝐴𝜙𝑒
− 𝑗𝑘𝑟

2𝜋𝑘𝑟
𝑘2𝐿x𝐿y

· sinc
(𝛼𝑘𝐿x

2

)
sinc

( 𝛽𝑘𝐿y

2

)
sin (𝜙0 − 𝜙), (5)

𝐸 (1)
𝜙 ∼ − U

( 𝜋
2
− 𝜃0

)
sgn

( 𝜋
2
− 𝜃

) 𝑗 𝐴𝜙𝑒
− 𝑗𝑘𝑟

2𝜋𝑘𝑟
𝑘2𝐿x𝐿y

· sinc
(𝛼𝑘𝐿x

2

)
sinc

( 𝛽𝑘𝐿y

2

)
cos 𝜃 cos (𝜙0 − 𝜙), (6)

where

𝛼 = sin 𝜃0 cos 𝜙0 + sin 𝜃 cos 𝜙, (7)
∗These geometrical optics fields are not necessary for scattering

far-field calculation.

𝛽 = sin 𝜃0 sin 𝜙0 + sin 𝜃 sin 𝜙, (8)
𝛾 = cos 𝜃0 + cos 𝜃, (9)

and U(𝑥), sgn(𝑥) are unit step, sign functions, respectively.
The scattering far-field 𝑬 (2)

± by the building side wall at
𝑥 = 𝐿x/2 may be derived in the same manner as a radiation
from equivalent magnetic current sources 𝑴 (2)

± (𝑴 (2)
+ on 𝑥 =

𝐿x/2+, 𝑴 (2)
− on 𝑥 = 𝐿x/2−). Then 𝑬 (2)

± may be combined
as

𝐸 (2)
𝑟 ∼ 𝐸 (2)

𝜃 ∼ 0, (10)

𝐸 (2)
𝜙 ∼

[
U
( 𝜋
2
−𝜙0

)
+U

(
𝜙0−

3𝜋
2

)]
sgn

(
𝜙− 𝜋

2

)
sgn

(3𝜋
2
−𝜙

)
·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟
𝑘2𝐿y𝐿z𝑒

− 𝑗𝛾𝑘𝐿z/2𝑒 𝑗 𝛼𝑘𝐿x/2

· sinc
(𝛾𝑘𝐿z

2

)
sinc

( 𝛽𝑘𝐿y

2

)
sin 𝜃 cos 𝜙0. (11)

The scattered fields by other side walls can be formu-
lated in a similar manner and these are given in the Appendix
A.

2.2 Scattering fields by building windows

The evaluation of the scattering by a window may be esti-
mated from the scattering by a hole perforated on a thick
conducting screen. The fields inside the window can be
expressed by rectangular waveguide modes. Based on the
derivation of the scattering far-field by a window in Ref. [29]
as well as the above assumption of no coupling among win-
dows and building edges, the scattering field by 𝑁 windows
on the building wall at 𝑥 = 𝐿x/2 may be derived by the
superposition of those by each window.

The modal reflection occurs when the rectangular
waveguide modal fields are incident on the glass layer as
in Fig. 2 (b). The reflection coefficients 𝑅𝑚,𝑛 and 𝑅𝑚,𝑛 for
TE𝑚𝑛, TM𝑚𝑛 modes at the glass interface can be obtained
as

𝑅𝑚,𝑛 =
[
𝑒2 𝑗𝑘′𝑚,𝑛 ( 𝑓 𝑖−𝑔𝑖) − 1

]
𝑒−2 𝑗𝑘𝑚,𝑛 𝑓 𝑖

·
(𝑘 ′𝑚,𝑛)2 − (𝜇r𝑘𝑚,𝑛)2{

(𝜇r𝑘𝑚,𝑛 + 𝑘 ′𝑚,𝑛)2

− (𝜇r𝑘𝑚,𝑛 − 𝑘 ′𝑚,𝑛)2𝑒2 𝑗𝑘′𝑚,𝑛 ( 𝑓 𝑖−𝑔𝑖)

} , (12)

𝑅𝑚,𝑛 =
[
𝑒2 𝑗𝑘′𝑚,𝑛 ( 𝑓 𝑖−𝑔𝑖) − 1

]
𝑒−2 𝑗𝑘𝑚,𝑛 𝑓 𝑖

·
(𝑘 ′𝑚,𝑛)2 − (𝜀r𝑘𝑚,𝑛)2{

(𝜀r𝑘𝑚,𝑛 + 𝑘 ′𝑚,𝑛)2

− (𝑘 ′𝑚,𝑛 − 𝜀r𝑘𝑚,𝑛)2𝑒2 𝑗𝑘′𝑚,𝑛 ( 𝑓 𝑖−𝑔𝑖)

} , (13)

with 𝑘𝑚,𝑛, and 𝑘 ′𝑚,𝑛 are the modal wave numbers outside
and inside the glass layer as

𝑘𝑚,𝑛 = 𝑘
√

1 − (𝑚𝜋/𝑘𝑎𝑖)2 − (𝑛𝜋/𝑘𝑏𝑖)2, (14)

𝑘 ′𝑚,𝑛 = 𝑘
√
𝜀r𝜇r − (𝑚𝜋/𝑘𝑎𝑖)2 − (𝑛𝜋/𝑘𝑏𝑖)2. (15)
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The scattering field 𝑬
(2)

could be determined by sum-
ming the scattering contributions from each individual win-
dow as

𝐸
(2)
𝑟 ∼ 0, (16)

𝐸
(2)
𝜃 ∼

[
U
( 𝜋
2
−𝜙0

)
+U

(
𝜙0−

3𝜋
2

)][
U
( 𝜋
2
−𝜙

)
+U

(
𝜙− 3𝜋

2

)]
·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟

𝑁∑
𝑖=1

𝑒 𝑗𝑘 [𝛼(𝐿x/2)+𝛽𝑑𝑖
y+𝛾𝑑𝑖

z ]

·
∞∑

𝑚=0

∞∑
𝑛=0

(𝑘2𝑎𝑖𝑏𝑖)2𝐵 (2)
𝑚,𝑛 cos 𝜃 cos 𝜙

(𝑚𝜋/𝑘𝑎𝑖)2 + (𝑛𝜋/𝑘𝑏𝑖)2

·
[(𝑚𝜋

𝑘𝑎𝑖

)2
𝑅𝑚,𝑛𝑀

(2)
𝑚,𝑛 +

𝑚𝑛𝜋2

𝑘2𝑎𝑖𝑏𝑖
𝑅𝑚,𝑛𝑁

(2)
𝑚,𝑛

]
, (17)

𝐸
(2)
𝜙 ∼

[
U
( 𝜋
2
−𝜙0

)
+U

(
𝜙0−

3𝜋
2

)][
U
( 𝜋
2
−𝜙

)
+U

(
𝜙− 3𝜋

2

)]
·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟

𝑁∑
𝑖=1

𝑒 𝑗𝑘 [𝛼(𝐿x/2)+𝛽𝑑𝑖
y+𝛾𝑑𝑖

z ]

·
{
𝑘2𝑎𝑖𝑏𝑖 sinc

( 𝑘𝑎𝑖𝛽
2

)
sinc

( 𝑘𝑏𝑖𝛾
2

)
cos 𝜙0 sin 𝜃

+
∞∑

𝑚=0

∞∑
𝑛=0

(𝑘2𝑎𝑖𝑏𝑖)2𝐵 (2)
𝑚,𝑛 sin 𝜙

(𝑚𝜋/𝑘𝑎𝑖)2 + (𝑛𝜋/𝑘𝑏𝑖)2

·
{
𝑅𝑚,𝑛𝑀

(2)
𝑚,𝑛

[( 𝑛𝜋
𝑘𝑏𝑖

)2
sin2 𝜃 −

(𝑚𝜋

𝑘𝑎𝑖

)2
cos2 𝜃

]
− 𝑚𝑛𝜋2

𝑘2𝑎𝑖𝑏𝑖
𝑅𝑚,𝑛𝑁

(2)
𝑚,𝑛

}}
, (18)

where

𝐵 (2)
𝑚,𝑛 =

(−1)𝑚+1𝑒 𝑗 (𝑘𝑎𝑖/2) sin 𝜃 sin 𝜙 + 𝑒− 𝑗 (𝑘𝑎𝑖/2) sin 𝜃 sin 𝜙

(𝑚𝜋)2 − (𝑘𝑎𝑖 sin 𝜃 sin 𝜙)2

· (−1)𝑛+1𝑒 𝑗 (𝑘𝑏𝑖/2) cos 𝜃 + 𝑒− 𝑗 (𝑘𝑏𝑖/2) cos 𝜃

(𝑛𝜋)2 − (𝑘𝑏𝑖 cos 𝜃)2 , (19)

𝑀 (2)
𝑚,𝑛 = −𝑛2𝜋2𝜖𝑚𝜖𝑛𝑎

𝑖

2𝑏𝑖
sin 𝜃0 sin (2𝜙0)𝐵

(2)
𝑚,𝑛, (20)

𝑁 (2)
𝑚,𝑛 = −2𝑚𝑛𝜋2 sin 𝜃0 sin (2𝜙0)𝐵

(2)
𝑚,𝑛, (21)

𝐵
(2)
𝑚,𝑛 =

(−1)𝑚+1𝑒 𝑗 (𝑘𝑎𝑖/2) sin 𝜃0 sin 𝜙0 + 𝑒− 𝑗 (𝑘𝑎𝑖/2) sin 𝜃0 sin 𝜙0

(𝑚𝜋)2 − (𝑘𝑎𝑖 sin 𝜃0 sin 𝜙0)2

· (−1)𝑛+1𝑒 𝑗 (𝑘𝑏𝑖/2) cos 𝜃0 + 𝑒− 𝑗 (𝑘𝑏𝑖/2) cos 𝜃0

(𝑛𝜋)2 − (𝑘𝑏𝑖 cos 𝜃0)2 , (22)

and

𝜖 𝑗 =

{
1 ( 𝑗 = 0)
2 ( 𝑗 > 0).

(23)

In the present study, the derived KA formulas do not
include a parameter to account for the wall thickness 𝑐𝑖 .
According to Ref. [29], the wall thickness 𝑐𝑖 primarily does
affect the scattering field inside the building, but not the outer

(a) No window model (b) 64 glassless windows
model

Fig. 3 Building models for measurement. 𝐿x = 𝐿y = 28 cm, 𝐿z = 32
cm. 𝑎𝑖 = 4 cm, 𝑏𝑖 = 5.5 cm. (a) No window model. (b) 64 glassless
windows model.

Fig. 4 Top view of the bistatic measurement setup in an anechoic chamber
room.

field.
The scattering fields by windows of other side walls can

be formulated similarly. These results are summarized in the
Appendix A.

3. Numerical Results and Discussion

In order to confirm the validity of our formulation, numerical
calculations have been done for various parameters. While
our formulation is valid for any set of window arrangements,
as long as the distance between the window apertures is as-
sumed to be electrically far. Some results are shown here for
equally aligned window cases. In the subsequent numerical
analysis, a common factor of 𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟/(2𝜋𝑟) is used to nor-
malize all far-field scattering patterns. For the calculation
by window effects in Eqs. (17) and (18), infinite series of
waveguide modes have been truncated with the propagating
and the first three evanescent modes, but the multiple bounc-
ing inside the window layer has been taken into account in
the reflection coefficients in Eqs. (12) and (13) [27].

First, in order to evaluate the accuracy of our KA solu-
tion, two distinct models of a typical four-story building are
constructed as shown in Fig. 3 for scale model measurements.
Bistatic scattering measurements have been performed at 6.5
GHz in an anechoic chamber room as depicted in Fig. 4. Be-
cause of the tight chamber space, both the transmit (Tx) and
receive (Rx) antennas are positioned 4.5 m away from the
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(a) No window

(b) 64 glassless windows

Fig. 5 Comparison of the bistatic scattering pattern 𝐸𝜙 between build-
ings with and without glassless windows. 𝑓 = 6.5 GHz. 𝜃0 = 𝜃 = 𝜋/2.
𝜙0 = 𝜙 + 𝜋/4. 𝐿x = 𝐿y = 6.09𝜆, 𝐿z = 6.96𝜆. (a) No window. (b) 64
glassless windows. 𝑎𝑖 = 0.87𝜆, 𝑏𝑖 = 1.20𝜆.

building model with the bistatic angle of 45◦. Then, the
building model is rotated clockwise. The first model simu-
lates a building without windows, while the second model
is designed with 64(4 × 4 × 4) windows. Both building
models have the same outer dimensions (𝐿x = 𝐿y = 28 cm
(6.09𝜆), 𝐿z = 32 cm (6.96𝜆)). The model in Fig. 3 (b) has 64
equally aligned glassless windows, each measuring 𝑎𝑖 = 4
cm (0.87𝜆) by 𝑏𝑖 = 5.5 cm (1.20𝜆).

Figure 5 shows the bistatic scattering patterns of 𝐸𝜙 in
the horizontal plane (𝜃0 = 𝜃 = 𝜋/2). Measurement data has
been adjusted by its peak value. The corresponding results
by the PO method from HFSS are also included for the com-
parison in Fig. 5. Four distinctive main lobes are observed
in the specular reflection directions due to the building side
walls. These are generated by the building’s outer edges. The
results derived by the KA method agree well with the results
given by the PO method and the measurement results. The

Table 1 Grating angles 𝜙𝑝 of building surface 𝑥 = 𝐿x/2 at three different
frequencies

𝑓 6.5 GHz 13.0 GHz 30.0 GHz

𝑝 = −2 286.19◦ 314.53◦ 327.76◦
𝑝 = −1 314.53◦ 326.25◦ 332.65◦
𝑝 = 0 337.50◦ 337.50◦ 337.50◦
𝑝 = 1 0.47◦ 348.75◦ 342.35◦
𝑝 = 2 28.81◦ 0.47◦ 347.24◦

(a) 𝑓 = 13.0 GHz (b) 𝑓 = 30.0 GHz

Fig. 6 The bistatic scattering pattern 𝐸𝜙 . All parameters are the same as
Fig. 5 (b) except frequency. (a) 𝑓 = 13.0 GHz. (b) 𝑓 = 30.0 GHz.

differences observed in these figures may be attributed to the
imperfect fabrication of the two building models, the cou-
pling between the window apertures, and the re-radiations
from the internal building structures. When 𝜃 = 𝜃0 = 𝜋/2,
the roof does not contribute to the overall scattering effect.
This is due to the absence of induced surface currents on the
roof under these conditions.

For the case of a building with 64 glassless windows in
Fig. 5 (b), one observes regular minor lobes due to the peri-
odic window grating effect, in addition to the four main lobes.
The observed grating effects can be predicted using the gen-
eral grating equations (see Appendix B). When these equa-
tions are applied to the building wall at 𝑥 = 𝐿x/2, with using
a coordinate transformation to account for the differences in
the coordinate system, and the condition (𝜃0 = 𝜃 = 𝜋/2),
the corresponding equation for the calculation of the grating
angles 𝜙𝑝 is derived as

𝜙𝑝 = arcsin
( 2𝜋𝑝

𝑘𝑑
√

2 +
√

2

)
− 𝜋

8
, (24)

where 𝑑 is the periodic spacing between windows in the y-
direction, and 𝑝 is the corresponding Floquet mode number.
It should be noted that the additional Floquet mode number
𝑞 is not appeared in this case due to 𝜃0 = 𝜃 = 𝜋/2. Ta-
ble 1 presents the grating angles (𝜙𝑝) for the building wall
at 𝑥 = 𝐿x/2 for three different frequencies: 6.5 GHz, 13.0
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Fig. 7 Comparison of the bistatic scattering pattern 𝐸𝜙 between build-
ings with 16 and 64 glassless windows. All parameters are the same as in
Fig. 5 (b), except 𝑎𝑖 = 1.74𝜆, 𝑏𝑖 = 2.40𝜆 for the 16 windows building.

Fig. 8 Comparison of the bistatic scattering pattern 𝐸𝜙 among three
buildings: no window, 64 windows with/without glass. All parameters are
the same as in Fig. 5 (b), except dielectric glasses (𝜀r = 7.20 − 𝑗0.15) are
set at the top of each window ( 𝑓 𝑖 = 0). The glass thickness (𝑔𝑖 − 𝑓 𝑖) is
0.03𝜆.

GHz, and 30.0 GHz. The angles are computed for the Flo-
quet mode numbers 𝑝 ranging from−2 to 2. Scattering fields
at 13.0 GHz and 30.0 GHz are shown in Fig. 6 to investi-
gate the frequency dependence of the grating effects. The
corresponding zeroth-order grating lobe (𝑝 = 0) predicts the
specular angle of 337.5◦ regardless of frequency. As the
frequency increases, the grating angles for non-zero mode
numbers shift toward the specular angle. When compar-
ing the scattering patterns in Figs. 5 (b) and 6, the fields at
higher frequencies show stronger, sharper main lobes, along
with a greater number of diffraction lobes. One observes
that although our building wall has four horizontal windows
per row, the corresponding grating lobes may be estimated
well by a grating equation of an infinite periodic array of the
structures.

Fig. 9 Comparison of the bistatic scattering pattern 𝐸𝜙 among buildings
with high-loss glass windows (𝜀r = 7.2 − 𝑗10.0), with practical glass
windows (𝜀r = 7.2 − 𝑗0.15), and without windows. Other parameters are
the same as in Fig. 8.

Fig. 10 Comparison of the bistatic scattering pattern𝐸𝜙 among buildings
with 64 windows when the location of glass is changed. All parameters are
the same as in Fig. 8.

It might be interesting to analyze the impact of window
size on the scattering far-field. Figure 7 illustrates a compar-
ison of the scattered far-fields for two building models: one
with 64 smaller windows and another with 16 double-sized
windows. While the four main lobes are the same, the loca-
tion and the level of minor grating lobes change due to the
alignment and size of the windows.

Let us now discuss the effect of the window glass with
practical parameters for wireless communication. Figure 8
shows the scattering far-field patterns for three building mod-
els: no window, 64 windows with/without glass. The elec-
trical property of the glass is selected as 𝜀r = 7.2 − 𝑗0.15,
𝜇r = 1 for soda-silica glass [31]. The window glass with the
thickness (𝑔𝑖 − 𝑓 𝑖 = 0.03𝜆) is installed on the upper window
aperture ( 𝑓 𝑖 = 0). In the comparison of the building models
with and without windows, the difference at the main lobes
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is approximately 4 ∼ 5 dB. The main scattering feature is
same for two models with windows. Since the glass is pretty
thin (𝑔𝑖 − 𝑓 𝑖 < 0.1𝜆) and its loss is small, the effect on the
grating lobes is weak.

In order to observe the effect of the loss of the glass,
Fig. 9 shows the pattern changes for different relative dielec-
tric constants 𝜀r [= 7.2− 𝑗0.15, 7.2− 𝑗10.0, 7.2− 𝑗∞(PEC)].
One observes that as the loss gets bigger, the periodic win-
dow grating lobes become weaker, and the main lobes be-
come stronger. Consequently, a building with highly lossy
glass windows exhibits similar scattering characteristics to a
building without windows. This evidence also validates our
KA formulation to the scattering by buildings with/without
window glass.

Finally, Fig. 10 shows the change in the scattering
far-field pattern due to the location of the window glass.
The far-field patterns by three different positions: 𝑓 𝑖 =
0, 0.11𝜆, 0.22𝜆 are compared here. The differences among
the three cases are small but they primarily occur in the
grating lobes, which are affected by changes in the modal
reflection coefficients as described in Eqs. (12), (13).

4. Conclusion

This paper has presented a high-frequency analysis of plane
wave scattering by buildings with multiple windows using
the KA method. When the distance between the windows
and the building edges is larger than the wavelength, the
scattering field can be obtained by summing the radiation
from the magnetic currents excited on the virtually closed
apertures on the windows and the exterior of the building
wall. The magnetic currents are generated by the incident
plane wave and the reflected waveguide modal field excited
by the window glass interface.

Two scale building models have been constructed and
utilized to measure the scattered fields in an anechoic cham-
ber room. Our results are in good agreement with these
measurement results and the one obtained by the PO method.
The effects of the glass, window aperture dimensions have
also been discussed. While the main beams are mostly de-
pendent on the edges of the building, the grating minor lobes
depend on the location of the multiple windows.

The difference between the measured data and our an-
alytical result may suggest the manufacturing precision of
the models, the effect of coupling between the windows and
the internal field re-radiated to the outside of the building.
All these aspects are currently under investigation. Future
work will also consider the polarization difference to en-
hance the KA accuracy and provide a more comprehensive
understanding of urban radio communication.
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Appendix A: Scattering fields by other walls

A.1 Scattering fields by building wall at 𝑦 = 𝐿y/2

One might derive the scattering field 𝑬 (3) by the outer edges
of the building wall at 𝑦 = 𝐿y/2 as:

𝐸 (3)
𝑟 ∼ 𝐸 (3)

𝜃 ∼ 0, (A· 1)

𝐸 (3)
𝜙 ∼ U(𝜋 − 𝜙0) sgn(𝜙 − 𝜋)

·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟
𝑘2𝐿x𝐿z𝑒

− 𝑗𝛾𝑘𝐿z/2𝑒 𝑗𝛽𝑘𝐿y/2

· sinc
(𝛾𝑘𝐿z

2

)
sinc

(𝛼𝑘𝐿x

2

)
sin 𝜃 sin 𝜙0. (A· 2)

The scattering field 𝑬
(3)

by 𝑁 windows (𝑑𝑖y = 𝐿y/2) is
presented as

𝐸
(3)
𝑟 ∼ 0, (A· 3)

𝐸
(3)
𝜃 ∼ −U(𝜋 − 𝜙0) U(𝜋 − 𝜙)

·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟

𝑁∑
𝑖=1

𝑒 𝑗𝑘 [𝛼𝑑𝑖
x+𝛽 (𝐿y/2)+𝛾𝑑𝑖

z ]

·
∞∑

𝑚=0

∞∑
𝑛=0

(𝑘2𝑎𝑖𝑏𝑖)2𝐵 (3)
𝑚,𝑛 cos 𝜃 sin 𝜙

(𝑚𝜋/𝑘𝑎𝑖)2 + (𝑛𝜋/𝑘𝑏𝑖)2

·
{(𝑚𝜋

𝑘𝑎𝑖

)2
𝑅𝑚,𝑛𝑀

(3)
𝑚,𝑛 −

𝑚𝑛𝜋2

𝑘2𝑎𝑖𝑏𝑖
𝑅𝑚,𝑛𝑁

(3)
𝑚,𝑛

}
, (A· 4)

𝐸
(3)
𝜙 ∼ U(𝜋 − 𝜙0) U(𝜋 − 𝜙)

·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟

𝑁∑
𝑖=1

𝑒 𝑗𝑘 [𝛼𝑑𝑖
x+𝛽 (𝐿y/2)+𝛾𝑑𝑖

z ]

·
{
𝑘2𝑎𝑖𝑏𝑖 sinc

( 𝑘𝑎𝑖𝛼
2

)
sinc

( 𝑘𝑏𝑖𝛾
2

)
sin 𝜃 sin 𝜙0

−
∞∑

𝑚=0

∞∑
𝑛=0

(𝑘2𝑎𝑖𝑏𝑖)2𝐵 (3)
𝑚,𝑛 cos 𝜙

(𝑚𝜋/𝑘𝑎𝑖)2 + (𝑛𝜋/𝑘𝑏𝑖)2

·
{
𝑅𝑚,𝑛𝑀

(3)
𝑚,𝑛

[(𝑚𝜋

𝑘𝑎𝑖

)2
cos2 𝜃 −

( 𝑛𝜋
𝑘𝑏𝑖

)2
sin2 𝜃

]
− 𝑚𝑛𝜋2

𝑘2𝑎𝑖𝑏𝑖
𝑅𝑚,𝑛𝑁

(3)
𝑚,𝑛

}}
, (A· 5)

where

𝐵 (3)
𝑚,𝑛 =

(−1)𝑚+1𝑒 𝑗 (𝑘𝑎𝑖/2) sin 𝜃 cos 𝜙 + 𝑒− 𝑗 (𝑘𝑎𝑖/2) sin 𝜃 cos 𝜙

(𝑚𝜋)2 − (𝑘𝑎𝑖 sin 𝜃 cos 𝜙)2

· (−1)𝑛+1𝑒 𝑗 (𝑘𝑏𝑖/2) cos 𝜃 + 𝑒− 𝑗 (𝑘𝑏𝑖/2) cos 𝜃

(𝑛𝜋)2 − (𝑘𝑏𝑖 cos 𝜃)2 , (A· 6)

𝑀 (3)
𝑚,𝑛 = −𝑛2𝜋2𝜖𝑚𝜖𝑛𝑎

𝑖

2𝑏𝑖
sin 𝜃0 sin (2𝜙0)𝐵

(3)
𝑚,𝑛, (A· 7)

𝑁 (3)
𝑚,𝑛 = 2𝑚𝑛𝜋2 sin 𝜃0 sin (2𝜙0)𝐵

(3)
𝑚,𝑛, (A· 8)

𝐵
(3)
𝑚,𝑛 =

(−1)𝑚+1𝑒 𝑗 (𝑘𝑎𝑖/2) sin 𝜃0 cos 𝜙0 + 𝑒− 𝑗 (𝑘𝑎𝑖/2) sin 𝜃0 cos 𝜙0

(𝑚𝜋)2 − (𝑘𝑎𝑖 sin 𝜃0 cos 𝜙0)2

· (−1)𝑛+1𝑒 𝑗 (𝑘𝑏𝑖/2) cos 𝜃0 + 𝑒− 𝑗 (𝑘𝑏𝑖/2) cos 𝜃0

(𝑛𝜋)2 − (𝑘𝑏𝑖 cos 𝜃0)2 . (A· 9)

A.2 Scattering fields by building wall at 𝑥 = −𝐿x/2

One might derive the scattering field 𝑬 (4) by the outer edges
of the building wall at 𝑥 = −𝐿x/2 as:

𝐸 (4)
𝑟 ∼ 𝐸 (4)

𝜃 ∼0, (A· 10)

𝐸 (4)
𝜙 ∼U

(
𝜙0−

𝜋

2

)
U
(3𝜋

2
−𝜙0

)
sgn

(
𝜙− 𝜋

2

)
sgn

(3𝜋
2
−𝜙

)
·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟
𝑘2𝐿y𝐿z𝑒

− 𝑗𝛾𝑘𝐿z/2𝑒− 𝑗 𝛼𝑘𝐿x/2

· sinc
(𝛾𝑘𝐿z

2

)
sinc

( 𝛽𝑘𝐿y

2

)
sin 𝜃 cos 𝜙0. (A· 11)

The scattering field 𝑬
(4)

by 𝑁 windows (𝑑𝑖x = −𝐿x/2)
is presented as

𝐸
(4)
𝑟 ∼ 0, (A· 12)

𝐸
(4)
𝜃 ∼ −U

(
𝜙0 −

𝜋

2

)
U
(3𝜋

2
− 𝜙0

)
U
(
𝜙 − 𝜋

2

)
U
(3𝜋

2
− 𝜙

)
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·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟

𝑁∑
𝑖=1

𝑒 𝑗𝑘 [−𝛼(𝐿x/2)+𝛽𝑑𝑖
y+𝛾𝑑𝑖

z ]

·
∞∑

𝑚=0

∞∑
𝑛=0

(𝑘2𝑎𝑖𝑏𝑖)2𝐵 (2)
𝑚,𝑛 cos 𝜃 cos 𝜙

(𝑚𝜋/𝑘𝑎𝑖)2 + (𝑛𝜋/𝑘𝑏𝑖)2

·
[(𝑚𝜋

𝑘𝑎𝑖

)2
𝑅𝑚,𝑛𝑀

(2)
𝑚,𝑛 +

𝑚𝑛𝜋2

𝑘2𝑎𝑖𝑏𝑖
𝑅𝑚,𝑛𝑁

(2)
𝑚,𝑛

]
, (A· 13)

𝐸
(4)
𝜙 ∼ −U

(
𝜙0 −

𝜋

2

)
U
(3𝜋

2
− 𝜙0

)
U
(
𝜙 − 𝜋

2

)
U
(3𝜋

2
− 𝜙

)
·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟

𝑁∑
𝑖=1

𝑒 𝑗𝑘 [−𝛼(𝐿x/2)+𝛽𝑑𝑖
y+𝛾𝑑𝑖

z ]

·
{
𝑘2𝑎𝑖𝑏𝑖 sinc

( 𝑘𝑎𝑖𝛽
2

)
sinc

( 𝑘𝑏𝑖𝛾
2

)
cos 𝜙0 sin 𝜃

+
∞∑

𝑚=0

∞∑
𝑛=0

(𝑘2𝑎𝑖𝑏𝑖)2𝐵 (2)
𝑚,𝑛 sin 𝜙

(𝑚𝜋/𝑘𝑎𝑖)2 + (𝑛𝜋/𝑘𝑏𝑖)2

·
{
𝑅𝑚,𝑛𝑀

(2)
𝑚,𝑛

[( 𝑛𝜋
𝑘𝑏𝑖

)2
sin2 𝜃 −

(𝑚𝜋

𝑘𝑎𝑖

)2
cos2 𝜃

]
− 𝑚𝑛𝜋2

𝑘2𝑎𝑖𝑏𝑖
𝑅𝑚,𝑛𝑁

(2)
𝑚,𝑛

}}
. (A· 14)

A.3 Scattering fields by building wall at 𝑦 = −𝐿y/2

One might derive the scattering field 𝑬 (5) by the outer edges
of the building wall at 𝑦 = −𝐿y/2 as:

𝐸 (5)
𝑟 ∼ 𝐸 (5)

𝜃 ∼ 0, (A· 15)

𝐸 (5)
𝜙 ∼ U(𝜙0 − 𝜋) sgn(𝜙 − 𝜋)

·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟
𝑘2𝐿x𝐿z𝑒

− 𝑗𝛾𝑘𝐿z/2𝑒− 𝑗𝛽𝑘𝐿y/2

· sinc
(𝛾𝑘𝐿z

2

)
sinc

(𝛼𝑘𝐿x

2

)
sin 𝜃 sin 𝜙0. (A· 16)

The scattering field 𝑬
(5)

by 𝑁 windows (𝑑𝑖y = −𝐿y/2)
is presented as

𝐸
(5)
𝑟 ∼ 0, (A· 17)

𝐸
(5)
𝜃 ∼ U(𝜙0 − 𝜋) U(𝜙 − 𝜋)

·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟

𝑁∑
𝑖=1

𝑒 𝑗𝑘 [𝛼𝑑𝑖
x−𝛽 (𝐿y/2)+𝛾𝑑𝑖

z ]

·
∞∑

𝑚=0

∞∑
𝑛=0

(𝑘2𝑎𝑖𝑏𝑖)2𝐵 (3)
𝑚,𝑛 cos 𝜃 sin 𝜙

(𝑚𝜋/𝑘𝑎𝑖)2 + (𝑛𝜋/𝑘𝑏𝑖)2

·
{(𝑚𝜋

𝑘𝑎𝑖

)2
𝑅𝑚,𝑛𝑀

(3)
𝑚,𝑛 −

𝑚𝑛𝜋2

𝑘2𝑎𝑖𝑏𝑖
𝑅𝑚,𝑛𝑁

(3)
𝑚,𝑛

}
, (A· 18)

𝐸
(5)
𝜙 ∼ −U(𝜙0 − 𝜋) U(𝜙 − 𝜋)

·
𝑗 𝐴𝜙𝑒

− 𝑗𝑘𝑟

2𝜋𝑘𝑟

𝑁∑
𝑖=1

𝑒 𝑗𝑘 [𝛼𝑑𝑖
x−𝛽 (𝐿y/2)+𝛾𝑑𝑖

z ]

Fig. A· 1 The 2D periodic array on the x′-y′ plane at 𝑧′ = 0.

·
{
𝑘2𝑎𝑖𝑏𝑖 sinc

( 𝑘𝑎𝑖𝛼
2

)
sinc

( 𝑘𝑏𝑖𝛾
2

)
sin 𝜃 sin 𝜙0

−
∞∑

𝑚=0

∞∑
𝑛=0

(𝑘2𝑎𝑖𝑏𝑖)2𝐵 (3)
𝑚,𝑛 cos 𝜙

(𝑚𝜋/𝑘𝑎𝑖)2 + (𝑛𝜋/𝑘𝑏𝑖)2

·
{
𝑅𝑚,𝑛𝑀

(3)
𝑚,𝑛

[(𝑚𝜋

𝑘𝑎𝑖

)2
cos2 𝜃 −

( 𝑛𝜋
𝑘𝑏𝑖

)2
sin2 𝜃

]
− 𝑚𝑛𝜋2

𝑘2𝑎𝑖𝑏𝑖
𝑅𝑚,𝑛𝑁

(3)
𝑚,𝑛

}}
. (A· 19)

Appendix B: Grating equations

As shown in Fig. A· 1, a plane wave with a wave vector 𝒌 i is
obliquely incident (𝜃 ′0, 𝜙

′
0) on an infinite periodic structure

with the periods 𝑑 ′
x and 𝑑 ′

y in the x′ and y′ directions, respec-
tively. According to Floquet’s theorem [32], the scattering
field 𝑬s can then be represented as

𝑬s (𝑥 ′, 𝑦′, 𝑧′)=
∞∑

𝑝=−∞

∞∑
𝑞=−∞

𝑬s
𝑝,𝑞 (𝑧′)𝑒− 𝑗 (−𝑘 sin 𝜃′0 cos 𝜙′

0+2𝜋𝑝/𝑑′
x)𝑥′

· 𝑒− 𝑗 (−𝑘 sin 𝜃′0 sin 𝜙′
0+2𝜋𝑞/𝑑′

y)𝑦′ , (A· 20)

where 𝑬s
𝑝,𝑞 (𝑧′) denotes the vector function that describes

the field variations along the z′-direction, and depends on
the specific structure of the periodic array and the incident
wave. The integers 𝑝, 𝑞 are the Floquet mode numbers with
respect to the x′ and y′ directions. Moreover, the scattered
field 𝑬s can be presented by an infinite sum of Floquet space
harmonics as

𝑬s (𝑥 ′, 𝑦′, 𝑧′)=
∞∑

𝑝=−∞

∞∑
𝑞=−∞

𝑬s
𝑝,𝑞 (𝑧′)𝑒− 𝑗𝑘𝑥′ sin 𝜃′𝑝,𝑞 cos 𝜙′

𝑝,𝑞

· 𝑒− 𝑗𝑘𝑦′ sin 𝜃′𝑝,𝑞 sin 𝜙′
𝑝,𝑞 . (A· 21)

Comparing Eqs. (A· 20) and (A· 21), the grating equations
for the scattering angles 𝜃 ′𝑝,𝑞 , 𝜙′

𝑝,𝑞 can be given as

sin 𝜃 ′𝑝,𝑞 cos 𝜙′
𝑝,𝑞 + sin 𝜃 ′0 cos 𝜙′

0 =
2𝜋𝑝
𝑘𝑑 ′x

, (A· 22)

sin 𝜃 ′𝑝,𝑞 sin 𝜙′
𝑝,𝑞 + sin 𝜃 ′0 sin 𝜙′

0 =
2𝜋𝑞
𝑘𝑑 ′y

. (A· 23)
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