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Structure of the Field behind a Dielectric Circular Cylinder
in the Lit Side of the Transition Region

Xin Du” and Jun-Ichi Takada

Abstract—Prediction in the transition region between lit and shadowed regions is important for
maintaining stable mobile communication for the beyond 5*" generation. In this paper, as the difference
between the reflection and diffraction from a dielectric circular cylinder and an absorber screen,
respectively, a novel additional term is derived from a uniform theory of diffraction (UTD) in the
lit side of the transition region. The proposed model is validated by the UTD and exact solutions of
a dielectric circular cylinder. Through the proposal, we can separate the contribution of the shadowed
Fresnel zone (FZ) number and boundary conditions (i.e., the surface impedance and the polarization)
to the total field. The frequency characteristics of the shadowed FZ and boundary conditions are
theoretically analyzed. The analyzed results show that the contributions of the boundary conditions
are weaker than the shadowed FZ in the lit region at a high frequency.

1. INTRODUCTION

In order to meet the data traffic demands for the beyond 5" generation (B5G) mobile communication
systems, millimeter-wave (mmWave) and terahertz (THz) band radios are considered to use [1-3].
At these bands, since the human blockage significantly influences the line-of-sight (LoS) cellphone
link performance, the use of a massive multiple-input and multiple-output (MIMO) to create other
propagation paths is needed [4, 5]. For stable mobile communication, the prediction before the shadowing
event occurred (i.e., the prediction in the lit side of the transition region) is important to evaluate the
timing of the path shifting [6]. Therefore, fast prediction techniques in the lit side of the transition
region are necessary. For a lower computational cost, the Kirchhoff approximation (KA) [7-9] and the
uniform theory of diffraction (UTD) [10-14] have been widely used. Although the KA can achieve a
good balance between accuracy and computational cost, the computational cost increases when the
frequency becomes higher. On the other hand, the UTD has closed-form analytic solutions, resulting
in a lower computational cost.

There are mainly two types of UTD models for the forward scattering problems of the human body.
One of them models the human body as an absorber screen and calculates the edge diffraction [15-17].
The other considers the human body as a dielectric circular cylinder and evaluates the scattered field as
the reflected and creeping diffracted fields in the lit and shadowed regions, respectively [18-21]. In the
shadowed region, the cylinder model is in fact rather commonly used since the screen model lacks the
creeping waves, which play an important role [12]. However, in the lit region, the measurement results
in [4] reported that the screen model predicted the received power level with a negligible discrepancy.
It is implied that in the lit region, an absorber screen may have similar accuracy to a dielectric circular
cylinder model.
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The diffraction from an absorber screen is determined by the shadowed Fresnel zone number (FZ)
alone, which is explained in Appendix A. On the other hand, the reflection from a dielectric circular
cylinder is determined by not only the shadowed FZ but also the boundary conditions (i.e., surface
impedance and polarization). The previous work in [22] investigated different models to represent the
human body, including the circular cylinders with different dielectric properties and the knife-edge
model. The simulation and measurement results in [22] show that there is no significant discrepancy
among those models in the lit region. It means that the contributions of the boundary conditions are
weaker than the shadowed FZ in the lit region. However, the previous work in [22] did not provide
a theoretical analysis to discuss the above results. If the difference between the reflection from a
dielectric circular cylinder and diffraction from an absorber screen can be derived, the roles of the FZ
and boundary conditions will be deeply clarified. However, the current UTD works [10-14] have not yet
discussed the relationship between diffraction and reflection.

This paper aims to derive an additional term between the reflection from a dielectric circular
cylinder and the diffraction from an absorber screen in the lit side of the transition region. From the
proposal, the roles of the FZ and boundary condition are discussed by using a theoretical analysis of
the frequency characteristics. The remainder of this paper is organized as follows. The proposed model
is described in Section 2. The validation of the proposal by using the UTD and exact solutions of a
dielectric circular cylinder is conducted, and the results are shown in Section 3. As the application of
the proposed model, the frequency characteristics of the FZ and boundary condition are theoretically
analyzed, and their roles are explained in Section 4. Finally, a conclusion as well as the limitation of
this work and future work are given in Section 5.

2. PROPOSED MODEL

This section proposes an additional term between the reflection from a dielectric circular cylinder and
the diffraction from an absorber screen with the same shadowed FZ. For the sake of simplicity, the two-
dimensional (2D) problems of the infinite-height objects with an incident plane wave are considered. As
shown in Fig. 1, the diffracted field from an absorber screen derived from [10,11] can be calculated as
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where E’ is the incident field to the object. D is the diffraction coefficient of an absorber screen. E¢
is the diffracted field from the object. kg is the wave number in the free space. 5% is the distance from
the diffraction point to the receiver (Rx). ¢' and ¢ are the angles of the incident and diffracted rays,
respectively, measured in a plane perpendicular to the edge at the diffraction point. F(-) and ¢~ (-) are
the modified Fresnel integral and a measure of the angular separation, respectively, mentioned in [10].
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Figure 1. Diffraction from an absorber screen Figure 2. Reflection from a dielectric circular
(top view). cylinder (top view).
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On the other hand, the reflected field from a dielectric circular cylinder as shown in Fig. 2 is
explained in [12-14] and is calculated as
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where Rg and Ry, are the reflection coefficients for the perpendicular polarization (soft) and parallel
polarization (hard), respectively. E7 1, is the reflected field. a is the radius of the circular cylinder. s” is

the distance from the reflection point to the Rx. 67 is the incident angle. M, ¢, X, and g5, are the UTD
parameters mentioned in [12-14]. The + sign in (7) is directly associated with the s, h subscript of R.
7o and 7y denote the free-space impedance and surface impedance of the dielectric cylinder, respectively.
P(-) is the Fock-type integral discussed in [14].

Using (1) and (3), the authors propose an additional term A j, between the reflected and diffracted
fields as

i ‘53 - € jkos
sh =—-E'M g@khe i1z eI \/g (10)

where p*(-) is the associated Fock-type 1ntegral. s denotes either s? or s”. The detailed derivations are
shown in Appendix B. ‘

From (B2) in Appendix B, we should emphasize the angle ¢* should always be 90 degrees to
maintain the assumption of the supplementary angle of 26°. Thus, the diffraction E? in (9) should be
generated by the screen perpendicular to the direction of the incidence. However, that does not lose
the generality of the proposed formula in the lit side. In case of an oblique incidence, the proposal still
works, as shown in Fig. 3.

circular absorber
cylinder — screen + additional
term
Ei r Ei Ed

s,h

Figure 3. Model of the proposal in case of an oblique incidence.

3. VALIDATION OF PROPOSAL

In this section, the simulations using the UTD and the exact solution of a dielectric circular cylinder
are conducted for validating the proposed model. Specifically, the validation is designed to evaluate
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the effect of the additional term Ay in (9). Therefore, the diffracted field E? is compared with the
reflected field E¢ ), with and without the additional term Ag -

As shown in Figs. 4(a)—4(b), the simulation environments use a semi-infinite-long screen and a
dielectric circular cylinder to evaluate the diffraction and reflection, respectively. A uniform plane wave
is normally incident upon the object. The parameters x and d are distances perpendicular and parallel
to the incidence from the object to the Rx, respectively. The frequency f is considered at the mmWave
and THz bands. By considering the human-shadowing problem, the relative complex permittivity €, of
the human skin [23] is used, and the radius a of the circular cylinder is set as shown in Table 1. The
real and imaginary parts of €, correspond to the relative permittivity and conductivity, respectively.

~S
plane wave .
absorber plane wave circular
> screen > cylinder
> —j—
> I -
» x >
d » X
2 > RX “ d > Rx
) (b)

Figure 4. Simulation environment. (a) Environment of an absorber screen. (b) Environment of a
dielectric circular cylinder.

Table 1. Simulation parameters.

Parameters Values
f (GHz) 40, 60, 80, 100
x (m) [0,0.3]
d (m) 2
a (m) 0.25

11.7 — j14.3 (at 40 GHz)
8.0 — j10.9 (at 60 GHz)

“r 6.4 — j8.6 (at 80 GHz)
5.6 — 7.1 (at 100 GHz)
E'(V/m) 1

Four methods are simulated, i.e., the UTD (circular cylinder), UTD (screen), proposal, and exact
solution. As a reference of accuracy, the exact solution is used and calculates the total field by using
the eigen-function expansions as shown in Appendix C. In the UTD (circular cylinder), the total field
is calculated as the sum of the reflected and creeping diffracted fields from a circular cylinder and an
incident field. Compared with the UTD (circular cylinder), the UTD (screen) replaces the reflected field
E¢, with the diffracted field E? from a screen. The proposal introduces the additional term As p, into

the UTD (screen).

The processor of the calculating computer is an Intel(R) Core(TM) i9-12900K CPU @ 3.19 GHz.
The usable installed memory of the calculating computer is 63.7 GB. The system type of the calculating
computer is a 64-bit operating system with an x64-based processor. The simulation software is
MATLAB.

Figures 5-8 show the plots of the spatial distributions of the normalized receiving power (NRP),
which is the power density of the total field normalized by an incident field, at 40, 60, 80, and 100 GHz,
respectively. For each frequency band, both perpendicular polarization (soft) and parallel polarization
(hard) are simulated. x is varied from 0 to 0.3 m with an interval of 0.015m, and hence each figure has
200 tests. The results show that the proposal is a good agreement with the exact solution. Considering
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Figure 5. Validation of the proposed model at 40 GHz band. (a) Perpendicular polarization. (b)

Parallel polarization.
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Figure 6. Validation of the proposed model at 60 GHz band. (a) Perpendicular polarization. (b)

Parallel polarization.
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Figure 7. Validation of the proposed model at 80 GHz band. (a) Perpendicular polarization. (b)

Parallel polarization.
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Figure 8. Validation of the proposed model at 100 GHz band. (a) Perpendicular polarization. (b)
Parallel polarization.

the exact solution as a reference, the authors calculate the root-mean-square error (RMSE) by (11).

(NRP%\/IethOd o NRP?XaCt)Z
m

RMSE = i (11)

=1

where NRPEXat js the NRP calculated by the exact solution on a dB scale for the i test. NRPMethod

is the NRP calculated by the other methods on a dB scale for the it test. m is the total number of tests
per figure (i.e., m = 200). The comparison of the RMSE among all the methods is shown in Table 2.

Table 2. The comparison of the RMSE among the UTD (circular cylinder), UTD (screen), and
proposal.

Methods UTD (circular cylinder) | UTD (screen) | This work
40 GHz (soft) 0.00dB 0.43dB 0.03dB
40 GHz (hard) 0.01dB 0.29dB 0.02dB
60 GHz (soft) 0.00dB 0.40dB 0.04dB
60 GHz (hard) 0.01dB 0.30dB 0.03dB
80 GHz (soft) 0.00dB 0.39dB 0.05dB
80 GHz (hard) 0.01dB 0.30dB 0.03dB
100 GHz (soft) 0.00dB 0.37dB 0.06 dB
100 GHz (hard) 0.01dB 0.30dB 0.04dB

The results show that the UTD (screen) has an accuracy with an RMSE of over 0.1 dB. However,
the proposed model achieves a good accuracy with a low RMSE of less than 0.1 dB as well as the UTD
(circular cylinder), compared with the exact solution. Therefore, the proposal is validated.

4. APPLICATION OF PROPOSAL

Although the proposed model can only provide the same accuracy as the traditional UTD (circular
cylinder), the proposal can be applicable to theoretically analyze the contribution of the shadowed FZ
and boundary conditions. Since the diffracted field E¢ is only determined by the shadowed FZ alone
while the key factor gsj corresponding to the boundary conditions (i.e., surface impedance and the
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polarization) is only included in the additional term A, the contribution of the shadowed FZ and
boundary conditions can be separated by (9).

To evaluate the contribution of each term to the total field, where a weak creeping diffraction is
neglected, the frequency characteristics of the incidence E'e~7%04  diffraction E?, additional term Agh,
and reflection EY ;, are analyzed as follows. From (1), the magnitude of the sum of the diffraction and

o . 1
incidence is the order of f~2 for x — oo as

i _(He — A1) p—JTkos 1
. d i —jkod . i € "4 m— (9" —¢")e i ,—jkod AN -3
xlggoE + E'e ~E4 27r/<:0C0t 1 7 + E'e Ok, O(f 2) (12)

since the modified Fresnel integral F'(-) reduces to unit when z is large. It is commonly considered that
the diffraction becomes weak with an increase in frequency.
However, in the transition region (xz — 0), according to (B3) in Appendix B, the magnitude of the

sum of the diffraction and incidence is the order of f2 as

lim B 4+ Fie—ikod o L pig—ikod | e e fkox ~ O (£2) ~ 0 (f%) (13)
250 9 Vors 0

It seems that the opposing frequency characteristic with common sense is obtained in the transition
region. The reason is that in the transition region, the sum of the diffraction and incidence is mainly
dependent on how much the ratio of the first FZ remains. The size of the first FZ decreases with an
increase in frequency. Accordingly, as shown in Fig. 9, the ratio of the first FZ at a high frequency
remains more than the case at a low frequency with the same distance x from the edge of the screen
to the phase center. Thus, in the transition region, the sum of the diffraction and incidence becomes
strong with an increase in frequency.

Fresnel zones

___Ast Fresnel zones
1st Fresnel zone | - 1st Fresnel zone
X X

phase center phase center

screen screen

@ (b)

Figure 9. Image of the shadowed FZ in the transition region. (a) Low frequency. (b) High frequency.

On the other hand, from (8) and (10), the magnitude of the additional term is the order of f =% as

1 .
i k;()a 3 2 % _Ag _Aﬂe_.]kos 1 1
Asp=—FE <2> kT)p (£ qsp)e?izea NG ~ 0 <k0 6> NO(f e) (14)

It means that the additional term becomes weak with an increase in frequency. In the transition
1
region, the magnitude of the sum of the reflection and incidence is the order of f2 as

lim BT, + Eie=7%d ~ lim B9 + A, + Ele=%0d ~ O (f%) 40 (f—é) ~0 (f%) (15)
z—0 ’ z—0

Therefore, in the transition region, the sum of the reflection and incidence becomes strong with
an increase in frequency. Figures 10(a)—(b) show the frequency characteristics among the sum of the
diffraction and incidence, the sum of the reflection and incidence, and additional term at the frequencies
from 100 to 300 GHz bands when z is set as 0.03m. The relative complex permittivity of the human
skin at the frequency above 100 GHz can be found in [24]. From the results, it can be concluded that the
additional term becomes weak while the others become strong in the transition region when frequency
increases. In addition, the results show that at a high frequency, the additional term is much weaker
than the other terms.
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Figure 10. Frequency characteristics among the sum of the diffraction and incidence, the sum of the
reflection and incidence, and additional term. (a) Perpendicular polarization. (b) Parallel polarization.
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Figure 11. The plots of the magnitude of each field at 100 GHz. (a) Perpendicular polarization. (b)
Parallel polarization.

Figures 11-12 show the plots of the magnitude of each field at 100 and 300 GHz, respectively. The
results imply that in the transition region (x — 0), the diffraction dominates the reflection in (9) at
those high frequencies. Therefore, we find that the contribution of the shadowed FZ is larger than
the boundary condition (i.e., the surface impedance and the polarization) to the total field at a high
frequency.

The contribution of boundary condition is evaluated by simulating the dependencies of the
polarization and material. Figures 13(a)-13(b) show the comparison between the perpendicular
polarization and parallel polarization for the human skin at 100 and 300 GHz, respectively. The
results imply that there is almost no dependency on polarization. Moreover, Figures 14(a)—-14(b) show
the comparison between the human skin and perfect electric conductor (PEC) for the perpendicular
polarization at 100 and 300 GHz, respectively. The results show that there is almost no dependency
on the material. From the above results, we can conclude that the contribution of the shadowed FZ is
larger than the boundary condition (i.e., the surface impedance and the polarization) when the opaque
object is close to a shadowing boundary in the lit side of the transition region at a high frequency.
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Figure 12. The plots of the magnitude of each field at 300 GHz. (a) Perpendicular polarization. (b)
Parallel polarization.
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Figure 14. The dependency on the material. (a) f = 100 GHz. (b) f = 300 GHz.
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5. CONCLUSION

This paper derived an additional term based on a UTD to model the difference between the reflection
and diffraction from a dielectric circular cylinder and an absorber screen, respectively, in the lit side of
the transition region. The proposed model was validated by the UTD and exact solutions of a dielectric
circular cylinder at a high frequency. From the proposal, the contributions of the shadowed FZ and
boundary conditions (i.e., the surface impedance and the polarization) were separated. The frequency
characteristics of the shadowed FZ and boundary conditions were theoretically analyzed. The results
showed that the contributions of the boundary conditions are weaker than the shadowed FZ in the lit
region at a high frequency. The limitation of this work is that the discussion is only focused on the
lit side (z > 0) of the transition region. In the future, the derivation of the additional term in the
shadowed side (z < 0) of the transition region will be analyzed.
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APPENDIX A. RELATION BETWEEN THE FRESNEL ZONE NUMBER AND THE
DIFFRACTION

A.1. Fresnel Zone Number

We support a transmitter (Tx) and a receiver (Rx) located on the y-axis, and the origin is between
the Tx and Rx. The Fresnel zone (FZ) is one of a series of confocal ellipsoidal regions with foci at the
Tx and Rx, as shown in Fig. A1l. Within the same ellipsoid of the FZ, the phases of all the deflected
paths, which are the propagating paths scattered from the boundary of the ellipsoid once time and
then radiated to Rx, are the same. Depending on the phase difference between the direct-path and
deflected-path waves, the waves can interfere constructively or destructively. The Fresnel zone number
n corresponding to the phase difference between the direct path (Tx-Rx path) and the deflected path
is defined as

VB2 4 a4 12— (dy o+ do) =nZ (A1)

where d; and ds are the distances along the y-axis from the Tx and Rx to the origin, respectively. h is
the distance along the z-axis from the boundary of the ellipsoid to the origin.

By using the Fresnel region approximation (FRA) [25], 4 /d%Q + h2 can be approximated as

h
NN (x2)
’ 2d1,2

X
A

Fresnel zone

X . .
+ confocal ellipsoids
Fresnel zone

~confocal paraboloid
plane wave  of revolution

Figure A1l. Model of the Fresnel zone. Figure A2. Model of the Fresnel zone for a plane
wave incidence.
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Accordingly, the Fresnel zone number n can be written as

h /1 1
_ k11 A
" )\<d1+d2> (A3)

The direct-path and deflected-path waves interfere destructively when n is an even integer. They
interfere constructively when n is an odd integer. That is the meaning of the Fresnel zone number.

In this work, a plane wave incidence is used by assuming that the Tx is placed at infinity. Therefore,
the Fresnel zone number is calculated by taking the limiting value as

2 2 _ 2
\/d2+)\h h b (A4)

~ Ao

lim n =
dl — 00

2
In that case, the FZ is no more the ellipsoid but a parabola of revolution, as shown in Fig. A2.

A.2. Knife-Edge Diffraction Model Based on a Kirchhoff Approximation

We support that r’ and r are the position vectors of the source and observation point, respectively. A
scalar electric field E can be solved by Huygens’ principle as

Er)=E'(x)+ ¢ {Gr 1 )VEF)- VG )EX)} n'dS (A5)
S1
where n’ is the normal vector of the surface at point of r’. The first term E? and the second term on
the right-hand side of (A5) correspond to the incident and scattered fields, respectively. G(-) is the
3-dimensional (3D) free-space Green function defined as
o ) e—JFkolr—r] A
(I', r ) = m ( 6)
In the Kirchhoff approximation (KA) [7], we do not solve the integral equation but approximate
the second source in (A5) as
0 e s
E(r/) s - (I'/ 1)
E'(r") (r' € 95)

where regions S7 and Sy are inside and outside the shadowed region. The KA calculates the field by
integrating the second source over the infinite vacuum plane as

(A7)

E(r) ~ i {G(r, v )\VE (r') — V'G(r,r’)Ei(r’)} - (=n")as’ (A8)

with
Ei(r) =~ /S s {G(r,Y\VE'(r') - V'G(r,)E'(x)} - (—n')dS’ (A9)

Figure A3 shows a knife-edge diffraction model (KEDM) [26] for a semi-infinite-height and infinite-
long screen. dS’ as the infinitesimal second Huygens’ source is located on the coordinate of (z,0, z) in
the x-z plane. Iy and Iy are the distances from the Tx and Rx to dS’, respectively.

The KEDM uses the FRA to approximate [ o as

2% + 22

2d172
di.2 (for amplitude variations)

)

dio+ (for phase variations)

~
~

l1,2 (A10)

Since |r| and [r/| correspond to dp and Va2 + 22, respectively, each term in (A8) can be
approximated as
) 22452
G(r,r') ol ) (A11)
r,r') ~
’ 47Td2
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where Ej is the electric field of the source. \ is a wavelength. n’ is a normal vector of the screen toward
the Tx.
Assuming that Tx/Rx is far away from the screen, the normal derivatives can be approximated as
oly dly
— x4+l —=~-1 Al
on/ +h on’ (AL5)
substituting (A11)—(A15) into (A8) as
. —jko(di+d oo oo
E(r) ~ je It / o~ kor{1/(2d1)+1/(2d2)} g, / 7022 {1/ (2d1)+1/(22)} g, (A16)
47Td1d2 h 50
where h is the distance from the origin to the edge. We let
2 (1 1 2 /1 1
—+— =X —|—+—=—=Z A17
v )\(d1+d2> g )\<d1+d2> (ALT)
Substituting (A17) into (A16), we have
je—jko(d1+d2) 1 /Oo . 5 . 2
E(r) ~ iw/2)X2 gx iw/2)Z% 17 Al
(r) brddy 2(1 1Y, e dX [ e d (A18)
A \dy 2
We apply the Fresnel integrals C(-) and S(-) as
_ [ T 2
Cv) = /0 cos (27 ) dr (A19)
S(v) = sin (g#) dr (A20)
0
1
C(o0) = S(o0) = 3 (A21)
The integral in (A8) now reads
B, B . .
E(r)~j (1-5{05-C(v)—j0.5+7S(v)} (A22)
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where E' and v are the incident field in a free space and diffraction parameter, respectively, defined as
AEge—iko(di+d2)

B = — ) (A23)
sonfE (24 D) a2t
In the lit region (v < 0), the total field is considered as the sum of incidence and diffraction as
E(r) = E'(r) + E%(r) (A25)
In the shadowed region (v > 0), the total field is considered as diffraction alone as
E(r) = E(r) (A26)

From (A22), (A25), and (A26), we can conclude that the diffraction normalized by an incidence

|E4(r)/E'(r)| is directly associated with the diffraction parameter v. According to (A3) and (A24), we
can link the relationship between the diffraction parameter and Fresnel zone number as

V2

n== (A27)

Therefore, the diffraction loss of a knife edge is determined by the shadowed FZ alone.

APPENDIX B. DERIVATION OF THE ADDITIONAL TERM

As shown in Fig. Bl(a), when z is small, the small argument of the diffraction coefficient derived in [10]

is approximated as
=V 27kos? + 2kos? (7 — (¢ — ¢%)) €It (B1)
- 2\/27kg

D

circular cylinder

(b)

Figure B1. Parameters of the UTD. (a) Model of an absorber screen. (b) Model of a dielectric circular
cylinder.

Since the diffraction and reflection points can be seen as one point for z — 0, ¢ — @' can be
approximated as 260, as shown in Fig. B1(b). In addition, for x — 0, 20" can be considered as the
supplementary angle of «. By applying the small argument of the sine function, we have

7T_<¢d—¢i>m7r—20i:amsina%8% (B2)

Substituting (B1) and (B2) into (1), we can asymptotically approximate the diffracted field as
. eijkosdejg

1 . 4
d  _ ~ i, —jkos 1
E'~ —JE'e e — Vkor (B3)

On the other hand, (5) and the square root factor in (3) can be approximated as

s xr

& = —2M cos (— — %) = —2M sin

: (B4)

~-—-Moa~—-—M—
ST‘
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acos 6?
~ A/ B
acos @ + 2s" 257" (B5)

where the vertical component of s™ is also considered as z because of s% ~ s” for  — 0. The associated
Fock-type integral in (B6) and the small argument of the Fresnel integral in (B7) are applied as

P& aun) = (16 00) = e ) (56)
F(X) ~ (\/WT( - 2Xej%> ei (5+X) (B7)
Substituting (B4)—(B7) into (3), we can asymptotically approximate the reflected field as
R AN (B3)
, 2 & _xedkos
h»:—Emm¢;gwa%ﬁefuef4 . (B9)

Therefore, by comparing (B3) and (BS8), the authors propose the additional term Ag; as the
difference between the reflection from a dielectric circular cylinder and the diffraction from an edge.

APPENDIX C. EXACT SOLUTION OF A DIELECTRIC CIRCULAR CYLINDER

C.1. Perpendicular Polarization

As shown in Fig. Cl(a), we assume that the electric field of a uniform plane wave polarized in the
z direction is incident along the z-axis. The incident electric field at the coordinate of (p,¢) can be
expressed as

E' = 2E° = 2Ege korcose (C1)

where %, y, and Z are the unit vectors of the z, y, and z directions, respectively. p and ¢ are the
parameters of the cylindrical coordinate system. The z subscript of E is directly associated with the z
component of the electric field. Ej is the magnitude of the electric field of the source.

plane wave YYVY plane wave v H!

circular cylinder

circular cylinder

% Rx

Figure C1. Parameters of the exact solution of a dielectric circular cylinder. (a) Perpendicular
polarization. (b) Parallel polarization.

The scattered electric field E® derived from [17] can be written as

—\/7 Tn(koa) ! (kaa) + ' (koa) Jo (kaa)
Sl Z_: 3 & ) (hya) T (2
n=—00 oa)J (kda) Hy” (koa)Jy(kqa)

r

H (kop)e’™ (C2)
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where a, €., and u, are the radius, relative complex permittivity, and relative permeability of the circular
cylinder, respectively. kg is the wave number in the dielectric cylinder. The functions J,(-) and H7(l2)(-)

are the Bessel function of the first kind and the Hankel function of the second kind, respectively, for
the n*® order.

C.2. Parallel Polarization

As shown in Fig. C1(b), we assume that the electric field of a uniform plane wave polarized in the y
direction is incident along the z-axis. The incident magnetic field at the coordinate of (p,¢) can be
expressed as

H' = 2H' = 2Hye Jkorcose (C3)

where the z subscript of H is directly associated with the z component of the magnetic field. Hy is the
magnitude of the magnetic field of the source.
The scattered magnetic field H® derived from [17] can be written as

-, /?Jn(koa)J,g(kda) + J! (koa) T (kqa)

H* =zH, Z J-
W B 5 (koa) J1, (kaa) — HE (koa)Jy(kqa)

€r

HD (kop)ei® (C4)
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