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Abstract

This paper presents a detailed analysis involving dielectric materials, by giving rigorous formulations including losses
within nonmagnetic dielectric materials. The choice of these latter has shown a thorough attention in designing micro-
strip patch antenna (MPA), since they have significant correlation with the MPA performance. This study aims to analyze
dielectric losses effect on MPA bandwidth in stacked patch geometry, including two rectangular patches etched on
two layers, rather than single-layer geometry. The paper provides detailed formulations of rigorous analysis method,
in which transfer matrices at boundaries are given regarding the studied case. Numerical results are presented and
agreed with previous findings, where the dielectric losses show positive effect on both lower and upper bandwidths
of the stacked patch geometry. The present study therefore provides additional evidence to the losses within low cost

dielectric materials.
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1 Introduction

Dielectric materials state can be either solid, liquid, or gas.
The most commonly used state, in electrical engineering,
is the solid one. An ideal dielectric material is a medium
that does not contain any free electric charges which can
move from molecule to molecule [1-3]. It is sometimes
called electrical insulation. In fact, a dielectric material has
bound charges which can move only inside the molecules
of this latter, when an electric field is applied. This field
interacts with electrostatic dipoles of atoms or molecules.
This interaction leads to the creation of a polarization
related to the applied field, by the so-called electric sus-
ceptibility [4, 51.

The origin of losses, within a dielectric material, is: first,
because of certain conductivity ¢ leading to an electric
current density J. This current is in phase with the applied
electric field. This leads to an energy loss modeled by ¢ /@

ratio. Second, losses due to damping of vibrating dipole
moments that can be modeled by £” [4, 5.

Dependence, on both temperature and frequency, of
both the dielectric constant (DK) and the dissipation factor
(DF) has been already reported in many research papers
[1, 6-13]. However, DK and DF in datasheets are average
values (typical values).

In [14], the negative effect, on the radiation efficiency
of both the magnetic loss tangent and the dielectric loss
tangent, is investigated, in single-layer rectangular patch
geometry using full-wave simulations, where they show
positive impact on the antenna bandwidth.

The author in [15] showed how the miniaturization is
achieved by the use of the magnetodielectric materials
(p, > 1,6, > 1) in a rectangular patch geometry using
transmission line analysis.

The magnetodielectric material is also used for achiev-
ing antenna miniaturization like in [16] using both full-wave
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simulations and transmission line model. The author studied
the effect of substrate height on the bandwidth, as well as
the effect of magnetic loss tangent on radiation efficiency,
which showed negative impact.

The magnetodielectric material effect on MPA radiation
efficiency and on bandwidth is investigated in [17] using
rectangular cavity model, in which radiation efficiency is
negatively affected by the relative permittivity (¢,), unlike
the relative permeability (x,) which shows positive impact
on radiation efficiency. The same paper [17] confirms the
negative impact on radiation efficiency of both magnetic
loss tangent and dielectric loss tangent in the same manner.

Some other works like in [18, 19] focused on the
enhancement of dielectric proprieties to meet antenna
miniaturization, as well as, to enhance radiation efficiency
by reducing dielectric losses. Alternatively, this can be
achieved by generating novel dielectric proprieties with
respect to the conventional ones.

Although extensive research has been carried out on
losses within dielectric materials, the investigation of
dielectric losses effect on MPA performance beyond the
single-layer geometry, using alternative full-wave method,
is crucially important. The stacked patches antenna geom-
etry is considered to be more general compared to the
single-layer geometries as in [14-17], where the three dif-
ferent geometries are possible: simple patch geometry,
superstrate geometry, and stacked patch geometry.

This work focuses on modeling and analyzing losses
within nonmagnetic dielectric materials (¢, = 1) in stacked
patch geometry, which they have low cost compared to
the magnetodielectric materials [14-17]. The effect of
dielectric losses on both lower and upper bandwidths, as
well as on quality factors, is investigated in this paper. The
transfer matrices at boundaries are developed as a func-
tion of dielectric proprieties including dielectric losses.
Numerical results are found, based on four different sub-
strates having the same dielectric constant (¢,) with differ-
ent dissipation factors (tans).

The paper is organized as follows: In the second sec-
tion, the studied antenna geometry is illustrated, in which
the antenna operates efficiently in dual frequency band
at 2.44 GHz and 3.48 GHz. Theory and analysis are well
presented in the third section. A computational study of
dielectric losses effect, on the stacked patch antenna per-
formance, is realized and discussed in the fourth section.
Concluding remarks are given in the last section.

2 Antenna design

The stacked patch antenna is considered as a more
general configuration, to study dielectric losses, with
respect to the basic single-layer geometry. The studied
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structure, as shown in Fig. 1, is composed of two rec-
tangular patches, etched on two identical and isotropic
dielectric materials having the same height, h = 1.6 mm.
The bottom patch size is w; x/; =22 x 28 mm? and
w, X |, =22x21.25 mm? is the top patch size. The
antenna operates efficiently in dual frequency band at
2.44 GHz and 3.48 GHz.

These frequencies are preliminary calculated using
transmission line model, corresponding to the rectangu-
lar patch [20, 21].

3 Theory and analysis

Among rigorous methods, the method of moments has a
large number of attractive features, including high accu-
racy and low complexity with respect to the other rigorous
methods.

In the present section, three subsections are consid-
ered, where the vector Hankel transform is used, to reduce
x and y variables. Computations are performed using both
FORTRAN and MATLAB tools.

3.1 Calculation of Green Dyads in vector Hankel
transform domain

The transverse electric field must be zero on perfect con-
ductors. On the ground plane, we have

E,(k,z})=0 1)
where k; = kX + k,y is the vector Hankel transform of
r,=xX+yy.

Taking into account the boundary conditions, at differ-
ent interfaces, for both electric and magnetic fields,

Top Patch
z
y

zZ=2z, =

£, o h:
zZ=24

£y, Ko h:
zZ =2

Bottom Patch

Fig. 1 Geometry of the studied antenna



SN Applied Sciences (2020) 2:767 | https://doi.org/10.1007/542452-020-2292-4

Research Article

Exkoz) | 2 [Ekaz) | [ o0 ] o
| Hyk,zh) | | Hik,zh) | [I@D)]
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where J is the surface current density vector. T,and T, are
the transfer matrices at, respectively, the interfaces planes:
z = z,and z = z,, given by the following matrix:

?'I'I ?12
Tn= —31 —32 ln=112
T

n n

=1 =2 [cos(kz h,) 0
T, =T, = [ 0 cos(kz h,) (4a)
=12 | (anhn) 0 ]
no 0 j2tesin(ky h,) (4b)
o [ jwe"sm(kZ h,) 0 1
n = .kz . (4C)
0 o= (k7 hy)

In the unlimited region of free space, the electric field
is related to the magnetic field by:

H;(k,, Z;-) = goE3(ky Z;—) (5)
where
% 9 )
g, = k. — Ho
0 0 K 0 2y
WHo

Ko

Using equations from (1) to (5), E (k 1) E (kg 2,),
J'(k,), and J*(k) are related to each other, by the fol-
lowing relations:

E (ks z)) = G (k)J'(k)+G (k)J2(k,) (6a)

E(k,2,) =G (k)J'(k)+G (k)J*(k,) (6b)

— —12 —2 —2
where GH(kS), G (k,), G 1(k5) and G (k) are the tensor
components of the spectral Dyadic Green functions given
by:

—n —12[_ =12 —227[_ =12 —2271~"
G (k)=T, [gT, -T, HgoT2 —TZ] (7a)

—12 —21 —22 —121-1
G k)=G (k)=T [T ~gT, ] (7b)

—22 —11—12 —12—227[1=22 _ —121"]
G k)= [T\ T, +T, T, | [T, - &T, | (70)

3.2 Integral equations formulation

The transverse electric field, on both of the bottom and the
top patches, can be obtained, respectively, from Egs. (6a)
and (6b) via the inverse Fourier transform vector:

+oo+o00
E(r,z)) // )IG ky)d (k,)
+ EQ(";)JZ(ks)]dkxdky (8a)
+o0+00
E(r // )G (k) (k,)
+G (k) (k,)]dk,dk, (8b)

where
1 k k ikgrg
(k r) = |k|[k —k ]e

These fields are canceled, respectively, on bottom and
top patches:

E(x,y,2,) =0 (9a)

E(x,y,z,) =0 (9b)

3.3 Integral equations solution

Current density distribution, on the bottom patch, J'(x, y),
and on the top patch, J>(x, y), are given in Egs. (10a) and
(10b) using Galerkin procedure:

J1(Xy)=zN:a +§:b [ 0 ] (10a)
' n (X, y)

n=1 =1

T3, y)
0

P Q
JZ(x,y) 0
J2(x,y)=pzz;cp[ PO ] +Z1dq[J§q(X,y)] (10b)

where J! J;m, pr and J2 are the basic functions, and a,, b,,
/ Cp and d are the unknown coefficients of the modal to

be determined. Using the method of moments, Egs. (9a)
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and (9b) are reduced to a linear system of homogenous
equations:

[ (a”)NxN (Un)NxM ] |: (VH)NXP (Vn)NxQ ] (@psr
—21 —22 —21 —22
(U )MXN (U )MXM (V )M><P (V )MXQ (b)Mx1 =0
—11 —12 —11 —12 N (C) -
(W )PxN (W )PxM ] [ (Z )pxp (Z )pXQ Px1
—21 —22 —21 —22 (d)ox
w )QxN w )O><M 4 )Q><P Z )QXQ

(1

To avoid the trivial solution, it is required that the deter-
minant of its matrix must be zero:

uv -
Wz (12)

Complex resonant frequencies are the roots of Eq. (12),
which help to estimate the half power fractional band-
width given by the following equation:

det(ﬁ(f)) =0,Q=

2f;
BW(%) = —* X 100% (13)

r

wheref, is the operating frequency; whereas, f; is the imag-
inary part due to radiation losses. The inverse of the BW
gives the total quality factor of the antenna, and it is as
follows:

1 f,
Qt_m_z_f, (14)

The general expression of the total quality factor is
given by [20, 21]

1 —

1,1 1
Qr Qc Qd st

Q, " Qrad (1 5)

where Q,: quality factor due to ohmic losses, Q,: qual-
ity factor due to dielectric losses, related to DF by
tand = 1/Qy, Q,: quality factor due to surface waves, and
Q,,q4: quality factor due to radiation losses.

In this study, only nonmagnetic dielectric materials are
considered, having the free space permeability (1 = u,)
and complex dielectric permittivity (with dielectric losses).

An applied electric field causes the polarization of the
atoms or molecules of the dielectric material, which cre-
ates electric dipole moments that increase the total dis-
placement flux D, as it is given in Eq. (16),

D=¢coE+P,=¢4(1+ y,)E=¢E (16)

where P, is the electric polarization vector, y, is the com-
plex electric susceptibility.
For lossy dielectric materials, we have:
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e=¢ —je’ (18)

with e’ = g,¢,,and " is due to the dielectric losses. In such
case, Maxwell-Ampére equation becomes:

V><H=aE+jewE=jw.s’<1 _jotor >E (19)
weE

An equivalent dielectric permittivity is introduced, as it
is given in the following equation:

”
€ =£/<1 _jO'-i-—a)/£> — 808,<1 _1ﬂ> (20)

wEe wEe

where s is the conductivity of the dielectric material, and
the ratio "w‘:E represents DF or the so-called dielectric loss
tangent (tand). According to Eq. (20), the wave number k
within an isotropic and lossy dielectric material has the
following expression:

k = a)\/y_ = W/ HoEE, V1 — jtand (21)

Sincetandis very low, theny/1 —jtand ~ 1 — —Jtan6 On
the other hand, y/pye, = 1/¢, and thus,

&
k = w\/T—r(1 - %jtanéi) (22)

The propagation constant y is therefore given by:

y:jk=a+jﬁ=7than6+ja)T (23)

where @ and f are, respectively, the attenuation constant
(in Nepers/meter) and the phase propagation constant
(in radians/meter). As a result, the attenuation constant «
and the phase propagation constant g within a linear and
isotropic dielectric material are, respectively,

3

a= ﬂTrtanS (24a)

\/E—' (24b)

According to the studied case, the transfer matrices
mentioned previously, in Egs. (4a), (4b), and (4c), can be
expressed as a function of dielectric proprieties as follows:

=11 =2 =1 =2
. =T, =T, =T,

cos[ h(1 - —jtan6>] 0
cos|ph(1 - Ljtand
[ph(1 - 31ans)|
(25a)
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[ 1—1jtan8 . 1,
?12 _=2_ Mg y ta¢16+j S|n[ﬂh<1 - Ejtanéi)] 0 (25b)
1 2 1 1:
\Ver i 0 %tan8+j5|n[ﬂh<1 - Ejtan6>]
3 [ 1-jtand sin[ﬂh<1 - 1—jtanéi)] 0
?21 _ —21 _ \/_r y Ttans+j 2 (25¢)
1 g No 0 —(%tanéi +j>sin[ﬂh(1 - %jtan&)]

wheren, = /2 ~ 1207Q: is the free space impedance.
€o

Equations (25a), (25b), and (25¢) are the transfer matri-
ces as a function of dielectric losses within an isotropic and
lossy dielectric material, having the height h, the dielec-
tric constante,, and the dielectric loss tangent tand. These
equations are considered as a significant outcome of the
current paper, where these latter are highly correlated with
the dielectric material features.

4 Results and discussion

Computations have been performed on the basis of the
above formulation, including method of moments, Galerkin
procedure, where the mixed boundary value is reduced to
a set of coupled vector integral equations by the use of vec-
tor Hankel transform. The dominant mode is considered in
the present study. Our approach is validated in [22] which is
based on previously measured data in [23], and good match-
ing was demonstrated.

In this study, four substrates are considered including:
FR-4 (ideal), Taconic RF-43, Getek RG200D, and FR-4 (lossy).
These latter have the same dielectric constant (e, = 4.3),

but they, respectively, have different dissipation factors of
0,0.0033,0.0106, and 0.025.

Table 1 summarizes the bandwidth, the real part, and
the imaginary part of the resonant frequency, correspond-
ing to the three configurations. The biggest variation rate,
for each configuration, is the bandwidth variation rate.
This is due to the slight decrease in real part of resonant
frequency value, which makes the bandwidth variation
bigger than the imaginary part variation.

What can be clearly seen in this table is the high varia-
tion rate of the lower bandwidth (BW) corresponding to
the first configuration. This band increases from 0.9756%
to 3.4178% by increasing DF from 0 to 0.025. An increase
of 71.46% is reached. Unlike the lower bandwidth (BW.),
the upper one (BW,) is only increased by 44.19%; from
2.9209% to 5.2337%. This is justified using the fact that
the imaginary part of the lower resonance is bigger than
the higher one.

The case of one isolated patch leads to the coupling
elimination between patches. This elimination is trans-
lated by the decrease of upper frequency from 3.48 GHz
(patches stacked) to 3.16 GHz (bottom patch isolated). As
well as, a slight increase in lower frequency, from 2.44 GHz
(patches stacked) to 2.45 GHz (top patch isolated), is

Table 1 Comparison between

lossy FR-4 (DF=0.025) and
ideal FR-4 (DF =0), in terms
of complex frequency and
bandwidth, in stacked patch
geometry

Antenna configuration Frequency and  Dielectric materials Variation rate
bandwidth (%)
FR-4 (Ideal) FR-4 (Lossy)
Patches stacked f;(MHz) 11.9171 41.7303 71.44
f,(MHz) 50.9500 91.2254 4415
f,(GHz) 24430 24419 00.04
f,(GHz) 3.4886 3.4861 00.07
BW, (%) 0.9756 34178 71.46
BW, (%) 2.9209 5.2337 44.19
Antenna without bottom patch f,(MHz) 66.3136 102.6610 35.41
f.(GHz) 3.1682 3.1652 00.09
BW(%) 4.1861 6.4869 35.47
Antenna without top patch f,(MHz) 14.5918 44.3387 67.09
f.(GHz) 2.4547 24535 00.05
BW(%) 1.1889 3.6143 67.11
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noticed. These results confirm those presented in the lit-
erature [24]. More results, with different values of DF, are
presented as curves, in Figs. 2, 3 and 4.

The dependence of both the imaginary part of reso-
nant frequency and the bandwidth, on DF values, is clearly
presented in Figs. 2 and 3 respectively. No significant dif-
ference has been found between slopes: ABW/Atans.
Roughly the same slope is noticed on both the lower
bandwidth (97.688) and the bandwidth of the lower patch
alone (97.016). As well, approximately the same slope
is also noticed on both the upper bandwidth (92.512)
and the bandwidth of the upper patch alone (92.032).

110

=@ = Fi1 : Patches stacked
= = Fi2 : Patches stacked
90|~ | === Fi : Bottom patch absent
== Fi : Top patch absent

100

Fi (MHz)
3
\
\
A\
\
\

. : L r
0.005 0.01 0.015 0.02 0.025
Dielectric loss tangent

Fig.2 Imaginary part of resonant frequency versus dielectric loss
tangent corresponding to dielectric materials: FR-4 (ideal), Taconic
RF-43, Getek RG200D, and FR-4 respectively

BW (%)

=& = BW1 : Patches stacked
= = BW2 : Patches stacked
== BW : Top patch absent
== BW : Bottom patch absent

L 1 L L
0 0.005 0.01 0.015 0.02 0.025
Dielectric loss tangent

Fig.3 Bandwidth versus dielectric loss tangent corresponding to
dielectric materials: FR-4(ideal), Taconic RF-43, Getek RG200D, and
FR-4 respectively
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\ =@ = Q1: Patches stacked
N, = = Q2 : Patches stacked

\ =de— Q : Top patch absent
=¥~ Q : Bottom patch absent

Quality Factor (Q)

0.005 0.01 0.015 0.02 0.025
Dielectric loss tangent

Fig.4 Quality factor versus dielectric loss tangent corresponding
to dielectric materials: FR-4 (ideal), Taconic RF-43, Getek RG200D,
and FR-4 respectively

However, the two different cases show significant differ-
ence. As a result, the dependence of the bandwidth on
dielectric losses becomes significant with superstrate
geometry compared to the simple patch geometry.

As it is shown in Fig. 2, imaginary part of resonant fre-
quency is significantly affected. Therefore, the bandwidth
is highly correlated to dielectric losses, as it is confirmed
by Fig. 3.

As presented in Fig. 4, the quality factor is negatively
correlated to dielectric losses, as it is expected. No signifi-
cant correlation has been found between operating fre-
quency and dielectric losses.

5 Conclusion

A rigorous analysis of stacked rectangular patches geom-
etry has been done, on the basis of the method of moments,
Galerkin procedure. Detailed formulations are sufficiently
explained with additional evidence. Transfer matrices at
boundaries are given, as a function of dielectric material
features, which they join both electric and magnetic fields
at different interfaces. Both lower and upper bandwidths
are positively affected by dielectric losses, unlike the qual-
ity factors which are negatively affected. The present study,
therefore, makes several noteworthy contributions to dielec-
tric losses analysis in stacked patch geometry. Furthermore,
the paper also presents potential in modeling and analyzing
dielectric losses, which has carried out significant outcomes
to the antenna theory and analysis. Numerical results con-
firm previous findings and contribute additional evidence to
the losses within nonmagnetic dielectric materials.
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