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Abstract—Low cost methods of antenna production primarily
aim to reduce the cost of metalization. This might lead to a
reduction in conductivity. A systematic study on the impact of
conductivity is presented. The efficiency, gain and bandwidth of
cylindrical wire meander line, dipole, and Yagi-Uda antennas
were compared for materials with conductivities in the range
10° to 10° S/m. In this range, the absorption efficiency of
both the dipole and meander line changed little, however the
conductivity significantly impacts on radiation efficiency and
the absorption cross section of the antennas. The extinction
cross section of the dipole and meander line antennas (antennas
that Thevenin equivalent circuit is applicable) also vary with
radiation efficiency. From the point of radiation efficiency, the
dipole antenna performance is most robust under decreasing
conductivity. Antennas studied in this study were fabricated with
brass and graphite. Radiation efficiency of the antennas were
measured by improved Wheeler cap (IWC) method. Measure-
ment results showed a reasonable agreement with simulations.
We also measured the extinction cross section of the six fabricated
prototypes.

Index Terms—Conductivity, radiation efficiency, absorption
efficiency, receiving antenna, absorption cross section, extinction
cross section, power to volume ratio.

I. INTRODUCTION

ATERIALS like carbon nanotubes (CNT) [1], [2], and
Mprinted conductor technologies like circuits in plastic
(CiP) [3], [4] are finding their way to telecommunications
systems. These applications are in demand because of the
low cost of production and ability to produce light weight,
recyclable and flexible circuits. However, the conductivity of
printed conductors is usually much lower than the conductivity
of copper, aluminum and silver. The main aim of this paper is
to study the performance of lossy transmitting and receiving
antennas made from materials with lower conductivities.

Some RFID designs with reduced conductivity are reported
in [5], [6]. The effect of the conductor thickness on the radia-
tion efficiency and backscatter power of RFIDs are studied
in [7], [8]. Also, a cost study of the printed antennas is
available from [9] for dipole antenna with different conduc-
tivities. Despite the interesting results presented in [S]-[9],
a comprehensive study of the effects of conductivity on the
various parameters of the antennas is missing. In this paper,
we address this gap in the current literature by exploring the
effects of the change in the conductivity of different antennas.
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There are some advantages in choosing wire rather planar
structures for these investigations. First, wire antennas have
been studied extensively in the literature. Also, new materials
like carbon nanotubes are emerging which show promising
characteristics and naturally have circular cross sections. We
performed simulations over 10% — 10°S/m to cover materials
like CNTs which have conductivities in the order of 10* —
107S/m [2].

The key point in the success of any mass production process
is low cost, that is, circuit manufacturing techniques tend to
minimize the total used materials. By tapering the wire in [10],
the same performance was achieved with a conductor volume
reduction of more than 50%.

In this paper, we illustrate the influence of the non perfect
materials on the impedance and radiation properties of three
wire antennas: a half-wave dipole, a four element Yagi-Uda,
and spiral meander line antennas. Such investigations have
not been reported previously. We also study that how ab-
sorbed, scattered, and dissipated power in a receiving antenna
changes with conductivity in section III. The study reveals
the relationship between the absorption cross section of the
antennas and the radiation efficiency. We demonstrate that
the extinction cross section of the dipole and meander line
antennas is directly related to the radiation efficiency of these
antennas. Moreover, we show the impact of conductivity on
absorption efficiency, generalized absorption efficiency, and
absorbed power to volume ratio in section III with additional
data in section S.II. Section IV shows the fabricated samples.
Measurement results are discussed in section V.

II. ANTENNA DESIGNS

In this paper, we selected three test case antennas: a half-
wave dipole, a spiral meander line, and a Yagi-Uda antenna.
These three wire antennas were designed to resonate at the
same frequency (f =1 GHz). The dipole antenna was selected
because directivity and absorption efficiency are available in
the closed form. Meander line antennas are one of the most
popular choices for small antenna designs. The Yagi-Uda
antenna was included in this study because of their excep-
tional absorption efficiency. The geometry of the meander
line and Yagi-Uda antenna are selected from the [11], [12],
respectively. The Yagi-Uda antenna was optimized in terms of
gain, side lobe level (SLL), and voltage standing wave ratio
(VSWR).

To make these three antennas comparable with each other,
we selected a wire radius of 0.00225\ for all antennas. The
three antenna designs are shown in Fig. 1.
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Fig. 1. Self resonant antenna design configurations at fo =1 GHz (a) a half
wave dipole (b) a meander line antenna (c) a Yagi-Uda antenna with one
reflector and two directors (all dimensions are in mm).

(a) PEC
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(b) o = 103S/m

Fig. 2. Comparison of current distribution over the Yagi-Uda antenna made
of (a) lossless (b) lossy (o = 103S/m) materials

III. NUMERICAL RESULTS

The antennas were simulated in free space using a com-
mercial method of moments (MoM) code [13] by changing
the conductivity over the range 10% — 10°S/m. It should be
noted that the geometric parameters for each antenna over
the simulations were similar, while the material properties
(conductivity of the metal) are changed.

Fig. 2 shows a comparison of the current distribution of
lossy and lossless Yagi-Uda. In order to make a meaningful
comparison, quantities are normalized to the values at the
feed point of the antenna. Fig. 2 shows that the normalized
magnitude of induced currents on the elements of Yagi-Uda
are different for lossless and lossy cases. As an example, the
normalized magnitude of the current distribution is almost
the same for the driven element radiators but the induced
current is significantly less (almost half) on the parasitic
elements when the material is changed from PEC down to
conductivity 103S/m. Current distribution of the dipole and
meander line was not affected significantly with the reduction
of the conductivity to 103S/m. For instance, lossy dipole still
shows a sinusoidal current distribution though with a much
lower magnitude.

The directivity and gain of the antennas are depicted in
Fig. 3. The directivity of the dipole is 2.12dBi which is close
to 2.15dBi, the analytical result. The directivity D of the dipole
remains unchanged while changes are observed for the Yagi-
Uda antenna for o < 105(S/m). It is interesting to see the gain
of the dipole does not change much over this conductivity
range, however, gain of the meander line falls to negative
values for o < 107S/m.

As G = n,.D, it is expected that G and 7, should decrease
with the conductivity. ' The value of 1), shows that the meander
line antenna is more sensitive to less conductive materials

IRelation G = 7,-D is separately investigated in Fig. S2.
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Fig. 3. Directivity D (solid) and gain G (dashed) versus conductivity o

(subscripts D, Y, and M refer to dipole, Yagi-Uda, and meander line antennas
respectively).
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Fig. 4. Radiation efficiency 7, versus conductivity o

(see Fig. 4). This is partly explained by the small radiation
resistance of the meander line (about 2€) for PEC). For
example, ohmic resistance of the meander line with o ~ 107
S/m is about 0.5(2, which reduces 7, to 0.8. The dipole
and Yagi-Uda antennas are less sensitive because of their
higher radiation resistance which is 70, 502, respectively. The
radiation efficiency 7, drops for all conductivities when the
radiating structure is changed from a dipole to a Yagi-Uda
antenna. This is because parasitic elements in a lossy Yagi-Uda
dissipate electromagnetic power while directing the radiation.

Some of the key results of the paper are illustrated in
Fig. 5 which shows the performance of lossy antennas in the
receiving mode. Absorbed, dissipated, and scattered powers
are stacked on top of each other and normalized to the
maximum extinct power for each antenna type made of PEC.
More power is absorbed and scattered if the radiating structure
is made from materials with higher conductivities, and the
dissipated power vanishes. The absorbed power by a lossy
antenna is directly influenced by radiation efficiency 7,.. This
is illustrated by the dashed traces (1. P, prc) in Fig. 5 where
P, pEc is the absorbed power by the same antenna made of
PEC. Of course, one can convert absorbed, scattered, extinct
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Fig. 5. Impact of finite conductivity on the absorbed, scattered, dissipated, and extinct powers in antennas. Since Pegt = Py + Ps + P55, the height of
each bar shows extinct power. All powers are normalized to the extinct power of PEC antenna of the same type. Dashed traces are the product of radiation

efficiency and absorbed power by a PEC antenna.

power terms to appropriate cross sections. The increase in
extinct power (extinction cross section o.,;) with conductivity
for the antennas is shown in Fig. 5. Graphs to directly compare
the cross sections with the product of 7, are included in
Fig. S3- Fig. S5. Although a similar trend like 7, is observed
for o, and o.,¢, but o vanishes more quickly to accommodate
for lost power as conductivity decreases.

Absorption efficiency 7, is the same for the lossless and
lossy dipole antennas (see Fig. 6). This phenomena can be
explained in terms of the Thevenin equivalent circuit of the
receiving antennas which is discussed in many publications
[14]-[22]. Considering the limitations of the equivalent circuit
antenna model [14], [19], we can only apply the Thevenin
circuit model to the dipole and meander line antennas. We
assume that R4, Rjoss, Xq, and Z;, are radiation resistance,
loss resistance, antenna reactance, and load impedance respec-
tively. The absorption of the maximum power occurs when
Z1, = Rraa+Rioss—jXq. As the conductivity decreases (Rjoss
increases) in a resonant antenna, 2y, is selected appropriately
as R,.q + Rjoss- Therefore, independent of the conductivity,
half of the power is absorbed by the antenna load. Although the
absorbed power is reduced by a factor of radiation efficiency
-

Despite observing a similar trend for the Yagi-Uda antenna,
it should be noted that the above argument is not appropriate
for Yagi-Uda antennas [16], [19]. In the other words, one
cannot separate scattered and absorbed powers in a simple
equivalent circuit, instead one should deal with a multi-port
network [16], [22] like Fig S.1.

Generalized absorption efficiency 7), was introduced in [23],
[24] as the ratio of the total absorbed power to the total
extinct power when illuminated by a wideband wave. This
parameter was studied for the meander and Yagi antennas in
[11], [25]. Calculation of 7}, requires the numerical modeling
of the receiving antenna across a broad frequency range. We
used the frequency range (0.1-20) GHz to ensure the accuracy
of results. It is interesting to note that the antennas have

—=— Dipole —e— Yagi —— Meander

L . O O N 1 A1 |

0.6 |-

Na

L |

10°

LN

108

L 1l
105 107
a(5/m)

LN

10°

L

103 104

Fig. 6. Absorption efficiency 7, of the antennas versus conductivity o

—&— Dipole —e— Yagi —— Meander

TTTTIT T T T T T T T T T

0.5+ = =] =] =

TT T T T T T 17

m
o

04 N
Na 0.3 i\e\e\e_‘A |
0.2 ;/@/e/@"v -

I 0 0 O O
104 105 105 107 10% 10°
a(S/m)

0.1
10°

Fig. 7. Generalized absorption efficiency 7, of the antennas versus conduc-
tivity o


https://www.researchgate.net/publication/259106008_An_Investigation_Into_the_Gustafsson_Limit_for_Small_Planar_Antennas_Using_Optimization?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==
https://www.researchgate.net/publication/260515463_Analytical_and_Equivalent_Circuit_Models_to_Elucidate_Power_Balance_in_Scattering_Problems?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==
https://www.researchgate.net/publication/260515463_Analytical_and_Equivalent_Circuit_Models_to_Elucidate_Power_Balance_in_Scattering_Problems?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==
https://www.researchgate.net/publication/3305077_Limitations_of_the_Thevenin_and_Norton_equivalent_circuits_for_a_receiving_antenna?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==
https://www.researchgate.net/publication/3305077_Limitations_of_the_Thevenin_and_Norton_equivalent_circuits_for_a_receiving_antenna?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==
https://www.researchgate.net/publication/3305126_Transmitting_receiving_and_scattering_properties_of_antennas?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==
https://www.researchgate.net/publication/3305126_Transmitting_receiving_and_scattering_properties_of_antennas?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==
https://www.researchgate.net/publication/224124903_A_Tutorial_on_the_Receiving_and_Scattering_Properties_of_Antennas?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==
https://www.researchgate.net/publication/224124903_A_Tutorial_on_the_Receiving_and_Scattering_Properties_of_Antennas?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==
https://www.researchgate.net/publication/224440448_Illustrations_of_New_Physical_Bounds_on_Linearly_Polarized_Antennas?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==
https://www.researchgate.net/publication/266385601_Generalised_absorption_efficiency_of_Yagi-Uda_antennas?el=1_x_8&enrichId=rgreq-342033ace96b496bf1542c54b767e13f-XXX&enrichSource=Y292ZXJQYWdlOzI4MjE4MTc3OTtBUzoyOTE1NzIxNzc0ODk5MjBAMTQ0NjUyNzYzMjQwOA==

UL B L L R L] Hlu‘\k_\_u_\u,— =TT
10* |1
S
N Q
A
100 o
"\Tmm\ Ll vl g LA L
10 10* 105 10° 107 10% 107
o(S/m)

Fig. 8. Bandwidth (dipole —=—, Yagi —©—, and meander line ——) and
Q factor (dipole - ®-, Yagi - ®-, and meander line - #-) of the antennas
versus o (S/m).

Fig. 9. Picture of fabricated antennas with graphite (top) and brass (bottom),
antennas from left to right in each row: dipole, meander line, Yagi-Uda

different trends with decreasing conductivity (see Fig. 7). For
instance, the generalized absorption efficiency of the dipole
is not sensitive to the change of conductivity, while 7, falls
for lossy Yagi-Uda antenna. On the other hand, 7, tends
to increase for the meander line antenna as the conductivity
decreases.

As the conducting material becomes more lossy, Pjyss
increases and the efficiency of the antenna decreases and
the bandwidth increases. Fig. 8 shows that for ¢ < 10°
S/m the bandwidth increases for all three antennas. A similar
trend is observed for @ factor. More specifically, the @
factor of lossy antennas exactly follows the behavior of the
radiation efficiency 7,.. That is, @) of the lossy case is equal
to the product of @) of lossless case and radiation efficiency
(Qiossy = MrQiossiess) (see also Fig. S6). This behavior is
exactly what is expected from the theory of fundamental limits
on () factor [26].

IV. FABRICATION OF THE PROTOTYPES

Fabrication of the antennas with conductivities much less
than good conductors (like copper) is a challenge. One of

the main difficulties is soldering such low conductive ma-
terials. In this study, we used brass and graphite materials
for fabrication of the prototypes. Brass has a conductivity of
2.56 x 107 S/m and shows good soldering capabilities. Pure
graphite is strongly anisotropic material with significantly
different conductivities in different planes (o, = 3.3x10? and
o ~2-3x 10°S/m) [27]. Commercial leads of mechanical
pencils (with 1.4 mm diameter, and 6 cm long) were used as
the graphite rods.

We used conductive epoxy to make electrical connections
with graphite. Sample antennas are depicted in Fig. 9. A chip
is added as balun and transformer in all of the antennas to
adjust the level of input impedance. As the graphite rods are
fragile, we fixed them with tape glue on a white paper placed
on top of flat foam.

V. MEASUREMENT RESULTS

Each of the measured parameters is reported along with
simulations for the sake of comparison. Brass antennas were
modeled with conductivity of 2.56 x 107 S/m. The graphite
conductivity was measured at DC (explained in Appendix B)
since we did not have access to RF material measurement
setup. This might be the source of some difference between
simulation and measurement results.

Ilustrated in Fig. 10 are the simulated and measured scatter-
ing parameters S1; for the fabricated antennas. It is seen that
Yagi-Uda resonates at 1 GHz while brass and graphite meander
lines have 5% and 10% shift in resonant frequency from the
desired 1 GHz resonance. The reason for the frequency shift is
that the SMA connector and cable have non-negligible effects
on the meander line which should be included in the modeling.
The balun-transformer used to adjust low radiation resistance
of the meander lines was included in the simulations. The
graphite was so fragile that it was not possible to use high
precision machinery to shape the meander with exact dimen-
sions which left us with manual alignment of the graphite
parts. Therefore, the geometry of the meander was subject to
human error, which we tried to measure and include in the
modeling to achieve a good agreement between simulation
and measurement.

Measurement of the extinction cross section o.,; was per-
formed using the optical theorem [28, Ch. 10]. This relates
the extinction cross section of an arbitrary scatterer to the
imaginary part of the scattering amplitude of the object in the
forward direction f(i,1) as:

Comt = 4% Im f(i,1) - é;. 1)

where Im denotes the imaginary part and é; is a unit vector
in the direction of polarization of incident wave. Following
the procedure outlined in [29], we measured the signal at
the receiver end once without the presence of antenna under
test(AUT) E, . Antenna then was placed in the middle of
the transmitter and receiver (distance d from each), and the
received signal recorded again as FE, ;. Therefore, o¢. is
found as

Oegt = Imh  where
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Fig. 10. Reflection coefficient of the fabricated antenna prototypes. Dashed and solid lines denote the simulations and measurement results, respectively.

(d) Graphite Dipole

(e) Graphite Yagi

(f) Graphite Meandaer

T
1,000
% = &
S S S
= = 0 =
—1,000
Il Il Il Il Il Il Il Il Il
800 900 1,000 1,100 1,200 800 900 1,000 1,100 1,200 800 900 1,000 1,100 1,200
F(MHz) F(MHz) F(MHz)
(a) Brass Dipole (b) Brass Yagi (c) Brass Meander

T T T T T T 60

1,000 40

& Ng Lo
S S S

< < 0 < P
ol
W e “"('/MW'M
—100 |- W’ —1,000 —-20
Il Il Il Il Il
800 900 1,000 1,100 1,200 800 900 1,000 1,100 1,200 800 900 1,000 1,100 1,200
F(MH?) F(MH?2) F(MH?)
(f) Graphite Meander

(e) Graphite Yagi

(d) Graphite Dipole

Fig. 11. Simulated and measured real and imaginary parts of the scattering coefficient h (by optical theorem gez+ = Im h). Dashed and solid lines denote

the simulations and measurement results, respectively.

where x denotes the complex conjugate operator. It
should be noted that propagating wave was assumed
as exp[—i(wt—kr)] in [29], however, we assumed
exp [+i(wt — kr)] in our experimental setup. That is, h
in (2) is the complex conjugate of relation (17) in [29] and
avoids negative cross section values [30].

Real and imaginary part of h are illustrated in Fig. 11. As
the Yagi-Uda occupies a larger area, it has larger extinction
cross section while dipole and meander line have lower cross
sections. Fluctuations in the Re h and Im A are not observed
for the Yagi-Uda antenna, as the Yagi-Uda has aperture 5
to 10 times larger than dipole and meander line. Simulated

extinction cross sections are included in the Fig. 11 for the
comparison which show good agreement with measurement
except for the graphite meander. We believe that in addition to
human error in the apparatus (e.g. align phase center of AUT in
the middle of transmitter and receiver) the conductive epoxy
junctions could be another source of error. These junctions
have much higher conductivities than graphite. Their primary
function is to allow the flow of the current from one part to
another. However, when illuminated by the incoming wave, the
conductive glue junctions might also act as the point scatterers.
As the graphite meander has more than 16 of such junctions,
their might have significant impacts on the cross section
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TABLE I
SUMMARY OF THE MEASUREMENT RESULTS

Simulation Measurement
nr oext(cm?) r Oext(cm?)
Brass
Dipole 0.9859 251.8 0.9281 282.3
Yagi 0.9893 1204 0.7895 1647
Meander line  0.6937 146.58 0.6864 125.1
Graphite
Dipole 0.741 2135 0.842 239
Yagi 0.8194 1169 0.7084 1524
Meander line  0.2527 49.35 0.3382 100.6

measurements, although one cannot avoid or compensate their
effect.

We calculated the radiation efficiency of the antennas with
the improved Wheeler Cap (IWC) method introduced by
Johnston and McRory [31]. The original Wheeler cap method
[32] assumes an R-L-C equivalent circuit to estimate 7, for
resonant antennas. The new method offers greater accuracy
over the original Wheeler cap method [32] and solves some
issues of the Wheeler caps [33], [34]. Calculated values for
the 7, are reported in Table. L.

Measurement results are summarized in Table.l, and also
compared with the simulation results for brass and graphite.
In each class of material, the dipole and meander line have the
highest and lowest radiation efficiencies which is consistent
with Fig. 4. As the graphite is less conductive than brass,
graphite antennas are less efficient with lower cross sections,
and absorb less power. It is interesting to note that the cross
section results closely follow 7, variations from the brass to
graphite.

VI. CONCLUSION

Three common wire antenna structures (half-wave dipole,
Yagi-Uda, and meander line antennas) were studied to inves-
tigate the impact of finite conductivity on the transmitting and
receiving performance. The bandwidth, ) factor, directivity,
gain, radiation efficiency, absorption efficiency, generalized
absorption efficiency, and absorbed power to volume ratio of
the antennas were compared for materials with conductivities
ranging from 103S/m to PEC. It was illustrated that the
absorption efficiency of some antennas does not change with
conductivity, however, the absorption cross section of the
antennas follows the behavior of the radiation efficiency. The
variation in total extinct power from the lossy antenna with
radiation efficiency is evident.

Brass and graphite were used to make dipole, Yagi-Uda,
and meander line antennas. In addition to the return loss of
the antenna, we also measured the radiation efficiency and
extinction cross section of the antennas by improved Wheeler
cap and optical theorem, respectively. Measured radiation effi-
ciency and () factor are also reported in this paper. Radiation
efficiency directly influences measured absorbed power and )
factor.

TABLE 11
VALIDATION OF MOM RESULTS THROUGH COMPARISON WITH FEM AND
FDTD SOLVERS (TEST CASE: DIPOLE ANTENNA WITH o = 103S/M)

MoM FEM FDTD
fr(MHz) 936 924 927
Nr 0.541 0.551 0.548
D(dBi) 2.114 2.147 2.159
G(dBi) —0.549 —0.444 —0.448
/. ’
1] - .
c R =0.01015L + 0.021 -~
§ 7 ° Measured
g 0.5 1 P e - - - Linear interpolation
B o7
e Length (mm)
0 - - - - - -
20 40 60 80 100 120

Fig. 12. Measurement of the resistance of several graphite rods (diameter
1.4mm) with different length (20,45,50,115mm).

APPENDIX A
ACCURACY OF MOM

The penetration depth § (caused by skin effect) is com-
parable with the wire radius r at the lowest conductivity
103S/m. The accuracy of the simulation models is satisfied
when o > wegp, and r» > § which are imposed in the software
manual. To ensure about the accuracy of the simulations, we
simulated a low conductive dipole antenna (¢ = 103S/m)
with FEM and FDTD solvers from a commercial vendor [35].
A comparison of the resonant frequency, radiation efficiency,
directivity and gain is illustrated in Table. II.

APPENDIX B
MEASUREMENT OF CONDUCTIVITY

To measure the conductivity of the graphite rods, we mea-
sured the V — I curve of graphite rods with the lengths of
(20, 45, 50, 115mm) using an Agilent B1505A parameter
analyzer. All rods showed a linear V' — I curve. The resistance
of each rod was calculated from the slope of the V' — I curve.
Fig. B shows the variation of the resistance versus the length.
A linear interpolation analysis provides R = 0.01015L+0.021
as the best fit to the data (Pearson correlation coefficient
R? = 0.996). Using the slope of the R — L curve and cross
sectional area of the rods, conductivity of the graphite was
calculated as ¢ = 6.399 x 10*(S/m) which is 0.11% of the
conductivity of copper.
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