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Abstract
There are many applications in communication and
microwave hyperthermia are desirable where small lat-
eral size and narrow band properties. Circular micro-
strip patch and the Archimedean spiral antenna were
combined to affect positively on the performance of the
exited antenna. The design includes the selection care-
fully of the dielectric material, the radius of circular
microstrip patch, the empty space through the turned
microstrip spiral, the width of the spiral and the number
turns of the spiral. The simulation and the experimental
results confirm that the small size of combined spiral
and microstrip patch antennas can be operated over a
wide range of frequencies. In addition to the techniques
that are applied to obtain the results such as directivity,
Half-Power Beamwidth, S-Parameters, and stands for
Voltage Standing Wave Ratio (VSWR) for the new shape.
The outputs are compared and analyzed with a numerical
formulation for spiral and patch antennas and measured.
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1 | INTRODUCTION

Microstrip patch and spiral antennas are more useable anten-
nas among others, which are attracting designer and users due
to their low profile, cost, and as well as ease of combining to
obtain new forms and good performance. Shape grammar was
originally developed in architecture to generate designs in partic-
ular style.1 The freedom in the x-y plane gives rise to the possibil-
ity of a multiplicity of a convenient form. Spiral and circular
microstrip are studied since the planar spiral antenna is a low-
profile broadband antenna that gains its frequency independence
from its shape being completely specified by angle instead of
wavelength.2 It has been explored in great detail both qualita-
tively and rigorously through approximation of a specific spiral
with semicircles and multiple self-complementary spiraled ele-
ments of infinite length.3 Circular patch also is themost common
because of ease of analysis and fabrication, and their attractive
radiation characteristics, especially low cross-polarization
radiation,4 and both types of spiral and circular patch have
approximately same conditions and ways in the consisting of the
layer and materials which implies microstrip patch printed on
the top (first layer) of the substrate (second layer), in addition to
the ground (third layer) printed on the back of substrate.2

To reduce the size of the patch antenna several tech-
niques have been presented in the literature such as using a
substrate with high dielectric constant, cutting slots in radiat-
ing patch and by partially filled high permittivity substrate.5

By having the small size, narrower HPBW, and resonat-
ing at multiple frequencies with also multiple return losses
which displays the inverse relationship between the electrical
size of the designed antenna and its operating frequencies.6

An electrically small antenna is commonly defined as an
antenna occupying a small fraction of 1 radian-sphere, which
circumscribes the maximum dimension of the antenna.7

In this article, the objectives are: the maximum lateral
size is 2.8 cm, will be able to operate between 1 and 5 GHz
with the minimum directivity 7 dBi, a HPBW <90� and
good pattern characteristics.

The following performance is defined by combining of
the shape and physical elements which means the combining
and adding of the properties. The simulation results were
obtained by using commercial CST Microwave Studio that
based on the finite integration technique.

2 | ANTENNA DESIGNING AND
SIMULATIONS

To achieve objectives mentioned earlier, there are many
improvement steps had been taken and evaluated numeri-
cally to obtain the optimum form.

The material of the substrate is Rogers RT 5880 (lossy) of
dielectric constant εr of 2.2, height h of 0.1588 cm = 0.013λ0
where h � λ0, λ0 is the free-space wavelength and the tangent
loss δ of 0.0009. The coaxial feeding system is positioned at
the center (0, 0) of circular patch and adjusted to give optimal
matching 50 Ohms of characteristic impedance at the port.
Typically matching is performed by controlling the width of
the feed line and the length of the slot. The coupling through
the slot can be modeled using the theory of Bethe.8 (See side
view in Figure 1). However its fabrication is somewhat more
difficult. The length of the feeding stub and the width-to-line
ratio of the patch can be used to control the match.9

2.1 | First case

As it’s shown in the Figure 1, the radius of the basic circular
microstrip patch antenna is 0.15 cm without any adding cir-
cular arms of spiral. With denoting the radiator and the feed-
ing system are photo etched on the substrate.

The use of formula (1) is to calculate the resonating fre-
quency for circular microstrip patch antennas.

f0 ¼ 1:8412 c
2πa

ffiffiffiffi
εr

p ð1Þ

where a the radius of the circular patch and c is the speed of
light.

Indeed, the obtained result of the resonant frequencies of
the simulation were f0 = 4,21.24, and 34 GHz by compar-
ing with the calculated in Equation 1 which only was numer-
ically one value of f0 = 39.51 GHz, it is much larger than
required; this illustrates the fact that the small size microstrip
patch antenna resonates at high frequency, which lead us to
move to the other case of reconfiguration.

2.2 | Second case

In the second case, the first experiment is by adding a circu-
lar arm with rotation of 360

�
and starting from radius

r11 = 0.15 cm and ending at r12 = 0.4 cm as shown in the
Figure 2(A). By notation that the first circular (0, 0) arm
does not start from the center of the circular patch, but from
the right edge at distance of 0.15 cm away of the midpoint

FIGURE 1 Model of circular patch antenna and side view [Color
figure can be viewed at wileyonlinelibrary.com]
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(0.15 cm, 0). The width of the circular arm is 0.075 cm and
traced in a counterclockwise direction. From the shown
dimensions on the Figure 2(A), it is noted that the length
and the width of substrate increased 100%. The empty area
also inside the circular arm is not created equal, where it
begins contacting from the right edge and expands circularly
to end against the first point at distance 0.176 cm and
angle 2π.

Figure 2(A) began to show new format of the combining
between the circular micrtostrip patch and Archimedean spi-
ral which lead us to use the formulas of spiral with only one
arm, and they are given by:

flow ¼ c
2πr2

ð2Þ

fhigh ¼ c
2πr1

ð3Þ

where r2 is the radius from the center to the mid of the end
edge of the first circular arm, and r1 is the radius from the
center to the first point touched the circumference of the cir-
cular patch, in addition to the width Wa = 0.075 cm of spi-
ral divided to 2.

r1 ¼ r11 +
Wa

2
ð4Þ

r2 ¼ r12 +
Wa

2
ð5Þ

Based on the above formulas, r1 = 0.1875 cm and
r2 = 0.4375 cm which r11 = 0.15 cm and r12 = 0.4 cm by
substituting the values in Equations 2 and 3 the output will
be 10.9 GHz for flow and 25.5 GHz for fhigh, where the reso-
nating frequency of the simulation is in multipoint, it has dif-
ferent and lower values at 2, 5.2, and 9.5 GHz. In a case of
assumption that the shape only circular microstrip with cut-
ting a piece internally as shown, wherefore the radius will
not be equal from all circumference of the new shape; how-
ever, I will assume a radius is 0.475 cm and by substituting
of this value into Equation 1 which only represents the for-
mula of the circular microstrip, the output is 12.477 GHz,
which is closer to evaluated flow than calculated in the
first case.

Now, it is necessary to calculate the length in this case in
order to specify the finite size of the length of the circular
arm of the antenna. The new gotten shape of the antenna
could be located by angles independent of frequency; the
arm length needs just be comparable to one wavelength at
the low frequency to obtain performance essentially inde-
pendent of resonating frequency. By considering the circular
arm is a plane curve that might be represented by ρ = keaϕ

as shown in the Figure 2(B) where ρ and ϕ are polar coordi-
nates, a and k are constants larger than zero.

Therefore, the length of the circular arm may be
defined as

L¼
ðρ
ρ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2

dϕ
dρ

� �2

+ 1

s
dρ ð6Þ

If the angle ϕ is increased with first circular arm, the
radius (ρ) is also increased vectorially by e2πa. From here, all

TABLE 1 Simulated results in the third case

f0 (GHz) S11 (dB) D (dBi) VSWR HPBW (; =90�)

2.24 −10 Worse 1.792 Worse

3.66 −27 7.012 1.084 47.8�

4.951 −15 7.381 1.381 40.95�
FIGURE 3 Model of circular patch antenna with 2 circular arms
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 (A) Model of circular patch with 1 added circular
arm and (B) calculation of the length [Color figure can be viewed
at wileyonlinelibrary.com]
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added circular arms are increasing periodically by the fac-
tor e2πa, while there were 3 turns that means 0 ≤ ϕ ≤ 6π.
The Equation 6 may be reduced to

L¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a−2 + 1

p
ρ−ρ0ð Þ ð7Þ

This means generally the relationship of the resonating
frequency to physical size of the antenna is being a function
of many variables such as , ϕ, and length.

2.3 | Third case

Similar to the previous case of adding another circular arm,
and also under the same physical conditions.

The low-frequency operating point is determined theo-
retically by the new outer radius r3 which has value of
0.8375 cm, with substituting the value of r3 into
Equation 2, the gotten result will be 5.7 GHz. The results
of resonating frequency f0 of the simulation for the third
case are 2.2483, 3.664, and 4.951 GHz. Once again, with
same assumption in the previous case but the radius is
0.875 cm the output of evaluated of Equation 1 is
6.77 GHz which is also closer to the value calculated in
Equation 2 of 5.7 GHz that represents the spiral than simu-
lated values.

TABLE 2 Simulated results in the fourth case

f0 (GHz) S11 (dB) D (dBi) VSWR

HPBW

; = 0
� ; = 90

�

1.92 −8.78 Worse Worse Worse Worse

2.64 −13.8 8.88 1.5 47.2� 46.6�

3.31 −23.2 7.37 1.1 45.8� 40.1�

3.98 −24.4 7.23 1.1 39.1� 45.3�

4.74 −16.1 7.06 1.3 44.3� 42.2�

FIGURE 5 Simulated of S-parameters

FIGURE 6 Simulated VSWR

FIGURE 7 2D farfield patterns at ; = 0� [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 4 Model of circular patch antenna with 3 circular arms
[Color figure can be viewed at wileyonlinelibrary.com]
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2.4 | Fourth case

This is the final case of the spiral shaped of circular patch
antenna which is shown by adding the third circular arm
with notation that the empty spaces before and after the sec-
ond arm are equal. It is noticeable in this case that the

dimensions of the length and the width of the substrate are
increased in the ratio of 300% (Figure 4).

With same steps to locate the value of the new radius
r4 of the midpoint of the added circular arm to the center of
circular patch, the result will be 1.3375 cm and by satisfying
in Equation 2, the result of low frequency flow will be
3.569 GHz (Figures 3 and 4).

By looking at the simulated results into the Table 2 we
will find that the result of flow is close to simulated value 3.31
GHz. In the latter assumption the radius is 1.375 cm the output
of Equation 1 will be 4.31 GHz which is the closest to the sim-
ulated value of 4.74 GHz as shown in the Table 2 than the
obtained value from Equation 2 which is 3.569 GHz.

The resonating frequencies are multiple as they are
shown in the Figure 5 and in the Table 2, which depend on
return losses −13.89, −23.206, −24.493, and −16.181 dB,
respectively, and also its −10 bandwidth are 0.098022,
0.13495, 0.15751, and 0.13827 GHz.

Graphically, achieved values of VSWR at the resonant
frequencies are in the range of 1:2 (Figure 6).

Now, the results shown below represent the farfield radi-
ation pattern in the positive z-direction of the final case, in
addition to the directivity over phi ; and theta θ angle in lin-
ear scaling mode.

FIGURE 8 2D farfield patterns at ; = 90� [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 9 Fabricated model [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 11 Comparison of S-parameters for all simulated cases
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Measured S-parameters [Color figure can be viewed
at wileyonlinelibrary.com]
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And,
The antenna propagates perpendicular to the structure

plane, this propagation unidirectional with equal beams
propagated from the front of the structure. The beams of the
radiator structure have a beamwidth which varies 39

�
and/or

more. Hence the farfield patterns in Figures 7 and 8 are
shown as a function of the operation frequencies.

3 | FABRICATION AND
MEASUREMENT

By using the material explained in the design part, the
antenna was implemented and measured with some differ-
ent changing like using Sub-Miniature Version A (SMA)
connector instead of coaxial feeding system which carries
same properties but not exact, in addition to the teething in
the circular arms (Figure 9).

It is believed that had an impact on shifting the signal as
shown in the Figure 12. The dotted graphic is the measured
and the non-dotted is the simulated Figure 10.

As shown from the Figure 10 the measured values were
from 1 to 4 GHz. The S-Parameters of the antenna is measured
by Rhode & Schwarz ZVB20 Vector Network Analyzer.

4 | COMPARISON AND ANALYSIS
RESULTS

Figure 11 shows s-parameters of all cases and clearly illus-
trates the difference between resonating frequencies in each
case. There are intersections but no exact overlapping. The

band is started wider in the first, second and third cases than
fourth case, but between the needed range of frequency, the
fourth case of the simulation displays the resonating fre-
quency is the better and at multipoint.

The noted point is the range of frequency decreased
steeply in both theoretical and simulation methods. In the
first case no combining shown, so the circular microstrip
patch’s formula was only used with note the large difference
between simulated (4, 21.24, and 34 GHz) and calculated
(39.51 GHz) frequency results.

By looking at the calculated resonant frequency in the
first case which represents the circular patch only and the
calculated low frequency in the second case with added a
circular arm, the difference was 28.61 GHz which shows a
major advance in the decrease of the frequency.

In the third case, the obtained result of frequency is
5.7 GHz which decreased about 50% form that case before
which was 10.9 GHz. However, this calculated value is
approaching of the simulated values shown in the Figure 5
which is out of our research coverage.

In view of the value of r4 in the fourth case which is the
radius of the final circular arm, the result of low frequency
being 3.569 GHz which is similar with a simulated value
shown in the Table 2. In the other hand, if the value of r4 is
satisfied in Equation 1 as a radius of a circle with assump-
tion that the empty spaces between arms are filled by perfect
electric conductor (PEC), the output will be 4.4 GHz which
is also closer to a simulated result shown in the Table 2.

The observer farfield patterns vary with varying of opera-
tion frequency with its survival on the direction of z.Half-Power
Beamwidth (HPBW) has an accepted result (around 45�) which
is the angle between the 2 directions in which the radiation
intensity is one-half of the beams. Remarkably, good patterns
can be obtained with spirals which have 3 turns of one arm.

As for the simulated and measured figure of s-parameter,
the shifting and the narrower band is clearly seen, this due to
several reasons, first one it may the combining between
2 type of antennas they carry some different properties for
each one, manufacturing defects as well, the difference in
the use SMA connector instead of coaxial feeding system
that the SMA isolated the inner PEC cylinder to outer PEC
cylinder with unknown dielectric constant which the used in
simulation was isolated by the same material of substrate
Rogers RT 5880. And also the radius of cylinders in the simu-
lated were 0.0175 cm for the inner cylinder and 0.55 cm for
the outer which vary to 0.0585 cm for the inner and 0.2 cm
for the outer in the used SMA connector, the range in shifting
is around 200 MHz in some cases, and also there is a differ-
ence in the value of return losses as shown in Tables 2 and 3.

It should be pointed out that all steps have been taken
such as measurements have calibration and fabrication errors.

Finally, we have reached to conviction that, whenever the
physical dimensions of the antenna enlarge the resonant fre-
quencies decrease, this was obviously in all analyzed cases.

TABLE 3 Measured results in the final case

f0 (GHz) S11 (dB)

1.484 −17.712

2.28 −29.015

3.026 −21.75

3.742 −30.83

FIGURE 12 S-parameters for simulated and measured [Color
figure can be viewed at wileyonlinelibrary.com]
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5 | CONCLUSION

This article discussed gradually the combining circular micro-
strip patch with Archimedean spiral antennas. From the previ-
ous we can deduce the results were numerical, in some cases
experimental and measured, in the sequence of cases in the
combining shapes, it has been seen a new shape of antenna
that called spiral-shaped microstrip patch antenna combined
the properties of the patch and the spiral, making the aim is
achieved such small size and good patterns and also less
HPBW. The frequency range discussed covers microwave up
to 5 GHz in order to be operable at multiple frequency band.
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Abstract
An imaginary-distance beam-propagation method based
on Yee’s mesh (ID-YM-BPM) is developed in cylindri-
cal coordinates, in which the mode number of the eigen-
mode field is strictly considered. The ID-YM-BPM is
second-order accurate with respect to the spatial mesh
size. A segmented cladding fiber is analyzed, showing
good agreement with other methods.

KEYWORDS

beam-propagation method (BPM), cylindrical coordinates, finite-

difference time-domain (FDTD) method, imaginary-distance procedure,

Yee’s mesh

1 | INTRODUCTION

It is necessary to evaluate the mode characteristics of optical
waveguides in the design of photonic integrated circuits. An
imaginary-distance beam-propagation method based on
Yee’s mesh (ID-YM-BPM) in Cartesian coordinates has
widely been used to efficiently generate the eigenmode of
optical waveguides.1,2 The use of Yee’s mesh has the advan-
tages that all electromagnetic components are evaluated, the
field of which can directly be used as an incident one for the
finite-difference time-domain (FDTD) analysis. On the other
hand, the conventional ID-BPM based on the wave equation
generates either the electric or magnetic field.

For the analysis of cylindrical structures in Cartesian
coordinates, the staircase approximation should be required
along the interface between different materials. This gives
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