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Formulate a Standard Flow Chart of Feeding the Low Profile Antenna

and Extract the AMC Band from the Reflection Phases

student : Chien-Jung Huang Advisors : Dr. Malcolm Ng Mou Kehn

Institute of Communications Engineering
National Chiao Tung University

ABSTRACT

A popular way to‘design a low profile antenna is by combining the
traditional antenna:with a high-impedance surface (HIS), because the HIS
can mimic the property of the perfect magnetic conductor (PMC) to
improve the radiation. However, the way to feed the low profile antenna
is still a big issue because the artificial magnetic conductor (AMC)
condition of the HIS is a frequency-dependent property. It means the
frequency band inrwhich the PMC property of the HIS prevails is limited.
This band is termed as the AMC region.” There had been intensive
research performed on the low profile antenna-but there has not been a
consistent, let alone identical'method for feeding the low profile antenna.
In consideration of that, matching the low profile antenna by a systematic
way IS our purpose.

To fulfill our idea, we should introduce the reflection phase first,
because when talking about the HIS structure, many researchers usually
characterize the AMC region of the HIS by the frequency range in which
the reflection phase lies between £45° (0° of reflection phase pertains to
PMC property). However, this does not consider the radiation pattern of
the traditional antenna. Because the reflection phase of the general
definition is defined by the normal incident wave, the waves excited by
the traditional antenna on the HIS are not all normal incident waves
toward the HIS. Therefore surveying the pattern of the traditional antenna
becomes the priority to extract the AMC band.
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Chapter 1 Introduction

1.1 Motivation

It has become increasingly important to use many antennas of different kinds for
various purposes ever since the explosive growth of wireless communications
technology. There are many applications such as mobile phones, vehicular
communications, digital house systems, and so on. Typically, compact planar antennas
are required. For most applications, it Is important for planar antennas to be also low
profile [1]—[3], so that they can be applied to vehicles:and digital houses with minimal
protrusion due to their thin thicknesses. A popular way to design a low profile antenna
is by combining the traditional antenna with a-high.impedance surface (HIS) [3]-[9],
because the HIS canr-mimic the property of the perfect magnetic conductor (PMC) to
improve the radiation. However, the way to feed the antenna is still a big issue
because the artificial magnetic conductor (AMC).[2,-10] condition of the HIS is a
frequency-dependent property. It:means the frequency band in which the PMC
property of the HIS prevails is limited. This band is termed as the AMC region. There
had been intensive research performed on the low profile antenna but there has not
been a consistent, let alone identical method [3, 9] for feeding the antenna. In
consideration of that, matching the low profile antenna by a systematic way is our
purpose since the antenna has good radiation property only if the feeding power can
be transmitted to the antenna. Therefore a systematic method for feeding the low
profile antenna is first sought. The design procedure includes three parts: first,
simulate the traditional antenna on the PMC to find out the impedance of the low

profile antenna; second, design the feeding network circuit to match the low profile
1



antenna; third, use the HIS to substitute for the PMC and get good agreement with our
expectation. To fulfill our idea, we should introduce the reflection phase [1, 11] first,
because when talking about the HIS structure, many researchers usually characterize
the AMC region of the HIS by the frequency range in which the reflection phase lies
between +45° [3, 6] (0° of reflection phase pertains to PMC property). The design

procedure developed in this thesis is systematic and general.

1.2 High impedance surface

Before introducing the HIS, we should introduce the two ideal physical entities used
in electromagnetic theory. One of them is the perfect.electric conductor (PEC), over
which the surface tangential electric field (ET) vanishes, whereas the tangential
magnetic field (H,) must not be zero. As the ||E;| divided by the |H,| equals to zero,
the PEC is a zero impedance surface; as shownin Figure 1.1 (a). The other is the
perfect magnetic conductor (PMC), whose tangential electric field E—t on the surface
must not be zero, whereas the E must-be vanish. For this case, the |Ei| divided by
the |H,| is infinity, so'the PMC isan infinite.impedance surface; as shown in Figure
1.1 (b). The so-called HIS bears the property whereby the E on the surface is not
zero, and the H, is very small. In this way, the |E¢| divided by the |H| is a very
high value, such that the HIS is regarded as a high impedance surface, as shown in

Figure 1.1 (c).
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Figure 1.1 (a) The E, and H, on the PEC and their relationship. (b) The E, and
H, onthe PMC and their relationship:(c) The~E;~and H, on the HIS and their
relationship.

1.3 Low profile antenna

According to the image theory, the electric current source can be mirrored about the
surfaces of both the electric and magnetic conductors but they have different
directions as shown in Figure 1.2. To achieve the concept of the low profile antenna,
the distance between the radiation source and the conductor ground plane should be
very small and the radiation source should be horizontal. Therefore, if the electric
conductor is used as the ground plane, the radiation source of the electric current will
be canceled by the image theory. As such, these points to the use of a magnetic

conducting ground plane instead of an electric conducting one for achieving low



profile antennas.

In the natural world, the Earth contains an abundance of the good electric conductors,
whereas good magnetic conductors do not naturally occur at all. The HIS is one of the
substitutes for the magnetic conductor. Unfortunately, though the HIS can mimic the
magnetic conductor, it is frequency-dependent. Unlike the wideband nature of the
natural electric conductor, the HIS has a limited band to mimic the good magnetic
conductor. Consequently, there are still many challenges to apply the HIS, and one of
the challenges is to find out where the good magnetic conductor band is.

Generally there is one method to find out where the good magnetic conductor band is
by interpreting the reflection phase. When looking-up the literatures, using the
reflection phase to describe the AMC band and then design the low profile antenna is

popular.
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Figure 1.2 (a) Image property of the PEC. (b) Image property of the PMC.

1.4 Reflection phase

General definition: suppose there is a periodic structure which is extended infinitely,
and now emit a plane wave to this periodic structure normally, and then determine the

electric field phase difference of the incident wave and the reflected wave. The phase

4



difference is the reflection phase of this periodic structure. Generally, the reflection
phase of an ideal PEC structure is always 180° as shown in Figure 1.3. Otherwise,
the reflection phase of an ideal PMC structure is always 0° as shown in Figure 1.4.

Both of them do not vary with the frequency.
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(b)
Figure 1.3 (a) The incident wave and the reflected wave on the PEC. (b) The
reflection phase of the PEC.



Hm Eln kout

kln Hout Eout

(a)

200

100

50

-50

-100

Reflection Phase (degree)

-150

-200
[0} 2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

(b)
Figure 1.4 (a) The incident wave and the reflected wave on the PMC. (b) The
reflection phase of the PMC.

In the natural world, the property of metals can be similar to that of the PEC, so when
we need to use the PEC, we will substitute the metal for the PEC. However, we
cannot find materials that are similar to the PMC in the natural world. To fulfill the
desire of the PMC, there comes a method which is the HIS concept. We use the
property of the periodic structure, and it can reach 0° of the reflection phase as
shown in Figure 1.5. The reflection phase can be 0° by the property of the HIS, but

the phase will vary with the frequency. Therefore, how to apply HIS to be similar to
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the PMC becomes the research topic nowadays.
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Figure 1.5 (a) The incident wave and the reflected wave on the HIS. (b) The
reflection phase of the HIS.
Measurement: because there is no equipment which can determine the phase
difference directly on the surface under test when the plane wave hits the surface, we
should utilize the following three steps to obtain the reflection phase.
First step is to use the horn antenna to emit the wave. At a sufficiently large distance
away, the wave can be similar to the plane wave. After this plane wave hits the surface
under test, use the other horn antenna to receive the reflected wave, and then obtain

the phase difference including the space distance as shown in Figure 1.6.
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Figure 1.6 (a) The first step of the refection phase measurement (b) The phase

difference of the surface under test including the space distance.

Second step is to substitute the metal for the surface under test. Then process the first
step where we use the horn antenna to obtain the phase difference as shown in Figure
1.7. The significance of this step is that we calibrate the phase difference of the space

distance between the horn antenna and the surface under test by it.
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Figure 1.7 (a) The second step of the refection phase measurement (b) The phase

difference of the metal including the space distance.

Third step is to subtract the phase difference of the metal including the space distance
from the phase difference of the surface under test including the space distance and
add the metal reflection phase which is 180°. Then after limiting the phase between
180° and —180°, the final data is the reflection phase of this surface under test as

shown in Figure 1.8.
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Figure 1.8 The third step of the reflection phase measurement (a) The phase
difference of the surface under test including the space distance. (b) The phase
difference of the metal including the space distance. (c) The reflection phase of the
metal. (d) The reflection phase of the surface under test.
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Chapter 2 Formulate a standard flow chart of

feeding the low profile antenna

2.1 Design the standard flow chart

profile antenna

Recently there are more and more researches of the low

of feeding the low

profile antenna, but there is

still no systematic method about how to feed the low profile antenna. Therefore there

are many different feeding methods when using the different types of the HIS

structure and the traditional antenna [3, 9]. Because to tr
antenna is a very important key point, we develop astan

profile antenna containing five steps-as shown-in Figure

y

K

¢
l

’

Step 1.

Step 3.

Obtain the

impedance

of this low
profile
antenna.

Step 2. l

Substitute
the PMC for
ISINE

Find out
where the
AMC region
1s of the
HIS.

]
t

ansit the energy into the
dard flow of feeding the low

2.1.

Step 4.

Step 5.

Design the .
: Substitute

the HIS for
the PMC.

feeding

network
circuit.

Figure 2.1 The standard design flow chart of the low profile antenna

Step 1, find out where the AMC region is of the HIS: uti
11

lize the reflection phase to



find out the AMC region of the HIS, and in this region the HIS will have the
approximate property of the PMC.

Step 2, Substitute the PMC for HIS: because the low profile antenna is composed of
the traditional antenna and the HIS, if the operating frequency is in the AMC region of
the HIS, we can substitute the PMC with HIS when simulating by computer.

Step 3, obtain the impedance of this low profile antenna: we can get the input
impedance of this low profile antenna in the Smith chart by the simulation software.
Step 4, design the feeding network circuit: use the matching circuit to adjust the input
impedance to near 50 ohms, and then it will own the good return loss we want.

Step5, Substitute back the HIS for the PMC: change back the HIS again, and then
confirm whether the simulations of the PMC case and the HIS case have the good

agreement with the approximate return loss ornot.

2.2 The example of the low profile antenna composed
of the corrugated surface andthe half-wave dipole

antenna

At first we use an example to experiment, and we will make use of the corrugated

surface as the HIS in this example as shown in Figure 2.2, and the parameter are

w=15mm,t=02mm,h=4mm, ¢ =4.3,

and the material of the metal is copper, and the material of the dielectric is FR4.

12
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Figure 2.2 The structure and the dimension of the corrugated surface.

Step 1: find out the AMC region of this structure, use the method in 0 to obtain the
reflection phase of this structure as shown.in Figure 2.3. Generally people think that
the property of the HIS is similar to'the PMC at the frequency whose reflection phase

of the HIS is 0°[3, 6].
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Figure 2.3 The reflection phase of the corrugated surface and the 0° point is at
9.026 GHz.
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Then we judge the frequency whose reflection phase is 0° is the same frequency that
we will design and operate the low profile antenna at the frequency. Due to Figure 2.3
we know the frequency is 9.026 GHz. Because the half-wave dipole antenna has
well-known good radiation behavior, in this example we will combine the low profile
antenna with the half-wave dipole antenna operating near 9.026 GHz and the

corrugated surface as shown in Figure 2.4, and its parameters are

y =6.81 mm, g = 0.544 mm, r = 0.25 mm, X = 0.125 mm,

and the distance between the half-wave dipole antenna and.the corrugated surface is

far less than the wavelength of the operating frequency 9.026 GHz by about 0.0038

times. It thus conforms to the definition of the low profile antenna:

~

S—
—

i

|

Pmp- x

Figure 2.4 The dimension of the low profile antenna composed of the half-wave
dipole antenna and the corrugated surface.



Step 2: utilize the simulation software to substitute the PMC for the corrugated

surface as shown in Figure 2.5.

Ny

by

z

Figure 2.5 Substitute the PMC for the corrugated surface.

Step 3: find out the position of the-input impedance-in the Smith chart of the low
profile antenna which is substituted by the PMC in Figure 2.5. Then we obtain its

input impedance of about 180 ohms-as shown in Figure 2.6.

S-Parameter Smith Chart

9 9.026000 ( 182.288528, 0.113906 ) Ohm

Figure 2.6 The impedance of the low profile antenna composed of the PMC.
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Step 4: matching circuit can be completed by many different ways, and here we will

use the RO4003 printed circuit board as shown in Figure 2.7. Its parameters are

t=0.178 mm, h=0.508 mm, ¢, =3.55,

and it will be designed as the transmission line network to complete this mission.

Copper

_id Wy
/\_/r

h Dielectric (&)

Figure 2.7 The dimension of the RO4003 printed circuit board.

At first to equalize the current transiting into the-half-wave dipole antenna, we need a

balun structure as shown in Figure 2.8, and its parameters are

a; =8.68mm, a, =1.131 mm, a; =5.787 mm, w; =0.8mm, b; =2.579 mm,

b, =4.051 mm, b; =1.082 mm,

and there are two functions of this balun. One is to balance the current, and the other
is to adjust the high input impedance to lower the input impedance by about 32 ohms

as shown in Figure 2.9.

16



Figure 2.8 The structure and the dimension of the balun made by the RO4003.

S-Parameter Smith Chart

©o 6 (188, -354) Ohm
* 14 (8.66, -51.4) Oh
Frequency / GHz

9 9.026000 ( 32.104059, -4.200199 ) Ohm

Figure 2.9 The impedance of the low profile antenna with the balun.
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Then the quarter-wave transformer is utilized to cascade the balun and the 50 ohms

transmission line as shown in Figure 2.10, and its parameters are
c; =141mm, ¢, =1.7mm, d; =10 mm, d, =1.12 mm,

to complete the feeding network, and we will know the power can be transited in to it

at 9.026 GHz because the return loss is about -16.79 dB as shown in Figure 2.11.

Transformer \

| R

50 ohms transmission line

l:-}'
ral
=

. -

Figure 2.10 The structure and the dimension of the transformer to the 50 ohms
transmission line.
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Figure 2.11 The return loss of the low profile antenna including the feeding

network with the PMC.

Step 5: change back the corrugated surface as shown in Figure 2.12, and then simulate
its return loss as shown in Figure 2.13. Unfortunately, the result of the corrugated
surface case does not have the same agreement with the PMC case, because the return
loss of the corrugated surface case Is only about -9.76 dB. We will explain why the

result is not good and how to improve this in the next chapter.

PPN

z

L

x

Figure 2.12 Substitute the corrugated surface for the PMC back.
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Figure 2.13 The return loss of the low praofile antenna including the feeding
network with the corrugated Surface.

2.3 Verify the simulation result and the-measurement

result

Although the example in Section 2.2 does not show good results, we still have to
fabricate the actual structure and verify whether the simulations and the measurement
results are the same or not. Then we fabricate the real corrugated surface which is
similar to the simulation case as shown.in Figure-2.14'(a), and measure its reflection
phase to compare with the simulation result as shown in Figure 2.14 (b). In Figure
2.14 we can know the real corrugated surface is very similar to the simulation

structure.
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Figure 2.14 (a)The fabrication of the corrugated surface. (b) Its reflection phase.

Then we proceed to fabricating the half-wave dipole antenna and the feeding circuit
as shown in Figure 2.15 (a), and combine them as shown in Figure 2.15 (b). Now
measure the return loss of the low profile antenna as shown in Figure 2.16, and we
can find out at the frequency 9.026 GHz we concern the return loss is about -8.85 dB,

and it is quite close to the simulation result.
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(b)

Figure 2.15 (a)The fabrication of the feeding network. (b) The measurement

situation of the low profile antenna.
Z ,/ N |=Simulation
w0 --Measurement
_4:":>-’\ / a8 Y
' -9.76 dB §
&
_cl-lo ! <'1{!‘““ i
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g \/ i —
-14 V ‘\
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Frequency (GHz) at 9026 GHZ

Figure 2.16 The return loss of the low profile antenna.
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Chapter 3 Extract the AMC region of the HIS
from the radiation pattern of the traditional

antenna and the reflection phases of the HIS

At the example in Section 2.2, we obtained a result that we do not expect. Therefore
finding out which step is wrong becomes the most important mission. After checking
the five steps, it is obvious that step 1 is already wrong in that example because step 2
to step 5 are based on the hypothesis of the correct AMC region at step 1, and only if
step 1 is correct, the other steps can become functional. In this chapter we aim to find
out the AMC region of the HIS when designing the low profile antenna, and also
adjust the example in‘Section 2.2 to-achieve a complete design of the low profile

antenna.

3.1 The radiation pattern of the traditional half-wave

dipole antenna

From step 1 in Section 2.2 the A AMC region of the HIS can be determined by using the
reflection phase according to the general definition. However, this does not consider
the radiation pattern of the antenna. Because the reflection phase of the general
definition is defined by the normal incident wave, the waves excited by the traditional
antenna on the HIS are not all normal incident waves toward the HIS. Therefore
surveying the pattern of the traditional antenna becomes the priority. To adjust the
example in Section 2.2, we should understand the radiation pattern of the half-wave

dipole antenna as shown in Figure 3.1.
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Figure 3.1 (a) The 3D pattern of the half-wave dipole antenna. (b) The yz plane
pattern.

From Figure 3.1 we can know the electromagnetic waves radiated by the half-wave
dipole antenna are the strongest towards every-direction.in the yz plane. Therefore
when this antenna is‘put on the HIS, it is very important to consider that there are
many electromagnetic waves with different directions which affect the HIS as shown
in Figure 3.2. This iswhy the example in Section 2.2:has the wrong result because of

considering the reflection‘phase determined only by the-normal incident wave.

Figure 3.2 The waves exited by the half-wave dipole antenna illuminate the HIS
with different angles and strengths.
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3.2 The global definition of the reflection phase

Global definition: consider an infinite periodic structure illuminated by a plane wave
arriving from an arbitrary incident angle [6, 11]. The phase difference of the electric
field between the incident wave and the reflected wave is the global reflection phase
of the structure. Moreover, the global reflection phases whose electric fields are
parallel with the surface under test are TE, modes and the global reflection phases
whose magnetic fields are parallel with the surface under test are TMyz modes, as

shown in Figure 3.3.

H,, Ko

El‘l’l

Eout
N\ e

7!1!!11!!11!!11”’1?

7 Surface under test 4 Surfaee under test

N

Py

(a) (b)

Figure 3.3 (a) The TE, definition of the reflection phase. (b) The TMy definition
of the reflection phase.

Measurement: the approach is the same as that of Section 1.4. Use two horn antennas
to measure the surface under test, and the difference is that in Section 1.4 we transmit
the normal incident wave and in this section we transmit incident waves with different
angles when needing the different global reflection phases as shown in Figure 1.1 (a).

The global reflection phase varies with 6 as shown in Figure 3.4 (b).
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Figure 3.4 (a) The measurement method of the global reflection phase. (b) Three
examples of the TE, mode.

3.3 Extract the AMC region of the HIS

In Section 3.1 we already know that the greatest strengths of the pattern radiate
toward the corrugated surface in the yz plane, and in the yz plane the electric fields of
the incident waves are parallel with the corrugated surface, so they are all TEy

modes as shown in Figure 3.5. Therefore we need to obtain the TE,; mode data of the
26



global reflection phases between 8 = —90° and 6 = 90° to extract the correct

AMC region of the corrugated surface in Section 2.2.

_ ‘ P T_)
2w o\ y
E .
- k

W// Corrugated surface ///////A

Figure 3.5 The TE, mode waves excited by the-half-wave dipole antenna on the
corruaated surface.

Z

The four TE,y mode samples of the corrugated surface in Section 2.2 are as shown in
Figure 3.6 which are computed by CST software. We need to find a way to obtain the
key point of step 1.n the standard flow chart of feeding low profile antenna: and

confirm the hypothesis of the AMC region:

200 —y—
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=0 =80°
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Frequency (GHz)

Reflection Phase (degree)

Figure 3.6 The reflection phases of the corrugated surface.
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From Figure 3.6 we can observe that TE . curve is what we use to judge the AMC
region of the corrugated surface, because the global reflection phase TEg mode
which 6 = 0° is the same as the general definition of the reflection phase. It is
obvious that only considering the TE. is not enough. According to the radiation
pattern in Section 3.1, we can observe that the most interactions with the corrugated
surface are all the TE, modes, so the AMC region of the corrugated surface must be
deeply related with the TE, mode waves. Moreover, their radiation strengths are
the same, so there is a method to find out the AMC region of the corrugated surface:
average these global reflection phase .TEy-modes which represent the most
interactions between the half-wave dipole antennaand the corrugated surface, and
these global reflection phase TE, modes we need are over the range between

6 = —90° and 6 =90° as shown in Equation 1.

Re(F) = J g TEa(F)d9 (1)
The R, represents the effective reflection phase that we use to define the AMC
region of the HIS when we use the standard flow chart of feeding the low profile
antenna to design the matching circuit. The frequency of the 0° effective reflection
phase is where the HIS is most similar to the PMC in the case of the low profile
antenna composed of the traditional antenna and the HIS. Comparing with step 1 in
Section 2.2, that way seems very rough. Now we calculate the effective reflection
phase by Equation 1, and then we obtain Figure 3.7. This is the really correct and
effective way to use at the example in Section 2.2. In the following section we will

utilize it well to design the feeding network of the low profile antenna.
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Figure 3.7 The effective reflection phase of the corrugated surface.

3.4 Redesign the low-profile antenna in-Section 2.2 by

the effective reflection phase

From Section 3.1 to-Section 3.3, we already know how to extract the AMC region of
the HIS to design the low profile antenna:. We have this key point, so we can make the
standard flow chart of feeding the low profile antenna functional and working well.

Now we adjust the example.in Section.2.2, and show:its effect.

Step 1: find out the effective AMC region of the corrugated surface as shown in
Figure 3.8. After judging by the effective reflection phase, we can obtain the
frequency as 9.945 GHz when the R, = 0°, and this is the frequency that the

corrugated surface is most similar to the PMC.
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Figure 3.8 The corrugated surface’s effective reflection phase is 0° at 9.945 GHz.

At this example we.can combine-the-low profile antenna with the half-wave dipole

antenna operating near 9.945 GHz and the corrugated surface as shown in Figure 2.4,

and its parameters are

y =6.155 mm, g =0.544 mm, r = 0.25.mm, X = 0.125 mm,

and the distance between the half-wave dipole antenna and the corrugated surface is

far less than the wavelength of the operating frequency 9.945 GHz by about 0.0041

times. It thus conforms to the definition of the low profile antenna.

Step 2: utilize the simulation software to substitute the PMC for the corrugated

surface as shown in Figure 2.5.

Step 3: find out the position of the input impedance in the Smith chart of the low
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profile antenna which is substituted by the PMC in Figure 2.5. Then we obtain its

input impedance is about 180 ohms as shown in Figure 3.9.

S-Parameter Smith Chart

9 9.945000 ( 182310183, 0.012521 ) Ohm

Figure 3.9 The impedance of the low profile antenna.composed of the PMC.

Step 4: use the printed circuit board RO4003 to achieve this mission. Design a balun

structure as shown in Figure 3.10, and its parameters are

a; =7.899mm, a, =1.131 mm, a; =5.266 mm, w; =0.8 mm, b; =2.311 mm,
b, =3.597 mm, by =1.069 mm,

and this balun has two functions. One is to balance the current and the other one is to

adjust the higher impedance in the Smith chart to the lower impedance of about 31

ohms, as shown in Figure 3.11.
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Figure 3.10 The structure and the dimension of the balun-made by the RO4003.
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Figure 3.11 The impedance of the low profile antenna with the balun.
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Then utilize the quarter-wave transformer to cascade the balun and the 50 ohms

transmission line as shown in Figure 3.12, and its parameters are

c; =12.75mm, ¢, =1.72mm, d; =10mm, d, =1.12 mm,

to complete the feeding network, and we will know the power can be transited in to it

at 9.945 GHz because the return loss is about -16.38 dB as shown in Figure 3.13.

Transformer \

50 ohms transmission line

/
= =z
}'LX
Hd
x
Figure 3.12 The structure and the dimension of the transformer to the 50 ohms
transmission line.
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Figure 3.13 The return loss of the low profile antenna including the feeding

network with the PMC.

Step 5: change the corrugated surface back again as shown in Figure 3.14. Then

simulate its return lass as shown in Figure 3.15, and we.can obtain the return loss is

about -17.85 dB at'9.945 GHz. This simulation result is exciting because it confirms

that the AMC region of the HIS we find-out is correct, and proves the standard

flow chart of feedingthe low profile antenna is very functional.

SN

z

k

ke

Figure 3.14 Substitute the corrugated surface for the PMC back.
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Figure 3.15 The return loss of the low profile antenna including the feeding
network with the corrugated surface.

3.5 Verify the simulation result and the-measurement

result

Although the results-in Section 3.4 conform to our expectation, we still have to verify
whether the simulation and the fabrication are the same or not. As such, we measure
the global reflection phases of a manufactured prototype and compare with the
simulation results, as shown.in Figure.3.16. \We can observe that the measured and the

simulated reflection phases are in decently approximate agreement.
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Figure 3.16 The fabrication of the corrugated surface’s global reflection phase
examples.

We manufacture the feeding circuit as shown in Figure 3.17 (a), and the whole low

profile antenna is accomplished as shown in Figure 3.17 (b). After measuring this low
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profile antenna, we get the return loss as shown in Figure 3.18, and it is about -17.95

dB at 9.945 GHz. It shows good agreement with the simulation result.

(b)
Figure 3.17 (a) The fabrication of the feeding network. (b) The measurement
situation of the low profile antenna.
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Figure 3.18 The return loss of the low profile antenna.
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Chapter 4 Apply to the different type of the HIS

In the previous three chapters we have described the standard procedure of how to
design the low profile antenna, and also have used two examples to show how to
utilize the procedure. In this chapter we will aim to extend to another HIS structure, to

verify the repeatability of the procedure.

4.1 Frequency selective surface (FSS)

In the previous two chapters, the two examples all used the corrugated surface to
represent the HIS, and utilized our extraction.method from those global reflection
phases to approach the PMC property. In this chapter, we will adapt the FSS [12] to
design the low profile antenna, and the emphasis of this chapter is that, if we can
utilize the same systematic procedure to complete the design of different types of the
HIS, then this systematic procedure will be effective and powerful. The dimension

and the structure of the FSS we use are as.shown in Figure 4.1.1ts parameters are
w=6mm,g=1mm,t=0.035mm, h=216mm, & =4.3,

and the material of the metal is copper and the material of the dielectric is FRA4.
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Figure 4.1 The structure and the dimension of the FSS.

4.2 Calculate the effective reflection phase according

to the radiation-pattern of the traditional antenna

To compare the difference, we still-use the half-wave dipole antenna as our traditional
antenna, and the only difference is that the FSS.is substituted for the corrugated
surface. The same method as in Section-3.3 is then carried out. As shown in Figure 3.5,
the global reflection phase TEg modes of the FSS between 6 = —90° and 6 = 90°
which are computed by CST software is first obtained as shown in Figure 4.2 (a),
Equation 1 is then used to calculate the effective reflection phase from which the low

profile antenna can be designed, as shown in Figure 4.2 (b).

39



= =0°
< =0 =40°
=220 = 60°
o \‘\ =:9=80°
o 1
A !
8
© vl
c 0 v
o \‘*‘
g -50
g -100
&" -150
—2000 2
(a)
200
© 150
)
.
8’ 100
s \
~ \
o 9
; \
c 0
T A
s ¥ Q° 7
2 0° at 8.44 GHz \
P -100r—
D \
N~
0: -150 S ——
-200, 2 4 6 8 10 12 14
Frequency (GHz)
(b)

Figure 4.2 (a) The reflection phases of the FSS. (b) The FSS’ effective reflection
phase is 0° at 8.44 GHz.
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4.3 Utilize the standard flow chart to design the low

profile antenna

Step 1: by the calculation procedure for the effective reflection phase as laid out in in
Section 4.2, the frequency corresponding to zero phase is 8.44 GHz. Therefore we
combine the low profile antenna with the half-wave dipole antenna operating near

8.44 GHz and the FSS in Section 4.1 as shown in Figure 4.3, and its parameters are
y =7.381 mm, g = 0.544 mm, r = 0.5 mm, X = 0.09 mm,
and the distance between the half-wave dipole antenna and the.FSS is far less than the

wavelength of the operating frequency about 0.0025 times. It conforms to the

definition of the low profile antenna.

=
l——r' ¥

Figure 4.3 The dimension of the low profile antenna composed of the half-wave
dipole antenna and the FSS.



Step 2: utilize the software to substitute the PMC for the FSS, as shown in Figure 4.4.

<)

{

»

Figure 4.4 Substitute the PMC for the ESS.

Step 3: from the Smith chart, find-out the position of the inputimpedance of the low
profile antenna which is substituted-by the PMC in Figure 4.4. Its.input impedance is

found to be about 193 ohms as shown in Figure 4.5.
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S-Parameter Smith Chart

9 8.440000 ( 193430361, =3:291751 ) Ohm

Figure 4.5 The impedance of the low profile antenna composed of the PMC.

Step 4: use the printed circuit board RO4003 to achieve this'mission. Design a balun

structure as shown in Figure 4.6, and-its parameters are

a, =5mm, a, =143l mmy.as =11l mm, wy =0.8 mm, b; =3.623 mm,

b, =1.381'mm, b; =2.773 mm,
and there are two functions of this balun. One is to balance the current, and the other

one is to adjust the high input impedance to lower the input impedance to about 22

ohms as shown in Figure 4.7.
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Figure 4.6 The structure and the dimension of the balun made by the RO4003.
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S-Parameter Smith Chart

1
o 7 (23, -33.9) Ohm 0.75 1.3
e 11 (252, 142) Ohm
Frequency / GHz

9 8.440000 ( 22.132984, 0.285340') Ohm

Figure 4.7 The impedance of the low profile antenna with the balun.

Then utilize the quarter-wave transformer to cascade the balun and the 50 ohms

transmission line as shown in Figure 4.8, and its parameters are

c; =52mm, ¢, =201 mm, d; =5mm, d, =1.12 mm,

to complete the feeding network, and we will know the power can be transited in to it

at 8.44 GHz because the return loss is about -26.81 dB as shown in Figure 4.9.
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Figure 4.8 The structure and the dimension of the transformer to the 50 ohms
transmission line.
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Figure 4.9 The return loss of the low profile antenna including the feeding network
with the PMC.
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Step 5: change the FSS back again as shown in Figure 4.10. Then simulate its return
loss as shown in Figure 4.11, and the return loss is about -26.74 dB at 8.44 GHz. This
simulation result conforms well to our expectation. This ensures that this newly

formulated method is a systematic and repeatable one that is applicable to different

types of HIS.
z
¥
x

Figure 4.10 Substitute the ESS for the PMC back.
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Figure 4.11 The return loss of the low profile antenna including the feeding
network with the FSS.

4.4 Verify'the simulation result and the measurement

result

Although the results'in Section 4.4 conform to-our-expectation, we still have to verify
whether the simulations:and the measurement performed ona manufactured prototype
are the same or not. The real fabricated FSS is photographed in Figure 4.12 (a) and
measure its global reflection phases and ‘compare with the simulation results, as

shown in Figure 4.12 (b). We can observe that the fabrication and the simulation are

very approximate.
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Figure 4.12 (a)The fabrication of the FSS. (b) Its reflection phases.
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We manufacture the feeding circuit as shown in Figure 4.13 (a), and the whole low
profile antenna is accomplished as shown in Figure 4.13 (b). After measuring this low
profile antenna, we get the return loss as shown in Figure 4.14, and it is about -26.14

dB at 8.44 GHz. It shows good agreement with the simulation result.

(a)

(b)
Figure 4.13 (a)The fabrication of the feeding network. (b) The measurement
situation of the low profile antenna.
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Figure 4.14 The return loss of the low profile antenna.
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Chapter 5 Apply to the different type of the

traditional antenna

In Chapter 4 we succeeded in demonstrating that the design procedure of the proposed
standard flow chart can be applied to different types of HIS. In this chapter we will
take on the challenge of using different types of traditional antenna. Now we still
maintain the research principle of changing one condition at a time when comparing
the experiments. In this chapter we will confirm again that when designing the low
profile antenna, how to determine the AMC region of the HIS is deeply related to the
radiation pattern of the traditional antenna at step 1.of the standard flow chart. In the
following section we will-adapt the folded dipole antenna and the FSS structure in

Chapter 4 to combine a low profile antenna.

5.1 The structure and the radiation pattern of the

traditional folded dipole antenna

The structure of the folded dipole antenna as shown in Figure 5.1, and this antenna is
applied widely in our life. Generally-its total length is-almost the half wavelength of
the operating frequency. Its 3D pattern is as shown in Figure 5.2 (a) and it has the
most radiation pattern and the similar strengths every direction in the yz plane as

shown in Figure 5.2 (b).
————— A
Figure 5.1 The shape of the folded dipole antenna.
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(a)
Figure 5.2 (a) The 3D pattern of the folded half-wave dipole antenna. (b) The yz

plane pattern.

5.2 Extract.the AMC.region of the FSS

In Section 5.1 we already know-the-pattern of the folded dipole antenna has the
approximate strengths in the yz plane, and the electric fields of the waves excited by
the folded dipole antenna are all parallel'with the FSS as shown in Figure 5.3.
Therefore we should obtain the data of the global reflection'phase TE, modes
whose 6 between —90° and 90°_have been as shown.in Figure 4.2 (a). We have
also extracted the effective reflection phase from those global reflection phase TE,

modes for this folded dipole antenna as shown in Figure 4.2 (b).
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Figure 5.3 The TEy mode waves excited by the folded dipole antenna on the FSS.

5.3 Utilize the standard flow to-design the low profile

antenna

Step 1: in Section 5.2 we got the effective reflection phase, and the frequency
corresponding to zero phase is 8.44 GHz. Therefore we adapt the folded dipole
antenna operating near 8.44 GHz and the FSSstructure in Section 4.1 to combine the

low profile antenna as shown in Figure 5.4. Its parameters are
w=11mm,q=01mm,y=7.384mm,g=0.544 mm, r=0.5 mm, x =0.09 mm,
and the distance between the folded dipole antenna and the FSS is far less than the

wavelength of the operating frequency 8.44 GHz about 0.0025 times, so it conforms

to the definition of the low profile antenna.
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Figure 5.4 The dimension of the-low profile antenna composed-of the folded
half-wave dipole antenna and the FSS.

Step 2: utilize the software to substitute-the PMC for the FSS, as shown in Figure 5.5.

|

= X

Figure 5.5 Substitute the PMC for the FSS.

Step 3: from the Smith chart, find out the position of the input impedance of the low

profile antenna which is substituted by the PMC in Figure 5.5. Its input impedance is
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found to be about 511 + 336i ohms as shown in Figure 5.6.

S-Parameter Smith Chart

1
o 7 (270, 316) Ohm 0.75 13
¢ 11 (151, -376) Ohm 0.5
Frequency / GHz

e 8.440000 ( 5118053429, 336.155884 ) Ohm

Figure 5.6 The impedance of the low profile antenna composed of the PMC.

Step 4: use the printed circuit board RO4003 to-achieve this mission. Design a balun

structure as shown in Figure 5.7, and its parameters are

a; =6.345mm, a, =10.925 mm, w, =0.5mm, b; =2.008 mm, b, =1.896 mm,

b; =1.5mm,

and there are two functions of this balun. One is to balance the current, and the other

one is to adjust the high input impedance to lower the input impedance to about 10

ohms as shown in Figure 5.8.
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Figure 5.7 The structure and the dimension of the balun-made by the RO4003.

56



S-Parameter Smith Chart

1
© 7 (45, -84) Ohm 0.75 1.3
¢ 11 (109, -294) Ohm -
Frequency / GHz

q 8.440000 ( 10.156353, -1.793165 ) Ohm

Figure 5.8 The impedance of the low profile antenna with the balun.

Then utilize the quarter-wave transformer to cascade the balun and the 50 ohms

transmission line as shown in Figure 5.9, and its parameters are
c; =4.66 mm, ¢, =3.351 mm, d; =5mm, d, =1.12 mm,

to complete the feeding network, and we will know the power can be transited in to it

at 8.44 GHz because the return loss is about -20.15 dB as shown in Figure 5.10.
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Figure 5.9 The structure and the dimension of the transformer to the 50 ohms
transmission line.
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Figure 5.10 The return loss of the low profile antenna including the feeding
network with the PMC.
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Step 5: change the FSS back again as shown in Figure 5.11. Then simulate its return
loss as shown in Figure 5.12, and the return loss is about -20.57 dB at 8.44 GHz. This
simulation result conforms well to our expectation. Consequently, we prove again that

considering the radiation pattern of the different type of the traditional antenna is

necessary.

Figure 5.11 Substitute the FSS for the PMC back.
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Figure 5.12 The return loss of the low profile antenna including the feeding
network with the FSS.
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5.4 Verify the simulation result and the measurement

result

Although the results in Section 5.3 conform to our expectation, we still have to verify
whether the simulations and the measurements performed on a manufactured
prototype are the same or not. The real fabricated FSS and its global reflection phases

have been as shown in Figure 4.12.

We manufacture the feeding circuit as shown in Figure 5.13 (a), and the whole low
profile antenna is accomplished as shown.in Figure 5.13 (b). After measuring this low
profile antenna, we get the return loss as shown in Figure 5:14, and it is about -20.44

dB at 8.44 GHz. It shows good agreement-with.the simulation result.
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Figure 5.13 (a)The fabrication of the feeding network. (b) The measurement
situation of the low profile antenna.
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Figure 5.14 The return loss of the low profile antenna. :

61



Chapter 6 Conclusion

After surveying many researches about the low profile antenna design, we can
observe that there are a lot of ways to transmit the power to the low profile antenna.
However, the methods of feeding the low profile antenna are case by case, it will cost
the researchers a lot of time to try and tune their structure to reach the purpose of
getting the good return loss. In view of this, developing the standard design flow
seems a milestone of the upgrade about the low profile antenna design. In Chapter 2
we create the procedure but still lack a key of finding out the AMC region.
Consequently in Chapter 3 we grasp the key to solve that issue, and get a very good
result. But we think it is still not enough, we should-experiment with more cases of
different kind of the HIS and the traditional antenna to confirm the truth of the good
function of this standard design flow chart. Therefore we extend this procedure to the
different kind of the HIS in Chapter 4 and the different kind of the traditional antenna
in Chapter 5, and the results are also show: the very good agreement with our
expectation. We hope this systematic method can provide those researchers study in
the low profile antenna the simple and.clear way-to transmit the power to their low

profile antenna.
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