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ABSTRACT

DEFECTED GROUND STRUCTURE AND ITS
APPLICATIONS TO MICROWAVE DEVICES AND
ANTENNA FEED NETWORKS

Kilig, Ozgehan
M.Sc., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Simgsek Demir

September 2010, 74 pages

This thesis reports the analysis of the rectangular shaped defected ground structure
(RS-DGS) and the application of the structure on some microwave devices. DGS is ana-
lyzed in terms of its superior properties, which enables the designers to easily realize
many kind of microwave devices which are impossible to achieve with the standard ap-
plications. Within the scope of this thesis, the focus is on the rectangular shaped DGS
and its characteristic properties. The basic slow wave and high impedance characteristics
are utilized in the design of some microwave devices. The design is carried on at the two
different frequency bands: X-band and K, band, centering at 10 GHz and 35 GHz, re-
spectively. Finally, using the high impedance property and the coupling between the
defects, a wide band 1 : 4 beam forming network is designed and implemented at

10 GHz.

Keywords: Defected Ground Structure (DGS), impedance matching, high impedance,

beam forming network (BFN), aperture coupling, unequal power divider.
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KUSURLU TOPRAKLI YAPILAR VE MiKRODALGA
AYGITLARDA VE ANTEN BESLEME AGLARINDA
UYGULAMALARI

Kilig, Ozgehan
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Assoc. Prof. Dr. Simsek Demir

Eyliil 2010, 74 sayfa

Bu tez calismasinda kusurlu toprakli yapilar ve bu yapilarin mikrodalga aletlere
uygulamalar1 incelenmistir. Kusurlu toprakli yapilar standart uygulamalarla basarilmasi
imkansiz olan mikrodalga aygitlar kolayca gerceklestirmeye izin veren iistiin 6zellikleri
acisindan incelenmektedir. Bu tezin igeriginde, odak dikdortgen sekilli kusurlu toprakli
yap1 ve onun belirleyici 6zelliklerindedir. Temel yavas dalga ve yiiksek empedans 6zel-
likleri bazi mikrodalga aletlerin tasariminda kullanilmaktadir. Tasarim X banti ve K,
banti olmak tizere, 10 GHz ve 35 GHz merkezli iki farkli frekans bandinda
sirdiiriilmiistiir. Sonuc¢ olarak, yiiksek empedans o6zelligi ve kusurlar arasindaki

baglasim kullanarak genis bantli 1 : 4 bir yap1 10 GHz’de tasarlanmis ve uygulanmaistir.

Anahtar Kelimeler: Kusurlu toprakli yapilar, empedans uyumlama, yiiksek empedans,

1stmim kurma agi, aciklik baglasimi, esitsiz gii¢ boliicii.
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CHAPTER 1

INTRODUCTION

With the enlarging application areas of the wireless technology, microwave engineers are
forced to extend the in-use frequency band up to V and E bands from the first arising HF
and VHF bands. As the frequency of interest has extended over the L band, standard
lumped component approach has failed, and the implementation of the reactance was
done by the short-line approximation which made use of the short-length transmission

lines accomplishing the capacitive and inductive behaviors.

Short-line approximation is a modeling technique which was widely used as a standard
method for the realization of the reactance in various filter applications. However, the
design considerations of various filters have necessitated unrealizable transmission lines
with non-standard line impedances, so new methods are widely encountered. Additional-
ly, due to the variety of the design considerations, standard methods are overtaken by the

novel, application-based methods.

Novel methods based on the design considerations of the designer are not only used in
reactance realization or filtering applications, but used in any components of the micro-

wave area by making use of the flexibility of the distributed elements.

Restrictions due to the realization of the transmission lines are encountered in any mi-
crowave components, even in the most basic ones. Considering the microstrip line, high
impedance lines are implemented in the form of thin lines which requires a precise pro-

duction technology.

In a systematic approach, i.e., if a system of microwave devices is considered, the non-
standard line impedances have to be used frequently since they will be used for the im-

pedance matching purposes and practically these non-standard impedance stubs are rea-



lized in the form A/4-length stubs. Hence, this standard approach makes the total struc-
ture bulky with the additional A/4-length stubs. Moreover, the non-standard line widths,
and the transitions between the standard and the non-standard line widths are also dis-
tressed in terms of the production technology restrictions and radiation effects at the

transitions.

If an application that can realize the non-standard impedances with standard line widths
in shorter distances can be valid, then it would be convenient to use it in place of the
standard impedance matching circuitries. This kind of a new application, of course, will
have some advantages and disadvantages that also has to be considered before the im-

plementation.

Defected Ground Structure (DGS) is the first application that comes to mind when the
line is preferably not disturbed. A defect on the ground can change the propagation prop-
erties of a transmission line with changing the current distribution on the ground side,
and the alignment of the fields between the ground and the line. Thus, novel microwave
components like couplers, dividers, filters, impedance transformers can be made up. The
structure in the most basic form consists of a line with defects on its ground
(See Figure 1). The shape, dimension, repetition, etc. properties of the defect determines

the utilization of the DGS.

Figure 1. Defected Ground Structure for Microstrip Line.



The rectangular-shaped DGS (RS-DGS) resembles a transmission line structurally. Fur-
thermore, it is observed to act as a high impedance transmission line [1-12]. Hence,

RS-DGS can be used in the desired matching circuitries of the microwave components.

In this study, RS-DGS is used for its high impedance and slow-wave properties which
make the designed microwave design compact and easy-to-implement. RS-DGS is im-
plemented on the power divider and antenna feed network structures for matching, and

power ratio variation purposes.

Organization of the thesis is as follows: Chapter 2 introduces a brief literature review of
the defected ground structures (DGS). Furthermore, analysis on the rectangular-shaped
defected ground structure (RS-DGS) is carried out for the characterization of the struc-

ture.

Chapter 3 focuses on the design of power divider design with RS-DGS at 10 GHz. Two
types of power divider structures are covered; T-junction and aperture-coupled power
dividers. T-junction is designed for the equal and unequal power division cases, and the
aperture-coupled for unequal, and varying port power case. Additionally, the power loss

examination of the aperture-coupled one is carried out.

In Chapter 4, the T-junction design by RS-DGS is extended to equi-phase, and
equi-magnitude corporate antenna feed network at 10 GHz and 35 GHz. The 1 : 4, and
1 : 8 feed networks are designed at 10 GHz, and a 1 : 4 one is designed at 35 GHz. The
implementation of the 10 GHz, 1 : 4 is also completed, and the corresponding measure-

ments are presented.

Chapter 5 presents the conclusions of the thesis. The conclusions on the work completed,
and the improvements achieved on each structure are expressed. Finally, the future work

that can be performed on this subject is discussed.



CHAPTER 2

DGS ANALYSIS

There are various DGS studies in the literature not only for the analysis of the effect of
the defects, but also for the implementation of the defects in various structures in mi-
crowave devices. It would be wise to have a look at the previous DGS studies first, and

then present the contribution of this study.

2.1 Literature Review

The DGS studies conducted up to now have basically focused on the dumb-bell-shaped
DGS which is basically proper for high frequency filtering applications [1-5]. The dumb-
bell shaped defect is placed under the microstrip line as shown in Figure 2. Studies on
the analysis of the structure have generally used the current density approaches [6] to
model the structure. The current density distribution is determined not only by the line
path, but also with the discontinuities on the ground; and the resulting current distribu-
tion is interpreted as a physical model [6]. After the physical modeling of the structure,
the discontinuities are modeled in the form of the basic circuit components using the
previous discontinuity studies [7-9]. These discontinuity studies, beyond their old age,

are still valid, and efficiently used.
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Figure 2. Dumb-bell Shaped DGS.

Another application of the DGS is the photonic band-gap structures (PBG). The promis-
ing effect of the band gap structures in microwave devices has generated the term elec-
tromagnetic band-gap (EBG) structure. These EBG structures are formed by the periodi-
cally distributed nonuniformities on the ground, substrate, or the line of a microwave
component. These non-uniformities may be natural or synthetic. A periodically placed

defect on the ground is a synthetic example of the kind [12].

In the literature, the dumb-bell shaped [1-5], periodically placed [12], L-shaped [9], and
spiral-shaped [10] DGSs are investigated and implemented. The most basic form of all
these structures is a rectangular shaped DGS, and this structure is implemented in this

study.

The studies in the literature covered up to now are all of filter type or resonant type struc-
tures. However, non-resonant type applications of the DGS also exist. Rectangular-
shaped defected ground structure (RS-DGS) resembles a transmission line due to its
physical structure. In this aspect, it can be claimed that a RS-DGS can be modeled as a
transmission line of characteristic impedance Z, not equal to the characteristic imped-
ance of the line with the same line width. This might be helpful if we need to increase the
impedance to the levels where line widths cannot be realized easily. The high characte-

ristic impedance property of the DGS was first proposed by Kim [12], who emphasized



the high effective inductance of the DGS. This emphasis has taken the interest of the
researchers who desire to implement high levels of impedance values which is impossi-
ble to realize using standard microstrip lines [13-19]. The N : 1 Wilkinson Power Divid-
er was realized for N=4, and 6 by making use of 158 Q and 207 Q line impedances
which was impossible to achieve with microstrip lines before the application of the DGS

[17-19].

Impedance matching at shorter distances is also realized by the use of the slow-wave
characteristics of the DGS in the case of the space saving applications like amplifier in-
put-output matching circuitries, hybrid couplers [13-17]. The usage of DGS at the input
or the output of the amplifiers has also confirmed harmonic-rejection, and efficiency

improvement properties [14-17].

The effective-inductance improvement of DGS was also used to increase the even mode
impedance, thus the coupling of an edge-coupled coupler with a rectangular-shaped DGS
below the coupling lines [19]. This eliminated the necessity to decrease the distance be-

tween the coupled lines to unrealizable levels.

In this study, the rectangular-shaped DGS (RS-DGS) will be utilized for benefitting from
its slow-wave and high impedance characteristics. The additional properties that may be

uncovered and the adaptation of RS-DGS to newer forms will also be investigated.

2.2 The Rectangular-Shaped Defected Ground Structure (RS-DGS) Analysis

As stated before, in this study, DGS is applied to the ground of a microstrip line. The
RO4003C substrate of Rogers Corporation at the 0.020 inch (0.508 mm) standard sub-
strate thickness is chosen. The RO4003C substrate is utilized due to its low dielectric

loss in the X-band frequencies.

The relative dielectric constant of the RO4003C substrate is specified as 3.38. The effec-
tive dielectric constant and the line width for the defined line impedance are necessarily
calculated for the microstrip line. For this purpose, Microstrip Calculator is used, and the

calculated results are verified by the simulation software employed.

The simulations of the designed structures are performed by CST MICROWAVE STU-
DIO®. CST MICROWAVE STUDIO® is outstanding due user friendly CAD tools, fast

and reliable Transient Solver which allows you to observe the whole frequency domain



response of the system. For comparison purposes, ADS Momentum is also used in the

design process.

By using the Microstrip Calculator, 50 € microstrip transmission line is found to have a
width of 1.2 mm for the RO4003C 20 mil substrate which is optimized to 1.15 mm by
the CST MICROWAVE STUDIO®. In the same way, 100 Q microstrip transmission
line width is found to be 0.29 mm, and optimized to 0.28 mm. With the help of the simu-

lation results, effects of the defect on the ground are examined.

Figure 3.a shows the RS-DGS simulated as a microstrip transmission line with 1.15 mm
line width and 2.65 mm defect width. Figure 3.b. shows a 100 € transmission line with
0.28 mm line width. The comparison of the two structures’ Smith Chart results concludes

to mark the same structure (See Figure 4 and Figure 5).

Figure 3.a. RS-DGS in the Form of a Trans-

Figure 3.b. 100 Q Transmission Line.
mission Line.
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The results for the RS-DGS transmission line show that from 5 GHz up to 40 GHz, the
structure is perfectly matched to 100 . The advantage of this structure can also be com-
prehended by checking the dimensions of the two structures. One can easily implement a
100 Q line by using a RS-DGS structure with a 50 um process technology. However, if
classical 100 Q line structure is used, one would need a process technology with better

resolution accuracy.

The above results show the RS-DGS equivalence to 100 € impedance line. It can be
claimed that the RS-DGS is equivalent to a high impedance line realized with a line
width corresponding to 50 Q line impedance. This result is not surprising since the pre-
vious studies state that the effective inductance of the defected ground structure is higher
than that of a standard line [12]. Remembering the line impedance formulation of a low-

loss line:

L
C

(1)

Ziine =

where L; and C; denotes the per unit length inductance and capacitance, respectively.

The placement of the defect on the ground increases the path of the ground currents, thus
increases the inductance per unit length, L;. Increase in L; results in the increase of the
line impedance. However, the effect of C; also has to be considered. The capacitance can
be claimed to be decreased since the distance between the ground and the signal line has
increased. In the standard microstrip line, the fields are confined between the line and the
ground, at the distance ruled by the thickness of the substrate, but when the defect is
placed beneath the line, the fields confined between the ground and the line are inclined,
resulting in an increased distance; hence a lower capacitance. The low capacitance is
another factor increasing the line impedance. So, the effects of both L; and C; force the

line impedance to increase.

The DGS line is proposed to have high line impedance, so the parameters that effect the
line impedance can be investigated. There are two parameters that can affect the RS-
DGS: the defect width with keeping the line width constant or the line width with defect

width constant.



This study focuses on the effects of the defect, so changing the defect width is the chosen
solution. Still, the effect of the change in the line width is observed. The simulated re-
sults expectedly show that the change in the defect width causes a change in the line
impedance. The change can be considered as linear for frequencies above 5 GHz. The
line impedance values versus defect width graph can be seen in Figure 6. The line im-
pedance values are valid between 5 GHz and 40 GHz, that are the center values of all
line impedance values for the corresponding defect width, and the maximum absolute

deviation is 3 Q.

120
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Line Impedance (Q)
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60

1 1,5 2 2,5 3 3,5 4

Defect Width (mm)

Figure 6. Line Impedance versus Defect Width.

It is obvious that there is a linear relationship between the line impedance and the defect
width. This result is convenient to be used in the microwave devices. However, for the
sake of completeness, the change in the line width is examined by keeping the defect
width constant. The defect width is kept as 2.65 mm which corresponds to 100 Q line
impedance with the regular 1.15 mm line width. The line impedance for varying line
width (Defect width=2.65 mm) can be seen in Figure 7. The impedance values are still
valid above 5 GHz and are the center values of the all frequencies between 5 GHz and 40

GHz, the maximum absolute deviation is 3 Q.
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Figure 7. Line Impedance versus Line Width.

In Figure 7 it is observed that the line width also changes the line impedance. In fact, this
result is not surprising since the impedance is directly linked to the line width for the
microstrip lines. However, considering the insertion of the RS-DGS into a 50 Q system,
the preference would be to use the same width. For example, designing a beam forming
network, the necessity for the varying width lines diminish by the use of the defects. The
advantages and the disadvantages of the DGS are further discussed in the application

parts.

In the most basic form, the application of a RS-DGS can be the insertion of a piece of the
structure into a system. At this step, the question that comes to mind is the wavelength of
the structure. If the modeling of the RS-DGS as a high impedance line is considered, the
length can be considered as the length of the non-standard (# Z.;,) impedance line. How-
ever, at this point wavelength comes to the mind. Would the wavelength of a RS-DGS be
the same as the corresponding high impedance line? Figure 8 shows the S;; & S,, figures

of the RS-DGS corresponding to 100 € impedance, and the 100 €2 line impedance.
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Figure 8.a. S-parameters of the 100 Q-Line-Impedance RS-DGS with 50 Q Port Impedance.
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Figure 8.b. S-parameters of the 100 Q-Line-Impedance Microstrip Line with 50 Q Port Imped-

ance.

It is observed in Figure 8 that the wavelengths of the two structures do not fit. Hence, it
can be concluded that DGS shows slow-wave characteristics. At this step, it would be
wise to check the per unit length inductance and capacitance values, L; and C;, since they

are directly related to the phase velocity with the formula:

vy = N )
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It was proposed that L; increases, and C; decreases for a DGS line, and the slow-wave
characteristics show that the product of the two decreases. Then, it can be concluded that

the increase in L; is more dominant than the decrease in Cj.

However, the direct formulation of the wavelength will not be carried out in this study.
The defect parameters will be optimized for the desired operation frequency. In order to

investigate the change in the length of the defect, the network in Figure 9 is formed.

N N\
AN /
%

Figure 9. RS-DGS with Varying Length Defect.

The Si; & S, results of the RS-DGS for three different defect length values can be seen
in Figure 10. The simulated defect lengths are 3 mm, 6 mm, 9 mm. Defect width is
2.65 mm since 100 Q lines are desired to be imitated. The structure with 100 Q lines
instead of the defect is also simulated and shows nearly the same results with the RS-

DGS, but for the sake of simplicity, those results are not demonstrated here.

13



s1,1]in dB

=3:-16.94441 |
1=6: -18.424275 | __|
1=9 : -20.889579

-40 4

-45

5 10 15 20 25 30 34.876 40

Frequency / GHz

Figure 10.a. Sy, for the RS-DGS with w4=2.65, 1=3, 6, 9 mm.
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Figure 10.b. S,; for the RS-DGS with wy=2.65, 1=3, 6, 9 mm.

The length of the defect changes the resonant frequency. Considering the RS-DGS as a
resonant structure, a possible conclusion may be the length of the defect is directly pro-
portional to the resonant frequency. Others may be the periphery, or the area of the de-
fect, even the width of the defect is directly proportional to the resonant frequency.
However, due to the lack of tightness of the current density in the defect width direction,
the effect of defect width is not directly felt at the resonant frequency [6]. Resonant fre-
quency is mainly controlled by the defect length, and the defect width also has some

impact on it [6]. This can be checked by the results in Figure 10.
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Referring to Figure 10, resonant frequency at 3 mm defect length is 34.8 GHz, if the
defect length was the only factor to control resonant frequency; it would be halved when
the defect length increases to 6 mm. However, the resonant frequency falls to 17.8 GHz
instead of 17.4 GHz, and falls to 12.1 GHz instead of 11.6 for 9 mm defect length. These
deviations can be considered as the effect of the width. The effects of the defect width at
the resonant frequency for different defect lengths can be investigated. However, it
would be time wasting in this study. Besides, the defect length can be used directly to
detect the resonant frequency since the shift due to the defect width is small, and can be

ignored.

Once investigating the whole parameters of the DGS, the usage of the structure in the
microwave devices for various applications can be summarized. These applications are
basically impedance matching networks used in the T-junctions, beam forming networks,

and couplers.
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CHAPTER 3

POWER DIVIDER

Applications of RS-DGS may be present in any microwave system because it can be
used in impedance matching networks that are essential in most of the microwave cir-
cuits. This study examines the application on some specific devices, and focuses on the
novel applications which were not covered before in literature. The ultimate aim of this

chapter is application of RS DGS in a beam forming network.

3.1 T-junction

T-junction is frequently used in microwave systems as in the building block of a feed
network, and the main power division element of the large scale microwave networks.
Implementation of the RS-DGS on the T-junction has great advantages in terms of sim-
plifying the production process. However, the alignment of the defect with the line may

be a problem which can be easily solved with a careful work.

3.1.1 Equal Division T-Junction

Equal power division is incorporated in the junction design. Thus T-junction is realized
as seen in Figure 11 in the most basic form. The standard 50 € line has to be connected
to two parallel 100 Q impedances, so the matching is guaranteed. For this purpose, the
50 Q lines which also terminate the output of the system are converted to 100 € with A/4
(70.7 ) impedance matching networks. The 70.7 Q lines are the thin lines in Figure 11,

where the thick lines are 50 Q lines.
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Figure 11. Standard Microstrip T-junction.

The purpose of using RS-DGS structure is to improve the standard T-junction structure
in its design and performance. The advantage of the RS-DGS is the removal of the dis-
continuity or step effects in the line. However, the radiation from the defect on the
ground is a disadvantage for the RS-DGS. These two effects may compensate each other,
but the advantage of the RS-DGS is the removal of the necessity of fine process. There is
no need to process the recesses or protrusions. The general structure of a T-junction with

RS-DGS matching sections can be seen in Figure 12.
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Figure 12. T-junction with RS-DGS Matching Section.

In the standard structure, the distance between the high impedance line and the junction
is zero (d=0), and the non-standard line is a 70.7 Q, A/4 line transforming 50 Q to 100 Q.
The same structure can be implemented with RS-DGS by using a rectangular defect of

1.45 mm width.

There does not exist a commonly used formula for the calculation of the wavelength of
the structure, but the wavelength at the desired frequency can be found by sweeping the

defect length, and checking the resulting S-parameters.

The results of the defect length sweep can also be used as a parameter for a resonant
frequency versus defect length table. However, this would not be helpful, further it
would be time-wasting. The simulation result of the T-junction with d=0 mm and defect
width=1.45 mm is expected to be matched at the desired frequency after setting the de-

fect width (wy). The corresponding result can be seen in Figure 13.
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Figure 13. Results for the RS-DGS T-junction with d=0, 1=4.4, wy=1.45 mm.

S-parameters show that an acceptable matching level in the X-band can be obtained.
Another parameter to make the structure more compact may be the distance from the
junction, d. The distance from the junction (d) and the defect length (1) are also related
with the resonant frequency. So the optimum d, | combination that makes the total length
smallest for the X-band can be found. The effect of the defect width (wy) is to find the
best match impedance at the desired frequency. So, the design procedure starts with find-

ing the d, | pair, and then finding the wy that best fits to the d, I pair.

In order to find the optimum d-1 pair, d-f, & 1-f, relation must also be analysed. Sy, ver-
sus frequency for various d values is given in Figure 14 which shows us the dependence
of f, on d for d=0.2, 0.3, 0.4, 0.5 mm. At every d value, defect width (wy) takes the val-

ues that guarantee a good matching level.
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Note that as the distance from the junction increases, the resonant frequency decreases
which is the nominal case in the standard T-junctions also. As the frequency decreases,
the physical dimensions start to increase, i.e. the transforming sections start to take more
places in the regular A/4 transformers. The aim in the RS-DGS impedance transformer is
to make the most compact design. So, the d-l pair that will conclude in the shortest
length at the highest frequency is desired to be obtained. For this purpose, S;; versus
defect width (wq) graph for various I values is given in Figure 15 which shows us the

dependence of f, on I for I=2, 3, 4 mm.
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Comparing Figure 14 & Figure 15, one can conclude that approximately 0.1 mm change
in d results in about a 0.3 GHz resonant frequency change, and 1 mm change in | results
in the resonant frequency change of 0.7 to 1.4 GHz. At this point, it would be wise not to
consider the complete frequency domain, but to consider the frequency region of interest.
The selection of d which results in the resonance at the lower X-band would result in a
shorter 1, with only a small increase in d. The selection of d as 0.5 mm, which gives a

resonant frequency at 9.97 GHz with 1=3 mm would be the optimum choice.
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The RS-DGS transformer is claimed to be more compact now, but the comparison of the
RS-DGS with the regular A/4 transformer would show us the results. Notice that
d=0.5mm & 1 = 3 mm combination brings resonance at 9.97 GHz; the frequency at
which A/4 corresponds to 4.6 mm, which shows that the device designed by the new RS-
DGS would occupy 24 % less place. In the same way d=0.4 mm & I=3 mm combination
brings resonance at 10.3 GHz, at which A/4 corresponds to 4.7 mm (23.6 % less place).
The comparison of these two results also support that as d decreases, it yields a sharper
increase in resonant frequency that would be difficult to compensate with a suitable de-

fect length.

The chosen d-l values (d=0.5 mm, I=3 mm) give resonance at 9.97 GHz. In order to
reach resonance at the desired frequency, simulations are carried on for varying defect
lengths when the distance from the miter is kept 0.5 mm. The corresponding results can

be seen in Figure 16.
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Figure 16. S, for 1=2.5 : 0.1 : 3.2, d=0.5, w4=2 mm.

If the desired frequency is chosen as 9.75 GHz which can be considered as the center of
the X-band, 2.7 mm is the best fitting condition for d=0.5 mm, and w4=2 mm at 9.75
GHz. The total length, to compare with A/4 is 3.2 mm which is 1.51 (4.71-3.2) less. The
total length is 32 % shortened for the desired resonant frequency 9.75 GHz. If the Sy,
level at the resonance was higher than the acceptable value, the defect width (w,) would

be varied, and the optimum value of that would be found.
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3.1.2 Unequal Division T-Junction

The basics of the T-junction using RS-DGS is summarized in the equal division T-
junction section. The unequal division T-junction realization is also done by unequal
width A/4 lines in the standard structures. However, as the division ratio increases, one of
the line impedances start to rise sharply, which is impossible to implement with the stan-

dard thin lines.

While implementing an N : 1 divider, the division ratio N regulates the impedances of
both sides. This would be realized directly by the previously found line impedance val-
ues if the distance from the junction to defect (d) was chosen as zero. However, with a
nonzero distance, the selected RS-DGS will transform 50 Q to a different impedance,
and that impedance is transformed through the‘d’ length also. Considering both these
effects is a long and a time wasting activity. Instead, the iteration method using the vari-

able sweep option of the CST Simulation Software can be used.

Since the division is unequal, the impedance difference between the two lines seen from
the junction must be maximum. For this purpose, defect width at one of the sides is cho-
sen as 1.15 mm which is equal to the line width of the 50 € line. It is also convenient to
remember that d=0.5, 1=2.7 mm is still valid. The effect of the defect width lower than
the line width is also simulated, and the result is decreasing line impedance converging
to 50 Q. Another factor that has to be taken into account is the equivalent impedance of
the two ports. The equivalent impedance must be equal to the input port impedance 50
Q. This will also be checked during the iteration process. If the matching is not guaran-
teed, the S;; value at the resonant frequency is high. The defect width at the Port 3 side,
wgs 18 chosen as 1.15 mm and the defect width at the Port 2 side, wy, is varied between

2.45 mm and 3.25 mm. The corresponding results can be seen in Figure 17.
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:3.25 mm.

:3.25 mm.

The resonant frequency changes from 9.72 GHz to 10.19 GHz with the varying width.

The resonant frequencies have increased compared with the equal division case since the

widths have also increased. However, the 20 dB band of S;; does not significantly

change. The power ratios between the ports also change with varying width. Illustration

of both the resonance frequency, power division ratio, and 20 dB S,; band with respect to

defect width at Port 3 when the defect width at Port 2 is 1.15 mm is provided in Table 1.

The data are taken from Figure 17.
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Table 1. Defect Width Effect to Unequal Division for the Constant 1.15 mm Defect Width at the

2" Port.
Defect Width (mm) | Power Division Ratio Resonance Frequency (GHz) | 20 dB Band (%)
245 1.9 10.19 26.2
2.65 2.05 10.07 26.7
2.85 22 9.93 26.9
3.05 2.38 9.82 26.8
3.25 2.55 9.72 26.7

3.1.3 Addition of Second Dielectric under the DGS Layer

The most apparent problem that may be encountered while using a DGS in a feed system
is the radiation emitted from the defect. The addition of a dielectric layer under the DGS
may be a solution to this problem which would also be helpful if the T-junction is de-
sired to be placed in a metal box. If no dielectric is added under the DGS, the structure
cannot be put into a metal box since the metal box will fill the defect and the defect is
shorted out. Even if the T-junction is placed in a non-metal box, the effects of the box
dielectric on the structure performance have to be tested. A test period of two stages is
necessary at this step; the simulation of the structure with a second dielectric of different
lengths and a radiation boundary underneath, and the same simulation with a metal

boundary underneath.

The test period of the structure with the added dielectric underneath has shown us that if
the dielectric is thick enough, it has no effect on the performance of the structure. Simu-
lation results show that the threshold thickness can be considered as five times the sub-
strate thickness (5 X h). However, as the thickness of the lower dielectric is decreased
beneath 5 X h , the frequency of operation, i.e. resonance frequency starts to shift. This
shift in the frequency is balanced with a change in the defect length that would set the

resonance frequency to the desired value.
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Figure 18. Schematic View of a Dielectric-Added DGS.

The realistic model with a dielectric of standard thickness 32 mil, 0.8128 mm can be

seen in Figure 18.

Remembering the T-junction design at with 2.7 mm defect length (1), 2 mm defect width
(Wq), and 0.5 mm distance between junction and defect (d); (See Figure 16) the resonant
frequency was noted as 9.75 GHz. The dielectric-added structure is also simulated for the
same design variables 1, wy, and d. The corresponding S-parameters can be seen in Fig-

ure 19.
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Figure 19. S-parameters for the Dielectric-Added DGS with Parameters 1=2.7, d=0.5, wy=2 mm.

The only change is the resonant frequency after the addition of the dielectric. The design
considerations staying unchanged, with only variation in 1, the resonance frequency can
be shifted to 9.75 GHz. The addition of the second ground beneath the second dielectric
does not make a significant change in the resulting S-parameters. Consequently, the ad-
dition of the dielectric and another ground below the defected ground makes a predicta-

ble change in the design.

3.2 Aperture-Coupled Unequal Power Divider

Utilization of an aperture in a layered structure is widespread in the design of couplers.
The standard coupling parameters of the edge-coupled coupler are replaced with the
coupling parameters of the new structure which are aperture area, and line coupling area.
The analysis is carried out for these parameters, and their relation with the coupling coef-
ficient is clarified [29-31]. The results are satisfying, and are used in various designs [31-
33]. Figure 20 shows the general shape of the aperture-coupled coupler structure with a

rectangular-shaped aperture.
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Batton layer

Figure 20. Aperture-coupled Coupler Structure.

In the above mentioned structure, two parallel lines are coupled via an aperture. The
resulting structure is a four-port device with one of the ports isolated. So, the resulting
device can be considered as a three-port device. In the context of this study, the two lines
that are coupled through an aperture are placed perpendicular, and are still coupled via an
aperture. The proposed structure cannot be modeled as a coupled line since the isolated
and coupled port definitions are not valid for this structure. On the other hand, it can be
classified as a multi-layer, aperture-coupled power divider. The proposed structure can

be seen in Figure 21.

The coupling area can be quadratic or circular in the perpendicular-placed lines. Howev-
er, in order to reduce the radiation from the edges of a square, the circular aperture is

preferred.
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Figure 21. Aperture-coupled Structure with Perpendicular Placed Lines.

20 mil Rogers R4003C substrate is used in the design procedure, and the structure para-
meters are optimized for operation at 10 GHz. These parameters are line coupling radius,

and aperture radius.

As can be seen in Figure 22, the coupled power is equally shared by the two coupled

ports; Port #3, and Port #4; and none of these ports is isolated.
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Figure 22. S-parameters for the Aperture-coupled Power Divider.
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The S;; (i=1:4) at 10 GHz are as follows:
Sn = -23dB 821 = -527 dB S31 = S41: -104 dB

The equalization of the ports 3 & 4 can be terminated by adding impedance transformers
to one of the ports which necessarily should not create a mismatch at the reflection of the
feed port, i.e., Sq; should be kept under control. The impedance transformation is done
by the utilization of defected ground structure (DGS) which can be used in the imped-
ance matching circuits [33-34]. The divider structure with the defect added in the mid

layer (ground), below the feed line of the Port #3 can be seen in Figure 23.

The addition of the DGS led to the addition of new parameters. These parameters are the

defect length (13), and the distance of the defect from the aperture (d3).

Port #2

Bottorn layer

(E#10d]
I

Figure 23. Aperture-coupled Divider with DGS Impedance Matching Circuitry.

The power division can be arranged in order to provide the desired ratio between the
ports with keeping the return loss at acceptable levels. However, one disadvantage is the

power efficiency of the device.

As clearly seen from Table 2, power distributed to the 2™ 39 and the 4™ ports is below
the ideal level, and the insertion loss of the structure is at high levels. The DGS has also
effects on the power loss means of the structure. This can be easily checked by compar-
ing the two data; no defect, and defect at the 3™ port data. Thus, the power loss examina-

tion of the structure would also be beneficial in the context of this study.
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Table 2. Power Division Ratios.

13 (mm) | d3(mm) | S;; (dB) | S5 (dB) | S5 (dB) | S4 (dB)
0 0 -23 -5.27 -10.4 -10.4
2 2 -30.1 -5.6 -10.5 -9
3 3 -28 -5.66 -11 9.3
4 4 -23 -5.2 -11.4 -11

3.2.1 Power Efficiency Examination

The efficiency of the structure is tested, and the corresponding loss calculations are car-
ried out in the 1 GHz — 20 GHz band. The task is performed for the two cases; no defect,
and 4-mm-defect cases, which also allows the notification of the defect related loss. The

corresponding results can be seen in Figure 24.
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Figure 24.a. Power Loss vs. Freq. for No-Defect Case .
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Figure 24.b. Power Loss vs. Freq. for 4-mm-Defect Case.

The loss mechanism has two main components, dielectric losses and radiation losses.
Referring to the previous studies [31-33], and the properties of Rogers R4003C substrate,
it can be claimed that the dielectric losses are not of importance at these frequencies. The
only difference that makes this structure novel is the novel orientation of the lines, and
the aperture. So, it would be convenient to state that the main source of the loss in this

device is the radiation from the aperture, and the defect.
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CHAPTER 4

BEAM FORMING NETWORK

The standard beam forming network (BFN) in the microstrip line technology are realized
by using thin and thick lines which are utilized for the realization of the high and low
impedance lines. The standard view of a basic 1 : 8 BFN can be seen in Figure 25. The

standard 1 : 4 and 1 : 8 BFN structures is realized by using RS-DGS.

Figure 25. Standard 1 : 8 BFN.

4.1 DGS 1 : 4 BFN Design

The proposed DGS T-junction was claimed to be the first step of a BFN. So, a1 : 4
structure is also designed with RS-DGS instead of standard impedance transforming
lines. The resulting structure is also expected to be resonant at 10 GHz, the resonance
frequency of the 1 : 2 structure. However, the resultant characteristics do not show re-
sonance at 10 GHz. The change in the line length may be a way to change the resonance

behavior.

The 1 : 4 RS-DGS Divider Structure, and the transmission, reflection characteristics of
the structure for varying defect lengths can be seen in Figure 26, and Figure 27 respec-

tively.
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Figure 26. RS-DGS 1 : 4 Divider Structure.
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Figure 27.a. S; of RS-DGS 1 : 4 Divider Structure for d=0.5, w4=2, 1=2: 0.4 : 2.8 mm.

) s21|indB ) [531|indB
$ $ .
3 /-\ ; T~ — 1
K] e -8
1260044321

9 . - 9 1263982444
10 1: Z ?Eii h 10 =24 666099
A1 i i A1 12867445606 i
1 L\ 4

N I i
13 13
-14 14 \
15 15 Pl

o2 4 6 8 quomlrz w18 B0 b2 46 8 1B 1 18 W

Frequency ¢ GHz Frequency / GHz
Figure 32.b. S, of RS-DGS 1 : 4 Divider Figure 32.c. S3; of RS-DGS 1 : 4 Divider

Structure for d=0.5, wy=2,1=2: 0.4 : 2.8 mm. Structure for d=0.5, wy=2,1=2:0.4 : 2.8 mm.
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Contrary to the expectations, the change in the defect length does not change the reso-
nant frequency. The change in the characteristics of the RS-DGS when used in cascade
was also noted in an aperture coupled coupler structure. Trying the varying defect width,
different defect lengths at the steps, or both different defect widths and lengths at the
steps may also solve our problem, but these methods restrict the freedom of the designer,
and is time-wasting. However, if the advantages of these methods are superior, these

methods are worth trying.

Referring back to the reflection characteristics of the 1 : 4 structure, Figure 27, one can
notice that there are two deeps in the 8 GHz -14 GHz band, and the maximum value is on
the order of -15 dB, which calls out for a wideband divider structure that is worth trying
the time-wasting simulation process. The first variable that comes to mind to vary is the
defect width which may also cause a drop in the reflection. The resulting reflection cha-
racteristics for the varying defect width at different defect lengths ( 1=2, 1=3 mm) can be

seen in Figure 28.
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Figure 28.a. Sy, for Varying Defect Width at d=0.5, 1 =2 mm.
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Figure 28.b. Sy, for Varying Defect Width at d=0.5, 1 = 3 mm.

As the defect length increases, the resonance deeps start to rise up. On the other hand,
bandwidth increases. The best-fit values can be determined by means of the requirements

of the design.

The structure seems like wideband with a maximum -16.7 dB reflection at the 8.4 GHz —
13.2 GHz band for 1.6 mm defect width (wy), and 3 mm defect length (1). The transmis-
sion characteristics for the related structure are also stable in the 8.4 GHz — 13.2 GHz

band:
S51=S5,=-6.12 dB to -6.28 dB 0.18 dB variation in 8.4 GHz — 13.2 GHz band
S31=S4,=-6.64 dB to -6.85 dB 0.21 dB variation in 8.4 GHz — 13.2 GHz band

The inequality between the 2™ (& 5™) port and 3™ (and 4™) port can be compensated by
changing the defect widths (or the lengths) at the ports. Changing the port defect widths

as:
W= Wys5= 1.7 mim, and Waz= Wy= 1.5 mm

the power levels of the both four ports can be equalized. (See Figure 29.) The deviation

of the S-parameters from the standard value is as follows:

Si1 =-15 dB maximum at 13.2 GHz, and -17 dB local maximum at 11.1 GHz
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S21=Ss51=-6.33 dB to -6.56 dB 0.23 dB variation in 8.4 GHz — 13.2 GHz band

S31=S4,=-6.40 dB to -6.57 dB 0.17 dB variation in 8.4 GHz — 13.2 GHz band

S-Parameter Magnitude in dB
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Figure 29. S-parameters of the 1 : 4 Divider with wy=1.6, wgr=w4s=1.7, wgs=wqs=1.5, 1=3, d=0.5
mm.

Also checking the phase of the transmission S-parameters is necessary. As can be seen

from Figure 30, the phase difference between the ports is 1.6° maximum.
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Figure 30. The Transmission Phase Characteristics in Degrees.
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The 1 : 4 BFN centered at 10.5 GHz with a 24 % bandwidth has a superior performance
with absolutely equal power division and good matching at the corresponding band, so
moving one step further, the 1 : 8§ BFN can also be designed at the X-band frequencies.
Before proceeding to the 1 : 8 BFN, addition of a second dielectric beneath the 1 : 4 BEN

is covered.

4.1.1 Addition of Dielectric Beneath the DGS

The transmission and reflection characteristics of the BFN designed by using DGS were
promising due to the band-broadening properties. However, in order to measure the im-
plemented BEN, the structure must be put into a metal box. The direct addition of the
metal box under the DGS will short out the DGS, so the structure will lose its properties.
So, the addition of dielectric under the DGS is necessary for packaging purposes. Even if
a metal box is not necessary, the dielectric addition will control the radiation from the

defect.

As a first step, addition of the second dielectric is monitored without the addition of a
second ground. The previous studies on the dielectric addition state that the addition of a
second ground beneath does not change the response. This situation will also be con-

trolled by comparing the results of the two structures.

The effects of the dielectric addition has been investigated for 1 : 2 (T-junction) struc-

ture. The effects on the 1 : 4 is investigated.

The 1 : 4 structure with the related parameters can be seen in Figure 31.
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. First Stage
Defect Width
wd

Figure 31. DGS 1 : 4 BFN.

The structure is symmetric with respect to the feed point. After the addition of the stan-
dard thickness (20 mil) dielectric under the DGS, the structure is simulated with the pre-
viously chosen parameters (1=3 mm, wy3+0.1=w4,-0.1=w4 mm). The simulation is done
for varying wy (wq= 1.4, 1.6, and 1.8 mm). The corresponding results can be seen in Fig-

ure 32.
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Figure 32.a. Sy; for 1 : 4 Divider with 1 =3, wy=1.4: 0.2 : 1.8 mm (Wq=wg-0.1=wy3+0.1).
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Figure 32.b. S, for 1 : 4 Divider with1=3, wy  Figure 32.c. S5, for 1 : 4 Divider with 1 =3, wy
=1.4:0.2: 1.8 mm (Wg=wg-0.1=w43+0.1). =1.4:0.2: 1.8 mm (Wg=wg-0.1=wy3+0.1).

One variation that might be worth trying is the variation of the second stage defect
widths (wq,, and wy;3) while keeping the first stage defect width same (wy=1.6 mm). The

results for the corresponding structure can be seen in Figure 33.
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Figure 33.a. Sy; for 1 : 4 Divider with I =3, wy = 1.6, wgz= 1.5, 1.7 mm (wgr=wg3+0.2).
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Frequency / GHz

Figure 33.c. S5, for 1 : 4 Divider with 1 =3, wy

= 1.6, wgz= 1.5, 1.7 mm (Wgp=wy3+0.2).

It would have been necessary to monitor the change in the defect length (1) to see the

effects of the change on the response of the BFN. However, the simulations done for

1 = 3.25 mm has shown no significant change from the 1 = 3 mm case.

The results with the second ground added beneath can be seen in Figure 34.
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Figure 34.a. Sy; for 1 : 4 Divider with 1 =3, wy=1.4: 0.2 : 1.8 mm (wWg=wy,-0.1=w43+0.1) After

the Addition of the Second Ground.
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Figure 34.b. S,; for 1 : 4 Divider with1 =3,
Figure 34.c. S5, for 1 : 4 Divider with 1 =3, wy =

wg=1.4:0.2:1.8 mm (Wg=wg,-

0.1=wg3+0.1) After the Addition of the

1.4:0.2: 1.8 mm (Wg=wg,-0.1=w43+0.1) After the

Addition of the Second Ground.
Second Ground.

Comparing the results in Figure 32 and Figure 34, it can be deduced that the addition of

the 2" ground beneath the 2™ dielectric does not significantly affect the resulting S-

parameters.
From the all above results, the chosen is 1 : 4 divider with:
1=3,wqg=1.8, wp=1.9, and wgz= 1.7 mm.

However, the magnitudes of S,; and S;; are a slightly different for these values. These

values are in the range of:
S;1=6.50dB-6.65dB and  S; =6.70 dB - 6.85 dB.

The difference between these S,; and S;; values can be equalized by making small

changes at the port-level defect widths. The resulting structure and the corresponding S-

parameters can be seen in Figure 35.
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Figure 35.a. S-parameters for the Resulting 1 : 4 BFN with 10 mm Distance between Ports (1=3,
d=0.5, w=1.15, wg=1.8, wg=1.95, wg3=1.65 mm).

Figure 35.b. The
Resulting 1 : 4 BFN
Upper View (Port
Numbering Starts
with #2 from the
Right).

Figure 35.c. The
Resulting 1 : 4 BFN

Ground View.
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The designed 1 : 4 BFN has 10 mm distance between two ports which corresponds to
0.33, where A, is the free-space wavelength (30 mm at 10 GHz). This distance is gena-
rally set to a value greater than 0.5 A, in order to avoid grating lobes. As a rule of thumb,
this distance is set to 0.7 A, and the resulting structure is simulated with no other parame-
ter changes. The resulting 1 : 4 BFN with the corresponding structural view, parameters,

and S-parameters can be seen in Figure 36.
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Figure 36.a. S-parameter Magnitude Values for the Resulting 1 : 4 BFN with 21 mm Spacing
(0.7)) Between Two Ports (w=1.15, 1=3, d=0.5, lo=21, wd=1.8, wd2=wd5=2, wd3=wd4=1.6

mm).
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Figure 36.b. S-parameter Phase Values for the Resulting 1 : 4 BFN with 21 mm Spacing (0.7X)
Between Two Ports (w=1.15, 1=3, d=0.5, lo=21, wd=1.8, wd2=wd5=2, wd3=wd4=1.6 mm).
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Figure 36.c. The Resulting 1 : 4 BFN (Port Numbering Starts with #2 from the Right).

Since the structure is now in its final shape, the total loss of the structure can be calcu-
lated for the entire 5.6 GHz — 11 GHz frequency band. However, due to the stability of

the S-parameters, calculation of loss at 10 GHz will give us enough insight.

At 10 GHz, S,,=-20.35, S;,=S5,=-6.55, S3,=S4=-6.71 dB. The dissipated power in dB

can be found as:

1

Piossap = 10 X log

1
= 10 xlog (0 878)

SiT s21  sat
(1010 +105 +105 )
=10 x log (1.1384) = 0.56 dB at 10 GHz

The loss factors show that a significant loss is not introduced into the system from the
defects. This claim can be verified by checking the per meter loss of the microstrip line
at 10 GHz which is 3.6 dB/m. This is the per meter loss due to the dielectric and conduc-
tor losses. Considering the total length of the structure, 12.8 cm, the total loss due to
these two factors comes out to be 0.55 dB. Hence, it is obvious that the radiation due to

the defect is not a loss factor, or the insertion of defect into the system boost the loss.
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4.1.2 Implementation of the DGS 1 : 4 BFN

The simulated DGS 1 : 4 BFN is implemented by using the LPKF 6 mil Cutter. The
process of the upper layer and three of the defect openings was done by the 6 mil End-
Mil Cutter. However, due to the stiffness of the End-Mil Cutter, the remaining three de-
fect openings could not be done by the End-Mil Cutter, instead were done by the Univer-
sal Cutter of the same preciseness. This non-standard cutter selection can result in the

decrement of the symmetry of the device.

Before the production process, another change was also necessitated in order to keep the
length width ratio of the resulting device in a proper range. In the resultant 1 : 4 BEN
design, feed ports and the distance between two parallel lines were set as 2 mm resulting
in approximately 8 mm total device width which is difficult to handle. Since, the distance
between the two parallel lines is a determining factor, it has to be kept the same. Hence,
the length of the feed ports is changed. Another reason for extending the feed ports is
that, there has to be enough space for the connectors to be placed at the ports. The con-
nectors used are Board Edge SMA Connectors which has a 1 cm x 0.3 cm dimensions.
The dimensions are the length values parallel, and perpendicular to the port feeds respec-
tively. Resulting dimensions of the feed ports are arranged as 16.7 mm for the 1* port,
and 4 mm for the remaining. The corresponding structure and the related simulation re-

sults can be seen in Figure 37.

Figure 37.a. The Implemented DGS 1 : 4 BFN.
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Figure 37.b. S-Parameters for the Implemented DGS 1 : 4 BFN.

The results for the DGS 1 : 4 BFN has not been affected by the change in the port lengths

since the change is done by monitoring the previous results.

Since plot data can be given to LPKF in the form of dxf, which can be realized by ADS
Momentum; ADS Momentum is used for plotting the device to be cut and graved. The
corresponding ADS Momentum view and the results can be seen in Figure 38. The cir-
cles on the substrate are screw slots which are used for the purpose of holding the two

substrates together.
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Figure 38. a. The Implemented DGS 1 : 4 BFEN in ADS Momentum.
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Figure 38.b. Reflection Parameters for the DGS 1 : 4 BFN in ADS Momentum.
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Figure 38.c. Transmission Parameters for the DGS 1 : 4 BFN in ADS Momentum.

The simulation results of the CST MICROWAVE STUDIO® and the ADS Momentum
are also consistent showing a matching level below 15 dB in the 5.6 GHz — 11.1 GHz.
The power levels at the output ports are also consistent at the neighborhood of 6.5 dB
and 6.7 dB at 10 GHz. Thus, the simulation programs confirm each other which is a fac-
tor that encourages the designer that the measurements will also be in harmony with the

simulation results.

The DGS 1 : 4 BFN is produced at the Millimeter wave Laboratory of the Department of
Electrical and Electronics, METU with the guidance of Erding Yurdakul. The produced

two-layer structure in the final form and with its all four faces can be seen in Figure 39.
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Figure 39.b. Front Face of the Upper Layer. Figure 39.c. Back Face of the Upper Layer.

Figure 39.d. Front Face of the Lower Layer. Figure 39.e. Back Face of the Lower Layer.

The produced device is measured at the Microwave Education Laboratory with HP
E5071C Series Network Analyzer in the 5 GHz — 13 GHz range, and the corresponding

magnitude results can be seen in Figure 40.
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Figure 40. Measurement Results of the DGS 1 : 4 BEN.

The measurement results include the undesired effects of the connectors, and the multi
reflections from these connectors. Resultantly, an impure output is concluded which is
difficult to compare with the simulation results. In order to get rid of these undesired

impacts, time domain gating (TDG) property of the network analyzer is suitable.

Shortly explaining the TDG progress; the standard calibration is done, and the device
under test (DUT) is measured for its S-parameters, then the resulting S-parameter mea-
surement is transformed into a time domain signal which shows the response of the total
system. The desired response can be selected here by using the TDG. Hence, the other,
undesired responses can be filtered out, and this time domain response can be trans-
formed back into the frequency domain. This process also permits the comparison of the

simulation and the measurement results.

TDG is processed at the E8361A PNA Network Analyzer at the Millimeter wave La-
boratory in the 5 GHz — 13 GHz band, and the corresponding (both the phase and the
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magnitude) results can be seen in Figure 41. Note that the port 2 & 5, and 3 & 4 are

symmetric, so these four ports are denoted only by Ports # 2 & 3.
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Figure 41.a. S-parameter Magnitude Values for the Simulation and the Measurement.
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Figure 41.b. S-parameter Phase Values for the Simulation and the Measurement.
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The measurement results are in harmony with the simulation results. S;; magnitude is
below the simulation value in the 5.6 GHz — 11.1 GHz band. The power distribution
between the output ports are at good correspondence. At 10 GHz, output port power is -

6.8 dB. This level is acceptable since the level at the simulation was -6.56 dB.

S-parameter phase values are 3° apart according to the simulation results, and this differ-

ence is extended to 8° at the measurement which is still acceptable in this study.

4.2 DGS 1 : 8 BFN Design

The 1 : 8 BFN is again in the compact form as seen from the upper view in Figure 42.
The defect-related parameters are optimized in order to find the best-match condition. At
the design procedure, 3" order defect widths, which are the ones nearest to the ports will
again be employed in order to equalize the port powers. The corresponding defect widths
are named as wg (i=2,3,4,5) where i corresponds to the related port number, and there
exists symmetry with respect to the feeding point (Port # 1) which means, wW¢=Wq1-i),

1.€., Wpn=Wy9 €tC.

Figure 42. The Upper View of the DGS 1 : 8 BFN.

The previous studies on the DGS 1 : 4 divider has shown us that the increase in the de-
fect length results in a decrease in the reflection. However, it also causes a decrease in

the bandwidth.

It would be helpful for the 1 : 8 divider to check the effect of defect length first, and then
choosing the proper defect length, deciding on the defect width is necessary. One can see

the effect of varying defect length by checking Figure 43.
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Figure 43. S-parameters for d=0.5, wy=2,1=2.5: 0.5 : 3.5 mm.

Considering Figure 43, it would be wise to choose the defect length as 2.5 mm. Now,

setting defect length constant, vary the defect width in order to find the best match condi-

tion.
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Figure 44.a. S|, for 1=2.5, d=0.5, wg=1.4 : 0.2 : 1.8 mm.

Inspiring from Figure 44, defect width is chosen as 1.8 mm since the S;; shows the most

stable response. Considering the design with 1.8 mm defect width, it is also expected that
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the ports do not receive equal power due to the different coupling factors of the lines
feeding the ports. Thus, it would be convenient to state that the defect widths at different
ports should be varied in order to equalize the port powers. The defect width at the ports
which receive less power than the expected is decreased and the reverse is done for the
ports that receive more power than the expected. The new results with equal port power

are shown in Figure 45 with the corresponding defect widths (wy) given.

S-Parameter Magnitude in dB

15.036853 1:-14.974786 |
: -8.9263876 i 11 -8.9925445
1 -B.9935285 ~183,1: -8.9653419[
:-10.197822 i |840: 10802188

50 i 3 i i | i
0 2 4 6 8[87172] 10 14 16 18 20

Frequency / GHz

Figure 45. S-parameters for the Defect Widths wy=1.8, wy,=1.5, wg3=1.3, wgu=2.1, wy5=2.3 mm.

Note that the S-parameters of the remaining ports (ports 6, 7, 8, and 9) are not shown due

to the symmetry, i.e. : S3;=Soq1, S3;=Ss1, S41=S71, and S5;=Sg.

The transmitted power to the ports is not as close as the 1 : 4 case. Note that a maximum
deviation of 2 dB is possible between the ports. However, this does not play an important
role in the defined bandwidth. One can equalize the transmitted power of the ports by

simply changing the port defect widths in the 8.7 GHz — 12.4 GHz band.
4.2.1 Addition of Dielectric Beneath the DGS

Stemming from the previous experiences of the dielectric addition, it can be stated that
the only critical consequence may be the shift of the frequency band which can be han-
dled if the shift is not superior. The DGS 1 : 8 BFN with the the 2™ dielectric added and

the remaining parameters same can be seen in Figure 46 with the corresponding results.
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Figure 46.a. S-parameters for the Resulting 1 : 8 BFN with10 mm Distance between Ports (1=2.5,

d=0.5, W=1.15, Wd=1.8, Wd2=1.5, Wd3=1.3, Wd4=2.1, Wd5=2.3).

Figure 46.b. The Resulting
1 : 8 BFN Upper View
(Port numbering starts

with #2 from the right).

Figure 46.c. The Resulting
1 : 8 BFN Upper View.

The 1 : 8 BFN is also modified in order to have 0.7*A, distance between the two ports.

The corresponding structure and the S-parameters can be seen in Figure 47.
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Figure 47.a. S-parameters for the Resulting 1 : § BFN with 21 mm Spacing (0.7*),) Between
Two Ports (W:115, 1:2.5, 10221, Wd:Wdlzl.S, Wd2:Wd9:1.5, Wd3:Wd8:1-3a Wd2:Wd9:2.1,

Wd3:Wd8:2~3 mm)

Figure 47.b. The Resulting 1 : 8 DGS BFN (Port numbering starts with #2 from the right).

At 10 GHZ, 8112-22.06, 8212891:-9.53, 8312881:-9.82, S41:S71:-10.47, 8512861:-9.86 dB

The total dissipated power can be found as :

1 1
( 511 521 531 551) =10 x log (0.82)

Piossap = 10 X 10g
1010 +105 +105 +105

=10 x log (1.21) = 0.84 dB at 10 GHz
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4.3 BFN at Millimeter-wave Frequencies

BFN design is revealed at X-band with the usage of Rogers R4003C substrate. The new
task is to repeat the same design procedure at 35 GHz. However, Rogers4003C substrate
is not convenient to be used at this frequency due to the dielectric losses. There are two
alternatives on which the standard BFN designs studies have been conducted. These

alternatives are the CuFlon and the Alumina substrates.

Due to the increase in the frequency, the length components will start to decrease. So, a
reduction in the transmission line parameters is also necessary. The associated parameter
is the line width which is essentially reduced. The other parameters such as defect width,
or the distance between the ports (I,) will also be directly lessened. However, the dis-
tance between the two parallel lines (d,) of the feed network is not changed (d,=2 mm
also in the X-band design) since the excess distance between the feed lines decreases the

coupling between the lines, thus increases the performance.

The choice between the two substrates, CuFlon and Alumina, can be made by consider-
ing the credible process techniques to open lines of copper on the substrate. The advan-
tages and the disadvantages of the substrates can be discussed after remembering the
properties of the two together with the Rogers R4003C. Table 3 shows the corresponding

substrates and properties.

Table 3. Comparative Substrate Properties.

Substrate Thickness Line Width of 50 Q Line
Substrate Relative Dielectric Constant
(mm) (mm)
R4003C 0.508 3.38 1.15
CuFlon 0.254 2.21 0.80
Alumina 0.254 9.96 0.27

Alumina necessitates higher precision process techniques due to its smaller wavelength,
thus smaller dimensions. In return, the smaller line width may be an advantage. On the
other hand, CuFlon can be processed easier, but if necessary, it cannot be produced in the

clean room conditions.
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The first choice is CuFlon which is easier to process. If any technical unfeasibility that

can be fixed by Alumina occurs, the design is resumed.

The Smith Chart locations for the DGS simulated as a transmission line are also investi-
gated for varying substrate materials. The corresponding structure and the Smith Chart

location results for 10 mil and 20 mil CuFlon substrates can be seen in Figure 48.

&-Parameter Smith Chart S-Parameter Smith Chart

Figure 48.a.Smith Chart Location for CuF-  Figure 48.b.Smith Chart Location for CuFlon RS-
lon RS-DGS Normalized to 50 Q, with DGS Normalized to 50 Q, with h=20 mil, w=1.6,

h=10 mil, w=0.8, wy=1 mm. Wg=2 mm.

The Smith Chart locations for the Alumina substrate DGS-TL are also simulated. The
simulations are carried out for 10 mil substrate thickness. The corresponding results can

be seen in Figure 49.
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S-Parameter Smith Chart

Figure 49.a.Smith Chart Location for Alumina RS-DGS Normalized to 50 Q, with h=10 mil,

w=0.27, wyg=0.5 mm.

The results for the transmission-line simulated DGS using both Alumina and Cuflon

substrates again show that the structure is a high-impedance structure.

For 10 mil substrates, the line widths are nearly halved, becoming compatible with small
defect lengths; and the impedance transformation at 35 GHz becomes possible. Figure

shows the magnitude of S;; versus the changes in the structure parameters for a T-

junction.

m1
184.,_freq=35 50GHz /

xB(tee_mom..S(1,1))=-27.89}

Mag. [dB]

Frequency, GHz

Figure 50.a.S;; for DGS T-junction Using CuFlon Substrate of d=10 mil, w=0.8, ws=1.2, d=0.05,
1=0.75, d,=2 mm.
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Figure 50.b.S;; for DGS T-junction Using CuFlon Substrate of d=10 mil, w=0.8, ws=1.3, d=0.05,
1=0.65, d,=2 mm.

The results presented in Figure 50 are the Sy, results for the T-junction realized by 10 mil
CuFlon substrate. The simulations are carried in order to find the best defect length (1),
width (wg), and the defect distance from the junction (d), and the best fit values are cho-

sen as 1=0.75, wd=1.2, d=0.05 mm.

Moving up to the 1 : 4 structure, the device with varying defect length values is simu-
lated and no change is observed in the resonance frequency characteristics. Defect width

is varied for 0.75 mm defect length and the corresponding results are plotted in Figure

51.

[1,1]in dB

wd=0.9 : -17.271723
wd=1.2 : -19.87451
wd=1.5 1 10.651166 [ 57T

-60

20 25 30 35 40 45 50
Frequency / GHz

Figure 51. Sy, for DGS 1 : 4 BEN with CST Using CuFlon Substrate of d=10 mil, w=0.8,
wg=0.9:0.1:1.5, d=0.05, 1=0.75, d,=2 mm with the Second Dielectric & Ground Added Beneath.
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The resonance frequency could not be set to 35 GHz, the change in neither defect length

nor defect width could make a change in the resonant frequency (See Figure 51).

35 GHz design can also be attempted with Alumina substrate. However, the reasons for
the non-ideal design completed by the CuFlon substrate must be questioned first. The
examination of the reasons for the unexpectedly wide-band behavior of the DGS BFN
may be a good point to start. The novel difference between a standard BFN and a DGS
BFN is the defect on the ground. As the number of defects increase, i.e., as the stages of
the BFN increases, the band of the structure widens. So, one may claim that the coupling
between the defects lead to a wide-band behavior, and this claim can be supported by the

designer’s route.

Coupling is typically not desired in the design of a feed network. So, the only non-
modified variable from the 10 GHz design was the distance between the two parallel
lines (d,) which would better reduce coupling. However, with the curiosity of monitoring
the effect of coupling between the defects, change is done, and the result has shown that
the cross-coupling between the defects play an important role in the wide-band behavior
of the DGS BFN. The structure with its new parameters and the corresponding results

can be seen in Figure 52.

Figure 52.a. DGS 1 : 4 BEN with w=0.8, ws=1.2,1=0.75, d=0.05, lo=6, d,=1.25 mm with the
Second Dielectric & Ground Added Beneath.
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S-Parameter Magnitude in dB
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-60

20 25 30 [35] 40 15 50
Frequency / GHz

Figure 52.b. S, for the 1 : 4 Structure with w=0.8, w4=1.2, 1=0.75, d=0.05, lo=6, d,=2 mm with
the Second Dielectric & Ground Added Beneath.

$1,1]in dB

wd-0.9 : 20.550503] | :
wd=1:-22.032608 | | T
wd=11:-20022490) § ]
wd=1.2:-19.270914| i

-45

20 25 30 40 45 50
Frequency / GHz

Figure 52.c. Sy, for the 1 : 4 Structure with w=0.8, ws=1.2,1=0.75, d=0.05, lo=6, d,=1.25 mm
with the Second Dielectric & Ground Added Beneath.

The wide-band property seems to be active at the d,=1.25 mm case. So, it can be used in
the further design procedure. The change in the second order defect widths is necessary
in order to equalize the power at the second and third ports. The corresponding results

with the related parameters can be seen in Figure 53.
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S-Parameter Magnitude in dB
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Figure 53.a. S-parameters for the DGS 1 : 4 BFN with w=0.8, wy=1.2, 1=0.75, d=0.05, lo=6,
d,=1.25, wg=1.3, wgz=1.1 mm with the Second Dielectric & Ground Added Beneath.

S-Parameter Magnitude in dB
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Figure 53.b. S-parameters for the DGS 1 : 4 BFN with w=0.8, ws=1.2, 1=0.75, d=0.05, 1lo=6,
d,=1.25, wgp=1.32, wg3=1.08 mm with the Second Dielectric & Ground Added Beneath.

Referring to Figure 53, impedance match condition can be assured in the 28.5 GHz —
38.5 GHz band. However, at these frequencies, despite the good matching condition, S,
& S31 (7.8 & -8 dB respectively) show that radiation loss is a problem at these frequen-
cies (0.8 dB insertion loss). There exists a 0.37 dB difference between the two asymme-
tric ports (2 & 3, 4 & 5); when the defect widths at these ports are changed as 1.30 to
1.32, and 1.08 to 1.1 the port powers difference becomes 0.17 dB. However, this change

requires a precise processing technology which is probably not worth trying. Additional-

64



ly, phase values of the S-parameters should be checked. Figure 54 shows the S-parameter

phase values.

S-Parameter Phase in Degrees

200

$2,1:-129.91799
53,1 :-130.0092
54,1 :-130.0092

35 40 45 50
[35]

Frequency / GHz

Figure 54. S-parameters Phase Values for the DGS 1 : 4 BFN with w=0.8, wy=1.2, 1=0.75,
d=0.05, lo=6, d,=1.25, wgp=1.32, w43=1.08 mm with the Second Dielectric Added Beneath..

The phase difference between the ports can be ignored in the 28.5 GHz — 38.5 GHz band,

so the device can be called as equi-phase.

Owing to the experienced performance of the ADS Momentum on the planar and layered
structures, the 35 GHz design is preferred to be simulated with ADS as a final, and
awaiting resultant behavior. The corresponding results can be seen in Figure 55. Note
that, all the parameters are the same as in the CST design. In both the designs, there ex-
ists a substrate of the same thickness, 10 mil, beneath the DGS, and an additional ground

exists below the second substrate.
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Figure 55.a. Reflection Magnitude Characteristics of the DGS 1 : 4 BFN with w=0.8, w,=1.2,
1=0.75, d=0.05, lo=6, vv=1.25, wg,=1.3, wgz=1.1 mm with the Second Dielectric Added Beneath.
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Figure 55.b. Transmission Magnitude Characteristics of the DGS 1 : 4 BEN with w=0.8, ws=1.2,
1=0.75, d=0.05, lo=6, vv=1.25, wy,=1.3, wgz=1.1 mm with the Second Dielectric Added Beneath.
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Figure 55.c. Transmission Phase Characteristics of the DGS 1 : 4 BFN with w=0.8, wg=1.2,
1=0.75, d=0.05, 1o=6, vv=1.25, wy,=1.3, wgs=1.1 mm with the Second Dielectric Added Beneath.

Considering the results of ADS Momentum, Figure 55, it can be said that both the two
solvers state that the device is matched, and the phases are equal in the 28.5 GHz — 38.5
GHz band. However, the transmitted power level is still low. It would be convenient to
calculate the total loss of the device, and then compare it with a standard BFN which is

again designed by ADS Momentum, using 10 mil Cuflon substrate at 35 GHz.

1 1
Pioss ap-pes srn = 10 X log ( 511 521 531) =10 xlog (0 72)

1010 +105 +10 5

=10 X log (1.38) = 1.4 dB at 35 GHz

For the standard case, S-parameters simulation results are given as S;;=-29.43 dB,
S21=S5,=-6.48 dB, S;=S4;=-6.74 dB which corresponds to a loss of 0.58 dB. So, this

comparison shows that the radiation loss due to the defect is active at the millimeter-

wave frequencies.
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CHAPTER 5

CONCLUSIONS

The increasing demands of the microwave applications necessitate the design and im-
plementation of novel and target oriented components instead of the standard applica-

tions. The availability of such components boots the flexibility of the designers.

This thesis presents a new transmission line design using RS-DGS instead of the com-
monly used types. This design technique offers the advantages of space saving and in-
creased impedance range. Consequently, sensitivity to production tolerance decreases.
The required precision of the production technology for a 70.7 € line width is the same
as that of 50 Q line width of the microstrip line. As an example, using Rogers R4003C
substrate, a 50 um precision is sufficient since the 50 (1 line width is 1.15 mm, however
when the 70.7 (1 line is used, the precision requirement increases since the corresponding

line width decreases to 0.66 mm.

Similarly, for CuFlon substrate 0.8 mm and 0.47 mm are the line widths for the 50 £ and
70.7 Q line impedances, respectively. Apart from these line-width restrictions, the dis-
continuity of the line widths between different characteristic impedances are also another
factor playing an important role in the design considerations which are also eliminated

by the use of the DGS.

The space saving property of the DGS is also widely known and used concerning the
minimal, and compact designs [13-16]. It I shown that implementation of the RS-DGS
on the T-junction has resulted in a length reduction of 33% compared with the standard
approach. The length of the RS-DGS depends on the distance of the defect from the
junction (d). The length of the defect (1) at a desired frequency and the defect width (wy)

are used to satisfy the impedance matching.
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Similar RS-DGS structures are also used in the BFNSs, but since the distance between the
two adjacent ports of a BFN is controlled by the air wavelength, impedance matching

circuitry is not a restricting component for the BFN case.

Moreover, implementation of the RS-DGS to the BFNs was not reported before in the
open literature. The same design parameters of the T-junction are applicable to the BFN
design: d, 1, wq. However, in the BEN case, wy is the decisive component predominantly
controlling the wideband behavior. Additionally, the distance between the two stages (d,)
is also important for band-broadening. If a wideband design is desired, which is the most
advantageous part of a DGS BFN, one must also adjust d,. While adjusting these para-
meters, the change can be made as in the standard case, i.e., as the frequency increases,

the lengths decrease, this is true for all the d, 1, and d, values.

The usage of the DGS with the BEN also offers a compact design with all 50 Q lines on
the line side. Apart from these advantages, DGS BFN starts to be disadvantageous as the
frequency increases due to the increasing loss coming from the radiation of the defects.
The BEN design at 35 GHz shows that it is not possible to use the DGS approach at the
millimeter-wave frequencies, or if desired, the designer should be aware of the radiation

losses.

Considering the RS-DGS studies, many applications have been introduced up to now.
However, there is still more to do at this context. So it would be convenient to conclude

with the future work.

5.1 Future Work

The RS-DGS transmission line is a new concept which can be introduced as a new form
of a microstrip line, or as an inclined coplanar line. The parameterization and the circuit

modeling of the line would be the first goal.

The cascade application of the defects was realized before only for the EBG structures
which are also active or passive in a band of frequencies. The usage of the defects in an
antenna feed network is also cascade, and an analogy can be formed between the band-
select properties of the EBGs and the wideband properties of a feed network. Further-
more, studies associating the radiation from the defects and the behavior of the micro-
wave network can be conducted. There exists some studies focusing on the radiation

from the defects of a PBG [35], but these studies only focus on the radiation from the
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PBG, but do not associate these results with the behavior of the network. Since no stu-
dies exist in this area, studies correlating the radiation from the defects to the perfor-
mance of device would be experienced, and if the correspondence is discovered, it would

broaden the horizons in this area.

Additionally, the reconfigurability of the power division ratio, or basically the impedance
value can also be realized with the implementation of switches placed on the ground.
One implementation may be the insertion of switches between two defects placed as one

inside the other, and the impedance keeps its value in accordance with the active defect.

Taking a general look at the DGS research and applications being conducted all over the
world, the rectangular-shaped defect studies make up a small portion of the overall. The
research is commonly focused on the filter applications. The examination of novel DGSs

would be a good research topic and would be exceptional if succeeded.
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