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Abstract—In this paper, a new calculating method for the
characteristic impedance (Z.) of transmission lines with perturbation
and periodic modified ground structure (MGS), such as defected
ground structure (DGS), photonic bandgap (PBG), and substrate
integrated artificial dielectric (SIAD), is discussed. The proposed
method is based on simple transmission line theories and proper related
equations. The previous method to find Z,. of transmission lines with
MGS or perturbation produces the fluctuating Z. value depending
on frequency, while the proposed method results in a constant value
without frequency-dependence. As examples, several microstrip lines
with DGS, PBG, and STAD structure are simulated and measured, and
their Z, values are calculated from S-parameters by the previous and
proposed methods. It is shown that the Z. obtained by the proposed
method is much more reliable than that calculated by the previous
method for all examples.
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1. INTRODUCTION

Many electromagnetic circuits are implemented with the form of
transmission line structures based on planar printed circuit boards
(PCBs), which are composed of a dielectric material layer and
ground /signal metal planes. One of the most widely used transmission
lines for high frequency circuits is microstrip line. A microstrip line
consists of a dielectric substrate covered by metal layers on both sides,
one of which is patterned for signal line, the other one for the ground
plane.

Figure 1. Structure of a standard microstrip line.

As illustrated in Figure 1, when the thickness and dielectric
constant of the substrate are “h” and “c.”, respectively, the line
width (“W”) and length (“L”) of the microstrip line correspond to
a specified characteristic impedance (“Z.”) and electrical length (“6”)
at a specified frequency [1]. Here “¢” is the thickness of metal layers.
Normally the thickness is not a critical factor in determining Z..

The dimension of W corresponding to a specified Z, is directly
dependent on the effective dielectric constant (“c.g”) which is also
strongly related to e, [1]. Normally the effective dielectric constant of
microstrip lines is fixed under the given W, H, and ¢,. In other words,
a pair of W and Z, exists for the given substrate with h, ¢, and ¢,.

Recently, microstrip transmission lines combined by perturbation
or modified ground structures (MGS) such as defected ground
structure (DGS), photonic bandgap (PBG), and substrate integrated
artificial dielectric (STAD) structures have been proposed and studied
popularly [2-6]. In addition, those structures have been widely applied
to high frequency circuits such as filters, dividers, couplers, mixers,
amplifiers, multipliers, baluns, and antennas [7-25].

In order for those transmission line elements with perturbation
or MGS to be applied to high frequency circuits, the consideration
for the deviation of characteristic impedance should be carefully
taken into. Theoretically and practically, it is well known that
all high frequency circuits should have proper design equations and
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matching performances based on the accurate characteristic impedance
of transmission line elements. In the previous works mentioned above,
the accurate characteristic impedance-based circuit applications have
been one of major research topics [6,11,12,19]. Therefore it is quite
important to calculate accurately the deviation of the characteristic
impedance of transmission lines due to any MGS, perturbation, and
arbitrary periodicity in the point of view of circuit applications as well
as the transmission line itself.

It is well known that modified transmission lines (MTL) —
transmission lines with a perturbation such as periodicity or modified
dielectric and ground structures — have some modification in the
electrical length, slow wave factor (SWF), characteristic impedance
(Z.), and effective dielectric constant from the typical values [2-6].

In this work, a new calculation method for characteristic
impedance of MTLs will be described. The proposed method is based
on the well known reflection and transmission theories of transmission
lines. The obtained characteristic impedances using the proposed
method are almost constant and independent of frequency, while the
conventional method results in the frequency-dependent Z.. The
perturbation and MGSs combined to regular microstrip lines include
DGS, PBG, and SIAD structure in this work. The microstrip line will
be mentioned as the representative transmission line.

2. MODIFIED TRANSMISSION LINE STRUCTURES

The purpose of this work is not to describe the physical structures and
electrical characteristics of microstrip lines with DGS, PBG, and STAD
“for the first time”. In practice, those have been already discussed well
in the previous works by Radisic, Kim, Yun, Coulombe et al. [3—6]. On
the contrary, it is the aim of this work to propose a new method to
calculate the characteristic impedance of those MTLs. However, it
would be helpful for better understanding the proposed method to
introduce briefly microstrip lines with DGS, PBG, and STAD.

2.1. Photonic Bandgap Structures (PBG)

One of popular periodic structures for high frequency planar
transmission lines is two-dimensional photonic bandgap (PBG). A
popular PBG structure for microwave application is realized by etching
the ground metal plane or constructing the dielectric-holes around
the signal line infinitely and periodically [3,17]. Figure 2 shows the
representative PBG structure for planar microstrip line proposed by
Radisic et al. [3,17]. The advantage of microstrip lines with PBG is
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Figure 2. Planar PBG structural microstrip line (a) with ground
metal removed periodically on the bottom ground plane, and (b) with
dielectric layer removed.
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Figure 3. Microstrip line with DGS structure: (a) layout and (b) 3-D
view.

the increased SWF, which can be used for size reduction of microwave
circuits.

2.2. Defected Ground Structures (DGS)

Typical DGS shape is just like a dumb-bell shown in Figure 3, which
is realized by etching defected areas on the ground plane and a
connecting slot between defected rectangles. Although the number of
DGS patterns is less than that of the periodic PBG, it is considered as
a kind of periodic structure for microstrip line. The equivalent circuit
of DGS consists of the additional inductance and capacitance, and the
equivalent inductance is dominant over the capacitance. It is much
easier to establish the equivalent circuit because the transmission,
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reflection, and suppression characteristics of DGS microstrip line are
very clear and definite. Furthermore, DGS has prominent advantages
of being applied to microwave circuits such as filters, dividers, couplers,
amplifiers, and so on [7,9-20].

2.3. Substrate Integrated Artificial Dielectric (SIAD)
Structures

Figure 4 shows the microstrip line with SIAD structures proposed
recently [6]. There are two dielectric layers with the same or different
dielectric constant. The microstrip signal line is placed on the
uppermost plane, and the wide ground plane exists on the undermost
plane. There are a lot of metalized periodical via-holes through the
second dielectric layer. No metal plane exists between two dielectric
layers. Dimensions of “hy”, “hs”, “d”’, and “p” in Figure 4 are the
thickness of the first and second layers, diameter of via-holes, and
length of the periodicity, respectively.

Microstrip line layer

Ground layer

Via holes

(@) (b)

Figure 4. SIAD structure and transmission line: (a) 3-D view and
(b) side view.

The representative effect of the microstrip with SIAD is the
increased effective permittivity due to the increased capacitance
between signal trace and via-hole tops, and between via-holes
compared to regular microstrip lines. In addition, the effective
permeability also increases because of the increased ratio between
total magnetic flux and current from the regular microstrip line. The
increase of the effective permittivity (e.g) is dominant over the effective
permeability (eg), so the characteristic impedance is reduced from
regular microstrip lines [6]. So when a low impedance transmission line
is required, SIAD microstrip line is expected to be a good solution.
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One of advantages of SIAD microstrip line is the increase of the
effective refractive index (n.g) which is expressed by the square root of
the multiplication of effective permittivity and permeability [6]. Tt is
noted that the effective refractive index value strongly depends on the
Z. So, it is very important to calculate the characteristic impedance
exactly in advance for applications.

It is noted that the characteristic impedance of microstrip lines
with MGS or perturbation is not maintained any more from that of
the typical microstrip lines. The same situation goes for all types
of periodic structures combined to other transmission lines. The
deviation of Z. is caused by the additional inductive and capacitive
elements due to the MGS or perturbation. So it is important to
calculate the Z, exactly because its characteristic impedance becomes
a critical factor for design when microstrip line elements are applied
to high frequency circuits.

The increased electrical length of the microstrip lines with MGS
or perturbation should be discussed. As for DGS, the equivalent
inductance per unit length of the microstrip line increases due to
DGS, so the electrical length is no longer the same as the original
one. This means the slow-wave effect gets stronger in the microstrip
line with DGS. The same phenomenon occurs for other types of MGS
or perturbation.

An attention should be paid to the new Z. and the SWF because
the microstrip line with MGS or perturbation has longer electrical
length than the typical microstrip line with the same physical length.
Therefore, the original physical length might be shortened by inserting
MGS or perturbation in order to maintain the same electrical length.
This is a very useful clue for application to size-reduced high frequency
circuits.

3. CALCULATION OF THE CHARACTERISTIC
IMPEDANCES

3.1. Previous Method Using )\/4 Transmission Line Model

The method to calculate the characteristic impedance of transmission
lines with DGS has been studied previously [11,12]. In the previous
work, the equivalent A/4 transmission line model is established first,
and the magnitude of reflection coefficient (|I'|) and Si; are related at
the frequency where S1; shows its maximum value. At this frequency,
IT'| is related to the input impedance.

Figure 5 and Figure 6 show an example of microstrip line with
DGS and its S-parameters, and the equivalent \/4 transmission line
model, respectively. At about 2.6 GHz, the maximum value of Si;
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S-parameters [dB]

Frequency [GHz]

Figure 5. Example of DGS microstrip line and its S-parameters.
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Figure 6. Equivalent \/4 transmission line model to calculate the
characteristic impedance of DGS microstrip line.

is —9.5dB. Tt is easily understood that the microstrip in Figure 5
is just like a quarter-wavelength transmission line at 2.6 GHz. So if
this transmission line is terminated by the reference impedance (port
impedance Z,, normally 50€2), the unknown characteristic impedance
(Zpas) is determined easily using (1)—(3).

Sy1[dB] = 201og |T| (1)
I
Zz - Zpl _ |F| (2)

Zpes = ZmZy = 7, i:?: 3)

However, a serious drawback exists in the previous method. The
calculated characteristic impedance is acceptable only at the frequency
where the effective electrical length is A/4. It is noted that Z;, is always
real value from (2). However the input impedance is a real value only
at the frequency where the electrical length is A/4. If one calculates
the characteristic impedance using the S-parameters shown in Figure 5
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and (1)—(3), the resultant Zpgg fluctuates depending on the frequency.
This means that the calculated Zpgg at other frequencies is not correct
any more.
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Figure 7. Microstrip line with DGS patterns: (a) layout and (b)
S-parameters.
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lent A/4 transmission line model.

Figure 9. Diagram for finding
the characteristic impedance us-
ing the proposed method.

Figure 7 shows the example of a microstrip line with 5
DGS patterns and its S-parameters when the dielectric constant
and thickness of the substrate are 2.2 and 31 mils, respectively.
Figure 8 shows that the calculated characteristic impedance fluctuates
depending on the frequency.

3.2. The Proposed Analytic Method

Figure 9 shows the equivalent diagram for the proposed method to
calculate the characteristic impedance of transmission lines with MGS
or perturbation. According to the basic transmission line theories, the
electrical length (0) is the product of phase constant (/) and line length
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(I). Z, is the terminating impedance at in/output ports, and that is
normally 50 €2 in practice. The input impedance (Z;,,) is expressed and
related to S11 as shown in (4) and (5). The real and imaginary parts
of S11 can be separated, and Z. and Z;, can be normalized to Z, like
(6a) and (6b).

Relating and developing further (4),(5),(6a), and(6b), one
obtains (7) easily. It is clear that the real and imaginary parts of (7)
should be zero, so two equations of the second degree are resulted as
depicted in (8a) and (8b). These equations have the typical form of
the quadratic equation “aX? + bX + ¢ = 07. For the convenience,
we are going to describe, hereinafter, using the basic equation form of
“aX?+bX +c=0".

Zy+ jZctan 6
“Ze+ jZytand
Zin—Zy  zin — 1
Su = = =
Zim + Zp Zin + 1

Zi (4)

Re (511) + jIm (511) =rs11 + jis11 (5)

7, .
Zin Z. 1+ 7 tand 1+ jz.tanf

Zin = = — =z - 6a

n Z, Z, %—i—jtan& “ 2.+ jtanf (6a)
Z

Ze = Z—; (6Db)

22.r811 — (zc2 + 1) tanfisqq
+7 [22cisi1 + (22 + 1) tanOrsiy — (22 — 1) tanf] =0  (7)

2 27’811

- 1=0 8
Ze tanfisqy et (82)
21s 1+7rs
9 11 11
— =0 8b
%t tan (rsj; — l)zc 1—1rsy (8b)

In (8a), the determinant, D(= b* — 4ac), may be positive or
negative depending on the magnitude of b because a = ¢ = 1. If
the determinant is a negative value, the solutions are meaningless.
However, Z. should be real because it is the characteristic impedance
of the transmission line in Figure 9. It is also noted that the magnitude
of rs11 and isq1 are less than 1 because the transmission line is a passive
element. Therefore it is of no use to calculate z. using (8a) in some
cases.

Taking a deep consideration into (8b), “(1 4 rsi1)/(1 — rs11)” is
always positive because the magnitude of rsi; is less than 1, then ¢ of
“aX® + bX + ¢ = 07 is always negative. One can easily find that the

9
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determinant is always positive and there exist two real roots of (8b).
Out of two z. values, one is the proper solution and selected, while the
other is not a right solution and dismissed.

It should be noted that € is limited within 90° or between 90° and
180° for (8b) to be applied in finding z. because i) tan 6 approaches to
infinity (00) when € approaches to 90°, and ii) a singularity problem
occurs when 6 approaches to 180°. In addition, if 6 is equal to 90°
which corresponds to A/4, Figure 9 represents the perfect quarter-
wavelength transformer matching condition, and (3) is valid only at
the frequency where the line length is A\/4. If the line length is longer
than A/2, (8b) may produce solutions which are somewhat meaningless
or repeated ones. Relying on experiences, the calculated characteristic
impedance is almost constant and reliable at the frequency range when
the line length is between A/8 and 3A/8. When the line length is near
0 or A\/2, § and S1; change radically, and this makes the characteristic
impedance unstable, which would be dismissed.

4. APPLICATIONS OF THE PROPOSED METHOD TO
MTLS

4.1. DGS Microstrip Lines

The proposed method has been applied to find the characteristic
impedance of the microstrip line with DGS. Figure 10 shows the
fabricated circuit which is exactly the same as Figure 7(a). The
measured S-parameters are so similar to the results in Figure 7(b),
so it is not shown here. It is estimated that the electrical length is
near the quarter-wave at around 1 GHz from Figure 7(b) and its So;
phase which is not shown. Figure 11 shows the calculated characteristic
impedance, which is quite different from the results shown in Figure 8
except at about 1GHz. The frequency-dependence of characteristic
impedance has been quite mitigated in Figure 11, while it is strong in
Figure 8.

Figure 10. Fabricated microstrip line with DGS.
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Figure 12. Microstrip line with PBG patterns: (a) layout and (b)

simulated S-parameters.

Figure 13. Fabricated microstrip line with PBG.

4.2. PBG Microstrip Lines

The proposed method has been applied to the microstrip line with
PBG. Figure 12(a) and Figure 12(b) depict the layout of the microstrip
line with PBG and its simulated S-parameter characteristics, and
Figure 13 shows the photograph of the fabricated one. For the same
reason, the measured S-parameters are not shown here. Figure 14(a)
and Figure 14(b) show the characteristic impedances based on the
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Figure 14. Calculated characteristic impedance of the microstrip
line with PBG using (a) the previous A/4 model method and (b) the
proposed method.
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Figure 15. SIAD microstrip transmission line: (a) S-parameters and
(b) photograph of the second substrate with a lot of via-holes.

previous and proposed methods, respectively. The difference between
two results is evident. The same substrate of which dielectric constant
and thickness are 2.2 and 31 mils has been adopted for the PBG
microstrip line.

4.3. SIAD Microstrip Lines

Now the proposed method has been applied to find the characteristic
impedance of the microstrip line with SIAD. Figure 15(a) and
Figure 15(b) show the S-parameters and fabricated SIAD substrate
with a lot of via-holes. The thicknesses of two substrates and dielectric
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Figure 16. Characteristic impedances of the SIAD microstrip
transmission line using (a) previous method and (b) proposed method.

constant are 5 mils (= hy), 31 mils (= hg), and 2.2, respectively. The
diameter of via-holes and periodicity are 0.8 mm and 1.3 mm, and line
width is 0.91 mm. The electrical length is near the quarter-wavelength
at 1.7GHz from Figure 15(a) and its S2; phase which is not shown.
Figure 16(a) and Figure 16(b) show the calculated characteristic
impedances by the previous and proposed methods, respectively. The
characteristic impedance by the equivalent \/4 transmission line model
does not converge, but fluctuates depending on the frequency. So the
average value has been selected as the representative characteristic
impedance in the early study [6]. However, the proposed method shows
the characteristic impedance which is almost constant regardless of
frequency.

5. CONCLUSION

An analytic method to calculate the characteristic impedance of
transmission lines with modified ground structures or perturbation
has been discussed. The proposed method utilizes the S-parameters
and basic transmission line theories. The proposed method results
in the almost constant value without frequency-dependence, while the
previous method which utilizes the equivalent \/4 transmission line
model produces the characteristic impedances with serious fluctuation
depending on frequency.

In order to verify the proposed method, three types of microstrip
line with DGS, PBG, and SIAD have been simulated, fabricated and
measured. The obtained characteristic impedances by the proposed
method were constant values without frequency-dependency.



160 Lim et al.

It is expected that the proposed method can be applied to all kinds
of transmission line with other types of modified ground structure or
perturbation. In addition, the proposed method is believed to play a
good role in determining the new characteristic impedance or deviation
from typical transmission lines. It is so essential and important to get
the accurate characteristic impedance of transmission line elements
for successful applications in design of high frequency circuits and
antennas.
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