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Abstract

This paper describes an advanced design systems (ADS) approach of stepped impedance microstrip
low pass filter design for both maximally flat or Butterworth and Chebyshev responses. The cut-off
frequency is 4 GHz with source and load impedances of 50 Q. The insertion loss at passband is
0.5 dB and stopband is 20 dB. In this filter design, an order N = 5 was used for computation of the
lumped elements of Chebyshev low pass filter prototype and N = 7 was chosen for maximally flat
(Butterworth) filter prototype. Substrate properties such as relative dielectric constant €, = 4.2, loss
tangent tand = 0.02, height of dielectric material h = 2.0 mm and conductor thickness of 0.01 mm
were used in calculation of the length and width of the transmission line. MATLAB was used in
plotting variations of Maximally flat and Chebyshev responses as functions of filter order N, transfer
function parameter e and angular frequency w in rad/s. Design of lumped circuit for microwave
filter prototype scaled in frequency and impedances is discussed. Equivalent transmission line was
obtained by converting lumped circuit into certain lengths and characteristic impedances. ADS
simulation software was used to plot filter characteristics of both maximally flat and Chebyshev
responses. The plots show variation of incident wave S(1,1) and forward gain S(1,2) with frequency
in GHz. It also fabricates microstrip structural layouts for maximally flat and Chebyshev filters.

Keywords: MATLAB, Stepped Impedance, Microstrip, Filter, ADS.

1.0 Introduction

Microwave filters are two-port network used to control the frequency response at certain
point in a microwave system by signal transmission at frequencies within the passband of the
filter and attenuation within the stopband of the filter. The incessant increase in demand and
specification levels of microwave filters for advanced communication systems have
necessitated research interest in both industry and academia. Hence, microwave filter designs
are becoming very popular [1]-[6].

Maximally flat (Butterworth) filter, Chebyshev filter and Bessel filter are realizable filters
often used in the design of microwave low-pass filter. The use of maximally flat low-pass
filter raises contradiction concerns between stability, response time and test precision.
Maximally flat filter with low order N has characteristics such as small filter overshoot, rapid
response and bad test precision. Higher order maximally flat low-pass filters have good test
precision, large overshoot, poor stability and slow response [5]-[6]

This filter has a type of construction called reflective filter and consists of capacitive and
inductive elements that gives ideally zero reflection loss in the passband region and very high
attenuation in the stopband region. An ideal or perfect filter do not exist in practice, to
achieve a near ideal filter compromises are made which are inherent in filter design. A
perfect filter should have zero insertion loss in the passband, infinite attenuation in the
stopband, and in the passband-a linear phase response to avoid signal distortion [6]-[7].
Shreyasi. et.al [8]-[13] presented the design technique, fabrication, simulation and
comparison between measured and simulated results of microstrip parallel coupled bandpass
filter. This was designed and optimized at 2.44 GHz with a fractional bandwidth (FBD) of
3.42 %. The usual design procedure of first calculating the lumped components and develop
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its prototype was adopted. Shreyasi et. al used an
admittance inverter to transform the lumped circuit into an
equivalent distributed circuit using microwave structures.
Filter specifications such width w, thickness h and
dielectric constant of substrate € were used to realize the
filter structure using parallel coupled technique. Advanced
design systems (ADS) software was used in simulating
microstrip filter characteristics. An optimization was
carried out to obtain low insertion loss and selective skirt.
The filter was fabricated on Flame Retardant (FR-4) and
comparison between simulated and measured results were
reported. The insertion loss for test results were slightly
more (1.5 dB) than the simulated results which may be due
to fabrication anomalies, FR-4 material losses and disparity
in dielectric constants can be attributed to the reason for
higher insertion loss.

Ninikrishna et. al [14]-[15] designed a microstrip low-pass
filter by insertion loss method using two electrical lengths

of 230° and 90° (’1/4) transmission lines. Repeating

characteristics of low-pass filter amplitude response was
obtained using Richardson’s transformation. To obtain
sharp rejection within a cut-off frequency of 10 GHz which
was highest, the electrical length was 90°. Ninikrishna et.
al used an analysis technique very effective for harmonic
suppression, and have spurious frequencies in the stopband.
It is widely deployed for radar applications. Realization of
the low-pass filter was achieved by the use of distributed
elements that were obtained by various transformations
such as Richard’s transformation, Kuroda’s identity and the
concept of unit elements. This design gives a perfect
property of low insertion loss in the passband and infinite
attenuation in the stopband.

A modification of stepped-impedance microstrip realization
method was proposed and fabricated by [14] using the open
circuited stub microwave realization method. This
approach approximates the series inductance as a high
impedance transmission line and the shunt capacitance
effect is simulated by an open circuited stub via Richard’s
transformation. Jubril et. al proposed design of a 2 GHz
maximally flat low-pass filter (LPF) was fabricated on a
FR4 dielectric substrate using open-circuited stubs and
approximates the lumped circuit model. Simulation of this
filter was compared with laboratory measurements for
insertion loss and appears consistent. Filter design
specification was met as —3.009 dB attenuation was
achieved at the cut-off frequency (2GHz) and
—19.359 dB attenuation was obtained at 4 GHz. Filter
performance was very close and its loop characteristics
exceeded the design specification. Easy turning of the
stopband performance can be provided by the open-
circuited stub filter by varying the length of stub [14].
Recently developed microwave filters are designed by the

Low-pass

prototype
design

Filter

specification

insertion loss method. This approach approximates the
amplitude response of the filter using network synthesis
method that was advanced to incorporate microwave
distributed circuit elements. In this design, an adopted four
step procedure is used: filter specification, low-pass filter
prototype design, frequency scaling and impedance
transformation of the filter, and implementation
(conversion of lumped elements to distributed elements)
using ADS software [15].

Due to the incessant demand to meet ever-growing
telecommunication challenges faced by microwave systems
due to size, cost and performance of microwave devices,
there is need to design microstrip low-pass filters that
transmit signals at microwave frequency. In this project, a
microstrip stepped impedance low-pass filter with insertion
loss of 0.5 dB at cut-off frequency 4 GHz and attenuation
of 20dB at stopband frequency 6 GHz, with given
substrate properties such as relative dielectric constant
€, = 4.2, loss tangent tand = 0.02, height of dielectric
material h = 2.0 mm and conductor thickness of 0.01 mm
was designed for order N = 7 maximally flat (Butterworth)
filter low-pass prototype and N = 5 Chebyshev low pass
filter prototype. This designed was projected to achieve a
harmonic suppression of —20 dB at stopband frequency of
6 GHz. Here, we report the design of a stepped-impedance
microwave filter using advanced design system (ADS). The
design was carried out with a cut-off frequency or passband
frequency of 4 GHz and stop band frequency of 6 dB with
input and output impedance of 50 Q.

2. Methodology

2.1 Stepped Impedance low-pass filter design procedure

Simulation of lumped elements in the filter circuit can be

realize using waveguides, coaxial lines, strip or microstrip

lines, cavity resonators, etc. The equivalent circuit which

comprised of lumped element values of the microwave

components are mainly functions of frequency. Microwave

filter design of various types operating at arbitrary

frequency bands and within arbitrary resistive loads, are

developed from a prototype low-pass design through

1. Frequency transformers.

2. Normalization of lumped elements and its simulation
through sections of transmission lines.

3. Design of low-pass filter prototype with unique
passband characteristics.

4. The prototype network is transformed to the specified
type (low-pass, high-pass, and band-pass) filter with
the cut-off and stopband frequencies.

The distributed network in microwave form is realized
using sections of microwave transmission lines.

Inplementat

CONVErsinn 100

Fig. 1: Filter design procedure by insertion loss method.

2.2. Filter Specification
We assume a cut-off frequency of 4 GHz and stopband
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frequency of 6 GHz. Source and load impedances of 50 Q
was used for this design. Insertion loss at passband is
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0.5dB and 20 dB at stopband. Chebyshev low-pass filter
response with order N =5 was considered while
maximally flat or Butterworth filter prototype with order
N = 7 was used in this design, with a practically highest
line impedance of Z, = 120 Q and lowest of Z; = 20Q.
The effect of losses was taken into consideration when
implementing this filter design with microstrip substrate of
height h = 2.0 mm, €,= 4.2, loss tangent tand = 0.02,
and copper conductors of thickness T = 0.01 mm.

2.3. Low Pass Filter Design
Beyond frequency of 500 MHz, it is challenging to design
microwave filters using lumped elements as the physical

dimensions of the filter are comparable to wavelength. This
results in losses at different levels causing degradation of
circuit performance. Richard’s transformation is used to
convert the lumped elements into distributed elements
circuit. Kuroda’s identities are used to solve the distance
between components problem which is negligible at high
microwave frequencies. This can be done by separating
filter elements by inserting transmission line sections.
Figure 2 to Figure 5 illustrate filter characteristic of both
maximally flat response and chebyshev filter as functions
of frequency, order and transfer function parameter e. N =
3 was the order of the filter used for both the maximally
flat and the chebyshev filters in Figure 2.

maximally flat and chebyshev filter characteristics with N=3 and e=1

40 T T

raximally flat
Chebyshev

30

25

20

insertion loss [dB]

10

1.5 2 2.5 3
omega [radfs]

Fig. 2: Maximally flat filter and chebyshev filter characteristics with N = 3 and e = 1.

For the maximally flat filter, there was a gradual increase in
the height as shown above, while the chebyshev suffered a
ripple at the beginning. Another difference is that the

chebyshev filter has a higher insertion loss compared to the
maximally flat filter for the same order.

chebyshey filter with N=3 and e=1234

B0 T

e=1
e=2
e=3

]

50—

insertion loss [dB]
w
=]
T

20—

T

| | 1 | 1

05 1 15 2 25 3
omega [radiz]

Fig. 3: Chebyshev filter with N = 3 and e = 1,2,3,4.
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The peak of the ripple formed increases as the parameter e ripples too.
increases. This implies that the higher the value of e, the
higher the insertion loss and the higher the peak of the

60

=
o

insertion loss [dB]
=]

maximally flat filter with varying N values

20_

10

n |

0 05
omega [radfs)
Fig. 4: Maximally flat filter with varying N values

Figure 4 shows that the insertion loss increases with omega. It is called maximally flat because closer to the
increasing order N. When N =3, insertion loss is origin; it is flat until at omega greater than 0.7 rad/s, it
approximately 29.89 dB; whereas when N = 6, insertion starts increasing.

loss is around 57 dB. This also increases with increasing

insertion loss [dB]

50

chebyshev filter with increasing order N=3 456 and =1
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0r
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40
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Fig 5: Chebyshev filter increasing order N = 3,4,5,6 and e = 1.
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For figure 5, the insertion loss increases with increasing
order N. When N = 3, insertion loss is approximately
40 dB; whereas when N = 6, insertion loss is around
86 dB. This also increases with increasing omega. From
the origin of the plot, we can see ripples until at omega
greater than 1 rad /s, it starts increasing.

2.4 Design of Maximally Flat Low-Pass Filter

The appropriate order of filter, N is determined for given
filter specifications. For maximally flat filter characteristic
we can obtain the order of the filter that satisfies
characteristics by:

IL(w,) + IL(wg)
20log (%)

ey

Insertion loss at w, (IL(w,)) = 0.5dB

Insertion loss at wg (IL(ws)) = 20dB
The cut-off frequency or passband frequency = 4 GHz
The stopband frequency = 6 GHz

0.5dB + 20dB @
- 201log (g)
N> 20.05dB 3
— 20log(1.5) ()
N = 5.82. 4

Odd number filters give better roll-off and frequency
response and higher order helps to provide low attenuation
at high frequency. Hence, the need to choose an order of 7
instead of 5.

Table 1: Shows element values for maximally flat low-pass filter prototype (g, = 1, w, = 1,N = 7)

NI g 92 93 9s | gs Je 97 s
7 10.4450 | 1.2470 | 1.8019 | 2.0 | 1.8019 | 1.2470 | 0.4450 | 1.0
0
_20—
= ]
_—
- 40 |
% _
g 60—
-80
JE S L S S I L I R N
1 2 3 4 6 7 8 9 10

freq, GHz

Fig. 6: The characteristic of the microwave filter showing variation of incident wave with frequency.
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20—
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Fig. 7: The characteristic of the microwave filter showing variation of the forward gain with frequency.
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This explains the fact that the microwave filter design met
the specification of the maximally flat low-pass filter
design specification as the incident wave and forward gain
intercept at 4 GHz. In Figure 6 and Figure 8 the cut-off
frequency of 4 GHz was obtained.

2.5 Design of Microwave Filter Prototype (L and C
Elements) Scaled for the Given Frequency Band and 50Q
Input and Output Impedance.

Table 2: Shows lumped element values of the capacitor and inductor for maximally flat low pass filter prototype (g,

5 6

freq, GHz

Fig. 8: The characteristic of the microwave filter showing variation of both incident wave and the forward gain with frequency.

The coefficients were converted into a microwave
prototype network by impedance and frequency scaling

utilizing the equations as follows:
!

=% =5 Bl = L given that R, = 50Q, w,
w Ro L

Zo
2rnf., f.=4 GHz

500, gg = 50Q)
Yo 91— Ly 92—G 93— L, 94— C gs — Lj 9e — C3 g7 =Ly Js
50Q 0.885 nH 0.992 pF 3.538 nH 1.592 pF 3.585 nH 0.992 pF 0.885 nH 500
< > A=Y iy s W Y YV {0
Pot +F Term . - 2 - , - Port
5 C L2 e e L N L4 Term
P Tem Cogssnh o Lasesmy OO S sgnny], O 08855 | 1o o
=1 S | =t o o - CADIRPF o =2
- = 27 C=0.992 pFR= : - Num=2
Z=50 Ohm -
_ 750 Ohm

1H

g(ﬁ;, S-PARAMETERS |

S_Param

P2

Start=10 GHz
Stop=10.0 GHz
Step=01 GHz

Fig. 9: Lumped circuit for maximally flat low-pass filter prototype obtained from ADS software.

2.6 Equivalent Transmission Line Filter obtained by
Converting the Capacitors and Inductors of the Lumped
Circuit into Transmission Lines of Certain Lengths and
Characteristic Impedances.

To obtain the equivalent transmission line filter we have to
convert the capacitors and inductors of the lumped circuit

~72~

into transmission lines of certain lengths and characteristic

impedances. This is obtained by the equations below;

LI'=RoL, C'==,  L=2zy,plC=2-
Ro Z

oc
500
From these calculations the above transmission
parameters were obtained as shown in Table 3.

,Where R, =

line
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Table 3: Equivalent line filter characteristics.

Low pass prototype | Impedance scale | Electrical-length (8l)in degrees

Ly = 0.4450 22.250 10.62
C, =1.2470 0.0250 28.57
L, =1.8019 90.095 43.02

€, =20 0.040 45.84
Lz =1.8019 90.095 43.02
C; = 1.2470 0.0250 28.57
L, = 0.4450 22.250 10.62

The ADS software enables us to represent the above
transmission line parameters in circuit format as the values
are applied for short circuit and open circuit sections of the

transmission line.
Below is the transmission line distributed circuit.

|
_H _D
s P
no Zm00m N
Pt
Tem?
re2
Z90m

Fig. 10: ADS representation of the distributed transmission line circuit

The characteristic of the distributed transmission line
circuit was obtained by simulating the circuit using the
ADS software and we were able to obtain similar frequency
response as compared to the lumped maximally flat low-
pass filter prototype. We obtained a cut-off of 4 GHz for
both s;; and s;, against frequency. It is of great

importance to note that, S15 and

sy1are symetrically equal. It was observed that when
s15 and s,; was plotted on the same axis against frequency
there was an interception at 4GHz which proves the fact
that the design specification was achieved. The frequency
responses of s;, and s,, are shown below.

dB(S(1,1))

|
4

6 10

freq, GHz

Fig. 11: The characteristic of distributed transmission line showing variation of incident wave with frequency
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0

dB(S(2,1))
Y
(I:)

-30__
40 | | | |
0 2 4 6 8 10
freq, GHz
Fig. 12: The characteristic of distributed transmission line showing variation of reversed gain with frequency
0
20

dB(S(2,1))
dB(S(1,1))
i

| | | | '
0 2 4 6 8 10

freq, GHz
Fig. 13: The characteristic of the distributed transmission line showing variation of both incident wave and the reversed gain with frequency

To select the appropriate low-pass prototype network, it is Chebyshev filter:
necessary to calculate the appropriate order N for the

IL(w;) + IL(ws) + 6

N> ©)
20log(p ++/p? — 1)
where p =%=§= 1.5
05+20+6
N> 6)
201og(1.5 + V1.5 — 1)
N =3.17 (7
It is better to choose a higher order chebyshev filter as it number filter is better than even number. Hence, an odd
gives better frequency response at high frequency and odd number order of 5 is used.
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Table 4: shows element values for chebyshev low pass filter prototype (g, = 1,w. = 1,N = 5)

N

91 92

g3

94 s de

5 | 1.7058 | 1.2296

2.5408

1.2296 | 1.7058 | 1

dB(S(1,1))

Fig.

|
4

6 10

freq, GHz

14: The characteristic of the chebyshev filter showing variation of incident wave with frequency.

0

10—+

20—

-30—

-40—

50—

dB(S(1,2))
dB(S(1,1))

| | '
6

freq, GHz

Fig. 15: The characteristic of the chebyshev filter showing variation of both incident wave and the forward gain with frequency.

3.0 Results and Discussions
3.1 Layout of the Microstrip Structure for Maximally Flat
(Butterworth) Filter

Based on the assumption that all transmission lines are
realized in microstrip technology and the substrate has
dielectric constant &, = 4.2, rough= 0 mm, mur=1, H = 2.0

mm, Hu =1.0, cond=1.0e+5, tan§=0.02, T=0.01lmm and

using the above equations;

L'=RoL, C'==,  L=ZopLC=2" whereR, =
o] oc

50Q

We were able to estimate the width and the length of the
individual microstrip line.

Distributed component | Impedance scale | Electrical-length (Bl)in degrees | Width (mm) | Length(mm)
Ly 22.250 10.62 0.549 1.309
Cy 0.0250 28.57 14.70 3.085
L, 90.095 43.02 0.549 5.304
C, 0.040 45.84 14.70 4.950
Ls 90.095 43.02 0.549 5.304
Cs 0.0250 28.57 14.70 3.085
Ly 22.250 10.62 0.549 1.309

Below is an ADS representation of the microstrip filter structure.
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. Rough=0mm Num={ . . . L e o L L C Num=2

Z=50Ohm . 7:500bm. .

Fig. 16.: ADS microstrip structure.

After simulating the ADS, the following characteristics of the microstrip were obtained and the microstrip layout was obtained.

0
-20 |
40—
@ 60—
m |
T
-80—
-100
-120 T T T [ T [ T T T I T I T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
freq, GHz
Fig. 17: The characteristic of microstrip structure showing variation of incident wave with frequency.
o]
10 |
) ]
¥ 20—
30 __
_40 | T | T | T | T | T | T | T | T | T | T
o] 1 2 3 4 5 6 7 8 9 10
freq, GHz

Fig. 18: The characteristic of microstrip structure showing variation of reversed gain with frequency.
The impulse response is not symmetric and as a result, the very hard to actually make in reality. This is one of the
filter does not have a linear phase response. It can be seen limitations of the stepped impedance filter design.
that some of the widths are extremely thin and might be
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Fig.

The Chebyshev filter provides a slightly faster roll-off in
the transition band than the maximally flat gain filter. The
maximally flat filter has wide transition band. A higher
order Chebyshev filter is required to meet the same filter
specification as maximally flat filter. The maximally flat
filter response is smooth at the passband while that of the
Chebyshev filter is equi-rippled at the passband. They both
meet the design specification of the filter. The point of
intersection of S(1,1) and S(2,1) which is the cut-off point
is not exactly at the 4 GHz frequency mark.

3.2 Layout of the Microstrip Structure for Chebyshev Filter

+

+

19: The microstrip filter structure for the maximally flat filter.

Based on the assumption that all transmission lines are
realized in microstrip technology and the substrate has
dielectric constant &, = 4.2, rough = Omm, mur =1, H =2.0
mm, Hu =1.0, cond =1.0e+5, tané = 0.02, T = 0.01lmm and
using the above equations;

L' =R,L, C' = é L=2Z,pC= Z‘% ,where Ry =

50Q

We were able to estimate the width and the length of the
individual microstrip line

Sections | Z pl W(mm) | I(mm)
1 120 | 40.72° | 0.5352 4.939
2 20 | 28.19° 14.56 3.0183
3 120 | 60.66° 0.535 7.424
4 20 | 28.19° 14.56 3.018
5 120 | 40.72° 0.536 4.939
ftSub- . @ . S.PARAMETERS .
MSUB ~ S _baum
BETH] Sk
H=2mh * +Sr=00 GHz -
Emi 2 - Stp=100 GH=
S [ 1] NS . SEp=1.0GH: .
. Cond=) OFHS0 |
Hi=3 Se+034 mm
 T-00tmm
T TaD=002
Rorgk=0 mm*
-port- - “Temnt - MLIN- MLIN - “MLN- - -+ MLIN Tm2 - Pod
M . . Num=1 .TLI . . S ) L | - I . TLL = TL5 . s Num=2. P2.
CNym=1 | =0 OpSIIE NSIDIT ST NSIblT | SIDEETRSWLLT Sabsel RSkt | SabseTRSabT | Z=3004m Nup =2,
(W=0535207 mm W=l 455000 mn | W0 535207 mi W= 556700 mm W0 535207 mim
Le=d SE3900 mm L=3018280 mm L=T 424450 mm L=301830mm  L=4 953900 mm

Fig. 20: ADS representation of the Chebyshev microstrip filter.

~77~



World Wide Journal of Multidisciplinary Research and Development

0
-20

- -40—
_ 60—
@ |
o
o -80—

-100 —

120 | | | |

0 2 4 6 8 10
freq, GHz
Fig. 21: The characteristic of microstrip structure showing variation of incident wave with frequency.
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Fig 22: The characteristic of microstrip structure showing variation of reversed gain with frequency.
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Fig. 23: The characteristic of the distributed transmission line showing variation of both incident wave and the forward gain with frequency.
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Fig. 24: The microstrip filter structure for the Chebyshev Low-Pass Filter.

The frequency response of Figure 11 shows that the
maximally flat filter has a wide roll-off and there was a
distortion at the passhand at 1.5 GHz of -40 dB but in
Figure 18 the distortion occurs at similar frequency at the -
20 dB point. The design specification was met as a cut-off
frequency of 4 GHz was achieved. The Chebyshev filter
provides a slightly faster roll-off in the transition band
(Figure 11 and Figure 18). Comparing Figure 13 and 23 it
is apparent that the S(12) attenuates at high frequency.
The chebyshev experiences greater attenuation at high
frequency. In order to resolve this problem a higher order
should be used at high frequency.

5. Conclusion

In this paper, a stepped impedance microstrip low-pass
filter for maximally flat filter with order N =7 and
Chebyshev filter with order N =5 was simulated using
ADS software. The frequency response of the maximally
flat filter shows that it has a wide roll-off and there was a
distortion at the passband at 1.5 GHz of -40 dB but in the
distributed circuit the distortion occurs at similar frequency
at the -20 dB point. The design specification was met as a
cut-off frequency of 4 GHz was achieved. The Chebyshev
filter provides a slightly faster roll-off in the transition
band. Comparing Figure 13 and 23 it is apparent that the
S(12) attenuates at high frequency. The chebyshev
experiences greater attenuation at high frequency. In order
to resolve this problem a higher order should be used at
high frequency.

Design and implementation of microwave filters can be
done in several ways and differs in applications. For
frequency multiplexing in satellite communication systems,
waveguide cavity bandpass filters with very low insertion
losses are recommended. For compatibility and cost,
coaxial low-pass filters, designed with sections of coaxial
line with varying diameters are cheap. Planar filters come
in microstrip or stripline form and are valuable for
integration with hybrid or monolithic microwave integrated
circuits. The use of computer aided design (CAD)
procedures in the building of sophisticated amplitude and
phase responses, and field effect transistors (FET) for

~79~

fabrication of active microwave devices helps to develop
filters with tunable and gain responses.
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