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Abstract—In this paper, the design and optimization of Lowpass Filter Using Maximally-Flat (Butterworth) Technique is proposed.
The realization of seven order Lowpass filter on Microstrip transmission lines was carried out. MATLAB and AWR software were

used for the implementation.
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INTRODUCTION

Filters have important roles in communication/radar systems, and their usage is unavoidable when rejection of an unwanted frequency
range is required. Filtering is also a major approach in electromagnetic compatibility (EMC) engineering, for the cancellation of noise
and interference. Functionally, filters can be grouped into four categories: low-pass filters (LPF), high-pass filters (HPF), bandpass
filters (BPF), and band-stop filters (BSF). There are various sets of analytical functions that satisfy given filter specifications, but
Butterworth, Chebyschev, Cauer, and Bessel functions, with their pros and cons, are the functions widely used in RF/microwave filter
design. For example, Butterworth filters are maximally flat in the pass band, but their out-of-band attenuation slopes are not good.
Chebyschev filters have sharper attenuation slopes (as compared to Butterworth filters), but the payoff is the ripple inside the pass

band. Elliptic filters have the sharpest out-of band attenuation, but they have undesired ripples both in and out of the pass band.

Today, most microwave filter designs are done with computer-aided design (CAD) packages, such as Advancing the Wireless
Revolution, Ansoft Designer, etc based on the insertion loss method. In this work, the Butterworth lowpass filter design is taken into
consideration.

The aim of this work is to design and optimize lowpass filter using maximally-flat (Butterworth) Technique with the following
specifications:

Source Impedance, Z,=50€2, Load Impedance, Z,=50Q. The dielectric substrate to be used in the microstrip will be RO4003C with
the height of 1.52 mm. The typical parameters of this dielectric are given as er = 3.38, tan & = 0.0027, and metal cladding of 35um.
The highest practical characteristic impedance to be implemented on the microstrip is 130€, and the lowest is 18Q. The filter should
have a cut off frequency (where attenuation is 3 dB) of 2.4 GHz and give minimum 30 dB attenuation at 4.08 GHz.

The objectives are:

(i) Calculations and MATLAB simulations of the filter with lumped elements (Approximate solution)

(ii) Calculations and MATLAB simulations of the filter with microstrip transmission lines (Almost exact solution)

(iii) Implementation of the filter design on AWR Microwave design and optimization/tuning (Engineering solution)

(iv) Implementation of the filter design on AWR Microwave design by considering discontinuities and optimization/tuning (Practical
solution).
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DESIGN OF THE FILTER

(A) First phase (Lumped element approach)

A procedure, called the insertion loss method, is used here which uses network synthesis techniques to design filter with a completely
specified frequency response. The design is simplified with low-pass filter prototypes that are normalized in terms of impedance and
frequency. The normalized element values are obtained for maximally flat filter design from table 2.1 below.

From the given specification on the insertion loss, the filter order can be obtained as
o/ - 1 =](2nx 4.08/2m x 2.4)| - 1 = 0.7; from fig. 2.1 below, it is found that, N = 7 will be sufficient. Then table 1 gives the

prototype elements as: g,=1.0000, g;=0.4450, g,=1.2470, g;=1.8019, g,=2.0000, gs=1.8019 g¢=1.2470, g,=0.4450, gs=1.0000.

The un-normalized values can be obtained from the normalized values using the following formulae:

L,k:LkRo/ O¢
C’k:Ck/Ro (O

«))
2

Table 2.1: Element values for maximally Flat Low-pass Filter Prototypes (go.=1, ®=1, N=1to 10)

N o o2 s Ll s e o0 s o g0 1%

_l- 2.0000 1.0000

2 14142 14142 1.0000

3 1.0000 2.0000 1.0000 1.0000

4 0.7654 1.8478 | . 8478 0. 7654 1.0000)

5 0.6150 1.6180 2.0000 1.6180 0.6180 1.0000

(5] 05176 Laia 1 921% | 93\% 14142 O.5176 OO

7 0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 04450 1.0000

8 0.3902 11111 1.6629 1.9615 19615 1.6629 11111 0.3902 1.0000

9 0.3473 1.0000 1.5321 1.8794 2.0000 1. 8794 1.5321 1.0000 0.3473 1.0000

10 0.3129 0.9080 1.a4142 1.7820 1.9754 1.9754 1.7820 14142 0.9080 0.3129 1.0000
Source: Reprinted from G, 1. Matthaei, L. Young, and 15 M. T. Jones, Microwave Fitors, Tmpedance - Meatching
Nearwaorky, and Coupling Structieres (Dedham, Mass Artech Flouse, 1980) with permission

Fig. 2.1: Attenuation versus normalized frequency for maximally flat filter prototype

MATLAB was used to obtain the following results from equation (1) and (2) above.
’1 = 0.5902pF,
>, = 4.1347nH,
>3 = 2.3898pF,
>4 = 6.6315nH,
’s = 2.3898pF,
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L’ =4.1347nH,
’; = 0.5902pF,
The filter circuit is drawn using AWR software and is shown in fig. 2.2 below
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Fig. 2.2, Low pass, maximally flat with N=7, filter circuit
MATLAB is used to obtain the scattering parameters graphs (S11 vs. frequency graph) and (S21 vs. frequency graph) shown in figure

2.3 below.

|S11] and |S21| vs Frequency

o
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Fig. 2.3, the graph of S11 and S21 verses Frequency

Comment:
All the frequencies lower than the cut off frequency (2.4 GHz) have attenuation values of below 3 dB and at 4.08 GHz there is 32.26

dB attenuation which is higher than 30 dB.

(B) Second phase (Microstrip transmission line approach)
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In this phase, the lengths and characteristic impedances of Microstrip transmission line section will be calculated. The highest
practical characteristic Impedance implemented on the Microstrip is 130Q and the lowest is 18Q. The effective dielectric permittivity
for both 130Q and 18Q are calculated using AWR software. € = 2.35 for 130 Q, and 3.04 for 18 Q.

The lengths are calculated using the following formulae for inductors and capacitors respectively,

gind,k = LkVpllzhigh (3)
gcap,k = CkVp22|OW (4)
X 8 8 .. .
Where V= 3\/21% =195.7x10° m/sec and V== 3\;% = 172.06x10° m/sec are velocities at 130 Q and at 18 Q respectively.
Therefore, the lengths of the Microstrip lines are:
V4 = 1.83mm, ¢._,, = 6.22mm, ¢ = 7.4mm, ¢. ., = 9.98mm,/ = 7.4mm, ¢. . .6.22mm, ¢ = 1.83mm
cap,1 ind,2 cap,1 ind,2 cap,1 ind,2 cap,1

Using the values of the characteristic impedances and lengths obtained above, MATLAB is used to calculate the overall input
impedance and reflection coefficient (S11) using cascade approach and then unitary property of scattering matrix is used to calculate
S21.

The graph of [S11| and [S21| Vs Frequency

—
P —S11(dB)
X: 2.32e+009 ——S21(dB)
Y:-2.967

~ X: 4.08+009

S~ vl

1 2 3 4 5 6
Frequency Hz X 109

Fig. 2.5, graph of S11 and S21 verses Frequency.
The figure 2.6 below shows the comparison between S21 of the first phase and that of the second phase.

400 www.ijergs.org



http://www.ijergs.org/

International Journal of Engineering Research and General Science Volume 2, Issue 3, April-May 2014
ISSN 2091-2730

The graph of [S21| Vs Frequency
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Fig.2.6, the graph of S21 verses Frequency of the first and second phase.

Comment:

All frequencies lower than 2.32 GHz which is less than the cut off frequency (2.4 GHz) have attenuation values of below 3 dB and at
4.08 GHz there is 28.11dB attenuation which is less than the specified minimum 30 dB.

Figure 2.6 shows that the first approach (phase) has a better result compare to second phase.

(C) Third phase (Simulation approach)

In this phase, the microwave circuit design is implemented and simulated with AWR Microwave Design Environment software.
Physical lengths for the lengths of the transmission lines and characteristics impedances calculated in second phase are used. S11 vs.
frequency graph and S21 vs. frequency graph on the same figure were drawn with this program and a screen shots were taken as

shown in figure2.7 (a) and (b) below.
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Fig. 2.7(a), S11 and S21 vs. Frequency graph without optimization

Comment:
All the frequencies lower than the cut off frequency (2.4 GHz) have attenuation values below 3 dB and at 4.08 GHz there is 28.26 dB
attenuation which is less than 30 dB. This result is better than that of second phase since there is no shift in the cut-off frequency

unlike in the second phase but still an improvement is needed.
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By using the “tune” and “tune tool” of AWR, the performance of the filter was improved as much as possible as shown in fig. 2.8

below. The characteristics impedances were kept constant, while the lengths of sections were tuned. Table 2.2 below shows the
original and optimized values of the lengths of the transmission line.
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Fig.2.8 (b), S11 and S21 Vs frequency graph with optimization
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Table 2.2, original and optimized values of the lengths of the transmission line

Length of the line Without optimization With optimization
C e 1.83 2.01

Cia 2 6.22 6.84

Cenos 7.40 7.61

Cinda 9.98 9.00

C eopis 7.40 7.53

Cia s 6.22 6.84

C ooz 1.83 2.00

Comment:

With optimization (tuning), a better result is obtained for the third phase simulation, here, at 4.08 GHz there is 30.04dB attenuation

which is the same as the minimum attenuation specified 30 dB while the cut-off frequency of 2.4 GHz is maintained at 3dB.

(D) Fourth Phase (Production approach)

Microwave circuits and networks often consist of transmission lines with various types of discontinuities. In some cases
discontinuities are an unavoidable result of mechanical or electrical transitions from one medium to another. Some typical microstrip
discontinuities and transitions are shown in figure below. Although approximate equivalent circuits have been developed for some
printed transmission line discontinuities, many do not lend themselves to easy or accurate modeling, and must be treated by numerical

analysis. Modern CAD tools are usually capable of accurately modeling such problems.

L L
A Y,
2y T c Zn

(e

e
AWR simulations that have been realized in third phase do not take these discontinuities into account unless putting some special

transition elements of AWR between the sections. In this phase, special transition elements (MSTEPX$) are inserted between the

sections of the transmission lines to eliminate the discontinuities. Figure 2.9 shows this arrangement.
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Fig. 2.9(b), graph of S11 and S21 vs frequency with MSTEPX$ between sections

Looking at the above graph we can see that the cut-off frequency has shifted from 2.4GHz to 2.149GHz. In trying to make the cut-off

frequency back to its original value by reducing the lengths of the transmission lines, figure 2.9(c) and (d) were obtained as shown

below.
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.9(d), graph of S11 and S21 vs frequency with reduced lengths of the transmission lines

By inserting MSTEPX$ between the sections of the third phase with optimization, the following figures 2.9(e) and (f)were obtained.
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Fig. 2.9(f), graph of S11 and S21 vs frequency with MSTEPX$ between sections

Finally, by making fine tuning to improve the performance of the filter simulation in third phase with optimization and inserting

MSTEPXS$ between sections, figure 2.9 (e) and (f) were obtained as shown below.

407 www.ijergs.org



http://www.ijergs.org/

International Journal of Engineering Research and General Science Volume 2, Issue 3, April-May 2014
ISSN 2091-2730

B s

B T N e R e e ) -8x
LMoo BOM Al vt as 2B 08 L adRielse so 1)

ha'n-' - rgsug..-q-. " It meth b g § b % r{c?nmmmwr-. -

e bbphecpat | Sibsemesenstpemi et b phe i | © >
rgr Neven e paew weves ptrPEEYn 1 Tootghnne qupt wevew ptvee. l ‘ulmwmm
spect Dptiors

sl Deteeicen
P
Mare Dugrares

ot Whwra

| Botwuetan : > =

[ - - = vrma - e o wwa - " P s
e ° - et ot ~ir =

| Rtavwntth A3 ghiis 2 i cadain | —— ol S o - —~— - i1 S - - —— ryia S -
| Bttt 4 ity ondatad gt | | r I I 7
| Thoad phons it sptoraistas |
| Tond g ebund iqd wmimmnms

| Srrermren it prme goaps
B Brteraets S9OS330100 -
B S erwmth SROSIVLIE 4

| Sutturwrat, 4 phace gph 2 r. 4l ' }

| Bt asydten g 2 i ¢ 1 _/ / - :

| mamrmnety ¥ B an e | = — o =

| wiokprased | Tume (Preoeses | ———

o™ sptwazan |

Warow Goed | Ve

1 s Wk S
— B Copr st W IAES O £, Wawwags 130 | Thote 1) 1=184
[ L3 Svastaions - LIS Batterarth dth SFOOC
Uew ‘ U IL1I0PN Segn Sevaien

o || L Y IR0V ey - 1 peet

""""‘i “ S| e ILALID PN MGTIPALMEL - WA A 2650, rent e <520 Dectrsal Ml i S WASHE 1 31

Fig. 2.9 (9), AWR 5|mulat|on Wlth reduced Iengths and MSTEPX$ between sections

‘?hlﬂﬁ-h”bﬁ”%lmmwmm

Desd b 33@_;_5&;;:;:." =1 1N ‘p,.i-z...., ol s fescovno TR

| Ksievemse. '_._- D atmrret e wb rudsced wey . .l f!n---o-mn- L Clivtrts et gsmetwanrets, i tmserweeth S phme grgh . |
| _ rrarheme g o sptramon _ i ese ey e M"’P‘-I!!'. B YT i ‘-rq-lmz_ B rsreravan o pray
weteat i

|- DB
___Butterworth 4th l'l 5y ::n h 2 with redoced legths Buttorworth At phass 2 with rediced leegits

[T —— 5 = DBGSE )
Butinrwurth 4 pomss 2 with reduced kegihs

| Betmmts G0 iy
| 8 oremetn 2 e
| Romemecrtn B8 wah
| Thad phane et oot
| THNS phuse wenout cptamisates

i

308 O
o
[T 3 -

gt Eyuations

v

| Bumusccers o1 prace .....

-.-n-uhn 1y 0
R

Vwisie fipme i - P W7 Wl Vi N s Ty Wi Pl | X

| sedphmcedl Tuw N2l T ks TS [ e 7%]) ' 4 ®

| Pontynel| Mims R | ks | ba | b T e

e Ondll | Mws TR 55 o 175 =l ¥ 1 N0

#2 Goeky Linen ’

™ e |

1arde Vot

e Bevat [
Sy - !

Preny

(155

hD""”" e aod Mokt 1y Wang VEWE « A

Fig. 2.9 (h) graph of 511 and S21 vs frequency with MSTEPX$ between sections
Comment:

With optimization (tuning), a better result is obtained, here, at 4.08 GHz there is 32.06dB attenuation which is higher than the
minimum attenuation specified 30 dB while the cut-off frequency of 2.4 GHz is maintained at 3dB. Table 2.3, below shows the
variations of the lengths with insertion of MSTEPX$ between sections and optimization of the third phase

Table 2.3, optimized and reduced length values of the transmission line

Length of the line Optimized lengths reduced in lengths

/ 2.01 1.995
cap,1

s 6.84 6.82

Cens 7.61 6.47

Coa 9.00 7.86
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Cons 753 753
0 6.84 6.50
Con 2.00 1.92
CONCLUSION

In this work, a 7- section Maximally-flat high frequency low-pass filter was designed and simulated using four different phases, (i)
Calculation and MATLAB simulations with lumped elements (Approximate solution), (ii) Calculation and MATLAB simulations
with microstrip transmission lines (Almost Exact solution), (iii) Implementation of the design on Advancing the Wireless Revolution
(AWR) microwave design and optimization/tuning (Engineering solution) and lastly, (iv) Implementation of the design on Advancing
the Wireless Revolution (AWR) microwave design by considering discontinuities and optimization/tuning (Practical Solution).
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