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Abstract: This paper presents a very efficient design procedure for a high-
performance microstrip lowpass filter (LPF). Unlike many other sophisticated
design methodologies of microstrip LPFs, which contain complicated
configurations or even over-engineering in some cases, this paper presents a
straightforward design procedure to achieve some of the best performance of this
class of microstrip filters. The proposed filter is composed of three different
polygonal-shaped resonators, two of which are responsible for stopband
improvement, and the third resonator is designed to enhance the selectivity of the
filter. A holistic performance assessment of the proposed filter is presented using
a Figure of Merit (FOM) and compared with some of the best filters from the same
class, highlighting the superiority of the proposed design. A prototype of the
proposed filter was fabricated and tested, showing a 3-dB cut-off frequency (f;) at
1.27 GHz, having an ultrawide stopband with a suppression level of 25 dB,
extending from 1.6 to 25 GHz. The return loss and the insertion loss of the
passband are better than 20 dB and 0.25 dB, respectively. The fabricated filter has

a high FOM of 76331, and its lateral size is 22.07 mm x 7.57 mm.

Introduction: Microstrip technology has been extensively used for implementation of
microwave passive and active components, due to its low-cost fabrication process and its
versatile characteristics [1-6]. Microstrip filters (LPFs) play a critical role in modern
communication systems for suppressing unwanted harmonics, as they are easily integrated with
other microwave components. Therefore, passive LPFs with a small size, wide stopband, and
low cost are highly in demand [7]. Such high-performance filters will play a significant role in
the upcoming new generation of the low-cost satellite communications technology, where the

size and the cost of the Earth receiver stations are critical. This is even more important for the



communication-one-the-move, where in addition to all strict satellite communication
requirements, there is a strong motivation to employ passive, affordable microwave and
electromagnetic components in the portable satellite receivers [8-11]. Thus, various techniques
have been studied to achieve LPFs with the mentioned features [12-27]. A modified version of
T-shaped resonators in conjunction with multiple open-stubs was proposed in [12] to realize a
compact LPF with a large stopband. In a different approach, a new E-type feeding structure
was proposed to feed a cross-shaped patch reonator to minimize the passband insertion loss
[13]. Coupled rhombic stubs were proposed in [14] to improve both stopband and out-of-band
rejection. While the design procedures in [12], [14] have been successful in some factors of
merit, their roll-offs were reported to be around 50 dB/GHz. To achieve high selectivity,
tapered sectorial resonators and large radial stubs were proposed in [15] and [16], respectively.
Despite the very sharp responses realized in these two works, both procedures resulted in a
relatively large circuit size. Other methods, such as stepped-impedance [13-17], pendulum-
shaped resonator [18] and spiral lines [19], have been proposed for wide-stopband applications.
Similar out-of-band performance along with a strong harmonic attenuation can be achieved
using defected ground structures [20, 21]; however, the implementation complexity is

considered as the associated challenge with this technique.

In [22], a high-impedance transmission-line is loaded by multiple compact microstrip resonant
cells to provide both high selectivity and wide stopband, while the circuit size is not equally
weighted, resulting in a relatively large filter. In [23-27], numerical-based approaches were
used to predict the transfer function of a lowpass filter and to extract its resonant frequencies.
With the development of nature-based optimization algorithms, such as ant colony
optimization [28-29], neural networks [30-34] and particle swarm optimization [35-36], a new

avenue of research in the microwave and electromagnetic community has been established,



where several customized optimization algorithms in conjunction with electromagnetic (EM)
simulators have been used to design and optimize a wide range of microwave and EM
components, such as filters, power dividers, frequency selective surfaces [37-44]. Apart from
the above-mentioned applications, microstrip LPFs are integrated with other microwave
components, such as power-dividers with harmonic suppression capability [45-46]. In [47], a
symmetric LPF composed of several square resonators was used to attenuate the reflected
signals throughout the passband up to 15 dB, whereas the transition band is relatively large.
Defected ground structure (DGS) has been reported as another technique for harmonic
suppression in LPFs, considerably extending the stopband range [48],[49]. However, the
attenuation level in the stopband of these filters are less than 18 dB, and the return loss in the
passband is around only 10 dB. Also, radial-shaped and semi-circle patch resonators were
applied in [50], even though it suffers from a narrow stopband. Reviewing related literature
reveals that most approaches mainly focus on improving one or some of the critical properties
of the LPFs, while other aspects, particularly design complications, are sacrificed or neglected.
Hence, we propose a very simple, yet systematic design methodology, to reasonably satisfy all
factors of merit and achieve a significantly greater FOM than many recently published LPFs.
The presented filter is compact with total area of only 0.0048 A2, where A, is the guided
wavelength at the cut-off frequency. The measured transition band extends from 1.27 GHz to
1.67 GHz with attenuation levels of -3 and -40 dB, respectively. The spurious signals are
significantly suppressed from 1.6 GHz up to 25 GHz, which is about 19f.. The proposed LPF
operating at 1.27 GHz with wide stopband and miniaturized dimensions is a good candidate
for the satellite communication technology. All simulations are carried out by ADS Momentum

on an RT-5880 substrate with a thickness of 0.381 mm.



Filter Design: The proposed procedure is composed of three steps, delivering three different
cells with different functionalities essential for the filter design. First, a wideband suppressing
cell with a high attenuation level is designed to ensure the wide-stopband capability of the
filter. To do this, a pair of T-shaped resonators is placed on a high-impedance transmission
line, as shown in Fig. 1(a). In this figure, Vi and Vo represent the input and output signals. The
proposed structure is modeled by a LC equivalent circuit to verify the suppression capability.
In addition to the LC model analysis, even and odd mode analysis can be used to justify the
filtering behavior of the microstrip filters as explained in [51], [52]. In LC model proposed,
L1, L2 and C1 are inductances and capacitance of the transmission line, respectively. L3 and
C2 denote the inductance and capacitance of the high impedance lines of the T-shaped
resonators, respectively. The inductance and capacitance of the low impedance stub are
introduced by L4 and C3, respectively. Lumped-element values are calculated and optimized
using the methods described in [7,16]. The LC values of the resonator are as follows: C1=0.24
pF, C2=0.28pF, C3=0.24 pF, L1=1.62 nH, L2=4.2 nH, L3=0.25 nH and L4=0.4 nH. This cell

is designed to create a deep transmission zero at 12 GHz with an ultrawide stopband.
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Fig. 1 The proposed wideband suppressing cell. (a)Layout and LC equivalent circuit. (b) EM

and LC simulation results.

Fig. 1 (b) shows the EM and LC responses. To analyze and verify the operation of the LC
model, transfer function of the T-shaped resonators is computed as (1). The formula of the first
transmission zero (Tz;) is attained by equating the transfer function to zero as (2). Notice, 1 is
the matching impedance of input and output ports (r = 50Q2). As seen, the equation of Tz, is

relared to LC parameters, so that its location can be easily relocated by varying LC values.

v 2rd
— (1)

v, dLs+ Ls(cLs +b+d)+ L,s(cLs +d)+r’ad + adrLys + 2r + rcLs + rcLys + 2rd

1

where

B [2cd +02L2sj
e )



b= (Lls +L2s[ CZ;;S + IDC,

¢=C,C,C,L,L,s" +(C,C,L,+C,C,L,+C,C,L,+C,C,L,)s* +(C,+C,+C,)s,

d =C,C,L,L,s* +(C,L+C,L,+C,L,)s* +1.

CyLy +CyLy + CyLy = (CyLy + C,Ly + C,L,)* —4C,C, L, L,
2C,C,L,L,
2

2

Location of Tz, is related to the LC values, particularly the values of L3, L4 and C3 which
represent the T-shaped resonators equivalent model. Fig 2 shows the effects of varying L4, L3
and C3. The sweep range of L3 and L4 is 0 to 1 nH and the sweep range of C3 is between 0 to
1 pF. As can be seen, by decresing the vlaues of L4 and L3, Tz, shifts to higher frequencies,
extending the stopband, while the cut off frequency is less affected by variation of L4
cpompared to L3. The next parameter which is effective to alter stopband range is C3.
According to Fig 2, it is seen that decreasing the value of C3 increaes the stopband and cut off
frequency. It should be noticed that for swept values of L4, L3 and C3 only the one parameter

is swepted and the others are fixed
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Fig. 2. Variation of Tz; and its effects on the frequency reponse of the filter versus the

different values of L4,L3 and C3.

Octagonal Resonator: In the second step, another suppression cell is designed with the
advantage of providing a smaller transition band. This characteristic contributes to a higher
selectivity in the filtering mechanism of the proposed LPF. To do so, an octagonal resonator
along with its LC model with a transmission zero tuned at 5 GHz is designed and shown in Fig.

3.
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Fig. 3 Octagonal suppression cell. (a) Layout and equivalent circuit. (b) EM and LC

simulation results.

In the LC model, the inductor and the capacitor associated with the transmission line are
represented by L5 and C4, respectively. L6 and C5 are inductance and capacitance of the high-
impedance line of octagonal resonator, respectively. In addition, the capacitor and the inductor
of the octagonal-shaped stub are C6 and L7, respectively. The values of the lumped elements
of the octagonal resonator are as follows: C4=0.27 pF, Cs=1.08 pF, C¢=1.49 pF, Ls=8.51 nH,
L¢=0.17 nH, L7;=0.50 nH. The suppression performance of the proposed cell is verified by its
EM and LC responses in Fig. 3. The transfer function of the octagonal resonator and the

equation of Tz, are calculated and represented in (3) and (4), respectively.

Y 2r

2

v, LS(L,C,S* +b+1)+r(L,C,S* +aL,S+b+2)+r’a+ LS’

1

3)

where
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3
. C54C6L7S +(Cs+Cy)S —Cy |
C,CL,LS" +(CiLg +CL, +C(L,)S™ +1

b= LS(CsCL,S™ +(Cs + C5)S) .
C,C,L,S* +(C,L, +C,L, + C,L,)S* +1

CsLg +CyLy +CyLy —[(CsLg + CoLg + CL,)* —4CsC,L,L,
2C.C,LL,
2

(4)

In the third step, the desired cut-off frequency of the filter is realized using a very-sharp-
response cell. So, two pentagonal resonators are proposed to introduce a significantly deep

transmission zero, placed very close to the desired cut-off frequency, as shown in Fig. 4.

(@)
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Fig. 4Pentagonal resonators. (a) The layout and the equivalent circuit. (b) The EM and LC

simulation results.

As can be seen from the LC and EM responses, there is a strong transmission zero at 2 GHz,
due to the identical pentagonal resonators. In the LC model of pentagonal resonators, L8, L9
and C7 show inductances and capacitance of the transmission line, respectively. L10 and C8
are inductor and capacitor of the high-impedance lines of the pentagonal resonators,
respectively. The inductor and capacitor of the pentagonal-shaped stubs are depicted by L11
and C9, respectively. The values of the lumped elements are as follows: C;=0.24 pF, Cg=0.77
pF, Co=1.16 pF, Lg=3.32 nH, Ly=10.26 nH, L;;=4.36 nH, L,;=0.08 nH. The formula of Tz; is
obtained as (6) using transfer function of pentagonal resonators in (5). The physical dimensions

of the proposed LPF are classified in Table 1.
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v 2rd

o — , (5
v, dLs+ Lys(cLys +b+d)+ Lys(cLygs +d) +r’ad + adrLys + 2r + rcLgs + reLys + 2rd )
where
(2cd + c2L9sj
a=
d’ ’
L
b= (Lss +L9s(c 8 4 1)] ,
d
¢=C,C,C,L,,L,s" +(C,C{L,,+C,C,L,,+C,C,L,,+C,C,L, )5’ +(C,+C+C,)s,
d =CyC,yL,,L,s* +(CyLyy+CoyL,y+CoL,,)s” +1.
\/_ C8L10 + C9L10 + C9L11 - \/(CsLlo + C9L10 + C9L11)2 N 4C8C9L10L11
T, = 2G,CoLy Ly, (6)
2z
Table 1: The physical dimensions of the proposed LPF
Parameter Ay A, Az Ay As A¢ A, Ag Ag
Value |78 | 33 2.2 1.8 0.1 02 | 26 | 107 | 1.7
(mm)

Parameter Ay Ay App Az Ay Ags Als Ay Alg
Value 4.9 10.8 53 530 | 13.6 1.6 0.3 0.7 3.7

(mm)

Parameter A] 9 AZO Az 1 A22 A2 3 A24 A2 5 A26
o 1.5 4.0 2.0 1.8 1.2 1.0 5.0 8.0

(mm)

The current disributions of the final structure at the cut off frequency (1.27 GHz) and a typical
frequency in the stopband (3.21 GHz) are ploted in Figs. 6a and 6b. As observed, the current

density is stronger at 1.27 GHz and the flow is suppressed at the stopband.
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Fig. 5. Current distributions of the proposed LPF. (a) Cut-off frequency (1.27 GHz), (b)
Stopband area (3.21 GHz)

Measurement Results: To verify the presented design approach, a prototype LPF was fabricated
and measured, as shown in Fig. 6a. The fabricated model is implemented on an RT-5880
substrate with a thickness of 0.381 mm. The S-parameters of the filter were measured using an
Agilent vector network analyzer (E8361 C) and shown in Fig. 6b. Fig. 6¢ shows the variation
of group delay (GD) throughout the passband is only 0.7 ns, depicting a flat response.
According to these figures, the frequency response of the proposed filter has a 3-dB cut-off
frequency of 1.27 GHz with a very small transition band. The filter exhibits excellent in-band
and out-of-band characteristics, providing a super ultrawide stopband, extending from 1.6 GHz
up to 25 GHz, which is about 19f.. The return loss and the insertion loss in the passband are
better than 20 dB and 0.25 dB, respectively, showing a flat and stable passband. The filter is
compact, with a size of 0.12Ag x 0.04Ag (where Ag is the guided wavelength at 1.27 GHz).
Table 2 summarizes a comparison between some of the newly reported LPFs and the proposed

one, based on the specifications explained in [16] and [23].
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Table 2: Performance comparison of the proposed filter with some other published.

Ref. RO RSB SF NCS AF FOM  RL (dB)
[13] 40.2 1.60 1.5 0.09 x0.13 1 8,246 36
[14] 57.8 1.61 3.5 0.12 x0.10 1 27,142 10
[15] 104 1.80 2 0.19 x0.12 1 20,464 12
[16] 217 1.65 2 0.29 x0.12 1 19,931 10
[17] 75 1.66 2 0.11 x0.08 1 28,040 20
[19] 77 1.74 24 0.09 x0.13 1 25247 20
[47] 20 1.7 1 0.054 < 0.070 1 9190 15
(48] 100 1.6 1.8 0.032 1 9000 12
[49] 37.2 1.62 1.5 0.18 x 0.21 1 2391 10
[50] 14 1.5 1.5 0.06 x 0.08 1 6468 15
This work 92.5 1.76 2.5 0.04 x0.12 1 76,331 20

In table 2, the roll-off rate (§) is defined as:

Omax — Amin d
5—ﬁ (dB/GHz) (7)

where o, and a,,;, show the suppression level of -40 dB and -3 dB. Also, the frequencies
corresponding with the suppression levels of -40 dB and 3 dB are f; and f, respectively. The
relative stop-band width (RSB) is given by :

stopband width

RSB = cut of f frequency

(8)

The suppression factor (SF) is:

suppression level in stopband
SF = 10 €)

The normalized circuit size (NCS) is:

physical size (length X width)

NCS .
/19

(10)
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where A, is the guided wavelength at 1.27 GHz and for 2 dimensional structure the architecture

factor (AF) is defined 1. Finally, the FOM is defined as:

RSB x & x SF
FOM = AF X NCS an

Conclusion: A highly selective, compact LPF with an ultrawide stopband is designed through
a systematic approach. In this approach, three polygonal resonators are designed, where two
resonators are collectively responsible for providing an ultrawide stopband, and the third
resonator independently controls the cut-off frequency of the filter with a sharp roll-off. The
filter suppresses all spurious bands up to the 19th harmonic, with a very good attenuation of 25
dB, exhibiting an excellent out-of-band characteristic. The fabricated LPF has a high return
loss (20 dB) and negligible insertion loss (0.25 dB) in the passband. The filter is compact with

a very high FOM of 76,331.
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