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ABSTRACT A novel miniaturized microstrip low pass filter (LPF) with a wide stopband and sharp roll-off is
presented. The designed filter is developed by realizing a T-shaped structure loaded with a stub as a resonator
and open-stubs as suppressor cells to achieve a simple structure for ease of fabrication process. The new filter
with a symmetrical structure has a 3 dB cut-off frequency of 2.15 GHz, the transition band is 123 dB/GHz
from —3 dB to —40 dB, a stopband with an attenuation level better than —20 dB from 2.4 up to 22.1 GHz
with a compact size of 0.0132kg2. The insertion loss in the passband is less than 0.3 dB and return loss
is lower than —20 dB. The filter is fabricated, and the results show agreement between the simulation and

measurement.

INDEX TERMS Microstrip lowpass filter (LPF), resonators, stubs, suppressor cells.

I. INTRODUCTION
With the rapid development of microwave systems, in recent
years, the demand for microstrip filters with improved spec-
ifications has increased. Most of the published low pass
filters (LPFs) have attempted to focus on either improving
parameters such as sharpness by designing a new resonator or
eliminating further harmonics and broadening bandwidth by
designing suppressor cells. However, improving each param-
eter usually affects the other parameters, and it is challenging
to achieve a filter with desirable characteristics such as sharp
roll-off, wide bandwidth, small size, etc. all at the same time.
In [1], an ultra-wide stopband LPF using a T-shaped res-
onator and folded structure is presented. Although this LPF
uses a folded structure to achieve a compact size, the filter
size is still large. Also, the use of multiple resonators to
achieve an ultra-wide stopband has led to the complexity in
the design. Moreover, the return loss and the roll-off rate are
not appropriate for this LPF. A defected ground structure
(DGS) has been used in [2] to extend the stop bandwidth,
but the use of this method increases complexity. In addition,
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other LPF features, such as roll-off, suppression factor, and
return loss, have room for improvement. High suppression
level in the stopband by utilizing Chebyshev structures is
presented in [3], [4], [5], and [6]. However, all of them suffer
from low return loss and lack of sharpness in the transition
band. A modified rectangular-shaped LPF is presented in [7].
Though the group delay is desirable in this LPF, some param-
eters such as return loss and roll-off require improvement.
A microstrip filter with very sharp roll-off, wide stopband,
and required selectivity using a split-ring resonator loaded by
folded patches is reported in [8]. However, the relatively large
size is the drawback of this filter.

Ultra-sharp roll-off rate LPFs are reported in [9] and [10],
but the stopband is narrow. Desirable filter specifications such
as sharp transition band, high suppressor level, and wide
stopband are reported in [11] and [12], but this is at the
expense of a significant increase in filter size. A compact
microstrip LPF with a very flat group delay in the passband
is designed and fabricated in [13]. The gradual roll-off is the
most critical drawback of this filter. A harmonic suppressor
cell with miniaturized size, flat group delay, but with gradual
roll-off is presented in [14]. In [15], an LPF with wide stop-
band, small footprint and low insertion loss using a stepped
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FIGURE 1. Layout and simulated S-parameters (a,b) proposed T shaped
resonator loaded with stub. (c,d) Resonator with suppressor cell-1.

(e,f) Resonator with suppressor cell-1. (LC values for resonator in Fig. 1(e):
Ly =2.43,L, =2.02,L5 =1.05,L; = 1.04, L5 = 1.38, Lg = 1.147,

Ly =0.1797, C; = 1245, Cgy = 99.35, C; = 12.16, Cy = 125.95, C5 = 181,
C4 = 25.61, C5 = 15, Cg = 1503, C; = 50.73). Units: L, nH; C, fF.

impedance hairpin resonator is presented, with gradual roll-
off. An LPF composed of symmetrically loaded resonant
patches is presented in [16] for obtaining an extended stop-
band and narrow bandpass, but has a complex structure and
slow transition band. A five order Chebyshev LPF presented
in [17] has a sharp roll-off and narrow passband, whereby
cascading the LPF with three asymmetric units, the suppres-
sion level and stopband are improved, but the filter has a
large size. In [18], an LPF using an embedded band-stop
structure to obtain a wide stopband is presented, but suffers
from the large size, and a narrow stopband. Modified ring
resonators have been used in [19] to improve the tran-
sition band. Moreover, to attain an ultra-wide stopband,
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FIGURE 2. Calculated frequency response with different size of
dimensions. (a) Different values of L; (b) Different values of W,
(c) Different values of L, (d) Different values of W5

(e) The different value ofLs.

rectangular and tapered-shaped suppressors have been imple-
mented. Despite a high figure of merit for this filter, the return
loss and consumed area require improvement. By exploiting
arrow-shaped resonators and high impedance suppressing
units an LPF with excellent performance is presented in [20],
but this is at the expense of large size.

This paper introduces an LPF using a T-shaped resonator
loaded with a stub. The proposed filter has a compact size
and a simple structure. Also, a wide stopband is obtained by
adding suppressing cells whilst maintaining a small size. The
rest of this paper is organized as follows: Section II describes
the steps of the filter design and investigates the operation
of the suppressing cells. In Section III, the simulation and
measurement results are presented and discussed. Finally,
we conclude in Section IV.

Il. RESONATOR DESIGN

A. RESONATOR ANALYSIS

Initially, a T-shaped resonator loaded with a stub is designed
and optimized for a 2.15 GHz cut-off frequency. The pro-
posed resonator and its LC equivalent circuit are exhibited
in Fig. 1(a). The L; and C; values determine the cut-off
frequency. The side inductors L, affect the suppression level.
The LC values of the equivalent circuit elements can be
expressed as [21] and [22]

L= ll‘ﬁ (1)
Up
C = P tanh (Blc) 2)
2a)ZC
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where, Z; indicates the characteristic impedance of the
short-line stubs and Z¢ denotes the characteristic impedance
of the open-circuit stubs. Here, /; and [c are the physical
lengths. The v, and 8 signify the propagation constant and
phase velocity of the transmission line, respectively. Trans-
mission lines in microstrip circuits can have bends, gaps,
impedance steps, open ends, vias, and other features in addi-
tion to being straight. These types of elements are called
microstrip discontinuities. Fig. 3 displays various disconti-
nuities of the suggested filter along with their equivalent
circuits. Corners and edge-current disturbances cause shunt
capacitance in bends and steps, which results in series induc-
tances in these discontinuities. Equations (3)-(5) can be used
to provide the approximate lumped values in the equivalent
circuit of step discontinuities [21],

JEa % 03
C, = 0.00137p! (1 _ —2) (L)

cl |41 ere1 — 0.258
Wi/h +0.264
x (B E222) [or) G)
Wi/h +0.8
Lwl
Lg=—2 [ 4
s1 Lot + Lo ( )
Lw2
Lyp=——"—L. 5
52 Lot + Lo ( )

In which g is the effective dielectric constant of the
microstrip line and 4 is the dielectric substrate thickness. For
i=1,2

—
Lwi= ci = (6)
Up
2
zZ
L= 0.000987h(1 _ Zel [Eel) gH )
Z2\ ere2
2
7z | Ey (2 8)
P = n — -
< 27 \/€rei u; Ui
e +1 & —1 1
- 1+ —
Erei ) + 3 ( + Mi) ©)
1 w4 (ui/52 )2
14 (M2 10
“ 49 ( Wt +0.432 4o
1 Ui \3
— (1
U n( +(181) )
0.9 0053
b= 0.564(8’ ) (11)
& +3
30.666 0.7528
Fi =6+ Qm — 6)exp |:—( - ) ] (12)
i
Wi (13)
U = —
T h

where n = 1207 Ohms. Equations (14)-(16) are used to
determine the formulas for the inductance and capacitance of
bend discontinuities [21],
(e, +125)W/h — (1.83¢, —2.25)
— [pF/m ] =
w W/h
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FIGURE 3. Microstrip discontinuities and their equivalent circuits; (a),
step; (b), bend; and (c) gap.

002w n <1 (14)
. <
W /h
Ca
W [pPF/m | = (9.5¢, +1.25) W /h
1526, +7, W/h > 1 (15)
L
x =4 [mH/m ] =100 4,/K—4.21 .
% h
(16)

There is a gap discontinuity capacitance (Cp) across
to reflect the energy coupling between the open-circuit
microstrip ends. Grounded capacitors (C,) represent the
fringe fields.The capacitance values in the equivalent circuit
of gap discontinuities are obtained from Equations (17)-(18)

Cy=Cp 7)
1
=5 (Ce—Ca) (18)

where C, and C,, stand in for electrical and magnetic walls,
respectively, and represent a short and an open circuit in the
equivalent circuit.

B. FILTER DESIGN

Fig. 1 shows the process of designing the filter in three steps.
First, a T-shaped resonator is designed and optimized for
the pre-determined frequency. As shown in Fig. 1(a), the
prototype resonator has a cut-off frequency of 2.15 GHz with
a suppression level of —40 dB. The cut-off frequency can be
calculated as:

1
27 L Cy’

Second, with the addition of open stub suppressor cell-1
as shown in Fig. 1(b), more transmission zeroes are created
at low frequencies, and thereby, the stopband is improved
from 2.4 GHz to 7 GHz. Finally, with the addition of another
open stub suppressor cell-2 as shown in Fig. 1(c), and imple-
menting the coupling effect between adjacent stubs, a wide
stopband is achieved without increasing the size of the filter.
The effect of gaps W, and W3 on the stopband is shown
in Fig. 2(b) and (d) respectively. As can be seen with the
aid of the coupling effect as a result of these gaps more
harmonics are suppressed especially at high frequencies.

Jfe (19)
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FIGURE 5. Field distribution (a) at 1 GHz (b) at 10 GHz (c) at 4 GHz (d) at
20 GHz.

Therefore, a wide stopband is achieved without adding addi-
tional suppressing cells. The effect of other dimensions of
the secondary suppressor cell, L1, Lp, and L3, on the final
frequency response, are demonstrated in Fig. 2(a),(c) and (e),
respectively. As shown in Fig. 2, the dimensions of these
suppressor cells mainly affect harmonics in the stopband,
therefore, the bandwidth has very little affect on S1; and
the return loss. The desired frequency response with the
sharpest roll-off and the broadest stopband is obtained using
Wi =1mm, L; =2.66 mm, W, = 0.1 mm, L, = 0.38 mm,
Wz = 0.071 mm, L3 = 0.3 mm. Agreement between
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FIGURE 6. Proposed lowpass filter (a) Layout and its dimensions (unit:
mm) (b) Photograph of fabricated structure (c) The simulated and
measured S-parameters.

EM-simulated and LC-equivalent results can be observed
from Fig. 1(f).

Since the S»; expression of the designed filter is too com-
plicated, to obtain transmission zeroes (fz1 and fz2) shown
in Fig. 1(e), the circuit is simplified as Fig. 4(a) in which
elements with negligible effect on transmission zeroes have
been eliminated. The S scattering parameter can be derived
using even-odd mode analysis due to symmetry of equivalent
circuit [21]. The S»; expression of the simplified circuit can
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TABLE 1. Performance comparisons between the proposed filter and other works.

References fe £ NCS RSB RL SF AF Size
(GHz) (dB/GHz) (Ag?) (mm?)
[1] 14 68 0.0073 1.86 13 22 1 189.84
[2] 2.11 100 0.0320 1.59 135 2 1 196.85
[3] 1.65 57.8 0.0120 1.61 11 35 1 529.2
[4] 1.8 45.1 0.0200 1.33 20 4 1 2083.96
[5] 22 14.2 0.0272 1.26 NA 3 1 NA
[6] 3.11 171.5 0.1540 1.12 15 2.5 2 232.32
[71 1.44 90.24 0.0053 1.65 14 2 1 132
[9] 3.37 188.9 0.0504 0.9 NA 2 1 79.98
[10] 1.24 336.4 0.0150 1.33 14 1.93 1 NA
[11] 2.11 340 0.0280 1.7 16 2.8 1 283.5
[12] 1.96 104 0.0229 1.8 12 2 1 213.44
[13] 5.15 47.22 0.063 1.56 10 2 1 113
[14] 3.8 25.37 0.018 1.34 14 2 1 63
[15] 2.15 123 0.0195 1.529 20 2 1 194.56
[18] 0.86 154 0.012 1.54 NA 4 1 211.12
[19] 1.83 211.1 0.013 1.65 18.1 2 1 200
This Work 2.15 123 0.0132 1.6 20 2 1 96.8

be calculated as follows:

1 _ (Ze - Zo)Zs
Z(Fe - Fo) (Ze + Zs)(Zo + Zs)
in which I', and T",, are even and odd-mode reflection coef-
ficients for the even-odd mode circuits in Fig. 4. Here, Z;,
Z, and Z, are source impedance, even- and odd-mode input
impedance, respectively. The transmission zeros of the LC
equivalent circuit can be found by solving the following
equations:

S =

(20)

Ze—2Z,=0 2n
in which
Zyx
Ze= (22)
Z:Cos + 1
2 (L + L3)s)(Las + @)
Zy = —+2Lis+ : (23)
Cis L+ L3+ Ly)s+ &
828
1
Zo= 1 i (24)
((L2+L3)S + L4S+C;2s+%“)

With the aid of equations (20)—(24), transmission zeros are
obtained.

In order to study the behavior of the filter in the passband
and stopband, the electromagnetic field distribution is simu-
lated using the High Frequency Structure Simulator (HFSS)
at four frequencies. The field distribution of the filter at
frequencies 1 GHz and 10 GHz is shown in Fig. 5(a) and (b)
respectively, in which one of them is in the middle of the
passband and the other is in the middle of the stopband.
At a frequency of 1 GHz, the total RF energy is transmitted
from the input port to the output port. At 10 GHz, almost all
RF energy is blocked at the input; consequently, no trans-
mission reaches the output. For further investigation, the

VOLUME 11, 2023

electromagnetic field distribution of the filter at two other
frequencies (4 GHz and 20 GHz) in the stopband is shown
in Fig. 5(c) and (d) respectively. As obviously seen, almost
the same behavior exists for all of stopband frequencies and
RF energy is blocked at the input.

Ill. FABRICATION AND MEASURED RESULTS

The filter is implemented on RT/Duroid5880 with relative
dielectric constant ¢, = 3.38, thickness 2 = 0.508 mm
and loss tangent = 0.0021. The layout and photograph of
the fabricated filter are shown in Fig. 6(a) and Fig. 6(b),
respectively. The measurement is performed on an Agilent
E8363B network analyzer. As shown in Fig. 6(c), there is
conformity between simulation and measured results. The
stopband is found to be from 2.4 to 22.1 GHz with a rejec-
tion level lower than —20 dB deduced by simulation. The
roll-off rate from —3 dB cut-off frequency to —40 dB is
123 dB/GHz, and return loss is less than —20 dB. All of the
aforementioned desired features are achieved with a compact
size under 100 mm2. A flat group delay in the passband
region is important for an LPF, because group delay variations
increase the phase distortion. The group delay response of
the proposed filter is shown in Fig. 7. As can be seen, it has a
maximum variation of less than 0.9 ns in 90% of the passband
region. This low amount of variation is desired to increase
the filter’s immunity to phase distortion. The comparison of
performance between the proposed filter with other studies is
shown in Table 1, where parameters such as relative stopband
(RSB), normalized circuit size (NCS), suppression factor
(SF), and roll-off rate (¢) as defined in [2] are compared. Our
fabricated LPF has the smallest size compared to previous
studies except [9], [14]. The importance of size of LPFs is cru-
cial in phased array applications. In [9] the NCS is 0.0504 gz;
however in our work it has improved to as little as 0.0132x gz.
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FIGURE 7. The group delay response of the proposed filter.

Moreover, the stopband in [9] is not wide enough. The RSB
in [9] is 0.9 while in our work it is 1.6. In [14] both roll-off
rate and RSB are not adequate. Also in [14], the roll-off rate
(&) is 25.37 but our proposed structure has a sharp roll-off
equal as high as 123 dB/GHz. Whilst maintaining a compact
size, we obtain a sharp roll-off and wide stopband exploiting
a T-shaped resonator and coupling effect between adjacent
stubs, respectively.

IV. CONCLUSION

An LPF with a simple structure with an area smaller than
100 mm?, return loss lower than —20 dB, wide stopband
from 2.4 to 22.1 GHz, and sharp roll-off has been designed,
fabricated, and measured. The validity of this filter is demon-
strated via agreement between simulation, analytical, and
measured results. Compared with other LPFs, our filter has
a very simple structure and has potential application in
microwave communication systems.
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