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Abstract. In this work, an ultra-wide stopband low pass 
filter (LPF) with high selectivity is proposed using coupled 
stepped impedance resonators (SIRs), open shunt stubs and 
circular slots in the ground plane. The proposed LPF has 
been modeled using a lumped equivalent circuit which is 
extracted from the EM model. The design has been vali-
dated through the simulation and experimental results. The 
fabricated prototype has a 3-dB cutoff frequency (fc) of 
2.44 GHz and an ultra-wide stopband extended up to 
20.5 GHz (8.4 fc) with an attenuation level > 20 dB. The 
transition bandwidth (from 3 dB to 20 dB) is 0.09 GHz and 
the roll-off rate is 225 dB / GHz (reference to 30 dB). The 
passband insertion loss is 0.35 dB at 1.22 GHz and the 
normalized circuit size of the filter is 0.045. 
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1. Introduction 
A compact and low-profile low-pass filter (LPF) is 

crucial for realizing an efficient wireless communication 
system by eliminating spurious and undesired higher-order 
frequency components. In order to achieve seamless and 
reliable communication, the LPF must possess several key 
features, including high passband selectivity, a wide stop-
band rejection capability, low passband insertion loss, and 
strong attenuation in the stopband. There have been nu-
merous design methodologies and techniques proposed so 
far to achieve the desired characteristics of LPF. The use of 
planar resonator circuits, particularly based on microstrip 
technology is widely popular in designing low-pass filters 
due to their compact size, ease of fabrication, and ability to 
integrate with other high-frequency devices and circuits. 
The recent articles have reported various circuit topologies 
of the LPFs, which have been analyzed in detail based on 
several parameters such as roll-off rate (ROR), stopband 
bandwidth (SB), out-of-band rejection, and passband inser-
tion loss (IL) [1–13]. In [1], a number of microstrip filters 
are reported to miniaturize the size. The LPF proposed in 

[2] has employed a coupled line hairpin unit to achieve 
a low pass response with a wide stopband, although the 
roll-off rate did not meet the required specifications. 
A radial resonator is used in the LPF circuit described in 
[3] to achieve a sharper roll-off rate, albeit with a limited 
stopband bandwidth. In [4], T-shaped resonator is utilized 
for achieving a wide stopband and low insertion loss simul-
taneously. In [5] multiple transmission zeros are created 
using SIR stubs in the stopband. A filter based on mi-
crostrip stepped-impedance polygonal patch resonators is 
reported in [6] to achieve sharp transition band but with 
narrow stopband. In [7], symmetrically patches loaded LPF 
is proposed to for ultra-wide stopband. In [8], a defected 
ground c-shaped structure is employed to achieve a wide 
stop bandwidth, but exhibits high radiation losses in the 
stopband. The wide stopband can be achieved in LPF by 
using a lattice-shaped resonator, as proposed in [9]. A very 
high selectivity/roll-off rate LPF is realized in [10], alt-
hough the stopband is insubstantial and in-band impedance 
matching is poor. In [11], a radial open stub and a butterfly 
open stub resonators are used to improve the stop band-
width of conventional LPF, but it has a complex design. 
A LPF with improved roll-off rate is achieved using SIRs 
and multiple rectangular stubs at low cutoff frequency in 
[12]. (It is relatively more challenging to obtain a high roll-
off rate when the operating frequency is higher). In [13], 
a LPF with an exceptionally wide stopband is proposed 
through a pair of SIR, open stubs and ground slots although 
it shows a poor roll-off rate which needs to be improved 
further for better passband selectivity. Besides none of the 
reported LPFs can achieve size compactness, high roll-off 
rate, and wide stopband features simultaneously and alto-
gether. In this article a highly miniaturized LPF for RF 
frontend application is proposed which offers improved the 
roll-off rate (ξ) using the technique of coupled SIRs and 
has very compact size realized due to meandering of the 
inductive lines. The stopband band bandwidth has been 
enhanced through a pair of quarter-wave open stubs and 
two circular ground slots which act as stopband series res-
onators and as stopband circular cavity parallel resonators, 
respectively. 

The manuscript is structured in the following manner: 
Section 2 describes the design of a microstrip low pass 
filter, followed by an analysis of simulated results. Section 3 
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Fig. 1.  The proposed design layout of a low pass filter. 

 

Fig. 2.  Transmission coefficient: Trace I - with SIR-1&2, 
Trace II - adding SIR-3, Trace III - adding OS-4&5, 
Trace IV - with CGS- 6&7. 

demonstrates the extraction of the lumped circuit model 
using numerically calculated lumped parameters followed 
by the validation with the EM model. In Sec. 4, the 
measured results are discussed and compared with other 
published work with detailed performance analysis. Final-
ly, the key findings of the work are presented in Sec. 5. 

2. Proposed Low Pass Filter Design 
The proposed low-pass filter (LPF) is depicted in 

Fig. 1, which illustrates the design layout of the filter. The 
preliminary design of the circuit comprises two stepped 
impedance resonators (SIR-1 & SIR-2) that are electrically 
coupled and connected in the shunt to a high impedance 
(inductive) line connecting the input and output feeds. To 
miniaturize the size the inductive line has been meandered 
which results in 35% reduction in normalized circuit size. 
The tapered low-impedance (capacitive) lines are designed 
with a gap (g1), which offers capacitive coupling between 
SIR-1 and SIR-2, resulting in a low-pass filtering response 
with two transmission zeros (TZ2 & TZ3). The response 
and performance of the initial circuit (Fig. 2, Trace I) is 
quantified by a roll-off rate/selectivity of 40.4 dB/GHz and 
stopband of 4.55 GHz. With an operating frequency of 
2.44 GHz, the circuit generates two transmission zeros, TZ2 
and TZ3, at frequencies of 3.0 GHz and 4.47 GHz, respec-
tively. To improve the selectivity an additional T-shaped 
resonator (SIR-3) has been inserted between SIR-1 & SIR-2 
and tightly coupled to them through gap g2. Due to the 
enhanced coupling and generation of additional transmis-
sion zeros (TZ1 @ 2.57 GHz) close to the cutoff frequency, 
the roll-off rate is considerably improved as shown in 

Trace II, but the stopband is still limited (up to 5.1 GHz). 
The improvement in the stopband bandwidth of the circuit 
is achieved by introducing a pair of quarter-wave open 
stubs (OS-4&5) in the shunt to the high impedance lines 
(inductive lines). The open stubs create a new transmission 
zero, TZ4, at 6.8 GHz that extends the stopband up to 
8.4 GHz with an attenuation level better than 16 dB, as 
demonstrated in Trace III. With the goal of enhancing the 
rejection bandwidth further and to increase the stopband 
attenuation level, a pair of two circular ground slots (CGS-6 
and CGS-7) of the same size is etched in the ground plane. 
These slots are connected to the centers of the input and 
output feed lines through the vias, which further improve 
the stopband of the circuit. The circular ground slots, CGS-6 
and CGS-7, act as resonators that create a transmission zero 
(TZ5) at 16 GHz, which significantly widens the stopband 
and enhances the circuit's ability to block out-of-band 
signals, as demonstrated in Trace IV of Fig. 2. As evident 
the circuit's roll-off rate is significantly improved to 
225 dB/GHz, and the stopband has been extended up to 
20.5 GHz with an attenuation level of at least 20 dB 
throughout the entire stopband. 

3. Investigation and Circuit Modeling  
To understand the design principle and to obtain 

a better physical insight, first an LC circuit/lumped equiva-
lent has been extracted as shown in Fig. 3. The lumped/LC 
elements are related to their distributed CST EM model as 
shown in Fig. 1 through (1), (2), derived using quasi-
lumped analysis technique [1]. Here, fc is LPF cutoff fre-
quency and βh, βl are the phase constant corresponding to 
thin (high impedance Zh) and thick (low impedance Zl) 
lines, respectively. Equation (3) is used to calculate the 
values of L6 and C6 corresponding to the transmission zero 
(fTZ4) and characteristic impedance (Z6), for the length and 
width of open stubs. Equation (4) is used to calculate 
transmission zero (fTZ4) which is created by quarter wave-
length open stubs. Equation (5) is used to calculate trans-
mission zero (fTZ5) for the radius (ro) of circular slots. 
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Model Parameters 

Distributed 
EM model 

l1 = 6.61, w1 = 0.2, Zh1 = 116.57, l2 = 9.25, w2 = 0.3, Zh2 = 100.38, l3 = 2.9, w3 = 0.3, Zh3 = 100.38, l4 = 3.6, wL4 = 0.3, 
Zh4 = 100.38, lC4 = 1.495, w4 = 4.45, Zl4 = 43.06, l5 = 5.19, wL5 = 0.3, Zh5 = 100.38, lc5 = 0.8, w5 = 9.8, Zl5 = 9.42, l6 = 6.97, 
w6 =1, Z6 = 55.65, g1 = 0.8, g2 = 0.3, gs = 0.2, rvia = 0.2, ro = 2.7, l = 9.4, w = 1.19  [li, wi,  gs, ri in mm and Zh, Zl in Ω] 

Calculated  
Lumped (LC) model 

L1 = 3.993, L2 = 4.849, L3 = 1.52, L4 = 1.887, C4 = 0.568, L5 = 2.72, C5 = 0.54, Cg = 0.11, L6 = 1.337, C6 = 0.4318, 
L7 = 0.074, C7 = 0.409, L8 = 0.2353, C8 = 1.5496 [L in nH and C in pF] 

Optimized  
Lumped (LC) model  

L1 = 3.6, L2 = 2.5, L3 = 0.4, L4 = 2.3, C4 = 1.0, L5 = 1.1, C5 = 1.7, Cg = 0.075, L6 = 1.28, C6 = 0.42, L7 = 0.034, C7 = 1.06, 
L8 = 0.074, C8 = 0.409 [L in nH and C in pF] 

Tab. 1.  EM and distributed model parameters. 

 
The physical dimensions of distributed/EM model, 

numerically calculated and optimized values of lumped 
equivalent are provided in Tab. 1. It could be observed that 
the optimized L, and C values are in fair agreement with 
numerically calculated values. The transmission zeros 
(TZ4,5) due to open stubs and circular ground slots can be 
clearly expressed through (4), (5), respectively. However, 
to predict the location (frequency) of TZ1, TZ2, TZ3, and 
TZ4, an even-odd mode analysis has been applied to the 
basic LC equivalent circuit along the imaginary line PQ 
(axis of symmetry) shown in Fig. 3. Along the axis PQ 
(axis of symmetry) the LC circuit has been employed as 
open- and short-circuits when examining even- and odd-
modes, respectively. Figures 4(a) and (b) show the open- 
and short-circuited lumped model for even and odd modes 
respectively along the PQ axis. The even and odd mode 
impedances are expressed by (6), (7) respectively, which 
are derived from Fig. 4(a), (b) respectively to determine the 
location of the TZ1,2,3,4 accurately. 
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Fig. 3.  Equivalent lumped circuit model of the proposed LPF. 

 
                                   (a)                                                    (b) 

Fig. 4. (a) Even mode, (b) odd mode of the distributed model. 
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where ZA and ZB are intermediatory impedances in even 
mode circuit, which are indicated by the dotted lines of 
Fig. 4(a). 

Odd mode impedance: 
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where ZC and ZD are intermediatory impedances in odd 
mode circuits, which are indicated by the dotted lines of 
Fig. 4(b).  

    ( ) ( )( )
( ) ( ) ( ) ( )

oin e in o
21 2 2

oin e in o in e in o

,
(( ) / 2 ) (( ) / 2)

Z Z Z
S

Z Z Z Z Z

−
=

+ + − −
 (8) 

 
TZ1,2,3,421 2| 0,fS = =ω π  

 ( ) ( ) TZ1,2,3,42in e in o( ) | 0,fZ Z ω π=− =  

 ( )
TZ1,2,3A C 2| 0,fZ Z ω π=− =  (9) 

 
TZ 4B 2| 0fZ ω π= = . (10) 



RADIOENGINEERING, VOL. 32, NO. 3, SEPTEMBER 2023 411 

 

 
(a) 

 
(b) 

Fig. 5.  Variation of transmission zero with distributed 
parameters (a) l4, l5, w4, w5, (b) l6, w6, g1, ro. 

The position of transmission zeros could be estimated 
by putting S21 equal to zero in (8). The calculated values of 
frequencies of transmission zeros (TZ1,2,3) are 2.57 GHz, 
2.98 GHz, and 4.48 GHz, which are obtained from (9), and 
the frequency of TZ4, which is 6.68 GHz, is calculated 
from (10) by putting the values of ZA, ZB, ZC, and ZD. These 
calculated values of transmission zeros are nearly close to 
the corresponding values of the EM model. The circular 
ground slots are not included in the even-odd mode analy-
sis of the proposed model shown in Fig. 4, because they 
generate transmission zero independently at 16 GHz (TZ5). 
The metallic patch of circular slots in the ground plane acts 
as cylindrical cavity and is modelled as parallel bandstop 
resonator. To find the resonance, the boundary condition is 
applied at the edge of the circular conductor inside the 
circular slot of cylindrical cavity resonator. Therefore,  
the radial component of the surface current at the edge of the 

 
(a) 

 
(b) 

Fig. 6.  Variation of transmission zero with lumped parameters 
(a) L4, L5, C4, C5, (b) L6, C6, Cg, L8. 

plane inside the circular slot must vanish [1]. This concept 
develops the stopband characteristics of circular ground 
slots and the resonance frequency of TZ5 (for the dominant 
mode) is expressed by (5). Circular slot with via functions 
as a band stop circuit that creates transmission zero with 
large stopband (The detailed principal and related expres-
sions are provided in Appendix A). 

To observe the sensitivity of the filter’s response with 
the physical dimensions, a parametric study is carried out 
as shown in Fig. 5(a), (b). It is noticed from here that TZ1 is 
constant with l4 and w4 and varies considerably with l5 and 
w5. TZ2 primarily depends on w4 and l4. It is also observed 
that TZ3 varies considerably with l5 and w5. TZ3 varies 
sharply with change in g1. TZ2 and TZ3 are reached near to 
each other for the large gap g1 (or smaller values of lc4) and 
move apart as the gap g1 reduces (length of lc4 increases). 
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TZ4 primarily varies on length of open stubs l6 and TZ5 
varies with the radius of the ground slot ro. The lumped 
parameters of the LC equivalent circuits also exhibit 
a similar kind of variation as shown in Fig. 6(a), (b) which 
justify the equivalent circuit of the EM model. 

4. Result and Discussion 
The proposed LPF design is implemented on a Rogers 

3380 substrate, which has a dielectric constant of 3.38, loss 

 
Fig. 7.  Photograph of fabricated LPF: (a) Top layer, 

(b) bottom layer. 

 
(a) 

 
(b) 

Fig. 8. Simulated and measured results of (a) S21 parameter, 
(b) S11 parameter. 

 

Ref. fc 
[GHz] 

RL 
[dB] 

IL 
[dB] 

  ξ @30 dB 
  [dB/GHz] SF SB > 

20 dB NCS 

[4] 2.68 18.5 0.12 51 2.0 8.2fc 0.223 

[5] 0.90 15.5 0.5 57 2.2 17.6fc 0.018 

[6] 2.28 18.0 NA 108 2.0 3.73fc 0.054 

[7] 2.44 17.7 NA 93 2.0 5.39fc 0.038 

[8] 1.56 15.7 0.32 123 2.0 11.7fc 0.067 

[10] 2.45 18 0.85 108 2.0 7.09fc 0.033 

[11] 1.12 14.4 0.3 201 2.2 12fc 0.012 

[13] 2.92 18 0.32 112 2.0 8.8fc 0.056 

PW 2.44 16 0.35 225 2.0 8.4fc 0.045 

Tab. 2.  Comparison of the proposed work (PW) with previous 
LPFs work. 

tangent of 0.0027, substrate height of 0.51 mm, and metal 
cladding thickness of 17.5 microns. A conventional litho-
graphy process has been used for the fabrication. Figure 7 
depicts the top and bottom layers of the fabricated proto-
type LPF. To measure the performance of the filter, 
a Keysight Vector Network Analyzer (E5071 model) is 
used which provides the transmission and reflection 
coefficients.  

The results obtained from the CST EM simulator are 
compared to the measured results, as shown in Fig. 8(a), 
(b). It could be observed that the measured results are 
showing a good agreement with the EM model in the de-
sired band of operation. However, a slight deviation is 
observed between the simulated and measured results and 
that might be due to the fabrication tolerance and meas-
urement uncertainties. The LPF prototype that has been 
fabricated demonstrates a cutoff frequency (fc) of 
2.44 GHz, a roll-off rate (ξ) of 225 dB/GHz, and an ultra-
wide stopband (SB) that extends from the 3 dB cutoff point 
at 2.44 GHz to 20.5 GHz, which is 8.4 times of the cut-
off/operating frequency. The LPF has a passband-to-
stopband transition bandwidth of 0.09 GHz. In addition, the 
passband insertion loss (IL) and return loss (RL) are both 
less than 0.35 dB and better than 16 dB, respectively. The 
suppression level in the whole stopband is better than 
20 dB. Suppression factor (SF) is better than 2. The LPF 
has a physical circuit size of 21.8 × 9.64 mm² and a nor-
malized circuit size (NCS) of 0.045 with reference to the 
guide wavelength. A comparison of the proposed LPF with 
other relevant works is presented in Tab. 2. The proposed 
LPF exhibits better performance in terms of roll-off rate/ 
selectivity, stopband bandwidth, and compactness. Besides 
it provides a better trade-off between all these performance 
parameters. 

Roll-off rate (ξ) is defined as: 

 max min

s c

    dB / GHz
f f

α αξ −
=

−
 (11) 

where αmax = 30 dB, αmin = 3 dB and the initial frequency, 
fS, has a 30 dB attenuation.  
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5. Conclusion 
In this paper, a new and compact design of low pass 

filter (LPF) has been presented that incorporates three 
coupled stepped-impedance resonators (SIRs), a pair of 
open stubs, and a pair of circular slots in the ground plane. 
The deployment of SIRs and their strong electrical cou-
pling has led to a significant improvement in the roll-off 
rate of the filter. Furthermore, the integration of a pair of 
open stubs and a pair of circular slots in the ground plane 
contributes to achieving an ultra-wide stopband with im-
proved attenuation/rejection level. The equivalent lumped 
LC circuit model has been applied to thoroughly investi-
gate the proposed circuit and accurately estimate the loca-
tions of transmission zeros. The fabricated prototype exhib-
its a high roll-off rate of 225 dB/GHz, an ultra-wide stop-
band extending up to 20.5 GHz (8.4fc), and a compact 
normalized circuit size of 0.045. The LPF prototype 
demonstrates passband insertion loss of less than 0.35 dB 
and stopband attenuation levels of more than 20 dB. It is 
believed that the LPF presented in this work is expected to 
have an excellent spurious signal rejection capability, mak-
ing it well-suited for the front-end RF applications. 
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Appendix A: Principle of Ground 
Slotting 
The metallic patch of the circular slot in the ground 

plane acts as cylindrical cavity resonators and modeled as 
parallel stopband resonating circuit. The propagation along 
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normal direction is zero for cylindrical cavity resonator. As 
a result, the field components (E-electric field and H-
magnetic field) inside the circular cavity are expressed by 
(A1)–(A4). 

 z  θ r  0,H E E= = =  (A1) 

 ( ) ( )2
z     cos , nE k J k r n= +θ φ  (A2) 

 ( ) ( )r
j     sin ,n

nH J k r n
r

= +
ωε θ φ  (A3) 

 ( ) ( )'
θ j     cosnH k J k r n= +ωε θ φ  (A4) 

where Jn and k are the Bessel function of order n and cutoff 
wave number, respectively. 

 To find the condition of resonance and to calculate the 
resonance frequencies of expected modes, the expression of 
surface current (K) inside the slot on ground plane is de-
termined as 

 N ,= ×K a H  (A5) 

 ( )Z r r θ θ  ,H H= × +K a a a  

 ( )r θ θ r  H H= −K a a . (A6) 

The radial component of the surface current Kr(r) at 
the edge of the plane inside the circular slot must vanish, 
therefore 
 ( )

oθ | 0   for all  ,r rH r = = θ  (A7) 

 ( )
o

'   | 0n r rJ k r = =  (A8) 

and using (A8) the radius of a particular (dominant) mode 
is defined as at resonance. 

 oFor  1,             1.8411n kr= =  

 r
o

r

1.8411 
2πc

fr =
ε

. (A9) 
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