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Abstract. In this paper, a microstrip low-pass filter (LPF) 
using a bended transmission line is presented. The LPF has 
a simple topology, which is composed of a T-shaped stub 
as main resonator, one conventional rectangular resonator 
(as suppressing stub) and two T-shaped stubs. To approach 
a high operation and small dimensions, this structure is 
bent. The proposed LPF has a compact size (0.090 λg × 
0.119 λg) and presents an ultra sharp transition-band 
 from 0.945 to 0.987 GHz with –3 and (dB/GHz 880.95 =	ߦ)
–40 dB suppression levels, respectively. This filter, with 3-
dB cut-off frequency (fc) of 0.945 GHz, is useful for GSM 
applications. The performance of each section is investi-
gated based on LC equivalent circuit. The designed filter is 
fabricated and measured. Also, the results exhibit an ex-
cellent figure of merit (FOM) of 239756. 
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1. Introduction 
Microstrip low-pass filters (LPFs) with benefits like 

small size, wide stop-band and sharp cut-off are emerging 
requirements for implantation in wireless communication 
circuits such as; high frequency mixers and demodulators 
to reject interferer signals [1]. In [2], a microstrip LPF with 
high insertion-loss in the stop-band using T-shaped and  
Z-shaped resonators was presented, to reduce the circuit 
size, transmission line was bent. In [3], a dual-layer LPF 
with wide rejection-band was depicted; however, enormous 
dimensions and slow cut-off are challenges of this work. In 
[4], a low-pass filter using T-shaped resonator was intro-
duced, which gradual transition-band and large dimensions 
are disadvantages of this filter. In [5], a symmetrical LPF 
with high return-loss in the pass-band using T-shaped reso-
nators was reported. To increase the stop-band width, four 
stepped-impedance suppressors were adopted, even though 
this filter does not have a sharp cut-off and small size. 
A miniaturized LPF with gradual cut-off frequency and 
narrow stop-band using funnel-shaped resonator was re-

ported in [6], so that four triangle resonators were utilized 
to increase the sharpness. A simple LPF using stepped-
impedance resonators was presented in [7]. This structure 
has a weak sharpness and large dimensions. In [8], an LPF 
with sharp cut-off and compact size using T-shaped reso-
nator was introduced. The presented LPF in [9] was com-
posed of several open-circuited stubs, which a fractal de-
fected ground plane was embedded to decrease the circuit 
size. Also, this filter presents a slow transition-band and the 
limited stop-band. In [10], a microstrip LPF with accepta-
ble stop-band width using T-shaped resonators was re-
ported, but the circuit dimensions are large. To develop the 
stop-band of the low-pass filter in [11], improved hairpin 
resonators were adopted; nonetheless the transition-band is 
slow. Multi-layer LPFs such as defected ground structure 
(DGS) [12–19], do not have a wide stop-band and sharp 
transition-band, moreover these filters suffer from complex 
structure. 

In this work, a microstrip LPF with individual prop-
erties such as simple topology, ultra sharp transition-band, 
miniaturized size and very high FOM is proposed. To ap-
proach a sharp cut-off and wide stop-band, T-shaped and 
conventional rectangular resonators are employed. The 
simulation is performed by using the Keysight full-wave 
simulator Advanced Design System (ADS). Also, the pro-
posed filter is manufactured on a Rogers_RO4003 substrate 
with εr = 3.38, h = 0.508 mm and loss-tangent of 0.002. 

2. T-shaped Resonator Design 
In order to design a microstrip low-pass filter at GSM 

band, an LC resonator for a 3-pole elliptic low-pass filter is 
proposed, based on Fig. 1a. The element values of this 
resonator are obtained using (1) and (2), [1] as follows: 
L1 = 24.004 nH, L2 = 6.866 nH, L3 = 10.53 nH and 
C1 = 2.633 pF.  
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(a) 

 
(b) 

Fig. 1. T-shaped resonator: (a) LC, (b) layout. 

where Z0 is the line impedance (50 Ω). gLi and gCi are ap-
plied to denote the inductive and capacitive elements, re-
spectively. Also, L1 and L2 are inductances of the transmis-
sion line. L3 describes the inductance of high-impedance 
stub and C1 is equivalent capacitances of the open-circuited 
and low-impedance stubs. The layout of the LC resonator is 
presented in Fig. 1b. The physical lengths of the T-shaped 
resonator are computed using (3) and (4), [1]: 

 gL C
L

0L

arcsin
2

L
l

Z

 


 
  

 
,  (3) 

  gC
C c 0Carctan

2
l CZ





   (4) 

where λgL and λgC present the guided wave-length of high 
and low impedance lines, respectively. ωc is angular cut-off 
frequency, Z0L and Z0C show the characteristic impedance 
of transmission line with high and low impedances, re-
spectively. In addition, line calculator of Keysight ADS 
software can easily calculate the values of characteristic 
impedances. 

The EM and LC simulations results of the T-shaped 
resonator are illustrated in Fig. 2a, where there is a good 
agreement between them. This resonator generates two 
transmission zeros (TZ1 and TZ2) at 0.95 and 5 GHz fre-
quencies (seen in Fig. 2b) that the first transmission zero 
(TZ1) has more importance than another one, tuning the 
transition-band. Also, the second transmission zero (TZ2) 
can provide a wide stopband. 

The transfer function of the T-shaped resonator is 
obtained from its LC circuit as follows: 

 
2

o 1 3
3

i 1 1 3 1 1 2 2 1 3

2 ( 1)

( )

v r C L S

v S L C L L C L L C L a b




   
  (5) 

where 

 2
1 3 1 1 1 2(2 ),a S rC L rL C rC L      

 rCrLLSb 2)( 1
2

21  , 

 
(a) 

 
(b) 

Fig. 2. T-shaped resonator: (a) EM and LC simulations,  
(b) EM simulation. 

 
Fig. 3. EM-simulation of T-shaped resonator for different 

values of L3 and K3. 
 

K3 (mm) 20.068 17.58 15.19 
L3 (nH) 10.53 9 8 

fz1 (GHz) 
Simulated 0.956 1.034 1.097 
Calculated 0.955 1.033 1.096 

Transition-band (GHz) 0.189 0.221 0.248 

Tab. 1. Variations of fz1 for different values of L3 and K3. 

r is the matching impedance of input and output ports 
(r = 50 Ω) and S is equal to j2πf where f is frequency. The 
equation of the TZ1 (fz1) is extracted from (5): 
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According to (6), the fz1 is a function of L3 and L3 is 
the inductance of K3 in Fig. 1b. By decreasing the value of 
L3, the length of K3 is reduced, also. As a result, TZ1 ap-
proaches to higher frequencies and transition-band is 
drowsed, as depicted in Fig. 3. So to have sharp transition-
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band, TZ1 is tuned at 0.95 GHz frequency. The variations of 
fz1 for different values of L3 and K3 are summarized in 
Tab. 1. 

3. LPF Design 

3.1 Primitive LPF Design 

 
Fig. 4. EM simulation of conventional rectangular resonator. 
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Fig. 5. Primitive LPF: (a) Layout, (b) LC equivalent circuit, 
(c) EM and LC simulations. 

As seen in Fig. 2b, the stop-band is limited by trans-
mission poles (TPs); to achieve a wide stop-band, TPs 
(from 1 to 5 GHz) should be suppressed. For this reason, 
a conventional rectangular resonator with wide stop-band 
(seen in Fig. 4) is added to the T-shaped resonator, based 
on Fig. 5a. The LC equivalent circuit of primitive LPF is 
depicted in Fig. 5b. L4 and L5 represent the inductances of 
transmission line. Capacitances of open-circuited and low-
impedance stubs are modeled by C2. The LC equivalent 
circuit values using the methods discussed in [1] are com-
puted as follows: L4 = 14 nH, L5 = 10.76 nH and C2 = 
5.743 pF. The EM and LC simulations results are shown in 
Fig. 5c where a good agreement between them is seen. The 
stop-band of primitive LPF with –18 dB attenuation level is 
extended up to 5.4 GHz. 

3.2 Improved LPF Design 

To have a LPF with high suppression level, high re-
turn-loss and low ripple in the pass-band, two T-shaped 
stubs (seen in Fig. 6) are added to primitive LPF, based on 
Fig. 7a. These stubs can provide a suitable suppression 
level by producing a transmission zero (TZ4) at 1.175 GHz. 
The LC equivalent circuit of the improved LPF is demon-
strated in Fig. 7b where L6 is the inductances of high-im-
pedance stubs and C3 is capacitances of open-circuited and 
low-impedance stubs. The LC equivalent circuit values are 
as follows: L6 = 8.4 nH and C3 = 2.15 pF. 

The transfer function of the improved LPF is pre-
sented in (7), transmission zeros can be extracted from it. 
The EM and LC simulation results and transfer function 
result are depicted in Fig. 7c. An acceptable agreement 
among them is seen, confirming the validation of the LC 
equivalent circuit and transfer function. This structure has 
negligible insertion-loss in the pass-band, high suppression 
level and sharp cut-off frequency. 

 
Fig. 6. EM simulation of T-shaped stubs. 
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Fig. 7. Improved LPF: (a) Layout, (b) LC equivalent circuit, 
(c) EM and LC simulations and transfer function 
result. 

3.3 Proposed LPF 

The improved LPF has enormous dimensions 
(48.94 mm × 23.45 mm) and occupies a large area. So to 
reach a miniaturized size and high performance, this struc-
ture is bent, based on Fig. 8a. The final size of the proposed 
LPF is only 16.4 mm × 21.65 mm, which shows 69.06% 

size reduction in comparison with previous structure. Also, 
the proposed filter has an ultra sharp transition-band and 
a high suppression level in the stopband area. The physical 
size of the proposed LPF are: A1 = 15.6, A2 = 6.3, A3 = 6.2, 
A4 = 9.4, A5 = 7, A6 = 6.5, A7 = 7, A8 = 9.3, A9 = 2.9, 
A10 = 3.7, Am = 1.2, H1 = 2.6, H2 = 5.4, H3 = 12.4, H4 = 3.3, 
H5 = 0.1, H6 = 1.4, H7 = 3.6, H8 = 0.1, Hm = 3, R1 = 1, 
R2 = 0.6 (all in millimeter), θ1 = 90° and θ2 = 90°. 

4. Simulated and Measured Results 
The photograph of the manufactured filter is dis-

played in Fig. 8b. Also, an Agilent N5230A network ana-
lyser is used to measure the manufactured filter. The simu-
lated and measured results are observed in Fig. 8c. The 
proposed filter with 3-dB cut-off frequency of 0.945 GHz 
has an ultra sharp transition-band (ߦ	880.95 = dB/GHz) 
from 0.945 to 0.987 GHz (0.042 GHz) with suppression 
points of –3 and –40 dB, respectively. The insertion-loss in 
passband is 0.5 dB. The stop-band of the structure with 
high suppression level of –21 dB is expanded up to 
5.401 GHz. The overall dimensions of the proposed struc-
ture are only 0.090 λg × 0.119 λg. Finally, this filter with 
very small size and high FOM (239756) is suitable for 
GSM applications. Based on some specifications men-
tioned in [2], the proposed LPF and the reported papers are 
compared in Tab. 2. 

In this table, the sharpness of transition band is com-
puted by  = (ߙmax – ߙmin)/(fs – fc), where αmin and αmax are 
suppression points of –3 and –40 dB, respectively. Also, fs 
is the frequency corresponding with αmax and fc is the fre-
quency corresponding with αmin. SF means suppression 
factor and RSB is the relative stopband band-width for  
–21 dB suppression level. The normalized circuit size is 
depicted by NCS. AF is architecture factor and FOM is 
defined as figure of merit that is given by 
FOM = (	 RSB  SF)/(NCS  AF). All of these 
parameters are defined in [2]. As seen from Tab. 2, the 
proposed LPF has the sharpest cut-off, the least size and 
the highest FOM in comparison with the published works. 
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Fig. 8. The proposed filter: (a) Layout, (b) photograph of the 
fabricated filter, (c) simulated and measured results. 

5. Conclusion 
An ultra-sharp transition-band LPF with very small 

dimensions and very high FOM (239756) has been simu-
lated, manufactured and tested. In this filter, to reach 
a sharp transition-band and wide stop-band, T-shaped and 
conventional rectangular resonators are employed. The 
designed LPF has a 3-dB cut-off frequency of 0.945 GHz, 
which it is appropriate for GSM communications. The 
other properties of the proposed LPF are: simple structure, 
high return-loss and wide rejection band. The final dimen-
sions of the presented LPF are only 0.090 λg × 0.119 λg. 
 

Refs fc ߦ RSB SF NCS AF FOM 
[3] 1.89 137 1.69 2.5 0.017 1 32613 
[4] 2.87 95.5 1.359 2 0.259 2 500.71 
[5] 2.49 49 0.85 2 0.032 1 2603 
[6] 2.28 94 1.26 2.3 0.041 1 6633.36 
[7] 5.55 84 0.67 1.5 0.083 1 985 
[8] 1 200 1.36 2 0.18 1 3022 
[10] 1.8 250 - 2 0.251 2 - 
[11] 1.02 131.2 1.66 2 0.009 1 46274.2 
[13] 2.73 205.5 1.308 4 0.056 1 19165 
[14] 2.9 48.85 1.33 2 0.016 1 7879 
[18] 

(Filter1) 
1 - 1.14 3.1 0.001 2 - 

[18] 
(Filter2) 

1 75 - 2.5 0.004 2 - 

[19] 1.18 36.3 1.32 1.5 0.006 1 11543 
This 
work 0.94 880.95 1.388 2.1 0.010 1 239756 

Tab. 2. Comparison among reported works and the proposed 
filter. 
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