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A novel continuously tunable lowpass filter (LPF) with compact size, 
sharp roll-off and low insertion loss is presented in this paper. The filter 
employs two varactor diodes, a pair of open-ended coupled lines and a 
U-shape step impedance line (SIL) with an open-ended stub loaded at 
the centre of the SIL to form a very compact layout. The odd- and even-
mode analysis and equivalent circuit model are demonstrated for 
estimation of the transmission characteristics. Tuning the DC voltage 
applied on the varactor diodes, the varactor capacitance accordingly 
changes leading to a varying cutoff frequency fc. The measured results 
show that the achieved 3-dB fc tuning range is 60.6% (1.15 to 2.15 
GHz). The measured insertion loss (IL) and roll-off rate are 0.2-0.4 dB 
and 50-73 dB/GHz, respectively. The overall size of the LPF is only 
0.005λg

2, which shows a competitive advantage comparing with the 
state-of-the-art work. 

 
Introduction: As one of the core components in wireless 
communication systems, lowpass filters (LPF) with sharp roll-off 
frequency response, low insertion loss and compact size play an 
important role in down-conversion link of the receivers [1]. Recently, 
the frequency-tunable LPF designs have been comprehensively studied 
using various technologies, such as defected ground structure (DGS) [2] 
and complementary split ring resonator-split ring resonator (CSRR-
SRR) [3]. It is noted that the tunable LPF is highly desired in the 
reconfigurable wireless communication systems. Huang et al. presented 
a coplanar waveguide (CPW) tunable lowpass filter with the tuning 
range of 49% and a size of 0.20.318 λg

2 [4]. Ni and Hong proposed a 
continuously tunable microstrip LPF with a sharp roll-off [5], however, 
it has a complicated tuning mechanism using five tuning devices and 
two different DC control-voltages leading to a deteriorated insertion 
loss. In [6], a tunable low-pass filter using variable mode impedance of 
coupled structure is proposed. Even though the concept is quite new, the 
deteriorated insertion loss is inherently challenging to be improved.  
The tunable LPF designed by Cai et al. [7] has a compact size and ultra-
wide stopband, however the achieved roll-off over the tuning range is 
significantly degraded to 16-33 dB/GHz. Therefore, an optimized 
tunable LPF compromising the above-mentioned challenges is highly 
desired in the emerging reconfigurable communication systems.  

In this paper, a compact LPF with low insertion loss, sharp roll-off 
and wide tuning range is realized using a very simple structure. To 
prove the concept, the proposed LPF without tuning components is 
presented in Fig. 1a. Both the odd- and even-mode and lumped 
equivalent circuit models can be derived for the LPF design according 
to the layout of the proposed LPF. To create a tunable LPF, two 
varactor diodes are connected at the end of the optimized center-loaded 
stub as is shown in Fig. 1b. The measured results verify that the 
proposed tunable LPF has the lowest insertion loss, compact size and 
very competitive performance in terms of tuning range and roll-off. 
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Fig. 1 Layout of the proposed lowpass filter. 
a Without varactor 
b With varactors loaded on open-ended stub   

Proposed LPF: the lossless transmission-line circuit model of the 
proposed LPF without tuning components is shown in Fig. 2a, which is 
formed by a pair of open-ended coupled line and a U-shape step 
impedance line (SIL) with the open-ended stub loaded at the center of 
the SIL. In Fig. 2a, θi (i=1, 2, 3, 4) signifies the electrical length and Yj 
(j=2, 3) is the characteristic admittance of each section. Yoo/Yoe are the 
odd/even characteristic admittances of the coupled lines. Fig. 2b 
presents a lumped equivalent circuit model of the LPF. The pairs L1/C1 
and L2/C2 correspond to the open-ended coupled lines and the step 
impedance line, C3 represents the open-ended stub taped on the center 
of the SIL. Fig. 3 shows the odd- and even-mode circuit models of 
proposed LPF. The input admittance Yino and Yine can be deduced as 
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Accordingly, the S-parameters of the LPF can be expressed as 
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where, Yo is the port admittance. So equations (1)-(3) can be used to 
depict the transmission characteristics and predict the transmission 
zeros and poles during LPF design. 

The equivalent circuit models in Fig. 2 and 3 are applied for LPF 
design and analysis. The frequency responses using equation-based 
calculation (3), EM simulation and LC-equivalent circuit simulation are 
compared in Fig. 4a, where the substrate RT4350 ( ,3 66r .  0 508h .
mm) is applied. The physical dimensions of the proposed LPF are: 
l1=11.9 mm, l2=7 mm, l3=3 mm, l4=20 mm, w1=0.2 mm, w2=0.6 mm, 
w3=0.1 mm, w4=0.2 mm, g1=0.2 mm. The curve-fitted equivalent circuit 
model parameters are: C1=1.7 pF, C2=1.4 pF, C3=2 pF, L1=2.8 nH, 
L2=2.6 nH. It can be seen from Fig. 4a that the frequency responses 
have a good agreement among the three approaches verifying an 
accurate design methodology of the proposed LPF. 
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Fig.2 Circuit models of the proposed lowpass filter.  
a Lossless transmission line model 
b LC-equivalent circuit model 
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Fig. 3 Odd- and even-mode models of proposed filter.  
a Odd-mode circuit model  
b Even-mode circuit model 
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Fig. 4 Frequency responses of the proposed tunable LPF.  
a Equation-based calculation, EM simulation and LC-circuit simulation 
b Simulated results with different length l4   
c Simulated results with different capacitor Cv 

d Measured results with different tuning voltage 
 

 
 

Fig. 5 Photograph of the fabricated tunable LPF. 
 
The two transmission poles (TP1 and TP2) as shown in Fig. 4a are 

determined by the odd- mode and even- mode resonant frequencies, 
which are given by equation (3). 
To explore the tuning mechanism of this LPF, the variation of 3-dB 

cutoff frequency fc against l4 is shown in Fig. 4b, where l4 is 
corresponding to the capacitive impedance C3 as shown in Fig. 2b. 
According to Fig. 4b, as the length l4 increases from 18 to 22 mm, fc and 
TP2 move towards the lower frequencies while TP1 almost remains 
unchanged. This is because the length l4 only affects even mode 
frequency according to equations (1) and (2). 
Based on the above analysis, two varactor diodes are placed at the end 

of the open-ended stub taped on the center of the U-shape SIL. The two 
varactor diodes are corresponding to the varying capacitance indicated 
by the length l4. The layout of the proposed tunable LPF is shown in 
Fig. 1b. After optimization, the dimensions of the proposed tunable LPF 
are: l5=13 mm, l6=7 mm, l7=4 mm, l8=3 mm, w5=0.3 mm, w6=0.4 mm, 
w7=0.1 mm, w8=0.2 mm, g2=0.3 mm. The junction capacitance of the 
diodes SMV-1234-079LF changes from 1.7 to 4.8 pF. The bias resistor 
of 270 Ω is applied to block the RF signal leakage. Fig. 4c shows the 
simulated frequency responses of the proposed tunable LPF with 
different capacitor Cv. It is noted that, when the Cv increases, the cutoff 
frequency fc tends to shift downward with a reduced upper-stopband 
attenuation. The roll-off remains within a relatively stable range varying 
between 60 and 77 dB/GHz.  
 

Experiment and discussion: The proposed tunable LPF was fabricated 
and measured by a R&S ZVL6 vector network analyzer. Fig. 5 shows 
the photograph of proposed tunable LPF. In Fig. 4d, three groups of the 
measured frequency responses are demonstrated. As is shown, when the 
voltage is 1.1, 3 and 5.7 V, respectively, the 3-dB cutoff frequency is 
tuned to 1.15, 1.7, 2.15 GHz, respectively, while maintaining a return 
loss better than 10 dB. What’s more, the measured roll-off varies 
between 50 to 73 dB/GHz. The difference between the simulated (Fig. 

4c) and measured (Fig. 4d) results owes to fabrication toleration and 
accuracy of the diode SPICE model. 
  Table 1 shows a comparison between the proposed tunable LPF and 
other state-of-the-art work. It is obvious that the proposed tunable LPF 
is not only realized in a simple layout pattern, but also presents a very 
competitive performance over the counterparts. 
 
Table 1:  Comparisons with state-of-the-art tunable LPFs 
 
Ref. 3-dB fc tuning 

range (GHz) 
IL(dB) Roll-off 

(dB/GHz) 
Size 
λg

2 
4 49% (1.29-2.13) 0.7 24-30 0.064 
5 

59% (1.6-2.94) 
0.3-
0.8 

48-55 
0.008 

6 50% (1.5-2.5) 1 43-85 0.027 
7 91.3% (0.85-2.28) 0.8 16-33 0.007 

This 
work 60.6% (1.15-2.15) 

0.2-
0.4 

50-73 
0.005 

* Roll-off : |amax-amin|/|fs - ft| where amax is 20 dB attenuation, amin is 3 dB 
attenuation, fs is the frequency corresponding to 20 dB attenuation and 
ft is the frequency corresponding to 3 dB attenuation; λg is the guided 
wavelength at the lowest fc. 
 
Conclusion: A novel compact tunable lowpass filter with low insertion 
loss, sharp roll-off and wide tuning range realized in a simple structure 
is reported in this paper. The experimental results approve that the 
proposed design has the merits of low insertion loss (0.2-0.4 dB), sharp 
roll-off (50-73 dB/GHz) and wide tuning range (60.6%). The 
miniaturized design only has a size of 0.005λg

2 which is a cost-effective 
and easy-to-integrate solution in the reconfigurable wireless systems.  
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