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Abstract 

In this paper, highly selective dual-mode microstrip bandpass 
filters are proposed using horizontal and vertical slots formed 
on the surface of a triangular patch. Slots are responsible for 
splitting and coupling of dual degenerate modes and also 
facilitate in controlling their resonant frequencies by varying 
the dimensions of the slots. Horizontal and vertical slots 
reroute the direction of the flow of current on the surface of 
the patch, which results in switching of transmission zeros. 
Two 2-pole and one 4-pole dual-mode filters are designed, 
simulated and fabricated. Two-pole filters have transmission 
zeros on side of the passband and four-pole filter have 
transmission zeros on both sides of the passband. The 
designed filters exhibit a fractional bandwidth of less than 7 
% and there is a good agreement between simulated and 
measured results. 

1. Introduction 

Microstrip filters with asymmetric frequency response on 
either side of the passband are needed in modern mobile and 
wireless communication systems. These filters have better 
selectivity, sensitivity and thereby improve the efficiency of 
the spectrum utilization. The filters of this kind find specific 
applications in duplexers and multiplexers. Generally, 
asymmetric filters are realized by using cross-coupled filter 
configurations [1-3]. Single mode HTS thin film filters using 
pseudo-interdigital coupled lines are employed to achieve 
asymmetrical rejection performance [1].  Microstrip square 
open loop resonators [2] are used to introduce either positive 
or negative cross coupling.  This causes finite attenuation 
pole to appear either in lower or upper side of the passband.  
In [3] closed square loop resonator with varied perturbation 
is used to achieve asymmetric frequency response utilizing 
dual degenerate modes.  
 

Dual-mode resonators are preferred as the number 
of resonators required will become half for a given degree 
which further reduces the size of the filter.  The basic 
geometries used for the realization of dual-mode filters are 
loop [4-7] and patch resonators. Patch resonators employing 
circular, square and triangular shapes are reported [1], [8-9].  
Patch resonators have many interesting features such as high 
power handling capability, lower conducting losses and ease 

of fabrication at millimeter waves.  Highly selective 
bandpass filters were realized by using two different 
resonant modes of triangular patch with cascading topology 
[8]. Dual-mode operation of equilateral triangular patch 
resonator was theoretically studied in [10], and they proved 
that dual degenerate mode is obtained by rotation and 
superposition of fundamental mode. A triangular patch 
bandpass filter with multi-mode operation employing higher 
order modes that utilized fractal defection is realized [11-
12]. An isosceles triangular patch resonator (ITPR) is 
presented in [13] with corner‟s cut and slits to realize 
wideband bandpass filter operating in X-band. A right-
angled triangular patch resonator with fractal hole is used to 
achieve single and dual-band bandpass responses [14]. 
Different types of DGS resonators are also used to realize 
selective and tunable bandpass filters as detailed in [15-18]. 

 
Very few asymmetric filters are designed due to 

difficulties in controlling and arranging cross couplings in 
planar configuration and still there is a scope to realize such 
high selectivity filters. In this paper, two-pole and four-pole 
filters are designed using microstrip triangular patch 
employing horizontal and vertical slots.  These slots are used 
to excite dual degenerate modes and also to control the 
position of transmission zeros on either side of the pass 
band. These slots will change the direction of the current 
flowing on the surface of the patch resulting in transmission 
zero switching from lower passband to upper passband. The 
rest of the paper is organized as follows. Section II explains 
with design characteristics of dual-mode triangular patch 
and its surface current distribution. Prototype filters are 
designed and simulated, in section III, with first filter 
exhibiting transmission zero on lower side of the passband, 
second filter showing transmission zero on upper side of the 
passband and third filter displays transmission zeros on both 
sides of the passband. Experimental results are presented in 
section IV. Finally, conclusions are given in section V. 

 

2. Dual-mode Resonator 

According to Wheeler‟s cavity model, surrounded by 
magnetic walls, there are no electromagnetic field variations 
along the thickness of the substrate direction. Electric field 
EZ  satisfies Helmholtz wave equation [19], 
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The resonant frequencies of dominant mode and higher 
order modes of the triangular patch are given by 
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Where „c’ is the velocity of light, „ r

 ‟ is the relative 
dielectric constant of the substrate, and „a‟ is the side 
dimension of the triangle. We have chosen „a‟ as 12mm, 
which gives the fundamental resonant frequency of 5.16 
GHz for dominant mode with m = 1, n = 0. 

 

The equilateral triangular patch is known to exhibit 
dual-mode property [10]. In a triangular patch resonator the 
coupling of two degenerated modes can be done by 
disturbing the symmetry of the resonator or by adding slot in 
the structure.  The dual degenerate mode is obtained by 
rotating the other mode to 90o in the coordinate system and 
superposition of fundamental mode. Unlike the square and 
circular patches, these degenerate modes do not couple to 
each other directly, but couple to input and output ports by 
creating two parallel paths from input to output. The 
coupling arrangement is shown in Figure 1.  These two 
modes are also referred to as even and odd modes. A full-
wave HFSS Eigen mode simulator is used for simulating the 
structures. RT duriod substrate with a dielectric constant of 
10.2 and with a height of 0.635 mm is used for simulating 
the structures. The surface current distribution for even and  

 
 

Figure 1: Coupling arrangement between dual degenerate 
modes of a triangular patch. 
 

 
             (a) 

 
             (b) 
Figure 2: Surface current distribution of triangular patch (a) 
odd mode, (b) even mode. 
 
an odd mode is depicted in Figure 2.  For even mode, 
current is concentrated in the upper part of the patch along 
the slant sides of the triangle, whereas for odd mode, current 
is concentrated around base of the triangle. The surface 
current of the even mode can be reoriented by adding a 
horizontal slot near to the base of the patch resonator and 
similarly the odd mode current can be reoriented by adding a 
vertical slot near to the top of the patch resonator.  The 
orientation of surface currents for specified horizontal and 
vertical slots is shown in Figure 3.  From the Figure 3, it is 
observed that horizontal slot does not disturb odd mode, 
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whereas it perturbs the field of even mode. Similarly a 
vertical slot does not disturb even mode, but it will alter the 
field of odd mode.  We can notice that the direction of the 
current flowing on the surface of the patch is reversed, when 
we change from horizontal to vertical slot. This rerouting of 
surface current distribution leads to switching of 
transmission zeros. 

 
       (a) 

 
       (b) 
Figure 3: Surface current distribution of triangular patch 
after adding slots (a) horizontal slot (b) vertical slot. 
 

 
 
Figure 4: Splitting of dual modes of the patch resonator. 
 

The splitting of dual modes can be done by 
deforming the equilateral triangle to isosceles or cutting the 

edges of the triangle. It is also achieved by incorporating 
slots over the surface of the patch. The dual resonant modes 
under weak coupling are shown in Figure 4. The resonant 
frequencies of degenerated modes can be controlled by 
varying the slot lengths.  Figures 5(a) and 5(b) shows the 
variation of resonant frequencies of odd and even modes 
with respect to variation in the horizontal and vertical slot 
lengths.  From Figure 5(a), it is observed that by increasing 
the length of the horizontal slot, the resonant frequencies of 
even mode are shifting from 5.05 GHz to 5.25 GHz while 
the odd mode is unchanged.  From Figure 5(b), it is found 
that variation of vertical slot affecting the odd mode 
frequencies whereas even mode frequencies are hardly 
affected. 

 

 
      (a) 
 

 
(b) 

Figure 5: Separation of dual resonant frequencies with (a) 
horizontal slot and (b) vertical slot. 
 

3. Bandpass Filter Design 

Based on the above discussions and simulations, two dual- 
mode and one quadruple-mode filters are designed. All the 
filters are fed by 50 Ω feed lines at the bottom of the 
triangular patch with parallel coupling. Earlier reported 
work [9] uses cascading of triangular patch resonators with 
changing the position of feed lines to achieve selective 
filters. In contrast to slant line feed, the proposed design 
utilizes hemline feed, and also slots are used to position the 
transmission zeros on either side of the center frequency 
using a single equilateral triangular patch, without changing 
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the position of feed lines. Figure 6(a) shows the first dual- 
mode filter (Filter A), which uses horizontal slot placed at 
the bottom side of patch.  Figure 6(b) depicts second dual- 
mode filter (Filter B), which employs vertical slot placed at 
the top side of the patch.  Figure 6(c) illustrates quadruple- 
mode filter which utilizes both horizontal and vertical slots. 
The structural parameters of all the designed filters are given 
in Table 1. The side dimension of the triangular patch „a‟ is 
chosen as 12 mm. All the three filters are designed using 
commercially available full-wave EM simulator High 
Frequency Structure Simulator. 

 
(a) Filter A 

 
(b) Filter B 

 
(c) Filter C 

Figure 6: (a) Two-pole bandpass filter using horizontal slot 
(Filter A), (b) two-pole bandpass filter using vertical slot 
(Filter B), (c) four-pole filter using both horizontal and 
vertical slots (Filter C). 
 

 
Figure 7: Simulation results for various positions (slot_pos) 
of horizontal slot for a slot length (slot_hor) of 5.8 mm. 
 
 

 
Figure 8: Simulation results for various positions (slot_pos) 
of vertical slot for a slot length (slot_ver) of 5.7 mm. 
 
 The length and position of both horizontal and 
vertical slots is optimized by using full wave EM simulator. 
The lengths of slots are approximately around λ/10. The 
position of slots affects both insertion and return loss 
response of the filter. Figure 7 shows the simulated results 
for various slot positions of horizontal slot, varied above 
with respect to the slot position shown in Figure 6(a), 
keeping length of the horizontal slot fixed at 5.8 mm in steps 
of 0.2 mm. Similarly Figure 8 depicts the simulation results 
for various positions of vertical slot, varied above with 
respect to the slot position shown in Figure 6(b), keeping 
length of vertical slot constant by 5.7 mm in steps of 0.2 
mm.  The slot positions are chosen in such way that both 
insertion and return loss behave well, and the corresponding 
slot positions are given in Table 1. 
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Table 1: Dimensions of the filter structures (mm). 
 

 

Filter 
type strip_wid slot_wid slot_hor slot_ver Gap len slot_pos slot_pos_h slot_pos_v 

A 0.59 0.2 5.8 ---- 0.2 1.2 0.86 ---- ---- 

B 0.59 0.2 ---- 5.7 0.2 0.8 3.46 ---- ---- 

C 0.59 0.2 6.0 6.0 0.2 1.2 ---- 2.31 3.17 

 

4. Results 

The filters described above are fabricated using RT Duriod 
substrate with dielectric constant of 10.2 and substrate 
height of 0.635 mm.  Copper cladding is used with a 
thickness of 0.035 mm. The photographs of the fabricated  
 

 
(a) Filter A 

 

 
(b) Filter B 

 
 
 
 
 
 
 
 

 
 

 
 

 
 

(c) Filter C 
Figure 9: Photographs of the fabricated two pole and four 
pole filters. 
 
filters are shown in Figure 9.  Agilent‟s N99181A series 
vector network analyzer is used to measure the results. 
Figure 9(a) shows the dual-mode filter (Filter A) with 
horizontal slot and the filter is resonating at 5.06 GHz.  The 
simulated and measured results of return loss and insertion 
loss are shown in Figure 10.  From Figure 10(b) it is 
observed that there is a transmission zero at the lower 
passband of the filter which is at a frequency of 4.91 GHz.  
The simulation results indicate an insertion loss of 1.93 dB 
and return loss of 20.58 dB with a fractional bandwidth of 
4.94 %.  The measured insertion and return loss are at 2.27 
dB and 20.58 dB respectively. 
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       (a) 

 
       (b) 
Figure 10: Simulated and measured results of bandpass filter 
using horizontal slot (Filter A) (a) return loss, (b) insertion 
loss. 
 A transmission zero at the upper passband can be 
introduced by replacing the horizontal slot with a vertical 
slot. Figure 9(b) shows the second dual-mode filter (Filter 
B) with a vertical slot and the filter produces transmission 
zero at the upper passband. Figure 11(a) and 11(b), shows 
the simulated and measured return loss and insertion loss 
response of the Filter B.  Simulation results show that the 
center frequency of the filter B is at 4.95 GHz with an 
insertion loss of 1.67 dB and return loss of 21.78 dB.  The 
fractional bandwidth of the filter is 4.84 %. The measured 
insertion and return loss are at 2.48 dB and 12.69 dB 
respectively. The generation of transmission zeros on either 
side of the center frequency i.e. upper or lower passband 
will produce very high selectivity on the respective passband 
which is a major requirement for many applications like 
diplexers and multiplexers. Bandpass filter with 
transmission zeros on both sides of the passband resembles 
the ideal filter response which results in high attenuation on 
both sides of the stopband.  A four-pole filter with 
transmission zeros on both sides of the passband is shown in 
Figure 9(c).  Here we have combined the two patch  

 
        (a) 

 
        (b) 
Figure 11: Simulated and measured results of bandpass filter 
using vertical slot (Filter B) (a) return loss, (b) insertion loss. 
 
 

 
       (a) 
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   (b) 
Figure 12: Simulated and measured results of bandpass filter 
using both horizontal and vertical slots (Filter C) (a) return 
loss, (b) insertion loss. 
 
resonators with horizontal and vertical slots to obtain 
transmission zeros on both sides of passband. From the 
simulated the measured results shown in Figure 12, the filter 

exhibits a minimum stopband attenuation level of 10 dB on 
both sides of stopband.  The midband frequency of the filter 
is at 4.82 GHz and fractional bandwidth is around 6.43 %.  
The simulated and measured insertion losses are 1.5 dB and 
2.40 dB respectively. Similarly, simulated and measured 
return losses of the filter are 21.2 dB and 20.2 dB 
respectively. The small differences between simulated and 
measured results may be due to dielectric and conductor 
losses, and as well as filter housing effect, since we have not 
enclosed the filter in metal box for measurement. The 
designed filters are compared with existing filter designs, 
and performance analysis is shown in Table 2. The proposed 
filters can be used to realize both symmetric and asymmetric 
filter responses. 
 

 
 
 
 

 
Table 2. Performance analysis of the designed filters with earlier reported patch resonator filters. 
 

5. Conclusion 

Three highly selective bandpass filters are designed using 
dual-mode triangular patch resonators. Horizontal and 
vertical slots are used to produce transmission zeros on 
either side of passband. Degenerated modes are coupled by 
varying the slot positions and dimensions. Two-pole filters 
have transmission zeros on one side of the passband whereas 
quadruple-mode filter is more selective with transmission 
zeros on both sides of the passband. From the measured 
results, it is observed that insertion loss and return loss 
response of all filters are close to bandwidth of less than 7 % 
associated with high selectivity and high power handling 
capability. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Reference 
No. Patch Topology 

Side 
dimen
sions 
(mm) 

Center 
frequency 

(GHz) 

Insertion 
Loss 
(dB) 

Fractional 
Bandwidth 

(FBW) 

Frequency 
Response 

[20] Square  20 1.62 3.4 1.6 Symmetric 

[9] Triangular [I] 
Triangular [II] 15 4.1 ------ ------ Asymmetric 

[21] Star type [I] 
Star type [II] 15 2.98 

2.98 
2 
2 

4.99 
4.69 Asymmetric 

[22] Circular 36 1.58 1.41 20.25 Symmetric 
[14] Triangular 5.7 10.36 2.08 55 Symmetric 

This work 
Triangular [I] 
Triangular [II] 
Triangular [III] 

12 
5.06 
4.95 
4.82 

2.27 
2.48 
2.40 

4.94 
4.84 
6.43 

Asymmetric & 
Symmetric 
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