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Abstract. This paper considers a novel design technique of 
compact dual-BPF and four-channel diplexer for a multi-
service communication system. The suggested dual-band 
passband filter is constructed by a double-layered stub 
loaded-stepped impedance resonator (SL-SIR), leading to 
a tiny circuit area, and lightweight, low cost, and good char-
acteristic performance. Herein, the SL-SIR resonant odd-
mode is used to realize the first passband, while the resonant 
even-mode is used to realize the second passband. Also, the 
proposed three-port quad-channel diplexer is performed by 
two different double-layered dual-passband filters, which 
also have a very compact circuit area. For practical verifi-
cation, a two-passband filter working at 2.5/4 GHz with 
a circuit area of 91.7 mm2 and a four-channel diplexer work-
ing at 2.5/4 GHz and 3.5/5.2 GHz with a circuit area of 
0.0639 λg

2 excluding feeding ports are designed, manufac-
tured, and measured. The electromagnetic simulated and 
measured responses are compared and discussed. Obvi-
ously, the comparison shows good agreement improving the 
expected filtering response. The diplexer offers insertion/re-
turn losses of about (0.44/0.74) dB/(0.45/1.12) dB for 
channel 1/channel 2, and (21.30/21.72) dB/(19.81/20.54) dB 
for channel 3/channel 4. 
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Stub loaded-stepped impedance resonator, double-
layered dual-BPF, four-channel diplexer, compact 
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1. Introduction 
Recently, RF and microwave filters are widely investi-

gated to meet the rapid requirements of modern wireless 
communication technologies [1–5]. For the purposes of in-
tegrated multi-wireless network systems, many dual-band 
BPFs and diplexers are developed using different techniques 
and structures to be fitted up with high IP/OP-passband per-
formance [6–21]. To enhance a compact dual-band bandpass 
filter, a composite right-left handed structure is adopted in 
[6]. For the same purposes, [7] proposed a dual narrow band 
filter based on grounded stepped impedance resonator (SIR). 
On the contrary, [8] proposed a traditional open/short mi-

crostrip-stubs to design dual passband filter with wide band-
width performance. Using a discriminating coupling tech-
nique in [9] and a parallel-coupled SIR in [10], dual-band 
BPFs are developed with high-selective characteristic per-
formance. Furthermore, [11] introduced a dual-BPF with 
high-passbands isolation. In addition, a differential dual-
band BPF with independently controllable passbands is in-
vestigated in [12]. In order to design full independently 
multi-filtering attitude, three-port diplexers are deeply 
studied based on single and dual BPFs [13–20]. Of them, 
two-channel diplexers are realized adopting different struc-
tures and techniques such as square open-loop resonators 
[13], complicated microstrip structure [14], based on syn-
chronous and ansynchronous coupling [15] and multilayered 
U-shaped resonators [16]. Generally, quad-channel diplex-
ers are designed based on dual-band bandpass filter [17–20]. 
With high isolation performance but large in size, four-
channel diplexer is reported in [17]. Using a dual-mode 
resonator two dual-band BPFs are integrated to perform 
four-channel diplexer in [18]. However, the resulted di-
plexer has unequal fractional bandwidth (FBW). For com-
pactness purposes, [19] and [20] developed a three-port 
four-channel diplexers based on quad-mode and quint-mode 
resonator respectively. Unfortunately, the proposed diplex-
ers has either a random FBW or poor selectivity. Moreover, 
6-channel diplexer is achieved in [21] based on multilayer 
technology. In addition, the reported works suffer from weak 
rejection band performance.  

In this article, two new desirable dual-band BPFs are 
realized and parallelly coupled to develop quad-channel di-
plexer for a multiservice communication system. The dual-
band BPF configuration is composed of stepped-impedance 
resonator SIR middlely-loaded by a low-impedance open 
stub. Each filter is analyzed and constructed based on multi-
layer technology. The filtering response is studied deeply us-
ing advanced design system (ADS) software program. Prac-
tically, the suggested dual-band BPF and the quad-channel 
diplexer are constructed using two (Rogers Ceramic 
RO4360) substrate that has a relative dielectric constant 
εr = 6.15  and a thickness h = 0.508 mm. The measurements 
of the prototypes are carried out using VNA and their re-
sponses are compared with the simulation results. The com-
pared results show that the expected filtering responses are 
verified and the filters have good performance. 



630 S. L. AJEEL , R. T. HAMMED, MULTILAYERED STUB LOADED-SIR FOR COMPACT DUAL-BPF AND QUAD-CHANNEL … 

2. SL-SIR Design and Analysis 
The layout configuration of the proposed dual-mode 

stub loaded-SIR is shown in Fig. 1(a). It consists of half-
wave folded stepped impedance resonator loaded by a low-
impedance open stub at its middle. In Fig. 1(a), the structure 
is described by (Y1, Y2, θ1, θ2, and θ3). Due to the symmetry 
of the SL-SIR, its circuit and frequency response are ana-
lyzed based on even-odd analysis theory. Indeed, two equiv-
alent circuits are considered to explain the odd/even-mode 
frequency response: Fig. 1(b) and Fig. 1(c), respectively. 

Following the theoretical analysis stated in [21], the 
resonant condition of the odd-model circuit (fodd), Fig. 1(b), 
can be calculated by: 

 1 2 1 2 2 1 Ztan tan ,/ /Y Y Z Z Rθ θ⋅ = = =    (1) 

 ( )T 1 22  θ θ θ π= + <    (2) 

where RZ is the impedance ratio and θ refers to the resona-
tor's angular length θ = βℓ. Note that the resonant condition 
can be simply controlled by modifying the impedance ratio 
and the angular lengths θ1 and θ2. In the even-model circuit 
in Fig. 1(c), the structure can be also consider like a SIR and 
the resonant frequency response (fodd) can be defined by:  

 ( ) 2 1 2 2 1 Z1tan tan / // 2 ,Y Y Z Z Rθθ ⋅ = = =    (3) 

 ( )T 1 22 θ θ θ π= + < .  (4) 

In this case the impedance of the middle stub (Y3 /2) is equal 
to Y2 and θ3 = θ2.  

For the purposes of this work and to improve the afore-
mentioned analysis, the suggested SL-SIR is designed to 
generate two resonance frequencies (2.5 and 4 GHz) using 

 
(a) 

           
                            (b)                                                       (c)  

Fig. 1.  (a) The basic layout configuration of the SL-SIR;  
(b) Odd-model circuit; (c) Even-model circuit. 

 
(a) 

 
(b) 

Fig. 2.  (ℓ1 = 9.3 mm, ℓ2 = 2.5 mm, ℓ3 = 3.5 mm, w1 = 0.5 mm, 
w2 = 1 mm, w3 = 2 mm and gc = 1 mm) characteristic 
performance: (a) SIR resonance condition. (b) Imagi-
nary frequency response of its input impedance, 
Fig. 1(a). 

a Rogers Ceramic RO4360 substrate with a relative dielec-
tric constant εr = 6.15 and a thickness h = 0.508 mm. Indeed, 
the impedance ratio RZ is chosen to be 0.5 in which the line 
impedances of the SL-SIR are Z1 = 78 Ω, Z2 = 39 Ω and 
Z3 = 19.5 Ω. Utilizing the data base stated in [22], Fig. 2(a), 
the total angular length of the desired fodd = 2.5 GHz is found 
out to be θT = 150° in which θ1 = 54° and θ2 = 21°. In the 
same fashion, the specified feven = 4 GHz is realized with 
a total angular length θT = 70° in which θ1 = 28° and 
θ2 = 21°. To this end, the physical dimensions of the SL-SIR 
are obtained and its resonance attitude is simulated with aid 
of the advanced design system (ADS) simulator [23]. Fig-
ure 2(b) depicts the simulated imaginary part of the input 
impedance of the SL-SIR. Clearly, the desired fodd and feven 
are generated with wide range of high spurious frequencies 
elimination. 

3. Circuit Design 

3.1  A Novel Dual Band BPF 
Based on the above analysis in Sec. 2, the SL-SIR is 

realized to produce two specified frequencies fodd = 2.5 GHz 
and feven = 4 GHz with very wide harmonics suppression re-
sponse. Basically, these frequencies are the center frequen-
cies of the desired first and second passbands. The conductor 
layout in the three dimension geometry and the coupling 
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mechanism block diagram of the proposed filter is shown in 
Fig. 3. On the grounded substrate, two identical SL-SIRs are 
magnetically coupled using a space coupling (S). The feature 
of this distance is to control the fractional bandwidth of the 
desired passbands. In order to obtain the filtering response, 
two IP/OP open stubs are performed on a second one-layer 
substrate and vertically integrated to the SL-SIRs, Fig. 3(a). 
Herein, the thickness of the second substrate (h2) can adjust 
the required coupling strength and enhance the filtering atti-
tude. Figure 3(b) easily explains the coupling mechanism 
and the signal path from the source to the load improving the 
dual-band filtering response. 

In this example, 2.5/4 GHz dual-band BPF is imple-
mented in which two of the SL-SIRs having the same phys-
ical dimensions, Fig. 2(b), are coupled through a coupling 
distance S = 0.5 mm using a grounded substrate with a die-
lectric constant εr1 = 6.15 and thickness h1 = 0.508 mm. 
Next, two input/output broadside coupled lines, Fig. 3(a), 
are patterned on a second one-layer substrate has a dielectric 
constant of εr2 = 6.15 and thickness h2 = 0.508 mm with 
physical lengths ℓw1 = 0.3 mm, ℓw2 = 3 mm. Finally, the 
broadside coupled lines are directly connected to 50-Ω I/O-
stub ports of wp = 1.37 mm and capacitively coupled to the 
bottom circuit, Fig. 3(a). Note that the coupling parameters 
S and h2 are obtained based on the deep numerical analysis 
reported in [24]. With the aid of the ADS software, the de-
sired dual-band filter is simulated and its results are illus-
trated in Fig. 4. Obviously, the coupling strength at the even-
passband is very weak and need to be increased to improve 
the passband performance. Therefore, a short open-stub with 
optimum physical dimensions of ℓ4 = 5 mm and w4 = 1.6 mm 
is created on the top substrate and located at the low-imped-
ance stubs of the SL-SIRs, Fig. 5. Resimulating the modified 
filter circuit (Fig. 5), the even-passband is significantly en-
hanced as shown in Fig. 4. However the filter shows high 
skirt roll off, it has two good isolated passbands with 8% 
FBW at the odd-passband and 5% FBW at the even-pass-
band. Also, the filter offers good passband performance of 
0.43/0.55 dB insertion loss and 24.7/27.4 dB return loss with 
wide suppression characteristics exceeding 3.6 GHz at 
20 dB attenuation. Moreover, the filter performance is veri-
fied with a circuit area about of 91.7 mm2 without the feed-
ing ports. 

For practical achievement, a dual-band BPF working at 
2.5/4 GHz is fabricated and measured. The fabricated circuit 
dimensions are listed in Tab. 1. A photograph pictures of the 
prototype before and after alignment are shown in Fig. 6(a) 
and (b), respectively. Consequently, the filter circuit is tested 
using an E5071C Vector Network Analyzer (VNA) and its 
measured responses are sketched and compared with 
simulated results in Fig. 6(c). The compared responses show 
good agreement and the filter has good filtering attitude 
covering a very compact circuit area less than 92 mm2 
excluding the feeding ports. However, the little shift in the 
measured results can be caused by the manufacturing 
process such as the crystal boned glue used for the circuit’s 
alignment and alignment process. Irregardless, Table 2 

exhibits the filter capabilities, when its specification are 
compared against the recent published works. 

 
(a) 

 
(b) 

Fig. 3.  The multi-layered SL-SIR dual-band BPF: (a) 3-D 
geometry of its conductor layout. (b) Coupling 
mechanism diagram. 

 
Fig. 4.  The simulated |S21|/|S11| magnitudes of the multi-layered 

SL-SIR dual-band BPF without modification and with 
modification, Fig. 3(a) and Fig. 5, respectively. 

 
Fig. 5.  The modified multi-layered SL-SIR dual-band BPF 

with short open-stub. 
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Substrate Length (mm) Width (mm) 

Grounded substrate 
εr1 = 6.15, 

h1 = 0.508 mm 

ℓ1 = 9.3, ℓ2 = 2.5, 
ℓ3 = 3.5, gc = 1, S = 0.5 

w1 = 0.5, w2 = 1,  
w3 = 2  

Ungrounded substrate 
εr2 = 6.15, 

h2 = 0.508 mm 

ℓw1 = 0.3, ℓw2 = 3,  
ℓ4 = 5,  

w1 = 0.5, w2 = 1, 
wp = 1.37, w4 = 1.6 

Tab. 1. Physical dimensions of the double-layered SL-SIR  
DB-BPF, Fig. 1(a) and Fig. 2(a). 

 
(a) 

 
(b) 

 
(c)  

Fig. 6.  The manufactured multi-layered SL-SIR dual-band 
BPF, Fig. 5: (a) Its photograph before alignment. (b) Its 
photograph after alignment. (c) Its simulation and 
measurement scattering-parameters |S11| and |S21|. 

3.2  Three-port Quad-channel Diplexer Design 
A very compact dual-band BPF with high filtering re-

sponse characteristics is developed and achieved based on 
a significant multi-layer design technique, Sec. 3.1. For the 
purposes of multiple-services communication systems, 
a three-port four-channel diplexer is designed and analyzed 
using two individual dual-band passband filters. Therefore, 
a second multi-layered SL-SIR dual-band passband filter 
working at 3.5/5.2 GHz is realized based on the design pro-
cedure stated in Sec. 3.1. Indeed, the filter layout dimensions 
are obtained and summarized in Tab. 3. 

The simulation results, Fig. 7, show that the filter pro-
vides odd-FBW of 8% with insertion/return losses of 
0.4/25.5 dB and even-FBW of 5% with insertion/return 
losses of 0.5/24.5 dB at 3.5/5.2 GHz. Besides, the filter 
structure is very small covering circuit area of about 56 mm2. 
Next, the two constructed filters are gathered with one input 
port to perform the desired three-port quad-channel diplexer 
as shown in Fig. 8(a). In this figure, the two circuits are cas-
caded directly on the top-layer using one input feeding port. 
This leads to circuit’s mismatch and affects the IP/OP broad-
side coupling. Therefore, the coupling lengths of the broad-
side open-stubs at the input and outputs of the diplexer cir-
cuit, Fig. 8(a), are slightly changed, and their final tuned 
lengths are summarized in Tab. 4. In the same table, the 
short open-stub dimensions for each filter are retuned to im-
prove the even-passbands performance. 

However, the diplexer layout signal path and its fil-
tering attitude are explained using a coupling scheme dia-
gram shown in Fig. 8(b). To this end, the diplexer is sim-
ulated and its results are sketched in Fig. 9. The simulation 
 

Substrate Length (mm) Width (mm) 

Grounded substrate 
εr1 = 6.15, 

h1 = 0.508 mm 

ℓ1 = 7.2, ℓ2 = 1.5, 
ℓ3 = 3.2, gc = 1, S = 0.3 

w1 = 0.5, w2 = 1,  
w3 = 2  

Ungrounded substrate 
εr2 = 6.15, 

h2 = 0.508 mm 

ℓw1 = 0.5, ℓw2 = 2,  
ℓ4 = 5  

w1 = 0.5, w2 = 1, 
wp = 1.37, w4 = 1.6 

Tab. 3. Physical dimensions of the 3.5/5.2 GHz double-layered 
SL-SIR DB-BPF. 

 

Ref. Frequency 
(GHz) IL (dB) RL (dB) Controllable 

bandwidth FBW % 

Isolation 
(Tzs)/Rejection 

band 
(GHz@dB) 

Selectivity Circuit area 
(λg

2)/(mm2) 

This work 2.5 / 4 0.42 / 0.56 25 / 25.4 Yes 8 / 5 1 / (3.6@20) Good 0.028 / 91.7 

[12] 4.3 / 8.6 6.1 / 1 15 / 15 No 45 / 14 2 / (4.5@20) Poor 0.10 / 204.5 

[6] 2.6 / 3.5 1.1 / 1.2 18 / 20 No 11 / 3.2 1 / (3@20) Poor 0.0045 / 63 

[9] 2.38 / 4.98 2.2 / 1 25 / 32 No 8 / 8.8 1 / (3@15) Good 0.36 / 195.8 

[10] 2.33 / 4.36 1.5 / 1.6 19 / 16 No 6 / 5.7 2 / (1.4@20) Good 0.064 / 395 

[7] 2.4 / 3.5 0.2 / 0.2 17 / 17 No 1.66 / 1.7 None / (1.6@20) Good 0.015 / 56 

[8] 2.4 / 5.2 0.3 / 0.7 22 / 20 Yes 52 / 23 2 / (1.4@20) Poor 0.056 / 427 

Tab. 2. Physical dimensions of the double-layered SL-SIR DB-BPF, Fig. 1 (a) and Fig. 2 (a). 
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Fig. 7.  The simulated |S21|/|S11| magnitudes of the 

3.5/5.2 GHz multi-layered SL-SIR dual-band BPF. 

 
(a) 

 
(b) 

Fig. 8.  The multi-layered quad-channel diplexer: (a) 3-D 
geometry of its conductor layout. (b) Coupling 
schematic diagram. 

 

Dual-band  
SL-SIR BPF Output port Input port Short  

open-stub 

Filter 1 
(2.5/4) GHz 

ℓw1 = 2 mm, 
ℓw2 = 3 mm 

ℓw1 = 3 mm, 
ℓw2 = 2.5 mm 

ℓ4 = 5 mm, 
w4 = 1.4 mm 

Filter 2 
(3.5/5.2) GHz 

ℓw1 = 1.5 mm, 
ℓw2 = 2 mm 

ℓw1 = 3 mm, 
ℓw2 = 2 mm 

ℓ4 = 3.5 mm, 
w4 = 1.6 mm 

Tab. 4. The final tuned dimensions of the developed 
diplexer, Fig. 8 (a). 

 
Fig. 9.  The simulated S-parameters of the multi-layered  

SL-SIR diplexer: |S21| , |S31| , |S11| and |S23|. 

results are abundantly evident that the filter has a compact 
footprint excluding the I/O feeding ports covering only 
an area of 0.0639 λg

2 calculated at the lower BPF's center 
frequency. Also, the diplexer providing an isolation level 
of –20\–40 dB at the lower/upper bands and a wide spuri-
ous elimination capability of about 4.5 GHz at 15 dB. In 
addition, the filter selectivity is very good and the inser-
tion losses and return losses of about (0.44/0.74) dB/ 
(0.45/1.12) dB and (21.30/21.72) dB / (19.81/20.54) dB 
over a 3-dB bandwidth of (175/195) MHz / 
(272/223) MHz at the diplexer out channels (2.5/4) GHz 
and (3.5/5.2) GHz, respectively. 

To establish the developed diplexer Fig. 8(a), the 
planner's bottom and top diplexer circuits are individually 
manufactured using two substrates as shown in Fig. 10(a). 
Then the two circuits are integrated vertically using crys-
tal bond mounting adhesives, Fig. 10(b). Finally, the di-
plexer responses are carried out with the assistance of 
an E5071C VNA and reported in Fig. 10(c) and (d). 

A comparison between the attitudes obtained from 
the measurement and simulation can be found in 
Fig. 10(c) and (d).This figure suggests that these attitudes 
are reasonably matched one to another. In point of fact, 
this is most likely attributable to the manufacturing pro-
cess, particularly the vertical feeding process. Neverthe-
less, the produced 3-port four-channel diplexer is com-
pared with some recently works in Tab. 5. It is revealed 
that the proposed diplexer has compact size, wide rejec-
tion band, high selectivity, and flexible desired frequency 
allocation.  

 

Ref. Frequency  
(GHz) 

Loads 
/Channels 

Isolation 
(dB) FBW % IL (dB) RL (dB) 

Stopband 
(GHz)/Atten. 

(dB) 
Selectivity 

Circuit 
area: 

(λg
2)/(mm2) 

This work 2.5/4–3.5/5.2 2/4  ≥ 20 8/5–8/5 0.44/0.74–
0.45/1.12 

21.302/21.724–
19.816/20.542 5.5/15 Good 0.063/204 

[19] 0.9/2.25–1.45/2.7 2/4 ≥ 30 6.4/4.4–19/2.2 0.5/0.4–
1.3/1.8 21/22–18/17 1/15 Poor 0.064/3167 

[20] 2.15/3.6–2.72/5.05 2/4 ≥ 28 8.17/3.6–
5.9/4.4 

0.81/1.43–
1.32/0.90 

16.34/21.2–
19.65/16.37 0.6/10 Poor 0.0274/533.6 

[18] 1.83/2.45–3.5/5.2 2/4 ≥ 25 13/17.3–
18.9/17.7 

0.097/0.24–
0.13/0.17/ 

28.2/19.2–
20.9/26.2 0.5/15 Good 0.056/812 

[21] 1.08/1.58–1.3/1.8 2/4 ≥ 27 7/5.2–7.4/5.5 0.39/0.75–
0.61/0.48 

21.5/22.1–
20.2/21.3 1/15 Good 0.058/972 

Tab. 5.  Comparison with recently reported quad-band diplexers. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 10.  The manufactured multi-layered SL-SIR diplexer, 
Fig. 8(a): (a) Photograpf befor alignment. 
(b) Photograph after alignment. (c) Its simulation 
and measurement scattering-parameters |S21| and|S31|, 
and (d) Its simulation and measurement scattering-
parameters |S11| and |S23|. 

4. Conclusion 
Based on a multilayered SL-SIR, a distinguish 

design technique for developing a miniaturized dual-band 
BPF and quad-channel diplexer with wide out-of-band 
suppression characteristic has been presented in this 
paper. The SL-SIR is a dual-mode resonator. Therefore, 
its resonance characteristic was determined using even-
odd analysis theory. The desired circuits of the suggested 
dual band BPF and the quad-band diplexer were realized 
and constructed on grounded and ungrounded substrates. 
To this end, 2.5/4 GHz dual-band BPF and  
2.5/4–3.5/5.2 GHz diplexer were simulated, fabricated, 
and measured. A comparison between the simulated and 

measured results were discussed in deep. However, the 
developed filter circuits were significantly established 
with high filtering response characteristics in which the 
diplexer insertion/return losses are (0.44/0.74) dB/ 
(0.45/1.12) dB at channel 1/channel 2 and 
(21.30/21.72) dB/ (19.81/20.54) dB at channel 3/channel 4. 
Also, the diplexer has an ultra rejection band exceeding 
5.5 GHz and a very compact surface area of 204 mm2. 
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