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Abstract This paper presents a novel microstrip quad-
channel diplexer based on stub loaded U-shape resonators,
which are coupled to the step impedance feed lines. The
stubs are loaded inside the U-shape cells creating extra
channels without increasing the size of diplexer. The pro-
posed diplexer is miniaturized with an overall size of
0.029 7»2. It operates at 1.67, 2.54, 3.45 and 4.57 GHz for
GPS, wireless and WiMAX applications. Due to its nar-
rowband channels, it is appropriate for the modern long-
range communication systems, which are widely accepted
by the industry. The proposed diplexer has high perfor-
mance in terms of low insertion and return losses and wide
stopband. The insertion losses at the resonance frequencies
are 0.5, 0.38, 0.53 and 0.58 while the common port return
losses are better than — 20 dB at all channels. In order to
verify the simulation results, we fabricated and measured
the designed diplexer. A good agreement between both
results is obtained.
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1 Introduction

Narrowband technique for long range and acceptably low
data rate gives us a favorable tradeoff between range and
the transmission time. In order to have a good resistant to
interference, using the least spectrum has been suggested.
Hence, narrowband microwave devices such as narrow-
band microstrip filters [1, 2], narrowband diplexers and
multiplexers have been introduced in [3—6]. These devices
can select the required frequencies and remove harmonics
in the crowded frequency bands. Especially narrowband
multi-channel diplexers and multiplexers have been needed
to separate the desired signals from a crowded frequency
band in multi-service communication systems [5, 6]. With
developing in the modern multi-service communication
systems, multi-channel microstrip diplexers [7-10] and
multiplexers [11-13] have been reported recently. Since,
the design of a multi-channel diplexer is harder than mul-
tiplexers and diplexers [14, 15], they have been less
designed. Two-channel diplexers in [3, 4] have been
obtained using microstrip triangular open loops and semi-
spiral cells, respectively. In order to design the quad-
channel diplexers, microstrip spiral stub-loaded resonators
in [6], stepped-impedance resonator (SIR) inserted
T-junctions in [7], the coupled stepped impedance res-
onators in [8], a stub loaded step impedance microstrip line
in [9] and coupled hairpin resonators in [10] have been
utilized. Tri-mode net-type resonators [11], coupled hair-
pins [12] and coupled uniform open loops [13] have been
used to design quad-channel multiplexers. Despite the
importance of being small, among all mentioned diplexers
and multiplexers only the authors in [6] could somewhat
save the size. A high performance diplexer or multiplexer
should be able to suppress unwanted harmonics. However
only in [3, 10, 12] the harmonics have been attenuated

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10470-017-1063-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10470-017-1063-7&amp;domain=pdf
https://doi.org/10.1007/s10470-017-1063-7

Analog Integr Circ Sig Process (2018) 94:1-8

while they could not reduce the insertion losses simulta-
neously. Improving the loss is another problem, which has
been solved in [4-6, 14, 15]. Meanwhile the other men-
tioned diplexers and multiplexers have undesired common
port return loss or high insertion loss.

In this paper, a narrowband quad-channel diplexer is
proposed which is compact with a high performance. It is
designed based on a novel miniaturized microstrip struc-
ture. It has four passbands at 1.67, 2.54, 3.45 and 4.57 GHz
for multi-service RF communication systems. For exam-
ples, 1.67 GHz channel can be employed for GSM while
3.45 GHz channel separates the signals for IEEE 802.16
WiMAX applications. Meanwhile, 2.67 GHz channel pro-
vides desired signals from 2.6 GHz omnidirectional
antenna series, which covers 2.5-2.7 GHz frequency range
for IEEE 802.16 and 802.20 WiMAX technology such as
sprint/Clearwire 4G WiMAX, Europe LTE and wireless
internet service. The realized multi-channel diplexer not
only has improved insertion and return losses but also its
harmonics are attenuated up to 8 GHz with a maximum
level of — 27.5 dB. These advantages are obtained where
there is a reasonable isolation better than — 30 dB between
the ports. In order to improve the stopband properties
several transmission zeros are created above and below the
passbands.

2 Designing process

In order to design a quad-channel diplexer, we performed
the following steps: first, we designed a novel single-mode
resonator. Then, it was converted to a dual-mode resonator
by adding an internal stub without size increment. To have
four channels, we need to a new dual-mode resonator. It
can be obtained by changing the dimensions of proposed
dual-mode resonator. Finally, we integrated two dual-mode
resonators to create a four-channel diplexer.

Figure 1(a) depicts the proposed single-mode resonator.
It consists of a simple step impedance U-shape resonator,
which is coupled to two step impedance feed structures.
Figure 1(b) shows an equivalent LC model of the proposed
single-mode resonator. In the proposed LC circuit, open
ends are replaced by the capacitors Co. The feeding
structures are replaced by the capacitors Cg. The effects of
step in widths and bents are significant at the frequencies
higher than 10 GHz, hence they can be ignored in the LC
circuit. The capacitors C; and C, illustrate the coupling
between the thin and wider lines. The inductor L, presents
the effect of a half of a thin line (with the width w, and
length 0.5/.) and the inductor L, presents the effect of a
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half of a wider line (with the width w;, and length 0.57.).
The equivalent LC circuit of coupled lines is an approxi-
mated model while in the exact model, there are too many
coupling capacitors and subsequently the number of
inductors will be increased. The inductor L; is related to
the microstrip line with the width wy.

Ignoring the open end capacitors due to their small
values helps to calculate the input impedance of LC circuit
as follows:

Zin = ———+2Zc + joLs
JoCr
where:
#+jw(Ll+L2)) Xl
(ijl JjoCy . . ( 1)
oL+ 1)+ +jo(li + L) | X0e
Zc =

1 ; 1
<m+](U(L1 +L2)> Xm

T T
er]w(b +Lz)+/wC2

+jo(Li + L) + 56

The even mode resonance angular frequency w, can be
obtained where the input admittance is zero. Accordingly,
the even mode angular resonance frequency can be
extracted from Eq. (1) as follows:

1 1
<J—C +j(U(L] +L2)) X -
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bl o+ L)+ —| o + L)+ ——| =0
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(2)

From Eq. (1), ®. is obtained when the denominator of
Z. is Zero. The odd mode angular resonance frequency o,
can be obtained when Z;,, = 0. Accordingly, the odd mode
angular resonance condition is calculated from Eq. (1) as
follows:

1-— 0.5(0%L3C[:
Cr
N 0} Co(Ly + Ly)? — (L) + Ly)(2C1 + Cy) + 1
(L + L) C}Cr — 02C3(Ly + Lo)(1 +2C2 + C1) + (1 + G2 + C1)Cy
= 8[0.5L3Cr(Ly + L)* C3Ca) — }[(Ly + Ly)? Co(C3 + Cr)er
+ @2[0.5L3Cr(1 + Ca + C1)Cy + (Ly + L) (C3(1 +2C, + Cy)
+Cr2C1+ )] = [Cr+ (14+C+C1)C1 =0

=0

(3)

In order to solve Eq. (3), we ignore the small terms
against larger terms. Since the coupling capacitors are
generally small values in fF, while the other capacitors are
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in nF and the inductors are in the range of nH, the coeffi-
cient 2 is a very small value so that we can ignore it.
Applying additional approximation in Eq. (3) results in the
following formulas:

passband of the single-mode resonator. Accordingly, these
passbands as a function of [, and [. are presented in Fig. 2(b,
c) respectively.

X [(Ly + Ly)*C2Cr] — 02[0.5L3CrC) + Cp(2C) + Cy)] + Cr =0

[0.5L:CrC) 4 Cr(2C, + C,)] £ \/ [0.5L:CFC) 4 Cr(2C, + Cy))* — 4Cr(Ly + Ly)*CoCr

=, =

(L + Lz)2 C.Cr

A microstrip single-mode resonator can resonate at sev-
eral frequencies, which one of them is desired and the others
are unwanted. An unwanted resonance frequency acts as a
harmonic [16]. Our primary single-mode resonator has four
resonance frequencies obtained from Eqs. (2) and (4). One of
these resonance frequencies is desired while three of them
are harmonics. In order to attenuate these harmonics, there
are the conditions in which one of the second-order equations
has no real answer and another equation has only a real
answer. Under this condition, we have a main resonance
frequency and three attenuated harmonics. According to
Egs. (2) and (4), tuning the dimensions of coupled lines leads
to only an angular resonance frequency. The proposed sin-
gle-mode resonator is simulated, where the corresponding
dimensions in Fig. 1 are in mm. Figure 2(a) depicts the
simulation results of the single-mode resonator. The lengths
of coupled lines and the thin stub with the length [, affect the

Fig. 1 a Proposed single mode
resonator and b its equivalent
LC circuit

From Fig. 2(b, c) it is clear that decreasing the dimen-
sions of proposed resonator shifts the resonance frequency
to the right. Since [, is an effective parameter in the res-
onance frequency, its corresponding inductor (L3) is
impressive. Therefore, this resonance frequency is obtained
based on the odd mode resonance condition. Meanwhile
the calculated resonance modes in Eq. (2) are harmonics.
In order to remove these harmonics, the effective param-
eters are selected so that we have only a resonance mode.

According to above analysis, a harmonic attenuator
single-mode resonator is obtained. In order to create
another resonance frequency without size increment, we
added two internal stubs as shown in Fig. 3(a). The
dimensions of the proposed dual-mode resonator are sim-
ilar to single-mode while the dimensions of additional
internal stubs and their positions are in mm. The frequency
responses of the proposed dual-mode resonator as a
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Fig. 2 Single-mode resonator
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function of the effective parameters are presented in
Fig. 3(b—e). As shown in Fig. 3(a), decreasing the space
“D”, moves both channels to the left. Figure 3(c) illus-
trates the effect of internal stub with the length L so that
increasing this length shifts the second resonance fre-
quency to the left. Integrating two similar dual-mode res-
onators with different dimensions results in a quad-channel
diplexer presented in Fig. 4, where the corresponding
dimensions are in mm. The other dimensions are comply-
ing with the proposed dual-mode resonator. In order to save
the size, the resonators are coupled without any large
additional integrators. Three middle coupled lines make a
good isolation between two channels.

3 Results and discussion
The proposed diplexer is simulated by Advanced Design
System (ADS) full wave EM simulator. It is fabricated on a

Rogers_RT_Duroid5880 substrate with g, = 2.22, h = 31
mil and a loss tangent of 0.0009. An Agilent network
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lb=12.4 mm

Frequency (GHz)
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analyser N5230A performed the measurements. The pro-
posed diplexer is compact with the overall size of
0.22 kg x 0.13 Ay (29.6 mm x 17.9 mm), where A, is the
guided wavelength calculated at the first resonance fre-
quency. Figure 5(a) depicts the simulated and measured
S»1 and S3;. The proposed quad-channel diplexer operates
at 1.67, 2.54, 3.45 and 4.57 GHz for multi-service RF
communication systems. The channels are narrow with the
fractional bandwidths of 1.2, 1.96, 1.15 and 1.09%, which
make it suitable for the long-range communication appli-
cations. As shown in Fig. 5(a) the harmonics are attenuated
up to 8 GHz. This means that 4™ harmonic is well atten-
uated. Figure 5(b) shows the simulated and measured
common port return loss (S;;) and isolation (S,3). The
results show that the insertion losses are 0.5, 0.38, 0.53 and
0.58 dB while the common port return losses at the pass-
bands are better than 20, 21, 25 and 22 dB. The simulated
and measured isolations between ports 2 and 3 are better
than — 26 dB from 1 to 7 GHz. The return losses from
ports 2 and 3 are demonstrated in Fig. 5(c). From
Fig. 5(c) it is clear that the simulated and measured S,, and
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Fig. 3 Proposed dual-mode
resonator a layout, b frequency
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]

Fig. 4 Proposed quad-channel diplexer

___J

S3; are better than — 20 dB. Figure 5(d) shows a pho-
tograph of the fabricated diplexer. The results are com-
pared to the previous reported dual-channel diplexers,

quad-channel diplexers and quadruplexers. The compar-
ison results are listed in Table 1, where f; is the first res-
onance frequency. According to Table 1, the proposed
diplexer is miniaturized so that it occupies the smallest
area. Moreover, in comparison with the previous works, the
proposed diplexer not only has the good insertion and
return losses but also a good harmonic attenuation is car-
ried out while most of the previous works could not sup-
press the harmonics. Only, the presented multiplexer in
[12] has a better harmonic suppression, in comparison with
our work. Nevertheless, it occupies a large area while it has
relatively high insertion losses at all channels. The inser-
tion losses in [5, 6, 15] are a little better than our diplexer.
However, they only could suppress the harmonics up to
1.01 £, 1.4 f; and 2.08 f; respectively while the proposed
diplexer can attenuate the harmonics up to 4.79 f;. Also,
the proposed structures in [5, 6, 15] are larger than our
diplexer.
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Table 1 Comparison between the proposed diplexer and previous works

References C/P Passbands (GHz) Insertion losses (dB) Harmonics attenuation up to Size (Ké/mmz)
FBW% Return losses (dB)

This work 4/3 1.67, 2.54, 3.45, 4.57 0.5, 0.38, 0.53, 0.58 4.79 £, (8 GHz) 0.029/529.84
1.2, 1.96, 1.15, 1.09 20, 21, 25, 22

[3] 2/3 2.34,2.59 15,13 4.27 £, (10 GHz) 0.102/816
3.6,3.4 21, 21

[4] 2/3 9.9, 10.02 04,03 1.03 f; (10.2 GHz) 0.318/435
0.65, 0.64 Better than 13

[5] 4/5 2.8,2.81,2.82, 2.83 0.4, 0.33, 0.35, 0.45 1.01 f; (2.84 GHz) 1.1/1917.5
0.2 19,19,19, 20

[6] 4/3 1.91, 2.157, 2.36, 2.59 0.24, 0.15, 0.18, 0.28 1.41 f; (2.7 GHz) 0.036/—
0.39, 0.76, 0.4, 0.88 -

[7] 4/3 1.92, 2.45, 5.25, 5.81 1.38, 1.6, 1.52, 1.8 3.64 f; (7 GHz) 0.962/3485
7.8,6.5, 4,34 -

[8] 4/3 1.5,2,24,35 0.8,1,0.7, 1.5 2.67 f; (4 GHz) 0.078/1456
8,4,6,2 24,21, 23,22

[9] 4/3 2.52,4.02,5.48,7.13 - 3.96 f; (10 GHz) 0.22/1170
- 10, 10, 7.75, 7.75

[10] 4/3 09,1.5,24,35 2.02/1.56/2.08/2.52 4.44 f, (4 GHz) 0.041/683
4.3, 4.6, 3.3, 4 Better than 13

[11] 4/5 09,1.2,15,1.8 2.5,24,23,2.1 2.55 f; (2.3 GHz) 0.054/-
8,8,8,8 10, 10, 15, 10

[12] 4/5 1.8,2.4,35,58 09,1, 1.1, 1.2 11.1 f; (20 GHz) 0.12/1617
3,6,4,3 21, 20, 26, 22

[13] 4/5 145, 1.59, 1.75, 2.09 3.1, 28,28, 2.7 1.86 f; (2.7 GHz) 1.114/-
6.3, 6.45, 6.34, 6.6 Better than 15

[14] 2/3 26,6 0.6, 0.9 2.88 f; (7.5 GHz) 0.076/573.1
- 11.3, 124

[15] 2/3 24,279 0.18, 0.39 2.08 f; (5 GHz) 0.075/548.6
- 27.1, 27.6

4 Conclusion

In this work, a multi-channel diplexer is designed based on
a novel microstrip stub loaded resonator. It has four
channels at 1.67 GHz (for GSM), 2.54 GHz (for IEEE
802.16 and 802.20 WiMAX technology), 3.45 (IEEE
802.16 WiMAX which covers 3.17-4.2 GHz) and
4.57 GHz (for IEEE C-band applications that covers
4-8 GHz). The channels of the proposed diplexer are
narrow which give a good resistant to interference. In order
to miniaturize the overall size, the stubs are loaded inside
the main resonator so that it has a compact size of 0.029/
529.84 (ké/mmz). The introduced diplexer is compared to
the previous works. The comparison results show that it not
only has good insertion losses but also the common port
return losses are improved. Another advantage of our quad-
channel diplexer was its capability of harmonics

suppression where most of the previous works did not try to
solve this problem.
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