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ABSTRACT In this paper, the compact wide-stopband diplexer/triplexer is presented. The spiral defected
ground resonator (SDGR) is analyzed by using the equivalent model. Based on the symmetry of the SDGR,
a diplexer and a triplexer are implemented with a miniaturized size and a wide stopband. Each filter of
the channels in the diplexer or triplexer can be independently controlled and exhibits a constant fractional
bandwidth. To validate the design concept, the diplexer and the triplexer are designed, fabricated, and mea-
sured. The isolation between the channels is greater than 30 dB, and the measured out-of-band suppression
is greater than 10 dB in the very wide frequency range. The measured results agree well with the simulation

ones.

INDEX TERMS Diplexer, triplexer, spiral defected ground resonator (SDGR), compact, wide stopband.

I. INTRODUCTION
With the rapid development of industrial electronics, various
radio frequency (RF) circuits/devices have been presented
and studied [1]-[12]. In order to meet the requirements of
the system miniaturization, the compact microwave devices
are being quickly put forward [2], [13]-[18]. As key
devices in modern wireless systems of industrial electron-
ics, the diplexer /multiplexer [1], [17], in separation mode,
can separate one wideband input signal into many narrow-
band output signals. Therefore, the diplexer/multiplexer have
been studied by more and more scholars. The microstrip-
line diplexer/multiplexer has the advantage of low cost, easy
fabrication, and can process various planar shapes [1], [19].
Since the multiplexer is a synthesis of the filter group,
the adjacent filters interact with each other. The in-band
characteristic of a single filter is deteriorated, which increases
the difficulty of the multiplexer design and optimization.
In the design process of diplexer, there are two main meth-
ods of miniaturization. One method is the application of a
step impedance resonators (SIRs) [21], and the other is the
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introduction of a multimode resonator [22]-[25]. In addition,
the ground defective structure, embedded electromagnetic
band gap, artificial electromagnetic metamaterials can also
make the diplexer miniaturization. SIR not only can control
independently the harmonics, but also can reduce the size of
the resonator. In [28], the SIR has been used to suppress spu-
rious frequency. In [29], the substrate-integrated rectangular
cavity (SIRC) resonator, similar to the SIR, was analyzed
and a filter with the wide-stopband response was obtained
by designing resonators with different modes. However, the
circuit size of SIR or SIRC is still large.

The application of multimode resonators is also an impor-
tant way to design diplexers/multiplexers. The channel filter
is coupled to a common resonator with multiple resonant
modes, and the diplexer is obtained by controlling the reso-
nant mode. The introduction of the common resonator makes
the design of the matching network omitted, simplifying
the circuit design. A diplexer is designed with T-type dual-
mode resonator in [19]. Using the resonant characteristics
of the T-type dual-mode resonator, two resonant frequencies
of the dual-mode resonator are set to the center frequencies of
the two passbands of the diplexer. High isolation of the two
channels is achieved. Similarly, a triplexer is designed using a
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tri-mode resonator as a common resonator in [30]. However,
the multiplexer with more filter channels is difficult to use this
structure to achieve. Since the resonant mode of the common
resonator is limited, the center frequency of each passband
cannot be independently adjusted. This adds difficulty to the
analysis and design of the circuit.

The concept of Defected Ground Structure (DGS), which
is realized by etching a few defects on the ground plane under
the microstrip line, was presented in [31] and [32]. An etched
lattice shape is proposed as a DGS unit cell. The circuit char-
acteristics and their circuit equivalent models are given when
the feedline is not separated. It provides good bandgap and
slow-wave effects by slotting on the ground such as PBG and
is applied to low pass filters and bandpass filters [33]-[35]
without taking up extra space. Reference [36] presents a
defective step impedance resonator and is used to design a
compact quadruplexer. The relative position of the separated
coupling feedline is reasonably placed, and the influence of
the adjacent channel is weakened. Multiple channel matching
can be achieved without the need for redundant matching
networks, providing great flexibility for diplexer/multiplexer
design.

A spiral-shipped DGS has been presented in [37] and [38]
for coplanar wave guide and microstrip line respectively.
Compared to dumbbell-shape DGS, DGS can provide higher
slow wave characteristics, which means that it has the poten-
tial for higher frequencies, and more compact features.

In this paper, in order to achieve miniaturization, high
isolation and wide stopband, the multiplexer based on spiral
resonators is designed in section II. Its equivalent circuit
is given, providing the basis for the filter design. Compact
diplexer with high isolation and wide stopband are developed.
Due to the use of separate feedline coupling technology,
the matching network is simplified and the circuit size is
further reduced. In section III, a compact triplexer is designed
to further validate the feasibility of DGS. The measured
results are in good agreement with the simulation ones.

Il. STRUCTURE AND DESIGN OF THE DIPLEXER

A. DESIGN AND ANALYSIS OF THE SDGR

shows the structure of the spiral defected ground res-
onator (SDGR). The SDGR is composed of two feedlines
and a rectangular spiral, etched on the metal ground. The
microwave signal is transmitted to the SDGR by feedline
through the edge coupling. According to Fig.1 (a) and (b),
it can be found that the central frequency is correlated to /.
The change of coverage length (I;) will lead to the change
of energy coupling, as shown in Fig. 1(b), then the resonant
frequency of the resonator will change.

Fig. 2 shows the resonant frequency and magnitude. The
SDGR has a self-resonant frequency, which results in a finite-
frequency attenuation pole in the upper stopband. In addition,
it can be seen that the resonant frequency increases high with
the decreasing ly.
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FIGURE 1. Structure of the SDGR(with fixed w1 = w2 = w3 =
w4 = 0.2mm). (a) simulated results of the SDGR versus /. (b) simulated
results of the SDGR versus L¢.
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FIGURE 2. Equivalent circuit of the proposed SDGR.

The SDGR can be analyzed by the equivalent circuit
method. As shown in Fig. 2, the 50 ohm transmission line can
be equivalent to series inductors and capacitors. The capacitor
C), represents the coupling between feedlines. Similarly, spi-
ral structure etched on the metal floor is equivalent a parallel
LC circuit which consist of L; and C;. In addition, the cou-
pling between the feedline and the resonator is equivalent by
capacitance Cs.
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FIGURE 3. Comparisons between the HFSS full wave simulation result
and circuit model.

As shown in Fig. 2, the equivalent impedance when other
port opened can be get

j [aﬂL, (c, + c;) - 1]
7 = 1
! oC, (1 - 0?L,C,) M)

where C ; is obtained by the equivalent of the Cs and Cp circuit
networks.

Further, the positions of the transmission zero f, and the
transmission pole f are respectively obtained as follows

1

fz = 2
2n\/L, (Cr + Cy)
1
fo= EY o (3)

When the feedline is not separated, the DGS transmission
is represented by bandgap characteristics. The circuit model
is equivalent to a parallel resonant network. The center fre-
quency is the same as the transmission pole fp, and the
equivalent parallel inductance L; and C; is consistent. Thus,
the present equivalent model parameters of the SDGR can be
calculated [39]

R = 220(1/ 18211 = Dlp_s, )
\/0.5 (R +229)* — 422

Cr = 2.837 Z0RAS ©

L = 1/4(tf)*C; ©

where Zj is the characteristic impedance of the transmission,
S 1s the insertion loss, which is measured when the feeder is
not separated [39]. Af is the 3 dB bandwidth. The comparison
between the simulation results and the circuit model are
shown in Fig. 3. For Z;;, = Zyy = 50 €2, the values of lamped
components are as follows: C, = 19.97 pF, Cs = 8 pF,
C; = 30.7 pF, L; = 0.228 nH. The agreement between the
HFSS simulation results and circuit model is obtained.
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FIGURE 4. Configurations of the proposed SDGR diplexer: (a) microstrip
feedlines and resonators at the top layer, and (b) etched helical type

resonator on the ground.

FIGURE 5. Coupling diagram of the SDGR diplexer.
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B. DESIGN AND ANALYSIS OF THE COMPACT DIPLEXER

The proposed geometrical profile of the diplexer is shown
in Fig. 4. Fig. 5 shows the coupling diagram. The diplexer
consists of a common feed line and two separate filter chan-
nels with different size. Each channel contains a second-order
Chebyshev band-pass filter with a ripple factor of 0.1. The
second order low pass Chebyshev filter prototype value are
g = 1, g1 = 1.1468, go = 1.3712. The SDGR filters
have central frequencies of 1.78 GHz with a 3 dB bandwidth
of 9.6% and 2.4 GHz with a 3 dB bandwidth of 10.8%. The
external quality factors and coupling coefficients, as referring
to the proposed coupling diagram can be determined by [40]

8081
= 7
Qel FBW ( )
8n8n+1
= — 8
Oen FBW ®
FBW
A/ 8i8i+1 '

kiiv1 = fori=1ton—1 O]
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where Q1 and Qe are the external quality factors of the res-
onators at the input and output ports, respectively, k; ;11 are
the coupling coefficients between two adjacent resonators,
gns indicate the element values of low-pass prototype filter,
and n and FBW indicate the order and fractional bandwidth
of the filter, respectively.

In the meantime, the two defected ground resonators, such
as larger apertures, are designed for enhancing couplings as
well. In order to obtain the dimensions of the two filters, full-
wave simulator has been used to extract the external quality
factors and coupling coefficients. The external quality factor
can be obtained by

__Jo

Afroo
where fy and Af,gq represent the resonant frequency and
the bandwidth of 90° from central frequency, respectively.
The final step is to individually adjust the coupling gaps
between resonators to meet the desired coupling coefficients
of Channel 1 and Channel 2 filters. When two synchronously
tuned coupled resonators have a close proximity, the coupling
coefficient can be evaluated from two dominant resonant
frequencies. If f| and f> are defined as the lower and upper
resonant frequencies, respectively, the coupling coefficient
can be obtained by

Qe (10)

=1
f]z 4 f22
Q. of the two channel filters (Q,;; and Q.;y7) can be adjusted
independently by changing the relative position between the
resonator and the common feedline. The interaction between
the two channels is very small, so the external quality factor
of the two passbands can be achieved at the same time.
The positional relationship between the resonator and the
common feedline is adopted in order to acquire the desired
external quality factor, as shown in Fig. 6. Fig. 6 (a) shows
the simulated Q,;; versus f,. The resonator Ry is introduced
after 7, is determined based on the bandwidth of the diplexer
so as to extract the relationship between the quality factor Q.o
of the channel 2 and the position #;,. According to Fig. 6(b),
the change of Q; is very small when the position of the res-
onator Ry is changed, so that once the bandwidth, order and
ripple of the filter type are given, t, and t, can be determined
respectively.

The initial values of the coupling coefficients between
the resonators at different locations are extracted by the for-
mula (11). As shown in Fig. 7, the coupling coefficients of
the two adjacent resonators are given respectively. It can be
seen that the larger the spacing between the resonators is,
the smaller the coupling coefficient is. The initial values of
Wao and Wy are 0.2 mm and 0.15 mm, respectively.

In order to improve the frequency selection characteristics
of the passband and the isolation between the passbands,
the quarter-wavelength resonators are connected in parallel to
the two output ports. A transmission zero occurs at 2.4 GHz
in the first passband, and a transmission zero is generated

k==

(1)
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FIGURE 6. Extraction of external quality factors. (a) Simulated Q¢;; versus
ta (with w = 1.2mm). (b) Simulated Qg;, versus t, (with w = 1.2mm and
ta = 1.1mm).

at 1.8 GHz in the second passband. While the short-circuit
resonator was folded, so the size of the entire circuit is still
very small.

C. EXPERIMENT OF THE COMPACT DIPLEXER

Based on the above analysis, a diplexer is designed. The final
size of the circuit is optimized by electromagnetic simulation
software HFSS. The circuit is fabricated on an RF35 substrate
with a dielectric constant of 3.5 and a thickness of 0.5 mm as
shown in Fig. 8. As a final result, the viable design parameters
of the diplexer are: Wy = W = 1.11 mm, Wy = 0.1 mm,
Wal = Wi = 0.2 mm, go0 = 0.1 mm, g41 = ga» = 0.2 mm,
g3 = 0.1 mm, t,; = 1.1 mm, tp = 0.6 mm, [, =
9.4 mm, s,; = 9.5 mm, s, = 5.5 mm, Wy; = 0.15 mm,
Wp1 = 0.2 mm, gpy = g2 = 0.2 mm, gp3 = 0.1 mm,
tht = 1l mm, tpp = 058 mm, [, = 6.8 mm, Sp; =
9.5 mm, Sy = 6.4 mm. The fabricated diplexer has a
compact size of 14 mmx32 mm (0.14A gx 0311 g, A g is
the wavelength of the first passband center frequency).

The diplexer is measured with an Agilent 8757D network
analyzer. The simulated and measured results are illustrated
in Fig. 9. The measured minimum insertion loss are 1.59 dB
and 1.56 dB in the lower and upper passbands centered at
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FIGURE 7. (a) Simulated coupling coefficient k; versus w,,. (b) Simulated
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FIGURE 8. Photograph of the fabricated SDGR diplexer: (a) top view
(b) bottom view.

1.8 GHz and 2.45 GHz with 3-dB fractional bandwidths
of 9.5% and 10.7%, respectively. The isolations between the
two channels are 40 dB and 46 dB at the center frequencies.
In the operating frequency band from 1.8 GHz to 3.4 GHz,
the isolation is all better than 30 dB. The wide stopband
response is measured and is shown in Fig. 9(c). Due to the
existence of slow wave effect in the defective structure, out-
of-band suppression is greater than 10 dB in the 3-20 GHz
frequency range, which means 11.1fy, while the stopband of
circuits with the same performance is generally in no more
than 3fy [13], [20], [27]. The measure results are in good
agreement with the simulation result. The increase in the
measured insertion loss is mainly due to machining errors,
and the error caused by the SMA connector. In Table 1, this
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FIGURE 9. Simulated and measured results of the compact SDGR diplexer:
(a) Insertion and return loss (b) isolation (c) out-of-band rejection.

2 4 6

work is compared with other published work. It presents a
more compact size and good performance.

Ill. STRUCTURE AND DESIGN OF THE TRIPLEXER
The proposed compact SDGR triplexer is shown in Fig. 10.
Compared with above diplexer, a filter channel consisting of
DSR is added to the common feedline. The center frequency
of the added passband is 3.5 GHz and the relative bandwidth
is 9.5%.The design process of the triplexer is as follows:
Firstly, based on the center frequency and frequency selec-
tivity, the external quality factor and coupling coefficient
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TABLE 1. Comparison with reported researches.

fo IL FBW Size Iso Stopband
GHz) | @B) | (%) | (uxi) | @B)
(3] | 195 | 12, | 4133 | 036« | 40,

214 | 15 4 0.38 35
20] | 244, | 143, 048% | 42,

ol B ol I B 5 TN Yo | 226(-15B)
26] 222, 0.4

ni2 | 550 | 109 055 37 | 14.86,(28dB)
27] 27, 028% | 45,

2728 | Sg | 3434 | G W | 166(-304B)
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FIGURE 10. Configurations of the proposed compact SDGR diplexer:
(a) microstrip feedlines and resonators at the top layer, and (b) etched
helical type resonator on the ground.

TABLE 2. External quality factor and coupling coefficient of the triplexer.

Channels ( GfI?Iz) FBW O. K
1 1.8 19.6% 12.087 0.076
2 2.4 10.8% 11.462 0.086
3 3.6 9.5% 12.072 0.076

are determined. As shown in Table 2, the external quality
factor and the coupling coefficient are obtained according to
Equ. (10) and (11). Thus, the dimensions of three parts of
SDGR can be determined.

Secondly, the external quality factor Q. and the cou-
pling coefficient between adjacent resonators are extracted
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FIGURE 12. Photograph of the fabricated SDGR triplexer: (a) top view
(b) bottom view.

by using the electromagnetic simulation software HFSS.
As shown in Fig. 11 (a), when R,1, Rp1, and the common
feedline are determined, R of the channel 3 is added. It can
be seen that the larger the 7. is, the smaller the external quality
factor Q. is, which is consistent with the relationship between
R,1, Ry1, and the position of the common feedline.

In addition, the addition of the third part of resonator has
little effect on the external quality factor of the other two
passbands. The coupling coefficient is extracted by adjust-
ing W¢o. The initial value W can be obtained according to
Fig. 11 (b).The central frequency and working bandwidth of
the three passbands can be adjusted in dependently.
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FIGURE 13. Simulated and measured results of the compact SDGR
triplexer: (a) insertion and return loss (b) isolation (c) out-of-band
rejection.

1.2 16 2

Finally, by optimizing the parameters, the triplexer is
designed. In order to further improve the isolation between
the channels, the quarter-wavelength short-circuit resonators
are added. Comparison of transmission characteristics and
isolation in band with or without quarter-wavelength res-
onators(Res1, Res2 and Res3) is shown in Fig. 12. A trans-
mission zero is generated at 3.9GHz, increasing frequency
selectivity and isolation between channels.

According to the design procedures presented above,
the proposed compact diplexer is designed. This com-
pact diplexer is fabricated and its photographs are shown
in Fig. 13. The physical parameters of the third passband
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are: too = 0.75 mm, t,; = 0.6 mm, s.; = 6.5 mm,
s2 = 0.2 mm, Weg = 0.17 mm, W = 0.2 mm, W, =
0.2 mm, g0 = 0.1 mm, g¢; = 0.2 mm, g, = 0.2 mm,
g3 = 0.1 mm, [, = 4.6 mm. The overall size of the
circuit is 20 mmx32 mm (0.19Agx0.31Ag, Ag is the waveg-
uide wavelength of the first passband center frequency).
Compared to the diplexer, the size of the triplexer do not
increase significantly. The triplexer was measured using the
Agilent 8757D’s Vector Network Analyzer. The simulated
and measured results are illustrated in Fig. 13. The measured
center frequencies of Channels 1, 2, and 3 are 1.79 GHz,
2.4 GHz, and 3.54GHz with fractional bandwidths of 9.7%,
10.9%, and 9.7%, respectively. The minimum in-band inser-
tion loss are 1.52 dB, 1.35 dB, and 1.76 dB, respectively. The
isolation between three channels is greater than 30 dB. The
measured results are in good agreement with the simulation
ones.

IV. CONCLUSION

In this paper, a compact diplexer and triplexer with high iso-
lation, and wide stopband have been designed. The miniature
diplexer or triplexer consists of feedline and spiral defected
ground resonator. The design process is relatively simple
and easy to implement by using the defective structure to
design the multiplexer. The introduction of the defective
structure makes the influence of the pass band small, and
each passband can be designed independently. On the other
hand, due to the slow wave effect of the SDGR, a wider stop-
band characteristic is realized on the basis of miniaturization.
Since the size of the multiplexer is very small, it is easy to
form other bandpass responses by adding more SDGR cells
without increasing too much extra size of the components.
Finally, the proposed diplexer and triplexer are fabricated and
measured. Measurements of this kind fabricated multiplexer
match the simulations well.
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