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Novel design of compact microstrip diplexer
based on fractal-shaped composite right/left
handed transmission line

XU He-Xiu, WANG Guang-Ming, ZHANG Chen-Xin, LIANG Jian-Gang
(Applied Microwave Laboratory, Missile Institute of Air Force Engineering University, Xi’an 713800, China)

Abstract: A new type of miniaturized microstrip diplexer is initially proposed based on the combined technology of fractal
geometry and composite right/left handed transmission line (CRLH TL). The diplexer which is synthesized by combining
two 3-port networks operating at a pair of different frequencies consists of lumped elements for the left handed (LH) part
and Sierpinski-shaped microstrip lines (MLs) for the right handed (RH) part. Sierpinski curve allows miniaturized dimen-
sions of the diplexer mainly attributing to its strong space-filling capability. CRLH TL enables dual-band design due to its
unique hyperbolic-linear dispersion relation. For demonstration, three CRLH diplexers using Siepinski curves of different it-
eration orders are successfully designed. For verification, a CRLH diplexer sample by adopting a Sierpinski curve of second
order was fabricated and measured. Consistent numerical and experimental results have confirmed the design. The fabricated
diplexer operating at 0.9 and 1. 8 GHz, respectively achieves good in-band performances and a maximal 76.3% size reduc-
tion compared to the conventional CRLH diplexer without fractal geometry.

Key words: Fractal, Space-filling property, Composite right/left-handed transmission line, Diplexer, Dual-band, Hyper-
bolic-linear dispersion relation
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become a particular hot topic and aroused much inter-

Introduction
est until its first fabrication in 2000 . As to the bulk

Left-handed (LH) metamaterial ( MTM) has not MTM, there was still a long way before its practical
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application in microwave engineering since it featured
large dimensions, complex structure, narrow band and
large transmission loss, etc. In view of them, Elefther-
iades'”’ and Caloz"®’ almost simultaneously proposed
another type of LH MTMs based on the composite
right/left-handed transmission line ( CRLH TL). As
exposed to the fractal geometry, it combining with elec-
tromagnetic theory has led to a wide application in the
design of microwave components and antennas and ena-
bled the compact'®’, multiband”’ or wideband®
design attributing to two most important aspects, i.e. ,
the space-filling property and the self-similarity proper-
ty. Most recently, fractal geometry has been employed
in the design of complementary split ring resonators
(CSRRs) " to form electrically smaller resonate-type
LH sub-wavelength particles.

Conventional diplexers which are mainly adopted
to make the receiver and transmitter share a common
antenna consist of band-pass and band-stop filters, and
thus are typically characterized by large dimensions.
Hybrid diplexer is one type of classical configurations,
however, it suffers large insertion loss, deteriorative
isolation and is even not compact enough for modern
wireless communication. Although a diplexer concen-
trating on the compact issue has been reported based
on the multilayered LH transmission line ( TL) o] , the
particular fabrication process has brought us other
issues of high cost and design complexity which have
extremely limited its popularization in microwave engi-
neering. To our relief, planar microstrip diplexer em-
ploying CRLH TL has been proposed to ease the fabri-
cation' ")

The goal of this paper is to exploit a novel tech-
nology (fractal geometry combined with CRLH TL) to
develop a compact diplexer with comprehensive per-
formance as well as easy realization. The paper is or-
ganized as follows. In section 1, novel fractal-shaped
diplexers are proposed, and also the corresponding the-
ory in conjunction with the design procedures are
derived. In section 2, the performances of the designed
diplexers are assessed through illustrative results of
simulation and measurement. Finally, a major conclu-

sion is highlighted in section 3.

1 Proposed diplexer

The proposed microstrip diplexer in this work is
synthesized based on standard printed circuit board
(PCB) fabrication process. It combines two conven-
tional 3-port networks ( denoted as network, and net-
work, , respectively ) operating at a pair of arbitrary
frequencies. Although this concept was initially pro-
posed in Ref. [ 10 ], the design procedure was not
clear and the absence of implementation of the third TL
section had reduced its technical merits. In this re-
gard, the paper can be considered as a complete exten-
sion of [ 10] in theory and design. In this article, two
target bands are specified as 0.9 GHz ( with angular
frequency denoted as w;) and 1.8 GHz (with angular
frequency denoted as w, ), respectively for practical
application.

1.1 Major principle

A lossless reciprocal 3-port network has two most
important characteristics. First, three ports are impos-
sible to be matched simultaneously at any given band.
Second, any two ports can be matched and let the re-
sidual one mismatched completely. In other words,
there should be only one port through while the residual
port is isolated when port 1 is excited. For analysis
convenience, TL section between port 1 and port 2 is
denoted as section I, whereas TL section between port
1 and port 3 is section II and the residual section be-
tween port 2 and port 3 section III. The novel designed
3-port network which is a combination of network, and
network, should exhibit performances corresponding to
those of the networks operating at w; and w,, respec-
tively. At w,, port 1 and port 2 of the designed net-
work are through while port 3 is isolated, which corre-
sponds to the performance of network,. Consequently
the following expressions should be compulsorily satis-
fied.

Pu @0+ @5 =360, (la)

o, to, —@s =180 x (2n, +1) . (1b)
Note that ¢, ,¢,, and @, are electrical lengths of sec-
tion [, I, M at w,, respectively. At w,, port 1
and port 3 are through while port 2 is isolated, which
relates to the performance of network,. Equations simi-

lar to Eq. (1) are formulated as
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0 t @, +@; =360n;, (2a)

¢ty —@, =180 x (2n, +1) . (2b)
®,1, ¢, and @4 are electrical lengths of section [,
I, Il at w,, respectively. Note that n,, n,, n; and
n, are uncertain variables and can be selected as iden-
tical values.

Referring to above equations, there are ten un-
knowns while only four equations. Consequently, the
solving process is impossible to be performed and in
turn allows us several degrees of freedom which may be
exploited to meet miniaturization and other technologi-
cal requirements. To ease the design and fabrication,
it is no need to implement the section [l by loading
lumped-element CRLH TL. By contrast, a pure right-
handed (RH) TL ( microstrip line, ML) is enough.
To this end, length and width of section Il are given in
advance. Although the physical parameters of the sec-
tion [l can be arbitrary in theory, the improper choice
may lead to a large dimension of the final diplexer and
even result in no solution to Eqgs. (1) and (2).

In this paper, the length of section Il is carefully
chosen as 51mm. With the fixed physical length, ¢,
and @, can be calculated through commercial circuit
simulator Ansoft Senerade according to the required
characteristic impedance, the dielectric constant and
height of applied microstrip substrate. The selection of
n,, n,, ny and n, are cautiously performed by taking
miniaturization into consideration. With the decided
s @3y Ny, Ny, ny and ny, values of ¢, ¢, ¢,
and ¢, are immediately obtained according to Egs.
(1) and (2). Itis worth to mention that ¢,,, @, , ¢,
and ¢, also can be determined by a separate optimiza-
tion of network, and network, in Ansoft Serenade to
make them exhibit specified electrical performances at
w; and w,, respectively. Because of the hyperbolic-
linear dispersion relation of CRLH TL, section I and
section [[ with fixed phase responses can be synthe-
sized by two different CRLH TLs, respectively. For
simplicity, each of these two CRLH TLs is realized by
only one CRLH cell. For good impedance match, the
characteristic impedance Z, of these three TL sections
should be twice the termination port impedance Z;,.
1.2 CRLH TL realization

In balanced condition, the CRLH cell, formed by

a LH inductance L, in parallel with a parasitic RH
capacitor Cy in shunt branch and a LH capacitor C, in
series with a RH inductor L, in series branch, can be
decoupled into separate LH and RH subcircuits, which
brings much convenience to the individual design of LH
part and RH part. In current design, the LH part is
engineered by artificially loading lumped elements
based on surface mount technology (SMT) while the
RH part is realized by MLs. The phase shift ¢
(electrical length) of a CRLH TL comprises a LH con-
tribution ¢ and a RH contribution ¢™".
=¢" 4o =

- N LG, . (3)
0 LG,

Where N is the number of applied CRLH cells. For the

sake of impedance match, the following expression is

CRLH LH RH N

formulated

LR LL
7 = /CR_ /cL‘2Z° . (4)

The phase response and characteristic impedance
of novel CRLH diplexers should be the same with those
of conventional network; and network, operating at w,

and w,,, respectively.
CRLH(

N o =w,) =0, (5a)
"o =wy) =9, . (5b)
Insert Eq. (3) into Eq. (5), and then with the

help of Eq. (4), values of the needed lumped ele-

. . . 3
ments are derived after some manipulations’

Zn[qox(%)—qoy]
L, = = (6a)
Ny [1 - (Z)L) ]

ez
R = © 2 , (6b)
NoyZ,[ 1 —(;:) ]

Nz [1 - (&)2]
L, = 2H : (6¢)
Wy

Mr-(2)]
C, = Ll . (6d)
U)LZp[GDx - Qoy( Z)TZ)]

With values of L, and C,, the necessary electrical

length of RH ML is immediately calculated as
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QDRH = - No, vLRCR , (7)

To maintain Ly, Cy, L, and C, positive, ¢, and ¢,
should satisfy the following two requirements, namely
o0, =@ w0y, and ¢ w, =@ w,. Otherwise ¢, should
be added by 27 and then is repeatedly inserted into
Eq. (6) to calculate values of lumped elements. Fol-
lowing above processes, values of the SMT elements
constructing section I and section II are achieved. For
symmetry and improved transmission performance, the
T-type circuit as can be observed in the forthcoming
Fig. 6 is terminated in two capacitors of 2C,; in each
side. Table 1 summarizes the predicted and the used
physical parameters of the designed CRLH diplexer.
As is shown, there is an unavoidable discrepancy be-
tween them because the marketable SMT elements are
available in discrete values. Since SMT chip compo-
nents naturally own RH parasitic effect which in turn
induces a small phase delay, a reduction of ML is re-
quired for calibration in practice. That is why the prac-
tically used MLs are a little shorter than the theoretical-

ly predicted ones.

Table 1 Physical parameters of the proposed CRLH diple-

xer
1 MRHESEATFHEALZNIZNYESH
TL Inductor ~ Capacitor RH TL
section /nH (2€,)/pF length/mm
I 57.5 11.5 128.4
Theoretically predicted
I 94.5 18.9 61.4
. I 56 12 127.5
Practically used
i I 100 18 60.5

1.3 Fractal implementation

The proposed CRLH diplexer is constructed as a
Sierpinski curve of different iteration order (10) from
the point of view of miniaturization. Novel Sierpinski-
shaped diplexers are fabricated on the Teflon substrate
with a dielectric constant of £, =2. 65 and a thickness
of h =1 mm. Width of ML W is set to be 0. 75 mm cor-
responding to 100€). The Sierpinski curve is specified
by its iteration factor (IF) and 10, whereas the IF re-
presents the construction law or initiator of the fractal
geometry and the 10 indicates how many iteration
processes have been carried out. In current design, Si-
erpinski curves of different 10 are with identical initia-

tor, namely the same IF. It has been well established

that an incremental 10 would result in smaller fractal
segments and a smaller space between adjacent TLs.
Consequently, there should be a tradeoff between the
overall performance and the miniaturization of the di-
plexer as significant coupling between adjacent TLs in
a finite space will deteriorate the performance. In this
regard, the maximum IO is confined to the second.
Since many segments are introduced in the fractal
implementation, right-angle or chamfered bends are
commonly used to connect these fractal segments. Note
that it is just these bends resulting in discontinuities of
the surface current. The non-negligible discontinuity
reactance which is associated with the phase-shifting
property of fractals must be properly evaluated if one
wants to exactly design fractal-shaped ML with a fixed
phase. The reactance of each bend is modeled by a T-
type circuit with an inductance L, in series branch and
a capacitance C, in shunt branch. As to the right-angle
bends used in the designed diplexers, the reactance of
each one can be assessed by the following analytical
close-form equations'""
. [(148’”2'5)IZ_<1'83€’_2'25)]+0-02h€,
W T v

h

%:50(4\/?_4.21) : (8b)

With computed L, , C,, the electrical length of the

(8a)

equivalent ML corresponding to the effect of discontinu-
ities can be evaluated by Eq. (7) and the correlative
physical length L, is finally synthesized in Ansoft Sere-
nade. Note that N in Eq. (7) for this purpose is the
number of total fractal bends. To maintain the same
electrical characteristics, the RH part of the designed
CRLH TL should be shortened by L, for fractal imple-
mentation. Hence the overall circuit size is further
reduced.

Fig. 1 shows the layout of the proposed fractal-
shaped CRLH diplexers based on Sierpinski curves of
zeroth, first and second 10, respectively. As can be ob-
served, novel diplexers are more compact in size as 10
increases. Compared to zeroth-order diplexer whose effec-
tive occupied area is 1 x38.9 x38.9 mm’, the area of

the first-order diplexer (59.7 x59.7 mm”) is reduced by
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Fig.1 Layout of proposed CRLH diplexer based on Sierpinski
curves of (a) zeroth ( conventional circular configuration )
(b) first and (c¢) second iteration order, respectively
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25.1% , whereas the miniaturization scale is 76. 3% for

the second-order diplexer (33.6 x33.6 mm’).
2 TIllustrative results

2.1 Numerical results

To validate the effectiveness of the combined tech-
nology, novel designed diplexers are analyzed by
circuit simulation in Ansoft Serenade and by dynamic
links and solver of planar EM and circuit co-simulation
in commercial MOM ( moment method ) -based simula-
tor Ansoft Designer. In co-simulation, the top-level
circuit composed of SMT elements receives solution
data from full-wave EM simulation of the subcircuit
formed by MLs. Fig. 2 depicts the S-parameters of
designed CRLH diplexer from circuit simulation,
Fig. 3, Fig.4 and Fig. 5 plots the full-wave S-parame-
ters of the fractal-shaped CRLH diplexers of zeroth,
first, and second order, respectively from co-simula-
tion. Two most important aspects should be highlight-
ed. Firstly, very obvious dual-band behavior around
the GSM bands ( centered at 0. 9 and 1. 8 GHz,
respectively) can be observed. Consistent results ob-
tained from Serenade and Designer have confirmed the
design concept. Second, compared to the zeroth-order
diplexer, the reflection and isolation performances of
first- and second-order diplexers become a little worse
attributing to discontinuity effect of the resultant much
fractal bends. It seems that this effect enhances as 10
increases and plays a more important role in affecting
the upper band performances. Nevertheless, thanks to
the correct design and exact evolution of the phase
shifting of these bends, the two operating bands are al-

most without a frequency shift in all cases.

Reflection cofficient/dB
Reflection cofficient/dB

06081.012141.61.82.0
Frequency/GHz

(a) (b)

-40 .
0.60.81.01.21.41.61.82.0
Frequency/GHz

Fig.2 S-parameters of designed CRLH diplexer from circuit
simulation (a)reflection coefficient (b)transmission and isola-
tion coefficient
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Fig. 3 S-parameters of the zeroth-order Sierpinski-shaped
CRLH diplexer from EM and circuit co-simulation ( a) reflec-
tion coefficient (b ) transmission and isolation coefficient
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Fig. 4  S-parameters of the first-order Sierpinski-shaped

CRLH diplexer from EM and circuit co-simulation ( a) reflec-
tion coefficient (b) transmission and isolation coefficient
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2.2 Experimental results

For verification, the second-order fractal-shaped
CRLH diplexer has been fabricated and measured
through Anritsu ME7808A vector network analyzer.
Fig. 6 depicts the fabricated prototype of the diplexer.
T-networks with chip capacitors and inductors of 0805
packages are adopted in the fabricated prototype. Fig.

7 displays the measured S-parameters of the second-
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Fig. 5  S-parameters of the second-order Sierpinski-shaped
CRLH diplexer from EM and circuit co-simulation (a) reflec-
tion coefficient (b ) transmission and isolation coefficient
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Fig. 6  Fabricated prototype of the designed second-order
Sierpinski-shaped CRLH diplexer
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order fractal-shaped diplexer. Reasonable agreement
between simulation ( Fig. 5) and measurement ( Fig.
7) can be observed in the whole frequency band of
interest. Numerical and experimental results also
reveal that port 2 is through at 0.9 GHz while port 3 is
through at 1.8 GHz.

Referring to Fig. 7 (a), a slight frequency shift
occurs in the fundamental lower band and can be ob-
served from the measured reflection coefficient of port 1
and port 2. This discrepancy is mainly due to the ap-
plied none-ideal SMT components with value variation
of £10% in the fabricated prototype and partially at-
tributable to the inherent tolerance in the fabrication
process. From Fig. 7(b) , it is obvious that the operat-
ing band characterized by isolation and insertion loss is
with a slight frequency shift in the upper band, which
can be successfully interpreted through the enhanced
RH parasitical effect and the self resonance effect of

SMT chip components in higher band. Nevertheless,

'
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Transmission and
)
o
S
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|
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54

-25

Reflection cofficient/dB
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Frequency/GHz Frequency/GHz
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Fig.7 Measured S-parameters of the second-order Sierpinski-
shaped diplexer (a)reflection coefficient (b) transmission and
isolation coefficient
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the measured frequency shift is within the scope of nor-
mal level.

In summary, measurement results indicate that:

at 0.9 GHz, port 2 is through, 15211 = -0.56 dB,
while port 3 is isolated, 1S311 = —25.5 dB; at 1.8
GHz, port 3 is through, 18311 = —0.53 dB, while
port 2 is isolated, |S211 = —14 dB. Moreover, the i-

solation coefficients | S23 | are - 23. 99 dB and
—15.9dB at 0. 9 GHz and 1. 8 GHz, respectively
while the return loss |S111 is better than 15 dB. In a
word, it is obvious that the diplexer owns good per-
formances, compact size and can successfully separate

two different frequencies.
3 Conclusion

This paper exploits numerically and experimental-
ly the concept of fractal-shaped CRLH TL in the syn-
thesis of a set of novel compact diplexers. It has been
demonstrated that fractal perturbation in CRLH TL does
not result in any virulent deteriorative performance of
the diplexers but leads to a significant size reduction.
To the authors’ s best knowledge, this is one of the
simplest approaches among available data to design
miniaturized diplexers by combining the techniques of
fractal geometry and CRLH TL. It is thought that this
concept shows potential application in modern minia-

turized device and antenna design.
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