[ DOI: 10.22068/IJEEE.11.1.1 ]

Using a VIA-Less CRLH Transmission Line to Design a Compact
Wilkinson Power Divider and Rat-Race Coupler
Hossein Rahmanian1, Seyed Hassan Sedighy2, Mohammad Khalaj Amirhosseini1
1

School of Electrical and Electronic Engineering,
2
School of New Technologies,
Iran University of Science and Technology, Tehran, Iran.

Downloaded from ijeee.iust.ac.ir at 23:46 IRDT on Monday June 25th 2018

sedighy@iust.ac.ir
Abstract─ A method for design and
implementation of a compact via-less CRLH
transmission line is presented. By introducing a
new circuit model, the CRLH transmission line
behavior is explored versus the parameters
variations to achieve the desired characteristic
impedance and electrical length. Then a compact
quarter wavelength CRLH transmission line with
70 Ω characteristic impedance is designed as an
example. Finally a very compact four way
Wilkinson power divider and a rat-race coupler are
designed and fabricated by using this type of
CRLH TL which have about 75% and 80%
compactness, respectively.
Index Terms ─ CRLH, Transmission
Wilkinson divider, Rat Race, Coupler

line,

I. INTRODUCTION
From the introducing of the backward wave
propagation supporting materials which have
opposite sign in the phase and group velocities, the
different realizations approach of these materials
has been reported such as wire medium [1-3],
multilayer structure [4], and photonic crystal [5].
The left handed (LH) structure is another ways for
implementing of these artificial media [6-16]. The
LH transmission line consists of transmission line
unit cells loaded by series capacitance and shunt
inductance which lead to new microwave
applications based on its unique backward wave
characteristics [17-18]. Due to the intrinsic
parasitic series inductance and shunt capacitance
in the transmission line structure, it is impossible

to have a pure LH transmission line. Therefore, by
modeling these parasitic elements one can achieve
a complete transmission line model called
composite right/left-handed transmission line
(CRLH TL) which has been introduced in [19].
The CRLH TL behaves as a LH at low
frequencies, while at high frequencies it acts as a
conventional
transmission
line.
Direct
implementation of the CRLH TL structure
imposes using a short circuit stub which is
grounded by a via connection. But, the via
fabrication process is not as easy as a planar
fabrication. Furthermore, it causes some
undesirable effects on the designed prototype such
as radiation [20] and the frequency shift [21]
especially at higher frequencies. To overcome
these issues, the coplanar waveguide configuration
has been used in [22]. Since the ground conductors
and signal line are in the same plane in this type of
CRLH TL, the shunt inductances can be
accommodate without having vias.
In our previous work [28], a new via free
microstrip CRLH TL is considered to achieve a
low cost and easy fabrication microwave devices.
This new CRLH TL which is based on the unit cell
introduced in [23] is modeled by a new circuit
model which is more matched with the structure
behavior. Moreover, compare with [23], in this
paper the effects of the CRLH TL parameters in
the electrical length and characteristic impedance
of the unit cell are analyzed and simulated to
extend the application of the introduced CRLH TL
in microwave devices. This work can be an
extension over previous works such as [29-32] that
tries to compact the TLs in microwave devices.
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The results show that this CRLH transmission line
can achieve a wide range of electrical length and
characteristic impedance with shorter physical
length. Therefore, this CRLH TL can be used for
miniaturization of the microwave devices. After it,
a CRLH TL is optimized to design a quarter
wavelength transmission line with 70 Ω
characteristic impedance as an example. Finally,
the CRLH TL is used instead of the ordinary
transmission line in a four way Wilkinson power
divider and a rat-race coupler. The simulation and
measurement results of these devices show about
75% and 80% compactness compared with the
traditional ones which verify the high capability of
the method in compacting the microwave devices.

by changing the top microstrip transmission line
width and the width of etched part in the ground
defined by Sx. Also, due to the specific required
width of the microstrip transmission line to
achieve 50 Ω input impedance, the effective
inductance of DGS can be controlled by Sx.

II. CRLH Transmission Line Modeling
A common CRLH TL unit cell is composed of
a series capacitance, shunt inductance, series
inductance and shunt capacitance [6]. The CRLH
unit cell configuration and its schematic are shown
in Fig.1. This model describes the structure
behavior much better than [23] presented circuit
model. The main difference is the capacitance due
to the gap between the meander line segments that
causes a series resonance in vertical branch is
modeled in Fig.1. The model is composed of series
capacitor (CHS) which is a metal-insulator-metal
(MIM) capacitor, a vertical capacitor (CVS)
achieved by the effect of the gap between two
MIM capacitors, the parallel combination of
vertical inductor (LVP) and vertical capacitance
(CVP) resulted from the meander inductor located
at the PCB ground, and the series inductor (LHS)
belongs to the defected ground structure (DGS)
effective inductance. In order to change the circuit
elements, some parameters are defined to change
the element values. The Scap and wcap are defined to
tune the gap and MIM capacitors. Also, as shown
in Fig.1.a, the length, width and the space between
the meander line segments are defined by lcap,
wmndr and Smndr, respectively which change the CVP
and LVP. Moreover, the lHS affects the LHS value.
Notice that the defected ground structures
(DGS) are usually modeled with a parallel
conductance, capacitance and inductance [24], but
here we are far from the DGS resonance frequency
and therefore we can ignore the effect of
conductance and capacitance of the DGS
inductance. This effective inductance can be tuned

a)

b)

Fig. 1. Proposed composite right/left-handed
transmission line a) 3D structure b) circuit model
The characteristic impedance (ZC) for this
CRLH TL structure can be calculated by using
familiar procedure mentioned in [25], which is
ZC 

where

(( / H )2  1)(( / V 1 ) 2  1)
Z
 ZL
Y
( / V 2 )2 (( / ind )2  1)

(1)

H  1/ CHS LHS ,

V 1  1/((CVP  CVS )LVP ) , V 2  1/(CVS LVP ) , and
ind  1/(CVP LVP ) are the horizontal branch, first

and second vertical branch, and meander inductor
resonance frequencies, respectively. Moreover,
Z L  LVP / CHS is the left handed impedance of
the CRLH TL unit cell. This relation shows that
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the CRLH characteristic impedance is generally
depended on the frequency. To design this CRLH
TL, a parameter called scale is assigned in the
model to scale all the unit cell physical parameters
such as lcap, wcap, Sx, wmndr and Smndr, identically and
changing the operation frequency, consequently.
The simulation results show that the CRLH TL
characteristic impedance can be decreased by
increasing wmndr and Smndr, while the electrical
length is increased, accordingly. Also, the total
inductance of meander inductor is increased when
the distance between meander line turns and width
are increased [26] and therefore, we can see that
the coupling between meanders (CVP) increases
which decreases the second resonance frequency
of vertical branch (ωV2) and decrease ZC,
consequently. On the other hand, since the
capacitance of a parallel plate capacitor, CHS, is
growth by increasing of the plates area,
enhancement of wcap and lcap increase the
characteristic impedance and decrease the
electrical length and the horizontal branch
resonance frequency (ωH). To extract the
equivalent characteristic impedance and electrical
length of the designed CRLH TL from the Sparameters of the simulation results, the below
relation can be used [27]
Zc  Z0

2
(1  S11 )2  S21
2
(1  S11 ) 2  S21

has the real characteristic impedance of 72.2Ω,
small imaginary part of 0.2 Ω and an electrical
length of 90 degrees at the design frequency, 460
MHz. The TLX-8 substrate with a dielectric
constant of 2.55, a tangent loss of 0.0019 and a
thickness of 0.8 mm has been selected as the
substrate of the CRLH TL. The values of the
circuit and physical parameters are tabulated in
Table I.

a)

(2)

where ZC and Z0 are the CRLH TL and reference
characteristic impedance, respectively. Also, the
electrical length is equal to the argument of S12.
The commercial full wave simulator software
(Ansoft HFSS) has been used to simulate the
CRLH TL unit cell. Figure 2 shows the effect of
wmndr and wcap, separately. The effect of lcap in
electrical length is similar with wcap except lcap has
a more effect on characteristic impedance. In
addition, the place of the two 50 Ω lines in the
both sides of CRLH TL has negligible effect on
both characteristic impedance and electrical
length. Now we are ready to design a CRLH TL to
achieve a 70.7 Ω characteristic impedance and 90
degrees electrical length which can be used to
design some well known microwave devices such
as Wilkinson power divider and rat-race coupler.
Based on the effect of each parameter which
was discussed and studied in the design producer,
the CRLH TL can be tuned to achieve the
desirable specifications. The designed CRLH TL

b)
Fig. 2. Characteristic impedance and electrical
length variations as a function of wmndr and wcap
TABLE 1 :Circuit and Physical Parameters Value
Circuit elements

Physical
Parameters

Value

Description

LVP = 6.97 nH
CVP = 0.21 pF

wmndr
smndr

0.45mm
0.4 mm

meander
inductor

LHS = 7.62 nH

sx

1 mm

DGS
inductance

wcap
lcap
scap

16.5 mm

CHS = 2.75 pF
CVS = 0.2 pF

12 mm

series
capacitance

0.2 mm

gap effect
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III. Wilkinson Implementation
Based on the designed CRLH TL in the
previous section, a miniaturized four way
Wilkinson power divider is designed and
fabricated on the TLX-8 substrate at 460 MHz
which is shown in Fig. 3. The designed four ways
Wilkinson power divider is composed of three
identical two ways Wilkinson power dividers. The
70.7 Ω ordinary quarter wavelength microstrip
lines in the conventional Wilkinson power divider
are replaced by designed CRLH TL in the
previous section which has 72.2 Ω characteristic
impedance and 90 degree electrical length.

Fig. 3.Top and bottom view of 1 to 4 Wilkinson
power divider
Although the designed CRLH in the previous
section was simulated completely, but to consider
the coupling effect of the CRLH TL segments in
the four way Wilkinson dividers, the full wave
simulation of the power divider is done. Figure 4
shows the comparison of the full wave simulation
and measurement results of the designed CRLH
TL power divider. The electrical performance of
the power divider is measured by using Agilent
E5071C network analyzer. The simulated and
measured return losses, insertion losses and
isolations are shown in this figure. The plots
represent a good agreement between simulation
and measurement results. The power divider has a
return loss better than 30 dB and an insertion loss

less than 6.4 dB for all ports. Also, the isolation is
more than 15dB for adjacent ports (2-3 and 4-5)
and more than 25dB for non-adjacent ports (2-4
and 3-5). The designed CRLH Wilkinson power
divider has about 75% area reduction compared
with the traditional one at the design frequency.

IV. Rat Race Implementation
In this section, the designed CRLH TL is used
to miniaturize another microwave component, ratrace coupler. The conventional rat-race coupler
consists of three identical uniform transmission
lines with a characteristic impedance of 70.7 Ω
and 90 degree electrical length and another
transmission line with the same characteristic
impedance but 270 degree electrical length.
Therefore, this device can be considered as a six
quarter wavelength uniform transmission lines
which occupy huge circuit area. For miniaturizing
of this component, the uniform conventional
transmission lines are replaced by the designed
CRLH TL in Sec. II.

a)

b)

Fig. 4.The S parameters comparison of the
simulation and measurement results four ways
Wilkinson power divider a) |S11| & |S12| and b) |S23|
& |S34|
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Fig. 5.Top-view and bottom-view of Rat Race

The designed CRLH TL rat-race coupler is
shown in Fig.5 which is fabricated on the TLX-8.
It can be seen that the useless interior space of the
designed rat race is filled by the CRLH TLs. Same
as the design approach for the Wilkinson divider
in the previous section, the rat-race coupler
composed of CRLH TL segments is simulated by
HFSS, completely. The simulation and
measurement results of the coupler are compared
in Fig. 6. There is a small frequency shift and a
reduction in bandwidth which may be caused by
commercial fabrication processes.
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The designed device has a return loss less than
30 dB, an insertion loss less than 3.2 dB. Also, the
isolation between port 1 and 4 is better than 35dB.
The Comparison between the conventional and
designed rat-race shows that using the designed
CRLH TL unit cells instead of the conventional
uniform transmission lines, an area size reduction
more than 80% can be achieved at the design
frequency, 460 MHz.
In Table 2, our proposed structures are
compared to some other metamaterials Wilkinson
and rat-race power dividers obtainable in the
literature. It can be seen that the proposed
structures have a very compact dimension
compared to the others.

1000

c)
Fig. 6.The S parameters comparison of the
simulation and measurement results of Rat Race a)
|S11| & |S21| and b) |S31| & |S41|

V. Conclusion
An improved method to design a via-less
CRLH TL was developed and a new circuit model
of this TL has been presented. Moreover, the
effects of the CRLH TL design parameters were
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discussed. Then, a CRLH TL with a real
characteristic impedance of 72.2 Ω and electrical
length of 90 degrees was designed as an example
which is used in implementation of a high compact
four way Wilkinson power divider and rat-race
coupler. The designed power divider and rat-race
coupler by CRLH TL unit cells shown about 75%
and 80% compactness compared with the
conventional ones.

REFERENCES
[1] I. S. Nefedov, A. J. Viitanen, " Guided waves
in uniaxial wire medium slab", Progress In
Electromagnetics Research, PIER 51, 167–
185, 2005
[2] M. Hudlicka and J. Macha, I. S. Nefedov, " A
triple wire medium as an isotropic negative
permittivity metamaterial", Progress In
Electromagnetics Research, PIER 65, 233–
246, 2006
[3] S. Sesnic, D. Poljak, and S.Tkachenko, "Time
domain analytical modeling of a straight thin
wire buried in a lossy medium", Progress In
Electromagnetics Research, Vol. 121, 485504, 2011
[4] H. Rahimi, A. Namdar, S. Roshan Entezar and
H. Tajalli, "Photonic transmission spectra in
one-dimensional
fibonacci
multilayer
structures
containing
single-negative
metamaterials", Progress In Electromagnetics
Research, PIER 102, 15-30, 2010
[5] W.-Z. Yan, Z.-Y. Wang, X.-M. Chen, X.-Q.
He, and S.-L. Fan, "Photonic crystal narrow
filters with negative refractive index
structural
defects",
Progress
In
Electromagnetics Research, PIER 80, 421–
430, 2008
[6] R. Marqus, F. Martin, M. Sorolla,
"Metamaterials with Negative Parameters,
Theory,
Design,
and
Microwave
Applications", Wiley Publication, 2007
[7] Grbic and G. V. Eleftheriades, "Experimental
verification of backward-wave radiation from
a negative refractive index metamaterial",
Journal of Applied Physics, vol. 92, no. 10,
pp. 5930-5935, November 2002.
[8] F. Martín, J. Bonache, F. Falcone, M. Sorolla
and R. Marqués, "Split ring resonator-based
left-handed coplanar waveguide", Applied

Physics Letters, vol. 83, pp. 4652-4654,
December 2003.
[9] M. Gil, J. Bonache, I. Gil, J. García-García and
F. Martín, "Miniaturization of planar
microwave circuits by using resonant-type
left handed transmission lines", IET
Microwave, Antennas and Propagation, vol.
1, pp. 73-79, February 2007.
[10] D. Segovia-Vargas, F. J. Herraiz-Martnez, E.
Ugarte-Munoz, L. E. Garcia-Munoz, and V.
Gonzalez-Posadas, "Quad-frequency linealypolorized and dual-frequency circularlypolorized microstrip patch antennas with
CRLH
loading",
Progress
In
Electromagnetics Research, PIER, Vol. 133,
91-115, 2013
[11] Seung-Hwan Kim; Jung-Ho Yoon; Young
Kim; Young-Chul Yoon, "A modified
Wilkinson divider using zero-degree phase
shifting
composite
right/left-handed
transmission line," Microwave Symposium
Digest
(MTT),
2010
IEEE
MTT-S
International , vol., no., pp.1556,1559, 23-28
May 2010
[12] Siddiqui, O., "Dispersion analysis of
capacitive loaded negative-refractive-index
transmission
lines
and
associated
applications," Antennas, Propagation and EM
Theory, 2008. ISAPE 2008. 8th International
Symposium on , vol., no., pp.698,701, 2-5
Nov. 2008
[13] Kim, T. -G; Lee, B., "Metamaterial-based
wideband rat-race hybrid coupler using slow
wave lines," Microwaves, Antennas &
Propagation, IET , vol.4, no.6, pp.717,721,
June 2010
[14] Okabe, H.; Caloz, C.; Itoh, T., "A compact
enhanced-bandwidth hybrid ring using an
artificial
lumped-element
left-handed
transmission-line section," Microwave Theory
and Techniques, IEEE Transactions on ,
vol.52, no.3, pp.798,804, March 2004
[15] Kholodnyak, D.; Kapitanova, P.; Humbla, S.;
Perrone, R.; Mueller, J.; Hein, M.A.; Vendik,
I., "180° Power Dividers Using Metamaterial
Transmission Lines," Microwave Techniques,
2008. COMITE 2008. 14th Conference on ,
vol., no., pp.1,4, 23-24 April 2008
[16] A. F. Abdelaziz, T. M. Abuelfadl, and O. L.
Elsayed, "Realization of composite right/lefthanded transmission line using coupled

[ DOI: 10.22068/IJEEE.11.1.1 ]
Downloaded from ijeee.iust.ac.ir at 23:46 IRDT on Monday June 25th 2018

lines",
Progress
In Electromagnetics
Research, PIER 92, 299–315, 2009
[17] C. Caloz and T. Itoh. “Application of the
transmission line theory of left-handed (LH)
materials to the realization of a microstrip LH
transmission line,” in Proc. IEEE-AP-S
USNC/URSI National Radio Science Meeting,
vol. 2, San Antonio, TX, pp. 412–415, June
2002.
[18] G. V. Eleftheriades, A. K. Iyer, and P. C.
Kremer. “Planar negative refractive index
media using periodically L-C loaded
transmission lines,” IEEE Trans. Microwave
Theory Tech., vol. 50, no. 12, pp. 2702–2712,
Dec. 2002.
[19] A. Sanada, C. Caloz, and T. Itoh,
“Characteristics of the Composite Right LeftHanded
Transmission
Lines,”
IEEE
Micmwave and Wireless Componenis Letter,
Vol. 14, No.2, Feb. 2004,
[20] T. Cerri, G.Mongiardo, M. Rozzi, ,
"Radiation from via-hole grounds in
microstrip lines," Microwave Symposium
Digest, 1994., IEEE MTT-S International ,
vol., no., pp.341-344 vol.1, 23-27 May 1994.
[21] Swanson, D.G., Jr.; , "Grounding microstrip
lines with via holes," Microwave Theory and
Techniques, IEEE Transactions on , vol.40,
no.8, pp.1719-1721, 1992.
[22] A. Grbic and G. V. Elefthcriades,
“Experimnetal verification of backward-wave
radiation from a negative refractive index
material,” J. of Applied Physics, Vol. 92, No.
IO, pp. 5930-5935, Nov. 2002.
[23] Hai Hoang Ta and Anh-Vu Pham, "Compact
Wilkinson Power Divider Based on Novel
Via-less
Composite
Right/Left-handed
(CRLH) Transmission Lines", 2010 Third
International Conference on Communications
and Electronics (ICCE), 11-13 Aug. 2010,
pp. 313-317, Nha Trang, Vietnam
[24] Hyung-Mi Kim, Bomson Lee, "Analysis and
synthesis of defected ground structures
(DGS) using transmission line theory,"
European Microwave Conference, vol.1, pp.
4-6, 2005
[25] C. Caloz and T. Itoh. Electromagnetic
Metamaterials, "Transmission line theory and
microwave applications", Wiley, 2006.
[26] G. Stojanovic, L. Zivanov & M.Damnjanovic,
"Novel Efficient Methods for Inductance

Calculation of Meander Inductor," The Int. J.
for
Computation
Mathematics
Elect.
Electron. Eng., vol. 25, no. 4, pp. 916–928,
2006.
[27] W. R. Eisenstadt and Y. Eo. "S-parameterbased IC interconnect transmission line
characterization," IEEE Trans. comp.,
Hybrids, Manuf Technol., vol. 15, pp. 483490, Aug. 1992.
[28] Rahmanian, H.; Sedighy, S.H.; KhalajAmirhosseini, M., "Using a composite
right/left handed transmission line to design a
high compact Wilkinson power divider and
rate race coupler," Telecommunications (IST),
2012 Sixth International Symposium on,
pp.84,87, 2012
[29] M. Hayati, S. Roshani, “Miniaturized
Wilkinson power divider with nth harmonic
suppression using front coupled tapered
CMRC,”
Applied
Computational
Electromagnetics Society (ACES) Journal,
vol. 28, no. 3, pp. 221-227, 2013.
[30] D. Hawatmeh, K. A. Shamaileh, N. Dib,
“Design and analysis of multi-frequency
unequal-split Wilkinson power divider using
non-uniform transmission lines,” Applied
Computational Electromagnetics Society
(ACES) Journal, vol. 27, no. 3, pp. 248-255,
March 2012.
[31] H. Cui, J. Wang, J. L. Li, “Compact
microstrip branch-line coupler with wideband
harmonic
suppression,”
Applied
Computational Electromagnetics Society
(ACES) Journal, vol. 27, no. 9, pp. 766-771,
September 2012.
[32] K. A. Shamaileh, A. Qaroot, N. Dib, A.
Sheta, “Design of miniaturized unequal split
wilkinson power divider with harmonics
suppression using non-uniform transmission
lines,”
Applied
Computational
Electromagnetics Society (ACES) Journal,
vol. 26, no. 6, pp. 530-538, June 2011.

