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Miniaturized Ring Coupler with Arbitrary Power
Divisions Based on the Composite

Right/Left-Handed Transmission Lines
Pei-Ling Chi, Member, IEEE

Abstract—A novel and miniaturized ring coupler capable of pre-
senting arbitrary power divisions is proposed using the composite
right/left-handed (CRLH) transmission lines. The unbalanced
CRLH transmission lines that can be easily tailored to implement
transmission lines of high or low Bloch impedance are applied to
enhance the coupler’s capability of arbitrary power divisions. To
support our idea, a ring coupler that offers a 6 dB power division
ratio and occupies only 44% of the conventional footprint was
experimentally realized. Experimental results agree well with the
simulation data. The proposed CRLH configuration demonstrates
an alternative for implementing a compact ring coupler with
arbitrary power division ratios.

Index Terms—Arbitrary power divisions, composite right/left-
handed transmission lines, miniaturization, ring couplers, unbal-
anced structures.

I. INTRODUCTION

R ING couplers that create anti-phase signals at two isolated
ports find many applications in modern microwave and

millimeter-wave circuits, such as the balanced mixers, push-pull
amplifiers, and antenna beamforming networks. As a critical el-
ement in the integrated systems, studies on the 3 dB ring cou-
plers to reduce the footprint size [1]–[3] or/and to enhance the
operating bandwidth [4], [5] were therefore extensively con-
ducted. In the situation when unequal power distribution is pre-
ferred, the ring couplers that are capable of arbitrary power divi-
sions are of particular interest. Such a coupler can be realized by
connecting the transmission lines of high and low charac-
teristic impedances, alternatingly, to form the ring [6]. Based on
this scheme, the line elements in the proposed couplers [7]
were implemented on a basis of stepped-impedance microstrip
lines with open stubs at both ends. It is found that, however,
the maximum attainable power division ratio is limited by the
realizable line impedance that increases with the power divi-
sion ratio. Using the defected ground plane [8] or the offset
parallel-strip line [9] enables us to implement a line of higher
characteristic impedance but at the expense of increased circuit
complexity.
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The unique features of the composite right/left-handed
(CRLH) transmission lines have lent themselves to novel ap-
plications in the microwave engineering field. Specifically, the
dispersion engineering by means of the four lumped-element
parameters in the equivalent circuit model demonstrates great
potential for miniaturization and dual-band or broadband im-
plementation of the 3 dB hybrid rings [10], [11]. However, less
effort has been made on a compact ring coupler with arbitrary
power divisions using the CRLH transmission lines, by which
the difficulty in realizing high impedance lines can be easily
overcome.

In this work, the unbalanced CRLH transmission lines are ap-
plied to implement the line elements in the coupler with ar-
bitrary power divisions. The Bloch impedance of the unbalanced
transmission line is a function of the frequency and four circuit
parameters, which is very useful to realize high-impedance lines
in the case of a high division ratio. The proposed design proce-
dure starts by solving the equivalent lumped elements of a
CRLH line of prescribed Bloch impedance at a frequency of in-
terest. For the single-band coupler, two degrees of freedom are
available to facilitate the implementation of the equivalent pa-
rameters and thus the physical dimensions. A ring coupler that
demonstrates 56% size reduction and provides 6 dB power di-
vision ratio was carried out to validate our idea. Experimental
results are given and agree well with simulation data.

II. DESIGN APPROACH BASED ON THE UNBALANCED

CRLH TRANSMISSION LINES

In general, the CRLH transmission lines are unbalanced
structures [12]. In other words, in the dispersion diagram a
stop-band gap exists in between the left-handed (LH) and the
right-handed (RH) regions and is delimited by the series reso-
nance frequency and the shunt resonance frequency as
illustrated in Fig. 1(a). These two frequencies are determined
by the equivalent circuit parameters , , , and in
Fig. 1(b), and are given as follows:

(1)

Furthermore, in the passband region ( or ),
the Bloch impedance and unit-cell phase response are
characterized as follows:

(2)
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Fig. 1. (a) Illustration of the propagation constant � (to the right of the �-axis)
and Bloch impedance � (to the left of the �-axis) of the unbalanced CRLH
transmission lines where � � ������ �. (b) The equivalent circuit model
of the CRLH transmission lines.

TABLE I
LUMPED-ELEMENT SOLUTIONS TO (2) and (3) FOR THE �	� CRLH

TRANSMISSION LINE OF BLOCH IMPEDANCE � AT 2.4 GHz

(3)

where is the angular frequency and is the port impedance.
According to (2) and (3), Fig. 1 depicts the passband frequency
behavior of the Bloch impedance and propagation constant

of the unbalanced CRLH transmission lines. Note that in
the passband regions is a real number and .
In the case when , the Bloch impedance in the
left-handed region increases rapidly as the frequency ap-
proaches its pole frequency , which enables the fulfillment
of a high-impedance transmission line at a prescribed fre-
quency in proximity to . Furthermore, as observed in (2),
the Bloch impedance of the unbalanced CRLH transmission
line is a function involving the four circuit parameters, which
provides higher degrees of freedom for flexible engineering of
the equivalent lumped elements that determine the feasibility
of the corresponding physical dimensions. The unbalanced
CRLH lines show superior features to the balanced structures
where [12], which makes
implementation of high-impedance lines much difficult.

The design procedure of a unbalanced CRLH trans-
mission-line element of specific Bloch impedance starts by
solving (2) and (3) to determine the four circuit parameters.
In the case of the single-band operation, two parameters can
be chosen for implementation convenience. Depending on the
chosen substrate and implementation schemes, in our case, the
series capacitance and shunt inductance are assigned
two values that can be easily realized from using the interdig-
ital capacitor and shorted stub, respectively. Table I lists sets
of parameter solutions to (2) and (3) for implementing

Fig. 2. HFSS-calculated Bloch impedance (solid line) and phase response
(dashed line) of the �	4 CRLH transmission line element. The corresponding
theoretical results from (2) and (3) are represented by the line with circle
symbol and the line with triangle symbol, respectively.

unbalanced CRLH transmission lines with unit cells and of
given Bloch impedances. It can be shown that the equivalent
lumped-element values in Table I can be easily achieved in
a microstrip unit cell that makes use of the series interdigital
capacitor and the shunt stub inductor [12]. Upon acquisition of
the four parameters, the physical prototype of the CRLH
line is developed in a manner so as to have equivalent circuit
parameters the same as acquired, which ensures simultaneous
fulfillment of the desired Bloch impedance and phase response
at a frequency. An example of the CRLH transmission
line, shown in the inset of Fig. 2, was developed and calculated
in HFSS. Considering the coupler’s port placement on the
connection between the line elements, it should be noted
that, the CRLH line has microstrip lines at both ends in
addition to the two pairs of shunt stubs and series interdigital
capacitors. At 2.4 GHz, the line was designed based on
the lumped parameters in Solution #3 and has calculated Bloch
impedance 89.19 and phase response 90.96 , showing good
agreement with the corresponding theoretical results from (2)
and (3) as observed in Fig. 2.

III. PROPOSED CONFIGURATION OF THE COMPACT RING

COUPLER WITH ARBITRARY POWER DIVISIONS

Based on the aforementioned configuration and proposed
design procedure for the unbalanced CRLH transmission
line of arbitrary Bloch impedance, a ring coupler that is able
to provide a 6 dB power division ratio at 2.4 GHz was carried
out by alternatingly connecting two CRLH transmission
lines of Bloch impedances 89.9 and 55.6 [6] as shown
in Fig. 3. Although not being implemented experimentally, a
high-impedance line that produces a higher division ratio, as
the first case investigated in Table I for a 111.8 CRLH line, is
readily realized with similar structures according to equivalent
lumped parameters obtained. This coupler is developed on a
Duroid/RT 5880 substrate with dielectric constant
and thickness . Each transmission line makes
use of two pairs of series interdigital capacitors and shunt stub
inductors to implement the equivalent series capacitance
and the shunt inductance , respectively. Note that the shorted
stubs in the CRLH line sections of 55.6 are placed outside
the ring simply for implementation convenience. The ring
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Fig. 3. Proposed compact ring coupler with a 6 dB power division ratio based
on the unbalanced CRLH transmission lines. The physical parameters are indi-
cated in the close-up insets. All dimensions are in mm.

Fig. 4. Measured (solid curves) and simulated (dashed curves) S-parameters
for the proposed compact ring coupler with a 6 dB power division ratio. The left
and right figures plot the results obtained at port 1 �� � ����� and at port 3
�� � �����, respectively.

coupler has a uniform arm width of 4.95 mm and a mean radius
of 14.66 mm, which demonstrates a 56% footprint reduction
compared to the 2.4 GHz microstrip coupler with the same
power split ratio.

The measured -parameters of the proposed CRLH ring cou-
pler are shown in Fig. 4 along with the simulated results. Good
agreement is obtained. The operating band is shifted upward
by 80 MHz (3%), and this can be attributed to the fabrication
error and the experimental deviation in the dielectric constant.
The overall performances of the proposed ring coupler are de-
tailed in Table II where the characteristics of the ring coupler
having a 6 dB power division ratio are clearly exhibited and con-
firmed. Compared to the conventional coupler [6], bandwidth
reductions on the measured return losses and phase differences
are observed and are attributed to the highly frequency-variant
characteristics of both the Bloch impedance and phase constant
of the unbalanced CRLH lines. Measured insertion losses show
close results as those of the conventional coupler except that
more loss is observed in the measurement of owing to the
increased conductor loss introduced by interdigital capacitors in
the path.

TABLE II
MEASURED PERFORMANCES OF THE PROPOSED RING COUPLER WITH A 6 dB

POWER DIVISION RATIO (CENTER FREQUENCY AT 2.48 GHz)

IV. CONCLUSION

The unbalanced CRLH transmission lines are applied to re-
alization of the compact ring couplers with arbitrary power di-
visions. Based on the proposed design procedure, an example
of a miniaturized ring coupler capable of the 6 dB output power
split ratio is carried out and demonstrated experimentally.

REFERENCES

[1] D. I. Kim and G. S. Yang, “Design of new hybrid-ring directional cou-
pler using ��	 or ��
 sections,” IEEE Trans. Microw. Theory Tech.,
vol. 39, no. 10, pp. 1779–1784, Oct. 1991.

[2] M.-H. Murgulescu, E. Moisan, P. Legaud, E. Penard, and I. Zaquine,
“New wideband, 0.67 � circumference 180 hybrid ring coupler,”
Electron. Lett., vol. 30, no. 4, pp. 299–300, Feb. 1994.

[3] S. March, “A wideband stripline hybrid ring,” IEEE Trans. Microw.
Theory Tech., vol. MTT-16, no. 6, p. 361, Jun. 1968.

[4] T. Wang and K. Wu, “Size-reduction and band-broadening design
technique of uniplanar hybrid ring coupler using phase inverter for
M(H)MIC’s,” IEEE Trans. Microw. Theory Tech., vol. 47, no. 2, pp.
198–206, Feb. 1999.

[5] D. I. Kim and Y. Naito, “Broad-band design of improved hybrid-ring
3 dB directional couplers,” IEEE Trans. Microw. Theory Tech., vol. 30,
no. 11, pp. 2040–2046, Nov. 1982.

[6] A. K. Agrawal and G. F. Mikucki, “A printed-circuit hybrid-ring di-
rectional coupler for arbitrary power divisions,” IEEE Trans. Microw.
Theory Tech., vol. MTT-34, no. 12, pp. 1401–1407, Dec. 1986.

[7] C.-L. Hsu, J.-T. Kuo, and C.-W. Chang, “Miniaturized dual-band hy-
brid couplers with arbitrary power division ratios,” IEEE Trans. Mi-
crow. Theory Tech., vol. 57, no. 1, pp. 149–156, Jan. 2009.

[8] J.-S. Lim, S.-W. Lee, C.-S. Kim, J.-S. Park, D. Ahn, and S. Nam, “A 4:1
unequal Wilkinson power divider,” IEEE Microw. Wireless Compon.
Lett., vol. 11, no. 3, pp. 124–126, Mar. 2001.

[9] L. Chiu and Q. Xue, “A parallel-strip ring power divider with high iso-
lation and arbitrary power-dividing ratio,” IEEE Trans. Microw. Theory
Tech., vol. 55, no. 11, pp. 2419–2426, Nov. 2007.

[10] P.-L. Chi and T. Itoh, “Miniaturized dual-band directional couplers
using composite right/left-handed transmission structures and their ap-
plications in beam pattern diversity systems,” IEEE Trans. Microw.
Theory Tech., vol. 57, no. 5, pp. 1207–1215, May 2009.

[11] H. Okabe, C. Caloz, and T. Itoh, “A compact enhanced-bandwidth
hybrid ring using an artificial lumped-element left-handed transmis-
sion-line section,” IEEE Trans. Microw. Theory Tech., vol. 52, no. 3,
pp. 798–804, Mar. 2004.

[12] C. Caloz and T. Itoh, Electromagnetic Metamaterials: Transmission
Line Theory and Microwave Applications. Hoboken, NJ: Wiley,
2006, ch. 3.


