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Application of RH and LH sections for
reduction of coupling coefficients in
two-section asymmetric directional couplers

jakub sorocki, kamil staszek, ilona piekarz, krzysztof wincza

and slawomir gruszczynski

A method allowing for reduction of coupling coefficients required for realization of two-section asymmetrical coupled-line
directional couplers has been proposed. It has been shown that by connecting uncoupled left-handed and right-handed trans-
mission lines between two coupled-line sections one can obtain greater design flexibility of the resulting circuit, simultaneously
with the coupling reduction in coupled-line sections. Moreover, the proposed circuit features the properties of two-section
asymmetric directional couplers offering wide operational bandwidth. The theoretical analysis has been verified by measure-
ments of a 3 dB directional coupler operating at the center frequency f0 ¼ 1.5 GHz having coupling imbalance dC ¼+0.4 dB
and bandwidth 0.75–2.3 GHz.
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I . I N T R O D U C T I O N

In contemporary microwave electronics, a broad operational
bandwidth of the utilized components such as directional cou-
plers is often a primary objective. The bandwidth offered by
single-section coupled-line directional couplers, reaching
one frequency octave, is in many applications insufficient.
Multi-octave bandwidth can be achieved either by means of
cascading several quarter-wave-long sections of uniformly
coupled lines [1] or by means of non-uniform coupled lines
[2, 3]. Such solutions require, however, that the coupling
level of the coupled lines has to be locally much higher than
the nominal coupling of the resulting coupler. In many prac-
tical realizations, very tight coupling is difficult to achieve,
hence several alternative methods have been proposed. In
[4], Lange type couplers have been shown in which several
parallel coupled lines appropriately connected are used.
Another solution involves re-entrant type structures [5],
where floating strip is placed on additional dielectric layer
allowing for increasing mutual coupling between coupled
lines. In contrary, a tightly coupled directional coupler can
be designed as a tandem connection of two loosely coupled
directional couplers [6]. A similar approach has been shown
in [7], where a tightly coupled section of a broadband three-
section symmetric directional coupler has been realized as a
tandem connection of two loosely coupled sections. A differ-
ent approach for realization of three-section symmetric

coupled-line couplers has been proposed in [8], where the
coupler with rotated middle section has been presented allow-
ing for reduction of the required coupling coefficient.

Recent development of left-handed (LH) metamaterials [9–
11] has opened a new field of applications, including the real-
ization of coupled-line directional couplers. A composite LH/
right-handed (RH) directional coupler has been presented in
[12] allowing for realization of almost any arbitrary chosen
coupling level. However, the operational band of the proposed
coupler is comparable with the bandwidth of a classic single-
section coupler. In [13], the authors have proposed the utiliza-
tion of LH and RH transmission line sections inserted
in-between coupled-line section in order to improve the direc-
tivity of the coupler, following the idea presented previously in
[14]. In both papers, the theory of small reflections has been
utilized to provide the design equations, which restrict the pre-
sented solutions only to weak couplings. Even though, more
than one coupled-line section has been used, the resulting
coupler exhibits the properties of a single-section coupled-line
directional coupler. The same structure has been investigated
in [15], where the tight-coupling directional couplers having
still the properties of single-section directional couplers have
been shown.

In this paper, we propose a novel two-section asymmetric
coupled-line directional coupler structure, where loosely and
tightly nearly quarter-wave-long coupled-line sections are
connected by LH and RH transmission line sections. In con-
trary to the solutions presented in [13–15], the proposed
circuit features the properties of two-section asymmetric
coupled-line couplers. Moreover, it has been shown that
such couplers do not require as strong coupling of a tightly
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coupled section as classic directional couplers presented, e.g.
in [16]. The theoretical analysis revealed that the proposed
structure allows for very flexible parameter selection to
ensure equal-ripple frequency response for a fixed bandwidth
or for a maximum available coupling coefficient. Either way,
the proper selection of parameters allows for the design of
couplers with equal-ripple coupling characteristics. The
numerical analysis of 3 dB couplers for various different coup-
ling ripples has been performed and the values of optimum
coupling coefficients and electrical lengths for such couplers
are given in a tabular form. The proposed method has been
experimentally verified by the design of a 3 dB coupled-line
directional coupler where the coupling coefficient of a
tightly coupled section has been reduced by the factor of k1/
k1classic ¼ 0.91.

I I . T H E O R E T I C A L A N A L Y S I S

A generic schematic of the proposed directional coupler con-
sisting of two coupled-line sections having equal electrical
length connected with the use of LH and RH uncoupled trans-
mission lines is presented in Fig. 1. Such a coupler’s structure
can provide broadband equal-ripple frequency characteristics
being similar to the frequency characteristics of the classic
two-section coupled-line directional couplers. Simultaneously,
the presented network allows for significant reduction of the
required coupling coefficients. The proposed structure is
described by: Z0 – characteristic impedance, k1, k2 – the coup-
ling coefficients of the coupled-line sections and QLH, QRH,
QCPL – the electrical lengths of LH, RH uncoupled transmission
lines and coupled-line sections, respectively. The coupling char-
acteristic of the presented directional coupler can be expressed
as follows [17]:

S21 =
C1 + (T2

1 − C2
1)C2ELHERH

1 − C1C2ELHERH
. (1)

The coefficients Ci, Ti (i ¼ 1, 2) are the coupling and trans-
mission coefficients, respectively, of particular coupled-line
sections, given by the well-known formulas [18]:
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where QCPL is the electrical length of the coupled-line sections
and f is the normalized frequency. The remaining factors ELH

and ERH are the transmission coefficients of the ideal LH and
RH uncoupled transmission lines, respectively:

ELH = cos
|QLH |

f

( )
+ j sin

|QLH |
f

( )
, (4)

ERH = cos (QRH f ) − j sin (QRHf ). (5)

The derivation of the 3 dB coupler’s parameters ensuring
an equal-ripple frequency response leads to the equations
that cannot be solved analytically; therefore, a numerical pro-
cedure has been utilized. It is based on the minimization of the
following expression:

D = max {X} − min {X}, (6)

where X indicate a three-element vector having the form:

X = {|S21(f1)|, |S31(f2)|, |S21(f3)|} (7)

in which f1 and f3 are the frequencies, at which the coupling
characteristic S21 has its local maxima and f2 is the frequency,
at which the coupling characteristic has its local minimum.
The exemplary frequency response obtained for initial
values of coupler’s parameters is illustrated in Fig. 2. It can
be observed that D ¼ 0 can be obtained only for equal-ripple
frequency characteristics. Assuming that the investigated
coupler is lossless, i.e.:

|S31(f )| =
��������������
1 − |S21(f )|2

√
. (8)

Equation (7) can be expressed using only coupling charac-
teristic S21:

X = |S21(f1)|,
��������������
1 − |S21(f2)|2

√
, |S21(f3)|

{ }
, (9)

which constitutes the final form utilized in the numerical
procedure.

Fig. 1. A generic schematic of the proposed directional coupler consisting of
tightly and loosely coupled-line sections connected by LH and RH uncoupled
transmission lines.

Fig. 2. Graphical explanation of the factor D utilized in the numerical
procedure for calculating the coupler’s parameters. The minimized value of
D corresponds to an equal-ripple frequency response.
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The obtained results are presented in Fig. 3, where the
values of bandwidth BW (defined as a ratio of maximum
and minimum frequencies, at which coupling characteristic
satisfies the assumed coupling imbalance), coupling imbalance
dC and electrical lengths QLH, QRH, and QCPL have been
plotted versus the coupling coefficients k1 and k2. The
plotted shapes include all possible solutions for which an
equal-ripple response is obtained. As it is seen, the proposed

network features high flexibility in a choice of the coupler’s
parameters. It can be observed, that the proposed approach
allows for the design of a 3 dB coupler with the assumed band-
width with the use of different coupling coefficients k1 and k2.
On the other hand, having fixed the maximum available coup-
ling coefficient k1 ¼ kmax, one can realize 3 dB couplers with
different bandwidths. Such a feature, not obtainable in case
of the classic coupled-line directional couplers, significantly

Fig. 3. Parameters of the proposed 3 dB coupler ensuring equal-ripple frequency characteristics vs. coupling coefficients k1 and k2: bandwidth (a), coupling
imbalance (b) the electrical length of the coupled-line sections (c), the electrical lengths of RH and LH uncoupled transmission lines (d) and (e), respectively.
The white area represents the set of coupling coefficients, using which the equal-ripple frequency response with the coupling imbalance dC≤1 dB cannot be
obtained. Assumed resolution of coupling coefficients Dk ¼ 0.001.
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increases the flexibility of couplers’ practical realization. By
analyzing Figs 3(d) and 3(e), one can see that in general the
reduction of tight coupling coefficient k1 requires the exten-
sion of the LH and RH uncoupled transmission-line sections.
Simultaneously, by the slight increase of the weaker coupling
coefficient k2, the initially assumed bandwidth can be pre-
served in contrary to the classic coupled-line couplers, in
which the reduction of tight coupling coefficient results impli-
citly in the bandwidth reduction (Table 1).

To compare the presented approach to the classic two-
section coupled-line directional coupler, for each value of
the coupling imbalance dC ≤ +1.0 dB the set of coupler’s
parameters, ensuring the widest obtainable bandwidth has
been chosen. Such a condition results in the choice of the
maximum coupling coefficient k1 and the minimum electrical
lengths of the LH and RH transmission lines, which corre-
sponds to the upper edge of the shapes presented in Fig. 3
(the corresponding data is listed in Table 1). The comparison
is shown in Figs. 4–6. As seen, despite of the chosen maximum
coupling coefficient, it is still significantly lower than the one
related to the classic two-section coupled-line coupler. The dif-
ference kclassic – k1max varies from 0.035 (0.38 dB) to 0.061
(0.63 dB) depending on the coupling imbalance. Figure 7 pre-
sents the exemplary ideal frequency response with the coupling
imbalance dC ¼+0.3 dB compared to the classic directional
coupler consisting of two quarter-wave-long coupled-line sec-
tions having the same coupling coefficients as in case of the

proposed 3 dB directional coupler. As seen, the proposed
approach allows for the design of a 3 dB coupler featuring
equal-ripple frequency characteristics utilizing significantly
reduced coupling coefficient, what cannot be achieved with
the use of the classic two-section coupled-line directional
coupler. Nevertheless, as a trade-off, the proposed structure
results in slight decrease of the operational bandwidth in com-
parison with the classic solution.

I I I . E X P E R I M E N T A L R E S U L T S

The proposed method has been experimentally verified by the
design and measurements of an exemplary two-section 3 dB
asymmetric directional coupler operating at the center fre-
quency of 1.5 GHz. The chosen dielectric structure is pre-
sented in Fig. 8(a), in which the conditions for ideal
coupled-line section realization are not met, i.e. the capacitive
and inductive coupling coefficients are not equal. To equalize

Table 1. Parameters of the proposed 3 dB directional coupler ensuring
equal-ripple frequency characteristics for different coupling imbalance

Coupling
imbalance (dB)

k1 k2 QCPL

(deg)
QLH

(deg)
QRH

(deg)
Bandwidth

0.1 0.769 0.150 88.3 37.5 39.7 2.7
0.2 0.775 0.181 88.6 36.9 40.4 3.2
0.4 0.784 0.232 89.1 36.1 41.3 4.0
0.6 0.792 0.276 89.5 35.6 41.9 4.6
0.8 0.797 0.313 89.9 35.2 42.3 5.1
1.0 0.803 0.348 90.3 34.9 42.7 5.5

Fig. 4. The coupling coefficients ensuring equal-ripple frequency
characteristics and the maximum bandwidth of the proposed 3 dB
directional coupler versus its coupling imbalance compared to the coupling
coefficients of the classic two-section directional coupler.

Fig. 5. Electrical lengths of particular components ensuring equal-ripple
frequency characteristics and the maximum bandwidth of the proposed 3 dB
directional coupler versus its coupling imbalance.

Fig. 6. The maximum bandwidth of the proposed 3 dB directional coupler
versus its coupling imbalance compared with the bandwidth of the classic
two-section directional coupler having the corresponding coupling imbalance.
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the coupling coefficients, and therefore, to improve directivity
and impedance match of the resulting coupled-line sections, a
method proposed in [19] has been used. In the chosen dielec-
tric structure the maximum coupling level equals kmax ¼ 0.75
(C ¼ 2.5 dB). In order to realize a two-section asymmetric
coupler having the nominal coupling C ¼ 3 dB with coupling
imbalance dC ¼+0.25 dB, based on the analysis presented in
Section II, coupled-line sections having electrical lengths
QCPL ¼ 89.68 and coupling coefficients k1 ¼ kmax ¼ 0.75
and k2 ¼ 0.129 need to be connected using LH and RH trans-
mission lines having electrical lengths QLH ¼ 80.88 and

QRH ¼ 88.88, respectively. The resulting bandwidth equals
BW ¼ 2.9. On the other hand, to obtain the same nominal
coupling and imbalance in a classic configuration [16], the fol-
lowing coupling coefficients are required k1classic ¼ 0.824 and
k2classic ¼ 0.315, whereas the resulting bandwidth equals
BWclassic ¼ 3.7. By comparing coupling coefficients of tightly
coupled sections of both couplers, it is seen that the required
coupling coefficient is reduced in the proposed solution by the
factor of k1/k1classic ¼ 0.91 at the expense of bandwidth reduc-
tion of BW/BWclassic ¼ 0.78.

The LH section has been physically realized with the use of
a two-section T-type LC equivalent circuit. The elements’
values have been calculated according to [20] and are equal
LLH ¼ 7.52 nH and CLH ¼ 3.01 pF. The required inductors
have been realized using high-impedance transmission-line
sections, whereas capacitors have been realized using 2.7 pF
SMD 0402 chip capacitors, what enforced a slight circuit
tuning. Parasitic reactances introduced by the transition
regions between physically realized coupled and uncoupled
lines, have been compensated using lumped capacitances [21].

The designed circuit has been electromagnetically calcu-
lated using AWR Microwave Office software, manufactured
and measured. Photographs of the circuit are presented in
Figs 8(b)–8(d), whereas the simulation and measurement
results are shown in Fig. 9. As it is seen, the developed coupler
features equal power split with imbalance dC ¼+0.4 dB. The
isolation is better than 18 dB and return losses are better than
15 dB over the entire operational bandwidth being equal to
BW ¼ 3.

Furthermore, the tolerance of physical dimensions on the
frequency response has been verified. The entire coupler’s
structure has been electromagnetically analyzed for the

Fig. 7. The exemplary ideal frequency response of the proposed 3 dB
directional coupler with the coupling imbalance dC ¼+0.3 dB (black lines)
compared with the classic directional coupler consisting of two coupled-line
sections having the electrical length equal to 908 and the same coupling
coefficients (gray lines).

Fig. 8. Cross-sectional view of dielectric structure (a) and pictures of the manufactured 3 dB two-section asymmetric directional coupler where tightly and loosely
coupled sections are connected using RH and LH transmission line sections: top side view of assembled coupler (b), view of the top metallization layer (c) and view
of the bottom metallization layer (d).
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widths of coupled lines being deteriorated by +20 mm
(typical tolerance values for PCB manufacturing processes).
The calculated coupling and transmission coefficients are
given in Fig. 10. As it is seen the deterioration of frequency
response resulting from the manufacturing tolerance is
insignificant.

I V . C O N C L U S I O N S

A design technique of two-section asymmetric coupled-line
directional couplers with the reduced coupling coefficient
requirements has been presented together with the theoretical
analysis, design methodology, and experimental verification.
Measurement results are in good agreement with the theoret-
ical ones confirming the correctness and usability of the pro-
posed method. The major advantage of the presented solution
is the possibility of realization of directional couplers having
broadband amplitude characteristics in dielectric structures,

where tight coupling that is required in a classic approach is
not achievable. Another advantage of the presented approach
is that it allows for very flexible parameters’ selection ensuring
an equal-ripple coupling characteristic for the assumed band-
width or maximum available coupling coefficient.
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[3] Gruszczyński, S.; Wincza, K.: Design of broadband asymmetric 3-dB
tapered-line directional couplers, in Proc. 2006 36th European
Microwave Conf., September 2006, 1127–1130.

[4] Lange, J.: Interdigitated stripline quadrature hybrid. IEEE Trans.
Microw. Theory Tech., 17 (12) (1969), 1150–1151.

[5] Cohn, S.: The re-entrant cross section and wide-band 3-dB hybrid
couplers. IEEE Trans. Microw. Theory Tech., 11 (4) (1963),
254–258.

[6] Shelton, J.P. et al.: Tandem couplers and phase shifters for multi-
octave bandwidths. Microwaves, 4 (1965), 14–19.

[7] Wincza, K.; Gruszczynski, S.: Analysis of TEM three-section sym-
metrical directional couplers with tandem-connected center
section. Microw. Opt. Technol. Lett., 55 (11) (2013), 2578–2582.

Fig. 9. Calculated (dotted lines) and measured (solid lines) amplitude characteristics of the designed 3 dB two-section asymmetric directional coupler.

Fig. 10. Deterioration of the frequency response for the designed 3 dB
directional coupler resulting from +20 mm tolerance of the coupled line
width. Results of electromagnetic calculations.

564 jakub sorocki et al.

https://doi.org/10.1017/S1759078715000410 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078715000410


[8] Staszek, K.; Wincza, K.; Gruszczynski, S.: Broadband three-section
symmetrical directional couplers with reduced coupling coefficient
requirements. Microw. Opt. Technol. Lett., 55 (3) (2013), 639–645.

[9] Caloz, C.; Itoh, T.: Transmission line approach of left-handed (LH)
materials and microstrip implementation of an artificial LH trans-
mission line. IEEE Trans. Antennas Propag., 52 (5) (2004), 1159–
1166.

[10] Siso, G.; Gil, M.; Aranda, M.; Bonache, J.; Martin, F.: Miniaturization
of planar microwave devices by means of Complementary Spiral
Resonators (CSRs): design of quadrature phase shifters.
Radioengineering, 18 (2) (2009), 144–148.

[11] Staszek, K.; Gruszczynski, S.; Wincza, K.: Broadband Butler matrices
with the use of high-pass LC sections as left handed transmission
lines. Radioengineering, 23 (1) (2014), 236–243.

[12] Caloz, C.; Sanada, A.; Itoh, T.: A novel composite right-/left-handed
coupled-line directional coupler with arbitrary coupling level and
broad bandwidth. IEEE Trans. Microw. Theory Tech., 52 (3)
(2004), 980–992.

[13] Chun, Y.-H.; Hong, J.-S.; Moon, J.-Y.; Yun, S.-W.: High directivity
directional coupler using metamaterial, in Proc. 2006 36th
European Microwave Conf., September 2006, 329–331.

[14] Chun, Y.-H.; Moon, J.-Y.; Yun, S.-W.; Rhee, J.-K.: Microstrip line
directional couplers with high directivity. Electron. Lett., 40 (5)
(2004), 317–318.

[15] Tayel, M.B.; Alhakami, H.S.: A high directivity-wideband metama-
terial multisection directional coupler, in Proc. 2011 Int. Conf.
Mobile IT Convergence, September 2011, 20–24.

[16] Levy, R.: Tables for asymmetric multi-element
coupled-transmission-line directional couplers. IEEE Trans.
Microw. Theory Tech., 12 (3) (1964), 275–279.

[17] Park, M.-J.; Lee, B.: Compact foldable coupled-line cascade couplers.
IEE Proc. Microw. Antennas Propag., 153 (3) (2006), 237–240.

[18] Mongia, R., Bahl, I.J.; Bhartia, P.: RF and Microwave Coupled-Line
Circuits, chapter 4, Artech House, Norwood, MA, 1999.

[19] Gruszczynski, S.; Wincza, K.: Generalized methods for the design of
quasi-ideal symmetric and asymmetric coupled-line section and dir-
ectional couplers. IEEE Trans. Microw. Theory Tech., 59 (7) (2011),
1709–1718.

[20] Sorocki, J.; Piekarz, I.; Wincza, K.; Gruszczynski, S.: Bandwidth
improvement of rat-race couplers having left-handed transmission-
line sections. Int. J. RF Microw. Comput. – Aided Eng., 24 (3) (2014),
341–347.

[21] Gruszczynski, S.; Wincza, K.; Sachse, K.: Design of compensated
coupled-stripline 3-dB directional couplers, phase shifters, and
magic-T’s; Part II: broadband coupled-line circuits. IEEE Trans.
Microw. Theory Tech., 54 (9) (2006), 3501–3507.

Jakub Sorocki received the M.Sc. degree
in Electronics and Telecommunications
from AGH University of Science and
Technology, Cracow, Poland in 2013
and currently he is working toward
Ph.D. degree. Since 2011 he has been
cooperating with Microwave Technol-
ogy and High Frequency Electronics
research team at Department of Elec-

tronics, AGH UST. His scientific research interests focus on
passive microwave components and left-handed metamater-
ials in microwave range. He has coauthored few journals
and conference papers.

Kamil Staszek received the M.Sc. Tech.
degree in Electronics Engineering from
the AGH University of Science and
Technology, Cracow, Poland, in 2011,
and is currently working toward the
Ph.D. degree in Microwave Engineering
(with a focus on microwave measure-
ment techniques) at the AGH University
of Science and Technology. He has co-

authored 15 scientific papers.

Ilona Piekarz received the M.Sc. degree
in Electronics and Telecommunications
from AGH University of Science and
Technology, Cracow, Poland in 2013
and currently is working toward Ph.D.
degree. Since 2011 she has been cooper-
ating with Microwave Technology and
High Frequency Electronics research
team at Department of Electronics,

AGH UST. In 2013, she received “Diamond Grant” for out-
standing students awarded by the Ministry of Science and
Higher Education for her research on microwave biosensors.
She has coauthored few journals and conference papers.

Krzysztof Wincza received the M.Sc. and
Ph.D. degrees in Electronics and Electrical
Engineering from the Wroclaw Univer-
sity of Technology, Poland, in 2003 and
2007, respectively. In 2007, he joined the
Institute of Telecommunications, Telein-
formatics and Acoustics, Wroclaw Uni-
versity of Technology. In 2009, he joined
the Faculty of Electronics at AGH Univer-

sity of Science and Technology becoming an Assistant Professor.
Dr. Wincza was the recipient of The Youth Award presented at
the 10th National Symposium of Radio Sciences (URSI) and the
Young Scientist Grant awarded by the Foundation for Polish Sci-
ence in 2001 and 2008, respectively. He has coauthored more
than 40 journal and more than 50 conference scientific papers.

Slawomir Gruszczynski received the
M.Sc. and Ph.D. degrees in Electronics
and Electrical Engineering from the
Wroclaw University of Technology,
Poland, in 2001 and 2006, respectively.
Since 2001 to 2006 he has been with
Telecommunications Research Institute,
Wroclaw Division. From 2005 to 2009,
he worked at the Institute of Telecommu-

nications, Teleinformatics and Acoustics, Wroclaw University of
Technology. In 2009, he joined the Faculty of Informatics, Elec-
tronics and Telecommunications at AGH University of Science
and Technology where he became a Head of the Department
of Electronics in 2012. He has coauthored more than 40 journal
and more than 50 conference scientific papers. He is a member of
the IEEE, and a member of Young Scientists’ Academy at Polish
Academy of Sciences (PAN) and Committee of Electronics and
Telecommunications at Polish Academy of Sciences (PAN).

application of rh and lh sections in two-section asymmetric directional couplers 565

https://doi.org/10.1017/S1759078715000410 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078715000410

	Application of RH and LH sections for reduction of coupling coefficients in two-section asymmetric directional couplers
	INTRODUCTION
	THEORETICAL ANALYSIS
	EXPERIMENTAL RESULTS
	CONCLUSIONS
	ACKNOWLEDGEMENTS


