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Design of a Wide-Band Lumped-Element 3-dB
Quadrature Coupler

Yi-Chyun Chiang, Member, IEEE,and Chong-Yi Chen

Abstract—Analysis and design techniques for designing a
lumped-element 3-dB quadrature coupler with wide-band flat
coupling are proposed for microwave integrated-circuit/mono-
lithic-microwave integrated-circuit applications. The proposed
design technique can produce a coupler with flat coupling over
50% fractional bandwidth, which is wider than the conventional
lumped-element design methods. A prototype consisting of a
capacitive coupled high-pass network is designed and fabricated
to verify the design concept. Measurement and simulation results
closely correspond to each other.

Index Terms—Directional coupler, lumped-element circuit.

I. INTRODUCTION

I N THE various microwave circuits, such as balanced
amplifiers, image-rejection mixers, and phase shifters,

quadrature couplers are used to achieve the desired circuit
performance. At frequencies below 10 GHz, the conventional
distributed couplers such as branch line or Lange coupler
consume too much valuable microwave integrated circuit
(MIC) or monolithic microwave integrated circuit (MMIC)
area [1], [2]. Therefore, lumped-element design methods are
used to realize the coupler circuit within a reasonable chip
area in various MIC or MMIC applications [3]–[5]. In the
conventional quadrature design methods, the capacitor con-
nected one-section high-pass networks based on the branch-line
design technique was proposed by Gupta and Getsinger [6].
The dual form of a two-section quadrature coupler constructed
by low-pass networks was designed and analyzed by Vogel [7].
Although the lumped-element quadrature couplers designed
by the previous methods achieve a good isolation and voltage
standing-wave ratio (VSWR), the amplitude balance between
output ports can be maintained only within a narrow fractional
bandwidth. To achieve a flat coupling over a wider bandwidth,
a hybrid of the lumped- and distributed-element method and a
broad-band matching design technique is proposed by Vogel
and Ohta, respectively [7], [8]. This paper will propose a
design method that achieves a wide-band flat coupling by
using pure lumped elements. The proposed design method
directly analyses the three-branch lumped-element quadrature
coupler and then generates the design equations to achieve a
wider band characteristic. The commercial microwave-circuit
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Fig. 1. Circuit presentation of a lumped quadrature coupler.

simulator is used to analyze the frequency properties of the
designed couplers. The simulation results show one of the
designed couplers can achieve a flat coupling of 50% of the
fractional bandwidth. To verify the design concept, a 2.4-GHz
prototype circuit fabricated on FR4 printed circuit board (PCB)
is designed and fabricated. The simulation result shows the
operation bandwidth of the prototype is reduced to only 30%,
when the parasitic effects in the lumped elements are taken into
consideration, which matches the measurement result well.

II. A NALYSIS

Fig. 1 illustrates the circuit presentation of a quadrature
coupler constructed by two pure lumped-element network sec-
tions. The circuit is symmetrical with regard to the -plane
and can be analyzed by the conventional even- and odd-mode
method [1]. Following Vogel’s analysis method [7], the trans-
mission-wave matrix of the even- and odd-mode half-circuits
are first derived and given by

where the elements of the transmission matrix are given by

(1a)

(1b)

(1c)

(1d)
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where represent the admittance introduced by parallel cou-
pling elements excited by the even (“”) and odd (“ ”) modes,
and is equivalent to and is equivalent to ( ),
respectively. To construct a co-directional ( ) quadrature
coupler, the following conditions must be satisfied:

(2)

(3)

Considering the phase relation of and , (3) can be
rewritten as the following equations for even and odd mode,
respectively:

(4)

(5)

Substituting (2) into (1b) yields the following two conditions to
let (1b) satisfy (2):

(6)

(7)

Bringing (4) and (5) into (1a), respectively, the corresponding
are simplified to

(8)

(9)

Obviously (7) satisfies condition (3), however, one can easily
prove (6) also satisfies (3) if condition (6) holds. Equating (4)
and (8) reveals that only can be used to obtain the de-
sired solutions, and is the complex conjugate of . Fol-
lowing the previous design method, one can design the quadra-
ture couplers the same as that proposed in [7]. Here, we will pro-
pose another design approaches. The proposed designed tech-
nique is first to use (9) to realize and, thus, we have
and from (4) and (7). Next, the previous condi-
tion is brought into (5) to yield , which has
to be realized by using (8). Since must be greater than ,
a reasonable solution can only come from . Sub-
stituting into (8), produces and

. Finally, the values of the lumped
elements are determined by , , and

.
Interchanging the values of and and following the

similar design procedure produces another set of equations for
determining lumped-element values, which are ,

, and , respectively. The pro-
posed design technique is applied to realize a quadrature cou-
pler constructed by capacitive coupled three-branch high-pass
networks, as shown in Fig. 2. According to the proposed de-
sign equations, two sets of element values corresponding to
Fig. 2 are obtained by , , and

, and , ,
and , respectively. A conventional microwave
circuit simulator (e.g., SuperCompact) was used to evaluate the
frequency characteristics of the designed couplers. Fig. 3(a) and
(b) shows the frequency properties of couplers constructed by

Fig. 2. 3-dB quadrature coupler consisting of capacitive coupled three-branch
high-pass networks.

(a)

(b)

Fig. 3. (a) Frequency properties of a lumped quadrature coupler consisting
of C =

p
2Y =! , L = Z =

p
2! , andC = Y =2! . (b) Frequency

properties of a lumped quadrature coupler consisting ofC =
p
2Y =! ,L =

Z =(
p
2 + 1)! , andC = Y =2! .

the proposed approaches. They reveal that both designs display
wide-band flat coupling characteristics. In particular, the circuit
of Fig. 3(b) has a very flat coupling over about a 50% fractional
bandwidth, which is wider than that of the circuit of Fig. 3(a)
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and more suitable for wide-band applications. The proposed de-
sign method is also applicable to realize the low-pass dual form
of Fig. 2. The low-pass type coupler is constructed by replacing

, , and of Fig. 2 with , ,
and , respectively. The values of , and are given
by , , and , respectively. The circuit simu-
lator also evaluates the quadrature coupler realized by low-pass
configurations. The simulation results show that the character-
istics of low-pass-type couplers are the same as those for the
high-pass-type coupler shown in Fig. 3.

III. D ESIGN AND MEASUREMENT

A quadrature coupler prototype operated at 2.4 GHz is de-
signed and fabricated to verify the design concept. According
to Fig. 3(b), the optimum operation band of the coupler is be-
tween and . To achieve the widest bandwidth at
the operation frequency ( GHz), a lower frequency lo-
cated at (2.16 GHz) is chosen as the frequency to calcu-
late the value of practical elements. The practical element values
of the quadrature coupler then work out to be pF,

nH, and pF, respectively. The prototype
circuit was made of surface-mounted capacitors and the short
lengths of 100- microstrip lines short circuited at their ends.
To realize the desired inductors, this study utilized a commer-
cial electromagnetic (EM) simulator to analyze various lengths
of the short-circuited 100- microstrip line to obtain the pre-
cise inductances and to minimize parasitic elements. Based on
the model extraction function provided by the EM simulator,
we obtain the parasitic shunt capacitors associated with those
short-circuited microstrip lines for realizing desired inductances
are about 0.4 and 0.2 pF, respectively. To evaluate the char-
acteristics of the prototype circuit, an equivalent circuit of a
surface-mounted capacitor consisting of a capacitor in series
with a small inductor, which is about 0.8nH calculated from the
self-resonant frequency in the manufacture’s data sheet, and the

-parameters of short-circuited microstrip lines generated from
the EM simulator were inputted to the circuit simulator. The per-
formance of the prototype coupler was simulated and it shows
the degradation of amplitude balance of ports 3 and 4 due to the
addition of the lumped-elements’ parasitic effect. The lumped
elements were then slightly adjusted to improve circuit perfor-
mance through the commercial microwave circuit simulator’s
optimization function. Fig. 4 shows the final simulated charac-
teristics of the coupler constructed by practical SMD capaci-
tors and semi-lumped inductors. As shown, the operation band
is about 1.9–2.5 GHz, which corresponds to to , and
the operation bandwidth is reduced to approximately 30%. It in-
dicates that the narrowing of the designed bandwidth is mainly
due to the parasitic effects, which lowers the high end of op-
eration band, while the amplitude of and are almost
equivalent and are less than 4 dB, and the return loss and isola-
tion remain greater than 18 dB. Fig. 5 shows the photograph of
the prototype circuit, which has an overall circuit size of about
10 mm 10 mm. The measured results of the prototype of the
quadrature coupler are obtained by mounting the coupler into
the Arnitsu/Wiltron 3680 MIC test fixture and terminating two
of four output ports with the 50- terminator. The measured

Fig. 4. Simulated frequency characteristics of a 2.4-GHz lumped quadrature
coupler fabricated by SMD capacitors and a shorted-circuit 100-
 microstrip
line.

Fig. 5. Photograph of a 2.4-GHz quadrature coupler prototype circuit
fabricated on an FR4 PCB.

Fig. 6. MeasuredS–parameters of the lumped coupler prototype circuit shown
in Fig. 5.

results are superimposed in Fig. 6. The shown in Fig. 6 rep-
resent the insertion loss of the-parameter measurement termi-
nating at ports 3 and 4 of the coupler. and of Fig. 6 are
obtained by using a measurement method similar to that used
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for measuring . The of Fig. 6 is the average of ob-
tained from three measurement results. Comparing Figs. 4 and
6 reveals a very good agreement between the measurements and
the predictions made by the microwave circuit simulators. The
little discrepancy between modeled and measured results is be-
cause the practical capacitances of the surface mount capacitors
have certain variation from the listed values shown in the data
sheet.

IV. CONCLUSION

This paper has proposed a new design technique for synthe-
sizing a quadrature lumped-element coupler suitable for wide-
band application. The measurement of an experimental proto-
type shows the proposed quadrature hybrid does have a wider
fractional bandwidth than the conventional design technique. In
producing a 2.4-GHz prototype, the maximum inductor and ca-
pacitor values are all less than 3 nH and 2 pF. These inductors
and capacitors are easily constructed by applying conventional
MMIC techniques. The proposed quadrature hybrid should be
able to find applications in future MMICs.
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