IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 60, NO. 4, APRIL 2012 945

A Dual-Band Coupled-Line Coupler With
an Arbitrary Coupling Coefficient

Xi Wang, Wen-Yan Yin, Senior Member, IEEE, and Ke-Li Wu, Fellow, IEEE

Abstract—A novel dual-band coupled-line coupler with an ar-
bitrary coupling coefficient is proposed and investigated in this
paper. The coupler has a simple structure and can realize a wide
range of the same coupling coefficient over two designated frequen-
cies. The mathematical design formula is also developed, which not
only provides a straightforward design procedure, but also reveals
the attractive features of the proposed coupler, including: 1) the
same coupling coefficient in the dual frequency bands; 2) the sole
dependence of a coupling coefficient on the ratio of the impedances
of even and odd modes; and 3) a large range of the ratio of the dual
frequencies. Two prototypes of the proposed couplers, one oper-
ating at 2.4/5.8 GHz with a —10-dB coupling coefficient and the
other working at 0.9/1.8 GHz with a —15-dB coupling coefficient,
have been designed, fabricated, and measured. The measured re-
sults demonstrate that the bandwidths for the 2.4- and 5.8-GHz
bands are 22% and 19.8%, respectively, and that for the 0.9- and
1.8-GHz bands are 28.4% and 15.8%, respectively. Good correla-
tion between the measured results and those of the theoretically de-
signed justifies the proposed coupler circuit and the design theory.

Index Terms—Arbitrary coupling coefficient, coupled-line cou-
pler, dual band.

I. INTRODUCTION

ITH THE increasing demands on coexistence of mul-
W tiple wireless communication systems in one outdoor
unit, such as global system for mobile communications (GSM),
Universal Mobile Telecommunications System (UMTS), and
future long-term evolution (LTE) systems, more and more dual-
band or even multiple-band RF and microwave subsystems are
required for sharing the resources, reducing system complicity,
and cutting down the cost as much as possible. To this end,
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much research has been devoted to various dual-band RF pas-
sive components, such as dual-band antennas [1], [2], filters [3],
[4], power dividers [5], [6], and branch-line couplers [7]-[14].

Regarding dual-band couplers, a lot of attention has been
paid to a dual-band branch-line coupler, which can be used in
balanced amplifiers, mixers, phase shifters, and antenna arrays.
For example, a branch-line dual-band coupler using left-handed
transmission lines was proposed in 2003 [7]. In [8], additional
open- or short-circuit stubs tapped to the end of each branch line
were introduced for designing a dual-band branch-line coupler
with simple and analytical design equations. A stub tapped to the
center of each branch line [9], [10] can also realize a dual-band
coupler. Cross branches, which can provide additional freedom,
were utilized to design dual-band couplers in [11]. In [12], a
novel 3-dB dual-band branch-line coupler was introduced with
a simple port extension.

All of the above-mentioned research was based on branch-
line couplers or rat-race couplers with a —3-dB coupling coef-
ficient. In practice, different coupling coefficients are required
for different system requirements. For example, a small amount
of signal needs to be coupled to a monitoring circuit at an an-
tenna feeding port. In this direction, a dual-band branch-line
coupler and a rat-race coupler with arbitrary couplings were
proposed [13] with limited coupling coefficients due to a lim-
ited realizable high-impedance value. For example, the charac-
teristic impedance of the shunt branch lines needs to be 500 €2
to realize a —20-dB coupling coefficient. To decrease the cou-
pling, [14] used a coupled line instead of a transmission line in a
branch-line coupler. In this study, the bandwidths of the sample
coupler are only 8.1% and 1.91% at the two designated frequen-
cies, respectively. Most recently, a 3-dB dual-band coupled-line
coupler has been proposed in [15], which is relatively compact
and requires a relatively smaller footprint to implement as com-
pared to a branch-line coupler.

In this paper, a dual-band coupled-line coupler with an ar-
bitrary coupling coefficient and a large range of frequency ra-
tios is proposed. The coupler configuration consists of three
pairs of coupled lines with the same coupling coefficient in
the dual frequencies. It has a wider bandwidth than that of a
branch-line coupler and a greater flexibility in controlling the
coupling coefficient. The proposed coupler can be easily real-
ized by a double-sided printed circuit board (PCB). One of the
attractive attributes that is worthwhile to mention is, similar to
a conventional coupled-line coupler, a different coupling coeffi-
cient can be realized by controlling the ratio of the impedances
of even and odd modes of the coupled lines. Additionally, the
phase difference between the two output ports almost remains a
constant 90° in a very wideband range.
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Fig. 1. Schematic diagram of a symmetrical coupler network.

This paper is organized as follows. In Section I, the matching
and isolation conditions of a symmetrical four-port network is
analyzed first, which is the foundation for designing a coupled-
line coupler. The configuration of the proposed dual-band cou-
pler and its design theory are then introduced, followed by the
discussion on the achievable frequency ratios based on a realiz-
able impedance of the coupled line using an ordinary PCB fab-
rication process. Section III shows the simulated and measured
results of two prototypes of the proposed dual-band coupler with
different coupling coefficients and different frequency ratios, of
which one operates at 2.4/5.8 GHz with —10-dB coupling co-
efficient, and the other operates at 0.9/1.8 GHz with —15-dB
coupling coefficient. The measured results agree well with the
simulated ones.

II. THEORY

A. Matching and Isolation Conditions

For a general coupled-line coupler, as shown in Fig. 1, the
S-parameters can be expressed in terms of its corresponding
even- and odd-mode half-circuits by

1
S = 5(5116 + S110) =0 (1a)
1 .
So1 = 5(5215 + So1,) = —jV1 - C? (1b)
1
S31 = 5(5116 - S11,) =C (le)
1
Sy = 5(5215 —521,) =0 (1d)
where
Ae—i-%—ce'Z()—De
Si1. = BU (2a)
Ac+="+C.-Zy+ D.
Zy
2
5216 - B (Zb)
Ae+_€+ce'ZO+De
Zy
AO+%_CO.ZO_DO
5110 - BO (20)
Ao+_0+Co'ZO+Do
Zo
2
S0 = —5 (2d)
Ao+—o+Oo'ZO+Do
Zy

and C'is the coupling of the coupler, As, Bs, C's, and Ds, where
s = e and o are the elements of [4, B, C, D] matrices of even-
and odd-mode half-circuits, respectively.
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Fig. 2. Schematic diagram of the proposed dual-band coupler.

For areciprocal and lossless two-port network, A. , and D, ,
are pure real, and B, , and C, , are pure imaginary. Clearly, (1d)
leads to

AF +De:Aa+Do (33.)
B
240 Zy==24+0C,-Z 3b
Zo + 0 Zg Zo + 0 (3b)
To satisfy (1a), one can find that
B, B
- _C.-Z 2 _C,-Zy) =0. 4
70 o+ (Zo 0) 4)
Equations (3b) and (4) can be rewritten as
B.
—t =0, 7 5
2 0 (52)
B
=2 =0, - Z,. 5b
7 .+ 2o (5b)

Equations (3a) and (5) are the simultaneous matching and
isolation conditions of a symmetric four-port coupler network.

B. Proposed Coupler Circuit and Its Design Formula

The schematic diagram of the proposed dual-band coupled-
line coupler is shown in Fig. 2 with port terminated by the
impedance of Zy. The coupler consists of three pairs of cou-
pled lines with the same electrical length #. The coupled lines
on the two sides are assumed to be identical. The corresponding
even- and odd-mode half-circuits of the coupler are presented
in Fig. 3 in terms of even- and odd-mode characteristic imped-
ances Zoe1, Zool, 4pe2, and Zy,2 of coupled line Sections I and
I1, respectively. The elements of [A, 3, C, D] matrices for even-
and odd-mode half-circuits can be found as

ZOEQSiHQH
A. =D, =cosf — — 6
) F T8 Zge1c080 (6a)
Be :jZ()eQ sin @ (6b)
2sinf  sinf . Zy.asin® b
C. = . _ ;20e 6
T 0 7 Z2, cos? b (6c)
Z()OQ Sil’l2 0
A, =D, =cosl — ——— 7
o8 Z(]ol cost ( a)
B, =7Zps2sin 8 (7b)
2sinf  sinf  Zpyasin®é
o =] 7 = J 2 .20 (7C)
2001 Zooz " Z,q cos®l
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Fig. 3. Even- and odd-mode half-circuits. (a) Even mode. (b) Odd mode.

As expected, A, , and D, , are pure real, and B, , and C. ,
are pure imaginary. From the matching and isolation conditions
(3a) and (5), the following equations can be obtained:

Z 7
Qel — 0ol —k (8)
Zoe2  Zoo2
Zoe2Zoo2 2 tan? @
Iz R e ©

Since the dependence of # in (9) is governed by function
tan? @, for any values of Zye1, Zuo1, Zoe2, Loo2, and Zy, there
are two solutions for variable § in each 7 cycle. If §; and §- are
the first two solutions of (9) and f; and f> are the corresponding
frequencies. For a quasi-dispersion-free coupled line, there are

=7 —0 (10a)
fr_bs
o0 (100
or
™
61 1+é. (10¢)
h

Obviously, two conclusions can be drawn at this point, which
are: 1) for a given set of values of Zy.1, Zoo1, Zoe2, Zoo2, and
Zy, the two operating frequencies f; and f> are uniquely deter-
mined and 2) at the arithmetic average frequency of f; and f5,
the electrical length ¢ equals to /2. These two conclusions set
the basic design rule of how to control the dual frequencies of
the proposed coupler.

Furthermore, with the help of (3a) and (5), parameters of So;
and 537 of the coupler can be expressed as

2
So1 = — :
2 cosd Zpe2 sin” 0 iy (Zoez + Zpoz) sin
k Zpe1 cos / Zo
(11)
(Zoez — Zoo2)sin
! Z
S31 = 0
31 = — .
9 (cos — Zoez sin” 6 4 (Zoeo + Zooz) sin 0
o Ze1 cos J Zo

(12)

It can be proven that if

ZoeaZoo2 = i (13)
0e24Q02 — SinQ P
then (9) becomes
k = tan®#4. (14)
By defining a new parameter C” such that
Zoe Z
02 4 Oel _ 4
o — Zoo2 _ Zoo1 (15)
ZUeZ +1 Z()el +1
Zpo2 Zoo1

for where the matching and isolation condition (8) has been em-
ployed, So1 and Ss; of the proposed dual-band coupler are re-
duced to

So1 = —jV1-C"
5131 = Cl.

(16a)
(16b)

Equation (16) justifies that parameter C’ is the coupling co-
efficient of the coupler. In other words, the proposed dual-band
coupled-line coupler satisfies the same electric properties at its
dual operating frequencies as those of the conventional single-
band coupled-line coupler. Having revealed by (16), the param-
eter C’ represents the coupling of the proposed coupler and is
determined by the ratio Zy./Zg, only. The larger the ratio is,
the larger coupling coefficient can be achieved.

The design procedure of the coupler can be summarized as
follows.

1) For given two designated frequencies, using (10) to deter-

mine #, sin # and tan #, where § = 1 or 6.
2) For a required coupling coefficient C’, Zg.2 and Z,o can
be obtained using (13) and (15), or more specifically

1+

7 -
P Vi~
Qe2 — — . _ o

17
sin # (172)
[1-C"
Zo Ty o
Zypr = ————. (17b)
sin 6

3) Zpe1 and Zy,q are determined by (8) and (14).
For a practical application, the required coupled transmission
lines must be realizable. An equivalent characteristic impedance
of a pair of edge-coupled microstrip coupled lines that is approx-
imately equal to the characteristic impedance of the half-circuit
of the even or odd mode of the coupled line when the coupling
is very weak can be defined by

Zoq =V Zoe * Zoo. (18)

It can be seen from (17) and (18) that Z.,; and Z..2, the
equivalent characteristic impedances for coupled line Sections |
and II, respectively, are a constant if the dual operating frequen-
cies are given. Since Z.q1 and Z.,2 are only the functions of
6, if the termination Z; is given, the limitation of a realizable
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Fig. 4. Normalized equivalent characteristic impedances of coupled-line sec-
tions 1 and 2 versus frequency ratio.

Coupling Coefficient (dB)

Fig. 5. Coupling coefficient of the proposed coupler versus the ratio of
Zoul Za,.

coupled line mainly depends on the separation of the dual fre-
quencies. Fig. 4 shows the normalized equivalent characteristic
impedances of Z.q1 and Z.y2 to Zy versus frequency ratio of
the dual frequencies. It can be observed that equivalent charac-
teristic impedances of Z.q1 and Z.42 can be easily realized in a
wide range of frequency ratios.

Fig. 5 shows the coupling coefficient versus the impedance
ratio of Zy./Zy,. Theoretically speaking, to realize a —3-dB
coupler, the ratio needs to be 5.83, which is not easy to achieve
by a double-sided PCB board. Some auxiliary approaches can
be applied to increase the coupling of a coupled line, e.g., a pair
of coupled line with an aperture opened on the ground plane was
proposed to achieve a large ratio of Zy,. /Zo, by a double-sided
PCB [16]. Therefore, the proposed coupled-line coupler can re-
alize an arbitrary coupling coefficient using a double-sided PCB
board.

III. DESIGN EXAMPLES

Unlike a branch-line coupler, the phase difference of a cou-
pled-line coupler remains constant in and out of the operating
frequency band. This property is retained in the proposed dual-
band coupled-line coupler. Fig. 6 shows the theoretic responses
of ideal proposed dual-band coupled-line couplers with cou-
pling coefficients of —3, —10, and —20 dB at dual operating
frequencies of 1 and 3 GHz. The electrical parameters of the
circuit model can be found by using (10), (17), and (18) with
Zo set to 50 Q. The 1-dB ripple is set in defining the band-
width. For the —3-dB coupler design, the designed parameters
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Fig. 6. Frequency response and phase difference of ideal circuits of the

proposed dual-band coupled-line coupler (operating at 1 and 3 GHz) for a:
(a) —3-dB coupler, (b) —10-dB coupler, and (¢) —20-dB coupler.
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Fig. 7. Typical layout of the proposed dual-band coupler.

TABLE 1
DIMENSIONS OF THE TWO PROTOTYPE COUPLERS (UNIT: MILLIMETERS)
Coupler L1 L2 | W1 | wW2] Gl | G2
0.9/1.8GHz | 445 | 375 03 4 0.8 1
24/58GHz | 1325 12 | 0.75]13.26 | 0.52 ] 0.36

are ZOEl = ZOEQ = 185.9 2 and ZOol = ZOOQ = 26.9 SZ,
for the —10-dB coupler design, Zp.1 = Zpe2 = 100.2 ) and
Zool = Zoe2 = 49.9 ; and for the —20-dB coupler design,
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(b) Magnitude of $21 and $31. (c) Phase difference between the two output
ports. (d) Photograph of the prototype coupler on a double-sided PCB board. (@

Zoer = Zoes = T8.7Q and Zoo1 = Zooz = 63.6 €. Obvi- Fig. 9. EM simulated, schematic circuit, and measured results of the —10-dB
el h he diff b ¥ h ¢ . coupler operating at 2.4/5.8 GHz. (a) Magnitude of S11 and S41. (b) Mag-
ously, the phase ditference between the two output ports remains — pieude of $21 and S31. (c) Phase difference between the two output ports.

nearly constant in a wideband range. The fractional bandwidths  (d) Photograph of the prototype coupler.
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can be calculated under the conditions that |S3;| = A +0.5 dB,
|511| S —15 dB, |S41| S —15 dB, and 1551 - 1821 = 90:|:10,
where A is the designated coupling coefficient. For the —3-dB
coupler, the fractional bandwidths are about 54% and 18% at
the two designated frequencies, respectively. For the —10-dB
coupler, the fractional bandwidths are about 41% and 13.7%, re-
spectively. For the —20-dB coupler, the fractional bandwidths
are about 39% and 13%, respectively. It can be observed that
the fractional bandwidths can be as wide as more than 13% at
the second operating frequency even with a small coupling co-
efficient.

For verification purposes, two prototype couplers were de-
signed, fabricated using a double-sided Duroid substrate with
dielectric constant of 2.33 and thickness of 1.575 mm, and tested
with Agilent ES071A. A representative layout of the prototype
couplers is illustrated in Fig. 7. The first prototype was designed
for the coupling coefficient of —15 dB. The two operating fre-
quencies are 0.9 and 1.8 GHz. The second prototype isa —10-dB
coupler operating at 2.4 and 5.8 GHz. The dimensions of the two
prototype couplers are given in Table I. All the EM simulations
were done by IE3D [17].

Fig. 8 shows the frequency responses of the —15-dB proto-
type coupler operating at 0.9/1.8 GHz. Due to the poor manufac-
turing quality of the in-house prototyping facility, the measured
operating frequencies slightly shift to about 0.95/1.9 GHz and
the coupling coefficient is a little bit larger than the designed
value. The bandwidths at the two operating frequencies, in ac-
cordance with that |S11] < —15dB, |S41| € =15 dB, |S31| =
—14.5£0.5 dB, and —15 £ 0.5 dB at the lower and higher op-
erating frequencies, respectively, and Z.S37 — £S2; = 90 £ 5°
are 28.4% and 15.8%, respectively. As seen from Fig. 8(c), the
phase difference between the two output ports remains almost
constant in a wide frequency range.

Similar performance for the —10-dB prototype coupler oper-
ating at 2.4 and 5.8 GHz is shown in Fig. 9. The bandwidths at
the two operating frequencies with respect to |S11| < —15 dB,
|S41| S —15 dB, |S31| S —-9.5+£0.5 dB, and 4531 — ZSQl =
90 + 5°, 22%, and 19.8%, respectively.

It should be mentioned that the EM simulated responses
do not perfectly match to those of the ideal schematic circuit
models at the higher frequency band due to the unequal even-
and odd-mode velocities in microstrip coupled lines and dis-
persion effect of the T-junction discontinuous. A better way to
reduce this effect is to use TEM transmission lines.

IV. CONCLUSION

In this paper, a novel planar dual-band coupled-line coupler
has been proposed. The coupler can provide an arbitrary cou-
pling coefficient at dual frequency bands with wider bandwidths
as compared to its branch-line coupler counterpart. The coupler
configuration is simple and only consists of three pairs of A/4
coupled lines at the middle frequency of the two designated dual
operating frequencies. The mathematical design formula is de-
veloped, which provides a straightforward analytic design pro-
cedure. Two prototype dual-band couplers with different cou-
pling coefficients and frequency ratios have been designed by

following the proposed design procedure and using a commer-
cial EM simulator, fabricated and measured. Good correlation
between the measured results and those of the designed verifies
the circuit principle and the theoretic design formula.
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