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Generalized dual-band branch-line coupler
with arbitrary power division ratios

SEYED-ALI MALAKOOTI', MOHSEN HAYATI >, VERIA FAHIMI' AND BEHNAM AFZALI®

In this paper, a novel design of generalized dual-band quadrature hybrid with arbitrary power division ratios is presented and
investigated. This coupler has a simple structure and can cover a wide range of power division ratios at the two designated
frequencies. Exact closed-form equations are derived based on the even-odd-mode analysis method. The proposed structure
offers some special features, encompassing: (1) a generalized structure of some recently published papers; (2) isolation in ver-
tical and horizontal directions in the two-dimensional structure; (3) the same sign of the output phase difference for the struc-
ture with horizontal isolation and the opposite sign for the structure with vertical isolation; (1) large power division ratios for
both vertical and horizontal isolation conditions; (5) large frequency band ratio for both vertical and horizontal isolation
conditions; (6) capability of the bandwidth improvement by exploiting coupled lines with small coupling coefficient. For dem-
onstration, a microstrip implementation of a 16:1 dual-band coupler working on 2.45/5.8 GHz is developed. Consistency
between simulation and measurement results justifies the proposed design method and its equations.
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. INTRODUCTION

Advancement in wireless communication and microwave
systems requires multiband operating devices as the integral
part. For this purpose, couplers should be redesigned to
operate on two or more arbitrary frequencies. Among all
types of couplers, branch-line couplers are indispensable
passive components owing to their good directivity and 9o°
phase difference between the output ports. Recently, many
studies have focused on designing dual-band branch line cou-
plers. Various methods have been used to meet these require-
ments. T-shaped and I1-shaped dual-band transformers were
employed in [1, 2] in lieu of the quarter wavelength transmis-
sion line. In [3], stepped-impedance-stub lines were used as a
dual-band transformer. Transmission lines added to the input
and output ports to form a dual-band branch-line coupler in
[4]. Using microstrip non-uniform transmission lines instead
of the conventional quarter wavelength lines was one other
method for dual-band implementation in [5]. Different
forms of coupled lines were used in [6-9] to form a dual-band
branch-line coupler. Cross-coupled lines, rectangular patch,
and additional stubs are other methods to design a dual-band
branch-line coupler [10-12]. Among these studies, much
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attention has been paid to the 3-dB output power division.
There are only a few investigations about the unequal
output power division for dual-band branch-line couplers,
which is overly useful in dual-band mixer and antenna
arrays [6, 7, 13-16]. The output power division ratios in
[6, 13] are limited due to the practical limitations of microstrip
lines. For example, in [13], when the power division ratio is
equal at both frequencies and the frequency ratio is 2.8, the
maximum power division ratio (|S,,|-|S;,|) is only 6.4 dB
with line impedances no more than 150 £). In [6], a design
with larger power division ratio was proposed, but it has
very limited bandwidth at the two designated frequencies. In
[7], when the frequency ratio is 2.5 the maximum power
division at output ports (|S;,]/[S,,|) is 9 due to the low-
impedance limitation of microstrip lines. Also, the phase dif-
ference at the output ports have opposite sign at two operating
frequencies and this issue will limit its applications [11, 12].
In this paper, a combination of the two methods of coupled
lines and port extensions are exploited so as to realize a gen-
eralized dual-band branch-line coupler, which is superior to
the peer designs. This circuit can be designed with isolation
in horizontal and vertical directions based on the two-
dimensional (2D) circuit structure. The circuit with vertical
isolation features opposite sign of the output phase difference
at the two frequencies and the power division ratio (|S,,|/]S;,)
as large as 25. The circuit with horizontal isolation features the
same sign of the output phase difference at the two frequencies
and the power division ratio as large as 6.25. In addition to the
feature of large power division ratios, the practical gamut of
frequency band ratios is wide. Since some special cases of
this structure have been reported in previous studies, it can
be regarded as a generalized dual-band branch-line coupler.
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For simplicity, all the admittances in this paper are normalized
with respect to the input port admittance (1/50 Q7).

. DUAL-BAND CIRCUIT
TOPOLOGY AND ANALYSIS

In order to have a dual-band branch-line coupler with arbitrary
power division ratios as well as wide bandwidth, it is necessary
to add some degrees of freedom to the conventional branch-line
coupler. Hence, in the proposed circuit, port extensions and
coupled lines are applied to have more degrees of freedom.
Figure 1 depicts the proposed dual-band branch-line coupler.
It comprises four port extensions, two uncoupled transmission
lines, and two coupled-lines. All the electrical lengths are the
same and all the admittance values are in the normalized
form with respect to the port admittance.

The bisymmetrical structure along the AA’ and BB’ axes
facilitates the use of even-odd decomposition analysis
method, delineated in [17]. These two lines divide the
circuit into quarter circuit sections shown in Fig. 2.

The derivation of scattering parameters method from four
quarter circuits, as presented in [17], is used to obtain the
unknown parameters as follows.

Fee + FEU + FDE + FUU

Sll = S;,_2 = 833 = 844 = (la)
4
Fee - reo Foe - Foo
8 =8,=8,=5,, = T , (1b)
4
Fee - reo - roe l-‘oo
S5 =8, =8,;=35,,= * , (10
4
ree 1—‘eo - 1—‘oe 1—‘oo
S =85 =8, =8, = i . (ad)
4
B
Port 1 | Port 2
I
1, 01 Y1, O
A f— — e I e el e s —r A'

Yes Voo 91

Y, 0,

Port 4 Port 3
|
B’
Fig. 1. The proposed dual-band quadrature hybrid with arbitrary power
division ratios.
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I
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Fig. 2. Four equivalent quarter circuits for the proposed quadrature hybrid.

where I, "o, I'er and T, are the input reflection coefficients
for the even-even-, even-odd-, odd-even-, and odd-
odd-mode equivalent circuits, respectively, as shown in
Fig. 2 and they can be calculated as

1 — Yinab
Lo =—"—

= , fora,b=eoro, (2)
1 +yinab

where

Yab + jy, tan(0,)

) - , fora,b=coro, (3)
Y1+ jYab tan(6,)

Yinab =)

YVee = j(y2 tan(%) + Ve tan(01)), (42)
. 0
Yeo = —f (yz cot(;) —Je tan(91)>’ (4b)
. 6,
Yoe = ]<y2 tan (;) — Yo cot(61)>, (4¢)
. 0
Yoo =~ (y2 cot(;) + Yo cot(el)). (4d)

A) Analysis of the circuit with vertical
isolation

Looking at the 2D circuit structure in Fig. 1, for port isolation
in vertical direction and perfect input-output matching, the
required conditions are S,, =S, =S,;=S,,=oand §,, =
S,, =8;;=3S,,=o. Thus, from (1a) and (1d), the following
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equations are derived based on perfect port isolation and
input-output matching.

Fee + Feo =0, (5)
I'ye + T, =o. (6)

For unequal output power division and 9o° phase differ-
ence between output ports, one can obtain the following equa-
tion from (1b) and (1c¢).

ree - Feo + Foe - Foo _jk(ree - reo - l—‘oe + Foo) =0, (7)
where k = |S,,/S,,| and k” is the power-dividing ratio between
the output ports.

Substituting (2) into (5)-(7), these equations can be simpli-
fied as

Yinee * Yineo = 1, (8)
Yinoe * Yinoo = 1, (9)
k(l _yineeyinoo) _j(yinee _yinoo) = 0. (10)

By solving (8)-(10), simultaneously, ,, y., and y, are obtained as

W1+ kyisin(0,) (11)
7 = k(tan*(6,) + y?)cos*(6,)”

Y (2}/1(«/ 1+ k> cos(6,) + 1) — k(yf - 1) sin(z@l))

Je = k(1 +y2 4+ (yf - 1) cos(zOl)) tan(6,) ’
(12)
V1 (ny1 sec(0,) + 2k~/1 + k> (yf — 1) tan <%>>
Yo = s
ka/1 + k2 (yf + tan2(01)) (1 — tan? (%)) cot(6,)
(13)
where

n = +/1-+ k?sec’ (%) -1+ k2)<1 — tan® (%)) (14)

The 6, electrical length is chosen at the lower frequency
as [12]

m

(15)

0, C+flf)

where f, is the lower frequency band and f, is the upper fre-
quency band.

B) Analysis of the circuit with horizontal
isolation
Also, looking at the 2D circuit structure in Fig. 1, for isolation

in horizontal direction and perfect input-output matching,
the required conditions are S,, =S§,,=S,;,=S5,,=o0 and
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$1.=38,,=38;;=S,, = o. Thus, from (1a) and (1b), the fol-
lowing equations are derived based on the perfect port isola-
tion and input-output matching.

Fee + Foe =0, (16)

Fea + l—‘aa = 0. (17)

For unequal output power division and 9o° phase differ-
ence between output ports, one can obtain the following equa-
tion from (1¢) and (1d).

ree + 1—‘eo - 1—‘oe - 1—‘oo _jk(ree - Feo - Foe + Foo) =0,
(18)

where k = |S,,/S,,| and k” is the power-dividing ratio between
the output ports.

Substituting (2) into (16)-(18), these equations can be sim-
plified as

Yinee * Yinoe = 1, (19)
Yineo * Yinoo = 1, (20)
k(l - yineeyinoo) _j(yinee - yinoo) = 0. (21)

By solving (19)-(21), simultaneously, y,, y., and y, are
obtained as

y2sin(6,)

y2 = k(tanz(GI) —}—yf)cosz(Ol) ’ (22)
N (2)/1 (cos(@l) + 1+ k) — k(yf — 1) sin(zﬂl))
Je = k(l +y: + (yf — 1) cos(z@l)) tan(6,) ’
(23)
Jo = —y. tan*(8y) + 2 ¥2/1+ k* tan(6,) (24)

k(yf + tan2(61)) cos2(6,)

The 6, electrical length is chosen at the lower frequency
as [12]

aw

(25)

6, Cff)

where f, is the lower frequency band and f, is the upper fre-
quency band.

. PRACTICAL LIMITATIONS

In order to implement the proposed coupler, the impedance
values must be within the range of fabrication limitations
for transmission line impedance (20-150 ()) and this issue
confines the operating frequency range and power division
ratios of the proposed circuit. In the proposed circuit, four
parameters (f,, f,, k, y,) are chosen as free variables and by
assigning proper values to them, we can implement a practical
circuit. For convenience, let us define the equivalent
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Fig. 3. Region plot of practical range of f,/f, with different k and y, for the
proposed coupler with vertical isolation condition.

admittance and coupling coefficient of the coupled lines as
(26) and (27), respectively.

Yeq = A/ Ve Vo (26)
C=20 log}ﬂ. (27)
yo _ye

Now, we examine the limitations for the two isolation con-
ditions, separately.
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A) Vertical isolation condition

Figure 3 shows the region plot of practical range of f,/f, with
different k and y, values, whereas the minimum coupling coef-
ficient for coupled lines is 12 dB and y.q, y,, and y, can vary
from 0.34 to 2.5. Under these conditions, it is observed that
the power dividing ratio up to 25 can be attained in a wide
range of frequency ratios from 1.9 to 2.6. One other limitation
that should be taken into account is the bandwidth of the pro-
posed coupler. The bandwidth is mainly restricted by the
amplitude balance and this problem becomes far more
serious at the lower frequency band ratios and lower power
dividing ratios. We can partially overcome this problem by
using the lower value of coupling coefficient, such that the
lower the value of coupling coefficient, the higher the band-
width. Figure 4 shows the calculated value of |S,,| and |S;,|
of the proposed coupler with different coupling coefficient
of the coupled lines. In Fig. 4(a), it is observed that under
the condition of |S,,|-|S;,] = 6 + 1 dB, the bandwidth with
C = 12 dB and uncoupled lines is 100 and 75 MHz, respect-
ively. In Fig. 4(b), it is observed that under the condition of
[S,.1-1S5,] = 12 £+ 1 dB, the bandwidth with C = 12 dB and
uncoupled lines is 120 and 95 MHz, respectively. In
Fig. 4(c), it is observed that under the condition of [S,,|-
|S;,] =6 + 0.3 dB, the bandwidth with C=12dB and
uncoupled lines is 190 and 100 MHz, respectively. In
Fig. 4(d), it is observed that under the condition of |S,,|-
|S;;] =12 + 0.3 dB, the bandwidth with C=12dB and
uncoupled lines is 260 and 180 MHz, respectively. Hence, if
the minimum practical coupling coefficient is selected as

Magnitude (dB)
o

_________ Uncoupled

16 N P ETH FRIPRY WEWTE ETRTE PRTTY rwe/l ORI
1.2 14 16 1.8 2 22 24
Frequency (GHz)
(b)
0
2F I i
—_ -4 Tneoupled E
g -6 i
‘g -10 !
5 s
£ .
1 s
) FoA |
-16 "y : 5 !
b ibi oo BT B i B v Ve
0.5 1 15 2 2.5 3 3.5 4
Frequency (GHz)
(d)

Fig. 4. Calculated [S,,| and |S;,| for different coupling coefficient of coupled lines. (a) f, = 1,f, = 1.8,and k = 2. (b) f, = 1,f, = 1.8,and k= 4. (c) f, = 1, /, = 3.4,

andk=2.(d)f,=1,f,=34,and k=4.
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C = 12 dB, the value of y, can be attained as

_ P4/ + 4k*(4 + cos(26,))?

! 2k(4 + cos(20,)) ’ (28)
where
p =~1+k*(4+ cos(26,)) csc(6,) + 5 cot(6,)
— 3tan(0,). (29)

Figure 5 plots the normalized admittances versus frequency
band ratios with different power-dividing ratios, while the
coupling coefficient for coupled lines is 12 dB.

B) Horizontal isolation condition

Figure 6 shows the region plot of practical range of f,/f, with
different k and y, values, whereas the minimum coupling coef-
ficient for coupled lines is 12 dB and y,g ¥y, and y, can vary
from 0.34 to 2.5. It is observed that the maximum achievable
power dividing ratio for this circuit is 6.25, while the fre-
quency band ratio is from 2.2 to 3.8. The bandwidth limitation
factor for this circuit is exactly the same as the circuit with ver-
tical isolation condition. Thus, if the lower value of coupling
coefficient for coupled lines is selected, wider bandwidth can
be achieved.

By setting C = 12 dB, the value of y, for horizontal isola-
tion condition can be attained as

_ g+ /¢ + k*(85in(26,) + sin(46,))’

k(8 sin(26,) + sin(46,)) ’ (o)

Y1
where

q=~1+k*(2+ 8cos(20,)) + 9 cos(6,) + cos(36,). (31)

Figure 7 plots the normalized admittances versus frequency
band ratios with various power division ratios and C = 12 dB.

Normalized Admittance

Frequency Ratio (f5/f})

Fig. 5. Normalized admittances versus frequency ratio with C = 12 dB and
different power division ratios for the proposed coupler with vertical
isolation condition.
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Fig. 6. Region plot of practical range of f,/f, with different k and y, for the
proposed coupler with horizontal isolation condition.
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Fig. 7. Normalized admittances versus frequency ratio with C =12 dB and
different power division ratios for the proposed coupler with horizontal
isolation condition.

V. SPECIAL CASES

In this section, some interesting special cases of this circuit are
discussed and their equations can be derived from the equa-
tions in this paper.

For special cases, assume that y, = k = 1. Hence, for the
circuit with port isolation in vertical direction, (11)-(14) can
be simplified as

y» = /2sin(8)), (32)
ye = (1 + /2 cos(6,)) cot(6,), (33)
Yo = —+/2sin(6,) + tan(6,). (34)

Also, for the circuit with port isolation in horizontal direction,
(22)-(24) can be simplified as

y, = sin(6,), (35)
Ve = (ﬁ + cos(01)) cot(6,), (36)
¥o = (V2 — cos(6,)) tan(6,). (37)
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Magnitude (dB)
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Fig. 8. Ideal responses for the dual-band circuit with isolation in vertical direction. (a) Scattering parameters. (b) Phase difference between ports 2 and 3.
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Fig. 9. Ideal responses for the dual-band circuit with isolation in horizontal direction. (a) Scattering parameters. (b) Phase difference between ports 4 and 3.

W3

J

Wy

Fig. 10. Layout of the fabricated coupler W, = 2.7, W, = 0.19, W, = 2.1, = 0.4, r = 3.3, L, = 12.06, and L, = 10.4 (all in millimeters).

Based on these simplified equations, the especial cases are
summarized as follows.

Case (1): In the case of vertical isolation, if we choose y, = ,,
we can find from (33) and (34) that 6, = 7/2.81.
This case was presented as a dual-band circuit
without any stubs in [12]. Also, this case was pre-
sented as a branch-line coupler with unequal line
lengths in [18].

Case (2): In the case of horizontal isolation, if we choose y. =
Yo from (36) and (37), 6, = 7/3.19 can be derived.
This case was presented as a dual-band circuit
without any stubs in [12]. Also, this case was

https://doi.org/10.1017/51759078715001087 Published online by Cambridge University Press

presented as a branch-line coupler with unequal
line lengths in [18].

Case (3): The circuit with horizontal isolation was presented
in [9] as a 3-dB dual-band branch-line coupler and
its equations are simplified as (32)-(34).

V. SIMULATION AND
MEASUREMENT RESULTS

In order to verify the proposed method and its equations, two
dual-band circuits have been simulated based on the ideal
components. One of them features port isolation in the verti-
cal direction and the other one in the horizontal direction.
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Fig. 11. Simulated versus measured scattering parameters of the fabricated coupler. (a) Return loss and port isolation. (b) Insertion loss. (c) Output phase

difference.

Ideal frequency responses for these circuits have been illu-
strated in Figs 8 and 9. The initial values for the circuit with
vertical isolation are f, =1, f, =2.7, k=3, and C=12dB
to have the maximum achievable bandwidth. Based on these
initial values, the other parameters are obtained from (11)-
(15), (28), and (29) as y, =1.99, y, = 1.368, y.= 0.443,
¥, =0.738, and 6, = 48.65° at the lower frequency. Also, for
the circuit with horizontal isolation, we have f, = 1, f, = 3.5,
k= 1.5, and C=12dB to have the maximum achievable
bandwidth. Based on these initial values, the other parameters
are obtained from (22)-(25), (30), and (31) as y, = 2.44, y, =
0.653, Y. = 1.296, y,=2.16, and 6, = 40° at the lower
frequency.

A dual-band coupler operating at f, = 2.45 and f, = 5.8
(wireless local area network (WLAN) frequencies) and k = 4
is designed, fabricated, and measured. The normalized

admittances of each line sections are calculated as y, =
1.812, ¥, = 1.5, ¥, = 0.351, y, = 0.585, and 0, = 53.45° at
the lower frequency. The coupling coefficient of coupled
lines is set to 12 dB to have the maximum achievable band-
width. Dielectric substrate (Rogers RO4003C) with thickness
of 0.508 mm, dielectric constant of 3.38, and loss tangent of
0.0021 has been used for fabrication. Figure 10 shows the
layout of the fabricated coupler with all the physical dimen-
sions. The measured and simulated scattering parameters
and output phase difference are shown in Fig. 11 with good
consistency. Measurement of scattering parameters over the
frequency range of 1-7.5 GHz was performed using Agilent
E8361C vector network analyzer and the electromagnetic
(EM) simulation was conducted using Agilent's ADS
Electromagnetic simulator (EM Simulator) software. The
summaries of simulation and experimental results are listed

Table 1. Comparison between simulation and measurement results.

EM Simul.

Meas. EM Simul. Meas.
Frequency (GHz) 2.47 2.48 5.85 5.88
[Si:] & 15,1 (dB) —22/—26 —22/—23 —43/—23 —28/—21
[S,:] & [S5,] (dB) —0.4/—11.8 —0.46/—12 —0.4/—13.1 —0.5/—13.3
£8,,-LS;, (degree) 89.9 90.7 271.9 268

Table 2. Bandwidth (%) of the fabricated dual-band coupler.

1/|S,,| (>15 dB) fi/f, 1/|S,:| (>15 dB) filf,

[8211/185.] (A £ 0.5 dB) fi/f, 2.8, = £.85, (90°/270°) + 5° filf,

EM Simul.
Meas.

20/23.3
18/22.4

51.3/24.4
49/21.2

9/10.3
10/9.8

28.6/28
27.8/18.7
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Tables 1 and 2. Table 3 lists a comprehensive performance
comparison of some recently published designs.

VI. CONCLUSION

In this paper, a novel design of generalized dual-band quadra-
ture hybrid was proposed. The closed-form equations and
circuit topology indicated that under certain circumstances,
some of the recently published papers can be considered as
special cases of the proposed structure. Moreover, the pro-
posed structure provided very large power dividing ratios at
dual frequency bands while retaining large frequency band
ratios. Coupled lines with small coupling coefficient were uti-
lized to obtain higher operating bandwidth at the two desig-
nated frequencies. The microstrip implementation of 16:1,
2.45/5.8 GHz dual-band coupler and good correlation
between simulated and measured results substantiate the pro-
posed method and the equations.
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