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Abstract

In this paper, a new idea of reconfigurable 3/6 dB branch line coupler is pro-
posed. The proposed coupler is tuned through a simple open and short circuit at
the coupler’s branches’ edges. At the short edges case, a 3 dB branch line
coupler is obtained. In this case, the coupler’s branches are considered as mi-
crostrip transmission lines with 0.3 mm slot width which is etched in each
coupler’s branch. At the open edges case, the coupler’s branches are consi-
dered as asymmetric coupled microstrip lines. In this case, a 6 dB branch line
coupler is obtained. Both CST and IE3D simulators are used to optimize the
reconfigurable 3/6 dB branch line coupler dimensions. As a prototypes, two
BLCs are designed, analyzed and tested at the “on” and “off” states at 2.5 GHz.
The measured S-parameters confirm the proposed concept of the reconfigur-
able 3/6 dB branch line coupler.

Keywords

Branch Line Coupler, Microstrip Lines, Asymmetric Coupled Microstrip
Lines, 3/6 dB Coupler

1. Introduction

Branch line couplers, parallel coupled-line couplers, and rat-race hybrids are
very important passive components in many wireless communication and mi-
crowave systems. There are lots of applications of 90° hybrid and 180° hybrid
branch-line tight couplers such as —3 dB or —6 dB coupler in modern microwave
and millimeter wave communication systems. It is used widely [1] [2] in adap-
tive antenna arrays, balanced amplifiers, phase shifters, data modulators, ba-
lanced mixers, etc. To develop the 3-dB parallel coupled-line coupler, long coupled

lines and tight coupling are often required. In particular, to result in tight coupl-
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ing, the Lange coupler [3] [4] [5], and tandem type [6] [7] [8] [9] have been uti-
lized. However, complicated multilayered circuitry is necessary due to these
coupled structures’ narrow line widths and narrow gaps between coupled lines.
Further, to design the coupling between 3.0 and 6.0 dB, a crossover connection
between the output arms may be needed for the planar rat-race hybrid [10].
Fortunately, the branch line coupler can easily achieve the tight coupling using
planar structures. The conventional branch-line coupler employs four quarter
wavelength (1/4) transmission lines. Generally good performance and 90°
phase shift between the coupled port and the through port are obtained in the
narrow within the vicinity of center frequency. The branch line coupler can be
realized using planar transmission line, artificial transmission line [11] and no-
nuniform trans-mission line [12], but both of the artificial and nonuniform
transmission lines are difficult in fabrications. A branch line coupler using the
lumped-element with asymmetrical E-equivalent sections was described at [13]
for bandwidth enhancement, but the lumped element S-parameters was varied at
higher frequency. A compact 3 dB branch-line coupler using substrate integrated
suspended line (SISL) technology was proposed in [14], but it had a lot of com-
plexity due to multilayer fabrication process. In [15], a miniaturization of the
conventional branch line coupler was done by adding open stub to the series and
parallel transmission line of the conventional 3 dB coupler. Although such de-
sign gives a better performance, it suffers from the decrease in the operating
bandwidth. The same idea was used with replacing the traditional A/4 lines with
multi-T-shaped lines [16], but multi-T shaped lines affected the phase difference
between the two output ports. Another method without lumped components or
DGS structure is applied to realize the miniaturization of branch-line coupler.
Firstly, a novel center-symmetrical spiral-interdigital resonator (CSSIR) was
presented, then a miniaturized branch-line coupler, which was with the CSSIR
unit cells embedded into the branch and parallel lines, was designed [17]. The
overall operating bandwidth is small due to spiral interdigital resonators. A
branch line coupler with a wide passband, utilizing multi sectional idea is given
in [18]. The overall size of such coupler is very large and can be nearly mini-
mized using the defected ground structure under the vertical branches. In this
article, a new idea of reconfigurable 3/6 dB branch line coupler is proposed,
where it uses only a simple open and short circuit at branch line coupler edges to

develop 3 dB or 6 dB branch line coupler.

2. Analytical Analysis and Design of Branch Line Coupler

In the branch line coupler presented in Figure 1, the characteristic impedances
of the through and branch lines are Z,, Z, and their lengths are 4, and 6,
respectively. This type of construction enables one to deal with four variables,
two characteristic impedances and two lengths. The analysis of the branch-line
coupler leads to three design equations with which a hybrid with any power di-
vision ratio can be designed readily. Suppose that Port 1 and 4 are excited by two

signals of amplitude 1/2 and in phase, by symmetry a voltage maximum occurs
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Z,

Figure 1. Unequal line-length branch-line coupler.

at every point on the line of symmetry. This is the equivalent of an open circuit.
Similarly, if two signals are of amplitude 1/2 and out of phase, a voltage mini-
mum occurs at every point on the line of symmetry. This is the equivalent of a
short circuit. By superposition, the sum of the two cases is a single signal of unit
amplitude in Port 1. The resultant signals out of the four ports are also the su-
perposition of the results obtained in the even mode and odd mode case. In each

case, the problem reduces to that of a two port network.

2.1. Even and Odd Mode Analysis

For the even mode Figure 2, a reflection coefficient I', and a transmission

coefficient T, are determined. Similarly, for the odd mode Figure 3, I'j and
T, are also determined [1]. By superposition the vector amplitudes of the sig-

nals emerging from the four ports are:

R =0.5(1“e +Fo). (1.a)
+1/2 N . +1/2 N
— @ 1 1/V2 1 2 — 1 132 1
R o
1 1 %1 <T) 11 !1 Te}
___________ Y :> € N 4 —
+1/2 , +1/2 1]~
_> S,
4 1 N2 1 3<4 1 142 E
Line of symmetry = Open-circuited stubs =
1=0 (2 separate 2-ports)
V =max

Figure 2. Decomposition of branch line coupler into even-mode excitation.

+ "
12 o 1w 1 @ o - 162 1
) I (N oL LTy
——————————— s s T
-1/2 -1/2 -E] :11
41 2 1 (3%1 712 }
Line of antisymmetry - Open- circuited stubs =
IV= 0 (2 separate 2-ports)
=max

Figure 3. Decomposition of branch line coupler into odd-mode excitation.
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P, =05(T,+T,). (1.b)
P, =05(T,-T,). (1.0)
P, =05(T, -T,). (1.d)

For even mode, the ABCD parameters could be written as Equation (2) and
ABCD parameters are given by Equation (3).

: 0 cos(6) jz,sin(6,) ! 0

A B} : (sz . (6,
=| jtan| 2 jsin(&,) Jtan[j @
{C D], 2) 4 — cos(6,) 2) 4

Z, ! Z,
Z, . 0,
A =D, =cos(6,)-=1sin(6,)tan| = |. (3.2)
Z, 2
B, = jZ,sin(4,). (3.b)

2
) P 1 Z tan[gzz)
C, =(j22—cos(91)tan[?2)j+ jsin(6)=—|1-| ———=| | (.9

2 Zl ZZ

For odd mode, the ABCD parameters could be written as Equation (4) and the
ABCD parameters are given by Equation (5).

A B i cos(6,) jz;sin(6,) 0
=| ——— 1| jsin(8,) — 1] @
C D} (0 —2, cos( (0
° | jtan (ZZJZZ z, (4) Jtan(zjzZ
Z,sin(6,
A, =D, =cos(6,)+————~ (91) . (5.a)
Z, tan(zj
2
B, = jZ,sin(4,). (5.b)
2
cos( 6,
C, = —j2—(g +jsin(91)zi 1- L@ (5.0)
Z, tan [Zj ! Z, tan (2]
2 2
Using ABCD to S-parameters transformation [1], and the fact that
AD-BC =1 and A=D.
B/Zz -CZ
S, =T =ﬁ_ (6.2)
2A+B/Z,+CZ,
2
S, = (6.b)

T 2A+B/Z,+CZ,

Matching condition could be met at S; =0 which gives B, =B, and
C, =C, . Using Equation (3.c), Equation (5.c) and
tan[g]: sin(0) :1—005(9)
2) 1+cos(@) sin(6)

simplified.

. The following equation could be written and

10
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2
1 o 1| A [szj
{jZZ—cos(Hl)tan(?zDJr jsin(6,)=—|1-| ———=

2 Zl ZZ

= _JZL(GZ) +jsin(91)zi 1— L&
Z, tan (Zj ! Z, tan (zj
2 2
_Z tan(6,) )
Z,tan(6,)

Second matching condition states that B, =C,Z,?, using Equation (3.b) and

(c), the following equations could be written and simplified as:

9 2
%
ZO2 02 11 ZOZ than(zj
jZ;sin(6,)=| j2—= - cos (6, )tan > +jsin(6,)=|1-| ———=| |.

2 Zl ZZ

2T ®

Transmission from Port 1 to Port 2 and from Port 1 to Port 3 could be written
using vector representation given by Equation (1) as:

S, =0.5(T, —TO). (9.2)

S, = O.S(Te +T, ) (9.b)

Using Equation (6.b) and Equation (9), the following equations could be writ-
ten and simplified to find the ratio of signals travelling through Ports 2 and 3
which could be formed as S, /S,;.

Sy _ A)+Be/Zo+CeZO+Ae.

%%
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- (10)
S31 A;_'%
Equation (10) could be evaluated as:
A)—Ae—ﬁsin(e) ;than[&j —255“1(91)
- Z, ' tan(ezj 2)| "z,sin(6,)
2
Z
A +A =2cos(6,)+=1sin( tan( j
zZ, (9
tan| =
2
VA sin(6,)
=2c0s(6;)+2-2(cos (6, ))———=-
cos(6, )+ Z (cos( 2))sin(¢92)
B./Z,+C,Z,=2B,/Z, —j sm(@l)
L7,
—== == o,). 11
Sa Jzosm( 2) v
11



T. G. Abouelnaga, A. S. Mohra

Defining the power division ratio k® between the output ports as (power
output through Port 2 P,) = k® (power input to Port 1 P,), where 0 < k<1,
one can write from the conservation of power assuming no reflection from Port

1 and fully isolation at Port 4 and lossless system.

Pi=FR,+Rs. (12)
[Sal _ K
= (13)
|331|2 1-k?

Using Equation (11) and Equation (13) the following equation could be writ-

ten as:
kz,

V1-k?

This relationship governs the power division between the output ports of the

=7,sin(6,). (14)

coupler. Figure 4 shows the design and analysis steps for a branch line coupler

with any lengths, impedances and division ratios.

2.2. Conventional 3 dB Branch Line Coupler

The three design Equations (7) (8) and (14) could be used for the design of 3 aB
branch line coupler. For the 3 dB branch line coupler, k :1/ V2, L= =2
and other parameters could be foundas Z, =7, and Z, =27, / V2.

2.3. Conventional 6 dB Branch Line Coupler

The conventional 6 dB branch line coupler could be designed using the three de-
sign Equations (7) (8) and (14). For the 6 dB, k=1/2, |, =1, =4/4 and other
values could be found as Z, / V3=2, and Z,= Z,/2. Table 1 shows different
parameters values for 3 dB, 6 dB, 9 dB and 10 dB BLCs. Based on previous equa-
tions, a Matlab code has been built to calculate the S-parameters for different
BLCs. Figures 5-8 show the analytical calculated S-parameters for the for 3 dB, 6
dB, 9 dB and 10 dB BLCs, respectively. One can notice that an all BLCs resonate
at 2.5 GHz but with different division ratios according to Table 1.

KZo
Vi-k?

=2Z,sin(6,)

1 1 1

2 2 = 2
Zo 1 Z,

_Ztan(4)
"~ Z,tan(6,)

= —

Figure 4. Branch line coupler design and analysis flowchart.
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Table 1. Different parameter values for different division ratio BLC.

BLC K Z, zZ, I, l,
-3dB 12 z,/\2 z, A4 A4
-6 dB 12 z,/2 z,/\3 24 2[4
-9dB 1242 z,/2\2 z,/\7 A4 A4
-10dB 1/410 z,/10 z,/3 A4 A4

0
T ”‘FF,,-,_—« """" Si 1
5= SN I So1]
R R D S
10 S31 1
\ / i
-15

dB
Ny
=]
= —/
Sy

2 2.5 3 3.5
Frequency (GHz)

Figure 5. Conventional 3 dB BLC analytical S-parameters.

2 2.5 3 3.5
Frequency (GHz)

Figure 6. Conventional 6 dB BLC analytical S-parameters.
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""""" Si
""""""" Sy :
"""""""""" Sa; |
Su
-25
-30
-35
-40
2 2.5 3 3.5

Frequency (GHz)

Figure 7. Conventional 9 dB BLC analytical S-parameters.

2.5 3 35
Frequency (GHz)

Figure 8. Conventional 10 dB BLC analytical S-parameters.

2.4. Proposed Reconfigurable 3/6 dBBLC

The proposed branch-line coupler BLC is composed of four quarter-wavelength
transmission-line sections with variable impedances at a designated frequency.
Each transmission line consists of two adjacent transmission lines which could

be connected or separated at it’s edges as shown in Figure 9. Since BLC,

14
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23.22 mm 5mm

2.39 mm

22.36 mm

2.95 mm
0.66 mm
(a)
23.22 mm 5mm
2.39 mm
0.3 mm
Short Strip
0.3 mm
22.36 mm

2.95 mm

0.66 mm
(b)

Figure 9. (a) Proposed reconfigurable 3 dB branch line coupler; (b) Proposed recon-
figurable 3/6 dB branch line coupler.

characteristics including resonant frequency and the power division ratio 4k are
determined mostly by its transmission-line length and impedance, varying its
geometry mechanically provides an intuitive method to reconfigure its resonant
and division ratio. By using photolithography technique, planar BLC in the form
of conductive traces can be fabricated. An open or short process changes dy-
namically the transmission line section width and enables different division ratio
applications. Based on the above analysis and for verification, a reconfigurable
3/6 dB branch-line coupler operating at 2.5 GHz is designed, simulated, and
fabricated. For 3 dB coupler, both Z, and Z, are equal Z, / V2 and Z, re-
spectively. Also, both Z, and Z, are equal Z /2 and Z, / V3 respectively

K2
+%%, Scientific Research Publishing
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for the 6 dB coupler. The coupler is constructed using Teflon substrate with rela-
tive dielectric constant &, =2.2 and thickness h = 0.7874 mm. In the on state
the microstrip line sections could be considered as conventional printed micro-
strip lines [1] and its widths wcould be found using Equation (15).

60 In[%+ﬂj for w/h<1
& w  4h

Z,=4"" (15)
120m
for w/h>1
V& [W/h+1.393+0.667 In(w/h+1.444) |

where

gre:gr+1+£r -1 1 .
2 2 J1+12h/w

Table 2 shows the calculated dimensions of the 3 dB BLC. CST [19] and IE3d
[20] simulators are used to obtain the S-parameters of the 3 dB BLC after adding
a slits of widths of 0.3 mm to the coupler’s branches Figure 9(a). It should be
noted that the coupler’s branches are still connected at its edges. The optimized
dimensions using CST and IE3D are given in Table 2. The difference in dimen-
sions between the theoretical results and numerical results (IE3D and CST soft-
ware) is attributed to the fact that, in theoretical calculations, each of the boun-
dary conditions and the coupling between adjacent branches are not taking into
consideration which make the effective branches width seem be larger in size in
the off state, the microstrip transmission section could be considered as asym-
metric coupled microstrip lines. In general and ignoring the longitudinal elec-
tromagnetic field components the quasi-TEM approach could be used in the
analysis of asymmetric two coupled microstrip lines separated by distance s
and widths of W' and W". In this analysis, both c-mode and p-mode were
used according to line excitation mode where voltages of signal strips could be
different in sign and magnitude [21] [22]. This work stated that both p and ¢
impedances were related to the ratios of s/h, W'/w” and the relative dielectric
constant &, . So, the BLC performance will be affected much by just make the
branches edges open. Based on the obtained results in [21] [22], Ansoft CST and
IE3D simulators and keeping the 3 dB BLC performance in the on state, a 6 dB
BLC performance is obtained at the off state by optimizing of both s/h and
W'/w" for each branch. Figure 9(b) shows the proposed 3/6 dB branch line
coupler using short strip as a switch.

Figure 10(a) and Figure 10(b) show the proposed 3/6 dB BLC S-parame-
ters at on conditions using IE3D and CST simulators, respectively, where the 3
dB point is obtained at 2.5 GHz using IE3D and at 2.6 GHz using CST which

may refer to different numerical techniques and different boundary conditions

Table 2. Proposed 3 dB BLC calculated and optimized dimensions.

Calculated CST 1IE3D
w, (mm) 4.08 3.91 3.91
w, (mm) 2.519 2.39 2.39

16
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—1 dB[S(1,1 — dB[S(2,1 —I dB[S(3,1
- depseny [s2.1)] [S(3.1)]

! 15 Frequezrigy (GHz) 3 35 4
(a)
0 S-parameter [Magnitude in dB]
) I D —— —51,1

Ni—————— = —
. e B
Nefl |

NS
nv/
L

v

1 1.5 2 25 3 3.5 4
Frequency / GHz

(b)
Figure 10. (a) Proposed 3/6 dB BLC S-parameters at on condition (IE3D); (b) Pro-
posed 3/6 dB BLC S-parameters at on condition (CST).

that are used by both simulators. Also, Figure 11(a) and Figure 11(b) show the
performance at open circuit conditions. One can noticed that the 6 dB is
achieved by just open the BLC branches edges.

The proposed structure is fabricated on Teflon substrate with relative dielec-
tric constant &, =2.2 and thickness h=0.7874 mm. As a proof of concept,
two BLC prototypes are fabricated, one for the short state and one for the open
state in Figure 12. Figure 13(a) and Figure 13(b) show the measured and the
simulated S-parameters using IE3D and CST respectively at the open state. One
can notice that better results agreement is obtained when IE3D simulator is used
rather than CST. At 2.5 GHz, the difference between S, and S, is almost

K2
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-5

-10

-156

dB

—r dB[S(1,1 — —
—F dBHMH I~ dB[S(2,1)] [~ dB[S(3,1)]
-______———0—0—.______‘_;
__,_o-f""ﬁffc. h ﬁo“‘"&\_q\
1 1.5 3.5 4

2.5
Frequency (GHz)
(a)

S-parameter [Magnitude in dB]

Figure 11. (a) Proposed 3/6 dB BLC S-parameters at off condition (IE3D); (b)

2.5 3 3.5 4
Frequency / GHz
(b)

Proposed 3/6 dB BLC S-parameters at off condition (CST).

the same for both simulated and measured S-parameters. Also, Figure 14(a) and
Figure 14(b) show both measured and simulated S-parameters using IE3D and
CST respectively, at the short state. Better results are obtained when IE3D simu-
lator is used rather than CST. At 2.5 GHz, the difference between measured
S,, and S, and their simulated counterpart is about 1 dB. The obtained
results for both simulated and measured results are very close to each other for
both open and short states and this little difference may be referred to the con-

nectors and soldering losses that not be taken into account when the proposed

structure was simulated.

-10

-15

dB
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(®)

Figure 12. (a) Proposed 3/6 dB coupler photo with short at
branches’ edges; (b) Proposed 3/6 dB coupler photo with
open at branches’ edges.

g RN il f S11 Mes
% V \V k ( 77777777 S21 Mes
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3) -40 Y SllIE3D7
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-50 s L
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_60 T T 1
1.0 15 2.0 25 3.0 35 4.0
Frequency (GHz)
(a)

@ Iy
g I
S 3
o
n 40

-50

-60 T T 1

1.0 15 2.0 25 3.0 35 4.0
Frequency (GHz)
(®)

Figure 13. (a) Proposed 3/6 dB coupler measured and IE3D simulated
S-parameters at open state; (b) Proposed 3/6 dB coupler measured and

CST simulated $parameters at open state.
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g -20 W /\% S11 Mes|
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w -40 M 111E3D)
] 'J‘ 77777777 S.iiean
_50 I S31IE3D7
" Saiesd
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1.0 1.5 2.0 2.5 3.0 3.5 4.0

Frequency (GHz)
(a)

S parameters (dB)

1.0 15 2.0 25 3.0 35 4.0
Frequency (GHz)
(b)

Figure 14. (a) Proposed 3/6 dB coupler measured and IE3D simulated S-parameters at

short state; (b) Proposed 3/6 dB coupler measured and CST simulated S-parameters at
short state.

3. Conclusion

A reconfigurable 3/6 dB novel branch line coupler was proposed in this paper.
A unique feature of the proposed structure is that the tuning is through simple
open and short circuit at the BLC’s branches’ edges. For fabrication simplicity,
two structures were fabricated, one for open state and the other for the short
one. A 3 dB BLC was obtained at short state and the 6 dB BLC was also obtained
at open state. Full-wave analysis using both CST and IE3D simulators was ap-
plied to the designated reconfigurable 3/6 dB BLC frequency band. Two BLC
prototypes were designed and tested at the “on” and “off” states. BLC characte-
ristics at the frequency band were characterized. The measured S-parameters
confirm the proposed concept of reconfigurable 3/6 dB BLC. The open/short

state can be realized using PIN diodes or MEMs switch with only one coupler

20
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structure considering the PIN diode model in designing process. The same idea
can be extended to have 3/6/9 dB coupler. Also a Varactor diode may be used
instead of the PIN diodes to have controllable multi coupling branch line coup-
ler with only one structure by changing the applied DC voltages on these varac-

tors.
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