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= ABSTRACT - We propose a modified branch-line coupler composed of the open stubs and stepped impedance lines. This
structure allows the second harmonic suppression and size reduction. We present the steps to transform from a conventional branch-
line coupler to the proposed structure using equivalent circuits and derive the generalized design formulas. From the results analysis
of the design sample, we demonstrate the validity of the derived formulas. The fabricated branch-line coupler provides more than

30 dB the second harmonic suppression and about 30 % size reduction compared to a conventional branch-line coupler.
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#1. INTRODUCTION

Branch-line coupler (BLC) is important component that is
widely applied in microwave circuit design such as power
divider, combiner, mixer, antenna feeder, etc. A BLC has the
advantages of obtaining a quadrature phase differences and -
3dB coupling at output ports. However, a conventional branch-
line coupler (CBLC) occupies a large surface area because it
consists of four quarter wavelength transmission line. Due to
this structure, miniaturization of the circuit is restricted. The
restriction is more severe at low frequencies. In addition, the
CBLC has harmonics occurred at the multiples of an operating
frequency. Several studies have been conducted to overcome
these drawbacks [1-15], Typically, there are two methods. The
first method is to introduce slow-wave structure in the BLC [1-
6]. The second method is to load the coupler with shunt stubs
[7-15]. Most BLCs in these studies provide good size reduction
and harmonic suppression properties. However, these studies
often tend to depend on trial-and-error methods or empirical
efforts to determine the dimension of BLCs due to the difficult
of the design formulas and the complexity of the structures.

In this paper, we propose a modified BLC composed of four
shunt open stubs and four stepped impedance lines (SILs). The
proposed BLC (PBLC) has size reduction and the second
harmonic suppression properties. We mainly focus on deriving

the generalized design formulas that are readily available to
anyone for PBLC design. As for size reduction and harmonic
suppression, we only demonstrate the possibility and don’t
intentionally put much effort into them.

i 2. STRUCTURAL TRANSFORMATI-
ON USING EQUIVALENT CIRCUITS

We propose two steps to transform from CBLC to PBLC. The
first step is to transform the transmission lines of the CBLC into
equivalent structure consisting of n-type circuits and open stubs.
The second step is to transform the n-type circuits into SILs
[16,17]. Figure 1 is presented to explain the first step. Figure
1A shows a structure consisting of a CBLC and 8 shunt stub-
sets. Here, one stub-set is configured as in Box BO. Figure 1A
still has the general CBLC properties because the admittance
sum of each stub-set is zero. The admittances Y and Y2 are
arbitrarily chosen values. The lengths, 6,1 and 6y, are set to 10/8
at the center frequency (fo) so that an attenuation pole capable
of suppressing the second harmonic can be generated at 2fp.
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Figure 1 A, Configuration with shunt open stubs sets added to
CBLC; B, Transformation using n-type equivalent circuit.

In figure 1(A), if transmission lines of a CBLC are transformed
to m-type equivalents, they are transformed into boxes B1 and
B2. The impedances, Zs and Z, are 35.35Q and 50Q,
respectively. The figure 1(A) is transformed to figure 1B by the
sum of the shunt elements in box B1 and the short stub in box
BO0. The following process is the second step of transforming
boxes B3 and B4 in Figure 1(B) into boxes B6 and B8 in figure
2, respectively. Figure 2 shows the final structure proposed in
this paper.
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Figure 2. Transformation from z-type circuit to SIL structure.

In figure 2, in order to reduce the complexity of calculating
trigonometric function, the middle line length of SIL is defined
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as 20 or4). Kiand Ky are defined as the impedance ratios of the
transmission lines constituting the SILs. Z, Z,, Z3, and Z, are
arbitrarily chosen values. IF the boxes B7 and B8 are equivalent
circuits, the susceptances in box B7 can be obtained by the even
and odd mode method as follows.

_ Yj[K;tan(6;) + tan(6,)]
Bra = 1 — K, tan(8,)tan(6,) @

Yi[tan(8,) — K cot(8,)] 1

1
By == -2.B 2
72 14K cot(0)tan(hy) 2 ° @

IF box B3 in Figure 1B and box B7 in Figure 2 are equivalent
circuits, B1a and By, can also be expressed as Equation (3) and
(4), respectively.

Bla = Ys - Ypl (3)
Blb = _Ys (4)

Since Equation (1) and Equation (3) are the same, the following
equation can be obtained.

[Ys — Yp1 — Yitan(0,)]

tan(8;) = Ki[Y; + (Y5 = Ypa)tan(6,)] ®

Applying equation (5) to equation (1) and using the condition
that equation (2) and equation (4) are the same, 6; can be
obtained as equation (6).

—A, +
0, = tan‘l( 2

Where A1, Az, and As are as follows:

A2 — 4A1A3) ©)

24,

A =Y¢ [K12(Yp21 - Ysz) + y12]
A, = _21/131/111(1(12 -1
As = Y2 (Y2 — Y2 + K2Y?)

Then, by substituting equation (6) into equation (5), 62 can be
obtained as equation (7)

[Ys — Yp1 — Yitan(6,)]
K[V + (Y — Yp1)tan(91)])

6, = tan™! < 7

In the same way as before, if boxes B4, B5 and B6 are
equivalent, 0; and 64 are obtained in equations (8) and (9),
respectively.

—B, +
0, = tan'l( 2

BZ — 43133> ®

2B,
Where By, B2, and Bz are as follows.
B, = Y2[KZ (V% — ¥2) + ¥§]

Bz = _2Y33Yp2(K22 - 1)

Website: www.ijeer.forexjournal.co.in

Derivation of Generalized Design Formulas for


https://www.ijeer.forexjournal.co.in/

FOREX

Publication
Open Access | Rapid and quality publishing

By = YZ(Y% — Y7 + K3Y?)

B ) [Yp — sz -Y; tan(93)]
0, = tan™! (Kz[y3 T, - ypz)tan(ﬁ’s)])

©)

The admittance (YY) of the open stub in figure 2 is obtained by
summing the admittances of the adjacent open stubs at each
node in figure 1(B).

th = Ypl + sz (10)
The length of the open stub, By, is as follows.
Ope = Op1 (orp2) (11)

Here, 0, is set to A0/8 at the center frequency. All variables in
equations (6) — (11) are known values. Accordingly, we can
calculate all the design parameters required for PBLC design
using the Equations derived above.

On the other hand, we examined how the impedance ratio of the
SIL and the impedance of the open stub affect the total length
of the SIL. Figure 3 shows the change in 811(r T2) according to
Kl(or 2) and Zpl(or p2)-
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Figure 3 A, Open stub impedance vs. total length of the horizontal

SIL for each K1; B, Open stub impedance vs. total length of the
vertical SIL for each K2.
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In figure 3, we can confirm that not only the impedance ratio of
SIL but also the open stub impedance is important variable for
changing the total length of the SIL. it can also be seen that the
smaller open stub impedance and the smaller the impedance
ratio, the shorter the SIL length. Therefore, these properties are
properly applied to the PBLC design, it is expected to greatly
contribute to size reduction. Table 1 shows a list of SIL lengths
and relative area compared to the CBLC for several cases in
figure 3.

“Z Table 1 Comparison of relative area

Rel

Zp ativ

K(lz?(zrlgz or 011 (p) 011%0712 e
1Z20r2) Zpz  ([°V[]) ([°1/ [ M]) [2o%] are
2] a

[%0]

0.43 70  55.05/0.53 44.89/0.125 0.0191  30.6

(30/70Q) 80  58.27/0.162 49.24/0.137  0.0222 355
0.33 70  39.88/0.111 53.44/0.148 0.0164 26.2

(30Q/90Q) 80  57.82/0.161 44.64/0.124  0.0200  32.0
0.25 70  51.85/0.144 3550/0.098 0.0141 226

(30€/120Q) 80  56.38/0.157 40.53/0.113 0.0177 28.3

As we can see in figure 3 and table 1, it is theoretically possible
to reduce the rectangular area composed of SILs by more than
70% compared to the area of the CBLC. However, the size
reduction of the PBLC is restricted by the length of the open
stubs. In order to mitigate this restriction, if shunt elements are
optimally arranged in the inner space between the SILs.?®, it is
expected that the size of the PBLC can be significantly reduced.

3. SIMULATION AND MEASUREME-NT
To demonstrate the validity of the PBLC design equations
derived above, we designed a PBLC with fo = 2 GHz, Zy1 = Zp,
=160 Q, Z; = Z3=30Q, Z, = Z4, =80 Q, Zs= 35.35 Q, Z,= 50
Q, and 0Bp1 = Op2 = 45°. 01, 20,, 03, and 20, calculated using
equations (5) — (8) are 31.72°, 9.32°, 16.8°, and 29.42°,
respectively. Zy is calculated as 80 Q by equations (10). The
simulation was performed for a microstrip structure of the
substrate with & = 2.2, h = 0.7874 mm, and tan 6 = 0.0004. We
used ANSYS’s HFSS as simulation tool. Figure 4 shows the
EM simulation results of PBLC (solid lines) and CBLC (dotted
lines). Return losses, S11, S22 and S33, are identical due to the
symmetric structure of PBLC. Therefore, we show only S11 in
figure 4.
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Figure 4. The simulation results of CBLC and PBLC
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In figure 4, the passband characteristics of PBLC and CBLC are
very similar, but the biggest difference is that PBLC, unlike
CBLC, has attenuation poles at the second harmonic frequency
as originally intended. Based on the simulation result, a PBLC
as shown in figure 5 was fabricated.

Figure 5. Photograph of the fabricated PBLC.

The dimension of PBLC excluding transmission lines for ports
was measured as 23.22 mm x 29.34 mm. The dimension of
CBLC was 29.34 mm x 33.16 mm. Therefore, the PBLC is
about 30 % size smaller than CBLC. As mentioned above, this
size reduction is only a design sample. In figure 5, It can be seen
that the size of the PBLC can be reduced even more with only
a dense arrangement of open stubs because there is still
sufficient margin in the inner space between the SILs. Figure 6
describes the measured results. It was observed that the
measured result has a slight difference from the simulation
result in figure 4. We believed that these differences were
caused by inaccurate PCB etching, tuning process, and
measurement without housing. Even if there are some
deviations, the overall performances are very similar compared
to simulation results.
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Figure 6. Measured results.

The passband return loss and insertion loss were measured to be
more than 20 dB and less than 0.12 dB, respectively. The
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attenuation level at 2f, is about —40 dB. In addition, the phase
difference between ports at the center frequency is exactly 90
degrees. More detailed results are described in table 2. In
addition, table 2 compares representative characteristics of
simulation and measured results. Here, we can clearly
demonstrate that the agreement with simulation and measured
results.

“# Table 2 Summary of simulation and measured results

rL L I:Ae‘:'\[/tél Frac. BW Isolation Freq. range
o [dB] [dB] [dB] [%0] [dB] [GHz]
Para. cigy @ “gr (>-3:05  (atfo/ 25212531
% ) dB) 2fo) (> 90+1°)
2fo)
S11 <30 - - - R
S21 298 <30 16.5
Sim. S31 328 <50 318 . 182-215
<30/<
s41 | ) 0 )
S11 <22 - - - R
S21 3.07 <30 18.2
Meas. S31 311 <50 361 . 185-22d
<30/<
S41 . . 0 )

By summarizing the above results, we finally confirmed the
validity of the derived design formulas and that the PBLC
structure is suitable for size reduction and the second harmonic
suppression. Table 3 shows the performance comparison of the
proposed design with several previous designs.

“# Table 3 Comparison with previous reported BLCs

Fre First Presenting
Ref. d: | Harmonic Design | Configuration elements
(GHz) .
suppression | Formulas
4 uniform lines, 4 radial
[7]1 | 0.93 3fo No stubs
4 uniform lines, 8 open
[8] 1 2fo No stubs
[9] 1 4fo Yes 4 step impedance lines
4 step imps. lines, 4
[10] | 24 No No stepped imp. open stubs
[11] 1 3f, No 4 unn_‘orm lines, 8 stepped
imp. open stubs
This 2 ofs Yes 4 step imp. lines, 4 open
work stubs

Except for [9], the comparative papers do not present design
formulas. Therefore, repeated efforts are required to design
BLCs. Meanwhile, when the BLC in [9] is used with active
devices, it is difficult to suppress the intermodulation products
near the passband because the first attenuation pole is formed at
the third harmonic. On the other hand, the proposed BLC
provides second harmonic suppression and generalized design
formulas. These are the main advantages of our BLC.

5, CONCLUSION
We proposed a simple BLC structure capable of harmonic

suppression and size reduction, and derived generalized design
formulas that allow us to obtain all design variables of the
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proposed structure. Through a series of processes, including
design, simulation, fabrication, and measurement, we
confirmed that the design formulas were accurately derived.
The fabricated PBLC has the second harmonic suppression
performance of 40 dB or more. We did not put much effort into
size reduction because the derivation of the design formulas was
the main focus of our study. Nevertheless, the size has been
reduced by about 30% compared to CBLC. This size reduction
is only applicable to the design sample in this paper. We expect
to achieve a size reduction ratio greater than the current level by
implementing short SILs with appropriate selection of design
parameters and efficiently arranging shunt stubs in inner space
between the SILs.
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