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Arbitrary Power-Division Branch-Line Hybrids for
High-Performance, Wideband, and Selective
Harmonic Suppressions From 2 f 0
Hee-Ran Ahn , Senior Member, IEEE, and Manos M. Tentzeris , Fellow, IEEE

Abstract— A branch-line hybrid (BH) topology is suggested,
consisting of four equal lengths of transmission-line sections (TLs)
with two different characteristic impedances and four identical
L-sections with each a TL and an open stub. The topology can
provide three distinct properties; lower characteristic impedances
of TLs, longer electrical paths for the scattering parameters,
and additional transmission zeros, enabling high performance of
harmonic suppressions from 2 f0 , where f0 is a design frequency,
wideband and selective harmonic suppressions. A compact equivalent circuit of a TL is suggested for harmonic suppression BH
which can be applied for all possible power-division ratios. As a
proof-of-concept demonstration, two prototypes for the powerdivision ratios of 0 and 6 dB are tested and measured. The
measured frequency responses are in a good agreement with the
predicted ones, given fabrication errors.
Index Terms— Arbitrary power-division ratios, branch-line
couplers, branch-line hybrids (BHs), harmonic suppression BHs
(HSBHs), quadrature couplers, selective and wideband harmonic
suppressions.

I. I NTRODUCTION

B

RANCH-LINE hybrids (BHs) or quadrature couplers
[1]–[15] are important key components for RF/MW wireless communication systems, providing equal/arbitrary powerdivision ratios with 90° phase differences between two outputs.
The conventional BH consists of four 90° transmissionline sections (TLs), thus featuring higher order harmonics
which can interfere with other equipments. To filter out such
unwanted harmonics, several attempts have been tried but the
previous methods [3]–[15] have restrictions on desired harmonic suppressions from 2 f 0 , where f 0 is a design frequency,
wideband and selective harmonic suppressions.
A uniform 90° TL can produce (2n − 1) f 0 harmonics,
where n is integer, but cannot have any function to produce
transmission zeros (TZs) with which harmonics can be suppressed. So, for the harmonic suppressions, equivalent circuits
of the TLs are required such as the impedance varying 90°
TLs [3], a parallel connection of a TL and a capacitor [4],
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- [5], [7], [9], [14] and T -types [8], [10], [14], L T -type
[16, Fig. 5(c) with N = 1] in [14], using coupled TLs [6],
[11], [15], artificial equivalent circuit [12], or two parallel
TLs [13]. However, they have restrictions on 2 f 0 suppressions [3]–[6], [8], [10]–[12] which are fundamentally important for the wireless communication systems, because the
signals with 2 f 0 cannot be ignored from adjacent active
components including diodes. The harmonics treated in all
the works [3]–[15] cannot be suppressed selectively, and
high performance with wideband harmonic suppressions do
not seem to be possible, either. All the equivalent circuits
[3]–[15] for the harmonic suppressions cannot be applied
for all possible power-division ratios of BHs. For example,
the L T -types used in [14] and [16] are not good candidates
for the equal power divisions, because the L T -type is an
alternative high-impedance TL [16]. The - or T -type [17]
is not suitable for high power-division ratios.
To alleviate the conventional problems, a BH topology is,
in this paper, suggested, consisting of two sets of TLs and
four identical L-sections with each a TL and an open stub.
This suggested topology can provide as low characteristic
impedances of the TLs as possible, the longer electrical paths
for the scattering parameters and four additional open stubs for
the different TZs, being able to provide 2 f 0 signal suppression,
high-performance harmonic suppression (more than 30 dB
suppression), wideband and selective harmonic suppressions.
For harmonic suppression BHs (HSBHs), a compact equivalent circuit of a TL is suggested, consisting of two identical
TLs, two identical inductances and two T-types which can be
applied for any power-division ratio, because the suggested
equivalent circuit can alleviate the fabrication difficulties of
high impedance TLs, when the power-division ratios are high.
As the proof-of-concept demonstration, two prototypes for
the power-division ratios of 0 dB and 6 dB are designed,
fabricated and measured at the design frequency of 1 GHz. The
simulated (measured) results demonstrate more than 30-dB
harmonic suppressions, wideband (2 f 0 − 4 f 0 ) and selective
harmonic suppressions whose performance can be considered
to be excellent compared to [3]–[15].
II. SUGGESTED BH
The suggested BH terminated in equal impedances of Z 0
is depicted in Fig. 1, consisting of four equal lengths ()
of TLs and four L-sections. Two TLs with the characteristic
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where Su = Yop tan op , Ya = Z a−1 , and when  = 90°,
the values of YeeL , YeoL , YoeL and YooL are
YeeL = j (Yb1 + Yb2 )
YoeL = j (Yb1 − Yb2 )

Fig. 1.

YeoL = j (−Yb1 + Yb2 )
YooL = − j (Yb1 + Yb2 )

(1e)
(1f )

−1
−1
and Yb2 = Z b2
.
with Yb1 = Z b1
The reflection coefficients related with the input impedances
are
Yee − Y0
Yeo − Y0
eo = −
(2a)
ee = −
Yee + Y0
Yeo + Y0
Yoe − Y0
Yoo − Y0
oe = −
oo = −
(2b)
Yoe + Y0
Yoo + Y0

Suggested BH.

where Y0 = Z 0−1 .
Using the reflection coefficients in (2), all port scattering
parameters [18] can be obtained as
(ee + eo ) + (oe + oo )
4
(ee − eo ) + (oe − oo )
=
4
(ee − eo ) − (oe − oo )
=
4
(ee + eo ) − (oe + oo )
.
=
4

S11 =

(3a)

S21

(3b)

S31
S41

(3c)
(3d)

For the perfect matching at port ① and perfect isolation at port
④, or, S11 = S41 = 0 in (3), the following relations hold:
Fig. 2. Even- and odd-mode equivalent circuits. (a) Even-even (ee) equivalent
circuit. (b) Even-odd (eo) equivalent circuit. (c) Odd-even (oe) equivalent
circuit. (d) Odd-odd (oo) equivalent circuit.

impedance of Z b1 are identical, located horizontally in parallel,
and the other two with the characteristic impedance of Z b2 are
also identical, located vertically in parallel. Each L-section is
composed of one TL with Z a and a and one open stub with
the characteristic impedance of Z op and the electrical length
of op . The power excited at port ① is divided into ports ②
and ③ with the power-division ratio of k 2 as indicated and
isolated at port ④ where k 2 ≥ 1 is assumed.

The suggested BH in Fig. 1 has two-fold symmetry axes,
leading to four even-even (ee), even-odd (eo), odd-even (oe),
and odd-odd (oo) equivalent circuits being possible as depicted
in Fig. 2. The input admittances of Yee , Yeo , Yoe , and Yoo ,
where the subscripts of ee, eo, oe and oo are related with the
equivalent circuits in Fig. 2, are

Yeo = j Su
Yoe = j Su
Yoo = j Su

(4a)
(4b)

Substituting the reflection coefficients in (2) into (4) gives
Yee Yeo = Yoe Yoo = Y02 .

(5)

To satisfy the power-division ratio of k 2 and the 90° phase
difference, the relation between the two scattering parameters
of S21 and S31 should be
S21 = j k S31 .

(6)

Substituting (2) and (3) into (6) results in


Yeo Yoo − Y02 = j k(Yeo − Y oo )Y0 .

A. Design Formulas

Yee = j Su

ee + eo = 0
oe + oo = 0.

YeeL + j Y a tana
+ Ya
Ya + j YeeL tana
YeoL + j Ya tana
+ Ya
Ya + j YeoL tana
YoeL + j Ya tana
+ Ya
Ya + j YoeL tana
YooL + j Ya tana
+ Ya
Ya + j YooL tana

Input impedances in (1) being substituted into (5) and (7), (8)
can be derived as

 2 
 2
2
tan a
(8a)
− Yb2
A + B = Y02 Ya2 − Yb1
C = Y02 tana
−A + B + 2Y a Yb1 C + D
= −2 kY0 Ya2 Yb2 sec2 a

(1a)
(1b)
(1c)
(1d)

(7)

(8b)
(8c)

where

2
 2
2
Ya − Su tana
− Yb2
A = Yb1

(8d)

B = −Ya (Su + Ya tana )
(8e)
(8f )
C = (Su + Ya tana )(Ya − Su tana )

 2 
 2
2
D = −Y02 Ya2 + 2Y b1 Ya tana + Yb1
tan a . (8g)
− Yb2
2

2
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Fig. 3. Calculated values of Z a and a for k = 1 and Z op = 50 . (a) Z a .
(b) a .

Since the purpose of the suggested BH is to get the
characteristic impedances lower than those of the conventional
BHs, the values of Z b1 should be

(9)
Z b1 < Z 0 k 2 /(k 2 + 1).
The unknown variables are 5 (susceptance Su = Y op tanop,
Ya , a , Z b1 , and Z b2 ) in Fig. 1 with  = 90°, and the
available conditions in (8) are three. Therefore, two parameters
for Z b1 and Su should be predetermined arbitrarily. The values
for Z b1 can be determined freely based on (9), while those for
Su should be determined to have proper values of Ya and a .
Three design formulas for Z b2 , Ya = Z a−1 , and a can be
derived in the following equations:

(10a)
Z b2 = Z b1 1 + k 2
 

2
2
2
Tr RG + X G − RG Tr
(10b)
Za =
RG − Tr
Za XG
tana =
(10c)
Tr RG − Z a2
where Z a is of real values and
1
+ j Su
Z0

−1

= RG + j X G

1 + k2
.
Tr = Z b1
k2

(10d)
(10e)

Based on the design formulas in (10), the values of Z a and
a were, for k = 1 and Z op = 50 , calculated by varying
op and Z b1 = 20, 25, and 30  and plotted in Fig. 3(a)
and (b), respectively. When op = 23° in Fig. 3(a), the real
values for Z a and a do not exist for Z b1 = 30 , but those
for Z b1 = 25 and 20  are possible even when op = 30°.
The characteristic impedances Z a are proportional to op,
while the electrical lengths of a are inversely proportional to
op . That is, the characteristic impedances of Z a are inversely
proportional to the electrical lengths of a , and higher value
of Z b1 gives higher value of Z a and shorter length of a .
B. Frequency Responses of Suggested BHs for k = 2
The design parameters for k = 2, or, power-division ratio
of 6 dB can be calculated based on the design formulas (10).
The values of Z b1 can be chosen as 35 and 30  arbitrarily

Fig. 4. Frequency responses of BHs for k = 2. (a) Matchings at port ①
|S11 |. (b) Isolations at port ④ |S41 |. (c) Power divisions of |S21 | and |S31 |.

based on (9), leading to Z b2 = 78.26 and 67.08  in (10a),
respectively. For the two cases with (Z b1 , Z b2 ) = (35 ,
78.26 ) and (30 , 67.08 ), fixing Z 0 = Z op = 50 ,
the values of Z a and a are calculated as listed in Table I.
Two BHs with (Z b1, op ) = (35 , 26°), (35 , 23°) and
the other two with (Z b1, op ) = (30 , 33°), (30 , 29°)
in Table I were simulated using a circuit simulator ADS,
and the frequency responses are plotted in Fig. 4 where f
and f 0 are operating and design frequencies, respectively.
The matching responses at port ① and the isolations at port
④ are plotted in Fig. 4(a) and (b), respectively, while the
power divisions in Fig. 4(c). As can be seen, the near-perfect
matchings at port ① and isolations at port ④ can be achieved
at f 0 , while the near-perfect power divisions with |S21 | =
−0.97 dB and |S31 | = −6.97 dB can be achieved at f 0 ,
as well.
III. H ARMONIC S UPPRESSION BHs
To allocate the wanted TZs for the harmonic suppressions
selectively, equivalent circuits for the TLs with Z b1 and Z b2
are required. As listed in Table I for k = 2, the characteristic
impedances of the TLs for Z b1 are sufficiently low compared
to the conventional BHs. On the other hand, those for Z b2 are
lower than the conventional BHs but higher than those for Z b1 ,
leading to T-types or -types being extremely difficult due
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TABLE I
D ESIGN PARAMETERS OF S UGGESTED BH S
FOR k = 2 AND Z 0 = Z op = 50 

Fig. 6.
Easy derivation process. (a) and (b) Connecting two identical
TLs with Z r and −r to both sides of the circuits in Fig. 5(a) and (c).
(c) and (d) Connecting two identical −L s s to both sides of the circuits
in (a) and (b).

Fig. 5.
Equivalent circuits. (a) 90° TL with Z b1 or Z b2 . (b) M L s2 T type. (c) Compact equivalent circuit of M L s2 T -type under the condition of
t1 = t2 or t2 = 0°.

to unfeasible characteristic impedances of TLs [17] when the
power-division ratios are high. Therefore, any novel compact
equivalent circuit of a TL is required which can be applied for
any value of k.
A. Equivalent Circuit of M L s2 T -Type
A 90° TL with Z b1 or Z b2 and its compact equivalent
circuit named M L s2 T -type are depicted in Fig. 5(a) and (b),
respectively, which consists of two identical TLs with Z r and
r , two identical inductances L s and two T-types with the
same Z t and two electrical lengths of t 1 and t 2 , and two
different open stubs with (Z op1, op1 ) and (Z op2, op2 ). The
T-types, each open stub of which is located at the center of
each TL, have the same susceptances, namelyYop1tanop1 =
−1
−1
and Yop2 = Z op2
. The
Yop2 tanop2 , where Yop1 = Z op1
role of the identical inductances is to lower the characteristic
impedances of Z t , and the role of the TLs with Z r and r is
to solder the chip inductors successfully. So, if there is no use
of L s , the two identical TLs with Z r and r are not necessary,
either.
If the circuit with two T-types is symmetric with t 1 =
t 2 or t 2 = 0 in Fig. 5(b), the two T-types can be
equivalent to a uniform TL with the assumed characteristic

impedance of Z q and electrical length of Nq as shown
in Fig. 5(c), where N = 1 or 2. For N = 1, one T -type
is possible with t 1= t and t 2 = 0, and if N = 2 is
applied, two T -types are possible with t 1= t 1 = t . The
inductance values of L s are generally limited and necessary
only for high power-division ratios. Thus the values of Z r , r
and L s should be predetermined arbitrarily depending on the
fabrication situation such as the values of Z b2 , substrates, chip
inductor values and sizes.
Therefore, the targeting design values should be the two
T -types in Fig. 5(b) and the TL with Z q and Nq in Fig. 5(c)
should be derived first. To make derivation process easier,
two identical TLs with Z r and −r are connected to both
sides of each circuit in Fig. 5(a) and (c), resulting in two
circuits in Fig. 6(a) and (b), respectively, because two series
TLs with −r and r are the same as no TL connected.
Similarly, connecting two identical −L s to both sides of the
two circuits in Fig. 6(a) and (b) gives those in Fig. 6(c) and (d),
respectively, because the series connection of −L s and L s is
the same as no inductance connected.
The even- and odd-mode impedances in Fig. 6(c) are
Z bi + Z r tanr
Z r − Z bi tanr
Z bi − Z r tanr
= − j ωL s + j Z r
Z r + Z bi tanr

Z ev1 = − j ωL s − j Z r

(11a)

Z od1

(11b)

where Z bi is Z b1 or Z b2 . Those in Fig. 6(d) are
Nq
2
Nq
.
= j Z q tan
2

Z ev2 = − j Z q cot

(12a)

Z od2

(12b)

Equating both impedances Z ev1 = Z ev2 and Z od1 = Z od2
in (11) and (12) and predetermining N, L s , Z r , and r
arbitrarily depending on the values of Z b1 and Z b2 and fabrication situation, the design formulas for Z q and Nq can be
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B. Design Guidelines
The design guidelines for the HSBHs are as follows.

Fig. 7. Calculation values of Z t fixing at Z r = 110  and r = 3°. (a) Z t
by varying L s . (b) Z t by varying t .

derived as

(Z r ξ+ − ωL s Z bi tanr )(Z r ξ− − ωL s Z bi tanr )
Zq =
Z r2 − (Z bi tanr )2
(13a)
Nq
tan
2
Z r − Z bi tanr
Z r ξ− − ωL s Z bi tanr
(13b)
=
Z r + Z bi tanr
Z r ξ+ − ωL s Z bi tanr
where Z q and q are of real values and
ξ+ = (Z bi + Z r tanr + ωL s )
ξ− = (Z bi − Z r tanr − ωL s ).
To design suitable values for Z t of one or two T -types from
the two values of Z q and q in (13), the electrical lengths
of t should be adjusted [17, eq. (13)] using the following
formulas:
Zt = Zq
tanopj

q
2
t
tan 2

tan

(14a)


2Z opj Z t − Z q cot 2q tan 2t
=
Z t Z t tan t + Z q cot q
2
2

(14b)

where the subscript of j is 1 and 2 and values of opj in (14b)
can be determined depending on the desired TZ frequency f z j
based on the following formula:
π
opj =
.
(15)
2 f zj
If the values of Z b1 or Z b2 are low less than 45 , N = 2
with L s = r = 0 is an alternative choice. Otherwise N = 1
with L s = r = 0 is recommended. In this case for N = 1,
the characteristic impedances of Z t were, fixing at Z r = 110 
and r = 3°, calculated by varying L s and t and plotted
in Fig. 7 where f 0 = 1 GHz. Since k ≥ 1 is assumed, Z b2 is
always greater than Z b1 and the characteristic impedances of
Z b2 = 80, 100, and 120  in Fig. 7 were selected randomly.
The calculated values of Z t in Fig. 7 are inversely proportional
to the inductance values L s in Fig. 7(a) and electrical lengths
t in Fig. 7(b). Higher values of Z b2 give higher values of
Z t . Referring to the relations in Fig. 7, the M L s2 T -types can
be achieved in any case by choosing appropriate values of L s
and t , even for high values of Z b2 or k.

1) For a given power-division ratio k, choose the value of
Z b1 < Z 0 (k 2 /(k 2 + 1))1/2 in (9) arbitrarily.
2) The value of Z b2 can be calculated using (10a).
3) Based on arbitrarily chosen value of Su , the L-section
with Z a and a can be calculated using (10b) and (10c).
Now the BHs are ready for HSBHs by replacing of the
TLs with the M L s2 T -types.
4) Depending on the values of Z b1 and Z b2 , the compact
equivalent circuit of M L s2 T -type for the HSBHs can be
designed differently.
5) For any value of Z b1 and the values of Z b2 ≤ 45 ,
N = 2 and L s = r = 0 can be applied for the M L s2 T type, leading to the modified T-types with N = 2 [17].
6) For the high values of Z b2 , the inductances of L s are
required to alleviate a fabrication difficulty, leading to
N = 1 and L s = r = 0.
7) Since the chip inductance values are limited by the manufacturers, select available inductance values, referring
to the plots in Fig. 7.
8) The TLs with Z r and r are required to solder the
chip inductors successfully and therefore should be
determined depending on chip inductor sizes, substrates
and the design frequency.
9) For high values of Z b2 , with the predetermined values
of N = 1, L s , Z r , and r , the highest feasible value of
Z t can be calculated by adjusting t , referring to Fig. 7.
10) Depending on the desired TZs, the values of op of the
L-sections and opj of the M L s2 T -type can be designed
based on (15). If the number of TZs is not sufficient for
the S21 − path, any additional TZ can be obtained by
designing the open stubs of the L−sections differently.
11) Note that the best harmonic suppression for S21 can
be achieved with the highest feasible characteristic
impedances of TLs.
Even if one open stub can provide one TZ, it is not
guaranteed that the signals between two TZs can be sufficiently
suppressed. For example, even though the TZs at 2 f 0 , 3 f 0 ,
and 4 f 0 can be achieved successfully, the signals cannot be
suppressed between 2 f 0 and 4 f 0 by more than 30 dB in
the previous designs [3]–[13]. However, the suggested BH
in Fig. 1 and the M L s2 T -type can provide such wideband
harmonic suppressions, which is the unique property of this
work.
Because the concerned scattering parameters are S21 and
S31 , the power flow paths for S21 and S31 are necessary
to know for the harmonic suppressions. When the power is
excited at port ① in Fig. 1, the power flow path for S21 [1]
is the L-section at port ① → the TL with Z b1 → another Lsection → port ②, while that for S31 is the L-section at port ①
→ the TL with Z b1 → the TL with Z b2 → another L-section
→ port ③. That is, some parts for S21 are overlapped for the
S31 path. Therefore, how to allocate the wanted TZs through
the S21 -path is important. For example, if the TZs at 2 f 0 ,
3 f 0 and 4 f 0 are desired, three open stubs can be designed
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TABLE II
D ESIGN AND FABRICATION PARAMETERS FOR k = 1

Fig. 8.

Fabricated HSBH for k = 1.

differently as 22.5°, 30°, and 45° long at f 0 , respectively. So,
different open stubs for the S21 -path are required.
IV. D ESIGNS AND M EASUREMENTS
Considering the design guidelines and power flow mechanism, three examples for k = 1 (0 dB), k = 2 (6 dB) and
k = 5.62 (15 dB) will be designed for HSBHs at the design
frequency of f 0 = 1 GHz. Two for k = 1 and k = 2 will be
measured and the layout of one for k = 5.62 will be illustrated.
A. Prototype I for k = 1 (0 dB)
The prototype I for k = 1 was designed and fabricated
on a substrate (RT/duriod 5870, εr = 2.33, H = 20 mil).
If Z b1 = 28.28  is selected, Z b2 = 40  is calculated
in (10a). Choosing arbitrary values of Z op = 45.44  and
op = 22.5° gives Z a = 108.6  and a = 11.4° in (10).
Then, the TLs for Z b1 and Z b2 should be replaced with the
M L s2 T -types for HSBHs.
For Z b1 = 28.28 , since the characteristic impedance is
low enough, the inductance values of L s for the M L s2 T -types
are not necessary, leading to N = 2 with r = 0°. If it
is assumed that the highest feasible value for Z t is 110 ,
the electrical length of t should be 12.16° by the formula in
(14a). To allocate the TZ at 3 f 0 using the open stub with Z op1
and op1 in Fig. 5(b), the electrical length of op1 should
be 30° referring to (15). The corresponding characteristic
impedance of Z op1 can be calculated in (14b). Another T type can be designed to have a TZ at 2 f 0 , or, op2 = 45°.
From the two open stubs of the T-types, two TZs at 2 f 0 and
3 f 0 can be obtained successfully. To have the third TZ at 4 f 0 ,
the open stub of the L-section should be 22.5° long. For the TL
with Z b2 = 40 , the M L s2 T -type can be designed similarly.
The design and fabrication parameters are listed in Table II
where w Z a , w Z op , . . ., are the corresponding widths for the
characteristic impedances of Z a , Z op , . . ., respectively, while
a , op , . . ., are the lengths for a , op , ..., respectively.
The fabricated prototype I is displayed in Fig. 8, while
the measured results are compared with the predicted ones

Fig. 9. Predicted and measured frequency responses for k = 1. (a) Scattering
parameters around f 0 = 1 GHz. (b) Phase difference between S21 and S31
around f 0 = 1 GHz. (c) Scattering parameters for 1–5 GHz.

in Fig. 9 where the frequency responses of scattering parameters and the phase difference between S21 and S31 are plotted
around f 0 = 1 GHz in Fig. 9(a) and (b), respectively, while
those of scattering parameters from 0 to 5 GHz in Fig. 9(c).
The measured matching at port ① |S11 |, the power divisions
of |S21 | and |S31 | and the isolation |S41 | at 1 GHz is −20.95,
−3.05, −3.17, and −24.87 dB in Fig. 9(a) and the phase
difference between S21 and S31 at f 0 is 88.5° in Fig. 9(b). The
measured scattering values of |S21 | at 2.0, 3.0, and 4.0 GHz
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TABLE III
D ESIGN AND FABRICATION PARAMETERS FOR k = 2

Fig. 10.

Fabricated HSBH for k = 2 (6 dB).

are −51.8, −52.3, and −57.3 dB, respectively, and can be
suppressed by more than 50 dB, even though the designed TZ
frequencies are shifted slightly.
B. Prototype II for k = 2 (6 dB)
The prototype II was designed and fabricated on a substrate
(RT/duriod 5870, εr = 2.33, H = 31 mil). One case for
Z b1 = 30  and Z b2 = 67.08  in Table I will be designed
for the HSBH.
Since the characteristic impedance of Z b1 = 30  is
sufficiently low, the M L s2 T -types in Fig. 5(b) can be designed
similarly to the case for k = 1 with N = 2 and L s = r = 0.
For Z b2 = 67.08 , the characteristic impedance is relatively
high and if the TLs are reduced using the M L s2 T -type without
L s like the cases in Table II, the characteristic impedances of
TLs should be too high to fabricate. Therefore L s cannot be
zero.
Since the 0603-sized chip inductors are 0.8+0.15/
−0.10 mm wide, the connected TL widths should be around
0.8 mm. Thus, the highest characteristic impedances of the
TLs were determined as 100  whose width is 0.83 mm on the
substrate. With arbitrarily chosen values of Z r = 90 , r =
3° and L s = 5.6 nH and fixing at Z t = 90 , the electrical
length of t 1 = t , t 2 = 0 can be calculated as t = 30.85°
based on (14a). To allocate a TZ at 4 f 0 , op1 should be
22.5°, resulting in the calculated value of Z op1 = 42.08° from
(14b). Only one open stub with op1 = 22.5° is possible
from the M L s2 T -type, and therefore additional TZs should
be obtained by designing op = 22.5° of the L-section at
port ① and op = 36° of the L-sections at ports ②, ③, and ④,
differently. The electrical lengths of op can be adjusted under
−1 . The design
the same values of Yop tanop , where Yop = Z op
and fabrication parameters are listed in Table III where the
L-sections with Z a = 109.22  and a = 13.06° in Table I
are used.

Fig. 11. Predicted and measured frequency responses for k = 2. (a) Scattering
parameters around f 0 = 1 GHz. (b) Phase difference between S21 and S31
around f 0 = 1 GHz. (c) Scattering parameters for 1–5 GHz.

The fabricated prototype II is displayed in Fig. 10, and the
measured frequency responses are compared with the predicted
ones in Fig. 11 where the frequency responses of the scattering
parameters and the phase difference between S21 and S31 is
plotted around f 0 = 1 GHz in Fig. 11 (a) and (b), respectively,
while those for the scattering parameters from 0 to 5 GHz
in Fig. 11(c). The measured scattering parameters of |S11 |,
|S21 |, |S31 |, and |S41 | at 1 GHz are −17.87, −1.03, −6.91, and
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TABLE IV
D ESIGN AND FABRICATION PARAMETERS FOR k = 5.62

Fig. 12.

Layout of the HSBH for k = 5.62.

−16.87 dB, respectively, resulting in the power-division ratio
of 5.87 dB. The measured phase difference between S21 and
S31 at 1 GHz is 90.8° in Fig. 11(b). The measured harmonic
suppressions for |S21 |, |S31 |, and |S41 | can be achieved from
2 f 0 to 4 f 0 by more than 40 dB as can be shown in Fig. 11(c).
C. Prototype III for k = 5.62 (15 dB)
For k = 5.62, the conventional characteristic impedances
for two 90° TLs in [1] are 49.23 and 281.18  which is, in
any case, impossible to fabricate in a microstrip format. For
HSBHs, the two 281.18- TLs should be reduced, leading
to extremely high values of the characteristic impedances.
However, if using the suggested BH and M L s2 T -types, the
conventional fabrication problem can be solved.
If Z b1 is chosen as 28.28 , the Z b2 can be calculated as
Z b2 = 161.53 . Similarly to the case for k = 2, the design
and fabrication parameters on the same substrate for k = 1
are listed in Table IV based on which the layout is illustrated
in Fig. 12 where the gaps are for soldering off-the-self chip
inductors (0402 size).
The simulated frequency responses around f 0 = 1 GHz
are in Fig. 13(a) and (b), while those from 0 to 5 f 0 in
Fig. 13(c). The scattering parameters for S12 and S13 are
−0.13 and −15.13 dB at f 0 , respectively, leading to the power
division ratio of 15 dB. Perfect matching, perfect isolation and
perfect phase responses are achieved at f 0 , and the scattering
parameters of |S21 | and |S31 | can suppressed by more than
40 dB from 2 f 0 to 4 f 0 . The 15-dB return loss bandwidth for
|S11 | is more than 100 % (0.36–1.37 f 0 ).
From the two types of measurements and the layout
in Fig. 12, one can understand that as far as the characteristic
impedance of Z t for Z b2 is feasible and the values for Z b1
are not less than 28.28 , any HSBH can be fabricated with
a microstrip format. However the parasitic radiation from the
stubs sets a limitation on the feasible power-division ratios at
the higher frequencies such as 4 f 0 .

Fig. 13. (a) Simulated frequency responses of |S11 |, |S21 |, |S31 |, and |S41 |
around f 0 = 1 GHz for k = 5.62 (b) Phase difference between S21 and S31 .
(c) Frequency responses from 0 to 5 f 0 .

D. Comparisons With Conventional Works
The prototype II for k = 2 (6 dB) is compared with the
previous works [3]–[15] in terms of arbitrary power-division
ratios (Apds), achievable highest power-division ratio (Highest
k), Size (λ2g ), selectivity for more than three TZs (selectivity),
the suppression of the 2 f 0 signal (2 f 0 ), 30 dB suppression
bandwidths of S21 from 2 f 0 {( f 2 − f 1 )/ f 0 } where f 2 and f 1
are band-edge frequencies, 15-dB return loss bandwidths of
|S11 | around f 0 (|S11 |BW) and design frequencies ( f 0 ).
The comparisons data are collected in Table V where the
possibility or impossibility are expressed as “o” and “x,”
respectively. For the prototype II, the occupied physical size
is 67.1 mm × 37.6 mm in Fig. 10, leading to 0.17 × 0.30 (λ2g )
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TABLE V
C OMPARISONS W ITH C ONVENTIONAL W ORKS

which can be obtained by converting physical lengths into the
electrical wavelengths based on the substrate and f 0 .
More than three TZs can be achieved by designing the open
stubs differently, and the wideband harmonic suppression from
2 f 0 can be achieved as well. The band edge frequencies of f 2
and f 1 for 30 dB suppression are 4.53 and 1.91 f 0 , resulting in
the harmonic suppression BW of 262 %. The power-division
ratio of the prototype II is only 6 dB but the highest achievable
value for k can be 15 dB based on the design parameters
in Table IV, the layout in Fig. 12 and simulated frequency
responses in Fig. 13.
On the other hands, only [3] and [14] can be possible for the
arbitrary power divisions, and the achievable highest values of
k are 8.41 and 9.54 dB, respectively. The 2 f 0 signal can be
suppressed somehow in [5], [7], and [11] but no selective TZ
is possible. The BH in [3] consists of four 90° TLs and four
additional 90° TLs, leading to the occupied area of 0.75 ×
0.25 λ2g . The one in [14] uses L T - and -types [16], [17] and
the occupied area are 0.5 × 0.49 λ2g . In the similar way, other
BHs’ areas can be estimated as compared in Table V.
From the comparison data, one can understand that no
previous work can provide such highest power-division ratios
for HSBHs with compact size, no previous work is possible for
more than three selective TZs, no previous work can provide
such high performance with more than 30 dB suppression
including 2 f 0 and no previous work can provide such wideband harmonic suppression from 2 f 0 to 4 f 0 .
V. C ONCLUSION
In this paper, a BH topology was presented, consisting of
four TLs and four identical L-sections with each a TL and
an open stub. The suggested BH topology can provide as

low characteristic impedances of the TLs as possible, longer
electrical paths for the scattering parameters and additional
TZs by which high performance with more than 30 dB harmonic suppression, wideband (2−4 f 0 ) and selective harmonic
suppression can be achieved. The size of HSBHs can be more
compact than any other conventional work for arbitrary powerdivision ratios, and the suggested HSBHs can be applied for
highest power-division ratios, as well.
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