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ABSTRACT A novel Gysel power divider, which can be fabricated without a need for any high-impedance
transmission-line section (TL), even for the power-division ratios higher than 15 dB, is presented. To derive
its design formulas, a new study on the conventional in-phase T-junctions is carried out, and two conditions
are newly derived for the arbitrary power-division ratios and perfect matching at all the ports, which can
be applied for any symmetric or asymmetric Gysel power divider without any additional effort to design
the isolation circuit. As a proof-of-concept demonstration, two prototypes I and II at the design frequency
of 1 GHz are fabricated for the power-division ratios of 17 and 20 dB, respectively. Such power-division
ratios have never been tried before not only for the Gysel power dividers but also for generic planar power
divider topologies without the use of high-impedance TLs for the wider bandwidths. The measured results
are in good agreement with the predictions.
INDEX TERMS In-phase T-junctions, Gysel power dividers, high power-division ratios, ring hybrids,
rat-race couplers, Wilkinson power dividers, arbitrary power-division ratios, three- and four-port power
dividers.
I. INTRODUCTION

Power dividers with the in-phase T-junctions are key components in microwave circuits and have been used for various
applications such as antenna feeding networks, high power
amplifiers and mixers. In general, they can be classified
into three-port power dividers such as Wilkinson [1]–[9] and
Gysel [2], [10]–[15] power dividers, four-port power dividers
like ring hybrids (rat-race couplers) [16]–[27] and multi-port
power dividers. For general applications, the power dividers
featuring high power-division ratios are indispensable, but
their planar implementation for the power-division ratios
higher than 10 dB is extremely difficult, mainly due to that
the feasible range of characteristic impedances of the utilized transmission-line section (TL) is limited in microstrip
format.
To overcome the problems, ‘‘composite’’ high impedance
TLs consisting of TLs and series inductances which have to
The associate editor coordinating the review of this manuscript and
approving it for publication was Kuang Zhang.
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be realized with chip inductors [3], [7], [17], consisting of
coupled TLs [8], [17] or consisting of TLs and shunt inductances/short stubs [6] and other ‘‘composite’’ TL topologies
with shunt/ series inductances and capacitances [23] have
been applied to those power dividers for high power-division
ratios.
However, for operating frequencies higher than 5 GHz,
the use of the series lumped-element inductances [3], [7], [17]
can cause serious problems, due to parasitic effects, selfresonance frequencies and tolerances of the chip inductors.
The applications of topologies with the coupled TLs [8], [17]
are restricted due to inevitable 180◦ phase shifts. The method
utilizing shunt inductances/ short stubs [6], [23] should typically suffer from narrow bandwidths.
Several efforts for the implementation of three-port power
dividers [4], [5] and of the ring hybrids [20], [22] have been
attempted without using such high-impedance TLs, but the
achieved bandwidths [4], [5], [20] should be reduced proportionally to the power-division ratios, while the theory in [22]
seems to be incomplete.
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To alleviate the conventional problems, in this paper, the
in-phase T-junctions are studied, from which two conditions
are newly derived for all port matching and power-division
ratios. A novel topology of in-phase T-junctions for wide
bandwidths and high power-division ratios is suggested, consisting of two TLs whose characteristic impedances and electrical lengths can be all different and applied to the novel
Gysel power divider for high power applications without a
need requiring high impedance TLs even for the extremely
high power-division ratios. The design formulas for the suggested Gysel power dividers are derived based on the derived
two conditions, and the frequency performances are verified
with the simulated responses.
As a proof-of-concept demonstration, two prototypes
I and II of Gysel power dividers for wide bandwidths
are fabricated for the power-division ratios of 17 dB and
20 dB respectively, which can be regarded as the highest
power-division ratio among generic planar power divider
topologies ever recorded without the use of high impedance
TLs. The measured responses show good agreement with the
predictions.
II. IN-PHASE T-JUNCTIONS

The most important circuit of the Gysel power divider, that
is terminated in equal impedances, is the in-phase T-junction.
The typical in-phase T-junction is depicted in Fig. 1, where
port ¬ terminated in an admittance Y0 is located in the middle,
and the two other ports  and ® are placed at both ends
with no need for specific termination impedances. The characteristic admittance and the electrical length of the single
TL between ports ¬ and  is Ya and 2a , respectively, while
those of the other one located between ports ¬ and ® are Yb
and 2b .

FIGURE 1. In-phase T-junction.

For the derivation of the admittance parameters in Fig. 1,
the currents i2 at port , i3 at port ® and i1a , i1b and i11 at
port ¬ are indicated along with the corresponding voltages
v1 , v2 and v3 .
The relations between the currents and voltages of the two
TLs are
  
 
i2
Y11a Y12a
v2
=
(1a)
i1a
Y21a Y22a
v1
  
 
i1b
Y11b Y12b
v1
=
(1b)
i3
Y21b Y22b
v3
i1a + i1b + i11 = i1a + i1b + Y0 v1 = 0
(1c)
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where [27]

Y11a
Y21a

Y11b
Y21b

Y12a
Y22a



Y12b
Y22b




=

=

−jYa cot2a jYa csc2a
jYa csc2a −jYa cot2a
−jYb cot2b
jYb csc2b



jYb csc2b
−jYb cot2b

(1d)

(1e)

Substituting i1a and i1b in (1a) and (1b) into (1c) gives
Y21a v2 + Y22a v1 + Y11b v1 + Y12b v3 + v1 Y0 = 0

(2)

From (2), v1 can be derived as
v1 = −

Y21a v2 + Y12b v3
Y11b + Y22a + Y0

(3)

Substituting v1 (3) into i2 and i3 in (1a) and (1b) gives the
relations between the currents i2 and i3 and the voltages v2
and v3 as
Y21a v2 + Y12b v3
Y11b + Y22a + Y0
Y21a v2 + Y12b v3
i3 = −Y21b
+ Y22b v3
Y11b + Y22a + Y0
i2 = Y11a v2 − Y12a

(4a)
(4b)

The admittance parameters of the in-phase T-junction can be
derived from (4) as
Y12a Y21a
Y11b + Y22a + Y0
Y12a Y12b
= Y21 = −
Y11b + Y22a + Y0
Y12b Y21b
= Y22b −
Y11b + Y22a + Y0

Y11 = Y11a −

(5a)

Y12

(5b)

Y22

(5c)

Based on the expressions in (5), the admittance parameters
of the Gysel power divider in [15] for k 2 = 9, the conventional ring hybrids in [18] and [24] for k 2 = 9, 2 and 1 and
another type of ring hybrids in [19] and [20] for k 2 = 1 and 9,
respectively, are listed in Table 1 where the power-division
ratio of k 2 is defined as k 2 = (|S21 | / |S31 |)2 in Fig. 1. The
design parameters of Za−1 = Y a , 2a , Zb−1 = Y b and 2b have
been calculated for the equal termination impedances Z0 =
Y0−1 = 50 , and the admittance parameters are multiplied
by 100 for easier understanding of their value range.
From the calculated values of Y11 and Y22 , one can understand that the power-division ratio of k 2 is equal to the ratio
of Re(Y 11 ) to Re(Y 22 ), and the sum of Y11 + Y22 should be
the same as Y0 . That is, Re(Y 11 ) /Re(Y 22 ) is the condition for
the implementation of the power-division ratio of k 2 , while
Y11 + Y22 = Y0 is that to achieve near-perfect matching
at all ports. In other words, even if the in-phase T-junction
in Fig. 1 is not a perfect power divider, only if these two conditions are satisfied, the ‘‘perfect’’ power divider properties
can be obtained automatically without any additional effort
to design the rest part (the balun part) [24], [25], which will
be in more detail discussed and verified later.
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TABLE 1. Admittance parameters of conventional in-phase T-junctions.

Im (Y11 ) = −Ya cot2a +
Re (Y22 ) =

(Yb csc2b )2 Y0
T 2 + Y02

(7b)
(7c)

(Yb csc2b )2 T
T 2 + Y02
T = Ya cot2a + Y b cot2b

Im (Y22 ) = −Yb cot2b +
where

(Ya csc2a )2 T
T 2 + Y02

(7d)
(7e)

Applying the two conditions (6) to those (7) gives the design
formulas as
s


 2

cos2b 2
k +1
2 2 − cot2 +
csc
Za = Z0
(8a)
a
a
ksin2a
k2
s

2

kcos2a
2
2
(8b)
Zb = Z0 k + 1 csc 2b − cot2b +
sin2b
When 2a = 2b , the design formulas
in (8) are identical to
√
those in [15]. When Za = Zb = 2 Z0 and 2b = 90◦ , they
are the same as those in [5]. When Za = Zb = Z0 , they are
the same as those in [20]. When 2a 6 =2b , they are the same
as those in [21]. When 2a = 2b = 90◦ , they are the same as
those in [18] and [24].
III. GYSEL POWER DIVIDERS FOR HIGH
POWER-DIVISION RATIOS

A. ISOLATION CIRCUITS

Observing the relationship between the characteristic
impedances of the TLs and the power-division ratios of k 2
in Table 1, one can understand that the high power-division
ratios can be obtained as a result of not only a large difference
between the characteristic impedances of the two TLs [15] for
the in-phase T-junction in Fig. 1 but also due to the difference
between two electrical lengths of the TLs in [20]. Therefore,
it can be concluded that the high power-division ratios can
be feasible by controlling both characteristic impedances and
electrical lengths of the TLs without requiring high values of
characteristic impedances.
The in-phase T-junction and its isolation circuit (IC) are
depicted in Fig. 2 as the suggested Gysel power divider. As far
as the admittance parameters of the in-phase T-junction can
satisfy the two conditions derived from the Table 1, the IC can
be easily realized accordingly without any additional effort.
The power excited at port ¬ is divided between ports  and ®
with the power-division ratio of k 2 where k is assumed to be
k ≥ 1.
As derived in Table 1, the two necessary conditions that
enable the power-division ratios of k 2 and the perfect matching at all ports are
|S21 |2
Re(Y 11 )
= k2 =
Re(Y 22 )
|S31 |2
Y11 + Y22 = Y0
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(Ya csc2a ) Y0
T 2 + Y02

where Y11 , Y12 and Y22 are the admittance parameters of
the in-phase T-junction in Fig. 2(a), while Y11_IC , Y12_IC =
Y21_IC and Y22_IC are those of the IC. Substituting (6b) into
(9), the admittance parameters of the IC can be obtained
as

 

Y11_IC Y12_IC
Y22
−Y12
=
(10)
Y21_IC Y22_IC
−Y 21
Y11

(6a)
(6b)

From the derived admittance parameters in (5), the real and
imaginary parts of Y11 and Y22 can be derived as
Re (Y11 ) =

Perfect matching at ports  and ® and prefect isolation
between ports  and ® in Fig. 2(a) can be achieved by
connecting the in-phase T-junction and the IC in parallel as
shown in Fig. 2, leading to following relationship.

 



Y11 Y12
Y
Y12_IC
1 0
+ 11_IC
= Y0
(9)
Y21 Y22
Y21_IC Y22_IC
0 1

2

(7a)

FIGURE 2. Proposed Gysel power divider. (a) Gysel power divider. (b) IC.

Comparing both admittance parameters of in-phase
T-junction in Fig. 2(a) and IC in (10), it can be easily observed
VOLUME 7, 2019
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that both Y11 and Y22 are interchanged and a negative sign
is added to Y12 of the IC. That is, the IC topology should
be effectively similar to the in-phase T-junction interchanging the ports positions (‘‘turned around’’ topology), and the
phase difference between the two should be 180◦ , referring
to −Y12 . There exist numerous ways of realizing the IC
featuring (10); three of them are shown in Fig. 3 where the
in-phase T-junction is turned around, and an additional 180◦
TL with an arbitrary value of the characteristic impedance
Zi is inserted between the TL with Zb and the resistor of
R0 or between the TL with Za and R0 as shown in Fig. 3(a)
and (b), respectively. In this case, the value of R0 should be the
same as Z0 , the termination impedance, because the in-phase
T-junctions in Fig. 2(a) are turned around. The value of R0 can
be divided into two resistors R1 and R2 as shown in Fig. 3(c),
and the relation among the three resistance values of R0 , R1
and R2 yields
R1 R2
= R0 = Z0
R1 + R2

TABLE 3. Design parameters for Z0 = Y0−1 = 50  Fixing 2a + 2b = 95◦ .

(11)

FIGURE 3. Isolation circuits based on the in-phase T-junctions. (a) One
isolation resistor between the two TLs with Za and Zi . (b) One isolation
resistor between the two TLs with Zb and Zi . (c) Two isolation resistors
located at both ends of the TL with Zi .

With R0 = Z0 in Fig. 3(a) and (b), the third port can be
made where the resistance R0 is connected, leading to a balun
T-junction. Therefore the Gysel power divider can be applied
not only for the in-phase power divider but also for the outof-phase power divider (balun).
IV. DESIGN PARAMETERS AND FREQUENCY RESPONSES

Depending on the design formulas of Za and Zb (8), many
combinations of 2a and 2b are available, and two with
2a + 2b = 90◦ and 95◦ will be treated by varying the
power-division ratios of k 2 . The design parameters for 2a +
2b = 90◦ are listed in Table 2, while those with 2a + 2b =
95◦ in Table 3 where all the values are in , and the values
of Zb should be greater than those of Za due to the assumed
k ≥ 1. The design parameters in both Tables find that the
characteristic impedances of Za and Zb are proportional to
the power-division ratios, when the sum of 2a + 2b is fixed,
VOLUME 7, 2019

TABLE 2. Design parameters for Z0 = Y0−1 = 50  fixing 2a + 2b = 90◦ .

and if the difference between 2a and 2b is bigger, the values
of Zb become to be lower.
That is, to have feasible characteristic impedance of Zb ,
2a should be shorter, and the difference between 2a and
2b should be bigger, when the desirable power-division ratio
and the sum of 2a + 2b are fixed. Under the assumption
that the highest feasible characteristic impedance is 160 ,
the feasible cases are marked in Tables 2 and 3. For the
conventional cases in [18] and [24], when k 2 = 16 and 18 dB,
the values of Zb should be 319.42 and 400.3 , respectively.
However with 2a = 25◦ in Table 2, Zb = 97.1 and 135 
are sufficient for k 2 = 16 dB and 18 dB, respectively.
The characteristic impedances of Za and Zb are plotted in
Fig. 4 for the cases of 2a = 2b , the same as [15]. The plots
in Fig. 4 find that the characteristic impedances of Zb are
proportional to the electrical lengths of 2a = 2b , and the
electrical lengths of 2a = 2b should be less than 73.99◦
for k 2 = 10 dB, when the highest feasible characteristic
impedance is assumed to be 160 . For k 2 = 12 dB, the
values of Zb are greater than 160  when 2a = 2b is greater
than 50◦ as shown in Fig. 4.
Considering that with 2a = 2b = 90◦ [18], [24], the value
of Zb should be 165.83  for k 2 = 10 dB, arbitrary values
of 2a = 2b in Fig. 4 [15] can alleviate somehow the
conventional issue of the high impedance TLs but cannot be
a fundamental solution to the problem. Therefore it can be
concluded that the proposed topology in Fig. 2 has advantage
18149
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|S23 | are achieved, the output matching of |S22 | and |S33 | are
guaranteed. Therefore the frequency responses of |S22 | and
|S33 | are not treated. For all cases, designed power-division
ratios are achieved at f0 in Fig. 5(a), port ¬ is perfectly
matched at f0 in Fig. 5(b), perfect isolation between ports 
and ® can be achieved at f0 , as well in Fig. 5(c). The frequency responses in Fig. 5 show that with the power-division
ratios bigger, the bandwidths of |S11 | and |S23 | become wider.
V. MEASUREMENTS AND COMPARISONS

FIGURE 4. The values of Za and Zb with 2a = 2b in [15].

on any conventional in-phase T-junction in terms of high
power-division ratios without high impedance TLs.

For the proof-of-concept demonstration, two prototypes I and II for the power-division ratios of k 2 = 17 dB and
20 dB respectively were fabricated on a substrate (RT/duriod
5870, εr = 2.33, H = 62 mil) and tested at f0 = 1 GHz.
A. PROTOTYPE I FOR k 2 = 17 dB

For k 2 = 17 dB, the two electrical lengths of 2a = 30◦ and
2b = 70◦ were selected so that the characteristic impedance
of Zb can be feasible, calculating Za = 42.89  and Zb =
161.56 . For the substrate, the width of the TL with Za is
relatively wide, compared to that with Zb , and therefore the
line width needs to be reduced by using T-type with a steppedimpedance (SI) open stub [26] as shown in Fig. 6(b) where it
consists of one TL with Zp and 2p and one SI open stub with
two TLs. The characteristic impedance and electrical length
of one TL of the SI open stub in Fig. 6(b) are Zs1 and 2s1 ,
while those of another one are Zop and 2op . The relations
between the TL with Za and 2a and T-type [28] are
Zp = Za
Zs1

tan 22a

tan 22P

(12a)

Zop cot 2op − Zs1 tan2s1
Zp Zp tan 22P + Za cot 22a
=
Zs1 + Zop cot 2op tan 2s1
2 Zp − Za cot 22a tan 22P
(12b)

FIGURE 6. Conversion of the TL with Za and 2a into T-type with a SI open
stub. (a) TL with Za . (b) T-type with a SI open stub.
FIGURE 5. Frequency responses of Gysel power dividers with 2a = 40◦
and 2b = 55◦ . (a) Power-division ratios. (b) S11 (c) S23 .

The cases for 2a = 40◦ and 2b = 55◦ in Table 3 were
simulated for k 2 = 10, 12 and 14 dB, based on the isolation circuit in Fig. 3(a) with Zi = 50  and R0 =
50 . The frequency responses are plotted in Fig. 5 where
f0 and f are design and operating frequencies, respectively.
The power-division ratios of S21 /S31 are in Fig. 5(a), while
the frequency responses of |S11 | and the isolations of |S23 | are
in Fig. 5(b) and (c), respectively. If the perfect isolations of
18150

When the characteristic impedance of Zp is fixed at 80 
arbitrarily, 2p is computed using (12a) as 2p = 16.35◦ . With
the known values of Za , 2a , Zp and 2p , the right term (12b)
can be known. If the values of Zs1 and 2s1 are selected
as Zs1 = 100  and 2s1 = 10◦ arbitrarily along with
Zop = 50 , the electrical length of 2op can be calculated as
2op = 15.9◦ . Even though the TL with Za and 2a becomes
thinner and shorter as desired, the frequency responses of the
T-type and the original TL should be about the same, because
the TL is very short, referring to [26, Fig. 10]. In this way,
all the design parameters are collected in Table 4 where the
VOLUME 7, 2019
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TABLE 4. Design and fabrication parameters for prototype I with
k 2 = 17 dB.

TABLE 5. Design and fabrication parameters for prototype II with
k 2 = 20 dB.

widths and lengths of the TLs are expressed in this way as
wZp and `2p for the TL with Zp and 2p , respectively, and the
line length of the 180◦ TL with Zi is written as `2i .

FIGURE 8. Measured (solid lines) and predicted (dotted lines) frequency
responses of prototype I. (a) Power-division ratio (S21 /S31 ). (b) Matchings
( S11 , S22 , S33 ). (c) Isolation ( S23 ).

regarding (10), the phase difference between the IC and
the in-phase T-junction should be 180◦ out of phase. However, the phase differences outside of 1 GHz cannot be the
same as those designed, due to fabrication errors which is
the reason for the discrepancy between measured and predicted responses in Fig. 8(c). Except that point, the measured
responses are in good agreement with the predicted ones.
B. PROTOTYPE II FOR k 2 = 20 dB

FIGURE 7. Fabricated prototype I for k 2 = 17 dB.

The fabricated prototype I for k 2 = 17 dB is displayed in
Fig. 7 with the isolation circuit in Fig. 3(a). The measured
frequency responses of the prototype I are compared with
the predicted ones in Fig. 8 where the solid lines are the
measured responses, while dotted lines are the predicted ones.
The power-division ratio of S21 /S31 is plotted in Fig. 8(a),
while those of matching at all ports and the isolations are
in Fig. 8(b) and (c), respectively. At the design frequency
of 1 GHz, the measured power-division ratio is 16.68 dB
close to 17 dB. The matching values of |S11 |, |S22 | and
|S33 | are −27.82 dB, −25.96 dB and −20.76 dB, respectively, and the measured isolation is −20.9 dB. As mentioned
VOLUME 7, 2019

For k 2 = 20 dB, the two electrical lengths of 2a = 18◦
and 2b = 90◦ were selected, calculating Za = 52.55 
and Zb = 162.4 . In a similar way, the T-type for the TL
with Za and 2a can be designed, and the design parameters
are collected in Table 5 where the design parameters of the
T-type are Zp = 70 , 2p = 13.56◦ , Zs1 = 100 ,
2s1 = 6◦ , Zop = 50  and 2op = 4.22◦ . The fabricated
prototype II is illustrated in Fig. 9 where the isolation circuit
is that in Fig. 3(a).
The measured frequency responses of the prototype II are
compared with the predicted ones in Fig. 10 where the solid
lines are the measured responses, while dotted lines are the
predicted ones. The power-division ratio of S21 /S31 is plotted
in Fig. 10(a), while those of matching at all ports and the
isolation are in Fig. 10(b) and (c), respectively. At the design
frequency of 1 GHz, the measured power-division ratio is
19.75 dB close to 20 dB. The matching values of |S11 |,
18151
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FIGURE 9. Fabricated prototype II for k 2 = 20 dB.

FIGURE 11. Compared frequency responses of the prototype II and [20]
for k 2 = 20 dB.
TABLE 6. Comparisons with conventional power dividers.

FIGURE 10. Measured (solid lines) and predicted (dotted lines) frequency
responses of prototype II. (a) Power-division ratio (S21 /S31 ).
(b) Matchings ( S11 , S22 , S33 ). (c) Isolation ( S23 ).

|S22 | and |S33 | are −30.61 dB, −29.95 dB and −18.54 dB,
respectively, and the measured isolation is −20.70 dB. The
measured responses are in good agreement with the predicted
ones, given the fabrication errors.
C. COMPARISONS WITH CONVENTIONAL WORKS

Conventional three- or four-port power dividers consisting
of the in-phase T-junctions for the power-division ratios
higher than 9 dB are compared to two prototypes I and II,
and the comparison results are listed in Table 6 where
the power-division ratios are expressed in dB, and power
divider types are Gysel power dividers (GPDs), three-port
power dividers (TPDs) and ring hybrids (RHs). For all
except the proposed prototypes I and II, [4] and [20],
high impedance TLs are required as written in Table 6 for
18152

such high power-division ratios. Nevertheless, the highest
power-division ratio of the conventional works demonstrated
so far is 13 dB for the ring hybrid in [17], because it
requires the high impedance TLs. On the other hand, the measured prototypes I and II verify that even with such high
power-division ratios of 17 dB and 20 dB, the proposed Gysel
power dividers can be fabricated without any additional high
impedance TLs.
The power divider in [4] does not need the high impedance
TLs but cannot be applied for the Gysel power dividers,
while the one in [20] can be used for the Gysel power
divider. The prototype II for k 2 = 20 dB is compared to
that in [20], and the compared frequency responses of |S11 |
are plotted in Fig. 11. The design parameters for [20] are
Za = Zb = 50 , 2a = 5.73◦ and 2b = 87.13◦
in Fig. 1. The 10-dB return loss bandwidth of the prototype
II in Fig. 11 is 0.71 −1.92 f0 , 120 %, while that for [20]
is 0.9-1.1 f0 , 20 %. Considering all aspects, the suggested
Gysel power dividers have definite advantages on the conventional works for high power-division ratios for wider
bandwidths.
VI. CONCLUSIONS

In this paper, a novel topology of Gysel power divider
was proposed for high power-division ratios, which can be
VOLUME 7, 2019
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fabricated without any high impedance TLs even for the
power-division ratio of 20 dB. For the design formulas,
a study on the in-phase T-junctions of the conventional Gysel/
Wilkinson power dividers and ring hybrids was carried out,
and two important conditions were newly derived for the
arbitrary power-division ratios and perfect matching at all
ports. Based on the derived new conditions, the isolation
circuits could be derived easily without any additional effort,
regardless of symmetric or asymmetric in-phase T-junctions.
For the proof-of-concept demonstration, two prototypes I and II of the Gysel power dividers were fabricated
without any high impedance TL for the power-division ratios
of 17 dB and 20 dB, respectively, which have never been tried
before, and compared with more than ten conventional works
with the power-division ratios higher than 9.5 dB. For the
further demonstration of the advantage of the suggested work,
the frequency response of the prototype II was compared to
that [20] requiring no high impedance TL, verifying that the
10-dB return loss bandwidth of the prototype II was about six
times wider than that of [20].
Considering all aspects in terms of easy fabrication and
bandwidths for high power-division ratios, it can be concluded that the proposed Gysel power dividers have definite
advantages on the conventional works and can be implemented for the diverse applications.
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