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ABSTRACT In this paper, a tri-band impedance transformer (TBIT) using a coupled line and a dual-band
to tri-band transformer is proposed, which can transform frequency-dependent complex impedances to a
real-value impedance. In order to explain how to determine circuit parameters, closed-form equations are
derived in detail. Based on the TBIT, a compact T-junction power divider (TTPD) is designed. This TTPD
works at three different frequencies with independent controllable power division ratios. Simple steps to
design the TTPD are listed. To demonstrate the validity of the theory, this paper exhibits a prototype operating
at 2, 4.4, and 5 GHz with different power division ratios. Moreover, the simulated and measured results
prove that this TTPD has the features of tri-band operation, independent controllable power division ratios,
enhanced bandwidths, and small size.

INDEX TERMS Independent controllable power division ratios, tri-band, impedance transformer, power
divider.

I. INTRODUCTION
In the future, a few mobile communication systems including
2G to 5G will run simultaneously, however, the frequencies
their services use are not constant. Different operation fre-
quencies demand multi-band operation microwave compo-
nents. Researches on how to expand components’ operation
bandwidths and design multi-band operation microwave
components, have received many attentions payed by
designers.

Wideband power dividers (PD) become more popu-
lar in recent years [1], but it’s not enough for PDs to
operate in a single band. Therefore, a varactor based
frequency-tunable power divider is created [2], by insert-
ing some varactors into the circuit, its operation band can
cover 0.85-2.4 GHz. Nevertheless, the tuning method is so
inconvenient.

The associate editor coordinating the review of this manuscript and
approving it for publication was M. Jahangir Hossain.

To invent multi-band PDs, designers begin to improve
conventional PDs such as Wilkinson Power Dividers and
Gysel Power Dividers. Multi-section transmission lines are
used to replace λ/4 transmission lines in Wilkinson Power
Dividers [3]. Many transmission lines and stub lines can
make up dual-band PDs together [4], [5], obviously calcu-
lations become complex due to the extra circuit structures.
Some designs use λ/4 open stubs to introduce transmission
zeros to isolate operation frequencies [6]–[8]. But there is
a disadvantage that additional open stubs enlarge the size.
Because coupled lines are good for reducing the size of the
circuit, they become common in PDs [9]–[18]. At the same
time, there is a significate trend that PDs provide more and
more functions such as unequal power dividing, out-phase
output, filtering, and impedance transforming. In order to
realize these functions, more technologies are fused into PDs’
designs. Bandpass filters are added into the design in [19].
A phase inverter which can reduce the circumference of Gysel
Power Divider and improve the bandwidth, becomes a part of
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the PD mentioned in [20]. Resonators have been involved in
PDs [21]–[24]. However, the PDs including resonators have
narrow bandwidths and complicated structures. Since using
conventional transmission lines to design PDs is short of
innovation, improved transmission lines such as non-uniform
transmission lines and composite right- and left-handed trans-
mission lines play important roles in PDs [25], [26]. In addi-
tion, some out-of-phase PDs with high frequency ratios can
be widely used in many applications [27], [28].

In recent years, the development on PDs mainly focuses
on dual-band PDs. Tri-band PDs are rare yet. As we all
know, electrical lengths of transmission lines and coupled
lines are related to frequencies, so the introduction of any
line has an impact on the circuit parameters at three operation
frequencies and it is hard to find out an appropriate method to
make sure that designs have excellent performances at three
frequencies simultaneously. In order to satisfy the conditions
of tri-band operation, designers have no choice but to make
their designs have more changeable circuit parameters, but
complexity increases [5]–[7], [29]. Two approaches to design
multi-band PDs are summarized in [30] and a similar design
idea is shown in [31]. However, the functions that tri-band
PDs have are less than dual-band PDs have, so there is huge
development space for tri-band PDs.

The impedance transformer has become a part of the design
in [30]. As we all know, characteristic impedances and elec-
trical lengths of transmission lines can be modified in the
fabrication process, so the use of transmission lines makes
impedance transformation controllable. Two-section trans-
mission lines are used to realize dual-band impedance trans-
formers [32], [33]. Other dual-band impedance transformers
with different structures are shown in [34]–[37]. However,
they can’t be used in tri-band applications. The design in [38]
uses stubbed coupled lines to design a tri-band transformer
with a small size, but it has a limitation on operation frequen-
cies. In [39], the complex structure of the multi-frequency
impedance transformer makes the integration low. A new
concept of impedance matching using a common reference
frequency is proposed in [40] and [41], in my opinion, this
concept is strict with load impedances and a little change on
load impedances may bring a big influence. As the result,
designs in [40] and [41] have narrow bandwidths. Another
impedance matching network mentioned in [42] can only
realize transformation between two real-value impedances.
The tri-band impedance transformer used in this paper can
transform frequency-dependent complex impedances to a
real-value impedance.

For making tri-band PDs better, this paper does some
significant jobs. A TBIT is introduced in this paper and it
uses a coupled line to enhance the bandwidth and reduce the
size. According to the method to design T-junction PDs [29],
a simple way to obtain controllable division ratios is intro-
duced in this paper. Finally, this paper proposes a TTPD with
independent controllable power division ratios and enhanced
bandwidths. Compared to the TTPD in [29], this TTPD has
wider bandwidths and a smaller size. The 3D structure of

FIGURE 1. The 3D structure of the tri-band T-junction power divider.

this power divider is shown in Fig. 1. The circuit analysis
explains how circuit parameters influence operation frequen-
cies and power division ratios. A TTPD operating at the
center frequencies of 2.0 GHz, 4.4 GHz, and 5.0 GHz is
simulated. The reason why this design chooses 2.0 GHz,
4.4 GHz and 5.0 GHz as operation frequencies is that the band
near 2.0 GHz is used by 4G mobile communication system
and the band covering 4.4 GHz to 5.0 GHz is likely to be
used by 5G. The power division ratios at these three different
frequencies are −4.44 dB, 0.00 dB, and −3.10 dB. The
corresponding printed circuit board (PCB) is fabricated on
the RO4350B substrate. There is a good agreement between
simulated results and measured results.

II. THEORY AND DESIGN
The proposed TTPD is improved from the conventional
T-junction power divider. The 3D structure is shown in Fig. 1.
Two TBITs are located between the input port and two output
ports.

A. TRI-BAND IMPEDANCE TRANSFORMER
As is depicted in Fig. 2, the TBIT consists of two sections,
one is a dual-band impedance transformer which uses a

FIGURE 2. The circuit structure of the tri-band impedance transformer.
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coupled line and a transmission line, the other is a dual-band
to tri-band transformer using open-circuited-short-circuited
(OCSC) stubs. Section-1 changes frequency-dependent com-
plex load impedances at f1 and f2 to Z0 which is equal to Z3
and ZS, section-2 changes the impedance at f3 to Z0 without
influencing the impedance matching at f1 and f2.
The first part of the TBIT is a dual-band impedance trans-

former. This part includes a cascaded transmission line and
a coupled line. By using the coupled-line theory and the
common even-odd model method, the ABCD matrix of this
coupled line can be calculated [37], [43]. Parameters included
in the matrix are expressed as

[
A B
C D

]
=


Ze − Zo tan2 (θ2)
Ze + Zo tan2 (θ2)

2jZeZo tan (θ2)
Ze + Zo tan2 (θ2)

2j tan (θ2)
Ze + Zo tan2 (θ2)

Ze − Zo tan2 (θ2)
Ze + Zo tan2 (θ2)

,
(1)

Zo and Ze are the odd- and even-mode impedance, θ2 is the
electrical length of the coupled line. And any electrical length
shown in Fig. 2 is defined at f1.

The coupled line transforms Yin1 to Yin2. There is an equa-
tion to make sure that Yin2 is equal to 1/Z0 at f1 and f2. This
equation is the key of the following discussion

Z0 =
A
∣∣f1 ∗ Zin1 ∣∣f1 + B ∣∣f1

C
∣∣f1 ∗ Zin1 ∣∣f1 + D ∣∣f1 = A

∣∣f2 ∗ Zin1 ∣∣f2 + B ∣∣f2
C
∣∣f2 ∗ Zin1 ∣∣f2 + D ∣∣f2 ,

(2)

where Zin1 can be expressed as

Zin1 = R1 + jX1 =
1
Yin1

. (3)

Obviously, tunable parameters included in (1) and (2) are
Zo, Ze, and θ2, but they are not enough to make Yin1 @
f1 and Yin1 @ f2 be transformed to 1/Z0 simultaneously.
If Zin1 @ f1 is the complex conjugate impedance of Zin1 @ f2,
the tuning process of Zo, Ze, and θ2 will be easy. In order to
do this, a cascaded transmission line is placed on the right
of the coupled line. The analysis in [37] confirms that when
Z1 and θ1 are determined by (4)-(5), R1 @ f1 = R1 @ f2 and
X1 @ f1 = −X1 @ f2

Z1 =

√√√√√RL
∣∣f1 RL ∣∣f2 + XL ∣∣f1 XL ∣∣f2

+

(
XL
∣∣f1 + XL ∣∣f2 ) (RL ∣∣f1 XL ∣∣f2 − XL ∣∣f1 RL ∣∣f2 )

RL
∣∣f2 − RL ∣∣f1 ,

(4)

θ1 =

nπ + arctan
[

Z1
(
RL
∣∣f1 −RL∣∣f2 )

RL
∣∣f1 XL∣∣f2 −XL∣∣f1 RL∣∣f2

]
1+ u1

, (5)

where n is a natural number. Once Z1 and θ1 are known,
R1 @ f1 and X1 @ f1 can be written as

R1
∣∣f1 = Z2

1RL
∣∣f1 (1+ tan2 (θ1)

)[
Z1 − XL

∣∣f1 tan (θ1)]2 + R2L ∣∣f1 tan2 (θ1) , (6)

X1
∣∣f1 = Z1

[
Z1XL

∣∣f1 − Z1XL ∣∣f1 tan2 (θ1)
+
(
Z2
1 − R

2
L

∣∣f1 − X2
L

∣∣f1 ) tan (θ1)
]

[
Z1 − XL

∣∣f1 tan (θ1)]2 + R2L ∣∣f1 tan2 (θ1) . (7)

The condition that Zin1 @ f1 and Zin1 @ f2 are complex con-
jugate impedances makes the simplification of (2) possible.
(8) can be derived from (2)

2X1
∣∣f1 Z0 tan (θ2)
=
(
Z0 − R1

∣∣f1 ) [Ze − Zo tan2 (θ2)], (8a)

2
(
R1
∣∣f1 Z0 − ZeZo) tan (θ2)
= X1

∣∣f1 [Ze − Zo tan2 (θ2)], (8b)

−2X1
∣∣f2 Z0 tan (u1θ2)
=
(
Z0 − R1

∣∣f1 ) [Ze − Zo tan2 (u1θ2)], (8c)

2
(
R1
∣∣f1 Z0 − ZeZo) tan (u1θ2)
= −X1

∣∣f1 [Ze − Zo tan2 (u1θ2)], (8d)

where u1 = f2/f1. Solving (8a) and (8b) can obtain expres-
sions of the odd- and even-mode impedance of the coupled
line. The expressions are (9) and (10), as shown at the bottom
of this page.

By comparing (8b) and (8d), there is a discovery that (11)
can make (8b) and (8d) have solutions at the same time.
Herein, m refers to a positive integer

θ2 =
mπ

1+ u1
. (11)

For Yin2 at f3, when the changeable parameters of section-1
are all clear, it can be got by a few simple mathematical
calculations by (1), (2), (6), and (7). Parameters at f1 in these
formulas must be replaced by parameters at f3.

The premise of section-2’s design is that it transforms
Yin2 at f3 to 1/Z0 without influencing the already obtained
impedance matching at f1 and f2. The first thing is discussing
how OCSC stubs avoid affecting the impedance matching

Zo =

−
2X1

∣∣f1 Z0 tan(θ2)(
Z0−R1

∣∣f1 ) ±
√[

2X1
∣∣f1 Z0 tan(θ2)(
Z0−R1

∣∣f1 )
]2
− 4 tan2 (θ2)

[
X2
1

∣∣f1 Z0
Z0−R1

∣∣f1 − R1
∣∣f1 Z0]

2 tan2 (θ2)
, (9)

Ze =
2X1

∣∣f1 Z0 tan (θ2)(
Z0 − R1

∣∣f1 ) + Zo tan2 (θ2) , (10)
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at f1 and f2 [42]. The combined admittance generated by
OCSC-1 is written as

YOCSC = j
tan θ
Za
− j

1
Zb tan θ

. (12)

When Yocsc is equal to zero, OCSC-1 looks like that it is
nonexistent at f1 and f2. For this reason, Za and Zb should
meet the following equation

Za = Zb tan2 θ. (13)

An additional consideration is that the two formulas can be
used not only at f1 but also at f2. Therefore, θ should satisfy

u1θ = θ + pπ, (14a)

u1θ = pπ − θ, (14b)

θ =
pπ

u1 − 1
or

pπ
u1 + 1

, (14c)

where p is a natural number. The characteristic parameters
of OCSC-2 can be defined by the same way. In this paper,
u1 = f2/f1. However, for the admittance at f3, OCSC stubs
can change its imaginary part.

There is a temporary assumption that OCSC-2 doesn’t
exist, so Yin3 = Yin2.

Stub-3 is a cascaded transmission line. The admittance
at its left hand is expressed by (15). As is known to all,
the impedance transformer function of the transmission line
disappears when its characteristic impedance is equal to the
impedance connected with it. This is the reason why Z3 is
fixed to Z0 (Z0 = 1/Yin2 @ f1 = 1/Yin2 @ f2).
Because the source impedance is a real-value impedance,

the real part of Yin4 should be the reciprocal of the source
impedance whereas the imaginary part should be eliminated
by OCSC-1. According to the above constraint and (15), two
equations can be established and they are (16) and (17). In this
paper, u2 = f3/f1. (18) derives from (16). Due to the peri-
odicity of the tangent function, there is a series of solutions
of θ3. Choosing a solution with small value is beneficial to
reducing the size of the circuit structure. Then, bring the
known θ3 and Z3 into (17) to calculateB4. (15)-(18) are shown
at the bottom of this page.

The combination of (13) and (17) arrives at

Ya = −
B4

tan (u2θ)− tan2 θ cot (u2θ)
. (19)

At the end, this paper investigates whether the existence of
OCSC-2 is necessary. If OCSC-2 does not exit, Yin2 = Yin3.
If OCSC-2 exits, the relationship between Yin2 and Yin3 is
expressed as

B3 = B2 − Yd cot (u2θ)+ Yc tan (u2θ) , (20)

G3 = G2. (21)

G2 and B2 may influence the parameters of stub-3 and
OCSC-1 by (15)-(21). Za and Zb must be controlled among
30 to 120 �, which makes sure the widths of OCSC-1 are
moderate. There are two tables and a figure to show the
variations of Za and Zb with G2 and B2. The experimental
condition of Table 1 is u1 = 2.5, u2 = 2.2, and Zc = 120 �
and the experimental condition of Table 2 is u1 = 2.5, u2 =
2.2, and Zc = 50 �.

FIGURE 3. The influence of R2 and X2 on Za when OCSC-2 doesn’t exit.

As shown in Fig. 3, Table 1, and Table 2, when X2 is close
to zero, the value of Za is too huge to realize. The conclusion
is that X2 is the decisive factor for the existence of OCSC-2.
If X2 is close to zero, designers should add OCSC-2 into their
designs.

Yin4
∣∣f3 = Z3 + jZin3

∣∣f3 tan u2θ3
Zin3

∣∣f3 Z3 + jZ2
3 tan u2θ3

=
Z0 + jZin3

∣∣f3 tan u2θ3
Zin3

∣∣f3 Z0 + jZ2
0 tan u2θ3

= G4 + jB4, (15)

G4 =
G3
[
1+ tan2 (u2θ3)

]
[1− Z0B3 tan (u2θ3)]2 + [Z0G3 tan (u2θ3)]2

=
1
Z0
, (16)

B4 =
1
Z0

[1− Z0B3 tan (u2θ3)] [Z0B3 + tan (u2θ3)]− Z2
0G

2
3 tan (u2θ3)

[1− Z0B3 tan (u2θ3)]2 + [Z0G3 tan (u2θ3)]2
= Yb cot (u2θ)− Ya tan (u2θ) , (17)

θ3 =
1
u2

arctan

Z0B3 ±
√
(Z0B3)2 − (1− Z0G3)

(
Z2
0B

2
3 + Z

2
0G

2
3 − Z0G3

)(
Z2
0B

2
3 + Z

2
0G

2
3 − Z0G3

)
 . (18)
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TABLE 1. The calculated impedances of ocsc-1 under different conditions
(B2 < 0).

TABLE 2. The calculated impedances of ocsc-1 under different conditions
(B2 > 0).

FIGURE 4. The reflection coefficients of the TBITs in different cases.

It deserves to be mentioned that there are no strict limita-
tions on Zc. Designers can choose proper Zc to alter X2.
There are some cases used to show that the TBIT can

transform frequency-dependent complex impedances to a
real-value impedance. Conditions are listed in Table 3. The
corresponding reflection coefficients are exhibited in Fig. 4.

TABLE 3. Operation frequencies in different cases.

FIGURE 5. (a) The ratios of Ze1 and Zo1 with different power division
ratios. (b) The ratios of Ze2 and Zo2 with different power division ratios.

Although the TBIT can transform frequency-dependent
complex impedances to a real-value impedance, the proposed
TTPD only uses it to complete the transformation between
real-value impedances. In other words, XL is zero. Hence,
the related equations become compact.

B. TRI-BAND POWER DIVIDER
The previous part uses numerous equations to introduce a new
TBIT which can transform frequency-dependent complex
impedances to a real-value impedance. How to use this TBIT
in PDs is the subject of this part. As exhibited in Fig. 1,
the TTPD’s terminal impedances are R1, R2, and R3. At the
junction, the impedances looking into two output paths are
R2i and R3i, they are transformed from terminal impedances
R2 and R3 by TBITs.

If the voltage at the junction is V0, P2i and P3i can be
expressed by (22) and (23), P2i and P3i refer to the power
divided to two output paths, respectively. And the power
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FIGURE 6. (a) The ratios of Ze1 and Zo1 in different cases. (b) The ratios
of Ze2 and Zo2 in different cases.

division ratios k2i are related to R2i and R3i

P2i =
V2
0

R2i
, (22)

P3i =
V2
0

R3i
, (23)

k2i =
P3i
P2i
=
R2i
R3i
. (24)

According to the theory of Kirchhoff Circuit Laws (KCL)
and impedance matching, R2i and R3i must satisfy the fol-
lowing conditions to eliminate reflections. After rearrang-
ing (24) and (25), the relationships between R2i, R3i and
k2i can be described clearly. The power division ratios k2i
are important design goals, once k2i and R1 are set as two
specific values, R2i and R3i are determined correspond-
ingly. The design of the two TBITs regards R2 and R3
as the source impedances and regards R2i and R3i as the
load impedances. Next, using (1)-(21) is able to complete
the design of TBITs. Finally, the two TBITs make up the

FIGURE 7. The photography of the proposed power divider on the
substrate of RO4350B.

FIGURE 8. The dimension drawing of the proposed power divider.

TABLE 4. Variables in different cases.

TTPD. In the following design, R1, R2, and R3 are set to
50 �. Specially, when the TTPD needs to connect three
terminals whose impedances’ values are not 50 �, it is
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FIGURE 9. (a) The ideal simulated results of |S11| and |S31| − |S21|.
(b) The EM simulated and measured results of |S11|.

TABLE 5. The design parameters of the proposed power divider.

useful too

R1 =
R2iR3i

R2i + R3i
, (25)

R2i = R1
(
1+ k2i

)
, (26)

R3i = R1

(
1+

1

k2i

)
. (27)

TABLE 6. The physical dimensions (lengths) of the proposed power
divider. (Units: mm.)

TABLE 7. The physical dimensions (widths) of the proposed power
divider. (Units: mm.)

FIGURE 10. (a) The EM simulated and measured results of
|S21| and |S31|. (b) The EM simulated and measured results of |S23|.

This work is mainly concerned with independent control-
lable power division ratios. As is discussed, power division
ratios influence R2i and R3i. As the load impedances of TBIT,
R2i and R3i will influence the odd- and even-mode impedance
of the coupled line. Fig. 5 and Fig. 6 show the variation
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TABLE 8. The performance comparisons of some similar power dividers.

of Zej/Zoj with power division ratios (j = 1, 2). j is used
to distinguish two output paths. Specially, these results are
obtained under the condition of u1 = 2.2. For the coupled
line, the huger imbalance between Ze and Zo is, the smaller
distance is. The advice is that the ratio of Zej and Zoj should
be within the range of 1.0 to 2.5.

C. DESIGN STEPS
There have been enough considerations on the selections of
the parameters. On the basis of these works, design steps are
listed as

1) According to the operation frequencies of the TTPD,
frequency ratios u1 and u2 can be calculated.

2) Use (1)-(10) to determine the change range of k2i within
which the ratio of Ze and Zo is proper. Choose a couple
of power division ratios for f1 and f2. The power divi-
sion ratio k23 at f3 doesn’t have an impact on Ze and Zo,
so designers can choose it independently.

3) For given k2i , u1, and u2, use (4)-(5), (9)-(11),
and (26)-(27) to determine the parameters in section-1.
Depending on calculations or simulations, Yin2 @
f3 can be obtained. Decide whether to add OCSC-2
into the design according to its value. If OCSC-2 is
necessary, choose a proper Zc to change Yin2 @ f3 to
Yin3 @ f3. In OCSC-2, the value of Zc is adjustable.

4) Search the remaining unknown parameters of the TBIT
by computing (15)-(21).

5) Connect two TBITs in parallel form.

III. SIMULATED AND MEASURED RESULTS
In the light of the design steps, an ideal TTPD with inde-
pendent controllable power division ratios at 2.0 GHz,
4.4 GHz, and 5.0 GHz is designed and simulated in ADS.

Power division ratios are −4.44 dB, 0.00 dB, and −3.10 dB.
It is worth to mention that this design views 5.0 GHz as f2
and views 4.4 GHz as f3. By calculating (26) and (27), at f1, f2,
and f3, load impedances (ZL in Fig. 2) of output path-1’s TBIT
are set to 68.00 �, 74.50 �, and 100.00 � respectively,
and load impedances of the other output path’s TBIT are
set to 188.89 �, 152.04 �, 100.00 �. By a series of cal-
culations, parameters listed in Table 5 can be determined.
For validating the correctness, this TTPD is fabricated on
the RO4350B substrate. This material’s relative dielectric
constant, thickness, and loss tangent are 3.48, 1.524 mm, and
0.0037. Fig. 7 and Fig. 8 are the photograph and dimension
drawing of the fabricated TTPD, after a little optimization
the physical dimensions are set to values exhibited by Table 6
and Table 7 in detail. Connections between actual microstrips
make circuit parameters deviate from the ideal simulation.
In order to reduce this negative impact, this design use trape-
zoid microstrips to link different parts. Some dimensions
showed in Table 6 and Table 7 have covered lengths and
widths of these trapezoid microstrips. The overall size of the
TTPD is 50 × 50 mm2 which is smaller than the similar
design in [29].
Fig. 9(a) shows the ideal simulated results in ADS. It illus-

trates not only the input return loss but also the difference
between two insertion loss coefficients. It shows a perfect
agreement with the design goals. The electromagnetic (EM)
simulator can link the theoretical design to the reality.
EM simulated results are exhibited in Fig. 9(b). The mea-
sured results are shown in the same picture for compar-
ison. The measured results show that the first band with
|S11| ≤ −15 dB is from 1.914 GHz to 2.417 GHz and the
fractional bandwidth is about 23.23%. The second band with
|S11| ≤ −15 dB is from 4.340 GHz to 4.598 GHz and the
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fractional bandwidth is about 5.77%. The third band with
|S11| ≤ −15 dB covers 4.772 GHz to 5.096 GHz and the
fractional bandwidth is approximately 6.57%.

Fig. 10(a) shows the variation trend of the power division
ratios which is revealed by the amplitude imbalances of |S21|
and |S31|. At 1.891 GHz, 4.467 GHz, and 5.170 GHz, the
values of |S31|− |S21| are−4.44 dB, 0.00 dB, and−3.10 dB.
It proves that this design achieves expected targets and the
power division ratios of this TTPD are controllable. The shift
of the center frequencies and the performance deterioration
are due to the unavoidable machining error and the test error.

In addition, the curves used to describe the EM simulated
and measured results of |S23| are drawn in Fig. 10(b). The
curves reflect of the isolation between two output ports.With-
out any isolation resistor, this TTPD can obtain 7.392 dB,
11.051 dB, and 12.078 dB isolation at 2.0 GHz, 4.4 GHz,
and 5.0 GHz.

IV. CONCLUSION
In general, a TTPDwith independent controllable power divi-
sion ratios at different frequencies is proposed. This design
also includes a new TBIT. The theory and the design idea are
shown by some detailed and computable mathematical for-
mulas. Furthermore, there are simple and clear design steps
in this paper. An ideal design example with power division
ratios of −4.44 dB, 0.00 dB, and −3.10 dB at frequency
points of 2.0 GHz, 4.4 GHz, and 5.0 GHz demonstrates that
the theory mentioned in this paper is right. The corresponding
experiments show that this TTPD have advantages of tri-band
operation, independent controllable power division ratios,
and enhanced bandwidths. Table 8 shows the comparisons
with some previous power dividers. These advantages make it
possible to use this TTPD as a feed network of array antennas.
Active components such as Doherty power amplifiers can
also use it.
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