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ABSTRACT In this paper, a new design for balanced-to-balanced (BTB) filtering power divider (FPD) is
proposed. Originating from the electric field distribution property of TM30 resonant mode on the right-angled
isosceles triangular patch resonator (RAITPR), the feasibility of balanced-to-balanced power division is
initially established. Afterwards, redundant modes suppression performance is achieved by loading metallic
via holes on the RAITPR. Besides, by etching an L-shaped slot on the RAITPR an extra transmission zero
has been introduced outside the differential mode (DM) passband. As such, the prototype of the BTB FPD
has been well developed based on a single resonator. Ultimately, to verify this design concept, a BTB FPD
demonstrator at the central frequency of 2.48 GHz is designed and fabricated. Both the simulated and the
measured results are provided in good accordance. Within the passband, the minimum measured insertion
loss of the BTB FPD is 1.18 dB and its 3-dB fractional bandwidth (FBW) reaches 24.2%. While outside the
passband, both lower and higher order resonant modes of the RAITPR up to 4.0 GHz have been suppressed
as expected.

INDEX TERMS Balanced-to-balanced (BTB), filtering power divider (FPD), L-shaped slot, right-angled
isosceles triangular patch resonator (RAITPR).

I. INTRODUCTION
Power dividers are indispensable components that facilitate
efficient power distribution, enabling seamless integration
and performance optimization within radio frequency (RF)
front-end systems. Recently, research on functionally inte-
grated power dividers has received increasing attention owing
to their extensive utilizationwithin antenna feed networks and
related areas. To date, numerous studies have been conducted
on filtering power dividers (FPDs) [1], [2], [3], multi-way
FPDs [4], [5], [6], quadrature/anti-phase power dividers [7],
[8], unbalanced-to-balanced power dividers [9], [10], [11],
[12] and so on.
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On the other side, balanced-to-balanced (BTB) circuits
have demonstrated immense potential as their immunity
against environmental noises and electromagnetic interfer-
ences [13], [14], [15]. Accordingly, the BTB power divider
and FPD have also been extensively studied [16], [17],
[18], [19], [20], [21], [22]. In [16], a BTB power divider
is designed. It combines a Wilkinson power divider with
a balun structure by using a double-layer PCB structure,
which increases the complexity of the structural design
and the difficulty of practical application. By combining
the half-wavelength resonator and the short-circuit branch
loaded resonator, a BTB FPD is proposed in [17]. Although
this method can realize a compact structure and good
common mode rejection, its design complexity and insertion
loss are increased owing to the side coupling structure
between multiple resonators. By virtue of the resonant
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FIGURE 1. Structure of a RAITPR.

properties of the TEm0n modes in the cavity structure,
a substrate integrated waveguide (SIW) BTB FPD has
been excogitated in [18]. Despite the advantage of high
power capacity, this scheme confronts with the challenges
of bulky volume and large phase deviation between the
output ports. Furthermore, by introducing multiple resonant
modes of cylindrical dielectric resonators into a metal cavity,
a BTB FPD with high power capacity is also designed
in [19]. However, due to the three-dimensional cavity
structure form, the factors of volume and weight limit its
application in balanced feed networks of low-profile antenna
arrays.

The main purpose of this paper is to present a new BTB
FPD based on a single-layer RAITPR. Originating from the
analysis of electric field distribution of resonant modes on
the RAITPR, the feasibility of balanced-to-balanced power
division is established by virtue of the TM30 mode. Then,
the RAITPR is evolved by wisely loading metallic via holes
at designated positions. Attributing to the specific boundary
conditions of the modified RAITPR, the proposed resonator
can keep TM30 mode, while suppressing other redundant
modes. Besides, due to the introduction of an L-shaped
slot, the proposed design achieves good frequency selection
characteristics for differential mode (DM) signals. Both
simulated andmeasured results of the implemented BTBFPD
are found in good agreement and demonstrate the advantages
of low insertion loss, broad operating bandwidth and good
filtering selectivity.

II. PRINCIPLE, GEOMETRY, AND ANALYSIS
A. ELECTRIC FIELD DISTRIBUTIONS OF RESONANT
MODES ON RAITPR
Fig. 1 indicates the layout of a RAITPR, where a right-angled
isosceles triangular patch is implemented on a single-layer
dielectric substrate with a ground plane. To better analyze this
resonator, the electric field of TMmn mode on this resonator
can be represented by the following formula [23].
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Besides, the corresponding resonant frequency can be
expressed as
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c
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where m and n are the two non-negative integers, a is the
length of the right side of the RATPR and c is the light speed
in free space.

According to (1), the corresponding normalized electric
field equipotential line patterns of the first six modes on
a RAITPR are depicted in Fig. 2. Specifically, Fig. 2(f)
gives the normalized electric field equipotential line of the
utilized TM30 mode. It is worth noting that the electric
field at symmetric location with respect to the symmetric
axis has the same magnitude and opposite direction which
means balanced signals can be well excited and transmission
in an equal-split power division form under this mode
on the resonator. Specifically, when differential excitation
is imposed on the resonator at symmetrical positions of
1+ and 1−, 2+ and 2−, as well as their symmetric locations
3− and 3+, receive differential signals with equal energy. This
designmethod capitalizes on the intrinsic symmetry exhibited
by the resonator’s response to differential excitation, thereby
achieving a balanced power distribution among the output
differential ports.

Besides, since redundant modes in Fig. 2(a-e) are not
desired in design, the suppression of these modes has also
been taken into consideration. It can be divided into two steps.
On the first step, the above-mentioned excitation method
of differential signals breaks the symmetry of the modes in
Fig. 2 (b), (c), and (e), thus these modes cannot be excited.
On the second step, an artificial electric wall can be further
constructed without affecting the TM30 mode by loading
metallic via holes in the position shown in Fig. 2 (f). As such,
this electric wall at specific location will inhibit TM10 and
TM21 modes in Fig. 2 (a) and (d).

B. DEVELOPMENT OF THE BTB FPD
According the analysis mentioned above, a prototype of BTB
FPD at the center frequency of 2.48 GHz is developed in
Fig. 3(a). The balanced input port 1 is formed by microstrip
lines 1a and 1b, while the balanced output port 2 and 3 are
respectively formed by microstrip lines 2a and 2b as well
as 3a and 3b. It should be mentioned that the positions of
these feeding lines are determined by the analysis results of
the electric field in Fig. 2(f). Besides, to achieve effective
isolation between the balanced output ports 2 and 3, isolation
resistors are introduced between the in-phase ports 2a and
3a, as well as 2b and 3b. Specifically, the grooves etched on
the ground plane, in conjunction with the signal lines within
them, form a coplanar waveguide (CPW) transmission line
structure. The CPW transmission lines are interconnected
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FIGURE 2. Normalized electric field equipotential line patterns on
RAITPR. (a) TM10. (b) TM11. (c) TM20. (d) TM21. (e) TM22. (f) TM30.

with the microstrip lines located on the upper surface of
the dielectric substrate through metallic via holes, thereby
constituting two bridge-like structures, each of them spans
across themicrostrip lines 2b and 3a respectively. Afterwards,
the developed bridge structures are connected to resistors
through the microstrip lines, resulting in the parallel insertion
of resistors between pairs 2a and 3a, as well as between 2b
and 3a.

Simulated by ANSYS HFSS, Fig. 3(b) demonstrates the
input reflection coefficients with and without metallic via
holes when 1a and 1b are excited under differential signals.
As for the metallic via holes arranged along a straight line
form, they aim to construct an equivalent electrical wall at
the corresponding position where electric field equals to zero
in Fig. 2(f). The developed scheme can not only suppress
the redundant modes mentioned above, but also be effective
for the higher-order modes to some extent. In addition,
considering that a single resonator with a fixed structure is
utilized, the bandwidth of the proposed prototype circuit is
mainly determined by the external quality factor Qe. Thus,
changing the position of feeding ports, which is represented
by l in Fig. 3(a), different values of Qe will be realized
so as to vary the bandwidth of the BTB FPD. As can be
seen in Fig. 3(c), the working bandwidth can be enhanced

FIGURE 3. (a) The prototype circuit. (b) Reflection coefficients with and
without metallic via holes. (c) Reflection coefficients versus the changing
of l .

with the decreasing of l. Moreover, to improve the frequency
selectivity, two transmission zeros occurring at 3.09 and
3.44 GHz are respectively introduced in the upper stopband.
For the first transmission zero, i.e., at 3.09 GHz, it might
be generated by the resonance on the isolation network in
Fig. 4. As shown in Fig. 5 (a), the distribution of electric
field is mainly concentrated on the isolated network. As for
the second transmission zero, i.e., at 3.44 GHz, it is caused
by the resonance of the square patch, which is separated
from the original RAITPR by the slot structure in Fig. 4.
Since the slot structure is located in accordance with the
gradient direction along the electric field equipotential lines
of TM30 mode, it will keep the transmission performance
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FIGURE 4. Circuit layout and detailed dimensions of the proposed BTB
FPD (l1 = 5, l2 = 16, l3 = 27, l4 = 62.5, l5 = 19, l6 = 28.4, l7 = 25, w1 =

3.6, w2 = 1.2, w3 = 22, w4 = 7, w5 = 22, w6 = 41.6, w7 = 10.2, w8 = 42.7,
w9 = 0.8, w10 = 3.2, w11 = 11.6, w12 = 31.1, w13 = 7.6, w14 = 6, w15 = 2,
d = 0.5, L = 131, W = 85, all in millimeters, Resistor R1 = R2 = 120 Ohm).

FIGURE 5. Intensity diagram of electric field at (a) 3.09 GHz and
(b) 3.44 GHz.

FIGURE 6. DM responses with and without the L-shaped slot.

basically unchanged within the passband. While at the
specific resonant frequency of 3.44 GHz of the separated
square patch, the electric field is mainly concentrated on the
square patch resonator as demonstrated in Fig. 5(b). Under
this circumstance, a coupling topology of extracted-zero has
been formed, thus introducing an extra transmission zero
at upper stopband. For validation, the DM responses of
the BTB FPD with and without L-shaped slot are given in
Fig. 6. As expected, an extra transmission zero is successfully
introduced by the adoption of the L-shaped slot.

III. IMPLEMENTATION AND RESULTS
To verify the feasibility of the proposed design method, one
demonstrator BTB FPD was implemented on the Rogers

FIGURE 7. Simulated (dashed lines) and measured (solid lines)
performance of the proposed BTB FPD. (a) and (b) S-parameters.
(c) Imbalance of phase and amplitude.

4350 substrate with a permittivity of 3.66, and a loss tangent
of 0.004. Simulated and measured results are shown in Fig. 7.
As the measured results depict, for DM signals, the BTB
FPD operates at the center frequency of 2.48 GHz with a
3-dB FBW of 24.2% (2.18-2.78 GHz). Good matching is
achieved during the operating band of 2.35-2.65 GHz with
a maximum return loss of -15 dB. The measured in-band
minimum insertion loss is 1.18 dB for Sdd 21 and 1.25 dB
for Sdd 31 while the simulated results are 0.63 dB and
0.71 dB respectively. Besides, both measured Sdd 21 and Sdd
31 are less than -20 dB during the band of 2.98-3.85 GHz
and the suppression reaches -40 dB during the band of
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TABLE 1. Comparison with other reported BTB FPDs.

3.42-3.47 GHz. Fig. 7(b) indicates the CM performance of
the BTB FPD and the imbalance information between the two
output ports is demonstrated in Fig. 7(c). As can be seen from
Fig. 7(c), within the operating band the measured magnitude
difference is less than 0.5 dB and the phase difference is
less than 3.5 degree. Table 1 lists the relevant works on
BTB PFDs. Compared with designs I and II in [21], our
work achieves a wide operating bandwidth. With regarding to
works in [17] [18] and [22], our design exhibits advantages
in both insertion loss, and operating bandwidth. In addition,
excellent selectivity is achieved with only one single patch
resonator, which demonstrates the low complexity in our
design.

IV. CONCLUSION
A new BTB FPD based on a single-layer RAITPR is
presented in this article. By analyzing the electric field
distribution of resonant modes on the RAITPR, the principle
of balanced-to-balanced power division is illustrated by
utilizing the TM30 resonant mode. Then, to suppress other
redundant modes while keeping the operation mode, the
RAITPR is modified by wisely loading metallic via holes
at specific positions. Afterwards, to improve the frequency
selectivity for DM signals, an L-shaped slot is further
introduced into the RAITPR so as to realize an extra
transmission zero at upper stopband. Both simulated and
measured results are provided in good accordance and
demonstrate the developed BTB FPD has the advantages of
low insertion loss, wide operating bandwidth and excellent
filtering characteristics.
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