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ABSTRACT: A novel balanced-to-unbalanced (BTU) all-port reflectionless filtering power divider without loading additional absorptive
branches at input and output ports is proposed in this paper. The proposed power divider includes two reflectionless filtering networks,
four transmission lines, a phase inverter, and two isolation resistors. Unlike the existing filtering power dividers that require additional
absorptive branches to be loaded at each port to achieve reflectionlessness at all ports, the proposed power divider achieves all-port
reflectionlessness by embedding only two reflectionless filtering networks in the BTU power dividing circuit. Meanwhile, this reflec-
tionless filtering network also introduces two transmission zeros located at the lower and upper sides of the passband, respectively, for
high selectivity. To validate the proposed power divider topology, a 2.0-GHz BTU filtering power divider is designed and fabricated
with a 3-dB filtering bandwidth of 40.1%. The 10-dB reflectionless bandwidth for the balanced port is 98.7% from 0.940 to 2.772 GHz
and that for the unbalanced ports covers the entire measurement frequency from 0.5 to 3.5 GHz, achieving good all-port reflectionless

characteristics.

1. INTRODUCTION

n the fifth-generation (5G) era, various communication

modes have become more complicated, and spectrum
resources have become more precious. At the same time, in the
field of RF systems, environmental noise, and electromagnetic
interference present significant challenges, as they can greatly
impair the performance of circuits and systems. How to
improve the anti-interference capability of the system and
maintain a certain signal-to-noise ratio under limited spectrum
resources and high transmission rates has received widespread
attention [1]. Subsequently, balanced circuits are becoming
more widely used in RF and microwave systems because
they have the advantages of high immunity to environmental
noise, good common-mode suppression (CMS), and low
electromagnetic interference, compared with the single-end
counterparts. Due to these benefits, a large number of balanced
circuits have been proposed, such as balanced filters [2-5],
balanced amplifiers [6], and balanced mixers [7]. In addition,
the balanced power dividers have been attracting more and
more attention [8—11].

Balanced circuits are widely adopted due to their strong elec-
tromagnetic compatibility characteristics, while single-ended
power dividers have the advantages of simple design and easy
cascading. Therefore, the coexistence of balanced and unbal-
anced circuits in passive feeding networks is of great signifi-
cance, and then, balanced-to-unbalanced (BTU) power dividers
were proposed [12—17]. For integration of filtering function, a

* Corresponding authors: Zhongbao Wang (wangzb@dlmu.edu.cn).

doi:10.2528/PIERM23081404

157

filtering structure is typically employed in place of the conven-
tional quarter-wavelength transmission line in a power divider.
Several implementations of BTU filtering power dividers have
been realized using coupled lines [15], the modified two-port
coupled lines with short- and open-circuited stubs [16], and
m-shaped network embedded with short-circuited stub [17].
When the aforementioned filtering power divider performs sig-
nal filtering, it allows in-band RF energy to be transmitted,
while out-of-band RF energy is blocked and reflected back to
the signal source, which may deteriorate the active stages in the
RF front ends.

The reflectionless filter addresses the issues of conventional
filters by effectively absorbing out-of-band signals through
resistors and dissipating them as heat, reducing the energy
returned by out-of-band signals and thereby improving the
overall system performance [18-20]. Single-ended filters can
achieve reflectionless capability by introducing resistor-loaded
coupled-line structures [18] and band-stop filters [19] at their
input and output ports. Recently, the concept of reflectionless-
ness has been applied to the design of single-ended filtering
power dividers [21-24]. Based on the Wilkinson power divider,
absorptive branches were loaded at input and output ports for
realizing reflectionless characteristics [21]. In [22], two resis-
tors and a resonator were added between the two output ports,
which can provide an output reflectionless response. In [23],
a synergistic absorptive stub that added at the input port and a
composite T-type network were adopted to realize input reflec-
tionless response. In [24], a single-ended narrowband filtering
power divider was proposed that achieves reflectionless prop-
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erty at the input and output ports by modifying the isolation net-
work and adding resistor-loaded resonant networks at the out-
put ports [24]. However, the additional absorptive branches and
resistor-loaded resonant networks will increase the size of fil-
tering power dividers. To the best of our knowledge, the BTU
all-port reflectionless filtering power divider has not been re-
ported before. Consequently, in order to solve the problems of
differential input and all-port reflectionlessness of the above fil-
tering power dividers, it is necessary to design a BTU filtering
power divider with all-port reflectionless characteristics.

In this paper, a novel BTU all-port reflectionless filtering
power divider is proposed. Unlike the aforementioned ap-
proach of loading absorptive branches at the input and output
ports to achieve reflectionless response, the proposed BTU fil-
tering power divider can achieve both all-port reflectionless and
filtering function by embedding only two reflectionless filtering
networks in the BTU power dividing circuit. Firstly, a novel re-
flectionless filtering network is proposed and analyzed. Then,
the proposed reflectionless filtering network is applied to the
BTU power dividing circuit, and the theoretical derivation for
the circuit topology is performed. Lastly, simulated and mea-
sured results are given and discussed.

2. THEORY ANALYSIS AND DESIGN

Figure 1 depicts the schematic of the proposed BTU all-port re-
flectionless filtering power divider. The balanced differential
input ports are defined by ports A+ and A—, and the two single-
ended ports are ports 2 and 3 with impedance Zy = 50 ). This
filtering power divider contains two novel reflectionless filter-
ing networks (Block A), four transmission lines (Z1, A/4) and
(Z2, M/4), a phase inverter (Z3, A/2), and two isolation resistors
(R2). The two reflectionless filtering networks are embedded
in the BTU power dividing circuit to achieve the reflectionless
performance of the inputs and outputs as well as the filtering
function. Block A consists of a short-circuited stub (Z,, A\/4),
two open-circuited stubs (7, A\/4), two transmission lines (Z,
M4), two M4 coupled lines with the even- and odd-mode char-
acteristic impedances of Z, and Z,,, and two resistors (R ).
The mixed-mode scattering matrix S,,,, of the proposed
BTU filtering power divider can be extracted from the stan-
dard scattering matrix S;4 using the matrix conversion, and the
mixed-mode scattering matrix S,,,,, can be expressed as [15]

Saaaa  Sasaz Sdasaz Sdeaa

Sy = Ssi2a Ss22 Sss23 Ssc2a 1
Ssaza Sss32 Ses33 Sseaa
S cdAA S csA2 ScsA3 S ccAA

and
Saaan = 5 (Sata+ — Sasa— — Sa—at + Sa—a-)
Scear = % Sa+at + Sata— + Sa—ar + Sa—a-) 2
Seaan = 3 (Satat+ — Sata— + Sa—a+ — Sa—a—)
Siear = 3 (Satat+ + Sata— — Sa—a+ — Sa—a—)
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SsdnA = % (SnA+ - SnA—)
Sdsan = % (SAJrn - SAfn) (3)
Ssan = % (SnA+ + SnA—)
ScsAn = % (SAJrn + SAfn)
Sssij = Sz (4)

where n, i, 7 = 2, 3, and the subscripts d, ¢, and s represent
the differential mode (DM), common mode (CM), and single-
ended ports, respectively. The mixed-mode scattering matrix
S,.m of the proposed BTU filtering power divider is expected to
satisfy the matching condition at both balanced and unbalanced
ports, good isolation between the unbalanced output ports, ex-
cellent common-mode suppression, and equal power division.
The following conditions should be met:

Sadaa = Sdcan = Sscaa = Ssezn = 0
53522 = Sss33 = Sss32 = Sss23 =0
|Ssaza| = |Ssazal = %

|SCCAA| =1

)

In addition, due to the proposed BTU filtering power divider
being symmetric along the symmetry line as shown in Figure 1,
the analysis can be simplified by applying the odd- and even-
mode equivalent circuits. To meet condition (5), the scattering
matrixes S, and S, of the odd- and even-mode equivalent cir-
cuits can be expressed as [15]

S — Soatat+  Soa+2 | _ 0 25542 ©)
’ Sooa+  Sox 254+ 0
ScA+A+  Seat2 } [ 2544+ O }

S. = = 7

[ Seoa+  Sex 0 0 ™

where the subscripts o and e denote the odd and even modes,
respectively.

2.1. Analysis of the Proposed Reflectionless Filtering Network

Figure 2 shows the schematic of the proposed reflectionless fil-
tering network, which can be analyzed in odd and even modes
since it is symmetric along the center. The odd-mode equiv-
alent circuit of the proposed reflectionless filtering network is
shown in Figure 3(a). According to microwave network and
circuit theory, the odd-mode input impedance Z;,,, at port 1 is

AOOZTLl +Boo

Zino =
e COOZTL1+D00

®)

where Ay, Boo, Coo, and D, are the ABCD parameters of
parallel coupled lines in Figure 3(a), which can be calculated
according to [25]

A 2(cos? 641)—sin? 0(%«%%‘) - (Ze+Z,) sin O
[ 00 00 — 4 cos 6 J 2
Ooo Doo < (Ze+Z,) sin
277, cos

)
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FIGURE 1. Schematic of the proposed BTU all-port reflectionless filtering power divider.
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FIGURE 2. Schematic of the proposed reflectionless filtering network (Block A).

At the same time, the Z11 1 and Z11, can be calculated as put impedance Z;,,. at port 1 is
7 o Zc (ZTL2 +ch tan@) 10 Zinc = % (13)
TL1 — Zc +jZTL2 tan 0 ( ) ee ZTL3 T Dee
where Age, Bee, Cee, and D, are the ABCD parameters of
Zy Ry parallel coupled lines in Figure 3(b).
Zry = 7R g (11)

b+ jRtanf ,
{ A Bec } cos  jUEIme (14)

— Lf (12) Cee Dee Z2551T112, cos
2fo Ty = Ze (Z1La +jZ tan 0) (15)

ZC + jZTL4 tan 6

7 . Zb(Rl +j2Za tan 9) (16)
™ 2 ¥ i(Ri +j2Z, tanf) tan 6

where fj is the center frequency.
Similarly, referring to Figure 3(b) for even-mode analysis of
the proposed reflectionless filtering network, the even-mode in-
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FIGURE 4. Effects of the Z. on the S-parameters of the proposed reflectionless filtering network. (a) |S11]. (b) |S21].

Based on the decomposition circuits in Figure 3, the S- to obtain the two transmission zeros near the pass band; and
parameter of the proposed reflectionless filtering network can R is tuned to obtain the reflectionless characteristics. Figure 4
be expressed as gives the effect of Z. on the S-parameters of the proposed re-

flectionless filtering network with the electrical parameters in

S G ZineZino — 28 (17 Table 1. It can be found from Figure 4 that as Z. increases

H 2 (Zine + Z0) (Zino + Zo) from 45 to 85 €2, the two transmission zeros move towards the

passband, and the 3-dB filtering bandwidth slightly decreases.

Sy = Spp = ZineZo — ZinoZo (18) Therefore, the location of the two transmission zeros of the pro-
(Zine + Z0) (Zino + Zo) posed reflectionless filter network can be controlled by Z..

To meet the requirement of impedance matching (i.e., 511 = Usually, the coupling coefficient & of coupled lines is de-

0), the following relationship can be obtained as fined as k = (Z. — Z,)/(Ze + Z,). To analyze the effect of
7 4z 72 the coupling coefficient k& on the S-parameters of the proposed

(Ze — 7,)> ( E Z ° ; Zo > (Zo + Zv) = 2222 (19) re.ﬂec‘qonless filtering netwo'rk, three cases for dlffe.rent k are

b given in Table 2, where Z, is tuned to fix the location of the

two transmission zeros, then 7, is calculated by using (19) with

Therefore, the values of Z,, Z,, Zy, and Z. should be appro- chosen Z, and v/ Z.Z, = 46.3 2 for obtaining ideal impedance
priately selected to satisfy impedance matching. matching at the center frequency; Z, is tuned to obtain the two

In order to control the location of the transmission zeros of transmission zeros near the pass band; and R; is tuned to obtain
the proposed reflectionless filter network, three cases for dif- the reflectionless characteristics. Figure 5 gives the effect of
ferent Z,. are given in Table 1, where Z,, is calculated by using the coupling coefficient k on the S-parameters of the proposed
(19) with chosen Z, = 69.3C2 and Z, = 23.0(2 for obtaining reflectionless filtering network with the electrical parameters

ideal impedance matching at the center frequency; Z, is tuned
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FIGURE 5. Effects of the coupling coefficient k& on the S-parameters of the proposed reflectionless filtering network. (a) |S11]. (b) |S21].
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FIGURE 6. Effects of the Z,, on the S-parameters of the proposed reflectionless filtering network.
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FIGURE 7. Effects of the Ry on the S-parameters of the proposed reflectionless filtering network. (a) |S11]. (b) |S21]-

161 WWwWw.jpier.org



rPIERM

Chen et al.

S-parameters (dB)

-50 T T T

1.0

1.5

2.0

25 30 35 40

Frequency (GHz)

FIGURE 8. Simulation results of the proposed reflectionless filtering network.
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FIGURE 9. Odd-mode equivalent circuit of the proposed BTU all-port reflectionless filtering power divider.

TABLE 1. Electrical parameters for different Z. with Z. = 69.32 and Z, = 23.0 Q).

Z.(Q) | Za (92)
45 4.6
65 9.5
85 18.1

Zy () | Ra(Q)
52.1 26.5
131.9 41.0
265.3 88.7

in Table 2. It can be seen from Figure 5 that as the coupling
coefficient k increases, the 3-dB filtering bandwidth increases.
Therefore, the bandwidth of the proposed reflectionless filter-
ing network can be controlled by the coupling coefficient k of
coupled lines used in it.

Figure 6 shows the effect of Z, on the S-parameters of the
proposed reflectionless filtering network. It can be seen that
with the decrease of Z, from 17.5 to 12.5 (), the out-of-band
suppression improves, and two transmission zeros can be ob-
tained. Therefore, the out-of-band filtering performance of the

proposed reflectionless filtering network can be controlled by
Za.

162

Figure 7 shows the effect of the absorption resistor R; on the
S-parameters of the proposed reflectionless filtering network.
It can be seen that as the Ry increases from 40 to 60 €2, the
|S11] near 1 GHz and 3 GHz improves, but that near 1.5 GHz
and 2.5 GHz becomes worse. Therefore, a trade-off reflection-
less response can be obtained by tuning the R;, which has neg-
ligible impact on |Sa1|.

Figure 8 gives the simulation results of the proposed reflec-
tionless filtering network with Z, = 79.6Q2, Z, = 27.01,
Z, = 1150, Z, = 110.0Q, Z. = 80.5%Q, and R; = 50(2.
As can be seen from Figure 8, the return loss is greater than
10dB (i.e., |S11| < —10dB) at all frequencies from 0 to 4 GHz,

WWwWw.jpier.org
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FIGURE 10. Even-mode equivalent circuit of the proposed BTU all-port reflectionless filtering power divider.
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FIGURE 11. Simulation results of the proposed BTU power divider with and without Block A. (a) DM responses. (b) CM responses. (¢) Unbalanced-

port responses.

achieving wideband reflectionless characteristics. Transmis-

sion coefficient | So;| introduces two transmission zeros at 1.10
and 2.90 GHz, respectively, with a 3-dB filtering bandwidth of
40% (1.6 ~ 2.4 GHz) and the out-of-band rejection of better
than 20 dB, achieving the filtering function. According to the
transformation relationship between the S matrix and ABCD
matrix, the ABCD matrix of the reflectionless filtering network
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at the center frequency can be obtained as follows.

(20)
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(a)

(b)

FIGURE 12. Photographs of the fabricated BTU all-port reflectionless filtering power divider. (a) Top view. (b) Bottom view.

TABLE 2. Electrical parameters for different coupling coefficients.

k2@ 2@ 2@ 2@ | 20 | R©
045 | 75.1 28.5 5.0 75.1 550 | 292
050 | 80.1 267 12.9 110 80.8 50.0
055 | 859 | 249 | 232 142 105 70.3

2.2. Analysis of the Proposed BTU Filtering Power Divider

When the odd-mode (i.e., differential-mode) signals are excited
from ports A+ and A—, a virtual short-circuited wall appears
along the symmetry line in Figure 1, and the odd-mode equiva-
lent circuit is obtained and given in Figure 9. The ABCD matrix
between ports A+ and 2 of the odd-mode equivalent circuit can

be calculated as
B,
D,

[cos@ 122 sina} { 1
i sin§
= cos R2+jég tan 6

Zy
} is the ABCD matrix of the proposed re-

1 0

1
jZ1 tan 6 1

Aq

A B
O

¢ D
0
! |en

By

Ay
where [ D,

(&

flectionless filtering network shown in Figure 2.

After ABC D-parameter to S-parameter transformations, ac-
cording to (6), in order to satisfy S,44 44 = 0, it can be ob-
tained

Zy = 2y (22)

When the even-mode (i.e., common-mode) signals are ex-
cited from ports A+ and A—, a virtual open-circuited wall ap-
pears along the symmetry line in Figure 1, and the even-mode
equivalent circuit is obtained and given in Figure 10. Due to
the A\/4 transmission line property, node B in Figure 10 can be

164

regarded as an ideal short-circuited point at fy. Y;,1 and Yj,0
can be derived as

1
Y = ———— 23
ol Ry —jZscotf (23)
)/in3 +J}/2 tan 0
Y = Yo— 24
in2 2 Y2 +j}/;n3 tan 0 ( )
Dy
Y{n = 5 25
=5 (25)
Since Sco2 = 0 in accordance with (7), to meet the port
matching, the following equation should be satisfied:

1
Yl +Yie =Y = A (26)

0

Combining (20) and (23)—(26), the following condition can
be derived:
Ry = Zy (27)
Figure 11 shows the simulation results of the proposed BTU
power divider with and without Block A (i.e., the proposed re-
flectionless filtering network). The BTU power divider with
Block A introduces two reflection zeros at 1.33 and 2.67 GHz,
widening the bandwidth for |Sgqa4| < —10dB. Also, Block A
introducing two transmission zeros at 1.10 GHz and 2.90 GHz
has improved filtering selectivity, and out-of-band rejection of
more than 20 dB has been obtained. Similarly, since Block A

Www.jpier.org
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FIGURE 13. Simulation and measurement results of the proposed BTU all-port reflectionless filtering power divider (a) DM responses. (b) CM

responses. (c¢) Unbalanced-port responses. (d) Phase difference.

also generates additional reflected zeros at the output ports, the
matching bandwidths of the unbalanced ports are improved,
achieving reflectionless characteristics of the output ports at
the full frequency range from 0 to 4 GHz. At the same time,
the common-mode rejection level has been improved to below
—8.5dB at all frequencies.

2.3. Design Procedure

Based on the above discussions and analysis, a simple design
procedure of the proposed BTU all-port reflectionless filtering
power divider can be summarized as follows.

1) Determine the desired center frequency fj, the location of
the transmission zeros, and bandwidth.

2) Select the value of Z,. based on the location of the trans-
mission zeros, referring to Figure 4 and Table 1.

3) Select the values of Z, and Z. (i.e., coupling coefficient k)
of the coupled lines based on the filtering bandwidth, referring
to Figure 5 and Table 2.

4) Calculate the value of Z;, with Equation (19) for obtaining
ideal impedance matching at the center frequency.

5) Adjust Z, to obtain two transmission zeros near the pass-
band and improve out-of-band suppression, referring to Fig-
ure 6.

165

6) Tune the absorption resistance R; to obtain the desired
reflectionless response, referring to Figure 7.

7) Calculate the values of Z5 and R» with Equations (22)
and (27) to obtain the ideal input/output impedance matching
characteristics at f, when the reflectionless filtering network
is embedded in the BTU power divider.

8) The electrical parameters are further optimized with the
ADS circuit simulator for better differential- and common-
mode responses of the BTU filtering power divider, and the
physical dimensions are optimized with the full-wave electro-
magnetic simulator.

3. IMPLEMENTATION AND PERFORMANCE

For validation, a BTU all-port reflectionless filtering power di-
vider with a center frequency of 2 GHz and 3-dB filtering band-
width of 40% is designed, fabricated, and measured. Based on
the previous analyses, the values of the electrical parameters
obtained are shown in Table 3. The needed parallel coupled line
with low odd-mode impedance and strong coupling is realized
by using a defected ground [26]. The designed BTU power di-
vider is realized with microstrip lines and fabricated on an F4B
substrate with a thickness of 1.5 mm, a dielectric constant of
2.65, and a loss tangent of 0.003. After optimization by An-

WWwWw.jpier.org
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TABLE 3. Electrical parameters of the proposed BTU all-port reflectionless filtering power divider.
Ze(Q) | Zo () | Z1(Q) | Z2(Q) | Za(Q) | Zo () | Zc(2) | R1 () | R2 ()
79.6 27.0 110 50 110 80.5 50 50
TABLE 4. Comparisons between the proposed BTU filtering power divider and previous works.
Loading
fo FBW CMS Isolation Reflectionless Reflectionless additional
Reference Type . .
(GHz) (%) (dB) (dB) at input port at output port absorptive
branches
[16] BTU 2.0 28.5 15 20 No No -
[17] BTU 1.88 6.3 24 18 No No -
[21] Single-ended 2.0 8.0 - 20 Yes Yes Yes
[22] Single-ended 1.0 15.0 - 18 No Yes Yes
[23] Single-ended 2.36 52.8 - 16 Yes No Yes
[24] Single-ended 2.0 5.0 - 43 Yes Yes Yes
This work BTU 2.0 40.1 30.4 28.5 Yes Yes No

soft HFSS software, the final dimensions and photographs are
shown in Figure 12. The fabricated prototype is tested using an
Agilent N5230A network analyzer.

Simulated and measured results of the proposed BTU all-
port reflectionless filtering power divider are given in Fig-
ure 13. For the balanced-port DM responses, the differential-
mode return loss is greater than 10dB (i.e., |Sqga4| < —10dB)
from 0.940 to 2.772 GHz (the 10-dB reflectionless bandwidth
for the balanced port is 98.7%), achieving balanced-port re-
flectionless characteristics shown in Figure 13(a). In addi-
tion, the measured 3-dB filtering bandwidth (FBW) of the DM
to 2-port (3-port) transmission coefficient |Sgg24| (|Ssazal) is
40.1% from 1.715 to 2.516 GHz. Two transmission zeros are
achieved at 1.12 and 2.96 GHz, respectively, improving the
filtering performance. For the balanced-port CM responses,
the measured CM to 2-port (3-port) transmission coefficient
[Ssc2al (|Sscsal) is less than —10 dB from 1.891 to 2.167 GHz
with the center-frequency CMS of 30.4 dB, as shown in Fig-
ure 13(b). For the unbalanced-port responses, the single-ended
return loss |Sgsaz| (|Sss33]) is less than —10 dB at all frequen-
cies, achieving unbalanced-port wideband reflectionless char-
acteristics shown in Figure 13(c). In the frequency range from
1.90 to 2.18 GHz, the measured | Sss23]| is less than —10dB
with the center-frequency isolation of 28.5dB. As shown in
Figure 13(d), the measured and simulated phase differences
between the output ports 2 and 3 are 180° £+ 1° from 1.4 to
2.6 GHz, achieving wideband anti-phase output characteristics.

The comparisons between the proposed BTU filtering power
divider and previous works are given in Table 4. This work is
the first design of the BTU all-port reflectionless filtering power
divider. Compared with the reported filtering power divider,
the proposed BTU filtering power divider has a wide filter-
ing bandwidth and good CM noise suppression. Furthermore,
the reflectionless characteristics for all ports are obtained with-
out loading additional absorptive branches at input and output
ports.

4. CONCLUSION

In this paper, a novel BTU filtering power divider with all-port
reflectionless characteristics has been presented. Unlike the ex-
isting filtering power dividers that require additional absorp-
tive branches to be loaded at each port to achieve reflection-
lessness at all ports, the proposed BTU filtering power divider
achieves all-port reflectionlessness by embedding only two re-
flectionless filtering networks in the BTU power dividing cir-
cuit. Meanwhile, this reflectionless filtering network also in-
troduces two transmission zeros located at the lower and upper
sides of the passband, respectively, for high selectivity. The de-
sign equations of the proposed reflectionless filtering network
and BTU filtering power divider have been derived for easy
design. Besides, compared with the existing filtering power
dividers, the proposed BTU filtering power divider has the ad-
vantages of DM signal transmission, good CMS, all-port reflec-
tionless filtering, and wideband anti-phase output characteris-
tics.
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