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ABSTRACT This paper presents the balanced-to-balanced Gysel filtering power divider with arbitrary
power division for first time. Based on the multicoupled series-resonator bandpass prototype network,
a detailed theory analysis is presented and the corresponding design equations are concluded. Two filtering
power dividers with the division ratio of 2 and 3 are realized using the half-wavelength resonator and the
short-stub-loaded resonator. Finally, two example circuits are fabricated and measured for verification. The
measured results show good agreement with the simulated and confirm the theory.

INDEX TERMS
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I. INTRODUCTION

The balanced RF circuit has been widely used in modern
communication system due to its high immunity to noise
compared with the single-ended circuit [1]. To construct the
balanced RF receiver/transceiver circuit, the balanced filter
and power divider, which present identical function with their
single-ended counterparts for differential-mode (DM) signal
and present suppression for common-mode (CM) signal, have
been presented.

The balanced filter with single-band and dual-band
bandpass response was presented in [2] and [3] respec-
tively. In [4], a wideband balanced filter was reported by
using coupled-line stubs/coupled-line stub-loaded resonators
and the modified coupled feed-lines. A tunable balanced
bandpass filter with constant bandwidth was proposed in
[5]. Based on the balanced bandpass filter, the balanced-to-
balanced diplexer was proposed in [6]. For the balanced-
to-balanced (BTB) power divider, several researches were
presented [7]-[11]. In[7], a BTB power divider was presented
but without good isolation between the output ports. A BTB
Willkinson power divider with good isolation between output
ports was reported in [8] by Bin Xia. Then, Bin Xia developed
a BTB Gysel power divider with arbitrary power division
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in [9]. In [10], a wideband BTB Willkinson power divider
was proposed. In [11], a balanced power divider with tunable
power division was proposed. Moreover, the other balanced
passive components were also reported, such as the balanced
coupler [12] and the balanced crossover [13].

In order to future compact the RF system, the filter-
ing power divider (FPD) which integrates the functions
of filter and power divider has been extensively studied.
In [14], both the single- and dual-band filtering power
dividers were both reported. In [15], a filtering power
divider with ultra-wideband bandpass response was designed
using transversal filtering transformer. A detailed design
method of FPD with arbitrary power division was presented
in [16] using even-order filter and traditional Willkinson
power divider. In [17]-[19], A synthesis method for filter-
ing power divider with arbitrary power division and arbi-
trary order bandpass response was proposed but without
considering the isolation. A Gysel filtering power divider
with arbitrary power division and high isolation between
two output ports was presented in [20]. Moreover, the rat-
race hybrid with bandpass response was reported [21]
using the electromagnetically-coupled resonator. The isola-
tion was achieved by using the inherent phase-shift between
electronic- and magnetic-coupling.

For the balanced-to-balanced filtering power divider, it was
firstly reported in [22] using the same coupling scheme
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as presented in [21]. In [22], the FPD was realized by
three full-wavelength resonators and a half-wavelength res-
onator. The full-wavelength resonators work at second-order
resonance and the half-wavelength resonator works at the
first-order resonance. By using the different phase-shift
between first-order and second-order resonance, which was
presented in [23], the equivalent electronic coupling was
achieved. This configuration has good isolation between
two output ports but also has a large size because the res-
onators work at second-order resonance. In our previously
research [24], the BTB filtering power divider was real-
ized by half-wavelength resonator and short-stub-loaded res-
onator (SSLR). Compared with the research proposed in [22],
it achieved compacter size and wider suppression for the
common-mode signal. Moreover, several other BTB filtering
power dividers were presented in [25]-[27]. In [25], a BTB
filtering power divider was designed with hish output isola-
tion only using two square patch resonators. In [26] and [27],
a wideband and dual-band BTB filtering power divider were
presented respectively with high frequency selectivity using
similar structure. For the BTB filtering power divider with
unequal power division, it was firstly presented in [28] using
the same structure presented in [22]. Although a series of
design equations are provided, the corresponding theoretical
analysis was insufficient in [28].

In this paper, the balanced-to-balanced Gysel filtering
power divider (BTB-GFPD) with arbitrary power division
is researched and designed. The research is presented with
detailed analysis and conclude the corresponding design
equations through a series of derivation and demonstration.
The design topology of the proposed BTB-GFPD is extended
from the design scheme in [21], [22], [24]. At first, the design
topology is studied based on multicoupled series-resonator
bandpass prototype network and the design equations are con-
cluded. Then the BTB-GFPD realized using half-wavelength
resonator and SSLR is also studied. And the detailed realiza-
tion principle is proposed. Two BTB-GFPDs with the division
ration of 2 and 3, and center-frequency of 2.4GHz are imple-
mented and measured. The measured results are presented.
Finally, a discussion about the limitation of division ration is
concluded.

Il. THEORY ANALYSIS
Fig. 1 is the coupling scheme of the proposed BTB-GFPD.
It consists of four resonators. When the input signal is excited
at port 1, the output signal at port 2 and port 3 will have
arbitrary power division, while port 4 is introduced as an
insolation port. This coupling scheme is used in [22], [24]
to realize the BTB Gysel filtering power divider with equal
output power. In [22], [24], the FPDs have a symmetrical
structure and can be analyzed by odd- and even-mode anal-
ysis method. To realize arbitrary power division, the pro-
posed FPDs are unsymmetrical. So, the traditional odd- and
even-mode analysis method could not be applied.

When the signal is excited at port 1, the proposed
BTB-GFPD can be seen as a multicoupled series-resonator
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FIGURE 1. The coupling scheme of the proposed component.
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FIGURE 2. The multicoupled series-resonator bandpass prototype
network of the proposed componet

bandpass prototype network in Fig. 2. It is attained by nor-
malization of center-frequency and bandwidth as follow [29]:

m1 M Rs 1/Qe1
mu | _ U M| |Ru|_ 1 [1/Q0 0
m31 FBW | M3 Rp> FBW | 1/Q¢3
m34 M3y Ry 1/Qe4

where FBW is the fractional bandwidth. According to the
Kirchhoff’s law, the loop voltage can be calculated by loop
current as follow:

eg Rs +js  jmy —Jjm31 0 i1
0| | jma Rpi+js O Jmaa i
= ! . . 2
0 —jm3] 0  Rpp+js jmag i3
0 0 Jmo4 Jm3s  Rr+js| |ia

where the s is the bandpass frequency variable(s = w — 1/w
and w is the frequency variable).

A. ISOLATION
As a Gysel power divider, the isolation between two
output ports is important. In the design of traditional
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Gysel power divider, the isolation is realized by loading a
lumped resistor without producing extra signal loss. In the
presented BTB-GFPD, the port 4 is introduced as an isolation
port. An 502 matching load is connected to port 4 instead of
using a lumped resistor to realize the isolation between two
output ports. For avoiding the 50€2 matching load produces
extra signal loss, the isolation between port 1 and port 4 must
be achieved. This has been attained in the design and can
be verified through measuring the transmission parameter
between port 1 and port 4. The theory analysis about the
isolation between port 1 and port 4, and the isolation between
port 2 and port 3 are both provided in the following.

When the input signal is added into port 1, the response of
proposed BTB-GFPD can be attained by solving (2). Then,
the following equation can be extracted as:

jma Rpi+js 0 Jmos i
—jm31 0 Ria +js  jm34 is =0 (3)
0 Jmoa Jm3a R; +js iy

By applying the Gaussian elimination method, the
following equation can be attained:

2 2
m m
(Ry +js + —2 iy
/ Rpi+js  Rpa+Js
m31ms34

m21ma4 i

= ~ — - 4
Rpo +js  Rpy+Js

The equation (4) shows the relationship between i1 and i4.
If the iy is always zero whatever the i is, port 4 will isolated
from port 1. Therefore, for the isolation between port 1 and
port 4, the following condition should be satisfied.

mo1mo4
Rpi+js  Rpp+js

_ maimsg

&)

The equation (5) is the condition for realizing the isolation
between port 1 and port 4. At the center frequency of
bandpass (w = 1 rad/s), it can be simplified as follow:

m1m4
Rp1

_ ms31ms34 (6)

Rp2

The transmission parameter between port 2 and port 3 can
be researched by repeating the above analysis process. Simi-
larly, the isolation between port 2 and port 3 can be concluded
by as:

Ma1M31  M4ms34 7

Rs Ry

If (6) and (7) are both satisfied, the isolation between two
output ports will be achieved and the 502 matching load will
not increase the insertion loss of the power divider.

B. BANDPASS RESPONSE AND POWER DIVISION
When the input signal is added into port 1, the output of port
2 and port 3 can be attained by solving (2). The following
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FIGURE 3. The simplified multicoupled series-resonator bandpass
prototype network.

equation can be attained:

eg Rs +js  jmyy —jm3i 0 ] i
0| =| jma Rpi+js 0  jmos X (8)
0 —jm31 0 Rpz+js jmsg | is
It can be expanded as follow:
eg Rs +js jmar  —jmay | | i1 [0
0|=| jma Ry+js 0 p | + | Jjmoa | ig
0 —jm31 0  Rpptjs| | i3 | jm34
)

When the condition (6) is satisfied, is will always be zero
whatever i1 is. Therefore, (9) can be simplified as follow:

eg Rs +js  jmay —jms1 | |11
0= jma Rp1+Js 0 i (10)
0 —jm31 0 Rio+js| [ i3

(10) is a simplification for (8) when the condition (6) is
satisfied. Meanwhile, (10) can be seen as the mathematical
representation of the prototype network in Fig. 3. This means
that the prototype network in Fig. 2 and the prototype network
in Fig. 3 will have same response when a signal is excited at
port 1 and the condition (6) is satisfied. Based on (10), i and
i3 can be calculated as follow:

Jjmai i = Jjm3i
Rp1 + s T Rpotjs
According to the calculation of power, the output power

of port 2 and 3 at the center frequency can be calculated as
follow:

p=— i (1)

Py =21 (12)

For achieving the power division of a® (P;/P3 = a?),
the following condition should be satisfied.

2 2
m m

21 — Ol2 31 (13)
Rr1 Ri»

According to (13), a simple formulas can be obtained.

my1 =am3; Ry =Ry (14

Based on the simplified prototype network presented
in Fig. 3, the coupling scheme can be further simplified as
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FIGURE 4. The simplified coupling scheme of the proposed component.

‘ mg, . my, . my, ‘
Port 1 Port 2

FIGURE 5. The traditional coupling prototype of second-order two-port
bandpass filter.

Fig. 4. The simplified coupling scheme can be seen as a
filtering power divider without isolation between two output
ports, which has been detailed researched in [17], [18]. The
Fig. 5 is the coupling prototype of traditional second-order
two-port bandpass filter which can be synthesized according
to the specifications of bandpass filtering response. The 1),
is its normalized internal coupling coefficient, and the m],
and m), are both its normalized external coupling coeffi-
cients. For the proposed power divider, in order to realize
the bandpass response, its coupling coefficient and external
coupling parameters should satisfy the following condition
as presented in [17], [18].

M3 + M3, = (mh x FBW)* (15)
1
= —_—— 16
Qet (g 2 x FBW (16)
1
=03=———— 17
Oe2 O3 (m/ZL)ZXFBW (17)

lll. REALIZABTION

The realization structure of this BTB-GFPD is shown
in Fig. 6. It is constructed by half-wavelength res-
onator (HR) and short-stub-loaded resonator (SSLR) as pre-
sented in Fig. 1. The resonator 1, resonator 2 and resonator
3 are all HRs, and the resonator 4 is a SSLR. The HR and
SSLR have been researched in [24]. In this section, a thorough
discussion is presented.

A. COMMON-MODE SUPPRESSION

The structure of the HR with corresponding feeding line
structure is provided in Fig. 7. Although, the whole com-
ponent is unsymmetrical in order to realize unequal power
division. Each HR and the corresponding feeding line are
symmetrical. The dominant resonant frequency of HR (fy)
can be calculated as follow:

fu

c

WG
where, c is the velocity of light in free space and ¢4 is the
effective dielectric constant. The voltage distribution of dom-
inant resonance is odd-symmetrical and also shown in Fig. 7.
The electric coupling coefficient between HR and the feeding

(18)
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FIGURE 6. The structure of the proposed FPD.
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FIGURE 7. The structure of HR with corresponding feeding line structure
and its field distribution of dominant resonance.

line k¢ can be calculated as [30]
ke =pX fCR VH(X)VF(x)dx
\/ICR IVi()Pdx x [ |VE(x)|?dx

19)

where, CR represents the coupling region, Vy(x) is volt-
age distribution of the dominant resonance of HR, Vr(x) is
voltage distribution of the feeding line and p represents a
constant. As mentioned before, Vg (x) is an odd function and
the coupling region is symmetrical. When a CM signal is
inserted, Vr(x) will be a even function and k¢ will be zero as
a result. Similarly, the magnetic coupling coefficient k™ will
be zero too when a CM signal is added. Therefore, CM input
signal can not excite the dominant resonance of the HR. The
HR is shut off for the CM signal. Thus, the suppression for
CM signal is achieved.

B. EQUIVALENT MAGNETIC COUPLING

In the coupling scheme shown in Fig. 1, both elec-
tric and magnetic coupling are utilized to constructed the
BTB-GFPD. The electric coupling and magnetic coupling
have different phase shift in the transmission path which is
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FIGURE 8. The schematic of signal transmission path: (a) SSLR (b) HR.

used to realize the isolation of the BTB-GFPD. However,
in the practical realization, only the electric coupling exists
between resonators. When a pair of signal pass through
SSLR and HR respectively, a difference of 180° is existence
between the phase shift of two transmission paths. This fea-
ture is used to equivalently realize magnetic coupling in the
proposed BTB-GFPD.

Fig. 8(a) and 8(b) depicts a signal passing through SSLR
and HR respectively. The J; and J, are admittance inverters
which represent the electric coupling between resonators.
Usually, they are with difference value. Their ABCD matrix
T and T are as follow:

70 /] .. TO jih
h= [le 0] L= [jfz o} 20)

T, and T} is the ABCD matrix of transmission path a and b
respectively. They can be calculated as:

As B
T, = |:CZ Daa] =T xTsxT» 21
— |4 Bo| _
T, = |:Cb Db] =T xTgxT, (22)

where Ts and Ty is the ABCD matrix of SSLR and HR
respectively. The SSLR has a symmetric structure shown
in Fig. 9(a). Fig. 9(b) and 9(c¢) is its odd-mode and even-mode
equivalent circuit model respectively. The input admittances
of odd-mode equivalent circuit YSi"” and even-mode equiva-
lent circuit Y¢"¢ can be obtained as:

Y = —jYacot Qnfla\/eg/c) (23)
v 2tan(27rﬂ2\/§/c) — cot(2nﬂ3ﬁ/6) 4
I tanQrfly Jog | O)cotQrfls  Jog ) @4

The ABCD matrix of SSLR T can be attained as follow [31]:

ine __
Yo© =

Y{O + Y 2
. As Bg _ Yéno _ Yéne Yéno _ Yéne
TS == |:CS DSj| - 2Y;noyéne Yén() + Yéne (25)
Yéno _ Yéne Yéno _ Y_gi'ne

The dominant resonant frequency of SSLR (fs) is its
even-mode resonance and can be obtained by solving the
following euqtion:

yire = (26)
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FIGURE 9. The structure and field distribution of half-wavelength
resonator.

Therefore, The T can be simplified at the resonant frequency

of fs.
As By 1 2
Tg = = Yge 27
§ |:Cs Ds} |:O Sl :| @7

The HR has been widely studied in many literatures and
its ABCD matrix Ty can be obtained in [29]. The dominant
resonant frequency of HR (fy) is its odd-mode resonance
frequency. The Ty at the resonant frequency of fy is as

follow:
[Aw Bx] _[-1 0
Tn = |:CH DH} - [ 0 - 1} (28)

In this design, the HR and SSLR are with same dominant
resonant frequency. The fs and fy are equal to the
center-frequency of the passband (fy). Using (21), (22), (27)
and (28), the T,, and T} can be obtained.

[Ae BJ]_[ h/h 0

fa= [Ca DJ = [211J2/Y§"“ nin),_,
_|Ap By | | =2/ 0

Th = [Cb Dbi| N [ 0 =N/ ]|, 0

Then, the transmission parameter at the center frequency fo
of path a (531) and path b (S gl) can be calculated as follow:

21 2 2

= = 3D
a Ca J 2J1J> Ji
Aa + YOBa + Yo + Da T + YOY_S{"D + A P
2 2
S = =— (32)
Ab+YoBh+%’ + Dy, %-’_%f:fo

where, Yy is the characteristic impedance of the terminal.
In this design, Y> is set equal to Yp. The second-order har-
monic resonance of SSLR (sz’h) is approximately twice of
fs. Therefore,

| = icotQafh feg /o) & =iY = =Y
(33)

For a bandpass filter with fractional bandwidth of 10%,
the J1 /Yy and J> /Yy are both with a very small value accord-
ing [29]. So,

Ca )
S mps= &0 (34)
Yolp=p, = YoYolr—p
2
§2 ~ =S} (35)
b J b
R
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The equation (35) indicates that the SSLR and HR have
different phase shift in their transmission paths and the phase
difference is 180°. In this way, equivalently-magnetic cou-
pling (negtive coupling) —M3; can be realized. Therefore,
the BTB-GFPD can be constructed based on the coupling
scheme in Fig. 1 using SSLR and HR.

IV. IMPLEMENT AND MEASUREMENT

Using ANSYS’s HFSS, two BTB filtering powewr divider
with the division ratio of 2 and 3 are designed on Rogers
RO4350B with a permittivity of 3.4840.05, loss tangent
of 0.003 and thickness of 0.508mm. The corresponding cou-
pling coefficients and external quality factors of the FPD with
the division ratio of 2 are: ko;y = 0.0565, k31 = 0.0395,
koa = 0.0412, k34 = 0.0551, Q.1 = 21.86, Q» = 15.41,
Q3 = 15.41 and Q.4 = 18.07. For the BTB-GFPD with the
division ration of 3, its external quality factors are identical
with the external quality factors of the BTB-GFPD with the
division ratio of 2. Its coupling coefficients are as follow:
k21 = 0.0584, k31 = 0.0333, k24 = 0.0345 and k34 = 0.055.
Note here, all the presented BTB-GFPDs are measured by
Keysight N524B network analyzer.

A. BTB-GFPD WITH THE DIVISION RATIO OF 2

Fig. 10 shows the response and photograph of the proposed
BTB-GFPD with the division ratio of 2. Fig. 10(a) presents
the transmission parameters of DM signal and CM signal.
The simulated insertion loss for DM signal between port
2 and port 1, and between port 3 and port 1 is 2.78dB
and 5.89dB respectively at the center-frequency of 2.4GHz
with 3dB absolutely bandwidth of 214MHz and 3dB frac-
tional bandwidth of 8.91%. The measured S,;>; is centered
at 2.403GHz with the insertion loss of 3.12dB, 3dB abso-
lutely bandwidth of 202MHz and 3dB fractional bandwidth
of 8.41%. The center-frequency, insertion loss, 3dB abso-
lutely bandwidth and 3dB fractional bandwidth of measured
Sad31 18 2.404GHz, 6.21dB, 194MHz and 8.08% respectively.
The Sce21 is <-50dB up to 4GHz in the simulation and is
<-45dB up to 4GHz in the measurement. The simulated and
measured S¢.31 is <-51dB up to 4GHz and <-48dB up to
4GHz respectively.

This BTB-GFPD is designed with the power division of 2.
Thus, the difference between Sy421 and S,;43; should be 3dB
in theory. In simulation, this value is 3.11dB. In measurement,
it is 3.09dB. The imbalance of magnitude of output power
excluded the ideal difference of 3dB is presented in Fig. 10(e).
The simulated imbalance of output power magnitude in pass-
band is <0.16dB but the measured is <0.47dB. The deterio-
ration is mainly caused by the manufacturing tolerance. The
manufacturing tolerance generate the difference deviation
both in center-frequency and bandwidth and also aggravates
the imbalance of output power magnitude.

The Fig. 10(b) presents the isolation between port 2 and
port 3 for the DM and CM signal. For the DM signal,
the simulated isolation is >32dB and the measured isolation
is >35dB. For the CM signal, the isolation is >64dB in
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simulation and >55dB in measurement. When a DM signal
is added into port 1, the port 4 is isolated. The isolation
performance is also presented in Fig. 10b which is >45dB
in simulation and >34dB in measurement. For the common
application, the 502 matched load can be replaced by a
502 lumped resistor. The isolation between port 4 and port
1 for DM signal guarantee the isolation resistor could not
produce extra insertion loss. In the measurement, the isolation
between port 2 and port 3 for the DM signal is improved but
the isolation between port 4 and port 1 for the DM signal
is deteriorated. This is mainly caused by the manufacturing
tolerance.

The Fig. 10(c) shows the mode conversion between port
2 and port 1, and between port 3 and port 1. The simulated
Sac21, Scaz1, Sdc31 and Sqq31 are all <-50dB. But all of them
are degraded in measurement. The measured Sy.21 is <-31dB,
the measured S,;71 is <-26dB, The measured S,;.3; is <-36dB
and the measured S.431 is <-28dB. The mode conversion
between port 2 and port 3 is shown in the Fig. 10(d). In simu-
lation, the Sg4.32 and Sc437 are both <-60dB. In measurement,
the Sy4.32 and S.43; are both <-45dB.

The Fig. 10(f) shows the photograph of the proposed FPD
with the division ratio of 2. Its dimensions are as follows (unit:
mm): L = 1,1, = 10.8, L3 = 4.1,L4 = 5,Ls = 3.41,
L = 21.6,L7 = 6,Lg = 84,Lg = 84, Ljp = 3.05,
Lip=1,W; =11, W, =025 W; =025 W, = 1.1,
g1 = 0.23, g¢o = 0.36, g3 = 0.41, g4 = 0.27, g, = 0.17,
gp = 0.17, gc = 0.17, and t = 1. The diameter of vias are
all 0.35mm. The effective size of this FPD is 23mm x30.6mm
and 0.314x0.4),, where Ag denotes the guided wavelength
at 2.4 GHz.

B. BTB-GFPD WITH THE DIVISION RATIO OF 3

This BTB-GFPD is designed with the power division of 3.
Its response and paragraph are all shown in Fig. 11. The
transmission parameters of the DM and the CM signal is
presented in the Fig. 11(a). The insertion loss for DM sig-
nal between port 2 and port 1 is 2.33dB in simulation and
2.66dB in measurement. The insertion loss for DM signal
between port 3 and port 1 is 7.16dB in simulation and
7.46dB in measurement. The simulated S;;-; and S;43; have
the center-frequency of 2.4GHz, 3dB absolutely bandwidth
of 203MHz and 3dB fractional bandwidth of 8.45%. For the
measured Sgq21, the center-frequency, 3dB absolutely band-
width and 3dB fractional bandwidth is 2.402GHz, 194MHz
and 8.08% respectively. For the measured S4431, the center-
frequency, 3dB absolutely bandwidth and 3dB fractional
bandwidth is 2.404GHz, 194MHz and 8.07% respectively.
The simulated S..21 and S..31 are both <-50dB up to 4GHz.
In measurement, the S..>1 and S¢31 are both <-47dB up to
4GHz.

The ideal difference of Sy471 and S;431 is 4.77dB when the
division ratio is 3. The magnitude imbalance of output power
excluded the ideal difference of 4.77dB is shown in Fig. 1 1(e).
The simulated magnitude imbalance in passband is <0.1dB
but the measured is <0.26dB.
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FIGURE 10. The simulated (with the superscript of s) and measured (with the superscript of m) results of the proposed FPD with the division ration

of 2 and its photograph: (a) Sgq11, Sdd21+ Sdd31 Scc21 and Sccz1; (b) Sdd22: Sdd33: Sdd32: Sccs2 and Sds14: (€) Sde21+ Scd21- Sde31 and Seqs1:
(d) Sgc32 and Scq3,: (e) magnitude differences of differential-mode transmissions; (f) photograph.

The isolation between port 2 and port 3 and the isolation
between port 4 and port 1 for the DM signal are presented
in the Fig. 11(b). The simulated S;432 and S¢32 is >30dB
and >60dB respectively. But the measured S;432 and S.32 is
>35dB and >55dB respectively. The isolation between port
4 and port 1 for DM signal S;s14 is >48dB in the simulation
and is >40dB in the measurement.

Fig. 11(c) shows the mode conversion between
port 2 and port 1, and between port 3 and port 1. The
simulated S;c21, Sca21, Sac31 and Sq431 are all <-50dB. But the
measured Schl’ Scd21’ Sdcg,] and Scd31 is <-33dB, <-25dB,
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<-37dB and <-37dB respectively. The mode conversion
between port 2 and port 3 is shown in the Fig. 11(d). In the
simulation, the S;.32 and S.432 are both <-59dB. In the
measurement, the S;.3»> is <-50dB and S.437 is <-40dB.
Fig. 11(f) shows the photograph of the proposed FPD
with the division ratio of 3. Its dimensions are as follows
(unit: mm):L; = 1,Lp, = 10.8,L3 =4.1,L4 = 5,Ls = 3.41,
= 216,17 = 6,Lg = 84,Lyg = 84,Ljp = 3.05,
Lip=1,W; =11, W, =025 W; =025 W, = 1.1,
g1 = 0.22, go = 043, g3 = 0.49, g4 = 0.26, g, = 0.17,
g, =0.17, g = 0.17, and t = 1. The diameter of all vias are
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FIGURE 11. The simulated (with the superscript of s) and measured (with the superscript of m) results of the proposed FPD with the division ration

of 3 and its photograph: (a)Sgg11: Sdd21: Sdd31+ Scc21 aNd Scc317 (b)Sdd22: Sdd33: Sdd32: Sccs2 aNd Sds14; (€)Sdc21- Scd21+ Sde31 and Scgz1: (d)Sgcs2
and Scg3,; (e)magnitude differences of differential-mode transmissions; (f)photograph.

0.35mm. The effective size of this FPD is 23.1mmx30.6mm
and 0.314x0.4A,, where Ag denotes the guided wavelength
at 2.4 GHz.

The measured isolation between two output ports of the
designed FPDs are both >35dB and better than the isolation of
the FPD presented in [28] which is only >16dB. This depends
on the precise control for the external quality factor of res-
onator 4 (Q.4) by adjusting the coupling strength between res-
onator 4 and the load. Furthermore, the FPD proposed in [28]
was using the same structure presented in [22]. The structure
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of designed FPD in this paper is similar with the structure
proposed in our previously research [24]. Thus, the designed
FPDs in this paper keep the advantages in the suppression
for common-mode signal and size compared with the FPD
presented in [28].

V. FURTHER DISCUSSION ON THE DIVISION RATIO

According to (14), (15), (16) and (17), it can be concluded
that the division ratio is determined by the internal coupling
coefficient M3 and M3, and the external coupling coefficient
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Qe1, Qe2 and Q.3 are all independent of the division ratio. For
the designed two FPDs, they have different division ratio, but
they have identical external coupling coefficients.

In the design, the division ratio o will be always larger
than 1 if the output power P is always larger than P3. Then,
the following equations can be obtained based on (13), (14)
and (15).

2
05M315%—m;1 X FBW <My <my; x FBW (36)

When M>; is equal to M3, the output power P; is equal to
P3 and the division ratio « is 1. When M3 is zero, the output
power P3 is zero too and the division ratio « is infinity. So,
the following equations can be attained obviously:

2
My = Mz = %m/zl xFBW = o = | (37)
M21 = m’21 x FBW .
{M31=O = a=00 (38)

The M3; can be regarded as zero if the g, is big enough.
Therefore, the infinity of division ratio is achievable. Under
this condition, the isolation between port 3 and port 2 and the
isolation between port 4 and port 1 can be both achieved if
the Myy is zero.

So, it is concluded that the arbitrary power division is
achievable.

VI. CONCLUSION

This paper presents the balanced-to-balanced Gysel filtering
power dividerwith arbitrary power division ratio. The
coupling scheme is proposed and investigated based on mul-
ticoupled series-resonator bandpass prototype network. The
corresponding design equations are also derived. The pro-
posed FPDs are constructed by half-wavelength resonator and
short-stub-loaded resonator. The detailed realization princi-
ple is also presented. For demonstration, two BTB filtering
power dividers working at 2.4GHz with the power division
of 2 and 3 are designed and measured. The results in measure-
ment show good agreement with the simulation and verify the
theory.
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