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Cavity Balanced and Unbalanced Diplexer
Based on Triple-Mode Resonator
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Abstraci—In this paper, a series of designs for cav-
ity balanced and unbalanced diplexer are proposed. The
balanced and unbalanced designs can be categorized
into four groups—unbalanced-to-unbalanced, unbalanced-
to-balanced, balanced-to-unbalanced (B2U), and balanced-
to-balanced. First, two approaches to achieve out-of-phase
characteristics of three fundamental modes, namely TE;;,,
TE;01,and TM, , in a single triple-mode resonator, are pro-
posed for balun filter designs. Second, four types of unbal-
anced and balanced diplexers are presented by adopting
these three fundamental modes, of which the Butterworth
response applies with specific external quality and coupling
coefficient. To the authors’ best knowledge, full-metal cavity
balun diplexer and balanced diplexer are not reported in the
open literature. For proof of concept, the design of a B2U
diplexer is fabricated and measured. Good matching be-
tween simulated and measured results shows the accuracy
of the proposed design and methodology, which would be
attractive in the high-power radio frequency (RF) front-end
systems.

Index Terms—Balanced diplexer, balun diplexer, balun fil-
ter, rectangular cavity, slot coupling, triple-mode resonator
(TMR).

[. INTRODUCTION

OMPARED with the single-ended circuits, balanced cir-
C cuits contain lower environmental noise and even-order
harmonic distortion so that they are widely applied in active
and passive devices [1]-[3]. For one thing, the balun [4]-[8], as
a key interface device, is the necessity for conversion between
single-ended and balanced circuits. For another, the balanced
filter [9]-[13], essential in increasing the signal-to-noise radio
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and efficiency, has the property of presenting the desired
differential-mode response and suppressing common-mode sig-
nals. Both devices have been investigated using printed circuit
boards (PCB) technologies [4]—[13]. Furthermore, to miniatur-
ize the circuit volume and achieve multiple-function simulta-
neously, integration of several devices in one circuit is desired.
The balun diplexer [14]-[17] and balanced diplexer [18]-[22],
which integrate the diplexer and balun/balanced filter, have been
fully investigated in PCB technologies [14]—-[22]. In [15], the
application of balun diplexers is explored in detail, and they
can be divided into two categories 1) unbalanced-to-balanced
(U2B) diplexer, which consists of one single-ended input and
two pairs of balanced outputs and 2) balanced-to-unbalanced
(B2U) diplexer, which is composed of a pair of balanced inputs
and two single-ended outputs. Therefore, both single-ended and
balanced signals can be achieved at input or outputs, respec-
tively, of the diplexer.

Unfortunately, due to the Q-factor limitation, aforementioned
balanced circuits implemented on the PCB process are not ap-
plicable in some application scenarios, where low insertion loss
is required in narrow-band specifications. There are a few re-
search works about the comprehensive studies on balanced and
unbalanced cavity components according to the open literature.
Generally, a cavity resonator is used in narrow-band system due
to the high Q-factor, low insertion loss, and high selectivity. In
[23], electromagnetically induced transparency (EMIT) filter
is utilized to implement the unbalanced-to-unbalanced (U2U)
filter/diplexer. In [24], the ceramic cavity is adopted to design
a kind of single-ended diplexer with high isolation. In terms
of cavity balun and balanced filters, Chen et al. [25]-[28] have
made some progress in this field. In [25] and [26], a rectangular
dielectric resonator is adopted to design the narrow-band
balanced filters. In [27], the design of filtering balun is achieved
by using TE;5-mode dielectric resonator. In [28], the design of
balun and balanced filters can be implemented simultaneously
using dual-mode cross-shaped dielectric resonators. Besides,
it is found in [17] that substrate integrated waveguide (SIW)-
based balun diplexer and balanced diplexer are realized using
the multilayer PCB process. Based on the authors’ knowledge,
there are no fully integrated metal cavity balun diplexer and
balanced diplexer reported in the open literature.

In this paper, the phase characteristics of each fundamental
mode are investigated, and two approaches to achieve out-of-
phase characteristics are introduced. Four types of balanced
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Fig. 1. (a) Three-dimensional physical model of a single TMR. (b)—(d)
Electric field distributions of TEp1;, TEi91, and TM;;y modes,
respectively.

and unbalanced diplexers are designed, and in order to achieve
two out-of-phase fundamental modes simultaneously to design
B2U and balanced-to-balanced (B2B) diplexers, the proposed
two approaches are adopted at the input port at the same time.
The advantages of the proposed structures compared with other
traditional diplexers are summarized as follows:

1) Reduced circuit volume by sharing triple-mode resonator
(TMR) resonator and omitting the matching network, and
utilization of three fundamental modes also makes sure a
compact cavity-based size.

2) Various single-ended or balanced inputs and outputs of
diplexers can be achieved by adopting the introduced two
approaches.

Il. IMPLEMENTATION OF OUT-OF-PHASE CHARACTERISTICS

Before presenting the balanced and unbalanced diplexer de-
signs using three fundamental modes, the background knowl-
edge of a triple-mode cavity resonator should be explored
first. In [29], three fundamental modes are investigated, namely
TE011 5 TElOl . and TM110, in a TMR cavity, of which the elec-
tric field directions are orthogonal to each other. The resonant
frequencies of these modes can be determined by

2T 2 27
s o]
w11 TN + c/ | (1a)
v [/my\2 7\ 2]
o= |(3) +(3) (1b)
v [ rm\2 7\ 2]
=2 1G) +(5) (Ic)

where w,, ,, , represents the resonant frequencies of the specific
modes (m, n, and p = 0 or 1), and v represents the speed of light
in the air. €, and y, are the permittivity and permeability of the
air of the cavity, respectively. a, b, and ¢ are the length, width,
and height of a rectangular cavity, as depicted in Fig. 1(a), whose
electric field distributions are depicted in Fig. 1(b)—(d).

~—> E-field of Mode
~——> E-field of Port Excited by Slot
—» E-field of Port Excited by Slot Offset

(b) (©)

Magnitude (dB)

Frequency (GHz)
(d)

Fig. 2. (a) Three-dimensional view of TMR with off-center slots and
ports. (b) Electric field distribution of TE;(; mode. (c) Electric field distri-
bution of TM; 1y mode. (d) Proposed second-order balun with differential-
mode and common-mode transmission response.

Using (la)—(lc), the resonant frequencies of the three fun-
damental modes can be controlled independently. The unloaded
quality factors @, for these three modes are 20 204 for TE1;
mode, 19 189 for TE;j; mode, and 21 379 for TM;;; mode,
respectively.

Then, two approaches to achieve out-of-phase characteristics
of three fundamental modes are proposed so that balanced ports
of the balun and balanced diplexers can be achieved. Addition-
ally, two balun filters are presented according to the proposed
approaches.

A. Offsetting From Center

The first approach to achieve out-of-phase characteristic of
each fundamental mode is that a pair of coupling slots are off-
center, which is depicted in Fig. 2(a). A pair of symmetrical slots
(slot 1 and slot 2) are located at off-center position versus the xoy
plane, whose long-side orientation is perpendicular to the y-axis.

Two electric-field directions E, and F, are produced to excite
two fundamental modes: TM;1p and TE;y; [30]. Noticeably,
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port 1, port 2, and their respective coupling slots (slot 1 and
slot 2) are absolutely symmetric, which means that port 1 and
port 2 have the equivalent divided electromagnetic (EM) waves.

As depicted in Fig. 2(b), the electric field direction of TE;;
(the red line) is consistent with electric field direction of two
ports (the blue line in the y-axis direction), which means that the
0° phase imbalance will be achieved between two ports when
TE191 mode is used. However, in Fig. 2(c), the electric field
direction of TM;1( (the red line) is only consistent with that
of one port and reversed to the other port (the green line in
the z-axis direction), so 180° phase imbalance will be achieved
between two ports when TM;;, mode is used. Therefore, one
out-of-phase mode and one in-phase mode can be achieved in a
single cavity using this approach.

In order to present the out-of-phase property and reflect the
simulated results directly, a second-order balun filter adopt-
ing the off-center structure is proposed. Herein the mixed-
mode S-parameters are used to present the differential-mode
and common-mode transmission responses at the same time.
The translation between three-port mixed-mode S-parameter
and single-ended S-parameter is given in [15]

Sss11 = Sn1 (22)
1

Sis21 = —= (591 — S 2b

4521 \/5( 21 31) (2b)
1

Ses21 = —= (S21 + S31) (2¢)

V2

where Ssq11 is the return loss at the unbalanced port 1, Sgs21
represents the two-port S-parameter from single-ended port 1 to
balanced differential-mode port 2, and S.s9; is the two-port S-
parameter from single-ended port 1 to balanced common-mode
port 2, respectively.

Fig. 2(d) depicts the mixed-mode S-parameter curves of the
proposed balun filter in the inset. It is deduced that it resonates at
2.57 GHz, which is dominated by TM;1¢ mode. It has the 3-dB
bandwidth of 50 MHz denoted in Sq421, Whereas the common-
mode suppression denoted in S.s2; can reach 50 dB from 2.4 to
2.8 GHz.

B. Rotation at the Center

The second approach to achieve out-of-phase characteristic of
each fundamental mode is that a pair of coupling slots are rotated
at the center, which is depicted in Fig. 3(a). A pair of coupling
slots (slot 1 and slot 2) etched on the surface versus the yoz plane
of the cavity are crossed in respect to the center of the TMR
cavity, where the energies are coupled with port 1 and port 2

evenly. Two electric field directions F. and F, are produced
to excite two fundamental modes: TM;;¢ and TEy; [30]. As
depicted in Fig. 3(b), similar to the former approach, the electric
field direction of TE;(; (the red line) is consistent with that of
two ports (the blue line in the y-axis direction). In Fig. 3(c), the
electric field direction of TMy (the red line) is only consistent
with that of one port and reversed to the other port (the green
line in the z-axis direction). Therefore, one out-of-phase mode
and one in-phase mode are also achieved using this approach.

~——> E-field of Mode
——> E-tield of Port Excited by Slot

(b) ()

Magnitude (dB)

Frequency (GHz)
(d)

Fig. 3. (a) Three-dimensional view of TMR with rotated slots and ports.
(b) Electric field distribution of TE;;; mode. (c) Electric field distribution
of TM;1¢ mode. (d) Proposed second-order balun with differential-mode
and common-mode transmission response.

Denoted in Fig. 3(d), the mixed-mode S-parameter results of
the balun filter in the inset show that it resonates at 2.57 GHz,
which is dominated by TM;, mode. Also, it has 3-dB band-
width of 50 MHz denoted in S4521, and common-mode sup-
pression of 50 dB and low differential-mode insertion loss are
obtained.

In summary, in these two approaches, one out-of-phase mode
and one in-phase mode are produced, simultaneously, while
the out-of-phase mode can be utilized to achieve the balanced
functions of the proposed diplexers.

Before starting to design balanced and unbalanced diplexers,
the four-port mixed-mode S-parameters are presented here to
express the differential-mode and common-mode transmission
responses of the balanced filter. The translation between four-
port mixed-mode S-parameter and single-ended S-parameter are
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Fig. 4. Schematic diagram of four balanced and unbalanced diplexer
couples.

given in [13]
(S11 — S11 — S + Siv)

Saqan = 5 (3a)
S = 17 S St S) (3b)
g, _ (Bt 5 J;Suf + Sy10) Go
5, _ (St 5 e Sov) a0

where Sqq11 1s the return loss at the balanced differential-mode
port 1, Sc.11 is the return loss at the balanced common-mode
port 1, Sqq21 represents the two-port S-parameter from balanced
differential-mode port 1 to port 2, and S.co; is the two-port
S-parameter from balanced common-mode port 1 to port 2.

[Il. BALANCED AND UNBALANCED DIPLEXERS

In previous section, we discuss two approaches to achieve
out-of-phase characteristics of each of three fundamental modes
in the structure. Herein we present four types of balanced and
unbalanced diplexers, whose schematic diagrams are proposed
in Fig. 4. As shown in Fig. 4(a), all three ports of the diplexer
are single ended, which form up an U2U diplexer. In order to
obtain the two balanced output ports, simultaneously, two more
ports are added with totally four output ports. Hence, there are
a single-ended input port 1 and two pairs of balanced output
ports (port 2, port 2 and port 3, port 3’) in the U2B diplexer
schematic, as shown in Fig. 4(b). On the other hand, to achieve
the balanced input ports (port 1 and port 1”) and two single-
ended output ports (port 2 and port 3), totally four ports are
adopted to implement the B2U diplexer, as denoted in Fig. 4(c).
For the implementation of all balanced input and output ports,
simultaneously, there are six ports (port 1, port 1’ for input, and
port 2, port 2', port 3, port 3’ for output) adopted to feed the
B2B diplexer structure.

In the following diplexer designs, the uplink channel will be
set to be dominated by TE;; mode, and the downlink channel
will be set to be dominated by TM; ;¢ mode. Each channel of the

Port 1:

S-parameter (dB)

-80 =~ T T T T T T 1
250 255 260 265 270 275 280 285 290

Frequency (GHz)

(b)

Fig. 5. U2U second-order diplexer with (a) physical structure and
(b) simulated S-parameter curves.

diplexers is based on the synthesis design method with filtering
response.

A. U2U Diplexer

Fig. 5(a) depicts the physical model of the proposed U2U
diplexer. A slot with length of /; rotates with an angle 6;, and

it excites two electric field orientations £, and E., which are
in accordence with the directions of TEj;; and TM;;7 modes.
TE(;; mode will be propagated into port 2, whereas TM; g
mode will be propagated into port 3. The modal topology is
given in the inset of Fig. 5(a).

Herein the filter synthesis method is then utilized to design
the proposed diplexer. The fomula of external quality factors
and coupling coefficients can be expressed as follows:

_ Y9041
Q= ZBw (4a)
FBW
A 4b
M, 55, (4b)

where g, g1, and g» are the low-pass prototype element values
of the second-order Butterworth polynomial, which can be set as
go=1,g1 =g = 1.4142, and FBW is the fractional bandwidth.

Considering the specifications of the fractional bandwidths
of 1.6% and 1.4% of two channels, the external quality factors
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TABLE |
PHYSICAL DIMENSIONS OF THE DIPLEXER

a =80 mm b =70mm ¢ =95 mm
6,=42° [, =50 mm L=39 mm
=45 mm I, =454 mm ls=51.2 mm

and coupling coefficients can be calculated as follows:
QT =90, Q' =98.3, Mi, =0.011, Ml =0.010

Here Q’, M{, and Q'', Ml are the values of first and second
channels of the proposed diplexer, respectively.

The relationships between the coupling coefficients and ex-
ternal quality factors based on the physical model dimensions
of coupled resonators can be extracted according to [31]

2 2
My = £ (5a)
! 52 + f§1
fo
o = ——— 5b
Q A.](‘37dB ( )

where f,1 and f,» are the resonant frequencies of the two cou-
pled resonators, f;y stands for the center frequency, and A f5_g4p
stands for bandwidths between +90° phase offsettings of the
resonant frequency.

It can be seen in Fig. 5(b) that TEj;; mode resonates at
2.6 GHz with 3-dB bandwidth of 41 MHz denoted in Sio,
whereas TM; 1y, mode resonates at 2.78 GHz with 3-dB band-
width of 40 MHz denoted in |S13|. The isolation between port 2
and port 3 can reach 25 dB from 2.5 to 2.9 GHz.

The physical dimensions of the proposed U2U diplexer are
tabulated in Table I. The width and thickness of all the coupling
slots are 3 and Smm, respectively.

B. U2B Diplexer

Balun diplexer can be categoried as U2B diplexer and
B2U diplexer. According to the analysis of two approaches in
Section II, to implement U2B’s property, one out-of-phase mode
and one in-phase mode will be achieved at each of two outputs
of the diplexer, as depicted in the inset of Fig. 6(a). The physical
structure of the U2B diplexer processes one single-ended input
port 1 and two pairs of balanced output ports (port 2, port 2" and
port 3, port 3") working at different channels, respectively. A slot
with the length of /s rotates with an angle 6> and it excites two

electric field orientations £, and E., which are in accordence
with the directions of TEy1; and TM;1 modes. TEj;; mode will
be propagated into a pair of balanced ports (port 2 and port 2')
whereas TM;;9 mode into another pair of balanced ports
(port 3 and port 3'). The “offsetting from center” approach in
Fig. 2(a) is adopted here; the coupling slots with the length [
are off-center versus the yoz plane, and their long-side orienta-
tions are perpendicular to the y-axis, so that the EM waves of
out-of-phase TEj;; mode and in-phase TE;3; mode would be
evenly transmitted into port 3 and port 3’ due to the symmet-
rical structure. Similarly, The “rotation at the center”” approach
in Fig. 3(a) is adopted at the other pair of outputs, and a pair
of slots with length of /y make a cross versus the yoz plane; it

-30 4
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-60 4
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T T T T T T T 1
250 255 260 265 270 275 280 285 290
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(b)
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-120 1 T T T T T T 1
250 255 260 265 270 275 280 285 290

Frequency (GHz)

(©)

Fig. 6. U2U second-order diplexer with (a) physical structure,
(b) differential-mode response, and (c) common-mode response.

means that the EM waves of out-of-phase TM;1y mode and in-
phase TE;(y; mode would propagate through port 2 and port 2/,
evenly.

To obtain a well-designed balun diplexer, both channels need
to meet the required external quality factors and coupling coef-
ficients versus function response according to [15] as follows:

s _ nd __ 9091
@ =@ =Tpw (62)
FBW
M,y = —— 6b
12 50 (6b)

where ()7 and Qg are the external quality factors of a single-
ended port and a differential-mode port, respectively.
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TABLE Il
PHYSICAL DIMENSIONS OF THE DIPLEXER
a =80 mm b =70mm ¢ =95 mm
6,=42° ls =50 mm [,=39.2 mm
ls =43.8 mm ly=47.4 mm l1o=50 mm

In this case, considering the specifications of the fractional
bandwidths of 1.4% and 1.6% of two channels, the external
quality factors and coupling coefficients can be calculated as
follows:

Q=" =101, Q* = Q¥ =2Q% =202, M, = 0.0099,

Q=M =88, Q*=Q% =2Q™! =176, M = 0.011.

Here Q°' and Q!7 are the external quality factors of first and
second channels of the input port 1, and Qg, 2’, and Qf, Qil
are the external quality factors of two pairs of balanced ports
(port 2, port 2" and port 3, port 3).

Fig. 6(b) and (c) shows the mixed-mode S-parameters of the
U2B diplexer. Followed by formulas (2a)—(2c), it can be seen
in Fig. 6(b) for differential-mode response that TEq;; mode
resonates at 2.6 GHz with 3-dB bandwidth of 36 MHz denoted
in Sgs21 , whereas TM;;, mode resonates at 2.78 GHz with
3-dB bandwidth of 45 MHz denoted in S4s31 due to the fact
that TE;(; mode is an in-phase mode, which is not resonated
within the frequency range. The isolation between two balanced
ports denoted in Sqq23 can reach 24 dB from 2.8 to 3.2 GHz. In
Fig. 6(c) the common-mode suppression of TEq;; mode can
reach 55 dB denoted in S.¢»1 while that of TM; 7 mode denoted
in S.e31 is 60 dB, and the common-mode isolation between the
two balanced output ports denoted in S..23 can reach 80 dB.

The physical dimensions of the proposed U2B diplexer are
tabulated in Table II. The width and thickness of all the coupling
slots are 3 and 5 mm, respectively.

C. B2U Diplexer

In former case, we have discussed the design of the U2B
diplexer, herein there is one of the balun diplexers still im-
perative: the B2U diplexer. Its schematic is proposed in
Fig. 4(c). This type of diplexer is composed of a pair of bal-
anced input ports and two single-ended output ports for trans-
mitting/receiving. It is noted that to achieve balun function in
both channels of the diplexer, we need to achieve two out-of-
phase modes simultaneously at the input ports, as illustrated
in the inset of Fig. 7(a). Therefore, the “offsetting from center”
and “rotation at the center” approaches are combined to produce
two out-of-phase modes, as illustrated in Fig. 7(b), and a pair
of coupling slots make a cross with offsetting along the y-axis,
which can be divided into the following two parts:

1) Making a cross at the center excites the reversed electric

field E. with out-of-phase TM; o mode.
2) Offsetting away the center position excites the reversed

electric field E, with out-of-phase TE(;; mode.

Port 1

E=

Port 1'

(a)

Rotation |

A TMR]
\{/ |
QNG
N\p? 3
; NG
Rota}mu{ \\"\K\\
. . \‘o"'..'l
=TT SONY
\<\ ) |\ Slot
SN T
I\\\i\ ) R T
. " T
SN0 R |
TMR N /! S !
‘T_M !
offsetting |
4 |
, z Slot —--L-§---
z : :
e

(b) offsetting

Fig. 7. B2U second-order diplexer with (a) physical structure,
(b) electric field analysis.

Therefore, in the physical structure of B2U second-order
diplexer in Fig. 7(a), a pair of slots with the length of /;; are cou-
pled from the balanced ports (port 1 and port 1’) and excite the
out-of-phase TEj;; and TM;;( modes simultaneously; TM 1o
mode propagates into single-ended port 2, whereas TE(;; mode
propagates into single-ended port 3. Formulas (6a)—(6b) are
also utilized to calculate the required external quality factors
and coupling coefficients of each band.

In this case, considering the specifications of the fractional
bandwidths of 1.1% and 1.5% of two channels, the external
quality factors and coupling coefficients can be calculated as
follows:

Q:l = Qi =1233, QY = Q' =2Q% = 246.6,
My =0.008, Q1 = QT = 91.4,
QU = Q' = 2" =182.8, M{I =0.011.

Here Q°' and Q'7 are the external quality factors of first and
second channels of the output port 2 and port 3, il , Qill and
Qil L Qi/l I are the external quality factors of two channels of
the balanced ports (port 1 and port 1').

In [29], how to extract the Q. and M- based on the physical
dimensions of coupled resonators is presented in detail. Due
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Fig. 8. Variation trend versus varied physical parameters. (a) External
quality factor Q1, Q!'', and Q3! . (b) Coupling coefficient M/, .

to the reciprocity for three fundamental modes, TE(;; mode is
used as an example to provide the variation trend of Q!, Q',
and M{, versus varied physical parameters, as shown in Fig. 8.
By properly setting the suitable values specified in Fig. 8(a) and
(b), the prescribed Q17, Q3!, and M, can be achieved to meet
the required filtering response.

The structure of B2U diplexer is fabricated to verify the
accuracy of the proposed design methodology. Fig. 9(a) shows
the working state of the fabricated B2U diplexer structure.
Silver plated aluminum is the material for fabricating the
proposed full-metal cavity diplexer using computer numerical
control technology. WR284-type rectangular waveguides are
used to feed the ports. Fig. 9(b) and (c) shows the compared
simulated and measured mixed-mode S-parameter results of
this structure. Followed by formulas (2a)—(2c), it can be seen in
Fig. 9(b) for differential-mode response that TEp;; mode
resonates at 2.61 GHz with 3-dB bandwidth of 30 MHz and
measured insertion loss of 0.7 dB denoted in Sg491, whereas
TM; ¢ mode resonates at 3.11 GHz with 3-dB bandwidth of
43 MHz and measured insertion loss of 0.6 dB denoted in Ssq31 .
The achieved unloaded Q factor (), can be calculated as 1843
at 2.61 GHz channel and 1598 at 2.78 GHz channel compared
with the expected @, of 3225 at 2.61 GHz channel and 2397
at 2.78 GHz channel. The isolation between port 2 and port
3 denoted in S23 can reach 27 dB from 2.5 to 2.9 GHz. In
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'80 T T T T T T T T 1
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Fig. 9. (a) Working state of the fabricated B2U diplexer structure.
Compared simulated and measured results with (b) differential-mode
response and (¢) common-mode response.

TABLE Il
PHYSICAL DIMENSIONS OF THE DIPLEXER
a = 80 mm b =70 mm ¢ =95 mm
&, =40 ° 11=50.4 mm l1>=39.4 mm
l3=42.6 mm | [;4=454mm | [;5=49.6 mm

Fig. 9(c), the common-mode suppression of TEj;; mode can
reach 32 dB while that of TM;;( mode is 38 dB.

The physical dimensions of the proposed U2B diplexer are
tabulated in Table III. The width of all the coupling slots are
3 mm.
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TABLE IV
COMPARISON BETWEEN THE BALUN DIPLEXER AND OTHER REPORTED ONES
Implemented Central Frequency Achieved Measured Filtering | Achieved | Common-mode
Meterial Frequency Ratio Bandwidths Insertion Loss Order Isolation Rejection
[15] PCB (Planar) 1.85/2.45 1.32 11.1/9.3 1.42/1.77 3 33 dB 33 dB
[17] PCB (SIW) 2.2/2.8 1.27 2.71.7 2.2/2.7 2 28 dB 44 dB
This work Metal Cavity 2.61/2.78 1.06 1.1/1.5 0.7/0.6 2 27 dB 32 dB

The comparison between the fabricated B2U diplexer and
other reported ones is presented in Table IV. According to
Table IV, it is clear that under the circumstance of high iso-
lation and common-mode rejection, our design can achieve a
low frequency ratio of only 1.06 due to the utilization of fun-
damental orthogonal modes. It means that two channels of the
diplexer can be designed closer without severe deterioration of
isolation. Additionally, lower insertion loss is also obtained. It
is noteworthy that the reported work in [15] has a better iso-
lation due to the higher filtering order (third order) and wider
frequency ratio.

D. B2B Diplexer

Balanced diplexer consists of a pair of balanced input ports
(port 1 and port 1") and two pairs of balanced output ports (port 2,
port 2" and port 3, port 3'). Therefore, it combines the balanced
inputs in B2U diplexer and two pairs of balanced outputs in
U2B diplexer. The modal topology and the physical structure
are presented in Fig. 10(a). A pair of coupling slots make a cross
with offsetting along the y-axis, so that the out-of-phase TE(;;
and TM; 1y modes are excited simultaneously. The EM waves
of TE(;; mode propagate into a pair of balanced outputs (port 3
and port 3’), due to the fact that port 3 and port 3" also make a
cross to absorb the EM waves of TE(;; mode. Similarly, the EM
waves of TM; ;o mode pour into another balanced outputs (port 2
and port 2'). Therefore, because of the modal orthogonality
between TE(;; and TM;1, modes, excellent isolation can be
obtained in this balanced diplexer.

To obtain a well-designed balanced diplexer, both channels
need to meet the required external quality factors and cou-
pling coefficients versus function response according to [28] as
follows:

-
FBW

Mo = . 7b

LN A (7b)

In this case, considering the specifications of the fractional
bandwidths of 1.2% and 1.6% of two channels, the external
quality factors and coupling coefficients can be calculated as
follows:

QM =115.3, Q1 = Q' = @Q? = Q¥ =2Q% = 230.6,
ML, = 0.009, QU =87.3, QM = Q' = QP = Q7
=2Q" =174.6, M} = 0.011.

Here Q'7, Q! and Q''!, Q' are the external quality fac-
tors of two channels of the balanced ports (port 1 and port 17).

Port 1
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-50 4

-60 4

=704

-80

T T T T T T T 1
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Frequency (GHz)

(b)
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-90 4

-100 4

-110 4
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Frequency (GHz)

(©)

Fig. 10. B2B second-order diplexer with (a) physical structure,
(b) differential-mode response, and (c) common-mode response.

2,Q% and Q?, Q¥ are the external quality factors of two pairs
of balanced ports (port 2, port 2" and port 3, port 3').

Fig. 10(b) and (c) shows the mixed-mode S-parameters
of the balanced diplexer. It can be seen in Fig. 10(b) for
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TABLE V
PHYSICAL DIMENSIONS OF THE DIPLEXER
a =80 mm b =70 mm ¢ =95 mm
94:400 115:50.8 mm 117:39.6 mm
113243 mm 119:47.2 mm 120:48.8 mm

differential-mode response that TEj;; mode resonates at
2.61 GHz with 3-dB bandwidth of 32 MHz denoted in Sqq421,
whereas TM;1y mode resonates at 2.78 GHz with 3-dB band-
width of 45 MHz denoted in Sqq31. The differential-mode isola-
tion between two pairs of balanced output ports denoted in Sq 423
can reach 25 dB from 2.5 to 2.9 GHz. In Fig. 8(c), the common-
mode suppression of TEy;; mode can reach 50 dB while that of
TM;19 mode is 45 dB. The common-mode isolation is higher
than 75 dB among the frequency range.

The physical dimensions of the proposed B2B diplexer are
tabulated in Table V. The width of all the coupling slots are
3 mm.

IV. CONCLUSION

In this paper, we proposed and summarized all couples of
balanced and unbalanced diplexers. Also, the design method-
ology of these devices were fully investigated. All the de-
signs are implemented by adopting three fundamental modes,
namely TEg;;, TEjg1, and TM;9, of the TMRs, of which
the Butterworth response applies with specific external qual-
ity and coupling coefficient. The structure of B2U diplexer
was fabricated to verify the accuracy of the proposed de-
sign methodology. The proposed designs have the potential
values in the high-power radio frequency (RF) front-ends,
as the transformers between single-ended/differential antennas
and single-ended/differential transmitter/receiver. The achieved
low-frequency ratio is promising in some required adjacent-
channel diplexers.
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