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ABSTRACT The design of compact unbalanced-/balanced-to- unbalanced diplexer (U2U/B2U) based on
full dual-mode dielectric resonator (DR) is investigated for the first time. The relationships of the external
quality factors (Q,) under the two modes are analyzed. It is found that the Q. of two modes can be controlled
independently, which makes the design procedure simple and efficient. Based on the analysis, both of
the proposed U2U and B2U diplexer can be easily built by properly adding feeding probes for the DR
without increasing the circuit size by altering the location of the feeding probes according to the distribution
of the electromagnetic fields. To verify the proposed design concept, the diplexers mentioned above are
simulated, implemented and measured. The isolation is achieved by the orthogonality between modes while
the low insertion loss is obtained due to the high unloaded quality factor (Q,) of the dual-mode DR. The
measurements are in accordance with the simulated results, showing low loss and good selectivity.

INDEX TERMS Miniaturization, dual-mode dielectric resonator (DR), diplexer, design approach,
unbalanced-to-unbalanced (U2U), balanced-to-unbalanced (B2U).

I. INTRODUCTION

With the rapid development of modern wireless communi-
cation systems, the features of miniaturization, low inser-
tion loss and high performance are highly desired. As a
key component of RF front end, the diplexer is essential
in the multi-frequency transceiver [1]. Since a diplexer can
simultaneously deal with the uplink and downlink signals,
the number of filters can be reduced by half [2]. Due to
the aforementioned advantages, various diplexers have been
reported. In traditional designs, two independent bandpass fil-
ters are combined by a common T-junction which makes that
one filter an open circuit at the frequency of the other pass-
band [3]-[7]. However, the T-junction needs to be designed
individually and occupies additional size. To miniaturize
the circuit size, a common dual-mode resonator is used to
replace the T-junction and act as the first level of the resonant
circuit [8]-[12]. However, since the subsequently cascaded
resonators in many reported works are still based on the
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single-mode resonator, the advantage of dual-mode resonator
for miniaturization is not fully realized. In recent years, the
structure based on full dual/multi-mode resonator is pro-
posed by replacing the subsequently cascaded single-mode
resonators with dual/multi-mode resonators, which makes
further miniaturization achieved [13]-[19]. In [15], a quad-
mode resonator is designed and applied to design compact
dual-band diplexer. However, since the probe excites four
modes simultaneously, the external quality factors (Q,) under
each mode can’t be controlled independently, which makes
the design procedure complicated. Therefore, how to achieve
a balance between miniaturization and design efficiency is
worth studying.

On the other hand, most of the works are based on the
microstrip and SIW, showing various merits. However, due
to the relatively low unloaded quality factor (Q,) of the
resonator, the insertion loss and selectivity of the pass-
band are not good. The metal cavity can provide a high
0O, [18]-[21], but the size is bulky. The dielectric resonator
(DR) can be treated as a bridge between the microstrip
line/SIW and metal cavity resonators in terms of Q, and
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FIGURE 1. Topology of the U2U diplexer.
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volume. Accordingly, DR has been widely applied to design
microwave circuits [22]-[25]. Among them, the diplexer
based on DR also has been reported. In [26] and [27], an off-
centered triple-mode DR is proposed to design the diplexer,
achieving compact size and low insertion loss.

Balanced circuits, containing high immunity to inter-
ference distortion, are widely applied in antennas to
achieve symmetrical radiation pattern, high common-mode
rejection, low cross polarization, and good impedance match-
ing [28]-[30]. As an interface between the single-ended and
balanced components (i.e. the connector between a differen-
tial antenna and a receiver/transmitter), the balun diplexer is
also highly desired. For the unbalanced-to-balanced (U2B)
diplexer, differential signal can be realized by the half-
wavelength transmission line [31], [32]. Most of the designs
using this approach are based on the microstrip line which
often suffers from high loss. For the balanced-to-unbalanced
(B2U) diplexer, an effective approach is to excite a pair of
differential modes at the input, which is effectively applied in
the metal cavity [18]. However, up to now, the B2U diplexer
based on DR hasn’t been reported.

In this paper, the designs of the U2U and B2U diplexer
based on full dual-mode DR are proposed. The full dual-mode
structure effectively reduces the circuit size. Meanwhile,
the design process is simple and efficient because the Q.
values of the two modes can be controlled independently.
The proposed U2U and B2U diplexers can be easily built by
properly adding feeding probes for the DR without increas-
ing the circuit size by altering the location of the feeding
probes according to the distribution of the electromagnetic
fields. Both of the two designs are fabricated and measured
for demonstration. Multiple features are achieved, such as
compact size, low insertion loss and good selectivity.

1. ANALYSIS OF DR DIPLEXER

Fig. 1 shows the topology of the proposed U2U diplexer. S
and L; (i = 1, 2) represent the source and loads. The black and
red lines represent the first and second channels. 14 (24) and
18 (2B) represent the lower and higher resonant frequencies
of the dual-mode DR, respectively. Based on this topology,
a U2U diplexer is designed. The structure of the proposed
U2U diplexer based on the dual-mode DR is shown in Fig. 2.
A metal baffle is located in the middle of the cavity to form
two paths for signal transmission. The width of apertures w
and wy are used to control the coupling coefficient between
the two DRs. The probe length and the gap determine the
coupling between the port and DR. Port 1 is the input port that
excites the dual mode of the DR simultaneously. Port 2 and
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FIGURE 2. Structure of the U2U diplexer: (a) Front view; (b) Top view.
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FIGURE 3. E-field distributions of a dual-mode DR cavity. (a) Without and
(b) with corner cuts.

Port 3 are the two output ports. The DR is placed at the bottom
of the metal cavity which is used as the electrical wall of the
dominant mode of the DR.

The DR has the relative dielectric constant &, = 38 with
loss tangent tand = 2.5 x 10~4. Figs. 3(a) and (b) show the
E-fields of the dual-mode DR with or without corner cuts.
It can be seen that before the corner cutting where the DR
is in square shape, the E-fields of the two modes distribute
along the edge as shown in Fig. 3(a) while the E-fields
distribute along the diagonal after the corner cutting as shown
in Fig. 3(b). In both cases, the two modes are always orthog-
onal with each other. To excite the two modes separately,
the feeding probe should be arranged along the direction
of polarization. Fig. 4 shows the relationship between the
dual-mode frequencies and the corner cuts. With the increase
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FIGURE 5. The isolation between Mode A and Mode B.

of s, the resonant frequency of Mode A remains unchanged
while the frequency of Mode B increases. Fig. 5 shows the
isolation between the two modes. Because of the orthogonal-
ity between the modes, the isolation between 1.35 GHz and
1.7 GHz is greater than 30 dB, which is suitable for diplexer
design.

IIl. UNBALANCED-TO-UNBALANCED DIPLEXER

Figs. 6(a)-(d) show the Q. of the three unbalanced ports
versus probe location, probe length and the coupling gap
between the DR and probe. Figs. 6(a)-(b) show the extracted
Q. at the common input port (port 1) for the two modes
(Quy and Q%p). It is shown that the two modes can be
excited simultaneously and controlled independently, i.e. Q%
varies within a small range while the value of Q, can be
changed in a large range. Q%, increases as [ increases or /1

decreases while Q7 keeps almost unchanged from [ =
10 mm to 18 mm. The similar relationship between Q7,
(Qyp) and [ (or g1) can be obtained. By adjusting the three
parameters (I, g1, and &), the required Q, can be easily
obtained at port 1. Figs. 6(c)-(d) show the extracted Q.
under each of the two modes against different 4, (h3) and
g2 (g3). In this case, the port should be arranged along
the corresponding polarization direction as shown in Fig. 3.
Fig. 7 shows the coupling coefficient k versus wj with
different wy.

According to the design specification, the lower and higher
center frequencies are respectively 1.52 GHz and 1.64 GHz,
which corresponds to s = 8.7 mm. Through calculation,
we obtain ki1, = 0.006 and Q%, = 190.2 for the lower
passband while k55 = 0.0067 and Q% = 167 for the higher
passband. Accordingly, the coupling matrix of U2U diplexer
can be obtained as shown in (1), as shown at the bottom of
the page.

Since there is actually a small amount of coupling between
the orthogonal modes and the two output ports, the coupling
coefficients of Mps;, and My, are not zero. Fig. 8 shows the
theoretical and simulated results with good agreement.

The design procedure of the U2U diplexer can be summa-
rized as follows.

(1) Calculate the Q. and the coupling coefficient according
to the design specification.

(2) Select the lengths of the feeding probes and the
gap between the feeding probes and DR according to
Figs. 6(a)-(d).

(3) Select the wy and wy of the metal baffle according to
Fig. 7.

(4) Optimize the dimensions according to the response.

According to the required £ and Q,, the dimensions of the
proposed U2U diplexer after optimization can be determined
as follows: m; = 83 mm, mpy = 40 mm, m3 = 32 mm, a =
25 mm, g =20 mm, [ = 12.5 mm, g = 3 mm, g = 3 mm,
g3 = 0.8 mm, w; = 11.8 mm, wp, = 11.8 mm, w3 = 3 mm,
hy = 27.3 mm, hp = 20 mm, and A3 = 20 mm. The sim-
ulated and measured results are shown in Fig. 9. The center
frequencies of the dual band are 1.52 GHz and 1.64 GHz,
respectively. The simulated dual-band return losses are better
than 18.5 dB and 15.2 dB while the measured return losses
are better than 14.5 dB and 14 dB. The simulated dual-band
insertion losses are both less than 0.54 dB while the measured
insertion losses of the dual bands are both less than 0.8 dB.

i N 14 24
N 0 0.2560 0
1402560 0.9476  0.0750
vl 0 0.0750  0.9476
| 1B 0.2740 0 0
2B 0 0 0
Ly 0 0 0.2560
| L, 0 0 0.003
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FIGURE 6. (a) Single-ended Qe versus | with different h; (g; = 3 mm); (b) Single-ended Qe versus | with different
g1 (hy =27 mm); (c) Qe versus h, with different g, ; (d) Qe versus h; with different gs.
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FIGURE 7. k versus w; with different w,.

The simulated and measured isolations (S>3) are better than
34 dB and 33 dB, respectively.

The comparisons with other diplexers are summarized
in Table 1. As can be seen, this work shows many advantages
such as low insertion loss, small size and minimum fractional
bandwidth (FBW). Compared with the other 3-D structures
using the T-junction [26], [27], [34], [35] and the star-
junction [36], the design of full dual-mode DR can achieve
the size reduction. Compared with the other implementations
that need 2 coupling matrices to synthesize the two bands
separately, only one coupling matrix is used in this design,
which improves the design efficiency.
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FIGURE 8. Frequency response generated by the coupling matrix M and
the simulation results.

IV. BALANCED-TO-UNBALANCED DIPLEXER

The topology of the B2U diplexer is shown in Fig. 10. Based
on the U2U diplexer, the B2U diplexer can be achieved by
adding an additional port to the input port to form a balanced
input port. In this design, the Q. of the two kinds of input
ports must satisfy Q?A = 0%, and QZB = 0% [23], [33].
This can be achieved by only changing the probe length of
the balanced input port while other parameters are the same
as the U2U counterpart. Fig. 11 shows the extracted Q, of the
balanced input under the two modes (Qle’ 4 and QfB) versus
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TABLE 1. Comparisons with previous diplexers.

Coupling . 3-dB Insertion Isolation .
Ref. fil /> (GHz) Types junction Analysis method FBW(%) Loss (dB) (dB) Size
[7] 5/5.25 SIW T-junction 2 coupling matrices 1.95/2.08 2.2/2.4 45 1.25%0.62(/")
[12] 1/1.8 Coaxial None 2 coupling matrices 16/6 0.72/0.55 50 0.873*0.263*0.167(10°)
[14] 241361  Microstrip  None Even-jodd-mode &2 3 07 /6 0 1 46/2.15 38 0.25%0.06 (Ac?)
coupling matrices
[26] 2.55/2.66 DR T-junction 2 coupling matrices 3.8/3.5 0.63/1.10 20 1.02 *0.51 *0.51 (4y°)
[27] 2.54/2.67 DR T-junction 2 coupling matrices 2.76/2.25 0.96/1.22 50 1.02 *¥1.02 *0.51 (4o°)
[34] 1.793/2.055 Coaxial T-junction 2 coupling matrices 9.5/13.6 0.7/0.55 34 0.81*0.36%0.18 (1)
[35] 3.4/4.7 Waveguide  T-junction Equivalent circuit 29.4/21.3 0.9 30 1.17*%0.61*%0.082(%°)
[36] 2.523/2.669 Coaxial . Sta?- 1 coupling matrix 3.6/3.7 0.6/0.6 50 0.798*0.487%0.21(4y°)
junction
This work 1.52/1.64 DR None 1 coupling matrix 0.85/1.1 0.8/0.5 33 0.42*0.20%0.16(/")
Ao: the wavelength at f; in the free space.
TABLE 2. Comparisons with previous balun diplexers.
flf Port 3-dB Insertion Isolation .
Ref. (GHz) Types Type ~ FBW(%) Loss(dB)  (dB)  CMR(B) Size
[11] 22/2.8 SIW U2B 2.71.7 2.2/2.7 28 44 0.44%0.32(1y%)
[18] 2.61/2.78 Metal cavity B2U 1.1/1.5 0.7/0.6 27 32 1.65%1.22%0.70(A°)
This work  1.52/1.64 DR B2U 0.65/0.92 0.65/0.67 26 22/30 0.42*0.20*0.16(1y°)
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FIGURE 9. Simulated and measured S -parameters and isolations of the
U2U diplexer.
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FIGURE 10. Topology of the B2U diplexer.

probe length & with different gap g. The dimensions of the
probe length and gap after optimization can be determined as
g1 = 3.1 mm and #; = 22.3 mm.
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The simulated and measured results of the B2U diplexer
are shown in Figs. 12(a)-(b). The simulated and measured
center frequencies of the dual bands are 1.52 GHz and
1.64 GHz, respectively. The simulated return losses of the
dual bands are larger than 15.9 dB and 15 dB. The measured
dual- band return losses of them are larger than 14.27 dB
and 14.31 dB. The simulated dual-band insertion losses are
both less than 0.53 dB and the measured dual-band insertion
losses are both less than 0.67 dB. The simulated and measured
isolations are better than 33 dB and 26 dB, respectively. The
simulated and measured common-mode rejections (CMR)
are better than 31 dB and 22 dB, respectively. The difference
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FIGURE 12. (a) Simulated and measured S-parameters of the B2U
diplexer; (b) Simulated and measured isolations and CMRs of the B2U
diplexer.

between the simulated and measured results can be due to the
fabrication errors, the measuring errors and the loss of the
SMA connectors.

Table 2 shows the comparisons with other balun diplexers.
The same with the U2U diplexer proposed above, the B2U
diplexer also has the lowest insertion loss in the case of
minimum FBW, showing good passband performance.

V. CONCLUSION

In this paper, we proposed the compact U2U and B2U
diplexers. By using dual-mode DR, the circuit size is effec-
tively reduced. Since the Q, of two modes can be con-
trolled independently, the design procedure is simple and
efficient. The proposed U2U and B2U diplexers can be easily
built by properly adding feeding probes for the DR without
increasing the circuit size by altering the location of the
feeding probes according to the distribution of the electro-
magnetic fields. Both of the two prototypes are verified by
the simulation and experiment. Good performance, such as
low insertion loss, high selectivity, and compact structure,
has been realized, which makes the diplexer attractive in
modern wireless communication systems. If wider bandwidth
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is required, higher filtering orders can be considered
properly.
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