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This article presents a miniaturized C-band triplexer fabricated with high-temperature superconducting (HTS) microstrip lines
and to be applied to quantum computers. The triplexer consists of three bandpass filters and branch lines. In the design of the
bandpass filters, folded step impedance resonators (SIRs) are firstly used to achieve good stopband performances by harmonic
suppression. Secondly, cross-coupling structures are also utilized to further improve the passband edge steepness of the
bandpass filters. Finally, the parasitic transmission zeros originating from the assembling box sizes are employed to achieve a
deeper out-of-band rejection. Three bandpass filters are designed and connected to the common input port of the triplexer.
After that, the triplexer is coarsely optimized by advanced design system (ADS) for time-saving and is finely optimized by
Sonnet for better accuracy. The optimized layout of the triplexer is fabricated on a 2-inch diameter and 0.5 mm thickness MgO
wafer; here, the MgO wafer is double-sided coated with HTS YBa,Cu;O, (YBCO) thin films. The measured passband
bandwidths (return loss greater than 12dB) of the triplexer are 6.420-6.680 GHz, 6.780-7.030 GHz, and 7.110-7.380 GHz,
respectively, which satisfy the required design specifications.

1. Introduction

At frequencies below 10 GHz, the surface resistivity of HTS
is less than 5x 10~* ohm. This unique feature makes HTS
microstrip filters with lower insertion loss and deeper out-
of-band rejection [1]. Multiplexers are widely used in satel-
lite communications, radars, and electronic warfare, and
they split the input wideband signals into several narrow-
band signals, and vice versa. Multiplexers are implemented
by using the circulator, the hybrid-coupled structure, the
common-coupled resonator structure, and the manifold-
coupled structure [2-7]. The manifold-coupled structure is
extensively adopted in multiband communication systems
owning to its compactness. Some optimization methods
were also adopted in the design of multiplexers [8-12]. In

this paper, we present the development of a miniaturized
C-band microstrip HTS triplexer employed in quantum
computers, where noise and interference added to the
microwave signals controlling the quantum bits can be fil-
tered out by microstrip HTS triplexers with high perfor-
mance [13, 14]. The compact triplexer is designed with a
branch structure and three bandpass filters. As the number
of the channel filters increases, more time is needed to opti-
mize the branch structure because of the increasing con-
straints among channels. To tackle this problem, ADS is
firstly employed to achieve coarse adjustment of the tri-
plexer, and Sonnet is then employed to achieve fine adjust-
ment of the triplexer for better accuracy. All these
approaches guarantee that the measured responses of the
fabricated triplexer satisfy the required index.
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2. Triplexer Design

The required frequency ranges for the three channels of the
triplexer are 6.400-6.700 GHz (channel A), 6.750-7.050 GHz
(channel B), and 7.100-7.400 GHz (channel C), respectively.
The guard band between the three channels is 50 MHz. To
achieve a deeper out-of-band rejection and the compactness
of the channel filters, a six-order quasielliptic function filter
with a pair of transmission zeros is chosen for each channel
filter. According to the coupling matrix synthesis methods
[15], the coupling coeflicients and the external quality fac-
tors were obtained and listed in Table 1. Here, the coupling
coefficients are identical because each channel filter has the
same bandwidth.

2.1. Bandpass Filter Design. The three channel filters are
designed and simulated with Sonnet. Step impedance res-
onators (SIRs) are selected to build the bandpass filters to
achieve a wider out-of-band rejection and are folded for
compactness, as shown in Figure 1. The widths of the
open stubs and the high impedance lines in the SIR are
0.27mm and 0.06 mm, respectively. The gap between
the open stubs of the SIR is 0.09mm. Compared with
traditional resonators, the wider open stubs of the SIR
increase the loading capacitance to ground. This enlarged
capacitor increases the ratio of the second resonant fre-
quency to the fundamental resonant frequency. Besides,
the wider open stubs of the SIR also increase the planar
capacitance consisting of the open stubs and the gap
between them. This increased planar capacitor is benefi-
cial for reducing the dimensions of the resonators. This
folded SIR structure is flexible to realize the electric cou-
pling and the magnetic coupling by simply flipping the
adjacent resonators because of its nonsymmetry structure.

The final layout of the SIR is 0.02A,x0.04A,. Here, A,

represents the guided wavelength at the center frequency
of the channel A.

The coupling coefhicients are calculated from Equation
(1), where f, and f, represent the resonant frequencies
between two neighboring coupled SIR resonators, and the
effect from two terminals should be weak enough. The exter-
nal quality factor is calculated from Equation (2), where w,
is the resonant frequency of the SIR; Aw, 4, are determined
from the frequency at which the phase shifts +90° with
respect to the absolute phase at w,. The coupling matrix is
calculated from Equation (3), where FBW is the fractional
bandwidth. [16].
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With the folded SIR resonator and the synthesized
coupling matrices, the layout of each channel filter can

TasLE 1: Coupling coefficients and external quality factors of the
channel filters.

Channel My, =Mgg  Myy = Myg My, My Q,
Channel A 0.827 0.566 0.728 -0.187 22.10
Channel B 0.827 0.566 0.728  -0.187  23.28
Channel C 0.827 0.566 0.728 -0.187 2447
Resonator
Feedline

FiGure 1: Folded stepped impedance resonator and feedline
structure.

be obtained by Sonnet. Figure 2 is the layout of the chan-
nel A, its size is 0.15 A,x0.05 A,. The width of the feed
lines is set to be 0.5 mm. The gaps between the resonators
are g, =0.12mm, g,=0.35mm and g;=0.22mm, respec-
tively. The simulated response curves of the channel A
are plotted with black lines and shown in Figure 3. Appar-
ently two pairs of transmission zeros appear and locate on
both sides of the passband. One pair of transmission zeros
(TZ,=6.360 GHz and TZ,=6.750 GHz) originate from the
cross-coupling between the line connecting the second and
the fifth resonators. The other pair of transmission zeros
(TZ;=6.210GHz and TZ,=7.120 GHz) are mainly deter-
mined by the width of the assembly box and move away
from the passband when the width of the assembly box
decreases from 9mm to 6 mm in steps of 1.5mm. The
corresponding out-of-band rejection level is improved
from -55dB up to -65dB. The dependence of the trans-
mission zeros on the box sizes is shown in Figures 4(a)
and 4(b). Both the width and the length of the box affect
the 2nd pair of transmission zeros, and hardly influence
the 1st pair of transmission zeros. The layouts of the
channel B and the channel C are also obtained by repeat-
ing the design process described above.

2.2. Branch Lines Design and Optimization. When the
design of the three bandpass filters is completed, the
branch lines are connected to the three bandpass filters.
Non-optimized branch lines greatly worsen the transmis-
sion responses of the channel filters due to impedance
mismatch. So, reducing impedance mismatch is essential
and is achieved by adjusting the lengths of the branch
lines [17]. Usually, the lengths of the branch lines need
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FIGURE 2: Layout of the channel A.
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FigUre 3: Comparison of the simulated S,; of the channel A filter with different box widths.

to satisfy the following constraints:

Zina(f4) =50, Zip(fa) =Zinc(f4) =00, (4)

Zinp(fp) =502, Zips(fp) = Zinc(fp) = 00 (5)

Zinc(fc) =502, Zyu(fe) =Zing(fc) = 00, (6)

A A
21l —03M, <L;<2n-L +031,n=1,2,3---, (7)
4 J i 4 ]

where Z,,;, k=A, B, or C, is the input impedance defined
at the input port of branch lines shown in Figure 5. f,,
fp» and f represent the center frequencies of the chan-
nels A, B and C, respectively. Specifically, the lengths of
the branch lines can be calculated from Equation (7),
where A; is the wavelength in the channel j (j=A, B
and C), and L,-j (i=A, B and C) are the branch lengths
connecting any two input feed lines of the three channel
filters [18].

After calculating the initial values of L;;,
the triplexer should be optimized by a full-wave electro-
magnetic (EM) simulator. However, the optimization of

the layout of

the branch lines is very time-consuming. For time saving,
the circuit-theory model is firstly used to obtain initial
parameters of the branch lines, and an EM simulator is
employed to find the optimal parameters of the branch
lines. The branch lines are built by microstrip line, micro-
strip open stub, microstrip T-junction, and microstrip cor-
ner component in ADS. The S-parameters of the channels
A, B and C obtained in Sonnet are imported into ADS.
The lengths of the branch lines are set as variable, and
their initial lengths are calculated by Equations (4)-(7).
Moreover, the layout of the branch lines should be com-
pact and can be loaded onto a two-inch MgO substrate.
For easy calculation, we employ L,, L,, Ls;, L,, Ls, Lg
replacing the former mentioned L;; as variable parameters.
After optimization in ADS, the optimal lengths are listed
as L, =336mm, L,=6.00mm, L;=2.18mm, L, =1.55
mm, L; =4.66 mm, and L, =1.41 mm.

2.3. Optimization of Triplexer. Microstrip lines are described
with empirical models in ADS, and the mutual influence
between the branch lines and the filters is also ignored.
The added branch lines have a great influence on the cou-
pling parameters of the resonators connected with the
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FIGURE 4: (a) Transmission zeros dependence of the box widths. (b) Transmission zeros dependence of the box lengths.
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FI1GURE 5: Block diagram of the triplexer.

manifold. Therefore, the triplexer needs to be optimized by
EM simulator. The optimized layout is shown in Figure 6.
The optimal lengths of the branch lines are listed as L, =
4.86mm, L,=5.17mm, L;=2.93mm, L,=2.53mm, L; =
4.71 mm, and L, =2.33 mm. For easy assembly, four SMA
connectors connected with port 1, port 2, port 3, and port
4 are folded and placed at the center of four sides of the
assembly box, as shown in Figure 7. The size of the triplexer
is 0.40 )Lg x 0.40 Ag.

Simulated responses of the designed triplexer are shown
in Figures 8(a), 8(b), and 9. Its 3dB passband ranges are
6.402-6.690 GHz, 6.750-7.043 GHz, and 7.102-7.395 GHz,
respectively, and the return losses are better than 20dB in
all channels. The isolation between the three passbands is
better than 35dB, as shown in Figure 10.

3. Fabrication and Measurements

When the optimization of the triplexer is completed, its
microstrip layout is transferred onto a mask with the mini-
mum gap of 0.02mm between the adjacent lines. After pho-
tolithography and ion-beam etching, the microstrip circuit
of the triplexer is presented on a 2-inch and 0.50-mm thick
MgO substrate coated with YBCO films. Then, the MgO
wafer is diced and assembled in a gold-plated box. The size

W — -

= LU

L,
Port 2

FIGURE 6: Final layout of the triplexer.

of the assembled triplexer, including four SMA ports, is 51
mm x 51 mm x 15mm, and the photograph of the assem-
bled triplexer is shown in Figure 7.

The triplexer is mounted in a cryogenic cooler at room
temperature, cooled down to 45K, and measured with a net-
work analyzer shown in Figure 11. Calibration is performed
before measurement. The measured results are shown in
Figures 8 and 9. The measured results agree very well with
the simulated results. To be more specific, the measured
3 dB passbands of the triplexer are 6.398-6.679 GHz, 6.748-
7.033 GHz, and 7.096-7.385 GHz, respectively. The passband
bandwidths (return loss better than 12dB) of the triplexer
are  6.420-6.680 GHz, 6.780-7.030GHz, and 7.110-
7.380 GHz, respectively. The insertion losses at the center
frequencies of the three channels are 0.25dB, 0.20dB, and
0.13dB, respectively. We consider that the gold wires
bonded with the SMAs may be mainly the source of the
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FIGURE 8: (a) EM simulation and measurement results of the triplexer. (b) Amplifying passband response of the triplexer.
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FIGURE 11: Photograph of the measurement setup.
TaBLE 2: Simulated and measured frequency response of the triplexer.
Specifications Channel A (GHz) Channel B (GHz) Channel C (GHz)

Required passband range

Simulated passband range

Measured passband range (3 dB)

Measured passband (return loss better than 12 dB)
Simulated bandwidth shrinkage ratio

Measured bandwidth shrinkage (3 dB) ratio

Measured bandwidth ratio (return loss better than 12 dB)

6.400-6.700 6.750-7.050 7.100-7.400
6.402-6.690 6.750-7.043 7.102-7.395
6.398-6.679 6.748-7.033 7.096-7.385
6.420-6.678 6.780-7.030 7.110-7.380
-4.0% -2.3% -2.3%
-6.3% -5.0% -3.7%
-14.0% -16.7% -10.0%

insertion losses. The isolation among the three channels is bet-
ter than 35dB as shown in Figure 10. Details of the simulated
and measured specifications of the triplexer are listed in Table 2.

We observe that the start frequencies of the triplexer are
closer to the required start frequencies, but the cut-off fre-
quencies are slightly deviated from the required cut-off fre-
quencies. The measured bandwidth shrinkage ratio is not
larger than 6.5%. The measured return losses of the three
channels decreased down to 12dB from the simulated
20dB due to the inevitable fabrication errors, which may
originate from the dielectric constant inhomogeneity of
MgO substrate and ion-beam etching.

4. Conclusions

A compact C-band microstrip HTS triplexer has been pre-
sented in this article. The triplexer is composed of three
bandpass filters and branch lines. Both the cross-coupling
between resonators and the added coupling path originated
from the assembled box are employed to generate two pairs
of transmission zeros to improve the edge steepness of a
bandpass filter. A time-saving optimization step is proposed
to optimize the branch lines. The measured results are in
good agreement with the simulated results and meet the
requirement of the project.
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