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Abstract: This paper presents two novel on-chip bandstop to bandpass reconfigurable filters in C and
X bands. Designed on a silicon substrate, filter reconfigurability is achieved using semiconductor-
distributed doped areas (ScDDAs), such as an N*PP* junction integrated into the substrate. The
active element is therefore co-designed with the passive parts, allowing flexibility in SCDDA size
and position. This flexibility offers advantages in terms of integration, ease of manufacture, and
performance. The synthesis was developed in the OFF-state in order to match with the well-known
one in the ON-state. As proof of concept, 5 GHz and 10 GHz filters were built. The simulated and
measured results showed good agreement in both bandpass and bandstop configurations.

Keywords: active filter; bandpass filter; bandstop filter; BPF; BSF; co-design; on-chip; PIN diode;
reconfigurable; SCDDA,; silicon devices; switchable; tunable filter

1. Introduction

Reconfigurability has been one of the major concerns for designers of microwave
components and systems in recent years. Indeed, with the multiplication of smart objects,
driven by the increasing number of users, devices need to be flexible. Reconfigurability
allows system integration with a reduced number of components, combined with a reduced
cost and improved performance.

Reconfigurable planar microwave filters are often associated with RF MEMS [1-3]
or PIN diodes [4,5]. These active elements allow the frequency, bandwidth, or both, to
vary. Moreover, reconfigurability can be achieved by switching a filter from bandstop to
bandpass [6-10].

However, additional active components induce parasitic effects at the connections
with the passive parts, e.g., because of a size difference. These parasitic effects result in
losses and/or frequency shifts, design constraints, and a limitation in the frequency rise.

Furthermore, on-chip systems appear to offer a solution for integration. Some stud-
ies have shown that it is possible to design a reconfigurable on-chip filter [11-13] using
GaAs technology.

Moreover, on silicon technology, on-chip reconfigurable resonators were demonstrated
in [14]. Thanks to the co-design method flexibility, multiple working states were performed
with a single DC command. This was done using integrated active elements, such as
semiconductor-distributed doped areas (ScDDAs) with different junction sizes. With a
particular doping shape, a tunable resonator can continuously vary its resonant frequency
by 50% [15]. Still on a silicon substrate, an on-chip reconfigurable bandpass filter (BPF)
achieved bandwidth tunability [16] with a wide bandwidth choice. Finally, frequency
reconfigurable filters have been co-designed with the same method using interdigital and
dual behavior resonator topologies [17,18].

Electronics 2022, 11, 3420. https://doi.org/10.3390/ electronics11203420

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics11203420
https://doi.org/10.3390/electronics11203420
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-8971-3108
https://orcid.org/0000-0001-7029-2393
https://orcid.org/0000-0003-0657-9642
https://doi.org/10.3390/electronics11203420
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11203420?type=check_update&version=1

Electronics 2022, 11, 3420

20f13

Considering classical approaches, previous studies show that it is possible to obtain a
compact bandstop filter (BSF) using a coupled line and an interference transmission line [19]
and a reconfigurable bandstop to bandpass filter using a coupled line and switchable
transmission lines to short-circuit the resonators [20].

In this paper, we present two novel on-chip bandstop to bandpass reconfigurable
filters which allow the use of only one integrated active element instead of two PIN diodes
in classical PCB technology. Moreover, this approach leads to a greatly reduced parasitic
problem related to the reported component and can be applied at quite high frequencies.
Section 2 presents the idea of the reconfigurable filter and both syntheses, i.e., bandpass
and bandstop. Then, Section 3 deals with the first demonstrator, a 5 GHz reconfigurable
filter. The simulated and measured results are presented and analyzed. Once the concept
was validated at 5 GHz, Section 4 proposes a 10 GHz reconfigurable filter demonstrator to
show flexibility in terms of frequency and bandwidth. Finally, in Section 5, we compare
the results with state-of-the-art to show the interest of the reconfigurable on-chip filters,
notably at 10 GHz.

2. Synthesis
2.1. Reconfigurable Filter

The idea of this work is to design a reconfigurable filter with active elements allowing
the commutation from a bandpass to a bandstop filter. When the switches are short-
circuited, the filter is a bandpass filter formed by two short-circuited resonators and a
coupled line. When the switches are opened, the filter is a bandstop filter formed by
a transmission line in parallel with the coupled line. Figure 1 presents the topology of
the filter.

Ze,ZO,e Zo;eo

Figure 1. Ideal reconfigurable filter.

2.2. Bandpass Filter

The bandpass filter synthesis starts from that of the lowpass filter synthesis in [21].
Figure 2a illustrates an example of a 4th-order filter.

Lk

¥ f fé e T ety

(a) (b)

Figure 2. (a) Lowpass filter. (b) Modified prototype using impedance inverters.

The inductances and the capacitances can be evaluated from (1) and (2) with the
Chebyshev coefficients listed in Table 1.

Rogy
wo

L= with i even 1
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Table 1. Chebyshev coefficients of a 4th-order filter for a 0.01 dB ripple.

n 80 81 82 83 84 85 wi
1 0.7128 1.2003 1.3212 0.6476 1.1007 1

Then, a transformation (Figure 2b) of the capacitance is applied to obtain inverters
and inductances in series, where the values are determined with (3) to (6). The impedances
of the inverters are chosen to be equal to 50 .

RoL
Ko1 = ot 3)
8081
LyLyyq Ry Ly
Kikr1=y/——, Kant1=/—/ 4)
8k 8ii1 o 8n8n1
Kop = Kix41 = Kpnr1 =50 Q @)
2 2
Lo — Ki_1 x8x—18k Lo . — Ki k418841 6
1 — Ri 7 k+1 — Li ( )
g k

Each inductance is then transformed into a series inductor with a capacitance, as
shown in Figure 3. Their values can be calculated with (7).

:& C! 1 B:fi. 7)

L =
K7 we 7 TR T BLwy’ Af

Ly €4 Ly  Cn
Ko1 —onr— F - K ke — e — |_KN N+1|
1 r—1 I—L =R

Ro

.||—l

Figure 3. Bandpass filter prototype.

The next step is to convert the 4th-order bandpass filter with inductances, capacitances,
and impedance inverters to transmission lines with short-circuited resonators and coupled
lines, as shown in Figure 4. To do this, two inductances and capacitances with an impedance
inverter are transformed into a transmission line with two serial open-circuited stubs to
end up with a coupled transmission line, as illustrated in Figure 5.

P1

Ze,Zo,G Zo;eo

Figure 4. Bandpass filter.
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— ]
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Figure 5. Coupled line transformation. (a) Inductances and capacitances with impedance inverter.
(b) Transmission line with two serial open-circuited stubs. (¢) A coupled transmission line.

This is done by applying Richards’ transformation with (8) and (9). Then, to sym-
metrize the coupled lines, we consider Z; = Z3.

w w
Zy=Lhx —2, Zg=Lhx—2 8)
4 4
Zo=2p, Ze=2Ky3+27Z )
Once the coupled line elements are determined, the short-circuited resonator impedance
can be calculated using Richards’ transformation, converting inductance and capacitance
in series with inverter impedance into an inductance in parallel with capacitance and then
in short-circuited stub (as shown in Figure 6).

Ly ¢
_KO,l —’D’()'D’JD’J‘—| l_Kl,Z T — L"1 L c’ — Zsl,e
r—1 r—1 T

Figure 6. Short-circuited stub transformation.

This can be done using (10) to (14). The same operation can be performed for both
short-circuited resonators. It should be noted that Z; is the impedance resulting from the
connection in series of the inductance L} and the capacitor Cj.

1—CjLw?
7= —1=1" 10
Z, = Ko1Kua (iClao + —— (11
1= Ko1Kq21 14 ].L/llw
L; = CiKo1Ki (12)
Zsl = Cll X KO,l X KI,Z X LZ)O (13)
Zs = Cf; X K3,4 X K4,5 X % (14)

2.3. Bandstop Filter

At this stage, we synthesized the bandpass filter, and we propose in this section a new
synthesis of the bandstop filter in order to match with the bandpass one. The topology
of the bandstop filter is presented in Figure 7a, and can be simplified with two parallel
matrices, as shown in Figure 7b.
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A2
P1 P2
" o— -
Al
Ze, Zo ) 0 ZO ) 90
(a) (b)

Figure 7. (a) Ideal bandstop filter. (b) Matrix representation of the bandstop filter.

The first matrix Ay, in (15), represents the coupled line where it was considered that
Bs = 90° at the resonant frequency, and the second matrix A, in (16) is for the three
transmission lines with a total length including the two lengths of the resonator and the
additional one between both of them.

The total admittance is the addition of the two admittance matrices, as shown in (17).

0+ 7pc080  cos? O 2 % 4 Z% +ik,.5in 0
COs ks V) k723 ] 235111

(A= | e 0 (15)
] .
1;Sin 0 % +cos 0
—cos 0 _ZyZagin g
A= 4 =7 (16)
2 o
7275 5in 0, —cos 0;
[Yiot] = [Y1] + [Y2] (17)

If the transmission Sy; is null at the central frequency, this implies Y7; is null, which
makes it possible to obtain the impedance of the additional line between the two resonators,
as in (18).

ZaZs)

7y = 254 18
1 K5 (18)

3. Reconfigurable Filter at 5 GHz
3.1. Concept and Simulations

Based on this synthesis, a fourth-order reconfigurable filter at 5 GHz with a 3.5 GHz
bandwidth, i.e., 70% bandwidth, was synthesized, and the calculated parameters are listed
in Table 2 and the final theoretical impedances in Table 3. This filter was designed and

built on a 675 um HR-Si substrate, i.e., with a resistivity of 2500 ().cm (Figure 8), which is a
p-type substrate doped with boron.

Table 2. Parameter values of the 5 GHz filter different elements from the synthesis.

Ly

L

Ly L, | B Ko,1 Kz3 Z, Z;

35.6

60

66

40.5 2.73 x 107 3x 1077 50 50 67 74

Table 3. Impedance values of the 5 GHz filter different elements.

Z, Z, Ze Zsl ZsZ Z1
50 () 74 Q) 174 Q) 39 Q) 41 Q0 310
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Integrated N*PP? I h

Ldop Doped Area

HR-Si P-Type Substrate

/ 7

Ground Plane pt Doped Area

(a)

N
7

ILcl
(b)

Figure 8. (a) Three-dimensional design of the 5 GHz reconfigurable filter. (b) Zoom on the cou-
pled lines.

The reconfigurability is achieved using an integrated N*PP* junction. Figure 9 shows
the integrated N*PP* junction and its models in the OFF- and ON-states.

N* Doped Area
Corr

P-Type Substrate R
RoFr ON

P* Doped Area

(a) (b) (c) (d)
Figure 9. (a) Integrated junctions. (b) Diode. (c) OFF-state ideal model. (d) ON-state ideal model.

The OFF-state is considered without junction bias. The junction model is a high-value
resistor Ropr in series with a capacitor Copp. The ON-state is considered with a forward
bias voltage of the junction, and its model is a low resistor Ron. Therefore, the longer the
dimensions of the ScDDAs, the lower the resistor value in the ON-state, and the lower the
losses. That is why the whole length of 6; is doped. The dimensions of the optimized filter,
taking into account the discontinuities, are summarized in Table 4.

Table 4. Dimensions of the 5 GHz reconfigurable filter.

Access 1 4=3.18mm w =0.54 mm
. w_cl =0.02 mm
Coupled line 1_cl =5.34 mm o= 0.14 mm
Stub; I_stuby = 4.57 mm w_stub; = 0.9 mm
Stub, 1_stub, = 4.57 mm w_stub, = 0.82 mm
Doped area l_dop =7.26 mm w_dop = 1.15mm

1_x = length of each part. w_x = length of each part.

In the simulation, the junction is approximated as a rectangular parallelepiped under
the doped area. Its height is the same as the substrate thickness, and its surface is equal to
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the N* doped surface. The loss tangent is calculated at each frequency depending on the
resistivity values using (19) [22].

tan§ = +0.0018 (19)

CUSO 81«
In the OFF-state, the resistivity is taken as 2500 ().cm (given between 500 ().cm and
10 kQ).cm by the manufacturer) in the whole substrate (Figure 10a). In the ON-state, the
integrated active junction is simulated with a low resistivity of 0.5 ().cm (Figure 10b).

Aluminum \ N* Doped Area Aluminum \ N* Doped Area
Si-HR Si-HR  |Low
h . h
(p-type) (p-type) !resistivity
)
Ground Plane P* Doped Area Ground Plane P* Doped Area
(a) (b)

Figure 10. (a) OFF-state modeling. (b) ON-state modeling.

The simulated results obtained using the electromagnetic software HFSS™ are pre-
sented in Figure 11 in both states.

0-

-104

o
k=)
(2]
& -20
[0
£
o
c -304
e
%)
- - -S11: OFF (2500 Q.cm)
~40+ —— S21: OFF (2500 Q.cm)
S11: ON (0.5 Q.cm)
——S21: ON (0.5 Q.cm)
-50 T T T T T T T T T T = T T
2 4 6 8 10 12 14
Frequency (GHZ)

Figure 11. Simulated results in both states.

In the OFF-state, the filter is a 5 GHz bandstop filter with a 3.5 GHz bandstop (from
3.5 GHz to 7 GHz) and a transmission level below —10 dB. At the center frequency, the
transmission level is lower than —25 dB. In the ON-state, the 5 GHz bandpass filter has a
3 dB bandwidth of 4 GHz from 3 GHz to 7 GHz. The insertion loss at the center frequency
is equal to 1.8 dB. Using (20) from [21], the unloaded Qu-factor is 12, with an 80% fractional

bandwidth w in the ON-state.
4343 xn

IL(dB) = <5,

(20)

3.2. Measurement

This filter was manufactured using only two masks: one for the N* doping and the
other for the top face metallization. The two doped areas (N* on the top face and P* on
the bottom face) were each 3 pm in depth with a doping concentration at the surface of
3 x 10" atoms/cm? using a sol-gel solution. Around 3 pm of aluminum was deposited on
both faces.
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A photograph of the 5 GHz filter is shown in Figure 12. This filter was placed in a
measurement cell and measured using a vector network analyzer (VNA) (ZVA 67 GHz
from R&S®).

Figure 12. Photograph of the device under test.

The bias voltage allowing filter commutation was ensured by an external source and
two bias tees in order to protect the VNA. A short open load through calibration was
performed to remove the losses of the cables, but the losses of the filter included the losses
of the measurement cell. The measured results are given in Figure 13.

0-
-104
)
Z
»
@ -20—'
)
€
g
c -30+
e
(7]
- --811: OFF (0 V)
-40+ ——S21: OFF (0 V)

- 811:ON (-1.2V)
——S21: ON (-1.2 V)
-50 T T T T T T T T T T T T T T

2 4 6 8 10 12 14

Frequency (GHz)

Figure 13. Measured results of the S-parameters in both states.

In the OFF-state, without bias voltage, the stopband filter had a transmission level
lower than —16 dB at the center frequency. The —10 dB bandwidth was achieved from
4.5 GHz to 7.2 GHz. In the ON-state, a bias voltage of —1.2 V was applied to the junction.
The measured insertion loss was 2.7 dB, and the —3 dB bandwidth was from 3.3 GHz
to 7 GHz. Moreover, taking into account all measured losses, including those of the
measurement cell, the measured Qu-factor was evaluated as 8.6, with a 75% fractional
bandwidth w in the ON-state.

A comparison between the simulated and the measured results is given in Figure 14
for the OFF- and ON-states.

There was good agreement between the simulated and the measured results. The
slight differences were due to uncertainties concerning the concentration and thickness of
the doping layers.
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-104
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5 £ -20-
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8 5 30+
b &
2 - - -S811Sim (2500 Q.cm) [ Z511 Sim (0.5 O.om)
97 — i ) 40 )
o ;‘;“af(%"v") aem — 521 Sim (0.5 Q.cm)
—— S21 Meas (0V) $11 Meas (-1.2V)
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requenc
K 2 ) Frequency (GHZ)
(a) (b)

Figure 14. Comparison of the simulated and the measured results: (a) in the OFF-state; (b) in the

ON-state.

4. The 10 GHz Reconfigurable Filter
4.1. Design and Simulations

To demonstrate the interest of the approach at higher frequencies, a fourth-order
reconfigurable filter at 10 GHz with a 10 GHz bandwidth, i.e., a 100% bandwidth, was
also synthesized, and the calculated parameters are listed in Table 5. The final theoretical
impedances are listed in Table 6. Another bandwidth was chosen to show flexibility as

another proof of concept. The design is presented in Figure 15.

Table 5. Parameter values of the 10 GHz filter different elements from the synthesis.

Ly L L3 Ly L, L5 Ko,1 Kz3 Z, Z3
35.6 60 66 337 9.6 x10710  1.05x 1077 50 50 47 52
Table 6. Impedance values of the 10 GHz filter different elements.
Z, Z, Z, Zs; Zs, Z,
50 2 52 () 152 O 550 58 Q) 64 O

Integrated N*PP* I h
Doped Area

I_dop

w2

HR-Si P-Type Substrate

/

Ground Plane p* Doped Area

Figure 15. The 3D design of the 10 GHz reconfigurable filter.

After optimization, its dimensions are summarized in Table 7, and the simulated

results are given in Figure 16.
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Table 7. Dimensions of the 10 GHz reconfigurable filter.

w = 0.55 mm

w_cl = 0.05 mm
s=0.1 mm

w_stuby = 0.46 mm

w_stub, = 0.39 mm

Access l_,=3.61mm
Coupled line lLcl=2.6 mm

Stub, I_stub; =2.4 mm

Stub, I_stubp, =2.4 mm
Doped area l_dop =3.55 mm

w_dop = 0.3 mm

1_x = length of each part. w_x = length of each part.

S-Parameters (dB)

O_~.

-104

-30 -

40

]

- - -S11: (OFF (2500 Q.cm)
—— S21: (OFF (2500 Q.cm)
- - - S11: ON (0.5 Q.cm)

——S21: ON (0.5 Q.cm)
T T

2 4 6 8 10 12 14 16 18 20
Frequency (GHZ)

Figure 16. Simulated results of the 10 GHZz filter in both states.

In the OFF-state, the transmission level was below —13 dB in the whole bandstop

4.2. Measurement

frequency range (i.e., from 5 GHz to 16.7 GHz). In the ON-state, the insertion loss was lower
than 1.8 dB, and the reflection coefficient was higher than 16 dB, with a —3 dB bandwidth
from 5.1 GHz to 14.9 GHz. In this case, the simulated Qu-factor was 9.85, and the fractional
bandwidth w was 98% in the ON-state.

This filter was manufactured on the same wafer as the 5 GHz filter, with the same

Device Under Test

ZINritSuU vooe

| i

Bias Tees

Figure 17. Photograph of the 10 GHz filter under test.

process flow. A photograph of the filter is shown in Figure 17, and the measured results are
given in Figure 18.
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©
© -30
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I
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401 —S21: OFF (0 V)
S11: ON (2.3 V)
——S21:ON (2.3 V)
-50 T T T T

2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

Figure 18. Measured results of the 10 GHz filter in both states.

In the OFF-state, with a 0 V bias voltage, the transmission level was below —10 dB
across the whole frequency bandstop from 5.7 GHz to 17.3 GHz. In the ON-state, with
a 2.3 V bias voltage, the insertion loss was 2.6 dB at the center frequency, and a return
loss above 16 dB was observed. The —3 dB bandwidth was from 5.65 GHz to 14.5 GHz.
Here, with the whole measured losses of the filter and the measurement cell, the measured
Qu-factor was evaluated as 7.5, with an 89% fractional bandwidth w in the ON-state. A
good agreement was found between the simulated and the measured results in the OFF-
and ON-states, as shown in Figure 19.

0+

-104
g g
»
8 -20 g
o} kol
ﬂ? -30 é_?
(%)
! - @ - - =811 Sim (0.5 Q.cm)
40/ | 7~ ~S11Sim (2500 ©2.0m) -40- ——521Sim (0.5 Q.cm)
, —— 821 Sim (2500 Q.cm) S11 Meas (-2.3 V)
f S; Meas © x) —— 821 Meas (-2.3 V)
| —
sol =g MeasOV) | o
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Frequency (GHZ) Frequency (GHZ)
(a) (b)

Figure 19. Comparison between the simulated and the measured results of the 10 GHZz filter. (a) In
the OFF-state. (b) In the ON-state.

5. Discussion

To our knowledge, few studies have dealt with a reconfigurable bandpass to bandstop
filters in C and X bands, as proposed in this paper. Table 8 presents a comparison between
the two presented filters and reconfigurable bandpass to bandstop filters found in the
literature. The filters proposed here are competitive with these others. Improvement
could be obtained with compactness techniques and an increase in the doping quantity
to minimize losses. However, on PCBs, the use of classical PIN diodes induces parasitic
effects linked to the interconnections between the active and passive parts. Therefore, we
should have used two diodes instead of one doped area and one more DC line to bias the
middle point between the two classical diodes. Thanks to the distributed area, the losses
can be minimized compared to the use of classical PIN diodes at 10 GHz.
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Table 8. Comparison with previous reconfigurable bandpass to bandstop filters and this work.

Ref.

Frequency

Reconfigurability

Method

States-Number

IL in Bandpass Mode

In-Band
Rejection in
Bandstop Mode

Electrical
Dimensions

(6]

0.9-1.6 GHz

4 trimmer caps
and
4 pin diodes

2 bands in the
BPF

4 bands in the
BSF

<0.92 dB

>26.5 dB

Not indicated

(71

2.4 GHz

2 pin diodes

2

4.3 dB

38 dB

*0.6]g x 055

(8]

1GHz

2 pin diodes
and
3 varactors

continuous

47dB<IL <5.6dB

>13 dB

0.14A, x 0.12A4

(9]

2.4 GHz

2 pin diodes

10dB

30dB

*0.7Ag x 0.77)g

[10]

1 GHz

2 pin diodes

*1dB

*22dB

0.08Ag x 0.17,

This study

5 GHz

ScDDA

2
2
2

2.7 dB

>16 dB

0.32A¢ x 0.35A¢

This study

10 GHz

ScDDA

2

2.6dB

>10dB

0.33A x 0.37A4

* Estimated values from the figures.

6. Conclusions

In this paper, two reconfigurable bandpass filters were proposed and analyzed from
synthesis to measurement. ScDDAs permit the commutation of the filter topology by a
low bias voltage. Parasitic effects induced by classical active components are no longer a
limitation to frequency increase. Moreover, the co-design method on an on-chip silicon
substrate allows the integration of the active elements, reducing the overall size, man-
ufacturing steps, and, consequently, the cost (in mass production). The demonstrators
showed good performances, and the simulations fit the measurements well. The losses
could be decreased with a higher substrate resistivity and higher doping amount, allowing
resistivity in the junctions of around 0.1 O).cm. Nevertheless, the demonstrators validate
the approach and show advantages in design flexibility, integration, and cost.
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