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Abstract
This paper presents the radio frequency (RF) design and experimental validation of a
multifunctional bandpass filtering (BPF) concept with center frequency tunability and RF
codesigned isolator and impedance matching functionality. The multifunctional bandpass
filter/isolator (BPFI) concept combines frequency-tunable reciprocal resonators and nonre-
ciprocal frequency-selective stages (NFSs) to realize center frequency tunability and fully
directional transfer characteristics. The NFS, as the core component of the BPFI concept,
exhibits frequency-selective transmission response in the forward direction and signal can-
cellation in the reverse direction. Its tunability is achieved by combining a transistor-based
network with a tunable capacitively loaded coupled-line section. Furthermore, the NFS facil-
itates matching of different source loads allowing for the BPFIs to be used as reconfigurable
matching networks. For experimental validation, an NFS and two BPFIs were designed, man-
ufactured, and measured at L band. Their features include (i) NFS: center frequency tuning
from 1.55 to 1.9 GHz with maximum directivity from 20 to 52 dB and gain from 0.3 to 1.3 dB.
(ii) BPFI (topology A): center frequency tuning from 1.52 to 1.9 GHz with maximum direc-
tivity from 20 to 44 dB and gain from −1.5 to −0.5 dB. (iii) BPFI (topology C): ability to match
complex loads with 26 + j18 Ω and 26 − j14 Ω.

Introduction

Emerging communications applications such as 6G, Internet ofThings and Internet of Space are
increasingly calling for advanced radio frequency (RF) transceiver architectures able to support
multiple communication standards and frequency bands [1, 2]. Furthermore, they will need to
process a large amount of low-power RF signals in the presence of frequency-agile in-band and
out-of-band interferers. As such high-performing RF hardware need to be incorporated in their
RF front-ends to facilitate adaptive RF filtering alongside isolation. Impedance matching is also
needed in these systems particularly in multi-antenna-phased array systems due to their loads
deviating from 50 Ω during the beam scanning process.

Nonreciprocal components such as RF isolators or circulators are highly desirable in these
systems as well as in emerging joint sensing and communication and V2V applications safe-
guarding high-power RF sources against undesired reflections or isolating two different parts
of an RF transceiver. Conventional ferrite-based nonreciprocal components have been demon-
strated to achieve a 10 dB isolation fractional bandwidth (FBW) ranging from 21% to 28.5%,
with insertion loss (IL) values typically between 0.5 and 3 dB [3, 4]. Additionally, research has
explored tunable ferrite isolators with a tuning range spanning from 35 to 36GHz, exhibiting an
FBW of 8.4% and IL values between 2 and 3 dB [5]. Also, a tunable ferrite circulator centered at
3 GHz has been investigated with a tuning range of 1.3:1, FBW tuning range from 9.7% to 17.7%
and IL between 2.7 and 4.5 dB [6]. While these components offer a relatively wide operating
FBW and acceptable IL, they are bulky and expensive due to the need of external magnetic bias-
ing. To overcome their size limitations and facilitate integration into integrated circuits (ICs),
non-magnetic concepts using transistors are increasingly being investigated. However, they suf-
fer fromhigh-power consumption (2.6−40mW) and high noise figure (NF) (3.2−14 dB) [7–10].
In terms of RF filtering, multiple adaptive bandpass filtering (BPF) concepts have been inves-
tigated to date with wide tuning ranges as well as multiple levels of transfer function tunability
[11–13]. However, the majority of them are large in size or rely on low-quality-factor (Q) var-
actors that lead to large amounts of IL in their passband (around 1.9−7.6 dB) and are limited
to frequencies as high as 1–2 GHz [11, 12]. Tunable matching networks using RF switches, var-
actors, and micro-electromechanical systems (MEMS) have also been demonstrated [14–16].
However, they are large in size and lossy and they are rarely found in phased array systems.
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To facilitate miniaturization in the RF front-end, codesign
techniques or the realization of multifunctional RF components
can be considered. In the domain of RF filters, codesign tech-
niques are being increasingly explored to integrate them with
couplers [17], amplifiers [18], impedance matching networks

[19], isolators [20–29], circulators [22], and phase shifters [30].
Notably, the integration of filters and isolators (i.e., BPFIs) primar-
ily revolves around transistor-based configurations [20–22] and
spatiotemporally modulated (STM) resonator arrays for example
the ones discussed in [23–28]. In transistor-based configurations,

Figure 1. Tunable RF codesigned BPFI concept. (a) Block diagram. (b) Conceptual power transmission and isolation response. Black circles: tunable reciprocal resonators,
grey circles with a triangle: tunable NFS, black lines: coupling elements.

Figure 2. (a) Circuit schematic of the tunable NFS based on coupled-line feedback. T: BFU760F, Vb = 0.78 V, Vc = 0.8 V, Cf1 = 1.14pF, Cf2 = 1.1 pF, R1 = 63.5 Ω, R2 = 18 Ω,
R3 = 58 Ω, ZE = 163 Ω, ZO = 64 Ω, l = 36∘ at 1.7 GHz. (b) Circuit-simulated S-parameters of NFS at 1.7 GHz. (c) Circuit-simulated amplitude and phase response of
S-parameters of transistor-based and coupled-line paths for the realization of the NFS at 1.7 GHz.
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the unilateral properties of transistors are used to incorporate non-
reciprocity. While these configurations exhibit gain (4.2−5.8 dB)
and isolation (44–71 dB), their operating frequency remains
static, and their power consumption is high [22]. STM resonator
approaches use modulating passive resonators with phase-shifted
low-frequency RF signals to achieve directional transfer functions.
Although they can bemade tunable, these concepts have only been
demonstrated for frequencies between 0.14 and 1.46 GHz, with
lower isolation levels of about 8−53 dB and IL between 1.5and 6 dB
[23–25].

Considering the aforementioned RF front-end design and inte-
gration challenges, this paper introduces a new class of a tun-
able BPFI with the RF codesigned functionality of a tunable BPF,
an RF isolator and a tunable impedance matching network, as
shown in the block diagram and conceptual S-parameters in Fig.
1. The proposed concept is based on a new class of a tun-
able nonreciprocal frequency-selective stage (NFS), which demon-
strates nonreciprocal frequency-selective power transmission in

Figure 3. Circuit-simulated S-parameters of the reconfigurable NFS. Case 1.5 GHz:
Vb = 0.785 V, Vc = 0.56 V, Cf1 = 1.49pF, Cf2 = 1.44 pF; Case 1.7 GHz: Vb = 0.78 V,
Vc = 0.8 V, Cf1 = 1.14pF, Cf2 = 1.1 pF; Case 1.9 GHz: Vb = 0.775 V, Vc = 1.4 V,
Cf1 = 0.85pF, Cf2 = 0.81 pF.

the forward signal propagation direction and signal cancellation in
the reversed direction [31].We demonstrate that by cascading vari-
ous types of tunable stages, such asNFSs and tunable reciprocal res-
onators, different types of filtering and isolation transfer functions
can be obtained. Frequency tunability and adaptive impedance
matching can be realized in the BPFI by reconfiguring the NFSs
which is shown in this work for the first time. Additionally, the
paper offers a comprehensive designmethodology considering var-
ious performance metrics such as stability, IL, directivity, NF, and
third-order input intercept point (IIP3). The paper’s structure is as
follows: The “Theoretical foundations” section outlines the oper-
ating principles of the proposed tunable NFS concept, its design
trade-offs, impedance matching capabilities, and its application
to codesigned tunable BPFIs. The “Experimental validation” sec-
tion shows the experimental validation of the concept. Finally, the
“Conclusion” section summarizes the main contributions of this
work.

Theoretical foundations

Tunable nonreciprocal frequency-selective stage

The circuit schematic and the S-parameter response of the NFS are
illustrated in Fig. 2(a) and (b). It comprises two parallel branches:
(i) a transistor-based branch, defined by a transistor and a resistive
attenuating andmatching network, and (ii) a frequency-dependent
branch that also introduces a phase delay. The transistor’s unilat-
eral properties result in distinct power transmission profiles in
each direction of the NFS, namely the forward (from P1 to P2)
and the reverse (from P2 to P1). Specifically, in the reverse direc-
tion of propagation, signal attenuation occurs at a frequency where
the RF signals from the transistor-based path and the feedback
reach P1 with a phase difference close to 180∘ and appropriate
amplitude so that they cancel out, as depicted in the red trace
in Fig. 2(b). Furthermore, in the forward direction, the RF sig-
nal from P1 reaches P2 after going through a loop formed by
the feedback in series with the transistor-based path. When this
loop has a zero-phase, the RF signals at P2 will be added in phase
as shown in Fig. 2(b) − black line. It is also shown that as the

Figure 4. Circuit-simulated (a) S-parameters and (b) stability factor of NFS when changing R1.
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Table 1. Four NFS design examples with optimal directivity, unconditional
stability and impedance matching at both ports

Example 1 (Ref) 2 3 4

Vb (V) 0.78
(Ic = 15 mA)

0.795
(Ic = 25 mA)

0.78 0.78

Vc (V) 0.8 0.8 1.6 0.8

C, l@1.7 GHz 0.44,
36∘

0.44,
36∘

0.44,
36∘

0.48,
34∘

R1 (Ω) 63.5 57 69.5 65.5

R2 (Ω) 18 8 22.75 15.5

R3 (Ω) 58 40 68.5 60

Gain (dB) 1.8 0.7 2.6 0.8

NF (dB) 5.5 4.7 6.1 4.6

IIP3 (dBm) 3 3.6 6.2 6.5

Figure 5. Circuit-simulated S-parameters of four NFS design examples in Table 1.

operating frequency deviates from the center frequency, the bal-
ance of the RF signals through the two paths weakens, leading to
a frequency-dependant power transmission response within the
NFS.

To better illustrate the operating principles of the tunable NFS
concept, an NFS design is considered at 1.7 GHz using an NPN
transistor (BFU760F) in a common emitter configuration. The
transistor-based path is composed of a transistor and three resis-
tors with the following characteristics: R1 = 63.5 Ω, R2 = 18 Ω,
R3 = 58 Ω. As depicted in Fig. 2(c), the transistor path exhibits
a positive phase of +84∘ at 1.7 GHz. Resistors R1, R2, and R3 are
utilized for matching and stability. Furthermore, they are used to
reduce the gain of the transistor path to 1.8 dB at 1.7 GHz, ensuring
amplitude balance between the transistor path and the coupled-
line feedback. Upon defining the parameters of the transistor path,
a capacitively loaded coupled-line feedback is introduced in par-
allel. Its parameters are as follows: ZE = 163 Ω, ZO = 64 Ω,
electric length l = 36∘ at 1.7 GHz, Cf1 = 1.14 pF, Cf2 = 1.1 pF,
which realize the negative phase of −89∘ at 1.7 GHz. The capac-
itors in the feedback branch reduce the electric length of the
coupled line, miniaturizing the NFS’s size. Consequently, at the
NFS’s center frequency, the RF signals add constructively in the
forward direction due to the zero-phase resonance in the loop com-
posed by the transistor-based path and the coupled-line feedback.

Furthermore, they cancel destructively in the reverse direction due
to the approximate 180∘ phase difference between the two parallel
paths. The power transmission and directivity at 1.7 GHz are 1.8
and 45 dB, respectively.

Center frequency tunability in the NFS can be incorporated by
adjusting the capacitances of the capacitive loads that are added on
the coupled line section through electronically reconfigurable var-
actors. Furthermore, the bias voltage of the transistor needs to be
modified. This ensures that the amplitudes and phases between the
two RF signal paths lead to constructive signal combination in the
forward direction and destructive signal cancellation in the reverse
direction at the desired frequencies of operation, as depicted
in Fig. 3.

NFS design trade-offs

When designing the NFS, various trade-off performance charac-
teristics between gain, directivity, impedance matching, stability,
NF, and IIP3 must be carefully considered. Figure 4 illustrates
two example NFS cases with different resistor values for R1.
When a higher R1 is used (the rest of the circuit parame-
ters are listed in Fig. 2), lower gain is obtained. However, the
NFS remains unconditionally stable and achieves a directiv-
ity of approximately 45 dB. In contrast, reducing R1 to 50 Ω
results in higher gain but conditional stability, poor impedance
matching, and compromised directivity due to inadequate
impedance matching and attenuation in the transistor-based path.

Figure 6. (a) Block diagram of the three-stage BPFI (topology A) that comprises
one NFS and two half-wavelength microstrip resonators. (b) Circuit-simulated
tunable responses of (a). W01 = W34 = 0.685 mm, L01 = L34 = L12 = L23 = 26.6 mm,
W12 = W23 = 0.6 mm, W1 = W3 = 8 mm, L1 = L3 = 39.5 mm.
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Table 2. Parameters for the tuning cases in Figure 6(b)

Case 1.5 GHz 1.7 GHz 1.9 GHz

Vb (V) 0.785 0.78 0.775

Vc (V) 0.56 0.8 1.4

Cf1 (pF) 1.49 1.14 0.85

Cf2 (pF) 1.44 1.1 0.81

C (pF) 12.2 6 2.1

Therefore, multiple parameters must be optimized in the NFS to
ensure unconditional stability, good impedance matching, and
high directivity.

Table 1 presents four NFS design examples with their max-
imum directivity being greater than 40 dB, good impedance
matching, and unconditional stability at 1.7 GHz, each with vary-
ing gain, NF, and IIP3. Their S-parameters are depicted in Fig.
5. Using Example 1 as a reference, variations in bias voltages
of the transistor (Vb and Vc) and the coupling factor (C) of
the coupled line are introduced in Examples 2−4, respectively,

while optimizing R1, R2, and R3 to ensure high directivity, good
impedance matching, and unconditional stability. Comparing the
four examples, a trade-off between gain and NF is evident,
whereby higher gain results in higher NF. IIP3 can be improved
by increasing the transistor bias voltages, which also leads to
increased power consumption. Alternatively, IIP3 can be enhanced
by increasingC of the coupled line feedback. However, it should be
noted that in a practical implementation scenario using transmis-
sion lines, larger Cs necessitate transmission lines with narrower
widths or gaps between them, requiring higher manufacturing
accuracy.

Tunable RF codesigned bandpass filters and isolators

After determining the parameters of the NFS, tunable RF code-
signed bandpass filters and isolators (BPFIs) can be implemented
by cascading one or more NFSs and other tunable reciprocal res-
onators in series through impedance inverters, as depicted in Fig. 1.
They can be designed using standardized coupled-resonator-based
filter design techniques due to the resonant behavior of the NFS

Figure 7. (a) Block diagram of the three-stage BPFI (topology B) that comprises two NFSs and one half-wavelength microstrip resonator. W01 = W34 = 0.8 mm,
L01 = L34 = L12 = L23 = 26.6 mm, W12 = W23 = 0.5 mm, W2 = 7.9 mm, L2 = 40 mm, C = 6 pF. (b) Comparison of the S-parameter response of topologies A and B.
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Figure 8. (a) Block diagram of the NFS when tuning Cf1. (b) Circuit-simulated input impedance (Zin) and output impedance (Zout) when tuning Cf1. (c) Zin and Zout plotted on
a Smith chart for alternative levels of Cf1.

Figure 9. (a) Block diagram of the NFS when varying the source impedance ZS. (b) Circuit-simulated output impedance (Zout) when varying the source impedance ZS.
(c) Zout plotted on a Smith chart when varying ZS.

that allows it to be used in the filter design just as any other res-
onating node. Figure 6(a) illustrates a three-stage tunable BPFI
comprising one NFS and two capacitively loaded half-wavelength

long microstrip resonators implemented on a Rogers RO4003C
with a thickness of 0.508 mm, dielectric permittivity of 3.55, and a
dielectric loss tangent of 0.0027. In the BPFI, the NFS enhances
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the power transmission from P1 to P2 while it cancels the RF
signals from P2 to P1 at the center frequency. The directivity
of the BPFI matches that of the NFS. Additionally, when com-
pared to a single NFS, the out-of-band isolation is higher due to
the presence of reciprocal resonators. The tunable transfer func-
tion capabilities of the BPFI are shown in Fig. 6(b), which can be

achieved by tuning the NFSs as discussed in the “Tunable non-
reciprocal frequency-selective stage” section and by tuning the
capacitively loadedmicrostrip resonators.The parameters for these
tuning cases are listed in Table 2. The 3-dB BW of the three
states in Fig. 6 are 0.17 GHz for the transfer function centered at
1.5 GHz, 0.2 GHz for the transfer function centered at 1.7 GHz,

Figure 10. (a) Block diagram of the NSF when tuning Cf2. (b) Circuit-simulated input impedance (Zin) and output impedance (Zout) when tuning Cf2. (c) Zin and Zout plotted
on a Smith chart for alternative levels of Cf2.

Figure 11. Block diagram of the NFS when varying the load impedance ZL. (b) Circuit-simulated input impedance (Zin) when varying the load impedance ZL. (c) Zin plotted
on a Smith chart when varying ZL.
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Figure 12. (a) Circuit-simulated ZS and its corresponding |S11| matching depths obtained by tuning Cf1 in NFS. (b) Circuit-simulated S-parameters of the NFS for different Cf1s
(0.83 pF, 0.98 pF, 1.32 pF, 1.58 pF) in a 50-Ω system. (c) Circuit-simulated S-parameters for the NFS in (b) for alternative ZS (blue: 22 − j32 Ω, black: 49 − j34 Ω, green:
50 + j38 Ω, red: 22 + j37 Ω), respectively.

and 0.22 GHz for the transfer function centered at 1.9 GHz. To
enhance the gain in the transmission direction and the isolation
levels in the reverse direction, a higher number of NFSs can be
incorporated into BPFI, as depicted in Fig. 7(a), in which twoNFSs
and one capacitively loaded half-wavelength long microstrip res-
onator are included. A comparison between the responses of the
two BPFI topologies is provided in Fig. 7(b). As shown, gain and
isolation are improved by using a higher number of NFSs, however
at the expense of power consumption, noise and IIP3. In summary,
the tunable BPFI can be scaled to higher-order transfer functions
by adding more NFS units for increased gain and isolation levels.
Also, reciprocal resonators can be added to enhance selectivity and
out-of-band suppression.

Tunable matching capabilities

The NFS can also be reconfigured to act as an adaptive matching
network. This functionality is particularly relevant in phased array
applications whose input impedance varies as a function of the
beamangle. Figure 8(a) demonstrates the block diagramof theNFS
when tuning Cf1 and setting its source (ZS) and load impedance
(ZL) equal to 50 Ω which alters its input (Zin) and output (Zout)
impedances as depicted in Fig. 8(b) and (c). Notably, Zin undergoes
significant changes while Zout remains relatively stable, indicating
the potential to achieve conjugatematching for variedZS whileZout
remains unchanged allowing to preserve the performance of the
RF components that follow the BPFI in the RF front-end chain.
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Figure 13. Block diagram of the three-stage BPFI (topology C) that
comprises an NFS, a half-wavelength resonator and a multi-resonant
microstrip resonator that result in three poles and two transmission zeros
in the forward direction. W1 = 2.7 mm, L1 = L4 = L6 = 26.6 mm,
W2 = 1.2 mm, L2 = 11.8 mm, W3 = 1 mm, L3 = 16.6 mm, W4 = 3.1 mm,
W6 = 1.1 mm, C1 = 6 pF, C2 = C3 = 1.7 pF.

Figure 14. Circuit-simulated responses of the BPFI (topology C) (a) for 50 Ω system and (b) for different ZSs. Case 1: Cf1 = 0.83 pF, ZS =22 − j32 Ω; Case 2: Cf1 = 0.98 pF,
ZS =49 − j34 Ω; Case 3: Cf1 =1.32 pF, ZS =50;+ j38 Ω; Case 4: Cf1 =1.58 pF, ZS =22 + j37 Ω.

Following the examination of the influence of Cf1 in NFS, further
analysis is conducted on the impact of varying ZS on Zout while Cf1
is set to 1.14 pF, as shown in Fig. 9. It can be observed that Zout
minorly varies when ZS is altered. Hence, when ZS reaches a spe-
cific value that can be conjugately matched with the Zin of the NFS
through the tuning of Cf1, Zout can maintain the same matching
level.

Furthermore, the tunable NFS can also be used to compensate
for a variable ZL by tuning Cf2. This is shown in Fig. 10 which illus-
trates that tuning Cf2 causes negligible change in Zin but significant
changes in Zout. Likewise, the effect of varying ZL on Zin is also
found to be negligible, as demonstrated in Fig. 11. Consequently,
when ZL reaches a specific value and is conjugately matched with
Zout (throughCf2 tuning), theZin of theNFSwill maintain the same
matching level.

To validate the impedance matching capabilities of the NFS
for varied ZS after being designed for 50 Ω source and load ter-
minations, and rematched by tuning Cf1, Fig. 12(a) displays the
circuit-simulated ZS at P1 and its resulting optimal |S11| matching
depth at 1.7 GHz obtained after tuning Cf1 while keeping the rest

of its circuit parameters unchanged. For demonstration purposes,
the response of four different NFS configurations after tuning Cf1
while keeping the source and load impedance equal to 50 Ω are
shown in Fig. 12(b). In Fig. 12(c), the NFS responses are replotted
after applying four different ZSs and conjugately matching the Zin
of the NFS. As shown, both impedance matching and directivity
are preserved at 1.7 GHz. Thus, the NFS can be used as an adaptive
matching network while providing RF filtering and isolation.

To better demonstrate the adaptive impedance matching capa-
bilities of the BPFI concept, a three-stage BPFI (topologyC)match-
ing network is considered, as depicted in the block diagram in
Fig. 13. It comprises an NFS, a capacitively loaded half-wavelength
resonator, and a multi-resonant microstrip resonator. The NFS is
directly connected with the input port. For the 50 Ω−50 Ω system,
the parameters of this BPFI are listed in the caption of Fig. 13, and
the NFS parameters are listed in Fig. 2. To improve the selectiv-
ity, TZs can be introduced either from multi-resonant resonator
or from mixed coupling [32]. Take the multi-resonant resonator
for example, the multi-resonant resonator is formed by two capac-
itively loaded stubs and generates two transmission zeros (TZs)
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Figure 15. (a) Layout and photograph, (b) comparison of RF-measured and EM-simulated response, and (c) measured center frequency tuning response of the
manufactured NFS prototype. (d) When ZS is 16 + j20 Ω, the measured S-parameters of the NFS after tuning Vf2 to 1.7 V. (e) When ZS is 23 − j12 Ω, the measured
S-parameters of the NFS after tuning Vf2 to 3 V. The NFS components are listed as follows. T: BFU760F, D1 and D2: SMV1231-040LF, Rb = 511 Ω, Rc = 0 Ω, LB= 30 nH.
CD = 220 μF, CB = 100 pF, R1 = 45.3 Ω, R2 = 4.5 Ω, R3 = 10 Ω, RB =10 MΩ, coupled line: W = 0.3 mm, S = 0.2 mm, L = 9 mm.
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Figure 16. (a) Photograph, (b) comparison of RF-measured and EM-simulated response, and (c) measured center frequency tuning response of the manufactured
three-stage BPFI (topology A) prototype. Varactors in the passive resonator: MA46H072.

at 1.51 and 1.94 GHz (as illustrated in Fig. 14(a)) and a pole
at the center frequency [33]. Thus, in the forward direction, the
BPFI exhibits a three-pole/two-TZ transfer function as shown in
Fig. 14(a). Considering four different ZSs at the input port of BPFI,
the responses for four different BPFI configurations after tuningCf1
in NFS are shown in Fig. 14(b). They have been obtained by only
tuningCf1 in theNFSwhile keeping the rest of the BPFI parameters
constant demonstrating the potential of the tunable NFS con-
cept for the realization of BPFIs with combined matching network
capabilities.

As shown, very good matching and directivity are obtained
in these cases demonstrating that the BPFI can be furthermore
reconfigured to match variable antenna loads while performing
the codesigned function of a BPF and an RF isolator. Notably,
compared to conventional reciprocal RF filters, the proposed mul-
tifunctional RF component integrates isolation, filtering, frequency
tunability, and impedance matching capabilities within the vol-
ume of a single RF component as significant advantages to be
highlighted.

Experimental validation

To validate the tunable NFS and BPFI concept, an NFS and two
three-stage BPFIs (topologies A and C) were designed, manu-
factured, and tested at L band. Topology A was selected to vali-
date the tunability of the operating frequency, while topology C
was chosen to demonstrate the BPFI’s potential for impedance
matching. The designs were initially analyzed using linear circuit
simulations and subsequently optimized with full-wave electro-
magnetic (EM) post-layout simulations using software packages
such as Advanced Design System from Keysight and the High-
Frequency Structure Simulator (HFSS) from ANSYS. All proto-
types were fabricated on a Rogers RO4003C substrate with a thick-
ness of 0.508 mm, dielectric permittivity of 3.55, and a dielectric
loss tangent of 0.0027. The RF performance of the NFS and the
codesigned BPFIs were characterized in terms of S-parameters,
NF, and IIP3 using an N5247B PNA-X Network Analyzer from
Keysight.

https://doi.org/10.1017/S1759078724000783 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078724000783


314 Kexin Li and Dimitra Psychogiou

Figure 17. Manufactured three-stage BPFI (topology C) matching network. (a) Photograph. (b) RF measured and EM simulated response when ZS is 26 + j18 Ω.
(c) RF measured and EM simulated response when ZS is 26 − j14 Ω.

Table 3. Comparison with state-of-the-art nonreciprocal RF filtering components

Ref. Topology Freq. (GHz) D (dB) Gain (dB) NF (dB) IIP3 (dBm) PDC (mW) Size (𝜆 × 𝜆) Tun.

[34] Ferrite 2.2 27.8 −2 N.A. N.A. N.A. 0.53 × 0.53 No

[20] Transistor,PCB 2.2 46.7 4.7 N.A. N.A. N.A. 0.47 × 0.535 No

[35] Transistor,MMIC 7.8 60 0−10 N.A. −8* 100 N.A. No

[36] Transistor,MMIC 8.18 60 −0.36 N.A. −2.1 135 N.A. Freq (6.08−9.98 GHz)

[26] STM 0.14 52.8 −3.7 N.A. N.A. 0 N.A. Freq (0.13−0.16 GHz)

This work NFS 1.77 51 1.3 9.4 −7 11.3 0.16 × 0.13 Freq (1.55−1.9 GHz) + IM

BPFI(topology A) 1.77 43 −0.5 11.3 −7.3 14.4 0.46 × 0.23 Freq (1.52−1.9 GHz)

BPFI(topology C) 1.65 46 −0.2 9.9 −4.4 11.6 0.59 × 0.31 Freq (1.4−1.9 GHz) + IM

D: directivity; Filt.: filtering; Tun.: tenability; IM: impedance matching.
*estimated.

The layout, manufactured prototype, and utilized SMD compo-
nents of NFS are depicted in Fig. 15(a). The capacitance tuning
elements in the feedback are implemented using varactors (D1

and D2) in series with a DC block (CB) and a DC feed (RB).
Figure 15(b) presents a comparison between the EM-simulated
and RF-measured results of NFS, demonstrating good agreement
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Figure 18. RF measured response of Figure 17(a) when ZS is (a) 14 + j20 Ω and (b) 14 − j15 Ω. (c) Measured ZSs drawn in Smith Chart.

and thereby validating the proposed concept. Specifically, the RF-
measured performance at 1.77 GHz (bias state Vb = 0.763 V,
Vc = 1.8V) can be summarized as follows: 1.3 dB gain, 51 dB direc-
tivity, 9.4 dB NF, −7 dBm IIP3. Center-frequency tunability, which
can be achieved by tuning the bias voltages of the transistor and
the varactors in the coupled-line feedback, are shown in Fig. 15(c)
with the following performance characteristics: center frequency
tuning from 1.55 to 1.9 GHz, gain ranging from 0.3 to 1.3 dB, and
directivity from 20 to 52 dB.

To experimentally validate the impedance matching capabili-
ties of the NFS at its input port (P1), a de-embedding process was
performed to move the reference plane at the input of NFS. Two
different source impedances of 16 + j20 Ω and 23 − j12 Ω were
considered and Fig. 15(d) and (e) illustrate the S-parameters of the
NFS after tuning the capacitance of varactor D2 to obtainmatching
and high directivity. A comparison with the EM simulated results

is also shown successfully validating the proposed adaptive NFS
matching concept.

Figure 16(a) illustrates the layout and photograph along with
the geometrical details of the three-stage BPFI (topology A),
which comprises one NFS and two half-wavelength microstrip
resonators. The RF-measured performance is summarized in
Fig. 16(b) and (c). The comparison between the EM-simulated
and the RF-measured S-parameter performance is provided in
Fig. 16(b) and indicates good agreement, effectively validating the
three-stage BPFI. At 1.77 GHz, the RF-measured performance can
be outlined as follows: gain: −0.5 dB, directivity: 43 dB,NF: 11.3 dB,
and IIP3: −7.3 dBm. The center-frequency tunability characteris-
tics of the BPFI are shown in Fig. 16(c). It exhibits the following
RF-measured characteristics: center frequency tuning from 1.52
to 1.9 GHz, gain ranging from −1.5 to −0.5 dB, and directivity
from 20 to 44 dB. Especially, the directivity is 44 dB at the center
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frequency, while at 1.52 and 1.9 GHz, they are 42 and 20 dB,
respectively.

Figure 17(a) presents the photograph of the three-stage BPFI
(topology C), consisting of one NFS, a half-wavelength microstrip
resonator, and a multi-resonant microstrip resonator. Its measured
performance at center frequency and tunability are summarized in
Table 3 for brevity. To verify the impedance-matching capabilities
of the BPFI, a de-embedding process was conducted to move the
reference plane to the NFS input. Two distinct source impedances,
26 + j18 Ω and 26 − j14 Ω, were examined. Figure 17(b) and (c)
depict the S-parameters of the BPFI after adjusting the capacitance
of varactor D2 in NFS to achieve matching and high directivity.
Additionally, a comparison with the EM simulated results is pre-
sented, effectively confirming the efficacy of the proposed adaptive
BPFI matching concept. Tests with more source impedances were
conducted, as depicted in Fig. 18. Specifically, Fig. 18(a) and (b)
illustrate responses for Zs values of 14 + j20 Ω and 14 − j15 Ω,
respectively. Furthermore, Fig. 18(c) provides an overview of all
measured source impedances on a Smith Chart, distinguishing
between those represented in Fig. 18(a) and (b) (green stars) and
Fig. 17(b) and (c) (purple stars). Notably, these tests confirm the
realization of imaginary part of admittance matching, consistent
with simulated results in Fig. 12(a).

A comparison between the tunable NFS and nonreciprocal BPF
concept with state-of-the-art nonreciprocal components is pre-
sented inTable 3.When comparedwith static ferrite-based filtering
components [34], the proposed approach demonstrates higher
directivity and gain, a smaller size, and tunability. The transistor-
based BPFIs discussed in papers [20, 35, 36] exhibit higher power
consumption. Specifically, when compared to the work in paper
[20], this work demonstrates uniquely a tuning concept for cen-
ter frequency as well as a tuning concept for adaptive impedance
matching, whereas the devices in paper [20] is static. When com-
paring the proposed concept with STM-based BPFs, it operates
at a higher operating frequency and has lower loss [26]. As indi-
cated, the proposed NFS-based BPF concept is the only tunable
transistor-based nonreciprocal component with integrated RF fil-
tering functionality and adaptive matching network capabilities.
The IIP3 performance of the proposed concept is comparable to the
state-of-the-art and can be enhanced by adjusting the dimensions
of the NFS or employing a higher biasing voltage for the transistor,
as detailed in the “NFS design trade-offs” section.

Conclusion

This paper introduced a comprehensive design methodology of a
new class of tunable multifunctional RF components with the co-
integrated functionality of a tunable BPF, an RF isolator, and an
adaptive matching network within a single RF component. The
proposed tunable nonreciprocal BPFI concept is based on a minia-
turized and tunable NFS comprising a transistor-based path and
coupled-line feedback, which are incorporatedwithin the filter vol-
ume along with frequency-tunable capacitively loaded microstrip
resonators. The paper elaborated on the operational principles,
design considerations, and impedancematching ability of the NFS,
along with its application in high-stage frequency-tunable BPFI.
Finally, experimental validation of an NFS and two three-stage
BPFIs with frequency tunability and impedance matching ability
were conducted at L band.
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