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Multifunctional Bandpass Filter With Codesigned
Tunable Attenuator and Reflectionless Phase
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Abstract— A multifunctional bandpass filter (BPF) with two
switchable modes of operation, namely: 1) a codesigned reflec-
tionless BPF and variable phase shifter (BPF-VP) with 360° phase
shift and 2) a codesigned BPF and variable attenuator (BPF-VA)
is reported. The multifunctional BPF can also be intrinsically
switched-off when operating in the BPF-VP mode. It is based on a
combination of a filtering rat-race coupler (RFRC) with continu-
ously tunable power and a switchable phase coupling element that
controls the mode of operation. Notably, the proposed component
combines four different functions, namely BPF, VP, VA, and RF
switch into a single component, reducing the size of the RF front-
end (RFFE). As a proof-of concept, a multilayer prototype was
manufactured and tested. It exhibited: 1) a third-order BPF-VP
at 700 MHz with a 360° continuously tunable phase and a
reflectionless bandwidth of 375 MHz-1.093 GHz; 2) a switching
off state with >25 dB of isolation; and 3) a third-order BPF-VA
mode at 700 MHz with tunable attenuation between 4 and 25 dB.

Index Terms— Attenuators, bandpass filter (BPF), phase
shifters.

I. INTRODUCTION

ARIABLE attenuators, phase shifters, and RF filters are

indispensable components of practically every phased-
antenna array RF system [1]. Driven by the growing demand
for multifunctional RF transceivers with low weight, size, and
weight (SWaP), there is an increasing interest in integrating
multiple functionalities within the volume of a single RF
component to reduce the size of the RF front-end (RFFE).
A particular emphasis has been given to the development of
RF-filter-based codesign techniques that allow the incorpora-
tion of RF filtering with other signal processing functions,
e.g., attenuation, phase shifting, or RF switching. Typical
examples of this trend include variable filtering attenua-
tors (VFAs) [2], [2], [3], [4], [5], and variable filtering
phase shifters (VFPSs). Different design methods have been
reported for the design of VFAs, however, they encounter
the following challenges: 1) restricted attenuation range
(under 15 dB) [2], [3], [5]; 2) low selectivity [4]; and 3)
compromised return loss and transfer function shape when
adjusting their attenuation [2], [3], [4]. Research on VFPS
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Fig. 1. (a) Block diagram of the multifunctional RF filter that exhibits a
BPF-VP and a BPF-VA modes of operation. Reconfigurability between the
two modes is obtained by a tunable-phase coupling element. (b) Reflectionless
BPF-VP mode of operation when ¢, — ¢; = 90° with a 0°~360° of phase shift
by altering the coupling ratio of the RFRC. (¢) BPF-VA mode of operation
when @2 — @1 = 0°. A continuously tunable attenuation between 0 and co
dB can be obtained by altering the coupling ratio of the RFRC.

has also been conducted [6], [7], however, existing VFPS are
limited to second-order transfer functions and only offer a
single filtering mode of operation. Wei et al. [8] introduces
variable-amplitude capability in the VFPS, however, it is
constrained to a second-order transfer function whose shape
changes during the tuning process.

Considering these limitations, this letter introduces for the
first time a new multifunctional BPF that combines the func-
tion of: 1) a codesigned bandpass filter (BPF) and variable
phase shifter (BPF-VP) with a continuously tunable 360°
phase shift with reflectionless characteristics as well as switch-
ing off capability and 2) a codesigned BPF and variable
attenuator (BPF-VA) with a theoretically tunable attenuation
between 0 and oo dB. Furthermore, in both modes of oper-
ation, the filtering transfer function is consistently preserved
for all tuning states.

II. DESIGN PRINCIPLES

The proposed multifunctional filter is shown in Fig. 1.
It comprises two power splitting/combining networks, a static
phase coupling element ¢; (marked in blue), a reconfig-
urable phase coupling element ¢, (marked in red), and a
coupled-resonator-based reconfigurable filtering rat-race cou-
pler (RFRC). The input and output networks are connected to
the RFRC ports at A, A’ and B, B’, respectively, through ¢,
and ¢;. In this manner, by changing the phase of ¢,, the output
phases at A’ and B’ can change between 90° or 0° relative to
the phases at A and B, enabling the multifunctional filter to
switch between the BPF-VP and the BPF-VA mode as shown
in Fig. 1(b) and (c). In what follows, the operating principles
of the multifunctional filter are described in detail.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/


https://orcid.org/0000-0003-1363-3387
https://orcid.org/0000-0003-1936-4026

738 IEEE MICROWAVE AND WIRELESS TECHNOLOGY LETTERS, VOL. 34, NO. 6, JUNE 2024

Fig. 2.  RFRC exhibiting a third-order BPF response. Gray circles: ports,
black circles: static resonators, black circles with an arrow: tunable resonators,
black lines: static couplings, black lines with an arrow: tunable couplings.
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Fig. 3.

Synthesized S-parameters of the RFRC when M; = M3 = 1.0837,
M, =1.0317. (a) k = 1, M,, = M,, = 0.7295. (b) k = 100, M,,, =
M, = 0.1027.

1.0266,

A. Reconfigurable RFRC

The coupling routing diagram of the RFRC is shown
in Fig. 2. The four-port network (P;—P,;) consists of four
tunable resonators Ri—R, and two static resonators Rs and Rg,
static couplings M;—M3, and reconfigurable mixed couplings
M,, and M,,. In this context, x and y are utilized to indicate the
coupling polarities, which can be selected as either 1 or —1.
When power is inserted in P;, the signals reaching R, via
two different paths have identical coupling strength but are
180° out of phase, thus P, is isolated. Consequently, all the
power from P; is distributed to P; and P, according to a
power division ratio k, which is determined by M,, and M,
as: M,, = \/EMn.

Fig. 3(a) and (b) demonstrates two synthesized S-parameter
responses for two different power division ratios k =1
and 100 for a Chebyshev response with 0.0431 dB ripple.
When k = 1, the power from P; is equally divided between
P; and P4. When £ = 100, the power delivered to P, is 20 dB
less than that delivered to Ps. It is noted that the third order
Chebyshev response is maintained for any k.

B. BPF-Variable Phase Shifter Mode

When ¢, — ¢ = 90° [see Fig. 1(b)], the RF filter operates
in the BPF-VP mode and exhibits a 360° continuously tun-
able phase shift. Its behavior can be analyzed using (1)—(7).
Equation (1) lists the incident power waves at P; and P,
of the RFRC, where 0,q represents a constant phase delay
introduced by the coupling elements. Equation (2) details the
scattering matrix (S.) of the RFRC at the center frequency,
and (3) addresses the power relationship within the RFRC.
Combining (1)—(3), the output power wave a4 can be expressed
in relation to a;. Using (4), the overall output power wave of
the BPF-VP qag can be expressed as a function of a4, and con-
sequently in terms of a;, leading to expression (5). Using (5)
as a reference, the amplitude |S,;| and the phase /S, of
the power transmission response of entire BPF-VP can be
calculated and is listed in (6) and (7). As shown, |S,;| is
always equal to 1, while the insertion phase varies as a
function of x, y, and k as shown in the conditions in (8)—(11).
By adjusting both the polarity and the magnitude of the
couplings between R; and R4, a 360° phase variation can
be obtained. Additionally, owing to the 90° phase difference

Fig. 4.  Signal flow at BPF-VP mode when the M,, = 0 making the
multifunctional BPF to intrinsically switch-off.

between A and A’ (and between B and B’), signals reflected
outside of the passband in both paths have equal amplitude but
are 180° out of phase. This leads to reflectionless responses
at both the RF input and output ports
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Fig. 4 shows the signal flow diagram for the intrinsically
switched-off state of the component. This functionality is
achieved by setting M,, = 0, while maintaining identical
coupling values between R; and Rj3, and between R, and Rj.
As indicated in Fig. 4, the input power is transmitted to the
output port solely via two paths: through Rs, R;, R3; (indicated
in green dashed line), and through Rg, R,, R4 (indicated in
green solid line). These paths effectively cancel each other out,
as they carry signals of the same amplitude but are 180° out of
phase. As a result, the component is intrinsically switched-off.

C. BPF-Variable Attenuator Mode

When ¢, = ¢, as indicated in Fig. 1(c), the device oper-
ates in the BPF-VA mode. Its operation can be described
by (12)—(15). According to (15), the power transmission
response can vary between O and 1 when k is varied
from O to +o00
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Fig. 5. (a) Top-view of the manufactured prototype, 3-D view of the
multilayer PCB integration concept of the multifunctional BPF-VP/BPF-VA.
(b) From left to right: static coupling M, reconfigurable coupling M,, and
frequency tunable resonator.
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Fig. 6. RF measured S-parameters of the multifunctional filter when operating
in the BPF-VA mode for seven tuning cases.

III. EXPERIMENTAL VALIDATION

The proposed multifunctional BPF-VP/BPF-VA concept has
been validated through the EM design, manufacturing, and
testing of a multilayer prototype on a Rogers 4003 three-
layer stack-up as shown in Fig. 5(a). The prototype was
implemented for a center frequency of 700 MHz and a
fractional bandwidth of 10%. Multiple layers were used to
facilitate the realization of the crossover in Fig. 1. The power
splitting/combining networks are constructed using a wide-
band Wilkinson-power divider, followed by the static phase
coupling elements ¢; (shown in blue dash boxes) and tunable
phase coupling elements ¢, (indicated in red dash boxes) to
enable a switchable 0°/90° phase difference output. ¢, can be
switched between the two branches by controlling four PIN
diodes. Specifically, when D; and D, are on and D3 and Dy
are OFF, ¢, — ¢; = 90°, and the component works in the
BPF-VP mode. Conversely, when D; and D, are OFF while
D3 and D4 are ON, an in-phase output is obtained between
¢ and ¢; and the RF component operates in the BPF-VA
mode. Frequency tunable resonators are used to facilitate an
almost constant transfer function shape and compensate out
the inverter parasitics when tuned by varactors, thus no longer
being 90° at the design frequency. They are implemented by
tunable LC tanks as in Fig. 5(b). The static couplings are
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Fig. 7. RF measured S-parameters of the multifunctional filter when operating
in the BPF-VP mode. Nine cases are shown. (a) Amplitude responses.
(b) Insertion phase tuning responses.

TABLE I
COMPARISON WITH STATE-OF-ART CODESIGNED FILTERS
PTR| ATR |[RBW | Size
Ref.| Mode GHz)| TF | . OFF|CTF
Jeen GHD| TF | (= ) | (@B) |(GHD)| (Do)
. VP 0.7 34 1360 | No | 0.72 "
This =0 07 |39 [ No | 158 | No | 26703|Yes|Yes
41| vA [1.01~1.19[ 2" No | 18 | No | N/A [No | No
[5] VA 2 5% | No 12 No [0.64*0.2| No | Yes
[6] VP 1.05~1.3 | 2™ | 320 | No No [0.9*1.1 | No | No
[71] VP 0.69 2% 1340 | No | No [0.3*0.3| No | Yes
[8] |[VA+VP|0.75~0.95[ 2™ | 360 | 10 | No | N/A | No | No

TF: transfer function, PTR: phase tuning range, ATR:
attenuation tuning range, CTF: constant transfer function.

implemented by their first-order low-pass m-network equiv-
alent while the reconfigurable couplings are implemented by
a parallel combination of a high-pass m-network providing
electric coupling and a low-pass T-network providing mag-
netic coupling.

A photograph of the prototype is provided in Fig. 5(a) and
its RF measured performance is shown in Figs. 6 and 7 for
the BPF-VA and the BPF-VP modes, respectively. Although
seven distinct states are shown, the attenuation is continuously
tunable between 4.2 and 25 dB at 700 MHz as indicated
in Fig. 6. As shown, both the passband shape and the return
loss remain almost constant across the entire tuning range.
Fig. 7 showcases the measured results of the device when
operating in the BPF-VP mode for nine states although it
is continuously tunable between among all of these with an
overall continuously tunable phase shift of 360°. Also, in this
case, a well-preserved passband response is obtained for all
tuning states [see Fig. 7(a)] with an insertion loss (IL) between
4 and 6 dB. The finite levels of IL are due to the finite Q of the
SMD inductors and varactors. However, it is reasonable given
that the proposed component integrates four functionalities at
the same time. Additionally, the BPF-VP mode demonstrates
a very wide reflectionless BW between 375 and 1093 MHz.
By reconfiguring the couplings, an intrinsically switched-off
state can also be obtained as exemplified by the green trace
in Fig. 7(a). The measured IIP3 varies from 14 to 20 dBm for
all the cases.
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A comparison of the proposed multifunctional BPF with
the state-of-the-art multifunctional RF codesigned filters is
provided in Table I. When compared to the VAs in [4] and [5],
the proposed topology not only delivers a BPF response of a
higher order but also has wider attenuation tuning range and
attains an almost constant transfer function. When compared
to the VPs in [6] and [7], the proposed concept demonstrates
wider tunable phase shift range and an almost constant transfer
function. In addition, it has a VA mode and can also be
intrinsically switched off. Overall, it is the only multifunctional
BPF that combines multiple tunable modes of operation with
high levels of flexibility, intrinsic switching off capability and
reflectionless transfer function, which can be used to cancel
unwanted reflections in the RFFE.

IV. CONCLUSION

This work has successfully developed and validated a mul-
tifunctional BPF with two operational modes: a BPF-VP and
a BPF-VA. The proposed structure integrates four functional-
ities into a single component, which includes a third-order
reflectionless BPF, an attenuator with variable attenuation
levels and a phase shifter with continuously phase tuning
capability and switching off functionality. The developed
prototype at 700 MHz, demonstrated a third-order BPF-VP
with 360° phase tuning, a broad reflectionless bandwidth
spanning from 375 to 1093 MHz and intrinsic switching off
capability, as well as a third-order BPF-VA with a tunable
attenuation range of 4-25 dB. Notably, the filtering transfer
function is consistently preserved for all tuning states.
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