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ABSTRACT This article reports on new types of reconfigurable and multifunctional low-noise amplifier
filters (LNAF) for sub-6 GHz New Radio (NR) S-band applications. The proposed LNAF concepts are based
on complex-terminated bandpass filter (BPF)-type output matching networks that facilitate quasi-elliptic
transfer functions that can be tuned in terms of bandwidth (BW), center frequency (f..), and can be
intrinsically switched-off. To validate the proposed approaches, four proof-of-concept LNAF prototypes
were realized by means of static and varactor-loaded microstrip resonators. Further size reduction is
introduced in one of the prototypes through a co-designed filtering-based LNAF using tapped line resonators.
For practical validation purposes, four alternative prototypes, namely LNAF I-IV, were manufactured and
tested. They exhibit the following features: i) LNAF I: passband mode with f., tuning: 2.64-3.25 GHz,
fractional bandwidth (FBW) tuning: 11.9-31.6% (2.65:1), gain: 16.5 dB, noise figure (NF) < 0.86 dB, third
order output intercept point (OIP3): 10.87 dBm, and an intrinsically switched-off mode with isolation >
39 dB; ii) LNAF II: passband mode with f, tuning: 3.61-3.82 GHz, FBW: 6.3%, gain: 10.2-12.6 dB, NF <
0.95 dB, OIP3 > 11.15 dB, and an intrinsically switched-off mode with isolation > 37.07 dB; iii) LNAF III:
passband mode with f;.,,: 3.99 GHz, FBW: 6.48%, gain: 14.3 dB, NF < 1.1 dB, OIP3 > 13.2 dB, and footprint
reduction of 49% with respect to LNAF II. A 2-stage LNAF prototype, named LNAF IV, is implemented to
achieve higher gain of 22.6 dB and NF < 1.1 dB at 3.98 GHz with 15% less area than LNAF II.

INDEX TERMS Bandwidth tuning, center frequency tuning, co-design, low-noise amplifier, reconfigurable
LNA, filter LNA, tunable filter.

I. INTRODUCTION

Global 5G deployments have resulted in an increasing
number of communication channels for commercial use
within the sub-6 GHz spectrum [1], [2]. Specifically, fre-
quencies in the S- and C-bands are being allocated differ-
ently across the world. For example, mobile operators in
Australia and South Korea have adopted the 3.4-3.7 GHz
and 3.7-4.0 GHz bands, Canada utilizes the 3.475-3.65 GHz
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and the 3.65-4.0 GHz bands, whereas Europe employs the
3.4-3.8 GHz range, and the United States of America
uses frequencies between 3.1-3.45 GHz, 3.45-3.55 GHz,
3.55-3.7 GHz, and 3.7-3.98 GHz [3], [4]. As such, to facil-
itate global connectivity, multi-standard and multifunctional
RF front ends (RFFEs) need to be incorporated in the RF
transceivers of modern communication systems to facilitate
seamless connectivity. Additionally, emerging RFFEs would
need to support even higher data rates, lower latency, and
wider bandwidths (BWs) than what is possible today while
having the smallest possible energy and footprint [5], [6].

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.

51718

For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 13, 2025


https://orcid.org/0000-0002-2777-7165
https://orcid.org/0009-0007-0956-8910
https://orcid.org/0000-0003-1936-4026
https://orcid.org/0000-0002-2471-6375

A. Fontana et al.: Reconfigurable and Highly-Miniaturized LNAs Based on Tunable Filtering Loads

IEEE Access

/\

RF, RF

out

o ..
H
Z
%--
H
Z
o ..

Tune-all
BPF —O

o
) /. Y
©

FIGURE 1. (a) Conventional architecture of a reconfigurable LNA
comprising multiple RF-switched LNAs. Each LNA consists of a transistor
that is matched by an input and output matching network (MN).

(b) Proposed reconfigurable and multifunctional LNA filter (LNAF) based
on a tunable bandpass filtering load. (c) Conceptual response of the
proposed LNAF.

As such, their RFFEs would need to be highly-adaptable to
facilitate re-usability of RF hardware as well as operability
in changing communication environments. In this context,
their bandpass filters (BPF) and their low-noise amplifiers
(LNAs) need to be reconfigurable while fulfilling stringent
performance requirements in terms of insertion loss, selec-
tivity, gain and noise figure (NF) to avoid desensitizing their
receivers [7].

To address these technological challenges, recent research
efforts are increasingly geared towards the realization of
highly-reconfigurable LNAs [8], [9], [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19] and BPFs with multiple
levels of tunability [20], [21], [22], [23], [24], [25], [26],
[271, [28], [29], [30]. RF-switched LNA banks comprising
multiple narrowband in-parallel cascaded LNAs are the most
straightforward method to reconfigure an LNA, as shown in
Fig. 1(a) [8], [31]. However, this method leads to RFFEs with
large footprints and complexity due to requiring a dedicated
LNA module for each frequency band. Furthermore, the NF
is compromised by the loss of the switches used for selecting
the channel. To reduce the switch count—2N for operation
in N bands—switchless configurations [9], [10], [11], where
reconfigurability is achieved by modifying the transistor’s
bias can be explored. In [9] the LNA’s center frequency is
tuned between 21 GHz and 32.5 GHz with a NF between
1-1.2 dB. Another switchless approach is presented in [10] to
tune the f;.,, of the LNA between 39 GHz and 48 GHz with NF
of 3.9-4.8 dB. In yet another approach, a switched matching
network (MN) is used [12], reducing the number of active
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components in the RFFE. This method exhibits multi-band
switching between 24 GHz, 28 GHz and 39 GHz with NF
between 4.5-5.5 dB. However, these approaches ([9], [10],
[11], [12]) only support discrete reconfigurability.

For analog tuning, continuously tunable matching net-
works can be implemented at either the input [13] or
output [14] of the LNA. In particular, the reconfigurable
LNA concept in [13] showcased continuous frequency tuning
from 1.9-2.4 GHz with NF between 3.2-3.7 dB. In [14], ana-
log fen tunability between 28-39 GHz was demonstrated with
NF between 2.4-2.8 dB. Although these LNA approaches
functionalize continuously tunable bands, their selectivity
is poor; thus, requiring additional filtering to be added in
the RFFE. Further reconfigurability is shown in passive
BPFs. In [23], a reconfigurable broadband single-/dual-
band and narrowband dual-band BPF is reported by loading
cross type resonators and parallel stubs. In [26], a reconfig-
urable wideband-to-tri-band BPF is introduced by combining
open and short loaded stub resonators. Both demonstrations
exhibit reconfiguration to predetermined frequency bands as
a consequence of the use of p-i-n diode switches. A recon-
figurable bandpass-to-bandstop filter controlled by a single
p-i-n diode switch is reported in [28]. This approach is
also combined with varactor diodes to achieve center fre-
quency tuning. Multiple levels of BPF transfer functions with
continuous tunability are presented in [20], where a five-
pole/four-transmission zero (TZ) prototype is shown featur-
ing feen and BW reconfigurability, in addition to a switch-off
state.

Selectivity enhancement in the receiver chain of the
RFFE is conventionally implemented by cascading BPFs
with LNAs. However, this approach leads to large size and
low signal-to-noise ratio (SNR) due to the need for inter-
stage MNs. As a consequence, co-designed LNA filters
(LNAFs) are increasingly considered to eliminate the need
for MNs [15]. Co-designed filtering-power amplification
concepts have also been shown in [32] and [33] however
for static component implementation and using bulky sub-
strate integrated waveguide (SIW) based loads in [32] and
bulky air-filled waveguide cavities in [33]. Unlike conven-
tional 50-ohm MNs, co-designed BPFs are used to match
the complex impedance terminations of LNAs, performing
the role of compact frequency selective matching networks
directly integrated into the transistor’s port. Such a concept
has been applied to the realization of LNAs with filtering
capabilities; the so called LNAF concept. An example of this
approach is presented in the LNAF in [16], demonstrating a
frequency tuning between 2.8 GHz and 4 GHz, NF ranging
from 3.4 dB to 4.6 dB, and gain between 16.7 dB and 14.2 dB.
However, its frequency selectivity is relatively low due to
the use of single-resonator MNs. In [34], a reconfigurable
multimode LNAF with single, concurrent dual-band, and
intrinsic switch-off operation is reported. This work is based
on a coupling matrix co-design methodology for developing
complex-matched BPFs. However, the prototypes in [34] are
static or exhibit a very limited degree of tunability in terms of
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center frequency, in addition to relatively high NF and large
footprint as a result of the use of half-wavelength BPFs.

Considering the aforementioned limitations and the need
for fully-reconfigurable and highly-miniaturized LNAs with
high frequency selectivity, this manuscript reports on new
design and practical implementation concepts to realize com-
pact fully-reconfigurable and multifunctional LNAFs. The
proposed concepts are based on complex-terminated fully-
reconfigurable BPFs serving as output matching networks
(OMN:Ys), facilitating unique operational characteristics such
as low-noise amplification, frequency selectivity, and transfer
function that can be simultaneously tuned in terms of fi.,,
BW, and it can also be intrinsically switched-off. Specifi-
cally, this work discusses two tunable BPF-based MNs (i.e.,
BPF I, II) with intrinsic switching-off capability. The BPF
I-based MN topology features a fully-reconfigurable transfer
function that allows simultaneous tuning of f.., and BW,
extending the tuning capabilities of previous reported LNAF
concept [34], and greatly reducing the NF without affecting
the gain. The BPF II-based MN configuration is designed
to select between two adjacent bands (e.g., 3.4-3.7 GHz and
3.7-4 GHz) taking advantage of mixed coupling techniques
and quarter-wavelength resonators implementing the fewest
possible reconfigurable elements. An alternative method to
miniaturize the size of the LNAF by incorporating DC biasing
at the resonator is also introduced based on the latter topol-
ogy exhibiting 15% less area. Furthermore, it demonstrates
scalability to LNAFs with higher gain, higher selectivity, and
has minimum impact on the NF by using a cascaded LNAF
approach.

The content of this manuscript is organized as follows.
Section II presents the operating principles of BPF I and
BPF II. The LNAFs design methodology is discussed in
Section III. Section IV presents the experimental validation of
the concepts through the design and testing of four prototypes
at S-band. Finally, the contributions of this work are outlined
in Section V.

Il. RECONFIGURABLE FILTER MATCHING NETWORK

The proposed LNAF concept is presented in Fig. 1(b). It com-
prises a low-noise transistor, an input matching network
(IMN), and an OMN implemented by a tunable complex-
matched BPF. Two different BPF architectures, namely BPF
I and BPF II, are considered as OMNs with their cou-
pling routing diagrams (CRD) depicted in Fig. 2(a) and (b),
respectively. BPF I comprises two in-line resonators (1, 2)
and a TZ generation section that is shaped by resonators 3,
4 and a non-resonating node. They combinedly result in
a transfer function that is shaped by three poles and two
TZs. Independent tuning of f.., and BW can be obtained
by varying the location of the poles and the TZs of the
quasi-elliptic filter as demonstrated in [20]. In particular,
the pole locations are varied by modifying the self-coupling
coefficients of the resonators, demonstrating f,., tuning as
shown in Fig. 2(c). In terms of TZ tuning, only resonators
3 and 4 need to be altered as depicted in Fig. 2(d), facilitating
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FIGURE 2. (a) CRD of the tune-all quasi-elliptic BPF I that is used as an
output load of the LNA. Black circles: resonators; white circles: source
and load; grey circles: non-resonating nodes; black lines: couplings.

(b) CRD of a second order BPF with reconfigurable mixed coupling

(BPF 1) used as an output load of the LNA. Black circles: resonators;
white circles: source and load; black lines: frequency-independent
couplings; red line: frequency-dependent coupling. (c) Synthesized
S-parameter response of the CRD in (a) when resonators 1-4 are
reconfigured as follows: m; =m,, =-2, 0, and 2, mz3 =4, 2, and 0 and
my, =0, —2, and —4 for Examples 1, 2, and 3 respectively. (d) Synthesized
S-parameter response of the CRD in (a) when resonators 3 and 4 are
tuned. my3 =—my, =2.5, 2, 1.5, and 0 for Examples 1, 2, 3, and

4 respectively. (e) Synthesized S-parameter response of the CRD in

(b) when the mixed coupling m,, is altered between 1.65+0.34<,
0.01+0.349, and 1.65-0.34% for Examples 1, 2, and 3 respectively.

(f) Synthesized response of BPF I for different source loads: Zs =55-j10 €,
50 2, and 35+j40 @ for Examples 1, 2, and 3 respectively. For all BPF |
examples, mg; =my; =1.22, m;; =1.65+0.34Q, and m,; =my, =0. For all
BPF | examples, mg; =my; =1.05, my,, =my, =1.45, M,z =mp, =2,

myy =my, =0, m33 =-my, =2 unless stated otherwise. (g) Synthesized
response for BPF Il for different source loads: Z; =55-j10 2, 50 2, and
35+j40 @ for Examples 1, 2, and 3 respectively.

BW reconfigurability and an intrinsically switched-off state.
BPF II exhibits a two-pole/one TZ transfer function that is
obtained by coupling two in-line resonators (1, 2) [35] with a
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FIGURE 3. Reconfigurable LNAF design flow chart.
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FIGURE 4. (a) LNA core including DC bias and stability network: Q1:
BFP840FESD, C1 = 47 pF (GQM1885C1H470JB01J), C2 = 39 pF
(GQM1885C1H390JB01J), C3 = 2.2 uF, C4 = 0.22 uF, R1 = 15k, R2 =
50 Q. (b) Layout of BPF I: W1=W2=Wt1=Wt2=0.8 mm, W3=1.6 mm,
W4=4.5 mm, L1=L2=9 mm, L3=9.5 mm, L4=17 mm, Lt1=Lt2=8.4 mm,
Cv1 to Cv6: MAVR000120.

frequency-dependent element that can be implemented by a
mixed coupled inter-resonator coupling element [36]. In this
case, fen is reconfigured by varying the mixed coupling,
instead of conventionally tuning the resonators to reduce the
number of tuning elements, however at the expense of limited
tunability. An intrinsic switch-off mode of operation is also
obtained by making the mixed coupling equal to zero [37],
[38] as shown in Fig. 2(e) when BPF II is terminated to 50 €2
loads.

To match the LNA transistor using BPFs as OMNs, the
coupling matrix must be modified such that its input/output
impedance becomes complex. Specifically, the external cou-
pling for the in-line resonator close to the complex termi-
nation mg needs to be altered as also discussed in [39].
Considering the CRD in Fig. 2(a) and (b), Y15 = Zfsl is the
admittance seen by resonator 1 when the source is terminated
to 50 Q asin (1) and Yl/ ¢ 18 the admittance seen by resonator
1 when the source is terminated to an arbitrary complex
impedance Zs=(R+jX) Q2 as in (2). Then, to maintain the
same transfer function, Yl’ 5 must be equal to Y. This can be
achieved by adding a reactance B and by modifying the cou-
pling coefficient to m{, as described in (3) and subsequently
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3. BPF design

Determination of
resonator size, external

and inter-resonator
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4. LNAF design

Full EM co-simulation
of the LNA core and
tunable BPF

BPF structure plus
varactors model full EM
co-simulation

Optimization

Manufacturing and
RF characterization

setting (1) equal to (3). As a result, the coupling coefficients
can be calculated using (4) and (5). In particular, the real
part of the complex termination is compensated by the exter-
nal coupling coefficient m, as in (4) while the imaginary
part of the complex termination is matched by modifying
the additional reactance B as in (5). To illustrate the effec-
tiveness of the design method, Fig. 2(f) and (g) show the
S-parameter response of BPF I and II for arbitrary complex
terminations of (55-j10) € and (35+j40) 2 for Examples
1 and 3, respectively. As observed, the transfer function of the
complex-matched BPFs is the same as the one obtained by the
conventional 50 Q-terminated BPFs successfully validating
the proposed design method.

Yis = (ms1)* - Z, (1)
Yig = (ms1)* - (R +jX) )
Yis = (ms) - (R+jX) +jB 3)
mly = msy -/ %o/g @

B=—X-(m)’ 5)

Ill. LNA DESIGNS

A. LNA CORE DESIGN

The design steps of the proposed devices are described in the
flow chart depicted in Fig. 3. Specifically, the LNA design
starts by defining its core and its bias network (step 1 in
Fig. 3). A discrete RF heterojunction bipolar transistor (HBT)
BFP840FESD from Infineon is chosen as a low-noise ampli-
fier for the designs presented in this article. This device
features a minimum noise figure NFmin@s 5 gy, = 0.75 dB,
that is suitable for Frequency Range 1 (FR1) low volt-
age applications. The LNA is set in a common emitter
configuration with emitter degeneration to improve the tran-
sistor’s input impedance, NF, and gain performance [40].
As illustrated in Fig. 4(a), the transistor is biased using two
independent power supplies (VBB = 1.1V, VCC=2.1V,IC =
5 mA) through an RF choke and a base resistance R;. Stability
resistors R, are also added in the DC bias paths to facilitate
unconditional stability. To match the LNA for a specific NF
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and/or gain, the constant gain and noise circles need to be
plotted for the desired design f.., of operation so that its input
and output impedances can be selected for optimal NF or gain
or a compromise between these two as shown in Fig. 5.

B. BPF SYNTHESIS AND LNAF I DESIGN

The first prototype, LNAF I, demonstrates the application
of BPF I as an OMN to functionalize an agile multifunc-
tional LNAF with tune-all reconfigurability. The LNAF was
designed for f.., = 2.85 GHz using as a reference its constant
gain (red) and noise circles (blue) in Fig. 5(a). A Zjyny =
(66.94j19.3) Q and Zoyr = (54.8+j9.8) Q2 were selected
for NF = 0.75 dB and gain=16.4 dB as part of the last
task of step 1 in Fig. 3. Its IMN is conventionally designed
using a shunt and series stub approach leading to an RL >
10 dB from 1.9-4.45 GHz. Its output is conjugately matched
to Z1s = Zj;r using a complex-matched BPF I-based OMN
with FBW=12%. Figure 4(b) depicts the layout of the con-
tinuously tunable OMN using as a basis the CRD values in
the caption of Fig. 2 and m}; = 1 and m}, = 0.2 obtained by
(1)-(5) (step 2 in Fig. 3). It was implemented by microstrip
type capacitively-loaded resonators terminated to varactors
Cy;, with i = 1 to 4 (step 3 in Fig. 3). Its dimensions
and utilized SMD component characteristics are provided
in the caption of Fig. 4 (step 4 in Fig. 3). Considering
that Zpy and Zis are frequency dependent, their values
within the tuning range of BPF I is illustrated in Figure 5(c).
The transistor’s impedance conditions along with the design
specifications at the maximum and minimum operating fre-
quency for minimum gain (16 dB at 2.65GHz and 15 dB
at 3.5 GHz) and maximum NF (1 dB) at these frequen-
cies are depicted on a Smith-chart. The intersection region
determined by the gain and noise circles defines an area
of Zjyn values satisfying these specifications. Some Zjyy
impedances are marked as reference points with white circles
in Fig. 5(c) to delimit the intersection region and to map an
area (black circles) with their corresponding complex conju-
gate impedances at the drain terminal Z{;. To ensure good
matching at the drain terminal, the complex-matched BPF
I-based OMN must satisfy Zoyr = Z{ at every frequency.
The Zoyr area highlighted in blue in Fig. 5(c) exhibits
all the possible values that can be achieved with the BPF 1
load shown in Fig. 4(b) when the varactors Cy to Cyg are
tuned. As observed, the Zpyr area completely covers all the
desired Zj impedances, thus demonstrating the potential to
accomplish the minimum design specifications.

C. BPF SYNTHESIS AND LNAF Il DESIGN

The second prototype, LNAF II, demonstrates the application
of BPF II. In this case BPF II has been materialized using
microstrip quarter wavelength-long parallel coupled res-
onators (PCRs) that are directly tapped by the RF ports [41],
[42]. Figure 6(a) depicts the layout of BPF II utilized
as an OMN (step 3 in Fig. 3). Mixed coupling imple-
mented by means of a tunable varactor [36], [43] is used
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FIGURE 5. Constant gain and noise circles of the transistor plotted on a
Smith-chart alongside the impedance of the output BPF MN Zg,,r and
the required conjugate impedance Z*.. Red circles: constant gain circles,
blue circles: constant NF circles. (a) BPF I at the design frequency of

2.85 GHz. (b) BPF Il at the design frequency of 3.7 GHz. (c) Realizable
Zoymr impedances of BPF | when the varactors Cy/; to Cyg are tuned. Left:
minimum tuning frequency of 2.65 GHz. Right: maximum tuning
frequency of 3.5 GHz. (d) Realizable Zy,r impedances of BPF Il when the
varactor Cy/; is tuned. Left: minimum tuning frequency of 3.6 GHz. Right:
maximum tuning frequency of 3.8 GHz. White circles: Z;,;y, impedances
within the gain and noise circles design specifications area, and Black
circles: Z1c impedances from the corresponding Zjy;y values.

to: i) reconfigure the filter operation between two adjacent
frequency bands, ii) enhance the out-of-band isolation by
introducing one TZ, and iii) to intrinsically switch-off the
LNAF by making the inter-resonator coupling equal to zero.
The LNAF II is designed for f,.,, = 3.7 GHz (i.e, the average
frequency of the tuning range: 3.6 GHz to 3.8 GHz). The
corresponding constant gain (red) and noise circles (blue)
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FIGURE 6. (a) Layout of BPF Il comprising two quarter-wavelength-long
microstrip parallel coupled resonators (PCRs). W1=W2= 3.62 mm,
Wt1=Wt2= 0.4 mm, L1=13.97 mm, L2=14.11 mm, Xt1=1.58 mm,
Xt2=2.18 mm, S=1.7 mm. LNAF Ill and IV: W1=W2= 1.76 mm,

Wt1=0.2 mm, Wt2= 1.78 mm, L1=10.17 mm, L2=10.48 mm, Xt1=1.42 mm,
Xt2=1.27 mm, $=0.73 mm, Cv1: MAVR000120. (b) 3D view of the
co-designed PCR-based BPF Il excited by two asymmetric ports. (c) Layout
of LNAF 11l where the components are Q1: Q2: BFP840FESD, C1 = 47 pF
(CGA1A2C0G1H470J030BA), C2 = 39 pF (CBRO6C390JAGAC), C3 = 0.22 iF,
C4 = 200 pF, C5 = 10 pF (GJM0335C2A100GB01), R1 = 50 2, R2 = 62 kQ.

are depicted in Fig. 5(b). A Zpn of (51.84j4.3) Q and a
Zomr of (50-j10) © were chosen for NF = 0.87 dB and
gain=14.7 dB (last task of step 1 in Fig. 3). On this basis,
the transistor input is conventionally matched using a series
stub which leads to an RL >10 dB at f,,,. Furthermore, it is
also matched to Zi5 = Zz - The BPF II characteristics are
determined using the design methodology in Section II and
for an FBW= 5%. The CRD values listed in the caption of
Fig. 2 are used wherein m’11 is altered to —0.3 using (1)-(5)
to facilitate matching to Z;g, while the resonator 2 remains
matched to 50 2 (step 2 in Fig. 3). Its dimensions [44], [45]
are provided in the caption of Fig. 6 (step 4 in Fig. 3). As in
the previous case, the capability of the proposed BPF II-based
OMN complies with the frequency-dependent Zjy and Z;g
impedances as illustrated in Fig. 5(d). This figure shows how
the variation of Zpyr when sweeping Cy accomplishes the
complex matching condition Zoyr = ZI*S at the maximum
and minimum operating frequency for minimum gain (15 dB
at 3.6 GHz and 14.5 dB at 3.8 GHz) and NF (1 dB) specifi-
cations at these frequencies.

D. BPF SYNTHESIS AND LNAF Il & IV DESIGN

To further reduce the size of the LNAF using the BPF II-based
OMN, BPF II can be modified to use its input resonator as
part of the DC bias network of the transistor [46]. As shown
in Fig. 6(b), the through-hole via placed in resonator 1 is
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FIGURE 7. LNAF I. (a) Manufactured prototype. (b) RF-measured and
EM-simulated S-parameters for one tuning state. (c) RF-measured and
EM-simulated NF for the same tuning state as in (b).

isolated from the bottom ground by a DC isolated pad that
is connected to ground through four SMD capacitors. When
introducing these bypass capacitors, the physical length of
resonator 1 needs to be decreased to compensate for their
loading effect. No further modifications are necessary on
resonator 2, thus enabling the utilization of the same bias
network for the inter-resonator coupling as in the case of
LNAF II. To validate the benefits of this integration scheme,
a static LNAF III prototype with 49% smaller area than
the one occupied by LNAF II was designed using the BPF
I OMN shown in Fig. 6(b) and (c). The targeted design
specifications for this case were set as follows f.., of 4 GHz,
gain > 10 dB, 6.25% < FBW < 7.50%, NF < 2 dB, and RL
> 10 dB. It is worth noting that the device was modified to
be biased with sonly one power supply. The DC operating
points were set as VCC = 1.78 V, VBB = 0.83 V, and IC =
5 mA, resulting in a static power consumption of Ppc =
8.9 mW. As in the previous designs, emitter degeneration
was also implemented for the LNA transistor and the conju-
gated output impedance for this configuration was selected as
Zomr = (40 - j50) Q. In this case the OMN was designed for
a second order Chebyshev transfer function with FBW of 5%
and 0.045 dB. The bias network is comprised of resonator 1,
C3, C4, Ry and Ry, while C1, C> and Cs are used as DC block
and bypass capacitors. The specific dimensions and value of
components used for this design are detailed in the caption of
Fig. 6.

To demonstrate scalability to higher gain, transfer function
selectivity and applicability of the method to cascade-based
LNA configurations, a two-stage LNAF IV (based on
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FIGURE 8. LNAF I. (a) Measured S-parameters for different fcepn tunable
states. (b) Measured S-parameters for various tunable BW states.

(c) Measured intrinsic-off states. OFF I: transistor bias removed and
OFF II: transistor bias removed and the TZs are configured one above
another at fcep.
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FIGURE 9. LNAEF II. (a) Manufactured prototype. (b) Measured (blue and
red plots) and EM-simulated (black plots) S-parameter response of
tunable fcen for alternative Cy; biasing states: fcen = 3.61 GHz (blue),
fcen = 3.82 GHz (red). (c) Measured intrinsic-off states: OFF I: TZ tuned
above fcen while the transistor is on and OFF II: TZ tuned above fcen
while the transistor is off. (d) Measured and EM-simulated NF for fcep =
3.82 GHz in (b).

two LNAF III stages) was performed without significant
degradation of NF. Thanks to the higher integration of this
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FIGURE 10. (a) Manufactured prototype of LNAF IIl. (b) Manufactured
prototype of LNAF IV. Measured S-parameters for the: (c) LNAF IlI, and
(d) LNAF IV. Measured noise figure for the: (e) LNAF IlI, and (f) LNAF IV.

approach, it exhibits significantly higher gain of 20 dB when
compared to LNAF II while having similar NF < 2 dB and a
15% smaller size.

IV. EXPERIMENTAL VALIDATION

To validate the LNAF concept, four prototypes (LNAF
I-IV) using BPF I and BPF II-based OMNs were imple-
mented using a hybrid PCB-based integration approach.
Specifically, LNAF I and II were manufactured on a low-loss
RT Duroid 5880 substrate (dielectric permittivity &,: 2.2,
board thickness: 1.57 mm, and loss tangent: 0.0009) to reduce
the overall losses and NF. LNAF III and LNAF IV were
implemented on a higher permittivity substrate RO4003C
(dielectric permittivity &,: 3.55, board thickness: 0.82 mm,
and loss tangent: 0.0027) for size compactness. All the pro-
totypes were fabricated in-house, and were characterized in
terms of S-parameters, gain, NF, and OIP3 by means of a
Keysight PNA-X N5244A network analyzer.
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TABLE 1. Comparison with state-of-the-art reconfigurable LNAs.

Technology Filt;f:r-l*-ctsizv;tch Type of Tuning ( ('/;Cﬁ’z) 2;]1:)1 (EI]};) (;[{;,) F(]?%I\)V (Si?;

LNAF I PCB YES Continuous 2.65-3.25" 16.5 0.86 105 ;i:zg; 0.480
LNAF II PCB YES Continuous 3.61/3.82" 10.2-12.6 0.97 11.9 6.30 0.390
LNAF III PCB NO Continuous 3.99 14.3 <1.10 8.9 6.48 0.170
LNAF IV PCB NO Continuous 3.98 22.8 <1.10 17.8 7.29 0.330
[34] PCB YES Continuous 3.76 17.0 1.66 12.2 3.72-17.02  2.460
[16] PCB NO Continuous 2.80-4.00" 16.7-14.2 3.40-4.60 90.0 1.80 0.830
[49] PCB NO Continuous 2.00-2.50/5.00" 1.6-8/5.4 1.50/2.00 28.0 NA. 0.330
[47] PCB NO Continuous iégjégﬁ 39.2-_1&.29/ %'2%155'%%/ 413 N.A. 0.730
[48]  |0.13 um CMOS NO Continuous 1.80-2.40" 20.6-22.1 3.20-3.50 9.6 NA. 0052
(131 10.13 um CMOS NO Discrete 1.90-2.40" 14.0-10.0 3.20-3.70 17.0 N.A. 0.083"
[11] 55 nm CMOS NO Discrete 27.50/39.50" 23.5/22.9 330/425 19.8/23.6 0.27/021  0.150%
[12] 45 nm SOI NO Discrete 24.00/28.00/ 39.00" 9.5/12.0/15.5 4.50/4.50/5.50  20.7 NA. 0.690°
oy |01 gﬁ“Enl\f]?AS NO Discrete 39.00/ 48.00" 243/18.8 3.90/480  647/614 NA. 3.040"
[14] 0.1 um GaAs NO Continuous 26.50-41.00 25.0-27.7 2.40-2.80 74.0 NA 1.600"

/g: guided wavelength, “discrete tuning, “analog tuning, fin mm? (LNAs in IC process), PCB: printed circuit board. Sw.: switch function, Filt.: filter function

A. LNAF I

Fig. 7(a) shows the manufactured prototype of LNAF I and its
RF measured performance is summarized in Fig. 7(b) and (c).
Based on the approach introduced in [34], the OMN of the
LNAF 1 is implemented by coupled-line and stub-loaded
resonators, in such a way that the DC blocking functionality is
integrated within the BPF. Its RF measured characteristics can
be summarized as follows: gain = 16.5 dB, NF = 0.86 dB,
3-dB FBW = 14%, RL > 10 dB, and OIP3 = 10.87 dBm.
A comparison with the EM simulated performance is shown
in the same figure, successfully validating the proposed con-
cept. The tunable measured characteristics of LNAF I are
provided in Fig. 8. Specifically, Fig. 8(a) demonstrates a
continuously tunable passband between 2.65 to 3.25 GHz.
The continuously tunable FBW capabilities of LNAF I are
demonstrated in Fig. 8(b), where its FBW is continiously
tuned between 11.9-31.6%. The intrinsic switch-off operation
is provided in Fig. 8(c) by: 1) turning off the transistor bias
leading to an isolation higher than 24.7 dB and ii) by turning
off the transistor and by tuning the TZs on top of the passband
which further enhances the isolation to 39 dB.

B. LNAF 11

The manufactured prototype of LNAF II is shown in Fig. 9(a)
and its RF measured reconfigurable states are presented in
Fig. 9(b) and (c). Specifically, f.., is reconfigured between
two adjacent bands centered at 3.61 GHz and 3.82 GHz, while
maintaining an FBW of 6.3%. The measured RF characteris-
tics for the passband centered at 3.82 GHz can be summarized
as follows: gain=12.6 dB, NF=0.97 dB, 3-dB FBW= 6.3%,
RL > 10 dB, and OIP3= 11.15 dBm. A comparison with

VOLUME 13, 2025

its corresponding EM co-simulated state is also shown in
Fig. 9(b), demonstrating a fairly good agreement with the
experimental results. Its transfer function can be additionally
intrinsically switched-off by: i) tuning the mixed coupling
(m12 = 0) such that the TZ suppresses the passband with
an isolation of 12.96 dB at 3.71 GHz, and ii) by turning off
the transistor bias and tuning the TZ to the design frequency
leading to improved isolation of 37.07 dB.

C. LNAF Il

A LNAF III sample was fabricated and characterized to val-
idate the OMN integration approach proposed in Section III.
The manufactured device is exhibited in Fig. 10(a), where the
inclusion of the four bottom layer capacitors C5 is displayed
in the figure inset. Measured results in Fig. 10(c) and (e)
for a LNAF III plotted sample centered at 3.99 GHz show:
gain=14.3 dB, NF < 1.1 dB, 3-dB FBW = 6.48%, RL >
10 dB, and OIP3 = 13.2 dBm. The overall area is 0.17 Agz
versus the 0.39 Ag? observed in LNAF II. Comparisons with
EM simulations exhibit a good agreement with S-parameters
and NF, demonstrating the fulfilment of the design specifica-
tions expected for this compact prototype.

D. LNAF IV

To validate the scalability of the LNAF concept and its poten-
tial for cascaded LNA approaches with higher gain and higher
transfer function selectivity, LNAF IV was manufactured and
measured. Its prototype is illustrated in Fig. 10(b) and its
RF-measured and simulated S-parameters and NF are plot-
ted in Fig. 10(d) and (f), demonstrating the following RF
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measured performance characteristics: gain =22.8 dB, 3-dB
FBW=7.29 %, RL > 10 dB, and NF < 1.1 dB.

To demonstrate the potential of the proposed recon-
figurable LNAF approach, Table 1 compares LNAF I-IV
with state-of-the-art (SOA) reconfigurable LNAs in PCB
and MMIC technologies. As evidenced, the proposed
approach uniquely demonstrates the potential to realize a
highly-reconfigurable LNA with: i) reconfigurable filtering
and high switching-off capability: ii) fully-tunable f., and
BW; iii) enhanced out-of-band response; and iv) low power
consumption. The characterized prototypes demonstrate a
minimum gain of 10.2 dB, 14.3 dB, 16.5 dB, and 22.5 dB for
LNAFI-1V, respectively, showing a performance compliant to
SOA single- [10], [12], [16], [34], [47] and multi-stage [10],
[11], [48] LNAs. In contrast to [34] which presented larger
size, higher NF and limited reconfigurability, LNAF I and
IT demonstrate reconfigurable filtering loads capable of fre-
quency dependent matching which resulted in an increased
degree of tunability, lower NF and reduced footprint. Thus,
enabling multi-standard operation of modern communica-
tion receivers. The proposed configurations LNAF I-IV also
exhibit compact size comparable to the smallest PCB designs
reported in the literature [42] operating at the L- and S-band.
It should be mentioned that besides its tune-all capability
and unlike the designs in Table 1, LNAF I can maintain a
constant gain of 16.5 dB across the entire tuning range. The
implementation of the co-integrated methodology in LNAF
IIT and LNAF IV demonstrates a significant footprint minia-
turization of 49% and 15% when compared to LNAF II with
a small NF degradation. The obtained NF is quite low and
comparable to the best cases among reconfigurable LNAs
implemented using PCB technologies [34], [47], [49], and
among the lowest power consumption devices [11], [12],
[34], [48].

V. CONCLUSION

New classes of compact reconfigurable and multifunctional
LNAFs with enhanced NF and capable of re-adapting their
operation to sub-6 GHz New Radio (NR) S-band applications
were reported. They are based on complex-matched bandpass
filter BPF-type OMNSs that facilitate quasi-elliptic transfer
functions that can be tuned in terms of BW, f..,,, and can be
additionally intrinsically switched-off. For practical valida-
tion purposes four alternative microstrip prototypes, namely
LNAF I-IV, were manufactured and tested. They exhibit
the following features: i) LNAF I: passband mode with f.,,
tuning: 2.64-3.25 GHz, fractional bandwidth (FBW) tuning:
11.9-31.6% (2.65:1), gain: 16.5 dB, NF < 0.86 dB, third order
output intercept point (OIP3): 10.87 dBm and an intrinsi-
cally switched-off mode with isolation > 39 dB; ii) LNAF
II: passband mode with f.., tuning: 3.61-3.82 GHz, gain:
10.2-12.6 dB, NF < 0.95 dB, OIP3 > 11.15 dB and an
intrinsically switched-off mode with isolation >37.07 dB;
iii) LNAF III: passband mode with f..,: 3.99 GHz, gain:
14.3 dB, NF < 1.1 dB, OIP3 > 13.2 dB, and footprint
reduction of 49% with respect to LNAF II. A 2-stage LNAF

51726

IIT prototype, named LNAF IV, is implemented to achieve
a higher gain of 22.6 dB and NF < 1.1 dB at 3.98 GHz
with 15% less area than LNAF II. Finally, the microstrip
implementation of the proposed approaches enables the uti-
lization of such devices not only on PCB, but also in advanced
integration technologies such as low temperature cofired
ceramics (LTCC), or monolithic microwave integrated cir-
cuits (MMICs), suitable for diverse 6G communication
applications.
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