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Abstract: High-Q filters are a critical component in many systems. However, high-Q filters require
very low-loss passive elements that are not compatible with monolithic technology. Therefore, filters
are often implemented as off-chip components. Tunable high-Q filters require even larger space and
weight, and are usually quite bulky. Active filters have been proposed in the past for a monolithic
implementation. However, it is not easy to fulfil such requirements as a high dynamic range, low
power consumption, low noise, wide tunability, stability, etc. With this study, we propose a survey of
the main solutions presented in the literature, investigating the fulfilment of all or most requirements
and their potential applications and feasibility, to be used in practical applications.

Keywords: active filters; filters architecture; integrated filters; MMIC; tunable filters

1. Introduction

Microwave active filters were first proposed fifty years ago, and since then a plurality
of approaches have been tried. However, no such device has reached a level of maturity
such that a commercial product could be released.

In the following, a review of the main approaches and results available in the literature
so far will be presented. A special emphasis will be given to tunable solutions and to
proving high-frequency monolithic implementations. As a general remark, results are
almost always only promising, but unsatisfactory from the point of view of practical
specifications. In almost no case has a suitable effort been devoted to the goal of developing
an actual product.

There are three main approaches to the design of microwave active filters: the first
is based on the use of components with a negative resistive part, the second is based on
the combination of amplifiers and passive filters, while the third is based on the use of
switches and capacitors. Components with a negative resistive part (for instance, active
inductors) may internally include an amplifier within a feedback loop or may be based
on a potentially unstable active device (therefore, on internal feedback). Filters based on
the combination of amplifiers and passive networks belong to two main groups: cascaded
filters and recursive filters. We will review these different categories separately.

2. Filters Based on the Combination of Amplifiers and Passive Structures
2.1. Cascaded Filters

The basic structure consists of passive filtering structures separated by amplifiers
(Figure 1). If the amplifiers are ideal, then the single filtering sections are decoupled and
the filtering action is most effective, especially out-of-band. In practice, the amplifiers are
matched at 50 Ω, but still provide isolation between the stages.

This approach has no inherent high-frequency or bandwidth limitations. It also has
the advantage of a limited noise figure, because the gain of the amplifying stages reduces
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the noise contribution of the following sections. Therefore, the filter usually has a positive
overall gain. As a drawback, the filter relies only on the passive sections for frequency
tuning, typically by means of varactors.
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A similar filter has been published by the same group in [2] in 1990, with similar 
topology and results, but with a single chip. The noise figure is relatively low, at approx-
imately 4 dB. The measured S-parameters and the noise figure are shown in Figure 4. 
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Figure 1. Ideal cascaded filter topology.

Only a few examples have been published, and only two tunable ones. A first example
of a fixed-frequency wideband filter from 1982 is shown in Figure 2 (left) [1], where the
topology of the individual cells is reported. The full filter is composed of two GaAs chips,
each with three passive filtering structures and two feedback amplifiers. The chips are then
assembled in a carrier (Figure 2 right). The passband is 5–8 GHz, with a 10 dB gain and
better than 10 dB input match (Figure 3). No information is given on the output match,
noise figure and compression.
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A similar filter has been published by the same group in [2] in 1990, with similar topol-
ogy and results, but with a single chip. The noise figure is relatively low, at approximately
4 dB. The measured S-parameters and the noise figure are shown in Figure 4.
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A second, narrowband example centered at 1.5 GHz has been published in [3]. The
schematic is shown in Figure 5, and is based on actively-coupled resonators. The GaAs
chip and the measured transfer function are shown in Figure 6. No information is given on
the return loss, noise figure or compression.

Electronics 2021, 10, x FOR PEER REVIEW 3 of 46 
 

 

 
 

(a) (b) 

Figure 4. The S-parameters (a) and the noise figure (b) of the filter from [2]. Reproduced with permission from [2]. 

A second, narrowband example centered at 1.5 GHz has been published in [3]. The 
schematic is shown in Figure 5, and is based on actively-coupled resonators. The GaAs 
chip and the measured transfer function are shown in Figure 6. No information is given 
on the return loss, noise figure or compression. 

 
Figure 5. The schematic of the filter from [3]. Reproduced with permission from [3]. 

 

 
(a) (b) 

Figure 6. The chip photograph (a) and the measured transfer function (b) of the filter from [3]. Reproduced with permis-
sion from [3]. 

These examples date back to the early 90s, and are implemented in GaAs MESFET 
technologies. Their frequency is relatively low. The third example of fixed-frequency im-
plementation has been published in 2010 [4] and shows an implementation with BiCMOS 
technology with 26 GHz center frequency, with comparable results. The passive filtering 

 

Figure 5. The schematic of the filter from [3]. Reproduced with permission from [3].

Electronics 2021, 10, x FOR PEER REVIEW 3 of 46 
 

 

 
 

(a) (b) 

Figure 4. The S-parameters (a) and the noise figure (b) of the filter from [2]. Reproduced with permission from [2]. 

A second, narrowband example centered at 1.5 GHz has been published in [3]. The 
schematic is shown in Figure 5, and is based on actively-coupled resonators. The GaAs 
chip and the measured transfer function are shown in Figure 6. No information is given 
on the return loss, noise figure or compression. 

 
Figure 5. The schematic of the filter from [3]. Reproduced with permission from [3]. 

 

 
(a) (b) 

Figure 6. The chip photograph (a) and the measured transfer function (b) of the filter from [3]. Reproduced with permis-
sion from [3]. 

These examples date back to the early 90s, and are implemented in GaAs MESFET 
technologies. Their frequency is relatively low. The third example of fixed-frequency im-
plementation has been published in 2010 [4] and shows an implementation with BiCMOS 
technology with 26 GHz center frequency, with comparable results. The passive filtering 

 

Figure 6. The chip photograph (a) and the measured transfer function (b) of the filter from [3]. Reproduced with permission
from [3].



Electronics 2021, 10, 1680 4 of 46

These examples date back to the early 90s, and are implemented in GaAs MESFET
technologies. Their frequency is relatively low. The third example of fixed-frequency
implementation has been published in 2010 [4] and shows an implementation with BiCMOS
technology with 26 GHz center frequency, with comparable results. The passive filtering
sections and the gain blocks are implemented on separate chips (Figure 7) and cascaded
in the final assembly, including eight gain blocks and three passive filtering sections. The
schematics of the active and passive sections are shown in Figure 8.
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Figure 8. The schematic of the passive filtering section (a) and of the active gain block (b) from [4]. Reproduced with
permission from [4].

The simulated and measured S-parameters of both the passive and the gain blocks are
shown in Figure 9, and the measured transfer function of the complete cascaded filter is
shown in Figure 10a, showing a 25–27 GHz band with excellent selectivity. The simulated
and measured two-tone compression and intermodulation curves for the gain block are
shown in Figure 10b (with no information on the complete filter), and the simulated noise
figure is 5.4 dB.
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Overall, the cascaded approach for fixed-frequency filters shows good performances
for both narrowband and wideband filters, with very good selectivity, a reasonable noise
figure and presumably a good compression point. Their advantage over passive filters
essentially lies in better selectivity.

More interesting are the examples of tunable filters with the same approach. In
fact, only two of them have been published, to the best of our knowledge, and only one
in monolithic form. The first one [5] is dated to 2010, and is based on the UMS PH25
technology. Both fixed-frequency and tunable versions of the filter have been realized, both
with three cascaded cells. The basic cell for the two versions are shown in Figure 11, and
their chip implementations are shown in Figure 12.
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The measured S-parameters of the fixed-frequency filter are shown in Figure 13. A
1.7 GHz bandwidth at 11.7 GHz with very good selectivity, a good input match, and a
degraded output match, is shown. An 18 dB gain is obtained, with a −14 dBm input-
referred compression point. The noise figure is approximately 5 dB. The flat band is
obtained by careful optimization of the bias voltages of the transistors of the individual
stages that tune the gain of the single blocks.

Electronics 2021, 10, x FOR PEER REVIEW 6 of 46 
 

 

  

(a) (b) 

Figure 11. The basic cell topology for the fixed-frequency (a) and for the tunable (b) filter from [5]. Reproduced with 

permission from [5]. 

  

(a) (b) 

Figure 12. The fixed-frequency (a) and tunable (b) filters from [5]. Reproduced with permission from [5]. 

The measured S-parameters of the fixed-frequency filter are shown in Figure 13. A 

1.7 GHz bandwidth at 11.7 GHz with very good selectivity, a good input match, and a 

degraded output match, is shown. An 18 dB gain is obtained, with a −14 dBm input-re-

ferred compression point. The noise figure is approximately 5 dB. The flat band is ob-

tained by careful optimization of the bias voltages of the transistors of the individual 

stages that tune the gain of the single blocks. 

  

(a) (b) 

Figure 13. The S-parameters of the fixed-frequency filter from [5]: S21 (a) and S11 and S22 (b). Re-

produced with permission from [5]. 

The measured S-parameters of the tunable filter are shown in Figure 14. The center 

frequency of the filter can be tuned from 10.6 GHz to 12.8 GHz, with a constant 10 dB gain 

and a reasonably flat band. The selectivity is again very good, with a slight bandwidth 

and ripple variation with tuning. The input match is better than 10 dB, while the output 

match is badly degraded. The noise figure is again approximately 5 dB, while the input-

referred compression point is degraded to −20 dBm due to the presence of the varactors. 

Figure 13. The S-parameters of the fixed-frequency filter from [5]: S21 (a) and S11 and S22 (b). Reproduced with permission
from [5].

The measured S-parameters of the tunable filter are shown in Figure 14. The center
frequency of the filter can be tuned from 10.6 GHz to 12.8 GHz, with a constant 10 dB gain
and a reasonably flat band. The selectivity is again very good, with a slight bandwidth and
ripple variation with tuning. The input match is better than 10 dB, while the output match
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is badly degraded. The noise figure is again approximately 5 dB, while the input-referred
compression point is degraded to −20 dBm due to the presence of the varactors. Again,
careful optimization of the bias voltages of the transistors of the individual stages was
performed.
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The second example of a tunable cascaded filter is presented in [6] in 2000. The filter
is designed at a low frequency (1–1.5 GHz) and in hybrid technology.

The topologies of the passive tunable filtering section and of the active gain block
are shown in Figure 15. The complete filter includes two passive sections and a central
active gain block. The complete layout and the simulated and measured transfer function
of the filter for the two extreme tuning frequencies are shown in Figure 16. The center
frequency of the lower tuning frequency is wrongly indicated as 1.602 GHz; it is probably
1.062 GHz. The tuning range is remarkable (515 MHz) with a very constant bandwidth,
and good selectivity. The losses vary by approximately 4 dB between the two extremes,
but we believe it could be compensated for by a suitable gain slope of the active gain block.
Unfortunately, no information is given on the noise and compression performances of the
filter, and also (as usual) on the output match.

Electronics 2021, 10, x FOR PEER REVIEW 7 of 46 
 

 

Again, careful optimization of the bias voltages of the transistors of the individual stages 

was performed. 

 

 
(a) (b) 

Figure 14. The S-parameters of the tunable filter from [5]: (a) S21 and (b) S11 and S22. Reproduced 

with permission from [5]. 

The second example of a tunable cascaded filter is presented in [6] in 2000. The filter 

is designed at a low frequency (1–1.5 GHz) and in hybrid technology. 

The topologies of the passive tunable filtering section and of the active gain block are 

shown in Figure 15. The complete filter includes two passive sections and a central active 

gain block. The complete layout and the simulated and measured transfer function of the 

filter for the two extreme tuning frequencies are shown in Figure 16. The center frequency 

of the lower tuning frequency is wrongly indicated as 1.602 GHz; it is probably 1.062 GHz. 

The tuning range is remarkable (515 MHz) with a very constant bandwidth, and good 

selectivity. The losses vary by approximately 4 dB between the two extremes, but we be-

lieve it could be compensated for by a suitable gain slope of the active gain block. Unfor-

tunately, no information is given on the noise and compression performances of the filter, 

and also (as usual) on the output match. 

  

(a) (b) 

Figure 15. The topology of the passive tunable filtering section (a) and of the active gain block (b) from [6]. Reproduced 

with permission from [6]. 
Figure 15. The topology of the passive tunable filtering section (a) and of the active gain block (b) from [6]. Reproduced
with permission from [6].



Electronics 2021, 10, 1680 8 of 46Electronics 2021, 10, x FOR PEER REVIEW 8 of 46 
 

 

 

 
(a) (b) 

Figure 16. The complete layout (a) and the simulated and measured transfer function for the two extreme tuning frequen-
cies (b) of the filter from [6]. Reproduced with permission from [6]. 

2.2. Recursive Filters 
The basic structure of recursive filters is based on an approach used for digital filters. 

A general flow chart is shown in Figure 17, where an indicates the n-feed-forward branch, 
bn indicates the n-feed-back branch, and τ is a delay parameter. Only some of the branches 
are present in practical microwave implementations. The delay is usually implemented 
by means of a transmission line and nodes are typically implemented with couplers. In 
active filters, some elements are active, providing the required loss compensation and se-
lectivity. 

 
Figure 17. General recursive filter topology [7]. Reproduced with permission from [7]. 

A fixed-frequency recursive filter has been presented in [8] in 1996. A two-cell topol-
ogy and a four-cell filter obtained by cascading four single-cell chips are shown in Figure 
18. The measured S-parameters are shown in Figure 19, with a 4 dB gain and good input 
and output match, but poor passband flatness and selectivity. The noise figure is 10 dB 
and the compression point is 0 dBm. 

Figure 16. The complete layout (a) and the simulated and measured transfer function for the two extreme tuning frequencies
(b) of the filter from [6]. Reproduced with permission from [6].

2.2. Recursive Filters

The basic structure of recursive filters is based on an approach used for digital filters.
A general flow chart is shown in Figure 17, where an indicates the n-feed-forward branch,
bn indicates the n-feed-back branch, and τ is a delay parameter. Only some of the branches
are present in practical microwave implementations. The delay is usually implemented by
means of a transmission line and nodes are typically implemented with couplers. In active
filters, some elements are active, providing the required loss compensation and selectivity.
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A fixed-frequency recursive filter has been presented in [8] in 1996. A two-cell topology
and a four-cell filter obtained by cascading four single-cell chips are shown in Figure 18.
The measured S-parameters are shown in Figure 19, with a 4 dB gain and good input and
output match, but poor passband flatness and selectivity. The noise figure is 10 dB and the
compression point is 0 dBm.
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A sub-class of recursive filters are transversal filters. A general topology is shown
in Figure 20. Only fixed-frequency implementations have been published and therefore
only one example is presented here [9] from 1989, with an implementation in GaAs MMIC
technology. The structure of the filter is also shown in Figure 20, together with its schematic.
A picture of the fabricated chip is shown in Figure 21, together with its measured S-
parameters. The filter has a 2 dB loss at 10.5 GHz with 1 dB ripple, good selectivity, and a
reasonably good match. No information is given on the noise figure and compression. No
hint is given on potential tunability either.
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Figure 21. The chip photograph (a) and the measured S-parameters (b) of the transversal filter from [9]. Reproduced with
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An example of a tunable GaAs MMIC recursive filter is presented in [10], in 1990. The
flow chart is shown in Figure 22a, and the principle of operations is shown in Figure 22b.
T1(S) and T2(s) are the total transfer functions of LPF1 and LPF2, respectively, while a1, a2,
b1, and b2 are their coefficients, as obtained in [10]. The schematic of the designed chip is
shown in Figure 23a, and the photograph of the chip is shown in Figure 23b. The complete
filter is composed of two identical cascaded chips.
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The center frequency and the Q-factor of the filter can be independently controlled, as
can be seen in Figure 24, by means of a varactor and a varistor, respectively. The transfer
function of the complete filter for three different tuning states (a,b,c) is shown in Figure 25:
the filter has good tunability (more than 100 MHz), it shows good selectivity (a quality
factor between 20 and 200) and in-band flatness (flatness within 0.7 dB), it has a high gain,
and also a high gain variation with the tuning. Nothing is said about matching, noise,
or compression.
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Figure 25. The transfer function of the filter for three different tuning states (a,b,c), from [10].
Reproduced with permission from [10].

An example of implementation as GaAs MMIC from 2002 is presented in [11]. The
general structure is shown in Figure 26a, where the four filters are internally recursive, and
the chip photograph is shown in Figure 26b. The measured transfer function of the filter
for eight tuning states is shown in Figure 27. Tuning in the 7.9–9.7 GHz is obtained, with
a high gain (≥10 dB) but large gain variation (approximately 5 dB), poor selectivity, and
an input and output match better than 10 dB. The measured noise is 6 dB, with an IIP3 of
0 dBm for all tuning states. As can be seen, results are not very encouraging in term of the
insertion loss variation and shape factor.
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Another example of a tunable recursive filter is presented in [12] in 1992, but in a
hybrid implementation. The structure of the single section and a picture of the three-section
complete filter are shown in Figure 28. The resonant frequency of the half-wavelength
resonator is tuned by the varactor, while the active loop, coupled through two quarter-
wavelength couplers and including an amplifier, an attenuator, and a phase shifter, in-
creases the Q-factor of the resonator.
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The measured transfer function and noise figure are shown in Figure 29. The filter
has zero attenuation, very good selectivity (approximately 20 dB at 50 MHz from the
central frequency), a better than 20 dB input and output match, and is tunable in the
range 3.6–3.8 GHz. The noise figure shown in Figure 29 refers to the filter tuned at 3.69
GHz center frequency and is approximately 15 dB within the passband. The compression
point is −4 dBm (Figure 30a). The temperature dependence (Figure 30b) indicates that an
external variable element is required for practical applications.
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However, it must be remarked that it is difficult to make an MMIC implementation
of this filter because of the large dimensions (Figure 28a) and high losses of the lines on
a chip.

A final example of a tunable recursive single-cell filter in GaAs MMIC technology is
presented in [13] in 1995. The topology of the cell is shown in Figure 31, together with its
electrical schematic. The chip layout is shown in Figure 32, together with the measured
transfer function. The tunability is limited and the gain variation is large. The results are
not very promising considering the results shown in Figure 32b.
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cent work has been done with this approach, and no work at high frequencies. 
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Overall, the performances of the published recursive filters are not very encouraging.
A limited tunability, excessive gain variations, or limited selectivity are present in all of the
published implementations, dating back to more than 20 years ago. No successful recent
work has been done with this approach, and no work at high frequencies.

3. Filters Based on the Use of Components with Negative Resistive Part
3.1. Cascaded Filters

The basic structure of a negative-resistance filter consists of passive filters, fixed-
frequency or tunable, distributed or lumped, with an added negative-resistance component
for loss compensation. The value of the negative resistance can be fixed or tunable, for
Q-factor adjustment or tuning. The imaginary part of the negative-resistance component, if
present, is included in the passive filter as a parasitic reactance. The negative-resistance
component is a transistor, FET or BJT, which is potentially unstable in the band of interest
(and only there), with two terminals loaded in such a way as to make it unstable (if not
already so), and the third one is used as the access port with negative resistance.

Implementations have been presented both in hybrid and in monolithic form, both
fixed-frequency and tunable. Typical solutions are presented for all available approaches.
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Results based only on simulations are not included, given the critical role of fabrication
and stability issues. Most examples are more than 20 years old, with only the BiCMOS and
CMOS implementations being more recent. For older implementations, little information
is available, and, in particular, noise and power handling are usually not reported.

The first example, from 1993, demonstrates a hybrid filter approach with distributed
passive filtering structures and a negative resistance [14]. The negative-resistance com-
ponent is implemented as an MMIC, to be inserted in the hybrid layout. Its schematic is
shown in Figure 33, together with the chip photograph and measured resistance. The same
architecture has then also been reproposed in [15].
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Figure 33. Schematic (upper a), chip picture (lower a) and measured resistance (b) of the negative-resistance component 
from [14]. Reproduced with permission from [14]. 

Two filters are realized with this technique. The first one is an end-coupled resonator 
filter, with added negative resistances for the compensation of the resonator losses. The 
layout is shown in Figure 34 together with its transmission response. The filter has a 2 dB 
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MHz from the central frequency). 

 

 
(a) (b) 
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Figure 33. Schematic (upper a), chip picture (lower a) and measured resistance (b) of the negative-resistance component
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Two filters are realized with this technique. The first one is an end-coupled resonator
filter, with added negative resistances for the compensation of the resonator losses. The
layout is shown in Figure 34 together with its transmission response. The filter has a 2 dB
insertion loss, with a ± 0.6 dB ripple and excellent selectivity (approximately 13 dB at 10
MHz from the central frequency).
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The second filter is a dual-mode ring resonator filter. The layout is shown in Figure 35
together with the measured S-parameters. The filter has a 1 dB gain with a good match
(10 dB) and selectivity (approximately 11 dB at 10 MHz from the central frequency). The
two-tone response is shown in Figure 36, indicating a two-tone compression point of
−8 dBm.
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A second example, from 1997, is a hybrid distributed filter at 3.9 GHz with discrete
transistors acting as negative-resistance elements [16]. The simplified schematic is shown in
Figure 37 together with the layout. In Figure 38, the measured and simulated S-parameters
are presented. The filter has zero losses, a good match (−15 dB at the input and −10 dB
at the output), and excellent selectivity (35 dB isolation at 140 MHz offsets) and passband
flatness (<0.2 dB). No information on the noise figure or gain compression is available.
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A fixed-frequency example from 1995 in MMIC technology has been published in [17].
The negative-resistance component is a FET with a capacitive series feedback, shown in
Figure 39, compensating for the losses of a tunable LC shunt resonator. A separate chip
with the resonator has been fabricated and measured, and is also shown in Figure 39.
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Figure 40. Simplified schematic (a) and chip photograph (b) of the bandpass filter from [17]. Reproduced with permission 
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Figure 39. Simplified schematic (upper left), chip photograph (lower left), and reflection coefficient (right) of the negative-
resistance resonator from [17]. Reproduced with permission from [17].

A two-resonator filter has been designed at 4.7 GHz. The layout is shown in Figure 40
together with the chip photograph. The measured S-parameters are shown in Figure 41.
The filter has zero losses and excellent passband flatness. The tuning capabilities of the
resonator have been used to compensate for the fabrication tolerances and to optimize the
fixed-frequency performances. No information on the noise figure or compression point
is available.
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44. The filter has a flat passband with zero losses, and a good selectivity (−10 dB at 1.5 

GHz of frequency offset) and match (<10 dB). The compression point is −8 dBm and the 

noise figure is approximately 14 dB. 

Figure 41. S-parameters of the bandpass filter from [17]: (a) S12, (b) S22. Reproduced with permission
from [17].

A more recent fixed-frequency filter from 2008, in 0.18 µm CMOS technology, has been
presented in [18]. A Q-enhanced half-wavelength resonator includes a complementary
cross-coupled transistor pair in a positive feedback configuration, generating a negative
resistance. The simplified schematic with its equivalent circuit and the enhanced Q-factor
are shown in Figure 42.
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Figure 42. Simplified schematic (a) and enhanced Q-factor (b) of the active resonator from [18]. Reproduced with permission
from [18].

A two-resonator filter centered at 22.6 GHz is shown in Figure 43. The simulated
and measured S-parameters, the compression point, and the noise figure are shown in
Figure 44. The filter has a flat passband with zero losses, and a good selectivity (−10 dB at
1.5 GHz of frequency offset) and match (<10 dB). The compression point is −8 dBm and
the noise figure is approximately 14 dB.
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Another relatively recent fixed-frequency filter at 65 GHz in MMIC technology has
been presented in [19] in 2004. The filter is based on a half-wavelength resonator coupled
to a negative-resistance component, for loss compensation. The structure of the resonator
and the schematic of the negative-resistance component, based on a GaAs HEMT, are
shown in Figure 45. The negative resistance and the reactance of the negative-resistance
component are shown in Figure 46a for different gate voltages of the HEMT. It is apparent
that the negative resistance can be tuned by the gate bias voltage, and so the Q-factor of
the resonator, while the reactance stays constant, does not affect the resonant frequency.



Electronics 2021, 10, 1680 22 of 46
Electronics 2021, 10, x FOR PEER REVIEW 22 of 46 
 

 

 

 

(a) (b) 

Figure 45. The structure of the half-wavelength resonator (a) and the schematic of the negative-resistance component (b) 

from [19]. Reproduced with permission from [19]. 

 
 

(a) (b) 

Figure 46. The resistive and reactive part of the negative-resistance component (a), the structure of the filter ((b)—upper), 

and a chip photograph ((b)—lower) from [19]. Reproduced with permission from [19]. 

The structure of the complete filter together with a photograph of one of the chips 

are shown in Figure 47b. Two filters have been designed, with different bandwidths: 2% 

for the transmitter module, and 4% for the receiver module. The measured S-parameters 

for the two versions are shown in Figure 47. 

Figure 45. The structure of the half-wavelength resonator (a) and the schematic of the negative-resistance component
(b) from [19]. Reproduced with permission from [19].

Electronics 2021, 10, x FOR PEER REVIEW 22 of 46 
 

 

 

 

(a) (b) 

Figure 45. The structure of the half-wavelength resonator (a) and the schematic of the negative-resistance component (b) 

from [19]. Reproduced with permission from [19]. 

 
 

(a) (b) 

Figure 46. The resistive and reactive part of the negative-resistance component (a), the structure of the filter ((b)—upper), 

and a chip photograph ((b)—lower) from [19]. Reproduced with permission from [19]. 

The structure of the complete filter together with a photograph of one of the chips 

are shown in Figure 47b. Two filters have been designed, with different bandwidths: 2% 

for the transmitter module, and 4% for the receiver module. The measured S-parameters 

for the two versions are shown in Figure 47. 

Figure 46. The resistive and reactive part of the negative-resistance component (a), the structure of the filter ((b)—upper),
and a chip photograph ((b)—lower) from [19]. Reproduced with permission from [19].

The structure of the complete filter together with a photograph of one of the chips are
shown in Figure 47b. Two filters have been designed, with different bandwidths: 2% for
the transmitter module, and 4% for the receiver module. The measured S-parameters for
the two versions are shown in Figure 47.



Electronics 2021, 10, 1680 23 of 46Electronics 2021, 10, x FOR PEER REVIEW 23 of 46 
 

 

  
(a) (b) 

Figure 47. The S-parameters of the narrowband (a) and of the wideband (b) filters with the transis-

tors in the off-state and in the on-state, from [19]. Reproduced with permission from [19]. 

The compression curve of the narrowband filter for the transmitter module is shown 

in Figure 48a, showing a 5 dBm compression point. The noise figure for the wideband 

filter for the receiver module is also shown in Figure 48b: a value above 11 dB was ob-

tained. The effect of the temperature was also measured before and after compensation, 

my means of automatic gate bias voltage adjustment (Figure 49). 
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Figure 47. The S-parameters of the narrowband (a) and of the wideband (b) filters with the transistors in the off-state and in
the on-state, from [19]. Reproduced with permission from [19].

The compression curve of the narrowband filter for the transmitter module is shown
in Figure 48a, showing a 5 dBm compression point. The noise figure for the wideband filter
for the receiver module is also shown in Figure 48b: a value above 11 dB was obtained.
The effect of the temperature was also measured before and after compensation, my means
of automatic gate bias voltage adjustment (Figure 49).
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Thus far for fixed-frequency implementations, similar conclusions to the cascaded
filters can be drawn. Selectivity is the main asset of this type of filter, with potentially good
power handling and a manageable noise figure if preceded by a low-noise amplifier.

There are only a few examples of tunable negative-resistance filters in the literature:
we will review them all.

The first one is a hybrid filter dating back to 1990 [20], and is based on a varactor-
tuned active tank circuit at 10 GHz (Figure 50a). A complete filter includes more than
one resonating tank (Figure 50b). The negative resistance is implemented via a potentially
unstable transistor; its resistive and reactive parts are shown in Figure 51a. The reactive
part is almost zero at the center frequency of the filter (10 GHz). The S-parameters of the
filter are shown in Figure 51b. The filter has good tunability (430 MHz) and selectivity, and
a reasonably good match (<−5 dB) and passband flatness (<1 dB). However, the return
loss is negative near the edges of the passband, thus creating potential instability. This is
a common feature of many active filters and is usually removed by careful design. The
compression point is approximately −15 dBm. No information is given on the noise figure.
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Figure 51. The calculated real and imaginary parts of the negative-resistance component (a) and the measured S-parame-
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selectivity are not constant with the tuning. The noise figure is 7 dB. The compression 
curves for single-tone and two-tone excitations are shown in Figure 53 for both the active 
filter and a passive filter with the same layout but with the active elements isolated in such 
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Figure 51. The calculated real and imaginary parts of the negative-resistance component (a) and the measured S-parameters
of the complete filter (b), from [20]. Reproduced with permission from [20].

The second example is again a hybrid filter at 1.8 GHz based on a varactor-tuned
combline network [21]. The layout and the measured S-parameters of the filter are shown
in Figure 52. The negative resistance is provided by a common-collector transistor with
a base network resonating at the center frequency of the filter, thus providing instability
only in the tuning band of the filter. The filter has very good tunability (1.4–2.2 GHz), a
flat passband, and a good match (<−15 dB) and selectivity, but both the bandwidth and
selectivity are not constant with the tuning. The noise figure is 7 dB. The compression
curves for single-tone and two-tone excitations are shown in Figure 53 for both the active
filter and a passive filter with the same layout but with the active elements isolated in such
a way that the contributions of the varactors and of the transistors are separated. The active
filter has the compression point at −1 dBm and a third-order intercept point at 12 dBm.
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Figure 53. The single-tone compression curve (a) and the two-tone compression curve (b) of the active and passive filters
from [21]. Reproduced with permission from [21].

The third example is a 20 GHz varactor-tuned MMIC filter presented in 2005 [22]. The
structure of the filter is shown in Figure 54a, where the radial stubs must be replaced with
varactors for the tunable version. The schematic of the negative resistance (Figure 54b) is
a common-gate transistor that presents an almost constant reactive part, and a negative
resistance in the band of interest. A photograph of the chip and the simulated and measured
S-parameters are shown in Figure 55. The selectivity and tunability (17.5–21.5 GHz) are very
good, but the passband flatness is poor (approximately 6 dB), and the gain variation with
tuning is very large (from −11 to few dB). The noise figure is 17.5 dB and the compression
point is −20 dBm.
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Figure 55. Chip photograph (a) and measured and simulated S-parameters (b) of the tunable filter from [22]. Reproduced
with permission from [22].

The last two examples have been presented by the same group in 2016 and 2017
within two versions of a dual-mode dual-conversion receiver [23,24]. The first version
is implemented in 0.18 µm CMOS technology, while the second one is implemented in
0.18 µm BiCMOS technology. The receiver is a complex system, including a tunable filter
with 10–20 MHz bandwidth at 5 GHz for channel selection. The filter follows a low-noise
amplifier for noise figure reduction.

The schematic of the CMOS filter is shown in Figure 56 together with the chip pho-
tograph of the complete receiver. The filter is a varactor-tuned shunt LC resonator, with
the transistor M6 providing the negative resistance. The voltage VT tunes the varactors,
and therefore the center frequency of the filter, while the voltage Vq1 tunes the tail current
of the transistor M6 and, consequently, the Q-factor of the filter. The effect of both tuning
voltages separately is shown in Figure 57a, where the center frequency and the Q-factor
are tuned separately. In Figure 57b, the combined tuning gives a relatively constant gain
and bandwidth across the frequency tuning range. The picture actually represents the
conversion gain of the complete receiver, therefore including not only the LNA upstream
but also the Gilbert-cell mixer with output buffer downstream. The total noise figure is 9
dB, and the compression point is −50 dBm. Figure 57b shows the performances of three
different chips, illustrating the dispersion due to fabrication tolerances.
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The schematic of the BiCMOS filter is shown in Figure 58 together with the chip
photograph of the complete receiver. The filter is a varactor-tuned shunt LC resonator, with
the cross-coupled transistor pair providing the negative resistance. The voltage VT tunes
the varactors and therefore the center frequency of the filter, while the voltage Vq tunes the
tail current of the transistors and consequently the Q-factor of the filter. Figure 59 shows
the conversion gain of the whole receiver for the two extreme channels.
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Overall, negative-resistance tunable filters are a promising approach in terms of the
tunability, passband flatness, selectivity, and compression point. The noise figure tends to
be high, especially in the monolithic implementations, where the negative resistance must
have a high value in order to compensate for the high losses of the passive elements. A
drawback is due to the fact that the tunability is obtained only through varactors.

3.2. Active Inductance Filters

Only a few filters based on active inductors have been published, and most of them
more than 15 years ago, with no consequences. The active inductor has a negative resistive
part that compensates for the losses of the passive elements, but also generates noise. The
potential tunability of the inductive part is its main advantage over pure negative-resistance
components. We will describe fixed-frequency filters first, and then tunable ones.

A fixed-frequency MMIC filter from 1993 has been published in [3], fabricated by the
GEC-Marconi (Caswell) F20 foundry process. The schematic and the chip photograph
of the active inductor are shown in Figure 60, and the reflection coefficient is plotted in
Figure 61a, indicating almost zero losses at the center frequency of the filter. The structure
of the complete three-cell filter is shown in Figure 61, and the measured and simulated
transfer function are shown in Figure 61b. The filter (Figure 62) has low losses, excellent
selectivity, and a reasonable passband flatness. Nothing is said about the noise figure or
compression point.
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Another fixed-frequency filter at 22 GHz based on active inductors has been published
in 2001 in [25], realized with the ED02AH process from the PML foundry. The schematic
of the resonant cell, including the shunt capacitor and the active inductor, is shown in
Figure 63, together with a photograph of the complete filter, which is composed of two
shunt resonant cells and an amplifier. The measured S-parameters show excellent selectivity,
a very good match, and an extremely low noise figure (Figure 64). No explanation is given
for the very low value and shape of the noise figure, and no information on the compression
point is available.
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Not many tunable filters based on active inductors have been presented. The first
example from 1994 in MMIC technology uses only varactors for tuning [26], and it was
realized from Ferdinand-Braun-Institut für Höchstfrequenztechnik Berlin. The simplified
schematic of both the active inductor with its equivalent circuit and of the complete filter
are shown in Figure 65. The equivalent negative resistance and inductance of the active
inductor are shown in Figure 66, together with the schematic of the tunable filter. The
measured S-parameters are shown in Figure 67. The filter has good tunability (200 MHz)
and selectivity, but a poor input match (−5 dB) and a high gain variation when tuned
(−5 dB). The compression point of a fixed-frequency version of the filter has a compression
point of −7 dBm; the compression of the tunable version has not been measured and
should be a few dB worse. No information is given on the noise figure.
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(b) from [26]. Reproduced with permission from [26].
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The second example at 15 GHz in MMIC technology, from 2005, uses the tuning of
both the resistive and reactive parts of the active inductor for the frequency and gain
tuning of the filter [27]. The structure of the filter is shown in Figure 68, together with
the simplified schematic of the active inductor. The passive section of the filter is a half-
wavelength resonator coupled to the input and output ports. The active inductor is added
in the middle point (at point A), for the tuning of the resonating frequency and of the losses
of the resonator. The reactive part of the active inductor is tuned by means of the series
varactor, while the resistive part is controlled by the transistor bias. The impedance of
the active inductor is shown in Figure 69, together with the measured S-parameters. The
filter is basically a single-cell structure and therefore the passband flatness is very poor.
However, the tunability, selectivity and gain uniformity across the tuning band are very
good. No information is given on the noise figure and compression point.
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permission from [27].
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Figure 69. The equivalent negative resistance and inductance of the active inductor (a) and the
measured S-parameters of the filter (b) from [27]. Reproduced with permission from [27].

A tunable filter at 2.3 GHz in 0.18 µm BiCMOS technology has been presented in 1997
in [28]. The filter is based on an active inductor with a gyrator structure and a three-cell
topology shown in Figure 70.
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Figure 70. The structure of the resonator with the active inductor (a) and of the filter (b) from [28]. Reproduced with
permission from [28].

The actual schematic of the active inductor is shown in Figure 71 together with a
photograph of the chip. The two bias voltages of the active inductor allow for the almost
independent tuning of the inductive and resistive parts, controlling the center frequency
of the filter and the Q-factor of the inductance, and therefore the gain of the filter. The
measured transfer function of the filter is shown in Figure 72. The tunability and gain
uniformity are very good, as well as selectivity. However, the passband is strongly distorted
at the extremes, mainly because the three cells share the same bias voltages, whereas
independent tuning would give much better results. The compression point is −20 dBm
and the noise figure is 35 dB, which is quite high.
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A 5.7 GHz tunable filter in 0.18 µm CMOS technology has been presented in [29] in
2004. The simplified and detailed schematics of the active inductor, based on the gyrator
approach, are shown in Figure 73. The non-inverting transconductance is implemented
with an unbalanced differential pair M1–M2, and the inverting transconductance with a
common-source amplifier M3. The complete schematic includes two tuning voltages for
the almost independent setting of the inductance value and of the negative resistance value,
and therefore of the center frequency and of the gain of the filter, respectively.

Electronics 2021, 10, x FOR PEER REVIEW 34 of 46 
 

 

  
(a) (b) 

Figure 73. The simplified (a) and detailed schematics (b) of the active inductor from [29]. Repro-

duced with permission from [29]. 

The structure of the complete filter is shown in Figure 74 together with the measured 

S-parameters at the central tuning frequency. The transconductance M1 at the input of the 

filter converts the input voltage into current, which is fed to the active inductor. The volt-

age drop across the inductor is transferred to the load by means of a buffer Mout. Selectivity 

of the filter is very good, and the tuning range is excellent (Figure 75). However, the noise 

figure is 35 dB and the compression point is −30 dBm, making the filter difficult to use in 

practical conditions. 

  
(a) (b) 

Figure 74. The structure of the complete filter (a) and the measured transfer function (b) of the complete filter from [29]. 

Reproduced with permission from [29]. 

  
(a) (b) 

Figure 75. Q-factor (a) and frequency (b) tuning of the filter from [29]. Reproduced with permission 

from [29]. 

Figure 73. The simplified (a) and detailed schematics (b) of the active inductor from [29]. Reproduced with permission
from [29].

The structure of the complete filter is shown in Figure 74 together with the measured
S-parameters at the central tuning frequency. The transconductance M1 at the input of the
filter converts the input voltage into current, which is fed to the active inductor. The voltage
drop across the inductor is transferred to the load by means of a buffer Mout. Selectivity of
the filter is very good, and the tuning range is excellent (Figure 75). However, the noise
figure is 35 dB and the compression point is −30 dBm, making the filter difficult to use in
practical conditions.
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Another filter in 0.18 µm CMOS technology at 2.4 GHz has been presented in [30] in
2018. The filter is based on a stepped-impedance ring resonator with four high-Q active
inductors. The active inductor has a gyrator structure (Figure 76). The schematic of the
ring is shown in Figure 77 together with the complete filter structure, which includes an
LNA at the input for noise figure reduction.
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The S-parameters of the filter are shown in Figure 78 for a fixed frequency, but with
bandwidth tuning through the control of the Q-factor of the inductor. The frequency tuning
of the filter is also shown in the same figure. The tuning range is very wide; selectivity and
matching are good, at least toward the low frequencies. The noise figure of the filter alone
is 24 dB, which drops to 8 dB when including the input LNA. The compression point of the
filter is −34 dBm, which becomes −54 dBm when including the LNA (Figure 79).
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In addition, some of the same authors have worked a lot in the last few years on the
definition of tunable active filters based on an active inductor [31–40]. Its main feature
is the simplicity of the topology, requiring only one transistor per cell, with a fixed bias.
The tunability is obtained by means of varactors. As a result, stability, tunability, and
dynamic range are greatly improved compared to other implementations. The areas of
potential improvement are the power consumption and noise, where performances will
never be as good as in passive implementations, but where some steps forward are still
desirable. Most examples so far have been realized with hybrid implementations [32,37].
However, integrated solutions have also been fabricated and demonstrate the feasibility of
the monolithic approach [31,34,35]. The basic topology of the conceived filter is shown in
Figure 80. A single cell is a shunt-resonating LC cell. The variable capacitor is implemented
with a varactor. The tunable inductor is an active inductor, as described below. The
coupling may be capacitive, inductive, or LC-series. A possible implementation of the
active inductor is shown in Figure 81. The input voltage is attenuated and delayed by the
phase-shifting network, then fed to the active device (either a FET or a transistor) in an
inverting configuration, which is typically a Common Emitter or Common Source. The
180◦ phase inversion turns the current from capacitive to inductive with respect to the
input voltage. Therefore, the network simulates an inductor. The tunability is obtained
with the presence of one or two varactors within the phase-shifting network. An alternative
implementation is shown in Figure 82. The main element of the inductor is an LC-series,
above resonance, that behaves as a variable inductance if the capacitance is a varactor. The
input voltage is sampled by a transistor whose current is fed back through a phase-shifting
network. The phase and amplitude of the current of the transistor is adjusted in such
a way that it compensates for the losses in the main inductive branch. This alternative
implementation ensures a lower power consumption, and is currently preferred.
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Among different solutions [31–40], it is important to cite the one analyzed in [31,34].
A monolithic two-cell filter has been designed and fabricated at 2 GHz with p-HEMT
technology from HSRI. Since the varactors are under development and not yet available in
this technology, three separate filters with fixed capacitances have been fabricated, centered
at three different frequencies. The tuning capacitors have values compatible with the
varactors under development, and will be implemented as such, as soon as the technology
is available.

The filters have a bandwidth of 30 MHz and can potentially be tuned between 1.8 GHz
and 2.1 GHz. The measured S-parameters of the three filters are shown in Figure 83. The
dynamic range is approximately 75 dB with a 1 dB compression at −7 dBm. The chip has
a 3 mm × 1.5 mm area and a power consumption of 120 mW at 4 V supply voltage. The
layout of the chip is shown in Figure 84.
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Overall, the GaAs versions of the filters based on active inductors show good tunability
and very good selectivity, but require accurate tuning. The SiGe and CMOS versions have
excellent tunability, but a very high noise and a very low compression point, perhaps
because of the low-power approach of the published filters.
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3.3. Active Negative Capacitance Filters

A further solution among the negative resistance solutions consists in the use of a
resonator realized with a conventional inductance and an active negative capacitor realized,
for instance, with a FET transistor that exhibits negative capacitance and resistance. In
this way, the active device is able to compensate for the loss introduced by the passive
inductor. For the sake of illustration, an interesting example is reported in [41]; the filter
has not been fabricated and the analysis has been carried out only at simulation level. The
simplified schematic of the active negative capacitance is reported in (Figure 85a), where
two Fujitsu FSX017X GaAs FETs have been used, while the second order complete filter
is shown in Figure 85b. The center frequency of the filter is 1.3 GHz (Figure 86a) with a
−3 dB bandwidth of 640 MHz. The rejection is not so high, showing −10 dB at 1 GHz from
the central frequency. Finally, the noise figure is 2.5 dB (Figure 86b).
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4. Filters Based on the Use of Switches and Capacitors

These kinds of filters have been defined with several names in the past, as filters
using modulation, filters using commutated capacitors, sampled-data filters, and N-path
filters [42]. Basically, a N-path filter is realized with an array (N size) of commutated
capacitors driven with different phases of a clock that determines the resonant frequency
(Figure 87); this structure allows a transfer function to be obtained that is similar to those
achievable with a high-Q second-order RLC resonator [43]. The 3 dB bandwidth of a N-path
filter is determined by the number N and by RC product: BW−3dB = 1/πNRC, which means
it is inversely proportional to the total capacitance N·C. In the Figure 88 example, the input
signal is coherent with the clock frequency and the output signal (Vout) is a sampled and
held version of the input one (Vin). Additionally, if the Vin frequency is not strictly coherent,
the mean voltage value stored in the capacitors for a long period of integration is 0. This
simple assumption should explain why this kind of filter shows a very high selectivity.
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The architecture of N-path filters makes them particularly suitable for CMOS inte-
gration and software radio applications. A valuable review of this kind of filter has been
carried out in [42], in which several aspects have been investigated, such as power con-
sumption, linearity, noise performance, and future applications. As general considerations,
N-path filters have a controllable gain and linearity comes at the expense of noise perfor-
mance. Linearity is mainly determined by the linearity of the active devices (CMOS) used
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as switches, which depends on the voltage swing and input frequency. Tunability can also
be achieved properly by choosing a clock frequency and capacitor values. This kind of filter
has the perspective to replace saw filters in modern reconfigurable RF transceivers, even
if, up to now, the main solutions that have been proposed in the literature have operation
frequencies limited to a few GHz. Good operations at higher frequencies, where parasitics
strongly increase, have not yet been demonstrated, and it is yet to be proven whether this
type of filter is useful in practical applications in terms of its shape factor, i.e., in-band
ripple and out-of-band selectivity.

An interesting solution has been proposed in [43]. It is realized in a 65 nm CMOS
technology and covers the bandwidth 0.8–1.1 GHz. In Figure 89a, the complete schematic
of the adopted solution is reported, while in Figure 89b, a microchip photo is shown. The
filter can be tuned a bit in terms of both the bandwidth and center frequencies, and the
results are reported in Figure 90. The 3 dB bandwidth spans from 30 to 50 MHz, while the
insertion loss is in the range −4.6 ÷ −3.8 dB and the noise figure is between 5 and 8.6 dB.
Regarding linearity, the in-band 1 dB compression point is approximately 7 dBm.
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A further solution based on N-path architecture is proposed in [44], where the filter
is coupled with an LNA for channel selection in cellular systems. The proposed circuit
operates from 0.4 to 6 GHz and it is realized with 32 nm CMOS SOI. Figure 91a illustrates
the complete schematic, while in Figure 91b the correspondent layout is reported. The
hybrid N-path filter is useful for suppressing the TX leakage and improves linearity with
the sideband rejection. In Figure 92a, the measured S21 and S11 are reported in the
full tuning range. It is evident that both the gain and out-of-band rejection decrease for
higher frequencies, which is due to the clock and duty cycle distortion when the center
frequency increases. The 3 dB bandwidth is 15 MHz and the roll-off slope is approximately
30 dB/100 MHz. The noise figure is reported in Figure 92b and it shows a variation
of approximately 1.5 dB in the full tuning bandwidth. The 1 dB compression point is
approximately 0 dBm.
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Finally, it is worth noting a tentative N-path design at a higher frequency in [45]. This
bandpass filter operates in a frequency range spanning from 0.1 to 12 GHz with a constant
3 dB bandwidth of 150 MHz. This solution, realized with the IBM 32 nm SOI CMOS process,
to the best of our knowledge, also provides the widest tuning ranges among the N-path
filters. A two-stage filter is proposed (Figure 93a) and is driven by a 4-phase local oscillator
obtained from a frequency divider. The chip is very compact and a photograph is presented
in Figure 93b. Regarding the performance, the insertion loss changes from 3 to 7.4 dB in
the full bandwidth and increases at higher frequencies (Figure 94a). The tunability is very
wide and has a constant 3 dB bandwidth, but performance is not constant in terms of input
matching. The noise performance is not provided, while the nonlinear characteristics are
presented in Figure 94b. Additionally, in this case, the intercept point changes a lot in the
tuning bandwidth, preventing, de facto, a real use in wideband applications. These limits
are probably due to the increase in clock variation times at higher frequencies, compared
to the duty cycle of the clocks.
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5. Conclusions

As stated above, a review of the state of the art of microwave active filters reveals an
immature level of development but also some potentially good perspectives. The main
advantages of active filters are the high selectivity even at high or very high frequencies,
where the high losses of the passive structures degrade the Q-factor of passive components,
and the miniaturization when implemented in monolithic form, as compared to off-chip
high-selectivity filters. Active tunable filters also easily compensate for the low-quality
factor of tuning elements as varactors. The main disadvantages are the high noise figure,
especially when a negative-resistance element is used, and low compression point when
small devices and low currents are used. The high noise figure often requires the use of an
LNA before the filter in order to make it acceptable.

Among the different types of filters, the best results have been obtained with the
cascaded and negative-resistance approaches. Cascaded filters in general have a lower
noise figure, but they already include amplifying stages. In fact, the only example of a filter
in MMIC technology at a good level of maturity is the tunable cascaded one presented
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in [5]. Filters based on active inductors show good potential, but so far have not been
developed to a sufficient level of maturity. Filters based on the recursive approach present
critical limitations, and do not seem to be viable for practical applications. A comparison
table summarizing the better results obtained for each topology is shown in Table 1.

Table 1. Comparison table with the main results obtained for each topology.

Paper Technology Frequency
(GHz)

Tunability
(Relative %)

Bandwidth
(Relative %) Gain (dB) Noise

Figure (dB)
Compression

(dBm)

[5] GaAs HEMT (PH25 UMS) 12 20 10 10 5 −20
[10] GaAs HEMT (NTT) 1.25 8 2 40 - -
[12] Hybrid + GaAs FET ampl. 3.7 6 1 0 17 −5
[21] GaAs (WIN) 19.5 10 4 0 17 −20
[26] GaAs (FBH) 1.8 11 6 0 - −7

It must be remarked again that filters based on GaAs (or, in general, III-V) technologies
have been studied in particular in the last 15 years of last century, and have been almost
abandoned in this century. With the increase of the operation frequency of the Si- and
SiGe-based technologies, the development of active filters at microwave frequencies has
started in the last years, with results as potentially interesting as those obtained with
N-path filters at lower frequencies.
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