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Abstract. The paper presents an improved tuning method implemented for
a differential active inductor based RF bandpass filter. Derived from a previous
designed transistor-only second order filter topology, independent frequency and
quality factor tuning are demonstrated in 0.18 µm CMOS technology. The
circuit has been basically designed for a maximum frequency of 2.4 GHz, high
enough to cover the main wireless standards, has small power consumption and
can exhibit very high Q values. A wide frequency tuning range is obtained by
using MOS varactors. The circuit absorbs 1 mW from a 1.8 V supply at 2.4 GHz
central frequency.
Key words: active inductor, CMOS RF bandpass filters, Q–enhancement,
independent frequency and quality factor tuning.

1. Introduction
Inductors are key components in RF front–end implementations. Low noise amplifiers (LNA’s), and voltage controlled oscillators (VCO’s) are the main RF systems
using on–chip silicon inductors. Many RF filter configurations using silicon (CMOS)
inductors have been proposed in the literature too [1–4] but they are not yet included in practical circuit implementations of wireless standards. CMOS inductors
are preferred to off–chip (coils) inductors for applications such as impedance matching
networks, tuned LC tanks and transformers although they can not achieve the higher
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quality values characteristic to off–chip inductors. Although their quality factor can
be improved by using negative resistances, as in VCO’s, high Q values are still difficult
to obtain. These are also the main constraints in using such inductors in practical
implementation of RF bandpass filters for wireless applications. An important aspect
in designing reconfigurable 2nd order RF bandpass filters is independent tuning of
the central frequency and quality factor. Such circuits might use varactors as well in
order to obtain wider frequency tuning range with constant quality factor.
An alternative to silicon inductors which gains a growing interest on the market
is represented by MEMS inductors [5–9] implemented in CMOS processes. Such inductors can reach high quality factor values rising up to 60–85 [9] bust still not high
enough to implement RF preselective filters with steep attenuation. In addition, not
having tuning possibilities, they can not be used for multistandard reconfigurable RF
filter implementations. Moreover, their high price still maintains them at prototype
levels or for other applications where there are not so many constraints as in telecommunications transceivers, since they are not as widespread as CMOS devices. Last
but not least, filters based on active on-chip inductors represent an attractive alternative. A comparison between CMOS and MEMS inductors is given in Fig. 1 [5] which
reveals the effective advantage of MEMS over CMOS standard devices. In Fig. 2 the
possibility of obtaining high quality factor values with such filters is shown [9] (f0 is
the self resonance frequency or parasitic resonance frequency).

Fig. 1. Q factor and inductance for CMOS
and CMOS MEMS inductor [5].

Nowadays, wireless transceivers make use of at least 10 switched external passive
SAW filters [10, 11], their implementation being the main problem in an all–chip
multi–standard system. Even in the case of software defined radio systems (SDR)
where the trend is to translate all the functions of RF blocks to the digital part, the
use of RF bandpass filters still remains a challenge.
In contrast to passive inductors mentioned above, active inductor implementations
gain more interest today due to their performances regarding size, quality factor
and tuning possibility. The most common active implementations, based on gm –
C structures, are not suitable for frequencies in the GHz range due to their high
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chip size and power consumption. Consequently, a constant interest has been shown
in literature to transistor-only based active inductors [12–19] which seems to be a
promising solution for building reconfigurable RF bandpass filters. Based on the
gyrator theory, transistor–only active inductors make use of the parasitic capacitors
of the transistors in order to emulate the inductor behavior. The main advantage is
the tuning possibility, fact that is not possible for passive implementations (CMOS
and MEMS inductor).

Fig. 2. MEMS inductor quality factor [9].

Even though these solutions have their drawbacks as well, i.e., noise, nonlinearity
and power consumption, their advantages prevail.
Since only one second order bandpass filters do not satisfy the bandwidth and
sideband attenuation requirements for GSM and wireless specifications, higher orders
filters obtained by cascading second order structures [20–22] should be used.
This paper presents an RF bandpass filter topology designed for high frequencies
up to 2.4 GHz which allows independent frequency and quality factor tuning over a
wide frequency range from 600 MHz up to 2.4 GHz, covering all GSM frequencies. The
circuit can be used to implement higher order active filters, suitable for RF wireless
filtering as well.

2. Circuit description
The proposed filter configuration is based on the transistor only active inductor
shown in Fig. 2a, where the parasitic capacitor of M2 is used to emulate the inductive
behavior. In the same figure the equivalent small signal models for this inductor are
shown as well. The simulated inductor is characterized by the followings relations:
Y (s) = s · Cgs1 + go2 +

(go1 + gm1 )(gm2 + s · Cgs2 )
,
go1 + s · Cgs2

(1)
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r
ω0 =

s
gm1 gm2
Cgs1 Cgs2

;

Q=

gm2 Cgs1
.
gm1 Cgs2

(2)

Relation (1) gives the expression of the input impedance with the equivalent models presented in Fig. 1 while (2) gives, within some approximation, the center frequency
and quality factor of the active filter based on the simulated inductor.

Fig. 2. Simulated inductor and equivalent circuit models.

A previously designed active RF bandpass filter based on the active inductor
discussed above and described in [21] is presented in Fig. 3. In order to tune the
quality factor of the filter, a dc coupled negative resistance implemented with a cross–
coupled pair of nMOS transistors was used.

Fig. 3. Active RF filter based on the simulated inductor [21].

Wide Tuning Range Active RF Bandpass Filter with MOS Varactors

489

The direct coupling of the negative resistance to the simulated inductor has several
effects. The most important one for the filter behavior consists in the quality factor
tuning. The presence of the negative resistance in the transfer function determines a
decrease of the bandwidth and a corresponding increase of Q. However, its variation
influences the central frequency as well (decreasing the frequency as the quality factor
increases). Another negative effect consists in changing the biasing for the transistors
of the active inductor due to its direct coupling. In this case the negative resistance
receives an extra current from the active inductor, fact that strongly affects the biasing
of M1a and M1b and thus increasing the frequency deviation while changing the bias
for both transistors.
The only possibility to have an independent tuning for this configuration using
negative resistances consists in introducing a second negative resistance to the second
node and decoupling them in dc. In this way, by keeping constant one of them and
changing the second, an independent tuning is possible. The method was proposed
and described in [23] for a single–ended topology and in [24] for a differential one.
The circuit proposed in this paper, shown in Fig. 4, is based on the previously
topology presented in [24] and makes use of varactors in order to implement a wide
frequency independent tuning range. The negative resistance used in the proposed
circuit is presented in Fig. 5.

Fig. 4. Proposed wide frequency tunable RF filter.

Varactors are currently used in the design of VCO’s in the transceiver part.
Due to stringent telecommunications standards requirements imposed to VCO’s,
MOS varactors are preferred since they are readily available in any CMOS process,
have wider tuning range and higher quality factor.
There are many papers describing various process implementations of MOS varactors. In order to achieve the maximum value for the capacitance, Cmos = Cox =
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εox S/tox , with S the transistor channel area and tox the oxide thickness but also the
highest possible Q value, CMOS varactors work in accumulation and strong inversion. The biasing region is important when talking about power consumption. Thus,
regarding the VCO design, those which use varactors working in accumulation mode
are characterized by a lower power consumption and phase noise compared to those
based on strong inversion.

Fig. 5. Differential dc decoupled negative resistance.

Regarding the tuning range, varactors working in accumulation have very large
Cmax to Cmin ratio compared to other structures.
For our proposed circuit, since all varactors are connected to the node corresponding to the parasitic capacitor of the inductor, the value of the inductor is kept constant
while the self resonance frequency is changed. After the change of the varactor value,
a corresponding change of the negative resistance is required in order to obtain the
required quality factor value but with no effect on the resonance frequency.
The capacitance values needed in the above application are much smaller (fF)
compared to the VCO case (pF). Moreover, in the filter case, since the signal values
are small, the capacitance remains unchanged compared to the case of VCO where
the instantaneous capacitance value changes during the signal period.

3. Simulation results
The active bandpass filter shown in Fig. 4 was designed in a 0.18 µm CMOS process
for a center frequency of 2.4 GHz which is also the maximum frequency achievable
by this method with a power consumption of 1 mW. Higher frequency values are still
possible but with an extra power consumption for the active inductor.
The possibility of implementing an independent frequency and quality factor tuning is shown in Fig. 6. The center frequency is 2.4 GHz and is constant while the
quality factor changes from 6 to 2000 with no problems of instability even for the
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highest quality factor value. However, further change of the negative resistance value
will cause instability, as reflected by the transient responses, shown in Fig. 6.

Fig. 6. Quality factor tuning, f0 = 2.42 GHz and transient response showing
potential instability.

As the frequency and transient responses show, the quality factor change influences
the amplitude only. This is not the case for other achievable bands where by using
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varactors the center frequency as well as the transient response change. It has been
observed that for the designed circuit a current higher than 240 µA passing through
M1 and M2 which simulate the negative resistance leads to instability.

Fig. 7. Frequency and time behavior for 1.8 GHz and 1.9 GHz GSM bands
using varactors.

As mentioned above, the center frequency is changed by using varactors and then
the quality factor is tuned. By using the first varactor T1 (3.5/1), the center frequency
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can be decreased to the 1800 and 1900 MHz (GSM bands), the frequency tuning being
possible in the frequency range 1.77–1.99 GHz. The filter behavior in this band is
shown in Fig. 7 together with a transient response.
It can be seen that for all four frequencies, the filter is stable.
By using the second varactor T2 (6.5/6), the center frequency is further decreased
in order to work in the lower GSM band, the frequency tuning being possible in the
frequency range 600–990 MHz through a suitable change in Vtune . The frequency
response for this GSM band is illustrated in Fig. 8.

Fig. 8. Frequency behavior for the 600–990 GHz GSM band.

4. Conclusion
A new wide frequency range tuning possibility was studied for a particular configuration of active all–NMOS RF bandpass filter. The tuning principle makes use
of negative resistances aiming for an independent frequency and quality factor tuning. To achieve wide frequency tuning range only 2 varactors are used in order to
cover the GSM bands with no extra power. A third possible varactor can be used in
order to cover the UMTS frequencies as well. A maximum frequency of 2.4 GHz is
achieved with this principle with small power consumption and very high quality factor (up to 2000) can be achieved without instability problems. The maximum power
consumption is 1 mW for a 1.8 V supply being independent of the center frequency.
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