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between the filter output and the filter input, wherein the at least one feedback loop comprises at least one tunable feedback capacitance
(C1, C2) which is configured to tune a cut-oft frequency (fo) of the tunable filter; and an active element (601), in particular an operational
amplifier (OPAMP), coupled between the filter input and the filter output and configured to drive the at least one tunable teedback
capacitance (C1, C2), said active element having a transfer function with a primary pole (®,1) and at least one secondary pole (@),
wherein the active element comprises a first stabilization element, in particular a first pole capacitance (CP, CF) coupled to a first
internal node of the active element, wherein the first stabilization

[Continued on next page]



WO 2017/194141 AT 00000000

SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT, TZ,
UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))

element (CP, CF) is configured to establish a linear relationship between a location of the primary pole (®p1) and a location of the at
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TUNABLE FILTER

TECHNICAL FIELD

The present disclosure relates to a tunable filter, in particular designed as a closed loop
analogue circuit where the output load can change over a wide range. The disclosure
further relates to adaptive stability compensation for wide tuning range filters.

BACKGROUND

Filter with programmable cut-off frequency fo (between fo_min and fo_max) are
implemented with variable capacitances C1, C2 or resistances R1, R2, R3 as shown in
Fig. 1 illustrating a multi-feedback (MFB) low pass filter 100 with a closed loop DC
coupled operational amplifier (OPAMP) 101.

The MFB filter 100 includes an operational amplifier 101 having a first (non-inverse, +)
input 111, a second (inverse, -) input 112, a first (non-inverse, +) output 121, a second
(inverse, -) output 122. A first feedback path including capacitance C1 is coupled between
output 122 and input 111. A second feedback path including capacitance C1 is coupled
between output 121 and input 112. A third feedback path including resistors R2 and R3 is
coupled in parallel to the first feedback path between output 122 and input 111. A fourth
feedback path including resistors R2 and R3 is coupled in parallel to the second feedback
path between output 121 and input 112. The first (non-inverse, +) input voltage VIN+ is
coupled via resistor R1 and the resistor R3 of the third feedback path to the first input 111.
The second (inverse, -) input voltage VIN- is coupled via resistor R1 and the resistor R3 of
the fourth feedback path to the second input 112. An input loop including the resistors R3
of the third and fourth feedback paths and a further capacitance C2/2 is coupled between
the inputs 111, 112.

Generally, it is preferred to program capacitances since in this way Q-factor and noise
performances are kept constant versus operating frequency. The operational amplifier
(OPAMP) 101 used in the filter 100 has to drive those capacitances C1, C2. In case the fo
tuning range is very large, the ratio between maximum and minimum capacitances
(Cmax/Cmin) is high, therefore the OPAMP 101 has to cope with very different loading

conditions.
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Fig. 2 illustrates a possible realization of the RC Filter 100 depicted in Fig.1 together with
its OPAMP 101. The OPAMP 101 may include a non-inverse input path between a drive
voltage VDD and ground GND including a first (non-inverse) current source MP+, a first
(non-inverse) transistor Q1+ and a second current source (non-inverse) lin+. A control
terminal of Q1+ is coupled to the first input 111 of the OPAMP 101. The OPAMP 101
includes an inverse output path between a drive voltage VDD and ground GND including
a second (inverse) transistor QF- and a third current source (inverse) lout-. A control
terminal of QF- is coupled to a first (non-inverse) node D+ of the OPAMP which is located
between MP+ and Q1+. A first terminal of QF- is coupled to the second output 122
(VOUT-) of the OPAMP 101. A second terminal of QF- is coupled to the drive voltage
VDD. The above described components are additionally used in inverse form as
described in the following.

The OPAMP 101 further includes an inverse input path between a drive voltage VDD and
ground GND including a first (inverse) current source MP-, a first (inverse) transistor Q1-
and a second (inverse) current source lin-. A control terminal of Q1- is coupled to the
second input 112 of the OPAMP 101. The OPAMP 101 includes a non-inverse output path
between a drive voltage VDD and ground GND including a second (non-inverse) transistor
QF+ and a third (non-inverse) current source lout+. A control terminal of QF+ is coupled to
a first (inverse) node D- of the OPAMP 101 which is located between MP- and Q1-. A first
terminal of QF+ is coupled to the first output 121 (VOUT+) of the OPAMP 101. A second
terminal of QF+ is coupled to the drive voltage VDD.

A capacitance Cs and a resistor Rs are coupled in parallel between the first terminal of
Q1+ and the first terminal of Q1-.

Note that the OPAMP 101 can alternatively be realized as a differential OPAMP as
depicted in Fig. 2 or alternatively as a non-differential OPAMP. The non-differential
OPAMP 101 has only one first current source MP, one first transistor Q1, one second
current source lin, one third current source lout, one input and one output without the

differentiation of non-inverse and inverse components.

For the specific case of a Multiple Feedback Amplifier (MFB), equations that set the
operating frequency, gain H(s) and quality factor of the Filter Q (i.e. its shape) are
reported in the following.
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H(s) = —R,/R, o = 1
1+s/(Qa,)+(s/ w,) * JC.C,R,R,
Q: C2 VR2R3
R, +R,| 1+—
Rl

In the case that the filter 100 needs to operate at different frequencies, C2 and C1
capacitance are varied in such a way that 1) for a maximum cutoff frequency fo_max, C2
and C1 are set at minimum value; and that 2) for a Minimum cutoff frequency fo_min, C2

and C1 are set at maximum value.

Fig. 3 illustrates the OPAMP 101 of Fig.2 with its equivalent RC load. In the OPAMP 101
capacitances between first internal nodes D+, D- and drive voltage VDD are referred to as
Co. C2 and C1 are seen by OPAMP 101 as an equivalent capacitance CL at the node
VOUT (i.e. VOUT-, VOUT+) as illustrated in Fig. 3 and for sake of simplicity CL_max and
CL_min are defined as the equivalent maximum and minimum equivalent capacitances at
node VOUT (i.e. VOUT-, VOUT+) in the two extreme cases fo_min (omin) and fo_max

(omax).

The filter 100 is a system in closed loop around its OPAMP 101: in order to have the filter
insensitive to OPAMP 101 parameters, open loop gain has to be high at cutoff frequency
fo. This requires a minimum gain-bandwidth-product (GBW). So minimum required
GBW_MIN is set by maximum frequency fo_max.

As far as OPAMP 101 open loop gain is considered, assuming that the primary pole
(dominant pole, or 15t pole) is located at the nodes D+, D- (output of 15! stage), the equivalent
capacitance CL set the position of secondary poles S+, S- of the OPAMP 101, hence its
stability. The fact that C1 and C2 (hence CL) can have very different values during filter
operation makes the problem of OPAMP stability a big challenge and imposes a trade-off
on the maximum Gain*Bandwidth (GBW) product of the OPAMP 101 and the Filter tuning

range.

To summarise, in a closed Loop Filter there is an intrinsic trade-off between fo_max and
tuning range as illustrated in Figures 4a and 4b. This is due to the fact that: 1) the

minimum required GBW = Goamp* wp1 product is imposed by fo_max (operating

3
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frequency) as shown in Figure 4a. In fact the OPAMP used into the filter needs to have
large open loop gain (Gopamp) at fo_max. 2) The maximum allowed GBW = Goamp™ op1
product is limited by fo_min as shown in Figure 4b. In fact, the 2" pole (wp?2) is set by
Cmax (when Filter works at fo_min) and the stability condition dictates that wp2/ wc=3 to
have 70 degree phase margin, where oc is the frequency where Goamp=0. This means
that the location of the primary pole is set by the case when the Filter operates at fo_min,
thus GBW product will be limited also when Filter is operated at fo_max.

This characteristics is illustrated in Figures 4a and 4b.

SUMMARY

It is the object of the invention to provide an improved tuneable filter design providing
large gain at cutoff frequency and wide and stable tuning range.

This object is achieved by the features of the independent claims. Further implementation
forms are apparent from the dependent claims, the description and the figures.

A basic idea of the invention is to break the limitation on MAX GBW product set by Cmax
by moving the primary pole together with the secondary poles during frequency tuning.

In this way the following holds at CMIN (fo_max): Since op2 is at its highest frequency,
location of pole wp1 can be moved at higher frequencies (see Figure 5¢). In this condition
the maximum possible GBW is achieved (is what is needed to operate at fo_max). At
CMAX (fo_min) the following holds: Since op2 is at its lowest frequency, location of pole
op1 can be moved at lower frequencies to improve stability (see Figure b). In this
condition GBW is reduced (for operation at fo_min, GBW can be reduced with respect to
operation at fo_max).

In order to describe the invention in detail, the following terms, abbreviations and

notations will be used:

OPAMP: Operational Amplifier;
fo_min: minimum cutoff frequency;
fo_max: maximum cutoff frequency;
MFB: Multiple Feedback;

Q: quality factor;
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GBW: gain bandwidth product;
opl: primary pole or dominant pole;
op2: secondary pole(s).

According to a first aspect, the invention relates to a tunable filter, comprising: a filter
input; a filter output; at least one feedback loop coupled between the filter output and the
filter input, wherein the at least one feedback loop comprises at least one tunable
feedback capacitance which is configured to tune a cut-off frequency of the tunable filter;
and an active element, in particular an operational amplifier, coupled between the filter
input and the filter output and configured to drive the at least one tunable feedback

capacitance, said active element having a transfer function with a primary pole @, and

at least one secondary pole @, , wherein the active element comprises a first

stabilization element, in particular a first pole capacitance coupled to a first internal node
of the active element, wherein the first stabilization element is configured to establish a

linear relationship between a location of the primary pole w,, and a location of the at least

one secondary pole w,, of the active element.

By establishing a linear relationship between a location of the primary pole @, and a

location of the at least one secondary pole @, , the tunable filter provides the advantage

of large gain at cutoff frequency and wide and stable tuning range, since the primary pole
is not limited by the maximum load capacitance. A large GBW can be achieved when load
capacitance is low which allows implementing filter with closed loop approach at high
cutoff frequency, e.g. 700 MHz and higher.

In a first possible implementation form of the tunable filter according to the first aspect, the

location of the at least one secondary pole @,, changes with a tuning of the cut-off

frequency (fo) of the tunable filter; and the first stabilization element is configured to

change the location of the primary pole @,, in accordance to the change of the at least

one secondary pole @, .

This provides the advantage that due to the linear relationship of the location of the

primary pole and the secondary poles  , , the tunable filter provides the advantage of
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large gain at cutoff frequency and wide and stable tuning range, since the primary (i.e.
primary) pole is not limited by the maximum load capacitance.

In a second possible implementation form of the tunable filter according to the first aspect
as such or according to the first implementation form of the first aspect, the first

stabilization element is configured to move the location of the primary pole @, to higher
frequencies when the location of the at least one secondary pole @, is tuned to higher

frequencies.

This provides the advantage that due to the linear relationship of the location of the

primary pole and the secondary poles @, , the filter gain is stable across the whole filter

tuning range.

In a third possible implementation form of the tunable filter according to the first aspect as
such or according to any of the preceding implementation forms of the first aspect, the first

stabilization element is configured to move the location of the primary pole @, to lower
frequencies when the location of the at least one secondary pole @, is tuned to lower

frequencies.
This provides the advantage of large GBW when load capacitance is low.

In a fourth possible implementation form of the tunable filter according to the first aspect
as such or according to any of the preceding implementation forms of the first aspect, the
first stabilization element is a function of the at least one feedback capacitance.

When the first stabilization element is a function of the at least one feedback capacitance,
the filter shows improved stability.

In a fifth possible implementation form of the tunable filter according to the first aspect as
such or according to any of the preceding implementation forms of the first aspect, the
primary pole is associated to an internal node total capacitance of the first internal node,
the internal node total capacitance being proportional to the at least one feedback
capacitance.

Such a proportionality results in improved stability at high tuning ranges.
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In a sixth possible implementation form of the tunable filter according to the third
implementation form of the first aspect, an internal node total capacitance of the first
internal node is proportional to the first stabilization element, the first stabilization element
being tunable and configured to be tuned of an amount proportional to the change of the

at least one feedback capacitance.

When the first stabilization element is tunable and tuned of an amount proportional to the
change of the feedback capacitance, optimal performance tuning ranges of the filter can

be easily adjusted.

In a seventh possible implementation form of the tunable filter according to the sixth
implementation form of the first aspect, a proportionality constant of the tuning is a
function of the first stabilization element.

This provides the advantage of better stability, as the stability condition depends on a
quotient of the location of the second poles and the location of the first pole. A
proportionality relaxes the stability condition.

In an eighth possible implementation form of the tunable filter according to the first aspect
as such or according to any of the preceding implementation forms of the first aspect, the
active element comprises: a first transistor coupled between a first input terminal and the
first internal node of the active element; and a second transistor coupled between a first
output terminal and the first internal node of the active element.

In a ninth possible implementation form of the tunable filter according to the eighth
implementation form of the first aspect, the first transistor comprises a first terminal, a
second terminal and a control terminal, wherein the control terminal of the first transistor is
coupled to the first input terminal of the active element, wherein the second transistor
comprises a first terminal, a second terminal and a control terminal, wherein the first
terminal of the second transistor is coupled to the first output terminal of the active
element; and wherein the first internal node is configured to couple the second terminal of
the first transistor to the control terminal of the second transistor.

This provides the advantage that the filter design can be flexibly implemented, e.g. by two

bipolar transistors or by two FET transistors.
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In a tenth possible implementation form of the tunable filter according to the ninth
implementation form of the first aspect, the first stabilization element is coupled between
the first internal node and a reference voltage.

This provides the advantage that the first stabilization element can be easily implemented
by introducing a capacitive coupling between the first internal node and the reference
voltage.

In an eleventh possible implementation form of the tunable filter according to the ninth
implementation form of the first aspect, the first stabilization element is variable
proportional to a change of a load capacitance of a load applied to the tunable filter.

This provides the advantage that due to the proportionality the stability condition holds for
large gains and broad tuning ranges.

In a twelfth possible implementation form of the tunable filter according to any of the
eighth to the eleventh implementation forms of the first aspect, the active element
comprises: a first current source coupled between the first internal node and a reference
voltage; a second current source coupled between the first terminal of the first transistor
and a ground terminal; and a third current source coupled between the first terminal of the

second transistor and a ground terminal.

This provides the advantage that these current sources can be flexibly designed, for
example by transistors.

In a thirteenth possible implementation form of the tunable filter according to any of the
eighth to the twelfth implementation forms of the first aspect, the active element is a
differential voltage active element, further comprising: a differential first transistor coupled
between a differential first input terminal and a differential first internal node of the active
element; a differential second transistor coupled between a differential first output terminal
and the differential first internal node of the active element; and a differential first
stabilization element corresponding to the first stabilization element, wherein the
differential first stabilization element is coupled to the differential first internal node of the

active element.

This provides the advantage that a differential design is of higher quality and shows

improved linearity.
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In a fourteenth possible implementation form of the tunable filter according to the
thirteenth implementation form of the first aspect, the active element further comprises: a
cascode circuit coupled between the second terminal of the first transistor and the second
terminal of the differential first transistor.

A cascode circuit provides the advantage of decoupling of the inverse and non-inverse
parts resulting in improved linearity and stability.

BRIEF DESCRIPTION OF THE DRAWINGS

Further embodiments of the invention will be described with respect to the following
figures, in which:

Fig. 1 shows a circuit diagram illustrating a MFB low pass filter 100;

Fig. 2 shows a circuit diagram illustrating the MFB low pass filter 100 together with
electrical components of the OPAMP;

Fig. 3 shows a circuit diagram illustrating the MFB low pass filter 100 including internal
capacitances Co;

Figs. 4a, 4b show frequency diagrams of the MFB low pass filter 100 illustrating trade-off
between gain bandwidth products versus Cmax/Cmin tuning ranges;

Figs. 5a, 5b correspond to Figs. 4a, 4b and Figs. 5¢, 5d show frequency diagrams of a
tunable filter according to the disclosure which removes the trade-off between gain
bandwidth products versus Cmax/Cmin tuning ranges;

Fig. 6 shows a circuit diagram illustrating a tunable filter 600 according to a first

implementation form;

Fig. 7 shows a circuit diagram illustrating a tunable filter 700 according to a second

implementation form;

Fig. 8 shows a circuit diagram illustrating a tunable filter 800 according to a third

implementation form;
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Fig. 9 shows a performance diagram 900 illustrating a tuning range for a tunable filter
according to the disclosure; and

Fig. 10 shows performance diagrams 1000a, 1000b illustrating OPAMP cross-over
frequency and phase margin for a tunable filter according to the disclosure.

DETAILED DESCRIPTION OF THE EMBODIMENTS

In the following detailed description, reference is made to the accompanying drawings,
which form a part thereof, and in which is shown by way of illustration specific aspects in
which the disclosure may be practiced. It is understood that other aspects may be utilized
and structural or logical changes may be made without departing from the scope of the
present disclosure. The following detailed description, therefore, is not to be taken in a
limiting sense, and the scope of the present disclosure is defined by the appended claims.

It is understood that comments made in connection with a described device, circuit or
system may also hold true for a corresponding method and vice versa. For example, if a
specific method step is described, a corresponding device may include a unit to perform
the described method step, even if such unit is not explicitly described or illustrated in the
figures. Further, it is understood that the features of the various exemplary aspects
described herein may be combined with each other, unless specifically noted otherwise.

Fig. 6 shows a circuit diagram illustrating a tunable filter 600 according to a first
implementation form. The tunable filter 600 includes an active element 601 that may
correspond to the OPAMP 101 described above with respect to Figures 1 to 3. In contrast
to the OPAMP 101, the active element 601 additionally includes one or more stabilization
elements CP, CF coupled to the internal node D+, D- for providing large gain at cutoff
frequency and wide and stable tuning range as described in the following. The one or
more stabilization elements may be a first pole capacitance, or a combination of
capacitances and resistors.

The active element 601 includes a non-inverse input VIN+, an inverse input VIN-, a non-
inverse output VOUT+ and an inverse output VOUT-. The tunable filter 600 further
includes load capacitances CL coupled to the active element 601 which may correspond
to the capacitances C1 and C2 as described above with respect to Fig. 1.

10
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The active element 601 includes a non-inverse input path between a reference voltage
VDD and ground GND including a first (non-inverse) current source MP+, a first (non-
inverse) transistor Q1+ and a second current source (non-inverse) lin+. A control terminal
of Q1+ is coupled to the non-inverse input Vin+ of the active element 601. The active
element 601 includes an inverse output path between a reference voltage VDD and
ground GND including a second (inverse) transistor QF- and a third (inverse) current
source lout-. A control terminal of QF- is coupled to a first (non-inverse) node D+ of the
active element 601 which is located between MP+ and Q1+. A first terminal of QF- is
coupled to the inverse output VOUT- of the active element. A second terminal of QF- is
coupled to the reference voltage VDD. The inverse output VOUT- of the active element
601 is coupled to a load having a (variable) load capacitance CL which determines the
location of the secondary poles. The load capacitance CL is an equivalent capacitance
associated to capacitance C1 and C2 of Fig.2. The above described components are
additionally used in inverse form as described in the following.

The active element 601 further includes an inverse input path between a reference
voltage VDD and ground GND including a first (inverse) current source MP-, a first
(inverse) transistor Q1- and a second (inverse) current source lin-. A control terminal of
Q1- is coupled to the inverse input Vin- of the active element. The active element 601
includes a non-inverse output path between a reference voltage VDD and ground GND
including a second (non-inverse) transistor QF+ and a third (non-inverse) current source
lout+. A control terminal of QF+ is coupled to a first (inverse) node D- of the active
element 601 which is located between MP- and Q1-. A first terminal of QF+ is coupled to
the first output 121 (VOUT+) of the active element 601. A second terminal of QF+ is
coupled to the reference voltage VDD. The non-inverse output VOUT+ of the active
element is coupled to the load having the (variable) load capacitance CL which
determines the location of the secondary poles.

A capacitance Cs and a resistor Rs are coupled in parallel between the first terminal of
Q1+ and the first terminal of Q1-. A further cascode circuit may be coupled between the
differential part and the non-differential part of the active element 601.

The first and/or second transistors Q1+, Q1-, QF+, QF- may be realized as bipolar
transistors; in this case the control terminal is a base terminal, the first terminal is an
emitter terminal and the second terminal is a collector terminal. Alternatively, the first

and/or second transistors Q1+, Q1-, QF+, QF- may be realized as Field Effect transistors;

11
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in this case, the control terminal is a gate terminal, the first terminal is a source terminal

and the second terminal is a drain terminal.

Note that the active element 601 can be realized as a differential active element or
alternatively as a non-differential active element. The differential active element is shown
in Fig. 6 while a non-differential active element comprises of half the elements as depicted
in Fig. 6, i.e. one first current source MP, one first transistor Q1, one second current
source lin, one third current source lout, one input and one output without the

differentiation of non-inverse and inverse components.

A basic design of the tunable filter 600 can be described using the following words: The
tunable filter 600 includes: a filter input VIN+; a filter output VOUT+; at least one feedback
loop coupled between the filter output VOUT+ and the filter input VIN+, wherein the at
least one feedback loop comprises at least one tunable feedback capacitance C1, C2
which is configured to tune a cut-off frequency fo of the tunable filter; and an active
element 601, in particular an operational amplifier (OPAMP), coupled between the filter
input and the filter output and configured to drive the at least one tunable feedback
capacitance C1, C2, said active element having a transfer function with a primary pole

o, and at least one secondary pole @, , wherein the active element 601 comprises a

first pole capacitance CP, CF coupled to a first internal node D+ of the active element 601,
wherein the first pole capacitance CP, CF is configured to establish a linear relationship

between a location of the primary pole @,, and a location of the at least one secondary

pole w,, of the active element.

The location of the at least one secondary pole @,, may change with a tuning of the cut-

off frequency fo of the tunable filter; and the first pole capacitance CP, CF may be

configured to change the location of the primary pole @, in accordance to the change of
the at least one secondary pole w,, . The first pole capacitance CP, CF may be
configured to move the location of the primary pole @, to higher frequencies when the
location of the at least one secondary pole ®,,, is tuned to higher frequencies. The first
pole capacitance CP, CF may be configured to move the location of the primary pole @,

to lower frequencies when the location of the at least one secondary pole @, is tuned to

lower frequencies. The first pole capacitance CP, CF may be a function of the at least one
feedback capacitance C1, C2.The primary pole may be associated to an internal node

12
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total capacitance of the first internal node, the internal node total capacitance being
proportional to the at least one feedback capacitance C1, C2. An internal node total
capacitance of the first internal node D+ may be proportional to the first pole capacitance,
the first pole capacitance being tunable and configured to be tuned of an amount
proportional to the change of the at least one feedback capacitance C1, C2. A
proportionality constant of the tuning may be a function of the first pole capacitance CF.
The active element 601 may include: a first transistor Q1+ coupled between a first input
terminal Vin+ and the first internal node D+ of the active element 601; and a second
transistor QF- coupled between a first output terminal VOUT- and the first internal node
D+ of the active element 601.

The first transistor Q1+ may include a first terminal, a second terminal and a control
terminal, wherein the control terminal of Q1+ is coupled to the first input terminal VIN+ of
the active element 601. The second transistor QF- may include a first terminal, a second
terminal and a control terminal, wherein the first terminal of QF- is coupled to the first
output terminal VOUT- of the active element. The first internal node D+ may be configured
to couple the second terminal of Q1+ to the control terminal of QF-. The first pole
capacitance CP may be coupled between the first internal node D+ and a reference
voltage VDD. The first pole capacitance CP may be variable proportional to a change of a
load capacitance CL of a load applied to the tunable filter 600.

The active element 601 may include: a first current source MP+ coupled between the first
internal node D+ and a reference voltage GND; a second current source lin coupled
between the first terminal of Q1+ and a ground terminal GND; and a third current source
lout coupled between the first terminal of QF- and a ground terminal GND.

The active element 601 may be a differential voltage active element, further including: a
differential first transistor Q1- coupled between a differential first input terminal VIN- and a
differential first internal node D- of the active element 601; a differential second transistor
QF- coupled between a differential first output terminal VOUT+ and the differential first
internal node D- of the active element 601; and a differential first pole capacitance CP, CF
corresponding to the first pole capacitance CP, CF, wherein the differential first pole
capacitance CP, CF may be coupled to the differential first internal node D- of the active
element 601.

The active element 601 may further include a cascode circuit coupled between the second
terminal of Q1+ and the second terminal of Q1-.
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The above described active element 601 (e.g. OPAMP) may be used in a filter with
variable operating frequency fo. The tuning of the frequency fo may be performed by
changing its capacitances and this change can be modeled (in its simplest form) as a
change in the capacitance CL at the output VOUT. The change of capacitance CL moves
locations of secondary poles located at nodes VOUT. The tunable filter 600 according to
the disclosure includes the following features: (i) the addition of capacitances CP and/or
CF and (ii) a method to vary CP and/or CF of an amount proportional to the change of CL.
Different embodiments can be derived from the tunable filter 600 by applying the following
restrictions: (a) CP is variable and CF is fixed, (b) CP is variable and no CF is used, (c) no
CP is used and fixed CF is used, (d) no CP is used and variable CF is used.

The basic principle of the disclosure is described in the following. The input impedance at
the base of the voltage follower (the capacitance associated to this node contributes to the
capacitance of the primary pole of the OPAMP) can be written as:

1 1 1

ZF(s) =
() s-(c,,+cF)+s-cL +s2-CL-(C”+CF)-gm(QF)’

where C,, is the base-emitter capacitance of the Bipolar (or alternatively FET) transistor

QF and gm(QF) is its transconductance.

The above equation shows that 1) ZF has a negative real part. This is due to simplification
of modeling all feedback loops with a single capacitance CL and is not relevant
hereinafter. The input capacitance (that contributes to the capacitance of the primary pole)
is a function of CL and CF.

If capacitance CP is also taken into account, the total capacitance at the node D (i.e. the
primary pole capacitance) can be written as:

(Cﬂ'+CF).CL
C. +C.+C,

C,=C,+C,+

The above equation can be analyzed in following two cases resulting in the second and
third implementation forms as described below with respect to Figures 7 and 8.
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Fig. 7 shows a circuit diagram illustrating a tunable filter 700 according to a second

implementation form.

The tunabile filter 700 corresponds to the tunable filter 600 described above with respect
to Fig. 6; however the active element 701 of the tunable filter 700 does not include the
stabilization element CF, instead only the stabilization element CP is implemented.

This corresponds to the implementation of no CF and low input capacitance voltage

follower, i.e.: CF =0 C. << Cp . Inthiscase Cp, =C, + C, and the tracking of the

primary pole can be done by varying CP of the same amount as CL.

Fig. 8 shows a circuit diagram illustrating a tunable filter 800 according to a third

implementation form.

The tunabile filter 800 corresponds to the tunable filter 600 described above with respect
to Fig. 6; however the active element 801 of the tunable filter 800 does not include the
stabilization element CP, instead only the stabilization element CF is implemented.

This corresponds to the implementation of a fixed value according to CF and CP =0.In

this case the following relation holds:

C =C +(C7r+CF)°CL
P Co+CL G

C
it C_+C, =C,, then CD=C0+7L.

The above equation shows that the capacitance at the primary pole is proportional to CL,
i.e. when CL changes, same change is applied to CD.

The three implementation forms 600, 700, 800 show the following advantages of the
disclosed tunable filter: Since the primary pole is not limited by maximum load
capacitance, very large GBW can be achieved when load capacitance is low (i.e. filter is
programmed to fo_max). This allows to implement a filter with closed loop approach at
fo>700-MHz in an exemplary implementation. At very large fo, G_OPAMP cannot be very

high to consider it infinite. The filter shape (i.e. its quality factor) will depend upon
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G_OPAMP. Since the primary pole is programmable the following relation holds:
G_OPAMP(fo_max) = G_OPAMP(fo_min). Since G_OPAMP is more stable across filter
tuning range, filter response (i.e. Quality factor of filter) will be be more uniform across the

tuning range.

The disclosed tunable filter designs can be used for all filter with very large tuning range
or any closed loop systems with very large different loading capacitances.

Fig. 9 shows a performance diagram 900 illustrating a tuning range for a tunable filter
according to the disclosure.

The tunable filter has been realized with a 4" order Low Pass Filter (LPF) with a 1GHz
Bandwidth. Performances are shown in Fig. 9. The filter achieves 90-700MHz 1dB
Bandwidth tuning range. With such large tuning range, the disclosed tunable filter using
adaptive stability compensation allows to have 10GHz Gain*Bandwidth product with 60
degree phase margin and a filter that operates between 90-700MHz.

Fig. 10 shows performance diagrams 1000a, 1000b illustrating OPAMP cross-over
frequency and phase margin for a tunable filter according to the disclosure.

BGW 1000a and Phase Margin 1000b of the OPAMP used in the tunable filter according
to the disclosure are depicted for the following three cases: (A): Fixed CF, CP=0; (B):
Fixed CF and variable CP; (C): fixed CF and CP set at maximum value. The A case
yields good results, i.e. the phase margin is kept almost constant across the complete
tuning range. The B-case yields the best result in terms of phase margin, i.e. phase
margin is inproved when operating frequency is reduced. The C-case is reported as a
reference and can be useful in case that a maximum phase margin is needed, regardless
of the bandwidth achieved.

While a particular feature or aspect of the disclosure may have been disclosed with
respect to only one of several implementations, such feature or aspect may be combined
with one or more other features or aspects of the other implementations as may be
desired and advantageous for any given or particular application. Furthermore, to the
extent that the terms “include”, “have”, “with”, or other variants thereof are used in either
the detailed description or the claims, such terms are intended to be inclusive in a manner

similar to the term “comprise”. Also, the terms “exemplary”, “for example” and “e.g.” are
merely meant as an example, rather than the best or optimal. The terms “coupled” and
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“connected”, along with derivatives may have been used. It should be understood that
these terms may have been used to indicate that two elements cooperate or interact with
each other regardless whether they are in direct physical or electrical contact, or they are
not in direct contact with each other.

Although specific aspects have been illustrated and described herein, it will be
appreciated by those of ordinary skill in the art that a variety of alternate and/or equivalent
implementations may be substituted for the specific aspects shown and described without
departing from the scope of the present disclosure. This application is intended to cover
any adaptations or variations of the specific aspects discussed herein.

Although the elements in the following claims are recited in a particular sequence with
corresponding labeling, unless the claim recitations otherwise imply a particular sequence
for implementing some or all of those elements, those elements are not necessarily

intended to be limited to being implemented in that particular sequence.

Many alternatives, modifications, and variations will be apparent to those skilled in the art
in light of the above teachings. Of course, those skilled in the art readily recognize that
there are numerous applications of the invention beyond those described herein. While
the present invention has been described with reference to one or more particular
embodiments, those skilled in the art recognize that many changes may be made thereto
without departing from the scope of the present invention. It is therefore to be understood
that within the scope of the appended claims and their equivalents, the invention may be
practiced otherwise than as specifically described herein.
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CLAIMS

1. A tunable filter (600), comprising:
a filter input (VIN);
a filter output (VOUT);

at least one feedback loop coupled between the filter output (VOUT) and the filter
input (VIN), wherein the at least one feedback loop comprises at least one tunable
feedback capacitance (C1, C2) which is configured to tune a cut-off frequency (fo) of the
tunable filter; and

an active element (601), in particular an operational amplifier (OPAMP), coupled
between the filter input and the filter output and configured to drive the at least one
tunable feedback capacitance (C1, C2), said active element having a transfer function

with a primary pole (@, ) and at least one secondary pole (@, ),

wherein the active element comprises a first stabilization element, in particular a

first pole capacitance (CP, CF), coupled to a first internal node (D) of the active element,

wherein the first stabilization element (CP, CF) is configured to establish a linear

relationship between a location of the primary pole (@, ) and a location of the at least one

secondary pole (@, ) of the active element.

2. The tunabile filter (600) of claim 1,

wherein the location of the at least one secondary pole (@ _, ) changes with a

p2

tuning of the cut-off frequency (fo) of the tunable filter; and

wherein the first stabilization element (CP, CF) is configured to change the location

of the primary pole (@, ) in accordance to the change of the at least one secondary pole (

@,,)-

3. The tunabile filter (600) of claim 1 or 2,
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wherein the first stabilization element (CP, CF) is configured to move the location

of the primary pole (w,, ) to higher frequencies when the location of the at least one

secondary pole (@, ) is tuned to higher frequencies.

4. The tunabile filter (600) of one of the preceding claims,
wherein the first stabilization element (CP, CF) is configured to move the location
of the primary pole (®,,) to lower frequencies when the location of the at least one

secondary pole (@, ) is tuned to lower frequencies.

5. The tunabile filter (600) of one of the preceding claims,

wherein the first stabilization element (CP, CF) is a function of the at least one
feedback capacitance (C1, C2).

6. The tunabile filter (600) of one of the preceding claims, wherein the primary pole is
associated to an internal node total capacitance of the first internal node, the internal node
total capacitance being proportional to the at least one feedback capacitance (C1, C2).

7. The tunabile filter (600) of claim 4, wherein an internal node total capacitance of the
first internal node is proportional to a capacitance of the first stabilization element (CF),
the capacitance of the first stabilization element (CF) being tunable and configured to be
tuned of an amount proportional to the change of the at least one feedback capacitance
(C1,C2).

8. The tunabile filter (600) of claim 7, wherein a proportionality constant of the tuning
is a function of the capacitance of the first stabilization element (CF).

9. The tunabile filter (600) of one of the preceding claims, wherein the active element
(OPAMP) comprises:

a first transistor (Q1+) coupled between a first input terminal (Vin+) and the first

internal node of the active element; and

a second transistor (QF-) coupled between a first output terminal (Vout-) and the

first internal node of the active element.

10. The tunabile filter (600) of claim 9,
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wherein the first transistor (Q1+) comprises a first terminal, a second terminal and
a control terminal, wherein the control terminal of Q1+ is coupled to the first input terminal

(Vin+) of the active element,

wherein the second transistor (QF-) comprises a first terminal, a second terminal
and a control terminal, wherein the first terminal of QF- is coupled to the first output
terminal (Vout-) of the active element; and

wherein the first internal node is configured to couple the second terminal of Q1+
to the control terminal of QF-.

11. The tunabile filter (600) of claim 10,

wherein the first stabilization element (CP) is coupled between the first internal

node and a reference voltage.
12. The tunabile filter (600) of claim 10,

wherein the first stabilization element (CP) is variable proportional to a change of
a load capacitance (CL) of a load applied to the tunable filter.

13. The tunabile filter (600) of one of claims 9 to 12, wherein the active element
(OPAMP) comprises:

a first current source (MP+) coupled between the first internal node and a

reference voltage;

a second current source (lo) coupled between the first terminal of Q1+ and a

ground terminal; and

a third current source (lout) coupled between the first terminal of QF- and a ground

terminal.

14. The tunable filter (600) of one of claims 9 to 13, wherein the active element
(OPAMP) is a differential voltage active element, further comprising:

a differential first transistor (Q1-) coupled between a differential first input terminal
(Vin-) and a differential first internal node of the active element;

a differential second transistor (QF-) coupled between a differential first output
terminal (Vout+) and the differential first internal node of the active element; and
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a differential first stabilization element (CP, CF) corresponding to the first

stabilization element (CP, CF),

wherein the differential first stabilization element (CP, CF) is coupled to the

differential first internal node of the active element.

15. The tunable filter (600) of claim 14, wherein the active element (OPAMP) further

comprises:

a cascode circuit coupled between the second terminal of Q1+ and the second

terminal of Q1-.
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