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Highly Linear Tunable CMOS G'm-CLow-Pass Filter
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Abstract—A comprehensive analysis of tunable transconductor
topologies based on passive resistors is presented. Based on this
analysis, a new CMOS transconductor is designed, which features
high linearity, simplicity, and robustness against geometric and
parametric mismatches. A novel tuning technique using just
a MOS transistor in the triode region allows the adjustment
of the transconductance in a wide range without affecting the
voltage-to-current conversion core. Measurement results of the
transconductor fabricated in a 0.5-ym CMOS technology confirm
the high linearity predicted. As an application, a third-order
Gm-C tunable low-pass filter fabricated in the same technology is
presented. The measured third-order intermodulation distortion
of the filter for a single 5-V supply and a 2-V, two-tone input
signal centered at 10 MHz is —78 dB.

Index Terms—Analog CMOS circuits, continuous-time filters,
Gm-C filters, harmonic distortion, transconductors, tunable filters.

I. INTRODUCTION

HE DESIGN of high-performance continuous-time fil-
T ters satisfying the increasing demands of modern wireless
and wireline communication systems is becoming a challenging
task. A clear trend for communication systems is using more
elaborated modulation schemes with higher data rates, which
requires larger bandwidth and high linearity for the receiver
front-end circuits and analog filters as well. For instance, var-
ious types of multicarrier modulation schemes are used nowa-
days in several communication systems like asymmetric dig-
ital subscriber line (ADSL), very high bit-rate DSL (VDSL),
802.11 a/g wireless LANs, WiMax, and digital video broad-
casting (DVB). They have, in common, the use of multiple car-
riers over a wide bandwidth to provide robustness against the
impairments of poor quality wireless and wired communication
channels. These systems require high linearity in a wide band-
width to avoid intermodulation distortion among the multiple
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carriers [1]-[4]. Thus, for instance, ADSL requires a third-order
intermodulation distortion (IM3) that is better than —60 dB in a
signal band of 1.1 MHz, which extends to 4 MHz in ADSL2+
and up to 12 MHz in VDSL systems [5].

Continuous-time filters employed for these demanding ap-
plications are currently active RC topologies. They achieve
very high linearity (typical third harmonic distortion levels
are around —80 dB) [6] and high signal-to-noise ratio (SNR).
Moreover, due to the closed-loop operation of the amplifiers, the
bandwidth is typically limited to a few megahertz. Transcon-
ducance-C (Gm-C) filters usually feature higher operating
frequencies. This advantage arising from their open-loop oper-
ation also comes with the difficulty to achieve high linearity.
However, various recent proposals try to achieve Gm-C filters
comparable in linearity performance to active RC' topologies
[71-[13].

This paper aims to contribute to this trend by analyzing
how Gm-C filter design can approach linearity levels of active
RC filters and applying such analysis to new circuit imple-
mentations. In Section II, a general discussion on how to
achieve tunable Gm-C filters with high linearity is presented.
Based on this general framework, a tunable transconductor
topology which represents a good tradeoff between simplicity
and performance is derived in Section IIl. As an application,
the transconductor is employed in a third-order low-pass filter
in Section IV. Section V deals with the measurement results of
the transconductor and the filter, and conclusions are given in
Section VL.

II. DESIGN OF HIGHLY LINEAR Gm-C FILTERS

It is conventionally accepted that active RC filters achieve
better linearity than Gm-C filters at the expense of less band-
width [14], [15]. This is because active RC' topologies follow
the classic method for designing stable linear active circuits
by means of feedback using passive linear elements. Linearity
achieved in this way is very high as it depends on the voltage
coefficient of the passive components as long as the gain of the
active devices is high enough. Fig. 1(a) shows this approach for
an active RC integrator. A single-ended topology is shown for
simplicity. The virtual ground of the amplifier allows a highly
linear voltage-to-current (V' —I') conversion, and the resistor cur-
rent [r = Vi,/R is then directly conveyed to the integrating
capacitor.

Gm-C filters are claimed to achieve wideband operation and
also less linearity, due to their open-loop operation. This fact
has precluded the use of Gm-C filters for applications requiring
very high linearity [14], [15]. To solve this limitation, there have
been several proposals to increase the linearity of transconduc-
tors, like input attenuation (e.g., using floating-gate MOS tran-
sistors), source degeneration, nonlinear-term (polynomial) can-
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Fig. 1. (a) Active RC integrator. (b) Highly linear Gm-C integrator.

cellation, or a combination thereof [16]. Those based on non-
linearity cancellation require accurate matching of MOS tran-
sistors to achieve it, and they are very sensitive to second-order
effects (e.g., bulk effect, channel-length modulation, and short-
channel effects) affecting these transistors. Due to process vari-
ations and geometric mismatch, linearity is usually worse than
50-60 dB following this approach [16]. To decrease sensitivity
to mismatch and going beyond these values, the basic trend is
going back to the classic approach to achieve highly linear cir-
cuits, i.e., using feedback and passive resistors for implementing
the transconductor, thus achieving a highly linear V-I con-
version (e.g., [7]-[9]). Hence, as for the active RC' approach,
these transconductors rely on high-gain active circuits in feed-
back loops and passive components. In fact, the resulting filters
could be considered as hybrids between Gm-C filters and ac-
tive RC circuits, giving a good tradeoff between linearity and
bandwidth. Fig. 1(b) shows a Gm-C integrator following this ap-
proach. Note that it is not strictly an open-loop topology, and it
exploits the same principle as active RC' circuits: yielding ac-
curate V-1 conversion by passive resistors and feedback ampli-
fiers and then conveying the resistor current to the integrating
capacitor. A feedback amplifier is used to implement a voltage
follower that translates the input voltage to the resistor terminal,
yielding a resistor current g = Vj,/R, like for the active
RC integrator. The resistor current is typically made available
at a high-impedance output node. However, to increase output
voltage swing and/or to provide additional output impedance, a
current follower is often employed to drive the integrating ca-
pacitor. The current follower senses an input current at its low-
impedance input and conveys it to its high-impedance output.
Note that the voltage and current followers form a second-gen-
eration current conveyor (CCII) [17] with terminals X, Y, and
Z, defined by Iy = 0, Vy = Vx, and Iz = +Ix, as shown in
Fig. 1(b). Hence, the resulting transconductor is just a CCII with
a resistor load for V—I conversion. Gm-C filters based on this
approach can thus be considered in a loose sense as active RC'
filters, but the active element is a CCII with internal feedback
instead of an amplifier.
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The advantages of the approach in Fig. 1(b) versus that in
Fig. 1(a) are as follows: First, unity-gain local feedback is em-
ployed instead of feedback around the complete amplifier, hence
allowing a higher bandwidth. If properly designed, no com-
pensation capacitor may even be required in the voltage fol-
lower since it is not capacitively loaded. Second, the negative
impact of continuous tuning on linearity is, in general, lower
in Fig. 1(b). This is because active RC filters usually achieve
continuous tuning by replacing the passive resistor by an ac-
tive implementation often based on transistors in the triode re-
gion. This choice leads to MOSFET-C topologies with less lin-
earity and limited dynamic range for low supply voltages. In
Fig. 1(b), since a replica of the resistor current Iy is sensed at a
high-impedance node, it can be scaled without affecting the V-1
conversion core formed by the voltage follower and the passive
resistor. This fact allows highly linear tuning without affecting
the bias condition of the V—I conversion core. More about this
option will be discussed in Section II-B.

A. Design of Highly Linear Transconductors

Fig. 2 shows various implementations of transconductors
based on the approach in Fig. 1(b). In all cases, CCIls are ar-
ranged in a differential configuration, thus yielding a differential
CCII topology, and passive resistors are properly included to
implement V—I conversion. Linearity relies on the compliance
of the voltage copy from terminal Y to X and of the current
copy from terminal X to Z. In Fig. 2(a), [7]-[9], [11]-[13],
passive resistors are connected between the X terminals. Since
Vy = Vx, the CClls replicate the differential input voltage at
the resistors’ terminals, thus achieving V—I conversion. Then,
current at terminal X is conveyed to the high-impedance output
terminal Z. Transconductance is ideally 2/r/Via = 1/R,
where Viqg = Vi, — Vim. The advantage of this scheme is a high
input resistance; hence, it can be applied to monolithic active
filters. However, the input range is not rail to rail since the
X terminals must track the input voltage. Assuming balanced
inputs, voltages at node X are complementary; therefore, the
common terminal of the resistors is a signal ground for dif-
ferential inputs with voltage equal to the common-mode input
voltage Vi..,. Therefore, the resistive divider can be used for the
output common-mode detection of the driving stage [18]. Due
to the signal ground at this node, an alternative implementation
of the transconductor is shown in Fig. 2(b), which is just using
two identical single-ended transconductors forming a pseudo-
differential topology. However, the circuit is then sensitive to
resistor mismatch, and the input common-mode voltage, if not
constant, must be sensed and applied via a voltage buffer to a
signal ground node to have good common-mode rejection ratio.

In Fig. 2(c) (e.g., [21]), the input is applied to two matched
resistors, which are also connected to the X terminal of the
CClIs. Since the common-mode input voltage is applied to ter-
minal Y and Vy» = Vx, terminals X also have such voltage;
hence, nodes X are a signal ground, and a highly linear V-1
conversion takes place. Then, this current is conveyed to the
high-impedance output by the CClIIs. Transconductance is again
2Ir/Via = 1/R. The advantage of this approach is a rail-to-rail
input range, which is, in fact, limited by the driving stage and
not by the circuit due to the use of input resistors. However, the
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Fig. 2. CCllI-based transconductors. (a) With high input resistance [7]-[9],
[11]-[13]. (b) Alternative implementation of Fig. 2(a). (¢) With high input
range [21]. (d) Using two cross-coupled transconductors of Fig. 2(a), [5], [10].

input stage is resistively loaded. Moreover, as in Fig. 2(b), the
input common-mode voltage must be sensed, and the circuit is
sensitive to mismatch in the input resistors.

Fig. 2(d) shows another alternative topology based on cross-
coupling two transconductors of Fig. 2(a), which is used to in-
crease linearity [5]. The output current followers may be shared
between the CClIIs, as shown. Transconductance is 2(Ir; —
Ig2)/Via = 1/Ry — 1/R,. Note that low transconductance
values can be obtained even with not very large resistances.

The main requirements for the voltage followers in Fig. 2
are high input impedance, low output impedance, and voltage
compliance. Fig. 3 shows the different choices for the voltage
followers, explicitly indicating the node where the resistor cur-
rent is sensed. In all cases, but possibly in Fig. 3(c), the V-I
conversion resistor acts as a source degeneration resistor. For
completeness, Fig. 3(a) shows the simplest and more common
implementation, a conventional source follower. The absence
of feedback loop makes it fast but also less linear. The resistor
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Fig. 3. Some implementations for the voltage follower. (a) Simple source fol-
lower. (b) Super Gm stage. (c) Alternative servo loop. (d) Implementation of (c)
using folded cascode amplifier. (e) Implementation of (c) using common-source
amplifier.

current is naturally sensed at the transistor drain. Resistance
at the current-sensing node can be increased by using cascode
stages at the expense of voltage headroom, leading to telescopic
cascode topologies. The signal-dependent current in M; leads
to an inaccurate transfer of the input voltage to the output ter-
minal, yielding a small signal gain Ay = 1/[1 + gmb1/gm1 +
1/(gm1Rr)] < 1 and a not very low output resistance 7out ~
1/(gm1 + gmp1 ). Parameters ¢,,,1 and gu,p1 are the transconduc-
tance and the back gate transconductance, respectively, of tran-
sistor M. To improve linearity, g,,,; must be increased, which
leads to a prohibitively large bias current and transistor width.
The term g,,1, does not appear in the former expressions if the
transistor is embodied in an independent well tied to its source.

A conventional cure to these drawbacks is shown in Fig. 3(b),
sometimes known as servo feedback [7] or super Gm input stage
[8], which has been widely employed with different implemen-
tations of the amplifier. In this case, input—output voltage com-
pliance no longer relies on a constant Vizg drop in M7, but on
the action of the feedback loop. However, the circuit implemen-
tation is not simple, and compensation in the amplifier is typi-
cally required (e.g., [8]). This degrades bandwidth and increases
power consumption.

An alternative voltage follower is shown in Fig. 3(c) [7]. In
this case, the implementation of the amplifier may be simpler.
For instance, Fig. 3(d) shows the circuit of Fig. 3(c) using a
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Fig. 4. Some current followers. (a) Current mirror. (b) Folding stage. (c) Reg-
ulated cascode stage.

folded cascode amplifier [19]. Despite the additional gain pro-
vided by the folding stage, such stage increases power consump-
tion and makes a compensation capacitor necessary [19]. The
simplest implementation of Fig. 3(c) which uses a single-tran-
sistor amplifier is shown in Fig. 3(e). It is faster and more power
efficient than the circuit in Fig. 3(d) and still provides adequate
gain to achieve high linearity, as will be evidenced later on.
Hence, it will be employed in this paper. Note that the circuit is
based on the super source follower [7], but in that case, the re-
sistor current was sensed and replicated in a current mirror. This
choice is not optimal as it requires the matching of the mirror
transistors. In our case, the current will be sensed by a folding
stage, thus making the circuit nearly mismatch insensitive.

As mentioned before and shown in Fig. 2, to improve output
resistance and/or to maximize output voltage swing, the resistor
current sensed in the voltage follower is often not directly the
output current. A current follower is used instead, which senses
current [ at a low-impedance input (ideally a signal ground)
set to a proper dc voltage and delivers it to the high-impedance
output node. For instance, a current mirror, a folding stage,
or a regulated cascode stage can be used for this task. Some
possible implementations of them are shown in Fig. 4. Fig. 4(a)
shows a possible current-mirror realization, although many
other choices do exist. Despite the simplicity of this widely
employed approach, there is an important drawback. Note that
the design strategy employed [Fig. 1(b)] is strongly insensitive
to device mismatch since it relies on high-gain feedback loops
and a passive component. If a current mirror is included in the
signal path, this insensitivity to mismatch is lost, as matching is
required in the current-mirror transistors. Note also that, when
the node of the voltage follower where the resistor current is
sensed corresponds to a source terminal [e.g., Fig. 3(c)—(e)],
this sensing node can be grounded, and the output transistor
becomes the input stage of the current mirror. Hence, in this
case, the input stage of the current mirror provides gain to
the feedback loop of the voltage follower and simultaneously
senses the input current. This idea is used in [7], [20], and [21].

Fig. 4(b) shows a folding stage, which is a simple yet efficient
mismatch-insensitive current buffer. The regulated cascode cir-
cuit in Fig. 4(c) features lower input resistance and is also mis-
match insensitive, but it reduces voltage swing at the output
stage due to the stacked Vg voltages and requires additional
quiescent power consumption. Hence, the circuit in Fig. 4(b)
will be employed in this paper.
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Fig. 5. Transconductor tuning. (a) Adjusting the resistor used for V- I con-
version. (b) Scaling the output current. (c) Using resistive current division. (d)
Using resistive current splitting.

B. Design of Highly Linear Tuning Schemes

Continuous tuning of the transconductance value is usually
required in Gm-C filters to compensate for process RC' varia-
tions. Typically, a tuning range of about 50% is required for this
task. Even if the transconductor features high linearity, an ineffi-
cient tuning strategy may partially waste it. Hence, the inclusion
of tuning should minimize the degradation of linearity and, at
the same time, preserve the performance of the transconductor
(input range, bandwidth, etc.). Fig. 5 shows different continuous
tuning strategies. The simplest choice, shown in Fig. 5(a), con-
sists on varying the resistance used for V-I conversion (e.g.,
[22] and [23]). Unfortunately, this approach degrades linearity
and makes the performance of the transconductor strongly de-
pendent on tuning. Often, a MOS transistor in the triode region
implements the variable resistor.

Fig. 5(b) shows an alternative approach based on scaling
the output currents, which can be achieved by providing gain
or attenuation to the current followers. This approach does
not modify the inner V-1 conversion core, leading to a stable
performance over the whole tuning range and potentially less
degradation in linearity. Current scaling can be carried out,
e.g., using transconductance multipliers [7]. Another recent
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implementation proposed by some of the authors consists in
using programmable differential current mirrors operating in
moderate inversion to achieve output current scaling [20], [21].
Other programming techniques based on this idea are also
reported in [26] and [27].

Another alternative, shown in Fig. 5(c), employs a resistive
divider to split the output current, thus leading to current attenu-
ation [8], [12], [28]. If resistors are made programmable, attenu-
ation can be adjusted. Despite the fact that tuning is based on ad-
justing resistance values as in Fig. 5(a), the method in Fig. 5(c)
has important advantages. First, tunable resistors do not modify
the V—I conversion core. Second, tuning accuracy depends on
ratios of resistors and not on the absolute value of a resistor as
in Fig. 5(a). This makes tuning more linear and less dependent
on thermal and process variations. In addition, since tuning does
not rely on the absolute value of the tuning resistors, tuning re-
sistances can be made small so that voltage swing at the termi-
nals of the tuning resistors is minimized. Hence, they lead to less
distortion as compared with tuning the V—I conversion resistor
in the transconductor or in a MOSFET-C filter, which experi-
ences the full input-signal swing.

In Fig. 5(c), the transconductor core provides a differential
output current 2] where Ir = Viq/2R. Assuming that the
input node of the voltage followers is a signal ground with
voltage set to Viias and applying Kirchoff’s current law to
nodes A and B, the resistor divider splits the transconductor
currents as shown in Fig. 5(c), where

1
T 1+ Ro/Ry

o ey

Hence, the output current is attenuated by a factor « that can
be adjusted by the ratio Ry /R, and the total transconductance
is 2alr /Via = a/R. Complementary voltages are generated at
nodes A and B and are given by

Vi=V Ri||R
A bias — QRQIR = ‘/bias _ 1” 2 ‘/id
= Ri||R
VB = Viias + @R2IR = Vhias 1]| B2 Vi, @

R

Therefore, assuming matched R; resistors, a differential
signal ground is generated at the common terminal of R; resis-
tors with voltage equal to V},;,5. Hence, an alternative tuning
scheme proposed here is shown in Fig. 5(d), where (1) and
(2) remain valid. The advantage of Fig. 5(d) versus Fig. 5(c)
is that an additional output current (1 — «)Ig is available at
the output. Hence, the circuit implements two transconductors
with high current efficiency sharing a common input, one with
transconductance «/ R and the other one with transconductance
(1 — a)/R. This feature provides increased design flexibility.
The disadvantages are the additional current followers required
and that the mismatch in R; resistors now affects linearity.

The analysis in this section aims to be a unified approach
to the design of highly linear tunable transconductors based
on passive resistors and local feedback. Several highly linear
transconductors can be obtained by replacing, in any of the cir-
cuits in Fig. 2, a given voltage follower in Fig. 3 and a current
follower in Fig. 4 and by including any of the tuning methods in
Fig. 5 if tuning is implemented. In fact, most of the highly linear
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transconductors reported can be described as a particular real-
ization of this common framework, as Table IV shows. In this
table, only reported Gm-C filters achieving a measured IM3 that
is better than —60 dB are included.

III. PROPOSED TRANSCONDUCTOR

Based on the analysis in Section II, a new programmable
transconductor that represents a good tradeoff between linearity
and circuit simplicity is proposed in this section. It employs the
approach shown in Fig. 2(a). The voltage follower chosen is
that in Fig. 3(e), and the current follower is the folding stage in
Fig. 4(b). A very simple tuning scheme is proposed, requiring
only one transistor in the triode region, which is based on a mod-
ification of the scheme in Fig. 5(c). This modification is shown
in Fig. 6.

A. Circuit Description

In Fig. 6(a), the proposed V—I conversion core with the
tuning in Fig. 5(c) is shown. The linearity of the tunable resistor
divider is achieved when the current through resistor 2R; is
proportional to Ig. It can be demonstrated that, as long as the
voltage across the triode transistor implementing 2Ry is fully
balanced, no distortion is generated in a first-order analysis
by this tuning scheme [29]. To achieve it, in practice, voltage
swings at nodes A and B should be as small as possible (with
minimum limit given by noise). This swing relies on the re-
sistance R4 = Rp seen from nodes A and B to the output
and is minimized by minimizing such resistance. Simulations
show that excellent linearity is obtained for maximum voltage
swings at nodes A and B of about +40 mV, which, for current
swings in the range of +1/3 mA, are obtained with a resistance
R4 = Rp =~ 120 Q. However, note that, in the scheme
in Fig. 6(a), R4 = Rp = Rs + Rcn, where Ron is the
resistance seen from the source of cascode transistor Mcn
which operates in saturation. This resistance is nonlinear, and
its small-signal value is approximately 1/(gmeN + gmben ). To
have R4 = R ~ Ry =~ 120 €, the value of Rcn should be
much smaller than R», i.e., of a few ohms. This is unfeasible for
reasonable bias currents and transistor dimensions. A solution
is to decrease the input resistance of the current follower by
negative feedback using the regulated cascode topology of
Fig. 4(c), but unfortunately, it reduces output signal swing, as
mentioned in Section II-A. We propose a simpler approach
shown in Fig. 6(b). Since the goal is to minimize R4 = Rp
and the lower bound is set by Mcn, we just remove Rs, and
by properly biasing and dimensioning M¢n, we can obtain a
value of Ry = Rp = Rcn on the order of 120 2. Hence,
the desired small voltage swing is achieved, and for this small
swing, the voltage dependence of Rcy is kept very small. This
way, high linearity is achieved by a very simple circuit, i.e., just
an adjustable resistance made by a MOS transistor in the triode
region which diverts a part of the differential input current of
the current followers.

The detailed schematic of the transconductor is shown in
Fig. 6(c). All bias currents are equal. Cascode current sources
are employed when high output resistance is required. Since the
programming transistor leads to a decrease in output resistance
which is also dependent on tuning, an additional cascode tran-
sistor Mcn2 has been included. A conventional common-mode
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Fig. 6. Proposed transconductor. (a) Starting topology with the tuning employed in Fig. 5(c). (b) Modified tuning strategy. (c) Detailed circuit.

feedback circuit, not shown in Fig. 6(c), has been used. To
improve linearity, pMOS input transistors M; have been
embodied in independent wells connected to their respective
sources, as shown in Fig. 6(c). This leads to a bulk-to-substrate
capacitance which is approximately of 70 fF. This capacitance
can create a zero in the transconductance. However, for the
frequency range and low () factor of the filter presented in the
next section, this capacitance was not relevant.

B. Tuning Linearity Analysis

Considering mobility degradation, the drain current /p of a
MOS transistor in strong inversion and saturation is approxi-
mately

~ (8/2)(Vas — Vou)?

3
14+ 0(Vgs — V) )

where

Van = Vino +7 | VR2or + Vesl - VI26r1] @)

is the threshold voltage and 8 = p,Cox(W/L). Parameter p,
is the zero-field mobility, Cyy is the gate oxide capacitance

per unit area, 6 is the mobility reduction factor, v is the body
effect parameter, ¢ is the Fermi potential, and Vo is the
threshold voltage for Vgg = 0 V. Considering transistors Mcn,
channel-length modulation negligibly affects them since their
drain is connected to an identical cascode transistor M¢cno With
the same current, hence Vpg variations in M¢y are very small.
Solving in (3) for the Vgs voltage of Mcn

0 0 22
Ves=Vru+ —Ip + —1Ip) +—1Ip. ()
Bew Ben

Using (5), the voltages at nodes A and B are

0
VarVex — Vru — —(IB + 1)

e
1+ T
Box 4fcN 1)
Ve = Ven — Vg — (IB - Ir)

v V I B 4/8CN ) ©
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where [; is the current superimposed to I that flows through
Mgcn, which is alp in the ideal case, as shown in Fig. 6(c).
Using the Maclaurin series expansion for the square roots (1 &
I1/15)"? in (6), applying the resulting V4 and V in the ex-
pression for the current Ipp; in the triode transistor Mp1, and
solving for I1 = I'r— Ipp1, the expression of I; as a function of
IR can be obtained. From this expression, it is possible to write
the output current I,q = 2I; as

Ioq =~ 20l + 20313 (7

where parameter « corresponds (neglecting higher order terms)
to the attenuation I; /I and is given by

o= ! ®)

8p Yi 21
L+ a=arevors (1 +0 ac—i) \V ox Ve

[21 0
Ve = ‘/prog - Vo~ + /BC—B;] + %IB )

The transconductance of the circuit is given by G,,, = a/R.
Expression (8) is valid only when Mp; is on and oper-
ates in strong inversion and triode region, for Vp.e >
Vex — (2Ig/B)Y2. 1f Mp; is off, @ = 1, and no attenuation
takes place. Parameter ¢ is

where

€= 7
2v/2|¢r] + Vem,an — Vss

and Vem,ag = (Va + Vi) /2. Expression (10) assumes that the
differential swing at nodes A and B is small such that |V, —
Vel < 2(2|¢r| + Vem,as — Vss). In this case, the variation
of the difference Vi — Vg of threshold voltages in transistors
My is nearly proportional to Vg — Vy4; hence, it is equivalent
to a small variation of the resistance of Mp1, as (8) shows.
Fig. 7 shows the comparison of « in (8) versus V,;og, Shown
in solid line, with the simulation results (circles). Despite the
relative simplicity of the model, the results are in good agree-
ment. The slow decrease of a for large Vj1o,, not predicted by
first-order analysis, is mainly caused by mobility reduction in
Mp; due to the strong vertical field in the channel for large
Vprog- This can be noticed by the dashed curve in Fig. 7 that
corresponds to (8) once mobility degradation is removed. The
velocity saturation of carriers in the channel is less important in
this case due to the low Vpg values and the nonminimum L.
Albeit (8) reflects a weak dependence of a on Ve B, Which
could potentially lead to distortion, this is not the case as, due to
the small swings at nodes A and B, V.1, ap is almost constant.
From (6), the maximum deviation of V., ap from its quiescent

value V.2 (ie., for I; = 0) is
0215\ (1 \’ an
Ben Ig)

cm
Q 1 |2Ig
Vcnrlﬁi,)fAB - ch,AB ~ § [3 1
CN
For the technology, component dimensions, and bias condi-
tion chosen, this deviation is in the worst case (no attenuation)
and for I{®* = +1p/3 of 3.7 mV from (11), i.e., close to the
3.1 mV obtained in simulation. However, attenuation is not com-
pletely signal independent due to the higher order terms in the

(10)
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Fig. 7. Attenuation a versus V.

output current, of which the third-order term is the dominant
one as (7) reflects. From the same analysis, it is found (not con-
sidering reactive effects) that the third-order harmonic distor-
tion (HD3) of the differential output current /,4 = 2/; when
Ir = Iycoswpt is

HD3 ~
a_sL 2Ip L VAR 74 _ s I_g
20 —e)1+0Vy)\ Box | 7% "N Bon | I3
(12)

with avin (8). Like (8), it is only valid for approximately Vg >
Ven — (215/8)Y/%. When Mp, is off, the tuning circuit does
not operate, and no distortion is introduced by it. Note that
the linearity of the proposed tuning scheme increases for large
Ip’s and when transistors Mcx have much larger transconduc-
tance than Mp. This is intuitively satisfying as, in this case,
the voltage swing in V4 and Vp is reduced for large Mc tran-
sistors. The influence of the body effect is small because the
Vsg’sin Mpq and in the M transistor with the smallest source
voltage are the same. For the other M¢y transistor, Vgp is dif-
ferent, but not much as signal swing at nodes A and B is small,
and it mainly leads to an effective increase of Gp1 via € as (10)
and (12) reflect. When V., increases, the term a2 in (12) de-
creases but also the expression inside the modulus increases.
The net effect is that HD3 does not vary so much with « for
the transistor dimensions employed in our implementation. The
simulated HD3 at 1 MHz does not deviate more than 6 dB from
the formula in (12) for V.o in the range of 2-5 V, thus vali-
dating the former analysis. Note that, neglecting mobility reduc-
tion, the minimum for HD3 in (12) when the transistor Mpq is
onis for V,,;0s = Von, regardless of the sizes of Mp, and Mcn.
It is also intuitively satisfying as, in this case, both Mp; and
M have the same gate and bulk voltage, and due to the sym-
metry of the MOS transistor, the current division is almost linear
regardless of the operating region of the transistors, as demon-
strated by Bult and Geelen [30]. In practice, due to second-order
effects and the additional distortion of the V-1 conversion core,
there is still distortion for this condition. In summary, the weak
nonlinearity of the resistances R4 and Rp implemented by the
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Fig. 8. HD2 versus deviation in the R values of the two resistors in Fig. 6(c).

cascode transistors does not significantly degrade linearity in
this tuning arrangement, as confirmed also by simulations and
experimental measurements. Note also that the tuning method
does not scale bias currents, hence simplifying the output stage
and making its behavior less dependent on tuning. This is in
contrast to current scaling techniques that usually scale both the
signal and bias currents.

C. Geometric and Parametric Mismatches

Transistor mismatch may occur due to process gradients.
However, since the proposed transconductor relies on transistors
arranged in high-gain feedback loops, mismatch in geometric
or process parameters is of minor concern as long as the loop
gain is kept high. Moreover, the avoidance of current mirrors
in the output stage leads to a circuit not requiring matching
conditions in any transistor in the signal path, making this
topology nearly insensitive to mismatch. However, when tuning
is set (i.e., @ < 1), matching in transistors M¢y is required as
the resistance seen from nodes A and B to the output should
be the same for proper current division. Hence, conventional
layout techniques to reduce mismatch are employed. The worst
case for matching the sensitivities of transistors Mcy is for
minimum «. Worst case simulations (V.o = 5 V) of the
transconductor for a 1-MHz input of 2 V,,, show that a 2%
mismatch in the aspect ratio of transistors Mcy leads to an
increase in the second harmonic from a negligible value to —86
dBc, which is still below the third harmonic for this setting of
«. Furthermore, if the common-mode feedback circuit uses the
resistor divider in Fig. 6(c) to sense the common-mode voltage
of the driving stage, matching is required in resistors R to
avoid the effect of the common-mode distortion coming from
the driving stage, which would increase even-order distortion.
Simulations for an input signal of 100 kHz and 2 V,;, show that
such mismatch only affects even-order distortion. Fig. 8 shows
the increase in HD2 versus the mismatch in resistors R(%)
obtained from these simulations. Note that, for typical matching
achievable in integrated resistors, HD2 does not become signif-
icant. Note also that, obviously, if other common-mode sensing
techniques are used, matching in these resistors is not required.
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D. Maximum Input and Output Swings

To enforce saturation in the transistors, the input
voltage cannot reach the lower bound given by Vss +
VaE2 + vAIB2 — |V M| or the upper bound given by

DSsat
MBS MC3 M1 M
Vop — |[Vpseat| = [Vossat| — [Vas' |, where Vi, is the

Vps saturation voltage of transistor M;j. These values as-
sume that cascode bias voltages Vcop and Ve are optimally
set to achieve these limits. Hence, assuming that the input
common-mode voltage is set to the middle of these limiting
values, the maximum input swing is
Vinswing = Vpp — Vss — |Vas| — 4|Vbssat|.  (13)
The differential input swing is twice this value. Con-
cerning the output branch, the maximum output voltage
is Vop — VapBd — VMC4 | and the minimum one is
Vos + VP2 + VRAICN + VAICN2 " once more assuming
optimal Vcp and Ven  values. Hence, assuming that
output common-mode voltage is set to the middle of these
limits, the maximum voltage swing at the output stage is
(Vbb — Vss) — 5|Vbs,sat|- However, the transconductor
and load resistor, as well as the tuning attenuation o may
limit the output voltage swing to a lower value given by
(aRr,/R)Vin,swing Where Viy swing is the input swing and Ry,
is the load resistor. Hence, the maximum output swing for a
given Ry, R, and « will be the smaller of two voltages

Vvo,swing

. |aR
= min TL (Vbp—Vss—|Vas|—4|Vbs,sat|) »

Vop — Vss — 5|Vbs sat | - (14)

The maximum swing of the differential output voltage is
twice this value.

E. SNR

The main sources of noise in CMOS analog circuits are
thermal and flicker noise. Due to the relatively large WL values
of the transistors and the high bandwidth of the transconductor,
noise is dominated by the contribution of the thermal noise
of the transistor channels and passive resistor. Considering
thermal noise and assuming, as usual, that noise sources are
uncorrelated, the approximate expression for the output noise
density of the transconductor is

2
N,out
~

kst +a’ b2+ s+ —
~ ] m « m m m
Af 3 "B Ymb4 Ymb1 T Jmb2 T Jmb3 I 2

JmCN 3 (a2 1 )]
b ImN 2 —
(1 + gmenrpr1)? 2 ( R rpy

15)

7

where kp is the Boltzmann’s constant, 7" is the absolute tem-
perature, g,; is the small-signal transconductance of transistor
M;, e < 1 is the attenuation of the tuning circuit, and 2rp; is
the resistance of the tuning transistor. The output noise current
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TABLE 1
FILTER SPECIFICATIONS

Type Chebyshev

Order 3

3-dB Frequency range 12 MHz - 6 MHz
Passband ripple 0.5dB

Stop Band 72 MHz

THD <-75dB

SNR >75dB

is mainly dominated by the current sources. Since g,,, is propor-
tional to 1/(Vas — Vrn), large Vas—Virp values in the current
sources allow the reduction of noise, although it also reduces
signal swing. For a large attenuation (small «), the output noise
current is dominated by the noise current of Mpy (since it is not
attenuated) and the tuning transistor (as rp; decreases when «
decreases).

The noise density in (15) can be expressed as 4kgTT'G,,,
with T" as the excess noise factor. Since G,,, = a/ R, such factor
is

r—2f +o? + + T
=5 m « m m m
3o Jmb4 Jmbl T gmb2 T Jmb3 I 2

2
fogmoN 3 (a— + L)} . (16)
(14 gmentp1)2 2\ R  rp1

Considering only thermal noise and assuming that the output
swing in (14) is not reaching the limit (Vpp — Vss) — 5|Vbs sat |
the output SNR (SNR,) of the transconductor is as shown in
(17) at the bottom of the page, where A is the amplitude of
the input voltage and By is the equivalent noise bandwidth.
Note that SNR, is maximized for maximum « = 1, since
attenuation reduces the output signal but does not reduce the
noise contribution of Mp,4 and the tuning circuit transistors. The
signal-to-noise-plus-distortion ratio is also maximum for o = 1
since distortion is minimal when transistor M pq is off.

IV. FILTER IMPLEMENTATION

As an application of the transconductor of Section III, a third-
order tunable Gm-C low-pass filter has been designed with the
specifications given in Table I corresponding to a VDSL channel
filter. A frequency-tuning capability of one octave has been pro-
vided using the new programmability technique explained be-
fore. The application is a good benchmark for the proposed
transconductor due to the stringent linearity requirements.

The scheme of the fabricated filter is shown in Fig. 9. The
first two transconductors along with the first pair of grounded
capacitors is a first-order integrator, and the subsequent
four transconductors plus the other four capacitors form a
Tow-Thomas second-order section. The last transconductor is
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Fig. 9. Fully differential Gm-C third-order low-pass filter.

identical to the ones of the filter and was used as a highly linear
buffer in order to measure the output, avoiding the loading of
the filter with the pad capacitance and not requiring external
buffers that can introduce higher distortion levels than the
ones we are trying to measure. The output load was a resistor
R;, = R in order to have the input and output voltages at
approximately the same value when o = 1, i.e., when G,, is
at the highest value.

The filter transfer function is given in (18). Poly—poly capac-
itors of 8 pF in common-centroid arrangement were used, and
the transconductance values were set to G,1 = Gz = G
and G,,,3 = G,,5 = G,,.4; therefore, two different transconduc-
tors were designed

Vod(s)

Via(s)

_ Gml/C GmgGm5/02

T + sz/C s2 4+ (Gm4/0)8 + Gm5Gm6/Cz )

The dimensions of Mp; in the transconductors were selected
to reduce the nominal transconductance by 50%, (i.e., to get
1 < a £ 0.5). Hence, the filter cutoff frequency can be tuned in
one octave, from a nominal value of 12 to 6 MHz. The nominal
Qis 1.5.

H(s) =

(18)

V. MEASUREMENT RESULTS

The proposed tunable transconductor and Gm-C filter have
been fabricated in a standard 0.5-pym CMOS technology with
three metal layers, poly—poly capacitors, and high-resistance
polysilicon resistors that were used to build the V—I conver-
sion resistors R. The microphotograph of the circuit is shown in
Fig. 10. The filter and the transconductor occupy approximately
1.5 and 0.18 mm? of the die area, respectively. As discussed
in Section III-C, the transconductor has a natural robustness
against mismatch; therefore, only basic matching techniques
were used in the circuit layout design. However, matching in
the passive devices of the filter is required as usual.

Measurement results were obtained using a carefully pre-
pared test setup for both circuits due to the low expected har-
monics. A highly linear signal generator was required, and also,
alow-pass passive filter at its output was used to reduce the gen-
erator harmonics. The balanced input voltage of the circuit was

2
Vout,rms/RL ~

3A2

SNR, =

2 mb me
RLLn 32]f/Blz2jjBN I:% + Jmb1 + Jmb?2 + 9Jmb3 + gm}RQ + 02(1+!.Z]miil\1117“}?1)2 + % (% + 0271“1:1):|
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Fig. 10. Filter microphotograph.

RBW 200 Hz

Delta 1 [T1 ]
-79.49 dB
100.000000000 kHz

VBW 50 Hz
Ref -30 dBm Att 0 dB SWT 50 s

-30 Marker 1 [T1f]
-33.61 dBr
10.050000000 MH

Center 10 MHz 50 kHz/ Span 500 kHz

Fig. 11. Experimental IM3 measurement for a single transconductor. The in-
termodulation component is at —79.49 dB for a 2-V},, input signal. The input
test tones are at 9.95 and 10.05 MHz.

generated from a single-ended signal by means of an off-chip
transformer, and the differential output voltage was converted
to a single-ended signal by another transformer.

A. Transconductor Measurement Results

The transconductor was tested with a bias current of 1 mA
and a 5-V supply voltage. The transistor dimensions and the
bias condition are listed in Table II. The spectrum of the output
signal of the nominal transconductor for a differential two-tone
input signal at 9.95 and 10.05 MHz, with a 2-V peak-to-peak
input amplitude is shown in Fig. 11. The measured IM3 is better
than —79 dB. For a two-tone input around 1 MHz, the results
were similar. The performance of the circuit is not significantly
affected by the increase in frequency, and IM3 is almost constant
up to 10 MHz.

In Fig. 12, the dc transfer characteristics of the transconductor
for different programming voltages V.o are shown. They have
been obtained by applying a very low frequency triangular input.
The tuning capability of the circuit can be noticed. The transcon-
ductance can be reduced to 50%.

The simulated transconductance G,,, is shown in Fig. 13,
showing the linear range. It can be seen that a linear behavior
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TABLE 11
TRANSISTOR ASPECT RATIOS AND BIAS SETTINGS FOR THE TRANSCONDUCTOR
Transistor W/L (um/pm) Bias condition
Ml 3924/12 I 1 mA
M2 302.4/1.2 Voo 5V
Mcs, My 781.2/1.2 Ven: 22V
Mcen,Menz, Mer | 302.4/1.2 Ven 1.7V
Mas3, Mg4 781.2/1.2 Vep 32V
Mg, Mg 262.8/1.2 Viem 1.8V
Mp; 225/1.2 2R 3.0kQ
LeCroy I
T J,.w:’fg;m"“m
T Sy rou
o e

11
T T

11
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11
T T
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Fig. 12. Measured dc characteristics of the transconductor.

is obtained for a large differential input-signal range of approx-
imately 2.8 V. Transconductance goes approximately from a
maximum value of 660 pA/V to 330 pA/V. Measurements con-
firm that the transconductance tuning range covers an octave;
thus, this range is in good agreement. The measured transcon-
ductance values match reasonably with simulations, within the
expected tolerance limits of the polysilicon resistance in the
technology.

B. Filter Measurement Results

The Gm-C filter was measured with the same test setup as
the transconductor. In Figs. 14 and 15, the measured filter mag-
nitude and phase responses are shown, respectively, evidencing
the one-octave tuning capability. The —3-dB cutoff frequency
range goes from 12 to 6 MHz. The attenuation in the passband
is due to the transformer used for differential-to-single-ended
conversion in the external setup.

In Fig. 16, the filter output spectrum using a 2-V peak-to-peak
input signal with two tones of 9.9 and 10 MHz is shown. The
measured IM3 is —78.08 dB. The filter IM3 was measured at
several frequencies with an input signal of 2 V,,,, remaining
almost constant in the entire passband, e.g., it was —78.3 dB
(just 0.22 dB better) at 1 MHz. Fig. 17 shows the measured IM3
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Fig. 13. G, variation of the proposed transconductor.
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Fig. 14. Measured filter magnitude response.
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Fig. 15. Measured filter phase response.

versus the tuning voltage (V;rog ), showing the slight loss of lin-
earity with the programmability. It can be noticed that IM3 is
better than —67 dB in the whole tuning range. This measure-
ment was made with a 2-V, input-signal amplitude of two
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VBW 1 kHz
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Center 9.95 MHz 40 kHz/ Span 400 kHz

Fig. 16. IM3 measurement for the filter. The intermodulation component is at
—78.08 dB for a 2- V,, input. Input test tones are at 9.9 and 10 MHz.
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Fig. 17. Measured IM3 versus tuning voltage.

tones near the cutoff frequency for each programmed value of
such frequency.

Table III summarizes the measured performance for the filter
and the transconductor. The value obtained from (17) for the
SNR of the transconductor for a 2-V,, input is 76.1 dB. This is
only an approximate value obtained by hand analysis and using
the MOS square law to estimate the transconductance values
from the dimensions and bias currents of Table II and neglects
flicker noise. As shown in Table III, the measured SNR for the
complete filter is 70.1 dB. The simulated SNR is 72.2 dB. The
difference is attributed to the additional external noise from the
test setup. Note that the target SNR of Table I is not achieved.
To solve it, from (17), decreasing the g, of the current sources
would help, but then, the increase of the overdrive voltage Vs —
Vg required would reduce the output swing. Hence, a proper
tradeoff between noise reduction and output swing is required.
Additionally, the gain of the preamplifier stage of the filter could
be slightly increased, thus relaxing the SNR requirements of
the filter at the expense of a slight increase in filter linearity
requirements.

Table IV shows a comparison between the proposed Gm-C
tunable filter and the previously reported ones. Only Gm-C fil-
ters achieving IM3 better than —60 dB are included. As in-
dicated in the table, the topology of the transconductors used
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TABLE IV
COMPARISON WITH OTHER HIGHLY LINEAR GM-C FILTERS
Transconductor Filter
e | e | e | S |t |t | o | SN | e |
“{gggg[';a]‘“ Fig. 2() | Fig 3(c) (l:\jl‘frrf:r‘ Fig. 5(b) Big}'}fnos 7 10| o V;fé?MHZ) 157 | 258
1(93191;“[%;] Fig. 22) | Fig. 3(b) Rceagsuclgf;d Fig. 5(c) g'\;lfnf 14 5 " ijcl@gzMHz) 5 48
ooy | FE2@ | Fese | Gt | G | oasem | 2 | 3P | ovenmosmig | 2| 09
;&ﬁiﬁ‘(‘)} Fig. 2(d) | Fig. 3(a) Rgfsuclggeed Fig. 5(c) OC;",'SSSI 2 3 | s v;;?@g?()MHz) 26 | 045
l“;‘;;“[i:‘:‘] Fig. 2(2) | Fig. 3(a) CF;’S'S:Se Fig. 5(a) gl\s/lfnf 3 33 g Vp':%g?MHZ) 4 0.15
20C0h6"[15] Fig. 2(d) | Fig. 3(a) (g’slfj(‘fe Fig. 5(c) g“;fn? 3 33 a foéggMHZ) 9.4 0.46
25{0%3?1(5 2 | Fig 2@ A];iaugésﬁls %fi?éeed Fig. 3(0) (%Si 2 33104 v;;;is@g?émm) 171 023
2Loe(§v7i YE?];] Fig- 2(a) wFlfui( ?;P No Dzi;s-ct:iette (?31\/;3:1 2 33 a Vp:é@ggMHz) 17 045
TABLE TII

SUMMARY OF EXPERIMENTAL RESULTS

Technology 0.5um CMOS
Power Supply 5V

Transconductor
IM3 @ 10MHz, 2Vpp -79.49 dB
Gy, tuning range 660 —330 pA/V
Power consumption 30 mW
Die area 0.18mm?
CMRR @ 1 MHz 61 dB
PSRR+ @ 1 MHz 62 dB
PSRR- @ 1 MHz 54 dB

Filter

In-band IM3 -78.08 dB
(9.9 MHz&10MHz, 2Vpp)
Out-of-band IM3 -74 dB
(14 MHz&18MHz, 2Vpp)
In-band 1IP3 @ 10MHz 33 dBm
Cutoff freq. range 6 MHz-12 MHz
Die area 1.5mm?
CMRR @ 1 MHz 61 dB
PSRR+ @ 1 MHz 45 dB
PSRR- @ 1 MHz 45 dB
THD @ 1.5 MHz, 1V -78.2 dB
Eq. input noise @ 1 MHz 64 nV/\Hz
Dynamic range 79.3 dB
@ 0.1% IM3, 12MHz BW
SNR (12MHz BW) 70.1 dB

for the other filters can be derived from the general analysis of
Section II. It can be noticed that the proposed filter compares
favorably in terms of intermodulation distortion.

VI. DISCUSSION AND CONCLUSION

A general analysis of a class of highly linear Gm-C filters
based on passive resistors has been presented. It has been shown
that several of the highly linear transconductors proposed to date
can be described from this framework. Based on such analysis, a

simple and highly linear transconductor has been proposed. The
circuit is nearly insensitive to transistor mismatch and includes
anew and simple method for tuning the transconductance. Mea-
surement results of the transconductor show an IM3 of —79.49
dB for a two-tone 2-V,,, input signal at 10 MHz. As an applica-
tion example, a third-order Gm-C low-pass filter with frequency
tuning has been presented. The filter is a practical demonstration
that Gm-C filters with linearity performance comparable to ac-
tive RC' implementations can be achieved.

A supply voltage of 5 V was used to maximize the input and
tuning ranges as the circuit can operate reliably at 5 V in this
technology and power consumption in our application (VDSL
analog front end) is not critical. However, lower supply volt-
ages can be employed. The minimum supply requirements of
the filter are |Vigs| + 4|Vbs sat| (approximately 1.5 V in our
technology) but, in this extreme case, there is no headroom for
the input swing (13), and the tuning range is very limited. We
have recently resized and fabricated the transconductor and filter
for a DVB-H receiver using the same technology. Measurement
results show that the good features of the circuit can also be
achieved in this case, with a measured filter IM3 of —72.1 dB
for two input tones of 1 V},;, at 950 and 1050 kHz, with a supply
voltage of 3.3 V, a cutoff frequency of 4.1 MHz, and a power
consumption of 1.6 mW/pole (i.e., 37.5 times smaller than for
the filter version presented in this paper).

The transconductor can be readily translated to more ad-
vanced technologies since it is inherently robust against
second-order effects, as V' —I conversion is achieved in a
passive resistor to which input voltage is translated using
high-gain local feedback loops. Second-order effects in modern
technologies (particularly short-channel effects) mainly affect
transistors. Since the passive resistor still has similar perfor-
mance in these technologies and provided that gain of the
feedback loops employed is high enough, performance degra-
dation in deep submicrometer technologies is modest. This is
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in contrast to other techniques for designing transconductors
which rely on the cancellation of nonlinear terms and thus
rely on a certain nonlinear behavior of the transistor (usually
compliance to an I—V square law). In this latter case, the
impact of gate length scaling in modern technologies is critical.
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