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ABSTRACT: R-MOSFET-C or R-MOSFET-R structure,
which uses a set of passive resistors and current-steering MOS
transistors as a variable resistance element, is proposed to
implement low-distortion filter or multiplier in CMOS technol-
ogy. This proposed technique relies on the linearity of passive
resistors and the tunability of current-steering MOS transistors
in triode. Placing the nonlinear elements inside feedback loops
further reduces distortion in the filter implementation. The
experimental results of a self-tuned 22kHz Sth-order Bessel filter
confirm the predicted theoretical performance, displaying negli-
gible control voltage feedthrough and -90dB THD with a 2kHz,
4V, ., fully-differential signal, in a 5-V system.

I. INTRODUCTION

Among the numerous design techniques to improve linear-
ity and tunability of an active filter, a well known MOSFET-
C filter uses the linearized model behavior of an MOS
transistor operating in the triode region [1]. In a similar
approach, using the MOSFETs in triode in place of resistors,
a differentially balanced variable resistance stage has been
implemented as a multiplier [2]. In all cases, despite well-
behaved tunability, due to mismatch and inherent nonlinear
behavior of the MOSFETs, THD of only 40-60dB is feasible
with a volt-level signal swing in a single 5-V system. In
comparison to the MOSFET-C filter, the R-MOSFET-C filter
proposed herein moves this nonlinear variable resistance ele-
ment inside a feedback loop for a significant distortion reduc-
tion. Furthermore, in R-MOSFET-C filter and R-MOSFET-R
multiplier, the actual voltage applied to the nonlinear ele-
ments is scaled down to operate more closely within their
linear range by degenerating the MOSFETSs by passive resis-
tors. This degenerated portion is the R-MOSFET stage.

II. REDUCTION OF DISTORTION
IN R-MOSFET STAGE

An improved variable resistance stage, R-MOSFET,
derived from the differentially balanced MOSFET
configuration 2], is shown in Fig. 1. In comparison to the
conventional voltage controlled resistor, made of four MOS-
FETs in triode, M1, M2, M3, and M4, the proposed variable
resistor operates with a reduced voltage across the active dev-
ices and therefore exhibits a lower distortion than the
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conventional one. The equivalent resistance of the current
steering portion is set by the control voltage, V. The R-
MOSEFET stage shown in Fig. 1 has an equivalent resistance
of

_ 1
R = CI_.ZF s )]
where G; is the transconductance of M;, defined by
G; = uCox %—(Vas.‘ Vi) =Ki(Vosi—Vmi) . ()]
The voltage scale factor, F, is defined by
Vi o=
=y =1+2GR , 3)

if the average conductance of M|, M,, M3 and M, is
~_ (G12+G4p)
G=—5—. C))

As F is increased, the distortion is reduced. This effect is
identical to the local feedback of an emitter degeneration.
The MOSFET devices in this arrangement are no longer used
as "resistors” but as current steering devices, operating in the
triode region. For the given configuration shown in Fig. 1,
when the control voltage, V¢, becomes largely positive, the
effective resistance of the R-MOSFET approaches R +Rp 1,2,
where Ry, 5 is the on-resistance of M1 (or M2). M1 and M2
are "on" but M3 and M4 are almost "off.” This is the
minimum resistance of the variable resistor and sets the limit
on one end of the tunable range. As the control voltage
becomes largely negative, this in turn sets the limit on the
other extreme of this variable resistance element. When
implemented as a linearity improved integrator, by replacing
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Fig. 1. A general feedback amplifier with R-MOSFET stage



the feedback component, Z, with a capacitor, C, the unity
gain frequency of this integrator becomes

Qunity = —FC-GLZ = W—KVC“' , where (5)

V
Ven = —QC—*'(VCM—VM) and

(Vem=Vi) = CM overdrive.

Implemented even more closely to the differentially bal-
anced variable resistance stage [2], the R-MOSFET portion
of the R-MOSFET-R multiplier shown in Fig. 2 has an
equivalent resistance of

_ 1
Bl civ=crvall ©

This R-MOSFET stage is able to create a negative equivalent
resistance according to a negative control voltage, V¢, and is
therefore more desirable for a multiplier. The equations (2)-
(4) equally apply to this stage. The feedback component, Z,
is now a resistor, R. A distinct improvement of linearity is
shown in Fig. 3, simulated under a 1% mismatch of MOS-
FETs and resistors.

Note that the disadvantage of these R-MOSFET variable
resistance stages in comparison to simple passive resistors (as
in R-C filters) is the reduction of effective dc gain and
bandwidth of the operational amplifier. The overall perfor-
mance error of a filter or a multiplier due to this effective
lower gain and bandwidth should be taken into account [3].

II1. DISTORTION IMPROVEMENT BY
FEEDBACK LOOPGAIN

A set of feedback loops exists in a filter implementation.
Taking these feedback loops into advantage, the use of one
current steering element per integrator opens up a new
method of placing the nonlinear devices inside the feedback
loops. This is to further improve linearity in addition to the
passive resistor degeneration previously mentioned in Section
II. Consider the first-order filter shown in Fig. 4. The resis-
tor R, is fed back from the output of the op amp to the input

Fig. 2. R-MOSFET-R improved multiplier
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Fig. 4. R-MOSFET-C first-order filter

of the current steering element. As a result, the nonlinear
current steering element is placed inside the feedback loop.
(Values of R; and R, must include loading effect.) At low
frequencies, the loop gain is af , if the transfer function of the
MOSFET-C integrator inside the loop is @ (with same dc
gain, g, , of the op amp) and

®IIRx) _ 1

f= " + » Where )

- 1 =1 —R.=
Ry —m— G and R =R;=R,.
As a result, MOSFET nonlinearities are reduced by this loop
gain within the filter bandwidth. The loop gain decreases as
the input frequency passes the dominant pole of the
MOSFET-C integrator, and the distortion reduction by the



feedback approaches its minimum at the filter passband edge.
However, the improvement resulting from the voltage scaling
factor, F, stays constant at all frequencies. Taking a closer
look into the feedback loop configuration for this low distor-
tion filter, the transfer function of the proposed topology
shown in Fig. 4 is

(RHZ)
R, CRIZOMRS)

R, +a(-(R—|TZ—F_——(R1'LZX;2),

where 8)
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Note that

R 120 _

_ (R L1Rx) 1
f = ®RTZo+R ¥

W = '17 N given (9)

R =R1=R2,

as mentioned previously. It is clear from the transfer func-
tion that the ratio Ry/R, is linear, fully relying upon the
linearity of the passive resistors, and the right half of the
expression is in the format of T/(1+T). This means that all
nonlinear functions are inside of a feedback loop where the
loopgain, T, that is a[(R]|Zx)((R1]1Zx}+R)], reduces
distortion within the bandwidth of the filter.

IV. NOISE CONSIDERATION

In consideration for the dynamic range, equivalent
independent noise sources for each of the input resistors, the
current-steering element, and the operational amplifier shown
in Fig. 1 can be referred to the input for analysis. At low fre-
quencies, the equivalent input referred noise of this stage is
given by

Veg*
Af

where R; is an equivalent input noise resistance of the op
amp. When this expression is analyzed, the noise increases
with increasing F and decreasing V. It is due to the bypass-
ing of the integrating current in the current steering element
that the circuit noise is increased. This noise can be minim-
ized by increasing the on-resistance of the MOSFETs, but a
larger on-resistance of the MOSFETs decreases the voltage
scale factor, F. Therefore, the noise versus linearity optimi-
zation is necessary to minimize the noise contributed by the
current steering element. It is found that the distortion of a
typical filter implementation can be reduced by 14dB
(without the additional reduction by the feedback effect) with
less than 3dB increase in the noise power. However, taking
into account a quite significant amount of linearity improve-
ment by the feedback loop. a much larger signal swing
without distortion can justify the marginal increase in the

= 4KT 2R +() 2R2+(R+R’) QR +R1)] , (10)

noise floor.
V. AUTOMATIC TUNING

The automatic tuning implemented for the filter takes
advantage of the switched-capacitor accuracy in achieving
the desired comer frequency [4]. This switched-capacitor
tuning method, a mere time constant matching, greatly
simplifies the task of automatic tuning. Shown in Fig. 5 is the
time constant matching integrator of the linearity improved
continuous-time path and the switched-capacitor path. The
time constant of the continuous-time path is R., C ;s and that
of the switched-capacitor path is C, /f.x C1. The mismatch
of the two time constants, which simplify as the mismatch of
R,y and 1/f . C, appears at the output of the integrator. That
voltage is then translated to the control voltage of the current
steering MOSFETs. R., is equal to 1/f.C within bounds
when the equilibrium is reached. There is an additional cir-
cuit block in the final implementation for the CM control vol-
tage. This CM control voltage, Vcy, simply maintains the
designed voltage scale factor, F. Finally, by placing a large
time constant R-C lowpass network in the control loop,
equivalently an open loop control is established. This R-C
lowpass network is able to sufficiently filter out the clock
noises and eliminate control voltage feedthrough.

VI. A PROTOTYPE FIFTH-ORDER
BESSEL FILTER

To illustrate the validity of the theory presented, an
audio-band (22kHz) fifth-order Bessel filter with a voltage
scaling factor, F, varied between 2.5 to 5 was designed and
fabricated in a standard 2y CMOS technology. The filter was
designed to be tunable in multiple frequencies and able to
tune to the audio-band (22kHz) despite the extremes of pro-
cess and temperature variations. Fig. 6 is the schematic of
the fifth-order Bessel filter using the linearity improvement
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Fig. 5. Automatic tuning using a switched-capacitor
reference resistor
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technique. The filter coefficients are transformed from the
L-C ladder structure to the active R-C structure [5] and are
node-voltage scaled. The capacitor sizes are optimized for
the dynamic range, given the total capacitance as the con-
straint, applying a linear programming method [6] while
locally linearizing the optimization function with the Ist-
order Taylor’s approximation. The box with the crossing
arrows indicates the current steering portion of the variable
resistance stage. Since the Bessel filter poles are low-Q
poles, the component values are not critical in this ladder-
type implementation. The component values shown in Fig. 6
are mathematically calculated values for reference.

The tuning capability is verified in Fig. 8, in agreement
with the simulation. Typical tunability of 10kHz to 35 kHz is
observed. Fig. 9 is a plot of the measured THD versus input
frequency and the upper boundary of THD simulated with the
worstcase combination of parameters, where the input signal
is fixed at 4V,_, differential. A 1% mismatch of W/L, W,
Vuo , and ¥ for the MOSFETs in the current steering portion
is used in simulation. This plot captures the effect of the
feedback loop on distortion. As displayed in measurement as
well as in simulation, the distortion increases as the input fre-
quency approaches the filter passband edge. The measured
THD is better than -90dB at 2kHz.
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Fig. 6. 22kHz 5th-order Bessel filter
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Fig. 9 THD vs. input frequency (4V,_,)

VII. CONCLUSIONS

In simulation and in measurement of the prototype filter,
the proposed linearity improvement technique, namely R-
MOSFET-C filters, has demonstrated an unprecedented per-
formance in linearity, thus establishing the feasibility of no-
trim digital audio CMOS filters. This proposed variable
resistance stage, R-MOSFET, MOSFETs degenerated by pas-
sive resistors, can be implemented as a building block in a
variety of applications as demonstrated in the multiplier,
integrator, and filter examples.
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