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Abstract—In low-voltage, deep sub- um analog CMOS circuits,
the accuracy and precision can be limited by the finite gain as well
as by the input offset and 1/ f noise voltages of opamps. Here, we
show how to design high-accuracy high-precision CMOS ampli-
fiers by properly applying dynamic element matching to a second-
generation current conveyor (CCII); if all of the critical, nominally
identical transistor pairs are dynamically matched, the resulting
amplifier has low residual input offset and noise voltages. When
compared with chopper or traditional dynamic element-matching
amplifiers, the proposed approach alleviates the tradeoff between
output swing and output resistance and is more robust against the
finite opamp gain. Transistor-level simulations confirm theoretical
results.

Index Terms—Current-mode amplifiers, second-generation
current conveyor (CCII), dynamic element matching (DEM), deep
sub- pm CMOS microsystems.

I. INTRODUCTION

HE trend toward low-voltage low-power CMOS analog
T circuits [1]-[4] has made it more and more difficult to de-
sign high-accuracy high-precision electronic interfaces [5].

In fact, although standard CMOS processes may offer sev-
eral advantages (e.g., low cost, low power consumption, and
compatibility with digital subsystems), CMOS opamps typi-
cally exhibit rather high input offset and 1/f noise voltages.
Since sensor signals are typically slow and weak, high-accu-
racy, high-precision CMOS interfaces usually employ dynamic
techniques for compensating both the input offset and 1/ f noise
voltages of opamps [5]-[11].

An additional issue arises in submicrometer CMOS circuits,
where various obstacles may inhibit the design of feedback am-
plifiers with high loop gain, which is a prerequisite for achieving
a small relative gain error [5]. In fact, first, low supply volt-
ages reduce the dynamic range and make cascode techniques
problematic; second, short channel effects reduce the dynamic
drain-to-source resistance of MOSFETs. Both of the aforemen-
tioned difficulties result in a lower gain per stage; although it
would still be possible to make a large loop gain by cascading
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more amplification stages, the frequency compensation of mul-
tistage amplifiers is more problematic and generally results in
larger power consumption and chip area. As a result, in deep
submicrometer CMOS electronic interfaces, beside the input
offset and 1/f noise voltages, it may be important to com-
pensate for the finite gain of the opamp; although this can be
done with autozero [6], dynamic element matching (DEM) or
chopper amplifiers using resistive feedback networks are often
preferred in sensor interfaces [5]-[9] as autozeroing results in a
higher residual noise due to the undersampled wideband thermal
noise [6]. Recently, in order to compensate the finite opamp gain
as well as the input offset and 1/f noise voltages without un-
dersampling the thermal noise, the dynamic opamp matching
technique has been introduced [7], [9], [11]; such a solution is,
however, nonoptimal from the point of view of area, power con-
sumption, and residual noise, as it requires two distinct opamps
and two feedback networks.

Another important problem in CMOS opamp circuits is the
tradeoff between output swing and output resistance; in fact,
even if almost always high-accuracy high-precision CMOS am-
plifiers do not drive significant loads, the output resistance of
rail-to-rail CMOS opamps is so poor that resistive feedback net-
works may already degrade their accuracy (the integration of
high feedback resistances is impractical).

Here, we show how to design high-accuracy, high-precision
amplifiers by taking advantage of the current-mode approach
[12]-[14], combined with a proper DEM strategy. In fact, in
principle, the application of DEM to a second-generation cur-
rent conveyor (CCII [4]) allows to compensate for the input
offset and 1/ f noise voltages of the nominally identical (source-
coupled) input transistor pairs as well as the error of the output
current mirror due to transistor mismatch [15]. The resulting
DEM-CCII circuits can be advantageous for the integration of
high-accuracy, high-precision CMOS amplifiers; in comparison
with autozero circuits, DEM-CClIIs have a lower residual noise;
in comparison with traditional chopper or DEM circuits, DEM-
CCllIs are less sensitive to the finite opamp gain and can alleviate
the tradeoff between output resistance and output swing; in com-
parison with dynamic opamp matching, DEM-CCIIs are more
area- and power-efficient and have a residual rms input equiva-
lent noise voltage which is /2 times smaller. DEM-CClIIs are
especially suitable for amplification stages before integrating
analog-to-digital converters (ADCs); in other applications, an
additional low-pass filter may be necessary. It should also be
observed that the proposed solution is only suitable if the load
driven by the amplifier is negligible, as for other CCII-based am-
plifiers (this is, however, seldom a problem in integrated CMOS
circuits).
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II. GAIN ERROR OF CCII AMPLIFIERS

CClIls are current-mode analog building blocks [4] which
have three terminals, conventionally named X,Y, and Z;
ideally, if an input voltage is applied to the Y -node, the CCII
produces an equal voltage at the X-node (with zero output
impedance); furthermore, the current flowing into the X -node
is mirrored (equal or opposite) into the Z-node (with infinite
output impedance).

In practical implementations, the nonideal impedances at the
CCII terminals must be considered. In particular, in typical CCII
topologies, the impedance at the X -node (ideally zero) is in-
versely proportional to the g,, of the input transistors; as a re-
sult, a low impedance at the node X requires large values of g,,,
so that there is a tradeoff with power consumption. In a similar
manner, the impedance at the node Z (ideally infinite) may not
be too high due to the finite value of 745 (especially in presence
of short channel effects). Obviously, the nonideal impedances at
the X - and Z-nodes introduce errors.

Fig. 1(a) and (b) shows, respectively, a traditional opamp
noninverting voltage amplifier and the correspondent CCII am-
plifier; equivalently, the CCII amplifier can be modeled by an
opamp voltage buffer and a controlled current source, as shown
in Fig. 1(c). Finally, Fig. 1(d) shows the CCII voltage amplifier
with the opamp replaced by a Thevenin equivalent circuit. In the
following analysis, for the sake of comparison, the open-loop
gain of the opamps G is assumed to be the same. Ideally, the
voltage gain of the CCII amplifier [shown in Fig. 1(b)] is

R,

Aioa:_~ 1
Videal = o (D

In the opamp amplifier shown in Fig. 1(a), the loop gain is
GoR1/(R1 4+ R»), while, in the CCII amplifier the loop gain is
G (here the opamp is connected as a buffer and the voltage am-
plification is achieved out of the loop by means of the controlled
current source). In standard feedback systems, in order to keep
the relative gain error small, the magnitude of the loop gain must
be much larger than 1; however, this condition is far less strin-
gent for the amplifier in Fig. 1(b) (especially if (R; + R2)/R;
is large). By inspection of Fig. 1(d), we find
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so the gain of the CCII amplifier is given by
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where Ay ideal is the ideal gain [see (1)] and
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Fig. 1. (a) Opamp noninverting voltage amplifier. (b) CCII noninverting
voltage amplifier. (c) CCII noninverting voltage amplifier where the CCII
is represented by a unity-feedback opamp and a controlled current source.
(d) CCII noninverting voltage amplifier with a Thevenin equivalent circuit for
the unity-feedback opamp.

Clearly, our goal is to make the gain Ay as close as possible to
the ideal gain Ay jqear. Since the two terms 0; and 9, are both
negative, they may not compensate each other and, therefore,
should be reduced as much as possible. In particular, imposing
|61] << 1 and |62] << 1 corresponds to the following design
conditions for the CCII:

(&)

GoR1 >> R1 + Rout 1
Rout,2 >> RQ-

Once these conditions are satisfied, the gain Ay may be simpli-
fied as follows:

Ay 2 Avideal + Avideal(61 + 02) (6)
so that the gain error GE and the relative gain error RGE are
GEccnt = Av — Avideal

= AV,ideal(él + 62)7

A - A / idea.
RGEccmr = —VAV'd"ld I _ 01 + 02. @)
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In the aforementioned analysis, the error of the current mirror
which mirrors the current 7.,; from X to the Z-node of the
CCII has been neglected; in practice, this error can be made
negligible by a proper application of the DEM technique (using
cascode topologies, the RGE of well-designed current mirrors
after DEM may be of the order of 0.1%). For the opamp-based
amplifier with negligible load, we find

Ry + Ry
A ideal — — 5
V.ideal 7
Ao — Go(R1 + R»)
v (1+G0>R1 +R2+Rout
—(R R Rou
RGEoy = —— ot o + Rou) ®)

(1 + GO)RI + R2 + Rout

where Roy is the opamp output resistance. Comparing (7)
and (8), it is evident that, besides a large gain GGy, achieving
a low RGE also requires small values of, respectively, Rout, 1
and R,,t; this is, however, more critical in opamp amplifiers
because low-output resistance stages (e.g., common drain) can
only be used decreasing the output swing (by contrast, in the
CCII amplifier, Roy¢,1 is the dynamic resistance of an internal
node and, in principle, can be made low without reducing the
output swing). In practice, if Gy is sufficiently large and both
Ryt and Roy¢ 1 are sufficiently enough (these conditions are
necessary prerequisites for low RGE), the term ¢; [see (4) and
(7)] is about Ry/R; times smaller than RGEpa4; as a result,
RGEccrr is also about Ry/R; times smaller than RGEqa,
provided that the term 65 is made negligible by making Ry¢,2
sufficiently larger than R,. Depending on the process and
the resistance RR», in some cases the term 6 could be made
negligible by simply using long-channel devices in a rail-to-rail
output stage (e.g., common source); in other cases, especially
in deep submicrometer processes, a cascode output stage
could be necessary; clearly, although both these possibilities
somehow limit the output swing, the CCII-based amplifier will
still perform better than the correspondent opamp amplifier.
In conclusion, achieving a low RGE requires a high output
resistance for CCII amplifiers; in low-voltage, deep submi-
crometer CMOS systems, this is clearly a decisive advantage
over opamp circuits that can only achieve a low RGE if their
output resistance is sufficiently low (a requirement that is in
contrast with output swing specifications).

As an example, assuming both Ro¢ and Roy¢,1 are equal to
zero (as previously discussed, this is more critical for opamp
circuits) and considering a fixed value for R, Fig. 2 shows
the RGE of opamp and CCII amplifiers as a function of the
open-loop gain G for different values of the ideal voltage gain
Av ideal- As evident from Fig. 2, the RGEs of opamp ampli-
fiers are, approximately, inversely proportional to Gy and di-
rectly proportional to their ideal voltage gain (R; + R2)/R1;
by contrast, the RGE of CCII amplifiers is dominated by 7 (ap-
proximately inversely proportional to Gy and independent of
Av ideal) for low values of Gy and by 62 (independent of G|
and approximately proportional to R if the obvious condition
Rout,2 > Ry is satisfied) for high values of Gy.

In conclusion, for not so high values of G (e.g., deep submi-
crometer CMOS circuits), the CCII as preferable as their RGE,
dominated by the term 61, is about Ry/R; times smaller than
RGEpa. We, however, stress that in our analysis we have not
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Fig. 2. | RGE | for CCII and opamp amplifiers. For all of the simulations,
Ry = 500, Rout = Rour,1 = 092, Roue2 = 2 MQ. CCILI: Ry = 2.5 k2
(Avidear = 50); Ry = 1.9KkQ (Av idear = 38); R2 = 10009 (Av idea =
20). Opamp: Ry = 2.45 kQ (Avidear = 50), B> = 1.85 kQ (Av ideal =
38)7 Rg = 9509 (44V,ideal = 20)
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Fig. 3. Proposed Miller-compensated DEM-CCII.

considered an intrinsic limit for both the opamp and the CCII
amplifiers, namely the error in the ratio between Rs and Rj;
however, with proper layout, the contribution of this error to the
RGE can be of the order of 0.001.

III. DEM-CCII

Based on our analysis, we have designed, in a standard
CMOS process (AMS 0.35 pm), the DEM-CCII shown in
Fig. 3. The CCII is based on a two-stage Miller-compen-
sated OTA with a class-AB output stage and a low-voltage
cascode current mirror for injecting the output current of the
buffer-connected OTA into the Z-node. In fact, since the errors
of the output current mirror increase the overall RGE [see the
term 6o as expressed in (4)], a high impedance is required. In
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TABLE I
MAIN CHARACTERISTICS OF THE DEM-CCII (FIG. 3)

Parameter Value
Voltage supply +1.65V
Power consumption 309ul
Open loop voltage gain (op amp) | 3990
Slew Rate 13.5 Vius
Z node Resistance 54 MQ
X node Resistance 107 mQ (=Rou,i/Go)
Systematic input offset voltage 43uV
Chopper clock frequency 100 kH=
Output swing up:+1.19V; down:-1.14V

practice, the output resistance should be so large that the term
02 in (7) becomes negligible; under these conditions, besides
alleviating the tradeoff between output resistance and output
swing, RGEccyr will be about Ry/R; times smaller than
RGEqp4. In order to compensate for both the input offset and
1/f noise voltages, the DEM technique is applied by means
of the chopper switches CH;—CHy so that all of the critical
transistor pairs [(M2, M3), (M4, M5), (M11,M12), and
(M19, M20)] are dynamically matched; since the transistors
implementing the output current mirror are outside the loop, it
is also mandatory to compensate for their mismatch (chopper
switches CHs and CHy); in practice, the chopper switches also
reduce the low-frequency distortion which, in current-mode
circuits, is often dominated by threshold voltage mismatch
[14].

The dc gain of the opamp inside the CCII is around 4000; the
Miller capacitor C; is equal to 50 pF, while the resistor Ry,
which removes the right half-plane zero, is equal to 12 k2; the
main characteristics of this CCII are reported in Table I. As ex-
pected, the input equivalent noise before DEM contains a sig-
nificant 1/ f contribution (about 170 nV/ VHz@1 kHz); how-
ever, since this noise is mainly due to the input transistors, DEM
with a frequency higher than the corner frequency removes the
1/ f noise (the analytical expressions for the residual noise are
the same as those for chopper circuits in [6]). In order to per-
form preliminary tests, the mismatch between nominally iden-
tical transistors has been modeled by means of auxiliary voltage
sources in series with the gates of mismatched devices. Though
in many interfaces the amplifier can be followed by an inte-
grating ADC, in other applications the output ripple must be
filtered; in these cases, in comparison with chopper circuits,
the proposed solution may require an additional low-pass filter
as the ripple due to the mismatch between the transistors of
the output current mirror is not filtered by the (Miller-multi-
plied) capacitor C;. In order to not excessively increase the
chip area, this filter could be integrated using a capacitance mul-
tiplier (e.g., see [4, p. 152]).

Fig. 4 shows a transient analysis when a voltage step of
500 w1V is applied at the Y -node [see Fig. 4(a)]. The mismatch
between M4 — M5 and M11 — M12 has been simulated by
means of auxiliary 500-4V dc voltage sources in series with
the gates of M5 and M12. The output (node Z) error of the
amplifier is shown in Fig. 4(b); the input equivalent error is
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Fig. 4. Step (500 pV) response of the CCII-DEM (R; = 502 and R, =
1.9 k€2) with an auxiliary low-pass filter. Mismatch between A4 — A5 and
M11 — M12 has been simulated by means of auxiliary dc voltage sources
equal to 500 V. (a) Y -node (dashed line) and X -node (solid line) voltages. (b)
Output voltage error at Z-node.
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Fig. 5. | RGE | for the CMOS DEM-CCII amplifier as a function of the input
voltage.

therefore only a few microvolts (for clarity, a low-pass filter
with a cutoff frequency of a few hertz has been added).

Fig. 5 shows the simulated RGEs for three different values of
the ideal voltage gain as a function of the input voltage. Obvi-
ously, DEM only compensates for the input offset and 1/ f noise
voltages and should not affect the gain error; in fact, the values
reported in Fig. 5 have been obtained affer DEM and include
the error of the output current mirror in the CCII. Finally, Fig. 6
shows the theoretical values of RGE¢ g, 1, and 82 for the pro-
posed CMOS CCII amplifier (see (4), (7), Fig. 3, and Table I)
as a function of Ry; according to our discussion, since Rqyt 2 1S
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Fig. 6. | RGE | for opamp and CCII amplifiers as a function of R.. For
all the simulations, By = 50 ©, Rowt = Rout,1 = 107 m, Rout 2 =
5.4 MQ, Gy = 3990.

always much larger than R, the term 8 is very small and only
slightly increases as Ry increases; the term §; does not depend
on Ry. For comparison, Fig. 6 also shows RGE s for an opamp
amplifier using the opamp included in the CCII. As previously
discussed, since 8 is very small, RGE(4 is about Ry /Ry times
bigger than RGEccrr (so that RGEp 4 is approximately equal
to RGEccr if Ry = Ry).

IV. CONCLUSION

We have applied the DEM technique for compensating the
input offset and 1/f noise voltages of a CMOS CCII voltage
amplifier. In comparison with classic opamp solutions, the gain
error may be smaller, as demonstrated both in an analytical
manner and through simulations. As an additional decisive
advantage over correspondent opamp circuits, the proposed
approach can alleviate the tradeoff between output swing and
output resistance; in fact, for low RGE, the output resistance
seen at the output node (i.e., where there is voltage gain) must
be very high for CCII amplifiers and very low for opamp

amplifiers. The resulting circuits, DEM-CCIIs, are especially
suitable for amplification stages before integrating ADCs; in
other applications, since the mismatch between transistors of
the output current mirror must also be compensated, the Miller
capacitor inside the opamp is not sufficient for filtering the
output ripple, and an additional low-pass filter can be required.
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