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Abstract —Devices available in digital oriented CMOS processes are
reviewed, with emphasis on the various modes of operation of a standard
transistor and their respective merits, and on additional specifications
required to apply devices in analog circuits. Some basic compatible analog
circuit techniques and their related tradeoffs are then surveyed by means of
typical examples. The noisy environment due to cohabitation on the chip
with digital circuits is briefly evoked.

I. INTRODUCTION

HE EVOLUTION of scaled-down digital processes

will shift the boundary between digital and analog
parts of systems [1]. However, analog circuits will remain
irreplaceable components of systems-on-a-chip. Besides
A /D conversion, they will always be needed to perform a
variety of critical tasks required to interface digital with the
external world, such as amplification, prefiltering, demod-
ulation, signal conditioning for line transmission, for stor-
age, and for display, generation of absolute values (volt-
ages, currents, frequencies), and to implement compatible
sensors on chip. In addition, analog will retain for a long
while its advantage over digital when very high frequency
or very low power is required.

Most of the limitations of analog circuits are due to the
fact that they operate with electrical variables and not
simply with numbers. Therefore, their accuracy is funda-
mentally limited by unavoidable mismatches between com-
ponents, and their dynamic range is limited by noise,
offset, and distortions.

For economical reasons, the analog part of a system-on-
a-chip must be fully compatible with a process basically
tailored for digital requirements, and this with a minimum
number of additional specifications. Section II will review
all active and passive devices available in digital CMOS
processes, together with the additional specifications needed
to use them for implementing analog circuits. Some basic
analog circuit techniques will then be described in Section
II1 by means of typical examples. Finally, the problems
related to the noisy environment due to cohabitation on
the chip with large digital circuits will be briefly evoked in
Section IV.
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II. DEVICES AVAILABLE FOR ANALOG CIRCUITS

A. Transistors

A clear understanding of the various ways of biasing a
normal MOS transistor, and of their respective merits, is a
key factor in the design of optimum analog subcircuits.
Fig. 1 illustrates the complete transfer characteristics
I,(V;) of a n-channel MOS transistor in saturation for
various possible modes of operation. For the sake of sym-
metry, all potentials are defined with respect to that of the
local substrate, in this case the p-well.

The general behavior of drain current in saturation I, in
the two basic modes of field effect operation can be
described by two separate approximative models [2], [3]
which sacrifice accuracy to clarity and simplicity:

Strong inversion (I, > BU})

B 2
I,= —2—;;(VG— Vio— "Vs) ,

forVp> V= (Vo= Vyo)/n. (1)
Weak inversion (/,, < BU})
Ip= KBU2 exp((V = Vo — nVs)/nUy),
forVy>Vy. =3104U;. (2)

These models only include the three most important
device parameters required for circuit design

B=pC,,W/L transfer parameter for strong inversion
Vo gate threshold voltage for V=0
n slope factor in weak inversion, which also describes

approximately the effect of fixed charges in the channel in
strong inversion. Its value depends slightly on V [3] and
ranges usually from 1.3 to 2.

K is a factor somewhat larger than 1, which connects
weak and strong inversion. Its exact value has no impor-
tance in circuit design, since transistors in weak inversion
must be biased at fixed drain current 7, to avoid the very
high sensitivity to U= kT/q and V, for fixed gate volt-
age V.

In CMOS logic circuits, transistors usually operate with
Vs =0 as shown in heavy lines in Fig. 1. Their role is to
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Fig. 1. General transfer characteristics /,(V;) of a MOS transistor in
saturation. Different modes of operation can be identified, namely
strong inversion, weak inversion, and bipolar.

provide maximum drain current in the “on” state for
Vs =V, and minimum residual current I,, in the “off”
state for ¥; = 0. The only requirements for digital circuits
are thus a maximum possible value of transfer parameter
B, and a value of threshold voltage V;, as low as possible
while ensuring acceptable value of residual current for

V=0
Ipo=KBUZ exp(— Vo /nUr). (3)

This is only possible if slope factor n of weak inversion
is not too large. These requirements are also favorable to
analog circuits, since they allow a maximum value of
transconductance g,, which can be easily derived from (1)
and (2) as

Em ™= ((ZBID)/"')V2 =2Ip/(Vg—Vro—nVs)
(strong inversion)  (4)
Em= ID/nUT (5)

However, specifications on the maximum range of varia-
tion of B, V4, and n are usually necessary.

Transconductance g, is proportional to drain current I,
in weak inversion, but only to the square root of I, in
strong inversion. If source voltage V is not zero, the gate
voltage for constant drain current is shifted by aV; for
both modes of operation. Thus transconductance g,,, from
source to drain is given by

(weak inversion).

Bms = N8 (6)

Fig. 1 also shows that when gate voltage V; is suffi-
ciently negative, it has not more effect on drain current,
which means that gate transconductance g,, decreases to
zero. However, I, can still be controlled by negative values
of source voltage V; which corresponds to a forward-biased
source junction. The device then operates as a lateral
bipolar, with the flow of carriers pushed away from the
surface by the negative gate potential [4]. The various flows
of carriers in this mode of operation are shown in Fig. 2.
Source, drain, and p-well have been renamed emitter E,
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Fig. 2. Flows of carriers in bipolar operation.
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Fig. 3. Matching of a pair of MOS transistors as a_function of drain
current, for (a) same gate voltage and (b) same drain current. Uncor-
related components with mean standard deviations of 2 percent for
AB/B and 5 mV for AV are assumed in this example.
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collector C, and base B. Since a large fraction of emitter
current I, flows to substrate, the maximum alpha-gain of
this lateral bipolar is only 0.2 to 0.6, depending on the
process. However, owing to the low rate of recombination
in the well, the B-gain can reach quite acceptable values
ranging from 20 to 500. This high value of current gain is
only obtained for the transistor implemented in the well, in
this case a n-p-n. The n-p-n to substrate can be used
without lateral collector, but only in common collector
configurations.

For implementing analog circuits, it is necessary to
specify the matching properties of similar adjacent tran-
sistors. Matching must be characterized by two indepen-
dent statistical values: threshold mismatch AV,, which
may have in practice a mean standard deviation ranging
from 1 to 20 mV, and AB/B mismatch which is usually in
the range of 0.5-5 percent. Fig. 3 shows that when two
transistors have the same gate voltage, as in a current
mirror, the mismatch of their drain currents

AID/ID=AB/B—(gm/ID)AVT (7)

is maximum in weak inversion, for which g, /I, is maxi-
mum, and only comes down to AB/B when the transistors
operate deeply in strong inversion. On the contrary, when
they have the same drain current, as in a differential pair,
the mismatch of their gate voltages

AVG=AVT_(ID/gm)'A:B/p (8)

is just AV, in weak inversion, and increases in strong
inversion where g,, /I, is reduced.

Noise is a very important limitation of most analog
circuits. As shown in Fig. 4, the noise of a transistor must
also be characterized by at least two independent sources:
White channel noise is independent of the process and
corresponds to an equivalent input noise resistance R,
approximately equal to the inverse of transconductance g,
[5]. Gate interface 1/f noise dominates at low frequencies






