1ob 8 Analog Circuits in Weak Inversion

values of ICy. The output voltage is always larger than the input voltage, but
the difference becomes very small for I; > I,. For a given value of I /1, the
difference is minimum if ICy < 1 (OTA without feedback in weak inversion).
A high current efficiency can be obtained by choosing B > 1 (ratio of
mirror Mz-My).
As long as the differential pair remains in weak inversion, (8.25) reduces
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8.4 Exponential Characteristics

8.4.1 Voltage and Current Reference

The exponential dependency of the drain current on Vg /Ur makes it possible
to extract a voltage proportional to Ur as shown in Figure 8.8. The basic
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Fig. 8.8. Voltage and current reference: (a) basic circuit; (b) resistor-less current
reference.

circuit [31] shown in part (a) of the figure contains a 1-to-K N-channel current
mirror Mi-My, with the source of M, degenerated by a resistor R. A 1-to-1
P-channel current mirror M3-My (or any equivalent circuit) imposes the same
current in the two branches. Therefore, a source voltage Vy builds-up across
resistor R to compensate the ratio K of the N-channel mirror. If this mirror
is in weak inversion, then

Vi =RI=UrhK. (8.27)

This voltage should be sufficiently larger than the threshold mismatch of
M;-Ms. In practice, it cannot be made much larger than 40U+, which cor-
responds to K = 55. It can be used as a PTAT voltage reference, or as a
compensation voltage in a band gap voltage references [32].

A reference current I can be extracted by the additional mirror transistor
Mjs. Thanks to the small value of Vi a small current can be obtained with a
reasonably low value of R.
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If the transistor M is in a separate well connected to its source, as shown
by the dotted line, then Vs = Vg; = 0. The factor K is then compensated
by a difference of gate voltages, and Up is multiplied by n in (8.27).

Figure 8.8(b) shows a variant of the basic circuit in which the resistor is
replaced by transistor Mg [166]. This transistor is the output transistor of a
current mirror My-Mg of ratio 1 to A, that operates in strong inversion, with
the reference current itself as its input. If A > 1, then Ipg = Alp; = Al > 1.
Hence, far from being saturated, Mg is biased close to Vi = Vg = 0 where it
behaves like a resistor of value R = 1/G 55 given by (5.45):

1/R = Guss = /203 AL (8.28)

By introducing this value in (8.27) we obtain, after arranging the result
I =2nBsU% - AN K)? = Iipees - A(ln K)?. (8.29)

This current is obtained without using any resistor, and is proportional
to the specific current of transistor Mg. Therefore, as noticed at the end of
Section 5.7, it becomes almost independent of the temperature if the mobility
is proportional to 7% with o = 2.

In practice, (8.28) is an acceptable approximation for A > 5.

It should be mentioned that the loop Mg-Ma-My-Mg-M7 implements a
positive feedback. However, the gain of this loop can be shown to be 1/2 at
equilibrium.

8.4.2 Amplitude Regulator

The exponential characteristics of transistors in weak inversion are exploited in
the amplitude regulator depicted in Figure 8.9(a) [31]. The sinusoidal signal of
amplitude V' produced by the oscillator enters the regulator through capacitor
C\, and transistor My delivers the output current used to bias the oscillator.
When no oscillation is present (V' = 0), the circuit is reduced to the current
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Fig. 8.9. Amplitude regulator for oscillators: (a) circuit; (b) transfer characteristics.

reference of Figure 8.8(a). According to (8.27), it delivers an output current
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I=1I,=BUrnK/Rs, (8.30)

which serves as the start-up current of the oscillator. As the oscillation voltage
grows, it is superimposed on the DC component of gate voltages Viae for My,
but not for Ma, since it is blocked by the low-pass filter Ro-C. Because of the
exponential function I'p(Vg) of My, its average drain current should increase,
which is not compatible with the 1-to-1 ratio imposed by the mirror My-Ms.
Instead, Viae decreases, resulting in a decrease of the output current I

Assuming that all transistors remain saturated, that M; remains in weak
inversion even during the peaks of its drain current, and that the residual
oscillation amplitude at the gate of My is much smaller than Up (so that it
has no nonlinear effect), the transfer characteristics are given by [31]
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where Ipp is the 0-order modified Bessel function. They are plotted in Fig-
ure 8.9(b) for several values of K.

The amplitude of oscillation will stabilize when the regulator delivers ex-
actly the bias current I required to produce the amplitude V.

If the peak drain current of My leaves weak inversion, the transfer charac-
teristics will be modified and may eventually loose their monotonicity, which
must absolutely be avoided to maintain stable oscillation. A semi-empirical
condition to ensure monotonicity is

205/ 84
per, (8.32)

The role of capacitor C is to keep the drain voltage of M, sufficiently
constant to avoid de-saturation during the positive peaks of current.

At low frequencies, high (non-critical) values may be needed for resistors
R, and Rs. Very high values have been obtained by using lateral diodes in
the polysilicon layer [167, 37). Lower values can be obtained by means of
transistors adequately biased [46].

This amplitude regulator has been applied extensively to quartz oscillators
in watches [37, 46, 168, 169, 170}, but it can be used in different type of
sinusoidal oscillators as well [38].

8.4.3 Translinear Circuits

Discovered for bipolar transistors, the translinear principle [171] is an out-
standing application of the exponential characteristics of MOS transistors in
weak inversion. Consider the loops of saturated transistors illustrated in Fig-
ure 8.10. They include an even number of transistors, half of which have their
gate to source “junction” in the clockwise (cw) direction, the other half in the
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Fig. 8.10. Translinear loops: (a) alternated orientation of transistors in a common
substrate; (b) non-alternated orientation: separate local substrates are necessary.

Z(VGi - Vi) = Z(VGi — Vsi)- (8.33)

o cour

If all transistors are in weak inversion, with negligible reverse current (satu-
rated), then according to (5.41):

Vaif/ni — Vi Vai I;
T ar = —Vsi=Urln T % (834)

Do

I; = Ipgi exp

Now if cw and ccw transistors are alternated [172] as in Figure 8.10(a), then
each gate‘voltage Vi is common to a pair cw-cew of transistors. It appears
therefore in both sides of equation (8.33), which can thus be rewritten as

Vai Vo
Z(? ~ Vi) = ) (== ~ V). (8.35)
ew 1 cow t
We can now i:}trocl uce (8.34), divide by Uy (that is common to all transistors)
and exponentiate both sides of the equation, which vields
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This result is independent of the temperature. If Ipg is the same for all
tra.ns.lstors, then A = 1. A circuit may include several loops sharing some
transistors, each loop characterized by its value of A\. The mismatch of Ipo;

is dominated by that of Vrg; and results in an error in the value of A, with a
standard deviation ,

=\ (8.36)
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where the factor 1/2 comes from the fact that o(AVrpy) is defined for a pair
of transistors.

’ The current-mode multiplier/divider [173] shown in Figure 8.11(a) is a
simple example of a single translinear loop with identical transistors (A=
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