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Abstract— A MOS-diode biased by a constant inversion level
current source is a simple MOSFET-only circuit that implements
a voltage source with a linear temperature dependence. Through
adjustment of the inversion level, the temperature slope may
be changed from negative to positive, including the constant
voltage condition. A test circuit, fabricated on a 0.35 ym CMOS
technology, was measured from 300 K to 375 K while sweeping
the inversion coefficient from 0.06 to 180. The theoretical
model agrees with the measured data, accurately predicting the
temperature slope. The presented all-region continuous model is
especially useful at and near zero temperature slope operation.

I. INTRODUCTION

Voltage sources, either constant-value or those exhibiting
a linear temperature dependence, are ubiquitous in analog,
mixed-signal and temperature sensor design [1], [2]. Common
examples of linear temperature dependence circuits are PTAT
(Proportional to Absolute Temperature) and CTAT (Contrary
to Absolute Temperature) voltage generators.

Biasing of simple circuits with a constant inversion level
current source (Section III-A) showed promising preliminary
results [2]-[4]. This paper shows that biasing a saturated
MOSFET with such a current leads to a simple, all-MOS
circuit implementing a voltage source whose temperature slope
can be chosen in a wide range from negative to positive values,
including the case of constant voltage.

Compact models, such as ACM [5], [6], able to model
the MOS transistor continuously through all inversion levels,
have been widely applied to analog design at a constant
temperature. The short number of main parameters in ACM
lends the model very convenient to introduce temperature
variations as already shown for the MOS divider in [4].

Next section reviews the ACM model for convenient refe-
rence. Section III applies ACM to modeling the temperature
characteristics of the proposed circuit. Sections IV and V
describe a test circuit and the measurements we performed.
Section VI compares these results to the theoretical model
while Section VII draws final conclusions.

II. ACM MODEL REVIEW

This section presents the notation that we use throughout
the paper and a brief review of the ACM model for the long
channel MOS transistor [3], [4].
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Absolute temperature T will often be expressed relative to
a reference temperature (usually Tr = 300 K) as:

T
=T (1)
R
The R subscript will be applied to any variable taken at the
reference temperature. The thermal voltage will be denoted as
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where k is Boltzmann’s constant and q is the electron charge.
ACM [6] expresses the drain current of a MOSFET as the
difference between forward and reverse currents:
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where if and i, are the forward and reverse inversion coeffi-
cients and W, L are the effective width and length of the MOS
transistor. Usually, if = 1 is considered an upper bound for
the weak inversion (WI) region and i = 100 a lower bound
for strong inversion (SI) operation. The sheet normalization
current is defined as

1
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where n is the subthreshold slope factor, 1 is the mobility of
carriers in the MOS channel and C,y is the gate capacitance
per unit area.

The relationship between the terminal voltages Vg, Vs, Vp
(all referred to the bulk) and the inversion coefficients is
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The pinchoff voltage Vp depends on Vg through a rather
complex expression [6], but is very well approximated by
Ve —Vr)
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where Vr is the threshold voltage.
The inverse function of JF () is denoted as:

1/ Vp — V.
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III. TEMPERATURE MODEL AT CONSTANT INVERSION
LEVEL

A. Constant inversion level current source

Some circuits, even simple ones, exhibit interesting tempe-
rature properties when biased by a current source that imposes
a constant inversion coefficient in spite of varying temperature.
This characteristic is easily obtained with the MOSFET-only
circuit on Fig. 1 [2], [4], [7], [8] yielding a current Ipiag
proportional to the sheet normalization current Igq.
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Fig. 1. MOSFET-only constant inversion level bias generator

As stated in [4], the following equations determine the
inversion levels for every transistor in the circuit:

Svigr = Saifp = Ssips = Sa(ifa —ira), (8)
F(ig1) = Fliga) = F(iga) = F(iva) . O

These inversion levels depend neither on temperature nor on
technology parameters but only on size ratios. Referring the
output to the current through Ms:

Tias = Saifalsq - (10)

B. Constant inversion level saturated MOSFET
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Fig. 2. MOSFET biased by a constant inversion level bias current

We will apply a current that is proportional to Ij;.s on Fig.
1 to a saturated MOS transistor Mp (Fig. 2). For the condition
to hold, some kind of external feedback from the drain current
to the gate voltage must be established. The most simple case,
used in Section IV, is the direct connection of the gate and
drain terminals as in a MOS-diode. Nevertheless, the following
theory holds for a general case as long as the MOSFET is
saturated.

With such current imposed to the drain of Mp (Fig. 2),
considering Eq. 3 and that in saturation i, < if:

Ip = K Iyias = SpIsq(ifp —irp) ~ SplIsqisp. (11)
Thus, using Eq. 10,

Sgifg
Sp
is also temperature and technology independent as ifpg is only

determined by ratios among Si, S2, S3, S4 and Sp.
From Egq. 5,

=K
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If Vg is PTAT or Vg = 0 (Vg = 0 Vggr, Vsgr > 0 ), then Vp
is PTAT. Using Eq. 6 we obtain:

Vo =Vr+nb [Vsg + UrrF (Kifpo)) - (14)

The main property of using the constant inversion level bias
generator is the compensation of the Isq related temperature
dependence in the biased circuit. In particular it eliminates the
mobility related temperature dependence.

For a first order analysis, we consider a linear dependence
of V with temperature [9]:

Ve =W+ kvrb, Vo =Vrr —kvr

where Vj is the extrapolation of V(T) to 0K. With this
approximation, and neglecting the slight dependence of n with
temperature :

kvr <0, 5)

VG = VO + kD97
kp = kvr +n [Vsr + UrrF (Kifpo)] ,

(16)
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that is, the gate voltage exhibits a linear temperature depen-
dence which extrapolates to 0 K to the technology dependent
parameter V. Varying the inversion level (through K) and/or
Vsgr allows the designer to choose the slope kp throughout
a wide range of negative, null or positive values. This way,
the circuit is suitable for constant voltage and adjustable
temperature slope voltage generators.

In order to design a constant voltage source (kp = 0) it is
enough to choose the inversion level of the saturated transistor

as v
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If necessary, the condition in Eq. 18 can be fulfilled by
calibration.

A single bipolar diode cannot attain the constant voltage
condition as our circuit does (with Vg = 0). In that case, the
constant value should have to be the bandgap voltage, much
higher than practicable.

The preceding analysis is valid for all the MOSFET operat-
ing regions. This is particularly important as, in many circuits,
transistors operate in moderate inversion (MI) for an optimum
area-power tradeoff. Moreover, substituting usual values for
the technology parameters in Eq. 18 (Table I) shows that (for
Vsr = 0) the condition kp = 0 is fulfilled in the MI region.

kvt
nUrr

(18)



IV. TEST CIRCUIT

Following the theory presented in the precedent section, we
designed a test circuit subsequently fabricated on a 0.35 ym
CMOS technology (Fig. 3). Among other test structures,
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Fig. 3.

Layout of test circuit

the circuit includes a constant inversion level bias current
generator (Fig. 1) and a MOS transistor externally connected
as an MOS-diode (Vg = Vp), a simple way to ensure the
saturation condition. For simplicity, the MOSFET source is
grounded, making Vgr = 0. In order to improve matching,
transistors M; to My in the bias generator are formed by series
and parallel associations of a unit MOSFET sized dpm mhe

6 pum*
diode-connected MOS transistor is also the same size.

V. EXPERIMENTAL MEASUREMENTS

The temperature characteristics of the fabricated circuit
were measured inside a custom temperature-controlled oven
stabilized to less than +25mK. A semiconductor parameter
analyzer (HP 4155) was connected to the chip pins through
suitable connectors available in the oven (Fig. 4). Measure-
ments were taken at several temperatures ranging from 300
K to 375 K (approximately 27 °C to 102 °C), close to the
commercial temperature range.
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Fig. 4. Measurement Setup

Fig. 5 shows the measured temperature dependence of the
constant inversion level bias generator for a typical chip. As
expected, the current increases slightly with temperature which
is a characteristic of its constant inversion level operation [2],
[3].

At each temperature we also measured the Vg (Ip) curves
for the diode-connected MOS transistor as shown on Fig. 6.

We then proceeded to evaluate the MOS-diode temperature
behaviour at several constant inversion levels. For the sake of

250

200 %——e

150]

Ibias (nA)

100

50]

%00 320 340 360 380
T(K)

Fig. 5. Constant inversion level bias generator temperature dependence
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Fig. 6. MOS-diode at different temperatures

flexibility, this evaluation was performed numerically based on
the aforementioned measurements.

For each temperature, we selected fixed multiples of
Ibias (T) :

Ip(K,T) = KIyjas(T) (19)

with K taking on values ranging from 0.02 to 60 (Fig. 7). For
each Ip (K, T), we searched through the measured Vg (Ip, T)
curve to obtain the MOS-diode voltages corresponding to
the chosen multiples (K) of Ipias. The search was performed
through b-spline interpolation for greater accuracy.
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Fig. 7. Experimental data and fitted straight lines

This way we obtained points on the Vg (K, T) function
which are plotted as circles on Fig. 7. The lines are best fits to
the data showing that, as predicted by Eq. 16, V(T) are very
close to straight lines. Their slopes depend on K, ranging from



TABLE I
FITTED TECHNOLOGY PARAMETERS AND INVERSION LEVEL

Vrr | 519 mV
nR 1.38
kyr | -244 mV
Vo 763 mV
itpo 2.95

negative to positive as the inversion level increases from WI to
SI. Considering ifpo ~ 3 as obtained on section VI (Table I),
the inversion coefficients (Eq. 12) range approximately from
0.06 to 180.

VI. ANALYSIS OF RESULTS
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Fig. 8. Experimental data compared to Eqgs. 16 and 17 using parameters

from Table I

We compared the measured and predicted values of Vg (T)
for the set of factors K. Table I shows the parameters in Egs.
16 and 17 which were found as follows. As the MOS was con-
nected such that Vg = 0 then Vgg = 0. The parameters kv,
Vo = Vrr — kv, n are technology related while ifpg = Sg%
depends only on ratios of transistor sizes. The values of Vg,
n and ifpg were determined from data at T = Tg (0 = 1) by
fitting Eq. 14 to the measured data through minimizing

Z|VTR+HUTRJT(KZ']¢DO)7VG(K)‘. (20)
K

The value for ky was obtained from fitting the slopes kp (K)
of the lines on Fig. 7 to Eq. 17.

Fig. 8 shows the plot of Eq. 16 for each value of K as
lines on top of the experimental data V¢ (K, T). The difference
between theory and experiment is shown on Fig. 9, exhibiting a
good agreement throughout all the inversion ranges. In W1, the
increasing errors at high temperature are attributed to leakage
currents.

VII. CONCLUSIONS

We proposed a simple MOSFET-only circuit that generates
a voltage with linear temperature dependence. This can be
adjusted from decreasing to increasing as the inversion level
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Fig. 9. Difterence between theory and experiment

is varied from WI to SI. With proper calibration a constant
voltage can also be obtained.

Based on ACM, we developed a model for the circuit which
is continuous over the full inversion level range.

The model was experimentally verified.
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