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Abstract

In this paper, we propose a scheme for generating a reference
voltage which can be implemented in the CMOS technology.
The system performance is investigated for a range of supply
voltages and temperature. The system performance is
improved by the use of floating gate MOSFET. The work
includes mathematical modeling of the proposed voltage
reference circuit and its verification by simulation using
TANNER EDA tools. The circuit performance over
temperature and supply voltage is better than the prior works
in this area. The reference voltage is obtained by combining
the weighted Vs difference with weak-inversion Vgs voltage,
which has a negative temperature coefficient. This circuit
provides a nominal reference voltage of 458mV, temperature
coefficient of 10 ppm/°C in [20°C ~ 120°C ] at a 0.8 V supply
voltage. The line regulation of the reference voltage -is
5.6mV/V when the supply voltage is increased from 0.8 V.to 2
V.

1. Introduction

I N many applications, a precise and stable reference voltage

is widely used in digital and analog circuits like analog—digital
(A/D) and digital-analog (D/A) converters, voltage regulators,
DRAM/flash memories and other communication devices.
The demands for smaller area, low power consumption and
low sensitivity to the supply voltage and temperature are
getting increased. Recently, the voltage reference circuits were
proposed to achieve smaller area without resistors [7], or low

power supply, such as 1 V [8], [9]. However, all of them
require big-area diodes or parasitic bipolar junction transistors
(BJTs) with turn-on voltage as high as 0.6 V at room
temperature. Thus, some people started to exploit MOSFETS
operated in subthreshold region to generate the reference
voltage independent of the power supply and temperature.
Parts of reference circuits can further be configured to serve as
on-chip die temperature monitors, e.g. on large digital
microprocessors. Recently, Filanovsky and Allam has
studied the MOSFET temperature behavior by emphasizing
the relationship between the |-V characteristic of a MOSFET
biased in saturation region and temperature [1]. In this, they
pointed out clearly that below a certain bias point, the gate-

source voltage of a MOSFET, biased with a fixed drain
current, decreases with temperature in a quasi-linear fashion.
Starting from this observation, a gate-source voltage can be
used instead of a base-emitter voltage to design a voltage
reference independent of temperature. Many researchers have
proposed several low-power and low-voltage reference circuit
solutions based on weak-inversion MOSFETs [2],[3]. The
effect of temperature in the weak inversion characteristics of
MOSFET’s is  discussed [4]. In this paper, a low temperature
coefficient FGMOS voltage reference circuit is presented. The
reference circuit generates the voltage with positive
temperature coefficient from weighted Vg5 difference between
two. NMOSFETs in the weak inversion region while the
voltage with negative temperature coefficient is obtained by
the weak inversion Vgs voltage. With the MOSFETS operating
in_the weak inversion, the reference circuit consumes less
current and thus reduces the power consumption.

The floating mosfet is presented in section 2, proposed
voltage reference circuit is illustrated in section 3. Simulation
results are presented and compared with previous work in
Section 4. Section 5 concludes the paper.

2. Floating Gate MOSFET

A Floating Gate MOS Transistor consists of a conventional
MOS transistor with its gate surrounded by SiO2 and
capacitively coupled to multiple controlling input gates [11]-
[14].Since the gate surrounded by SiO2 has no DC path to a
fixed potential, it is known as Floating Gate. ie, The floating
gate is formed by the first polysilicon layer, while the
multiple-input gates are formed by the second polysilicon
layer located above the floating gate. The conduction of the
FGMOS transistor is different from that of conventional MOS
transistor having the same terminal potential, due to the
capacitive coupling between the Floating Gate and control
gates. When a voltage is applied to the control gates,
capacitive coupling between the control gate and Floating
Gate induces an electrical field on the Floating Gate (FG). The
induced field on the Floating Gate modifies the conductance
of underlying channel region.

A two input Floating Gate MOSFET is shown in Fig.1
where a dc voltage (Vb) is applied at one of the gates called
bias gate (BG) while the signal is applied at second gate
termed as signal gate (SG).
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The resultant threshold voltage V; (fg) of the FGMOS [8]
with respect to signal gate, depends on the threshold voltage
of the Floating Gate (V1) and is given in (1).

V. -V k
V. (fg)= ST T

k. 1)

|

NI
oo mt

Fig.1. Two input Floating Gate MOSFET structure

Where k, =¢, =¢; k,=C,=C;, C;and C, represent
the capacitances between floating gate and control gates
respectively, Cy is the sum of all the capacitances between
control gates and floating gate, capacitance between floating
gate to drain, capacitance between floating gate to source and
capacitance between floating gate to bulk.

3. Proposed Voltage Reference
VoD

T\.'_

bias

-Gl
B

R

A 7

Fig. 2. Schematic of proposed voltage reference circuit.

The proposed voltage reference circuit is shown in Fig. 2.
Transistors M; and M, are connected as a FGMOS current
mirror and served for realizing the function of self-biasing.
The current mirror of M; and M, is designed to make
MOSFETs M3 and M, operate in the weak inversion such that
the voltage across R; is proportional to the absolute
temperature (PTAT). Hence, the resistor ratio Ry/R; can be
used to compensate for the variation of the gate-source voltage
of M, with respect to the temperature.

For an n-MOSFET operating in the weak-inversion region,
with the condition of Vps > 3V, its drain current can be given
as[5],[6]:

w Vg =V
I, =— 1 exp(—=—"= 2
p =71 x( Y ) @

T

where |, =gXD,N_, exp(C/V;), Vy is the threshold

voltage, n is the subthreshold slope factor, X is the thickness
of the region in which I, flows, D, is the diffusion constant for
electrons, N is the equilibrium concentration of electrons in
the substrate, V; = kT/q is the thermal voltage, and C is a
constant.

The drain current of Mz and M, can be expressed as

V -V

Ipg = Kjl, exp -85t

p3 = Ksly p[ =Va 3)
Vaca =V

I, =K, I exp -G83 "t

D4 alt p( =Va (4)

where K; = (W/L); and K;=NK,. Using (2) and (3) assuming
that the ratio of K; and K, is unity which means that the
current flowing into Ms and M, are equal, we can obtain

VGSA _VGS3 = nVT In(N) (%)

From Fig. 1, the two gate-source voltages of Mz and M, are
also related by

VGS4 :VGSS + ID3R1 (6)

Substituting (4) into (5), we obtain

I — VGSA —VGSS — nVT In(N) )
D3 Rl Rl

(6) shows that the drain current of M3 is proportional to the
absolute temperature(PTAT). The gate voltage Vs of M3 and
M, is given as:

Vs =VG84 +21 D3R2 (8)
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For an n-MOSFET with PTAT drain current, we can
obtain the expression of Vgs from (1):

— [+V,, 9

Substituting (8) into (5), we obtain

|

Vegs =nVy Inf =2 1+V, + 1R, (10)
KSIt

With the source and bulk terminals connected together,

we could have the expression of Vy, as follows [6].

AN L,

th — C C

¢f + ¢ms - (11)

ox 0ox

Because ¢, Qss, and Coyx are independent of temperature,
differentiating (10) gives

thh 1 Eg V4
=—=]—- 2+ 12
dT TO[Zq I \/ﬂ (42

where N, is the doping density, ¢ is the permittivity, ¢s is the
Fermi level, Cox is the gate oxide capacitance, @ngis the work
function difference existing between the gate metal and the
silicon, Qss is the positive charge density existing in the oxide
at the silicon interface, Eg is the band gap of silicon at T =0°K,

and y is defined as[6] y = Ci lzquA .
0X
Equation (11) shows that the threshold voltage reduces with
the increase of the temperature since ¢; < E4/2q. Thus, we
could say that the threshold voltage Vi, has a negative
temperature coefficient. Substituting (6) and (9) into (7), the
voltage Vs can be expressed as

I
V. =nV, In( DI3 J+Vth+|D3Rl+2|D3R2
3t
I
=nV; In| =2 |4V + vy In(N) (R, +2R,)
K3|t Rl

=nV, |n{”VT'”(N)J +V , +QV; In(N)ﬁRl + zin (13)

37T 1

Hence, the size K5 of M, the resistor ratio R,/R;, and the
aspect ratio N of M3 and M, can be designed to make the
temperature coefficient of Vs equal to zero at a selected
temperature. Therefore, the final output reference voltage V.
can be expressed as
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Fig. 3. Reference voltage against supply voltage
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Fig. 4. Reference voltage against temperature at supply voltage.

TABLE 1.COMPARISON WITH PREVIOUS WORK

Previous
parameter Proposed work Work[5]
Minimum supply 0.8v 1.5V
voltage
Reference voltage 458mV 580mV
Temperature coefficient | 10 ppm/°C 62 ppm/°C
Line regulation 5.6mV/V(0.8V~2V) | 8mV/V(1.5V~3V)
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4, Simulation Results

Fig. 3 shows the simulation result of the reference voltage
Vr against supply voltage at room temperature. The circuit is
simulated using TANNER EDA tools with BSIM 4.4 model .
The reference voltage is independent of supply voltage when
the supply voltage Reaches near 0.8V. The line regulation is
5.6 mV/V when the supply voltage is increased from 0.8V to
2V.The temperature coefficients of the reference voltage V
against temperature is obtained 10ppm/°C at 0.8V supply
voltage. Fig. 4 shows the simulation results of the reference
voltage Vs against temperature supply voltage. Table 1 shows
comparison of proposed work with previous work [5] in terms
of reference voltage, temperature coefficient and line
regulation.

5. Conclusion

A low-power, low temperature coefficient FGMOS
voltage reference circuit with MOSFETs operating in the
subthreshold region is presented. The voltage reference is also
independent of supply voltage 0.8V and temperature.
Simulated reference output voltage is around 458mV and the
minimum supply voltage is 0.8V. The temperature coefficient
is 10ppm/°C from 20°C~120°C and the line regulation is
5.6mV/V from 0.8V to 2V. The circuit has been simulated
using TANNER EDA tools with BSIM 4.4 model.
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