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A 140 mV 0.8 u A CMOS voltage reference based on sub-threshold MOSFETs*
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Abstract: A CMOS voltage reference circuit based on sub-threshold MOSFETs is proposed, which utilizes a
temperature-dependent threshold voltage, a peaking current mirror and sub-threshold technology. The reference
has been fabricated in an SMIC 0.13 um CMOS process with only MOS transistors and resistors. The experimental
results show a reference voltage variation of 2 mV for a supply voltage ranging from 0.5 to 1.2 V and 0.8 mV for
temperatures from —20 to 120 °C. The proposed circuit generates a reference voltage of 140 mV and consumes a
supply current of 0.8 (LA at room temperature. The occupied area is only 0.019 mm?.
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1. Introduction

Low voltage and low power are essential goals for cir-
cuits and systems deployed in a pervasive electronics scenario,
where a battery can maintain a long lifetime. The voltage ref-
erence is a critical block in analog and mix-signal circuits such
as voltage regulators and analog/digital converters. Some of
the key requirements for an ideal voltage reference are as fol-
lows: (1) output voltage is temperature-independent; (2) output
voltage is supply-independent; (3) operation over a wide range
of supply voltage; (4) output voltage can be easily scaled!!;
and (5) capable of low-voltage low-power operation. The most
common references satisfying some of these key parameters
are current-model? 3 and voltage-mode!*! bandgap references,
which are obtained through exploiting the characteristics of
bipolar junction transistors (BJTs). Unfortunately, the major
disadvantages of bandgap references are their power dissipa-
tion and minimum supply voltage. While in many low-voltage
low-power CMOS reference circuits!®~7], bad temperature co-
efficients (TCs) or line regulation (LNRs) are reported because
of: (1) the drawbacks of the first-order temperature compensa-
tion; and (2) the limited number of devices cascaded from the
supply voltage to the ground.

In this paper, we describe a new and simple topology that
provides a low-power and low-voltage CMOS voltage refer-
ence with good line regulation and temperature stability. A
sub-threshold operation technique is used to lower the power
consumption of the circuit. Line regulation of the voltage ref-
erence has been improved greatly because of the negative feed-
back loops existing in the proposed circuit. The curvature-
corrected component of the circuit utilizes cascade-connected
NMOS transistors, which operate in the sub-threshold region at
high temperature. Therefore, a lower temperature drift of out-
put voltage is achieved. The novel reference was implemented
in 0.13 um CMOS technology and verified by experimental
results. More details of the proposed voltage reference circuit
are discussed in the following sections.
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2. Proposed circuit

In low-voltage low-power CMOS voltage reference de-
sign, MOS transistors are biased in the weak inversion re-
gion to replace the BJTs in circuits. Similar to the temper-
ature dependence of emitter—base voltage in BJT, the gate-
source voltage of an MOSFET represents the simplest imple-
mentation in CMOS technology of a conversely proportional
to absolute temperature (CTAT) voltage. Considering the sub-
threshold operation of a p-MOSFET with a PTAT drain current,
the temperature dependence of the gate—source voltage of the
n-MOSFET can be expressed as!®°]

Vose(T) = Ag + A1T + A>T InT, (D

where the constants Ay, A; and A, are dependent on the pro-
cess technology. As can be seen from Eq. (1), the first term
Ay 1s a constant, the second one is a linear term and the last
term models the nonlinearity of the temperature-dependent fac-
tor of gate—source voltage. Normally, first-order compensation
involves the cancellation of the second 7' term while high-
order temperature compensation covers the cancellation of the
logarithmic 7 term. In our proposed circuit, the cascade sub-
threshold MOSFET can achieve the function of high-order
temperature compensation.

The proposed reference circuit is shown in Fig. 1. It is com-
posed of four main sub-circuits. The first part is the peaking
current mirror circuit, which is made up of transistors M4-M6
and resistor R;. The second part is the negative feedback loop
consisting of transistors M1-M3, M7 and resistors R,—R3. The
third part is the curvature-compensated sub-circuit, which is
composed of MTC1 and MTC?2. The fourth part is the start-up
circuit. The elements M4, M5 and R; constitute the peaking
current source, which is a PTAT component. M3 and M6 are
biased as current mirrors by the voltage drop across R, plus
R3, the voltage Vis3 and Vise is therefore a CTAT component.
M8 mirrors the PTAT current generated in the peaking current
source and injects it into the downside resistors R4 and R3.
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Fig. 1. Proposed CMOS voltage reference with a start-up circuit.

Elaborating the ratios of resistors and transistors we obtain the
voltage Vi as the sum of a PTAT component and a Vs-based
component. Design considerations of the circuit are illustrated
in following section.

3. Design consideration

3.1. CTAT source

The CTAT source is composed of M1-M3, M7 and resis-
tors R,—R3, M3 is biased in sub-threshold region. It gener-
ates a supply-independent voltage Vs3. The circuit operates
as following: M1 and M7 form current mirrors, and their drain
current are according to the ratio between them. M3, M2, M1
and M7 form a negative feedback path, and this forces current
through R, and R3 to be constant, namely supply-independent.
For example, if the current of R, and Rj increase because
of supply voltage variation, the negative feedback opposes
this change to keep the current constant, Vg3 is thus supply-
independent. The voltage across R3 is

R;
R3+ Ry

The transistor MC2 as a MOS capacitor Cc compensates
the negative feedback loop. MC2 imposes a dominant pole at
the gate of M2. It also sets the gain-bandwidth product of the
feedback loop, which results in

_ gm3&ma(R3 + Ry) (W/L);7
Cc (W/L),

Obviously, a higher gain of the feedback loop means a
more accurate CTAT current, but a bigger occupation area of
the compensation capacitor as well. Consequently, proper val-
ues of the gain and capacitor must be set in order to maintain
wgpw well below the value of the other poles which exist in the
circuit.

Vr3(T) = Vass(T) 2

€)

WGBW

3.2. PTAT source

For a PMOS transistor operating in a sub-threshold region,
its drain current is given byl”)

2% VsG — | Vinp| Vsp
Ip = Is— — 1 - — |, 4
D= Isrexp —— o exp |~ “

1
0 0.2 0.4 0.6 0.8
1)

Fig. 2. Current relationship of M3-M6.

where V7 is the thermal voltage, n is the sub-threshold slope
parameter, Vi, is the threshold voltage, and Is is proportional
to the square of thermal voltage V1 and the carrier electrical
mobility p. Assuming that the channel length is long enough
and Vsp > 4V, Vinps = Vinps, We can extract the expression of
the relation between two currents of M4 and M5:

(W/L)s  Vsca — Vscs
(W/L)s nVr
For M4 and M5 operating in a sub-threshold region, the

voltage difference between their source-gate is a PTAT voltage,
which results in:

)

Ips = Ips

AVsg = Vsgs — Vsca = IpsRj. (6)
Substituting Eq. (6) into Eq. (5), we get

RUZEOT I (—InsRl)
P (W/L)s nr )

The peaking current mirror circuit is designed such that
Ipy is at its peaking value. It can be achieved by zeroing the
derivative of Ips with respect to Ips using Eq. (7), yielding the
design condition to maintain the current peaking[!?l, it yields

(7

Ips =

IpsRy = nr. (3)

Therefore, we obtain the PTAT current

Ips = nVr/Ry. 9

If the condition is satisfied, then the drain currents of M4
and M5, via Eq. (7), are related by

W/L)s _,
Ins = Ips (W/L)se . (10)

By setting the values of R; and the aspect ratios of
M3-M6, we obtain the needed operation of the peaking cur-
rent mirror circuit. For example, if we set Ry = 200 k2,
(W/L)s/(W/L)4 = 1/e, then adjusting the ratio of M4 and
M5 will make Ipg4 and Ips change. The drain current relation-
ship between M3-MG6 is illustrated in Fig. 2.

Normally, in order to improve the power supply rejection
ratio (PSRR) of the PTAT source, we set the working point
greater than peaking point, so that the upper MOS peaking cur-
rent mirror (M4, M5) and the lower linear current mirror (M3,
M6) form a negative current feedback loop, together with other
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components they can form a negative feedback loop to main-
tain stability and improve the PSRR performance of the circuit.
From the small signal model of the proposed circuit, we can get
that

Wet  R3+ Ry

i gm3(R3 + R2)

{ I gma(l — gmsR1)[ros — (R3 + R2)gme7o6]
X §— +
To4 (R3 + RZ)gmérOGgm8ro8

I 1\ gms[ 2 2
- (7_03 E) g7 |:gm8r08 (R + R2)gmoTosT0s
Ri+ R, 1
N 708 B gm1r02:|§ ‘

(11)

If we adopt the right value of the correlative parameters in
Eq. (11), we can get the high PSRR of the proposed circuit.

3.3. Curvature compensation

From above discussion, we obtain the PTAT and CTAT
sources. The output stage, which consists of M8 and R4, com-
pletes temperature compensation. M8 mirrors the PTAT current
generated in the PTAT source, which results in

(W/L)s nVr (W/L)s _,
Ipg = Ipg = — e .
W/L)y  Rw (W/L)4

Therefore, the output voltage can be expressed as

(12)

R3
————— 4+ (R3s + Ry)]
R+ R (R3 4)Ipg
R;3 R3 + Ry (W/L)g _,

= Voss——2>— 4V,
SRt Ry T R (W/L)a

Viet = Vass

(13)

Substituting Eq. (1) into Eq. (13), and then the new equa-
tion with respect to temperature to get the following equation:

OWVier Rz 0Vgse Ry + R3 (W/L)s _,dVr
= n el —
0T — Ro+ R, 0T Ry (W/L)a® aT
R
=— (A1 + A+ A, InT
Ry + R3( 1 2 2InT)
nk R3 + Ry (W/L)se_l
g R (W/L)y

(14)

where k is the Boltzmann constant, g is the charge of the elec-
tron. From Eq. (14), by setting the right values of the resis-
tance and aspect ratio, we can get the zero temperature coef-
ficient of the reference output value at various temperatures.
However, this method only compensates the first-order temper-
ature, while the logarithmic 7' term cannot compensate by this
simple method. Therefore, we introduce cascade sub-threshold
MOS transistors, as shown in the Fig. 1. MTC1 and MTC2
compose the cascade MOS transistors, which operate in the
sub-threshold region.When the temperature rises, the thresh-
old voltage will be reduced. Then the current drained by the

A A A
jMx (ll’l'A'l') I e 1R4 Up‘lA‘r - 1‘1‘(1)

—
T _’/q T

Fig. 3. The affection of Itc to the IpTaT.
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Fig. 4. Contrast of reference voltage Vs without/with ITc compen-
sation.
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Fig. 5. Micrograph of the chip contains the proposed circuit.

cascade MOS transistors are proportional to the absolute tem-
perature because of the threshold voltages of the MOS tran-
sistors. In fact, the quantity of the current by the MTCI1 and
MTC?2 is so small that it can be ignored at lower tempera-
turest®]. Thus, when we add these cascade MOS transistors into
the circuit, the PTAT current will rise slowly as the tempera-
ture increases, as shown in Fig. 3. Therefore it will generate
the function of high-order temperature coefficient (TC) com-
pensation. Figure 4 shows the contrast of the reference voltage
Vier without/with It¢c compensation.

4. Experimental results

The proposed circuit shown in Fig. 1 has been designed
and implemented in a CMOS SMIC 0.13 um process and the
main process parameters are Vryny = 310 mV and Vigp =
—279 mV. The circuit is designed to provide a lower voltage
for low voltage application.

Table 1 summarizes the parameters of the components in
the proposed circuit. Figure 5 shows the micrograph of the chip
containing the proposed circuit. The area of the proposed cir-
cuit is only 0.019 mm?. Figure 6 shows the reference voltage
as a function of supply voltage from 0 to 1.2 V. The volt-
age reference circuit starts to work when the supply voltage
reaches almost 0.5 V. An almost constant reference voltage
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Table 1. Resistance values and transistor dimensions in the proposed circuit.

Component Parameter Component Parameter
Ml W =4 pum, L =10 um MC1 W =10 um, L =10 um
M2 W =2pum, L =10 um MC2 W =100 um, L = 10 um
M3 W =60 um, L =4 um MC3 W =250 um, L = 10 um
M4 W =100 um, L =4 um MS1 W =05pum, L =10 um
M5 W =50 um, L =4 um MS2 W=4um,L=2um
M6 W =100 um, L =4 um Ry 197 k2
M7 W =4pum, L =10 pum Ry 616 kQ
M8 W =185 um, L =4 um R3 246 kQ
MTCI1, MTC2 W=10um, L =1.2 um R4 246 kQ
Table 2. Resistance values and transistor dimensions in the proposed circuit.
Reference This work Ref. [6] Ref. [10] Ref. [12] Ref. [13]
Process 0.13 um CMOS  0.35 um CMOS 0.6 um CMOS 0.35 um CMOS  0.18 um CMOS
Temperature range (°C) —20to 120 0-70 0-100 —20 to 80 —23t0 77
Min. supply voltage (V) 0.5 1.4 1.4 0.95 1
Reference voltage (mV) 140 579 309 741 29
Max. supply current (A) 0.8 23 9.7 N/A 1.48
Temperature coefficient 40.8 62 36.9 393 72.6
(ppm/°C)
Line regulation (mV/V) 2.8 39 0.25 25 0.0204
Chip area (mm?) 0.019 0.126 0.055 N/A N/A
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Fig. 6. Measured reference voltage as a function of the power supply
voltage.

can be obtained when the supply voltage is more than 0.5 V;
the variation of reference voltage is about 2 mV at room tem-
perature. Figure 7 shows the reference voltage as a function
of temperature from —20 to 120 °C, the variation of reference
voltage is about 0.8 mV. The temperature coefficient of the
output voltage is about 40.8 ppm/°C. Table 2 summarizes and
compares the experimental results of the proposed circuit with
other published voltage reference circuits using sub-threshold
MOSFETs. From the results, we can know that the proposed
circuit has the smallest output reference voltage, supply cur-
rent and chip area. Moreover, the other results, such as temper-
ature coefficient and line regulation, are also comparable with
published voltage reference circuits.

5. Conclusion

A CMOS voltage reference circuit based on sub-threshold
MOSFETs has been described in this paper. Unlike conven-
tional voltage reference designs, the proposed circuit has no

Temperature (°C)

Fig. 7. Measured reference voltage as a function of the temperature.

BIJT, only MOSFETs and resistors. The peaking current mirror
circuit and cascade sub-threshold MOS transistors are used in
the proposed circuit to achieve good performance. The test chip
has been fabricated using a standard 0.13 um CMOS process
and experimental results are presented for theoretical analysis.
The results show that the proposed voltage reference has a low
supply current 0.8 wA, low supply voltage 0.5 V, small chip
area 0.019 mm? and low-temperature coefficient 40.8 ppm/°C.
Therefore it is well suited for on-chip reference generation in
both analog and digital systems.
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