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Abstract. Based on the negative temperature characteristics of threshold volt-
age and positive temperature characteristics of a multiple of thermal voltage,
adding them with proper weight coefficient A voltage reference circuit was
proposed with a zero temperature coefficient (TC). The device consists of pure
MOSFET operated in subthreshold region and uses no resistors and bipolar
transistors. The triple-branch current reference structure is adopted for inde-
pendence of supply voltage instead of cascade structure and embedded opera-
tional amplifier structure with the merit of chip area and power consumption.
Simulation results showed that based on standard CMOS 0.18 um process, the
circuit can operate at 0.75 V supply voltage with the output voltage only
563 mV. The TC of the voltage was 17.5 ppm/°C in a range from —40 °C-125 °
C. The line sensitivity was 569.5 ppm/V in a supply voltage range of 1.2 V-
1.8 V, and the power supply rejection ratio (PSRR) was 66.5 dB at 100 Hz. The
power dissipation was only 187.4 nW.
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1 Introduction

Voltage reference and current reference are the important part in analog and mixed
signal integrated circuits, e.g. sensors, portable mobile devices and biomedical chip [1].
It can provide reference for other blocks so its characteristics directly affect the per-
formance of all the system [2]. Traditional bandgap reference (BGR) circuit [3, 4] got
the zero TC by weighting the negative temperature characteristics of base-emitter
voltage of NPN bipolar transistor and positive temperature characteristics of thermal
voltage [5], which produces a voltage that is basically independent of power supply
voltage, process and temperature [6]. While the traditional circuit invoked operation
amplifier structure or cascade structure to stabilize the voltage for improving the PSRR
with the drawback of power dissipation and chip area, and also the noise and speed of
the op-amp can affect the output voltage [7].

To solve above problems, a low power voltage reference circuit is proposed in this
paper with all the MOSFETSs working in the subthreshold region. To provide bias for
the voltage reference a triple-branch current reference is developed with high PSRR.
The circuit consists of all-CMOS devices without resistors and bipolar transistors so as
to save the chip area and power consumption. Simulation results shows the benefits of
the circuit.
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2 A Traditional Current Source

A typical circuit for generating the bias current independent of the power voltage is
shown in Fig. 1 [7]. When the circuit is powered on, M5 provides the access from
VDD to the ground through M3 and M1. The M5 can be turned off after the circuit was
started up in order to avoid degenerate on the condition that Vyy; + Vigs+
|Vius| < Vpp and Vst + Vims + |Vass| > Vpp. The output current of the circuit can be
expressed as
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Fig. 1. Traditional supply voltage independent current source

Thus the reference current independent of the supply voltage is produced. In this
block, with the fluctuating of power supply voltage, the drain voltages of M1 and M2
will change in opposite direction. So the transistors M3, M4, M1 and M2 constitute a
positive feedback, and resistor Rs acts as the negative feedback of the circuit. On the
whole this circuit presents a weak positive feedback loop, so the PSRR of the block
will be relatively poor. In order to weaken the sensitivity of the reference current to the
power supply voltage, a triple-branch current reference structure was proposed in
literature [8] and [9], which constitute a negative feedback loop. In this circuit resistors
was used to control the bias current, so the silicon area would be increased in order to
get nanoampere current. In standard CMOS technology, not only the resistor model
may be unavailable or unreliable, but also the resistors increase susceptibility of the
reference to substrate noise coupling [10].
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3 Improved Triple-Branch Current Reference

A novel current reference circuit which can increase the PSRR and weaken the sen-
sitivity of the temperature is shown in Fig. 2. The triple-branch structure was adopted
and the negative feedback loop was formed to restrain the variation of the power
supply. When the power supply voltage Vpp increases, the voltage Vy decreases at the
same time, and the voltage V increases under the operation of NM2 as common-source
amplifier. For the same reason, under the action of common-source NM1, the voltage
of A point drops consequently. Thus, a negative feedback loop Vy—Vp—V,—Vy is
formed, so the PSRR of the circuit together with linear sensitivity are relatively high.
When the voltage at X point increases, the current of 11, I2, lout, Iref decreases,
Vy = (1 + I2 + lout)Ryys + (11 + 12 + Iout + Iref)Rnys the voltage at Y point
decreases rapidly, which makes the voltage at X point drop rapidly. The source of NM2
is connected with the drain of NMS5 tube, which forms faster negative feedback
loop. The resistor which control the magnitude of the reference current is replaced by
NMS5 that operates in the diode region. The NMS5 gate-voltage is biased by the drain
voltage of diode-connected NM4, the gate-source voltage of NM4 has a negative TC,
and the drain-source voltage of NMS5 has the positive TC, so the voltage of point Q
which determines the current 12 can be weighted to zero TC. NM6 is used as big
resistor to make the current stable. Such a structure can weaken the influence of
temperature in the end.
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Fig. 2. Proposed current source subcircuit

In order to reduce the power consumption of the circuit, MOSFET is generally used
to work in the subthreshold region in the nanoampere current reference. When Vg5 ~
Vg or Vgs slightly smaller than Vg, the current is expressed as follows [7]:



Design of a 200-nW 0.8-V Voltage Reference Circuit in All-CMOS Technology 123

Ip = Shexp (%) {1 — exp (— VV—DTS>} (2)

S is the aspect ratio of the transistor, I, is the characteristic current, & represents the
subthreshold slope factor, C,, is the gate-oxide capacitance, Vr = KT/q is the thermal
voltage, K is the Boltzmann constant, T is the absolute temperature, q is the elementary
charge Vth is the threshold voltage of a MOSFET [11]. For Vpg > 0.1 V, current Id is
almost independent of Vpg and given by

(3)

Vs — Vi
I = SIexp (u)

Evr

NM1, NM2 and NM3 operate in the subthreshold region. According to the equation
above, the current of NM1 and NM3 can be obtained:

(4)

V. — Vi
Lowe = Snmzloexp <7GS7N2/3 th)
T

(5)
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PM6 and PM7 constitute a pair of current mirror structures, PM6 and PM7 have the
same size, so I,,; = I, the aspect ratios of NM3 is K times that of NM1, that is
Snvz = KSyui, we get the formula:

(6)

V -V
Lour = KSyuilo exp (7“*”““ ”’)

{Vr

According to the formula (4) and (6) can be obtained:

Vi -V IetR
K — Yesnmi Gsnm3 _ LetRiws 7)
{Vr {Vr

transistor NMS5 operates in deep-triode region, so its resistance is given by

1
SwmsttCox (Vasvms — Vin)

Ryms =

So the current reference can by written as
Let = (VrIn(K) ® SnusuCox (Vasms — Vin) 9)

It can be seen from the above equation the output current depends on the aspect
ratio of NMS5. The voltage of Q point is easy to change with the temperature, and the
current of 12 will also change accordingly. It can be obtained /,,,, the voltage L..¢
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changes with the temperature. Only if the voltage at the Q point is stable, the current I,.¢
not change with the temperature be produced. According to the formula (6) and (7), we
get:

N
Iouz = Iref% (10)
PM6
B _ Snm3
Vosams = Vet — Viern = EVrIn 3 (11)
NM1
Vo = Visa + Vpsms + Vpss (12)
L Snms
Vo =¢Vrin +Viu+EVrin + Vbse (13)
Snmalo Snm1
LK
Vo = fV71n< 2 > + Vi + Vbse (14)
Snmalo

From Eq. (14) it can be seen that the first term is the multiple of the thermal voltage
which has the positive TC, and the second term is the threshold voltage of MOSFET
which has a negative TC. Properly weighting, the V, with zero TC can be derived, and
the temperature effect on the reference current is weakened.

At the corner of ttssff, the output current varies versus supply voltage is shown in
Fig. 3 and the temperature characteristic of output current is shown in Fig. 4. It can be
seen that output current has slightly positive 7C, and it can work normally when power
supply is 0.75 V.
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Fig. 3. Output current versus supply voltage under different corner
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Fig. 4. Output current versus temperature under different corner

4 Voltage Reference Circuit

The bias voltage circuit is shown in Fig. 5. PM4, PM3, PM2, PM1 have the same
aspect ratio and all work in saturation region in order to guarantee the same drain
current (Ip) of them. It can be seen that the gate-source voltage (from Vggg to Vigs;s) of
the transistors form a closed loop, and the current in M9, M11 and M13 are 4/p, 31p and
2Ip respectively. Therefore, we find that output voltage Vzgp of the circuit is given by

Vier = Veso — Vess + Vesit — Vesio + Vesis — Vesiz + Vesis (15)

according to Eq. (3)

1
Vs = Vg +EVrln <S_?0)’ (Ip = alp) (16)

And Eq. (15) can be rewritten as:

6555105
Vref = Vgso + EVrln <M> = Vgso + EVr ln(6K3)
$11813515 (17)
41
:VTH+5VTIH —p +5VT1I1(6K3)
Solo

where we assumed that the mismatch between the threshold voltage of the transistors
can be ignored. Equation (17) shows that Vggr can be expressed as a sum of the gate-
source voltage Vg9 and thermal voltage Vi scaled by the transistor sizes. Because Vg
has a negative TC and V7 has a positive TC, output voltage Vggr with a zero TC can be
obtained by adjusting the size of the transistors.
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Fig. 5. The proposed zero TC voltage circuit

The entire circuit is illustrated in Fig. 6. It is composed of three blocks, which are
start-up circuit, current source subcircuit and bias voltage subcircuit. A start-up circuit
is used to avoid the stable state in the zero bias condition. When the power is on, PM10
works in the conducting state. /in injects into the main circuit. At the same time, PMO is
on and MOS capacitor NM7 is charged, the voltage of PM10 gate increases gradually.
At last PM10 cuts off and the start-up circuit separates from the main circuit.

WH:M

§

Iin
| NM4
ag!
—1
| NM5
—1NM7
| NM6
s&&iﬁ{&?& uit  Current source subcircuit jr_ Bias voltage subcircuit

Fig. 6. The whole schematic of our voltage reference circuit

5 Simulation Results and Comparison

The performance of our proposed circuit is verified with the aid of SPECTRE simu-
lation using a set of 0.18 um standard CMOS press with 1.8 V power supply.
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The TC of output voltage under different corner are shown in Fig. 7 respectively. It
can be seen under corner of FF, the TC is 48.88 ppm/°C, with the mean output voltage
506.242 mV; under the corner of TT, the TC is 17.25 ppm/°C, with the mean output
voltage 564.39 mV; under the SS corner, the TC is 23.48 ppm/°C, with the output
voltage 626.516 mV. It is easy to see that output voltage varies greatly with different
corner. Because the threshold voltage changes evidently under different corner, and
output voltage of proposed circuit under zero TC is equal to the threshold voltage of the
MOSFET at 0 K temperature. So more accurate process should be used in order to
achieve excellent reference.
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Fig. 7. Output voltage VREF as a function of temperature under various corner
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The output voltage exhibits good power independence. Figure 8 shows output
voltage Vzgr at room temperature as a function of supply voltage under different
corner. The circuit operates properly when supply voltage is higher than 0.75 V. The
line sensitivity is 596.5 ppm/V in the power range of 1.2 V to 1.8 V under TT corner.
Figure 9 shows the PSRR at room temperature with 1.8 V power supply. The PSRR is
—66 dB@100 Hz, and the worst is —29 dB@63 kHz. At different corner, maximum
deviation is less than 2 dB. Thus the voltage reference which is almost independent of
temperature and supply voltage is achieved.
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Fig. 9. PSRR of the proposed reference voltage source

The noise characteristic is shown in Fig. 10. It can be seen that the noise is
relatively larger in the low frequency band, about 4 uV/sqrt(Hz)@80 Hz. The circuit
noise is mainly the flicker noise of MOSFET, which can be reduced by increasing size
of MOSFET. It is easy to see the noise of output voltage is not affected under different
corner.
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Fig. 10. Output noise versus frequency

Table 1 summarizes the characteristics of our circuit in comparison with other
triple-branch structure CMOS voltage references reported in [7, 8, 12]. Our device is
comparable to other circuits in PSRR, line sensitivity, and it is superior to other in TC
and power consumption. Our circuit gives new improvement to the triple-branch
structure circuits, so it is useful as a voltage reference for low power design.

Table 1. Comparison of reported low power CMOS voltage reference circuits

This work [7] [8] [12]
Process 0.18 um, 0.5 um, CMOS 0.18 um, 0.35 um,
CMOS CMOS CMOS
Temperature range —40-125 —40-130 —40-100 —20-80
O
VDD 0.75-1.8 V 26V 0.7-3V 143V
Ve 563.5 mV 12-35V 700 mV 745 mV
Power 187.4 nW NA. 1.5 uW 0.3 uW
(@4V)
TC (ppm/°C) 17.25 20 80 7
Line sensitivity 569.5 N.A. NA. 20
(ppm/V)
PSRR@100 Hz —66.5 dB —-50 dB@1 kHz |—-62 dB 45 dB
Noise @80 Hz 4 uV/sqrt N.A. 4.9 uV/sqrt N.A.
(Hz) (Hz)
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6 Conclusions

A novel ultra-low power voltage reference circuit consist of all-CMOS transistors is
developed in this paper. The circuit adopts improved triple-branch current reference
structure instead of the traditional embedded operational amplifier and cascade struc-
ture. In addition, the circuit works at the subthreshold region in order to reduce the
power consumption. The power rejection ratio and linearity of the circuit are improved
while the power consumption and chip area are greatly reduced. Using a 0.18 um
standard process, Simulation results show that power supply voltage can be as low as
0.75 V, the TC is about 17.5 ppm/°C, the linear sensitivity between 1.2 V to 1.8 V is
569.5 ppm/V, the output voltage is about 563.5 mV, and the PSRR is about
—66.5 dB@100 Hz, the power consumption of the whole circuit is only 187.4 nW.
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