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I. INTRODUCTION

With growing applications and functionality of small low-power wireless sensors like sensing and localization, the

generation of a precise reference voltage becomes ever more important [1]. Reference voltages are usually generated by
a bandgap circuit suitable for low-voltage operation [2]-[3]. It employs the different thermal behavior of bipolar diodes
and resistors to generate a temperature independent voltage. However, modern CMOS processes do not feature dedicated
bipolar devices and make use of parasitic ones. So, new types of voltage reference circuits have been presented that use
only MOS devices to generate the desired temperature independent voltage [4]-[6]. Some of these bias cells are capable
of low-voltage operation at a current consumption in the range of 1uA. This makes them very desirable for wireless
sensors. However, mos references show a strong dependance of process parameters and thus need trimming for accurate
output voltage [7]. Also, for use as a reference of an analog-to-digital converter a voltage close to the supply voltage is
beneficial for good conversion accuracy.
The goals realized in this concept are therefore a low-voltage low-current circuit with good relative and absolute precision
over temperature. The minimum supply voltage has to be close to the reference voltage. A concept for calibration of both
temperature behavior and absolute output voltage is presented. This is done via setting configuration bits by either fuses
or any kind of external saved calibration data.

II. BASICS OF MOSFET VOLTAGE REFERENCES

The circuit of the presented reference cell consists of a proportional to absolute temperature (PTAT) current source
which is formed by the transistors M1-M4 and the resistor R1, as can be seen in Fig. 1. The generated PTAT current is
mirrored by M5 and the reference voltage is generated by the diode-connected FET M6. A startup circuit is implemented
by transistors M13-M15. To achieve a good relative precision of the generated reference voltage in relation to its absolute
value M6 should either be a high-V;j, type or a low-g,, type. According to [2] the PTAT current can be expressed by
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Fig. 1. Schematic view of the proposed adaptable voltage reference circuit.
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with p,, the electron mobility in NMOS devices, C,, the area capacitance, W and L width and length of M4 and N the
ratio of (W/L) of M3 to M4. The output current of this PTAT source is fed into the diode connected NMOS transistor
M6 which generates the desired reference voltage V;..ri1. A multiplication of the current I..; by M = W(MS5)/W(M1)
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helps to keep a reasonable size for M6. The size of M6 is chosen in a way that the output voltage at the minimum and
maximum of the temperature range are equal. The output voltage of the MOS diode is given by
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The function of the temperature dependence is mainly formed by first, a resistance is approximately proportional to absolute

temperature. Second, the threshold voltage of a MOS transistor decreases linearly with temperature [8]. According to [9]

this is expressed using the temperature coefficient Kp; by

Vin (T) = Vin (To) — K11 <T - 1> : 3)

Other effects are changes in electron mobility p as well as other nonlinear effects in the MOSFET that prevent a perfectly
constant output voltage over temperature [5]. This results in a PTAT current which can be expressed as

T-T)
Iy =1 (Tp) - (1 + k> . 4)
T
Due to this temperature dependency which counteracts the PTAT behavior of the current source the complete reference
circuit shows a nearly constant output voltage over temperature. The remaining deviations can be quantified by a term
Vairy describing the difference between the maximum and minimum voltage over the entire temperature range of concern
as

Vdiff = Vrcfl,m,ar - Vrefl,min' (5)

The goal of optimization is to minimize Vg . Therefore, due to the characterisitcs of V,..r1 over temperature Vicr1 maq
should be equally reached at minimum and maximum temperature. V,cf1 msn should be reached at the temperature T3
of Trnin + Tmaw
2 ©
In the nominal case a Vy;rr of 1.4mV is achieved. Vicf1,min is 619.2mV at Ty = 48°C. Due to process variations
Vier1 can vary by a considerable amount, both in temperature dependance and absolute value. Both effects are shown
by the simulation results of five predefined corners in Fig. 2 for the PTAT current and reference voltage. The different
temperature characteristics are visible as well as a deviation of £50mV in absolute voltage.
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Fig. 2. Simulated PTAT currents I,..y and corresponding reference voltages V.. 1 for five different process corners.

III. COMPENSATION OF BEHAVIOR VERSUS TEMPERATURE

The first step is to correct the temperature characteristic of the output current in the PTAT source. The resistor R; is
therefore split into a fixed part for the basic feedback and a tunable part for compensation of I,..; versus T'. The adaptable
part is controlled by a number of digital input bits by ; that switch the PTAT core current either through a resistor or a
bypass transistor. A low-V};, type transistor is chosen as bypass element due to lowest on-resistance at low supply voltages.
For ease of implementation the values of the switched resistors are chosen according to the weight of the corresponding
input bit which removes the need for a binary decoder. A schematic illustration of the switched resistor implementation is
given in Fig. 3. The focus is to keep the number of bypass transistors as low as possible due to mos transistors showing
a temperature dependence that is different to that of the resistors that get bypassed. Thus a larger number of series fets



Fig. 3. Schematic illustration of the switchable resistor elements.

introduces new errors in temperature gradient which should actually be corrected in this stage. The nominal design value
is implemented as the highest value bit by, set to 1 and others to O so that the tuning range extends equally up and
down from the nominal value. The necessary tuning range is determined by corner analysis of the process variations. The
number of bits is a tradeoff between implementation effort and desired precision. A resolution of four bits is sufficient
to realize a step size of roughly 7 °C' for T, allowing for a sweep of T from —5°C' to 100°C'. The step size also
determines the remaining error in the calibrated circuit. For the chosen temperature range from 0°C' to 100°C, a value
of Thy = 50°C gives optimum temperature performance.

The tunable elements are realized as a MOS-transistor in parallel to unity resistors. 2* unity resistors form a group
representing the binary weights of the input control bits. In Fig. 4 the output currents I,.; of the PTAT source and the
resulting reference voltages V;..r1 at the diode-connected MOSFET M6 are shown. The simulation parameters for process
variations are set to nominal to illustrate the range of temperature tuning possible by the proposed setup. A lower total
feedback resistance results in a higher PTAT current as well as a shift of T}, towards higher temperatures. The correction
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Fig. 4. Tuning ranges for the reference voltages V.. ¢y for all possible input values by ; and V..o for all possible input values bgps ; at nominal
inputs.

of the temperature curve also has a positive effect on the reference voltage V,..r2 since a process variation which results in
a negative temperature coefficient generally also exhibits a low absolute value for V,..y2. The correction procedure results

in a higher PTAT current I,.; and thus a higher value for V;..;; which again relaxes the requirements for correction of
the absolute voltage.

IV. CORRECTION OF ABSOLUTE OUTPUT VOLTAGE

The correction of the absolute output voltage is done by a adjustable amplifier with a simple one-stage error amplifier.
The error amplifier is implemented as an OTA formed by the devices M7 to M11 whereas M12 is the LDO pass transistor.
To ensure stability of the feedback loop the capacitor C1 is inserted exploiting the Miller effect to keep its size small. The
design goal of the output stage is to minimize the voltage drop. So, the feedback network of the amplifier consists of a
fixed resistor towards ground and a switchable resistor controlled by the input bits b4 ; closing the feedback between the
LDO-output and the feedback point. The switchable resistors are designed like the ones used for temperature compensation.
At this point, keeping the number of bypass transistors low is very important because a higher number of pass transistors
in the feedback network change the temperature gradient while in theory V.1 is simply amplified by
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Since the output voltage of the LDO directly represents the corrected reference voltage it can be as close to Vpp as Vgrop
with Vgrop as low as a few tens of mV. Fig. 4 illustrates the output voltage V,..r2 for the different settings of the five
input bits b,p, ;. The implementation allows for 110mV adjustment of the output voltage at nominal simulation setup in
31 steps of about 3.5mV/, resulting in an mean output voltage within £1.75mV of the desired value. The nominal value
for implementation V.. ro is chosen to 700mV which gives about 30mV headroom to the maximum simulated V.. ;.

The calibration process is visualized in Fig. 5 showing the uncalibrated and the temperature compensated V,..y1 and V.. ro
and fully calibrated voltage V,.s2. Using by = 0001 and bgps = 01010, the calibrated values for Ty, Vg rr and Viera min
are 51°C, 1.5mV and 699.0mV, respectively, compared to —6°C, 6.9mV and 736.8mV with the nominal by = 1000
and bgps = 10000. The design was thoroughly simulated, a layout done and the extracted parameters used in a final
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Fig. 5. The voltages V,cf1 and V.. r2 in different states of calibration (uncal: uncalibrated, T cal: temperature compensated, cal: temperature and
absolute voltage calibrated) and layout of the tunable CMOS voltage reference

verification. The layout shown in Fig. 5 occupies an area of 60um * 66pum in a 130 nm standard CMOS technology.

V. CONCLUSION

In this paper an approach for a CMOS voltage reference with the ability to calibrate both voltage over temperature
behavior and absolute voltage value is presented. This is achieved by electronic controlled trimming of resistances in the
PTAT current source and output amplifier. For the transistors in the PTAT current source, the diode connected reference
source and the error amplifier a common size of width W = 1pm and length L = 4pm was chosen. The design has a
nominal total current consumption of 3.4 A and operates at a minimum supply voltage as low as 800mV for the chosen
Viepa of 700mV. The design can be optimized for even lower current consumption by using higher resistances as well
as narrower and/or longer transistors. However, such an adaption increases the chip area due to the larger size of both
resistors and FETs.
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