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A sub-kT/q voltage reference
operating at 150 mV

D. Albano, F. Crupi, Member, IEEE, F. Cucchi and G. Iannaccone, Senior Member, IEEE

Abstract—We propose a subthreshold CMOS voltage
reference operating with a minimum supply voltage of only 150
mV, which is 3 times lower than the minimum value presently
reported in the literature. The generated reference voltage is only
17.69 mV. This result has been achieved by introducing a
temperature compensation technique that does not require the
drain-source voltage of each MOSFET to be larger than 4k7/q.
The implemented solution consists in 2T voltage reference with
two MOSFETs of the same threshold-type and exploits the
dependence of the threshold voltage on transistor size.
Measurements performed over a large sample population of 60
chips from two separate batches show a standard deviation of
only 0.29 mV. The mean variation of the reference voltage for
Vpp ranging from 0.15 V to 1.8 V is 359.5 nV/V, while the mean
variation of Vigr in the temperature range from 0 to 120 °C is
26.74 pV/°C. The mean power consumption at 25 °C for
Vpp=0.15V is 26.1 pW. The occupied area is 1200 pm>.

Index Terms— Voltage reference, subthreshold circuits, low-
power design, low-voltage design.

I. INTRODUCTION

EDUCING the minimum operating voltage is at the

forefront of digital circuit research. Several works have
reported the implementation of digital circuits operating with
supply voltage lower than 200 mV [1]-[4]. Indeed, operation
at the minimum supply voltage represents the most effective
way to reduce power in a digital circuit. This concept cannot
be extended tout-court to analog circuits where scaling the
supply voltage does not ensure a reduction of power
consumption [5]. However, it is worth noting that digital and
analog circuits are usually used together in mixed-signal
integrated circuits. Apparently, analog blocks represent a
bottleneck for supply voltage scaling of such systems. In
addition, in some emerging battery-free applications the
minimum operating voltage is even a more important target
than power consumption, as in the case of systems powered by
energy harvesting devices (i.e. thermoelectric generators) or
fuel cells [4]. In these applications, the energy harvested from
machines or body heat can be considered an unlimited power
supply [6], but only a limited voltage is available for the
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different building blocks.

To meet the requirements of power and supply voltage
scaling, subthreshold operation has been intensely pursued by
digital and analog designers. The fundamental limit to supply
voltage scaling in circuits is represented by the voltage
necessary to ensure a proper operation for all the employed
transistors [8]. Since the bias required in the subthreshold
regime is considerably less than in other operating conditions,
it follows that this regime is the most promising for supply
voltage scaling. In addition, the low current of subthreshold
transport ensures a significant reduction in power
consumption. Despite the apparent energy benefits, circuits
biased in subthreshold pose several challenges related to speed
limitations, temperature and process variability.

Among the different building blocks, voltage references are
widely used in all analog, digital and mixed-signal systems.
This circuit ideally generates an output voltage independent of
supply voltage, temperature and process variations. It has been
introduced in 1971 by Widlar [9], and it has been revised
several times with the main purpose of meeting the
requirements of power and supply voltage scaling. The
classical solution to obtain a voltage reference in CMOS
technology consists in implementing the configuration
proposed in [9], the bandgap voltage reference (BGR), by
exploiting the parasitic vertical BJTs of MOS transistors [10]-
[12]. Alternatively, MOSFET-based voltage references with
all transistors working in strong inversion regime have been
proposed [13]-[14]. To reduce power consumption and supply
voltage, voltage references with MOSFETs partially biased in
subthreshold have been presented [15]-[18].

Ultra low-voltage, low-power voltage references have been
obtained by biasing all MOSFETs in the subthreshold regime
[19]-[20]. Both designs [19]-[20] use two MOSFET types with
different threshold voltage in order to obtain a temperature-
compensated voltage reference, and represent the state of the
art in terms of minimum power consumption and supply
voltage. The solution proposed in [20], the 2T (two transistors)
voltage reference, exhibits a supply voltage as low as 0.5 V
and a power consumption of only a few picowatts, while the
solution reported in [19] shows a proper operation for a
minimum supply voltage of only 0.45 V by consuming a
power of 2.6 nW.

The configuration reported in [20] represents the best
solution for the future low power applications since it allows a
significant reduction in power consumption and occupied area.
However, this solution exhibits degraded performance when
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the threshold voltages difference (equal to about Vzer) goes
below 7.5Vr, where Vr is the thermal voltage (26 mV at 300
K). As a result the minimum operating supply voltage for the
2T voltage reference presented in [20] is predicted to be about
12-13 Vr, which corresponds to slightly less than 450 mV as in
the case of [19]. Hence, it is crucial to understand if the
solution of the 2T voltage reference is appropriate also for the
future scenario of chips biased at Vpp lower than 450 mV.
However it is apparent that for supply voltage scalability of
this solution a new temperature compensation technique and
new design considerations are simultaneously required.

In this work we propose a reference voltage based on the 2T
architecture capable to operate at the minimum supply voltage
of only 150 mV while consuming 26.1 pW. The implemented
solution consists of two MOSFETs of the same type and
exploits the dependence of the threshold voltage on the
transistor size to generate a temperature-compensated
reference voltage with a magnitude around the thermal voltage
Vr. This makes our circuit a valid solution to process the
voltage generated by a thermoelectric generator (TEG) [6] -
[7]. The validity of the proposed solution has been tested over
a set of 60 samples from two different batches. The rest of the
paper is organized as follows: we report in Section II the
proposed operating principle and in Section III we report the
measurement results and compare them with the solutions in
the literature. In Section IV, we draw the conclusion.

II. OPERATING PRINCIPLE AND DESIGN CONSIDERATIONS

The temperature compensation technique presented in this
work is developed on 2T voltage reference proposed in [20].
In our solution, however, we use two MOSFETSs of the same
type, while MOSFET types of different threshold voltage are
required in the reference presented in [20]. Fig.1 reports the
schematic of the circuit considered in this work. The I-V
characteristic of an nMOSFET operating in subthreshold
regime is expressed as [19]:

1 2 ]GS ]TH ]DS
Ipg=p,C, | — V7exp —=—=——= || 1—exp ——= || 1
DS n ox(LjT p[ v p V. ( )

Un 1s the electron mobility, Cox the oxide capacitance per unit
area, W and L the channel width and length respectively,
Vr=kT/q the thermal voltage (with k& Boltzmann’s constant, T
the absolute temperature and ¢ the elementary charge), Vs the
gate-source voltage, Vrw the threshold voltage, n the
subthreshold swing factor and Vps the drain-source voltage. In
all references proposed so far the term in square brackets in
(1) is neglected for all MOSFETs working in subthreshold
regime [15]-[19]. This approximation is true if Vps>4Vr which
is equal to about 100 mV at room temperature.

However it is evident that this assumption is a strong
limitation for supply voltage scaling. For this reason it is
crucial to understand when this condition can be removed
without any penalties in other design specifications.

By considering the contribution of the drain-source voltages
on the currents /; and /> (in M and M, respectively) we obtain

Voo =T
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Fig. 1. Operation principle of the implemented voltage reference.

the following expressions:
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Since we use two MOSFETs of the same type we have
Cox,l:CoxJ:Cox and n/=n>=n.

In the 2T voltage reference transistor M; works as a current
source. As pointed out in [19] when the reference voltage is
coincident with the gate-source voltage of a diode-connected
nMOS transistor, the stability of the generated reference
voltage with respect to supply voltage depends mostly on the
stability with respect to Vpp of the current injected into the
load transistor. This condition provides the only constraint for
supply voltage scaling in the 2T voltage reference, thus to
ensure the best stability against Vpp variations, the drain-
source voltage of M; has to be higher than 4V7, which means
that Vpp has to be higher than Vrer+4Vr. On the other hand,
the magnitude of the reference voltage, and consequently of
the drain-source voltage of M, does not affect both supply
voltage and temperature stability of the considered
configuration. The Ilatter observation suggests us the
possibility to obtain in the 2T voltage reference a Vrer lower
than 4Vr and consequently a minimum supply voltage lower
than 8V7. However, as observed in the previous section, when
Vrer  scales below 4Vr the temperature compensation
technique proposed in [20] cannot be applied. As a result a
new temperature compensation technique becomes necessary.

By assuming Vpp>Vzer+4 VT and by equating I; and 2, the

w
12 = /un,Zch,Z(f] VTg exp[
2
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following expression is obtained:

In (Kj Hny | _ 2Vrer Vg —Viw 2
L)g tnr nVr

+In| 1- exp[— @]
Vr

where (W/L)r=(W/L)i/(W/L).. Although equation (4) has not
explicit solution for Vrer, we can find an approximate solution

4

by replacing the logarithmic term with its linear
approximation
In| 1 —exp| _Vrer zA+BVRi, )
Vr Vr

where the two fitting parameters 4 and B depend only on the
chosen interval of Vrer. Since in this work we are interested to
exploit the minimum achievable value of Vrer, we choose to
obtain Vrer in the range from Vr/2 to Vr. The corresponding
fitting parameters at room temperature are equal to 4~-1.35
and B~0.92. However, the proposed operating principle can be
extended to a generic interval of Vrer<4Vr, by evaluating the
corresponding values of 4 and B. As well known, the
threshold voltage depends on the temperature according to the
following linear equation [21]:

Ve (T) =V (Ty) — by (T = Ty), (6)

where Vruo(To) represents the threshold voltage at room
temperature 7y and kr<O the temperature coefficient for the
threshold voltage. By replacing (5) and (6) in (4) we can
express the reference voltage with the following expression:

w\ u
nVyln (j P+ Vg 2 (To) = Vi 1 (Ty)
L)g tnp

2+nB (N
+ |kT,1|(T_TO)_”VTA_|kT,2|(T_TO)
2+nB

VREF =

Differentiating the (7) with respect to temperature and
setting OVrer/OT=0 the value of (W/L)r for temperature
compensation can be extracted as

(%)R = %’jeXp{% ukr,z| - |kT,l|]+ A}- (3)

Replacing (8) into (7) we obtain the following expression of
the temperature-compensated reference voltage

Vi 2(To) + |kT,2|T0 Vi 1 (To) _|kT,1|TO ©9)
b 2+nB )

REF

In (9) the two threshold voltages at room temperature
Vru(To) depend on drain-source voltage Vps and body-source
voltage Vs according to equation [22]

Vi (To) =Vizro = ApsVps — AgsVps» (10)
where Vo is the threshold voltage at Vps=Vs=0 V, while Aps

and Aps are the DIBL and body coefficients, respectively.
Replacing (10) into (9) we obtain the following expression

. Viro +|kT,2|T0 —Vrroa —|kT,1|To .
R (2 + ”B)(l +Aps1t+Apso + ﬂBs,l)

(11)

Viroa +|kT,2|76 ~Vroa _|kT,1|T0
2+ nB)(l +2Apg + /135,1) '

In analogy with [20], we can see from (11) that the
reference voltage is proportional to the difference between the
two threshold voltages at room temperature. As a
consequence, to obtain a specific value of Vzer, we have to
obtain a specific difference between the two threshold
voltages. Since we have chosen two MOSFETs of the same
threshold type we can obtain a significant difference between
the two threshold voltages by using the dependence of the
threshold voltage on transistor size. In Fig. 2 the simulated
threshold voltage as a function of channel length and width for
an nMOSFET in 0.18 pm CMOS technology is reported. The
simulation shows a substantial difference between the
threshold voltage of a long and short channel nMOSFET. In
order to satisfy the approximation reported in (5) we choose a
combination for L; and L. that gives a value of Vru2-Vru1 in
the range for Vzer (i.e. from V7/2 to Vr in our case). From
Fig.2, imposing L;/=25 pm and L>=2 pm, the difference
between the two threshold voltages is equal to about 39 mV,
which means a rough value of Vrsr equal to about 18 mV (by
neglecting nB in (9)). After imposing the channel length of
both transistors, W; and W> are chosen in order to compensate
the temperature dependence of Vrer. By selecting W>30 pm
for both transistors, Vger depends only on the selected
transistor length (from Fig.2 Vry is almost independent of
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Fig. 2. Simulated threshold voltage as a function of channel length and width.
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Fig. 3. Simulated normalized TC as a function of transistor size ratio. The
simulated optimal transistor size ratio is equal to 0.10. According to (8) the

predicted optimal transistor ratio is 0.088 while a value of 0.34 is evaluated in
according to the temperature compensation technique proposed in [20].

Chip Area

]

(b)

Fig. 4. Layout (a) and chip photo (b) of the implemented voltage reference.

transistor width for W>30 pm). From the approximated
expression (8) we obtain an optimal transistor size ratio for
temperature compensation is 0.09 very close to the optimal
transistor size ratio of 0.1 obtained with circuit simulation. In
Fig. 3 the simulated normalized temperature coefficient (TC)
as a function of the transistor size ratio is reported. The
simulation was performed by imposing L;/=25 pm and L>=2
um and W>=50 pum. As a result, the optimal value of W;
provided by circuit simulation is 63.9 pm, quite close to the
optimal value of 56.2 um provided by the simplified
expression (8). Note that the optimal transistor size ratio
evaluated in according to the temperature compensation

technique reported in [20] would be 0.34, corresponding to
Wi= 212.5 um. These results confirm the necessity of a new
temperature compensation technique for the 2T with respect to
the technique proposed in [20] when Vger scales below 4V
and confirm, at the same time, the validity of the proposed
operating principle.

Since in our design the reference voltage is obtained by
using the threshold voltage dependence on transistor size, L
has to be notably lower than L;. This choice does not affect
significantly the robustness of the reference voltage against
supply voltage since the line sensitivity (LS) of the
implemented solution has a second order dependence on L:.
On the other hand, large area MOSFETSs can help to reduce
the dispersion against intra-die process variations. However,
since in our design the difference in the threshold voltages of
the two MOSFETs is simply obtained by using different
geometries and not by using different process variables (e.g.
oxide thickness, substrate doping) such as in previous works
[19]-[20], we expect our solution to have a lower dispersion.
The power consumption of the proposed solution is also a
function of transistor sizing mostly because in the 2T voltage
reference the power consumption depends on the magnitude of
the generated voltage reference.

The current flowing in the circuit depends exponentially
from Vrer according to the following equation:

Veer +Vim J (12)

Wi o2
Ipp = C — | Vie
DD = Hp) ox,l( I Jl T xp( A
consequently, the power consumption of the considered circuit
is given by

Veer +V;
V2 exp(— M} (13)

w
P=Vypxpu, C, .| —
DD /un,l ox,l[ I j anT

1

From (13) the minimum power consumption can be
obtained by reducing Vpp, however since Vpp=Vzert4Vr, a
reduction in Vpp causes an increase in the exponential term in
(13) and consequently an increment in power consumption.
For this reason the best choice to reduce Vrer (Vbp) without
significant penalty in power consumption consists in the use of
two high threshold voltage transistors for M; and M.

III. MEASUREMENT RESULTS

The performances of the proposed sub-k7/g voltage
reference have been tested over a set of 60 samples of two
separated batches fabricated in UMC 0.18-um, 1.8 V/3.3 V,
CMOS process.

The layout and the chip photo of the proposed circuit are
reported in Fig.4(a) and Fig.4(b) respectively. In order to
improve the process stability against systematic mismatch due
to stress and temperature, transistor M; is divided in four parts
placed in a common centroid configuration [23]. This solution
results in an active area of 1200 pm?. The on-wafer electrical
measurements have been performed by using a probe station
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Fig. 5. Measured Vzer as a function of supply voltage at 25 °C and its zoom in
the operating range. The measured mean value of Vzer is 17.69 mV against a

simulated value of 15.33 mV.
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Fig. 6. Measured Vzer versus temperature for different supply voltages.

TABLE I
STATISTICAL ANALYSIS OVER 60 SAMPLES

u o

Vrer [mV] 17.69 0.29

IC [ppm/°C] 1462.4 324

Temp. variation [uV/°C] 26.74 5.57
LS [%/V] 2.03 0.11
Supply Voltage var. [uV/V] 359.46 21.19
Power [pW] 26.08 1.27

SUMMIT 11861B with Temptronic thermal controller and a
Keithley 4200-SCS parameter analyzer. Figs. 5-8 show the
measured performance of a typical device. Fig. 5 shows the
reference voltage as a function of the supply voltage at the
temperature of 25°C. It is worth noting that the circuit starts to
work properly from only 150 mV. The temperature
dependence of Vrer for different supply voltages is reported in
Fig.6. Fig.7 gives an overview of the measured Vzer values in
the 2D domain of operating temperatures and supply voltages.
The power consumption for different temperatures and supply
voltages is reported in Fig.8. The results of the statistical
analysis performed over a set of 60 samples are summarized in

Fig. 9 and Table I, where the mean («) and the standard
deviation ( o) of the reference voltage, the temperature
variation, the supply voltage variation and the power
consumption are reported in detail. In Fig 9(a) we report the
measured value of Vrer at the temperature of 25°C for
Vpp=0.15 V. The mean value of Vzer is 17.69 mV, against a
simulated value of 15.33 mV, with a standard deviation of
only 0.29 mV. In Fig. 9(b) the variation of the reference
voltage in the temperature range from 0 to 120 °C is reported.
The measured mean variation of Vrer against temperature is
26.74 wV/°C, with a standard deviation of 5.57 pV/°C.

1.8
1.5
1
0.5
0'150 20 40
Temperature (°C,

Fig. 7. Measured Vzer versus temperature and supply voltage.
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Fig. 8. Measured power consumption as a function of temperature for
different supply voltages.

By normalizing for Vrer, we obtain TC=1462.4 ppm/°C with a
standard deviation of 324 ppm/°C. In Fig. 9(c) the distribution
of the variation of Vrer versus Vpp variations is reported. The
mean variation of Vzer for Vpp ranging from 0.15 Vto 1.8 V,
at the temperature of 25°C, is equal to 359.46 nV/V with a
standard deviation of 21.19 uV/V. By normalizing for Vzer,
we obtain LS=2.03%/V with a standard deviation of 0.11
%/V. The statistical analysis of power consumption at
Vpp=0.15 V and T=25°C is reported in Fig. 9(d). The mean
power consumption is 26.08 pW with a standard deviation of
1.27 pW. The simulated PSRR without any filtering capacitor,
for Vpp=0.15V, is reported in Fig. 10.

The PSRR is equal to about -64 dB at low frequencies and -
124 dB at 10 MHz. This because, as also reported in [20], the
2T voltage reference acts as a low-pass filter, so the PSRR
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improves at higher frequencies. In Fig.11, the simulated
referred output noise for different frequencies is reported.
Thanks to the subthreshold operation and to the use of large
area transistors, the gate- and drain-referred flicker noise is
suppressed. The output referred noise is mostly thermal and it
is attenuated in frequency through the sum of all capacitances
connected from the output node to ground. The simulated
output noise without any output capacitor is 0.31 pV/VHz at

u=1 7.69 mV (a)
32+0=0.29 mV

N

Occurrences

1 172 176 1.0 184 1838
V__.(mV)

REF

1=359.46 pVN ©
24 6=21.19 pwv

8 18 N N

Supply Voltage var. (uV/V)

low frequency and falls to 0.01 pwV/VHz at the frequency of
100 KHz. In Table II the performances of the proposed
solution are compared with the two best low power, low
voltage solutions reported in literature [19]-[20]. The proposed
circuit starts to work properly from 150 mV, which improves
by 350 mV the result obtained in [20] and by 300 mV the
solution proposed in [19], which represents so far the best
solution in terms of minimum Vpp.

e o w
§ i \
010 20 - 40
Temperature var. (uV/°C)
20} 1=26.08 pW N (d)
. "
g 12t § §
3 8 \
%2 24 6 § 28 30
Power (pW)

Fig. 9. Measured distribution over 60 samples of: (a) reference voltage @ 25°C; (b) absolute temperature variation of Vzzr; (¢) supply voltage variation versus

Vpp; (d) power consumption @ 25°C and Vpp=0.15 V.
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Fig. 10. Simulated PSRR at Vpp=0.15 V.

The power consumption at room temperature for the
minimum operating supply voltage is about one order of
magnitude larger than in [20] and about two orders of
magnitude smaller than the solution proposed in [19]. The

mean values of TC and LS are significantly higher than the
other solutions [19]-[20]. This is due because both parameters
are obtained by normalizing for Vzer, which in our design is
significantly lower than the other solutions. Therefore, we
compare in Table III the principal performance indicators in
terms of absolute variations.

From this comparison, our solution exhibits better
temperature stability with respect to the other solutions and a
supply voltage stability better than the one reported in [19],
but worse than the one reported in [20]. In Table II we report
the comparison with [19]-[20] also in terms of dispersion of
the main figures of merit. The relative standard deviation o/u
of the reference voltage are 1.6% compared to 0.72 % of [20]
and 3.9% of [19]. Nevertheless, the absolute variation of Vzer
is better compared to the other solutions. The standard
deviation of Vrer is only 0.29 mV, compared to about 1.3 mV
of [19] and 10 mV of [20] (see Table III). The stability of the
generated reference voltage against intra- and inter-die
variations has been investigated by means of Monte Carlo
simulations.

The simulated relative standard deviation of Vker over 1000
samples is about 0.9 %. The proposed solution overcomes the
other low-power, low-voltage voltage references in terms of
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dispersion of TC, LS and power consumption. The relative
standard deviation of TC is 22 % which is about 3 times
smaller than the compared solutions, while the relative
standard deviation of LS and power consumption is
respectively about 2 and 5 times smaller than in [19] ([20]
does not reports dispersion data on these two parameters). The
lower dispersion of the main figures of merit observed in the
proposed reference voltage is ascribed to the use of the same
threshold-type of MOSFETs, whereas the voltage reference
design presented in [19]-[20] are based on two different
threshold-types of MOSFET.

2o
0,3F .
) \’
g \
£ 02r T
£ »
> (
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8
]
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10 100 1k 10k 100k
Frequency (Hz)

Fig.11. Simulated output referred noise for different frequencies.

TABLE I1
COMPARISON WITH LOW-VOLTAGE LOW-POWER CMOS VOLTAGE REFERENCES
This work " ffﬁﬁ:}ng) Ref. [19]
Technology 0.18um CMOS 0.13um CMOS 0.18um CMOS
Supply voltage (V) 0.15t0 1.8 0.5t03.0 0.45t0 2
Power 26.1 pW@0.15V 2.2pW@0.5V 3.15nW@0.45V
@ room temperature 3423 pW@1.8V - 14.40W@]1.8V
Vrer (mV) 17.69 176.1 263.5
TC (ppm/°C) 1462.4 (average) 62 (average) 142.1
T range(°C) [0:120] [-20:80] [0:100]
LS (%/V) 2.03 0.033 0.44
PSRR (dB) Vop=0.15V - Vpp=0.45V
Low freq [ <I00Hz] -64 (sim.) -53 -49.4
High freq [210MHz] -124(sim.) -62 (-12.2 sim.)
VRreF 1.6% 0.72% 3.9%
Process TC 22% 66% 60.6%
Sens.o/u LS 5.4% - 13.1%
Power 5% - 26.9%
Die area (mm?) 1200 um’ 1350 um’ 0.0430

TABLE III
ABSOLUTE VARIATION OF THE PRINCIPAL FIGURES OF MERIT FOR
THE COMPARED VOLTAGE REFERENCES

This Ref. (201 Ref. 119
work (no ef. [19]
trimming)
Temperature var.
WVre) 26.74 35 37.6
Supply voltage var.
359.5 57.72 1185.2
wvm
Process GVREF
variations (mV) 0.29 13 10

IV. CONCLUSION

In this work we proposed a sub-k7/q voltage reference
capable of operating with a minimum supply voltage of only
150 mV. Although the proposed voltage reference is based on
the same 2T architecture proposed in [20], it presents two
fundamental features of novelty. The first one is that our
design is based on different equations since it works at

operating voltages significantly lower than the solution
reported in [20]. The second one is that our design does not
require two different threshold-types of MOSFET, since it
exploits the dependence of the threshold voltage on transistor
size. Measurements performed over a set of 60 samples from
two separated batches show a mean reference voltage of 17.69
mV with a standard deviation of only 0.29 mV. The
temperature variation in the range from 0 to 120°C is 26.74
uV/°C, which is lower than the best values reported in low-
power, low-voltage solutions proposed so far. The line
sensitivity of the reference voltage for supply voltage ranging
from 0.15 to 1.8 V is 359.46 uV/V. The power consumption at
room temperature for Vpp=0.15 V is 26.08pW. The occupied
area is 1200 um? In addition, the dispersion of the
temperature coefficient, supply voltage sensitivity, and power
consumption are smaller than the state-of-the-art solutions.
The extremely low-voltage operation and the decapicowatt
power consumption make our solution very attractive for
battery-free, energy-harvesting applications.
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