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A 2.6 nW, 0.45 V Temperature-Compensated
Subthreshold CMOS Voltage Reference

Luca Magnelli, Felice Crupi, Pasquale Corsonello, Member, IEEE, Calogero Pace, and
Giuseppe lannaccone, Senior Member, IEEE

Abstract—A voltage reference circuit operating with all transis-
tors biased in weak inversion, providing a mean reference voltage
of 257.5 mV, has been fabricated in 0.18 zm CMOS technology.
The reference voltage can be approximated by the difference of
transistor threshold voltages at room temperature. Accurate sub-
threshold design allows the circuit to work at room temperature
with supply voltages down to 0.45 V and an average current con-
sumption of 5.8 nA. Measurements performed over a set of 40 sam-
ples showed an average temperature coefficient of 165 ppm/°C with
a standard deviation of 100 ppm/°C, in a temperature range from
0 to 125 °C. The mean line sensitivity is =0.44%/V, for supply
voltages ranging from 0.45 to 1.8 V. The power supply rejection
ratio measured at 30 Hz and simulated at 10 MHz is lower than
—40 dB and —12 dB, respectively. The active area of the circuit is
220.043 mm?.

Index Terms—Voltage reference, subthreshold circuit, ultra-low
power, temperature compensation, CMOS analog design.

1. INTRODUCTION

UBTHRESHOLD circuits are becoming increasingly

popular in low-power low-voltage design. Thanks to
the power savings offered, they are particularly attractive in
portable scenarios, such as wearable medical devices [1] or
passive RFIDs, where energy optimization is of the utmost im-
portance. Moreover, self-powered energy-harvesting systems
[2], used to provide power for applications like wireless mi-
crosensors and biomedical implants, also employ subthreshold
operation to reduce energy consumption. Those power require-
ments are mostly met by means of supply voltage reduction
allowed by subthreshold operation. However, devices biased in
subthreshold are much more sensitive to temperature variations
and to process variability, in particular to threshold voltage
dispersion. This is therefore a challenge for the designer to
devise and employ circuit compensation techniques.
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Voltage references are broadly used in analog and digital sys-
tems to generate a DC voltage independent of Process, supply
Voltage and Temperature (PVT) variations. The most common
solution for on-chip integration is the Bandgap Voltage Ref-
erence (BGR), which can be implemented in standard CMOS
technology exploiting parasitic vertical BJTs. Conventional
BGRs generate a nearly temperature independent reference,
of about 1.25 V, and therefore they require a higher supply
voltage, which might not meet the low-voltage constraints for
low-power applications. However, several solutions, exploiting
the BGR principle, have been implemented that ensure sub-1V
operation [3]. In [4]-[6] the reference voltage is lowered by
means of resistive subdivision. As an alternative approach,
floating gate structures have been used to realize high precision
programmable voltage references, as in the case of [7], where
subthreshold operation allowed a minimum power consumption
of 1.35 uW. Most often forward biased PN-junctions of BGRs
are substituted with MOSFETs biased in the subthreshold
region [8]-[10]. Thus, a supply voltage (Vpp) of 0.6 V and a
power consumption of 9 W are achieved. Other solutions have
been implemented in standard CMOS technology, without ex-
ploiting the traditional BGR principle [11]-[15]. Subthreshold
operation allowed sub-1 W power consumption [12]-[15] and
sub-1V operation [14], [15].

In this work, subthreshold operation is exploited to minimize
both the power consumption and the supply voltage. A new
CMOS voltage reference configuration, based on a temperature
compensation technique derived from the subthreshold regime
of operation, is described. Within the circuit, n-channel MOS-
FETs with two different threshold voltages are present and the
reference voltage value can be approximated, in last analysis, to
the difference of those two threshold voltages at room temper-
ature. Measurements on silicon confirm that the proposed con-
figuration allows minimum power consumption about one order
of magnitude lower than the best solutions found in the litera-
ture. Among the compared circuits, the proposed configuration
is characterized by the lowest supply voltage.

This paper is organized as follows: in Sections II and III the
principle of operation of the proposed voltage reference and the
circuit configuration realized are described in detail; dynamic
range and power consumption considerations are discussed in
Section IV; in Section V measurement results are shown and
compared with low-power low-voltage competitors.

II. OPERATING PRINCIPLE

A voltage reference can be simply represented by a current
source and a diode connected NMOS, as shown in Fig. 1. Such a
structure has been adopted in [14], where the load nMOS works
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Fig. 1. Scheme of principle of a simple voltage reference.

in the saturation region providing a temperature compensated
reference voltage (Vrpr) higher than its threshold voltage (Vip)
at room temperature.

In this work we exploited the subthreshold operation of
the load transistor, in order to obtain Vggr < Vi and, con-
sequently, to further reduce the supply voltage of the overall
voltage reference circuit. It is worth noting that biasing the load
nMOS in subthreshold region in [14] would not allow tem-
perature compensation, consequently even the current source
solution adopted in this work is different from the one used in
[14].

Investigating the subthreshold behaviour of the load, a
formula for the injected current, compensating the reference
voltage dependence on temperature, can be obtained. The I — V'
characteristics of an nMOS operating in subthreshold region is

given by
Vas — Vin Vbs
o))
mVy Vi

where S = (W/L)Cox (W/L is the transistor aspect ratio
and Cox is the gate oxide capacitance per unit area), j is the
electron mobility, Vi = kg T'/q is the thermal voltage (kp is
the Boltzmann constant, ¢ the elementary charge and I the ab-
solute temperature), V), is the MOSFET threshold voltage, m
the subthreshold slope parameter, V3 and Vpg are the gate-to-
source and the drain-to-source voltages, respectively. From (1),
for Vps > 4Vy, I'p becomes almost independent of Vg, thus
VREF can be approximated by

Ip = S;LVﬁ exp <

Ip
VrRer = Vags = Vin + mVrln (m) . (2)

Let us note that, at a first approximation, Vip (1), Vi, (1) and
w(T) introduce dependence on temperature. As shown in (3), it
is usually assumed that V;}, decreases linearly with temperature
[16]:

Vin = Ven(Lo) + (ke + keaVes) (110 — 1) 3

where Vi, (Tp) is the threshold voltage at the reference temper-
ature (Ty = 300.15°K), Vs is the body-to-source voltage of
the transistor. Temperature coefficients k;; and k;, have nega-
tive values.
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In order to have a temperature compensated output reference
voltage, the following condition must be satisfied:
OVREF
oT
Based on (2), a simple solution of (4) can be obtained by gen-

erating the current Ip with the following temperature depen-
dence:

= 0. )

Ip(T) = apl? (5)

Therefore, imposing (4) a value for a (constant with tempera-
ture) can be found. Substituting it in (2) and remembering that
Vis = 0 V in the scheme of Fig. 1, the reference voltage
becomes

Veer = Ven(To) + |ku|. (6)

However, the above solution does not ensure subthreshold op-
eration for the active load.

For this reason, more detailed analysis has to be done, con-
sidering for the current source the more general form I(7') =
ap?f(1'). Substituting it in (2), the condition (4) becomes a
differential equation in f(T'):

OVrer  kn —|—mk—Rln( o )

or  Ip g \S(kn/qg)’
kg . oo,
+m7{ln(f(l))era—T(f(l))}—0. 7

In order to achieve temperature compensation the term in curly
brackets in (7) should be constant with temperature. A possible
solution for f(1") could be simply a constant, but this would
lead to the case found in (5). Another solution, which can ensure
subthreshold operation, can be written as

AT + B)

o7 ®

Ip(T) = auT? exp (
where A, B and C' are constant with temperature. This solu-
tion has been chosen since it was easy to generate with a sub-
threshold MOSFETSs based current reference, as will be clear
in the next section. It is worth noting that the current reference
used in [14] does not allow implementing (8), therefore, in that
case, it is not possible to compensate temperature effects by bi-
asing the load in subthreshold regime. Substituting (8) in (2),
from (4) an expression for ¢ can be found which leads to the
temperature-compensated reference voltage

Virr_opr = Vin(To) + ki | + m%g. )
In this case, if the term B/C' is negative, differently from (6),
the load transistor can work in subthreshold region. In the next
section we will show how to implement a circuit configuration
like the one in Fig. 1, based on the proposed operating principle.

III. ELECTRICAL CONFIGURATION

The architecture of the proposed voltage reference is illus-
trated in Fig. 2. The self-biased current source has no resistors
and works with all MOSFETS in the subthreshold region. It gen-
erates the current to be injected in the load transistor (Mig)
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Fig. 2. Proposed CMOS voltage reference circuit.

Current reference

TABLE I

PROCESS PARAMETERS

Active load

T T Voo CoTT ’:
| 1 |
i Mys i Ms M, ! M, i
I e e oL =y IO
E Mss - E lll M3=l:l§ I; Iml v,;EFE
i Mis Mos i 1 2 i_mi i
I AR |
[ |

467

Technology UMC 0.18-um CMOS process.
Voltage range Vin-NMOS Vin-PMOS
SVT-MOSFET 0V <Vs, Vs, [Vasl< 1.8V 0320V -0.456 V
HVT-MOSFET 0V Vs, Vs, [Veg|< 3.3V 0.600 V -0.720 V
TABLE II A current in the form (8) can be obtained taking into ac-

TRANSISTOR SIZES OF THE CURRENT REFERENCE AND THE ACTIVE LOAD

Transistor Value (W/L)
M, 8 um / 50 pm
M, 100 pm /24 pm = (50 pm / 24 pm) x 2
M 2um/2 um
M;s 68 um /50 um = (17 um/ 50 um) x 4
M; 52 ym/ 50 pm = (26 pm / 50 pm) x 2
My 97 um /29 pm = (48.5 pm /29 pm) x 2
Mo 1.5 um/ 50 pm

branch. A start-up circuit has been added as a precautionary
measure to ensure bias in the desired state.

Table I summarizes information about the technology chosen
to implement the proposed circuit. In particular, the table con-
tains the allowed voltage ranges and the threshold voltage values
of both Standard Vy,, (SVT) and High V, (HVT) MOSFET
models.

Table II shows the size of transistors in the current reference
and in the active load.

A. Current Reference

The purpose of the current generator in Fig. 2 is to provide a
current, as independent as possible of supply voltage variations,
which compensates temperature effects on Vgrgr.

count a linear combination of nMOS Vg voltages in the sub-
threshold region. Among the possible solutions for the current
reference we chose a self-biased configuration where only three
subthreshold operated NMOSs, M;_3, perform such Vg com-
bination, giving

Vase = Vast + Vass. (10)

In the current reference, PMOSFETs My and M~ form a sub-
threshold current mirror providing ratioed currents Io/l; =
(W/L)z/(W/L)s = a. All the transistors in the proposed so-
lution are SVT-MOSFETs, except for My and Mg, which are
HVT-MOSFETs. In order to ensure subthreshold operation for
the whole current source, for M5 a high V;y, device was chosen.
Using (2), (9) becomes
I I

meVrln | ———— | = AVip + m3Vyln | ——
Mo Vyq 11(52#2‘/7%) th + m3Vq n<53M3VTZ)

I
Vrln| —— 11
+m1VrIn (Slllr1V%> (11)

where AVyy, = Vina + Vins — Vine. Assuming that electron
mobilities in (11) are identical (¢ & 1 & po &~ p3) and using
Iy = aly, the current flowing in the left branch of the current
generator can be evaluated from (11) as

. AV
I = Ql/Em /J,Vf exp (— VTZSm> (12)
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where Q = a™>~"3(95 ST /85"?) and X,,, = m1 + mg —
my. Considering the V}y, thermal behaviour shown in (3), it can
be concluded that the subthreshold current reference architec-
ture in Fig. 2 generates a current in the form (8).

The stability of Vgrgr with Vpp variations mainly depends
on the current generator’s insensitivity to supply voltage varia-
tions. This characteristic is achieved by means of the self-biased
current source architecture, where the high impedance elements
per branch (M7 and M, ) are capable of absorbing supply voltage
variations leaving their current almost unchanged [17].

Significant improvement of the reference voltage line sensi-
tivity and the power supply rejection ratio (PSRR) can be ob-
tained by using an additional current mirror, in the self biased
current reference circuit [12]. The use of additional current mir-
rors in the current generator, which add transistors in stack in-
creasing the minimum achievable Vpp, were avoided.

B. Active Load

The generated current is then mirrored into a diode con-
nected transistor through Mg. The current mirror gain can be
expressed as T1g/T1 = (W/L)g/(W/L)s = c. Therefore, with
Mo working in the subthreshold region, the reference voltage
becomes, from (2) and (12),

(_} _ @Avnh- (13)

VREr = Vinio+m Vﬂln{ /% .
REF th10 10Vq Q S1o >

The temperature dependence of the reference voltage is firmly
related to the thermal behaviour of Vi and Viy,. According to
the linear approximation made in (3), setting OVgrgr /0T = 0,
a value of (W/L)y, for temperature compensation can be ex-
tracted as

(7)o~
L/ 100pr exp{ 1

kgTh

Q> ¢/Cox1o
[i (K ‘|‘ kt2y3VRS3) — kfl_m] }

mip

(14)

where K = k1 1+ ke, 3—Fke1 o (K1 and ko ; are the threshold
voltage temperature coefficients of the i-th transistor).
Hence, satisfying (13), Vrgr becomes

VREF_OPT
. mio
= Vin1o(To) + |ke1,10] + E—(Vch(TO) + |k 2])

m
- X—lo(Vthl(To) + Vins(10)

+lke 1| + [k s3] + ke 3| VBss) (15)
The term indicated in square brackets ensures subthreshold op-
eration of M.

As is clear from (15), the reference voltage value only
depends on process parameters. A simpler expression for
VrerF_opr can be obtained considering that, as usual, the
m parameters of different NMOSFETs biased in the sub-
threshold region have similar values (then m/%,, &~ 1) and
ki1 = k2 = ka3 & ki 10. Therefore, the reference voltage
value can be approximated to the threshold voltage difference
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between an HVT-NMOS (Vin2) and an SVT-NMOS (Vin:
or Vin3). For the technology chosen this difference is enough
for the subthreshold operation of M;; and, consequently, it
is possible to exploit the temperature compensation theory
developed in the first section. The mean reference voltage
measured is 257.5 mV, about 23 mV lower than the roughly
predicted value. This difference is mainly due to the increase
of the threshold voltage of M3 caused by both body effect and
the effect of lateral pocket implants (M3 has a medium channel
length of 2 pm).

The active load aspect ratio, for temperature compensation,
predicted by (14), for the chosen technology, neglecting the
body effect on M3, is 0.0273, while the one chosen after
circuit simulation for temperature coefficient optimization, is
(W/L)1p = 1.5 pm/50 pm = 0.030. The good agreement
confirms the validity of the proposed theoretical approach for
subthreshold temperature compensation.

IV. DESIGN CONSIDERATIONS

A. Dimensioning for Minimum Current Consumption

The minimum current consumption is not limited by the op-
erating region of transistors inside the proposed configuration.
Thanks to subthreshold operation, all |Vs| values are smaller
than the absolute value of MOSFET threshold voltages. Re-
calling (2), it can be stated that, in principle, there is no lower
limit for the current supplied in the subthreshold voltage ref-
erence of Fig. 2. Nevertheless, the proposed temperature com-
pensation technique imposes a lower bound for the generated
current, as explained in the following.

The total current drawn from the power supply, neglecting
the current flowing in the start-up circuit, can be expressed as
the sum of the currents injected into the current source and the
active load branches:

’DD:T1(1+(1+C):[1B- (16)
From (12) and (14), we can rewrite /pp as
AB (W
Ipp = 5 — (—> (17
E ¢\ 'L /opr

wherein with A and F we indicate the process and temperature
dependent parameters found in (12) and (14), respectively:

AVin
A e MV/JZ exp (_ Vlvzt:m>
1 q 1 k110
E 0X10 €Xp { kB:l][) |:Zm ( + 12,3 RS3) mig

(18)

The remaining terms in (17) only rely on MOSFET aspect
ratios. In order to reduce the power consumption, while com-
pensating temperature effects on the reference voltage, the load
aspect ratio resulting from (12) should not exceed the minimum
derivable for the technology chosen: Wyn/ Ivax. Moreover,
to further reduce Ipp, the term B has to be minimized (from
(16), Byin ~ 1), whereas the current mirror gain ¢ has to be
maximized (i.e., cvmax = (Wumax/Lnvin)/(Wain/Lnviax))-
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B. Minimum Supply Voltage

Considering the voltage reference configuration in Fig. 2, the
supply voltage will redistribute as a sum of a Vpg and a Vg
in the branches of both current reference and active load. Al-
though subthreshold operation does not limit the minimum Vg
achievable, in order to generate a current and hence a reference
voltage, as independent as possible of Vpp variations, the high
impedance transistors (i.e., M1, M7 and My) should absorb at
least a Vpg ~ 4Vp. The maximum working temperature of the
proposed circuit is 125°C, therefore, the minimum Vpg value
able to ensure proper operation, even at that temperature, be-
comes 4Vp = 137 mV. Consequently, by generating a current
(12) so that, in each branch, Vg < 4V, a minimum supply
voltage of 4V can be achieved with a similar voltage reference
architecture regardless of the process technology chosen.

Nevertheless, in our specific case, the gate-to-source voltage
of M, obtained for temperature compensation, is process de-
pendent and its value cannot be minimized. So, the minimum
Vbp, ensuring a |Vpg| > 4V for Mg, will be

Voommn = Vrer_opT + 4Vr. (19)

Since the mean reference voltage measured is 257.5 mV, it fol-
lows that Vppain, for the subthreshold circuit configuration in
Fig. 2, will be equal or higher than 395 mV, considering the
thermal voltage value at the maximum operating temperature.
Obviously, the higher Vppnin, the more accurate the approx-
imation done in (2) for Mg and, as a consequence, the smaller
the circuit line sensitivity.

From measurements, proper operation was observed with
Vop > 450 mV, which is the smallest obtained so far for
voltage reference circuits.

C. Sensitivity to Supply Voltage Variations

A common parameter used for the evaluation of the reference
voltage sensitivity to Vpp variations is the line sensitivity. It is
defined as LS = (AVR,EF/AVDD)/VREF(%)’ where AVDD is
the Vpp range of operation (1.8 V. — 0.45 V = 1.35 V for the
proposed circuit), AVigr is the absolute variation of the refer-
ence voltage, in the Vpp range considered, and Vg g stands for
the mean output value. The line sensitivity optimization starts
from the minimization of AVggr. From Figs. 1 and 2, it is clear
that it can be easily translated in the minimization of ;¢ varia-
tions.

Neglecting the effect of the term in square brackets in (1) (i.e.,
considering a Vpg > 4Vyp), we can rewrite the subthreshold
drain current, highlighting the Vg dependence:

Vas o ApVbs
X
mVT P mVT

in which Iy summarizes the product between the aspect ratio
and the process and temperature parameters found in (1) and
Ap is the drain-induced barrier lowering (DIBL) factor [18].
Subthreshold operated MOSFETs do not suffer from channel
length modulation, therefore, for Vpg > 4V, I'p will depend
on Vpg only because of the DIBL effect. As is well known,
the DIBL effect significantly decreases with increasing channel
length.

Ip = Iyexp < (20)

The AVDD will cause a AVDS = VDSMAX — VT)SMIN
on the high impedance transistor in the branch. Assuming
constant Vg, the resulting Ip variation will be character-
ized by a maximum to minimum ratio Ipvax/Ipmin =
exp(Ap AVps/mVr). Recalling (2), the AVrgr owing to Vpp
variations can be written as

Ipmax
AVRer = m1gVrIn ( -
IpviN
mig

= _*)\DAVDS ~ )\DAVDS (21)
m
where m™* is the subthreshold slope factor of the high impedance
transistor.
Therefore, the line sensitivity can be rewritten as

LS~ 0 AVbsg . Ap
Vrer AVpp

N Ve %. (22)
As expected, for line sensitivity minimization, the high
impedance transistors in the proposed configuration (i.e., My,
M7, My) should be as long as possible, in order to improve
the stability of the generated current and, therefore, the one of
VREF.

The result found in (22) not only gives a quick evaluation of
the expected line sensitivity of the proposed voltage reference
configuration, but can also be extended to every voltage refer-
ence architecture operated in subthreshold region, where only
one high impedance transistor per branch is present. Such archi-
tectures are very common in ultra low voltage solutions, where
the reduction of transistor stacks helps in lowering the minimum
Vbp achievable. In [14], where a two-transistor stack per each
branch is present, a minimum Vpp of 0.9 V was attained.

The DIBL factor was measured for a pMOS of the same
channel length as Mg, the transistor that absorbs Vpp variations
in the active load branch, obtaining a Ap of about 0.001. From
(21), therefore, the expected LS is 0.388%/V, only 13% different
from the measured mean line sensitivity, due mostly to the sub-
threshold slope factor difference between pMOS and NMOS,
which we assumed equal in (21).

D. Process Variations

The generated voltage (15) is a linear combination of
threshold voltages parameters. As usually happens in low-power
CMOS integrated voltage [12]-[15], the reference voltage is
process dependent. Thus, neglecting matching errors in (14),
the accuracy of the output voltage is mainly due to the accuracy
of threshold voltages of transistors M, M3, My, Myq. Process
variations are generally distinguished in Wlthin Die (WID or
intra-die) variations and Die to Die (D2D or inter-die) varia-
tions [12]. The first type of variations causes mismatch between
transistors of the same chip and influences the relative accuracy
of transistor parameters. Careful layout techniques [19] and
large transistor W/L [20], can help to reduce those effects.
D2D variations, instead, influence the absolute accuracy of
transistor parameters and their effects are not compensated in
the proposed configuration.

Threshold voltage measurements over a set of forty SVT-
NMOSs, with a W/ L of 12 yum/50 pm, were performed. Each
transistor belongs to a different die and is placed within the same
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voltage reference dies. The average and the standard deviation
values obtained are 318.5 mV and 6.7 mV, respectively. Ex-
pressing Vrer_opv as the threshold voltage difference between
an HVT-NMOS and an SVT-NMOS, the standard deviation of
VrErF_opT(0VREF) Can be approximated with

9 9
OVREF = \/ Oyt T 03yt

where oyt and ogyr are the V;, standard deviations of an
HVT-NMOS and an SVT-NMOS, respectively. In (23) has been
implicitly assumed that the variation processes of the two Vi,
s are independent, i.e., their covariance is zero. Moreover, as-
suming that oy = osyr = oy, it is easy to evaluate the
standard deviation of the voltage reference as

(23)

oVREF & V20, . (24)

The oyrrr obtained from (24) is 9.5 mV, only 0.5 mV lower
than the measured one. This testifies that the main contributor
to the voltage reference inaccuracies are the nMOS threshold
voltage variations.

On the other hand, since the threshold voltage dependence of
temperature, 0Viy, /0T has small dependence on process varia-
tions, as demonstrated in [12], even the temperature coefficient
of the reference voltage will benefit from a similar behaviour
with process variations.

V. MEASUREMENT RESULTS

A set of 40 prototype chips, from three separate runs, were
successfully implemented in UMC 0.18-ym, 1.8 V/3.3 V,
CMOS process. The circuit photo and the corresponding layout
are shown in Fig. 3(a) and (b), respectively. The occupied
chip area is only /20.0430 mm?, thanks mainly to the reduced
number of transistors in the core of the circuit (current reference
and active load subsections).

Wafer-level DC measurements have been performed using a
Cascade SUMMIT 11861B prober equipped with a Temptronic
chuck temperature controller and a Keithley 4200-SCS semi-
conductor parameter analyzer.

In this section, measurement results of a chip with typical
behaviour are discussed and compared with best performing
low-power low-voltage solutions found in the literature, subse-
quently a statistical analysis of the performance, regarding the
40 samples fabricated, is presented. As a typical performance
chip, the one with the median temperature coefficient (TC) was
chosen, since it is, commonly, the most critical figure of merit
for voltage reference circuits. However, as will be clear from
statistical analysis, those typical results are very close to the av-
erage ones.

In Fig. 4, the Vrgr — Vpp characteristic at room temperature
is reported. The circuit starts working properly with Vpp =
0.45 V. In the supply voltage range from 0.45 V to 1.8 V a
mean reference voltage of 263.5 mV is generated. In this supply
voltage range, the output voltage changes at most by 1.6 mV,
thus leading to a line sensitivity of 0.440%/V.

The current consumption changes slightly with Vpp, at
room temperature it varies from 7.0 nA to 7.9 nA in the
supply voltage range under consideration. Therefore, under the
above-mentioned operating conditions, the minimum power
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Circuit area

(b)

Fig. 3. (a) Chip photo. (b) Layout of the proposed CMOS voltage reference
circuit.

consumption is just 3.2 nW. In Fig. 5(a) the measured values
of the current drawn from the power supply, in the temperature
range between 0°C and 125°C, are shown. The supply current
increases with temperature according to (12), reaching 36.0 nA
at Vpp = 0.45 V@125°C, and 40.8 nA at Vpp = 1.8 V
@125°C.

The reference voltage dependence on temperature is shown
in Fig. 5(b). Averaging the Vigr variation on the Vpy range
considered, it results ~4.7 mV, leading to an average TC of 142
ppm/°C. From Fig. 5(b), it is clear that the TC is quite indepen-
dent of Vpp.

The measured and simulated PSRR values at room tempera-
ture, at minimum supply voltage, are illustrated in Fig. 6. Be-
cause of the very high value of the output impedance of the cir-
cuit, PSRR measurements have been performed by connecting
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(b) Temperature dependence of the generated reference voltage for different
supply voltages.

the voltage reference output to a CMOS operational amplifier
(TLC2201). Indeed, from post-layout simulations, the evaluated
output impedance (Zout) is 55 M€/ /0.3 pF, higher than typ-
ical input impedance of commercial oscilloscope probes. The
opamp input capacitance (Cyy) is about 20 pF (considering
packaged amplifiers, generally, C1n does not go below 10 pF)
and forms a low-pass filter with Zoy having a —3 dB fre-
quency of 144 Hz. For this reason, the high output impedance of
the circuit did not allow an accurate measurement of the PSRR
for frequencies above 30 Hz. However, from Fig. 6, it is clear
that the simulation results are in good agreement with the mea-
surements obtained.

The measured equivalent output noise amplitude, without
filtering capacitors, is shown in Fig. 7. At 10 Hz its value is
23uvV/ v/Hz and the root mean square voltage noise, measured
in a bandwidth from 0.1 Hz to 10 Hz, is 22.0 uV.

It is clear that the designed circuit can only drive high
impedance loads such as the capacitive loads offered by
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Fig. 6. PSRR at room temperature, for Vpn = 0.45 V.
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Fig. 7. Measured equivalent output noise (V/+/Hz) from 0.1 Hz to 10 Hz.

MOSFET-based comparators or buffers. Most often voltage
references do not drive directly loads, as in the case of voltage
supply circuits [21].

Table III summarizes the measurement results of the typical
performance chip and compares them with the best low voltage,
low power voltage references found in literature, implemented
in standard CMOS process. From the comparison it results that
the proposed configuration achieves the lowest supply voltage
and current dissipation, thus leading to at least a 10 x reduction
in power consumption with respect to the other proposed so-
lutions. Moreover, those results are obtained while preserving
competitive line sensitivity, temperature coefficient, PSRR and
area occupation.

Measurements were carried out on a set of 40 samples. In
Table IV, a brief summary of the statistical analysis results, re-
porting most relevant figures of merit, is given. In particular
mean (4) and standard deviation (o) values of the temperature
coefficient (TCavyg), the line sensitivity (LS), the power con-
sumption at Vpp = 0.45 V (Ppigs) and the reference voltage
(Vrer) at room temperature were reported. 1T'C sy and Vrgr
refer to the averaged values on the Vpp range considered. In
Fig. 8 the distributions of these parameters are shown. To our
knowledge, detailed statistical information about key perfor-
mance indicators like TC, LS or power consumption, are not
given in works concerning low power voltage references. For
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TABLE III
COMPARISON WITH LOW-VOLTAGE LOW-POWER CMOS VOLTAGE REFERENCES

Proposed . )
confimeration | REF11 Ref: [15] Ref. [8] Ref: [12] Ref: [13] Ref: [11]
Technology | 0.18um CMOS | 0.35pm CMOS | 0.18um CMOS | 0.18pm CMOS [0.35um CMOS 0.35um CMOS 0.6um CMOS
Supply voltage (V) 0.45t02 0.9to04 0.6 to 2.3 0.85t0 2.5 ld4to3 1.1to4 1.4to3
Supply current (ud) | 0.007@0.45V 0.040@0.9V | <0.040@0.7V | 3.882@0.85V | 0.2143@1.4 ~0.021@ 1.1V <97
@ room temperature | 0.008@ 1.8V 0.055@4V - average - ~0.024(@4V )
i i 96.6+4.0 vers-1
V) 263.5 70 ~2 221 45425 3+19.
Vrer(mV) ) [ 20 T45+25 108,943 1 vers-2 309.3£19.26
TC (ppm/°C) 142 10 127 194 7 11.4 — [-20:80] , vers-1 36.9
T range(°C) [(:125] [(:80] [-20:100] [-20:120] [-20:80] 9.2 — [-20:80] , vers-2 [0:100]
Line Sensirivity . Ny 0,090, vers-1
. . ~2.7: .9 . |
(%/V) 0.440 0.270 730 0.905 0.002 0.170 . vers-2 0.083
PSRR (dB) V=045V Fop=0.9% - - V=2V Vou=3V Vop=1.4V
Low freq [<I00Hz] -45.0 47 4] - -45 <60 47
High freq [210MHz] | (-12.2 sim.) 40 . - ~ -22@10kHz <40 -20
(L0189 | vers-1
+ 2 z *
Die area (mm”) 0.0430 0.0450 0.0040 0.0238 0.0550 0.0193 . vers-2 0.0550
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Fig. 8. Distributions of the most relevant figures of merit for the 40 measured
samples: (a) Power consumption @25°C and Vnhn, = 0.45 V. (b) Line sen-
sitivity @25°C. (c) Temperature coefficient. (d) Generated voltage reference
@25°C.

TABLE IV
STATISTICAL ANALYSIS OF PERFORMANCE

Number of samples 40 from three separate runs
u G
TCave (ppm/°C) 165 100
LS (%/V) @ 25°C 0.444 0.058
Paiss (W) @ 0.45V & 25°C 2.6 0.7
Vrer (mV) @ 25°C 257.5 10.0

this reason it was not possible to compare the statistical results
in detail.

The mean power consumption at the minimum Vpp and at
room temperature is 2.6 nW and it remains lower than 5 nW
in the worst case (see Fig. 8(a)). However, even in that case,

the proposed circuit continues to achieve the lowest power con-
sumption, considering that the best low power solutions reported
in literature do not go below 23 nW [13].

The line sensitivity distribution, in the Vpp range from 0.45 V
to 1.8 V, is shown in Fig. 8(b) and the mean value is 0.444%/V.
It varies from a minimum value of 0.329%/V to a maximum
value of 0.606%/V.

The best T'C avq is 39 ppm/°C, which means an average vari-
ation of the output voltage of 1.2 mV in the temperature range
from 0°C to 125°C. The worst TCaya (357 ppm/°C), instead,
gives an average variation of about 12 mV. From Fig. 8(c) it is
evident that the TC is the quantity with the largest dispersion, in-
deed, the coefficient of variation o/ i1 is ~61%. The temperature
coefficient is a very sensitive parameter, in [6] a 4-bit trimming
network is used to optimize it, by changing resistor values after
fabrication.

Fig. 8(d) shows the distribution of Vggr at room temperature.
The o/ is 3.9%, such spread in reference voltage is higher in
the proposed circuit than when using BGRs, e.g., in [22] the
o/ is around 1.5%. However, the proposed solution exhibits a
power consumption and a minimum supply voltage significantly
lower compared to bandgap-like circuits.

VI. CONCLUSION

An ultra low voltage, extremely low power voltage reference
circuit fabricated in the UMC 0.18-pm CMOS process, is pre-
sented. The circuit works with all transistors in subthreshold
operation, thus allowing a remarkable reduction of minimum
supply voltage and power consumption. In this sense, the pro-
posed solution represents a significant advance in low power
low voltage reference circuit design: the power dissipation is
only 2.6 nW, which is about one order of magnitude lower than
that of the best results found in the literature, and the minimum
supply voltage for correct operation falls to 0.45 V. In addition,
a temperature compensation technique and a simple model for
line sensitivity prediction in subthreshold-operated voltage ref-
erence circuits is presented and demonstrated. The extremely
low power and low voltage features of the proposed circuit make
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it very attractive for ultra low power battery-operated electronic
applications.
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