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Abstract— This paper presents a curvature-compensated
sub-1V voltage reference (VR) and a shared-resistive nanoampere
current reference (CR) in a 130 nm CMOS process. The CR is
used to generate a bipolar junction transistor complementary-
to-absolute-temperature voltage, which is summed up with a
proportional-to-absolute-temperature voltage generated using a
summing network of PMOS gate-coupled pairs. The measured
output voltage and current references from 10 chips (VREF and
IREF) at room temperature are 469 mV and 1.86 nA, respec-
tively. The measured average temperature coefficient of VREF
and IREF are 29 ppm/◦C and 822 ppm/◦C over a temperature
range from −40◦C to 120◦C. The minimum supply voltage
of the voltage-current reference is 0.95 V, and the total power
consumption is 30 nW.

Index Terms— Voltage reference, curvature compensation, tem-
perature compensation, high-precision, sub-1V, current reference,
sub-threshold CMOS design, ultra-low-power, voltage-current
reference.

I. INTRODUCTION

ULTRA-LOW-POWER solutions are required in order to
sustain the ever-increasing demand for wireless sensor

nodes. The vast network of battery-operated low-power wire-
less sensor nodes is constrained by the battery usage [1], [2],
[3]. The battery usage can be reduced by a radiofrequency (RF)
powered wake-up receiver (WuRx). It ensures that the wireless
sensor node stays in a deep-sleep state unless activated by a
wake-up signal [4], thus increasing the lifetime of the battery.

Fig. 1 shows the architecture of an RF-powered WuRx.
The analog frontend of the WuRx consists of an RF-DC
converter, which harvests the incoming RF energy to DC
energy [5]. The signal processing system includes an envelope
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Fig. 1. RF-powered WuRx including an RF-DC converter supplying a
nanowatt voltage reference and current reference.

Fig. 2. Architecture of the proposed voltage-current reference VCR [8].

detector, a comparator, an oscillator, and a digital processor,
which operate in a low-voltage domain to reduce the power
consumption. The power management system consists of a
voltage reference (VR), a current reference (CR), a power-
on reset (POR), and a low-dropout regulator (LDO) [4]. The
strict performance requirements of the signal processing sys-
tem in a WuRx demand an accurate low-power temperature-
compensated voltage-current reference (VCR) with a low
supply voltage startup [6], [7]. The nanowatt power budget
adds to the challenge of designing a robust and accurate VCR.
This work presents an ultra-low-power VCR shown in Fig. 2,
which is an integral part of a WuRx.
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A classical approach to achieving a temperature-compe
nsated VR is by combining a proportional-to-absolute-
temperature (PTAT) voltage and complementary-to-absolute-
temperature (CTAT) voltage circuits [8], [9], [10]. VR circuits
can be broadly categorized into bandgap-based references,
CMOS-based references, and hybrid references, which com-
bine bandgap-based and CMOS-based reference circuits. The
bandgap reference (BGR) is a conventional VR with a highly
accurate reference voltage and low process corner and temper-
ature variation [11]. Sub-BGR designs have achieved a sub-1V
VR for a low power consumption and a considerable accu-
racy [11], [12], [13]. The BGR-based VRs have a minimum
supply voltage of roughly 0.9 V owing to the forward bias
voltage of a bipolar junction transistor (BJT) [14].

Recently, sub-threshold CMOS-based VRs have received
much attention because of their low supply voltage operation
and ultra-low-power consumption [10], [14], [15], [16], [17].
The ultra-low-power CMOS-based VRs employ native MOS
devices where the leakage current determines the output
voltage VREF. The dependence on the threshold voltage VTH
of a MOS transistor in this topology results in an inevitable
sensitivity to process corner variations [15], [16], [17]. There-
fore, BGR-based designs are still the first choice to generate
high-precision VRs for energy harvesting systems.

A temperature-compensated CR is also a fundamental
building block of an RF-powered WuRx (see Fig. 1). Recent
works [18], [19], [20], [21], [22], [23], [24], [25], [26],
and [27] have presented nanowatt CRs where the circuits
make use of the sub-threshold operation of the transistors.
They are broadly grouped into three categories: β-multiplier
based CRs [18], [19], [20], zero-temperature coefficient (ZTC)
voltage-based CRs [23], [24], [25], and CRs obtained by divid-
ing a PTAT or CTAT voltage reference by a PTAT or CTAT
resistance [26], [27]. The β-multiplier CR is the simplest
CR with a well-defined bias current. Modified versions of
β-multiplier CRs in [18] a nd [19] achieve a good temperature
coefficient (TC) with a requirement of large resistors to gener-
ate nanoampere current. On the other hand, the ZTC voltage-
based CRs are highly prone to process variations [24], [25].
The third category CRs in [26] and [27] generate a nanoampere
output current at the cost of a high minimum supply voltage
of 1.3 V. Overall, area-optimized versions of β-multiplier CRs
are advantageous for due to the design simplicity and good
performance for ultra-low-power designs.

This paper introduces a novel curvature-compensated
sub-1V VR and a shared-resistive nanoampere CR with an
overall power consumption of 30 nW. The proposed VCR
shown in Fig. 2 includes a standalone 1.86 nA CR which
supplies the bias current IREF required to generate the CTAT
and PTAT voltage components. The CTAT and the PTAT
voltage components are summed up to generate the curvature-
compensated output VREF.

This paper is an extended version of [8], with an improved
VCR which works for a wider temperature range from −40◦C
to 120◦C and a higher supply voltage range from 0.95 V
to 3.6 V. The extended paper addresses the curvature compen-
sation of VREF for the wide temperature range using design
parameters. The paper additionally includes a trimming circuit

built to optimize the TC of the VR and minimize the spread
of the CR, analysis of the supply voltage fluctuations, overall
power consumption, chip-measurement results, and a compar-
ison with the latest published results. The paper is organized
as follows: Section II describes the operation principle and the
design of the CR. Section III describes the design procedure
of the curvature-compensated VR. Section IV presents the
measurement results and the comparison with the state of the
art. Section V concludes the work.

II. SHARED-RESISTIVE CURRENT REFERENCE

The proposed VCR has been designed in an in-house mod-
ified 130 nm CMOS technology. The initial design, however,
was done in a primitive n-well 130 nm CMOS process where
the NMOS transistors have no possibility of a buried p-well.
For the sake of backward compatibility, most of the NMOS
transistors in the VCR design have a bulk connection to
ground.

The low-voltage CR is built for an RF-powered WuRx
with strict requirements for low power consumption and a
reliable startup [2]. The CR exploits an improved version
of a beta-multiplier current reference by combining PTAT
and CTAT currents to generate a temperature-compensated
reference current. Specific contribution of this CR is the
design of a shared-resistive design which generates an addi-
tional sub-50 mV voltage reference VSUB. The transistors are
biased to operate in the sub-threshold region to ensure the
low-power operation. The drain-source current IDS in the
sub-threshold region [28] and the drain-source resistance RDS
in the sub-threshold region can be written as:

IDS = W

L
μnCOX(n − 1)V 2

T e
VGS−VTH

nVT (1 − e
−VDS

VT ) (1)

RDS = 1/(∂ IDS/∂VDS) = VT (e
VDS
VT − 1)

IDS
(2)

where W/L is the transistor aspect ratio, μn is the mobility,
COX is the oxide capacitance, n is the sub-threshold slope,
VT is the thermal voltage, VGS is the gate-source voltage,
VTH is the threshold voltage, and VDS is the drain-source
voltage of the transistor. The dependence of RDS on IDS in (2)
highlights the high-nonlinearity of a MOS transistor operating
in the sub-threshold region.

A conventional temperature-compensated nanoampere
CR combines a PTAT current β-multiplier circuit [28], [29]
(see Fig. 3a, Fig. 3b) and a VGS/R circuit [30] to generate
a CTAT current ICTAT (see Fig. 3c). The area-effective
resistorless β-multiplier in Fig. 3a is widely used in
microampere CRs, where the MOS transistor is biased in the
linear region. However, the deployment of the MOS transistor
in the sub-threshold region as a resistor brings a non-linear
temperature dependence (see (2)). Unlike [30], the proposed
CTAT circuit in Fig. 3c uses the PTAT current (see Fig. 4b)
as a bias current for the transistor MN2. The temperature
dependence is highlighted in the schematic simulation results
in Fig. 3d, which show the generated current IPTAT versus
temperature for the resistorless β-multiplier and the standard
β-multiplier. The standard β-multiplier requires a poly-resistor
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Fig. 3. (a) Resistorless β-multiplier CR [28], (b) β-multiplier CR [29],
(c) VGS/R CR [30] to generate ICTAT, and the (d) simulated current versus
temperature for the topologies (k=6, l=22).

which occupies a significant area for a nanoampere IPTAT
generation. The generated current ICTAT in the VGS/R circuit
is plotted alongside in Fig. 3d.

The proposed CR is based on a combination of the IPTAT
generator in Fig. 3b and the ICTAT generator in Fig. 3c.
The temperature compensation of the CR is done by the
mutual compensation of the temperature dependence of IPTAT
(∂ IPTAT/∂T ) and ICTAT (∂ ICTAT/∂T ). The PTAT current gen-
erator in Fig. 3b has equal currents flowing through the transis-
tors MN0 and MN1. As a result, one can write the following
expression connecting MN0 and MN1 [18]:

�VGS − �VTH ≈ nVTln(k) (3)

where �VTH is the difference between the threshold voltages
of MN0 and MN1 arising because of the body effect, and k is
the transistor multiplier ratio between the transistors MN1 and
MN0. �VTH can be expressed as [31]:

�VTH = γ (
√

(φS) − √
(φS + VS1)) ≈ γ

2
√

φS
�VGS (4)

Fig. 4. Schematic of the nanoampere shared resitive CR including the startup
circuit. The CR also generates a sub-50 mV reference voltage VSUB.

where γ is the body bias coefficient, φS is the surface potential,
and VS1 is the source voltage of MN1. The resistor R4
connected between VS1 and VSS generates a PTAT current
IPTAT. IPTAT, derived from (3) and (4), and it’s first-order
temperature coefficient ∂ IPTAT/∂T can be simplified and
expressed as:

IPTAT = nVTln(k)

R4

1

1 − ( γ
2
√

φs
)

(5)

∂ IPTAT

∂T
= 1

1 − ( γ
2
√

φs
)

n ln(k)

R4

∂VT

∂T
− IPTAT

R4

∂R4

∂T

= IPTAT(
1

T
− 1

R4

∂R4

∂T
) (6)

ICTAT flows through R5 across the voltage VG. The
CTAT current ICTAT and it’s first-order temperature coefficient
∂ ICTAT/∂T are [30]:

ICTAT = VG

R5
(7)

∂ ICTAT

∂T
= 1

R5

∂VG

∂T
− ICTAT

R5

∂R5

∂T
(8)

A poly-resistor is chosen instead of a diffusion resistor
due to its higher sheet resistance. The p+ poly-resistor R4
in the design has a typical PTAT behavior of less than
500 ppm/◦C [31]. As a result, the dominant terms in (6) and (8)
are the first terms IPTAT/T ≈ n VTln(k)

T ∗R4
and (1/R5)(∂VG/∂T ),

respectively. ∂VG
∂T can be written from (1) as:

∂VG

∂T
= ∂VTH

∂T
+

∂(nVTln IPTAT2
K 1 V 2

T
)

∂T
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= ∂VTH

∂T
+

nVTln IPTAT2
K 1 V 2

T

T
+ nVT

IPTAT2

∂ IPTAT2

∂T
− n VT

2 T

= ∂VTH

∂T
+

nVTln( IPTAT2
K 1 V 2

T
− 0.5)

T
+ nVT

IPTAT2

∂ IPTAT2

∂T
(9)

where K1= W
L μnCOX(n − 1), and IPTAT2 is the drain-source

current of MN2. Combining (8) and (9), ∂ ICTAT/∂T can be
rewritten as:

∂ ICTAT

∂T
= 1

R5

∂VTH

∂T
− ICTAT

R5

∂R5

∂T

+
nVTln( IPTAT

K 1 V 2
T

− 0.5)

R5 T
+ nVT

R5 IPTAT

∂ IPTAT

∂T
(10)

Depending on the substrate doping level and the oxide
thickness of a transistor, ∂VTH/∂T is between −3 mV/◦C and
−0.5 mV/◦C [32], resulting in a strong CTAT behavior of
the first term 1

R5

∂VTH
∂T in (10). The third and fourth terms

of ∂ ICTAT/∂T in (10) contribute to a small PTAT behavior.
The second term −ICTAT

R5

∂R5
∂T in (10) has a CTAT behavior that

reduces with increasing temperature due to the dependence on
the term ICTAT. This causes a mild slope reduction of the ICTAT
curve at higher temperatures as seen in Fig. 3d. Overall, IPTAT
and ICTAT temperature curves have a strong linear behavior
(see Fig. 3d). This is attributed to the dominant first-order
temperature coefficients IPTAT/T ≈ n VTln(k)

T ∗R4
in (6) and 1

R5

∂VTH
∂T

in (10). The proposed CR is designed by combining the PTAT
and CTAT sub-circuits and matching the dominant first-order
temperature coefficients.

The reference current IREF is generated by combining a
fraction of the reference current IPTAT and ICTAT, and mutu-
ally compensating ∂ IPTAT/∂T and ∂ ICTAT/∂T . The fractional
summing of the currents is achieved using a current mirror
ratio of 4 (see Fig. 4).The overall temperature dependence of
IREF = (IPTAT + ICTAT)/4 from (6) and (10) depends on
technology parameters such as VTH, the sub-threshold slope
factor n, the poly-resistors R4 and R5, and the drain-source
current of MN2 (IPTAT). The most significant contributing
factor of ∂ ICTAT

∂T is 1
R5

∂VTH
∂T and of ∂ IPTAT

∂T is nVTln(k)/T
R4

. For
the given design, the first-order temperature compensation
of IREF requires a ratio R5/R4 = 2.75. IPTAT is adjusted to
fine-tune the overall temperature dependence of IREF. For
a poly-resistor width of 300 nm, this implementation would
require a large 0.02 mm2 area for R5/R4 = 39 M�/13 M�
to generate a 2 nA [33]. A 0.02 mm2 resistive area has an
associated bottom-plate parasitic capacitance with respect to
the substrate in the order of 60 aF/μm2∗0.02 mm2 = 1 pF [34].
The CR is designed for an RF-powered WuRx whose harvested
output voltage has fast transients at high input RF power levels
(�VDD/�t = 105V/s) [2]. This fast transient at VDD causes
a false startup wherein the bias current is determined by the
low-impedance path of the parasitic bottom-plate capacitance
of the poly-resistor. Hence, it is critical to minimize the overall
resistive area and its associated parasitic capacitance.

The proposed CR in Fig. 4 addresses the limitation of the
large resistive area by combining IPTAT and ICTAT across a

shared resistor R3. The shared-resistive path for the currents
also generates a first-order temperature-compensated voltage
drop VSUB = (IPTAT + ICTAT)R3. Equations (3) and (7) can
be rewritten for Fig. 4 as:

nVTln(k) = IPTATR1 + VSUB (11)

VG = ICTATR2 + VSUB (12)

By maintaining the same resistor ratio, the resistors in Fig. 4
are now R2/R1 = 11 M�/4 M�. The improved design in
Fig. 4 compared to the combined circuits in Fig. 3b and Fig. 3c
helps achieve a 0.012 mm2 area with a 60% reduction of
the overall resistive-network area for a similar performance.
Furthermore, the CTAT current VGS/R circuit is dependent
on the absolute value of VTH of MN2 in Fig. 4. The 4-bit
digital trimming circuit shown in Fig. 4 helps compensate
for the variation of VTH (MN2) and poly-resistors across
process corners by shunting the bank resistors. The single trim-
resistors’ exact value was found during the design optimization
process in the Cadence Virtuoso environment. The CR is
designed for a supply voltage range from 1 V to 4 V. Cascode
transistors in the current mirrors help to increase the output
resistance and reduce the channel length modulation effect of
the current mirror transistors. It helps to increase the line
sensitivity of the CR against supply voltage variations at
the cost of an increased voltage headroom for the cascode
transistors.

The beta-multiplier PTAT circuit is self-biasing and has two
stable operating points: the desired one and the unwanted
one, where no current flows [29]. The implementation of the
required startup circuit is shown in Fig. 4. The medium-volt
thicker gate-oxide transistor N2 with a VTH > 0.6 V has been
used in the startup circuit. It turns on as soon as there is
sufficient gate-source voltage, resulting in the gate node of
MP6 being pulled down to start the flow of current through
the CR. This turns on the transistor MN3, which eventually
pulls down the gate node of N2 towards the ground VSS. The
medium-volt startup transistor N2 is dimensioned such that the
worst-case leakage current during the off state is in pA range.
The low leakage current helps to ensure that the startup circuit
is completely turned off once the CR is operational.

A. Simulation Results

The output current IREF = (IPTAT+ICTAT)/4 was set to 2 nA
at 27◦C. Fig. 5 shows the output IREF and the normalized
sub-50 mV reference voltage VSUB over temperature variation,
as seen in post-layout simulation results. The output ICTAT
decreases with increasing temperature. It reaches a minimum
saturation value at 60◦C. At this point, the regulation loop of
MN2 and MN7 (see Fig. 4) ensure that a minimum ICTAT flows
through the transistor MN7. As a result, the output IREF starts
to increase at temperatures higher than 60◦C. The Monte-Carlo
distribution of IREF is shown in Fig. 6. The 2 nA output
current IREF has an average TC-IREF of 530 ppm/◦C. The IREF
σ/μ spread of 11% as seen in Fig. 6a can be attributed to
the variation of the poly-resistors and the dependence on the
threshold voltage of transistor MN2 (see Fig. 4) to generate the
CTAT current ICTAT. The poly-resistors suffer from a typical
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Fig. 5. Post-layout simulated output current IREF and normalized sub-50 mV
reference voltage VSUB versus temperature (simulation details: corner=nom).

Fig. 6. Monte-Carlo post-layout simulation of (a) IREF, (b) TC-IREF,
(c) sub-50 mV reference voltage VSUB, and (d) TC-VSUB (simulation details:
trimming code=0010, runs=500).

3σ variation of +/- 20%. The output VSUB with a μ of 40 mV
and σ of 2.7 mV has a good mean-TC of 468 ppm/◦C, as seen
in Fig. 6. The reference voltage VSUB is used as a reference
input for the relaxation oscillator in the RF-powered WuRx
in Fig. 1.

III. SUB-1 V VOLTAGE REFERENCE

The RF-powered WuRx in Fig. 1 requires a sub-1 V
VR which is critical for the analog/mixed-signal circuits
operating in a 0.5 V low-voltage domain. The proposed
curvature-compensated sub-1 V VR generates an output VREF
by summing a CTAT voltage VCTAT and a PTAT voltage
VPTAT, as shown in Fig. 7. The 2 nA reference current IREF,

presented in Sec. II is used for the generation of VCTAT
and VPTAT. This VR mainly targets on optimizing the TC by
proposing a second-order effect analysis of VCTAT and VPTAT.
Specific contributions of this work are: 1) Design of a VR
whose temperature compensation is predominantly dependent
on design parameters, which helps to easily port the VR
design to other CMOS technology nodes; 2) A low power
sub-threshold design approach wherein the PTAT generator
cells [36] are connected in a unique current and voltage
summing series formation; 3) The VR design has a very high
robustness against fluctuations in the bias current and process
corner variations. The temperature compensation of VREF is
done by the mutual compensation of the first-order temper-
ature dependence terms (∂VCTAT/∂T , ∂VPTAT/∂T ) and the
second-order temperature dependence terms (∂2VCTAT/∂T 2,
∂2VPTAT/∂T 2).

The CTAT voltage VCTAT = VBE/3 is generated by the
base-emitter voltage VBE of the vertical PNP-transistor Q1,
connected to a triple-well NMOS-diode voltage divider [11].
The output VBE/3 of the voltage divider is connected to a unity
gain buffer to avoid loading the node. The current consumption
of the unity gain buffer is 2 nA. A 100 fF capacitor CC
improves the stability of the unity gain buffer. The CTAT
voltage VCTAT, it’s first-order temperature dependence term
∂VCTAT/∂T , and it’s second-order temperature dependence
term ∂2VCTAT/∂T 2 can be modeled as [35]:

VCTAT = VBE

3
= 1

3
(VBGR + VTln[ IC E

T α
]) (13)

∂VCTAT

∂T

∣∣∣∣
IC

= 1

3

∂VBE

∂T

∣∣∣∣
IC

= VBE − VBGR − αVT

3T
(14)

∂2VCTAT

∂T 2

∣∣∣∣
IC

= 1

3

∂2VBE

∂T 2

∣∣∣∣
IC

= 1

3
(

1

T

∂VBE

∂T
− VBE

T 2 ) (15)

where E is a technology constant parameter, α = 4 − n,
VBGR =1.205 is the bandgap voltage of silicon at 0 K, and IC is
the temperature-compensated BJT collector current. Assuming
a typical VBE =600 mV, α =3.2, and T =300 K, (14) can be
approximated as:

∂VCTAT

∂T

∣∣∣∣
IC

= −0.75 mV/K (16)

∂VCTAT/∂T as shown in (14) and (16) has a typical-negative
value, and it depends on the technology parameters α
and VBE. ∂VCTAT/∂T can be modified by adjusting the cur-
rent IC dependent term VBE (see (1)). The second-order term
∂2VCTAT/∂T 2 ≈ −4 μV/K2 depends on the absolute value
of VBE (see (15) and (16)).

The compensation of both first-order and second-order
temperature dependences of VCTAT is achieved using a PTAT
voltage reference VPTAT. The PTAT voltage in conventional
BGR-based circuits is generated using bipolar PNP transistors
and resistors [31]. However, the nanoampere power budget of
the VR requires the usage of large resistors. As an alternative,
gate-coupled PTAT generator cells [36] are used in a series
connection formation to achieve a low-power VPTAT. The
PTAT cells include unit-cell transistors with multiplier ratio m.
Every gate-coupled PTAT cell in Fig. 7 generates a drain-to-
source voltage VDS,i across transistor Ni (i=1, 2, 3, 4, 5, 6).
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Fig. 7. Overall schematic of the proposed sub-1V voltage reference with transistor multiplier ratio m.

The output voltage VDS,i for the PTAT cell (Ni, Nii) can be
modeled as:

VDS,i = VGS,i − VGS,ii = nVTln(KA,i KI,i )

1−e
−VDS,i

VT

+ �VTH

= nVTln(KA,i KI,i )

1−e
−VDS,i

VT

1
1−(

γ

2
√

φf
)

≈ nVTln(KA,i KI,i )

1−e
−VDS,i

VT

(17)

where KA,i is the ratio of the aspect ratio of the transistors Nii

and Ni, KI,i is the drain-current ratio between the transistors
Nii and Ni, and φf is the Fermi-potential (φf ∘ T ). The
aspect ratio KA and the drain-current ratio KI are the design
parameters that define the voltage drop VDS across the PTAT
cell. The PTAT cell 6 in Fig. 7 has a high KI,6 =5.5 and
KA,6 =3. The voltage drop in PTAT cell 6 is large enough

to ignore the channel-length modulation term 1/(1 − e
−VDS

VT )
in (17). The channel-length modulation term cannot be ignored
for the PTAT cell 1 where KI,1 =1 and KA,1 =1 (see Fig. 7).
The first-order temperature dependence (∂VDS/∂T ) and the
second-order temperature dependence (∂2VDS/∂T 2) of the
individual PTAT cell can be derived from (17):

∂VDS,i

∂T
= nVT ln(KA,i KI,i )

T
1

1−e
−VDS,i

VT

≈ nVT ln(KA,i KI,i )
T (18)

∂2VDS,i

∂T 2 ≈ ∂VDS,i
∂T e

−VDS,i
VT

VDS,i
VTT (19)

The PTAT cell has a first-order positive temperature depen-
dence as seen in (18). Iterative design of tunable design para-
meters KI and KA helps to adjust ∂VPTAT/∂T and compensate
∂VCTAT/∂T . An additional positive second-order temperature
dependence of ∂2VDS,i∂T 2 arises from the channel-length

modulation term (1 − e
−VDS

VT ) as seen in (17) and (19). The
series connected PTAT cell design differs from the parallel
connection topology of the PTAT cells in [11]. The series
connection helps reuse the drain current in the PTAT cells
and achieve a high KI factor.

The total VPTAT generated from summing up the six cells
and VREF can thus be written as:

VPTAT =
6∑

i=1

VDS,i ≈
6∑

i=1

nVTln(KA,i KI,i )

1 − e
−VDS,i

VT

(20)

VREF ≈ VBE

3
+

6∑

i=1

nVTln(KA,i KI,i )

1 − e
−VDS,i

VT

(21)

The first-order temperature compensation of VREF =
VPTAT+VCTAT requires the compensation of ∂VPTAT/∂T and
∂VCTAT/∂T . As shown in (16), the target for ∂VPTAT/∂T is
0.75 mV/K. Equation (18) shows that ∂VPTAT/∂T =∑6

i=1 n VT ln (KA ∗ KI)/T ≈ 0.1 mV/K ∗ ln (KA ∗ KI). The
equation highlights the need to design a PTAT component
that has a high KA and KI. Choosing a high KA is the
easier design option, but it results in an extremely low pA
bias current through the unit transistor in the PTAT unit cell.
Low bias currents are an issue in fast corners as well as
high temperatures where the leakage current is also in pA
range. On the other hand, a high KI factor is beneficial to
increase the ∂VPTAT/∂T term and match ∂VCTAT/∂T . As a
trade-off between overall power consumption and minimum
current through the unit-transistor cells in cell 1, the VR is
designed with a series 6-stage PTAT cell formation to provide
a high current-gain KI and a realistic value of KA. An iterative
design optimization of KI, KA, and the current mirror ratios
are done to achieve a second order temperature compensation
of VREF (see (14), (15), (18), and (19)).

Transistors operating in the sub-threshold region are prone
to process variations and modelling error of the sub-threshold
slope factor. As a result, the VR in Fig. 7 includes a 4-bit
trimming circuit in cell 6 to change the aspect ratio term KA,6.
It helps to compensate the variation and mismatch effects
by increasing or decreasing the PTAT slope factor through a
digital control. The unit-cell design with a multiplier ratio m
helps achieve a compact layout with a good matching between
the transistors. The bulk nodes of the PTAT cell transistors
Ni and Nii (i=1,2,3,4,5,6) are connected to the ground VSS.
As result, high ohmic p-wells at various intermediate potential
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Fig. 8. Simulated normalized ∂VCTAT/∂T and ∂VPTAT/∂T versus temper-
ature (simulation details: corner=nom, VDD =1 V).

levels are avoided. It improves the latch-up immunity and
reduces the risk of startup issues.

A. Simulation Results

The DC post-layout simulation results in Fig. 8 show the
temperature dependence of VCTAT and VPTAT to design a
VREF. The normalized plots highlight that ∂VPTAT/∂T cancels
out ∂VCTAT/∂T over the temperature range from −40◦C to
120◦C. The second-order temperature dependence in (19) is
positive, resulting in an increasing ∂VPTAT/∂T over temper-
ature until 80◦C. Since the bulk of the PTAT-cell NMOS
transistors (see Fig. 7) are connected to VSS, the �VTH term
in (17) becomes more significant for increasing VDS,i at higher
temperatures. The increasing �VTH results in a reduction of
∂VPTAT/∂T at higher temperatures, as shown in Fig. 8. On the
other hand, VCTAT has a negative first-order and second-order
temperature dependence as shown in (14) and (15). Thus, the
∂VCTAT/∂T curve has a similar behavior as the ∂VPTAT/∂T
curve. As highlighted in Fig. 8, the ∂VCTAT/∂T shows a mild
dependence on the bias current IREF which generates the
voltage drop across the BJT Q1. Across the temperature range,
the output VREF is first-order and second-order temperature-
compensated.

Fig. 9 quantifies the effect of process variation on the output
voltage VREF. VPTAT is dependent mainly on design parame-
ters, and has little variation across process corners. On the
other hand, VCTAT generated using a vertical PNP-transistor is
prone to process variations. It is slightly compensated by the
variation of the bias current IREF, which is generated using
poly-resistors. In the fast corner, IREF is 30% higher due to
the lower resistance of the poly-resistors [31]. The higher
output bias current IREF helps to generate a higher VCTAT and
compensate the lowering of VBE of the vertical PNP-transistor
(see (13)). Similarly, the decrease of IREF helps to compensate
the increase of the VBE in the slow process corner. It results in
a highly robust VREF with +/−0.8% variation across process
corners, as shown in Fig. 9.

The Monte-Carlo post-layout simulations of 500 runs for
VREF in Fig. 10 show a mean μ VREF of 473.5 mV, and a
sigma σ of 4.5 mV (+/- 2.7%) for a trimming code of 0100.

Fig. 9. Post-layout simulated output voltage VREF versus temperature at
different process corners.

Fig. 10. Monte-Carlo post-layout simulation of (a) VREF and (b) TC-VREF
(simulation details: trimming code=0100, runs=500).

VREF predominantly depends on the current multiplier ratio
used and the design variables (see (21)). The CTAT voltage
VBE/3 on the other hand has a logarithmic dependence on
IREF (see (13)). A 10% drift of IREF across the temperature
range would change VCTAT by only VT/3 ∗ ln(1.1) ≈ 1 mV.
As a result, small temperature drifts of IREF have a low impact
on the TC of the designed VREF. It results in a mean TC-VREF
of 22 ppm/◦C and an excellent σ of 15 ppm/◦C. The contrib-
utors to the σ of the output VREF are the BJT output voltage
VBE, the offset of the nanowatt unity-gain buffer, and the
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Fig. 11. Post-layout transient simulation of the startup of the voltage-
current reference. An ideal voltage source is attached to the supply node VDD
(simulation details: corner=nom, T=27◦C).

variation of IREF. The compact design and layout of the PTAT
cells mitigate the transistor mismatch effects. The output VREF
predominantly depends on design variables and technology
constants, which help achieve a low TC value.

B. Supply Voltage

The minimum supply voltage VDD of the sub-1V VR is
defined by the emitter-base voltage and an overdrive voltage
VOV of the current mirror, presented by VDD > VBE + VOV.
The output node VREF at the PTAT cell 1 output also presents
a requirement for the minimum VDD, where VDD > VREF +
VGS,N11 + VOV. Assuming typical values of VBE =600 mV,
VGS,N11 =250 mV and VOV =200 mV, the minimum supply
voltage VDD > VREF + VGS,N11 + VOV is roughly 900 mV. For
other bandgap-based VR designs, a minimum supply voltage
of VBE+VOV =800 mV is expected due to the voltage overhead
of the bipolar PNP transistor.

The low-power nature of the current mirror in the design
presents a challenge to ensure a correct startup at lower levels
of VDD. The post-layout transient simulation in Fig. 11 shows
that the VBE is generated as soon as the CR is operational.
The output voltage VCTAT generation is dependent on the
startup time of the nanowatt unity-gain buffer. The current
mirror in the VR gets biased at this time, resulting in the
drain nodes of the current mirror transistors getting pulled up
to VDD−VOV. The effect is seen in the simulation curves of the

Fig. 12. Post-layout simulated power consumption of the VCR versus
changes in supply voltage VDD and temperature.

intermediate PTAT nodes VP1 and VP3, which are pulled to this
voltage level before starting to find the right operation point
at 0.7 ms. The PTAT cells start from the left-most cell 6 until
cell 1 because of the series nature of the design. The ramp-up
of the PTAT cells of the VCR is considerably slower in a slow
corner and cold temperatures. A 1 pF MOS capacitor CL with
an area of 100 μm2 connected at the output VREF helps to
reduce the output ripple.

The line regulation (LS) and PSRR are DC and AC supply
sensitivity indicators. As seen in (21), the output VREF has an
inherent low dependence on the supply voltage. Accordingly,
we have,

PSRR(s) = vdd(s)
vref (s)

≈ vdd(s)
iref (s)

iref (s)
vref (s)

≈ vdd(s)
iref (s)

gm,N11 (22)

where gm,N11 is the transconductance of the PTAT cell 1 tran-
sistor N11 in Fig. 7. The source-follower design structure of
the PTAT cell limits the output resistance and, thus, improves
the PSRR, as seen in (22). The PSRR of the VR is also
dependent on the PSRR of the CR (see (22)).

C. Current Consumption

Fig. 12 shows the post-layout simulated power consumption
of the VCR. It consumes 32 nW at 20◦C for VDD =2 V.
Fig. 12 shows that the total current consumption is almost
unaffected by changes in VDD. It is because of the fixed bias
current used in current mirror branches in CR (see Fig. 4) and
VR (see Fig. 7). The bias current has a low dependence on
supply voltage variation. The NMOS voltage divider is an
exception which does not have a fix bias current. The threshold
voltage of the NMOS transistors in the divider varies across
the temperature range from −40◦C to 120◦C. As a result, the
total current consumption changes by a factor of 1.7x across
the temperature range.

IV. MEASUREMENT RESULTS

The proof-of-concept voltage-current reference VCR as a
part of a testchip was designed in an in-house 130 nm CMOS
technology. The initial design was done in an n-well CMOS



1038 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 70, NO. 3, MARCH 2023

Fig. 13. Microphotograph and the layout inset of the proposed voltage-current
reference.

Fig. 14. Measured results of the CR: temperature dependence of the output
current IREF (measurement details: samples=10, trimming code=0010,
VDD =2.5 V).

process where the NMOS transistors had no possibility of a
buried p-well. As a result, most of the NMOS transistors in the
design have a bulk connection to ground. The VCR occupies a
chip area of 0.04 mm2 as shown in the chip microphotograph
and the layout inset in Fig. 13. A total of 10 bare-die samples
from a nominal process lot were directly bonded onto an FR4
PCB and measured. The PMOS gate-coupled pairs have a
common-centroid layout to minimize mismatch effects. The
poly-resistors used in the CR are the most significant con-
tributors to the overall area of the VCR. The unit-cell design
approach of the transistors in the CR and the VR helps to build
compact layout structures with common-centroid topology.

The chips have been characterized in the temperature range
from −40◦C to 120◦C. The output current IREF is measured
at the input of Keithley 2400 source meter using the current
measurement function with a resolution of 50 pA. The mea-
surement results of the CR are shown in Fig. 14. Measurements
across ten samples reveal a mean TC-IREF of 822 ppm/◦C. The
spread of the output IREF at 20◦C shows a mean μ=1.86 nA
and a standard deviation σ =290 pA. The wide spread of the
mean of IREF can be attributed to the dependence on the

Fig. 15. Measured results of the VR temperature dependence of the output
voltage VREF (measurement details: samples=10, trimming code=0010,
VDD =2.5 V).

absolute value of the poly-resistors (see (5) and (7)) and the
VTH variation of the transistor MN2 (see Fig. 4). Additionally,
the VTH variation of MN2 has a direct impact on the first-order
temperature coefficient of ICTAT (see (7) and (8)). The VTH
variation, thus, causes a few CR samples to have a clear CTAT
or PTAT behavior, as seen in Fig. 14. The CR trimming circuit
has been designed to compensate process corner variations
and reduce the spread of the output IREF with minimal impact
on the TC. Thus, CR measurements done with an individual
trimming for every sample reduces the σ/μ spread of IREF
from 0.29 nA/1.9 nA to 0.2 nA/2 nA. Measurement results of
IREF reveal a bigger σ spread compared to the post-layout
simulations (σ =0.23 nA). It arises from the usage of the
minimum width poly-resistors which are highly prone to
mismatch [33].

The output voltage of the VR has been connected to an
on-chip unity-gain buffer to increase the output drive strength
and connect to a Keysigt 34470A digital multimeter. Fig. 15
shows the measured results of the VR across the ten samples
for a fixed trim setting of 0010. The curvature compensation
of the VR ensures that the output VREF achieves an excellent
mean TC of 29 ppm/◦C. For the ten measured samples, the
spread of the output VREF at 20◦C shows a mean μ=469.5 mV
and a standard deviation σ =4 mV. The measurements have
been done on a nominal wafer lot. As a result, the σ spread
of VREF in the measurement results (4 mV) are better than
the post-layout simulations results (σ =4.5 mV). The VR
trimming has been designed to optimize the TC by changing
the PTAT slope. As a result, VR measurements with an
individual trimming for every sample reduces the mean TC-
VREF from 29 ppm/◦C to 22 ppm/◦C. The smaller σ/μ spread
of VREF compared to IREF highlights the robustness of the
VR design with respect to variations in the bias current IREF.
Fig. 16 shows the measured temperature of VREF and IREF
for different supply voltage levels for one sample. The TC of
the output current IREF and output voltage VREF have little
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Fig. 16. Measured temperature dependence of (a) VREF and (b) IREF at
different VDD for one sample.

Fig. 17. Measured output voltage VREF and output current IREF versus the
supply voltage VDD (measurement details: T=27◦C).

dependence on the supply voltage variation. VREF has a mild
dependence on VDD at cold temperatures and higher supply
voltage level of 3 V. It arises from a technology dependent
bulk effect in the NMOS voltage divider (see Fig. 7) built using
triple-well transistors.

The minimum supply voltage VDD of the sub-1V VR is
defined by the emitter-base voltage of the bipolar transistor and
an overdrive voltage of the current mirror (see Fig. 7). As seen
in Fig. 17, the VR starts up at a minimum VDD of 0.95 V. With
increasing VDD, the VR achieves a line sensitivity of 0.2%.

Fig. 18. Post-layout simulated and measured PSRR of VREF without load
capactior (T=27◦C).

It can be attributed to the low dependence of the output VREF
on VDD (see (22)). On the other hand, the minimum VDD of the
CR is only limited by the voltage drop across the transistors
in the PTAT current reference sub-circuit (see Fig. 4). The
CR requires a minimum VDD of 0.85 V (see Fig. 17). A line
sensitivity of 4% is achieved from a supply voltage VDD range
from 0.95 V to 2.5 V. Fig. 18 shows the post-layout simulated
and the measured PSRR of the output voltage VREF versus
frequency. As seen in the measurement results in Fig. 18, the
VR has a PSRR of 49 dB at 10 Hz, which is an indicator
of the line regulation. It highlights the low dependence of
VREF on supply voltage as also shown in (21). The PSRR
has been measured only up to 2 kHz in order to exclude the
effect of the output buffer amplifier connected at the output
node VREF. At 868 MHz which is the input frequency of
the RF-powered WuRx, the VR achieves a PSRR of 37.6 dB,
as seen in simulations. A typical 2 mVP−P VDD ripple at this
frequency affects VREF by only 0.03 mVP−P making the VR
highly suitable for RF energy harvesting applications.

V. COMPARISON WITH RELATED WORKS

In order to compare the performance of the proposed VR
with the related works, a Figure of Merit (FoM) that considers
the temperature range (TRANGE), the TC, the power consump-
tion, and the silicon area, can be expressed as [16]:

FoM = T 2
RANGE

TC . Power. Area

1

1018 (23)

The FoM, as seen in (23), is higher for wide-temperature
range VRs. The second-order temperature compensation of the
VR helps to achieve a good performance over an extended
temperature range from −40◦C to 120◦C. Fig. 19 shows the
FoM of the recent voltage references (VRs and VCRs) with
respect to the power consumption. As far as the performance
of the voltage reference is concerned, the designed VCR has
the best FoM number compared to other VCRs in [14], [37],
and [38].

As far as the performance of the standalone VR is con-
cerned, Fig. 19 highlights three distinct groups of VRs. The
high-power BGR-based VR in [39] is designed for a high
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TABLE I

PERFORMANCE COMPARISON WITH RELATED WORK

accuracy at the cost of higher power consumption, achieving a
smaller FoM. The ultra-low-power CMOS-based VRs in [10],
[15], [16], and [17] achieve a higher FoM. They do not
have an inbuilt CR and employ native MOS devices where
the leakage current determines the output voltage VREF. The
leakage current based CMOS VRs are not suitable for energy
harvesting sub-systems which typically have a significant high
frequency 2 mVP−P output ripple on the harvested supply volt-
age (f = 868 MHz) [2]. The high frequency ripple on the supple
voltage causes an inrush current through the low-impedance
path of the parasitic capacitors. If the inrush current is higher
than the bias current, it can trigger a wrong operation point in
the ultra-low-power leakage current-based CMOS VRs. On the
other hand, the designed VR and the nanowatt VRs in [11],
[12], [37], and [38] achieve a good tradeoff between accuracy
and power consumption. They are less susceptible to process
corner variations and high-frequency supply voltage ripples.
They achieve a very good FoM for a low-power consumption,
as seen in Fig. 19.

Table I shows the comparison of the performance of the
designed VCR with the previously reported VCRs and VRs.
As far as the listed VCRs are concerned, the designed
VCR achieves a superior TC-VREF of 29 ppm/◦C and a
good TC-IREF of 822 ppm/◦C over a wide temperature range
of 160 ◦C. The performance of the CR is inferior to the related
works because of the dependence of the output IREF on the
process-corner sensitive VTH of the NMOS transistor and the
resistance of the poly-resistors. The output voltage VREF with
a mean μ of 469 mV and sigma over mean σ/μ of 0.85% is
well balanced among the reported works. The design area, line

Fig. 19. Ultra-low-power state of the art voltage references FoM performance
with respect to power consumption.

sensitivity, and the PSRR of the VCR are comparable to the
other listed VRs in Table I. The works in [10], [15], and [38]
report a lower power consumption at room temperature, but
their power consumption increases by a factor of more than
50x over the temperature range. The minimum supply volt-
age VDD of 0.95 V satisfies the requirement of RF-powered
WuRx applications. The designed VCR additionally includes a
sub-50 mV VR unlike the other listed VCRs.

VI. CONCLUSION

This paper presents a novel nanowatt voltage-current refer-
ence fabricated in a 130 nm CMOS process. The core of the
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design lies in a shared-resistive nanoampere CR with output
current IREF, used as a bias current for the generation of the
curvature-compensated sub-1V VR. The VR includes a hybrid
architecture combining BGR and CMOS-based references.
An iterative approach of optimizing the design parameters
was done to achieve a second-order temperature-compensated
output voltage VREF. Measurement results from 10 chips
show that the high-precision output 469 mV VREF achieves
an excellent mean TC-VREF of 29 ppm/◦C and σ/μ of 1.1%
with an overall power consumption of 30 nW. The inbuilt
current reference generates a 1.86 nA IREF with a TC-IREF
of 822 ppm/◦C.

The design methodology of the VCR temperature compen-
sation mainly depends on the design parameters and it has a
low dependence on the technology parameters. As a result,
the VCR design can be easily implemented in other bipolar
CMOS processes. The novel design of the CR results in the
generation of an additional sub-50 mV voltage reference which
can be used as a low-voltage reference for analog/mixed-
signal blocks. The proposed voltage-current reference is highly
suitable for RF-powered wake-up receivers and ultra-low-
power IoT nodes.

REFERENCES

[1] J. Grosinger and A. Michalowska-Forsyth, “Space tags: Ultra-low-power
operation and radiation hardness for passive wireless sensor tags,” IEEE
Microw. Mag., vol. 23, no. 3, pp. 55–71, Mar. 2022.

[2] D. Shetty, C. Steffan, G. Holweg, W. Bosch, and J. Grosinger,
“Submicrowatt CMOS rectifier for a fully passive wake-up receiver,”
IEEE Trans. Microw. Theory Techn., vol. 69, no. 11, pp. 4803–4812,
Nov. 2021.

[3] X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, “Wireless networks
with RF energy harvesting: A contemporary survey,” IEEE Commun.
Surveys Tuts., vol. 17, no. 2, pp. 757–789, May 2015.

[4] K. Kaushik, D. Mishra, S. De, K. R. Chowdhury, and W. Heinzelman,
“Low-cost wake-up receiver for RF energy harvesting wireless sensor
networks,” IEEE Sensors J., vol. 16, no. 16, pp. 6270–6278, Aug. 2016.

[5] D. Shetty, C. Steffan, W. Bösch, and J. Grosinger, “Sub-GHz RF energy
harvester including a small loop antenna,” in Proc. IEEE Asian Solid-
State Circuits Conf. (ASSCC), Jun. 2022, pp. 1–3.

[6] N. E. Roberts and D. D. Wentzloff, “A 98 nW wake-up radio for wireless
body area networks,” in Proc. IEEE Radio Freq. Integr. Circuits Symp.,
Jun. 2012, pp. 373–376.

[7] H. Jiang et al., “A 22.3 nW, 4.55 cm2 temperature-robust wake-up
receiver achieving a sensitivity of −69.5 dBm at 9 GHz,” IEEE J. Solid-
State Circuits, vol. 55, no. 6, pp. 1530–1541, Jun. 2020.

[8] D. Shetty, C. Steffan, W. Bosch, and J. Grosinger, “Ultra-low-power IoT
30 nW 474 mV 19 ppm/◦C voltage reference and 2 nA 470 ppm/◦C
current reference,” in Proc. IEEE Int. Symp. Circuits Syst. (ISCAS),
May 2022, pp. 843–847.

[9] Z. Zhou, H. Yu, J. Qian, Y. Shi, and B. Zhang, “A resistorless low-
power voltage reference with novel curvature-compensation technique,”
in Proc. IEEE Int. Symp. Circuits Syst. (ISCAS), May 2019, pp. 1–5.

[10] Y. Ji, J. Lee, B. Kim, H. Park, and J. Sim, “A 192 pW voltage reference
generating bandgap–Vth with process and temperature dependence com-
pensation,” IEEE J. Solid-State Circuits, vol. 54, no. 12, pp. 3281–3291,
Dec. 2019.

[11] Y. Osaki, T. Hirose, N. Kuroki, and M. Numa, “1.2-V supply, 100-nW,
1.09-V bandgap and 0.7-V supply, 52.5-nW, 0.55-V subbandgap refer-
ence circuits for nanowatt CMOS LSIs,” IEEE J. Solid-State Circuits,
vol. 48, no. 6, pp. 1530–1538, Jun. 2013.

[12] C.-W. U, W.-L. Zeng, M.-K. Law, C.-S. Lam, and R. P. Martins,
“A 0.5-V supply, 36 nW bandgap reference with 42 ppm/◦C average
temperature coefficient within −40 ◦C to 120 ◦C,” IEEE Trans. Circuits
Syst. I, Reg. Papers, vol. 67, no. 11, pp. 3656–3669, Nov. 2020.

[13] Y. Ji, C. Jeon, H. Son, B. Kim, H.-J. Park, and J.-Y. Sim, “A 9.3 nW all
in-one bandgap voltage and current reference circuit,” in IEEE Int. Solid-
State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2017, pp. 100–101.

[14] Y. Wenger and B. Meinerzhagen, “Low-voltage current and voltage
reference design based on the MOSFET ZTC effect,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 66, no. 9, pp. 3445–3456, Sep. 2019.

[15] I. Lee, D. Sylvester, and D. Blaauw, “A subthreshold voltage reference
with scalable output voltage for low-power IoT systems,” IEEE J. Solid-
State Circuits, vol. 52, no. 5, pp. 1443–1449, May 2017.

[16] A. C. de Oliveira, D. Cordova, H. Klimach, and S. Bampi, “Picowatt,
0.45–0.6 V self-biased subthreshold CMOS voltage reference,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 64, no. 12, pp. 3036–3046,
Dec. 2017.

[17] C.-Z. Shao, S.-C. Kuo, and Y.-T. Liao, “A 1.8-nW, −73.5-dB PSRR,
0.2-ms startup time, CMOS voltage reference with self-biased feedback
and capacitively coupled schemes,” IEEE J. Solid-State Circuits, vol. 56,
no. 6, pp. 1795–1804, Jun. 2021.

[18] A. R. Mohamed, M. Chen, and G. Wang, “Untrimmed CMOS nano-
ampere current reference with curvature-compensation scheme,” in Proc.
IEEE Int. Symp. Circuits Syst. (ISCAS), May 2019, pp. 1–4.

[19] M. S. E. Sendi, S. Kananian, M. Sharifkhani, and A. M. Sodagar,
“Temperature compensation in CMOS peaking current references,” IEEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 65, no. 9, pp. 1139–1143,
Sep. 2018.

[20] S. S. Chouhan and K. Halonen, “A 0.67-μW 177-ppm/◦C all-MOS
current reference circuit in a 0.18-μm CMOS technology,” IEEE Trans.
Circuits Syst. II, Exp. Briefs, vol. 63, no. 8, pp. 723–727, Aug. 2016.

[21] S. Lee, S. Heinrich-Barna, K. Noh, K. Kunz, and E. Sánchez-Sinencio,
“A 1 nA 4.5 nW 289-ppm/◦C current reference using automatic cali-
bration,” IEEE J. Solid-State Circuits, vol. 55, no. 9, pp. 2498–2512,
Sep. 2020.

[22] C. H. Wang, C.-F. Lin, W.-B. Yang, and Y.-L. Lo, “Supply voltage and
temperature insensitive current reference for the 4 MHz oscillator,” in
Proc. Int. Symp. Integr. Circuits, Singapore, Dec. 2011, pp. 35–38.

[23] C. Zhao, R. Geiger, and D. Chen, “A compact low-power supply-
insensitive CMOS current reference,” in Proc. IEEE Int. Symp. Circuits
Syst., Seoul, South Korea, May 2012, pp. 2825–2828.

[24] Q. Dong, I. Lee, K. Yang, D. Blaauw, and D. Sylvester, “A 1.02 nW
PMOS-only, trim-free current reference with 282 ppm/◦C from −40◦C
to 120◦C and 1.6% within-wafer inaccuracy,” in Proc. 43rd IEEE Eur.
Solid State Circuits Conf. (ESSCIRC), May 2018, pp. 19–22.

[25] I. Bhattacharjee and G. Chowdary, “A 0.7 V, 192 pA current reference
with 0.51%/V line regulation for ultra-low power applications,” in Proc.
IEEE Int. Symp. Circuits Syst. (ISCAS), May 2020, pp. 1–5.

[26] Y.-T. Wang, D. Chen, and R. L. Geiger, “A CMOS supply-insensitive
with 13 ppm/◦C temperature coefficient current reference,” in Proc.
IEEE 57th Int. Midwest Symp. Circuits Syst. (MWSCAS), College
Station, TX, USA, pp. 475–478, Aug. 2014.

[27] Q. Huang, C. Zhan, L. Wang, Z. Li, and Q. Pan, “A −40◦C to
120◦C, 169 ppm/◦C nano-ampere CMOS current reference,” IEEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 67, no. 9, pp. 1494–1498,
Sep. 2020.

[28] H. J. Oguey and D. Aebischer, “CMOS current reference without
resistance,” IEEE J. Solid-State Circuits, vol. 32, no. 7, pp. 1132–1135,
Jul. 1997.

[29] E. Vittoz and J. Fellrath, “CMOS analog integrated circuits based on
weak inversion operations,” IEEE J. Solid-State Circuits, vol. SSC-12,
no. 3, pp. 224–231, Jun. 1977.

[30] W. Zhu, H. Yang, T. Gao, X. Cheng, and Z. Ye, “A VG S /R induced
reference circuit generating both temperature independent voltage and
current sources,” in Proc. IEEE 11th Int. Solid-State Integr. Circuit
Technol., Feb. 2012, pp. 1–3.

[31] M. C. Schneider and C. Galup-Montoro, CMOS Analog Design Using
All-Region MOSFET Modeling. Cambridge, U.K.: Cambridge Univ.
Press, 2010.

[32] Y. Tsividis and C. McAndrew, Operation and Modeling of the MOS
Transistor, 3rd ed. Oxford, U.K.: Oxford Univ. Press, 2010.

[33] T. Lin, Y. Ho, and C. Su, “High-R poly resistance deviation improve-
ment from suppressions of back-end mechanical stresses,” IEEE Trans.
Electron Devices, vol. 64, no. 10, pp. 4233–4241, Oct. 2017.

[34] R. Baker, Circuit Design, Layout, and Simulation 4th ed. Hoboken, NJ,
USA: Wiley, 2019.

[35] K. Lundberg. All You Really Need to Know About Device Physics
to Design BJT Circuits. Accessed: 2008. [Online]. Available:
http://www.ece.tufts.edu/~srout01/ee12-2008/pdfs/KentsIntro2BJT.pdf

[36] T. Hirose, K. Ueno, N. Kuroki, and M. Numa, “A CMOS bandgap and
sub-bandgap voltage reference circuits for nanowatt power LSIs,” in
Proc. IEEE Asian Solid-State Circuits Conf., Nov. 2010, pp. 1–4.



1042 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 70, NO. 3, MARCH 2023

[37] L. Wang and C. Zhan, “A 0.7-V 28-nW CMOS subthreshold voltage
and current reference in one simple circuit,” IEEE Trans. Circuits Syst.
I, Reg. Papers, vol. 66, no. 9, pp. 3457–3466, Sep. 2019.

[38] Y. Ji, C. Jeon, H. Son, B. Kim, H.-J. Park, and J.-Y. Sim, “5.8 A 9.3 nW
all-in-one bandgap voltage and current reference circuit,” in IEEE
Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2017,
pp. 100–101.

[39] Y.-W. Chen, J.-J. Horng, C.-H. Chang, A. Kundu, Y.-C. Peng, and
M. Chen, “A 0.7 V, 2.35% 3σ -accuracy bandgap reference in 12 nm
CMOS,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech.
Papers, Feb. 2019, pp. 306–307.

Darshan Shetty (Graduate Student Member, IEEE)
was born in Bengaluru, India, in 1990. He received
the B.Sc. degree in electrical engineering from the
Birla Institute of Technology and Science Pilani,
India, in 2012, and the M.Sc. degree specializing
on integrated systems and circuit design from the
Carinthia University of Applied Science, Austria,
in 2016. From 2016 to 2019, he worked as an Analog
Design/Verification Engineer at Infineon Technolo-
gies Austria. His research interests include minia-
turized RF powered wake-up receivers and energy
harvesting in the sub-1 GHz frequency range.

Christoph Steffan was born in Graz, Austria,
in 1986. He received the M.Sc. and Ph.D. degrees
(Hons.) in electrical engineering from the Graz
University of Technology, Austria, in 2013 and
2019, respectively. In 2012, he joined the Research
and Pre-Development Team, Infineon Technologies
Austria AG, working as an Analog Design Engi-
neer. Since then he worked on energy harvesting
interfaces, biomedical sensor interfaces, power and
energy management for ASICS, and the character-
ization of sensors and energy storage devices. His

research interests include monolithic ultra-low-power DC to DC converters
and energy sources with emphases on analog integrated CMOS circuits.

Gerald Holweg was born in Graz, Austria, in 1960.
He received the master’s degree in electronic engi-
neering from the Graz University of Technology,
Graz, in 1983.

He was an ASIC Design Engineer with AMI,
Austria, in 1984, specializing in the areas of process
parameter extraction, critical analog ASIC design,
mixed analog/digital design, chip layout optimiza-
tion, and the design of telecom circuits. In 1987,
he joined the startup company MIKRON, Austria,
as a Project Manager for RFID ASICS and subsys-

tems and assumed section management of an RFID Design Group in 1991.
Since 1993, he was responsible for the definition and development of the
worldwide first chip and coil contactless smart card (MIFAREÂ). In 1995,
he was the Development Manager for the product line contactless smart cards
with MIKRON, which joined PHILIPS in 1995. In 1998, he was the Director
of Development for Chip Card and Security IC’s with the startup Design
Centre SIEMENS Entwicklungszentrum für Mikroelektronik, Graz, which
became the Infineon Technologies Development Centre in 1999. Since 2003,
he has been responsible for pre-development programs and industrial research
projects.

Wolfgang Bösch (Fellow, IEEE) received the Engi-
neering degree from the Vienna University of Tech-
nology, Vienna, Austria, the Engineering degree
from the Graz University of Technology, Graz,
Austria, and the M.B.A. degree (Hons.) from
the School of Management, Bradford University,
Bradford, MA, USA, in 2004. He was the CTO
with the Advanced Digital Institute, U.K., a not-
for-profit organization to promote research activities.
Earlier, he served as the Director of Business and
Technology Integration with RFMD, U.K. He has

been with Filtronic plc, as the CTO of Filtronic Integrated Products and the
Director of the Global Technology Group for nearly ten years. Before joining
Filtronic, he held positions with the European Space Agency, where he was
involved in amplifier linearization techniques; MPRTeltech, Canada, where he
was involved in MMIC technology projects; and the Corporate Research and
Development Group, M/A-COM, Boston, MA, USA, where he was involved
in advanced topologies for high-efficiency power amplifiers. In 2010, he joined
the Graz University of Technology, to establish a new Institute for Microwave
and Photonic Engineering. For four years, he was with DaimlerChrysler
Aerospace (now Airbus), Germany, where he was involved in T/R modules
for airborne radar. He was the Nonexecutive Director of Diamond Microwave
Devices with the Advanced Digital Institute. He is currently the Nonexecutive
Director with VIPER-RF Company, U.K. He has authored more than 80 papers
and holds four patents. He is a fellow of IET.

Jasmin Grosinger (Senior Member, IEEE) received
the Dipl.-Ing. (M.Sc.) degree (Hons.) in telecom-
munications and the Dr.Tech. (Ph.D.) degree
(Hons.) from the Vienna University of Technology,
Austria, in 2008 and 2012, respectively, and the
Venia Docendi (Ph.D.) degree in radio frequency and
microwave engineering from the Graz University of
Technology, Austria, in January 2021.

Since 2013, she has been with the Graz Uni-
versity of Technology, working on ultra-low-power
wireless systems at the Institute of Microwave and

Photonic Engineering. In 2021, she was elevated as an Associate Professor.
From 2008 to 2013, she was a Project Assistant with the Institute of
Telecommunications, Vienna University of Technology. She was a Laboratory
Associate with Disney Research, Pittsburgh, PA, USA, in 2011. In 2018,
2019, and 2021, she was a Guest Professor at the Institute of Elec-
tronics Engineering, Friedrich-Alexander-University Erlangen-Nuremberg,
Germany. She has authored more than 70 peer-reviewed publications and holds
one U.S. patent.

Prof. Grosinger is actively involved in the Technical Program and Steering
Committees of various RF-related conferences. She is an Associate Editor
of the IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS. She
is a member of the IEEE Microwave Theory and Technology Society
(MTT-S). Within MTT-S, she serves as a Distinguished Microwave Lecturer
(Tatsuo Itoh DML class of 2022–2024). In 2022, she is serving as the MTT-S
AdCom Secretary. From 2023–2025, she will serve as an Elected Voting
Member of the IEEE MTT-S Administrative Committee (AdCom).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


