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ABSTRACT This paper introduces a current reference based on AVgg generation principle and adopts
integrated poly-p+- resistors and a nW-power OTA to reduce the line sensitivity. Implemented in a 28-nm
standard CMOS technology, the circuit provides a nominal current equal to 100nA and operates down to
0.6 V with a line sensitivity equal to 1.2 %/V in the range [0.8-1.8] V and a temperature coefficient equal
to 6.3 ppm/°C in the range [10-90]°C. Comparison with the state-of-the-art confirms the validity of the
proposed solution and its suitability to be exploited in ultra-low-power and area-constrained applications.

INDEX TERMS Current reference, low voltage, low power, area-efficient, Internet of Things, sensor nodes,
implanted biomedical devices.

NOMENCLATURE Ny = density of state in the valence band at
q = 1.602-10~1° C, elementary charge of electrons. T =300K.
kp = 1.38-1023 J/K, Boltzman constant. E, = energy band-gap of silicon.
Ip = drain current. n =1+ C4/Cox sub-threshold slope factor.
S; = W,;/L; aspect ratio of the i-th transistor.
7 = mobility of carriers in the channel.
Vg = threshold voltage. I. INTRODUCTION o . .
Ky — temperature coefficient for threshold voltage. The last decade technolpglcal 1mproYement§ in Fhe fabrica-
br — 1¥-order temperature coefficient of resistors. tion of nanometer-scale 1nFegrate'd active devices 1§ doubtless
R — ond_order temperature coefficient of resistors. the key factor. that has given birth t'o the paradigm of the
Br — bg/R relative temperature coefficient of Internet-of-Things (IoT). The reduct10121 of cost Per trarllsm-
resistors. tors has pavgd the v.vay, for sub-mm electromc. dev1c§s,
Vr — kgT /g, thermal voltage. to their pervasive use in s.martphones, car§, housgs, industrial
To — room temperature, T = 300 K. tools and, more recently, implantable medical devices (IMDs)
€0X = electrical permittivity of the oxide, SiO;. (11 (2], [3]. .
fox — thickness of the oxide. . These lasts, more specifically than the othe.rs, are dom-
Cox = eox/tox, gate-oxide specific capacitance. inated by low invasiveness as main feature.. Since most of
Ncu = channel doping concentration. the area of an elect.romc device is occupied by its bat-
ni — intrinsic carrier concentration. tery, the always growing demand of battery-less and energy-
Ne — density of state in the conduction band at autonomous IoT nodes has led to the concept of Energy
T = 300K, Harvesting for IMDs [3], [4]. This concept is intended as
the ability of scavenge energy from the external environ-
ment (i.e., light, heat and vibrations) and/or from externally
The associate editor coordinating the review of this manuscript and coupled energy sources as electromagnetic fields or acoustic
approving it for publication was Venkata Rajesh Pamula "~ . ultrasonic pressure waves [3]. In addition, being the harvested
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energy limited in terms of power density and being the max-
imum overall power budget lower than few mW, the ultra-
low power (ULP) consumption (i.e., u W or, better, nW-power
level [5], [6], [7], [8]) is the second key-factor that enables to
disseminate complex electronic systems in human bodies.

The ability to collect data and measurements of vital
signs with long-term monitoring wireless sensors net-
works (WSNs) in implanted or wearable devices requires
high accuracy in both analog and digital circuits against
variations of temperature and supply voltages [9], [10]. Cur-
rent references (CRs) ([11], [12], [13], [14], [15], [16],
(171, [18], [19], [20], [21], [22], [23], [24], [25], [26],
[271, [28], [29], [30], [311, [32], [33], [34]) belong to these
high-precision analog circuits and are mainly adopted for
digital-to-analog converters (DACs) ([35], [36]), current-
starved ring-oscillators (CSROs) ([37], [38], [39]), bias-
ing block for amplifiers and filters ([40], [41], [42], [43],
[44]), current-mode analog-to-digital converters (ADCs)
([45], [46]) and, more recently, they have been adopted to
control the output voltage of integrated DC/DC converters
(i.e., charge-pumps [47]) or as auxiliary circuits in communi-
cation sub-systems (i.e., BPSK demodulators [48], [49]).

Similarly to the review in [34], it is possible to classify
the literature on the generation of constant-with-temperature
(CWT) currents into four categories:

1) B-multipliers: starting from the results of the Widlar
current generator reported in [50], it is possible to
divide a proportional-to-absolute-temperature (PTAT)-
voltage with a poly resistance with the same temper-
ature coefficient (TC), obtaining thus a CWT current
as in [11], [16], [20], [21], [22], [23], [25], [26], [28],
and [30].

2) ZTC: since all the transistors show a zero-temperature-
coefficient (ZTC) gate-to-source voltage bias point,
these temperature unsensitive currents are gener-
ate through a Vgs(T). Indeed, when working in
strong-inversion transistors a slightly PTAT bias is
required to obtain a ZTC-working transistor, while
when in weak-inversion, a complementary-to-absolute-
temperature (CTAT) bias point is needed for the same
purpose [13], [17], [18], [51]. Also 2T-based current
reference belong to this methods, since they gener-
ate CTAT (or PTAT) bias voltage by exploiting the
2T-voltage reference structure [29], [33].

3) PTAT+CTAT: they exploit the weighted sum between
PTAT and CTAT current generators. The principle of
the PTAT generation relies on AVpg /R (using BITs);
on the other hand, the CTAT temperature dependency
is obtained by using the ratio between AV (or a Vpg
of a BJT) of NMOS transistors and a resistor [12], [14],
[15], [19], [24], [27], [31], [32].

This work aims to present a novel current reference imple-
mented in the 28-nm Bulk CMOS technology provided by
TSMC. It is based on AVgg generation principle and adopts
integrated poly-p+ resistors and a nW-power, self-biased,
single-stage OTA to reduce the line sensitivity of the circuit

VOLUME 10, 2022

that provides a reference current, Irgr = 100nA. Moreover,
it is well-suitable to work down-to 0.6-V supply voltage,
revealing very-low TC comparable to that of a Bandgap Cur-
rent reference (BGCR), while the overall power consumption
can be reduced down to 180nW, when Vpp = 0.6V and
230nW with Vpp = 0.8 V. Furthermore, an active trimming
network is added to reduce the PVT variation and compensate
for the TC in all the five simulated process corners.

The current reference is designed for an implanted biomed-
ical device, where the average operating temperature is
[20-50]°C. However, it is capable of working with better
performance as compared to the state-of-the-art in the range
[0-100]°C. The paper is organized as follows. Section II illus-
trates the working principle of the proposed current reference.
Section III explains the proposed current reference with the
active trimming network, while Section IV reports the lay-
out and the post-layout simulations of the circuit. Section V
presents the comparison of the proposed CR with the previ-
ous arts and, finally, in Section VI concluding remarks and
comments are reported.
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FIGURE 1. Threshold voltage of SVT09 thin-oxide n-type transistors
operating in sub-threshold region with fixed aspect ratios, Sy = 10. The
Figure refers to a 28-nm Bulk CMOS technology provided by TSMC and
adopted in this work.

Il. WORKING PRINCIPLE

A. BEHAVIOUR OF Vyy IN SUB-THRESHOLD
SHORT-CHANNEL DEVICES

The working principle of the proposed CMOS CR and its
temperature stability is explained starting from two main
considerations on the variations of the threshold voltage of
transistors and with the support of Fig. 1, where the threshold
voltage variation of thin-oxide n-type transistors operating in
sub-threshold region is reported. The first variation relies on
Vru vs. temperature, when transistors work in sub-threshold
region. Indeed, as explained in [13] and [52], the behaviour
of Vry as function of the temperature is identified and
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approximated with the following linear equation
Vra(T) = Vino — Kr AT ()

where Vryo is the threshold voltage at room temperature
and Kr is positive when working in sub-threshold region,
as reported in Fig. 1. Furthermore, as it can be observed in
Fig. 1, while varying the channel lengths of n-type SVT09
transistors, the decreasing slopes of the curves remain almost
equal each other and about Ky ~ 446 uV/°C. In addition,
after having defined the sub-threshold slope factor n =
1 + C4/Cox, it is possible to give out the equation for the
temperature coefficient of Vg as [53]

kB NCNV 3 n—ldEg

Kr=—-Cn—1D2 (Y z e

! e )T|:n< Ncu T2 g dr
()

From Eq. (2), is observed that K7 just depends on the process
and does not present any significant process variations.

On the other hand, the second variation of the threshold
voltage of the transistors is experimentally observed by simu-
lation results in Fig. 1 and Fig. 2; indeed, while increasing the
channel length of short-channel NMOS devices, Ly, the value
of Vryn increases too. In conclusion, it is possible to exploit
this last dependency of Vry on the channel length without
using devices with different threshold voltages as in Fig. 2 and
as adopted by [18], [20], [22], [29], [32], [33]. This last design
option leads, as main counterpart, to a more complex layout,
to an increase in the number of photo-lithographic masks
required for the realization and an increase to the overall cost
of the chip.
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FIGURE 2. Threshold voltages of different n-type thin-oxide transistors vs.
normalized channel lengths, Ly /L,,in, where Ly, = 30 nm and

Wy = 10 um. The figure refers to a 28-nm Bulk CMOS technology
provided by TSMC and adopted in this work.

B. SIMPLIFIED CIRCUIT CONFIGURATION AND ANALYSIS
The simplified circuit for the proposed CR is shown in Fig. 3.
It is a 4-transistors (4T), AVgs-based, sub-threshold and
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FIGURE 3. Simplified schematic of the proposed CR.

self-biased current reference, as the one proposed by [22]
with the main difference, for the simplified schematic, of the
use of the same type of transistors for M| and M.

The circuit is essentially made-up by a PMOS current
mirror, with thick-oxide (SVT18) transistors, M3 and M.
The analysis of the CR is based on the Kirchhoff’s Voltage
Law (KVL) inside of the loop made by R;, Vss2 and Vy.
Indeed, by using KVL it is possible to carry-out the following
equation

Vr1 = Rilger = Vgs1 — Vgs2 3)

Suppose that both M and M, are working in sub-threshold
region and that their drain currents are given by

Ip1 = IDoSle(VGS’l’;TVTHI) |:1 — e<_V1‘/)il):| (4a)

IDl = ID()SZe(VGS%l\;T‘/THz) |:] — e(‘/{/)}ﬁ)] (4b)

where Ipg = wu,Cox(n — 1)V%. Moreover, by supposing
that Vps1 = Vx > 4Vr and Vpgo > 4Vr it is possible to
simplify the previous equations neglecting the channel length
modulation effect as follows

(Vcerml)

Ip1 =~ IppSieN ™7 (5a)
(VGSZ*VTHZ)

Ip1 ~ IppSre\ "7 (5b)

In addition, taking into account that both M and M, are
implemented using the same type of transistors (SVT09),
it was supposed, in Eq.(4a) and Eq.(5a), that ny = ny = n
and Cox1 = Cox2 = Cox.

By solving Eq. (5a) and Eq. (5b) for the gate-source volt-
ages of M| and M3 and substituting these in Eq. (3) it is found
out that

I = (Vru1 — Vinz) + nVr In 5.5 (©6)
n .
REF Rl TH1 TH?2 T Sl S4
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Since M and M, are selected of the same type of transistors
(SVT09), in order to obtain a positive quantity for Vyy; —
Vrua, to simplify Eq. (6), it was chosen 1 = W;/L; =
% = 82, with o a positive multiplicative factor. As a result,
Eq. (6) becomes the following

Irgr = —
REF Rl

|:(VTH1 — Vrao) +nVrin (;—i)] @)
where Igpr just depends on design choices as the value
of the resistance, R;, the difference Vg1 — Vryo and the
ratio S3/S4. Moreover, it is important to underline that also
the integrated resistor, Ry, varies with temperature with the
following expression

Ry(T) = Ry + bgT + cgT? )

where R is the value of Ry at T = OK and bg and cg are
positive coefficients. In addition, for a sake of conciseness,
it is possible to neglect the 2"?-order term in Eq. (8), leading
to a 1*"-order linear approximation.

The temperature stability of a CR is measured by its tem-
perature coefficient, 7C with the equation

TC — U 0lger(T) 1 IREF.max — IREF min
IREF T IREF AT

where Iggr is the nominal value of the DC reference current
at Ty, while IRgF max and IRgF min are the maximum and the
minimum value, respectively, of the reference current within
the temperature range, AT. Then, by using the following
equation is possible to carry-out the minimum value for TC

olrer(T)

T

While Ry and V71 — Vo are chosen to obtain the desired

nominal value of Iggr, on the other hand, by applying the

definition of Eq. (10) to Eq. (7), it is possible to find out

the optimum ratio, (83/S4)ops, to minimize the 7C. The math
passages are here summarized

®

0 (10)

oVr1(T OR (T
R1( )'Rl_ 1( )~VR1=0
oT oT
kg S3
AKrapg+n—In| =) |-Ri — (Vg1 -bg) =0 (11)
q S4

where AK771 = K72 — K71 (for a sake of brevity) and Vg
is derived out from Eq. (3) and Eq. (7). By expanding the
intermediate passages reported in Eq. (11) it results that

S3 q (BrRAVTH12 — AKT21
B) —exp| L (12)
S4/ opt nkp 1 — BrTo

where, for a sake of conciseness, it was indicated AVrg1 2 =
Vru1 — Vraa. In a more intuitive way, Eq. (7) suggests
that an increase in AVry12 leads to an increase in the
CTAT behaviour of the CR, while an increase in the ratio
S3/S4 increases the PTAT component of Iggr. Furthermore,
as can be appreciated from Fig. 1, AKr21 = Kr2 — K11
could be neglected in Eq. (12) when using the same type
of transistors for both M| and M;. Finally, by substituting
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the result of Eq. (12) into Eq. (7) is found out the optimum
nominal value of the reference current, Irgr op; that minimize
the TC

1 BrAVTH1,2 — AKT21
IREF opt = Rl [AVTm,z + To ( 1= BaTh

(13)
Moreover, by evaluating SrTp < 1 and AKr2,1 =~ 0, Eq. (13)
is approximated as follows

AV

IREF opt = R, (14)

Normalized I

== Ideal IREF VS. VDD
0.1}t -o-Fig. 3 IREF VvS. VDD

0 02 04 06 08 1 12 14 16 18

Vop V)

FIGURE 4. Normalized Ipgr vs. Vpp for the simulated simplified
schematic of the proposed CR in Fig. 3 and the ideal case.

C. LINE SENSITIVITY
The Line Sensitivity (LS) quantifies the static sensitivity of
the output on the DC variations of the power supply line
voltage, namely Vpp. The equation that allows to evaluate
the LS is the following

IS — U Olger _ 1 IREF max — IREF min (15)
Irer OVpp  IREF VDD.max — VDD, min

This quantity is a useful tool for characterizing the robust-

ness of the CR in the presence of variations of Vpp as in

the case battery discharge or various regulated power supply

voltages (Vpp,1 and Vpp ) inside the same SoC [54]. Since,

the reference current in the simplified CR in Fig. 3 depends

on the current ratio of Ip3/Ip4 provided by the linear current

mirror M3-My, it is important to investigate on this ratio when
varying Vpp.

_ Ve
s sy [1mow ()]
o5 [ en )
NEES)

Sy _l_exp(VY;;/DD)]
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sy oo () 1]

0 [ () -]

Since Vx y < Vpp it is possible to approximate Eq. (16) as
follows

(16)

Iy S V= Voo
Ips  S4 Vy—Vpp

From Eq. (17) is possible to understand that justif Vx = Vy it
is true that Ip3 /Ips = S3/S4; otherwise, this above mentioned
current ratio will vary with Vpp as reported in Fig. 4 with the
red curve. Indeed, while Vpp increases, the drain current of
M3 increases too, leading to an increase of Vgs; = Vy, but
also Iggr increases lowering the voltage on node Vy.

a7

Ill. THE ACTIVE TRIMMING NETWORK

The schematic in Fig. 5 shows the complete circuit of the
proposed CR without the trimming network. It takes into
account the advantages of the solution depicted with Fig. 3 in
the previous section with the addition of a self-biased single-
stage OTA (shown in Fig. 6) to improved the line sensitivity
and a start-up circuit to avoid any zero bias point. The used
technology is the 28-nm Bulk CMOS provided by TSMC and
the simulation environment is Cadence Virtuoso.

The nominal value of the reference current is set equal
to Irer = 100nA. It was realized making a AVyy2 ~
18 mV drops on a nominal Ry = 180kS. This last inte-
grated resistor was realized in poly-p+ and presents a specific
resistance-over-square equals to Ry = 576 2/, while Sr ~
0.0275 %/°C. The theoretical value for (S3/S54) kept from
Eq. (12) was about 1.1, while the simulated one is ($3/S4)s =
1.185. The other components’ values are summarized
in Tab. 2.

f 1 )
| | |
:_IbM< :MSﬁ i
ILETN !
1 L 1 |
1 M | 1
IRLEI S !
1 |V :
il FCG| Y i
1 1 1
: ! l
1 \ !
1 1 1
1 1 1
I 1 1
| 1 1
1 1 1
: 1 1

FIGURE 5. Complete schematic of the proposed CR.

The addition of the OTA provides a negative feedback
control on the voltage Vs and allows keeping Vy = Vy =~
330 mV whatever it will be the variation on Vpp. Moreover,
since it does not require any stringent specification in terms
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FIGURE 6. Single-stage OTA for the CR in Fig. 5. NMOS Bulks are
connected to GND node and PMOS Bulks to Vpp.
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FIGURE 7. Open-Loop Gain and Phase AC simulation results for the
self-biased single-stage OTA in Fig. 5 and Fig. 6, with Ig;45 = 10nA and
C| =1.5 PF.

of bandwidth and gain, it was implemented with a simple
differential pair, as shown in Fig. 6. The OTA is biased by
the reference current itself, by exploiting transistor M7 and
the 1:8 current mirror made up by Mg-My, leading to a
static current consumption of about Ipp ota = 90nA. The
transconductance efficiency g,/Ip ~ 29 V™! since all the
transistors are working in weak-inversion region. Finally,
a MOM-capacitor, C; = 1.5pF, was added on the output
node, Vg, to provide stability to the entire CR. The AC
simulations results show a DC open-loop gain, Ay ~ 30dB
and a bandwidth fgpw ~ 120 kHz.

Corner analysis reported in Fig. 8 and Tab. 1 shows
that without any trimming sub-circuit the variations around
the reference current are in the order of +40%. Although
this high inaccuracy, the minimum TC results about
10-50 ppm/°C for Vpp ~ 0.8V in the temperature range
T € [0—100]°C.
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TABLE 1. Summarizing Table for pre-layout simulation of the proposed
CR without the trimming network.

Corner SS [SF| TT | FS FF
Irpr(nA) 70 [ 84 [ 100 | 117 | 140
TC . (ppm/°C) | 30 |36 | 14 | 20 | 135

LS (%/V)© 0.44]0.5]0.39]0.31| 0.34

T TCrmin @ Vpp = 0.8V and T € [0 — 100] °C
¢ evaluated in the range Vpp € [0.8 — 1.8] V.

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

(nA)

IREF

0
0 03 06 09 1.2 1.5 1.8 100 03 0.6 09 1.2 1.5 1.8

Vop V) Voo
FIGURE 8. Iggr vs Vpp on the right and TC vs Vpp on the left for the
untrimmed CR shown in Fig. 5.

Resistive Trimming TC Trimming

a) b)

FIGURE 9. Trimming network for the proposed CR in Fig. 5. a) Correction
of the nominal value of Iggf; b) Correction of the TC.

The schematic shown in Fig. 9a) and b) depicts the adopted
trimming network for the proposed CR. The sub-circuit in
Fig. 9a) allows to reduce the variations of the nominal value
of Irgr under the simulated corners. Indeed, by using NMOS
switches (Mpy . . . Mp3) it modifies the value of the resistance
R by properly adding series integrated poly-p+ resistances
as a function of the measured corner (e.g., in the SS corner,

VOLUME 10, 2022

all the switches are closed, in the FF corner, all the switches
are open). It is also worth noticing that ON-resistances of
switches, Roy, have been taken into account. On the other
side, the sub-circuit in Fig. 9b) compensates for the TC
by properly modifying the ratio S3/S4 (see Eq. (12)). After
post-layout simulations, it was found out that just two bits
are required for this purpose. When By, is high (Bas) is
low), M3a3p) is connected in parallel with M3 increasing
its aspect ratio; on the contrary, when Bys) is low (Bas) is
high), thanks to switches Mpan(psn) the gate of M3a3p) is
short-circuited to Vpp and no current (expect from leakage
one) passes through it. In addition, the trimming circuit is
driven by By ... Bs signals in the range of [0; Vpp] and the
negated ones are internally generated by exploiting minimum
sized inverters.

TABLE 2. Aspect ratios and component dimensions for the proposed CR
in Fig. 5, Fig. 6 and Fig. 9.

Component Size Unit
My 4/1 pm/pm
Mo 2/0.5 -

Mg, My 5/0.5 -
Ms, Mg 5/0.3 | pm/pm
Co 18 fF

Mz 1.2/1.8 | pm/pm
My 2.5/0.5 -
My 20/0.5 -
Mio,11 33.75/0.5 [ pm/pm
Mi213 1072 -
Cy 1.5 pF
Mpo,B1,B2,83 | 1.5/03 | um/pum
M3a 0.925/0.5| -
Msp 0.91/0.5 -

Mp4,BaN 3/0.3 -

Mps, BsN 3/0.3 -
R 112.5 kQ

Ri1 27.0 _
Ry2 32.5 -
Ri3 325 .
R4 37.5 -

TABLE 3. 6-Bit Binary words used in post-layout simulations for the
trimming circuit in Fig. 9a),b).

Corner | Binary Word (Bs ... Bo) | R1 [k€] | Ratio (S3/54)
SS O11111 112.5 1.185
SF 011110 139.5 1.185
TT 101100 172 1.182
FS 011000 204.5 1.185
FF 010000 242 1.185

IV. POST-LAYOUT SIMULATIONS
The layout of the circuit is shown in Fig. 10, where different
areas have been enclosed in yellow boxes. It is important to
underline that the CR Core area includes also the start-up
circuit and the Active Trimming embeds the minimum size
inverters for the generation of negated trimming signals,
By and Bs.

Fig. 11a) reports the power breakdown of the proposed CR
circuit, referring to the static power consumption of the OTA,
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CR Core

i
!

oA

=

——
e

N

=T

sy

FIGURE 10. Layout of the proposed CR. The occupied area is equal
to 5000 um?2.

the reference current, Iggr and the left branch of the CR,
namely Ipj, since it depends on the current passing through
transistor M (see Fig. 5). On the other side, Fig. 11b) shows
the area breakdown of circuit referring to the layout reported
in Fig. 10. As regard the post-layout simulations, they can be
divided in two sets, since they mainly concentrate on the the
temperature stability and on the line sensitivity.

. 0
Trimming k
Core CR

b)

FIGURE 11. a) Power breakdown of the proposed CR. b) Area breakdown
of the proposed CR.

A. CORNER ANALYSIS

As it possible to observe from Fig. 12, the TT-corner mani-
fests a TC7r = 13 ppm/°C over the temperature range 7 €
[0 — 100] °C, while it reduces down to TCj;, = 6.3 ppm/°C
over the temperature range 7* € [10 — 90]°C; in both
this cases, the power supply is Vpp = 0.8V, but, as can
be appreciated from Fig. 12, when Vpp = 0.6V, TCrr =
250 ppm/°C for T € [0 — 100] °C. Hence, for the higher
nominal power supply, the temperature behaviour of the CR
meets the typical specification of the more power-wasting
BGCRs with 2"?-order temperature compensation.
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FIGURE 12. Temperature coefficient, TC of the proposed CR around the
TT-corner in two different temperature ranges, T € [0 — 100] °C and

T* € [10 — 90] °C; TCyr = 13 ppm/°C for the former and TC}, =

6.3 ppm/°C for the latter.

Fig. 13 reports the behaviour of the proposed CR around
all the five corners, when Vpp = 0.8V, in terms of TC. This
last parameters spans from 87 ppm/°C for the SF corner to
13 ppm/°C for the TT corner. In a more restricted temperature
range, namely 7* € [10 — 90] °C, it could be seen that the
TC is reduced in all the corners, as summarized in Tab. 4.

1 —
S ————
015 L~ TC =297 ppm/°C i
101}
>
®Q L
= 100.5
[=]
S5 100 p
TC9F=87 ppm/°C
® ——— TC, . =13 ppm/°C
= 995 e T
£
= 99l TC. =72 ppm/°C =
2 FF =—SF
- TT
98.5| —FS ||
. FF
ogl TCFS=14'6 ppm/°C
/—
97.5

0 10 20 30 40 50 60 70 80 90 100
Temperature, T (°C)
FIGURE 13. Temperature coefficients, TCs of the proposed CR around all

the corners when Vpp = 0.8 V. The temperature range is T € [0 — 100] °C.
Results are obtained after trimming.

Finally, Fig. 14 reports the transient step-response of the
proposed CR in the temperature range 7 € [0 — 100]°C.
It was simulated by applying a Vpp step-signal from OV to
0.8 V to emulate the start-up phase of the CR, for four dif-
ferent temperatures within the indicated range. The rise/fall
time of the supply are supposed equal to 1 ms, since they
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are typically provided by LDOs with this time delays. The
simulated settling time for Irgr 77 is around 200 ws.

100 ; ; T T ; 0.8
. E ----- T=0 °C
s —T=27°C
071 \ AR T=50 °C | 0.7
30 N\ S T=100 °C
L . iy
N S22 0.6
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FIGURE 14. Step-response in time-domain results for the TT corner in the
temperature range T € [0 — 100] °C.

B. LINE SENSITIVITY

The second set of results concentrates on the variation of the
power-supply Vpp. Indeed, Fig. 15 shows that the minimum
temperature coefficient for all the five corners is obtained
around Vpp = 0.8V, so it is possible to take this last value
as the optimum one to guarantee the maximum temperature
stability of the proposed CR.

10° :
§.\(~ :gi
5 \Q% TT
107 LN Y —FS| 7
Ny —-FF
W \
51 L
1 \‘\ \\\\
E‘ 3 \\ U\:\\\
3_10 \ Y\
O EER R
B \ \\‘k sma=z1
10° ¢ ~_-_\‘=;u-nr=‘.':‘_-‘- E——
|\:, ~.-_~.~.
10tk et A N SO
10° ‘ .

0 02 04 06 08 1 12 14 16 18

Vop V)

FIGURE 15. Temperature coefficients, T7Cs evaluated in T € [0 — 100] °C of
the proposed CR vs power-supply voltage, Vpp € [0 — 1.8]V around the
5 corners after the trimming.

As concern the results shown in Fig. 16, they manifest an
overall variation of the reference current at room temperature
about equal to 4nA, that is extremely low if compared to
Fig. 8, where the variation of Iggr (w.0. the trimming circuit)
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FIGURE 16. Iper of the proposed CR around the five corners vs. Vpp at
Ty after the application of the trimming circuit with binary word
configuration shown in Tab. 3.

was around 70 nA, from the SS to the FF corner. In addition,
it is possible to notice that the line sensitivity for the SS
and the SF corner is higher than other cases; this is due to
the active trimming circuit, since, in these corners, all the
switches are closed, but they are driven by Vpp-amplitude
signals. By increasing Vpp, it will reduce the Rpy of switches
and, thus, the nominal value of R;. This will lead to an
increase of the reference current. Nevertheless, it is also
possible to change the binary word used for the trimming in
Tab. 3 to increase the overall R; value.

TABLE 4. Summarizing table for post-layout simulation of the proposed
CR with the trimming network @ Vpp = 0.8V.

Corner SS | SF | TT | FS | FF
Irpr(nA) 101.7199.5199.5|97.8 | 99.2
TCY, ., (ppm/°C)® | 24.5 |44.7| 6.3 | 16.6 | 55.4
TConin (ppm/°C)b | 297 | 87 | 13 | 14 | 72

LS (%/V)© 69 [3.86| 1.2 | 0.2 [0.32
@ evaluated in the range T* € [10 — 90] °C.
b evaluated in the range 7' € [0 — 100] °C.
¢ evaluated in the range Vpp € [0.8 — 1.8] V.

C. MONTE CARLO SIMULATIONS

Monte Carlo simulations have been executed on the proposed
CR to demonstrate the robustness of the implemented system.
The results of 200 simulations taking into account global
and local variations around TT corner are summarized in
Fig. 17. In particular, Fig. 17(left) reports the DC value of
the reference current, Iggr. The mean value is £ = 99.8 nA,
while the standard deviation is ¢ = 5.12nA, leading to a
relative percentage variation of o/u = 5 %. Fig. 17(right)
shows the TC evaluated in the range T € [0 — 100] °C. The
mean value is equal to u = 24.7 ppm/°C, while it not possible
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TABLE 5. State-of-the-art comparison table; this work (T.W. (a);(b), first column of the table) compared with other CRs in the range [7.5-100] nA.

[ Parameters [ T.W. (a);(b) [ [11] [ [12] [ [13] [ [14] [ [15] [ [16] [ [17] [ [18] [ [19] [ [20] [ [21] [ [22] [ [23] ]
Type of Work Sim. Meas. | Meas. | Meas. | Meas | Sim. | Meas. | Meas. Sim. | Meas. | Meas. Sim. Sim. Meas.
# of sampl. - 20 15 9 23 - 10 32 - 8 16 - - 30

Year 2022 2007 | 2010 | 2010 | 2013 | 2015 2016 2017 2017 | 2019 | 2019 2019 2020 2021
Techn. (nm) 28 350 350 350 180 180 180 180 180 500 180 180 180 180
Vop (V) 0.6-1.8 1.5-4.0(1.3-3.0|1.8-3.0|0.8-2.0| 1.0-1.8 | 1.25-1.8 | 1.5-24 | 0.9-1.8 | 3.0 | 0.7-2.0 | 1.4-3.6 | 0.8-2.0 2.0-5.0
IrRer (NA) 99.5 9.14 9.95 96 54.1 14 92.3 35.02 10.86 90 9.97 50 7.5 51
Ipp/IREF 2.89 4 6.84 5.78 5.32 10.7 4.03 1.02 3.12 8.51 4.01 4.0 2 1.92
Power (nW) 230° 54.84 | 88.53 | 1000 288 270 670 [53.53¢| 305 2300 28 300 12 192
Area (mm?) 0.005 0.035 | 0.128 | 0.015 | 0.245 | 0.010 | 0.0013 | 0.017 | 0.018 |0.0217 | 0.055 | 0.009 0.31 0.063
T. Range (°C) | 10-90;0-100 | 0-80 |-20-80 | 0-80 | 0-80 | 0-70 | -40-85 |[-40-120|-20-120 | -30-85 | -40-125 | -55-125 | -40-125 | -45-125
TC (ppm/°C) 6.3;13 44 1190 520 63 10 177 282 108 361.6 150 11.6 44.52 89
LS (%/V) 1.2¢ 0.056 | 0.046 0.2 0.21 0.05 7.5 3.0 0.86 4.67 0.6 0.05 0.35 1.76
FOM®* 0.22;0.37 2.20 814 | 37.57 | 4.19 1.53 5.70 1.8 240 | 26.76 | 3.64 0.26 0.54 1.00
Proc. Var. (%) 5.0 2.16 14.1 n.d. 14 2.33 6.12 1.6 3.83 - 1.6 n.d. n.d. 1.15
Trimm. Yes No Yes No No No No No No No Yes Yes No Yes
Complexity? M-L M-H H M-L H M L L M M M H L H
Special Comp. Res. No No No Res. No No No ZNVT BIT, HVT, Res. HVT, BIT,
Res. Res. Res. Res. Res.
o FOM = i¢_. Iop

T.Range ’ IREF
€:Overall static power consumption not indicated in [17].

(ppm/°C2); ®: L=Low, M=Middle, H=High. ¢: @ Vpp = 0.8 V; ¢: Evaluated within the range Vpp € [0.8 — 1.8] V.

TABLE 6. State-of-the-art comparison table; this work (T.W. (a);(b), first column of the table) compared with other CRs in the range [100-1000] nA.

[ Parameters | T.W.(a);(b)| [24] | [25] | [26] | [271 | [28] | [291 [ (301 | 13U | 1321 | 331 | 134 |
Type of Work Sim. Sim. Sim. Sim. Sim. | Meas. | Meas. | Meas. | Sim. Sim. | Meas. Meas.
# of sampl. - - - - - 10 45 10 - - 15 10
Year 2022 2009 2013 2014 2017 2017 2018 2019 2019 2019 2021 2022
Techn. (nm) 28 180 180 180 180 350 180 350 180 180 180 180
Vop (V) 0.6-1.8 0.7 1.0-3.3 | 1.2-3.0 | 1.7-1.9 | 2.0-3.6 | 0.45-1.8 | 1.35-3.6 | 1.2-2.0 | 1.35-3.0 | 0.6-1.8 | 0.65-1.8
Irgr (NA) 99.5 941 1000 500 1000 1000 338 230 142.5 100 190.8 990
Ipp/IREF 2.89 8.44 2.0 3.3 50 2.05 1.4 2.02 4.8 4.0 1.0 1.0
Power (nW) 230° 5300 2000 1980 85000 | 4100 213 630 820.8 540 114.6 640
Area (mm?) 0.005 0.02 0.01 n.d. 0.05 0.057 | 0.00075| 0.036 0.02 | 0.0012 | 0.004 0.034
T. Range (°C) | 10-90;0-100 | -25-75 | -40-120 | -40-120 | -40-140 | -40-120 | 0-80 | -45-125 | -40-85 | 0-100 | 0-100 -40-85
TC (ppm/°C) 6.3;13 29 153 119 29.6 143 578 221 40 335 1480 38
LS (%/V) 124 n.d. 0.67 0.69 n.d. 2.73 3.9 3.8 1.4 0.03 1.4 0.20
FOM® 0.22; 0.37 2.44 1.91 2.45 8.22 1.83 10.11 2.62 1.53 13.40 | 14.80 0.30
Proc. Var. (%) 5.0 0.3 n.d. 0.43 3.0 3.7 2.7 5.3 3.13 2.1 3.93 333
Trimm. Yes No No Yes No No Yes No No No No Yes
Complexity® M-L M L H H L LM | LM M M Low Low
Special Comp. Res. Res. Res. Res BIT, Res. ZNT Res. HVT ZNT Res
Res.
“ FOM = S - JPD- (ppm/°C?); ¥: L=Low, M=Middle, H=High. ©: @ Vpp = 0.8 V;
4: Evaluated within the range Vpp € [0.8 — 1.8] V.
to evaluate a standard deviation, since the distribution is not minimum in Tab. 6. The Figure-of-Merit
a Gaussian one. On the other hand, it is possible to observe
that the minimum and maximum TC value is equal to to e Ipp 02
FOM = — (ppm/°C7) (18)

7.6 ppm/°C and 152.3 ppm/°C, respectively.

V. COMPARISON

The state-of-the-art comparison is proposed in Tab. 5 and
Tab. 6. The first table summarizes the works in literature
regarding CRs with Irgr € [7.5 — 100] nA, while the second
one shows the solutions with Iggr € [100—1000] nA. In both
tables the best parameters are highlighted in cyan, while the
worst ones are reported in red. It is possible to observe that
the proposed CR presents the most scaled technology and the
lowest TC, in particular in the restricted temperature range
[10-90] °C. Indeed, the proposed solution shows a TC 1.58X
lower than the minimum in Tab. 5 and 4.6X lower than the

108350

T.Range ' IREF

proposed in [31] is also included in Tab. 5 and Tab. 6 which
takes into account the TC and the temperature range, but also
the ratio Ipp/Irgr, where Ipp is the overall static current
consumption of the CR. The proposed CR shows the lowest
FOM (1.2X lower than the best one in the state-of-the-art
comparison tables), while maintaining one of the lowest area
occupation. Note, however, that the temperature range of the
proposed CR it is not the widest one, since it was designed
to be used in IMD or in IoT wearable nodes, where the usual
temperature is in the range of [0-100] °C (or [10-90] °C). For
these properties, it is seen from that the proposed solution is
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FIGURE 17. Monte Carlo simulations for the proposed CR (200 iterations
and 15 bins) On the left the reference current, on the right the
temperature coefficient.

the best trade-off in terms of area and TC and area and FOM
as can be appreciated from Fig. 18.!
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FIGURE 18. FOM vs. Area comparison of the solutions reported in both
Tab. 5 and Tab. 6.

VI. CONCLUSION

A novel current reference has been introduced in this work.
The reference current is generated exploiting the voltage dif-
ference of the threshold voltage of MOS transistors operating
in weak inversion. Designed in a standard 28-nm CMOS
technology, post-layout simulations shows high stability over
process, corner and voltage variations thanks to the adoption
of an embedded trimming circuit. As highlighted by compar-
ison with the state-of-the-art, the proposed solution is a good

11t was excluded [26] since it was not declared the area occupation of the
proposed circuit.
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candidate for area- and power-constrained applications, such
as IoT sensor nodes and IMDs.

As compared to other solutions exploiting the same prin-
ciple of operation, the main innovations of the proposed
circuit and the contribution of the work can be summarized
as follows:

1) the same kind of transistor is exploited in the CR and
the adopted technology is the most scaled compared to
previous works;

2) the adoption of an OTA in the reference core increases
the performance in terms of line sensitivity;

3) a theoretical analysis of the line sensitivity is car-
ried out providing design guidelines to increase the
performance;

4) an active trimming circuit is introduced, for the first
time in the literature, to simultaneously reduce the
effects of process variations on the nominal reference
current and the temperature variations leading to a very
low TC within the five process corners.
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