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A Digital-Based Virtual Voltage Reference

Paolo S. CrovettiMember, IEEE

Abstract—A novel virtual reference concept is introduced in
this paper to design accurate, mostly digital, software-diéned,
process-supply-and-temperature (PVT)-independent voitge ref- R R DD _
erences suitable to replace conventional analog referencécuits ’ 0
in present day, low voltage, aggressively scaled, mainly gital Iy v bo
integrated systems. The operation and the performance of fer- +
ences based on the proposed approach are tested by computer >H
simulations and experiments carried out on a proof-of-conept, -
microcontroller-based prototype, reporting a measured tlermal
drift of 16 ppm /°C in a range from -10°C to 100°C and a line VRT§ R
regulation of 0.15%/V. The advantages in terms of costs and
performance of the proposed digital references in comparizn
with state-of-the-art analog solutions are finally discussd. 0, 0,

Index Terms—Virtual Voltage Reference, Digital-Based Analog

Circuits, Digital Bandgap Circuit, PVT-independent Reference.
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I. INTRODUCTION Fig. 1. Kuijk Bandgap Reference Circuit [2].

EFERENCE voltages and currents are essential in

present-day mainly digital electronic systems as thgchnology scaling and, on the contrary, is going to be a
measurement standards terms of which any other voltage more and more serious concern and a limiting factor in the
and current are directly or indirectly compared, whenevgeyelopment of present and future integrated systems [17].
their absolute value is associated to relevant informaéion  |n this scenario, the possibility to re-think a referenceuwit
needs to be controlled. The precision of references and thgi digital terms, taking advantage of scaling to reduce sost
stability under all possible operating conditions are éf@® anq enhance performance, as done for other inherently gnalo
of paramount importance and often pose the ultimate limit {Qis in recent literature [18-20], sounds particularlyattive
the accuracy of an electronic system. and poses a new research challenge [21].

The demand for accurate references in integrated circuity, his paper, the implementation of a PVT-independent
(ICs) has been addressed so far by analog cells exploitéig {fjtage reference in a mostly-digital integrated system is
physical properties of integrated devices - like diodesTsBJ 5qqressed by a noveirtual referenceconcept. In particular, it
and MOS transistors operated under specific bias conditiong suggested that a binary number, i.edirual reference can
to obtain an output voltage and/or current which is constagg employed in a digital system including an A/D converter
and as independent as possible of process variations, of REC) and a D/A converter (DAC) as a full replacement of a
power supply and of the operating temperature (PVT) [1-1§]hysical PVT-independent reference. Such a virtual refexe

Unfortunately, traditional integrated references [1{Me  can pe evaluated algorithmically on the basis of non-PVT-
basic bandgap cells, are not suitable to operate from a IQyariant quantities acquired and converted into digitatibe
sgpply voltage £ 1.5V) .and are therefore not comp_atlbIeADC against a possibly non-PVT-invariant physical pseudo-
with present day aggressively scaled CMOS technologigs [1fference by translating the functions of an analog refaren
Even though very-low-voltage references have been devisgg it into their digital equivalent.
over the last years [8-16], the design of such circuits is tne paper is organized as follows: in Section II, the opera-
often challenging because of the poor analog characteistg, of 5 raditional bandgap reference (BGRY) is revisedife
of nano-scale devices. In particular, their accuracy of@n nctional point of view, highlighting the functions thabd

lies on a tight control of process-related parameters and Q8 ¢onyeniently moved to the digital domain. In Sectiondll,
stringent matching requirements, that can only be achibyed yjgita| circuit, functionally equivalent to the BGR consied

expensive post-fabrication trimming and/or by deviceshwity section I1, is then proposed and the virtual referenceeph
drawn dimensions which are orders of magnitude larger thinyoquced. This approach is generalized in Section 1§ an
the lithographical minimum. As a consequence, the designeypoited in Section V to design digital reference citsui

of integrated references does not take any advantage frgfose performance is assessed by simulations. Then, a proof

P.S. Crovetti is with the Dept. of Electronics and Telecomivations ©f-CONcept, microcontroller-based prototype of a digiiatual
(DET) - Politectico di Torino, corso Duca degli Abruzzi, 240129 Torino, reference is introduced in Section VI and its measured perfo
Italy, Phone: +39 011 0904220, e-mail: paclo.crovetti@pal — Copyright - mance is reported. In Section VII, the proposed referenees a
(c) 2014 IEEE. Personal use of this material is permittedvél@r, permission . .
to use this material for any other purposes must be obtaired the IEEE cOMpared with state-of-the-art analog references and|yfina
by sending an email to pubs-permissions@ieee.org. in Section VIII, some concluding remarks are drawn.
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1. A BANDGAP REFERENCE FROM AFUNCTIONAL Temperature  Supply Voltage  Tech. Process
PERSPECTIVE i l l
The operation of a traditional analog BGR circuit is revised

in this section from a functional point of view, so that to ; Bias

describe it in terms of elementary functions to be possibly @l @, <

implemented in a digital form. To this purpose, the well- 7 7

known Kuijk circuit [2], whose schematic is reported in Hig. 3 3

is considered to fix the ideas. l bias ifv

Physical Standard Invariant
: ; i Quantity

A. The Kuijk Bandgap Circuit

primitives | Signal Processing
ijk circui i N 74 > - > Veer
In the Kuijk circuit, a temperature independent reference o 0. Vesr= Vot X AVp

voltage is obtained taking advantage of the opposite therma
drift of the forward voltagevp of a silicon pn junction
biased at a constant current density and of the difference
Avp = vp; — vpo Of the forward voltagesjm and vpsy of Fig. 2. Functional Blocks of a Reference Circuit.
two pn junctions biased at current densitids and J, in a
fixed ratio J’—; = h*. From solid-state physics, in factp
decreases with the absolute temperaflirewhereasAvp can
be expressed as

the voltage primitives by implementing theeighted sung2)
in the voltage domain. Sincez = Avp = vp1 — vpe, In fact,
T assuming that the opamp is ideakgr can be expressed as
Avp = — log h*, Q) B
q 0
. v =vp1 + —Av (4)
being x the Boltzmann’s contstant andthe electron charge, HEr PLTRTP
and is therefore proportional to the absolute temperafure\ypich is analogous to (2) provided thde = .
(PTAT). Moreover, a constant exists for which

vREF = D + XAup (2) B. Kuijk's Bandgap Functional Block Diagram

is non-zero and first-order temperature independent, de. f The operation of the Kuijk circuit can be therefore desatibe
which %‘—T‘W\T:T = 0 where T, is the nominal op- in terms of the three main functional units depicted in Fig.2
erating temperature. Since it can be demonstrated [4] thEitysical standard@; andQ-), whose properties are exploited
temperature compensation is achieved #ger close to the to get thevoltage primitives(vp and Awp) required for
bandgap voltage of silicori (1 V-1.2 V), circuits based on this bandgap compensation béas network, that provides thkias
mechanism - like Kuijk’s - are known asandgap references currents to the physical standard, and signal processing
The principle outlined so far is implemented in the Kuijkelement, which combines the primitives to get the actual PVT
circuit exploiting the emitter-base junctions of two diedeinvariant reference and drives the bias network indepethden
connectedpnp BJTs Q; and Q. with emitter areasS; and of the external power supply. These functional units can be
S, in al: h* ratio and biased at the same emitter currignt found in almost all integrated references so that the block
Being bandgap compensation (2) intrinsically related te tidiagram in Fig.2 is quite general. Maintaining that the same
physical properties of silicopn junctions,Q; and@», can be physical standard of the Kuijk BGR is exploited, the podgibi
regarded as the cophysical standaraf the circuit, providing and the opportunity to move itbias and signal processing
the voltage primitivesvp = wvp; and Avp = wvp; — vpe functions to the digital domain will be discussed in what
appearing in (2). The bias curreiyt for the BJTs is obtained follows to address the challenges of present day integrated
from the output of an operational amplifier (opamp) via twsystems.
matched resistorR, the voltage across which is kept equal by
negative feedback. It is worth noting that, neglecting théefi ||| A D icITAL-BASED VIRTUAL BANDGAP REFERENCE

power supply rejection of the opamp, the BJTs bias current o i .
A digital-based voltage reference, functionally equindle
UREF — UD1

jg = ————=, (3) to a Kuik BGR, is now proposed mapping th#as and
Ro signal processindunctions highlighted in the previous Section
wherevgrgr is the PVT-invariant output voltage of the circuit,on the hardware platform of a mainly digital System on
is not explicitly related to the power supply. From a funoid Chip (SoC). To this purpose, after a generic SoC hardware
perspective, the resistorg, and the opamp can be thereforarchitecture is defined, a software procedure implementing
regarded as a power supply-independaat network for the bandgap compensation is proposed andiniial reference
physical standard. concept is introduced. Then, this concept is exploited to
Moreover, the same opamp in the circuit of Fig.1, witlyenerate a supply-independent bias for the physical standa

its negative Ry, R and@Q2) and positive Ry, 1) feedback in full analogy with the traditional Kuijk circuit. Finallythe
networks, is exploited for analogjgnal processindo get the execution time and the resources required by the proposed
temperature-compensated output voltaggyr starting from PVT-compensation software procedure are discussed.
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Fig. 4. Flow chart of the software procedure intended touatal the PVT-
independent virtual reference.

Physical
Standard

Fig. 3. System-on-Chip Hardware Platform considered ferittplementation following of this Section while their impact will be considel
of a Digital-Based Virual Voltage Reference. in simulations and experiments in Sections V and VI.
The ADC and the DAC circuits in Fig.3 are supposed to
A. Hardware Architecture be needed and mostly used for the main SoC application (e.g.
biomedical, control, multimedia,. ..) and designed on thsi®
of its functional requirements. Their resolution, in peutar,
yvhich is related to the SoC specifications, can be regarded
as the ultimate accuracy goal for the proposed reference.
Moreover, no specific ADC/DAC architecture is assumed, even
though mostly digital, low-voltage, low-power, oversamgl
ADCs and DACs, achieving a high resolution with a reduced
silicon area occupancy, like those proposed in [18], [223] [
VADC = %Vo + v, (5) and others currently being developed, can be preferrecké ta
2 full advantage of the proposed approach.
whereV} is a possibly non-PVT independent pseudo-referencernhe platform in Fig.3 is completed by a diod&connected
voltage, that is only required to bepnstantwithin one least {5 the DAC output through a resistdk and in parallel to
significant bit (LSB) for a conveniently long time, as itwile  the ADC input port. The diodeD is used as the physical
better clarified in what follows. In practice, a pseudo-ref€e  standard of a virtual Kuijk BGR, whose main functions are
Vo with the required characteristics can be obtained samplingyplemented in software, as described in what follows.
(partition of a) non-stabilized power supply voltage asiig.&
by an integrated, low leakage, elementary sample and hold .
(S/H), which can be designed to maintain theld voltage % Bandgap Compensation Procedure
constant with a high accuracy and for a long time (tens or With reference to the architecture in Fig.3, a digital BGR
hundreds of seconds), as in [24]. The error termin (5), implementing in software, by the procedure outlined in 4jg.
which takes into account of all ADC non-idealities, is asedm the bias and thesignal processingunctions of a Kuijk cir-
to be dominated by quantization so that| < 21{% = 1LSB. cuit, is now proposed. Following this procedure, two intsge
The DAC in Fig.3 converts an integet represented o~ mY) = k1 o] andm(® = |k, o], where|-] is the rounding

A digital implementation of the Kuijk bandgap circuit is
proposed in the following considering the hardware platfor
of a mostly digital SoC in Fig.3, which includes a digita
processor, an ADC and a DAC.

Here, for a given input voltage < vapc < Vp, the ADC
makes available to the processor, after a %itﬂe/D, an integer
n represented oV bits so that

bits from the processor into a constant output voltage operator,ro is a convenient initial guess vafiand k; and
m ko are two constant rational scaling factors defining two bias
vpAC = 5 Vo + ve (6) points, are first converted into analog by the DAC, so that to

after a settling timelp, 5, where V4 is the same pseudo-apply two difierent voliages

reference of the AD€and it is assumed that the error term ; m® .
- el | WD =1 ie{1,2} @)
ve, describing all DAC non-idealities, is less than;LSB. DAC = HN "0 ’

The error termsv. in (5) and (6) will be neglected in the g the R-p branch in Fig.3 and hence to bias the diabe
1The ADC conversion time and all other delays in the acquoisitthain at two d'ﬁ.er?'_’]t current densities, as .'n the definition GE th
are included inT’y /1, for the sake of simplicity. voltage primitivesup and Avp appearing in (2). The diode

2The requirement that the ADC and the DAC share the same pseudo
reference voltagdy can be released by converting into digital the output 3The value ofrg should be chosen close to the nominal value of what will
voltage of the DAC using the same ADC. be defined as theirtual referencein what follows.
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forward voltagesjg) andvg), corresponding to the two biascan be expressed in terms of the temperature-independent
conditions, are acquired by the ADC in Fig.3 and can heferencevrgr, by replacing the expression é% from (12)

therefore expressed in terms of the pseudo-referépces into (13), as
vy = Q—NVO, i€{1,2} (8) UADC = TUREF = QLNUREF (14)

where the integers(!) andn(® are the results of the A/D where, comparing (13) and (14), the quantily = 2% is

conversions. Moreover, the corresponding forward cusrerfbrmally equivalent to the result of the conversiomabé into

¢g> andz‘g) flowing through the diode can be expressed asdigital performed by the same ADC in Fig.3, now referenced

) ) to the temperature-independent voltagg:r. In other words,
ig) _%ac Y% _ (m(i) — n(z‘)) Vo ,ie{1,2}. (9) neglecting quantization errors, is the same value that would
R 2VR be obtained convertingapc into digital by the ADC in

On the basis of (9), it can be observed that the ratad the  Fig.3, where a temperature-compensated voltager, €.g.
diode current densities under the two above bias condit®nshe output of the Kuijk circuit, is used as a physical refeen
not intrinsically fixed. Nonetheless, it can be expressed as Similarly, replacing (12) into (6), the output of the DAC in

J (1) (1) (1) 1) 1) Fig.3, physically connected to the pseudo-referdricean be
h= 2l Z% — ”DQAC _ ”DQ _m 5 —n 5 (10) expressed in terms of the temperature-compensated reéeren
i) wflo -0y m® —n® vrer and ofr as
and can be numerically evaluated from the acquired values ~m _m 2N 15
n andn(® independently of the pseudo-refereri¢e and UDAC = “TUREF = o | T VREF (15)

of the resistancé?. As a consequence, taking into account of Considering (14) and (15), the number evaluated as in

(1), the voltage primitiveAup in (2), which is defined with g4 19) can be regarded asigual voltage referencevhich

reference tgn junctions biased at f”{gdcu”egg density ratio . effectively replace an actual temperature-indepeimeén

h*, can be expressed in terms fofvy,” andvy,” as erence voltage for A/D and D/A conversion. Moreover, based
log h* on (15), a physical reference voltage (proportional d¢qyr

- log h ( can be obtained - only if and when it is really necessary - as

log h* . _ the output of the DAC in Fig.3, by converting into analog (a
where the factor725- can be numerically evaluated. It isyajue, proportional to) the virtual reference

worth noting that neither (10) nor (11) rely on assumptions
on device matching. D. Supply-Independent Bias

. . e . .
Consideringup = vy, and the expression ahup in (11), The possibility to obtain a physical voltage proportioral t
vrer by D/A conversion, as discussed above, is exploited in

UD vg) — vg)) (11)

neglecting quantization errors, Egn.(2) can be written as

y _ L, log h* (1)(1) B v(Q)) the software procedure of Fig.4 to remove the residual depen
REF D logh \'P b dence onV; of the diode bias currentd)’ andi'?, which

_ Vo {n(l) N X0 (n(l) B n@)” _ ET (12) can be observed i_n E_qn.(9). To this purpose, in analogy wi_th

9N log h 9N Eqn.(3) and considering (12), the temperature compemsatio
procedure described so far is iterated using) = |k;r],

with ¢ € {1,2} (Fig.4, third column), where: is the virtual
Geference obtained at the previous step Andre the constant

;ZT]SE?S; It:rf:?; i(;]réz(:t?rﬁtgg)ra:tuﬁ?r% dh;;;(j:g;itt?tef(lﬁhd;;é tOf scaling factor?)introduced in Section b to get convenien
) i S ' - bias voltages, .. By so doing, Eqn.(9) can be rewritten as
under the above approximations, also the r.h.s. expression 989 pac- BY g, Ean-(9)

first-order temperature independ_ent regardless of thedp§eu G ki ﬂ;’—;& - vgi _ kivrer — vgi e (1,2}, (16)
referencel, and PVT-related variations dfy are necessarily ‘D — R - R ) b 14T

countered by opposite variations.afThanks to this property, where the rounding error in the last passage is Iess—%Hs@B

the quantityr, which can be numerically evaluated in terms ) . . .
of acquired data (Fig.4, second column), conveys all yndip @ € {1,2} are now independent 6k, in full analogy

. . . with Egn.(3). Such a procedure can be repeated until thesalu
information needed to set a temperature independent refere . ) . : o
. . of the virtual reference in two next iterations are equal within
in terms of 1, and can be therefore regarded avidual . . .
X . a tolerances (Fig.4, decision block in the second column).
referenceas discussed in what follows. . L '
In practice, two or three steps are sufficient to get a fixed
valuer*, which can be regarded as a PVT-independent virtual
C. A Virtual Voltage Reference reference and that could be also converted into analog and
On the basis of (12), any external input voltaggepc Sampled as a replacement of the pseudo-referéncBy the
converted by the ADC in Fig.3 into the integemwith respect same approach, different PVT-independent voltages, Iplyssi
to its pseudo-referench,, i.e. so that needed in digital-assisted analog cells, can be also @atain
k converting into analog values proportionaktoand sampling
VADC = 2—NV0 (13) the resulting voltages by S/H circuits.

where (122, that defines the quantityis obtained replacing
vg) and vDQ) with their expressions in (8) and including th
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E. Execution and Refresh Time working precision by a digital core, whose performance is
The execution time of the PVT compensation proceduf®0sted and whose cost and power consumption decrease with
described so far can be roughly estimated as technology scaling [17]. . . .
The implementation of complex signal processing functions
Teyr =p-Tp/a+q-Ta/p + Tprocs (17) intended to improve the accuracy and the stability of a

wherep and ¢ are, respectively, the required D/A and A/Dvoltage or current reference under PVT variations, whiah ar
conversions § — ;] — 92in Fig' 4) andT, is the time unfeasible or at least impractical in the analog domain,bzan
- - . proc

needed for digital processing. In practid@y is dominated therefore an option for a digital reference, opening nevigehes

by the time required for thg A/D conversions and ranges fromP€rSPectives. For instance, an algorithmic approach can be

hundreds of nanoseconds up to tens of milliseconds, depxgnofi‘dc’p;ed to r;chle;/fe h|gh-forderr1ter|nperature compenssltﬁjn [2
on the ADC architecture and on the target resolution [25]. to reduce the effects of technology process variability, ac

The execution timelpyt should be sufficiently small so q“i””g and cc_)mbining data f_rom differ(_ant physical stanisar
that PVT-related variations of the voltage primitives agri [©/lowing the idea proposed in [27] to improve the accuracy
Tpyr are less than 1 LSB. In particuldfy should be small of integrated r§5|§tors, and even to achleve a hlgh immuoity
in comparison with thermal time constants or, in alterrmtive!eCtromagne“C mterfer_ence (EMI) by |mplemgntlng thehte
transient temperature variations durifigyr should be ac- MdY€ p_ropc_)sed in [28] in t.he PVT compensation procedure.
counted for in the compensation procedure. Supply variatio, Considering the above discussion, the PVT-invariant gelta

duringTpyT are a minor concern since, considering (16), thel'? (2)_ can b? conve_g:eng)\//?egerallzded to a lgenauar@qt
impact on the virtual reference is only related to the pow ynction f of (possibly ependent) voltage primitives

supply rejection of the DAC and of the ADC. Moreover, hight. — (V1,2 vx) obtained from one or more physical
frequency power supply fluctuations are also attenuated 1) qdards (diodes, BJTs, MOS tranS|sFors, mtegratgﬁtoem
decoupling capacitors on the (analog) power supply of a So _d_n‘ferent types,. '.') operated under d'ﬁe.re*?‘ bias ctmnlg,
After TpvT, the ADC and DAC resources can be allocate ,eV|sed so thalf is copstant—v.alued, W't.hm a presc.nbed
by multiplexing, to other SoC functions. Nonetheless, sinéoler_ances, for F_)VT variations al? a specified fange. 1.e..a
the virtual reference* is valid as far ad/; is constant within continuous functiory” for which - # 0 for 1 < i < N and

one LSB, the procedure in Fig.4 needs to be scheduled every lf(v) = fel<e Vvev, (20)

CVy (18) where f. = f(v,) is the value off corresponding to the
Lioar 2N voltage primitivesv,, under nominal PVT conditions and

being C the capacitance of the hold capacitor in Fig.3 an@€ setV includes all the values that can be assumed by
Leak the average leakage current flowing through it. For g/Ch primitives under their specified PVT variability intis.
low-leakage S/H [24], the refresh tin#rrr can be as long Considering thaf, expressed in (20) as a function of voltages

TREFR =

as tens of seconds fa¥ = 14 andC = 2.5pF. (dimensioned quantities) can be equivalently stated imser
Based on (17) and (18), the activity factor of their dimensionlessaluesmeasured with respect to a fixed
unit* V,, and assuming = 0, Eqn.(20) can be re-written as
Tpvr
0= ) (19) \%
TrREFR f <7> —fe=0 VveVW (21)

that is an estimate of the percentage of SoC resourceseditiliz ) o
by a virtual reference, can be defined. Considering thejpeict  Provided that the values of the voltage primitives are ac-

values of by andTrerr discussed above, an activity factoduired an_d converted i_nto (_jigital by an ADC on the basis
§ ranging from10— to 10~ can be achieved, so that a virtuaPf @ possibly non-PVT invariant pseudo-reference voltége

reference can be in included in a mostly digital SoC with @ in Fig.3, neglecting quantization errors, Eqn.(21) can b

minimum impact on its processing performance. expressed in terms of the vectar= (n1,ny, ..., ny) of the
acquired samples as

\%
IV. A GENERALIZED DIGITAL VIRTUAL REFERENCE f( 0 ) — fo=f(am) - f. = 0. (22)

n
The virtual voltage reference concept, illustrated so fith w 2NV,
reference to the Kuijk circuit, can be extended to other@mal For a given vectom = n* of acquired values, (22) can
references, possibly based on different physical stasdak# therefore regarded as a (generally nonlinear) equation i
suitable to very-low-voltage operation, and can be alsthéur the scalar quantityx proportional to the unknown pseudo-
generalized taking advantage of the computational power ateference voltagé{. Assuming that a unique solutias* of

of the versatility of digital processing. (22) exists, it follows that
It can be observed, in fact, that teenal processindunc- . Vo Vo 1
tion in Fig.2, which is the weak point of all analog referemee ¢ TNy, - Vu= N o (23)

its accuracy being impaired by technology spreads, midgma

i i ity— L
and poor analog characteristics of active devices - can &e Eemg (23) formally equalem to (1.2)’ the quantity= 7
. - . ; : can be regarded as a generalized virtual voltage referemce f
point of strength of a digital reference, in which virtuall

X . . o YA/D and D/A conversion, as discussed in the previous Section
any mathematical function of the acquired primitives can be

exactlynumerically evaluated with a 16-bit, 32-bit or higher “A natural choice could be to fi%, = 1V
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. . o Fig. 6. Generalized Virtual Reference (GVR) circuit: D/Ax@erted Virtual
Fig. 5. Virtual Kuijk Bandgap (VKB) circuit: D/A-Convertedirtual Refer-  Reference vs. Temperature (top) and D/A-Converted VirReference vs.
ence vs. Temperature (top) and D/A-Converted Virtual Refee vs. Power power Supply (bottom).

Supply (bottom).

Both the proposed references are suitable to operate from a
V. DESIGN AND SIMULATIONS power supply as low éwggc = 900mV. Moreover, assuming
ft_hat a 2.5pF hold capacitor is used in the S/H, the extraosilic

erences, based on the technique proposed in the previg[ﬁsa required by the refere_nces, in a So(2: including a digital
Sections, is now addressed and their stability under P\PP'€: @n ADC and a DAC, is of onl§00.m®.

variations is tested by computer simulations. In partiGute q ThebA(;D_C,btf;]e I_DACItand tfhe c_j|g|t|alt_ core in Flg.::,nbare
impact of quantization error, neglected so far in derivaio escribed in behavioral terms Tor simuiation purposessicbn

is highlighted and discussed in what follows. ering a pseudo—refgrence vpltag@_equgl to the1.8\{ + .20%.
power supply and introducing/-bit uniform quantization in

the values of the electrical quantities acquired from/egoilo

A. Virtual Reference Circuit Design the physical standard. Moreover, the ADC in [22] and the DAC

The virtual reference concept introduced in this paper hg]s[zg]' both integrated in & 180nm CMOS technology, will be

: ) . - . __considered as possible implementations for benchmarking i
been exploited to design a Virtual Kuijk Bandgap (VKB), f"St.Section VII. All ADC and DAC error sources including noise,

order temperature independent voltage reference, whiatr mi . : - o
. 1 . . . : onlinearity and finite power supply rejection, are assumoed
ics the operation of the Kuijk BGR as described in Section Il - : o
and a generalized virtual reference (GVR) achievin second. negligible with respect to quantization errors and are no
9 . 9 ansidered. The number of bité of the ADC and of the DAC
order temperature compensation by the approach discussed | . -
are assumed to be equal and equal to the working precision

Section IV. Both the proposed virtual references have bee -
of the digital core.

designed in a 1.8V, 180nm CMOS technology and are basedI'he procedure in Fig.4 has been finally followed to obtain

on the same hardware platform of Fig.3, the difference amol irtual reference: for the VKB circuit, in particulahe

them be'T‘g only in the PVT—compens_atlon software prOCEdu(ﬁrtual reference is evaluated by Eqn.(12), where a factor
In particular, both the references includd @m x 10pum,

: ) SR o = 20.1 has been chosen to achieve first-order temperature
p+ overn-well diode D as a physical standard, which is blasegompensation. For the GVR reference, instead, the expressi
as in Fig.3 by a high-resistivity poly resistét = 23k, with L '
drawn dimensionsd = 60um and W = 4um, connected f(vg), Avp) = vg) +a-Avp + eb“'”l(a)*d'A”D, (24)
to the output of the DAC. Both the diode and the resistor

) I . ; ) where Avp is defined as in (11) andt = 20.46 V1,
are described in simulations by experimentally validated D — 1956, ¢ = 18.75V-1, d=1V -, has been chosen for

models from the silicon foundry, which accurately reprcmiucthe function () a L . )

. - -) appearing in (22), to achieve second-order
their characteristics over temperature and process spread temperature compensation

With reference to the above physical standard, the '
diode D forward voltagesvg) and v](f), corresponding to g Computer Simulations
vggc ~ 900mV and vﬁ{c ~ 700mV and to nominal bias
currents at ambient temperature of abdouA and 2uA,
respectively, are considered as voltage primitives fohtibe
VKB and GVR circuits. 5Unless more stringent limitations arise from the ADC andfer DAC.

The design of two PVT-independent digital voltage re

The VKB and GVR references have been simulated in
Matlab to test their stability under PVT variations, higfiting
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Fig. 7. Mean temperature coefficient (box method) and stahfiev_iation Fig. 8. Maximum relative erron’m and Standard Deviation of the
of the D/A-converted virtual reference for the VKB and GVRdits in the  pja converted virtual reference for thé VKB and GVR circuits variations
—40°C - 140°C temperature range versus number of bits. of the power supply voltage in the 1.4V-2.2V range vs. nuntfebits.

the effects of quantization error. To this purpose, theregfee ™
voltage obtained by the proposed circuits converting into
analog the virtual reference with respect to the pseudo-:
referencely, as discussed in Section lllc, has been S|mulated
versus temperature in the ranget0°C - +140°C, for a =
nominal 1.8V power supply, and then considering variations,
from -20% to +20% of the power supply voltage (and hence.
of the pseudo-reference), at ambient temperattire: 27°C).
The results of these simulations are reported in Fig.5 and-
Fig.6 for the VKB and the GVR references for different values,,
of the ADC/DAC resolution. Moreover, the mean thermal .. =
drift (box method) and the standard deviation (SD) of the
reference voltage in the ranget0°C - +140°C are reported Fig, 9. statistical distribution of the nominal referenceitage at ambient
in Fig.7 versus the number of bits of the ADC/DAC convertergmperature (left plots) and of the mean thermal drift (righots) obtained
Similarly, the maximum value and the SD of the relative errdio™ 10,000 Montecarlo simulations for a 14-bit VKB (top fgpand for a
L 6-bit GVR (bottom plots) over process variations.

for supply variations from-20% to +20% are reported versus
the number of bits in Fig.8. The untrimmed characteristics o
the references over process spreads have been finally lBstedupply voltage, from which the ADC/DAC pseudo-reference is
Monte Carlo simulations whose results are reported in Fig&erived, with fluctuations that are only related to quartiira
Simulation results are discussed in what follows. 3) Quantization: from Fig.7, it can be observed that the

1) Thermal Drift: from Fig.5, it can be observed that theSD of the reference voltage variations over temperature is
VKB provides a reference voltage df196 V with a mean reduced by a factor two for each additional bit up to about
thermal drift of aboutl9 ppm/°C, for a resolution of 16 bits 14 bits for the VKB and up to 16 bits for the GVR. Above, the
or more, which is similar to that achieved by an analog Kuijkccuracy over temperature is limited by the residual emor i
bandgap. For a 14-bit (12-bit) resolution, the thermaltdrithermal compensation rather than by quantization. Mongove
increases to abo@ ppm/°C (35 ppm/°C) and is dominated from Fig.8, the SD of the fluctuations in the reference vaitag
by quantization. In these last cases, the reference voltageis about700 ppm for a 12 bit ADC/DAC resolution both for
temperature curve is not smooth because of transitions KB and GVR references, i.e. aboGfLSBs, and decrease
quantized primitives from one discrete value to another. by a factor two for each additional bit. Comparing Fig.8 with

From Fig.6, the GVR circuit provides a reference voltagEig.7, it can be noticed that when quantization is dominant,
of 1V, corresponding to the value df, considered in (22), the SD of the reference voltage variations over temperature
and a reduced thermal drift afppm/°C is achieved thanks and supply are comparable. The effects of quantizationdcoul
to exponential curvature compensation. Such an improvemese mitigated by the dithering effect of thermal noise [29flan
however, can be appreciated in practice only if the ADC/DABy convenient digital filtering, that will be considered untdre
resolution is increased above 14 bits. Since both the VKB amgrk to achieve an accuracy close to 1LSB.
the GVR are based on the same physical standard under thé) Technology SpreadsThe operation of the proposed
same bias conditions, this result highlights the enhanoéemeeferences in the presence of technology spreads has been
that can be obtained in a digital reference taking advanthgesimulated by Monte Carlo analyses (10,000 runs) consigerin
digital signal processing, as discussed in Section IV. the statistical variability of the process parameters efdiode

2) Power Supply Rejectionfrom the bottom plots in Fig.5 D and of the resistoR in Fig.3. The statistical distributions of
and in Fig.6, it can be observed that the proposed VK#e untrimmed reference voltages and of the untrimmed ther-
and GVR digital references are independent of the poweral drift for the VKB, simulated with a 14-bit resolution, én

2 2 2 2
Mean Thermal Drift [ppm/°C]

=8 Tppm!
o=1.7ppm/°C (19%)

8 1 002 100 1,006 10 12 14 16
ted Virtual Reference, r¥,2" [V] Mean Thermal Drift [ppm/°C]
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Fig. 10. Photograph of the Proof-of-Concept Prototype.
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Fig. 12. Measured Relative Variatio (Tz)}z:(g‘:o) - 100 of the pseudo-
referenceVQ/, of the virtual referencer and of the D/A-converted virtual
referencer ;% during the test over temperature of Fig.11, top plot.
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R -1‘0 (‘1 1‘0 2‘0 3‘0 4‘0 ;0 6‘0 7‘0 x‘o ;0 |(;0 o among its peripherals, a 24-bit Sigma—DeIta ADC, a 16-bit

Temperature [°C]

1158 - DAC (14 bit ENOB), an accurate analog reference and a
_ Cincar Fiing temperature sensor. The ADC and the DAC, which have been
2T used to map the corresponding blocks of the digital refexrenc
é.,.m, \\%\;\z\;i l architecture in Fig.3, have been configured via software for
& Ty, a resolution of 16 bit and to use an on-chip partiti&g>
Erisnp '*7%;%\:;‘ of the Vpp = 2.5V + 5% power supply as a physical
‘%Hm, .,?7;\53;%; . pseudo-reference. It is worth noting that, unlike in Figi&
g T\f\%%»ég\.‘g‘ pseudo-reference is not sampled-and-held in this proggtyp
S Lst) T since an integrated S/H was not available. A discrete 1N4148
~ diode, biased via a0k{ resistor, has been connected to the
11552 23 24 25 26 27 25 MiniKit board to implement the physical standard in Fig.3. A

Power Supply Voltage [V]

photograph of the prototype is reported in Fig.10.

Fig. 11. Measured D/A-Converted Virtual Reference versmferature (top)  With reference to the hardware prototype described so far,
and versus Power Supply Voltage (bottom) for the proofafeept prototype. 5 software procedure implementing a digital VKB reference
according with the flow chart in Fig.4 has been written in

for the GVR, simulated with a 16-bit resolution, are repdrte®NS! C. Such a procedure requires less than 1kB of extra

in Fig.9. In the plots on the left of the figure, it can be obsery Program memory and is executed in a tiffiey = 4 s, th?;
that the simulated SD of the untrimmed reference voltage |§tapprOX|matlvely the time needeq fOF the AID conversions
ambient temperature over process variations is of only v.7nit the end of the procedure, which is called in an infinite

for the VKB and 1.4mV for the GVR, corresponding in botHOOp’ the virtual fefefenc‘? is converted i_nto_analog_by theD
cases to abou.14%. Moreover, from the plots on the right,and the corresponding pin voltage, which is PVT-indepehden

the mean value of the untrimmed thermal drift is 22.7 pp@1 according With the theory in Section Il and can be regarded
(with a SD of 1.7 ppyi°C) for the VKB and of 8.7 ppnC as the physical output of the prptqtype, has been measured
(with a SD of 1.7 ppiyi°C) for the GVR. Such variations can©Ver temperature and supply variations. Measured restéts a

be fully compensated by software calibration. reported and commented in what follows.

VI. EXPERIMENTAL RESULTS B. Test Results

A microcontroller-based proof-of-concept prototype of a The digital virtual reference prototype described so f& ha
virtual voltage reference implementing the technique ps&gl peen tested in a temperature range frert)°C to +100°C
so far is considered in this Section for validation and itgnd varying the power supply voltage from 2.3V to 2.7V. The

performance is experimentally verified. corresponding reference voltage is reported in Fig.11lugers
temperature (top plot) and versus the power supply voltage,
A. Proof-of-Concept Prototype at ambient temperatur@5°C (bottom plot). From the top

A proof-of-concept virtual reference prototype based an t#pl0t it can be observed that the proposed reference shows
MiniKit Evaluation Board of the ADUC7061 microcontroller® Nominal value ofl.157 V- with a residual thermal drift of
unit (MCU) by Analog Devices [30] has been developeabOUUGPP_m.o/C' which is comparablg with the performance
to verify the operation and the effectiveness of the tecR! the precision reference embedded in the ADUC7061 IC [30].
nique introduced in this paper. The ADuC7061 MCU in , » 4

For TRerr = 10s, this corresponds to an activity factér= 4 - 10~ <.

the prototype is based on a 32-bARM7TDMI® RISC Since the S/H is not included in the prototype and the congtmsprocedure
core operated at a clock frequency of 10MHz and includesps continuously, the activity factar has not been experimentally tested.
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TABLE |
VOLTAGE REFERENCECIRCUITS PERFORMANCECOMPARISON
Reference [2] [6] [9] [10] [11] [12] This work
Year 1973 2012 2007 2013 2014 2007 2015
Author Kuijk Andreou | De Vita Osaki Ma Crovetti VKB GVR VKB Prot.
Technology pm 0.18F 0.35 0.35 0.18 0.18 0.35 0.18 0.18 PCB
Type Analog Analog | Analog Analog Analog Analog Digital Digital Digital
Characterization Meas. Meas. Meas. Meas. Meas. Meas. Sim. Sim. Meas.
Reference \oltage Vv 1.210 0.6177 0.67 1.09 0.767 0.047 1.196 1.000 1.157
ADC/DAC Resolution bit N/A N/A N/A N/A N/A N/A 14 16 16
Untrimmed Accuracy mV 66 N/A 21 5 N/A 15 1.7 14 N/A
Std. Dev. (%) (5.5%) (3.1%) (0.5%) (3.2%) (0.14%) (0.14%)
Temp. Range °C -40/+125 | -15/150 0/80 -40/+120 | -40/+120 | -40/+110 | -40/+140 | -40/+140 -10/100
Nominal Temp. Coeff. | ppm/°C 30 3.9 10 147 4.5 30 22 7 16
Untrimm. TC, Avg. ppm/°C 33 155 N/A N/A 5 33 22.7 8.7 N/A
) m/°C 33 7.4 15 33 1.7 1.7

Untrimm. TC, Std. Dev. pp(%{) (100%) | (45%) N/A N/A (25%) (100%) (8%) (15%) N/A

0.0006 | 0.00067@
Silicon Area mm? 0.0121 0.1019 0.045 0.030 0.036 0.0036 | 0.0007T® | 0.00071? N/A

1.02f¢ 1.02f¢
Line Regulation %/V 0.05 0.039 0.27 15 0.1 1 0.08 0.02 0.15
Min. Supply Voltage Vv 1.62 1.7 0.9 1.2 1.2 0.85 0.9 0.9 2.47
Power Cons. LW 32 95 0.055 0.1 43 30 208 12083 [0 s
0.12% 0.12%

E=

Kuijk BGR standard cell in #.18um CMOS technology.  Limited by the charateristics of the ADUC7061 microcori&nl

T Silicon area:a) phys. standard + S/H (PSH)) PSH plus the area of the ADC [22] (048n2) and of the DAC [23] (0.581m2) scaled bys = 10—4,
evaluated as in (19) fofgerr = 1s andTpyT = 100us (estimate based on [22]-[23])) PSH plus the total area of the ADC [22] and of the DAC [23].
T Power consumptiona) phys. standard + S/H (PSH), as a functiondpb) PSH plus the power absorbed by the ADC in [221¢nW) and by the DAC
in [23] (1.1mW) and considering = 10~4, ¢) PSH + ADuC7061 ADC and DAC, as a function &f(estimated from the datasheet).

Second-order curvature is not present even though it has Technology-related issues

not been compensated by the VKB procedure. It is worth

noting that the power supply voltage of the MCU, used as The digital voltage references proposed in this paper can be
a pseudo-reference, undergoes a change of more than 25aRg¢rated from a power supply voltage as low as the minimum
(1%) during this test, as shown in Fig.12. In the same figure'fgauired by the digital core and by the physical standar@\0.
can be observed how the variations of the pseudo-refereacef@f the VKB and GVR, operation at lower supply can be
countered by opposite changes in the (digital) virtualnefee achieved using MOS transistors in the subthreshold region

so that to obtain the overall drift in Fig.11, in accordandthw [14]) and low voltage operation is not traded-off with acaey.
the theory in Section IIl. In particular, it can be observed that the digital reference

From the bottom plot of Fig.11, a line regulation ofn Tab.l show a better untrimmed accuracy and a reduced

0.15%/V can be observed. Such performance is likely tgpread of the untrimmed thermal drift in comparison with
be limited by the power supply rejection of the ADC in thénost analog implementations. This can be ascribed to the fac
ADUC7061, which is 55dB from the datasheets [30]. Finallyhat the untrimmed performance of a digital reference iy onl
the measured root-mean-square (r.m.s.) noise of the neferelimited by the variability of the physical standard in itsel
voltage, evaluated taking the r.m.s. value of the D/A-comce and/or by the ADC and DAC resolution and is not affected by
virtual reference sampled after each iteration of the Pwthe intrinsic limitations of analog signal processing, ethare
compensation procedure, is ab8@fV r.m.s. and correspondsparticularly severe in nano-scale technologies. Furtoeem

to about 1 LSB of the ADC and of the DAC in the prototypeSircuit timming, which could be still necessary to compen-
sate process-related spreads of the physical standardyecan

VII. COMPARISON AND DISCUSSION replaced by software calibration with a significant redarctin
The digital virtual voltage references introduced in thisosts. The above features make digital references weteui
paper are compared in terms of performance with stateesf-tio aggressively scaled digital CMOS technologies.
art analog references proposed in recent literature in. TEte Finally, even though the whole system in Fig.3 is much more
results of such a comparison are discussed in what followssomplex than a stand-alone analog reference and the tetal ar
occupancy, considering the ADC in [22] and the DAC in [23]
A. Thermal Drift and Line Regulation is aboutlmm?, the extra area needed to implement the digital
From the results in Tab.l, the proposed VKB and GVR refeferences in a SoC including an ADC and a DAC, is limited to
erences achieve a low thermal drift and a good line reguiatidhe area of the physical standard and of the S/H, which is only
comparable with state-of-the-art analog references. Rer %600um? in 180nm CMOS. Moreover, weighting the ADC and
GVR, in particular, the improvement in thermal drift acléev DAC area by the activity factos defined in (19), which can
by signal processing techniques not suitable to be implézoenbe conservatively estimated a8—* for the referenced ADC
in analog form, as discussed in Section V, can be appreciatadd DAC, their weighted area occupancy is onlyl 66 ;m?.
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