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ABSTRACT

This paper presents an analog design methodology, which uses the selection of the inversion coef-
ficient of MOS devices, to design low-voltage and low-power (LVLP) CMOS voltage references. The
motivation of this work comes from the demand for analog design methods that optimize the sizing
process of transistors working in subthreshold operation. The advantage of the presented method —
compared to the traditional approaches for circuit design — is the reduction of design cycle time and
the minimization of simulation iterations when the proposed equations are used. As a case study, a
LVLP voltage reference based on subthreshold MOSFETs with a supply voltage of 0.7 V was

designed in a 0.18-uym CMOS technology.

Index Terms: CMOS Voltage Reference, Analog Design Methodology, Inversion Coefficient, Low

Voltage Design, Low Power Design

1. INTRODUCTION

The current trend towards low-voltage supply
and low-power (LVLP) design is mainly caused by the
growing demand for battery-operated portable equip-
ment such as watches, smart phones and implantable
devices (e.g., pacemakers and hearing aids). The oper-
ation of these circuits for long periods requires a sig-
nificant amount of energy from the battery. However,
battery size is often a limiting factor as its volume is
limited for portability. In addition, the speed and
high-integration density of transistors in single dies
have increased heat dissipation to critical limits.
Therefore, analog and mixed-signal circuits in the
aforementioned systems must operate more and more
under LVLP conditions.

The voltage reference is an essential component
of several analog blocks such as data converters, volt-
age regulators and phase-locked loops. The reference
must generate a precise output voltage that is ideally
independent of process, supply, load and temperature
variations. Currently, voltage references must be
amenable to standard digital CMOS processes and
thus operate with a supply bellow 1 V, while consum-
ing few tens of nW to a few uWs.

Unfortunately, the design of such voltage refer-
ences for commercial purposes becomes even more
complicated due to the reduced time to market con-
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straints. Accordingly, design methodologies have been
proposed to reduce the cycle time of the analog
design process, and enable the designer to explore dit-
ferent design options quickly while evaluating their
tradeofts [1-3]. In addition, several computational
tools for automatic and optimized analog design have
been developed [4-6].

An analog design methodology that provides
good insight leading towards optimized design is the
selection of the inversion coefficient (IC) of MOS
transistors [7, 8]. The inversion coefficient is a numer-
ical measure of the channel inversion, which depends
on the applied bias voltage at the MOS terminals. In
other words, the IC is a normalized number that is
proportional to the quantity of free carriers in the
channel region. The selection of the IC enables design
within weak, moderate or strong inversion operation.
Transistors operating in weak and moderate inversion
are important for LVLP applications due to their low
drain source saturation voltage (Vpg47) and high
transconductance efficiency (g,,/Ip). Using simple
equations motivated by the EKV MOS model [9],
the method in [7, 8] guides the designer in the man-
ual selection of bias currents and transistor sizes,
resulting in an optimized design.

Accordingly, this paper presents a transistor-
level design methodology for low-voltage low-power
CMOS voltage references that involves the selection
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of the inversion coefficient. Using a spreadsheet-type
design tool, drain bias current, inversion coefficient
and channel length choices are mapped into channel
width. The proposed method, used as initial design
guidance, reduces the design time and minimizes the
number of required simulations [10]. The circuit
used as a study case, proposed originally in [11], was
designed in a commercial 0.18-um CMOS technolo-
gy using BSIM3V3 models, and simulated with the
HSPICE simulator.

This paper is organized in the following
sequence. The inversion coefficient method is briefly
explained in Sec-tion 2. Section 3 presents the design
of the low-voltage and low-power CMOS reference.
Simulation results and conclusions are presented in
Sections 4 and 5, respectively.

2. INVERSION COEFFICIENT-BASED
METHODOLOGY

As previously mentioned, the IC provides a
numerical representation of the MOS inversion level.
Weak inversion corresponds to IC < 0.1, while mod-
erate inversion corresponds to 0.1 < IC < 10. For
IC > 10, MOS transistors are operating in strong
inversion [7]. In weak inversion, the transtransport of
carriers in the channel is dominated by diffusion;
while in strong inversion, the prevailing transport
mechanism is drift.

Table I shows Equations (1) — (5) that
describes IC as a function of drain-source current,
transistor aspect ratio (§ = W/L) and the specific cur-
rent I, (a technology and transistor-type dependent
current) [7]. Note that parameters Ngyg, ¥, Wp, Cox
can be extracted from the BSIM3V3 model provided
by the foundry. Parameter 7, is the substrate factor
which represents a loss of coupling efficiency between
the gate and channel caused by the substrate or body,
which acts as a back gate.

Table II shows the calculated values of I, and
ny, and also the typical values of the process parameters
in the 0.18-um CMOS technology used in this design.

Table III shows Equations (6)-(10) that describe
channel width, gate area, transconductance efficiency
(#,,/Ip), drain-source saturation voltage (Vpgq7) and
effective gate-source voltage (Vipp= Vg - V) as func-
tion of inversion coefficient, respectively [7].
Equation (10) approaches Equation (11) for weak
inversion (z.e. IC<< 1) and Equation (12) for strong
inversion operation (z.e. IC >> 10). All these equa-
tions are valid only for saturation operation.

Equation (9) is very useful for the design of
low-voltage circuits since it gives the boundary
between the triode and saturation region in terms
of the inversion level. This equation can be used to
estimate the minimum supply required by voltage
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Table I. Expressions for the Inversion Coefficient (IC).

Equations
1
IC=—2 1
TR (1)
Iy = 2m 41y -Cop U 2)
/4
=1
" " 2\/‘//0 +(VGS -V )/n+ Vg (3)
v, =20, +4U, (4)
¢, =U, 'ln(NSUB/ni) (5)
Parameters

IC = inversion coefficient I, = drain-source current, [A]

§ = Transistor size aspect ratio| I = technology current, [A]

n, = substrate factor

u, = low-field mobility,[ uA /V2]

Coy = gate-oxide cap. [fF/um?] | Up= Thermal voltage [mV]

y = body-effect factor, [V1/2] | V= source bulk voltage, [V]

Y, = psi parameter, [V] = Fermi Potential, [V]

Ny = substrate doping concen- n; = silicon intrinsic carrier con-

tration, [cm3] centration, [cm3]

Table Il. Device parameters at 300 K for the 0.18-pm process used

Parameters nMOS pMOS Units
1, 0.630 0.120 uA
7, 1.234 1.211 -
#y 490.8 98.6 uA/V?
Cox 7.79 7.53 fF /um?
y 0.471 0.421 Viz
Y, 0.987 0.973 \%
Ny 4E+17 3E+17 cm3
n, 1.5E+10 1.5E+10 cm3

i

Table lll. Expressions for W, W*L, g,./l5, Vgar @and Vegge in saturation

W=(L/IC)-(I,/1,) (6)

w-L=(1?/1C)-(1,/1,) (7)

g /I = I/(rrUT ~(\/IC+O.5«/E+1D (8)

Visar =2U; - IC+0.25+3U, 9)

Ve =20-U, -In(e’™ 1) (10)
Ve =n-Uy -In(IC) (11)
Ve = 20U, -JIC (12)

references to work properly. Note that in weak inver-
sion, Vpgar is nearly four times the thermal voltage,
i.e. approximately 100 mV at 300 K.

For the LVLP voltage reference presented in
this paper to work properly, its transistors must oper-
ate in either weak or moderate inversion, as will be
shown in the next section. The traditional equations
used to design transistors are given by (13) for strong
inversion, and (14) for weak inversion operation for a
drain-source voltage that is higher than 0.1 V.
Parameter A models the channel length modulation
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phenomenon, while parameter » is often recognized
as the slope factor when transistors are operating in
weak inversion.

Ip=(1/2)"po - Cox - S+ Vgs = Vp)*- (1 +A-Vpg) (13)
Ip=2-n-py-Cox-S-Up” - exp[(Vgs — V) /n - Ur] (14)

Nevertheless, as (6) provides a more conscious
choice of the level of MOS inversion than the equa-
tions of the traditional approach, the proposed
methodology uses it instead.

Figure 1 illustrates estimated values of Vpgur
and Vgpptor different values of IC; using (9) and (10).
Using this figure, it is possible to make a comparison
between different modes of operation: weak, moder-
ate and strong inversion. Values of Vpg4r are around
100 mV for weak inversion and between 100 to 240
mV for moderate inversion, respectively. Such values
are well suited to low voltage requirement, which rep-
resents the first advantage of operating within these
regions. The second can be seen in Figure 2, which
shows the simulated g,,/Ip, as a function of Vggr One
can see that transcondutance efficency is maximum in
weak inversion. The efficiency drops to ~65% of its
value in the center of moderate inversion, where Vi -
Vris ~35 mV as annotated by point ‘X’ in the graph,
and is lowest in strong inversion.

The shape of the g,,/I}, curve shown in Figure 2
is almost universal for MOS operation, and it is weakly
dependent on channel length until velocity saturation
effects reduce transcondutance efficiency [1, 7].

Weak ! Moderate | Strong
Inversion i Inversion | Inversion
| | l | . v
! ! U 1 | DSAT
104 108 135 243 595 (mV)
1 L 1 i‘ L
| I I I 1 Ves—Vr
145 64 35 201 646 (mV)
Deep Deep
1 1 i
f f | { { ic
0.01 0.1 1 10 100
Figure 1. Vg, and (V4s-V4) as a function of IC
30
= 25
P \\ X
%) \
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[=]
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0
-200 0 200 400 600
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Figure 2. Simulated g,/I, as a function of Vg-V;
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A. Related Work

As explained above, hand analysis expressions
shown in Table IIT are based on the EKV MOS model.
Another MOS model that presents the same basic
physical variables of the EKV model is the ACM model
[12]. This compact charge-based model is valid for all
regions of operation, and presents equations with infi-
nite order of continuity for the large and small-signal
MOS parameters. The technology (or specific current)
in the ACM model is four times smaller than that given
by (2). The current version of the ACM model
includes short channel effects, noise and process vari-
ability. Using equations derived from the ACM model,
work in [2] proposes an analog design methodology
useful for the design of CMOS amplifiers. The model
authors in [13] present a graphical tool for transistor-
level design using this model. The methodology pro-
posed herein uses equations based on EKV model and
it is focused on the design of subthreshold CMOS
voltage references, which is different from what is dis-
cussed in the aforementioned works.

3. LOW VOLTAGE LOW POWER CMOS
VOLTAGE REFERENCE

A widely used implementation for voltage ret-
erences is the bandgap voltage reference (BGR). The
traditional BGR generates an output voltage (Vzzp),
described by (15), through the addition of a base-
emitter voltage ( Vpg) to a properly scaled Proportional
to Absolute Temperature (PTAT) voltage.

Vrer = Vgg + Kprat * Ur (15)

The constant Kppyr is temperature-independ-
ent (to first order) gain factor needed to achieve the
proper temperature compensation, as Vpp has a nega-
tive temperature coefficient. Its value is about 10, and
is usually defined by the ratio of two resistances with
the same temperature coefficients.

When the value of Vypp generated by (15) is
close to Vg, the bandgap energy of silicon divided by
the electron charge (7. e. ~1.12 V), the conventional
BGR architecture must be avoided in applications
with supplies that are lower than 1 V. As a conse-
quence of this limitation, other BGR topologies suit-
able for low voltage operation were proposed in [14-
15]. In [14], a resistive divider is used to decrease
Vrep as given by (16), where o is a ratio of resistanc-
es that can be adjusted to less than 1.

Vegr = @ * (Vgg + Kprar - Ur) (16)

Usually, the Vgpvoltage required by (15) and
(16) is implemented in CMOS by the means of parasitic
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vertical or lateral bipolar transistors. However, some
standard digital CMOS processes do not allow for par-
asitic BJTs, and if these devices are available, they are
often not very well characterized and consequently
clectrical models are not very accurate [16].

An alternative solution for the implementation
of temperature compensated voltage references is to
replace the BJTs by MOSFETs operating in the sub-
threshold operation. In [17], Vg is replaced by Vg
and the created output voltage is similar to that of
(16), as given by:

Vrer = @ * (Vgs + Kprar - Ur) (17)

The gate-source voltage of a MOSFET, when
biased with a current less than a certain technology-
dependent value (Iy), decreases with temperature (7)
in a quasi-linear fashion [18]. This behavior happens
when the decrease in the threshold voltage caused by
the increase of 7, outweigh the effects caused by the
decrease in mobility of the carriers. For bias currents
higher than Iy, the opposite happens: the decrease of
mobility caused by the increase of T, outweighs the
effect of the reduction in the threshold voltage.

The temperature dependence of Vg is given by
(18) and (19) [17], where it is considered that the
variation of » with temperature is small. These equa-
tions show the linear dependence between Vgand 7.
Variables K;; and Vg are BSIM3V3 parameters for
temperature coefficient of V3 and offset voltage in
subthreshold region at large W and L [19], respec-
tively. For the technology used, K;; and Vpp are
—0.282 and —0.120 V, respectively.

Vis(T) = Vgs(Ty) + K - [(T/T,) — 1] (18)
Kg = Kpq + Vgs(To) — Vp(Tp) — Vopr (19)

The value of Vi pgenerated by (17) is given by
the threshold voltage extrapolated to zero Kelvin
(Vrp) and a few process-dependent parameters, as
shown in [20]. This result is analogous to the output
of the bandgap voltage references. While BGRs have
Vzer close to Vg, CMOS references working in sub-
threshold operation have Vygpclose to V. Threshold
voltages are, for instance, typically in the range of 600
and 400 mV, for 0.25-pum and 90-nm CMOS tech-
nologies, respectively.

As a consequence of having Vg gpproportional
to Vrgg, this type of voltage reference is able
to operate with supply voltages that are lower than
1-V. However, it is well known that Vp is strongly
dependent on substrate doping [21]. As the number
of dopant atoms has a random distribution, the out-
put voltage also presents a statistical fluctuation.
However, if statistical data of process dispersion is
available to the designer, it is possible to employ
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Figure 3. Simulated voltage reference used as a case study

design techniques to mitigate the impact of variability.
For example, if high accuracy performance is required
by the voltage reference, a trimming circuit can be
added in order to mitigate the impact of fabrication
process eftects [20].

The voltage reference used as a case study in this
work was previously proposed in [11] and is shown in
Figure 3. Its operation is as described by (17): a bal-
anced summing of Vg and Uy By adjusting o, it is
possible to tune Vygpto higher or lower values than V.

The circuit is composed by tree sub circuits: a)
a PTAT current generator, b) a Vg current genera-
tor and ¢) a current adder. The original circuit in
[11] works under 1-V of Vpp, but the aim of the
approach proposed here is the nominal operation
under 0.7 V. Morecover, the circuit in Figure 3 is
designed to be robust against V fluctuations in the
range of 0.6 to 1.8 V.

The proposed design methodology, using
equations based on the inversion coefficient, provides
a step-by-step design process, for each sub-circuit of
the voltage reference, which reduces the design time.

A. PTAT Current Generator

Sub-circuit A in Figure 3 is a classical supply
independent current source, for which the current in
R, (Iy;) is defined by the difference between the gate-
source voltage of M, and of My (A V), and the resist-
ance R,. Using (14), one can show that AV gbetween
M, and My is described by (20), if the body effect is
neglected and these devices are in weak inversion
operation.

Using (11), Equation (20) can be expressed in
terms of the IC, as given by (21). Current Iy,
described by (22), is proportional to Uy, which trans-
lates to a positive temperature coefficient.

AVgs = Vosmz — Vosma = 0+ Up - In(Sps/Smz)  (20)
AVgs =n - Up - In(ICy2/1Cp4) (21)

Iry = AVgs/Ry (22)
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Making (IC,,/ ICyy,) equal to 10, it is possi-
ble to provide a good layout matching between M,
and My. When # and Uj (@ 300K) are respectively
around 1.234 and 25.85 mV, the estimated value of
AVgis 73.44 mV. Therefore, after the choice of Iy,
based on the power-consumption requirement, the
resistance R; can be found. In this design, it is
assumed that Ip; = 200 nA, which implies that
R; =367.22 kQ.

As mentioned above, M, and M, must operate
in weak inversion for (20) to be valid. Therefore,
using (6) and choosing a value of IC lower than 0.1,
the channels width of M, and My can be estimated.

The dimensions of My, M3 and M; were con-
sidered to be equal in order to provide good layout
matching. Transistors in moderate inversion operation
have less thermal noise and require less silicon area
than those in weak inversion - for a given I, [8].
Hence, M;, M3 and Mj should operate in moderate
inversion with the aim of reducing silicon area.

The moderate-values of Vg7 of these transis-
tors, when working in moderate inversion, are well
suited to our supply voltage requirement, z.e. 0.6 V.
Consequently, for M, M3 and M5, IC values between
0.1 and 10 were chosen.

Moreover, it is well known that the effects of
mismatch and flicker noise on transistor performance
are roughly given by (23) - (26) [22-23].
Parameters o2(AVy), o?(Ap*Cox*W/L) and V2
model the variance of the mismatch on threshold volt-
age , the variance of the mismatch on current gain;
and the flicker noise voltage in a bandwidth of 1 Hz,
respectively. In literature, the current gain is often
called p. Variables AVy Ag and Ky are process-
dependent constants; and f is the frequency.
Parameter o(AIp/Ip) represents the square-root of
the mismatch variance in the drain-source current,
which includes AV and Ap as the causes of variation.
As can be seen in (25), the higher g,,/Ip, the higher
the contribution of AV, on the I, mismatch. This is
expected, as in weak inversion, the transconductance
efficiency is maximized and thus a maximum mis-
match is expected.

As a consequence of the above discussion, as
the flicker noise and mismatch are approximately
inversely proportional to the square root of transistor
area, the channel lengths of M;—M; were selected to
be around 15 times the minimum value permitted by
the technology.

Considering a channel length of 3 pm and a
minimum gate area of nearly 50 pm2, the maximum
expected variance of Vris equal to 1.8 mV. Constants
Ay for NMOS and PMOS transistors are 1.244x10-
8 and 6.73x10-9, respectively in the 0.18-pm CMOS
technology used.

0*(AVy) = AVTZ/VW' L

Journal Integrated Circuits and Systems 2011; v.6 / n.1:7-17

(23)

Table IV. Transistor sizes, estimated and simulated values of g,
(sub-circuit A)

Design Choices Designed Sizes
Device I, (nA) IC L w W*L
(pm) | (pm) | (pm2)
M, 200 0.06 3 15.87 | 47.6
M, 200 0.006 3 158.7 | 476
M35 200 0.25 3 19.97 | 59.9
Device | Estimated Simulated Error
8w (1S) Bums (1S) (8n~8ms) (%)
M, 5.77 4.88 18.3
M, 6.13 5.47 12.2
M35 5.22 4.37 19.3

(o(Ap- Cox - W/L)/(p- Cox - W/L))? =

(©(AB)/B)? = AZ/NWL 2%

(6Qlp/1p))” = (a(AB)/B)? + o5
(gm/ID)2 . GZ(AVT)

Vr%:KF/(COX'W'L'f) (26)

After simulation, it was verified that the correct
value of AVgis 86.67 mV; thus, the correct value of
R; is 434.6 kQ. The error on estimation of R; pro-
vided by (21) is nearly 15%. One of the causes of such
error comes from the difference between V; of M,
and My due to the body effect, which is neglected in
this equation.

It is valid to add that the simulated temperature
coefficient (TC) of AV;gin the temperature range of
-40 to 120 °C is ~0.203 mV/ °C.

Table IV presents the design choices (Ip, IC
and L) for each transistor, and the estimated values of
W, W*Land g,, using Equations (6) - (8). The simu-
lated values of transconductance (g,,s) is also present-
ed, in order to verify the accuracy of the proposed tran-
sistor sizing process compared with simulated results.

B. Vgg Current Generator

Sub-circuit B is responsible for the generation
of a current with negative TC. Due to the feedback
loop present in this circuit, Iy, is defined by (27),
where the bias current of My is a copy of Ip; (=200
nA) through M;.

Iz = Vgsmo/Ra2 (27)

In order to reduce the power consumption and
the required value of R, for a given current, My must
operate in weak inversion, and thus consequently presents
alow Vg Using (11), (27) can be rewritten as a function
of IC; as shown by (28). In the design, My is defined as
operating in the deep weak inversion with IC equal to
0.009, which corresponds to a Vgof 176.3 mV.

11

o



0l-Dalton:01-Dalton

8/19/11

6:09 AM Page 12

——

A Design Methodology Using the Inversion Coefficient for Low-Voltage Low-Power CMOS Voltage References
Colombo, Fayomi, Nabki, Ferreira, Wirth & Bampi

Table V. Transistor sizes, estimated and simulated values of g,

(sub-circuit B)

Design Choices Designed Sizes
Device I, (nA) IC L w W*L
(pm) | (pm) | (um2)
M6 203 0.25 3 20.31 | 60.9
M7 406 0.25 3 40.62 | 121.9
M8 203 0.25 3 3.87 | 11.6
M9 200 0.009 3 105.77 | 317.3
Device | Estimated Simulated Error
8 (1S) Zus (1S) (8m8ms) (%)
M6 5.31 4.35 21.9
M7 10.61 8.80 20.5
M8 5.21 4.43 17.6
M9 6.1 5.37 13.6

Iz, = [n- Ur - In(ICyo) + Vr]/R, (28)

From the value of Vg0 @200nA, it is possible
to design for R, while considering the tradeoff
between resistor area and power consumption. We
have defined R, equal to R; for the purpose of pro-
viding good resistor matching. For R, = 434.6 k<,
current Iy, is approximately 400 nA.

Transistors My — Mg should operate in moder-
ate inversion in order to reduce silicon area. Hence,
the IC for these devices is chosen between 0.1 and 1,
similarly as was done in section A. The current of
devices My and My is derived from Mg and R,, and is
designed to be half of Iy, with the intention of reduc-
ing power consumption.

Table V presents the design choices (I, IC and
L) for cach transistor, and the estimated values of W,
W*L and g,, using (6-8). The simulated value of g, is
also presented for comparison.

It is also important to estimate the temperature
coetficient of Vg, before designing sub-circuit C.
Using (18) and (19), the TC of Vg0 is estimated to
be -1.152 mV/ °C; while the simulation shows a TC
equal to -1.026 mV/ °C. The difference between the
simulated and estimated values is 12.2%, and is pre-
dominantly due to the fact that Equations (18) and
(19) consider the bias current of Mg (I;45) to be inde-
pendent of temperature. As explained in section A
however, the current provided by M; has a PTAT
dependency. As such, if an ideal dc current source is
used to bias My, the estimation provided by (18) and
(19) difters by only 1.5% of the simulated results.

Nonetheless, the estimation provided by (18)
and (19) gives acceptable values (e. g. less than 13%
difference), because the relation of 1gsy and I5 in
subthreshold operation is logarithmic.

C. Current Adder

Sub-circuit C is a current adder with resistor Rz
that converts current to voltage. The generated out-

12

put voltage is described by (29). Using (22) and (27),
Equation (29) can be rewritten as (30). Note that I
is half of Iy,.

Veer = (1o + Im11) * R = R3 [(5M10/SM6) :
(Vsmo/2 * Ry) + (Sy11/Su3) - (AVgs/Ry)] (29)

_ [Sm10/Sme) - Vesmo/2 - Ry) +

Vegr = ‘R
REF (SM11/SM3) . (AVGS/R1) 3

(30)

As can be seen in (30), the temperature com-
pensation of Vyppis provided by a proper sizing of the
transistors. Note that R; does not affect the tempera-
ture compensation, and for this reason, Vyyp can be
adjusted to the desired level simply by adjusting R;.

In order to provide a good layout matching, R;
is defined to be equal to R;. Moreover, (Sy0/Su6) 18
set to be 1, with the aim of keeping low power con-
sumption. Therefore, (30) can be rewritten as (31).
Note that Vygpis a function of IC because Vg0 and
AV are defined respectively by (11) and (21).

Vrer = (1/2) *Vesmo + (SM11/SM3) - AVis (31)

To estimate the required value of (8y;;,/Su3)
for temperature compensation, one can take the deriv-
ative with respect to temperature in (31). Imposing
(AVyzgr/dt) = 0, one can show that (8,;;;/8)3) can be
found through (32). For the simulated values of
TCyasyo and TChypgg which are -1.03 mV/ °C and
0.203 mV/ °C, respectively, (Sy;;/S3) is found to be
around 2.5; which corresponds to Sy;;; = (50.57/3).

0 =(1/2) - TCygsmo + (Sm11/Sm3)  TCavgs (32)

In summary, the current mirror composed by
M,y and M, is sized to allow proper temperature
compensation. As a consequence, the inversion level
of these devices is set by TCyggue, 1Capgs and the
inversion levels of M3 and Mg. When M; and Mg are
operating in the beginning of moderate inversion,
M, and M, are consequently operating in moderate
inversion as well. Table VI summarizes the estimated
values of W, W*L and g,,,.

Table VI. Transistor sizes, estimated and simulated values of g,
(sub-circuit C)

Design Choices Designed Sizes

Device I, (nA) IC L w W*L
(um) | (um) | (um?)

Mo 203.4 0.25 3 20.31 | 60.9

My, 506.4 0.25 3 50.57 | 151.7

Device | Estimated Simulated Error

8 (1S) s (1S) (8m8ms) (%)
Mo 5.31 4.41 20.4
M, 13.21 11.04 19.7

Journal Integrated Circuits and Systems 2011; v.6 / n.1:7-17

o




0l-Dalton:01-Dalton

8/19/11 6:09 AM Page 13

——

A Design Methodology Using the Inversion Coefficient for Low-Voltage Low-Power CMOS Voltage References

Colombo, Fayomi, Nabki, Ferreira, Wirth & Bampi

Equations (1-12), (17-22) and (27-32) were
implemented in a spreadsheet, which allows for quick
design (and redesign). Finally, it is also worth adding
that due to the high values of resistance needed to
generate currents lower than 1 pA, the resistors would
be made of high-resistance P-Poly material available in
the technology.

4. SIMULATION RESULTS

After sizing all the transistors, the voltage refer-
ence was simulated and the key performance parame-
ters obtained are presented in this section. The volt-
age reference variation caused by temperature varia-
tion (AVgxgp 7Eyp) Was measured in the range of -40
to 120 °C. The output voltage variation caused by
Vpp fluctuations (AVyggr ypp) was measured consider-
ing a Vpp variation of 0.65 to 0.75 V. In addition, the
output noise (AVyzpr norsp) Was integrated in a 500
kHz bandwidth, and the temperature coefficient, as
described by (33), was also estimated.

TC = Vgep(To) ™t - (AVREF_TEMP/AT) (33)

Figures 4 and 5 illustrate, respectively, Vigp as
a function of temperature for the nominal Rj, and for
three different values of Rj; As already explained,
Vrer can be adjusted to the desired level by simply
adjusting the value of Rj; without affecting the TC.
The value of Vygp at 27 °C is 309.6 mV, while
AVyrer tEppis €qual to 3.2 mV — what represents a 1%
of output variation in the temperature range.

Figure 6 shows the power supply rejection
(PSR) performance of the voltage reference when a 5
pF load capacitance is connected at the output node.
Its value at 10 kHz is 36.6 dB.

Figure 7 presents Vyzpp as a function of Vpp.
The circuit works properly for Vpp down to 0.6 V,
and presents an output variation of 2 mV for a AVpp
of 100 mV. This variation represents a line regulation
performance of nearly 20 mV/V.

Figure 8 illustrates the frequency spectrum of
the output noise voltage at node Vygp As can be seen,

313.5
312.8 ,
d

312,0 N\ A
311.3 X ,/
310.5 pd

309.8 "
309.0

Vier (V)

-40 -15 10 35 60 85 110
Temp (°C)
Figure 4. Simulated V.- as a function of temperature
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the corner frequency is nearly 1 kHz. The integrated
RMS output noise in a 500 kHz bandwidth is 277 nV.
Simulation shows that flicker noise of M,, thermal
noise of R; channel thermal noise of M3 and M;; cor-
respond to: 10%, 28%, 35% and 6% of the output
noise, respectively.

325

320 R3=521K
g 315 -
-~ R3=434K
:E 310

300

-40 -10 20 50 80 110
Temp (°C)

Figure 5. Simulated V.- as a function of temperature for three
different values of R,
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Figure 6. Simulated PSR
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Table VII. Simulated Performance Parameters

VREF TC A‘71{.1317_TEMI’ AT A\71{]3F_V]JD
mV) | (ppm/°C) | (mV ¢C) | (mV)
309.6 130 3.2 160 1.98
AVREF,NOISE PSR Is\lp ly VDD r
(uv) (dB) (nA) V) (uW)
277 36.6 1.92 0.7 1.34

Table VIII. Simulation of Vger Using corner models

Model # Corner Simulation

0 1 2 3 4 5 6 7 8
Nmos | T F S F S F F S S
Pmos | T F S F S S S F F
Res T S F F S S F S F
Vieer 310 [280 | 342 291 [329 | 277 | 289 | 332 | 344
(mV)

The current required by the circuit is 1.92
pA, and the power consumption is 1.34 pW. Lower
power consumption can be achieved if higher values
of resistances R; and R, are used at the cost of
added area. Table VII presents all the results dis-
cussed so far.

A. Impact of Variability on Vger

It is expected that process variations, such as
mismatch and the tolerance of MOSFETs and resis-
tors, will adversely affect the performance of the fab-
ricated voltage reference. To mitigate these effects,
trimming circuits can be included in the reference cir-
cuit design when the application requires high-accura-
cy. Such circuits are often a set of switches that permit
the adjustment of the resistance or current in some
branch of the circuit.

To estimate the impact of the process variation
on the performance of the designed BGR, the circuit
was simulated using corner and Monte Carlo models.

MOS transistors corner models used in simula-
tions were: SS (slow-slow), FF (fast-fast), SF (slow-
fast) and ES (fast-slow). The resistor models used
were: SS and FF.

Figure 9 shows Vyppas a function of tempera-
ture using corner models. The minimum and maxi-
mum values of Vi p(27°C) found in these simulations
are 277 mV and 344 mV, representing a variation of
Vrer equal to 67 mV. Table VIII summarizes the
simulation results of Vi pp using corner models.

Figure 10 presents Vzgp as a function of Vpp
using corner models. In all simulation cases, the cir-
cuit operates properly with the minimum supply of
0.6 V.

Because mismatch is not taken into account in
the former analysis, Monte Carlo simulation was also
executed to have a complete estimation of fabrication
process effects.

14

370
350 .
330 =
310
290
270
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40 -20 O

Veer (MV)
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Figure 9. Simulated Vg as a function of temperature using
corner models

360 l__f:f,l,f:ﬁf_j'
300 /

S 240

E ]

< 180

= 120
co 1l

0 0.3 0.6 0.9 1.2 1.5 1.8

Voo (V)
Figure 10. Simulated Vg, as a function of V, using corner models
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Figure 11. Monte Carlo simulation of Ve at 27°C
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Figure 12. Monte Carlo analysis of _Viger 1y

# Samples
[y
3

U
o

In the Monte Carlo analysis, the process and
mismatch variations were included in a simulation
considering one thousand samples. Figure 12 shows
the histogram for Vyzpat 27 °C. The mean value is
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309.7 mV, while the sigma is equal to 9.6 mV. This
represents for a 3-sigma requirement (99.73% of sam-
ples), a total variation of Vygpequal to + 28.8 mV.

The temperature performance was also verified
in the Monte Carlo analysis, as shown in Figure 12. The
mean value of AVyppr 7gpp is 3.5 mV, while sigma is
0.51mV. In the worst case scenario, the output will vary
nearly 5 mV in the temperature range of -40 to 120 °C.

The designed voltage reference is not able to
supply current to the load. Therefore, in order to pro-
vide current to the application, the reference circuit
must be connected to a buffer, that is, an operational
amplifier in negative feedback configuration as illus-
trated in Figure 13. The amplifier must have high
open-loop gain and present a frequency response as
given by the voltage reference circuit.

In the non-inverting configuration shown in
Figure 13, the output voltage (Vyyr) is given by (34).
As Voyrdepends on the resistor ratio, which is insen-
sitive to temperature variations in first approximation,
it follows the temperature dependency of Vigp.

Vour = (1 + Ry/Rs) - Vggr (34)

Resistor R; (or R,) can be designed to be
adjustable through a set of switches that allow to
increase or decrease its resistance. These switches can
be simply transistors with low on-resistance. The trim-
ming circuit composed by Rj or Ry is used to adjust
Vour and therefore mitigate the variability caused by
the fabrication process. For instance, in applications
where a full scale variation of Vigris equal to 67 mV
— an estimation provided by corner simulations — is
not acceptable, the above technique can be employed
to ensure accuracy better than 10 mV [24]. In fact,
the accuracy will be defined by the number of bits
available for trimming.

It is worth noting that the amplifier should
present low offset voltage (Voppser), as this offset is
directly transferred to the output. In addition, it is
desirable to properly isolate the reference circuit and
noisy traces, as the coupling noise is also transferred
to Vour,

I Noisy Trace

CPARASITI(

VOFFSI’T

Ve ———
VNOIQI’

Figure 13. Operational amplifier in negative feedback configuration
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B. Stability Analysis

Both sub-circuits of the designed voltage refer-
ence present feedback loops, and as a result there is a
possibility for oscillation and instability.

Sub-circuit A presents a positive feedback loop
through M; — M. However, if the loop gain is less
than 1, the stability is guaranteed. In our design, the
high value of R; guarantees a loop gain of 0.27. In
addition, it is desired to design M, wider than M,
[25]. As such, the sizing ratio S,,,/S;;» was designed
to be equal to 10.

Regarding sub-circuit B, capacitor C; sets the
dominant pole at the gate of Mg [17]. It also sets the
gain-bandwidth product of the feedback loop, wgpws,
given by (35) [17].

Weaw = [(Gmo * Gms * R2)/C1] * (Sur/Sme) (35)

Therefore, capacitor C; should be properly
sized in order to maintain a gy well below the value
the other remaining poles, which are located at gate of
My-M,, and My [17]. In this design, C; was set to
5 pE.

C. Supply ramp and start-up circuit

The current source implemented through sub-
circuit A has two stable points of operation: (i) Iy; =
0 and (ii) Ix; = AVyp/R;. Undesirable point (i) can
happen if voltages at gate of M; and M, are near to
Vpp and zero, respectively. If operation point (i) hap-
pens, M;s will not supply current to My and accord-
ingly, Iz, will be equal to zero. In this situation, no
voltage reference will be generated.

In order to guarantee the correct operation of
sub-circuit A, a start-up circuit composed of M;, —
M, was added in the circuit as shown in Figure 14.
The circuit injects current into device M,, forcing its
gate voltage to increase, and therefore establishing
proper operation.

5
M; M,

'IE My, R,

1 "‘TDD
M, M,

ety -

Figure 14. Start-up circuit
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If the circuit has no current, the Vg, of M will
be zero, and consequently M;; will be turned off. As
M4 has Vg higher than Vo, it is always in conduction,
which forces the Vs; of My, to be Vpp. At this
moment, M, injects current in the drain of M,, and
thus, increases its gate-source voltage. This allows the
circuit to converge to the correct operating point
through the feedback formed by the current mirror
M, and M;. When the source-gate voltage of M,
achieves its stable value, M;; turns on, which conse-
quently forces Vi of My, to be small enough to turn
it oft, and thus the start-up circuit is disconnected
from the voltage reference.

With the aim of verifying the correct operation
point and also the stability of the circuit, it was simu-
lated when applying a Vppramp. In this simulation,
initial voltages conditions equal to 0.7 V and 0 V at
the gates of M; and M,, respectively were chosen (the
worst case scenario). As can be seen in Figure 15, the
reference with start-up circuit brings the reference to
the proper operation point after 30 ps. Without the
start-up circuit, the reference circuit fails to attain the
desired operating point and Vg gy remains at 0 V.

The transistor aspect ratios of Mj,-M;, are
(lpm/5pm), (80um/0.3um) and (0.3pum/20pm),
respectively. Device M, ; should have a large value of
(W/L), while M, should have a small (W/L) value in
order to guarantee that the voltage at the drain of M;;
is high enough to turn off M, when the reference cir-
cuit achieves the correct operation point.

Finally, the methodology presented in this
work is not only suitable to the circuit presented in
Figure 3, but for any other voltage reference that
must operate under low-voltage and low-power
requirements using subthreshold MOSFETs. The
advantage of the proposed methodology, if com-
pared to the traditional approach — i.e. Equations
(13-14) -, is the conscious choice of the MOS inver-
sion level, which allows a quick and reasonably accu-
rate estimation of transistor widths for a given set of
design choices (e.g., current, channel length and
IC). The estimations provided by Equations (1-12),
(17-22) and (27-32) differ from the simulated
results by 20%.

~ 750

E 600 f s
= 450 ! Veer
= I (with start-up)

E 300
- VRer

& 150 {w/9o start-up)

- s

0 20 40 60 80

Time (uS)

Figure 15. V. as a function of time
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5. CONCLUSIONS

The methodology presented herein, when used
as initial design guidance, reduces the design time of
low-voltage and low-power voltage references based
on subthreshold operation. Simulated results and esti-
mations provided by the proposed equations are in
agreement. The voltage reference used here as a case
study operates under 0.7 V of supply while consum-
ing only 1.34 pW. It is to be noted that the proposed
methodology does not replace electrical simulations
to evaluate circuit performance over process variations
and layout parasitics, but leads to an optimization of
the transistor sizing process in designs operating in
weak, moderate or strong inversion.
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