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Resumen

Hoy en dia, los espejos de corriente o current reference, pueden ser mejorados con
las caracteristicas de inversion débil subthreshold-region cuando son construidos
con tecnologia CMOS, estd tesis trata sobre cuatro estructuras de current reference
basadas en un circuito de solo tres transistores, las figuras de merito como coefi-
ciente de temperatura, consumo de potencia, y sensibilidad de carga y proceso son
obtenidas en cada una de las estructuras, y posteriormente son comparadas para
disernir cual de las implementaciones ha presentado un mejor desempeiio. Las si-
mulaciones fueron realizadas en una tecnologia de 180 nm, nanémetros, TSMC
CMOS usando transistores de tipo MEDIUM VOLTAGE THRESHOLD (MVT) pa-
ra un voltaje maximo de alimentacién de 2 y 3 voltios. La tesis esta compuesta de
cuatro capitulos, el primero muestra los principios fisicos para inducir una corriente
cuando el transistor MOSFET se encuentra en la region de subthreshold, lineal y
saturacion. El segundo capitulo muestra las especificaciones tomadas en cuenta pa-
ra implementar los cuatro diferentes disefios, como son el dimensionamiento y los
parametros eléctricos de las fuentes de alimentacién, los disefios fueron implemen-
tados en Virtuoso de Cadence. El tercer capitulo muestra los resultados obtenidos
en cada uno de los circuitos y una comparativa de las figuras de merito calculadas.
Finalmente, el cuarto capitulo muestra las conclusiones de cada bloque, los benefi-
cios obtenidos al implementar cada uno de los disefios asi como la mejor solucién
acorde a las figuras de merito obtenidas.

PALABRAS CLAVE: espejo corriente, CMOS, inversion débil, MOSFET, consu-
mo, potencia, coeficiente temperatura, sensibilidad carga.



Abstract

Nowadays, the current reference circuits can be improved using the CMOS weak
inversion characteristic, this thesis deals different current reference structures in or-
der to design a circuit which figures of merit can be reduced like the temperature
coefficient, power consumption, and load and process sensitivity. Simulation results
related to the 180 nm TSMC CMOS process are shown to evaluate the benefits of
the proposed solutions. The thesis is composed of four chapters, the first chapter
shows the physic principles to induce a current when the transistors are in sub-
threshold, linear and saturation regime over a MOSFET. The second chapter shows
the specifications at technology, sizing and electric level in order to implement the
designs in Virtuoso of Cadence. The third chapter shows a discussion about the
findings obtained in each one of the circuits implemented, and how the figures of
merit have been reduced. Finally, the fourth chapter shows the benefits of each
block that composes a certain design, and the best solution is mentioned.

KEY WORDS: current reference, weak inversion, low power, low voltage, CMOS,
temperature coefficient, load sensitivity
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Chapter 1

Introduction

Sub-micron CMOS technologies had opened a new branch to design low power
structures, at the same time these are more dependent on temperature and process.
Some of these structures could be: the current and voltage reference whose goal
is retaining a value as much as possible while the temperature changes. On the
other hand, the scaling has allowed to integrate and improve the density when the
CMOS technologies are used but the temperature dependence has increased too.
Mainly sub-micron transistors have problems to handle the temperature changes.
In addition, each working transistor region can be used to create new circuits with
different topologies, one of these is the subthreshold or weak inversion region which

behavior can be used to control the diffusion current with the temperature changes.

The low-power design, especially in the IoT and biomedical applications, is a field
with a constant growth. Reducing the power consumption is one of the main items
to treat at the designing time, this is the reason that new methodologies have been
studied, one of them is the current reference circuit, which aim is the giving a volt-
age and current stable with a certain dependence level about the temperature and
process sensitivity. This section discusses the function principles inside of CMOS
to perform in low-voltage mode, the reference circuits needed to implement a volt-

age and current reference, the parameters to evaluate its performance and the latest
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researches about voltage generator and current references.

1.1 Function Principles

In this section, the main principles to design a voltage and current reference are ex-
plained. First, the temperature and process sensitivity are explained as main factors
for low power designing, the zero temperature coefficient (ZTC) point, as param-
eter to lead the voltage reference to the optimum working point, which is focused
in the mutual cancellation of temperature dependence of the threshold voltages and
thus the mobility of the charge carriers. Secondly, the weak inversion region where
the transistor should work in order to have the lowest power consumption as possi-
ble. Finally, the self cascode arrangement, useful for low voltage analog circuit, is

explained and its dependence to the voltage supply variations.

1.1.1 ZTC point

The transconductance characteristics in function of the temperature, for a NMOS
transistor is shown in Fig (1.1), where the ZTC point for some curves in function
of the temperature are depicted. The figure shows than at low gate-source voltage,
Vis, the dominating factor is the threshold voltage, Vry, which decreases with the
temperature on the other hand the drain current increases while at higher Vg the
mobility decreases with temperature and so the current will be lower. The mutual
cancellation of this two different effects occurs at one point called Zero Temperature
Coefficient (ZTC) point. The analytical expression of the drain current saturation
is:

== —Vey)?
D= L.un(VGS Vru)

and the gate-source voltage Vg 1s
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Vas = Vzre = Vru (T,) — k| T,

The temperature independence can be observed

Cox W
Ip =Izrc = = () (K| T,)*

By choosing a correct Vg the cancellation of the threshold voltage can be possible,
so the circuit will work in the ZTC point. In this point (Vz7c,Iz7¢) exists, the curves
obtained at different temperature have a common intercept point, Fig (1.1), in this

point the temperature coefficient of the threshold voltage can be expressed as:

Vru (T,) = Vzre
1,

k| =

There is a mutual accomplishment between the threshold voltage and the mobility,
since of the doping concentration increases above 10!7cm? the mobility is propor-
tional to 72 while with a doping equals to 10'%¢cm? the mobility is proportional

to T-242[1].

i _' CTAT region'

100n

I, (A)

10n E

50m i

AV__ (V) TC (ppm/°C)

-som _I L L 1 1 I_
00 01 02 03 04 05
Vs (V)

Fig. 1.1: Transconductance characteristics of a NMOS transistor [2]
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The temperature dependence of the MOSFET drain current, Ip, shows two opposite
trends Fig (1.1)(a): at low gate-source voltage, Ip increases with the temperature
since the threshold voltage Vry decreases and the thermal voltage V7 increases; on
the other hand, at high gate-source voltage, Ip decreases with the temperature, due
to the decrease of the charge carrier mobility. The transition point between these

two operating regions is usually referred as ZTC point.

(a) STANDARD APPROACH
leer o' vz
Voltage V, 2 x
reference —0—{ M, oap >
atV,=Vyrc 0 20 40 60 80
= T(°C)
(b) PROPOSED APPROACH
| I
CTAT v, Heer [ praT v, Hrer
voltage —0—{ M oap voltage H—{ M oa0
at Vy<Viure atVy>Vure
S .
NS

0 20 40 60 80 0 20 40 60 80
T(°C) T(°C

Fig. 1.2: Conceptual diagram of a current reference based on (a) the standard ap-
proach and (b) the approach proposed in [2]

Typically, this standard is used to implement the temperature compensation in a cur-
rent reference depends on the use of a voltage reference with an output voltage equal
to the Vj;7¢ and adding an output MOSFET that converts the V)7 ¢ at the gate termi-
nal into the reference current (/ggr) at the drain terminal, as shown in Fig (1.2)(a).
However, there are some evident drawbacks related to this design approach, like the
need of a very precise bias voltage for the load transistor, which typically requires
the use of an amplifier stage with a very precise and process-voltage-temperature
insensitive gain added to a basic voltage reference, so it is possible having to large
penalties in terms of power consumption and area occupancy, and the high bias volt-
age typically required to get the MTC point, which translates into high reference

currents, high power consumption, and high minimum supply voltage (Vppmin)-
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1.1.2 The body effect

In a common circuit the source terminal is tied to the substrate (body) terminal
B, which results in the pn junction between the substrate and the induced channel
having a constant zero bias, in this case the body do not play any role in circuit
operation and it is neglected, but in integrated circuits, the substrate is common to
many MOS transistors. In order to have the zero bias condition for all the substrate-
to-channel junctions, the body is connected to the most negative power supply. The
reverse-bias voltage between source and body, Vsg, will have an effect on device op-
eration. If the body is more negative as the source voltage, the reverse-bias voltage
will widen the depletion region. This in turn reduces the channel depth and to return

the channel to its former state, the gate-to-source voltage, Vs, has to be increased.

The effect of the body-bias on the channel can be represented as a change in the
threshold voltage , Vry, so an increase in the reverse substrate bias voltage Vsp

results in an increase in Vry according to

Vi =Vrro+ 7 [v/207 + Vss — \/207] (1.1)

where Vrp is the threshold voltage for Vsg = 0; ¢/ is a physical parameter (2(]) A O.6V) ;

Y is a fabrication-process parameter given by

V2qN4€s

Cox

where ¢ is the electron charge, N4 is the doping concentration of p-type substrate
and & is the permitivity of silicon, ¥ has a dimension v/V and is commonly 0.4V1/2,
Equation (1.1) shows that an increase in Vgp yields an increase in Vry, which in turn
results in an increase in drain current Ip even though the Vg is kept constant. In
conclusion, the body voltage controls the drain current Ip, so the body plays as

another gate for the MOSFET, this phenomena is known as the body effect, and the
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parameter Y is known as the body-effect parameter [3].

Small-signal model for the Body Effect

The body plays as a second gate or a backgate for the MOSFET, so the Vpg yields
an increase to the drain-current, this increase in function of the transconductance

can be g,,,Vps, where g, is the body transconductance given by

aip
IV

8mb

where Vg and Vpg are constant, equation (1.1) shows the dependence of Vyy on

Vs so the Ip depends on Vpg and the body transconductance is given by

8mb = X8m

where

7~ NVru _ Y
IVsg 220+ Vs

x has commonly a value from 0.1 to 0.3. Fig (1.3) shows the nMOSFET model

with the controlled source g,,;,Vps that models the body effect [3].

D

I

]
|

8mbUbs Ups

&
3
)
=
AAA
VW
=

o |
]

o
S

Fig. 1.3: Small-signal equivalent-circuit model of nMOSFET [3]
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1.1.3 Sub-thershold Region

Low-voltage operation requires a trade between the threshold voltage and the off
currents of the devices, a higher off current more power consumption in idle mode.
In addition to off current control, the circuit has to control independently certain
sections in order to turn off sections in idle mode. One method to reduce the
off currents is designing the transistor with a low threshold voltage which limits
the power to use in the circuit in the active mode, studies has shown that the low
power consumption in standby mode can be reached by including a back-gate-bias
threshold-voltage control for the idle circuits. Another solution is to use variable
threshold devices, where the technique of tying the gate potential to the substrate
potential to create a lateral bipolar action in the devices is used, in this solution the
threshold voltage is reduced when the circuit is turned on. These improvements can
be reached only if the circuit is fabricated on an SOI substrate because the channel
region can be contacted and the individual transistors are isolated from the rest of
device [4].

In order to achieve such low-power, the circuits should operate in the subthresh-
old region, where the gate-source voltage of MOSFET is lower than the threshold
voltage [5].

The bias current in weak inversion for a nMOSFET is given by:

W VGS_VTH VDS
Ip = Iy— 0 T (- _ 1.2
pmwpen () (-ew (57)) 02

Ip = uCox (N — 1) V7

where p is the carrier mobility, Cpy is the gate oxide capacitance, Vr (= kT /q) is
the thermal voltage, kp is the Boltzmann constant, 7 is the absolute temperature,

and ¢ is the elementary charge, Vry is the threshold voltage of a MOSFET, and
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n(~ 1.5) is the subthreshold slope factor.

Equation (1.2) shows that subthershold current has an exponential trend in function
of the gate-source voltage. Fig (1.4) shows how changes the value of the current at
different temperatures and gate-source voltage, than means the subthershold current

is sensitive to temperature and process variation.

104 T T T T T T T T

F Subthreshold region 100°c

0.2 0.4 0.6 0.8 1
Vas (V)

Fig. 1.4: Subthreshold Current curves in function of gate-source voltage at different
temperatures[6]

The temperature dependence of the threshold voltage (V7y) and the mobility (u)

of MOSFET is given by:

Vra = Vrgo — kT (1.3)

The temperature coefficient (7C) is given by

2—m+ K—(Vcs—VTH)/T

TC =
T TIVT

where m is the mobility temperature exponent, K is the temperature coefficient of
Vra, Vrao 1s the threshold voltage at O K [7]. Equation (1.3) shows that the thresh-
old voltage depends directly on the temperature variation around the transistor. Oth-
erwise, process variation could be intra-die variation and inter-die variation, the first
happens within-die (WID) and the second is the difference between die to die (D2D)

[8]. The WID is caused by mismatches between parameters within a chip and af-
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fects the accuracy of the parameters and the D2D affects the absolute accuracy of

transistor between chips.[6]

The process dependence of the subthreshold current is given by:

(1.4)

Alps 1 (dIps dIps Au  AVry
obs _ A AVry ) =
Ips  Ips ( u an ovry

Au is generally smaller than AVry, so the current depends mainly on AVry. Equa-
tion (1.4) shows that a little variation in the threshold voltage will yield a current
variation so the process sensitivity plays a main role at the moment to design a
transistor in the weak inversion region. Additionally, the process sensitivity could
be reduced by using large-sized transistors and analog layout techniques, and the
temperature dependence can be used to compensate for temperature variation of a

constant voltage [6].

1.1.4 Self-Cascode connection

Fig. 1.5: Self-cascode connection

In some cases, the current needed for a circuit should be greater but the technology
of the transistor does not allow to increase it. Fig (1.5) shows the implementation of
this technique with two transistors. In practical cases, the ratio W/L of the transistor
MD should be greater than the ratio in MS, i.e. m>1, to ensure the saturation regime

in both. This structure can be treated as a complete transistor, which has a much
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larger channel length thus a lower output conductance (L7 = Lyp+ Lys). The
main advantages that this connection present is: it provides higher output impedance
and it reduces the effect of Miller capacitance on the input of the amplifier [9]. The
structure is driven by the same input signal. If MD and MS have similar W/L ratio,
MS will work in the linear region while MD will operate in the saturation region,
so the composite transistor will work like a common-source stage but with a higher
voltage gain. If MD has a much higher aspect ratio than MS, then with an appropri-
ate bias of voltage and current, MS is placed in strong inversion region while MD
operates in the weak inversion region, so that the new gain will be increased too

much.

If the MS threshold voltage,Vry ps, 1s greater than MD ,Vry yp, and the width
of MD is equal to the MS transistor, MS will work in linear region and MD will
work in saturation region. The above assumptions and a constant current along the
composite transistor, all the transistors connected in series and tied to the same gate
voltage, allow to reduce the channel resistance and the drain-source voltage in MD,
Vps.mp, and an increasing in the drain-source voltage in MS, Vpg p5, so MD and
MS can be operated in saturation regime [10]. In order to guarantee the self-cascode

structure in saturation regime, the next condition will be reached when

Vps(sat)mp = Vrams — Vramp where Vryg ys > Vra p (1.5)

The drain-source voltage in MS is small so the saturation voltage of the compos-
ite transistor is similar for a normal transistor with similar dimensions, so a self-

cascode can be used in a low voltage operation.

The self-cascode offers high output impedance, similar to a regular cascode struc-
ture while output voltage requirements are similar to that of a single transistor. On
the other hand, the advantages could be the limited input common mode range,

small output swing and relatively high power supply requirements. Since this struc-
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ture will be used to reduce the linear sensitivity in the implementation chapter, the
small-signal analysis is necessary, Fig 1.6a represent the small-signal equivalent cir-
cuit. If the body and source voltage are equal to zero, Vg = Vs = 0, and the voltage
supply input, drain node D, is grounded through a supply source, i.e current supply

that provides 1d, the circuit can be reduced as shown in Fig 1.6b.

S
D Id
gmD(Vgs-Vx) @ gmbD(Vb-Vx) |[|routD %
Vgs-Vx
gmD(Vgs-Vx) C) agmbD(Vx) routD
Vgs-Vx
V95 ng(Vgs Vs) @ gmbS(Vb-Vs) d] routS
g - Vgs

y ng(Vgs) d:' routS
Vsb
- B S -

>

(a) (b)

Fig. 1.6: Small-signal circuit equivalent and Small-signal reduced circuit

The drain current in MD and MS transistors is defined by

x5 gmbypVxs (1.6)

ip = gmyp (Vs — Vxs) +
Yout MD

Vxs

ip = gmuysVgs + (1.7)

Yout MS

where Vs is the gate-source voltage for the composite transistor, Vxg the intermediate-
node to source voltage, o, ms and 7o, yp are the on-resistance for the transistor
connected in source S node and drain D node, respectively, gmy;p and gmy,s are the
transconductance for MD and MS respectively and gmbyp is the transconductance
due to the body biasing. Equations (1.6) and (1.7) allows to have the transconduc-
tance of the composite transistor by

7))

gmsc = ——
Vis

Using (1.6) and (1.7) the above relation is reduced from
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Tout MS
. gMmyp ~+ MpDEMMST our MS + MM + gmbpyp8MMSTour M
li . Yout MD
o Yout . MS
Vs 1+ gmyprous ms + +gmbyprour ms
Yout MD
8Mpp g8mus
. (gmmp + gmbyp) gmys + +
Ip Fout, MS ~ Tout,MD
Vs 1 1

gmyp + gmbyp +
Yout, MS  Tout, MD

Since 7,4 ms and rou pp are so large, the relation will be reduced and the composite
transconductance will be driven by the transconductance of the transistor connected
to the source of the composite transistor.

i

D
gmsc = 3, = 8Mmus (1.8)
GS

Self-Cascode for n-transistors

If the number of transistors to create a composite transistor is greater than two, a
similar analysis in small-signal can be done but the gmgc will be approximately the
transconductance of the bottom transistor in the cascode connection. In addition to
the equivalent composite-transconductance, all the transistors in series connection
must have the same dimensions at a specific technology, this helps to reduce varia-
tion in the process and the power needed to bias the composite transistor, with the

below assumptions the composite-transconductance can be given by the relation:

gmy g&nmi gms3
. = +gmpgm| +gmigmby + +
ip _ 1 ro  (rar) (gmz+gmbz+1/r3)
Vos I I I
— +gmy +gmby + — +
no 8 8 ry  (rary) (gm3+gmbz+1/r3)

The relation can be reduced only when the assumption of the all transistors on-

resistance is so large. Second, the relation for a n-number of transistors can be
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described by

D gmy [1(gmy + gmby)
Ves [1(gmn + gmby)

~ gmy

where M index shows the transistor placed in the bottom of the cascode-connection
and N index the number of transistors used to create the composite-transistor and
counted from 2 to the total of transistor number. This composite transconductance
can be modeled by the geometrical parameters on the transistor such as width and

length.

c.w (Vos—Vrn)*

Ilpsms _ Hn

=z w
g 2
= tnCox (Vgs1 — Vra) =
Vs Vs Hnor L Vs =Vrn) = gmsc
L e 1
gms T 1,Cox (Vas1 — V) W/L),

If the transistors are the same type, the ,Cox (Vgs1 — Vry) can be omitted and the

gain is proportional to W/L ratio, the equivalent ratio is given by:

N
(E) B NI_:II (%)N
L N
3 (1),

The total channel length can be increased, Ly = Ly + Ly + - - - + Ly, so the current
used to bias the composite transistor will increase slowly in comparison to a simple
transistor due to the channel length increasing, this effect can be used in low power
applications where the linear or process sensitivity plays a main role to reduce the

figures of merit.
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1.2 Figures of Merit

The performance of the voltage reference designs has to be measured with normal-

ized metrics, some of these metrics are explained below.

1.2.1 Temperature Coefficient

The variation in the output voltage from the voltage reference is defined by its
temperature coefficient, which has units of parts per-million per degree Celsius

(ppm/°C). The voltage is given by

2
T T
T)= Dso 1+T — T —
Vrer (T) = VReF 25c< +7TC, (25°C)+ G (25°C) + )

TCj 1s the first order temperature dependence, 7'C; is the second and so on. The TC
is defined with the endpoint or box method and a specific temperature range which
could be a commercial range (0 to 70 °C), a industrial range (-40 to 85 °C) and an
extended range (-40 to 125 °C). The box method may underestimate the TC, if the

temperature range of the application is smaller than the working range [11].

TCpox = (VREFMAXIT — VREFMINIT) ( 1 ) 106

VrEF25°C Tvax — Tvin

VreFITMAX — VREFITMIN) ( 1 ) 10
VReFIs°c Tvax — Tuin

TCENDPOINT = (
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Box Method Endpoint Method

V,
ReE Vier (Tmax )

[ —
Vrer (Twin )

VRer min

l | | [
| | I |
Twin 25°C Twmax LT 25°C Twax

Fig. 1.7: TC by box and endpoint method [11]

In addition to the methods mentioned above, the temperature dependence in a cur-
rent reference circuit in weak inversion region is measure by the current change in

a specific temperature range, this parameter is given by:

IREFypan Tyvax — Tvin °C

where IrgF,,, and Irgr,,, are the maximum and minimum current, respectively
in all the range at (Tyn — Tyax ), the temperature range is bounded by Tyax and
Tyin, in simulation case Ty is equal to 0°C, the room temperature is 25°C and

TMAX is 100°C.

~ AREFy.x T IREFy

IREFypan = > (1.10)

In this thesis, the voltage supply is 1.5V, so a TC value of 20ppm/°C, represents
ppm 1.5V uv

°C 106 °C

The smaller temperature coefficient the smaller change in the reference current

20

when there is a temperature variation.

1.2.2 Linear Sensitivity

In a voltage reference, is the variation in the reference voltage as a function of the

input voltage. It allows to know the dependence as a function of the input supply.
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It is suitable a 10% or less in its value, in order to decrease significantly to the total

CITOLr.

Its value is given by

LS IREFyux — IREFyn [%] (1.11)

IREFMEAN (VDDMAX - VDDMIN) \4

where IggF,,, 18 the current given at Vpp,,,, and Irgp,,, is the current given at
VDD, the supply voltage is bounded by [Vpp,,., : Vop,,n]» Where Vpp,,,, is 1.5V
and Vpp,,,y 1s the minimum voltage where the curve present a high change in its lin-

earity. IreF,,,y 1S given by the average in the range bounced by [Vpp,,,y : VoD ]-

The smaller Liner Sensitivity the better independence of supply voltage.

1.2.3 Process Sensitivity

The process variations can be measured with the current tendency, lower percentage

better independence of the process. This relation is given by:

IREF,.x — IREF;
PS — MAX MIN

x 100 [%] (1.12)
IREFMEAN

where IggF,,,, and IrgF,,, are the maximum and minimum currents used to bias the

load.

The low power applications need circuits with a low power consumption and a
stable output either in voltage or current. Nowadays, the current or voltage reference
circuits are used to achieve a pW level in power consumption, in this section, the

basic designs and quality parameters are explained.

1.2.4 Minimum Voltage Supply and Reference Current

This parameter is given by the minimum supply voltage to ensure a correct operation

of the circuit. Low-power applications needs a VDDy;;y < 1V. Another parameter
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is the output current which is measured at room temperature, 20°C and a fixed
voltage supply, the applications need a reference current as stable as possible in
order to reduce the power consumption and to guarantee the security of the circuit

in critic situations like high temperature or a strong variation in the power supply.

1.3 Circuit References

1.3.1 Voltage reference

The voltage reference is a circuit used to generate a stable voltage in its output,
VrEF, where the voltage supply should not play a main role, so this circuit has a
significant independence of the supply, Vpp, temperature and process variation. In
addition, always it is achieved a Vger < Vpp and the temperature dependence could
be a concern to modify the reference voltage required. If Vggr increases with tem-
perature, the reference is called proportional to absolute temperature or PTAT but
if Vger decrease with increasing temperature the reference is called complementary
to absolute temperature or CTAT [12]. Fig 1.8 shows the tendency for a CTAT and

PTAT voltage reference with increasing temperature.

Vrer Vrer
Pw CTAT reference
T, temperature T, temperature

(@ (a)
Fig. 1.8: (a) PTAT (b) CTAT Vggr vs Temperature variation [12]

Otherwise, Fig 1.9 shows the possible methods to design a voltage reference, the
basic design is given by a voltage divider with two resistor where the power dis-
sipation is the main problem because reducing consumption on the resistor must

be large, larger resistor larger area. The next voltage divider between resistor and
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nMOSFET has a current control by the resistor and variability control in the load
by the transistor. Finally, the voltage divider between pMOSFET and nMOSFET,

uses less area at the layout and a best control of the reference.

VDD VDD VDD
A A A

H R1 H R1 [E M2

+—> VREF —=> VREF +—> VREF

I e

Fig. 1.9: Voltage dividers implemented from Only Resistors to Only MOSFET

The third voltage divider structure is the best option when a low power and voltage
application is required, some variations are shown where the pMOSFET is changed
by a nMOSFET, the driven voltage is given by the gates voltage with respect to

ground. Since Ip3 = Ip;.

% (Veer —Vran)® = % (VDD — Vrer — Vrup)® (1.13)

VDD —Vrypp + 4/ % X Vrun

VREF =
B
\/i +1
B>

where VDD is the supply voltage, Vryp/rgn are the threshold voltages and B2 are

(1.14)

the amplification coefficients.

Forcing the same current in the transistors is made with the current mirror concept,
where the low-output resistance in the transistor gives a reference very sensitive to
changes in VDD, this technique can be improved if is cascoding [12], where the

current can be equal and sensitivity to VDD can be reduced.

The cascode structures allow to have the same bias current on a branch of the refer-
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ence, and the reference current’s variation with temperature is given by:

Irer (T) = Iger (T,) (1 +TClger (T —T,)) (1.15)

where T'CI,, s is the temperature coefficient defined as:

1 BIREF
TCI =—
REF IREF oT

(1.16)

1.3.2 Voltage and current reference based on bandgap reference
circuits

Figure (1.10) shows the circuits to get a bandgap voltage reference, which generate

a voltage independent of the process, supply voltage and temperature. It is built with

MOSFET transistor, substrate pnp bipolar transistors and resistors, their operation

principle is given by the function of two circuits the voltage and current reference

(B)

Fig. 1.10: (A) Conventional bandgap voltage reference circuit (B) Sub 1-V output
bandgap voltage reference circuit [6]

Operation as voltage reference circuit

The collector current Ic of the bipolar transistor is given by
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%
Ic = KlIsexp (%)
T

where K is the transistor size, Is the saturation current, and Vg is the base-emitter
voltage[12]. The operation current Ip in Fig 1.10(A) is given by QO and Q;, with

different transistor sizes and the resistor R as:

Vee1 —Veez _ Vrln (K2/K1)

Ip=C
P R, R,

The current Ip is PTAT, the resistor R, and the transistor Q3 accept the current

through the current mirror circuit and produce the output voltage, given by:

Ry
Vrer = Vs + 1R :VBE3+IT1VTIH(K2/K1) (1.17)

Equation 1.17 shows that Vggr is the sum of the base-emitter voltage and ther-
mal voltage scaled by the resistor ratio. An output voltage Vrgr with ZTC can be
obtained by adjusting the resistor ratio. On the other hand, in Figure 1.10(B) the

operation currents /; and I, are given by:
_ Vee1—Vper _ VrIn(Ky/K)) — Veei
Iy = YeeL Vo2 — JTRE L=

The resistor R4 accepts the current Igpr (= I} + 1) through a current mirror and

yields an output voltage which is given by:

4 Ry
VRer = IrRerR4 = —VBE1 +

Vrln(K> /K
2 RlTn( /K1)

To achieve the independent of temperature, the resistor ratio should be adjusted.
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Operation as current reference circuit

The circuit in Figure 1.10(B) can be used as a current reference generator. The re-
lation R = Ry (1 + aT) gives the temperature dependence of them, where Ry is the
resistance value at absolute zero temperature, and « is the temperature coefficient of
the resistor [6]. The temperature dependence is given by Vpr = Vg (1 —AT) and AVgg =
BT, where A and B are the TC of Vg and AVpg, respectively, and Vg is the base-

emitter voltage at absolute zero temperature, so the reference current is given by:

AVpp  AVger BT Vaeo (1 —AT)

Ingp =1+ =C -
REF =117 72 R R, Ru(l+oaT)  Rep(l+aT)

1 VBEO1
IrRer = — (BT) +
Ro1 (BT) Rz

(1-(A+a)T) (1.18)

The two terms in equation (1.18) have negative and positive temperature depen-
dence, respectively. The current reference can be independent of temperature with
adjusting of resistor values. These circuits can give a stable current and voltage but

the power consumption could become a drawback at the implementation moment.

1.3.3 Voltage references based on AV

The circuits showed in Figure (1.11) operate in the strong inversion region and are
based on the difference between the gate-source voltages. The drain current Ipg in

the strong inversion and saturation region can be expressed as

K
Ips = TB (Vos —Vru)?

where K = W /L ratio, and 3 (= uCopy) is the current gain factor.

The circuit (A) shows two transistors with different threshold voltage, where the

reference voltage is given by
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v, Vasi — Vasa = (V KT) — (V- KT) + | 28 ( : ! )
rREF = Vis1 — Ves2 = (Vraor — — (VrH02 — — | ==
B K K>
Vrer = Vruo1t — Vruon (1.19)

Ip is a low bias current so that the temperature dependence of  can be ignored, so
the reference voltage can be obtained with the approximation showed in equation
(1.19). In addition, the dependence for a multiple-threshold voltage process leads to
have different k temperature coefficients, so the circuit is dependent of the process,

to control this problem the two threshold voltages should have the same value in

each MOSFET.

The circuit (B) shows a voltage reference using a standard CMOS process, where

VREF 1s given by

Ry
VREF = (1 + —) Vesn — Vesp
R

The dependence of the threshold voltages can be canceled adjusting the resistor ra-
tion and the transistor sizing, and the temperature dependence only can be canceled

at room temperature.
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(A) I B

5. —

' F 4[ M, Vier
I_T[ M, W, :I]I——Vg R,% 7=

J—=—L Cw,

R,
21,

Fig. 1.11: Voltage reference circuits based on AVgs

1.3.4 Current references based on weak and strong inversion re-

gions

Fig (1.12) shows a circuit without resistors, where transistors M2-M11 operate in
the subthreshold region, and M1 and M12 operate in the strong inversion region.
Assuming that the body effects of M2 - M 10 are neglected, the output current Irgr

is given by

K1 KoK7KsK KK
IREF:§n2V72‘1n2 (120 11K9K7Ks 3)( 1K12 )

K10KsKeK4K> ) \ K12 — K

The TC of the reference current is given by

1 dlggr  1du 1 dVE 2—-m

TC= — === L=
IREF dT [.LdT V% dT T

In a standard process the mobility temperature is m (= 1.5), so the output current
has positive temperature dependence. The power dissipation in this circuit is large
for use in sub-microwatt operation, the drawback is the sizing, a careful adjusting

must be done to improve the circuit performance.



CHAPTER 1. INTRODUCTION 24

e
T

B

— T
B

— T
B

— T
—

M, M M, M, M,

M, M, Mg Mg Mo

-

Fig. 1.12: Current reference without resistors

1.3.5 Current reference based on self-biasing technique

A PTAT current generator is shown in Fig 1.13-(A), where the circuit is self-biasing
by a multiplier B. The large resistance needed to reduce the operation current be-
comes a drawback at implementation problem, so a new circuit was designed to
solution this problem, Fig 1.13-(B), where M3 operate as resistor. The Vg at M3 is
generated by a diode-connected transistor M4. M| and M, operate in the subthresh-
old region and M4 operates in strong-inversion, saturation region. The drain current

Iz and 14 in M3 and M, are given by

I =K3B (Vas — Vru) Voss, In = 8B (Vs — Vg )?

The Vs m3 = Vigs,ma4 so the output current is given by

2IREF 2K3P
Vps = ——
Kyf Ky

Irer = K33 n*Vin® (K> /Kq)

The temperature coefficient of the reference current is given by

1 diggr  ldu 1dVi 2-m

TC = = =
Irer dT wdT  V? dT T

IreF has a positive temperature dependence, so the TC will never be zero. In addi-

tion, M| — M4 operate with the same current value (nanoamperes order), this design
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needs a careful transistor sizing and transistor matching using large-sized transis-

tors.
guaratee

(A) ® T .
T

Fig. 1.13: Current reference based on self-biasing

1.3.6 Current references consisting of subthreshold MOSFETSs

Fig (1.14) shows a current reference, which consists of a bias-voltage subcircuit
and a current-source subcircuit. The first, is a self-biasing circuit with 8 multiplier,
where Vp for transistor M3 is generated by a diode-connected transistor M4. The
second, accepts the Vp and generates reference current oy 7 that is independent of
temperature and supply voltage. All the transistor except for M3 and M, operate in
subthreshold region. The bias current /g is given by the Vg in M| and M3, and the

Vps of M3, the expression is

Vi
Ip = RD_];j = K3uCox (Ve —Vru)nVrin (K> /K) (1.20)

and the drain current in Mywill be

_ K4uCox

> (Ve —Vrg)? (1.21)

Ip

Since Ip must be equal in M3 and My, Vp is given by
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2K
Vs = Vrma+ anlen (Ky/K1)

The output current Iy in the transistor M5 is given by

Ve —Vp—Vrnus
louT = Kslpexp (

nvr

Vp of Ms operated in subthreshold region can be given by

Vp =Vis1—Vise = NVrIn (2K /K7) — 0VrH76

where 8Vrp76 is the difference between the threshold voltages of Mg and M7 with
different transistor sizes. This way is possible obtain a reference current with

nanoampere—order.

The temperature coefficient TC of the output current Ipy 7 1s given by

_ 1 dloyr _ 2—m— (6VTH()/T'VT)
lovr dT T

TC

where 8Vrpq is the difference between the threshold voltages at 0 K of transistors
My — M7, so the condition for ZTC can be given by 2 —m — (8Vrgo/nVr) = 0, this
difference is insensitive to temperature, adjusting 6Vrgo to an appropriate value

will provide a ZTC at room temperature.

The process variation of the output current oy is given by

Aloyr 1 (aIOUT

aIOUT ) A,Ll ASVTH
= Al + ASV: +
lIour  lour \ du H TH

08Vry TR nvr

The mobility variation u is generally smaller than the threshold voltage variation
AdVrp, so the Ipyr depends mainly of ratio AOVry /N Vr, which is the variation of

the threshold-voltage difference between transistors in a chip.
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1
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w, l:ll——l[‘M4 M, |:||—

Bias-voltage subcircuit Current-source subcircuit

Fig. 1.14: Current reference based on subthreshold region

1.4 State of Art

An overview of the most recent researches about current references is shown in this
section. First, the structure of each design is explained after that a comparison is
make with the figure of merit explained below. Finally, this comparison is summa-

rized in a table.

1.4.1 Actual solutions

A solution for the current reference is shown in Fig (1.15), this current reference is
composed by a start-up circuit, a bias-voltage subcircuit, a current-source subcircuit
and an offset-voltage generation subcircuit. The reference current is determined by
the characteristics of the MOS resistor MR, operating in the strong inversion and

deep triode regions, while all other transistors work in subthreshold region.

W
IRer = IJCoxf (Ves —Vru) Vbsr

This expression is valid if Vpgg is small enough. So, if the drain-source voltage is

made stable with temperature TC is low. This circuit can yield a current 95nA with
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a total power consumption of 586nW, and temperature coefficient of 523 ppm/°C
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1 1 1 |:
| | I
I I I
| | I
I I I
! 1
| I
| I I
| | I
I I I
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GND L ' '
| | I

Start-up circuit I Offset-voltage ! Current-source ! Bias-voltatge
generation subcircuit subcircuit subcircuit

Fig. 1.15: Current Reference Circuit with Subthreshold MOS Resistor Ladder pro-
posed in [13]

Another solution is shown in Fig (1.16), the circuit consists of bias-voltage sub-
circuit and a current source subcircuit. The bias-voltage subcircuit is a modified
B multiplier self biasing circuit that uses a MOS resistor M3, instead of instead of
ordinary resistors. Bias voltage Vp for MOS resistor M3 is generated by a diode-
connected transistor M. The current-source subcircuit accepts bias voltage Vp and
generates reference current /oy 7 that is independent of temperature and supply volt-
age. All MOSFETs are operated in the subthreshold region, except for M3 and Mj.
A start-up circuit (not shown) is required to avoid the stable state in the zero bias
condition. The circuit generates a reference current of 100nA. The temperature co-
efficient of the current is near 600ppm/°C. The line regulation was 0.2%/V. The

power dissipation is 1uW, and the chip area is 0.015mm?
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Fig. 1.16: Current Reference Circuit Consisting of Subthreshold CMOS Circuits
proposed in [14]

Another solution is shown in Fig (1.17), the reference current is generated by ex-
ploiting a MOS transistor as current defining element, instead of a resistor. The two
transistors M1 and M2 work in the subthreshold region while all the others transis-
tors work in the saturation region. The sensitivity of such reference current to pro-
cess variations, if matching errors are neglected, is due to carrier mobility. Mobility
has a dispersion of about 5%, which is much smaller than that the tolerance of an in-
tegrated resistor, leading to a sensitivity to process variations much smaller than that
of current reference circuits that use an integrated resistor as current-defining ele-
ment. Even though the temperature coefficient is not temperature-independent for
this circuit, it exhibits small variations around the reference temperature at which
the condition of zero temperature coefficient has been enforced. The proposed cir-
cuit provides a reference current with a temperature coefficient of 44ppm/°C. The
minimum supply voltage is 1.3V and the minimum supply current is 36nA. The line

sensitivity is 0.569%/V. The chip area is 0.035mm?[15].
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Fig. 1.17: CMOS Current Reference with Low Sensitivity to Process Variations
proposed in [15]

A band gap current reference is shown in Fig (1.18) and proposed in [16]. This
band gap reference has the transconductive factor was “anchored” to a diffusion
resistor. It can be used instead of poly resistor and its advantages in terms of ro-
bustness to process sensitivity are due to the lower doping, large volume and mono
crystalline material. The diffusion resistors were used in the implementation of a
bipolar bandgap current generator, that provides the reference voltage with the low-
est process sensitivity. Indeed, MOSFET-based generators introduce an additional
important source of variability represented by the MOSFET threshold voltage. The
threshold voltage is not "anchored" to a reference quantity while the base emitter
voltage of a bipolar transistor is determined by the silicon energy gap. The circuit is
based on the sum of two currents with opposite temperature coefficients. Large re-
sistances are useful to reduce the power consumption, at the price of a large area oc-
cupation. Single-stage operational amplifiers biased with a current of few nA were
used in order to reduce power consumption, and a pMOS voltage divider (whose
current consumption is of only few pA, negligible with respect to the bandgap core
current) was utilized in order to impose only a fraction é of the Vj,,| voltage on Ry,.

The voltage divider consists of diode-connected pMOSFETsSs in series, with each
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well at source potential, in order not to have body effect. This solution is more
complex from the architectural point of view with respect to a simple resistance
divider, but leads to much lower power consumption. This solution presents a TC
= 63ppm/°C, reference current 54.08nA for a power consumption of 290nW, line

sensitivity of 0.21%/V and occupation area of 0.245mm? [16].

I_Vdd
R4 Rg Rg
M1 M2 M3
! | |praT
+

R.3
Vbeﬂ Voltage 1 ‘a‘ _AVRa
divider 2y Q2

Q1 At
CO
Vier/at

a) Bandgap
core
leat

Vg

Iref

b)

Fig. 1.18: Bandgap current reference proposed in [16] a) Bandgap core. b) Refer-
ence current circuit

Another solution is shown in Fig (1.19), the proposed design has three components:
an ultra-low-power line regulator, a CTAT gate voltage generator, and a cascaded
subthreshold MOSFET output stage. In addition, an optional current level selector
(CLS) can be incorporated to provide a trimming range of current magnitudes. This
kind of solution has a temperature coefficient of 780ppm/°C, a low reference cur-
rent of 20pA likewise power consumption which equals to 23pW, line regulation of

0.58%/V and load regulation of 0.25%/V [17].
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Fig. 1.19: CMOS Current Reference Without Resistance proposed in [17]

Fig (1.20) shows a current reference with three transistors and a sub-0.5 V opera-
tion. This circuit has two transistor (M», M) generates a proportional-to-absolute-
temperature (PTAT) or a complementary-to-absolute-temperature (CTAT) voltage
and the other as load transistor (M3). The circuit was implemented in 0.18um
technology, this circuit exhibits figures of merit like as: a temperature coefficient
(578 ppm/°C), line sensitivity (3.9%/V), power consumption (213nW), a minimum

operating voltage (0.45V) and an area occupation (750um?) [2].

This circuit looks for working on the minimum-temperature-coefficient (MTC) point,
which is the equivalent to the zero-temperature-coefficient and where the drain cur-
rent Ip at a gate-to-source voltage Vs does not change with the temperatures in
all the temperature interval of working. The 2T voltage generator has an output
voltage equal to the MTC voltage point (Vy;7¢) and the load transistor (M3) con-
verts the Vyrc at the gate terminal into the reference current at the drain termi-
nal. In this solution the CTAT/PTAT circuit generates an output voltage (V,) whose
temperature dependence compensates to first order the one of the drain current of
the output MOSFET (M3). If Vs < Viyre = Vi, a CTAT block is required, while
Vs > Vurc =~ Vi a PTAT block is required, so the load transistor must be biased in

the proximity of Vj;7¢ to obtain a low TC values.
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Fig. 1.20: Schematic of 3T current reference[2]

Another solution is shown in Fig (1.21) which is based in a regular voltage thresh-
old (RVT) diode-connected NMOS (M) and a dual-threshold voltage (DTV) cur-
rent mirror composed by a high voltage threshold (HVT) PMOS (Mp;) and a RVT
PMOS (Mp;). The circuit was implemented in 0.18um technology and exhibits
figures of merit like as: an output current reference (16 nA), a temperature coeffi-
cient (274 ppm/°C), line sensitivity (5.4 %/V), power consumption (20nW) and a
minimum operating voltage (0.6 V).

The circuit is composed by a current mirror which generates a current equals to
L (T)=a(T)I, where a, is a ratio between I, and 11, and depends on temperature.
The aim of this circuit is to compensate this temperature dependence by multiplying
this subthreshold current (/;) for an exponentially decreasing function (@) provided
by the current mirror. The final circuit uses two current mirrors because a single
current mirror is not able to compensate the temperature dependence of My, RVT
NMOS transistors(My2 y3) work as current mirror too, which function is to deliver
the current from the first to the second stage. This solution shows a sensitivity to
the process variations, so a trimming process can be made to reduce the deviations,
and present a great performance in operating voltage and area occupation factors.

[18].
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Fig. 1.21: Schematic of 7T current reference[18]

Another solution is shown in Fig (1.22), where the aim is to compensate the temper-
ature dependence by subtracting two PTAT nature references with different slopes to
get a zero temperature coefficient. The solution was implemented in 45nm CMOS
technology, and presents figures of merit as: temperature coefficient (22 ppm/°C),
temperature range from -40°C to 120°C, a line sensitivity (337 ppm/V) against sup-
ply variation of 0.6-18V and a power consumption of 135 uW from 1.8V supply

and an area occupancy of 5184 um?.

The « and B are the temperature coefficient for the first and second PTAT respec-
tively, then by subtracting 3 times first reference current from ¢ times the second
current reference will give a perfect temperature compensation, i.e. the zero tem-
perature coefficient is obtained, Since this technique depends on subtraction, any
process variation which are common in PTAT circuit will cancel so a very stable
reference is obtained. The PTAT current generator uses transistor in self-biased
mode, the bottom transistor (W /L), must be larger than its opposite K; x (W /L)y
(the transconductance will be larger due to the same current and larger size) so the
difference in the gate-source voltage of bottom transistor dropped across Rgx. The
circuit showed in Fig (1.22) has the complete implementation except start up cir-
cuits. PTAT-2 current is flowing through MN1 and six times scaled version of PTAT-

1 current is flowing through MP1. MP1 and MN1 are connected in series to subtract
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these two currents explained above, this difference introduce a low impedance node.
A diode connected transistor MN?2 is used to extract the difference current. This cir-
cuit provides attenuation again supply variation because the operational amplifier
creates the same effect on PMOS transistors gate [19].

Current
Ptat2 Subtractor Ptat1

;lr |
(W/L)y K;(W/L):.%
RSZ

Fig. 1.22: Schematic of 28T current reference[19]

.....

Another solution is showed in Fig (1.23), where a current reference with a self-
regulated circuit is depicted, this circuit is composed by: a 2T push-pull VRG (volt-
age reference generator) is employed as line regulator for the other 2T push-pull
VRG to obtain a temperature and supply-stabilized 4T reference voltage, then a low-
power self-biased amplifier is used to bias a gate leakage array with the reference
voltage. Finally, the result is a low-power, compact architecture with temperature
and supply-stability circuit. The solution was implemented in 65nm CMOS technol-
ogy, this circuit present result as: a power consumption 14.5 pW at a 0.5 V supply
voltage, a temperature coefficient of 31 ppm/°C, a line sensitivity of 0.94%/V in

500 Monte Carlo samples [20].

The architecture employs a temperature- and supply-stabilized reference voltage
driving a temperature-stabilized effective resistance, these circuit are generated via
bandgap voltage reference generator (VRGs), to achieve a pW level in power con-

sumption an ultra-low-power push-pull VRG generates a temperature-stable ref-
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erence voltage while gate-leakage transistors are employed to serve as very large
compact resistors. To compensate, standard-V7 (SVT) and low-V7 (LVT) PMOS
transistor, which have opposite gate-leakage temperature coefficient, are employed

to operate in parallel, so the temperature coefficient can be minimized.

1
_‘VREG ] Ve lREF
Coarse o |
Push-Pull
VRG as Push-Pull _lt E \I/
Line VRG Ven
Regulator I 1 l |
| |E
Temperature-
Compensated
Leakage-Gate
- —a

Fig. 1.23: Block diagram current reference with push pull Voltage Reference
Generator[20]

Another solution shows a supply-stabilized pico-powered voltage and current refer-
ence (VCRQG) as part of a relaxation oscillator, in this case the temperature- and line-
stabilized reference voltage is generated via 4-transistor (4T) self-regulated struc-
ture, the output of which is used to bias a temperature-compensated gate-leakage
transistor to generate a stabilized current reference. This design was implemented
in 65 nm CMOS technology and was made 14 samples yield giving a reference volt-
age of 147.1 mV and figures of merit as: a temperature coefficient of 364 ppm/°C,
line regulation of 0.21%/V and for the reference current a value of 10.2 pA and a
temperature coefficient of 1077.3 ppm/°C, a line regulation of 2.4%/V, a minimum
supply voltage of 0.4 V, a power consumption of 30.6 pW and an area occupancy of
4900 um? [21].

The circuit, shown in Fig (1.24), is composed by 2-transistor in push-pull structure
based on [22], in this case has used regular transistor instead of native devices.
VrEG 1s the output of this 2T circuit and is used as supply for a second 2T circuit to

produce Vewr that is line-regulated [21].
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Fig. 1.24: Schematic of the self-regulated 4T voltage reference generator [21]

A near-zero power constant with temperature (CWT) current reference generator is
depicted in Fig (1.25), where only five transistor in CMOS technology were used.
One of these NMOS transistor works in off-state as a self-biased current source
driving another NMOS transistor in the subthreshold region, a temperature stabi-
lized voltage is created, which is then buffered by a third NMOS and applied to
a gate-leakage transistor (fourth). The fifth transistor allows to improve the line
regulation, which works in off-state, constructing a five-transistor (5T) Irgr gener-
ator. The results for this work were measured in 13 samples fabricated in 65 nm
CMOS technology were the figures of merit reveled values as: temperature coeffi-
cient 469.3 ppm/°C from -20 to 60 °C at 0.4 V in supply voltage. A range from 0.4
to 1.2 V was used to get a line regulation of 2.5%/V, a power consumption of 3.4

pW at 20°C and area occupancy of 0.008 mm?[23].
The circuit was implemented with three regular NMOS transistor for reference volt-
age generation and buffering, one regular NMOS for line regulation, and one gate-

leakage transistor acting as a large resistor. First, a CWT reference voltage, Vewr,
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is created by a stacking a low-threshold voltage (LVT) NMOS transistor, M1, with
its gate tied to its source, so operating as a self-biased current source, on top of
a second NMOS transistor, M;. This improvement is in contrast to the push-pull
VRG in Fig 1.25(a) [21], where an off-state NMOS is used on a diode-connected
PMOS. When the circuit works in the saturated subthreshold region, Vewr can be
derived following the same procedure as in [21]. The generation of a proper Vewr
requires a different type of NMOS for M; than M, a high threshold voltage (HVT)
transistor is used for M, with negligible gate-leakage than a regular-threshold volt-
age transistor of the same size considering that the M; gate is tied in parallel to
the gate-leakage transistor as shown in Fig 1.25(b). M3 serves as voltage buffer so
a CWT reference current, Iggr, by biasing the gate leakage transistor with Vewr
without the power overhead of the op-amp used in [21]. M3 is a HVT transistor to
avoid any disturbance to I, otherwise introduced by the leakage through M3 gate.
Finally, Mggc is a self-regulation transistor and is used to improve the line regula-

tion, this circuit presents a low operating DC current on pA level so the flicker noise

VDD VDD V DD
I—‘ MREG

5w Eh
IREI-‘ [’ * E M?

/\_4_7 EII Vewr | * I REF

- -
Gate-leakage Gate-leakage
transistors transistors
47 (a) v

Fig. 1.25: (a) Simplified block diagram of prior art[21](b) Simplified schematic of
the Irgr generator[23]

is reduced [23].
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Another solution with a circuit self-biased current source (SBCS) is showed in Fig

(1.26), where an advanced compact MOSFET (ACM) model and the concept of
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inversion level are used. The solution was implemented in 1.5um CMOS tech-
nology, and presents figures of merit in the best case as: minimum supply voltage
1.1 V, power consumption at 1.1 V of 1.5 nW, a line sensitivity between V. and
Vpp of 0.9%/V, sensitivity between V,.r and T of 0.32%/°C, sensitivity between

I,y and Vpp of 4.7%/V and a sensitivity between I,y and T of +0.047%/°C.

The core of this circuit is the self-cascode MOSFET, i.e, SCM blocks in figure,
whose V-I characteristic is very appropriate for building low-voltage analog blocks
such current references. In the circuit Vs can be either zero or Vx y ), this approach
allows to replace the resistor given by a SCM block in moderate inversion to achieve
the requirements of low voltages. When Mg and My are biased in weak inversion
there is a PTAT voltage shift (KJ>1) between the two MOS devices. If the switch
is connected to ground, the PTAT voltage is given by V,.r = Vg9 + ¢;In (JK), (J =
S7/89 and ¢ is the thermal voltage) with Vg9 = 0. This topology is stable for KJ>1
and for KJ>10 is very accurate. When the switch between M3 — M, is connected,
then Vg is given by Vgg = ¢;In [1 +(14J) g—;‘] , this approach allows to have results

when there is a symmetry (for K=J=1) and matching structure [24].

Fig. 1.26: Self-Biased current source (SBCS) [24]

In addition to the current reference circuits, a voltage reference study is shown in
[22] and is depicted in Fig (1.27), this circuit eliminates the use of amplifiers and

saturated MOSFETs so the scalability is improved and the output insensitivity to
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temperature and supply voltage are maintained. The 2T voltage reference showed
in the figure, where two different devices types are used, M1 is a native device and
M2 is a thick oxide device. The output voltage Vs is modeled by the drain cur-
rent equation in the subthreshold region. This solution was implemented in three
technologies 65nm, 0.13um and 0.18um, and achieves a great performance with
figures of merit as: a temperature coefficient of 16.9 ppm/°C, a line sensitivity of
0.033%/V, a power consumption of 2.22 pW, a area occupancy of 1350 um? and
a minimum power supply of 0.5V. At V;; = 3 V and 80°C, it consumes 243 pW,
giving a factor 2 of magnitude power savings over existing nanopower voltage ref-
erence at comparable voltage and temperature points. This circuit does not need a
start-up issues, the design uses subthreshold-biased devices with distinct V;;, levels.
A single temperature point digital trimming is allowed for this circuit, where an im-
provement of temperature coefficient and output voltage is possible. The portability
of this design allows to implement with different CMOS technologies and a 2-3
order of magnitude improvement in power consumption to prior the basic voltage

reference designs.

—— Vdd
WilL, | Woll,

M1 ]|_ Vss 0.13pum| 3.3/60 | 1.5/60
Wi, 0.18um| 7/20 | 820
Viref  "65nm | 14/1.2 | 27/0.6

T » o

Wa/Lo

A4 Native NFET 10 NFET
Vss (WL in pym)

Fig. 1.27: Voltage reference with two transistors[22]

1.4.2 Resume

The solutions resume for the current references that were explained above, are
shown in Table (1.1), the first column, study [2], shows the results that will be taken

as a reference to improve the actual work, because this design has a small transis-
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tor number and uses the voltage reference methodology viewed in [22], so the area
usage is smaller than the other cases. On the other hand, figure of merit like line
and process sensitivity show a small value, but the temperature coefficient is greater
than the other cases. The results show a trade-off between the figures of merits, it
is not possible increase or decrease a parameter without affect the performance of

another, this consideration will be always in mind at the design moment.

Reference [15] [14] [13] [16] [17]
Technology, um 0.35 0.35 0.35 0.18 0.18
Irgr, nA 9.14 96 94.9 54.08 0.02
T range, °C 0to 80 0to 80 -20 to 100 0 to 80 -40 to 80
TC, ppm/°C 44 520 523 63 780
Power, nW 334 1000 586 54 0.023
Vv, V 1.5 1.8 1.8 0.8 1.2
Line sensitivity, %/V 6.5 0.2 1 0.21 0.58
Process sensitivity, o/u - - 1.4 -
# Samples - - - -
Die area, um? 35k 15k 55k 245k 452k
N° of elements 16T 23T 38T - 18T
Reference [2] [18] [19] [20] [21] [23]
Technology, (m 0.18 0.18 0.45 0.65 0.65 0.65
Irer, nA 338 15.8 30000 0.005 0.010 0.0012
T range, °C 0to 80 0 to 80 -40 to 125 0to 100 -40 to 120 20 to 60
TC, ppm/°C 578 274 22 31 1037 469.3
Power, nW 213 17.4 135000 0.0145 0.030 0.0034
Vus V 0.45 0.6 0.6 0.5 0.4 0.4
Line sensitivity, %/V 3.9 5.4 337 0.94 2.4 25
Process sensitivity, o/1L 2.7% - 0.1 - - -
# Samples 45 200 - 13 13
Die area, pm® 750 130000 5184 176 4900 8000
N° of elements 3T 7T 28T - 4T 5T

Table 1.1: Comparison Previous Current Reference Designs
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Experimental Details

A brief explanation about the Cadence® Virtuoso interface is showed, this software
uses different technologies to simulate electronic circuits before the construction
of them, in this work the technology of 180nm from TSMC was used. In order to
implement the circuits of current reference different transistors with different oxide

thickness were used.

2.1 Cadence®Virtuoso Interface

2.1.1 Principal Views

Fig (2.1) shows the schematic view from the Cadence software Virtuoso, where
the different schematics were implemented, the 180nm library from TSMC was
used to test the different circuits, these will be explained in the next chapter. The
interface allows to introduce transistors, sources, labels, and instance a particular
design inside one block for an easy manage in difficult and large circuits. Fig 2.1
shows the implementation of the 3T current reference studied in [2], in this case a
nmosmvt2y transistors were used, this figure allow illustrate the main view of the
schematic interface in Virtuoso, the geometric parameter can be set with values or

variables in order to simulate after a parametric test.

42
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On the other hand, Fig (2.2) shows the simulation interface from Virtuoso, where the
circuits implemented in the schematic were tested. This interface allows to do some
different simulation types, in this work the simulation interface ADEXL was used,
since the parametric simulation is easier in this kind of interface. This interface
allows to introduce the sizing parameters like the MOSFET width and length, the
power supply, the temperature range and mainly the figure of merit equations to

compare the designs of this work with the previous showed in state-of-art.

Virtuoso® Schematic Editor L Editing: nuova_lib_diego sim_3T_vol_ref schematic *

Fig. 2.1: Schematic view

Virtuoso® Analog Design Environment XL Editing: nuova_lib_diego sim_3T_vol_ref adexl

cadence

Basic B= G
Be @9 &

=

Welcome to ADE XL

TE_EE8
PORK K

Outputs

ADE XL provid

History ltem Saws.

mouse L [ R

| > [

Fig. 2.2: ADEXL view
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2.2 Circuit implementation and simulation

Fig (2.3) shows the circuit implementation of 3T voltage reference, Fig (1.20),
where three transistor and two voltage supply were used. In this case, the tran-
sistors have the dimensions explained in the analysis by [2]. The dimension can be
parametric where a label instead of a numerical value is needed (11,12,13,w1,w2,w3).

Additionally, the wires can be identified with a label (Vx).

Schematic
sim_3T_vol_ref

~ OBJECTS

+

Property Editor

mause L: schSingle SelectPt() M: schZoomFit( 1.0 0.9) R: schHiMouse PopUp()
) cma sei:43 ||

Fig. 2.3: Simple implementation in Schematic-L interface
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Fig. 2.4: Parametric configuration to test a circuit

Fig (2.4) shows the “Edit Object Properties” window where an element can be
configured. In this case, the MOSFET dimensions were set with labels instead of
numerical values. After, these labels can be copied from the cellview by the ADEXL
tool, where they must be set with a numerical value in order to simulate a certain

test.
Fig (2.5) shows the view to configure the analysis in a ADEXL simulation, the

analysis DC must be selected, the tool allows to configure the Sweep Variable and

its range must be set.

Start @ Stop 10q
S Cersersp
Sweep Type
Automatic |3
Ada Speafic Points
Enablea w2 prevem—

@B _concel _Detauits ) (_Apply ) Help_

Fig. 2.5: Test configuration view
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Additionally, the expressions to evaluate the figures of merit can be typed on the
calculator tool, the this expressions can be copied to the Qutputs section in the Test
Editor view as shows in Fig (2.6). These expressions depend on the name of the
node and the identified number element inside the schematic, these expressions are
given by:

Temperature Coefficient

_ymax (IDC (M3)) — ymin (IDC (M3))

10°
average (IDC (M3)) x 100 8

TC

where ymax and ymin are the maximum and minimum calculator functions, respec-
tively, IDC(M3) is the DC current in the transistor M3 drain, i.e, load transistor
for the configuration 3T current reference. In order to find this value, a Test with
temperature variation must be done, the average must be calculated along the tem-

perature variation. In this case a box-method is used to measure the TC.

Load Sensitivity

(value (IDC (MTOP) VDDMAx) —value (IDC (MTOP)> VDDM[N)

LS=100x
Ivean % (VDDyax —VDDyin)

i value (IDC (MTOP) VDDMAx) +value (]DC (MTOP) VDDM]N)
MEAN=
2

where IDC(M7rop) is the current measure on the top transistor in the block that
works as load, because this transistor is the first in receiving the voltage supply,
however the measure can be taken at any drain-transistor in the series connection
when this exists. In order to find this value a DC simulation must be done, in this
case the VCC, voltage supply, can be modified in a linear increasing. The average
current must be calculated in the range from minimum VDD to maximum VDD,

in this case the VDD maximum always be 1.5V and the minimum is a measure
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parameter that depends on the strong change in the current reference in order to set

a stable response in its output.

Current and Voltage at 20°C

Vx=value(VDC (V)20)

Irgp=value(IDC (M,)20)

where VDC(V,) is the calculator function to evaluate the V, node at 20°C, with the
same function the other voltages can be measured and evaluate at a certain temper-

ature.

Fig. 2.6: Calculator view and Test Editor

Finally, the simulation can be presented neither as a numerical value, when an ex-
pression was entered, or a signal plot, when a node was selected and the Output is

presented as signal type. Fig (2.7) shows the solution to the command IDC(M>).
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Fig. 2.7: Plot Simulation Result

2.2.1 Current Reference Circuits

In this section the circuits that were implemented with the transistor specifications
are explained, the simple structures to improve the figures of merit are explained
too, in Figure (2.8) is depicted the first current reference, where all the transistor
are the same type, i.e, nmosmvt2v device, but with different gate oxide thickness.
This allows reducing the process sensitivity in the proposed circuit, whereas the
channel doping concentration represents the major source of process variability. In
particular, the M2 and M3 are implemented by transistors with a greater gate oxide
thickness, i.e. nmosmvt3v device, than the transistors used in MO and M1 (i.e,
nmosmvt2v). The nMOSFETs with a greater oxide thickness features a higher VTH
with respect to the others, thus allowing one to achieve the desired value of Vx with
a smaller number of stacked diode-connected transistors in M2 - M3, according to

relation Vy = k x (V702 —VrH0,1)-
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MO
|
M1
|
VCC M4 VREF

Fig. 2.8: First improvement implemented

The second circuit is depicted in Fig (2.9), in this case M2 and M3 transistors are the
same of the above case, M1 and MO are implemented through two series-connected
nMOSFETs whose body terminal is connected to the corresponding source termi-
nal, and the M4 - M11 (i.e, nmosmvt2v) transistors are implemented by using the
circuit variant, i.e. by the series of the seven transistors, to increase its effective
channel length. Again, as in the first circuit, all the nMOSFETSs are implemented by
LVT devices (i.e, nmosmvt2v), but with a greater oxide thickness for the transistors

M2 and M3 (i.e, nmosmvt3v).
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Fig. 2.9: Second improvement implemented

The third circuit is depicted in Fig (2.10) and Fig (2.11) with the difference in T2 and
T3 blocks where the bulk must be biased with a certain voltage, body-bias voltage.
The first circuit has the T2-block is tied to the first path of the circuit whose goal
is providing the biasing voltage for the body of M8 transistor, all the transistors of
the first path (M0-M4) are nmosmvt2v, T1 block is composed by nmosmvt2v-type
transistors is series-connection and T2 block by nmosmvt3v in diode-connected
mode, finally T3 block is composed by nmosmvt2v transistors in series connection.
The use of the mvt-type transistors allows to minimize the process sensitivity, all the
transistors in this path are the same channel doping and oxide thickness. For this
reason, according to V, ~ k X (VTHO7 1 —VrHo2), an increased number of stacked
diode-connected transistors is required in M10 - M14 to reach the desired value of

VX, thus translating into a greater area occupancy.

Fig (2.11) shows the same structure explained above but the body-bias generator is
tied to all the bulk-transistor of T3 block, T2 block transistors will have the bulk-

node tied to ground. The T3 block keeps the series connection in order to increase
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the channel length by the creation of a composite transistor.
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Fig. 2.10: Third improvement implemented - Body-bias generator for T2-block
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Fig. 2.11: Third improvement implemented - Body-bias generator for T3-block

2.2.2 Dimensions and model-transistors

The first two designs have the same parameters, in the simulations, this values has

been trimmed but can be modified in order to improve the figure of merit, the ratio
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W/L always should be kept in order to avoid harder variations. Table (2.1) shows the
dimensions for the first and second design, and the voltage that have been settled
in ADEXL file, this dimensions can be entered in a corner in order to look for a
better result in a step-to-step process. The Table (2.2) shows the parameters and
values for the third improvement, where the body-bias generator was implemented,
the dimensions for this new path have increased the area occupancy of the circuit.

In this case the dimensions can be modified as the above explanations.

Design Ist Design 2nd Design _
Transistor
parameter caseI | case Il | casel | case Il
11[um] 1.5 1.8 3.06 2.88
M1,M0
wl[um] 4 3.6 54 4.5
12[um] 7 9 9 9
M2,M3
w2[um] 90 80 80.1 80.1
13[um] 1.2 1.08 9.9 10.08
M4-M10
w3[um] 1 1.26 1.44 1.44
VCC[V] 1.5
VREF[V] 1.5
Temperature Range 0to 100

Table 2.1: Dimensions for 1st and 2nd design
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Design VBS T2 Block | VBS T3 Block .
Transistor
parameter case I | case Il | casel | case Il
I1[um 1.95 1.77 5 1
[pm] M&,M9
wl[um] 2.38 1.3 10 1.3
12[um 9.3 9.66 9 8
[pm] M5-M7
w2[um] 100 100 100 80.1
13[um 10 10 10 9
Lpm] M10-M14
w3[um] 1.5 1.5 1.5 1.44
Ib[um] 0.3 0.3 0.3 1.2
M2-M4
wb[um] 0.58 0.49 0.58 0.6
Ip[um 4 5 5 3
plpm] MO-M
wp[Um] 10 10 7 14
VCC[V] 1.5
VREF[V] 1.5
Temperature Range 0 to 100

Table 2.2: Dimensions for 3rd design with VBS



Chapter 3

Discussion and Results

This chapter shows the circuits used to implement different current references, each
of them with a specific configuration. Firstly, a brief description about the im-
provements, in comparison with the 3T current reference, is done. Secondly, three
solutions to reduce the power consumption and process sensitivity are shown, where
each configuration is explained with its pros and cons. Finally, the results of each
configuration are shown and compared between them in a chart, in order to identify

the best option to implement the current reference.

3.1 Current reference block structure

Fig (3.1) shows the 3T current reference, studied in [2], and its block representation.
These blocks can be composed by one or more MOSFETs tied to a same reference
point or not, the aim of these new topologies is optimizing the figure of merit of the

circuit in comparison to the results obtained in the previous research.

54
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Fig. 3.1: 3T current reference and its block representation

The block-T1 goal is to reach the best line sensitivity and reduce the power con-
sumption of the CTAT/PTAT voltage reference. The block-T2 goal is to have a
greater Vx in absolute value and a temperature dependency, using the less possi-
ble MOSFETSs number, since the number of transistor has a direct relation with the
temperature dependency. The block T3 aim is to reduce the line sensitivity and the

temperature coefficient.

In Fig (3.1a),Vx can be considered like the difference between the Vry yy and
Vra mL, this Vx must to be near to MTC point in the load transistor, when this
fact does not happen, a double MOSFET in diode and series connection allows to
have a double Vx compared with only one MOSFET. A standard approach consists
of designing current reference circuits able to reach and maintain the MTC point as
operating point for a load transistor (M;pap) to ensure TC lower than 100 ppm/C®
[25].

The reference current could decrease, if the block T3 and T2 are composed by one

or more MOSFETs, with a series connection, e.g, self-cascode mode.

In the current reference proposed by [2], all the body transistor are tied to ground

node, so the body effect is neglected. If it considers the body effect, the threshold



CHAPTER 3. DISCUSSION AND RESULTS 56

voltage could be changed, this fact increases the variable to control at the design

time compared to the simple 3T current reference.

Vcc Vcc Vcc Vcc
T T I T
MA T1 |—B1 MC
VBS1 <+—— T3 —t>B3 ¢+—>VBS2
MB T2 —>B2 MD

[ |

Fig. 3.2: Conceptual Diagram of the current reference

Fig (3.2) shows the conceptual diagram of the current reference implemented in this
work. If it considers the body effect, the blocks T1, T2 and T3 could control this
effect, since each T-block can have a different voltage applied to their body. The
quantity to compose each block can become a drawback, this is the reason that some
topologies were implemented in this work, in order to reduce the figures of merit

(FOM) and the number of transistors to use and hence the area occupancy.

The labels B1, B2, B3 indicate the body output-node of each block and can be
connected to some references, Table (3.1) shows the possible cases where the bodies
could be connected, these connection allow to cancel the body effect and either
reduce or increase the FOM so this connection must be studied at a small-signal

level to understand their use at a specific circuit.
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BODY CONNECTION CASES
BODY
I II III v \Y%
Bl SOURCE | SOURCE | SOURCE | VBS | VBS
B2 VBS GND VBS1 GND | GND
B3 GND VBS1 VBS2 GND | GND

Table 3.1: Body connections to improve the characteristics of the current reference

With the above assumptions, when the body node is connected to its respective
source, the body effect will be canceled, else if the body is connected to another
node, e.g., ground or non-zero voltage, the body effect should be assumed in the
calculus. Some analysis will be done with the assumption that the internal resis-
tance of the transistors is so large that the transconductance due to the gate-source
and body-source voltage can be neglected in the calculus but the designer has to

understand their role in the circuit.

3.1.1 3T-current reference analytical description

The drain current in subthreshold region for the transistor MH and ML, Fig (3.1)(left),

is given by:

3.1

Ip= 1o exp (Ve VIt (| _oxp (Y08
b= nVr Vr

where [ is a technology parameter, W and L the device width and length, respec-

tively, Vpg the drain-source voltage, and n is the subthreshold factor.

The reference voltage will be given by the equating the two currents through MH

and ML

nMH Iy Wyr Ly
Vrama — ——Vra mr +nuuVrIn (—)
Vy = npL IvaWyaLpe

. (3.2)

1+ —Ap ML
nmL
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where A 1. is the body effect coefficient and is given by

A — V2&gN,
p= Y —S17a
COX

where & is the dielectric constant, g is the elementary charge, N, is the intrinsic
carrier density and C,, is the oxide capacitance given by the relation between the
dielectric constant and the oxide thickness, &, /#,y, so this coefficient is not tem-
perature dependent, with these assumptions the AVy can be modified if the oxide
thickness is different either the MH or ML transistor and for the temperature depen-

dency showed in the previous chapters.

3.1.2 Internal block structure

Vcc Vcc Vcc Vcc Vcc

—l[El J[E_ V1 vi| Ii[Ei
| = N
B L [ET -

Y v v v %
Vx Vx Vx Vx VBS
(A) (B) ©) (D) (E)

Fig. 3.3: Schematics for block T1

Different topologies to implement each block will be considered in this section.
First, Fig (3.3) shows the possible circuits used to form the block T1. Solution
(A) is composed by three transistors where their body are tied to ground, so the

body-effect can not be neglected, the same gate-source voltage is tied to all the gate



CHAPTER 3. DISCUSSION AND RESULTS 59

of the transistors, this connection is known as self-cascode connection and has a
representation as a unique transistor, solution (B) is similar but the body nodes are
tied to their respective source so the body effect is neglected, gmgc ~ gm;, where
gm is the transconductance of the transistor placed on the bottom, it is important
that the transistors in these connection , e.g, A or B, have the same dimensions and

technology.

On the other hand, solutions (C) and (D) are similar between them, these solutions
always have the upper transistor connected to ground in its body. If it considers
a power supply Vpp increase, the node V, and V| will increase their values and
the body voltage in the upper transistor will increase with a negative tendency, so
the current at the upper transistor will decrease. If the current decreases, it will
attenuate the increasing of the value in V| and decrease the line sensitivity value.
Finally, the structure in case (E) will be used when the line sensitivity is not a

critical requirement.

In the solutions (C) and (D), the current that flows on the CTAT/PTAT voltage refer-
ence will be compromised when the MOSFETSs body is connected either to ground
or source node (excluding the upper MOSFET) since the ground connection de-
creases the current, so that the no-low voltages MOSFETSs could not operate and
the entire circuit could not work, because the leakage current will be similar to the
current through the CTAT/PTAT voltage reference therefore there is not current to

drive the transistors.

The T1 block body could be connected to the circuit that yields VBS1, but the
voltage reached will not be satisfactory to lead a correct operation, so the body
voltage must be greater than Vx. This requirement will need of a MOSFET large
amount at the block MB which leads to increase the chip area and the minimum
voltage supply since the body-source voltage must be 300mV greater than Vx to
yield an increase in the merit factor related with the area usage. The VBS generator

to feed the block T1 must have a small line sensitivity, because if the power supply
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voltages increases, the VBS will increase and the MOSFETS threshold voltage will
decrease in the block T1. A positive feedback loop is created, that increases the
line sensitivity value, when the current through the CTAT/PTAT voltage reference

increases, the Vx and the output current increases too.

Vcc
M21 VBS/GND
| |
1 :
| |
1 :
M2N VBS/GND

Fig. 3.4: Schematics for block T2

The T2 block implementation is composed by one or more transistor in stack con-
nection, as shows Fig (3.4), and the MOSFETSs body can be connected to ground or
VBS generator. The transistor number depends on the MTC point at the output of
block T3. When the VBS generator is connected to this block, the line sensitivity
must have a value around 10% (weak value) and compensate the process variation
with a change in its value by a corner adjusting in the Vy, where the gate voltage
overdrive of the output in block T3 and the output current should be constant over
the corner. The body-voltage-generator line sensitivity has to be around 10% be-
cause a power supply voltage increasing will give a VBS and Vy increase. If the
VBS increases, the MOSFETSs, with their bodies connected to VBS generator, will
decrease their threshold voltages and the Vx value. This feedback will increase the
line sensitivity of the CTAT/PTAT voltage reference and the reference current, con-
secutively. The number of MOSFETsSs usually is around 7, a greater number will

increase the line sensitivity line since the block T2 equivalent resistance depends on



CHAPTER 3. DISCUSSION AND RESULTS 61

the MOSFETSs number.

iref iref
A A

M1 _J[E——«>

GND
—+ SOUCERN-BODYn
VBS2
GND/VBS2
MN E
b—oJ

Fig. 3.5: Schematics for block T3

The block T3 can be implemented with one or more transistor connected in series,
as shows Fig (3.5), this connection allows to have a reference current with a low
value, whereas a connection between body and source at the same MOSFET shows

a great load sensitivity instead of a body and ground connection.

Connecting the body generator to the MOSFETSs body in block T3 allows reduc-
ing the MOSFETs threshold voltage and the MTC point voltage value. If the body
bias generator is connected to block T3, the line sensitivity must have a great value
(around 1%-2%), because there is a positive feedback that increases the line sen-
sitivity. On the other hand, if the power supply increases, the VBS will increase
whereas the MOSFETs threshold voltage will decrease and so the reference current
will increase. The use of the body bias generator in the T3-block is needed when the

line sensitivity is a critical parameter to control in the requirements of the design.



CHAPTER 3. DISCUSSION AND RESULTS 62

3.2 Improved current reference circuit

Based on the above ideas, Fig (3.2), each block can be designed with a different
topology. In this section, a explanation about each improvement is done, after that
the dimensions to get their respective results are shown. These improvements are
shown the best results and circuits like the body bias generator was not used to
implement all the blocks, only the third improvement has required the using of that

to implement the T2-block.

3.2.1 First Improvement
Description

The first circuit is showed at Fig (3.6), where a structure (C), Fig (3.3), is used for
the T1 block and two MOSFETs for the T2 block are used. The upper MOSFET
of T1 block reduces the line sensitivity, the two MOSFETsSs of the T2 block allow
to have a greater Vx and use a non-native MOSFET for the load transistor of the
T3 block. The drawback in this design is the process sensitivity since the native

transistors present a critical value of this.

MO
_—
M1
VCC _II:E— M4 VREF
O a1 ©
=

M3

L[

Fig. 3.6: First model improved current reference
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Small-Signal Analysis

Iin%

d/) -gmb0Vs0 rDS0

[] DS

Iref
Vx <~

@ng(Vx-VsO) @/ -gmb2Vs2 IerSZ él/)gm4Vx HJrDS4
@ gm3Vds3 Iﬁ rDS3

1

Fig. 3.7: Small-signal representation of first improvement

1 gmb; 1
Vx=Vps»+Vps3 = + + I;
gmy  gmpgms3 gms3

Al =

I, maV, 1 mb 1

lin Iin gmy  gmpgms - gms
Eq. (3.3) shows that the current variation is directly proportional to the transcon-
ductance in the load transistor and it can be driven with the transistors in the block
T2 (M2 and M3), so if the current variation on the M2 and M3 is reduced, the line
sensitivity of the circuit will be stable along the temperature variation. M3 is in
diode-connected mode so it always is in saturation region and presents a constant
behavior. M2 and M3 are the same type of transistor so equation (3.3) could neglect

the body effect and the Al can be directly driven by a high width in the transistors.

Results

The best results were obtained with the dimensions showed in Table (3.2). On the
other hand, Fig (3.8) and (3.9) shows the response of the voltage reference used
to bias the current reference for a temperature and voltage variation, respectively.

Such as was explained in the previous chapter, the biasing voltage should be near
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to 5S00mV. The current reference present a stable current and a voltage variation
approximately equals to 20mV for the temperature variation. Fig (3.9) shows the

response for a voltage variation in the supply, and the minimum voltage is obtained,

0.6V. The figure of merit (FOM) are shown in Table (3.2).

parameter case I | case II
1[pm] 1.5 1.8
12[um] 7 9
13[um] 1.2 1.08
wl[um] 4 3.6
w2[um] 90 80
w3[um)] 1 1.26

TC[ppm/°C] 16 18

LS[%/V] 3.45 2.64

VDDyn[V] 0.6 0.6

Vrer @20°C [V] || 0.54 0.52
Irpr @20°C[uA] || 7.85 10

PS[%] 3.73 2.34
Power Total[uW] || 11.77 15

Table 3.2: Dimensions and FOM for simulation in 1st improvement

lies (HA)

Fig. 3.8: First Improvement: Current and Voltage reference versus Temperature
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Fig. 3.9: First Improvement: Current and Voltage reference versus Voltage Supply
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3.2.2 Second Improvement
Description

The second circuit is showed in Fig (3.10), where the T3 block uses seven MOS-
FETs in self-cascode connection, where the dimensions of the all transistors are the
same, this improvement allows to increase the channel length of the composite tran-
sistor and reduce the changes due to the variation in the gate-source voltage, Vx. If
the equation (3.3) is assumed in this circuit, the parameter gm4 will represent the
equivalent transconductance of the composite transistor. In this case, an analysis
of this transconductance allows to show the incidence of the dimensions of these
transistors in the response of the current reference.

W
gma ~ W,Cox (Vx —Vru) — ~ KNZ

The equivalent resistance of this composite transistor will be given by

R Lo b L
4Ngm4~KKNKNW

NT

(3.4)

Equation (3.4) shows that the larger width smaller resistance, so in the next results
the parameter to size the load transistors will get a high width and a small length in

order to reduce the variation on the current, equation (3.3).
In addition to this modification on the load transistors, a structure (B), Fig (3.3), is

used to implement the T1 block and the block T2 is implemented with two transis-

tors in diode-connected mode.
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Fig. 3.10: Second model improved current reference

Results

VREF

67

The best results were obtained with the dimensions showed in Table (3.3). Fig

(3.11) shows the results for the three cases when there is a temperature variation,

the reference current present a reduction towards to nanoamperes range instead of

microamperes as was showed in the first improvement. In addition, the voltage

reference presents a voltage as stable as possible since the deviation is around a few

millivolts at unit scale. Fig (3.12) shows the results for the cases when the circuit is

supplied with a variable supply, the minimum voltage is obtained and this is fixed as

the previous design in 0.6V. In this case, the reference current is reduced since the

transconductance of the composite transistor in the load, allows to drive the current

along the voltage variation.
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Fig. 3.11: Second Improvement: Current and Voltage reference versus Temperature
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parameter case I | caseII | case III
11[um] 3.06 | 2.88 3
12[um] 9 9 9
13[um] 9.9 10.08 10
wl[um] 54 4.5 5
w2[um] 80.1 80.1 80
w3[um] 144 | 144 1.5

TC[ppm/°C] 25 23 62.23

LS[%/V] 241 | 2.89 2.58

VDD N[ V] 0.6 0.6 0.6
Vrer @20°C[V] || 0.524 | 0.535 | 0.529
Irer @20°C[nA] || 176 188 190
PS[%] 2.18 | 2.63 2.34
Power[nW] 263 282 285

Table 3.3: Dimensions and FOM for simulation in 1st improvement
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3.2.3 Third improvement

This section introduces the concept to bias the body of the blocks, Fig (3.2), this
body-biasing was done at T2 and T3 blocks, T1-block was neglected since their
body always needs to be tied to their own source in order to accomplish the concept
of 3T-current reference showed in the first section of this chapter, where the goal
is reduce the temperature-dependency of the circuit, so T1-block does not use the

voltage from the body-bias generator.

Body-biasing of T2-block

Description Fig (3.13) shows the current reference circuit compose by: a body-
bias generator which provides the VBS signal to M8 inside T2-block, a second path
is composed by T1 and T2-block and the last by the T3-block which is composed
by transistors in series connection. T1-block is composed by three transistors in (B)
type connection, Fig (3.3), T2-block is composed by two transistor, one of them
is biased by the body-bias generator and the last is in diode-connected mode, T3
block is composed by five transistors in series connection. All the transistors have
the same technology-parameters with exception of M8 and M9 whose the oxide

thickness is greater, in order to guarantee the 3T-currente reference concept.
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Fig. 3.13: Body-biasing on T2-block

Small Signal Analysis The advantages of this connection are analyzed in base on
small-signal model. All the transistor used to build this circuit, own to the same type
to exception of M8 and MY, these are a greater voltage threshold than the others.
In this case, the input current is in function of the two paths, ijy = ijn1 + izn2, the
input resistance can be driven by the internal resistance of MO and M1, and the
transconductance of M2-M4, in this case the body effect was neglected. Analytic

analysis is in (B).

V, 1 1 1
Fin = N = (ro i+ +—F ) (3.5)
iIN1 l+gmy gmz gmy

Either r or r| can drive the internal resistance of the path, so these resistance works
as a current regulator while the slight current changes can be driven by the transcon-

ductance gmy, gms3, and gmy.

From the concept of 3T-current reference [2], the currents to drive the path are in

M1 and M2, given by eq. (3.1), are
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Vps — VTH,02>

1%}
Ipy = Ip—exp <
nyVr

Ly

Wi —VrH01 — AB1VaSs
Ip =101L—16XP

no1Vr

, equating the previous equations the Vpg can be calculated as:

ny2 Ip1 WL,
Vru02 — —Vra o1 +no2VrIn (i )
Vac — no1 Ipp Wo Ly (3.6)
. 1+ @)LBI '
no1

In order to avoid a high variation at Vgg the device dimensions on M2 and M1 must
be greater than the dimensions looked in M7 and M8, because the goal of this path

is reduce the temperature dependency of the body of M8.

On the next path, the reference voltage is given by the equating currents on M8
and M7 transistors but body-M8 is tied to Vg provided by the previous path so the

currents will be given by

W Vx —VrH .08 — AssVas
Ipg = lpg— exp
Lg nogVr

W5 ~Vru,07 — Ag7Vx
Ip7 = Iy7 I exp

no7Vr

Vx is given by equation (3.7), where Vr = kT /q, k is the Boltzmann constant, T' the
absolute temperature and g the elementary charge. npg and ng; are the subthreshold
factor, W and L are the device dimensions, and Vpg is the voltage provided by the
previous stage, which functions is helping to keep the temperature variations as

small as possible.
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nog
VrH,08 — EVTH,W + ApsVps +nogVr In (

(1 + @137)
no7

By assuming nog/no7, lo7/los, Ag7, Apg temperature-independent, the variation of

Iy7W7Lg )

TogWsL
V.= 08 "VgL7

3.7

VX in the temperature range will be given by

nos kAT
AVrH 08 — @AVT&W + ApgAVgs + nog . In (

n
(1 + ﬁﬂ‘ln)
no7

The variations over Vx are taken by Vis10...14, Vx present a stable signal along the

ly7W7Lg )

TogWs L
AV, = 08"VsL7

(3.8)

temperature variation so output current will be stable too.

Finally, the path of load transistor from M10 to M 14 is driven by Vx and the number
. . I . .
of transistors presents a transconductance equivalent to Vi ~2 gm since the series
GS
connection allows to increase the length channel and the arrangement can be equal

to a composite transistor with better electric characteristics.

Results The temperature coefficient, TC, can be driven by the voltage applied
to the M8-body since as shown in (3.8) the variation on voltage reference can be
driven slightly with the body effect of the transistor M8, whose threshold voltage
was modified by the adding of VBS. Table (3.4) shows the TC improvement with

the VBS increasing, the measures were measured at 20°C.
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Vps[mV] | Vx[mV] | TC | LS | Iger [nA]
0 551 33 | 093 313
25 542 191 | 0.89 292
50 532 42 | 0.81 272
60 528 25 | 0.83 263
70 525 84 | 0.85 256
80 521 150 | 0.859 249

Table 3.4: Parameter variations in function to voltage applied at M8-transistor

Fig. (3.14) shows the response of the electric parameters in function of the sup-
ply variations, the minimum voltage can be assumed at 600mV like the previous
improvement and the current reference is set at 220nA, Figure (3.14a), the volt-
age reference shows a response close to the MTC-point of the T3-block at 500mV,
Figure (3.14b), the body-bias generator shows a stable response after its biasing
at 200mV, after this value the response of the bias generator increases slightly in

function of the voltage supply. Figure (3.14c).
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Fig. 3.14: (a) Current reference curve (b) Voltage reference curve (c) Body-Voltage
generator, all of them in function of voltage supply

Fig. (3.15) shows the response of the electric parameters in function of the tem-

perature variations, Fig. (3.15a) shows the current reference changes from 0 to 100

degrees, at the minimum temperature there is a current since the circuit was bi-

ased to 1.5V at the voltage supply, the current present a variation around the 1.2uA.

Fig. (3.15b) shows the voltage reference response where there is a difference 6mV

along the temperature variations. Fig. (3.15¢) shows the compensation did by the

first path of the circuit, this curve present a difference at ImV along the changes so

the temperature coefficient does not have a weighty change.
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Fig. 3.15: (a) Current reference curve (b) Voltage reference curve (c) Body-Voltage
generator, all of them in function of temperature variation

Finally, Table (3.5) shows the results for the body-bias to the T2-block, two cases

are shown in order to compare the changes at the size level.
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parameter case I | case II
11[pm] 1.95 1.77
12[pum] 9.3 9.66
13[um] 10 10
Ib[um] 0.3 0.3
Ip[pm] 4 5
wl[um] 2.38 1.3
w2[um] 100 100
w3[um] 1.5 1.5
wb[um] 0.58 | 0.49
wplum] 10 10

TC[ppm/°C] 28 17

LS[%/V] 0.66 | 0.99

VDDyn[V] 0.6 0.6
Vrer @20°C[V] 528 564
Irer @20°C[nA] || 263 342
PS[%] 1.94 | 7.87
Power Total[nW] 394 513
Vps@20°C[ V] 62 55

Table 3.5: Dimensions and FOM for T2-block with body-bias
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Body-biasing of T3-block

Description Fig (3.16) shows the current reference circuit compose by: a body-
bias generator which provides the VBS signal to all the transistors at T3-block, a
second path is composed by T1-block and T2-block and the last by the t3-block
which is composed by transistors in series connection. T1-block is composed by
three transistors in (B) type connection, Fig (3.3), T2-block is composed by two
transistor in diode-connected mode, T3 block is composed by five transistors in
series connection. All the transistors have the same technology-parameters with
exception of M8 and M9 whose the oxide thickness is greater, in order to guarantee

the 3T-currente reference concept.

M11

J[EE —I M14
iﬂéﬂ e | ]
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O J[EE‘ e __JE—M12-CD
VBS
L] |

|

M2

L F—
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X
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i
|

M4 VBS

J[El‘-

Fig. 3.16: Body-biasing on T3-block

Small-signal analysis From the concept of 3T-current reference [2], the Vg can
be obtained by equation (3.2) with the equating of the drain currents in M7 and M8

given by (3.1), this value was calculated previously and is given by
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The second path provides a voltage given by the relation at (3.2), so the voltage
reference, Vy can be obtained by the equating of the currents (3.1) for M7 and M8

and taking in account (1.1).
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In this case the body of M8 is tied to ground but the source is tied to a voltage

(3.9)

greater than the bulk so the intrinsic-threshold of M8 is greater than the M7, this

yields an increasing at Vy.

Results In this circuit, two cases were studied, one of then presents a high TC but
the Vy reaches a value approximately equal to the MTC point of the load, whereas
the other case shows a TC low but the Vx and LS have increased their values. Fig.
(3.17a) shows that the VDDy;;nis reduced for the second case where the TC was
reduced, whereas the first case has a VDDyyequal to the previous cases. Fig.
(3.17b) shows how long is the distance between the two cases from the MTC point
of the transistors placed at the load. Fig. (3.18a) shows the IrgFr variations along
the temperature changes, the curve does not have a non-stable behavior that means

the first path of the circuit is working well. Fig. (3.18b) shows the voltage reference
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presents a better behavior for the first case where the voltage difference is slightly
smaller than the other case. Fig. (3.18c) shows the behavior of the body-bias volt-
age, the main difference is that for the first case the value is approximately a half
than the second case, this is due to the Vx which feed the composite transistor at
the load. Finally, Table (3.6) shows the results for the simulation cases, for the first
case the worst value is the temperature coefficient and for the second the minimum
voltage and the process and linear sensitivity, that is the reason why this method can

be used if the temperature coefficient is not a main parameter to improve.
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parameter case I | case II
11[pm] 5 1
12[um] 9 8
13[um] 10 9
Ib[um] 0.3 1.2
Ip[pm] 5 3
wl[um] 10 1.3

w2[um] 100 80.1

w3[um] 1.5 1.44

wb[um] 0.58 0.6

wplum] 7 14

TC[ppm/°C] 198 40

LS[%/V] 1.51 6.03

VDDyn[V] 0.6 0.77
Vrer @20°C[V] || 0.533 | 0.691
Irpr @20°C[nA] || 298 534
PS[%] 1.36 | 3.81
Power Total[nW] 447 801
Vps@20°C[ V] 0.50 | 0.106

Table 3.6: Dimensions and FOM for T3-block with body-bias
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Chapter 4

Conclusions

4.1 Confronting

The proposed current reference circuits were implemented in a 180nm CMOS tech-
nology, the area usage depends on the topology. The circuit can operate from a
supply voltage from 0.6V to 0.77V as VDD, the Irgr can achieve in the best
case 177 nA and 10uA for the worst case, the cases, where the body-bias generator
was used, always have a nanoampere response whereas the first circuit present a
power consumption very large in comparison to the others. The temperature coeffi-
cient in all the cases always is smaller than 50, the line sensitivity is smaller than 5

and the best results are present when the body-bias was used in the T2-block.

Table 4.2 shows the result for the three circuits implemented in this work, it is
needed to know that the cases with body-bias generator present the best solution for
the current reference implementation.

The first circuit, Fig 3.6, the minimum power supply voltage increases since the cir-
cuit uses different output MOSFET and the structure of the T1 block, the reference
current is high because only one MOSFET is used as load transistor in the T3 block

and the TC achieves a low value in the corner TT (typical-typical)

The second circuit, Fig 3.10, achieves a current reference smaller (factor 5) than

83



CHAPTER 4. CONCLUSIONS 84

the first case and the line sensitivity is smaller than the results in [2], these results
depends on the transistor sizing to implement the T2 block, the TC present a similar
value and the voltage obtained from CTAT/PTAT voltage generator is under the
value of state of art.

The third circuit, Fig 3.13, is the complete solution for this work, the results ob-

tained in this circuit present the best figures of merit.

Proposed configuration

Ist 2nd 3rd
Technology, nm 180 180 TT SS FF
IRer, nA 737 145 366 355 367
T range, °C 0 to 100 0 to 100 0 to 100
TC, ppm/°C SS=474; SS=360;TT=48;FF=324 71 1000 282
TT=47,
FF=392
Power, pW 570 460 640 220 1800
Vvbbys V 0.6 0.6 075 079 0.72
Line sensitivity, %/V 2.2 2.2 3.1 33 3
Process sensitivity, o/ 4.2 3.5 33
Die area, umz — — 9k
N° of elements 5T 11T 22T

Table 4.1: Current references results
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parameter st Improv. 2nd Improv. | VBS to T2-block | VBS to T3-block
FOM casel | casell | casel | case Il | caseI | caselIl | casel | casell

TC[ppm/°C] 16 18 25 23 28 17 198 40
LS[%/V] 3.45 264 | 241 2.89 | 0.66 0.99 1.51 6.03
VDDyn[V] 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.77

Vrer @20°C[V] 0.54 0.52 | 0.524 | 0.535 | 528 564 0.533 | 0.691
Irer @20°C[nA] || 7.85 10 176 188 263 342 298 534
PS[%] 3.73 234 | 218 | 2.63 1.94 7.87 1.36 3.81
Power Total[W] || 11.77u 15u 263n | 282n | 394n 513n 447n 801n
Vs @20°C[mV] - - - - 62 55 50 106

Table 4.2: Figure of Merits for all the improvements
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4.2 Findings

Figure (4.1) shows the output current of all the designs, where the first of them
has the greater power consumption in order of micro-amperes since the active load
was implemented with one transistor only, so its sizing was wider than the oth-
ers designs. The best solution was reached in the second design, where the ac-
tive load was implemented with seven transistors in self-cascode mode since the
transconductance is better controlled and the channel length is the adding result of
the length-transistor which allows to reduce the power consumption by keeping the

same gate-source voltage used to bias the active load.
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Fig. 4.1: Output Current in function of the power supply variation for all the designs

Figure (4.2) shows the output voltage from the voltage reference, the first path for
the first and second design and second path for the third design, in this case the
initial requirement, Vggr =~ 500[mV], was reached by all the designs, the minimum
voltage for the power supply was reached at 0.6 V, it will be possible reduce this if

the initial requirement for the voltage reference is lower than the fixed in this thesis.
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Figure (4.3) shows the line sensitivity along the voltage supply variations, from 0.6
Vto 1.5V, for all these the LS was lower than 4 %/V. The best solution is given
by the design where the body-bias generator was used to provide voltage to the
T2-Block, since higher body-source voltage lower reference voltage, MTC point, in
the active load yields a slight variation at the output current so the linear sensitivity
is reduced too. When the body-bias generator is used in T3-block the reference
voltage is not reduced but the body effect can be reduced in the active load, this

provides an improvement at the output current.
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Fig. 4.3: Line sensitivity results

Figure (4.4) shows the temperature coefficient of the all designs, the first three im-
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plementations show a TC lower than 20 ppm/°C, the third implementation shows
the worst result due to the output current reached at the minimum voltage supply,
this value is slightly greater than 0.6 V, and the temperature variations can not be

driven by the active load where the body-bias is working.

T - v
S.5]  VDDra=151V]

€ 0 to 100°C

Temperature C

Design

Fig. 4.4: Temperature coefficient results

Figure (4.5) shows the total power consumption of the implementations, the second
circuit shows the better result since the active load is driven by seven transistors in
self-cascode connection and the channel length allows a better driving the output
current. In addition to the current driving, the SC connection allows to reduce the
power since the bias voltage to power the active load is lower than a simple transistor

with same composite channel length.
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Figure (4.6) shows the power consumption of the voltage reference which work is
providing the reference, MTC point, to the active load, the best result is given by
the design where the body-bias generator was used to bias the bulk of T2-block, for
this reason the path consumes a low power since a part of the power was driven by
the generator, in this path the power consumption is reduced because the sizing of

the voltage reference used to generate the VBS has a low value.
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Fig. 4.6: Power of the voltage reference
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4.3 Conclusions

In comparison to the 3T current reference showed in [2], these improvements need
a greater area occupancy, but this increment trades off the improvements of load
and process sensitivity and power consumption mainly. The conclusions are based

on the improvements in the block structure showed in Fig (3.2).

* T1 block aim is controlling the line sensitivity, larger length channel, smaller
line sensitivity and conductivity thus leading to reduce the impact of Vpp
on V, variations and consequently on Iggr. T1 can be implemented with
different structures, shown in Fig (3.3), from a simple transistor which works
in subthreshold regime since Vgs = 0, a series-connected MOSFETs where
their body can either be connected to a bias voltage or ground point, this
improvement allows to the body-source voltage becomes more negative so the
Vry and T1 block conductivity is reduced. The body to the source connection

is used to avoid the body effect.

* The gate-drain connection was used to increase the threshold voltage in T2
block and consequently has a V, more stable since a low Vj;r¢ guarantees a
current reference with a low voltage and low power consumption. Stacking
the transistors in the T2 block leads to amplifying the difference of threshold

voltages of the transistors used in the block T1 and T2.

* The T3 block improvements used series-connected transistors in order to in-
crease the effective channel length, a larger channel, a smaller load sensitiv-
ity of the circuit. The output current can be set with the number of transistors
used to implement this block. a greater number of transistors, a smaller output

current Igrgr.

* The final implementation showed in Figure (3.13), has three self-biased tran-

sistors in stacking, Ms — M7, in block T1, two transistors in diode-connected



CHAPTER 4. CONCLUSIONS 91

(gate to drain), Mg — My in block T2 and five series-connected transistors,
Mo — My4for the block T3. In addition to these transistors there are a body-
bias circuit with five transistors, My — My, to bias the upper transistor, M8,
of block T2. The number of transistor in block T2 is due to reach the V, re-
quired. This implementation shows all the possible cases where the circuit
can be controlled by the body connection, so exploiting the transistor sizing,
the designer can potentially use transistors of the same type in all the three
main blocks T1, T2, and T3, thus reducing significantly the process sensi-
tivity of the current reference. The body connection can be used as a key to
control the threshold voltage when the transistor works in weak region and
consequently the temperature coefficient, the line sensitivity and the mini-
mum voltage supply can be improved. If the body transistor load is biased
with a voltage different to zero the Vy;7¢ can be minimized so the V, required
is reduced too. The increase in the number of body connections in the circuit

means a more difficult circuit to control and more area occupancy.

* If the power consumption of the voltage reference and the linear sensitivity
requirements are not relevant for the aim circuit for biasing, the design de-
picted in Figure (2.9), can be used with the advantages that this circuit will
use a smaller area occupancy and the temperature coefficient should be lower
than 20 ppm/°C and the linear sensitivity will be approximately 3 %/V thus

an output current dependency of the voltage supply is guaranteed.
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Appendix A

Small-signal analysis of first

improvement
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Fig. A.1: Small-signal analysis for 1st and 2nd Improvement
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Since transitor M4 is driven by gate-source voltage given by the voltage reference,
Vx, the voltage is calculated from the small signal circuit

Vx = Vps2 + Vps3

Vps2 = Iintps2 — §m2Vpsarpsa + gmbaVpssrpsz

Vpsa (14 gmarpsa) = Iinrpsa + gmbaVpsirpsa

rDS2 gmbyrpsy
Iy DS3
1+ gmarps> 1+ gmyrpss

Vps2 =
Vpss = IInrps3 — gm3Vps3

Vps3 (14 gm3) = Iinrps3

DS3
Vpgz = 1
Ds3 =77 o IN
DS2 mb>rps»
Vx = Iin & Vbs3 + Vps3
1 +gmarps> 1+ gmarps2
r mbor
Vy — D2y (1 L _8Mmbarps) )
1 +gmyrpsy 1+ gmarpss
DS2 DS3 gmbarpsy
Vy = Iy + (1 —) Iy
1+ gmarpss 1+ gmj3 1+ gmarps>

Vx _ s DS3 ( 1+ gmyrpsy + gmbzrDsz)
I 1+gmyrps;  1+gm3 1 4 gmarpsy

If the body effect in M2 is neglected and gmyrpsy > 1

Vx _ Tps2 L _'Ds3 (gmzi’Dsz)
Iy gmarpsy  14gm3 \ gmarps:
Vx 1 'DS3

Iy~ gmy 1+4gms

The output voltage for the current reference is Vpga

Vpsa = rpsa (IREF — gMmaVx)

the Alrgr depends on the gmyVy variation

gma gm4rDS3) I
gmy 1+gmj

AlRer = IReF — (

Vi =V +Vus3
Vin = Vaso + Vas1 +Vasa +Vass = Vaso + Vas1 + Vi

Viso = linaso — 8moVesoTaso — §mboVisor aso
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Viaso = Tinraso — 8mo (Voo — Vo) raso — 8mbo (Vo — Vso) raso

Eq. (A.8) can be reduced with the table showed below.

CASE | g0 | b0
I sO | Gnd
II gl | Gnd
III sO | sO
v gl | sO
CASE 1

Vg() = Vs() and VbO =0
Viso = Iinraso — 8mo (Voo — Vo) raso — 8mbo (Vo — Vs0) Taso

Vaso = Lintaso + 8mboVsoraso = Lintaso + 8mboraso (Vasi + Vas2 + Vasz)

1 gmb; 1
VdsO = | ¥ds0 +gmb0rds0 Tas1 + + + Iin
gmy  gnpgms  gm3

CASE 11

Voo = Vg1 = Vi1 = Vo + Vg3 and Vo = 0

Viso = Lintaso — 8mo (Voo — Vs0) raso — 8mbo (Vo — Vo) Taso

Viaso = Tintaso — gmo (Vasz + Viasz — Vast — Vasz — Viasa) Taso + gmboVioraso
Viaso = Tintas0 — gmo (—Vis1) Tas0 + gmboVioraso

Viaso = TinTas0 + gmoVasi 7aso + §mbo (Vast + Vasz + Vias3) aso

If eq (A.6), (A.9), (A.10) are assumed, Vg is

1 gmb; 1
Viaso = Lint aso + 8molint as17as0 + gmby | ras1 + + + Lintaso
gmy  gmpgms  gms3

98
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Fds18Magms + gms3 + gmby + gmy
Viso = (rdso + gmor 517450 + gmbo ( : ) rdsO) Iin

8gmpgms3
(A.3)
CASE III
Veo = Vo and Vjo = Vi
Viaso = Lintaso — 8mo (Voo — Vs0) raso — 8mbo (Vo — Vo) Faso
Vaso = Iin?aso (A4)

The voltage depends on current flowing through the internal resistance of the tran-
sistor, a higher W implies a small resistance and greater variation in the current,
while a lower W implies a large resistance and therefore less changes in the current

but reduction in the working range of tension.

CASE 1V

Voo = Vg1 = Vi1 = Vygo + Vi3 and Vig = Vo

Viaso = Iintaso — 8mo (Vas2 + Vass — Vast — Vasz — Vasa) Taso
Vaso = Iinraso + 8MoVasi7aso

If eq (A.6) is assumed, V0 1s

Viaso = (raso + 8morasorasi) lin (A.5)

In this case, the voltage difference depends on the internal resistance and the change
in the transconductance and internal resistance of the down transistor linked in the
itself source.

Vst = lintas1 — 8m1Ves17as1 — gmb1 Vg1 7451

Vast = Iinrast — gmy (Vo1 — Vi) rasi — gmb1 (Vi1 — Vi) s

Vo1 = Vi1 and Vp,p = Vg
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Vist = lintas1 (A.6)

Vast = lintas1

Vasa = Iintaso — 8M2Vesaraso — §mbaVpsorasn

Vasr = Iinraso — 8ma (Voo — Via) rasa — gmba (Viy — Vo) rasa
Ver =Viaa = Veso = Va3 Vip = 03 Vo = Vi3

Visz = Lintaso — 8maVasoraso + gmbaVysaras

) gmborgs
Vis2 = in ds3
1+ gmarys 1+ gmargs
) gmbyrasy M3y
Visa = I;

1+ gmaryso " +gmargp 1 +gmarygs

Tds2 gmborysn Yds3
Visa = + I; A7
a2 ( 14+gmargn 1+ gmorgsm 1+ gmargss ) " A7)

Visz = Iintasz — §m3Vgsarass — gmb3Vigrass
Viss = linrass — gm3 (Vo3 — Vi3 ) rass — gmb3 (Vi — Vi3) a3
Vez = Va3 = Vgsz = Va3 Vs = Viz =0

Viass = Linrass — gm3 (Va3 — Vi3 ) a3 = Iintasz — 8m3Vasarass

Tds3

Vie=—-"2 T A8
ds3 1+ M3 in ( )
If r45 and r;43 are very large, eq (A.7) and eq (A.8) can be shown as:
1 mby
Vi ~ ( +-£ ) Iin (A.9)
g&mz  8§magms3

Viss = ——Iip (A.10)
am



Appendix B

Small-signal analysis of third

improvement

Fig. (B.1) shows the third-improvement with modification in all the blocks and

body-bias generator for T2-block.

M5

M6

M7

Vx

L L L LLLTL

Fig. B.1: Current-reference

Small-signal for body bias generator

101
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Id

>
@ gmO(Vbs-Vx) Q] ro
@ agm1(Vbs-Vz) Q] r1

é/) gm3(Vbs-Vw) C/ID gmb3(Vw) ¢] r3

w

@ agm4(Vw) ¢] r4

Fig. B.2: Small-signal for body bias generator

) Vx )
ip = gmoVps — gmoVy — . — ipro = gmoroVps — (gmoro+ 1) Vx

_gmoroVps —ipro

V; A

X gmoro+ 1 )

. Vx—Vz .
ip = gmVps — gmVz + - — ipry = gmir1Ves — (gmir1 +1)Vz+Vx

mir1Vps+Vx —ipri
v, =¢ (B)
gmir;+1

) Vz =V . .

Ip = % — ipry=V;—Vps —>Vz; = V35+1Dr2(C)
2

. Vps —Vw

ip = gm3Vps — gm3Vy — gmb3Vy + I —

ipr3y = gmar3Vps — gm3r3Viy — gmb3r3Viy 4 Vps — Viy

iD7‘3 — VBS gmsrs +1
Vv = ( \p)
1 — gmsry — gmbsr3

. VW . iDr4
ip=gmsVyy +— — iprg = gmuraVw +Vy - Vg = —
r4 gmary+1
A, B and C to find the relation ip/Vpg when the transistor are connected in cascode

mode (MO, M1 and M2)

) myr1Vps+Vx —ipri : :
Vps+ipr = i — (Vs +ipr2) (gmir1 +1)+ipry —gmir|Ves =
gmiri+1

Vx
gmoroVps —ipro
gmoro+ 1

. gmoroVps ipro
Vi miry+1—gmyry)+ip(gmirin+rn+r)= —
Bs (gm1r gmyry) +ip(gmyrira +ry+ry) emoro+ 1 gmoro 1

. 1 gmoro
] miriry+nrn+rn+——— | =V, — 1
D (g 17172 2 1 gm0r0+1) BS (gm0r0+1 )

(Vs +ipra) (gmir1 + 1) +ipri — gmriVps =
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, <(gm0ro—|—1)(gm1r1r2—|—r2+r1)+ro) B <gm0ro—gm0r0—1)
iD = Vgs

gmoro+ 1 gmoro + 1
ip 1

Ves  (gmoro+1)(gmirira+ra4r)+ro

The transistor M2 does not have a direct relation with its transconductance because
this is canceled with the connection gate-source and body-source, so its behavior
is entirely resistivity, that means when there is an increasing in the drain node the
current will decrease, a positive feedback loop is created. This resistance plays a
main role in order to reduce the current variation when there is a voltage change on
the supply. If the resistance of the transistors are so large, the current variation will

be zero, ideal case, so the line sensitivity can be reduced with this part of the circuit.

D and E to find the relation ip/Vpg when the transistor are connected in diode mode

(M3 and M4)
ipra _ ipr3—Vgs (gm3r3+1)
gmyry+ 1 1 — gmsry — gmbsr;
(gm3r3+1) Voo — i ( r3 ra )

BS = 1ID -

1 — gm3ry — gmbsrs 1 —gm3ry —gmbyry  gmgrg+1
(gmsry+1)

ip (1 —gmsrs — gmbsrs)

Ves  13(gmars+1) —rq (1 — gmsry — gmbsrs)
(1 — gmsrs — gmbsry) (gmars + 1)

ip (gm3r3+1) (gmars +1)

Vs r3(gmarg+1) —ry (1 — gmsrs — gmbsrs)

1 1
. r3ry <— +gm3) <— +gm4>
7)) r3 r4

Ves 1 1
B iy [(8"14 + —> - (— —gm3 — gmbz)]
ry4 r3

1 m m
' +g 4+g 3+gm3gm4
b _ 3ry 13 r4
Vs gny 1 gmz  gmbs
—=— -+ gm3gmy + gmbzgmy — + +
r3 r3rq r4 r4

If the resistances r3 and r4 are so large the relation can be approximated by

ip _ gm3agmy . 8m3

Ves ~ gma(gms+gmb3) — gm3+ gmbs

So the transconductance showed for the M3 and M4 transistors depends on mainly

of the transistor 3, remember this definition because in the next stage this transistor

represents the T2-block of the voltage reference which provides the MTC point to
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the load stage. On the voltage reference, this block is in function of the temperature,

so the less quantity of transistor should be used.

Small-signal for voltage reference

b
Remark: the bias voltage for transistor M8 and M9 is give by Vpg ~ i DM =
&ms

mb
iD+iDg 3
g&ms3

be greater than the body-source variations, so if the body effect changes the thresh-

to reduce the variation the change due to the gate-source voltage should

old voltage in a relation given by gmb ~ ) gm, the voltage provided to M8 and M9
aV;
will be (= ip +ipy), where x is given by WTH, so a change in the body voltage,
SB
it will increase the drain current of the transistors, the variation given to this node

must be small and slow along the temperature variation.

The second stage is composed by a second voltage reference, M5-M7 in series
connection and M8 and M9 in diode-connected mode the next transistors were ne-
glected in the implementation. In this case the conductivity of the block can be
driven with the body-bias generator since the VBS generated in the previous stages
helps to reduce the voltage reference so the MTC point can be reduced and the linear

sensitivity on the load too.
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