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Abstrakt

Tato prace se zabyva navrhem nizko napétové, nizko pifkonové napétové
reference. Uvodem jsou zde probrany MOS tranzistory a pasivni prvky dos-
tupné v technologii CMOS. Tyto kapitoly tvoii s kapitolou popisujici techno-
logické odchylky vyroby zaklad pro lepsi pochopeni navrhairské problematiky.
Déle nésleduje souhrn nékolika jednoduchych i slozitéjsich napétovych refer-
enci, véetné reference na principu bandgap.

Hlavnim tkolem préace je pak samotny navrh napétové reference s nizkym
napajecim napétim a nizkou spotiebou. V kapitole VI je ¢tendr postupné
seznamen se zakladnimi prvky technologie CMOS a je provazen navrhem
téchto hlavnich ¢4sti: jadro napéfové reference, operacni zesilovaé, starto-
vaci obvod a trimovaci obvod. Navrh a simulace je provedena v programu
Cadence ver. 6.1.3. Béhem prace bylo tieba se alespon okrajové seznamit s
programovacim jazykem Skill a Verilog pro vytvoreni simula¢niho skriptu a
idealnitho ADC prevodniku.

Abstract

This diploma thesis describes design of a LWLP (low voltage and low
power) voltage reference. At the beginning, transistors and passive elements
available in CMOS technology are discussed. These two chapters and pre-
sented technology variations chapter form good base for a better understand-
ing of IC design issues. This is followed by a summary of a few simple and
complex types of voltage references, including the principle of bandgap ref-
erences.

The main goal of this thesis is designing a low supply voltage and low
power consumption voltage reference. In chapter VI, the reader is gradually
familiarized with the CMOS basic elements and designing these main parts:
voltage reference core, operational amplifier, start-up circuit and trimming
circuit. Design and simulation is performed in the program Cadence ver.
6.1.3. During this work it was necessary to set familiar with the programming
language Skill and Verilog for making an advanced corner simulation script
and for creating the ideal ADC.
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1 Introduction

Voltage references are important not only for ADC and DAC or memories.
They are the essential part of every chip because circuit needs some biasing
that sets proper working conditions.

Requirements of voltage reference are: accurate and constant voltage
(independent on temperature and supply voltage) without noise transfer into
the system (noiseless), low voltage and low power, preferably independent of
the process and mismatch.

It is clear that it is impossible to design circuit with ideal parameters and
in the most cases temperature and supply voltage independence are preferred.

Some simple circuits that provide poor voltage reference are later intro-
duced. Despite poor voltage reference accuracy, these circuits can be useful
for some applications due to their simplicity. Advanced topology usually
exploits thermal voltage or base-emitter voltage etc. They usually contain
parasitic diode on that account.

At the beginning the MOS transistor and passive device in CMOS tech-
nology are discussed for better insight of complex IC design.



2 MOS Transistor

2.1 Basic Parameters, Operating Region

MOS transistor is the four terminal (Gate, Source, Bulk, Drain) non-linear
basic device in electronic design. The origin of short-cut MOS is from Metal-
Oxide-Semiconductor structure in the transistor where metal creates a gate
terminal, oxide forms insulator (Si02) under the gate terminal and semicon-
ductor is P or N-type substrate. Fig.[1] shows simplified cross-section view
of NMOS transistor without the Bulk terminal.

GATE

SOURCE DRAIN

FOX n+ T FOX

P-substrate

Figure 1: Simplified cross-sectional view of NMOS transistor

NMOS and PMOS transistors are two basic types of MOS transistor.
NMOS transistor has an N-type source and drain area and P-type substrate,
while PMOS has P-type source/drain and N-type substrate. Fig.[2] shows
basic symbols of NMOS and PMOS transistors. The bulk terminal is con-
nected to the negative supply voltage (often Gnd) in the case of the NMOS,
while PMOS transistor has bulk terminal connected to the positive supply
voltage (often Vdd).

In the next schematics the bulk terminals are not shown for better read-
ability.

MOS transistor has two operating regions depending on Vpg and Vgg
voltage. Linear region and saturation region. Eq.[1] shows condition for each
saturation region and Eq.[2] for the linear region. Note that, these equations
are valid only for strong inversion.

Vbs 2 Vas — Vi (1)
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GATE BULK GATE BULK

SOURCE DRAIN
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Figure 2: MOS transistor schematic symbols used in the thesis (a) NMOS
(b) PMOS

Vbs < Vs — Vi (2)

The behaviour and equation for drain current are different for each region,
see Fig.[3]. MOS transistor in the linear region behaves as a resistor, while in
the saturation region its behaviour is rather near to a current source. Eq.[3]
defines drain current in the saturation region and Eg.[4] in the linear region.

1 W,
Ip = é(VGS —Vin)? = =K' ! (Vas — Vin)? (3)
2 2" L
V W. V
Ip=p (VGS_Vth)_%S VDS:K/L; (VGS_V;&h)_%S Vps  (4)

where
Ip = drain current
b =K' % - transconductance parameter
Wes, Ley = effective channel width and length
K" = 1pC,; - technological constant
Vin = threshold voltage
Vps, Vas = drain-source and gate-source voltage



Linear h Saturation
region . region
'

Vgs

Vds,

Figure 3: NMOS transistor, output characteristic

2.2 Large and Small Signal Model

The large signal model is important for determination of operation region.
Drain current and saturation voltage can be calculated from it. This model is
shown on Fig.[4]. It contains four terminals (Gate, Source, Drain and Bulk)
and current source Ip. There are other devices in the large signal model. For
instance, capacitances (Cgs, Cgd, Cgb, Cdb, Csb), substrate diodes (Dbd,
Dbs) and serial resistances rs,rd. All these devices are parasitic. Ideally, only
voltage control current source is present.

As mentioned before, MOS transistor is the non-linear device. Therefore,
the large signal model is also non-linear. Small-signal model is needed for
obtaining the linear characteristic/function. Simply, it is linearisation of the
large-signal model in the specific operating point. Due to the linear function
all parameters calculations are easier. Fig.[5] shows the principle of small-
signal model. MOS transistor is biased by the DC gate-source voltage Vg
to the proper value of DC drain current Ip. In this operating point, an AC
gate-source signal voltage vy is applied. The small-signal v, voltage causes
change in the small-signal drain current 4. As Fig.[5] shows, the small-signal
variations are linear if the following conditions are valid (i.e |vys| << Vg and
lig| << Ip ).

Fig.[6(a)] shows the small-signal model. The most important parame-
ter is transconductance g,,. This parameter relates to the small-signal gate
voltage vy, and to the small-signal drain current iy as Eq.[5] shows. Other
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Figure 4: Large signal model, [A1102]

Figure 5: Small signal model explanation



transconductance is a ¢ps-

td = Gm * Vgs (5)

Model also contains capacitances from the large-signal model and three

conductances gps, 9sp, gps. The conductance gpg is a conduction of the

channel and it is also an important small-signal parameter. The last two con-

ductances represent conduction of parasitic substrate diodes. These diodes

are usually off and therefore these conductivities (gpp, gps) are often ne-
glected. Fig.[6(b)] shows simplified small-signal model.

DRAINEE|

rs
| 1Cod | Cdb
[ 11
gbs
—{ 11— GATE © DRAIN
GATE | 8gm*vgs gmbs*vbs Ijgds ‘wo \ngs gm*vgs gds
gbd
—{ | —o SOURCE © * * O SOURCE
vgs vbs
_vgs o < Vbs
| |C9s | |CsP
[ [
22
rd
SOURCE
(a) (b)

Figure 6: Small signal models (a) Full (b) Simplified, [A1102]

The previous mentioned small-signal parameters can be calculated by
Eq.[6,7.8]

dlp

Im = 7 (6)
dlp

gps = Vs (7>



_olp
Imbs = aVBS <8>

These parameters are valid only at given operating point and at its close
vicinity. The following equations show the basic relations for the small-signal
parameters in the linear (9,11) and in the saturation region (10,12). Note
that strong inversion is assumed.

9m = BVps (9)
o

gm = (Vas — Vin) (10)

gps = B((Vas — Vin) — Vbs) (11)

gps = Ap (12)

2.3 MOS Capacitances Summary

Capacitances Csb and Cdb are the reversed biased junction capacitances.
More about behaviour of junction capacitance can be found in the chapter
3.2.3.

The main three capacitances are Cgs, Cdb and Cgd. These capacitances are
given by the overlap capacitance (Cgpo, Capo or Cgso) and by the part of
gate capacitance C” . (it is a capacitance between the gate and the channel).
Note that a shape of the channel is not constant, it depends on Vpg and
Vias. Thus the value of capacitances Cgs, Cdb and Cgd are determined by
the operating region. Table [1] lists the values of mentioned capacitances.

Name | Off Triode | Saturation

Cgd Capo- W %WLC;I Cepo- W

Cgb CoeW L+ Cgpo- L | Capo-Ll | Capo- L

Cgs OGSO'W %WLC(/)Z %WLC(I,QE + CGSO - W

Table 1: MOS transistor capacitances



2.4 Threshold Voltage and Body Effect

In the previous chapters it is assumed that MOS transistor is turned on.
The threshold voltage Vj;, is applied to the gate terminal for keeping MOS
transistor turned on.

The definition of threshold voltage is complex and the concrete value
depends on many factors (thickness of gate oxide t,,, substrate doping level,
temperature etc.). Moreover the threshold voltage value depends on the
bulk-source voltage Vgg.

The threshold voltage extraction can be described by several methods:
Constant current method, Second derivative method, Extrapolation in the
linear region method (ELR) etc...

According to the ELR method, the threshold voltage is found at the inter-
cept of the tangent in the inflexion point with the Vi axis, [DPDR00]. The
inflexion point P, f, is the point where the transconductance g,, reaches
its maximum. This method assumes NMOS with the source and bulk con-
nected to the ground (therefore the Ip-V plot is used instead of the Ip-Vis).
Moreover this method neglects the parasitic series resistances and mobility
degradation.

== Tangent

4
+ sub-threshold
+ region
,

v

Figure 7: The Vy, extraction, ELR method

From Fig.[7] is clear that some drain current flows under the threshold
voltage. This operating area is called sub-threshold or weak-inversion region,
see next sub-chapter for more information. Applying a gate-source voltage



Vas < Vi, to the gate terminal, the sub-threshold region can be achieved.
Thus only a small number of electrons is attracted under the gate oxide.

As mentioned before, the threshold voltage V;; depends on the voltage
Vps. If the source and bulk are not at the same potential then a Body effect
occurs. The Body effect is usually unwanted phenomenon that simply steals
some electrons from the channel. Thus the threshold voltage rises and the
drain current Ip decreases (for constant Vig), see Fig.[8].

Vih  Vinl Ves
Figure 8: Ip-Vig relation with marked threshold voltage

Eq.[13] describes influence of Vg on the threshold Vi, [Bak10].

Vin = Viao + 7 (/12651 + Vas - /120/]) (13)

where,
Vino = zero-bias threshold voltage
2¢; = flatband voltage - constant
Vsp = source-bulk voltage
~v = body factor

The body factor v and the flatband voltage 2¢; are (for simplicity) con-
sidered as a constants.



2.5 MOS Transistor Inversion Level

As mentioned before MOS transistor has basically two operating regions
(linear, saturation region) depending on voltages Vs and Vpg. This approx-
imation is sufficient for some design approaches. But for micro-power design
it is not.

Therefore the the saturation region is divided into next three operating
levels, [Ste08]: Weak inversion, Moderate inversion and Strong inversion.
This three operating levels depend on the Vg voltage and they are signifi-
cant for modern low-power integrated circuit design.

The exact definitions of these region are based on: surface potential 1),
pinch-off voltage V,,, Inversion charge ()i, and depletion charge Qgcp. It is
clear that the definition is very complex and unfortunately the exact expla-
nation of this matter is beyond the scope of this work.

The inversion level can be estimated by the Vigg — Vi, value, [SW94].
Weak inversion: Vgg — Vi, < —50mV
Moderate inversion: —50mV < Vgg — Vi < 250mV
Strong inversion: 250mV < Vgs — Vi

To find out how much the transistor is in the concrete inversion, the
inversion factor IF is defined, [Ste08].

Ipsat 2[ (V};—Vs>
IF=——=1 1
I, n + exp 50

(14)

where
Ips.: = saturation drain current
I, = Specific current
V, = pinch-oft voltage
V, = local voltage at source end of channel

The following table defines the relation between the inversion level and
inversion factor IF.

10



Weak Inversion IF < 0.1
Moderate Inversion | 0.1 < IF < 10
Strong Inversion 10 < IF

Table 2: Operating regions definition with respect to the IF, [Ste0§]

Weak 1 Moderate 1 Strong

gmllosaﬂ
30

Vosat Weak 1 Moderate 1 Strong

20+

10

0.1 10 IC 0.1 10 IC
(a) (b)

Figure 9: Vpga and g,,/Ip parameters as a function of IF, [Ste(§]

The following Fig.[9] shows two important MOS parameters (saturation
voltage and g,,/Ip ratio) as a function of IF.

The saturation voltage Vpg. is the required voltage across drain-source
terminal to keep it saturated. This parameter is often required to be low for
better headroom. From Fig.[9(a)] is clear that minimum Vpg, is obtained
in weak inversion and it is roughly equal to Vpsatmin =~ 4Ur.

The headroom is the difference between Vpg and Vpge. For instance,
assume that NMOS transistor has a Vpgy = 140mV and Vpg = 180mV.
The Vpg can be reduced by roughly 40mV till the MOS transistor is still in
saturation region. This voltage reserve is called Headroom.

The g,,/Ip is a very important parameter because it shows the transcon-
ductance efficiency, see Fig.[9(b)]. The maximum is reached at weak inversion
gm/Ip ~ 25 (the maximum value depends on n which is technology param-
eter). The minimal value is reached in strong inversion.

11



On the other hand strong inversion provides the small device size and
high bandwidth. This design tradeoffs are summarized by Fig.[10].

The IF factor is unique because all important parameters : saturation
voltage Vpsat, 9m/Ip ratio, output conductance gpg, capacitances (in satu-
ration region), intrinsic gain, transition frequency and noise can be directly
calculated as a function of IF, [Ste08§].

Thus the new design methodology called g,,/Ip is used. Possible design
approach provides three degrees of freedom in design: drain current Ip, in-
version factor IF and transistor length L.

The maximum current condition and designer choice set the drain current
of each transistor. The IF factor is than chosen accordingly to required MOS
performance. The following Eq.[15] gives than the W /L ratio *.

W 1 Ip
- - b 15
L IF I (15)

The last design step is the MOS length L choice. This choice is trade-off
between high DC gain on one side and area, stability and speed on the other
side. After this step the MOS width W is easily calculated.

!The W/L ratio is often called an aspect ratio AR
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designs

Figure 10: Design tradeoffs as a function of IF, [BFJ07]
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3 Passive Devices

Fundamental passive devices are presented in this chapter (resistors and ca-
pacitors). Quality of passive devices is very important for analog IC design.
Passive devices are used for determination of gain, time constant, compen-
sation, current to voltage conversion etc. Low power applications require
resistors with a large resistance value. In this case, resistors consume a sig-
nificant area.

Unfortunately resistors and capacitors in CMOS process have temper-
ature and voltage dependence. Moreover process and mismatch variations
cause significant inaccuracy. These effects are presented in the next chapter.

3.1 Resistor
3.1.1 Sheet Resistance

Generally, resistors are made of resistance body and heads, see Fig[11]. That
is why the total resistance can be expressed by Eq.[16] and square resistance
by Eq.[17]

L

R =2Rpc0q + qurw (16)

Ry = p/t (17)

where
Rpeqq = head resistance
W = body width
L = body length
p = material resistance
t = thickness of square layer

14



Heads

Body

1 2 3 4 5 6 7 8 LN

L

Figure 11: A simple resistor layout

3.1.2 Poly-Silicon Resistor

Poly-si (ie. poly crystal) is the most used type of resistor. The poly-si resis-
tor can be manufactured with or without silicide layer. This layer is a mix of
metal and silicon and it has better conduction ability. Silicide poly-si resistor
has therefore generally smaller sheet resistance than non-silicide.

For instance, silicide poly-si in our process design kit (PDK-180 nm technol-
ogy) has resistance about tens of ohm/square while non-silicide has about
200 ohm/square. Poly-si resistor is made of strip of resistive poly crystal
material. Width and length of the strip can be calculated from final device
resistance and sheet resistance.

Insulator
[(Metal ] 1
R _PolySI
N ! AN ! it
FOX - Cl -2

P-substrate

Figure 12: A first order Poly-Si resistor model (Cross section)
From the picture above is clear that this strip structure has parasitic

capacitances to the silicon substrate. These parasitic capacitances are dis-
tributed along the strip but for simplicity assume the first-order model that

15



splits the total parasitic capacitance into two capacitors C1 and C2 see
Fig.[12]

There are many types of resistor layout (meander, dog bone etc...). These
layout technique should minimize impact of fabrication process.

3.1.3 N-Well Resistor

This type of resistor is made by P or N lightly doped diffusion area and
two contacts. This n-well resistor has sheet resistance 10-100 ohm/square
depending on the dopant concentration. Unfortunately, a parasitic diode D1
(pn junction) is presented in this structure. Attention to correctly polarized
pn junction must be paid.

Insulator
I Metal I I Metal I
FOX n+ FOX L FOX
i n-well

Figure 13: N-well resistor without depletion layer (Cross section)

For simplicity, the first-order model can be also used, see Fig.[13]. How-
ever, the parasitic capacitors C1,C2 are junction capacitances and therefore
their values depend on the voltage across the resistor. So the total capaci-
tance can change due to the voltage. Moreover width of the depletion region
is voltage dependent, so the total resistance of diffusion resistor is nonlinear.
These negatives can be problematic for analog design, where constant resis-
tance and capacitance values are generally required.
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3.1.4 MOS Resistor

The third method to realize resistor on chip is due to the MOS transistor op-
erating in triode region. Assuming NMOS transistor the following condition
must be set in order to achieve triode region, see Eg.[18]

Vps =< Vs — Vi (18)
Ip N
Linear . Saturation
region ' region A

Vgs

v

Vds

Figure 14: NMOS transistor, output characteristic

The resistance of mosfet resistor is calculated by Eq.[19], [All02].

1
T = o W) T) (Vs — Vi) (19)

where
[ = carrier mobility
C,, = oxide capacitance
W/L = geometric size of transistor channel (width and length)

Eq.[19] shows that resistance of triode NMOS transistor can be tuned by
the gate-source voltage Vg which is indeed an important advantage. Second

advantage is a possibility of a large resistance value in the compact area.

On the other hand, non-linearity is a disadvantage of MOS resistor.
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3.2 Capacitors

In this section three basic capacitor types are presented: metal-metal capac-
itor, pn junction capacitor and MOS capacitor. Capacitors have important
role in the analog circuit design. They are often used for the signal filtering
and for the stability compensation. Capacitors are essential part of charge
pump and dynamic random access memory (DRAM) circuits.

3.2.1 Metal-Metal Capacitor

Assuming a simple plate capacitor that contains two parallel plates and di-
electric material between them, Eq.[20] gives the total capacitance.

C=cn () (20)

tO.’L’
where
€00 = permittivity of the insulator between plates
S = plate area
toe = spacing between plates

It is clear from the Eq.[20] that the total capacitance is linear and a big
S and e,, or small t,, are required for the large value of capacitance.

Fortunately metal-metal capacitor can be realized by two plates with di-
electric material between them (this structure is called parallel-plate). If the
edge and parasitic capacitors are neglected, Eq.[20] is valid. Spacing between
plates is in order of 0.1 — 10um (depending on technology), [Car12]. Silicon
dioxide (S70,) is often used as dielectric material with e,, = 3.9¢,, [Carl2].

Fig.[15] show poly-poly capacitor Cpp with parasitic capacitances Cp.
The most important parasitic capacitance Cbp is formed between the bot-
tom plate of poly layer and the substrate. Therefore it is called bottom
plate parasitic capacitance. It is clear that value of bottom plate parasitic
capacitance can be large due to the large plate area.

The parallel-plate structure can be made of different elements, for in-
stance by metal-metal, metal-substrate, metal-diffusion area, poly-poly, poly-
metal etc...

18



| Metal2 |
Cp — Metal2-metall Cap. Cp = Metal2-metall Cap.

T

| Metal1 | | Metal1 | Insulator

Cpp == Poly-poly Cap. = Metall-substrate Cap.
I Poly Insulator

Cbp —1_ Poly-substrate Cap. (bottom plate cap.)

Insulator

P-substrate

Figure 15: Poly-poly capacitor with parasitic capacitances (Cross section)

3.2.2 Pn Junction Capacitor

Reverse-biased pn junction has a charge-storage effect that is represented by
the junction capacitor C;. This junction capacitor C; is formed by a bottom
capacitor and a sidewall capacitor. Behaviour of the junction capacitor is

given by Eq.[21], [A1l02].

o Cij stw
T (14 gy

(21)

where
Cjp,Cjsw= zero-bias bottom pn capacitance for bottom, sidewall
®o,Pos= pn build potential for bottom, sidewall
m;,mjsy= pn grading coefficient for bottom, sidewall
Vr= applied reverse voltage

Pn junction capacitor provides large value of capacitance because deple-
tion region can be thin and its relative permittivity is high (e, = 11.8),
[Car12]. Furthermore, it is obvious from the Eq.[21] that the junction ca-
pacitance can be tuned by reverse voltage Vg across it. This feature is often
used for oscillators and radio-frequency applications.

Voltage dependence is not required in some applications. The next disad-

vantage is capacitance dependence on dopant concentration, which is difficult
controlled. Furthermore, leakage current through junction capacitor can be
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problematic.

3.2.3 MOS Capacitor

As mentioned in Eq.[20], larger capacitance value can be achieved by thin
dielectric material t,,. Gate oxide of the MOS transistor is the thinnest layer
in CMOS process, [Carl2]. Therefore MOS capacitor provides a good ratio
of capacitance/area.

Assume NMOS transistor now, if the positive voltage Vdd is applied to
the gate electrode, a conductive channel is formed by attracted electrons.
This channel creates with gate electrode plates of gate capacitor and gate
oxide is a dielectric.

If source, drain and bulk are connected together, MOS transistor works
as the capacitor, see Fig.[16]. Eq.[22] shows gate capacitance (sometimes
called oxide capacitance).

G
L
Vdd
1
= D
<] ="
L ceso 1 cox dcepo | ~
T T T
FOX n+ n+ FOX L—{G q
vdd =
P-substrate l =
(a) (b)

Figure 16: (a) NMOS capacitor (Cross section), (b) NMOS cap. symbol

Cor = WeLe -2 = Wig LeyCl, (22)
tox
where
WesLey = effective geometrical size of channel
C! . = gate capacitance per area unit

Fig.[16] also shows next two capacitors Cgpo and Cggo. These two ca-

pacitors are called overlap capacitances and they are formed by inaccuracy
of diffusion process (expansion of source and drain area under gate).
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Capo = Caso = C! Laiyy (23)

where Lg;¢r is a length of overlapped area.
The total capacitance of MOS capacitor is given by Eq.[24]

Crros = WefLefC(lm + QWedeiffC(/m (24)

Unfortunately, gate capacitance C?_ is dependent on voltage Vg and it
is not linear. Of course some minimal Vg min voltage needs to be ensured
for proper work of MOS capacitor, see Fig.[17].

Accumulation Depletion Strong Inversion

Cox .

N
>

0 Vt Vgs

Figure 17: The variation of the gate capacitance with Vg voltage

Note that MOS capacitor can operate in three regions: accumulation,
depletion and strong inversion. These three regions are now discussed for
NMOS transistor.

In accumulation region a negative voltage is applied on the gate. Thus
mobile holes are attracted (accumulated) under the gate oxide. Capacitor is
formed between gate electrode and substrate electrode. Unfortunately serial
resistance is present and that is why accumulation region is not convenient
choice for MOS capacitor.

If the gate voltage Vs (smaller than threshold voltage Vj;) is applied,

only a small number of electrons are attracted. Now, the area under the gate
is said to be nearly depleted. It means depleted of free electrons and holes.
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From Fig.[17] is clear that total capacitance of MOS capacitor in depletion
region (weak inversion) is small.

The last region is the suitable choice for MOS capacitor. Due to the large
positive gate voltage a large number of electrons are attracted. Thus the
area under gate oxide is no longer p-type but n-type. Moreover the parasitic
serial resistance is smaller than in the accumulation region.

4 Voltage References

Voltage reference is a circuit that generates a specific output voltage. This
output voltage should not depend on the load current, supply voltage, tem-
perature, time or process corner. As mentioned before the voltage reference
is essential component for ADC/DAC, memory and for circuit biasing. Thus
it can be said that every complex integrated circuit (digital meters, smart
sensors, threshold detectors, battery management systems etc..) needs some
kind of voltage reference.

Before some voltage reference are presented, the temperature coefficient
is introduced.

Temperature coefficient (TC) is an important parameter of a component
that should be considered during the electronic design. TC describes the
relationship between a change of parameter as a function of temperature.

With usage of Taylor polynom most of these functions can be expressed
as follows:

p(T) = p(To) (14 a(AT) + B(AT)? + 1 (AT)* + .. (25)

where

AT = difference between temperature 7" and nominal temperature Ty
p(Ty) = parameter p at temperature T

a, B, = are temperature coefficients

If TC coefficients of higher order(/3,~,...) are negligible then we can con-
sider the dependency to be linear. The Eq.[25] can then be written as:

p(T) = p(Ty) (1 + a(AT)) (26)
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It’s clear that the parameter a describes the general tendency of the rela-
tionship.

For example, if the parameter p is the reference voltage V. and «a is
greater than zero then the value of V. increases with temperature. This
phenomenon is called PTAT (Proportional To Absolute Temperature), see
Fig.[18(a)]. If the « is smaller than zero then the V., decreases with tem-
perature and it is called CTAT (Complementary To Absolute Temperature),
see Fig.[18(Db)].

Vref[V] Vref[V]

PTAT ref. CTAT ref.

TIK] TIK]
(a) (b)

Figure 18: (a) PTAT and (b) CTAT voltage references
In next section PTAT and CTAT system are shown.

4.0.4 CTAT

Simple diode is used in order to generate CTAT TC. Diode or bipolar tran-
sistor can be used to obtain pn junction/diode. NPN transistor in Fig.[19]
has base and collector connected.

In this configuration the base-emitter junction is exploited to obtain a
diode. If positive voltage is applied to pn junction, forward biased region is
entered. Relationship between I-V is approximated by Eq.[27] called Shock-
ley’s equation.

I:Is~ea:p< 4 (27)

nUT 1)
where

n = material coefficient and its value is about 1.05 - 1.1. For simplicity, this

coefficient is often considered to be equal to 1.

Ur = thermal voltage, given by Eq.[28]
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¥,

Vbe

Figure 19: CTAT voltage realization

I, = saturation current, its value is in range 1072 — 108 [Sed13].

Ur = kT/q~26mV/K T = 300K (28)

where
k = Boltzmann’s constant = 1.38e-23 J/K
T = the absolute temperature in Kelvins = 273 + temperature in °C
q = the magnitude of elementary electron charge = 1.60e-19 C

It can be derived, [Sed13]:

OVbe/IT = —2mV /K (29)

The temperature behaviour of diode connected bipolar transistor (i.e
transistor with shorted base and collector, see Fig.[19]) was simulated. The
OVbe/OT of NPN (Area=0.36pum?, 180nm PDK) is —2.27mV/K at room
temperature, see simulation result Fig.[20].
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Figure 20: Temperature behaviour of the diode

4.0.5 PTAT

Fig.[21] shows topology that provides PTAT TC. Assuming two identical
NPN bipolar transistors Q1 and Q2, each one has a different DC bias current.
Their base and collector are connected and thus they behave like a diode.
Eq.[30] is simplified Shockley’s equations and it describes current through
diode and from the same equation voltage Vj, is expressed by Eq.[31].

[c = [s : exp(%e/UT) (30>
Vi = qu In(L/1,) (31)

Eq.[32,33] show voltage across these two BJTs

‘/bel == UT . ln([cl/fs) (32)
%62 =Ur- lTL(IcQ/IS) (33)
A%e = %62 - %el = UT : ln([c2/[cl) (34>
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vdd vdd

AVbe

Figure 21: PTAT voltage realization

Eq.[34] shows that AV includes thermal voltage Ur and from Eq.[31]
it is evident that this expression is rising with temperature (Ur = kT'/q).
Therefore AV, is rising with temperature and AV}, is PTAT. Next term
In(Is/1.4) is a design choice of different currents. The same circuit can be
build with the same currents I.; = I and use different area of pn junction.
Or both principles together can be used, i.e. different current and area.
Eq.[35] shows AV}, relation expressed by the current density J, .

A%e = ‘/beQ - %61 = UT : ln(JCZ/Jcl) (35>

Advanced topologies of voltage references are usually based on one of
the previous mentioned phenomenons. Therefore they are PTAT or CTAT
systems. Unfortunately TC is not sufficiently small for many applications
and therefore bandgap reference (BGR) is used. The BGR combines PTAT
and CTAT to achieve almost zero TC.

4.0.6 Simple Type Reference

Voltage divider. A well know discrete form of voltage divider uses resis-
tors, Fig.[22(a)], or capacitors. The voltage divider formed with resistors has
the advantage of simplicity and temperature insensitivity but supply depen-
dence and the power dissipation are a problem. Large resistors are required
to minimize current through the resistor divider.

Voltage divider formed with MOS transistor is more space efficient and its
behaviour is better described ( BSIM3V3 or EKV model describe transistor).

26



vdd vdd

M2

R1 Vvdiv M1 Vdiv

(a) (b)
Figure 22: (a) resistor only divider, (b) MOS only divider

The MOS-only divider generates a fraction of the supply voltage. If the
PMOS and NMOS transistor have the same drain current Ip; = Ipo then
Eq.[36] is valid.

B
2
Output voltage vg;, can be then expressed by Eq.[37]

(Vdiv - ‘/;fhn)2 = %(V;id - V;liv - ‘/;Shp)2 (36>

Vaa — Vinp + \/%‘/ﬂm
div —
B

Voltage reference M OS-Resistor. Fig.[23] shows the simple voltage ref-
erence made by resistor and diode connected MOS transistor (diode connec-
tion guarantee the saturation region). The reference voltage V,. is equal to
the voltage Vg of the MOS transistor M1.

Vaa — Viey _ B

Ip=——7— S WVref — n 2
D R 5 (Vies = Vinn) (38)

21
Vyes =vum+,/7D (39)
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Figure 23: MOS-resistor voltage reference

Eq.[38,39] describes mentioned circuit.

4.0.7 Advanced Reference Topology

Voltage reference is used to set proper bias point in many cases. Therefore,
the more precise reference the better choice. These advanced references are
based on one of the following effects.

Voltage reference based on Vbe, [DB11]. Voltage on forward polar-
ized diode is about 0.7 V (it depends on temperature and current density).
Due to MOS transistors M4, M5 diode voltage is repeated on resistor R1,
see Fig.[24]. The current /1 through resistor R1 is defined by Eg.[40]. This
current is mirrored by PMOS mirror M2-M3 into the output branch. On the
output resistor kR1 reference voltage V,. is generated and it is described by
Eq.[41]

‘/bel
Il == Rl (40)
B (WL (WD)
V;“ef - lejo’u,t — le (W/L)le - k(W/L>2%e (41>
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[ M5 —0
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ISy iy

Va Vb

Vbe: AVAS! [] R1 [] KR1

Vref

Figure 24: Voltage reference exploiting Vi,

The reference voltage V,.r can be tuned by multiplying factors £ and
(W/L)
(WD

Temperature behaviour of diode forward voltage can be estimated as
—2mV /K and it is CTAT. Temperature on chip can rapidly change due to
a chip self-heating. Of course, an ambient contribution is another important
factor. Temperature working range might be wide (it depends on applica-
tion), it is -50 - 100 °C in our case. Voltage reference based on base-emitter
voltage V; has variation about 300mV only due to the diode behaviour. An-
other temperature dependent devices are not taken into account.

Voltage reference based on Ut, [DB11]. Fig.[25] presents the voltage
reference based on thermal voltage Ur. Note that two diodes Q1 and Q2 have
a different area ratio 1 : N. Thus voltage across diodes Q1, Q2 is not equal.
Transistors M1, M2, M4 and M5 formed advanced mirror that ensure equality
of voltages V, and V,, and current through branches. Therefore voltage drop
on resistor R1 obtain the thermal voltage Ur, as Eq.[42] shows.
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Vri AV  Ur
=— = = —In(N 42

R B R W) (42)

Current [ is mirrored by MOS transistors M2 and M3 into output branch.
The reference voltage V,.s can be expressed by Eq.[43]

I

(W/L)s (W/L)3
Vier = kR11, = kR I, = kUpin(N 43
where k£ and E%ﬁ;g terms can tune value of output voltage V,.s. Due to

the PTAT coefficient in Eq.[43] temperature behaviour of circuit is PTAT.

vdd

il = 0"
! A -

mal | M5 o

-
1

—

Va Vb

R1 Vref

+ + [:l kR1
vbel Y7 q1 LN Q2

Vbe2

Figure 25: Voltage reference exploiting Ur
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4.1 Bandgap Reference (BGR)

The name Bandgap has originates from the physics nature of the silicon.
Fig.[26] shows a simplified energy band diagram of semiconductor, [Bak10].

N
E[eV]

Conduction
Band

I mmm——
Energy
Bandgap Eg

Ev

Band

Figure 26: A simplified energy band diagram

The Ec line indicates bottom edge of the conduction band and Ewv is top
edge for valence band. The distance between these two bands is the bandgap
energy Fg. This bandgap energy decreases as the temperature increases, see

Eq.[44],[Bak10].
B aT?
T+

where E,(0), a, 3 are fitting parameters for different material (Ge,Si,GaAs).
For the silicon and 300K temperature, Eq.[44] can be rewritten as

Ey(T) = E,(0) (44)

0.473 - 1072 - 3007
E = 1.166 — =1.12 4
,(300) 66 300+ 636 eV (45)

The result of Eq[45], 1.12eV is an amount of energy that electron needs
to overcome gap between the valence and conduction band.

The theoretical output voltage of BGR is also equal to 1.12V, therefore it
is called bandgap. BGR is one of the most popular voltage references due to
minimized TC. Moreover some current references are based on BGR circuits.

31



After the explanation of BGR function a few implementations of BGR are
presented.

4.1.1 Bandgap Basic Principle

As mentioned before, BGR is a circuit exploiting CTAT and PTAT to com-
pensate temperature dependence.

V[V]

Vbg=Vptat+Vctat

Vctat

Vptat

TIK]

Figure 27: Zero TC due to PTAT and CTAT

As chapter [4.0.5] shows, the thermal voltage Uy = kT'/q has a positive
temperature coefficient (PTAT) and it rises by +85uV/K. Voltage base-
emitter V4. has a negative temperature coefficient (CTAT) and its drop is
about -2mV /K. Ideally a zero TC is achieved by adding these two voltages,
see Fig.[27]. Tt is evident that PTAT and CTAT are different scales, therefore
PTAT is multiplied by constant K to ensure their mutual compensation.
Then Eq.[46] is valid and it is a basic relation for BGR.

Vig = Voe + KUrp (46)

Fig.[28] shows a principle of ideal BGR reference. Ideal means that out-
put voltage Vi, has zero TC. Unfortunately there are reasons why the zero
TC is never obtained. For instance voltage variations of Vj,. are not linear due
to the higher order of TC. Moreover supply voltage Vy; changes, mismatch
and process variation have also undesirable effect. Mismatch and process
variation are discussed in chapter [5].
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0.085mV/K
B vt oS keut
Ut=KkT/q IK/
TIK] TIK]

Figure 28: Principle of bandgap

4.2 Bandgap Basic Topology
4.2.1 Voltage Adding Topology

Fig.[29] shows voltage adding BGR topology [All02], that contains a Opamp,
diodes, mosfets and resistors.
Assuming ideal Opamp we can write Eq.[47]

Vo=Vo = Vir (47)

The current I, can be defined by the Eq.[48] below.

In(N)
Ry

Output voltage V,.s can be expressed by adding voltage across resistor
Ry, and voltage V;,, Eq.[49].

Iy = Vip/ Ry = AV /Ry = Ur (48)

V;”ef = V;”bg + % (49>
Voltage V., can be expressed by the following Eq.[50].
In(N
Visg = Ryl = R, (UT I(%b )> (50)

a final relation for V,.s is written Eg.[51].
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v

Figure 29: Voltage summing topology

Loy

‘/ref - ‘/Tbg + VE; - R (UTln<N) + %el) (5]->

b

From Eg.[51] a typical PTAT(Ur) and CTAT (Vi) terms are expressed.
This circuit provides, from its nature, V4, around 1.12 V and therefore supply
voltage cannot be lower than 1.12 V. Due to this limitation, this topology is
not suitable for low voltage reference.

4.2.2 Current Summing Topology

This concept was invented by H. Banba, H. Shiga and collective [BSUT04].
The main advantage is sub-1-V operation with selectable output voltage V4.
Fig.[30] presents this topology.

Voltages V,, and V,, are the same due to the Opamp and feedback loop.
Feedback loop is made by the PMOS transistor P-BGRN, P-BGRP, which
controls currents through branches. Because these PMOS devices have the
same Vg voltage, the currents through branches are the same.
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Figure 30: Principle of current Bandgap

From these considerations, the following equations are valid.

where V., is AVj,.

Ibg =1y + Irs

v, =V

‘/ref - M(Rout(lrb + ]’I’S))
Currents I, and I, are expressed by Eq.[55,56]

‘/bel

[rs =
Rs
Vio

J—
"= Ry
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With Eq.[52,54,55,56,57] a final Eq.[58] for output voltage Vi, is written.
Rout

R,

B

‘/re =M
f R,

(Vier + Z-Urln()) (58)

In Eq.[58] the term (Vier + %:UTln(N)) is bandgap voltage itself. It
obtains both PTAT term (Ur) and CTAT term (V1) and its value is about
1.12 V as we can see from the voltage adding topology.

Notice that by the resistor ratio Ry, /Rs and by the multiple factor M,
the output voltage V.5 can be scaled.

The PMOS current mirror is set to saturation region with Vs voltage
about 120-140 mV, the V}, or V;, has maximum value about 0.7 V (this voltage
is set by diode Q1 in low temperature case). So the current BGR has potential
to work at the low supply voltage around 0.85 V. Unfortunately, building a
high-gain low-voltage low-offset rail-to-rail Opamp can be quite difficult.

5 Offsets and Technology Variations

5.1 Offset Definition

The zero offset is one of the most wanted attributes of the circuit. Because it
can cause large error in high gain Opamp application and it generally limits
the precision of the analog design. Let’s have a single output Opamp with
input terminals tied together. The differential input voltage Vj, 4 (voltage
between the input terminals) is zero and the output voltage should be also
zero (according to Eq.[59]).

V:)ut - AV : V;n,d (59>

Unfortunately, this is not true and therefore V,,; # 0. The offset voltage
can be defined as the differential input voltage Vpg that is required for the
zero output voltage, see Fig.[31].

Offset can be divided into systematic offset and random offset. The sys-
tematic one is caused by designer.

The random offset is caused by technological variations. It cannot be
usually predicted because it is random. Fortunately, statistical result can
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Figure 31: Definition of offset

be obtained by Monte Carlo simulation. The technology variations are now
introduced.

5.2 Technology Variations

Technology variations have significant effect on analog precision and influ-
ence device performance. Clearly, geometrical size of manufactured MOS
transistor differs from geometrical size of designed transistor (due to many
difficult fabrication steps).

These effects can be categorized to process variations and mismatch vari-
ations. The process variation is applied on whole wafer, while mismatch
variations are applied on each individual device.

5.2.1 Process Variations

There are many sources of process variations, for instance different temper-
ature in fabrication steps, different dopant concentration, different thickness
of growing oxide etc.

Several device parameters are used to estimate the impact of process
variations. These models are called process corners. Generally slow and fast
corner is defined for PMOS and NMOS devices. Junction capacitances and
threshold voltage V;;, in slow corner case are larger than expected in T'T cor-
ner (TT corner is a case without any process variations). Therefore digital
circuits are slower in slow corner.

On the other hand, fast corner reduces threshold voltage V;, and junction
capacitances and that is why the digital devices are faster.

37



Five corners: SS, SF, FS, FF and TT are presented.

SS (NMOS slow, PMOS slow)
SF (NMOS slow, PMOS fast)
FS (NMOS fast, PMOS slow)
FF (NMOS fast, PMOS fast)
TT

(NMOS typical, PMOS typical)

Every design should be tested in different corners, temperatures and sup-
ply voltages.

5.2.2 Mismatch Variation

As mentioned earlier, process variations are applied on the whole wafer, but
mismatch variations are applied on each device. For instance, two identi-
cal designed MOS transistors have random differences in their parameters
(threshold voltage Vi, body factor 7, technological factor k, geometrical
ratio W/L). These random variations can be established by the Gaussian
distribution with an average p and a spreading o?. According to Pelgrom’s
model [PTV98], following Eq.[60,61,62] describes MOS mismatch variance.

Avth

o*(Ven) = (60)

(k) = (61)

(62)

where A,;, A, A, are experimental constants depending on technology.
It is clear that WL size must be increased for better matching (i.e. for
mismatch variations reduction). Unfortunately, mismatch variations could
rise with an improper chip layout. Therefore the following layout techniques
should be used. For instance, matching devices should be placed on the same
isotherm, thus the temperature difference should be minimized. Matching
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devices should have the same orientation and optionally the same area ra-
tio. Centroid layout topology or dummy devices should be used for better
matching, [SW94].

The main goal of mismatch and process optimization is to make a robust
design. If the designed circuit is robust the technology variations does not
affected its performance. Moreover the wafer yield is higher. The wafer yield
is a number of acceptable chips produced per wafer. It is clear that the higher
the wafer yields lead to a higher profit.
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6 Circuit Design

Bandagap core, trimming circuit, operational transconductance amplifier
(OTA) and start-up circuit are the main parts of chosen topology. Design of
these four circuit blocks are presented in this chapter.

6.1 Design of the Bandgap Core

According to specification, the current summing BGR was chosen, [BSUT04].
This topology is introduced in chapter [4.2.2] and it is shown again in FIG.[32]
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¢+——o0
vn Vp
4 R
Rs Vrbl: Rb Rs H'F{out
) l|rb l Vref
Irs
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Q1 1:N 2
oot N bey N 0
) \

Figure 32: Principle of the current BGR

Values of Rb, Rs, Rout, N and multiplying constant M are derived for
proper BGR design. These values can be calculated from Eg.[63] derived in
chapter [4.2.2].

Rout
Ry

R,
Iy

Viepwor = M (Vbel + UTln(N)> (63)

Note that Eq.[63] shows the V,.rwor voltage without the offset. Values
M and ratio R},%:f are used only for the absolute V,.rwor value scale. Eg.[64]
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shows the partial derivative of the bandgap voltage term (Vbel -+ %ZUTln(N ))
over the temperature.

Nyy O (Vor + Urln(N)) Vo R, Uy
o oT =or TR @)

To obtain ideally zero TC the Eg.[64] is equal to zero.

o 8‘/;’6f o aV;)el Rs 8UvT

The exact value of partial derivation 2Vl

55t was simulated at temperature
T = 300K, see Fig.[20].

a%el
=22 K
5T ™mV/

(66)

The 86% can be estimated by Eq.[67].

our  O(*L) K 1.38-10°%
oT = or 7 160100 Co2mV/K (67)

Eq.[68] is obtained by substitution of Eq.[66],[67] into the Eq.[65]

R
0~ —227-107% + ﬁln(N)(86.2 -1079) (68)
b

Let’s express the %Z ratio.

& N 2.27-1073 215 (69)
R,  86.2-107%-In(N)  In(N)
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From Eq.[69] it is clear that current density ratio N must be chosen. This
parameter said, how many times current density in diode Q1 is larger then in
diode Q2. This parameter has a significant effect on the reference generator
performance.

Assume that the Opamp has an input referred offset voltage Vps. There-
fore Eq.[70] is valid.

Vo=V, + Vos (70)

Currents Iy, Iy and I, are again derived.

Viv - Vos Vie - Vos
Ly, =1, I Ly = ——— L)y = ——— 71
bg = I + b R R (71)

Thus the reference voltage V. is expressed by the Eq.[72]

Vi -V, Vie - V4
b os+ b 05) (72)

V;e :Rou - :Rou
/ b t( R, R,

After few calculation steps, Eg.[73| is derived. This relation shows un-
wanted dependence of the V. on the offset voltage Vog

Rou RS RS
o (vbe1 + S U (N) + Vos(1+ )) (73)

‘/re == ‘/re Ve =
f f,oF + Vos 7 7

Mismatch variations of the BGR core and the Opamp are the main con-
tributors of the input offset voltage Vpg. Unfortunately, mismatch reduction
is not easy task and every Opamp has the input referred offset.

From Eq.[73] is clear, that a small g—: ratio can reduce the effect of Vpg on

the V,cs. The large value of the N parameter provides small %z ratio, Eq.[69].

Moreover for good matching, the common centroid geometry is used.
Thus N equal to n? — 1 is required for the square topology, see Fig.[33]. The
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N parameter is chosen to be equal 24.

1:24

Q2| Q2| q2|qQ2|a@2
Q1 1:N Q2 Q2] Q2] Q2|22
n Q2]Q2|Q1|Q2]Q2

Q2] Q2] Q2|Q2]Q2

Q2]1Q2|Q2|Q2|Q2

Figure 33: The common centroid geometry of diodes Q1,Q2 (N=24)

Now %Z ratio can be calculated.

= 8.64 (74)

Note that, this calculation is for the T' = 300K . Different temperature
results in the different ratio. It is therefore tentative calculation. The Z£= "
ratio is chosen to be equal to 8.

Now let’s focus on the scaling factors M - R"“t . The current mirror multi-
plying factor M is chosen to M = 1 to reduce total current consumption. The
R"“t ratio is chosen according to the required V,.y value. The V.. ~ 0.7V is
chosen because this voltage level creates a sufficient common mode voltage
to the N-input stage of the subsequent Opamps.

Rout
Ry

Rout
SRy

SRy
S8Ry

Viep = M= (1.12) =

(1.12) ~ ==2(1.12) ~ 0.7V (75)

As Eq.[75] shows, the Ry, = SRy is chosen for V. ~ 0.7V

The absolute value of R; is still unknown. To satisfy the low power
requirement I, = 100nA is chosen.

Vb Urpln(24)

R - N
"7 Ib  100-10-°

— 826.3k0 (76)
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Table [3] summarizes the previous design choice.

Parameter | Designed Value
Ry 826.3k(2
Ry S8Ry
Rout SRy,
M 1
N 24

Table 3: BGR core design choice

PMOS current sources design. To achieve proper function of the PMOS
current sources (P-BGRN, P-BGRP, P-OUT), the saturation operating re-
gion is required. The current through the PMOS transistors is set to 200nA
(according to low power requirement). According to g,,/Ip design approach,
the inversion factor is now chosen. The moderate or strong inversion is rec-
ommended for current mirror reduction (see chapter [6.3] for current error
explanation). The IF equal to 9 is chosen. Using the previous mentioned
Eq.[15] the W/L = 1/6 ratio is obtained. The length is set to 12um for mis-
match reduction. For the selected W/L ratio and MOS length L the MOS
width can be calculated W = 2um.

Note that too high inversion factor should not be chosen in this case,
because the Vpg, would be to large. Low supply voltage Vdd = 0.9V and
quite high output voltage V..y = 0.7V left only 0.2V for Vpg of P-OUT
transistor. It is clear, that for saturation region the Vpg,; must be less then
Vps = 0.2V.

6.2 Design of the Trimming Circuit

It can be said that every design device has some variation from the designed
value due to the technology variations and local mismatch, see Ch.[5]. In the
previous chapter, the particular resistor value is designed according to our
task. Due to the technology variation the absolute value of resistor can be
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changed by the +20%, [Car12]. On the other hand, the relative variations
(variation of ratio) are approximately £1 — 4%. Even this small variation
can cause major inaccuracies.

It is clear that for achieving an accurate voltage reference some calibra-
tion device must be added. This device is called the "trimming” circuit and
it simply provides post-fabrication adjustment. The typical trimming circuit
can tune only one element (i.e resistor value, capacitor value, MOS transis-
tor width etc.). It is important to note that this technique cannot ensure an
ideal circuit performance but only an acceptable performance per some cost.
It is tradeoff between trimming complexity and precision.

In this thesis the resistor trimming network is chosen. There are a few
basic resistor trimming techniques: the laser trimming, metal fuse and soft-
ware programmable trimming.

The metal fuse method is based on the resistor with parallel metal fuse.
This fuse has almost zero resistance. Under normal conditions, the fuse
shorts the resistor. Thus value of this shorted resistor is not counted to
the final value of the resistor network. On the other hand, the fuse can be
opened/burned and then the resistor value is counted. The disadvantage is
need of large trimming pads (on this pads a current is applied).

The laser trimming is more accurate and area efficient. This technique
is based on the thin metal resistor film which is cut by the laser beam. Un-
fortunately this procedure is expensive. Therefore it is mainly used for high
performance circuits.

The software trimming is based on the electronic switches that change
the final value of the resistor network in time. The trimming process can
be repeated or changed. This is the main advantage indeed. Moreover this
trimming is the cheapest variant. On the other hand some digital circuit
is needed. In some complex integrated circuit project the digital circuits
are present anyway. So this is not necessarily such big disadvantage. This
trimming technique is chosen for this project.

45



vdd Rout

1:1 1M

I
Ju—
<

Q

i)

o

©
—
—

=3
@

—

Vn Vp

Rs vib [ | Rb Rs | BRoutE

Figure 34: Trimming of the R,,;, trimming resistor network

6.2.1 Trimming of the R,

Fig.[34] shows designed trimming resistor network. This network is used to
trim the value of the R,,;. Thus the reference voltage V,..; can be tuned. For
proper design is necessary to know the number of bits and maximum devia-
tion of V,.s. Four bits are chosen for trimming. This choice is a compromise
between trimming range/accuracy and cost. The maximum deviation due
to the technology variation is determined by the Monte Carlo analysis. The
deviation range roughly £125mV is detected, which is about £18% of the
nominal V,.¢. In this situation trimming is linear. Thus the value of the Ry
must be trimmed in the range of +18%, see Eq.[77]

Roaw = Riyp(1.18) = 4.87TMQ  Rypin = Ry,,p(0.82) = 3.38MQ  (77)

where Ry, is nominal value of R,,; = 5R; = 4.13M () designed in previous
chapter. From the R,,4z, Rmin the trimmed range is obtained, Eq.[78§]

AR = Ryas — Rynin = 1.49M € (78)
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Note from Fig.[34] that binary weighted resistors are used. Resistors RX
and 8R = Rjgp create the typical resistor value Ry, = RX + 8R. This
Ry, can be trimmed to the maximum value R, + 7R and to the minimal
value Ry, — 8R by the proposed structure. The values of Rrsp and Rysp
are defined by the Eq.[79].

A
Rrsp = 1? = 99.2kQ Ryisp = 8Rrsp = 793kS2 (79)

In the end the maximal resolution can be calculated by

Rrsp - 100

Mazx.Resolution = =2,03% (80)

typ

The other resistor value can be calculated form the R;gp value.

It is worth to mention that the smaller value of R;sp the more accuracy
but the narrower trimming range. To obtain high resolution and wide range
network a large number of bits is required. This also relates with silicon area,
cost and test-times. Therefore some compromise must be chosen.

6.2.2 Trimming of the R,

TC can be trimmed by change of the Rb or by Rs resistor value. Trimming
of the Rb is improper choice. Because voltage drop across Rb is given by
Vip = Ur - In(N) ~ 82.6mV, (for N=24). This voltage drop is not sufficient
for trimming switches. Therefore Rs resistors trimming is chosen (voltage
drop across resistors Rs are equal to voltage across diode Q1).

Trimming structure is the same as structure of the R, trimming, see
Fig.[34]. The required trimming range is £8.5% (it is obtained from Monte
Carlo simulation). According to four bits possibilities and required trimming
range +8.5%, the R4z, Rmin, Rrsp and maximal resolution are calculated.

Rpas = 6.46MQ  Rypin = 7.67TMS) (81)

Risp = 80.5k2 Maz.Resolution = 1,13% (82)
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The whole schematics of the trimming circuits can be found in appendix

A5, A.6).

6.3 Design of the Opamp

From the proposed circuit it is clear that the Opamp is required. The OTA
is operational transconductance amplifier. This device is type of the Opamp
but the output is not a voltage vy, but it is a current iy, see Fig.[35].
The output node has therefore high impedance. The input is the differential
voltage Vj, 4 and thus input nodes has a high impedance. The whole device
can be approximated /idealized as the one voltage controlled current source
(VCCS). In the following text the Opamp and OTA words are considered to
be the same.

OPAMP OTA

lout

Figure 35: Opamp and OTA symbols

The BGR performance strongly depends on the Opamp performance.
Therefore a robust Opamp is a crucial point of the whole BGR.

Let’s summarize the Opamp requirements. The Opamp must work with
the minimal supply voltage 0.9V. Due to the low voltage requirements the
circuit topology range is limited. The next requirement is the wide input
swing. The common mode voltage range is roughly 0.3-0.7 V (this range is
given by the diodes temperature behaviour). Also low gain and high offset
have impact on the BGR precision.

From the basic structure the telescope OTA cannot be used due to the
low supply voltage. Also any two stage OTA is not preferred. The BGR
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core is basically the next stage and therefore it creates the three stage sys-
tem (with any two stage OTA). Generally the two stage system is easier to
compensate?. Thus only one stage OTA is preferred.

The remaining structures are the single stage OTA, symmetrical OTA
and folded cascode OTA. Previously mentioned OTA structures are outside
the scope of this thesis. Explanation can be found in the [SW94].

6.3.1 Folded Cascode OTA with NMOS Differential Pair

The folded cascode OTA is chosen because it can work from the lowest sup-
ply voltage. It provides wide output swing, high gain and it can be modified
for the rail to rail input stage. Fig.[36] shows the N-folded cascode OTA
topology.
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Figure 36: Folded cascode OTA with NMOS differential pair

This topology contains two parts: input differential stage (NMOS input
differential pair, NMOS tail current) and the summation circuit (PMOS cur-

2compensate means ensure sufficient stability
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rent mirrors, NMOS current sources, cascodes). These fundamental parts
are now presented.

Differential Pair. Differential pair is made of two NMOS transistors N-
DPP and N-DPN. The main function is convert the input differential voltage
to the differential current. The diff.pair is biased® by the current source N-
TAIL. For proper work of the N type diff.pair, Eq.[83] must be valid. This
equation limits the minimal value of the Vi, o, .

va,cm 2 VGS + VDS (83>

where Vpg is the voltage across drain-source of the N-TAIL transistor and
the Vg is the gate-source voltage of the N-DPP,N.

Current mirror and Cascodes. The current mirror is the most basic
analog structure. The function is simply sense and reproduce the current.
There are many types of current mirrors. Simple current mirror, Wilson,
Cascode, [SW94]. Fig.[37] shows the N type basic, cascoded and low voltage
current mirror.

o
Iref Ioutl

=
_'

o [ | ™

o [
Iref IOUtl

M3 M4 ] Vcasb [ M3
'__' Vout
Vout
M2 M1 ] [ M2

(a) (b) (c)

Figure 37: Current mirrors (a) basic (b) stacked (c) low voltage cascode

3biasing = setting the proper operational point
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The important attribute is the current mirror error. It can be caused by
different Vpg voltages and by mismatch. Increasing the output resistance
(by adding the cascode or by longer channel) reduces the Vpg sensitivity but
it also reduces the output swing. Eq.[84] shows the relation between I,,, and
I,cs of the basic current mirror.

Tour _ <K2> (Wz/L2> (Vgs _VT2> <1+)\VDSQ> (84)
Les K, Wi/Ly Vos — Vi 1+ AVpsi
Wa/ Lo . .
Note, that the <W1 /Ll) term is used to set the current ratio. The rest

terms only describe the unwanted dependency. If the devices are matched
and if the Vpg voltages are same (Vpg; = Vpgo) then Eq.[84] can be simpli-
fied as follows:

]out [[2/L2>
= 85
Iref <”1/L1 ( )

Fig.[38] shows test of the current mirrors (basic, stacked, cascode). The
current mirror error is caused by the different Vpg voltage. All these mirrors
have the same value of testing current [;.; = 200nA. It is clear that stacked
current mirror provides smaller mirror error than the basic and cascode cur-
rent mirror.

On the other hand the stacked mirror needs the largest voltage V,,; for
its proper function (Voutmin = 2V, + Vin). While the basic current mirror
requires only (Voutmin = Vou). Cascode current mirror provides compromise
between the current error and minimal V,,, = 2V, voltage, [A1102].

The P-MIRRP and P-MIRRN create the P current mirror. This mirror
uses cascodes P-CASP, P-CASN to increase the output impedance. This
topology provides the high output impedance but it does not reduce the out-
put swing as the stacked current mirror.
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Figure 38: Current mirror error vs. Vpg for basic (red), stacked (blue) and
cascoded (violet)

The current sources are used to set the current through the structure.
Basically it is also the extended current mirror as can be seen in the whole
schematic. N-MIRRP and N-MIRRN should have a long channel length, to

minimize effect of Vpg mismatch.

Bias circuits. Any designed transistor needs to be set to the correct oper-
ating point. Thus a bias is required. The bias circuit can provide bias voltage
(i.e gate voltage of cascodes) or bias current (i.e bias current of N-TAIL). The
whole bias circuit basically works as the current mirrors network. Therefore
ideal current mirrors and one current source are needed to replicate bias cur-
rent [,y without additional mirror error, see Fig.[39(a)].

The Fig.[39(b)] shows the simple bias realization by the diode-connected
MOS transistor and resistor. This easy circuit heavily depends on supply
voltage, temperature and resistance value. Therefore it is not a convenient

choice indeed.

The interesting solution is to use the I, current from the BGR. As men-
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Figure 39: Bias network with ideal source (a) and with Rrgp resistor (b)

tioned before, this current should be temperature and supply voltage inde-
pendent. It seems to be great choice for bias circuit, but there is one issue
to note. The [, current is the reference current only if the BGR works in
proper operating point (and if the Opamp is turned on). But the Opamp
cannot works without I;,. These statements form a condition loop.

The specific biased solutions are now presented.

BIAS PART

Current
source

Vgate [ P_OUT1

Current

Figure 40:

Current sources biasing

Current sources biasing, Fig.[40]. N-MIRRP,N bias is basically only
the current mirror with current source made by transistor P-OUT1. Note
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that transistor N-BIAS1 is a part of the bias structure not a part of summing
structure. The ratio of N-BIAS1/N-MIRRN,P is set to 1/2 for current saving.
The current density of each transistor in current mirror should be the same.
Therefore the multiplying factor M is used. Note from the Eq.[83] that for
better current matching? it is good to achieve the same voltages Vpsi = Vpso.
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' bias

N_BIAS3

: N TAIL }
rvntailb H
current! lVDS

Tail

Figure 41: Tail current biasing

N-TAIL biasing, see Fig.[41]. Note that it is the basic current mirror
with input diff.pair replica N-DPNB, N-DPPB. These two transistors help to
keep Vpg voltages of N-TAILB and N-TAIL same. In this case it is more im-
portant than in case of current mirror. Moreover this feature does not need
any extra current. The main disadvantage is that if the input common mode
voltage Vi cm is low than the diff.pair replica is shut off. Thus the current
cannot flow through this branch. This issue makes the Opamp startup more
difficult.

The cascode biasing. Fig.[42] shows the biasing for N cascode. The
principle of P cascode bias is the same. Thus only N cascode biasing is
now introduced. The voltage applied on the gate of cascodes v,.qs must be
Uncas = Vpsat,vmirr + Vas,ncas. The Vpea navrrrr voltage is the necessary
voltage to keep the N-MIRRP,N in the saturation region and Vg nvcoas is the

4the matching term means that two or more parameters is the same
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Figure 42: Cascode biasing

gate-source voltage of the cascode. As mentioned before, to obtain smaller
current error of the current mirror/source, the strong inversion is required.
Thus the Vpsat narrrr rises and the Vs should rise too (if the Vognoas
is constant). Unfortunately, this leads to headrooms reduction of cascodes
N-CASP,N. It is obvious that some trade-off must be chosen. Transistor N-
CASBI1 is in resistive region. The resistance of the N-CASBI1 is chosen by
the W/L of the N-CASBI1. The chosen bias current and the resistance value
give the appropriate Vpg voltage of the N-CASB1. Thus v,,.qs is shifted up
by the voltage across the N-CASB1. Thus Eq.[86] is valid.

Uncas = VDs.casBl + Vas,cass 2 Vpsat,nmirr + Vasnoas (86)

The whole biasing circuit is shown on the Fig.[43]. Fortunately the circuit
can be optimized to lower current consumption, as the Fig.[44] shows. Note
that branch made by transistors N-BIAS3 and P-BIAS1 is skipped. The N
cascode bias block and the N tail bias block are now supplied directly from
BGR core by transistors P-OUT1,2,3.
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6.3.2 Rail-to-Rail Folded Cascode OTA

Due to the wide Vj, . range and low supply voltage, the N diff.pair is not
able to work at the whole temperature range. Thus the rail to rail (R2R)
input stage is presented. The rail to rail input is able to work with the Vj, .,
equal to zero or supply voltage.

Fig.[45] shows the R2R input stage. It contains the N diff.pair and also
the P diff.pair. The P diff.pair has also a condition for required Vj,, ., level,
see Eq.[87]. Eq.[88] shows the Vj, ., level condition for N diff.pair.

vdd

vpta_i(l{
R

Figure 45: Rail to rail input stage

‘/in,cm S V;id - VDSat - VGS (87)
Vinem = Vas + Vpsar + Vss (88)

Input operating range can be estimated from Eq.[87,88]. The well known
problem is with the unequal value of the total transconductance g =
Gmp + Gmn, see Fig.[46]. The g0 reaches its maximum in the middle of the
Vin.em because both N diff.pair and P diff.pair work and their transconduc-
tance are summed together. On the other hand at the each side of Vi, cm,
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Figure 46: g0t and Vi, o, temperature dependence

only one diff.pair works. Thus the g,,;; is smaller there.

The Fig.[47] shows designed R2R folded cascode OTA. As mentioned
before the offset of the Opamp has major influence on the BGR precision.
Therefore the offset reduction is one of the main goals.

Unfortunately, this structure provides unwanted input referred offsets on
the 1V supply voltage, see Fig.[48 - left window|. These simulation results
are obtained from temperature sweep of reference voltage and input referred
offset of the Opamp, these simulations were repeated by Monte Carlo for dif-
ferent process corner and mismatch (20 runs). As it can be seen, the Opamp
input offset is transferred to the reference voltage V,.r, Fig.[48 - right win-
dow|. Moreover the offsets are not constant over temperature range. This is
serious problem. It follows to additional bend of the V,.; curve, see Fig.[48
- right window|. With the trimming circuit the constant offset can be com-
pensated to the nominal V,..; value. But the extra bend character simply
devastates the BGR stability over temperature.

The same simulation with Vy; = 1.2V is made and the problem vanishes,
see the Fig.[49].
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Figure 48: Offset issue Vdd=1V, (Input referred offset and reference voltage
as a function of temperature, Monte Carlo 20 runs)
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Figure 49: Offset issue Vdd=1.2V, (Input referred offset and reference voltage
as a function of temperature, Monte Carlo 20 runs)

The reason of these problems is in the P diff.pair function. When low
Viq is applied the P diff.pair has not enough headroom and it is turned off.
While in the Vg = 1.2V case, the P diff.pair is always on. A significant
current changes occur in the summing circuit due to this difference.

Unfortunately the supply voltage condition is 0.9-2V, therefore this topol-
ogy cannot be used. Several constant-gm methods exist [LHV11, DHYW10,
WRZYWDO09]. In the end the basic N-folded cascode OTA topology is chosen

and upgraded, see next chapter.

6.3.3 Final OTA Design

The N-folded cascode OTA topology has already been presented and ex-
plained in the previous chapter. The following two equations describe the
DC gain and offsets of this structure. These two factors are the main design
goals.

Ay = 9m,1° Rour (89>
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Eq.[89] said that for high DC gain both g, ; and Royr need to be large.
Thus the NMOS diff.pair should work in weak inversion where the g,,/Ip is
maximum. And the output resistance of the summing circuit should be large,
this can be achieved by long channel transistor or by adding the cascode.

Vi m m Vas1 — V,
0S,5Y S £ AV + g GAV;%_'_ g 11AVth11+ GS1 th,lS (90>

Vos =
Ay T gmi Gmi1 2

From Eq.[89] is clear, that the resulting offset is caused by many fac-
tors. First the systematic offset Vpg sys should be minimized by design, its
contribution is fortunately divided by the DC open loop gain. The AV}, is
the threshold voltage mismatch, it can be reduced by increasing area, see
chapter [5]. The gm—“ term is a ratio of P-MIRR transconductance to N-DP
transconductance, and gm“ is ratio of N-MIRR/N-DP transconductance. It
is clear that for less offset contribution the N-MIRRP,N and P-MIRRP,N
should have smaller transconductance than the N-DP. The last term express
that the Vigsi — Vina of N-DPP)N transistor should be small for offset re-
duction, this is also achieved by the choice of weak inversion, (the S factor
obtains the sizes and x mismatch), [SW94].

The NMOS differential pair requires weak inversion for maximum g¢,,/i,.
That is a proper choice for the high DC gain and small offsets. The weak
inversion is achieved by chosen inversion factor IF=0.1 at current I equal
to 400nA. Thus the W/L ratio is 6/1. The length is set to 2um to get rea-
sonable mismatch. The MOS transistor area is important due to the random
offset reduction, see Ch.[5].

The N-TAIL is a biased current source. It has twice the current of the
diff.pair MOS transistor. The moderate inversion is chosen because it pro-
vides low Vpg. voltage. The inversion factor equal to 5 is chosen, it is again
compromise between low Vpg,; against the higher current mirror error. The
drain current is 800nA. The W/L ration is then 1/4. Length is set to L=4um.

Unfortunately this choice makes characteristic curvature of the input off-
sets, see Fig.[48,49] at temperature range 75-100 °C'. This is due to low Vj;, o
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NMOS diff.pair try to keep its Vs and therefore Vpg of N-TAIL transistor
and tail current are reduced.

Thus the N-TAIL size is set closer to weak inversion (IF=0.8).The aspect
ratio is then W/L=3/2 and length is the same as before L=2um. By this
choice N-TAIL operates in near to weak inversion. This region is not the
most suitable for tail current device (N-TAIL) but it provides lower Vpgu.
Thus some current for NMOS diff.pair is still available at higher temperature
and offset bending is improved, see Fig.[50] .

15 [ 825

6
T T T T T
50.0 75.0 100 -50.0 -25.0 50.0 75.0 100

teZmEp (()C) te?nsp ?C)
Figure 50: Offset Vdd=1V, (Input referred offset and reference voltage as a
function of temperature, Monte Carlo 20 runs), upgraded N-TAIL

The P-MIRRP,N are set into the strong inversion, inversion factor is
[F=15 and drain current is 1000nA. This region is ideal to reduce current
mirror errors [Ste08]. Thus the W/L is 1/2 and length is set to L=8um, for
random offset reduction and higher output resistance.

The P-CASP,N cascodes operate in closed to weak inversion, IF=0.5,
Ip=800nA. They are set to W/L=12/1, L=1um. The g,,/i, is high and there-
fore g,,74s term is also high (the g,,r4s term improves the output impedance).
Moreover the weak inversion provide low Vp,,: value and therefore the more
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headroom is obtained.

The current sources N-MIRRP and N-MIRRN set the current through
branches. These two NMOS transistor should provide equal current 800nA.
The current mirror precision is achieved by strong inversion region. Unfor-
tunately the inversion factor IF cannot be chosen to high (i.e IF=10-15),
because the Vpy,; is too large and N-MIRRP,N transistors would be in linear
region. Thus the DC gain and current mirror precision would drop.

Therefore the inversion factor is chosen to be near to the strong inversion
[F=7.2. Thus the ratio is set to W/L= 1/6. The L=12um to increase the
output resistance.

Opamp Current scaling down. Designed OTA is now resized to achieve
lower current consumption. Two scale factors (SFy4, SFp) are chosen. SFp
is the scale factor for the bias part and SF4 for the amplifier. These factors
indicate how the current through transistor needs to be scaled. The SFy
is larger than SFp factor (for instance SFy : SFp = 3% : %) because it
is undesirable if bias part consumes more current then amplifier part. The
example of one transistor resizing is shown next.

w2 1
ARy= =7 SFa=; (91)

The % ratio is called aspect ratio AR and it is given by the concrete

inversion factor IF and by the drain current Ip. ARy is the original aspect
ratio. The scaled aspect ratio AR; is obtained by multiplying the ARy with
the proper scale factor.

. i — i Wi (92)

ARy = AR - SFp =775 = 55 = 7~
1

)

Now the new length L; must be chosen. The length choice is often a
trade-off depending on specific basic block. The L;=4um is chosen. Then
the scaled MOS transistor width W1 is directly calculated.
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Unfortunately, the new width W;=0.2um is not allowed by the PDK.
The minimal width is W,,,;,=0.4um. Moreover the MOS transistor width is
chosen to be larger than W,,;, to obtain at least two contacts. This choice
provides higher device reliability.

Thus the L;=20um is chosen and width W;=1um is calculated. The new
transistor sizes (W;,L;) are obtained. In case of strong inversion (small W /L)
the new length L; exceeds the 20um PDK limit. Therefore the new device
composed from serial connected MOS transistors must be created.

For instance, two serial connected NMOS transistors W/L=2/20, L=20um
create one NMOS transistor with ratio W/L=2/40 and length L=40um. On
the other hand, a parallel connection increases the total width.

Each transistor in OTA needs to be scaled by this procedure.

vdd

N_CASB v q

N_BIAS1 vnbias N_BIAS2
] [‘ N_CASB1 N_TAILB

Figure 51: Complete OTA schematic with the bias part

The complete list of device sizes of the designed OTA is in table [4]. The
presented sizes Lo and W are directly calculated according to inversion factor
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Device Name | [F | Ip[uA] | W/L | Lo[um] | Wy[um] || Num. | Wium] | L;[um]
N-DPN,P 0.1 0.4 25/4 2 12.5 1 3 10
N-TAIL 0.8 0.8 25/16 2 3.13 2 3 12
P-CASN,P | 0.5 0.8 320/27 1 11.85 1 3 1
P-MIRRN,P | 12 1.0 50/81 8 4.94 1 1 18
N-MIRRN,P | 7.2 0.8 17/98 12 2.08 32 2 12.5
N-CASN,P | 0.5 0.8 5/2 1 2.5 1 1 1
N-BIAS1 7.2 0.8 17/98 12 2.08 32 1 12.5
N-BIAS2 7.2 0.4 2/23 12 1.04 32 1 12.5
N-CASB 0.5 0.4 5/4 1 1.25 2 1 20
N-CASB1 20 0.4 1/32 14 0.44 32 1 14
N-TAILB 0.8 0.4 25/32 2 1.56 2 1 12
N-DPNB,P | 0.1 0.2 25/8 6.25 1 1 10
P-CASB 0.5 0.4 25/8 6.25 1 1 5
P-CASB1 20 0.4 4/27 10 1.48 32 1 17.5
P-OUT1,2,3 | 6 0.2 20/81 20 4.94 3 1 20

Table 4: OTA Device sizing, scaling factors are 32 (for amplifier) and 40 (for

bias part)
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IF and drain current Ip. The new MOS device sizes L;, W; are the final
design choices after the offset optimization and current scaling procedure.
Scaling factors are chosen 32 for amplifier and 40 for the bias part. Parameter
Num. is a number of serial connected MOS transistor.

Before | After
IC’onsum. [TLA] 3938 163
DC GAIN[dB] 66 70

Table 5: OTA Scaling results

Table[5] shows the OTA performance before and after the current scaling
process. It can be seen, that current consumption is reduced to 4.13% of the
initial value. Moreover the DC gain and the Phase margin are even better
than non-scale version. The DC gain is given by Av = g,,1 - Rowt- The g1 i
a transconductance of the N diff.pair. Due to the scaling procedure the g,
drops (N diff.pair is in weak inversion where g,, is proportional to current).
On the other hand, transistor channel lengths are longer. The R,,; rise more
rapidly then the g,,; drops. Therefore the resulting DC gain is bigger after
scaling procedure.

The GBW can be expressed by GBW = g,,1/(27CL). Due to the g1
drops the GBW is moved closer to lower frequencies. Therefore the Phase
margin is improved (the distance between second pole f, and unity gain point
is increased).

6.3.4 Stability Compensation

The Opamp is used with a negative feedback in the previous mentioned BGR
topology. Thus a stability problem may occur (if the phase shift turns from
180 degrees to 0 degrees then a positive feedback occur and oscillation might
appear).

Phase margin (PM) is an important parameter that describes stability.
The sufficient value of PM depends on situation, sometimes even PM=45
degrees is acceptable. In most cases PM should be at least 60 degrees to
obtain stable system.

If PM is not sufficient then some stability compensation is required. In
this work compensation is made by MOS capacitor, see Fig.[52]. This PMOS
transistor is same as the P-BGRN,P and its area is 120 pum?.
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Figure 52: BGR schematic with a stability compensation (MOS capacitor
Ce)

6.4 Design of the Start-up Circuit
6.4.1 Inroduction, Start-up Examples

BGR has an attribute of multiple possible stable operating points. Only one
of those is the proper operating point and the rest are zero points or some
unwanted points. Therefore a special start-up circuit is required. The speci-
fication is that the BGR shall be started by enable signal. From this follows
that if the supply voltage is applied but enable signal is low, the BGR needs
to be switched off. The BGR can be turned on only if it is necessary or it
can be periodically turned on and off. Both options should reduce power
consumption.

Start-up design is one of the key tasks. In many cases this circuit is not
strong enough for BGR starting. If start-up obtains feedback it can be unsta-
ble. Moreover this circuit sometimes has a problem with its own switching off.

So the start-up requirements are:
e stable performance

e reliable start
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e small current consumption
e negligible BGR affection

e start by enable signal

Start-up circuits can be divided according to their function to the static
and dynamic. The static start-up works with some DC voltage or current,
while the dynamic needs some rising/falling edge or some pulse.

The main question is what to sense and what to drive. It means that
some specific voltage or current indicating the state of BGR (on/off) must
be found. Also some way to reliable BGR start must be found.

vdd

Branch replica

11 1M

Vgate L Vgate | 1 _____E.Vgate_<{ E
""" I RS : :

P_BGRS1 )| : P_BGRS2 :
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Ibg —I—I— ——0 '
J vn Vp .
Rs Vrb \L Rb Rs :|Rout ; SF Q3 RS !
l'rb Vref !

Irs ' '

* Q1 N * :

: Q2 Current !

Vbel T Vbe2 summing !

Figure 53: Start-up sensing options

Following options were found. Fig.[53] shows proposed sensing options.

e Sensing

- ‘/gate
— Vi
- V:ref

Branch replica
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e Interact

— Current injection into nodes V,,/V,,
— Voltage Vjqte connect to ground

— Voltage Vjqte push to start-point

Fig.[54] shows the start-up example based on V. sensing.
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Figure 54: Start-up example based on V. sensing

Assume that the BGR is off. Thus I, is lower than supposed current or
more usually case it is zero. The voltage V; is due to N-DIODE transistor
pushed down (nearly to zero). Therefore P-START transistor is turned on
and some current is injected into V,, node.

If the BGR is already in correct operating point, then the I, ~ 200nA
(an accurate value depends on temperature). This specified current creates
voltage drop across the N-DIODE transistor (the V; voltage is rising). This
voltage drop needs to be large enough to close safely P-START transistor
and the start-up does not affect BGR core any more.

Disadvantage of this circuit is that it does not sense current through
diodes. In some cases the current I, is flowing only through resistors Rs.
This case is unwanted because start-up circuit is turned off and BGR core
does not work correctly.
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The following circuit solves this problem, Fig.[55]. It is the start-up based
on V,;, sensing.

START-UP
vdd PR bbb bbb bbby :

1:1 1M
| Vate | | P_START
P 9| | g
PBGRN / '\ P_BGRP P_out
TT ¢+——o0
Vn Vp

' Vrb
Rs Vrb \L Rb Rs |::| Rout H ‘1’

Vgate :
l'rb l Vref
Irs H

N_START

Figure 55: Start-up example based on V,, sensing

Assume that BGR is turned off, or as mentioned before, the whole Iy,
current flow into resistors Rs. In both cases the voltage drop across Rb
is zero. The start-up Opamp OP1 is connected without feedback, and it
serves as comparator. The OP1 is designed with intend offset Vosopi >~ Vie.
Therefore voltage V; is zero and V,_,, is due to logic NOT almost Vz;. The
P-START transistor injects current into V,, node. N-START transistor push
the Ve voltage near to zero. Thus currents in all BGR core branches rise.

In the required operating point the current about 100nA flow through
each diode Q1 and Q2. Thus the voltage drop V,, across the resistor Rb
occur. This voltage drop can be estimated at T' = 300K, I, = 100nA by the
following calculation.

Viy = Ur - In(N) ~ 26 - 1073In(24) ~ 82.6mV (94)

If the V,; reaches this value, then Opamp OP1 should switch the output
voltage V; near to V. Thus P-START is switched off and due to the logic
gate the V,_,, is zero and N-START is also turned off.
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It is clear that the total consumption rises by adding extra Opamp OP1.
According to the low power task, this topology is not selected.

6.4.2 Final start-up design

The following Fig.[56] shows the final start-up topology. The left branch
is a part of BGR core. As it is shown, the sensing voltage is directly the
reference voltage V,..r. The output is connected to the V. voltage in BGR
core. The V4 voltage should be pushed into the right operating point by
this structure.

BGR_CORE START-UP

N -

P OUT v
i Vs l\ vint_n l\ Vint :

HH D l/ P_DIODE !

Vgate

p———-=0 .,

ROUT v v@' N_SWITCH [ NisTARTE
i eniq [‘N_PWDI

HH
o HH llres
HH

Figure 56: Final Start-up Circuit

The V,¢¢ voltage target is 0.7V. If it is less something is wrong. Now as-
sume that BGR operates in wrong operating point so the V. voltage is for
instance 0.2V. This voltage is not enough for opening N-SWITCH transistor
(Vier < Vinn—swircn). Thus the voltage Vg goes up to Vg This is because
N-SWITCH acts as the open switch and P-RES is resistor. Following logic
gates (Smith trigger, logic NOT) set the voltages Viyi—n = 0, Ve = Vg ac-
cording to the Vg voltage. Therefore P-SW, N-START are switched on. The
N-START transistor is a current source which drains some current through
the diode connected transistor P-DIODE. Due to the diode and particular
current through it, the V4. voltage is pulled down. This causes that all cur-
rents in the BGR core rise. Therefore the V ¢ rises and the Opamp starts
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to operate.

On the other hand, if Viey > Vi, nv_swircm then the N-SWITCH is
switched on and Vg voltage is nearly zero. The indicating voltages are set to
Vint—n = Vdd, Vi,,; = 0. Therefore N-START is switched off and it does not
drain current any more. P-SW transistor is also turned off thus no current
can flow through the diode. The BGR core is than no more affected by the
start-up circuit.

Transistors P-PWD1,P-PWD2 and N-PWD1 are used for power down

switching. When enable signal is low, the whole BGR is turned off. This
is achieved by these power down switches, which are placed in every block
of BGR. If enable signal is low then non-enable signal e,_,, is Vdd. Thus
P-PWD1,2 disconnect the logic gates and N-PWD1 shorts the gate of N-
START to the ground. So no current is able to flow through N-START
transistor. To avoid possible oscillation around decision level the Schmitt
trigger is added.
Compared to the previous example, this start-up consumes less statical cur-
rent. Unfortunately the logic gates consume some current while they are
switching. This logic gates are build from long channel MOS transistors.
Thus these logic gates are slower but the dynamic current consumption is
reduced.

Final design sizes are now presented.

Transistor P-OUT is connected as a resistor. Its W/L ratio should be
small for achieving small current [,.s. Thus the W/L ratio is set to 1/640
and length is set to L=640um. Unfortunately the PDK does not allow the
larger length than L,,,, =20um. Therefore the new device(PMOS-32S) with
32 serial connected PMOS transistors is designed. The current I,., is not
sufficiently small, so one more PMOS-32S is added to serial connection. The
maximum value of I,., is equal to 50nA. This maximum is reached at T=-
50°C and Vzz=2V. On the other hand the minimum of I,.., is 5nA (T=-50°C,
Via=0.9V).

The N-INIT transistor is set to W/L=1/40 and length is L=20um. This

transistor must be long enough to provide sufficient voltage drop across it,
while the I, is only 5nA.
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The N-START transistor acts as the current limiter. The provided start-
ing current should be at least 3 times larger than a current in the OTA
summing branch for reliable start. Thus this transistor is the same as the
current source in OTA N-MIRRN (W /L=1/400, L=400um) but it is multi-

ply by 3.

Transistor P-DIODE is diode connected PMOS. Thus the voltage Vg is
influenced by the voltage drop across the P-DIODE. If the starting current
flows through the P-DIODE then the voltage Vg, should be set near to the
0.3-0.4V. The sizes was experimentally obtained W /1=4.8/20, where length
is equal to L=20um.

Device Name | Num. | Wilum] | L;[um)]
P-OUT 1 4.8 20
P-RES 64 1 20

P-PWD1,2 1 0.4 0.4
P-SW 1 0.4 0.4
P-DIODE 1 4.8 20
N-START 32 4 12.5
N-PWD1 1 0.4 0.4
N-SWITCH 1 0.4 20

Table 6: Start-up device sizing
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7 Simulation and Results

Voltage reference circuit designed in the previous chapter was tested. The
simulation results are now presented. The whole circuit schematic can be
seen in appendix A.

Fig.[57] shows the reference voltage V,.s over the whole temperature range
(-50-100°C). The maximal deviation is 2.99mV. This simulation was per-
formed under these conditions: supply voltage 1V and NN corner.

The previous simulation was repeated for the same supply voltage but
for all other corners, see Fig.[58]. It can be seen that some voltage deviation
at temperature range 50-100°C existed. The maximal peak to peak value is
now roughly 5mV. The causes of these voltage deviation are rising leakage
current® and lower N-TAIL current. The N-TAIL current issue was already
presented. This problem was improved by proper design choice of N-TAIL
transistor, but it was not eliminated.

Fig.[64] shows a 100 runs of Monte Carlo (process and mismatch). This
simulation is a real test of the circuit robustness. From this results, the trim-
ming requirement can be obtained.

Figures [61, 62, 63] show the current consumptions as a functions of tem-
perature. On the Fig.[61] the OTA consumption is the blue curve. Its current
consumption is less than 200nA. It can be seen, that the total circuit con-
sumption (the red curve) is not higher than a 1uA. Fig.[62,63] shows the
current consumption of the whole circuit and the OTA as function of tem-
perature and supply voltage.

Sleakage current is a current flowing through the transistor, which is turned off
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Figure 57: Reference voltage V,.s vs. temperature (-50-100°C), NN corner
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Figure 58: Reference voltage V.. vs. temperature (-50-100°C), for various
technological corners (NN,SS,SF FS FF)
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Figure 59: Reference voltage V. vs. supply voltage (0-2V), NN corner,

-50°C
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Dataset dc-dc i _ALL_IDRES/sp ic/psf):
— vbg (temp=-5.00e+01) — vbg (temp=-2.50e+01)
— vbg (temp=0.00e+00) — vbg (temp=2.50e+01)
vbg (temp=5.00e+01) — vbg (temp=7.50e+01)
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Figure 60: Reference voltage V,.; vs. supply voltage (0-2V), for various
temperatures (-50, -25, 0, 25, 50, 75, 100 °C)
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Figure 61: BGR current consumption and OTA consumption vs. tempera-
ture (-50-100°C)
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Dataset null (null):
~— vdd="900m"; TOTAL_CONSUMPTIONS
— vdd="1";TOTAL_CONSUMPTIONS
— vdd="1.2";TOTAL_CONSUMPTIONS

", TOTAL_CONSUMPTIONS

vdd="1.8"TOTAL_CONSUMPTIONS

Figure 62: BGR current consumption vs. temperature (-50-100°C), for vari-
ous power supply (0.9, 1.0, 1.2, 1.4, 1.8, 2.0V)
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Dataset null (null):

— vdd="900m";0PAMP_CONSUMPTIONS
— vdd="1"0PAMP_CONSUMPTIONS
~— vdd="1.2";0PAMP_CONSUMPTIONS
— vdd="1.4";0PAMP_CONSUMPTIONS
vdd="1.8";0PAMP_CONSUMPTIONS

Figure 63: OTA current consumption vs. temperature (-50-100°C), for vari-
ous power supply (0.9, 1.0, 1.2, 1.4, 1.8, 2.0V)

The following figures [64, 65, 66, 67, 68, 69] show the trimming possibil-
ities. Fig.[64] shows the reference voltage V,.r vs. temperature (-50-100°C),
Monte Carlo 100 runs. This simulation result specify required trimming
range. Two worst cases are marked (iteration 62 and 15). Figures [65, 66]
show successfully trimmed worst cases (62,15). These simulation confirm
proper design of the absolute (R,,;) trimming.

Fig.[67] shows normalized V,.f results from Fig.[64]. These results show
the curvatures of the V. voltages. Ideally all runs would be equal to one
for the whole temperature range. For the better curvature the TC trimming
is used (resistors Rs). Two worst cases are again marked (iteration 41 and
1). Figures [68, 69] show trimmed worst cases (41,1).
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Figure 64: Reference voltage V,.; vs. temperature (-50-100°C), Monte Carlo
100 runs process and mismatch, worst cases = 62 and 15 iteration
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Dataset mc1_d {{ ja_cv/BGR_ALL_IDRES/adexl|/results/data/MonteCarlo.122/1/skodaja_cv:BGR_ALL_IDRES:1/psf):

— Ivbg iteration=15

Figure 65: Reference voltage V.. vs. temperature (-50-100°C) - trimmed
worst case 15 iteration
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700

600-{

-50.0 -25.0 0 25.0
temp (C)

Dataset mc1_d ( i ja_cv/BGR_ALL_IDRES/adexl/results/data/MonteCarlo.120/1/skodaja_cv:BGR_ALL_IDRES:1/psf):

— Ivbg iteration=62

Figure 66: Reference voltage V.. vs. temperature (-50-100°C) - trimmed
worst case 62 iteration

iteration = "1"

101 iteration = "41"

\
=

S

N\

-50.0 -25.0 0 25.0 50.0 75.0 100
temp (C)

Figure 67: Normalized reference voltage V,.s vs. temperature (-50-100°C),
Monte Carlo 100 runs process and mismatch, worst cases = 41 and 1 iteration
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1.002

1.001

6 T T
-50.0 -25.0 0 25.0 50.0 75.0 100
temp (C)

Dataset null (null):

— iteration="1";Vbg norm

Figure 68: Normalized reference voltage V.; vs. temperature (-50-100°C) -
trimmed worst case 1 iteration

19975

A0

19925

99

.9875-]

.985 - :

-50.0 -25.0 0 25.0 50.0 75.0 100
temp (C)

Dataset null (null):

— iteration="41";Vba norm

Figure 69: Normalized reference voltage V,.; vs. temperature (-50-100°C) -
trimmed worst case 41 iteration
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Figure 70: BGR AC. simulation, DC gain and phase

Fig.[70] shows the AC simulation of the designed BGR (scaled and non-
scaled version). The scaled version provides higher DC gain but lower BW.
From the phase characteristic the pole-zero issue can be seen. Fortunately
this is far beyond GBW, thus it does not corrupt the system stability.
Table[7] summarizes the AC simulation results (NN corner, temperature
—50°C, supply voltage 1V).

The AC parameters of scaled BGR are simulated for various supply volt-
ages (0.9, 1.0, 1.2, 1.4, 1.8, 2.0), temperatures (-50, -25, 0, 25 ,50 ,75, 100)
and technological corners (NN, SS, SF, FS, FF), see table [8]. These tests
confirm the proper stability compensation design.
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Unscaled | Scaled
Irorar[nd] 6005 862.5
DC GAIN[dB]| 70 81
PM[] 68 73
BW/[Hz| 112 3
GBW/[kHz| 214 32.2
Cc|[pF] 4.0 0.4

Table 7: AC results of the scaled and unscaled BGR, (NN corner, tempera-
ture —50°C, supply voltage 1V)

Min | Nom | Max
DC GAIN[dB] | 64 81 86
PM[’] 69 73 79

GBW kHz| 17.1 | 32.2 | 36.9

Table 8: Scaled BGR AC parameters, tested for various supply voltages (0.9,
1.0, 1.2, 1.4, 1.8, 2.0), temperatures (-50, -25, 0, 25 ,50 ,75, 100), technological
corners (NN, SS; SF, FS, FF)
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Following three figures [71,72,73] are the start-up simulation results. The
start-up testing is achieved by transient simulation. It is clear that despite
some ringing the circuit started in all simulations.

The worst case (0.9V supply voltage) was chosen and then temperature
sweep was simulated (-50, -25, 0, 25, 50, 75, 100 °C), Fig.[72]. The last
simulation is again the worst case (0.9V supply voltage, -50 °C) for various
technological corners (NN, SS, SF, FS, FF), see Fig.[73].

The circuit always successfully started in time interval 1ms.

1000 [Vbg

1000 [VBg

Dataset tran-tran ( i _START8/sp psf):

—— vbg (vdd=2.00+00) vbg (vdd=1.80e+00) vbg (vdd=1.40e+00)

vbg (vdd=1.20e+00) —— vbg (vdd=1.00+00) —— vbg (vdd=9.00e-01)

Figure 71: Start-up test results, different supply voltage (0.9V, 1V, 1.2V |
1.4V, 1.8V, 2V), temperature -50°C
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S 600.0
> 200
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1.0 [TE0L
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S 000 | =
> 200.0 /
200 T T
1 2 3 4 5 6
time (ms)
Dataset tran-tran _START!
Vbg (temp=7.50e+01) vbg (temp=1.00¢+02) Vg (temp=5.00¢401)
— vbg (temp-2.500+01) Vbg (temp=0.006+00) Vg (temp=—2.508+01)

~— vbg (temp=-5.000+01)

Figure 72: Start-up test, worst case (0.9V supply voltage) for various tem-
peratures (-50, -25, 0, 25, 50, 75, 100 °C)

1000 {7vbg — NNT 7vss=0= T /vda<0>
800.0-
~ 600.0
E 4000
> 200.0
0
-200
1000 Wbg - SST /vss<1= T [vdd<1>

3
time (ms)

Figure 73: Start-up test, worst case (0.9V supply voltage, -50 °C) for various
technological corners (NN, SS, SF, FS, FF)
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8 Conclusion

In this thesis a CMOS bandgap reference has been presented. The robust
and low power cell is designed with Cadence Virtuoso PDK 180nm process.
BGR core, Opamp, Start-up and trimming circuit were designed and simu-
lated.

Circuit is able to work at 0.9 V and its consumption is below 1uA. The
nominal output voltage is 715mV at T=25°C. The start-up circuit provides
reliable start in 1ms. The voltage deviation due to the temperature change
is 2.99mV at nominal conditions (Vzg = 1V, NN corner).

This BGR has following advantages: It is low voltage and low power cir-
cuit, thus it is suitable for modern low power applications. The core can be
also used as the current reference. The wide temperature range meets the
requirements of most applications.

The reference voltage can be tuned due to the trimming circuit. Moreover
circuit works with the enable signal. Thus additional power optimization can

be achieved.

Table [9] shows the performance of other BGR.

Leung | Annema | Malcovat | Banba | This

et al.[1] | [2] et al.[3] et al.[4] | Work

0.6pm | 0.35pum | 0.8um 0.4pm | 0.18um
Technology CMOS | CMOS | BICMOS | CMOS | CMOS
Min. Power Supply [V] 0.98 0.85 0.95 0.84 0.90
Current Consumption [pA] || 180 <1.2 <92 <2.2 <1.0
Output Voltage [mV] 603 650 536 515 715
Temp(irature Coefficient 15 57 19 59 97
[ppm/°C]
Temperature Range [°C| 0-100 -20-100 | 0-80 27-125 | -50-150

Table 9: Performance comparison of low-power BGR
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Appendix A.1: BGR testbench
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BGR core schemati
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Opamp schemat
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Appendix B.1: Verilog-A code for logic NOT gate

// VerilogA for skodaja_cv, BGR_V_NOT, veriloga

‘include "constants.vams"
‘include "disciplines.vams"

module BGR_V_NOT(a,vdd,vss,y);

input a, vdd, vss;
electrical a, vdd, vss;

output y;
electrical y;

parameter delay=0, ttime=lp;
real result;

analog begin

if (V(a)>=(V(vdd)/2))
result = V(vss);
else

result = V(vdd);

V(y) <+ transition(result, delay, ttime);
end

endmodule
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Appendix B.2: Verilog-A code for 4-bits ADC

// VerilogA for skodaja_cv, BGR_V_ADC4, veriloga

‘include "constants.vams"
‘include "disciplines.vams"
‘define bits 4

module BGR_V_ADC4(in, out);

parameter full_scale=16.0, delay=0, ttime=10n;
parameter real vth = 2.5;

input in;
electrical in;

output [‘bits-1:0] out;
electrical [‘bits-1:0] out;

real sample, thresh;
real result[0: ‘bits-1];
integer 1ii;

analog begin

@(initial_step or initial_step("dc", "ac", "tran", "xf")) begin
generate i ( ‘bits-1, 0) begin

result[i] = O;

end

end

begin //@(cross(V(clk)-vth, +1)) begin
sample = V(in);
thresh = full_scale/2.0;

for (ii=‘bits-1; ii>=0; ii=ii-1) begin
if (sample > thresh) begin

result[ii] = 1;

sample = sample - thresh;

1X



end
else result[ii] = 0;
sample= 2.0*sample;
end
end
generate i ( ‘bits-1, 0) begin
V(out[i]) <+ transition( result[i], delay, ttime);
end
end

endmodule

‘undef bits



