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"We leave something of ourselves behind when we leave a place, we stay there,
even though we go away. And there are things in us that we can find again only
by going back there."
— PASCAL MERCIER
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ABSTRACT

A threshold voltage (Vo) monitor is a circuit that ideally delivers the estimated V7
value as a voltage at its output, for a given temperature range, without external biases,
parametric setups, curve fitting or any subsequent calculation. It can be used in temper-
ature sensors, voltage and current references, radiation dosimeters and other applications
since the MOSFET V7, dependence on the operation conditions is a very well modeled
aspect. Also, it can be used for fabrication process monitoring and process variability
compensation, since V is a key parameter for the transistor behavior and modeling.

In this thesis, we present three novel circuit topologies, two of them being NMOS V7
monitors and the last one being a PMOS V7o monitor. The three structures are resistorless
self-biased circuit topologies that present high power supply rejection, low line sensitivity,
and allow the direct extraction of the threshold voltage for wide temperature and power
supply voltage ranges, with small error. Its design methodology is based on the Unified
Current Control Model (UICM), a MOSFET model that is continuous from weak to strong
inversion and from triode to saturation regions. The circuits occupy small silicon area,
consume just tens of nanoWatts, and can be implemented in any standard digital CMOS
process, since they only use MOS transistors (does not need any resistor).

The Vo monitors are used in different applications in order to prove their function-
ality, and behavior as part of a system. The applications vary from a reference voltage,
that presents performance comparable with state-of-the-art works, to a configuration that
allows to obtain a lower process variability, in the output of a self-biased circuit that gener-
ates a complementary to the absolute temperature (CTAT) voltage. In addition, exploiting
the ability to operate as an specific current (/sg) generator, that the V7, monitors pre-
sented here offer, we introduced a new self-biased circuit that produces a CTAT voltage
and is less sensitive to process variations, and can be used in band-gap voltage references.

Keywords: Threshold voltage, CMOS analog design, Threshold voltage monitor circuit,
High-PSRR, resistorless, ultra-low-power, Voltage Reference, Process Compensation.



Circuitos Monitores de Tensiao de Limiar CMOS de baixa poténcia e Aplicacoes

RESUMO

Um monitor de tensao de limiar (V) € um circuito que, idealmente, entrega o valor
do Vro como uma tensdo na saida, para uma determinada faixa de temperatura, sem a
necessidade de polarizacdo externa, configuragdes paramétricas, ajuste de curvas ou qual-
quer cdlculo subsequente. Estes circuitos podem ser usados em sensores de temperatura,
referéncias de tensdo e corrente, dosimetros de radiacao e outras aplicagcdes, uma vez que
a dependéncia do Vo nas condi¢des de operacdao € um aspecto bem modelado. Além
disso, estes circuitos podem ser utilizados para monitoramento de processos de fabrica-
¢do e para compensagdo da variabilidade do processo, uma vez que o Vry € um parametro
chave para o comportamento do transistor e sua modelagem.

Nesta tese, sdo apresentadas trés novas topologias de circuitos, duas sao monitores de
Virg NMOS e a terceira € um monitor de Vg PMOS. As trés estruturas sio topologias de
circuito auto-polarizadas que ndo utilizam resisténcias, e apresentam alta rejeicdo a varia-
coes na alimentacao, baixa sensibilidade de Linea, e permitem a extragdo direta da tensao
de limiar para grandes intervalos de temperatura e de tensdo de alimentagdo, com pequeno
erro. Sua metodologia de projeto é baseada no modelo unificado controlado por corrente
(UICM), um modelo MOSFET que € continuo, desde o nivel de inversdo fraca a forte
e para as regioes de operacdo de triodo e saturacdo. Os circuitos ocupam uma pequena
area de silicio, consomem apenas dezenas de nanowatts, € podem ser implementados em
qualquer processo padrdao CMOS digital, uma vez que s6 utilizam transistores MOS (ndo
precisa de nenhum resistor).

Os monitores de Vi sdo utilizados em diferentes aplicacdes, a fim de investigar a
sua funcionalidade e comportamento como parte de um sistema. As aplicacdes variam
de uma tensdo de referéncia, que apresenta um desempenho comparavel ao estado da
arte, para uma configuracio que permite obter uma menor variabilidade com processo na
saida de um circuito auto-polarizado que gera um tensao CTAT. Além disso, explorando a
capacidade de funcionar como um gerador de corrente especifica (/sg) que os monitores
de Vg aqui apresentados oferecem, introduz-se um novo circuito auto-polarizado que
gera um tensdo CTAT, que € menos sensivel a variacdes de processo, e pode ser usado em
referéncias de tensdo band-gap.

Palavras-chave: projeto analégico CMOS, Monitor de tensdo de limiar, referéncia de
tensdo, ultra-baixo consumo, baixa alimentacgao.
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1 INTRODUCTION

The semiconductor industry was a 336 billion dollar market in 2014 (World Semicon-
ductor Trade Statistics, 2015), and it has registered a constant growth in the last decades,
solely in the U.S it was the industry with the largest growth in the last 35 years (Semicon-
ductor Industry Association, 2014). This turns the semiconductor industry in one of the
most prominent industries in the world. In addition, with the increasing of the Internet of
things (IoT) and the necessity of the global connectivity, the integrated circuits (ICs) are
ever more present in all aspects of human life, from heart monitors to space navigation
systems.

In the heart of this industry is found the transistor, the main element in ICs, that year
after year decreases its minimum size thanks to the lithography advances, thus allowing to
integrate more elements per area. This increase in the quantity of transistors per area, al-
lows to implement in a smaller area the same circuits that were fabricated before, thereby
reducing cost. Another possibility is to add more features to the original system, main-
taining the area of previous versions; this results in a more advanced system at the same
cost of previous one.

This dissertation discuss one of the most important parameters of the transistor, the
threshold voltage (V). This chapter will give the necessary context to understand the
developed work. First, the Vg is introduced, together with its definition and the method
to extract it. After that, the importance of the Vg in microelectronics will be highlighted,
for this some applications will be exposed, and then the Vi monitor will be explained.
Next, the objectives of this work will be presented and finally the organization of the text
will be detailed.

1.1 Threshold Voltage

Few months later of the first successful fabrication of a MOSFET the first model based
on V7 appeared. This model, proposed by IHANTOLA; MOLL (1964), inspired during
decades the development of many MOSFET models for SPICE simulation, such as level
= 1,2,3 and BSIM. There is no surprise, therefore, that all the models that followed it
inherited the Vg as a fundamental parameter (ORTIZ-CONDE et al., 2013).

Since the first MOSFET model that used the Vo was developed, there have ap-
peared many models with different approaches and different definitions of the Vry. PAO;
SAH (1966) proposed the first surface potential model, which was based on a double-
integration. This model establishes the basis of contemporary compact models. It also
inspired BREWS (1978) and BACCARANI; RUDAN; SPADINI (1978) whose indepen-
dently formulated charge-sheet models. This diversity in the models makes difficult to
obtain a unified definition of the V7o and the same happens with the methods to extract it.
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In this work the UICM model was used for its simplicity and physical sustentation. This
model, which is detailed in appendix B, takes advantages of the charge-sheet model, and
the incrementally linear relationship between the inversion charge density and the surface
potential. Next, a definition of the V¢ using the UICM model is delivered as well as a
method to obtain its theoretical value.

1.1.1 Definition

The threshold voltage can be understood as the voltage that must be applied in the gate
of the transistor (V) in order to produce a behavioral change in the drain current (/) of
the transistor. At the highest level of abstraction, this behavioral change refers to the volt-
age in which the current begins to flow. This definition even though is widely known and
useful, especially for digital design, is not suitable for analog design, as will be explained.

When [ is plotted as a function of Vi (Figure 1.1), it seems that in fact there is
a voltage in which the current starts to flow; however, when the current is plotted in a
logarithmic scale it is clear that the current actually exists for voltages below that point.
As even small currents are important in analog design, this high-level definition of the
Vg results improper. The logarithmic scale also allows to see that I, presents two well
defined behaviors. First, [, behaves exponentially with respect to V; for small voltages
(weak inversion) while, for larger voltages it behaves quadratically (strong inversion).

Figure 1.1: Ipg vs Vi in different scales.

65.0
E 52.0 %
= =
8 2
= 39.0 =
5 5
O O
o 260 =
.é g
B 130

OO L L 1 1 1 1 10—15

-0.1 0.1 0.3 0.5 0.7 0.9 1.1
Veg [V]

Source: The own author.

The change in the [ behavior is because the physical process that generates the cur-
rent for large and small values of V; is different. As shown in Figure 1.2, the current in
weak inversion is due to carrier diffusion, whereas the strong inversion current is mostly
due to carrier drift (SIEBEL; SCHNEIDER; GALUP-MONTORO, 2012). This change
in the behavior, which has a physical foundation, is used in order to create a more proper
Vo definition. Then, as shown in Figure 1.2, the V7 is the voltage in which the drift and
diffusion component of the current are equal.

Defined Vi together with its physical meaning, it is possible to link the aforemen-
tioned concepts with the UICM model. This model defines /, as a function of the forward
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Figure 1.2: Ipg and its diffusion and drift components vs Vi for a MOSFET with
VDS:¢t/ 2.
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Source: SIEBEL; SCHNEIDER; GALUP-MONTORO (2012).

and reverse inversion levels (F'(if) and F(i,), respectively). The relationship between
these inversion levels and the terminal voltages is given by

Ve —Vro Vs

o o, Pl =yt — LI D -1 (D)
t t A N d

-

Drift Diffusion

where Vg and V) are the source and drain voltages (all terminal voltages are referenced to
the transistor bulk in the UICM model), ¢ is the thermal voltage and n is the subthreshold
slope factor. From (1.1) it is possible to see that a transistor with the source grounded and
with V; equal to Vipg has F(iy) equal to zero. This, as expected, happens when the drift
and diffusion components are equal, and as shown in Figure 1.3 occurs for an i equal
to 3. Eq. (1.1) does not consider short-channel effects being valid only for long channel
devices.

Figure 1.3: F'(is) and its drift and diffusion components vs ;.
15

— Diffusion Component
10 —— Drift Component

i
Source: The own author.
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1.1.2 Extraction Method

Just as there are many V7 definitions, exist countless number of methods to extract
the V¢ value. ORTIZ-CONDE et al. (2013) revised the most used methods and sum-
marized about 12 works. As the Vg was defined physically and through UICM model,
only methods using this concepts are shown here. In the constant current (CC) method
the MOSFET operates in the saturation region and it must be biased with a specific value
of Ip in order to obtain an accurate value of Vpy. The CC method is the most direct
procedure but presents the disadvantage of requiring a previous estimation of the sheet
normalization transistor current (/sg). On the other hand, in the ¢./Ip and g,,/Ip meth-
ods, the MOS transistor operates in the linear region. These methods are similar and
present a comparable accuracy; however, as the transconductance g,, is a more exploited
parameter in comparison with the channel transconductance g, it was preferred to use
the g,,/Ip method in order to extract the theoretical value of V.

The aim of the g,,/Ip extraction method is to obtain the Vg value from a g,,,/Ip vs
Ve graph. For this, first it is necessary to get the value of the g,,/Ip relationship for the
threshold condition (2 = 3). To do this, it is necessary to give some definitions from the
UICM model. First, the source and drain transconductances are be given by

21 .
Gms(d) = —S( L +ipey —1) (1.2)
o
where Ig is the specific current of the transistor. Then, using (B.1), (1.1), (1.2) and re-
membering that g,, is expressed mathematically as the derivative of [ with respect to
Ve, one obtains

g_m _ d]D _ 9ms — Ymd _ 2
Ip IpdVg nlp ng(\/1+iy+ 1 +1iy)

(1.3)

If it 1s assumed that the variation of n with Vi 1s small (n approximately constant for any
ir), it is possible to get the g,,/Ip value from (1.3) for a given i and ¢,. Then, as iy is
set for the threshold condition, just rest to obtain the value of 7,, which can be obtained
from (1.1) once V) is set in ¢;/2 in order to maintain the transistor in the linear region.
Therefore, i, = 2.31, and ¢,,,/Ip = 0.531 % (2/n¢;) = 0.531 * (gm/ID)max-

To apply the g,,/Ip extraction method the test-bench of Figure 1.4 is implemented.
In this, Vg is fixed at the desired bias condition (¢;/2), and Vi varies from 0 to 1.2 V.
The current is saved to obtain the g,,/Ip curve. Finally with the maximum value of the
gm/Ip relationship the point that corresponds to the threshold voltage condition is found.
In Figure 1.5 an example for a 130 nm NMOS transistor I/O type of the IBM process
with W=2 um and L=2 pm is given. The transistor presents a (¢,,/Ip)max = 28.98, and
therefore for the point in which (g,,,/Ip)=15.38 it is found Vi = Vg = 481.15 mV.

1.2 Threshold Voltage Monitor

The threshold voltage is such an important parameter in almost all the MOSFET mod-
els that accurate values of it for various geometries and bias conditions have to be deter-
mined to characterize the transistor for optimizing circuit design (TSAY; LIU; WU, 1996).
Threshold voltage is also used to monitor the success of the fabrication process and for
assessing and predicting device performance variability, because it depends sensitively on
the device geometries, the gate-oxide thickness and the channel doping, as well as other
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Figure 1.4: Circuit configuration for measuring the g,,/Ip characteristic in the linear
region.

VDS =t/ 2

Source: SIEBEL; SCHNEIDER; GALUP-MONTORO (2012).

Figure 1.5: ¢,,,/Ip as a function of V.
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operation reliability factors (ORTIZ-CONDE et al., 2013). Thus, the measurement of V
is a fundamental step in process characterization and circuit design.

Other uses for the Vry measurement are the compensation of process parameters, the
cancellation itself in I =V and V-I conversion circuits, the production of correct bias con-
ditions (FIKOS; SISKOS, 2001) and, lately, in the implementation of MOSFET radiation
dosimeters. Also taking advantage of its excellent linearity with respect to temperature,
Vro can be used to do on-chip absolute or relative temperature sensing and full CMOS
voltage references (CILINGIROGLU; HOON, 2003).

This range of applications makes the Vo measurement an area of large interest. Tradi-
tionally, the threshold voltages of MOSFETs are extracted either from graphical methods
or from numerical methods (ORTIZ-CONDE et al., 2013; THOMAS; HOLMAN, 1999);
unfortunately, these methods are highly time-consuming and/or computationally inten-
sive and cannot be suitably used for real-time on-chip applications (DASGUPTA; SAHA;
SAMANTA, 2012).

These problems can be overcome by using a threshold voltage monitor, which is a
circuit that ideally delivers the estimated V7 value as a voltage at its output, for a given
temperature range, without external biases, parametric setups, curve fitting or any sub-
sequent calculation. As was cited above, the Vy measurement can be used in countless
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applications. This makes the Vo monitor a multipurpose circuit, and therefore, it must
present high performance in order to maintain the total yield of a system. The most im-
portant aspects in Vg monitors are:

e Large range of temperature operation
e High Power Supply Rejection (PSR)
Low Line Sensitivity (LS)

Small error

e Low power consumption

Include a Start-up stage

1.3 Objectives

Based on the wide range of applications in which the V¢ monitors can be used, and
in the fact that none of the available topologies presents the minimum performance to
be used as multi-purpose circuits, it can be concluded that the study and design of these
circuits is of great interest. This thesis aims the implementation of PMOS and NMOS
Vro monitors that present high performance, making possible its integration in different
systems. In addition, this thesis intends to develop some circuits using the proposed Vi
monitors, this in order to prove the behavior of the monitors as part of a system.

1.4 Organization

The text is organized as follows. Chapter 2 makes a summarized bibliography re-
view in chronological order of Vp monitors, and in the end of this section, a comparison
between state-of-the-art works is given. After that, Chapter 3 shows the circuit analysis,
circuit design, and post-layout results of the proposed NMOS and PMOS Vy monitors. It
also introduces the /5 generation, a concept used in the PMOS V7, monitor implemen-
tation. Chapter 4 presents some applications of the proposed Vg monitors, and finally,
the conclusions and considerations for future work are included in Chapter 5. Some ad-
ditional information, as the UICM model, can be found in the Appendix at the end of this
text.
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2 THRESHOLD VOLTAGE MONITORS OVERVIEW

As was related in the last chapter, there are a lot of applications in which a Vg mon-
itor can be used. This versatility makes this circuit a structure of great interest, and has
motivated through the years many authors to propose several topologies. First designs, in
general, operate in strong inversion and use quadratic model. These designs were useful
solutions at that time, but now they represent low-efficient circuits, since the strong in-
version operation results in high power consumption. Recent works use the transistors in
moderate and/or weak inversion, thus achieving low power consumption. Unfortunately,
these circuits still present some problems associated to its integration, as it will be ex-
plained later on. In this chapter, we summarize chronologically the early designs in Vg
monitors, then we expose the most recent advances in the area, and finally we summarize
and compare the most important works.

2.1 Early Designs

The first work related to the extraction of the Vi value using a circuit was published
by TSIVIDIS; ULMER (1979). In Figure 2.1 it is shown the proposed circuit. In this
structure, the bias current /i of the centre string is scaled, and mirrored by the PMOS
current mirror (Mg-Mpg) and the NMOS cascode current mirror (M 4-Mp). Since all the
transistors that were used for this design operate in strong inversion, and in the saturation
region, their drain current can be approximately given by:

1
I = 5Sk(VGS — Vro)? 2.1)

where S is the aspect ratio of the transistor W/L (being W and L the width and length of
the transistor respectively), and £ = p,,C? .. Considering the remaining transistors and
(2.1), we obtain an expression for the output voltage Vi,

21g 21
— — 2.2
Vx =m (VTO + 5. kE) (VTO + [ k’F) (2.2)

where I and kg are the common values of I and £ of the transistors Mgi-Mg,,,, and g
and kp are the values of I and k of the transistor M. Now, if the circuit is biased and
sized in order to maintain the relation Ir/Ip = m2Sg /SE it is obtained that Vy is equal
to:

VX = (m — 1)VT0 (23)

It is clear that a voltage equal (m = 2) or proportional to V7 can be obtained. In the
same paper, Tsividis presents a second structure for which the same equations are valid.
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The second circuit presents the advantage of delivering its output as a voltage referenced
to the ground and not to Vpp. The author also comments about the possibility of the
implementation of a PMOS Vg monitor if a triple-well process is available. This circuit
was for almost 10 years the state-of-the-art, although it presented at its output an error
higher than 10%.

Figure 2.1: Schematic of the circuit proposed by TSIVIDIS; ULMER
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Source: TSIVIDIS; ULMER (1979).

ALINI et al. (1992) proposed the circuit shown in Figure 2.2. The main idea is to
bias with the same current (I,) two transistors, M1 and M2, which present an aspect ratio
relationship

Sy/S) = o? (2.4)

Using (2.1) and (2.4), the relationship between the overdrive voltages of M1 and M2
can be written as:

Vool = aVou (25)

Then, if the Vg of transistor M2 is amplified by «, it is obtained in the output of the
subtractor:

Vo — Vi =a(Vowa + Vo) = (Vour + Virg) = (a — 1)V (2.6)

Finally, after amplifying by a factor of 1/(a-1), the output of the circuit V,,,; = Vg is
obtained. This implementation, even though presents an error relatively low (4%), has a
big complexity due to the amplifiers and the subtractor, which in the case of Alini were
implemented using BJT transistors. Another problem intrinsic to this structure is, that
any mismatch between the bias current, or the M1-M2 transistors, results in an error in
the Vg value.

WANG (1992) found a similar solution to that presented by Alini, but instead of bias-
ing two transistors with a current source, he generates the current by biasing the gate of
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Figure 2.2: Schematic of the circuit proposed by ALINI et al.

Source: ALINI et al. (1992).

one of the transistors, and then, bias the other one by using a PMOS current mirror. In
this way, he does not need a current source, but instead, he needs a bias voltage.

The circuit is shown in Figure 2.3, and works as follows. A voltage Vp bias the
transistor M, which generates a current. This current is copied by a PMOS current mirror,
into an array of nxm transistors (Figure 2.4). Assuming that all the transistors are equal,
and using the quadratic model, we can obtain:

1
Vo= — Vs +n (1 _ —) Viro 2.7)

LD vm
If m = n? the expression is simplified to Vo = Vg + (n — 1)Vpo. Now, taking the
difference between V5 and the V, we obtain

AVO = VB — VO = (TL — 1)VT0 (28)

Then, an array of 2 x 4 transistors leads in the output, a voltage that is equal to the Vg
value. This implementation has the advantage of using transistors of the same size, which
improves the matching of the transistors and also allows to implement common centroid
structures. On the other hand, the structure presents the problem of using an additional
voltage, as was above mentioned, and additionally, the circuit does not deliver the Vi
value referenced to ground but as a differential voltage.

Figure 2.3: Schematic of the circuit proposed by WANG
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Source: WANG (1992).
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Figure 2.4: (a) A transistor array with a size of n X m and (b) its equivalent cascode circuit
which corresponds to (c) a single MOS transistor with reduced K and increased Vr
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Figure 2.5 shows the V¢ monitor proposed by JOHNSON (1993). This topology
presents two main differences with Wang’s topology. First, a stage to bias transistor M11
(Mj in Wang’s circuit) was added, thus resolving the necessity for an additional voltage,
and turning the circuit a self-bias structure. The second difference is the two-transistor
differential amplifier added to the output. This stage takes the differential voltage (AVp
in Figure 2.3 or VHI-VLO in Figure 2.5) and delivers it as a ground-referenced voltage.

Figure 2.5: Schematic of the circuit proposed by JOHNSON
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Source: JOHNSON (1993).

Equations (2.7) and (2.8) are valid also for this circuit, but for simplicity, the last one
is repeated here, taking into account the nomenclature of Figure 2.5.

VHI —VLO = Vpg (2.9)

Now, assume that transistor M21 and M22 are identical and that both are in saturation.
Writing the V¢ voltages for these transistors, Viggo1 = VHI —VOUT, and also Vg9 =
V LO. Since M21 and M22 carry the same current, they must also have identical Vg,
thus:

VOUT =VHI—-VLO = Vg (2.10)
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This topology was known as an input-free Vg monitor, because different from pre-
vious works, it does not need any voltage or current additionally to the supply voltage
which is a big advantage. Nonetheless, the circuit cannot be implemented in any CMOS
standard process, since it does not use a common voltage to bias the bulk of all the NMOS
transistors.

Until now, all the structures are based on two transistors with a known aspect ratio
relationship that are biased with the same current. These structures, in general, present the
problem that any mismatch between the two transistors will directly affect the Vi value
delivered. YU; GEIGER (1994) proposed a solution to this problem by using only one
transistor, and a switched capacitor implementation. The circuit is shown in Figure 2.6. In
this circuit, the output of a current mirror /p; (with S1 closed and S2 open) and /po (with
S1 open and S2 closed) are applied to a test transistor, which operates in the saturation
region. Using the quadratic model (2.1), we obtain:

1
Ip = 55*/-3(&/(;51 — Vio)? (2.11)

1
Ips = §Sk:(vgsg — Viro)? (2.12)

Observe that k, .S and Vg are the same in (2.11) and (2.12) because only one test transistor
is used. Then, using the relation Iy = nlps, it is possible to obtain:

1
vn—1

Assume that a complementary non-overlapping clock drives switches S1 and S2. When
S1isclosed, Vg1 1s sampled and multiplied by p, and when S2 is closed, Vg2 1s sampled
and subtracted from pVi;g1. The result is then multiplied by ¢. Hence, V,,; is:

Vo = (VnVas1 — Vase) (2.13)

Vour = ¢(pVas1 — Vasa) (2.14)

From (2.13), (2.14), and assuming p = /n and ¢ = m/(y/n—1), results in V,,,; = mVy.
Therefore, this circuit can deliver a multiple of V¢ by choosing an integer m. Then, Vi
can be obtained by choosing n = 4 and m = 1, that results in p = 2 and ¢ = 1.

Figure 2.6: Schematic of the circuit proposed by YU; GEIGER
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Source: YU; GEIGER (1994).
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As was aforementioned, this implementation has a great advantage over the others,
because its accuracy is not dependent on the matching of two transistors. Notwithstand-
ing, to achieve this, the circuit uses many structures, as two sample and hold circuits and
one differential amplifier, increasing the complexity, and the area when compared with
other implementations.

After that, multiple solutions were developed, but it was, probably, Fikos’s implemen-
tation the most remarkable structure. The circuit is shown in Figure 2.7 and its operation
is explained as follows. Considering that all transistors of the circuit operate in saturation,
with the ratios (S; = Sy = S3 = S4/4), and assuming that the I of each transistor
follows the simple quadratic law (2.1), then:

Ipy=1Ips .. Vs=V/2 (2.15)

Ips=1Ips .. Vo= Vr (2.16)
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Source: FIKOS; SISKOS (2001).

In order to compensate the mismatch problem and some second order effects, the
authors added an offset block together with a feedback. The offset was implemented with
a simple structure in cascade with the Viry monitor, thus, this circuit achieves a low error,
with a low complexity. Additionally, it was the first structure designed taking care of the
power consumption, but even so, the operation in the strong inversion region makes its
consumption higher than some tens of micro Watts.

2.2 Recent Development in V) Monitors

Other structures, besides those already presented, as CILINGIROGLU; HOON (2003);
SENGUPTA (2004); WANG; TARR; WANG (2004); VLASSIS; PSYCHALINOS (2007)
were developed before 2012. All of them operate using the same principle: bias two tran-
sistors in strong inversion with a given aspect ratio, and then compare its gate-to-source
voltage. The big problem with this approach is the high power consumption, associated
to the operation of the transistor in the strong inversion region.

In the last 5 years new structures with low-power consumption have appeared. To
accomplish that, these new circuits operate in the weak or/and moderate inversion, taking
advantage that there is not speed requirement for Vp monitors.
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SIEBEL; SCHNEIDER; GALUP-MONTORO (2012) proposed the circuit shown in
Figure 2.8. According to the authors “in this circuit, since the MOS transistor oper-
ates at low current levels and in the linear region, it is less affected by second order
effects” (2012, p. 2).

As the circuit is based on the g.,/Ip methodology, we present the mathematical ex-
planation, before explain the circuit operation. Using (B.3) and (B.4) from the UICM
model (see Appendix B), it is obtained that, if a transistor operates under an inversion
level iy = 3 and with Vg = 0, then its Vzp must be equal to V7o. Now, if we also set
Vbs = ¢¢/2, we obtain i, = 2.12 and I, = 0.88 % Ig. Then, looking to the circuit in
Figure 2.8, we can recognize that, because the transistor is biased with a current equal to
0.88 x I, and presents a Vg = 0 and V), = ¢, /2, it must have Vi;5 = Vig. This condition
is achieved through the use of the OPAMP, that create a feedback.

This circuit was implemented using discrete elements, reason for which it is not possi-
ble to compare its behaviour with that of other structures. Also it is important to remember
that, even when the circuit is simple, some problems need to be resolved in order to imple-
ment an integrated version, as for example find a circuit that generates a current exactly
equal to 0.88 x Ig.

Figure 2.8: Schematic of the circuit proposed by SIEBEL; SCHNEIDER; GALUP-
MONTORO

Source: SIEBEL; SCHNEIDER; GALUP-MONTORO (2012).

In 2014, MATTIA; KLIMACH; BAMPI proposed a new monitor, based on the well-
known current source of Figure 2.9. It is important to highlight that, although the circuit
is the same presented by SERRA-GRAELLS; HUERTAS (2003), its functionality is dif-
ferent.

This circuit, as the one proposed by Siebel, is designed using the UICM model, and
is based on the fact that a transistor that operates under an inversion level iy = 3 with
Vs = 0 will have a Vo = Vg, as was above explained. Then, suppose that in the
circuit shown in Figure 2.9, M1 operates under such condition (¢; = 3), being in the
moderate inversion region. M2 is kept saturated too, and sharing the same gate voltage,
but with a source voltage different from zero. Using (B.3) and (B.4) for M2, knowing that
Va1 = Vo = Vg and Ip; = K11po, leads to (2.17).

3S
Vo= = F(ig2) = — F ( el ;2) (2.17)

Thus, a voltage proportional to ¢; needs to be attached to the source terminal of M2, in or-
der to maintain the equality of (2.17). This condition is achieved by using the self-cascode
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Figure 2.9: Schematic of the circuit proposed by MATTIA; KLIMACH; BAMPI
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Source: MATTIA; KLIMACH; BAMPI (2014a).

(SC) composed by transistors M3 and M4. In this configuration, the lower transistor (M3)
works in triode, while the upper transistor (M4) operates in saturation. Consequently, the
voltage in the output node of the SC is determined by:

Vpss = @[ F(ig3) — F(ig)] (2.18)

As the circuit is designed to make 74, = 3, and to keep transistor M1 in saturation, we
can define, using (B.1), the drain current of transistor M1 as Ip; = 3S1/sq. This current is
mirrored to M2 and to the SC pair M3-M4 by transistors M5-M7. Then, Ipy = Ip1 /K1,
Ipy = Ip1/(K1K2) and Ipg = (Ip1/K1)(1 + 1/K2). Therefore, we can express Vpgs

as:
B S K241 .5 1 S 1
Vpss = ¢ [F (35—3 s +3S—4K1K2) —F<35—4K1K2)] (2.19)

Finally, equaling (2.18) and (2.19) an expression to find the aspect ratio of transistors
M1-M4 and the current gain K1 and K2 can be obtained. The aspect ratio of transistors
MS5-MT7 is established in order to maintain all the transistors in the saturation region.

This structure achieves a low error, consuming only nano Watts, but it presents a poor
supply regulation, resulting in poor PSR and LS.

The next year, MATTIA; KLIMACH; BAMPI (2015) proposed another self-biased
topology, now based on the equilibrium of two self-cascode cells, that can be made to
operate at a much higher difference of inversion levels than the previous circuit. This
makes its operating point more robust than the MATTIA; KLIMACH; BAMPI (2014a)
circuit, and it also results into a lower supply sensitivity.

The circuit is shown in Figure 2.10. In this circuit, a voltage-following current mirror
(transistors M5-M10) clamps two SC together. One of the SC operates in the moderate
inversion region, and the other one in the weak inversion region. Using equations (B.1),
(B.3) and (B.4) it is obtained:

Va2 = ¢u[F(ig1) — F(ig2)] (2.20)

Va1 = o[ F (iy3) — F(ifs)] (2.21)
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Figure 2.10: Schematic of the circuit proposed by MATTIA; KLIMACH; BAMPI
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Source: MATTIA; KLIMACH; BAMPI (2015).

Transistor M1 is biased in the iy = 3 condition in order to obtain the V7 value at its
gate. Then, making use of the expression (2.20), and defining the inversion level i 75, we
can get Vx 1. After that, as the SC M3-M4 needs to be in an inversion level lower than
M1-M2 SC, a relation between ¢ s5 and 73 can be established. Once the value of i3 is
found, using (2.21) and recalling that Vy 15 = Vx 34 we can know the value of i ;4. Finally,
the aspect ratio of all the transistors can be found, if a value for the current [y is defined.

2.3 Comparison of recent works and State of the Art

To conclude the bibliographic study, we present in Table 2.1 a comparison between
some relevant Vo monitors in the last 15 years.

Older works (CILINGIROGLU; HOON, 2003; WANG; TARR; WANG, 2004; SEN-
GUPTA, 2004; VLASSIS; PSYCHALINOS, 2007) were focused on the strong inversion
quadratic MOSFET model for the drain current, being limited to a specific condition of
operation and presenting high power consumption. These designs although were use-
ful solutions, and present good performance in some aspects, as the best LS (VLASSIS;
PSYCHALINOQOS, 2007), are now useless due to the low-efficiency that implies to work
in strong-inversion for applications that do not need fast responses.

Recent works (MATTIA; KLIMACH; BAMPI, 2014a; MATTIA et al., 2015) use the
transistors in moderate and/or weak inversion, thus maintaining low the power consump-
tion. Additionally, these implementations deliver the V7, value with low error. Unfor-
tunately, they do not achieve good results regarding some other important performance
characteristics, like Power Supply Rejection (PSR) or line sensitivity (LS), much needed
features of a circuit that would be a part of a system.
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Characteristic [1] [2] [3] [4] [5] [6] Units
Year 2015 2014 2007 2004 2004 2003

PSRR @100 Hz -38.9 -30 --- --- --- --- dB
Line Sensitivity 3600 46000 480 2562 8000 554 ppm/V
Temperature Range | -40to 125 | -40to 125 | 0to 100 | Oto 100 | 20to 80 | -50to 100 °C
Supply Range 0.6t01.8 | 0.6to 1.2 1t03.6 | 19t02.1 | 2t02.5 | 3.5t06.5 v
Max. Error 1.64 1.3 --- 11 4.3 4.9 %
Power Consumption 23 23 50000 290000 387500 --- nW
Model UICM UICM quadratic | quadratic | quadratic | quadratic

[1](MATTIA et al., 201

5)

[31(VLASSIS; PSYCHALINOS, 2007)

[SI(SENGUPTA, 2004)

[2I(MATTIA; KLIMACH; BAMPI, 2014a)

[4](WANG; TARR; WANG, 2004)
[6](CILINGIROGLU; HOON, 2003)
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3 PROPOSED NMOS AND PMOS THRESHOLD VOLTAGE
MONITORS

As was noticed in the last chapter, despite there are many different implementations of
Vro monitors, and although these have had a big advance in the last years, still there is not
a topology that meets the necessary specifications to become part of a complete system.

In this chapter, first we present a high PSR and low LS self biased circuit topology,
that allows the direct extraction of the threshold voltage for wide temperature and power
supply voltage ranges. Its design methodology is based on the Unified Current Control
Model (UICM) model (CUNHA; SCHNEIDER; GALUP-MONTORO, 1998). It occu-
pies a small silicon area, consumes just tens of nano-Watts, and can be easily implemented
in a standard digital CMOS process, since it only uses MOS transistors (does not need any
resistor). This implementation works by finding an equilibrium point between two tran-
sistors that share the gate voltage, but present different inversion levels, and for this reason
is known as unbalanced V¢ monitor.

Then, an additional NMOS V7o monitor is proposed, this is designed using the same
MOSFET model than the previous one, and also uses the same technique to improve the
PSR and LS, thereby sharing all the benefits that presents the unbalanced V7 monitor.
The difference is that this structure is based on the equilibrium of two Self-Cascode struc-
tures that are clamped together. Since, the structure is symmetrical, it is more robust
against mismatch effects and attains a lower error. This structure is called balanced Vg
monitor.

Finally, a PMOS V7, monitor is introduced. This circuit is implemented using a Isg
current generator, that uses the PMOS version of the balanced Vg monitor. The PMOS
Vo monitor presents the same advantages of the NMOS versions, and additionally over-
comes one of the principal issues in PMOS V, monitors by delivering its output refer-
enced to ground, and not to the supply voltage.

3.1 Unbalanced NMOS V; monitor

The unbalanced NMOS V¢ monitor circuit was introduced in MATTIA ; KLIMACH;
BAMPI (2014a). The circuit is based in the well known structure of Figure 3.1, which
was originally presented as a PTAT voltage generator in VITTOZ; NEYROUD (1979).
The operation of the circuit will be explained using the UICM model, later the circuit
design procedure is exposed, and finally some simulation results are presented.
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Figure 3.1: Unbalanced Vy monitor circuit concept.

Source: VITTOZ; NEYROUD (1979).

3.1.1 Vo Monitor concept

From (B.3) and (B.4)(appendix B), one can see that a saturated nMOSFET with
grounded source, as is the case of transistor M; in Figure 3.1, presents a gate voltage
equal to (3.1)

Ver = Vo + nge F(ip1) (3.1)

considering that transistor M, presents the same gate voltage of M, and again using (B.3)
and (B.4) it is possible to obtain (3.2)

VG’l - VTO

n

— Vso = ¢ F(ig2) (3.2)

Now, equaling (3.1) and (3.2), (3.3) is obtained , which shows that the source voltage of
transistor My (Vo) is proportional to the ¢, voltage. Therefore, if the output of the circuit
is taken in the Vg, node, an ideal PTAT voltage can be obtained as long as the inversion
level of transistor M; and Ms remains constant with temperature.

Vaa = ¢u[F (if1) — F(if2)] (3.3)

The topology proposed in VITTOZ; NEYROUD (1979) can be modified by changing
the resistor [7¢ of Figure 3.1 for the lower transistor of a SC. This change in the topology
turns the circuit into an MOSFET-only structure, which makes possible to implement it
in any standard digital CMOS process.

A SC circuit is shown in Figure 3.2. This circuit is used to generate a PTAT voltage
independent of process parameters (VITTOZ; FELLRATH, 1977).

In the SC the transistor M5 has higher drain current than Mg but smaller aspect ratio,
leading to different inversion levels on each transistor. While Mg must be in saturation,
M; must be in triode. The difference between their gate-source voltages appear across the
drain-source terminals of M5. As done in ROSSI; GALUP-MONTORO; SCHNEIDER
(2007), the use of (B.3) and (B.4) demonstrates that this voltage is proportional to the
thermal voltage, as given by (3.4).

Viss = ¢i[F(igs) — F(ige)] (3.4)
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Figure 3.2: Self-Cascode structure.
1
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Source: The own author.

Usually both transistors operate in weak inversion, and the PTAT voltage is deter-
mined only by the ratio of current densities between the devices. But, as demonstrated
in ROSSI; GALUP-MONTORO; SCHNEIDER (2007), (3.4) shows that as long as the
inversion levels of both MOSFETSs are kept constant over temperature, they generate an
ideal PTAT voltage under any inversion level. This can be achieved by biasing both tran-
sistors with currents proportional to Igq.

Figure 3.3 shows the topology after the Rg replacing. This circuit reaches an equilib-
rium point when the voltage Vo = Vpgs and can operate as a PTAT voltage generator,
a current source (CAMACHO-GALEANO; GALUP-MONTORO; SCHNEIDER, 2005)
and/or a Virp monitor as it will be explained.

Figure 3.3: Unbalanced Vy monitor circuit.

Source: The own author.

From Chapter 1.1 we know that a saturated nMOSFET with grounded source and
operating under a constant inversion level equal to 3 (z; = 3) will have a gate voltage Vz
equal to the threshold voltage V¢, because under these conditions, the right side of (B.3)
becomes zero. Suppose that in the circuit shown in Figure 3.3, M; operates under such
condition, being in the moderate inversion region. My is kept saturated too and sharing
the same gate voltage, but with a source voltage different from zero. Using (3.3) and (B.1)
for My, knowing that Vig; = Vige = Vg and Ipy = K4 1ps, leads to:

35
vgz—@F@g:—@F(&é) (3.5)
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From (3.5) one can conclude that if the resulting M; current I, that was chosen
to keep M; operating with iy; = 3, is also used to control the drain current of M,
(through the M3-M, current mirror), M> also operates under a constant inversion level,
making F'(is2) constant. Then, a non-zero equilibrium point can be reached in this cir-
cuit, Vg1 = Vige = Vpo for any temperature and independently of process parameters,
defined only by geometric ratios, if the SC composed by transistors M5-Mg is properly
designed.

As the circuit is designed to make iy = 3, then it is necessary that Ip, = 35/g¢,
which means that Ip; is proportional to the Igg. This current is mirrored to My, and
to the SC pair M5-M6, meaning that IDZ = [Dl/Kl’ [DG = IDl/(KlKg) and [DS =
(Ip1/K1)(1 + 1/K,). Thus, equation (3.4) becomes:

VDS5:¢t|:F<381K2+1+351 L )—F(Z&i ! ﬂ (3.6)

S5 KKy " Sg K K Se K1 K,

From (3.6) it is clear that the PTAT voltage generated by the SC cell depends only on
geometrical factors, and not on fabrication process parameters.

Since Vg1 = Vo, the gate voltage of M; has a temperature dependence equal to that
of the threshold voltage, that can be approximated by the linear equation (3.7).

Ver = VTO(nom) + KT(T - Tnom) (37)

where T is the absolute temperature, Vrgnom) 18 the threshold voltage at the nominal
temperature 7,,,, and K is the thermal coefficient of the threshold voltage.

3.1.1.1 PSR and Line Sensitive improvement

The basic topology shown in Figure 3.3 exhibits a high sensitivity to changes in the
supply voltage (Vpp), resulting in a poor LS and PSR, due to the limited output impedance
of the current mirror, formed by the M3, My and My transistors. A possible solution to
increase its output impedance would be the use of cascode current mirrors, rather than
single transistors, but the transistor stacking would increase the minimum operating sup-
ply voltage. A better option is to include an Operational Amplifier (OA)(BAKER, 2004)
that add a high gain feedback path resulting an effective increase in the output impedance
of the mirror without increasing the minimum supply voltage.

Figure 3.4 shows the Vg monitor circuit with the OA connected. Note that M3 is no
longer diode-connected, so its drain can move to the same voltage of the drain of M. The
OA compares the drain voltage of M, with the drain voltage of M3 and force them to be
approximately equal, adjusting the current mirror bias.

3.1.1.2  Start-up Circuit

As the Vi monitor circuit is a self-biased structure it presents two DC stability oper-
ation points, one in the desired bias condition in which the SC has the same PTAT voltage
as Vso, and another when the current in all branches is zero. A Start-up circuit that can
prevent the zero-current condition is necessary.

Figure 3.5 shows the topology with the start-up circuit. Note that the current through
Mg and My is zero when the circuit is in normal operation because of the loaded C.
capacitance, which forces Vpgss = 0 and Vg9 = 0. This results in a zero extra current
consumption, which is a desirable characteristic in nano-Watt circuits.
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Figure 3.4: Unbalanced Vy monitor with an OA connected to improve LS and PSR.
1T

Source: The own author.

The start-up circuit works as follows: supposing the capacitor C. discharged, when
the Vpp voltage starts to increase, Mg drives a current into the drain of M, initializing the
circuit, and simultaneously, Mg delivers a current into the capacitor C,., charging it and
eventually moving Mg to deep triode, and My to the cut-off state. The start-up circuit, was
chosen due to its simplicity and zero steady state consumption, even so, it presents some
disadvantages, which are discussed in Appendix C.

Figure 3.5: Schematic of the proposed unbalanced V7o monitor.

Source: The own author.

3.1.2 Design Methodology

Before starting to talk about the design methodology that was used, it is important to
emphasize that the design methodology aims to facilitate in the layout the use of common-
centroid technique and dummy devices. It provides greater layout regularity, resulting in
better device matching and consequent lowering circuit spread from local variability. For
this reason, only integer values for the current mirror gains and for the width ratios of the
transistors are considered.

As a starting point, the forward inversion level of M; is set as 3, and the inversion
level of M2 (if») is fixed by the current gain K and by the ratio S5/.S; as (3.5) shows.
It should be noted that a low 74, reduces power consumption, but a higher Vg, value is
needed to balance the circuit operation. Therefore, as the voltage Vs, has to be generated
by a single SC, its value is limited to a maximum of 100 mV.
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It is important also consider that, a small aspect ratio for M; and M, contributes to
lower the power consumption, but the designer must remember that smaller transistor area
has a severe drawback, namely the increase of the local mismatch from local variability
(PELGROM; DUINMAIJER; WELBERS, 1989).

With these considerations a value of K; = 6 and S;/S; = 1 was chosen in order to
demonstrate a practical implementation, leading to a Vgo ~ 58 mV at 27 °C. Once the
voltage Vso and the current gain K are defined, it is possible to proceed to sizing the
self-cascode generator.

Since we have chosen Vg, ~ 58 mV for the equilibrium condition, considering the
aforementioned trade-off between power consumption and area, and using (3.6), it is pos-
sible to use S5/S¢ = 4 and K5 = 1. Table 3.1 presents the sizing using the design above
mentioned after a fine adjust through simulation.

Table 3.1: Core transistors sizing.
M; M, M;j Mg

if 3 05 0.833 0.126

W (um) 1 1 1*2  1.1*6
L (um) 30 30 50 50
Area (um?) | 30 30 100 330

The OA was implemented using the low voltage pseudo-differential amplifier shown
in Figure 3.6. In this, the PMOS transistors form a current mirror while the NMOS ones
operate as a differential amplifier. The design of this structure requires a relationship
between the additional area and power consumption that needs to be considered. In this
design, we consider that an additional 10% of current consumption is adequate. Observe
that the inversion level of the input transistors of the OA are set to 3, since their sources
are grounded and their gate voltages are equal to Vy. Once we know the current and
the inversion level, it is easy to size the transistors. Table 3.2 presents the sizing of the
auxiliary structures as the OA, start-up and current sources.

Figure 3.6: Pseudo-Differential Amplifier.

3.1.3 Results

The results presented here are for Cadence Virtuoso post-layout simulations of our
design implemented in IBM 130 nm process. The layout takes into consideration the good
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Table 3.2: Sizing of the auxiliary structures.
M; My M; Mg My Mg Migas

if 01 01 01 --- --- 3 0.16
W (um) 106 10 10 0.5 036 0.5 7.8
L (um) 15 15 15 2 4 60 8

Area (um?) | 900 150 150 1 1.4 30 62.4

layout matching practices such as common-centroid placement and dummy structures.
The occupied silicon area is 0.0073 mm?, as shown in Figure 3.7.

Figure 3.7: Unbalanced V1, monitor layout.

S

wun 9/

Source: The own author.

The MOSFETsS used in this implementation are standard I/O type, that present higher
threshold voltage and also allow a higher VDD voltage (VDD,,,,..) than the core transistors
in this CMOS process. Figure 3.8 presents the V7, variation over temperature, estimated
by the (g,,/Ip) method presented in Section 1.1.2 (labeled UICM), and simulated in the
Vo monitor circuit of Figure 3.5 (labeled Vout). As one can see the two lines are very
close, to each other.

The error defined by (3.8) is presented in Figure 3.9. The circuit tracks the ideal
threshold voltage with an error inferior to 1.3% within the -40 to 125 °C temperature
range.

e(%) = 100 x (M) (3.8)
Vurem
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Figure 3.8: Difference between the theoretical value of Vg (UICM) and the simulated
output of the Vrp monitor (Vout).
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Figure 3.9: Percentual error in the Vi extracted by the circuit.
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As shown in Figure 3.10, the circuit starts operating at around 0.7 V. The line sensi-
tivity of Vz; has been improved with respect to MATTIA; KLIMACH; BAMPI (2014a),
being 550 uV/V from 0.7 V to 3.3 V, while the current consumption sensitivity is 640
pA/V. The whole circuit consumes 21.54 nA at 27 °C.

Figure 3.10: Supply voltage sweep vs. supply current (blue) and output (red).
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The PSR simulated between 10 Hz and 1 GHz for 3 different temperatures (-40, 27
and 125 °C) is shown in Figure 3.21. PSR simulated at 100 Hz and Vpp = 1.2 V, is
-63 dB for V1, which is almost the double of the result obtained in previous works. This
result together with the LS, confirms that the approach used in order to improve the output
impedance works properly.

Figure 3.11: PSR at the output, for -40 °C (green), 27 °C (blue), and 125 °C (red).
10 T T T T

PSR [dB]
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Source: The own author.

Start-up behavior of the circuit was simulated for typical conditions and also for -40
and 125 °C in order to study the maximum settling time and the stability of the circuit.
The simulations show that even in the worst case, that is -40 °C, the circuit presents a
settling time less than 0.5 ms, which is acceptable for our proof of concept.

Figure 3.12: Start-up simulation, for -40 °C (green), 27 °C (blue), and 125 °C (red).
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Source: The own author.

To analyze the impact of the fabrication variability effects on the output of the circuit,
Monte Carlo (MC) simulations were run separately for local mismatch effects and aver-
age process variations, with 100 samples each. These simulations emulate the statistical
variations that the transistor’s parameters suffer due to fabrication variability. Also, the
variability of transistor M; was excluded because this analysis aims to determine the error
in the extracted Vi due to the variability of the transistors that compose the monitor cir-
cuit, and not the variability of the transistor that is delivering the Vy value. For average
process MC the transistors have their parameters changed equally in each run - Figure
3.13 (top histograms). For local mismatch MC, the parameters of each transistor are var-
ied individually in each run - Figure 3.13 (middle histograms). Both effects are taken
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into account in a full variability analysis, shown in Figure 3.13 (bottom histograms). The
results presented are for Vpp = 1.2 V under three different temperatures, -40, 27 and
125 °C.

Figure 3.13: Monte Carlo simulation results for Process (top), Mismatch (middle) and
both variability effects (bottom).
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Source: The own author.

As shown in the design methodology, the circuit’s equilibrium point depends only
on geometrical factors. It is thus less sensitive to average process variations, where Vi
tracks the threshold voltage value with a maximum error (mean and standard deviation)
of e(+30) = 1.17 £+ 0.63%, comprising 99.7% of the samples. Local mismatch analy-
sis, however, affect the current mirror and aspect ratio gains that define this equilibrium,
resulting in a higher spread of ¢(£30) = 1.21 £+ 6.6%. A combined analysis yields a
maximum error of e(£30) = 3.37 4 6.93% for the whole operating temperature range.
The mean and the sigma of each temperature and variability condition is shown in Fig-
ure 3.13. This circuit was fabricated using the Mosis’s educational program, and we soon
expect to measure it.

3.2 Balanced NMOS V;, Monitor

The threshold voltage monitor circuit, shown in Figure 3.14, was introduced in (MAT-
TIA et al., 2015) and is based on a self-biased current source topology proposed in
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(CAMACHO-GALEANO; GALUP-MONTORO; SCHNEIDER, 2005). Its DC oper-
ating point is established by the equilibrium condition of the proportional-to-absolute-
temperature (PTAT) voltages generated by two self-cascode (SC) cells that are clamped
together. One of the SC cells operates in moderate inversion (M; 2), while the other SC
cell operates in weak inversion (M3 4). Transistors M5-M; act as a voltage-following cur-
rent mirror (GILBERT, 2004), making all the currents equal to /x and forcing Vx 2 =

Vx3.4.

3.2.1 Circuit Description

The voltage at the intermediate node of a self-cascode cell has been already shown to
be a PTAT voltage, whenever both transistors operate at constant inversion levels (ROSSI;
GALUP-MONTORO; SCHNEIDER, 2007), and the absolute value of the PTAT voltage
(and its derivative) can be adjusted by the inversion levels of the transistors. Additionally,
the upper transistors in a SC cell (M3 4 in Figure 3.14) have to be in saturation, whereas
the lower transistors M 3 are in triode. The use of (B.1), (B.3) and (B.4) demonstrates
that

Vi = ¢u[F(ig1) — F(ig2)] (3.9)
Vxsa = ¢[F(ifs) — F(if4)] (3.10)
where V2 and V3 4 are ideally PTAT for any inversion level, as long as i¢;_4 are kept

constant over temperature. From (B.3) and (B.4), one can see that a NMOSFET with

Figure 3.14: Vpy monitor circuit basic topology.

VOUT
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Source: MATTIA; KLIMACH; BAMPI (2015)

grounded source and with a gate voltage V; equal to the threshold voltage Vi, operates
under a constant forward inversion level equal to 3 (iy = 3). Suppose that M; operates
under such condition, being in the moderate inversion region. The current [x is defined
based on the inversion levels of M; and My. Remembering that iy, = 1,1, allows us to
write

IDl251[SQ<3_if2):ID2+[D5:2IX (3.11)

where 74, defines the voltage Vx » according to (3.9). The inversion levels 734 can then
be defined to make Vx; 2 = Vs34, and the circuit operates in equilibrium.
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3.2.1.1 PSR and Line Sensitive improvement

The basic topology shown in Figure 3.14 exhibits a high sensitivity to changes in the
supply voltage (Vpp), resulting in a poor LS and PSR, due to the limited output impedance
of the current mirror, formed by the M7-M;, transistors. A possible solution to increase
its output impedance would be the use of cascode current sources, rather than single tran-
sistors, but the transistor stacking would increase the minimum operating supply voltage.
A better option is to include an Operational Amplifier (OA)(BAKER, 2004) that add a
high gain feedback path resulting an effective increase in the output impedance of the
mirror without increasing the minimum supply voltage.

Figure 3.15 shows the Vg monitor circuit with the OA connected. Note that My is
no longer diode-connected, so its drain can move to the same voltage of the drain of My.
The OA compares the drain voltage of My with the drain voltage of M5 and force them
to be approximately equal, adjusting the current mirror bias. Figure 3.16 shows the low
voltage pseudo-differential amplifier that was used, where the PMOS transistors form a
current mirror while the NMOS ones operate as a differential amplifier. When both inputs
are equal, both branches of the mirror are in equilibrium. If the inputs are not equal, this
imbalance causes the amplifier output to swing up or down providing the desired action.

Figure 3.15: Vpy monitor topology with improved LS and PSR.

Source: The own author

Figure 3.16: Pseudo-Differential Amplifier.
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Source: The own author
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3.2.1.2  Start-up Circuit

As the Vg monitor circuit is a self-biased structure it presents two DC stability op-
eration points, one in the desired bias condition in which the SCs have the same PTAT
voltage, and another when the current in all branches is zero. A Start-up circuit that can
prevent the zero-current condition is necessary.

Figure 3.17 shows the topology with the start-up circuit. Note that the current through
M;i; and M;; is zero when the circuit is in normal operation because of the loaded Cj,
capacitance, which forces Vpg1; = 0 and V12 = 0. This results in a zero extra current
consumption, which is a desirable characteristic in nano-Watt circuits.

The start-up circuit works as follows: supposing the capacitor C;, discharged, when
the Vpp voltage starts to increase, M, drives a current into the SC M, » initializing the
circuit, and simultaneously, M;; delivers a current into the capacitor C, charging it, and
eventually moving My, to deep triode, and M5 to the cut-off state.

Figure 3.17: Vg monitor with Start-Up circuit and improved LS and PSR

M,
Source: The own author

3.2.2 Circuit Design

In the previous analysis it was supposed for simplicity the same current in all branches
of the current mirror, and now in the design section it is convenient that these currents [x
are defined as a fraction of the specific current, according to the transistor current model
being used herein. [y is then normalized as follows:

Iy = Is/A (3.12)

where A is a design constant factor that can be used to determine the power consumption
of the whole circuit (/torar, = 4/x). We also define another design constant B = iy /i3,
that sets the ratio between the inversion levels of the transistors of each SC cell.

Since our objective is to set the gate-source voltage of M; to be equal to Viry, we must
chose iy = 3, and then Vx ;5 is determined solely from iz, according to (3.9). Then the
forward inversion level of M3 can be defined by the design constant B, and finally the
ratio iy, /73 can be adjusted to make V3 4 equal to Vi o, that is a condition presented in
Section 3.2.1.

As a design example we choose iy = 0.5, A = 10 and B = 5, leading to Vx 2 =
Vx34 =958 mV and 753 = 0.1. Once Vx34 and ¢s3 are known, the value of 774 = 0.001 is
easily obtained, and the sizing of the transistors can be determined from (B.1) and (3.11).
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A design technique that can be used to improve the circuit behavior is the implementa-
tion of the main transistors (M;-M,) through the parallel and series composition of unitary
devices, that are assumed to have the same process characteristics (V7o, Igg, 7, and so
on). Using the common-centroid layout strategy also helps to improve the circuit, since a
regular layout and the use of dummy devices can minimize the mismatch of the threshold
voltage. The sizes of M;-M, becomes that of Table 3.3 for the design example previously
showed and using a unitary transistor of W=2 um and L=5 pum.

Table 3.3: Sizing of M;-My,.
A = 10, B = 5 M1 M2 M3 M4

if 3 05 0.1 0.001

W (um) 2 2 5%2 20%2
L (um) 5*%5 2*¥5 5 5

Area(um?) | 50 20 50 200

The OA design requires a relationship between the additional area and power con-
sumption which needs to be considered. In this design we consider that an additional 5%
of current consumption is adequate. Observe that the inversion level of the input transis-
tors of the OA are set to 3, since their sources are grounded and their gate voltages are
equal to V7g. Once we know the current and the inversion level (i) it is easy to size the
transistors. Table 3.4 presents the sizing of the auxiliary structures as the OA, start-up and
current sources.

Table 3.4: Sizing of the auxiliary structures.

Ms-6 Mrio M Miz Migs Misoge
if 0.1 008 --- --- 3 0.13
W (nm) 10*4  6.25*4 0.5 0.5 0.4 0.76
L (um) 10 5 1 2 45%2 1.3
Area (um?) | 400 125 05 1 36 1

3.2.3 Simulations Results

The results presented here are for Cadence Virtuoso post-layout simulations of our
design implemented in IBM 130 nm process. The layout takes into consideration the good
layout matching practices such as common-centroid placement and dummy structures.
The occupied silicon area is 0.0047 mm?2, as shown in Figure 3.18.

The MOSFETs used in this implementation are standard I/O type, that present higher
threshold voltage and also allow a higher VDD voltage (VDD,,,,.) than the core transis-
tors in this CMOS process. Figure 3.19(a) presents the V7 variation over temperature
estimated by the (g,,/Ip) method introduced in Section 1.1.2 (labeled UICM), and sim-
ulated in the Vg monitor circuit of Figure 3.17 (labeled Vout). As one can see the two
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Flgure 3.18: Complete Circuit Layout

Source: The own author

lines are very close. Figure 3.19(b) presents the difference between the Vy from the cir-
cuit (Vout) and the one estimated analytically by the UICM model, resulting a maximum

deviation around 5 mV (1%).

Figure 3.19: (a) V¢ value and (b) difference from the simulated monitor circuit (Vout)

and from the g,,/Ip model (UICM) vs temperature
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The error calculation is defined by (3.13) and presented in Figure 3.20. The monitor
circuit tracks the modeling threshold voltage with an absolute error lower than 1% for the



-40 to 125 °C temperature range.

Figure 3.20: Percentual error in the Viy monitored value over temperature
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(3.13)

Figure 3.21 shows the Power Supply Rejection (PSR) of the output, resulting -64 dB
from O Hz to almost 1 kHz and for Vpp = 1.2 V, which is almost double of the result
obtained in previous works.

PSR [dB]

Figure 3.21: PSR of the output over frequency
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The circuit consumes only 57 nW at room temperature for Vpp = 1.2V, and reaches
a maximum of 70 nW at 125 °C. Figure 3.22 presents the V¢ output value and the current
consumption over the supply voltage. The maximum line sensitivity is around 250 ppm/V,
while the current consumption sensitivity is 378 pA/V, both at 27 °C and for a supply
voltage range from 1 Vto 3 V.

The start-up behavior was simulated for the corner process cases and presented in
Figure 3.23, resulting a settling time of less than 25 ms in the worst case at 125 °C, which
is acceptable for our proof of concept.

Table 3.5 presents a comparison of recently published threshold voltage monitors.
One of the great advantages of our topology is the very low line sensitivity and high
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Figure 3.22: Vpy monitored and Current consumption vs Vpp voltage
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Figure 3.23: Settling time for the corner process cases
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PSR, providing low error and comparable power consumption, working in a wide range
of temperature and voltage. Except for the current consumption that depends on /5 and
varies from one process to another, similar results can be obtained in other technologies.
This circuit was fabricated using the Mosis’s educational program, and we soon expect to

measure it.

3.2.3.1 Fabrication Variability Effects

The impact of the fabrication variability effects on the output V7, value was analyzed
using Monte Carlo (MC) simulations, where local mismatch effects and average process
variations were simulated separately with 400 runs each. Figure 3.24 shows the MC his-
tograms for the error of the extracted Vo from circuit simulations, with respect to the
theoretical V7 obtained from the analytical model, as this model does not take variations
and mismatches into account. For average process MC all transistors have their parame-
ters changed equally in each run - Figure 3.24 (top histograms). For local mismatch MC,
the parameters of each transistor are varied individually in each run - Figure 3.24 (middle
histograms). Both effects are also taken into account in a full variability analysis, shown
in Figure 3.24 (bottom histograms). The results presented are for Vpp = 1.2 V and under
three different temperatures: -40, +27 and +125 °C.

As shown in the design methodology, the circuit performance depends only on geo-
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Table 3.5: Comparison of recent V7o monitor circuits

Characteristic This Work [1] [2] [3] [4] [5] [6] Units
PSR @100 Hz -63.9 -38.9 -30 --- --- --- --- dB
Line Sensitivity 252 3600 | 46000 480 2562 8000 554 ppm/V
Temperature -40 to -40to | -40to 0to 0to 20 to -50 to o
Range 125 125 125 100 100 80 100

Supply 0.97 to 0.6to | 0.6to 1 to 1.9t 2to 35t -
Range 3 1.8 1.2 3.6 2.1 2.5 6.5

Max. Error 1 1.64 1.3 --- 11 4.3 4.9 %
Power 57 23 23 50000 290000 | 387500 --- nW
Model UICM UICM | UICM | quadratic | quadratic | quadratic | quadratic
[1](MATTIA et al., 2015) [2]I(MATTIA; KLIMACH; BAMPI, 2014a)

[31(VLASSIS; PSYCHALINOS, 2007) [4](WANG; TARR; WANG, 2004)

[SISENGUPTA, 2004) [6](CILINGIROGLU; HOON, 2003)

metrical factors, being less sensitive to process than to mismatch variations, which affect
the currents balance and therefore the circuit behavior. One can verify the different sen-
sitivities when comparing the maximum spread that results from MC results: ¢(+30) =
—4.08 £1.29 mV for process, that is significantly less than e(+30) = —3.96 +15.93 mV
for mismatch. Finally a maximum total error in the worst condition, combining process
and mismatch analysis, yields e(+30) = —4.14 4+ 16.44 mV that falls within 20 mV or
4.25% for the whole operating temperature range.

Figure 3.24: Monte Carlo simulations for Process (top), Mismatch (middle) and both
variability effects (bottom)
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3.3 Proposed PMOS V;, monitor

Although in CMOS processes the NMOS and PMOS transistors have the same impor-
tance, it is clear, when you look to the bibliographic study, that the topologies that extract
the Vg of PMOS transistors have been less developed in comparison with the topologies
that extract V¢ of NMOS transistors.

In general, the authors were limited to design monitors that extract the Vo value of
NMOS transistors. Some mentioned that the concept that they used to obtain the NMOS
Vro monitor could be also used to obtain a PMOS version, but without any implementa-
tion to prove it.

Unfortunately, when the same NMOS technique is applied to implement a PMOS V7
monitor, the output value results referred to the supply voltage, rather than to ground.
This happens because normally the structures are just mirrored (the NMOS structures in
the circuit are replaced with PMOS, and the PMOS structures are changed with NMOS
structures), and consequently the Vg value that in a NMOS monitor appears referred
to ground, in the PMOS implementation appears referred to the supply voltage. This
demands to know exactly the VDD value and also forces to make additional calculations,
which are undesirable conditions when the circuit aims to act in a complex system.

In this section, a new PMOS V, monitor is presented. The monitor gives the thresh-
old voltage of a PMOS transistor in module. The Vp value is delivered by the circuit
referenced to ground, and tracks the theoretical value with a low error, in a wide range of
temperature and voltage.

3.3.1 Circuit Description

In Section 3.2 was introduced a NMOS V;y monitor circuit. Then, although the mon-
itor circuit was designed to obtain the threshold voltage of a transistor, it can also work
as a current generator. Actually, in the operation point in which the circuit is designed to
operate (iy; = 3), it generates a current that is proportional to /sg, meaning that the cir-
cuit can be also used as an /g¢ current generator, as shown in CAMACHO-GALEANO;
GALUP-MONTORO; SCHNEIDER (2005).

This characteristic is here exploited. The circuit of Figure 3.25 presents a PMOS
version of the Ig¢ current generator. Although the circuit analysis was already done in
Section 3.2, it is again presented here for convenience, and also in order to prove that the
same equations that were already presented are valid for the PMOS version of the circuit.

The DC operating point of the PMOS I current generator is established by the equi-
librium condition of the complementary-to-absolute-temperature (CTAT) voltages gener-
ated by two PMOS self-cascode (SC) cells that are clamped together. One of the SC
cells operates in moderate inversion (M, 2), while the second SC cell operates in weak
inversion (M3 4).

Transistors M5-Mj act as a voltage-following current mirror (GILBERT, 2004), mak-
ing all the currents equal to /rpp, and forcing Vx; = Vixs.

The voltage at the intermediate node of a self-cascode cell, referred to its bulk, has
been already shown to be a PTAT voltage, whenever both transistors have the same V7,
and operate at constant inversion levels (ROSSI; GALUP-MONTORO; SCHNEIDER,
2007). Also, it has been shown that the absolute value of the PTAT voltage (and its
derivative) can be adjusted by the inversion levels of the transistors. Additionally, the
lower transistors in the SC cell (M5 4 in Figure 3.25) have to be in saturation, whereas the
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Figure 3.25: I current generator

Source: The own author

upper transistors M, 3 are in triode. The use of (B.1), (B.3) and (B.4) demonstrates that

Visa = Vop — Vx1 = ¢¢[F(iy1) — F(if2)] (3.14)

Visa = Vpp — Vxg = ¢¢[F(iy3) — F(if4)] (3.15)

where Vpgo and Vpgy are ideally PTAT for any inversion level, as long as 744 are kept
constant over temperature. Consequently, if this condition is fulfilled, Vx; and V3 will
be CTAT voltages for any inversion level.

From (B.3) and (B.4), one can see that a PMOS with the source at the same voltage
that its bulk, and with a gate voltage Vi; equal to V7, operates under a constant forward
inversion level equal to 3 (¢; = 3). Suppose that M; operates under such condition, being
in the moderate inversion region. The current /gzpr is defined based on the inversion
levels of M; and M. Recalling that 74, = 1,1, allows us to write

IDI :Sl.[SQ(S_ZfQ) :ID2+ID5:21REF (316)

where i, defines the voltage Vpgo according to (3.14). The inversion levels ¢3_4 can
then be defined to make Vzso = Vg4, and the circuit operates in equilibrium.

3.3.1.1 Vipo monitor

Once the I5q current generator operates properly, its output current is mirrored through
the M15-M;3 PMOS current mirror into the My, transistor, as Figure 3.26 shows. Then,
considering that transistor My, is always in saturation, and assuming that it operates under
an inversion level i 414 = 3, its current is defined by

Ipiy = Kilgpr = S1alsg3 (3.17)

Finally, if M4 is in the 7y = 3 condition, and its source is at the same voltage of its
bulk Vsp14 = 0, it is obtained from (B.3) and (B.4) that necessarily Vg4 = V. In
Figure 3.26 you can noted that the gate of transistor My, is grounded, therefore Vi; = 0
and consequently Vg = Vg = V.



50

Figure 3.26: PMOS V1 monitor circuit.

Source: The own author

3.3.1.2 PSR and Line Sensitive improvement

The basic topology shown in Figure 3.26 exhibits a high sensitivity to changes in
the supply voltage (Vpp), resulting in a poor LS and PSR. One solution is to include an
Operational Amplifier (OA)(BAKER, 2004) that add a high gain feedback path resulting
an effective increase in the output impedance, as was done in Sections 3.1 and 3.2.

Figure 3.27 shows the Vg monitor circuit with the OA connected. Note that My is
no longer diode-connected, so its drain can move to the same voltage of the drain of M.
The OA compares the drain voltage of My with the drain voltage of Mg and force them to
be approximately equal, adjusting the current mirror bias.

Figure 3.27: PMOS V¢ monitor circuit, with LS and PSR improvements.

Source: The own author

Figure 3.28 shows the low voltage pseudo-differential amplifier that was used, where
the NMOS transistors form a current mirror while the PMOS devices operate as a differen-
tial amplifier. When both inputs are equal, both branches of the mirror are in equilibrium.
If the inputs are not equal, this imbalance causes the amplifier output to swing up or down
providing the desired action. By doing this, the current sensitivity to changes in Vpp of
the Isq generator is improved, and therefore, the line sensitive in the output is improved.
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Finally, the circuit can be improved even more by changing the simple mirror M;2-My3
by a cascode mirror. For this, transistor M5 and M4 have been added.

Figure 3.28: PMOS pseudo-differential Amplifier.
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Source: The own author

3.3.1.3 Start-up Circuit

As the V¢ monitor circuit is a self-biased structure, it presents two DC stability op-
eration points, one in the desired bias condition in which the two SCs have the same
intermediate voltage, and another when the current in all branches is zero. A Start-up
circuit that can prevent the zero-current condition is necessary.

Figure 3.29 shows the topology with the start-up circuit. Note that the current through
M;; and M;5 is zero when the circuit is in normal operation because of the loaded C¢o
capacitance, which forces Vpg17 = 0 and V515 = 0. This results in a zero extra current
consumption, which is a desirable characteristic in nano-Watt circuits.

The start-up circuit works as follows: supposing the capacitor Co discharged, when
the Vpp voltage starts to increase, Mg drives a current into the My transistor initializing
the circuit, and simultaneously, M;7 delivers a current into the capacitor C., charging it,
and eventually moving M7 to deep triode, and M5 to the cut-off state.

Figure 3.29: Proposed PMOS V, monitor circuit.

Source: The own author



52

3.3.2 Circuit Design

In the previous analysis it was shown that the same currents [gpp pass through all
the branches of the g current generator. Now in the design section, it is convenient
that these currents /rpr are defined as a fraction of the specific current. [ppp is then
normalized as follows:

Irpr = Isg/A (3.18)
where A is a design constant factor that can be used to determine the power consumption
of the whole circuit (Itora. = Irer(5 + K7)). We also define another design constant
B = iy /i3, that sets the ratio between the inversion levels of the transistors of each SC
cell.

Now, to start the design we can chose iy; = 3, and then Vpg, is determined solely
from 49, according to (3.14). Then the forward inversion level of M3 can be defined by
the design constant 5, and finally the ratio is4/i3 can be adjusted to make Vg4 equal to

VBsa.

As a design example we choose iyy = 0.5, A = 10 and B = 5, leading to Vgy =
VBsa = 58 mV and i3 = 0.1. Once Vpg4 and i3 are known, the value of iy = 0.001 is
easily obtained, and the sizing of the transistors can be determined from (B.1) and (3.11).

A design technique that can be used to improve the circuit behavior is the imple-
mentation of the main transistors (M;-M,) through the parallel and series composition of
unitary devices, that are assumed to have the same process characteristics (Vro, Isq, n,
and so on). This technique also facilitates the implementation of common-centroid layout
structures, improving the circuit, since a regular layout and the use of dummy devices
can minimize the mismatch of the threshold voltage. After some optimizations, and using
unitary transistors of W=2 um and L=5 pum, the sizes of M;-M, and M, for the design
example previously described, becomes that of Table 3.6.

Table 3.6: Sizing of M;-M, and My4.
A = 10, B = 5 Ml MQ M3 M4 M14

iy 3 05 01 0001 3

W (um) 2 2 50 2% 2
L(um) |5% 255 5 5  5%5
Area (um?) | 50 20 50 220 50

The OA design requires a relationship between the additional area and power con-
sumption which needs to be considered. In this design, we consider that an additional
20% of current consumption is adequate. Observe that the inversion level of the input
transistors of the OA are set to 3, since their sources are in the supply voltage and their
gate voltages are equal to Vpp-Vro. Once we know the current and the inversion level (i)
it is easy to size the transistors. Table 3.7 presents the sizing of the auxiliary structures as
the OA, start-up and current sources.

3.3.3 Simulation Results

The results presented here are for Spectre simulations of our design implemented in
IBM 130 nm process. As the design circuit was done taking care of use series and parallel
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Table 3.7: Sizing of the auxiliary structures.

M5 Mr1 Mizis Misie Miz Mis Moaiz Moasa
if 0.0001 0.18 0.025 0025 --- --- 3 0.78
W (um) 5%9 5 5%4 5*8 0.5 1 2 2
L (um) 5 35 5 5 2 1 20 20
Area (um?) | 225 175 100 200 1 1 40 40

transistors, the layout can be implemented taking into consideration good layout matching
practices such as common-centroid placement and dummy structures. An estimate of the
occupied silicon area is 0.012 mm?.

The MOSFETsS used in this implementation are standard I/O type, that present higher
threshold voltage and also allow a higher VDD voltage (VDD,,,,..) than the core transistors
in this CMOS process. Figure 3.30 presents the Vy variation over temperature, estimated
by the (g,,/Ip) method presented in Section 1.1.2 (labeled UICM), and simulated in the
Vro monitor circuit of Figure 3.29 (labeled Vout). As one can see, the two lines are very
close, indicating that the error is small in the entire temperature range.

Figure 3.30: Difference between the theoretical value of Vi, (UICM) and the simulated

output of the Vrp monitor (Vout).
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Figure 3.31 shows the error in the output of the V¢ monitor. This error was found
using the definition used in Sections 3.1 and 3.2 that is described by (3.8). As result, it
is obtained that the circuit tracks the ideal threshold voltage with an error inferior to 1%
under the -40 to 100 °C temperature range.

The PSR has been simulated between 0.1 Hz and 1 GHz for 3 different stages of the
monitor circuit for the purpose to prove the efficiency of the techniques used to improve
the LS and the PSR. First, it was simulated the original circuit without any improvement.
This results in a PSR of —29 dB at 100 Hz, which indicate that the circuit does not reject
to much the variations in the supply voltage, as was expected. After that, it was simulated
the circuit adding the OA. As the Figure 3.32 shows, the circuit improves its behavior in
almost -20 dB for low frequencies, presenting -50 dB at 100 Hz of PSR. Finally, the PSR
of the circuit including the OA, and the cascade current mirror was simulated, resulting
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Figure 3.31: Percentual error in the V7o monitored by the circuit over temperature.
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in a PSR at 100 Hz lower than -67 dB. This result together with the LS, confirms that the
approach used in order to improve the output impedance works properly.

Figure 3.32: PSR at the output over frequency, for the original circuit (red), with OA
connected (green), and final implementation (blue).
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As shows Figure 3.33 the circuit starts operating at around 0.75 V. The line sensitivity
of the output is really good when compared with other topologies, being 120 wV/V from
0.7 V to 3 V, while the current consumption sensitivity is 897 pA/V. The whole circuit
consumes 67.9 nA at 27 °C.

Start-up behavior of the circuit was simulated for typical conditions and also for -40
and 100 °C in order to study the maximum settling time and the stability of the circuit.
The simulations show that even in the worst case, that is -40 °C, the circuit presents a
settling time less than 50 ms, which is acceptable for our proof of concept.

To analyze the fabrication variability of the error, Monte Carlo (MC) simulations were
done separately for local mismatch effects and average process variations, with 200 runs
each. For average process MC all the transistors have their parameters changed equally
in each run - Figure 3.35 (top histograms). For local mismatch MC, the parameters of
each transistor are varied individually in each run - Figure 3.35 (middle histograms).
Both effects are taken into account in a full variability analysis, shown in Figure 3.35
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Figure 3.33: Vy monitored and Current consumption vs Vpp voltage.
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Figure 3.34: Start-up simulation, for -40 °C (blue), 27 °C (red), and 125 °C (green).
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(bottom histograms). The results presented are for Vpp = 1.2 V under three different
temperatures, -40, 27 and 100 °C.

As shown in the design methodology, the circuit’s equilibrium point depends only on
geometrical factors. It is thus less sensitive to average process variations, where the output
tracks the threshold voltage value with a maximum error (mean and standard deviation)
of e(+30) = 0.58 £+ 0.1%, comprising 99.7% of the samples. Local mismatch analysis,
however, affect the current mirrors and aspect ratio gains that define this equilibrium,
resulting in a higher spread of ¢(£30) = 0.66 £+ 0.97%. A combined analysis yields a
maximum error of €(+30) = 0.61 £+ 1% for the whole operating temperature range. The
mean and the sigma of each temperature and variability condition is shown in Figure 3.35.
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Figure 3.35: Monte Carlo simulations for Process (top), Mismatch (middle) and both
variability effects (bottom).
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4 APPLICATIONS

As was explained in the introduction, there are several applications in which the Vi
monitors can be used. This chapter aims to show, not only some possible applications
of the proposed circuits, but also, that the characteristics presented for these, are enough
to be part of a system. The first application exploited here consists in monitor and/or
model the V7 in a fabrication process. For this, a configuration with transistors of dif-
ferent lengths is biased with an g current. This implementation, allows obtaining the
Vg value in the entire range of lengths that a process offers, consuming only a few nano-
Watts, and occupying little space. Then, is presented a voltage reference, working in the
nano-Watt range, with high PSR and low LS. The circuit is CMOS-only being possible its
implementation in any CMOS digital process. Finally, the compensation of process vari-
ations in circuits is investigated. For this, a Vo monitor is used to cancel the dependence
that a circuit presents with V. Also, it is studied the possibility to replace the biasing
circuit by a /g¢ current generator, taking advantage of the less process variability that the
I'sq presents.

4.1 Process Monitor and Modeling

Monitoring a CMOS process fabrication is perhaps the most obvious application of
a Vo monitor circuit. However not all the implementations can accomplish this task as
some of them are not fully integrated or are dependent of extra calculations.

Different of that all the Vp monitors that was presented here are fully integrated,
CMOS-only, present nano-Watt consumption and occupy little space making possible to
add many of them throughout the entire wafer and, in this way, it can be obtained a
profile of the V. This can help finding errors or variations in some important fabrication
parameters as the oxide thickness or the dopants concentration.

The circuits presented herein were designed following a process independent method-
ology. This allows obtaining the sizing of the transistors without knowing the parameters
of the process in which the circuit will be fabricated. Therefore, it is possible to imple-
ment the V7o monitors in a process that has not been characterized yet and thereby model
the V7 value of the process. Off course, the Vi value obtained is only valid for the UICM
model forcing to work with this model to describe the entire process, or to somehow get
an equivalence between the V7 value of this model and the Vi value described by other
models.

In general, the Vg monitors deliver the Vi value of a transistor with a given channel
width and length. This could be a limitation when a new process is being characterized,
because the Vo changes with the value of both the channel length and width. Then,
to properly model the V7, it is necessary to obtain the V7 for transistors with lengths
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that are between the entire range of possibilities that the process offers. Therefore, to
accomplish that, many V¢ monitors must be designed and implemented (one by every
length that is desired), turning it in a slowly and hardly task.

Then, it is desirable to obtain with only one design, and implementation, the Vr( of
several transistors with different sizes. This can be done using the circuit of Figure 4.1.
The concept is the same that was used to obtain the Vg of a PMOS transistor in Chap-
ter 3.3, and exploits the fact that a Vo monitor delivers a voltage equal to the threshold
voltage, and also a current that is proportional to the /(.

Now, suppose that the /¢ current generator of Figure 4.1 delivers a current Ig/A.
This current is mirrored by the PMOS current mirror M;-My, into the M5-My transistors,
which leads Igpr = Ipy = IpsK1 = Ips = Ip7/K;. Once all the currents are known,
using (B.1) and (B.2), it is possible to obtain the size of transistors M5-My, in order to
get an inversion level iy = 3 in each one. Then, as these transistors are in the saturation
region, their drains are grounded, and their sources are at the same voltage of their bulks,
from (B.3) and (B.4), it is obtained that the voltage at the source of transistors M5-M7
should be equal to the V7 value of each one.

Figure 4.1: Process monitor circuit.

K, MH-,—T—{[,MT 14[,1« M, r![,km

REF IREF kl IREF
\ & 4
I5o Current 1
Generator
M; M M,

Source: The own author

As a design example, we use the I current generator of Figure 3.25, with the same
sizing of Chapter 3.3. This circuit generates a current equal to /sg/10. Then, defining
K, = 2, the aspect ratio of transistors M;-My is set by (4.1), (4.2) and (4.3) respectively.

ISQ
Ips = = S5 4.1
D5 = 1042 S51sq3 4.1)
I
Ips = =2 = Sels03 (4.2)
10
oI
Ipr = 1—50Q = Srlg03 (4.3)

This design was implemented in IBM 130 nm process, using standard I/O MOSFETS.
The final sizes of the transistors are presented in Table 4.1. The circuit was simulated
using Spectre, and the results show that the error in the extracted V7 is larger for smaller
channel lengths. This happens because the /g current generator was designed to deliver
an [gq current of a transistor with L=25 pum and therefore, the farther the lengths of the
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used transistors are from this value, the greater the error in the output. Then, as Figure 4.2
shows, the lowest error is presented by transistor M5 which has an L=25 pum and the
largest error is presented by transistor M; which has an L=5.4 um. Even so, the error is
smaller than 3% in the -40 to 100 °C temperature range for all the cases.

Table 4.1: Sizing of M{-M, and My4.
A:lO, Kl :2 Ml M2 M3 M4 M5 M6 M7

if 0.025 0.025 0.025 0.025 3 3 3
W (um) 10%2 10 10¥2 10*4 042 0.36 0.36
L (um) 5 5 5 5 25 108 54

Area (um?) | 100 50 100 200 105 39 1.95

Figure 4.2: Error in the output of the process monitor for different channel lengths.
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4.2 Voltage References

Voltage references are key building blocks used in analog, mixed-signal, RF and dig-
ital systems. Most of this systems demands an accurate reference independently from
temperature and power supply variations. Moreover the growing market of Internet of
things and mobile systems incorporate ultra low power design as another important con-
straint. The basic concept of providing a temperature independent voltage is adding two
voltages, one proportional to absolute temperature (PTAT) and the other complementary
to absolute temperature (CTAT).

The CTAT voltage can be implemented in two ways. The first one is using a forward
biased p-n junction, resulting the well known bandgap reference circuit (BGR), which
presents low process variation sensitivity and a slightly non-linear behavior over temper-
ature(TSIVIDIS, 1980), besides the need for higher supply voltages (p-n junction needs
around 0.5 to 0.6 V for biasing). The non-linear behaviour can be minimized using a
curvature compensation technique, but this has a direct impact in power and area. The
other way is using the MOSFET threshold voltage (V) as in recent voltage references
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(MAGNELLI et al., 2011), (SEOK et al., 2012),(ZENG et al., 2013) where low power
consumption and supply voltages were reached. The temperature range of these refer-
ences varies widely but nano-watt and sub-1 V supply are usual to many of them.

In this Section a voltage reference based on the sum of two almost linear temperature
dependent terms is proposed. The threshold voltage monitor circuit presented in Chap-
ter 3.2 provides the CTAT voltage, while the PTAT voltage is generated by two PMOS
unbalanced differential pairs operating in weak inversion. The sum of these two linear
terms results in a significant reduction of the thermal coefficient over a wide temperature
range, while power consumption is kept low by the use of transistors operating in weak
and moderate inversion.

The text is organized as follows: in section 4.2.1 is presented the proposed topology.
A design methodology is developed in section 4.2.2, followed by simulation results in
section 4.2.3.

4.2.1 Circuit Description

The balanced threshold voltage monitor circuit (GOMEZ C. et al., 2015), shown in
Figure 4.3, is based on a self-biased current source topology proposed in CAMACHO-
GALEANO; GALUP-MONTORO; SCHNEIDER (2005). Its DC operating point is es-
tablished by the equilibrium condition of the PTAT voltages generated by two self-cascode
(SC) cells that are clamped together. One of the SC cells operates in moderate inversion
(M, 2), while the other SC cell operates in weak inversion (M3 4). Transistors M5-M; act
as a voltage-following current mirror (GILBERT, 2004), making the currents equal in all
the branches and forcing the voltage in the drains of transistors M; and M3 to be equal.
The Operational Amplifier (OA) adds a high gain feedback path that increase the effective
output impedance of the mirror M7-M;, thereby improving the Line Sensitivity (LS) and
the Power Supply Rejection (PSR).

Figure 4.3: V7o monitor topology with improved LS and PSR.

Source: The own author

In a SC cell the upper transistors (M5 4 in Figure 4.3) are usually in saturation, whereas
the lower transistors M 3 are in triode. Using (B.1) and (B.3), and observing that Vp s,
can be calculated from the difference between Vis1(3) and Vizsa(4), one can demonstrate
that

Vi) = ¢l F (if1(3)) — Fifa))] (4.4)
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where Vp; and Vp3 are ideally PTAT for any inversion level, as long as ¢4 are kept
constant over temperature. This condition can be achieved by biasing the transistor with
a current proportional to Igg (ROSSI; GALUP-MONTORO; SCHNEIDER, 2007).

From (B.3), one can see that a NMOS with grounded source and with a gate voltage
Vi equal to the threshold voltage Vo operates under a constant forward inversion level
equal to 3 (¢ = 3). Suppose that M; operates under such condition, being then in the
moderate inversion region. The current in each branch Ipx (Ip7-Ip1g) is defined based
on the inversion levels of M; and M,. Recalling that iy = 1,1, it allows us to write

Ipy = Silsq(3 —ifa) = Ipz + Ips = 2Ipx (4.5)

The temperature dependence of the threshold voltage V-, can be approximated (TSI-
VIDIS, 1987) by the linear equation

Vro(T) = Vrogom) + aT(T = Tuom) 4.6)

where T is the absolute temperature, Vrgnom) 18 the threshold voltage at the nominal
temperature 7,,,,, and « is the negative thermal coefficient of the threshold voltage.

4.2.1.1 Unbalanced Differential Pair PTAT Generator

A common PTAT generator structure is the unbalanced differential pair (TSIVIDIS;
ULMER, 1978), that operates in weak inversion. This circuit is shown in Figure 4.4,
where Ky and K, are the aspect ratio relationships between M;;-Mjs and M3-Myy, re-
spectively.

Figure 4.4: Differential Pair PTAT generator schematic.

Source: The own author

In this circuit, transistors M;; 1o share the same source connection, and the PTAT
voltage develops across the two gates. This circuit does not load the previous stage,
since it is connected to a gate terminal. Using the UICM model, it is possible to extend
the operation of this circuit to all inversion levels. Assuming that all transistors are in
saturation and using (B.3), the PTAT voltage generated by the differential pair Vppp is
given by:

Vorrr = Vo — Va2 = née[F(if11) — F(if2)] 4.7)

This circuit generates a PTAT voltage independent of the inversion region, as long
as the inversion levels 771 and ¢y;o themselves are kept constant. This is achieved by
biasing the differential pair with a current Ip;pr = Kslgg. Since the Mi;-M;, pair
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is biased by the M;3-M;, mirror, one can conclude that isy1/if1s = KKy and Ipjs =
Iprrr/(1 4 K3), so (4.7) becomes

B KKy K3 K
Vorrr =y {F ((1 + K2)512> - ((1 + K2)512)] 8

4.2.1.2 Voltage Reference Circuit

The complete circuit of the proposed voltage reference can be seen in Figure 4.5.
Transistors M;-M;, form the Vg monitor, whereas the unbalanced differential pairs are
made of transistors M;;-Msyy. Both unbalanced differential pairs present the same sizing
in order to produce a total PTAT voltage that is twice that of a single cell.

Figure 4.5: Proposed voltage reference schematic.

=
V1o Monitor - I PTAT Generator

Source: The own author

To bias the PTAT structures the current generated in the Vo monitor is mirrored
through PMOS transistors M5 and Myy. This current is proportional to /5o maintain-
ing constant ¢s11, ir12, 16 and ¢y17. Also by the effect of the feedback added with the
OA, the bias current presents low sensitivity to power supply variations improving the
PSRR and LS at the output of the voltage reference.

The reference voltage Vrrr, at the gate of M;7, i1s the sum of a CTAT term given by
(4.6) and twice the PTAT term given by (4.7), hence:

Veer = Vio + 2n¢[F(if11) — F(iif12)] (4.9)

The start-up circuit works as follows: supposing the capacitor Co discharged, when
the Vpp voltage starts to increase, Mgo drives a current into the SC M, » initializing the
circuit, and simultaneously, My, delivers a current into the capacitor C, charging it, and
eventually moving Ms; to deep triode, and Ms, to the cut-off state.

4.2.2 Circuit Design

As the current in all the branches of the monitor are equal and proportional to the /g
may be convenient to define that current as [x = Igg/A, where A is a design constant
factor. We also define another design constant B = 49 /i 3, that sets the ratio between the
inversion levels of the transistors of each SC cell.

Since our objective is to set the gate-source voltage of M; to be equal to Viy, we must
chose iy; = 3, and then Vp, is determined solely from ¢, according to (4.4). Then the
forward inversion level of M3 can be defined by the design constant B, and finally the
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ratio iy /i3 can be adjusted to make Vps3 equal to Vpy, that is a condition presented in
section 4.2.1.

As a design example we choose iy, = 0.5, A =10 and B = 5, leading to Vp; =58 mV
(for 300 K) and iy3 = 0.1. Once Vps = Vpy and i3 are known the value of iz, = 0.001 is
easily obtained, and the sizing of the transistors can be determined from (B.1) and (4.5).

Once the threshold voltage monitor is designed, differentiating (4.9) with respect to
temperature (considering n=1.2), and equating it to zero provides the necessary inversion
level of M;;-M;5 and M4-M;7, together with the aspect ratios, and current gains K and
K5 to make the output Vigr temperature independent.

Since M11-My are all operating in weak inversion, the value of the current mirror gain
K3 does not affect heavily the PTAT voltage generated. It is designed to guarantee that all
transistors are kept in saturation. The same is true for aspect ratios of the NMOS current
mirrors M;3-My4 and Mg-Mjg. Table 4.2 presents the size of the main transistors of the
design example after some optimization steps.

Table 4.2: Sizing of the core transistors of the voltage reference.
Mi My M; My Myp Mz Mz My

if 3 05 0.1 0001 025 0.025 0.06 0.06
W (um) 2 2 5%2 20%2 2 2*¥3 2% 2
L (um) 5*5 2*%5 5 5 17.1 20 20 20
Area(um?) | 50 20 50 200 342 120 160 40

4.2.3 Simulations

Results presented here are for Cadence Virtuoso post-layout simulations of our de-
sign implemented in IBM 130 nm process. Layout takes care of good matching practices
such as common-centroid placement and dummy structures. The occupied area is 0.0084
mm?, as shown in Figure 4.6. MOSFETs used in this implementation are 1/O type that
present higher threshold voltage and also allow a higher supply voltage than the standard

transistors in this CMOS process.

The temperature behavior of the main voltages is shown in Figure 4.7, where one can
see that the PTAT voltages of the two unbalanced differential pair are equal. The reference
voltage (Figure 4.8(a)) presents a low TC around 1.5 ppm/V with a maximum variation of
160 pV in this temperature range (-40 to 125 °C). Figure 4.8(b) presents the total current
of the circuit as a function of the temperature. The current increases with the temperature
to a maximum of 95 nA at 125 °C.

Figure 4.9 presents the PSR of the output, resulting -70 db from 0 Hz to almost 100
Hz for Vpp=1.2 V. Figure 4.10(a) shows that the output of proposed topology varies only
1.15 mV when variations between 1 to 3 V are done in Vpp, resulting a LS of 576 uV/V,
meaning that the feedback path added in the V/y monitor by the OA works fine. Another
advantage of this implementation is that the TC presents a low supply sensitivity as shown
in Figure 4.10(b).
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Figure 4.6: Proposed voltage reference layout.
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Figure 4.7: CTAT, PTAT and Vg voltages.
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Figure 4.8: Vipr voltage, and total current vs temperature.
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Figure 4.9: PSR in the output over frequency.
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Figure 4.10: LS of Vipr and TC.
668.0 40.0
667.5 — 30.0
— >
Z E
"3 667.0 § 20.0
St
> Q
666.5 = 100
666.0 0.0
1 1.5 2 25 3 1 1.5 2 2.5 3

Supply Voltage [V]
(a) (b)

Source: The own author

Table 4.3 presents a comparison of recently published resistorless voltage references.
One of the great advantages of our topology is the very low line sensitivity and high
PSRR, providing a low TC, working in a wide range of temperature and voltage. The
power consumption and area of this circuit is comparable with other state of the art cir-
cuits.

The fabrication variability of the circuit is analysed through Monte Carlo (MC) simu-
lations (200 runs - Figure 4.11). The TC histograms (top) are almost equally affected by
both average process variations and mismatch effects, but even including both effects 91%
of the samples present a TC lower than 30 ppm/°C. The reference voltage histograms (bot-
tom) present a maximum variation 30= 78 mV for combining effects, with o /u= 3.9 %,
being the process variations 30= 69 mV the main contribution. High process dependence
is usual in voltage references based on threshold voltage, but it can be overcome by trim-
ming. This circuit was fabricated using the Mosis’s educational program, and we soon
expect to measure it.
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Table 4.3: Comparison of recent CMOS Voltage References

1]+ 2]* [31F [4]* [5]* This Work* | Unit
Process 0.18  0.18 0.18 0.18  0.18 0.13 um
CTAT Vo Vo Ves Vo Vep V1o -
Temperature | Oto  -20to -40 to -20to  Oto -40 to o
Range 125 80 120 80 125 125
TC? 39 54.1 114 194 7 1.5 ppm/°C
Power 3.15 0.011 52.5 180 5.7 77 nW
VeEF 263.5 328 548 633 479 667 mV
Von 0.45 0.5 0.7 0.85 0.85 1 v
2 3.6 1.8 2.5 1.8 3
LS 4400 440 - 24 2112 576 ppm/V
PSRR -45 -49 -56 -76 -48 -71.21 dB
Area 0.043 0.0014  0.0246 - 0.0014 0.0084 mm?

(™) Measurement (*) Simulation (§)Reported Best Cases
[1]J(MAGNELLI et al., 2011)
[3](OSAKI et al., 2013)

[SIIMATTIA; KLIMACH; BAMPI, 2014b)

[2](SEOK et al., 2012)
[4](ZENG et al., 2013)

Figure 4.11: Monte Carlo simulations of TC (top) and Vref (bottom) for Process (left),
Mismatch (middle) and both variability effects (right).
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4.3 Process Variability Compensation Circuit

In integrated circuits, the output quality depends on the correspondence of internal
parameters. For example, in an operational amplifier, the input offset is affected if the
input transistors parameters are slightly different. The same phenomena can be seen in
digital circuits, where the delays depend directly of the Vg value of the transistors. Thus,
any change in the expected value of Vi, can increase or decrease the delay, which could
produce setup or hold time issues.

Then, process variability is a big problem to consider in circuits that are implemented
using CMOS processes. It is possible to divide the process variability in three different
effects. The first one is the average process variability which affects the entire wafer, and
normally happens due to small differences in the fabrication process, making that some
parameters, as the oxide thickness, change its value from wafer to wafer. The second one
is the global intra-wafer effect, that is due to gradients, and makes that device parameters
vary across the entire wafer. Finally, there is the local effect which occurs randomly, and
makes that the parameters vary from one device to another one (mismatch) into the same
wafer (FRANCA; TSIVIDIS, 1994).

The mismatch variations can be mitigated by the designer, increasing the area of the
devices and the inversion level (in the transistors case). The intra-wafer variations can
be attenuated at technological level, but especially, can and must be compensated by the
designer with suitable layout techniques, as common centroid structures, dummies, etc.
On the other hand, the average process variation does not offers many options for the
designer to mitigate its effects, and is normally controlled at the technological level by
adding extra steps to the manufacturing process to gain a finer control over it, and/or
to perform corrections over some devices or entire sections of the chip (ANDRADE;
CALOMARDE; RUBIO, 2010). Traditionally, the option that has the designer to reduce
the global process variations effects is to calibrate each circuit. However this technique
slows the time to market increasing the cost of a chip, making it desirable to avoid it
whenever possible.

One of the parameters that most influences the performance of analog and digital cir-
cuits, and that more varies with process, is the Vi of the transistor. Then, one possibility
to diminish the effect of the process variation on the behavior of a circuit is to compen-
sate the variability in the Vg. Through the years, some works has been oriented in this
way. In Pineda De Gyvez; LEONE (2008), for example, was patented a feedback system
that modifies the bias in the transistor’s bulk, and consequently changes the effective Vi,
depending on the output value of a Vy monitor. Other authors as PING-CHUA et al.
(2010), and PAPPAS; SISKOS; DIMITRIADIS (2010) also use the idea to compensate
the circuit to reduce process variation, temperature variation or even aging effects. All of
them have in common the use of a V7, monitor to sense the Vg value.

In this section the usability of the /o monitors presented herein is studied, in order to
compensate the process variability in a circuit. For this, it is used the circuit presented in
MATTIA; KLIMACH; BAMPI (2014c), which presents a direct dependency on the Vi
value, and therefore of its variability, as will be shown below.

4.3.1 Resistorless BJT bias

The basic concept of the topology to be compensated is shown in Figure 4.12. In
this circuit, the BJT junction voltage is counterbalanced by the gate-source voltage of
N stacked nMOS transistors. The resulting Vi;¢ defines the BJT bias current, through a
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feedback path that uses a current mirror with gain /. By defining NV and K, a non-zero
equilibrium DC point can be reached, which reflects the current-voltage behavior of both
the BJT and the MOSFETs.

Figure 4.12: BJT bias concept.
Vdd

A

Q1 | VE

Source: MATTIA; KLIMACH; BAMPI (2014c¢)

The emitter current [ of the bipolar transistor is given by:

Iy = ISEe(mV_g‘) (4.10)

where Vg is the emitter-base voltage, m represents the slope factor and /s is the reverse
saturation current for the p-n junction. Assuming that all MOSFETSs are operating in
subthreshold regime and saturated (Vps > 100 mV), the drain current /p, according to the
UICM MOSFET model CUNHA; SCHNEIDER; GALUP-MONTORO (1998), is given
by:

Va—Vro ﬁ)

ID:2ISQfe( nét ot 4.11)

where I 1s the specific current per square, which is a process dependent parameter de-
fined by carrier mobility, oxide capacitance and temperature, Vg is the threshold voltage
for zero bulk-source voltage, and Vi and Vs are the gate and source voltages referred
to the substrate, respectively. Assuming that all MOSFETSs have the same width W and
length L, and present the same slope factor n (since the bulk-source voltage is zero), leads
to Vs = Vi /N. Substituting (4.10) and (4.11) into the equality K'Ip = Ig, and solving
for the junction voltage Vz, leads to:

_ % Wisq\ _ Vro
Vp = . [ln (QKL [SE) nd)t] (4.12)

m niN
4.3.2 Resistorless BJT bias compensated

The circuit introduced in the last section presents ultra-low power consumption, is
simple, and can be implemented in any CMOS standard process. Unfortunately, as (4.12)
exposed, the circuit also depends directly on the Vi value, and therefore presents a high
variability in the output voltage V.
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The impact of the fabrication variability effects on the output Vx value was analyzed
using Monte Carlo (MC) simulations, where local mismatch effects and average process
variations were simulated separately with 300 runs each. For average process MC all tran-
sistors have their parameters changed equally in each run - Figure 4.13 (left histograms).
For local mismatch MC, the parameters of each transistor are varied individually in each
run - Figure 4.13 (middle histograms). Both effects are also taken into account in a full
variability analysis, shown in Figure 4.13 (right histograms).

Figure 4.13: Histograms of the Monte Carlo simulations.
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As was shown in the circuit analysis, the circuit performance is strongly dependent
on process parameters as V7o, Isg and Isg, and not to geometrical factors, being less
sensitive to mismatch than to process variations. One can verify the different sensitivities
when comparing the maximum spread that results from MC results: ¢(+30) = 572+6.96
mV for mismatch, that is significantly less than ¢(+30) = 566 + 77.7 mV for process.
Finally a maximum total error in the worst condition, combining process and mismatch
analysis, yields €(+30) = 572 + 86.7 mV that is not much different from the process
result.

Now, an important point to note is that the principal source of variation is the Vi,
because although the circuit also depends on /5 and g, these parameters vary less, and
furthermore are into a napierian logarithm, which attenuates the effect of the variations.

Then, making use of the circuits proposed herein, it is possible to compensate the cir-
cuit by compensating the Vo value, making Vx independent of V7, and of its variability.
As a proof of concept, we add mathematically to Vg, the Vg value delivered by the un-
balanced (Section 3.1) and balanced (Section 3.2) Viy monitor circuit, and compare the
resulting variability with the original value.

Monte Carlo simulations were done in order to analyze the impact that would have
the fabrication variability in each configuration. Table 4.4 summarize the results found
for the 300 MC simulations, taking into account average process variations. On the other
hand, Table 4.4 compile the results for 300 runs of a full variability analysis, including
the effect of process and mismatch variations. In both cases, were analyzed the original
circuit (Vg), the original circuit adding the Vi value delivered by the unbalanced Vg
monitor circuit (Vg+Unbalanced), and the original circuit adding the Vi value delivered
by the balanced V7p monitor circuit (Vg+Balanced).

With the final purpose to do an equitable comparison, it is proposed to not compare
neither the value of the average (W) nor the deviation (o), but rather, the ratio between
these two values (o/p). The column "normalize" in Table 4.4, shows the ratio between
the (0/W)initiar Of the initial circuit and the (o/p) of each configuration, and allows to
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Table 4.4: Results of Monte Carlo simulations considering average process.

Average 1 [mV] Deviation 0 [mV] o/pn  Normalized

Ve 569 25.97 0.046 1
Vg+Unbalanced 1035 7.81 0.008 6.04
Vg+Balanced 1052 8.24 0.008 5.827

Table 4.5: Results of Monte Carlo simulations considering average process and mismatch
variations.

Average 1 [mV] Deviation 0 [mV] o/pu  Normalized

Ve 574 28.99 0.051 1
Vg+Unbalanced 1030 29.04 0.028 1.8
Vg+Balanced 1050 9.80 0.009 54

see, that the configurations using the monitors, improve the performance of the circuit in
almost 6 times.

Finally, when process and mismatch variations are considered together, the configura-
tion that used the unbalanced V7o monitor gets worse comparing to its performance when
only process variations were considered, but even so, its behavior is 1.8 times better than
the original circuit. Furthermore, the configuration that used the balanced V7y monitor
is not very affected by the addition of the mismatch variations, and remains with an im-
provement higher than 5 times with respect to the original circuit.

4.3.3 Resistorless BJT bias, using /5 current

As it was demonstrated above, the V value gets more insensitive to process variations,
if it 1s canceled its V7o dependency. This can be done, adding directly the Vo from a Vi
monitor circuit, as it was done before. However, it is important to remember, that to
implement this idea, a circuitry must be inserted in order to do the addition between Vg,
and the V7 delivered by a monitor. After that, another configuration will be needed to
divide the resulting value, because a value higher than 0.7 V for CTAT voltage is not
useful nowadays.

Hence, as the complexity of the circuit will be increased, the number of devices also
will increase, and so the response of the circuit to mismatch and process variations will be
worst in comparison with that shown in the last section. An alternative to this is biasing
the BJT using a /¢ current generator, as shown in Figure 4.14. In this way, it is possible
to obtain a Vg independent of the V7, value and of its process variability, as it will be
demonstrated below. Suppose that the /() current generator delivers a current /g /A into
the BJT, then using (4.10), and solving for Vg, it is obtained

Kl
Vi = may [ln ( A‘}SSEQH (4.13)

Then, changing the current gain K3, and the A factor of the I current generator,
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different Vg values, and derivatives of 0V /0T can be generated.

Figure 4.14: BJT bias with the I5¢ current generator.
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Source: The own author.

The circuit was implemented using the circuit of Section 3.1, at schematic level, and
K5 was set, in order to obtain the same V7 value that the original circuit delivers at 27 °C.
Monte Carlo simulations were done in order to analyze the impact that would have the
fabrication variability in the proposed circuit. Table 4.6 summarize the results found for
the 300 MC simulations, taking into account average process variations. On the other
hand, Table 4.7 compile the results for 300 runs of a full variability analysis, including
the effect of process and mismatch variations.

Table 4.6: Results of Monte Carlo simulations considering average process.

Average 1 [mV] Deviation 0 [mV] o¢/pu  Normalized

Vi 569 25.97 0.046 1
Isq biasing 562 5.13 0.009 5

Table 4.7: Results of Monte Carlo simulations considering average process and mismatch
variations.

Average i [mV] Deviation 0 [mV] o/u  Normalized

Ve 569 25.97 0.046 1
Isq biasing 561 8.79 0.016 3.2

As was done before, the effectivity of the technique is evaluated, by looking to the
o/ ratio. Table 4.6 shows that the proposed circuit improves the performance by 5 times
in comparison with the original circuit when average process variations are considered.
When process and mismatch variations are considered together (Table 4.7), the proposed
circuit gets worse, comparing to its performance when only process variations are consid-
ered, but even so, its behavior is 3.2 times better than the original circuit.
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It is important to highlight that the solution here presented, is a complete solution,
which can be implemented in any CMOS standard process, and can be designed to con-
sume only nano-Watts. In addition, the /g current generator can be implemented using
the circuit of Section 3.2, which presents better performance against mismatch variations,
making possible to obtain even better results.
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S CONCLUSION

The threshold voltage is a fundamental parameter in almost all the MOSFET models,
and also, is an important indicator in the monitoring of the success of a fabrication pro-
cess. A threshold voltage monitor is a circuit that ideally delivers the estimated threshold
voltage value, as a voltage at its output for a given temperature range, without external
biases, parametric setups, curve fitting or any subsequent calculation. It can be used in
temperature sensors, voltage and current references, radiation dosimeters and other appli-
cations.

In this thesis, after a complete revision of the progress made through the years, and
the study of state of the art in threshold voltage monitors, three new topologies had been
developed. Two of them monitor/sense the threshold voltage of NMOS transistors. These
topologies overcome the principal nowadays monitors issue, which is its dependence with
supply voltage, by adding a feedback path that increases the effective output impedance,
which improves the PSR and LS. The third monitor that was presented senses the thresh-
old voltage of PMOS transistors, for this, it uses an Igg current generator. The PMOS
threshold voltage monitor is an important contribution, because is the first fully integrated
PMOS topology that operates in the nanoWatt range, delivering the threshold voltage
value without the needs of any additional calculation, since its output is delivered referred
to the ground, and not to the supply voltage as done in previous implementations. This
circuit has a similar performance to that presented by its NMOS counterparts, as it also
used techniques to improve its behaviour against supply voltage variations.

In general, the threshold voltage monitors herein presented, and designed, are resis-
torless self-biased, and consume only tens of nW. The NMOS threshold voltage monitors
works over the -40 to +125 °C temperature range, while the PMOS operates under the
-40 to +100 °C temperature range. All of them works in 1 to 3 V supply voltage range
with errors lower than 1%, and presents PSR and line sensitive lowers than -60 dB (at 100
Hz) and 450 ppm/V respectively. Monte Carlo simulations for an IBM 130 nm process
support the design robustness to process and mismatch variations. A maximum error of
9% was found for the worst case over the entire operating temperature range, including
fabrication variability effects, for all the circuits. The results shown for the NMOS thresh-
old voltage circuits, are for Post-Layout simulations, meaning that the effect of parasitic
elements that could appear due to the fabrication process were considered. We would like
to emphasize that for the balanced threshold voltage monitor, and the PMOS threshold
voltage monitor, the maximum error in the worst case was less than 4.25% and 3.6% re-
spectively.
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In addition, there have been presented some applications, in which are used our mon-
itors. First, using the threshold voltage monitor as an /g current generator, and taking
advantage of its process-independent design methodology, it was proposed a structure
that allows modeling the threshold voltage, in the entire range of lengths that a process
offers. The simulation results shown lower errors than 3%, making extraction of transis-
tors with lengths between 5 pm to 25 pm. This range can be extended by aggregating
more branches to the circuit, but it is important to consider that between more far of the
length use it by the Igq current generator, higher will be the error. This problem can
be overcame, just by using two or more /s current generators that extract the /5o from
transistor with different lengths.

After that, a resistorless voltage reference consuming only tens of nano-Watts and
with typical TC of 1.5 ppm/°C was presented. The circuit is composed by a threshold
voltage monitor that implements the CTAT voltage, and two unbalance differential pairs
implementing the PTAT voltage. The circuit performance is comparable with other volt-
age references in the literature. It works over the -40 to +125 °C temperature range and
with a supply voltage range from 1 to 3 V, presenting -71 dB of PSR and 576 ppm/V of
LS. Post-layout and Monte Carlo simulations for a 130 nm CMOS process show the de-
sign robustness to process and mismatch variations, resulting that o /u= 3.9 % for Vgpp
and that 91% of the samples presents a TC lower than 30 ppm/°C.

Finally, it was studied the variability of a self-biased circuit that generates a CTAT
voltage that can be used to BGRs implementation, and was proved through simulations,
that its variability can be improved by a factor of five, by adding the threshold voltage
value delivered by our monitors. Also, it was proposed a new self-biased CTAT circuit. It
uses an /g current generator to bias a BJT. Three hundred runs of Monte Carlos simula-
tions was done at schematic level, in order to test the circuit performance, against average
process and mismatch variations. As a result, the circuit improves the performance by a
factor of three, and can be even better, if it is used the balanced threshold voltage monitor
to implement the /g current generator, since this circuit is less sensitive to mismatch
variations, than the unbalance threshold voltage monitor that was used.

5.1 Future Works

The proposed monitors achieve excellent results, but it is important to remember that
their performance have only been tested through simulations. Then, although it is ex-
pected that the DC circuits behavior does not change due to parasitic elements that can be
appear in the fabrication process, its variability itself may change, as the models that the
foundry deliver for process variability are not 100% reliable.

Therefore, as a next step, it is necessary to obtain the experimental data of the circuits
that were sent to fabrication using the IBM 130 nm (Figure 5.1) and Silterra 130 nm
process. After that, we aim to run at least one more fabrication to address batch-to-batch
variations in the Vg monitors. Additionally, even though we showed some applications
in which the V¢ monitors were used, several other circuits can be implemented using
them. In fact, just in the field of process compensation, there are a lot of possibilities that
can be explored, then this topic can be the research focus of another dissertation.

Other topologies were designed during the M.Sc. but were left out of this thesis, some
of them need to be measured, and could be improved as well.
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Figure 5.1: Micro-photography of the balanced Vpy monitor circuit fabricated in IBM
130 nm process.
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APPENDIX B ACM MOSFET MODEL

In the ACM model, the drain current /, of a long-channel MOSFET is expressed as
Ip=1p—Igr = SIsq(if —ir) (B.1)

where I and [y are the forward and reverse currents, S = W/L is the aspect ratio, W
being the width and L the length of the transistor. iy and ¢, are the forward and reverse
inversion coefficients, related to the source and drain inversion charge densities, while
Isq 1s the sheet normalization transistor current

1
Isg = §n,uC'('mq§f (B.2)

where n is the subthreshold slope factor, p is the channel effective mobility (both slightly
dependent on the gate voltage V), C! _ is the gate capacitance per unit area, and ¢, is the
thermal voltage. The relationship between inversion levels ¢ and 7, and terminal voltages
is given by

Ve — Vs(p)
o8

where Vs and Vp are the source and drain voltages (all terminal voltages are referenced
to the transistor bulk), and Vp is the pinch-off voltage, approximated by

:F(if(,.)):\/l—i-if(r — 2+ In( 1+Z'f(r)—1) (B.3)

Vp o Y6~ V10 (B.4)
n
where V; is the gate voltage, and V7 is the threshold voltage for zero bulk bias. Over
time, many operational and device physics dependent (inversion charge, for instance)
definitions for Vo were used. In the ACM MOSFET model, the threshold voltage has a
universal physical meaning, defined as the condition where the drift and diffusion com-
ponents of the drain current have equal magnitude.

The first term (the square root one) in the right side of (B.3) is related to the drift
component of the drain current, being predominant under strong inversion. The last term
(the logarithmic one) is related to the diffusion component, being predominant under weak
inversion operation. In the forward saturation condition, /r > [g, and consequently,
Ip ~ Ir = Slggty. In this thesis the Vg value is then rigorously defined based on (B.3).
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APPENDIX C START-UP ANALYSIS

All the circuits that were herein presented are self-biased structures that present two
equilibrium points, which results in two different DC steady state conditions. The first
equilibrium point occurs when all the currents are zero, and the second one is the desir-
able equilibrium point. Therefore, the possibility that the circuit operates in an undesir-
able condition, forces the inclusion of a start-up stage, that drives the structure into the
desirable operation point.

For this job was used the circuit shown in Figure C.1, which as was already men-
tioned, was chosen due to its simplicity and zero DC consumption. Although the normal
operation of this structure was explained several times, it presents some disadvantages
which will be discussed below.

Figure C.1: Start-up schematic.
_| M,
— I:Mz

B

—C I

Source: The own author

First, in the steady state of the circuit, it is considered that the Vpg of transistor My
and the Vg of transistor My are zero, because the voltage in the capacitor C¢ is equal
to the supply voltage Vpp, making possible to guarantee that the current consumption
of the start-up in the steady state is zero. Unfortunately, although this consideration is
correct, DC variations may occur in the supply voltage after the circuit reaches its steady
state condition, which will force that the start-up stage operates once again, delivering an
undesirable current into the circuit, and affecting its normal behaviour.

Other issue is the fact that the start-up structure delivers a current impulse, indepen-
dently of the initialization state of the circuit. This can generate that even after the start-up
stage injects the current, the circuit remains in its zero state, or can also generate that the
start-up stage continue injecting current after the circuit reaches its operation point, which
are both undesirable cases. This problem can be overcome by using a start-up topology
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that uses a feedback. The start-up stage will deliver a current and simultaneously will
sense a node in the circuit, and then, when the node reaches its desirable value, the start-
up stage will turn off. The problem with this kind of start-up is that usually represent
complex structures, increasing the area and the design effort. Additionally, this structures
can continue consuming a small current in steady state, which in our case (nano-watts
consumption) can be a large percentage of the total current, which means an increasing in
the power consumption.
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