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Abstract

The minimum feature size in CMOS technology decreases with newer gener-
ations to enable higher packing densities and higher speed of operation. As
transistor dimensions become smaller and smaller the fundamental limiting
factors of conventional CMOS are coming closer. One of the candidates to
replace the conventional bulk technology is FinFET technology.

One of the analog circuits that need to be implemented is the bandgap volt-
age reference circuit. The original bandgap reference outputs a voltage around
the bandgap of a diode: 1.2V, independent of temperature. For implementa-
tions in the newer (low-voltage) CMOS processes the supply voltage is lower
than this reference voltage which makes it impossible to use the conventional
bandgap reference circuits. However, some solutions are known to implement
bandgap reference circuits at low voltages, but all require a large total resistor
value.

In FinFET technology it is difficult to implement resistors and diodes. In
this master assignment, an averaging bandgap reference structure is proposed
to implement a low-supply voltage bandgap reference circuit in FinFET tech-
nology. The resistors that are typically required in known low-voltage bandgap
references are replaced by a PTAT voltage source and a triode resistor. The
PTAT voltage is made by cascaded voltage followers, with build-in PTAT off-
sets.
To make the triode resistor accurate over large voltage swings both a N-type
and a P-type FinFET are used. These triode transistors need to be biased with
a supply independent voltage.
The output voltage is the average of a CTAT and a PTAT voltage, using two
stages of transimpedance amplifiers.

The simulated (layout) performance is:
Vref = 565mV
Sigma Vref = 0.42%
Area = 0,084 mm2

Vdd > 0.85V

The designed circuit is layouted, and is currently in fabrication in a 32 nm
FinFET process at IMEC.
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Chapter 1

Introduction

An example of an analog circuit implementation to be investigated in SOI Fin-
FET technology is a reference circuit. The most widely used implementation
for a voltage reference with a low temperature coefficient is a band-gap volt-
age reference. When properly designed, the circuits output is a voltage that
is somewhat higher than the material bandgap at 0K (for main-stream CMOS
processes this is Vref = 1.220V ) and independent of temperature.

The operation principle of bandgap voltage references is the following:
two quantities having opposite temperature coefficients are added with proper
weighting; the result is a zero temperature coefficient reference. This means
that a negative and a positive temperature coefficient have to be identified. A
diode can produce both. The voltage difference between two diodes caused by
unequal current densities is a PTAT (Proportional To Absolute Temperature)
voltage. The diode voltage itself is complementary to absolute temperature
(CTAT). Usually resistors are used in an OPAMP structure to achieve proper
weighting, these cannot be made accurately in a SOI FinFET technology. Such
an implementation will give a reference voltage that is around 1.2V.

The principle can be simplified into a simple block diagram as shown in
figure 1.1.

CTAT PTATResisterless Resisterless

Resisterless

Vref
+

+

Figure 1.1: The blockdiagram of the main bandgap reference principle

Three blocks that have to be made: a voltage with a negative temperature
coefficient (CTAT), a voltage with a positive temperature coefficient (PTAT)

3



4 CHAPTER 1. INTRODUCTION

and an adding circuit. To be able to make these in FinFET technology, these
blocks preferably do not contain resistors. Also, the reference voltage needs to
be lower than 1.2V, since the supply voltage is only 1V.
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1.1 Problem definition

A problem for the integration of a bandgap reference in today’s sub-micron
CMOS technologies is that the supply voltage is lower than 1.2V, which is the
reference voltage of the standard bandgap reference (see figure 1.2). Hence a
low supply-voltage bandgap reference is needed.

Figure 1.2: CMOS supply voltage as function of feature size

Another problem is that in FinFET technology it is difficult to make resistors,
because there is no high-resistive layer (large area resistor needed). Diodes
cannot be made by using source-well junctions, because there are no wells in
our SOI FinFET process (a replacement of the source-well junctions is found
in the lubistor (gated diode)).

FinFET technology properties are examined in section 1.2. The standard
bandgap reference is reviewed in section 1.3. Various low-voltage bandgap
reference topologies are considered in chapter 1.4. A thesis outline is given in
section 1.5.
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1.2 Fundamental limiting factors of the Mosfet

As the dimensions of the mosfet are decreasing also the control over the channel
decreases. As a result the side effects will become more dominant [1], [2]. Some
resulting problems are listed below:

• An important short channel effect is Drain-Induced-Barrier Lowering
(DIBL). DIBL becomes more prominent as de length of the device is
reduced. With higher drain voltage the depletion width between the
drain and body increases in size and extends under the gate. As a result,
the rest of the channel becomes more attractive for electrons. In other
words, the potential energy barrier for electrons in the channel is lowered:
the threshold voltage decreases.

• To keep short channel effects under control the gate oxide thickness is
reduced (to ensure that the gate has more control over the channel than
the drain). The thinner oxide layer decreases the energy barrier between
the gate and the channel and therefore it is easier for electrons to tunnel
through the insulator layer. Gate tunnelling can be avoided by using in-
sulators with a higher dielectric constant: the so-called high-k materials,
which increases the barrier between the gate and the channel.

• Another problem is that the threshold voltage is influenced more by dop-
ing fluctuations. As the gate length reduces the relative fluctuation in
doping concentration becomes larger, because less doped ions are in the
channel. So a small fluctuations in dopants will have a relatively large
effect on the threshold voltage.

These problems become larger when the CMOS dimensions are shrinking.
Therefore it is investigated how these problems can be solved. Some of the
possibilities to postpone the fundamental limiting factors are not preferable,
because they cannot be used in standard CMOS technology. Also some different
device structures are proposed; one is to use a double gate. This is one of the
options that can be used with others (for example high-K dielectric). To make
a double gate structure various 3D rotations are possible: the planar device,
the vertical (pillar) device and the FinFET as shown in figure 1.3 [3].

The planar device structure is closest to the MOSFET. The difference with
the MOSFET is that there is a second gate below the channel. The electrons
still flow parallel with the surface, but the aditional gate provides extra control.
A problem with this structure is the alignment of the gates, because the lower
gate is masked by other layers. It can be done by using a sacrificial layer, but
that requires additional steps. Creating the gates separately is simpler, but
may lead to asymmetry and therefore increased overlap resistance, increased
short channel effects and larger off-state leak currents. This problem can be
solved by rotating the structure to its side. Now the gates are not masked by
other layers. Another advantage of these vertical devices is the smaller wafer
area that is needed. The disadvantage of the vertical MOSFET is that the
gates are still separate pieces. Another disadvantage is that now the drain or
source is masked. The easiest double gate structure to make, using standard
CMOS processing, is the FinFET.
An advantage of the FinFET is that it eliminates the need of channel doping,
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Figure 1.3: Planar, vertical and FinFET architectures

thereby reducing parametric spread due to dopant fluctuations and reducing
junction leakage due to high electric fields. The reduction of leakage currents
enables a steeper subthreshold slope and therefore lowers the power consump-
tion (mainly of digital circuits). Besides the reduction of the leakage currents
the multigate topology of the FinFET also increases the current of the device
with a factor two. A disadvantage of the smaller dimensions of the fin and the
undoped channel is the increasing source/drain resistance.

The crucial geometric device dimensions for the FinFET are (shown in fig-
ure 1.4):
Lgate = Gate length, the length of the gate metal.
Wfin = Width of the fin, the distance between the gate oxides of the two gates.
Hfin = Height of the fin, the distance between the buried oxide and the top
gate oxide.
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Hfin

Lgate

Wfin

Figure 1.4: The FinFET device dimensions

1.3 Standard bandgap reference

As was already mentioned a bandgap voltage reference adds two quantities
with opposite temperature coefficients with proper weighting; the result is a
zero temperature coefficient. The voltage difference between two diodes caused
by unequal current densities is used to generate a Proportional To Absolute
Temperature voltage (positive contribution with increasing temperature). The
voltage across a single diode itself is complementary to absolute temperature.
A simple bandgap voltage reference circuit is shown in Figure 1.5 [4].

Figure 1.5: Symbolical circuit of a bandgap reference

The output of the OPAMP is temperature independent if the negative and
the positive temperature coefficients are balanced. First these temperature
coefficients are derived.
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1.3.1 Negative temperature coefficient

The forward (base emitter) voltage of a pn-junction diode exhibits a negative
temperature coefficient. To get an expression for this temperature coefficient
the equation for the diode current is rewritten.

IC = IC,0T
ηe

(
q(Vbe−Vgap,0)

KbT ) (1.1)

IC = Is exp
qVbe
KbT

Vbe =
KbT

q
ln
( IC(T )
IC,0T η

)
+ Vgap,0

with:
IC,0 a process and size-dependent constant;

Is = IC,0T
ηe

(
q(−Vgap,0)

KbT )

η ≈ 4 a mobility-related constant;
T the temperature in K;
Vgap,0 the bandgap extrapolated to T=0K.

To find the temperature coefficient the derivative of the Vbe to temperature has
to be taken (for this q

KbT
is rewritten as VT ).

∂Vbe,VT

∂T
=
∂VT
∂T

ln
(Ic
Is

)
− Vt
Is

∂Is
∂T

(1.2)

with:
∂Is
∂T

= µ0Kb(η)T η−1e(
−Vg
kT ) − µ0KbT

η(
−Vg
KbT 2

)e(
−Vg
KbT ) (1.3)

and
Vt
Is

=
VT

µ0kT ηe
(
−Vg
KbT )

(1.4)

Substituting these in in equation 1.2 gives:

∂Vbe,VT

∂T
=

∂VT
∂T

ln
(Ic
Is

)
− ηVT

T
+ VT

( Vg
KbT

)
(1.5)

=
Vbe − ηVT − Vg

q

T

1.3.2 Positive temperature coefficient

The voltage with a positive temperature coefficient is typically derived from
a voltage difference between two diodes caused by unequal current densities.
These unequal current densities can be forced in two ways; the current through
the equal diodes can be different, or the diode area of the two diodes can be
different. This is schematically shown in figure 1.6.
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Figure 1.6: Simplified bandgap reference

The diode voltage difference is:

∆Vdiode = Vbe1 − Vbe2 (1.6)

= VT ln(
nI0
Is1

)− VT ln(
I0
AIs2

)

= VT {ln
(
nI0 − Is1

)
− ln

(
I0 −AIs2

)
}

= VT ln
(AnIs2

Is1

)
with n the current density ratio and A the diode area ratio.

To find the temperature coefficient the derivative of the Vbe to temperature has
to be taken.

∂Vbe
∂T

=
Kb

q
ln(nA) (1.7)

1.3.3 Reference voltage

When the temperature coefficients are known, an equation can be derived for
the reference voltage (for the standard bandgap topology using resistors, see
figure 1.1):

Vout = I(R2 +R3) +
KbT

q
ln
( IC(T )
IC,0T η

)
+ Vgap,0 (1.8)

= I(R2 +R3) + Vdiode2

The diode current is:

I =
KbT
q ln(An)

R3
(1.9)

This gives for the output voltage:

Vout =
KbT

q
ln(An)

(R2 +R3)
R3

+ Vdiode2 (1.10)

In equation (1.10) the first term is PTAT, while the second is CTAT. To make
the reference voltage temperature independent the weighting should be chosen
properly:

∂Vdiode
∂T

R2 +R3

R3
= −∂VV t

∂T
(1.11)
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Substituting equation 1.7 and equation 1.5 yields:

R2

R3
= −

Vdiode−ηVT−
Vg
q +

Kb
q ln(An)

T
Kb

q ln(An)
(1.12)

This simple bandgap reference cannot be implemented in FinFET technol-
ogy because of two reasons. Firstly for its implementation three resistors are
needed. For low power operation these need to be high ohmic. In FinFET
technology these are difficult to make, because only metal(lic) gates are avail-
able to make resistors. This means no area efficient high-ohmic resistors can
be made.
Secondly the reference voltage is higher than the supply voltage.
It can be concluded that a low-voltage bandgap reference topology needs to be
found. In literature, low-voltage references can be found. Some are discussed
in the next section.
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1.4 Bandgap reference topologies / Solution proposal

Standard bandgap reference topologies need a supply voltage that is higher
than the 1V supply that is available in the FinFET process. To be able to op-
erate bandgap references at a supply voltage lower than the material bandgap,
the bandgap reference circuits must have an output voltage lower than the sil-
icon material bandgap voltage.

Associated with implementation in SOI FinFET technology include the use
of high ohmic resistors and diodes; these cannot be made accurately in a SOI
FinFET process.

In the next sections some architectures that use low supply voltages and
also some circuits that do not require high-accuracy resistors are explored. A
low voltage bandgap reference topology is chosen in section 1.5; which also
gives the outline of the thesis.
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1.4.1 Current domain bandgap reference

The bandgap reference topology proposed by Banba [5] is one of the most
widely applied approaches to create good sub-1V bandgap reference circuits.
A disadvantage of this approach is that it uses a number of matched high-
ohmic resistors that take a significant die area for low power reference circuits.
In FinFET technology this is even a larger problem because only metal(lic)
gates can be used to make resistors.

The principle of Banba is that instead of voltages, currents are added. This
is done by using the additional resistors. A PTAT current (I2a) and a CTAT
current (I2b and I1b) are added. This gives a current that is independent of
temperature (I2). The circuit is shown in figure 1.7.

Figure 1.7: resistor subdivision bandgap reference

In the bandgap reference of Banba the two extra resistors are equal:

R1 = R2 (1.13)

Due to the feedback loop around the OPAMP the voltages Va and Vb are the
same.

Va = Vb (1.14)

Also the transistors p1, p2 and p3 are the same:

I1 = I2 = I3 (1.15)

The PTAT current I2a is known:

I2a = IPTAT =
dVf
R3

(1.16)

with the voltage difference over the diode:

dVf = Vf1 − Vf2 =
KbT

q
ln(N) (1.17)

Also the CTAT current is known:

I2b = ICTAT =
Va
R2

(1.18)

It follows that the current I2 consists of I2a (PTAT current) and I2b (a
CTAT current). By choosing the resistors correctly, a temperature independent
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current can be generated. This current is then copied to the third branch which
generates a reference voltage:

Vref = R4

( Va
R2

+
dVf
R3

)
(1.19)

The disadvantage of this circuit is the use of additional high ohmic resis-
tors. These can be made in FinFET technology, but only metal(lic) gates are
available to make resistors. This means no area efficient high ohmic resistors
can be made.

What is interesting in this bandgap reference circuit is the idea to mirror a
current (the added PTAT current and CTAT current) to an extra resistor to
generate the reference voltage.
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1.4.2 Multi stage bandgap reference

One idea to eliminate the most high-ohmic resistor is found in the solution of
Annema [7].
In conventional bandgap references (shown in figure 1.8), a PTAT voltage across
a resistor compensates the negative temperature dependency of the voltage on
a diode. For low power consumption, the current through the diodes must be
small. This means that the resistors will be quite large. Note that the upper
resistor is substantially larger than the lower (N ≈ 10). Since these resistors
need to be matched, the upper resistor will be physically large as well. If this
resistor can be removed the occupied area will be substantially smaller.

Figure 1.8: Typical CMOS bandgap reference

Elimination of the upper resistor can be done by replacing this resistor by
cascaded voltage followers, with build in PTAT offset voltages. The negative
temperature coefficient of the voltage on the diode is then compensated by this
offset voltage (the circuit is shown in figure 1.9). The leftmost part of this
bandgap reference is similar to the conventional bandgap circuit. The only
function of this block is to bias the diodes.

Figure 1.9: Principle of multistage bandgap reference

The cascaded voltage follower creates a PTAT voltage offset between the
input and the output. An implementation of the voltage follower is shown in
figure 1.10. In this circuit an intentional ”size mismatch” in the differential pair
and/or in the current mirror can be used to make unequal current densities in
two subthreshold Mosts.

For this the differential pair needs to have an exponential behavior:

I = I0e
qV

KbT (1.20)
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In CMOS this can be done using DTMOST’s as these have a diode like expo-
nential transfer. For one cascaded voltage follower the output voltage is:

Vout = Vin +
KbT

q
ln
( L1

W1

W2

L2

1
M

)
(1.21)

With M the gain off the current mirror. When using this the reference voltage
will be around 1.2V, as will a normal bandgap reference.

Figure 1.10: Schematic of the PTAT cascaded voltage follower circuit

The advantage of this topology is the reduced influence of the opamp error
to the reference voltage. In the standard bandgap this opamp error is amplified
by the resistor factor (R2

R3
in figure 1.5).

The advantage of this circuit is the reduction of the resistor dimensions.
In CMOS DTMOST’s are used to generate a PTAT voltage. In FinFET tech-
nology the sub-threshold behavior of a transistor has an exponential character
and therefore this topology can work in FinFET technology as well. Another
advantage is the reduced opamp error.

A disadvantage of the multistage bandgap reference is the high reference
voltage, which is still 1,23V: this is above the supply voltage of FinFET tech-
nology.
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1.4.3 Averaging bandgap reference

Another approach is to use weighted averaging. Instead of summing a PTAT
and a CTAT voltage, they are averaged. Yielding a temperature independent
voltage of 0.6V [6]. The averaging bandgap is shown in figure 1.11.

Figure 1.11: The sub-1-V bandgap circuit in 32 nm FinFET technology

The voltages Vdiode and VCTAT are the same because of the feedback loop
around the opamp.

Vdiode = VCTAT (1.22)

Because of this also the currents in transistors p1, p2 and p3 are the same (the
current mirror gain is one).

I1 = I2 = I3 (1.23)

The VCTAT is derived by the voltage over a diode.

Vdiode =
KbT

q
ln
( Ic
Ic,0Tn

)
+ Vgap,0 (1.24)

The positive temperature coefficient is the difference between the diode voltages
of the two diodes operating at different current densities. This gives a positive
temperature coefficient of:

dVf = Vf1 − Vf2 =
KbT

q
ln(N) (1.25)

This PTAT voltage is then converted to a current with a resistor (R1). This
PTAT current is then copied to the third branch.

The averaging of the PTAT and CTAT signal is done using matched OTAs
(operational transimpedance amplifier). These are used in such a way that
OTA non-linearity is canceled.

The reference voltage is expressed by the following equation:

Vref =
gmleft

gmleft + gmright
Vctat +

gmright

gmleft + gmright
Vptat (1.26)
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When two identical OTAs are used gmleft and gmright are equal and hence
the output voltage is about 0.6V.

The advantage of this bandgap reference circuit is that it is similar to the
traditional bandgap reference and contains just two resistors, which do not
need to be so high ohmic. This is also the disadvantage of this circuit, because
thes two resistors need to be matched. Another advantage is that this circuit
can operate at a low supply voltage.
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1.5 Thesis outline

The principle of the averaging bandgap reference is used as the main principle
for the bandgap reference in this project, which can be simplified into a simple
block diagram as shown in figure 1.12.

M1 M2

D1 D2

R1

R3 R4

1    :    N

+

-
Va

Vb

Vref

Vptat

Vc

Averaging

Chapter 5

CTAT

Chapter 4

PTAT

Chapter 3

Chapter 6

Figure 1.12: The averaging bandgap reference topology with chapter index

For all sub-blocks it is important that no high precision resistors and no
high ohmic are used. Some other relevant target properties of the bandgap
reference circuit that have to be taken into account are listed below:
Vref ≈ 0.6V
σvref = 0.5%
PSRR (Power Supply Rejection Ratio) = 40dB.

The PTAT voltage is made by cascaded voltage followers, with build-in
PTAT offsets (see section 1.4.3); the design of this PTAT stage is shown in
chapter 2.
The CTAT sub-block uses a triode resistor for R1. To make this triode resistor
accurate over larger voltage swings both, a N-type and a P-type FinFET are
used. These triode resistor need to be biased with a voltage that is independent
of the supply voltage (see chapter ??).
The averaging of the CTAT and the PTAT voltage is done using two stages of
transimpedance amplifiers (see chapter 4).

The simulation results of the complete bandgap reference as well as the
layout are presented in Chapter 5.

Finally in the conclusion the results of all chapters are summarized, and
recommendations for future research are listed.





Chapter 2

PTAT voltage generator

In an averaging bandgap reference circuit in SOI FinFET technology resistors
have to be eliminated, because these are not easily realized in SOI FinFET
technology (metal gates). Therefore, it is not possible to have resistor-based
amplification of the PTAT signal. A solution for the PTAT side may be found
in summing a number of small PTAT voltages instead of amplifying it to the
required level. In this case the PTAT voltage can be completely independent
of the rest of the circuitry.

2.1 Insensitivity to resistance variation

In conventional topologies, the PTAT voltage is generated on the CTAT side
and then amplified. The resistor in the PTAT circuit can be replaced by sepa-
rate PTAT voltage reference. It needs to be investigated what the error on the
reference voltage due to mismatch will be. Both the conventional solution and
the solution that uses a separate PTAT voltage reference are examined. The
schematics of an averaging bandgap reference and of the circuit with resistor
R2 replaced by a (PTAT) voltage source are shown in figure 2.1
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Figure 2.1: The schematic of an averaging bandgap reference: a) the con-
ventional averaging bandgap reference circuit and b) the averaging bandgap
circuit, with R2 replaced by a (PTAT) voltage source
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On-chip resistors substantially spread batch-to-batch and variate over temper-
ature. Resistance variation gives an error in the current through the diodes.

Iptat =
KbT
q ln(n)

R1
(2.1)

∆Iptat =
KbT

q
ln(n)

∆R1

R2
1

The total error on the reference voltage consists of the PTAT voltage error and
the CTAT voltage error.

∆Vref =
1
2

(∆Vctat + ∆Vptat) (2.2)

This equation is used in the next sections to calculate the batch-to-batch vari-
ation and the temperature variation.
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2.1.1 Batch-to-batch variation

First the effect of batch-to-batch variation of the traditional averaging bandgap
reference is examined. The influence of current error on the PTAT voltage is
given by:

∂Vptat
∂Iptat

= R2 (2.3)

The PTAT voltage changes due to a deviation in resistors R1 and R2:

∆Vptat = −KbT

q
ln(nA)

∆R1

R2
1

R2 +
KbT

q
ln(nA)

∆R2

R1
(2.4)

When the resistors are matched it is seen that both contributions are equal.

∆R1

R1
=

∆R2

R2
→ ∆R2

R1
=

∆R1

R2
1

R2 (2.5)

For the CTAT voltage error the following equation is derived:

∆Vctat =
∂KbT

q ln( Ic

Ic0
) + Vgap

∂I
∆I (2.6)

=
KbT

q

∆I
Ic

The total error due to batch-to-batch variation is:

∆Vref =
1
2

(KbT

q

∆I
Ic

)
(2.7)

For the averaging bandgap reference with the PTAT source the same can be
done. The influence of a current error on the PTAT voltage then is:

∂Vptat
∂Iptat

= 0 (2.8)

In the PTAT voltage source implementation, the PTAT voltage is not influ-
enced by the current variation at all, because the current is not used on the
PTAT side of the circuit. It is thus seen that batch-to-batch resistance varia-
tion has no influence on the PTAT voltage for both circuits.
The CTAT circuit of this bandgap reference is the same as in the traditional
averaging bandgap reference circuit and therefore, also in the CTAT circuit the
variation is the same.
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2.1.2 Temperature variation

The negative temperature coefficient error due to variation in R1 is:

∆VCTAT =
∂VCTAT,error

∂R1

∂R1

∂T
∆T (2.9)

With an approximation of the resistor including linear temperature dependen-
cies:

R = R0 + α(T − T0) (2.10)

the temperature variation of the CTAT voltage is (derivation in appendix A.1):

∆VCTAT =
∂VCTAT,error

∂R1

∂R1

∂T
∆T = −KbT0

q
α∆T (2.11)

It is seen that the temperature dependence of the resistor influences the nega-
tive temperature coefficient. This change is linear with temperature and there-
fore in the design of the negative temperature coefficient it can be compensated.
Note that this only holds when the temperature dependence of the resistor is
(more or less) linear.
In the standard averaging bandgap reference circuit this is different, because
there the resistors are matched and therefore the temperature variation in the
resistors are canceled.

With the effects of batch-to-batch variation and temperature variation of
resistors known, it can be concluded that in theory it is possible to replace one
resistor by a PTAT voltage reference. What has to be taken into account is
that the temperature coefficient of the CTAT voltage and the absolute CTAT
voltage slightly changes.
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2.2 Cascaded PTAT voltages

The PTAT voltage is generated by cascading a number of voltage followers
with a build in offset voltage [7], see figure 2.2.
The cascaded voltage follower creates a PTAT voltage offset between the in-
put and the output. This offset can be made by using an intentional ”size
mismatch” in the differential pair and/or a non-unity mirror gain to make an
offset voltage. For this offset voltage to be PTAT the differential pair needs to
have an exponential behavior. One stage gives an output voltage of:

I = I0
W

L
e

qV
KbT (2.12)

Vout = Vin +
KbT

q
ln
(
NK

)

PTAT
PTAT

PTAT

+

+
+

-
-

-
Vc

gnd

Figure 2.2: The cascading of the voltage followers

were N is the ”size mismatch” in the differential pair and K the gain of the
current mirror.

A possible implemention of the voltage follower is shown in figure 2.3.
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Figure 2.3: The PTAT voltage circuit with in blue the low temperature voltages
and in red the high temperature volatges

Now some conditions for the voltage follower are given.
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• The positive temperature coefficient needs to be equal to the negative
temperature coefficient.

M
Kb

q
ln(NK) =

∂VCTAT
∂T

(2.13)

=
Vbe − 2.5KbT

q − Eg
T

NK = e

∂VCT AT
∂T

Kb
q

M

In this equation M is the number of voltage follower stages and N is
L1
W1

W2
L2

. W1, L1, W2 and L2 are the dimensions of the differential pair
transistors.

• The differential pair needs to operate in subthreshold; therefore the gate
source voltage of these transistors needs to be lower then the threshold
voltage.

Vgs,diff < Vthp (2.14)

• All transistors need to be in saturation: the drain source voltage of each
transistor must be larger than approximately 3KTq . This means that the
output voltage swing is limited; the drain source voltage of the current
mirror needs to be larger then Vds,sat. Also the drain source voltage of
the differential pair needs to be larger the Vds,sat. Therefore the output
voltage of a single stage, given in figure 2.3, must satisfy:

Vx − Vds,sat > Vout >
3KbT

q
(2.15)

The proposed schematic of figure 2.3 has voltage headroom problems. When
the the PTAT cascaded voltage followers are connected in stead of the resistor
(see figure 2.1b ), the input of the first stage will be ground. At low tem-
peratures (−400C) , the drain-source voltage of the current mirror needs to
be larger than approximately 120mV , to be in strong inversion (if the volt-
age is lower, the transfer of the current mirror has a large error). The drain
of the current mirror is connected directly to the output, at low temperature
the output voltage is therefore ≥ 120mV . From this the minimum positive
temperature coefficient can be calculated: 120mV/233K = 0.51mV/K. At
high temperature (1400C) the output voltage will then minimally be 212mV .
At this temperature, the voltage node Vx must be smaller than the threshold
voltage (300mV ) (only for the first stage, because the input is ground). This
means that the drain-source voltage of the right transistor of the differential
pair will be smaller than 100mV : it operates in triode (all voltages are shown
in figure 2.3).

Also, since the input voltage is 0V , the voltage on node Vx will be no higher
than the threshold voltage. For the drain-source voltage of the input transistor
to be high enough (so that it is not in triode) the current mirror transistor needs
to be biased in the deep sub-threshold region. This is highly undesired because
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it requires very large transistors for matching. Furthermore, any voltage error
between the transistors will lead to a significant error in the transfer.
Concluding, it can be stated that there is insufficient voltage headroom at the
input side of the PTAT voltage source if the input of the first PTAT stage is
ground.

Both problems can be solved by placing a voltage source at the input and
between the output and the drain of M1. This is schematically shown in figure
2.4.
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Figure 2.4: One PTAT voltage circuit with the added voltage sources

The voltage source at the output can be made by placing an additional
n-FinFET. This FinFET has to be placed so that the threshold voltage is not
added (no extra temperature coefficient in the already small voltage headroom).
This is done by connecting the gate of the additional n-FinFET to the drain
of M1, the output voltage is disconnected from Vp. Therefore, it has a smaller
temperature coefficient. This is shown in figure 2.5. The voltage at the gate of
the added transistor can be adjusted to an appropriate value (almost equal to
the voltage at the gate of the current mirror).

The voltage headroom problem on the output side of the PTAT stage is
solved; there is still the second headroom problem at the input side of the PTAT
stage. For the circuit to work, the voltage at node Vx has to be larger then
Vs +Vdssat with the condition that Vs has to be larger then the threshold volt-
age. Because of this condition the voltage Vx has to be at least 0.5V at -40 0C
(Vthn(−40)+Vds,sat(−40)). This means that the input voltage (Vin = Vx−Vthp)
has to exceed 0.02V at -40 0C. Also with this circuit, the input can not be
connected to ground; a voltage source is needed. This voltage has to be sub-
tracted later in the circuit; this circuit is described in section 2.3.
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Figure 2.5: Implementation of the added voltage sources

2.2.1 Stability

Because of parasitic capacitances, a single PTAT stage may become instable.
A simplified model of the circuit is shown in figure 2.6. It can be seen that
there are two gm-C sections that each give 90 degrees of phase shift. Therefore
the circuit is unstable or has little phase margin. This instability problem can
be solved by placing a miller capacitor (large area consumption in CMOS).
This is shown in the lower right part of figure 2.6. The first gm stage still has
a phase shift of 90 degrees, but the second stage has not. The first pole is
lowered and the second will move to a higher frequency [4].
The main principle of this pole splitting with miller compensation can be un-
derstood by assuming that the gain in the second stage is large.
The capacitance seen at node Va is: (1 + A2)Cm; due to the negative ampli-
fication, (A+1) times the input voltage is on the capacitor Cm. This means
that the current will be (A+1) times that of V

jωCm
. This means the first pole

will shift downward to:

1(
C1 + (1 +A2)Cm

)
Rout1

(2.16)

Except for very low frequencies this pole gives a 900 phase shift.
For the second pole also the assumption that the gain in the second stage is
large is used. This means that all current flows through the miller capacitor:
the capacitor from the first stage (C1) can be neglected. By applying a voltage
on the output it can be seen that the voltage on node Va is equal to this output
voltage. Therefore the output resistance is equal to 1

gm2
Therefore the second pole will move to:
cout

gm2

A solution to the instability problem is thus found by placing a capacitor
over transistor M4.
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Figure 2.6: The instable ptat voltage source. The upper shows the ptat voltage
source circuit; lower left: an equivalent model lower right: solution with the
miller feedback capacitor

For this solution of the PTAT circuit, however, an other instability problem
was found. The circuit is susceptible to (relaxation) oscillations due to channel
charge re-location. For normal operation an equation for the output voltage
can be derived from the small signal equivalent circuit (see appendix A.3):

vout = −vi
gm0gm1

gm0 + gm1

(k + 1)
jωC

(2.17)

It can be seen that for normal operation the PTAT voltage source is stable
(a rising input voltage causes the output voltage to decrease). On the other
hand when charge relocation is taken into account the voltage source becomes
instable.
When the output voltage becomes lower, the gate-source voltage of M1 will
reach the threshold voltage. At this point in time the channel charge is accu-
mulated and a positive current is flowing into the device. This effect can be
modeled as a current source with the sign opposite to the ordinary small signal
equivalent. (when the voltage on the gate decreases the current flowing from
the discharging of the channel increases). So when the channel discharging
effect becomes larger then the normal current the effective gm changes sign.
Therefore the output voltage equation changes to:

vout = vi
gm0gm1

gm0 + gm1

(k + 1)
jωC

(2.18)

This behavior results in a positive feedback mechanism: it behaves as a re-
laxation oscillator. A solution to this problem is found by making two paths
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from the sub-threshold FinFET to the output. This is done with additional
current mirrors which copy the currents of the differential pair directly to the
output. Therefore the PTAT stage contains just one (effective) gm stage with
a capacitive load. All intermediate stages in the circuit have no gain and have
their poles at a high frequency. This means that there is little phase-shift in
the intermediate stages and the total gain of the circuit is lower (more stable).
The final PTAT voltage circuit is shown in figure 5.17.
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Figure 2.7: The final design of the PTAT voltage circuit

In this circuit the ”size mismatch” of the differential pair is realized by
choosing the width of M1 N times larger than M0 and the non-unity mirror
gain will be made by choosing the width of M3 k times M2.



2.3. ADD AND SUBTRACT CIRCUIT 31

2.3 Add and subtract circuit

The input of the first stage of the PTAT voltage source cannot be connected to
ground. Therefore a voltage has to be added and later in the circuit subtracted.
The input voltage must have the following limitations:

0.08V < Vadd < 0.4V (2.19)

The lower limit is the voltage that is needed to have enough voltage headroom
in the input branch of the PTAT voltage circuit. The higher limit comes from
the voltage at node Vx; this needs to be lower then approximately 0.9V to have
enough voltage room for the current source. Therefore it has to be investi-
gated what the temperature coefficient of the added voltage can be and after
how many stages the voltages is subtracted. Another important issue is that
the added and the subtracted value have to be equal (a small difference will
introduce an error in the reference voltage).

The voltage at the input of the first PTAT voltage stage can either have a
positive or a negative temperature coefficient or it can be temperature indepen-
dent. It is undesirable to have a positive temperature coefficient voltage source
referenced to the supply voltage, because then the circuit will be dependent
on the supply. Referring it to ground is difficult, because this voltage can not
easily be connected to the gate (source voltage constant) of a n-FinFET (then
the current will increase too much for high temperatures). When a negative
temperature dependent voltage source is added, the output voltage of the sec-
ond stage will be too high at low temperature. The added voltage must then
be subtracted after the first stage. When this is done the input voltage of the
second stage will be too low at low temperatures.

A solution to this problem is to use a temperature independent voltage
source. A temperate independent voltage can be made by using the reference
(output) voltage. Connecting the reference voltage directly to the input is not
possible, this voltage is too high (0.08V < Vadd < 0.4V ); the voltage at node
Vx needs to be lower then approximately 0.9V. Therefore the reference voltage
is divided by two.
By using part of the reference voltage to bias the PTAT circuit a feedback loop
is made. Therefore it has to be checked whether the circuit will start up. The
lower limit of the PTAT voltage is 0.08V; the worst case reference voltage has
to be higher then his voltage. The worst case is when the PTAT output voltage
is still zero and the CTAT voltage will be (at low temperature) 0.37V; the ref-
erence voltage is then half of this (Vref = 0.5(VPTAT +VCTAT )) and the input
to the PTAT voltage is half the reference voltage(Vin,PTAT = 0.5Vref = 0.09V .
This means that the reference voltage will be higher than the required input
voltage of the PTAT; the PTAT will start-up. The reference voltage can thus
be used as an input voltage of the PTAT circuit.

Next the subtract circuit has to be placed. Therefore the number of PTAT
stages need to be known. A PTAT circuit with only one stage is not possible,
because a voltage has to be added to the input; the output voltage will then be
above the supply voltage. A PTAT voltage with two stages is also not possible;
when the input voltage is subtracted after the first stage this voltage is too low
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(at low temperatures) for the subtract circuit.
A PTAT voltage circuit with three and four stages are feasible to make. More
than five stages is not usefull; it only increases power consumption and device
sizes (mismatch).
The choice is made to make a PTAT voltage circuit with four stages, when
more stages are used the demands on noise and offset for the individual blocks
increase. This is because in this multistage approach, noise and offset con-
tributions of individual circuits are summed; the total noise and offset at the
output of N cascaded blocks equals

√
N times the noise and offset of a single

circuit.

The implementation of the add subtract circuit is shown in figure 2.8. The
voltage divider is implemented (of the reference voltage) by cascoding two equal
FinFETs (M4 and M5). These transistors are designed in such a way that they
carry a certain current that is within reasonable bounds over temperature.
This current is then copied with M3 to the second branch. If all transistors are
chosen equal (Vgs,5 = Vgs,4 = Vgs,3 = Vgs,2 = 1/2Vref ) the currents through
both branches is the same. This way, the gate of M2 has a voltage of 1

2Vref +
VPTAT . At the source of M2 the voltage is the PTAT voltage. The voltages in
the add subtract circuit are shown in table 2.1.

M5

M4

M2

M3

ptat

Vref

Vref + Vptat 

Vptat 

Id Id

1
2 Vref

1
2

Figure 2.8: Division by two of the reference voltage

Due to the large threshold variation over temperature, all FinFETs will be
in subthreshold at low temperature and in strong inversion at high temperature
(see table below). For M3, this gives the condition that when the FinFET is
in strong inversion, the drain voltage should exceed 3KbT

q . Therefore the input
voltage can only be subtracted when this condition is met.
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-40 degrees 140 degrees
Vref 0.6V 0.6V
Vgs5 0.3V 0.3V
Vthn 0.45V 0.28V
3KbT
q 60mV 107mV

Table 2.1: Voltages in the add and subtract circuit
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2.4 Design of a single stage

In the previous sections some design criteria of a single PTAT section and the
add/subtract circuit are derived. Attention can now be paid to optimize the
design of one PTAT stage. The circuit is optimized to low power consumption
and a small area. This can be done using noise calculations and mismatch
calculations.

2.4.1 Mismatch

Device mismatch can be modeled by a threshold voltage mismatch. This is
shown in equation 2.20:

σV th =
AV th√
WL

(2.20)

The mismatch (referred to the output) of the differential pair (σV th,out,d) and
the current mirror (σV th,out,c) is:

σV th,out
2 = σV th,out,c

2 + σV th,out,d
2 (2.21)

The output voltage mismatch due to device mismatch in the differential
pair is:

σV th,out,d =

√( AV th√
W0L0

)2

+
( AV th√

W1L1

)2

(2.22)

Note that the current density in M0 must be N times larger then in M1. This is
done by taking W1

√
N times W0 and L0

√
N times L1. This way the current

density ratio is n, but both devices have an equal contribution to the mismatch
(equal areas). The total output voltage mismatch due to device mismatch in
the differential pair is then:

σV th,out,d =
√

2
( AV th√

W0L0

)2

(2.23)

Using a small signal equivalent circuit, the output referred voltage due to
device mismatch in the current mirror is calculated. This is shown for M3 in
figure 2.9.

From the figure an expression for the mismatch on one side of the current
mirror is given:

σV th,out,c = −gm0 + gm1

gm0gm1

gm3gm2

gm2 + gm3
σV th (2.24)

For the other side the mismatch transfer is the same. Note that the current
ratio in the branches differs, there is a device ratio in the current mirror (k).
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Figure 2.9: Small signal circuit of the effect of mismatch on one side of the
current mirror

Therefore, the total expression of the (referred to output) mismatch of the
current mirror is:

σV th,out,c =

√
(
1
k

+ 1)
gm0 + gm1

gm0gm1

gm3gm2

gm2 + gm3
σV th (2.25)

Note that gm2 =
√
kgm3 and gm0 = kgm1 (subthreshold). Rewriting this (see

appendix A.4.1) so that is can be expressed with area gives:

σV th,out,c =

√
(
k + 1
k

)
1 + k

1 +
√
k

1√
k

√
2

40
AV th

Vgt
√
W3L3

(2.26)

Summing individual contributions:

σV th,out
2 = σV th,out,c

2 + σV th,out,d
2 (2.27)

= (
k + 1
k

)
(1 + k)2

(1 +
√
k)2

1
k

2
402

AV th
2

V 2
gtW3L3

+
√

2
AV th

2

W0L0

Since there are M PTAT stages cascaded, the total variance of the PTAT volt-
age is M times the mismatch error shown in equation 2.27. It can be seen
that when the number of sections (M) is smaller the σV th,out per section can
be higher and still have the same total mismatch. This means that the size of
the FinFETs can be chosen smaller (taking into account that the width and
length proportion as well as the minimum possible width and length have to
be taken into account). So for the area it is better to take less sections (taking
into account that you still have to make Mln(nk) = 0.6V .
Rewriting equation 2.27 gives the total required (active) area of one PTAT volt-
age stage as a function of k (the device ratio in the current mirror). Optimizing
for k and n yields:

Atot =
√

2AV th2(
σV th,out2 − (k+1

k ) k2+2k+1
k+2
√
k+1

1
k

2
402V 2

gt

AV th
2

A3

) +A3 (2.28)

The required area should be minimized; the derivation is found in appendix
A.4.1.

The following optimum is found:
k = 1.803442406



36 CHAPTER 2. PTAT VOLTAGE GENERATOR

N = 112.5625079

For a given output voltage mismatch, the required size (area) of all tran-
sistors is known. The aspect ratio of the transistors (W/L) is determined by
noise calculations. Figure 2.10 shows the required area as a function of the
tolerated mismatch. It is seen that when a larger sigma is allowed then the
total area will decrease drastically.

For the required area it has to be taken into account that in this plot the

Figure 2.10: Total required area of one section versus the output voltage mis-
match of the PTAT stage

mismatch versus area of one PTAT stage is plotted.
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2.4.2 Noise

The noise generated by the PTAT voltage circuit is calculated, by summing
individual noise contributions of each FinFET. The total noise in one section
of the PTAT voltage is shown in equation 2.29 (see appendix A.5.):

V 2
noise,tot = V 2

noise,m0 + V 2
noise,m1 + V 2

noise,m2 + V 2
noise,m3 (2.29)

=
(Inoise,m0

gm0

)2

+
(Inoise,m1

gm1

)2

+
(Inoise,m2

kgm1

)2

+
(Inoise,m3

gm1

)2

This equation holds for both the flicker noise and the thermal noise. Thermal
noise is used to optimize the PTAT circuit.

The thermal noise density of a single (long channel device) is given:

I2
noise =

8
3
KbTgm (2.30)

The total thermal noise density is:

V 2
noise,tot =

8
3
KbT

(gm0

gm2
0

+
gm1

gm2
1

+
gm2

k2gm2
1

+
gm3

gm2
1

)
(2.31)

Rewriting:

V 2
noise,tot =

8
3
KbT

1
40I3

( 1
K

+ 1
)(

1 +

√
2knW3

L3

40
√
I3

)
(2.32)

Integrating the noise density over a certain frequency range yields the effective
noise. It is not known what the bandwidth is; it is assumed that this is 1 GHz.
The standard deviation is thus expressed by the following equation:

σ2
vn =

∫ 1GHz

0

V 2
noise,totdf (2.33)

Rewriting (2.33) yields an expression for the minimum I3 as a function of the
noise bandwidth:

I3 = f
8KT
120σ2

(( 1
K

+ 1
)(

1 +
2

40Vgt3

))
(2.34)

Note that I2 = KI3.
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2.4.3 Device dimensions

Now that the currents and k and N are known, the device dimensions (aspect
ratios) can be calculated. Note that the differential pair is in sub-threshold and
the current mirror in saturation (for the sub-threshold slope of a p-FinFET the
simulated curves are curve fitted):

Id =
W

L
Id010−10−at+b

e
qVgs
KbT (2.35)

= kn
W

L

(
Vgs − Vth

)2

where T is the temperature in degrees Celsius. For this the sub-threshold pa-
rameters a and b also need to be known; these are determined by measurements
(a = 1.7510−3 and b = 1.14 see appendix A.2).
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2.5 Summary

The design criteria of this chapter are given in the schematic of the add subtract
circuit with one PTAT voltage stage shown in figure 2.11.
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Figure 2.11: The schematic of a PTAT source with the add and subtract circuit
(grey)

The PTAT voltage temperature coefficient is made by an intentional ”size
mismatch” in the differential pair and a non-unity mirror gain. The total
offset voltage temperature coefficient must be equal to the negative temperature
coefficient. Which is approximately -1.8mV/K (from measurements). For four
stages the ”size mismatch” in the differential pair and the non-unity mirror
gain (see figure 5.17) can be calculated:

M
Kb

q
ln(NK) = −NTC (2.36)

NK = e

−NT C

M
Kb
q

The differential pair must be biassed in sub-threshold:

• Vgs,diff < Vth,p (operate in sub-threshold)
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Attention need to be paid to:

• Vgs,cm > Vth,n (operate in strong inversion)

• Vds,m0&Vds,m1&Vds,m3 > Vds,sat.

• Vds,m13 > Vds,sat.



Chapter 3

The CTAT voltage generator

In the previous chapter the PTAT voltage circuit was designed. This chapter
deals with the CTAT voltage circuit. The schematic of a conventional CTAT
voltage generator is shown in figure 3.1.

M1 M2

D1 D2

R1

1    :    N

+

-
Va

Vb
Vctat

Figure 3.1: The schematic of the NTAT voltage generator

The CTAT voltage can be expressed as:

Vctat =
KbT

q
ln(

I

Ic0
) + Vgap (3.1)

with

Iptat =
KbT
q ln(n)

R1
(3.2)

The temperature coefficient is:

∂Vbe
∂T

=
Vbe − (4 +m)KbT

q − Vg
T

(3.3)

with Eg = 1.12eV and m = 1.5
The target diode voltage is approximately 0.58V at 50 0C so the temperature
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coefficient is approximately -1.85mV/K.
In the conventional CTAT circuit a resistor is used. In SOI FinFET technology
the use of high ohmic resistors is not possible; these cannot be made accurately
in a SOI FinFET process. Therefore this chapter describes a CTAT voltage
circuit without resistors . This is done by replacing the resistor with a triode
FinFET. For this freplacement it is important to know the sensitivity to resis-
tance variation of the CTAT voltage.
It was seen (in section 2.1) that a batch-to-batch resistance variation gives a
change in the current through the diodes.

∆Iptat =
KbT

q
ln(n)

∆R1

R2
1

(3.4)

Taking this into account it is seen that the resistor can not vary too much
(batch-to-batch and over temperature) because this will influence the CTAT
voltage (the absolute value of the CTAT voltage changes with the natural
logarithmic of this current).
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3.1 Triode FinFET resistance

A resistance can be made by using the triode resistance of a FinFET. To use
the triode resistance two conditions have to be met:

• The sensitivity to resistance variation of the CTAT voltage has to be low

• The drain source voltage has to be much smaller then the gate overdrive
voltage

First the sensitivity to resistance variation of the CTAT voltage is exam-
ined. For this both the temperature variation and the batch-to-batch variation
are taken into account.

For the batch-to-batch variaton the deviation in resistance causes the cur-
rent through the diode to differ and therefore also the CTAT voltage differs
from batch-to-batch. The output voltage is then:

Vctat = Vd +
KbT

q
ln(n) (3.5)

with:

Vd =
KbT

q
ln
( KbT

q ln(n)

Id0R

)
(3.6)

The error due to batch-to-batch variation then is:

∆Vctat =
∂Vctat
∂R

∆R (3.7)

= −KbT

q

∆R
R

It is seen that the batch-to-batch error has the same effect on the CTAT voltage
as temperature variation of the resistor itself. The batch-to-batch variation of
a FinFET in triode is approximately 30%; this implies that the error voltage
will be smaller than 1mV. Therefore, the triode-resistance can be used in the
CTAT circuit.

Over temperature, it is seen that the resistance variation changes the cur-
rent through the diode. The resulting voltage error is shown in equation 3.8:

Verror = ∆I
1

gm2
(3.8)

with:

∆I =
∂Id
∂R

∆R (3.9)

gm2 = Id
q

KbT

Id =
KbT
q ln(n)

R
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were n is the current ratio. Yields:

Verror = −KbT

q

∆R
R

(3.10)

When the resistance variation over temperature and the resistance value are
known, the error voltage can be calculated.

The error due to the temperature variation is a lot larger, because also the
threshold voltage changes over temperature.

Id =
KbT
q ln(n)

R
(3.11)

Ron,x =
1

2kWL (Vgs,x − Vth)

This can be reduced by making a resistor by using the on-resistance of a n-
FinFET and a p-FinFET in parallel (see figure 3.2). This results in a more
constant resistance over a larger drain source voltage range.

M1 M2

D1 D2

1    :    N

+

-
Va

Vb
Vctat

M3 M4

Vbias 

+

-

Figure 3.2: The replacement of the resistor by the on-resistance of a n-FinFET
and a p-FinFET in parallel

To use the on-resistance of the p-FinFET and the n-FinFET the drain
source value has to be much smaller then the gate overdrive voltage. The drain
source voltage is rather small:

Vds = VR1 =
KbT

q
ln(n) ≈ 50mV (3.12)

The absolute value at the ctat output voltage (Vctat) is around 0.6V at room
temperature. To have the p-FinFET in the triode region the gate voltage need
to be low. This terminal can be connected to ground. The n-FinFET needs
to be biased with a voltage higher then Vthn + Vds + Vs. The worst case is
approximately 0.9 V at low temperatures (the threshold voltage is highest).
Connecting it to the supply is not an option because then the power supply re-
jection ratio (PSRR) will be low. When only a p-FinFET is used the resistance
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will change too much over temperature. This means that a voltage reference
circuit needs to be made with a voltage equal or larger than 0.9V.

The total on-resistance of the p-FinFET together with the n-FinFET is:

Rtot =
1

Ron,n +Ron,p
(3.13)

with:
Ron,x =

1
2kWL (Vgs,x − Vth)

(3.14)

The required total resistance can be calculated:

R =
KbT
q ln(n)

I
(3.15)

For a near constant resistance the size ratio of the n-FinFET and the p-FinFET
needs to be chosen correctly.
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3.2 Triode resistor bias reference

Making a constant 0.9V reference voltage in a technology where the supply is
1V is difficult. In this work, the reference (output) voltage of the total circuit
is multiplied by a factor 3/2 to get a stable voltage of 0.9V. This is done us-
ing multiple cascoded diode connected n-FinFETs (similar to the add/subtract
circuit in the PTAT circuit, see section 2.3). The problem with this approach
is that a current mirror has to be used above the cascoded FinFETs. This
current mirror would then have only 0.1V drain source voltage; this is too low
for high temperatures.
The implemented circuit uses an OPAMP is seen in figure 3.3. The OPAMP
is used to adjust the current through the cascoded FinFETs. By using this
OPAMP the previous described triode FinFET problem is eliminated (low
drain source voltage on M0). The positive input of the opamp will (almost) be
equal to the negative one in a feedback situation, which means that the gate
voltage of FinFET M2 is equal to the reference voltage. By using a cascode of
three equal diode connected n-FinFETs the voltage VSW will be 0.9V.
The transistors M1, M2 and M3 are equal and should be chosen in such a way
that they carry a certain current that is within reasonable bounds over tem-
perature.

+

-

M1

M0

M2

M3

Vref

Vsw

Figure 3.3: The 0.9V reference voltage circuit

Also the stability has to be verified, because the reference (output) voltage
is used to make a 0.9V reference voltage that is used in the CTAT stage and
therefore influences the reference voltage.
The loop gain is (the loop is cut at Vref , with Vref,i the voltage on the node
at the beginning of the loop and Vref,o at the end of the loop):

Aloop =
∂Vref,o
∂Vctat

∂Vctat
∂R1

∂R1

∂V SW

∂V SW

∂Vref,i
(3.16)
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with

∂Vref,o
∂Vctat

=
1
2

(3.17)

∂Vctat
∂R1

= −KbT

q

1
R1

∂R1

∂V SW
= R2

1kn
Wn

Ln
∂V SW

∂Vref,i
=

3
2

Substituting this in equation 3.16:

1
2
∂Vctat
∂R1

∂R1

∂Vref
= −3

4
KbT

q
R1kn

Wn

Ln
(3.18)

Note that the gain of the 0.9V reference circuit multiplies the reference voltage
with 3/2. The loop gain will be largest at high temperature; at low tempera-
ture the pFinFET dominates the total resistance. With R1 ≈ 50kΩ and Wn

Ln
≈

0.5
9 this evaluates to a gain which is much smaller than 1 (0.013). This means

that the circuit is stable.

A disadvantage of solving this problem with the OPAMP is limited band-
width. For higher frequencies this circuit will not work properly; there will
no longer be gain in the circuit (the circuit must be stable) which means the
OPAMP no longer corrects errors in the output voltage. This lowers the PSSR
performance at high frequencies. This can be a problem when on chip circuitry
gives distortion, for example on the supply voltage.
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3.3 Design of the OPAMP circuit

In the CTAT circuit as well as in the 0.9V reference voltage circuit an opamp
is used. Before a design for the OPAMP in the CTAT circuit can be proposed
the total required gain (in the OPAMP and the current mirrors) is evaluated.
It is necessary to have a small difference between the two inputs of the opamp
(Vin) because this leads to an error in the CTAT voltage. This is shown in
equation 3.22 (see figure 3.4).

M1 M2

D1 D2

R1

1    :    N

+

-

Va Vb

Vctat

++ +

- -

+ -
Vin

A -> 8

Figure 3.4: The ctat voltage circuit with opamp input voltage

Vctat = Vb + IR1 (3.19)

with:

I =
Va − Vb − Vin

R1
(3.20)

Va − Vb =
KbT

q
ln(n)

Substituting:

Vctat =
KbT

q
ln
( I

Ic0n

)
+

KbT
q ln(n)− Vin

R1
(3.21)

=
KbT

q
ln
( KbT

q ln(n)− Vin
R1Ic0

)
− Vin

The error on the CTAT voltage due to the OPAMP input voltage is:

∂Vctat
∂Vin

= −1− KbT

q

R1Ic0
KbT
q ln(n)

1
R1Ic0

(3.22)

= −1− 1
ln(n)
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With n = 8, the transfer of the OPAMP input voltage to the CTAT output is
-1.48.

Note that the current mirror (in combination with the OPAMP) is designed
in such a way that the input voltage of the OPAMP (with linited gain) is zero
at a certain nominal temperature (T0).

Vin =
∆I
gm

gm = gm1A

∆I =
KbT
q ln(n)

R
−

KbT0
q ln(n)

R
(3.23)

∆I is the current variation (PTAT) in the diodes of the CTAT circuit with
respect to the current at temperature T0.
Yields:

gm1A =
(T − T0)kq ln(n)

RVin
(3.24)

For n = 8, I = 1µA (R =
kT
q lnn

I ≈ 52kΩ at room temperature) the total
gain must exceed 2.2 mS. The error in Vctat is chosen smaller then 0.2mV (Vin
= 0.135mV) so that the error is less then a tenth of a degree.

From the calculation can be seen that not a very large gain is required. This
means that a single stage OPAMP is sufficient. The circuit of the OPAMP is
shown in figure 3.5. In the circuit the current source will be made by a nFinFET
biased by a reference voltage from the CTAT circuit. This configuration will
require a start-up circuit, because the OPAMP will have a stable situation at
ground.

I

M0

M3

M1

M2

+ -

out

Figure 3.5: The circuit of the OPAMP
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In the CTAT circuit and in the 0.9V reference circuit the same OPAMP
can be used. The CTAT circuit has an (common mode level) input voltage de-
pendent on temperature between approximately 0.4 and 0.7V. This is possible
with the proposed OPAMP. Therefore the same OPAMP can be used in the
0.9V reference circuit; this common mode input level is equal to the reference
voltage (approximately 0.6V).
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3.4 CTAT diodes

Two diodes are used in the CTAT circuit. For matching it is better to make a
square of all the diodes in layout. Therefore the diode ratio, n, should be 3, 8,
15 etc. When n is larger, a larger resistive value needs to be used for the same
current. It can be seen that the voltage difference of the diodes scales with the
natural logarithm of n therefore, a large n means more area is needed, but it
does not decrease the resistor size by much. N is chosen 8.

Because there is no bulk diode in a SOI process the bulk diode can not
be used. An idea is to use the sub-threshold slope of a FinFET instead of an
actual diode, an other possibility is to use a gated PIN diode.
A disadvantage of using subthreshold FinFETs is that the gate source voltage
needs to be lower then the threshold voltage (lower then 0.3V for a nFin-
FET at low temperature). The sub-threshold FinFET is diode connected so
this means that the CTAT voltage will maximally be 0.3V (1 sub-threshold
FinFET is used). This is a disadvantage because it is difficult to use in the
averaging part of the circuit.

Therefore the diodes will be made by gated pin diodes.

3.4.1 Gated PIN diode

A PIN diode is a diode with a wide, lightly/ undoped intrinsic semiconductor re-
gion between a p-type semiconductor and an n-type semiconductor region. The
gated pin diode can be simply made by using a FinFET (a FInFET has a PIP
or NIN structure). The difference with the FinFET is that one drain/source is
p-doped and the other is n-doped (shown in figure 3.6).

Figure 3.6: A FInFET as a gated PIN diode
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In the intrinsic region a depletion region with charge carriers from the ”p” and
”n” regions is formed. When the diode is forward biassed the depletion region
size decreases (electrons flow from the n area towards the p and holes visa
versa).

In the design the gate of the gated PIN diode is floating. When the gate is
grounded there can be leak currents that influence the diode characteristic on
the other hand when the gate is connected to the anode the depletion region
is influenced.

A measurement of Salsa 2 gated diode is shown in figure B.1 in appendix
B.2.
In the figure the measured I-V curves are shown for different diode sizes. For
all measurement the gate is floating.
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3.5 Start-up circuit

The opamp in the CTAT section uses a current-source that is buffered from a
voltage made in the CTAT circuit itself, it has to have a start-up circuit. The
start-up circuit has to make sure that when the CTAT voltage is low, a current
will flow through the diodes that increases the diode voltages so the opamp
will work.

M2

M3

M1

M6

M5

M4

out_opamp

Vref

Figure 3.7: The start-up circuit

When the reference voltage is small, the inverter in the start-up circuit will
give a high output voltage. It’s output will be low when the reference voltage is
high. FinFET M3 will act as a switch and therefore feeds a current to ground
if Vref is low. This current is chosen to be approximately equal to the diode
current. The diode connected FinFETs above M3 are added to provide a small
delay; so this reduces the chance of high frequency oscillations. These diodes
have to be sized so that they both have half of the normal Vbias over them,
were Vbias is the supply voltage minus the nominal opamp output voltage.
The diode connected FinFET above the inverter will lower the gate-source
voltage of the p-FinFET of the inverter (M5). Without this FinFET, the
current in the branch will vary too much.
The gate voltage of M3 is chosen in such a way that the current through M3 is
very low when the reference voltage is high. The gate voltage at high reference
voltage is determined by the triode resistance of the n-FinFET of the inverter.

Vgate,M3 = IM6Rtriode,m6 (3.25)

Vgate,M3 =
IM6

kn
W
L Vgt

When this condition is met the start-up circuit will be off when it is not needed
and consumes little power.

The total CTAT circuit is shown in figure 3.8.
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Start up circuit CTAT circuit 0.9V reference circuit

Figure 3.8: The total ntat voltage circuit



Chapter 4

The buffer

The last part that needs to be designed are the output buffers. For these
buffers it is important that they have a high input resistance, so that the
isolation between the CTAT, the PTAT and the reference voltage is high. It
is also important that the buffers are matched so that the CTAT and PTAT
side are added and divided symmetrically. This is done using matched OTAs
(operational transimpedance amplifier). These OTA’s can be seen as a buffer
in series with an output resistance (shown in figure 4.1 b.). The buffer makes
sure that no current can flow into the CTAT or PTAT line; the CTAT and
PTAT voltages are separated. The resistances should be matched so that the
temperature dependence of the CTAT and PTAT are weighed correctly.

The reference voltage is expressed by the following equation:

Vref =
gmleft

gmleft + gmright
Vctat +

gmright

gmleft + gmright
Vptat (4.1)

When two identical OTAs are used gmleft and gmright are equal and hence
the output voltage is about 0.6V (average of CTAT and PTAT).

Vref

Vctat Vptat

Vctat

Vref

a)

Vptat

b)

Figure 4.1: The circuit of the buffers
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4.1 Solution exploration

For the design of the buffers it is important to know if the realization with
the differential pair can handle voltage differences between the CTAT and the
PTAT voltage.
The voltages of the PTAT and the CTAT are around 0.6V at 50 0C. With
a temperature coefficient of approximately 1.8mV/K, at a temperature of 140
degrees, the CTAT voltage is approximately 0.42V and the PTAT voltage is
0.76V. The threshold voltage for a n-FinFET is approximately 0.25V at this
temperature. At -40 0C the CTAT and PTAT values are reversed; the PTAT
voltage is approximately 0.42V and the CTAT voltage is 0.76V. The thresh-
old voltage is then approximately 0.35V. Whit the circuit in figure 4.1, two
problems can be identified:

• Because of large voltage differences over the inputs of the differential pairs
(at low and high temperatures), the current ratios in the differential pair
will be high. This will give a large error on the reference voltage, because
the current can flow from one OTA to the other.

• At low and high temperatures the drain-source voltage on the current
sources in the two buffers will be different. Because the CTAT voltage is
small and the threshold voltage is high the current source of the CTAT
buffer will be in triode while the PTAT current source will still work
properly. Therefore the buffers are not matched.

The current ratios in the differential pair can be described. When two OTAs
are connected together the current can flow from one OTA to the other. This
is schematically shown in figure 4.2.

Vref

VptatVctat

IbIbIa

Ib

IaIaIa

IaIaIa
Ic

Iref Iref DI

Figure 4.2: The circuit of the buffer with the different currents
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What is known is that the current Iref is equal to the sum of the currents
in the differential pair.
Iref = Ia + Ib
The current that flows from one OTA to the other is:
Ic = Ib − Ia

First, the error on the reference voltage due to a variation in the tail current
(Iref ) of one stage is derived by using the small-signal equivalent circuit (see
appendix C.1):

Vref
dI

=
1
2
gm0 + gm1

gm0gm1
(4.2)

This is the output resistance of one buffer section. One buffer can thus be
represented by the resistance which loads the other buffer.
The currents in the differential pair are a ratio of the current source (Iref ):

Ia = (1− α)Iref (4.3)
Ib = αIref

When α is equal to half, both branches carry equal currents. The limits are α
is zero (all current is in Ia) or α is one (all current is in Ib).

For the error on the reference voltage, it is seen that when α is equal to a
half (the differential pair is in balance) there is no error at the output. When
most current is in one branch (limα→0 and limα→1) the error becomes very
large. This gives:

Vref
dI

=

√
αIref −

√
(1− α)Iref

4
√

2kn
√
αIref

√
(1− α)Iref

(4.4)

=
1√

2knIref

1−
√

1
α − 1

4
√

(1− α)

The previous given problems have a contradiction; in the proposed schematic
the drain-source voltage of the current source should be low. This way, there is
more voltage headroom for the differential pair (which means the current ratio
Ia/Ib is low). On the other hand, when the drain-source voltage of the current
source is low, the current mirrors will not match very well. In practice, there is
no suitable operating condition that yields small errors. This problem can be
solved by decreasing the voltage step on the input of the buffer by using more
buffer stages in series.
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4.2 Buffer in series

Placing two OTAs in series yields a circuit with a buffer between each resistor
(see figure 4.3a). Because of this, no current can flow through R1 and R4 and
therefore the voltage after the first OTA stage is equal to the voltage before
R1 and therefore, this still works as a buffer with only one OTA stage.
To solve this a current path must be created. This is done by placing an OTA
in a feedback loop (see figure 4.4). The reference voltage is then expressed by
the following equation:

Vref =
R1R2

R1 +R2 +R3 +R4
Vctat +

R3R4

R1 +R2 +R3 +R4
Vptat (4.5)

Vctat

Vref

Vptat

a)

b)

Vctat Vptat

Vref

VrefVref

R1 R2 R3 R4

R1 R2 R3 R4

Figure 4.3: The simplification of the final buffer implementation: upper the
series connected OTAs, lower the wanted configuration

The final block schematic of the buffer with two stages of OTAs is seen in
figure 4.4.

In this setup, the voltage difference on the inputs of the OTA’s is halved
( 1
2 (Vptat − Vref )). Therefore the current ratio in the buffer will be smaller and

also the error to the reference voltage will be smaller.

When the CTAT voltage is small and the threshold voltage is high (at low
temperatures) the current source of the CTAT outer buffer will be in triode
while the PTAT current source operates in saturation. Therefore the outer
buffers are not matched very well. For the inner buffers this problem is less
significant, because the (common mode) voltage range on the inputs of the
differential pair will be smaller; the current sources will always be in saturation.
It is difficult to make the currents of the current sources in the outer buffers
equal. A solution is making the drain source voltage of the current sources
equal. By doing this, it is not relevant whether the drain-source voltage is
very; it is only important that they are matched.
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R1R2

R2 R3

R1R3 R4

Figure 4.4: The block circuit of the final buffer implementation

4.3 Buffer implementation

The drain source voltages of the current sources are made equal by adding
an additional differential pair. In this solution it is important that the extra
differential pair matches the differential pair to the other ones. This holds for
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the dimensions as well as the gate voltages. In figure 5.5 the implementation
with the extra differential pair is shown.

In the figure, the gates of the differential pairs are connected as should be
on the outer buffer on the PTAT side.

Vp1

Vctat

Vptat

Vbias

M2 M3

M0

M6

M4

M1

M5

Vs1

Vd1

Vc1

Figure 4.5: The new circuit of the buffers

When the temperature is 50 0C the CTAT, the PTAT and the reference
voltage are all 0.6V. In this case the top differential pairs of the outer buffers
are in strong inversion. The lower differential pairs will be in triode (the drain
source voltage is lower then the overdrive voltage); for this situation the nodes
Vd and the Vs1 voltages are almost equal.

When the voltage at the input(PTAT) of the buffer is lowered (low temper-
ature) also the voltage at node Vs will lower. In this case the CTAT voltage
will be high. The FinFETs of the lower differential pair is in triode and Vd will
become almost equal to Vs1(it will follow the voltage of Vd).

On the other hand, when the PTAT the voltage increases (high tempera-
ture), the voltage at node Vs1 will be higher. Since the FinFET of the lower
differential pair is connected to the opposite temperature coefficient (the CTAT
voltage will decrease) the lower differential pair will go in saturation. Because
this differential pair is equal to the other buffer, the voltage Vs will be equal to
the voltage of Vd of the other buffer. Since Vd and Vs will be almost equal (on
the CTAT side) both current sources have nearly the same drain-source voltage.

As was already shown in equation 5.3, the mismatch in the current source
will influence the reference voltage. The mismatch is therefore used to de-
termine transistor sizes in the buffer. To determine the total output referred
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mismatch, the mismatch of the separate components are summed. The equa-
tion for the reference voltage variation due to a current variation in Iref is:

Vref
dI

=
1√

2knIref

1−
√

1
α − 1

4
√

(1− α)
(4.6)

To calculate the mismatch for each component the current variation due to it’s
error has to be determined (see appendix C.1). For the current mirror this is:

σcurrentmirror =
gm0 + gm1

4gm0gm1

1√
2knIref

1−
√

1
α − 1

4
√

(1− α)
Avth√
W3L3

(4.7)

For the differential pair this is:

σdifferentialpair =
√

2
Avth√
W0L0

(4.8)
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4.4 Summary

The circuit of one side of the buffer is given in figure 4.6.
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Figure 4.6: The circuit of one side of the buffer



Chapter 5

Simulations of the complete
bandgap reference

Simulation are done on the total bandgap reference; to verify if the designed
resistorless bandgap reference meets the targets. The following simulations
were done:

• 5.1Temperature sweep

– The total bandgap reference

– The PTAT voltage circuit

– The buffer circuit

• 5.2Stability analysis (applying steps on different nodes)

• 5.3Power Supply Rejection Ratio

• 5.4Mismatch

The targets are shown in section1.5.
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5.1 Temperature sweep

Measurements on gated diodes are done to verify what temperature coefficient
a diode has (see figure B.2) in appendix B.2.

The actual diode voltage is approximately 0.58V at 50 0C so the temperature
coefficient is approximately -1.85mV/K.
The negative temperature coefficient can be calculated with:

∂Vbe
∂T

=
Vbe − (4 +m)KbT

q − Vg
T

(5.1)

with Eg = 1.12eV and m = 1.5
This equation gives the correct temperature coefficient. The positive temper-
ature coefficient must have the opposite temperature coefficient.

It is seen from a transient temperature sweep that the designed bandgap
reference has an almost constant output voltage (Vref) as a function of tem-
perature. When taking a closer look it is seen that the reference voltage still
has a small slope (figure 5.1). This can be derived from the fact that there are
no good diode models in the FinFET library.
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Figure 5.1: The result of the CTAT voltage, PTAT voltage and reference volt-
age sweep over temperature

In the simulation it is seen that the negative temperature coefficient is larger,
approximately -2mV/K, while the positive temperature coefficient is approxi-
mately 1.85mV/K.
The total PTAT circuit appears to be working properly. Another simulation
is done to verify if all PTAT stages as well as the add and subtract circuit are
working properly.
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5.1.1 PTAT

In the design four stages are used to generate a PTAT voltage there is also an
add and subtract circuit. Shown in figure 5.2.

M5
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M2

M3

ptat

Vref

Vptat 

Id Id

Vadd ptat

Vsubtract

+

- ptat ptat

Figure 5.2: The PTAT voltage stages and the add subtract circuit with the
plotted voltages

In figure 5.3 the output voltage of the different stages are plotted.
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Figure 5.3: The result the different PTAT stages

The simulated and the expected temperature coefficients of the different stages
are shown in table 5.1.
Therefore can be concluded that all PTAT stages work correctly.
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Temp Coeff simulated (mV/K) Temp Coeff expected (mV/K)
stage1 0.444 0.462
stage2 0.890 0.924
stage3 1.33 1.386
stage4 1.88 1.85

Table 5.1: The temperature coefficients of the different stages

The added and subtracted voltages are shown in figure 5.4. The curve seems
to have a strange shape. This is because the CTAT temperature coefficient is
somewhat different then wanted. This gives the slope in the reference voltage
that is used as the input of the add/subtract circuit.
Apart from the slope it is seen that the added voltage (V N(V in)) and the
subtracted voltage (Vsubtract) are equal and are equal to half the reference
voltage (half vref). The add subtract circuit with the voltages is shown in
figure 5.2.
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Figure 5.4: The added voltage and the subtracted voltage
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5.1.2 Buffer

The inner and outer buffers are simulated separately. The outer buffer stage
has a larger input output voltage difference and therefore an extra differential
pair is used. The simulation result for the outer buffer is shown in figure 5.6.
For the buffer it is important that the currents of the current sources are ap-
proximately the same. This means that the voltage over the current sources in
the buffer has to be approximately the same.

The circuit of the outer buffer is shown in figure 5.5).
Vd is the voltage under the top differential pair and REFERENCE is the

Vp1

Vctat

Vptat

Vbias

M2 M3

M0

M6

M4

M1

M5

REFERENCE

Vd

Vc1

Figure 5.5: The schematic of the outer buffer

voltage under the lower differential pair. I12 is the buffer at the PTAT side
and I16 is the buffer at the CTAT side.

At low temperature is seen that the REFERENCE voltage and the Vd
voltage are almost equal at the PTAT side.
At high temperature the voltage Vd will rise. Since all differential pairs are
equal the REFERENCE voltage will be almost equal to the Vd voltage of the
outer buffer with the low Vd voltage. This is also seen in the simulation.

From this simulation result can be concluded that the buffer works properly.
There is a small voltage difference in the voltage over the current source. This
error is plotted in figure 5.7.

It is seen that this error is about 5mV. This means the voltage over the
current sources of the outer buffers are nearly equal. What is more important
is that the currents in the outer buffers are equal. The current in the current
sources are plotted in figure 5.8. In this figure I1 is the current of the current
source in the outer buffer at the CTAT side and I22 is the current in the buffer
at the PTAT side. For low temperatures the currents are approximately the
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Figure 5.6: The simulation result of the outer buffer stages
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Figure 5.7: The voltage difference in the voltage over the current source of the
outer buffers

same. For high temperature the error is largest (160nA). This current differ-
ence will lead to mismatch in the buffers and therefore the error in the bandgap
reference’s output is expected to be high at higher temperatures).

For the inner buffers the current source voltage problem is smaller, because
the voltage range at the inputs of the differential pair is smaller. Therefore
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Figure 5.8: The currents of the current sources of the outer buffers

the current sources will always be in saturation. The simulation result of the
voltage over the current source of the inner buffers is shown in figure 5.9.
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Figure 5.9: The voltage difference in the voltage over the current source of the
inner buffers

In this figure it is seen that both buffers at the PTAT side (REFERENCE1
and REFERENCE2) and both buffers at the PTAT side (REFERENCE3 and
REFERENCE4) have equal voltages. The voltage difference at the current
sources in the inner buffers is a lot larger than is at the outer buffers, while the
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current difference is smaller. The currents of the current sources are plotted in
figure 5.10. I6 and I9 are the currents of the current sources of the inner buffers
at the PTAT side while I14 and I17 are the currents of the current sources of
the inner buffers at the CTAT side.
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Figure 5.10: The current in the current sources of the inner buffers

From this simulation it is seen that the inner buffers indeed have a lot
smaller current difference, while the voltage difference was larger. The largest
current difference is at high temperature and is 27nA.
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5.2 Stability analysis

A lot of problems were found doing simulations with the current FinFET mod-
els. For example the threshold voltage of the model could not be adapted (non
convergence), no low temperature simulations and also no AC simulations could
be done. Therefore it is assumed that the model is not so accurate.

To test the stability of the bandgap reference steps on different nodes in
the circuit are applied. By applying a step on the supply voltage an instability
is found (see figure 5.11).
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Figure 5.11: Stability simulation with a step on the supply voltage

From simulations it seems that the CTAT voltage block is unstable. A
small step is applied at the input of the current source at the OPAMP and at
the output (Vref1) the transfer is examined. The simulation result is shown in
figure 5.12.
It can be seen that a small step is at the input of the current source at the
OPAMP (net043) the output (Vref1) has an overshoot, that stabilizes with
a first order behaviour. This can be explained by the fact that the current
change because of the step on the current source arrives earlier via transistor
M12 than via transistor M11 (see figure 5.13). Therefore charge is extracted
M1 and therefore the loop gets a positive feedback for a short time.
This becomes stable again after both current changes are present and there-
fore it is no explanation for the instability. It is assumed that the FinFET
model is the problem (not accurate) and therefore this short positive feedback
mechanism starts to oscillate.
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Figure 5.12: The OPAMP instability
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5.3 Power Supply Rejection Ratio (PSRR)

For the bandgap reference it is important that the reference voltage is inde-
pendent of the supply voltage. Therefore the Power supply rejection ratio is
simulated. The result is shown in figure 5.14 for a temperature of 25 0C.

Figure 5.14: The PSRR of the reference voltage (PSRRvref) and the PSRR
of the 0.9V supply voltage for the triode resistor (PSRRV SW ) both at 25 0C

It can be seen that the reference voltage has a PSRR higher then 52dB for sup-
ply voltages higher then 920mV. For lower supply voltages the PSRR decreases
rapidly. This is caused by the 0.9V reference voltage.

The Power Supply rejection Ratio at -40 0C is shown in figure 5.15 and
the PSRR at 140 0C is shown in figure 5.16 in both figures psrr is the Power
Supply rejection Ratio of the reference voltage.

It can be seen that the PSRR at -40 0C is approximately 52dB (1V) which
is good. On the other hand the PSRR at 140 0C is lower, only 32dB (1V).
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Figure 5.15: The PSRR of the reference voltage and the 0.9V supply voltage
for the triode resistor at -40 0C

Figure 5.16: The PSRR of the reference voltage and the 0.9V supply voltage
for the triode resistor at 140 0C
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This low rejection ratio is caused by the PTAT voltage stage (the PTAT
voltage stage is shown in figure 5.17).
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Figure 5.17: The final design solving the channel charge relocation problem

At 140 0C the current mirroring to the output is the problem. The current
through M7 decreases, because this transistor is close to triode (the drain source
voltage is 178mV, while the overdrive voltage is 123mV).
Therefore the current ratio of the current through M4 versus M7 decreases with
higher temperatures. This is seen in figure 5.18.
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Figure 5.18: The current ratio in the current mirror of the last PTAT source
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5.4 Mismatch

Another important characteristic in the design of the bandgap reference is the
mismatch. The mismatch is simulated at 250C. More interesting would be the
mismatch at low and high temperatures, because there the mismatch would be
larger. But unfortunately the simulation at low temperature would not con-
verge, the simulation result at high temperature is discussed later.
At 250C the reference voltage has a spread of 2.63mV at a mean reference
voltage value of 605mV. Which means that the σvref = 0.42%. This is within
the specified value. The contribution of the different sections is interesting
because then it is known what section has to be improved. It is difficult to
derive the separate block mismatches, because there is a feedback-loop in the
PTAT circuit. For now it is assumed that this feedback of the reference voltage
has no large effect on the mismatch of the PTAT block, because the reference
voltage is divided before it is used as an input for the PTAT stage.

The simulated results are shown in table 7.2.
From the simulated values of the σ and the mean value the percentage spread is
calculated. Also the percentage spread of that block at the output is calculated.

σ (mV) mean (mV) spread (%) spread at the output (%)
Vref 2.63 605.0 0.43 0.43
Vctat 1.98 615.0 0.322 0.161
Vptat 3.3 595.7 0.55 0.275

Table 5.2: The mismatch simulation results for 250C

The mismatch on the buffer can be calculated:

σVbuffer =

√(
σVref

2 − (σVctat2 + σVptat
2)

4

)
(5.2)

The spread referred to the output of the buffer is: 0.2887 %.

More interesting is the mismatch simulation result for high temperature
(1400C). At this temperature it is expected that the buffer mismatch increases,
because the current ratio in the buffer increases and therefore the error at the
output increases. The error on the output is (see equation 5.3):

Vref
dI

=
1√

2knIref

1−
√

1
α − 1

4
√

(1− α)
(5.3)

When α is equal to half (around 500C), both branches carry equal currents.
The limits are α is zero (all current is in Ia) or α is one (all current is in Ib).

For the error on the reference voltage, it is seen that when α is equal to a
half (the differential pair is in balance) there is no error at the output. When
most current is in one branch (limα→0 and limα→1) the error becomes very
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large.

This effect is also seen in the mismatch simulation results at high temper-
ature. The spread referred to the output of the buffer is: 0.92 %.

σ (mV) mean (mV) spread (%) spread at the output (%)
Vref 5.95 599.8 0.99 0.99
Vctat 2.27 379.0 0.599 0.299
Vptat 3.42 821 0.55 0.4165

Table 5.3: The mismatch simulation results for 1400C

At high temperature the most increase in the mismatch is seen at the buffer,
while the mismatch for the other blocks only increase by a small amount.



Chapter 6

Layout

To make a good layout for the designed bandgap reference some important
aspects need to be taken into account. Especially for the matching attention
need to be paid that:

• The current sources of the buffer stages are equal and therefore need to
be placed close together.

• The same holds for the current sources of the PTAT stage.

• Apart from the currents also the inner buffer stages as well as the outer
stages need to be matched.

• And the PTAT stages themselves

• The diodes have to be placed in a square to achieve good matching

For each block dummies are used to make sure that the symmetry improves.

The layout of the total bandgap reference is shown in figure 6.1.
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Figure 6.1: The layout of the designed bandgap reference with an indication of
the different sub-blocks
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Conclusions and
recommendations

The design and layout of a sub 1V bandgap reference in FinFET technology is
completed and is currently in fabrication in a 32 nm FinFET process at IMEC.

An averaging bandgap reference structure is proposed to implement a low-
supply voltage bandgap reference circuit in FinFET technology. The resistors
that are typically required in known low-voltage bandgap references are re-
placed by a PTAT voltage source and a triode resistor. The PTAT voltage is
made by cascaded voltage followers, with build-in PTAT offsets.
To make the triode resistor accurate over large voltage swings both a N-type
and a P-type FinFET are used. These triode transistors need to be biased with
a supply independent voltage.
The output voltage is the average of a CTAT and a PTAT voltage, using two
stages of transimpedance amplifiers.

In the simulations a few problems can be found that should be considered
in a later design.

• In a new design of the PTAT voltage generator. The overdrive voltage of
the p-mos current mirrors has to be lower. So that the current mirroring
will also work at high temperatures.

• At high temperature the most increase in the mismatch is seen at the
buffer, while the mismatch for the other blocks only increase by a small
amount. The best improvement in the mismatch can therefore be made
by changing the design of the buffer.

Some target properties of the bandgap reference circuit that have are sum-
merized in the table below including the simulated performance:

The mismatch at high temperatures is lower than expected. At high tem-
perature the most increase in the mismatch is seen at the buffer, while the
mismatch for the other blocks only increase by a small amount. The results of
mismatch simulation are shown in table 7.1.

The error in the buffer comes from the current ratio in the differential pair.
It is seen that when the current ratio is equal to a half (the differential pair
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Specified Simulated
Vref ≈ 0.6V 0.565V
σVref 0.5% 250C : 0.43%

1400C : 0.99%
PSRR 40dB −400C : 52dB

250C : 52dB
1400C : 32dB

Vdd 1V > 0.93V

Table 7.1: Comparison of the specified requirements and the simulated results

is in balance) there is no error at the output. When most current is in one
branch (limα→0 and limα→1) the error becomes very large.

σ (mV) mean (mV) spread (%) spread at the output (%)
Vref 5.95 599.8 0.99 0.99
Vctat 2.27 379.0 0.599 0.299
Vptat 3.42 821 0.55 0.4165

Table 7.2: The mismatch simulation results for 1400C

It can be seen that the PSRR at -40 0C is approximately 52dB (1V) which
is good. On the other hand the PSRR at 140 0C is lower, only 32dB (1V).

This low rejection ratio is caused by the PTAT voltage stage. At 140 0C
the current mirroring to the output is the problem, because a FinFET is close
to triode. The overdrive voltage of the p-mos current mirrors has to be lower.
So that the current mirroring will also work at high temperatures.

The supply voltage from which the circuit start to work is around 0.93V.
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Appendix A

The PTAT voltage generator

A.1 Temperature variation resistor

The expression for the temperature variation is:

nTCerror =
∂Verror
∂R1

∂R1

∂T
∆T (A.1)

This can be rewritten using the temperature expression for the resistor. Which
is:

R = R+R0α(T − T0) (A.2)

Now the subparts of this equation can be solved. The resistance variation over
temperature is:

∂R1

∂T
=

∂

∂T
R1 + αR1,T0(T − T0) = αR1,T0 (A.3)

The error because of a changing resistor is:

Verror = Vdiode + VR (A.4)
∂Verror
∂R1

=
KT

q
ln
(KT
q

lnN

Id0RT0

)
+
KT

q
lnN

∂Verror
∂R1

= −kT
q

1
R1,T0

So the total voltage error is:

∂Verror
∂R1

∂R1

∂T
∆T = −kT0

q
α∆T (A.5)
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A.2 Temperature coefficient measurement results

For the design of a bandgap reference the temperature dependence of the Fin-
FET I-V curve is important. Therefore a measurement is done to check if
the simulation model of a n-FinFET and a p-FinFET corresponds with the
measurements.

The I-V curve measurements for temperatures: 250C, 650C and 1050C are
shown in figure A.1 for a n-FinFET and in figure A.2 for a p-FinFET.

Figure A.1: The I-V curve measurement result of a n-FinFET

Figure A.2: The I-V curve measurement result of a p-FinFET
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It can be seen that the n-FinFET and the p-FinFET curve behave approx-
imately the same over temperature. For both FinFETs the current increases
with temperature (for the same gate-source voltage). The comparison of a n
and a p-FinFET I-V curve at 250C is shown in figure A.3.

Figure A.3: The I-V curve comparison of a n-FinFET and a p-FinFET at 250C

At 250C the p-curve is a shifted version of the n-curve, this holds for all
temperatures. Therefore the only difference in the FinFET model is the thresh-
old voltage.
When the FinFET model is compared to the measurement results it is seen
that at 250C the curves match. On the other hand at other temperatures they
do not match. Therefore the models for a n-FinFET and p-FinFET are curve
fitted to the measured results.

As was already mentioned for the design also the temperature coefficient of a
FinFET is important. From the measurement results a temperature coefficient
of approximately 1mV/K for both a n-FinFET and a p-FinFET can be derived.
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A.3 Charge relocation

I

M0

M3

M1

M2

Vin Vout

M4

I

C

Vx

Figure A.4: The PTAT voltage stage with charge relocation problems

To check the stability of a PTAT voltage source the effect of a small signal
voltage to the output is examined. To do this first the small signal equivalent
is derived. This is shown in figure A.5.
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gm4Vgs4

gm0Vgs gm1Vgs1

gm2Vgs3

Vs
Vgs1 +-

I1

1
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I2 I1
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Vi

Vgs4

+

-

C

gm4Vgs4
Vgs4

+

-

Figure A.5: Small signal equivalent of a PTAT voltage stage
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The output voltage equation is:

vout = vgs4 − vf (A.6)

with vf the voltage over the capacitor and:

vgs4 =
i0
gm4

(A.7)

vf = i0
1

jωC

Rewriting the equation for the output voltage gives:

vout =
i0
gm4

− i0
1

jωC
(A.8)

To derive the output voltage, the current i0 has to be known. This is equal to:

i0 = i1 − i2 (A.9)

These two current have to be derived. The current in the differential pair
branches are equal:

gm0vs = gm1vgs1 (A.10)
gm0vs = gm1(vi − vs)

From this the voltage at the sources of the differential pair can be derived:

vs = vi
gm1

gm1 + gm0
(A.11)

Now the current i1 is known:

i1 = vi
gm0gm1

gm0 + gm1
(A.12)

For the current in the current mirror (i2), first the gate source voltage of
the current mirror has to be known:

vgs3 =
1

gm3
i1 (A.13)

i2 = vgs3gm2 = −gm2

gm3
i1 (A.14)

i2 = −gm2

gm3
vi

gm0gm1

gm0 + gm1

Therefore also the current i0 is known:

i0 = vi
gm0gm1

gm0 + gm1

(
1 +

gm2

gm3

)
(A.15)

Then, also the equation for the output voltage is known:

vout = i0

( 1
gm4

− 1
jωC

)
(A.16)

vout = −vi
gm0gm1

gm0 + gm1

(
1 +

gm2

gm3

)( 1
jωC

− 1
gm4

)
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Because this last stage must work as an integrator it can be assumed that:

1
jωC

>>
1

gm4
(A.17)

It is also known that the current mirror has an amplification:

gm2

gm3
= k (A.18)

Therefore the output voltage equation simplifies to:

vout = −vi
gm0gm1

gm0 + gm1

(k + 1)
jωC

(A.19)

It can be seen that for normal operation the PTAT voltage source is stable
(a rising input voltage causes the output voltage to decrease). On the other
hand, when charge relocation is taken into account the circuit becomes instable.
When the voltage at the output becomes lower than the threshold voltage the
channel of the FinFET discharges. This effect can be modeled as a current
source with the sign opposite to the ordinary small signal equivalent. (when
the voltage on the gate decreases the current due to the channel discharging
effect increases). When this channel discharging effect becomes larger then
the normal current the transconductance becomes negative and therefore the
output voltage equation chnges to:

vout = vi
gm0gm1

gm0 + gm1

(k + 1)
jωC

(A.20)

This behavior results in a positive feedback mechanism. Therefore it behaves
as a relaxation oscillator.
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A.4 Design one stage

A.4.1 Mismatch

The equation for the mismatch in the threshold value is:

σV th =
AV th√
WL

(A.21)

This mismatch has an effect on the differential pair and on the current mirror.

For the dimensions of the differential pair there has to be a factor N be-
tween M0 and M1. This is made by taking for W1 W1 =

√
NW0 and taking

for L0 L0 =
√
NL1. This way the factor is there, but both devices have an

equal contribution to the mismatch because there areas are equal. The effect
on the differential pair is:

σV th,out,d =

√( AV th√
W0L0

)2

+
( AV th√

W1L1

)2

(A.22)

=

√( AV th√√
NW1L0

)2

+
( AV th√√

NW0L1

)2

=
√

2
AV th√
W0L0

The effect on the current mirror can best be derived by taking the small
signal equivalent of the current mirror and adding a source that represents the
mismatch in one FinFET. This is shown for FinFET 3 in Figure A.6. From
this the mismatch of the current mirror can be described by:

σV th,out,c =
1

gm0
σI2 −

1
gm1

σI3 (A.23)

with:

Id = I2 + I3 (A.24)
I2 = −I3

So this can be simplified to:

σV th,out,c =
( 1
gm0

+
1

gm1

)
σI2 (A.25)

For the current holds:

I2 = gm2Vgs2 (A.26)
I3 = gm3Vgs3
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Figure A.6: Small signal circuit of the effect of mismatch on one side of the
current mirror

When one FinFET has a mismatch in the threshold voltage (see figure A.6)
this will influence the gate source voltage:

Vgs3 = Vgs2 + σV th (A.27)
I2 = −I3

gm2Vgs2 = −gm3Vgs3

gm2Vgs2 = −gm3(Vgs2 + σV th)

Vgs2 = − gm3σV th
gm2 + gm3

The mismatch in the current is:

I2 = gm2Vgs2 (A.28)

I2 = − gm3gm2

gm2 + gm3
σV th

So the final expression for the mismatch effect on one side of the current mirror
is:

σV th,out,c = −gm0 + gm1

gm0gm1

gm3gm2

gm2 + gm3
σV th (A.29)

When the other FinFET has a threshold mismatch this gives the same
effect:

σV th,out,c =
gm0 + gm1

gm0gm1

gm3gm2

gm2 + gm3
σV th (A.30)

The total error for the current mirror is:

σV th,out,c =
√
σV th,out,cM2

2 + σV th,out,cM3
2 (A.31)

It is known that W2
L2

= kW3
L3

. So the error in FinFET3 is k times smaller then
the error in FinFET2.
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So the total mismatch is:

σV th,out,c =

√
(
1
k

+ 1)
gm0 + gm1

gm0gm1

gm3gm2

gm2 + gm3
σV th (A.32)

Now some attention need to be given to the different gm terms. Because of
the large signal current difference (I2 = kI3) and the subthreshold and strong
inversion FinFETs. The following relations for the gm terms hold:
subthreshold (M0 and M1): gm = 40Id
Strong inversion (M2 and M3): gm =

√
2kn/pIdWL

This gives for the gm terms:

gmM2 =
√
kgmM3 (A.33)

gmM0 = kgmM1

Substituting these relations in equation A.30 gives:

σV th,out,c =

√
(
k + 1
k

)
(1 + k)gm1

kgm1
2

√
kgm3

2

(
√
k + 1)gm3

σV th (A.34)

=

√
(
k + 1
k

)
(1 + k)

√
k

k(
√
k + 1)

gm3

gm1
σV th

=

√
(
k + 1
k

)
1 + k

1 +
√
k

1√
k

gm3

gm1
σV th

The mismatch error for gm terms is known. But the device dimensions are
needed. This are derived by substituting the equations for the gm terms and
σV th = AV th√

WL
. This gives:

σV th,out,c =

√
(
k + 1
k

)
1 + k

1 +
√
k

1√
k

√
2kn/pIdW3

L3

40Id
σV th (A.35)

=

√
(
k + 1
k

)
1 + k

1 +
√
k

1√
k

√
2

40

√
kn/p

W3
L3

Id

AV th√
W3L3

=

√
(
k + 1
k

)
1 + k

1 +
√
k

1√
k

√
2

40

√
kn/p

Id

AV th
L3

This equation can be rewritten to area by substituting:
Id = kn/p

W3
L3
V 2
gt

This gives:

σV th,out,c =

√
(
k + 1
k

)
1 + k

1 +
√
k

1√
k

√
2

40

√
kn/p√

kn/p
W3
L3
Vgt

AV th
L3

(A.36)

=

√
(
k + 1
k

)
1 + k

1 +
√
k

1√
k

√
2

40
AV th

Vgt
√
W3L3
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Now both mismatch causes are expressed in an equation with area. So now
the total mismatch can be expressed.

σV th,out
2 = σV th,out,c

2 + σV th,out,d
2 (A.37)

= (
k + 1
k

)
1 + k2

1 +
√
k

2

1
k

2
402

AV th
2

V 2
gtW3L3

+
√

2
AV th

2

W0L0

This is the total mismatch for one section. The total mismatch error for the
PTAT voltage is M times the mismatch error shown in equation A.37. It can be
seen that when the number of sections (M) is smaller the σV th,out per section
can be higher and still have the same total mismatch. This means that the
area’s for FinFET zero and three can be smaller. So for the area it is better to
take less sections.

There are still a lot of variables that can be chosen therefore an optimization
is made to area. For this the previous equation is rewritten with: A0 = Atot−A3

with a the area (WL) of FinFET zero and FinFET three.

σ2
V th,out = (

k + 1
k

)
(1 + k)2

(1 +
√
k)2

1
k

2
402

AV th
2

V 2
gtA3

+
√

2
AV th

2

Atot −A3
(A.38)

This gives:

Atot =
√

2AV th2(
σV th,out2 − (k+1

k ) k2+2k+1
k+2
√
k+1

1
k

2
402V 2

gt

AV th
2

A3

) +A3 (A.39)

With the help of maple the optimum can be found. This is done by first
taking the derivative of Atot to k and then finding the minimum (derivative =
0).
The found expression for the minimum is then substituted in the equation for
Atot.
Then this substituted equation is differentiated to the area of FinFET three
and this is solved to find equations for the area of FinFET three. This last
step gives possible solutions for the area.

Then the value for k is calculated using the optimum for k and the differ-
ent solutions for the area. From this also the value for N can be calculated
(N = C

k ).
Next the equations for the total area, the area for FinFET zero and the area
for FinFET three can be calculated.

This gives the following solutions for k, N, areatot, area0 and area3:
k = 7.427619736
N = 54.31470839
areatot = 0.1334220132e−4

sigma2

area0 = 0.1105850928e−4
sigma2

area3 = 0.2283692041e−510−5
sigma2 .

It can be seen that there is still a choice to be made. The sigma and the
area are exchangeable. If a larger sigma is allowed then the area will decrease
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drastically. This is also shown in figure 2.10. The total area is on the y-axis
and the sigma on the x-axis.

Figure A.7: The plotted total area of one section of the PTAT voltage

Now there are still some variables unknown: the W over L of each FinFET
and the current. These can be derived using noise calculations.
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A.5 Noise

The noise of the PTAT voltage circuit can be calculated. This can be done by
adding the noise of each FinFET.

The contribution of the noise of FinFET zero can be derived by taking the
small signal equivalent of the circuit with the noise source of FinFET zero, this
is shown in figure A.8.

k

1

Inoise
R0

R2

Iin

Iin

Vs

gm0Vs

Vout

Figure A.8: The small signal equivalent with the noise source for M0

From this small signal equivalent can be seen that for the current in the
left and right branch Iin = 1

k Iin should hold. This means that Iin should be
zero. In other words the current stays in the loop. And therefore:

Inoise = gm0Vs (A.40)

Vs =
Inoise,M0

gm0

The derivation of the contribution of the noise of FinFET one is done with
the small signal circuit shown in figure A.9.

For this noise contribution also a contradiction in current can be seen. So
also here the loop is closed. The noise contribution is:

Vs =
Inoise,M1

gm1
(A.41)

In the small signal equivalent of FinFET2 (see figure A.10) the currents in
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k

1

Inoise

R2

Iin

Iin

Vs

gm0Vs gm1Vs

Vg Vout

Figure A.9: The small signal equivalent with the noise source for M1

the node can be summed:
1
K
Iin + IR + Iin = 0 (A.42)

Iin = − IRK

K + 1
and also:

V1 =
1

gm1

1
K
Iin (A.43)

and
1
K
Iin = −gm0Vs (A.44)

Vs = − 1
K

Iin
gm0

The output voltage is the source voltage minus voltage one.

Vout = Vs − V1 = − 1
K

Iin
gm0

− 1
gm1

1
K
Iin (A.45)

= − 1
K

( 1
gm0

− 1
gm1

)
Iin

= −
( 1
gm0

− 1
gm1

)
− IR
K + 1

=
IR

Kgm1

Finally the noise contribution for FinFET3 (see figure A.11).

1
K
Iin + IR + Iin = 0 (A.46)

Iin = − IRK

K + 1
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k

1
Inoise

R1

R2

Iin

Iin

gm0Vs

k

1
Iin

V1

-

+

Vs

Vout

Figure A.10: The small signal equivalent with the noise source for M2

and also:

V2 = Iin
1

gm1
(A.47)

= − IRK

K + 1
1

gm1

and

Iin = Vsgm0 (A.48)

Vs =
Iin
gm0

For the output voltage holds:

Vout = Vs + V2 =
Iin
gm0

+
Iin
gm1

(A.49)

=
( 1
gm0

+
1

gm1

)
− IRK

K + 1

=
( 1
Kgm1

+
1

gm1

)
− IRK

K + 1

=
(K + 1
Kgm1

)
− IRK

K + 1

=
IR
gm1

So the equation for the total noise in one section of the PTAT voltage
becomes:

V 2
noise,tot = V 2

noise,m0 + V 2
noise,m1 + V 2

noise,m2 + V 2
noise,m3 (A.50)

V 2
noise,tot = (

Inoise,m0

gm0
)2 + (

Inoise,m1

gm1
)2 + (

Inoise,m2

kgm1
)2 + (

Inoise,m3

gm1
)2
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k
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Inoise
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Iin
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+

Vs
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Figure A.11: The small signal equivalent with the noise source for M3
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A.5.1 Thermal noise

For the thermal noise the equation is (for long devices):

I2
noise =

8
3
KTgm (A.51)

So the total thermal noise is:

V 2
noise,tot =

8
3
KT

(gm0

gm2
0

+
gm1

gm2
1

+
gm2

k2gm2
1

+
gm3

gm2
1

)
(A.52)

=
8
3
KT

( 1
gm0

+
1

gm1
+

gm2

k2gm2
1

+
gm3

gm2
1

)
In this equation can be substituting that:
gm2 = Kgm3 and gm0 = Kgm1

This gives:

V 2
noise,tot =

8
3
KT

(( 1
K

+ 1
) 1
gm1

+
( 1
K

+ 1
)gm3

gm2
1

)
(A.53)

=
8
3
KT

1
gm1

(( 1
K

+ 1
)(

1 +
gm3

gm1

))
With:
gm1 = 40I3 and gm3 =

√
2knW3

L3
I3 This gives:

V 2
noise,tot =

8
3
KT

1
40I3

(( 1
K

+ 1
)(

1 +

√
2knW3

L3

40
√
I3

))
(A.54)

From this equation the standard deviation could be calculated. This is done
by integrating the noise over a certain frequency range. It is not known till
what frequency the thermal noise is constant. The assumption is made that
this is the case till 1 GHz. So the standard deviation can be expressed with
the following equation:

σ2 =
∫ 1GHz

0

V 2
noise,totdf (A.55)

= f
8KT
120I3

(( 1
K

+ 1
)(

1 +

√
2knW3

L3

40
√
I3

))
|1GHz0

Sigma is chosen to be 1mV so from the previous equation the current can be
calculated.

I3 = f
8KT
120σ2

(( 1
K

+ 1
)(

1 +
2

40Vgt3

))
(A.56)

From this the I3 can be calculated. So the I2 is then I2 = KI3.

Now that the currents and the k and N are known the device dimensions
can be calculated. Known is that the differential pair is in sub-threshold and
the current mirror in saturation:

Id =
W

L
Id010−10−at+b

exp
qVgs
KbT

(A.57)

Id = kn
W

L

(
Vgs − Vth

)2
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t is the temperature in degrees Celsius. For this the sub-threshold parameters a
and b need to be known. These are determined by measurements a = 1.7510−3

and b = 1.14. The measurement results are shown in appendix A.2.





Appendix B

The CTAT voltage generator

B.1 Sub-threshold FinFET diode

For a diode like behavior in FinFET technology, an exponential term is needed.
The FinFET equation for sub-threshold contains an exponent:

ID = 2
W

L
Cgµ0(

kBT

q
)2e

q(Vgs−T H)
kBT [1− e(

−qVDS
kBT )] (B.1)

When Vds is large this approximates to:

ID ≈ 2
W

L
Cgµ0(

kBT

q
)2e

q(Vgs−VT H )
kBT (B.2)

This looks like an equation for a diode current. It is also important what the
negative temperature coefficient is and wether a PTAT voltage can be gener-
ated.

To get the negative temperature coefficient the derivative of the FinFET
voltage in sub-threshold need to be taken to temperature. This is shown in
equation B.6.

dVgs
dT

=
kB
q
ln(

Id
Is

) +
kB
q

1
3

+
dVth
dT

(B.3)

In this equation the only factor that is dependent on the device size is:

Is =
W

L
Cgµ0(

kBT

q
)2 (B.4)

From the derivative can be seen that the gate-source voltage of a sub-threshold
FinFET has a negative temperature coefficient. An expression for dVth

dT , how-
ever is needed.

The positive temperature coefficient is made with the difference in voltage
between two diodes that have different currentdensities.
The current difference is made by different Is and therefore different device
sizes.
Id1 = Id2

103
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Is2 = nIs1
It is assumed that that dVth

dT is device size independent, which means:

dVgs1
dT
−dVgs2

dT
=
k

q

[
{ln(Id1)−ln(Is1)+

kB
q

1
3

+
dVth1
dT
}−{ln(Id2)+ln(nIs2)−kB

q

1
3
−dVth2

dT
}
]

(B.5)
It is assumed that the threshold voltage for both subthreshold FinFETs is

equal. This gives:
d(Vgs1 − Vgs2)

dT
=
k

q
ln(n) (B.6)

It is thus seen that the positive temperature dependency can be made by
using the voltage difference of two sub-threshold FinFETs that have different
current densities.

A negative and a positive temperature coefficient can be made using sub-
threshold FinFET. A disadvantage of using subthreshold FinFETs is that the
gate source voltage needs to be lower then the threshold voltage (lower then
0.3V for a nFinFET at low temperature). The sub-threshold FinFET is diode
connected so this means that the CTAT voltage will maximally be 0.3V (1
sub-threshold FinFET is used). This is a disadvantage because it is difficult to
use in the averaging part of the circuit.
The diodes will therefore be made by gated pin diodes.
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B.2 Diode measurements

A measurement of Salsa 2 gated diode is shown in figure B.1.

Figure B.1: Gated PIN diode measurements on different sized diodes

In the figure the measured I-V curves are shown for different diode sizes.
For all measurement the gate is floating. From these curves the width and
length for a certain temperature coefficient and bias current can be chosen.

Also the temperature coefficient a diode has been measured(see figure ??)
to verify if the measured temperature coefficient equals the calculated.

The actual diode voltage is approximately 0.58V at 50 0C so the temperature
coefficient is approximately -1.85mV/K.
The negative temperature coefficient can be calculated with:

∂Vbe
∂T

=
Vbe − (4 +m)KbT

q − Vg
T

(B.7)

with Eg = 1.12eV and m = 1.5
This equation gives the correct temperature coefficient.
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Figure B.2: The I-V curves of a diode for different temperatures



Appendix C

The buffer

C.1 Current ratios error

Because of the large voltage difference over the inputs of the differential pairs
(at low and high temperatures) the current ratios in the differential pair will
be high. This will give an error on the reference voltage.
This error can be described. Because two OTAs are connected together the
current can flow from one OTA to the other. This is schematically shown in
figure 4.2.

Vref

VptatVctat

IbIbIa

Ib

IaIaIa

IaIaIa
Ic

Iref Iref DI

Figure C.1: The circuit of the buffer with the different currents

What is known is that the current source is equal to the added current in
the differential pair.
Iref = Ia + Ib
What is also known is that the current that flows from one OTA to the other
is equal to:

107
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Ic = Ia − Ib

First the error on the reference voltage because of a variation in the current
of one stage can be derived by using the small signal equivalent.

From this circuit first a small signal equivalent for one buffer is made. In
figure C.2 the small signal equivalent of one buffer is shown.

gm0Vgs0

gm2

1

gm1

1

gm3Vgs3

dI
Vref

Vgs0Vgs3

+

-

+

-

Figure C.2: The small signal equivalent of one buffer stage

The transistors for the current mirror are equal as well as the currents and
therefore holds:
gm2 = gm3

This small signal equivalent can be redrawn.

gm0Vgs0gm2

1

gm1

1

gm2Vgs2

dI
Vref

Vgs0Vgs2

+

-

+

-

gm1

1

gm0

1

Figure C.3: The small signal equivalent of one buffer stage

From this small signal equivalent equations for the gate source voltage of
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transistor 0 and 2 can be given:

Vgs0 = −Vref
1

gm0

1
gm0

+ 1
gm1

(C.1)

Vgs2 =
gm0Vgs0
gm2

= − gm0gm1

gm2(gm0 + gm1)
Vref

The error current of one buffer stage can be expressed:

dI =
Vref

1
gm0

+ 1
gm1

− gm2Vgs2 (C.2)

Substituting the gate source voltage of transistor 2 gives:

dI =
Vref

1
gm0

+ 1
gm1

− gm2gm0gm1

gm2(gm0 + gm1)
(C.3)

Rewriting this gives the following expression:

Vref
dI

=
1
2
gm0 + gm1

gm0gm1
(C.4)

So one buffer section can be seen as a resistor with:

R =
1
2

( 1
gm0

+
1

gm1

)
(C.5)

Now the small signal equivalent of both buffer stages can be described by the
previously given small signal equivalent of one stage with the resistor as a load
that represents the other buffer stage.

The small signal equivalent of this can be seen in figure C.4. The lower
small signal equivalent is a rewritten version of the upper. The transistors for
the current mirror are equal as well as the currents and therefore holds:
gm6 = gm7.

From this the gate source voltages of transistors 5 and 6 can be derived:

Vgs6 =
gm5V gs5
gm6

(C.6)

Vgs5 =
−I3
gm5

with:

I3 = I2 − dI (C.7)

I2 =
(
Vref + Vgs5

)
gm4
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gm5Vgs5

gm7

1

gm4

1
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+

-
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+
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+
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Figure C.4: The small signal equivalent of one buffer stage

Substituting these in equation C.6 gives:

Vgs5 =
−(Vref + Vgs5

)
gm4 − dI

gm5
(C.8)

Vgs5 =
−gm4
gm5

Vref + dI
gm5

1 + gm4
gm5

Vgs5 =
−gm4Vref + dI

gm5 + gm4

Now all the gate source voltages are know. The influence on the reference
voltage for varying currents can be investigated: For the current I1 is known:

I1 = −Vref
R

(C.9)

and

I1 = I2 − gm6Vgs6 (C.10)

I1 = I2 − gm6
gm5V gs5
gm6

(C.11)

I1 = I2 − gm5V gs5

In the last equation the previous found equation for I2 can be substituted.

− Vref
R

=
(
Vref + Vgs5

)
gm4 − gm5Vgs5 (C.12)
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substituting the equation for Vgs5 and rewriting gives:

− Vref
R

= Vrefgm4 −
(
gm5 − gm4

)
Vgs5 (C.13)

Substituting Vgs5 (equation C.8) gives:

− Vref
R

= Vrefgm4 +
(
gm5 − gm4

)gm4Vref + dI

gm5 + gm4
(C.14)

Rewriting this to Vref :

Vref = dI

gm5−gm4
gm5+gm4

1
R + gm4 + gm5−gm4

gm5+gm4

(C.15)

Rewriting gives:

Vref
dI

=
(gm5 − gm4

gm5 + gm4

)( 1
1
R + gm4

)
+

1
gm4

(C.16)

For the matching in the buffer FinFets M0 and M4 have to be equal and
have the same current as well as M1 and M5:

gm0 = gm4 (C.17)
gm1 = gm5

R =
1
2

( 1
gm0

+
1

gm1

)
The previous equation can therefore be simplified:

Vref
dI

=
(gm1 − gm0

gm1 + gm0

)( 1
2gm0gm1
gm0+gm1

+ gm0

)
+

1
gm0

(C.18)

To simplify the previous equation:

dI

Vref
=
(gm1 + gm0

gm1 − gm0

)( 2gm0gm1

gm0 + gm1
+ gm0

)
+ gm0 (C.19)

=
3gm0gm1

gm0 − gm1
+

gm2
0

gm0 − gm1
+ gm0

This gives:

Vref
dI

=
1

gm0

(
4gm1

gm1−gm0

) (C.20)

The intend for this calculation was to find an expression for the error on
the reference voltage because of the current ratio. So the gm terms have to be
substituted with:

gm0 =
√

2knIa (C.21)

gm1 =
√

2knIb
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This gives:

Vref
dI

=
1

√
2knIa

(
4
√
Ib√

Ib−
√
Ia

) (C.22)

The currents in the differential pair are a ratio from the current source:

Ia = (1− α)Iref (C.23)
Ib = αIref

This gives:

Vref
dI

=
1√

2kn(1− α)Iref
(

4
√
α

√
α−
√

(1−α)

) (C.24)

=
1√

2knIref

√
α−

√
(1− α)

4
√
α
√

(1− α)

=
1√

2knIref

1−
√

1
α − 1

4
√

1− α

In this equation Ia and Ib are the currents flowing through the branches of
the differential pair. When α is a half both branches have an equal current.
The limits are α is zero (all current is in Ia) or α is one (all current is in Ib).

For the error on the reference these limits show that when the differential
pair is in balance there is no error at the output while most current is in one
branch the error becomes very large.

So for the design of the buffer two conditions are important:

• Small current ratio in the differential pair

• Matched current sources (small difference in drain source voltage)

Both conditions have a contradiction, because in the proposed schematic
the drain source voltage of the current mirror has to be low (a larger gate
source voltage) to have a small current ratio at high or low temperatures. On
the other hand when the drain source voltage is low the current sources will
not match very well.
This problem cam be solved by decreasing the voltage step on the input of the
buffer. This can be done by using more buffer stages.
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