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Abstract This work presents a computer-aided design

(CAD) approach for voltage reference circuits by control-

ling main characteristics, such as temperature coefficient,

power consumption, mismatch caused by the manufactur-

ing process, transistor area and output noise. The CAD tool

and the proposed methodology allow the designer to obtain

accurate and optimum initial circuit sizing, thereby

reducing the large number of computer runs usually

required in voltage reference circuit designs. An illustrative

example was carried out in a 180 nm CMOS process and

verified by post layout simulations, whose results were in

close agreement with the tool predictions, as shown in this

paper. The reference circuit achieves an output voltage of

500 mV, a temperature coefficient of 15.19 ppm/�C over

the temperature range of -40 �C to 100 �C, a maximum

quiescent current of 5 lA, a power supply rejection ratio of

-57 dB, and a line regulation of 0.250 % from 1.2 to 1.8 V

supply voltage. The chip occupies an area of 0.072 mm2.

Keywords CAD � Multi-threshold �Mutual-compensation �
Voltage-reference

1 Introduction

A major challenge faced by integrated circuit (IC)

designers is the choice of adequate design approach to

achieve a specified circuit performance, while improving

time-to-market. Usually, the limited time available for the

design stage leads to a trial-and-error procedure, which

requires a large number of simulations to ensure correct

operation under manufacturing process variations. There-

fore, area, power consumption, and other features are not

always optimized. The development of CAD tools based on

device models to help in the IC analog design [11, 8]

allows efficient solutions by decreasing both number of

simulations and design time.

This work presents a CAD tool for voltage reference

circuit design by determining characteristics such as tem-

perature coefficient (TC), power consumption, mismatch

caused the manufacturing process, area, and output noise.

One of the challenges in CAD tool development of voltage

reference circuits is the device modeling along the tem-

perature range of interest, to cover both industrial and

commercial ranges. An additional difficulty is the com-

pensation of manufacturing process effects, such as mis-

match and process variations.

By using proper device models, it is possible to carry out

symbolic simulations, and through a cost function deter-

mine initial sizing with optimized features. The design

methodology advanced in this paper allows the designer to

obtain initial sizing devices at a low computational cost

and high accuracy. The primary contributions of this work

are a CAD tool development and a novel design method-

ology, which, according to what has been found on the

literature, reduces a gap in design techniques of voltage

references.

This paper is organized as follows. Section 2 presents

device models, circuit equations and proposed architecture

for the voltage reference circuit. Section 3 describes the

design methodology aided by the CAD tool. Section 4

assesses the circuit design and the CAD tool performances

through electrical simulations and comparisons with other
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works reported in the recent literature. Concluding remarks

are made in Sect. 5. Finally, in the appendix a temperature

compensation technique is shown.

2 Voltage reference circuit

In most system-on-chip applications a voltage reference

circuit that is insensitive to temperature, supply and process

variations, among other effects, is needed. A voltage ref-

erence circuit can be implemented by taking advantages of

the temperature behavior of bipolar transistors, MOS

transistors, and diodes [8]. Two topologies are commonly

employed to achieve a voltage-independent-of-absolute-

temperature (VIOAT ) performance: one obtained through a

pro-por-tio-nal-to-ab-so-lute–tem-pe-ra-ture (PTAT)

behavior plus com-ple-men-ta-ry-to-ab-so-lute-tem-pe-ra-

ture (CTAT) behavior [9], and other obtained by sub-

tracting a CTAT curve from a CTAT one [16].

A low cost technique capable of producing a near to

zero TC without using curvature compensation circuitry

can be derived by using topologies based on the subtraction

between two voltages that have similar temperature

behaviors, such as the so-called CTAT-CTAT in Fig. 1.

Usually these topologies are implemented in non-standard

CMOS processes, such as channel implant [16] and dif-

ferent gate components [14] to obtain two threshold volt-

ages that have similar temperature dependencies and close

offset voltages. In [17] a CTAT-CTAT mutual compensa-

tion was implemented, on a standard CMOS process, by

subtracting the difference between p-type and n-type

threshold voltages.

The design steps of a CTAT-CTAT voltage reference

circuit in standard 180 nm CMOS process is presented

next, and can be straightforwardly adapted to other tech-

nology nodes.

2.1 Devices models

In CAD tool design, as well as in theoretical analysis,

proper models must be chosen for the devices. The pro-

posed voltage reference exploits the multi-threshold MOS

transistor characteristics to achieve the mutual compensa-

tion, and hence the UICM model [13] is one alternative for

transistor modeling, since it allows analysis of MOS tran-

sistors at all inversion levels. The UICM equation that is

adequate to all inversion levels, when transistor operates in

saturation, is given by

VP � VSB ¼ UT � Fðif Þ ð1Þ

where

Fðif Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

1þ if
p

þ log
ffiffiffiffiffiffiffiffiffiffiffiffi

1þ if
p

� 1
� �

� 2 ð2Þ

VP ¼ VGB � VTo

n
ð3Þ

if ¼
ID

IS
ð4Þ

IS ¼
1

2
nK 0 W

L
U2

T
ð5Þ

where VSB and VGB are the source-to-bulk and gate-to-bulk

voltages, respectively, ID is the drain current, UT is the

thermal voltage, whereas if , n, VTo, K 0 and W / L are,

respectively, the inversion level (or forward current), slope

factor, threshold voltage, gain factor and aspect ratio of the

transistor. The technology dependence parameters n, VTo

and K 0 should be extracted from simulations, at fixed

temperatures, as proposed in [4]. In order to model their

temperature behavior we propose the use of second-order

polynomials, which are the result of fitting the parameters

at adequate points within the temperature range of interest.

Table 1 shows the results of the polynomial fitting, and

Fig. 2 presents their behavior along the temperature range.

2.2 Proposed architecture

To produce a CTAT current, it is usual to convert a voltage

into a CTAT current by using a CTAT generator [5]. The

structure proposed in this paper is depicted in Fig. 3, and its

main idea is to copy the voltage VG4 to VR, such that the

current through M4 is N-fold lower than that through R.

Therefore, the CTAT generator equation is given by

T

V
VCTAT1

T

V

VCTAT2

V

T

VIOAT

T0

⊕

Fig. 1 Illustrative diagram of the CTAT-CTAT technique

Table 1 Second-order polynomial fitting (p2T
2 þ p1T þ p0) for the

UICM parameters (T in Kelvin)

MOS Parameter p2 p1 p0

nn 3.37e-7 -2.51e-5 1.215

n-type VTon -1.02e-6 5.11e-5 408.5e-3

K 0
n 4.39e-9 -4.14e-6 113.5e-5

np 4.40e-7 -6.11e-5 1.276

p-type VTop -1.12e-6 -1.35e-5 479.8e-3

K 0
p 3.72e-10 -3.93e-7 141.8e-6
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VR ¼ R � NICTAT � VG4 ¼ VTon þ nnUT � Fðif4Þ ð6Þ

where Fðif4Þ is a function of the inversion level of M4 (if4),

as shown in Eq. (2). The required ratio of the transistor M4,

given a fixed inversion level at room temperature, is

derived as

W4

L4
¼ ICTAT

1
2
nnU

2
TK

0
nif4

¼ 2

NR

VTon þ nnUT � Fðif4Þ
nnU

2
TK

0
nif4

ð7Þ

Hence, the inversion level of M4 can be used to adjust the

temperature influence on the CTAT generator. Similar

approach was presented in [12]. This behavior along the

temperature for a 180 nm CMOS process is displayed in

Fig. 4. The condition

N � R[
1

gm4
ð8Þ

must be ensured to provide a stable negative feedback,

where gm4 is the transconductance of transistor M4. The

capacitance CL is chosen such that an adequate loop phase

margin is obtained.

Using two CTAT generator circuits, as indicated in

Fig. 5, where each circuit operates at different inversion

levels, the mutual compensation can be achieved. As a

result, the voltage output VIOAT is given by

VIOATðTÞ ¼ K2 � VG4;2ðT ; if4;2Þ � K1 � VG4;1ðT ; if4;1Þ ð9Þ

where

K1 ¼ a1 �
R3

N1:R1

¼ a11a13
a12

� R3

N1:R1

ð10Þ

K2 ¼ a2 �
R3

N2:R2

ð11Þ

and a11, a12, a13, a2, N1, N2 are current mirror factors of the

circuit shown in Fig. 5. The condition for mutual com-

pensation can be found by assuming that VIOAT does not

change with temperature, and differentiating both sides of

Eq. (9), which yields
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Fig. 2 Temperature behavior of the extracted second-order polynomials for the UICM parameters: a threshold voltage; b slope factor; c gain

factor
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Fig. 3 Schematic diagram of the CTAT generator circuit
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Fig. 4 Temperature influence on the CTAT generator at each

inversion level of M4 (if4 defined at T = 40 �C)
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oVG4;2ðT ; if4;2Þ
oT

� K2 �
oVG4;1ðT; if4;1Þ

oT
� K1 ¼ 0; ð12Þ

which can be written as

oVG4;1ðTo; if4;1Þ
oT

,

oVG4;2ðTo; if4;2Þ
oT

¼ K2

K1

ð13Þ

The detailed derivations of the parameters K1, K2 and the

inversion levels if4;1 and if4;2 needed to achieve the mutual

compensation are presented in the Appendix.

2.3 Mismatch analysis

In [6, 7] expressions for MOS transistor mismatch varia-

tions at all inversion levels was proposed. A similar

development can be used to obtain the variance of the

normalized voltage VR of the CTAT generator, that is,

r2
�DVR

VR

�

¼ 1

W1L1

N þ 1

N

"

A2
VTo

þ A2
K 0

ðgm1=ID1Þ2

#

þ 1

W4L4

"

A2
VTo

þ A2
K 0

ðgm4=ID4Þ2

#

ð14Þ

where AK 0 and AVTo
are technology dependent parameters

that model a normal distribution having zero mean and

variances given by, respectively,

r2ðDVToÞ ¼
A2
VTo

WL
ð15Þ

rðDK 0Þ
K 0

� �2

¼ A2
K 0

WL
ð16Þ

Thus, the variance of the normalized output current of the

current mirror circuit depicted in Fig. 6, assumes the form

r2
�DIDb

IDb

�

¼ r1 þ r2

r1r2

1

WL

h

A2
K0 þ ðgmb=IDbÞ2A2

VTo

i

ð17Þ

where r1 and r2 are the numbers of transistors connected in

parallel to implement Ma and Mb, respectively.

Moreover, the Eqs. (14) and (17) can be expressed as a

function of the inversion levels by using

gm‘=ID‘ ¼
2

nUT

ffiffiffiffiffiffiffiffiffiffiffiffiffi

if ‘ þ 1
p

þ 1
� � ð18Þ

where gm‘, if ‘ and ID‘ denote the transconductance, inver-

sion level and drain current of transistor M‘, respectively.

2.4 Noise analysis

The impact of thermal and flicker noises on the voltage

reference performance was addressed in this work. The

power spectral density (PSD) of the thermal noise current

at the output can be approximated by the contributions of

the transistors that are not in closed loop, yielding

SITN � Si3e;2 þ ðSi3e;1 þ Si5a;1Þ
a213
a212

þ Si5b;1 þ SvR3

1

R2
3

ð19Þ

where

Si‘ ¼
8

3
nkBT � gm‘ ð20Þ

SiR3
¼ 4kBT � R3 ð21Þ

are the PSDs of the currents throughM‘ and R3, respectively.

The PSD of the flicker noise current at the output for both

CTAT generator 1 and CTAT generator 2 are derived as
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Fig. 5 Schematic diagram of the voltage reference circuit
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L

Fig. 6 Schematic diagram of a simple current mirror (see Eq. (17))
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SIFN1 ¼
a211a

2
13

a212
½Sv4;1 � g2m4;1 þ 2 � Sv3c;1 � g2m3c;1

þ ðSv1a;1 þ Sv1b;1Þ � g2m1b;1 þ 2 � Sv2a;1 � g2m2a;1
i

þ ðSv3a;1 þ Sv3b;1 þ Sv3e;1Þ � g2m3e;1
a213
a212

þ ðSv5a;1 þ Sv5b;1Þ � g2m5b;1 ð22Þ

SIFN2 ¼ a22

h

Sv4;2 � g2m4;2 þ 2 � Sv3c;2 � g2m3c;2

þðSv1a;2 þ Sv1b;2Þ � g2m1b;2 þ 2 � Sv2a;2 � g2m2a;2
i

þ ðSv3a;2 þ Sv3b;2 þ Sv3e;2Þ � g2m3e;2 ð23Þ

where Sv‘ is the PSD of the flicker noise voltage for each

transistor M‘ and according to [1], it can be derived as

Sv‘ ¼
2p
w

No

W‘L‘

 

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ if ‘
p

2

!2

� logð1þ if ‘Þ
if ‘

ð24Þ

where No is the flicker noise constant, w is the frequency (in

radians), if ‘, W‘ and L‘ are the inversion level, width and

length of the transistorM‘, respectively. Therefore, the total

PSD of the noise voltage at the output can be derived as

SvOUT ¼ R2
3 � ðSIFN1 þ SIFN2 þ SITN Þ ð25Þ

and the dominant pole which the power noise must be

integrated can be approximated by 1=ðR3CL3Þ.

3 CAD tool for voltage reference circuit design

The proposed equation-based CAD tool was implemented

in a graphic user interface with the purpose of producing a

simple methodology for optimized initial device sizing.

The design of the voltage reference circuit aided by the

CAD tool is described in the flow diagram of Fig. 7, which

can be summarized into two main steps:

Step 1. Enter parameters R1, R2, if4;1, if4;2, a1 and a2
to adjust the mutual compensation and VIOAT (To) to

establish the reference voltage at room temperature,

and hence determine power consumption, TC,

and R3.

Step 2. Enter desired mismatch value for VIOAT and

minimum transistor dimensions. These parameters are

then used by the optimization algorithm to minimize

the circuit area. The cost function comprises a weighted

combination of Eqs. (14) and (17) to exploit tradeoffs

between area and mismatch. Capacitor CL3 influences

the output dominant pole, and therefore its value is

needed for noise power computation. Desired area,

noise power and device dimensions are saved in an

output file.

A snapshot of the user interface is presented in Fig. 8.

As can be seen at the top left corner, the user selects the

following mutual compensation parameters: mirror factors

a1 e a2, resistances R1 and R2, inversion levels if4;1 and

if4;2, the desired temperature range, and the nominal output

reference voltage. The predicted circuit behavior is shown

in three graphics at the selected temperature range. These

curves show the resulting voltages VG4;1 and VG4;2, currents

a1ICTAT1 e a2ICTAT2, and reference voltage VIOAT .

At the bottom left of the window are the input param-

eters, namely, the minimum transistor dimensions WMIN

and LMIN , the desired mismatch on VIOAT , and the output

capacitance CL. The obtained results are displayed at the

bottom left corner, including the estimated area occupied

by the transistors, the estimated mismatch on VIOAT , and

the estimated RMS noise voltage. The device sizes are

saved in the file result.txt, as shown at the bottom right

corner.

4 A design example

A design example was developed in a 180 nm standard

CMOS process and validated through post-layout simula-

tions using Spectre. The temperature behavior simulations of

the voltage reference circuit and the CAD tool predictions

can be seen in Fig. 9. Note that the temperature coefficient

obtained by simulations is 15.20 ppm/�C, whereas the one

predicted by the CAD tool is 15.71 ppm/�C. These TC

values follow the definition given by

TC ¼ VIOATmax � VIOATmin

DT � VIOATnom

� 106ðppm=�CÞ ð26Þ

where VIOATmax, VIOATmin and VIOATnom are, respectively, the

maximum, minimum and nominal values of the reference

voltage within the temperature range DT . The small

VIOAT

T (C)
T0

TC (ppm/◦C)

Power
Consumption

R3

R1 R2

if4,1 if4,2

α1 α2

VIOAT (T0)

σ ΔVIOAT

VIOAT

CL3

WMIN

LMIN

Circuit Area

.

gmj

IDj

gmi

IDi

User Settings

Automatic sizing with area optimization

Results

Noise

Total Area

Sizes W,L

Fig. 7 Diagram of the proposed design methodology
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prediction errors for the temperature coefficient and the

offset voltage are due to the fact that transistor parameters

extraction was made for the particular case in which the

drain voltage is equal to the gate voltage, hence ignoring

mobility reduction effects.

The mismatch variations estimated by the CAD tool

were evaluated through Monte Carlo simulations as shown

in Fig. 10. The histogram indicates a mean value of the

output voltage of 500.7 mV and a standard deviation of

1.71 mV. Both results correspond to a relative standard

deviation of 0.34 %, slighty lower than 0.37 %, which was

estimated by the CAD tool. The importance of controlling

mismatch variations of the voltage reference is that it can

be reduced simultaneously with the temperature coefficient

variations, since the ratio K2=K1 given by Eq. (13) is

determined by current and resistance ratios. The influence

of such variations on the performance of the voltage ref-

erence is presented in Fig. 11 through process and mis-

match simulations after calibration of the output voltage at

40 �C (without TC calibration), which was carried out by

varying the value of R3.

Fig. 8 Graphical user interface of the development CAD tool

Temperature (°C)

V I
A

O
T

(m
V

)

−40 −20 0 20 40 60 80 100
499

499.2

499.4

499.6

499.8

500

500.2

500.4

500.6

500.8

501

501.2

CAD tool model (TC = 15.71ppm/°C)
Schematic (TC = 15.20ppm/ °C)
Layout (TC = 15.19ppm/ °C)

Fig. 9 Temperature behavior results of the CAD tool versus

simulations
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Fig. 10 Histogram simulation results of Monte Carlo mismatch

variations (N = 100) on VIOAT at 40 �C
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As shown in Fig. 12, the noise PSD behavior produced

by post-layout simulations of the voltage reference circuit

is closeagreement with the one given by Eq. (25) derived in

this work and incorporated to the CAD tool. The total noise

at the output obtained by simulations is 170 lVrms, whereas

the CAD tool predicted 154 lVrms.

Fig. 13 shows simulation result of the voltage reference

as a function of supply voltage. The circuit produces the

voltage reference value for supply voltage ranging from 1.2

to 1.8 V, and a line regulation

LR ¼ DVIOAT

DVDD

� 100 ð%Þ ð27Þ

of 0.250 %.
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Fig. 11 Histogram simulation results of Monte Carlo process and

mismatch variations (over 500 samples) of the circuit after calibration

at 40 �C : a VIOAT temperature behavior; b temperature coefficient

histogram; (c) VIOAT histogram at 40 �C
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Fig. 13 Simulated results of the voltage reference as a function of the

supply voltage: a output voltage at 40 �C; b temperature behavior

Table 2 Results obtained with the CAD tool and by post layout

simulations of the voltage reference circuit

Parameter CAD tool Simulation

TC 15.71 ppm/�C 15.19 ppm/�C

Max. Current @-40 �C 4.7 lA 5.0 lA

VIOAT @40 �C 500.0 mV 500.6 mV

VDDðminÞ N/A 1.2 V

Vnoise 154 lVrms 170 lVrms

rðDVIOAT Þ 0.37 % 0.34 %
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A performance summary of the CAD tool voltage ref-

erence is presented in Table 2. The transistor dimensions

are listed in Table 3. The resistances of R1, R2 and R3 are

equal to 500 kX and occupy approximately 44 % of the

total chip area (Fig. 14), which is 0.072 mm2. Placed inside

the resistor array, resistance R3 can be adjusted in the range

from 422.5 kX to 580 kX in steps of 2.5 kX, thereby

enabling calibration of the voltage reference after fabrica-

tion. The Pþ poly-silicon resistance is particularly adequate

since its temperature coefficient is smaller than those of the

other process resistances (Table 4).

Table 5 shows a comparison of the proposed voltage

reference circuit with state-of-the-art ones reported in the

literature. It can be concluded that the maximum current

consumption of 5 lA (at minimum temperature) of the

proposed circuit is lower than those of similar CTAT-

CTAT topologies, such that its power dissipation is sub-

stantially lower. This is due mainly to the fact that tran-

sistors that define the circuit currents (M4;1 and M4;2)

operate near weak and moderate inversion levels. The sil-

icon area of the proposed circuit is larger than that of the

other designs in Table 5, but this is the trade-off result for

controlling the mismatch variations below 0.37 %, which

can avoided a temperature coefficient calibration with a

mean about 35 ppm/�C.

5 Conclusions

In this work an efficient CAD tool was advanced for

voltage reference circuit design. The tool enables the

designer to determine the main features at a low compu-

tational cost. The fact that mutual compensation transistors

operate in sub-threshold region, accurately designed by the

CAD tool, makes the proposed approach suitable for low

power applications. The current consumption of the circuit

Table 3 Transistor dimensions obtained with the CAD tool

CTAT Generator 1 CTAT Generator 2

M W/L if M W/L if

M1a;1 100/3 0.1 M1a;2 107/9 0.5

M1b;1 25/3 0.1 M1b;2 27/9 0.5

M2a;1 3/44 13.3 M2a;2 3/65 32.6

M2b;1 3/44 13.3 M2b;2 3/65 32.6

M3a;1 12/30 41 M3a;2 12/39 90.4

M3b;1 3/30 41 M3b;2 3/39 90.4

M3c;1 3/30 41 M3c;2 3/39 90.4

M3d;1 3/30 41 M3d;2 3/39 90.4

M3e;1 12/30 41 M3e;2 24/39 90.4

M4;1 16/3.2 0.23 M4;2 7/28 6.0

M5a;1 30/10 13.3

M5b;1 33/10 13.3

M1,2

Digital calibration control

M5,1 M1,1
M4,2 M4,1

Capacitors

M3,2 M3,1

M2,1

Resistor Array 
M2,2

0.391 mm

0.186 m
m

Fig. 14 Layout of the proposed voltage reference

Table 4 Resistance parameters

Material Rsq (kX=sq) TC (ppm/�C)

Pþ Poly 0.260 160

Nþ Poly 0.370 -812

Pþ Diff 0.105 1340

Nþ Diff 0.072 1900

HR Poly 1.600 -1360

Table 5 Summary of the performance of the proposed voltage reference circuit

This work [2] [3] [10] [17]

Supply voltage (V) 1.2* 0.8 1.2 1.2 1.8

Current consumption (lA) 5 (max)* 6.8 120 36 8 (max)

Ref. voltage (mV) 500* 330.5 735 767 847

Temp. range (�C ) -40 to 100 -40 to 85 -40 to 120 -40 to 120 0 to 130

TC (ppm/�C) 15.19* 163* 1.0* 3.4 to 6.9 13.6

PSRR (dB) -57 @1 kHz* -47 @3.6 kHz* -30 @100 kHz -80 @400 Hz -72 @DC

Chip area (mm2) 0.072 0.013 0.063 0.036 0.011

Line regulation (%/V) 0.250* 0.600 - 0.054 0.0185

Noise (RMS) 0.54 lV/
ffiffiffiffiffiffi

Hz
p

* 232 lV* 388 lV 2 lV/
ffiffiffiffiffiffi

Hz
p

-

CMOS process (lm) 0.18 0.13 0.13 0.18 0.35

� Simulations
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designed as an illustrative example is 5 lA, which is lower

than what has been achieved in similar topologies reported

in the literature. In addition, the proposed architecture

produces an adjustable reference voltage, in the sense that

its value can be defined by setting the output resistance.

The small prediction error for the temperature coefficient

shows that the second-order polynomials, that were used to

model the transistors along the temperature range, are

adequate to voltage reference circuit designs.

Acknowledgments This work was supported by the Brazilian

research funding agencies CNPq and FAPERJ.

Appendix – mutual compensation approach

Using two CTAT generator circuits as shown in Fig. 3, we

obtain CTAT voltages given by

VCTAT‘ðTÞ ¼ K‘ � VG4;‘ðTÞ ‘ ¼ 1; 2 ð28Þ

where

VG4;‘ðTÞ ¼ VTonðTÞ þ
kBT

q
� nnðTÞ � Fðif4;‘Þ ‘ ¼ 1; 2 ð29Þ

The mutual compensation can be derived assuming that

VCTAT2ðTÞ minus VCTAT1ðTÞ does not change with tem-

perature, which can be established by the conditions

VCTAT2ðToÞ � VCTAT1ðToÞ ¼ VIOAT ð30Þ

oVCTAT2ðToÞ
oT

� oVCTAT1ðToÞ
oT

¼ 0; ð31Þ

where VIOAT is the desired output voltage and To is the

room temperature. Combining Eqs. (30) and (31), we

obtain,

K2 � K1 ¼
VIOAT

VTon � V 0
Ton � To

ð32Þ

K2F2 � K1F1 ¼
q

nnkB
� V 0

Ton � VIOAT

V 0
Ton � To � VTon

ð33Þ

Now, fixing the gain K1 and the function F1 through the

inversion level if1, as in Eq. (2), yields

K2 ¼
K1ðV 0

TonTo � VTonÞ � VIOAT

V 0
TonTo � VTon

ð34Þ

F2 ¼
K1F1ðV 0

TonTo � VTonÞ þ q
nnkB

VIOATV
0
Ton

K1ðV 0
TonTo � VTonÞ � VIOAT

: ð35Þ

Therefore, by using the calculated values for K1, K2, F1 and

F2, a mutual compensation (Eq. (13)) that generates the

voltage VIOAT at the output of the reference is achieved.

The proposed technique based on the above equations

takes advantage of the second term of Eq. (29), as follows.

Since the thermal voltage (kBT=q) has PTAT behavior and

Fðif Þ increases monotonically with if (see Fig. 15), the

inversion level can be used to adjust the temperature

influence according to Fig. 4. As illustrated in Fig. 16(a),

an increase of the inversion level if4;2 makes it possible to

reduce the temperature influence and increase the value of

the voltage VG4;2. Consequently, by multiplying VG4;2 by

the factor K2 [ 1, we can increase the temperature influ-

ence again, and create a voltage VCTAT2, which decreases

with the temperature at practically the same rate as that of

the voltage VCTAT1 (produced by K1VG4;1). Finally, the

difference between VCTAT2 and VCTAT1 yields VIOAT

(Eq. (30)). VIOAT . In Fig. 16(b) we present an illustrative

numerical example in which fixing VIOAT , K1 and F1, the

Inversion Level if

F
( i

f
)

10−1 100 101 102
−5

0

5

10

Fig. 15 Behavior of Fðif Þ according to the UICM model

TTo

K2 > 1

K1

VCTAT1

VG4,2(T, i f4,2)

VG4,1(T, i f4,1)

VCTAT2
V

VIOAT
i f4,2 > i f4,1

(a)

VIOAT = 500 mV
K1 = 1
F1 = −2.83 @i f4,1 = 0.298

Vton = 324.4 mV
Vton = −0.589 mV/K

process at 40 ◦C (Table 1)
Pertaining to the 180nm CMOS

Given parameters

From Eqs. (34) and (35)

K2 = 1.98
F2 = 1.30 ⇔ i f4,2 = 6.54

(b)

Fig. 16 Diagram of the proposed technique to achieve the mutual

compensation that takes advantage of the NMOS multi-threshold

characteristics: a graphical representation; b numerical example
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required values of K2 and F2 are obtained. To reduce power

consumption, F1 should be as low as possible, which is

limited by the value of VG4;1 at maximum temperature,

thereby ensuring the correct operation of M4;1.
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