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Abstract
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For conventional voltage reference generator design, one of the

conventional (threshold voltage) extractor in ElectronLett2007 [1] was proposed. This

circuit extracts the unit output voltage. However, power consumption is between 50

uW and 65 uW and resistors are also used. Another research in [2] reduced

the power and designed without resistors. However, the minimum power consumption is

1.14 uW, which is still microwatt level. Moreover, both of these circuits above only

generate unit output voltages. A paper published in JSSC1992 [3] proposed the circuits

to generate the n times output value. However, the output n should be an integer

number, which is discrete. This limits the circuit application. Moreover, the JSSC1992 [3]

circuit is not low power design.

For conventional reference circuits independent of temperature, the famous classical

bandgap reference circuit was proposed by Widlar in JSSC1971 [4], and modified by

Brokaw in JSSC1974 [5]. After these classical circuits, the minimum supply voltage VDD

of the bandgap reference circuit is firstly reduced to 0.84 V in JSSC1999 [6]. However,

all these works use resistors.
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In Chapter 3, an accurate nano-Watt supply-insensitive CMOS unit Vth extractor and

a low power times Vth ( Vth) extractor with continuous variety (CTAT reference

voltage circuits) are proposed. The proposed circuits are using only CMOS transistors
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working in strong inversion region. The technique is controlling the overdrive voltage Vov

by changing transistor sizes. For the Vth extractors, both incremental and decremental

Vth voltages are obtained by simply adjusting the transistor sizes. Both simulation and

chip measurement are done based on a 0.18 um process. The simulation results show that,

for the unit Vth extractor, the power consumption is 265 nW, which is approximately 1/5

of that in [2] and 1/200 of that in ElectronLett2007 [1]. Supply voltage

dependence is 0.027%/V, which is approximately 5 times smaller than the results in both

ElectronLett2007 [1] and [2]. For the Vth extractor, the power

consumption is realized from micro-Watt to nano-Watt, and supply voltage dependence

is 0.146%/V. Vth JSSC1992

Vth extractor

Vth extractor
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1.2

1.2.1

PTAT/CTAT reference circuits usually generates linear temperature dependent

output voltage by threshold voltage or thermal voltage . For low power

PTAT/CTAT generators design, one of the conventional extractor is shown in Fig. 1.2
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(a) . The circuit is designed using resistors [1]. The current consumption is between 50

uA and 65 uA when the supply voltage is between 1 V and 3.6 V, respectively. Both the

power consumption and supply voltage dependence are not small. Moreover, resistors are

used that limits its application and costs large chip area.

1.2: Low power PTAT/CTAT generators without resistors.

Another circuit as shown in Fig. 1.2 (b) is realized by combining a simple low

voltage extracting block and novel feedback without resistors [2]. The power

consumption is 1.14 uW, with the 0.1%/V supply voltage dependence at room

temperature.

Even these two circuits are low power design, the power consumptions are still

microwatt level. Moreover, both of the voltage outputs extract only unit voltage.

(a)
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1.3: N times extractor circuit in [3].

In Fig. 1.3, the extractor was proposed, which has the ability to generate N time

output voltage . Two types of extractors were presented: one is incremental and

the other is decremental. An n*n2 transistor array was presented to realize Vout=NVth [3].

Thus, the output voltage is easily used with a wide range of application, like level shifting,

temperature compensation, and centigrade sensors for temperature measurement. The

value is changing by integer values. However, this integer changing limits the application.

Moreover, in this circuit, low power design is not considered.

1.2.2 Conventional bandgap reference circuits
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(a)
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1.3

1.
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continuously changing output value is

generated. This output is capable to be applied directly to other circuits without Op-

Amp.

2. A CMOS bandgap reference circuit without resistors is designed. The minimum

supply voltage is reduced by using a CMOS voltage divider between two differential

pairs. Moreover, both temperature coefficient and supply voltage dependence are

reduced by a new current source, which has a negative temperature dependence. Its

temperature coefficient is compensated by only adjusting W/L ratios of two

differential pairs.

1.4

1.4.1
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1.

2.

3.

4.

5.

1.

2.

3.

1.4.2



îì



îë

1.5



îê



îé

2

2.1



îè



îç

2.2

2.2.1



íð

2.2.2



íï

Model parameters.

2.2.3

Gate Oxide Thicknes s

Thres hold Voltage

Gate L ength

Gate Width
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In the correlation matrix, the correlation value is from -1 to 1. For two parameters,

if the correlation value equals 0, it means that these two parameters have no correlation

relationship. If the correlation value equals 1, it means these two parameters are positive

correlated. Conversely, if the correlation value equals -1, it represents the negative

correlation of these two parameters. Meanwhile, because correlation value can be any

values from -1 to 1, larger absolute value of correlation value represents stronger

correlation relationship.
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where is the diagonal matrix containing the eigenvalues of the correlation matrix, U is

the corresponding eigenvector of the correlation matrix. S=(P- is the parameter P

after standardization, where and are the mean value and standard deviation of

parameter P, respectively.

2.2.4
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2.3

Experimental results are based on the measurement data of OP-Amp circuits using

0.65 um process technology on some wafers. These wafers belong to 19 different lots.

Every lot includes 25 wafers and every wafer includes 3 chips. Each chip includes 3 same

circuits at different positions. For every chip, the transistor parameters , , ,

and current factor of NMOS and PMOS transistors are measured.

Firstly, the local variation is extracted. For local variation in the proposed model,

only two parameters and are needed to be obtained, where and are

two parameters of . A practical method to extract these local variation parameters

is proposed.

As shown in Fig. 2.2, two MOS transistors on every chip are chosen. For all

transistors marked 1 on every chip have the same size and all transistors marked 2 have

another same size. Then the total value expression of one parameter for these two

transistors on one chip is shown below:
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, (9)

, (10)

where is the wafer number, is the chip number, and are the total value

for MOS transistor 1 and 2. is the typical value, is the global variation,

and are the local variation.

Because transistors 1 and 2 are on the same chip, the typical value and global

variation are same. An equation is obtained through subtracting Eq. (9) by Eq. (10):

, (11)

then the standard deviations of both sides of Eq. (11) are calculated:

. (12)

Because the local variations for transistors 1 and 2 are independent, the Eq. (12) is

simplified as:

. (13)

Applying the standard deviation equation for local variation to Eq. (13) and getting

the last equation:

, (14)

where is the coefficient, and are the length of transistor 1 and 2,

and are the width of transistors 1 and 2. Actually, the parameter and are

easily measured, the length and width of MOS transistors are also easily obtained.

Therefore, for Eq. (14), is known, the length and width are also known,

thus Eq. (14) is easily solved. After solving Eq. (14), the value of is obtained. Finally,

the standard deviation for local variation of MOS transistors is calculated using Eq. (8).

After obtaining the local variation for MOS transistors, the global variation is
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calculated easily. Firstly, the variances of the both sides of Eq. (1) are calculated:

. (15)

Because is a constant value, the Eq. (15) is simplified as:

. (16)

For a transistor, the global variation and local variation are independent, therefore

Eq. (16) is further simplified as:

. (17)

In Eq. (17), is easily obtained through chip measurement, is

calculated using obtained before. Thus, Eq. (17) is solved and the standard deviation

of global variation is expressed as:

. (18)

The correlation matrix is an important component of the proposed model. An

approximate method to extract the correlation matrix of global variation is proposed.

Some chips are chosen, every chip have some parameters as shown in Fig. 2.3.

Firstly, calculating the mean value of parameter for every chip as Eq. (19):

, (19)

where is the chip number, is the number of transistors on one chip, is the mean

value of parameter for chip , is the value of the parameter for transistor
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on chip .

Then the mean value of parameter among different chips is calculated, and this

mean value is expressed as:

. (20)

Similarly, the two mean values of the other parameter is also expressed in the

similar way:

, (21)

. (22)

Finally, the correlation value of global variation for parameter and is

expressed as:

. (23)

The proposed method is used to obtain the model parameters. These model

parameters include three parts whose real values are not shown due to the confidential

contract:

The standard deviation of global variation for 4 parameters about NMOS and

PMOS (Table 2: , , , are

the standard deviation of , , and for NMOS; ,

, , are the standard deviation of , ,

and for PMOS).

Global variation parameter.
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The correlation matrix of global variation for 4 parameters about NMOS and

PMOS as shown in Eq. (24):

(24)

The coefficient of local variation for 2 parameters about NMOS and PMOS

(Table 3: and are the coefficient of local variation about

and for NMOS; and are the coefficient of local

variation about and for NMOS). The coefficient of local variation for

oxide thickness is obtained from the coefficient of local variation for current

factor .

Local variation parameter.

Firstly, the coefficient and are extracted from the chip

measurement data. Then the local variation percentages of and are

calculated. After that, it is assumed that, the oxide thickness of NMOS and PMOS

have the same local variation percentage as and , respectively.

Finally, the value of and are obtained according to the local

variation percentage.
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After obtaining the model parameters, the proposed model is applied to do

statistical analysis of Op-Amp using Monte Carlo analysis. The performance

parameters of Op-Amp are also compared with practical measurement data.

The performance parameters of Op-Amp are voltage gain and current

consumption. The distribution of these two performance parameters obtained from

chip measurement and simulations using the proposed model are shown in Fig. 2.4

and Fig. 2.5, respectively.

Fig. 2.4: The distribution of voltage gain obtained from chip measurement and

simulation.

Fig. 2.5: The distribution of current consumption obtained from chip measurement

and simulation.
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3

3.1

The threshold voltage ( ) is one of the most salient characteristics of the metal-

oxide-semiconductor (MOS) transistor. Traditionally, is extracted using graphical or

numerical methods [44]; however, these methods are complicated, too expensive to

implement on chips, and only applied for measuring MOS transistor characteristics.

A extractor is a circuit that automatically extracts the of a MOS transistor and

generates the value as an output voltage. The extractor is useful for process

characterization, device modelling, temperature compensation and temperature

measurement [3][22][24][45]-[47].

First-generation unit extractors require a reference voltage for biasing [3][45][48].

To solve this problem, self-biased unit extractors have been proposed [49]-[51]. A

extractor is also used to cancel out voltage in several V-I and I-V conversion circuits

or produce accurate bias conditions. For these uses, the extractor sometimes needs

battery operation; therefore, the power consumption of the extractor is a factor that

cannot be ignored. Thus, accurate low power consumption CMOS unit Vth extractors have

been proposed [1][2], which consume several micro-Watts of power. However, circuits
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with nano-level power consumption are required nowadays. With these issues in mind,

an accurate nanopower supply-insensitive CMOS unit extractor is needed.

Voltage extractors whose output voltages follow linearly to temperature are also

required nowadays. Considering the applications of temperature independent reference

voltage circuit and temperature sensor for portable devices, some researches have been

done in the area of low power times variable voltage extractors design. For the first

application, a voltage generation circuit with positive temperature dependence and a

negative temperature dependent extractor are commonly used [24][47]. To

compensate temperature dependence, careful design is needed. When continuous

times extractor is applied, the adjustment of temperature dependence becomes much

easier for optimized value generation. Both extractor with Op-Amps and bipolar

junction transistor (BJT) circuits realize continuous times temperature dependent

voltage extraction [22]-[24][47][52]. However, the power consumption is a problem.

Moreover, BJT solution requires curvature correction because its temperature dependence

is not linear. For low power CMOS circuit design, an times extractor ( is an

integer) is proposed in [3]. Although the power consumption and cost is reduced, it does

not have a merit of continuous times extractor.

In this paper, an accurate nanopower supply-insensitive CMOS unit extractor and

a low power times ( ) extractor with continuous variety are proposed by

overdrive voltage control technique. With the extractors, both incremental and

decremental voltages are obtained by simply adjusting the transistor sizes. The

target is that, the power consumption be smaller than 1 uW (nanopower) and supply-

sensitivity be less than 0.05%/V (half of conventional circuits) for unit extractor. The

power consumption realize from micro-Watt to nano-Watt, and supply-sensitivity be less
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than 0.15%/V (close to conventional unit extractors) for extractor.

3.2

In this section, a self-biased nanopower CMOS unit extractor circuit is proposed.

In 3.2.1, circuit and operation are introduced. In 3.2.2, output voltage stability is analyzed.

In 3.2.3, overall tradeoff is shown. The extraction is discussed in 3.2.4. Finally, the

layout discussion is shown in 3.2.5.

3.2.1
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3.2.2
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Temperature dependence is mainly caused by subthreshold current, because it is not

included in Eqs. (29), and (30)-(32), and it has a different temperature dependence as

compared with saturation current.

If is close to zero, the subthreshold current cannot be neglected. On the other

hand, a too large value of Vov increases the minimum supply voltage and power

consumption. Thus, the Vov value should not be too large either. The smallest Vov is

selected at which the subthreshold current is neglectable.

Vov

Vov

Vov
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3.2.3

Three cases are compared to discuss tradeoffs. Transistor sizes are summarized in

the upper half of Table 4. Case 1 uses a minimum width of 0.18 um to reduce the gate

area; The width is increased to 1 um in case 2 with nearly the same length, and the gate

area is increased to reduce mismatch; The same width used in case 2 is maintained in case

3 while the length is reduced to obtain a smaller gate area.

In each case, local variation has been simulated using the model in [53]. The output

voltages are compared with . For the local variation, both the random Vth

variation, and the random K variation are considered. The and are extracted

from [54], where mV*um, mV*um and

%*um.

For the circuit design, one of the case is chosen considering the tradeoffs between

supply voltage, mismatch, power, and noise shown in the lower half of Table 4. For case

1, the current, power consumption, and gate area are the smallest. However, the mismatch

is 4.25% and the noise error is 0.46%. For case 3, the gate area is nearly the same as case

1 and the noise error is reduced to 0.05%. The mismatch is 2.82%, which is still more

than 1 %. Moreover, the power consumption is close to 1 uW. For case 2, the power

consumption is small and its each error is smaller than 1%. However, the area of case 2

is the largest. From the viewpoint of performance (noise, mismatch and power

consumption), case 2 is chosen as this proposed unit Vth extractor circuit design.
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3.2.4

In this section, an extractor is proposed. Continuous extractors without op-

amp have not been proposed in previous works. Its continuous varying is realized by

changing the overdrive voltage, which is adjusted by the W=L ratios of the transistors.

MOS trans is tors (um) (um) (um) (um) (um) (um)

M1 0.5 4 2 16 0.5 1

M4 1 4 4 16 1 1

M5 0.25 4 1 16 1 1

M2 0.18 110 1 120 1 40

M8 0.18 440 1 480 0.25 40

M9 0.18 110 1 120 1 40

M3 0.18 790 1 720 1 250

M6 0.18 100 1 120 1 100

M7 0.18 110 1 120 1 40

(V)

(nA)

Power consumption (nW)

Minimum (V)

Nois e (uV/sqrt Hz)

Nois e error

Mismatch

Gate area (um
2
)

CASE 1 CASE 2 CASE 3

0.15 0.15 0.15

2.25 24.2 62.5

50 179.3 865.2

1.6 1.6 1.6

1.11 0.77 0.55

305.8 1792 461.5

0.46% 0.12% 0.07%

4.25% 0.55% 2.82%
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An incremental extractor and a decremental extractor are proposed. The

incremental is a reference voltage that has a positive dependence on the threshold

voltage and the output value is times of unit value of an NMOS transistor. The

decremental is a reference voltage that has negative dependence on the threshold

voltage and the output value is a constant voltage minus times of the unit value of

an NMOS transistor.

Figure 3.5 shows the extractor circuit consists of both incremental and

decremental parts. The incremental circuit is the same as the unit extractor circuit.

For the decremental circuit, NMOS transistors M11 and M12 are added, and is a constant

bias voltage. The output voltage is the same as the unit circuit. The output voltages

of , , and are incremental; the output voltage of is decremental.
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3.3.2



êì



êë



êê

3.3.3
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3.4

The proposed circuit is designed under 0.18 um process technology. The chip

Ì¸·­ ©±®µ ÅïÃ ÅîÃ

Ì»½¸²±´±¹§ ø«³÷ ðòïè ðòíë ðòè

Í«°°´§ ª±´¬¿¹» øÊ÷ ïòêóî ïóíòê îóë

­»²­·¬·ª·¬§ ¬± ðòðîéûñÊ ðòïîûñÊ ðòïðûñÊ

­»²­·¬·ª·¬§ ¬± ¬»³°ò ó ó

ðòðíû ó ó

ðòêçû íòîðû ó

ðòêðû ó ó

ðòëêû ó ó

ðòìïû ó ó

Ð±©»® Ý±³­«³°¬·±² îêë ²É ëð «É ïòïì «É

Ò±·­» ø«Êñ­¯®¬ Ø¦÷ ðòèè ó ó

Ì¸·­ ©±®µ ÅíÃ

Ì»½¸²±´±¹§ ø«³÷ ðòïè í

Í«°°´§ ª±´¬¿¹» øÊ÷ ïòêóî ë

­»²­·¬·ª·¬§ ¬± Òñß

¬·³»­ ¿°°´·½¿¬·±² Ý±²¬·²«±«­ ×²¬»¹»®

Þ·¿­ Í»´ºó¾·¿­»¼ Þ·¿­ ª±´¬¿¹» ²»»¼»¼



êè

photograph of the proposed circuit without resistors is shown below in Fig. 3.20:

ÓÑÍ ¬®¿²­·­¬±®­ ø«³÷ ø«³÷

Óï ðòë ì

Óì ï ì

Óë ðòîë ì

Óî ðòïè ïïð

Óè ðòïè ììð

Óç ðòïè ïïð

Óí ðòïè éçð

Óê ðòïè ïðð

Óé ðòïè ïïð
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The supply voltages dependences of output voltages are measured as shown in Fig.

3.23 from 3 different chips. The sensitivity is around 1.57%/V for the average

performance of chip 3. Comparing with the simulation result of 0.027%/V, the

measurement is worse than the simulation result.
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4.4

Temperature ( ID2(nA) IM9(pA)

0 82 77

25 75 94

70 65 126
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4.4.1

Figure 4.6 presents the simulated characteristics of the conventional

and proposed circuits, respectively. In the conventional BGR circuit illustrated in Fig. 4.2,

output reference voltage is 1.115 V, and the minimum supply voltage is 2.2 V. For the

proposed BGR, the output reference voltage is 0.5 V. The simulated minimum supply

voltage is 0.85 V. Comparing the simulation results of the proposed circuit and the

conventional circuit, the minimum supply voltage is reduced of about 50%.
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4.4.2

Figure 4.7 shows the output voltage versus temperature with the temperature

variation from 0 to 70 . The average reference voltage is 0.5 V, which is almost

half of the conventional BGR circuit in [7]. The temperature coefficient of the proposed

circuit is improved to 3.5 ppm/ , compared with the 119.7 ppm/ temperature

coefficient in [7].

4.5

The chip photograph of the proposed bandgap reference circuit without resistors is

shown below in Fig. 4.8.
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Figure 4.9 presents the measurement characteristics of proposed circuit

at room temperature. The output reference voltage is 0.5 V. Although the

dependence is not very small during the range from 0.85 V to 1.2 V, the circuit is

still under operation situation. The measured minimum supply voltage is 0.85 V, which
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has a good agreement with the simulation results in Figure 4.6. The unstable range (

from 0.85 V to 1.2 V) is caused by that, this range is closed to the minimum supply voltage

of the CTAT current source.

he average reference voltage is 0.5 V,

which has a good agreement with the simulation results in Fig. 4.7. The measured

temperature coefficient of the proposed circuit is about
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Wider temperature range performance is also measured. Figure 4.11 shows the

measurement output voltage versus temperature with the temperature variati

ure

coefficient of the proposed circuit is onl ircuit has a small temperature

coefficient even in wider temperature range comparing with the conventional circuit in

[7].

4.12: Measured reference voltage distribution from 13
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4.13: Measured temperature coefficient distribution from 13 chips a

Figure 4.12 shows the measured reference voltage distribution from 1

The average output reference voltage value is 496.1 mV, and the standard deviation is

8.6 mV. The variation of different chips is around 1.5%. The median value of output

voltage is closed to the simulation typical value 500 mV.

Figure 4.13 is the measurement results of temperature coefficient distribution from

13 chips at 25 . The average temperature coefficient from these 13 chips is 8.54 ppm/ .

The minimum temperature coefficient 4.9 ppm/ is closed to the simulation typical

value 3.5 ppm/
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4.6
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4.7

A CMOS transistors BGR, which operates with sub-1-V supply voltage with the

small temperature coefficient has been proposed and verified. It is generated by adding a

CMOS voltage divider and a CTAT current source. The simulated minimum supply

voltage of 0.85 V and the temperature coefficien (0 ) been

achieved. The measured minimum supply voltage is also around 0.85 V. Temperature

coefficients are 4.9 ppm/ (0 ), and 8.6 ppm/

The

proposed BGR circuit is capable to solve the low voltage problems for the CMOS

bandgap reference circuit.
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