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DESCRIPTION 

RECONFIGURABLE DELAY CIRCUIT, DELAY MONITOR CIRCUIT USING SAID DELAY 

CIRCUIT, VARIATION COMPENSATION CIRCUIT, 

VARIATION MEASUREMENT METHOD, AND VARIATION COMPENSATION METHOD 

Technical Field 

[0001] The present invention relates to a delay monitor 

circuit for measuring signal transmission time for an operating 

integrated circuit on a chip, and a reconfigurable delay circuit 

usable therein. Further, the present invention relates to a circuit 

and method for measuring and compensating variations in transistors 

in an integrated circuit. 

Background Art 

[0002] Along with miniaturization of integrated circuits, 

variations in characteristics of transistors have been increased. 

The variations in their characteristics are broadly categorized into 

inter-chip variation component which causes uniform fluctuations of 

characteristics of transistors in a chips and on-chip variation 

component which causes independent fluctuations of characteristics 

of respective transistors. Such variations of transistor 

characteristics induce variations of signal transmission times in 

integrated circuits. In order to operate an integrated circuit with 

lowest possible energy consumption, there have been employed methods 

for compensating amounts of characteristic variations, by adjusting 

clock frequencies and power supply voltages to proper values or by 

adjusting voltages applied to transistor substrates, according to 

variations in transistor characteristics. In order to attain such 

adjustments, it is necessary to evaluate amounts of variations in 

characteristics of nMOS transistors and characteristics of pMOS 
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transistors. For this purpose, a delay monitor circuit composed of 

plural delay circuits connected in series (refer to Patent Document 

1, Non-Patent Document 1, and the like). 

[00 03] Figs. 18A-18C show examples of conventional delay 

circuits used in a delay monitor circuit, which are disclosed in 

Non-Patent Document 1. The delay circuit as shown in Fig. 18A is an 

ordinary inversion logic gate (inverter) which has delay 

characteristics determined by both the characteristics of the nMOS 

transistor and the pMOS transistor. The delay circuit as shown in 

Fig. 18B has a configuration having an nMOS pass transistor inserted 

to the gate of the nMOS transistor, and delay characteristics 

thereof are strongly influenced by the characteristics of the nMOS 

transistors. The delay circuit as shown in Fig. 18C has a 

configuration having a pMOS pass transistor inserted to the gate of 

the pMOS transistor, and delay characteristics thereof are strongly 

influenced by the characteristics of the pMOS transistors. 

[0004] Factors of variations in characteristics of 

transistors include threshold voltages and channel lengths. Here, 

regarding the delay circuits as shown in Figs. 18A to 18C, amount of 

fluctuation of the delay time with respect to amount AVthn of 

fluctuation of threshold voltage of nMOS transistor, and with 

respect to the amount AVthp of fluctuation of the threshold voltage 

of the pMOS transistor are determined, assuming that the amount AL 

of fluctuation of channel length is zero. It results in 

characteristics as shown in Fig. 19. In Fig. 19, solid lines A, B 

and C represent the characteristics relating to the delay circuits 

as shown in Figs. 18A, 18B and 18C, respectively. In the case of 

the delay circuit in Fig. 18A, AVthn and AVthp influence the delay 

time to the same extent. In the case of the delay circuit in Fig. 

18B, AVthn mainly influences the delay time. In the case of the 
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delay circuit in Fig. 18C, AVthp mainly influences the delay time. 

[00 05] The delay monitor circuit is composed of a ring 

oscillation circuit constituted by the delay circuits connected in 

series to each other in a number of stages which causes no logic 

inversion. The oscillation frequency of this circuit is determined 

by the delay times in the respective delay circuits. 

[000 6] Factors for determining an oscillation frequency of 

the delay monitor circuit composed of delay circuits which are all 

constituted by only either one of the circuits as shown in Figs. 18A 

to 18C can be approximated with AL, AVthn and AVthp for Fig.l8A, AL 

and AVthn for Fig. 18B, and AL and AVthp for Fig. 18C. The on-chip 

variation components of AL, AVthn and AVthp are induced at random. 

Therefore, the influences of the on-chip variations are cancelled 

with each other, and do not appear in a signal transmission delay 

time caused by transmission of signals through the delay circuits of 

the same type in the plural stages, while the influences of the 

inter-chip variations induced commonly among all the delay circuits 

appear therein. Accordingly, from the oscillation frequencies of 

the three types of the delay monitor circuits which are each 

composed of delay circuits which are all constituted by only either 

one of the circuits as shown in Figs. 18A to 18C, it is possible to 

extract the amount of inter-chip variation in amount of fluctuation 

of the threshold voltages of the nMOS transistors, in amount of 

fluctuation of the threshold voltages of the pMOS transistors, and 

in amount of fluctuation of the channel lengths of both the nMOS and 

pMOS transistors. 

[0007] Since the on-chip variation is phenomena induced at 

random, by preparing a statistically-meaningful number of delay 

monitor circuits, it is possible to extract the amounts of on-chip 

variations, from the amount of variation in the oscillation 
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frequencies of these delay monitor circuits. In order to improve 

the accuracy of the estimated amount of variation, it is necessary 

to prepare a large number of delay monitor circuits, which increases 

the chip area allotted for these delay monitor circuits. 

Prior-art Documents 

[0008] 

Patent Documents 

Patent Document 1: JP2001-44369A 

Patent Document 2: W099/12263 

[0009] 

Non-Patent Documents 

Non-Patent Document 1: Islam A.K.M. Mahfuzul, Akira 

Tsuchiya, Kazutoshi Kobayashi, Hidetoshi Onodera,"Variation-

sensitive Monitor Circuits for Estimation of Global Process 

Parameter Variation," IEEE Trans. Semiconductor Manufacturing, vol 

25, no 4, pp. 571-580, 2012/12. 

Non-Patent Document 2: Shuichi Fujimoto, Takashi 

Matsumoto and Hidetoshi Onodera, "Inhomogeneous Ring Oscillator for 

WID Variability and RTN Characterization," Proc. 25th IEEE 

International Conference on Microelectronic Test Structures, pp. 25-

30, 2012/03. 

Summary of Invention 

Problems to be Solved by the Invention 

[0010] As described above, in cases where a delay monitor 

is composed of conventional delay circuits, in order to estimate 

amounts of inter-chip variations, which are factors of variations in 

transistor characteristics, it is necessary to prepare delay monitor 

circuits having different delay characteristics, the number of the 
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delay monitor circuits being at least equal to or more than the 

number of the factors. Further, in order to estimate statistic 

amounts of on-chip variations, it is necessary to prepare a larger 

number of delay monitor circuits. 

[0011] Namely, in order to evaluate inter-chip variations 

and on-chip variations in transistors, with delay monitor circuits 

employing conventional delay circuits, a large number of delay 

monitor circuits are required. The chip area is increased depending 

on the number of the necessary delay monitor circuits, and thus 

there is a problem of increased chip manufacturing costs. 

[0012] The present invention has been made in order to 

overcome the aforementioned problem and aims at providing a delay 

circuit for use in a delay monitor circuit for measuring, on a chip, 

a signal transmission time in operating integrated circuit which 

enables suppression of increase of a chip area for the delay monitor 

circuit and reduction of the manufacturing cost. 

Means for Solving the Problem 

[0013] A first aspect of the present invention provides a 

reconfigurable delay circuit that is included in a delay monitor 

circuit for measuring a delay in a signal transmission time in an 

integrated circuit. The delay circuit includes an input node for 

inputting an input signal, an output node for outputting an output 

signal, a first inversion circuit, and a second inversion circuit. 

The first inversion circuit includes a serial circuit which contains 

a pull-up circuit adapted to connect a power supply potential to the 

output node when being turned on based on the input signal, and a 

pull-down circuit adapted to connect a ground potential to the 

output node when being turned on based on the input signal. The 

second inversion circuit includes a serial circuit which contains a 
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pull-up circuit adapted to connect the power supply potential to the 

output node when being turned on based on the input signal, and a 

pull-down circuit adapted to connect the ground potential to the 

output node when being turned on based on the input signal. The 

delay circuit further includes a first pass transistor connected in' 

series to the pull-up circuit in the first inversion circuit between 

the power supply potential and the output node, a second pass 

transistor connected in series to the pull-down circuit in the first 

inversion logic circuit, between the ground potential and the output 

node, a third pass transistor connected in series between the input 

node and an input of the pull-up circuit in the second inversion 

circuit, and a fourth pass transistor connected in series between 

the input node and an input of the pull-down circuit in the second 

inversion circuit. A delay characteristic of the reconfigurable 

delay circuit is changed by a combination of control signals applied 

to gates of the first to fourth pass transistors. 

[0014] With the aforementioned configuration, it is 

possible to realize circuit configurations having various delay 

characteristics, with a single delay circuit. For example, by 

making the pull-up circuits and the third pass transistor from pMOS 

transistors and by making the pull-down circuits and the fourth pass 

transistor from nMOS transistors, it is possible to realize, with a 

single delay circuit, 1) a circuit having a delay characteristic of 

a normal inversion logic gate (inverter), 2) a. circuit having a 

delay characteristic which is strongly influenced by characteristics 

of the nMOS transistors, and 3) a circuit having a delay 

characteristic which is strongly influenced by characteristics of 

the pMOS transistors. 

[0015] A second aspect of the present invention provides a 

delay monitor circuit for measuring a delay in a signal transmission 
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time in an integrated circuit. The delay monitor circuit includes a 

circuit including multiple above described delay circuits which are 

connected in series to each other in multiple stages. With this 

delay monitor circuit, it. is possible to measure various delay 

characteristics with a single delay monitor circuit, thus 

eliminating the necessity of providing a large number of delay 

monitor circuits. This can suppress increases of the chip area, 

thereby reducing the manufacturing cost. 

[0016] A third aspect of the present invention provides a 

method for measuring a variation in characteristics of circuit 

elements in an integrated circuit (in as semiconductor chip) using 

the above described delay monitor circuit. The measuring method 

includes a first step of setting the control signals for each stage 

in such a way as to make the delay circuit in a specific stage have 

a configuration different from configurations of the delay circuits 

in the other stages than the specific stage, and applying the set 

control signals to the pass transistors, a second step of measuring 

an output of the delay monitor circuit with the control signals 

being applied to the pass transistors, a third step of repeating the 

first step and the second step while sequentially shifting the 

specific stage, and a fourth step of measuring a variation in the 

characteristics of the circuit elements in a chip on which the 

integrated circuit is formed, based on a result of the measurement 

obtained in the third step. With the aforementioned method, it is 

possible to evaluate variations in transistors in a semiconductor 

chip. 

[0017] A fourth aspect of the present invention provides a 

method for measuring a variation in characteristics of circuit 

elements among semiconductor chips on each of which an integrated 

circuit is formed. The method includes a first step of setting the 
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control signals for each stage in such a way as to make the delay 

circuits in all the stages have the same configuration and applying 

the set control signals to the pass transistors, a second step of 

measuring an output of the delay monitor circuit with the control 

signals being applied to the pass transistors, and a third step of 

measuring a variation in the characteristics of the circuit elements, 

among the chips on each of which the integrated circuit is formed, 

based on a result of the measurement obtained in the second step. 

With the aforementioned method, it is possible to evaluate 

variations in transistors among semiconductor chips. 

[0018] Further, in the delay monitor circuit, at least a 

fifth pass transistor may be connected in parallel to the third pass 

transistor, and at least a sixth pass transistor may be connected in 

parallel to the fourth pass transistor. With this configuration, it 

is possible to evaluate variations in the third and fourth pass 

transistors, in the transistor-by-transistor basis. For this delay 

monitor circuit, the variation measuring methods in fifth and sixth 

aspects of the present invention are provided. 

[0019] The variation measuring method in the fifth aspect 

includes a first step of setting the control signals for each stage 

in such a way as to make the delay circuit in a specific stage have 

a configuration different from configurations of the delay circuits 

in the other stages than the specific stage, and applying the set 

control signals to the pass transistors, a second step of measuring 

an output of the delay monitor circuit, with the control signals 

being applied to the pass transistors, a third step of repeating the 

first step and the second step, while sequentially shifting the 

specific stage, and a fourth step of measuring a variation in the 

characteristics of the circuit elements in the chip on which the 

integrated circuit is formed, based on a result of the measurement 
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obtained in the third step. The second step includes a fifth step 

of turning on the third pass transistor while turning off the fifth 

transistor, and measuring an output of the delay monitor circuit, 

for the specific stage, a sixth step of turning off the third pass 

transistor while turning on the fifth pass transistor, and measuring 

the output of the delay monitor circuit, for the specific stage, and 

a seventh step of calculating a difference between a result of the 

measurement in the fifth step and a result of the measurement in the 

sixth step. With the aforementioned variation determination method, 

it is possible to evaluate variations in transistors in a 

semiconductor chip, on the transistor-by-transistor basis. 

[0020] The variation measuring method in the sixth aspect 

includes a first step of setting the control signals for each stage 

in such a way as to make the delay circuit in a specific stage have 

a configuration different from configurations of the delay circuits 

in the other stages than the specific stage, and applying the set 

control signals to the pass transistors, a second step of measuring 

an output of the delay monitor circuit, with the control signals 

being applied to the control signals to the pass transistors, a 

third step of repeating the first step and the second step, while 

sequentially shifting the specific stage, and a fourth step of 

measuring a variation in the characteristics of the circuit elements 

in a chip on which the integrated circuit is formed, based on a 

result of the measurement obtained in the third step. The second 

step includes a fifth step of turning on the fourth pass transistor 

while turning off the sixth transistor, and measuring an output of 

the delay monitor circuit, for the specific stage, a sixth step of 

turning off the fourth pass transistor while turning on the sixth 

pass transistor, and measuring the output of the delay monitor 

circuit, for the specific stage, and a step of calculating a 
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difference between a result of the measurement in the fifth step and 

a result of the measurement in the sixth step. With the 

aforementioned variation determination method, it is possible to 

evaluate variations in transistors in a semiconductor chip, on the 

transistor-by-transistor basis. 

[0021] A seventh aspect of the present invention provides 

a variation compensation circuit for compensating a variation in 

characteristics in circuit elements in an integrated circuit. The 

variation compensation circuit includes the delay monitor circuit in 

the second aspect, and a compensation circuit for compensating a 

variation in the characteristics of the circuit elements, based on a 

delay of signal transmission measured by the delay monitor circuit. 

[0022] An eighth aspect of the present invention provides 

a variation compensation method including the steps of measuring a 

variation in characteristics of circuit elements in an integrated 

circuit using the fourth to sixth measuring methods, and 

compensating the characteristics of the circuit elements based on 

the measured variation. 

Effects of the Invention 

[002 3] With the delay circuit according to the present 

invention, it is possible to make it to have various delay 

characteristics. Thus it is not necessary to prepare multiple delay 

monitor circuits- according to delay characteristics which are 

desired to be measured, and it becomes possible to evaluate 

variations in transistors using a single delay monitor circuit. 

This results in suppression of increase of chip area, thereby 

realizing reduction of manufacturing cost. 

Brief Description of Drawings 
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[0024] 

Figs. 1A and IB are views showing a configuration of an 

example of a delay monitor circuit according to the present 

invention. 

Fig. 2 is a view showing a configuration of a delay 

circuit composing a delay monitor circuit according to a first 

embodiment of the present invention. 

Fig. 3 is a view showing the more detailed configuration 

of the delay circuit according to the first embodiment. 

Figs. 4A, 4B and 4C are views showing equivalent 

circuits of the delay circuit according to the first embodiment. 

Fig. 4A shows a case where the logic values of signals CI, C2, C3 

and C4 are (0, 1, 1, 0) . Fig. 4B shows a case where the logic 

values of signals CI, C2, C3 and C4 are (0, 0, 1, 1) . Fig. 4C shows 

a case where the logic values of signals CI, C2, C3 and C4 are (1, 1, 

0, 0). 

Fig. 5 is a view showing the configuration of a delay 

circuit according to a second embodiment of the present invention. 

Fig. 6 is a view of a layout of a delay circuit 

according to a second embodiment. 

Figs. 7A and 7B are views showing the configuration of a 

delay circuit according to a third embodiment of the present 

invention. 

Fig. 8 is a view showing a device for measuring 

variations for a delay monitor circuit in each embodiment of the 

present invention. 

Fig. 9 is a view showing a circuit configuration for 

automatically compensating variations, using results of measuring 

variations in characteristics of transistors in chip (fifth 

embodiment). 
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Figs. 10A-10B are views explaining operation of a 

comparator circuit. 

Fig. 11 is a view showing an example of the circuit 

configuration of the comparator circuit. 

Fig. 12 is a view showing a pulse signal outputted from 

a pulse generator. 

Figs. 13A-13B are views showing a configuration of a 

delay circuit according to a sixth embodiment of the present 

invention. 

Figs. 14A, 14B and 14C are views showing equivalent 

circuits of the delay circuit according to the sixth embodiment. 

Fig. 14A shows a case where the equivalent circuit is reconfigured 

to be a standard inverter. Fig. 14B . shows in a case where the 

equivalent circuit is reconfigured to be a configuration sensitive 

to nMOS transistors. Fig. 14C shows a case where the equivalent 

circuit is configured to be a configuration sensitive to pMOS 

transistors. 

Fig. 15 is a view showing a configuration of an example 

of modification of the delay circuit according to the sixth 

embodiment. 

Fig. 16 is a view showing a configuration of another 

example of modification of the delay circuit according to the sixth 

embodiment. 

Fig. 17 is a view showing a configuration of yet another 

example of modification of the delay circuit according to the sixth 

embodiment. 

Figs. 18A-18C are views showing examples of conventional 

delay circuits, in which nMOS transistors and pMOS transistors 

influence delay characteristics. 

Fig. 19 is a view showing influence of amount of 
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fluctuation AVthn of the threshold voltage of the nMOS transistor 

and the amount of fluctuation AVthp of the threshold voltage of the 

pMOS transistor on a delay time, in the delay circuits as shown in 

Figs. 18a-18C. 

Mode for Carrying Out the Invention 

[0025] Hereinafter, with reference to the accompanying 

drawings, there will be described embodiments of delay monitor 

circuits according to the present invention, and delay circuits for 

use therein. 

[0026] 

First Embodiment 

1. Configurations 

1.1 Delay Monitor circuit 

A delay monitor circuit as described later is a circuit 

adapted to measure delay time in signal transmission on a chip to 

detect variations of characteristics (threshold voltage, and the 

like) of transistors among chips or in a chip. 

[0027] Fig. 1A shows a configuration of a delay monitor 

circuit. As shown in the same figure, the delay monitor circuit 100 

is a ring oscillation circuit composed of delay circuits 10 which 

are connected in series to each other in plural stages. In this 

case, each delay circuit 10 is an inverter circuit adapted to invert 

an input signal and to output the inverted input signal. 

Particularly, the delay circuit 10 of the present embodiment is 

configured to be reconfigurable such that the configuration thereof 

can be changed. The delay circuit 10 that is reconfigurable is 

described later in detail. The delay monitor circuit 100 includes a 

NAND gate 50 in the first stage, which can turn on and off 

oscillation in response to an Enable signal. The configurations of 
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the respective delay circuits 10 in the delay • monitor circuit 100 

are changed by control signals from a shift register 53. The 

control signals from the shift register 53 are decoded by a decoder 

55, and the decoded control signals are supplied to the delay 

circuits 10 in the respective stages. Hence, the configuration of 

the delay circuit 10 in each stage is set. The value of the shift 

register 53 is set by serial data and a clock signal. The serial 

interface provided in such a way can be integrated with a scanning 

interface for testing. The frequency (oscillation frequency) of the 

output of the delay monitor circuit 100 is measured by a counter 57 

provided on or outside a chip. 

[0028] Further, in the present embodiment, the delay 

monitor circuit is composed of a ring oscillation circuit to measure 

a delay time in signal transmission on a chip with a frequency. 

However, the configuration of the delay monitor circuit is not 

limited thereto, and it can be also a circuit composed of delay 

circuits which are simply connected in series to each other in 

plural stages for creating delay signals, as shown in Fig. IB. In 

this case, it is possible to measure delay time directly from output 

of the delay monitor circuit. 

[0029] 

1.2 Delay Circuit 

Fig. 2 shows a configuration of the delay circuit 10 

which is reconfigurable. The delay circuit 10 includes a first 

inversion logic gate including a serial circuit composed of a pull-

up circuit 2 and a pull-down circuit 3, and a second inversion logic 

gate including a serial circuit composed of a pull-up circuit 4 and 

a pull-down circuit 5. A pMOS pass transistor 6 is connected in 

series to the pull-up circuit 2 in the first inversion logic circuit 

between the pull-up circuit 2 and a power-supply potential. An nMOS 
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pass transistor 7 is connected in series to the pull-down circuit 3 

in the first inversion logic circuit between the pull-down circuit 3 

and a ground. In the respective signal input paths to the pull-up 

circuit 4 and the pull-down circuit 5 in the second inversion logic 

gate, a pMOS pass transistor 8 and an nMOS pass transistor 9 are 

inserted therein in series. Namely, the pMOS pass transistor 8 and 

the nMOS pass transistor 9 are respectively inserted in series 

between an input node of the delay circuit 10 and the respective 

control inputs of the pull-up circuit 4 and the pull-down circuit 5 

in the second inversion logic gate. Changing the logic values of 

control signals (CI to C4) applied to the gates of the respective 

pass transistors (the pass gates) 6 to 9 can realize different delay 

characteristics of the delay circuit 10. 

[0030] As described above, the delay circuit 10 according 

to the present embodiment includes the two types of pull-up circuits 

and the two types of pull-down circuits, and can control their 

operations with the pass transistors 6 to 9. With the pass 

transistors 6 and 7 inserted in series in the first inversion logic 

gate, it is possible to independently turn on or off the pull-up 

circuit 2 and the pull-down circuit 3 in the first inversion logic 

gate. Further, with the pass transistors 8 and 9 inserted in series 

to the respective inputs of the second inversion logic gate, it is 

possible to control transmissions of signals to the second inversion 

logic gate. Further, since signal transmissions are performed 

through the pass transistors 8 and 9, the signals transmitted 

therethrough are decreased in magnitude by their threshold voltages. 

[00 31] With the aforementioned circuit configuration, it 

is possible to use, as a pull-up circuit, either one of the pull-up 

circuit 2 in the first inversion logic gate and the pull-up circuit 

4 in the second inversion logic gate which is supplied with an input 
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signal through the pMOS pass transistor 8. Further, it is possible 

to use, as a pull-down circuit, either one of the pull-down circuit 

3 in the first inversion logic gate, and the pull-down circuit 5 in 

the second inversion logic gate which is supplied with an input 

signal through the nMOS pass transistor 9. 

[0032] With the aforementioned circuit, by changing the 

logic values of the control signals CI to C4 applied to the pass 

transistors 6 to 9, it is possible to realize different four types 

of delay characteristics. By connecting these delay circuits in 

series in M stages to form a delay monitor circuit, it is possible 

to measure transmission delay times in different delay paths of 4M 

types. 

[0033] Fig. 3 is a view showing a more concrete example of 

the configuration of the delay circuits as shown in Fig. 2. Fig. 3 

shows a simplest configuration of the pull-up circuit and the pull­

down circuit, in which the pull-up circuits 2 and 4 and the pull­

down circuits 3 and 5 are each composed of a single pMOS transistor 

or a single nMOS transistor. By making the potentials CI, C2, C3 

and C4 at the gates of the respective pass transistors 6 to 9 a 

power supply potential (corresponding to the logic value "1") or a 

ground potential (corresponding to the logic value "0"), it is 

possible to control the conduction/non-conduction of the respective 

pass transistors 6 to 9. 

[0034] The following Table 1 shows combinations of the 

control signals CI, C2, C3 and C4 applied to the gates of the pass 

transistors 6 to 9, and the characteristics of the delay circuit 10 

which are provided by these respective combinations. 
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Table 1 

CI C2 C3 C4 Delay mode 

0 1 1 0 Standard inverter 

0 0 1 1 Sensitive to nMOS transistor 

1 1 0 0 Sensitive to pMOS transistor 

1 0 0 1 Sensitive to nMOS transistor and 
pMOS transistor 

[0035] Figs. 4A-4C shows equivalent circuits of the delay 

circuit 10a as shown in Fig. 3, each circuit having a configuration 

changed depending on the combination of the signal values CI, C2, C3 

and C4 applied to the gates of the respective pass transistors 6 to 

9. 

[0036] Fig. 4A shows an equivalent circuit of the delay 

circuit 10a in the case where the combination of the logic values of 

the control signals CI, C2, C3 and C4 is (0, 1, 1, 0) . No input is 

applied to the second inversion logic gate, while the transistor 2a 

(the pull-up circuit) and the transistor 3a (the pull-down circuit) 

in the first inversion logic gate are active. This circuit 

configuration exhibits a delay characteristic similar to that of the 

circuit as shown in Fig. 18A and forms the configuration of a 

standard inverter circuit. 

[0037] Fig. 4B shows an equivalent circuit of the delay 

circuit 10a in the case where the combination of the logic values of 

the control signals CI, C2, C3 and C4 is (0, 0, 1, 1) . The 

transistor 2a (the pull-up circuit) in the first inversion logic 

gate, and the transistor 5a (the pull-down circuit) in the second 

inversion logic gate, which is through the nMOS pass transistor 9, 

are active. This circuit configuration exhibits a delay 

characteristic similar to that of the circuit as shown in Fig. 18B 

and forms a circuit configuration which is sensitive to the 
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threshold value fluctuations in the nMOS transistors (which will be 

also referred to as "sensitive to the nMOS transistors, hereinafter) 

[0038] Fig. 4C shows an equivalent circuit of the delay 

circuit 10a in the case where the combination of the logic values of 

the control signals CI, C2, C3 and C4 is (1, 1, 0, 0) . The 

transistor 3a (the pull-down circuit) in the first inversion logic 

gate, and the transistor 4a (the pull-up circuit) in the second 

inversion logic gate, which is through the pMOS pass transistor 8, 

are active. This circuit configuration exhibits a delay 

characteristic similar to that of the circuit as shown in Fig. 18C 

and forms a circuit configuration sensitive to the threshold value 

fluctuation in the pMOS transistors (which will be also referred to 

as "sensitive to the pMOS transistors, hereinafter) . 

[003 9] As described above, according to the delay circuit 

10, it is possible to realize plural delay characteristics, by 

changing the combination of the logic values of the control signals 

supplied to the pass transistors 6 to 9. 

[0040] 

2. Evaluation of variations 

Hereinafter, there will be described evaluations of 

variations using the delay monitor circuit 100 having the 

aforementioned configuration. 

[0041] 

2.1 Inter-chip variations 

For evaluations of inter-chip variations, the delay 

circuits 10 in all the stages are controlled to have the same 

configuration, in the delay monitor circuit 100. In this case, it 

is necessary to determine the number of stages in the delay monitor 

circuit 100 in consideration of amounts of on-chip variations. 

[0042] In evaluating variation in the nMOS transistors, 
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the delay circuits 10 in all the stages are set to have a 

configuration sensitive to the nMOS transistor as shown in Fig. 4B, 

and the oscillation frequency of the delay monitor circuit 100 is 

measured. Namely, the pass transistor 8 is controlled to be turned 

off, and the pass transistor 9 is controlled to be turned on, so 

that the delay circuits 10 in all the stages have the same 

configuration. 

[004 3] Similarly, in evaluating variation in the pMOS 

transistors, the delay circuits 10 in all the stages are set to have 

a configuration sensitive to the pMOS transistors as shown in Fig. 

4C. 

[004 4] Further, in evaluating the characteristics of 

circuits constituted by standard inverters, the delay circuits 10 in 

all the stages are configured to form a standard inverter, as shown 

in Fig. 4A. 

[004 5] As described above, different delay characteristics 

of three types can be evaluated, and the amounts of fluctuations of 

process parameters can be estimated from measured values using a 

method in Non-Patent Document 1. For example, in cases of assuming 

that factors of variations are only the threshold voltages of the 

nMOS transistors and the pMOS transistor. The first-order 

approximations in Formulas (1) and (2) are obtained. 

Afn = kn/nAVthn + kn/pAVthp (1) 

Afp = kp, nAVthn t kP( pAVthp (2) 

[004 6] In the above, Afn and Afp are each a difference 

between a measured value and a predicted value of the frequency of 

the configuration sensitive to the nMOS transistor or the 

configuration sensitive to the pMOS transistor. kn,n and kn,p are 

sensitivities of frequency of the configuration sensitive to the 

nMOS transistor with respect to the nMOS transistor and the pMOS 
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transistor, respectively. kp,n and kp,p are sensitivities of the 

frequency of the configuration sensitive to the pMOS transistor. 

AVthn and A^p are amounts of fluctuations of the respective threshold 

voltages of the nMOS transistor and the pMOS transistor. The 

sensitivities can be determined through simulations, and the amounts 

AVthn and Athp of fluctuations of the threshold voltages can be 

estimated from the amounts of fluctuations of the measured 

frequencies. 

[0047] 

2.2 On-chip variation 

In order to evaluate on-chip variation, conventionally, 

multiple circuits of the same type are mounted on a chip and 

variations are statistically evaluated from characteristics of 

respective instances. With the delay monitor circuit 100 according 

to the present embodiment, the delay circuit in a specific stage is 

made to have a different delay characteristic from those of the 

other stages to enable measurement of the delay in this stage. As 

described above, a specific stage is made to have a different 

configuration from those of the other stages, which enables 

evaluations of on-chip variations with a single circuit. 

[004 8] At first, all the stages except a specific stage (a 

target stage) is set to have the same delay as that of the standard 

inverter (the configuration as shown in Fig. 4A), while the specific 

stage is set to have a greater delay value. For attaining this, all 

the stages except the specific stage (the target stage) is set to 

have the configuration of the standard inverter (Fig. 4A), while the 

specific stage is set to have the configuration as shown in Fig. 4B 

or Fig. 4C. Further, while the specific stage is sequentially 

shifted (scanned), the oscillation frequency of the output signal 

from the delay monitor circuit 100 is measured, thus enabling 
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evaluation of a variation in the nMOS transistors or the pMOS 

transistors. By setting the delay circuit 10 in the target stage to 

be sensitive to the nMOS transistor or the pMOS transistor, it is 

possible to independently evaluate the variations of the nMOS 

transistors and the pMOFETs. 

[004 9] Next, as an example, estimation of the variation of 

the nMOS transistors will be described. In this case, the inverter 

in a specific stage is formed to have a circuit configuration as 

shown in Fig. 4B, while the inverters in the other stages are formed 

to have the circuit configuration of a standard inverter as shown in 

Fig. 4A. In this case, the measured frequency fn,i can be expressed 

as the following formula, using the sensitivity coefficients of the 

respective threshold voltages of the pass transistors 9 and the nMOS 

transistor 5a of which gate is connected to the pass transistors 9, 

and the like. 

fn, 1 = fn, 10 "t kn(iAVthn, 1 "t kn,2Athn,2 f Oi (3) 

[0050] In this case, fn,io is a predicted value obtained 

from simulations in cases where there is no variation, and a is the 

total sum of the amounts of fluctuations in all the stages except 

the specific stage. In cases where there are a sufficiently larger 

number of stages, the random variations in the respective stages can 

be averaged, so that a can be assumed to be constant. kn,i and kn,2 

are sensitivities of the frequency to fluctuations of threshold 

voltages of the nMOS transistors 9 and 5a, respectively. AVthn,i and 

AVthn,2 indicate amounts of variations of the respective threshold 

values of the nMOS transistors 9 and 5a. 

[0051] Formula (3) can be obtained for each of the 

inverter stages, and, accordingly, the measured values for N stages 

can be obtained. Further, by statistically processing them in 

assuming that kn/1 equals to kn,2 and, also, AV thn,i and AV thn,2 have 
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the same dispersion, it is possible to obtain the variation o of the 

threshold values Vthn of the nMOS transistors. 

oAfn = knOytlm (4) 

[0052] The variation of the threshold voltage of the pMOS 

transistor is estimated, similarly. 

[0053] 

3. Conclusion 

As described above, the delay circuit 10 according to 

the present embodiment is a reconfigurable delay circuit and 

includes an input node for inputting an input signal, an output node 

for outputting an output signal, a first inversion circuit, and a 

second inversion circuit. The first inversion circuit includes the 

serial circuit containing the pull-up circuit 2 adapted to connect 

the power supply potential to the output node when being turned on 

based on the input signal, and the pull-down circuit 3 adapted to 

connect the ground potential to the output node when being turned on 

based on the input signal. The second inversion circuit includes 

the serial circuit containing the pull-up circuit 4 adapted to 

connect the power supply potential to the output node when being 

turned on based on the input signal, and the pull-down circuit 5 

adapted to connect the ground potential to the output node when 

being turned on based on the input signal. Further, the delay 

circuit 10 includes the pass transistor 6 connected in series 

between the power supply potential and the pull-up circuit 2 in the 

first inversion circuit, and the pass transistor 7 connected in 

series between the ground potential and the pull-down circuit 3 in 

the first inversion circuit. Further, the delay circuit 10 includes 

the pass transistor 8 connected in series between the input node and 

the input of the pull-up circuit 4 in the second inversion circuit, 

and the pass transistor 9 connected in series between the input node 
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and the input of the pull-down circuit 5 in the second inversion 

circuit. The combination of the control signals CI to C4 applied to 

the gates of the pass transistors 6 to 9 changes the delay 

characteristics of the delay circuit 10. 

[0054] Further, the delay monitor circuit 100 according to 

the present embodiment is a circuit for measuring delay of signal 

transmission time in an integrated circuit and includes a circuit 

composed of reconfigurable delay circuits having the aforementioned 

Configuration which are connected in series to each other in plural 

stages. 

[00 55] Since the delay circuit 10 has the aforementioned 

configuration, the delay circuit 10 can be set to have various 

configurations, such as a configuration sensitive to the pMOS 

transistor, a configuration sensitive to the nMOS transistor, and 

the like. Therefore, by properly configuring the delay circuit 10 

according to aim of measurement, it is possible to implement 

measurements of plural types, with a single delay monitor circuit. 

This eliminates the necessity of placing delay monitor circuits for 

respective types of measurements, thus resulting in suppression of 

increase of the chip area. 

[0056] 

Second Embodiment 

In the present embodiment, another configuration of the 

delay circuit 10 is described. 

[0057] Fig. 5 shows the configuration of a delay circuit 

according to the present embodiment. The delay circuit 10b 

according to the present embodiment includes a pMOS pass transistor 

21 and an nMOS pass transistor 23 which are connected in parallel to 

the pMOS pass transistor 8 and the nMOS pass transistor 9, 

respectively, in the configuration of the delay circuit 10a 
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according to the first embodiment as shown in Fig. 2 or Fig. 3. 

Namely, as pass transistors connected in series to the input of the 

second inversion logic gate, the two pass transistors are connected 

thereto in parallel. In this embodiment, although an example where 

the two pass transistors are connected in parallel is described, 

three or more pass transistors may be connected in parallel. 

[00 58] Fig. 6 shows an example of the layout of the delay 

circuit 10b according to the present embodiment. In order to 

decrease the characteristic variations depending on the layout, the 

two gates of the pair of the nMOS transistors 9 and 23 (the pMOS 

pass transistors 8 and 21) are made to share the same source 

diffusion region. 

[0059] The following Table 2 shows combinations of control 

signals CI, C2, C3, C4, C5 and C6 applied to the gates of the pass 

transistors 6 to 9 and 21 and 23, and the characteristics of the 

delay circuit 10b which are provided by these respective 

combinations. 

Table 2 

CI C2 C3 C4 C5 C6 Delay mode 

0 1 1 0 1 0 Standard inverter 

0 0 1 0 1 1 
Sensitive to the nMOS 
transistor 

0 0 1 1 1 0 Sensitive to the nMOS 
transistor 

1 1 0 0 ] 0 Sensitive to the pMOS 
transistor 

1 1 1 0 0 0 Sensitive to the pMOS 
transistor 

[00 60] According to the configuration of the delay circuit 

10b as described above, it is possible to evaluate on-chip 

variations for each pass transistor. 
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[00 61] For example, in the cases where the combination of 

the logic values of the control signals CI, C2, C3, C4, C5 and C6 is 

(0,0,1,1,1,0) and (0,0,1,0,1,1), a delay characteristic similar to 

that of Fig. 4B can be obtained. The difference between both the 

combinations is the nMOS transistor which applies a signal to the 

gate of the pull-down nMOS transistor 5a in the second inversion 

logic gate. Therefore, by determining the difference in delay time 

between both the cases, it is possible to evaluate the on-chip 

variation in the corresponding two nMOS transistors 9 and 23. 

Similarly, by determining the difference in delay time between the 

case where the combination of the logic values of the signals CI, C2, 

C3, C4, C5 and C6 is (1, 1, 0, 0, 1, 0) and the case where it is (1, 

1, 1, 0, 0, 0), it is possible to evaluate the on-chip variation in 

the pMOS pass transistors 8 and 21. 

[00 62] Evaluations of on-chip variations using the delay 

monitor circuit 100 including the delay circuits 10b according to 

the present embodiment in respective stages is described below. 

[0063] At first, delays of all the stages except a 

specific stage (a target stage) are set to the same value as that of 

the standard inverter, while delay of the specific stage is set to a 

larger delay. Hereinafter, as an example, there will be described a 

configuration for evaluating the on-chip variation of the nMOS 

transistor. 

[00 64] In the target stage, in the first measurement, the 

nMOS pass transistor 9 is turned on (the nMOS pass transistor 23 is 

turned off), and, in the second measurement, the nMOS pass 

transistor 23 is turned on (the nMOS pass transistor 9 is turned 

off) . Based on the difference between the two measured values, the 

difference in characteristic between the pass transistor 9 and the 

pass transistor 23 is evaluated. Further, while the target stage is 
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scanned, the oscillation frequency is measured to evaluate the 

variation of the nMOS transistor. By setting the target stage to be 

sensitive to the nMOS transistor or the pMOS transistor, it is 

possible to evaluate the variation of the nMOS transistor or the 

pMOS transistor, independently. 

[00 65] Next, the estimation of the variation of the nMOS 

transistor is described in detail below. Referring to Fig. 5, the 

frequency fn,i with only the nMOS pass transistor 9 turned on, and 

the frequency fn,2 with only the nMOS pass transistor 23 turned on 

can be expressed as the following first-order approximation formulas 

using the sensitivity coefficients of the respective pass 

transistors. 

[0066] 

fn, 1 — fn, 10 iAVtta,i + Of (o) 

fn,2 — fn,20 "t knf2AVthn,2 "t CX (6) 

In the above, fn,io and fn,2o are predicted values obtained 

from simulations in cases where there is no variation, and a is the 

total sum of amounts of fluctuations in all the inverter stages 

except the stage having the inhomogeneous inverter. In cases where 

there are a sufficiently larger number of stages, the random 

variations in the respective stages can be averaged, and a can be 

assumed to be constant. The coefficients kn,i and kn,2 are 

sensitivities of frequency to the fluctuations of the threshold 

voltage of the respective pass transistors. AVthn, 1 and AVthn,2 

represent amount of variation of the threshold value of the pass 

transistor. In consideration of kn,i = kn,2 = kn, the following 

relationship can be obtained between the frequency difference and 

the threshold voltage difference between the pass transistors, based 

on the difference between the formulas (5) and (6). 

Afn = knAVthn (7) 
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[00 67] Formula (7) can be obtained for each stage, and 

measured values for N stages can be obtained. Accordingly, the 

variation a of Afn can be obtained, and the variation oAVthn of the 
threshold voltage can be estimated as follows, using the variation. 

oAfn = knOAVtto (8) 

oAVthn = oAVthn /(V2) (9) 

[00 68] The threshold voltage variation in the pMOS 

transistor can be also estimated, in the same way as that of the 

case of the nMOS transistor. 

[00 69] With the configuration of the delay circuit 10b 

according to the present embodiment, it is possible to accurately 

measure variations in respective transistors in a chip. 

[0070] 

Third Embodiment • 

In the present embodiment, yet another configuration of 

the delay circuit will be described. 

[0071] In the first embodiment, when the signals CI, C2, 

C3 and C4 are applied, either one of the pass transistors 8 and 9 

connected to the gates of the pMOS transistor 4a and the nMOS 

transistor 5a in the second inversion logic gate is controlled to be 

turned off. Therefore, the potential at the gate of the transistor 

4a or 5a connected to the pass transistor 8 or 9 which is controlled 

to be turned off becomes a floating potential. The transistor 4a or 

5a having such a floating potential at its gate does not contribute 

to the inverter function of the delay circuit 10a and is ideally in 

a non-conduction state. However, in actual, a leak current may flow 

through the transistor 4a or 5b, due to the floating potential at 

its gate. This leak current may influence the delay characteristic 

of the delay circuit 10a, thereby inducing degradation of the 

measurement accuracy. Therefore, in the present embodiment, the 
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configuration of a delay circuit for overcoming the problem of such 

a leak current is described. Fig. 7 shows an example of the 

configuration of the delay circuit according to the present 

embodiment. 

[0072] In the delay circuit 10c as shown in Fig. 7A, a 

pMOS pass transistor 31 is inserted between the power supply and the 

pMOS transistor 4a in the second inversion logic gate in the delay 

circuit as shown in Fig. 3. Further, an nMOS pass transistor 32 is 

inserted between the ground (the ground potential) and the nMOS 

transistor 5a in the second inversion logic gate. 

[007 3] In this configuration, the pass transistor 31 or 32 

which is connected to the transistor 4a or 5a of which gate 

potential is a floating potential is turned off, in the second 

inversion logic gate. This cuts off the path between the power 

supply and the pMOS transistor 4a or the path between the nMOS 

transistor 5a and the ground, preventing a leak current in the pMOS 

transistor 4a or the nMOS transistor 5a. For example, when the nMOS 

transistor 5a has a floating potential at its gate (in the cases of 

E'igs. 4A and 4C), the nMOS pass transistor 32 is turned off. This 

cuts off the path between the nMOS transistor 5a and the ground, 

preventing a leak current flowing from the nMOS transistor 5a to the 

ground. Further, when the gate potential of the pMOS transistor 4a 

is a floating potential (in the cases of Figs. 4A and 4B), the pMOS 

pass transistor 31 is turned off. This cuts off the path between 

the pMOS transistor 4a and the power supply, preventing a leak 

current flowing from the power supply to the pMOS transistor 4a. 

The positions of the pMOS transistor 4a in the second inversion 

logic gate and the pMOS pass transistor 31 can be interchanged. 

Further, the positions of the nMOS transistor 5a and the nMOS pass 

transistor 32 can be interchanged. 
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[007 4] Fig. 7B is a view showing another example of the 

configuration of the delay circuit according to the present 

embodiment. In the delay circuit 10a as shown in Fig. 7B, a pMOS 

pull-up transistor 33 is inserted between the power supply and the 

gate of the pMOS transistor 4a in the second inversion logic gate, 

in the delay circuit as shown in Fig. 3. Further, an nMOS pull-down 

transistor 34 is inserted between the ground and the gate of the 

nMOS transistor 5a in the second inversion logic gate. 

[007 5] In this configuration, the transistor 33 or 34 

which is connected to the transistor 4a or 5a in the second 

inversion logic gate which may have a floating potential at its gate 

is turned on. This can control the potential at the gate of the 

transistor 4a or 5a to be the power supply potential or the ground 

potential, so that the transistor 4a or 5a can be completely turned 

off, thereby preventing a leak current therethrough. 

[0076] For example, when the potential of the gate of the 

nMOS transistor 5a may be a floating potential (in the cases of Figs. 

4A and 4C) , the nMOS pass transistor 34 is turned on. This 

completely turns off the nMOS transistor 5a, preventing a leak 

current at the nMOS transistor 5a. Further, when the potential of 

the gate of the pMOS transistor 4a may be a floating potential (in 

the cases of Figs 4A and 4B), the pMOS pass transistor 33 is turned 

on. This completely turns off the pMOS transistor 4a, thus 

preventing a leak current at the pMOS transistor 4a. 

[007 7] The configuration for preventing the leak current 

as shown in Fig. 7 can be applied to the configuration of the delay 

circuit according to the second embodiment. 

[0078] 

Fourth Embodiment 

A device is described below, which is a device for 
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measuring variations in characteristics of circuit elements in an 

integrated circuit (semiconductor chip), using the delay monitor 

circuit composed of the delay circuits according to the 

aforementioned embodiments. 

[007 9] Fig. 8 shows the configuration of the device for 

measuring variations in characteristics of circuit elements in an 

integrated circuit. A variation measuring device 500 is a device 

for determining characteristics of circuit elements (transistors) 

included in an integrated circuit 200. The integrated circuit 200 

includes the delay monitor circuit 100 including the reconfigurable 

delay circuits as shown in any of the aforementioned embodiments. 

[008 0] The variation measuring device 500 transmits a 

control signal for setting the configuration (namely, the delay 

characteristic) of each of the delay circuits In the delay monitor 

circuit 100, to the integrated circuit 200, through a signal 

terminal of the integrated circuit 200. This control signal is a 

signal for setting the circuit configuration of each delay circuit 

to any of the configurations as shown in Figs. 4A-4C, for example, 

in the delay monitor circuit 100, namely a signal for setting the 

logic values of the control signals CI, C2, C3 and C4 for each stage. 

The control signal is an input of the shift resister 53 as shown in 

Fig. 1. Thereafter, the variation measuring device 500 measures the 

oscillation frequency of the delay monitor 100 with the counter 57 

to measure variations in transistors based on the result of the 

measurement of the oscillation frequency. The variation measuring 

device 500 includes a control device (for example, a CPU) for 

executing operations as described below. The control device 

statistically processes the result of the measurement of the 

oscillation frequency according to the procedures described in the 

aforementioned embodiments, to measure variation of the threshold 
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value of pMOS transistor and nMOS transistor. 

[0081] For example, in cases of evaluating the variation 

in a transistor on the semiconductor chip, the variation measuring 

device 500 operates according to the following procedures: 

[0082] 

(First Step) The variation measuring device 500 sets the 

control signals CI to C4 for each stage in such a way as to make the 

configuration of the delay circuit in a specific stage different 

from the configurations of the delay circuits in the other stages 

than the specific stage and, further, applies these control signals 

to the respective pass transistors 6, 7,..., in the delay monitor 

circuit 100; 

(Second Step) The variation measuring device 500 measures the 

oscillation frequency of the delay monitor circuit 100; 

(Third Step) The first step and the second step are repeated, 

while the specific stage is sequentially shifted (scanned); and 

(Fourth Step) Based on the result of the measurement obtained 

in.the third step, the variation measuring device 500 determines the 

variation of the characteristics of the circuit elements in the chip 

on which the integrated circuit 200 is formed. 

[008 3] With the aforementioned processing, it is possible 

to evaluate the variation in the transistor in the chip. 

[0084] Further, for evaluating the variation in 

transistors among chips, the variation measuring device 500 operates 

according to the following procedures. 

[0085] 

(First Step) The variation measuring device 500 sets the 

control signals for each stage in such a way as to make the delay 

circuits in all the stages have the same configuration and applies 

these control signals to the respective pass transistors 6, 7,.... 
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(Second Step) The variation measuring device 500 measures the 

oscillation frequency of the delay monitor circuit 100 in the state 

where these control signals are applied thereto. 

(Third Step) Based on the result of the measurement obtained 

in the second step, the variation measuring device 500 measures the 

variation in the characteristics of the circuit elements among the 

chips on which the integrated circuit 200 is formed. 

[0086] Through the aforementioned processing, it is 

possible to evaluate the variation in the transistors among the 

chips. 

[008 7] Further, in the case where the integrated circuit 

200 includes the delay monitor circuit 10b including the pass 

transistors 8 and 21, 9 and 23 which are connected in parallel with 

each other to the .input of the second inversion logic gate, as shown 

in the second embodiment (Fig. 5), the variation measuring device 

500 may operate according to the following procedures. 

[0088] 

a) In a case of Measurement of Variation in pMOS Transistor 

(First Step) The variation measuring device 500 sets the 

control signals Cl to C4 for each stage in such a way as to make the 

configuration of the delay circuit in a specific stage different 

from the configurations of the delay circuits in the other stages 

than the specific stage and, further, applies these control signals 

to the respective pass transistors 6 to 9, 21 and 23. 

(Second Step) The variation measuring device 500 measures the 

oscillation frequency of the delay monitor circuit 100 in the state 

where these control signals are applied thereto. 

(Third Step) The first step and the second step are repeated, 

while the specific stage is sequentially shifted. 

(Fourth Step) Based on the result of the measurement obtained 
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in the third step, the variation measuring device 500 measures the 

variation in the characteristics of the circuit elements in the chip 

on which the integrated circuit is formed. 

[008 9] In this case, the second step includes the 

following steps. 

(Fifth Step) For the specific stage, the variation measuring 

device 500 turns on the pMOS pass transistor 8 and turns off the 

pMOS pass transistor 21 and measures the oscillation frequency of 

the delay monitor circuit 100. 

(Sixth Step) For the specific stage, the variation measuring 

device 500 turns off the pMOS pass transistor 8 and turns on the 

pMOS pass transistor 21 and measures the oscillation frequency of 

the delay monitor circuit 100. 

(Seventh Step) The variation measuring device 500 calculates 

the difference between the result of the measurement in the fifth 

step and the result of the measurement in the sixth step. 

[00 90] With the aforementioned processing, it is possible 

to evaluate the variation in the transistors in the chip for each 

transistor. 

[0091] 

b) In a case of Measurement of Variation in nMOS transistor 

(First Step) The variation measuring device 500 sets the 

control signals CI to C4 for each stage in such a way as to make the 

configuration of the delay circuit in a specific stage different 

from the configurations of the delay circuits in the other stages 

than the specific stage and, further, applies these control signals 

to the respective pass transistors 6 to 9, 21 and 23, 

(Second Step) The variation measuring device 500 measures the 

output of the delay monitor circuit 100, in the state where these 

control signals are applied thereto. 
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(Third Step) The first step and the second step are repeated, 

while the specific stage is sequentially shifted. 

(Fourth Step) Based on the result of the measurement obtained 

in the third step, the variation measuring device 500 measures the 

variation in the characteristics of the circuit elements in the chip 

on which the integrated circuit is formed. 

[00 92] In this case, the second step includes the 

following steps, 

(Fifth Step) For the specific stage, the variation measuring 

device 500 turns on the nMOS pass transistor 9 and turns off the 

nMOS pass transistor 23 and measures the oscillation frequency of 

the delay monitor circuit 100. 

(Sixth Step) For the specific stage, the variation measuring 

device 500 turns off the nMOS pass transistor 9 and turns on the 

nMOS pass transistor 23 and measures the oscillation frequency of 

the delay monitor circuit 100. 

(Seventh Step) The variation measuring device 500 calculates 

the difference between the result of the measurement in the fifth 

step and the result of the measurement in the sixth step. 

[00 93] With the aforementioned variation measuring method, 

it is possible to evaluate the variation in the transistors in the 

chip, for each transistor. 

[0094] 

Fifth Embodiment 

The present embodiment describes below a circuit for 

automatically compensating variations, using results of measurement 

of variations in transistor characteristics in semiconductor chips 

(integrated circuits). Fig. 9 shows the configuration of a 

variation compensation circuit for automatically compensating 

variations in transistor characteristics. 
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[0095] 

1. Configuration of Variation Compensation Circuit 

The variation compensation circuit 150 as shown in Fig. 

9 includes a pulse generator 61, a delay monitor circuit 100, a 

comparator circuit 63, a control circuit 65, registers 67a and 67b, 

and DA converters 69a and 69b. The variation compensation circuit 

150 is formed in an integrated circuit and compensates variations in 

characteristics of a pMOS transistor 71 and an nMOS transistor 72 

included in the integrated circuit. 

[00 96] The pulse generator 61 generates pulses to be 

applied to the delay monitor circuit 100. The delay monitor circuit 

100 and delay circuits 10 have the same configurations and functions 

as those described in the first embodiment. A pulse width of a 

pulse signal outputted from the pulse generator 61 is set to be a 

width corresponding to a reference value of the delay time of the 

delay monitor circuit 100. The delay time of the delay monitor 

circuit 100 is varied according to the configurations (types) of the 

delay circuits 10 composing the delay circuit 100. 

[00 97] The comparator circuit 63 compares the output from 

the pulse generator 61 with the output from the delay monitor 

circuit 100 and, further, outputs a signal indicative of the result 

of the comparison. More specifically, as shown in Figs. 10A-10B, 

the comparator circuit 63 compares falling timing of the output 

signal (the pulse signal) from the pulse generator 61 (timing 

defining the delay reference value) with rising timing of the output 

signal from the delay monitor circuit 100 and outputs a signal 

indicative of the result of the comparison. The comparator circuit 

63 can be realized by a phase frequency detection circuit (phase 

frequency detector) as shown in Fig. 11, for example. The circuit 

as shown in Fig. 11 outputs an output signal of (UP, DOWN) = (H, L) 
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when the falling of the output signal from the pulse generator 61 is 

earlier than the rising of the output signal from the delay monitor 

circuit 100. This circuit outputs an output signal of (UP, DOWN) = 

(L, H) when the falling of the output signal from the pulse 

generator 61 is slower than the rising of the output signal from the 

delay monitor circuit 100. When both the falling of the output 

signal from the pulse generator 61 and the rising of the output 

signal from the delay monitor circuit 100 occurs, a reset pulse is 

inputted to the flip-flops to reset the flip-flops. 

[00 98] The control circuit 65 controls the pulse generator 

61 and the delay monitor circuit 100. More specifically, the 

control circuit 65 supplies the delay monitor circuit 100 with 

control signals for changing the configurations of the respective 

delay circuits 10 in the delay monitor circuit 100 to either one of 

the configurations as shown in Figs. 4A to 4C. At the same time, 

the control circuit 65 outputs, to the pulse generator 61, a control 

signal for controlling the pulse width of the pulse outputted from 

the pulse generator 61 to be a width (the reference value of the 

delay time) in accordance with the configuration of the delay 

monitor circuit 100. Further, the control circuit 65 outputs 

control signals for controlling the transistor substrate voltages 

for the transistors forming the integrated circuit. 

[00 99] The registers 67a and 67b store the values (digital 

values) of the control signals for controlling the substrate 

voltages of transistors outputted from the control circuit 65. More 

specifically, the register 67a stores the value (the digital value) 

of the control signal for controlling the substrate voltage (n-well 

voltage) VNW for the pMOS transistor. The register 67b stores the 

value (the digital value) of the control signal for controlling the 

substrate voltage (p-well voltage) VPW for the nMOS transistor. 
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[0100] The DA (Digital to Analog) converters 69a and 69b 

output control signals (analog signals) for controlling the 

respective substrate voltages (VNW and VPW) for the pMOS transistor 

71 and the nMOS transistor 72, based on the values stored in the 

registers 67a and 67b. By controlling the substrate voltages, 

variations of the pMOS transistor 71 and the nMOS transistor 72 are 

compensated. 

[0101] 

2. Variation Compensating Operation 

Variation compensating operation by the variation 

compensation circuit 150 is described below. In the following 

description, as an example, an operation for automatically 

compensating inter-chip variations which is performed continuously 

during operations of the integrated circuit is described. 

[0102] The control circuit -65 changes over the 

configurations of the delay circuits 10 in all the stages in the 

delay monitor circuit 100 to the configuration as shown in Fig. 4B 

(the configuration sensitive to the nMOS transistor) or the 

configuration as shown in Fig. 4C (the configuration sensitive to 

the pMOS transistor) . At this time, the control circuit'65 controls 

the pulse width of the pulse outputted from the pulse generator 61 

to a pulse width in accordance with the configuration of the delay 

circuit 10. 

[0103] Fig. 12 is a view showing a pulse signal outputted 

from the pulse generator 61 in a case of automatically compensating 

the variation, while changing over the configurations of the delay 

circuits 10 to the configuration as shown in Fig. 4B or Fig. 4C. As 

shown in the figure, the control circuit 65 sets the configurations 

of the delay circuits 10 to the configuration as shown in Fig. 4B or 

Fig. 4C. At the same time, the control circuit 65 controls the 
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pulse width of the pulse signal outputted from the pulse generator 

61 to be a pulse width corresponding to the set configuration of the 

delay circuits 10. The control circuit 65 provides a predetermined 

interval (a time period corresponding to 1000 clocks, for example), 

from setting the configurations of the delay circuits 10 to the 

configuration as shown in Fig. 4B (or Fig. 4C) , to next setting them 

to the configuration as shown in Fig. 4B (or Fig. 4C) . The 

provision of this interval is because the transistor substrate 

voltages take a response time. Namely, as described later, the 

transistor substrate voltage is controlled, using the result of 

measurement of the transistor characteristics when the delay 

circuits are set to the configuration as shown in Fig. 4B or Fig. 4C. 

At this time, since the substrate voltages take a time to be 

stabilized, it is necessary to enter the next measurement cycle, 

after the changes of the substrate voltage is stabilized. 

[0104] The pulse generator 61 creates a pulse signal from 

a clock signal under control of the control circuit 65. and outputs 

the pulse signal. The delay monitor circuit 100 inputs the pulse 

signal from the pulse generator 61, and outputs an output signal 

having a delay time corresponding to the configuration of the delay 

circuit 10. For example, when each delay circuit 10 is reconfigured 

to be the configuration as shown in Fig. 4B (the configuration 

sensitive to the nMOS transistor) by the control circuit 65, the 

output signal outputted from the delay monitor circuit 100 has a 

delay time reflecting the characteristic variation in the nMOS 

transistor. Accordingly, by determining the delay time of the 

output signal outputted from the delay monitor circuit 100, it is 

possible to determine the characteristics of the nMOS transistors. 

[0105] The comparator circuit 63 inputs the output signal 

(the pulse signal) from the pulse generator 61 and the output signal 
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from the delay monitor circuit 100, and compares the delay time in 

the delay monitor circuit 100 with the reference value of the delay 

time (the pulse width of the output signal from the pulse generator 

61) . More specifically, as shown in Fig. 10, the comparator circuit 

63 compares the rising timing of the output signal from the delay 

monitor circuit 100 (the delay time) with the falling timing of the 

output signal (the pulse signal) from the pulse generator 61 (the 

reference value of the delay time). When the rising timing of the 

output signal from the delay monitor circuit 100 is slower than the 

falling timing of the output signal from the pulse generator 61, the 

comparator circuit 63 determines that the delay time in the delay 

monitor circuit 100 is larger than the reference value. On the 

other hand, when the rising timing of the output signal from the 

delay monitor circuit 100 is earlier than the falling timing of the 

output signal from the pulse generator 61, the comparator circuit 63 

determines that the delay time in the delay monitor circuit 100 is 

smaller than the reference value. 

[0106] When the delay time in the delay monitor circuit 

100 is larger than the reference value (the pulse width of the 

output signal from the pulse generator 61), it is considered that 

the delay in the transistor is large. On the other hand, when the 

delay time in the delay monitor circuit 100 is smaller than the 

reference value, it is considered that the delay in the transistor 

is small. When the delay in the transistor is large, the transistor 

substrate voltage is changed in the forward bias direction, such 

that the delay time is equal to the reference value to compensate 

the transistor characteristics. On the other hand, when the delay 

in the transistor is small, the transistor substrate voltage is 

changed in the reverse bias direction, such that the delay time is 

equal to the reference value to compensate the transistor 



40 

characteristics. 

[0107] The control circuit 65 outputs control signals for 

controlling the voltages applied to the substrates, based on the 

output from the comparator circuit 63. The values of the control 

signals outputted from the control circuit 65 are held in the 

registers 67a and 67b. 

[0108] For example, when each delay circuit 10 is 

reconfigured to be - the configuration as shown in Fig. 4B (the 

configuration sensitive to the nMOS transistor) , if the delay time 

in the delay monitor circuit 100 is determined to be larger than the 

reference value based on the output from the comparator circuit 63, 

the control circuit 65 controls the substrate voltage VPW for the 

nMOS transistor 72 in such a way as to decrease the delay caused by 

the characteristics of the nMOS transistor 72. In this case, the 

control circuit 65 outputs a control signal for changing the 

substrate voltage VPW for the nMOS transistor 72 in the forward bias 

direction. On the other hand, if the delay time in the delay 

monitor circuit 100 is determined to be smaller than the reference 

value, the control circuit 65 controls the substrate voltage VPW for 

the nMOS transistor 72 in such a way as to increase the delay caused 

by the characteristics of the nMOS transistor 72. In this case, the 

control circuit 65 outputs a control signal for changing the 

substrate voltage VPW for the nMOS transistor 72 in the reverse bias 

direction. 

[0109] Similarly, when each delay circuit 10 is 

reconfigured to be the configuration as shown in Fig. 40 (the 

configuration sensitive to the pMOS transistor), if the delay time 

in the delay monitor circuit 100 is determined to be larger than the 

reference value based on the output from the comparator circuit 63, 

the control circuit 65 outputs a control signal for controlling the 
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substrate voltage VNW for the pMOS transistor 71 in such a way as to 

decrease the delay caused by the pMOS transistor 71. On the other 

hand, if the delay time in the delay monitor circuit 100 is 

determined to be smaller than the reference value, the control 

circuit 65 outputs a control signal for ' controlling the substrate 

voltage VNW for the pMOS transistor 71 in such a way as to increase 

the delay caused by the pMOS transistor 71. 

[0110] As described above, the control circuit 65 measures 

the characteristics of the pMOS transistor 71 and the nMOS 

transistor 72, while changing over the configurations of the 

respective delay circuits 10. According to the result of the 

measurement, the control circuit 65 outputs control signals for 

controlling the substrate voltages VNW and VPW for the pMOS 

transistor 71 and the nMOS transistor 72. The value of the control 

signal for controlling the substrate voltage VNW for the pMOS 

transistor 71, which is outputted from the control circuit 65, is 

stored in the register 67a for controlling the pMOS transistor. 

Further, the value of the control signal for controlling the 

substrate voltage VPW for the nMOS transistor 72 is stored in the 

register 67b for controlling the nMOS transistor, 

[0111] The DA converters 69a and 69b generate respective 

substrate voltages for the pMOS transistor 71 and the nMOS 

transistor 72, based on the values of the control signals stored in 

the registers 69a and 69b. Thus, the characteristics of the pMOS 

transistor 71 and the nMOS transistor 72 which form the integrated 

circuit are compensated to standard characteristics. 

[0112] As described above, during operation of the 

integrated circuit, the substrate voltages required for compensating 

the transistor characteristics are continuously determined, further, 

the values of them are stored in the registers 67a and 67b, and 
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variations therein are automatically compensated based on the stored 

value. In this case, since the values in the registers 67a and 67b 

are continuously updated, the operation speed of the circuit can be 

kept constant, even in the event of fluctuations of the operation 

temperature and the supplied voltage, or in the event of 

fluctuations of the transistor characteristics due to aging 

deterioration. 

[0113] The aforementioned description describes an example 

where compensating operations are performed while the configuration 

of the delay circuit 10 is reconfigured to be the configuration as 

shown in Fig. 4B or 4C. However, the configuration of the delay 

circuit 10 can be reconfigured to be the configuration as shown in 

Figs. 4A, 4B and 4C, and the transistor characteristics can be 

determined for each configuration. In this case, the 

characteristics can be measured for each different configuration of 

the delay monitor circuit 100, and the transistor substrate voltage 

can be controlled according to the logic represented in the 

following Table 3. In Table 3, "1" indicates a case where the delay 

time in the delay monitor circuit 100 is equal to or more than the 

reference value, while "0" indicates a case where it is less than 

the reference value, when the measurement is performed by 

reconfiguring the delay circuits 10 to be each of the configurations. 

Further, "+1" indicates a case where the substrate voltage should be 

modified in the forward bias direction, while "~1" indicates a case 

where the substrate voltage should be modified in the reverse bias 

direction, and "0" indicates a case where it should not be changed. 

Combinations which would not occur when the circuit is normally 

operated are not indicated in Table 3. 



43 

Table 3 

Standard Configuration Configuration Substrate Substrate 
inverter sensitive to sensitive to voltage for nMOS voltage for fMDS 

(Fig. 4A) nMOS pMOS transistor transistor 
(Fig. 4B) (Fig. 4C) (VPW) (VNW) 

0 0 0 +1 +i 

0 0 1 +1 0 

0 1 0 0 +1 

1 0 1 +1 -1 

1 1 0 -1 + 1 

1 1 1 -1 -1 

[0114] As described above, in the present embodiment, 

information for variation compensation is stored in the registers 

67a and 67b. Therefore, by updating the registers 67a and 67b at 

desired timing, it is possible to perform variation compensation 

which reflects the conditions (operation environment, aging 

deterioration, and the like) of the semiconductor chip at the 

desired timing. Regarding timing ' of automatically compensating 

variations in transistor characteristics, there are the following 

examples in addition to the aforementioned example. 

(1) At Predetermined Time Intervals 

The required substrate voltages are determined, and the 

values thereof are stored in the registers 67a and 67b, at 

predetermined time intervals. As the predetermined interval, it is 

possible to set arbitrary time interval, such as one month or one 

year. 

(2) When Fluctuation of Operation Environment is predicted 

The substrate voltages required for. compensating 

transistor characteristics is determined, and the values thereof are 

stored in the registers 67a and 67b, in cases where fluctuation in 

the operation environment (temperature, voltage, and the like) is 

tried to be predicted and it is predicted that the operation 
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environment may be fluctuated, during operations of integrated 

circuits. Further, the DA converters 69a and 69b are operated based 

on the values in the registers 67a and 67b. 

(3) At Power-On 

Upon power-on of the integrated circuit, the substrate 

voltages required for compensating transistor characteristics are 

determined, and the values of them are stored in the registers 67a 

and 67b. Hereinafter, the DA converters 69a and 69b are operated, 

based on the values in the registers 67a and 67b updated upon the 

power-on. 

(4) At Product Test 

During test after the manufacturing of the integrated 

circuit, the substrate voltages required for compensating transistor 

characteristics are determined, and the values of them are stored in 

the registers 67a and 67b. Hereinafter, the DA converters 69a and 

69b are operated, based on the values in the registers 67a and 67b. 

[0115] In the aforementioned example, the transistor 

substrate voltages are changed to compensate the variation in the 

transistor characteristics. However, the variation compensation 

method is not limited thereto. For example, it is also possible to 

adjust the clock frequency and the power supply voltage based on 

results of determination of transistor characteristics. 

[0116] Further, in the aforementioned example, the delay 

monitor circuit 100 is composed of the delay circuits 10 described 

in the first embodiment. However, the delay monitor circuit can be 

composed of the delay circuits described in any one of the second to 

fourth embodiments or delay circuits in a sixth embodiment which is 

described later. 

[0117] Farther, in the aforementioned example, an example 

where inter-chip variations are automatically compensated is 
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described, it is also possible to automatically compensate on-chip 

variations. In this case, the control circuit 65 controls the 

configurations of the delay circuits in the respective stages in 

such a way as to make a target stage have a configuration different 

from those of the other stages, as described in the first embodiment 

and the like. The control circuit 65 measures the characteristic of 

the transistors in the stage of interest, while changing over the 

target stage. Further, the control circuit 65 compensates the 

variation in the transistors based on the result of measurement. 

[0118] 

3. Conclusion 

As described above, the variation compensation circuit 

150 according to the present embodiment is a variation compensation 

circuit for compensating variations in characteristics of 

transistors (circuit elements) in an integrated circuit. The 

variation compensation circuit 150 includes the delay monitor 

circuit (100), and the compensation circuit (63, 65, 67a to 67b, 69a 

to 69b) for compensating variations in transistor characteristics 

based on signal transmission delays determined by the delay monitor 

circuit. With this variation compensation circuit, it is possible 

to automatically compensate characteristic variations in the 

transistors which form the integrated circuit. 

[0119] 

Sixth Embodiment 

In the delay circuits described in the first to fourth 

embodiments, the pull-up circuit 2 is placed in a lower-voltage side 

with respect to the pMOS pass transistor 6, and the pull-down 

circuit 3 is placed in a higher-voltage side with respect to the 

nMOS pass transistor 7 in the first inversion logic gate. On the 

other hand, in a delay circuit according to the present embodiment, 
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as shown in Fig. 13, in a first inversion logic gate, a pull-up 

circuit 2 is placed in a higher-voltage side with respect to a pMOS 

pass transistor 6, and a pull-down circuit 3 is placed in a lower-

voltage side with respect to a nMOS pass transistor 7. 

[0120] Namely, as shown in Fig. 13A, the pMOS pass 

transistor 6 is connected in series, between the pull-up circuit 2 

and the output end (Out) of the first inversion logic gate. Further, 

the nMOS pass transistor 7 is connected in series, between the pull­

down circuit 3 and the output end (Out) . With the circuit 

configuration as shown in Fig. 13A, the pull-up circuit 2 and the 

pull-down circuit 3 are less influenced by the transistor substrate 

voltages, so that logic inversion signals can be created with higher 

accuracy. 

[0121] Fig. 13B shows an example of a simplest 

configuration of the pull-up circuit and the pull-down circuit, in 

the configuration as shown in Fig. 13A. In Fig. 13A, the pull-up 

circuits 2 and 4 and the pull-down circuits 3 and 5 are each a 

single pMOS transistor or a single nMOS transistor. 

[0122] The relationship between the combinations of 

control signals CI, C2, C3 and C4 applied to the gates of the pass 

transistors 6 to 9 in the delay circuit 10', 10'a as shown in Fig. 

13, and the characteristics of the delay circuit 10 which are 

provided by these respective combinations is the same as that as 

shown in Table 1. 

[0123] Figs. 14A-14C are views showing equivalent circuits 

of reconfigured delay circuits obtained from the delay circuit 10a' 

as shown in Fig. 13B. Fig. 14A shows the configuration of the delay 

circuit which is reconfigured to be a standard inverter. Fig. 14B 

shows the configuration of the delay circuit which is reconfigured 

to be a configuration sensitive to the nMOS transistor. Fig. 14C 



47 

shows the configuration of the delay circuit which is reconfigured 

to be a configuration sensitive to the pMOS transistor. 

[0124] Figs. 15 to 17 show examples of modifications of 

the delay circuit 10'a as shown in Fig. 13B. Fig. 15 shows a 

configuration including a pMOS pass transistor 21 and an nMOS pass 

transistor 23 which are connected in parallel to the pMOS pass 

transistor 8 and the nMOS pass transistor 9, respectively, in the 

configuration of the delay circuit 10'a as shown in Fig. 13B. The 

relationship between the combinations of control signals CI, C2, C3, 

C4, C5 and C6 applied to the gates of the pass transistors 6 to 9, 

21 and 23 in the delay circuit 10'b, and the characteristics of the 

delay circuit 10 which are provided by these respective combinations 

is the same as that as shown in Table 2. With this configuration, 

it is possible to evaluate on-chip variations for each pass 

transistor, similarly to the circuit as shown in Fig. 5 according to 

the second embodiment. 

[0125] In the circuit as shown in Fig. 16, a pMOS pass 

transistor 31 is inserted between the power supply and the pMOS 

transistor 4a in the second inversion logic gate, in the delay 

circuit 10'a as shown in Fig. 13B. Further, an nMOS pass transistor 

32 is inserted between the ground and the nMOS transistor 5a in the 

second inversion logic gate. With this circuit configuration, it is 

possible to prevent a leak current at the pMOS transistor 4a or the 

nMOS transistor 5a, similarly to the circuit as shown in Fig. 7A 

according to the third embodiment. 

[0126] In the circuit as shown in Fig. 17, a pMOS pull-up 

transistor 33 is inserted between the power supply and the gate of 

the pMOS transistor 4a in the second inversion logic gate, in the 

delay circuit 10'a as shown in Fig. 13B. Further, an nMOS pull-down 

transistor 34 is inserted between the ground and the gate of the 
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nMOS transistor 5a in the second inversion logic gate. With this 

circuit configuration, it is possible to prevent a leak current 

through the pMOS transistor 4a or the nMOS transistor 5a, similarly 

to the circuit as shown in Fig. 7B according to the third embodiment. 

Industrial Applicability 

[0127] The present invention is useful in technology for 

evaluating variations in characteristics during manufacturing and 

development of all types of integrated circuits, such as ASIC, CPU, 

memory which are manufactured by CMOS techniques, and in various 

types of applied technology referring to the result of evaluating. 
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CLAIMS 

1. A delay circuit which is reconfigurable and is included 

in a delay monitor circuit for measuring a delay in a signal 

transmission time in an integrated circuit, the delay circuit 

comprising: 

an input node for inputting an input signal; 

an output node for outputting an output signal; 

a first inversion circuit including a serial circuit 

which comprises a pull-up circuit adapted to connect a power supply 

potential to the output node when being turned on based on the input 

signal, and a pull-down circuit adapted to connect a ground 

potential to the output node when being turned on based on the input 

signal; 

a second inversion circuit including a serial circuit 

which comprises a pull-up circuit adapted to connect the power 

supply potential to the output node when being turned on based on 

the input signal, and a pull-down circuit adapted to connect the 

ground potential to the output node when being turned on based on 

the input signal; 

a first pass transistor connected in series to the pull-

up circuit in the first, inversion circuit, between the power supply 

potential and the output node; 

a second pass transistor connected in series to the 

pull-down circuit in the first inversion logic circuit, between the 

ground potential and the output node; 

a third pass transistor connected in series between the 

input node and an input of the pull-up circuit in the second 

inversion circuit; and 

a fourth pass transistor connected in series between the 
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input node and an input of the pull-down circuit in the second 

inversion circuit, 

wherein a delay characteristic of the reconfigurable 

delay circuit is changed by a combination of control signals applied 

to gates of the first to fourth pass transistors. 

2. The delay circuit according to claim 1, wherein 

at least a fifth pass transistor is connected in 

parallel to the third pass transistor, and at least a sixth pass 

transistor is connected in parallel to the fourth pass transistor. 

3. The delay circuit according to claim 1 or 2, further 

comprising 

a seventh pass transistor connected between the power 

supply potential and the pull-up circuit in the second inversion 

circuit, and 

an eighth pass transistor connected between the ground 

potential and the pull-down circuit in the second inversion circuit. 

4. The delay circuit according to claim 1 or 2, further 

comprising 

a seventh pass transistor connected between the power 

supply potential and a control input of the pull-up circuit in the 

second inversion circuit, and 

an eighth pass transistor connected between the ground 

potential and a control input of the pull-down circuit in the second 

inversion circuit. 

5. The delay circuit according to any one of claims 1 to 4, 

wherein 
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combinations of the control signals include 

a combination of control signals for turning on the 

first and second pass transistors and for turning off the third and 

fourth pass transistors, 

a combination of control signals for turning on the 

first and fourth pass transistors and for turning off the second and 

third pass transistors, and 

a combination of control signals for turning on the 

second and third pass transistors and for turning off the first and 

fourth pass transistors. 

6. The delay circuit according to any one of claims 1 to 5, 

wherein 

the first pass transistor is connected in series between 

the power supply potential and the pull-up circuit in the first 

inversion circuit, and the second pass transistor is connected in 

series between the ground potential and the pull-down circuit in the 

first inversion circuit. 

7. The delay circuit according to any one of claims 1 to 5, 

wherein 

the first pass transistor is connected in series between 

the output node and the pull-up circuit in the first inversion 

circuit, and the second pass transistor is connected in series 

between the output node and the pull-down circuit in the first 

inversion circuit. 

8. The delay circuit according to any one of claims 1 to 7, 

wherein 

the pull-up circuits and the third pass transistor are 



52 

each a pMOS transistor, and the pull-down circuits and the fourth 

pass transistor are each an nMOS transistor. 

9. A delay monitor circuit for measuring a delay in a 

signal transmission time in an integrated circuit, comprising: 

a circuit including multiple delay circuits according to 

any one of Claims 1 to 8 which are connected in series to each other 

in multiple stages. 

10. The delay monitor circuit according to claim 9, wherein 

an output of the delay circuit in the last stage is fed 

back to an input of the delay circuit in the first stage. 

11. A variation compensation circuit for compensating a 

variation in characteristics in circuit elements formed in an 

integrated circuit, the variation compensation circuit comprising: 

a delay monitor circuit according to claim 9 or 10; and 

a compensation circuit for compensating a variation in 

the characteristics of the circuit elements, based on a delay of 

signal transmission measured by the delay monitor circuit. 

12. The variation compensation circuit according to claim 11, 

wherein 

the circuit elements are transistors, and the 

compensation circuit is adapted to compensate the characteristics of 

the transistors by changing a substrate voltage for the transistors 

based on the measured delay of signal transmission. 

13. A method for measuring a variation in characteristics of 

circuit elements in an integrated circuit using a delay monitor 
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circuit, wherein 

the delay monitor circuit comprises a circuit including 

multiple delay circuits according to any one of claims 1 to 8 which 

are connected in series to each other in multiple stages, 

the method comprises: 

a first step of setting the control signals for each 

stage in such a way as to make the delay circuit in a specific stage 

have a configuration different from configurations of the delay 

circuits in the other stages than the specific stage, and applying 

the set control signals to the pass transistors; 

a second step of measuring an output of the delay 

monitor circuit, with the control signals being applied to the pass 

transistors; 

a third step of repeating the first step and the second 

step while sequentially shifting the specific stage; and 

a fourth step of measuring a variation in the 

characteristics of the circuit elements in a chip on which the 

integrated circuit is formed, based on a result of the measurement 

obtained in the third step. 

14. A method for measuring a variation in characteristics of 

circuit elements among semiconductor chips on each of which an 

integrated circuit is formed, wherein 

the delay monitor circuit comprises a circuit including 

multiple delay circuits according to any one of claims 1 to 8 which 

are connected in series to each other in multiple stages, 

the method comprises: 

a first step of setting the control signals for each 

stage in such a way as to make the delay circuits in all the stages 

have the same configuration and applying the set control signals to 
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the pass transistors; 

a second step of measuring an output of the delay 

monitor circuit, with the control signals being applied to the pass 

transistors; and 

a third step of measuring a variation in the 

characteristics of the circuit elements, among the chips on each of 

which the integrated circuit is formed, based on a result of the 

measurement obtained in the second step. 

15. A method for measuring a variation in characteristics of 

circuit elements in an integrated circuit using a delay monitor 

circuit, wherein 

the delay monitor circuit comprises a circuit including 

multiple delay circuits according to claim 2 which are connected in 

series to each other in multiple stages, 

the method comprises: 

a first step of setting the control signals for each 

stage in such a way as to make the delay circuit in a specific stage 

have a configuration different from configurations of the delay 

circuits in the other stages than the specific stage, and applying 

the set control signals to the pass transistors; 

a second step of measuring an output of the delay 

monitor circuit, with the control signals being applied to the pass 

transistors; 

a third step of repeating the first step and the second 

step, while sequentially shifting the specific stage; and 

a fourth step of measuring a variation in the 

characteristics of the circuit elements in the chip on which the 

integrated circuit is formed, based on a result of the measurement 

obtained in the third step, 
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the second step includes 

a fifth step of turning on the third pass transistor 

while turning off the fifth transistor, and measuring an output of 

the delay monitor circuit, for the specific stage, 

a sixth step of turning off the third pass transistor 

while turning on the fifth pass transistor, and measuring the output 

of the delay monitor circuit, for the specific stage, and 

a seventh step of calculating a difference between a 

result of the measurement in the fifth step and a result of the 

measurement in the sixth step. 

16. A method for measuring a variation in characteristics of 

circuit elements in an integrated circuit using a delay monitor 

circuit, wherein 

the delay monitor circuit comprises a circuit including 

multiple delay circuits according to claim 2 which are connected in 

series to each other in multiple stages, 

the method comprises: 

a first step of setting the control signals for each 

stage in such a way as to make the delay circuit in a specific stage 

have a configuration different from configurations of the delay 

circuits in the other stages than the specific stage, and applying 

the set control signals to the pass transistors; 

a second step of measuring an output of the delay 

monitor circuit, with the control signals being applied to the 

control signals to the pass transistors; 

a third step of repeating the first step and the second 

step, while sequentially shifting the specific stage; and 

a fourth step of measuring a variation in the 

characteristics of the circuit elements in a chip on which the 
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integrated circuit is formed, based on a result of the measurement 

obtained in the third step; 

the second step includes 

a fifth step of turning on the fourth pass transistor 

while turning off the sixth transistor, and measuring an output of 

the delay monitor circuit, for the specific stage, 

a sixth step of turning off the fourth pass transistor 

while turning on the sixth pass transistor, and measuring the output 

of the delay monitor circuit, for the specific stage, and 

a step of calculating a difference between a result of 

the measurement in the fifth step and a result of the measurement in 

the sixth step. 

17. A variation compensation method comprising the steps of: 

measuring a variation in characteristics of circuit 

elements in an integrated circuit using the measuring method 

according to any one of claims 13 to 16; and 

compensating the characteristics of the circuit elements 

based on the measured variation. 


