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Abstract—For efficient design of digital circuits operating
under wide range of voltage voltages, RTN model incorporating
the dependencies of both the gate area and supply voltage are
required. In this paper, we characterize the delay distributions
due to RTN under different supply voltages. The delay distri-
butions are then converted to threshold voltage distributions by
statistical analysis. Measurement results from a 65 nm Silicon-
on-Thin-Buried-Oxide high performance process reveal that
threshold voltage distribution remains almost the same across the
supply voltages of 0.4 V to 1.0 V. Furthermore, nMOSFET and
pMOSFET ΔVT distributions are also estimated to be identical.
However, low correlation has been observed between the RTN
amplitudes across the supply voltages which is a concern for
testing and post-silicon tuning methods.

I. INTRODUCTION

With technology scaling, RTN induced threshold voltage

variation ΔVT is an increasing concern [1]. There are reports

of RTN in SRAMs [2], ring oscillators (RO) [3], and Flash

memories [4]. At low voltage operation, frequency fluctuation

of 10.4 % has been reported for a 40 nm process [3]. As

RTN induced ΔVT distribution has a long tail, worst case

delay degradation can be a problem. In a digital circuit,

transistors of different gate sizes and lengths are used to

optimize delay and power. For design time optimization and

reliability analysis, RTN models incorporating channel width

and length dependencies are required. Furthermore, dynamic

tuning of supply voltage based on the circuit activity can save

large amount of energy. Tuning the supply voltage in wide

range poses a great challenge to circuit designers as the circuit

becomes more sensitive to transistor variability especially

at lower voltages. Therefore, deep understanding of supply

voltage effect on RTN statistical properties are required. A

comprehensive model of incorporating the supply voltage

dependency will be useful for design time optimization. In

this paper, we investigate the effect of supply voltage on RTN

induced ΔVT distributions and the correlation between RTN

amplitudes across the supply voltages. We use Ring Oscillators

(RO) to capture delay fluctuations caused by RTN. RO based

approach is representative of digital circuit operation where

the transistors operate under switching conditions. We use a

statistical fitting approach that utilizes the differences in the

variability sources for different skewed ROs, and estimate RTN

induced ΔVT distributions for both of the nMOSFET and

RTN

Time

Fig. 1: A threshold voltage fluctuation based RTN amplitude

model.

pMOSFET. The estimations are performed for different supply

voltages to investigate supply voltage effect.

The remainder of the paper is organized as follows. We

describe the characterization method and test structure topol-

ogy used in this study in Sec. II. We present and discuss the

measurement results in III. We put our concluding remarks in

IV.

II. CHARACTERIZATION METHODOLOGY

A. RTN Characterization

RTN occurs from the capturing and emitting of carries into

the oxide traps. Capture and emission causes binary fluctuation

in the channel current. The time constants of capture and

emission differ from transistor to transistor. The amplitude

parameter which is the difference between the two current

levels as shown in Fig. 1 can be modeled as a shift in the

transistor VT. For a single device, ΔVT can be estimated by

dividing the ΔID by gm. In the case of a RO, the measurable

oscillation period is an inverse function of MOSFET ON cur-

rent, ID. However, multiple transistor ON currents involve in

an oscillation period, thus a simple calculation is not possible

to obtain ΔVT value of a single transistor. It is believed that

small RTNs of multiple traps result in MOFSET 1/f noise.

In the case of a RO, multiple transistors are involved and

therefore the probability of multiple RTNs occurring at the

same time is high. As a result, RTN evaluation based on

discrete delay levels is difficult. Rather, a statistical analysis

based approach can be used to obtain the best suited ΔVT

distributions that represent the observed delay distributions.
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Fig. 2: Ring oscillator structure to characterize pMOSFET and

nMOSET RTN. Large skewed inverter cells are used. Different

P/N ratio is utilized to decouple nMOSFET and pMOSFET

RTN.

In this paper, we focus on the statistical properties of RTN

induced ΔVT distribution.

B. ROs for Transistor RTN Characterization

ROs are widely used to characterize and model MOSFET

variations [5–8]. A RO captures the switching behaviors of

devices under target thereby represents the actual behavior

found in a digital circuit environment. In [9], a characterization

methodology based on a set of large skewed ROs is proposed

to estimate nMOSFET and pMOSFET specific RTN amplitude

distributions. The method utilizes the fact that RTN induced

ΔVT has strong gate area dependency, and that RO oscillation

period fluctuation is a statistical sum of individual transistor

ΔVTs. In this paper, we use investigate supply voltage effect

on statistical properties of RTN induced ΔVT distribution.

Fig. 2 shows the ring oscillator sizing concept. Large skewed

inverter cells are used so that the RO oscillation period

fluctuation is mostly contributed by the smaller nMOSFET

or pMOSFET. Sensitivity coefficients are used to convert

measured Δd/d distribution to transistor ΔVT distribution.

The analysis method will be explained in the later part of

this section.

C. Test Structure

Fig. 3 shows the overall test structure to capture statistical

properties of RTN. An array of blocks are implemented

where each block contains multiple P/N skewed ROs. The

test structure is implemented in a 65 nm Silicon-on-Thin-

Buried-Oxide high performance process. A chip contains 208

instances of a particular type of RO. Each RO is 7 staged.

In this process, transistor VT is below 0.4 V. In this study,

we focus on RTN dependency on supply voltage when the

transistor channel is strongly inverted. Thus, RO frequency

measurements under supply voltages from 0.4 V to 1.0 V are

performed.

D. ΔVT Distribution Estimation

In order to estimate ΔVT distributions from the measured

Δd/d distributions, a suitable representation is required be-

tween ΔVT and Δd/d. A linear model based on simulation

based sensitivity coefficients will be developed for the purpose.

Fig. 3: Test structure consisting of an array of different ROs.

eight different types of skewed ROs are implemented for

transistor RTN induced ΔVT estimation.

Fig. 4: Chip micro-graph.

1) Delay Modeling: Rise or fall delay of an inverter stage

can be expressed by (1).

τ =
CLVDD

ID
. (1)

Here, CL is load capacitance, VDD is supply voltage, and ID
is transistor ON current. For strong inversion operation of

MOSFET, ON current, ID, is well represented by the following

α-power law model [10].

ID =
μCOXW

L
· (VDD − VT)

α. (2)

Here, μ is carrier mobility, COX is oxide capacitance per gate

area, W is gate width, and L is gate length. The value of α is

typically 1.3 for scaled processes. Gate delay fluctuation due

to RTN induced ΔVT can then be expressed by (3).

Δτ

τ
= 1−

(
1− ΔVT

VDD − VT

)α

. (3)

Here, τ is the gate delay. As shown in Fig. 5, Δτ/τ against

ΔVT can be approximated by a linear function of ΔVT as (4).

Δτ

τ
= k ×ΔVT. (4)

Here, k is sensitivity coefficient which can be calculated by

SPICE simulation using MOSFET model provided by the
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Fig. 5: Delay fluctuation of a single inverter stage against ΔVT

at different supply voltages.

foundry. Oscillation period, d, however, is the sum of rise and

fall delays of the inverters in the RO.

d = τ rise1 + τ fall1 + τ rise2 + τ fall2 + · · · . (5)

Assuming that all the inverters have equal rise and fall delay

when no RTN occurs, the delay fluctuation can be approxi-

mated by (6).

Δd

d
=

1

2N

(
Δτ1
τ

+
Δτ2
τ

+ · · ·
)
. (6)

Here, Δτ1, Δτ2, Δτ3 are delay fluctuations each caused by a

particular transistor in an inverter stage. N is the number of

stages. From (4) and (6), the following relationship between

RO delay fluctuation and each transistor RTN can be obtained.

Δd

d
=

NTr∑
i=1

(ki · VT,i) . (7)

Here, NTr is the number of transistors in the RO. By calcu-

lating delay change due to threshold voltage change in each

transistor, (6) is obtained. Note that in (6) includes transistors

of both the nMOSFET and pMOSFET type. In order to

estimate ΔVT of both the nMOSFET and pMOSFET, multiple

ROs with different RTN sources will be utilized.

2) Estimation Method: RO based RTN evaluation gives us

the delay fluctuations. Several techniques have been proposed

in the literature to estimate ΔVT distributions from the delay

distributions [5, 11]. Estimation of RTN ΔVT distribution from

a reconfigurable RO is used [9]. In this paper, we estimate

the ΔVT distributions utilizing four different ROs. ROs are

different in which type of MOSFETs are main contributors

to the RTN induced delay fluctuations. To estimate ΔVT

distributions of nMOSFET and pMOSFET with gate width

of 140 nm, we utilize the following four ROs.

1) RO #1: small nMOSFET and large pMOSFET,

2) RO #4: large nMOSFET and small pMOSFET,

3) RO #7: small nMOSFET and small pMOSFET, and

4) RO #8: large nMOSFET and large pMOSFET,

In RO #1, it is expected that most of the delay fluctuation

will be contributed by the smaller nMOSFETs. Similarly, in

Fig. 6: Δd/d distributions with and without the presence of

random process variation at 0.6 V supply voltage. Both distri-

butions are nearly identical referring that sensitivity analysis

assuming no process variation is valid.

RO #2, most of the delay fluctuation will be contributed by

the smaller pMOSFETs. In RO #7, both the nMOSFETs and

pMOSFETs will have strong influence on the overall delay

fluctuation. Thus, utilizing the differences in the variability

sources, a fitting on the distributions can be performed as-

suming lognormal distributions for the ΔVT distributions of

nMOSFET and pMOSFET.

3) Effect of Random Process Variation: One key concern

can be the effect of random process variation in each transistor

on the estimation accuracy of RTN ΔVT distributions. To

investigate the issue, Monte Carlo simulation is performed

assuming both RTN and random process variation. In this

demonstration, standard deviation of random process variation

is set to be 20 mV. RTN induced ΔVT is simulated as a

lognormal distribution with the parameters LN (0, 12). Using

(6), both the ΔVT and VT values are generated from the above

mentioned distributions. Then the resultant Δτ/τ is calculated.

Fig. 6 shows the Q-Q plots of the simulated Δτ/τ for two

cases. Solid line shows the distribution when there is random

process variation in VT. The distribution with circles show the

Δτ/τ distribution when VT value is kept constant. From the

figure, both the distributions are nearly identical. Therefore,

the effect of random process variation has little impact on the

estimation accuracy.

4) Sensitivity Calculation: Fig. 8 shows the sensitivity

coefficient values calculated for a P/N skewed RO where

nMOSFET gate width is 140 nm and pMOSFET gate width

is 10480 nm. Sensitivity coefficient values for three different

supply voltages of 0.6 V, 0.8 V and 1.0 V are plotted.

Sensitivity coefficient values for odd transistor index number

corresponds to nMOSFET, and sensitivity values for even

transistor index number corresponds to pMOSFET. The index

numbers correspond to the transistors as annotated accordingly

in Fig. 7. Transistor index from 1 to 4 are transistors inside the

NAND gate used to start and stop the oscillation. Sensitivity

for transistor index 4 is almost zero as this transistor is the

pMOSFET whose gate receives the enable signal. In the plot,

with the decrease of supply voltage, sensitivity values in-
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Fig. 7: A schematic of 7-stage RO with transistor indexes

annotated.
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Fig. 8: Sensitivity coefficient of each transistor in a skewed

RO for three different supply voltages of 0.6 V, 0.8 V and

1.0 V. nMOSFET gate width is 140 nm and pMOSFET gate

width is 10480 nm in this example.

creases. Parasitic RC extracted netlist is used so that sensitivity

values represent actual silicon behavior as much as possible.

E. Summary

In summary, building the linear model of (6) ignoring the

random process variation is sufficient for statistical purpose.

After (6) model is obtained from sensitivity calculations, a

statistical fitting method is applied to multiple ROs with

different RTN sources to decouple nMOSFET and pMOSFET

distributions.

III. MEASUREMENT AND CHARACTERIZATION RESULTS

A. Measurement Condition

In order to evaluate RTN, a particular instance of a RO needs

to be measured for a long period of time. In this paper, each

RO instance is measured for 60 s with an integration time of

1 ms. The RO frequencies are measured using a FPGA board.

Supply voltage is varied from 0.4 V to 1.0 V.

The amplitude of RTN is evaluated as the difference be-

tween maximum delay, dmax, and the minimum delay, dmin,

observed over a period of time.

Δd = dmax − dmin. (8)

B. Waveforms

Fig. 9 shows RO oscillation periods measured over time

for a skewed RO where nMOSFET gate width is 140 nm

Fig. 9: RTN waveform for an nMOSFET dominant RO sample

at different supply voltages. nMOSFET gate width is 140 nm.

Fig. 10: RTN waveform for a pMOSFET dominant RO sample

at different supply voltages. pMOSFET gate width is 140 nm.

and pMOSFET gate width is 10480 nm. Oscillation period

waveforms for three different supply voltages of 0.6 V, 0.8 V

and 1.0 V are shown in the figure. Fig. 9 shows that RTN

characteristics are different when supply voltages are different.

Fig. 10 shows oscillation periods over time for skewed RO

where pMOSFET gate width is 140 nm and nMOSFET gate

width is 6720 nm. As expected, different RTN properties are

observed for different supply voltages.

C. Amplitude Correlation

From a circuit designers point of view, the key concern is

whether RTN induced ΔVT for a particular transistor is the
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ρ = 0.61

Fig. 11: Correlation between RTN induced delay fluctuations

for nMOSFET of 140 nm under two different supply voltages.

ρ = 0.64

Fig. 12: Correlation between RTN induced delay fluctuations

for pMOSFET of 140 nm under two different supply voltages.

Fig. 13: Δd/d of 20 samples at two different supply voltages

for a skewed RO where smaller nMOSFET gate width is

140 nm.

same across the supply voltages or not, and whether ΔVT

distribution is the same or not. Correlation between ΔVT of

transistor for different supply voltages are important for post-

silicon tuning methods.

Fig. 11 shows the correlation between Δd/d for nMOSFET

dominant skewed RO for two different supply voltages of

0.6 V and 0.8 V. Correlation coefficient is 0.61 which is much

smaller than expected. This reveals that even if we measure

Δd/d of a transistor at a particular supply voltage, Δd/d of

TABLE I: Correlation coefficients between RTN induced delay

fluctuations under different supply voltages for nMOSFET

dominant RO. nMOSFET gate width is 140 nm.

0.4 0.5 0.6 0.8 1.0

0.4 1.00 0.77 0.60 0.29 0.14
0.5 0.77 1.00 0.79 0.51 0.30
0.6 0.60 0.79 1.00 0.68 0.38
0.8 0.29 0.51 0.68 1.00 0.66
1.0 0.14 0.30 0.38 0.66 1.00

that particular transistor will not be the same for other supply

voltages. This is further illustrated in Fig. 13. In Fig. 13, most

of the samples have similar tendency in Δd/d amplitude at

both the supply voltages. However, as indicated by arrows in

the figure, some samples have opposite tendency that is Δd/d
is smaller at one particular supply voltage whereas Δd/d is

larger at another supply voltage. This characteristic has severe

effect on circuit designers. For example, tunable replica paths

to track worst case delay will not be able to represent the actual

worst case delay profile for different supply voltages. Thus,

dynamic tuning of supply voltage will require extra caution

due to RTN.

Table I shows the correlation coefficient value table between

RTN induced Δd/d amplitudes at different supply voltages.

Between supply voltages of 0.4 V and 0.5 V, the correlation

coefficient is around 0.77. With the increase of supply voltage

difference, correlation decreases. Between 0.4 V and 1.0 V,

correlation of only 0.14 is found. Operating a circuit under

wide range of supply voltage will become challenging in

scaled process technology.

D. Δd/d Distributions

Next, we show the measured Δd/d distributions for dif-

ferent ROs at different supply voltages. First, distributions

for ROs of different gate widths are compared to verify that

gate width dependency is observed in our RTN measurements.

Fig. 14 shows the Q-Q plot of Δd/d for three skewed ROs

where smaller nMOSFET gate widths are 140 nm, 280 nm

and 560 nm respectively. Supply voltage is 0.6 V in this case.

X-axis is shown in log-scale. As the Q-Q plot is a almost

linear, it can be said that RTN induced Δd/d distribution

follows lognormal distributions. Strong gate width dependency

is observed which is supported by literature reports [1].

Fig. 15 shows the Q-Q plot of Δd/d for three skewed ROs

where smaller pMOSFET gate widths are 140 nm, 280 nm

and 560 nm respectively. Strong gate width dependency is

observed as expected.

Next, we investigate the effect of supply voltage on Δd/d
distributions. Fig. 16 shows Δd/d distributions for a skewed

RO where nMOSFET gate width is 140 nm for five different

supply voltages. As the supply voltage lowers, the Δd/d
values increase. However, as shown in Fig. 8, sensitivity values

also increases with the lower of supply voltage. Thus, ΔVT

distributions need to be estimated for each supply voltage

operation for RTN comparison.
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Fig. 14: Comparison between RTN induced Δd/d[%] for three

different gate widths of nMOSFET at 0.6 V supply.
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Fig. 15: Comparison between RTN induced Δd/d[%] for three

different gate widths of nMOSFET at 0.6 V supply.

Fig. 17 shows the different distributions across the supply

voltages for RO where pMOSFET gate width is 140 nm and

nMOSFET gate width is 6720 nm. Fig. 18 shows the different

distributions across the supply voltages for RO where both

the nMOSFETs and the pMOSFETs have small gate width of

140 nm. In all the cases, lognormal distribution represents the

delay distributions well.

E. ΔVT Estimation and Verification

The distribution of ΔVT is important for yield and timing

analysis. Particularly for circuits that operate under wide

supply voltage range, achieving timing requirements can be

a tedious task. The particular interest is how the MOS-

FET ΔVT distribution parameters vary according to supply

voltage. Furthermore, how the distributions for nMOSFET

and pMOSFET differ. Using a statistical analysis method as

explained in Sec. II, ΔVT distributions of nMOSFET and

pMOSFET for different supply voltages are extracted. To our

surprise, ΔVT distributions are found to be almost identical

across the supply voltages. Furthermore, ΔVT distributions for

nMOSFET and pMOSFET are also very same. The estimated

ΔVT distribution is generated and shown in Fig. 19 for gate

width of 140 nm. Estimated lognormal distribution parameters

are LN (−0.15, 0.902).

Fig. 16: Comparison between RTN induced Δd/d [%] distri-

butions at different supply voltages for nMOSFET dominant

RO. nMOSFET gate width is 140 nm.

Fig. 17: Comparison between RTN induced Δd/d [%] distri-

butions at different supply voltages for nMOSFET dominant

RO. nMOSFET gate width is 140 nm.

Fig. 18: Comparison between RTN induced Δd/d [%] dis-

tributions at different supply voltages for both nMOSFET

and pMOSFET dominant RO. nMOSFET and pMOSFET gate

width is 140 nm.
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Fig. 19: Q-Q plot of estimated ΔVT distribution for nMOSFET

and pMOSFET of 140 nm gate width. ΔVT distribution is

same for all the supply voltages.

In order to verify the validity of the estimated ΔVT distri-

butions, Δd/d distributions for different ROs are estimated.

Then, the estimated Δd/d distributions are compared with the

measured distributions for different supply voltages. Fig. 20

shows the comparison for 0.6 V supply voltage. Distributions

for three ROs are shown. One is the RO where nMOSFET

gate width is 140 nm and pMOSFET gate width is 10480 nm.

Second is the RO where nMOSFET gate width is 6720 nm

and pMOSFET gate width is 140 nm. The final one is the

RO where nMOSFET gate width is 140 nm and pMOSFET

gate width is 140 nm. From the figure, estimated distributions

and measured distributions match close to each other for

all the three ROs. Figs. 21 and 22 show the comparisons

for supply voltages of 0.8 V and 1.0 V respectively. The

estimated and measured distributions match well. Thus, we

conclude that the estimated ΔVT distributions are valid. The

effect of supply voltage on ΔVT distributions is very weak

for the target process when the transistors are operating under

switching conditions and in strong inversion. The difference in

nMOSFET and pMOSFET ΔVT distributions are also found

to be negligible.

IV. CONCLUSION

Statistical properties of Random Telegraph Noise (RTN)

of both the nMOSFET and pMOSFET are evaluated using

a test structure fabricated in a 65 nm Silicon-on-Thin-Buried-

Oxide high performance process. RO delay distribution due

to RTN follows lognormal distribution. Using the sensitivity

coefficients and differences in the RTN sources, MOSFET

ΔVT distributions are estimated by a statistical fitting method

from multiple RO delay distributions. It is found that at strong

inversion operation and under switching condition, ΔVT distri-

butions for different supply voltages remain the same. Further-

more, ΔVT distributions for nMOSFET and pMOSFET of the

same gate width of 140 nm is also estimated same. The results

refer that a single RTN amplitude distribution can be used

across the supply voltages which will greatly ease the design

time optimization and analysis process. However, correlations

100 101 100 101 100 101

nMOSFET
dominant

pMOSFET
dominant

All
dominant

Fig. 20: Comparison between measured and estimated delay

distributions at 0.6 V supply voltage for three different ROs.

100 101 100 101 100 101

nMOSFET
dominant

pMOSFET
dominant

All
dominant

Fig. 21: Comparison between measured and estimated delay

distributions at 0.8 V supply voltage for three different ROs.

100 101 100 101 100 101

nMOSFET
dominant

pMOSFET
dominant

All
dominant

Fig. 22: Comparison between measured and estimated delay

distributions at 1.0 V supply voltage for three different ROs.

between RTN amplitudes at different supply voltages are found

to be low. Low correlation poses a challenge to the circuit

designers, as depending on the supply voltage, different ΔVT

profiles will be found across the chip.
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