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Abstract. 1/f noise is closely related to the defects and damage inside the semiconductor device, and its
noise parameters can characterize the reliability and performance of semiconductor devices. The basic
characteristics of 1/f noise, the basic theory of wavelet transform and the basic principle of power spectrum
estimation are introduced in this paper. The noise simulation test system based on the embedded development
platform is designed and built, and the parameters of 1/f noise are estimated by the method based on the
wavelet and power spectrum estimation. The results show that the method based on wavelet and power
spectrum estimation has high accuracy and is suitable for 1/f noise parameter estimation under white noise
background.
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1. Introduction

1/f noise is a low frequency noise which is commonly found in semiconductor devices. A large amount
of useful information can be extracted from the data obtained from the 1/f noise to characterize the reliability
of the electronic device [1, 2], so it is important to analyze the 1/f noise to obtain the noise parameters.

1/f noise is a non-stationary random process. The power spectral density of the 1/f noise sequence s(t)
in the semiconductor device can be expressed by the following mathematical equation [3]
2

5,(1)=2> (2)

where f is the frequency; y is the frequency index factor of 1/f noise; o is the 1/f noise amplitude. It can
be seen from Eq.(1) that the power spectral density of 1/f noise has a characteristic of increasing with
increased noise amplitude and decreased frequency.

In recent years, many experts and scholars have spent a lot of effort to study many aspects of 1/f noise [4,
5]. In the aspect of parameter estimation of 1/f noise, the method based on power spectrum estimation is
widely used [6], and the method based on wavelet has also been proposed [7]. However, both methods have
some shortcomings. In order to improve the performance of the parameter estimation, we consider
combining this two methods and their advantages, which is described in detail below.

2. Estimation of 1/f Noise Parameters

2.1. Method based on power spectrum estimation
The low frequency noise in semiconductor devices is usually composed of 1/f noise, white noise and g-r
noise. It is difficult to observe g-r noise in large-size semiconductor devices because of the great modern
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fabrication process. Therefore, this paper only considers 1/f noise s(t) and white noise w(t), and the power
spectral density can be written as
2
GS
S(f)=S.(f)+S8.(f)="5+a )
where & is the white noise amplitude. When the frequency tends to infinity, the following equation can be
obtained

2
; —liml %s o 2 |— 2
ims(1)=lim| 0% f=o: ®

In order to convert Eq.(2) into a linear expression, we can subtract ¢’ and take a logarithm on both sides
of Eq.(2), then the following equation can be obtained

lg(S(f)-ok)=-rlgf +lg(o?) (4)
At this point, Ig f and Ig(S(f)—afv) are treated as observed data, y and o’ are treated as unknown
parameters. For Eq.(4), we can use the least squares estimation method to obtain y and 7.

The method based on power spectrum estimation is simple and fast, but there are some shortcomings.
First, the accuracy of this estimation method depends on the magnitude of the error of the power spectrum
calculation method and the smoothness of the spectral line. In addition, Eq.(2)-(4) convert the nonlinear
relationship into a linear relationship. It can be seen from Fig.1 that the data points are non-uniformly
distributed in the double logarithmic coordinate system. This actually makes the weight of the lower
frequency part smaller than the weight of the higher frequency part, and the original data of equal uncertainty
become data of unequal uncertainty, which will have a large impact on the accuracy of the estimation.
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Fig. 1: The power spectrum estimation of 1/f noise.

2.2. Method based on wavelet

For dyadic wavelet, it can be expressed as [8, 9]

Vi (t):2’j/zt//(2’jt—k) (5)
where y/(t) is the wavelet basis; j is the scale factor; k is the time displacement variable. For the 1/f noise
under white noise background

x(t)=s(t)+w(t) (6)
the dyadic wavelet transform coefficients s/ of 1/f noise s(t) can be expressed as

s) =WT, (j,k)=[s(t)yy (t)dt=2"[s(t)y (27t —k)dt ©)

And the dyadic wavelet transform coefficients w, of white noise w(t) can be expressed as

w =WT, (k)= Jw(t)y (t)dt=2""[w(t)y (2 't —k)dt (8)

The dyadic wavelet transform coefficients x! of x(t) can be written as

X! =s)+w 9)

The variance of can be proved as [10]

var(xkj ) =267 + 0} (10)
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where o7 is a constant proportional to o and o7 is a constant proportional to & . Therefore, the variance
of the wavelet coefficients with the scale j+1 can be written as
var(x/*)=2""6? + o7 (11)
Subtracting Eq.(10) by Eq.(11), and taking the logarithm with the bottom of 2, the following equation
can be obtained
log, | var(x/*) - var(x!) |= 7 j +log,| (2" 1)o7 | (12)
At this point, j and log,[var(x)") —var(x))] are treated as observed data, » and log,[(2" —~1)o?] are
treated as unknown parameters. For Eq.(4), we use the least squares estimation method to obtain y .

In practical application, compared with the method of power spectrum estimation, the wavelet analysis
method has higher accuracy for y, but the estimation of &7 is more complicated. Therefore, we consider
combining the power spectrum estimation method with the wavelet method. We use wavelet analysis to
estimate y, and then use estimated y as a known parameter and use power spectrum estimation method to
estimate o?.

3. Experiment and Simulation

3.1. Equipment and solutions of experiment
The simulation and detection system of 1/f noise was built in this paper. As shown in Fig.2, the entire 1/f
noise simulation testing system mainly consists of ARM processor, FPGA, ADC, DAC, and PC.

The sequence of 1/f noise was generated by the ARM processor and transferred into the FPGA, and then
converted into analog signals by the DAC. The signal was sampled by the ADC and transferred into the PC
by the FPGA. The sampled data was lastly analyzed and processed in the PC.
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Fig. 2: The simulation and detection system of 1/f noise.

3.2. Results and analysis of experiment

According to the method of [11], 1/f noise was generated. In this experiment, 1/f noise parameter y was
set to 1.8 and &7 was set to 1000. ADC sampling frequency was f, =10kHz , the number of samples was
N, =2%.

In this paper, with the consideration of accuracy and calculation speed, the Welch spectrum estimation
method is used in the spectral estimation, and the Haar wavelet is used in the wavelet analysis, which is
analyzed by repetitive experiments.

The white noise is added to the generated 1/f noise, and the time domain waveform is shown in Fig.3.
When the SNR (signal to noise ratio) is less than 5dB, 1/f noise is submerged in the additive white noise.
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Fig. 3: Waveform of 1/f noise in different SNR. (a) SNR=20dB; (b) SNR=15dB; (c) SNR=10dB; (d) SNR=5dB; (e)
SNR=0dB; (f) SNR=-5dB.

According to Eq.(12), the value y of 1/f noise is estimated by wavelet analysis and least squares method.

The results are shown in Fig.4.
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Fig. 4: Estimation of y in different SNR. (a) 7 =1.7970; (b) 7 =17927; (c) y =18093; (d) 7 =18129; (e)

4

=18177; (f) 7 =18254.

The power spectrum of 1/f noise is calculated by the Welch method. According to Eq.(4), the estimated
y is used as the known parameter and the 62 can be estimated by the least squares method. The results are

shown in Fig.5.
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Fig. 5: Estimation of ¢ in different SNR. (2) o7 =996.1431; (b) 67=1007.7354; (c) o =1013.7866 ; (d)
o2 =9836539; (e) o2 =10218555; (f) o2 = 9718378,
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From Fig.4 and Fig.5, the relative error of the estimation result can be calculated, as shown in Fig.6.
With the increasing of SNR from -5dB, the estimation error of y and o7 is getting smaller and smaller,
which is within the acceptable range. However, when SNR is less than -10dB, it can also be found that the
linear relationship between log,[var(x, ") —var(x/)] and j become weaker, which makes the estimation error
larger than 5%. Therefore, the 1/f noise in the background of the white noise can be moderately denoised to
improve the estimation performance in the practical application.
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Fig. 6: The relative error of estimation result.

4. Summary

In this paper, the shortcomings of spectral estimation and wavelet analysis for parameters estimation of
1/f noise are analyzed. The relationship between the power spectral density and the frequency and the
relationship between wavelet transform coefficient and scale are constructed, so that the parameters of 1/f
noise can be estimated by the method based on wavelet and power spectrum estimation. And the process of
1/f noise parameter estimation based on this method is described in detail. From the experimental results, the
method of estimating 1/f noise parameters in the background of white noise is of high performance and
feasibility.
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