IPSJ Transactions on System LSI Design Methodology Vol.13 56-64 (Aug. 2020)

[DOI: 10.2197/ipsjtsldm.13.56]

Regular Paper

Universal NBTI Compact Model Replicating AC
Stress/Recovery from a Single-shot Long-term DC
Measurement

Takumr Hosaka!-?

SHiNICHI NISHIZAWA
KazuTtosar KoBAYAsHI

3 4

Ryo Kisuma® TakasHI MATSUMOTO

5

Received: December 4, 2019, Revised: March 11, 2020,
Accepted: April 23, 2020

Abstract: In this paper, a simple and compact Negative Bias Temperature Instability (NBTI) model is proposed. It
is based on the reaction-diffusion (#*) and hole-trapping (log(#)) theories. A single shot of DC stress and recovery
data is utilized to express duty cycle dependence of NBTI degradation and recovery. Parameter fitting is proceeded
by considering that the amount of recovery cannot be larger than stress degradation. The proposed universal model is
applied to two types of transistors in different fabrication process technologies, and evaluate its feasibility to show the
universality of our proposed model. It replicates stress and recovery successfully with various duty cycles.
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1. Introduction

Negative bias temperature instability (NBTI) is one of the most
severe reliability issues for integrated circuits. NBTI is an aging
degradation on negative-biased PMOS transistors. The effect of
NBTI is observed as transistor performance degradation, which is
expressed as threshold voltage and subthreshold swing degrada-
tion in compact models [1], [2], [3], [4], [5], [6]. The performance
degradation increases path delay and it leads to malfunction due
to timing violation. In circuit design, some amount of timing
margin must be added to mitigate aging degradation. Inaccurate
timing margin increases area and power consumption. Therefore,
accurate lifetime estimation of transistors is mandatory to design
circuits with adequate design margins.

NBTI degradation is accelerated by temperature and a strong
vertical electric field to gate dioxide [7], [8], [9]. By removing
the electric fields, the NBTI degradation recovers instantly. But
some amount of degradation remains after long recovery time and
remains permanently. The recovery is also accelerated by higher
temperature and the positive electric field [2], [9], [10]. Physical
mechanism of NBTI is modeled by the reaction-diffusion (R-D)
and the hole trapping (trap de-trap (T-D)) model [2], [11], [12],
[13]. The R-D model assumes that the NBTI degradation and
recovery are caused by the generation of interface traps. Hydro-
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gen is dissociated from Si-H at Si-SiO, interface and diffuse to-
ward the gate electrode during applying negative bias to gate elec-
trode. The dissociated hydrogen recombines with dangling bond
Si- when the negative bias is removed. These hydrogens become
hydrogen molecules. Since the hydrogen molecule is neutral, it
cannot be explained that applying positive bias to gate terminal
accelerates recovery [2], [9]. The T-D model assumes that the
NBTI degradation and recovery are caused by the trapping and
de-trapping carriers into pre-existing defects in the gate oxide.
The distribution of the time constant of carrier traps is assumed
to follow a lognormal distribution. Thus the threshold voltage
shift due to gate-oxide traps is also assumed to follow a lognor-
mal distribution. The T-D model can explain a recovery acceler-
ation applying positive bias since trapped carriers are positively
charged. However, the T-D model cannot explain degradation
of subthreshold slope characteristic which is widely observed in
various papers. To overcome these issues, an NBTI model com-
bining those two mechanisms was proposed in Ref. [14].

Since NBTI has not only degradation but also recovery, esti-
mating the total amount of NBTI degradation is tough. For an
accurate estimation of transistors lifetime, it is mandatory for the
model to handle AC stress dependability of NBTI degradation
and recovery. From a model building perspective, the modeled
function and parameter extraction should be simple and fast for
model builders. Universality of both the model parameters and
model function is important for accurate NBTI degradation esti-
mation.

In this paper, as an extension of Ref. [15], we propose a simple
and universal NBTI degradation and recovery model which can
express an AC stress dependency from a single-shot DC stress
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and recovery measurement result. This model assumes that the
degradation is caused by the combination of the R-D and T-D me-
chanics, but only the T-D mechanism recovers from degradation.
The model uses a few fitting parameters obtained by a single-shot
DC stress and recovery measurement, and can express the NBTI
degradation and recovery of AC stress with various duty cycles.
The model development flow of the proposed model can be ap-
plied to transistors manufactured by various process technologies.

The key extension of this paper is adding model fitting results
to different fabrication conditions. In Ref.[15], NBTI of core
transistors width thin oxide is modeled. In this work, NBTI of
IO transistors with thick oxide is modeled with the same mod-
eling flow, and show same modeling process successfully model
the NBTIs of the transistors in different process technologies.

The rest of this paper is organized as follows. Section 2 de-
scribes related works for the NBTI models and explains differ-
ences among our proposed model and other conventional models.
Section 3 describes the proposed model and modeling guideline.
Section 4 describes experimental results and model verification
results with measurement data of two process technologies. Sec-
tion 5 concludes the paper.

2. Related Works

To estimate the amount of NBTI degradation, many NBTI
models are proposed. Reference [16] uses the two mechanisms of
the R-D and T-D models and successfully estimates the AC stress
dependency. The model, however, is not universal. Model pa-
rameters and modeled functions should be changed to express the
duty cycle dependency of the NBTI degradation. Reference [17]
also estimates the AC stress dependency, while it is too compli-
cated to easily build a compact model. Moreover, the amount of
recovery does not depend on its total amount of degradation.

The model in Ref.[16] has parameters depending on duty
cycles and clock periods. In model development, extra time-
consuming measurement is required to obtain those parameters.
Reference [17] uses both the drain-source current and gate injec-
tion current to build a compact model. Those data are converted
into model parameters. The model-building flow is also compli-
cated and it is difficult to obtain model parameters.

In this work, we propose an NBTI compact model which can
express a duty cycle dependability of the NBTI stress/recovery
effect from a single-shot DC stress/recovery measurement. It is
possible to obtain model parameters by periodically measuring
drain-source current of transistors during a stress phase and the
subsequent recovery phase. One key idea is setting the priority
in the model fitting process to improve model prediction accu-
racy. Their model development flow is simpler than models of
Refs. [16], [17].

3. Proposed Compact Model

The goal of our compact model is to express DC/AC measure-
ment results with a unique set of fitting parameters. Proposed
model uses only single shot DC measurement result to represent
both DC and AC stress/recovery dependency. Both simplicity
and universality of the fitting parameters are important for model
building. Drawback is that model accuracy may be sacrificed by
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Fig. 2 Transistors corner model of process variation and NBTI.

the model simplicity. To achieve good estimation accuracy using
simple model equation, we introduce a priority fitting in model
building. There are many candidates of the parameters that can
replicate measurement data. Firstly, parameters to determine a
total amount of recovery are extracted. Then the other param-
eters are extracted. The compact model developed by the pro-
posed flow can reproduce not only a single-phase stress/recovery
but also multiple-phase AC stress dependency. In addition, the
proposed flow can apply to various process technologies and can
reproduce AC stress dependency.

Figure 1 shows our modeling methodology. It is built from a
single-shot stress-recovery DC measurement that can express AC
stress dependency. Different AC stress/recovery condition can be
reproduced by unique fitting parameters. In other word, devel-
oped model is universal.

Threshold voltage degradation caused by NBTI can be decom-
posed into initial shift and time dependent component. Time de-
pendent component is modeled as a function to time. Initial shift
should be treated as “corner model”, similar to process variation.
Thus, NBTI degradation can be modeled as shown in Fig.2. In
this work, we target to model a time dependent component, and
treat initial shift as DC bias offset, which is described in Section 4.

In the model, we assume that NBTI degradation is modeled
by the combination of the R-D and T-D models. Only the log-
arithm component from the T-D model is recoverable since the
R-D model cannot explain recovery phenomenon [2].

As discussed later, our model is applied to two types of transis-
tors with different fabrication conditions to validate its universal-
ity. Table 1 shows the two types of transistors process technolo-
gies. The transistors used in this experience are core transistors
grouped as “DUT_A” and 1O transistor grouped as “DUT_B”. De-
tails are described in Section 4.1. In this section, data of transistor
DUT_A is used for explanation.

3.1 Model Function for NBTI Degradation and Recovery

Our model assumes the NBTI degradation is caused by the
combination of the T-D and R-D models, which are well known
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Table 1 Difference of both process technologies.

Name DUT A DUT B
Structure Core PMOSFET 10 PMOSFET
FD-SOI Bulk
Nominal ~0.55V 33V
supply voltage
Dimension 0.14 pm x 20/ 60 0.14 pm x 20 /400
(Wide/Length) nm nm

candidates to express the NBTI degradation. In the R-D model,
the threshold voltage degradation is modeled as a power-low
function for time (¢"), while in the T-D model, it is modeled as
a logarithmic function for time (log(#)). In a stress phase, the
NBTI degradation is expressed as follows

AVy = O"l‘strl/6 + Blog(l + ytg), (D

where, a, 8, and y are the fitting parameters, fy, is stress time.
Exponent of time is 1/6, which is a well-known value in the R-D
model [1]. In the recovery phase only the logarithm component
can be recoverable since the R-D model is hard to model the re-
covery phenomenon. The NBTI recovery is expressed as follows

AVlh,log/AVth,log _max — 6(trec/tstr)£y (2)

where, 6, ¢ are fitting parameters, f. is recovery time and fy,
is stress time. AV g _max 1 the total amount of threshold volt-
age degradation, which is the sum of the accumulated logarithmic
components of the NBTI degradation and recovery. AVi,joq i8
the amount of threshold voltage recovery after the recovery time,
which is normalized by the total amount of degradation. The
function of the recovery should be power-low since the thresh-
old voltage shift on the recovery phase should not overcome that
on the stress phase to prevent recovery undershoot. Finally, the
total amount of threshold voltage shift after a single stress and a
single recovery is described as follows,

AVth = a'[l/() +ﬁ10g(1 + 71) + 6AVth,log,max([rec/tstr)g- (3)

3.2 Model Fitting Flow

In this section, we propose the model fitting flow to obtain most
appropriable parameters to express NBTI degradation and recov-
ery.

The least square method is widely used for fitting. There are
the above five parameters that must be fit from two measurement
data on stress and recovery. The problem is that many candidates
are available for a set of parameters which can “fit” to data with
a small fitting error. Putting some priority to fix those parameters
can successfully extract a set of parameters following duty-cycle
dependency of stress and recovery.

In our fitting procedure, we use assumption only the amount
of degradation expressed by the logarithmic component can be
recovered. Under the assumption, the parameter ‘@’ is extracted
in the stress phase, which is the maximum value to satisfy the
assumption that the amount of recovery is not larger than stress
degradation by the logarithmic component. Then, the parameters
‘B’ and “y’ are extracted simultaneously by fitting to the result of
stress phase without changing ‘a’. Figure 3 shows the flow chart
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Fig. 3 Flow chart in fitting.

Table 2  Fitting parameters.

Parameter
a Fitting parameter for power-low component.
Stress S | Fitting parameter for logarithmic component.
Fitting parameter for stress time of
7 logarithmic component.
5 Fitting parameter for the amount of recovery.
Recovery . :
Fitting parameter for recovery time.
AVth AVth

Recovery time (t,o.)

Stress time (t;;,)

(1) Stress phase (2) Recovery phase

Fig. 4 Impact of the parameter ‘e’ on the NBTI model. It defines the ratio
of the power-low component and the logarithmic component.

of fitting. First, ‘@’ is initialized. Next, fitting is performed with
the result stress phase to extract ‘5’ and “y’. We check that the
assumptions are satisfied in the recovery phase and ‘@’ is maxi-
mum. Then, if it satisfies both the assumption and ‘@’ is maxi-
mum, breaks the loop. If the assumption is not satisfied, reduce
‘@’ If ‘@’ is negative value, increase ‘@’. Table 2 summarizes the
variables of model. Figure 4 shows the impact of the parameter
‘@’ in our NBTI model. The parameter ‘a’ defines the ratio of
the power-low component and the logarithmic component of the
NBTI stress. Our assumption is that only the logarithmic com-
ponent of NBTI stress can be recovered. Thus the amount of the
recoverable component is limited. Finally, the other parameters
are fit by using Eq. (2) on the recovery phase.

4. Experimental Results

In this section, we explain an experimental setup for NBTI
stress/recovery measurement and validate our model for two pro-
cess technologies, that have different structure and nominal sup-
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Fig. 5 Two different fitting results for threshold voltage degradation for DUT_A.
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Table 3 Measurement conditions.
Phase Vs for Vs for Vps[V] | T[°C]
DUT A DUT B
[V] [V]
Stress —2.0 =7.0 0.0 105
Recovery 0.0 0.0 0.0 105
Measurement —0.55 -3.3 -0.10 105

ply voltage. Two transistors show different degradation trends
and different model parameters are extracted. The NBTI models
are obtained by a single shot DC stress/recovery measurement,
and verified under the different duty-cycled AC stress/recovery
measurement. It is noted that data obtained by a long stress and
recovery measurement is required to extract parameters.

4.1 Experimental Setup

NBTI of the two types of transistors is evaluated and mod-
eled individually with our model and validate its feasibility. We
measure the transistors on-current with measure-stress-measure
(MSM) method. MSM method applies stress voltage only in the
stress condition, and removes the stress during measurement. To
prevent recovery during the measurement, we use 1 ms integra-
tion time for current measurement.

We measure the degradation of transistors on-current, and con-
vert them into threshold voltage shift using circuit simulations.
We first measure its initial device current, and then measure its
current degradation after applying stress voltage and temperature.

The transistors used in this experience are core transistors
grouped as “DUT_A” and IO transistors grouped as “DUT_B”
are regularly located on a wafer. Their device are manufac-
tured by different process technologies. Table 1 summarizes
the difference of each process technologies. DUT_A is W/L =
0.14 ym x 20/60 nm and DUT_B is 0.14 um x 20/400 nm.

We probe them individually and measure its on-current using
semiconductor analyzer Agilent 4156C. Table 3 summarizes the
measurement conditions. Temperature and the drain-source volt-
age are same in each process technologies, but the gate-source
voltage is different. In DUT_A, we apply —2.0V to gate source
during stress phase, and —0.55V during measurement phase. In
DUT_B, we apply —7.0'V to gate source, and —3.3 V during mea-
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Table 4 Residual sum of squares to the fitting method.

RSS(constant stress)
w/o priority 3.18x10°
w/ priority 3.41x10°3
70
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= 60 | model
% 50
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Fig. 6 Fitting result for recovery for DUT_A.

surement phase. we apply —0.10 V for drain-source voltage dur-
ing measurement phase to prevent the short channel effect.

4.2 Measurement and Verification for DUT_A

In this section, NBTI of DUT_A is modeled and verified.
First, we measure DC stress/recovery data, extract model param-
eter and develop models. Next, the models are verified for AC
stress/recovery data.
4.2.1 Measurement and Verification for DC Stress/recovery

We measure the transistors on-current in NBTI DC
stress/recovery, and construct a NBTI model expressed as
Eq. (1) and Eq. (2). Figure 5 show the result of two models with
difference fitting method. Figure 5(a) does not use priority in
fitting, simply fits the equation to the NBTI degradation. On the
other hand, Fig. 5 (b) uses a priority in fitting. Threshold voltage
in Fig.5 is normalized its maximum value. Table 4 shows the
residual sum of squares (RSS) in each fitting method. Results
show both set of parameters successfully fit to the measured
results. However, the ratio of the power-low and logarithm
component differs between the two model. Figure 6 shows the
result of our model and measurement data in recovery stage.
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Fig.7 AC stress results from two model building methods (ty/tree = 700s/705). Model with fitting
priority successfully fits to the measurement data for DUT_A.
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Fig. 8 AC stress results at ty,/tee = 75/7 s for DUT_A.

4.2.2 Verification Results for AC Stress/recovery

The models obtained from the single shot DC stress/recovery
measurement are verified by the stress/recovery iteration mea-
surement. Figure 7 (a) shows the measurement results and the
model without fitting priority. In this case, the duty ratio is set
to 91% (ts/trec = 700s/705s). The model without considering
fitting priority cannot express the measured duty cycle depen-
dency. Figure 7 (b) shows the measured results and the model
considering fitting priority (hereafter called proposed model). In
this case, the proposed model can express tendency of iteration
data which is appeared as accumulation of degradation. Simi-
larly, we verify the proposed model with different iteration con-
ditions. Figures 8, 9, 10 depict the iteration measurement data
for ty/trec = 75/75,700s/700s, 1,260 s/140 s with the proposed
model. Since each transistor is suffered from NBTI variations,
some amount of DC bias offset is applied to the model equation.
In this case, there are two set of model equations in Figs. 9, 10.
Note that the amount of DC bias offset is determined to fit the
model equation to the initial degradation, as illustrated in Fig. 11.

This DC bias offset is also used to compensate the NBTI vari-
ability on each transistor. Figure 12 shows duty ratio depen-
dence. The sum of stress and recovery time is 1,400 seconds.
#iter means iteration numbers of unit cycle (1,400s). S-shape is
obtained as seen in other papers. There are some gaps between
measurement and our model. Fluctuation in measured results
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Fig. 9 AC stress results at ty,/tee = 700s/700s for DUT_A.
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Fig. 10  AC stress results at ty,/trec = 1,2605/140s for DUT_A.

shown in Fig. 7-Fig. 10 is one main reason of this difference.
Table 5 summarizes the iteration conditions of stress/recovery
time, calculated duty ratios and these Root Mean Square Errors
(RMSE). Table 5 (a) shows comparison between model with pri-
ority and without priority and Table 5 (b) shows comparison be-
tween model with DC bias and without DC bias. Result of 7s/7 s
and 700s/70s in Table 5 (b) means that the model without DC
bias matches with the initial degradation. RMSE becomes small
by considering priority and adding the bias voltage. We conclude
that the proposed model has ability to express NBTI degrada-
tion and recovery by changing only the DC bias with the other
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Fig. 12 Duty ratio dependence for DUT_A (T = 1,4005).

Table 5 RMSE to compare models and measurement for DUT_A.
(a) Compare w/ Priority and w/o Priority

. RMSE [a.u.]
Str/Rec time Duty — —
w/o Priority w/ Priority

7s/7s 50 0.39 0.25
700 s/70 s 91 0.37 0.20
140 s/1260 s 10 0.19 0.22
700 s/700 s 50 0.71 0.53
1260 s/140 s 90 1.00 0.97

(b) Compare w/o DC bias and w/ DC bias

. RMSE [a.u.]
Str/Rec time | Duty - ]
w/o DC bias w/ DC bias
75s/7s 50 0.26 0.26(w/o DC Bias)
700 s/70 s 91 0.20 0.20(w/o DC Bias)
140 s/1260 s 10 0.22 0.18
700 s/700 s 50 0.54 0.31
1260 s/140 s 90 1.00 0.31

fixed parameters in the case that the exponent component be-
comes smaller by setting priority.

4.3 Measurement and Verification for DUT_B
In this section, NBTI of DUT_B is modeled and verified.
4.3.1 Measurement and Verification for DC Stress/recovery
We measure the transistors on-current in NBTI DC
stress/recovery, and construct NBTI model. Figure 13 shows the
result of two model with difference fitting method. Figure 13 (a)
does not use priority in fitting. Figure 13 (b) uses a priority in
fitting. Table 6 shows the RSS in each fitting method. Results
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Table 6 Residual sum of squares to the fitting method.

RSS(constant stress)
5.58x10*
6.02x10*

w/o priority

w/ priority

Table 7 The model parameter “a” with each fitting method.

Process and fitting flow Value of “&” [a.u.]
DUT_A w/o priority 1.0
DUT_A w/priority 19.5
DUT_B w/o priority 1.0
DUT B w/priority 0.71

show both two set of parameters successfully fit to the measured
result.

Table 7 shows the model parameter “@”” which indicates the ra-
tio of power-low degradation component for DUT_A and DUT_B
with each fitting method. They are normalized by their values
without priority of each device. The ratio of the exponent and
logarithm component differs between the two model. In DUT_A,
parameter “a” of model with priority is larger than without pri-
ority. It means that power low component of model with prior-
ity is larger than model without priority. The result is contrary
to DUT_B. In other words, model with priority can express DC
measurement data regardless of which ratio of degradation com-
ponent changes.

4.3.2 Measurement and Verification for AC Stress/recovery

The models obtained from the single shot DC stress/recovery
measurement are verified by the stress/recovery iteration mea-
surement. Figure 14 shows the measured results and models
with and without fitting priority. In this case, stress time and
recovery time are 700s/700s. In Fig. 14 (a), since the model
without fitting priority has smaller logarithmic component, the
model cannot cover the amount of recovery. Therefore, all of
degradation component is considered as recoverable. The model
without considering fitting priority cannot express the measured
duty cycle dependency. Figure 14 (b) shows the measured re-
sults and the proposed model. The proposed model can express
tendency of iteration data which is appeared as accumulation of
degradation. Figures 15 and 16 depict the iteration measurement
data for ty,/tree = 75/75s,1,2605s/140 s with the proposed model.
The DC bias offset is used to compensate variability. Figure 17
shows duty ratio dependence. The sum of stress and recovery
time is 1,400 seconds. Almost same characteristics are observed
as DUT_A in Fig. 12.

Table 8 summarizes the iteration conditions of stress/recovery
time and these RMSE. Table 8 (a) shows comparison between
model with priority and without priority and Table 8 (b) shows
comparison between model with DC bias and without DC bias.
RMSE can be small by considering priority and adding the DC
bias voltage to compensate the effect of NBTI variation. We con-
clude that the propose d models have ability to express NBTI
degradation and recovery by changing only the DC bias with the
fixed other parameters for different process technologies in the
case that the exponent component becomes bigger by setting pri-
ority.
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Fig. 13 Two different fitting results for threshold voltage degradation for DUT_B.
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Fig. 14 AC stress results from two model building methods (ty/tree = 700s/7005). Model with fitting
priority successfully fits to the measurement data for DUT_B.
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Fig. 15 AC stress results at ty,/t.ec = 7s/7s for DUT B.

5. Conclusion

In this paper, we propose the universal NBTI degradation
model which can express an AC stress dependability from a
single-shot DC stress/recovery measurement. We assume that the
NBTI degradation is a combination of the R-D and T-D models,
and only the degradation by T-D can be recovered. Putting some
priorities in fitting parameters, we can successfully extract a set of
parameters to express an AC stress dependency. The method can
be used regardless of the ratio of each degradation component.

© 2020 Information Processing Society of Japan

Fig. 16 AC stress results at ty,/tec = 1,2605/140 s for DUT_B.

The developed model can express not only DC stress/recovery
but also AC stress/recovery.
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Fig. 17 Duty ratio dependence for DUT_B (7" = 1400 ).

Table 8 RMSE to compare models and measurement for DUT_B.
(a) Compare w/ Priority and w/o Priority

. RMSE [a.u.]
Str/Rec time Duty — —
w/o Priority | w/ Priority
7s/7s 50 0.94 0.38
140 s/1260 s 10 0.46 0.27
700 s/700 s 50 0.33 0.17
1260 s/140 s 90 1.00 0.47

(b) Compare w/ DC bias and w/o DC bias

. RMSE [a.u.]
Str/Rec time Duty - -
w/o DC bias | w/ DC bias
7s/7s 50 0.80 0.32
140 s/1260 s 10 0.57 0.33
0.36(w/o
700 /700 s 50 0.36 .
DC Bias)
1260 s/140 s 90 1.00 0.63
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