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Abstract: In order to reduce Gaussian noise, this paper proposes a method via taking the average of
the upper and lower envelopes generated by capturing the high and low peaks of the input signal.
The designed fast response filter has no cut-off frequency, so the high order harmonics of the actual
signal remain unchanged. Therefore, it can immediately respond to the changes of input signal and
retain the integrity of the actual signal. In addition, it has only a small phase delay. The slew rate,
phase delay and frequency response can be confirmed from the simulation results of Multisim 13.0.
The filter outlined in this article can retain the high order harmonics of the original signal, achieving
a slew rate of 6.34 V/us and an almost zero phase difference. When using our filter to physically test
the input signal with a noise level of 3 Vp-p Gaussian noise, a reduced noise signal of 120 mVp-p is
obtained. The noise can be suppressed by up to 4% of the raw signal.

Keywords: low distortion noise filter; Gaussian noise; high order harmonics; fast response;
small phase delay

1. Introduction

Electronic signals are widely used in our daily lives. In fact, all the information in
the environment, such as sounds heard, images seen, and even the electrical signals of
the human body, can be converted into electronic signals in different ways for various
applications. In general, these signal sources comprise two kinds of signals: the first one
is the real signal that we want to obtain, and the second one is the noise signal. Note
that the primary physiological signals obtained by biomedical signal measurement sys-
tems are mainly low-frequency signals, such as electrocardiography (ECG) measurement,
electroencephalography (EEG) measurement, electromyography (EMG) measurement,
electroneurography (ENG) measurement [1], etc. Physiological signals obtained by these
measurement systems can reflect and aid in diagnosing physical conditions [2—4]. With
such relevant application to the medical field, the importance of eliminating noise in
low-frequency signals is clear. The dedicated work of several medical studies [5-8] also
points toward further work in finding ways to both efficiently and cost-effectively reduce
noise. However, in current methods of noise reduction for low-frequency signals, the
most common signal processing method is to use a low-pass filter to retain low-frequency
information. If the noise in the input signal has a lower frequency than the high order
harmonics of the real signal, a general low-pass filter is not sufficient, as only a cut-off
frequency lower than the noise can be given. While eliminating the noise, the high order
harmonics will also be eliminated, resulting in a low slew rate (SR) and severe signal
distortion. On the other hand, when the cut-off frequency is set higher than the noise, it
essentially invalidates the filter, so there is the dilemma.
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The purpose of this research is to design a noise filter that can eliminate noise and
achieve low phase distortion, fast response, and preserve the original signal characteristics.
The presented method is effective for noise elimination in cases where the noise meets
the criteria of symmetry and possesses random properties. This is a new methodology
for noise filtering that uses the characteristics of Gaussian distribution of noise, meaning
relevant academic texts are extremely limited or dated. However, this research builds on
current methods for analyzing the distribution characteristics of noise [9,10] to design a low
distortion noise filter. The simulation results of the general second-, third-, and fourth-order
low-pass filters show that there are phase distortions, indicating the inability to retain
high order harmonics information [11-13]. In our experimental proposal, the simulation is
performed by using Multisim 13.0 with a sine wave and square wave as the signal source.
The first step is to mix the real signal with the noise. Then we input the mixed signal into the
general second-, third-, fourth order low-pass filter and the designed low-distortion noise
filter. With the data we gathered, we proceeded to compare the designed low-distortion
noise filter with the general second-, third-, and fourth-order low-pass filters, quantizing
the attenuation amplitude of the noise, observing the frequency response and analyzing
the slew rate to compare the ability of each filter in noise elimination, phase distortion,
response speed, and the ability of real signal retention. When compared with use of the
average peaks method [14], the presented method can achieve a fast slew rate of 6.34 V/us
and the output noise can be suppressed up to 4%, which is better than the slew rate of
472 V /ms and the 9% suppressed noise of the previous work [14]. This low-distortion filter
can directly capture the high and low peak values of the input signal, using RC charge and
discharge principle to generate the signal’s upper and lower envelopes and then take their
average to reduce the noise. This design can handle noise easily without complex digital
signal processor (DSP) processing [15-17], and the circuit design is simple and features low
power consumption.

2. Mathematics Background

The main purpose of this study is to design a noise filtering circuit. As mentioned in
the previous section, thermal noise and shot noise are commonly seen in various types of
sensors, and these noise types are considered Gaussian distribution of noise. Figure 1 shows
an estimate of Gaussian random variable distribution of the noise, which is generated by
Multisim Function Generator and its distribution is similar to Gaussian distribution [12].
However, Gaussian distribution of noise has an important feature, that is, the Gaussian
distribution of noise is a noise with random probability distribution, six standard deviations
can contain 99.9997% of the entire noise distribution. Therefore, since the signal is random,
in this article, we will use the Gaussian distribution characteristics as well as use the RC
charge and discharge characteristics to capture the upper and lower envelopes of the input
signal with noise and average them to achieve the elimination of the noise. In this research,
the overall system architecture, as shown in Figure 2, can be divided into three parts; buffer,
capturing of upper and lower envelopes, and the operations of the signal. In Figure 2, the
voltage value of the input signal v; is the voltage value of the original signal v; joins with
the voltage value of the noise v, and v, is the voltage value of the system output. From
Figure 2, it is found that by using the characteristics of Gaussian distribution to capture
the high and low envelopes and then averaging them to maintain the integrity of the true
signal and to effectively suppress the noise. The upper and lower envelopes are generated
by RC charging and discharging circuits.

An example is given in Figure 3, using a sine wave with noise, the edge signals are
captured from the upper and lower edges of the signal for data analysis. As shown in
Figure 4, it can be observed that the captured upper and lower envelopes can show a
Gaussian distribution, and it is expected that the corresponding peaks can be averaged.
This figure shows that the noise standard deviation of the input signal is 0.1183, and the
captured upper and lower envelopes can reduce the standard deviation to 0.028, which is
about 23% of the raw signal, proving that this method can indeed attenuate the noise.
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Figure 1. An estimate of Gaussian random variable distribution.
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Figure 2. System architecture diagram.
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Figure 3. Upper/lower envelopes captured schematic.
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Figure 4. Normal distribution of v;, v, and upper/lower envelopes.
3. Design Method
3.1. Circuit Design: Retention of the Real Signal

In circuit design, the transistor is used as a buffer, and the RC loop formed by resistor
and capacitor is used to capture the upper and lower envelopes information. Finally, a
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voltage divider circuit formed by a resistor is used for averaging the upper and lower
envelope signals. The overall designed noise filter (named BJT) circuit is proposed as
shown in Figure 5.
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Figure 5. The designed noise filter (named BJT) circuit.

In Figure 5, the signal is transmitted from the input to the output. Since it does not
need too much attenuation, two transistors of PNP and NPN forms are set. When the
signal is transmitted to the first stage of the transistors (as a buffer) Q3 and Qy, the signal
is transmitted from the base to the emitter. There will be a superposition of the forward
voltage vy, so the signal of the upper and lower envelopes can be listed as:

Upper envelope : vp, = 0; + Upes @

Lower envelope : vp; = v; — Upes @

where v; = vs 4 vy;; U5 is the voltage value of the original signal, and v, is the voltage value
of the noise.

Then the signal of v; is transmitted to the second-stage of transistors Q; and Q;. In
addition to being a buffer, the function here is to eliminate the forward bias superposed by
the first-stage transistors. By the upper RC circuit, the upper envelope of signal v;, will be
(Vs + Uy + Upe3) — Vpe1; Uy is the upper envelope of v,. And by the lower RC circuit, the
lower envelope of signal v; will be (vs — v,,; — Vpeq) + Vpea; vy is the lower envelope of vy,.
Normally, v,;, is equal to v,; (v, = v,;). Therefore, the upper envelope of v;, and lower
envelope of v; can be expressed as follows:

Upper envelope : v, = s + Uy, + Upe3 — Upel 3)

Lower envelope : v = U5 — U] — Upeq + Upen 4)

In Equations (1)—(4), the vye1, Upen, Upes and vy, are the forward bias between the base
and emitter of Q, Qp, Q3 and Qy, normally influenced by the temperature (T), V. and
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Vss, we can name as Up,1 (T, Vee, Vss)r Ope2 (T, Vee, Vss)r Upe3 (T/ Vee, Vss) and Uped (T/ Vee, Vs ) .
The voltage value of vy, can be expressed as follows [18]:

_ kTq.,1
Vpe = 71711—5 5
_ 13805x10"2JK~! ©®)

I
Te02x10-0C T

where | is energy (Joule), K is absolute temperature, C is unit of charge (Coulombs), I is
the collector current (mA) and I is the reverse saturation current (pA).

In theory, the forward bias of each transistor will be the same, but there are still slight
differences in practical components, and the voltage drift between components will also
occur depending on the operating temperature. Nevertheless, the main purpose of the
filter design is to eliminate the noise. To avoid the voltage drift problems, we chose PNP &
NPN packaged in one group of two components carriers, Q3 and Q; are in one group, Q»
and Qy are another group.

In this way, we can see that vj,3 minus vp,1 (Vpe3 — Upe1 ), and negative vp,4 plus vpen
(—Upes + Vpen) can approach zero, and the temperature drift voltage can be avoided due
to the different temperature of each component. Thus, the final expression of the output
voltage can be listed as:

— UstUnp+0pe3— vbeljvs_vnl_vbeél 1 Vhe2 (6)

_ UstUs __
— szs_vs

Therefore, from Equation (6), it is demonstrated that the average of the upper and
lower envelopes can achieve the elimination of noise and the retention of the real signal.

3.2. Circuit Design: Capturing of Upper and Lower Envelopes

As shown in Figure 6, the main method of the circuit design for noise attenuation is to
use the high and low peaks of the noise, then by charging and discharging the capacitors
and resistors of R4, Ry5, C4, and Cs to capture the high and low envelopes, but this requires
special attention to the matching of resistance and capacitance.

-4

Signal with noise ¥ L

= = == == Upper envelope

— = = == LOwer envelope
Signal after process

Figure 6. Sinusoidal wave with noise and the Upper/Lower envelopes. (v, is the upper envelope of
Vy; Uy is the lower envelope of v,; v, is the noise signal).

Figure 7 [7] shows the ripple voltage generated by a full-wave rectifier with smoothing
capacitor. As shown in Figure 7, the value of RC not only affects the charge and discharge
time, but also affects the smoothness of the captured envelope. In fact the higher the value
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of RC, the better the smoothing. In Figure 7, the time constant of T and output voltage of
v, can be expressed as following:

T=RC )
¢ i
Vo(t) = Ve~ 7@ = Ve RC 8)
V!‘
Vi L _ _ ¢ Vo
e | " ~
Vv
L K \\T // \\ // \\
/ \ / \ / \
/ \ 7 \ 7/ A
— t
T
TF

Figure 7. RC filter showing the ripple voltage.

In Figure 7, some symbols are defined as follows:

VM is the maximum output voltage and V7, is the minimum output voltage.
V is the ripple voltage.

t' is the time for discharging and T’ is the discharging period.

T} is the period of the ripple.

3.3. Circuit Design: Fast Charge and Discharge Design

As shown in Figure 8, the larger the value of time constant 7, the longer the charge
and discharge time will be, and the captured envelope will thus be smooth. The opposite
occurs under a smaller 7 value. If the value of 7 is increased, during the rapid changes of
the input signal, the distortion will be caused by insufficient charge and discharge time.
Figure 9 shows the output of the designed circuit caused by only using RC charging and
discharging circuit under the input signal of 10 KHz, 1.5 Vp square wave mixed with
5 Vp-p noise. The noise is generated by the Multisim Function Generator Interface.

1.50

1.00

0.50

Voltage(V)
g

-1.00

-1.50
0.0E+00 5.0E-07 1.0E-06 1.5E-06 2.0E-06 2.5E-06
Time(Sec) RC; < RC, < RC3 < RC,

—Vi —RC1 RC2 RC3 ——RC4

Figure 8. Transient response analysis of charging time.
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Figure 9. The output waveform distortion of the designed noise filter for only using the RC charging
and discharging circuit, without using D1—-Dg Schottky diodes. (v,: red line; v;: green line).

As shown in Figure 9, the output waveform distortion of the designed noise filter is
caused when only using the RC charging and discharging circuit without using D;-Dg
Schottky diodes. In order to achieve high noise removal ability and fast response speed
as well as keep the signal undistorted, in the designed noise filter of Figure 5, we set
the Schottky diodes between the base and emitter of Q; and Q;, and between v; and
vy, using their forward bias conduction characteristics as a fast discharge circuit switch.
In other words, when the instantaneous change of the voltage value of the input signal
v; (Av;) is greater than the voltage value of the diode forward bias of Vp (Av; > Vp),
a fast discharge is performed. It’s important to note that the Schottky diode is used in
our design, mainly because of its characteristics of fast switching and low forward bias
voltage. In general, the forward bias of a typical diode is about 0.7~1.7 volts, while the
forward bias of a Schottky diode is about 0.15 to 0.45 volts. In our circuit design, we use
two Schottky diodes connected in series, so that when (Av; > 0.4 V), fast discharge is
performed. Using the designed noise filter and given the same input signal of 10 KHz,
1.5 Vp square wave mixed with 5 Vp-p noise as in Figure 9, the output result can show
that the waveform distortion caused by RC charging and discharging is no longer visible
as shown in Figure 10. However, if without using D5 and Dg Schottky diodes, the output
result is shown in Figure 11.

Voltage(V)
o
Q
(=]

-0.50

-1.00

-1.50
o 50 100 150 200 250 300

Time(us)

Figure 10. The output waveform distortion is improved using the designed noise filter circuit, with
RC circuit and D;-Dg Schottky diodes. (v,: red line; v;: green line).
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Figure 11. The output waveform of the designed noise filter, without D5 and Dg Schottky diodes.
(vo: red line; v;: green line).

4. Experiment Results
4.1. Circuit Simulations

The filtering effect of the designed noise filter circuit is verified by Multisim 13.0
software simulation. The verified items include circuit frequency response, phase response,
noise filtering capability, response speed, and Fourier amplitude spectrum. In circuit
simulations, the cut-off frequency f. of 20 KHz will be used as the verification control
group. Meanwhile, the verification method uses an input signal obtained from the pre-
stage mixing circuit of an original signal of 10 KHz, 1.5 Vp square wave mixed with 5 Vp-p
noise generated by Multisim Function Generator Interface.

4.1.1. Low-Pass Filter

In this section, the traditional low-pass filters will be introduced. The circuits of
second-, third-, and fourth-order low-pass Butterworth filters are shown in Figure 12.

vcc

] sv

c1
=—=2nF

OPA e

v, Ri R2
AN
563KQ  5.63KQ

C2
in

F vss

(a)
VCC
vcc 5V
5V c3
__c1 2nF B UO
—_—2nF I R3 R4 OPA2 —
Vi Ri R2 OPA1 y:
AAA———1 + 563KQ  563KQ |
563KQ  5.63KQ i s
c2 —1n Vss
1nF vss -5V
I _5 v =

(c)

Figure 12. (a) Second-order low pass Butterworth filter; (b) Third-order low pass Butterworth filter; (c) Fourth-order
low-pass Butterworth filter.



Sensors 2021, 21, 1008

9of 17

Figure 12a is the RC network of the second-order low-pass filter, composed of two
groups of Ry, Cq, and Ry, Cp, and the cut-off frequency f. in this filter can be expressed

as follows: .

fc - 27T X \/R1C1R2C2

Figure 12b shows a third-order low pass filter. This filter is composed of a second-order
filter and a first-order filter connected in series, the cut-off frequency f. can be expressed as:

©)

1
fC = 3
27T X \/R1R2R3C1C2C3

Figure 12c shows a fourth-order low-pass filter. This filter is composed of two second-
order filters connected in series, the cut-off frequency f. can be expressed as:

(10)

1

= 11
27T X \4/R1R2R3R4C1C2C3C4 ( )

fe

Figure 13 shows the frequency response of the second-, third-, and fourth-order
low-pass Butterworth filters.

20

o
[
|

dB(Vo/Vi)

-1 0 1

Log(f/f-aan)

——1order 2 order 3 order 4 order

Figure 13. Frequency response of the second-, third-, and fourth-order low-pass Butterworth filters

(f=3db = fo)-

In general, for an n-th order Butterworth low-pass filter, the gain G(w) can be ex-
pressed as:

G*(w) = = (12)
1_'_(“%)2” 1+(%)2n
where
e 1 =the order of the filter.
e  w = the radian frequency which is equal to 27f.
e  w, = cut off radian frequency.
e  fc = cutoff frequency = frequency at which the gain drops to —3 dB.
o Gy isthe DC gain (zero frequency gain).

In the low-pass Butterworth filters of Figure 12, the operational amplifier is connected
as a voltage follower, so at zero frequency; its gain is 1, that is Gg = 1 and the frequency
response will be attenuated to 0dB. Therefore, if f = 10f., then Equation (12) can be
expressed as follows:

2 - G 2 _ G 2
G (w) - 1_,'_(%)271 - 1+(0i)2n
~ 1 f 72{: —2n —n)\2 (13)
~ 1= (5) " =107 = (107)
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In this case, |G(w)| will be 107", that is |G(w)| = 107", and the frequency response at
f = 10f. can expressed as follows:

20l0g|G(w)| = 20l0g10™" = —20 x n dB (14)

As Figure 13 indicates, the slope of the frequency response diagram can be described
as —20 x n dB/decade when the frequency exceeds f.. In Figure 13, we can find once the
frequency exceeds f, the slopes of second-, third-, and fourth-order low-pass Butterworth
filters are —40 dB, —60 dB, and —80 dB respectively.

4.1.2. Frequency Response Analysis

As shown in Figure 14a, the traditional second-, third-, and fourth-order low-pass
filters have reduced the gain to be —40~—80 dB at the frequency of 10 times of f.. However,
in Figure 14a, we can see the B]T designed noise filter has a wider frequency response range.
Figure 14 and Table 1 show the frequency response of second-, third-, fourth-order, and the
BJT designed noise filter. Unlike general filters of cut-off frequency limitation, the proposed
noise filter can operate at a wider frequency response range normally within 1 MHz.

20

o

AV —

N
3
> -20
o
©
-40
-60
-4 -3 -2 =1 0 1 2 3 4
Log(f/f-sab)
—BIT 2 order 3 order 4 order
(a)
240
160
= 80
S
s ° ~—
o
L -8
-160
-240
1.0E+00 1.0E+03 1.0E+06 1.0E+09

Frequency(Hz)

—BIJT 2 order 3 order 4 order

(b)

Figure 14. (a) Frequency response at f = 10f: (Log( fj: db) = 1); (b) Frequency response from 1 Hz
to 1 GHz. (BJT is the designed noise filter, f, = f_34, = 20 KHz).

Table 1. The dB values of frequency response at 1 KHz, 10 KHz, 200 KHz, and 1 MHz. (f; = f_3qp =
20 KHz).

Frequency BJT 2 Order 3 Order 4 Order
1 KHz 0dB 0dB 0dB 0dB
10 KHz 0dB 0dB 0dB 0dB

200 KHz 0dB —40dB —60 dB —80dB

1 MHz —1dB —42 dB —78 dB —84 dB
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4.1.3. Square and Sine Wave Response

As shown in Figure 15, similarly, a 10 KHz, 1.5 Vp square wave mixed with 5 Vp-p
noise generated by Multisim Function Generator is used as the input signal. In unit scale
of Time/Div = 50 ps, it can be observed that the performance of this designed circuit has a
fast response speed, and there is no waveform distortion caused by the RC charging and
discharging time. At the same time, in the simulation results of Figure 16, it can also be
observed that there is no sine wave phase shift caused by the delay of RC charging and
discharging time when using the BJT noise filter.

Voltage(V)

Time(ps)

—Vi —BJT 2 order 3 order 4 order

Figure 15. Square wave response.

e B B
v o G
© & o

Voltage(V)
& o
[ o
o o

-1.00

-1.50

Time(us)

—Vi —BIT 2 order 3 order 4 order

Figure 16. Sinusoidal wave response.

4.1.4. Noise Attenuation Analysis

As described in Section 4.1.3, using the same input signal of 10 KHz, 1.5 Vp square
wave mixed with 5 Vp-p noise, the 5 Vp-p noise is generated by Multisim Function
Generator Interface. Figure 17 and Table 2 show the designed circuit noise filtering behavior
and effect. In Table 2, the one standard deviation (one sigma; 1) of the input noise signal is
81 mVrms. It can obtain 19 mVrms of output noise signal. This can show that the amplitude
of the noise in one sigma (10) is attenuated by 76.5%. Because the noise distribution is a
Gaussian distribution, a range of 99.97% noise amplitude can be covered with six standard
deviations (six sigma; 60). In Figure 17 and Table 2, the six standard deviations (six sigma;
60) of the input noise signal is 0.486 Vrms, resulted in the output noise signal of 0.114 Vrms.
It shows that the overall noise amplitude is also attenuated by 76.5%.

Figure 17. Designed circuit noise filtering behavior.
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=)

Voltage(V)
s -

S
3

Table 2. Designed circuit noise filtering effect.

1o 30 60
Vi ims 0.081V 0.241V 0.486 V
Vo_rms 0.019V 0.057 V 0.114V

4.1.5. Response Speed Analysis

As shown in Figure 18 and Table 3, the fastest response speed of this designed noise
filter can reach 0.27 ps, it is the time from 10% Vp-p rise to 90% Vp-p. If the voltage variation
is taken into consideration, the fast slew rate of 6.34 volts per microsecond (6.34 V/us) can
be obtained, that is the slope of the voltage change in 0.27 us, which is much greater than
the 0.07 volts per microsecond (0.07 V/us) of the conventional filter. In Table 3, the ATy,
and ATpyy, are defined as follows:
1. AT,y = Time from 10% Vp-p rise to 90% Vp-p.
2. ATpywn = Time from 90% Vp-p fall to 10% Vp-p.

2.00
1.50
1.00
0.50

0.00

oltage(V)

> -0.50

-1.00

-1.50

-2.00
200 250 300 350 400 450 500 550 600

Time(us)

—Vi BJT 2 order 3 order 4 order

Figure 18. Response speed of the designed noise filter.

Table 3. The data of the designed noise filter response speed.

Items ATyp (us) ATpown (US)
BJT 0.27 0.27
2 order 25.48 25.47
3 order 31.57 31.53
4 order 33.69 33.63

4.1.6. Fourier Amplitude Spectrum Analysis

Figure 19 illustrates the Fourier amplitude spectrum of 10 KHz, 1.5 Vp square wave
mixed with 5 Vp-p noise of input signal. It can be seen that the noise intensity is similar and
scattered in each spectrum. However, as the waveform of the main signal is a square wave,
only odd harmonics exist in the frequency space. A Fourier series can be used to represent
an ideal square wave, this Fourier series will be represented by an infinite polynomial as
follows [19]:

xsquare(t) = %kgl Sin((%;;lgnﬂ)

(15)
= %(sin(ant) + 3sin(67tft) + £sin(107ft) 4 .. )

Vs

/.
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Figure 20 is the output signal Fourier amplitude spectrum of the designed noise filter
after inputting the input signal of Figure 19. It shows that the noise is attenuated and the
high order harmonics of the main signal still remain. Comparing this designed noise filter
with traditional filters of Figures 21-23, where the noise below the cut-off frequency of f.
still remains, but the high order harmonics of the main signal of exceeding frequency f,
are obviously attenuated. In Figure 20, and Table 4, we can see that the designed noise
filter maintains the integrity of the true signal and effectively suppresses the noise. In
addition, in Table 4, we can find if the quintuple harmonics Fourier amplitude spectrum
peak value of the input signal is 0.25305 V, after this designed filter, the output Fourier
amplitude spectrum peak value of the quintuple harmonics is 0.24055 V. In this case of
traditional second-, third-, and fourth-order low-pass filters, the output Fourier amplitude

spectrum peak value of the quintuple harmonics has decayed to be 0.049239 V, 0.019903 V,
and 0.007709 V.
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Figure 20. Designed noise filter output signal Fourier amplitude spectrum.
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Figure 21. Second-order low-pass filter output signal Fourier amplitude spectrum.
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Figure 22. Third-order low-pass filter output signal Fourier amplitude spectrum.
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Figure 23. Fourth-order low-pass filter output signal Fourier amplitude spectrum.
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Table 4. Fourier amplitude spectrum peak values. (B]T is the designed noise filter).
Frequency v; BJT 2 Order 3 Order 4 Order
10 KHz 1.25896 1.20108 1.54432 1.58431 1.5003
30 KHz 0.41925 0.401337 0.212284 0.148126 0.085771
50 KHz 0.25305 0.24055 0.049239 0.019903 0.007709
70 KHz 0.180795 0.171364 0.017986 0.005179 0.001454

4.1.7. Phase Response Analysis

Figure 24 and Table 5 illustrate the phase response and the lead or lag angle values
in a 10 KHz, 1.5 Vp square wave mixed with 5 Vp-p noise of input signal. Thanks to
the utilization of the RC circuit accompanied with the Schottky diodes in this filter for
capturing the upper envelope and the lower envelope, the amount of stored charge is
extremely small, which results in the extremely small phase delay. In Table 5, we can see
the phase delay of the proposed noise filter has little lag and less than 3.43 degrees within
100 KHz. As for the other filters, the phase shift is much larger than this value.

270
180
90

0 —

Phase(AB)

-90
-180

=270
1.0E+00 1.0E+03 1.0E406 1.0E+09
Frequency(Hz)

BIT 2 order 3 order 4 order

Figure 24. Phase response of second-, third-, fourth-order, and BJT filter. (BJT is the designed noise
filter, fo = f_345 = 20 KHz).

Table 5. The lead or lag angle values of phase response at 1 KHz, 10 KHz, 100 KHz, and 1 MHz.
(fe = f-34p = 20 KH2).

Frequency BJT 2 Order 3 Order 4 Order
1 KHz —0.04° —5.09° —7.63° —10.16°

10 KHz —0.36° —55.77° —79.56° —111.17°
100 KHz —3.43° —170.14° 110.90° 19.75°
1 MHz —34.36° 83.59° —22.37° 166.83°

4.2. Circuit Implementation

Figure 25 shows the designed noise filter PCB layout and the final product. The PCB
layout design is developed by Protel 99 SE. The size of the noise filter is 12 mm x 19 mm
with a cost of less than NT$100. Using this method of noise filtering, the input signal can
be directly processed through the circuits without performing complicated operations such
as DSP.

Figure 26 shows the input signal with noise of 3.04 Vp-p, after the designed noise filter
of circuit implementation test, a 120 mVp-p output noise signal can be obtained, which can
reduce the input noise up to 4% of itself.
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Figure 25. (a) Component side of the designed noise filter PCB Layout; (b) Soldering side of the designed noise filter PCB

Layout; (c) The designed noise filter product.
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Figure 26. Test of noise filtering effect on real circuit board.

5. Conclusions
5.1. Technique Features

Signal processing and noise filtering have always been very important subjects in
technology, whether used in measurement or communication. This research investigates
the distribution characteristics of the noise commonly found in electronic circuits, and
applies a scientific understanding of the development of noise filter technology. According
to the noise distribution characteristics, this paper proposes a method to split the signal
source into two parts, separately extracting the high peaks and the low peaks by individual
circuit design, and using the RC charge and discharge principle to form the upper envelope
signal (v;) and the lower envelope signal (v;). Further, the extracted upper and lower
envelopes and the input signal all have a Gaussian distribution. Therefore, by taking the
upper envelope generated by the original signal plus noise signal and the lower envelope
generated by the original signal minus noise signal, the numbers are averaged to reduce the
Gaussian noise. Significantly, the noise filter of this design has no cut-off frequency, so the
high order harmonics of the actual signal remain unchanged until 1 MHz. This is limited
by the operation speed of the transistor. Thanks to the fast response of the noise filter, the
input signal can be kept up to 6.34 V/us and the actual signal integrity is preserved, which
is better than the previous work [14] in a slew rate of 472 V/ms. Also, by utilizing the
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RC circuit accompanied with Schottky diodes in the circuit design, a much smaller phase
delay is achieved than when a conventional filter is used. Several important features of the
proposed technique are summarized as following;:

e High response speed

e At the same input frequency signal, unlike a traditional filter, this filter can be op-
erated at a slew rate (charge and discharge slope) of 6.34 V/us. Under the same conditions,
the traditional filter can only reach at a speed of 0.09 V/us.

e Minimal phase delay

A traditional filter is delayed due to the charging of the RC circuit. However, the
circuit in the filter designed here creates a high response speed through the combined
use of the RC charging and discharging circuit and the Schottky diodes. Since the above
circuits capture the upper envelope and the lower envelope, the quantity of stored electric
charge is extremely small, and the resulting phase delay is correspondingly small. The
phase delay is approximately 3 degrees.

e Noise attenuation

In the circuit simulation test, an input noise signal of 0.486 Vrms is given to this filter,
achieving an output noise signal of 0.11 Vrms, with an attenuation of 25% of the raw signal.
Through the physical PCB circuit test, an input signal with 3 Vp-p Gaussian Noise, after
this noise filter, achieves the output noise signal of 120 mVp-p. The noise can be suppressed
to 4% of the raw signal.

e Maintain signal integrity

Rather than following the traditional filter, the range of the passband is set at the
cutoff frequency, but this filter is not affected by the cutoff frequency. After the signal is
transmitted from the filter, the high order harmonics information within 1 MHz can still
be retained. The Fourier amplitude spectrum peak values shown in Table 4 reveal that
the quintuple harmonic Fourier amplitude spectrum of the raw signal is 0.25 V, and the
quintuple harmonic output from the designed filter is 0.24 V. Compared with the traditional
second-order low-pass filter, the quintuple harmonic output signal has decayed to 0.049 V,
while in the fourth-order low-pass filter, the output signal of quintuple harmonic is decayed
even more to 0.0077 V.

5.2. Future Prospects

The most important aspect of creating a noise filter is to match a detection system or a
measurement system to assist the noise filtering, as to highlight its value. In the future, it is
hoped that this structure can be used in measurement systems to assist in noise removal.

Although the noise filter in this study can attenuate the Gaussian distributed noise, it
is limited by the frequency response of using the transistors in the overall filters, the output
signal gain will begin to attenuate at about 1 MHz when using transistor components.
However, if the noise filter is applied to signals around 200 kHz, in square wave, 5 times
of this frequency of high order harmonics will fall at the position of 1 MHz, in this case it
will cause distortion. Addressing this distortion would be a valuable direction for future
research to take.
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