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Magnetrons are widely used in microwave-based industrial applications, which are rapidly developing. However, the
coupling between their output frequency and power as well as their wideband spectra restricts their further application. In
this work, the output frequency and power of a magnetron are decoupled by self-injection. Moreover, the spectral bandwidth
is narrowed, and the phase noise is reduced for most loop phase values. In order to predict the frequency variation with loop
phase and injection ratio, a theoretical model based on a circuit equivalent to the magnetron is developed. Furthermore,
the developed model also shows that the self-injection magnetron is stabler than the free-running magnetron and that
the magnetron’s phase noise can be reduced significantly for most loop phase values. Experimental results confirm the

conclusions obtained using the proposed model.
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1. Introduction

Nowadays, many microwave-based industrial applica-
tions are rapidly developing, such as plasma and microwave
chemical vapor deposition, which require high intensive elec-
tromagnetic fields.!":*) Meanwhile, microwave wireless power
transmission systems and space solar power satellite/station
systems need high continuous microwave power.>~7 The
energies of single microwave sources can hardly meet
these demands. An attractive method of generating high
continuous microwave power is coherent, magnetron-based
power-combination since magnetrons are low-cost and highly
efficient.[>~! However, the coupling between a magnetron’s
output frequency and power presents one of the significant ob-
stacles to coherent power-combination, because both the fre-
quency and power vary with the anode current of the mag-
netron. Hence, it is difficult to adjust each magnetron to ex-
actly the same frequency and power to achieve a high com-
bined efficiency.!®'%! On the other hand, free-running mag-
netrons produce wideband spectra with high noise, restricting
the applications of magnetrons in communications and other
scientific fields.!!!]

The conventional methods of addressing the coupling
between the output frequency and power as well as reduc-
ing the noise of the free-running magnetron spectra include
external-injection locking, power supply system improvement,
and the combination of these two techniques.[®!1-1®] Usually,
external-injection locking can lock the output frequency of a
magnetron at the injection frequency, thus improving the phase
noise. However, the locking bandwidth depends greatly on
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the injection ratio. Therefore, expensive solid-state drivers are
required to achieve wide locking bandwidths for high-power

[12-15] Fyrthermore, the power supply system also

magnetrons.
significantly affects the output performance of a magnetron.
Therefore, previous researchers also studied the combination
of external-injection locking and using an improved power
supply system to reduce the injection ratio and to improve
the noise performance.[%!!] However, all these systems con-
tain microwave active circuits, and thus are costly and fragile.

In this study, we develop a novel way of controlling
a magnetron’s output frequency and power individually by
introducing a feedback loop, which contains no microwave
active device. Moreover, the output spectrum of the self-
injection magnetron is narrowed, and the phase noise is re-
duced for most loop phase values. In order to predict the fre-
quency variation with loop phase and injection ratio, a the-
oretical model based on a circuit equivalent to a magnetron
is developed. Numerical analysis indicates that the frequency
variation with loop phase can be approximated by a sine curve
with a stretched declining region and a compressed rising re-
gion. Furthermore, the self-injection magnetron is found to
be more stable than the free-running magnetron except that
the loop phase is around (2k + 1)x. The phase noise is also
reduced when the magnetron is stabler. Experimental re-
sults demonstrate that the frequency of the self-injection mag-
netron changes with loop phase, while the output power re-
mains steady under a stable anode current. The spectral band-
width of the self-injection magnetron is also narrowed for most
loop phase values except for w and 57 /4. The phase noise in
the narrowed spectra is also reduced compared with that of a
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free-running magnetron spectra. The experimental results well
match the theoretical predictions.

The rest of this paper is organized as follows. In Sec-
tion 2, the relation between frequency and noise performance
of the self-injection magnetron is obtained based on the equiv-
alent circuit model. Numerical analyses are also performed
to investigate the effects of loop phase and injection ratio on
the frequency and noise performance in this section. Experi-
ments are carried out to test the theoretical predictions. The
experimental system is depicted in Section 3. The experimen-
tal results as well as their comparison with the theoretical pre-
dictions are discussed in Section 4. Finally, some conclusions
are drawn from the present investigation in Section 5.

2. Theoretical analysis
2.1. Frequency and power decoupling

The equivalent circuit model for the magnetron which has
the pulling and pushing effects is shown in Fig. 1.['?] The res-
onant cavity of a magnetron can be equivalent to an RLC cir-
cuit. The electron interaction in the cavity is represented by
electronic conductance g and electronic susceptance b. The
characteristic of the load is equivalent to the load conductance
G and load susceptance B.

] 3o zn

|

o G

Fig. 1. Equivalent circuit model of magnetron.

The oscillation equation of the circuit is shown as

G+ijB
Qext ’
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where @, = y/1/LC is the resonance frequency of the un-
loaded cavity and Qe is the quality factor of the external load.
When the magnetron is operated with an injection signal, the
equation of the injected magnetron can be written as!!?]

, 1 . G+jB+peif
—(g+jb) =+ +—+joC+Cp———. (2)
(8+ib) = oL T O

Therefore, the phase differential equation of an injec-

tion magnetron can be obtained from Egs. (1) and (2) as

follows: 121

de
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where w; and oy are the frequencies of the injection signal and
the free running magnetron, respectively, 6 is the phase dif-
ference between the injection signal and the magnetron output
and p = \/m denotes the injection ratio.[!?]

For a self-injection magnetron, the injection signal is just
a portion of the output of the magnetron itself. Therefore, the
injection frequency @y is exactly the same as the output fre-
quency gy of the magnetron. Moreover, 8 always remains
constant in the steady state. Hence, the steady-state equation
of a self-injection magnetron can be expressed as follows:

pax
2Qext

Equation (4) indicates that the output frequency is related

Wout = O + sin 6. “)

to the phase delay of the feedback loop. Besides, the equa-
tions derived above are independent of the anode current.!'”]
Furthermore, the output power of a magnetron is controlled
by the anode current.[8] These facts guarantee, at least the-
oretically, the decoupling between the frequency and power
by self-injection. The output power and frequency can be ad-
justed individually by controlling the anode current and the
loop phase, respectively.

Even though the output power and frequency can be de-
coupled by self-injection, the detailed relationship between the
output frequency and the system parameters should be studied
further by using Eq. (4). Through the analyses above, it can
be concluded that the frequency varies with the loop phase.
In turn, the frequency variation results in further loop phase
change. However, in the steady state, the loop phase can be
expressed as O¢( oy / @r), Where 6; and 6 are the loop phases
under the free-running frequency wx and the output frequency
of the self-injection magnetron @y, respectively. Since the
physical length of the feedback loop remains constant, the fre-
quency variation can be expressed as a function of the self-
injection magnetron system parameters as follows:

pwo . Wout
Wout = O + sin | 6 ) . 5
out 2Qext < COf ( )

2.2. Noise performance

The stability of self-injection oscillators has been ana-
lyzed previously.l'®! A magnetron is also a type of oscilla-
tor, and the circuit equivalent to a magnetron is the same as
the analyzed parallel-resonant circuit in Ref. [18]. Therein, it
was reported that the stability requirement for a self-injection
parallel-resonant oscillator can be expressed as

dé _  pwy
dt B 2chl

where & is a small fluctuation in the phase difference and 0 is
16]

cos(6) -6, (6)

the loop phase value. !

However, it was also reported that the loop phase was as-
sumed to be constant in the analyses and that the effects of the
oscillator frequency shift and loop phase variation should be
carefully studied in the future.!'®! Therefore, if the frequency
shift is considered, the loop phase of a self-injection mag-
netron in a steady state can also be expressed as O Wout/ ).
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Then, equation (6) can be written as

dd __ poy cos <0fw°m> -6, @)
r

E T 2Qext

which is derived from Eq. (5).
Equation (7) demonstrates the stability of a self-injection

P(DO wout
— cos | Op—
20ex ( Cox )

is expressed as k for convenience in the rest of the paper. If k is

magnetron. First,

negative, the fluctuation 6 of the phase difference between the
magnetron output and the self-injection signal approaches to
zero, and the phase difference is stable. Otherwise, if k is pos-
itive, 6 increases with time increasing. A self-injection mag-
netron cannot stabilize its phase nor frequency under this con-
dition. The numerical analyses of k as a function of loop phase
and injection ratio are presented in Subsection 2.3, Figs. 3 and
5.

The phase noise is the ensemble average of the phase fluc-
tuation power spectral density. With small phase fluctuation,

18,191 To further analyze the rela-

the phase noise will be low.!
tionship between the phase noise of a free-running magnetron
and a self-injection magnetron, B, (¢) is introduced to repre-
sent the time-varying noise susceptance.!'” Then the equation

of the self-injection magnetron with noise can be described as

d(Pout(t) :wf"" P(Uo _ Wo
dr 2Qext 2Qext

where Qo and @yy,; are the instantaneous phases of the output

sin(@inj(t) — Pout()) Bu(1), (8)

signal and injection signal of magnetron, respectively.
Assuming that the noise is a small perturbation to a noise-
free solution, we can write

Pout (t) = ¢out(t) + 8(P0ut(t) = Wout! + 5(P0ut ([),

@in(1) = Pinj (1) + S Pin (1), ©)
where the quantity with the symbol hat " is a steady-state quan-
tity, the 8 Qouc(f) and 8 @iyj(r) describe the small phase fluctu-
ations of the output and injection signal of the magnetron, re-
spectively. Moreover, it is reported that the relationship can be

expressed as!!’]

(1) = (h(1)e 1) % S @our(1),

where # is the convolution symbol, A(¢) is the time-domain

(10)

transfer function of the feedback loop, and H(w) is its
frequency-domain transfer function. For the self-injection
magnetron, the feedback loop just delays the output signal.
Therefore, H(®) can be described as e~ 197ia where Tjq is the
loop delay time and can be calculated from 6;/a;.!'”! Then

equation (8) can be expressed as

d 6 Qout(?) _ P
dr 2Qext

COS((@inj (t) — Pout(t))

M
20ext

where @iy (1) — Pour(?) is the steady state phase delay of the
feedback loop, which can be described as 0¢(Wout/ ).

X [8uni(t) = 8@ouc(t)] — 55— Bu(t), (11)

To convert the time-domain phase fluctuations into a
frequency-domain phase noise, we can perform the Fourier
transform of Eq. (11) as

5P ou(@n)
_20)0 En(wm)
o L (2)
i out
i — — | (H m —1
o B cos (02 ) i ahc+ 0) 1)

where w,, is the offset frequency and the tilde (7) denotes a
transformed variable.

The power spectrum of the magnetrons phase fluctua-
tion is calculated from (gpout(wm)gpzm(a)m», where the no-
tation ( ) represents an ensemble average. Besides, the re-
sults of (gpout(wm)é?p:m(a)m» are the same as the results of
|(§7p0ut(a)m)|2. Moreover, in the absence of the self-injection
signal (p = 0), derived from Eq. (12) is the phase noise of the
free-running magnetron, which is represented as |37pf(a)m)|2.
Then the relationship between the phase noise of the self-
injection magnetron and that of the free-running magnetron
can be expressed as

6@ u(@n)|’
=~ 2
‘6(Pf(wm)‘
- P a, S.(13)
j out
'J + |:2Qexla)m cos <9f o ﬂ (1 — H (0o + @)

In previous studies, to conduct theoretical analyses, the
output frequency @,y Was approximated as being equal to the
free-running frequency x of the oscillator, and the loop phase
was also approximated as a constant. The previous researchers
stated in the conclusions that the frequency shift and loop
phase variation should be carefully studied in the future.l! If
equation (13) is solved numerically using the output frequency
derived from Eq. (5), accurate analyses can be performed. The
numerical results and discussion are given in Subsection 2.3
and Fig. 6.

2.3. Numerical analysis

Equation (5) shows the relationship between the output
frequency and the system parameters such as the loop phase
and injection ratio. To investigate the effect of the feedback
loop length on the output frequency, the loop phase can be split
into a fixed part and an adjustable part O,, i.e., 6f = O + Of,.
Here, the phase of the coaxial cable and the waveguide in
the feedback loop, and the phase shift in the feedback loop
are represented. The numerical results are shown in Figs. 2
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and 3, which are obtained using a free-running frequency of
2.45 GHz and a frequency tuning bandwidth of 10 MHz for a
power injection ratio of 0.1.[1417.20.21]
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Fig. 2. (color online) Frequency variations with adjustable phase for
different loop phases.

The frequency variation with adjustable loop phase 6,
can be approximated by a sine curve with a stretched declin-
ing region and a compressed rising region as shown in Fig. 2.
The width of the rising region becomes smaller as ¢ increases
from 7 to 1007. Moreover, if the fixed feedback loop exceeds
2004, the frequency starts to fluctuate. The frequency fluc-
tuation indicates that the magnetron is not very stable in this
case. In Fig. 2, the fluctuations occur when the adjustable loop
phase is nearly 7, which is in accordance with the result of
the magnetron stability analysis and will be discussed in detail
later.

Figure 3 shows the frequency variation with adjustable
phase for different injection ratios. The frequency tuning
bandwidth increases with injection ratio increasing. Moreover,
the rising regions become more compressed as the injection
ratio increases. Again, frequency fluctuations appear near an
adjustable loop phase value of 7.
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Fig. 3. (color online) Frequency variations with phase for different in-
jection ratios.

The stability of a self-injection magnetron is described by
Eq. (7), which shows that a self-injection magnetron is stabler
if k is negative. The numerical results for the coefficient k

are shown in Figs. 4 and 5. In the previous analysis, the output
frequency of the self-injection magnetron is approximately the
same as that of a free-running magnetron, and the loop phase

U8] Therefore, the variations of

is also assumed to be constant.
k with adjustable loop phase exhibit cosine function shapes as
shown in Figs. 4 and 5. With considering the frequency shift
and the loop phase variation, the range of the negative k values
is found to be larger than 7.

Figure 4 shows the variations of the coefficient k with
loop phase. As the fixed loop phase increases from 107 to
2007, the range of the negative k values widens. Fluctuations
also appear when the fixed loop phase reaches 2007 because
of the frequency fluctuations.

— cosine curve
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Fig. 4. (color online) Variations of k with adjustable phase loop phase
for different values of 6; (k < 0: noise reduced).

Figure 5 shows the variations of the coefficient k with
adjustable phase for different injection ratios. As the injec-
tion ratio increases from 0.05 to 0.3, the range of the negative
k widens. Fluctuations also appear when the injection ratio
reaches 0.3 because of the frequency fluctuations.
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Fig. 5. (color online) Variations of k with adjustable phase for different
injection ratios (k < 0: noise reduced).

Figures 4 and 5 demonstrate that a self-injection mag-
netron cannot be stabilized if the adjustable loop phase ap-
proaches to zero because of the positive k value, which is in ac-
cordance with the previous parallel resonant oscillator analysis

results. 8

1 Moreover, with the increase of total loop length or
injection ratio, the range of the negative k values widens. Nev-

ertheless, certain limitations are necessary on the total loop
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length and the injection ratio, because if the feedback loop is
too long or the injection ratio is too large, the output frequency
will fluctuate, and frequency fluctuations may result in posi-
tive k values. In addition, longer loops cause higher insertion
losses, which is also inadvisable in practice.

The phase noise of a magnetron is closely related to its
stability. With increasing magnetron stability, the fluctuation
of the phase difference between the magnetron output and self-
injection signal approaches to zero, and the phase noise de-
creases. Moreover, the relationship between the phase noise
of a self-injection magnetron and a free-running magnetron is
described in Eq. (13), and the numerical results are shown in
Fig. 6.

N 0
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% —40 — O =7/2
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o
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—120 - - -
A 10° 100 106 107 108

Offset frequency/Hz

Fig. 6. (color online) Plots of phase noises versus offset frequency for
free-running magnetron and different 6, values of self-injection mag-
netrons.

The spectral characteristics of the phase noise in a self-
injection magnetron are shown in Fig. 6. The free-running
magnetron phase noise follows the ideal 1/f? dependence.
As the adjustable loop phase increases from 0 to 37/2, the
phase noise decreases at low offset frequencies except that the
adjustable loop phase is 7. For the self-injection magnetron
with an adjustable loop phase of 7, a peak occurs in the phase
noise. Meanwhile, at high offset frequencies, the phase noise
of the self-injection magnetron is the same as that of the free-
running magnetron. With considering the frequency shift and
loop phase variation, the loop phase range in which the phase
noise can be reduced becomes larger than those presented in
previous reports in which frequency shift and loop phase vari-
ations were ignored.

3. Self-injection magnetron experimental setup

The experimental system of the self-injection magnetron
is depicted in Fig. 7. The test magnetron was a Panasonic CW
magnetron 2M244-M1, which produces an output power of
1000 W around 2.45 GHz with an anode current of 350 mA.
The injection power was coupled by a 10-dB directive cou-
pler and adjusted by an attenuator. The majority of the out-
put power was absorbed by water loadl. The two circulators
separated the injection power from the reflection power. The
separated reflection power was absorbed by load2. Therefore,
the injection power could also be measured using the directive

coupler. The loop phase was adjusted by a phase shifter placed
in the feedback loop that could adjust the phase from 0 to 57 /2
in intervals of 7 /4 at a frequency of 2.45 GHz. A coaxial ca-
ble with a power capacity of 150 W connects the coupled port
to the injection port.

spectrum power meter:
analyzer injection power
loadl
magnetron directive 10 dB
couple coupler
phase

shifer

power meter:
output power

coaxial cable

(a)

10 dB directive
coupler

phase

shifter attenuator

magnetron

circulators

spectrum
analyzer

(b)

Fig. 7. (color online) (a) Experimental setup of self-injection magnetron
system, and (b) photograph of experimental self-injection system.

coupler power supply

The output spectrum and power were coupled by a dou-
ble directive coupler and measured by a Tek RSA6100B
spectrum analyzer and an AV2433 power meter, respectively.
The RSA6000 Series provides the functionality of a high-
performance spectrum analyzer, wideband vector signal an-
alyzer, and the unique trigger-capture-analyze capability of a
real-time spectrum analyzer all in a single package. The DPX
spectrum of the Tek RSA6100B spectrum analyzer provides
an intuitive understanding of time-varying RF signals with
color-graded displays based on frequency of occurrence.??!

4. Results and discussion

To measure the output frequency and power as well as

noise performance of the free-running magnetron, the injec-
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tion port and the output port of the phase shifter are termi-
nated with matched loads. The variations of output frequency
and power with the anode current are shown in Fig. 8. Ob-
viously, both the output frequency and power increase with
anode current. The output frequency increases by 11 MHz
and the output power increases from 427 W to 1000 W as the
anode current increases from 170 mA to 370 mA.

9.452 1100
2.450} {1000
N
T 2448} {900
g =
> 2.446} lso0 <
=t [}
S 9.444] {700 %
g [a W)
S 2440} {600
2440 /. {500
° " " " " " 400

2.43
%60 200 240 280 320 360

Anode current/mA

Fig. 8. Variations of frequency and power with anode current in free-
running magnetron.

To measure the performances of the self-injection mag-
netron, a coaxial cable was used to connect the coupled output
power to the injection port. The anode current was maintained
at 350 mA, while the phase shift was changed from 0 to 57 /2
in steps of m/4. The variations of frequency and power are
shown in Fig. 9 for an injection power of 50 W.

2.465 - T T T T 1100
o-—o—-o»—‘-—o*"'““*o—-e -® -0
N
o >
O 2.455¢} 1900 g
~
> ~
g 5
g * <
= o
g 2.445¢ 1700 &~
&=
—— theoretical frequency
* experimental frequency|
2435 _--8 - experimental power 500
—7/4 3m/4 Tm/4 117/4
Phase/rad

Fig. 9. Variations of frequency and power with phase shift, where the
power remains steady under stable anode current, while the frequency
varies with the loop phase.

It is clear that frequency and power are decoupled as
shown in Fig. 9. Because the frequency can be adjusted by
changing the loop phase, the output power remains steady.
Although the frequency tuning bandwidth reaches 19.7 MHz
dramatically, the output power remains around 1020 W with a
fluctuation less than £10 W.

To test the theoretical frequency prediction, the theoreti-
cal frequency curve with a fixed loop phase around is shown in
Fig. 9. The loop phase value is reasonable because the coax-
ial cable and BJ26 waveguide were about 1.5 m and 1.3 m

long, respectively. Consequently, the experimental results well
match the theoretical predictions. The rising region in the
frequency curve is compressed, and the declining region is
stretched just as indicated in Eq. (5) and Fig. 2.

The spectrogram function of the Tek RSA6100B spec-
trum analyzer can display the variations of frequency and am-
plitude with time. A spectrogram of the self-injection mag-
netron is shown in Fig. 10. The frequency of occurrence
is color-graded, indicating the transient frequency in red and

background noise in blue.??!

Free-

o Time/div:
N
e

3r/4

™
5m/4
3m/2
/4

2w

9r/4

5m/4

2.455

2.450
Frequency/GHz

2.435 2.440 2.445

Fig. 10. (color online) Spectrograms of self-injection magnetron with
different phase shifts.

In Fig. 10, as the phase shift changes, it is clear that the
range in which the frequency is declining turns much larger
than that in which the frequency is rising. These results agree
with the theoretically predicted frequency variations with loop
phase. Moreover, the output frequency bandwidth of the self-
injection magnetron is narrower than that of the free-running
magnetron except that the phase shift is 7 or 57/4. When
the phase shift is 7 or 57 /4, the colored points appear across
a wide range, indicating that the frequency has a wide band-
width. Therefore, the self-injection magnetron is not very sta-
ble under these loop phase values.

The experimental results in Fig. 10 also confirm the theo-
retical predictions regarding self-injection magnetron stability.
The numerical results show that the self-injection magnetron
is not very stable when the loop phase is around 2k and that
the frequency is always rising if the loop phase is increasing
around 2k7. In other words, the self-injection magnetron is
unstable if the output frequency is rising with increasing loop
phase, which is in accordance with the experimental results in
Fig. 10. Furthermore, the phase shift range in which the mag-
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netron is unstable is much narrower than that reported previ-
ously (7).
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Fig. 11. (color online) DXP spectra of free-running and self-injection mag-
netrons: (a) DXP spectra of free-running magnetron, (b) DXP spectra of
self-injection magnetron with phase shift of 7/4, and (c) DXP spectra of
self-injection magnetron with phase shift of 7.

The DXP spectra of the free-running and self-injection
magnetrons are compared in Fig. 11. The colored parts indi-
cate the frequency occurrence. The center frequency and span
are shown below the spectra. The free-running magnetron pro-
duces a wideband spectrum as shown in Fig. 11(a). For the
self-injection magnetron, the output frequency is narrower if
the magnetron is stabler as shown in Fig. 11(b). However, if
the self-injection is not stabilized, the output spectrum cannot
be narrowed, and the side band signal also appears at an offset

frequency of approximate 20 MHz. The stability and spectral

bandwidth are also closely related to the phase noise, which is
shown in Fig. 12.

Figure 12 shows the plots of phase noise versus offset
frequency for the free-running and self-injection magnetrons.
For self-injection magnetrons with phase shifts of 0, /2, and
3m/2, the phase noise is significantly reduced at low offset
frequencies (less than 107 Hz). If the offset frequency is very
high (exceeding 107 Hz), the phase noise of the self-injection
magnetron is the same as that of the free-running magnetron.
For the self-injection magnetron with a phase shift of 7, the
phase noise cannot be reduced compared with that of the free-
running magnetron if the offset frequency is less than 10° Hz.
Moreover, there is also a peak around an offset frequency of
20 MHz, which is similar to the DXP spectrum result. These
features verify the theoretical analyses and numerical predic-

tions.
—50
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Fig. 12. (color online) Variations of phase noise with offset frequency
for free running magnetron and different phase shifts of self-injection
magnetrons.

5. Conclusions

By introducing a feedback loop into a magnetron system
in this study, the output frequency and power can be decou-
pled. The output power is controlled by the anode current,
and the frequency can be adjusted by changing the loop phase.
Meanwhile, the output frequency bandwidth is narrowed, and
the phase noise of the self-injection magnetron is reduced for
most loop phase values. Moreover, a theoretical model based
on a circuit equivalent to a magnetron is developed. The fre-
quency variation with changing loop phase can be approxi-
mated by a sine curve with a stretched declining region and a
compressed rising region. Furthermore, more accurate stabil-
ity and noise performance analysis are performed for a self-
injection magnetron with considering the frequency shift and
loop phase variation. The self-injection magnetron is stabler
except that the loop phase value is around (2k + 1)m. The
phase noise can also be reduced if the magnetron is stabler.

Self-injection magnetron provides the basis for a new co-
herent power-combining approach because it can adjust each

individual magnetron to the same values of output frequency
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and power without external-injection locking. After the fre-

quency of each magnetron is adjusted to the same value, the

phase difference between the sources of the power-combining

system can be adjusted by a pulse of biased frequency. This

work is still ongoing. On the other hand, since the self-

injection technique can narrow the output frequency band-

width and reduce the magnetron phase noise, it can broaden

the areas in which magnetrons can be applied to critical noise

required fields such as communications and scientific fields.
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