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Abstract:  
Development process of novel solitary electromagnetic wave (SEMW) theory, outline 

of it, and some application examples of it about the digital circuit that is the typical 

switching mode circuit (SMC) are presented. SMC consists of switching transistor, 

power line, and signal line. It is expected that the electromagnetic wave will be 

generated by the switching transistor. Therefore, the current of switching transistor 

was analyzed in accordance with semiconductor physics. Applying non-linear wave 

physics and electromagnetic physics to this result, SEMW theory was developed. It 

will supplement the conventional electromagnetic physics and will help the great 

progress of IT in the future. 
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1. Introduction  

The electromagnetic wave theory that was developed by fusing the wave physics 

and 20 of equations of the electromagnetic field theory was presented by Maxwell in 

1873. The electromagnetic wave is generated at the change of the electric phenomena. 

The electromagnetic wave can move in the insulator at the light speed. However, the 

electromagnetic wave theory has not been adopted to the electric or electronics circuit. 

The conventional wiring design is based on the AC circuit theory or the microwave 

circuit theory. Both circuit theories adopt the idea that the current is the drifting speed 

of the charge in the conductive wire. According to the electromagnetic physics, this 

current is defined to be the stationary current and the drifting speed of this current is 

less than 1mm/s. The signal transmission speed is important for the switching mode 

circuit (SMC) in contrast with the importance of phase for the analog circuit that 

functions by the continuous sine wave current. Therefore, the wiring of SMC should 

not be designed and in based on the AC circuit theory or the microwave circuit theory 

but in accordance with the electromagnetic wave theory. But the conventional 

electromagnetic wave theory that handles the continuous wave was not suitable to the 

SMC that electromagnetic phenomenon is non-continuous.  
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Therefore, we started to develop the electromagnetic wave theory based on the non-

linear wave physics. The developed electromagnetic theory is named the solitary 

electromagnetic wave (SEMW) theory [1,2]. The development process of the SEMW 

theory, the outline of it, and some application examples of it about the digital circuit 

that is the typical SMC are presented in this paper. 

2. Current Generated when Switching CMOS 

The CMOS inverter circuit that is the basic form of the digital circuit on SoC 

consists of CMOS, the power supply line (power line), and the signal transmission 

line (signal line). Figure 1 shows the CMOS inverter circuit. 

 

Figure 1. CMOS inverter circuit. 

In the Figure 1, CMOS is formed by the cascade connection of P channel MOS 

field effect transistor (PMOSFET) and the N channel MOS field effect transistor 

(NMOSFET). The source terminal of PMOSFET is connected to the power line that 

supplies the DC source. The source terminal of NMOSFET is connected to the ground 

line of the DC source. The gate terminals of PMOSFET and NMOSFET are 

connected and they form the gate terminal of CMOS. The drain terminals of 

PMOSFET and NMOSFET are connected and they form the drain terminal of CMOS. 

The gate terminal of the signal driving CMOS (driver CMOS) forms the terminal A. 

The signal line is connected between the drain terminal of the driver CMOS and the 

gate terminal of the signal receiving CMOS (receiver CMOS). 

When the initial state that gate terminal A of driver CMOS is set VDD level, the 

voltage level of the drain terminal of the driver CMOS is ground level because 

PMOSFET is OFF state and NMOSFET is ON state. Next, when the ground level 

voltage is applied to the gate terminal A of the driver CMOS, the states of PMOSFET 

and NMOSFET are flipped and the voltage of the drain terminal of CMOS becomes 

to VDD level. The levels of VDD and ground are appeared at the irregular timing to 

the gate of CMOS in accordance with the command of program. 

One of the characteristics of CMOS is that the current flows only at the moment of 

the switching motion except the leakage current. The characteristics of the 

semiconductor that are shown in the open database ITRS [3] and the international 

roadmap for devices and systems (IDRS) [4] were useful for the calculation of this 

paper. The characteristic of each transistor on SOC is little in difference because it is 

manufactured by the high-quality manufacturing system. Therefore, the current 

waveshape of core of CMOS can be almost gotten by the calculation of one typical 

current of CMOS. 

According to the semiconductor physics [5], drain current of PMOSFET is  

Id = (
Z

L
) μnCox {(VG − VFB − 2ψB −

VD

2
) VD −

2

3

√2εsqND

Cox
[(VD + 2ψB)3 2⁄ − (2ψB)3 2⁄ ]} (1) 
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where, Z is gate width, L is gate length, μn is mobility; drift speed of hole per 

electric field strength, Cox is gate capacitance, VG is gate voltage, VFB is flat-band 

voltage, ΨB is Fermi level from intrinsic Fermi level; |EF-Ei|/q, in bulk, VDD is supply 

voltage, ɛs is permittivity of silicon; ε0 × 11.9, q is unit electron charge; 1.602108×10
-

19 
C, ND is donor impurity concentration. 

In the Figure 1, the effective drain saturation current of PMOSFET when making 

consideration that carrier velocity saturates to vs is  

Id,sat = k ∙ Z(VG − VT)Cox ∙ vs                               (2) 

where, k is prefactor (: 0.5-1.0), VT is saturation threshold voltage. 

The drain saturation current at VT or more can be got by using the parameters shown 

in ITRS or IRDS instead of the equation 2.  

The drain saturation current of PMOSFET is  

Id,sat = A ⋅ Id,satn ⋅ Vg Vdd⁄                                          (3) 

where, Id,sat n is the saturation drain current of NMOSFET, A is the conversion rate 

for PMOS FET against NMOS FET. 

The drain current of PMOS FET up to VT is 

Id = Ioff(1 + Vg)                                              (4) 

where, Ioff is the source-drain leakage current 

Next, the drain current shape of PMOSFET at its switching is calculated. The 

calculation range and all equations are shown by the writing style of Mathcad 15©. 

The drain current of PMOSFET increases in accordance with the equation 3 and the 

equation 4 at the gate voltage is to Vdd /2 from zero. But when the gate voltage 

reached to Vdd /2, the drain current of PMOSFET reduces toward zero in accordance 

with a symmetric curve to the increasing curve at the gate voltage is to Vdd /2 from 

zero because the drain current of NMOSFET starts to reduce.  

a.  Calculation condition 

The voltage of the DC source is Vdd = 0.7 , the drain saturation current of 

PMOSFET is Id,sat = 869 × 10−6, source-drain leakage current is Ioff = 10 × 10−9, the 

conversion rate for PMOS FET against NMOS FET is A = 0.5, the gate capacitance is                 
Cox1 = 1.27 × 10−15. 

They were quoted from More Moore Table in MM01-LOGIC of 2019 technology 

node (TN) of IRDS2017 [4]. 

b.  Calculation range 

 VG ∶= 0,0.007. .0.7 

c.  Equations  

Drain current over than VT is  

   Idsat(VG) ∶= Idsatp ∙
VG

Vdd
                                       (5) 

Drain current up to VT is  

   Idl01(VG) ∶= Ioff ∙ (1 + VG)                                  (6) 
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Summation of the drain current is 

 Idsat11(VG) ∶= [Idsat(VG)2 + Idl01(VG)2]
1

2                       (7) 

Axisymmetrical drain current is 

    Idsat1R(VG) ∶= Idsat11 ∙ (Vdd − VG)                             (8) 

Synthetic drain current is 

Idsat1a(VG) ∶= [Idsat11(VG)−30 + Idsat1R(VG)−30]
−1

30             (9) 

where, 30
th

 power is used to absolutely equal to the synthetic curve. 

When VG =, Idsat11(VG) =, Idsat1R(VG) =, Idsat1a(VG) = are written on Mathcad 

15©, each solution will be got. When Each solution chart on Mathcad 15© is clicked 

by right button of the mouse, the export tub will be shown. The data will be drawn on 

the discrete graph of Excel by pasting the data read out to the note pad of Windows. 

And so on. 

The calculation result of equation 9 is shown in the Figure 2.  

  

Figure 2. Wave shape of drain current (calculated). 

The wave shape of drain-source voltage of PMOSFET at charging the gate 

capacitance when VG axis is corresponded to the time axis is 

  VDta(VG) ∶= Cox1−1 ∙ ∫ Idsat11(VG)
T1

0
dt                      (10) 

Rise time (tr) of the voltage between drain and source (drain voltage) of PMOSFET 

is corresponds to the charge time T1 of the gate capacitance shown in equation 10. 

The value of T1 at which VDta (VG) becomes 0.35V when VG is Vdd / 2 (= 0.35V) is 

2.046 × 10
−12

 sec from the equation 10. When T1 = 2.046×10
-12

sec is made to 

correspond to Vg = 0.35V, the gate voltage can be converted to the time axis. 

The time axis wave shape of drain-source voltage of PMOSFET when T1 is change 

to 2T1 of the equation 10 is 

  VDt01(VG) ∶= Cox1−1 ∙ ∫ Idsat11(VG)
2T1

0
dt                       (11) 

Axisymmetrical drain voltage wave shape to the equation 11 is 

VDt01R(VG) ∶= Cox1−1 ∙ ∫ Idsat11(Vdd − VG)
2T1

0
dt              (12) 

Synthetic drain voltage of the equation 11 and the equation 12 is 

  EDSt01(VG) ∶= [VDt01(VG)−2 + VDt01R(VG)−2]
−1

2               (13) 
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Integral wave shape of the equation 13 is 

VDSt01(VG) ∶= 3.289 ∙ ∫ EDSt01(VG)
VG

0
d(VG)                (14) 

 where, 3.289 is the correction factor to set magnitude to 0.7V. 

Actually, digital circuit consists of several cascade connections of CMOS shown in 

the Figure 1.  

First, the drain current at two cascade connections of CMOS is got by replacing VG 

in the equation 5 and the equation 6 to VDSt01(VG). 

Drain current at more than VT is 

Idsat02(VG) ∶= VDSt01(VG) ∙
Idsatp

Vdd
                               (15) 

Drain current up to VT is 

 Idl02(VG) ∶= Ioff ∙
VDSt01(VG)

Vdd
                               (16) 

Synthetic drain current of the equation 15 and the equation 16 is  

   Idsat2(VG) ∶= 0.970 ∙ [Idsat02(VG)2 + Idl02(VG)2]
1

2          (17) 

where, where, 0.970 is the correction factor of the magnitude. 

Axisymmetrical drain current wave shape to the equation 17 is 

Idsat2R(VG) ∶= Idsat2 ∙ (Vdd − VG)                          (18) 

Synthetic drain current of the equation 17 and the equation 18 is 

     Idsat2a(VG) ∶= [Idsat2(VG)−2 + Isat2R(VG)−2]
−1

2              (19) 

The calculation result of from the equation 17 to the equation19 is shown in the 

Figure 3. This figure was drawn by Excel. In the Figure 3, the horizontal axis was 

converted voltage into time in accordance with the method applied to the equation 10.  

  

Figure 3. Wave shape of the drain current Idsat2a (calculated). 

Drain voltage wave shape of the time axis at charging the gate capacitance is 

VDt02(VG) ∶= 0.51489 ∙ Cox1−1 ∙ ∫ Idsat2(VG)
2T1

0
dt              (20) 

Axisymmetrical drain voltage wave shape to the equation 20 is 

VDtR02(VG) ∶= 0.51489 ∙ Cox1−1 ∙ ∫ Idsat2(Vdd − VG)
2T1

0
dt        (21) 

Synthetic drain voltage of the equation 20 and the equation 21 is 



Volume 3, Issue 1, 2020  ISSN: 2664-0821  

DOI: https://doi.org/10.31058/j.ap.2020.31004 

Submitted to Applied Physics, page 41-55                                                                                                             www.itspoa.com/journal/ap 

VDS02(VG) ∶= [VDt02(VG)−2 + VDtR02(VG)−2]
−1

2          (22) 

In next, the drain current at three cascade connections of CMOS is calculated by 

replacing VG in the equation 15 and the equation 16 to VDSt01(VG). 

Drain current at more than VT is 

Idsat03(VG) ∶= VDSt2(VG) ∙
Idsatp

Vdd
                            (23) 

Drain current up to VT is 

   Idl03(VG) ∶= Ioff ∙
VDSt2(VG)

Vdd
                                   (24) 

Synthetic drain current of the equation 23 and the equation 24 is  

Idsat3(VG) ∶= 0.970 ∙ [Idsat03(VG)2 + Idl03(VG)2]
1

2           (25)   

Axisymmetrical drain current wave shape to the equation 25 is 

Idsat3R(VG) ∶= Idsat3 ∙ (Vdd − VG)                        (26) 

Synthetic drain current of the equation 25 and the equation 26 is 

Idsat3a(VG) ∶= [Idsat3(VG)2 + Idsat3R(VG)2]
1

2                  (27) 

The calculation result of from the equation 25 to the equation 27 is shown in the 

Figure 4.  This figure was drawn by same way to the Figure 3.  

  

  Figure 4. Wave shape of the drain current Idsat3a (calculated). 

The wave width of the drain current Idsat3a shown in the Figure 4 is narrower than 

it shown in the Figure 3, and the wave form shown in the figure 4 is considered to be 

similar to the actual wave form of the digital circuit.  

The drain current Idsat3a that can be also got by SPICE. This current has been 

called the through current, and it has been hated in the semiconductor engineers 

because it is believed that this current causes the power consumption and the power 

fluctuation are increased. This current has been also hated at the power supply design 

because it sometimes draws the destruction of the power transistor. Time width of the 

though current became shorter by the progress of the miniaturization of the transistor 

but the magnitude is little reduced. Therefore, the clock circuit which consumes 

relatively large power in spite of its area less than 10% of it of SoC has been 

improved the over-lord method or other.  

But it was clarified by our research that this current that is generated by CMOS on 

SoC is quite important because it deeply relates to forming the signal voltage and 

causing the power fluctuation.  
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3. KdV Equation and Soliton 

In 1895 of going on about 60 years after at the discovery of the solitary wave by 

John Scott Russell, based on the fruits of their research result which concerns the 

shallow water wave, D.J. Korteweg and G.de Vries of the Netherlands presented the 

existence possibility of the solitary wave.  

The solitary wave is the typical example of the nonlinear wave, it is expressed by 

the following KdV equation [6]. 

𝜕𝛼

𝜕𝜏
+

3

2

𝑐0

ℎ
𝛼

𝜕𝛼

𝜕𝜉
+

𝑐0ℎ2

6

𝜕3𝛼

𝜕𝜉3 = 0                                     (28) 

where, α is the wave height, τ is the time (= t) , h is the depth of water, c0 is the 

phase speed (: c0 = √
k

m
h), m is mass of the particle, k is the wave number(: k =

2π

λ
),  ξ 

is the coordinate system of the wave when it travels at the speed of c0 (: ξ = x − c0t). 

Result that when each α and τ is replaced to each η and t in the equation 28 is 

∂η

∂t
+

3

2

c0

h
η

∂η

∂ξ
+

c0h2

6

∂3αη

∂ξ3 = 0                                    (29) 

Furthermore, the result when t, η, and ξ in the equation 29 are replaced to (6h c0⁄ )t, 

hx, and 
2

3
hu in each is 

∂u

∂t
+ 6u

∂u

∂x
+

∂3u

∂x3 = 0                                          (30) 

Another expression of the equation 30 is 

ut + 6uux + uxxx = 0                                        (31) 

The special solution of the equation 30 or 31 is. 

u(x, t) = 2κ2 sech2 κ(x − ct − x0)                            (32) 

where, κ is the arbitrary constant showed the strength of the solitary wave, c is the 

traveling speed of the solitary wave (: c = 4κ2),  x0 is the arbitrary constant showed 

the position of the solitary wave at beginning (: t = 0), and  sech X = 2 (eX + e−X)⁄ .  

KdV equation is a beautiful equation to describe the shallow water wave, and it is 

the typical equation to show the characteristics of the non-linear wave. However, this 

equation had forgotten for many reasons. It was considered to be the big problem only 

that the solitary wave really exists or not, and it was hugely discussed by that time 

scientists.  

After about half century, KdV equation or the similar non-linear wave equation 

were started to be paid attention at the research about the behavior of the gas plasma 

in the electromagnetic field. The plasma was an irreplaceable existence for the 

researches about the fusion of nuclei and the charged particles arrives from the sun 

through the ionized layer around the earth and the aurora or even the mechanism of 

the space.  

Analyzing approach by KdV equation was very difficult because of its third-order 

partial differential equation. However, the mathematical solving method about the 

non-linear problem was flowered only 1960s by the surprising progress of the 

computer on and after 1950s, and the development was accelerated after then.   
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N. J. Zabusky and M. D. Kruskal had undertaken original research of the computer 

analysis of the heat transfer under such circumstances. In 1965 during this research, it 

was discovered that the solitary wave that is described by KdV equation has the 

surprising characteristics. This solitary wave was named soliton because they are the 

solitary waves having the characteristics like particle.         

Afterward, it became obvious the following characteristics of the soliton.  

a. The wave that located in the space travels without changing its speed and shape.  

b. Its shape is kept even if crossing occurred with each other during propagating. 

By the way, these characteristics are common with the sine wave. 

4. Generated SEMW by the Switching of CMOS 

According to the electromagnetic physics, the electromagnetic wave is generated 

when the current is changed. Therefore, drain current shape that is formed during the 

switching of the PMOSFET shown in the Figure 4 can be regarded as the 

electromagnetic wave shape. The wave of this shape is estimated to be a kind of the 

soliton because it is formed in a moment and there is no temporal margin to be 

generated the harmonic waves which has infinite cycle. Therefore, this 

electromagnetic wave was named the solitary electromagnetic wave (SEMW) [7,8,9]. 

According to the electromagnetic wave theory in electromagnetic physics, it is 

assumed that SEMW consists of the solitary electric field wave (SEW) and the 

solitary magnetic field wave (SMW), and they have the same waveform. Therefore, 

the waveform shown in Figure 3 can be also estimated to be the waveform of the 

SEW. 

The equation 32 is simplified in the case of no mass like the electromagnetic wave. 

The waveform of SEW is 

u(t) ∶= A ⋅ sech2(B(t − T))                                      (33) 

where, A is the electric field strength, B is the wave-shape constant, and T is the 

time.  

By substituting T ∶= 2.046[psec]、A ∶= 1、B ∶= 1.6 to the equation 33 for getting 

the similar waveform to the figure 4 and the calculation result, the waveform of SEW 

in the Figure 5 is calculated by the equation 33. Now, the calculation period was set 

from 0 to 2T and the calculation step was set to 0.04 (: t ∶= 0,0.04. .2 ∙ T).  

 

Figure 5.  Normalized waveform of SEW (calculated). 
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In the Figure 5, the electric field strength of SEW is 1V/m, however, the actual 

electric field strength can be got from the characteristic of the transmission line and 

the magnitude of the signal voltage on the transmission line, etc.  

The waveform of SEW shown in the Figure 5 is estimated to be similar to an actual 

waveform on SoC because it is similar to the Figure 4.  

Therefore, it can be said that it will be reliable that SEMW that is a kind of the 

soliton is generated by the switching of CMOS. Though SEMW was discovered by 

analysis at  switching of CMOS, SEMW is estimated to be also generated at switching 

of any other devices. 

By the way, the calculation time of the waveform shown in the Figure 4 was more 

than 10 hours. On the other hand, the calculation time of it of the Figure 5 using the 

equation 33 was reduced to less than 1second. 

5. SEMW Theory 

The vector wave equations of SEW and SMW that form SEMW were developed by 

applied the estimation research result about the construction process of Maxwell’s 

vector electromagnetic wave equation to the equation 32.  

The vector wave equations of SEMW on the transmission line are [10,11,12]. 

Ė(t) = ∓iE0 ∙ sec2 h {B(t ∓ [T0 + z√με])}                       (34a) 

Ḣ(t) = jE0√
ε

μ
∙ sec2 h {B(t ∓ [T0 + z√με])}                     (34b) 

where, E0 is the peak electric field strength, B is the wave-shape constant, T0 is the 

initial time, z is the traveling distance, i and j are the axis vectors in a direction 

perpendicular to one another to traveling.  

The equations 34 show the following behaviours of SEMW and has the following 

meaning.  

a. SEMW has the characteristics of the soliton. 

b. The behavior of SEW and SMW is represented by the time function. 

c. SEMW travels from the generated point as the forward traveling wave and the 

backward traveling wave individualy. 

d. The polarity of the forward traveling SEW is negative and it of the backward 

traveling SEW is positive.  

The fundamental difference between the vector wave equations of SEMW and the 

Maxwell’s vector wave equations is the function. The former is expressed by the time 

function and the latter is expressed by the frequency function. This difference is 

common with the fact that the time function tools are used at analysing by the digital 

circuit engineers usually and frequency function tools are used at analysing by the 

microwave circuit engineers usually.   

The idea about the generation and the behavior of SEMW based on the vector wave 

equation of SEMW shown to the equation 34 was named the SEMW theory.  

Same as the magnetic wave on the analog circuit, SMW cannot function on the 

transmission line of SMC that is the voltage source circuit usually. SEW forms the 

voltage wave on the transmission line and the charge or discharge current that is the 
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voltage divided by the characteristic impedance exists during traveling of SEW only. 

At the same time, the current in according with the Ampere’s law that is calculated by 

integral of the magnetic field around a closed loop on the transmission line exists.  

According to the electromagnetic physics, the difference in potential between point 

A and point B is 

VAB = − ∫ E ∙ dl [V]
A

B
                                        (35) 

 where, E is the electric field and l is the unit vector of the length.  

When the driver CMOS is turned ON in the figure 1, the forward traveling SEW in 

the equation 34a is generated at this timing and this SEW travels on the signal line, 

and in same time, the backward traveling SEW in the equation 34a is generated and 

this SEW travels on the power line. As the result, till the equal potential in each, the 

signal line is charged and the power line is discharged. When VDD is 0.7V and the 

characteristic impedance of the signal line and the power line is equal, the potential of 

the signal line and the power line become 0.35V. This situation is maintained forever 

when the length of the signal line and the power line is infinite. However, signal line 

is charged till VDD directly in the case that the source impedance of VDD and the 

length of the power line are zero or in the other case that the impedance of the power 

line is zero. 

Calculation result of the typical waveform on the signal line by the vector wave 

equations of SEMW is shown below. 

a. Calculation condition 

In the figure 1, the source impedance of VDD and the length of the power line are 

zero or the impedance of the power line is zero. The coefficient for the electric field 

strength is 𝐴1 = 0.561318 , the wave-shape constant is B = 1.6, and the time unit is 

[ps]. 

b. Calculation period 

𝑡 ∶= 0, 0.03; 4  

c. Equations 

The forward traveling SEW on the signal line is  

Ė(t) ∶= −A1 ∙ [sech[B ∙ (t − T0)]]
2
                          (36) 

The rising voltage of the signal line when it is charged by SEW in accordance with 

the electromagnetic physics is  

V2(t) ∶= − ∫ Ė(t)
t

0
dt                                      (37) 

The calculation result of the equations 36 and 37 is shown in the Figure 6.  

In the Figure 6, Ts is defined as the switching time. As shown in the figure 6.b, the 

value of Ts is 1.24ps and this value is gotten from the time interval between 0V and 

0.7V of tangent line of the voltage of rising part. 

On the other hand, the gate delay is defined to be 𝜏 = 𝐶𝑔,𝑡𝑜𝑡𝑎𝑙× 𝑉𝑑𝑑 𝐼𝑑,𝑠𝑎𝑡⁄  in ITRS/ 

IRDS. τ is corresponded to Ts. The calculation result of this equation at IRDS 

2019TN is 1.023p sec and this value is smaller than Ts. And 𝜏 shown in MM01-

LOGIC on More Moore Tables of 2019TN of IRDS 2017 is 3.07ps that is larger than 
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it of IRDS 2019TN. The reasons of these differences are not known but the above 

mentioned 1.24ps is adopted as the switching time in this paper. 

  

a. SEW. b. Voltage of rising part. 

Figure 6. Waveforms on signal line of SoC (calculated) 

Conventionally, the recognition that the rising part of the signal voltage is similar to 

the half of sine wave is existing in the engineers and the researchers of the digital 

circuit. This fact is verified in the following. 

Cosine wave that the period is T, magnitude and DC bias are 0.35 [V], and delay 

time is 1.73 [ps] is 

Vcos(t) ∶= 0.35 − 0.35 ∙ cos [(
2π∙t

Ta
) − 1.73]                             (38) 

The calculation result of the equation 38 (dash line) when 𝑇𝑎 = π ∙ 𝑇𝑠 = 𝜋 ∙ 1.24 and 

the voltage of rising part shown in the figure 6.b (continuous line) are shown in the 

Figure 7.  

  

Figure 7. The rising part of the signal voltage and the cosine wave shape (calculated). 

In the Figure 7, the tangent line of 2 waveforms at rising part is almost concordant. 

Therefore, the above-mentioned recognition is judged to be right. 

In the equation 38, 1 Ta⁄  is the frequency. Therefore,  

F MS = 1
Ta⁄ = 1

πTs⁄                                               (39) 

Conventionally, 0.32/tr was defined to be the significant frequency (SF) [13]. In this 

definition, tr is the rise time of the digital signal voltage. The idea of SF is completely 

different from it of the SEMW theory because it was introduced from the Fourier 

transform of the rectangular voltage shape. But 0.32 in the definition of SF is the near 
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value to 1/π in the equation 39. Therefore, FMS in the equation 39 was defined in the 

SEMW theory to be the modified significant frequency (MSF). 

As mentioned above, the behavior of the soliton is similar to it of the sine wave. 

When the equation 34 that is the vector wave equations of SEMW on the transmission 

line is converted to frequency function equation of single sine wave by the equation 

39, Design and measurement of the transmission line and many kinds of the parts 

using the conventional frequency axis tools will enable. 

Above discussion suggests that the conventional idea that the transmission line and 

many kinds of parts for using to the digital circuit should be have the wide frequency 

band is completely incorrect.  

Design and analysis based on the electromagnetic physics of SMC including the 

digital circuit become completely possible by the SEMW theory. By this, the accuracy 

of the design and analysis of SMC increases greatly, and the necessary time for the 

design and the analysis of SMC is reduced greatly. Even if the tools in accordance 

with SEMW theory are not yet commercialized, the conventional frequency domain 

tools can be used in accordance with the definition of MSF. 

6. Examples of the Wave Analysis of Digital Circuit  

Conventionally, analysis of the data signal including the clock skew of SoC that is 

the core of the information technology (IT) equipment has been impossible because 

the non-continuous data signal cannot be analyzed by Fourie transform despite that 

the data signal circuit is about 90% of SoC. When the gate delay or switching time, 

signal line length, and the material parameter of interconnect and transistor are given, 

the non-continuous signal voltage of SMC can be analyzed by the SEMW theory. In 

this analysis, the signal voltage is formed from SEW in accordance with the 

electromagnetic physics. Therefore, the accuracy of the voltage analysis and the 

electromagnetic wave analysis is not only quite high but the time to need for 

analyzing is quite short. 

 In addition, the SEMW theory also enables the signal current analysis of the digital 

circuit.  

At the following calculation of this chapter, the time unit is [ps], impedance unit is 

[Ω], unit of the length is [m], unit of electric field strength is [V/m], unit of voltage is 

[V], and unit of current is [A]. 

6.1. The waveform of SEW and voltage on signal line at the non-continuous 

switching  

The behavior of SEW and signal voltage at the non-continuous switching of CMOS 

is analyzed. At the following calculation, the time unit is [ps], impedance unit is [Ω], 

unit of electric field strength is [V/m], and the length unit is [m]. 

a. Calculation condition 

In the Figure 1, the signal line length is Ls: = 20 ∙ 10−3, the transmission time of 

signal line is tLs: = 139.0, the power line length is Lp: = 10 ∙ 10−3, the transmission 

time of power line is tLp: = 69.5 , the relative permittivity of the insulator of the 

transmission line is εs: = 4.35, power supply voltage is 3V, the terminal impedance of 

the power supply is zero, switching time is tr: = 100, characteristic impedance of 

power line is Z0: = 50 , electric field strength of SEW is k: = 0.0151 , wave-shape 
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constant is B: = 2 tr⁄ , and the initial time is T1: = 1.5 ∙ tr. infinite boundary is set to the 

receiving terminal of the signal line, and generation timings of SEW are T01=500, 

T02=T01+250, T03=T02+1000, T04=T03+250, T05=T03+500, T06=T05+250, T07= 

T06+1500, T08=T07+250.  

b.  Calculation period 

t ∶= 0,0.004. .6 

c.  Equations 

The first SEW that is generated on the signal line at the first CMOS ON and reaches 

to the receiver of the signal line is 

    u1a(t) ∶= −k[sech[B ∙ (t − T1 − tLs)]]
2
                             (40) 

The first voltage of the receiver that is formed by the first SEW is  

    𝑉1(𝑡) ∶= − ∫ 𝑢1𝑎(𝑡)
𝑡

0
𝑑𝑡                                          (41) 

The second SEW that is generated on the power line at the first CMOS ON and it is 

reflected at the source of the power supply and is traveling on the power line and 

reaches to the receiver of the signal line is 

  u2a(t) ∶= −k[sech[B ∙ (t − T1 − 2tLp − tLs)]]
2
                  (42) 

Summation of the first and the second SEW is 

   u2(t) ∶= u1a(t) + u2a(t)                                       (43) 

The second voltage of the receiver that is formed by the summation of the first and 

the second SEW is  

    V2(t) ∶= V1(t) − ∫ u2a(t)
t

0
dt                                  (44) 

The third SEW that is generated on the signal line at the first CMOS OFF and 

reaches to the receiver of the signal line is 

    u3a(t) ∶= 2k[sech[B ∙ (t − T1 − T01)]]
2
                     (45) 

Summation of from the first to the third SEW is 

   u3(t) ∶= u2(t) + u3a(t)                                (46) 

The third voltage of the receiver that is formed by the summation of from the first 

to the third SEW is  

    V3(t) ∶= V2(t) − ∫ u3a(t)
t

0
dt                             (47) 

In below, the similar calculation is repeated. 

The 13
th

 SEW that is generated on the signal line at the 5
th

 CMOS ON and reaches 

to the receiver of the signal line is 

 u13a(t) ∶= −k[sech[B ∙ (t − T1 − T08 − tLs)]]
2
               (48) 

Summation of from the first to the 13
th 

SEW is 

   u13(t) ∶= u12(t) + u13a(t)                            (49) 
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The 13
th

 voltage of the receiver that is formed by the summation of from the first to 

the 13
th

 SEW is  

      V13(t) ∶= V12(t) − ∫ u13a(t)
t

0
dt                             (50) 

The 14
th

 SEW that is generated on the power line at the 5
th

 CMOS ON and it is 

reflected at the source of the power supply and is traveling on the power line and 

reaches to the receiver of the signal line is 

u14a(t) ∶= −k[sech[B ∙ (t − T1 − T08 − 2 ∙ tLp − tLs)]]
2
        (51) 

Summation of from the first to the 14
th

 SEW is 

   u14(t) ∶= u13(t) + u14a(t)                                   (52) 

The 14
th

 voltage of the receiver that is formed by the summation of from the first to 

the 14
th

 SEW is  

    V14(t) ∶= V13(t) − ∫ u14a(t)
t

0
dt                             (53) 

The 15
th

 SEW that is generated on the signal line at the second CMOS OFF and 

reaches to the receiver of the signal line is 

   u15a(t) ∶= 2k[sech[B ∙ (t − T1 − T09)]]
2
                       (54) 

Summation of from the first to the 15
th

 SEW is 

   u15(t) ∶= u14(t) + u15a(t)                                       (55) 

The 15
th

 voltage of the receiver that is formed by the summation of from the first to 

the 15
th

 SEW is  

    V15(t) ∶= V14(t) − ∫ u15a(t)
t

0
dt                            (56) 

The calculation result of the equation 55 and the equation 56 is shown in the Figure 

8.a and the Figure 8.b. 

  

a. SEW. b. Signal voltage. 

Figure 8. Wave forms at terminal of the signal line (calculated). 

The Figure 8 a shows the time-series of the non-periodic SEW and signal voltage. 

The Figure 8 b shows the digital signal of 010110101110110. Any kinds of digital 

signal can be formed from SEW in depending the program. 

6.2. Waveform of Current on Signal Line at the Non-Continuous Switching 

When the resistor for the impedance matching is not connected in parallel, 2 kinds 

of current exist on the signal transmission line. One is the SMW current that is 



Volume 3, Issue 1, 2020  ISSN: 2664-0821  

DOI: https://doi.org/10.31058/j.ap.2020.31004 

Submitted to Applied Physics, page 50-55                                                                                                             www.itspoa.com/journal/ap 

calculated in accordance with the Ampère’s law, and another is the charge-discharge 

current (C-D current).  

Each current is calculated in accordance with the SEMW theory. The  C-D current 

is appeared by the action of SEW on the transmission line. They cannot move by 

themselves because they are in accordance with the electromagnetic field theory. But 

they travel with SEW on the transmission line and they disappear with SEW at the 

impedance matching terminal. Therefore, when the C-D current are calculated by 

Mathcad 15©, the step function is necessary.  

a. Calculation condition 

The condition of calculation for SEW is same to 6.1.a. From this calculation, the 

peak electric field strength of SEW was 0.03[V/m] as shown in the figure 8.a and the 

signal voltage was 3[V] from the figure 8.b. The peak magnitude of SMW current on 

the 50Ω transmission line is estimated to be 0.06[A] in this case.  

The waveshape of SMW is equal to it gotten by the calculation in 6.1, but only the 

polarity is different. Therefore, the SMW current is gotten from the equation of SEW 

by setting k: = −0.03.  

b. Calculation period 

Same to 8 b. 

c.  Equations 

The first SEW that is generated on the signal line at the first CMOS ON and reaches 

to the receiver of the signal line is 

𝑢01𝑎(𝑡) ∶= −𝑘 ∙ [𝑠𝑒𝑐ℎ[𝐵 ∙ (𝑡 − 𝑇1 − 𝑡𝐿𝑠)]]
2
                          (57) 

The first C-D current of the receiver that is formed by the first SEW is  

    I01a(t) ∶= ∫ u01a(t)
t

0
dt                                         (58) 

The first step function to remove the first C-D current at the receiver is 

  D01(t) ∶= 1 ∙ if[t ≥ (T1 + 2 ∙ tLs), 0,1]                             (59) 

The first C-D current disappearing at the receiver is  

     𝐼01𝑏(𝑡) ∶= 𝐼01𝑎(𝑡) ∙ 𝐷01(𝑡)                                     (60) 

The second SEW that is generated on the power line at the first CMOS ON and it is 

reflected at the source of the power supply and is traveling on the power line and 

reaches to the receiver of the signal line is 

u02a(t) ∶= −k ∙ [sech[B ∙ (t − T1 − 2 ∙ tLp − tLs)]]
2
                 (61) 

The second C-D current of the receiver is  

  I02a(t) ∶= ∫ u02a(t)
t

0
dt                                      (62) 

The second step function to remove the second C-D current at the receiver is 

D02(t) ∶= 1 ∙ if[t ≥ (T1 + 2tLp + 2 ∙ tLs), 0,1]                       (63) 

The first and the second C-D current disappearing at the receiver is 

     I01b(t) ∶= I02a(t) ∙ D02(t) + I01b(t)                              (64) 
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The third SEW that is generated on the signal line at the first CMOS OFF and 

reaches to the receiver of the signal line is 

 u03a(t) ∶= 2k ∙ [sech[B ∙ (t − T1 − T01 − tLs)]]
2
                   (65) 

The third C-D current of the receiver is  

  I03a(t) ∶= ∫ u03a(t)
t

0
dt                                        (66) 

The third step function to remove the third C-D current at the receiver is 

D03(t) ∶= 1 ∙ if[t ≥ (T1 + T01 + 2 ∙ tLs), 0,1]                          (67) 

The C-D current from the first to the third disappearing at the receiver is 

     I03b(t) ∶= I03a(t) ∙ D03(t) + I02b(t)                            (68) 

The 4
th

 SEW that is generated on the signal line at the second CMOS ON and 

reaches to the receiver of the signal line is 

 u04a(t) ∶= −k ∙ [sech[B ∙ (t − T1 − T02 − tLs)]]
2
             (69) 

The 4
th

 C-D current of the receiver is  

    I04a(t) ∶= ∫ u04a(t)
t

0
dt                                        (70) 

The 4
th

 step function to remove the 4th C-D current at the receiver is 

D04(t) ∶= 1 ∙ if[t ≥ (T1 + T02 + 2 ∙ tLs), 0,1]                      (71) 

The C-D current from the first to the 4
th

 disappearing at the receiver is 

     I04b(t) ∶= I04a(t) ∙ D04(t) + I03b(t)                            (72) 

The 5
th

 SEW that is generated on the power line at the second CMOS ON and it is 

reflected at the source of the power supply and is traveling on the power line and 

reaches to the receiver of the signal line is 

u05a(t) ∶= −k ∙ [sech[B ∙ (t − T1 − T02 − 2 ∙ tLp − tLs)]]
2
             (73) 

The 5
th

 C-D current of the receiver is 

  I05a(t) ∶= ∫ u05a(t)
t

0
dt                                          (74) 

The 5
th

 step function to remove the 5
th

 C-D current at the receiver is 

D05(t) ∶= 1 ∙ if[t ≥ (T1 + 2tLp + T02 + 2 ∙ tLs), 0,1]                 (75) 

The C-D current from the first to the 5
th

 disappearing at the receiver is 

     I05b(t) ∶= I05a(t) ∙ D05(t) + I04b(t)                                (76) 

The 6
th

 SEW that is generated on the signal line at the first CMOS OFF and reaches 

to the receiver of the signal line is  

  u06a(t) ∶= 2k ∙ [sech[B ∙ (t − T1 − T03)]]
2
                         (77) 

The 6
th

 C-D current of the receiver is 

  I06a(t) ∶= ∫ u06a(t)
t

0
dt                                          (78) 

The 6
th

 step function to remove the third C-D current at the receiver is 

  D06(t) ∶= 1 ∙ if[t ≥ (T1 + T03 + tLs), 0,1]                           (79) 
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The C-D current from the first to the 6
th

 disappearing at the receiver is 

     I06b(t) ∶= I06a(t) ∙ D06(t) + I05b(t)                             (80) 

In below, the similar calculation is repeated. 

The 13
th

 SEW that is generated on the signal line at the5th CMOS ON and reaches 

to the receiver of the signal line is 

 u13a(t) ∶= −k ∙ [sech[B ∙ (t − T1 − T08 − tLs)]]
2

                     (81) 

The 13
th

 C-D current of the receiver is 

    I13a(t) ∶= ∫ u13a(t)
t

0
dt                                    (82) 

The 13
th

 step function to remove the 13th C-D current at the receiver is 

  D13(t) ∶= 1 ∙ if[t ≥ (T1 + T08 + 2 ∙ tLs), 0,1]                    (83) 

The C-D current from the first to the 13
th

 disappearing at the receiver is 

     I13b(t) ∶= I13a(t) ∙ D13(t) + I12b(t)                                    (84) 

The 14
th

 SEW that is generated on the power line at the 5th CMOS ON and it is 

reflected at the source of the power supply and is traveling on the power line and 

reaches to the receiver of the signal line is 

   u14a(t) ∶= −k ∙ [sech[B ∙ (t − T1 − T08 − 2 ∙ tLp − tLs)]]
2
         (85) 

The 14
th

 C-D current of the receiver is 

  I14a(t) ∶= ∫ u14a(t)
t

0
dt                                            (86) 

   

a. Charge-discharge current b. SMW current c. Summation current 

Figure 9. Current of signal line (calculated). 

From above, it was clarified that 3kinds of the current exist on the signal line. The 

first current is the SMW current by the Ampère’s law, the second current is the C-D 

current of the transmission line by the action of SEW, and the third current that is not 

shown in the Figure 9 is the stationary current. The gate leakage current and the 

current of impedance-matching resistor are included in this current. 

7. Conclusions  

It has been believed that the circuit current flows in the conductor at the design and 

analysis of the AC circuit and the microwave circuit. One of this reason is considered 

to be the telegrapher’s equation that is presented by Heaviside in 1974. Though the 

distributed element circuit has been used to analysis of the high frequency circuit such 

as the microwave circuit and the base of it is the telegrapher’s equation. In the 

telegrapher’s equation, it is the premise that the circuit current in the conductor moves 
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at the light speed. But this current is defined to be the stationary current by the 

electromagnetic physics and its moving speed is clarified to be less than 1mm/s.      

Nevertheless, there is the allegation that the telegrapher’s equation is correct 

because it is based on the Maxwell’s equations. However, the electromagnetic field 

theory which defines the stationary current in the conductor is one of the basic 

theories of the Maxwell’s equations. Therefore, the Heaviside's idea also contravenes 

to the Maxwell’s equations.  

The greatest contribution of Maxwell is the development of the vector 

electromagnetic wave equation. The conventional electromagnetic physics was 

completed by this theory. The high maturity of it has been confirmed by many 

validations. The Maxwell's electromagnetic wave theory in the electromagnetic 

physics is also adopted to the principle of relativity presented by Einstein. Therefore, 

it should be applied to design and analysis of all kinds of circuit and especially them 

of SMC. But unfortunately, it cannot be applied to SMC because it was in accordance 

with the linear wave physics.    

Today, SMC including digital circuit is becoming dominant. They are applied to 

almost all electric or electronics equipment and are supporting the IT field. The 

SEMW theory that is developed for SMC will supplement the conventional 

electromagnetic physics and will help the great progress of IT field in the future. 

Finally, SEMW theory is hypothesis and has low maturity, therefore the refutation 

and the validation by many researchers is hoped.  The equations in this paper was 

described by the Mathcad15© style.  The equations in this paper were calculated on 

Mathcad15© and the calculation result was graphed by Excel© of Microsoft.  
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