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Abstract:
According to the solitary electromagnetic wave (SEMW) theory, it is estimated that
the transmission loss is useful to improve the performance and stabilizing the
operation of the switching mode circuit (SMC) including the digital circuit. The
validation result of the excellent effect of transmission loss at the digital circuit by
experiment and calculation are shown in this paper. The lossy line technologies will
solve many problems about the wiring of system on a chip (SoC), printed circuit
board (PCB) or information technology (IT) equipment. As the result, it will help the
great progress of IT in the future.
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1. Introduction
The transmission loss consists of dielectric loss, radiation loss, and absorbing loss.

The transmission loss depends on the frequency of the electromagnetic wave.
According to the electromagnetic physics, the analog signal or the linier
electromagnetic wave consists of the sine wave and the average value of it is zero.
Therefore, analog signal or the linier electromagnetic wave is attenuated toward zero
when the transmission loss is increased. As the result, the analog communication
including microwave telecommunication becomes impossible. Therefore, the
transmission loss has been hated in the design of the analog circuit.

According to the SEMW theory, [1,2,3,4,5,6], the signal voltage of SMC is formed
by the solitary electric field wave (SEW). In different with the analog signal and or
the linier electromagnetic wave, the average value of SEW is not zero. The signal
voltage that is gotten by integral of SEW consists of the stationary state of high-level
and low-level, and exciting state of rising part and falling part. The signal voltage of
the high-level part and low-level part is not influenced by the transmission loss but
only the rising part and falling part are influenced by it. SEW that forms the rising
part and falling part attenuates by the transmission loss on the transmission line, but
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the rising part and falling part of the signal voltage does not influence by it because
they are already being formed at CMOS of SoC that is the source of wave. The shape
of them can be changed by only another SEW having the different polarity from the
attenuated SEW. Therefore, signal voltage of SMC on the transmission line or the
wire is never influenced by the transmission loss.

2. Red Brick Wall of IT Equipment
SMC including the digital circuit and the switching power supply circuit has many

advantages in compare with the conventional analog circuit.

The advantages of the digital circuit are following.

a. The kind of the components and devices is comparatively little and design is easy.

b. Manufacturing is easy and the variation of the performance and the quality is
little.

c. Power consumption is little and the reduction in size and in weight is easy.

d. It is possible to process and store easily and in fast a great deal of information.

e. Standardization of the interface is easy.

f. Improvement of function and performance and the reduction of the power
consumption can be achieved in parallel by microfabrication of the semiconductor.

The advantages of the switching power supply are following.

a. Supply voltage and current can be regulated effectively.

b. Many kinds of power source can be converted effectively.

c. Electric power machinery can be controlled effectively.

However, for example at the information technology (IT) equipment, the further
improvement of it is being become difficult by unsolved problems that forms the red
brick wall shown in following.

a. Crosstalk problem on the transmission line.

b. Problem of bounce or spike noise that caused by the reflection of the
electromagnetic wave on the transmission line.

c. Stagnation problem of the clock frequency of MPU

d. Electromagnetic interference (EMI) problem

The red brick wall shown above will be almost solved by the lossy line technologies
based on the SEMW theory.

3. Behavior of SEMW on Digital Circuit [2,3,4,5,6]
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
typical basic form of the digital circuit on SoC.

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) and the gate terminals of PMOSFET and NMOSFET are connected and
become the gate of CMOS. One terminal of the power line and one terminal of the
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signal line is connected to the signal driving CMOS (driver CMOS), the signal
receiving CMOS (receiver CMOS) is connected to another terminal of the signal line,
and the power supply (VDD) is connected to another terminal of the power line. It is
assumed that the characteristic impedance of the signal line and the power line is
equal and the terminal impedance of power supply is zero here.

Figure 1. Typical basic form of digital circuit on SoC.

In Figure 1, the driver CMOS generates the forward traveling SEW having the
negative magnitude to the signal line and the backward traveling SEW having the
positive magnitude to the power line. The forward traveling SEW travels on the signal
line and rises the voltage to half of VDD. On the other hand, the backward traveling
SEW travels on the power line and falls the voltage to half of VDD. When the
backward traveling SEW reaches to the terminal of power supply, it is reflected and is
changed to negative amplitude. The reflected SEW travels on the power line and the
signal line with raising the voltage till VDD.

4. Effect of Transmission Loss of Signal Line
According with the SEMW theory, the signal voltage of the digital circuit is formed

by the solitary electric field wave (SEW). The signal voltage is gotten from integral of
SEW. As above stated, the digital voltage shape on the transmission line or the wire is
never influenced by the transmission loss.

On the other hand, SEW is attenuated and the signal line becomes near to the
stationary state defined by the electromagnetic physics. As the result, crosstalk and
bounce or spike noise that are included to the above-mentioned red brick wall will be
suppressed.

4.1. Confirmation of Effect [5]
Above-mentioned effect of the transmission loss was confirmed by the experiment.

Figure 2 shows the prototyped lossy cable and its characteristics.

a. Lossy
cable b. S21 and S41 c. Terminal impedance
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Figure 2. Prototyped lossy cable and its characteristics (measured).

In the Figure 2a, the lossy cable is wrapped by the heat shrinkable tube of 1m length
with except each terminal part. And its core consists of 9 pieces of 0.1mmΦ UEW and
a little carbon roving, and 8 pieces of 0.1mmΦ UEW of them was used. In the Figure
2b, the transmission coefficient S21 and the far end crosstalk coefficient S41 have
almost same characteristic and their values are less than -30dB at the frequency more
than 500MHz. Also, the transmission loss in this case is considered to be caused by
the radiation loss. The measured terminal impedance shown in the Figure 2c
considered to be is suitable for connecting to the signal line.

Figure 3 shows the test circuit 1.

Figure 3. Test circuit 1.

In the Figure 3, CMX309HWC- 50MHz was used as OSC1, SG-210STF- 13.5MHz
was used as OSC2, SG-210STF-133.3MHz was used as the OSC3, and SN74ABT620
was used as Z1 (driver) and Z2 (receiver). The prototyped LILL shown later was used
as LLI, LL2, LL3, and LL4. The rated maximum frequency of SN74ABT620 is
100MHz. According to the SEMW theory, the time width of SEW or the rise time is
about 3ns when the modified significant frequency (MSF) is 100MHz.

8 pieces of 0.1mmΦ UEW of the prototyped lossy cable shown in the Figure 2 was
connected between the terminal T2 and T3 by the soldering. Two commercialized
parallel ATA cables were connected between the terminal T1 and T2 and between the
terminal T3 and T4 each. The carbon roving of the prototyped lossy cable was not
connected to the ground terminal.

The measured characteristics of the parallel ATA cable are shown in the Figure 4.

a. S21 and S41. b. Terminal impedance.
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Figure 4. Characteristics of the parallel ATA cable (measured).

Figure 5. Signal voltage wave shapes of driver Z1(measured).

Figure 6. Signal voltage wave shapes of receiver Z2 (measured).
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In the Figure 4.a, the transmission coefficient S21 and the far end crosstalk
coefficient S41 have almost same characteristic and S21 at 100MHz that is MSF of
driver is about from -8dB to -5dB. Such small transmission loss S21 of the parallel
ATA cable has been considered to be enough for the general application till now. But
it is impossible to suppress the crosstalk from the value of S41. The terminal
impedance shown in the Figure 4b is almost same to it of the prototyped lossy cable
and is considered to be is suitable for connecting to the signal line in the same manner.

The signal voltage shape of the board of test circuit 1 was measured.

The measured signal voltage wave shapes of the driver Z1 are shown in the Figure 5.

The measured signal voltage wave shapes of the receiver Z2 are shown in the
Figure 6.

By the way, the signal of 133.3MHz signal voltage shape of the pin A7 and B7 of
receiver Z2 shown in the figure 6.g and figure 6.o is deteriorated significantly and is
being changed to the waveshape of 50MHz. The reason is estimated as the following.
The rated maximum frequency of driver Z1 is 100MHz. By this, it is estimated that
the voltage shape of 133.3MHz output signal at B7 of driver Z1 shown in the figure
5.k was not the rectangular but became the sine wave approximately. The analog
signal voltage that has not the flat high level is the out of application of the SEMW
theory, and it is of course deteriorated significantly by the transmission loss.

4.2. Evaluation of Conventional Transmission Cable [5]
Figure 7 shows the test circuit 2.

Figure 7. Test circuit 2.

In the figure 7, XG-1000CA of 91.3846MHz was used as OSC1, CD74AC109 of
dual J-K flipflop was used as Z1 and Z2, and Two pieces of SN74ABT620 was used
as Z3 (driver) and Z4 (receiver).The clock frequencies of 45MHz, 22.8MHz, and
11.4MHz were generated by CD74AC109 that is formed to be the frequency dividing
circuit. The prototyped LILL was used as LLI, LL2, and LL3.

The UDMA6 mode parallel ATA cable is formed by the added more 40 wires of
ground use to original parallel ATA cable, and it was standardized for high speed data
transmission of more than 66 MB/s.

Figure 8 shows the characteristics of the UDMA6 mode parallel ATA cable. In the
Figure 8, S21 of UDMA6 mode parallel ATA cable was almost same as it of the
parallel ATA cable shown in the Figure 8, but the far end crosstalk coefficient S41 is
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improved about -35dB at 100MHz. Its suppression performance of the crosstalk was
also confirmed by our experiment used the test circuit 2. But this situation changes
when the parallel ATA cable or the other unshielded cable is connected in serial.

a. S21 and S41 b. Terminal impedance

Figure 8. Characteristics of UDMA6 mode parallel ATA cable (measured).

In the Figure 7, the parallel ATA cables of 50cm length is connected between the
terminal T1 and T2, and the commercialized UDMA6 mode parallel ATA cable of
50cm length is connected between the terminal T3 and T4.

The measured signal voltage wave shapes of receiver Z4 are shown in the Figure 9.

Figure 9. Signal voltage wave shapes of receiver Z4 (measured).
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In the Figure 9, the signal voltage shape of pin B7 of Z4 shown in Figure 9.o is
deteriorated significantly and width of it is becoming narrow. The crosstalk signal was
observed to the pin B5 and B6 of Z4 shown in Figure 9.m and Figure 9.n because the
crosstalk noise level on the pin A5 and A6 of Z4 shown in figure 9.e and figure 9.f is
increased. On the other hands, the crosstalk noise level on the pin A2 and A3 of Z4
shown in Figure 9.b and Figure 9.c is relatively small. Therefore, the crosstalk signal
was not observed at the pin B2 and B3 of Z4 shown in Figure 9.j and Figure 6.k. The
crosstalk noise level on the pin A8 of Z4 shown in Figure 9.h is bit large. But the
crosstalk signal was not observed at the pin B8 shown in the Figure 9.p.

The Figure 10 shows the measured signal voltage wave shapes of the receiver Z4
when the connected cables were reversed each. In this case, the UDMA6 mode
parallel ATA cable of 50cm length is connected between the terminal T1 and T2 and
the parallel ATA cables of 50cm length is connected between the terminal T3 and T4.

Figure 10. Signal voltage wave shapes of receiver Z4 (measured).

In the Figure 10, the signal voltage shape of pin B7 of Z4 shown in Figure 10.o is
deteriorated significantly and width of it is becoming narrow in like with the Figure
9o. The crosstalk signal was observed to the pin B2, B3, B5, B6 and B8 of Z4 shown
in Figure 10.j, k, m, n, and p. This reason is that the crosstalk noise level on the pin
A2, A3, A5, A6 and A8 of Z4 shown in Figure 10.b, c, e, f, and h. is relatively large.

As mentioned above, no crosstalk was observed when the UDMA6 mode parallel
ATA cable is connected between T1 and T4 of the test circuit 2. But the crosstalk was
observed when the parallel ATA cable is connected in serial. Specially, when the
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parallel ATA cable is connected to the receiver side, the crosstalk was observed at all
of the ground-connected pins of the receiver Z4.

On the other hand, in the case of the prototyped lossy line, no crosstalk was
observed when the parallel ATA cable is connected in serial. In addition, the signal
integrity was also kept.

4.3. Matched Impedance Lossy Line (MILL) Component [2,5]
The small component that was named matched impedance lossy line (MILL)

component was developed. It can be used to the signal line on the printed circuit
board (PBC) instead of the lossy cable.

One of the prototyped MILL components of MILL14 is shown in in the Figure 11.

Figure 11. Prototyped MILL component of MILL14.

In the Figure 11, chip of MILL14 was made of the plain aluminum foil with
chemical produced film in size of 2.5mm×20mm and the carbon paste was applied to
one side of it in size of 0.2mm×14mm. MILL component that has 2 positive electrode
terminals and 2 negative electrode terminals was formed by using a cutting piece of
the universal PCB.

The characteristics of prototyped MILL component of MILL14 is shown in in the
Figure 12.

a. S21 b. Terminal impedance

Figure 12. Characteristics of prototyped MILL component (measured).

In the Figure 12.a, transmission loss that is absolute value of S21 is better than it of
the prototyped lossy cable shown in the Figure 12.a. On the other hand, terminal
impedance shown in the Figure 12.b is slightly smaller than it of prototyped lossy
cable. However, this will be able to be improved to be more large value.
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5. Effect of Transmission Loss of Power Line

5.1. Influence of Power Line to Signal Voltage [2,3,4,7]
As described in chapter 3, rising part of signal voltage at turn-on of CMOS is more

influenced by the length of the power line.

The influence to the rising part of the signal voltage of the on-chip interconnect by
the power line length is analyzed in accordance with the SEMW theory. 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 power line length is �ᮀ: = 30 ∙ �0�3 , the signal line length is
��: = 30 ∙ �0�3 , the relative dielectric constant of the insulator of the transmission
line is ��: = 4.35 , power supply voltage is 3V, switching time or rise time is ��: =
�00, characteristic impedance of power line and signal line is �0: = 50, magnitude of
SEW is �: = 0.0�49, wave constant is �: = � ��, and the initial time is ��: = �.5 ∙ tr.

b. Calculation Period
� ∶= 0,0.00�;�

c. Equations
The forward traveling SEW at the start point of the signal line is

�� � ∶=� � �娐ᑎ� � ∙ � � �� � (1)

The backward traveling SEW at the start point of the power line is

�ᮀ � ∶= � �娐ᑎ� � ∙ � � �� � (2)

The forward traveling SEW at the terminal point of the signal line is

��0�� � ∶=� �� �娐ᑎ� � ∙ � � ��� ��� � (3)

where, ��: = � � � ����0 ����0 , Zk is the input impedance of the receiver,
Z0 is the characteristic impedance of the signal line, tLs is the traveling time of the
signal line and ���: = �� � �0�0�� � �0��.

The backward traveling SEW arriving at the receiver after it is reflected at the
source impedance of the power supply and it traveling on the signal line is

�ᮀ0�� � ∶=� �� �娐ᑎ� � ∙ � � �� � ���ᮀ � ��� � (4)

Summation of us011(t) and up011(t) is
��� � ∶= ��0�� � � �ᮀ0�� � (5)

The signal voltage formed by Ws1(t) is

�0� � ∶=� 0
���� �� �� (6)

The calculation result of the equation 5.5 and the equation 5.6 is shown in the
Figure 13.
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a. SEW b. Rising part of Voltage

Figure 13. Wave forms of the signal line (calculated).

In the Figure 13, the rising part of the signal voltage shown in the Figure 13.b has
the stairs. The first stair and the second stair were formed by charging of us011(t) and
up011(t) each shown in the Figure 13.a. As the result, rise time of the signal voltage
increased to 0.52ns from 0.1ns. This reason is that the rise time of the signal voltage
increases to twice the switching time of CMOS and the roundtrip traveling delay of
the power line (0.32ns) is also added.

Above mentioned calculation result shows that the rise time of the on-chip CMOS
is greatly depends on the power line length of the on-chip interconnect.

Figure 14 shows the test board for confirming the relationship between power line
and rise time of the signal voltage by the experiment.

Figure 14. Test board.

In Figure 14, CMX309HWC50MHz was used for the oscillator, SN74AS00N was
used for the driver and the receiver. The prototyped LILC24 that is the origin of LILL
component and has 24mm line length was used. This was used for reducing the
impedance of the power line of the circuit A and B and to shorten the length of the
power line of the circuit A. The rated typical rise time of SN74AS00N is 0.5ns. Each
length of power line of the circuit A and circuit B is 1cm and 36cm. The characteristic
impedance of all transmission lines is designed to be 73Ω. The resistors for
impedance matching are not being used at terminal of the signal line. The
polyurethane enameled wire was used for the signal line and power line on the
unprocessed single-sided PCB of FR-4.



Volume 3, Issue 4, 2020 ISSN: 2664-0821
DOI: https://doi.org/10.31058/j.ap.2020.34001

Submitted to Applied Physics, page 12-23 www.itspoa.com/journal/ap

Figure 15 shows the measured signal voltage at receiver terminal.

a. Circuit A b. Circuit B

Figure 15. Signal voltage of receiver terminal (measured).

In the Figure 15.a, the rise time of the signal voltage at the receiver of the circuit A
is 3ns approximately. In the Figure 15.b, the rise time of the signal voltage at the
receiver of the circuit B is 8ns approximately. Each calculated round-trip time of the
length of the power line of 36cm and 1cm is 5ns and 0.14ns.

From this experiment, it was confirmed that the delay phenomenon of the rising
time at the turn-on of CMOS can be analyzed exactly in accordance with the SEMW
theory.

5.2. Analysis of Power Line Fluctuation
The power line fluctuation of on-chip interconnect caused by changing turn-on of

CMOS is analyzed in accordance with the SEMW theory.

a. Calculation Condition
Same to 5.1.a.

b. Calculation Period
Same to 5.1.b.

c. Equations
The backward SEW arriving that is reflected at the source impedance of the power

supply and it traveling on the power line and reaches to the drain of PMOSFET of
CMOS on the power line is

�ᮀ�� � ∶=� �� �娐ᑎ� � ∙ � � �� � ���ᮀ � (7)

where, tLp is the transmission time of the power line and ��ᮀ = �ᮀ � �0�0�� �
�0��.
Summation of the equation 2 and the equation 7 that expresses two SEW existing at

the drain of PMOSFET is

�ᮀ� � ∶= �ᮀ � � �ᮀ�� � (8)

The power fluctuation caused by two SEW on the power line is
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�ᮀ� � ∶= ���� 0
��ᮀ� � ��� (9)

The calculation result of the equation 8 and the equation 9 is shown in the Figure 16.

a. SEW b. Power fluctuation

Figure 16.Wave forms at the drain of PMOSFET (calculated).

As the result, the following important facts became clear.

a. Only one way to reduce the power fluctuation of the on-chip interconnect is to
shorten the power line length toward zero possibly can.

b. Capacitor on the power line of the chip or PCB is not useful for reducing the
power fluctuation on the power line of the on-chip interconnect.

5.3. Low Impedance Lossy Line (LILL) Component [5,8,9]
Many power supplies with different voltage are used for SoC. The on-chip power

lines that reach into several hundred million in each voltage is connected to one
output of the power supplies. Actually, its terminal impedance is not zero and to
shorten the length of the power line is not easy. Large amount of SEMW are leaked
toward the power supply when the terminal impedance is not zero. In addition, the
rise time of the signal voltage is increased in response to the length of power line.
Therefore, it is effective that at least a part of near MOS of the power line is changed
to the low impedance lossy line.

Conventionally, the power line of PCB for mounting SoC has been formed by the
low impedance parallel plane structure. As the result, getting less than several milli
ohm has been already achieved actually but the transmission loss of it was little.
Many chip ceramic capacitors have been used to the power line as the decoupling
capacitor. The transmission loss is mandatory for the power line decoupling. Although,
the transmission loss of the power line of PCB cannot not be increased at all because
the structure of these capacitors is not transmission line.

Therefore, LILL was developed after years of research. It actualizes on the power
line that the low characteristic impedance that is almost equal to above-mentioned
parallel plane transmission line of PCB and the transmission loss of more than 40dB.

Two type of the prototyped LILL component are shown in Figure 17.
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a. Type A. b. Type B.

Figure 17. Prototyped LILL component.

In the Figure 17, a part of material of commercialized solid aluminum capacitor was
used and it was formed to be the transmission line. The length of the chip was from
3mm to 16mm, and they are shown in the Figure 17 by the number. The width was
1mm in common. The Figure 17.a shows the type A LILL component that was
formed by potting method. The Figure 17.b shows the type B LILL component that
was formed by same way with MILL component.

Figure 18 shows the transmission coefficient S21 of the LILL08 of type B shown in
Figure 17.b. The terminal impedance cannot be measured by the commercialized
network analyzer because the value is too smaller than the measuring limit.

Figure 18. Transmission coefficient S21 of the LILL08 of type B (measured).

5.4. Characteristic Calculation of LILL Component
The terminal impedance was calculated on Mathcad15© by our developed

equations. In this calculation, the transmission coefficient S21 can be got at the same
time. Therefore, the calculation certainty of the terminal impedance can be confirmed
by comparison the calculated S21 with the measured S21.

a. Design Condition
110LJB23B-11Vf of etched aluminum foil (JCC) is used. The rating of work

voltage (WV) of LILL was 8V. Other materials are almost same to them of the
commercialized solid aluminum capacitor.

b. Calculation Condition in Accordance with Prototyping
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Permeability is �0: = 4π ∙ �0�� , permittivity is �0: = 8.855 ∙ �0��� , relative
permittivity of the alumina film is ��: = 8.5 , each conductivity of the conductive
polymer, carbon paste, and silver paste is �ᑎ�: = 3 ∙ �04 , �ᑎܽܽ: = �.�43 ∙ �03 , and
�ܽ�: = �.5 ∙ �0�, chemical conversion voltage for forming the alumina film is �㈈: =
��, thickness of the alumina film is ܽ: = �㈈ ∙ �.� ∙ �0�9: = �3.� ∙ �0�9 , capacitance of
both face of the etched aluminum per 1cm2 is ᑎᑎ: = �85 ∙ �0��、osmosis rate of the
conductive polymer to the etching pit is �� = 0.8, line width of chip is �: = � ∙ �0�3 ,
line length of chip is �: = 8 ∙ �0�3 , each coating thickness of the conductive polymer,
carbon paste, and silver paste is �ᑎ�: = 0.� ∙ �0�� , �ᑎܽ: = 40 ∙ �0�� , and �ܽ�: = �0 ∙
�0�� , average thickness of void is ��: = 0.�3 ∙ �0�� , and coupling capacitance
between terminals is :0ݔ� = �∙�0��� �.

Each unit of the conductiveness, length, impedance,capacitance, and inductance is
S/m, m, Ω, F, and H.

c. Calculation Range
�: = 4,4.0�;�0 , and ㈈Ͷ�Ǥ: = �0�

This setup method is effective to calculate when the frequency axis is log scale.

d. Equations
Intrinsic impedance of alumina is

�� ∶= �0
�0∙��

(10a)

Intrinsic impedance of conductive polymer layer is

�ᑎ� ㈈ ∶= � ∙ � ㈈ ∙�0
�ᑎ���∙� ㈈ ∙�0∙�

(10b)

Intrinsic impedance of carbon paste layer is

�ᑎܽ ㈈ ∶= � ∙ � ㈈ ∙�0
�ᑎܽܽ��∙� ㈈ ∙�0∙� (10c)

Intrinsic impedance of silver paste layer is

�ܽ� ㈈ ∶= � ∙ � ㈈ ∙�0
�ܽ���∙� ㈈ ∙�0∙� (10d)

Intrinsic impedance of void is

�ܽ ∶= �0
�0

(10e)
Effective thickness of the insulator is

�0 ㈈ ∶= �娐 ��∙ܽ��ᑎ� ㈈ ∙�ᑎ���ᑎܽ ㈈ ∙�ᑎܽ��ܽ� ㈈ ∙�ܽ���ܽ∙��
��

(11)
Skin depth of conductive polymer layer is

�ᑎ� ㈈ ∶= �
�∙㈈∙�0∙�ᑎ�

(12a)

Skin depth of carbon paste layer is

�ᑎܽ ㈈ ∶= �
�∙㈈∙�0∙�ᑎܽܽ

(12b)

Skin depth of silver paste layer is
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�ܽ� ㈈ ∶= �
�∙㈈∙�0∙�ܽ�

(12c)

Rate of loss of conductive polymer layer against the infinit thickness when the
thickness is bcl is

�ᑎ� ㈈ ∶= � � 娐
��ᑎ�
�ᑎ� ㈈ (13a)

Rate of loss of carbon paste layer against the infinit thickness when the thickness is
bcl is

�ᑎܽ ㈈ ∶= � � 娐
��ᑎܽ
�ᑎܽ ㈈ (13b)

Rate of loss of silver paste layer against the infinit thickness when the thickness is
bcl is

�ܽ� ㈈ ∶= � � 娐
��ܽ�
�ܽ� ㈈ (13c)

Capacitance and AC impedance of LILL chip is

�ᮀ ∶= � ∙ � ∙ ��∙ᑎᑎ∙�0
4

�
(14a)

�� ㈈ ∶= �
�∙�∙㈈∙�ᮀ

(14b)

The characteristic impedance of LILL chip is

��0 ㈈ ∶=
�0 ㈈ �0

�0∙��

�
(15)

Summation impedance of LILL chip is

�� ㈈ ∶= �� ㈈ � � ��0 ㈈ �
�
� (16)

Attenuation constant of conductive polymer layer is

�ᑎ� ㈈ ∶= �娐 �ᑎ� ㈈
�∙��0 ㈈ ∙�∙�ᑎ� ㈈ ∙�ᑎ�

(17a)

Attenuation constant of carbon paste layer is

�ᑎܽ ㈈ ∶= �娐 �ᑎܽ ㈈
�∙��0 ㈈ ∙�∙�ᑎܽ ㈈ ∙�ᑎܽܽ

(17b)

Attenuation constant of silver paste layer is

�ܽ� ㈈ ∶= �娐 �ܽ� ㈈
�∙��0 ㈈ ∙�∙�ܽ� ㈈ ∙�ܽ�

(17c)

Attenuation constant of LILL chip is
� ㈈ ∶= �ܽ� ㈈ � �ᑎܽ ㈈ � �ᑎ� ㈈ (18)

Transmission coefficient depended on attenuation constant of LILL chip is

�� ㈈ ∶= 娐�� ㈈ ∙� � �0��0 (19a)

���� ㈈ ∶= �0 ∙ �娐� �� ㈈ (19b)

where, 10-10 is added to stabilize calculation.

Transmission coefficient depended on reflection coefficients of capacitance of on-
chip LILL on measurement situation is
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�� ㈈ ∶= �∙�� ㈈
�∙�� ㈈ �50

(20a)

���� ㈈ ∶= �0 ∙ �娐� �� ㈈ Ͷ�0bǤ
Transmission coefficient depended on reflection coefficient at both edges of LILL

chip on measurement situation is

�� ㈈ ∶= � � �0 ㈈ �50
�0 ㈈ �50

�
∙ � � �0 ㈈ �50

�0 ㈈ �50

�
(21a)

���� ㈈ ∶= �0 ∙ �娐� �� ㈈ (21b)

Transmission coefficient depended on all reflection coefficients of LILL chip is

��ܽ ㈈ ∶= �� ㈈ � ��� ㈈ �
�
� (22a)

��ܽ�� ㈈ ∶= �0 ∙ �娐� ��ܽ ㈈ (22b)

Transmission coefficient depended on all reflection coefficients and attenuation
constant of LILL chip is

�ܽ ㈈ ∶= ��ܽ ㈈ ∙ �� ㈈ (23a)
�ܽ�� ㈈ ∶= �0 ∙ �娐� �ܽ ㈈ (23b)

Coupling capacitance of both edges and its AC impedance of LILL component is

ݔ� ∶= 0ݔ�
�

(24a)

ݔ� ㈈ ∶= �
�∙�∙㈈�.4∙ݔ�

(24b)

where, 1.4 is correction factor.

Transmission coefficient depended on coupling capacitance of LILL component is

�� ㈈ ∶= �
ݔ� ㈈
50∙ 50

��
(25a)

���� ㈈ ∶= �0 ∙ �娐� �� ㈈ (25b)

Transmission coefficient included the coupling capacitance of LILL component is

�� ㈈ ∶= �ܽ ㈈ 4 � �� ㈈ 4
�
4 (26a)

���� ㈈ ∶= �0 ∙ �娐� �� ㈈ (26b)

Terminal impedance included the coupling capacitance of LILL component is

�ܽܽ ㈈ ∶= �� ㈈ ∙ � � ��0�
ݔ��� ㈈

(27)

Terminal impedance of LILL component when both terminal of it is connected to
transmission line of 50Ω is

�� ㈈ ∶= �ܽܽ ㈈ �� � 50��
��
� (28)

The calculation result of equation 26b and equation 28 is shown in the Figure 19.
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a. S21. b. Terminal impedance.

Figure 19. Characteristics of the prototyped LILL component (calculated).

The curve of transmission coefficient S21 shown in the Figure 19.a is
approximately matched to the curve shown in the figure 18. Therefore, the
characteristic of terminal impedance shown in the figure 19.b can be adjudged to be
reliable.

5.5. Characteristic Calculation of On-Chip LILL [2,3,5]
When on-chip LILL is applied to SoC, the power line length became quite short and

the leakage route of SEMW is shut down almost completely. As the result, the clock
frequency will be increased till ultimate of the characteristics of the transistors of SoC,
and EMI problem of IT equipment will be solved almost completely without the
countermeasures on PCB.

a. Design Condition
Insulator film layer is formed to be sandwiched by n-type semiconductor film layer

and p-type semiconductor film layer. Both surfaces of semiconductor film layers are
coated by the conductor films. Conductor film layer on n-type semiconductor film
layer is used as the negative electrode, and conductor film layer on p-type
semiconductor film layer is used as the positive electrode.

Design target was set in accordance with our evaluation result of commercialized IT
equipment and the analysis result of the interconnect design example shown in ITRS
report [10] or IEEE IRDS Roadmap [11]. Design target of on-chip LILL is set to be
that when the switching time is 3.07ps is that the transmission coefficient is smaller
than -50dB and the terminal impedance is smaller than 1.5Ω.

Design result of on-chip LILL is shown in the Figure 20.

Figure 20. Design example of on-chip LILL.
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On-chip LILL shown in the Figure 20 can be formed by the technology of the
conventional semiconductor manufacturing process.

b. Calculation Condition
Width and length of on-chip LILL is �: = 3 ∙ �0�� and �: = 4 ∙ �0�5, the thickness of

film layers of n-type semiconductor, p-type semiconductor, and conductor is ��ᑎ: =
0.� ∙ �0�� , conductivity of film layers of n-type semiconductor and p-type
semiconductor is ��: = � ∙ �05, permittivity is �0: = 8.855 ∙ �0���, relative permittivity
of insulator film layer is ��: = �.0 , average thickness of void is ��: = � ∙ �0�9 ,
characteristic impedance of transmission line connected to both terminal of on-chip
LILL is �0�݅: = �50, length of them is �: = � ∙ �0�4 , coupling capacitance between
terminals that is estimated by the cross section ratio of on-chip LILL and LILL
component is :0ݔ� = �.�3∙�0��� � , intrinsic impedance of void is got from the
equation 5.10e, effective thickness of the insulator is got from the equation 5.11, �� ㈈
that is skin depth of the semiconductor film is got from the equation 5.12a by
replacing σcl to σs, �� ㈈ that is rate of loss of n-type and p-type semiconductor film
against the infinit thickness is got from the equation 5.13a by replacing bcl to bsc,
AC impedance is got from the equation 5.14, characteristic impedance is got from

the equation 5.15, summation impedance of is got from the equation 5.16, and
transmission coefficient depended on attenuation constant is got from the equation
5.19. The unit in the equations is same to 5.4.b.

c. Calculation Range
�: = �0,�0.00�;��, ㈈Ͷ�Ǥ: = �0�

d. Equations
Attenuation constant of n-type and p-type semiconductor film is

� ㈈ ∶= �娐 �� ㈈
�0 ㈈ ∙�∙�� ㈈ ∙��

(29)

According to the interconnect design example shown in ITRS, capacitance of
interconnect connected to both terminal of on-chip LILL is

��݅ ∶= �.3 � �0��0 ∙ ݔ�04
�0�݅

(30)

AC impedance of the capacitor is

���݅ ㈈ ∶= �
�∙�∙㈈∙��݅

(31)

Summation impedance of on-chip LILL is

��݅ ㈈ = ���݅ ㈈ �� � �0�݅��
��
� (32)

Terminal impedance of on-chip LILL is

��� ㈈ = �� ㈈ � � �0 ㈈ �
�
� (33)

Terminal impedance included the coupling capacitance of LILL component is

Terminal impedance included the coupling capacitance of on-chip LILL is

�� ㈈ = ��� ㈈ ∙ � � ��0�
ݔ��� ㈈

(34)

Transmission coefficient depended on reflection coefficients of capacitance of on-
chip LILL
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�� ㈈ ∶= �∙�� ㈈
�∙�� ㈈ ���݅ ㈈

(35)

Transmission coefficient depended on reflection coefficient at both edges of LILL
chip is

�� ㈈ ∶= �� �0 ㈈ ���݅ ㈈
�0 ㈈ ���݅ ㈈

�
∙ � � �0 ㈈ ���݅ ㈈

�0 ㈈ ���݅ ㈈

�
(36)

Transmission coefficient depended on all reflection coefficients of LILL chip is

��ܽ ㈈ = �� ㈈ � � �� ㈈ �
�
� (37)

Transmission coefficient depended on all reflection coefficients and attenuation
constant LILL chip is

� ㈈ ∶= ��ܽ ㈈ ∙ �� ㈈ (38)

Coupling capacitance of both edges and its AC impedance of LILL component is

ݔ� ∶= � � �0��� ∙ ��
�

(39a)

ݔ� ㈈ ∶= �
�∙�∙㈈∙ݔ�

(39b)

Transmission coefficient depended on coupling capacitance of LILL component is

�� ㈈ ∶= �
ݔ� ㈈
�50 ��

(40a)

���� ㈈ ∶= �0 ∙ �娐� �� ㈈ (40b)

Transmission coefficient included the coupling capacitance of LILL component is

�ܽ ㈈ = � ㈈ � � �� ㈈ �
�
� (41a)

�ܽ�� ㈈ ∶= �0 ∙ �娐� �ܽ ㈈ (41b)

The calculation result of equation 41b and equation 34 is shown in the Figure 21.

a. S21. b. Terminal impedance.

Figure 21. Characteristics of on-chip LILL (calculated).

Time function characteristics transformed by the MSF that is defined in the SEMW
theory is shown in the Figure 22.

In the Figure 22, When the gate delay of 2019 is 3.07ps that is shown at HP (high
performance) Logic category in More Moore tables of IRDS 2017edition [11], the
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transmission coefficient is -65.8dB and the terminal impedance is 1.28Ω. Therefore,
designed on-chip LILL is met the design target.

a. S21 b. Terminal impedance

Figure 22. Time function characteristics of on-chip LILL (calculated).

6. Conclusions
When the MILL component is used to the signal transmission line, the signal

integrity is kept and the crosstalk is not occurred, even if the signal line is formed by
the bundle of wires that is not formed to be the transmission line. The characteristic
impedance of bundle of single wires can be increased to severalfold than it of
conventional signal transmission line. The power consumption of IT equipment
depends on the charging and discharging the signal transmission line greatly.
Therefore, also the power consumption of IT will be reduced greatly by this. As the
result, the several hundred bps data transmission by the parallel transmission method
by using the simple construction cable will be possible easily on behalf of the serial
transmission method that was standardized to improve UDMA6 mode parallel ATA.
The transmission speed of this is several ten multiples of the current fastest electrical
signal transmission speed.

When the on-chip LILL is used to the power interconnect of SoC, the rise time of
signal voltage that consists of the time of power line delay and gate delay will
shortened to till near gate-delay time of CMOS. For example, according to More
Moore tables of IRDS 2017edition, the gate delay of 2019 of HP logic is 3.07ps as
mentioned above. In this case, the maximum clock frequency will increase to be
100GHz from the definition of MSF of the SEMW theory when on-chip LILL
technology is applied. This clock frequency is about 20 multiples of the current it.
Therefore, the electrical signal transmission speed will be able to over 10 tera bps
when the on-chip LILL is used to SoC and the parallel signal numbers are 8 bytes or
64 bits.

In addition, the leakage of SEMW from power interconnect of SoC is reduced
65.8dB when above mentioned on-chip LILL technology is applied. On board LILL
components are useful to suppress the leakage of SEMW from the other active device
that cannot be applied the on-chip LILL technology. By these effects, EMC problem
of IT equipment and of course electromagnetic noise problem about power and
ground on SoC will be almost solved.

As mentioned above, the lossy line technologies and the SEMW theory of their
basis will destroy the red brick wall of IT equipment and its performance will be
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increased greatly. Analysis and design of IT equipment will be easy and be reliable in
addition.

ICAST, Inc. will make a contribution to the further growth of IT by the early
commercialize of the lossy line technologies including MILL LILL with making
effort to popularize the SEMW theory.
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