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Abstract

The term medical equipment refers to the devices used for disease prevention,
diagnosis, and treatment of humans or animals. These types of equipment are different
from general electronic devices in terms of their intended purposes of use. This means
that it is more important to diagnose and treat accurately and quickly rather than use
superior performance or cutting-edge technologies. Clearly, the application of the lat-
est technologies that emerge following advancements in the information technology
industry cannot be ignored, but the stability and reliability of products are separate

issues.

Digital radiography (DR) is a system that consists of numerous circuits, cables,
and electronic components. Because of its large scale and very complex structure,
DR can potentially degrade the performance or damage other electronic devices ow-
ing to electromagnetic interference (EMI). In particular, noise mixed in high-voltage
pulses for X-ray sources generated by the high-voltage generator (HVG) will propa-
gates throughout the system, and cause EMI problems and malfunctions. Therefore,
electromagnetic compatibility (EMC) for medical equipment products is a field di-

rectly related to product reliability.

This study analyzes the causes of noise generated by the HVG used in DR sys-
tems. In addition, we suggest a solution for EMI noise reduction. This EMI noise

couples with an adjacent cable through a high-voltage cable.

Most of the EMI noise is reduced because the high-voltage cable in the DR system
is shielded and has a high-optical coverage of 95%. However, as the amplitude of
the X-ray pulse reaches several tens of kV and the receptor’s load impedance is high
enough in these typed of applications, it can be coupled to the adjacent signal cable

and cause system malfunction.



Therefore, in this study, we analyze the mechanism of coupling in the shielded
cable, and determine the cause of the noise source and the type of coupling using
equivalent circuit analysis. As a countermeasure to noise, we propose a method that

satisfies both low cost and high reliability.

keywords: Electromagnetic compatibility, Electromagnetic interference Digital
radiography, Braided shield, Capacitive coupling, Inductive coupling, Crosstalk
student number: 2019-26941
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Chapter 1

INTRODUCTION

It is very difficult to predict the electromagnetic interference/electromagnetic
compatibility (EMI/EMC) phenomenon. is often difficult to even recognize that it is
an EMC problem depending on the situation. In particular, digital radiography (DR)
systems are vulnerable to EMI/EMC problems because of their very complex struc-
ture. In addition, the electromagnetic environment inside hospitals has become much
more complicated in recent times compared with the past.

If the ground system is well designed at least, most of the EMC problems are
not a big deal. However in the DR system, digital and analog circuits coexist and used
cables are several tens of meters. So there is no ground system to be considered the
correct answer. Therefore, the individual engineer’s ability to solve the complicated
EMC problems that arises would have a great influence on the results. In other words,
even if you are an inexperienced EMC engineer, it will be able to approach problem
solving more easily if you can simplify a complex system and know what the main
cause of the problem is.

The purpose of this study is to simplify the huge system of the DR and to find out

where the points that create the greatest noise and what its countermeasures can be.



1.1 Background

1.1.1 Digital Radiography System
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Figure 1.1: Block diagram of a digital radiography (DR) system.

X-ray has evolved a lot since it was discovered by Roentgen in 1850. Currently,
most of the X-ray equipment used in the radiology departments are digital system.
By applying the full-auto system, it is possible to move and operate the equipment
without exerting great effort, and many technologies have been applied in terms of
image quality improvement and ease of use. As a result, there are motors, motor drives,
LCD, encoders, and sensors in the DR system, and various communication standards
are used according to the application. Most of these components operate at the same
time, and they have different purposes, so it is very difficult to find the cause of the
problem with only visible symptoms.

The DR system mentioned in this study is a ceiling mounted type and is pre-
dominantly divided into the ceiling, the stand, the table, and the cabinet module. To
briefly mention the role of the each module, the ceiling is a part that emits X-rays. The

tube, which is an X-ray source, is located on the ceiling and is connected to the high-



voltage generator (HVG) through a high-voltage cable. It consists of an LCD monitor
that informs the state of the equipment, parts for fully automatic operation, collision
avoidance sensors, and a collimator that controls X-ray dose. And the stand and the ta-
ble are parts that receive X-rays. They are used differently depending on the patient’s
positioning. Like the ceiling, there is a driving part and a detector that processes X-ray
images. Lastly, the cabinet distributes power to each module. It also contains the HVG

to generate high-voltage pulse for X-ray.

1.1.2 High-voltage Generator
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Figure 1.2: Schematic of the high-voltage generator (HVG).

The HVG generates high-voltage pulses for X-ray exposure, and functions to
prevent unnecessary radiation exposure by monitoring the status of related modules.
50 to 60Hz AC single-phase or three-phase power is rectified with a rectangular type
of tens of kV DC voltage and supplied to the tube. The HVG consists of the power
distribution, the inverter, and the high-voltage Tank, roughly. In the power distribution,
the AC voltage converts to the DC voltage by a rectifier circuit, The inverter is the FET

full-bridge circuit using a PWM signal. It converts the DC into high-frequency AC. In
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the HV Tank, there are boost transformer and voltage doubler circuit, high-voltage is
generated. In the output, the anode voltage and the cathode voltage are combined to

create the required voltage level.

Transformer

The performance of the HVG is depend on a transformer. Because of its size,
efficiency, and reliability. Power elements such as transformers have a large difference
between theory and practice in design. Therefore, a lot of trial and error is required
for design. In terms of X-ray system performance, the ratio of the power output to the
power input, power factor, loss, etc. will be important. However, it is very important
to remove parasitic components that can act as a noise path at an operating frequency
when it comes to the EMI noise. Since the voltage of several hundred V is raised to
tens of kV, the degree of damage can be serious if high-frequency noise passes from

the primary side to the secondary side of the transformer.

PWM inverter

As operating frequency of the HVG in a DR system goes up to several hundred
kHz, PWM inverters are being used. Basically, an PWM inverter produces an AC pulse
from a DC input by Pulse Width Modulation. The PWM inverter is commonly used for
AC motor control purposes. As the operating frequency of the power electronics field is
increasing in recent years, the switching speed of the inverter is also increased, and the
voltage spike that occurs when the inverter is turned on or off is often a problem. This
problem can also be a problem in a DR system. Since the output line of the inverter is

long, ringing may be worse due to the line impedance.

1.1.3 High-voltage Cable

Figure 1.3 shows the high-voltage cable used for the DR system. The DR high-
voltage cable satisfies the standard (IEC 60526 [1]) for “High-voltage cable plug and



Red and white Tefzel insulated conductors,
1.8mf, stranded tinned copper wires.

Fillers.

Bare conductor, 2.5mf,
Stranded tinned copper wires.

High voltage insulation, Rubber.‘

(A ‘
/4 b,

S Braid shield, 95% coverage, tinned wires,
\ 3 il
g PVC jacket.

Figure 1.3: X-ray high-voltage Cable.

socket connections for medical X-ray equipment”. As it acts as a path through which
high power pulse is transmitted, it has a braided-shield structure with high shielding
performance and a voltage rating of approximately 100 kV. The internal structure is
slightly different from the general coaxial cable, but there is only an additional filament
line for heating the tube, so the overall structure is almost the same as the general
coaxial cable. The DR high-voltage cable consists of two lines, the cathode line and
the anode line. Each of the two lines is connected from the HVG to the tube, and plus
voltage and minus voltage are applied. The filament line is only used for cathode cables
for tube heating purposes. In this study, only the anode line is considered. Based on the
DR system, since it starts from the HVG and connects to the tube in the ceiling, power
cables and analog/digital signal cables are placed along the path, so it can operate as a

noise transmission path.

1.2 Motivation

A shot noise referred to by X-ray developers refers to the noise that spreads

throughout the system through cables at the timing of X-ray exposure, causing mal-
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function of equipment or deterioration of image quality. It affects the whole system,
and tendency is depend on state of cable wiring, equipment assembly, and environ-
ment. Most of the latest ceiling mounted equipment are full auto systems operated by
remote control. In the situation when the patient is located, all moving parts should
be stopped and only X-ray exposure should be performed. Unintended motion of the
moving part is likely to lead to patient injury. In addition, if the image quality is de-
graded due to the noise, it is inevitable to retake. In particular, unnecessary radiation
exposure to the elderly, children and pregnant women is a very serious issue.

Since the shot noise can bring serious side effects, there are a lot of efforts to
reduce the shot noise. In order to present an accurate solution, it is necessary to know
the cause, frequency and amplitude of the noise. However, analysis is very difficult due
to the high complexity of the DR system. Solving EMC problems in complex systems
starts from the stage of identifying symptoms and predicting the cause. However, the
symptoms of shot noise are so irregular, and it is difficult to determine the frequency
of the waveform seen through measurement. For these reasons, industrial sites often
use expensive shielding cables to solve the problem. As price competition in the DR
market is getting fiercer day by day, need an alternative which secure quality at a
lower price. The key to solving EMC problems is to simplify the complex so that it
looks simple. In this study, a huge DR system is abstracted into a simple equivalent
circuit to analyze the causes and components of shot noise, and to validate the results

through actual measurement and simulation.



Chapter 2

THEORETICAL BACKGROUND

As mentioned in the previous chapter, the high-voltage cable is a long cable that
transmits the largest power in the DR system, so it can operate like an efficient antenna
depending on the situation. Therefore, if the high-voltage cable acts as a noise path,
it can cause problems throughout the whole system. Electromagnetic interference be-
tween a high-voltage cable and adjacent cables is called the crosstalk. The Crosstalk
between the cables can be expressed into two types: the capacitive coupling and the
inductive coupling. There is also the effect of conduction in terms of noise, but the ef-
fect is insignificant, so this study deals only the capacitive coupling and the inductive

coupling when it comes to the crosstalk.

2.1 Coupling Mechanism

2.1.1 Capacitive Coupling

The capacitive coupling between two parallel non-shield type conductors in the
low-frequency region can be expressed as a simple equivalent circuit, as shown in
Figure 2.1. Cy4 and C., are self capacitance of the generator and the receptor, respec-
tively. Cy, is a mutual capacitance that exists between the generator and the receptor.

R is a termination resistance of both ends of the receptor, which is determined by what



Generator
Receptor

A

Vg Cgg Crr

Figure 2.1: Equivalent circuit of the capacitive coupling between two non-shield wires.

is the load of receptor circuit. Value of R is several k{2~ tens of k{2 in common us-
age. Finally, V,, is the noise voltage seen as a result of noise coupling between the two
conductors. V;, is expressed as these lumped parameters as follows.

JwCyr
Cgr + Crr

. 1 .
J@+ Re 7o)

Vo = VEAT =V, x (2.1)

In most cases, R is less than the combined impedance of Cy, and C;, (0.1nF
level based on a 2mm diameter conductor), so Equation (2.1) can be simplified as

follows [2].
Vi, = VEAP =V, x jwRC,,. (2.2)

Based on Equation (2.1), the coupling between 2mm diameter non-shielded wires
is measured and simulated. At this time, R is 5 k(2 for composite impedance of both
Receptor near-end (NE) and far-end (FE), and 6AWG ground wire is placed side by
side along with the generator and the receptor to work as a reliable ground. Source
was applied 5V single-tone sine wave using an arbitrary waveform generator (AWG),

as shown in Figure 2.2 and Figure 2.3. As a result of the measurement, the coupling is



approximately 2 V, and the cut-off frequency is approximately 800 kHz, and saturation

occurs in the higher frequency region.

Table 2.1: Setup parameters of non-shielded case.

Parameter Variable Value Units
Length l 1 m
Height above ground h 0 m
Diameter of cable dwg, dwr 2 mm
Separation S touching -
Load impedance ZrE, ZNE 10 k)
Frame Ground

[AwWE ]

Figure 2.2: Block diagram of two non-shielded wires case.

2.1.2 Inductive Coupling

When the current I, flows through the conductor, magnetic flux ® is generated
in proportion to this, and the proportional constant between the two is an inductance.

With this logic, a mutual inductance can be defined when a current flows through the

m |
—

T A
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Figure 2.3: Frequency response of the capacitive coupling between two non-shielded

wires.

circuit of the generator and a magnetic flux is generated in the receptor [2]. Therefore,
it can be expressed as a simple circuit is shown in Figure 2.4. Also, V, caused by the

influence of inductive coupling is as shown in Equation (2.3).

Vi = VENP = I, x jwLy. (2.3)

From Equation (2.3), it can be observed that the noise can be reduced only when
the mutual inductance (Lg,) is small. Since R is much larger than jwLg,. (approxi-
mately 300 nH for a 2 mm diameter lead), it can be predicted that the inductive cou-
pling will have less effect.

The capacitive coupling and the inductive coupling appear in parallel and series
based on V,, in the receptor circuit. Therefore, in the case of inductive coupling, V,, at
FE has a phase difference of 180° from the source, and V;, at NE has the same phase
as the source. Figure 2.5 is the result of applying a rectangular pulse of size 5 V, width
10 ps, and rising/falling time 10 ns to the above structure. The phases of NE and FE

are consistent, and this result indicates that the capacitive coupling is dominant in this

10



R_FE

Generator

-
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ZL R_NE

Figure 2.4: Equivalent circuit of the inductive coupling between two non-shielded

wires.

structure.

There are a number of factors that influence the coupling result, such as voltage
and current, load impedance, and mutual elements. Especially, L, is related to the
area created by the receptor circuit loop. Since the generator, the receptor, and the
ground circuit are completely in close contact with each other, so the influence of
L, inevitably decreases. In addition, as mentioned above, since the coupling voltage
at the receptor by inductive coupling is in series with line. According to the voltage
distribution law, inductive coupling effect would be decrease, because the impedance
of FE and NE are very large.

As for the DR high-voltage cable and signal cable to be covered in this study,
the termination impedance is 10 k(2 and the distance between cables is 0, so it can be

expected that the capacitive coupling will be dominant.

11



Figure 2.5: Measurement of coupling between two non-shielded wires applied rectan-

gular pulse.

2.2 Effect of Shield

For EMC engineer, electromagnetic shielding is just one method in a quite im-
pressive “arsenal” of EMI mitigation techniques [3]. Again, this implies that shielding
is an accessible and effective way to solve EMI problems, but it is not always best solu-
tion. Even in real-world problems, when interference occurs in a cable due to unknown
noise, it is often solved by just shielding. However, it is not correct to approach shield-
ing as a troubleshooting method from the start. Shielding is the last thing to approach
after considering many conditions such as, what is the noise to be removed through
shielding, how to terminate the shield conductor, are there any cost issues. Shielding
the cable without the analysis of the coupling mechanism may cause adverse effects.
For instance, if the cause of the problem is the inductive coupling, the grounding of
both ends of the shield rather provides a wide loop and the result may be worse.

Before discussing cable shielding, it should be noted that the shielding structure

12



applicable to the cable is limited. The first complete shielding structure that can be
considered is a solid. However, considering the curvature of the cable, the solid struc-
ture is not appropriate. Therefore, the shielding structure applied to the cable is usually
divided into three types: a spiral, a braid, and a foil.

The spiral shielding is used for cables because of its low manufacturing cost, ex-
cellent flexibility, and easy termination [2] [3]. The shielding effect is given by winding
the wire in the form of a strip along the axis direction of the cable.

The braided shielding is a form in which the spiral shielding is wound one more
time in the opposite direction, and has a shielding effect of approximately 60 to 98%
compared to the normal solid structure [2] [3]. It is more expensive to manufacture
than the spiral and its flexibility is a little worse, but it is widely used for cables due to
its excellent shielding performance.

Lastly, the foil shielding has an E-field shielding effect that is almost equivalent
to that of the solid structure, but there may be problems in terms of durability. The
difference in performance for each structure is compared through transfer parameters,

which are good indicators for the cable shielding effect in Chapter 2.2.2.

2.2.1 Structure of the Braided Shield

The DR high-voltage cable targeted by this study has the braided shield structure.
As mentioned above, it is a structure in which several strands of wire are woven in
a net form to surround the inner conductor. DR HV cable has 95% Optical coverage,
as mentioned in the Spec sheet. This means that there are some open spaces, and you
can see that fields can leak through these apertures. The coupling mechanism that
usually occurs between the external electromagnetic field and the inner conductor of

the coaxial cable is as follows [4].
1. Diffusion of the E and H fields through the sheath material

2. Penetration of the fields through the small apertures of the braided shields

13



3. A more complicated induction phenomenon due to overlapping of the individual

strands of the shield

This study deals with the braided shield, but the area where the wire and wire
overlap is considered as one conductor and focuses on the effect of the field exiting
through the open area, so case 3 is not considered. Figure 2.6 shows the shield structure

of the DR high-voltage cable.

Figure 2.6: Structure of the high-voltage cable’s braided shield of the DR system.

The main parameters representing the braided shield are as follows. N (the num-
ber of strands in each carrier), d (strand wire diameter), C' (the number of carriers),
b (shield radius), © (weave angle), K (the optical coverage, F' (the fill factor). Each
parameter is not independent and has a relationship in Equation (2.4), which greatly

affects the shield structure and performance.

NCd
-t 2.4
4ma cos © 24
K =2F — F?. (2.5)

The indicator of the shielding performance is the optical coverage, and the effect

of the parameter variation on the optical coverage based on the structure of the DR

14
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high-voltage cable (N = 12, d = 0.12mm, C = 24, b = 7.35mm, O = 72°) is

shown in Figure 2.7.

8
§08s
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" 16 18 2 2 A% 4 50 5

60 65
Carter Weave ange

(2) (b)

Figure 2.7: (a) Optical coverage and Carrier. (b) Optical coverage and Weave angle.

Figure 2.7(a) shows the variation of the optical coverage with the number of carri-
ers. Since the shield structure has 24 carriers, it has a coverage performance of approx-
imately 94.6%, but it can be observed that the highest coverage can be secured when
there are 20. However, there is a cable flexibility problem, so coverage up to 99% is
not used in common usage. Figure 2.7b shows the variation of the optical coverage
with the weave angle. As the angle increases in the direction of the shield’s axis, the
Optical coverage improves, the highest coverage is approximately 68°, and the actual

structure shows 94.6% performance at 72°.

2.2.2 Transfer Parameter

Coupling analysis occurring in a cable with braided shield structure can be ex-
pressed as the transfer impedance and the transfer admittance. This is an approxima-
tion of the coupling phenomenon through the rhombus-shaped aperture of the braided
shield by using electric and magnetic polarizabilities of the elliptical-shaped aperture

of similar size [5]. In particular, the transfer impedance is good to use as an indicator
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for evaluating the characteristics of the shield. The general form is expressed as the
ratio of the open circuit voltage of the inner conductor of the coaxial cable and the

shield current.

1dv

Zp = ——-.
ETTL dl

2.6)

Where Z; is the transfer impedance (£2/m), Is is the shield current, V' is the
induced voltage between the inner conductor and the shield conductor, and [ is the
length of the cable.

The transfer impedance for the braided shield structure is expressed as a diffusion

term and a penetration term, and the form is as follows [4] [5].

Zy = Zyg+ jwl, .7
d
Z . S o 28)
d — y m .
deNCGCOS@sinh(l—kj)g
L THO g3 e? o
L= 00K g o Voro <4, [m @9
2
e
_THO (1 g3 V1—e? °
L="5 (1-K) CEETEIIA0) (for® >45°). [H/m] (2.9a)

Where E(e) and K (e) are the first and the second kind complete elliptic integral

functions, and e is the eccentricity of the elliptical aperture.

leg = Leqtan®  (for® < 45°), (2.10)
leg = Legcot © (for©® > 45°), (2.10a)
l
= /1—(-%)2 2.11
e= 1= () @1
-":Ix_-i: "|-. 1 II
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Figure 2.8: Approximation of the braided shield aperture.

The transfer admittance is a susceptance between the inner conductor and the
return path of the shield current, and its general form is as follows.

1dI

t

Where Y; is the transfer admittance (S/m), V; is the voltage between the shield
and the current return path for the shield current, and I is the current of the inner
conductor. The formula of transfer admittance for the braided shield structure is as

follows [4] [5].

_qwrCGiCy s ] .
=60 T B (for® < 45°). [$/m] @.13)
_JwrCiCy s 1 .
Ye= 6C¢q (1 K> 1—-(1- 62)E(6) (fOT’@ > 45 ) [S/m](Z,]Sa)

Shielding performance according to the shield structure examined using transfer
parameters is shown in Figure 2.9. Y axis is absolute value of the transfer impedance. It
shows the variation of transfer impedance with frequency in log scale. The smaller the
transfer impedance, the better the shielding effect, and the larger the transfer impedance,
the worse the shielding effect. In the low-frequency region below 100 kHz, the diffu-
sion term of the transfer impedance is dominant, and both of the solid structure and
braid structure show very good shielding performance.

As frequency increases, the impedance of the solid and the braid decreases ap-

proximately 1 MHz due to the skin effect. Over 1 MHz, electromagnetic field pene-

] 2] 8
l ] 1
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Figure 2.9: Transfer impedance according to the shielding structure.

trates into the aperture of the braided shield increasingly, unlike the solid. Also the
impedance increases rapidly. Except the solid structure, the structure with the most
outstanding shielding performance would be the multi layer braided shield, which is
mainly used in communication cables (Cat. 7) that require Gbps speed. It satisfies both
the flexibility of the braided shield and the shielding performance of the solid shield.

The following is the shielding performance according to the parameter sweep of
the braided shield. It can be observed that the optical coverage variation and the braided
shield performance variation with the number of carriers. Figure 2.10 and Figure 2.11
are the results of plotting based on the DR high-voltage cable structure, and it can
be observed that the transfer parameter variation with the relationship between the
number of carriers and the optical coverage.

Lastly, Figure 2.12 shows the transfer impedance of the DR high-voltage cable
shield. It shows that the skin effect appears approximately 1 MHz, and the shield char-
acteristics are poor at frequency over 1 MHz. As described above, field penetrates
through the braid shield aperture over 1 MHz, so that the shielding performance is

degraded and the coupling level may increase.
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Figure 2.12: Transfer impedance of the high-voltage cable of the DR system.

2.2.3 Effect of the Shielding Condition

We examined how the shielding characteristics vary depending on the shield
structure. It is necessary to look at the variation of the coupling level when the shield
is grounded and when it is not, and when the shield is damaged. It was stated earlier
that the DR system is connected by a number of cables between the modules. In ad-
dition, since the DR is full-auto system using motors, cables used in the moving parts
are placed in the cableveyor to ensure mobility. Before wiring in the cableveyor, it
is necessary to consider the radius of curvature of each cable, the prevention of fric-
tion or twisting between cables, and classification according to the purpose or weight
of the cables. The rules that must be observed when wiring in the cableveyor are as
shown in Table 2.2. These rules are not absolute. There may be slight differences in
the standards recommended for each maker.

Figure 2.13 shows an example of a cross-sectional view of the cableveyor with
cables. In the case of the left side, the wiring rules were not observed at all. On the
other hand, the right side is designed according to the wiring rules. In case of wiring

as shown on the left, the outer shell of the cable is gradually peeled off due to friction

20



Table 2.2: Rules of wiring in the cable veyor

Rules Contents
Filling rate Do not fill more than 80% of cross-sectional area
Clearance Provide free space for 10% of cable diameter in all directions
Separation Separate according to cable diameter and application
Radius of curvature Use cableveyor with curvature greater than cables

when the equipment is moving, and eventually the inner conductor may be damaged.
On the contrary, the right side can be used without problems for much longer time
than the left side. However, there is a trade-off. Product stability is important for the
medical equipment such as DR, but design is as important as it is, so it is impossible to
design the product ignoring the product size as shown on the right. Therefore, design

should be considered while keeping the rules as much as possible.

~ Earth Signal &
Comm.

©

Power

il e
M A
/
@ I
|
— —

Figure 2.13: Example of wiring in cableveyor.

Well-grounded shield

First, look at the case when the cable shield is well grounded. The coupling level

can be calculated using the coupling mechanism mentioned in the non-shield case and

A & Tl 8} 3

21 g



transfer parameter.
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Figure 2.14: Equivalent circuit of grounded braid shield.

Figure 2.14 shows an equivalent circuit model considering only the capacitive
coupling. Since both ends of the shield of the generator are completely connected to
the ground, the capacitance between the conductor inside the generator and the shield
(Cys), the capacitance between the receptor and the shield (Cs,), and the capacitance
between the shield and the ground (Cs;) are all 0. Therefore, these parameters have no
effect on the results. The remaining parameters are Cy,., Cy., and R. Cy, is the mutual
capacitance between the generator inner conductor and the receptor conductor. If the
shield is a solid structure, the E field passing through will be 0, but as it is a braided
shield, transfer admittance is applied in consideration of the component that penetrates

CAP

through the aperture. The formula that summarizes V7" in terms of Vj, is as follows.

JwCy R
1+ jwCrp R+ jwCyr R

Vi = VERT =V, x (2.14)

We measured and simulated based on the formula. The specifications of cable are
as shown in Table 2.3. Source was applied 5V single-tone sine wave using the AWG.
Due to the influence of the braid shield, the coupling level is too low to measure.

Matlab simulation result is shown in Figure 2.15. The coupling level is approximately

I ey 1
-":lx_i L, 1_.i i
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1mV over 5 MHz. Cut-off frequency is approximately 3 MHz. Figure 2.16 shows the
transfer impedance of this case. Y axis is the transfer impedance normalized with the
DC resistance. It can be observed that the shielding performance is rapidly deteriorated

from over 3 MHz.

Table 2.3: Specifications of cables.

Parameter Variable Value | Units
Coupling length cl 1 m
Height above ground h 0 m
Diameter of generator dwg 0.88 mm
Diameter of receptor dwg 2 mm
Diameter of the shield dwsg 3 mm
Separation s touching -
Load impedance ZrE, ZNE 10 k2
Weave angle theta 30 ©
Number of Carrier C 16 ea
Number of strand wires N 7 ea
Principal axis length of aperture L 1 mm

Isolated shield

Next is the situation in which the ground of the shield is completely disconnected.
The shielding cable used in the moving part can be damaged because the wiring rules
are not properly followed. Equivalent circuit is the same as Figure 2.14. The difference
from the well-grounded case is the capacitance related to the shield must be considered

because the shield is not grounded. The formula summarized based on the equivalent
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Figure 2.15: Frequency response of the capacitive coupling grounded braid shield case.
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Figure 2.16: Transfer impedance of grounded braid shield case.

24 g



circuit is as follows. Vsgrerp is voltage on the shield.

C
V. =V, x —% . 2.15
SHIELD g X Cos + Cin (2.15)
R
1+ jwRC,.,
Vv = VEZY = Vsprerp x i +Jjw i (2.16)

joCy 1+ jwRCy,

The measurement and simulation results are shown in Figure 2.17. Parameters
for measurements are same with well-grounded case. Equation (2.16) is plotted by
Matlab. The coupling level is approximately 1.7V, and it is almost similar to the non-
shield case. This result indicates that the shielding effect is very poor if the shield is

not well grounded, at least when the capacitive coupling is dominant.

—Matlab
|——Measurement|

I I I I I 1
0 1 2 3 4 5 6 7 8 9 10
Frequency (Hz) x10%

Figure 2.17: Frequency response of the capacitive coupling isolated braid shield case.

Interrupted shield

The following is a case where the shield is connected like a pigtail that is not

completely disconnected. Mostly, when a problem occurs inside the cableveyor, the
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Figure 2.18: Interrupted shield case.

shield conductor has some interruption. In this case, there seems to be no problem with
the open/short test since the conductor is not completely disconnected. However, the
shielding effect is degraded, so the coupling noise increases. The coupling mechanism
is not very different from the previous cases. However, it is important how to express
the shield area attached only in the form of the pigtail. As shown in Figure 2.18, total
coupling can be calculated by superimposing braided shield section and interrupted

section. [6]
Coupling = (ClLl) + (ClLl) + (ClLl). (2.17)

Figure 2.19 and 2.20 are comparison of the measurement and equivalent circuit
results with the non-shield case. Since the shield is not completely cut off, the shielding
effect remains. The y-axis represents the V; over V, as a log scale, and the x-axis is
the log scale of the frequency. It is assumed that an aperture of approximately 8cm
is formed, and it can be observed that the non-shield is approximately 10 times more

coupled.
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Figure 2.19: Measurement - Comparison with non-shield case.
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2.3 Conduction Noise

HOT
AC Input 1 % | g i
1
HJ °|‘|I‘? | — DC Output
NEUTRAL <
Cf:
.
hESs

PWM

Figure 2.21: Flyback converter SMPS.

We will describe where the noise source that causes the crosstalk between the
cables can occur. The DR HVG has similar structure and operation principle to the
Switching Mode Power Supply (SMPS). Therefore, noise analysis generated in the
HVG can also be approached in the same way as the SMPS. The SMPS is more than
85% efficiency and is widely used because of its small size and light weight. However,
the demerit is also clear. It is the main source of both conducted and radiated emissions.
Among them, we have to consider the conductive emission, which is again classified
into the common-mode noise and the differential-mode noise.

Figure 2.21 shows a simple schematic of the flyback converter SMPS. The PWM
controller operates the FET inverter, and the noises generated at this time can be con-
ducted through several paths. In the case of common-mode noise, it is mainly con-
ducted to the primary side or the secondary side through the parasitic capacitance gen-
erated by the SMPS structure. For the differential-mode noise, the filtering capacitor
(Cy) in front of the PWM controller cannot function as a perfect filter due to internal

ESL and ESR, so some noise returns to the bridge circuit. Therefore, in this study, only
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the common-mode noise is considered because we are interested in noise that causes
EMI problems by conducting through the high-voltage cable connected to the output
of the HVG..

2.3.1 Common-mode Noise

HOT

Transformer interwinding capacitance

H L

AC Input

—— DC Qutput

NEUTRAL

Cf b

— FET to heat sink capacitance
- Primary to GND capacitance

Figure 2.22: Parasitic capacitances of the SMPS.

As explained earlier, the common-mode noise is conducted through the parasitic
capacitance. In H.Ott’s EMC Engineering, the path of common-mode noise is divided

into three [2].
1. Capacitance between FET and heat sink
2. Capacitance between the primary and the secondary sides of the transformer
3. Capacitance between the primary conductor and ground

The magnitude of the parasitic capacitance is known to be approximately 50 pF'~500 pF.
The frequency must be quite high for the parasitic capacitance to work as a noise path.
If we consider that the parasitic capacitance of approximately 500 pF and the termi-

nal impedance of k() level are similar to those of the high pass filter, noise above
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the frequency of approximately 600 kHz can sufficiently pass. The HVG has a higher
operating frequency than in the past, so the PWM controller operates at hundreds of
kHz, but not enough to be called high-frequency. If ringing occurs during the PWM
operation, its frequency reaches several tens of MHz, so it can operate as noise.
Solutions of the parasitic path problems are as follows. First, we can use an insu-
lating washer between the FET and the heat sink. It blocks the noise path by isolating
only the FET. Second, increasing the distance between the primary and secondary sides
of the transformer. This means that by reducing the capacitance between the primary
and secondary side, it will not act as a path. Lastly, isolating the heat sink from the
ground. However, these solutions can create safety issues and there can be size issues.

The role of blocking the noise path is clear, but the side effects are also clear.

2.3.2 Rectifier Diode Noise

D1 1N4001 D2 1N914

le\f M1 Vj"\fh@

Figure 2.23: Comparison of fast recovery diode and slow recovery diode.

Another noise source present in the SMPS is rectifier diode noise. Shottky diodes
are often used for the purpose of rectifying switched signal. In particular, in the sec-

ondary side of the transformer, a fast recovery type is used instead of a general schottky
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Figure 2.24: SPICE simulation result of recovery time.

diode. When a diode is forward-biased, charges are stored in the diode’s capacitance.
Conversely, when a diode is turned off, these charges disappear. This process is called
diode recovery time, and difference between the diode with a fast recovery time and a
diode with the slow recovery time is designed using the SPICE tool in Figure 2.23. Fig-
ure 2.24 shows the simulation result. It shows the recovery time after passing through
the diode when a 5V square wave of 1kHz is applied to the input power. The recovery
speed is faster than the general type, but a large ringing may occur in the timing of
turning the diode on/off. In Figure 2.24, the fast recovery type diode’s recovery time is
approximately 40 ns. On the contrary, the slow recovery type diode is approximately
3.5 ps. It means, the fast recovery type diode has higher frequency spectra in the cur-
rent than the slow type diode because of sharp edge. Moreover, the operating current
on the secondary side is much larger than that on the primary side. As a result, rectifier
diode noise has high-frequency and high-voltage, so it can be sufficiently operated as
a major noise source.

Therefore, the SMPS manufacturers have to use a snubber circuit in parallel with

the diode in the secondary rectifier circuit as shown in Figure 2.25. The snubber circuit

31



consists of an R-C' series circuit and provides a current path through which charges
stored in a capacitance of the diode are discharged when the diode is turned off. Typical
values of them are approximately 470 pF and 10 Q2. Also, LC low pass filter is added
to the SMPS to prevent high-frequency ringing noise from going out to the output as

shown in Figure 2.25.

é_,,;; Snubber circuits

4 XW

L) L)
g N2 > 1
N1
% N3 s

FET

Trans

Figure 2.25: Snubber circuit of SMPS.
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Chapter 3

ANALYSIS

The pulse generated in the HVG is rectangular shape and conditions of X-ray

exposure are as follows.
— Tube voltage : 40 kV(Anode 20kV + Cathode 20 kV).
— Tube current : 500 mA.
— Exposure time : 100 ms.

The tube voltage refers to the amplitude of the pulse voltage for X-ray exposure,
and the value is the sum of +20kV and —20 kV delivered to the anode line and cath-
ode line in the tube. The tube current is the amount of current flowing from the HVG
and exposure time is width of the pulse. The HVG rectangular pulse has rise time and
fall time of approximately 1 ms regardless of the manufacturer. Ripple inevitably gen-
erated through the rectifier circuit is 1%~4% of kV, usually 800 V~1kV. However,
this may differ depending on the manufacturer.

The DR HVG has some feedback points in the internal control board to check
whether the X-ray pulse is well exposed. It is necessary to check whether it has an
exactly rectangular shape and that there is no noise problem mentioned in Chapter 2.

In Figure 3.1, the blue waveform is the X-ray pulse in the time domain and the yellow
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is the FFT result. Amplitude and width of the pulse are as intended, but unintended
high-frequency noise component is visible within the pulse width. The low-frequency
of 100kHz can be observed as HVG ripple, but the noise approximately 10MHz is one
of the problems mentioned in Chapter 2. Since it occurs only within the pulse width, it
can be observed that it is not the effect of the reflected wave. Figure 3.2 shows spread
waveform of Figure 3.1. Therefore, it can be expected that rectangular pulse itself does
not acts as a noise source, but the high-frequency noise carried in the pulse would be a
noise source and this is the shot noise.

It is necessary to define the source and parameters for the equivalent circuit anal-
ysis. First, The source is a 100KHz sine wave mixed with a I0MHz damped sine wave
approximately 800V as shown in Figure 3.3. Parameters for analysis are as shown in
Table 3.1. The coupling length of the high-voltage cable and the signal cable is 1 m,
and to clarify the role of the ground, the UL1005 6AWG earth cable is tied together.
Each end of the Signal cable was terminated with 10 k(2 resistance and measured cou-
pling voltage at FE.

In the DR system, the high-voltage cable is much shorter than the wavelength
(15m) at the operating frequency (approximately 100 kHz), and the braided-shield is
much thinner than the skindepth (0.12 mm). Therefore, in this study, the relationship
between the cables and ground plane can be analyzed in the form of a lumped circuit.

The capacitive coupling and the inductive coupling can be expressed as a mu-
tual capacitance and a mutual inductance, respectively. The conductor that transmits
the noise source is called the generator, and the conductor that is damaged is called
the receptor. The total coupling voltage seen in the receptor is sum of the capacitive

coupling and the inductive coupling [7].

Ve = V" +Vig®, 3.1)

Vip = VEAE + VEND, (3.1a)
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Figure 3.3: Source waveform.

Table 3.1: Setup parameters of DR case.

Parameter Variable Value | Units
Coupling Length cl 1 m
Height above ground h 0 m
Diameter of generator dwg 1.98 mm
Diameter of receptor dwg 2 mm
Diameter of the shield dwsg 14.46 mm
Weave angle theta 72 °
Separation s touching -
Load impedance Zrp, ZNE 10 kO
Number of Carrier C 24 ea
Number of strand wires N 12 ea
Principal axis length of aperture L 0.6 mm
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3.1 Equivalent Circuit of Capacitive Coupling
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Figure 3.4: Equivalent circuit of the capacitive coupling of the DR system.

Figure 3.4 shows an equivalent circuit model of the DR capacitive coupling. Since
both ends of the shield of the high-voltage cable are completely grounded 360°, the
capacitance related to the shield can be neglected. The situation is the same as the well-
grounded shield case in Chapter 2. Therefore, the formula is also same with Equation
(2.14).

The capacitive couling result analyzed by the equivalent circuit is shown in Figure
3.5. Equation(2.14) is plotted with V;, which has amplitude of 800V, frequency of
100 kHz sine wave mixed with 10 MHz damped sine wave. Coupling result is plotted
in +2.1 ~ —1.8V of 10 MHz component and 0.1 V of the 100 kHz component.

3.2 Equivalent Circuit of Inductive Coupling

Figure 3.6 shows an equivalent circuit model considering only inductive coupling.
Zs and Z are the source impedance of HVG and the load impedance of the generator.

However, it is difficult to express Z and Z; equivalently due to the characteristics of
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Figure 3.6: Equivalent circuit of the inductive coupling of the DR system.

the DR. In order to determine how much current (I,) flows through the generator and
whether the reflected wave does not occur, it is necessary to consider the characteristic
impedance of the high-voltage cable along with Z; and Z;. However, we already know
that 7, is 500 mA, and DR products perform calibration work between the HVG and
the tube in advance to completely transfer the power from HVG to the tube. If the
calibration is well done, the reflected wave can be neglected in the equivalent model
analysis because the intended power would have been well delivered to the tube. In
other words, the setting values such as tube voltage, tube current, exposure time are
same with the output waveform. If X-ray is shot without calibration, it will not be
exposed with the intended conditions.

A resistance of shield Z; and a mutual inductance between generator and recep-
tor L, are expressed as the transfer impedance described above. Remaining L, and
L., are the self inductance of shield and receptor, respectively. L 45 and L;.s are mutual
inductance between shield and other conductors, respectively. Electromotive force is
induced in the shield and receptor due to mutual inductance of Ly, Lys, Ly, etc. As a

result, the shield current I and the receptor current [, are generated. When both ends
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of the shield are completely grounded and the current is evenly distributed throughout
the shield, the inductance of the conductor inside the generator and the shield is the
same as the inductance of the shield itself (Lys = Lgs). Similarly, a mutual induc-

tance between the receptor and the shield L, is same as Ly, [7] [8]. The formula that

summarizes V;g D in terms of I g 1s as follows.
Zrp(jwly Z3)
VIND: IND:_ IND:I % : g : ) (32)
N NE FE g (]WLSS)(ZNE + ZFE + ]WLM‘)

The result of the inductive coupling is approximately uV, so there is little effect.
Because it is a voltage at FE, it shows a phase difference of 180° from the original
signal as shown in Figure 3.7. As in Equation 3.1, the total coupling result is shown in

Figure 3.8.

3.3 Equivalent Circuit of Shield Interruption

Predict the result in a situation where the high-voltage cable shield is partially
broken and connects as pigtail. The DR HVG has very high-voltage, so if the shield
is severely damaged, an immediate safety accident may occur. Therefore, validation
through measurement is impossible and only the coupling level is predicted through
the equivalent circuit analysis and simulation. As mentioned in Chapter 2, consider the
length of the part where the interruption occurs in the total coupling length [6]. Cou-
pling in the interrupted section is calculated as mutual coupling between two parallel
wires. The formulas are as follows. L ;14 18 the length of shielded section, Lipterrupt

is the length of interrupted section.

N
V© = shielded section + ‘/interrupted section - (33)

JwCy R

VEAP =V, x X
FE 77 14 jwCr R+ jwCyr R

(Lshield + Linterrupt)- (34)

ZFE(jWLgTZd)

VIND _
(jwLss)(ZnE + ZpE + jwLey)

e = —1g X

X (Lshzeld + Linterrupt).(:;.s)
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Since the cable is very thick, there will be no major damage to the shield even if
there is severe friction or bending, so when only the aperture length is approximately
0.5cm and 1cm, the coupling voltage is shown as Figure 3.9 and 3.10. Voltage level is
approximately 6.5V when the aperture length is 0.5 cm. When the aperture length is
1 cm, voltage level is approximately 12V. If there is no protection element, it may not

only malfunction but also damage the control circuit.
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Chapter 4

EVALUATION

4.1 Measurement

Validate through measurement the predicted coupling voltage using equivalent
circuit analysis. The measurement environment is shown in Figure 4.1 and 4.2. Among
the high-voltage lines from the HVG, the anode line is placed in a straight line, and
the receptor line and the reference line is placed in a length of 1m on the same line.
Measurements were made at the receptor FE, and the exposure conditions and cable

specifications are consistent with those mentioned in Chapter 3.

4.1.1 Coupling Noise

Measurement result of the coupling is shown in Figure 4.3. In the left wave-
form of Figure 4.3, blue is the waveform of the HVG output voltage measured at kV
feedback of the control board. Red is the measured voltage at the receptor FE. The
waveform on the right shows the spread waveform of left. Yellow and green are a fast
Fourier transform results for the kV feedback and the receptor FE. The coupling level
observed at the receptor FE is approximately 2.4 V. At this level of voltage can cause
malfunction of the table or the stand. As mentioned earlier, the shape of X-ray pulse

is rectangular pulse. However, as expected at Chapter 3, coupling waveform has high-
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Figure 4.1: Measurement environment.
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Figure 4.2: Block diagram.
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frequency noise. The low-frequency component, approximately 100 kHz seen in the
FFT result is the ripple of the DR HVG, and this frequency is also described in the
spec sheet. However, the high-frequency components approximately 10 MHz are not
intended. When the rectangular pulse is coupled through the mutual capacitance, it is
normal that the DC component disappears and only the spike component that may oc-
cur in the transient section is shown in Figure 2.5. However, 10 MHz noise is present
throughout the pulse width and this is seen in the receptor FE.

Therefore, it is necessary to doubt the noises that can occur in the SMPS circuits
discussed above. First, when the PWM inverter operates, ringing may occur at the
on/off timing of the FET. As shown in Figure 4.4, if high-frequency ringing occurs
in the PWM inverter circuit, it can be conducted to the HVG output through parasitic
capacitance between the primary and secondary sides of the transformer.

Py M A

Driver
Voltage

e

= Time

Inverter
Qutput
Voltage

" F“”"e

Figure 4.4: FET driver output ringing.

Figure 4.5 shows the current measured at the cable between the PWM inverter
output and transformer input inside the HVG. Yellow is the inverter output waveform
and green is the FFT result for inverter output. Unlike kV feedback, blue waveform, it

operates only at 100 kHz cleanly. In addition, its shape is not rectangular as shown in
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Figure 4.4, but appears in a shape close to triangular. It seems that the transient section
is reduced due to a large capacitance. In addition, the ferrite core was wound around

the cable, so high-frequency noise could not pass through the transformer as shown in

Figure 4.6.

Figure 4.6: HVG PWM inverter output ferrite core.

Therefore, remaining possibility is the diode noise of the secondary side rectifier
circuit. As already mentioned in Chapter 2, the diode of the rectifier circuit needs a
snubber circuit in parallel, and additionally, there should be a low pass filter at the
output stage. However, there was no snubber circuit in parallel with the diode and LPF
at the output stage in the DR HVG, as shown in Figure 4.7. It’s not just a specific HVG
manufacturer’s problem, and even if we checked the HVG of other manufacturer, there
was no snubber circuit. Figure 4.8 shows receptor FE measurement result using other
maker HVG. Like the previous measurement results, high-frequency noise appears as

a coupling result and its level is similar.

s A g8t
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Figure 4.7: HV tank secondary voltage doubler.
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4.1.2 Solution

Now the components of the coupling noise seen in the receptor FE have been
identified, EMC engineer has to do is find a noise reduction method. Most of all,
since the voltage of the X-ray pulse is very high, the current is low, and the receptor
NE and FE impedances are at the level of 10k(2, the coupling mechanism can be
determined to be the capacitive coupling. Countermeasures for the capacitive coupling

can be considered are as follows.
1. Shielding the receptor cable.
2. Increase the distance between the generator cable and the receptor cable.
3. Make the impedance of the receptor cable NE or FE close to zero.

Method 1 is the easiest way. However, as mentioned earlier, in the DR market
where price competition is fierce, it is burdensome to change a general cable to a
high-quality shielding cable. In addition, even if cable shielding is performed, if the
shielding termination at both ends is not perfect, for example, in the form of a pigtail,
the effectiveness of shielding is inevitably reduced. Method 2 can be a good option if
you can change the cable path differently, but if you are a system engineer, you would
know that it is impossible to fundamentally change the cable path. The remaining
method 3 is the most effective and cost-saving method. Because it is impossible to
remove the load attached to the receptor, a decoupling capacitor can be used to make
the impedance appear close to zero only for high-frequency noise. Since Rrpg and
RyE are equally 10 k{2, a capacitor is added at FE to have much smaller impedance
than the composite resistance 5 k€2 at 10 MHz as shown in Figure 4.9.

From Figure 4.10 to 4.12 show results of decoupling capacitor method. When
10 nF is added to the FE as shown in Figure 4.10. Result of 100 nF is shown in Figure
4.11. Figure 4.12 shows result of 1 uF added. It can be observed that the coupling level

has decreased to the range of —300 to 470 mV. To find out why the coupling level does
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Figure 4.9: Receptor’s FE with a decoupling capacitor.

not go down to 0 and maintains —300 to 470 mV, the distance between the generator
and the receptor is completely separated and measured. Result is shown as Figure
4.13. However, the result also remains at the range of —300 to 380 mV. It means that
—300 to 380 mV of noise is not caused by coupling, but a result of conduction by an
oscilloscope.

Finally, we checked whether the solution used decoupling capacitor and the so-
Iution used additional shielding are on the same level. The measurement result after
additional shielding on the receptor is —330 to 350 mV as shown in Figure 4.14. It
is same as when the distance is completely separated. Considering the measurement
error, it can be observed that there is no significant difference between the solution

through capacitor and the solution method through shielding.

4.2 Simulation

Additional validation for measurement and analysis has performed using 3D sim-
ulator CST. First, cable modeling is shown in Figure 4.15. The generator cable and the
receptor cable are closely adhered to each other with a length of 1m, and the 6AWG
cable serving as the ground is laid in the same path. Since the effect of the ground

plane cannot be completely ignored, it is modeled as being several meters away from
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Counling

Figure 4.15: CST cable modeling.

the cable. The result of simulation by applying a noise source to the modeled cable
and attaching lumped elements is shown in Figure 4.16. Similar to measurement and
equivalent model, a 10 MHz component appears at the level of +1.8 ~ —2.1V with
a period of 5 us as shown in Figure 4.17. The difference from the measurement result
can be explained by the difference in conduction noise that may occur during the ac-
tual measurement. In addition, in the case of the equivalent model, since the result is
perfectly ideal, the level may be rather high because the impedance of the conductor
itself or the parasitic component of the lumped element are not considered.

Effect of interrupted shield is modeled as shown in Figure 4.18. Figure 4.19 and
4.20 show simulation results according to variation of aperture length. Voltage level is
approximately 6.5V when the aperture length is 0.5 cm. When the aperture length is
1 cm, voltage level is approximately 12V. Although the actual measurement was not
possible due to safety issue, it is consistent with the result of equivalent circuit analysis

using Matlab.

2 A2ty
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Figure 4.16: CST equivalent circuit.
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Figure 4.18: CST cable modeling with the interrupted shield
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Chapter 5

CONCLUSION

The coupling mechanism between the HV cable and the adjacent signal cable
in the DR was analyzed and its causes were validated. Shot noise (with a confirmed
frequency of 10 MHz) occurs in the recovery diode of the HVG’s secondary rectifier
circuit. It has also been shown that the capacitive coupling is dominant and the noise
problem can be solved simply with a decoupling capacitor. Although the result may
change slightly depending on the braided shield parameters and the impedance of the
receptor, the significance of this study resides in the analysis of shot noise.

Because the DR system is very complex and fully automated, it is susceptible to
noise, and malfunctions caused by noise can cause injury to patients. In addition, if
the X-ray exposure is not proper owing to noise problems, the number of unnecessary
X-ray inspections may increase, and the radiation exposure will also increases. In the
cases of medical devices, maintenance is important and reliability is essential.

As mentioned in the body sections, cable shielding is very effective in reducing
EMI noise. It doesn’t require a lot of time and effort like modifying the PCB, just
replace to the shielded cable. For that reason, when an EMC problem occurs, cable
shielding is the easiest and fastest solution. In particular, since it is difficult to deter-
mine the cause of noise problems in complex systems such as DR, cable shielding can

be a good answer. However, shielding all cables is a cost burden and it is impossible.
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So if it can be solved with one small passive element, it will be “Kill two birds with
one stone.”

In the EMC area, know-how is a very important field because the problem patterns
change according to the weather of the day and the situation on the site. In addition
to it is not easy to match practical problems and theories. The noise and coupling
mechanism that can occur in the DR system revealed in this study can provide good
guidelines for the future DR system developers. I have no doubt that it will provide
good debugging clues to EMC engineers. We believe that the role of EMC engineers
is to suppress electromagnetic noise as much as possible at a minimum cost, improve
product performance, but not lose reliability. We hope that this study will be helpful to

other EMC engineers.
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