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In order to extend the length of the coaxial cable connection between an
electrodeless fluorescent lamp and the associated electronic ballast, a new
structure for electrodeless lamp systems is proposed in this paper. Impedance
matching networks in the structure are analyzed and designed based on the
transmission characteristics of coaxial cable. Efficient topologies and formulae for
the matching networks are put forward. Experimental results for a 2.65 MHz
electrodeless lamp system with up to 25 m of coaxial cable which validate the
structure are presented.

1. Introduction

From the late 20th century, developments in
semiconductor technology and changes in the
standards for electromagnetic interference
(EMI) have both been important in the
exploitation of commercial electrodeless
lamps.1 Among the numerous issues related
to electrodeless lighting systems (including the
electrodeless lamp and the electronic ballast),
the relative position between the lamp and the
ballast has been in the ascendant. Integrating
the electronic ballast into the lamp limits its
rated power due to difficulties with heat
rejection. This prevents the electrodeless
lamp from working under high power.2

Therefore, in actual applications of high
power lighting, the lamp and the ballast are
always separated and connected with a short
(no more than 1m long) coaxial cable.
Nevertheless, because high power electrode-
less lamps are always set at high levels, the

maintenance and management of the elec-
tronic ballasts are both difficult and costly. If
the length of the coaxial cable could be
extended to more than 10m, all ballasts
could then be put together at a lower, safer
and more manageable location, so the main-
tenance cost would be greatly reduced.

However, both the negative impedance of
the electrodeless lamp3,4 and the high operat-
ing frequency (more than 100 kHz) make it no
easy task to match the impedance between the
electronic ballast, the coaxial cable and the
electrodeless lamp. OSRAM has extended
the cable length of its 250 kHz electrodeless
lamp ENDURA to 20m.5 As yet, no infor-
mation has been published concerning efforts
to extend the 2.65MHz electrodeless lamp
coaxial cable length. This motivated the
present study on such a topic.

Section 2 describes the structure and char-
acteristics of the electrodeless lamp and the
2.65MHz electronic ballast and proposes a
new electrodeless lighting system with an
extended coaxial cable. Section 3 details the
matching networks in the proposed system.
Section 4 reports the experimental results.
Conclusions are drawn in Section 5.
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2. Proposed structure

2.1. Electrodeless lamp and ballast

The electrodeless lamp investigated in this
paper is shown in Figure 1(a). The coupler is a
15-turn coil wound on a cylindrical magnetic
core and is mounted inside the lamp. It is
designed to transform energy from 2.65MHz
electric power supply into an electromagnetic
field. The external and internal walls are
seamlessly connected to form an enclosed
cavity, which is filled with a buffer gas to
accelerate and stabilize the formation
of plasma. The main amalgam mounted in
the base provides mercury atoms for the gas
discharge, and the auxiliary amalgam assists
the main amalgam to ignite the lamp. The
phosphor powder painted on the external and
internal walls absorbs ultraviolet rays and
gives out visible light.

When powered on, the electrodeless lamp
has two modes; the ignition mode and the
operation mode. In the ignition mode, the
lamp load is only the coupler coil because
there is no gas discharge in the enclosed
cavity. In the operation mode, a gas discharge
occurs which works as a transformer shown
in Figure 1(b).6,7 The primary winding of the
transformer is the coupler coil whose induct-
ance is Lcoil and the secondary winding is the
plasma. Lplasma and Rplasma represent the
inductance and resistance of the plasma,
respectively. Zlamp refers to the measured
impedance on the primary side and is also
the equivalent impedance of the lamp in the
operation mode. In the ignition mode, the
lamp impedance cannot be directly measured
by an impedance analyzer but can be calcu-
lated from the lamp voltage and current.
Thus, the experimental setup shown in
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Figure 1 The electrodeless lamp, (a) structure, (b) equivalent model, (c) impedance measurement setup and
(d) measured impedance characteristics under 2.65 MHz
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Figure 1(c) was used to measure Zlamp. The
measurement results of Zlamp as well as its
real part Rlamp and imaginary part Xlamp

versus the lamp input power Plamp is shown in
Figure 1(d). Zlamp decreases as Plamp

increases, meaning that the input current
will increase sharply until, finally, the ballast
fails. Hence an electronic ballast is needed to
stabilize the current.8 Specifications of the
electrodeless lamp under the 2.65MHz rated
condition are shown in Table 1.

The topology of the electronic ballast
investigated in this paper is shown in
Figure 2. To invert the direct current (DC)
bus voltage VDC into 2.65MHz alternate cur-
rent (AC) voltage vs, a Class-D self-oscillating
structure is adopted. The half-bridge inverter
including Q1 and Q2 is driven by a three-
winding transformer which transforms the
inverter output current is to the driven signal
of Q1 and Q2. When the resonant tank, the
output filtering and the impedance matching
stage of the electronic ballast, has an only

resonant frequency of 2.65MHz, a 2.65MHz
oscillation occurs.9 The resonant tank is
commonly designed to be the passive network
of an inductor in series with a capacitor and
the output terminal is in parallel with the
capacitor. This causes great difficulties to the
high efficiency impedance matching between
the electronic ballast and a long coaxial cable.

2.2. Proposed structure of the electrodeless

lighting system

Given the characteristics of the electrode-
less lamp, to extend the coaxial cable between
the electronic ballast and the electrodeless
lamp five requirements must be met.
They are:

1) The input voltage of the electrodeless lamp
must be high enough in the ignition mode
to induce gas discharge,

2) The input power of the lamp must be the
rated power of the lamp, namely, the input
impedance of the electronic ballast must be
the rated input impedance of the electronic
ballast,

3) The input current of the electrodeless lamp
should be stabilized,

4) To eliminate the reflected power caused by
an impedance mismatch, the impedance
matching should be implemented to trans-
form the electrodeless lamp impedance in
the operation mode to the characteristic
impedance of the coaxial cable and

5) The load driven by the half bridge should
be inductive to ensure the MOSFETs’ zero
voltage switching (ZVS).10

Based on these five requirements, a new
electrodeless lighting system is proposed in
Figure 3. The self-oscillating inverter in
Figure 2 is modelled as an AC source with
the electromotive force amplitude E, the
internal resistance � and the output capaci-
tance Cm. � represents the parallel value of
the two MOSFETs’ on resistances. Cm repre-
sents the parallel value of the two MOSFETs’
output parasitic capacitances. Matching

output
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T21VDC
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Figure 2 Topology of the 2.65 MHz self-oscillating
electronic ballast

Table 1 Specifications of the electrodeless lamp under
rated condition (2.65 MHz)

Parameters Value

Rated power 120 W
Peak ignition voltage 550 V
RMS lamp voltage 234 V
RMS lamp current 1.01 A
Zlamp under rated condition 115.7þ j200.3 �
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network I (MNI) connected between the
inverter and the coaxial cable functions to
transform the input impedance of the coaxial
cable Zi1 into the rated load for the inverter
Zi. Also, MNI should be a 2.65MHz band
pass filter to cause self-sustained oscillation of
the inverter. Therefore, the topology of MNI
is specific to the electronic ballast and more
complicated than the series resonant parallel
load resonant tank shown in Figure 2. The
second matching network, matching network
II (MNII), is connected between the other
terminal of the coaxial cable and the electro-
deless lamp. MNII has two functions: pro-
viding a high enough input voltage to the
lamp in the ignition mode and transforming
the lamp impedance to the coaxial cable
characteristic impedance in the operation
mode. The transmission line between the
MNII and the lamp is quite short and can
be neglected.

2.3. Parameters of the structure

The definitions of the parameters in
Figure 3 are:

Zi: the load for the inverter, and Zi¼Riþ jXi,
Zi1: the load for the ballast, and Zi1¼

Ri1þ jXi1,
Z0: the characteristic impedance of the coax-
ial cable, Z0¼R0þ jX0,
Zi2: the load for the coaxial cable,
Zi2¼Ri2þ jXi2, and
ZL: the load for MNII, equal to the electro-
deless lamp impedance. In the ignition mode,

ZL¼Zcoil¼ j!Lcoil, in the operation mode,
ZL¼Zlamp¼Rlampþ jXlamp, where !¼ 2��
2.65� 106 rad/s.

Prated shown in Figure 1(d) is defined by
the power dissipated by the lamp at the rated
operation point. The rated operation point
depends on the current carrying capability of
the coupler, the temperature characteristics of
the magnetic core and the volume of the
enclosed cavity. According to the five require-
ments, the parameters in Figure 3 are decided
as follows:

1) E, � and Cm. E is the amplitude of the
fundamental component of vs shown in
Figure 2. vs is a square wave with an
amplitude of 0.5VDC and an offset of
0.5VDC, so E¼ 2VDC/�. � and Cm are the
parallel value of the on-resistance rds and
the output parasitic capacitance Co of the
two MOSFETs, respectively. � and Cm can
be calculated using Equation (1),10 where
rds and CossjVds¼ 25V can be found in the
MOSFET’s datasheet.

� ¼
1

2
rds, Cm ¼ 2Co ¼

10CossjVds¼25Vffiffiffiffiffiffiffiffiffi
VDC

p ð1Þ

2) Zi. Among the five basic requirements, the
power condition is

Prated ¼
E2Ri

2 �þ Zij j2
� �MNI � �cc � �MNII ð2Þ
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Figure 3 The proposed structure of the electrodeless lighting system
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where �MNI, �cc, �MNII is the power transfer
efficiency of the MNI, the coaxial cable and
the MNII, respectively.

For given VDC, Zi can be determined using
the ZVS optimization method of Reference 11.
The basic idea is that Zi should be inductive to
realize half bridge ZVS. Consequently, is in
Figure 2 will lag vs, so when the polarity of vs
changes, a residual part of is still exists to
discharge the output capacitance of the
upcoming conducting MOSFET completely
to let the MOSFET conduct under zero drain-
source voltage. Meanwhile, too much residual
current will increase the amplitude of is and
enlarge the conduction loss, so the condition
thatCo just be fully dischargedwill be adopted,
as shown in Equation (3). From Equations (2)
and (3), Zi can be calculated.Z arctan

Xi
Ri

0

E

�þ Zij j
sinð!tÞd ð!tÞ ¼

1

2
CmVDC ð3Þ

3) Zi1 and Zi2. To realize full impedance
matching, the lamp impedance ZL should
be transformed into the coaxial cable
characteristic impedance by MNII, thus,
the lumped impedance measured from the
other terminal of the coaxial cable will also
be Z0, that is,

Zi1 ¼ Zi2 ¼ Z0 ð4Þ

3. Analysis and design of matching
networks

3.1. MNI

According to the location of MNI in
Figure 3, the input and output characteristics
are clearly shown in Figure 4. The proposed
MNI is composed of subnetwork I, induct-
ance Li and reactance Xcom. Li is the induct-
ance of Zi. Xcom is used to compensate X0 (the
reactance component of Z0). Li and Xcom can
be directly determined by the imaginary part
of Zi and Z0. Thus, the function of subnet-
work I is to transform R0 (resistive of Z0) into

Ri (resistive of Zi). Also, MNI should act as
the frequency selective network for the self-
oscillating inverter. These two main functions
as well as the power transfer efficiency will be
analysed here. It should be noted that Cm is
not included in Figure 4 unlike Figure 3. The
reason is that Cm only works in the switching
transition period of the MOSFETs and just
affects the ZVS control, it can be ignored
when analyzing the stead-state performance
of MNI.

For subnetwork I in Figure 4, Vi is the
phasor form of the input voltage, Vi is its
amplitude. So are the input current Ii, the
output voltage Vo and the output current Io.
As a reactance network, subnetwork I can be
built up with a basic L-section network.
According to the nature of the components,
two kinds of L-section network are shown in
Figure 5. Figure 5(a) is the C-L low-pass type,
Figure 5(b) is the L-C high-pass type.12

To simplify the analysis of the two L-section
networks, we assumeL11¼L12,C11¼C12. The
transformation quality factor Q, the input
quality factor Qi, the output quality factor Qo

and the component quality factor QL and QC

are defined as shown in Equation (5),

Q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

R0
� 1

r
, Qi ¼

Ri

X11j j
, Qo ¼

X12j j

R0

QL ¼
!L11

ESRL11

¼
!L12

ESRL12

,

QC ¼
1

!C11 � ESRC11

¼
1

!C12 � ESRC12

ð5Þ
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VoE

ρ

Figure 4 The structure of matching network 1
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Where ESRxx means the equivalent series
resistance of component xx, and

X11 ¼ � !C11ð Þ
�1
¼ !L11,

X12 ¼ !L12 ¼ � j!C12ð Þ
�1

ð6Þ

For impedance matching implementation
and optimal efficiency, conclusions given by
reference 13 as follows are helpful.

1) The formulation for the desired resistance
transformation of the basic L-section net-
work is

Q ¼ Qi ¼ Qo ð7Þ

2) The power transfer efficiency expression of
the C-L low-pass type and the L-C high-
pass type are the same, shown as Equation
(8). Therefore, a lower Q produces a
higher efficiency. QL and QC should also
be as high as possible for a higher
efficiency under a given Q.

� ¼ 1�
Q

QC

� �
1þ

Q

QL

� ��1
ð8Þ

3) Under a high Q value, a multistage
L-section network can be employed to
reduce power loss. The maximum power
transfer efficiency �max, corresponding
stage quantity nopt and transformation
quality factor of every stage Qn (trans-
formation quality factor of every stage
should be equal) are as shown in Equation
(9), where ‘‘de’’ is the rounding function.

QC is neglected here because capacitors are
always much less lossy than inductors.

�max � 1�
nopt �

nopt
i¼1Qi

� � 1
nopt

QL
, nopt ¼ lnQ

� �
,

Qn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

R0

� � 1
nopt

�1

s
ð9Þ

MNI, besides efficiently transforming the
impedance, also serves to select the target
operation frequency (2.65 MHz) for the self-
oscillating inverter. Meanwhile, unlike the
second-order resonant tank in Figure 2 start-
ing under light load, the self-oscillating inver-
ter in Figure 3 starts under a much heavier
load, so it should be a higher-order band-pass
filter for the formation of self-sustained oscil-
lation. Therefore, at least one C-L low-pass
type and at least one L-C high-pass type
should be included inMNI. The stage quantity
of MNI under the maximum efficiency nopt-1 is

nopt�1 ¼ max ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

R0
� 1

r	 

, 2

� �
ð10Þ

The inductance and capacitance of the
cascaded C-L low-pass type and L-C high-
pass type L-section network is then derived by
Equations (5), (6), (9) and (10), shown as
Equation (11).

L11 ¼ Ri !

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

Ro

� � 1
nopt�1

�1

s2
4

3
5
�1

, ð11Þ

C12 ¼ !R0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

Ro

� � 1
nopt�1

�1

s2
4

3
5
�1

,

L12 ¼
R0

!

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

Ro

� � 1
nopt�1

�1

s
,

C11 ¼ !Rið Þ
�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

Ro

� � 1
nopt�1

�1

s
ð11Þ
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Figure 5 L-section networks (a) C-L low-pass type
(b) L-C high-pass type
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In Equation (10), it can be easily found that
when nopt�142, the ratio of Ri and R0 will be
more than 8.4. For the case of general RF
coaxial cable and the electrodeless lamp
impedance (see Figure 1(c)), the ratio of Ri

and R0 is far less than 8.4, so nopt�1¼ 2, i.e.
the topology of subnetwork I is only a C-L
low-pass type cascaded with a L-C high-pass
type, which is quite desirable.

To absorb the ZVS inductance Li and the
compensation reactanceXcom into subnetwork
I, theL-C high-pass type can be connectedwith
Li and theC-L low-pass type can be connected
with Xcom, the topology of MNI will then be
derived as Figure 6. Also, another important
consideration in this topology is that L12 can
stabilize the output current of the inverter, like
the series inductor of the resonant tank in
Figure 2. The component parameters derived
through Equation (11) are shown in Equation
(12), where Xi has been previously determined,
nopt is as Equation (10), and Xcom is equal to
�Z0. It should be noted that this five-compo-
nent topology may be simplified to a � type or
T type network, but the efficiency advantage
will be lost.

Li ¼
Xi

!
, L11 ¼ Ri !

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

Ro

� �1
2

�1

s2
4

3
5
�1

,

C
0

12 ¼ !R0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

Ro

� �1
2

�1

s
þ !X0

2
4

3
5
�1

L12 ¼
R0

!

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

Ro

� �1
2

�1

s
,

C11 ¼ !Rið Þ
�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

Ro

� �1
2

�1

s
ð12Þ

3.2. MNII

For MNII, two main functions need to be
considered, the impedance matching and the
starting voltage of the lamp. According to
matching network theory, a � type network is
proper for resistance transformation and
reactance compensation. Network transmis-
sion theory will be used to discover the
condition for a sufficiently high output volt-
age of MNII under the ignition mode.

The topology of the MNII is shown as
Figure 7. It is composed of a compensation
reactance �Xcom and a � type subnetwork II.
Y21 and Y23 are admittances and their cor-
responding reactances are Z21 and Z23,
respectively. Z22 is a reactance, whose admit-
tance is Y22. Y23 is used to compensate the
reactance part of ZL. Vi2 is the phasor form of
the input voltage, Vi2 is its amplitude. So are
the input current Ii2, the output voltage VL

and the output current IL.
The transmission equation of the MNII is

Vi2

Ii2

� �
¼

T11 T12

T21 T22

� �
VL

IL

� �
ð13Þ

Where T11 and T22 are both real, T12 and T21

are both imaginary. The elements of the
transmission matrix are

T11 ¼ 1þ Z22Y23 ð14Þ

T12 ¼ Z22 ð15Þ

T21 ¼ Y21 þ Y23 þ Y21Z22Y23 ð16Þ

T22 ¼ 1þ Y21Z22 ð17Þ

Matching Network II

Subnetwork II

Vi2 VL

Ii2 IL

Ri2

–Xcom

Zi2

Z22

Y21 Y23 ZL

Figure 7 The topology of matching network II
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Figure 6 The topology of matching network I
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As mentioned above, MNII should be reson-
ant with Lcoil to provide a high enough
breakdown voltage for gas discharge in the
ignition mode. Under resonance, the input
voltage of the lamp VL will be infinite. From
Figure 7, VL can be expressed as

VL ¼
1

1þ Z22 Ycoil þ Y23ð Þ
Vi2 ð18Þ

Where Ycoil¼ 1/Zcoil. When resonance occurs,
the denominator of Equation (18) happens to
be zero. Therefore, the resonant condition can
be expressed as Equation (19).

1þ Z22 Ycoil þ Y23ð Þ ¼ 0 ð19Þ

Under the operation mode, ZL¼Zlamp¼

Rlampþ jXlamp, Ri2 can be deduced from
Equation (13), as shown in Equation (20).

Ri2 ¼
T11Zlamp þ T12

T21Zlamp þ T22
ð20Þ

To achieve the coaxial cable terminal imped-
ance matching, Ri2¼R0, Equations (21)
and (22) can then be inferred.

1þ Z22Y23ð ÞRlamp

¼ R0 1þ Y21Z22ð Þ þ jðY21 þ Y23½

þY21Z22Y23ÞXlamp



ð21Þ

Z22 þ j 1þ Z22Y23ð ÞXlamp

¼ R0 Y21 þ Y23 þ Y21Z22Y23ð ÞRlamp ð22Þ

By putting Equations (19), (21) and (22)
together, Y21, Z22 and Y23 can be solved.
The reactance properties and values of MNII
can then be determined.

3.3. Coaxial cable

Demands for electromagnetic shielding and
EMI reduction support coaxial cable as the

most cost efficient solution for electrodeless
lamp system power transmission. However,
the coaxial cable distributed parameters
would influence the energy transfer if the
impedance does not match. According to
transmission line theory, the distributed par-
ameter model of the coaxial cable is shown in
Figure 8. R0, L0, G0 and C0 represent the
parasitic resistance, inductance, conductance
and capacitance per unit length, respectively.
Zload is the load connected to one terminal
and Zin is the lumped impedance measured
from the other terminal. A one-dimension
coordinate z whose origin is at the load
terminal and whose positive direction goes to
the load is employed, by which the coordinate
of the input terminal is �l, where l is the
coaxial cable length.

The input impedance Zin can be
expressed as

Zin ¼ Z0
1þ �e�2�l

1� �e�2�l

¼ Z0
Zload þ Z0 tanh �l

Z0 þ Zload tanh �l
¼ Rin þ jXin

ð23Þ

Where � is the complex propagation constant,
� is the attenuation constant and � is the
phase constant, � is the reflection coefficient
at the load terminal. Z0 and � can be
calculated using Equations (24) and (25) by
measuring the input impedance Zin¼Zts

ZloadZin

R0

–l
Z

0

load term
inal

in
pu

t t
er

m
in

al L0

G0 C0

Figure 8 The distributed parameter model of coaxial
cable
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under Zload¼ 0 and the input impedance
Zin¼Zto under Zload¼1.

Z0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R0 þ j!L0

G0 þ j!C0

s
, � ¼

ZL � Z0

ZL þ Z0
ð24Þ

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R0 þ j!L0ð Þ G0 þ j!C0ð Þ

p
¼ �þ j� ð25Þ

According to the expression of Zin in
Equation (23), for SYV-50-1 type coaxial
cable under 2.65MHz, Z0¼ 52.11� j1.34,
�¼ 2.264� 10�3, the variation of Rin and Xin

versus � for l¼ 15m is shown in Figure 9(a).
According to the definition of �, near �¼ 0,
an increasing of Zload will cause both Rin and
Xin to decrease. So the coaxial cable behaves
like an impedance inverter.

The transmission efficiency �cc is defined
by the ratio of the power dissipated by the
load and what flows into the input terminal.
It is related to �, l and �, as shown in
Equation (26). �cc versus l and j�j is shown in
Figure 9(b) for a 15m SYV 50-1 coaxial
cable, which shows that �cc decreases while l
or j�j increases and that zero reflection
coefficient ensures the highest transmission
efficiency. Curves of �cc versus l at fixed j�j
are shown in Figure 9(c). For SYV 50-1 type
coaxial cable, when j�j ¼ 0, the cable length
should be less than 23m to guarantee �cc
over 90%.

�cc ¼
1� �j j2

e2�l � �j j2e�2�l
ð26Þ
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Figure 9 The coaxial cable input impedance Zin and power transmission efficiency �cc vs length l and load terminal
reflection coefficient � for SYV 50-1 coaxial cable, f¼ 2.65 MHz, �¼2.264�10�3, l¼ 15 m. (a) Zin vs �, (b) �cc vs l and j�j
and (c) �cc vs l at fixed j�j
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4. Experimental verification

4.1. Experimental setup

The experimental setup is shown in
Figure 10. Cd is a blocking capacitor. The
parameters calculated from the analysis above
are shown in Table 2. When calculating Zi, we
assume that the efficiency of MNI, MNII and
the coaxial cable are all 0.95. The character-
istic impedance of the coaxial cable is
calculated from the Zts and Zto measurement
results of 15m SYV-50-1 cable using an
Agilent 4294A impedance analyzer, where
under 2.65MHz, Zts¼ 28.51þ j181.9, Zto¼

1.533� j14.68. According to Equations (24)
and (25), Z0¼ 52.11� j1.340, �¼ (2.264þ
j86.45)� 10�3. Devices, parameters and
model are listed in Table 3.

According to the coaxial cable power
transfer efficiency characteristic (Figure 9(a))
and the application requirement, the experi-
mental coaxial cable length is 5–25m with a
5m interval. A Tektronics TDS 2014 oscillo-
scope with a TPS2PWR1 power analysis
module, a P6015A voltage probe and a
TCPA300 current probe are used for the
efficiency test.

4.2. Results and discussion

When the coaxial cable length is extended
from 5m to 25m, the electrodeless lamp keeps
igniting quickly and radiating steadily.

Figure 11 shows some measurement results
versus the coaxial cable length l, including:
The input power of the inverter and that of
the lamp (Figure 11(a)), the amplitude and
phase angle of the reflection coefficient � at
the junction of coaxial cable and MNII
(Figure 11(b)), the efficiency of MNI, coaxial
cable and MNII (Figure 11(c)), and the
efficiency of the inverter and the whole
system (Figure 11(d)).

Figure 11(a) shows that, with the coaxial
cable length increasing, the input power of the
inverter increases and that of the lampdecreases
slightly. This indicates an internal mechanism
conducive to the stabilityof lamppower existing
in the proposed ballast structure. When the
input power of the lamp decreases with the
coaxial cable length increasing, the lamp imped-
ance increases,Ri2 decreases due to the negative
impedance inverting characteristic of MNII,

Matching Network I Matching Network II
SYV50-1
Coaxial
Cable Ccom

ZL

Cd
is

vs

VDC

Q1

Q2

T21

T1

T22

Li

L21 C23

L22

C11

C¢12
L11

L12

Figure 10 The experimental setup

Table 2 Parameters under 2.65 MHz for circuit design

Parameters Value

VDC 400 V
Zi 204.3þ j46.89 �
Zi1 52.11� j1.340 �
Zi2 52.11� j1.340 �
Z0 52.11� j1.340 �
� (2.264þ j86.45)�10�3

Zcoil 0.3541þ j405.3 �
Zlamp

a 115.7þ j200.3 �

aUnder rated condition.
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and then � decreases (�50). According
to Figure 9(a), Ri1 increases. Finally, Ri

decreases because MNI is also an impedance
inverter, what follows is an increase of the
inverter input power. It can be predicted that,

when the lamp input power increases, the
inverter input power will decrease to reduce
the lamp power. In practical applications, such
a lamp power stabilizing mechanism is neces-
sary for the extension of the coaxial cable.
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Figure 11 Experimental results (a) inverter input power and lamp input power vs l, (b) reflection coefficient vs l, (c)
efficiency of MNI, MNII and coaxial cable vs l and (d) efficiency of inverter and whole system vs l

Table 3 Devices, parameters and model

Device Parameters Model

Q1, Q2 rdsjid¼ 0.8A¼ 2 � Fairchild
CossjVds¼25V¼55 pF FQPF5N60C

T1 1.663�H Core Ia 5Ts
T21,T22 3.326�H 10Ts
Li 5.221�H, Q¼ 97.54 Core IIa, 13Ts
L11 Please provide the volume number for Ref. 6. Core IIIa, 18Ts
L12 3.098�H, Q¼ 113.6 Core II, 10Ts
L21 15.06�H, Q¼ 68.93 Core III, 20Ts
L22 7.773�H, Q¼ 92.15 Core II, 16Ts
Cd 1.505 nF, Q4200 TDKb CK45-RR� 10% 1–3 kV ceramic capacitors
C11 291.1 pF, Q4200
C12 1.195 nF, Q4200
Ccom 4.482 nF, Q4200
C23 594.7 pF, Q4200

aCore I, II and III are all Ni-Zn ferrite cores with relative magnetic permeability of around 60. Their sizes (outer
diameter� inner diameter� thickness) (mm) are 24.3�13.9�23.7, 23.4�13.9�15.9, 13.4�6.89�5.44, respectively.
Ts means turns.
b1.5 nF for Cd, 270 pFþ 2� 10 pF for C11, 1.2 nF for C12, 3.3 nFþ1.2 nF for Ccom and 330 pFþ 270 pF for C23.
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Figure 11(b) shows that, with the coaxial
cable length increasing, the amplitude of the
reflection coefficient gradually increases,
while the angle of the reflection coefficient
varies from zero, which indicates the gradual
deterioration of the matching degree. This is
because with the coaxial cable length increas-
ing, the input power of the lamp is reduced
and the lamp impedance is changed. It can be
concluded that the maximum coaxial cable
length is mainly decided by the power loss on
the coaxial cable. Therefore, to operate at
longer distances with the same loss, a larger
diameter coaxial cable can be used because
the loss per meter would be lower for a larger
diameter cable.

Figure 11(c) shows that, with the increasing
coaxial cable length, �MNI and �cc decrease
while �MNII remains almost unchanged.
The increased power loss on MNI is caused
by the increased input power of the MNI and
the variation of Zi1. Due to the worsening
terminal impedance mismatch, �cc decreases
sharply between 20m and 25m. Meanwhile,
�cc declines fast and becomes the lowest of the
three efficiencies at l¼ 15m.

Figure 11(d) shows that the inverter effi-
ciency and the whole system efficiency
decrease gradually as the coaxial cable
length increases. The reason for the reduction
of inverter efficiency is the increased input
power of the inverter, and more important,
the gradual disappearance of ZVS caused by
the change of Zi. Due to ZVS, the inverter
efficiency decreases slowly from 93.5% to
89.5% as coaxial cable length extends from
5m to 20m. When the length reaches 25m,
the inverter efficiency rapidly decreases to
85.6%, which indicates the vanishing of ZVS.
The role that ZVS plays in such a wide range
of 5–20m is quite necessary and nearly
enough for basic application.

Under l¼ 5m, the overall efficiency of the
system �sys is 79.6%, when the length
increases to 20m, �sys decreases to 71.0%,
which seems unsatisfactory. However, for

general applications, this efficiency is still
reasonable and advantageous. Firstly, even
with around 30% power loses, the luminous
efficiency is still around 60 lm/W. Secondly
and more importantly, besides the great
convenience brought by the extended coaxial
cable length, the maintenance cost reduction
can sufficiently cover the power loss expenses.
Finally, for l� 20m, the temperature rise
caused by the loss is not obvious and the
overall system has good reliability. For street
and building lighting applications, a 20m
length is more than enough.

5. Conclusions

In this paper, a new structure for an electro-
deless lamp system is proposed in order to
extend the coaxial cable connected between
the electronic ballast and the electrodeless
lamp. Two new matching networks, MNI and
MNII, are introduced in this structure. By
analyzing the targets of both matching net-
works and investigating the basic L-section
matching networks, a multistage L-section
network for MNI and a � network for MNII
as well as formulas for their component
values (Equations (12), (19), (21) and (22))
are put forward. Experimental results show
that a 2.65MHz electrodeless lighting system
with up to 20m of coaxial cable can work well
and both efficiencies are around 90%. The
overall efficiency of the ballast system
decreases from 79.6% to 71.0% as the coaxial
cable length extends from 5m to 20m, which
seems unsatisfactory, but the whole electro-
deless lamp system still possesses relatively
advantageous luminous efficiency, the ballast
maintains the usual reliability, brings great
convenience and reduces the maintenance
cost. One can expect to achieve higher
efficiency using higher quality inductors and
a larger diameter coaxial cable. Also, the
proposed structure has some value for other
kinds of gas discharge light sources, such as
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general fluorescent lamps, high intensity dis-
charge lamps, metal halide lamps, etc.
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