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Abstract—A new driving waveform is proposed to improve the
luminous efficiency of alternating current (ac) plasma display
panel with a large sustain gap (400 m) structure under a high
Xe (15%) gas mixture. Due to the large sustain gap structure, the
reset waveform was modified based on Vt close curve analysis
to produce the surface discharge between the scan and sustain
electrodes by applying the negative bias voltage on the sustain
electrode during a ramp-up period. During a sustain period,
the sustain waveforms with two different voltage polarities, i.e.,
positive and negative voltage levels, were applied, thus resulting in
producing an efficient discharge by accumulating the wall charges
uniformly among the three electrodes. As a result of adopting
the proposed driving waveform, the luminance of 330 cd/m2 and
luminous efficiency of 4.5 lm/W under the sustain voltage of 210 V
and the trigger voltage of 160 V were obtained in the 6-in plasma
display panel (PDP) with green phosphors under a large sustain
gap (400 m) and a high Xe (15%) gas mixture.
Index Terms—Alternating current plasma display panel (AC
PDP), high Xe gas mixture, large sustain gap, luminous efficiency,
plasma display, Vt close curve..

I. INTRODUCTION

P

LASMA display panels (PDPs) have been one of the most
in) flat panel devices suitable for
promising large area (
digital televisions [1]. For competing the liquid-crystal display
televisions (LCD-TVs) in large size area, however, both the luminance and luminous efficiency of the current PDP’s must be
further improved. In previous works, the two approaches have
been recently suggested to improve the luminous efficiency; one
is to use the very large sustain gap (about 700 m) structure by
Weber [2] and the other is to use the high Xe (about 50%) gas
content in a small sustain gap structure by Oversluizen et al. [3],
[4]. If the large sustain gap structure is used under a high Xe
gas mixture, it is expected that both luminance and luminous
efficiency of the PDP’s will increase considerably, when compared to that of the cathode-ray tube televisions (CRT-TVs). Unfortunately, as the sustain gap increases, the sustain voltage increases, and as the Xe gas mixture increases, the sustain voltage
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also increases [5]. Thus, due to the limitation of the high sustain voltage level, it is difficult to improve the luminous efficiency by using together both the large sustain gap and the high
Xe gas mixture in a conventional driving scheme, especially
conventional sustain waveform. In the large sustain gap structure, the trigger discharge produced between the sustain and
address electrodes is necessary for producing the discharge between the large sustain gaps [2], [6]. At this time, the positive
voltage level is large enough to trigger the discharge between
the sustain and address electrodes. In addition, for forming the
electron channeling between the large sustain gaps, the positive polarity remains in another sustain electrode so as to attract the electrons produced by the trigger discharge when the
trigger discharge is produced. In this case, the high positive sustain voltage can induce the phosphor sputtering due to the ion
bombardment toward the address electrode. Accordingly, if the
sustain waveform has two polarities, that is, the positive, and
negative polarities, the positive sustain voltage level can be lowered during the sustain discharge without disturbing the trigger
discharge, so that the low positive sustain voltage level can contribute to reducing the phosphor sputtering. The previous works
tried to improve the luminous efficiency by the additional use
of another electrode between the two sustain electrodes. [7], [8]
However, the luminous efficiency needs to be more improved,
and the use of the auxiliary electrode also causes a manufacturing and driving cost rise. In the current paper, a new driving
waveform is designed based on the Vt close curve [9], [10]
and proposed to improve the luminous efficiency of the alternating current plasma display panel (ac-PDP) with a large sustain gap structure (sustain gap: 400 m, and indium–tin–oxide
(ITO)-free bus sustain electrode width: 100 m) filled with a
Ne–Xe (15%) gas mixture. The negative bias voltage on the
X electrode was applied to produce the reset discharge during
a reset period. During a sustain period, the sustain waveforms
with two different voltage polarities, i.e., a positive voltage level
and a negative voltage level were applied to improve the discharge efficiency of the large sustain gap structure. The infrared
(IR) (828 nm) waveforms produced during a sustain discharge
were measured with variations of the positive and negative amplitudes in the sustain waveforms, respectively. In addition, the
effects of the positive and negative amplitudes of the sustain
waveform on the luminance and luminous efficiency were also
examined under Ne–Xe (15%) gas mixture, and compared with
those under Ne–Xe (5%) gas mixture.
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Fig. 1. Cell structure of 6-in test panel with large sustain gap employed in this
research.
TABLE I
PANEL SPECIFICATIONS USED IN CURRENT STUDY

Fig. 2. Driving waveform for large sustain gap with reset, address, and
sustain-periods.

II. EXPERIMENT
The cell structure for the large sustain gap structure in the
current experiment is shown in Fig. 1. The two 6-in test panels
deposited only by the green phosphor were used where one has
a Xe gas mixture of 5% and the other has a Xe gas mixture of
15%. Other conditions were the same. The sustain electrodes
were only ITO-free bus electrodes. The gap between the two
sustain electrodes (X and Y) was 400 m, and the width of the
sustain electrode (X and Y) was 100 m. The width of the address electrode (A) was 80 m and the plate gap (i.e., height of
the stripe type barrier rib) was 80 m. The thicknesses of the
front dielectric layers were about 30 m. The detailed specifications are listed in Table I. Fig. 2 shows the proposed driving
waveforms including the reset, address, and sustain-periods for
the large sustain gap structure with a high Xe (15%) gas mixture.
During the reset period, the ramp reset waveform was applied to
the scan (Y) electrode, while the negative voltage was applied
to the sustain (X) electrode so as to adjust the wall charges on
the X electrode regardless of the large sustain gaps. When the
scan and address pulses were applied, the address discharge was
induced between the Y and A electrodes. While the address discharge was produced, the ions were accumulated on the Y electrode and a little electron was moved toward the X electrode by
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the high positive X bias voltage, . During the sustain period,
the sustain pulses with two different voltage polarities were applied, which contribute to reducing the potential difference between the A and Y (or X) electrodes, i.e., the electrodes opposite
to the electrode where the trigger discharge was produced. The
driving conditions were a sustain frequency of 50 kHz, a duty
of 60%, and sustain pulsewidth of 12 s. The riding and falling
times of the sustain pulse were 300 s, respectively. The luminance was measured by the color analyzer (CA-100) in the 6-in
test panel and the discharge current was also measured by the
current meter. The luminance efficiency was calculated from the
power consumption obtained from the applied voltage and measured discharge current.
III. DESIGN OF RESET WAVEFORM BASED ON VT CLOSE
CURVE ANALYSIS
Fig. 3(a) and (b) shows the reset waveform during a reset period and the corresponding Vt close (VTC) curve measured from
the test panel. In Fig. 3(b), the X axis indicates the threshold
voltage between the X and Y electrodes, whereas the Y axis indicates the threshold voltage between the A and Y electrodes.
The typical VTC curve shape in the conventional panel structure is a hexagon with six sides [9]. As shown in Fig. 3(b), however, for the large sustain gap, the VTC curve shape is a parallelogram with four sides, which means that the discharge between
the X and Y electrodes cannot be produced directly because of a
long distance between the X and Y electrodes. That is, this means
that only surface discharge (X–Y discharge) without producing
a plate discharge (A–Y or A–X) cannot be produced. While the
negative bias voltage was applied to the X electrode [step (1)],
the ramp waveform was applied to the Y electrode [step (2)].
Then, the Y–A reset discharge under the phosphor cathode condition was initially produced, and finally the A–X reset discharge
under the MgO cathode condition was produced, as shown in (2)
of Fig. 3(b). Due to the negative bias voltage applied to the X
electrode, the wall charges accumulating on the X electrode can
be adjusted during the ramp-up period. Furthermore, this type
of discharge contributes to stabilizing the reset discharge in the
large sustain gap since it is produced under the MgO cathode
condition. In steps (3) and (4), though the voltage level dropped
abruptly from the high to the ground level on the Y electrode, and
after that, it increased from the negative to the positive level on
the X electrode, any discharge did not occur because the voltage
vectors moved within threshold voltage, as shown in the VTC
curve of Fig. 3(b). Finally, by applying the falling ramp waveform to the Y electrode [step (5)], the weak erase discharge was
produced, thereby resulting in moving the cell voltage vector to
transgress the threshold voltage, as shown in the VTC curve of
Fig. 3(b). Fig. 4(a) and (b) shows the simulated results of the wall
charge distributions during the ramp-up period when the reset
waveform of Fig. 3(a) is applied. The simulator used in this experiment is based on the two-dimensional (2-D) fluid model of
plasma [11]. As mentioned in the VTC analysis, the electrons
start to be accumulated on the Y electrode due to the Y–A discharge, as shown in (i) of Fig. 4(b). Due to the subsequent A–X
discharge induced by the Y–A discharge, the ions are accumulated on the X electrode, as shown in (ii) of Fig. 4(b). As the
ramp voltage increases to 450 V, the wall charges continue to
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Fig. 4. Simulated results of wall charge distributions during ramp-up period
when reset waveform shown in Fig. 3(a) is applied. (a) Reset waveform used
in simulation. (b) Behaviors of wall charges, such as electrons and ions during
ramp-up and ramp-down period.

Fig. 3. (a) Driving waveform employed in this experiment during reset period
and (b) corresponding Vt close curve measured from test panel with Xe (5%)
gas mixture when applying reset waveform of Fig. 3(a).

be accumulated on the Y and A electrodes, as shown in (iii) of
Fig. 4(b). When the ramp voltage decreases to the voltage level,
and the X-bias voltage increases to 170 V, the
wall charges accumulating on the A–X and A–Y electrodes are
erased and redistributed, as shown in (iv) of Fig. 4(b). Unlike the
conventional reset discharge [12], this simulated result illustrates
that in the case of the reset discharge in the large sustain gap structure, the weak reset discharge are produced separately only in the
Y–A and A–X electrodes because the sustain gap between the X
and Y electrodes is too large to produce the direct X–Y discharge.
IV. PROPOSED SUSTAIN WAVEFORM FOR LARGE SUSTAIN GAP
WITH HIGH XENON CONTENT
A. Operation Principle of Proposed Sustain Waveform for
Large Sustain Gap Structure With High Xe Content
It is well known that the sustain discharge between the large
sustain gap needs a trigger discharge between one of the sustain
electrodes and the address electrode prior to the main sustain
discharge [2]. However, the information about the wall charge

distributions accumulating on the three electrodes during a sustain discharge required for the efficient large sustain gap discharge has not been disclosed clearly so far. The wall charge
distributions accumulating among the three electrodes strongly
depend on the voltages distributions among the three electrodes.
Fig. 5 shows the proposed sustain-driving waveform applied
to the three electrodes, and the potential distributions among
the three electrodes (i) prior to and (ii) during the sustain discharge at the application of the proposed sustain pulse. Under the
high Xe (15%) gas environment, it is more difficult to produce
the trigger discharge for the main discharge. Accordingly, it
is necessary to increase the voltage difference between the Y
and A electrodes for producing the trigger discharge under the
high Xe content. However, since the role of trigger discharge
is only to produce the main discharge, the potential difference
between the Y and A electrodes should be lowered during the
trigger discharge for obtaining the high luminous efficiency.
In other words, the discharge intensity between the main and
trigger discharges should be controlled properly so as to improve
the discharge efficiency in the large sustain gap structure. Accordingly, the sufficient amount of the wall charges among the
three electrodes, especially between the two sustain electrodes
should be accumulated uniformly. To accomplish this condition,
during the main discharge, the potential difference between
the X and A electrodes should be the same as that between the
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Fig. 5. Sustain driving waveform and potential distributions among three
electrodes (i) before trigger discharge and (ii) during trigger and main sustain
discharge when sustain waveform is applied.

Y and A electrodes. In this sense, the new sustain waveforms
shown in Fig. 5 is proposed. As shown in (i) of Fig. 5, the potential difference between the Y and A electrodes for igniting
, by varying the
the trigger discharge was
from
to
while the
is maintained to be
. This
potential distribution between the Y and A electrodes facilitates
the trigger discharge more easily under the high Xe content.
When the trigger discharge is produced, the potential difference
is reduced from
to
between the Y and A electrodes,
. As shown in (ii) of Fig. 5, during the main sustain discharge
including the trigger discharge, the potential difference between
was , which became the same
the X and A electrodes,
between the Y and A electrodes. The potential
as that
difference between the X and Y electrodes remained to be a con. This potential distribution enabled the wall
stant voltage of
charges to be accumulated uniformly on the three electrodes,
thus resulting in preventing the strong trigger discharge and
intensifying the main sustain discharge.
Fig. 6(a) and (b) shows the simulated results of (a) the applied
sustain waveform and corresponding IR (828 nm), and (b) the
electron density profile and the resultant wall charge distributions accumulating among three electrodes when applying the
proposed sustain waveform of Fig. 6(a). The simulator used in
this experiment is also based on the 2-D fluid model of plasma
[11]. As shown in (ii) of Fig. 6(b), the trigger discharge is produced between the Y and A electrodes prior to the main discharge, when the sustain voltage applied to the Y electrode falls
to
V. The subsequent main discharge is profrom
duced between the X and Y electrodes, as shown in (iii) of
Fig. 6(b), which is illustrated in the typical large sustain gap
m) discharge [9]–[11]. Fig. 6(b) also shows the corre(
sponding wall charge distribution among the three electrodes.
In this proposed sustain waveform, the uniformity of the distributed wall charges among the three electrodes strongly depends on the positive and negative sustain voltage levels. As a
result of controlling the positive and negative sustain voltage
levels properly, the relatively uniform wall charges distributions
are obtained among the three electrodes, especially between the
X and Y electrodes.

Fig. 6. Simulated results of (a) applied sustain waveform and corresponding
IR (828 nm) and (b) electron density profile and resultant wall charge distributions among three electrodes when applying proposed sustain waveform of (a).

B. Effects of Positive
in Sustain Waveform

and Negative

Amplitudes

Fig. 7 illustrates the sustain voltage and corresponding IR
(828 nm) waveforms measured from the 6-in test panel with
a Xe 15% relative to both cases: one case (a) is that the posiare varied when the negative amplitude
tive amplitudes
is fixed at
V, and the other case (b) is that the
are varied when the positive amnegative amplitudes
is fixed at 210 V (b). The IR emission in Fig. 7
plitude

394

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 34, NO. 2, APRIL 2006

Fig. 8. Changes in luminance and luminous efficiency with (a) various positive
sustain voltages at fixed negative sustain voltage of 120 V and (b) various
negative sustain voltages at fixed positive sustain voltage of 170 V under Ne–Xe
(5%).

0

Fig. 7. Sustain voltages and corresponding IR waveforms measured from 6-in
test panel with Xe 15% with variations in (a) positive sustain voltage at fixed
negative sustain voltage of 160 V and (b) negative sustain voltage at fixed
positive sustain voltage of 210 V, respectively.

0

was measured by using the photosensor amplifier (Hamamatsu
C6386). The detection area of the photosensor amplifier was
mm .
Comparing the IR waveform in Fig. 7(a) and (b), the tendency
of the IR waveform to the variations in the positive and negative
amplitudes of the sustain pulses was almost the same. Thus, the
IR emission characteristics were observed to be dependent only
on the difference voltage between the X and Y electrodes. That
is, the shape of IR waveform in the positive amplitude of 210 V
with a negative amplitude of
V in Fig. 7(a) is almost the
V with a positive
same as that in the negative amplitude of
amplitude of 210 V in Fig. 7(b). This result indicates that the
main discharge is produced between the two sustain electrodes.
If the positive amplitude is high over the voltage margin, the
misfiring discharge occurs, whereas, if the negative amplitude
is low below the voltage margin, the sustain discharge can not
produced.
Fig. 8(a) and (b) illustrates the changes in the luminance and
luminous efficiency with an increase in the positive and negative

amplitudes of the sustain waveform under low Xe (5%) gas mixture. In Fig. 8(a), the negative amplitude was fixed at
V,
but the positive amplitude of the sustain waveform was changed
to
V. In Fig. 8(b), the positive amplitude was
from
fixed at 170 V, but the negative amplitude of the sustain waveto
V. Fig. 8(a) shows that the
form was changed from
luminous efficiency was high when the positive amplitude was
less than 170 V, and Fig. 8(b) shows that the luminous efficiency
was high when the negative amplitude was less than 120 V. That
means this voltage condition is suitable for producing the large
sustain gap discharge under the low Xe (5%) condition. However, the luminance level was still low under the Xe 5% gas mixture. The luminance and luminous efficiency are obtained about
150 cd/m and 3.4 lm/W at the positive amplitude of 170 V and
negative amplitude of 120 V in Ne–Xe (5%) gas mixture.
Fig. 9(a) and (b) illustrates the changes in the luminance and
luminous efficiency with an increase in the positive and negative amplitudes of the sustain waveform under high Xe (15%)
gas mixture. In Fig. 9(a), the negative amplitude was fixed at
160 V, but the positive amplitude of the sustain waveform was
to
V. In Fig. 9(b), the positive amplichanged from
tude was fixed at 210 V, but the negative amplitude of the sus-
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Fig. 10. Light patterns in direction perpendicular to address electrode for both
(a) large sustain gap (400 m) and (b) small sustain gap (80 m) structures.

Fig. 9. Changes in luminance and luminous efficiency with (a) various positive
sustain voltages at fixed negative sustain voltage of 160 V and (b) various
negative sustain voltages at fixed positive sustain voltage of 210 V under Ne–Xe
(15%).

0

tain waveform was changed from
to
V. Fig. 9(a)
shows that the luminous efficiency was high when the positive
amplitude was less than 220 V, and Fig. 9(b) shows that the luminous efficiency was high when the negative amplitude was
less than 170 V. The voltage condition for producing the large
sustain gap discharge with high luminance and luminous efficiency required a higher sustain voltage for a high Xe (15%)
than for a low Xe (5%). For a low Xe (5%), the luminance was
increased but the luminous efficiency was decreased with an increase in the amplitudes of the sustain waveform. However, for
a high Xe (15%), when the amplitude of the sustain waveform
was increased, the luminous efficiency was not decreased but
the luminance was increased. Therefore, both the improved luminance of about 330 cd/m and luminous efficiency of about
4.5 lm/W were obtained at the positive amplitude of
V and
negative amplitude of
V in the Ne–Xe (15%) gas mixture
condition. Fig. 10(a) and (b) shows the light patterns in the direction perpendicular to the address electrode for both (a) the
large sustain gap (400 m) and (b) small sustain gap (80 m)
structures. There is a big difference between the large sustain
gap (
m) and the small sustain gap (
m), as shown
in Fig. 10(a) and (b). In the large sustain gap structure, since the
discharge is formed along the address electrode, the discharge

pattern seems like a fluorescent ramp, which means that the light
pattern shows the line pattern along the address electrode. Thus,
the light intensity is very strong near the address electrode, but is
very weak near the barrier rib in the large sustain gap structure.
On the other hand, in the small sustain gap structure, the discharge pattern does not depend on the address electrode. Thus,
the light intensity is the strongest near the barrier rib in the small
sustain gap structure.
V. CONCLUSION
This paper proposes a new driving waveform for improving
both the luminance and luminous efficiency of an AC plasma
display panel with a large sustain gap (400 m) under the high
Xe (15%) gas mixture. As a result of adopting the proposed
driving waveform, the luminance of 330 cd/m and luminous
efficiency of 4.5 lm/W were obtained in the 6-in PDP with green
phosphors under a large sustain gap (400 m) and a high Xe
(15%) gas mixture.
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