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New Sustain Waveform for Improving Luminous
Efficiency in Wide-Gap Plasma-Display Panel
Hyun Kim and Heung-Sik Tae, Senior Member, IEEE

Abstract—The three-electrode microdischarge characteristics
of ac-plasma-display panels (PDPs) are analyzed with a wide
sustain discharge gap of 180 µm. In particular, the luminous
efficiency variation is examined as a parameter of the operating
frequency. It is found that the luminous efficiency decreases with
an increase in the operating frequency. In other words, a failure
discharge mode for luminous efficiency occurs at a high frequency
up to 200 kHz, originating from a self-erasing discharge and the
space-charge behavior under high sustaining frequency conditions. Thus, based on an analysis of the failure mode of a wide-gap
discharge, a new sustain waveform is proposed to improve the
luminous efficiency at a high operating frequency. As a result of
adopting the proposed sustain waveform, a luminous efficiency
of 2.4 lm/W is obtained at a sustain voltage of 170 V in a 42-in
high-definition wide-gap (180 µm) PDP.
Index Terms—Frequency effect, luminous efficiency, selferasing discharge, wide-sustain-gap (180 µm) structure.

I. INTRODUCTION

A

S A RESULT of the intensive research efforts in recent years, plasma-display panels (PDPs) now represent
a large section of the flat-panel-display market due to their
high image quality. Nonetheless, the low luminous efficiency
of a PDP remains a significant shortcoming when compared
with other display devices, such as liquid crystal displays and
cathode ray tubes. Thus, to improve the luminous efficiency of
PDPs, recent research has been focused on the use of a widedischarge-gap structure [1]–[5]. Current ac PDPs have three
electrodes, comprised of two sustain electrodes and one address
electrode [6]–[8], where the two sustain electrodes have a
coplanar-type structure and are positioned perpendicular to the
address electrode. Since it is well-known that the discharge efficiency can be considerably improved with a wider sustaining
discharge gap and positive or quasi-positive column region [1],
[2], wide-sustain-gap structures ranging from 400 to 700 µm
have already been intensively studied [1]–[4]. However, in
these structures, as the barrier rib height is fixed at about
100–130 µm, a sustain discharge cannot be directly produced
between the two sustain electrodes without first producing a
triggering discharge between one of the two sustain electrodes
and the address electrode. Accordingly, to sustain this kind of
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wide-gap structure properly, a very high sustain voltage or the
use of an auxiliary address pulse with sustain pulses is required.
Furthermore, a wide-sustain-gap structure ranging from 400
to 700 µm produces discharge shrinkage along the address
electrode [5], and generating a stable reset discharge for wallcharge initialization under the conventional reset waveform is
very difficult, as the sustain gap is much larger than a plate
gap. In particular, when considering the tendency of the PDP
cell size to produce a high image quality, a wide-sustaingap structure ranging from 400 to 700 µm is too wide to
realize a 42-in high-definition (HD) PDP with a cell pitch
of 304 × 693 µm or a 50-in full-HD PDP with a cell pitch
of 192 × 576 µm. However, with a wide-sustain-gap structure
ranging from 150 to 200 µm, slightly larger than the barrier
rib height ranging from 100 to 120 µm, an improved luminous
efficiency would be expected with a relatively low sustain
voltage [3], [5]. Moreover, producing a stable reset discharge
with the conventional reset waveform would be relatively more
straightforward, and such a wide-gap (180 µm) structure could
be easily constructed in a 42-in HD or 50-in full-HD PDP.
Accordingly, this paper proposes a new sustain waveform
that can produce a highly efficient sustain discharge with a
wide-sustain-gap (180 µm) structure that is suitable for a
42-in HD or 50-in full-HD PDP. The corresponding discharge
characteristics, including the luminance, luminous efficiency,
and infrared (IR) emission, are also analyzed. In particular,
the luminous efficiency variations are examined relative to the
operating frequency, ranging from 40 to 200 kHz, for two
different sustain waveforms: the conventional and proposed
sustain waveforms.
II. EXPERIMENTAL SETUP
Fig. 1(a) and (b) shows a plane view of a single pixel, including the red, green, and blue cells, and a cross-sectional view
of a subpixel in a wide-gap PDP (WGPDP) cell, respectively,
as used in the experiment. The X and Y electrodes are covered
by a dielectric material with a thickness of 34 µm and using
a T-shape. The sustain discharge gap between the two sustain
electrodes X and Y is 180 µm, whereas the height of the
closed barrier rib is 125 µm. The detailed specifications of the
WGPDP are listed in Table I. The operating frequency is varied
from 40 to 200 kHz, and the address electrode (Z) remains
grounded during the sustain discharge. All the sustain voltages
used in this paper are selected near the minimum sustain voltage
to generate just the minimum electric-field intensity that is
necessary to maintain the discharge. The luminance of the
visible lights emitted from the 42-in panel is measured using
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Fig. 2.

Proposed driving waveform for WGPDP (180 µm).

interval between the main pulse (Vs ) and the negative auxiliary
pulse (Vaux ), are all very important parameters for determining
the discharge characteristics of the WGPDP.
III. RESULTS AND DISCUSSION
A. Operating-Frequency Effect

Fig. 1. (a) Plane view of single pixel and (b) cross-sectional view of subpixel
in WGPDP.
TABLE I
SPECIFICATIONS OF A 42-in WGPDP CELL

a color analyzer (CA-100). The luminous efficiency is defined
as follows [3]:
Luminous efficiency (lm/W)
=

π × Luminance (cd/m2 ) × Display area (m2 )
.
Power consumption (W)

Fig. 2 shows the proposed driving waveform for the WGPDP,
including the reset, address, and sustain periods. While the reset
and address periods are similar with those of the conventional
ramp reset and address waveforms, a new sustain waveform
with positive and negative polarities is proposed to improve
the luminous efficiency of the WGPDP compared with that
when using the conventional sustain waveform with only a
positive polarity. As shown by the proposed sustain waveform
magnified in Fig. 2, the pulsewidth determined by (a) the
operating frequency, (b) the amplitude of the negative auxiliary
voltage (Vaux ), and (c) the timing, i.e., the application time

Fig. 3 shows the changes in the IR-emission profiles relative
to the operating frequency ranging from 40 to 200 kHz when
applying the conventional sustain waveform with only a positive polarity to the WGPDP cells (180 µm). As shown in Fig. 3,
when increasing the operating frequency from 40 to 200 kHz,
the sustain voltage increased by 23 V from 210 V at 40 kHz
to 233 V at 200 kHz. In particular, at an operating frequency
that was greater than 80 kHz, the IR-emission waveforms
measured in Fig. 3(c)–(e) indicated the production of selferasing discharges after the applied sustain voltage fell to the
ground level. The width of the sustain pulse was also shortened
when increasing the operating frequency, thereby reducing the
time to accumulate the wall charges that were necessary for
the next sustain discharge, where over 90% accumulation has
been reported to require about 4 µs [9]. In Fig. 3(c)–(e),
when increasing the operating frequency from 120 to 200 kHz,
the pulsewidth was shortened from 3.7 to 2.0 µs, when not
including the rising and falling times. Because this time was
too short to accumulate sufficient wall charges for the wide-gap
structure, large amounts of space charges, such as electrons or
ions that had not been converted into wall charges, remained
at the falling time of the applied sustain pulse. At 200 kHz, as
shown in Fig. 3(e), when a positive sustain pulse of about 2 µs
was applied to the X electrode, an adequate amount of the
fast electrons was accumulated below the X electrode, yet an
insufficient amount of the slow ions accumulated below the
Y electrode, leaving lots of ions as residual space charges within the cell. Thus, when the X sustain pulse Vx was falling from
233 to 0 V, i.e., the negative-direction X sustain pulse was applied to the X electrode, the X and Z electrodes worked as cathode and anode, respectively, meaning that the space charges,
the ions, were attracted toward the X electrode, whereas the
wall charges, the electrons, were attracted from the X electrode
toward the Z electrode, resulting in the production of a selferasing discharge between the X and Z electrodes. In this case,
the residual space charges, i.e., the ions induced by the short
sustain pulse, played a significant role in producing the selferasing discharge. To check the self-erasing discharge produced
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Fig. 3. Changes in IR-emission profiles relative to the operating frequency ranging from 40 to 200 kHz when applying the conventional sustain waveform with
only positive polarity to the WGPDP cell (180 µm). (a) 40 kHz. (b) 80 kHz. (c) 120 kHz. (d) 160 kHz. (e) 200 kHz.

Fig. 4. Space-temporal IR-emission profile during self-erasing discharge
measured by ICCD.

between the X and Z electrodes instead of that between the X
and Y electrodes, an image intensified charge-coupled device
(ICCD) was used in a gate mode to inspect the IR emissions
emitted from the sustain discharge that was produced under the
driving conditions in Fig. 3(e).
Meanwhile, in Fig. 3(a), when the self-erasing discharge
was completely separated from the subsequent main discharge
by varying the duty ratio from 100% to a lower percentage
at 200 kHz, the main sustain discharge was observed to be
extinguished (not shown here). Since the self-erasing discharge
erased the wall charges at a high frequency of 200 kHz, the
sustain discharge was only maintained with the help of the
priming particles, making a 100% duty-ratio condition with
a high frequency as the essential factor for maintaining the
sustain discharge when not modifying the sustain waveform for
the wide-gap structure.
Fig. 4 shows the space-temporal IR-emission profile measured using the image ICCD in a gate mode to inspect the IR
emissions emitted from the sustain discharge that was produced
under the driving conditions in Fig. 3(e). That is, at 200 kHz,
the ICCD images were taken after the X sustain pulse Vx fell
completely from 233 to 0 V while the Y sustain pulse Vy was

simultaneously rising from 0 to 233 V. As shown in Fig. 4, the
self-erasing discharge between the X and Z electrodes began
after 120 ns and reached its maximum intensity after 200 ns.
In addition, the self-erasing discharge was only produced when
the X electrode remained at 0 V, implying that the self-erasing
discharge was delayed until the applied X pulse reached a
zero voltage. The reason why no self-erasing discharge was
produced during the falling of the X pulse from 233 to 0 V
was because the sustain voltage, 233 V in Fig. 3(e), was the
minimum sustain voltage required to maintain the discharge in
the presence of priming particles [10], [11]. Thus, a potential
variation of less than 233 V was unable to produce a selferasing discharge, even in the presence of priming particles.
Consequently, if the space charges were fully converted into
wall charges, even under the high-frequency condition of the
wide-gap structure, the self-erasing discharge produced in the
plate gap between the X and Z or the Y and Z electrodes would
be expected to be considerably suppressed, and the resultant
sustain voltage would be low enough to improve the luminous
efficiency of a WGPDP cell at a high operating frequency.
Therefore, Fig. 5 shows the new sustain waveform designed
to suppress a self-erasing discharge at a high operating frequency of 200 kHz for the wide-gap (180 µm) structure. As
shown, the deficient wall-charge accumulation time is compensated by increasing the voltage difference between the X and
Y electrodes in such a way that a negative auxiliary voltage
(Vaux ) is applied after the main discharge between the X and
Y electrodes. In this case, the additional discharge current is
limited maximally, as the auxiliary negative voltage is applied
after the extinction of the main discharge. As a result, the
additional power consumption induced by Vaux is low enough
to be negligible, meaning that Vaux is not directly related to
the glow-discharge maintaining voltage. For example, when
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Fig. 5. Proposed sustain waveform to suppress self-erasing discharge for highly efficient wide-gap structure when the operating frequency is 200 kHz, T1 is
500 ns, Vs is 170 V, and Vaux is −100 V.

Fig. 6. Changes in IR-emission profiles relative to the operating frequency ranging from 40 to 200 kHz when applying the proposed sustain waveform with
positive and negative polarities to the WGPDP cell (180 µm). (a) 40 kHz. (b) 80 kHz. (c)120 kHz. (d) 160 kHz. (e) 200 kHz.

Vx = 170 V and Vaux = −100 V in Fig. 5, if the discharge
is still generated after applying Vaux , the sustain voltage can
be considered to be 270 V. However, in the proposed case, the
sustain voltage is 170 V, as the discharge is extinguished before
applying Vaux , and there is a relatively low luminance with a
high luminous efficiency due to the low electron temperature
[3]. In Fig. 5, the application time interval T1 between the main
pulse (Vs ) and the auxiliary negative pulse (Vaux ) is 500 ns,
and the auxiliary negative voltage is −100 V. However,
unlike the IR-emission profile at 200 kHz in Fig. 3, no
IR-emission peak due to a self-erasing discharge is observed
in the IR-emission profile produced at 200 kHz by the proposed
sustain waveform in Fig. 5. In addition, no discharge current
was detected during the application of the negative auxiliary
voltage of −100 V at 200 kHz (not shown here). Thus, the
application time interval T1 between the main and auxiliary
pulses and the negative auxiliary voltage Vaux are the two
important parameters determining the discharge characteristics

when applying the proposed sustain waveform to the wide-gap
(180 µm) structure.
Fig. 6 shows the changes in the IR-emission profiles relative
to the operating frequency ranging from 40 to 200 kHz when
applying the proposed sustain waveform with positive and
negative polarities to the WGPDP cell (180 µm). In Fig. 6, the
application time interval is 500 ns, and the negative auxiliary
voltage is −100 V. As shown in the IR-emission profile in
Fig. 6, no self-erasing discharge was observed when applying
the proposed sustain waveform. In Fig. 6, the sustain voltage
decreased by 40 V from 210 to 170 V when increasing the
operating frequency from 40 to 200 kHz. In particular, at an
operating frequency of 200 kHz, the sustain voltage for the
proposed sustain waveform was reduced by about 63 V when
compared with that for the conventional sustain waveform. At a
low frequency, because the applied sustain voltage remained after the extinction of the main discharge, sufficient wall charges
were accumulated within the application of the sustain pulse
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TABLE II
VARIATIONS IN SUSTAIN VOLTAGE AND DISCHARGE CURRENT PER UNIT
SUSTAIN PULSE RELATIVE TO THE OPERATING FREQUENCY FOR BOTH
CONVENTIONAL AND PROPOSED SUSTAIN WAVEFORMS IN WGPDP CELLS

Fig. 7. Frequency dependence of luminous efficiency, luminance, and consumption power when applying the conventional sustain waveform to the
WGPDP cell (180 µm) for 3 ms in one TV field (16.67 ms).

Fig. 9. Infrared emission waveform measured from a 42-in panel when
varying (a) Vaux and (b) T1 .

Fig. 8. Frequency dependence of luminous efficiency, luminance, and power
consumption when applying the proposed sustain waveform to the WGPDP cell
(180 µm) for 3 ms in one TV field (16.67 ms).

without applying an additional potential difference. Thus, as
shown in Fig. 6, at 40 kHz, the sustain voltage of the proposed
sustain waveform was equal to that of the conventional sustain
waveform. However, when increasing the operating frequency,
the number of remaining priming particles increased. Thus,
with a large amount of priming particles present, the resultant
conversion rate of priming particles into wall charges also increased with an increase in the potential difference between the
X and Y electrodes when applying a negative auxiliary voltage.
As a result, as shown in Fig. 6, the sustain voltage decreased
considerably at a frequency that was greater than 80 kHz.

Fig. 10. Variations in luminous efficiency and sustain voltage relative to
the negative auxiliary voltage ranging from 0 to −120 V when applying the
proposed sustain waveform to the WGPDP cell (180 µm) at 200 kHz and
T1 = 500 ns.

Table II summarizes the variations in the sustain voltage and
discharge current per unit sustain pulse relative to the operating frequency for both the conventional and proposed sustain
waveforms in the WGPDP cells.
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Fig. 11. Changes in IR-emission profiles relative to the negative auxiliary voltage ranging from −40 to −120 V when applying the proposed sustain waveform
to the WGPDP cell (180 µm) at 200 kHz and T1 = 500 ns. (a) −40 V. (b) −60 V. (c) −80 V. (d) −100 V. (e) −120 V.

Fig. 7 shows the changes in the luminous efficiency, luminance, and power consumption relative to the operating
frequency when applying the conventional sustain waveform
to the WGPDP cell (180 µm) for 3 ms in one television (TV)
field (16.67 ms). As shown in Fig. 7, the luminous efficiency
decreased from 2.8 to 1.4 lm/W when increasing the operating
frequency from 40 to 200 kHz.
Conversely, as shown in Fig. 8, when applying the proposed
sustain waveform, the luminous efficiency remained almost
constant or decreased only very slightly when the operating
frequency was increased. This maintained luminous efficiency,
irrespective of the increased operating frequency, resulted from
the prevention of a self-erasing discharge by the proposed
sustain waveform.
B. Two-Parameter Effect (T1 and Vaux ) in the Proposed
Sustain Waveform
Fig. 9(a) and (b) shows the IR-emission waveforms measured
from the 42-in panel relative to Vaux and T1 , respectively. As
shown in Fig. 9(a), the IR-emission initiation times were almost
the same for two cases (Vaux = −80 V and Vs = 180 V for case 1
and Vaux = −100 V and Vs = 170 V for case 2), even though
the applied voltage in case 2 was lower than that in case 1.
This phenomenon was related to the change in the amount of
wall charges accumulating on the three electrodes caused by the
rapid change in the auxiliary pulse after the extinction of the
main X–Y discharge. Because many space charges remained
in the cell after the extinction of the main X–Y discharge,
under 200-kHz conditions, the rapid potential variation between
the sustain electrodes facilitated additional conversion of space
charges into wall charges, and the amounts of wall charges

Fig. 12. Variations in luminous efficiency and sustain voltage relative to the
application time interval T1 ranging from 300 to 1200 ns when applying the
proposed sustain waveform to the WGPDP cell (180 µm) at 200 kHz and
Vaux = −100 V.

accumulated from space charges increased in proportion to the
amplitude of the negative auxiliary voltage immediately after
the extinction of the main X–Y discharge. Thus, the increase
in the wall charges accumulating on the X and Y sustain
electrodes enabled a sustain discharge to be produced without
any delay at the lower sustain voltage of 170 V. Conversely,
delaying the potential change of the auxiliary pulse after the
extinction of the main X–Y discharge caused a reduction in
the amount of wall charges accumulating from space charges,
thereby increasing the sustain voltage required for the widegap discharge. Therefore, as shown in Fig. 9(b), when T1 was
increased from 500 to 900 µs, the minimum sustain voltage that
was necessary to maintain the wide-gap discharge increased
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Fig. 13. Changes in IR-emission profiles relative to the application time interval T1 ranging from 300 to 1200 ns when applying the proposed sustain waveform
to the WGPDP cell (180 µm) at 200 kHz and Vaux = −100 V. (a) 300 ns. (b) 500 ns. (c) 700 ns. (d) 900 ns. (e) 1200 ns.

from 170 to 177 V, yet the IR-emission characteristics, such
as the initiation time and intensity, remained very similar, even
under different sustain voltage conditions.
Fig. 10 shows the changes in the luminous efficiency and
associated sustain voltage relative to the negative auxiliary
voltage (Vaux ) when applying the proposed sustain waveform
to the WGPDP cell (180 µm) at 200 kHz and T1 = 500 ns.
Fig. 11 shows the changes in the IR-emission profile relative
to the negative auxiliary voltage (Vaux ) ranging from −40
to −120 V when applying the proposed sustain waveform to
the WGPDP cell (180 µm) at 200 kHz and T1 = 500 ns.
Similar to Fig. 10, the sustain voltage decreased when increasing the negative auxiliary voltage. The luminous efficiency
also increased almost linearly with an increase in the negative
auxiliary voltage from 0 to −100 V. However, at a negative
auxiliary voltage that was greater than −100 V, the luminous
efficiency decreased abruptly. At a negative auxiliary voltage
that was less than −100 V, the increase in the conversion of
space charges into wall charges enabled an efficient sustain
discharge for the wide-gap structure due to the increase in the
potential difference between the X and Y electrodes. However,
because the main discharge was still produced after the application of a negative auxiliary voltage that was greater than
−100 V, the sustain discharge was produced inefficiently under
the high-electric-field condition induced by the sustain voltage
plus the negative auxiliary voltage, resulting in a low luminous
efficiency. As such, the negative auxiliary voltage should not
play a role in the main discharge but rather increase the wallcharge accumulation rate.
Fig. 12 shows the variations in the luminous efficiency
and associated sustain voltage relative to the application time
interval (T1 ) ranging from 300 to 1200 ns when applying the

proposed sustain waveform to the WGPDP cell (180 µm) at
200 kHz and Vaux = −100 V.
Fig. 13 shows the variations in the IR-emission profile relative to the application time interval (T1 ) ranging from 300 to
1200 ns when applying the proposed sustain waveform to the
WGPDP cell (180 µm) at 200 kHz and Vaux = −100 V. As the
application time interval increased, the sustain voltage also increased. The highest luminous efficiency was observed with an
application interval of 500 ns. With an application time interval
that was greater than 500 ns, the time that was necessary for
the conversion of space charges into wall charges was reduced,
thereby increasing the sustain voltage and decreasing the corresponding luminous efficiency. However, when the application
time interval was less than 500 ns, because the sustain discharge
was still produced after the application of the negative auxiliary
voltage, the sustain discharge was produced inefficiently under
a high-electric-field condition induced by the sustain voltage
plus the negative auxiliary voltage, resulting in a low luminous
efficiency. As a result, a negative voltage of −100 V and an
application time interval of 500 ns were observed to be the best
parameter conditions for the maximal luminous efficiency of
the WGPDP cells.
Fig. 14 shows the changes in the luminous efficiency at
200 kHz relative to the sustain pulse number ranging from
240 to 1200 under full-white conditions during one TV field
(16.67 ms) when applying the proposed sustain waveform with
a negative auxiliary voltage of −100 V and T1 = 500 ns to a
42-in panel with a wide-gap (180 µm) structure. As a result,
the maximum luminous efficiency of about 2.4 lm/W was
obtained at a pulse number of 240. In conclusion, the proposed
sustain waveform was shown to suppress the frequency dependence of a wide-gap structure, resulting in a high luminous
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Fig. 14. Variations in luminous efficiency, luminance, and consumption relative to pulse number during one TV field (16.67 ms) under full-white conditions
when adopting the proposed sustain waveform at 200 kHz.

efficiency of about 2.4 lm/W at a sustain voltage of 170 V
at 200 kHz.
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IV. CONCLUSION
The changes in the luminous efficiency of a WGPDP
(180 µm) were analyzed as a function of the operating frequency ranging from 40 to 200 kHz. For the conventional
sustain waveform, a high luminous efficiency was obtained
at a low frequency (40 kHz) with the wide-gap structure.
However, when increasing the operating frequency from 40
to 200 kHz, the corresponding luminous efficiency decreased
almost linearly due to the production of a self-erasing discharge
between the X and Z electrodes or between the Y and Z electrodes. Consequently, a new sustain waveform was proposed to
improve the luminous efficiency of a WGPDP by preventing the
loss of wall charges induced by a self-erasing discharge when
increasing the operating frequency. As a result of adopting
the proposed sustain waveform, a high luminous efficiency of
2.4 lm/W was obtained at a sustain voltage of 170 V in a
42-in WGPDP.
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