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Characterization of Voltage and Charge Transfer in AC
Gas Discharge Displays

Abstract: New techniques have been applied to the characterization of voltage and charge transfer in ac gas discharge display cells.
This paper presents a new method of measuring the voltage transfer curve and several aspects of the operation of the cells which are
revealed by these measurements. In the steady sustain region the voltage transfer is nearly equal to the initial gas voltage. Over most of
the voltage transfer curve, the voltage transferred is independent of the history and operating environment of the test cell. On the other
hand, the charge transfer does depend upon these factors. The voltage and charge transferred vary differently with the initial gas voltage,
so the effective wall capacitance depends upon the initial wall voltage as well as on history and environment. This is attributed to the
dependence of the lateral spread of the discharge upon its strength.

Introduction

New techniques have been applied to the measurement of
the electrical characteristics of single cells of ac gas dis-
charge displays, especially voltage and charge transfer. A
major motivation of this work is to provide experimental
data upon which to base the adjustment of the detailed
physical processes modeled and the values of empirical
parameters in computer simulations. This combination of
simulation and experimental characterization has proved
to be a powerful tool for obtaining a clearer physical un-
derstanding of the operation of these displays. In addi-
tion, it provides engineering data on the effects of design
and material changes in gas panels and a basis for devis-
ing new electronic drive techniques. The present paper
concerns itself with the measurement of voltage and
charge transfer and with some aspects of the operation of
ac plasma cells as revealed by these measurements. The
numerical simulation model and the relationship between
physical processes and cell operation are the subjects of
publications by C. Lanza and O. Sahni [1-3].

Voltage and charge transfer

A simplified cross section through one cell of a gas dis-
play panel is shown in Fig. 1. Layers of glassy insulating
material separate the electrodes from the gas space. The
contribution to the capacitance between opposing elec-
trodes due to these insulating layers is characterized as
capacitor C' while the contribution of the gas space is
characterized as a ‘‘gas’” capacitance C,'. Following
Johnson et al. [4], we represent the gas discharge as a

dependent current generator i’ in parallel with C_'. If the
externally applied voltage is added as generator V, the
equivalent circuit of Fig. 2(a) is obtained. The authors
have, for convenience, adopted a different sign conven-
tion for the dependent generator and so have also adopted
alternative symbols for equivalent circuit components.
The voltage across the gas gap V' is determined by su-
perposition of the contributions of the applied voltage and
the i," generator:

V) =KV, +V,/, (0
where

V= - J i'dt/(C,’ + C),

and

K=cC//C, +C).

In the equivalent circuit of Fig. 2(a), the external cur-
rent due toi ' alone is equal to Ki_' and is called i . From
Eq. (1) and the quantities V, = V//Kand V= V_ '/K,

V.=V, + V.. @

Voltages V_and V_ may be thought of as the internal volt-
ages referred to the external terminals. If we choose to
neglect displacement currents due to changes in V_, the
simple equivalent circuit of Fig. 2(b) is obtained. By con-
vention [4], the voltage and current divisions of the de-
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tailed equivalent circuit are ignored and the quantities V
and V, which can be inferred from measurements on the
external terminals, are referred to as the wall voltage and
gas voltage, respectively. The wall capacitance C, of Fig.
2(b) is equal to KC ' and models the storage site for volt-
age and charge:

c, = - Jigdt/AVw = —AQ/AV,,
where the integral is taken over a single discharge period.
The quantities AQ and AV are the charge transfer and
the voltage transfer due to the discharge. The value of the
factor K is typically 0.95, so the approximations leading
from Fig. 2(a) to 2(b) are quite reasonable for purposes of
characterization of charge and voltage transfer. How-
ever, when one is concerned with the effects of changes in
panel materials or dimensions, it is necessary to account
for changes in K due to changes in the relative values of
C/and C .

The foregoing derivation assumes the linearity of the
equivalent circuit capacitors C,' and C_'. We show in a
subsequent section that C_, as determined by indepen-
dent measurements of AQ and AV, is a function of the
strength of the discharge and so of both V_ and the initial
state of the cell. This nonlinearity is attributable to lateral
spreading of the discharge and consequently of the sur-
face charge distribution and its dependence upon the
strength of the discharge. It is not correct, then, to infer
the voltage transfer AV from measurements of the
charge transfer AQ. The derivation of the quantities V
and V_ is not strictly correct in view of the nonlinearity of
the capacitance but is justified as a reasonable approxima-
tion because of the relative magnitudes of C " and C,'. If
one uses the simplified equivalent circuit of Fig. 2(b),
changes in V_ appear as changes in V_, and this is approxi-
mately correct regardless of nonlinearities as long as C,’
is much smaller than C .

During the discharge the potential distribution in the
gas space is drastically different from that in the absence
of the discharge. This is accounted for by the dependent
generator i, since the space charging currents are seen at
the terminals as part of the gas discharge current wave-
form.

Figure 3 shows the time dependence of the gas voltage
Vv, following an abrupt positive excursion of the applied
voltage V. A positive initial value of V_ is assumed. Af-
ter a delay, a discharge forms provided the peak gas volt-
age V, = V_+ V_ is sufficiently large. Voltage V_ is
called the initial gas voltage. The discharge current de-
posits charge upon C, reducing V_ and hence V_. The
reduction in V_ quenches the discharge, although a **tail”’
of charge flow persists for several microseconds. The fi-
nal value of V_is the residual gas voltage V. The change
inV_ ,AV =V, - V_, hasinthis case a magnitude larger
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Figure 1 Simplified cross section of an ac gas display panel.
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Figure 2 Cell equivalent circuits: (a) complete cell equivalent
circuit; (b) approximate cell equivalent circuit.

than V_, so the final value of V_, is negative. In normal
panel operation the next excursion of V, is negative, so
that V_and V_ are again additive and produce a discharge
of the opposite sense. Thus, an alternating V, produces in
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Figure 3 Gas voltage waveform following a step in applied
voltage.

the steady state an alternating series of discharges which,
under appropriate conditions, is stable [4-6]. The depen-
dence of |AV | upon V_ is called the voltage transfer
characteristic. We have found it to be remarkably inde-
pendent of the initial state of the cell at the time of its
measurement and of the particular sequence of pulses
used in the measurement, while there are considerable
differences in measured charge transfer under those dif-
ferent conditions.

Measurement of voltage transfer characteristic

We now describe a new method of measuring the voltage
transfer characteristic of a cell. The only previous direct
method known to the authors is that of Petty [7]. Weber
described an indirect measurement of the stable oper-
ating regions of a voltage transfer curve [8]. He infers the
voltage transfer from the measured charge transfer and
the estimated cell capacitance. He acknowledges that the
capacitance is not known precisely and that its depen-
dence upon the intensity of the discharge is not taken into
account. The motivation for some of the differences be-
tween the new method and Petty’s is described in the
discussion which follows.

The strategy for the new measurement is to establish a
steady state operating condition, determine its coordi-
nates on the transfer curve by finding the applied voltage
amplitude needed to produce particular changes in that
state, and then measure the remainder of the curve rela-
tive to the steady state operating point. The latter in-
volves producing known perturbations in V_ by means of
the applied voltage and then testing for the resultant
changes in AV_, by finding the subsequent applied voltage
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changes which exactly restore the original operating
point. Less voltage is needed to restore the perturbation
than to produce a ‘‘standard’ discharge of reasonable
amplitude following the perturbation, particularly when
the perturbation is large, as it is when measuring the
lower part of the transfer curve. This is particularly im-
portant when the test cell is part of a matrix, since the
higher voltages cause spurious discharges in nearby cells
which cloud the measurements.

The available indicators of responses of the operating
point of the cells are discharge current and light intensity,
and derived quantities such as their integrals. Since these
quantities depend to some extent on the initial state of the
cell as well as on the strength of the discharge, the choice
of indicator must be confirmed empirically. The indicator
used here is the peak discharge current amplitude due to
the first sustain pulse foltowing the restoring pulse. This
current peak is set equal to the amplitude of subsequent
sustain discharges by adjusting the restoring pulse ampli-
tude, at which condition the restoring pulse is taken to
have exactly corrected the perturbation. Using the dis-
charge amplitude due to the following sustain pulse rather
than that due to the restoring pulse itself has these advan-
tages: First, the wall voltage after a restoring pulse of
proper amplitude is exactly the same as in the steady sus-
tain condition, so that the peak discharge currents are
being compared for firings with the same initial voltage
conditions. Second, the amplitude of the peak current or
light due to the sustain discharge is much greater than that
due to the restoring discharge when the perturbation is
large and is more sensitive to the amplitude of the restor-
ing pulse.

The discharge component of current is resolved from
the total current waveform, which includes the much
larger displacement current by means of special measur-
ing apparatus described elsewhere [2]. In brief, the dis-
placement current and the capacitively coupled inter-
ference from the applied voltage are eliminated by dif-
ferential measuring techniques. The charge transfer is
measured by means of electronic integration of the dis-
charge current at the output of a boxcar averager.

The new voltage transfer measurement involves two
steps: the determination of the voltage transfer coordi-
nates AV and V__ of the cell sustained in the ““on’” stable
state, and the determination of the voltage transfer curve
relative to that sustain point. The first step, measurement
of the coordinates of the sustain point, is illustrated in
Fig. 4. It makes use of the special ‘‘perfect’” erase and
““perfect’” write pulse amplitudes V, =V and V , re-
spectively, which result in transfer of a voltage equal in
magnitude to the wall voltage V__ of the steady *‘on’’ con-
dition:

AV, = ~V, = AV, /2.
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These pulses result in erasure to exactly zero wall voltage
or writing to exactly V__ in one pulse period. The cell is
initially sustaining ‘‘on’’ with an applied symmetrical
square wave of amplitude V= V. An erase pulse of am-
plitude V,_ is substituted for a sustain pulse. The proper
erase amplitude is indicated by the absence of discharge
activity over some reasonably large number of sub-
sequent sustain cycles. As an aid to unambiguous identifi-
cation of the perfect erase pulse amplitude, it is useful to
use a sustain amplitude as close as practical to the maxi-
mum for which erasure is possible. The erase amplitude
range is very narrow for this condition, minimizing the
ambiguity in V. A perfect write pulse is then applied,
which is identified by the equality of the amplitude of the
discharge current due to the first subsequent sustain firing
to those of following sustain firings. Knowing V., V.,
and V_, one may find the coordinates of the ‘‘on’ sustain
point on the voltage transfer curve, AV and V_, as fol-
lows.

The perfect erase pulse and the perfect write pulse each
transfer the same amount of voltage, since the former re-
duces the wall voltage from V__ to zero and the latter
from zero to —V__. Consequently, the initial gas voltages
must be the same in the two cases provided the same volt-
age transfer curve applies. The correctness of this as-
sumption is tested by the self consistency of the measured
curve. For perfect erasure the initial gas voltage is

Vzo = VOD + sz’
while for perfect write, it is simply

v .=V

g0 1p°

Consequently,

Voo T Vs = Vips

1p?

14 = le - VOD'

ws

From the condition for stable operation,
|AVWS| = 2VWS = 2(V1p - VOD); (3)
Vgs = Vs +V,,=V.+ le - VOp' )

Equations (3) and (4) define the coordinates of the sustain
point.

The second step, plotting the curve relative to the mea-
sured sustain point, is illustrated in Fig. 5. It uses a one-
cycle sequence of test pulses applied at intervals with the
cell sustaining “‘on’’ at the beginning of the test. A point
on the curve is determined by applying an erase pulse
during the first half cycle, followed immediately by a
write pulse in the second half cycle. The test value of V_is
determined by the amplitude of the erase pulse, and the
corresponding value of AV is determined by the ampli-
tude of the write pulse needed to restore precisely the
voltage transferred by the erase, as indicated by equality
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Figure 4 Determining the sustain point on the voltage transfer
curve. (a) Applied voltage waveform; (b) discharge current wave-
form; and (c) determining the sustain point using perfect erase
and write amplitudes.

of the first and subsequent sustain firing after the write.
From the erase pulse amplitude V,

4 :V0+sz:V0+Vgs_Vszvgs_(Vs_Vo)‘(S)

B0

Since the write and erase pulses transfer the same magni-
tude of voltage, the magnitude of the initial gas voltages in
the two cases is the same, while the sign is opposite. If the
write pulse amplitude is V,

V,+ Vo= ~(V, + AV, + V).

This sign accounts for the polarity inversion between suc-
cessive half cycles. Voltage V, is positive and AV is
taken with the sign appropriate to the erase operation.
Voltage V| is negative while V__ is positive. Solving for
AV_,

w

AVw = _(Vl + Vo + 2sz) = _(Vl + VO + lAVWSI)’
|AVW| = iAszl - (|V1| - VO) ©)
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Figure 5 Finding a point on the voltage transfer curve. (a) Ap-
plied voltage waveform; (b) discharge current waveform; and
(c) determining the coordinates of the point from the erase and
write amplitudes.

Equations (5) and (6) define the voltage transfer curve rel-
ative to the coordinates of the sustain point.

A voltage transfer curve determined by this method ap-
pears in Fig. 6. The minimum and maximum sustain am-
plitudes for stable operation are defined by the V, inter-
cepts of the two lines of slope two tangent to the mea-
sured curve.

These agree with directly measured values to within
one percent in this case, and generally agree to better
than two percent. The minimum sustain is determined by
spontaneous extinction of the cell while the maximum is
determined by failure of the erase operation. The voltage
transfer due to an erase pulse equal to the measured per-
fect erase, determined from this measured curve, is equal
to within one percent to one-half the sustain voltage
transfer AV_, as determined from step one of the mea-
surement. This establishes the consistency of the shape of
the curve measured in step two with the determination of
the sustain coordinates in step one. This is notable be-
cause the perfect write pulse of step one was determined
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at a time when the entire panel had been extinguished for
100 sustain cycles, while for all of the other steps the
panel was sustaining in the ‘‘on’’ state.

Properties of voltage and charge transfer

The following are some of the more significant observa-
tions about the detailed operation of ac gas display cells
determined from measurements of the type described
above, and from other measurements by methods derived
from those described but differing in the initial state of the
cell. These observations apply to cells which have been
active or in proximity to active cells some reasonable per-
centage of the time in the few minutes before the tests.
Regions which have become ‘‘cold”’ through inactivity
are commonly observed to require prolonged overvoltage
to reinitiate discharges. Since the time required for dis-
charges to go to completion is found to depend strongly
upon initial conditions and peak gas voltage, the con-
clusions reached here are based on pulse widths sufficient
to permit complete charge transfer. The characteristics of
voltage and charge transfer for shorter duration pulses for
which the discharges are incomplete, while of consid-
erable practical interest, are not discussed here. The tech-
niques used here are applicable to their study.

1. The voltage transfer characteristic, above the lower
knee of the curve, is very nearly independent of the
initial state of the cell and the degree of priming from
discharges in adjacent cells. However, in the absence
of such priming, the ‘‘off”’ state discharges repre-
sented by the region of the curve below the lower knee
gradually go to zero, substantially vanishing after
about ten sustain cycles following a perfect erase op-
eration.

2. The charge transfer in response to a given peak gas
voltage, in contrast to voltage transfer, does depend
on the initial condition of the cell. This is equivalent to
a dependence of the effective wall capacitance on ini-
tial conditions. If the charge and voltage transfer are
measured together, curves of voltage and charge
transfer as functions of peak gas voltage are found to
have different shapes. The equivalent wall capacitance
can be determined for the particular condition of the
measurement as a function of peak gas voltage by tak-
ing the ratio of the charge and voltage transfer at each
point. This quantity is shown in Fig. 7 superimposed
on the voltage transfer curve. The cell was initially
sustaining at the maximum sustain amplitude with no
other cells lighted. The charge transfer was measured
for the discharge due to the perturbing erase pulse of
the voltage transfer measurement. The dependence of
the effective wall capacitance upon the strength of the
discharge is apparent and is attributable to variation in
the lateral spread of the discharges.
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Another special case of particular interest in practi-
cal applications [9-11] is the comparison of voltage and 160 /
charge transfer for discharges at the same peak initial / /,0
gas voltage, V, = V_, but with different initial wall o
voltages, V= V__and V_ = 0. Measurements reveal 1403 Jo
that equal voltage transfer occurs in these two cases /O/
even though a substantially different charge transfer o/ ’
occurs. In a measurement on a typical panel cell made 120 /
near the maximum sustain point where the sensitivity
of charge transfer to initial conditions is the smallest in
the sustain region, 74 percent more charge is trans- 100}— /
ferred when V= 0 and V, = V_ than in the steady ’
state sustain condition, V=V  and V_ = V_ A cor-
responding difference in the lateral spread of the glow 30
is observed, particularly along the panel conductor
carrying the high voltage. The measured voltage trans-
fer differs by only 0.2 percent, which is within the ex-
perimental error. The dramatic increase in the charge
transferred when V, = V_ may be attributable to the
fact that the entire length of one of the conductors is
above the firing voltage, thus permitting the glow to
spread beyond the immediate vicinity of the conductor
crossing. In the steady sustain case, the wall charge
which contributes nearly half of the initial gas voltage o
is more confined to the vicinity of the conductor cross- 7/
ing. o ([0 ! ! L |
3. The residual gas voltage at the conclusion of the dis- 0?2’ 80 100 120 140 160
charges, equal to the difference between the voltage
transferred and the peak gas voltage, is relatively b, initial gas voltage (V)
small in the steady state condition, typically on the
order of three volts, compared to initial gas voltages of Figure 6 Typical measured voltage transfer curve.
180 volts near the high voltage end of the sustain re-
gion. This contrasts with typical extinction voltages of Figure 7 Measured eifective wall capacitance as a function of
several tens of volts in dc glow discharges and is at- peak gas voltage, superimposed on the voltage transfer curve.
tributed by Sahni and Lanza [3] to continued charge 0.24 P
transfer to the cell walls as the discharge activity -
decays. Ve

60— ’

/

jA ¥,,|, wall voltage change (V)
(o)

Conclusions /
New measuring techniques have been used to obtain ac- / o~
curate and complete information about the dependence of 0.16 /o/\_

voltage and charge transfer upon the initial gas voltage o// Cw

and upon the history and environment of the test cell. In o/ /

general, the voltage transfer is found to be virtually inde- _0 /= | A, | (arbitrary vertical scale)
pendent of history and environment, while the charge °© /

transfer does depend upon these factors. The dependence 0.08 /

of charge transfer upon peak gas voltage differs from that /

of voltage transfer, so that the effective wall capacitance /

depends on the strength of the discharge. The residual gas /

voltage after discharges in the steady sustain condition is
found to be only a few percent of the peak gas voltage.

wall capacitance (pF)

w?

C
=

oY ] 1
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