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a  b  s  t  r  a  c  t

We  present  a pressure  sensing  unit  based  on  a unique  corona  discharge  setup  using  symmetrical  electrode
arrangement  with  simultaneous  positive  and  negative  corona  generation.  The  device  generates  stable
corona  discharge  and  enables  reliable  air  pressure  measurement  in the  range  of  80–105  kPa,  tested  with
five prototypes.  The  current–voltage  characteristics  of bipolar  discharge  system  is  analyzed  in  general
form  and  three  governing  parameters,  namely  electrode  geometry,  electrode  distance  and  discharge
current,  are  studied  in  relation  with  absolute  pressure.  The  sensors  are  driven  with  constant  discharge
current  as  low  as 1 �A. The  measured  sensitivity  is in good  agreement  with  theoretical  prediction  and
bsolute pressure sensing
arallel pin electrode

the  sensor  stability  has  been  confirmed  with  20-h  continuous  test  without  sensitivity  deterioration.
The  sensitivity  does  not  depend  on the  tested  temperature  range  and  its  variation  between  devices  is
small,  approximately  ±3.0%.  The  advantage  of  the  proposed  system  compared  with  similar  corona-based
constructions  is  its stable  operation  at  low  current  with  low  power  consumption  and  minimum  electrode

ides  
deterioration,  which  prov

. Introduction

Air pressure monitoring has widespread applications in various
elds and there is a large selection of devices available based on

he needs of the targeted application. Pressure sensors have been
xtensively applied in the automobile and aerospace industries,
nvironmental monitoring systems, process controls, biomedi-
al fields, and so on [1–3]. The micro-electromechanical systems
MEMS) technologies have greatly benefited from the success of
he integrated circuits industry, borrowing materials, processes,
nd toolsets, then have been applied for sensor manufacturing,
pecifically pressure sensors [4]. In typical MEMS  pressure sensors,
he pressure is measured by piezoelectric thin films or the form of
apacitance structures [5]. Commercially available micromachined
ressure sensors are by a vast majority based on the piezoresis-
ive effect, where a mechanical deformation causes a change in the
lectrical resistance of the sensing element which can be trans-
ated into a pressure signal. However, temperature dependence of

he piezoresistive coefficient, limited pressure range and scalability
ave ruled out these sensors in many cases [6]. The response, sensi-
ivity and stability are dependent on the fabrication process, which
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is known to be a costly investment. Moreover for absolute pres-
sure sensing, these sensors measure the pressure relative to a high
vacuum reference sealed behind its sensing diaphragm. Therefore,
complex vacuum seal and packaging are compulsory [7].

Amongst the various pressure sensing principles, detecting
pressure based on microdischarge properties presents a promising
sensing method. Compared with other types of sensors, they offer
sensitive air pressure measurement over a wider range of pressures,
and the device can recover from extreme pressure shocks without
permanent damage.

Devices utilizing microdischarges are particularly attractive for
pressure sensing as they typically only require two electrodes
for microdischarge creation. This allows them to be small, sim-
ple to fabricate, and therefore inexpensive. Up  to date, micro
corona discharge devices have been investigated and applied for
various applications such as air flow control application [8–10],
cooling applications [11–13], propulsion technology [8,14–16],
micro-pump design [17,18], gas spectrometry [19,20], precipita-
tion filtering [21–23], ozone generation [24,25], or electronic device
[26–30].

The current–voltage relation of corona discharge was noticed
to be altered with surrounding pressure. As pressure varies, the
mean free path of ionized gas molecules changes and consequently,

the discharge and current distributions vary. Utilizing these phe-
nomena, several pressure sensing devices have been developed.
Point-to-plane electrode configuration corona discharge based
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Fig. 1. Experimental setup w

ressure sensing had been proposed by Chua and Son [31] for abso-
ute pressure from 101.3 to 173.7 kPa. Béquin et al. [27] developed

 corona discharge microphone, which converts acoustic pressure
ave into electric signal based on the change of discharge current.

n the same principle Wright [32] introduced a multi-plasma sys-
em including pressure sensor, gas purifier and chemical detector.

In this paper we present a novel and cost-effective pressure
ensor, based on a unique bipolar corona system where the pres-
ure is monitored by measuring the change in the spatial current
istribution. The simultaneous production of both polarity corona
ischarges guarantees discharge stability in wide operational con-
itions. This ensures reliable operation at very low current levels
less than 1 �A), which minimizes the effect of electrode corrosion.
he current–voltage relation of discharge system is first character-

zed by measurement and this is followed by analytical calculation
f the effect of pressure on discharge properties. The pressure sen-
or is validated under various environmental conditions.

. Design consideration

.1. Current–voltage of corona discharge process

Corona discharge is typically generated at the electrode with
uch higher curvature, while the other electrode serves as a

eference electrode. Many authors reported the characteristics
f various electrode arrangements, typically they are point-to-
lane [33–37], point-to-grid [38–41], point-to-ring [39,42–44],
ire-to-plate [45–47], the modifications are wire-to-incline wing

13,48,49], parallel plates [50], wire-to-rod [51], rod-to-plate [52],
oint-to-parallel plate [53], wire-to-cylinder [54], or sphere-to-
phere [52], wire-to-wire [55], point-to-wire [40], or point-to-
ylinder [56].

In these configurations, the voltage and current characteristic
escribed in general by the empirical Townsend relationship is usu-
lly written in the form of I/V ∝ V . This relation has originally been
ound in coaxial cylindrical geometry and later proven to hold for

ost of the configurations, point-to-plane [33,57], point-to-grid
41], point-to-ring [42].

 = A × V (V  − V0) (1)
here I is discharge current, V is applied voltage, V0 is inception
oltage for corona and A is a constant depending on electrode geom-
try and ion mobility �.
olar discharge configuration.

Another relation,
√
I ∝ V , which appears much less frequent in

literature is assessed in the work of positive corona for point to
plane with electrode distance 50 mm by Kip [58] and by Ferreira
et al. [34] for negative corona with electrode distance less than
15 mm.

I = B × (V − V0)2 (2-1)

These results are also analyzed by Henson [33] in his work with
helium vapor and by Sigmond [59] with spherically symmetric
unipolar corona, where it was pointed out that Townsend low cur-
rent approximation deviates from the measurement and from the
more exact formula nearly from the corona onset.

Thus, in order to design a the system at low current, the
current–voltage relation should be rewritten in general form I1/n ∝
V ,

I = C�0(V − V0)n (2-2)

where exponent n and C depends on electrode geometry, mate-
rial and electrode configurations. �0 = 2 × 10−4m2V−1s−1 is the ion
mobility in air at standard condition.

To investigate the effect of pressure, the system is assumed
to be adiabatic. Under this condition, the inception voltage
and ion mobility are expressed as VP0 = V0

(
P/P0

)�ϑ and �p0 =
�0

(
P/P0

)˛� , where �� = −1/� and �ϑ = 1/2� , V0 is inception

voltage evaluated at pressure P0 = 1.013 × 105Pa, �∼1.4 is the spe-
cific heat ratio of standard air [27].

The relation between current–voltage curve with absolute air
pressure is given by.

I = C�0

(
P

P0

)˛�[
V − V0

(
P

P0

)˛ϑ]n
(3-1)

Rearranging Eq. (3-1) with respect to V, we  have

V = I
1
n × (C�0)

−1⁄n
(
P

P0

)−˛�/n
+ V0

(
P

P0

)˛ϑ
(3-2)

Accordingly, the partial relation of discharge current-pressure and
voltage-pressure are

( )˛� { [ ( )˛ϑ]n

dP

= C�0 P0
˛�P × V − V0 P0

− (P)

×n
[
V − V0

(
P

P0

)˛ϑ]n−1
˛ϑV0

(
1
P0

)˛ϑ
P˛ϑ−1

}
(4-1)
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Fig. 2. (a) Measured I–V characteristic of SR80(+)/SR80(−) with varying electrode distance (left). The data is plotted in logarithmic scale with linear least square fitting lines
( 80(+)

w
c

right).  (b) Exponent n of configurations with SR80(+)/SR80(−); SR15(+)/SR15(−); R
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dP
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[
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1⁄n(C�0)

−1⁄nP
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0
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−˛�
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+
(
˛ϑV0P

−˛ϑ
0

)
× P˛ϑ−1 (4-2)
Eqs. (4-1) and (4-2) represent the system measurement setup
here the driving circuits are either with constant voltage or with

onstant current, respectively. In general, for applications using
/SR15(−) and SR80(−)/SR15(+) shown with varying electrode distance.

corona discharge the deterioration of electrode is always an issue
affecting the device stability. An efficient method is to control and
limit the discharge current, which can dramatically increase with
electron avalanche under environmental influences. In our experi-
mental setup we  limited the current to values as low as several �As.
In addition, Eq. (4-1) above shows that with each value of constant

voltage, the current would have complicated relation with pres-
sure, which may  result in difficulties when calibrating the device
precisely.
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ig. 3. (a) Relation of dV/dP versus P for configuration SR80(+)/SR80(−). (b) Relation
or  configuration SR80(+)/SR80(−). (d) Relation of voltage and pressure for configur

Therefore, at low current stage it is preferable to consider the
elation between voltage and pressure while keeping the current
onstant. Eq. (4-2) is accordingly expressed as

dV

dP
= AI

1
n × P

1
n� −1 + B × P

1
2� −1

(5)

here A = 1/n�(C�0)−1/nP−1/n�
0 and B = 1/2�V0P

−1/2�
0 are con-

tants with fixed geometry of system.
Eq. (5) is used to describe the pressure sensor, with n ranges

rom 1.5 to 2 [60], which predicts that the sensitivity of voltage
o pressure will reduce with increasing pressure. It also indicates
hat the increase of current would make the dependency of volt-
ge on pressure more sensitive. On one hand it is a viable method
o improve the sensitivity of the sensor, on the other hand high
urrent would also increase the power consumption and acceler-
te the contamination of the electrode, which so far remains an
nsolved challenge. While low current can give some advantages,

t is unstable and has poor repeatability in common corona dis-
harge configuration. Besides the nature of corona [61], this is also

ecause the current appears in the system only when the discharge
articles reach and are consumed at the reference electrode, oth-
rwise the space charge at the interelectrode space quickly forms

 reversed electric field and ultimately stops the corona process.
/dP versus P for configuration SR80(−)/SR15(+). (c) Relation of voltage and pressure
SR80(−)/SR15(+).

This problem is successfully overcome in our configuration using
bipolar corona discharge.

2.1. Design consideration of pressure sensor based on bipolar
discharge system

As discussed above, the exponent n varies between positive and
negative discharge, and also with the configuration of the experi-
ment. In this part, we  utilize the current–voltage characteristic of
a bipolar discharge system [62], which is flexible and also stable at
low current.

A viable way  to build a bipolar discharge system is by simultane-
ously discharging from both electrodes, with opposite polarity and
placed in parallel. The electrodes are connected to a single isolated
power source. In this configuration, both electrodes serve as emit-
ters and also represent the reference electrode defining the electric
field, which helps the corona discharge creation simultaneously at
both electrodes. Because of high recombination rate of ions [63],
the oppositely charged ions originating from these electrodes neu-
tralize each other at the interspace, thus the device is ultimately

neutralized.

The experimental setup is schematically shown in Fig. 1. The
symmetrical configuration is installed using two  stainless steel
SUS304 pins, each 8 mm long and 0.4 mm in diameter, and placed
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n parallel with each other. The distance between the pins is
djustable with resolution of 0.1 mm using three axis movable
tages (OptoSigma Ltd.). A high voltage generator (Kyoshin Denki
td.) capable of generating 10 kV direct current is used to connect
o the pins. The discharge current is recorded at the negative elec-
rode by a precision measuring circuit, which is integrated in the
igh voltage generator. The power unit is isolated and powered
y a battery to ensure that the current measured at the negative
olarity representing the creation of negative charge, is the mirror

mage of the current at the positive polarity for the positive charge.
he system is calibrated with high voltage generator and high volt-
ge meter (Japan Finechem Ltd.). Isolation between electrodes and
tages is guaranteed by two polypropylene (PP) blocks with leak
urrent less than 10 nA measured between the pin contact points.
ecause of this isolation, the current at both electrodes is equal
ased on Kirchhoff’s current law.

Two kinds of pin tip with spherical radius (SR) approxi-
ately 80 �m and 15 �m are used. The inherent combinations

re SR80(+)/SR80(−), SR15(+)/SR15(−), SR15(+)/SR80(−) and
R15(−)/SR80(+), where the signs (+) and (−) indicate voltage
olarity.

Fig. 2a shows the I–V characteristics of bipolar discharge sys-
em for SR80(+)/SR80(−)  configuration, the current is measured as
ow as 100 nA. To explore the exponent n between current and the
oltage relation I ∝ (V  − V0)n, the measured result is examined in
ogarithmic scale with the least square fit (Fig. 2a, right)

og (I) = n × log (V − V0) + C�i0 (6)

he exponent n is extracted from gradients in Fig. 2a (right).
imilarly, the process is repeated for other combinations
R15(+)/SR15(−); SR80(+)/SR15(−)  and SR80(−)/SR15(+).

Fig. 2b plots the relation between n and electrode distance. From
hese results, it is noticed that the exponent n depends on the pin
eometry, but it is almost independent with electrode distance
n the experimental range. Moreover, the configuration with two
dentical electrodes seems to have higher n than the asymmetric
ne. Clearly, when the curvature of one electrode becomes much

ess significant compared with the other, the bipolar electrode
ollapses to unipolar system whose n is approximately 1.5–1.6
epending on its charge polarity [60].

Fig. 2b gives a selection of n for pressure sensor, a sharp electrode
ill have lower corona onset so the device can work at lower volt-

ge and smaller power consumption. However, it is easily defected
ith small distortion or contaminant, which will have considerable

ize with its extremely sharp tips. In reality it is also not preferable
o maintain such extreme curvature for manufacturing constraints.

While the exponent n does not depend on the electrode dis-
ance, the other two parameters in Eq. (5), C and V0, have relation
ith electrode distance. For each selected pin configuration, C�i0 is

btained by fitting Eq. (6) with its corresponding data similar with
hose in Fig. 2a. With n determined from electrode geometry, C�i0
nd V0 extracted from experimental data corresponding to each
lectrode distance, Eq. (5) is calculated. For all configurations, the
ischarge current is selected to be 1 �A. Fig. 3a and b expresses
he relation of dV/dP versus P in configuration SR80(+)/SR80(−),

 = 1.67, and SR80(−)/SR15(+), n = 1.56, respectively. Accordingly,
he dependence of voltage to pressure in Eq. (3-2) is plotted in
ig. 3c and d, the theoretical sensitivity for SR80(+)/SR80(−) is from
.015 kV/kPa to 0.018 kV/kPa with electrode distances s = 5 mm to

 = 9 mm,  respectively.
On one hand it is desired to keep the electrode separation to min-

mum,  which again ensures low current operation at low voltage

evels and thus minimal discharge power. In addition the gener-
tor circuit can be simplified with lower voltage levels and the
isk of electrode corrosion and damage with extreme pressures is
ignificantly reduced. On the other hand the current rises rapidly
ators A 237 (2016) 81–90 85

with a small voltage change above the threshold, which makes it
challenging to determine the slope and thus C�i0 value accurately.
The precision can be improved with larger electrode separation,
where the current change is more moderate with voltage varia-
tion. Based on the experimental observations and measured values,
the symmetrical configuration with SR = 80 �m pin tips and elec-
trode spacing s = 7 mm  has been selected for further measurements
presented below.

3. Pressure measurement

3.1. Experiment setup

A prototype of pressure sensor has been produced using trans-
parent polypropylene with a mechanical precision of 20 �m,  as
shown in Fig. 4a. Pins are inserted into a ring-shape holder and
the conventional sockets, ϕ = 0.4 mm,  are embedded into bottom
base in the bottom of the device body to serve as the placement for
the pin and for reading out signal. At the tip of pin, the sensor is
covered by semi-cylinder for protection. All parts are designed for
press-fit structures to ensure the tolerance of mechanical assembly.
A small amount of conformal coating is applied at the pin holder to
ensure electric isolation. To confirm the repeatability of measure-
ment, a total of 5 prototypes were made with same configuration
and process.

For the electronics part, from the I–V characteristics presented
above it is clear that although the current rise is quick once the
onset voltage is reached, it is nevertheless finite and the magni-
tude of the voltage can be evaluated for each corresponding current
value with satisfactory precision. As mentioned above, in order to
reduce the effect of pin degradation over time, it is desired to limit
the current to very low levels. However for practical applications,
it is challenging to measure the current (e.g., by using A/D conver-
sion) when the current is limited. A viable solution in this situation
is to fix the current to a constant value (e.g., by using a com-
parator with input current typically much smaller than required
for A/D conversion) and instead measure the voltage required for
maintaining this current. Fig. 4a shows the schematics of such
approach. For our experimental setup the input current to the com-
parator is less than 1 nA for the entire temperature range, which
represents less than 1% error for current measurement. Fig. 4b
shows pictures of fabricated (i) and working prototype (ii) where
the bipolar corona discharge is observable at both pin electrodes.
The corona glow at different discharge current is also illustrated
(iii).

The device with its driving circuit is placed in pressure control
chamber (MZH-05S-L, Espec Ltd.). The data is streamed to the inter-
nal memory of an onboard data acquisition at sampling rate of 1 Hz,
which is then averaged for every 20 min and stored until the end of
experiment.

3.2. Results and discussion

Devices are discharged with 1 �A constant current. The pressure
in the test chamber varies from 80 kPa to 105 kPa with step of 5 kPa,
at each step the condition is maintained for 100 min. Fig. 5a presents
the data for different air pressures at standard room condition 25 ◦C
and with absolute humidity 12.7 g/m3. The total accumulative time
for experiment is 600 min. For each individual device, the response
of voltage to pressure is rather consistent and stable although small
drift was  noticed.
For the same measurement condition, the variance of absolute
output voltage between prototypes is ±3.5% and is considered as
the tolerance of device itself. The transient averaged output for
each device plotted in Fig. 5b shows that the sensitivity dV/dP is

https://www.researchgate.net/publication/231056591_A_general_empirical_formula_of_current-voltage_characteristics_for_point-to-plane_geometry_corona_discharges?el=1_x_8&enrichId=rgreq-11bcc80d-dfc9-4e8d-a49b-5bb7e43baf8b&enrichSource=Y292ZXJQYWdlOzI4NTYzNjk4MztBUzozMDQxNjU3NzgwNjc0NTZAMTQ0OTUzMDE4MDM5Nw==
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ig. 4. (a) Schematic view of pressure sensor and its driving circuit. (b) Fabricated p
t  different discharge currents (iii).

.016 kV/kPa, and is in good agreement with the theoretical predic-
ion. In addition, the variance of sensitivity of each device is small,
round ±3.0% of the average sensitivity.

The probable cause of variation between prototypes, especially
he absolute value of voltage is mainly from the geometry tolerance.
he electrode distance has absolute tolerance of 7.0 ± 0.15 mm,

imited by our current assembly process and the tip of pin elec-
rodes is 15–25 �m,  selected from commercially claimed tolerance
f 30 ± 15 �m.  The initial difference between devices is considered
s offset values and can be compensated with initial calibration.

It is noted that the sensitivity can be tuned by adjusting the
ischarge current, as predicted in Eq. (3-2), an increase in current
ould increase a portion of ∝ I1/n in the sensitivity of the sensor.

For practical use, performance of sensors is also evaluated at
ifferent temperature conditions. Fig. 6a and b present data where
he pressure measurement is repeated and temperature is con-
equently set as 15 ◦C and 35 ◦C respectively. Likewise, data is
ecorded at each condition for 100 min. The devices seem to be

ore stable at low temperature 15 ◦C but in general the stability of

evices shows almost no change throughout the total accumulated
est time of around 20 h. In addition, the sensitivity is independent
ith temperature. Fig. 6c plots the average output of sensor against

ressure, dV/dP = 0.017 kV/kPa and 0.018 kV/kPa at 15 ◦C and 35 ◦C,
pe (i) with plastic cover, a bipolar discharge during operation (ii) and corona glows

respectively. These values have slight deflections with measured
data at 25 ◦C but they are almost within the tolerance of prototypes.

Indeed, the effect of temperature to corona discharge has been
widely reported [64]. The dependency of ion mobility on the
temperature and pressure can be evaluated from Mason–Schamp
equation describing the ion mobility as a function of temperature
T and number density of drift gas N, which can be expressed using
the state equation N = P/kT , where k is Boltzmann constant [65].
From this we can derive the relation for mobility as � ∝ T/P. This
relation is reflected in our device performance, which is shown in
Fig. 6d. At lower temperature where the ion mobility decreases, a
higher voltage is needed to maintain constant discharge current,
thus the relationships V–P are linearly shifted upwards. It can be
noted that as the sensitivity versus pressure does not depend on
the temperature, these shifts can be compensated by integrating a
conventional temperature sensor with very low cost impact.

It is also worth to mention that the inception voltage varies with
measuring condition. The inception voltage in general defined by
Paschen’s curve depends on the product of pressure and electrode

distance [66]. Too high pressure may extinguish corona while too
low pressure may cause direct streamer or even spark. In our con-
figuration the existence of proper discharge current is ensured as
long as the circuit is capable of generating the required high volt-

https://www.researchgate.net/publication/230979881_Comparing_the_Effect_of_Pressure_and_Temperature_on_Ion_Mobilities?el=1_x_8&enrichId=rgreq-11bcc80d-dfc9-4e8d-a49b-5bb7e43baf8b&enrichSource=Y292ZXJQYWdlOzI4NTYzNjk4MztBUzozMDQxNjU3NzgwNjc0NTZAMTQ0OTUzMDE4MDM5Nw==
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ig. 5. (a) Relative output voltage of five devices at different pressures. The total me
eviation.

ge. On the other hand, a system with fixed voltage may  need to
djust voltage according to pressure range.

The power for corona discharge itself is small, around 5 mW and
he power consumption of the system is less than 15 mW.  Response
ime of the corona discharge itself to pressure change is supposed
o be fast, for example around 4 kHz in the work of Béquin et al. [27],
owever we were not able to confirm this in our work because of the

imitation from the pressure controlled chamber. In reality, delay
rom read-out circuit would also reduce the frequency bandwidth
o several hundred hertz. If the ambient temperature cannot be

re-set and needs to be compensated for, the attached temperature
ensor will also limit the time response of the device.
ent time is 10 h. (b) Transient averaged sensitivity of devices, error bar is standard

The total dimension of device is 21 mm × 10 mm
(length × diameter). While the diameter is needed to cover a
7 mm  electrode distance, there is no actual restriction to its
minimum length because the length of electrode is not a governing
parameter. The electrode distance is selected partly from the
relative size of electrode body, which is currently 0.54 mm in
diameter from its commercial availability. In reality, we believe
the total size can be scaled down significantly by using smaller
electrodes or by utilizing micro fabrication process.

Finally, the corona discharge depends on the gas compositions

and the flow velocity, thus a recalibration is accordingly required.
In addition, a suitable housing to prevent flow from directly moving
across sensor probe is needed.

https://www.researchgate.net/publication/258261211_Modeling_of_a_corona_discharge_microphone?el=1_x_8&enrichId=rgreq-11bcc80d-dfc9-4e8d-a49b-5bb7e43baf8b&enrichSource=Y292ZXJQYWdlOzI4NTYzNjk4MztBUzozMDQxNjU3NzgwNjc0NTZAMTQ0OTUzMDE4MDM5Nw==
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ig. 6. (a) Output voltage versus pressure at 15 ◦C. (b) Output voltage versus pressu
eviation and lines are linear fitting. (d) Output voltage versus pressure at different

. Conclusion

We  have presented an absolute pressure sensor based on unique
ipolar corona discharge. The configuration is based on the simulta-
eous generation of both positive and negative ions using two sharp
lectrodes placed in parallel, thus the device is neutralized by itself
nd allows stable discharge operation at sub-microampere cur-
ent levels. The current–voltage characteristics of bipolar discharge
ystem has been analysed in general form. Three governing param-
ters; electrode geometry, electrode distance and driving current,
ave been studied in relation with absolute pressure.

Five prototypes have been made and tested in pressure range of
0–105 kPa. The sensors were driven with constant discharge cur-
ent, which is set low but stable enough to ensure the existence
f corona discharge. The measured sensitivity is in good agree-
ent with theoretical prediction and the sensor stability has been

onfirmed in 20-h continuous operation without sensitivity dete-
ioration. The sensitivity does not depend on tested temperature
ange and its variation between devices is small, approximately
3.0%. The advantage of the proposed system compared with simi-

ar corona-based constructions is its stable operation at low current

ith low power consumption, and negligible electrode deteriora-

ion providing a cost effective and reliable solution. Because both
lectrodes have minimal size, this also allows the use of noble
35 ◦C. (c) Relative output of sensors at different temperatures, error bar is standard
eratures. Error bar is standard deviation, lines are linear fitting.

metals as electrode material to enhance the performance without
significant cost increase.
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