
A
t
p
t
l
n
t
g
a
t
e
n
r
t
s
a
l
t
c
T
c
T
�

I
I
p
q
n
c
(
e
c

p
e
s
c
t

R
o

1

Journal of Imaging Science and Technology® 52(1): 010508–010508-7, 2008.
© Society for Imaging Science and Technology 2008
Three-Dimensional Architecture of Multiplexing Data
Registration Integrated Circuit for Large-Array Ink Jet

Printhead
Jian-Chiun Liou

Nano Engineering and Micro System Institute, National Tsing Hua University, Taiwan, Republic of China

Fan-Gang Tseng
Nano Engineering and Micro System Institute and Engineering and System Science Department, National

Tsing Hua University, Taiwan, Republic of China and Division of Mechanics, Research Center for
Applied Sciences, Academia Sinica, Taiwan, Republic of China
E-mail: fangang@ess.nthu.edu.tw

s
t
a
r
t
p
r
s
l
t

X
d
n

F

bstract. This article proposes a novel architecture of high selec-
ion speed three-dimensional data registration circuit for ink jet ap-
lications. With the configuration of three-dimensional data registra-

ion, the number of data accessing points as well as the scanning
ines can be greatly reduced for large array ink jet printheads with
ozzles numbering more than 1000. This integrated circuit architec-

ure involves three-dimensional multiplexing with the provision of a
ating transistor for each ink firing resistor, where ink firing resistors
re triggered only by the selection of their associated gating transis-

ors. Three signals: selection, address, and power supply, will be
mployed together to activate a nozzle for droplet ejection. The total
umber of data accessing points of the three-dimensional configu-
ation will be the cubic root of the nozzle number with each jet con-
rolled by five input lines, including multiplexing data latches and
hift registers. The simulation and experiment results demonstrated
reduction of scanning time by up to 67% thanks to the reduction of

ines for scanning when compared to a two-dimensional configura-
ion. The total circuit area, 2500�2500 �m2, will be 80% of the
ircuit area by three-dimensional configuration for 1000 nozzles.
his device has been designed, fabricated by CMOS 0.35 �m pro-
ess, and characterized. © 2008 Society for Imaging Science and
echnology.
DOI: 10.2352/J.ImagingSci.Technol.�2008�52:1�010508��

NTRODUCTION
n the past few decades, the design of advanced ink jet
rintheads has been working on the optimization of printing
uality and speed while minimizing cost. As the nozzle
umber increased from tens to hundreds while keeping a
onstant number of data accessing points, two-dimensional
2D) arrayed switches1–5 have become the most commonly
mployed architecture of driving IC (integrated circuit) in
ommercial ink jet printheads. The number of data accessing

oints will be X�Pads�=2��2 Y+1 �Y�nozzles�, which is
qual to 21 if the nozzle number is 100. Figure 1 shows the
chematic diagram of a conventional 2D address selection
ircuit for a 25 nozzle integrated printhead.6–9 However, if
he nozzle number increases further from hundreds to thou-

eceived Aug. 2, 2006; accepted for publication Nov. 20, 2007; published
nline Feb. 12, 2008.
062-3701/2008/52�1�/010508/7/$20.00. p
ands in a large-array-format ink jet printhead, not only will
he data accessing points be easily increased to hundreds, but
lso the scanning time will significantly rise, which deterio-
ates the performance of ink jet printing. In order to break
he aforementioned performance limitation, this study pro-
oses a three-dimensional (3D) data registration scheme to
educe the number of data accessing points as well as the
canning lines while keeping a small circuit area for driving
arge-array ink jet printheads with nozzle numbers more
han 1000. The total number of data accessing points will be

=3��3 Y+1, which is 31 for 1000 nozzles by the 3D novel
esign, and the scanning time is reduced to 30% (or scan-
ing speed increases at least threefold), thanks to the greater

igure 1. Two-dimensional multiplexing driving circuit for ink jet

rintheads.

010508-1



r
1
n
d
t
d
f
T
c
a
b
c
2
n
m
a
t

D
A
t
q
f
s
s
t

t
c
3
m
t
t
d
d
o
p
s
t
g
j
g
a
d
s
c
n

p
t
t
d
(
s
r
o
s

t
d
c
n
s
r
c

f

F
c

Liou and Tseng: Three-dimensional architecture of multiplexer data registration integrated circuit for large-array ink jet printhead

0

eduction of lines for 3D scanning. The comparison among
D, 2D, and 3D architectures is listed in Table I. As the
umber of nozzles increases, a driving circuit with higher
imension can effectively reduce the pad number. To illus-
rate the effectiveness of the circuit dimension to accommo-
ate nozzles, three curves for calculating the pad numbers

rom 1D, 2D, and 3D control circuits are shown in Figure 2.
he 1D case increases most rapidly while the 3D one in-
reases slowest. There are two important intersections
mong the three curves, with the first one in a nozzle num-
er of 10 and the second one in 30, which means the 1D
ircuit is suitable for controlling less than 10 nozzles, while
D circuit is better for tens of nozzles. When the number of
ozzles is increased significantly to larger than 30, which
ay be in a range of hundreds to even thousands, a 3D

rchitecture is necessary to reduce the number of pads to
ens.

ESIGN
mixed-signal analog/digital/power application-specific in-

egrated circuit (ASIC) that integrates all the functions re-
uired to drive and control the ink jet printhead is designed
or the operation of large-format ink jet nozzles. The general
trategy that we employ is to integrate all relatively small-
ignal electronic functions into one ASIC to minimize the

igure 2. The numbers of required connection pads for 1D, 2D, and 3D
ontrol circuit.

Table I. Performance comparison among 1D, 2D, and 3D driving schemes.

X:Pads, Y:Nozzles X�Y + 1 X = 2��2 Y + 1

X = 3��3 Y + 1
�X:Connection

lines,Y:Nozzles�

Nozzles 1000 1024 1000

Heaters 1000 1024 1000

Resolution �dpi� 300 300�600 �600

Print swath�in� 1 / 6 1 / 3 �1 / 3

Interconnect pad 1001 65 31
otal number of components. This strategy demonstrates h

10508-2
hat both the cost is lowered and the amount of the printed
ircuit board area is reduced. Based on this concept, a smart
D multiplexed driver for thermal ink jet printheads with
ore than 1000 nozzles is proposed and the circuit architec-

ure is shown in Figure 3. Three lines are employed to con-
rol the firing of one jet, including voltage, shift register, and
ata line. Each heater resistor requires a voltage line for the
riving current flow and shares the same ground with the
ther resistors. The resistors are individually addressable to
rovide unconstrained signal permutations by a serial data
tream fed from the controller. The shift register is employed
o shift a token bit from one group to another through AND

ates to power the switch of a jet group. The selection of a
et is thus a combination selection of the shift register for the
roup and the data for the specific jet. Such an arrangement
llows encoding one data line from the controller to provide
ata to all of the jets, permitting high-speed printing by
hortening the jet selection path10,11 and low IC fabrication
ost from the greater reduction of circuit component
umbers.12–15

In controlling the firing of one heater resistor, the pro-
osed 3D design (illustrated in Figure 4) reveals two parts of

he control circuit: the pass-gate device (for signal path) and
he power switch device (for power path). The pass-gate
evice is controlled by address (A) selection and selection
S), while the power line is controlled by power supply (P)
election. To activate one heater, all P, A, and S selections are
equired to be powered simultaneously. For example, to turn
n heater 1, P1, A1, and S1 need to be set to “high” at the
ame time.

To understand the required threshold voltage Vth for
urning on the n-type metal-oxide semiconductor (NMOS)
river and the driving current for heater resistor, NMOS
ircuit theory is employed for the calculation. The robust-
ess of the driving current over the variation of the driving
ignal is estimated by bias sweeping condition. That is, as Vth

emains constant, the IV characteristics of Ids and Vds are
alculated with the variation of Vgs from 0 to 9 V.

In the driver transistor, to maintain a high robust Vth

or consistent circuit turn-off property and low Ron for

Figure 3. Function block of the control system.
eater driving, the following conditions are considered:

J. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
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In the subthreshold region of gate voltage VG

VG �Vth�, the leakage current ID will be exponentially re-
ated to VG −Vth, as shown in the following equation,16,17

epresenting the larger difference between VG and Vth, giving
smaller leaking current ID:

ID � exp� q

kT
�VG − Vth�� .

At the same time, Vth also has a negative temperature
oefficient around −3 mV/ °C for a substrate doping with
B=3�1015 cm−3, N-type substrate background doping,

o thermal guard ring design is required to reduce the sen-
itivity of Vth to the temperature variation.

To consider the previous two effects and keep the leak-
ge current identification smaller than 0.5 �A at VD =10 V
or preventing small bubble formation as well as the enough
indow for safe turn-off voltage swing, the estimated mini-
um Vth will be 1.4 V,18 including 0.5 V for VG swinging

nd 0.9 V from temperature variation �25°C–325°C�, re-
pectively. However, to lower the substrate doping level for

Figure 4. Driving circuit of three-dimensional architecture.

Figure 5. Level shift circuit.
ncreasing Vth will reduce the charge mobility to increase the

. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
utput resistance Ron (usually smaller than 3 �), which
snot favored for heater driving. As a result, deep junction
oping to reduce effect channel length is desired to maintain
mall Ron while keeping enough Vth.

On the other hand, to enhance the signal level for rapid
riving, a level shift device is employed to hoist A and S
ignals, as shown in Fig. 4. Figure 5 shows the design of the
evel shift circuit consisting of p-type metal-oxide semicon-
uctor (PMOS) and NMOS power devices for the compen-
ation of the drift of heater resistors from fabrication varia-
ion to stabilize the thermal bubble formation. The transient
esponse of the input and output signal before and after the
mployment of the level shift device is shown in Figure
.19,20 The signal demonstrates that not only the switch
peed is raised by the level shift device, but also the voltage
as been enhanced to 5 V, higher than those of the
onlevel-shift device.21

igure 6. Transient simulation of the input and output signals of the level
hift device.

igure 7. The sequence of driving signals from �A� 2D architecture and
B� 3D architecture.
010508-3
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IMULATION AND EXPERIMENT
he 3D multiplexer was fabricated from 0.35 �m 2P2M
V/5V silicon (double poly double metal, Vds /Vgs) by high
oltage and mixed-mode process [Taiwan Semiconductor
anufacturing Company Ltd (TSMC), Taiwan, ROC] for

abrication of thermal ink jet printheads with more than
000 nozzles and 31 controlling pads.

In the signal flow design, ink jet nozzles are usually
canned over one by one without jumping on unfiring
ozzles. As a result, for the ink jet head with 125 nozzles, a
D, 2D, or 3D circuit architecture will need 125, 16, and
unit times for scanning over all of the nozzles, respectively,

s shown in Figure 7. Therefore, the scanning time of the 3D
ultiplexing circuit from the first address line to the 16th, as

n example, takes only five units of clock time from the
imulation result in Figure 8, much faster than that of the 2D
onfiguration with 16 units of clock time. Thus, the maxi-
um scanning time for the 3D circuit will be reduced to

0% of that in the 2D case.
To simultaneously write signals into the driving circuit,

ultiplexer data latches and shift registers are employed by

Figure 8. Simulation results of 2D and 3
F

10508-4
igure 9. SPICE simulation results on the generation of A selection signal.

J. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008



t
s
l
i
p
t
t

R
I
p
i
(
s
(
m

p
a
d
f
s
a
s

t
t
t
g
2
0
t
s
F
6
o
r

t
s
t
c
a
u

tics of d

Liou and Tseng: Three-dimensional architecture of multiplexer data registration integrated circuit for large-array ink jet printhead

J

he application of commercially available CMOS ICs, as
hown in Figure 9. Small numbers of shift registers, control
ogics, and driving circuits can be electrically connected and
ntegrated with ink jet printheads using standard CMOS
rocesses. The desired signal for S selections and A selec-
ions can be preregistered and latched in the circuit for one
ime writing.

ESULTS
n the logic analysis, the relationship between the ASIC in-
ut and output is shown in Figure 10. The input signals

nclude DATA (signal for selected nozzle ejection), CLK1
signal to scan DATA signal), CLK2 (signal to latch DATA
ignal), CTRL (signal to select enable type), as well as SETB
the time sequence to set up CTRL), and the output signals

atch the designed ASIC signals very well.
The Simulation Program with Integrated Circuit Em-

hasis (SPICE) simulation result on the relationship of input
nd output signal at 5 �s clock time is shown in Figure 11,
emonstrating the successful application of CLK1 �8 bits�

or scanning input DATA (first and fourth group) signal (S
election), and CLK2 to latch and address to a5, a6, a7, and
8 as well as a10 (A selection) for the generation of output
ignals.

Figure 12 shows a photograph of the fabricated IC pro-
otype for driving 125 nozzles. Much care must be taken in
he layout of the metal layers in order to avoid electromigra-
ion from device latch-up22 by the design of the electrostatic
uard ring, as shown in Figure 13. The chip area is
.5�2.5 mm and was fabricated by a two-poly four-metal
.35 �m twinwell CMOS technology (TSMC). Each transis-
or is surrounded by a full guard ring for preventing electro-
tatic shock.23,24 The testing result of the IC shown in
igure 14 demonstrated the scanning of 125 nozzles takes
0.5 �s for 2D circuit architecture, while 20.5 �s for the 3D
ne, representing a time saving of 40 �s or a 67% time

Figure 10. The design schema
eduction. This result is very close to the simulation one of

. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
he IC shown in Figure 15. Figure 16 demonstrated the vi-
ualization of thermal formation.25 The signals for sequen-
ial nozzle driving and the measured results from the fabri-
ated chip are shown in Figure 17. The probe points N1N97
nd N5N204 represent signals (S5, A5, and P5) on 3D mod-
le D55, and (A5, P5) on 2D module D55, respectively. The

ata latches and shift registers.
Figure 11. Logic analysis of the 3D multiplexer.

010508-5
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easured results verify that the scan speed by the 3D archi-
ecture is 34.4 �s faster than that by the 2D architecture
ith similar nozzle number. The settling time of 0.35 �s is

lso faster in the 3D case than that of 0.5 �s in the 2D
rchitecture.

ONCLUSION
his article proposes a novel architecture of high selection

peed 3D data registration for driving large-array ink jet
rintheads. The 3D driving architecture has successfully re-
uced the total number of control pads to 31 for 1000
ozzles as well as the scanning time up to 67% with a higher

Figure 12. Chip photograph and the architecture.

Figure 13. Guard ring surrounding devices of layout and real chip.
ignal rising speed and smaller circuit area. All the

10508-6
Figure 14. Testing result of the 2D architecture circuit.
Figure 16. Visualization of thermal formation.

J. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
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ubcircuits, including power control, digital I/O, analog-to-
igital converter, and power drivers were integrated into a
ingle device. This circuit has been designed, fabricated, and
haracterized. It demonstrated not only the functionality in
he ink jet application but also the consistency between
imulation and experiment results.
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