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[57] v ABSTRACT 

The present invention comprises a digital logic system 
for controlling the synchronization of drop production 
and charging signals in an ink jet recording system uti 
lizing electrostatic de?ection of individual ink jet 
droplets. The control 1circuitry is particularly well 

. adapted to utilize an inductive charge sensing element 
to provide the input information into the phase con 
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cally during the operation of the system. Adjustments 
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DIGITAL PHASE CONTROL FOR AN INK 
RECORDING SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application is related to U.S. Patent ap 
plication Ser. No. 313,913 ?led concurrently with the 
present application of 'J. Ghougasian et al entitled 
“Drop Charge Sensing Apparatus for an Ink Jet Print 
ing System.” This referenced patent application dis 
closes an inductive drop charge sensing element which 
is suitable for use with the presently disclosed synchro 
nization system. The utilization of said inductive sens 
ing element with the present apparatus provides ‘a very 
accurate and maintenance-‘free overall system which 
would be required in any high reliability application 
such as a computer printout device. 

BACKGROUND OF THE-INVENTION 
The need for improved high speed printers has in 

creased drastically in recent years. A particular appli 
cation'for such printers is for producing computer 
printout records wherein the actual printing devices 
utilized to produce human readable records has long 
been a major bottleneck in the overall computer sys 
tem. In such computer systems, data which is produced 
by the system must often be held in temporary storage 
such as magnetic tapes, discs, drums, etc. for many 
hours before the particular printing devices attached to 
the system can'produce the required readable outputs. 
Most currently available printers in this general area 
today are of the impact type where a printing element 
must actually be moved forceably against a record 
member to produce a visible letter or symbol. 

In recent years ink jet printing has been developed 
wherein ink is applied under pressure to a suitable noz 
zle. The ink is caused to break up into individual drop 
lets which must be controllably directed onto the re 
cording medium. The droplet formation may be con 
trolled by a number of different methods available in 
the art including physical vibration of the nozzle, pres 
sure perturbations introduced into the ink supply feed 
to the'nozzle, etc. The result of applying such external 
perturbations to the ink jet'apparatus is to cause the jet 

JET 

‘stream emerging from the nozzle to break up into uni 
form droplets at a predetermined frequency and at a 
somewhat variable distance from the tip of the nozzle. 
It is necessary, however, that the precise time of drop 
let formation and the application of video charging sig 
nals to the ink droplet stream be synchronized. The 
rate of drop formation in such systems is determined by 
the signal applied to the physical perturbation means, 
e.g., vibrating the nozzle. A means for applying an elec 
trostatic charge to each droplet produced by the nozzle 
is provided in such systems adjacent to the location 
where the ink stream begins to form such droplets. 
conventionally, this means is a hollow tube or elec 
trode surrounding the emerging stream and connected 
to a suitable charging circuit. Video signals are applied 
between the nozzle and the charging electrode in re 
sponse to which a drop will assume a charge deter 
mined by theamplitude of the particular signal on the 
charging electrode at the time that the‘ drop’ breaks 
away from the jet stream. ' 

The drop thereafter passes through a ?xed electric 
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field and the amount of de?ection is determined by the ' 
amplitude of the charge on the drop at the time it 

2 
passesthrough said de?ecting ?eld. A suitable record 
ing surface is positioned downstream from the de?ect 
ing means with the result that the droplet strikes such 
recording surface and forms a small spot. As will be ap 
preciated, the position of the drop on the writing sur 
faceis determined by the de?ection the drop experi 
ences which in turn is determined by the charge on the 
droplet. Thus, by suitably varying the charge, the loca 
tion at which the droplet strikes the recording surface 
may be controlled with the result that by applying suit 
able video signals to such a system, a visible human 
readable printed record may be formed upon the re 
cording surface. U.S. Pat. No. 3,596,275 of Richard G. 
sweet entitled “Fluid Droplet Recorder” discloses such 
a recording or printing system. 
As will be further appreciated with such a system, the 

time that the drop separates from the ?uid stream 
emerging from the nozzle is quite critical since the 
charge carried by the droplet is produced by electro 
static induction. The ?eld established by thecharging 
signal is maintained while the drop separates. The drop 
will carry a charge determined by this signal and pro 
portional to the magnitude thereof. However, if at the 
time of separation the charging signal is in the process 
of either rising or falling or is not present at all at the 
time of drop ‘separation, the exact charge on the drop 
will be some time function of the maximum signal 
rather than being proportional thereto in accordance 
with some predetermined and ?xed relationship. It is 
thus necessary in order to place exact predetermined 
charges on individual droplets in accordance with suc 
cessive video signals, to know exactly the time of drop 
let separation in relationship to the timing of the video 
signal. Stated differently, the droplet separation time 
and the application of the video signal must be very 
precisely synchronized. Failure to properly synchronize 
droplet formation and the video signal results in very 
imprecise control of the printing process with attendant 
severe degradation of the uniformity, clarity, and gen 
erally the quality of the ?nal printer result. 

U.S. Pat. No. 3,465,351 of Keur et a1 entitled “Ink 
Drop Writing Apparatus” discloses a system for 
broadly detecting whether or not the drop producing. 
transducer and the charging signals are in synchroniza 
tion and for introducing a corrective signal to the sys 
tem. , 

U.S. Pat. No. 3,596,276 of K. T. Lovelady entitled 
“Ink Jet Printer with Droplet Phase Control Means’? 
discloses another system for detecting synchronization 
and establishing a phase change to maintain said syn 
chronization. The former patent utilizes a very coarse 
control over the transducer vibrating means and the 
latter Lovelady patent discloses a consideraby more 
complex analog control system for controlling the 
phase of the charging signal generating means. 
What is required in such systems for optimum perfor 

mance is very precise control of the synchronization of 
the drop producing means and the charging means 
which is also very reliable so as to require the minimum 
amount of adjustment, recalibration, etc. 

In summation, what would be desirable in such a 
phase control circuit is a digital control system which 
‘is inherently suitable for large scale integration circuit 
techniques, said digital system being both very accurate 
in terms of ?neness of control and very reliable in the 
nature of the circuitry itself.‘ 
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SUMMARY AND OBJECTS OF THE INVENTION 

It has now been found that an improved synchroniza 
tion and control circuit for maintaining the synchroni 
zation between the ink droplet formation means and 
the drop charging means may be effected by utilizing 
digital control circuitry for determining the relative 
time of a droplet formation‘and the application of the 
chargingsignal to an individual droplet including fur 
ther digital means for, in effect, applying necessary 
phase correction to the droplet charging circuitry. It 
has further been found that the required time for ef 
fecting the necessary testing and control of said system 
may be reduced by temporarily storing the last de 
tected phase information and beginning new phase 
checking operations at said previsouly stor'ed time‘ ref 
erence. . 

It is accordingly a primary object of the present in 
vention to provide a highly accurate and reliable phase 
sensing circuit for utilization with an ink jet recording 
system. 

It is yet another object of the invention to provide 
such a phase controlling system which is both highly ac 
curate and reliable. 

It is a still further object of the invention to provide 
such a control system utilizing digital circuitry for both 
the measurement and phase selecting operations. 

It is a still further object of the invention to provide 
such a control system which is particularly well suited 
for large scale integration circuit technologies. 
The foregoing and other objects, features and advan 

tages of the invention will be apparent from the follow 
ing more particular description of a preferred embodi 
ment of the invention, as illustrated in the accompany 
ing drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view ofa greatlysimpli?ed ink 
jet recording system showing the phase control cir 
cuitry as a functionalblock'in the overall system. 
FIG. 2 comprises a- series of graphs representing 

waveforms'utilized with the present invention for pur4 
poses of charging the ink droplets during both testing 
and printing cycles. ' - ' 

FIG. 3 is a ?ow chart showing the sequences of steps 
of the present control and synchronizing system. 
FIG. 4 comprises a series of waveforms illustrating a 

number of additional pulses and signals utilized in the 
presently disclosed embodiment. 
FIG. 5 comprises a logical schematic diagram of the 

disclosed synchronization system of the present inven 
tion. - v . 

FIG. 6 is a_ functional schematic of the synchroniza 
tion system clock shown in FIG. 5. . 

DESCRIPTION OF- THE DISCLOSED 
EMBODIMENT 

The objects of the present invention are accom 
plished in general‘by a digital control circuit for con 
trolling the synchronization between the droplet form 
ing means and the droplet charging means in an ink jet 
printing system including means operative during a test 
cycle forlsupplying a series of test pulses to the droplet 
charging circuit having a predetermined known phase 
relationship with respect to pulses supplied to the drop 
forming means, means for determining if the test pulses 
result in full charging of the ink droplets, and means forv 
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selecting a charging pulse phase for printing in accor 
dance with said determination. Storage means are pro 
vided for storing the phase information of the current 
test cycle to provide a starting point for a subsequent 
test. The droplet forming and charging period are di 
vided into a predetermined number of time divisions 
and the phase of charging signal adjusted in accordance 
with a predetermined timed division. 

In accordance with the preferred embodiment of the 
invention, this period is broken into a power of two 
(i.e., 2x) time periods; i.e., 8, whereby various control 
circuitry utilizing digital logic is readily applicable. Fur 
ther, in accordance with the disclosed embodiment, the 
zero or reference datum against which phase compari 
sons are made is the basic frequency applied to the 
droplet forming transducer. A phased clock is provided 
which produces eight separate phased pulse sequences, 
all at the basic drop forming frequency F but separated 
in time one-eighth of a period.'Thus, when the charge 
detection circuitry determines that the proper charge 
is occurring during some given phase relationship with 
respect to the basic or reference phase, the desired 
clock output from said phased clock is selected and 
gated into the printing circuitry. 
Having thus generally described the overall features 

and organization of the present control system the dis 
closed embodiment of the invention will_ now be set 
forth in greater detail with reference to the drawings. 

Referring ?rst to FIG. 1, a very generalized perspec 
tive view of an ink jet recording system is shown to 
gether with functional blocks indicating the primary 
control circuitry. Ink is ejected from the nozzle 10 
which is supplied thereto by a high pressure ink source 
11. A transducer 12 such as a piezoelectric crystal in 
troduces mechanical vibrations or perturbations in the 
fluid stream causing same to break up into ink droplets 
downstream from the nozzle at a predetermined or syn 
chronized frequency. These droplets are charged with 
a desired potential by the electrostatic vcharging elec 
trode shown in 14. The ink ‘droplet stream 13 then pro 
ceeds past a sensing station l6'whose function will be 
described subsequently and thence to a pair of de?ect 
ing plates 18 wherein, conventionally, a fixed de?ec 
tion signal supplied by a power supply 20 de?ects the 
stream a predetermined distance to either allow it;to 
strike the record receiving member 24 or an ink gutter ' 
22. It should be noted that the charge placed on the 

_ droplets by the charging station 14 determines the 
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amount of de?ection and depending upon the particu 
lar type of character generation scheme used, may al 
ternatively either allow a droplet to strike the record 
member or be de?ected to the gutter or may alsoincre 
mentally de?ect the given droplet'stream as will be well 
understood by those skilled in the art. The overall orga 
nization of such an ink jet recording system is relatively 
well known as exempli?ed by the previously referenced 
Sweet U.S. Pat. No. 3,596,275‘. 
The basic control circuitry comprises the character 

generator and phase control logic 28 whose output pro 
duces the requisite ‘signals to the charge amplifier 34. 
As will be'appreciated, it is the signals supplied to the 
charge ampli?er that selectively cause droplets to ei 
ther reach the record or to be de?ected into the gutter 
22. It should be noted in passing that ink striking the 
gutter is conventionally returned to the system via a re 
turn mechanism as shown schematically at 23 which is 
a scavenging means which normally-resupplies the ink 
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to the ink reservoir and pressure means 11. Both blocks 
28 and the transducer driver 32 are driven by the sys 
tem clock 30. As will be remembered from the previous 
description of the system, it is required that the signals 
applied to the charging means 14 and to the transducer 
12 which are supplied by the charge ampli?er 34 and 
the transducer driver 32, respectively, must be pre 
cisely synchronized in order for proper control of the 
ink droplets to occur. The phase control logic portion 
of block 28 selects the proper phase relationship for the 
clock pulse which ultimately is to reach the charge am 
pli?er 34. i 

In accordance with the present system the sensing 
means 16 picks up a suitable signal from the charged 
ink droplets which signal is suitably ampli?ed by the 
sense ampli?er 26 and fed into the phase control logic. 
The phase control logic selects the proper phase of the 
clock 30 in accordance with the signals received from 
sense ampli?er 26 to insure that the desired synchroni 
zation of the droplet formation and charging signal oc 
curs. 

For typical means of generating the character signals 
together with the charging pulse for controlling the 
charging means 14 reference may either be made to the 
aforementioned Sweet Pat. No. 3,596,275, or to US. 
Pat. No. 3,298,030 of A. M. Lewis et al. entitled “Elec 
trically Operated Character Printer." The speci?c 
method of generating characters is not considered ger 
mane to the present invention, it being emphasized that 
it is the synchronization of the signal fed to the charge 
amplifier with signals fed to the transducer driver 32 
which forms the subject matter of the present inven 
tion. Similarly, while a single nozzle is shown as in the 
Sweet patent, it will be understood that the present in 
vention would apply to a muIti-nozzle array such as ex 
emplified in the above-referenced Lewis et al. patent. 

In accordance with the principles of the present in 
vention, it has been found that the synchronization of 
the driver and the charging means may best be checked 
during a special test cycle wherein it is known that a 
predetermined signal is supposed to be on a particular 
droplet or series of droplets. For the purposes of the 
present invention, the test cycle and print cycle signals 
are assumed to be produced elswhere in the system as 
indeed they would'be. For example, in a line printer a 
typical test cycle might come at the end of every line 
during the carriage return and would normally be com 
pleted during the time taken for said carriage return. 
By utilizing such a test cycle, more ef?cient operation 
is obtained than by trying to build the logic circuitry to 
‘operate during normal printing operations. 

Thus, during the test cycle, the'sensing element 16 
attempts to detect a charge signal on a droplet or series 
of droplets passing same during the test cycle and if 
such charge is present and sensed, the sense ampli?er 
produces a signal which signals the phase control logic 
to the effect that the current synchronization setting is 
correct. Alternately, if during a particular test cycle no 
signal is detected, the absence of the signalfrom .the 
sense ampli?er may indicate to the phase control logic 
that the synchronization is incorrect and an adjustment 
must be made. The particular manner in which this ad 
justment is made according to the principles of the 
present invention will be set forth subsequently. 
The operation of the system will now be explained 

with reference to the wave forms shown in FIGS. 2 and 
4. The timing circuitry which produces these wave 
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6 
forms is shown on FIG. 6. Referring brie?y to FIG. 6, 
the Clock 30 is essentially an 8-stage ring counter hav 
ing eight tap points wherein each tap receives a single 
output pulse for every eight pulses received from, the 
basic crystal oscillator 31. Assume then that the period 
of the clock is equal to eight times that of the oscillator. 
With this relationship each of the tap points denoted in 
FIG. 6 as Fl-Fs is displaced one-eighth of a period from 
the adjacent tap point. The four single shots SS1-SS4 
are timing ?ip-?ops which are turned on by the rising 
of the “test mode" signal wherein SS1 serves the pur 
pose of providing a ?rst recovery period which in effect 
allows any charge built up on the sensing element from 
a previous printing cycle to be dissipated. SS2 turns on 
and provides the Test Data Pulse which enables a pre 
determined number of pulses from the clock ( l6 pulses 
in the present embodiment) to reach the test phase 
data selector. Upon its turn off single shot SS3 is en 
abled which is for the purpose of delay and allows the 
sensing element to build up a charge and for said signal 
to reach the sense ampli?er 26 whereuon the Sample 
Gate Pulse emanating from single shot SS4 is produced. 
The operation of this section will be explained more 
fully with the description of FIGS. 3 and 5. 

Referring back to FIG. 2, it will be noticed that the 
?rst curve entitled “Transducer Excitation Frequency” 
shows the pulse F1 which is supplied directly during 
both test and print cycles to the transducer which pro 
duces the droplets. This pulse and phase determines the 
0 datum or reference for the timing of the‘present con 
trol system. The eight pulses designated 1 pulse 
through 8 pulse from the Phased Clock Output show 
the phase relationship of the eight output lines Fl-F8 
emanating the clock circuit 30. The bottom curve enti 
tled “Print Pulse” indicates by way of example the 
shape and length of the print pulse which is subse~ 
quently applied to the charging electrode during a 
printing cycle as opposed to a testing cycle. It will be 
noted in passing that the print pulse is substantially 
longer in duration than the test pulse. This shape is ob 
tained by means of the single shot 40 which passes 
through the OR circuit 42 and ?nally into the charge 
ampli?er 34. The single shot merely lengthens the 
clock pulse for printing. ‘ 
What the detection circuitry must do is determine the 

particular phase of the phased clock during which drop 
separation actually occurs. Looking at the upper curve 
on FIG. 2 the two arrows a and b indicate two different 
drop separation times. In the case of the drop separa 
tion time a assuming that testing started with the “1 
pulse,” no sensing of a charge could occur during “1 
pulse” or “2 pulse" as in each case these pulses have 
fallen to 0 before the actual drop separation occurs. 
However, upon the application of the third phase “3 
pulse” to the system, a sensed output would occur 
which would indicate that this is the particular phase of 
the clock duringwhich drop separation first was de 
tected. It will also be noted that clock pulses 4, 5 and 
6 would also produce an output assuming that a partic 
ular test cycle began with one of these series of pulses 
as will be explained later. In the case of drop separation 
time b the detection would ?rst occur during phase 2 
or the production of the “2 pulse" from the system 
clock. 

It may thus be seen that it is possible to determine 
when the drop separation time coincides with a particu 
lar phase of the clock. It is then necessary to utilize this 
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information to control the phased clock selection cir 
cuitry which releases the clock pulse to the charging 
ampli?er 34. The way that this is done will be apparent 
from the functional schematic diagram of FIG. 5 and 
the system ?ow chart of FIG. 3. 
Before proceeding with a detailed description of the 

disclosed embodiment of FIG. 5, and its method of op 
eration set forth in the flow chart of FIG. 3, reference 
should ?rst be made to FIG. 4 which comprises an 
overall timing chart for the present system. This FIG. 
essentially shows ?ve waveforms illustrating signi?cant 
control signals utilized in the system. It should ?rst be 
understood that the time base of FIG. 4 bears substan 
tially no relationship scalewise to that of FIG. 2. For ex 
ample, in the waveform denoted Test Data it will be 
noted that under the raised portion essentially 16 test 
drops are produced by the system. These 16 test drops 
require 16 drop forming periods of the scale of FIG. 2. 
The two waveforms denoting this test cycle and print 
cycle are developed by the overall system controls 
which are not shown and which could readily be pro 
duced by one skilled in the art depending upon how 
often it is desired to enter a test cycle. Basically, when 
the machine is not in test cycle, it will be in print cycle. 
For example, in a line printer as set forth previously, 
the test cycle could be sandwiched into a carriage re~ 
turn in the case of a print head which in effect scans 
across a line of the record receiving member. It is also 
possible that it might not be considered necessary to 
have a test cycle every line or alternately it might be de 
sired to have more than one test cycle per line. In any 
event the timing for this would be relatively straightfor 
ward, it being understood obviously the actual printing 
cycle of operations could not proceed concurrently 
with testing. 
The curve marked “Test Data” is developed from the 

series of timing elements illustrated on FIG. 6 wherein 
the second single shot SS2 produces the Test Data 
pulse. This pulse which is developed from the test cycle 
originating pulse enables the system to produce the 
unique series of test pulses disclosed and described 
herein. The pulse itself is applied to various portions of 
the hardware disclosed in FIG. 5 to appropriately gate 
test pulses to the charge ampli?er 34 and thence to the 
charging means to appropriately charge selected drop 
lets. It will be noted that this pulse is delayed somewhat 
from the beginning of the originating test cycle pulse. 
This, as indicated previously, is to allow the effects of 
previous droplets during printing which might have 
partially charged the sensing means to dissipate. 
The waveform indicated as Sample Gate is for the 

purpose of sampling the sense ampli?er at an appropri 
ate time after the series of test pulses have been pro 
duced and have been allowed to, in effect, accumulate 
on the sensing means to produce a maximum signal free 
of noise and other disturbances. It should be noted that 
a delay period is allowed vbetween the fall of the test 
drop or test data pulse and the rise of the sample gate 
pulse. This single shot SS4 on FIG. 6 produces theSam 
pie Gate pulse and as will be noted, is applied to the 
two AND circuits 44 and 94 on ‘FIG. 5 to produce the 
incrementing and decrementing signals to the phase 
counter 48 when the sense ampli?er 26 produces an 
appropriate output. 

Finally, the waveform entitled “Sense Response” 
merely illustrates the signal produced by the sense am~ 
pli?er at the time of application of the sample gate 

8 
pulse. The dotted line marked threshold indicates that 
it is possible to adjust the threshold of the sense ampli 
?er to control various transient effects such as noise, 
signal due to partial charging, stray ?elds, etc. 
From the previous description of FIGS. 1, 2, 4 and 6, 

it will be apparent that the broad concept of the inven 
tion involves determining during which phase of the 
clock the actual drop breakaway is occurring and hav 
ing once detected this phase, it is utilized to control the 
phase utilized during printing operations and also to 
subsequently specify the starting point of the next test 
cycle. The way that this is accomplished in the dis 

' closed embodiment of the invention will now be set 
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forth relative to the flow chart of FIG. 3 and the func 
tional block diagram of FIG. 5. In the description of _ 
FIG. 3 which follows, appropriate references will be 
made to the speci?c hardware of FIG. 5 as is necessary. 
However, a specific description of FIG. 5 will also fol 
low the broad description of the process accompanying 
FIG. 3. 
Referring now speci?cally to FIG. 3, it will be noted 

that the process starts with a signal provided from the 
console designated as “Start.” This enters block 50 
which is labeled Test Mode. As will be appreciated, this 
block is actually entered by the application either of 
the Start signal or by the Test Mode signal coming from 
the main system clock. From block 50 the process pro 
ceeds to block 51 which is a test for initialization. Ini 
tialization-is a start-up procedure which may be accom 
plished by holding the console button down to assure 
the continuous running of a plurality of test cycles be 
fore the first print cycle is entered. This could be done 
by a simple switch held by the operator or by a timed 
flip-flop which stays on for a certain minimum number 
of cycles or by some other appropriate means. Assum 
ing for the purposes of this description the initialization 
time is being entered, the system then proceeds to 
block 52 which states that the phase count is to be set 
to 0. Referring to'FIG. 5, the phase counter is denoted 
by the reference numeral 48. It should be noted that 
the phase count does not have to ‘be set to‘ 0, but is 
shown for clarity of explanation. 

After setting the phase count to 0 in block 52, the 
process proceeds to block 54 wherein 16 test phase 
pulses are gated from thel'system clock wherein the par 
ticular phase selected is that determined from the 
count currently stored in the phase counter which in 
this initial case would be 0. Thus, 16 pulses of phase 0 
which would be on the lines F1 from the clock are se 
lected by the'test data selector and the test phase, de 
coder to cause the F1 pulses to be placed on the charg~ 
ing electrode to’ charge or attempt to charge the 16 
droplets being produced by the printer. The process 
then proceeds to block 56 where the test for the sensor 
output is made. As will be remembered, if'the droplet 
is breaking away during the current charging phase, a 

I charge will be placed on the droplet which will cause 
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a sensor output. If there is no output, block 58 is en 
tered which causes the phase counter to be incre 
mented by l whereupon the process proceeds to block 
62 wherein a test is made as to whether or- not the ini— 
tialization time is over. Assuming it is not over, the pro 
cess goes to block 64 to re-access the phase count and 
returns to block 54 which generates 16 new test phase 
pulses, it being remembered that any time the test 
phase pulses are generated the particular phase se 
lected depends on the current setting of the phase 



3,769,632 3 
counter 48. In the last cycle, it had been incremented 
by I. 
This process will continue through initialization time 

until there is a sensor output. At this point the system 
will branch to block 60 wherein the phase counter is 
decremented by 1. However, in either' case block 62 is 
again entered and the system disclosed will thus oscil 
late between a sensor output and no sensor output until 
the initialization time is over. It is to be noted that when 
initialization time is over, that even if the last cycle in 
dicated there was no sensor output the system timing 
circuit'will be off by no more than one clock phase. As 
will be mentioned subsequently, the print cycle de 
coder actually backs up three phases of the clock from 
the current setting of the phase counter to give a some 
what broader printing cycle charging pulse than is used 
with the test cycle. Therefore, the effect of being off by 
only one phase count does not cause problems with the 
system. 

With the above factors in mind it will now be as 
sumed that initialization time is over. This causes block 
66 to be entered whereupon a print cycle for the system 
will ensue. This might, for example, cause several hun 
dred or maybe even several thousand droplets to be 
charged before the next Test Mode is entered. Again, 
this is determined by the system master clock and when 
the next test cycle comes up, block 50 is enabled which 
then proceeds to block 51 and since initialization time 
is over proceeds to block 64 whereupon the current 
count in the phase counter 48 is used to control the gat 
ing of the next 16 phased clock pulses to the printer. At 
this point the system will go to block 54, block 56 and 
depending upon the sensor output will branch to blocks 
58 or 60 and at this point regardless of whether there 
is or is not a sensor output since initialization time will 
be over, the system will return to the print mode shown 
in block 66. 
At this point it will be apparent that if there is no sen 

sor output, the phase counter is incremented by l and 
the print mode is automatically re-entered before a 
sense output is obtained. This has been found satisfac 
tory in practice since the synchronization once ob 
tained tends to‘drift relatively slowly and if the sense 
output is not obtained on an immediately following 
phase check, it will usually be found within one or two 
further phase checks. It will, of course, be apparent 
that by a very simple alteration of the controls, the sys 
tem can stay in the test phase until the sense output is' 
obtained. This could be done, for example, by causing 
blocks 58 and 60 to go immediately by 64 to generate 
16 new test pulses, etc., until the droplet is sensed. 
This, of course, would require that the master print test 
clock be altered so that the print mode cannot be reen 
tered until a successful sensing of the charged droplet 
occurs as will be readily-understood. ' 

The preceding description of FIG. 3 clearly illustrates 
the manner in which the disclosed embodiment of the 
invention operates. The individual functions performed 
by the various blocks of FIG. 5 are essentially'obvious 
when considered together with the description-of FIG. 
3. The control circuitry as shown in FIG. 5 is complete 
insofar as all of the' necessary circuits are shown for 
producing the basic transducer excitation frequency, 
the charging pulses both for test and printing cycles and 
also the phased clock. The basic system clock which 
produces the test mode and print mode cycles is ‘not 
shown as these pulses could be produced any number 
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of ways but would in all probability be essentially elec 
tromechanial in origin or at least initiation. The relative 
shape and duration of these pulses is shown clearly in 
FIG. 4. It is noted in passing that for the initialization 
phase a series of test mode pulses would be produced 
during initialization which would be predetermined by 
the system designer and once the initialization phase is 
complete, the test mode and print mode pulses are the 
only ones necessary to the operation of the system 
shown in FIG. 5. It should be clearly understood that 
the crystal oscillator 31 which drives the basic clock 30 
at a frequency eight times the desired basic clock fre 
quency F is essentially independent of the other system 
clock which provides the test mode and print mode 
pulses. The crystal oscillator 31 may be any convenient 
form of oscillator such as is well known in the art and 
the clock 30 which has been described with reference 
to FIG. 6 consists primarily of the eight-stage ring 
counter having the appropriate eight output taps and 
also desired wave shaping characteristics to produce 
pulses of the desired shape and duration. The primary 
output of the clock 30 is the eight output phases ap 
pearing on the lines F1-'Fg making up the cable 70. 
These are supplied to the test data selector 72 and the 
print phase selector 74. The operation of these two 
units will be described subsequently. It will also be 
noted that the line F, is shown coming off of the cable 
70 adjacent to the clock 30 which provides the requi 
siteseries of clock pulses to the power amplifier 32 
which drives the transducer which causes the droplets 
to be formed. This line is also fed into the character 
generator 76 and provides appropriate gating synchro 
nization pulses thereto. The operation of the character 
generator is to accept an incoming data pulse train usu 
ally in parallel form and convert it into a serial binary 
output which can be appropriately displayed on the re 
cording surface. The operation of such character gen 
erators is well known in the ink jet printing art particu 
lar reference being again made to US. Pat. No. 
3,298,030 of Lewis et al., and also to US. Pat. No. 
3,373,437 entitled “Fluid Droplet Recorder with a Plu 
_rality of Jets" of Sweet et al. Essentially the signals on 
the output line from the character generator is a series 
of binary pulses wherein a 1 would represent a droplet 
to be recorded and a 0 would represent a droplet which 
is not to reach the marking or recording surface. This 
binary data string is fed into the AND circuit 78, the 
other two inputs of which come from the print mode 
pulse from the main system clock and from the print 
phase selector 74. As will be apparent, the AND circuit 
78 produces an output during the print mode pulses 
when a binary 1 appears on the output of character 
generator 76 and when a selected print phase pulse is 
received from the print phase selector 74. The output 
of AND circuit 78 is then fed to single shot 40 which 

.is for the purpose of giving a prolonged pulse to the 
charging ampli?er 34. The effect of the single shot is 
illustrated in FIG. 2 in the bottom curve as mentioned 
previously. Assuming that the "‘2 pulse” from the 
phased clock is utilized to initiate the AND circuit, in 
stead of the print pulse falling at the termination of the 
clock pulse, it is extended to almost the end 
riod. ' 

To complete the explanation of the operation of the 
print cycle, let it be assumed that the separation phase 
counter 48 has been set to some arbitrary value be 
tween 1 and 8 (0-7 in binary format). The output from 

of the pe 
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this counter is applied to the print phase decoder 80 
which is a conventional decoder and will bring up one 
of the lines l-8 depending upon the setting of the 
counter and its own internal circuitry. As mentioned 
brie?y previously, as a preferred embodiment of the in 
vention, it has been found convenient to cause the print 
phase decoder to decode approximately three test 
phase cycles less than the actual setting of the counter. 
Thus, if the number stored in the counter were ?ve, the 
print phase decoder would bring up line 2. This, as 
stated previously allows the print pulse to straddle the 
actual drop separation time which allows some relax 
ation on the constraints of the system without materi 
ally affecting the performance. It will be noted that the 
wiring of the print phase decoder would be ?xed; i.e., 
it would decode with a ?xed ratio relative to the setting 
of the counter. As will be noted, each of the AND cir 
cuits Al-A8 included in the print phase selector 74 are 
continuously being fed various outputs from the phase 
clock 30 on lines Fl-Fs. However, only the particular 
AND circuit enabled by the output of the print phase 
decoder will allow that particular clock sequence to 
pass therethrough and through the OR gate 84 and then 
into the AND circuit 78. 
The operation of the circuitry which produces a test 

data pulse is essentially the same as that just described 
for the print phase with several minor exceptions which 
are apparent. Thus, the output of the phase counter 48 
is supplied to the test phase decoder 86. In accordance 
with the setting of the counter, one of the lines 1-8 
coming from the test phase decoder will be brought up 
which will in turn energize one of the AND circuits 88 
forming a part of the test‘data selector 72. The particu 
lar AND circuit selected by the decoder 86 will cause 
that phase of the clock connected thereto to pass 
through OR gate 90 into AND gate 92. The other input 
to the AND gate 92 is the test data pulse which will 
allow the test data pulses from the selector 72 to pass 
through the OR gate 42 into the charge ampli?er 34 
whereby all subsequent droplets produced during the 
next 16 periods will be charged or at least the charging 
will be attempted, i.e., if the drop separation time is be 
fore or after the occurrence of the test charging pulse, 
obviously the associated droplet will receive no charge. 

It will be noted that AND circuit 92 has only two in 
puts whereas AND circuit 78 has three. This will be ob 
vious as during the test all consecutive droplets are to 
be charged; i.e., there is no data input during this 
phase. 
Referring now to the upper left hand portion of the 

drawing, the sensor 16 attempts to pick up the charge 
on the droplets passing same. lf, in fact, the droplets are 
charged a signal will be detected and ampli?ed by the 
ampli?er 26 which will produce an appropriate signal. 
This signal will produce an input to the AND Circuit 
94, the output of which causes a decrementing or step 
ping down of the separation phase counter 48. AND 
circuit 94 has two other inputs, the ?rst being the “test 
mode” which is brought up by the basic system clock 
and the other of which is the “sample gate pulse” which 
emanates from the single shot SS4 within the clock 30. 
The “test mode" and “sample gate pulses” are, as will 
be apparent, for the purpose of preventing any unwar 
ranted stepping of the phase counter at any time other 
than during the test cycle. 

In the event that the ampli?er has no output, the in 
verter 96 will be enabled to produce an output which 
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forms one of the inputs to the AND circuit 44. The 
other inputs to AND circuit 44 are the “test mode” 
pulse and the “sample gate pulse” which, as will be 
noted, are also applied to AND circuit 94. Thus, the 
condition of the output from sense ampli?er 26 deter 
mines whether AND circuit 44 or AND circuit 94 is en 
abled to step the phase counter up or down, respec 
tively. It should be noted in passing that the phase 
counter is adapted to count from 1 through 8 (0-7 in 
binary) to correspond with they8 phases of the phased 
clock 30. 
The above description of the operating details of the 

disclosed embodiment of the invention of FIG. 5 com 
pletes the overall description of the operation of the 
presently disclosed phase synchronization system for 
phasing drop formation and charging of the individual 
ink droplets in an ink jet printing system. As stated pre~ 
viously, one of the primary advantages of the present 
system is that the controls are essentially digital in na 
ture. This may be readily seen by examining the various 
functional blocks of FIG. 5. Thus, the phase counter 
48, the test phase decoder, print phase decoder, and 
the clock 30 are all digital in nature, operating essen 
tially on a 3-bit binary code capable of representing 
numbers from l-8 (0-7 in binary). All ofthe remaining 
circuitry including the AND gates, OR gates, single 
shot 40, the character generator 76, etc. are binary in 
nature and the two ampli?ers 26 and 32 are essentially 
binary in nature wherein a ?xed magnitude output 
pulse is produced upon the receipt of an input pulse. 
This type of circuitry is readily adaptable to large scale 
integration which in turn makes the circuitry extremely 
reliable, low in price and also compact wherein the 
control circuitry is readily adaptable to multijet print 
ing systems wherein a matrix of jets are utilized to form 
the various characters as will be well understood. 
As stated a number of times in the speci?cation, the 

present embodiment represents a number of engineer 
ing trade-offs and compromises to provide acceptable 
printing quality with a minimum of time used in the test 
phase. The following comments apply to some of the 
design alternatives which could be utilized within the 
spirit and scope of the present invention, it being noted 
that the broader concepts of the invention involve the 
storing of the phase count for the last test operation. 

' Also basic to the concepts of the invention are the use 
of digital control circuitry. Possible design alternatives 
include some of the following considerations. The 
phase counter 48 is stepped down in theevent of a suc 
cessful sensing of drop charging during a test phase and 
stepped up in the absence of same. These two opera 
tions could, however, be simply reversed. Also, a single 
phase increment and decrement are disclosed while ob 
viously an increment or decrement of more than one 
could be utilized, especially after an unsuccessful sens 
ing in a previous test cycle. _ 
As mentioned previously, the system controls could 

be readily changed insofar as the basic systemclock is 
concerned whereby test operations could continue 
until a successful sensing output occurs before the print 
cycle is re-entered. Also, 16 test droplets are indicated 
as being suf?cient to provide a reliable sensor output. 
However, this number of droplets could be either in 
creased or decreased. In the latter case, a larger test 
signal pulse could be utilized to reduce the number of 
droplets possibly to a few as one test droplet for the 
purpose of sensing. Further, the number of phases of 
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the clock could be either increased or decreased de 
pending upon experience. It is, however, to be noted 
that the number of phases are optimally kept to some 
power of two for the most efficient use of the digital 
and sensing circuitry; i.e., four or sixteen phases would 
fully utilize two and four binary digit positions whereas 
?ve phases would require three bit positions wherein all 
of the possible combinations in the logic circuitry 
would not actually be used. 
What is claimed is: 
1. In an ink jet printing system which comprises an 

ink supply means, nozzle mean for forming an ink drop 
let stream as ink emanates therefrom, drop forming 
means associated with said nozzle causing said ink 
droplets to form at a substantially predetermined rate, 
charging means for selectively charging droplets ema 
nating from said nozzle, sensing means for detecting 
the presence of a charge on said droplets, de?ecting 
means for electrostatically de?ecting said droplets, re 
cord receiving means for receiving said droplet stream, 
and synchronizing means for synchronizing the applica 
tion of an electrostatic charge on individual ink drop 
lets with the formation of said ink droplets, the im 
provement in said drop forming and charge application 
synchronization means which comprises: 
means for supplying at least one test pulse to the 
droplet charging means having a predetermined 
known phase relationship with respect to pulses 
supplied to the drop forming means, 

means for specifying the phase of at least one test 
pulse, 

said sensing means including means operable to de 
termine if the test pulses result in full charging of 
the ink droplets, 

storage means for storing phase information related 
to the last generated at least one test pulse, and 

said specifying means including means for utilizing 
the phase information in said storage means for 
generating the next series of charging pulses during 
the next subsequent test cycle. 

2. An ink jet printing system as set forth in claim 1 
including means for accessing the stored phase rela 
tionship from said storage means and :means utilizing 
said accessed information to control the phase of the 
pulses applied to said charging means during a subse 
quent printing cycle. 

3. An ink jet printing system as set forth in claim 2 
including means for altering the phase information con 
tents of said storage means in a ?rst manner in the case 
of a successful charging of individual ink droplets and 
means for altering the phase relationship information in 
said storage means in a different manner when said ink 
droplets are not successfully charged. 

4. An ink jet printing system as set forth in claim 3 
wherein said means for supplying a series of testpulses 
includes a system clock which produces a predeter 
mined number of phased pulse output sequences in 
cluding the pulses supplied to the drop forming means 
and means for selecting only a predetermined phase se 
quence of said pulses at any one time for aupplying to 
said electrostatic drop charging means. 

5. An ink jet printing system as set forth in claim 4 
wherein said selecting means includes a digital decoder 
and gating circuit means controlled thereby, said digital 
decoder including means for gating the contents of said 
storage means in digital form thereto and means for 

10 

25 

30 

35 

45 

55 

14 
storing said phase information in said storage means in 
digital fonn. 

6. An ink jet recording system as set forth in claim 5 
wherein said means for producing said at least one test 
pulse includes means for producing a series of test 
pulses to be supplied to said charging means whereby 
the signal-to-noise ratio in the sensing circuitry is im 
proved. _ 

7. An ink jet recording system as set forth in claim 5 
including means associated with said synchronization 
circuitry for initiating further test cycles wherein, dur 
ing each test cycle, test pulses are generated having dif 
ferent phase relationships until a successful charging of 
said ink droplets is detected and means for activating 
a print cycle subsequent to said successful sensing op 
eration. 

8. An ink jet printing system as set forth in claim 5 
including means for incrementing the phase relation 
ship number in said storage means in the event that a 
given series of test pulses does not result in the success 
ful sensing of a charge and means for decrementing 
said stored phase number in the event that successful 
charging of the pulses does occur. 

9. An ink jet printing system as set forth in claim 2 
including a decoder for controlling the application of 
the stored phase information during a print cycle and 
means causing an automatic and ?xed decrement of 
said phase information number whereby the print cycle 
charging pulse is placed on the charging means at an 
earlier point in time than the test pulse derived from 
the same signal. 

10. In an ink jet printing system which comprises an 
ink supply means, nozzle means for forming an ink 
droplet stream as ink emanates therefrom, drop form 
ing means associated with said nozzle causing said ink 
droplets to form at a substantially predetermined rate, 
charging means for selectively charging droplets ema 
nating from said nozzle, sensing means for detecting 
the presence of a charge on said droplets, de?ecting 
means for de?ecting said droplets, record receiving 
means for receiving said droplet stream, and synchro 
nizing means for synchronizing the application of an 
electrostatic charge on individual ink droplets with the 
formation of said ink droplets, the improvement in said 
drop forming and charging synchronization means 
which comprises: 
means for supplying a plurality of test pulses to the 
droplet charging means having a predetermined 
known phase relationship with respect to pulses 
supplied to the drop forming means; 

said means including a system clock which produces 
a predetermined number of phased pulse output 
sequences including the pulses supplied to the drop 
forming means, , 

means for selecting only a predetermined phase se 
quence of said clock pulses at any one time for sup 
plying to said electrostatic drop charging means; 

said sensing means including means operable to de 
termine if the test pulses result in full charging of 
the ink droplets, storage means for storing phase 
information related to the phase of the last gener~ 
ated test pulses; 

means for accessing the stored phase relationship 
from said storage means and means utilizing said 
accessed information to control the phase of the 
pulses applied to said charging means during a sub 
sequent printing cycle, 
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said last named means including means for control 
ling the application of the stored phase information 
during a print cycle, said means including a digital 
decoder for causing an automatic and ?xed decre 
ment of said phase information quantity whereby 
the print cycle charging pulse is placed on the 
charging means at an earlier point in time than the 
test pulse derived from the same signal; 

means for incrementing the phase relationship num 
ber in said storage means in the event that a given 
series of test pulses does not result in the successful 
sensing of a charge and means for decrementing 
said stored phase information quantity in the event 
that successful charging of the pulses does occur; 
and 
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means for utilizing the phase information in said stor 
age means for selecting the proper phased test 
pulse sequences as charging pulses during a test cy 
cle. 

11. An ink jet printing system as set forth in claim 10 
wherein storage means comprises means for storing 
said phase information in digital form. 
means for gating said digital phase information to 

said digital decoders in said selecting and control 
ling means, 

said storage means also including a digital counter 
having as many digits in its output as necessary to 
represent said predetermined number of phased 
pulse output sequences from said system clock. 

* * * * * 


