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(57) Abstract: A pulse width modulation method for controlling the output power of a pulsed gas discharge laser powered by a
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one or more of the digital pulses in the digital pulse train. The train of RF pulses is used to power a gas discharge laser. The gas
discharge laser outputs a pulse train corresponding to the RF pulse train.
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DIGITAL PULSE-WIDTH-MODULATION CONTROL
OF A RADIO FREQUENCY POWER SUPPLY FOR PULSED LASER

Inventors: David John ALLIE

TECHNICAL FIELD OF THE INVENTION
The present invention relates in general to carbon dioxide (CO,) gas discharge lasers
powered by a radio frequency (RF) power supply. The invention relates in particular to
methods of pulse width modulation (PWM) for selectively varying and controlling the

average power output of the RF power supply.

DISCUSSION OF BACKGROUND ART

A CO; gas discharge laser is typically powered by a high-voltage RF power supply
(RFPS). The power supply applies RF voltage to electrodes of the gas laser, which excite a
discharge in a lasing gas mixture including CO; and inert gases. The discharge takes place
within a laser resonator. The discharge energizes the lasing gas such that the energized gas
provides optical gain causing laser radiation to circulate in the laser resonator. A fixed,
predetermined portion of the circulating radiation is coupled out of the laser resonator as
output radiation. The laser is typically operated in a pulsed manner and delivers pulses at a
predetermined peak power, for a given pulse duration, and at a predetermined pulse
repetition frequency (PRF). Typically the PRF is between about 1 kilohertz (kHz) and
200 kHz. The average power in a laser pulse is related to the average power delivered by the
RF power supply during the duration of the pulse. The RF power supply typically operates at
a predetermined fixed (RF) frequency between about 10 megahertz (MHz) and 150 MHz
with 100 MHz being typical, i.e., much higher than the highest contemplated PRF of the train
of pulses.

The power in the laser output pulses is controlled by modulating the width of the
individual RF pulse from the RF power supply. This power control method is called pulse
width modulation (PWM). The RF power supply is periodically turned (fully) on and (fully)
off, thereby generating a train of RF pulses which are provided to the laser discharge. The

RF pulses in the train have the same on time, and the same off time between pulses. The
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pulse train is characterized by a duty cycle which is equal to the pulse duration of one pulse
within the pulse train divided by the repetition period of the pulse train. RF power delivered
to the laser is controlled by varying the duty cycle, which is effected by varying the duration
(modulating the temporal width) of the RF pulses during the repetition period. Whatever the
duty cycle, the width of all RF pulses in a train thereof is the same.

The duration of the pulses in a digital pulse width modulator (DPWM) is digitally
controlled, so a pulse in a train can only be lengthened or shortened by fixed increments, the
length of an increment being determined by the frequency of a system clock delivering clock
pulses. Similarly the number of RF pulses in a train is fixed (again digitally) at some value
required to provide that the train average power can be considered as equivalent to a steady
state value that the train is attempting to simulate. Accordingly the resolution, i.e., the
accuracy to which the average RF power can be controlled, and the corresponding power of a
laser pulse, is determined by the clock-pulse period relative to the repetition period of the RF
pulse train.

By way of example if a DPWM has a clock frequency f = 10 MHz, each clock cycle
period is 1/f = 0.1 microsecond. If the laser PRF = 1 kHz (corresponding to the frequency
of delivery of RF pulse trains) a complete pulse width modulation period would contain
10 MHz/1kHz = 10,000 clock cycles and the resolution would be 10,000, i.e., 0.01%. If the
laser PRF is increased to100kHz with the same clock frequency the resolution falls to
10 MHz/100kHz = 100, i.e., 1.0%. In order to obtain the resolution possible in the
1 kHz-PRF case at 100 KHz, the clock frequency would have to be increased to
1 gigahertz (GHz). This higher frequency is not practical in a commercial laser as it requires
the uses of correspondingly faster circuit components and wider counters, all of which
increases the cost of a laser.

In laser processing application for which CO; lasers are used, for example in
semiconductor device processing applications, there is an increasing trend towards using
higher pulse repetition frequencies, for example, up to 200 kHz or greater. Power control
accuracy significantly better than 1% is generally desired. There is a need fora PWM
method that would allow this control accuracy with reasonable clock frequencies, for

example between about 1 MHz and 10 MHz.
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SUMMARY OF THE INVENTION

The present invention is directed to a method and apparatus for controlling, by pulse
width modulation, the output power of a pulsed gas discharge laser powered by a pulsed RF
power supply. In one aspect of the present invention, the pulse width modulation method
comprises delivering a train of digital pulses to the RF power supply. The train has a
predetermined number of pulses therein, and each pulse in the train has an incrementally
variable duration. The power supply is arranged to deliver a train of RF pulses
corresponding in number and duration to the train of digital pulses received, each train of RF
pulses having an average power dependent on the duration of the RF-pulse train and the
aggregate duration of pulses in the RF-pulse train. The average power in the RF-pulse train
can be varied by incrementally varying the duration of one or more, but less than all, of the
digital pulses in the train thereof.

In a preferred embodiment of the inventive pulse width modulation method, the
duration of the digital pulses in the train thereof is controlled by pulses delivered by a digital
clock. The incremental variation of the duration of the one or more digital pulses is one or
more of the pulse repetition periods of the digital clock. The inventive pulse width
modulation method is referred to herein as a dual modulus digital pulse width modulation

(DMDPWM) method.

BRIEF DESCRIPTION OF THE DRAWINGS
FIGS. 1A, 1B, 1C, and 1D are graphs of voltage as a function of time schematically
illustrating principles of the (DMDPWM) method of the present invention and depicting
digital pulse parameters as a function of clock cycle periods in a simplified example of the

method.

FIG. 2 is a high level circuit block diagram schematically illustrating one preferred
embodiment of digital pulse width modulator circuitry for implementing the method of the
present invention including a signal processor for translating user requests into three digital
words, period and pulse width counting circuitry responsive to two of the digital words and

N-modulo counter circuitry responsive to the other digital word.
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FIG. 3 is a circuit diagram schematically illustrating one preferred configuration of

the N-modulo counter circuitry of FIG. 2

FIG. 4 is a logic circuit diagram schematically illustrating a preferred configuration of
the period and pulse-width circuitry of FIG. 2, and details of the interaction of that circuitry

with the N-modulo counter circuitry of FIG. 3.

DETAILED DESCRIPTION OF THE INVENTION

FIGS. 1A-D schematically illustrate digital pulse parameters as a function of clock
cycle periods in a simplified example of dual modulus digital pulse width modulation
(DMDPWM) method of the present invention. The parameters are a frame (pulse train)
width (integer value) F, here, comprising 4 pulses (F =4); and a period P (integer value),
here, comprising 5 clock cycle periods t (P = 5t). Note that pulse frames would normally be
delivered repetitively in practical use of a laser but may be given different parameters from
one repetition to the next, as needed.

The clock cycle period t is equal to 1/f, where f is the clock frequency. In FIG. 1A,
all of the pulses have a basic width (duration) W equal to 2t. The voltage amplitude of the
pulses is represented by V. As summarized above, the power delivered in a pulse frame can
be given various average values by incrementally increasing (stretching) the duration of one
or more pulses in the frame beyond the basic duration. The number of stretched pulses in a
frame is designated by an integer-parameter N. In the example of FIG. 1A there is no
stretching (N = 0) of any of the pulses within the frame F = 4.

In the example of FIG. 1B, one pulse (the fourth in the frame of four pulses) is
stretched (N = 1) within the frame of 4 pulses. The amount of stretching is one clock-cycle
period t.

In the example of FIG. 1C, two pulses (the second and fourth in the frame of four
pulses) are stretched (N = 1) within the frame of 4 pulses. The amount of stretching for each
of the stretched pulses is one clock-cycle period t.

In the example of FIG. 1D each of the four pulses in the frame is stretched by one

clock-cycle period. In this case, as all of the 4 pulses within the frame are stretched the basic
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pulse width of each pulse increases to W = 3 clock-cycle periods. Accordingly, N = 0 again
as in the example of FIG. 1A.

It should be noted here that the pulse trains of FIGS. 1A-D are trains of digital pulses
that are delivered to the RFPS by inventive DMDPWM circuitry described in detail further
hereinbelow. In a RF-driven gas discharge laser, the pulse trains would command an RFPS
to deliver corresponding trains of laser output pulses of RF energy, which would produce
corresponding pulses of laser energy. The envelope of the laser output pulses would be
similar to the envelope of the digital pulses except for slower rise and fall times. The term
envelope is used here in recognition that the RF pulses would be voltage varying at RF
frequency under the envelope.

The average power of a frame of pulses can be represented by a duty cycle D, which
is the sum of the duration of all pulses within the frame divided by the duration of the frame.
The average value of the pulse train determines the average power of laser output. As noted
above, in prior-art DPWM methods the width of all pulses in a train is incremented to
increase the duty cycle. Accordingly, the resolution is limited by the number of clock cycles
in a pulse repetition period of the laser. In this inventive method, wherein the width of
individual pulses in a frame can be incremented, the resolution is effectively increased by 1/F
where F is the number of pulses in a frame than can be stretched.

Stretched pulses can be evenly distributed throughout a frame. This results in a
smoother output waveform than occurs in the case where all the stretched pulses are bunched
together. This smoothing of the output waveform is important for minimizing the peak-to-
peak amplitude ripple of the output of the RFPS driving the laser. This smoothing of the
RFPS output, translates to a smoother power output from the laser. Stretching the duration of
pulses from a basic value by only one clock cycle, which can be a very small time increment,
and which can be important in minimizing this ripple.

By way of example, in a case where N =0 and F is some number of pulses that can be
stretched, then the average value of the wave-form with peak amplitude V, pulse width W

and a period P emitted out of the DMDPWM is given by an expression:

VWEF/PF = VD (1)

-5-
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where D = W/P and is the duty cycle of the wave form. If the pulse width, being a
number W of clock cycle periods t, of a number N of F pulses in a frame of pulses, is
increased by one clock cycle period “t”, the value of the output wave form from the

DMDPWM is given by an expression:

VW(1 +F - N)/PF + VNT/PF (2)

For N=1, expression (2) reduces to

V(D +d) 3)

where d = t/FP is the increase in the duty cycle of the pulse train and D = W/P, the duty
cycle.

For this example where one of the pulses within a frame is increased by one clock
cycle period t, the effective duty cycle control resolution has been improved by 1/F. If F
consists of 8 bits, giving a frame of 256 pulses, the duty cycle control resolution
improvement is 1/256 or 0.0039. This level of precision is critical in obtaining accurate
closed loop control of an RFPS having a high PRF that provides ON/OFF power to a closed-
loop controlled gas laser. The advantage of the DMDPWM approach is that high resolution
can be obtained with relatively low clock frequencies while maintaining the high resolution
as the PRF is increased without having to change the clock frequency.

Further by way of example, if it is desired to improve the resolution of an 8-bit basic
DPWM providing a train of 256 pulses by implementing the basic DPWM as a DMDPWM
device in accordance with the present invention, the resolution is improved by stretching
some of the pulses by one clock cycle t. For stretching the pulses, pulse width information is
provided to the DMDPWM by a signal processor in response to a users input. This
information is defined by a digital word “W?”, which specifies the duration, in clock cycles,
of an un-stretched pulse, and a digital word “N” which specifies the number of pulses in the
pulse train to be stretched. If N =0, no pulses are stretched; If N = 1, one pulse out of every
256 pulses is stretched; and so on. If N =255, every pulse but one is stretched. If N is

incremented past 255, N rolls back to zero and generates a “carry” which is used to
-6-
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increment W. The result is that 256 pulses out of 256 can be stretched. Effectively, W and N
can be concatenated into a single digital word WN where each move of one bit position to
the left represents a 2x increase in duty cycle.

FIG. 2 is a high level circuit block diagram schematically illustrating a preferred
embodiment 10 of a dual modulus digital pulse width modulator (DMDPWM) in accordance
with the present invention. The DMDPWM includes a signal processor (microprocessor) 12
including a system clock 14. The DMDPWM also includes pulse width modulating
circuitry 16 including a period and pulse width (Period/PW) counter 18 and an N-modulo
counter 20. Clock 14 delivers clock pulses to the Period/PW counter. A user inputs to the
signal processor a desired pulse repetition period Py, a desired basic (minimum) pulse
width W, and a desired resolution in the form of a number of pulses N1 to be stretched. The
signal processor translates these inputs into digital words P (22), W (24) and N (26). The
digital P and W words are provided to counter 18 and the digital N word is provided to

counter 20.

The circuitry functions as follows.

Every time counter 18 counts clock pulses up to a period P, the counter resets to zero
and the signal out of the DPWM i.e., out of counter 18, to the RF power supply goes to a
high value. Every time the counter 18 counts up to W, i.e., the basic pulse width, the signal
out of the DPWM, to the RFPS goes to a low value. Part of the DPWM out signal is directed
to the N-modulo 256 counter 20 to serve as a clock for the N-modulo 256 counter. Every
time the PWM out signal goes high, counter 20 advances by one count. Counter 20 produces
a high output signal N times out of 256 pulses of the DMDPWM. Whenever the output
signal of counter 20 is high, the pulse width is W + 1 instead of W. Counter 20 provides this
carry out information to counter 18 as indicated in FIG. 2.

To minimize the “ripple” in the RFPS output (and correspondingly laser output)
caused by the insertion of W + 1 duration (stretched) pulses among W duration (un-
stretched) pulses in the output pulse train, it is desirable that the stretched pulses be
distributed relatively uniformly throughout the sequence of 256 DPWM output pulses, rather
than “bunched up” within the sequence. FIG. 3 schematically illustrates one example of an

arrangement of N-modulo 256 counter 20 which accomplishes this task.
-7-
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Here, counter 20 includes an 8-bit adder 28 and an 8-bit D flip-flop 30. It should be
noted here that adder 28 and flip-flop 30 should handle the same number of bits, whatever
that number of bits may be. Here, 8 bits are used to improve the basic PWM resolution by
256, i.e., 2°.

Every time flip-flop 30 is clocked by the output of the counter 18 of FIG. 2, the
contents of flip-flop 30 are incremented by N. The output of flip-flop 30 can be thought of as
the “present state” of circuit 20, and the input of the flip-flop can be thought of as the “next
state” of circuit 20. Note that the present state is applied to the input of 8-bit adder 28
together with the digital word N. Adder 28 sums these two quantities to form the next state.
In other words, the next state = the present state + N.

When the clock-input of 8-bit D flip-flop 30 goes from low to high, the data at the
input (D) of the flip-flop is transferred to the output (Q) of the flip-flop. The result is that
circuit 20 counts by N. The carry-out output only has a high signal following those clock
cycles in which the results of the addition exceed 255. By way of example, if the counter
state is 0 and N = 1, the counter will count by ones (1, 2, 3, etc.), and clearly it will overflow
every 256 clock cycles. If N =2 the counter will count by twos (2, 4, 6, etc.), and will
overflow after 128 (that is 256/2) cycles. The behavior of the counter is more complex when
N is not an integer factor of 256 (for example, N = 3), but over a long term, N output pulses
will be produced for every 256 clock cycles, and they will be distributed over the sequence of
256 clock cycles, rather than bunched together within the sequence.

The present invention is described above in a context of extending the resolution of a
basic (prior-art) DPWM by 8 bits. The choice of 8-bits, here is arbitrary, but practical. The
resolution increase, however, can be chosen to increase by a greater or lesser amount. By
way of example, if it were desired to improve the resolution by 10 bits, an N-modulo 1024
counter could be used, and the “stretched” pulses would be distributed over frames of 1024
output pulses. The resolution, in theory at least could easily be extended to an even higher
number of bits. At some level, however, there will be a diminishing of returns because
periodic ripple components at some fraction of the laser output frequency will be generated.

Circuitry 16, functionally described above with reference to FIG. 2 and FIG. 3, can be
implemented in a single commercially available complex programmable logic device

(CPLD). The inventive circuitry was experimentally tested in a model EPM240T CPLD
-8-
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available from the ALTERA Corporation of Santa Clara, California. Those skilled in the
electronic arts will recognize, from the description of the present invention presented herein,
that logic circuitry in accordance with the present invention could be implemented in other
programmable logic devices, or even in a plurality of individual logic devices, without
departing from the spirit and scope of the present invention.

Circuitry 16 of FIG. 4 operates as follows. A counter 32 in circuitry 18 counts up by
one count with every transition of the clock signal 14 from the signal processor (see FIG. 2).
The output of counter 32 is fed to two digital comparators 34 and 36. Whenever the data at
the A and B inputs of any one of the comparators are equal, the output of that comparator
goes to logic 1. If A and B are not equal in any of the comparators, the output of that
comparator will go to logic zero.

A PWM output pulse cycle (train of pulses) begins when output signal of counter 32
equals the value P input from the signal processor. The output of comparator 36 goes to
logic 1, causing counter 32 to reset to zero count, and setting a Set-Reset (SR) flip-flop 38 to
logic 1. This marks the beginning of a PWM output pulse out of the SR flip-flop 38.

Counter 32 resumes counting from zero, and when the counter output equals the value
of the digital word W input, the output of digital comparator 34 goes to logic 1. It assumed,
here, that AND gate 40 following comparator 34 is enabled. This being the case the logic 1
from comparator 34 propagates through the AND gate and through an OR gate 42 to the
reset (R) input of SR flip-flop 38 resetting the output of the flip-flop to logic 0. This marks
the end of the PWM output pulse. The PWM output will then remain at logic O until
counter 32 has again counted up to the value of the digital word P. When this happens, the
PWM Output out of SR flip-flop 38 will again be set to logic 1, and the next PWM output
pulse cycle will begin.

If AND gate 40 had not been enabled when the output of the comparator 34 went to
logic 1, the output of the comparator would not have propagated immediately to the reset
input of SR flip-flop 38. Instead, the Q output of a D flip-flop 44 is acting as a one clock-
cycle delay element. In this case, the reset input of the SR flip-flop receives its signal to
terminate a pulse one clock cycle later than it would have if AND gate 42 had been enabled.

The PWM output pulse accordingly is “stretched” by one clock cycle.

9.
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Circuitry 20, comprising adder 28 and D flip-flop 30 (cooperative with an inverter 46
in circuitry 18) “decides” if AND gate 40 should be enabled or not, i.e., if the PWM output
pulse should be “normal” or “stretched”. The operation of circuitry 20 for making the
“decision” is described above with reference to FIG. 3.

In summary, the present invention is described above in terms of a preferred and
other embodiments. The invention is not limited, however, by the embodiments described

and depicted. Rather, the invention is limited only by the claims appended hereto.

-10-
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WHAT IS CLAIMED IS:
1. A pulse width modulation method, for controlling the output of an RF power
supply for a gas discharge laser, comprising:
delivering a train of digital pulses having a predetermined number of pulses
therein to the RF power supply, each pulse in the train having an incrementally
variable duration;
arranging the power supply to deliver a train of RF pulses corresponding in
number and duration to the train of digital pulses received, the train of RF pulses
having an average power dependent on the duration of the RF pulse train and an
aggregate duration of pulses in the train; and
incrementally varying the of duration of one or more, but less than all, of the
digital pulses in the train thereof to selectively vary the average power in the

corresponding RF pulse train.

2. The method of claim 1, wherein the duration of a plurality of pulses in the
train thereof is incrementally varied and the incrementally varied pulses are distributed about

evenly in the train.

3. The method of claim 1, wherein the duration of the digital pulses in the train
thereof is controlled by pulses delivered by a digital clock having a clock-cycle period, and
wherein the incremental variation of the duration of the one or more digital pulses, is one

clock cycle period

4. The method of claim 3, wherein pulses in the digital train of pulses have a
basic duration of one or more clock-cycle periods and the incremental variation of the
duration of the one or more of the digital pulses is effected by increasing the duration of the

one or more pulses by one clock-cycle period.

5. The method of claim 4, wherein the duration of a plurality of pulses in the
train thereof is incrementally increased, and wherein the incrementally increased duration

pulses are distributed about evenly in the train.
-11-
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6. The method of claim 5, wherein there are N pulses in the train thereof, the
duration of N/M of the pulses where M is an integer divisible into N to provide an integer
result and the duration of every M® pulse in the train thereof is increased by one clock-cycle

period.

7. The method of claim 6, wherein there are 256 pulses in the train thereof.

8. Gas discharge laser apparatus comprising, comprising:

a radio frequency power supply (RFPS) for exciting a gas discharge in the
laser apparatus;

a pulse width modulator arranged to deliver repeated trains of digital pulses
each of the trains having the same duration and the same predetermined number of
pulses therein to the RFPS, each pulse in each of the trains having an incrementally
variable duration, the RFPS being arranged to deliver a train of RF pulses
corresponding in number and duration to the train of digital pulses received, each
train of RF pulses having an average power dependent on the duration of the RF pulse
train and an aggregate duration of pulses in the train; the power supply to; and

wherein the average power in any one of the pulse trains delivered by the
RFPS relative to another can be selectively varied by incrementally varying the of
duration of one or more, but less than all, of the digital pulses in the corresponding

train thereof.

9. The apparatus of claim §, wherein if the duration of a plurality of pulses in the
train thereof is incrementally varied, the incrementally varied pulses are distributed about

evenly in the train.

10. The apparatus of claim §, wherein the duration of the digital pulses in the train
thereof is controlled by pulses delivered by a digital clock having a clock-cycle period, and
wherein the incremental variation of the duration of the one or more digital pulses, is one

clock cycle period.
-12-
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11. The apparatus of claim 10, wherein pulses in the digital train of pulses have a
basic duration of one or more clock-cycle periods and the incremental variation of the
duration of the one or more of the digital pulses is increasing the duration of the one or more

pulses by one clock-cycle period.

12. The apparatus of claim 11, wherein the duration of a plurality of pulses in the
train thereof is incrementally increased, and wherein the incrementally-increased-duration

pulses are distributed about evenly in the train.

13. The apparatus of claim 12, wherein there are N pulses in the train thereof, the
duration of N/M of the pulses where M is an integer divisible into N to provide an integer
result and the duration of every M® pulse in the train thereof is increased by one clock-cycle

period.
14. The apparatus of claim 13, wherein there are 256 pulses in the train thereof.

15. A pulse width modulation method, for controlling the output of an RF power
supply for a gas discharge laser, comprising:

delivering a repeated trains of digital pulses each thereof having the same
predetermined number of pulses therein to the RF power supply, each train of pulses
having the same duration, and each pulse in each of the trains having an
incrementally variable duration;

arranging the power supply to deliver a repeated trains of RF pulses each train
of RF pulses corresponding in number and duration to the trains of digital pulses
received, each train of RF pulses having an average power dependent on the duration
of the RF pulse train and an aggregate duration of pulses in the train; and

selectively varying the average power in one of the RF pulse trains relative to
another of RF the pulse trains by incrementally varying the of duration of one or

more, but less than all, of the digital pulses in the corresponding train thereof.

-13-
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16. The apparatus of claim 15, wherein the duration of the digital pulses in the
train thereof is controlled by pulses delivered by a digital clock having a clock-cycle period,
and wherein the incremental variation of the duration of the one or more digital pulses, is one

clock cycle period.

17. A circuit for supplying RF pulses to a gas laser comprising:
a pulse generation circuit for generating electrical pulses; and
an RF power supply for receiving the electrical pulses and generating pulses
of RF energy to be delivered to the laser with the number and length of the pulses of
10 RF energy corresponding to the number and length of the electrical pulses and with
the pulse generation circuit being operable to individually and independently adjust
the length of the electrical pulses in order to adjust the average RF power delivered to

laser.
15 18. The circuit of claim 17, wherein the duration of the electrical pulses is

controlled by pulses delivered by a digital clock having a clock-cycle period, and wherein the

variation of the length of individual pulses is a multiple of one clock cycle period.
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