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(57) Abstract

The present invention relates to a portable, hand-held distance-measurement apparatus utilizing a laser range finder (100). The
distance-measurement apparatus executes a number of distance-measurement cycles. In each cycle, a capacitor (208) begins charging at
approximately the same time that a light pulse is generated (224). An analog-to-digital converter (210) generates a digital representation of
the capacitor voltage at approximately the same time that a reflected light pulse is received (226). The lowest and the highest digital values
are discarded and the remaining digital values are averaged (430) and scaled to produce a distance measurement. A reflective target (500,
600) may be used at a remote location to reflect the light beam back to the distance-measurement apparatus. The distance-measurement

apparatus has several power saving features that facilitate convenient battery operation (404). The distance-measurement apparatus may
also have a view finder (108).
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HAND-HELD DISTANCE-MEASUREMENT APPARATUS AND SYSTEM

Background of the Invention

Field of the Invention

The present invention pertains to the field of laser range finding devices for measuring the distance between
the device and a remote object or surface. In particular, the present invention pertains to portable, hand-held
distance-measurement devices.

Background information

There are several prior art distance-measurement systems that have utilized a laser range finder. These
systems generally transmit a beam of light energy, receive a reflection of the light beam, and measure the difference
in time between the transmission and reception of the light beam.

Most laser range finding systems utilize a high-speed clock to count the time lapse between the transmission
and reception of light puises. High-speed clocks and other high-speed components required to implement such a
technique consume too much electrical energy for practical use in a portable, battery-operated range finder. Most
of the prior art range finder systems cannot operate for an adequate period of time using conventional batteries that
are small enough for truly portable use.

In addition, most of the prior art distance-measurement systems require that the light beam from the range
finder be incident on the intended target for a specified minimum period of time. If the user of the range finder even
slightly moves the range finder so that the light beam no longer contacts the intended target, the measurements
obtained by the range finder are generally inaccurate. Thus, most distance-measurement systems require that the
range finder be mounted on a steady and secure surface, which prevents their use in an application that calls for
a hand-held device.

Summary of the Invention

The present invention comprises a portable, hand-held distance-measurement apparatus. The distance-
measurement apparatus comprises a light transmitter, a light receiver, a time measurement circuit, a power supply,
and a processor. The light transmitter generates pulses of light for transmission to and reflection by a remote
surface. The light receiver receives pulses of light that have reflected off the remote surface, and detects such
reflected pulses of light. The time measurement circuit generates a digital value that represents an analog value,
where the analog value is determinatively related to the elapsed time between the generation of one of the light
pulses by the fight transmitter and the detection of the one light pulse by the light receiver. The time measurement
circuit comprises a charging capacitor, a current source, a charge/discharge circuit, a latch, a reference voltage
generator, a comparator, and a digital value generator. The current source provides an electronic current to charge
the charging capacitor. The charge/discharge circuit comprises one or more charge/discharge switches connected
to control the charging and discharging of the charging capacitor. The charge/discharge circuit causes the charging
capacitor to discharge before the generation of the transmitted fight pulse and to begin charging substantially at a
first predetermined time relative to the generation of the transmitted light pulse. The latch latches a first voltage

representative of the charge across the charging capacitor substantially at a second predetermined time relative to
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the detection of the reflected fight pulse. The reference voltage generator generates a reference voltage signal having
a magnitude that varies over time. The comparator generates a compare signal corresponding to the relative
magnitudes of the first voltage and the reference voltage signal. The digital value generator monitors the compare
signal and, in response thereto, generates the digital value. The power supply provides electrical power to the time
measurement circuit. The electrical power is disabled when the time measurement circuit is not in use. The
processor receives the digital value from the time measurement circuit and, in response thereto, determines a distance
measurement between the distance-measurement apparatus and the remote surface. '

The present invention also comprises a method of performing a plurality of distance-measurement operations
to determine distances between a distance-measurement apparatus and one or more remote surfaces. The method
comprises the steps of detecting one or more requests for a distance-measurement operation and, for each detected
request, performing a distance-measurement operation. The distance-measurement operation comprises the steps of
performing a plurality of distance-measurement cycles to obtain a first plurality of digital values, discarding a second
plurality of the first plurality of digital values, discarding a third plurality of the first plurality of digital values,
computing an average digital value from a fourth plurality of digital values, and obtaining a corresponding distance-
measurement value from the average digital value. The distance-measurement value represents the distance between
the distance-measurement apparatus and the remote surface. Each distance-measurement cycle comprises the steps
of generating a light pulse and directing the fight pulse toward a remote surface for reflection from the surface as
a reflected light pulse, receiving the reflected fight pulse, and generating a digital value that represents an analog
value that is determinatively related to the elapsed time between the generation of the light pulse and the reception
of the reflected light pulse. The second plurality of digital values comprises the lowest of the digital values. The
third plurality of digital values comprises the highest of the digital values. The fourth plurality of digital values
comprises all of the first piurality of digital values that have not been discarded.

The present invention also comprises a distance-measurement system. The distance-measurement system
comprises a reflective target and a portable, hand-held distance-measurement apparatus. The reflective target
comprises a sheet of reflective material. The reflective target has a reflectivity that is at least 1000 times greater
than the reflectivity of a Lambertian surface for substantially all horizontal entrance angles. The distance-
measurement apparatus comprises a light transmitter, a light receiver, a time measurement circuit, a digital value
generator, and a processor. The light transmitter generates a pulse of light and directs the pulse of light toward
the reflective target for reflection as a reflected pulse of light. The light receiver receives the reflected pulse of
light. The time measurement circuit measures the elapsed time between the generation of the light pulse by the light
transmitter and the reception of the reflected light pulse by the light receiver. The digital value generator generates
a digital value that represents an analog value that is determinatively related to the elapsed time. The processor
receives the digital value and, in response thereto, computes the distance between the distance-measurement
apparatus and the reflective target.

The present invention also comprises a portable, hand-held distance-measurement apparatus. The distance-

measurement apparatus comprises a light transmitter, a light receiver, a time measurement circuit, a digital value
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generator, a power supply, a processor, and a view findingv device. The light transmitter generates a pulse of light
for reflection off a remote surface as a reflected pulse of light. The light receiver receives the reflected pulse of
light. The time measurement circuit measures the elapsed time between the generation of the light pulse by the light
transmitter and the reception of the reflected light pulse by the light receiver. The digital value generator generates
a digital value that represents an analog value that is substantially proportional to the elapsed time. The power
supply provides electrical power to the time measurement circuit. The electrical power is disabled when the time
measurement circuit is not in use. The processor receives the digital value from the time measurement circuit and,
in response thereto, computes a distance measurement between the distance-measurement apparatus and the remote
surface. The view finding device facilitates aiming the pulse of light toward the remote surface.
Brief Description of the Drawings

Figure 1 is a perspective view of the distance-measurement apparatus, showing an end of the apparatus
which, in use, is directed away from the user.

Figure 2 is a perspective view of the distance-measurement apparatus, showing an end of the apparatus
which, in use, is directed towards the user.

Figure 3 is a cross-sectional view of the distance-measurement apparatus taken along the lines 3-3 of Figure

Figure 4 is a cross-sectional view of the view finder taken along the lines 4-4 of Figure 1.

Figure 5 is a functional block diagram of a first embodiment of an electronic unit of the distance-
measurement apparatus.

Figure 6 is a functional block diagram of a successive approximation analog-to-digital converter of the
electronic unit of Figure 5.

Figure 7 is a functional block diagram of a second embodiment of an electronic unit of the distance-
measurement apparatus.

Figures 8A, 8B, and 8C form a flow chart that illustrates a method performed by the microprocessor of
Figures 5 and 7 to cause the distance-measurement apparatus to perform distance measurements.

Figure 9 is a perspective view of a first embodiment of a target that can be used in connection with the
distance-measurement apparatus.

Figure 10 illustrates a preferred reflective surface of the target of Figure 8.

Figure 11 is a perspective view of a second embodiment of a target that can be used in connection with

the distance-measurement apparatus.

Detailed Description of the Preferred Embodiment
As illustrated in Figure 1, a distance-measurement apparatus 100 comprises an operational end 102, a
transmit lens 104, a receive lens 106, a superimposed light beam view finder 108, and a measure button 110.
As illustrated in Figure 2, the distance-measurement apparatus 100 further comprises a user end 112, a
range display 114, a low battery indicator 142, and a view finder switch 144. Figure 2 also illustrates the view

finder 108 and the measure button 110.
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As illustrated in Figure 3, the distance-measuremeht apparatus 100 further comprises a photodiode receiver
118, a laser diode 120, and an electronic unit 122. Figure 3 also illustrates the transmit lens 104, the receive lens
106, the view finder 108, the range display 114, and the low battery indicator 142. As illustrated in Figure 3, the
view finder 108 comprises a view finder light 124, a reflector/window tube 126, a pivot O-ring 128, an X-axis
adjustment screw 130, and a reflector/window 134.

As illustrated in Figure 4, the view finder 108 further comprises a Y-axis adjustment screw 132. Figure
4 also illustrates the view finder light 124, the reflector/window tube 126, the pivot O-ring 128, and the
reflector/window 134.

As shown in Figure 5, a first embodiment of the electronic unit 122 comprises a time-measurement circuit
162, a light transmitter unit 224, a photodiode unit 226, a microprocessor 212, and a power supply 222, The time-
measurement circuit 162 comprises a ramp generator 154, a successive approximation analog-to-digital converter (S/A
A/D) 210, a monostable multivibrator 214, a D flip-flop 216, a monostable multivibrator 218, and a D flip-flop 220.
The ramp generator 154 comprises a constant current source 200, a charge rate selection resistor 202, a constant
current transistor 204, a charge/discharge switch 206, and a charging capacitor 208. In the preferred embodiment,
the electronic unit 122 comprises a number of components that have relatively low power consumption. For example,
the D flip-flops 216 and 220 and the monostable multivibrators 214 and 218 are preferably CMOS type components.
Figure 5 also illustrates the measure button 110 and the range display 114.

A first terminal of the charge rate selection resistor 202 is connected to the power supply 222 by an
analog power fine 294. The analog power line 294 is also connected to the constant current source 200, the S/A
AID 210, the monostable multivibrator 214, the D flip-flop 216, the monostable multivibrator 218, the D flip-flop
220, the light transmitter unit 224, and the photodiode unit 226 to provide power to these components, although,
to simplify the drawing, these connections are not illustrated in Figure 5. A second terminal of the charge rate
selection resistor 202 is connected to an emitter terminal of the constant current transistor 204 by a charge rate
fine 252. The constant current source 200 is connected to a base terminal of the constant current transistor 204
by a constant current line 250. A collector terminal of the constant current transistor 204 is connected to a drain
terminal of the chargeldischarge switch 206, to a positive terminal of the charging capacitor 208, and to an analog
input of the S/A A/D 210 by a ramp voltage line 254. A source terminal of the charge/discharge switch 206 is
connected to the power supply 222 by a ground line 286. A negative terminal of the charging capacitor 208 is also
connected to the ground line 296. In addition, the ground line 296 is connected to the constant current source 200,
the S/A AID 210, the microprocessor 212, the monostable multivibrator 214, the D flip-flop 216, the monostable
multivibrator 218, the D flip-flop 220, the light transmitter unit 224, and the photodiode unit 226. A gate terminal
of the charge/discharge switch 206 is connected to an inverted output of the D flip-flop 216 by a charge/discharge
line 256. A clock input of the D flip-flop 216 is connected to an active high output of the monostable multivibrator
218 by a charge fine 260, while a D input of the D flip-flop 216 is connected to the analog power fine 294. An
inverted output of the monostable multivibrator 218 is connected to the fight transmitter unit 224 by a transmit pulse

fline 262. A reset input of the D flip-flop 216 is connected to a reset input of the D flip-flop 220 and to a reset
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output of the microprocessor 212 by a reset analog line 268. A trigger input of the monostable multivibrator 218
is connected to a trigger output of the microprocessor 212 by a trigger line 258. A clock input of the D flip-flop
220 is connected to the photodiode unit 226 by a receive pulse line 264, while a D input of the D flip-flop 220 is
connected to the analog power line 294. An active high output of the D flip-flop 220 is connected to a trigger input
of the monostable multivibrator 214 by a receive detection line 266. An inverted output of the monostable
multivibrator 214 is connected to a read input of the S/A A/D 210 by a read A/D line 270. A set of digital data
outputs of the S/A A/D 210 is connected to a set of digital data inputs of the microprocessor 212 by a set of digital
data fines 272A-272N. A data available output of the S/A A/D 210 is connected to a data available input of the
microprocessor 212 by a data available ine 273. An analog power control output of the microprocessor 212 is
connected to the power supply 222 by an analog power control fine 278. A power input of the microprocessor 212
is connected to the power supply 222 by a microprocessor power line 298. An interrupt input of the microprocessor
212 is connected to the measure button 110 by a measure line 274. A set of display outputs of the microprocessor
212 is connected to the range display 114 by a range display bus 276.

The fight transmitter unit 224 preferably comprises the laser diode 120 {shown in Figure 3), although other
light transmitter devices can also be used. The fight transmitter unit 224 also preferably comprises a laser driver
(not shown) for driving the laser diode 120 with a desired voltage and current. The desired voltage and current
depends on the particular application involved. The photodiode unit 226 preferably comprises the photodiode receiver
118 (shown in Figure 3), a transimpedance amplifier (not shown), a video amplifier (not shown), and a comparator
(not shown).

As shown in Figure 6, the successive approximation analog-to-digital converter 210 of Figure 5 comprises
a comparator 280, a digital-to-analog converter (DJA) 282, a successive approximation register 284, an A/D control
unit 290, and a sample and hold latch 281. The ramp voltage line 254 is connected to an analog data input of the
sample and hold latch 291. An analog data output of the sample and hold latch 291 is connected to a first compare
input of the comparator 280 by a sampled analog voltage fine 293. A reference voltage line 286 is connected
between an analog output of the D/A 282 and a second compare input of the comparator 280. A compare line 288
is connected between a compare output of the comparator 280 and a compare input of the A/D control unit 290.
A sample line 295 is connected between the A/D control unit 280 and the sample and hold latch 291. The read
A/D line 270 is connected to a read input of the A/D control unit 280. A successive approximation register control
bus 292 is connected between the A/D control unit 290 and the successive approximation register 284. The digital
data lines 272A-272N are connected between a set of data outputs of the successive approximation register 284
and a set of digital data inputs of the D/A 282. The data available line 273 is connected to a data available output
of the A/D control unit 290.

The latch 291 is an important element of the electronic unit 122 of the preferred embodiment. The latch
291 stores the analog voltage that has accumulated across the charging capacitor 208 at approximately the time
that the reflected light pulse is received at the photodiode receiver 118. The analog storage of this voltage allows

the S/A A/D 210 to determine a digital representation of the analog voltage over a relatively large period of time.
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For example, in the preferred embodiment, the S/A A/D 21v0 takes approximately 25 microseconds to generate a
digital value. This relatively slow analog to digital conversion time can be achieved by a S/A A/D 210 that has low
power consumption. For example, the S/A A/D 210 of the preferred embodiment is a CMOS component that requires
a current in the range of microamperes. Preferably, the SJA A/D 210 has a 12 bit resolution.

As shown in Figure 7, a second embodiment of the electronic unit 122 comprises a time-measurement circuit
302, the light transmitter unit 224, the photodiode unit 226, and the power supply 222. The time-measurement
circuit 302 comprises a ramp generator 300, the microprocessor 212, a monostable multivibrator 318, a D flip-flop
320, a slow-charge resistor 30, a slow-charge capacitor 310, and a voltage comparator 312. The ramp generator
300 comprises the constant current source 200, the charge rate selection resistor 202, the constant current
transistor 204, a charge switch 304, a discharge switch 306, and a charging capacitor 308. Again, in the preferred
embodiment, the electronic unit 122 comprises a number of components that have relatively low power consumption.
Figure 7 also illustrates the measure button 110 and the range display 114.

The first terminal of the charge rate selection resistor 202 is connected to the power supply 222 by the
analog power fine 294. The analog power line 294 is also connected to the constant current source 200, the
monostable multivibrator 318, the D flip-flop 320, the light transmitter unit 224, and the photodiode unit 226 to
provide power to these components, although these connections are not illustrated in Figure 7. The second terminal
of the charge rate selection resistor 202 is connected to the emitter terminal of the constant current transistor 204
by the charge rate line 252. The constant current source 200 is connected to the base terminal of the constant
current transistor 204 by the constant current line 250. The collector terminal of the constant current transistor
204 is connected to a drain terminal of the charge switch 304 by a constant current line 353. A collector terminal
of the charge switch 304 is connected to a drain terminal of the discharge switch 306, to a positive terminal of
the charging capacitor 308, and to a first input of the voltage comparator 312 by a ramp voltage line 356. A
source terminal of the discharge switch 306 is connected to the power supply 222 by the ground line 296. A
negative terminal of the charging capacitor 308 and a negative terminal of the slow-charge capacitor 310 are also
connected to the ground line 296. In addition, the ground fine 296 is connected to the constant current source 200,
the microprocessor 212, the monostable multivibrator 318, the D flip-flop 320, the light transmitter unit 224, and
the photodiode unit 226. A gate terminal of the charge switch 304 is connected to an inverted output of the D flip-
flop 320 by a charge line 368. A gate terminal of the discharge switch 306 is connected to a transmit output of
the microprocessor 212 and to an active low trigger input of the monostable multivibrator 318 by a discharge/trigger
line 358. An active high output of the monostable multivibrator 318 is connected to the light transmitter unit 224
and to a reset input of the D flip-fiop 320 by a transmit pulse line 362. A clock input of the D flip-flop 320 is
connected to the photodiode unit 226 by a receive pulse line 364, while a D input of the D flip-flop 320 is connected
to the analog power fine 294. An active high output of the D flip-flop 320 is connected to a receive input of the
micropracessor 212 by a receive detection line 368. A first terminal of the slow-charge resistor 309 is connected
to the analog power line 294. A second terminal of the slow-charge resistor 309 is connected to a positive terminal

of the slow-charge capacitor 310, to a second input of the comparator 312, and to a reset output of the
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microprocessor 212 by a ramp voltage line 372. An output bf the voltage comparator 312 is connected to an equal
input of the microprocessor 212 by a compare-equal line 370. The analog power control output of the
microprocessor 212 is connected to the power supply 222 by the analog power control line 278. The power input
of the microprocessor 212 is connected to the power supply 222 by the microprocessor power line 298. An
interrupt input of the microprocessor 212 is connected to the measure button 110 by the measure fine 274. The
set of display outputs of the microprocessor 212 is connected to the range display 114 by the range display bus
276.

The charging capacitor 308 of the second embodiment of the electronic unit 122 comprises both a charging
device and a latching device. Thus, the charging capacitor 308 serves the same general purpose as both the
charging capacitor 208 and the latch 291 serve in the first embodiment of the electronic unit 122. Generally, the
charging capacitor 308 and the charging capacitor 208 each accumulate a charge to provide a ramp voltage, and
the charging capacitor 308 and the latch 291 each latch the accumulated voltage at approximately the time that
the reflected light pulse is received at the photodiode receiver 118. Similar to the first embodiment, in the second
embodiment, the analog storage of the ramp voitage allows the slow-charge resistor 309, the slow-charge capacitor
310, the voltage comparator 312, and the microprocessor 212 to determine a digital representation of the analog
voltage over a relatively large period of time. Without the analog storage, a much faster analog-to-digital conversion
technique would be required, causing increased power consumption.

Referring generally to Figures 1 to 7, the laser 120 of the distance-measurement apparatus 100 generates
a beam of light that is emitted from the transmit lens 104. The light travels away from the distance-measurement
apparatus 100 in a direction that is substantially perpendicular to the operational end 102. If there is an object or
surface in front (toward the operational end 102) of the distance-measurement apparatus 100, a portion of the light
is typically reflected back toward the distance-measurement apparatus 100. Some of the reflected light that reaches
the receive lens 106 is focused onto the photo-diode receiver 118, which generates an electronic signal in response
to the quantity of incident light within the operating range of the photo-diode receiver 118.

The electronic unit 122 contrals the laser 120 to generate the light pulse. The electronic unit 122 then
determines the time between the transmitted fight pulse and a received light pulse at the photo-diode receiver 118.
This time calculation represents the time required for the light to travel from the distance-measurement apparatus
100 to the remote object or surface, and back. Based on the speed of light and the calculated travel time, the
electronic unit 122 calculates the distance between the distance-measurement apparatus 100 and the remote object
or surface.

In the preferred embodiment of the present invention, the electronic unit 122 executes a number of distance-
measurement cycles to calculate a single distance value. A distance-measurement cycle is a process comprising the
steps of generating a transmit light pulse, waiting for a receive light pulse, and, if a receive light pulse is detected,
calculating the distance represented by the time delay between the transmit pulse and the receive pulse. If a receive
light pulse is not detected within a predetermined period of time after generating a transmit pulse, the distance-

measurement cycle is terminated with no resulting data value.
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In the preferred embodiment, the electronic unit 122 continues to execute distance-measurement cycles until
a predetermined number of data values has been obtained. The electronic unit 122 then discards a number of the
data values with the highest numerical values and a number of the data values with the lowest numerical values,
and determines the average of the remaining data values. In the preferred embodiment, the distance-measurement
apparatus 100 computes the distance between the distance-measurement apparatus 100 and the remote object or
surface with an accuracy of approximately 0.5 yards. However, in some applications, such as golf, the distance may
be indicated on the range display 114 only to the nearest yard. In one preferable embodiment, for example, distance-
measurement cycles may be repeatedly executed until 64 data values have been obtained. Then, the lowest 16 data
values and the highest 16 data values are discarded. The remaining 32 data values are averaged to determine the
distance to the remote object or surface.

The distance-measurement apparatus 100 of the present invention is particularly useful as a portable, hand-
held distance-measurement device. In particular, the distance-measurement apparatus 100 can obtain accurate
distance measurements without the assistance of a tripod or other secure foundation. In most prior art distance-
measurement devices, such a secure foundation is required to ensure that the transmitted pulse consistently reflects
off the desired object or surface. However, with the distance-measurement apparatus 100 of the present invention,
the user need not continuously maintain the direction of the transmitted fight beam toward the desired object or
surface. If the user does not continuously hit the desired target with the light beam, the light beam may
occasionally fail to hit any surface, so that it is not reflected back to the distance-measurement apparatus 100 at
all. This occurrence is termed a "miss.” Alternatively, the light pulse may be reflected back to the distance-
measurement apparatus 100 by contact with an incorrect object or surface. This occurrence is termed an "incorrect
hit." If the light beam is reflected back to the distance-measurement apparatus 100 by reflection off the desired
object or surface, a "correct hit" occurs. Of course, the light beam may also hit an object or surface at an angle
or position so that insufficient light is refiected for detection at the distance-measurement apparatus 100. Such an
occurrence is considered a miss. The present description assumes either that a light beam hits an object or surface
so that sufficient light is reflected for detection, or the light beam completely misses the object or surface.

If a miss occurs, no receive pulse is detected at the distance-measurement apparatus 100, no data value
is obtained, and the distance-measurement cycle is ignored. In this situation, the distance-measurement operation
continues until the user correctly aims the fight beam at the desired object or surface. Thus, an occurrence of a
miss does not affect the distance-measurement operation, except for delaying the operation until the user correctly
aims the light beam at the desired object or surface.

If an incorrect hit occurs, the data value obtained by the distance-measurement apparatus 100 is likely to
be inaccurate, as the object or surface that is hit may be closer or further than the desired object or surface.
However, as described above, the distance-measurement apparatus 100 discards the highest and the lowest data
values before taking an average of the remaining data values. Thus, as long as the user is generally able to aim
the fight beam toward the desired object or surface, data values obtained by incarrect hits are likely to be discarded

as the highest or the lowest data values. Thus, incorrect hits generally have no effect on the distance-measurement
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operation. In addition, the discarding of the highest and lowest data values, and the averaging of the remaining data
values also reduces the effect of noise on the distance-measurement operation.

The number of data values obtained and the number of minimum and maximum values that are discarded
can be varied for various applications and circumstances. Generally, in situations in which incorrect hits are more
likely to occur, the number of data values that are discarded should be increased. Alternatively, the distance-
measurement apparatus 100 of the present invention may aiso be used in conjunction with a secure foundation. In
this situation, the number of discarded data values can generally be decreased.

The distance-measurement apparatus 100 of the present invention also has several power conservation
features that further facilitate portable, hand-held operation. First, the distance-measurement apparatus 100 utilizes
a ramped voltage and analog-to-digital conversion, instead of a high frequency clock, to determine the time of flight
of the fight pulse. A high frequency clock circuit requires substantially more electrical energy than the present
invention. Second, the design uses low power components such as CMOS components and a relatively slow analog-
to-digital conversion technique. Third, the distance-measurement apparatus 100 powers down most of the electronic
circuitry in the electronic unit 122, whenever practicable, to reduce power consumption. Fourth, the microprocessor
212 enters a sleep mode, whenever practicable, to further reduce power consumption. These power saving features
conserve battery life, so that a relatively small and lightweight battery provides sufficient electrical energy to power
the distance-measurement apparatus 100 for a useful period of time. In the preferred embodiment, the distance-
measurement apparatus 100 requires approximately 100 milliamperes of current for a time period between
approximately 20 milliseconds and approximately 160 milliseconds {depending on the distance to be measured) when
performing a distance-measurement cycle, and approximately 50 microamperes when the distance-measurement
apparatus 100 is inactive. In the preferred embodiment of the present invention, the power supply 222 comprises
a common 9-volt battery.

The microprocessor 212 controls the electronic unit 122 to perform distance-measurement operations.
Referring to Figure 5 and the first embodiment of the electronic unit 122, the microprocessor 212 receives power
and ground signals from the power supply 222. The power and ground signals are provided to the microprocessor
212 on the microprocessor power line 298 and the ground line 296, respectively. The power supply 222 also
provides power and ground signals to the remaining components in the electronic unit 122 on the analog power line
294 and the ground line 296, respectively. The supply of power on the analog power line 294 can be controlled
by the microprocessor 212 by controlling a signal on the analog power control line 278.

The microprocessor 212 begins a distance-measurement cycle by generating a reset pulse on the reset
analog line 268. The reset pulse is received by the D flip-tlops 216 and 220, and the D flip-flops 216 and 220 are
reset so that their active high outputs are at a logic zerc. The resetting of the D flip-flop 220 enables the D flip-flop
220 to detect a receive pulse from the photo-diode unit 226. The resetting of the D flip-fiop 216 causes a logic
one signal at the inverted output of the D flip-flop 216. This logic one signal is applied to the gate terminal of the
charge/discharge switch 208, which closes the switch 206 and effectively connects the ramp voltage line 254 to

the ground line 296. This causes the charging capacitor 208 to discharge any previously accumulated charge to
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ground through the switch 206. The constant current source 200 generates a substantially constant current on the
constant current line 250 that flows into the base terminal of the constant current transistor 204. The constant
current at the base terminal of the constant current transistor 204 produces a current at the collector terminal of
the constant current transistor 204 that flows away from the constant current transistor 204. However, while the
switch 206 is closed, the current from the collector terminal of the constant current transistor 204 does not cause
the charging capacitor 208 to charge because the current from the constant current transistor 204 also goes directly
to ground through the switch 206. The D flip-flop 216 is ready for a transmit pulse from the monostable
multivibrator 218.

After delaying a sufficient amount of time to allow the charging capacitor 208 to discharge any
accumulated voltage, the microprocessor 212 generates a trigger pulse on the trigger fine 258. The monostable
multivibrator 218 receives the trigger pulse and generates a logic high pulse on its active high output and a logic
low pulse on its inverted output, at approximately the same time. The D flip-flop 216 receives the logic high pulse
at its clock input. This causes the D flip-flop 216 to become set to a logic one, as the D input is tied to the analog
power line 294. The setting of the D flip-flop 216 generates a logic zero on the charge/discharge line 256, which
opens the charge/discharge switch 206.

When the switch 206 is open, current from the constant current source 200 flows through the constant
current transistor 204 to the charging capacitor 208. The charge rate selection resistor 202 is a variable resistor
that controls the magnitude of current that is applied to the charging capacitor 208. The resistor 202 can be
adjusted to apply a current to the charging capacitor 208 that is appropriate for the application for which the
distance-measurement apparatus 100 is to be used. An appropriate current magnitude depends on the maximum
distance for which a measurement is desired, the maximum voltage that can be converted to digital format by the
S/A A/D 210, and the capacitance of the charging capacitor 208. For a golf application, a preferred maximum
distance is about 300 yards. This corresponds to a maximum round trip trave! time for a light pulse of approximately
1.8 micro-seconds. In this application, a maximum analog input voltage for the S/A A/ID 210 is preferably 2.5 volts,
the capacitance of the capacitor 208 is preferably 500 picofarads, and the charging current is preferably
approximately 1 milliampere. Preferably, the current supplied to the charging capacitor 208 is substantially constant,
so that the capacitor 208 charges in a substantially linear manner. The linear charging of the capacitor 208 reduces
the complexity of the equation that must be implemented in the microprocessor 212 to convert a measured voltage
into a corresponding physical distance, and it reduces the magnitude of error introduced into the measurement. The
charge/discharge switch 206 remains open until the microprocessor 212 generates another reset pulse on the reset
analog line 268.

The fight transmitter unit 224 receives the logic zero pulse generated by the monostable multivibrator 218
on the transmit pulse line 262, and generates a pulse of fight. As illustrated in Figure 3, the light pulse from the
laser diode 120 is directed toward an inner surface of the transmit lens 104. The light energy diverges between

the laser diode 120 and the transmit lens 104. The transmit lens 104 redirects the light energy into a substantially
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parallel beam of radiation. This beam of radiation is emittéd from an outer surface of the transmit lens 104 in a
direction that is substantially perpendicular to the operational end 102.

The optical characteristics of the distance-measurement apparatus 100 are preferably designed for use in
a particular application. The distances of interest in the application and the particular type or types of objects or
surfaces to which distances are to be measured are considered. In particular, the effective reflective size and the
overall reflectivity of the intended objects and surfaces are important. The effective reflective size of an object or
surface is the surface area of the object or surface that generally reflects incident light back in the direction from
which it arrived. Some objects, such as a sphere, may be relatively large, but have a relatively small effective size.
When the light beam is directed toward a sphere, only a relatively small surface area of the sphere reflects light back
toward the distance-measurement apparatus 100, while other areas of the sphere direct light in different directions.
Thus, the effective reflective size of the sphere is limited to the relatively small surface area that reflects light back
toward the distance-measurement apparatus 100. The reflectivity of an object or surface is a measure of the
amount of incident light that is reflected back in the opposite direction from which the light arrived. The reflectivity
of an object or surface may depend on the incident angle and location of the light on the object or surface.

The optical characteristics of the distance-measurement apparatus 100 include the characteristics of the
optical components related to the transmission of light and the characteristics of the optical components related to
the reception of light. These optical characteristics are selected to complement the optical characteristics of the
intended objects or surfaces and the distances of interest in the particular application. For the transmission of light,
the type of laser 120, the distance between the laser 120 and the transmit lens 104, and the size and optical
characteristics of the transmit lens 104 are selected to maximize the amount of light that is reflected from the
objects or surfaces for which distance measurements are desired, based on the expected distances to be measured
and on the effective reflective size of the intended objects or surfaces. The amount of light energy generated at
the laser 120 is controlled to obtain sufficient light reflection at the intended objects or surfaces, while also
achieving adequate eye safety restrictions. For effectively larger objects or surfaces or for shorter distances, the
beam of light need not be focused as narrowly nor contain as much energy as for effectively smaller abjects or
surfaces or for longer distances. For the reception of light, the size and optical characteristics of the receive lens
108, the distance between the receive lens 106 and the photodiode receiver 118, and the type of photodiode receiver
118 are selected to maximize the signal to noise ratio of the electronic pulse that is generated in response to
receiving a reflected beam of light. The optical characteristics of the light transmission components of the distance-
measurement apparatus 100 and the effective size, reflectivity, and expected distances of the intended objects or
surfaces are considered in determining appropriate characteristics for the light reception components. The
considerations for both transmission and reception of light are described in greater detail below with reference to
Figures 9 and 11. '

If a hit occurs, so that sufficient fight is reflected back to the distance-measurement apparatus 100 for
detection, a portion of the reflected light contacts the outer surface of the receive iens 106. The receive lens 106

focuses incident light onto the photo-diode receiver 118. Referring again to Figure 5, the photo-diode unit 226
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generates an active high electronic pulse on the receive puvlse line 264 upon receiving the reflected beam of light.
The D flip-flop 220 receives the active high pulse at its clock input. This causes the D flip-flop 220 to become set
to a logic one, as the D input is tied to the analog power line 294. The setting of the D flip-flop 220 generates
a logic one on the receive detection line 266. The monostable multivibrator 214 receives the logic one at its trigger
input and generates an active low pulse on the read A/D line 270. The S/A A/D 210 receives the active low pulse
on the read A/D line 270 and performs an analog to digital conversion of the instantaneous voltage at the ramp
voltage line 254. The voltage at the ramp voltage line 254 is the voltage across the charging capacitor 208. The
charging capacitor 208 begins charging at approximately the same time that the light pulse is generated by the laser
120 and stops charging at approximately the same time that the light pulse is received by the photo-diode receiver
118. Thus, the voltage across the charging capacitor 208 is substantially proportional to the travel time of the light
pulse in travelling from the distance-measurement apparatus 100 to the intended object or surface, and back. The
voltage across the charging capacitor 208 is also substantially proportional to the distance between the distance-
measurement apparatus 100 and the remote object or surface.

Referring to Figure 6, the A/D control unit 290 receives the active low pulse on the read A/D line 270 and
controls the S/A A/D 210 to convert the instantaneous voltage at the ramp voitage line 254 into a digital
representation. The A/D control unit 290 generates a signal on the sample line 295. In response, the sample and
hold fatch 291 latches the instantaneous voltage at the ramp voltage line 254 and holds the analog voltage. The
analog voltage is applied to a compare input of the comparator 280 over the sampled analog voltage line 293.

The AID control unit 290 also loads the successive approximation register (SAR) 284 to a variety of
different values to determine an appropriate digital representation of the analog voltage at the sampled analog voltage
line 293. First, the A/D control unit 290 determines the appropriate logic leve! for the most significant bit (MSB)
of the digital representation by loading the SAR 284 with a value having a logic one in the MSB and all zeros in
the remaining bits. Thus, for a 12 bit S/A A/D 210, the initial value for the SAR 284 is 800 in hexadecimal notation
(800h). This value is applied to the D/A 282 over the digital data lines 272A to 272N. The D/A 282 converts the
digital value from the SAR 284 into a corresponding analog voltage and applies the resulting voltage to the second
compare input of the comparator 280 over the reference voltage fine 286. The comparator 280 generates a signal
on the compare line 288 that reflects the relative voltages on the sampled analog voltage line 293 and the reference
voltage line 286. The A/D control unit 290 monitors the compare line 288 to determine the relative voltages. If
the voltage on the sampled analog voltage line 293 is greater than or equal to the voltage on the reference voltage
line 286, the A/D control unit 290 leaves the MSB of the SAR 284 set. Otherwise, the A/D control unit 290 clears
the MSB of the SAR 284. At this point the appropriate logic level for the MSB for representing the sampled analog
voltage has been established.

Next, the A/D control unit 290 determines an appropriate logic level for the next most significant bit of the
digital representation. The SAR 284 is loaded with a value having a MSB as determined above, a next most
significant bit that is a logic one and all zeros in the remaining bits. Thus, for a 12 bit S/A AID 210, the next value
for the SAR 284 is COOh if the MSB has been determined to be a logic one, or 400h if the MSB has been
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determined to be a logic zero. Again, this value is applied th the D/A 282 over the digital data lines 272A to 272N.
The DJA 282 converts the digital value from the SAR 284 into a corresponding analog voltage and applies the
resulting voltage to the second compare input of the comparator 280 over the reference voltage fine 286. The
comparator 280 generates a signal on the compare line 288 that reflects the relative voltages on the sampled analog
voltage line 293 and the reference voltage line 286. The A/D control unit 290 monitors the compare line 288 to
determine the relative voltages. If the voltage on the sampled analog voltage line 293 is greater than or equal to
the voltage on the reference voltage line 286, the A/D control unit 290 leaves the next most significant bit of the
SAR 284 set. Otherwise, the A/D control unit 290 clears the next most significant bit of the SAR 284. At this
point the appropriate logic level for the MSB and the next most significant bit have been established.

The remaining bits of the digital representation are determined in the same manner. For each successive
bit from the MSB to the least significant bit (LSB), the bit is set in the SAR 284, the resulting analog voltage on
the reference voltage fine 286 is compared with the sampled analog voltage, and the A/D control unit 290 leaves
the bit set or clears the bit, depending on the result of the comparison. After each of the bits of the digital
representation have been established using the above-described procedure, the final value is applied to the digital data
lines 272A to 272N, and the A/D control unit 290 asserts a signal on the data available line 273.

The microprocessor 212 receives the digital representation of the sampled analog voltage on the digital data
lines 272A to 272N when the signal on the data available line 273 is activated. The microprocessor 212 computes
the distance between the distance-measurement apparatus 100 and the remote target using the digital value received
from the S/A A/D 210, and the present distance-measurement cycle is complete. As described above, a number of
distance-measurements are averaged to more accurately determine the desired distance.

The second embodiment of the electronic unit 122 of Figure 7 operates in the same manner as the first
embodiment of the electronic unit 122 of Figure 5, except as indicated immediately below. The microprocessor 212
begins a distance-measurement cycle by generating a positive transmit pulse on the discharge/trigger line 358. When
the pulse on the discharge/trigger fine 358 is high, the discharge switch 306 is closed, causing the charging capacitor
308 to discharge. When the signal on the discharge/trigger line 358 goes low again, the discharge switch 306 is
opened, so that the charging capacitor 308 no longer discharges. Also, the monostable multivibrator 318 is triggered
at the active low trigger input. The pulse on the dischargetrigger line 358 must be high long enough to allow the
charging capacitor 308 to discharge any accumulated voltage.

The monostable multivibrator 318 generates a pulse on the transmit pulse line 362 in response to the high-
to-low transition of the discharge/trigger line 358. The D fiip-flop 320 receives the pulse from the monostable
multivibrator 318 at the reset input, and the D flip-flop 320 is reset. The light transmitter unit 224 also receives
the pulse generated by the monostable multivibrator 318 and generates a pulse of light. The resetting of the D flip-
flop 320 generates a logic one at the charge fine 368. The logic one at the charge line 368 closes the charge
switch 304, which causes the charging capacitor 308 to begin charging.

If a hit occurs, the photo-diode unit 226 generates an active high electronic pulse on the receive pulse line

364 upon receiving the reflected beam of light. The D flip-flop 320 receives the active high pulse at its clock input.
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This causes the D flip-flop 320 to become set to a logic one, as the D input is tied to the analog power line 294,
The setting of the D flip-flop 320 generates a logic one on the receive detection fine 366, which notifies the
microprocessor 212 that a hit has occurred. The setting of the D flip-flop 320 also generates a logic zero on the
charge line 368, which opens the charge switch 304 to cause the charging capacitor 308 to stop charging. Thus,
the charging capacitor 308 begins to charge at approximately the same time that a pulse of light is transmitted and
the charging capacitor 308 stops charging at approximately the same time that a reflected light pulse is detected.
At this point, the charge across the charging capacitor 308 is substantially proportional to the distance between the
distance-measurement apparatus 100 and the remote surface off which the light pulse reflected.

Now, the slow-charge resistor 309, the slow-charge capacitor 310, the voltage comparator 312, and the
microprocessor 212 perform an analog-to-digital conversion of the voltage across the charging capacitor 308. After
receiving the logic one on the receive detection line 366, the microprocessor 212 generates an activate low reset
pulse at the reset output. The active low pulse discharges any accumulated charge on the slow-charge capacitor
310. Next, the microprocessor 212 tri-states the reset output, which allows the slow-charge capacitor 310 to begin
to charge by current flowing through the slow-charge resistor 309. The microprocessor 212 also begins an internal
counter at the same time that the slow-charging capacitor 310 begins to charge. The vaiue of the resistor 309 and
the capacitor 310 are selected so that the capacitor 310 charges slowly enough to allow an analog-to-digital
conversion using the relatively slow clock of the microprocessor 212. As the capacitor 310 charges, the voltage
at the ramp voltage line 372 gradually increases. Initially, the voltage comparator 312 generates a signal on the
compare-equal line 370 indicating that the respective input voltages are not equal to one another. When the voltage
at the ramp voltage line 372 reaches the voltage level stored in the capacitor 308, the voltage comparator 312
generates a signal on the compare-equal line 370 indicating that the two input voltages are equal. At this point,
the microprocessor 212 stops the internal counter. Based on the charging rate of the slow-charge capacitor 310,
the clock frequency of the microprocessor 212 and the digital count of the internal counter of the microprocessor
212, the microprocessor 212 determines the voltage across the charging capacitor 308. Based on the voltage across
the charging capacitor 308, the microprocessor 212 determines the distance between the distance-measurement
apparatus 100 and the remote surface, which is substantially proportional to the voltage across the charging
capacitor 308. Although in the preferred embodiment the microprocessor 212 determines a digital value that
represents the voltage across the charging capacitor 308, the values of the slow-charge resistor 309 and the slow-
charge capacitor 310 may be selected, in conjunction with the clock speed of the microprocessor 212, so that the
digital value produced by the internal clock of the microprocessor 212 directly represents the distance between the
distance-measurement apparatus 100 and the remote surface. The current used to charge the slow-charge capacitor
310 need not be constant, because the adjustment for the nonlinear charging of the capacitor 310 is relatively simple
and accurate because of the longer charging time, in comparison to the charging capacitor 308.

Figures 8A, 8B, and 8C form a flowchart that illustrates a method performed by the microprocessor 212
in the embodiment of Figure 5 and a similar method performed by the microprocessor 212 in the embodiment of

Figure 7 to perform distance-measurement operations. During the method of Figures 8A, 8B and 8C, the
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microprocessor 212 controls the distance-measurement apbaratus 100 to perform distance measurements and to
display the results on the range display 114. The method begins at an initial block 400.

At a process block 402, the microprocessor 212 initializes the distance-measurement apparatus 100. The
process block 402 is executed when power is initially applied to the distance-measurement apparatus 100. In the
preferred embodiment, for example, the process block 402 is executed when a rechargeable battery is inserted into
the distance-measurement apparatus 160. During the process biock 402, the microprocessor 212 controls the power
supply 222 using the analog power control line 278 to disable power to the analog power iine 294. Thus, the
microprocessor 212 removes power from the time measurement circuit 162 or 302, the light transmitter unit 224
and the photodiode unit 226. Next, the microprocessor 212 tests the range display 114 by driving it to display a
sequence of digits from zero to nine for each digit location of the range display 114. The microprocessor 212 also
checks the voltage level provided by the power supply 222 on the microprocessor power line 298. If the voltage
at the microprocessor power line 298 is below a predetermined threshold, the microprocessor 212 illuminates the
low-battery indicator 142 (Figures 2 and 3).

At a process block 404, the microprocessor 212 enters a sleep mode in which the power consumed by the
microprocessor 212 is substantially reduced.

At a decision block 406, the microprocessor 212 determines whether the measure button 110 has been
activated. The measure button 110 is connected to an interrupt input of the microprocessor 212 that causes the
microprocessor 212 to exit the sleep mode and return to operational mode upon activation of the measure button
110. If the measure button 110 has not been activated, the microprocessor 212 remains in the sleep mode and
continues to execute the decision block 406 until the measure button 110 is activated. When the measure button
110 is activated, the microprocessor 212 advances to a process block 408.

At the process block 408, after being interrupted by the activation of the measure button 110, the
microprocessor 212 begins a distance-measurement operation. The microprocessor 212 controls the power supply
222 using the analog power control line 278 to enable power to the analog power line 294. Thus, the
microprocessor 212 causes the power supply 222 to supply power to the time measurement circuit 162 or 302, the
light tranémitter unit 224 and the photodiode unit 226.

At a process block 410, the microprocessor 212 begins a distance-measurement cycle. First, referring to
Figure 5, the distance-measurement cycle is described in terms of the first embodiment of the electronic unit 122.
The microprocessor 212 generates a reset pulse on the reset analog line 268 to reset the D flip-flops 220 and 216.
The resetting of the D flip-flop 220 enables the time measurement circuit 162 to receive a return pulse of light.
The resetting of the D flip-flop 216 closes the charge/discharge switch 206 to discharge the charging capacitor 208.

At a process block 412, the microprocessor 212 generates a transmit pulse on the trigger line 258, which
is received by the monostable multivibrator 218.  The monostable multivibrator 218 causes the light transmitter unit
224 to generate a pulse of light, and it opens the charge/discharge switch 206. Opening the charge/discharge switch
206 allows the constant current source 200, as controlled by the charge rate selector resistor 202 and the constant

current transistor 204, to charge the charging capacitor 208 in a substantially linear manner.
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At a decision block 414, the microprocessor 212 determines whether a receive pulse has been detected.
If the light beam from the transmit lens 104 refiects off an object or surface and reflects back to the receive lens
106, the receive lens 106 focuses the return beam of light toward the photodiode receiver 118. The photodiode
unit 226 generates an electronic signal at the receive pulse line 264 that is responsive to the amount of
electromagnetic radiation contacting an active surface of the photodiode receiver 118 that is within the range of
detection of the photodiode receiver 118. If the photodiode unit 226 generates an electronic pulse of sufficient
magnitude, in response to a sufficient quantity of reflected light, the D flip-flop 220 is set. In response to the
setting of the D flip-flop 220, the monostable multivibrator 214 causes the S/A A/D 210 to convert the instantaneous
voltage across the charging capacitor 208 into a digital value. The S/A A/D 210 generates a corresponding digital
value on the digital data lines 272A to 272N, and asserts the data available line 273. Thus, if the microprocessor
212 receives an active signal on the data-available line 273, the microprobessor 212 determines that a receive pulse
was detected by the photodiode unit 226.

Next, referring to Figure 7, the distance-measurement cycle is described in terms of the second embodiment
of the electronic unit 122. At the process block 410, the microprocessor 212 generates a transmit pulse on the
dischargeltrigger fine 358 to discharge the charging capacitor 308.

At a process block 412, the microprocessor 212 generates a falling edge on the dischargeltrigger line 358
to trigger the monostable multivibrator 318. The monostable multivibrator 318 causes the light transmitter unit 224
to generate a pulse of light, and it resets the D flip-flop 320. After the falling edge on the dischargetrigger line
358, the discharge switch 308 is open, so that the charging capacitor 308 no longer discharges. Also, the resetting
of the D fiip-flop 320 closes the charge switch 304, which causes the charging capacitor 308 to begin charging.

At a decision block 414, the microprocessor 212 determines whether a receive puise has been detected.
Again, if the photodiode unit 226 generates an electronic pulse of sufficient magnitude, in response to a sufficient
quantity of reflected light, the D flip-flop 320 is set. In response to the setting of the D flip-flop 320, the charge
switch 304 is opened to stop the charging of the charging capacitor 308. Also, the microprocessor 212 detects
the setting of the D flip-flop 320 by monitoring the receive detection line 366. The microprocessor 212 controls
the discharging and charging of the slow-charge capacitor 310, and uses an internal counter to effectively determine
the analog voltage across the charging capacitor 308. The microprocessor 212 determines that a receive pulse was
detected by the photodiode unit 226 by receiving an active signal on the receive detection line 366.

Referring again to both of the illustrated embodiments of the electronic unit 122, as illustrated in Figures
5 and 7, if no receive pulse is detected at the decision block 414, the microprocessor 212 advances to a decision
block 418. At the decision block 418, the microprocessor 212 checks an internal timer to determine whether the
cycle time for the present transmit pulse is complete. In the preferred embodiment, the cycle time is approximately
25 ms. An appropriate cycle time can be determined based on government regulation of devices that emit
electromagnetic radiation. If the cycle time is not complete, the microprocessor 212 returns to the decision block

414. If the cycle time is complete, the microprocessor 212 advances to a decision block 424. At this point the
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transmit pulse was sent, but a return pulse was not received. Thus, the distance-measurement cycle is complete,
but no current data value has been obtained.

At the decision block 424, the microprocessor 212 determines whether the measure button 110 remains
activated. If the measure button remains activated, the microprocessor 212 returns to the process block 410 (Figure
BA). If the measure button 110 is no longer activated, the microprocessor 212 discards any previously obtained
data, checks the voltage level provided by the power supply 222, momentarily illuminates the low-battery indicator
142, if necessary, and returns to the process block 404 (Figure 8A).

If a receive pulse is detected at the decision block 414, the microprocessor 212 advances to a process
block 416. At the process block 416, the microprocessor 212 reads the digital representation of the sampled voltage
either on the digital data lines 272A to 272N or from the internal counter. The microprocessor 212 may need to
adjust the value obtained from the internal counter to compensate for nonlinear charging of the slow-charge capacitor
310. This completes the present distance-measurement cycle with the microprocessor 212 having obtained a current
data value.

At a decision block 420, the microprocessor 212 determines whether the last data value for the current
distance-measurement operation has been obtained. As indicated above, in the preferred embodiment, the last data
value is the sixty fourth data value.

If the last data value has not been obtained, the microprocessor 212 advances to a decision block 422.
At the decision block 422, the microprocessor 212 checks an internal timer to determine whether the cycle time has
been completed. If the cycle time has not been completed, the microprocessor 212 continues to execute the decision
block 422 until the cycle time is complete. When the cycle time is complete, the microprocessor 212 advances to
the decision block 424.

If the last data value has been obtained at the decision block 420, the microprocessor 212 advances to
a process block 426 (Figure 8C). At this point, the microprocessor 212 has obtained all of the required data values
and can proceed to accurately determine the distance between the distance-measurement apparatus 100 and the
remote object or surface. At the process block 426, the microprocessor 212 controls the power supply 222 using
the analog power control fine 278 to disable power on the analog power line 294 to power down the time
measurement circuit 162 or 302, the light transmitter unit 224 and the photodiode unit 226.

At a process block 428, the microprocessor 212 rearranges all the data values that have been obtained
so that the data values are in ascending order from the lowest value to the highest value.

At a process block 430, the microprocessor 212 determines the average of a block of data values that is
within the extremes of the ascending order. Thus, the microprocessor 212 discards a block of data values at the
lower end of the ascending order and another block at the higher end of the ascending order. As indicated above,
for the preferred embodiment, the lowest 16 data values and the highest 16 data values are discarded. The
remaining 32 data values are averaged.

At a process block 432, the microprocessor 212 applies a scale factor to convert the average voltage into

a corresponding distance measurement. An appropriate scale factor is determined from the speed of light and the
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charging rate of the charging capacitor 208 or 308. Thev microprocessor 212 also adjusts the resuiting distance
measurement by an offset to account for delays and other variations in the distance-measurement apparatus 100.
The sequence of calculations for determining an accurate value for the desired distance measurement can be altered
without changing the overall result. For example, the time measurements can be converted to corresponding distance
measurements before the values are sorted and averaged.

At a process block 434, the microprocessor 212 generates appropriate electronic signals on the range
display bus 276 to cause the range display 114 to display the resulting distance measurement. The microprocessor
212 maintains the display of the distance-measurement result for approximately 5 seconds.

After the process block 434, the microprocessor 212 advances to a decision block 436. At the decision
block 436, the microprocessor 212 determines whether the measure button 110 is still active. If the measure button
110 is still active, the microprocessor 212 returns to the process block 408 (Figure 8A). Otherwise, the
microprocessor 212 returns to the process block 404 (Figure 8A).

In summary, in the method of Figures 8A, 8B, and 8C, the microprocessor 212 enters a sleep mode when
the distance-measurement apparatus 100 is not performing a distance-measurement operation. A distance-
measurement operation generally comprises the steps of discharging the charging capacitor 208 or 308, generating
a pulse of light at the laser diode 120, beginning to charge the charging capacitor 208 or 308, detecting whether
a reflected light pulse has been received at the photodiode receiver 118, and converting the accumulated voltage
across the charging capacitor 208 or 308 to a digital value upon reception of a reflected light pulse. When a
predetermined number of digital values have been obtained, the microprocessor 212 powers down most of the
components of the electronic unit 122, sorts the digital values into ascending order, discards a predetermined number
of digital values having the lowest numerical values, discards a predetermined number of digital values having the
highest numerical values, averages the digital values that have not been discarded, applies a scale factor and an
offset to the average of the digital values to obtain a distance-measurement value, and displays the distance-
measurement value on the range display 114. A person of skill in the art will understand that the sequence of the
data manipulations and calculations required to determine a distance-measurement value from the obtained set of
digital values can be altered without effectively changing the method of obtaining a distance-measurement value.

A reflective target may be used in conjunction with the distance-measurement apparatus 100 to form a
distance-measurement system. The reflective target is preferably substantially more efficient at reflecting light back
towards a light source than most other surfaces. Thus, the light beam from the distance-measurement apparatus
100 can be directed toward the target, so that the target reflects a relatively high proportion of the incident light
back toward the distance-measurement apparatus 100. Use of a target that is substantially more reflective than
other surfaces that are encountered in a specific application is generally advantageous in that the distance-
measurement apparatus 100 can generally be designed to detect light pulses that are reflected off the target, but
to ignore light pulses that reflect off other surfaces. Light pulses that have reflected off the target will generally

have substantially greater magnitude than light pulses that have reflected off other surfaces. Thus, the sensitivity
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of the photodiode unit 226 can be designed to only detect the light pulses with greater magnitudes. In some
applications, however, use of a target is either not possible, or not practical.

The size, shape, and other characteristics of the reflective target may vary substantially, depending on the
application involved. Figure 9 illustrates a preferable reflective target 500 for use in a golf environment. The
reflective target 500 may also be used in numerous other environments. The reflective target 500 comprises a
substantially cylindrical tube. Alternatively, the reflective target 500 may have an elongated octagonal shape, or
other similar shape. The reflective target 500 has a diameter of approximately 1.5 inches. The reflective target
500 comprises a reflective surface 502 that circumferentially encompasses the reflective target 500. The reflective
surface 502 has a length of approximately 12 inches. In the preferred embodiment, the reflective surface 502
comprises a material that, when mounted on a planar surface, is at least 1000 times more reflective than a
Lambertian target.

Many reflective surfaces only provide sufficient reflectivity for relatively small entrance angles. Such
reflective surfaces are not desirable in a golf application and many other applications. In a golf application, for
example, the angle between the golfer using the distance-measurement apparatus 100 and the target 500 may be
any horizontal angle, from 0 to 360 degrees. Thus, the target 500 should preferably provide sufficient reflectivity
at any horizontal entrance angle. On the other hand, providing sufficient reflectivity at a wide range of vertical
entrance angles in a golf application is not as important. The substantially cylindrical shape of the preferred
embodiment of the reflective target 500 provides reflectivity at substantially all horizontal entrance angles. Thus,
a light beam reflects off the reflective target 500 and back toward the distance-measurement apparatus 100,
regardless of the direction from which a golfer is approaching the target 500. In the preferred embodiment, the
reflective target 500 is at least 1000 times more reflective than a Lambertian target for any entrance angle in a
360 degree circumference about the reflective target 500. In an appiication for which vertical entrance angles are
more important, a ring-shaped target or a spherical target may be preferred. The reflective target 500 may also
comprise strips 504 and 508 that can be used for advertising. Each of the strips 504 and 506 is preferably 0.75
inches wide.

Figure 10 illustrates the structure of the reflective surface 502 of the preferred embodiment. The refiective
surface 502 is preferably a reflective tape material that can be applied to various surfaces. The reflective surface
502 preferably comprises a large number of closely spaced micro retro-reflectors 508. Each micro retro-reflector
508 is preferably a three dimensional structure having a cross-sectional area on the order of tens or hundreds of
microns. Each micro retro-reflector 508 simulates the reflective characteristics of a cube corner. Namely, each micro
retro-reflector 508 preferably reflects substantially all incident light back in precisely the same direction from which
the fight came. The micro retro-reflectors 508 of the reflective surface 502 may be covered by a transparent
coating. The reflective surface 502 may, for example, comprise 2 strip of reflective tape sold by the 3M Packaging
Systems Division, and described as "2000X RetroReflective Targets.” Other reflective materials may also be used

for the reflective surface 502.



WO 95/30879 PCT/US95/05308

10

15

20

25

30

35

-20-

Figure 11 illustrates a second embodiment of a reflective target 600 that can be used with the distance-
measurement apparatus 100. The reflective target 600 comprises a set of three panels 602, 604, and 606. All
of the panels 602, 604, and 606 are connected together along a central axis. Each of the panels 602, 604, and
606 extend outwardly from the central axis to form three horizontal angles of approximately 120 degrees each. The
reflective target 600 also preferably comprises a top ring 608 and a bottom ring 610. The top ring 608 is
preferably connected to an outside edge of each of the panels 602, 604, and 606 at the top of the reflective target
600. The bottom ring 610 is preferably connected to an outside edge of each of the panels 602, 604, and 606
at the bottom of the reflective target 600. Thus, the outside dimensions of the reflective target 600 defined by
the rings 608 and 610 and the panels 602, 604, and 606 is a generally cylindrical shape. The diameter of the
generally cylindrical shape of the reflective target 600 is preferably approximately 2 inches, while the length is
preferably approximately 4.5 inches. The rings 608 and 610 serve to protect the panels 602, 604, and 606 from
damage. Each of the panels 602, 604, and 606 is preferably covered, on both sides, with the same reflective
surface 502 that is illustrated and described above with reference to Figures 9 and 10.

Either of the targets 500 or 600, or targets having other shapes and sizes, may, for example, be attached
to the top of a pole in a variety of applications. In a golf application, either of the targets 500 or 600 may be
attached to the top of the pin at each hole of the course. Either of the targets 500 or 600 may also be used for
other purposes on a golf course. For example, a target 500 or a target 600 may be placed at or near a “hazard",
such as a sand trap, so that the golfer can determine the distance to the hazard. Also, a target 500 or a target
600 may be placed at or near the tee area. In this situation, after a golfer hits an initial drive from the tee area,
the golfer can go to the location of the ball and measure the distance from the golf ball back to the tee, to
determine how far he hit the ball. A substantially cylindrical reflective target having a diameter that is iarger than
1.5 inches may be preferable for marking hazards and tee areas.

The reflective target 500 is preferable in a golf application, at least for placement on top of each pin on
the course, because the reflective target 500 has a uniform reflectivity for all horizontal entrance angles. The
reflectivity of the reflective target 600, on the other hand, is not uniform for all horizontal entrance angles.
However, the reflective target 600 may be preferable in other applications because the reflective target 600 is more
effective at reflecting light for some entrance angles than the reflective target 500.

A distance-measurement system for a golf environment preferably comprises a distance-measurement
apparatus 100 and a plurality of targets 500. A reflective target 500 is preferably mounted on each of the pins
on the golf course, near the top of the pin. Then, a golfer can determine the distance from any location on the golf
course to any pin on the course, by standing at the desired location on the course and directing the light beam of
the distance-measurement apparatus 100 toward the desired pin. The light beam from the distance-measurement
apparatus 100 refiects off the target 500, back toward the distance-measurement apparatus 100. The distance-
measurement apparatus 100 will then compute and display the distance between the distance-measurement apparatus

100 and the target 500.
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As described above, the distance-measurement abparatus 100 is preferably designed to have an optimal
optical relation with the type or types of objects or surfaces to which distances are to be measured in a specific
application. Thus, in a golf environment, the optical characteristics of the distance-measurement apparatus 100 are
selected to be compatible with the golf pin reflective target 500. In the preferred embodiment, for a golf
environment, the laser diode 120 comprises an EG&G part number PGAU1S12 laser diode. The laser diode 120 is
preferably driven with a peak power of 10 watts, a pulse width of 30 nanoseconds, and a cycle time of 400 pulses
per second. The transmit lens 104 has a diameter of 25 millimeters and a back focal length of 26.5 millimeters.
The transmit lens 104 is a positive or converging lens that effectively gathers light from the laser diode 120 for
transmission toward the target 500, and it satisfies eye safety considerations. The receive lens 106 has a diameter
of 40 millimeters and a back focal length of 42.5 millimeters. The receive lens 106 is preferably an aspheric lens
that is highly corrected to obtain a small spot size at the photodiode receiver 118. The receive lens 106 is a
positive or converging lens that efficiently gathers incident light and focuses it onto the photodiode receiver 118.
The photodiode receiver 118 is preferably a SFH217 component, with or without filtering, as sold by Siemens.

An operator of the distance-measurement apparatus 100 can determine the distance between the distance-
measurement apparatus 100 and a remote object or surface by pointing the distance-measurement apparatus 100
toward the remote object or surface and pressing and holding the measure button 110. If a correct hit occurs, the
distance-measurement apparatus 100 displays the distance to the remote object or surface on the range display 114.
To achieve a correct hit, the distance-measurement apparatus 100 must be positioned so that the remote object or
surface is directly in front of the transmit lens 104, so that the transmit lens 104 directs the light from the laser
diode 120 directly toward the remote object or surface.

In the preferred embodiment, the distance-measurement apparatus 100 comprises the viewfinder 108, as
illustrated in Figures 1, 2, 3, and 4. The viewfinder 108 assists an operator in directing the light beam from the
distance-measurement apparatus 100 toward a remote object or surface. Referring to Figure 4, the length 146 of
the reflector/window tube 126 is selected to be as long as practical. The distance 148 between the view finder
light 124 and the reflectorjwindow 134 is greater than the length 146. The reflector/window 134 is a spherical
lens of uniform thickness, with a radius of curvature equal to twice the distance 148. The light from the view finder
light 124 is directed toward a concave surface of the reflector/window 134. This concave surface of the
reflector/window 134 has a coating that has a reflectivity of 0.25 to 0.50. Thus, generally, less than half the light
from the view finder light 124 is reflected back into the view finder 108, while the remaining light passes through
the reflector/window 134 and outside the view finder 108. In addition, the reflector/window 134 generally allows
more than half of the light that is incident on the reflector/window 134 from outside the view finder 108, toward
the operational end 102, to travel through the reflector/window 134 and into the view finder 108. The distance
between the vertical center of the view finder light 124 and the vertical center of the reflector/window tube 126
is defined as a vertical travel distance 147 for reflected light. As illustrated in Figure 4, the reflector/window 134
is not perpendicular to the reflector/window tube 126. Instead, the reflector/window 134 forms a bevel angle 143

with the reflector/window tube 126. The bevel angle 143 is selected so that the vertical travel distance 147 equals



WO 95/30879 PCT/US95/05308

10

15

20

25

.22

the distance 148 multiplied by the tangent of twice the bevél angle 143. The shape, position and orientation of the
reflector/window 134 relative to the view finder light 124 substantially collimates the light from the view finder fight
124 and directs the collimated light in a direction that is substantially parallel to the reflector/window tube 126.
The reflector/window tube 126 is adjusted using the x-axis adjustment screw 130 and the y-axis adjustment screw
132 so that the reflector/window tube 126 is substantially parallel to the path of the light emitted from the transmit
lens 104.

To use the view finder 108, an operator first activates the view finder switch 144 (Figure 2), which
activates the view finder light 124. Next, the operator looks through the view finder 108 from the user end 112.
As described above, the reflector/window 134 allows light from the operational end 102 of the view finder 108
through to the inside of the view finder 108. Thus, the operator can see through the view finder 108 and observe
anything that is directly in front of the view finder 108 toward the operational end 102. In addition, the view finder
light 124 produces a beam of colored light that travels toward the reflector/window 134. Some of the light from
the view finder light 124 is collimated and reflected back toward the eye of the operator. However, the
reflector/window 134 does not reflect enough of the fight for the operator to determine that the light has been
reflected. Consequently, the fight appears to be coming from in front of the view finder 108, toward the operational
end 102. Thus, the operator sees a colored dot of light from the view finder light 124 superimposed on the view
in front of the view finder 108. In addition, because the refiected light from the view finder light 124 is collimated,
the colored dot appears to be very far away, allowing the operator's eye to focus on the object or surface to which
the distance is to be measured. If the operator aligns the image of the colored dot with the image of the remote
object or surface, the light beam of the distance-measurement apparatus 100 is directed toward the remote object
or surface. Next, the operator presses and holds the measure button 110 to perform a distance-measurement
operation, and the distance-measurement apparatus 100 displays the distance to the remote object or surface on the
range display 114. Other view finding devices may also be used in connection with the distance-measurement

apparatus 100, instead of the superimposed light beam view finder 108 of the preferred embodiment.
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WHAT IS CLAIMED IS:

diode.

receiver.

1. A portable, hand-held distance-measurement apparatus comprising:

a light transmitter, said light transmitter generating pulses of light for transmission to and
reflection by a remote surface;

a light receiver, said light receiver receiving pulses of light that have reflected off the remote
surface, said light receiver detecting such reflected pulses of light;

a time measurement circuit, said time measurement circuit generating a digital value that
represents an analog value, said analog value being determinatively refated to the elapsed time between the
generation of one of the light pulses by said light transmitter and the detection of said ene light pulse by
said light receiver, said time measurement circuit comprising:

a charging capacitor;

a current source, said current source providing an electronic current to charge said
charging capacitor;

a charge/discharge circuit comprising one or more charge/discharge switches connected
to control the charging and discharging of said charging capacitor, said charge/discharge circuit
causing said charging capacitor to discharge before the generation of the transmitted light pulse
and causing said charging capacitor to begin charging substantially at a first predetermined time
relative to the generation of the transmitted light pulse;

a latch which latches a first voltage representative of the charge across said charging
capacitor substantially at a second predetermined time relative to the detection of the reflected
light pulse;

a reference voltage generator, said reference voltage generator generating a reference
voltage signal having 2 magnitude that varies over time;

a comparator, said comparator generating a compare signal corresponding to the relative
magnitudes of said first voltage and said reference voltage signal; and

a digital value generator, said digital value generator monitoring said compare signal and,
in response thereto, generating said digital value;

a power supply which provides electrical power to said time measurement circuit, said electrical
power being disabled when said time measurement circuit is not in use; and

a processor, said processor receiving said digital value from said time measurement circuit and,
in response thereto, determining a distance measurement between said distance-measurement apparatus and
said remote surface.

2. The distance-measurement apparatus of Claim 1, wherein said light transmitter comprises a laser

3. The distance-measurement apparatus of Ciaim 1, wherein said light receiver comprises a photodiode
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4, The distance-measurement apparatus of Claim 1, wherein said analog value directly represents said
elapsed time.
5. The distance-measurement apparatus of Claim 1, wherein said current source provides a

substantially constant current to charge said capacitor in a substantially linear manner.

6. The distance-measurement apparatus of Claim 1, wherein said reference voltage generator, said
comparator, and said digital value generator comprise an analog-to-digital converter.

7. The distance-measurement apparatus of Claim 6, wherein said latch and said analog-to-digital
converter are implemented in a single electronic component.

8. The distance-measurement apparatus of Claim 7, wherein said single electronic component
comprises a successive approximation analog-to-digital converter.

8. The distance-measurement apparatus of Claim 1, wherein said charging capacitor and said latch
comprise a single capacitor.

10. The distance-measurement apparatus of Claim 1, wherein said reference voltage generator
comprises a resistor, a capacitor, and one or more charge/discharge switches.

1. The distance-measurement apparatus of Claim 1, wherein said digital value generator comprises
a counter.

12, The distance-measurement apparatus of Claim 11, wherein said processor comprises a

microprocessor, said microprocessor comprising said counter.

13. The distance-measurement apparatus of Claim 1, wherein said processor comprises a
microprocessor.
14. The distance-measurement apparatus of Glaim 13, wherein:

said microprocessor receives a first plurality of digital values from said time measurement circuit;

said microprocessor discards a second plurality of said first plurality of digital values, said second
plurality having the highest numerical values;

said microprocessor discards a third plurality of said first plurality of digital values, said third
plurality having the lowest numerical values; and

said microprocessor determines a distance measurement between said distance-measurement
apparatus and said remote surface by averaging a fourth plurality of digital values, said fourth plurality of
digital values comprising all of said first plurality of digital values that have not been discarded.
15. The distance-measurement apparatus of Claim 13, wherein said microprocessor has a sleep mode

for conserving electrical power when said microprocessor is not active.

16. The distance-measurement apparatus of Claim 1, wherein said power supply comprises a battery.
17. The distance-measurement apparatus of Claim 1 additionally comprising a view finding device.
18. The distance-measurement apparatus of Claim 17, wherein said view finding device comprises a

35 superimposed light beam view finder.
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PCT/US95/05308
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The distance-measurement apparatus of Claim 1 additionally comprising a transmit lens and a

receive lens, wherein the optical characteristics of said light transmitter, said light receiver, said transmit lens and

said receive lens are selected to substantially maximize the quantity of light reflected by the remote surface and

received by the light receiver.

20.

A method of performing a plurality of distance-measurement operations to determine distances

between a distance-measurement apparatus and one or more remote surfaces, said method comprising the steps of:

detecting one or more requests for a distance-measurement operation; and

for each detected request, performing a distance-measurement operation, said distance-

measurement operation comprising the steps of:

21

performing a plurality of distance-measurement cycles to obtain a first plurality of digital
values, each distance-measurement cycle comprising the steps of:
generating a light pulse and directing the light pulse toward a remote surface
for reflection from said surface as a reflected fight pulse;
receiving the reflected light pulse; and
generating a digital value that represents an analog value that is determinatively
related to the elapsed time between the generation of the light pulse and the reception
of the refiected light pulse;
discarding a second plurality of said first plurality of digital values, said second plurality
having the lowest of the digital values;
discarding a third plurality of said first plurality of digital values, said third plurality
having the highest of the digital values;
computing an average digital value from a fourth plurality of digital values, said fourth
plurality of digital values comprising all of said first plurality of digital values that have not been
discarded; and
obtaining a corresponding distance-measurement value from said average digital value,
said distance-measurement value representing the distance between said distance-measurement
apparatus and said remote surface.
The method of Claim 20, wherein the step of generating a digital value comprises the steps of:
discharging a capacitor before the generation of the light pulse;

charging said capacitor beginning substantially at a first predetermined time relative to the

generation of the light pulse;

latching the voltage across said capacitor substantially at a second predetermined time relative

to the reception of the reflected light pulse; and

22,

generating a digital value that represents said latched voltage.

The method of Claim 20, wherein the number of digital values in said second plurality is equal to

the number of digital values in said third plurality.
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23. The method of Claim 20, wherein said sfep of obtaining a corresponding distance-measurement
value from said average digital value comprises the steps of:

multiplying said average digital value by a scale factor; and

adding an offset value to the product of the multiplication.

5 24. The method of Claim 20, additionally comprising the step of disabling power to a time
measurement circuit when said time measurement circuit is not active, said time measurement circuit performing said
plurality of distance-measurement cycles.

25. The method of Claim 20, additionally comprising the step of causing a microprocessor to enter
a sleep mode to conserve electrical power when said microprocessor is not active, said microprocessor controlling
10 the performance of each of said distance-measurement operations.
26. A distance-measurement system comprising:

a reflective target, said reflective target comprising a sheet of reflective material, said reflective
target having a reflectivity that is at least 1000 times greater than the reflectivity of a Lambertian surface
for substantially all horizontal entrance angles; and

15 a portable, hand-held distance-measurement apparatus, said distance-measurement apparatus

comprising:
a light transmitter, said light transmitter generating a pulse of light and directing said
pulse of light toward said reflective target for reflection as a reflected pulse of light;
a light receiver, said light receiver receiving the reflected pulse of light;

20 a time measurement circuit, said time measurement circuit measuring the elapsed time
between the generation of the light pulse by said light transmitter and the reception of the
reflected light pulse by said light receiver;

a digital value generator, said digital value generator generating a digital value that
represents an analog value that is determinatively related to said elapsed time; and

25 a processor, said processor receiving said digital value and, in response thereto,
computing the distance between said distance-measurement apparatus and said reflective target.

27. The distance-measurement system of Claim 26, wherein said reflective target comprises a reflective
material comprising a plurality of micro retroreflectors.
28. The distance-measurement system of Claim 26, wherein said reflective target has a substantially

30 cylindrical-shape.

29. The distance-measurement system of Claim 26, wherein said processor comprises a microprocessor.
30. The distance-measurement system of Claim 26, wherein:
said distance-measurement apparatus additionally comprises a transmit lens and a receive lens;

and
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the optical characteristics of said light tfansmitter, said light receiver, said transmit lens, said
receive lens and said reflective target are selected to substantially maximize the quantity of light reflected
by said reflective target and received by the light receiver. '

31. A portable, hand-held distance-measurement apparatus comprising:

a light transmitter, said light transmitter generating a pulse of light for reflection off a remote
surface as a reflected pulse of light;

a light receiver, said light receiver receiving the reflected pulse of light;

a time measurement circuit, said time measurement circuit measuring the elapsed time between
the generation of the light pulse by said light transmitter and the reception of the reflected light pulse by
said light receiver;

a digital value generator, said digital value generator generating a digital value that represents an
analog value that is substantially proportional to said elapsed time;

a power supply, said power supply providing electrical power to said time measurement circuit,
said electrical power being disabled when said time measurement circuit is not in use; and

a processor, said processor receiving said digital value from said time measurement circuit and,
in response thereto, computing a distance measurement between said distance-measurement apparatus and
said remote surface; and

a view finding device which facilitates aiming the pulse of light toward said remote surface.

32. The distance-measurement apparatus of Claim 31, wherein said view finding device comprises a

20 superimposed light beam view finder.
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