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METHODS AND APPARATUS FOR LIDAR OPERATION WITH NARROWBAND
INTENSITY MODULATION

[0001] This relates generally to lidar, and more particularly to preventing interference between
lidar devices.

BACKGROUND

[0002] Lidar is a ranging technology used to estimate distance to a target based on transmitting
light energy. Typical lidar systems operate by reflecting a transmitted narrow pulse of light off
of a target and estimating the amount of time it takes the pulse to return. An alternative approach
is amplitude modulated continuous wave (AMCW) based lidar. In AMCW lidar, the transmitter
modulates the intensity of the light with a continuous wave (CW) signal. The receiver typically
estimates the time of flight based on the phase of the received CW signal relative to the
transmitted CW signal.

[0003] As described hereinabove, lidar (also called LIDAR, LiDAR, and LADAR) is a method
for measuring distance to a target by illuminating that target with a laser light. The name lidar is
sometimes considered an acronym of Light Detection And Ranging (i.e. LiDAR) or Light
Imaging, Detection, And Ranging (i.e. LIDAR). Lidar was originally a portmanteau of the
words “light” and “radar.” In lidar systems, a source transmits light into a field of view and the
light reflects off objects. Sensors receive the reflected light. In some lidar systems, a flash of
light illuminates an entire scene. In the flash lidar systems, arrays of time-gated photodetectors
receive reflections from objects illuminated by the light, and the time it takes for the reflections
to arrive at various sensors in the array is determined. In an alternative approach, a scan such as
a raster scan can illuminate a scene in a continuous scan fashion. A source transmits light or
light pulses during the scan. Sensors that can also scan the pattern, or fixed sensors directed
towards the field of view, receive reflective pulses from objects illuminated by the light. The
light can be a scanned beam or moving spot. Time-of-flight computations can determine the
distance from the transmitter to objects in the field of view that reflect the light. The time-of-
flight computations can create distance and depth maps. Light scanning and lidar applications

include: ranging; metrology; mapping; surveying; navigation, microscopy, spectroscopy; object
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scanning; and industrial automation. Recently, lidar applications also include: security;
robotics, and mobile systems. Vehicles use lidar navigation and collision avoidance systems.
Autonomous vehicles and mobile robots use lidar for collision avoidance and scene detection.
[0004] Lidar systems operating in the same environment may interfere with one another,
because each lidar is unable to discriminate its return signal from that of other lidars. In
industrial environments, more than one robot or other device may be employing lidar, and in
automotive applications other vehicles may be using lidar in the same area. Interference between
lidars can result in erroneous operation. In safety critical applications, such as automotive or
industrial applications, this type of operational malfunction is not acceptable.

SUMMARY

[0005] In described examples, an integrated circuit includes a modulator configured to
modulate a driving signal for an optical transmitter with a narrow band modulation signal in
which the driving signal with a duration is transmitted to the optical transmitter periodically.
The integrated circuit includes a demodulator configured to receive a signal from an optical
receiver that is configured to receive the reflection of light transmitted by the optical transmitter
off an object, the demodulator configured to discriminate the narrow band modulation signal and
estimate a distance of the object using the narrow band modulation signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 is a schematic diagram of a pulse-type lidar.

[0007] FIG. 2 is a graph showing the operation of the lidar of FIG. 1.

[0008] FIG. 3 illustrates an additional problem with the device of FIG. 1.

[0009] FIG. 4 is a schematic diagram of an embodiment for a lidar system.

[0010] FIG. 5 is a graph showing modulated signals.

[0011] FIG. 61is a frequency spectrum of a receive signal.

[0012] FIG. 7 is a graph of an example multiple tone modulated signal.

[0013] FIG. 8 is a drawing of a lidar device with scanning capabilities.

[0014] FIG. 9is a flow diagram of a method embodiment.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0015] Corresponding numerals and symbols in the different figures generally refer to
corresponding parts unless otherwise indicated. The figures are not necessarily drawn to scale.

[0016] The term “coupled” may include connections made with intervening elements, and
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additional elements and various connections may exist between any elements that are “coupled.”
[0017] FIG. 1 is a schematic diagram of a pulse-type lidar. Lidar 100 includes pulse generator
102, which provides timed pulses to transmit driver 104. Transmit driver 104 drives laser diode
106. Optics 108 collimates and directs the pulsed light onto a field of view that includes object
110. Optics 108 may be a fixed lens system or one of many mechanisms for scanning the light
signal across a scene. Object 110 reflects and scatters the light signal. Optics 112 receives a
portion of the reflected light signal and focuses it on photodiode 114. Trans-impedance
amplifier (TIA) 116 amplifies the output of photodiode 114 and provides the amplified signal to
receive processing unit 118. In some configurations, a photodiode 120 is positioned to receive a
portion of the light signal directly from laser diode 106. TIA 122 amplifies the output of
photodiode 120 and provides the output to receive processing unit 118. Receive processing unit
118 includes analog-to-digital converters (ADCs, not shown) that convert the signals received
from TIA 116 and TIA 122 to digital format for further processing as described hereinbelow
regarding FIG. 2.
[0018] FIG. 2 is a graph showing the operation of lidar 100 of FIG. 1. Graph 200 shows
transmit pulse 202 at a first time followed by receive pulse 204. The speed of light is known, so
the distance of object 110 (FIG. 1) can be estimated using time of flight 206. Accordingly, the
distance is estimated as given in Equation (1):

d = (¢ *tror)/2 (1)
where: d is the distance, c is the speed of light, and tror is the time of flight. The speed of light
times the time of flight is halved to account for the travel of the light pulse to, and from, the
object.
[0019] Receive pulse 204 has significantly smaller amplitude than transmit pulse 202. The
difference between the amplitudes of the transmit and receive pulse in a real-life application is
much greater than shown in FIG. 2. The reduced amplitude in the received pulse is caused by
scattering and absorption and divergence of the transmitted light. Therefore, it is sometimes
difficult to discriminate between the receive pulse 204 and noise. Also, the losses during flight
make it necessary to use powerful lasers to ensure that the receiving photodiode receives a
receive pulse of adequate amplitude.
[0020] FIG. 3 illustrates an additional problem with the device of FIG. 1. If multiple lidars are

operating in the same environment, it is not possible to discriminate between an intended return
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pulse (like receive pulse 204, FIG. 2) and a return pulse from another lidar. For example, victim
lidar 302 is attempting to range object 304. However, interferer lidar 306 is also attempting to
range object 304. Victim lidar 302 has no way to determine that a received pulse is a return from
the pulse transmitted by itself or is a return from interferer lidar 306. A time of flight calculated
from any input other than the proper receive pulse produces an erroneous distance estimate.
[0021] FIG. 4 is a schematic diagram of an embodiment for a lidar system. Lidar 400 includes
a pulse generator 402 which generates pulse sequences using the signal for the modulation signal
generator 401. The modulated pulse drives transmit driver 404, which generates a driving signal
to drive an optical transmitter such as a laser diode 406. The modulation signal, which may be a
narrow band modulation signal, modulates the intensity of the light transmitted by laser diode
406 during the pulse. Pulse generator 402 serves as a pulse sequence generator using the
modulation signal as a reference. Optics 408 directs the modulated light signal to a field of view
that includes object 410. Optics 408 may be a fixed lens system or one of many mechanisms for
scanning the light signal across a scene.

[0022] Optics 412 focuses a reflection of the modulated signal reflected by object 410 on to
photodiode 414. Also, the optional photodiode 420 receives a reference modulated signal
directly from laser diode 406. TIAs 416 and 422 amplify the light signals received by
photodiodes 414 and 420, respectively, and provide these signals to filters 417. Filters 417 may
apply a single filter or multiple filters to each of the signals provided by TIAs 416 and 422. In
an example embodiment, filters 417 apply the same filters to the light signals provided by TIAs
416 and 422. This filtering allows a receive processor to factor out common delays and
non-linearities by comparing the two signals. As described in more detail hereinbelow, filters
417 filter out signals except for the modulated signals. Therefore, filters 417 diminish the effect
of noise and interferers. This selective filtering allows receive processor 418 to correctly
estimate the distance of object 410. In another aspect of the embodiments, the filters within
filters 417 include narrow band-pass filters.

[0023] Among other functions, receive processor 418 and filters 417 serve as a demodulator of
the filtered light signals received from TIAs 416 and 422. In an aspect of the embodiments,
transmit driver 404 provides a signal to receive processor 418 to indicate when transmit driver
404 transmits a pulse. Modulation signal generator 401, transmit driver 404, receive processor

418, filters 417 and TIAs 416 and 422 may partially or wholly incorporated into an integrated
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circuit as indicated by group 424. For example, an integrated circuit may generate the signals
and apply the signals to laser diode 406 using one or more power transistors or power modules.
Transmit driver 404 may be implemented using discrete components or using several
components incorporated into a module. In some configurations, one integrated circuit may
drive multiple laser diodes. In other configurations, a separate circuit drives each of multiple
laser diodes and a common receive processor 418 analyzes the signals. The receive processor
418 and filters 417 may include a digital signal processor (DSP), a CPU, a RISC core such as an
ARM core, a mixed signal processor (MSP) or another suitable processor.

[0024] In an example embodiment operated with a reference photodiode such as 420 in FIG. 4,
the receive processor such as 418 in FIG. 4 can perform a correlation function using the
reference signal and the received modulated signal. A peak in the correlation function will
correspond to the time delay of the received signal. Equation (1) can then be used to estimate the
distance. In another alternative embodiment, an FFT can be performed in receive processor 418
on the received signal, and a phase of the tone can be used to estimate the delay in the received
signal, Equation (1) can then be used to calculate the distance.

[0025] FIG. 5 is a graph showing modulated signals. In FIG. 5, time is on the horizontal axis
and amplitude is on the vertical axis. Transmit pulse 502 is a modulated pulse having a duration
D. The modulation of transmit pulse 502 is a narrow band frequency. Receive signal 504 has
the same duration and the same intensity modulation frequency.

[0026] FIG. 6 is a frequency spectrum 602 of receive signal 504 (FIG. 5). This narrow
spectrum allows for efficient filtering on a band including frequency spectrum 602, even though
the use of a pulse configuration will generate harmonics. In an example embodiment, filters 417
(FIG. 4) are digital filters and the outputs of TIAs 416 and 422 (FIG. 4) are converted to digital
signals before filtering. By filtering out all but the modulated receive signal 504, lidar 400 (FIG.
4) can accurately estimate the distance of object 410, even in the presence of interfering lidars.
Lidar 400 can discriminate between transmitted signals and interferers and noise that might be
received.

[0027] Also, because the transmit energy of transmit pulse 502 is spread over multiple pulses
within transmit pulse 502, the peak intensity transmitted by laser diode 406 can be lowered while
still providing adequate energy in the receive signal 504 for photodiode 414 (FIG. 4) to

accurately detect the received signal. The transmit waveform can be relatively long, such as
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from 100 nsec to a few upsec. Because the waveform consists of multiple cycles of the
modulation signal, the total transmit energy is divided amongst the multiple cycles resulting in
lower peak transmit optical power. Thus, laser diode 406 and transmit driver 404 can be cheaper
and more compact than in prior systems. Also, photodiode 414 may be implemented using a PiN
photodiode, avalanche photodiode (APD) or silicon photomultiplier (SiPM). Further, by using
different modulation frequencies, the transmit waveforms are unique for each lidar, enabling
lidars to operate interference free in the same environment. For example, in an application
where example embodiments may be applied, a warehouse or factory may have many robots
and/or autonomous carts for transporting goods or parts. If these robots and/or carts include lidar
for collision avoidance or navigation, a different modulation frequency can be assigned to each
device. Therefore, in this example, the lidar in one cart will not disrupt the operation of the lidar
in another cart.

[0028] Modulation signal generator 401 (FIG. 4) might produce several possible variations of
modulation waveforms. For example, a single tone, e.g. 50 MHz, modulates transmit pulse 502
(FIG. 5). In other examples, multiple tones may be used either simultaneously or sequentially.
A pulse repetition modulation with a pulse repetition frequency (PRF) can be used. For
example, a chirp signal may be used. In a chirp signal, modulation signal generator 401 (FIG. 4)
varies the frequency of the modulation signal in a period sequence of tones. An example chirp
sequence is a sequence of multiple monotonic tones, e.g. 5 cycles of SOMHz interleaved with 5
cycles of 60MHz. Another example is a saw tooth frequency ramp. With chirp sequences, it may
be possible to accurately detect the return signal even if interference occurs on one of the
frequencies within the chirp. Another example is frequency hopping spread spectrum (FHSS).
In FHSS, the modulation signal can be a pseudo-random sequence of tones also known as
frequency hopping, e.g. 5 cycles of SOMHz, 5 cycles of 60MHz, 5 cycles of 4SMHz, 5 cycles of
55MHz, etc. FHSS has the advantage that no mechanism is needed to coordinate between
multiple lidars in an environment because of the low probability that two lidars will use the same
frequency and/or the same pseudo-random sequence. Receiving two FHSS receive pulses
having the same frequency and sequence (a very rare event) indicates a conflict. In this
circumstance, determination of an estimate is not possible. The FHSS signal will then hop to a
new sequence/frequency combination for the next cycle. FIG. 7 is a graph of an example

multiple tone modulated signal. Modulation signal 702 includes tone 704, tone 706 and tone
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708, which all have different frequencies.

[0029] In an example embodiment, filters 417 (see FIG. 4) may include analog front end
(AFE) elements such as analog filters. In this arrangement, receive processor 418 (FIG. 4) may
include analog to digital converters (ADCs). In another additional embodiment, receive
processor 418 (FIG. 4) may store the entire pulse as received by photodiode 420 (FIG. 4) for
comparison to signals received on photodiode 414 (FIG. 4). In this example, the receive
processor compares the stored pulse to the signals received on photodiode 414 (FIG. 4) and the
best match indicates the time of flight 506 of the pulse. In a further example embodiment, the
modulation signals may be selected to have a minimal cross correlation between each other. In
this arrangement, a comparison between the transmit signal and a receive signal having a
different modulation signal will provide a very low cross correlation signal. In contrast, a
comparison between the modulation of a transmit signal and its’ receive signal will have a very
high auto correlation signal. This feature facilitates accurate estimation and allows for rejection
of interfering signals (i.e. discrimination between the desired signal and interfering signals).
[0030] To avoid interference within an environment such as a factory or warehouse, each
transmitter can use a different modulation frequency or modulation frequency sequence.
Receive processor 418 uses a narrow bandpass filter or filters 417 so that only relevant signal
components are processed by receive processor 418, effectively filtering out interference from
other transmitters. The filters can be implemented in digital or analog form. In an embodiment,
filters 417 includes digital filters, which allow for rapid changes in the bandpass frequencies,
which facilitates the use of complex modulation signals. In another embodiment, multiple
analog filters to filter each necessary frequency band. However, this aspect of the embodiments
does not provide the level of flexibility available with digital filtering.

[0031] FIG. 8 is a drawing of a lidar device with scanning capabilities. Lidar scanner 802
includes transmitter 808 and receiver 806. The optics of transmitter 808 (not shown) allow the
laser pulse to be directed in a plurality of beams 804. The optics may include movable mirrors,
DMD devices, movable prisms or other beam direction devices. In other implementations,
separate laser transmitters transmit each of beams 804. Lidars like lidar scanner 802 sometimes
use rotating mounts to allow for scanning an entire scene.

[0032] Using a prior system like that of FIG. 1, each of the plurality of beams 804 must allow

for the time of flight for the maximum range of the device. If a second transmission transmits
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before the return of the first transmission, the receiving photodiode may pick up a reflection of
the second transmission or scatter from the second transmission. Either one could cause an
erroneous distance estimate. Therefore, each subsequent transmission must delay until it is
certain that such a conflict will not occur, i.e. the time of flight for the maximum range of the
device. Using an embodiment like that of FIG. 4, a unique modulation signal can modulate each
beam. Therefore, in another embodiment, a lidar such as lidar scanner 802 can transmit a subset
or all of beams 804 simultaneously without interference between beams. This mode allows for
much faster scanning or for simultaneous transmission for configurations with separate lasers for
each of beams 804.

[0033] FIG. 9 is a flow diagram of a method embodiment. Method 900 starts with step 902.
Step 904 provides a distinguishable modulation signal (as described hereinabove) to the transmit
driver (404, FIG. 4). Step 906 drives a laser diode (406, FIG. 4) to illuminate that target with a
modulated pulse sequence. Step 908 receives the modulated pulse sequence reflected off the
target. Step 910 filters the received pulse sequence to eliminate signals other than the modulated
signal as much as possible. Step 912 compares the received signal to the transmitted signal to
determine the time of flight. Step 914 estimates the distance of the object based on the time of
flight. The method ends with step 916. In an alternative embodiment, the modulation of step
904 uses low cross correlation modulation signals. In this method, step 910 may or may not
filter the received signal because the low cross correlation of the modulation signals provides a
good SNR signal to determine the time of flight of the pulse.

[0034] In the description hereinabove, laser diodes transmit the pulse sequence. However,
other laser devices and well-focused light sources may be used. Also, in the description
hereinabove, photodiodes receive the pulse sequence. However, other types of photoreceptors
may be effectively used.

[0035] In an example embodiment, an integrated circuit includes a modulator configured to
modulate a driving signal for an optical transmitter with a narrow band modulation signal in
which the driving signal with a duration is transmitted to the optical transmitter periodically.
The integrated circuit also includes a demodulator configured to receive a signal from an optical
receiver that is configured to receive a reflection of light transmitted by the optical transmitter
off an object, the demodulator configured to discriminate the narrow band modulation signal and

estimate a distance of the object using the narrow band modulation signal.
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[0036] In another example arrangement, the narrow band modulation signal is a single
modulation tone.

[0037] In another example embodiment, the narrow band modulation signal is a
pseudo-random sequence of tones.

[0038] In another example embodiment, the narrow band modulation signal is a monotonic
sequence of tones.

[0039] In another example embodiment, the demodulator includes a narrow bandpass filter to
discriminate the narrow band modulation signal.

[0040] In yet another example embodiment, the demodulator includes a plurality of bandpass
filters to discriminate the narrow band modulation signals.

[0041] In another example arrangement, the narrow band modulation signal is a multiple tone
signal and the demodulator using a narrow bandpass filter to discriminate the narrow band
modulation signal.

[0042] In another example arrangement, the optical transmitter is a laser emitting device.
[0043] In another example arrangement, the optical receiver is a photodiode.

[0044] In yet another example embodiment, an optical ranging apparatus includes a modulator
configured to modulate a driving signal with a narrow band modulation signal and with a
duration; an optical transmitter coupled to receive the driving signal and emit a modulated light
signal onto an object; an optical receiver configured to receive the modulated light signal after
reflecting off the object; and a demodulator coupled to the optical receiver, the demodulator
configured to discriminate the narrow band modulation signal and estimate a distance of the
object using the narrow band modulation signal.

[0045] In another example arrangement, the narrow band modulation signal is a single
modulation tone.

[0046] In another example arrangement, the narrow band modulation signal is a
pseudo-random sequence of tones.

[0047] In another example embodiment, the narrow band modulation signal is a monotonic
sequence of tones.

[0048] In yet another example arrangement, the demodulator includes a narrow bandpass filter
to discriminate the narrow band modulation signal.

[0049] In yet another example embodiment, the demodulator includes a plurality of bandpass
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filters to discriminate the narrow band modulation signals.

[0050] In another example arrangement, the narrow band modulation signal is a multiple tone
signal and the demodulator includes a narrow bandpass filter to discriminate the narrow band
modulation signal.

[0051] In another example embodiment, the optical transmitter is a laser emitting device.
[0052] In another example embodiment, the optical receiver is a photodiode.

[0053] In yet another example embodiment, a method for operating an optical ranging
apparatus including providing a narrow band modulation signal to a driver; driving an optical
transmitter with a driving signal from the driver that is modulated with narrow band modulation
signal, the optical transmitter emitting a modulated light signal; receiving a received modulated
light signal at an optical receiver that is the modulate light signal reflected off an object to
provide a received modulated signal; filtering the received modulated signal with a narrow
bandpass filter to provide a filtered received modulated signal; and estimating a distance of the
object from the optical ranging apparatus using the filtered received modulated signal.

[0054] In another example arrangement, filtering the received modulated signal and estimating
a distance of the object includes receiving a reference signal and performing a correlation with
the received modulated signal, a peak in the correlation corresponding to the time delay of the
received modulated signal.

[0055] In another example embodiment, the narrow band modulation signal includes a
plurality of tones.

[0056] Modifications are possible in the described embodiments, and other additional

variations are possible that form additional embodiments within the scope of the claims.
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CLAIMS
What is claimed is:
1. An integrated circuit comprising:

a modulator configured to modulate a driving signal for an optical transmitter with a
narrow band modulation signal in which the driving signal with a duration is transmitted to the
optical transmitter periodically; and

a demodulator configured to receive a signal from an optical receiver that is configured to
receive a reflection of light transmitted by the optical transmitter off an object, the demodulator
configured to discriminate the narrow band modulation signal and estimate a distance of the
object using the narrow band modulation signal.

2. The integrated circuit of claim 1 wherein the narrow band modulation signal is a single
modulation tone.

3. The integrated circuit of claim 1 wherein the narrow band modulation signal is a
pseudo-random sequence of tones.

4. The integrated circuit of claim 1 wherein the narrow band modulation signal is a
monotonic sequence of tones.

5. The integrated circuit of claim 1 wherein the demodulator includes a narrow bandpass
filter to discriminate the narrow band modulation signal.

6. The integrated circuit of claim 1 wherein the demodulator includes a plurality of
bandpass filters to discriminate the narrow band modulation signal.

7. The integrated circuit of claim 1 wherein the narrow band modulation signal is a multiple
tone signal and the demodulator includes a narrow bandpass filter to discriminate the narrow

band modulation signals.

8. The integrated circuit of claim 1 wherein the optical transmitter is a laser emitting device.
9. The integrated circuit of claim 1 wherein the optical receiver is a photodiode.
10.  An optical ranging apparatus comprising:

a modulator configured to modulate a driving signal with a narrow band modulation
signal and with a fixed duration;

an optical transmitter coupled to receive the driving signal and emit a modulated light
signal onto an object;

an optical receiver configured to receive the modulated light signal after reflecting off the

11
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object; and

a demodulator coupled to the optical receiver, the demodulator configured to discriminate
the narrow band modulation signal and estimate a distance of the object using the narrow band
modulation signal.
11.  The apparatus of claim 10 wherein the narrow band modulation signal is a single
modulation tone.
12 The apparatus of claim 10 wherein the narrow band modulation signal is a
pseudo-random sequence of tones.
13. The apparatus of claim 10 wherein the narrow band modulation signal is a monotonic
sequence of tones.
14.  The apparatus of claim 10 wherein the demodulator includes a narrow bandpass filter to
discriminate the narrow band modulation signal.
15. The apparatus of claim 10 wherein the demodulator includes a plurality of bandpass
filters to discriminate the narrow band modulation signal.
16.  The apparatus of claim 10 wherein the narrow band modulation signal is a multiple tone
signal and the demodulator includes a narrow bandpass filter to discriminate the narrow band
modulation signals.
17.  The apparatus of claim 10 wherein the optical transmitter is a laser emitting device and
the optical receiver is a photodiode.
18. A method for operating an optical ranging apparatus comprising:

providing a narrow band modulation signal to a driver;

driving an optical transmitter with a driving signal from the driver that is modulated with
narrow band modulation signal, the optical transmitter emitting a modulated light signal;

receiving a modulated light signal at an optical receiver that is the modulated light signal
reflected off an object to provide a received modulated signal;

filtering the received modulated signal with a narrow bandpass filter to provide a filtered
received modulated signal; and

estimating a distance of the object from the optical ranging apparatus using the filtered

received modulated signal.

12
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19. The method of claim 18, wherein filtering the received modulated signal and estimating a
distance of the object includes receiving a reference signal and performing a correlation with the

received modulated signal, a peak in the correlation corresponding to the time delay of the

received modulated signal.

20. The method for operating an optical ranging apparatus of claim 19 wherein the narrow

band modulation signal includes a plurality of tones.

13
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