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Chapter 1 • About This Manual

1.1 Manual Scope
This manual provides descriptions and procedures supporting the installation, verification, operation, and diagnostic eval-
uation of the VLP-16, Puck LITE and Puck Hi-Res sensors.

For readability, all products in the VLP-16 LiDAR sensor family are referred to as “VLP-16” in this manual, except 
where noted.

1.2 Prerequisite Knowledge
This manual is written with the premise that the user has some basic engineering experience and general understanding 
of LiDAR technology. In addition, some familiarity with the configuration and operation of networking applications and 
equipment is recommended.

It is recommended that prior to installation or other procedures covered in this manual, the user fully reads and com-
prehends all information within this manual.

1.3 Audience
The user mentioned occasionally in this document is typically an engineer tasked with sensor integration for a project, a 
tech tasked with sensor upkeep, or data scientist looking to understand sensor output data.

1.4 Document Conventions
This document uses the following typographic conventions:

Convention Description

Bold
Indicates text on a window, other than the window title, including menus, menu options, buttons, 
fields, and labels. Example: Click OK.

Italic
Indicates a variable, which is a placeholder for actual text provided by the user or system. Example: 
copy source-file target-file Note: Angled brackets (< >) are also used to indicate variables.

screen/code
Indicates text that is displayed on screen or entered by the user. Example: 

# pairdisplay -g oradb

[ ] square 
brackets

Indicates optional values. Example: [ a | b ] indicates that you can choose a, b, or nothing.

{ } braces
Indicates required or expected values. Example: { a | b } indicates that you must choose either a or 
b.

| vertical bar
Indicates that you have a choice between two or more options or arguments. Examples: [ a | b ] 
indicates that you can choose a, b, or nothing. { a | b } indicates that you must choose either a or b.

Table 1-1 Document Conventions
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Note:   Notes such as this indicate important information. They call attention to an operating procedure or practice which 
may enhance user interaction with the product. Notes may also be used to prevent information loss or product damage.
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Chapter 2 • VLP-16 Overview

This chapter provides basic information on the sensor's hardware and software components.

2.1 Overview 18
2.2 Product Models 19
2.3 Time of Flight 19
2.4 Data Interpretation Requirements 19

2.1 Overview
The VLP-16 sensor uses an array of 16 infra-red (IR) lasers paired with IR detectors to measure distances to objects. The 
device is mounted securely within a compact, weather-resistant housing. The array of laser/detector pairs spins rapidly 
within its fixed housing to scan the surrounding environment, firing each laser approximately 18,000 times per second, 
providing, in real-time, a rich set of 3D point data.

Advanced digital signal processing and waveform analysis provide highly accurate long-range sensing, as well as cal-
ibrated reflectivity data, enabling easy detection of retro-reflectors like street-signs, license plates, and lane markings.

Sensor data is made available to your application via Ethernet in real-time in the form of UDP packets.

Combining 16 laser/detector pairs into one VLP-16 sensor and pulsing each at 18.08 kHz enables measurements of up to 
300,000 data points per second -- or double that in dual return mode.

Figure 2-1 Example 3D Sensing System
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Item Description

1 Desktop/Laptop Computer

2 INS/GPS Antenna/Interface (optional)

3 Velodyne Interface Box

4 Velodyne LiDAR Sensor

5 DC Power Supply

Table 2-1 3D Sensing System Components

Note:   Optional - not included unless ordered: Garmin GPS 18x LVC receiver (P/N: 80-GPS18LVC). When purchased 
through Velodyne LiDAR, it comes pre-configured for use with any Velodyne sensors, making it a great reference GPS 
receiver. Plugs directly into the Interface Box.

2.2 Product Models
For ordering information, contact Sales at http://www.velodynelidar.com/contacts.php. Data sheets for available models 
can be downloaded from http://velodynelidar.com/downloads.html#datasheets.

2.3 Time of Flight
Velodyne LiDAR sensors use time-of-flight (ToF) methodology.

When each IR laser emits a laser pulse, its time-of-shooting and direction are registered. The laser pulse travels through 
air until it hits an obstacle which reflects some of the energy. A portion of that energy is received by the paired IR detector, 
which registers the time-of-acquisition and power received.

2.4 Data Interpretation Requirements
Desktop, Laptop or Embedded computer

Advanced geo-referencing software application     

GPS-Based

SLAM-Based

User Built

Purchased from System Integrator

For more software details, see Converting PCAP Files to Point Cloud Formats on page 68.

Note:   Click the following link to view a list of Velodyne system integrators who can sell you imaging software or a complete 
system: http://velodyneLiDAR.com/integrators.php.
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Chapter 3 • Safety Precautions

This chapter provides information necessary for the safe operation of Velodyne LiDAR sensors.

Observe the following general safety precautions during all LiDAR sensor phases of operation. Failure to comply with 
these precautions or with specific warnings elsewhere in this manual violates safety standards of intended sensor usage 
and may impair the protection provided by the equipment. Velodyne LiDAR, Inc. assumes no liability for failure to comply 
with these requirements.

3.1 Warning and Caution Definitions

3.1.1 Caution Hazard Alerts

CAUTION
CAUTION indicates a potentially hazardous situation which may res-
ult in minor or moderate injury. It may also be used to alert against 
unsafe practices. The icon shown in the left column displays the spe-
cific concern; in this case, a hot surface.

3.2 Safety Overview

3.2.1 Electrical Safety

Your sensor is powered by a 12 VDC (1.5 A-rated) power supply.

IMPORTANT: Read all installations instructions before powering up the sensor.

Note:   The VLP-16 sensor is not field serviceable. For servicing and repair, the equipment must be completely shut off, 
removed, packaged carefully, and shipped back to the manufacturer's facility with a completed RMA Form. See Service 
and Maintenance on page 91 for details.

3.2.2 Mechanical Safety

CAUTION
The VLP-16 sensor contains a rapidly spinning assembly. Do not 
operate the VLP-16 sensor without its cover firmly installed. The 
sensor does not contain user serviceable parts. It should not be 
opened in the field.
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3.2.3 Laser Safety

This device complies with FDA performance standards for laser products except for deviations pursuant to Laser Notice 
No. 50, dated June 24, 2007.

Figure 3-1 Class 1 Laser

Note:   The VLP-16 sensor is a CLASS 1 LASER PRODUCT. The product fulfills the requirements of IEC 60825-1:2014 
(Safety of Laser Products).

There are no controls or adjustments on the sensor itself that are user accessible.

Never look directly at the transmitting laser through a magnifying device.

Chapter 3 • Safety Precautions 21



Chapter 4 • Unboxing & Verification

This chapter provides the procedure to test and verify that your sensor is operating properly. Do this to check out a new 
sensor before permanently mounting it somewhere.

4.1 What’s in the Box? 22
4.1.1 Variants 22

4.2 Verification Procedure 22
4.2.1 Network Setup in Isolation 23

4.2.2 Access Sensor’s Web Interface 24

4.2.3 Visualize Live Sensor Data with VeloView 26

4.1 What’s in the Box?
A standard Velodyne VLP-16 sensor comes packaged in its own cardboard box.

Ensure all the components are present:

VLP-16 sensor in a protective shroud, with a fixed 3.0 m data/power cable terminated inside its Interface Box

AC/DC power adapter and 1.8 m AC power cord (once assembled, this is the power cord)

1.0 m Ethernet cable

Velodyne USB memory stick, containing:

User Manual

VeloView application installers for PC, Mac, and linux

Sensor sample data (i.e. pcap files)

Miscellaneous documents

4.1.1 Variants

Variants of the sensor exist, particularly with other connector types and/or cable lengths, and even without an Interface 
Box. Your sensor (or the type you are interested in) may vary from the standard configuration above. Contact Velodyne 
Sales for details.

4.2 Verification Procedure
The purpose of this procedure is to verify the sensor’s basic functionality and get you started on your way to processing 
sensor data in (or from) the field. It involves one computer and one sensor in isolation at a workbench or desk. You’ll need 
AC power. You won’t need a GPS receiver.

A video of the VLP-16 installation process is on YouTube at the following location: https://www.y-
outube.com/watch?v=Pa-q5elS_nE.
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Note:   Due to the large volume of data produced by the sensor when scanning, users are cautioned against connecting it 
to a corporate network.

 1. Unpack the sensor and its accessories, and place them on a workbench or desk. Ensure the sensor is upright with 
clear space around it.

 2. Create a simple network setup with a test computer and the sensor in isolation. Follow the procedure in Network 
Setup in Isolation below.

 3. Use the sensor’s Web Interface to perform basic sensor configuration. Follow the procedure in Access Sensor’s 
Web Interface on the next page.

 4. Use VeloView (or other visualization software of your choice) to view data streaming from your sensor. Follow the 
procedure in Visualize Live Sensor Data with VeloView on page 26.

When finished, the sensor should be ready for more complicated usage scenarios.

4.2.1 Network Setup in Isolation

Your sensor’s IP address comes from the factory set to its default value, 192.168.1.201. This procedure prepares a com-
puter to communicate directly with the sensor at that address.

Note:   If using the computer’s main Ethernet port, disconnect it from whatever network it’s on. If using a secondary Eth-
ernet interface, the primary network cannot be a 192.168.1 network. If it is, use the primary Ethernet interface instead.

 1. Open the computer’s Network Connections page.

 2. Open the applicable Ethernet adapter and make sure the interface is enabled.

 3. Open Properties > Internet Protocol Version 4 (TCP/IPv4) (Figure 4-1  below).

 4. Select the Use the following IP address: function.

 5. Make up an IP address for the Ethernet port and enter it: 192.168.1.XXX.

“XXX” may be any integer from 2 to 254 except 201.

 6. Enter the subnet mask: 255.255.255.0.

When using a Windows-based computer, you can press the TAB key and the subnet mask field will automatically 
populate with the default mask for the network class indicated by the IP address entered; which is 255.255.255.0 in 
this case.

Figure 4-1 Sensor Network Settings
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 7. Click OK. Gateway and DNS are not necessary when testing in isolation.

In some cases it may be necessary to disable the computer’s firewall or configure it to allow UDP I/O on that Ethernet inter-
face. How to do this is not covered here as the process varies widely.

4.2.2 Access Sensor’s Web Interface

Now the computer is ready to connect to the sensor.

 1. Plug the Ethernet cable into the computer and then plug its other end into the Ethernet port on the sensor’s Inter-
face Box. Figure 4-2  below shows the Interface Box, its external ports, internal sensor terminal, and fuse.

Figure 4-2 Interface Box (power and data connections)
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 2. Connect power to the sensor’s Interface Box.

When power is applied, two green LEDs in the Interface Box light up. The sensor begins scanning its environment 
and transmitting data approximately 30 seconds after power up.

 3. On the computer, point a browser to http://192.168.1.201.

 4. The sensor’s Web Interface should appear (Figure 4-3  below).

The Web Interface provides access to many of the sensor’s control settings. See Web Interface on page 70 for 
details.

Figure 4-3 Sample Web Interface Main Configuration Screen
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4.2.3 Visualize Live Sensor Data with VeloView

Now that the computer can access the sensor’s Web Interface, it’s time to get a first look at the sensor’s data.

Note:   VeloView is an open source visualization and recording application tailored for Velodyne LiDAR sensors. Other 
visualization software (e.g. ROS, DSR and PCL) can perform similar functions and may be used instead.

VeloView is documented in more detail in VeloView on page 113. If the application isn’t already on the computer, perform 
the procedure detailed in Install VeloView on page 114. Older versions should be updated to at least the version installed 
by following the procedure.
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4.2.3.1 VeloView Operation

 1. Power-up the sensor.

 2. Start the VeloView application.

 3. Click on File->Open and select Sensor Stream (Figure 4-4  below).

Figure 4-4 VeloView Open Sensor Stream

 4. The Sensor Configuration dialog will appear (Figure 4-5  below). Select the correct sensor type then click OK.

Figure 4-5 VeloView Select Sensor Calibration

 5. VeloView begins displaying the sensor data stream.
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Figure 4-6 VeloView Sensor Stream Display

Above is an example of a VeloView screen in an office, workbench or lab scenario.
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Chapter 5 • Installation & Integration

This chapter provides important information for integrating the VLP-16 sensor into your application environment.

5.1 Overview 29
5.2 Mounting 29
5.3 Encapsulation, Solar Hats, and Ventilation 30
5.4 Connections 30

5.4.1 Interface Box and Cable 31

5.4.2 Operation Without an Interface Box 31

5.4.3 Power 31

5.1 Overview
Ensure the sensor is functional first before beginning sensor integration. See Verification Procedure on page 22.

Common steps in installation and integration involve:

Securely mounting the sensor to a vehicle, drone, robot, or other scanning platform

Allowing for proper ventilation, providing thermal protection, and sensor encapsulation

Connecting power to the sensor

Connecting the sensor's Ethernet data output to a computer, switch, or network – see Network Configuration on 
page 136

Optionally, connecting a GPS receiver or INS (Inertial Navigation System) – see GPS, Pulse Per Second (PPS) 
and NMEA Sentence on page 41

The typical sensor setup uses a standard computer or laptop connected to the sensor. However, it is recommended to use 
at least a 100 Mbps Ethernet adapter to accommodate the sensor data rate.

5.2 Mounting
The sensor base provides one ¼”-20-threaded, 9/32"-deep mounting hole, and two precision locating holes for locator 
pins (Figure 5-1  below). The sensor may be mounted at any angle or orientation, though reliability should be best at 0° 
inclination (i.e. level to ground) as reductions to bearing life may occur at other orientations.

Ensure the sensor is mounted securely to withstand vibration and shock without risk of detachment. The unit does not 
need shock proofing. The unit is designed to withstand automotive G-forces (i.e. 500 m/s2 amplitude, 11 ms duration 
shock and 3 GRMS 5 Hz to 2,000 Hz vibration).

Figure 5-1 Mounting Details

Chapter 5 • Installation & Integration 29



5.3 Encapsulation, Solar Hats, and Ventilation
For various reasons, you may wish to encapsulate the sensor, either wholly or partially. The working field of view of the 
enclosure should be highly transmissive of near-IR light at and near the 903 nm wavelength. Any moisture that enters the 
enclosure should have a way to drain passively.

The VLP-16 generates a moderate amount of heat during normal operation. Strategies for managing heat in hot weather 
include employing a "thermal hat," exposing the sensor to moving air, and drawing heat from the sensor with a heat sink 
(e.g. aluminum plate(s)).

The sensor reports internal temperatures passively on its web interface. The same readings may be obtained pro-
grammatically via curl commands (i.e. http GET requests). See Sensor Communication on page 70 for details. The 
sensor's operating temperature range can be found on its data sheet.

Do not operate the sensor without sufficient ambient air flow or cooling.

5.4 Connections
This section covers the sensor’s physical connections.

See Network Considerations on page 137 before connecting one or more Velodyne LiDAR sensors physically to your net-
work. See Ethernet and Network Setup on page 136 for instructions on how to configure the sensor's Ethernet con-
nection.

Note:   Do not twist or otherwise adjust the strain relief gland nut where the interface cable enters the sensor. Adjusting 
the position of the gland nut may damage the VLP-16 sensor internally.
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5.4.1 Interface Box and Cable

The standard VLP-16 sensor comes with an integrated cable that is terminated inside the Interface Box. The cable is 
approximately 3.0 m in length and is permanently attached to the sensor.

Note:   If you need to cut the integrated cable for any reason, please contact Velodyne Sales to get a waiver. Cutting this 
cable could have warranty and RMA cost implications. Also, there is a minimum length requirement.

The Interface Box provides convenient connections for power, Ethernet, and GPS inputs. It protects the sensor from 
power irregularities by incorporating a replaceable fuse and a reverse-current protection diode. When connected cor-
rectly to power, the diode allows current through to the sensor. If, however, the power and ground are switched, the diode 
blocks current flow, protecting the sensor.

Opening the Interface Box and making modifications inside, such as replacing the fuse or reverse-current protection 
diode, or repairing wires, is permitted.

For more information on the Interface Box, see Interface Box Signals on page 40.

5.4.2 Operation Without an Interface Box

If used without the Interface Box, the user must provide sufficient reverse- and over-voltage protection circuitry to protect 
the sensor. The schematic for the circuitry in the Interface Box can be found in Wiring Diagrams on page 110.

5.4.3 Power

The VLP-16 sensor does not have a physical power switch. The power source must be capable of providing as much as 
3.0 A to accommodate the current surge that occurs during rotor spin-up when power is supplied to the sensor.

In normal operation the sensor draws approximately 8 W of power.

The sensor's data sheet specifies the input voltage that should be supplied to the unit. The sensor will not operate outside 
that voltage range.

The power input jack on the Interface Box accommodates a 5.5 mm (O.D.) x 2.5 mm (I.D.) barrel connector. The center 
pin has positive (+) polarity.

Note:   Before operating the sensor, ensure it is securely mounted and that power will be applied in the correct polarity.

If the sensor doesn't spin up when power is applied, check the fuse, check the sensor's web interface if Laser is On and 
Motor RPM is a valid value, check the input voltage, and make sure that the power source (battery, power inverter, or 
power rail) is providing sufficient current. If they check out and yet the problem persists, get Technical Support on page 92.
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Chapter 6 • Key Features

6.1 Calibrated Reflectivity 32
6.2 Laser Return Modes 32

6.2.1 Single Return Modes: Strongest, Last 32

6.2.2 Multiple Returns 33

6.2.3 Dual Return Mode 33

6.3 Phase Locking Multiple Sensors 37

6.1 Calibrated Reflectivity
The VLP-16 measures reflectivity of an object independent of laser power and distances involved. Reflectivity values 
returned are based on laser calibration against NIST-calibrated reflectivity reference targets at the factory.

For each laser measurement, a reflectivity byte is returned in addition to distance. Reflectivity byte values are segmented 
into two ranges, allowing software to distinguish diffuse reflectors (e.g. tree trunks, clothing) in the low range from retrore-
flectors (e.g. road signs, license plates) in the high range.

A retroreflector reflects light back to its source with a minimum of scattering. The VLP-16 provides its own light, with neg-
ligible separation between transmitting laser and receiving detector, so retroreflecting surfaces pop with reflected IR light 
compared to diffuse reflectors that tend to scatter reflected energy.

Diffuse reflectors report values from 0 to 100 for reflectivities from 0% to 100%.

Retroreflectors report values from 101 to 255, where 255 represents an ideal reflection.

Note:   When a laser pulse doesn't result in a measurement, such as when a laser is shot skyward, both distance and 
reflectivity values will be 0. The key is a distance of 0, because 0 is a valid reflectivity value (i.e. one step above noise).

6.2 Laser Return Modes
The VLP-16 supports three laser return modes: Strongest, Last, and Dual. A sensor can be configured to handle laser 
returns in one of these ways interactively via the sensor's web interface (where the setting is called Return Type) or pro-
grammatically via curl command. (See Configuration Screen on page 71 or Sensor Control with curl on page 78 for addi-
tional information related to setting laser return modes.)

A laser return is a detection of a reflection. Up to two returns per laser shot are supported by the VLP-16.

6.2.1 Single Return Modes: Strongest, Last

As shown in Figure 6-1  on the facing page, when a laser pulse hits a solid wall a single return or measurement is obtained. 
In this situation, the reading is considered both the strongest and the last return. (More on the nature of laser pulses emit-
ted by your sensor, including the rectangular shape of the pulse, is covered in Laser Pulse on page 121.)
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Figure 6-1 A Single Return

6.2.2 Multiple Returns

Multiple laser returns are possible from any single laser shot because of beam divergence. When a laser pulse leaves the 
sensor it slowly, gradually grows larger. A pulse can be big enough to hit multiple objects producing multiple reflections. 
Usually, the farther away a reflection starts, the weaker it is at the detector. Bright or retroreflective surfaces may flip that, 
however.

The VLP-16 analyzes multiple returns and reports either the strongest return, the last return, or both returns, depending 
on the laser return mode setting. If the setting is Strongest and a pulse produces multiple returns, only the strongest reflec-
tion results in a measurement. Likewise, if the setting is Last, only the last (time-wise) reflection results in a measurement. 
This could be used to measure distances to the ground from the air.

6.2.3 Dual Return Mode

Figure 6-2  on the next page shows the majority of a laser pulse striking the near wall while the remainder hits the far wall. 
The Dual return mode setting allows you obtain both measurements. 

Note that the sensor records both returns only when the separation between the two objects is one meter or more.
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Figure 6-2 Dual Return with Last and Strongest Returns

As shown in Figure 6-3  on the facing page, in the event the strongest return is the last return, the second-strongest return 
is reported. The majority of the beam hits the far wall and is (in this case) the strongest return.

It's entirely possible, however, that the far wall might be far enough away that despite reflecting the majority of the beam, 
the return from the near wall would be the strongest return.
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Figure 6-3 Dual Return with Second Strongest Return

It's also possible that a small portion of the beam clips a retro-reflector and returns more energy than the majority of the 
beam, as in Figure 6-4  on the next page.
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Figure 6-4 Dual Return with Far Retro-Reflector

The dual return function is often used in forestry applications where measurement of the height of trees is desired. Figure 
6-5  on the facing page indicates a sample response when the laser pulse initially hits the upper canopy, penetrates it, and 
eventually hits the ground, producing multiple returns. Which laser return mode would be best in this situation?
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Figure 6-5 Forestry Application Multiple Returns

Note:   In dual return mode, the data rate of the sensor doubles.

6.3 Phase Locking Multiple Sensors
When using multiple Velodyne LiDAR sensors in proximity to one another, users may observe interference between them 
due to one sensor picking up a reflection intended for another. To minimize this interference, the sensor provides a phase-
locking feature that enables the user to control where the laser firings overlap.

The Phase Lock feature can be used to synchronize the relative rotational position of multiple sensors based on the PPS 
signal and relative sensor orientation. To operate correctly, the PPS signal must be present and locked. Phase locking 
works by offsetting the firing position based on the rising edge of the PPS signal.

Note:   For phase lock to work correctly, the sensor’s RPM setting must be set to a multiple of 60 RPM between 300 RPM 
and 1200 RPM (inclusive).
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Figure 6-6 Phase Locking Example

The red arrows shown in Figure 6-6  above indicate the firing direction of the sensor's laser at the moment it receives the 
rising edge of the PPS signal.

Additional information for phase locking multiple sensors is located in Phase Lock on page 129.
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Chapter 7 • Sensor Inputs

This chapter covers sensor input requirements and functionality, including power, PPS, and Ethernet. It also covers scen-
arios for obtaining GPS input.

7.1 Power Requirements 39
7.2 Interface Box Signals 40
7.3 Ethernet Interface 41
7.4 GPS, Pulse Per Second (PPS) and NMEA Sentence 41

7.4.1 GPS Input Signals 41

7.4.2 Electrical Requirements 41

7.4.3 Timing and Polarity Requirements 41

7.4.4 GPS Connection Scenarios 44

7.4.5 NMEA Message Formats 47

7.4.6 Accepting NMEA Messages Via Ethernet 49

7.1 Power Requirements
Power requirements are detailed in Chapter 5: Power on page 31.
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7.2 Interface Box Signals

Figure 7-1 Interface Box

Signal Specifications Signal Input/Output

Black Ground Input

Red Power Input

Yellow GPS Sync Pulse Input

White GPS Serial Receive Input

Light Orange Ethernet TX+ Output

Orange Ethernet TX- Output

Light Blue Ethernet RX+ Input

Blue Ethernet RX- Input

Table 7-1 Interface Box Signals

40 VLP-16 User Manual



7.3 Ethernet Interface
Your sensor's primary interface is its Ethernet interface. All command and control occurs over it, and all sensor data is 
transmitted over it.

The RJ45 Ethernet connector on the Interface Box connects to any standard 100 Mbps Ethernet NIC or switch with MDI 
or AUTO MDIX capability.

See Ethernet and Network Setup on page 136 for more.

7.4 GPS, Pulse Per Second (PPS) and NMEA Sentence
Your sensor can synchronize data with precise GPS-supplied time. Synchronizing to a GPS-supplied Pulse-Per-Second 
(PPS) signal provides the ability to compute the exact firing moment of each data point as required by some geo-ref-
erencing applications. See Time Synchronization on page 125 for details on GPS time synchronization and how important 
it is for associating sensor data with the sensor’s environment.

To utilize these features, configure your GPS/INS device to issue a PPS signal in conjunction with a once-per-second 
NMEA GPRMC or GPGGA sentence. No other NMEA sentence is accepted by the sensor.

Note:   The GPRMC record may be configured for HHMMSS, HHMMSS.s, HHMMSS.ss, and HHMMSS.sss formats.

7.4.1 GPS Input Signals

The serial data output from the GPS/INS is connected to the sensor’s Interface Box via the screw terminal labeled: “GPS 
RECEIVE.”

The PPS output from the GPS/INS is connected to the sensor’s Interface Box via the screw terminal labeled: “GPS 
PULSE.”

The ground signal from the GPS/INS is connected to the sensor’s Interface Box via the screw terminal labeled: 
“GROUND.”

Note:   You can use the provided GPS port on the Interface Box if using the Velodyne GPS Receiver (P/N 80-
GPS18LVC).

7.4.2 Electrical Requirements

“High” voltage must be greater than 3.0 V and less than 15.0 V.

“Low” voltage must be less than 1.2 V, and greater than -15.0 V.

The GPS/INS unit must be able to supply at least 2 mA of current in the “High” state.

7.4.3 Timing and Polarity Requirements

The PPS synchronization pulse and GPRMC or GPGGA sentence may be issued concurrently or sequentially. The PPS 
synchronization pulse width is not critical (typical lengths are between 10 μs and 200 ms).

Figure 7-2 Synchronizing PPS with NMEA GPRMC Message
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Figure 7-3 PPS Signal Closely Followed by NMEA GPRMC Message

Figure 7-4 PPS Signal Followed 600 ms later by NMEA GPRMC Message

42 VLP-16 User Manual



The serial connection for the NMEA message follows the RS232 standard. The interface is capable of handling voltages 
between ±15 VDC.

Low voltages are marks and represent a logical 1.

High voltages are spaces and represent a logical 0.

The serial line idle state (MARK) is a low voltage indicating a logical 1. When the start bit is asserted, the positive voltage will 
be asserted representing a logical 0. As an example, the transmission of an ASCII "$" character is shown in Figure 7-5  
below.

Figure 7-5 RS-232 Example Transmission
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7.4.4 GPS Connection Scenarios

Depending on the user’s application, the source of the NMEA message (and PPS) can be a GPS/INS receiver or a sub-
stitute device such as a laptop or microcomputer.

There are three common connection scenarios: connecting to a sensor from a Velodyne-supplied Garmin 18x LVC GPS 
receiver, connecting to it from a computer's serial port, and connecting directly from a microcomputer’s UART.

7.4.4.1 Connecting a Garmin 18x LVC GPS Receiver

As an option, Velodyne LiDAR offers a Garmin 18x LVC GPS Receiver (P/N 80-GPS18LVC) pre-configured (per Figure 
7-6  below) for optimized operation with your sensor. GPRMC is configured by default but GPGGA is also supported.

Figure 7-6 Garmin 18x LVC Configuration
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The receiver plugs directly into the Interface Box’s GPS port and is used to synchronize your sensor's timestamp with pre-
cision GPS time. The signals from the Garmin receiver will be similar to those shown in Figure 7-7  below where the signal is 
normally low and zeros are represented by the high voltage.

Figure 7-7 Garmin GPRMC Message
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7.4.4.2 Connecting to a computer's serial port

In some situations, you may wish to source NMEA messages from a computer instead of a GPS receiver.

Figure 7-8 DB9 Pin-outs (DTE) and USB-to-Serial Adapter

An example of a standard DB9 serial port is shown in Figure 7-8  above (a). Because modern computers use USB ports, a 
USB to Serial Adapter, as shown in Figure 7-8  above (b), will be required. The DB9 connector on the adapter provides a 
signal with the proper polarity and voltage levels to connect directly to the sensor’s Interface Box.

After connecting the USB to Serial Adapter to your computer and wiring up a mating DB9 connector (not pictured), you 
can complete the connection to your sensor. Remove the cover from the Interface Box and make the following con-
nections to the terminal screw strip in the Interface Box.

DB9 pin 3 to GPS RECEIVE

DB9 pin 5 connects to GROUND

7.4.4.3 Connecting to a microcomputer’s UART

In other situations, you may wish to source NMEA messages from a microcomputer such as a Raspberry Pi or Arduino, 
instead. The native signal coming from the microcomputer’s UART will have incorrect polarity. In this instance, invert the 
signal using a 7404 hex inverter chip or equivalent circuitry. To connect to the sensor, remove the cover from the Interface 
Box and connect the appropriate leads to the GPS RECEIVE and GROUND connections on the terminal strip.

Figure 7-9  below shows a signal directly from a Raspberry Pi UART output and Figure 7-10  on the facing page shows the 
same output inverted into a signal compatible with your Velodyne sensor.

Figure 7-9 Signal Directly from UART (incorrect polarity)
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Figure 7-10 Inverted Signal from UART (correct polarity)

7.4.5 NMEA Message Formats

GPGGA may be substituted in place of GPRMC.

The sensor accepts both pre- and post-NMEA version 2.3 sentence structures. The difference is that in version 2.3 a Fix 
Mode Indicator field was added after Magnetic Variation and before the Checksum.

NMEA messages are terminated with sentence delimiter <CR><LF> (HEX 0D0A).

7.4.5.1 Pre-NMEA Version 2.3 Message Format

Table 7-2  on the next page provides a description of the pre-NMEA 2.3 message format contents shown below.

$GPRMC,123519,A,4807.038,N,01131.000,E,022.4,084.4,230394,003.1,W*6A
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Value Description

$GPRMC Recommended Minimum sentence

123519 Fix taken at 12:35:19 UTC

A Receiver status: A = Active, V = Void

4807.038,N Latitude 48 deg 07.038' N

01131.000,E Longitude 11 deg 31.000' E

022.4 Speed over the ground (knots)

084.4 Track made good (degrees True)

230394 23rd of March 1994

003.1,W Magnetic Variation

*6A * followed by 2-byte Checksum

Table 7-2 Pre-NMEA Version 2.3 Message Format

7.4.5.2 NMEA Version 2.3 Message Format

Table 7-3  below provides a description of the post-NMEA 2.3 message format contents shown below.

$GPRMC,123519,A,4807.038,N,01131.000,E,022.4,084.4,230394,003.1,W,A*07

Value Description

$GPRMC Recommended Minimum sentence

123519 Fix taken at 12:35:19 UTC

A Receiver status: A = Active, V = Void

4807.038,N Latitude 48 deg 07.038' N

01131.000,E Longitude 11 deg 31.000' E

022.4 Speed over the ground (knots)

084.4 Track made good (degrees True)

230394 23rd of March 1994

003.1,W Magnetic Variation

A
Fix Mode Indicator:
A = Autonomous, D = Differential, E = Estimated, N = Not valid, S = Simulator. Sometimes there can be 
a null value as well.

Table 7-3 Post-NMEA Version 2.3 Message Format
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Value Description

*07 * followed by 2-byte Checksum

Note:   The Receiver Status (aka Validity) field in the GPRMC message ('A' or 'V') should be checked to ensure the GPS 
receiver is actively positioning and is providing trustworthy UTC (Coordinated Universal Time) and position updates. If 
status is Void, which usually occurs when the GPS receiver is searching for satellites, GPS position should be ignored. In 
many instances, the GPS receiver, if its status is Void, will continue to provide a PPS signal based on the GPS receiver's 
internal clock. More on this can be found in Time Synchronization on page 125.

7.4.6 Accepting NMEA Messages Via Ethernet

Your sensor can accept NMEA sentences over Ethernet. Three methods are supported:

 1. A host opens a TCP connection to the sensor’s port 10110 and transmits NMEA sentences on the socket.

 2. A host transmits NMEA sentences in UDP packets to the sensor’s UDP port 10110.

 3. A host transmits NMEA sentences in UDP packets to a broadcast address on port 10110 with an NMEA sen-
tence.

1 and 2 require knowledge of the sensor’s IP address. 3 does not, but it may load devices on the network that don’t want 
the packets.

Note:   The supported NMEA sentence and syntax are exactly the same as on the wired (serial) GPS interface. Supported 
sentence delimiter sequences include <CR><LF> (HEX 0D0A, the standard), <CR> by itself, and <LF> by itself.

The support follows the ad-hoc but widely supported NMEA over Ethernet approach utilized by the OpenCPN project. 
Additional information can be found at the following web sites:

http://stripydog.blogspot.com/2015/03/nmea-0183-over-ip-unwritten-rules-for.html

https://opencpn.org/wiki/dokuwiki/doku.php?id=opencpn:supplementary_software:nmea_instruments

http://arundale.com/docs/ais/nmearouter.html
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Chapter 8 • Sensor Operation

This chapter provides details on the laser firing sequence, point density, and how to determine throughput rate and angu-
lar resolution.

8.1 Firing Sequence 50
8.2 Throughput Calculations 50

8.2.1 Data Packet Rate 50

8.2.2 Position Packet Rate 51

8.2.3 Total Packet Rate 51

8.2.4 Laser Measurements Per Second 51

8.3 Rotation Speed (RPM) 51
8.3.1 Horizontal Angular (Azimuth) Resolution 51

8.3.2 Rotation Speed Fluctuation and Point Density 52

8.1 Firing Sequence
All 16 lasers are fired and recharged every 55.296 μs. The time between firings is 2.304 μs. There are 16 firings (16 × 
2.304 μs) followed by an idle period of 18.43 μs. Therefore, the timing cycle to fire and recharge all 16 lasers is given by (16 
× 2.304 μs) + 18.432 μs = 55.296 μs.

Figure 8-1 Firing Sequence Timing

8.2 Throughput Calculations
Some terms used here are defined in Packet Types and Definitions on page 55.

8.2.1 Data Packet Rate

There are 24 firing cycles in a data packet. 24 x 55.296 μs = 1.327 ms is the accumulation delay per packet.

1 packet/1.327 ms = 753.5 packets/second

1248 bytes/packet * 753.5 packets/second = 940368 bytes/second

50 VLP-16 User Manual



8.2.2 Position Packet Rate

Position packets arrive at approximately 1/14th the rate of data packets.

554 bytes/packet * 753.5 packets/second / 14 = 29817 bytes/second

8.2.3 Total Packet Rate

Summing yields 970185 bytes/second for single return mode.

Dual return mode doubles the data rate but not the position packet rate: (2 * 970185 bytes/second) + 29817 bytes/second 
= 1970187 bytes/second

8.2.4 Laser Measurements Per Second

A laser firing results in a single data point, which is a measurement of distance to target and its reflectivity.

16 laser firings/data block * 24 data blocks/packet = 384 laser firings/packet

8.2.4.1 Single Return Mode (Strongest, Last)

384 laser firings/packet * 753.5 packets/second = 289344 laser measurements per second

8.2.4.2 Dual Return Mode

384 laser firings/packet * 1507 packets/second = 578688 laser measurements per second

8.3 Rotation Speed (RPM)
The sensor’s motor can be set to rotate between 300 RPM and 1200 RPM, inclusive, in increments of 60 RPM (e.g. 300, 
360, 420, 480, … 1140, 1200).

Note:   If the RPM  setting is not evenly divisible by 60, neither motor speed control nor phase lock functions will 
function properly.

The user can set this parameter using the sensor’s Web Interface or curl commands. See Configuration Screen on 
page 71 or Sensor Control with curl on page 78 for more on setting rotation speed.

Note:   In VeloView, one rotation can be referred to as a single “frame” of data, beginning and ending at approximately 0° 
azimuth. The number of frames per second of data generated depends entirely on the RPM setting, e.g. 600 RPM / 60 
s/min = 10 frames per second.

Choice of RPM is up to the user and depends on the application. For example, an autonomous vehicle may wish to 
increase rotation speed so it could more quickly identify frame-to-frame variations in the environment, such as a child run-
ning across a street. Conversely, a cart-based mapping solution might use a lower RPM to increase the detail in each 
frame.

8.3.1 Horizontal Angular (Azimuth) Resolution

Because the firing timing of the sensor is fixed at 55.296 μs per firing sequence, the speed of rotation changes the angular 
resolution of the sensor.

An example calculation for 600 RPM is given in Equation 8-1  below.

Equation 8-1 Azimuth Resolution at 600 RPM
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By changing the RPM in the equation above you can calculate the azimuthal resolution for any rotation speed.

RPM Resolution

300 0.1°

600 0.2°

900 0.3°

1200 0.4°

Table 8-1 Rotation Speed vs Resolution

8.3.2 Rotation Speed Fluctuation and Point Density

Your sensor uses a feedback control function to maintain its rotational speed within ±3 RPM of its configured setting. This 
small variation in speed produces a small change in the azimuthal gaps with every revolution. Consequently, over time, the 
sensor automatically “fills in the gaps” between successive laser firings.

A data set from a stationary sensor provides an example of the how the sensor “fills in the gaps,” and the effect is demon-
strated in Figure 8-2  below. On the left is a single frame of data. On the right is the same frame and the nine preceding 
frames overlaid on each other. You can see how the azimuth gaps are filled.

Figure 8-2 Point Density Example
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Chapter 9 • Sensor Data

This chapter provides detailed information about sensor data characteristics.

9.1 Sensor Origin and Frame of Reference 53
9.2 Calculating X,Y,Z Coordinates from Collected Spherical Data 53
9.3 Packet Types and Definitions 55

9.3.1 Definitions 55

9.3.2 Data Packet Structure 57

9.3.3 Position Packet Structure 61

9.4 Discreet Point Timing Calculation 63
9.5 Precision Azimuth Calculation 67
9.6 Converting PCAP Files to Point Cloud Formats 68

9.1 Sensor Origin and Frame of Reference
The sensor reports distances relative to itself in spherical coordinates (radius r, elevation ω, azimuth α).

Sensor data origin (0,0,0) is 37.7 mm above the sensor base, on the center axis, as shown in Figure 9-1  on the next page 
(see the side and top views), which also shows the sensor’s frame of reference. See also VLP-16 and Puck LITE Mech-
anical Drawing on page 104.

9.2 Calculating X,Y,Z Coordinates from Collected Spherical Data
A computation is necessary to convert the spherical data (radius r, elevation ω, azimuth α) from the sensor to Cartesian 
coordinates. Figure 9-1  on the next page lists the formulas for converting spherical coordinates (R, ω, α) to Cartesian 
coordinates (X, Y, Z).
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Figure 9-1 VLP-16 Sensor Coordinate System

Table 9-1  below lists the fixed vertical/elevation angles for each laser in the sensor, along with vertical corrections. The set 
of angles vary by sensor model (see Factory Bytes on page 57 for more).

Laser 
ID  

Vertical 
Angle VLP-

16

Vertical Angle 
Puck LITE

Vertical Cor-
rection (mm)  Vertical Angle 

Puck Hi-Res
Vertical Cor-
rection (mm)

0  -15° -15° 11.2  -10.00° 7.4

1  1° 1° -0.7  0.67° -0.9

2  -13° -13° 9.7  -8.67° 6.5

3  3° 3° -2.2  2.00° -1.8

4  -11° -11° 8.1  -7.33° 5.5

5  5° 5° -3.7  3.33° -2.7

6  -9° -9° 6.6  -6.00 4.6

Table 9-1 Vertical Angles (ω) by Laser ID and Model
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Laser 
ID  

Vertical 
Angle VLP-

16

Vertical Angle 
Puck LITE

Vertical Cor-
rection (mm)  Vertical Angle 

Puck Hi-Res
Vertical Cor-
rection (mm)

7  7° 7° -5.1  4.67° -3.7

8  -7° -7° 5.1  -4.67° 3.7

9  9° 9° -6.6  6.00° -4.6

10  -5° -5° 3.7  -3.33° 2.7

11  11° 11° -8.1  7.33° -5.5

12  -3° -3° 2.2  -2.00° 1.8

13  13° 13° -9.7  8.67° -6.5

14  -1° -1° 0.7  -0.67° 0.9

15  15° 15° -11.2  10.00° -7.4

Note:   Table 9-1  on the previous page lists lasers in the order they are fired. Though the VLP-16's lasers are organized in 
a single, vertical column, they are not fired from one end to the other.  Instead, the firing sequence "hops around." This is to 
avoid "cross-talk" or interference.

After computing X,Y,Z, apply the vertical correction in Table 9-1  on the previous page for greatest accuracy. This rep-
resents the vertical offset of the laser with respect to sensor origin. These vertical offset corrections are also found in the 
VLP-16 and Puck LITE Optical Drawing on page 105 and the Hi-Res version below it.

9.3 Packet Types and Definitions
There are two types of packets generated by the sensor: Data packets and Position packets. Position packets are some-
times referred to as telemetry packets, or GPS packets.

Data packets contain the 3D data measured by the sensor as well as the calibrated reflectivity of the surface from which 
the light pulse was returned. Also contained in the data packet is a set of azimuths and a 4-byte timestamp, as well as two 
factory bytes identifying the model of sensor and the laser return mode. Knowing the model and return mode provides the 
information your software needs to automatically adjust to different data formats.

Position packets provide a copy of the last NMEA message received (either GPRMC or GPGGA) if you've configured your 
sensor to synchronize with a GPS time source. See GPS, Pulse Per Second (PPS) and NMEA Sentence on page 41 for 
additional information. Position packets also provide a byte identifying the state of the PPS signal for synchronizing with a 
time source. Newer firmware provides even more information.

Note:   In both types of packets, multi-byte values (e.g. azimuth, distance, and timestamp) are transmitted with the least 
significant byte first (i.e. little-endian).

9.3.1 Definitions

The following sections provide explanations of sensor data packet constructs.
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9.3.1.1 Firing Sequence

A firing sequence occurs when all the lasers in a sensor are fired. They are fired in a sequence specific to a given product 
line or model. Laser recharge time is included. A firing sequence is sometimes referred to as a firing group. A firing 
sequence is not allowed to span multiple data packets.

It takes 55.296 μs to fire all 16 lasers in a VLP-16 and recharge.

9.3.1.2 Laser Channel

A laser channel is a single 903 nm laser emitter and detector pair. Each laser channel is fixed at a particular elevation angle 
relative to the horizontal plane of the sensor. Each laser channel is given its own Laser ID number. Since the elevation 
angle of a particular laser channel doesn't change, it doesn't appear in data packets. Its value is inferred by a data point's 
location in a data packet.

9.3.1.3 Data Point

A data point is a measurement by one laser channel of a reflection of a laser pulse.

A data point is represented in the packet by three bytes - two bytes of distance and one byte of calibrated reflectivity. The 
distance is an unsigned integer. It has 2 mm granularity. Hence, a reported value of 51,154 represents 102,308 mm or 
102.308 m. Calibrated reflectivity is reported on a scale of 0 to 255 as described in Calibrated Reflectivity on page 32. The 
elevation angle (ω) is inferred based on the position of the data point within a data block.

A distance of 0 indicates a non-measurement. The laser is either off or a measurable reflection was not returned in time.

9.3.1.4 Azimuth

A two-byte azimuth value (α) appears after the flag bytes at the beginning of each data block. The azimuth is an unsigned 
integer. It represents an angle in hundredths of a degree. Therefore, a raw value of 27742 should be interpreted as 
277.42°.

Valid values for azimuth range from 0 to 35999. Only one azimuth value is reported per data block.

9.3.1.5 Data Block

The information from two firing sequences of 16 lasers is contained in each data block. Each packet contains the data from 
24 firing sequences in 12 data blocks.

Only one Azimuth is returned per data block.

A data block consists of 100 bytes of binary data:

A two-byte flag (0xFFEE)

A two-byte Azimuth

32 Data Points

[2 + 2 + (32 × 3)] = 100 bytes

For calculating time offsets it is recommended that the data blocks in a packet be numbered 0 to 11.

9.3.1.6 Time Stamp

The four-byte time stamp is a 32-bit unsigned integer marking the moment of the first data point in the first firing sequence 
of the first data block. The time stamp’s value is the number of microseconds elapsed since the top of the hour. The num-
ber ranges from 0 to 3,599,999,999, the number of microseconds in one hour.

The time stamp is critical because it's used by geo-referencing software to match each laser firing with corresponding data 
from an inertial navigation system. The inertial navigation system provides a series of time stamped values for pitch, roll, 
yaw, latitude, longitude, and elevation. By matching the time of the data point to the time-stamped data from the INS, the 
user's software can mathematically transform the data from the sensor's coordinate frame to an earth-based reference 
frame. The time stamps are matched to Universal Coordinated Time (UTC) provided by the GPS/INS.
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When the sensor powers up it begins counting microseconds using an internal time reference. However, the sensor can 
synchronize its data with UTC time so you can ascertain the exact firing time of each laser in any particular packet.

UTC synchronization requires a user-supplied GPS/INS receiver generating a synchronizing Pulse Per Second (PPS) sig-
nal and an NMEA GPRMC message. The GPRMC message provides minutes and seconds in UTC. Upon syn-
chronization, the sensor reads the minutes and seconds from the GPRMC message and uses the information to set the 
sensor’s time stamp to the number of microseconds past the hour, per UTC.

Note:   A full description of electrical and timing requirements can be found in GPS, Pulse Per Second (PPS) and NMEA 
Sentence on page 41. A full description of timing options can be found in Time Synchronization on page 125.

9.3.1.7 Factory Bytes

Beginning with firmware release 3.0.29.0, every data packet includes a pair of bytes called the Factory Bytes. Their values 
indicate how azimuths and data points are organized in the packet. Their packet locations, values, and meanings are spe-
cified in Table 9-2  below.

The Return Mode byte indicates how the packet’s azimuth and data points are organized. See Data Packet Structure 
below for details.

Every sensor model line has its lasers arrayed vertically at slightly different angles. Use the Product ID byte to identify the 
correct set of vertical (or elevation) angles. Product IDs are not unique and may be shared by different sensors. For 
example, per Table 9-2  below, the VLP-16 and Puck LITE share the same elevation angles. Hence, the two products 
share the same Product ID. Conversely, the Puck Hi-Res has a different Product ID since it has a different set of elevation 
angles.

Return Mode  Product ID

Offset in packet: 0x04DE  Offset in packet: 0x04DF

Mode Value  Product Model Value

Strongest 0x37 (55)  HDL-32E 0x21 (33)

Last Return 0x38 (56)  VLP-16 0x22 (34)

Dual Return 0x39 (57)  Puck LITE 0x22 (34)

-- --  Puck Hi-Res 0x24 (36)

-- --  VLP-32C 0x28 (40)

-- --  Velarray 0x31 (49)

-- --  VLS-128 0xA1 (161)

Table 9-2 Factory Byte Values

9.3.2 Data Packet Structure

A data packet is 1248 bytes long and sent via a UDP packet on port 2368. The data packet is comprised of 42 bytes of pro-
tocol header, twelve Data Blocks, a four-byte timestamp, and two factory bytes.

There are two formats for the data packet:
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Single Return Mode (either Strongest or Last)

Dual Return Mode

See Laser Return Modes on page 32 for an illustration of what Strongest, Last, and Dual mean in this context.

The packet data structure for Single Return Mode is shown in Figure 9-2  below. The packet data structure for Dual Return 
Mode is shown in Figure 9-3  on the facing page.

There are several key differences between the packet structures.

First, in Dual Return Mode the sensor sends a pair of data blocks for each azimuth angle firing. The odd numbered blocks 
(1, 3, ..., 9, 11) contain either the strongest or second-strongest return and the even numbered blocks (0, 2, ..., 8, 10) con-
tain the last return.

If the strongest return is also the last return, then the second-strongest return is provided. If only one return was detected, 
the data will be identical in the even|odd block pairs (0|1, 2|3, 4|5, 6|7, 8|9, 10|11).

Figure 9-2 VLP-16 Single Return Mode Data Structure
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Figure 9-3 VLP-16 Dual Return Mode Data Structure

The figures below show a Wireshark trace of a single packet in Single Return Mode. Figure 9-4  on the next page shows 
the beginning of the packet and Figure 9-5  on the next page shows packet end. The location/offset of the data relative to 
the initial byte in the packet is shown in parentheses.
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Figure 9-4 Single Return Mode Packet Data Trace (packet start)

Figure 9-5 Single Return Mode Packet Data Trace (ending)
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