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TELEMETRY PROCESSOR DESIGN FOR A REMOTELY 
OPERATED VEHICLE !!

Keenan Johnson (Student) and Kurt Kosbar (Adviser) 
Telemetry Learning Center 

Department of Electrical and Computer Engineering 
Missouri University of Science and Technology !!!!

ABSTRACT !
The Mars Rover Design Team at Missouri University of Science and Technology developed a 
multifunctional rover for the Mars Society's University Rover Challenge. The main processor of 
the rover controls various rover subsystems based on commands received from a base station, 
acquires data from these subsystems, collects primary location and environmental data, and 
transmits information to the base station. The methodology and technical design of the processor 
hardware and software will be described in the overall context of the collaborative team 
development. The paper will also discuss the process, challenges and outcomes of working with 
limited resources on a student design team. !
Keywords: Remote Control, Remote Sensing, System Design, Robotics, Student Design Teams !!

INTRODUCTION !
The Mars Rover Design Team (MRDT) is a Missouri University of Science and Technology 
Student Design Team that was created to compete in the University Rover Challenge (URC). The 
URC, which is hosted by the Mars Society, tasks teams with designing and building the next 
generation of Mars Rovers that are capable of being operated remotely by future astronauts on 
Mars. 

Rovers competing in the 2014 competition needed to complete four distinct tasks: 

1. Sample Return Task 

The rover needed to be capable of both identifying sites of potential biological interest 
as well as obtaining samples from 5 cm below the surface of these sites. The Rover then 
had to perform an in-situation experiment on these samples which extrapolates data that 
is indicative of life. 

! �1



2. Astronaut Assistance Task 

The rover needed to be capable of collecting and moving multiple objects weighing in 
excess of 5kg to designated GPS coordinates. 

3. Equipment Servicing Task 

The rover needed to complete a sequence of tasks to repair damaged equipment. The 
equipment included a series of valves, switches and pipes that needed to be actuated and 
disconnected. 

4. Terrain Traversing Task 

The rover needed to be capable of traversing various terrains ranging from loose gravel 
to rocks with a diameter of greater than 31 cm.  

A rendering of the rover is shown below in Figure 1. 

Figure 1. - A Rendering of the Missouri S&T Mars Rover 

The rover’s electrical system is summarized in Figure 2. The batteries are connected to and 
controlled by a battery management which provides power to the power distribution board. This 
board regulates and distributes power to the rest of the rover. The motherboard is connected 
directly to a network switch to which the radio and I.P. cameras are also connected. The 
motherboard also provides power to the fans that cool the electronics enclosure. Finally, the 
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motherboard sends control signals to the rest of the devices pictured: the camera pan, tilt, zoom 
(P.T.Z.) controller, a spectroscopy experiment, the robotic arm,  a drill, a gripper, and the six 
motor controllers. 

Figure 2. - Electrical Box Diagram 

Most of the components shown in Figure 2 were designed and manufactured by the team. The 
motherboard is a custom printed circuit board that sits at the center of the rover’s electrical 
system. All control signals and telemetry for the rover pass through the motherboard. 
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SPECIFICATIONS !
The motherboard had three primary purposes: !

1. To aggregate and transmit data from the rover subsystems to the base station 
2. To receive control commands from the base station, interpret them, and issue the    
appropriate control signals to the rest of the rover 
3. To house several primary sensors including a G.P.S. module !

 Additionally, the project needed to be easily manufacturable, while adhering to the team’s 
schedule and budget. A custom printed circuit board was designed to accomplish the 
aforementioned goals. This allowed the team complete control over the functionality of the board 
and gave the team members valuable experience in hardware design, manufacturing and 
troubleshooting. !

HARDWARE DESIGN !
Figure 3 lists describes the major hardware components and topology of the motherboard. 

 

Figure 3. - Motherboard Block Diagram !
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At the center of the motherboard, sits an A.R.M. M4 micro-controller that acts as the primary 
processor for the rover. In early iterations of the motherboard, this processor was soldered 
directly to the motherboard. However, the pitch of the processor pins proved to be too small for 
the team to reliably manufacture. To circumvent this problem, the team chose to utilize the Texas 
Instrument LM4F120 LaunchPad Evaluation Board as the main processor. This development 
board is approximately 13 USD and has female header pins on the bottom of the board. This 
allowed the team to place easy to solder male header pins on the printed circuit board and simply 
insert the entire Launchpad board onto the motherboard. This method had the added advantage, 
of allowing the team to remove the Launchpad in order to program, flash and debug the main 
processor without requiring the rest of the motherboard. The circuit board layout is shown in 
figure 4 below. 

Figure 4. - Motherboard P.C.B. Layout 

! �5



!
The link to the base station comes from a TCP / IP controller chip, the Wiznet 5100. This chip 
was mounted in the same way as the Launchpad, using the breakout headers since the pitch was 
also very small. All communication with the base station came through this path, flowing first 
through this chip, then through a network switch on board the rover and finally out of the 2.4 
GHz radio. !
A secondary micro-controller on the motherboard was designed to manage and aggregate data 
from several sensors on the motherboard, thus relieving the primary processor of the low level 
collection and management tasks. This processor was an Atmel ATmega328P. The team used this 
processor for all onboard computing tasks, with the exception of the main TI processor. This 
allowed the team to make use of the easy to use and learn libraries provided as part of the 
Arduino environment. The common processor also allowed the team to minimize the number of 
spare parts required. !
This auxiliary processor is directly connected to a G.P.S. receiver, a temperature and humidity 
sensors, and a Bluetooth transceiver. The team made use of both the G.P.S. receiver and the 
temperature / humidity sensor. However, due to time constraints, the team did not implement 
software for the Bluetooth transceiver. !
All other electronics on the rover connect to the motherboard via RS-485 connections. This 
differential pair signal standard works well since it is full duplex and can be used with off the 
shelf ethernet cable and RJ-45 jacks. The motherboard has 20 RS-485 transceivers: 6 are 
connected to RJ-45 jacks mounted directly on the motherboard, 12 are connected to a ribbon 
cable that connects to a patch panel mounted on the exterior wall of the rover’s electronics 
housing. The main processor on the rover contains only 6 accessible hardware universal 
asynchronous receiver / transmitter, which the rover was designed with 18 devices in mind. To 
solve this issue, a series of dual channel multiplexers are connected between the main processor 
and the RS-485 transceivers. !

SOFTWARE DESIGN !
The team was also responsible for developing all of the software for the motherboard. This 
included both the main processor and the sensor co-processor. All software was written in either 
C or C++ and is discussed further below. !
Main Processor Software !
In order to create a responsive system, the team decided that they would need to use a real time 
operating system (RTOS) that could handle scheduling and prioritizing tasks to run on the single 
core of the processor. Texas Instruments provides a free RTOS called SYS/BIOS that already has 
many drivers written for the the LM4F120 processor. Thus, the team chose to use SYS/BIOS to 
schedule our tasks on the processor.  
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The team defined two tasks, a command processing task and a telemetry aggregation and 
transmission task. The command tasks was given a higher priority than the telemetry task and 
would preempt the telemetry task if a command was received. The command task had to first 
decode the JSON message. It then changed the appropriate multiplexer to the correct RS-485 
transceiver and sent the message in the format described below. When no commands were in the 
command queue, the telemetry task cycled through all devices connected, polling for the latest 
telemetry values. JSON messages were then constructed for each telemetry parameter and sent 
into the TCP connection to the base station. !
Sensor Co-Processor !
The sensor co-processor software consisted of a single, infinite loop that would execute the 
following sequence in order: !
1. Poll G.P.S. receiver for position 
2. Poll temperature sensor for temperate & humidity 
3. Send data to motherboard !!
Base Station Message Format !
In order to support legacy base station code, the javascript object notation (JSON) was required 
for commands to the rover and for telemetry sent to the base station. Telemetry and commands 
followed a common format. Each message contained an identification field and a value field as 
shown in Figure 5. The identification field was a four digit number that served as the key for 
each message. The value was either the value of the telemetry parameter or the value for the 
command. 

Figure 5. - Example Base Station Message  !!!
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Inter-Rover Message Format !
Communication internal to the rover was done by serializing standard c structs. Each message 
contained the following components shown in Figure 6, where each row represents an eight bit 
byte. The two start bytes in the beginning are to ensure that the message is correctly byte aligned. 
The next byte, the size, indicates the number of payload bytes. The payload is the serialized 
struct with any padding bytes removed. Finally, a checksum is added to ensure that the data 
arrives intact. The software on the receiving side, will discard any messages that fail the 
checksum. !

!
Figure 6. - Inter-rover Message Format !

Design Control !
The team versioned all of the hardware and software design files using the Git version control 
software. The repository was then published to Github, a online repository hosting site. The site 
also contained a wiki with documentation for all others working on the rover to quickly 
reference. This allowed all members of the team access to all design files at any time.  

Start Byte 1

Start Byte 2

Size of Payload

Payload Byte 1

Payload Byte 2

Payload Byte 3

…..

Payload Byte Size

Checksum
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CONCLUSION !!
In the early summer of 2014, the Missouri S&T team took the rover to the Mars Desert Research 
Station in Utah, U.S.A. to compete in the University Rover Challenge. Figure 7 shows the rover 
at the competition site. The team had learned a lot from designing, troubleshooting and operating 
the rover over the course of the year. Ultimately, the decision to design a custom motherboard, as 
well as a multitude of other custom hardware for the rover proved to be a successful decision. 
The team encountered no major hardware or software problems with the motherboard during 
competition, allowing the team to place second. This verifies that it is indeed possible for a group 
of volunteer students to design, fabricate, and program a custom piece of hardware such as this in 
their free time. 

!
Figure 7 - The completed rover  

! �9



REFERENCES !
[1] Morrow, Tyler, “A Modular and Extensible User Interface for the Telemetry and Control of a 
Remotely Operated Vehicle,” Submitted to: International Telemetry Conference, San Diego, 
California, Oct. 2014. !
[2] Arduino Open Source Platform, [Online] http://www.arduino.cc. !
[3] Arduino Uno Board, [Online] http://arduino.cc/en/Main/ArduinoBoardUno 

[4] University Rover Challenge, [Online] 

[5] LM4F120XL Texas Instruments, [Online] http://www.ti.com/tool/EK-LM4F120XL 

[6] W5100, [Online] http://www.wiznet.co.kr/Sub_Modules/en/product/Product_Detail.asp?
cate1=5&cate2=7&cate3=26&pid=1011 

[7] Ubiquiti Bullet, [Online] http://www.ubnt.com/bullet 

[8] TI-RTOS, [Online] http://www.ti.com/tool/sysbios 

[9] ATMega328, [Online] http://www.atmel.com/devices/atmega328p.aspx 

[10] A.R.M. [Online] http://www.arm.com/ 

[11] Gihub, [Online], https://github.com/

! �10

http://www.arduino.cc
http://www.ti.com/tool/EK-LM4F120XL
http://www.wiznet.co.kr/Sub_Modules/en/product/Product_Detail.asp?cate1=5&cate2=7&cate3=26&pid=1011
http://www.ubnt.com/bullet
http://www.ti.com/tool/sysbios
http://www.atmel.com/devices/atmega328p.aspx
http://www.arm.com/



