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ABSTRACT 
 
This paper describes a short distance telemetry network which measures and relays time, space, 
and position information among a group of ground vehicles. The goal is to allow a lead vehicle 
to be under human control, or perhaps controlled using advanced autonomous path planning and 
navigation tools. The telemetry network will then allow a series of inexpensive, unmanned 
vehicles to follow the lead vehicle at a safe distance. Ultrasonic and infrared signals will be 
relayed between the vehicles, to allow the following vehicles to locate their position, and track 
the lead vehicle. 
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INTRODUCTION 
 

The goal of this project is to allow a commercial all-terrain vehicle (ATV) to autonomously 
follow another ATV operated by a human driver. Ideally, this concept could be extended so that 
a single human driver could lead a train of many autonomous ATVs. As the driver goes up a hill 
or maneuvers around an obstacle, the following ATV’s would be able to precisely collect 
information on the lead ATV’s path and be able to make accurate decisions involving turning, 
distance, and speed.  While the human on the lead vehicle would make the high level decisions 
on where to go, the autonomous vehicles would be responsible for maintaining a safe distance, 
and avoiding local obstacles. 
 
This concept can also be applied to military applications; when moving fleets of military vehicles 
across deserts or other difficult terrain, only a fraction of soldier operators would be needed to 
move the equipment. 
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Putting this concept into function is a large and intricate project that is beyond the scope of this 
team’s senior design class budget and time constraints. To simplify this project for first phase 
conceptual design, the project has been limited to a human operated remote control (RC) car with 
only one programmable robot following. Once the main conceptual program and components 
have been proven to work correctly, other following vehicles would be able use a slightly altered 
version of the original software where the lead autonomous vehicle would be the reference point.  
 
To accomplish this goal, the system will need to be able to accurately track the path of the lead 
vehicle. This requires constant data points of information to be transmitted to the following 
vehicle regarding location, speed, and direction. Thus, a telemetry network capable of 
communicating these pieces of data must be implemented. This system must be capable of 
sending and analyzing samples of data quickly and efficiently. The following vehicle will have 
to constantly determine the correct direction and distance and be able to disregard an occasional 
inaccurate piece of data.  
 
To execute this concept, distance/direction sensor circuitry will be designed and implemented to 
form the telemetry network, and this network will then interface with the control system of a 
programmable robot vehicle. With all these pieces in place, the following vehicle will then be 
able to accurately maneuver itself with no human control along a direct path. 
 
 

DESIGN CONCEPT 
 

For the sake of simplicity and efficiency, an RC car will be used as the lead vehicle. Attached to 
this vehicle will be two main components: infrared light emitting diodes (IR LEDs) and 
ultrasonic transmitters. The IR LEDs will be assembled in an array and will be read by the 
following vehicle to determine the lead vehicle’s direction relative to the following vehicle. The 
ultrasonic transmitters will be used in reference to the pulses from the IR LEDs to determine 
distance. Since this vehicle is not the main focus of the project, it will be under complete human 
control. 
 
The following vehicle will be based on a commercially available small robotic platform [1]. This 
is a mid-sized programmable robot. The metal body provides ample mounting locations for IR 
LED sensors, transducers, or even extra battery power.  The robot comes equipped with a 
microcontroller board that can be multitasked to operate the sensors.  The 32 bit processor has 
approximately 32 kB of RAM and 64 kB of EEPROM. The robot is driven by two DC servo 
motors and includes a rear omnidirectional wheel, which allows the robot to make zero degree 
turns. The following vehicle’s IR and ultrasonic receivers will interface with the robot’s 
microcontroller based control system. The decision-making software will be implemented on the 
robot’s microcontroller. From there, the robot will be able to move with varying speed and 
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varying direction with regards to the lead RC car. Figure 1 is a block diagram of the design 
concept.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1. Top Layer Design Concept 
 
 

DESIGN DETAILS 
 

Directional Sensor 
 
In order to measure the direction of the lead vehicle relative to the following vehicle, an array of 
photodetector transistors will be placed on the following vehicle and a corresponding array of IR 
LEDs will be attached to the lead vehicle. The receivers will be attached in an arc-shaped array 
with each receiver's field of view slightly overlapping. The LEDs will be set up in a similar array 
and will emit sequenced IR pulses. The IR LEDs each have a 50 degree beam angle and the 
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photodectors have an approximate 30 degree field of view. The goal is to achieve a minimum 
viewing angle of 180 degrees by overlapping seven elements in each array. The direction of the 
lead vehicle relative to the following vehicle will then be calculated by measuring the intensity 
of an IR pulse received at the photo detector array. The difference in intensity at each photo 
detector will allow the robot to calculate approximate direction.    
 

 
Figure 2. Directional Sensor 

 
Using this method to measure direction requires less overhead processing and is less complicated 
than other implementation methods considered. The disadvantage with this implementation is 
that the lead vehicle must be in line of sight of the following vehicle and the accuracy is limited. 
However, if the following vehicle loses sight of the lead vehicle, it will proceed to the point 
where the lead vehicle was lost and then turn in a circle trying to locate the lead vehicle’s signal. 
This procedure will be implemented in the software as a contingency routine. 
 
Measuring Distance 
 
In addition to determining the relative direction of the lead vehicle, the distance between the two 
vehicles must be determined. The two methods of computing distance shown below were 
considered for this project:  measuring IR intensity and measuring the time difference between 
an IR and ultrasonic pulse. 
  
Measuring IR Intensity 
 
This method was not chosen for this project. The issue with this method is that the emitting 
LEDs would need to emit a uniform distribution of intensity no matter how the lead vehicle is 
oriented relative to the following vehicle. Without a uniform distribution, the system would 
erroneously speed up or slow down the following vehicle when the lead vehicle made a turn 
because the turning LEDs would result in varying intensity at the receiver.  
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Measuring the Time Difference Between an IR and Ultrasonic Pulse 
 
The method that will be realized in this system will use both the directional IR LEDs as well as 
an ultrasonic transducer. The lead vehicle will emit an IR and ultrasonic pulse simultaneously 
which the following vehicle will receive at different times. At small distances the travel time of 
light is effectively zero (6.7e-9 seconds for two meters) compared to that of sound (0.0059 
seconds for two meters); therefore, if the time between receiving the two pulses is multiplied by 
the speed of sound the result will be within .0001% of the actual distance. The accuracy of this 
method is sufficient for the distances of this application; the maximum distance intended for this 
system is five meters.  
 
The following algorithm will be used by the following vehicle to calculate the distance: 

1. Receive IR pulse 
2. Start timer (trigger interrupt) 
3. Receive ultrasonic pulse 
4. Stop timer (trigger interrupt) 
5. Scale timer value to seconds 
6. Multiply time difference in seconds by the speed of sound (m/s) 
7. Scale first calculated distance to account for error 
8. Save and use calculated distance 

 
The first result will need to be scaled by an error factor to account for delays in circuitry and any 
other errors. This factor will be determined and adjusted during testing. 
 
A similar method was implemented by researchers at the University at Buffalo [2].  They found 
that using optical sensors to synchronize ultrasonic transducers was an improvement over 
standard ultrasonic echo methods because of lower signal loss and greater control of the 
ultrasonic pulse shapes used at the transmitter and receiver. 
 
Distance Sensing Hardware 
 
A 555 timer will be used to synchronize the output pulses on the lead vehicle. On the following 
vehicle an ADC and a microcontroller will calculate the time difference and then the distance by 
sampling data from the receiving sensors. When the IR pulse is received it will trigger a high 
level interrupt on the microcontroller and start a timer. Once the ultrasonic pulse is received the 
timer will be stopped and the distance calculated. To measure distance to an accuracy of 0.01 
meters will require a sampling frequency of 100 kHz. The needed sampling rate is within the 
range of low cost microcontrolers and ADCs. 
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The ultrasonic part of the distance sensing network will consist of one transducer on the lead 
vehicle and another on the following vehicle, as shown in Figure 3. The transducer on the lead 
vehicle will send a square wave pulse that can be sampled by the following vehicle. Research 
shows this frequency should be in the range of 40-100 KHz; an exact frequency will be 
determined with testing of the sensors. The receiving transducer will be on the following vehicle. 
This transducer will be connected to an amplification circuit to amplify the wave pulse sent from 
the lead vehicle.  The application of a bandpass filter to the receiver circuitry may also be used to 
increase the accuracy of the signal pulses as shown from research at Yonsei University [3].  
Researchers at Yonsei University found ultrasonic sensors to be very sensitive to vibration and 
noise.  To help mitigate the problem, they used a bandpass filter.  The filter helped eliminate 
many of the components of the signal generated from the vehicle’s vibration and shocks, and 
also improved the overall signal-to-noise ratio at the receiver. 
 
The receiving transducer will use an analog-to-digital converter to interface with a 
microcontroller. Once the wave pulse is received, the program will be able to calculate the 
distance between the lead vehicle and the following vehicle. The setup of the IR part of the 
distance sensing network was described in the directional sensing section of the paper. The 
following block diagram demonstrates how the components will be assembled.   
 

Figure 3.  Ultrasonic System 
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SOFTWARE 

 
Since the following vehicle is operated by microcontrollers, controlling software will need to be 
written. The signals from the distance sensor network will be sampled and analyzed by the 
microcontrollers. The software will need to be able to calculate distance and direction, and then 
implement control algorithms to get the following vehicle to actually follow the lead vehicle. 
One concept the software will implement is the use of waypoints in order to control the 
following vehicle’s travel path. By using the waypoint system, the following vehicle will head to 
where the lead vehicle was previously and not directly towards the lead vehicle. This will result 
in the following vehicle tracing out a path that closely resembles the actual travel path of the lead 
vehicle, which will prevent the following vehicle from cutting corners and colliding with static 
objects that the lead vehicle avoided. 
 
In order to accomplish this, the software will periodically sample the sensor network to 
determine the immediate location of the lead vehicle. The distance and direction information will 
be added to a queue. After adding this data point, the microcontroller can then compare the first 
two data points in the queue to generate the next set of commands that the following vehicle will 
perform. Each time it sends the next action to the following vehicle, the top data point of the 
queue will be popped off. 
 
Incorporating the waypoint system in this way instead of having the queue contain a set of 
commands will allow the system to be more dynamic. With a set of commands in the queue, the 
following vehicle would need to execute them perfectly so the waypoints could begin from the 
position they were intended for. Factors such as wheel slipping would accumulate. Such a system 
would also require much more processor overhead as each new waypoint would have to first 
subtract all the stored preceding waypoints from the distance/direction sample. Storing only the 
sensor data in a queue and generating the commands as the next action to be sent will omit these 
problems. 
 
In order to keep the following vehicle within a set range, a higher level system will be set up to 
guide the waypoint system. The higher level system will discard data samples when there is no 
change in the direction and the distance has not exceeded a to-be-determined threshold. Another 
consideration that needs to be made is how the distance between the vehicles should be 
generated. If the last distance sample is used during 180 degree turns it is possible that by the 
time the lead vehicle is beyond the 1 or 2 meter away threshold, the following vehicle will have a 
4 or 5 meter distance to travel. This is because the following vehicle will still be executing the 
rounded path the lead vehicle took and will not cut across. One way to solve this problem is to 
keep a running distance total that will account for turns. However, this solution will require a lot 
of overhead which makes it impractical. Another solution is to have the microcontroller monitor 
when the lead vehicle has gotten closer between the new data sample and the preceding one and 
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ignore the distance threshold in such cases. The second solution will likely end up being the 
solution selected for use. The speed of the following vehicle will then be calculated based on the 
distance given from the last data sample. 

 
 

FUTURE IMPROVEMENTS 
 
The current design of this project is at a rudimentary level. Once the basic functionality is in 
place, the system can be expanded from the base platform. There are several system expansions 
that are intended for this project. 
 
Wider Field of View 
 
The current design parameters require only a 180 degree field of view for both the lead vehicle’s 
emitters as well as the following vehicle’s receivers. Once the initial circuitry for the 
communications system is working correctly the field of view will be expanded to 360 degrees. 
This will ensure the following vehicle does not lose connection to the lead vehicle in the event 
that the lead vehicle makes a quick turn and quickly drives behind the following vehicle. 
 
Multiple Following Vehicles 
 
The current design focuses on a single following vehicle. However, for the system to be useful, it 
would need to be able to be easily implemented on multiple following vehicles.   
 
Avoid Dynamic Obstacles 
 
The current implementation of this design enables the following vehicle to determine its 
respective course of travel based solely on previously detected locations of the lead vehicle. 
When measured to a certain degree of accuracy this method will enable the following vehicle to 
avoid any static obstacles that the lead vehicle also avoided. However, an issue arises if the 
obstacle avoided by the lead vehicle was a dynamic obstacle. If the obstacle is dynamic it could 
be in a different location once the following vehicle encounters it. To avoid this problem, a 
network of proximity sensors could be added to the following vehicle. These sensors would send 
real time surroundings information to the following vehicle’s control system. This data would be 
used in addition to the information coming from the lead vehicle in order to determine the 
following vehicle’s course or travel. 

 
 

CONCLUSION 
 
The purpose of this project is to have a lead vehicle under human control and a vehicle or 
multiple vehicles following its path without any operator input. As described in the introduction, 
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this concept could be very useful for using ATVs as pack vehicles and has multiple military 
applications. To implement on large vehicles, every aspect would have to be perfected such as 
wider field of view, multiple followers, dynamic obstacle avoidance, and lead vehicle detection. 
For this project, an RC car will be used as the lead vehicle and the following vehicle will be a 
commercially available robotic platform.  
 
To determine the location of the lead vehicle, two concepts will be implemented: IR LED and 
ultrasonic detection. The following vehicle will detect an array of pulsing IR LEDs on the lead 
vehicle to determine its relative orientation. This constant flow of data will interface with the 
control system to allow the following vehicle to make decisions on turning. The following 
vehicle will also receive an ultrasonic pulse from the lead vehicle. This data will be referenced to 
the IR pulses to determine distance. The control system will use this data to determine if the 
following vehicle should speed up, slow down, or stop. With the following vehicle receiving this 
data, it will trace the lead vehicle’s path with precision and accuracy.  
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