1

A Device For Measuring Radio Frequency Angle of
Arrival
Abstract—Much theory has been devised for node localization of wireless sensor networks (WSN). Localization
based on angle measurements is more robust than localization based on distance measurements. Most research
assumes the existence of a device with angle or distance measuring capabilities. This paper describes a small, low
cost, proof of concept angle of arrival (AoA) measuring node. The premise involves rotating a directional reflector
antenna assembly while measuring received signal strength (RSS). This procedure is defined under the assumption
that RSS will be greatest when the reflector is pointed towards the transmitter source. The described node is shown
to be a viable low cost option for measuring AoA to be used in a WSN.
I. INTRODUCTION
A. Motivation
This paper describes the development of a device to measure the radio frequency (RF) angle of arrival (AoA) of a
radio wave at a radio receiver by using a rotating reflector. The device is meant to enable relative angular position
measurement between two sensors in a wireless sensor network (WSN). A WSN is a network of devices that have sensing,
actuation, processing, and wireless communication capability. WSNs are useful in applications such as climate control,
agriculture, intrusion detection and disaster management. The key benefit of WSNs come from the small size and low cost
of the nodes, which makes it possible to deploy a large number of them in a wide geographic area. For effective use of the
data from the sensors, the locations of the sensors must be known. Measuring the location of the nodes manually is
expensive and sometimes infeasible. Therefore, nodes must be able to self-localize, that is, estimate their own locations
after deployment. Current approaches to self-localization is based on measurements of pairwise distances between nodes,
which can be obtained from received signal strength (RSS) or time of flight (TOF) measurements. However, selflocalization based on distance measurements, especially when the measurements are corrupted by noise, is recognized to be
a difficult problem, usually requiring a node deployment of robust quadrilaterals. If both distance and angle measurements
are available between a pair of nodes, then the relative position between a pair of nodes can be obtained, which makes the
problem more tractable. The location of an arbitrary node with respect to a reference node can be obtained by adding the
relative position measurements between pairs of nodes lying in a path from the node to the reference node.
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It follows from the description above that the AoA measuring device must be small, preferably not more than a few
centimeters in width, length, and height. This precludes using a phased array of receivers for measuring RF AoA, though
that is perhaps the most commonly used method. Phased arrays require multiple antennas to make AoA measurements,
which is costly and spacious. Global positioning is also infeasible because it is largely restricted to environments in range of
satellite signal.
B. Premise
A directional antenna has a specific radial gain pattern. Coupling signal strength measurements with the gain
pattern may provide valid information about the AoA of the signal. A parabolic dish is effectively a directional antenna
which, when aligned with the signal source, amplifies the signal at the focal point. As the parabolic dish becomes
misaligned with the signal source, the effects of the amplification diminish and the signal may even become attenuated if the
antenna is facing the wrong direction. One hypothesis is that if a receiver antenna located at the focus of a parabolic dish is
rotated about the plane of possible signal source locations, the maximum signal strength measured will occur when the dish
is pointed at the signal source. Another hypothesis is that the AoA can be found from searching for the direction of
maximum signal strength with a parabolic antenna. To test these hypotheses, signal strength measurements will be acquired
in full revolutions in indoor and outdoor environments at several distances. However, even if the first hypothesis is correct
and the maximum signal strength occurs when the receiver is pointed at the transmitter, this may not be sufficient to be an
AoA measuring technique. Tests will be conducted in various environments because multi-path scenarios and fading due to
environment effects may produce erroneous results.
II. EXPERIMENTAL APPARATUS
The AoA measuring node, shown in Fig. 1 consists of a transceiver, rotational actuator, parabolic reflector and a
processor board. The transceiver is the MaxStream XBee Pro with whip antenna, which has the onboard capability of
measuring RSS, which it refers to as the received signal strength indicator (RSSI). A 200 step per revolution stepper motor
serves as the actuator to rotate the transceiver and reflector. The parabolic reflector is a sheet of 0.005” alloy 1100 aluminum
sheeting, bent into a parabolic shape and held in place using slots four 0.125” acrylic guides spaced vertically at 0.75”
intervals. The processor board contains a micro-controller, switching power supply, LCD display, UART to USB serial
converter, stepper motor controller and a transceiver connection.
The receiver is fixed to the parabolic reflector such that the motor shaft and the antenna lie in the focal axis of the
reflector. A wiring harness connects the motor and receiver to the data acquisition and control board. Due to this wiring
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restraint, the receiver can only make one full revolution before needing to be reset.
The transmitter assembly consists of an XBee Pro transceiver, micro-controller and LCD. It is designed to
continuously transmit a signal for rapid RSSI data collection at the receiver. Fig. 1 shows the breadboarded transmitter.
The receiving XBee is configured for API mode such that the RSSI of the current data received is a part of the data
packet transferred from the receiver to the micro-controller. Both the transmitter and receiver are configured for RF power
level 0, or 10 dBm. All other settings are left as the default.
Data is collected via a USB connection to a laptop computer and and is analyzed off-line. The experiments run with
the laptop are strictly proof of concept; the production device would run the developed algorithm onboard the controller. A
python script reads the incoming serial information, displays it on the computer screen and saves it in a tab delimited format
to be processed in MATLAB.

Fig. 1. Bread boarded wireless XBee transmitter (top). Parabolic reflector, receiver and control board (left). Laptop
computer for data collection and off-line analysis (right).
Three terms are needed to describe the experiment, which include AoA, measured AoA and reflector angle. Two
Cartesian coordinate reference frames are used to define these parameters. One reference frame is fixed to the rotating
reflector. The X-axis, denoted X', of the rotating frame is parallel to the line segment joining the two endpoints of the
reflector and passes through the receiver antenna. The Y-axis, Y', is orthogonal to X' and passes through the receiver antenna.
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The other reference frame is fixed inertially to the starting position of the reflector. Its axes are denoted X and Y. A diagram
depicting this coordinate system is given in Fig. 2(a). AoA is defined as the angle created by Y and the propagation
direction of an incident wave from the transmitter to the receiver. The measured AoA will be determined by finding the
reflector angle with the highest RSSI. The reflector angle, θ, is defined as the angle between the two reference frames. The
starting position of the reflector is considered to be a 0° reflector angle.
The experiment consists of measuring RSSI versus angle for a full 360° revolution of the reflector antenna. The
stepper motor has 200 distinct steps per revolution at 1.8° intervals. The motor rests at each of the 200 steps and collects at
most 50 RSSI data points. A timeout of 3 seconds at each step prevents the experiment from stalling if the signal is too poor
to read. After each revolution, the antenna assembly is manually reset to its “zero” position so that it can complete another
full revolution. For the proof-of-concept experiments reported in this paper, the initial reflector angle is manually set as
described next. The transmitter is visually aligned to be on the straight line defined by the two endpoints of the parabolic
reflector. A diagram depicting this procedure is seen in Fig. 2(b). The angular position of the antenna at any point in time is

Fig. 2(a). Coordinate systems defined for
measuring AoA. One reference frame is fixed to
the reflector and the other is fixed to the initial
position of the reflector.

Fig. 2(b). Alignment of parabolic reflector
endpoints with transmitter for zeroing each trial.
Also, in a real life application, the transmitter
would be zeroed to an absolute direction, such as
north.
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calculated by the number of steps taken by the motor since the start of the trial. The line of sight alignment method allows
the position to be initialized to an AoA of 90° or 270° with respect to the transmitter. The error caused by visual alignment is
estimated to be at most ±9°.
In a real life application, the transceivers would be configured to know an absolute direction. This could be
achieved by mounting an electronic compass on the receiver antenna such that the compass' north would be aligned with the
direction of the receiver dish. In operation, the compass would rotate along with the dish antenna. The direction of best
signal would then be reported relative to degrees from north.
III. PRODUCTION UNIT
The total cost of the single node is $150.27. The cost of the mechanical assembly, including the XBee receiver is
$83.50. The populated control board, which is used to control the motor and collect data, is an additional $66.77. As this
setup is purely proof of concept, many features included in this prototype will be omitted or modified for a production unit.
For example, the LCD display and USART to USB interface will not be needed. A servo motor would likely replace the
stepper motor in order to reduce cost and provide position feedback. Bulk production of the unit would reduce the
production cost of the custom parts such as the PCB and reflector. If each unit is installed such that it is zeroed to a true
north direction, no compass will be needed. Otherwise, a digital compass would significantly increase the unit cost. The
cost of the compass could vary from thirty to several hundred dollars depending on the accuracy required. As such, it is
advisable to omit the compass on each unit and zero the units to north during installation. Table 1 shows estimated price
breakdown of a complete unit in bulk production. The unit cost, $50.56, is one third the cost of the prototype.
Table 1. Estimated price breakdown of a complete production unit
Component

Price

Micro-controller

$4.56

PCB

$4.00

Switching regulator power supply

$3.00

Misc. electrical components

$2.00

XBee with wire antenna

$19.00

Aluminum reflector

$1.00

Plastic housing with reflector guide

$5.00

Servo motor

$10.00

Misc. hardware

$2.00
Total

$50.56
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IV. PERFORMANCE EVALUATION
A. Initial Testing
The first series of experiments were performed primarily to test the hypothesis that the RSSI will be highest when
the reflector angle is equal to the AoA. The results were mixed, and upon closer inspection, it was found that the presence of
moving objects in the vicinity of the transceivers during communication may cause large changes in the RSSI. So the
experiments were repeated while ensuring that no moving objects were present. The results were more consistent under
these conditions.
Fig. 3 illustrates the need for the filtering of the raw RSSI values to determine the signal strength. The figure shows
the raw RSSI measurements (in dBm) as a function of relative angular position of the reflector. All of the 50 RSSI
measurements made at every position are plotted. It is clear from the figure that there is considerable variation in the RSSI
at a fixed reflector position.

Fig. 3. Raw indoor RSSI data. Fifty samples taken at 200 intervals of
one revolution.
B. Algorithm
Due to the randomness in the RSSI measurements, AoA is estimated by the following technique. At each position
of the reflector, we collect a number of RSSI measurements, say, N. Less than N packets will be collected if signal quality
is poor and the system times out due to an inability to receive a signal in a reasonable amount of time. Under these
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circumstances it is assumed that the antenna is not facing the transmitter. An image of the data was constructed by
superimposing or incrementing each data point onto a RSSI vs angle matrix. This was achieved by a matrix filling method
in which each RSSI data point was stacked on top of each other in an RSSI vs angle matrix. After all the data points were
added to the matrix, each column vector was normalized by dividing the contents of the column by the sum of the column.
Starting from the top of the image, at low RSSI values, the algorithm would scan for data and if present, calculate the
centroid of each row vector. The first encountered center of mass with a data point sum above a specified threshold based on
N is considered the experimentally determined transmitter location. A threshold of 2 was used for all experiments.
C. Indoor and Outdoor Results
One indoor environment and two outdoor environments were used as test sites. For each environment, twelve tests
were conducted at various distances between the transceivers. Each test consisted of a single 360° revolution from a zeroed
position.
The indoor experiment was in a 7.6m-by-8.3m room. A photograph of the setup can be seen in Fig. 4. Each indoor
test was configured such that the AoA was 90° with maximum error of ±9° due to line of sight alignment. Fig. 7 shows the
signal strength as a function of reflector angular position measured as described above for one of the tests. The measured
AoA, for this particular test, was 90.26° as shown by the red vertical line producing an error of -0.74°. The dotted line
represents the AoA as determined by the line of sight method.

Fig. 4. Indoor environment is a
cinder block room measuring
7.6m-by-8.3m.

Fig. 5. Outdoor environment 1
has woods on the left, a field
behind transmitter and a house
on the right.

Fig. 6. Outdoor environment 2
is set in a dry retention pond
between two buildings.
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Fig. 8 shows the error between the measured AoA (computed using the algorithm described above) and the true angle as a
function of distance. Each cross-hair represents a test while the dotted line connects the mean error at each distance. The
figure shows that there is no clear trend of the estimation error vs. distance. The indoor data set has a bias of 4.08° and and
standard deviation of 3.99°.

Fig. 7. Indoor environment data image. AoA error in Fig. 8. AoA error versus distance for the indoor
this data set is -0.74°.
environment.
Outdoor testing was conducted in the same fashion as the indoor testing. Fig. 5 shows a photograph of the first
outdoor setup in which the measured AoA was configured as 270°. The location was wooded behind the receiver and open
behind the transmitter. In this environment, there was an error bias of 12.78° and a standard deviation of 6.87°. Again, the
error seems to have no relation to distance. The plot of the angle error versus distance can be found in Fig. 10. Even though
there was greater error, the data seemed to be cleaner outdoors. The variance in RSSI for each step is lower in the outdoor
data seen in Fig. 9 versus in outdoor data displayed in Fig. 7. The large bias raised the question of the effects of environment
on the measured AoA. Also, the rotating antenna assembly had no position feedback. The stepper motor may have missed
more steps in the 270° to AoA versus 90°. The bias of 12.78° from the 270° experiment is roughly three times the 4.08° bias
from the 90° true angle experiment. In this experiment the stepper motor moved three times as far to reach the AoA, which
indicates that missing steps could have led to the bias. If missing steps is random, the average angle error should be uniform
with distance. However, the tight clusters of samples at each distance bearing no uniform distribution may indicate that the
bias is environmental after all.
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Fig. 9. Outdoor environment 1 data image. AoA
error in this data set is 18.7°.

Fig. 10. AoA error versus distance for the first
outdoor environment.

Another test was conducted outdoors to test how the outdoor environment affected the measured AoA. This
environment was located in a dry retention pond between two buildings and had a true AoA configuration if 270°. Fig. 12
shows the twelve AoA data points found in the second outdoor environment. In this data set, there was a bias of 3.76° , a
standard deviation of 7.94°, and no apparent trend with distance. This environment showed higher variance in each data
cluster. The RSSI measurements had a significant degree of noise in all of the 5m tests, but in none the other distances. Fig.
11 is an image of the data measured at one of the 5m tests. The data shows a considerable amount of very low RSSI values
that deviate from the main curve when the reflector is pointed away from the transmitter. This could be due to multi-path
echoes created by the buildings on either side of the retention pond in which the experiment was conducted.

Fig. 11. Outdoor environment 2 data image. At this Fig. 12. AoA error versus distance for the
distance, noisy RSSI values were recorded. AoA
second outdoor environment.
error in this data set is 3°.
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D. Sensitivity to moving objects
During initial testing, it became evident that the RSSI readings were highly variable on an unknown condition.
Eventually, through coincidence it was discovered that motion near the test site was causing noisy readings. A test was
conducted in which data was transmitted for 100 seconds. Nobody was present in the room from seconds 20 through 55.
Fig. 13 shows the results of this experiment making it clear that motion around the transceivers distorts signal strength
measurements. The motion during the experiment ranged from arm waving directly in front of the receiver before the period
of no motion, to people walking about the room up to 7m away after the period of no motion. An outdoor test yielded
similar results. Therefore, all subsequent experiments were conducted such that there was no motion present in the vicinity
of the experiment.

Fig. 13. RSSI time capture with and without motion.

E. Sensitivity to algorithm parameters
A number of parameters have to be specified for the AoA estimation algorithm, which include the number of
samples collected at every position of the reflector and the threshold. The effect on accuracy of the measured AoA of these
parameters is examined by varying them and recomputing the measured AoA. The number of samples taken per step is the
biggest limiting factor in the speed of measuring AoA. At 50 samples per step, a full revolution of the antenna takes roughly
5 minutes. To determine the necessary number of samples per step, the image algorithm method was run on the first P of N
samples for each step. This procedure eliminated the need for requiring data for each P. Fig. 14 shows the results of varying
P per step on the average bias of each environment. It is clear that both the bias of the AoAs measured are very stable and
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only begin to deteriorate at an N of 5 or less. Both outdoor experiments showed a strong resilience to the variation of N,
even at small values. The indoor test varied considerably from its average at low values of N. The algorithm was robust and
the results did not change significantly for thresholds from 0.5 to 9. Fig. 14 shows the relationship between the threshold
and the average bias in each environment.

Fig. 14. Algorithm sensitivity to number of
samples determined by average bias for each
environment. Estimation error is seen to be
insensitive to number of samples as long as it is
more than 10.

Fig. 15. Algorithm sensitivity to threshold. The
indoor environment is seen to be more susceptible
to thresholds than the outdoor environments.

V. CONCLUSIONS AND FUTURE DIRECTIONS
The AoA measuring node was capable of determining the AoA to within 23° in the worst case scenario. Depending
on the environment, AoA average biases were 4° to 13°. The system has low sensitivity to algorithm parameters. The
presence of motion disrupts the system enough that the described algorithm is no longer valid.
The RSSI noise was dependent on the environment. Many low RSSI values occurred in the indoor environment,
which could be due to multi-path conditions created by the walls. The outdoor environment did not exhibit this behavior
except for one of several configurations between two buildings. Both the indoor and outdoor environments seemed to be
equally disrupted by motion around and between the transmitter and receiver.
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The radiation pattern of the XBee whip antenna likely confounds the results observed in the experiment. Due to the
rigid connection between the rotating reflector and the receiver antenna, the overall system radiation pattern is the
superposition of the reflector and the receiver antenna radiation pattern. If the receiver antenna were fixed, and the reflector
was rotated about it, the system gain pattern would be only that of the reflector. The next generation device would use a
fixed receiver.
The initial system configuration zero of 270° had a bias 3 times that of the 90° zeroed tests. Possibilities for this
difference could include the radiation pattern superposition problem, or potentially the stepper motor missing steps. There is
no feedback on the stepper motor and it was assumed that each step is uniform and successful. However, observation
showed that not only were the steps variable in size, but an occasional step would be missed. In a production unit, only the
reflector would move, allowing for continuous revolutions without the receiver wires becoming tangled. The motor would
not need to be as large due to carrying a smaller load, but would need feedback to ensure that accurate measurements were
being made. A servo motor would be a likely choice due to its small size and self-contained feedback.
The only reflector shape used was a parabola. Testing revealed that the signal strength did not appreciably increase
when the reflector was aligned with the transmitter. Instead, the signal strength decreased when the reflector blocked the
line of sight of the transmitter and receiver. Further testing should be conducted to verify whether a parabolic shape can
amplify signal strength or whether it simply blocks the signal. In the case that it blocks the signal, any shape may be used,
thus reducing production time, manufacturing costs and overall size of the node.
This experiment used only one protocol of RF transmission. Further testing with other radios may yield more
accurate results. The actual calculation of RSSI internal to the XBee is hidden from the user. Therefore, there may be room
for improvement in measuring RSSI.
Cost and size reduction were both described for a next generation AoA measuring node. Additionally, it would
have the ability to calculate the AoA on the control board instead of using an off-line computer to do the calculations. Most
8-bit micro-controllers have the capability to run the algorithm developed.
Other areas of investigation are numerous: What are the main sources of estimation error? Which sources can be
addressed, to what extent and how? How does a network of such devices perform in network localization? How does the
addition of distance measurements affect the performance? Can moving transceivers be used to improve location estimation
accuracy?
Our goal in developing the device reported here is to measure relative position between RF devices in two-
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dimensions. We plan to build a device that will combine the AoA measuring device described here with sonar, or similar
sensor, such that it can measure both angle and distance of a RF transmitter. Two such devices can measure each others'
relative position. In the future, a network of such devices will be used perform network localization in a distributed manner
by using the algorithm described in "Distributed Optimal Estimation From Relative Measurements for Localization and
Time Synchronization"
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