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LOCATING AN OBJECT WITH RECEIVED SIGNAL STRENGTH INDICATION

Abstract

This research was conducted to explore a means for locating objects in relation to other objects.
The Received Signal Strength Indicator (RSSI) measures the strength of a signal. The objective
of this research was to construct a formula that gave distance as a function of the RSSI value.
After configuring the Digi XBee Pro S1s to act as local and remote radio devices, a range test
was performed and RSSI values were recorded with corresponding distances between the two
devices. The data confirmed that signal strength decreases as distance increases, and that signal
strength is proportional to the reciprocal of the distance squared. An equation giving distance as
a function of measured RSSI value was established and is somewhat accurate. The equation can
be used as a somewhat reliable method for determining a range of distances between radio
devices based on an RSSI reading. The next steps will be to attempt to configure XBees to work
in a manner that allows multilateration, and therefore localization of a remote device.
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Introduction

Determining location is one of the oldest applications of science. The ancient sailors
learned the sky and made maps and astrolabes to navigate their way about the globe. Until
recently, most people used paper maps and asked other people for directions. More recently,
humans have been looking at their cell phones, which tell them where they are. These mobile
mapping services generally do not actually rely on GPS, but rather rely on cell networks and
multilateration. We’ll get back to this in a moment.

There are several ways to determine the location of an object of interest. Probably the
simplest is simply having a visual. If you can see something, then you have more or less found it.
For obvious reasons, this isn’t the most useful method of finding things depending on the scale
of your operation, as it is useful to be able to find objects that are not immediately visible, or in
environments where vision is impaired by obstacles or for other reasons. Moving along then,
there have been some illuminating studies into how animals such as rats produce mental maps of
their surroundings with landmarks, and how robots can imitate this with fairly minimal location
devices. Unfortunately, these methods tend to require significant scouting out of the area to
produce the map before the robot really knows where it lies in that map. Another is to have a
preexisting coordinate system, but once again, this requires knowing the area you are in prior to
doing anything. If a system knows where it was and has kept track of its displacement, that is yet
another means for determining location. Finally, an object can carry a GPS capable device and
simply transmit its position.

The failures of many of these methods is that they either require preexisting knowledge
of the area being moved through or a period during which your system looks about and gets its
bearings. This is all less than ideal under certain circumstances, for instance, if you wanted to set
up in an unfamiliar area and send out a robot and know where that robot was relative to you.

This is where Received Signal Strength Indication (RSSI) comes in. RSSI is a means for
measuring the amount of power present with a radio signal. It provides a value for signal
strength, as the name suggests, and is a way of figuring out how good a link is. As a general rule,
if a transmitter is moved closer to a receiver, then the strength of the transmitted signal improves
at that receiver. The inverse is also, true. The units for RSSI are dBm or decibel-milliwatts,
which exist on a logarithmic scale. The magnitude of the RSSI value is inversely proportional to
the square of the distance, in other words, the greater in magnitude the negative value returned is,
the weaker the signal (Parameswaran, Husain, & Upadhyaya, 2009). For the sake of an example,
this means that a -44 dBm signal is better than a -80 dBm signal (Digi, 2017). The relationship
between the RSSI value and distance can be expressed as follows

RSSI < —log(1/distance?)

This all matters because it means that with RSSI, you can get at least a crude idea of how
far your receiver is from your transmitter. While it is nice to know about how good your signal
is, having only that data, or even knowing how far you are from an object you wish to locate is
not enough. It narrows it down to a certain range, but that range of possible locations is a circle,
or really, a circle with another concentric circle to give an error range.
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For the sake of an informal metaphor, it is like being told that you are about ten miles
from someone’s house, but you don’t know which direction their house is in. Walking the
circumference of this circle to find it is probably not an option, as walking 63 miles in a circle is
an inefficient way of finding things. So how do you turn that into useful information? You add
more constraints. Let us say that you now know that this house you are trying to find is ten miles
from you and 12 miles from your car. You know that you are five miles from your car. Suddenly
there are only two places that this house can be, and they both lie on a hyperbola. If you took TJ
Math 4, you are probably groaning. Don’t worry. What is nice about this all, is that by adding a
third distance measurement, say the distance from your school to this person’s house, you narrow
down the area you are looking for the house into a fairly small area. You know where roughly on
that hyperbola this house is, and you can find it. See Figure 1.
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Figure 1: Visualization of multilateration with three distance measurements from three separate
locations. Courtesy of Kapoor et al.

This concept is known as multilateration, and essentially, while adding more geometric
distances will help narrow down the confidence area further, three is all that is necessary to come
up with a fairly reasonable area. This is how a lot of cell phone maps work: they know where the
cell towers are (those don’t move), and they can figure out their location relative to those and
place you on a local map pretty accurately. The abundance of cell towers in cities today only
adds to the accuracy of such services (Bekcibasi & Tenruh, 2014).
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There are, however, issues with using RSSI. A study by Parameswaran et al. found that
RSSI was an unreliable means of localization at the extremes of a device’s range given the sheer
number of variables that signal strength is affected by. The study went on to suggest that subtle
differences in distance may not be discernable, but it was possible to see larger changes, and
multiple RSSI readings increase the reliability of localization methods that use RSSI
(Parameswaran, Husain, & Upadhyaya, 2009). RSSI is also subject to interference from other
signals in the same frequency bandwidth (VIAVI, 2016) as well as objects in the path of the
receivers. Parameswaran, Husain, and Upadhyaya concluded that “it is extremely difficult to
develop a graph between RSSI and distance which can be used as a standard reference for getting
the distance value for a given RSSI value,” (2009), which brings us rather nicely to the purpose
of this project.

The goal of this research was to determine a function that could reasonably approximate
distance as a function of RSSI value, and using that, accurately locate a receiver using three
transmitters and the data gathered from RSSI tests.

Procedures

Because acquiring access to several cell
towers is a bit beyond the convenient reach of a
high school student, Digi XBee Pro S1s were
used in their stead (Figure 2). They are relatively
inexpensive, costing between 30 and 50 USD.
They operate within the 2.4 GHz frequency band
and can act as both receivers and transmitters.
The XBees sat on top of Waveshare XBee USB
Adapter boards (Figure 3), which enabled me to
connect them to a computer with a USB to micro 7 ,
USB cord. These devices claim to have ranges of  Figure 2: XBee Pro S1 on a Waveshare board
up to 300 feet indoors and up to a mile outdoors,
and while | found that they do technically work at
several hundred feet, significant packet loss tends to 5000000 O
occur beyond distances of about 100 feet. ‘

RESET

| used XCTU to configure the XBees and
perform the RSSI tests. | first configured both with the
default settings to clear _anythlng | did not WanF. _S!nce L | ioesiow Asmpr
the range test only requires two XBees, | only initially % ; N
configured two. All the XBees were set with a serial f 0000000000 =s @,
interface baud rate of 9600 symbols per second. Data e
Bits are set to eight and both Parity and Flow Control
are set to “None.” Stop Bits is set to one. All this is
shown in Figure 4.

¥ [ o o

Figure 3: Waveshare board without XBee on top
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The XBees were configured according to instructions on the Digi website (2017). | set
the channel (CH) for both XBees to “C,” and the ID for both to “D161.” The Destination
Address High (DH) is set to “13A200,” which is simply the six characters in the MAC Mode
(MAC) after the two first zeroes. Both XBees are set to be end devices in Coordinator Enable

(CE). All of those settings have to be the same for both XBees. Each XBee has the Destination

Address Low (DL) set to the Serial Number Low (SL) of the other XBee, or the last eight
characters of the MAC of the other XBee. Most of the rest of the settings are defaults. This all is

better detailed in Figure 5.
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The test is supposed to allow the local radio device (XBee that stays attached to
computer) to be used in APl mode, which allows the RSSI for the remote device to be viewed as
well, but I could not get this to work and was forced to place both XBees in transparent mode (or
AT) mode. This really just meant setting the Power Level (PL) to “Lowest” and setting API
Enable (AP) to “API disabled.” See Figure 6.

Foxcu
XCTU Working Modes Tools Help

+ ¢ Y < [

8 Radio Modules @ @O ~ @ | £ Radio Configuration [XBEE_C - 0013A20040E5C20D)
Name: XBEE C - 2
4 ala A
$%N | Function: XBEE PRO 802.15.4 g & i sa 0 . a |apl
Port: COMS3 - 9600/8/N/1/N - AT ° Read Write Default Update Profile
MAC: 0013A20040E5C20D i EE AES Encryption Enable Disable [0] =
Name: XBEE 8 - iKY AES Encryption Key ‘ |
Function: XBEE PRO 802.15.4 . i NI Node Identifier ‘XEE[ C |‘
Port: COM4 - 9600/8/N/1/N - AT = - RF Interfacing
MAC: 0013A2004157960F Modify RF interfacing options
i PL Power Level Lowest [0] vid
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Figure 6: XCTU settings
. 3% XCTU
Undel‘ “Radlo MOduleS,” all the XBeeS attached to XCTU Working Medes Tools Help
the computer are displayed. Choose one device to use as a : il 6 _
local radio device and select the second or middle icon on @ Radio Modules 00-0
the right to discover radio nodes in the same network. This Name: Xbee B o
” b . th XB th t t . th g1 Function: XBEE PRO 802.154 @
will bring up any other XBees that are operating in the same Pore: COMS SGO0/e/IN - AP 1 4
channel. Choose one to be the remote device. It should now MAC: 0013A2004157960F
show up below your local radio device XBee, as shown in G S x
H Name: Xbee A
Flgure 7 ﬁ Function: XBEE PRO 802.15.4 x

MAC: 0013A20040F305AC

If the remote device has the wrong function, attach Mo oo
the remote device directly to the computer and force write ? Function: XBEE PRO 802.15.4 :
the settings again. This should change the function for the 202 :;; E;“;';;i‘;‘i’j;;‘?-”‘1
remote device. The function should be “XBEE PRO
802.15.4” and all the XBees should say this. The protocol
for this function does not support Cluster range tests, so |
used the other option: a loopback test.

Figure 7: Remote Device attached

Since | used a loopback test, | needed a loopback jumper. This can be achieved by
connecting the Rx and Tx pins on the Waveshare board for the remote device, and this should
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only be done on the remote device. See
Figure 8. This must be done after writing all
settings to the board and XBee, as the
loopback jumper stops the thing from
sending signals through the COM ports and
your computer likely won’t even notice that
the XBee is connected if you plug it in, much
less actually write settings to it.

To perform a test, select “Range Test” from
& “Tools” in the XCTU configuration ribbon
e o (Figure 9). Select the XBee connected to the
Figure 8: Waveshare and XBee with loopback jumper attached CompUter as the local radio device, and then
your remote device should pop up. Choose a
loopback test, the only real difference is that a cluster ~ =*™"

XCTU Working Modes Tools Help

test allows more flexibility, but the function does not B e P oo i

i} ) i Frames Interpreter Alt+Shift+
support cluster tests. I set the Rx timeout and Tx % Radio Nodules e 00-0
. . . Name: xg = Load Console Session t+Shift+
interval to 500ms each for convenience. | also set it to A rucion: o T oot B g
. . . . fq Firmware Explorer Alt+Shift+F
loop infinitely as | found that collecting the data MAcs 00 B Ser Console "ange st 00 °
- - | Spectrum Analyzer Alt+Shift+A
quickly was a challenge with the default 100 packets. Teito Tt AeshiteT X
- unction: XE & MicroPython Terminal »
See Figures 9 and 10. g& Port CC i st anager
JAC: 00T3AZUUATSTIBUF
Figure 9: Range test
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| 0013A2004157960F Xbee B 802.154 AT
0013A20040F305AC - Xbee A
Range Test
Configuration
Range Test type: Loopback v
o by 5
£ m % | Packet payload: Configure payload...
= g
g o §
g » & | Rxtimeout(ms): 1000

“r

Tinterval (ms): 1000
(®) Number of packets: | 100
) Loop infinitely
B tocal Rssi W] percentage ["] Skip RSSI measurements

Packets sent

Local: -46 dBm 100

Packets received
100
Packets lost: 0

O Close Start Range Test

Figure 10: Range test. Note that in this particular image, the test is not set to loop infinitely and the Rx and Tx time intervals are
at 1000 ms rather than 500 ms
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To take measurements, | set up an open field with a laptop and an
XBee running a range test and marked out increments of distance
~ from the XBee. | placed markers at 10 feet from the device, 30 ft,
50 ft, 70 ft, 90 ft, 110 ft, 130 ft, and 150 ft. I carried the remote
device from a distance of 1 foot away from the local radio device
to each marker and paused at each marker for several seconds to
allow the RSSI readings to adjust. See Figure 11. | video-captured
~ the range test on the laptop and recorded the movement of the
.. remote device (which was attached to a portable battery pack via
micro USB cable as a power source) using a phone camera. |

| synced the two videos up using the audio at the beginning of the
.+ clips and recorded the RSSI values for each distance. | repeated
this process for a total of five trials.

“¢ Results and Discussion

%] As expected, there was a negative correlation between signal

4 strength and distance between the XBees. The raw data is

# available in Table 1. RSSI values were relatively consistent across
the trials. The ranges are a bit mercurial, but tend to decrease as
.« the distance increases and the signal strength decreases. The
standard deviation also decreases overall, although like the ranges,
A% there was more variability at some distances than others. The

Figure 11: Frisbees mark distances. — qyerg|] trend makes sense given that it is a logarithmic scale.
Umbrella covers researcher and local . - .
radio device. Not pictured: remote There is not a clear cause for the variability being greater at some
device with battery pack, hapless distances than others. The reciprocal of the distance (1/Distance)
intern column is included in Table 1 as it is the scale for the x-axis of
Graph 1.
Table 1
RSSI Value Measured (dBm)
Distance 1/Distance | Trial1  Trial2 Trial3 Trial4 Trial 5 | Average Range | StdDev
1 1.0000 -42 -47 -40 -40 -40 -41.8 7 | 3.0332
10 0.1000 -56 -53 -54 -57 -49 -53.8 8 | 3.1145
30 0.0333 61 -60 -60 -65 -63 -61.8 5| 2.1679
50 0.0200 -71 -67 -68 -68 -69 -68.6 4| 1.5166
70 0.0143 -74 -73 -74 -70 -76 -73.4 6| 2.1909
90 0.0111 -76 -75 -79 -77 -76 -76.6 4| 1.5166
110 0.0091 -78 -82 -80 -80 -77 -79.4 5| 1.9494
130 0.0077 -78 -77 -80 -79 -78 -78.4 3| 1.1402
150 0.0067 -78 -76 -77 -81 -78 -78.0 5| 1.8708
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RSSI Value versus Reciprocal of Distance

0.0010 0.0100 0.1000 1.0000

y = 7.9503In(x) - 38.877
R? = 0.9603

-10

-20

B w
o o

RSSI Value (dBm)
(9]
o

60
-70
-80
-90
Reciprocal of Distance (m)
—@— Trial 1 Trial 2 Trial 3 Trial 4 =@ Trial 5 —@— Average «---+++-* Log. (Average)
Graph 1

This graph plots the measured RSSI value as a function of the reciprocal of the distance
at which the value was measured. The x-axis is a logarithmic scale, as is signal strength. The
graph is roughly linear on this scale. It is worth noting that the readings from a distance of one
foot away are not on the left, where traditional scales would put closer values, but rather on the
right. As the distance increases, the data points move left and grow closer together.

The RSSI values decrease more markedly initially, then appear to plateau. In a few of the
trials, the RSSI values measured at the farthest distance are actually higher than closer distances.
| suspect that this is more due to experimental error than to any significant finding.

The R-squared value of 0.9603 is pretty close to 1 and indicates that the trendline is a good fit.

The reason the graph is set up this way is because signal strength is proportional to the reciprocal
of distance squared, shown in the equation below.

S Cc
r2

If S is signal strength, r is the distance between the transmitter and receiver, and c is a constant,
then armed with the knowledge that S is a logarithmic scale, we get:

c
log$ = logr—2

The RSSI values are log S and and we can then multiply the right side by 2/2 to get us closer to
something more useful on that end.
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c\1/2

2. ¢ Ve 1
logS = ElOgr_Z = 2log (r_z) = 210g7 = —24 log;+ log+/c

Where A is another constant. This is the same as the form of the trendline for the graph, with the
only difference being that the trendline uses the natural logarithm rather than the more standard
base ten. This is easily rectified by converting the natural logarithm to a logarithm in base ten.

The trendline equation
y = 7.9503In(x) - 38.877
then becomes
y = 18.3062log (x) — 38.877

In this equation, y is the RSSI value and x is the reciprocal of the distance. To find the distance
as a function of the measured RSSI value, we solve for x, then take the reciprocal of that.

1 (y+38.877)
———— =x = 10 183062
distance

1 .
—Gr3sarn — distance
10 183062

Plugging in each of the average RSSI values gives us distances of 1.44 ft, 6.53 ft, 17.84 ft, 41.95
ft, 76.71 ft, 114.69 ft, 163.08 ft, 143.82 ft, 136.77 ft, which are 0.44 ft, 3.47 ft, 12.16 ft, 8.05 ft,
6.71 ft, 24.69 ft, 53.08 ft, 13.82 ft, and 13.23 ft off the actual distances respectively. That makes
for an average of 15.07 feet off of the known distance, and if used in trilateration, gives a search
area of approximately 450 square feet, which, while it seems like a large area, is desirable when
faced with searching an area that could be 70,000 square feet or more. For the most part, those
are not terrible estimates, with the exceptions being at 90 feet and 110 feet. Both of these
distances were around where the XBees started to drop packets, so it is possible that these
measurements were flawed.

It is also possible that the RSSI measurements at 150 feet are inaccurately high because
the person holding the remote device was unable to crouch down as he did at every other
distance due to the fact that there was a large puddle at that distance marker. The more elevated
remote device may have had an easier time receiving and returning the signal, incorrectly
making the RSSI values measured at that distance appear stronger than they should have been
and thus throwing off the trend and therefore the distance predictions.

Another potential source of error was that there was some drizzling rain present
throughout all the trials. It is unclear how much this may have affected the signal strength, but
the rain was somewhat inconsistent and the humid atmosphere may have been a problem.
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The human error in this study had two likely sources. The person carrying the remote
device may have inadvertently body-blocked some of the signal, which would have affected the
strength of the signal. The person recording the data, despite the synced videos, still had to
determine which exact RSSI measurement to record, as the value tended to fluctuate a bit at each
distance.

There were also some objects that were not directly in the way, such as basketball hoops
and a soccer goal, as well as the umbrellas the researchers were carrying, that may have had
some minor impacts on signal strength.

Finally, there may have been some interference because Digi XBee Pro S1s operate in the
2.4 GHz bandwidth, which is an extremely popular bandwidth to utilize. It is possible that other
devices operating in the same bandwidth interfered with the range test.

In contrast with some other studies, | believe RSSI could be used in a rough estimate to
determine distance and location under more ideal conditions. That said, signal strength is highly
variable, and even with the fairly consistent conditions | operated under, there was a considerable
amount of variability. Using more measurements from more XBees and more range tests would
give more accurate data and having a better controlled environment would be useful were this
experiment to be repeated. | would also encourage more experimentation with presets and
configuration to try and find the ideal settings for something like this. It is also possible that
other radio devices would yield more accurate readings. | believe that the next step is to figure
out how to connect multiple radio devices in a manner that RSSI readings from multiple different
locations can be read, so that the object can be tracked in two dimensional space and objects can
be localized using RSSI multilateration. It may be possible to achieve this by writing a set of new
settings to the remote device wirelessly and connecting it to a different local radio device to
perform range tests from another location.
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