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Abstract

Wi-Fi positioning has found favour in environments which are traditionally challenging for GPS. The currently used method of Wi-Fi Fingerprinting relies on algorithms which have been developed with the assumption that the devices used for training and locating perform identically. With the wide variety of available Wi-Fi devices, we have undertaken an experiment to determine how different devices behave in a practical, controlled test with distances from the Access Point between 0.3m to 35m in both an indoor and outdoor environment to identify the challenges and limitations which Wi-Fi Fingerprinting positioning systems will face when deployed across many devices. We found that Wi-Fi devices performed significantly differently in respect to the mean reported RSSI – even those which have come from the same vendor. We also found that multiple samples of the same device do not perform identically. It reinforces the need for calibration of devices in order to maintain positioning accuracy. Furthermore, it was found that certain devices were entirely unsuitable for positioning as they reported bogus RSSI values and are thus limited to less-accurate Cell-ID like algorithms. Some Wi-Fi devices also possessed characteristics which make them poor candidates for a positioning system such as RSSI “caching”, small gradient and limited resolution in RSSI values. Temporal patterns were found in some wireless cards which suggest that filtering is important. It was also determined that the use of 5Ghz band signals would improve the accuracy of Wi-Fi location due to its higher stability compared to 2.4Ghz. Ultimately, however, the accuracy of Wi-Fi fingerprinting is limited due to many factors in the hardware and software design of Wi-Fi devices which affect the reported RSSI.
Background and Introduction

· [Placeholder – To be done]

· Fingerprinting Applications
· Fingerprinting Algorithms and Limitations
· Limited testing done.
Aim

The aim of this experiment was to determine how a variety of Wi-Fi devices report the signal strength of a test access point in order to come to a conclusion as to how the variances between different Wi-Fi devices may affect the accuracy of a Fingerprinting based Wi-Fi location system.
Testing Methodology
A variety of Wi-Fi devices comprising of USB dongles, laptops, mobile phones and Wi-Fi tags were used in testing. A Belkin Play Wireless N Dual Band Access Point was set up at a fixed location on top of a plastic bin and a set of boxes. The device under testing was placed on top of an identical plastic bin on a movable trolley, such that the height of the base of the access point and device under testing was identical. The trolley was moved to one of 15 distances, namely 0.3m, 0.5m, 0.8m, 1m, 1.5m, 2m, 2.5m, 5m, 7.5m, 10m, 15m, 20m, 25m, 30m and 35m. The RSSI from the Wi-Fi device was recorded for 4-5 minutes before being moved to the next distance. This was repeated for all the devices. Furthermore, this was repeated for two environments – indoor and outdoor.

[image: image1]
[image: image27.jpg]



[image: image16.png]



The indoor environment chosen was the fourth floor hallway of Electrical Engineering Building at the University of New South Wales. The outdoor environment chosen was one of the pathways in the Quadrangle, also at the University of New South Wales. Testing was conducted over the summer session and university vacation period where pedestrian traffic was reduced compared to normal.
The USB wireless cards were tested using the latest available drivers from the vendors on a BenQ R55UV10 laptop, running Windows XP Service Pack 3. The signal strengths were logged using the latest version of 
nsider version 1. The embedded cards were tested using the same software combination. The Android phone was tested with an application called WiFi Logger, and the Nokia N95 was tested using PyNetMony. The Wi-Fi Tag was tested using Tag Tracker.

A Globalsat BU-353 USB GPS unit was used with the laptops and USB wireless cards in order to log the time to the GPX file. A USB GPS was chosen to avoid any potential interference from Bluetooth GPS units which use the same 2.4Ghz band. The GPS was allowed to acquire an initial fix, and was then left to free run. A HP rx5965 PDA running a GPS Clock Application was also allowed to acquire an initial fix, and then left to free run. This allows us a level of time synchronization between the tester and the test platform.
The GPS method of testing was used for most of the devices, except for where problems were detected. This involved moving the cart in the last minute of every five minute interval. This allowed for us to remove the influence of the tester from the signal strength readings. Software was written that automatically parsed the GPX logs from 
nsider to extract the four minutes of useful data in every five minutes.

The manual method of testing was used for testing devices and laptops which were troublesome with the GPS method. With this method, devices were set to log, and then logging was manually stopped after five minutes. Software was used to parse each of the GPX logs for each distance to export the raw RSSI data.

For the Android phone and the Wi-Fi tag, time was received from NTP. This time was compared to the GPS time, and it was within a second, the same method as the GPS method was used, with a different parser for the devices logging format.

For the Nokia N95 phone, the time was manually set via the phone’s interface and a similar method to the GPS method was used, with a different parser.

The orientation of the devices under test was fixed in order to minimize the influence of orientation. USB dongle format devices were inserted to a D-Link USB extension cable which keeps the dongle vertical. Other devices, such as phone and larger format wireless adapters were laid down flat.
At the least, 100 raw RSSI readings per position were recorded for all devices, except the Nokia N95 phone and the Roving Networks Wi-Fi Tag. The raw RSSIs were averaged to find the mean RSSI which we used in our analysis.

The particular devices tested, and their chipsets where known:

	Manufacturer and Model
	Chipset

	Diamond Digital A101
	Envara WiND502

	Netgear WG111v2
	Realtek (RTL8187L)

	Netgear WPN111
	Atheros (AR5523A/AR2112A)

	Netgear WG111U
	Atheros (AR5523A/AR5112A)

	D-Link DWA-140
	Ralink RT2870

	D-Link DWL-122G
	Ralink RT2570

	Netgear MA101
	Atmel AT7650x

	Billion BiPAC3011G
	Zydas (ZD1211)

	Belkin Play USB
	Broadcom (BCM4323)

	Broadcom ABG from HP 2133 Mini Notebook
	Broadcom (BCM4312)

	Intel Centrino 3945ABG in 
BenQ Joybook R55UV10 laptop
	Intel Centrino 3945ABG

	Intel Centrino 2200BG in 
HP Pavilion dv4000 laptop
	Intel Centrino 2200BG

	Atheros Wireless G in Asus EeePC 701
	Atheros (AR5006UG)

	Nokia N95
	Unknown

	HTC Android Phone
	Unknown

	Roving Networks Wi-Fi Tag
	Unknown


The devices are pictured below:
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Top left-to-right: Roving Networks Wi-Fi tag, and underneath, Diamond Digital A101; Netgear MA101, and underneath, Belkin Play; from top-to-bottom, Billion BiPAC3011G, D-Link DWA-140, D-Link DWL-122g, Netgear WPN111/WG111v2/WG111U (all appear the same); Asus EeePC701;  Nokia N95 and top right, HTC Android Phone.
Bottom left-to-right, HP Pavillion dv4000, BenQ R55UV10, MSI Wind U100 and bottom-right, HP Elitebook.

Results
All of the recorded RSSI means for all devices are summarized in the tables and graphs below. Means and standard deviations are given to 1 decimal place. The raw number of data samples used is also summarised in a table.
From the outdoor testing data, a linear fit between RSSI and the logarithm of distance was made using polyfit in matlab as the data is expected to have a linear correlation. The intercept and gradient for all devices were found and summarized in the table.

Furthermore, the mean of the standard deviations recorded by each card over all distances was also recorded in a table for indoor testing and outdoor testing.
From these sets of data, we can come to several conclusions.
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	Indoor Testing Data Summary Table 1 of 4

	Distance
	Belkin Play
	Netgear WG111U
	Billion BiPAC3011G 

Card A
	Billion BiPAC3011G

Card B
	Billion BiPAC3011G

Card C

	
	2.4Ghz
	5Ghz
	2.4Ghz
	5Ghz
	
	
	

	
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD

	30cm
	-24.0
	7.7
	-12.1
	0.3
	-12.5
	1.1
	-25.2
	0.4
	-27.3
	11.7
	-29.2
	11.8
	-34.8
	18.3

	50cm
	-32.4
	9.0
	-24.0
	0.0
	-21.8
	4.3
	-33.5
	0.6
	-39.6
	11.8
	-40.5
	11.6
	-40.8
	13.6

	80cm
	-34.0
	5.3
	-28.1
	0.3
	-32.3
	7.9
	-38.3
	0.5
	-41.8
	12.3
	-44.3
	12.8
	-44.7
	15.6

	1m
	-37.1
	6.1
	-30.0
	0.0
	-38.0
	1.3
	-36.5
	0.6
	-42.3
	13.2
	-44.5
	16.3
	-38.0
	7.4

	1.5m
	-40.5
	6.7
	-33.0
	0.1
	-39.4
	10.8
	-40.0
	0.9
	-51.8
	9.9
	-58.1
	8.0
	-51.7
	9.2

	2m
	-38.0
	6.5
	-36.2
	0.4
	-44.4
	1.3
	-40.9
	0.6
	-57.4
	13.4
	-50.2
	6.1
	-49.4
	9.2

	2.5m
	-46.9
	5.4
	-38.0
	0.0
	-43.2
	1.6
	-46.6
	0.8
	-43.1
	5.1
	-45.7
	1.2
	-44.4
	6.9

	5m
	-43.4
	5.6
	-41.0
	0.8
	-57.1
	3.8
	-51.1
	0.5
	-45.1
	4.7
	-46.3
	6.3
	-48.1
	8.4

	7.5m
	-43.9
	3.8
	-46.8
	0.7
	-56.4
	1.6
	-50.6
	0.9
	-55.7
	11.0
	-53.6
	8.6
	-55.2
	10.2

	10m
	-51.0
	0.9
	-46.1
	0.4
	-60.4
	0.9
	-54.9
	0.5
	-59.8
	4.9
	-66.2
	3.4
	-64.5
	4.1

	15m
	-47.0
	5.3
	-43.6
	0.6
	-59.7
	1.9
	-56.7
	1.9
	-57.5
	9.6
	-59.9
	10.2
	-56.0
	6.6

	20m
	-54.4
	5.1
	-53.9
	1.1
	-66.8
	3.1
	-66.5
	1.4
	-65.7
	4.1
	-66.8
	2.5
	-63.3
	5.2

	25m
	-52.0
	5.8
	-44.6
	0.7
	-54.2
	1.7
	-54.7
	1.0
	-55.2
	5.2
	-57.1
	4.1
	-59.2
	11.0

	30m
	-52.5
	4.1
	-48.4
	1.5
	-72.8
	3.0
	-57.3
	0.7
	-58.6
	6.7
	-61.5
	4.3
	-58.1
	4.3

	35m
	-52.3
	4.3
	-59.3
	1.2
	-56.0
	1.6
	-66.9
	1.8
	-61.6
	12.7
	-58.8
	9.2
	-56.5
	10.2


	Indoor Testing Data Summary Table 2 of 4

	Distance
	Netgear 

WG-111v2

Card A
	Netgear WG-111v2

Card B
	D-Link DWA-140
	Netgear WPN111
	Diamond Digital A101

Card A
	Diamond Digital A101

Card B
	Netgear MA101

	
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD

	30cm
	-45.5
	0.8
	-45.4
	0.8
	-26.6
	11.6
	-70.4
	17.8
	-38.2
	13.1
	-27.4
	6.5
	-24.8
	5.1

	50cm
	-46.0
	1.2
	-45.9
	1.8
	-35.0
	13.8
	-58.2
	21.0
	-38.4
	10.4
	-30.6
	4.2
	-25.1
	3.8

	80cm
	-47.5
	1.7
	-46.2
	1.5
	-36.9
	9.5
	-49.9
	23.8
	-31.0
	3.3
	-28.3
	2.9
	-25.7
	6.0

	1m
	-49.0
	1.7
	-45.7
	1.0
	-36.7
	1.2
	-67.0
	14.7
	-37.4
	7.2
	-39.9
	10.5
	-24.5
	3.4

	1.5m
	-50.3
	1.6
	-47.2
	1.5
	-43.5
	8.3
	-65.7
	16.1
	-36.9
	5.4
	-34.2
	0.5
	-24.9
	4.6

	2m
	-52.5
	1.3
	-48.9
	1.4
	-44.2
	7.5
	-73.1
	11.2
	-48.3
	11.7
	-46.1
	5.1
	-26.0
	7.4

	2.5m
	-49.4
	1.1
	-47.6
	1.2
	-47.5
	6.3
	-59.8
	16.6
	-44.5
	1.6
	-45.8
	2.4
	-24.1
	1.1

	5m
	-51.5
	1.1
	-48.8
	1.2
	-46.7
	5.4
	-54.2
	12.6
	-47.0
	3.9
	-45.3
	9.5
	-25.0
	4.7

	7.5m
	-52.6
	1.1
	-51.8
	0.7
	-51.0
	3.2
	-65.4
	9.0
	-50.2
	7.4
	-48.4
	3.2
	-25.0
	3.8

	10m
	-54.3
	1.1
	-52.6
	0.7
	-52.4
	6.9
	-66.8
	2.6
	-46.2
	1.2
	-45.5
	2.7
	-32.9
	12.8

	15m
	-54.9
	1.2
	-55.6
	1.0
	-54.3
	4.5
	-58.3
	9.8
	-47.8
	2.6
	-44.9
	1.6
	-24.6
	3.4

	20m
	-54.7
	0.8
	-53.3
	0.6
	-58.6
	4.2
	-52.6
	9.3
	-65.0
	3.3
	-62.9
	3.5
	-24.6
	3.3

	25m
	-52.5
	1.1
	-51.8
	0.9
	-51.2
	5.5
	-43.2
	9.1
	-56.2
	1.6
	-50.1
	1.6
	-24.4
	2.9

	30m
	-54.6
	0.9
	-54.0
	0.5
	-55.3
	4.1
	-50.9
	3.9
	-61.0
	2.5
	-59.2
	2.4
	-30.6
	11.3

	35m
	-53.6
	0.8
	-52.2
	0.6
	-55.7
	4.7
	-63.1
	7.7
	-62.1
	3.3
	-56.3
	1.8
	-32.0
	11.3

	Indoor Testing Data Summary Table 3 of 4

	Distance
	D-Link DWL-122G
	Atheros 5006UG
	Broadcom BCM4312
	Intel Centrino 2200BG
	Intel Centrino 3945ABG

	
	
	
	2.4Ghz
	5Ghz
	
	2.4Ghz
	5Ghz

	
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD

	30cm
	-23.4
	1.0
	-30.5
	5.9
	-21.0
	3.8
	-33.2
	0.4
	-38.7
	14.4
	-30.8
	15.1
	-42.7
	1.8

	50cm
	-30.3
	0.9
	-31.0
	6.6
	-28.6
	7.2
	-41.0
	0.1
	-30.8
	10.4
	-32.4
	14.2
	-41.0
	4.4

	80cm
	-36.7
	0.9
	-33.3
	3.7
	-35.7
	4.8
	-42.7
	0.5
	-33.7
	9.7
	-34.5
	16.1
	-46.7
	2.6

	1m
	-33.9
	1.9
	-32.6
	4.7
	-40.5
	4.8
	-44.0
	0.2
	-30.4
	6.0
	-41.7
	14.6
	-49.4
	0.9

	1.5m
	-47.9
	1.1
	36.1
	2.7
	-43.5
	4.1
	-46.8
	0.4
	-31.2
	6.6
	-39.7
	5.9
	-50.9
	0.7

	2m
	-61.4
	2.4
	-39.9
	6.2
	-42.6
	2.9
	-50.0
	0.2
	-34.6
	8.2
	-44.1
	5.2
	-51.4
	1.9

	2.5m
	-41.8
	2.5
	-42.9
	7.4
	-41.1
	1.5
	-50.0
	0.2
	-38.3
	6.6
	-47.0
	8.7
	-58.0
	1.7

	5m
	-49.9
	1.2
	-44.5
	6.7
	-52.2
	2.9
	-63.1
	0.5
	-39.5
	4.4
	-63.0
	4.1
	-56.8
	1.7

	7.5m
	-50.3
	1.5
	-49.6
	5.8
	-44.9
	4.4
	-63.0
	0.1
	46.8
	2.2
	-61.0
	7.6
	-59.3
	1.6

	10m
	-51.9
	1.5
	-56.2
	3.7
	-51.4
	3.4
	-63.3
	0.5
	-44.1
	5.4
	-59.3
	6.8
	-58.6
	4.8

	15m
	-50.9
	1.6
	-59.0
	2.5
	-52.8
	1.5
	-56.1
	0.6
	-46.6
	3.2
	-59.2
	5.8
	-63.2
	5.7

	20m
	-51.9
	2.2
	-58.5
	2.6
	-51.9
	1.5
	-70.9
	1.2
	-48.1
	2.4
	-63.3
	5.2
	-64.2
	2.9

	25m
	-50.5
	1.9
	-54.8
	3.2
	-53.8
	2.6
	-62.2
	0.5
	-44.7
	5.2
	-61.3
	3.7
	-69.9
	1.1

	30m
	-50.8
	1.8
	-58.6
	3.5
	-52.7
	1.3
	-62.1
	0.4
	-44.6
	3.4
	-59.1
	5.6
	-66.6
	1.8

	35m
	-51.1
	1.8
	-53.5
	3.5
	-51.8
	2.4
	-67.3
	2.2
	-43.3
	5.5
	-56.7
	5.4
	-72.1
	4.9


	Indoor Testing Data Summary Table 4 of 4

	Distance
	Intel Wi-Fi Link 5300N
	HTC Android Phone
	Nokia N95
	Roving Networks

Wi-Fi Tag

	
	2.4Ghz
	5Ghz
	
	
	

	
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD

	30cm
	-24.4
	18.1
	-32.7
	0.7
	-25.7
	0.7
	-27.9
	10.7
	-34.1
	0.8

	50cm
	-27.9
	19.9
	-34.1
	3.5
	-31.5
	3.0
	-36.5
	12.3
	-45.2
	4.2

	80cm
	-36.3
	20.0
	-36.3
	2.5
	-35.6
	2.2
	-39.6
	8.6
	-46.5
	4.5

	1m
	-33.7
	17.9
	-36.9
	3.2
	-38.7
	0.5
	-42.3
	16.9
	-44.6
	7.1

	1.5m
	-31.4
	14.7
	-41.4
	2.1
	-43.8
	3.8
	-37.9
	0.2
	-47.0
	0.3

	2m
	-39.6
	16.9
	-43.3
	2.1
	-50.8
	0.8
	-41.0
	8.8
	-44.4
	6.9

	2.5m
	-41.7
	13.8
	-46.9
	2.5
	-45.9
	0.6
	-47.8
	0.7
	-51.3
	9.6

	5m
	-35.4
	2.3
	-51.8
	2.8
	-54.8
	0.7
	-48.6
	14.9
	-53.9
	7.7

	7.5m
	-47.1
	10.2
	-54.0
	4.7
	-52.5
	2.6
	-47.9
	0.6
	-53.6
	6.6

	10m
	-41.4
	7.7
	-55.5
	4.2
	-54.7
	0.9
	-52.7
	2.1
	-54.3
	7.7

	15m
	-52.3
	9.9
	-50.1
	1.6
	-58.2
	1.1
	-48.3
	4.8
	-58.2
	4.0

	20m
	-58.6
	8.4
	-60.2
	2.6
	-67.1
	3.2
	-56.0
	2.3
	-61.1
	5.3

	25m
	-49.3
	10.6
	-63.2
	1.7
	-60.6
	1.8
	-49.5
	1.2
	-58.8
	1.8

	30m
	-50.8
	12.6
	-60.3
	1.8
	-63.1
	2.5
	-53.6
	0.9
	-59.0
	5.8

	35m
	-44.7
	11.6
	-59.1
	2.8
	-61.2
	3.4
	-50.6
	3.0
	-60.7
	1.2

	Outdoor Testing Data Summary Table 1 of 4

	Distance
	Belkin Play
	Netgear WG111U
	Billion BiPAC3011G 

Card A
	Billion BiPAC3011G

Card B
	Billion BiPAC3011G

Card C

	
	2.4Ghz
	5Ghz
	2.4Ghz
	5Ghz
	
	
	

	
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD

	30cm
	-20.9
	14.1
	-12.0
	0.0
	-12.9
	3.4
	-25.5
	0.5
	-26.2
	11.4
	-30.9
	15.5
	-24.7
	11.0

	50cm
	-31.4
	11.2
	-24.0
	0.2
	-28.4
	9.9
	-33.3
	0.4
	-33.0
	6.8
	-47.0
	16.9
	-37.6
	15.2

	80cm
	-40.1
	7.8
	-28.0
	0.1
	-36.0
	10.5
	-37.6
	0.6
	-39.8
	6.3
	-48.4
	13.0
	-43.2
	14.6

	1m
	-38.5
	10.3
	-31.0
	0.0
	-35.6
	0.7
	-38.5
	0.6
	-50.4
	9.0
	-62.5
	12.6
	-51.5
	12.5

	1.5m
	-43.9
	7.5
	-34.0
	0.2
	-40.9
	1.0
	-42.2
	0.8
	-58.0
	5.9
	-59.6
	5.1
	-46.9
	12.5

	2m
	-41.4
	4.8
	-36.0
	0.0
	-48.0
	8.1
	-44.7
	0.8
	-50.2
	7.3
	-51.0
	7.0
	-60.3
	9.2

	2.5m
	-45.6
	9.9
	-39.0
	0.0
	-45.1
	1.3
	-45.2
	0.7
	-45.0
	7.9
	-51.3
	14.4
	-49.9
	13.8

	5m
	-50.4
	4.3
	-44.8
	0.4
	-49.7
	1.3
	-51.5
	0.6
	-52.9
	3.5
	-58.8
	12.4
	-62.5
	10.8

	7.5m
	-49.4
	9.2
	-46.0
	0.0
	-57.6
	4.0
	-51.6
	0.5
	-57.2
	5.7
	-61.0
	8.4
	-62.4
	8.3

	10m
	-56.2
	9.5
	-54.0
	0.2
	-57.4
	3.5
	-60.2
	0.6
	-58.2
	5.8
	-62.3
	10.2
	-58.6
	6.6

	15m
	-59.9
	9.0
	-49.1
	0.6
	-60.4
	1.0
	-55.4
	0.5
	-67.2
	2.7
	-71.1
	6.7
	-72.2
	4.4

	20m
	-58.5
	10.4
	-61.0
	0.0
	-60.0
	1.0
	-64.5
	0.7
	-67.0
	2.8
	-67.9
	6.4
	-68.5
	9.4

	25m
	-56.8
	7.3
	-59.0
	0.0
	-61.3
	1.3
	-70.1
	0.9
	-63.2
	4.2
	-67.3
	5.3
	-67.1
	6.3

	30m
	-61.0
	8.2
	-54.2
	0.5
	-63.5
	3.9
	-67.3
	0.8
	-68.5
	1.6
	-69.2
	3.3
	-67.6
	7.6

	35m
	-60.6
	6.9
	-55.0
	0.0
	-62.5
	1.4
	-71.3
	0.8
	-69.8
	1.7
	-70.1
	7.7
	-71.8
	8.1
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	Distance
	Netgear 
WG-111v2

Card A
	Netgear WG-111v2

Card B
	D-Link DWA-140
	Netgear WPN111
	Diamond Digital A101

Card A
	Diamond Digital A101

Card B
	Netgear MA101

	
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD

	30cm
	-47.1
	2.1
	-46.4
	1.5
	-22.6
	12.6
	-76.1
	13.1
	-30.0
	6.4
	-23.9
	5.8
	-24.6
	3.5

	50cm
	-47.2
	1.9
	-47.6
	2.3
	-34.0
	13.6
	-79.9
	14.5
	-35.6
	5.6
	-28.0
	8.0
	-25.2
	4.9

	80cm
	-46.1
	1.4
	-48.9
	1.7
	-35.0
	9.8
	-65.0
	16.1
	-32.6
	9.3
	-30.3
	5.4
	-24.7
	4.5

	1m
	-48.4
	2.1
	-50.0
	1.9
	-43.0
	6.9
	-74.2
	16.4
	-42.4
	10.0
	-40.4
	8.5
	-25.1
	4.3

	1.5m
	-50.3
	2.6
	-50.8
	1.9
	-45.9
	9.6
	-76.0
	14.0
	-40.8
	10.9
	-42.0
	12.5
	-24.6
	3.5

	2m
	-49.7
	1.5
	-52.9
	1.4
	-43.3
	8.2
	-78.2
	13.1
	-42.4
	10.0
	-38.2
	4.5
	-25.0
	5.1

	2.5m
	-49.8
	1.8
	-51.6
	1.4
	-43.5
	9.0
	-70.9
	11.8
	-40.5
	6.9
	-39.3
	0.9
	-25.3
	6.2

	5m
	-51.9
	1.3
	-55.6
	1.8
	-53.3
	8.3
	-73.7
	11.3
	-44.4
	5.8
	-50.2
	8.4
	-25.0
	4.3

	7.5m
	-53.1
	1.3
	-55.1
	1.7
	-49.8
	7.7
	-73.5
	12.8
	-49.0
	1.1
	-49.3
	2.0
	-27.9
	6.2

	10m
	-53.7
	1.3
	-55.0
	1.3
	-52.3
	6.8
	-78.3
	13.3
	-55.6
	1.0
	-59.1
	4.0
	-32.2
	11.6

	15m
	-55.6
	1.9
	-56.3
	1.4
	-60.6
	5.6
	-77.4
	13.5
	-55.2
	3.3
	-57.4
	1.2
	-25.4
	2.9

	20m
	-55.6
	1.9
	-58.3
	2.3
	-57.3
	6.8
	-82.9
	10.7
	-57.7
	1.7
	-55.8
	1.0
	-27.8
	5.8

	25m
	-55.9
	1.9
	-57.0
	1.9
	-58.3
	5.8
	-74.0
	14.8
	-58.5
	5.5
	-56.9
	1.3
	-27.8
	5.2

	30m
	-55.8
	1.7
	-55.4
	1.0
	-60.8
	6.5
	-78.2
	13.5
	-60.3
	4.6
	-60.6
	2.2
	-32.2
	11.3

	35m
	-55.6
	1.5
	-57.4
	1.2
	-61.2
	6.0
	-82.0
	12.7
	-62.2
	2.6
	-63.7
	2.8
	-36.8
	15.0
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	Distance
	D-Link DWL-122G
	Atheros 5006UG
	Broadcom BCM4312
	Intel Centrino 2200BG
	Intel Centrino 3945ABG

	
	
	
	2.4Ghz
	5Ghz
	
	2.4Ghz
	5Ghz

	
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD

	30cm
	-16.8
	2.4
	-30.8
	2.7
	-19.1
	8.0
	-32.3
	0.5
	-41.6
	14.4
	-32.8
	14.6
	-38.4
	2.1

	50cm
	-28.3
	0.8
	-33.2
	6.8
	-25.7
	5.3
	-37.3
	0.4
	-42.4
	13.8
	-31.9
	12.4
	-43.4
	4.8

	80cm
	-36.4
	0.9
	-33.9
	3.8
	-39.7
	3.4
	-41.0
	0.4
	-35.3
	10.0
	-38.4
	12.6
	-47.7
	3.2

	1m
	-48.1
	1.6
	-34.1
	4.7
	-41.6
	1.5
	-42.6
	0.5
	-40.6
	13.0
	-42.0
	12.5
	-49.0
	1.3

	1.5m
	-50.3
	1.5
	-37.2
	2.7
	-45.3
	2.2
	-47.0
	0.2
	-38.9
	9.4
	43.8
	10.7
	-50.6
	0.5

	2m
	-47.3
	1.0
	-39.3
	4.0
	-47.3
	2.0
	-48.6
	1.6
	-41.6
	7.3
	-52.4
	10.0
	-52.4
	1.0

	2.5m
	-41.7
	2.2
	-45.2
	3.4
	-50.6
	1.6
	-51.0
	0.1
	-41.9
	4.7
	-55.2
	10.0
	-59.1
	1.6

	5m
	-49.4
	1.5
	-51.7
	2.9
	-50.1
	1.5
	-58.0
	0.7
	-47.2
	6.8
	-59.3
	6.6
	-59.9
	2.1

	7.5m
	-49.8
	1.6
	-50.2
	4.7
	-54.9
	1.1
	-62.9
	0.6
	-50.4
	3.3
	-61.1
	6.6
	-62.4
	1.8

	10m
	-49.7
	1.0
	-55.1
	2.5
	-52.8
	1.0
	-61.9
	0.5
	-47.9
	7.0
	-61.5
	5.3
	-65.8
	3.2

	15m
	-70.1
	0.8
	-59.8
	3.1
	-59.1
	1.8
	-66.2
	0.7
	-59.0
	2.9
	-68.5
	4.0
	-70.0
	2.0

	20m
	-58.6
	1.7
	-59.3
	2.4
	-55.4
	1.1
	-68.0
	0.4
	-54.8
	6.6
	-64.2
	4.0
	-67.4
	1.0

	25m
	-58.4
	0.9
	-61.1
	2.3
	-55.3
	0.9
	-78.1
	1.0
	-56.0
	8.6
	-64.2
	3.6
	-73.8
	1.0

	30m
	-60.6
	1.0
	-62.0
	4.1
	-55.6
	1.0
	-74.6
	0.7
	-53.6
	6.7
	-65.0
	4.1
	-81.4
	0.8

	35m
	-59.4
	1.0
	-62.1
	2.4
	-57.7
	1.1
	-71.1
	0.8
	-53.9
	7.2
	-65.4
	4.4
	-76.9
	1.8
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	Distance
	Intel Wi-Fi Link 5300N
	HTC Android Phone
	Nokia N95

	
	2.4Ghz
	5Ghz
	
	

	
	Me
	SD
	Me
	SD
	Me
	SD
	Me
	SD

	30cm
	-24.8
	20.0
	-32.8
	1.5
	-29.0
	0.6
	-31.0
	9.0

	50cm
	-24.9
	16.9
	-33.0
	3.7
	-34.1
	3.7
	-42.1
	17.7

	80cm
	-30.9
	18.4
	-36.4
	2.5
	-37.8
	0.5
	-46.7
	0.6

	1m
	-35.0
	18.7
	-37.6
	2.7
	-39.7
	0.7
	-39.6
	0.5

	1.5m
	-32.2
	13.1
	-40.1
	2.3
	-44.3
	0.6
	-40.8
	9.9

	2m
	-37.6
	14.2
	-46.5
	3.1
	-49.0
	0.6
	-44.5
	7.1

	2.5m
	-39.8
	12.0
	-47.4
	2.6
	-45.4
	0.6
	-48.5
	1.1

	5m
	-47.2
	12.3
	-51.5
	2.3
	-55.0
	0.7
	-49.0
	0.5

	7.5m
	-51.7
	13.2
	-53.7
	2.9
	-55.7
	0.6
	-54.1
	0.6

	10m
	-49.9
	12.4
	-58.4
	2.9
	-68.1
	2.7
	-63.3
	0.6

	15m
	-62.6
	6.9
	-66.2
	1.9
	-61.2
	1.9
	-58.4
	1.5

	20m
	-57.1
	9.9
	-60.2
	2.8
	-60.6
	1.0
	-57.9
	2.1

	25m
	-56.2
	8.7
	-64.9
	1.4
	-61.8
	1.2
	-58.5
	1.0

	30m
	-56.7
	9.5
	-72.7
	1.1
	-63.7
	2.2
	-61.0
	1.4

	35m
	-59.8
	8.4
	-66.9
	2.5
	-65.5
	1.4
	-62.7
	0.7


	Device
	Gradient
	Intercept

	Netgear WG-111U (2.4Ghz)
	-20.741
	-34.938

	Netgear WG-111U (5Ghz)
	-20.203
	-37.895

	Netgear WPN111
	-2.594
	-74.385

	Atheros 5006UG
	-17.209
	-36.861

	Billion BiPAC3011G Card A
	-17.878
	-42.544

	Billion BiPAC3011G Card B
	-14.067
	-49.726

	Billion BiPAC3011G Card C
	-18.612
	-44.625

	Netgear WG-111v2 Card A
	-5.087
	-48.510

	Netgear WG-111v2 Card B
	-5.283
	-49.900

	D-Link DWA-140
	-15.930
	-38.048

	D-Link DWL-122G
	-17.143
	-37.556

	Diamond Digital A101 Card A
	-14.964
	-37.749

	Diamond Digital A101 Card B
	-18.066
	-34.991

	Netgear MA101
	-3.815
	-24.912

	Broadcom BCM4312 (2.4Ghz)
	-15.414
	-37.739

	Broadcom BCM4312 (5Ghz)
	-20.647
	-43.074

	Belkin Play (2.4Ghz)
	-16.638
	-37.176

	Belkin Play (5Ghz)
	-20.091
	-29.180

	Intel Centrino 2200BG
	-9.340
	-41.138

	Intel Centrino 3945ABG (2.4Ghz)
	-17.600
	-42.665

	Intel Centrino 3945ABG (5Ghz)
	-18.319
	-48.370

	Intel Wi-Fi Link 5300N (2.4Ghz)
	-18.462
	-32.830

	Intel Wi-Fi Link 5300N (5Ghz)
	-19.089
	-39.236

	HTC Android Phone
	-17.461
	-40.415

	Nokia N95
	-13.338
	-42.168


	Device
	Average SD Indoors
	Average SD Outdoors

	Netgear WG-111U (2.4Ghz)
	3.067
	3.480

	Netgear WG-111U (5Ghz)
	0.861
	0.655

	Netgear WPN111
	12.339
	13.460

	Atheros 5006UG
	4.586
	3.500

	Billion BiPAC3011G Card A
	9.089
	5.501

	Billion BiPAC3011G Card B
	7.770
	9.658

	Billion BiPAC3011G Card C
	9.343
	10.013

	Netgear WG-111v2 Card A
	1.175
	1.751

	Netgear WG-111v2 Card B
	1.019
	1.651

	D-Link DWA-140
	7.124
	8.224

	D-Link DWL-122G
	1.621
	1.321

	Diamond Digital A101 Card A
	5.239
	5.650

	Diamond Digital A101 Card B
	3.905
	4.578

	Netgear MA101
	5.660
	6.285

	Broadcom BCM4312 (2.4Ghz)
	3.271
	2.231

	Broadcom BCM4312 (5Ghz)
	0.533
	0.605

	Belkin Play (2.4Ghz)
	5.438
	8.706

	Belkin Play (5Ghz)
	0.531
	0.143

	Intel Centrino 2200BG
	6.238
	8.105

	Intel Centrino 3945ABG (2.4Ghz)
	8.256
	8.091

	Intel Centrino 3945ABG (5Ghz)
	2.570
	1.892

	Intel Wi-Fi Link 5300N (2.4Ghz)
	12.978
	12.961

	Intel Wi-Fi Link 5300N (5Ghz)
	2.593
	2.417

	HTC Android Phone
	1.858
	1.261

	Nokia N95
	5.867
	3.553

	Roving Networks Wi-Fi Tag
	4.900
	N/A


From quick observations of the above charts, it can be seen that there are big differences between the RSSIs reported by the individual cards at the same points. Also, it is clear that the cards themselves do not have the same slope with respect to the logarithm of distance. This is confirmed when looking at the linear fit coefficients. This is a clear indicator that we cannot treat all Wi-Fi devices equally.
The indoor testing graph shows many severe deviations from the expected linear relationship between RSSI and distance. This makes it clear that the environment has a big impact on the RSSIs. The outdoor testing shows a clearer linear relationship, but also has some unexpected deviations which could be environmental. Despite all care in ensuring the test setup was identical for every run, there are deviations suggesting that calibration techniques in an open environment will still be subject to variations and limitations in accuracy.
Some of the Wi-Fi devices (Netgear MA101 and Netgear WPN111) do not appear to report sensible RSSI values and are thus unsuitable for use in a fingerprinting based location system. Their location ability is restricted to Cell ID-like methods of identifying which access points are visible. The trend is present in both indoor and outdoor testing and is hence shown to be a software or hardware issue. It is of interest to note that the WPN111 and the WG111U both use a similar design with the same baseband processor but a different RF chip and different drivers, yet one of them is able to report signal strengths correctly.
Looking at the average standard deviation figures, it can be seen that the variances of the 5Ghz signals were consistently lower than the 2.4Ghz signals. This could possibly be attributed to less interference in the 5Ghz band from other devices and no co-channel users compared to 2.4Ghz. Furthermore, it could also possibly be attributed to propagation effects. It is also noted that the reported RSSI for all except one card shows lower signal levels in the 5Ghz band than the 2.4Ghz band.
It could be hypothesized that cards with chipsets from the same vendor will perform similarly. If this were the case, it could make device calibration much simpler. However, analysing the linear fit slope data, we can see significant differences between cards from the same vendor with different generations of chipsets from the same vendor. This is apparent when we examine the Intel series of Wi-Fi cards, commonly found in laptops, and also again in the Ralink devices (D-Link branded), Atheros devices (Atheros, and Netgear branded) and Broadcom devices (Broadcom and Belkin branded). There is no clear evidence to suggest that different generations of devices from the same chipset vendor perform similarly and thus each unique chipset generation will have to be catered for.
It can also be hypothesized that multiple samples of the same cards will perform similarly. From the slope data again, we can see there are several samples of the same cards of the same model and manufacture. However, from the slope data, it can be seen there are some differences, sometimes significant – especially referring to the multiple samples of Zydas based cards (Billion BiPAC3011G), Realtek based cards (Netgear WG111v2) and Envara based cards (Diamond Digital A101). This is despite careful testing setup to ensure the distances and orientation remained as similar as possible. This suggests that there may be some variances between sample to sample of the same wireless device. This also suggests that calibration cannot be accurately done without specialized test equipment due to the variances which may exist in the testing environment.

Certain cards are observed to have lower average standard deviation figures, which could suggest that they are better candidates for a fingerprinting system. However, from further analysis of the raw RSSI samples, some strange trends were found in different devices which suggest that there are trade-offs with certain devices, and there could be problems with using certain devices even if calibration is employed.
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The graphs above show the temporal RSSI trends for a selection of devices at a set of distances of 1m, 5m, 10m, 15m and 30m. These devices have been selected to demonstrate the large variety of behaviours which were observed. Of note is that there is behaviour that suggests a “dropout” of data – where the RSSI suddenly falls and recovers, most commonly occurring in 2.4Ghz, there are oscillations in the signal strength, most obvious in the Intel series of cards. There is also evidence of “caching” of signal strengths on the Netgear WG111U where signals seem to be stable for a large period of time before changing and differences in reported RSSI increments with the D-Link DWA-140 where the RSSI changes in increments of 2db. There are also combinations of the above behaviours in some of the other cards. The use of filtering algorithms which cut out spurious data can be seen to be highly recommended in light of this behaviour.
Testing Problems

Testing was performed, not without problems which would be of note to others performing similar testing with the same setup. It was noted that inSSIDer, if left logging for long periods of time, will begin to log less and less samples as time progressed. This was especially evident for the laptops which had weaker processors as the number of samples logged will start near 200 and fall to less than 100 in the space of an hour of testing. This suggests some sort of resource usage increasing with number of logged samples which causes delays in sampling the data. This was later remedied by stopping the testing halfway and continuing.
It was also noted that inSSIDer was not able to log the system time to the GPX log file and instead logs GPS time. Certain GPS units tested will halt the time upon losing the fix, rendering the automated testing setup useless. A SiRF chipset based receiver was used as it was found to have the time free-running upon loss of fix, which is extremely useful for indoor testing as a fix may not be obtained for the majority of testing positions.
To test the other devices, other software was used which performed their logging slightly differently. It is of note that the sample rate of the Nokia N95 mobile phone is extremely low, taking about 10-20 seconds per scan, and thus we did not have many samples for that phone. The Android based phone was able to report almost 500 samples per position for the same amount of waiting. The Wi-Fi tag performed inconsistently and returned around 20 to 60 results per position. The quality of the data for these devices may not match the other devices, however, they are included so that we can make a comparison.
We were also unable to perform testing with the Wi-Fi tag in the outdoors environment due to unexpected technical issues causing a loss of response from the tag during testing.
Why are there differences in RSSI?
Antenna design has the potential to affect the RSSI received due to several factors. Firstly, practical antennas are not isotropic, and certain antennas with high gain may not even be omnidirectional. This leads to a difference in signal strength with respect to the device’s orientation to the access point. Differences in antenna polarization due to the orientation also have the potential to reduce the signal strength due to polarization mismatch. High gain antennas also will increase the received signal levels of some nearby access points, while possibly reducing the signal strength of others due to the reduced beamwidth angles. This testing, therefore, is testing the complete implementation of the device, rather than solely the chipset, and simple calibration by compensating for a device’s offset and gain may not fully compensate for differences in the antenna’s radiation pattern.
Furthermore, more advanced chipsets feature the use of multiple antennas – especially in the use of multiple-in multiple-out (MIMO) based Wireless N cards which commonly feature two or more antennas, however, this issue affects even older wireless G cards with diversity reception. The reason for this is that the way the card reports the signal may be related to both antennas – when compared with a device with only a single antenna or a different antenna design, it can be expected that there are differences between the signal strengths as there are essentially two or more receivers at slightly different locations within the same device. Information was sought from manufacturers about how the signal strength is calculated from the received signals at multiple antennas, however, all manufacturers consulted have not replied. It could reasonably be expected that there is some variation between different manufacturers and the way they process the signals.
Different chipsets may be built with different RF front-end designs. There are Wi-Fi chipset designs which involve an Intermediate Frequency step, while some tout a “zero-IF” solution and the way they extract RSSI is somewhat different. Therefore the RSSI reported is dependent on design choices made by the manufacturer.
As there is no fixed standard which manufacturers are required to follow, signal strength indications are to be used for indication only and do not indicate the true absolute signal strength received. These values are reported by a piece of software which allows the operating system to use the wireless card – i.e. the drivers. These drivers feature the role of controlling and reporting the status of the card, and therefore the strengths reported by the card are highly dependent on the mapping which is established between hardware AGC values and RSSI values reported by the driver.

Different device design and usage by end users could also lead to different signal levels due to human influences. Furthermore, differences in the environment from interfering access points and devices, as well as human traffic and changes in furniture layout will cause different RSSIs to be received in the same location.
Conclusion

From the testing, we can conclude that there are significant differences between Wi-Fi devices. Devices from the same vendor were not found to perform similarly, and devices of the same model could not be proven to perform identically. Furthermore, it was found that some devices were not able to report valid or useful RSSIs which makes them incompatible with Wi-Fi Fingerprinting, while other devices have unusual temporal patterns which makes them undesirable for this application. From this, we can conclude that calibration is necessary if a variety of different Wi-Fi devices are used, however, there are difficulties in producing an accurate calibration given the variance observed in the same model of device. Also, it is necessary to employ filtering techniques in order to improve the accuracy in the presence of “RSSI dropouts”.

We have also found that 5Ghz band signals are much better than 2.4Ghz signals, resulting in a much more stable signal which could improve fingerprinting accuracy. This is possibly due to a lack of co-channel interference and different propagation modes.

It is also determined that there are many factors which can affect the RSSI returned by a Wi-Fi device, including the antenna design, hardware design, drivers and the environment. Given the large number of factors governing the received RSSI, calibration is unlikely to be able to compensate for all of them, leading us to conclude that there is an inherent limit to the accuracy of a Wi-Fi positioning system especially when multiple devices are used.
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