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Abstract—Every WiFi, ZigBee or Bluetooth compatible radio
chip provides a byte of information related to thereceived signal
strength (RSS), the so called received signal strgifn index
(RSSI). In a given point in space, on a specific dio channel, the
RSS has a unique value at a given moment in timetil§ radio
chips produced by different manufacturers will repat different
RSSI numbers. So RSSI is only related to, but nodentical to
RSS. In this paper, a formula that relates RSS andRSSI is
derived. The validity of this theoretical assumptionis tested on
various vendors’ data. For Microchip’s MRF24WB radio chip
the testing is done experimentally.
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. MOTIVATION

The subject of this paper is related to RF map dawstoor
localization [1-8]. Several versions of this methedkre
implemented [12, 13]. Some of them make use oftlisting
WiFi LAN infrastructure. In this case a so calle8&map of
the building is first recorded. This is a simpletaddase
containing records like (1).

RE{(AP,RS®), (AR2RS9), ..., (ARWRSRY} (1)

In (1) k (2, M) is an integer that stands for the location

identifier, M is the total number of points on the map ahid
the number of access points considered for lodaliza
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reports must be translated in standard RSS unitsrder to
locate them using the same map.

Each vendor may or may not offer means (formulakip
table) to derive RSS from his specific RSSI buthiis paper
we propose a general relationship between thesesallhe
experimental proof of our theoretical assumptiorsaiso
presented in the particular case of MRF 24WB radio
transceiver.

The rest of this paper is organized as follows:edasn
some practical assumption related to the way thgerseric
radio receiver is built, section Il gives a theimadt derivation
of the relationship between RSS and RSSI. Secligmdsents
IEEE 802.11 specifications referring to RSSI and' tiiois byte
of information is used inside and outside of WLANEgction
IV presents formulae and lookup tables given bydees to
relate RSS to RSSI. As one shall see they are disteoavith
our assumptions. Section V is about experimentally
establishing &S S=f(RSSkelationship and section VI presents
the experimental results. Section VII concludes gdper.

Il THEORETICAL CONSIDERATION

Every radio receiver has a mean to detect, at titygud of
analog frontend stages, the average signal (spaitjfivoltage)
level. This voltage is used to control the gairitef RF and IF

In order to locate a mobile device in the mappeoamplifiers. The process is called automatic gaimtod (AGC)

environment one needs the “fingerprint” of the atfocation
of the device i.e. a record like in (2).

RE{(AP,,RSSR), (AB2RSS), ..., (ARWRSRK)} (2)

R, wil be compared to alR and if the best fit is fok=i
thanx=i, that is the device is in location

If the mobile device is a laptop, tablet or smaotpdy then
things go well because they all can report actu&h Readings

and goes like this (refer to fig. 1):

(i) If V_ is beyondVger (SO the input signal is weak) the
AGC will exert no influence on the RF or FI ammifs
enabling them to work at full gain.

(i) If V_ exceedd/gerthe AGC will act to reduce the gain
of Fl amplifier stages.

(i) If that is not enough (fol_ = Vrep than the gain of

in dBm(dB related to 1mW), so one RSS map can be usid wiRF stages will also be reduced.

several devices. But when simple embedded systenusad,
one must take into account that IEEE 802.11 corbleatadios
report a RSS index (RSSI) which is usually notaédo RSS
and is also different from one manufacturer to beotSo their
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Fig. 1. Analog frontend of a generic radioreceiver.

As a consequence the overall gain is a functichefinput
signal level: the weak signals are fully amplifistiile stronger
signals are less amplified. This resembles to arltamic
amplifier and one may approximatg as being:

V, = Allog(V,, ) +B @)

Taking into account (6), (7) and (8) one can cothelthat
RSSmust be related tBSSlas in (9).

RS{=al[RSS+p (9)

In (9) a andP are just dimensionless constants, parameters
specific to each radio manufacturer. So a linetatiomship
seems to exist betwe®SSandRSSIvalues. We will test this
relationship, with manufacturer data and experimlent
measurements to.

lll. IEEE802.11AND RSSI

The IEEE 802.11 standard recommends (but IEEE 802.1
specifically asks) for the physical layer (PHY) gapply one
byte of information called RSSI relative to theawed signal
strength (RSS). The signal strength is supposée tobserved

In (3) A andB are just some constants for a specific radigyetween the beginning of the start frame delimited the end

receiver, but still can have different values froome
manufacturer to another.

Instead of voltage levels in telecommunication cieals
with power levels. Taking into account that:

Py OV (4)
equation (3) can be re-written as:
v, = Allogk (R, )| + B ®

In (5) k is again some constant standing for the effethef
input impedance on the input power. Taken into antdhe
proprieties of logarithms (5) still can be writtena format that
is similar to (3), but relateg, to the input power:

vV =C “09(P|N )+ D (6)
Of course, now we have new constants (denGteehd D)
but a linear relationship betwe&f and the logarithm of the

input power.

Even if mathematically may not be the most rigordhe
above demonstration shows that the voltage coimgolihe

of the PLCP header error check [8, 10]. The stahdaes not
specify how this RSSI should relate to RSS. Thathy it's
hard to compare RSSI readings from different vesdor

A. Making use of RSSI internally

With or without any recommendation coming from IEEE
standard committees, radio chip manufacturers Béille to
provide means to detect radio energy in a specifiannel,
prior to start any data transmission or receptigioreover,
even the decision to connect to a specific acceg# HAP)
relays on signal strength information. In the sfiedase of
IEEE 802.11 compatible radio communication;

(i) Prior to any data transmission a so called rclea
channel assessment (CCA) routine is performed deroto
avoid collisions with already transmitting statio3CA can
only be done if one has means to detect and quaratifio
energy in a specific chann®&SSlis very well suited, in fact is
generated for this purpose.

(i) In order for the receiver to capture incomimgssages
a so called carrier sense (CS) routine must beopeed. In
fact CS is performed permanently, by every radip,dhnot in

AGC loop {,) can be used as a measure of the received signsleeping or transmitting mode. Carrier sensingoihing more

power.

In fact we assume that this is what radio chip rfecturers
do: V., after analog to digital conversion is presente®R&S|
by consequence (7) stands.

RSSIOV, )
On the other handog(Py) is related tdRSSas in (8):
P ©)
RSS=10(log| -
R

whereP; is a reference power level.

Usually (for WiFi, Bluethoot and 802.15.4 compatibl
radios at leastPo=1mW. That is why one can say tHaSSis
expressed idBm (m standing fomW).

than radio signal strength evaluation on a spectimnnel. For
this purpose tdRSSlcomes in handy.

(i) While roaming or before any connection attémp
stations performs scans of the radio channel, sbgeRSSI
values from different AP (if any) in range. Decisido
disconnect from or to connect to one specific ARwaother is
taken considering their respectiR&Sllevels.

B. Making use of RSSI externally

If RSSIwould be used only in-chip for communication
related tasks (CS/CCA/roaming) there would be ofrterest
to us what the actual relationship betw&3SandRSSlis. But
RSSlhas shown to be useful in at least another afijgicarea:
indoor localization and positioning.

While outdoor localization, due to GPS technologyai
closed issue, indoor localization is far from beisg. The



reason is simple, GPS signals cannot be detectkmbis. As
an alternative, a handful of technique where pregpsested
and used:

» ultrasonic echo location,
» infrared localization,
e computer vision and image recognition,
* RFID based technologies,
* RFbased methods:
o time-of-arrival TOA)
o RSSI

All these technologies except for the laRSSIbased RF)
have a major drawback: the need for an applicasjpecific
hardware infrastructure to be deployed. This makem costly
and not user friendly at all.

RSSI based RF
infrastructure but (at least in urban areas) tlmatalready
present: the ubiquitous WiFi LAN infrastructure rideming a
passive scan any WiFi enabled device would get aatled
RSSfingerprint of the specific spot in which it is mentarily
located. Several techniques exist to locate thécdeéhased on
this RSSfingerprint. Figure 2 shows an example of whahsac
passive scan report would look like for a MRF24WB&M
radio chip (other information that comes as passoan results
but are irrelevant for localization purposes widisearded).

55ID
MAC :

Signal
Strength:
118 647002C15F34
148 0011090D725D
118 FED111AE5604
118 14D64D7F36B4
136 6466B33B86AE
118 001FCF102378
118 647002558840
118 002191711E74
148 940C6DC46242

118 1CAFF7AG58C4

Fig. 2. Results of a passive scan performed with a MRF24\WBQ@adio.

The same scan was performed, in the same spotyshor

after the first, but using a laptop with an IntgI(R/iFi Link
1000 BGN network interface card (NIC). The resales shown
in figure 3.

technology also needs a specifi

SIGNAL w MAC ADDRESS

| 00:11:09:0D:72:5C
s 64:66:B3:38:86:AE
94:0C:6D:C4:62:42
F8:D1:11:AE:56:04
1C:AF:F7:A6:58:C4
00:1F:CF:10:23:78
64:70:02:55:8B:A0
00:21:91:71:1E:74
00:1F:CF:10:31:46
70:72:3C:08:48:18
14:D6:4D:7F:36:B4
64:70:02:C1:5F:34

-

Fig. 3. Results of a passive scan performed with a InteW{ii Link 1000
BGN NIC.

One can observe that the signal strength valueadirthe
same. Taking for example the AP with MAC addressD..5
éfirst row in fig. 3, second row in fig. 2) the wals are not only
of opposite polarity but the absolute value is a#terent: 49
vs. 148. And that goes for every AP in the previexismples.

An important observation must be derived here: avhil
observing the same realityR$S, different radios report
different results RSS). While RSSlis used internally this fact
is irrelevant. But when it comes to uR&Slireadings externally
this inconsistency became cumbersome. What wouldhbe
result of a localization attempt if tiRSSmap was recorded
with the Intel NIC from the previous example ande th
fingerprint is taken with a MRF24W radio device?

It is therefore of utmost importance to have metms
translate various type &SSlreadings into some standeR$S
metric.

IV. RELATIONSHIP BETWEENRSSIAND RSS

As we previously stated several |IEEE standards.{802
802.15.4 to name just two of them) ask f@SSIto be
accessible. But there are no requirements in tistesedards
that the relationship betwe@&sSlandRSSshould be revealed.
This mater is of no importance for the scope o$éhstandards.
Therefore, different WiFi radio vendors may havéfedent
policies regarding this issue.

(i) There are some vendors (like Intel) which pdavi
RSSdirectly, in dBm. For their radioRSS = RSSIThat’s one
of the reasons why, there is some degree of canfusi
regarding the proper usage of these terms.

(i) Other vendors (like Atheros) provide formulde
compute RSShased onRSSlreadings. These formulae are
usually very simple, something lIlRSS=RSSI;kwith k being
a constant.

(iii) There are vendors (Symbol, Cisco) who giverenor
less fine grained lookup tables which relate eypargsibleRSSI
reading to the correspondiifsSvalue.

(iv) Finally there are vendors (Microchip) who, eaftour
best knowledge haven't published yet informationrétate
RSSIto RSSfor some of their newest radio chips. In this case



the relationship betweeRSS and RSSIshould be derived As one can see in fig.4, the relationship is vdoge to linear
empirically. so eq. (9) would represent a very good approximatibis
given in the table (it may not be so obvious in gineph) that
for RSSI=0the RSSvalue is-113 By consequence (see eq. 9)
= -113. The sloped) can be approximated with:

. g~ DRSS _-12-(-113 _ oo (13)
A. The case of Intel transceivers ARSSI 93-0

Intel makes the life easy in this field: theirs N|Cas
previously stated, providkSSin dBm directly. This is @ E. The case of MRF24W transceivers
particular case of eq. (9), fa=1 and=0.

In our opinion, eq. (9) can always be used to esgtbe
relationship betweeRSSlandRSS In order to prove that, let's
apply (9) using some actual vendor data taken f8m

Since after our best knowledge, the manufacturerndi
: provided yet any means to rel®8SandRSS) this task should
B. The case of Atheros transceivers be done experimentally. Our approach was to comp&8l
Atheros is one of those vendors that offer a foamid readings gained from a MRF24WBOMA radio chip WRISS
computeRSSbased ofiRSSlreadings: levels reported by an Intel WiFi Link 1000 NIC atiten to
RS¢= RSS - 95 (10) find the values ofo and £ that would give the best fit with
respect to (9).
Comparing (10) and (9) one can see that (10) mrticplar
case of (9), foo=1 and/=-95.

V. EXPERIMENTAL WORK
C. The case of Symbol transceivers In order for us to finda and S values that gives the best

Symbol gives a very coarse grained lookup tableotivert  RSS estimate for MRF24WB radios several measurements
RSSito RSSThere are only six entries in this table: where performed. The experimental setup is predentfig. 5.

RSSI < 4is considered to be —100dBm
RSSI < 8is considered to be —90 dBm
RSSI < 14 is considered to be —80 dBm
RSSI <20 is considered to be —70 dBm WiFi Link 1000
RSSI <26 is considered to be —60 dBm Network Interface VIRF 24WBOMA
RSSI > 32 is considered to be -50 dBm Card radio
Except for the first row, any other two rows insthable === i_ -— A 4
allows us to fit this data to eqg. (9). In a straigiward manner | Xiruswir | chipKIT Uno32™
one can show that this table is generated by (9)rfd.666 | Inspector | Protoyping
andf=-103.333 | R —
IRSS T

D. The case of Cisco transceivers It === I =====-=- [

Unlike Symbol, Cisco gives a very fine grained lopk I Excell (6= HyeerTerminal
table to converRSSko RSS There are no less than 100 entries e __ \ o _ I
in this table so we will present it in a graphicaanner (see

ﬁgure 4) Lenovo ThinkPad laptop computer
RSSI
’ |
1 5 91317212529333741454953576165697377 818589 Fig. 5. Experimental setup
-20 //g;.u
— 10 The main components and their role in this setup ar
L / follows:
I -60 ] ) ]
w / (i) The device under test is MRF24WBOMA, an
£ a0 802.11.b. compliant RF transceiver. The chip sugpwViFi
/ networks at 1 and 2 Mbps data rates. It is mourmteda
100 chipKIT WiFi shield. The shield does not add anyrfeature
/ to the radio chip (except for the on-PCB antenna) difers
-120 easy connectivity to chipKIT Uno32 prototyping bdsr The

radio chip can be controlled by an external microaler via
Fig. 4. RSS as a function of RSSI for Cisco routers an SPI protoc0| Comp"ant serial port_



(i) The microcontroller (a PIC32MX320F128 procedso One can see in fig. 6 the linear trend of both dets and
is located on a chipKIT Uno32 prototyping boardruhs at the equations describing the result of linear detgression.
80MHz and has 128K Flash and 16K SRAM memoriess&he Using these equations it is straightforward to prdkat the
features would allow us to use the Microchip Apation relationship betweeRSSandRSSlis as given in (12).

Library TCP/IP stack functionality to control thadio-chip.

The actuaIRS_S_I readings are re_ported to a local host using RS:=118IRSS-217 (19
USB connectivity (also an inbuilt feature of PIC3ZBROF The results of comparison betweRBSlandRSS(retrieved
microcontroller). with Xirrus Wi-Fi Inspector) are given graphicaityfigure 7.

(i) The host computer was a Lenovo ThinkPad Ippto
with an Intel(R) WiFi Link 1000 BGN NIC. Xirrus WH

Inspector and inSSIDer_3 software applications wher 0 )
alternatively used to record RSS readings fronN\t@ On the . Y7 3046 10587
other hand RSSI readings coming from the radio eftigre
stored on the host side using HyperTerminal. Lineawve 100
fitting and other data analysis tasks where peréorwifline, in 50
Excell.
0 T T T T T T T T T T T T T 1
The software running on PIC32 was written in C+ings L2 3 4 5 6 7 8 9 10110 1538
MPIDE, a multiplatform integrated development tgates us =0 M ¢
access to TCP/IP functionality via two header fil@BIETcK.h 100 ¥ =3,5187%-92,462
and DWIFIcK.h. The flowchart of this applicationpsesented
below: 150
1 gﬁgr?rr]rglsa passive scan on all WiFi Fig. 7. RSSI (up, pozitive values) vs. RSS (down, negatalaes)
wait for scan to complete One can see in fig. 7 the linear trend of both dats and

the equations describing the result of linear datgression.
Using these equations it is straightforward to prakat the
relationship betweeRSSandRSSiis as given in (13).

RS{=1.16[RSS -21¢ (13)

) o ) . Comparing (12) and (13) we can see a very good matc
After a basic statistical data analysis (mean aaibdce), petween the two equations and since we have no mhson

other APs, the meaRSSlwas recorded. These values whereihe two to be used:

compared withRSSreadings from the laptop’s NI®RSSdata

send (RSSI, MAC ADRS.) tuples for all
detected AP to host computer

wait for one minute

go to step 1.

was retrieved from the NIC using two different safte tools: RS{=117[RSS-21¢€ (14)
Xirrus Wi-Fi Inspector and inSSIDer 3 on two separa
occasions but on the same spot. VIl. CONCLUSION
VI EXPERIMENTAL RESULTS In concIu_sion eq. (14) can be used for_translaﬁ@Sl
' readings retrieved from MRF 24WBOMA radio into dijee
The results of comparison betweRBSlandRSS(retrieved  RSSreadings expressed @Bm This equation was derived
with inSSIDer 3) are given graphically in figure 6. experimentally but proofs the theoretical assunmpérpressed

in eq. (9) i.e. the linear relationship betwd®B8SandRSSI In
fact (14) is an instance of (9) far1.17 and=-216.

200

y=1,8202¢+ 106,33 The range of valiRSSlreadings (according to [11] ) for
150 e this type of radios goes from 106 to 200. According@q. (14)
- / this would give an input power range of [-92dBmdg&&n]
which is consistent with the radio chip datashkefact, in our
50 experiment we never succeeded to obtaRS&Ivalue beyond

112 or abovel66. More overRSSlreadings where relatively

0 coarse grained, going from 112 to 166 with an imznet of six

1234567 891011121314151617181920212223

50 from one level to the next (112,118, 124, ... andos).

)= 21403501731 According to (14), that means 7dBm distance betwsen
100 adjacentRSSlevels which is coarse but still better than those
150 (only) six levels of Symbol radio transceivers.

, N . Finnally table | summarizes our findings. As poasly
Fig. 6. RSSI (up, pozitive values) vs. RSS (down, negatalaes) demonstrated Eq. (9) stands, if used with data igeol by
various radio chip vendors (in this paper data fromtel,



Atheros, Symbol and Cisco datasheets where coesifland
is consistent with experimental measurements to.

TABLE |

Radio chip a B eqd. (9.
INTEL 1 0 RSS =RSS

ATHEROS 0 -9E RSS - RSS-95

SYMBOL 1.6 -102 | RSS =1.67RS&-10¢
CISCC 1.0¢ -11Z | RSS =1.09RS&-115

MRF24WE 1.17 21€ | RSS =1.17RSS-21¢€
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