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I. INTRODUCTION

In order to ensure the best mobile connectivity to userseleds networks have become omnipresent in today’s society.
Wireless Local Area Networks (WLANSs) provide a high-bandividonnectivity and are compatible with common wireless
devices such as smartphone or tablets. They are mostly osedver indoor environments and are useful for operators in
a sense that they also often serve as an offloading mechanismatcrocell networks. The ever-increasing use of wireless
networks has also caused an increase in the concerns alssibblpchealth effects of exposure to electromagnetic fieMFK)
radiation. To that end, radio-frequency (RF) exposure & lsubjected to national and international limits. Therhmtional
Commission on Non-lonizing Radiation Protection (ICNIRR)idelines [1] has defined limitations for the Specific Alpgimm
Rate (SAR) for RF sources at frequencies between 100 kHz &ids ICNIRP also define reference levels that limit incident
field strength to the level inducing an exposure compliati wasic restrictions. However, these restrictions aredas worst-
case assumptions and do not assess the actual exposurefRisalistic assessment of the exposure of users is apyawac
in different ways. Firstly, the incident field strength orwsr density characterizes the exposure due to the radiefitiase
stations. It only accounts for far-field exposure due to tdoaat or downlink traffic and comprises most of the expertaden
research carried out so far [2], [3], [4], [5], [6]- Secondiige morphology of the considered user [7], [8], [9], [10]added
by calculating the SAR [11], which characterizes the RF gyebsorption in the human body. This formulation also afow
assessing the near-field exposure due to the uplink of thedesgce: in [12], [13], a joint assessment is made of the whol
body SAR due to both uplink and downlink traffic of a user. @hjir by multiplying the SAR with the actual exposure time,
the exposure dose of a user can be calculated [12]. It is tka&rthese three metrics are focused on exposure assessiment
individuals. Therefore, the authors of [14] have formulittee Exposure Index (El) metric, which characterizes tleaye SAR
of a certain population within a given time frame. This alfoeomparison of different wireless deployment configuretiaith
respect to their resulting exposure of a large set of usdtsodgh the El has already been calculated for given depémgmo
algorithms are available yet, that optimize the wirelegsvoek configuration for a minimal El, within given Quality &ervice
(QoS) and/or cost restrictions. Analogously to the threweahentioned exposure assessment approaches, formmizapibn
studies were limited to minimization of the electric-fielolength [15] or a SAR/dose minimization [12].

In this paper, an algorithm will be presented that implersghé detailed El formula and optimizes the wireless cordigon

for a minimal El of the considered population, based on a remal inputs (e.g., maximal number of base stations allowed,
number of users, user traffic characteristics,...). Alsposyre due to uplink activity of other users is accounted gorce it
can significantly contribute to the total exposure when ther ulevice does not implement power control or when the eseel
connection quality is bad [16], [17]. Although the presehtdgorithm is applicable to both indoor and outdoor wirgles
networks, it will here be applied to WiFi networks in indoarv@onments, as exposure from WLANs can be significant [2].
A comparison with traditional deployments will be made. sSTpaper is the first to present an El optimization algorithim. |
comes forward to the European Union’s need for low-EMF systiesigns that was formulated in its Seventh Framework
Program (FP7, ICT Call 8) [18]. This target outcome specifiedear need for new network topologies and management that
reduce EMF levels without compromising the users QoS. Maeaunlike in previous exposure optimization researcimgisi
E-models, the optimization will be performed based on aregrgental determination of the powers and power densities i
the network, hereby canceling all uncertainty with resgedhe correctness of the El.

The remainder of the paper is structured as follows. In 8edii, the methodology of the algorithm is presented, disigs

in detail the architecture of the solution, the environmientvhich the El is calculated, the El and how it is calculatttk
genetic algorithm (GA) used to find the optimal deploymemig ahe application scenario for which the algorithm will be
tested. Section Il presents and discusses the resultshangiaper’s main findings are summarized in Section IV.
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Fig. 1. Architecture of the EIl optimization algorithm.
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Fig. 2: Experimentation environment (66 m x 20.5 m) with gation of the 60 WiFi nodes. The dashed vertical lines irtdica
assumed walls to divide the room into three adjacent room§/ (for scenario 1). APs in the reference configuration are
indicated by rectangles. The chosen APs for the optimiratidth 3 APs for scenarios 1, 2, and 3 are indicated with a lower
line, right line, and upper line, respectively, with indicm of the scenario number. Users in scenario 1 are withinbilue
rectangle, users in scenarios 2 and 3 are within the two retdngles.

Il. METHODOLOGY
A. Solution

The core of the optimization algorithm is a genetic alganittwhich will be explained in more detail in Section II-E. The
algorithm takes as input the physical ground plan of therenwent and the wireless scenario. The latter is deterntigetie
settings (e.g., maximal number of APs allowed, power cémindoff,...) and by the users. The set of users and theitilotas
defined, the coverage requirement they have, and the (éstiineharacteristics of their traffic: the time fraction bétactual
traffic activity and the type of activity (e.g., surfing, vaeall,...), which impacts the duty cycle of the traffic. Thetput
of the algorithm is a wireless network configuration with & gkactive access points with a certain Effective Isotrafic
Radiated Power (EIRP).

B. Experimentation environment

All test scenarios will be experimentally assessed insit®@en pseudo-shielded testbed environment (w-iLab.t)liarg
Belgium. It consists of 60 nodes that are identified by a nurtb&0). All nodes are mounted in an open room (66 m x 20.5 m)
in a grid configuration with an x-separation of 6 m and a y-s&@n of 3.6 m. Fig. 2 shows the ground plan of the living lab
with an indication of the location of the nodes (blue). Eacdide has two WiFi interfaces (Sparklan WPEA-110N/E/11n mini
PCle 2T2R chipset: AR9280) and to each WiFi card, two anterama connected (2x2 MIMO is supported). Furthermore, an
RMO090 sensor node and a USB2.0 Bluetooth interface (Mic@ -Gl3.0 EDR) are incorporated into each node. The testbed
allows sending and receiving WiFi packets between any twdesa@nd thus allows a realistic assessment of actual exposur
values in the network.

C. Exposure index

Recently, attempts have been made to characterize the we®pompact of wireless network deployments, e.g., in [16].
In [14], the exposure index EI was proposed, a new metric wadang for the exposure induced by base station antennas as
well as wireless devices.
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whereEISAR js the El value, the average exposure of the population ofdinsidered geographical area over the considered
time frame T. SAR refers to whole-body SAR, organ-specifidRSAr localized SARN+T is number of considered periods
within the considered time frame (e.g., single day); is the number of considered population categoriés;is the number
of considered environment®r is the number of considered RATH¢ is the number of considered cell typesi, is the
number of considered user load profiles;.s is the number of considered postures; a¥d is the number of considered
usages with device®rx is the mean TX power transmitted by users devices duringp@diin usage mode u, connected
to RAT r, in environment e. A TX power values map is given foe tivhole considered area and the average value is taken
into account for El evaluationslnC is the mean incident power density on the human body durimigge, in environment e,
induced by all base stations of RAT r, cell type c. A distribatof the incident power density for the whole considereghar
is considered and the average value over this area is takeradcount for the EI evalua’uorSmC " is the total incident
power density on the human body during period t in envirortnegrinduced by the wireless devices of all other users in the
proximity that are connected to RAT r and cell typedt’™ (Ws/kg per W),dUE-other (Ws/kg perW /m?), anddP¥ (Ws/kg
per W/m?) are normalized raw dose values for UL, DL from the user inghaximity, and DL from base stations and access
points, respectively, all multiplied by time spent in thenfiguration;f; , ¢ r.c,1.pos IS the fraction of the total population that
corresponds to population category p, user load profile pasture pos, connected to RAT r, for cell type c, in environtne
e during time period t.
The way of formulating the EI using population fractions {la®q. 1) is required, since the El is often calculated oveery v
large geographic area with many users and over a large tiameefr where uplink powers and downlink power densities are
not known for each distinct individual and his usages. Tioees the population is divided into fractions consistirfgpeople
in the same environment, using the same posture,... , @snrdting (receiving) similar uplink (downlink) powers dwer
densities). In the indoor scenarios considered here, Itheilassumed that the location of the considered ugets in the
populationpop and the transmitted powers and received power densitiesaf ef them can be exactly determined, so the
El can be considered as a composition of eaghr’s specific exposure, with his power (density), usage time @uration,
device, posture, usage,... always known. Using a summatien each user’s El allows removing the use of fractignsand
abolishes the need to distinguish between time periahvironmente or user load profiles. Here, the El will be considered
for WiFi-only traffic and one posturgos , meaning that also the summation overc, andpos can be removed. The use of
the average power densiti€s,. and S}iﬁ © can then also be replaced by a summation over the averagebotions of
each specific base station (DL) and of the other users’ Ulpeesvely. Eqg. 2 then transforms to

1 1 pop | NUuser pop NU ysert L.
SAR z : 2 : UL, uyse Uy se z : DL,AP; oAP; 2 : 2 u
EI = T size( o ) (duse”l‘ USFTEIRP USGT) + du,se'r LSznc user + d“S”" user! S’L’n?cg;’;e’r [W/kg]
pop user Uy ser AP; user'Fuser Wy, gon
contribution due to own UL contribution due to DL of APs contribution due to UL of other users

contribution of USEr to EIT
@)
whereEISAR [W/kg] is the El value, the average exposure over all usgrs within the populatiorpop over the considered
time frame T [S].tyser (OF Uyserr) IS @ Specific usage afser (or user’); Nyuser (OF Nyuser) iS the set of all usages of user
user (or user’). Usages are e.g., using a laptop on the table for surfinggwsiaptop on the lap for a Skype video call, or no
usage at all (= no uplink traffic). The sum of the durationsIbfisages of a certain user must be equal to the total coresider
time frame T.dULwuser (Ws/kg per W),dPLAP: (Ws/kg perW /m2), anddyes = (Ws/kg perW /m?) are normalized raw
dose values at the location aker for UL usageu.s.-(source in near-field ofiser), for DL traffic from access point P;
(source in far-field ofuser), and for UL usageu,..,» (source in far-field ofuser), all multiplied by the time spent in the
configuration.ET RP"«ser [W] is the EIRP ofuser in the considered usage, ..., scaled with the duty cycle corresponding
t0 Uyser. ST [W/m?] is the induced power density by access pol®; at the location ofuser, and S; <’ [W/m?]

mc,user mc,user

the induced power density hyser’’'s usageu, .., at the location ofuser.

Ws user w
dUL Uuse7( kg /W) — TDUL,uusm«( ) SARNF (kg /W), (3)

user ref,user

with TDVEuuser the time duration of UL usage,.., and SARZ?:;‘:?:: the near-field (NF) reference SAR faser due to
his uplink usage.
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with TDPL-AP: the time duration of DL activity ofAP; and SAR.;\" the far-field (FF) reference SAR farser due to
AP;’s radiation.

DL,AP,-(
user

) — TDDL,APZ(S> . SARFF,APi (

ref,user

(4)

W W
) _ TDUL:uuscr' (S) . SARFF,useT (7/

ref,user kg
with TDULuuser the time duration of the UL usage,..,» of user’ and SARi?:ZiZ;/ the far-field (FF) reference SAR for
user due to the UL ofuser’.

Ssouree as in eq. (2) (with source AP; or u,s.,) IS calculated as

mc,user

Ws W
dVL vuserr (22
o/

user

(Esource )2 (Esource )2 (Esource )2
gsource o inc,user inc,user - inc,user (6)

Inc,user Zo 120 - 7 377
Ezeurce TV/m] is the incident electric-field strength at the locatiof user due to the access poiMdP; or the other

user’s ’usagetuserl, and with an assumed duty cycle of 100%,. is the free-space impedance, equal to 8% For WiFi, the
actual duty cycle DC [-] of the traffic generated by the solf® must also be accounted for, since it represents thévela
transmission time of a signal. In WiFi, signals are not traitted continuously and therefore the predicted power itieas

at 100% operation need to be multiplied by the duty cycle. Wheeounting for the duty cycle, eq. (6) can be rewritten as

follows:

(Esource )2 .DC

source _ inc,user
Sinc,user - 377 ) (7)
Finally, E;0¢75%, from eq. (7) is calculated as follows:
EIRPSOUIC® _ 43,15 4 20-logjg (f) — PLSSenario
source .
Einc,user [V/m] =10 20 [15]7 (8)

with EIRPs°u"<¢ [dBm] the EIRP of the source with a duty cycle of 100 %, f [MHBgtfrequency, andL:scnaric [dB]

the path loss between the source and the user in the cortsislmrario. The path l0ss valuBL. sy rce user are experimentally
determined in the testbed.

D. Scenario

Three scenarios will be defined within the test environméritig. 2, for which the wireless deployment will be optimized
in order to guarantee the lowest El at each instant, whilepgstviding the required QoS. For all three scenarios, adsérs
are considered, using a laptop on a table in front of them.a@oit users,S AR 57" ¢ (with source =AP; or user’) is

ref,user
0.00491{%/% [20], SARfA\;?”Zj:: is 0.0027kw—g/W [20]. In WiFi, there is no power control mechanism by defasti the own
laptop’s transmit poweFE I RP%x=<~ from eq. (2) and the other users’ laptop output poldiR P“«s<~" from eq. (8) will then

be assumed fixed at 100 mW and 20 dBm respectively, except tieensage is equal teo usage, where E1RP" s will

be 0 W andEIRP"«ser will be -co (expressed in dBm).

The first scenario assumes that the environment consistered fadjacent rooms, with inner walls indicated by the déshe
lines in Fig. 2. The left dashed line indicates the locatibma ¢tayered drywall with a penetration loss PenL of 2 dB, thyhti
dashed wall is a brick wall with an assumed PenL of 8.5 dB. &ithe testbed is an open environment without walls, the
experimentally determined path losse&/¢:f<¢  _ have to be adjusted to account for the path Bdsceer’e  according

to the scenario (see eq. (8)). To this end, the sum of the et lossesPenL of the set of wallsWygyrce user along the
direct ray between source and user are added to the expésiigedetermined path lossg3Liestbed

source,user"*

W source,user

PLscenario _ PLtestbed + Z PenLW7 (9)

source,user source,user
w

with PenLy the penetration loss of wall W from the S8;,yrce user- E.Q., @ total penetration loss of 10.5 dB is added to
the experimentally determined path loss between node 2 @ifdrie wall with 2 dB and one with 8.5 dB attenuation along the
direct ray). The scenario further assumes that 13 peoplprasent in the left room (at locations 22, 23, 24, 25, 26, 3333,
36, 37, 43, 44, 46, see Fig. 2) following an online course @& baur under the form of a 1080p Youtube video (usage type).
A physical data rate oT'P}5;' 54 Mbps (corresponding to a required receiver power of -681dBl]) is required to allow the
best capacity and best quality of service for the users. Wiisless activity corresponds to a downlink duty cycle of6B0%
for one user [19]. Also based on [19], we assume that an age®sss total duty cycle is calculated as the sum of the duty

cycles due to the activity of each user that is connectedabgpecific access point; e.g., three users simultaneotatishing



a 1080p Youtube video via a certain AP, are assumed to caasékhto have a duty cycle &-10.69 % = 32.07 %. Users

are considered to always connect to the access point thaedethe highest received power. This scenario is assumée t

a downlink-only scenario, so no uplink traffic is considetede.

The second scenario assumes 16 operators in a large cadr ¢bat extends over the entire environment in Fig. 2, meanin
that an open space is assumed without any inner walls. Userde@ated at 22, 23, 24, 25, 33, 34, 35, 36 and at 27, 28, 29,
31, 38, 39, 41, 42, see Fig. 2. It is assumed that the openasersoice-over-IP with their laptop. Hence, for each of tkera

a duty cycle of 0.8 % is assumed for both uplink and downlinicedraffic, based on the measured duty cycles for 'Skype
voice’ at 54 Mbps in [19]. While scenario 1 is a downlink-onlgesario, scenario 2 jointly considers downlink and uplink.
The third scenario explores a future deployment where Wi power control is considered. Recently, efforts have been
made towards a standardization of power control in WiFieystfor lower interference, a lower energy consumption, and
lower human exposure [22], [23]. The third scenario will lefied equal to the second scenario, but with added uplinlepow
control. This future scenario will allow comparing the ingpaf power control on the El and on the optimal AP configuratio

It will be assumed that the client adjusts its pow}Y, . in order to deliver the required received powig(p at the access

ient
point [22], i.e.,P1X . = PYPE + PLglient,ap, With PLejient, ap the path loss between the AP and the cligtifg is chosen
at -68 dBm, aiming for an optimal connection with an uplinkoiighput of 54 Mbps.
It is clear that these three scenarios will each corresporal different El-optimal WiFi deployment. Based on the inpdt
scenario, the engine (see Fig. 1) will accordingly design whreless network configuration that provides the requifs$
with a minimal El. All three scenarios will be optimized in dwways: without any restriction on the number of deployed
APs and with a restriction to at most three deployed APs.€eTalsummarizes all parameter settings for the three coresdder

scenarios.

TABLE |: Parameters settings for the three scenarios

[ T SCENARIO 1 | SCENARIO 2 | SCENARIO 3 |
power control no no | yes
user locations 22 -23-24-25-26-33-34 22-23-24-25-33-34-35- 34

35-36-37-43-44-46| 27-28-29-31-38-39-41-42
T 3600 s 8 hours
usage YouTube 1080p \VoIP call
TDPL.AP 09T 05T
TD UL usage 0T 05T
DCpy (peruser) 10.69% 0.8%
DCuyr, N/A 0.8%
TPLT 54 Mbps (-68 dBm)
EIRP,.,in — EIRPmax 0-20 dBm
SARJL 0.0027 kﬂg/w (adult, sitting, laptop on table)
SARDE 0.0049kﬂg /2% (adult, sitting)

E. Genetic algorithm

As shown in Fig. 1, a GA is developed to find the wireless comfiion that corresponds with a minimal El for a given
scenario. A flow graph of the GA itself is shown in Fig. 3. Théusion that is obtained with the GA will be compared with a
reference solution, i.e., a traditional planning where Affeper room is deployed at an EIRP of 20 dBm, more concretely, a
locations 3, 7, and 10 respectively. Logically, user lamadi are excluded as possible AP locations in the optimizgiiocess.
Each individual in the population corresponds to a netwarkloyment solution and is characterized by an array contgin
the EIRPs of the respective APs: each AP corresponds to ageaeolution. Mathematically, each individual solutiof,

i =1 ... population_size is represented by an N-dimensional vector, where N reptedha number of APs in the network,
here equal to 60 (see Fig. 2).

Xi - (Xi,laXi,27"'7Xi,N) ) (10)

with X; ;, j = 1 ... N, a gene of solutioX;, representing either an integer value betwéefRRP,,;, and EIRP,,.. (when
switched on) or—1000 (when switched off):

XZJ € ([EIRPmZTH EIRPmaa:] N Z) U {—1000} (11)

The GA starts with an initiation phase during which the scienparameters are set as in Table II-D. After the initiation
phase, a starting population of sigepulation_size is built: each selectable AP is either switched off (prolighbof 90%)
or is assigned a random EIRP betweBhRP,,;, and FIRP,,,, (probability of 10%). Then, the population evolves over a
number of generations equal tavmber_of_generations. Each generation consists of the following consecutivpsste

« Sorting - sort all previous individuals (=solutions) by their fitsegalue
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Fig. 3: Flow graph of genetic algorithm for network optintipa.

o Crossover - from the previous population, a new population is createtereby the first (bestylitism_size indi-
viduals from the previous population are transferred ungbd to the new population (elitism principle). The other
population_size — elitism_size new solutions are child solutions, obtained from a crossoperation between two
individuals, each chosen as the fittest individual out oftaoé& random individuals from the population of the previous
generation. Each child gene is inherited from either onehefdorresponding parent genes, with equal probability. The
newly created child solution is added to the new population.

o Mutation - all individuals in the obtained new population are mutatéthe mutation has a better fitness than the original
individual, the original individual in the population ispiaced by the mutated individual. The mutation of an indinal
is executed as follows:

— if all APs are inactive, one random AP is switched on with ad@n EIRP betwee®IRP,,;, and EIRP,, ..
— else, three possible mutations are executed, each withrecelaf 1/3
x power adjustment - if the network provides a sufficient cagerto all users, the power of a random active AP is
lowered with 1 dB (or switched off when its power is equalHtR P,,,;,), Otherwise the power of a random AP is
increased with 1 dB (when the AP is active with an EIRP smdhan EIRP,,.,) or switched on (when the AP
is inactive).
x neighbour change - the EIRP of a random active AP is inteigb@mwith that of an adjacent AP (see Fig. 2)
x random mutation - the EIRP of each AP (gene) of a solutionifiddal) is adjusted with a probability equal to
mutation_rate: the change comprises switching off (probability of 90%)assigning a random EIRP between
EIRP,,;, and EIRP,,,, (probability of 10%)

The paper does not aim at the development of an optimal gpiion algorithm, so parameter values were chosen to obtain
an optimal solution within an acceptable time.

TABLE II: Settings of genetic algorithm parameters

population_size 100
eitism_size 10
mutation_rate | 0.025
number_of_generations 30

1) Fitness calculation: Each newly created individual is evaluated based on itssitnexpressed as the resulting El value.
First, it is calculated if the solution provides the reqdieverage and capacity to all of its connected users ana iftimber
of active APs does not exceed the user-defined maximum.dfdhéck is not passed, a default high EI value of 3000 W/kg
is returned to avoid being withheld as a possible solutionelVthe solution does pass the check, the El fitness value is
calculated as the average SAR value over all considered mimvihin the considered time frame. Each human’s indiidua
SAR value consists of three parts explained in eq. (2): tmribmtion due to all active APs, the contribution due thenlam’s
own wireless device, and the contribution due to other hwnaireless devices.

Il. RESULTS

First, the path losses between all nodes in Fig. 2 will be expntally determined and their lognormal behaviour wil b
tested. Then, the optimal wireless deployments for eachethree scenarios will be presented and compared.
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Fig. 4. Experimental path losses between all active nod#smihe testbed and lognormal fit.

A. Experimental path losses

Fig. 4 shows the experimental path loss values in the testbEdy. 2, between all active nodes. The 2352 path loss sample
are modeled using a one-slope log-distance model [24]:

PL = PLy +10-n-log(d) + ¥, (12)

where d (m) is the distance between the transmitter and tteaves, n is the path loss exponent, dnH, is the path loss
intercept at a distance of 1 m. Furthermogeis the shadowing variation and has a standard deviatioA fit of the model
parametersPL, and n has been performed and the root-mean-square devitithe measurement points was minimized
with a linear regression fit. The paramet&k, and n equal 46.66 dB and 2.39 respectively and the value o$tthedard
deviation of the path loss samples around the model is 3.42AdRolmogorov-Smirnov lognormality test at a significance
level « = 0.05 proved the lognormal behaviour of the model. Although tliieves that the fitted model could also be used
for predicting the El with a reasonable accuracy, the El hile be calculated from the experimental PL values, sineseth
will yield the exact El value.

B. El optimization
In this section the El will be experimentally assessed amdpaoed for the three scenarios defined in Section II-D.

1) No restriction on number of allowed APs. For scenario 1 the resulting optimal solution deploys 9 APs: APs 11, 53,
and 55 with an EIRP of 0 dBm, APs 2, 3, and 27 with an EIRP of 1 dBi,8 with an EIRP of 13 dBm, AP 49 with an
EIRP of 7 dBm and AP 57 with an EIRP of 11 dBm (see Fig. 2). Thisaghthat APs closer to the users have lower EIRPs.
The El after optimization equals.42 - 10~1° W/kg during 1 hour, versug.17 - 10~® W/kg for the reference configuration,

a reduction by 97.5% (see Fig. 5). Fig. 6a shows the contobsitto the El of each of the 13 individual wireless users, for
both configurations. The exposure reduction varies betwefastor 15 at location 46 and a factor 139 at location 24. tiona

46 is relatively far away from the APs 3 and 7 in the referenaefiguration, keeping the exposure low and thus also the
possible reduction. Location 24 is close to AP 3 with EIRP Bindin the reference configuration, so a large reduction is
indeed obtained by optimizing the active APs and their EIRE. 6a also shows that the spatial variation on the exposure
each of the individuals is reduced in the optimized netwtk: coefficient of variation reduces from 55 to 40 %. Impattan
with respect to QoS, it is easily shown that the referencdigoration fails to deliver the required capacity. AP 3 cortse

all 13 users. However, based on the duty cycle assumptio®.68% per user for the considered usage (i.e., Youtube 3080p
and the maximal theoretical duty cycle of 69.83 % at 54 Mb®,[&t most 6 users can be appropriately served. It is shown
that the presented solution effectively tackles this caparoblem: no AP connects more than 3 users. It can thezeffer
concluded that the optimized scenario not only causes arl&lyebut also provides a better QoS for this multi-user sdena
For scenario 2 the optimal configuration uses 10 APs: APs 2, 10, 51, 53, 65yith an EIRP of 0 dBm, APs 3 and 6 with
an EIRP of 1 dBm, AP 8 with an EIRP of 2 dBm, and AP 4 with an EIRBaBm (see Fig. 2). The El after optimization
equals1.082 - 10~% W/kg during 8 hours, versus083 - 10~6 W/kg for the reference configuration, a reduction by only @607
(see Fig. 5). The reason for this negligible reduction isdbminance of the UL contributions to the El for each of thersise
which follows from the absence of power control in WiFi, wlehe uplink power is fixed at (mostly) 20 dBm. This also
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Fig. 5: Exposure Index El [W/kg] for the three scenarios far teference deployment, the optimal deployment with at most
three APs, and the deployment without restriction on the memof APs.

causes each of the users to be equally exposed, irrespettibeir location with respect to the APs: the individual mage
SAR values lie between.0812 - 1076 at location 27 andl.0838 - 1075 W/kg at location 34. On average over all users,
the EI contributions of the own uplink, other users’ uplinkdathe APs’ downlink equal 99.805 %, 0.193 %, and 0.002 %,
respectively. Given the low duty cycles, no capacity protdeoccur. The optimization algorithm efficiently reduces L
exposure, fronv.32- 10~ W/kg to 1.56 - 10~ W/kg. However, its contribution to the total El is negligikite this scenario
and therefore, the optimization is not visible in Fig. 7, efhishows the evolution of the total El for the three scenarios
The optimal configuration iscenario 3consists of 12 APs with an EIRP of 0 dBm: APs 11, 13, 18, 20, 2,46, 47, 50,
52, 54, and 57 (see Fig. 2). The EIl after optimization eqad4l8 - 10~? W/kg during 8 hours, versu®.77 - 10~® W/kg for
the reference configuration, a reduction by 86% (see FigABEough in scenario 3, the total El becomes 278 times smalle
compared to scenario 2 thanks to uplink power control, tha aplink power still remains the main contributor to the E o
average over all users, the El contributions of the own Uplather users’ uplink and the APs’ downlink equag56 - 107,
8.895- 10712, or 2.971 - 10~'2, or 99.01%, 0.23%, and 0.76% of the total El, respectivetyvé control in scenario 3 also
causes the El contribution of other users’ uplink to becomalter than the APs’ downlink contribution, while this wastn
the case in scenario 2. Individual average SAR values rarage f.45 - 1072 W/kg at location 31 t06.99 - 10~° W/kg at
location 22. Again, no capacity problems occur.

2) Maximally three APs. Since all the of the presented optimal solutions requiredémdoyment of a large number of access
points (at least 9), the algorithm is also run with the maximamber of APs set to three, as in the reference configuration
For scenario 1 the resulting optimal solution deploys AP 3 with an EIRP afBm, AP 39 with an EIRP of 11 dBm, and AP
53 with an EIRP of 0 dBm. The El after optimization equal87 - 10~'° W/kg during 1 hour, versu8.17 - 10~8 W/kg for
the reference configuration, still a reduction by 96.3%.. Bigndeed shows that only three APs suffice to obtain an Eleclos
to the deployment without restriction on the number of ARsnpared to the optimal solution with 9 APs, the El increases
by only a factor 1.47; the coefficient of variation also eguéd%. Fig. 6a also shows the contributions to the El of each of
the 13 individual wireless users in the optimized configorawith three APs, where reductions vary between a factoatl3
location 25 and a factor 78 at location 24. Thanks to the dlgor the solution with 3 APs now also satisfies the capacity
requirement: APs 3, 39, and 53 connect 3, 6, and 4 users teshec
For scenario 2 the following 3 APs are deployed: AP 4 with an EIRP of 5 dBm, 8Rwvith an EIRP of 7 dBm, and
AP 12 with an EIRP of 0 dBm. Just as for the optimized configaratvith an unlimited amount of APs, the resulting El
is 1.082 - 10~% W/kg during 8 hours (see Fig. 5). Here, the EI contribution ¢ townlink is 0.003% vs 0.002 % in the
fully optimized scenario, a negligible difference. Theiopration algorithm again efficiently reduces the DL expesudrom
3.63 - 10710 W/kg after the first generation .77 - 10~! W/kg after 30 generations.

In scenario 3 a configuration with 3 APs (AP 11 at 1 dBm, AP 20 at 4 dBm, and ARa#3 dBm) is able to deliver an El of
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Fig. 6: El contribution per user location for the referencafiguration and for optimized configurations (with and with a
limit to 3 APS).

9.45-10~? W/kg during 8 hours. This is a reduction of 66% with respectireference configuratio.(7-10~8 W/kg), vs. a

reduction by 86% for the fully optimized configuration wit@ APs (see Fig. 5). Fig. 6b also shows the spatial variatiothen
exposure of each of the individuals: coefficients of vapiaton the El are 57%, 59%, and 36% for the reference configurati
the optimized configuration with 3 APs, and the optimizedfiguration without restriction on the amount of APs. Thiswho
that for uplink scenarios with power control, more APs arguieed to provide a more homogeneous individual exposure.

C. Algorithm performance

Fig. 7 shows the convergence of the GA for the three scenakibsr 30 generations, an optimum is obtained for all three
scenarios. The total runtimes are displayed in Table lleracio 1 has a lower runtime than scenarios 2 and 3, sinceait is
downlink-only scenario. Scenario 3 has a longer runtime #eenario 2, due to the extra calculations related to poosiral.
When the maximal amount of APs is limited to three, runtimesraduced compared to deployments without limitations on
the amount of APs: by 65%, 55%, and 65% for scenarios 1, 2, andspectively. All optimizations are performed on a
desktop computer with an Intel Core i5-2400 CPU processor.1® &Hz, with 8 GB RAM.

TABLE IlI: Runtime for the different scenarios, for the apization with and without a limit to three APs.

[ runtime(s) | <3 APs | unlimitedAPs |

Scenariol 91 258
Scenario2 214 475
Scenario3 285 815

IV. CONCLUSION

A genetic algorithm has been presented to minimize the expasdex of a set of users within a certain time duration. It
is the first algorithm that assesses and optimizes the indsgdoon real-life experimental data. The output of the #lyor
is based on the usage and load of the network, considers@dsare sources (downlink, own uplink, other users’ upliimk)
an experimental way, and accounts for realistic duty cyclée algorithm is here tested by applying it inside an inddfi
testbed for three different scenarios. It is shown that therahm successfully reduces the El in a downlink-onlyremgo by
97.5%. In a regular scenario with both downlink and uplile hetwork layout has no significant influence on the El under
the absence of uplink power control. This is due to the higaweWiFi uplink powers, causing the own uplink contrilarito
the total El to be dominant over the other contributions (dlavk and uplink of other users). The advances that haventgce
been made in the deployment of WiFi uplink power control,lddn the future clearly reduce the EIl. This paper shows that
introducing power control reduces the El by a factor 278 far same scenario and the same Qo0S. The algorithm always
converges within 30 generations, corresponding to timatthms between 91 and 815 s, depending on the input scenario.
In the future, the algorithm could be coupled to an electraneeting scheduler for a guaranteed QoS with a minimal RF
exposure for all people attending the meeting. It is alsdiegiple to outdoor networks and can easily be extended teroth
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Fig. 7: Evolution of EI contribution as a function of the nuentof generations, for the different scenarios with and atitha
limit to 3 APs.

telecommunication networks. A further extension consistequipping each AP with a module that measures the network
usage in real-time and communicates with the developeditigpto create a cognitive system that dynamically adalps t
network layout based on real-time data.
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