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1 JOHDANTO

Tama opinnaytetyd on koosteopinnaytetyd kahdesta erikseen tehdysta opinnaytetyosta,
joiden aiheet eivat liity toisiinsa. Ensimmainen osa on viiden opintopisteen laajuinen ja
valmistui kevaalla 2016. Toinen osa on kymmenen opintopisteen laajuinen ja valmistui
kevaalla 2018.

Ensimmainen osa kasittelee matkapuhelinverkkoihin perustuvia paikannusmenetelmia.
Tyossa kaytiin 1api mihin paikannusta kaytetaan, miten eri paikannustekniikat toimivat ja

kuinka paikannustekniikat eroavat eri matkapuhelinverkkojen valilla.

Opinnaytetydn toinen osa on tehty Verkotan Oy:lle. Tyon aihe oli RelCOvAir-testijarjes-
telman integrointi. RelCOvAIr on EU-projekti, jonka tavoitteena on luoda testijarjestelma
ja standardi langattomille tiedonsiirtotekniikoille teollisuuden kayttoon. Tahan tyohon si-
saltyi testilaitteiston kytkenta seka tarvittavien sovellusten, hairion seka kanavamallin
implementointi testijarjestelmaan. Lisaksi testijarjestelman toimivuus testattiin ja testijar-

jestelma kalibroitiin.



2 OPINNAYTETYON ENSIMMAISEN OSAN ESITTELY

Opinnaytetyon ensimmainen osa (lite 1) on tehty kevaalla 2016 ja on laajuudeltaan viisi
opintopistetta. Tyon ohjaajana toimi Riitta Rontu. Taman ensimmaisen tyon aiheen sai
jokainen itse paattaa ja itse paadyin tutkimaan matkapuhelinverkkoihin perustuvia pai-
kannusmenetelmia. Tydssa kaydaan lapi eri paikannusmenetelmien toimintaperiaatteita

ja perehdytaan paikannukseen GSM-, UMTS- ja LTE-verkoissa.

Tyo oli teoriapainotteinen ja sisalsi paljon tiedonhakua, joka taman myaota tulikin tutuksi.
Tyon aikana opin paljon matkapuhelinverkoista seka naissa kaytetyista paikannusmene-
telmistd. Samalla opinnaytetydn prosessi tuli tutummaksi ja tdama auttoi opinnaytetyon

toisen osan Kirjoittamisessa.



3 OPINNAYTETYON TOISEN OSAN ESITTELY

Opinnaytteen toinen osa (liite 2) on tehty kevaalla 2018 Verkotan Oy:lle ja on laajuudel-
taan 10 opintopistetta. Suoritettuani yritysprojektit seka harjoittelun yritykseen kysyin
mahdollisuutta tehda opinnaytetyoni yritykselle ja aiheeksi valikoitui RelCOvAir-testijar-
jestelman integrointi. Tyon ohjaajina toimivat Kari Jyrkka seka yrityksen puolelta Jani Kal-

lankari.

TyOssa kaydaan aluksi lapi, minka vuoksi RelCOvAIr on aloitettu ja mitka ovat projektin
tavoitteet. Taman jalkeen kaydaan lapi testijarjestelman eri laitteet ja integrointi kaiutto-
maan kammioon. Lopuksi kaydaan lapi, kuinka testijarjestelma kalibroitiin, ja kdydaan

lapi tuloksia kalibroinnista seka testisovelluksella ajetuista testeista.

Tyon lopputuloksena saatiin toimiva testijarjestelma, josta yrityksen on helppo jatkaa tes-
tijarjestelman kalibrointia seka validointia. Tyo vaati paljon uuden oppimista aina OTA-
testauksesta testilaitteiston kayttdon ja uskon, etta oppimistani asioista on hyotya tulevai-

suudessa.



4 YHTEENVETO

Taman koosteopinnaytteen tyot vastaavat normaalia 15:n opintopisteen opinnaytetyota.
Nain jalkeen pain ajateltuna kahdessa osassa tehdessa oli hyvia sekd huonoja puolia.
Hyvana puolena voi ajatella, etta toista osaa tehdessa opinnaytteen teko oli jo tutumpaa
ja tdma varmasti nopeutti toisen osan valmistumista. Toisaalta kahden opinnaytetyon te-
ossa varmastikin meni enemman aikaa kuin yhden 15:n opintopisteen opinnaytteen te-

kemisessa.

Molemmat opinnaytety6t toivat paljon uutta oppia, vaikka prosessina olivatkin hyvin eroa-
vat toisistaan. Ensimmaisessa osassa oli enemman teoriaa ja tiedonhakua eri paikoista
seka asioiden opiskelua ja yhdistelya. Toisessa tydssa taas paasi nakemaan, kuinka yri-
tyksissa toimitaan, seka paasi tekemaan oikeaa insinoorin tyota ja hyddyntdmaan oppia
kaytannossa. Lisaksi eroa toihin toi myos se, ettd ensimmainen osa on kirjoitettu suo-
meksi ja toinen osa englanniksi. Omalla kohdalla ehka englanniksi kirjoittaminen oli luon-

tevampaa, osaksi siita johtuen, etta suurin osa materiaaleistakin on kirjoitettu englanniksi.
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LITE 1

1 JOHDANTO

Tama tyd on ensimmainen osa kolmiosaisesta opinnaytetyosta, johon kuuluu teo-
riaosa, soveltava tyo ja yrityslahtdinen tyo. Opinnayte on 15 opintopisteen kokoi-
nen ja jokainen osa on 5 opintopistetta. Tavoitteena tassa ensimmaisessa 5 opin-
topisteen teoriaosassa on tutkia matkapuhelinverkkoihin perustuvia paikannume-

netelmia.

Tyossa tutkitaan naiden paikannusmenetelmien toimintaperiaatteita ja perehdy-
taan matkapuhelinverkkopaikannukseen GSM:ssa, UMTS:ssa ja LTE-verkoissa.
Lisaksi kaydaan 3GPP:n paikannusstandardoinnin nykytila. Lopuksi on yhteen-

veto dokumentista ja siina kaydyista asioista.

Nykyaan matkapuhelimissa paikannus on erittdin yleista ja sita hyodynnetaan
monissa sovelluksissa. Erittdin monissa sovelluksissa paikkatietoa hyddynne-
taan esimerkiksi sdan kertomisen sovelluksissa ja navigoinnissa. Erilaisia paikan-
nuspalveluja ovat esimerkiksi paikkamukautuva palvelu, navigointipalvelut, opas-
tus, sijaintihaku, karttapalvelu, reittipalvelu ja paikallinen tietopalvelu (1, s.23-24).
Tarkeimpien palvelujen joukossa on karttapalvelut, jota kaytetaan sijainnin kerto-
miseen, reittihakuun, paikallisten yritysten hakuun. Navigointi on myos tarkea pai-
kannuspalvelu. Monissa sovelluksissa kaytetaan myds sijaintihakua, esimerkiksi
sosiaalisessa mediassa jaettuun kuvaan liitetadn paikkatieto.
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2 PAIKANNUSMENETELMAT

Paikannus tarkoittaa henkilon, kulkuneuvon tai muun maaratyn kohteen paikan
selvittamista. Lahtokohtaisesti matkapuhelinverkko yllapitaa paikannustietoa jat-
kuvasti tukiasemaryhman tarkkuudella puhelimen ollessa auki ja verkossa, seka
solun tarkkuudella puhelun aikana (2, s.5). GSM-paikannus perustuu radiosig-
naalin mittaamiseen. Signaalin kulkuaikaa mitataan ja silla lasketaan sijaintia (1,
s.2). Kuvasta 1 nakyy eri paikannusmenetelmien tarkkuus. Esimerkiksi solupai-
kannus on erittdin epatarkkaa, mutta samalla myds helpoin tapa paikantaa. kun
taas satelliittipaikannus on tarkempaa, mutta samalla se vaatii taas enemman
paikannukselta. Kappaleessa kaydaan lapi useimpien tekniikoiden perusperi-
aate. Tekniikoiden tarkempaa toimintaa kasitellaan kappaleessa 3.
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KUVA 1. Paikannusmenetelmien tarkkuus (2,5)
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2.1 Solupaikannus

Solupaikannus (ClI, Dell identification) perustuu matkapuhelinverkon soluihin.
GSM-verkko on niin sanottu soluverkko (3, s.12). Tama tarkoittaa sita, etta tuki-
aseman peittoalue peittaa tietyn alueen ja tata aluetta sanotaan soluksi (kuva 2).
Solujen peittoalueet menevat limittain, jotta ei tulisi katvealueita. Paikannus ta-
pahtuu niin, ettd paikannetaan missa solussa matkapuhelin millakin hetkella si-
jaitsee. Tama on kaikista yksinkertaisin, mutta samalla myds epatarkin tapa pai-
kantaa matkapuhelin. Tarkkuus perustuu siihen, minka kokoinen solu on, eli pai-
kannus on paljon tarkempaa kaupungeissa ja kaupungin keskustoissa kuin
maalla ja maaseudulla. Tarkkuus taajama-alueilla on yleensa noin 200-500 met-

ria.

Q.‘Q-* Tuklasema 1

A?
Tukiaseman
kuuluvuusalue

. : S
Tukiaseman+ . !
kuuluvuusalue

KUVA 2. Kahden tukiaseman peittoalueet (6)
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2.2 Kulkuaikaeropaikannus

Kulkuaikaeropaikannus (Enhanced Observed Time Difference, EOTD) perustuu
3 tukiaseman signaalin kulkuaikojen mittaamiseen (kuva 3). Menetelman tark-
kuus on noin 50—125 metria ja viive noin 5 sekuntia. Tama tekniikka on aika ras-
kas eli vaatii paljon laskentatehoa ja ohjelmistopaivityksen matkapuhelimeen

seka verkkoon.

KUVA 3. Kulkuaikaeropaikannuksen periaate, jossa lasketaan 3 tukiaseman saa-

man signaalin kulkuaika.
2.3 Saapumisaikapaikannus

Saapumisaikapaikannus (Time Of Arrival, TOA) perustuu matkapuhelimen sig-
naalin saapumiseen, joka mitataan kahdesta tukiasemasta. Paikannus voidaan
maarittaa signaalien saapumisajasta. Laskeminen vaatii tukiasemien valille yh-

teisen kellon ja koordinaation. Tarkkuus on noin 50-100 metria.
2.4 Saapumisaikaeropaikannus

Saapumisaikaeropaikannus (Time Difference Of Arrival, TDOA) kayttaa samaa

tekniikkaa kuin kulkuaikaeropaikannus. Taman ero kulkuaikaeropaikannukseen
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on siind, kun kulkuaikaeropaikannuksessa mitataan tukiaseman lahettamia sig-
naaleja puhelimeen (kuten saapumisaikapaikannuksessa). Saapumisaikaeropai-
kannuksessa puolestaan mitataan puhelimen lahettamia signaaleja tukiase-
maan. Tama tekniikka on Yhdysvalloissa noussut merkittavaksi paikannusmene-

telmaksi hatapuhelupaikannuksessa (2, s.7).
2.5 Korrelaatiopaikannus

Korrelaatiopaikannus (Location Fingerprint, LF) perustuu siihen, etta tietysta alu-
eesta on tehty signaalinvoimakkuuskartoitus. Puhelimesta saapuvaa signaalia
verrataan signaalikarttaan. Kuten kuvassa 4 nahdaan, kahdelle pisteelle on mi-
tattu signaalinvoimakkuudet neljaan tukiasemaan nahden. Talla tekniikalla sisa-
tilanpaikannus on erittain haastavaa, ellei jopa mahdotonta. Nain on siksi, etta
kaikki muutokset rakennuksissa vaatisivat uuden mittauksen tekemista. Lisaksi
saaolosuhteet vaikuttaisivat paljon signaalinvoimakkuuteen ja ulkopaikannuskin
olisi jossain maarin ongelmallista. Taman tekniikan tarkkuus on noin 30-50 met-
ria kaupungeissa. Tahan tekniikkaan perustuvilla menetelmillda on saatu tarkim-
mat kaytannon mittaustulokset (2, s.7). Taman vuoksi menetelma olisi hyva mat-
kapuhelimen paikannukseen kaupungin keskustoissa, mutta kaytanndéssa mah-

doton toteuttaa. Se sopii paremmin pienen mittakaavan paikannukseen.
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Point 8,7 (-55,-87,-83,-39)

4 ! .
Point 2.3 (-85, -44,-50,-81) =

Z.-’"FF! B5,

KUVA 4. Esimerkki korrelaatiopaikannuksesta (14)
2.6 Signaalin saapumissuunta

Signaalin saapumissuunta -tekniikassa (AOA, Angle of Arrival) tukiasemapari ha-
vaitsee signaalin suunnan antennijoukon avulla (13). Tukiaseman 360 astetta
jaetaan antenniryhman kesken ja nain saadaan signaalin saapumissuunta (kuva
5). Mitd useampi antenni, sitd tarkempaa suunnan paikannus on. Taman on-
gelma on kuitenkin se, etta jokaiseen tukiasemaan tulisi asentaa antennit ja pu-
helimella tulisi olla suora nakyvyys antenniin, jotta tekniikka toimisi. Tama olisi
kaytanndssa mahdotonta kaupungeissa, jossa rakennukset peittaisivat nakyvyy-

den antenniin.
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Carrier Network
(AOA Equipment)

KUVA 5. Signaalin saapumissuunta kolmeen tukiasemaan ndhden (15)
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3 MATKAPUHELINVERKKOPAIKANNUS

Matkapuhelinverkkopaikannus perustuu yleensa niin kutsuttuihin ei-itsenaisiin
tekniikoihin. Puhelimen paikantamiseen on kaksi erilaista tapaa. Toinen perustuu
puhelimesta tukiasemiin lahetettyjen signaalien kulkuaikojen mittaamiseen tai tu-
kiasemasta puhelimeen lahetettyjen signaalien kulkuaikojen mittaamiseen. Nailla
tiedoilla yritetaan paikantaa laite. Toinen tekniikka perustuu siihen, etta laitteessa
on integroitu GPS-vastaanotin, joka on kaytannodssa jokaisessa nykyaikaisessa
puhelimessa. Talldin usein kaytetdan AGPS:aa (Assisted GPS) jossa matkapu-
helinverkolla annetaan alkuparametrit eli kaytannodssa solun tiedot ja nain ollen
GPS-paikannus ei vie niin paljoa aikaa kuin normaalisti. AGPS:n ongelma on se,
ettd monet eivat pida GPS-paikannusta koko aikaa paalla johtuen sen virranku-
lutuksesta ja nain ollen monet sovellukset, jotka kayttavat tata, kysyvat paikan-
netaanko GPS:aa kayttaen. Paikannustekniikan kayttd on aina puhelimesta riip-

puvainen eli riippuu siitd mita tekniikoita puhelin tai laite tukee.
3.1 GSM-paikannus

GSM-paikannus (Global System for Mobile Communications) tarkoittaa matka-
puhelimen sijainnin maarittdmista matkapuhelinverkon avulla (1). GSM-paikan-
nuksen suurimpia etuja ovat paatelaitteiden suuri maara ja paikannuksen halvat
kustannukset. GSM-paikannuksessa kaytetaan hyodyksi useampia tekniikoita,
kuten solupaikannusta, saapumissuuntaa AOA (Angle of arrival), saapumisai-
kaan perustuvia menetelmia TOA (Time Of Arrival), TDOA (Time Difference Of
Arrival) seka aikaeropaikannusta E-OTD (Enchanced Observed Time Difference)
(10).

GSM-solupaikannuksessa kaytetaan hyoddyksi tukiaseman koordinaatteja, suun-
nattua antennia ja ajastusennakkoa paikan tarkentamiseksi. Suunnatulla anten-
nilla voidaan mitata signaalin 1ahto- ja loppukulma, jolloin saadaan tarkennettua
mista signaali tulee. Lisaksi ajastusennakkoa kayttamalla saadaan tarkennettua

11
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signaalin kulkuaikaa ja nain saadaan jo huomattavasti tarkempi tulos kuin pel-
kastaan solupaikannuksella (kuva 6). Nama yhdistamalla voidaan paasta 550

metrin tarkkuuteen

KUVA 6. Solupaikannus, jossa on kéytetty suunnattua antennia ja ajastusennak-
koa (10, s.17)

3.1.1 Ajastusennakko

Ajastusennakossa (TA, Timing advance) puhelimen lahetysajankohtaa muute-
taan riippuen puhelimen etaisyydesta tukiasemaan (12). Nain valtetaan paallek-
kaisia signaaleja. TA-parametri kertoo kuinka paljon aikaisemmin puhelimen sig-
naali taytyy lahettaa, etta se sattuu oikeaan kohtaan tukiaseman TDMA-vastaan-
ottoajanjaksoon. TA-parametrin arvo on parametrisoitu valille 0...63 ja nama ku-
vaavat puhelimen etaisyytta tukiasemasta kilometreina, kun parametrin arvo ker-
rotaan luvulla 0,55. (12.) Tama parametri rajoittaa etaisyyden 35 kilometriin,
mutta GSM-spesifikaatiot maarittavat myos laajennetun solun. Se kaksinkertais-

taa valimatkan, mutta samalla se myds varaa kaksi solun fyysista aikavalia.

12



LITE 1
3.1.2 AGPS

AGPS (Assisted Global Positioning system) eli avustettu satelliittipaikannus toimii
niin, etta satelliittipaikannusta avustetaan matkapuhelinverkolla (9). GPS-paikan-
nusta nopeutetaan antamalla alkuparametrit satelliittipaikannukselle matkapuhe-
linverkosta eli annetaan solun tiedot ja nain saadaan nopeasti Iahimmat satelliitit
selville. Toinen tapa on etta satelliitista |ahetetaan tukiasemaan tiedot lentora-
doista ja tukiasema valittaa tiedon paatelaitteeseen. Tekniikan tarkoituksena on
nopeuttaa GPS:n toimintaa ja saada puhelin paikannettua mahdollisimman no-

peasti ja luotettavasti.

KUVA 7. GPS- ja AGPS-paikannuksen ero (18)
3.2 UMTS

UMTS (Universal Mobile Telecommunications System) on Kolmannen sukupol-

ven eli 3G:n matkapuhelinteknologia ja GSM:n seuraaja. UMTS tarjoaa useita

13
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uusia mahdollisuuksia paikannukseen. Vaikkakin 3GPP (Third Generation Part-
nership Program) -standardointijarjestd on luonut standardin ainoastaan OT-
DOA!:lle.

Esimerkkind uudesta mahdollisuudesta paikannukseen on SAl (Service Area
Identification) joka vastaa GSM-verkon solupaikannusta. Lisaksi vain UMTS-ver-
koissa toimiva paikannusmenetelma on lahetyskatkopaikannus OTDOA-IPDL
(Observed Time Difference Of Arrival- Idle Period Down Link) ja tdma perustuu
samaan tekniikkaan kuin EOTD (1). 3G-verkoissa puhelin voi keskustella usean
tukiaseman kanssa samaan aikaan toisin kuin GSM-verkossa. Tasta johtuen la-
hetyskatkopaikannuksessa kaytetaan hyodyksi lahetyksissa olevia tyhjia jaksoja,

joita puhelin kayttaa toisten tukiasemien kuunteluun.
3.2.1 Solupaikannus

Solupaikannuksessa paikannetaan missa solussa puhelin kulloinkin on. Ver-
kossa tiedetaan tukiaseman koordinaatit. Kun puhelin on taman tukiaseman peit-
toalueen sisalla, tiedetadan minka tukiaseman laheisyydessa puhelin on. Solupai-
kannuksen tarkkuus on suoraan riippuvainen solun koosta. Eli paikannus on pal-
jon tarkempaa kaupungeissa kuin maaseudulla, koska kaupungeissa solut ovat

paljon pienempia suuresta kayttajamaarasta johtuen.

Tama on epatarkin, mutta myds halvin ja nopein tapa paikantaa. Joissain tapauk-
sissa tama on myaos riittava tapa paikantaa. Esimerkiksi mainostaessa riittaa, kun
tiedetaan ettd puhelimenkayttaja on kaupungissa, jossa mainostus tapahtuu ja

nain ollen ei tarvita tarkempaa tietoa puhelimen ja kayttajan sijainnista.
3.2.2 OTDOA-IPDL

OTDOA-IPDL (Observed Time Difference Of Arrival- Idle Period Down Link) kayt-
taa samaa tekniikkaa kuin E-OTD eli tukiaseman lahettaman signaalin aikaeroja
mitataan. OTDOA-IPDL eli lahetyskatkopaikannus perustuu siihen etta hyodyn-
netaan tukiaseman lahetyksissa olevat tyhjat jaksot toisten tukiasemien kuunte-

luun. Tekniikka perustuu siihen, etta lasketaan kolmen eri tukiaseman signaalien
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kulkuajat. Naita kulkuaikoja vertailemalla voidaan maarittaa leikkauspiste joka on
puhelimen sijainti. Lisaksi aikaeron laskennassa tehdaan korjauksia, joilla korja-
taan aikavirheita paikkalaskennassa. Virhetta on kahdenlaista: todellista aikaeroa
seka geometrista aikaeroa. Todellinen aikaero kuvastaa tukiasemien lahetysai-
kaeroa ja geometrinen aikaero kuvastaa signaalin kulkuun liittyvia virheita. Pai-
kannus tapahtuu, kuten kuvassa 5 havainnollistetaan. Eli t1 kuvaa aikaa, joka
menee tukiaseman (eNB1) lahettamalta signaalilta saavuttaa puhelin. ts kuvastaa
aikaa, joka menee tukiaseman (eNB3) lahettamalta signaalilta saavuttaa puhelin.
Kun t3 vahennetaan ti:sesta ja korjataan virheet, saadaan ensimmainen kayra eli
hyberbeli piirrettya etaisyydestd. Kun sama tehdaan tukiasemille 1 (eNB1) ja 2
(eNB2) saadaan toinen hyberbeli ja naiden leikkauspiste on se, missa puhelin

sijaitsee. Tekniikan tarkkuus on noin 50-100 metria.

taty

* Measurement
uncertainty

KUVA 8. Paikannus OTDOA-tekniikalla (14)
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3.2.3 U-TDOA

U-TDOA (Uplink Time Difference Of Arrival) eli lahtemisaikaero mittaa puheli-
melta tukiasemaan lahetetyn signaalin kulkuaikaa. Nain ollen laskeminen tapah-
tuu tukiasemalla ja puhelimen ei tarvitse osallistua paikannuksen laskentaan.
Laskeminen tapahtuu samalla tavalla kuin OTDOA-tekniikassa eli lasketaan ai-
kaeroja, joka signaalilla kestda saapua. Tassa tapauksessa se on signaalin
matka puhelimesta tukiasemaan. Tata kasittelemalla saadaan piirrettya hyberbe-
lit ja naiden leikkauspiste on puhelimen sijainti. Tama vaatii laskentayksikon tuki-
asemaverkkoon, koska paikan laskenta ei tapahdukaan puhelimessa. Tekniikan

tarkkuus on noin 50-300 metria riippuen tukiasemaverkon tiheydesta (9).
3.3 LTE-paikannus

LTE (Long Term Evolution) eli 4G-tekniikka on UMTS:n seuraaja. Tekniikan tar-
koituksena on kasvattaa kapasiteettia ja tiedonsiirron nopeutta. LTE-tekniikka on
talla hetkelld kehittyva tekniikka ja paikannuksenkin osalta 3GPP-standartointi-
jarjesto vasta luo standardeja paikannustekniikoihin liittyen, joista enemman seu-

raavassa kappaleessa.
3.3.1 Verkkopohjaiset menetelmat

LTE-paikannuksessa kaytetaan lahes samoja tekniikoita kuin UMTS:n paikan-
nuksessakin eli solupaikannusta, OTDOA seka U-TDOA, jotka on esitelty kappa-
leissa 3.2.1, 3.2.2 ja 3.2.3. OTDOA:n ainoa ero UMTS-verkon OTDOA-IPDL:&an
on se etta tassa tekniikassa ei hyodynneta tukiaseman lahetyskatkoja. Nain tuki-

aseman lahetyskatkoja ei kayteta hyddyksi muiden tukiasemien kuunteluun.
3.3.2 A-GNSS

A-GNSS on satelliittipohjainen paikannusmenetelma, joka eroaa AGPS-paikan-
nuksesta siind mielessa, etta se hydodyntaa myos Venajan GLONASS- ja EU:n
Galileo-paikannusjarjestelmia. Hydodynnetaan siis kaikkia satelliitteja paikantami-

sessa (kuva 9).
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KUVA 9. A-GNNS toimintaperiaate (15)
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4 NYKYTILA

Talla hetkella kehitys keskittyy LTE-verkon paikannukseen ja sen ominaisuuksiin.

3GPP standardointijarjeston julkaisema LTE-spesifikaation Release 9 oli kevyt
paivitys LTE-teknologiaan, joka keskittyi paaasiassa hatapuheluiden paikannuk-
seen ja paikannuksen eri tukiin. Release 9 julkaistiin 25.3.2010 ja se sisalsi paljon
paikannukseen liittyvaa parantelua ja maarityksia, koska Release 8:sta puuttuivat
paikannusmenetelmamaaritteet. Esimerkiksi LCS:8an (Radio resource location
services) lisattiin paikannukseen tarvittavat tiedot hatapuhelua varten (16). Re-
lease 9 -paivitys oli niin kutsuttu paikannukseen keskittyva paivitys. Kuten kuvista
10 ja 11 nahdaan, 3GGP:n tehtavat Release 9:ssa olivat paikannuspainotteisia.
LTE-verkolle lisattiin tuki paikannukseen ja lisaksi keskityttiin paikannukseen ha-

tapuheluissa. Lisaksi Release 11:een lisattiin paikannusmenetelmamaaritteita.

420006 LCS-LTE ...Positioning Rel-a R4, R3, RP- hisfory 189700101
Support for LTE R1, R2 051389
470018 LCS_LTE_UEConTest -..Conformance Rel-g RS RP- history 1870-01-01

Test Aspects — 111208
Positioning

Support for LTE

KUVA 10. Tuki paikannukselle (17)
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Rel-9 RI, R2 RP- history 19700101
081140

420041 IMS_EMER_LTE ... Support for
IM5 Emergency
Calls over LTE

Rel-8 RE& RP- history 1870-01-01
100118

ATDOAT IMS_EMER_LTE_UEConTest ..Conformance
Test Aspects —
Support for IMS
Emergency
Calls over LTE

Rel-8 C3, C4, SP- history 19700101
Cft, 52 090099

e 410038 IMS_EMER_GPRS_EFPS-SRVCC ...5ingle Radio
Voice Call
Continuity
(SRWCC) support
for IMS
Emergency
Calls

KUVA 11. Paikannusmaéaritteita hatapuheluille (17)

Release 9 -paivityksessa LTE-paikannukseen lisattin maaritelmat E-OTD:lle,
OTDOA:lle sekd AGNNS:lle. Hatapuheluihin lisattiin paikannustuki solupaikan-
nukselle, A-GPS:lle ja AGNSS:lle, mutta ei viela tdssa vaiheessa muille teknii-
koille kuten E-OTD:lle, OTDOA:lle tai U-TDOA:lle toisin kuin GSM:ssa ja
WCDMA:ssa eli UMTS-verkossa on.

AGNNS:lle tehtiin testauksia seka suorituskykytestauksia myos Release 10:ssa.

Release 11 julkaistiin 6.3.2013. Tassa julkaisussa U-TDOA paikannusmenetelma
otettiin Yhdysvalloissa kayttoon. Lisaksi se sisalsi tuen pelkastaan verkon yli ta-
pahtuvan paikannuksen tekniikoille (U-TDOA, TDOA).
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5 YHTEENVETO

Tyossa tutustuttiin eri paikannusmenetelmiin. Selvitettiin, kuinka ne toimivat ja
mita tekniikoita eri puhelinverkoissa kaytetaan. Lisaksi selvitettiin LTE-verkko-
paikannuksen nykytilaa. Kaytiin 1api useita eri paikannusmenetelmia ja sita,
minka vuoksi osa ei sovi matkapuhelimen paikantamiseen, ja mitka taas sopivat
tarkoitukseen. Paikannushan on aina riippuvainen siita, mita tekniikoita matkapu-
helin tukee, joten yhta ja oikeaa tekniikka tahan ei ole. Lisaksi paikannukseen
tarvittava tarkkuus riippuu siita, mihin tarkoitukseen paikannus tulee. Joissain
tapauksissa riittaa, etta tiedetdan missa kaupungissa puhelin on, esimerkiksi mai-
nostuksen tarpeisiin riittaa tallainen tarkkuus. Joskus taas tulee tietda mahdolli-
simman tarkasti, missa puhelin sijaitsee, esimerkiksi kun paikannetaan hatapu-
helua. Talla hetkella kehityksen alla monellakin tapaa on LTE-teknologia. LTE:n
paikannustekniikoihin liittyen standardointi on vasta tehty ja tekniikkaan liittyen

on tyon alla useampi Release-paivitys talla hetkella.

Tyon aikana matkapuhelinverkkoon perustuva paikannus tuli aihealueena tutum-
maksi ja tuli todellisena yllatyksena, kuinka laaja ja jossain maarin vaikea aihe-
alue tdma on. Eri paikannusmenetelmat kavivat tutummaksi ja naiden perusperi-

aate tuli selvaksi.
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The main objective of this thesis was to integrate the RelCOvAir (Reliable Indus-
trial Communication Over the Air) test system into an anechoic chamber; run the
necessary tests for the system; and document the results. This thesis was com-

missioned by Verkotan Oy.

The integration of the test system included connecting all the necessary hard-
ware; creating software for the test system; recording and repeating Bluetooth
interference with a software radio; creating a channel model for the test system;
and verifying the whole test system via calibration and tests. Also, this thesis ex-
plains how the integration test could be made when the RelCOvAir channel model

is implemented in the test system.

The tasks that were completed this thesis include integrating the test system in
an anechoic chamber; creating software, channel model and interference for the
test system; calibrating the test system; and running tests with the software. Alt-
hough some of the tasks were not completed, the results of this thesis can be
considered successful and it is easy to continue validating the test system based
on these results.

Keywords: Anechoic chamber, OTA, RelCOvAiIr, Wireless testing
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1 INTRODUCTION

This thesis was commissioned by Verkotan Oy. Verkotan Oy co-operates with
the EU project called RelCOvAiIr (Reliable Industrial Communication Over the
Air), which aims to create standardization and testing for wireless connections to
advanced manufacturing and processing systems. The test system includes
channel models based on a real-world environment and it creates reliable valida-

tion or rating for the tested wireless systems.

The main objective of this thesis is to integrate the RelCOVAIr test system into
Verkotan’s anechoic chamber including all hardware and software as well as the
necessary tests for the test system.

The structure of the text is divided into six parts. The first part explains what
RelCOvVAIr is and why the project has been started. The second part deals with
all the test equipment needed for the test system. The third part explains what
the RelCOVAIr test system is and how the test system has been implemented in
an anechoic chamber. The fourth part of the text describes what a channel model
is and how the RelCOvAir channel model and the channel model for tests have
been made. The fifth part shows how the actual integration tests for the test sys-

tem were made. The last section is the conclusion.
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2 REICOVAIR

RelCOvAIr is an EU project that started in January 2016 and ends in December
2018. The project involves companies and institutes from Finland, Germany and
Spain from many different areas of expertise, from wireless expertise to steel

industry and industry quality controlling (5).

The main question and motivation for the RelCOVAiIr as seen on figure 1 is the
vision of wireless connections replacing or at least complementing the wired con-
nections for advanced manufacturing and processing systems. This will provide
on the one hand more flexibility in the deployment of machinery and a reduction
of the overall installation costs. On the other hand, wireless communication is the
enabler for areas which currently are not or only hardly reachable by wire those
with rotating parts, autonomously moving machinery, intelligent moving objects
like workpiece carriers and automatic guided vehicles (AGV). RelCOvVAir will pro-
vide standardization for rating system. The test system includes different test
cases which relate to real physical environments and test setup including soft-

ware and hardware. (1, p. 11-12.)

FIGURE 1. Is it possible to exchange wired communications to wireless commu-

nication in such difficult conditions? (1, p.11.)
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The main objective of this thesis is to integrate the RelCOvAiIr test system in an-
echoic chamber. This includes connecting all the necessary hardware for the test
system and testing out the connections via cabling and Over-The-Air connec-
tions; Creating or integrating necessary software for system which includes com-
munication software between devices, software for collecting and saving all
measuring data and automating measurements; Integrating radio channel model
and interference for test system; Run tests with system; integration test for the
test system and the channel model according for the 3GPP TR 37.977 and com-
pare results with other test systems and find a solution for different results if

needed.

10
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3 TEST EQUIPMENT

The test system contains many hardware components and this chapter explains

what each one of the test equipment is and what its purpose is in the test system.
3.1 Anechoic chamber

An anechoic chamber (figure 2) is a room where most of RF testing takes place.
The purpose of the Chamber is to block RF signals from entering and leaving the
chamber, utilizing the principles of the faraday cage. All chambers floors, ceiling
and roof are coated with Radiation-Absorbent Material (RAM) which is used for
scatter and absorb RF reflections. That way chamber creates space for meas-
urement where unwanted RF signals no longer affects and signal field in quiet
zone is constant. this ensures that the results are more reliable and repeatable.

In this test system, DUT will be placed in the anechoic chamber and will be tested

with Over-The-Air connections.

FIGURE 2. Picture of an anechoic chamber (11).

11
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3.2 Channel Emulator

The anite Propsim F32 channel emulator (figure 3) simulates characteristics of
real-world radio channel conditions within a lab environment. It is used to test
End-to-End performance of wireless devices and network infrastructures. The
propsim F32 channel emulator provides 32 RF interface channel that works be-
tween 350 MHZ to 6 GHz with a bandwidth of 40 MHz (or 80 MHz for 16 channels)
and changes the signal parameters like delay, amplitude and doppler (2, p.11-
12). In the test system the channel emulator interconnects the DUT and the cli-
ents and creates interference to the signal path such as delay, fading and reflec-
tions. The channel model that was created for the test system is downloaded into
channel emulator and emulator creates interference to signal path according to

the channel model.

HEYBIGHT

2e 22 0@
.T.X.TI.%. 1]
88 ¢ o8 ad -
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TYIXLE
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FIGURE 3. Anite Propsim F32 Channel Emulator (2).
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3.3 Dual polarized horn antennas

The anechoic chamber contains 8 Dual polarized antennas (figure 4) to send and
receive signals. The antennas are designed for frequencies between 700 MHz
up to 6 GHz. Every one of the antennas have horizontal and vertical polarizations
which means that the chamber can have up to 16 different signal paths for trans-

missing and receiving signals.

FIGURE 4. ETS-LINDGREN 3164-04 Dual polarized antenna (2).
3.4 Power amplifiers

Power amplifiers are connected to all chamber antennas and all different signal
paths to provide appropriate signal strength. Amplifiers maximum power is about
20dBm. The amplifiers that are used on the test do not work on the 5 GHz chan-

nel, so the tests have been done using a 2,4 GHz WLAN channel.

13
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3.5 Calibration Antenna

The anechoic chamber has been calibrated using sleeve and magnetic dipoles
(figure 5) to calibrate absolute attenuation and delay in signal paths. WLAN uses
2.4 GHz and 5 GHz frequencies, so the chamber has been calibrated for those
frequencies using Satimo’s SD2450 and SD5000 electric sleeve dipoles. The cal-

ibration results are used to correct the measurement power levels.

i/

FIGURE 5. Satimo’s electric Sleeve dipoles (6).

3.6 VNA

The Agilent E5071 ENA Vector Network Analyzer (figure 6) is used for controlling
signal levels in this test system. VNA is also used to calibrate the anechoic cham-

ber.

FIGURE 6. Agilent E5071 ENA Vector Network Analyzer (2).
14
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3.7 Test control PC

The test control PC connects all the test equipment via software, creates payload
between the DUT and the client and works as a common data storage device. All
the test results are stored on the PC and the test is controlled through this PC.

The test control PC is also used for automating the measurement.
3.8 DUT, clients and interference

The DUT (Device Under Test) was a TP-link archer c2600 (figure 7) which is a
modern router that supports all the new signal processing techniques and all the
new methods like beamforming and MU-MIMO. The router also supports the
IEEE 802.11AC standard. The router’s chipset is Qualcomm Atheros QCA9980.
This router has 4 detachable antennas (4x4 MIMO), so coaxial cabling to the
channel emulator that feeds the antennas inside the chamber is easy to do with-
out major changes to the router. Another DUT is Netgear n300 which is used
outside the chamber. This router has 2 antennas for transmitting and receiving
signals (2x2 MIMO) and the chipset is Broadcom BCM4718A1.

Figure 7. TP-link Archer c2600 (2).
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For clients there are several options such as computers, another router, mobile

phones, network interface cards or anything that can use Wi-Fi to communicate.

For interference there are also many different options such as Bluetooth, which
works on a 2,4 GHz channel; second network with a router and clients; and soft-

ware radio which can be used as interference.
3.9 Software radio USPR X300

Ettus Research USRP X300 is a high performance, scalable software defined
radio (SDR) platform for designing and deploying next generation wireless com-
munications systems. It has 2 wide-bandwidth RF daughterboards which provide
up to 160 MHz bandwidth. (10.) In this test system, it is used for recording and

repeating Bluetooth data.
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4 TEST SYSTEM SETUP

This chapter explains what the whole RelCOvAir test system is and how it is im-
plemented in an anechoic chamber. Chapter 4.1 covers the whole RelCOvVAir
project test system and rest of the chapter tells the steps for integrating the test

system in Verkotan’s anechoic chamber.
4.1 RelCOvVAiIr test system

RelCOvVAIr test system connects all the software and hardware, so it creates a
complete test environment for tests. Test system is used to demonstrate applica-
tions of the RelCOvVAIr channel model, measuring the performance of some ac-
tual industrial communication devices under channel conditions simulating a fac-
tory environment (2, p. 8). Figure 8 shows a block diagram for the whole RelCO-
VAir test system including all the software and hardware. On the left side of FIG-
URE 8, in a yellow box, is a system control pc and all the software in it. The blue
boxes are DUTs and they can be in a chamber or in shielded boxes during meas-
urements. At Verkotan the test system was implemented in an anechoic chamber
and used the OTA connection to test the DUTs. This test system does not include

software from the PC part or attenuator array parts of the block diagram.

Unif. Contr. Petri Net
Motich Noise & IF
Windows / Source i
script lang. Win / Matlab
[~
Quadriga Channel * Att
PER FIT = enuator
Channel Model Q — Emulator Array
_ Wind Ci+ Win / Matlab i
Win / Matlab indows f | I/ Matls | - Linux / C++
TCR/IP
/ Traffic
Joint Data

- 1
Analyzer I Multifaces L T

HW

HW

] L E DT-specific link
L}

FIGURE 8. Block diagram of the hardware setup (1).
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4.2 Steps for building an anechoic chamber test system

Chapter 4.3, 4.4 and 4.5 covers how RelCOvVAiIr test system is integrated in
Verkotan’s anechoic chamber. Chapter 4.4 explains how the test system works
and how the hardware is connected. Chapter 4.5 covers how separate interfer-
ence is measured and integrated in the test system. Chapter 4.5 explains the

measuring software.
4.3 Anechoic chamber test system

An anechoic chamber test system was used to connect the DUTs with over-the-
air links in a controlled environment while using the DUTs’ own antennas. This
provided for an easier measurement of antenna gains and correlations, especially

in MIMO environments.

As figure 9 shows, one of the DUTs is enclosed in the test chamber and acts as
a receiver unit, the other DUT is located outside of the chamber. The outside DUT
is connected to the channel emulator with coaxial cables and the emulator feeds
the antennas inside the test chamber. An amplifier was inserted between the
channel emulator and the chamber’s antennas to provide appropriate signal
strength. Each antenna was attached to a different channel emulator’s output to
simulate MIMO. Optional RF paths are for interference and interference can be
connected straight to the chamber antennas or through the channel emulator for
integrating radio channel effects to the interference signal.
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* |P-connection

FIGURE 9. Anechoic chamber setup (2).

19



LIITE 2

Figure 10 shows all IP-connections of the test system that are used in controlling
the test hardware, creating traffic between DUTs and interference to the test sys-

tem.

Em

FIGURE 10.

Connection A

Connection A connects the test system PC and both DUTs. The test system PC

creates payload between the DUTs and functions as a data storage.

Connection B

Connection B connects the test system PC and channel emulator. The emulator
is controlled through the PC. The Channel model for the test is downloaded to

the channel emulator from the test system PC.

Connection C

Connection C connects test system PC and Software radio. The test system PC
feeds recorded interference data to the software radio that creates interference
to test system. See chapter 4.4 for further information about interference for the

test system.
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Figure 11 shows the RF-connection’s that connects DUTs, channel emulator and
software radio in the test system with coaxial cabling or Over-The-Air connec-

tions.

Anechoic chamber

DUT

Software Radio

FIGURE 11.

Connection A

Connection A connects the transmitting DUT and the channel emulator with Co-
axial cabling. The transmitting DUT sends data to another DUT and the channel
emulator is between them. The transmitting DUT can be placed in a shielded box

if needed.

Connection B

Connection B connects channel emulator and the receiving DUT. The channel
emulator is connected to the anechoic chamber’s antennas with coaxial cabling.

The antennas send a signal to the DUT with an over-the-air connection.
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Connection C or optional connection D

Connection C or D connects the software radio that playbacks interference to the
test system. It can be connected straight to the chamber antennas or through the
channel emulator for integrating radio channel effects to the interference signal.

See chapter 4.4 for further information about interference for the test system.
4.4 Interference for the test system

As to interference, there are multiple options that are listed in chapter 3.7. We
used the software radio and GNU Radio 3.7 which is an open-source toolkit and
software radio to record Bluetooth’s interference in WLAN channel 6 (2437 MHz)
to use it as playback on our tests. The recording was about 1 minute long and
had 20 MHz bandwidth. It also had some low-level Wi-Fi traffic on the back-

ground.

On Figure 12 the UHD: USPR Source opens the software radio’s RX-port to re-
ceive the Bluetooth signal. Complex to IChar changes data format from complex
to char (byte) format. The file sink creates the .dat-file from the Bluetooth data.
For the Bluetooth device we used a typical Bluetooth headset and a mobile
phone. As seen in figure 13, the phone was in a shielded box and it was con-
nected to a headset outside with an antenna. As for software radio, we used
USRP X300 which is connected to a shielded box with a coaxial cable and to a
computer with a network cable, and it is controlled via computer using GNU Radio
3.7.
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Options
1ID: top_block
Generate Options: QT GUI

UHD: USRP Source

: Stream channels: 0
Variable Device Address: 3dd...69.10.2

ID: samp_rate

Mbo: Clock Source: Internal eI To chee
Value: 16M [] samp Rate (sps): 161 e i e ———-—
Cho: Center Freq (Hz): 241G Dutpsts

ChO: Gain Value: 20
ChO: Antenna: RX2
ChO: Bandwidth (Hz): 16M

File Sink
File: ...bluetooth_sample.dat
Unbuffered: Off

Append file: Overwrite

FIGURE 12. Block diagram for recording Bluetooth.

USPR X300

N e
ee ] o9
LN DT v o T D

Shielding box

h

Network cable

h

Coaxial cable

‘ (AR ’
Over-The-Air

FIGURE 13. Bluetooth recording setup.

In the test system we use software radio to playback the recorded Bluetooth data
as interference for WLAN (figure 14 and figure 15). In the GNU radios block dia-
gram (figure 14) file source reads the file from the PC. IChar to complex changes
IChar (byte) format back to complex. A USRP Sink opens the software radio’s
TX-port and forwards data to port. The PC feeds Bluetooth file to USPR 300X

software radio via network cable and software radio sends it to channel emulator
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via coaxial cable (figure 15). Figure 16 shows what the signal’s spectrogram looks
like. It was measured with Signal analyser (SA).

Options

1D: top_block

Generate Options: No GUI
Run Options: Prompt for Ext

Variable
1D: samp_rate
Value: 20M

UHD: USRP Sink
Device Address: add..69.10.2
MbO: Clock Source: Internal

MbO: Subdev Spec: A:0
= Samp Rate (Sps): 20M
File Source 5
IChar To Complex Multiply Const 2 r Freq (Hz): 24376
::;“:f":::\"‘-"“-d’a( T *# Vector Input: No === 0 constant: 7.87402m -~ e

FIGURE 14. GNU Radio 3.7 Block diagram for repeating Bluetooth data.

USPR X300

e e
58 —~— (o6
ﬂ.- § 33 Ve TS,

h
Network cable
_

Coaxial cable

‘.III’

Over-The-Air

FIGURE 15. Bluetooth playback setup.
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I Zone Width =
20 000 000.00 Hz

Frequency and Time Level Trigger
Center Freq. 2.437 000000 GHz|| Ref Level 19,00 dBm Trigger Free Run

Freq. Span 31.26 MHz

Capture Length 200.00000 ms|| Aftenuator 12 dB

FIGURE 16. Picture of Bluetooth signals spectrogram measured with SA
4.5 Software

For creating connection and payload between the DUTs, we made a python script
that uses TCP-sockets to create a connection between the DUTs and send TCP
packets of size 750 kB from client to server 200 times per one measurement.
Both client and server script run on the test system PC but the traffic between the
scripts goes through the test system. The client script is connected to an outside
DUT (Netgear) and the server script is connected to the chamber DUT (TP-link)
and the connection between the DUTs goes through the test system via OTA-
connections. The script saves the data in the test control PC for later processing
and it includes the received bytes and the time of arrival for each packet. More

about data processing in chapter 6.3.1.

The channel emulator and chamber’s turn table are also controlled through the
client script because all hardware is connected to the outside DUT. This provides

automated measurement functions for the test system. As seen in figure 17, the
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TCP-connection between the DUTs is handled with one antenna and interference
is circulated in the chamber by one antenna at a time. The power levels of the
interference are adjusted with the channel emulator between 25 dBm to -20 dBm
by steps of 3 dBm. This makes a total of 16 different power levels for each meas-
urement before changing the antenna or polarization. At the same time, the router
is turned slowly back and forth in the chamber between 0 to 360 degrees. This
measurement shows how badly the interference affects the Wi-Fi’'s performance

and how stable the connection is.

} WiFi
signal

> Interference
signal

8 Disabled

FIGURE 17. Interference circulation in chamber.
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5 CHANNEL MODEL

The purpose of a channel model is to create a theoretical simulation of a signal
path corresponding to a real-world radio channel which always have losses and
interference such as path loss, shadowing, multipath delay spread, doppler
spread and co-channel and adjacent channel interference. With a channel model
it is possible to simulate in laboratory environments how DUT would perform in

real-world.

The channel model is used with a channel emulator. A channel emulator has
interference generators for creating interferences to the signal path according to
the created channel model. Propsim has AWGN (Additive White Gaussian Noise)
and CW (Continuous Wave) interference generators which are used to create

interference to a signal by chancing parameters like delay, fading and amplitude.
5.1 QuaDRiGa channel model

QuaDRiGa (QUAsi Deterministic Radlo Channel Generator) was developed at
Fraunhover HHI for modeling MIMO radio channels for specific network configu-
rations, such as indoor, satellite or heterogeneous configurations. QuaDRIiGa is
a tool for generating realistic radio channel impulse responses for system-level
simulation of mobile networks. These simulations are used to determine the per-
formance of modern technologies to provide an objective indicator for the stand-
ardization process in bodies like the third-generation partnership program 3GPP.
(8, p.8-12.)

QuaDRiGa 2.0 supports MATLAB and Octave and they are used to create and
visualize channel model (8, p. 8). The RelCOvAir channel model for this project
will be developed using QuaDRiGa. The measurements for radio channel have
been carried out in two steel plants in Finland. From these measurements the

channel model is going to be made. The channel model is a theoretical model
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that corresponds to the results obtained in the real industry environment. RelCO-
vAir Channel model is going to be created by other participants in the project and
its integration testing and validation will be carried out at a later stage of the pro-

ject. Therefore, it will not be included in this thesis.
5.2 Channel model used for integration test

Because the RelCOvAir channel model was not going to be ready for these inte-
gration tests, we had to make a channel model of our own. We made a 2x2 MIMO
channel model for the channel emulator that does not have interference included
because interference is fed with a separate software radio. As seen in figure 18,
both routers had 2 inputs and 2 outputs; and interference has 1 input and 12
outputs for circulation in the chamber. Figure 19 demonstrates how the DUTs and
the software radio are connected to the channel emulator according to the chan-

nel model.

Mode:

e |
Add:

RF-inBs_1 || 1. RF - Out_Antenn
N W
N it )s_1 -
° 2

FIGURE 18. Channel model created with Propsim F32.
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FIGURE 19. Picture of the channel emulator connections.
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6 INTEGRATION TEST

The purpose of the integration tests is to calibrate the test system and the channel
model. This ensures that the test system and channel model work as intended.
Chapter 6.1 shows how the test system and the channel model are supposed to
be calibrated according to the 3GPP TR 37.977 standard. Due the lack of RelCO-
VAir channel model we could not calibrate the test system or the channel model
properly. Chapter 6.2 explains how power levels for the interference and the
DUTs is calibrated and chapter 6.3 explains how the software for the test system

is tested.
6.1 Integration tests for test system and channel model

Integration tests for the test system and channel model is a 4-step process de-
signed to verify and calibrate power levels, path loss, power delay profile and
doppler. This verifies that the test system and the channel model work as in-
tended, and the test conditions are correctly implemented as described by the
model. This chapter explains the main idea of each step in the calibration pro-
cess. More detailed information about calibration and result analysis in 3GPP’s
standard TR 37.997 on pages 141-154.

The integration measurements are made with VNA and spectrum analyser (SA).
Other parts needed were sleeve and magnetic dipoles, signal generator and
channel emulator. VNA setup (figure 20) is used for measure PDP. VNA transmits
sweep signals through the channel emulator that is connected to the chamber
antennas. The test antenna (dipole antenna) receives a signal and sends it back
to VNA that analyzes the frequency response of the system. A number of traces
(frequency responses) are measured and recorded by the VNA and post pro-
cessed by software such as_Excel or MATLAB (9, p. 141-154.).
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FIGURE 20. Picture of a VNA setup. (9)
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The SA setup (figure 21) is used to measure the doppler spectrum. In this setup

signal generator transmits the signal to the channel emulator that feeds the cham-

ber antennas. The test antenna receives a signal and signal is analysed by a

spectrum analyser. After the measurement, measured spectrum is compared to

the target spectrum (9, p. 141-154).

Signal
Generator

Spectrum
Analyzer

] Stirrer
Test Ant

q

o [om]
Measurement_antennas

z

¢

)

Yy

FIGURE 21

Turntable

Chamber

. Picture of a SA setup. (9)
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6.1.1 Power Delay Profile

This measurement checks that power delay profile (PDP) is in line with the chan-
nel model’s PDP. The VNA setup is used in this measurement. Measurement’s
idea is to record channel models traces with VNA and number of points depends
on the used channel model and channels frequency. During the measurement,
emulation must be stepped for every Channel Impulse Response (CIR) and all
the CIR steps must be measured with VNA and that gives the channel model’'s
frequency responses. The result analysis is done by taking a Fourier transform
of each frequency response to generate impulse responses and compare these
to the channel model’s theoretical PDP. (9, p. 143-145.)

6.1.2 Doppler correlation

This measurement validates the doppler correlation. SA setup is used during this
measurement. The signal generator sends CW signal at the center frequency of
a wanted channel to the channel emulator. Signal generator is connected to one
input while other inputs are disabled. The channel emulator is set for free-run
playback of the channel model. The dipole antenna receives generated signal in
the center of the chamber and feeds that to the spectrum analyser. The doppler
power spectrum is measured by the spectrum analyser. The measurement result
analysis is performed by taking the Fourier transformation of the doppler power
spectrum measured with the spectrum analyser. The resulting temporal correla-
tion is compared to the channel model’s theoretical temporal correlation. (9, p.
145-147.)

6.2 Interference and DUTs power level calibration

Calibrating power levels for the interference and the DUTs we used VNA, channel
emulator, sleeve dipole (SD2450) and magnetic dipole (SD2450). We calibrated

all the signal path’s that covers the DUTs sending and receiving signal paths and
32



LIITE 2

all 12 interferences signal paths. The test setup is same as VNA setup in the
3GPP’s standard (FIGURE 22). With this we know the signal path’s path loss, for
DUTs we can equalize both transmitting and receiving signal paths to each other
and know exact power levels for the interference as would see by DUT. Also, this
calibration checks what the differences between signal paths are and there are
no broken coaxial cables or amplifiers. First, we tested out amplifiers with channel
emulator. We changed emulators output gain between -10 dBm to 20 dBm with
steps of 1 dBm for every signal path. Then we tested out that there are no broken
coaxial cables. We measured the path loss with VNA setup three times and be-

tween measurements we moved the cables to see if there are any differences.
6.2.1 Calibration result analysis

During the calibration we found out that three of the signal paths didn’t work cor-
rectly. There was a problem with one of the amplifiers that did not work as well
than the others and three of the cables were broken. As we can see from figure
21, amplifier number twelve’s gain decreases a lot sooner than other amplifiers
and it had to be replaced. In figure 22, we calculated an average path loss from
all 3 measurements and compared how significant differences there are between
measurements. As seen in figure 22, paths 8, 10 and 12 had over 0,5 dBm dif-
ference between the measurements and coaxial cables on those paths were bro-
ken and replaced. These problems could not have been found without calibration

and they probably would not have been visible even in the results.
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Differences between amplifiers
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FIGURE 21. Differences between amplifiers.

34



LIITE 2

Coaxial cables average difference
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FIGURE 22. Coaxial cables average differences.
6.3 Integration tests for software

We made two different measurements with software as detailed in chapter 4.5.
With these measurements we test that the software and test system work’s as
intended. In first measurement DUT’s were TP-link and Netgear and both scripts
were running in the test control PC. In second measurement we replaced TP-link
with Lenovo T420 laptop and made the same measurement. The only change for
the setup is that the server script runs on a laptop during this measurement. This

way we had two results to compare.
6.3.1 Result analysis

From these measurements we calculated 0,1%, 1%, 5% and 50% Cumulative
distribution function (CDF) for a throughput (figure 23). For example, 1% CDF

throughput means that 1% of the measurement throughput was at this level and
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99% of the time the throughput was better. The CDF provides a detailed analysis
of the weakest and the strongest phases in the connection’s speed and stability.
The CDF throughput is calculated so that the received bytes per packet are di-
vided by the transmission time from previous the packet for getting an instanta-
neous throughput. These values were sorted in ascending order to get the CDF.
The transmission times were scaled from 0% to 100%. Interpolating the sorted
throughput and divided cumulative sum of time gives us the throughput CDF. The
transmission cap CDF was calculated the same way as the CDF throughput.

35.0

Throughput
Percentile 1% [kByte/sec)

Result

-200 -150 -100 -5.0 0.0 5.0 10.0 15.0 20.0 25.0
Interference attenuation [dB]

FIGURE 23. Definition of throughput percentile target.

The following figures 24-31, represent the measured throughput and the trans-
mission cap levels for certain percentages of time. Chosen percentages are low
because we wanted to analyse the weak phases in the connection. As we can
see from the CDF throughput and CDF transmission cap, the connection varies
according to the power levels of the interference so that when the interferences

power level rises throughput drops and transmission time rises.
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FIGURE 24. 0,1% Throughput.
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FIGURE 25. 0,1% Transmission cap.
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1% Throughput
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FIGURE 26. 1% Throughput.

1% Transmission cap

1000
100
m
S .
‘O‘J’ ~—TP-Link C2600
',g Lenovo/Intel 6205
0 T—
Interference level (dB)
1
-20 -15 -10 -5 0 5 10 15 20

FIGURE 27. 1% Transmission cap.
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5% Throughput
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FIGURE 28. 5% Throughput.
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FIGURE 29. 5% Transmission cap.
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50% Throughput
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FIGURE 30. 50% Throughput.
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FIGURE 31. 50% Transmission cap.
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7 CONCLUSIONS

The main objective of this thesis was to integrate the RelCOvAiIr test system in
an anechoic chamber. This included connecting all the necessary hardware for
the test system and test out the connections; creating or integrating the required
software for the system; integrating the radio channel model and interference for
the test system; running the tests with the test system; carrying out an integration
test for the test system and the channel model according to the 3GPP TR37.977;
comparing the results with other test systems and finding a solution for different

results if needed.

The tasks that were carried out successfully included integrating the test system
into an anechoic chamber and testing out the connections; coding the software
that creates the connections, saves data and automates the measurement; inte-
grating interference and the channel model into the test system. Most of the un-
successful tasks were due to the absence of the RelCOvAiIr channel model. For
example, it was not possible to integrate the RelCOvAiIr channel model into the
test system, to carry out calibration testing for the test system or the channel
model according to the 3GPP’s standard; or to compare results with other sys-
tems. Although these tasks could not be completed, the thesis can be considered
successful overall. Based on this work, it will be easy to continue validating the
test system. When the RelCOvAIr channel model is ready, it will be easy to con-
tinue integration testing according to the 3GPP’s standard because the test sys-
tem and its hardware are already connected and tested.

This thesis offered very specific learning opportunities for creating OTA test sys-
tems, including connecting the hardware used in measurements; programming
test software; creating the channel model; and creating the test that verifies that
the test system works as desired. Also, | learned a great deal about OTA-testing
and RF in general. | believe that the knowledge obtained during this thesis will be

useful in the future. This thesis also showed me good and bad aspects of working
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in a larger project that involves multiple companies worldwide, especially how a
delay in the tasks affects all participants of the project group and slows down the
whole project.
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