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Sammanfattning

Sverige har kommit 1angt i sitt arbete med att né det nationella bredbandsmaélet for 2025,
som ocksa ligger i linje med det som EU antagit. Men tillgang till snabbt bredband skiljer sig
mellan stad och land. Aktorer inom bredbandssektorn har under 2019, pa olika sitt, aviserat
att det i stor utstrackning ar hushéll och foretag som inte dr majliga att nd pa kommersiell
vag som aterstar att ansluta. Denna bild starks av att investeringarna i utbyggnaden av det
fasta bredbandsnitet minskade under 2018 jamfort med aret innan.

Roster har istillet lyft mgjligheten att ansluta kvarvarande hushall med sa kallade fast tradlos
access, (fixed wireless access, FWA). FWA kan vara en kostnadseffektiv metod for att ansluta
manga anviandare spridda 6ver stora geografiska omrade, och moderna radiolosningar kan
leverera hoga nedladdningshastigheter, i narheten av Sveriges bredbandsmal. Dessa tva
malsattningar gar dock inte att uppné samtidigt da billigt och bra i detta fall &r motstridiga
faktorer. Denna rapport presenterar en teknoekonomisk analys som kvantifierar just detta
och tydliggor skillnaderna mellan olika tradlosa scenarier jamfort med fortsatt
fiberutbyggnad.

Analysen raknar pa skillnaderna i ned- och uppkopplingshastighet samt kostnad for
utbyggnad mellan olika scenarier. Resultatet visar att de FWA-l6sningar som kan erbjuda
hastigheter i linje med bredbandsmaélen 6verstiger kostnaderna for fiberutbyggnad. Ett
sadant scenario innebar ocksa 6kad energiatgang samt risker for minskad valfrihet mellan
olika tjansteleverantorer for konsumenten.

Det FWA-alternativ som erbjuder en mer kostnadseffektiv utbyggnad innebar istéllet att
hushéllen och foretagen ges tillgang till anslutningshastigheter 1angt under bredbandsmalen.
Storst skillnad mellan infrastrukturslagen syns pa uppladdningshastigheterna, vilket gor att
hushall och foretag med FWA-losningar riskerar att inte kunna nyttja framtida digitala
tjanster (fran smarta industri- och jordbrukssystem for naringslivet till valfardstjanster for
medborgare) i samma utstrackning som 6vriga samhallet.

En fortsatt fiberutbyggnad blir den sikraste och kostnadseffektivaste 16sning for att ansluta
98 procent av befolkningen med 1 Gbit/s, som dven ger battre forutsattningar att ansluta de
resterande 2 procenten med en kombination av fiber och tradlos teknik. Fortsatt
fiberutbyggnad bedoms aven mgjliggora uppgradering av befintliga och framtida radionat,
vilket kan tidigareldgga mgjligheten att erbjuda hushall och foretag pa landsbygden tillgédng
till hoga kapaciteter via mobilniten, exempelvis via 5G.
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1 Bakgrund

Sveriges nationella bredbandsstrategi, antagen 2016, slar fast att 98 procent av landets
befolkning ska ha tillgang till bredbandsuppkoppling om minst 1 Gbit/s (gigabit per sekund)
senast 2025. Aven EU-kommissionen har antagit mal kopplade till omridet dér ett av dem &r
att alla hushall i medlemslanderna ska ha tillgéng till ultrasnabbt bredband som kan
uppgraderas till 1 Gbit/s senast 2025. I slutet av 2018 var, enligt statistik fran Post- och
telestyrelse (PTS), ungefar 89 procent av Sveriges hushéll (90,6 procent) och arbetsplatser
(84,3 procent) tillgang till en sddan anslutning eller i sin absoluta narhet*. Siffran ar ldagre for
glesbygden, ungefar 50 procent2.

I mitten av 2010-talet fortskred arbetet med att bygga ut fast bredbandsinfrastruktur i snabb
takt. Flera telekomaktorer aviserade att de avsag att investera stora belopp i utbyggnaden.
Sedan dess har flera av dessa dragit tillbaka sina utbyggnadsplaner och hosten 2019 bestar
marknaden vid sidan av de kommunala stadsniten och lokala byalag av ett fatal privata
aktorer.

PTS, som har regeringens ansvar att f6lja upp den nationella bredbansstrategin,

bedomer att det beh6vs ytterligare investeringar, utéver forviantade kommersiella
investeringar, pd minst 22 miljarder kronor for att na regeringens bredbandsmal for 20253.
Siffrans storlek blaste nytt liv i diskussionen huruvida resterande hushall, foretradesvis pa
landsbygden, har behov av fiberbredband eller om dessa istillet bor erbjudas andra
alternativ. Exakt vad dessa alternativa losningar innebar ar inte klarlagt. Vissa roster lyfter
fram radiolosningar (fixed wireless access, FWA) som alternativ till fiberbredband. FWA
presenteras ibland som béde billigare och lika effektiv som fiber och i vissa ldgen anviands
ocksa begreppet 5G-ready kopplat till FWA, utan att vidare specificera vad som menas med
detta.

Det ar korrekt att radiolosningar kan vara en kostnadseffektiv metod for att ansluta ménga
anvandare spridda 6ver stora geografiska omraden. Det ar ocksa korrekt att moderna
radiolosningar, sarskilt den kommande 5G-tekniken, kan leverera hoga
nedladdningshastigheter i narheten av savil Sveriges och EU:s bredbandsmal (1 Gbit/s). Det
som dock ar tveksamt dr mojligheten att nd bada dessa mélsattningar samtidigt da billigt och
bra i detta fall 4r motstridiga faktorer. Kvantitativa studier om vad som ar tekniskt och
ekonomiskt mojligt har tidigare saknats.

Syftet med denna studie ar att dtgarda just detta, genom en teknoekonomisk analys som
kvantifierar kostnader och prestanda for olika infrastruktursval for att na Sveriges
bredbandsmal.

1 Enligt PTS definition, dvs "andel med tillgéng till fast bredband via fiber, eller i absolut nérhet till
fiberansluten byggnad (finns pd samma gata och gatunumret faller inom samma tiotal)”.

2 Observera att siffran ovan anger tillgang till” vilket innebar att hushéllen och foretagen befinner sig i
nirheten av en anslutning. Andelen anslutna hushall var vid samma mattillfille 78 procent sett Gver
hela landet och pé landsbygden var motsvarande siffra 41 procent.

3 PTS nyhet 22 miljarder kravs for att nd bredbandsmal till 20257,
https://www.pts.se/sv/nyheter/internet/2019/22-miljarder-kravs-for-att-na-bredbandsmal-till-
2025/ (publicerat 2019-10-02). Se avsnitt 2.2 i den hir rapporten om vad den siffran egentligen syftar
till.
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2 Teknoekonomisk analys

Som det gar att lasa i appendix, har det inom ramen for arbetet med denna rapport utforts en
analys av kostnad, energiforbrukning och prestanda (i form av nedladdningshastighet) for
optisk fiber jamfort med olika FWA-baserade 16sningar for att uppna Sveriges och EU:s
2025-mal.

Av Sveriges hushall och arbetsplatser, som i dag enligt PTS definition4 och statistiks inte har
tillgang till 1 Gbit/s, behover ytterligare 427 304° hushéll och arbetsplatser anslutas for att 98
procent av landets befolkning ska anses ha tillgang till en snabb anslutning i enlighet med
malet. Av dessa har rapporten valt att studera kostnad och prestanda for att koppla alla

259 866 hushall och arbetsplatser i tatbebyggda omraden som i dag inte har tillgang till

1 Gbit/s, samt 167 438 hushall och arbetsplatser i glesbyggda omraden, enligt lagt-hdngande-
fruktprincipen. Notera att dven byar och smé orter ingar i definitionen for tatbebyggd, i
enighet med PTS definition?, vilket innebar att omraden som av ménga upplevs tillhora
“landsbygden” i vissa fall kan klassas som tatort i statistiken.

Detta innebar att alla hushéll och arbetsplatser som forvintas vara utan tillgang till 1 Gbit/s
(2 procent av totalen i Sverige) forvantas finnas i glesbyggda omraden, det vill sdga omraden
som ar mest utmanande att na. Dessa hushall och arbetsplatser (”de sista 2 procenten”) ska
enligt Sveriges nationella bredbandsstrategi kopplas upp med 100 Mbit/s (1,9 procent) och
30 Mbit/s (0,1 procent). FWA-l6sningar forviantas under normala forhallande kunna leverera
dessa nedladdningshastigheter, i kombination med fiber.

Studien har utvarderat fyra olika losningar (se figur 1): tre FWA-baserade scenarier som
anvander (1) befintliga kommersiell infrastruktur ("FWA med makroceller”), (2) fortatad
infrastruktur med nyinstallerade antennsajter och millimetervag (mmWave) radioband
(’FWA med mikroceller”) och (3) en hybrid med existerande infrastruktur och nyinstallerade
mikroceller ("FWA hybrid”), samt ett scenario med endast fiber, fullfiber scenario (4). Alla
fyra scenarier bygger pa att FWA ska anviandas for ”de sista 2 procenten

4 Rapport: PTS mobiltdcknings- och bredbandskartlaggning 2018, PTS-ER-2019:5, Post- och
telestyrelsen

5 PTS mobiltacknings- och bredbandskartlaggning 2018 - PTS-ER-2019:5 som publicerades i mars
2019, och som ger bild for oktober 2018

6 Detaljerna pa hur vi har kommit fram till denna siffra finns i appendix

7 Enligt PTS definition i Rapport: PTS mobiltdcknings- och bredbandskartlaggning 2018, PTS-ER-
2019:5, Post- och telestyrelsen
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Figur 1 —Fyra scenarier for att ansluta upp till 98 procent. De gréna stréckorna visar fiberkablar som behéver
installeras; de stora antennsymbolerna visar var antennsajterna finns i dag, medan de sma antennsymbolerna
visar antennsajter som behovs byggas. Hussymbolerna visar byar och mindre samhdallen, samt isolerade

hushall.

2.1 Uppskattad kostnad for att ansluta upp till 98 procent

Studiens berdkningar presenteras i detalj i appendix. Tabellen nedan och figurerna pa sida 7
presenterar, for varje scenario, total kostnad under 10 &r, inklusive investeringskostnad
(capital expenditure, CAPEX) och driftkostnader (operational expenditure, OPEX);
energiforbrukning; samt prestanda i form av nedladdningshastighet.

Scenario 1, FWA med
befintlig infrastruktur
(makroceller)
Scenario 2, FWA med
fortatad infrastruktur
(5G med mikroceller)
Scenario 3, FWA
hybrid (5G med mikro
och makroceller)

Scenario 4, fullfiber

Kostnad under 10 ar,
Miljarder kronor

total

143

35.1

40.1

27.5

CAPEX | OPEX
10.8 3.5
18.2 16.9
20.5 19.6
26.9 0.6

Energi- Genomsnittlig
forbruk nedladdningshastighet?,
under 10 ar, Mbit/s
Miljon kWh tatbebyggd glesbygd
1702 19 76
2893 554 1280
4397 573 1356
350 symmetrisk upp till 10 Gbit/s i dag

8 Studien dr baserat pa en forenklad modell dar storlek av makro och mikroceller inte optimeras till
befolkningstéthet, vilket forklarar att glesbygden far hogre nedladdningshastigheter an tatbebyggd. En
kommersiell utbyggnad skulle sékert gora en sddan optimering, vilket skulle leda till en justering av
vardena i tabellen med ett nagot ldgre hastighet i glesbygd och hogre hastighet i tatbebyggd.
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Notera att eftersom spektrum dr en begransad resurs byggs FWA-nit ofta pa ett sddant satt
som ger mer utrymme till nedladdning an uppladdning. Dessutom ar effekten i antennerna
hos slutanviandare lagre dn hos radiobasstationen, bade av hilso- och tekniska skal.
Konsekvensen ar att uppladdningshastighet med FWA normalt satt blir vasentligt lagre an
uppladdningshastigheten. Detta kan vara godtagbart for underhéllstjanster som TV och
videostreaming, men vintas skapa problem for tjanster som kraver datauppladdning fran
slutanvandare’.

Foljande kan lasas i resultaten:

+ FWA som anviander den befintliga kommersiella infrastrukturen (scenario 1,
makroceller), berdknas ha den ldgsta totala kostnaden under en tio-arsperiod. Daremot
blir den genomsnittliga nedladdningshastigheten som varje hushéll/arbetsplats kan
forvanta sig langt under de hastigheter som kan uppnaés vid fasta bredbandsanslutningar,
exempelvis fiber- och kabel-tv-nit, vilket innebar att det inte heller bidrar i arbetet med
att n bredbandsmalen om 1 Gbit/s.

+ FWA-l6sningar som anvinder mmWave och mikroceller (scenarier 2 och 3) bedéms
kunna leverera hastigheter i glesbebyggda omraden runt 1 Gbit/s i
nedladdningshastighet om man tillater en fordubbling av mmWave-spektrumet (som
dock innebar okade kostnader och mer energiforbrukning utéver det som framkommer i
rapportens berakningar). Till f6ljd av hoga driftskostnader forvantas detta scenario
innebara den hogsta totala kostnaden under tio ar, sarskilt {or FWA-hybridslosning med
anvandning av befintliga makroceller fortatade med nyinstallerade mikroceller
(scenario 3).

« FWA-losningar har betydligt hogre energiférbrukning an ett fiberbaserat nit. Dessutom
betyder den genomsnittliga slutanviandarhastigheten inte nodvandigtvis att det blir den
garanterade atkomsthastigheten for alla hushéll och arbetsplatser eftersom
natverksprestanda varierar med avstidndet fran antennen, sarskilt for makroceller dar
avstanden kan vara stora. Till detta bor tillaggas att uppladdningshastigheten vanligtvis
ar betydligt ldgre 4n nedladdningshastigheten och att hastigheten kan degraderas av
daliga vaderforhallanden (exempelvis tung dimma och regn), eller av foremal mellan
hushaéll/arbetsplats och antenn (exempelvis skog och servicebyggnader). Det finns ocksa
risk att enskilda hushall hamnar i sa kallad radioskugga da det kan finnas faktorer som
helt stianger ute radiosignaler (exempelvis berg).

9 Framtidens 6kade behov av snabba upp- och nedladdningshastigheter lyfts ocksa i
bredbandsstrategin, dar man skriver att “"Krav pd symmetri, dvs. samma hastighet 1 upp- och
nedldnk, kommer exempeluvis att bli extra viktigt for tjdnster som krdver mojlighet till interaktion,
som digitala trygghetslarm, videokommunikation inom sjukvdrden eller deltagande i
distansutbildningar i realtid med ett storre inslag av interaktivitet.”,
https://www.regeringen.se/4booe7/contentassets/a1a50c6a306544e28ebaf4fq4aa29ay4e/sverige-helt-
uppkopplat-2025-slutlig.pdf

10 Se till exempel: CC Chen, "Attenuation of electromagnetic radiation by haze, fog, clouds, and rain",
United States Air Force project Rand report, 1975,
https://www.rand.org/content/dam/rand/pubs/reports/2006/R1694.pdf

October 2019 6



Rl
SE

Research Institutes
of Sweden

Total kostnad under 10 ar, mdkr

45.0

400 | WCAPEX MOPEX
35.0
30.0
25.0
20.0
15.0
10.0
5.0
0.0

Scenario 1, FWA Scenario 2, FWA Scenario 3, FWA Scenario 4, fiber
macro cell small cell hybrid

Figur 2 — Total kostnad for att koppla upp for att ansluta upp till 98 procent i olika scenarier
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Figur 3 — Total energiforbrukning for att ansluta upp till 98 procent i olika scenarier
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Figur 4 — Genomsnittlig nedladdningshastighet® for att ansluta upp till 98 procent i olika scenarier.
Fiberscenario ger symmetrisk upp och nedladdningshastigheter, och har i stort obegrdnsad kapacitet.
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2.2 De resterande tva procenten

Enligt Sveriges nationella bredbandsstrategi ska, utéver de 98 procent som ges tillgéng till
hastigheter om 1 gigabit per sekund, resterande 1,9 procent ha tillgang till 100 Mbit/s, och
0,1 procent till 30 Mbit/s. PTS bedomer att det behovs ytterligare investeringar, utover
forvantade kommersiella investeringar, pa minst 22 miljarder kronor for att ansluta 99,9
procent (98+1,9) med fiber 2025". Vad det skulle kosta att uppna malet med hjilp av andra
tekniker, exempelvis tradlosa alternativ, ar mycket osdkert, men det bedoms vara allméant
accepterat i telekombranschen att radiobaserade 16sningar bor utnyttjas vid sidan om fiber
for att na ut till de sista tva procenten. Studiens berdkningar ger en positiv indikation att en
FWA-16sning som ateranvinder existerande radioinfrastruktur har potential att na dessa
delmal.

Vad kostnaden och prestanda blir for dessa hushall, som ofta befinner sig i mer extrem
glesbygd, har inte analyserats inom ramen for arbetet med denna rapport. Det valet man gor
for att na upp till 98 procent av befolkning kommer dock dven att ha en inverkan pa de sista 2
procenten. Detta pa grund av att ndrmaste fiberanslutningspunkt kommer att befinna sig
olika langt bort fran de antennsajterna, som behovs uppgraderas, beroende pa vilket av de
fyra scenarierna som realiseras. Exakt hur mycket beror fran fall till fall, men i snitt kan vi
forvanta oss att (se aven Figur 5):

e Under scenario 1 kommer narmaste fiberanslutningspunkt att vara den narmaste
makro-antennsajten; och den kommer med stor sannolikhet att agas av en
mobiloperator.

DE RESTERANDE 2 PROCENTEN: SCENARIO 1 DE RESTERANDE 2 PROCENTEN: SCENARIO 2
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Figur 5 — Att ansluta de resterade 2 procenten, baserat pa olika scenarier for ovriga befolkningen:
illustration av hur mycket fiber behovs installeras for att koppla en antennsajt.

1 PTS rapport "Uppf6ljning av regeringens bredbandsstrategi 2019”, PTS-ER-2019:11.
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e Under scenarierna 2 och 3 kommer narmaste fiberanslutningspunkt att vara i
nirheten av det narmaste hushallet bland "de 98 procenten”; och den kommer med
stor sannolikhet att 4gas av en mobiloperator.

e Under scenario 4 kommer niarmaste fiberanslutningspunkt att vara i narheten av
narmaste hushall bland ”de 98 procenten”; och den kommer med viss sannolikhet att
dgas av en operatorneutral fibernatiagare.

Avstandet fran narmaste fiberanslutningspunkt viantas paverka framtida
uppgraderingskostnad, medan dgarbilden forviantas paverka konkurrenssituationen pa
marknaden.

I dag finns det ett fatal kommersiella fibernitdgare som valt att inte sjdlva erbjuda
slutkundstjanster utan istéllet erbjuda en operatorsneutral plattform dar kunden kan vilja
mellan en flora av tjanster och leverantorer. Av tradition har d&ven de kommunigda
stadsnéten, som stétt for cirka halften av fiberutbyggnaden, valt att erbjuda en sddan
operatorsneutral plattform. En operatorneutral fiberniatagare bedoms ha hogre incitament
att hyra ut fiber da denne inte erbjuder egna tjanster utan har tjinsteleverantérer som
kunder; medan mobiloperatorer dger fiber i forsta hand for att silja egna tjanster och kan
darfor antas ha lagre incitament att hyra ut fiber till potentiella konkurrenter.

2.3 Sammanfattning av den teknoekonomiska analysen
Baserat pa ovanstdende resultat bedoms att:

1. Den fullfiberbaserade l6sningen, alltsd scenario 4, bor vara det framsta valet om
Sverige vill uppna regeringens bredbandsmal, att 98 procent av landets hushall och
arbetsplatser ska ha tillgang till 1 Gbit/s ar 2025.

2. Aven om FWA, som anvinder mmWave och mikroceller, alltsi scenario 2, ir potentiellt
kapabel att uppna malet om 1 Gbit/s till 98 procent, kommer det ocksa innebéra hog
kostnad och energiforbrukning. Dessutom blir det svért att garantera kontinuerlig
tjanstekvalité till alla hushall och arbetsplatser.

3. En FWA-I6sning som i princip bara anvander befintlig mobilinfrastruktur, alltsa
scenario 1, kommer att kosta betydligt mindre 4n andra losningar. Prestandan
forvantas dock vara synnerligen samre dn vad bredbandsmalet anger. Den uppskattade
energiforbrukning ar ocksa betydligt hogre dn den fullfiberbaserade 16sningen.

4. Den fullfiberbaserade 16sningen ger utover hoga symmetriska hastigheter till anslutna
hushall och foretag dven battre forutsattningar for att na de resterande 2 procenten
med en kostnadseffektiv FWA-baserad losning.
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3 Samhallsekonomiska beaktanden

Bortom de teknoekonomiska siffrorna, forvintas de olika scenarierna ocksa ha effekter pa
telekommarknaden, 6vriga naringslivet och inte minst det svenska samhallet. Nedan lyfts ett
antal aspekter.

3.1 Oppenhet och konkurrens.

Ett Oppet nit ar en infrastruktur som ar tillganglig for marknadens alla aktorer pa likvardiga
villkor. I det 6ppna nitet konkurrerar tjansteleverantorerna med tjansteinnehall. Natdgaren
tillhandahaller svartfiber och/eller kommunikations-/transmissionstjanster exempelvis till
tjinsteleverantorer. Oppna niit 4r i dag standard p& den svenska bredbandsmarknaden.

Det ar teoretiskt mgjligt att applicera konceptet oberoende av vilken teknisk 16sning som
anvands. Dock finns det mekanismer som minskar sannolikheten for att en viss
anslutningsform bedrivs i 6ppen form. Nar det giller nittillgdng pa passiv niva, alltsa
uthyrning av fysisk uppkoppling till en specifik slutanviandare, ar detta bara majligt nar en
dedikerat fysisk uppkoppling finns (exempelvis en fiber- eller kopparkabel). I fallet med
FWA-I6sningar baseras dessa pa en fysisk uppkoppling (luften) delad mellan flera
slutanvandare. Nar det giller néttillgang pa aktiv niv4, alltsa bitstream-uppkoppling till
slutanvandare, finns det i dag standardiserade tekniska losningar och viletablerade
affairsmodeller for koppar- och fibernat medan samma koncept inte utvecklats for
anslutningar i trddlos kommunikation. Detta innebar att det finns en risk att en 6ppen
modell inte utvecklas till standard i FWA-naten, vilket innebar att hushall och foretag som
ansluts till dessa nit inte ges samma valfrihet och priskonkurrens som fiberanslutningar
mojliggor.

3.2 Hojd for framtida behov

Att samhaéllet kommer att 6ka sin efterfragan pa hogre hastigheter har tidigare under
bredbandshistorien ifragasatts. Dock har historien istéillet visat att det finns en risk med
kostsamma investeringar i tekniker med kapacitetsbegriansningar da samhallets behov av
kapacitet snarare visat sig 6ka i snabbare takt dn forutspatt. ADSL-satsningen pa 9o-talet
omgardades av liknande bedomningar. Statistik fran PTS visar ocksé att det redan i dag finns
en forflyttning fran abonnemang frén lagre till hogre hastighet: ar 2015 var mindre an halften
av abonnemangen pa 100 Mbit/s eller hogre, och i dag ar tre fjardedelar det. I dag ar antalet
abonnemang pa 1 Gbit/s 123 000, en 6kning med 28 procent jamfort med dret innan.
Abonnemang pa 10 Gbit/s finns tillgangliga pa fibernit, och trots att vildigt fa sddana kops i
dag ar det med viss sannolikhet en fraga om tid innan dven dessa blir vanliga.

Fiberutbyggnadens hoga kostnader ar i stor utstrackning kopplade till anlaggningsarbetet av
den fysiska infrastrukturen, exempelvis gravkostnader. En fiberkabel har i det narmaste
obegransade kapacitetsmojligheter:2. Detta innebar att samma infrastruktur med enkla
medel kan uppgraderas i takt med att samhallets behov av kapacitet forandras.

12 Frekvensbandet ar 4 till 5 storleksordningar — dvs 10 000 till 100 000 génger — bredare dn
radiovagor.
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Radiobaserade l6sningar saknar samma mojlighet och vintas krava kostsamma
uppgraderingar, uppskattningsvis var tionde ar.

3.3 Mobila tjanster och 5G-majligheter

Tradlos kommunikation mdjliggor mobilitet. Detta har Sveriges befolkning under de senaste
decennierna lart sig att uppskatta, forst med mobiltelefoner under 9o-talet, och mer nyligen
med smartphones och mobilt internet. Det radiospektrum som nyttjas for att mojliggora den
trddlosa kommunikationen ar dock en begransad resurs. Anvands radiospektrum for att
leverera uppkoppling till ett hushall gar samma del av spektrumet inte att nyttja for att
koppla upp andra mobila enheter i dess narhet. Det finns darfor en fordel med att avlasta det
radiospektrumet som finns tillgdngligt for trddlos kommunikation och istillet nyttja fast
bredbandsinfrastruktur (fiberbredband) for att pa sa sitt sakerstilla tillgdngen till spektrum
for de tjanster som ar av rorlig karaktar.

For att leverera 5G-prestanda kravs att mobilcellerna blir mindre och mindre, medan den
totala kapacitet som varje antenn maéste ta hand om behover 6ka. Detta vintas innebira ett
okat behov av fiberinfrastruktur (se vidare i appendix). Ett scenario dar fiberinfrastruktur
anvands for att na det svenska 2025-maélet bedoms darfor vara en viktig forutsattning for
utveckling av riktiga 5G-nat dven pa landsbygden, vilket ar viktigt for bland annat det grona
naringslivet.

3.4 loT och smarta samhallen

Internet of Things, IoT, och smarta samhaillen vintas fordandra bostader och arbetsplatser,
inte minst inom de grona niringarna, med uppkopplade maskiner och sensornétverk?s. Vissa
tjanster vantas kréava stora kapacitetsbehov medan andra klarar sig med lagre hastigheter
men kanske istillet har krav pa hog tillganglighet och/eller 1dg fordrojning. Vissa
applikationer vantas koppla upp stora anliggningar, andra sma mobila foremal eller
distribuerade sensorer. Via ett fibernit ges tillgang till den obegrinsade kapacitet och nist
intill obefintliga fordrojning som ett IoT och 5G-nit vantas behova for att kunna garantera de
maéngfacetterade krav som framtidens digitala tjanster vantas stilla.

3.5 Samhallstjanster och bredare samhallsekonomiska nyttor

Fler studier4 har visat att en fiberbaserad bredbandsinfrastruktur vintas leda till positiva
samhallsekonomiska effekter, exempelvis i form av 6kad sysselsittning, minskad utflytt fran
glesbygdsomraden och minskat resande. Studier har dven konstaterat att bredbandsbaserade
digitala samhallstjanster leder till 6kad livskvalité och minskade utférarkostnader?s.

Flera av ovanstidende exempel bedoms ocksd kunna genomf6ras med anslutningar av lagre
kvalitet, men antalet och vikten av de som behover symmetriska uppkopplingar med hoga
upp- och nedladdningshastigheter (exempelvis inom hilsa och omsorg eller skola) kommer

13 FOr en Gversyn, se till exempel Macklean, LRF, Insikter #9, Internet of Things,
https://www.macklean.se/Insikter/insikter-9/

14 Se till exempel: http://bredbandsnyttan.se

15 Se till exempel: https://www.pts.se/sv/nyheter/internet/2019/digitaliseringssnurran-visar-
potentialen-med-digitalisering-av-kommunal-verksamhet/
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bara att vixa. Samtidigt kommer en nastan obegransad kapacitet och hog
uppladdningshastighet (symmetriska uppkopplingar) att fraimja utvecklande av innovativa
och "bandbreddshungriga” tjanster till bredare utstrackning dn i omraden med sdmre
forutsattningar, med andra ord, mer foretagande och battre ekonomisk tillvaxt.

En konsekvens av att dessa hushéll riskerar att inte kunna ta del av framtida, mer
kapacitetskravande, tjanster blir att mojligheten att ta del av det digitala samhallets utbud
inte blir jamlik. Det faktum att cirka nio av tio svenska hushall och foretag redan i dag har
tillgang till en fiberuppkoppling utan sddan kapacitetsbegransning vantas oka risken for att
utvecklingen av de digitala tjinster som erbjuds pa den svenska marknaden anpassas till den
breda majoriteten med tillgéng till hogre hastigheter. Utifran ett samhallsperspektiv innebar
ett sdidant scenario ocksé att offentliga instanser riskerar att behova erbjuda parallella,
mindre kapacitetskrivande, tjanster for hushall med lagre tillgang till kapacitet.
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4 Slutsatser

Studien har genomfort en teknoekonomisk analys som kvantifierar kostnader och prestanda
for olika infrastruktursval for att na Sveriges bredbandsmal, samt utvarderat bredare
konsekvenser pa bredbandsmarknad och samhillsekonomisk utveckling. Foljande slutsatser
kan dras:

Mindre kostsamma tradlosa 16sningar erbjuder garanterade hastigheter som ar
betydligt ldgre dn bredbandsmalen for 2025, vilket kan komma att paverka
mojligheten att exempelvis nyttja digitala valfardstjanster eller anvanda avancerade
applikationer inom ramen for sin foretagsverksamhet.

Scenarier dir landsbygden istillet for fiber erbjuds 5G-hastigheter via tradlosa nat
riskerar att resultera i en betydligt kostsammare utbyggnad jamfort med PTS
estimerade kostnad for fortsatt fiberutbyggnad.

Trots att inga specifika mél har definierats, lyfter regeringens strategi framtidens
okade behov av snabba upp- och nedladdningshastigheter, alltsd symmetriska
uppkopplingar, som en viktig fraga for vissa smarta tjinster inom naringslivet och
valfarden. Fiberkommunikation ar byggt for att leverera symmetriska uppkopplingar,
men inte tradlosa 16sningar.

En fortsatt fiberutbyggnad aven mojliggor uppgradering av befintliga och framtida
radionét vilket kan tidigareldgga mojligheten att erbjuda hushéll och féretag pa
landsbygden tillgang till hoga kapaciteter via mobilnéten, till exempel med 5G.

Utbyggnad av enbart radiobaserade nit riskerar att hAmma tjanstekonkurrensen i
naten forutsatt att dessa nit inte utvecklar en standard for s kallade 6ppna nat.
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Appendix: Technoeconomic analysis

A.1 Introduction

This study performs an analysis on the cost, energy consumption and performance (in the
term of download speed) of optical fiber versus 5G fixed wireless access (FWA) based
solutions in order to achieve one of the government’s 2025 broadband goals that 98% of
Swedish households and workplaces should have at least 1 Gbit/s broadband access.
Alongside with the pure fiber-based solution, 3 FWA-based scenarios using existing
commercial macro cells, newly installed mmWave small cells, and hybrid macro and small
cells, are evaluated, as outlined in Table 1.

Table 1 Technical scenarios

Scenario 1 FWA using existing commercial macro cell sites
Scenario 2 FWA using newly installed mmWav small cells
. Hybrid FWA using existing macro cell sites densified with
Scenario 3
new small cells
Scenario 4 Pure fiber-based solution

A.2 Methodology

A.2.1 Relevant concepts

Access. This study follows PTS’s understanding® of the “access” to 1 Gbit/s, i.e., ifa
household or workplace is “passed” by fiber, or is within FWA coverage, it is regarded as
having an “access” to fiber or FWA broadband. Accordingly, in this work we just consider the
deployment and operational cost of fiber or FWA networks, and any cost associated with the
end user, e.g. the cost of installing a fiber drop to a house, or the cost of installing a FWA
antenna on the roof of a house, and other equipment and associated cost (e.g. energy
consumption, equipment renewal etc.) on the end user side, are not included.

“Tatbebyggd” vs. “Glesbygd”. In PTS broadband penetration statistics, apart from the
total statistics, the corresponding statistics in urban (tdatbebyggd) and rural (glesbygd) areas
are also available. Still, it should be noted here that in PTS statistics, urban (tdtbebyggd) area
includes both “tdtort” and “smdort”*8 19, and rural (glesbygd) area refers to those outside

16 Rapport: PTS mobiltacknings- och bredbandskartlaggning 2018, PTS-ER-2019:5, Post- och
telestyrelsen

17 https://www.scb.se/hitta-statistik/statistik-efter-amne/miljo/markanvandning/tatorter/

18 https://www.scb.se/hitta-statistik/statistik-efter-amne/miljo/markanvandning/smaorter-arealer-
befolkning/

19 Rapport: PTS mobiltacknings- och bredbandskartlaggning 2018, PTS-ER-2019:5, Post- och
telestyrelsen
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“tatort” and “smdort” areas. Accordingly, this study follows PTS’s definitions in the
differentiation of urban (tdtbebyggd) and rural (glesbygd) areas.

A.2.2 Estimation of targeted homes and workplaces

Accordingly to PTS’s latest broadband availability statistics2°, we use the parameter "Tillgang
till fast bredband om minst 1 Gbit/s, eller fiber i absoluta ndrheten” to benchmark the latest
status of the government’s goal of 1 Gbit/s broadband access. Based on this information,
Table 2 showd the calculated total number of households and workplaces that are yet to be
passed by fiber or covered by 5G FWA to reach the 98% @ 1 Gpbs goal. The calculations are
carried out following the following procedures:

1. Total number of households and workplaces are extracted from Kommun- och
landstingsdatabasen, Kolada;

2. Total number of households and workplaces that don’t have 1 Gbit/s broadband
access or have not been passed by fiber are then calculated;

3. Assuming that the least-cost principle applies in order to reach the 98% @ 1 Gbit/s
goal, the households and workplaces that are located in the most remote part in rural
areas will thus be those that are not targeted. This also implies that all the unpassed
homes and workplaces in urban areas are to be targeted to reach the goal;

4. Another modification is that, according to Kolada, there are 1298116 workplaces in
Sweden, of which 880444 have no employees. These no-employee workplaces are
most likely registered by home-run companies that use their homes as the actual
workplaces. In order to count this overlapping effect, we assume that 80% of those
workplaces with no employees are actually home-based, hence there is no need for
double-connection or double-coverage to these workplaces. Based on this
assumption, a shrinking factor of 0.46 ((1298116-880444*0.8)/1298116) is used to
estimate the “real” number of workplaces that are to be passed by fiber or covered by
FWA solutions.

Table 3 shows the targeted households/workplaces relative to the total number of households
& workplaces in urban and rural areas, respectively. More specifically, in rural and urban
areas, 48.6% respective 5.7% of houses and workplaces don’t have 1 Gbit/s broadband access
or have not been passed by fiber in PTS’s latest statistics. Furthermore, by taking away those
households and workplaces in the most remote rural areas corresponding to 2% of the total
in Sweden, a net 31.7% of households and workplaces are to be covered by FWA or passed by
fiber in rural areas.

The total number of targeted households and workplaces shown in Table 2 are calculated in
order to address the following two aspects in this study:

1. to estimate the total area that are to be covered by FWA, or the total road length (and
hence the total length of new fiber that needs to be installed), both in urban and rural
areas, as described in the section below;

20 https://www.pts.se/sv/dokument/rapporter/internet/2019/pts-mobiltacknings--och-
bredbandskartlaggning-2018/
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2. to compare the average cost and performance per targeted household/workplace
between the studied scenarios as listed in Table 1.

Table 2 Targeted homes and workplaces

Total Tatbebyggd Glesbygd
Total households unpassed 2018 439 339 225111 214 228
Total workplace unpassed 2018 203 298 75985 127 313
Total households unpassed 2018 346 191 225111 121 080
targeted
Total workplace unpassed 2018 177 336 75985 101 351
targeted
Total “real” workplace unpassed 81113 34 755 46 358
2018 targeted
Total to cover to reach 98% 427 304 259 866 167 438
coverage by fiber (2% uncovered
only rural)

Table 3 Targeted households/workplaces relative to the total number of households &
workplaces in urban and rural areas, respectively

net 2% untargeted total
Tatbebyggt 5.7%
Glesbygd 31.7% 16.9% 48.6%

A.2.3 Estimated area and road length for targeted end users

In order to cost the studied technical scenarios, two key parameters are needed: the total area
that needs to be covered by FWA for the targeted end users, and the total length of local roads
that connect these end users. These two parameters determine the total number of FWA
cells, and the total length of newly installed fibers.

In order to estimate the total area that the targeted end users utilize, we use statistics from
SCB of the total developed area in Sweden, both in urban and rural areas.

According to SCB2!, only 3% of Sweden’s total area are developed area for households and
industrial & public service activities. Furthermore, urban areas (including both tdtort and
smdort in this study) occupy 1.8% of the total area in Sweden, of which 63% are developed
area>? 23, Based on these statistics, we can obtain the total developed area in Sweden both for
urban and rural areas, as shown in Table 4.

21 https://www.scb.se/hitta-statistik/statistik-efter-
amne/miljo/markanvandning/markanvandningen-i-sverige/pong/statistiknyhet/markanvandningen-
i-sverige2/

22 https://www.scb.se/hitta-statistik/statistik-efter-amne/miljo/markanvandning/tatorter/

23 https://www.scb.se/hitta-statistik/statistik-efter-amne/miljo/markanvandning/smaorter-arealer-
befolkning/
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Table 4 Total developed area in Sweden

Area (km~2)

Total 11822
Tatbebyggt 4665
Glesbygd 7157

In order to estimate the total area that the targeted end users utilize, we use published
studies24 on the population distribution modelling which states that:

e urban land area (A) increases proportionally to population size (P) raised to a power
(n)—ie.AcP™n

while n is usually at ~ 2. Accordingly, in this study, we estimated the targeted areas in urban
and rural areas with the following treatment:

e for urban areas, the power of n was set at 2;

e for rural areas, since we just consider those already developed areas (occupying just
1.5% of total area in Sweden), we assume that the power distribution still holds, but
to a relatively higher degree, and is set at 2.5.

Table 5 shows the estimated total area to cover both for urban and rural areas, using the
corresponding statistics in Table 3 and Table 4, respectively. Note here that in the
estimation, the targeted end users are considered as those that are located in the most
remote part of the urban and rural areas, i.e., all the households/workplaces that have

1 Gbit/s broadband access or have been passed by fiber are those that are located in the
center part of the urban areas, or at the least remote places in rural areas.

Table 5 Total targeted area

Targeted area (km~2) note
Titbebyggt 519 4665%(1-(1-5.7%)"2)
Glesbygd 3144 7157*((1-(1-48.6%)"2.5)-(1-(1-16.9%)"2.5))

According to SCB25 there are over 550000 km roads in Sweden, of which:

De enskilda vdagarna dr langst med totalt ca 433 000 km. Majoriteten av de enskilda
vdgarna dar skogsbilvdgar som anvdnds for att avverka skog, men ocksa vdagar inom

24 Urban Studies, Vol. 44, No. 10, 1889—1904, September 2007, "Urban Land Area and Population
Growth: A New Scaling Relationship for Metropolitan Expansion"
25

http://www.statistikdatabasen.scb.se/pxweb/sv/ssd/START__ MI___MIo803__MIo803E/VaglangdK
ategori/
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samfilligheter dr vanligt forekommande. De statliga vdgarna dr ca 105 000 km och
de kommunala vdgarna dr klart minst sett till lingden med totalt ca 41 800 km.

In order to estimate the total road length that actually connects to a targeted end user, i.e., a
permanent households or a workplace, it’s more appropriate and feasible to use the reference
numbers from Trafikverket?®, which states that:

Det svenska viignditet bestdr av:

e 98500 km statliga vigar
e 42 300 km kommunala vigar
e 74 000 km enskilda vigar med statsbidrag

Based on the statistics from Trafikverket, we estimated the total local road length according
to the following:

e kommunala vdgar are considered as the local roads connecting households and
workplaces in tdtbyggt areas;

e enskilda vdgar med statsbidrag are considered mainly connecting a permanent
household or a workplace in glesbyggt areas®’. Even so, a part of them still could
belong to (the most remote part of) tatbyggt area, or could be roads for e.g. a
fritidshus. Hence, in this study, we assume that 5% of enskilda vigar med
statsbidrag belong to tdtbyggt area, and 5% more are those for reaching fritidshus
etc. that are not targeted for 1 Gbit/s broadband access.

Base on these considerations, Table 6 outlined the total local road length in tdtbyggt and
glesbyggt areas, respectively.

Table 6 Total local road length connecting permanent households/workplaces in Sweden

Total road length (km) note
Tatbebyggt 46000 42300+74000*5%
Glesbygd 66600 74000-74000*5%-74000*5%

In order to estimate the total road length for the targeted end users, we assume the same
principle for the road length distribution with population as for the area, i.e., for urban and
rural areas, road length increases proportionally to population size (P) raised to a power of n
at 2 and 2.5, for urban and rural areas, respectively. Based on these assumptions, Table 7
shows the corresponding estimated total targeted local road length. Again to note here is that
in the estimation, the targeted end users are considered as those that are located in the most
remote part of the urban and rural areas.

26 https://www.trafikverket.se/resa-och-trafik /vag/Sveriges-vagnat/
27 https://www.trafikverket.se/tjanster/ansok-om/ansok-om-bidrag/ansok-om-bidrag-for-enskild-
vagar/Vagkategori-A-F/
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Table 7 Total targeted local road length

Targeted road length (km) note
Tatbebyggt 5122 46000*(1-(1-5.7%)"2)
Glesbygd 29254 666000*((1-(1-48.6%)"2.5)-(1-(1-16.9%)"2.5))

A.2.4 Estimated existing macro cells to be utilized

In order to evaluate the FWA solution using existing macro cells, the key parameter is the
number of existing marco cells that are to be utilized. In doing this, we estimate that for a
typical operator in Sweden, the existing commercial macro cells amounts to 8000 according
to Analysys Mason 28. Furthermore, of these 8000 macro cells, ~ 6000 belong to the urban
area, while the rest are located in rural areas29, as shown in Table 8.

In order to estimate the total number of existing maro cells that are located in areas occupied
by the targeted households and workplaces, we adopted the following approach:

e in urban areas, we assume each macro cell cover the same amount of end users, i.e.,
the number of macro cells scales proportionally to the number of households and
workplaces;

e inrural areas, we assume that each macro cell covers the same amount of area, in
considering that the coverage of existing mobile networks is prioritized than the
performance in rural areas.

Based on these assumptions, we can calculate the total number of existing commercial macro
cells that can be used for our targeted end users, as shown in Table 9.

Table 8 Total number of existing commercial macro cells

Number of exiting commercial macro cells

Total 8000
Tatbebyggt 6000
Glesbygd 2000

Table 9 Total number of existing commercial macro cells to be utilized

Number of cells note
Tatbebyggt 344 6000*5.7%
Glesbygd 878 2000*(3144/7157)

28 Analysys Mason: Critical communications for public protection and disaster relief, 28.2.2018
29 Reference data source: SSNF’s macro cell database
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A.2.5 Cost modelling

The cost modelling of the studied technical scenarios consists of two parts, i.e., the radio
access network (RAN), and fiber deployment.

In this study, cost elements for 5G FWA RAN are based on two case studies in Britain and
the Netherlandsse 31. Table 10 and Table 11 outlines the corresponding cost items for the
macro cell 5G multicarrier upgrade, and 5G small cells, respectively. Worth note here is that
the spectrum costs are not included as the spectrum considered at midband and mmWave
band (see section A.2.6) is yet to be allocated and auctioned.

Table 10 Cost elements of macro cell 5G upgrade

CAPEX (€) CAPEX annual OPEX annual OPEX annual
change (€) change
5G multicarrier BS 46200 -3% 4400 -5%
Additional carrier 16950 -3% 2000
on current BS
Civil works 20300 3%
Site rental 5650 3%
core upgrade 10% of RAN and
backhaul
upgrade cost
Table 11 Cost elements of 5G small cell
CAPEX (€) CAPEX annual OPEX annual OPEX annual
change (€) change
Small cell 2800 -3% 400 -3%
equipment
Small cell civil 15000 -3% 2000
works
Small cell site 5650
rental, urban
Small cell site 2825
rental, rural
core upgrade 10% of RAN and
backhaul

upgrade cost

Table 11 lists the basic cost elements in deploying fiber active optical networks (AON), based
on the model developed by RISE in the ESA project OCEAN32.

30 Telecommunications Policy 42 (2018) 636—652, "The cost, coverage and rollout implications of 5G
infrastructure in Britain"

3t Telematics and Informatics 37 (2019) 50—69, "Assessing the capacity, coverage and cost of 5G
infrastructure strategies: Analysis of the Netherlands"

32 https://artes.esa.int/projects/ocean
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Table 12 Cost elements of fiber deployment

Cost item CAPEX (€) Annual change
Cost per M1 of planning cost 0.25
Cost per M1 for right of passage and other
authorizations 0.30
Cost per M1 of digging works 30.00 3%
% of increase in construction cost due to re-paving 100%
Cost per M1 of installation works (blowing cable,
splicing, measurements) 7.00
Cost per M1 for material for passive infrastructure 10.00
Cost per M1 for surveying and public cadastre
registration 1.00
Cost of acquisition or setting up the spaces for
network's nodes 10,000
Cost of network active equipment on the node, AON 20,000

A.2.6 FWA capacity and power consumption

In this study, in order to obtain an indicative performance estimation for technical scenarios
involving FWA, a hypothetical spectrum portfolio is envisioned, as shown in Table 13,
following the case study in Ericsson’s FWA handbookss. In Table 13, the expected spectral
efficiency, both for a sing beam using SU-MIMO and for the sector total using MU-MIMO,
are also listed, based on Ericsson’s latest field trial results34 and 3GPP’s self evaluation
studyss.

Based on the spectrum portfolio and the corresponding expected spectral efficiency, we may
calculate both single beam and sector downlink capacities in the term of the total throughput,
as shown in Table 14. Note here that the singe beam throughput determines the maximum
end user download speed when the beam capacity is consumed by one end user. On the other
hand, the total sector throughput determines the average download speed for all the end
users covered by the sector. Note also here is that for macro cells, we just consider carriers at
midband and below. For carriers above midband, only small cells are considered, in
considering that, on the one hand, in rural areas where the macro cell inter-site-distance
(ISD) is large, mmWave signals can not reach all the end users with good signal-to-
noise/interference-ratio (SNIR). On the other hand, in urban areas the physical

33 Fixed Wireless Access handbook, Ericsson 2019

34 GS Sickand: "Fixed Wireless Access - Path to Economical Rural Broadband", Ericsson, July 2019
35 3GPP: “Study on self evaluation towards IMT-2020 submission”, 3GPP TR 37.910 V16.0.0 (2019-
06)
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environmental conditions e.g. a building block also limit the reach of mmWave signals
despite the relative short macro cell ISD.

In regarding the power consumption, Table 15 listed power parameter values used in this
study. For small cells, the parameter value is based on published pre-study on the energy
efficiency of 5G small cell networkss¢. Based on the same principle that the use of MIMO
doubles the power consumption, for macro cells we assume that the total power of a 5G
macro cell double that of a 4G LTE cells”

Table 13 FWA spectrum portfolio and expected spectral efficiency

Carrier band Total Single beam Sector spectral

Bandwidth Spectral efficiency MU-

(MHz) efficiency, bps/Hz MIMO, bps/Hz
LTE band 1 (Below 3 GHz) 20 5 40
LTE band 2 (Below 3 GHz) 20 5 40
Midband (e.g. 3.5 GHz) 50 5 40
Midband (e.g. 3.8 GHz) 50 5 40
mmWave band (e.g. 26 GHz) 200 4 30
mmWave band (e.g. 28 GHz) 200 4 30

Table 14 Macro and small cell sector downlink capacities

Carrier bands Single beam DL throughput | Sector DL throughput
(4:1 DL/UL), Gbit/s (4:1 DL/UL), Gbit/s
Macro cell | midband and below 0.6 4.8
Small cell mmWave 1.28 9.6

Table 15 Macro and small cell power

Macro cell Small cell
Unit power, watt 15000 1600

A.3 Evaluation implementation

In this study, the cost, energy consumption and performance evaluation are carried out for
urban (tatbebyggt) and rural (glesbygd) areas separately, in regarding the differentiations of
geographical and demographical features between them.

36 X. Ge etc., “Energy Efficiency Challenges of 5G Small Cell Networks”, IEEE Communications
Magazine (Volume: 55, Issue: 5, May 2017)
37 https://artes.esa.int/projects/ocean
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A.3.1 Pure fiber-based solution

For technical scenario 4, i.e., the pure fiber-based solution, the following treatments are
taken in implementing the evaluation:

e For urban areas, the installed fiber length is increased by 30% as compared to the
total estimated road length in Table 7, by assuming that fiber needs to be installed on
both sides of the street roads corresponding to 30% of the total targeted road length
in (the last part of) urban areas, in accordance with PTS’s definition of “home
passed”ss;

e For rural areas, on the other hand, the increase of the installed fiber length is
considered at a significantly lower level at 10%, i.e., fiber just needs to be installed on
one side of the road for most of the households or workplaces in rural areas;

e Inurban areas, 70% of digging is assumed to take place on paved surfaces (i.e.,
requiring re-paving of the street/road after digging), while in rural areas, just 30% of
digging is assumed needing re-paving.

A.3.2 FWA solution using macro cells

For the three FWA based solutions, in considering the goal to provide the targeted end users
with Gbit/s speed, traffic back hauling using optical fiber for all the base stations was
envisioned.

Apart from the total number of macro cell sites, as shown in Table 9, the other important
parameter is the inter-site-distance (ISD), which is estimated according to Table 16. The
attentive reader may notice here that for urban areas (tdtbebyggt), we differentiate ISD
between tdtort and smdort. For tdtort, the ISD is estimated by the total area divided by the
total number of cell sites (by assuming a 5:1 total site ratio between tdrort and smdaort since
the toral area of tdtort is 5 times more than smdort). For smdaort, on the other hand, they are
usually located outside major cities, and covered by macro cells less densely in a similar way
as in rural areas. Accordingly, we set the ISD for smdort and rural (glesbygd) areas at

8.0 and 10.0 km, respectively, using the corresponding typical indicative values in Sweden39.
Note here that in Table 16 the average number of households/workplaces covered by each cell
is also listed. This parameter is used in the evaluation of the average download speed that the
FWA network can provide to the covered end users.

Table 16 Macro cell parameters

Inter site distance (ISD), Number of sites Average number of end
km users per cell
Tatort 1.3 287 756
Smaort 8.0 57 756
Glesbygd 10.0 878 191

38 Rapport: PTS mobiltdcknings- och bredbandskartlaggning 2018, PTS-ER-2019:5, Post- och
telestyrelsen
39 Reference data source: SSNF’s macro cell database
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Once the macro cell ISD is determined, the corresponding fiber back haul cost can be
calculated (according to the fiber deployment model shown in Table 12). In costing the total
fiber backhaul cost, the installed total fiber length was assumed to be increased by 50% for
tatort, 20% for smaort, and no increase for rural areas of the total macro cell ISD,
respectively. Furthermore, all the digging for building the fiber backhaul network was
assumed requiring re-paving in urban areas, and 70% of that requiring re-paving in rural
areas, respectively.

A.3.3 FWA solution using small cells

For the cost and performance evaluation of FWA involving small cells, the key parameter is
the maximum coverage of a small cell, which is set at 0.20 km4°. This results in an ISD of
0.34 km. The total number of small cells required is the ratio of the total targeted area (as
shown in Table 5) divided by the coverage area of each small cell, as shown in Table 17.

Based on the ISD and the total number of small cells, the total length of fiber required for the
data traffic back hauling can be obtained. Note here that in contrast to the macro cell
scenario, no extra increase of fiber length is envisioned due to the short ISD. Furthermore, all
the digging for building the fiber backhaul network was assumed requiring re-paving in
urban areas, and 70% of that requiring re-paving in rural areas, respectively. In addition, in
costing the small cell FWA, the site rental cost is assumed to be 50% lower in rural areas than
in urban areas.

Note here that in Table 17 the average number of households/workplaces covered by each cell
is also listed. This parameter is used in the evaluation of the average download speed that
each end can obtain. One can see that for this scenario, while in urban areas each small cell
can cover an average of 55 households/workplaces, in rural areas each small cell just covers 6
households/workplaces.

Table 17 Small cell parameters

Inter site distance (ISD), Number of sites Average number of end
km users per cell
Tatbyggt 0.34 4998 52
Glesbyggt 0.34 30254 6

A.3.4 FWA solution using hybrid scenario

In costing the hybrid scenario, the combined total cost of FWA using both macro cells and
small cells is evaluated according to the following:

40 Telematics and Informatics 37 (2019) 50—69, "Assessing the capacity, coverage and cost of 5G
infrastructure strategies: Analysis of the Netherlands"
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e The total site rental cost for small cells is deducted by the total number of macro cell
sites, as those small cells targeting end users close to the macro cell site are
envisioned to share the same site with the existing macro cells;

e The total fiber backhaul network cost is determined by the small cell network, as more
fiber is needed to connect all the small cells.

A.3.5 OPEX and total cost

In this study, apart from the total one-time investment, CAPEX, we also evaluate the
envisioned operational cost OPEX for the studied 4 technical scenarios regarding the
following 3 aspects:

1. Energy consumption
2. Equipment and network node maintenance cost
3. FWA macro/small cell site rental cost

In order to obtain a full picture of the total cost, we also evaluate the envisioned total cost of
CAPEX and OPEX over a 10-year period of time. Note here is that in the calculation of total
OPEX, the cost items are adjusted according to their annual change rates as shown in Table
10 and Table 11. In addition, the deployment of the studied networks is assumed to be carried
out over 5 years. Accordingly the cost items (equipment and civil work) are also adjusted over
5 years using the corresponding annual cost change rates as shown in Table 10 and Table 11.

A.4 Results and discussions

The evaluation on the 4 studied technical scenarios are carried out on the following 3 aspects:

1. CAPEX and OPEX;
2. Total energy consumption;
3. FWA indicative downlink speed.

Table 18-Table 29 summarize the evaluation results, which are also illustrated by Figure 1-
Figure 12.

A.4.1 CAPEX and OPEX

As shown by Table 18-Table 25 and illustrated by Figure 1-Figure 8, for the expected cost, we
can see that:

¢ Inregarding the one-time investment CAPEX, the pure fiber-based approach is at the
highest level, while FWA using existing macro cell sites is at the lowest level, followed
by FWA using small cells. The hybrid scenario using both macro and small cells is the
most expensive among the FWA based approaches;

e Inregarding the OPEX, not surprisingly, the pure fiber-based approach has
significantly lower OPEX than the other FWA based scenarios. Moreover, the two
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FWA solutions using small cells have dramatically increased operational cost, which
is mainly attributed to the maintenance cost of the large number of small cells
required;

e Inregarding the total cost over a 10-year period of time, we can see that on the one
hand, FWA solutions using small cells will incur the highest total cost. On the other
hand, FWA using macro cells will incur the lowest total cost, at levels around 50% of
the total cost of the pure fiber-based approach.

A.4.2 Total energy consumption

As shown by Table 26-Table 27 and illustrated by Figure 9-Figure 10, we see that for the total
energy consumption (in term of the total consumed electricity) over 10 years, FWA solutions
especially the 2 scenarios using macro cells have significantly higher levels of energy
consumption than the pure fiber-based approach. In particular, for the FWA hybrid solution,
the total power consumption is expected to be nearly 5 times and over 3 times higher than
the pure-fiber based approach in urban and rural areas, respectively, which is attributed to
the FWA macro cell high power RAN equipment.

A.4.3 FWA indicative average end-user speed

Table 28-Table 29 and Figure 11-Figure 12 show the estimated average downlink speed each
targeted household/workplace can expect for the 3 FWA based solutions, using the
envisioned hypothetical spectrum portfolio and the corresponding expected downlink cell
capacities shown in Table 13 and Table 14, respectively. Note here that, rather than mobile
broadband applications where an operator usually assumes a temporal average factor, or the
so-called overbooking factor of e.g. 504! in the evaluation of the average end-user
performance, it’s apparently more appropriate to use the real average speed each end user
can get at the same time to evaluate the FWA performance. This is because that for fixed
broadband access the end-user behavior is expected to follow a similar pattern, i.e., for
workplaces, the peak traffic hours are obviously during the daily working time, while at
homes people are expected to consume most of the traffic during the early night hours after
people have gone home, again, at the same time.

From Table 28-Table 29 and Figure 11-Figure 12, we can see clearly that:

1. compared to the “default” (symmetric) Gbit/s level end-user speed for the pure fiber-
based approach, the expected average download speed for FWA based solutions is
very much limited, particularly for the FWA scenario using only macro cells in urban
areas when the total number of household/workplace covered by one cell becomes
relatively large (see Table 16). More specifically, the average end-user download speed
using only existing macro cell sits can be expected to reach only 19 Mbps and 76 Mbps
in urban and rural areas, respectively. These expected download speeds are far away
from the 1 Gbit/s goal, even if the operator can double or acquire even more midband

41 Telematics and Informatics 37 (2019) 50—69, "Assessing the capacity, coverage and cost of 5G
infrastructure strategies: Analysis of the Netherlands"
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spectrum than the hypothetical spectrum portfolio in Table 13. Furthermore, one may
argue that mmWave band can also be used in the macro cell solution particularly in
tatort areas where the ISD is at 1.3 km (see Table 16). Even so, from Table 14 one can
see that this will increase the capacity by 200% that will enhance the average end-user
speed from 19 Mbps to 57 Mbps in these (tdtort) areas, still far away from the 1 Gbit/s
goal;

2. For FWA solutions using small cells, due to the short coverage range (200 m assumed
in this study), and hence significantly reduced number of end users covered by each
cell (see Table 17), the expected average end-user download speed can reach the level
slightly above 500 Mbps in urban areas, and beyond 1 Gbit/s in rural areas (in fact
just 2 end users are covered by a small cell sector, hence each end user can get the full
capacity of a small cell beam, as shown in Table 14). Apparently, by doubling the
mmWave spectrum in Table 13, even in urban areas FWA using small cells has the
potential to provide the targeted households/workplaces with 1 Gbit/s broadband
access.

Nevertheless, it should be noted that for FWA solutions:

1. The upload speed is usually significantly lower than the download speed, e.g., even if
the DL/UL spectral occupation is 5:1, the upload speed is expected to be significantly
lower than 1/5 of the down speed, due to the lower transmitting power on the user
side;

2. FWA speed can vary with physical environmental conditions e.g. forest and building
blocks, and the performance can even be affected by whether conditions;

3. FWA end-user speed varies also with the distance to the FWA cell antenna,
particularly for macro cells in smdort and rural areas where the ISD is large (as
shown in Table 16);

4. No temporal average/ overbooking factor is taken into account for FWA (rather than
mobile broadband)

A.5 Summary and conclusions

This work performs a study on the cost, energy consumption and performance of optical fiber
versus FWA-based solutions in order to achieve one of the government’s 2025 broadband
goals that 98% of Swedish households and workplaces should have at least 1 Gbit/s
broadband access. More specifically, alongside with the pure fiber-based solution, 3 FWA
technical scenarios using existing commercial macro cell sites, newly installed mmWave
small cells, and hybrid macro and small cells, are evaluated.

From this study, firstly, we find that, in regarding the one-time investment requirement, the
pure fiber-based solution is at the highest level, while FWA using existing macro cell sites is
at the lowest level, followed by FWA using small cells and the hybrid scenario using both
macro and small cells. In regarding the operational cost, the pure fiber-based solution has
significantly lower OPEX than other FWA-based solutions, especially compared with the two
FWA solutions using small cells that feature dramatically increased operational cost.
Moreover, in regarding the total cost over a 10-year period of time, we find that on the one
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hand, FWA solutions using small cells are expected to incur the highest total cost. On the
other hand, FWA using macro cells is expected to incur total cost at levels over 40% and 50%
of the total cost of the pure fiber-based solution in urban and rural areas, respectively.

Secondly, in regarding the energy consumption we find that FWA solutions using macro cells
have significantly higher levels of energy consumption (in term of the total consumed
electricity over 10 years) than the pure fiber-based solution. In particular, for the FWA hybrid
solution, the total energy consumption is expected to be nearly 5 times and over 3 times
higher than the pure-fiber based solution in urban and rural areas, respectively.

Thirdly, in regarding the average speed each targeted household/workplace can expect for
the 3 FWA-based solutions using the envisioned spectrum portfolio and the corresponding
expected spectral efficiency, we find that, compared to the “default” (symmetric) Gbit/s end-
user speed for the pure fiber-based solution, on the one hand, the expected average download
speed for the FWA scenario using only macro cells is very much limited. More specifically,
the average end-user download speed can be expected to reach 19 Mbps and 76 Mbps in
urban and rural areas, respectively. These expected download speeds are far away from the 1
Gbit/s goal, and the gap between them is not expected to be able to bridged even if the
operator can double or acquire even more midband spectrum, or even add mmWave band to
the existing macro cells in urban areas. On the other hand, For FWA solutions using small
cells, due to the significantly reduced number of end users covered by each cell, the expected
average end-user download speed can reach the level slightly above 500 Mbps in urban areas,
and beyond 1 Gbit/s in rural areas. Apparently, by doubling the mmWave spectrum FWA
using small cells has the potential to support the targeted households/workplaces with

1 Gbit/s broadband access even in urban areas. Nevertheless, it should be noted that for FWA
solutions, unlike the “default” symmetric traffic pattern supported by the pure fiber-based
solution, the upload speed is usually significantly lower than the download speed. In
addition, FWA speed can vary with physical environmental conditions e.g. forest and
building blocks, and the performance can even be affected by whether conditions. Moreover,
FWA end-user speed varies also with the distance to the FWA cell antenna, particularly for
macro cells in smaort and rural areas where the ISD is large.

Based on the findings in this study, we can summarize that:

e Even though the total cost of FWA using existing commercial macro cell sites is
estimated to have the lowest level of total cost over 10 years, the average download
speed each targeted households/workplace can expect is far below the 1 Gbit/s goal,
and the gap between them is not expected to be able to bridged even if the operator
acquires more midband spectrum, or even add mmWave band to the existing macro
cells;

e FWA solutions using mmWave small cells can provide the targeted
households/workplaces in rural areas with over 1 Gbit/s download speed, and
potentially can support the targeted households/workplaces even in urban areas with
1 Gbit/s broadband access by doubling the mmWave spectrum. However, due to high
operational cost, FWA solutions using small cells are expected to incur the highest
total cost over 10 years, particularly for the FWA hybrid scenario using existing macro
cells densified with newly installed mmWave small cells;
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e FWA solutions using macro cells have significantly higher levels of energy
consumption than the pure fiber-based solution. In addition, the upload speed is
usually significantly lower than the download speed, and can vary with whether and
physical environmental conditions e.g. heavy fog, rain, forest and building blocks etc..
Moreover,end-user speed varies also with the distance to the FWA cell antenna,
particularly for macro cells in smdort and rural areas where the ISD is large.

Based on these summaries, we conclude that:

1. The pure fiber-based solution should be the “default” choice in order to achieve the
government’s 2025 broadband goal to reach 98% of Swedish households and
workplaces with at least 1 Gbit/s broadband access;

2. FWA using mmWave small cells is capable of achieving the 1 Gbit/s @ 98% goal as
well, but at a higher total cost with more energy consumption. In addition, the end
user speed varies with the whether and environmental conditions, as well as the
distance to the network antenna, which affect the end user experience negatively;

3. FWA using existing commercial macro cell sites alone is not expected to have the
capacity to reach the 1 Gbit/s @ 98% goal, despite the estimated relatively low cost.
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Table 18 Average CAPEX, tdtbebyggt

FWA macro cell FWA small cell FWA hybrid Fiber
Total, kkr 6.16 10.26 12.78 20.72
FWA RAN, kkr 2.42 4.46 6.98
Fiber backhaul, kkr 3.74 5.80 5.80 20.72
CAPEX, genomsnitt, titbyggt, kkr
? 7| mfiberbackhaul WFWARAN |
20
15
10
5 l I
0
FWA macro cell FWA small cell FWA hybrid Fiber
Figure1 Average CAPEX per household/workplace, urban area
Table 19 Average CAPEX, glesbygd
FWA macro cell FWA small cell FWA hybrid Fiber
Total, kkr 54.69 93.05 102.92 128.43
FWA RAN, kkr 12.27 42.44 52.31
Fiber backhaul, kkr 42.42 50.61 50.61 128.43

CAPEX, genomsnitt, glesbyggt, kkx
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FWA macro cell FWA small cell FWA hybrid Fiber

Figure 2 Average CAPEX per household/workplace, rural area
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Table 20 Total CAPEX, tdtbebyggt

FWA macro cell FWA small cell FWA hybrid Fiber
Total, mnkr 1601 2665 3319 5384
FWA RAN, mnkr 629 1159 1813
Fiber backhaul, mnkr 972 1506 1506 5384
CAPEX, totalt, tatbyggt, mnkr
#% T mfiber backhaul WFWARAN |
5000
4000
3000
2000
1000 .
0
FWA macrocell FWA small cell FWA hybrid
Figure 3 Total CAPEX, urban area
Table 21 Total CAPEX, glesbygd
FWA macro cell FWA small cell FWA hybrid Fiber
Total, mnkr 9158 15580 17233 21504
FWA RAN, mnkr 2055 7106 8759
Fiber backhaul, mnkr 7103 8474 8474 21504
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Figure 4 Total CAPEX, rural area
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Table 22 Average OPEX per month, tdtbebyggt

FWA macro cell

FWA small cell

FWA hybrid

Fiber

Total, kr

30.9

129.3

150.8

3.5
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OPEX, genomsnitt per manad, titbyggt, kr

FWA macro cell FWA small cell FWA hybrid
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Figure 5 Average OPEX per household/workplace per month, urban area

Table 23 Average OPEX per month, glesbygd

FWA macro cell

FWA small cell

FWA hybrid

Fiber

Total, kr

127.4

637.7

739.7

26.2
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OPEX, genomsnitt per manad, glesbyggt, kr

FWA macro cell FWA small cell FWA hybrid
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Figure 6 Average OPEX per household/workplace per month, rural area
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Table 24 Total CAPEX and OPEX over 10 years, tdatbebyggt

FWA macro cell FWA small cell FWA hybrid Fiber
Total, mnkr 2566 6697 8023 5493
CAPEX, mnkr 1602 2665 3319 5384
OPEX, mnkr 964 4032 4704 109
Total kostnad under 10 ar, tatbyggt, mnkr
%000~ mrTotal CAPEX mTotal OPEX |
8000
7000
6000
5000
4000
3000
2000
1000
0
FWA macro cell FWA small cell FWA hybrid Fiber
Figure 7 Total CAPEX and OPEX over 10 years, urban area
Table 25 Total CAPEX and OPEX over 10 years, glesbygd
FWA macro cell FWA small cell FWA hybrid Fiber
Total, mnkr 11718 28394 32096 22030
CAPEX, mnkr 9158 15580 17233 21504
OPEX, mnkr 2560 12814 14863 526
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Total kostnad under 10 ar, glesbyggt, mnkr

35000 BTotal CAPEX M Total OPEX |
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Figure 8 Total CAPEX and OPEX over 10 years, rural area
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Table 26 Total energy consumption over 10 years, tdtbebyggt

FWA macro cell FWA small cell FWA hybrid Fiber
Total, mn-kWh 464 707 1113 60
Total energiférbrukning under 10 ar, tatbyggt,
mn-kWh
1,200
1,000
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200
0 [
FWAmacrocell FWAsmallcell  FWAhybrid Fiber
Figure 9 Total energy consumption over 10 years, urban area
Table 27 Total energy consumption over 10 years, glesbygd
FWA macro cell FWA small cell FWA hybrid Fiber
Total, mn-kWh 1238 2186 3284 290
Total energiférbrukning under 10 ar, glesbyggt,
mn-kWh
3500
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0 ||
FWAmacrocell FWAsmallcell  FWA hybrid Fiber

Figure 10 Total energy consumption over 10 years, rural area
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Table 28 FWA average downlink speed, tdtbebyggt

FWA macro cell FWA small cell FWA hybrid
Mbps 19 554 573
Genomsnittlig nedladdningshastighet, tatbyggt
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Figure 11 FWA average downlink speed, urban area

Table 29 FWA average downlink speed, glesbygd

FWA macro cell FWA small cell

FWA hybrid

Mbps 76 1280

1356

Genomsnittlig nedladdningshastighet, glesbyggt
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FWA macro cell FWA small cell FWA hybrid

Figure 12 FWA average downlink speed, rural area
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