To Space and Back:

Integratlng Next-Generation

Terrestrial and Satellite
Communlcatlon Networks

~ K tarina Stefanovié

| Wireless Access Network Optimization
En g r, Telekom Serbia and
RIPE Atlas- Ambassador -~

, | b e W N
Member . N

"‘“ \
X - - "W
LR
2 k. :
, 3 e b\ L
> R oA '
- \
by d £
Wy




Motiv‘atio'n .
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N So how do we actually manage to brldge | . ;
this coverage g,ap" » |

~ Measuring End-to-End Paths with RIPE Atlas

L

‘ Measuremnt Case Scenarlos Europa AS|a and Japan EUropa

e NTN TN Interoperablllty Practlcal Nece33|ty or Future V|S|on’?
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"The Earth is a veryx,. mall
stage |n a vast cosmig
arena..."” - Carl Sagi..a.;,\;a.j..
Pale Blue Dot: A on
of the Human Futu

in Space (1994)

Yet through
humanity has

woven ItS

MOTIVATION

If we are just a tiny dot in the
universe — how do we manage (o
connect an entlre planet’? '
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Global connectivity is notalobald

v Internet connectlwty depends on routlng deC|S|ons not only on physmal distance
v’ Large parts of the world still lack reliable terrestrial mfrastructure |
v End-to-end latency is often driven by routing policies, not geography

- $: Evenin 2026, global connect|V|ty is st|II shaped by where infrastructure exists — and
where 1 doesn't '
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The connectivity gap is not a satellite problem

Accordlng to the GSMA (Global System for Mobile Communications Association) 2024
report, m: \ | . 1 still remain unconnected to modern
|nternet services. |

Not only lack of satellites, but limitations of terrestrlal networks due to

1. geography (hlghly fragmented Asia-Pacific reg|on IndoneS|a alone has

islands, mountains, oceans...):
2. economic |nfea3|b|I|ty of fiber deployment
3. limited peering and backbone access
4. political and regulatory constraints

I This number ddes not mean we Iack satellites — |t NEERER G CIE] mfrastructure
alone is not enough

https://WWW._qsma.com/r/wp—content/uploads/2024/lO/Th e-State-of-Mobile-Internet-Connectivity-Report-2024.pdf



https://www.gsma.com/r/wp-content/uploads/2024/10/The-State-of-Mobile-Internet-Connectivity-Report-2024.pdf

Blank spots - roughly 80% of Earth’s surface lacks reliable terrestrial coverage
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Terrestrlal vs LEO satellite networks — an end-to-
end latency perspectlve

v LEO satellites introduce a new global routing layer
v Not a replacement, but an integrated network component
v Requires measurement-based evaluation, not assumptions

®. The key question is not whether satellltes are fast — but how they behave as
part of the global Internet. |






Archrtecture of LEO Sa‘relllte Systems e
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https://www.netify.ai/resources/telco/starlink
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Inter-satgllite laser links allow packets to stay in-orbit, enabling non-
geographlc routing paths

LEO § arllnk 1S not a rad+a,lrf1[,< — |t rs an Internet AS




T 'Why RIPE Atlas?
A Global End- to- _
End Vlew L




Concept of RIPE Atlds platform and probes .
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How to start measurements on the RIPE Atlas platform? .~ "

e

& RIPE Atlas [

Create Measurement o : Sas ping NTP
Meas traceroute SSL/TLS
easurements i

d Customaers

DNS HTTP




Measurementresults - =

RESULTS

DOWNLOAD RESULTS
Country

ASN All v Time (UTC) Min RTT Packet Loss

Where probe When probe RTT in Percent of
IS located did it milliseconds packets lost

2024-05-28
09:42:13 13.309 ms

2024-05-28
09:42:13




-From Routlng :

Theory to b

Measured } e _ Architecture defines
) ibl ths.

Rea"ty R i II:\)/IoeSaSs:ureell%aentss reveal

Measurlng End-j*-~ Hdel actual paths.

to-End Paths =
wlth RIPE Atlas :




‘nnpacfo-n latency -
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' Satelllte Communlcatton Q

N

. Mobile Communication g

: Archrtecture -UT > Satelllte -> ISL -> Ground Statlon >
' ]nternet Extra hops (space segment + ‘PoPs) add Iatency. |
Latency depends not only on satellite altitude, but. =
| on:gateway selectioh, Point-of- Presence (PoP) Iocatlon
: |nter domaln rout|ng deC|S|ons :

| -Archltecture UE = eNodeB/gNodeB > Backhaul —) Core ‘

Internet Multlple layers (RAN +. Core) |ntroduce R

'*‘ processmg and tunneI|ng delays

. Internet egress pomt and routlng path |‘.. -

' Handover between beams sp|kes (50—100 ms) when UT
| changes satelllte beam at Jow elevation. Network itself is" .
“mobile (moving satellites). Frequent changes of: satelllte |

. beam, gateway. Gatéway ‘switch-over can change

. . o P =
. . ~ - . . - -

“Cell handover sp|kes dur|ng RSRP/RSRQ tr|ggered HO .' .
“butin: FWA very rare. Useris mostly statlc > network *
~ .path is mostly stable A R e W

—

Propagatlon effects weather (raln cIouds fog, vapor)
g soIar/magnetlc radlatlon affect S|gnal - - ~

Radio |nterface fadlng, mterference decodlng error’s
MIMO/beamformmg quctuatlons mcréase Iatency

£

Congestlon per beamlgateway or ISL more UTs on one

satelllte beam —> queulng delay, throughput drops

| congestlon per ceII/RAN/core/backhauI— more UEs per o [
_. .cell > schedullng, bufferlng, queulng deIay SRR L

5 Extra hops (ISL / ground PoPs)
: routlng add RTT ;

.~¢.,

|nter-sa~te_I_I|te links 'and--

Core network & routlng EPC/5GC + peerlng/geographyi sl s
L .-add processmg and path delay . NN

Retransmlsslons (TCP/UDP) due to jltter o] packet Ioss
in Iong satelllte path - : _

.

v

,‘Protocols (TCP QUIC HTTPS)—retransmlssmns

encryptlon overhead sesslon setup delays




Setup: Fair Comparison Between FWA-and LEO

v Goal: End-to-end comparison of terrestrial mobile and LEO satellite networks

4 Perspectlve End-host Internet performance (network-layer V|ew mdependent of
application protocols)

v Measurement platform: RIPE Atlas Platform

v' Comparable probe setup: RIPE Atlas probes connected via dlfferent access networks

v Probes were chosen from overlapping countries, ensuring identical geographic source
regions and eliminating location-dependent latency effects.

v Same measurement tasks and timing

) 2 Thegoal was hot to optimize either network, but to observe how Internet routing
behaves when only the access technology changes. Everything else is kept identical.



Access Scenarios: FWA vﬁ Starlm ,;,;y/ ~

—

'\/ Terre’strial Mobile (FWA) i v LEO Satellite (Starlink) | .
v RIPE Atlas probe > LAN - 4G/5G router - * v RIPE Atlas probe - LAN = Starlink router
v’ Stationary user (Fixed Wireless Access) v Dynamic space segment

v’ Stable radio conditions s v Alternative non-terrestrial routlng paths
v  Focus on core network & inter- domaln .

routing
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Selected Measurement Cases — O

—~

Scenario | Region : Why this case? What it reveals

Access technology as |
the dominant-variable
(Mobile FWA vs
Starlink) |

| &l _ Same source country
Clean Overlap Japan — Europe .and same destination
| e | anchor. |

| Intercontinental
- 'Long-Haul Paths Europe — Asia. routing With Tier-1
| ‘transit dqminance.'

Policy-driven detours |
and pathinflation




Europe Asia (S apore) A

- Stress Test for Global Routlng

. and Japan — Europe: The Clean
ik Overlap Case "



Europe — Asia

(Singapore)

v Oneof the longest intercontinental Internet paths -

v’ Strong dependence on Tier-1transit and routing
policies

v ldeal for exposmg path mflatlon and routlng
detours

v Same destination, same measurement tasks

®: If routing decisions matter anywhere, it's on
Europe-Asia paths. This scenario ampllfles every
architectural weakness |

(SINl) as Target

v Major Asia-Pacific Internet hub

v Dense Tier-1and CDN presence

v’ Stable, globally reachable
destination

v Minimizes target -side varlablllty

$. Ensures routing effects are

- observed on the path — not at the '

destination.



Mobile (FWA) source probes

All probes were

selected from countries
where both Starlink and

Mobile measurements
were available,
ensuring a
geographically
balanced comparison.

2
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Country
Austria

Bulgaria

France

Germany

Greece

Italy

Netherlands

Sweden

United
Kingdom

Probe ID
21782
22394
28126
16377
64493
60730
50288
17151
63046
53760
53064
50081
34009
50532
52740
1004854
55704
54804
1008005
22074
21286
50719
21204

1003519

61071
1009782
13308
32463

1002421

14934
1006693
53842

ASN
8447
25255
12716
8866
8866
15557
15557
12322
51207
51207
51207
3209
3320
3320
3320
6805
29247
29247
29247
30722
24608
1267
30722

3269

33915
33915
33915
3301

51809

56478
2856
203649

Operator

Al Telekom Austria
Hutchison Drei Austria
Mobiltel / A1 BG
Vivacom

Vivacom

SFR

SFR

Free SAS

Zayo France

Zayo France

Zayo France
Vodafone DE
Deutsche Telekom
Deutsche Telekom
Deutsche Telekom
Telefonica/ O2 DE
Cosmote

Cosmote

Cosmote

Vodafone IT
WindTre

Telecom ltalia (TIM)
Vodafone IT

Telecom Italia (T1 Sparkle)

KPN
KPN
KPN
Telia Sweden

BRSK / Vodafone 4G (Mobile)

Sky Broadband
BT
Quickline / UK ISP



Country
Starlink source probes (AS14593) s
Bulgaria
All probes were
selected from countries France
where both Starlink and
Mobile measurements
were available,
ensuring a
geographically
balanced comparison. a
Germany
&
&
@ o
94
o, © e e
e
e ® @
Greece
@ v
@ Italy
@ Netherlands
& Sweden

United Kingdom

Probe ID

619

28911

32686

1009802

1010332

51071
62843
26380
16869

53776

1000295

65155

1002750

1006857

60323

1009091

62514

60549

1006191

1004353

11585

51136

ASN

14593

14593
14593
14593
14593
14593
14593
14593
14593
14593
14593
14593
14593
14593
14593
14593
14593
14593
14593
14593

14593

14593

Operator
Starlink

Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink
Starlink

Starlink

Starlink



RTT Distribution (Europe Smga'

—

Average Rh

Y pproximately 180-400 Mobile:
transcgi’ir&:g:\(t):froutes. Wlde Spread
High jitter
Extreme outliers
(>600 ms)
% Starlink:

Lower median
RTT

Narrow
distribution
More stable




Hop Count # End-to-End Latency S

- Bulgaria: inflated
— ::Zt::il:k Outliers? hop count +

< inflated RTT
(routing outlier:
EU - US - Asia)
Sweden: high hop
‘count with high
RTT - -
Starlink: often
higher hop count,
but lower end-to-
end RTT

Average hop count by country - EU — Singapore

fud
o

=
LA

Hop count

-
o

GB GR
Country

" @ Hop count is a poor predictor of latency when routing policies dominate.
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‘Traceroute Breakdown using Khipu — Probe 1000295 DE (Starllnk -> Slngapore Llnode)

customer.frntdeul.pop.starlinkisp.net i i SYD008 oy o

pe Germany Path Filter

iy e e, Hops 1-6: Starlink CGNAT + LEO access

Complets Traceroute. segment (AS14593)

Hop 1P Addross  Hostname RTT (mo) Hops 7: Exit via Starlink European PoP

e i Hops 8-13: Interconnection with NTT (AS2914,
006401 T | Frankfurt)

e oo Hops 14-17: Akamal edge infrastructure

206.224.65.190 undefined hostname locathos YN | ((AS20490, Singapore)

— s Final hop: Linode Singapore (AS63949 —

 103.3.60.20)

L » » 7

» L » . . . . -
8®

129.250.2.217 8e-0.801.sngpsi08.sg.bb.ginntt.net 202.97/202.83/213.59 0% i ’

0 l 2
116.51.27.218  ae-l.akamai.sngpsiO8.sg.bb.ginntt.net 201.86/205.57/210.93 45225

© 0 N O OO & LN

N = O

@

a

23.56.139.29 a8e23.gwl.sinl.netarch.akamai.com 207.37/201.75/202.25

z o
16 A2, €%

=
©
ros)
-

®

103.3.60.20 resolver-3.sinl.sg.prod.linode.com 204.26/196.21/206.49



Traceroute Breakdown using Khipu - Probe 50081 DE (Mobile LTE - Singapore Linode)

pe Germany

Probe: 50081 Hops 1-5: LTE access network behind CGNAT —
Status: All traces successful EPC hOpS hldden
Complete Traceroute: Hops 6-7: Vodafone Germany core network
Hop PAdiess  Hoatname (AS3209)
1 192.168.102 : Hops 8-12: Vodafone Global IP Backbone
' ' B ' “(AS1273, EU transit)
1Hops 13-14: Linode upstream / Akamai transit
. : — (AS20490, Singapore)
92.214.120.30 ipservice-092-214-120-030.092214poo... 3209 3131/3832/3744  oeGermany HIGH Final hOp: Linode Singapore (A863949 —

145.254.2.199 3209 3375N9.77/29.67 oe Germany MEDIUM 103 . 3 . 60 . 20)

195.2.18.189 8e38-100-xcrl.dus.cw.net 1273 20.83/2958/297 s United Kingdom MEDIUM =3

195.2.2.142 ael2-xcr2 fricw.net 1273 234.83/234.86/25596 =@ EU MEDIUM

8 ©®© 0 N O 0 & 0N

195.2.8.37 aa33-xcrl hkg.cwnet 1273 20931/21.13/216.17 & EU | MEDIUM

—_—
e

19522486 ae2l-xcr2sgs.cwnet 1273 244.33/22991/21906 =@ EU MEDIUM

¥

195.2.19.246 as20940-gw-xcr2sgs.cw.net 1273 232.02/226.91/220.13 = EU MEDIUM

&

23.56.139.29 8e23 gwl.sinLnetarch.akamai.com 20940 231.77/230.84/22993 s6Singapore HIGH

N & & &

resolver-3.sinl.sg prod linode.com 63948 23759/22967/229.48




Hop

L @« 00 & WM -

BIBSIBIRIDBINNE G 8 2B |28

IF Address
192.168.100.1
10131.198.81
B1.228.75.206
81.228.91.79
G2.115.123.170
G2.115.140.218
B2.115.139.173
80.91.254.91
82.115.132.135
62.115.136.103
G62.115.140.185
G2.115.139.112
G2.115.180.214
M.Aa7r3.233
106.187.13.41
2785227125
2785 227125
27.868.32.2
M.237T74.186
23.56.142.44
23.215.54.48
23.56.139.43
23.56.139.19

103.3.60.20

Hostnamea

hy-cl-link.sa talianat
hy-pear]-link.se_telianat
sto-b2-link.ip.twealve99.nat
sto-bb2-link.ip. twelvaS9 . nat
kbn-bb6-link.i p.twealva99 not
awr-bb2-link ip.twelveQ9 nat
chi-bb2-link._ip.twealveZ9 nat
kanc-bb2-link.ip.twalvaS9 nat
den-bb2-link.ip. twelve99. nat
palo-bb2-link.ip.twalve99. nat

kddiamericainc-ic-350222 ip.twealva99-cust.nat

otaliIN30Lint-gw kddi.ne._jp

ag2 .02 tyol3icnnatarch.akamail com
aalir02 sin02 icrunatarchoakamail.com
aal. r02 sinD2ldaen.natarchLakamaicom

ag23.gpwZ2 sinl.natarch.akamailL.com

resolver-3.sinl.sg prod.linoda.com

ASN

3301
3301
1299
1299
1299
1299
1299
1299
1299
1299

1299
2516
2516
2516
2518
2518
2518

63949

RTT (ms)
0.52/057/063
23.411795M19.78
18.M8/20.66/M18.64
18.62

1827/ 2T86/21.37
20.52MN8.17M1513
26.25/25.18/24.76
102.66MN04.7 71472
167.54M164.26/164.78
182.69M184.2190.2
141.59M40.58N137.32
190.73NGA.T2/M191.33
17366 7r53M7.69
185.53M184.62/189.46
280.69/27T9. 7328119
300,76/ 294 .38/296.81
S06.06/304.69/304.7
299.73/291.05/289.95
284 64/282 1/282.64
299 43/292 56/2094.76
344 23/343.96/345.0
341.62/345.28/338.84

JI4767/341.83/3437T

I352.45/350.14/344.76

Sweden - Singapore: Tier-1Detour
Case

v Early entry into Tier-1(AS1299 /
Arelion)

v Traffic routed via North America

v’ Stable but extremely high RTT

v' Caused by BGP policy, not

geography

Contrast:
Starlink avoids detour
> ~2%x lower RTT




Hop IP Address

W o ~ DN B W M

10

12
13
14

15

Hastname

192.168.178.1

172.18.25.44
172.18.25.212
172.19.184.22

172.19.177.68
172.19.1778
195.22.192.144
93.186.133.95
93.186.133.87

23.56.13853 ae?? gw?.sinl.netarch.akamalcom 20940 27059/26788/268.07

103.3.60.20

ASN

6762
6762
6762

RTT (ms)
L18/0.96/0.97

6.24/6.32/6.36
1.46/6.95/749

8.11/8.23/8.29

1.8812.04/11.7
19.78/20.01/20.11
20.59/20.77/41.69
172.04/17.65/185.14
273.39/273.15/273.42

rasolver-3.sinl.sg prodlinodacom 63949 262.56/262.14/262.54

Italy - Singapore: When
Routing Is Reasonable

v Mobile uses
geographically sensible
route

v" No intercontinental
detours

v RTT comparable to
Starlink




Japan — Europe: The Clean Overlap Case

4 A5|an country with both Moblle and Starlmk RIPE Atlas probes
v Identical - source geography (Japan) ‘ s
v" Identical destination anchor (Amsterdam, AS3333)

v Mobile (FWA) vs LEO satellite (Starlink) |

v' Geographic bias fully eliminated

. v Major Asia-Pacific Internet hub

® Japanis the .only case where ge_ography, destination, and topology
are controlled — leaving routing behavior as the dominant variable.



Egress Point Behavior: Mcﬁblle vs

Starlink (Japan

—> Europe)
Mobile (FWA):‘ . | Starlink (LEO) -
v Observed behavior | | j Observed behavior
v Single, fixed egress point across all Multiple egress points. observed across
traceroutes . A gaceroutes
v Stable ASN sequence over time : yhamic selection between Tler 1
v" No dynamic path adaptation - - ~ providers (e.g., NTT, .Tata) e
| | - v" ASN path changes without-service
' ~disruption

~ ®. Mobile networks rely on a single fixed egress path, while Starlink dynamically
selects its egress into the global backbone — enabllng more stable long- haul
performance. |



fStructuraI Comparlson (Japan > Europe) | SR RN e =
Segment o N I\/Ioblle(FWA) '-_'Star,l‘ink (EEO) -
R R P e R D BT T (Moblle operator JP) | o

Acless / Local ~ - f | -2t 02 L |RTTvariability” <°

* |nitial Iatenoy fluctuatlons propagate end

CUNE e A o L e 6 8l 2 R e

W B Pl T e o R As2516 (KDDI Tier- 2)
" Régienal transit: . - - - & |+ Stable ASN. sequence °
TR N ".-.’topology |

TS L AS2914 (NTT, Tier-1)-

A ++ . *Fixgd.backbone entry , -

oIS P dite Congestron effects VISIble W|thout route
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Key Insights on Long-Haul Routing: Starlink vs. Terrestrial Mobile

v Hop count is hot a reliable latency indicator

v" Tier-1presence does not guarantee optimal paths

v Mobile networks suffer from: Core congestion and Pollcy -driven detours’

v Starllnk beneflts from Early backbone entry and more flexible routing

iy

v The future of transcontlnental routing hlnges on broader ISL mtegratlon and
stronger PoP presence in AS|a % g | = 2 < o




NTN-TN Interoperability: Practical
Necessity or Future Vision?



Starlink enables connectivity where terrestrial networks fail

Islands and marltlme enwronments

Remote and rural communltles Remote and rural communities

~ ——

Research, education and healthcare
access
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/ Beyond ICMP Measure end to end appllcatlon Iatency (TLS setup, fuII_','..
. session bootstrapping). i3 .

i / Global Starlink Coverage Use aII Starlrnk enabled probes for multl--- A "

| contlnent comparisons. EX

/ Mobile vs. Satellite: Compare 4GISG core Iatency and duaI stack

(IPv4/IPv6) routing behavior: SO At e B S
g / Routlng Intelllgence Detect anomalles (Ioops asymmetrles pollcy
detours) and evaluate ISL |mpact on Iong hauI eff|C|ency
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Space may be dark

But the future of

‘ 'satelllte communlcatlon

- is bright -

. where conneCtlwty WI||

~ meet i ,
day and nlght' -
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