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Optical Satellite Networks

Abstract. We will explore the architecture of optical
satellite networks at 100G-1Tbps. The challenge is to
architect the system and the network protocols with
large bandwidth-delay products and the presence of

atmospheric turbulence and weather.
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Disruptive changes in modern integrated global heterogeneous network:

satellites, fiber, wireless (multiple modalities) — holistic networking
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«~3 orders increase in

data rates, corresponding
decrease in cost

Serious challenges in
Physical and higher
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+ De-Coupled, Shared, and Distributed
Space-Borne Data Processing

« Backbone Constellation Design

+ Cost Modeling based on Traffic Patterns

« Assumptions
1.
2. Streams & Packets
3. WDM trunks
4.
5

. Fixed/mobile users

- GEO, HEO, MEO, LEO

GEO/HEO/MEO/LEO

RF & optical accesses
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Spacecraft LAN and relay node concept
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Rate x distance
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S/C node: Processing + MAC + switching + routing
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Innovative
Digital Signal Processor +
(DSP) in Latest CMOS

£90-0001~00
MBBAF2030 ES
1216 200

> 1 billion transistors

ACACIA Technology Disruption

www.acacia-inc.com

—  Siliconization of
= Optical Interconnect

CMOS PIC

Industry-first
CMOS Photonic
Integrated Circuit (PIC)

CMOS DSP

f:v
)3

> 50 photonic functions

Custom silicon photonics chip

5nm CMOS > multiple billion gates

Coding close to theoretical limits

1.6TBPS short and long haul

Acquired by CISCO in March 2021 for $4.5B

CFP2 (DCO)
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Business Case: 100 Gbps - 20,000 Km

80,000 km
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*Assumptions:

*LEO:

—=_____
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*GEO system:

*End-to-end duplex system
eIncludes bus, launch, O&M
*Conservative estimates

*RF U/L, D/L dominates
*~$1B/100Gbps/20yr
0.6 s propagation delays

*Optical X/L dominates
+~$1.5B/100Gbps/20yr
+0.06 s propagation delays

Constellation connection topology in GEO

Ring (U)  Circulant (U) Circulant (H+U)  *Uniform & Hub traffic
O O *% pass-thru traffic increases with N
S o *Degree 3, 4 seems best
*Mesh is better: asymmetric traffic will have more
© o dramatic effects
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Stochastic programming for Topology Selection

*  Uniform traffic demand and linear link cost functions
y
+  Example only deal with average stochastic traffic
,J’
Cist * Real business cases has service level agreements that
have guarantees that involve at least second moments
m3
o Route on Hybr!d m, - m, ¢
o |ISLonly: Routing _ _ 2
. = i ¢'= Cost/unit of routing over fiber
y kS
0 |
(@] i
o /
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£
' Cis. 2 | Route on
o = : Ground only
! “up/dn =
Vs i S PR I Marginal cost of ISL iy
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® AMAZON
cloud infrastructure

Low earth satellites: SpaceX, OneWeb, ...
Amazon’s Project Kuiper - 3,200 satellites

* Low-latency, broadband connectivity to unserved and
underserved communities around the world > 4Billion

* Up to Gbps -$10/month?
Ihr Vincent Chan  Claude E. Shannon Communication and Network Group, Research Laboratory of Electronics 12
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Types of links in optical wireless networks

B SatCd-MP ey,  Satsat Ly~ i
z A T
Sat-AC | 4 | o RN
. ’
/ AC-AC =<
1 TRy &
1 / \ ¢
ﬂ . Fiber Access
Network
— Long range, hi-capacity, stable Y Wireless access node
- - - Long range, fading, on-off channel ’ Optical wireless backhaul
......... Short range fading, low-visibility channel * Sensors/terminal
[y—— Under water * Mobile terminal \*
> Sat/Gd-moon/planets a Fiber network access node
13

What are the architecture problems?

1.
2.
3.
4,
5.

Constellation/Connection topology: Traffic model, dynamic physical reconfiguration, routing
Physical and Data Link Control Layers

Spaceborne processing

Cost:, life cycle planning

Network architecture

a. Switching and routing: Line/circuit/packet/hybrid switching, load balancing, scheduling,
congestion and flow control

b. Transport Layer protocol: TCP/.../green-field-design, fading drop-outs, window closing, slow
start, internetting with terrestrial networks (splitting, spoofing, ...)

c. Interconnection with ground and airborne networks: Diversity, Border Gateway protocol,
splitting/spoofing/...etc, security, congestion and flow control, green-field design

d. Applications...

Vincent Chan  Claude E. Shannon Communication and Network Group, Research Laboratory of Electronics 14
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Types of channels and degrees of Physical Layer challenges

Pointing /Tracking

Turbulence

Spatial Dispersion

Attenuation Reconfiguration Speed

Degree of challenges: 1-small, 10-huge
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Dynamic 4-D Integrated Heterogeneous Network
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Mediator

+ Security/robustness pased, time-
"\ data rate >1000x deadline,

eDynamic Capacity

eAgile beams
*MAC
*Fading

eDynamic routing:
deterministic &
stochastic

sHeterogeneous
network: Satcom,
fiber, wireless

eDifferentiated
services: cost-

16
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Control plane interactions with all layers of network

~ Virtus! network sandce i
Sty -7 [Applicatior Applicatior User

Virtus! session Presentation

Cognitive engine as
part of control plane

Session Virtual ik for end (o end messages

-5 Session

— End-to-end reliability

Virtuial fink for end to end packets

User/network API

Routing, wavelength
i Metwork — assignment, congestion
Vrtus! bk control, fairness

—— Ceabie pagkete| f 1 T | - )
-2 [Pl X mlk | e L Framing, error correction
%,

Media Access Control (MAC)

User interaction via|
Application Layer
or Transport Layer
off-band control

Metwork Metwork

=3

111

Network Management and Control Plane

network or via -1 | Fhysical Physica | Fhysical | | Physical | Physical ‘ Physical ‘
separate heart beat [ eseain ] \ | [ |
network — External site Sibnet node Subnetnode External S\y Network

» Acognitive network management and control system senses network states (traffic, flow patterns) and decide how to adapt
the network to satisfy/improve overall performance and provide quick responses to transaction requests.
« Control plane never used to interact with user part of the network protocol stack - Interactions necessitated by elephants
* Cognitive engine allows:
1. Fastrecognition of traffic changes
2. Adapt quickly
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Protocol stack construct for optical-wireless networks

Burst
erasure
channel

Application
/ pp

|

Transport Layer |,

H

Routing Layer

H

MAC Layer |* Spatial mode multiple access (MAC) to discriminate unique user
H signature for processing

Physical Layer |* Diversity coherent receivers with low rate feedback: tracks user and
N\ multi-path migrations

1
Non-
outage

V12
New transport layer protocol for burst errors due to multi-path fading

- Very agile + multipath routing + bursty mobile users and multi-path
evolutions

Single control plane
covers multiple layers
A
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Multi-aperture Coherent Receiver
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Power Gain of Diversity Receivers

Poutage ~ C3 €XP {— c,N(In m)z} for diversity Nand marginm

Va1

E[outage length] ~ c, b cl% <1mS

" 'rx
40 T
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a0  receiver with feedback V12
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c 25/ \.
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0 L n n | n L L PRI R | n n n L
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Random Green’s

Function H « Turbulence is acting as relay lenses
+ Since turbulence can be closer to the receiver, power
received can be greater than diffraction limited transmission
in vacuum
« Similar to “ducting” in mirages, except we exploit it actively
Feedback

Disclaimer: Preliminary paper, subject to publisher revision

OFC 2023 © Optica Publishing Group 2023



W1F.1 OFC 2023 © Optica Publishing Group 2023

Near field communication over turbulent atmosphere
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eEigenvalue distribution, f(y), determines performance — Marcencko-Pastur density for large N
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Spatially “separated”—___ N

multi-access regions «

Parallel multi-thread MAC processing
Identify user signature:

» Suppress in-beam spatial regions: k
« Significant gain on intended user

Algorithm types:

— o ——— —

____________ 1. Descent types:
a. Gradient (slow as snail)

b. Conjugate gradient (faster in N steps = # elements)

3

INTENDED
USER

2. Digital Block processor:

a. process a block of signal shorter than coherence time

Power in Receive Plane
=)

b. Each user processed in parallel separate threads

64

3. Genetic algorithms combining features of both 1
O oie ok o ol ok o or and 2, ideal for parallel processing

Position in Receive Plane (m) 24
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Architecture construct for optical wireless networks

Application

|

Transport Layer eNew transport layer protocol

[

Routing Layer eVery agile + multipath routing

|

MAC Layer eSpatial mode multiple access
Physical Layer eDiversity coherent receivers with low rate feedback: excite “mirages”

Network routing at Layer 3

1. Dynamic adaptation based on channel states - variable
link capacities and qualities; fast adaptations may lead to
oscillations

-----------------------------------------------------------

Backbone

2. Maximizes downlink capacity and/or delay via
optimum routing/scheduling

©0000000000000000000000000000000000000000000ssdposes

3. End-to-end routing including terrestrial subnets
4. Time deadline QoS

5. Routing algorithm -OSPF ?, ..., Internetworking -
BGP?, ..

6. Diversity routing for reliability and time-deadline
delivery - trade capacity for reliability, only way to
provide < 1 S deadlines with assurance

7. Stability
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Routing Layer based on prediction, diversity combining, dynamic

route switching and retransmission of small buffered data
*Channel state is N-dimensional ellipsoid

‘i \’ *Receiver tracks eigen-states
) *Predict 3mS ahead to ~ 3 db, except dropouts (~50uS),
tracks y’ and y”

*Transmit largest eigenvalue state + next largest eigenvalue

1 ms Predicted Signal Attenuation Channel 1 (Dashed) Against Actual State Wlth ’Y’ >0
g N = . . :
5 ‘ Pl oAlso send on alternative path with no common link
g- 1 Mg ATals eai ifiaati
. VMM"\‘H\-.V[N 'vf\v RS f‘l\/ : Buffer retransmission upon notification of fade (~1mS)

o m e w e awam w0 w0 = a0 eCongestion control via access rate control and speed-up of
transmitters at nodes

Diversity/retransmission results in almost no drops -
retransmission of buffer cover losses

*

1 v,
X =X |=|aV
X, ayv,

27

Q Simulated Queue
peak|— — — Analytical Queue
GN.) o mes Arrival Rate
D g
oA e Network
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g | a
S|
(®)]
©
—
0 :%
Z e
oL >k o
0 t 1 t2 Delay t3
* Need quick response to prevent congestion
+ “Stopping Trial” trigger path reconfiguration - Provably fastest reconfiguration algorithm
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Handling non-stationary routing environments
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Architecture construct for optical wireless networks

Application

|

Transport Layer

|

eNew transport layer protocol

Routing Layer e\ery agile + multipath routing
MAC Layer eSpatial mode multiple access
Physical Layer eDiversity coherent receivers with low rate feedback: excite “mirages”
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Transport Layer Protocol — Beyond TCP, ...

1. TCP: end-to-end reliable delivery

o
.
.
.
3

LYY
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Backbone

,=0.5, 100Ghis

Potentinl coherent system -~
Performance gain ~/N

Window closing

W1F.1

2. Long delay link and window options can allocate

unfair amount of resources

3. If long delay links have outages, then window flow
control may prevent full rate transmissions, leading

OFC 2023 © Optica Publishing Group 2023

to high inefficiencies

4. Proxy service decouples Layer 3 communication —
hard to provide QoS such as time deadlines

5. UDP plus add on protocol? Others? Congestion
control?

6. New Transport Layer Protocol — must feedback
channel states, fair allocation with priority pre-emption

TCP Throughput with Diversity

TCP’s retransmission timeout value equals RTT so that outages trigger timeout (window goes to 1)

Va1 1 - p 1
1
Non- 2
outage Outage
Viz

*Max window size set to RTT

Round trip distance (km)

| Fore,=0.5,
) 1Gb/s link *Upperbound: exponential build-up
g Single user
gt sLowerbound: linear build-up
5 = Upper bound, m=3d8, N=1 ) *Even upperbound looks bad for GEO distances
L .3 || =% Upper bound, m=6dB, N=1
107 H —— Upper bound, m=10dB, N=1 E o ) )
e e e et Modification of TCP possible but create problems when
—%— Upper bound, m=10dB, N=16 - .
[ == Lower bound. m=10d8. N=15 internetted with ground networks
" 10° 10' 10° 10° 0t w0’

32
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High speed data transfer performance: TCP/IP vs HH-L4

100 77777 10
E _ HH
Number of fades in frame
- 5Mbps (0.0005
2 10°} ]
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E A r=1 o 20Mbps (0.002
w 2
= 0r=2 3
o g 0y T
< r =3 5 TCP Timeout
[S g """""" TCP Multiplicative Decrease
3210°L ' = # of r=4 2 OFS Transport Layer (100 Mbit Frame Length)
= OFS Transport Layer (1 Mbit Frame Length]
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i Or-w 'k
O T1cP ]
10° nL/ HH-L4
2 : : 9.2Gbps (0.92)
ol 10° 10° bt v T e
Frame Length (bits) S AR
TCP/IP problems for large transactions: Slow start, window closing upon loss packets
HH-L4 uses large frame structures ~ 100 MB, with much higher thruput
Replaces TCP no need for: Rate matching, Congestion control

Coherent distributed satellites for ultra fine spatial resolution

Backbone

Coherency
between
separate

satellites RF

e

Shared
Processor

Big gain in revenue for
spectrum lease
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Looking forward

Exciting future in satellite communication and networking — lots of uncertainties
Serious problem with the communication and network protocols to be addressed:
1. Links will present data to upper layers with some errors and high rate variations
2. Non-zero delay in data delivery, sometimes long and unpredictable delays
3. Intermittent and changing connectivity
4

. Must tell upper layer link states to tune, ML/Al cannot perform fast adaptation to
new situations

o

Security

6. Serious issues with internetworking:

a. Routing layer (e.g. Border Gateway Protocol)

b. Layer 4 (Transport) and Application Layer (PEP)
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