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Terrestrial networks (5G)

UC San Diego

© WCSNG Lab



Terrestrial networks (5G)

< Terrestrial networks such 5G offers a high speed and low latency link to vast number of

users.
High speed and
' low latency links
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Terrestrial networks: Coverage is limited

High speed and
low latency links

\\\\\\ 5G link
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Terrestrial networks: Coverage is limited

High speed and
low latency links

a Limited coverage

Terrestrial networks’” coverage is limited to few km

~~~~~~~~~~~~~ Link failure
_____ R |
SQdse User waiting
station

~ for connection

5G base station coverage area No coverage area

© WCSNG Lab



Satellite direct-to-device connectivity

< With latest advancements in smartphones and LEO satellites, terrestrial devices can
now directly connect to satellites

B
5G Base
station Terrestrial
l operator
network

5G base station coverage area

Ref: starlink.com/business/direct-to-cell © WCSNG Lab



Satellite direct-to-device connectivity

< With latest advancements in smartphones and LEO satellites, terrestrial devices can
now directly connect to satellites },

0 Ubiquitous coverage

&

5G Base
station Terrestrial
] operator

Satellite direct-to-

network ,
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5G base station coverage area

vice connectivity ’

Ref: starlink.com/business/direct-to-cell © WCSNG Lab



Current trends in Direct-to-Device Connectivity

Globalstar®

Viasat"V

2025
NB-loT delivered
through MSS; requires
3GPPrel-17
compliant hardware

2022

Proprietary solution
already in service,
enabling iPhone 14

UC San Diego

JACOBS SCHOOL OF ENGINEERING
Electrical and Computer Engineering

STARLINK

2025
Compatible with
off-the-shelf LTE

Cat-1bis, Cat-1 and
Cat-4 modems™

© WCSNG Lab

2025?

Target is cellphone
users; no published
details on compatible
loT devices

2025?

Target is cellphone
users; no published
details on compatible
loT devices




Current trends in Direct-to-Device Connectivity

Globalstar s Vlasat“

Pr

hone
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[ Direct-to-cell connectivity is the new reality!

We can now do text, calls and data.

UC San Diego
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Motivation: Satellite IoT applications

UC San Diego
JACOBS SCHOOL OF ENGINEERING © WCSNG Lab &(

Electrical and Computer Engineering WCSN G



Motivation: Satellite Direct-to-Device Connectivity
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Motivation: Satellite Direct-to-Device Connectivity
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Challenges: From feasibility to Scale
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Challenges: From feasibility to Scale

Scaling device connectivity

End-Device
Connectivity

-

UC San Diego
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Challenges: From feasibility to Scale

Scaling device connectivity

Scaling ground stations

Ground
End-Device Station

Connectivity Links

A g
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Challenges: From feasibility to Scale

Scaling device connectivity

Scaling ground stations

Backhaul satellite data
Ground

End-Device Station
Connectivity Links

Backhaul
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Challenges: From feasibility to Scale

Scaling device connectivity

Scaling ground stations

Backhaul satellite data
Ground

Station
Connectivity Links

Spectrum sharing & Coexistence End-Device

Backhaul

UC San Diego
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WCSNG: Our work builds systems to address these challenges

CodeHop
(Hotnets’26)

UCSan Dlego

*under review/submission
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WCSNG: Our work builds systems to address these challenges

1. Scaling ground stations

ArrayLink
(Infocom’26,
Smallsat’25)
TrackLink*
(Infocom’27)
CodeHop
(Hotnets’26)

UC San Diego
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WCSNG: Our work builds systems to address these challenges

1. Scaling ground stations

2. Scaling device connectivity

ArrayLink
(Infocom’26,
Smallsat’25)
FSMA _
(MobiHoc’26) TrackLl’nk*
(Infocom’27)
CodeHop
(Hotnets’26)

*under review/submission

UC San Diego
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WCSNG: Our work builds systems to address these challenges

1. Scaling ground stations

2. Scaling device connectivity

3. Enabling Backhaul & Coexistence vl
(Infocom’26,
Nfarray* mmPFlexible Smallsat’25)
(Infocom’23, FSMA .
(current work) MobiHoc'25) (MobiHoc'26) Tra CkLl’nk*
(Infocom’27)
CodeHop
(Hotnets’26)
mmSpoof
IEEE S&P’23
: 4 mmsSubarray
(Smallsat’24,
Sensys demo’25)

UCSan Dleg% *under review/submission
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Part1: Scaling ground stations

Distributed arrays as
ground stations:

High Throughput, Resource Efficient and Scalable e;;i{;l;k
Smallsat’25)
TrackLink*
(Infocom’27)

2 Ground
stations

UC San Diego

*under review/submission
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A New Era of Massive Satellite Constellations

Active Satellites in Orbit

Lok 15,624

14k -
8 Mega Constellations
T 10k+ (Starlink disruption —10,000+) 9,090+ /0 years flat
& gk
v —>
2 ki .
g 6 years vertical

4k - 3,256

2k 769 /

O _—
1960 1980 2000 2010 2020 2026

Year
Ref: Jonathan McDowell / Planet4589 active satellite statistics; UK Space Agency data points used for 2000, 2010, 2020, 2024.
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A New Era of Massive Satellite Constellations

Active Satellites in Orbit

15,624
16k A
14Kk -
0 - .
g 1 Mega Constellations
= _ . . . _ ’o 0+
2 10k (Starlink disruption —/0,000+) 9 60 years ﬂat
] 8k
() —>
2 6k
+J -1 .
g 6 years vertical
4k A 3,256
2k 1 769 /
0
T B T T T T T
1960 1980 2000 2010 2020 2026
Year
Ref: Jonathan McDowell / Planet4589 active satellite statistics; UK Space Agency data points used for 2000, 2010, 2020, 2024.

Satellites are exploding in number-...
but can our ground stations keep up!? )

UC San Diego
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The Current Landscape of Satellite Ground Stations

AWS Ground
Station Antenna
Locations

UC San Diego
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The Current Landscape of Satellite Ground Stations

KSATY™ §/X Network Q»-m
e KSAT
= 9 e':.'_.'.'
--:é .85 e
2 S
£
e - e )

p!
Ground station networks are not scaling at the pace
of satellite constellations.
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Requirements for Ground Stations

‘0

High Throughput
Handle Gbps-class data rates per satellite
Support high-order modulation

L)

0’0

Resource Efficient

Fast satellite tracking and seamless handovers
- no idle time

Spectrum-efficient = support multiple satellites
concurrently

Scalable

Cost-effective enough to deploy across
hundreds of sites

>

UC San Diego
JAC RING
Ele ering

© WCSNG Lab
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Current solution: Parabolic dishes are not sustainable

% |

UC San Diego
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Current solution: Parabolic dishes are not sustainable

< High-gain Links vV

Ex: 1.85m Ka-band dish > ~52.6 dBi
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Current solution: Parabolic dishes are not sustainable

< High-gain Links vV
Ex: 1.85m Ka-band dish - ~52.6 dBi

UC San Diego
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Current solution: Parabolic dishes are not sustainable

< High-gain Links vV
Ex: 1.85m Ka-band dish ~52.6 dBi
Dwell or handover time overhead X m Ka-band dish = !
% Resource Inefficient X

Time: Mechanical steering 2-5°/s

- a few seconds to minutes of idle time
per handover (depends on dish size)
Spectrum: One satellite at a time

- no multiplexing, unused bandwidth is
wasted

UC San Diego

JACOBS SCHOOL OF ENGINEERING
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Current solution: Parabolic dishes are not sustainable

< High-gain Links vV
Ex: 1.85m Ka-band dish ~52.6 dBi
Dwell or handover time overhead X m Ka-band dish = !
% Resource Inefficient X

Time: Mechanical steering 2-5°/s

- a few seconds to minutes of idle time
per handover (depends on dish size)
Spectrum: One satellite at a time

- no multiplexing, unused bandwidth is
wasted
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Current solution: Parabolic dishes are not sustainable

< High-gain Links vV

Ex: 1.85m Ka-band dish - ~52.6 dBi
Dwell or handover time overhead X m Ka-band dish - i

% Resource Inefficient X

Time: Mechanical steering 2-5°/s
— a few seconds to minutes of idle time
per handover (depends on dish size)

Spectrum: One satellite at a time
- no multiplexing, unused bandwidth is
wasted

< Poor Scalability X

Huge CAPEX & OPEX per site (dish, motor,
land, fiber backhaul, maintenance)

Large parabolic dishes achieve high throughput but fail on resource

, efficiency and scalability
UC San Diego
JACOBS SCHOOL OF ENGINEERING © WCSNG Lab
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Alternative approach: Large (monolithic) phased arrays

References:
“He, Guolong, et al. "A review of multibeam phased array antennas as LEO satellite constellation ground station." IEEE Access 9 (2021): 147142-147154.”
“Henderson, Monte, Mark Bruce Davis, and Martin Huisjen. "GDPAA advanced technology demonstration overview and results." 2010 IEEE International Symposium on Phased Array Systems and Technology. IEEE, 201 0.

UC San Diego
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Alternative approach: Large (monolithic) phased arrays

< Resource efficient v:

Time : Electronic steering (no moving parts)
—> Beam hopping in ps

Frequency: Multi-satellite support

—> efficient spectrum usage

References:
- “He, Guolong, et al. "A review of multibeam phased array antennas as LEO satellite constellation ground station." IEEE Access 9 (2021): 147142-147154.”
- “Henderson, Monte, Mark Bruce Davis, and Martin Huisjen. "GDPAA advanced technology demonstration overview and results." 2010 IEEE International Symposium on Phased Array Systems and Technology. IEEE, 2010.
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Alternative approach: Large (monolithic) phased arrays

>

* Resource efficient V:

Time : Electronic steering (no moving parts)
—> Beam hopping in ps

Frequency: Multi-satellite support

—> efficient spectrum usage

L)

00

L)

High throughput A\ :
Possible, but matching 1.85 m (~52.6 dBi) needs
> 50k elements

References:
- “He, Guolong, et al. "A review of multibeam phased array antennas as LEO satellite constellation ground station." IEEE Access 9 (2021): 147142-147154.”
- “Henderson, Monte, Mark Bruce Davis, and Martin Huisjen. "GDPAA advanced technology demonstration overview and results." 2010 IEEE International Symposium on Phased Array Systems and Technology. IEEE, 2010.
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JACOBS SCHOOL OF ENGINEERING © WCSNG Lab

Electri



Alternative approach: Large (monolithic) phased arrays

>

L)

* Resource efficient V:

Time : Electronic steering (no moving parts)
—> Beam hopping in ps

Frequency: Multi-satellite support

—> efficient spectrum usage

* High throughput A :
Possible, but matching 1.85 m (~52.6 dBi) needs
> 50k elements

s Not scalable X:

High power draw, thermal issues, costly
manufacturing = impractical to deploy in the field.

Large phased arrays address efficiency and throughput, but gain limits,
complexity, and cost make them impractical and not scalable.

UC San Diego

JACOBS SCHOOL OF ENGINEERING © WCSNG Lab
ectric Comp ering
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Our Approach: Distributed phased arrays (ArraylLink)
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Our Approach: Distributed phased arrays (ArraylLink)

%

Satellite

Single

Parabolic
Dish

UC San Diego
JII\COBS‘SC ING
Electrical a i
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Our Approach: Distributed phased arrays (ArraylLink)

%

%

_ Satellite Satellite
Single Multiple
stream
EEEEEEER *
it
L
Para!b olic Distributed
Dish Small arrays

Transforming satellite ground stations:
From large dishes to smaller distributed phased arrays.

go
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ArraylLink: Scalable Architecture with Higher Throughput

%

Satellite

Multiple

Distributed
Small arrays

© WCSNG Lab



ArraylLink: Scalable Architecture with Higher Throughput

% < Scalable Design v

: Trade a small amount of gain to significantly reduce the
Satellite
number of phased-array panels.

Practical and cost-efficient with a few panels

Multiple

Distributed
Small arrays

UC San Diego
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ArraylLink: Scalable Architecture with Higher Throughput

% < Scalable Design v

: Trade a small amount of gain to significantly reduce the
Satellite
number of phased-array panels.

Practical and cost-efficient with a few panels

>

Multiple

4

L)

»  Higher Throughput v
Near field effect with distributed panels

Enable multiple simultaneous streams in line-of-sight
i channels with near field to match or exceed single
high-gain link capacity.

L)

Distributed
Small arrays

© WCSNG Lab



ArraylLink: Scalable Architecture with Higher Throughput

% < Scalable Design v

: Trade a small amount of gain to significantly reduce the
Satellite
number of phased-array panels.

Practical and cost-efficient with a few panels

Multiple
stream

4

L)

»  Higher Throughput v
Near field effect with distributed panels

Enable multiple simultaneous streams in line-of-sight
channels with near field to match or exceed single
high-gain link capacity.

L)

Distributed
Small arrays

4

*» Resource efficient v/

Inherent use of phase array panels avoids mechanical
steering and support multiple satellites

L)

UC San Diego
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ArraylLink: Satisfies all three requirements

al "A review of multibeam phased array antennas as
. ion" I

- m'
4 o ; ™
Requirements ool dighes || e (e ArrayLink
arrays (this work)
High Throughput @ ! @
i ™~ =
Resource efficient 0 (/, @
—
kScalable 0 0 @ )

ArrayLink: Dish-class gain and multi-stream throughput without
large dishes or monolithic arrays.

UC San Diego
eering
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ArrayLink address two challenges

UC San Diego
JII\COBS‘SC ING
Electrical a i

© WCSNG Lab



ArrayLink address two challenges

1. Enabling Dish-Class Gain

CSan Diego
;oqs sC I

© WCSNG Lab
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ArrayLink address two challenges

Total gain vs number of arrays

| |
|

YR e e e e L~ | E =
Only 4.5 dB |
o |
1. Enabling Dish-Cl Gai woy g for o ’
- |

. Cha Ing IS aSS aln | extra30 ¥l .
47.5 1 , |
@ ! '
E | |
£ 45.0 : :
© | |
= m! !
E -c: -c:
2 42.5 - et 31
! !
< nl
I I
40.0 4 '%I 1
ol ol
o N
37.5 S 3
O n)
> >

T T l T T T l T
0 10 20 30 40 50

Number of phased arrays

Trading 4.5 dB gain S Kuiper
reduces required arrays B ooncs
from 45 panels to just 6. j <3500

UC San Diego
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ArrayLink address two challenges

2. Enabling Multiple streams

© WCSNG Lab



Challenge: Enabling multiple streams to boost throughput

SISO {"Y_
Stream-
|
JYY.Y
Rx

UC San Diego
JAC RING
Ele erin
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Challenge: Enabling multiple streams to boost throughput

Tx
Tx
SISO MIMO L L
|4
Stream- Stream-

Increases overall
throughput without
adding more antennas
at ground station.

_Y_YRX_Y A f

UC San Diego
JA
Ele eering
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Challenge: Enabling multiple streams to boost throughput

Tx
SISO Tx MIMO \ A4

L

Stream-
I

1 Stream-
|
Increases overall

throughput without
adding more antennas
at ground station.

J v.

Y.y AR B

How to do we enable multiple streams in a line-of-sight scenario?

© WCSNG Lab



Key Insight — Increasing antenna spacing at ground station
brings Satellites from Far-Field to Near-Field
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Key Insight — Increasing antenna spacing at ground station
brings Satellites from Far-Field to Near-Field
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Key Insight — Increasing antenna spacing at ground station
brings Satellites from Far-Field to Near-Field

Y |
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Spherical “-......."
wave
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Key Insight — Increasing antenna spacing at ground station
brings Satellites from Far-Field to Near-Field

1 i Fraunhofer distances at 28 GHz
(Ka band, A = 0.01m):
’ : 2D?
...... D — 0.1 m T o 2 o

Spherical “-......."
wave

.
.
- %
. .
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., *
. .
gy .t
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e *
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D = dgnd D = dgnd
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Key Insight — Increasing antenna spacing at ground station
brings Satellites from Far-Field to Near-Field

1 i Fraunhofer distances at 28 GHz
(Ka band, A = 0.01m):
’ : 2D?
...... D — 0.1 m T o 2 o
DZ
Spherical “......."" D=1m — ~200m

wave

.
.
. o
N .
‘e o*
e R
. .
L .
"sammns®
.
. A
. o
< .
M .
. o
., o
o .
Yay .s®
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< o
-~ »

D = dgna D = dgnq
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Key Insight — Increasing antenna spacing at ground station
brings Satellites from Far-Field to Near-Field

1 i Fraunhofer distances at 28 GHz

(Ka band, A = 0.01m):

-----

, . 2D?
-------- l) :: ().]- 771 __;f_- ~ 2 771
’ ®agan® . DZ
Spherical ... b=1m T T eom
wave D2
D=10m — = 20 km

.
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D = dgnd D = dgnd
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Key Insight — Increasing antenna spacing at ground station
brings Satellites from Far-Field to Near-Field

1 i Fraunhofer distances at 28 GHz

(Ka band, A = 0.01m):

-----

, . 2D?
"""" D=01m — = 2m
/’..llll‘ " DZ
Spherical ... b=1m T T eom
wave D2
D=10m — = 20 km
2
D =100m — = 2000 km
n,. ..... “" ZDZ
Y \V/4 Y ............ Y .......... D =1000m - = 200000 km
D = dgnd D = dgnd
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Key Insight — Increasing antenna spacing at ground station
brings Satellites from Far-Field to Near-Field

1 i Fraunhofer distances at 28 GHz

(Ka band, A = 0.01m):

-----

p . 2D2
........ D : 0.1 m T ~ 2 m
®apun® DZ
Spherical ... b=1m T T eom
wave D2
D=10m — = 20 km
2
D =100m — = 2000 km
n,. ..... “" ZDZ
\V/4 Y ............ Y .......... D =1000m - = 200000 km
D = dgnd D = dgnd

Increasing antenna spacing enlarges aperture, bringing satellites into the near-
field and creating channel diversity.

UC San Diego

© WCSNG Lab




Key Insight - Singular values dependency on Phase Spread

_ hO hl . —j27tﬁ
H = (hz hg),where h; = B;e p)

UC San Diego
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ring



Key Insight - Singular values dependency on Phase Spread

_ hO hl . —j27tﬂ
H = (hz hg),where h; = B;e p)

» When ; = (3, The singular values 01 and o,
depend only on the phase spread A:

o (3))

0-1’22 (2 i 2

UC San Diego

JACOBS SCHOOL OF ENGINEERING © WCSNG La b
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Key Insight - Singular values dependency on Phase Spread

_ hO hl . —j27tﬂ
H = (hz hg),where h; = B;e p)

» When ; = (3, The singular values 01 and o,
depend only on the phase spread A:

e [es2fed)

» Phase spread A is defined as

21
A= Tdtx[(_(do_dl) + (d; — d3)].

21 x d,, —x
~ Tdtx <_ + = )
[ A 2T (dtxdrx) ]
A r

UC San Diego
JAC RING
Ele ering
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MIMO bounds for stable min and max region

MIMO feasible region

A 4

1.0

——— Theoretical
-=== Threshold (0.1)
~==- Maximum ratio (3-) = 373.33km
==== MIMO 7,,;, = 199.31km
==== MIMO 7,,., = 2941.90km

T
|
|
|
|
|
|

o0

0.6

<
-

o o o e e

Singular values ratio a3 /6;

—_—
S’
()

0.0

0 500 1000 1500 2000 2500 3000
Distances (in km)
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MIMO bounds for stable min and max region

MIMO feasible region

1.0

—— Theoretical
==== Threshold (0.1)

o0

==== MIMO 7,,;, = 199.31km

=== MIMO 7,,,., = 2941.90km
0.6

—_
-
-

e e e ——————————— A

Singular values ratio a3 /6;

p—
p—
| S

0.0

A 4

~=== Maximum ratio (3) = 373.33km

0 500 1000 1500 2000 2500

Distances (in km)

UC San Diego

JACOBS SCHOOL OF ENGINEERING
mpu ering

3000

_ hO hl . —j27'ci
H—(h2 hg),wherehi = e A

A d¢d A
’ 2 A T 01 4

Given, threshold 7 = min% to enable MIMO
1

4 Bty

T
Tonin —
. 2tan‘1(%) A
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Tmax

\  2tan~1() 2 )
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MIMO bounds for stable min and max region

MIMO feasible region

1.0 w1y * hy My ~jan
0w B | ' H = ,whereh; = e A
o —— Theoretical hz hg
{ -=== Threshold (0.1)
i i A 21 (d¢,d o A
11 tx“4rx 2
el T ) e | o= [(24 2]cos(3)]), =28 (detz) o — g
€ | iximum ratio (=) 73.33km 1,2 J T > ) 1 - ) o1 4
& I === MIMO 7r,,;, = 199.31km
S i i ==== MIMO r,,,, = 2941.90km )
s 0.6 Given, threshold T = min—* to enable MIMO
o 1] 1
Q | |
o | |
- [HE 4 dpod,,
~ 0.4 r _ n txQrx
é‘ il ] - 1
o R " 2tanmi(y) A
=4 (| T
@7 0.2 3 E . T dixdyy
! —
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The MIMO feasible region for a given distance (r) can be tuned by
UC San Dicgio adjusting d;,, d,,,and A.
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Experimental Demo

Showing feasibility with commercial hardware on a
small-scale setup
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Evaluations: Multiple streams for satellite-scale distances

1.0 —— , , , | | | |
I i 4.0+ y— B
L! LU o1/ : DoFs
?'3 | o2/0p
0.8f i S5 35
g ‘ Y] |
g | Emyo e Threshold (r=0.1) E
s : > 3.0 S
o 0.6F 1 g D
: & 2.5¢
: dyyg =1.4km | £2°
2 gn g |
B #sat ants = 4 S |
: #tend panels=16 | ="
7 nd panels =
0.2f | 8-
.0 1.0} |
0.0 500 1000 1500 2000 2500 3000 0 00 T 500 5000 s L
d (in km) d (in km)

| 6-panel ArrayLink architecture delivers 4 streams at 500 km,

sustaining 2 streams beyond 2000 km

UC San Diego
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Total throughput comparing parabolic dish vs ArrayLink

Throughput vs baseline SNRO (Fixed B_tot=250 MHz)

—— 1x @ 52.6 dBi
~0— 4Xx @ 48.14 dBi

L7571 —e— 2x @ 48.14 dBi

1.50 A

1.25 1

1.00 A

Throughput (Gbps)

0.75

0.50 A

0.25 4

5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
Baseline SNRO for 52.6 dBi case (dB)

UC San Diego
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Total throughput comparing parabolic dish vs ArrayLink

Throughput vs baseline SNRO (Fixed B_tot=250 MHz)

—— 1x @ 52.6 dBi
~0— 4Xx @ 48.14 dBi
—8— 2x @ 48.14 dBi

Throughput (Gbps)

5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
Baseline SNRO for 52.6 dBi case (dB)

UC San Diego
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Total throughput comparing parabolic dish vs ArrayLink

Throughput vs SNR (BW =250 MHz)

| & 1x@52.6 dBi

—0— 4Xx @ 48.14 dBi
Throughput vs baseline SNRO (Fixed B_tot=250 MHz) —0— 2x @ 48.14 dBi
—— 1x @ 52.6 dBi
|1* 4x @ 48.14 dBi
L75 —8— 2X @ 48.14 dBi
m
1.50 1 Q.
Q
7 e
8125 o
G >
= Q
= S
'EC» 1.00 =
g o
= L
= 0.75 [
0.50
0.25

5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
Baseline SNRO for 52.6 dBi case (dB)

7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
Baseline SNRO for 52.6 dBi case (dB)

ArrayLink boosts throughput — up to 3x with 4 streams and
|.5x with 2 streams.

UC San Diego
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To make ArrayLink practical we need to solve two challenges

UC San Diego
JAC RING
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To make ArrayLink practical we need to solve two challenges

SPATIAL CHALLENGE

Suppress grating lobes

across a kilometer-scale sparse aperture

UC San Diego
JAC RING
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To make ArrayLink practical we need to solve two challenges

SPATIAL CHALLENGE

Suppress grating lobes

across a kilometer-scale sparse aperture

TEMPORAL CHALLENGE

Track fast-moving satellites

with ultra-narrow beams and sub-ms
updates

© WCSNG Lab



Challengel: Addressing grating lobes due to Sparse Array

A simplified example 32 antennas ULA — No grating lobes
(a) 32 elements, 4/2 ULA

. . === array factor
¢ 32 antennas uniformly separated ﬂ smvelope
s product

by spacing

YYY e Y

|
o
1

s
o
1

L
o
1

)
-
E
=
=
=4
o
2
E
=]

1 o d .
_ - ]ansme = a2 gl
B(6)=E(6) N z € HPBW 3.17°
N peak SL-17.7 dB
B(0) = element pattern (envelope) x array factor 00% within 3.0°

-
L]

—45 0 45
angle from boresight (deg)

UC San Diego

JACOBS SCHOOL OF ENGINEERING
>ring
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Challenge |: Grating lobes cause off-axis interference

32 antennas sparsely distributed —
(b) 32 elements, spread 10x

=== array factor 4

¢ 32 antennas uniformly separated Evelope
product

by 10 /51 spacing

|
o
1

b
o
1

‘Y'_{‘Y eeeee Y

10
2

normalised pattem (dB)

w
o
1

HPBW 0.317°
Why it matters: Off-axis 0% within 65.4°

radiation creates interference. 45 0 45
angle from boresight (deg)

UC San Diego
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Solution: Distributed sub-arrays suppress grating lobes

8 subarrays (I * 4 elements)
distributed across the sparse aperture

HEHEEEEE

Subarray envelope limits the visible
grating lobe region.

UC San Diego

normalised pattemn (dB)

(c) 8 sub-arrays of 1 x4

SRR mm-
BEmEmEmee-
LR B R R _E R 2

LR B B B R
- ———
-

T LLLL LT
- -
- e = = —
-
-

R ——

P——

-

-

—_'\.o--_-—-
=

L
-
R

 RRRRRRA]

AR RN

O O O O
»

FINES
rinf
HPBW 0.319°

peak SL -0.1 dB
90% within 206"

-45 0 45
angle from boresight (deg)
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Solution: Larger sub-arrays further narrow the radiated envelope

(d) 4 sub-arrays of 1x8

4 distributed sub-arrays x 8 elements
distributed across the sparse aperture

) () (=

Result: 90% of radiated power is concentrated
within + 11.5° of boresight.

=== armay factor

envelope
product

i

=)
-
E
S
=
=
(=%
E
E
5

(" ) '
HPBW 0.326°
Larger sub-arrays focus power peak SL -0.§ dB

near boresight, reducing off-axis et

interference. 0 “
\_ J angle from boresight (deg)

UC San Diego
JACOBSSCHOOLOFENGINEEBING © WCSNG Lab
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Distributed sub-arrays turn grating lobes into a controllable trade-off

Baseline — Sparse-element grating lobes — Eight |x4 sub-arrays — Four |x8 sub-arrays

1a) 3 clemcnes, 2 ULA 1) 32 oz, spread | U |2} § abmraye of | x4 (d} 4 aubasmaye of 13

o

— -

3
-
A
2
3
E
Q
=

SO of porwer ey A
L4 £ L | ‘ )
-45 ¢ a5 W -§ ~&5 45

anghe froen boresight (deg) angle from boresaght (deg)

e . 1
S of pesay v M O — g e ki) m e e diey paaen

n s | A \}
-390 45 0 45 90 - -45 0

angle from boresight (deg) angle from boresight (deg)

UC San Diego
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Distributed sub-arrays turn grating lobes into a controllable trade-off

UC San Diego

JACOBS SCHOOL OF ENGINEERIN
Electri

G

Baseline — Sparse-element grating lobes — Eight |x4 sub-arrays — Four |x8 sub-arrays

Ia) 31 ehemcren, U2 LILA

1) 32 oz, spread | U

normalised pattern (dB)

NERT

ITT 1

U

ol LD L LS B 2 L e

) § abmraye of | x4

angle from boresight (deg)

|

| ) L

-x) -45 0

angle from boresaght {deg)

“ ',vlpnn— e M A
- PHECEEY .
45 ¢ 45

angle from baresight (deg)

IK.

(d} 4 anbasmaye of 13

i Sl pewcr ek 10 )

A A2

L))

R-4-0
T L
&8 0 45

angle from boresaght (deg)

¥

Trade-off: Larger sub-arrays create a narrower, higher-directivity radiation envelope, while
fewer distributed sub-arrays produce more prominent grating lobes.
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Satellite case: Random placement suppresses nearby grating lobes

Setup: |6 distributed 32x32 planar arrays = uniform grid vs. random positions

Observation: Random placement reduces nearby grating-lobe energy, while main-beam HPBW remains similar

square (random)
-= square (periodic)

. square (rarEm) [square] D

L

- D square (periodic) [grid] .
©o0

O

Beampattern (dB)

Ui m. “l MI nhliluz” Hli ik M.

0 —40 20 20
0 (deg)

Beam Pattern

4 | 1
500 250 0 250 Al NMI \]“f«

East (m)

Array placement

UC San Diego
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Satellite case: Aperiodic placement removes nearby grating lobes by design

Setup: 16 distributed 32x32 planar arrays over a | km site — uniform grid vs golden-angle

Observation: The uniform grid repeats the main lobe at full height every M/d = |.8x107%°;
the golden-angle ring holds every sidelobe 23.8 dB down, at identical gain (42.1 dB) and HPBW

- uniform (periodic)
—— golden-angle ring (optimal)

D uniform (periodic)

T . golden-angle ring (optimal)

ng

Beampattern (dB)

GRRC I o AAGd

T T T T T T T
600 400 200 0 200 30
0 (deg)

East (m)

Array placement Beam Pattern

UCSan Diego
© WCSNG Lab
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Challenge 2: Tracking fast moving satellites

UC San Diego
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Challenge 2: Tracking fast moving satellites

Pointing accuracy:

o Small errors rapidly reduce coherent gain
o 3dB tolerance 2.4 x 10™* deg

W
(=]

: 3dB Iolcrum
2.44e-04° = @88"

—~
/m
S
N
g

<
)
-
=)
[0}
b
Q
=
o)
o

10

coherent gain (one mispointing direction)
-==-incoherent mean = one panel (30.1 dB)

107
pointing error (deg)

UC San Diego
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Challenge 2: Tracking fast moving satellites

Pointing accuracy:

o Small errors rapidly reduce coherent gain
o 3dB tolerance 2.4 x 10™* deg

Update latency:
o Fast motion makes pointing estimates stale
o Updates must remain below coherence time (< 1ms)

I
!

L lln._ |
] :

428x gap

w2
(=]
I
(%)
(=}
1

(3]
(=]
L

3 dB toleran

coherent gain (dB)

S
:

coherent gain (dB)

P 2.44e-04° = @8R" \ ’
aqtfrak ]
0
od — coherent gain (one mispointing direction) —— 16 X 32x32, square (random)
-==-incoherent mean = one panel (30.1 dB) | —:= RTT20 ms

107 107 107
pointing error (deg)

107! 107 107 107 107 107
Time (s)

UC San Diego
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Challenge 2: Tracking fast moving satellites

Pointing accuracy:

o Small errors rapidly reduce coherent gain
o 3dB tolerance 2.4 x 10™* deg

Update latency:
o Fast motion makes pointing estimates stale
o Updates must remain below coherence time (< 1ms)

: ! ; !

(9%
(=]
I
(%)
(=}
1

i l'n N
1

: 3 dB toleran

coherent gain (dB)
coherent gain (dB)

S
!
)
.

2.44¢-04° = (88" \ ’
ERENY kv |
0
| coherent gain (one mispointing direction) | —— 16 x32x32, square (random)
-==-incoherent mean = one panel (30.1 dB) | —:= RTT20 ms

1074 1073

pointing error (deg)

107! - 107 107 107 107
Time (s)

Requirements: To enable coherent gain, we need pointing tolerance (~ 2.4 x 10~* deg) and
low-latency tracking (< 1 ms).

UC San Diego

JACOBS SCHOOL OF ENGINEERING
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Naive solution: Exhaustive beam search

Angular step 00 =24 x10" (deq)

Sweep in known TLE

(0.1°) N 2 0.1°/60 = 428 beams

Time per pointing 1 ms/N £ 2.4 microseconds

A narrow uncertainty window leaves only 2.4 us per pointing

Distributed
Small arrays

UC San Diego
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Naive solution: Exhaustive beam search

Angular step 00 =24 x10" (deq)

Sweep in known TLE

(0.1°) N 2 0.1°/60 = 428 beams

Time per pointing 1 ms/N £ 2.4 microseconds

A narrow uncertainty window leaves only 2.4 us per pointing
Distributed
Small arrays

Analog exhaustive beam search cannot provide required pointing tolerance (x 2.4 x 10~* deg)
within the coherence time (< 1ms).

UC San Diego
JACOBS SCHOOL OF ENGINEERING © WCSNG Lab
Ineering




TrackLink (our approach): Coarse pointing + fast digital phase tracking

TWO-TIMESCALETRACKING oo __ tO
Shift precision from slow analog steering to fast . t, Moving
digital phase correction. 7S, Satellite
\\
' Coarse analog pointing t2
TLE/ephemeris keeps each subarray inside a broad beam Downlink 4
1 .
0’ \
o \
u Track phase, not the full channel . Uplink \
Geometry drives the fast change; residual channel effects ..0’ “
evolve slowly. R \
\
|
a Predict phase at transmit time :
CFFR uses measured wrapped pilot phases, array geometry,
and coarse TLE and predicts phase at satellite reception time. Distributed

Small arrays

UC San Diego

JACOBS SCHOOL OF ENGINEERING © WCSNG Lab
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Stepl: Coarse analog pointing with TLE ephemeris angle

N
=]
L

WHY COARSE POINTING IS ENOUGH

2

16 cm 1.71°

32%32 subarray per-panel 3 dB
aperture tolerance

Analog gain, one panel (dB)
]
(=]

analog only, 1 panel (1024 elem)

107 102
pointing error (deg)

T : zo.lo zl6x

typical TLE pointing

ointing margin
error P 8 8

Analog gain, one panel (dB)
v

Analog pointing can update on a slow timescale;
digital phase alignment supplies the precision.

1 ==~ 1024 ¢lem, 3.17°,30dB
== RTT 20 ms

i
!
!
!
1
!
!
!
!
!
!
!
!
!
i

107 10 107 102
Time (s)

The analog beam only needs to keep the satellite inside each broad subarray beam.

UC San Diego
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Step2: Separate fast geometry from slow residual effects

h(t) = h_geo(t) © h_res(t)

FAST-VARYING SLOW-VARYING
Geometric component
h_geo(t)

Driven by satellite motion

Estimate continuously from geometry and
phase

Residual component h_res(t)

Captures quasi-static channel effects
Measure and refresh at a lower rate

UC San Diego
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Step2: Separate fast geometry from slow residual effects

h(t) = h_geo(t) © h_res(t)

FAST-VARYING SLOW-VARYING
Geometric component
h_geo(t)

Driven by satellite motion

Estimate continuously from geometry and
phase

Residual component h_res(t)

Captures quasi-static channel effects
Measure and refresh at a lower rate

UC San Diego
JA \[]

© WCSNG Lab



In a2 geometry driven channel — “Phase is all we need”
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In a2 geometry driven channel — “Phase is all we need”

amplitude moves 0.017 % phase sweeps 3.4 turns 46 dB lost, or none
— - 04 ;
(a) 1200 4 4
15
1000
~ 30
m 10 A 30
z F; g
= S 800 ]
EREN 3 > 20 4
58 & 6004 7]
E 07 g =
) g S 10
g B 400 ]
ER :
200 A 0 4 = uncompensated
—10 1 - w=—=_phase compensated
04 = = monolithic :
T T T T T T T T T T
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
time (ms) time (ms) time (ms)
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In a2 geometry driven channel — “Phase is all we need”

UC San Diego
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relative magnitude (mdB)

relative magnitude (mdB)
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!
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L
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amplitude moves 0.017 %

(€)

T
0.0

0.5 1.0 1.5
time (ms)

amplitude moves 0.160 %

20 A

-5

-10

(a)

10 15
time (ms)

w -

phase sweeps 3.4 turns

1200 A
1000
)
-§ 800
2
<
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o
=
S
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200 4
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0.0 0.5 1.0 1.5 2.0
time (ms)
phase sweeps 32.7 turns
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10000
208000
S
(5]
8
£ 6000
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o
=
= 4000 A
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w
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time (ms)
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In a2 geometry driven channel — “Phase is all we need”

amplitude moves 0.017 % phase sweeps 3.4 turns 46 dB lost, or none
(@)~ = = 1200 404]
15
1000 A
—_ 30
m 10 A 30
g ? &
= S 8001 %
EREN 9 o 204
= < Z
g,, & 6004 o
g o0 g 5
o = 34 4
Z 5 4001 g 10
o =5 z
200 A 0 4 = uncompensated
-104 w=—=_phase compensated
04 == monolithic :
T T T T T T T T T T T T T T T
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
time (ms) time (ms) time (ms)
amplitude moves 0.160 % phase sweeps 32.7 turns 54 dB lost, or none
204 12000
(a)
15 1 10000 -
g
£ 199 28000 - a
Py Z o
2 s 2 %
ED < 6000 4 7
] % 14
g 04 > 2
o g 5
= = 4000 1 8
5 2
2 2
2000 1 =201 == uncompensated
: === phase compensated
-304 664 pus B
0 2 == monolithic
T T T T T T T T T T T T T T T
0 5 10 15 20 0 5 10 15 20 0 S 10 15 20
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Track phase continuously and refresh the residual channel slowly.

UC San Diego
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Step3: CFFR predicts future phase by fitting residual fringe rate

(g0, vo)

{pj}

—

¢j([n)

coarse orbit,
array geometry,
measured phases

UC San Diego
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(/)j(tn)

_\%” 180
S ‘ ‘
= 04 MMN\M
= ‘ ‘
1=
S 180
(@]
E measured: 26 wraps residual: 0
= 1 1 I 1 1
-20 -15 -10 -5 0
time (ms)
Step 1 0) Step 2
Form differential > Remove modelled

phase (wrap)

J

phase evolution
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p

2 05
E7057 r2=009818
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Z
o 1.0
g
7 (]
'§ 1.5
3
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<
g 720— 1 1 1 |
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fitted slope (Gx); (deg/ms)
Step 3 k = (6v, da Step 4
Fit the fringe > Predict residual

rate, closed form

Y1) = aj+ (G ov)jt
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Step3: CFFR predicts future phase by fitting residual fringe rate

(qo, Vo)

{pj}

—

¢j([n)

coarse orbit,
array geometry,
measured phases

(/)j(tn)

180+

180+

differential phase (deg)

W

measured: 26 wraps

residual: 0

1
20

a

Step 1

Form differential

phase (wrap)
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I
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=5 0

time (ms)
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n

Step 2

Remove modelled

phase evolution
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5 1.0

&

7 ( J

'§ —1.54

&
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fitted slope (Gx); (deg/ms)
( )
i Step 3 k = (6v, da Step 4
> Fit the fringe — Predict residual
rate, closed form att+7
J
i) =aj+ (Goév)t
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|
I
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1
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Step 5

Reconstruct

future phase
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¢,

—
D7)

per-panel phase
at the transmit
instant

Model geometry, fit residual fringe rate, and extrapolate phase to transmission.

UC San Diego
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CFFR maintains near-perfect gain across 1-100 ms turnaround
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CFFR maintains near-perfect gain across 1-100 ms turnaround

1.0 4 !
I
|
| —
os] | T=1ms
E3 |
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E |
2 064 |
i i
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“ |
o
=] |
S 041
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I
0.2 |
=== unwrap + curve fit
' —— TLE turns + fit
‘ —— CFFR
0.0 - . r
0 0 40 60 80 100 120
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CFFR maintains near-perfect gain across 1-100 ms turnaround

1 ms burst period, 1000 pilots 10 ms burst period, 100 pilots

1.0 9 ! 1.04 I
| |
| |
I Ju— 1 I
0.8 1 i T = ms 0.8 1 ‘ T 1 0 ms
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3 ‘ 2 !
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) ]
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31 51
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0.2 1 I 0.2 i
unwrap + curve fit unwrap + curve fit
! w=_TLE turns + curve fit ! === TLE turns + curve fit
| —— CFFR ‘ —— CFFR
0.0 ‘ - - - r . 0.0 ‘ v . . . .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
phase error (deg) phase error (deg)
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CFFR maintains near-perfect gain across 1-100 ms turnaround

d, 1000 pilots

phase error (deg)

10 ms burst period, 100 pilots

1.0 1 ! 1.0 T
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| I 1 | 1
1 —_— 0.8 1 =
os{ | T ms i T=10ms
z | E T
) )
E | E |
w064 | v 0.6 \
= | ] |
=} =i
&~ | o |
° °
g
8 041 : 8 04 :
° S
& i & i
I I
0.2 1 | 0.2 |
unwrap + curve fit unwrap + curve fit
‘ w=_TLE turns + curve fit ! === TLE turns + curve fit
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CFFR maintains near-perfect gain across 1-100 ms turnaround

d, 1000 pil

1.0 9 !
|
|
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o] | T=1ms
E |
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o 0.6 1 |
i i
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°
g |
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<
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unwrap + curve fit
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CFFR maintains near-perfect gain across 1-100 ms turnaround
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CFFR maintains near-perfect gain across 1-100 ms turnaround
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CFFR is 0.02 dB from perfect; stale channel estimates lose 12.6 dB.
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Summary: ArraylLink creates capacity, TrackLink preserves it

Single

?

Parabolic
Dish
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Satellite

Multiple 4 4

Distributed
Small arrays

Full more details refer:

%

~ Satellite
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https://wcsng.ucsd.edu/arraylink/

Summary: ArraylLink creates capacity, TrackLink preserves it
*, *

Satellite ' Satellite

< ArrayLink creates dish-class gain with 16 S Multple 4§
commodity phased-array panels. g e g
o
<+ A kilometer-scale aperture creates tunable Parabolc Ditated
. . . . . Is mall arrays
LoS spatial streams aperiodic distributed sub
arrays placement suppresses grating lobes. 4 )

< TrackLink preserves coherent gain and
usable streams as fast-moving LEO satellites
traverse the focus.

Full more details refer:
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https://wcsng.ucsd.edu/arraylink/

Part2: Scaling device connectivity

Gateway controlled &Bg&y
PHY-MAC Access FSMA
Scalable, Efficient and Deployable loT (MobiHoc’26)
(COTs compatible)
CodeHop
(Hotnets’26)
Device
connectivity

g0 O0/0 0

i 0 o
[ DDEI

UC San Diego *under review/submission
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Challenges with satellite gateways: Large footprint
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Challenges with satellite gateways: Large footprint

LoRa Satellite packets collected
on Atkinson Hall Rooftop
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> 3000km ground coverage
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Challenges with satellite gateways: Large footprint

LoRa Satellite packets collected
on Atkinson Hall Rooftop

. S 3 s
e e _ % L = L2 2

> 3000km ground coverage

Large footprint - huge number of active devices
(contends for the same channel leading to collisions, packet loss)

UC San Diego
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Challenges with satellite gateways: Moving gateways
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Challenges with satellite gateways: Moving gateways
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Challenges with satellite gateways: Moving gateways
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Challenges with satellite gateways: Moving gateways

R A g
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Moving gateway = Dynamic and fluctuating links
(unreliable links leading to packet loss)
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Existing solutions: ALOHA

Channel activity at Satellite
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Existing solutions: ALOHA

Channel activity at Satellite
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Existing solutions: ALOHA

Channel activity at Satellite
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Existing solutions: ALOHA

Channel activity at Satellite
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Existing solutions: ALOHA

Channel activity at Satellite

/Collisions mitigation o h
Link-aware access o
Energy efficient (nodes) o
Energy efficient (gateway) @
Off-the-shelf hardware V]

N V)
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Existing solutions: Carrier-sense Multiple Access (CSMA)

Channel activity at Satellite
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Existing solutions: Carrier-sense Multiple Access (CSMA)

Channel activity at Satellite
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Existing solutions: Carrier-sense Multiple Access (CSMA)

Channel activity at Satellite

Nearby
nodes (<1%)
Node2

UC San Diego
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Existing solutions: Carrier-sense Multiple Access (CSMA)

Channel activity at Satellite

/Collisions mitigation o h
Link-aware access o
Energy efficient (nodes) o
Energy efficient (gateway) @
Off-the-shelf hardware @ y

Node3

nodes (<1%)
Node2
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Our approach: Free Signal Multiple Access (FSMA)
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Our approach: Free Signal Multiple Access (FSMA)

FSMA: Sends free signal = nodes transmit
Stops free signal > nodes backoff

UC San Diego
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Channel activity at Satellite
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Our approach: Free Signal Multiple Access (FSMA)

Channel activity at Satellite
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What is a FreeChirp?

Not a beacon, Not a tone, But a single LoRa up-chirp

s~..__ Beacon/Packet FreeChirp

~
~
~
~
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What is a FreeChirp?

Not a beacon, Not a tone, But a single LoRa up-chirp

i____________ﬁeqTenTy(ﬁm___________

_ Beacon/Packet

~
~
~
~

FreeChirp
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FreeChirp structure at gateway: Sense and Transmit

Channel Channel
Channel busy free Channel busy free
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FreeChirp detection at nodes: Sense and Transmit

FreeChirp
detected

X

Frequency

A

Node sensing duration
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Evaluations: FSMA performance over baselines approaches

Evaluations

*  Small-scale hardware experiments: static and drone-
based moving experiments with 25 COTS LoRa nodes
Large-scale simulations: custom satellite loT simulator
modeling satellite orbital mechanics and deploying up
to 5000 nodes
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Evaluations: FSMA performance over baselines approaches
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Evaluations

*  Small-scale hardware experiments: static and drone-
based moving experiments with 25 COTS LoRa nodes
Large-scale simulations: custom satellite loT simulator
modeling satellite orbital mechanics and deploying up
to 5000 nodes
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Evaluations: FSMA performance over baselines approaches
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Evaluations

*  Small-scale hardware experiments: static and drone-
based moving experiments with 25 COTS LoRa nodes

*  Large-scale simulations: custom satellite loT simulator
modeling satellite orbital mechanics and deploying up
to 5000 nodes
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Evaluations: FSMA performance over baselines approaches
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Evaluations: FSMA performance over baselines approaches

Evaluations

*  Small-scale hardware experiments: static and drone-
based moving experiments with 25 COTS LoRa nodes

*  Large-scale simulations: custom satellite loT simulator
modeling satellite orbital mechanics and deploying up
to 5000 nodes
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Summary: Gateway controlled PHY-MAC Access
Enables Scalable, Efficient and Deployable (COTs compatible) [oT

Channel activity
at Satellite

II_I,FI
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Summary: Gateway controlled PHY-MAC Access
Enables Scalable, Efficient and Deployable (COTs compatible) [oT

Channel activity
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Summary: Gateway controlled PHY-MAC Access
Enables Scalable, Efficient and Deployable (COTs compatible) [oT
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Part3: Backhaul and Spectrum Coexistence

Enabling Joint Satellite and Terrestrial

Networks in mmWave Bands
Spectrum Efficient and Deployable Systems

Nfarray* mmPFlexible
(Infocom’23,
(current work) MobiHoc’25)
Ground
stations

mmSubarray
(Smallsat’24,
Sensys demo’25)

Backhaul

UCSan Diego

*under review/submission
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Satellite direct-to-device connectivity: challenges

Satellite
-!- 0 Ubiquitous coverage

5G Base
station @

Terrestrial operator
network

Ground statiog — 4 .

7 AV

[

5G base station coverage area

Ref: starlink.com/business/direct-to-cell © WCSNG Lab



Satellite direct-to-device connectivity: challenges

Satellite
-!- 0 Ubiquitous coverage

a Long fiber backhaul

5G Base
station @

Long fiber backhaul
| to operator network

Terrestrial operator
network

-

Ground statio

5G base station coverage area

Ref: starlink.com/business/direct-to-cell © WCSNG Lab



Satellite direct-to-device connectivity: challenges

Satellite
The link between satellite and terrestrial — — 0 Ubiquitous coverage
: <
operator network is the bottleneck due to the , a Leri e ek
disjointness between both networks.

7 a Not scalable

5G Base
station @

Long fiber backhaul
l to operator network

Terrestrial operator .
network Ground statio

5G base station coverage area
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JointNets challenge: Interference
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JointNets challenge: Interference
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JointNets challenge: Interference
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Proposed mmSubArray solution
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Proposed mmSubArray solution: Beaming non-overlapping
band to satellite ground station
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Proposed mmSubArray solution: Beaming non-overlapping
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Proposed mmSubArray solution: Suppressing interference
and supporting users
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Proposed mmSubArray solution: Suppressing interference
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Proposed mmSubArray solution: Suppressing interference
and supporting users

4 )
Ovel"lapping 4 >
band Frequency
> / fclock \
Beaming in non-interfering angles Phased Array
K j fc—non overjap L
Qe i
& EE
SDR
fc—overlap . " ==
- @ =a
Phased Array
| &
fclock
user
\_ mmSubArray Y

UC San Diego
JACOBF SC INEEF

© WCSNG Lab

Electrical an



Proposed mmSubArray solution: Suppressing interference
and supporting users
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Proposed mmSubArray solution: Suppressing interference
and supporting users
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Enabling coexistence by suppressing interference and effectively supporting users in non
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Satellite-Terrestrial-Coexistence Demo
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mmPFlexible: Flexible time-frequency resource allocation
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mmPFlexible: Flexible time-frequency resource allocation
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mmPFlexible: Flexible time-frequency resource allocation
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Summary

< High speed wireless mmWave backhaul — no more expensive fiber backhual.

¢ Enables coexistence by suppressing interference and effectively support Satellite
users in other directions )
-

-~

< Achieves high spectral efficiency on both networks and avoid coverage gaps. :’
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