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Mo va ons

▶ LEO satellites offer an effec ve way to ensure global coverage in B5G
non-terrestrial networks

▶ We consider the use ofmul ple LEO satellites to improve the spectral
efficiency and increase the robustness and reliability of the communica on
link

▶ Diversity can ensure significant gains, but it poses different challenges
▶ Signals received at UTs will have different delays, phases, and Doppler shi s
▶ OFDM does not appear to be an ideal choice in this scenario
▶ We propose the use of OTFS, specifically designed for terrestrial me varying

channels

The use of OTFS in non-terrestrial networks has not been considered yet
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Analyzed scenario

▶ Two LEO satellites
▶ The same signal is transmi ed
▶ UT on the ground

▶ Different distance from the UT
▶ Different delays {τp}2p=1

▶ Different Doppler shi s {νp}2p=1
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Orthogonal Time Frequency Space (OTFS) (1/3)

OTFS can be described as follows
▶ Symbols {x[k, l]}, k = 0, 1, . . . , N − 1, l = 0, 1, . . . ,M − 1, belonging to any

modula on format (e.g., QAM or PSK), are arranged in anN ×M grid in the
Doppler-delay domain, spaced by 1

NT and 1
M∆f

▶ T and∆f are selected such that

max
p

τp < T , max
p

νp < ∆f

ISFFT Heisenberg Transform Channel h (τ, ν) Wigner Transform SFFT
x [k, l] X [n,m] s (t) r (t) Y [n,m] y [k, l]

Time-Frequency Domain

Doppler-Delay Domain
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Orthogonal Time Frequency Space (OTFS) (2/3)

▶ Informa on symbols are converted into a block of samples {X[n,m]} in the
me-frequency domain through the 2-D inverse symplec c finite Fourier

transform (ISFFT)

X [n,m] =
1√
NM

N−1∑
k=0

M−1∑
l=0

x [k, l] ej2π(
nk
N −ml

M )

▶ The internal dashed rectangle is nothing else than a legacy OFDM system: in
fact, the Heisemberg Transform gives the transmi ed signal (N OFDM words
withM subcarriers)

s (t) =

N−1∑
n=0

M−1∑
m=0

X [n,m] gtx(t− nT )ej2πm∆ft

ISFFT Heisenberg Transform Channel h (τ, ν) Wigner Transform SFFT
x [k, l] X [n,m] s (t) r (t) Y [n,m] y [k, l]

Time-Frequency Domain

Doppler-Delay Domain
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Orthogonal Time Frequency Space (OTFS) (3/3)

▶ The cyclic prefix is not necessary (a guard interval ofN symbols in the me
domain is usually inserted). We will assume∆fT = 1

▶ Received signal

r(t) =

P∑
p=1

hps(t− τp)e
j2πνpt

▶ Samples Y [n,m] at the output of a bank of MFs for t = nT and f = m∆f

▶ Doppler-delay received samples: Y [n,m]
SFFT−→ y [k, l]

ISFFT Heisenberg Transform Channel h (τ, ν) Wigner Transform SFFT
x [k, l] X [n,m] s (t) r (t) Y [n,m] y [k, l]

Time-Frequency Domain

Doppler-Delay Domain
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OTFS Detec on

▶ Input-output expression y = Ψx+w: general model for linear channels
The same model holds for: SC modula ons with ISI, OFDM with ICI, MIMO
systems, CDMA systems, storage systems with 2D ISI

▶ Many solu ons are available in the literature. In this work, we consider
LMMSE es mator (complexityO

(
N3M3

)
):

x̂LMMSE = ΨH (ΨΨH + σ2
wI

)−1
y

FG/SPA-based detector. Defining z ≜ ΨHy andG ≜ ΨHΨ, we can develop a
message-passing (MP) algorithm with complexity linear in the number of
non-zero elements of matrixG
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System parameters

▶ Two scenarios: comparable
and unbalanced channel
gains

▶ Oneweb constella on
▶ Carrier frequency 5 GHz
▶ Bandwidth 2MHz
▶ M = 128,N = 50

▶ Subcarrier spacing
15.65 kHz

▶ Symbol me 66.6 µs
▶ QPSK modula on

The two satellites can perfectly compensate for delay at one reference point on
the surface of the Earth
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Comparable channels, reference point

▶ Comparable channels
▶ Reference point
▶ MPG and P = 2 ensure a

significant gain w.r.t. P = 1

▶ Smaller gains with MMSE
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Comparable channels, different posi ons

▶ Comparable channels
▶ P = 2

▶ Different posi ons
▶ The proposed solu on is

robust to offset varia ons
▶ The two paths are in both

cases different points on
theM ×N grid
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Comparable channels, shadowing

▶ Comparable channels
▶ Reference point
▶ 5% shadowing probability

for each path
▶ Diversity allows a more

robust and reliable link
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Unbalanced channels, reference point

▶ Unbalanced channels
▶ Reference point
▶ MPG and P = 2 ensure a

good gain w.r.t. P = 1

▶ especially when the second
satellite is used
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Unbalanced channels, shadowing

▶ Unbalaned channels
▶ Reference point
▶ 5% shadowing probability

for each path
▶ Diversity allows a more

robust and reliable link
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Conclusions

▶ We inves gated diversity techniques in mul ple satellite systems exploi ng
OTFS

▶ The proposed system ensures
robustness to delay and Doppler shi s thanks to the proper es of OTFS

higher reliability thanks to the use of diversity

higher achievable informa on rates with respect to a single satellite

easy compa bility with OFDM systems
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OTFS: input-output expression (1/3)

▶ Received samples a er SFFT (in the absence of noise):

y[k, l] =

P∑
p=1

N−1∑
k′=0

M−1∑
l′=0

hpe
j2πνpτp︸ ︷︷ ︸
h′
p

Ψp [k, k′, l, l′]x[k′, l′]

y[k, l] depends on more symbols x[k′, l′]⇒ Doppler-delay ISI⇒
symbol-by-symbol detec on is subop mal

▶ When gtx(t) is a rectangular pulse of support T

Ψp [k, k′, l, l′
]
≃ 1

NM

1− ej2π(k
′−k+νpNT)

1− ej2π
(k′−k+νpNT )

N

1− ej2π(l
′−l+τpM∆f)

1− ej2π
(l′−l+τpM∆f)

M

· ej2πνp
l′

M∆f

 1 if l′ ∈
[
0,M − 1− ⌈ τp

(T/M)
⌉
]

e
−j2π

(
k′
N

+νpT
)

if l′ ∈
[
M − ⌈ τp

(T/M)
⌉,M − 1

]
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OTFS: input-output expression (2/3)

▶ Dirichlet kernel func ons:∣∣∣∣∣1− ej2π(k
′−k+νpNT)

1− ej2π
(k′−k+νpNT)

N

· 1− ej2π(l
′−l+τpM∆f)

1− ej2π
(l′−l+τpM∆f)

M

∣∣∣∣∣ =
When P = 1

▶ Every symbol is shi ed by the same quan ty∝ to the
Doppler-delay pair associated to the reflector
h (ν, τ) = h1δ (τ − τ1) δ (ν − ν1)

▶ Leakage in the adjacent posi ons⇒ Doppler-delay ISI

When P > 1

▶ We have P different shi s (P is typically small)
h (ν, τ) =

∑P
p=1 hpδ (τ − τp) δ (ν − νp)

−5

0

−4 −2
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2
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OTFS: input-output expression (3/3)

Wri ng theN ×M matrices of transmi ed symbols and received samples as
NM -dimensional column vectors (stacking the columns of the corresponding
matrices on top of each other), we obtain the block-wise input-output rela on as

y =

(
P∑

p=1

h′
pΨp

)
︸ ︷︷ ︸

Ψ

x+w

whereΨp is theNM ×NM matrix obtained fromΨp [k, k′, l, l′] whilew
denotes the AWGN with zero mean and covariance σ2

wINM .
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Dirichlet kernel func ons

▶ Dirichlet kernel func ons:∣∣∣∣∣1− ej2π(k
′−k+νpNT)

1− ej2π
(k′−k+νpNT)

N

· 1− ej2π(l
′−l+τpM∆f)

1− ej2π
(l′−l+τpM∆f)

M

∣∣∣∣∣ =

−5

0

−4 −2
0

2
4

0

0.5

1

|A
|
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